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ABSTRACT

Common carp are among the oldest domesticated fish in
the world. As such, there are many food and ornamental
carp strains with abundant phenotypic variations due to
natural and artificial selection. Hebao red carp (HB,
Cyprinus carpio wuyuanensis), an indigenous strain in
China, is renowned for its unique body morphology and
reddish skin. To reveal the genetic basis underlying the
distinct skin color of HB, we constructed an improved high-
fidelity (HiFi) HB genome with good contiguity,
completeness, and correctness. Genome structure
comparison was conducted between HB and a
representative wild strain, Yellow River carp (YR, C. carpio
haematopterus), to identify structural variants and genes
under positive selection. Signatures of artificial selection
during domestication were identified in HB and YR
populations, while phenotype mapping was performed in a
segregating population generated by HBxYR crosses.
Body color in HB was associated with regions with fixed
mutations. The simultaneous mutation and superposition
of a pair of homologous genes (mitfa) in chromosomes
A06 and B06 conferred the reddish color in domesticated
HB. Transcriptome analysis of common carp with different
alleles of the mitfa mutation confirmed that gene
duplication can buffer the deleterious effects of mutation in
allotetraploids. This study provides new insights into
genotype-phenotype associations in allotetraploid species
and lays a foundation for future breeding of common carp.
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INTRODUCTION

The variation in animals and plants under domestication
inspired much of Darwin’s theory of evolution (Darwin, 2010).
Changes in species can occur through both domestication and
evolutionary processes, but in different ways. Artificial
selection often acquires phenotypes that are undesirable in
nature, frequently resulting in intraspecific diversity but not
reproductive isolation (Carneiro etal., 2014; Lopez etal.,
2019; Milla et al., 2021; Nam et al., 2019). Many plants and
animals have been domesticated by humans. However,
despite the importance of animal domestication in human
history, significant questions regarding its evolutionary
mechanisms remain unclear (Akagi etal., 2016; Carneiro
etal., 2014; Qiu etal.,, 2015). The development of various
techniques, such as sequencing, quantitative trait loci (QTL)
mapping, and genome-wide association analysis, has
facilitated the identification of genes associated with
domestication (Ross-lbarra etal., 2007), but verifying the
molecular mechanisms underlying these causal genes
remains difficult. Hybrid experiments, which create
recombinations of hereditary material from parents, play
important roles in genetic research, facilitating the discovery of
Mendel’s law of inheritance (Mendel, 1996) and the genetic
mechanisms of phenotype formation (Andersson, 1997; Bakos
& Gorda, 1995; Essa etal.,, 2021; Lexer etal., 2003; Zhou
et al., 2018).

Fish domestication started much later than that of
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mammals, by at least 10 000 years (Balon, 2004).
Domestication plays an essential role in modulating the
phenotypes of teleosts (Milla et al., 2021). Common carp are
widely distributed in Eurasia and are among the earliest
known domesticated fish, occurring in China by around 6 000
BC (Nakajima etal.,, 2019). During the long history of
domestication, multiple strains (varieties) have emerged
worldwide due to geographic isolation, adaptation, and natural
and human selection (Xu et al., 2014), resulting in phenotypic
changes in growth rate, temperature and hypoxia tolerance,
body color, body shape, and scale pattern. The Hebao red
carp (HB, Cyprinus carpio wuyuanensis) is a traditional
domestic variety with an 800-year breeding history in Wuyuan,
Jiangxi Province, China (Zhou etal.,, 2004). This variety is
characterized by a short, plump, rounded body shape and
bright red body color (Lou & Sun, 2001) (Figure 1A). Although
it is a popular ornamental fish, it is also important in
aquaculture production due to its taste and high protein
content. Crossbreeding with HB provides the basis for the
development of new strains with diverse aquacultural
advantages (Hu et al., 2018). Although studies have indicated
that its color is determined by two gene loci, the specific
underlying mechanisms have not yet been investigated
(Zhang & Pan, 1983). As a valuable germplasm resource,
understanding the genetic mechanism behind the HB
phenotype will help exploit its advantages and provide
valuable genetic resources for further breeding.

Common carp is a typical allotetraploid species formed by
hybridization between a Barbus-like species and an
unidentified species approximately 12 million years ago (Xu
etal.,, 2019b). Allopolyploidization increases the difficulty of
genome assembly and genetic study in this species. A
previous draft HB genome was constructed using lllumina
short-read sequencing, but showed unsatisfactory quality (Xu
et al.,, 2019b). However, the development of third-generation
sequencing technology provides promising prospects for
highly complicated genomes due to the capacity to span
complex repetitive regions of the genome (Vollger et al., 2020;
Wenger et al., 2019). In our study, a high-quality HB genome
assembly was accomplished using high-fidelity long (HiFi)
reads. Due to its close phylogenetic relationship with HB (Xu
etal., 2014), the Yellow River carp (YR, C. carpio
haematopterus) was adopted as a representative subspecies
of wild common carp (Figure 1B) for selection signature
detection of the HB strain. A HBxYR segregating population
was constructed to reveal and characterize domestication
genes behind the distinctive red body color of HB. This study
will help better understand the genomic structure of the HB
strain and provide a theoretical basis for genetic research of
allotetraploid fish.

