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Comparative genomic analysis =l

of immune-related genes and chemosensory
receptors provides insights into the evolution
and adaptation of four major domesticated
Asian carps
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Abstract

Background Ctenopharyngodon idella (grass carp), Mylopharyngodon piceus (black carp), Hypophthalmichthys nobilis
(bighead carp), and Hypophthalmichthys molitrix (silver carp), collectively known as the four major domesticated
Asian carp, are freshwater fish species from the family Cyprinidae and are widely consumed in China. Current studies
on these species primarily focus on immune system regulation and the growth and development of individual spe-
cies. However, in-depth genomic investigations and comprehensive comparative analysis remained limited.

Methods The complete genomes of Ctenopharyngodon idella, Mylopharyngodon piceus and Hypophthalmichthys
nobilis were assembled using a hybrid approach that integrated both next- and third-generation sequencing reads,
followed by annotation using the MAKER2 pipeline. Based on the high-quality genomes of Ctenopharyngodon idella,
Mylopharyngodon piceus Hypophthalmichthys nobilis, and Hypophthalmichthys molitrix, a comparative genomic analy-
sis was conducted using bioinformatic tools to investigate gene family evolution in these four domesticated Asian
carp species.

Results High-quality genomes of Ctenopharyngodon idella, Mylopharyngodon piceus, and Hypophthalmichthys nobilis
were assembled, achieving over 90% completeness. Immune-related gene families, including MHC class I and NLRC3-
like genes, have undergone rapid evolution, with Ctenopharyngodon idella exhibiting significant expansion of NLRC3-
like genes. Massive tandem duplication events were identified in trace amine-associated receptors (TAARs), and rapid
expansion was observed in TAAR16 and TAAR29. Additionally, a novel TAAR gene cluster was identified in all four
Asian carp species. Comparative genomic analysis revealed the expansion of type 1 taste receptor genes, particularly
in Ctenopharyngodon idella and Mylopharyngodon piceus.

Conclusion This study has successfully constructed the high-quality genomes of Ctenopharyngodon idella, Mylo-
pharyngodon piceus, and Hypophthalmichthys nobilis. The comparative genomic analysis revealed the evolution
of immune-related genes and chemosensory receptors in the four major domesticated Asian carp species. These
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findings suggested the enhanced immunity and sensory perception in these species, providing valuable insights

into their adaptation, survival and reproduction.

Keywords Four major domesticated Asian carp species, Comparative genomic analysis, Gene family evolution,

Chemosensory receptors, Immune-related genes

Introduction

Ctenopharyngodon idella (grass carp), Mylopharyngodon
piceus (black carp), Hypophthalmichthys nobilis (big-
head carp) and Hypophthalmichthys molitrix (silver carp)
are the four major domesticated Asian carp species that
have been cultured for centuries. C. idella and M. piceus
belong to the subfamily Squaliobarbinae, while H. nobilis
and H. molitrix are classified under the genus, Hypoph-
thalmichthys, within the subfamily Xenocyprinae. In
China, these domesticated carp species play critical roles
in freshwater fishery, serving as a significant source of
high-quality proteins in traditional diets. However, when
introduced to North America, these species have become
invasive, posing a threat to the Great Lakes due to their
rapid proliferation, which disrupts the local ecosystem
and economy [1]. Previous studies have established the
complete genomes of C. idella, providing insights into its
genome evolution and vegetarian adaptation [2, 3]. Jian
et al. [4] conducted a systematic genomic analysis of H.
nobilis and H. molitrix, shedding light on their evolution
and speciation. These studies suggested the construc-
tion of high-quality genomes as an efficient approach to
gaining an understanding of the biology of Asian carp.
Recent research on the four major domesticated Asian
carp species studied immune system regulation, antivi-
ral signaling, mitochondrial analysis, hypoxia adaptation,
and the growth and development of individual species
[5-9]. However, comprehensive genomic investigations
and comparative analysis of all four Asian carp species
remain limited. Wang et al. [10] studied the species dif-
ferentiation of Asian carp by comparative genomic analy-
sis, identifying positive selection in three genes (HHEX,
PGK1, and WNT1) associated with body growth and
energy regulation. Meanwhile, the PIM kinase family,
involved in cell proliferation, survival, and body growth,
has been reported to be under expansion in C. idella and
M. piceus. These findings highlighted the importance of
comparative genomic analysis in investigating the evo-
lutionary dynamics and adaptations of the four major
domesticated Asian carp species.

In this study, we have assembled and annotated the
complete genomes of C. idella, M. piceus, and H. nobi-
lis using a hybrid approach that integrated both short-
read and long-read sequencing technologies. Utilizing
these high-quality genomes, we performed a comparative
genomic analysis to explore the evolution and adaptation

of gene families in the four Asian carp species (C. idella,
M. piceus, H. nobilis, and H. molitrix). The comparison of
gene families in Cyprinid fish species revealed the rapid
evolution of immune-related gene families, including
MHC class I and NLRC3-like genes, driven by tandem
duplication events, particularly in C. idella. Additionally,
chemosensory receptor families, including trace amine-
associated receptors, vomeronasal receptor type 1 genes,
and type 1 taste receptors were undergoing expansion.
This comparative analysis provided insights into the gene
family evolution and adaptation of the four major domes-
ticated Asian carp species.

Methods

Genomic DNA and RNA extraction

Three fish species, C. idella, M. piceus, and H. nobilis,
were purchased from the Tai Po wet market in Hong
Kong. These fish species were imported from a fish farm
in Shunde, Guangdong Province, China. The genomic
DNA of C. idella, M. piceus and H. nobilis were extracted
from muscle tissue using the blood and cell culture DNA
maxi kit (QIAGEN, Germany). Total RNA was isolated
from 10 organ tissues (brain, muscle, liver, ovary/gonad,
gall bladder, intestine, heart, skin, spleen, and kidney) of
each carp species using TRIzol reagent (Invitrogen, USA),
followed by phenol-chloroform extraction. The aque-
ous phase was then purified using PureLink RNA mini
kit (QIAGEN, Germany). The concentrations of genomic
DNA and RNA were measured using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA) and
a Qubit Fluorometer (Thermo Fisher Scientific, USA).
The integrities of RNA were evaluated by an Agilent 2100
Bioanalyzer (Agilent Technologies, USA).

Whole genome sequencing and de novo genome assembly
The genomic DNA of C. idella, M. piceus, and H. nobi-
lis proceeded for long-read library construction using
the genomic DNA ligation sequencing kit SQK-LSK110
(Oxford Nanopore Technologies, UK) according to man-
ufacturer’s instruction, and sequenced by GridION Mk1
platform (Oxford Nanopore Technologies, UK). For data
processing, the raw Nanopore reads were trimmed and
filtered by Porechop (v0.2.4) [11] and NanoFilt (v2.8.0)
[12]. For short-read sequencing, the genomic DNA was
sequenced on the BGI DNBseq platform (Groken Bio-
science Limited, Hong Kong). The draft genomes of C.
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idella, M. piceus, and H. nobilis were assembled by Flye
(v2.8.3) [13] using clean Nanopore reads. Scaffolding was
accomplished by SSPACE (v2.0) [14]. The short reads
were aligned to the assemblies using BWA (v0.7.16a) [15]
to produce bam files. Pilon (v1.23) [16] was then applied
to polish the Nanopore assemblies with aligned short
reads. The overall quality and completeness of genome
assemblies were assessed by QUAST (v5.0.2) [17] and
BUSCO (v3.0) [18].

