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E V O L U T I O N A R Y  B I O L O G Y

From asymmetrical to balanced genomic diversification 
during rediploidization: Subgenomic evolution 
in allotetraploid fish
Jing Luo1*, Jing Chai1,2*, Yanling Wen2,4,16*, Min Tao3*, Guoliang Lin1*, Xiaochuan Liu1, Li Ren3, 
Zeyu Chen4, Shigang Wu5, Shengnan Li3, Yude Wang3, Qinbo Qin3, Shi Wang3, Yun Gao2, 
Feng Huang1, Lu Wang1, Cheng Ai5, Xiaobo Wang5, Lianwei Li2, Chengxi Ye2,6, Huimin Yang1, 
Mi Luo3, Jie Chen3, Hong Hu3, Liujiao Yuan3, Li Zhong1, Jing Wang1, Jian Xu7, Zhenglin Du4, 
Zhanshan (Sam) Ma2, Robert W. Murphy2,8, Axel Meyer9, Jianfang Gui10, Peng Xu11†, 
Jue Ruan5,12†, Z. Jeffrey Chen13,14†, Shaojun Liu3†, Xuemei Lu2,4,15,16†, Ya-ping Zhang1,2†

A persistent enigma is the rarity of polyploidy in animals, compared to its prevalence in plants. Although animal 
polyploids are thought to experience deleterious genomic chaos during initial polyploidization and subsequent 
rediploidization processes, this hypothesis has not been tested. We provide an improved reference-quality de novo 
genome for allotetraploid goldfish whose origin dates to ~15 million years ago. Comprehensive analyses identify 
changes in subgenomic evolution from asymmetrical oscillation in goldfish and common carp to diverse stabiliza-
tion and balanced gene expression during continuous rediploidization. The homoeologs are coexpressed in 
most pathways, and their expression dominance shifts temporally during embryogenesis. Homoeolog expres-
sion correlates negatively with alternation of DNA methylation. The results show that allotetraploid cyprinids have 
a unique strategy for balancing subgenomic stabilization and diversification. Rediploidization process in these 
fishes provides intriguing insights into genome evolution and function in allopolyploid vertebrates.

INTRODUCTION
Whole-genome duplication (WGD) or polyploidy provides genomic 
opportunities for evolutionary innovations and adaptation (1–4). 
Polyploidy is rare in animals, possibly because of barriers to sex 
determination, and physiological and developmental constraints, 
especially nuclear-cytoplasmic interactions and related factors (5, 6). 
Further, polyploid animals appear to be incapable of coping with 
genomic and developmental chaos resulting from the merging of 
two genomes because of changes in structural variation, regulatory 

imbalance, gene expression bias, and activation of transposable 
elements (TEs), as documented in many other allopolyploids (1, 3, 7–10). 
A newly formed allopolyploid line of fishes (11) experienced more se-
vere chaotic changes than polyploid plants (7, 8, 10, 12, 13). These 
rapid and dynamic changes have genetic and epigenetic bases (7, 14). 
Biased subgenomic changes may help alleviate chaos from genome 
mergers (15), and subsequent coordination may help stabilize the 
subgenomic functions in newly synthesized allotetraploid plants 
(7, 12, 16) after the initial “genome shock” (17) between divergent 
subgenomes that coexist in the same cell nucleus. However, the long-term 
consequences for polyploid animals in rediploidization remain elusive.

Goldfish (Carassius auratus red var.) belongs to family Cyprinidae 
in the most specious order of fishes (Cypriniformes), which con-
tains many polyploid species (18–20). The tetraploid carp was 
domesticated hundreds of years ago in China and Europe, and it is 
the economically most important fish in freshwater aquaculture 
(21). Goldfish (C. auratus red var.) is the most commonly kept pet 
globally, and it constitutes a model system for studying neuro-
biology and physiology. This allotetraploid (2n = 4x = 100) species 
was formed by the interspecific hybridization of two diploids 
(2n = 2x = 50); subsequent chromosome-doubling restored meiotic 
paring and disomic inheritance (18, 19). Goldfish has nearly twice 
as many chromosomes as zebrafish and most of other cyprinids 
(22, 23). Its numerous small chromosomes pose a great challenge to 
assembling and annotating both subgenomes at the chromosomal level. 
Because no extant diploid progenitors are available for study, the 
evolution of this complex polyploid genome remains poorly under-
stood (21, 24, 25), despite the recently published draft genome (26).

