
Aquaculture 577 (2023) 739970

Available online 4 August 2023
0044-8486/© 2023 Published by Elsevier B.V.

Formation of asymmetric body color in the caudal fin of common carp 
(Cyprinus carpio) 

Guangjing Zhang a,b,1, Lingqian Tang a,b,1, Jing Huang a,b, Yujiao Wang a,b, Haitao Wang a,b, 
Yunpeng Fan a,b, Xiudan Yuan a,b, Wenbin Liu a,b, Liangyue Peng a,b, Jinhui Liu a,b,*, 
Yamei Xiao a,b,* 

a State Key Laboratory of Developmental Biology of Freshwater Fish, Hunan Normal University, Changsha 410081, China 
b College of Life Sciences, Hunan Normal University, Changsha 410081, China   

A R T I C L E  I N F O   

Keywords: 
Cyprinus carpio 
Caudal fin 
Erythrophore 
Carotenoid 
bco2a gene 

A B S T R A C T   

Color pattern is one of the most important characteristics of species, which plays essential roles in reproduction, 
adaptability, and even survival. The adult caudal fin of common carp (Cyprinus carpio) has an asymmetrical 
distribution of body color, with the dorsal lobe (DL) being dark-gray and the ventral lobe (VL) being red. This 
study first investigates the cytological basis of forming such an asymmetric distribution by observing the 
component of pigment cells and exploring the early development of the body color, combined with adult caudal 
fin regeneration experiments in the common carp. In terms of the distribution feature and the number of pigment 
cells, differences between the DL and the VL are demonstrated, especially with respect to their erythrophores. 
Abundant lipid droplets and carotenoid droplets are observed in the VL, conforming to the distribution of 
erythrophores. Analysis of the gene expression profiles indicates that there are highly expressed levels of 
carotenoid deposition and lipid droplets transport genes, such as scarb and plin6. In contrast, the gene expression 
levels of the β-carotene dioxygenase (bco) family are significantly down-regulated in the VL. In addition, 
knocking down of the bco2a gene expression level causes a significant increment of erythrophores. It is concluded 
that the directed accumulation of lipid droplets and carotenoid particles is the reason for the asymmetric dis
tribution of red color in the caudal fin of common carp.   

1. Introduction 

Body color is one of the important phenotypic traits in animals, 
controlled by basic pigment cells, such as melanocytes, xanthophores, 
erythrophores and iridocytes (Kimura et al., 2014; Zhang et al., 2017; 
Vitt et al., 2022). Melanocytes contains a large amount of melanin, 
making the body appear black. As the most common type of pigment 
cells in animals, biosynthesis of the melanin, melanocyte differentiation 
and cell migration are associated with regulation of >200 genes 
(Yamaguchi and Hearing, 2014; Shosuke and Wakamatsu, 1998; Haage 
and Tanentzapf, 2023). 

The other body colors, yellow, orange and red, were related with the 
pigment cells of xanthophores and erythrophores. The morphology and 
chemical composition of these pigment cells were basically similar, 
consisting of carotenoids and pteridines (Grether et al., 2004; Sefc et al., 

2014; Wang et al., 2021). In particular, the xanthophores contained a 
large amount of pteridines, while the erythrophore was comprised of 
abundant carotenoids (Djurdjevič et al., 2015; Wang et al., 2021). 
However, up to now, there is little understanding of the developmental 
regulation mechanisms of the above mentioned pigment cells (Chen 
et al., 2021; Sušnik et al., 2022). 

Among Cyprinidae, there are many important and colorful orna
mental fish, such as koi (Cyprinus carpio haematopterus) and goldfish 
(Carassius auratus linnaeus). The common carp (Cyprinus carpio) is a kind 
of significant freshwater fish in Asia and possess a symmetrical tail 
which extends beyond the end of the vertebral column, as in majority of 
the bony fishes. The adult caudal fin of common carp had an asym
metrical distribution of body color, with the dorsal lobe (DL) being dark- 
gray and the ventral lobe (VL) being red. In this research, through 
cytological observation, regeneration tests and transcriptome analysis, 

* Corresponding authors at: State Key Laboratory of Developmental Biology of Freshwater Fish, Hunan Normal University, Changsha 410081, China. 
E-mail addresses: jinhuiliu0731@hunnu.edu.cn (J. Liu), yameix@hunnu.edu.cn (Y. Xiao).   