MATERIALS AND METHODS

Ethics statement

All animal experiments were conducted following the
regulations of the Guide for the Care and Use of Laboratory
Animals and were approved by the Committee of Laboratory
Animal Experimentation at the College of Ocean and Earth
Sciences, Xiamen University, China.

Sample collection and sequencing for genome assembly

A female C. carpio wuyuanensis individual was collected from
the Breeding Station of the Henan Academy of Fishery
Sciences, Zhengzhou, Henan, China. Muscle tissues were

frozen with liquid nitrogen, with genomic DNA then extracted,
qualified, and quantified. High-quality DNA was sent to
AnnoRoad (Wuhan, China) for polymerase chain reaction
(PCR)-free SMRT bell library (CCS) construction and
sequencing using the PacBio Sequel/Sequel Il platform. To
construct the chromosome-level genome assembly, frozen
muscle tissues from the same fish were sent to Novogene
(China) for high-throughput chromosome conformation
capture technology (Hi-C) library construction and sequencing.
Total RNA was isolated from nine tissues for RNA
sequencing. Information on genome sequencing, assembly,
scaffolding, and annotation is described in the Supplementary
Methods.

Phylogenetic tree construction with
homologous genes

To reveal the phylogenetic relationships between two
subgenomes of C. carpio wuyuanensis and other Cyprinidae,
protein sequences of representative Cyprinidae species were
downloaded from Ensembl and NCBI (Supplementary Table
S1), with Danio rerio taken as the outgroup. The gene set of
allotetraploid teleosts (C. carpio wuyuanensis, C. carpio
haematopterus, and Carassius auratus) was divided into two
groups according to their distribution in the two subgenomes.
For genes with more than one isoform, the longest transcript
was chosen to represent that gene. Single-copy orthologous
genes were identified using OrthoFinder (Emms & Kelly,
2019). Multiple sequence alignment was then performed using
MAFFT (Katoh etal., 2009) and trimmed using Gblocks
(Castresana, 2000). ProTest was used to select the best-fit
models of amino acid replacement (Darriba etal., 2011).
Phylogenetic analyses were conducted using RAxML
(Stamatakis, 2014) and FigTree (http://tree.bio.ed.
ac.uk/software/figtree/) was used to draw the phylogenetic
tree.

single-copy

Nonsynonymous (Ka) and synonymous (Ks) substitution
analysis

We conducted Ka/Ks analysis to compare the evolutionary
rate between Cyprinus carpio wuyuanensis and C. carpio
haematopterus. Annotated protein-coding genes of the two
subspecies were used. Homologous gene pairs in the A and B
subgenomes were identified by bidirectional free alignment
(reciprocal best hit). The Ka and Ks substitution rates of each
orthologous gene pair were calculated using ParaAT (Parallel
Alignment and backTranslation) (Zhang etal., 2012), while
Muscle was used to prepare input files for
KalKs_Calculator2.0 (Zhang, 2022). The Ks and Ka/Ks values
of gene pairs were plotted using the ggplot2 R package.

Structural variant (SV) detection and validation

To detect SVs between C. carpio wuyuanensis and C. carpio
haematopterus, the genome assembly of C. carpio
haematopterus was aligned with that of C. carpio wuyuanensis
using Mummer with parameters: -maxmatch -c 100 -b 500 -I
50 (Kurtz et al., 2004). The alignments were then filtered by
delta-filter with parameters: -m -1 90 -l 100. Structural
rearrangements and variants between genomes were
identified using SyRI with default parameters (Goel et al.,,
2019). According to the output files from SyRI, we clustered
SVs into three types: presence/absence variants (PAVs),
inversions, and translocations. Absence variants in the YR
genome included CPL, DEL, DUP/INVDP (loss), HDR,
NOTAL, and TDM. Presence variants included CPG, INS, and
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Figure 1 Genomic characteristics and Ka/Ks analysis of C. carpio wuyuanensis

A: Photo of HB (C. carpio wuyuanensis), taken by Bi-Jun Li. B: Photo of YR (C. carpio haematopterus), taken by Bi-Jun Li. C: The Genomic
characteristics of C. carpio wuyuanensis. The 50 chromosomes are plotted and numbered on the outermost circle. The inner circles show the
distribution of i) GC content, ii) gene density, iii) TE density in 100 kb sliding window and iv) the collinearity relationship of chromosomes between A
and B subgenomes. D: Phylogenetic analysis between HB and representative Cyprinidae species. The tree was constructed with 1 378 shared
single-copy orthologous genes. E: Distribution of Ka substitutions in gene pairs among C. carpio wuyuanensis, C. carpio haematopterus, C. auratus,
O. macrolepis, and D. rerio. Allotetraploid genes were divided into A and B gene sets according to their distribution in the genome. F: Ka/Ks values
of gene pairs between C. carpio wuyuanensis and C. carpio haematopterus. Ka/Ks value of genes in subgenome A (mean Ka/Ks=0.438) was
higher than that in subgenome B (mean Ka/Ks=0.446). G: Biological processes related to genes under positive selection (Ka/Ks>1).