Here, we report a reference-quality, chromosome-scale assembly 
of goldfish including identification of both subgenomes and analysis 
of the variation and expression changes between them. We also 
evaluate the subgenomic evolution of goldfish and common carp. 

1State Key Laboratory for Conservation and Utilization of Bio-resource and School 
of Life Sciences, Yunnan University, Kunming, 650091 Yunnan, China. 2State Key 
Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese 
Academy of Sciences, Kunming, 650223 Yunnan, China. 3State Key Laboratory of 
Developmental Biology of Freshwater Fish and College of Life Sciences, Hunan 
Normal University, Changsha, 410081 Hunan, China. 4CAS Key Laboratory of 
Genomic and Precision Medicine, Beijing Institute of Genomics, Chinese Academy 
of Sciences, Beijing 100101, China.  5Agricultural Genomics Institute, Chinese Academy 
of Agricultural Sciences, Shenzhen 518120, China. 6Department of Computer 
Science, University of Maryland, College Park, MD 20742, USA. 7Centre for Applied 
Aquatic Genomics, Chinese Academy of Fishery Sciences, Beijing 100141, China. 
8Centre for Biodiversity and Conservation Biology, Royal Ontario Museum, Toronto, 
ON M5S 2C6, Canada. 9Department of Biology, University of Konstanz, Konstanz 
78457, Germany. 10State Key Laboratory of Freshwater Ecology and Biotechnology, 
Institute of Hydrobiology, Innovation Academy for Seed Design, Chinese Academy 
of Sciences, University of Chinese Academy of Sciences, Wuhan 430072, China. 
11College of Ocean and Earth Sciences, Xiamen University, Xiamen, 361102 Fujian, 
China. 12Peng Cheng Laboratory, Shenzhen 518052, China. 13State Key Laboratory 
of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural University, 
Nanjing, 210095 Jiangsu, China. 14Department of Molecular Biosciences, University 
of Texas at Austin, Austin, TX 78712-0159, USA. 15CAS Center for Excellence in 
Animal Evolution and Genetics, Kunming Institute of Zoology, Chinese Academy 
of Sciences, Kunming, 650223 Yunnan, China.16University of Chinese Academy of 
Sciences, Beijing 100049, China.
*These authors contributed equally to this work.
†Corresponding author. Email: zhangyp@mail.kiz.ac.cn (Y.Z.); xuemeilu@mail.kiz.ac.cn 
(X.Lu); lsj@hunnu.edu.cn (S. Liu); zjchen@austin.utexas.edu (Z.J.C.); ruanjue@caas.cn 
(J.R.); xupeng77@xmu.edu.cn (P.X.)

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).



Luo et al., Sci. Adv. 2020; 6 : eaaz7677     27 May 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 11

Our results indicate that allotetraploid goldfish and common carp 
have diverse strategies for balancing dynamic subgenomic diversifi-
cation during continuous rediploidization. The diverse and continuous 
evolutionary processes broaden our understanding of the evolution 
and function of genomes in allopolyploid vertebrates and may explain 
why most polyploid animals fail to survive.