1 These authors have contributed equally to this work. 

Contents lists available at ScienceDirect 

Aquaculture 

journal homepage: www.elsevier.com/locate/aquaculture 

https://doi.org/10.1016/j.aquaculture.2023.739970 
Received 18 May 2023; Received in revised form 31 July 2023; Accepted 2 August 2023   

mailto:jinhuiliu0731@hunnu.edu.cn
mailto:yameix@hunnu.edu.cn
www.sciencedirect.com/science/journal/00448486
https://www.elsevier.com/locate/aquaculture
https://doi.org/10.1016/j.aquaculture.2023.739970
https://doi.org/10.1016/j.aquaculture.2023.739970
https://doi.org/10.1016/j.aquaculture.2023.739970
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaculture.2023.739970&domain=pdf


Aquaculture 577 (2023) 739970

2

we attempt to explore the formation and the regulation mechanism of 
such an asymmetric distribution feature. 

2. Materials and methods 

2.1. Ethics statement 

All experimental procedures involving fish were approved by the 
Institutional Animal Care and Use Committee of Hunan Normal Uni
versity. Procedures were conducted following the regulations of the 
Administration of Affairs Concerning Experimental Animals for the 
Science and Technology Bureau of China. 

2.2. Fish 

Common carp (Cyprinus carpio), red koi carp (Cyprinus carpio var. 
koi), black koi carp (Cyprinus carpio var. koi), red crucian carp (Carassius 
auratus var.), Carassius cuvier (Carassius auratus cuvieri), and zebrafish 
(Danio rerio) were maintained at the State Key Laboratory of Develop
mental Biology of Freshwater Fish, Hunan Normal University. 

2.3. Histological and ultrathin sectioning 

For optical microscopic observation, pieces of caudal fin were sur
gically excised from fish. Washed three times with 1% PBS (Phosphate 
buffer saline), then put on a glass slide, covered with a cover slip and 
observed under a microscope. 

Fig. 1. Cytological observation on distribution of body colors in common carp caudal fin. 
(A): Different body colors of the dorsal lobe (DL) and ventral lobe (VL). (B1-B3, C1-C3): Results of optical microscopy observation (B1, C1) and the frozen section of 
pigment cells (B2, C2) of the DL (B1-B3) and VL (C1-C3) . B3 and C3: oil-red staining of the DL and VL; The black triangles refer to melanocytes, the yellow triangles 
refer to xanthophores, the red triangle refers to erythrophores, and the blue triangles refer to lipids. (D1-D3, E1-E6) The ultra-structures of pigment cells in DL and VL. 
Me: Melanin; Xa: xanthophore; Pt: Pterinosome; Er: Erythrophore; RCV: Ring Carotenoid vesicle; HCG: Homogenous carotenoid granule; CDs: Carotenoid Droplet; 
LD: Lipid Droplet. The black diamond-shaped arrow refers to Pt; The black arrow refers to RCV; The white arrow refers to HCG. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 

G. Zhang et al.                                                                                                                                                                                                                                  



Aquaculture 577 (2023) 739970

3

For the ultrastructure observation, small pieces of the caudal fins 
were fixed at 4 ◦C in 3% glutaraldehyde solution for 120 min. Washed 
them three times with 0.2 mol/L phosphoric acids buffer, then they were 
treated with 1% OSO4 for 2–3 h. After dehydration through an ethanol 
series, the specimens were embedded in Epon812 resin (TAAB, USA). 
Ultrathin slices of the samples about 60 nm were made by ultramicro
tome (Germany, Leica EM UC7). Then, the sections were doubly stained 
with uranyl acetate and lead citrate and were examined by electron 
microscope (Japan, HT7800). 

