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ABSTRACT

Hybridization and polyploidization have made great contributions to speciation, heterosis, and agricultural pro-
duction within plants, but there is still limited understanding and utilization in animals. Subgenome structure
and expression reorganization and cooperation post hybridization and polyploidization are essential for speci-
ation and allopolyploid success. However, the mechanisms have not yet been comprehensively assessed in an-
imals. Here, we produced a high-fidelity reference genome sequence for common carp, a typical allotetraploid
fish species cultured worldwide. This genome enabled in-depth analysis of the evolution of subgenome archi-
tecture and expression responses. Most genes were expressed with subgenome biases, with a trend of transition
from the expression of subgenome A during the early stages to that of subgenome B during the late stages of em-
bryonic development. While subgenome A evolved more rapidly, subgenome B contributed to a greater level of
expression during development and under stressful conditions. Stable dominant patterns for homoeologous gene
pairs both during development and under thermal stress suggest a potential fixed heterosis in the allotetraploid
genome. Preferentially expressing either copy of a homoeologous gene at higher levels to confer development
and response to stress indicates the dominant effect of heterosis. The plasticity of subgenomes and their shifting
of dominant expression during early development, and in response to stressful conditions, provide novel insights
into the molecular basis of the successful speciation, evolution, and heterosis of the allotetraploid common carp.

1. Introduction

into two subgenomes, A and B (2n=4X=100) [6]. This species is de-
rived from the hybridization of a Barbinae-like species (BB) and an un-

Aquaculture has made and will continue to make major contributions
to global nutrition supply and agricultural sustainability for the growing
human population [1,2]. Freshwater aquaculture has contributed more
than mariculture [3] but it is facing serious challenges imposed by cli-
mate change [4]. Cyprinidae accounts for the majority of freshwater
fish species, and it is believed that their genome duplication is responsi-
ble for species divergence and biodiversity [5]. Common carp (Cyprinus
carpio) is one of the most successful species in the Cyprinidae family
and is an important food and ornamental fish cultured worldwide. It is
an allotetraploid species, containing 50 homoeologous groups arranged
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determined donor AA species (unknown or extinct) followed by whole
genome duplication (WGD) ~12.4 million years ago [7]. Allotetraploid
common carp can survive in extremely harsh environments with thermal
tolerance ranging from 3 °C to 35 °C [8,9], allowing them to successfully
radiate worldwide, except for Antarctica [10]. While diploid Cyprinidae
fishes are more often narrow-range endemic fishes, especially for the
progenitor-like Barbinae-like species that are naturally distributed in
stream systems, they may not be capable of surviving under climate
change because of their poor resilience and reliance on the hydrological
connectivity for movement [11]. Genetic improvement of these envi-
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ronmentally sensitive diploid fish would be an effective approach for
addressing climate change.

Many allopolyploidy events occurred during major periods of global
geology-climate change, reinforcing the importance of stress response
to the establishment and the success of polyploids [12-16]. Evidence
further supporting this notion came from comparative studies between
polyploids and their diploid relatives in response to biotic/abiotic stress
[17,18]; multiple subgenomes in polyploids could increase genetic vari-
ation available for selection and buffer the effect of the duplicated genes
against deleterious mutations, leading to an increased resilience of poly-
ploid organisms to extreme environments, rapid species diversification
and desirable production traits [19,20]. Allopolyploids emerging from
hybridization and polyploidization are “doubled interspecific hybrids”,
leading to a permanent fixation of heterosis [21-23]. Ecological niche
differentiation and karyotypic evolution of newly produced polyploids
provide strong reproductive barriers between the polyploids and their
ancestors, which is important for speciation and polyploid success, but
not for homoploid hybrids [24-26]. In addition to providing an evolu-
tionary advantage, polyploidy has been widely exploited in agriculture
to improve growth vigor and adaptation [27].

Whole-genome duplication and hybridization both contribute to
heterosis and genome evolution, but through different mechanisms;
genome dosage alone can trigger heterosis effects [28]. Recent stud-
ies with plants comparing F1 hybrids, resynthesized polyploids, nat-
ural allopolyploids, and their progenitors have suggested that the
most predominant advantage of allopolyploid species is through biased
subgenome evolution post-WGD, including homoeologous gene expres-
sion, DNA methylation patterns, transposable element (TE) distribu-
tion, homoeologous. exchanges (HEs), and small RNA targeting [29-
35]. Subgenome dominance has major implications in diverse fields,
from ecology to crop improvement efforts [36]. Both expression di-
vergence inherited from parental species and those independently in-
duced by allopolyploidy can result in subgenome expression dominance
[32,37]. In allopolyploid crops, the dominant subgenome, also known
as the evolutionarily stable subgenome, may be responsible for the most
important agronomic traits (morphology and growth), whereas the mi-
nor subgenome with more variety may contribute more to environ-
mental changes (disease resistance and ecological adaptability) [37,38].
Hybridization can significantly reduce the expression divergence of
parental origin genes, while polyploidization can recover the divergence
to a parental-like state, showing that polyploidization may better reflect
the direction of parental origin [39]. However, the mechanisms have not
been fully dissected in polyploid animal systems with only a few cases
having been reported [7,40-43]. Distant hybridization, which refers to
crosses between two different species, genera, or higher-ranking taxa, is
the most practical and effective way to generate allopolyploid fish [44].
Such processes have been successful in cyprinid fish, providing multiple
new germplasm resources and contributing greatly to biological evolu-
tion and genetic breeding [44,45]. Hybrid offspring of goldfish and com-
mon carp show paternally biased expression, while maternally biased
expression has been observed after polyploidization of the hybrid [46].
Allotetraploidization has been accompanied by gradual decreases in cis-
regulation and increases in trans-regulation in allopolyploids derived
from a hybrid of goldfish and common carp following polyploidization
[43]. These results suggest a more complex and divergent regulatory
mechanism of polyploidization compared with hybridization, and the
mechanisms have not yet been comprehensively assessed.

Common carp, as an allotetraploid and the most cultured fish, is an
ideal model for studying structural and functional changes in polyploid
vertebrates, and contributes to the understanding of successful specia-
tion and evolution of polyploids in animals. Improved whole genome
sequences of common carp were generated [6,7,47]. The scope of func-
tional and evolutionary analyses, particularly those related to genome
organization, subgenome evolution and homoeologous expression, is
limited by the lack of a high-integrity, high accuracy and subgenome-
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phased reference genome sequence. Accordingly, in this study, we de-
veloped a high-fidelity (HiFi) genome assembly of common carp with
base-level accuracy and excellent contiguity. This new reference genome
allowed us to untangle subgenome organization and homoeologous gene
expression in the allotetraploid common carp. Here, we report asymmet-
rical structural rearrangements of subgenomes and homoeologous ex-
changes, homoeologous expression plasticity, and regulated expression
of subgenomes during development and in response to thermal stress.
These results provide novel insights into the molecular mechanisms un-
derpinning the successful speciation and adaptation of allotetraploid
carp, deepen our understanding of genome evolution and heterosis in
allopolyploid vertebrates, and ultimately should aid in the design of ad-
vanced breeding strategies in Cyprinidae to meet the global challenges
of food security in the face of climate change.