Genome annotation

Total RNA sequencing of tissue samples from C. idella,
M. piceus and H. nobilis were performed using the Illu-
mina HiSeq 2500 platform (Groken Bioscience Limited,
Hong Kong). Transcriptome mapping and the file format
conversions were carried out using Hisat2 (v2.2.1) [19],
StringTie (v2.2.0) [20], and SAMtools (v1.12) [21]. Repeat
elements within the genomes of C. idella, M. piceus, and
H. nobilis were identified and masked by RepeatModeler
(v2.0.1) [22] and RepeatMasker (v4.1.1) [23]. A total of
five rounds of genome annotation were conducted using
the MAKER2 pipeline (v3.01.03), integrating ab initio
gene prediction, protein homology prediction, and tran-
script evidence prediction. The initial round of annota-
tion was performed using Exonerate (v2.2.0) based on
the evidence from transcriptome and the proteome of a
closely related reference species, common carp (Cyprinus
carpio), available in the NCBI database (NCBI accession:
GCF_018340385.1). The first round of annotation trained
the ab initio gene prediction model of SNAP (v1.0) [24],
which was then used for the second round of annotation.
A third round of annotation further refined SNAP using
results from the previous round. In the final two rounds
of annotation, the gene prediction models of Augustus
(v3.4.0) [25] and GeneMark-ES (v4.69) [26] were incor-
porated along with SNAP. Augustus was trained using
the annotation results from the previous round, while
GeneMark-ES employed a self-training approach. The
completeness of annotation was assessed by BUSCO
(v3.0).

Collection of genome, transcriptome, and protein
sequences

The genome, transcriptome and protein sequences of C.
idella, M. piceus, and H. nobilis were deposited in the
NCBI database (BioProject accession: PRJNA890423,
PRJNA891927, and PRJNA892279). The genome, tran-
scriptome, and protein sequences of H. molitrix (Bio-
Project accession: PRINA631443) were based on the
study by Zhou et al. [27] and downloaded from Figshare
(https://doi.org/https://doi.org/10.6084/m9.figshare.
12618884.v1). The sequences of Cyprinus carpio (NCBI
accession: GCF_018340385.1), Carassius auratus (NCBI
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accession: GCF_003368295.1), Danio rerio (NCBI acces-
sion: GCF_000002035.6), Labeo rohita (NCBI accession:
GCF_022985175.1), Onychostoma macrolepis (NCBI
accession: GCA_012432095.1), Puntigrus tetrazona
(NCBI accession: GCF_018831695.1), Sinocyclochei-
lus grahami (NCBI accession: GCF_001515645.1) and
the outgroup species Chanos chanos (NCBI acces-
sion: GCF_902362185.1) were retrieved from the NCBI
database.

Divergence time analysis of cyprinid fishes

The coding sequences of 301 overlapping single-copy
BUSCO genes from 11 Cyprinidae species and the out-
group species C. chanos were collected based on the
vertebrate_odb9 database. The coding sequences of the
overlapping BUSCO genes were aligned using MAFFT
(v7.310) [28] in fasta format. The sequence alignment
of codons was then split using the online tool Sequence
Manipulation Suite (v2.0) (https://www.bioinformatics.
org/sms2) and subsequently converted into phylip for-
mat using the online tool Format Converter from HIV
databases  (https://www.hiv.lanl.gov/content/sequence/
FORMAT_CONVERSION/form.html). The phylogenetic
relationships of the 12 fish species were constructed from
the multiple sequence alignments generated by MAFFT,
using maximum likelihood phylogeny inference and 100
bootstrap replicates in RAxML (v8.2.12) [29], with the
option “-m PROTGAMMALGX -f -# 100” Based on the
phylogenetic tree established by RAxML (v8.2.12), the
divergence time analysis was performed using MCMC-
tree in PAML (v4.9j) [30]. Two calibration points were
employed: the divergence times between C. auratus and
C. carpio, and between C. idella and M. piceus. The 95%
confidence intervals of the divergence time used for cali-
bration were retrieved from TimeTree database (http://
www.timetree.org/). The ultrametric tree was edited
using the online software Interactive Tree of Life (iTOL
v6) [31].

Phylogenetic orthology inference

The protein sequences of 11 Cyprinidae species and
the outgroup species C. chanos were filtered by remov-
ing duplicated copies and selecting the longest isoforms.
The inference of orthologous groups were analysed by
OrthoFinder (v2.5.4) [32] based on the filtered protein
sequences of the 12 fish species.

Comparison of gene families

The comparative analysis of gene families was performed
based on the results of OrthoFinder and the divergence
time tree established by MCMCtree. Large orthogroups
were filtered by Python scripts (cafetutorial_clade_and_
size_filter.py) available on the GitHub repository (https://
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github.com/hahnlab/cafe_tutorial/tree/main/python_
scripts). The expansion and contraction of gene families
within 12 fish species were analyzed using CAFE (v4.0)
[33]. The significance of changes in gene family size was
examined using computed p-values from CAFE based on
a birth and death model, with p < 0.05 as the threshold for
identifying rapidly evolving gene families. The sequences
of rapidly evolving gene families in the four Asian carp
species were subjected to BLASTP search with an e-value
cut-off of 1le-6 to retrieve UniProt accession identifiers.
Gene enrichment analysis was performed based on Gene
ontology (GO) terms using the online tool Database for
Annotation, Visualization and Integrated Discovery
(DAVID) (https://david.ncifcrf.gov/).

In silico identification of genes from different families

The reference protein sequences of taste receptors in
C. carpio, D. rerio, and C. idella, trace-amine associ-
ated receptors (TAARs) in D. rerio and C. auratus, and
vomeronasal receptor type 1 (VIR/ORA) in D. rerio were
obtained from previous studies [34-36]. The reference
protein sequences of MHC class I genes and NLRC3/
NLRC3-like genes were retrieved from the NCBI and
UniProt databases. All the genes of the chemosensory
receptor family and MHC class I family in the four anno-
tated Asian carp genomes were identified by BLASTP
(v2.11.0) [37]. The analysis was conducted against the
corresponding reference sequences using the option
“-evalue le-6 -outfmt 6’ with the sequence identity no
less than 30% as the threshold. HMMER (v 3.3.2) [38]
search was further employed to validate all the NLRC3/
NLRC3-like genes identified through BLASTP. The
profile hidden Markov model (HMM) was established
using the hmmbuild command, based on the protein
sequence alignment of the reference protein sequences.
The homologs from different gene families were detected
using the hmmsearch command against the profile
HMM model with the default parameters. Based on the
gene synteny information from the genome annotation
gff files, the tandemly or proximally arrayed genes (T/
PAGs) were defined as zero spacer genes, and fewer than
ten spacer genes, respectively.

Phylogenetic analysis of gene families

The multiple sequence alignment of the rapidly evolving
gene families was performed using MUSCLE (v5.1) [39].
The phylogenetic trees of the rapidly evolving gene fami-
lies were constructed using FastTree (v2.1.11) [40] and
validated with MEGA (v10.1.8) [41] using the maximum
likelihood algorithm with 100 bootstrap replications. The
phylogenetic trees were edited using the online software
Interactive Tree of Life (TOL v6) [31].
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Positive selection analysis

The sequences of all the single-copy orthogroups
from the 12 species were collected and aligned using
MAFFT (v7.0), with gene trees derived from the pre-
vious OrthoFinder analysis. Positive selection analysis
was conducted using the branch-site model in PAML
(v4.9j), where the alternative model was specified as
model =2 and NSites =2. To identify the positively
selected genes, a likelihood ratio test (LRT) was per-
formed to compare the alternative model (fix_omega
=0) to the null model (fix_omega =1) using codeml
program in PAML (v4.9j). The p-value from the LRT
was examined using chi-square statistics, with the
significant threshold set at p< 0.05. All the positively
selected genes were annotated using the BLASTP
search program against the NCBI database.