2.4. Oil-red staining 

Pieces of the caudal fin were soaked in an optimum cutting tem
perature compound embedding solution, placed in liquid nitrogen and 
stored at − 80 ◦C. A section of 10 μm in thickness was obtained in a Leica 
CM3050S Frozen Micotome. Then, they were soaked in PBS for 10 min, 
following 60% isopropyl alcohol for 5 min. The oil-red was stained for 

15 min without light, and 60% isopropyl alcohol was toned for 1 min. 
After washing them with pure water, these caudal fin tissues were 
stained with hematoxylin for 5 min. 

2.5. Sequencing and analysis 

Fresh fin tissues were collected from the DL and VL of the 12-month- 
old common carp. Two independent biological replicates were used in 
each group. All the samples were stored at − 80 ◦C. 

They were double-ended sequenced using Illumina Novaseq™ 6000 
(LC Bio-Technology CO., Ltd. Hangzhou, China) in PE150 sequencing 
mode according to standard procedures. Quality controls of the plane 
raw data were performed with Fastp (https://github.com/OpenG 
ene/fastp) software. The StringTie software (https://ccb.jhu. 
edu/software/hisat2) was used to obtain the transcription of the as
sembly, and by the calculation method of FPKM, the expressed levels of 
all genes in each sample were provided. Then, the R package edgeR (htt 

Fig. 2. Cytological observation on the forma
tion of body colors in the common carp caudal 
fin. 
(A-F): Caudal fins of 1-, 4-, 7-, 10-, 15-, and 30- 
day post-hatching (dph) common carps. (G1- 
G2): The dorsal lobe (DL) and the ventral lobe 
(VL) of the 45 dph common carp. (H1− H2): The 
DL and VL of the 2-month-old common carp. (I1- 
I2): The DL and VL of the 3-month-old common 
carp. (J-M): Migration simulation diagram of 
xanthophores (shown by yellow) and eryth
rophores (shown by red) in the caudal fin during 
ontogeny. The red dotted circle refers to the 
boundary where the erythrophores start to 
appear. (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the web version of this article.)   
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ps://bioconductor.org/packages/release/bioc/html/edgeR.html) was 
used to analyze the differences of the expressed levels among the genes, 
including the fold change >2 or the fold change <0.5. And, p-value <
0.05 was defined as a statistically significant difference. Finally, DAVID 
software (https://david.ncifcrf.gov/) was used to test enrichment of 
KEGG differences in our gene analysis. 

2.6. Quantitative real-time PCR (qRT-PCR) analysis 

According to the expression levels of the genes, the significantly 
expressed genes in the DL and the VL of caudal carp fins were screened. 
The primers were designed using the NCBI Premier (Primer designing 
tool (nih.gov)), and the presence of dimers was tested with Oligo 7 
software, and the primers were synthesized by Qingke Bio (Changsha, 
China) (Table S1–2). The reference gene for the qRT-PCR was β-actin, 
and the analytical instrument was Quantstudio 5. The results were 
calculated using the 2− ΔΔCT method. Data were presented as the mean 
values ± standard error of the triplicate measurements' mean (SEM). 
Statistical significance was tested using the Independent Sample Test in 
SPSS 20.0 (IBM Corp., Armonk, NY, USA) and was accepted when the p- 
value < 0.05. 

2.7. Preparation of bco mutant zebrafish by CRISPR/Cas9 

The bco mutants were generated by the CRISPR/Cas9 technique in 
zebrafish. First, the gene target sites were designed using the online tool 
(CHOPCHOP (uib.no), zifit.partners.org) (Table S3). The Cas9 mRNA 
and target sgRNAs were generated by in vitro transcription with the T7 
kit. The target sgRNA and Cas9 mRNA were co-injected into single-cell 
embryos at 20 and 200–300 ng/μL. About 400 fertilized eggs were 
used for gene editing, and the other 100 were used as the control group. 

3. Results 

3.1. Cytological structural differences between dorsal and ventral lobes of 
caudal fin in common carp 

The caudal fin of the common carp, shaped like scissors, belongs to 
homo-cercal (Fig. 1A). Observation showed that the melanocytes were 
distributed in the caudal fin of common carp, with a large number of 
xanthophores visible in the dorsal lobe (DL), and rich erythrophores 
were found in the ventral lobe (VL) (Fig. 1 B1-2, C1–2). By oil-red 
staining, a large number of lipid droplets could be seen in the VL, 
which was significantly more than that in the DL (Fig. 1 B3, C3). 