2. Materials and methods
2.1. Animals and tissues

This study was carried out in accordance with the recommendations
of the care and use of animals for scientific purposes provided by the
Animal Care and Use Committee of Xiamen University. The fish were
euthanized in MS222 solution before samples were collected. Individu-
als of adult Yellow River carp were collected from the Hatchery Station
of Henan Academy of Fishery Sciences at Zhengzhou, China.

2.2. Genome sequencing and assembly

High molecular weight DNA was isolated from the muscle tissue of
an adult female fish using QIAGEN DNeasy Blood & Tissue Kits (Qia-
gen). HiFi sequencing libraries were generated with an average insert
size of ~15 kbp, and sequenced on two SMRT Cells (PacBio) using the
CCS (circular consensus sequencing) algorithm on the PacBio Sequel II
Sequencing System in Annoroad (Wuhan, China). A total of 39 Gbp of
CCS reads were generated with 537 Gb of raw data, and processed us-
ing CCS 5.00 software (https://github.com/PacificBiosciences/ccs). Se-
quence data were deposited in GenBank via the National Center for
Biotechnology Information (NCBI) SRA database with project number
of PRJNA823855. HiFi reads were assembled using hifiasm v0.12 [48]
with the “-1 0” option to disable the purge duplication step of the soft-
ware default settings, and then one round of duplicate purging using
purge_dups v1.25. In total, 1,578.89 Mb of high-fidelity contigs were
produced for subsequent assembly, with an N50 of 14.38 Mb. The con-
tigs were anchored and oriented using 3D-DNA and Juicebox. The final
assembly was assessed using Benchmarking Universal Single-Copy Or-
thologs (BUSCO) [49] with the lineage database Actinopterygii_odb10.

2.3. Functional annotation

Repeat elements of the common carp genome were first identified
using RepeatModeler to construct a de novo repeat library, and the
unknown consensus sequences were further classified using TEClass
software [50]. The results, along with a custom library from Repeat-
Masker [51], were eventually merged together. We used the compre-
hensive species-specific repeat element library to mask the repeats from
known families (replaced with N), and their location information was
labeled intergenic. All repetitive regions were soft-masked before an-
notation of protein-coding genes. Structural annotation was conducted
by three strategies: ab initio, homology, and RNA-seq-based prediction.
To conduct ab initio and homology-based gene prediction, the pro-
tein sequences of Danio rerio, Carassius auratus, Onychostoma macrolepis,
Labeo rohita, and Poropuntius huangchuchieni and RNA-seq datasets were
input to Braker2 pipeline v2.1.5 containing Augustus [52]. RNA-seq
libraries were also aligned to the soft-masked genome with HISAT2
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and de novo assembled with StringTie v2.1.4 [53]. A comprehensive
transcriptome database was processed with PASA v2.4.1 and sent to
TransDecoder to predict open reading frames (ORFs). Finally, an in-
tegrated gene set was produced using EVidenceModeler v1.1.1 [54].
Functional annotation was performed using Diamond v2.0.6 and Inter-
ProScan by alignment against databases including NR (Non-Redundant
Protein Sequence Database), TrEMbl, SwissProt and GO. RNAmmer and
tRNAScan were executed for rRNA and tRNA prediction, respectively.
Other noncoding RNAs were detected by alignment to the Rfam database
(http://eggnogdb.embl.de/). To identify transcription factors (TFs) in
common carp, we applied the deep learning-based tool DeepTFactor for
prediction of transcription factors [55].

2.4. Whole-genome collinearity analysis among allotetraploid cyprininae
fishes and their diploid progenitors

Genome data of C. carpio (NGS version), O. macrolepis, and P.
huangchuchieni were obtained from BIGD Genome Warehouse un-
der accession numbers GWHAATB00000000, GWHALOKO00000000 and
GWHAOPL00000000. The genome of C. auratus was obtained from NCBI
with SAMN12618612. Homoeologous. gene pairs were constructed
through a reciprocal best hit (RBH) approach using all-against-all
BLASTP (v2.10.1+). For homoploid species, the best mutual was ac-
cepted; for each diploid species, the best two mutual homologs in
tetraploid species were accepted, while for each tetraploid species, only
the best mutual homolog in diploid species was accepted; for both
subgenomes in tetraploid species, the best mutual homolog was ac-
cepted. Pairwise collinear analysis was performed by MCScanX [56]
(http://chibba.pgml.uga.edu/mcscan2/) with the parameters “-s 4 -m
20 -e 1le-10 -b 2”; (at least 4 consecutive homoeologous. gene pairs
were required for a collinear block with a maximum of 20 gaps al-
lowed) and visualized by jevi (https://github.com/tanghaibao/jcvi/
wiki/MCscan- (Python-version).

2.5. Analysis of chromosomal rearrangements

2.5.1. Detection of chromosomal rearrangements

Chromosomal rearrangements were identified in each collinear block
resolution (with a maximum of 5 homoeologous. gene pairs overlap-
ping) following a simplified strategy described by Goel et al. [57]. First,
we identified two chromosomes of pairs of species with the largest num-
ber of homoeologous. gene pairs as a pair of homoeologous. chromo-
somes; collinear blocks between two nonhomoeologous. chromosomes
were defined as interchromosomal translocations. Second, between a
pair of homoeologous. chromosomes, the longest forward collinear
block was defined as a syntenic region and selected as the basal block for
further detection of rearranged regions; the rest of the collinear blocks
were defined as either syntenic regions or intrachromosomal transloca-
tions according to whether they consisted of or contradicted with the
basal block regardless of their orientations. Finally, we defined the re-
verse “syntenic” regions from the second step as inversions.

2.5.2. Timing of chromosomal rearrangements

Based on the phylogenetic relationships among diploid species and
both subgenomes of tetraploid species, pairwise chromosomal rear-
rangements were classified into homoploid-specific, diploid-subgenome
B and subgenome A-ancestor B according to the following instructions,
with each type of rearrangement marked on the branches representing
corresponding evolutionary periods:

Homoploid- (diploid-, subgenome B- or subgenome A-) specific: rear-
rangements that occurred in only one species, while the corresponding
regions in other species retained in synteny;

Diploid-subgenome B: rearrangements that occurred between two
diploid species and subgenome B in two tetraploid species, where two
diploids and subgenome B in two tetraploids retained synteny;
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Subgenome A-ancestor B: rearrangements that occurred only in
subgenome A in two tetraploid species, where subgenome A in two
tetraploids and 4 lineage B species (or subgenomes) retained synteny.