Motif enrichment analysis

For TAARs, the protein sequences of cluster A TAAR
genes were applied for motif enrichment analysis with the
use of other subfamily TAAR gene sequences as controls.
Regarding MHC class I genes, the protein sequences of
the atypical Z2 lineage were collected for analysis using
Z1 lineage sequences as controls. Motif enrichment
analysis was performed using the simple enrichment
analysis (SEA) program from the online software MEME
Suite (v5.5.5) [42], with the PROSITE fixed-length motif
database and an e-value threshold of <0.01. For TASIR2
genes, multiple sequence alignment was conducted for
herbivorous and carnivorous fish species using Clustal
Omega [43]. The domain structures of TASIR2 genes
were identified by InterProScan [44], available on the
EMBL-EBI website. The motif analysis of TASIR2 genes
in the six examined fish species was conducted using the
STREME program with a p-value threshold of <0.05.

Results

Genome assembly and annotation

The high-quality genomes of three Asian carp species
(C. idella, M. piceus and H. nobilis) were constructed by
a hybrid assembly approach that combined long-read
and short-read sequencing technologies (Table S1). The
genome of H. molitrix was obtained from the NCBI
database (BioProject accession: PRJNA631443). The
assembled genome sizes for C. idella, M. piceus and H.
nobilis were 880.8 Mb, 877.2 Mb and 861.0 Mb, respec-
tively (Table 1). The genome of H. molitrix was assem-
bled at the chromosome level, achieving a size of 856.6
Mb (Table 1). The completeness of the four Asian carp
genomes ranged from 92.9% (C. idella) to 95.8% (M.
piceus and H. nobilis), and their contig N50 ranged from
3,164 Kb (M. piceus) to 6,603 Kb (H. molitrix) (Table 1).
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Table 1 Overview statistics of genome assemblies and
annotations of four Asian carp species

C.idella M. piceus H. nobilis H. molitrix

Assembly features

Genome size (Mb) 880.8 877.2 861.0 856.6
Scaffold number 1,949 3,348 2,001 25
Contig number 3056 3,398 2,051 214
Contig N50 (Kb) 4,807 3,164 5617 6,603
BUSCO completeness 929 958 95.8 95.0
(%)
BUSCO duplication 35 38 36 38
(%)
Annotation features
Number of genes 30,366 31,656 34,968 29,279
BUSCO completeness 879 90.5 88.9 95.0
(%)
BUSCO duplication 5.6 59 59 89
(%)
Repeat content (%) 50 46 48 46

Based on the assembled genomes, transcriptomes
and the protein sequences of the closely related spe-
cies C. carpio (common carp), genome annotation
of C. idella, M. piceus and H. nobilis was performed
using the MAKER2 pipeline. The genome annotation
dataset of H. molitrix was downloaded from Figshare.
The BUSCO completeness of the four Asian carp pro-
teomes ranged from 87.9% to 95.0% (Table 1). The pre-
dicted number of protein-coding genes was comparable
across the four species, with 30,366, 31,656, 34,968, and
29,729 genes identified in C. idella, M. piceus, H. nobilis
and H. molitrix, respectively (Table 1). The repeat con-
tent annotation revealed a similar percentage of total
repeat sequences in the four Asian carp genomes, rang-
ing from 48.37% (H. molitrix) to 50.63% (M. piceus)
(Table S2). In addition, the features of the de novo
assembled Asian carp genomes were compared with
previously published genomes (Table S3).

Phylogenomic analysis

Phylogenomic analysis was conducted to infer the evo-
lutionary relationships among Asian carp and other
Cyprinidae species. A total of 12 fish genomes were
included in the analysis, comprising 11 species from
Cyprinidae and one outgroup species, C. chanos, from
Chanidae (Table S4). M. piceus and C. idella shared
18,648 overlapping orthogroups, while H. nobilis shared
21,836 orthogroups with H. molitrix (Fig. S1 A). All four
Asian carp species exhibited over 80% overlap in ortho-
groups with each other (Fig. S1B). Based on 3,612 con-
served amino acid sequences from 301 single-copy and
complete BUSCO orthologs, the divergence time of the
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12 species was estimated. The results demonstrated that
M. piceus and C. idella diverged approximately 7.51 mil-
lion years ago (Fig. S2). The divergence time between H.
nobilis and H. molitrix was estimated to be 7.18 million
years (Fig. S2). The Asian carp family was found to have
diverged from C. carpio (common carp) and D. rerio
(zebrafish) around 39.94 and 50.87 million years ago,
respectively (Fig. S2).

Gene family evolution

To investigate the evolution of the four Asian carp spe-
cies, a comparative analysis of gene families was per-
formed using the annotated protein sequences of the
12 species with CAFE. In C. idella, 1,066 gene families
were found to be expanded, while 3,635 gene families
were contracted (Fig. 1A). A total of 1,521 gene families
were expanded, and 2,891 gene families contracted in
M. piceus (Fig. 1A). For H. nobilis, gene family compara-
tive analysis identified 1,933 expanded gene families and
1,729 contracted gene families (Fig. 1A). In H. molitrix,
1,294 gene families were expanded, while 6,410 gene
families were contracted (Fig. 1A). Meanwhile, 251 and
253 gene families were undergoing rapid evolution in C.
idella and M. piceus, respectively (Fig. 1A). For H. nobi-
lis and H. molitrix, the number of rapidly evolving gene
families was 290 and 374, respectively (Fig. 1A).

The rapidly evolving gene families were further anno-
tated through Gene Ontology (GO) enrichment analysis.
In C. idella, genes related to the detection of chemical
stimuli involved in smell perception were identified as
rapidly evolving (Fig. S3A). For M. piceus, genes associ-
ated with synaptic transmission were undergoing rapid
evolution (Fig. S3B). Gene families related to muscle con-
traction were identified as rapidly evolving in H. nobilis
(Fig. S3C). In H. molitrix, genes families that positively
regulate kinase activity and are involved in axon guid-
ance were found to be rapidly evolving (Fig. S3D). Fur-
thermore, the results indicated that genes associated with
calcium ion transport were rapidly expanding across all
four Asian carp species (Fig. S3E).

The unique gene families in each species were anno-
tated using GO enrichment analysis (Fig. S4), and the
genes undergoing positive selection were identified
through PAML analysis (Table S5). The selection pres-
sure analysis revealed that three genes—CAPN10, SVIL,
and ENKD1—associated with calcium ion signaling and
muscle function, were under positive selection in all
four Asian carp species (Table S5A). The Venn diagram
of species-specific orthogroups revealed that H. molitrix
had the highest number of species-specific orthogroups
(N= 921), while M. piceus exhibited the lowest number
(N'= 326) (Fig. 1B).
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Fig. 1 The phylogenomic analysis of Asian carp and other Cyprinidae species. A The gene family expansion and contraction of 11 Cyprinidae
speices: Carassius auratus, Cyprio carpio, Sinocyclocheilus grahami, Onychostoma macrolepis, Puntigrus tetrazona, Labeo rohita, Ctenopharyngodon
idella, Mylopharyngodon piceus, Hypophthalmichthys nobilis and Hypophthalmichthys molitrix, Danio rerio and outgroup species Chanos chanos were
analyzed by CAFE. The numbers indicate the number of orthogroups under expansion (+ and green) or contraction (- and red) and rapidly evolving
orthogroups (* and blue). B Venn diagram of orthogroups of the group Asian carp species. The proteomes were assigned into orthogroups using
OrthoFinder, and the overlapped orthogroups of the four Asian carp species were then presented using a Venn diagram

Immune-related gene families

Asian carp exhibit a complex and intricate immune sys-
tem that enables them to defend against pathogens and
maintain their overall health. The immunity of Asian carp
involves both innate and adaptive immune responses. In
this study, we investigated two specific immune-related
gene families in the four major domesticated Asian carp
species to understand their evolution.