RESULTS
Sequencing, assembly, and annotation
Allopolyploid genomes are much more complicated than diploid 
ones due to their polynomic inheritance and gradual random decay 
of progenitors’ genomes during rediploidization (2, 3). A high-quality 
genome assembly is required to discriminate changes from related 
species in allopolyploids. Our high-quality genome of a gynogenetic 
goldfish (C. auratus red var., n = 100) was assembled using data 
from a combination of three technologies (Fig. 1), including 325.34 
gigabases (Gb; 203×) of Illumina sequence data (Illumina GAII, 
HiSeq 2000), 128.51 Gb (80×) of single-molecule real-time (SMRT) 
long reads (PacBio RS II and Sequel), and 231.50 Gb of clean BioNano 
mapping data (Bionano Genomics Irys). The final assembly consisted 
of 5477 scaffolds, with a scaffold N50 of 2.94 megabases (Mb) after 
gap filling (Table 1 and data S1_1–4), which resulted in a genome 
size of 1.64 Gb. This was similar to the size estimated by flow cy-
tometry (1.71 Gb; Fig. 1) and slightly higher than the k-mer analysis 
(1.43 Gb; Fig. 1). In addition, using 307.46 Gb of data generated by 
high-throughput chromosome conformation capture sequencing 
(Hi-C seq) technology (Annoroad Gene Technology Co. Ltd., Beijing; 
data S1_5, 6), 1.59-Gb (96.95%) genome-level sequences were aligned 
and ordered into 50 scaffolds that potentially matched the chromo-
somes (Table 1, fig. S1A, and data S2_1). A genetic map consisting 
of 50 linkage groups was constructed in 79 F2 offspring using 7466 
single-nucleotide polymorphism markers developed from 147.10 Gb 
of RNA sequencing (RNA-seq) data (27). Next, the genome scaf-
folds (1.07 Gb, 65.24%) were anchored on the genetic map (data S2_2). 
Sequence assemblies on the pseudochromosomes matched perfectly 
to the anchored 50 linkage groups, confirming the high-quality assem-
bly of the allotetraploid goldfish genome (fig. S1, B and C, and data 
S2_3–5). BUSCO and CEGMA showed the assemblies to be complete 
(data S2_6). Our assembly conformed to Vertebrate Genome Project 
standards for reference genomes (https://vertebrategenomesproject.org/) 
and covered more sequences than the published goldfish genome 
by Chen et al. (26), which consisted of 1.24 Gb with an anchor ratio 
of ~66% from 1.82 Gb contigs (Table 1). Subsequently, we compared 
the completeness and collinearity between our assembly and the 
published genome using MUMmer (v3.23), based on the minimum 
clustering unit of 50 kilobases (kb), which is the smallest unit that 
we could check, and consistent with 50-kb resolution of Hi-C clus-
tering. Within the total length of 1.06-Gb collinearities from 2380 
clustering groups, we found general consistency, while some struc-
tural differences existed between the two. In our study, among 277 
inversions and 1338 translocations identified, 63.95% were validated 
by PacBio long reads, optical map, and/or Hi-C data (Fig. 2A, fig.
S1D, and data S2_7, 8). These efforts obtained a general improvement 
of quality scores in our genome assembly relative to the published 
data. For example, the optical map and Hi-C analyses obtained 
improvement at an inversion boundary (Fig. 2A).

The annotation predicted 43,144 genes with an average length of 
17,025 base pairs (bp) and 9.78 exons per gene (data S1_7 and data 

S2_9). Of the genes, 39,205 (90.87%) were functionally annotated 
(data S2_9). Accuracy and completeness of the annotation were 
validated further through 97.78% coverage of annotated genes by 
RNA-seq data. The annotation included 6788 transfer RNA (tRNA), 
1380 ribosomal RNA (rRNA), 1324 small nuclear RNA (snRNA), 
and 3385 microRNA genes (data S2_10). Repeat annotation indicated 
an overall repeat content of 39.49% (data S2_11), which was less 
than the 52.2% of zebrafish (28) and comparable to ~40% of African 
clawed frog (9). The most abundant TEs in the goldfish genome 
were type II, which represented 21.19% of the whole-genome se-
quence. Other annotated TEs included 174 superfamilies.