2.5.3. Analysis of structural features of rearranged boundaries between the
two subgenomes of C. carpio

We chose regions spanning 50 kb up- and downstream of the break-
points of collinear blocks as boundary regions, while the regions within
collinear blocks (both syntenic and rearranged blocks) excluding up-
and downstream boundaries were considered inner regions. We calcu-
lated TE densities and non-synonymous/synonymous (Ka/Ks) ratios of
homoeologous gene pairs in each type of the above genomic regions.

2.6. Identification of homoeologous exchanges

Homoeologous exchanges occur via mispairing between ancestrally
related chromosomes (also called homoeologous chromosomes) de-
scended from two distinct diploid progenitors, resulting in either bal-
anced or reciprocal translocations where the two homoeologous inter-
vals swap their locations or unbalanced or nonreciprocal translocations
where a chromosome region is replaced with a duplicated copy from
the corresponding homoeologous region [58]. With the absence of the
subgenome A diploid progenitor, we uniquely mapped 150-bp paired-
end reads from the common carp subgenome B progenitor-like species
O. macrolepis to both subgenomes of C. carpio. Upper and lower coverage
(X) thresholds were chosen based on the sequencing depth distribution
(Fig. S8). Whole-genome homoeologous regions were constructed by
LASTZ (v1.04.03) [59] with the parameters “~strand = both —ambiguous
=n - step = 10 — maxwordcount = 500 -m asking = 10 - gfextend
- chain - gapped - identity = 70..100”;. For a given homoeologous
interval, higher coverage (> 17X) on subgenome A indicates a candi-
date subgenome B to A-HE region; similarly, relatively lower coverage
(< 10X) on subgenome B indicates a candidate subgenome A to B-HE re-
gion. Nonreciprocal HEs were defined when both homoeologous. inter-
vals displayed higher (B-to-A) or lower (A-to-B) coverage, while recipro-
cal HEs were defined when the two homoeologous. intervals showed op-
posite coverage depths. The average depth was calculated in 10-kb win-
dows, adjacent candidate windows were linked together with at most
5 intervening windows, and only regions containing at least 4 candi-
date windows were retained. We validated these HE regions in both
subgenomes of C. carpio by assessing the sequencing read coverage of
two related diploids, O. macrolepis and P. huangchuchieni. Both diploids
exhibited significantly higher coverage in B-to-A-HE regions than in
non-HE regions in subgenome A, while the coverage in A-to-B-HE re-
gions was significantly lower than that in non-HE regions in subgenome
B (Wilcoxon rank-sum test, p value < 0.01).

2.7. RNA sequencing and expression analysis

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) from the common carp morula (S1), blastula (S2), gastrula
(S3), neurula (S4), optic vesicle (S5), tail bud (S6), muscle contrac-
tion (S7) and hatched larvae (S8) stages at seven temperature condi-
tions (12 °C, 16 °C, 20 °C, 24 °C, 27 °C, 30 °C, and 33 °C) with three
replicates for each stage. To attain a sufficient amount of RNA, approx-
imately 15 common carp embryos were used for RNA isolation for each
sample. RNA-seq libraries were constructed using the Illumina TruSeq
library construction kit according to the manufacturer’s instructions.
Paired-end sequencing was conducted on an Illumina NovoSeq 6000
with 150-bp paired-end reads. Clean RNA-Seq reads from each library
were aligned to the common carp reference genome sequence using
HISAT2 [60]. TPM (transcripts per million) values were calculated by
StringTie [53] software for each sample and transformed to raw counts
using a Python script provided by StringTie. Normalized raw counts for
each sample were processed for differential expression analysis using
DESeq?2 after filtering out nonexpressed genes and very lowly expressed
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genes (RNAs with raw counts <= 1/gene) [61]. DEGs (differentially ex-
pressed genes) were identified with thresholds of FDR (false discovery
rate)-adjusted p value (g-value) < 0.05 and log2 [fold change] > 1 as
previously reported [62]. A gene was classified as ‘expressed’ if the
TPM value of at least one stage was above 1.0. Sample structure was
visualized using hclust and PCA in the R environment. Heatmaps were
plotted using the R function pheatmap with scale = “row”. Clustering
for DEGs was conducted using Mfuzz [63]. Stage-specifically expressed
genes (SEGs) were identified using PaGeFinder [64] with a dpm value
greater than 0.9.

To obtain a full set of homoeologous genes in common carp, we
used both the gene sets from the progenitor-like reference genome of
O. macrolepis and P. huangchuchieni and identified orthologous gene
triplets in syntenic regions of each genome (subgenome). Finally, 14,036
homoeologous gene pairs in both subgenomes of common carp were
used in the homoeologous expression analysis. Homoeologous genes
with expression level changes greater than two-fold compared with their
ohnologs in the other subgenome were defined as dominantly expressed
in accordance with previous studies [7,31].

2.8. Identification of homoeologs under selection

The homoeolog pairs of common carp were used for estimating
Ka/Ks values. Each pair of the sequences was aligned using the MUSCLE
alignment software and then transferred to the KaKs calculator using the
ParaAT (Parallel Alignment and back-Translation) pipeline [65].

2.9. Functional enrichment of candidate genes

GO and KEGG enrichment analyses were performed using Cluster-
Profiler 4.0 [66] and the OmicShare tool (https://www.omicshare.com/
tools). GO terms with P < 0.05 (FDR < 0.05) were considered signifi-
cant.

2.10. Data availability

All genomic datasets of C. carpio will be available under NCBI acces-
sion number PRJNA823855 and in the BIGD Genome Warehouse under
accession number GWHBHRWO00000000 upon publication. Transcrip-
tomes were deposited in the NCBI database under accession number
PRJNA824204.

3. Results and discussion
3.1. HiFi assembly of allotetraploid common carp (CC 3.0)

To generate a high-fidelity and high-accuracy genome assembly of
common carp, 7.44 million PacBio HiFi reads were generated (537 Gb
in total), equivalent to approximately 26-fold CCS coverage of the com-
mon carp genome (Table S1). The HiFi assembly of the common carp
genome (CC 3.0) (Fig. 1a) covered a genome size of 1,579 Mb, including
1,477 scaffolds with an N50 size of 28.32 Mb (Table 1). This represents
an increase of 196 Mb additional sequence (13%), as compared to CC
2.0 (NGS version) [7] (Fig. 1; Table S2). A large majority of the newly
assembled additional sequences were repetitive elements, as expected
(Fig. 1c, 1d; Table S3). In CC 3.0, approximately 98.4% (3,581 of 3,640)
of Actinopterygii BUSCO genes [67] were detected, suggesting the high
quality of the assembly. The CC 3.0 genome sequences showed overall
consistency with the high-density genetic linkage map and the CC 2.0
genome [68] (Figs. 1e and Sla). Further mapping to genome data from
the diploid relatives revealed higher coverage of CC 3.0 than the CC 2.0
(Fig. S1b) [7].