Major Histocompatibility Complex (MHC) class | genes

The classical MHC class I molecules are critical for ini-
tiating immune responses against intracellular pathogens
such as viruses. In teleost fish, five MHC class I line-
ages have been identified: U, Z, S, L, and P. Each lineage
encodes transmembrane heavy chain molecules with a
canonical organization of three extracellular domains
[45]. In this study, we identified all MHC class I genes in
the four Asian carp species using reported MHC class I
genes from D. rerio as reference sequences via HMMER
search. The results suggested that MHC class I genes in
Asian carp could be classified into U, Z and L lineages,
with the Z lineage further subdivided into a typical Z1
lineage and an atypical Z2 lineage (Fig. 2A). The num-
ber of MHC class I genes in M. piceus, H. nobilis, and H.
molitrix was 58, 69 and 50, respectively, whereas C. idella
possessed a significantly higher number of MHC class I
genes (N= 97) (Fig. S5A). The phylogenetic analysis of
U lineage MHC class I genes revealed massive tandem
duplication events. Among the four species, C. idella
had the highest number of U lineage genes (N= 24), with
18 of them as T/PAGs (Table 2, Fig. 2B). In contrast, M.

piceus had the fewest U lineage genes (N= 10), with 5 of
them tandemly or proximally arrayed (Fig. 2B). H. nobi-
lis and H. molitrix contained 16 and 12 U lineage MHC
class I genes, respectively, with 12 and 11 identified as T/
PAGs (Table 2, Fig. 2B).

The Z lineage is divided into typical and atypical clus-
ters, with the typical Z lineage representing a more
ancestral cluster found not only in teleost, but also in
spotted gar, bichir and lungfish [46]. The atypical Z line-
age genes are highly differentiated and can only be found
in certain teleost species [47, 48]. In this study, we identi-
fied the Z1 cluster as the typical Z lineage, while the Z2
cluster as the atypical Z lineage which is suggested to be
prevalent in carp [48]. Among the four Asian carp spe-
cies, C. idella had the highest number of Z1 sub-lineage
genes (N= 26), with 23 of them tandemly or proximally
arrayed (Table 2, Fig. 2C). The total number of Z1 sub-
lineage genes in M. piceus, H. nobilis and H. molitrix was
11, 9 and 16, respectively, with the number of T/PAGs
ranging from 5 in H. nobilis to 14 in H. molitrix (Fig. 2C).
Phylogenetic analysis of the atypical Z2 sub-lineage genes
revealed that H. nobilis had the highest number (N = 18),
comparable to C. idella (N = 17) (Table 2, Fig. 2D). Mas-
sive tandem gene duplication events of Z2 sub-lineage
genes were observed in H. nobilis and C. idella, and the
number of T/PAGs were 15 and 12 in H. nobilis and C.
idella, respectively (Fig. 2D). In contrast, M. piceus and
H. molitrix possessed relatively fewer Z2 sub-lineage
genes, with only 6 and 3 identified, respectively. Nota-
bly, all Z2 sub-lineage genes in both species were either
tandemly or proximally arrayed (Fig. 2D). In addition, the
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motif enrichment analysis suggested that the signatures
associated with casein kinase II phosphorylation site and
leucine zipper pattern were relatively enriched in Z2 sub-
lineage genes compared to MHC class I genes from other
lineages (Table S6). Moreover, the evolution of the L line-
age MHC class I genes was investigated through phylo-
genetic analysis. The results revealed that the four Asian
carp species possessed a similar number of MHC class I
genes from the L lineage, which were under rapid expan-
sion through tandem duplication (Fig. S5B).

NLRC3/NLRC3-like genes

NLRC3/NLRC3-like genes belong to the nucleotide-
binding domain and leucine-rich repeat-containing
(NLR) protein family, which plays a crucial role in innate
immune responses in teleost fish [49]. In C. idella,
NLRC3/NLRC3-like proteins have been classified into
four categories according to their domain architecture: (i)
having PYD, FISNA, NACHT and LRR domains, (ii) pos-
sessing a FISNA-NACHT-LRR structure, (iii) containing
FISNA, NACHT, LRR and SPRY-PRY (B30.2) domains
and (iv) consisting of PYD, FISNA and NACHT domains,
with no LRRs [50]. To identify all the NLRC3/NLRC3-
like genes in the four Asian carp species, we conducted
an HMMER search using the reported NLRC3/NLRC3-
like protein sequences from D. rerio as a reference.
All the genes were classified into three clusters (C1-3)
based on their phylogenetic relationships and were fur-
ther characterized by their domain structures (Fig. S6).
Among the four species, C. idella had the largest num-
ber of NLRC3/NLRC3-like genes (N= 191), followed by
H. molitrix (N= 129) and H. nobilis (N= 117), whereas
M. piceus had the fewest NLRC3/NLRC3-like genes (N=
58) (Table 2). We further investigated the phylogenetic
relationships of the C1 cluster, which includes a large
number of NLRC3/NLRC3-like genes with a FISNA-
NACHT-LRR-SPRY (B30.2) structure. The phylogenetic
analysis identified multiple T/PAGs, with 22 in C. idella,
6 in M. piceus, 15 in H. nobilis and 18 in H. molitrix, sug-
gesting their rapid expansion (Fig. 3A). Likewise, the C3
cluster contained a substantial number of NLRC3-like
genes with FISNA-NACHT-LRR structure. The number
of NLRC3-like genes with a FISNA-NACHT-LRR struc-
ture in C. idella (N =93) was significantly higher than
that in the other three species, with 33 of them gener-
ated through tandem duplication (Fig. 3B). In contrast,
M. piceus harboured 24 NLRC3-like genes with a FISNA-
NACHT-LRR structure, of which only 2 were tandemly
or proximally arrayed (Fig. 3B). These findings suggested
that NLRC3-like genes with a FISNA-NACHT-LRR-
SPRY (NLR-B30.2) and a FISNA-NACHT-LRR structure
underwent rapid expansion in C. idella, H. nobilis, and H.
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molitrix through tandem duplication, while only a lim-
ited number of duplication events occurred in M. piceus.

Chemosensory receptors

Chemosensory receptors are sensory receptors used to
detect and respond to chemical stimuli, including odors,
flavors, and pheromones [51]. In vertebrates, these recep-
tors are typically classified into six families: olfactory
receptor (OR), trace amine-associated receptor (TAAR),
vomeronasal receptor type 1 and 2 (VIR and V2R), and
taste receptor type 1 and 2 (TASIR and TAS2R) [52].
The OR, TAAR, VIR, and V2R serve as olfactory or
pheromone receptors, while TASIR and TAS2R are taste
receptors [52]. In teleost fish, the chemosensory system is
highly developed and plays an essential role in their sur-
vival and behavior. In this study, using the high-quality
genomes of four Asian carp species, we investigated the
evolution of several chemosensory receptor families.