The ultrastructure of the common carp caudal fin demonstrated that 
melanin and pterinosom in the DL were more than those in the VL (Fig. 1 
D1-2, E1–2). The homogenous carotenoid granule and ring carotenoid 

vesicle were observed in the DL and VL and were more abundant in the 
VL than those in the DL (Fig. 1 D3, E3–4). Moreover, the VL had lots of 
carotenoid droplets, apart from a large number of membrane-coated 
lipid droplets (Fig. 1 E5-6). 

3.2. Observation on asymmetric body color formation in caudal fin of 
common carp 

In the process of individual growth, melanocytes and xanthophores 
were observed at the end of the common carp's spine after 1 dph (day 
post-hatching) and 4 dph, respectively (Fig. 2A, B). Subsequently, a 
pigment concentration area appeared on the ventral side of the coccyx 
(Fig. 2C, D). At 15 dph, the caudal fin was still protocercal without 
forked, and the caudal vertebrae bent towards the dorsal side of the 
body. Meanwhile, melanocytes and xanthophores migrated radially to 
the caudal fin (Fig. 2E). At 30 dph, the caudal fin began bifurcation, and 
the xanthophores following the melanocytes migrated to the tail 
(Fig. 2F). About 45 dph, the erythrophores started to accumulate at the 
VL of the forked tail fin (Fig. 2 G1-2, K). The asymmetric body colors in 
the caudal fin occurred at the 3-month old common carps, with the 
increased number of erythrophores, which gradually spread towards the 
tip of the tail fin, maintaining till their adulthood (Fig. 2 H1-2, I1–2, L, 
M). 

To further understand the characteristics of the localized distribution 
of pigment cells in the tail fin of common carp, the regeneration test of 
the caudal fin was carried out in adult fish (Fig. 3A). Melanocytes 
appeared 15 days after surgery, followed by xanthophores and eryth
rophores one week later in the regenerated caudal fin tissue (Fig. 3 B1-2; 
C1–2). Unlike xanthophores were evenly distributed in the DL and VL, 
erythrophores were only limited to the VL of the regenerated tail fin 
(Fig. 3 B2, C2). One month later, the surgery tail fin was regenerated and 
still maintained its asymmetrical body color in the caudal fin (Fig. 3 B3- 
4; C3–4). 

3.3. Comparative analysis of gene expression profiles in the asymmetric 
body color of common carp caudal fin 

The mRNA transcriptome profiles of DL and VL in common carp's 
caudal fin were analyzed to obtain about 76,929 transcripts. Between 
the DL and the VL, a total of 772 genes were significantly differentially 
expressed, of which 480 (62.18%) were up-regulated and 292 (37.82%) 
were down-regulated in the DL (Fig. 4A). Analysis of the KEGG pathways 
revealed that multiple pathways, including the “melanogenesis 
pathway”, “gap junction pathway”, and “apelin signal pathway”, were 
enriched in these differentially expressed genes among the DL and the 
VL (Fig. 4B). 

The quantitative analysis results of qRT-PCR showed that the 

Fig. 3. Cytological observation on body colors by regeneration test of caudal fin in common carp. 
(A): Regeneration test of tail fins. The white dotted line refers to the shear position. (B1-B4, C1-C4): Cytological observation of the regenerated dorsal lobe (DL) and 
ventral lobe (VL). The red dotted circle refers to the boundary where erythrophores start to appear. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 4. Analysis of gene expression levels in the caudal fin of common carp. 
(A) Differential gene expression levels in the dorsal lobe (DL) and the ventral lobe (VL) of the caudal fin of carp. (B) KEGG annotation, functional classification and 
KEGG enrichment analysis. (C, D): qRT-PCR to detect the expression of pigment-related genes and the part differential genes in the transcriptome. “*”: p < 0.05; “**”: 
p < 0.01; “***”: p < 0.001. (means ± SD of relative expression; n = 3 for each group) 
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expression levels of the melanocyte-related tyrosine metabolism genes 
(Tat and tyr), xanthate-related genes (csf1r), carotenoid cracking gene 
(bco), and lipid metabolism-related genes (Dhrs1, fam212b, gng12 and 
Adcy8) were up-regulated in the DL (Fig. 4C). Meanwhile, expression 
levels of the carotenoid uptake and storage-related genes, such as 
Scarb1, plin6 and Ccl19, were higher in the VL than those in the DL 
(Fig. 4D). There were no significant differences of the expression levels 
with regard to the other genes related with the pigmentation, such as ltk 
(iridocyte-related gene), paxbp1, xdh (xanthate-related genes) and pnpla 
(Fig. 4D). 