The HiFi sequencing allowed efficient assembly of the allotetraploid
genome with a high percentage of repetitive sequences. Approximately
43.4% of the CC 3.0 genome was annotated as repetitive elements,
with class II DNA transposons accounting for 29.3%, followed by

592

Fundamental Research 4 (2024) 589-602

Table 1
Global statistics for the common carp genome assembly.

Genomic feature Value

Length of HiFi assembly 1,578,889,074

Number of contigs 676
contigs (>= 50,000 bp) 562
Longest length (bp) 32,069,724
Length of contig N50 (bp) 14,383,676
Length of contig N90 (bp) 1,336,144
L50 41
L90 181

Length of pseudomolecule assembly
Total length of anchored pseudomolecules

1,579,378,574
1,456,720,202

Gap size (bp) 492,030
Longest length (bp) 46,234,316
N50 (bp) 28,322,000
N90 (bp) 20,266,301
L50 24
L90 49
Repetitive elements 43.4%
BUSCO

Complete 98.4%
Duplicated 63.2%
Fragmented 0.7%
Missing 0.9%

class I retrotransposons (7.2%), and Gypsy and Copia retrotransposons
(4.5%) (Fig. S2a; Table S4). The content of repetitive sequences in the
genome/subgenomes was similar to that in the closely related species
and progenitor-like species, such as goldfish, P. huangchuchieni and O.
macrolepis (Fig. S3; Tables S5, S6). The LTR assembly index (LAI) is an
indicator of repetitive sequence contiguity, as well as the contiguity of
the genome assembly [69]. This HiFi genome had LAI values of 10.58
and 10.87 for subgenomes A and B, respectively (Fig. S4), suggesting
that CC 3.0 greatly improved the genome quality and continuity and
represents an essential reference genome for precise genetic analyses, es-
pecially when dealing with the subgenomes. The subgenomic landscape
of TE divergence divided the evolutionary timeline into three periods
(Fig. S2b). Period Two, with TE divergence rates ranging from 5% to
9%, indicated that the progenitors of both subgenomes diverged as two
distinct linages from their common ancestor. This time window is even
narrower than the previously reported window of 7%—13% [7], suggest-
ing a more complete TE set in the HiFi genome. In addition, we observed
several TE subfamilies showing specific expansion in subgenome A or
B (Fig. S5a, S5b), similar to results recently reported [47], and period-
specific expansion in subgenome A (Fig. S5a). After polyploidization,
subgenome A underwent a dramatic “genomic shock”; thus, the TE sub-
family RC/Helitron experienced a recent burst (Fig. S5c, 5d). These re-
sults provide additional insights into the progenitor of subgenome A.

In total, 55,981 high-confidence protein-coding genes were pre-
dicted in the CC 3.0 genome (Tables S7, S8), and 53,671 of these genes
were included in the 50 chromosomes. Transcription factors play central
roles in the transcriptional regulation, mastering embryonic develop-
ment and contributing to eukaryotic evolution and complexity [70,71].
We identified 3,812 TF genes in the common carp genome, approxi-
mately 1.5 times than in the zebrafish (Danio rerio) genome, indicating a
more complex regulatory network of genes retained after WGD. Of these
TFs, 2,192 (57.5%) were homoeologous gene pairs in both subgenomes,
and subgenome B possessed slightly more TFs than that in subgenome
A (1,935 vs. 1,865).

Recent advances in long-read/high-fidelity sequencing technologies
and computational innovations are revolutionizing genomic research on
polyploid species with large and high-repeat genomes. The complex-
ity of the genome reorganization, the epigenomic landscape and tran-
scriptional regulation has been increasingly observed, and has been sug-
gested to drive genome evolution and contribute to certain phenotypic
variations and increased adaptability of polyploid plants to diverse en-
vironments [72-74]. Here, we present a high-quality, high-fidelity ref-
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Fig. 1. Characterization of the common carp HiFi assembly. (a) Features of homoeologous chromosomes in the HiFi genome, CC 3.0. From outer to inner: I, gene
density; II, repeat density; III, SNP density; IV, indel density; V, GC content; VI, gene expression based on adult muscle tissue; VII, best-hit gene pairs between two
subgenomes. Gene density and repeat distribution were calculated within each 100-kb sliding window. SNP and indel density were based on previously published
resequencing data for Yellow River carp [7]. (b) Chromosome length comparison between the HiFi and NGS versions of common carp genomes. (c) Repeat coverage
of syntenic and nonaligned regions between the HiFi and NGS version genomes. (d) Alignment of chromosome B22 between the HiFi and NGS genomes. The center
shows syntenic blocks, with orange lines for gene density, and purple for repeat density. (e) Example showing the relationship between the HiFi genome and linkage

map [68]. The linkage map is on the left.

erence genome sequence of common carp using CCS, a technology pre-
ferred by various sequencing initiatives with base-level accuracy [75-
78]. This new reference genome enables precise analyses of subgenome
evolution, homoeologous expression divergence and plasticity during
embryogenesis and under thermal stress. The genome will support ge-
netic dissection of economic traits and targeted breeding in carps.

3.2. Asymmetrical structural evolution of the allotetraploid subgenomes

With the availability of genomic resources for nonmodel species in
the family Cyprinidae, including those of the polyploid common carp
[6,71, Sinocyclocheilus cavefish [79], Oxygymnocypris stewartii [80], gold-
fish [41,42,81], and Schizothorax o’connori [82], and the diploid O.
macrolepis [83] and P. huangchuchieni [84], we assessed the origin and
structural evolution of polyploidization in Cyprinidae. Previous results
indicated that common carp and goldfish shared a common origin, and
that matrilineal-like subgenome B in the allotetraploid C. carpio has a
potential diploid progenitor assigned to the Barbinae lineage [7,41]. To
explore the evolutionary changes in genome structure before and af-
ter tetraploidization in common carp, we first performed gene-based
whole-genome collinearity analysis among allotetraploids (C. carpio and
C. auratus) and their diploid progenitors from Barbinae (O. macrolepis
and P. huangchuchieni). Pairwise collinearity revealed that subgenome B
shared more collinear gene pairs with Barbinae diploids than subgenome
A (Figs. 2a and S6; Table S9). There were more collinear gene pairs
shared within subgenomes in allotetraploids when compared with O.
macrolepis than compared with P. huangchuchieni (Table S9), suggesting
a potentially closer genetic relationship between subgenomes B and O.
macrolepis, assuming similar qualities of the genome assemblies for O.
macrolepis and P. huangchuchieni. Hereafter, we chose O. macrolepis as
the progenitor-like reference genome for further analysis. Using the phy-
logenetic topology for each of these species (Fig. 2b) as a reference, we
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defined chromosomal rearrangements into diploid-specific, subgenome
B-specific, subgenome A-specific, diploid-subgenome B and subgenome
A-ancestor B. The results showed that C. carpio subgenome B preserved
a more stable karyotype of the ancestor Barbinae lineage, while C. car-
pio subgenome A evolved more rapidly. Moreover, both subgenomes of
C. auratus exhibited more chromosomal rearrangements than C. carpio,
partially reflecting the complex structural variations associated with the
longstanding domestication history of goldfish (Figs. 2a and S6a; Table
S10).