Trace amine-associated receptors (TAARs)

TAARs are a distinct family of G-protein-coupled recep-
tors responsible for detecting both endogenous and
exogenous biogenic amines [34]. In general, classical
TAARs are mainly classified into three clades, with clade
I and II as tetrapod TAARs and clade III as teleost-spe-
cific [53]. In fish, it has been revealed that many TAARs
were expressed in the olfactory organ and highly diver-
sified, highlighting their pivotal role in the chemosen-
sory system [54]. TAAR genes were initially divided
into 28 existing subfamilies (TAAR1-28), with three
additional subfamilies (TAAR29,30 and 31) identified
in teleost [34, 53]. In this study, we conducted a homol-
ogy search using both BLASTP and HMMER, based on
TAAR protein sequences from two Cyprinidae species,
D. rerio (zebrafish) and C. auratus (goldfish), as refer-
ences to identify TAAR genes in the four Asian carp spe-
cies. Based on the phylogenetic relationships, TAARs
from the four Asian carp species, along with those of D.
rerio and C. auratus, were classified into different sub-
families (Fig. 4A, Fig. S7). The four Asian carp species
shared a similar number of TAAR genes, ranging from
83 in H. nobilis and H. molitrix to 91 in C. idella. Nota-
bly, these species exhibited a higher number of TAAR
genes than C. auratus, but lower than that of D. rerio
(Fig. S7). Regarding the classification of TAAR subfami-
lies, TAAR19 and TAAR20 were found exclusively in D.
rerio, whereas TAAR29 was identified in all four Asian
carp species and C. auratus, but not in D. rerio (Fig. S7).
Interestingly, a distinct cluster of TAARs (Cluster A)
was identified exclusively in the four Asian carp species
(Fig. 4A). The number of cluster A genes varied across
the four Asian carp species, ranging from 5 in M. piceus
to 8 in H. nobilis and H. molitrix. Phylogenetic analysis
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revealed multiple tandem duplication events of clus-
ter A genes, which gave rise to tandemly or proximally
arrayed genes, with 6 in C. idella, 4 in M. piceus, and 7 in
both H. nobilis and H. molitrix (Table 2, Fig. 4B). Protein
sequence analysis revealed enriched motifs in cluster A
TAAR genes, including those identified in interleukin-1,
peroxidases proximal heme-ligand and ubiquitin-activat-
ing enzyme E1 (Table S7). These findings suggested that
cluster A TAAR genes might represent a novel subfamily
of TAARs undergoing rapid expansion in the four Asian
carp species. Moreover, Asian carp species harbored a
significantly higher number of TAAR16 genes, ranging
from 14 to 17, compared to fewer than 10 genes identi-
fied in D. rerio and C. auratus (Table 2, Fig. 4C). Exten-
sive tandem duplication events of TAAR16 genes were
observed in the four Asian carp species, with 11 to 15
T/PAGs identified (Fig. 4C). In the TAAR29 subfamily,
C. idella, M. piceus, and H. molitrix possessed a similar
number of TAAR29 genes, whereas H. nobilis contained
fewer (Fig. 4D). Likewise, multiple T/PAGs of TAAR29
were identified in the four Asian carp species, ranging
from 7 in H. nobilis to 15 in M. piceus (Fig. 4D). These
findings suggested that TAAR16 and TAAR29 genes were
rapidly expanding through tandem duplication in the
four Asian carp species.

Vomeronasal receptor type 1 (V1IR/ORA)

The vomeronasal receptor type 1 (VIR/ORA) refers to
a specific class of receptors found in the vomeronasal
organ. In teleost species, the ORA gene family consists
of six genes (ORA1-ORA6) that encode chemosensory
receptors, which are expected to detect pheromones.
Unlike the rapidly evolving VIR gene family in mammals,
the ORA genes in teleost are remarkably conserved [55].
The conserved nature of VIR/ORA receptors suggests
their importance in mediating fundamental chemosen-
sory processes and in regulating species-specific behav-
iours such as social recognition, mating, and territoriality.
In this study, we identified all the ORA genes in the four
Asian carp species using BLASTP search, followed by
phylogenetic analysis to investigate their evolution. Nota-
bly, we identified an additional expansion of the ORA3
gene in the four Asian carp species, as well as in D. rerio
(Fig. 5A). Furthermore, a tandem duplication event in the
ORADS5 genes was observed in the four Asian carp species

(See figure on next page.)
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but not in D. rerio (Fig. 5A and B). Interestingly, sequence
alignment analysis revealed that the sequence identity
between ORA5a and ORA5D within each Asian carp spe-
cies was relatively low (< 75%). In contrast, the sequence
identity of ORA5a or ORA5b across different species was
notably high (Fig. 5C).

Taste receptor

In vertebrates, taste receptors consist of two G-protein-
coupled receptor families, TASIR and TAS2R, which
combine in different ways to generate sweet, umami, and
bitter taste reception [56]. The TASIR family is com-
posed of three genes: TASIR1, TASIR2 and TASI1R3,
mediating sweet and umami taste perception, while the
TAS2R gene is responsible for bitter compound detec-
tion [56]. Most vertebrates have three TASIR genes,
while some teleost fishes have been reported to exhibit
an expansion of TASIR2 genes, potentially associated
with their food habit formation and adaptation to envi-
ronmental change [57, 58]. To investigate the evolution of
the taste receptor family in the four major domesticated
Asian carp species, we identified all the TASIR genes in
their annotated genomes using the BLASTP search, with
the reported protein sequences of TASIR in C. idella as
a reference. A total of 8 TASIR genes were identified in
C. idella and M. piceus (Table 2, Fig. 6A). In contrast, H.
nobilis and H. molitrix were found to possess 5 TASIR
genes each (Table 2, Fig. 6A). Tandem duplication events
of TASIR2 genes were observed in all four Asian carp
species. Specifically, C. idella and M. piceus each con-
tained 6 TASIR2 genes, while H. nobilis and H. molitrix
each possessed 3 TASIR2 genes (Table 2, Fig. 6A). Com-
pared to D. rerio, which contains two duplicated TASIR2
genes, the four Asian carp species exhibited an additional
tandem duplicated cluster of TASIR2 genes, indicating
an expansion of the TASIR2 gene family (Fig. 6B). The
TAS2R genes of Asian carp species were also identified
and analyzed, revealing that all four Asian carp species
harbored 3 TAS2R genes each (Table 2, Fig. S8).

Discussion

In this study, we constructed the high-quality genomes of
three major domesticated Asian carp species (C. idella,
M. piceus and H. nobilis), originating from cultured
populations maintained in fish farms. Notably, previous

Fig. 3 The phylogenetic relationships of NLRC3/NLRC3-like gene in C1 and C3 cluster. All the NLRC3/NLRC3-like genes in the four Asian carp
species were classified into three clusters (C1-C3) based on four categories of domain structures and the phylogenetic relationships. C1 cluster

is consisted of genes with NACHT-LRR-SPRY structure, whereas C3 cluster is composed of genes with mainly NACHT-LRR structure. The phylogenetic
relationships of (A) C1 cluster genes and (B) C3 cluster genes were examined, respectively. The number of NLRC3/NLRC3-like genes from C1 and C3
cluster in each Asian carp species was denoted, and all the T/PAGs were connected by curved lines
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studies have demonstrated a reduced genetic diversity in
cultured C. idella and M. piceus populations compared
to wild populations [59, 60], suggesting the degenera-
tion in these major domesticated Asian carp species. A
comparative genomic analysis of the four major domes-
ticated Asian carp species C. idella, M. piceus, H. nobi-
lis, and H. molitrix was conducted using high-quality
genome assemblies. Our findings provided insights into
the evolution of immune-related gene families and chem-
osensory receptors, thereby highlighting their roles in the
adaptation of the four Asian carp species.