DUP/INVDP (gain) variants, and HB sequences in HDR,
NOTAL, and TDM. The functional effects of variants were
annotated with snpEff. The INV variants were regarded as
inversion SVs relative to YR, while TRANS and INVTR were
both regarded as translocations. JCVI was applied for pairwise
genome syntenic comparisons and visualizations with genes
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(Tang et al., 2008).

To validate the SVs, long reads from YR (NCBI accession:
PRJNA823855) were mapped to the HB genome using
minimap2 and the obtained BAM files were used to display the
presence regions. Long reads from HB were mapped to the
YR genome to detect the absence regions. Integrative
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Genomics Viewer (IGV) was used to inspect SVs in the
genome (Robinson etal., 2011). For large-scale SVs, Hi-C
reads from the YR genome (NCBI accession No.:
PRJNA823855) were aligned to the HB assembly using
Juicer. The large SVs were manually checked using heatmap
in Juicebox (Durand et al., 2016).

Family construction and sample collection

Intercross segregating populations are informative for genetic
analysis and may have considerable utility in QTL mapping
and identification of trait loci. In our study, the experimental
population was derived from a cross between HB and YR carp
species. YR was selected as a wild-type source, while HB was
selected as a domestic breed known for its red body color and
belly bulge. The F1 generation was produced in 2017 at the
Breeding Station of the Henan Academy of Fishery Research,
Zhengzhou, China. HB and YR carp were crossed to generate
two full-sib families. Physical characteristics of the progeny
were measured at 8 and 23 months of age. Tail fins were cut
and stored in absolute ethanol for further DNA extraction. The
BC1F1 generation was produced from mating F1 hybrids and
HB. The BC1F1 generation consisted of 3 000 carp (17
families) with body color segregation. We recorded body color
and photographed each individual when they reached 6
months of age. Tail fins were cut and stored in absolute
ethanol for further DNA extraction.

Whole-genome resequencing and variant calling

Eighteen HB samples and 16 YR samples were randomly
selected from the natural populations and used for whole-
genome sequencing for population genetic analysis. Fifty
individuals were selected from one family of the BC1F1
segregating population for body color genome-wide
association study (GWAS). DNA quantity and quality were
examined using a Qubit fluorometer and agarose gel
electrophoresis, respectively. Paired-end libraries were
generated for each sample using standard procedures. The
samples were sent to BGI (Qingdao, China) for genome
resequencing using the MGISEQ-2000RS platform.
Approximately 6 Gb of reads per individual were acquired for
whole-genome genotyping. Average raw read sequence
coverages of x10 and x5 were acquired for the natural and
intercross populations, respectively.

Paired-end reads from each sample were trimmed and
aligned to the HB reference genome using Burrows-Wheeler
Aligner (BWA) with default parameters (Li & Durbin, 2010). A
BAM file was generated using SAMtools and sorted by Picard
(Danecek etal., 2021). Paired reads mapped to the same
position on the reference genome were removed with
MarkDuplicates in Picard to avoid any influence on variant
detection. After mapping, variant calling was performed using
HaplotypeCaller in the GATK v4.0 pipeline (Poplin etal.,
2018), with the officially recommended standard applied to
filter out low-quality single nucleotide polymorphism (SNPs)
and insertions/deletions (indels). The output was further
filtered using VCFtools (Danecek etal., 2011) to retain
variants that met the following criteria: (1) minor allele count
>5 and max missing count <2; (2) only two alleles. SNPs and
indels across the genome were annotated using the
ANNOVAR program (Wang et al., 2010).

Selective signal sweep detection and determination of
candidate genomic regions
Principal component analysis (PCA) was performed based on

all SNPs using EIGENSOFT (v4.2) (Price et al., 2006). The
figures were then plotted using the first and second principal
components (PCs) with the ggplot2 R package (Villanueva &
Chen, 2019). To detect candidate divergent regions (CDRs)
between two strains, we searched the genome for regions with
a high fixation index (Fst) and huge difference in genetic
diversity (logqo(TT ratio)). The 1 ratio and Wright's Fgt for each
linkage group were calculated using the sliding window
method in VCFtools (Danecek et al., 2011). Window width was
set to 40 kb and stepwise distance was set to 10 kb. CDRs
were restricted to windows with a top 0.5% value for both Fgy
and T ratio. Finally, genes in the CDRs between HB and YR
were identified. Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) enrichment analyses were
performed using OmicShare tools (https://www.omicshare.
com/tools).