Chromosomal rearrangements were identified when the subgenomes
of C. carpio were compared, with 19 of those shared by subgenomes
A in both C. carpio and C. auratus and 4 shared by subgenome B in
both C. carpio and C. auratus (Fig. S6b; Table S11), indicating that these
structural differences were likely inherited from the ancestral lineages
of the two subgenomes. There are 9 structural rearrangements occur-
ring specifically in C. carpio subgenome A (Table S11). These results
imply that most of the differences between C. carpio subgenomes A
and B may have existed before tetraploidization when the respective
ancestors of the two subgenomes separated into two distinct diploid
lineages. The two subgenomes merged with the retention of structural
characteristics from each diploid progenitor, after which subgenome
A underwent more structural variations, while subgenome B remained
well-conserved.

Comparison of TE distributions in different genomic regions showed
that TEs were significantly enriched in the vicinities of collinear
block boundaries, indicating that TE insertions may be associated with
genome structural variants (SVs), consistent with results observed in
plants [85]. Moreover, rearranged block regions also had slightly higher
TE densities than syntenic block regions (Fig. 2c). Homoeologous gene
pairs located near the boundaries of collinear blocks had higher Ka/Ks
ratios than those located inside the collinear blocks (Fig. 2d). These
results suggest that transposon activation and relaxed selection pres-
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Fig. 2. Structural evolution before and after allotetraploidization in Cyprininae and their diploid progenitors. (a) Whole-genome collinear relationships
among subgenome B and diploid progenitors. Typical structural rearrangements between diploids and subgenomes B are marked in red. Rearrangements between
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asterisks indicate a p value < 0.001.

sure may serve as potential evolutionary drivers causing structural re-
arrangements between C. carpio subgenomes. Genomic rearrangements
that arise after polyploidization may enable novel cis-regulation and the
accumulation of adaptive genes locally [86]. Structural changes with
increased fitness for polyploids could be selected and preserved during
evolution [87]. Research in sugarcane showed that more than half of
the disease resistance genes were located in rearranged regions [88].
Genes in the flanking regions of the chromosomal rearrangements in
common carp also exhibited enrichment for genes associated with in-
fectious diseases (Fig. S7), suggesting the sources of higher levels of
resistance against disease and abiotic stresses in common carp than in
their progenitors.

Homoeologous exchanges occurred along with allopolyploid forma-
tion and the following generations [89-91]. Genomic rearrangements
generated by HEs are an important source of genetic and phenotypic
variation [92] and have been shown to impact important agronomic
traits in plants, such as seed quality, flowering time, and disease resis-
tance [92,93]. In the absence of the diploid progenitor of subgenome
A, we uniquely mapped paired-end reads from O. macrolepis to both
subgenomes of C. carpio and detected candidate HEs as regions with
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significant coverage alterations (Fig. S8). In CC 3.0, we observed a sig-
nificant asymmetrical distribution of HEs within subgenomes, with more
subgenome A regions replaced by subgenome B regions than vice versa
(2.27% vs. 0.68%) (Figs. 2e and S9; Table S12). Similar findings were re-
ported in allopolyploid crops, such as cotton [94], B. napus [95], straw-
berry [96] and wheat [97]. This result implies that subgenome B in com-
mon carp may contribute more to certain phenotypic evolutions, and
therefore, the exchanged fragments were retained across generations.
Such phenomena have also been reported in allopolyploid crops where
retained and fixed HEs were more often the dominantly expressed ho-
moeologs [98]. We further investigated whether these homoeologous
exchange regions have potential roles for certain phenotypes or for
adaptation to different habitats. We identified 73 A-to-B, 245 B-to-A and
32 reciprocal HE homoeologous genes, respectively (Table S12). These
HE genes were highly enriched in functions related to cancer, the cell cy-
cle, the FoxO signaling pathway, the Hippo signaling pathway, and the
mTOR signaling pathway (Fig. S10). Considering that more positively
selected genes existed in subgenome B than in subgenome A and their
potential roles in the immune response and response to stimulus [84],
we speculate that subgenome B in common carp might have contributed
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Fig. 3. Expression landscape during embryogenesis in allotetraploid common carp. (a) Sampling stages during embryogenesis. S1, morula; S2, blastula; S3,
gastrula; S4, neurula; S5, optic vesicle; S6, tail bud; S7, muscle contraction; S8, hatched larvae. Microscope images were modified according to Jin et al. [110]. (b)
Expression patterns of DEGs during embryogenesis. DEGs were identified by pairwise comparison between two adjacent stages at 24 °C and termed stage-related
DEGs or SDEGs. The heatmap shows the overall expression of all the SDEGs, indicating the similarity between S6 and S7. (c) Functional enrichment of genes in
seven clusters in Fig. 3b. (d) Percentage of single or paired homoeologs in each of the seven clusters. Paired means that the two homoeologous genes in the two

subgenomes existed in the same cluster.

more than subgenome A to immune-related functions. Such asymmetric
structural evolution between subgenomes could be caused by divergent
selection pressures and TE frequencies, and might have contributed to
phenotypic evolution in carp.