Expansion of Inmune-related Gene Families

Asian carp have been characterized as carriers of vari-
ous pathogens while exhibiting strong disease resistance
[61]. Previous studies have shown that immune-related
gene families were under rapid expansion in Asian carp,
suggesting the beneficial role of these genes in defend-
ing against pathogen invasion [2, 4, 62]. In this study,
we reported the expansion of MHC class I and NLRC3/
NLRC3-like genes in the four domesticated Asian carp
species, suggesting their potentially enhanced immunity
to combat various pathogen challenges. Previous stud-
ies have demonstrated that the increased variation of
immunity in invasive species could help them respond to
diverse pathogens rapidly, thereby supporting their sur-
vival and successful establishment in new environments
[63, 64]. Consequently, the expansion of immune-related
genes in the four domesticated Asian carp species might
facilitate their adaptation and success in colonizing new
environments as invasive species.

Major Histocompatibility Complex (MHC) class | genes

Major histocompatibility complex (MHC) genes are
essential components of the adaptive immune system in
vertebrates, as they enable the presentation of foreign
antigens to immune cells. MHC class I molecules play
a critical role in presenting peptide antigens on the cell
surface. To date, five lineages of MHC class I genes (U, L,
Z, S, and P) have been reported in teleost fish based on
phylogenetic clustering [48]. In this study, we identified
the presence of U, L, and Z lineage MHC class I genes in
the four Asian carp species. They exhibited a significantly
higher number of MHC class I genes compared to other
species within the Cyprinidae family, such as zebrafish
(N= 39) and goldfish (N= 22) [65, 66]. The expansion
of U lineage MHC class I genes was observed in the four
Asian carp species, especially in C. idella. In teleost, U
lineage MHC class I genes have been demonstrated to
exhibit classical functions of MHC class I molecules,
presenting antigens to activate the immune response of
CDS8* T cells [65]. The activation of CD8" T cells will
induce cytotoxicity to combat pathogenic infections,
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including those caused by viruses, parasites, and bacte-
ria [67-69]. For example, Chen et al. [69] revealed that
the U lineage MHC class I molecules of C. idella could
recognize antigenic peptides from grass carp hemor-
rhagic virus, thereby triggering CD8" T cell response
[70]. Therefore, the expansion of U lineage genes sug-
gested a more diverse repertoire of MHC class I genes
in the four domesticated Asian carp species. This diver-
sification might enhance their ability to recognize and
present a broader range of antigens, thereby strength-
ening their adaptive immunity to combat pathogens. In
addition, multiple duplication events of Z lineage MHC
class I genes were identified within the four Asian carp
species. Notably, C. idella had the highest number of
typical Z1 sub-lineage genes, while H. nobilis had the
highest number of atypical Z2 sub-lineage genes. The
typical Z1 sub-lineage genes are known to be conserved
in teleost, whereas carp species have divergent atypical
Z2 sub-lineage gene sequences [48, 71]. Previous studies
indicated that Z lineage MHC class I genes were involved
in fish immune responses, with altered expression lev-
els in response to different immune stimuli and disease
states, as well as sub-functionalization of duplicates [48,
72]. However, it remains unclear whether Z lineage genes
function as classical MHC class I molecules involved in
antigen presentation. Collectively, our findings suggest
that the expansion of Z lineage genes might enhance the
immune adaptations of the four domesticated Asian carp
species to various immune stimuli and disease condi-
tions. The observed expansion of atypical Z2 sub-lineage
genes indicated the species-specific diversification of
MHC class I gene repertoire in Asian carp, potentially
contributing to their distinct immune response.

NLRC3/NLRC3-like genes

In addition to adaptive immunity, the innate immune
system plays a critical role in recognizing different patho-
gens, primarily through interactions between pathogen-
associated molecular patterns (PAMPs) and pattern
recognition receptors (PRRs) [73]. NOD-like receptors
(NLRs) represent a key family of intracellular PRRs that
respond to pathogen infections. The NLRC3/NLRC3-
like gene family has been demonstrated as a distinct
subfamily of NLRs unique to teleost fish, characterized
by extensive repertoires and rapid expansion in various
species [74]. In this study, we identified all the NLRC3/
NLRC3-like genes in the four Asian carp species and
classified them into different clusters based on their
domain structures. The SPRY/PRY (B30.2) domain, char-
acterized by a p-barrel like structure, is involved in path-
ogen recognition and regulation of cytokine signaling in
innate immunity [75]. We discovered that NLR-B30.2
proteins underwent tandem duplication in the four Asian
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Fig. 5 The expansion of fish vomeronasal type-1 receptors (V1R/ORA). A The phylogenetic relationships of V1R/ORA family in the four Asian carp
species and D. rerio were analyzed and classified into six clusters (ORAT-ORA6). The T/PAGs were connected by curved lines. B The gene synteny
alignment of ORA5 genes in the four Asian carp species and D. rerio were compared, with an additional ORA5 gene identified in Asian carp. The
black arrow indicated reverse complement. C The sequence alignment of ORA5 genes in the four Asian carp species, with “GC"as C. idella (grass
carp),“BC"as M. piceus (black carp), BH as H. nobilis (bighead carp), and SC as H. molitrix (silver carp)

carp species. Notably, C. idella, H. nobilis, and H. moli-
trix exhibited a similar number of duplicated NLR-B30.2
genes, whereas M. piceus contained fewer copies of these
genes. NLR-B30.2 proteins have been demonstrated to
exhibit diversity in their specific pathogen recognition
modules among different fish species [27]. Furthermore,
NLR-30.2 genes have been reported to exhibit greater
sensitivity to viral infections compared to bacterial
pathogens, suggesting their important roles in antivi-
ral defense [76]. Therefore, the expansion of NLR-B30.2
genes in the four Asian carp species might facilitate their
species-specific antiviral innate immunity. Meanwhile,
NLRC3-like genes, characterized by NACHT and LRR
domains, were also rapidly expanding through tandem
duplication in the four Asian carp species. Our analysis
revealed that C. idella possessed a significantly higher
number of these genes compared to the other three spe-
cies, while M. piceus exhibited the lowest gene count. The
leucine-rich repeat (LRR) domain in NLRC3-like genes
has been reported to play a critical role in the recogni-
tion of PAMPs from a wide range of pathogens, includ-
ing bacteria, viruses, and fungi [77]. Thus, the expansion
of NLRC3-like genes, characterized by NACHT and LRR

domains, might increase the diversity of pathogen rec-
ognition modules within the four Asian carp species,
thereby enhancing their innate immunity against various
pathogen invasions. Overall, these findings shed light on
the potential species-specific variations in the abundance
of NLRC3/NLRC3-like genes among the four Asian carp
species. The extensive repertoire of NLRC3/NLRC3-like
genes suggests their crucial role in innate immune adap-
tation and defense mechanisms against pathogens in
these domesticated Asian carp species.

Evolution of Chemosensory Receptors

The four major domesticated Asian carp species are
known for their rapid growth, high reproductive poten-
tial, and great adaptability to varied environments [10,
78, 79]. Chemosensory receptors play an essential role in
a wide range of fish behaviors, including feeding, forag-
ing, pheromone sensation, and predator avoidance, by
mediating the response to chemical stimuli [80]. These
receptors are critical for supporting the survival, growth,
and reproduction in fish. Recognizing their functional
importance, we investigated the evolution of different
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chemosensory receptor families in the four domesticated
Asian carp species.