Characterization of subgenomes
To identify the goldfish’s subgenomes from two progenitors, we 
used phylogenetic information of the Cyprininae (18, 19). Several 
species in the genera Carassius (including goldfish) and Cyprinus 
were reported to have undergone the same allopolyploidization 
approximately 10 to 12 million years (Ma) ago (19). The matrilineal 
copy of several nuclear genes was grouped with genus Schizothorax 
(18, 19), and they diverged from the patrilineal ones 17 to 19 Ma ago 
(18, 19). By comparing phylogenies between the mitogenomes and 
homoeologous gene pairs of whole-genome sequences/transcripts 
from 10 cyprinid species, analyses confirmed that Schizothorax was 
monophyletic; it shared a matrilineal ancestor with all allotetraploid 
species of Cyprininae (Fig. 1E and data S1_8). The analysis identi-
fied 1274 homoeologous gene pairs of goldfish. Mapping these 
homoeologous gene pairs onto the 50 pseudochromosomes identi-
fied matrilineal (M) and patrilineal (P) subgenomes, with an average 
support rate of 95.34% (Fig. 2B and table S1). To clarify the relation-
ship between each subgenome pair of goldfish and common carp 
(Hebao red carp) with subgenomes of A and B of Xu et al. (29), we 
first constructed the collinearity relationship between the two species. 
Analyses using MCScanX found that 9266 orthologous gene pairs 
had unambiguous one-to-one relationships between subgenome 
M (from goldfish) and subgenome B (from common carp), and 
6991 orthologous gene pairs had clear one-to-one relationships 
between subgenome P (from goldfish) and subgenome A (from 
common carp; Fig. 2B). The results showed a consistency of 74.58% 
between subgenomes M and B and 66.97% between the subgenomes 
P and A. This suggests that subgenomes M and B are from the 
matrilineal genome of the Cyprininae ancestor, while subgenomes 
P and A are patrilineal ones (Fig. 2B and data S2_12, 13).

The ancient WGD within Cyprininae was identified via phyloge-
netic analyses of genome-wide markers, which integrated subgenomes 
M and P. Analyses compared both subgenomes of goldfish, com-
mon carp, and golden-line barbel (Sinocyclocheilus grahami) to 
zebrafish and grass carp. A MCMCTree analysis in the Phylogenetic 
Analysis by Maximum Likelihood (PAML) package (v4.8) (30) with 
four calibration points suggested that the progenitor-like genomes 
diverged approximately 15.09 Ma ago (T1; Fig. 2C). Following 
allopolyploidization (T2), S. grahami originated about ~11 Ma ago 
(T3), followed by goldfish and common carp at ~9 Ma ago (T4). 
These dates were more recent than those (13.75 and 9.95 Ma ago, 
respectively) estimated by using 568 single-copy genes (Fig. 2, C and D, 
and fig. S1E). The new estimate (13.75 to 15.09 Ma) of timing for 
the Cyprininae WGD (T2; Fig. 2C) was earlier than those (10 to 
12 Ma ago) based on gene markers (19). The expansion and contrac-
tion of gene families were estimated to infer the evolutionary history 
after the Cyprininae-specific WGD event relative to the teleost-specific 