3.3. Expression dynamics across embryonic development

Gene expression dynamics and plasticity of homoeologous genes
make major contributions to agronomic trait variations and species
adaptive radiation [99-102]. In some circumstances, dominance effects
of a single homoeolog can lead to dominant phenotypes [103]. Allote-
traploid common carp is a successful example of adaptive radiation in
the animal system, and therefore, determination of its genomic and
subgenomic expression during embryonic development and under en-
vironmental stress is important for both evolutionary understanding
and practical applications [104,105]. Firstly, we determined the tran-
scriptomes across eight developmental stages (Fig. 3a, Fig. S11), cov-
ering the morula (S1), blastula (S2), gastrula (S3), neurula (S4), op-
tic vesicle (S5), tail bud (S6), muscle contraction (S7), and hatched
larvae (S8) stages. We found evidence of expression for 19,024 high-
confidence genes, based on expression of > 1 TPM in at least one of
the eight developmental stages. Among these expressed genes, 476 to
8,244 were differentially expressed between two adjacent stages accord-
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ing to pairwise comparison (termed stage-related DEGs, SDEGs) (Table
S13). SDEGs were observed with clear patterns for a specific stage or
transitions among stages (Fig. 3b), including 2,499 stage-specifically
expressed genes (SEGs) exclusively expressed in one stage (Fig. S12;
Table S14), reflecting their roles in the corresponding developmental
stages (Figs. 3c and S13). For example, genes showing the highest ex-
pression in the tail bud and muscle contraction stages (cluster 6) were
enriched in the PI3K-Akt signaling pathway, signaling pathways regu-
lating pluripotency of stem cells, the Hippo signaling pathway, and the
Wnt signaling pathway (Figs. 3c and S13). These pathways play pivotal
roles in regulating organ development, tissue homeostasis and regenera-
tion [106-109], suggesting nearly complete cell fate differentiation and
organ formation, and readiness to hatch.

Genes with similar expression patterns are commonly found to have
analogous functions. We next examined the homoeologous status of each
cluster for a better understanding of the functional divergence of dupli-
cated genes in the two subgenomes. Of the 14,036 syntenic homoeolo-
gous gene pairs that had a 1:1:1 relationship in subgenomes A and B of
common carp and the ancestral species, significantly more single copies
(71.7%-90.2%) were found rather than paired copies (9.9%—28.3%) in
a cluster (T-test, P = 1.50088 x 10~°) (Fig. 3d; Table S15). This indicated
that only a few homoeologous genes were co-expressed and that the ma-
jority were divergently expressed during embryonic development. HGs
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tested with a two-sided Wilcoxon rank-sum test.

involved in the evolutionarily conserved pathways (Wnt signaling path-
way, translation, and ribosome) were more likely to be co-expressed
during embryogenesis (Fig. S14). These results provide a broad view of
gene expression patterns and a functional atlas during embryonic devel-
opment.

3.4. Subgenome expression divergence across embryonic development

Subgenome expression dominance has been thoroughly described in
allopolyploid plants [111]. To draw a comprehensive picture for subge-
nomic expression across development, we focused on HGs that had a
summed expression of > 1 TPM in at least one stage (9,325 homoeol-
ogous gene pairs). The overall expression levels of subgenome B were
significantly higher than those of subgenome A throughout the develop-
ment (Fig. 4a, two-sided Wilcoxon rank-sum test, P < 0.05). In addition
to the relative expression levels, most HGs were assigned to the biased
categories (homoeologous expression bias, HEB) with expression diver-
gence larger than twofold. The divergent ratios decreased as the devel-
opment proceeded: the highest ratio was 79.8% in S1 stage (morula),
and the lowest ratio was 63.4% in S8 (hatched larvae) (Figs. 4b and
S15; Table S16). These results suggest broad asymmetrical expression
between subgenomes during embryogenesis and that fetal development
reduces the expression differences of parental origin homoeologs in the
allotetraploid genome. Interestingly, the number of genes biased toward
subgenome B (34.5%—41.6%) was significantly larger than that toward
subgenome A (29.0%—38.2%) (Table S16, T test, P = 8.54 x 10~°). Such
bias was universal not only across different stages of embryonic devel-
opment as found here, but also in adult organs [7], suggesting a greater
contribution of expression from subgenome B than subgenome A in the
allotetraploid genome. These results are consistent with those found in
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maize embryos, where expression is biased toward the maternally in-
herited alleles [112].

When genes were divided into three clades based on expression dom-
inance, balanced genes had significantly lower levels of expression than
dominant genes (Wilcoxon signed rank sum test, P = 2.22 x 10716)
(Fig. 4c). Intriguingly, the total expression of homoeologous pairs was
highest for B-dominant genes, followed by A-dominant genes, with the
lowest expression for the balanced homoeologous genes. In hexaploid
bread wheat, balanced genes had the highest expression among all gene
clades, and the dominant triads are not the result of the increased ex-
pression of a single homoeolog, but the relatively lower expression of
the other homoeologs [113]. Inconsistency may be the result of kary-
otype differences or an intrinsic discrepancy between plants and ani-
mals. Dominant homoeologous genes with high expression levels may
cause a greater advantage in the allotetraploid common carp than in
their diploid progenitors. Another possible explanation is that the al-
lotetraploid common carp was from the hybridization of two distant
species, where many of the cellular functions require genes from a sin-
gle parent, and such functional genes are generally expressed at higher
levels in one subgenome than in the other one. Additionally, our sam-
ples underwent stages of rapid development and differentiation, and
the biased subgenome expression may be functionally relevant to de-
velopment [112]. Previous work with plants suggested that cytoplasmic
genomes may cause dominant expression of maternal-origin homoeolo-
gous genes [114]. If a similar pattern holds true in common carp, these
results would suggest that the dominance status of subgenome B was to
some extent inherited from the maternal species, in agreement with the
prediction that subgenome B was of maternal origin [41].

We further investigated whether embryonic development led to
a change in the dominance pattern of homoeologous genes. All the
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expressed genes were divided into four groups: 501 (5.4%) HGs with
copy A dominantly expressed in all eight stages, 633 (6.8%) HGs with
copy B dominantly expressed in all stages, 1,056 (11.3%) homoeologs
with balanced expression from both copies in all stages, and the re-
maining 7,135 (76.5%) HGs with switching expression patterns during
embryogenesis (Table S17). Homoeologous genes with consistently
biased expression in subgenome A or B shared most of the enriched
functions (Fig. S16), implying that hybrids may enable the exploitation
of the favorable parental alleles either in subgenome A or B to express at
relatively high levels, a phenomenon that can be explained by the dom-
inance hypothesis for heterosis [115]. HGs with switching patterns of
homoeologous dominance might be relevant to a specific development
or differentiation process, or a functional division in temporal or spatial
dimensions or both, and the subfunctionalization of these HGs may
be required for development, similar to the behavior of genomically
imprinted genes, although there have been no reports of genomic
imprinting in teleost fish. Interestingly, two switch patterns were
observed in the switching HGs, where 275 showed a dominant switch
from A to B, and 202 from B to A, respectively (Fig. 4d). The turning
point occurred at the S4 (neurula) stage, consistent with the functional
transition from the early cell proliferative stage to differentiation for
the development of organs. The significantly higher number of A-to-B
HGs (chi-square test, P = 8.305 x 10~4), together with a greater number
of B-dominant homoeologs (chi-square test, P = 8.861 x 107°), suggests
that the subgenome B was more important for late embryonic devel-
opment and differentiation. In the context of genome and subgenome
expression in relation to early embryonic development, the findings
reported here are novel among animal systems. However, shifts in ex-
pression from homoeologs or shifts in homoeolog usage were reported
in allopolyploid Glycine dolichocarpa [116] and Arabidopsis [117], and
hexaploid wheat [118]. These genes with different switching directions
participate in distinctive biological processes (Figs. S17, S18), indicat-
ing a development-dependent functional segmentation of WGD-induced
duplicated genes. Such altered dominance patterns and the distinguish-
ing functions of HGs are pervasive in polyploids, where subgenome
functional partitioning is a major mechanism for HG preservation [119].