GWAS of body color and shape in hybrid family

Variant calling was conducted following the above GATK
pipeline (Poplin etal., 2018). To preserve high-quality SNPs
for downstream analysis, we filtered putative false SNPs using
VariantFiltration with the parameters “QD<2.0 || QUAL<30.0 ||
SOR>3.0 || FS>20.0 || MQ<40.0 || MQRankSum<-12.5 ||
ReadPosRankSum<-8.0". The VCF files were then filtered
with the parameters “—max-alleles 2 —min-alleles 2 —maf 0.05
—max-missing 0.8” using VCFtools (v1.15) (Danecek etal.,
2011). The final dataset was purged by PLINK (v1.90) (Purcell
et al., 2007) with the parameters “—indep-pairwise 100 1 0.5”,
reducing the redundant highly linked SNPs. The tagSNPs
were retained to represent all SNP loci in the haplotype block.
Missing genotypes were imputed with BEAGLE4 (Browning &
Browning, 2007).

For the BC1F1 family, 1 620 715 variants and 50 samples
were pass-filtered and subjected to quality control (QC) for
further analysis. As body color is a qualitative trait, the trait
with melanocytes was transformed to 1, while the trait without
melanocytes was transformed to 0. Generalized Linear Mixed
Model (GLMM) in GEMMA (Zhou & Stephens, 2012) was
used for association analysis. The Wald frequentist test was
chosen to test for significance, and the P-value threshold for
genome-wide significance was calculated based on the
Bonferroni-correction method (0.05/number of QC-filtered
SNPs). Manhattan plots of -logy, (P) and QQ-plots were
generated using the CMplot R package (Yin et al., 2021).

Validation of variants in mitfa genes

An insertion (1.7 kb) was detected in the mitfa gene in the A06
chromosome, as was a nonsynonymous SNP in the mitfa
gene in the BO6 chromosome. We evaluated the genotypes of
this SV in YR, HB, F1, and BC1F1 individuals from the
segregating population using IGV (Robinson etal., 2011).
Input was a BAM file generated by mapping reads to the
corrected genome sequence. The genotypes of each sample
were identified by observation of high-quality reads and
malformed reads flanking the SV. We also examined the
genotypes by PCR. Primers were designed to amplify the
genomic regions (Supplementary Table S2) and the PCR
products from HB and YR were sequenced using Sanger
sequencing technology. PCR validation was carried out in 23
HB, 15 YR, 55 F1 hybrid, and 118 BC1F1 individuals with
recorded body color.

Alternative splicing analysis
Skin samples from individuals in the BC1F1 family with
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different genotypes and skin color were collected at 5 months
old. The samples were frozen with liquid nitrogen. Total RNA
was extracted with Trizol reagent and qualified and quantified
using an Equalbit RNA BR (Broad-Range) Assay Kit and
agarose gel electrophoresis, respectively, then used for
DNBSEQ mRNA library construction. The product was
sequenced using the DNBSEQ platform to generate paired-
end (150 bp) reads. The raw reads were filtered using
SOAPnNuke (Chen et al., 2018) with the parameters “-n 0.01 -|
20 -q 0.4 --adaMR 0.25 --ada_trim --polyX 50" to filter out
adaptors and low-quality reads. Transcriptome data were
analyzed using the HISAT, Stringtie, and Ballgown protocols
(Pertea etal., 2016). Clean reads were aligned to the HB
reference genome using HISAT2 (Kim et al., 2019) with the
parameter “-dta”, then transferred into a binary file and sorted
with SAMtools. Stringtie was used to conduct the assembly
and quantification of transcripts (Pertea etal., 2015).
Expression measurements at the exon, intron (junction), and
transcript level were imported to the Ballgown R package to
conduct differential expression analysis, visualization of
transcript structures, and matching of assembled transcripts to
annotation (Pertea etal., 2016). The coding sequences of
transcripts were predicted and annotated with TransDecoder
(https://github.com/TransDecoder/TransDecoder). The PCA
structures and heatmaps of sample correlation were plotted
using the Deseq2 R package (Love et al., 2014).

Cloning full-length mitfa cDNA

cDNA was synthesized using a PrimeScript RT reagent kit
(Takara, Japan) according to the provided instructions.
Primers for gene amplification were designed with the
Vazyme online tools (http://appbi.vazyme.com:8085/login)
(Supplementary Table S3). The PCR products were purified
with a FastPure Gel DNA Extraction Mini Kit (Vazyme, China)
and cloned into the pMD 19-T vector (Takara, Japan). The
vector was transformed into DH5a competent cells (Takara,
Japan). Positive clones were selected and sent for Sanger
sequencing. The functional domains of the protein sequences
were predicted using the NCBI Conserved Domain Database
(Lu et al., 2020).