https://vertebrategenomesproject.org/
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Fig. 1. Workflow of genome assembly and subgenome identification. (A) Genome size and karyotype of goldfish. (a) Image of a gynogenetic goldfish (C. auratus var.). 
Photo credit: Shaojun Liu, Hunan Normal University, China. (b) Diagram of C value. The X axis presents the fluorescence index, and the Y axis presents the frequency of 
cells. Sample/calibration ratio equals the peak X value of the calibration sample divided by X value at the peak of the target sample. The first sharp peak with green dashed 
line displays the X axis and cell frequency of chicken blood, and the second one with red dashed line represents the X axis and cell frequencies of goldfish. C value of 
sample is sample/calibration ratio × calibration sample’s C value. (c) Goldfish have 100 chromosomes and 100 signals after the chromosomes are stained with DNA probe 
(probe A) [9468-bp fragment of 36 copies of a repetitive 263-bp fragment; adopted from Liu et al. (11)]. (B) Sequencing technologies for primary assembly. (C) Genome 
assembly, Hi-C cluster, and genetic map construction. Genome size assessment by k-mer analysis is performed by 40× Illumina paired-end reads after the primary assembly. 
Next, scaffolds are clustered into 50 pseudochromosomes by using Hi-C data obtained by chromosomes; the genetic map was constructed by using the data of Kuang et al. 
(27) (D) Annotation and chromosome-scale organization. Annotation of scaffolds was performed using a combination of ab initio prediction, transcript evidence gathered 
from RNA-seq of embryos and eight kinds of adult tissues (gonads, brain, liver, spleen, kidney, eye, epithelium, and fin), and homologous genes information from five 
fish genomes, by using EVidence Modeler (EVM). Final set of 50 pseudochromosomes was generated after pairwise validation among Hi-C clustering results, genetic map, 
and collinearity analyses. (E) Subgenome identification. After extracting the homologous genes of goldfish and other species, the species tree is constructed by using 
single-copy genes from 10 genomes. Gene trees were constructed by defining homologous gene clusters using whole-genome sequences/transcripts from 10 cyprinid 
species of Cyprininae (C. auratus, Cyprinus carpio), Labeoninae (Labeo rohita), Poropuntiinae (Poropuntius huangchuchieni), Schizothoracinae (Schizothorax oconnori, 
Schizothorax waltoni, Schizothorax macropogon, and Schizothorax kozlovi), Danio rerio, and Ctenopharyngodon idellus. After comparing the species tree and nucleic gene 
trees, the matrilineal (clustered with Schizothorax) and patrilineal markers from the gene trees were labeled back to 25 pairs of pseudochromosomes. The origin of pseudo-
chromosomes was identified by most of the supported markers.
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WGD event in zebrafish and grass carp (fig. S1, F and G, and data 
S2_14). Within 4453 expanded gene families, there were 313 tran-
scription factors, indicating a significant abundance (P < 0.01, Fisher’s 
exact test). Most of them were known to be involved in embryonic 
development, especially organogenesis during differentiation of 
germinal layers (fig. S1H).

Evolution of subgenomes in Cyprininae
Evolution of subgenomes has been reported in allopolyploid angio-
sperms (8, 10) and vertebrates (9). They typically showed conserva-
tion of one progenitor-like genome and diversification of the other 
by large structural variation in collinearities compared to the ances-
tral genome. In contrast, comparison of allotetraploid goldfish 
annotated genes, repeats, and noncoding RNAs (ncRNAs) showed 
approximately equal representations between the two subgenomes. 
Approximately 1.5 Gb of chromosome-scale sequences were parti-
tioned into subgenomes M and P, which was consistent with the 
number of genes in M (20,913, 52.07%) and P (19,248, 47.83%). The 
proportions of repeat sequences and ncRNAs were also similar 
between the two subgenomes (data S3_1). Thus, the two subgenomes 
had similar gene densities and distributions in most chromosomes, 
except for significantly higher densities in three M (chr1, chr20, and 
chr43) and one P (chr27) chromosomes (P < 0.05, two-tailed paired 
t test; data S3_2). The two subgenomes also contributed similar pro-
portions of all TE families with annotation against public database 
(fig. S2, A and B, and data S3_3). Further, the comparison between 
two subgenomes of common carp in genomic contents showed 
nearly equal representations between subgenomes B and A (29).