3.5. Homoeologous expression plasticity under thermal stress

The temperature tolerance for common carp was reported to be 3 °C
to 35 °C [8,9], and the thermal responsiveness of fish embryos was the
lowest among all the life stages [120]. To investigate gene expression
patterns and how homoeologous genes respond to thermal stress dur-
ing embryonic development in common carp, bulk transcriptomes were
obtained from eggs to larvae under seven temperatures (12 °C, 16 °C,
20 °C, 24 °C, 27 °C, 30 °C and 33 °C), with the 24 °C group as the control
(Fig. 5a). It is worth noting that allotetraploid embryos cannot hatch
and be stunted at the gastrula stage (S3) in the highest thermal group
(33 °C), and at the muscle contraction stage (S7) in the lowest thermal
group (12 °C). The diploid embryos of O. macrolepis cannot proceed with
development at 28 °C according to our recent experiments, again indi-
cating a higher thermal tolerance for the allotetraploid common carp
than its progenitor-like species.

Under heat stress, a total of 388 (S6) to 22,753 (S1) DEGs were iden-
tified in at least two temperature comparison groups in each stage (Ta-
ble S18), suggesting their potential sensitivity at earlier developmental
stages. To (a) simplify the results, (b) facilitate the comparative analysis
under control and stress conditions, and (c) avoid disturbances from de-
velopment, we further focused on the 154 to 21,479 DEGs at each stage
that overlapped between the comparisons of 30 °C versus 24 °C (Table
$19). The number of DEGs in subgenome B was slightly greater than
that in subgenome A (7,904 vs. 7,818). As expected, these DEGs were
involved in many pathways related to the heat stress response, including
ribosome, oxidative phosphorylation, carbon metabolism, TCA cycle,
and thermogenesis (Fig. S19a), as previously reported [121]. Cold stress-
induced DEGs were involved in similar functional categories (Fig. S19).
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Among heat-induced DEGs, 2,095 (1,874 upregulated, 349 downregu-
lated) were transcription factors, accounting for ~55% of the total TFs
(2,095/3,812), indicating the critical role of TFs in the regulation of the
stress response in the polyploid genome [122].

In allopolyploid plants, each subgenome may control different sets
of traits, and certain phenotypic traits could be largely controlled by a
single subgenome [123,124]. Accordingly, we were eager to determine
how homoeologous genes in the two subgenomes respond to heat stress.
Somewhat to our surprise, the majority of the HGs responded to heat
stress with either subgenomic copy (Table S20). In contrast to the sig-
nificantly greater contributions of homoeologous genes in subgenome
B during embryonic development, here in response to stress, the two
subgenomes contributed with similar genes, but again with a slight bias
for genes of subgenome B (Table S20), suggesting a slight advantage
of subgenome B over subgenome A in response to thermal stress. Ad-
ditionally, for the limited HGs that contributed to the heat response in
both cases, most were regulated in the same direction (Table S21). Such
“consistent” expression changes in HGs after stress treatment has been
previously described in plants [125], and predicted to be regulated by
trans-acting factors [126,127]. However, we did find a small set of HGs
showing the opposite direction of regulation, with one of the homoeol-
ogous gene pairs upregulated while the other was downregulated, sug-
gesting extreme functional divergence (Figs. S20, S21; Table S21). The
gene ndufa4 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex as-
sembly factor 4) provides a good example of this type of opposite direc-
tion of regulation (Fig. S20). Taken together, these results imply that the
expression or functional divergence of post-WGD preferentially retained
most homoeologous genes in stress responses [128,129].

We further examined subgenome dominance under thermal stress.
Heat stress increased the number of A- or B-dominant HGs (Figs. S15
and S22). This was also found during cold stress (Fig. S23), indicating
that subgenomes in common carp may cope with changing tempera-
tures by driving the divergent expression of HGs in a favorable state.
Comparisons of genes with consistent dominant patterns between 24 °C
and 30 °C revealed that the majority of HGs maintained their pattern
of dominance (Table S22); 436 and 544 HGs biased toward subgenome
A and B, respectively, exhibited consistent expression dominance bias
shared under the two temperature conditions (Fig. 5b; Table S22). Func-
tional analysis revealed that HGs involved in peptide metabolic pro-
cesses, translation, and ribosomes were likely not to change their dom-
inant patterns regardless of development or environmental conditions
(Fig. 5¢). The 980 HGs (436 and 544 HGs with A or B bias) were mostly
involved in disease and environmental adaptation pathways, such as
thermogenesis, oxidative phosphorylation, bacterial invasion of epithe-
lial cells, and homoeologous. recombination (Fig. S24). Similar to the
situation with development, the homoeologous genes showing consis-
tent dominant patterns under temperature conditions suggested that the
allotetraploid common carp preferentially uses the favorable copies of
the homoeologous genes, and preferentially expresses them at higher
levels. This is consistent with the mechanism of heterosis [115] and
shows that some allelic expression was already fixed in the allotetraploid
genome. Additionally, HGs changing their dominant patterns under heat
stress were involved in functional categories related to cellular response
toward stimulus and immune response-activating signal transduction.
Unique HGs with a bias toward subgenome B (312 HGs) were associ-
ated with GO terms such as mitotic nuclear division, transcription from
the RNA polymerase II promoter, Hsp90 protein binding, and ATP bind-
ing, again suggesting the greater roles of subgenome B in developmental
and environmental regulation.