TAARs

TAARs serve as an essential type of olfactory receptors
in teleost fish, primarily involved in the detection of bio-
genic amines. These receptors have been classified into
three clades, with clade III being specific to teleost [53].
In ray-finned fishes, the number of TAARs can range
from 3 to 497, driven by species-specific gene expansion
and loss events of TAARs [81]. In this study, we con-
ducted a genome-wide analysis of the four Asian carp
species to identify and classify all the TAAR genes into
different subfamilies. The four Asian carp species dem-
onstrated a similar number of TAAR genes; however,
notable duplication events were predominantly observed
in the TAAR16 and TAAR29 subfamilies when compared
to zebrafish and goldfish. TAAR16 has been shown to
recognize several biogenic amine ligands, including isoa-
mylamine, N-methylpiperidine and N-methylpyrrolidine
in fish [82]. Isoamylamine, in particular, has been found
to act as a pheromone that can accelerate the onset of
puberty in female mice [83]. Given the high fecundity and
rapid growth of Asian carp species [84], the expansion
of TAAR16 genes may enhance pheromone sensation,
potentially contributing to the sexual maturation and
reproductive success of these species. Meanwhile, isoa-
mylamine, N-methylpiperidine and N-methylpyrrolidine
are biogenic amines commonly found in decaying meat,
fermented foodstuffs, and plants [85]. These compounds
have been implicated in the regulation of gastrointesti-
nal peristalsis and stimulation of gastric and pancreatic
secretions, highlighting their potential role in diges-
tive processes [86, 87]. The expansion of TAAR16 genes
in the four Asian carp species is therefore suggested to
enhance their intestinal function and digestive regula-
tion, potentially supporting their feeding behaviors. Fur-
thermore, TAAR29, a newly discovered teleost TAAR
subfamily [16], was identified in Asian carp and gold-
fish but not in zebrafish. In addition, a distinct cluster of
TAARs has been found exclusively in the four Asian carp
species. These findings suggest potential species-specific
adaptations and functional divergence in trace amine
sensing within these domesticated Asian carp. Except
for TAARI, all the other TAARs function as olfactory
receptors that bind to various biogenic amines, including
volatile and highly aversive amines [88]. TAAR-mediated
detection of different amines has been indicated to play
an essential role in intra- and interspecific communica-
tion, including food source detection, predator proximity,
and conspecific sex signalling [89]. Meanwhile, TAARs
have been shown to elicit innate behaviours in fish. In
zebrafish, TAAR13 is activated by foul-smelling amines
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such as cadaverine and putrescine, which triggers aver-
sive responses to facilitate the avoidance of potential
threats [90]. Therefore, the expansion of TAAR29 and the
emergence of the novel TAAR cluster genes might con-
tribute to the variations in innate behaviours and intra-
and interspecific communication in the four Asian carp
species, likely through differential recognition of specific
amine ligands. Further investigation is required to iden-
tify the ligands and functional roles of the expanded and
unique TAARs, as well as to elucidate their contributions
to the sensory functions and behavioral adaptations of
Asian carp.

ORA

The fish ORA gene family, homologous to mammalian
V1Rs, is crucial for pheromone detection and highly con-
served in teleost [36]. Typically, most of the fish species
possess six canonical ORA genes (ORA1-ORA6), with
rare duplication and loss events occurring [36]. Previous
studies have revealed the species-specific gene duplica-
tion events of the ORA3 genes in zebrafish, salmon and
medaka [91]. In this study, we analyzed all the ORA
genes in the four domesticated Asian carp species and
identified an additional copy of ORA5 gene, denoted as
ORA5b. The sequence alignment revealed that ORA5b
gene exhibited higher sequence identity among the four
Asian carp species than between ORA5a and ORA5b.
This result aligns with the previous studies indicating that
the ORA orthologs were more closely related than para-
logs in teleost [36]. These findings suggest that the ORA
gene family has an ancient evolutionary origin, with the
emergence of the ORA genes predating the speciation
events. Meanwhile, the high conservation of the ORA
gene in teleost fish indicates its co-evolution with the
conserved ligands, enabling important pheromone func-
tions. Previous studies have shown that the ORA genes
exhibited high affinity for various bile acids in fish [55,
92]. In zebrafish, ORA5 gene has been reported to inter-
act with the bile acid lithocholic acid and cholanic acid,
functioning in pheromone recognition [55]. Although
the function of ORA5 has not been clearly elucidated yet,
bile acids have been demonstrated to play essential roles
in various behaviors in fish, including spawning, conspe-
cific detection, and migration [93]. Therefore, the emer-
gence of the ORA5b gene through tandem duplication
in the four Asian carp species is suggested to enable the
binding to a similar type of ligands, thereby supporting
behaviors related to reproduction, communication, and
migration.

Taste receptors
Most vertebrates harbor three TASIR genes, classi-
fied into TAS1R1, TASIR2 and TASR3. In mammals,
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the TASIR1/TASIR3 heterodimer functions as umami
taste receptor, while the TAS1R2/TASIR3 heterodimer
acts as sweet sensor [94]. It has been proposed that the
evolution of TASIR genes in mammals was associated
with diet specializations, with the umami taste receptor
TASIR1/TASIR3 being more related to a carnivorous
diet [95, 96]. However, a recent study investigated the
evolution of different chemosensory receptors across
various vertebrates and demonstrated that: 1) the num-
ber of TASIR genes remains relatively stable compared to
other chemosensory receptor families, and 2) no signifi-
cant association was found between the loss of TASIR1
or TASIR3 genes and dietary preferences in mammals
[81]. Fish TAS1R1 and TAS1R3 genes have been found to
share a high degree of sequence identity with mammalian
TASIR1 and TASIR3 genes, respectively [58]. Previous
studies revealed that most ray-finned fish species typi-
cally possess a single ortholog of TASIR1 and TAS1R3
gene (Table S8), with no significant association identified
between TASIR gene copy number and dietary prefer-
ences [56, 81]. These findings indicate the evolutionary
conservation of TAS1R1 and TAS1R3 in fish and provide
a plausible explanation for the identical copy number of
these genes in the four Asian carp species, despite their
different diets. Although the copy number of TASIR1
and TASIR3 genes is consistent across many fish spe-
cies, their expression profiles and regulatory mechanisms
may vary, potentially reflecting adaptations to diverse
dietary preferences. Cai et al. [97] demonstrated that C.
idella undergoes a transition from carnivore to herbi-
vore throughout their development. This dietary shift is
accompanied by a significant decrease in TAS1R1 expres-
sion, driven by elevated DNA methylation, highlighting
the role of epigenetic modifications in dietary adaptation.
Therefore, the four Asian carp species may exhibit differ-
ent expression profiles of TASIR1/TASIR3 genes to sup-
port diet adaptation, despite having the same gene copy
number.