Microscopic observation of common carp skin

Dorsal and head skin samples (3 pym) were collected from the
common carp. The samples were placed on glass slides with
100 pL of normal saline and coverslipped lightly from the left
to prevent air bubbles. Photos were taken using a camera
mounted on a microscope.

RESULTS

HiFi genome of C. carpio wuyuanensis

Genome survey based on 21-mer frequency distribution
revealed that the genome of C. carpio wuyuanensis was 1.65
Gb, similar to that of other allotetraploid species in Cyprinidae
(Chen et al., 2020). To assemble a high-quality genome, 37.8
Gb (23X) of sequencing data generated using the PacBio
Circular Consensus Sequencing platform and 211 Gb (134X)
of sequencing data from two Hi-C libraries were obtained
(Supplementary Table S4). We acquired a preliminary
genome assembly with 809 contigs and a N50 of 19 736 777
bp. Total length was 1.61 Gb, close to the estimated value
(Supplementary Table S5). The draft contigs were anchored to
50 chromosomes (Figure 1C; Supplementary Figure S1),
totaling 1.499 Gb with a N50 of 29.512 Mb. In total, 93.1% of
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the genome was anchored. Our assembly showed a
substantial improvement compared to the previous HB
assembly (Xu etal, 2019b), including contiguity,
completeness, and correctness (Supplementary Table S6).
Additional details on repetitive sequences and protein-coding
gene annotation in the new HB genome assembly are given in
the Supplementary Results (Supplementary Figure S1 and
Tables S7, S8).

The HB genome was divided into subgenomes A and B by
comparison with its progenitor B from Barbinae. The length of
subgenome A (722.49 Mb) was smaller than that of
subgenome B (776.59 Mb). The gene set was then divided
into two groups (C. carpio_A and C. carpio_B) based on their
distribution in the genome. The A and B subgenomes
contained 27 109 and 28 540 genes, respectively. The
collinearity regions of the two subgenomes were identified by
sequence alignment and plotted into Circos plots, which also
showed GC content, gene density, transposable element (TE)
density, and collinearity relationships between the A and B
subgenomes (Figure 1C).

KalKs analysis with homologous gene pairs

To investigate the phylogenetic relationships of HB with other
species, we compared the genomes of HB and 11 other
published teleost species, including allotetraploid C. auratus
and YR. YR is a representative subspecies of wild-like
common carp, which is mainly cultivated in the Yellow River
basin. Phylogenetic relationships were determined based on
the 1 378 shared single-copy orthologous genes (Figure 1D).
The B subgenomes of common carp and goldfish were
clustered with species from the Barbinae (2n=50) subfamily
(Puntigrus tetrazona, Poropuntius huangchuchieni, and
Onychostoma macrolepis), while subgenome A showed a
relatively greater distance from this cluster. Common carp and
C. auratus exhibited a close genetic distance, in accordance
with their divergence after whole-genome duplication (Chen
etal., 2019; Ma et al., 2014). The tree also showed a close
relationship between the two strains of common carp, YR and
HB.

Ka and Ks values were calculated based on homologous
gene pairs within representative species. The Ks values of
each gene pair were calculated to estimate divergence time
(Figure 1E). According to previous study, HB culture in China
can be traced back more than 800 years (Lou & Sun, 2001).
The calculated substitution rates of HB-YR orthologous genes
were 0.010-0.011. Applying the previously determined
molecular clock in teleosts (David et al., 2003), we estimated
that HB and YR diverged ~1.4 million years ago, much earlier
than the recorded history of domestication. As these two
strains are distributed in the Yellow River and Yangtze River
systems, respectively, geographical isolation may have
promoted their genetic divergence. Previous study found that
subgenome B is dominant in common carp, with genes
showing higher expression levels and greater purifying
selection than their homologs in subgenome A (Xu etal.,
2019b). Here, to explore which subgenome was under greater
selective pressure during divergence of the two strains, we
identified 19 194 and 19 947 gene pairs between HB and YR
in subgenomes A and B, respectively. Based on HB and YR
gene pairs, the genes in subgenome B (mean Ka/Ks=0.438)
had lower Ka/Ks values than those in subgenome A (mean
Ka/Ks=0.446) (P<0.05) (Figure 1F). Thus, purifying selection
was stronger in subgenome B, which may possess more
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genes critical for life activities in common carp.

Genes with a Ka/Ks ratio greater than one are under
positive selection (Hurst, 2002). Here, 4 833 HB-YR gene
pairs had a Ka/Ks ratio greater than one and were therefore
considered to be under positive selection and may be rapidly
evolving and important in the divergence of the two strains.
Enrichment analysis revealed that these genes were enriched
in Dbiological processes related to immune response
(GO:0006955), immune system process (GO:0002376),
response to stress (G0O:0006950), phospholipid scrambling
(GO:0017121), regulation of membrane lipid distribution
(GO:0097035), and defense response (GO:0006952)
(Figure 1G; Supplementary Table S9). Therefore, these genes
may contribute to the characteristics of HB in cultivation,
including good environmental adaptability, low disease
susceptibly, and high meat quality. These results confirm that
domestication induces substantial changes and improvement
in fish immunity, as well as the ability to cope with aquacultural
stressors (Milla et al., 2021).