To obtain insight into the mechanisms contributing to the expression
divergence of HGs, we performed a selection pressure analysis. Domi-
nant HGs showed significantly higher Ka/Ks values than the balanced
HGs (Figs. 5d and S25), suggesting that the homoeologous expression
pattern may be induced by a higher rate of sequence divergence caused
by asymmetrical evolution. Similar phenomena have been described in
tetraploid Salvia splendens and Ethiopian cereal teff, in which homoe-
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Fig. 5. Homoeologous expression plasticity to cope with heat stress in allotetraploid common carp. (a) Experimental design of thermal stress during embryo-
genesis. Seven temperatures along a gradient were set, and the 24 °C group was the control. The maximum lethal temperature for the allotetraploid embryos is 33 °C
(development stopped at the gastrula stage), and the minimum lethal temperature is 12 °C (development stopped at the muscle contraction stage). (b) Overlap of
homoeologous genes indicating the consistent or changeable dominant pattern under heat stress. Each row corresponds to a possible intersection: the filled-in cells
show which set is part of an intersection. Purple numbers represent HGs maintaining their dominant patterns under different temperature conditions. (c) Comparison
of functional enrichment for HGs with different dominant patterns under control and heat stress. GO enrichment was performed using ClusterProfiler 4.0. (d) Ka/Ks
for HGs with consistent dominant patterns during development. Homoeologous gene pairs were divided into four clades according to whether their dominant patterns
had changed during development. One asterisk indicates a p value < 0.05, two asterisks indicate a p value < 0.01, and three asterisks indicate a p value < 0.001.
The significance was tested with a two-sided Wilcoxon rank-sum test. () HG dominant pattern changes under heat stress at the S3 stage. Purple depicts directional
changes in the dominant patterns of HGs under heat stress. Purple in the second quadrant represents a B to A dominant change, and purple in the fourth quadrant
represents a A to B dominant change. Green points represent HGs with consistent dominant patterns. Orange points represent HGs changing their patterns from
dominant to balanced or from balanced to dominant under stressed conditions. (f) Examples of 16 HGs changing their dominant patterns during development and
under heat stress. The 16 HGs included 9 A-to-B and 7 B-to-A HGs showing switching both during embryogenesis and under heat stress conditions. T24 represents
24 °C (control), and T30 represents heat stress.

ologous gene pairs with stronger expression bias were observed with velopment and regulation of immunity and various biotic/abiotic stress
more relaxed selective constraints [85,130]. The significance was ex- responses [131-133]. Changes in DNA sequence can lead to enduring
panded by the comparison of B dominant and switching HGs, as well functional divergence, while expression regulation shaped by transcrip-
as B-dominant and A-dominant HGs under a high temperature of 30 °C tional, post-transcriptional, or translational modifications provides flex-
(Fig. 5d). There was a high frequency of B-dominant or switching to ibility and plasticity for the species [134-136]. These results provide
B-dominant expression, suggesting that the B subgenome may be more insights into how allotetraploids can modulate the expression pattern of
involved in adaptive evolution than the A subgenome in terms of the HGs to facilitate development and adaptation to changing environmen-
stress response. In addition, several HGs with Ka/Ks > 1 were found to tal conditions, a phenomenon that may contribute to heterosis.
be involved in response to stimulus and immune system process (Fig. Recently, researchers proposed a route to de novo domestication of
$26), such as hsp70-binding protein 1, diablo homolog: mitochondrial, and wild allotetraploid rice [137]. This inspired the application of such a
T-cell immunomodulatory protein. strategy in the Cyprinidae system. Excellent characteristics of carps have
For each developmental stage, dominant pattern changes were ob- been employed to produce various breeding strains, greatly benefiting

served for several HGs under higher temperatures (Figs. 5e and S27; the breeding industry [138,139]. The utilization of diploid germplasm is
Table S23). Strikingly, there were 9 A-to-B and 7 B-to-A HGs showed very limited. Comprehensive description and elucidation of the molec-
switching both during embryogenesis (S3 as a representation of cleav- ular rationale for heterosis phenotypes and other advantageous traits
age and S7 for organogenesis) and under heat stress conditions (Figs. 5f of allotetraploid carps are urgent. Causal effector genes associated with
and S28). Of these 16 HGs, 10 HGs showed a significant heat response agriculturally important traits could benefit targeted breeding and de
with one or two copies. One example was the ubiquitin-conjugating en- novo domestication of carps and their diploid relatives for performance
zyme E2 B (ube2b) gene, a key gene that plays vital roles in both the de- improvements. Ideally, such an analysis should be based on a full and
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Fig. 6. A schematic depicting the potential mechanisms involved in homoeolog expression that lead to development, growth vigor and enhanced adap-
tation in allotetraploid common carp. Major findings of this work: revealing variations of the subgenomes, differential expression of subgenomes, and shifting
dominant expression of homoeologs during development and under environmental stress, providing insights into the successful speciation and heterosis of allote-
traploid common carp. Words in red indicate evidence generated in the present study.

thorough comparison between the allotetraploids and their two diploid
progenitors. The lack of paternal progenitor species hinders, but does
not stop, progress. On the basis of our findings, we can infer that not
only genomic/subgenomic plasticity and nucleic acid level diversity, but
also the regulation of subgenome expression together promotes organis-
mal development and adaptation to variable environmental conditions,
provides genetic robustness, and contribute to the expanded distribu-
tion and widespread phenotypic variations of common carp. These re-
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sults reveal the importance of allopolyploidization in carp species. Con-
sidering the dominance of the maternal-origin subgenome B from the
Barbinae-like species, and the laggard utilization and improvement of
wild-like diploid fish species, such understanding of the subgenome evo-
lution and plasticity of the allotetraploid common carp, as well as further
efforts focusing on the a thorough comparison between allotetraploids
and their progenitor-like diploids, will: (1) support a greater understand-
ing of speciation and heterosis, (2) facilitate targeted breeding and do-
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mestication of carp and diploid relatives, and (3) advance sustainable
aquaculture.

4. Conclusion

A comprehensive understanding of the speciation, genome evolu-
tion, and subgenome expression plasticity of polyploids is crucial for
interpreting the evolutionary consequences and advantages of poly-
ploidization. Such importance has been well demonstrated in polyploid
plants, but not in animals. Here, we present a high-quality, high-fidelity
genome assembly for common carp, which enabled precise analyses of
subgenome evolution. As schematically presented in Fig. 6, we provided
evidence for subgenome reorganization, asymmetrical subgenome ex-
pression, and shifting expression of subgenomes during development
and under thermal stress. Subgenome A was found to have evolved more
rapidly than subgenome B, whereas subgenome B contributed greater
levels of expression, especially for disease or stress response genes. The
majority of genes were expressed with subgenome bias. There was an ap-
parent trend of transition/shift from the expression of subgenome A dur-
ing early embryonic development with predominant activities of cellular
proliferation to that of subgenome B during later embryonic develop-
ment with predominant activities of tissue/organ differentiation. Such
regulation could result from variations in regulatory sequences evolving
during evolution and could also involve epigenetic regulation. Future
studies on epigenetic modifications and their control over subgenomic
expression during development and under stress are warranted. Homoe-
ologous genes with consistent or changing dominant patterns during de-
velopment and under thermal stress suggest potential fixed heterosis and
a dominant effect of heterosis in the allotetraploid genome. Our findings
suggest that the reorganized genomic structure and regulatory networks
that we report in carp are indicative of processes that drive speciation,
adaptation, and phenotype evolution of polyploids compared with their
progenitor-like species. Taken together, these analyses provide novel in-
sights into the molecular basis of the successful speciation, distribution,
and evolution of the allotetraploid common carp.
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