3.4. Effects of β-carotenoid oxygenase on body color development in fish 

It was reported that the β-carotene dioxygenase family genes (bco1, 
bco2a, and bco2b) played essential roles in carotenoid metabolism 
(Harrison and Kopec, 2020; Lim et al., 2018). Data of RNA-seq and qRT- 
PCR indicated that the bco2 gene was significantly down-regulated in 
the VL compared to those in the DL (Fig. 4). The expression levels of 
bco1, bco2a, and bco2b were further analyzed in other different body 
colors in the caudal fin of carp (red koi carp and black koi carp) (Fig. 5A) 
and crucian carp (red crucian carp and carassius cuvier) (Fig. 5B). As 
shown in Fig.5, the expression levels of bco1, bco2a, and bco2b in the red 
caudal fins were significantly lower than those in the black-gray caudal 
fins (Fig. 5C, D). 

To further confirm the roles of the β-carotenoid oxygenase family 
genes in body color formation, the bco1, bco2a and bco2b genes were 
respectively disrupted using the CRISPR/Cas9 technique in zebrafish 
(Fig. 6A). Compared with the control group, and there was no significant 
change in the body color of bco1 or bco2b mutants. However, in the 
bco2a mutants, there was a significantly increasing number of eryth
rophores in the fins and scales (Fig. 6B). The qRT-PCR results showed 
that in the bco2a mutants, the expression level of bco2a was down- 
regulated, while those of scarb and plin6 were significantly up- 
regulated in the bco2a mutants (Fig. 6C). 

4. Discussion 

In this study, cytological observation has found abundant carotenoid 

particles in the VL, including a large number of the homogenous 
carotenoid granule (HCG) and the ring carotenoid vesicles (RCV), apart 
from the carotenoid droplets (CDs). Furthermore, lots of lipid droplets 
(LD) were consistent with the distribution of erythrophores. The data 
indicated that the formation of asymmetric red color was closely related 
to the directed accumulation of the carotenoid particles and the lipid 
droplets in the caudal fin of common carp. Body colors in animals were 
generated in the skin and their derivatives (Tanaka, 2001; Shiraki et al., 
2010; Vitt et al., 2022). It has been reported that pteridines and carot
enoids were the main chemical composition of the erythrophores and 
xanthophores (Grether et al., 2004; Sefc et al., 2014; Wang et al., 2021). 
Pteridine is a heterocyclic compound formed by juxtaposing pyrimidine 
and pyrazine, associating with the de novo (BH4) biosynthetic pathway 
(Nagatsu and Ichinose, 1999; Liang et al., 2022). In Xiphophorus helleri, 
the water-soluble pigments of erythrophores were comprised of pteri
dine derivatives, including large amounts of drosopterin, isodrosopterin, 
neodrosopterin and sepiapterin, which were responsible for red 
pigmentation (Matsumoto, 1965). The water-soluble pteridines are 
associated with the erythrophores and xanthophores pigmentation. 
However, the carotenoids were mainly responsible for red coloration 
(Vissio et al., 2021), which were the lipophilic pigments found in plants, 
fungi, algae and bacteria (Maoka, 2020). Fish cannot synthesize the 
carotenoids by themself and often needs to obtain them through food. 
Generally, after initial digestion by the fish, the carotenoids were first 
dispersed into the gastrointestinal tract and absorbed into the intestinal 
epithelial cells by the action of intestinal epithelial transmembrane 
transport proteins, then they were secreted into the lymph by lipopro
teins packed into celiac particles and subsequently into the circulatory 
system (Pike et al., 2007; Reboul, 2019). Carotenoids transported to the 
erythrophores and xanthophores existed in various forms, such as RCV, 
HCG, and CDs (Matsumoto, 1965; Matsui et al., 2003). Since the ca
rotenoids were hydrophobic, they blocked the carotenoid absorption in 
the aqueous environment of the gastrointestinal tract. Thus, trans
portation of the carotenoids was associated with lipid metabolism 
(Castellano et al., 2020; Schmeisser et al., 2021). Different fish had 
different metabolic capacities for the carotenoids, and the formation 
mechanism of their body color determined by the carotenoids were often 
distinct (Liu and Chen, 2008). In this research, the conducted analysis of 