Impact of SVs between HB and YR on gene expression
The genome is dynamic over certain time scales. The
evolution and domestication of HB may have induced not only

Figure 2 SVs between HB and YR

specific phenotypes but also genomic changes. SVs are
crucial in evolution and agriculture and may lead to changes in
traits (Bertolotti et al., 2020; Du et al., 2021). However, little is
known about such variants (large deletions, insertions,
duplications, and chromosomal rearrangements) in polyploidy
animals. To reveal genomic changes following HB
domestication, we performed synteny analysis of gene pairs
between HB and YR and identified rearrangements in the
genome (Figure 2A). Furthermore, we compared the HB and
YR genome assemblies and identified SVs (>50 bp) between
the two, classified as PAVs, inversions, or translocations.
Using the YR genome as a reference, we identified 187 661
PAVs, 511 inversions, and 11 472 translocations in the HB
genome, affecting 348.5 Mb of genomic sequences. SVs can
influence the expression of nearby genes by altering gene
sequences or by perturbing regulatory sequences (Alonge
etal.,, 2020; Chiang et al., 2017). In our study, most PAVs
were located in intergenic regions, followed by intronic regions
(Figure 2B). The FPKM (fragments per kilobase of exon per
million mapped fragments) was calculated for genes in 12
tissues. Results indicated that genes with PAVs showed lower
expression than those without PAVs (Figure 2C), consistent
with previous findings (Qin et al., 2021). Sequence variants

A: General view of collinearity relationship between genomes of HB and YR. Structural rearrangements are marked in green. B: Percentage of SVs

overlapping different genomic regions. Most SVs were in the intergenic and intronic regions. C: Proportion comparisons between PAV-genes and

non-PAV-genes with indicated expression level across 12 samples in Cyprinus carpio. D: Example visualization of two randomly selected SVs by

mapping PacBio long-reads to genome assemblies and two by mapping Hi-C paired-end reads to genome assemblies.
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between the two common carp strains were observed by
mapping PacBio long reads and Hi-C paired reads to the
genome assemblies (Figure 2D). SVs between the genomes
of the different strains may contribute to the diversity of
phenotypes in common carp.

Artificial selection leaves selection signatures in genomic
regions

As one of the oldest domesticated fish species in the world,
both natural and artificial selection have generated rich
phenotypic variations in food and ornamental common carp
strains. Due to its distinctive elliptical-shaped body and
reddish skin, HB is a renowned indigenous dual-purpose
strain (food and ornamental) in China. Here, to discover the
genetic basis of the distinct phenotypic variations in HB, we
conducted whole-genome sequencing of 34 randomly
selected samples from domesticated HB and “wild-type” YR
populations (18 and 16 samples, respectively), with a mean
depth of 15X that of the common carp genome
(Supplementary Table S10). In total, we identified 21 763 331
SNPs and 6 512 282 indels, with most variants distributed in
the intergenic or intronic regions (Supplementary Figure S2).

In general, adaptive evolution or artificial selection can leave
multiple selection signatures in genomic regions where the
corresponding causal genes should be distributed (Ma et al.,
2018). Here, PCA separated the HB and YR samples into two
clusters (Supplementary Figure S3). The genome-wide
population differentiation value between HB and YR was 0.14,
indicating moderate differentiation between the two groups.
Genomic regions with high levels of fixation in the HB strain
likely include genes that were positively selected during
domestication. Therefore, we performed whole-genome
scanning of regions with extreme divergence in allele
frequency (Fsr>0.315) and highest differences in genetic
diversity (log 1 ratio>0.486). We identified 231 CDRs (top 5%o
of Fsr and w ratio) with significant selection signatures
between the two strains, harboring 138 genes (Figure 3A;
Supplementary Tables S11, S12). Among them, 13 genes
were related to “response to stimulus” (GO: 0050896), 23
genes were related to “metabolic process” (GO:0008152), 12
genes were related to “phosphorus metabolic process”
(G0O:0006793), and two genes were related to “progesterone-
mediated oocyte maturation” (Figure 3B).

Microscopic observation showed that melanocytes were
abundant in the gray-brown skin of YR but were completely
absent in the reddish skin of HB (Figure 3C). Of note, KEGG
annotation highlighted two genes related to melanogenesis,
i.e., mitfa gene in homologous chromosomes A06 and BO6,
respectively. The mitf gene is critical in the melanocyte and
retinal pigment epithelium formation regulatory networks,
acting as a "master regulator" (Levy et al., 2006). Many fish,
including zebrafish, contain the mitfa and mitfb genes
(Johnson et al., 2011). Notably, mitfa affects the development
of skin pigment cells, and its mutation is related to cutaneous
albinism (Johnson et al., 2011). There are two copies of mitfa
in the two subgenomes of allotetraploid fish. YR and HB
showed extreme divergence in allele frequency and the HB
strain showed low genetic diversity in these two mitfa regions
(Figure 3D). These findings indicate strong selection in the HB
genome during its domestication history.