While TASIR1 and TAS1R3 genes are typically present
as a single copy in fish, the copy number of TASIR2 gene
varies among different species, contributing to the diver-
sification of the TASIR family expression profile in fish
taste buds [56]. The heterodimeric TASIR2/TAS1IR3 is
involved in mediating glucose perception. Recent stud-
ies further indicated that a higher abundance of TASIR2
is linked to increased carbohydrate intake in fish species
including rainbow trout (Oncorhynchus mykiss) and Japa-
nese flounder (Paralichthys olivaceus), highlighting the
important role of the TAS1R2 genes in sweet taste percep-
tion [98, 99]. Yuan et al. [35] performed a genome-wide
analysis of the TASIR gene family in various teleost fish
species and showed that the majority of omnivorous and
carnivorous fish species examined possessed two or three
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TASIR2 genes. Furthermore, their findings revealed the
expansion of TASIR2 genes in C. idella and suggested that
the expansion and increased expression of TASIR2 genes
could mediate carbohydrate-induced signaling and con-
tribute to the dietary shift of C. idella from carnivory to
herbivory [35]. These results align with our findings that
the omnivorous filter-feeders H. nobilis and H. molitrix
harbored three copies of TAS1R2 genes, while the herbiv-
orous C. idella exhibited an expansion of TASIR2 genes,
with six copies identified. Previous studies in mammals
have reported that carnivores are more prone to the loss
of TAS1R2 genes compared to herbivores and omnivores
[95, 100]. Therefore, it is plausible to expect that carnivo-
rous fish species may have fewer copies of TASIR2 genes.
Nevertheless, Policarpio et al. [81] analyzed the evolution
of different chemosensory receptors in various vertebrates
and found no significant association between the num-
ber of TASIR family genes and dietary preferences within
Actinopterygii (ray-finned fishes). Based on their findings,
we investigated the correlation between the copy num-
ber of TASIR2 genes and dietary preference in various
fish species but similarly found no significant association
(Fig. S9, Table S9). Thus, variations in the copy number of
TASI1R2 genes alone may not be able to fully explain the
dietary specializations among different fish species. Previ-
ous studies have reported the expansion of TASIR2 genes
in carnivorous fish species such as Sparus aurata and Gas-
terosteus aculeatus [101, 102]. Consistent with these find-
ings, we also observed the expansion of TASIR2 genes
in the carnivorous species M. piceus. Furthermore, the
TASI1R2 genes have been shown to respond to L-amino
acids in omnivorous species such as D. rerio (zebrafish)
and Oryzias latipes (medaka), as well as in the carnivorous
species Sparus aurata [103]. In contrast, in the herbivo-
rous species C. idella, the TASIR2 genes were reported
to preferentially respond to plant-specific fructose [35].
These findings suggest that the expansion of TASIR2
genes might contribute to species-specific taste adaptation
to diverse diets in fish. The close phylogenetic relationship
between M. piceus and C. idella, coupled with their die-
tary divergence, prompted us to investigate the functional
roles of the expanded TAS1R2 genes. Our results revealed
that all the TASIR2 genes in C. idella and M. piceus retain
intact taste receptor domains, suggesting the preserva-
tion of TASIR2 functional structures in both species (Fig
$10). Meanwhile, sequence alignment of TAS1R2 proteins
revealed amino acid residue variation at the ligand binding
sites and glycosylation sites among C. idella, M. piceus and
other fish species (Fig. S10). Motif analysis further showed
the enriched motif patterns in the herbivorous C. idella
and the carnivorous M. piceus, respectively (Table S10).
These findings might shed light on the understanding of
TAS1R2 gene expansion and its role in dietary adaptation
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in C. idella and M. piceus. The expansion of TAS1R2 genes
in certain carnivorous and omnivorous fish species is asso-
ciated with the recognition of amino acids rather than
sugar ligands. Therefore, it is plausible that the expansion
of TASIR2 genes in M. piceus may facilitate responses
to amino acid stimuli, whereas in C. idella, it is primar-
ily associated with sugar sensation. Further investiga-
tion is needed to characterize the specific ligands and the
expression profiles of TASIR2 genes in M. piceus and C.
idella to elucidate their functions in species-specific taste
adaptation.

Taste receptor 2 (TAS2R) genes function as bitter taste
receptors, essential for detecting potentially toxic com-
pounds [104]. In this study, we identified all the TAS2R
genes in the four Asian carp species and found that each
species contained an identical number of TAS2R genes
(N= 3), indicating a small gene repertoire. This finding
aligns with the previous research that ray-finned fishes
have a relatively small repertoire of TAS2R genes compared
to other vertebrates [105]. Specifically, Cypriniformes, the
order to which the four Asian carp species belong, have
an average of fewer than 10 TAS2R genes [106]. For ver-
tebrates, although it has been proposed that herbivores
possessed a larger TAS2R gene repertoire than carnivores,
enabling them to detect toxic compounds in plants, recent
findings revealed that omnivores had the highest number of
TAS2R genes, followed by herbivores and carnivores [81].
Interestingly, this correlation between dietary preferences
and TAS2R gene repertoire does not apply to ray-finned
fishes, birds, or crocodiles [81]. This might explain why the
four Asian carp species exhibited an identical number of
TAS2R genes, despite having different diets.

Potential significance of calcium ion transport genes

Comparative analysis of gene families revealed both spe-
cies-specific and shared rapidly evolving gene families
among the four Asian carp species. Notably, genes asso-
ciated with calcium ion transport were found to be rap-
idly expanding across all four species (Fig. S3E). Selection
pressure analysis further identified three genes (CAPN10,
SVIL, and ENKD1) involved in calcium ion signaling
and muscle function [107-109], under positive selection
across all four Asian carp species (Table S5A). The four
Asian carp species are recognized as rapidly growing
cyprinids, characterized by their large body size and fast
skeletal muscle development [10]. Calcium ion signaling
is fundamental to muscle development, growth, main-
tenance, and regeneration across diverse taxa, includ-
ing both invertebrates and vertebrates [110]. Wang et al.
[111] analyzed the genomic features of H. nobilis and
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H. molitrix populations in the Mississippi River Basin,
revealing significant expansion of gene families related to
calcium ion homeostasis, binding and transport. These
gene expansions are implicated in facilitating muscle
contraction and myosin filament assembly. These find-
ings are consistent with our observations, suggesting the
critical role of calcium ion regulation in muscle develop-
ment of the four Asian carp species, which likely sup-
ports their rapid growth.

Conclusion

This study utilized high-quality genome assemblies to
perform a comprehensive comparative genomic analy-
sis of the four major domesticated Asian carp species (C.
idella, M. piceus, H. nobilis, and H. molitrix). Our findings
revealed the rapid expansion of MHC class I genes in the
four Asian carp species, particularly within the U and Z
lineages. This suggests the enhanced adaptive immunity
of the four major domesticated Asian carp species, poten-
tially improving their ability to combat various pathogens.
Massive duplication events of the NLRC3/NLRC3-like
gene family in the four Asian carp species indicated their
elevated innate immunity. The species-specific variation
of NLRC3/NLRC3-like gene repertoire might reflect their
differences in innate immune responses. The expansion of
these immune-related genes may contribute to the abil-
ity of the four domesticated Asian carp species to suc-
cessfully colonize new habitats as invasive species. The
comparative analysis of chemosensory receptor genes
revealed a notable expansion of TAAR genes in the four
Asian carp species, particularly within the TAAR16 and
TAAR29 subfamilies. This expansion likely enhances the
olfactory function and pheromone detection in the four
Asian carp species, supporting their social communica-
tion, innate behaviors and reproductive success. In addi-
tion, the expansion of ORA5 and TAS1R2 genes in the
four domesticated Asian carp species may play a critical
role in pheromone sensation and taste adaptation, provid-
ing insights into their reproductive behavior and dietary
specialization. Overall, the evolution of immune-related
genes and chemosensory receptors suggests the enhanced
immunity and sensory perception of the four domesti-
cated Asian carp species, shedding light on their adapta-
tion, survival and reproduction.

Abbreviations
OR Olfactory receptor

TAAR Trace amine-associated receptor
VIR/ORA  Vomeronasal receptor type 1
TASTR Taste receptor type 1

TAS2R Taste receptor type 2

MHC Major histocompatibility complex
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