Fig. 5. Expression levels of β-carotenoid oxygenase (bco) genes in the caudal fins of different body colors. 
(A) The caudal fins of red koi carp (R-carp) and black koi carp (B-carp). (B) The caudall fins of red crucian carp (RCC) and carassius cuvier (CC). (C) Expression levels 
of bco genes in the caudal fins of R-carp and B-carp. (D) Expression levels of bco genes in the caudal fins of RCC and CC. “*”: p < 0.05; “**”: p < 0.01; “***”: p < 
0.001. (means ± SD of relative expression; n = 3 for each group) (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. Effects of β-carotenoid oxygenase family gene knockout on the body color development of zebrafish. 
(A) Sketch maps of bco1, bco2a and bco2b gene structure of zebrafish and the CRISPR target site. The solid black boxes indicate the exons, and the blue line shows the 
intron region. The sequence of the CRISPR target site is underlined. The black dots represent the missing bases from the control, and the red bases represent the 
inserted bases. (B) Observation of pigment in caudal fin and scale of mutant zebrafish. The white dotted box represents the enlarged portion, the yellow triangle refers 
to xanthophores, the red triangle refers to erythrophores. (C) Expression levels of pigment-related genes in bco2a mutant zebrafish. “*”: p < 0.05; “**”: p < 0.01; 
“***”: p < 0.001. (means ± SD of relative expression; n = 3 for each group) (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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the carotenoids in the caudal fin of common carp has shown that the 
components of the neoxanthin were similar between the DL and the VL 
of the caudal fins (Fig. S1A, C, D). However, the VL had abundant 
astaxanthin (Fig. S1B–D), not only more than that in the DL, but also 
more than that in other fish, such as the trout and the salmon (Elmadfa 
and Majchrzak, 1998). Clearly, the formation and the regulation 
mechanism causing such differences in astaxanthin both need further 
investigation. 

Several candidate genes related to xanthophore and erythrophore 
were reported in various organisms. The expression of csf1ra was 
fundamental for xanthophores development in zebrafish and guppy 
(Kottler et al., 2013; Meng et al., 2021). In csf1ra mutants of Nile tilapia, 
xanthophores were reduced in their tails (Lu et al., 2022). Scarb was a 
high-density lipoprotein receptor that might promote carotenoid trans
port into the pigment cells (Li et al., 2023; Verwilligen-Robin et al., 
2013). Scarb gene can also selectively absorb beta-carotene, and the up- 
regulation of this gene in the intestinal tract of salmon was related to its 
reddish meat quality (Reboul et al., 2005). The recessive white canaries 
(Serinus canaria) have little or no carotenoids in their feathers, consistent 
with a genetic defect in carotenoid uptake due to a mutation in the Scarb 
gene (Toomey et al., 2017). In Oujiang color common carp (Cyprinus 
carpio var. color), the disruption of Scarb caused dysfunction of carot
enoid absorption and transport, resulting in insufficient carotenoid 
binding and deposition, the original red skin fading into white color (Du 
et al., 2021). The tissue uptake of carotenoids, the precursor of the 
antioxidant vitamin A, was impaired in Scarb knockout zebrafish, as 
evidenced by the lack of xanthophores (Sulliman et al., 2021). Perilipin 
(Plin) constitutes important in LD formation. They were highly 
expressed in the red/yellow skin, which mediate red/yellow cell 
pigmentation and trafficking, but not in tissues associated with lipid 
metabolism. Knockout of plin6 in zebrafish severely impaired the ability 
to concentrate carotenoids and prevented tight clustering of carotenoid 
droplets within carotenoid bodies (Granneman et al., 2017). The C–C 
motif ligand 19 (Ccl19) is a critical regulator of the induction of T cell 
activation, immune tolerance, and inflammatory responses. But 
recently, the novel role of CCL19 was revealed to impair lipid meta
bolism by inhibiting AMPK (Yan et al., 2019; Hayashi et al., 2021). 