Hybrid family construction revealed inheritance of skin
color
Common carp exhibit a variety of skin colors, and the
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molecular mechanism associated with pigmentation is an
interesting area of research (Orteu & Jiggins, 2020).
Hybridization experiments play an important role in exploring
genetic mechanisms (Xu etal.,, 2019a). To investigate the
inheritance pattern and demonstrate the mutational effects of
mitfa on skin color in the HB strain, we constructed a
backcross inheritance experiment using YR and HB as
parents, with the hybrid F1 generation then backcrossed with
either HB or YR. The F1 individuals reached sexual maturity at
three years and were used for the backcross experiments (F1
x HB or F1 x YR). After hatching and loss during the growth
period, a total of 17 families were obtained and their skin color
phenotypes were recorded. Offspring without melanophores
were present in the intercross families in which both parents
contained melanophores, suggesting that melanophore
presence is dominant over their absence. We obtained four
segregation ratios (7:1, 3:1, 1:1, and 1:0) in the BC1F1 family
(Supplementary Figure S4 and Supplementary Table S13),
which indicated the potential control of two pairs of alleles in
phenotype determination. The allele for melanophore
presence was dominant over the allele for melanophore
absence, consistent with the observation of the breeding
process in common carp (Deng, 1981).

In one family, the inheritance pattern of body color
conformed to the Mendelian law in the first backcross
generation, producing a 3:1 phenotype segregation in the
backcross family  (brown:red=278:95, x24:=1=4.59e-04)
(Figure 4A). GWAS was performed using 50 individuals
(Supplementary Figure S5). After pass filtering and QC of
1620 715 variants and all samples, we identified two loci (A06:
17 668 989-23 701 042 and B06: 16 901 881-22 857 335)
highly associated with skin color phenotypes (P<3.09e-8)
(Figure 4B; Supplementary Table S14), which overlapped with
selective signals in chromosomes A06 and B06. As expected,
these regions harbored the mitfa gene, which plays a crucial
role in the melanogenesis pathway (Johnson et al., 2011).

As an allotetraploid fish, common carp exhibit complex
genetic mechanisms for trait determination. While mitf genes
generally have two paralogs (mitfa and mitfb) in diploid
teleosts due to third-round genome duplication (3R WGD), we
found four copies (mitfa (A06), mitfa (B06), mitfb (A23), mitfb
(B23)) in the common carp. According to our research, only
simultaneous loss-of-function of both copies of mitfa resulted
in the absence of melanophores. In other words, the absence
of melanocytes in the skin of HB depended on a double
recessive homozygous allelic genotype (Figure 4A). After
scanning gene regions by IGV, several fixed mutations were
observed in the HB strain. In mitfa (A06), we identified a
haplotype with a 240 bp deletion (A06:
23 318 912-23 318 913) and a 1 773 bp insertion (A06:
23 315 866-23 317 639), which was homozygous in the HB
strain but heterozygous or without mutation in the YR strain
(Figure 4C; Supplementary Figure S6A). Furthermore, a
nonsynonymous single nucleotide mutation (B06: 22 467 522
(G—C)) was found in the 8th exon of mitfa (B06), which
caused an Ala244—Pro244 substitution. Comparison among
several animals revealed that the mutation was in the
conserved functional domain, which may influence gene
function (Figure 4D; Supplementary Figure S6B).

We performed PCR and Sanger sequencing to validate the
mitfa (A06) and mitfa (B06) variants. Genotypes were
identified in multiple samples, including YR, HB, F1
individuals, and backcross progeny. Results confirmed that
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Figure 3 Selective signals identified by whole-genome analyses

A: Pairwise fixation index (Fst) and ratio of nucleotide diversity (17) in 40 kb sliding windows and 10 kb sliding step length across genome between
HB and YR. Top 5%o value was used as cutoff. Genes located in divergent regions are indicated by gene names. B: KEGG enrichment of genes in
genomic divergent regions. Top 20 pathways with highest P-values are plotted. C: Microscopic observation of skin pigment cells of YR and HB. D:
Selective signals of mitfa regions in chromosomes A06 and B06. Gray, Fst between HB and YR; blue, nucleotide diversity in YR; orange, nucleotide
diversity in HB. These regions are enriched in sites nearly fixed in HB breeds during domestication process.

both mutations in mitfa were homozygous in HB and other
individuals without melanocytes, whereas the genotypes were
heterozygous or not mutated in the YR and hybrid individuals
with  melanophores (Supplementary Table S15). The
segregation ratios of crossed families were consistent with the
ratios predicted by the genotypes of parents (Supplementary
Table S13). Thus, functional mutation of both copies of mitfa
plays a prominent role in carp phenotypic evolution.

Alternative splicing induced by intronic SVs in mitfa

Based on alternative promoters, a single mitf gene can
produce more than one isoform, with Mitf-M found to be
specific in skin and melanophores (Hartman & Czyz, 2015).
Here, SVs in the intronic region of mitfa (A0O6) were associated

with red skin color in the common carp, as homozygous
individuals were completely red, whereas heterozygous
individuals or those without SVs were brown. Intronic SVs in
the genome not only influence expression levels but also
regulation through aberrant splicing patterns of genes (Stern
etal.,, 2017; Varagona et al., 1992; Zhou et al., 2018). The
hybrid common carp populations offered the opportunity to
explore the influence of intronic SVs in mitfa (A06). A 1773 bp
insertion in mitfa (A06) was detected in the intron between
exon 1-2 and exon 2. Skin samples from 20 individuals (one
family) with different haplotypes were collected for RNA
sequencing (RNA-seq). After assembling the transcripts, we
found that the gene possessed two transcripts with alternative
first exons (exon 1-1 and exon 1-2) in the common carp skin
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Figure 4 Deficiency in both homologous mitfa genes responsible for reddish color in domesticated HB

A: Diagram of BC1F1 population generated by intercross between HB and YR. Body color trait segregated in one backcross family with a 3:1
separation ratio. B: GWAS of carp body color, including 30 individuals with melanocytes and 30 individuals without melanocytes. Horizontal dashed
lines indicate Bonferroni significance threshold of GWAS (P<3.09e-8). Two loci (A06: 17 668 989-23 701 042 and B06: 16 901 881-22 857 335)
were highly associated with skin color phenotypes. C: Diagram of mutation of mitfa gene in chromosome A06. A 243 bp deletion and 1 773 bp
insertion were detected in intronic regions of HB genome. D: Nonsynonymous mutation (B06: 22 381 071 (G—C)) of mitfa gene in B06
chromosome. Mutation caused an Ala244—Pro244 substitution in conserved region among multiple species. E: Two transcript variants with specific
first exons of mitfa (A06) and functional domain of their isoforms. F: Expression level of two transcripts of mitfa (A06). Transcript 2 showed no

expression in skin with homozygous haplotype of HB.

(Figure 4E). The expression patterns of the two transcripts in
different haplotypes differed significantly. The transcript that
expressed exon 1-2 was not expressed in the skin when the
insertion existed (Figure 4F). The transcript, which was not
expressed in HB, may be necessary for the development of
melanophores, with its absence resulting in red skin. After
cloning the full length of both transcripts, we found that
alternative splicing resulted in a loss of 60 amino acids and
deficiency of the functional domain “MITF-TFEB-C-3-N" in
Mitfa (Figure 4E), which may be necessary for the generation
of melanocytes. Previous research reported that a large
intronic insertion in Pekin ducks induces white plumage by
causing splicing changes in MITF (Zhou et al., 2018). Thus,
the large intronic insertion in HB may induce red skin by
causing abnormal splicing in Mitfa

DISCUSSION

Based on population genetic analysis, GWAS of body color
traits in backcross populations, and transcript analysis, our
results indicated that co-mutation of mitfa genes in the two
subgenomes of allotetraploid common carp induced skin
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melanophore loss. The number and recessiveness of alleles in
HB body color determination are consistent with previous
studies (Deng, 1981; Zhang & Pan, 1983). In our backcross
family, melanophore disappearance was accompanied by red
color enhancement, suggesting the potential role of mitfa in
red coloration in fish. However, further research is needed to
clarify this possibility.

For allotetraploids, duplication of the genome can result in
neofunctionalization and subfunctionalization of genes. In our
study, based on the transcriptomes of different genotypes, the
expression patterns of individuals with mutations in either
mitfa copy in the two subgenomes (Aabb and aaBb) were
similar to those with two functional mitfa (AaBb) genes
(Figure 4G; Supplementary Figure S7), indicating that the two
copies of mitfa exert similar (same) functions in common carp.
Furthermore, dysfunction of a gene in one subgenome can be
repaired by the other. Genome duplication in common carp
may lead to higher fault tolerance in the polyploid genome and
greater opportunities for genomic evolution. Thus, this
suggests that genome duplication may contribute to species
diversity and phenotypic diversification (Crow & Wagner,
20086).
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In our study, high-quality HB genome assembly was
accomplished using long HiFi reads. The long domestication
history of HB has induced considerable genomic changes and
selection signatures were detected in the HB genome.
Functional mutations in the mitfa copies in the two
subgenomes played a prominent role in carp body color
determination. Our results will help better understand the
genomic structure of the HB strain and provide a theoretical
basis for genetic study in allotetraploid fish.
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