Moreover, Dehydrogenase/reductase SDR family member 1 (dhrs1) 
and Patatin-like phospholipase domain-containing proteins (Pnpla) are 
involved in lipid droplet formation and metabolism (Zemanová et al., 
2019; Taxiarchis et al., 2019). In this research, the expression levels of 
csf1r were down-regulated in the VL, while some of the carotenoid up
take and storage-related genes, such as Scarb1, plin6, Ccl19 and dhrs1, 
were higher expressed levels in the VL than those of the DL. The tran
scriptome and qRT-PCR data from the caudal fin of common carp indi
cated that the differential expressed genes in the caudal fin of carp were 
enriched in the Apelin signaling pathway, and the red VL in common 
carp were related to the genes of carotenoid transport and deposition. 

β-Carotene-15, 15′‑oxygenase (bco1) and β-carotene-9′, 
10′‑oxygenase (bco2) can catalyze the decomposition of carotenoids into 
colorless derivatives. The specific expression of this gene is related to the 
level of carotenoid intake (Lim et al., 2018). A nonsense mutation in the 
bco2 gene was reported to significantly associate with the yellow fat 
phenotype in sheep (Våge and Boman, 2010). In birds, bco2 was re
ported to be essential to turn the orange carotenoid into a colorless 
carotenoid (Wang et al., 2022). In carotenoid pigmentation in salmon, 
the bco2 gene controls a key fitness trait affecting red coloration (Leh
nert et al., 2019). The bco2 gene regulates the degradation degree of 
carotenoids in the epiderm of these canaries (Gazda et al., 2020). Our 
results suggest that the genes of the bco family were differentially 
expressed in the caudal fins with different body colors. In the red caudal 
fins, the expression levels were significantly lower than those in the 
black-gray caudal fins. To further understand the role of the β-carot
enoid oxygenase family genes in the red luteal color formation, we 
disrupted the bco1, bco2a and bco2b genes using the CRISPR/Cas9 
technique in zebrafish. We targeted bco1 exon1, bco2a in exon 1, and 

bco2b in exon 1 within the open reading frame region and downstream 
of the translation start site to generate bco1, bco2a and bco2b single 
mutants, respectively. In the bco2a mutant, the carotenoids in zebrafish 
bco2a mutant accumulation in the individual caused zebrafish dorsal 
and anal fin and scales of xanthophores and erythrophores qualitative 
change. Moreover, the expression of scarb and plin genes was upregu
lated in the bco2a mutant. These results further confirmed that the bco2a 
gene was essential to the formation of the body color. 

The caudal fin of fish has the ability to regenerate. Our previous 
research has found a distinct light-colored region with less pigment at 
the heel of caudal fin in the juvenile crucian carp, and argued that this 
region was a melanocyte progenitor niche (Huang et al., 2017). In this 
research, the surgically caudal fin could regenerate according to the 
original pigment pattern in the adult common carp, with the DL being 
dark-gray and the VL being red (Fig. 3). Moreover, it has been demon
strated that there also existed a light colored region near the base of 
caudal fin in the juvenile common carp (Fig.2E). It is interesting and 
valuable to further explore whether this light colored region was 
involved with the formation of the caudal fin's different color or not. 

In conclusion, the conducted investigation in this research indicated 
that the differential distribution of erythrophores was the primary factor 
contributing to the formation of asymmetric body coloration in the 
caudal fins of common carp. The low-level expression of carotenoid 
degrading genes (bco) and the high-level expression of carotenoid 
deposition (scarb) and lipid droplet transport (plin6) genes played 
essential roles in the carotenoid accumulation and regulation of forming 
the body color in fish. 
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