To further investigate the evolution of two subgenomes after 
allopolyploidization in carp-like fishes, we compared subgenomes 
M and P of goldfish and subgenomes B and A of common carp with 
zebrafish to define the changes in synteny and genomic divergence. 
To integrate the collinearities between goldfish and common carp, 

we aligned 43,144 high-confidence gene models to 50 goldfish and 
the 25 zebrafish chromosomes. The results indicated that 12,450 genes 
of subgenome M and 11,042 genes of subgenome P were located on 
syntenic blocks (P = 1.09 × 10−5), and 7568 orthologous gene pairs 
had a clear two-to-one relationships to zebrafish (Fig. 3A and fig. S3). 
Collinearities between homologous goldfish M and common carp B 
chromosomes identified 15.12% inversions and 10.30% trans-
locations, and the ones between goldfish P and common carp A 
chromosomes showed 22.29% inversions and 10.74% translocations, 
which indicated more rearrangement in the patrilineal subgenomes 
(data S2_12). We also validated the boundaries of all rearranged re-
gions identified by both collinearities against goldfish from Chen et al. 
(26) and common carp; 69.01% of regions on subgenome M and 
67.64% on subgenome P were assembled continuously in our 
genome by sequencing data (data S3_4). With respect to GC (guanine-
cytosine) content and repeat densities, we used a sliding window of 
50 kb for comparative analysis. We found that the patrilineal subgenomes 
P and A had greater GC content than matrilineal subgenomes M and 
B (Fig. 3B, a, and data S3_5), indicating subgenome-specific variation 
in these two species. However, the distributions of repeat densities 
yielded an opposite pattern; more repeats occurred in subgenome P 
than M in the goldfish, and in the common carp, more repeats were 
in B than in A. These differences may have owed to species divergence 
(Fig. 3B, b, and data S3_5). The distributions of GC content and 
repeat density might contribute to different kinds of divergence 
(data S3_5). In addition, we obtained 28 and 16 specific blocks with 
significantly biased repeat densities between subgenomes in gold-
fish and common carp, respectively, and labeled those potential 
sources of divergence between the two species on each chromosome 
(P < 0.05, Wilcoxon rank sum test; Fig. 3A, fig. S3, and data S3_6).

Most genes (>88%) were retained in both subgenomes, and the 
distribution of consecutive (more than two contiguous genes) re-
tentions of syntenic blocks was not biased between them (P > 0.05; 

Table 1. The statistics of assembly from three versions of goldfish in this paper, goldfish by Chen et al. (26), and common carp by Xu et al. (29).  
NGS, next-generation sequencing; LG, linkage group. 

V. 1 V. 2 V. 3 Goldfish Chen et al. 2019 Hebao red carp
Xu et al. 2019

NGS PacBio + optical map PacBio + optical 
map + Hi-C PacBio Whole-genome 

shotgun

Total contig size (Gb) 1.22 1.54 1.49 1.85 1.41

Contig no. 636,670 6,144 4,433 8,463 355,804

Longest contig (bp) 74,023 7,661,673 7,650,526 – 207,110

Contig N50 (Mb) 0.004 1.11 1.16 0.82 0.02

Contig L50 – 375 353 513 19,142

Total scaffold size (Gb) 1.46 1.64 1.59 1.82 1.46

Scaffold/chr no. 358,782 5,477 50 6,216 262,449

Longest scaffold (kb) 5,762 11,070 65,905 – 6,571

Scaffold N50 (Mb) 0.46 2.94 34.79 – 0.92

Scaffold L50 – 160 18 – 393

Scaffold N90 (kb) 1.24 96.06 24,821.24 – 22.24

Scaffold L90 – 1,452 40 – 3,290

Anchor ratio on chr/LG – – 97%/65% 66% 82%

Gap length on chr/LG (Mb) – – 90 0.22 43
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Fig. 3C and fig. S2C). The tracing of the gene loss by deletion showed 
1737/2727/1677 M/P/shared losses in goldfish and indicated that 
subgenome P experienced more small-scale deletions of genes 
(11.53% of 23,652) than subgenome M (7.14% of 24,327; P < 0.01). 
In common carp, 1009/1409/1574 B/A/shared losses indicated more 
small-scale deletions in subgenome A (6.98% of 20,172) than B 
(4.81% of 20,977). Subgenome P tended to lose more genes related 
to pathways of amino acid metabolism, oxidative phosphorylation, 
base repair, and homologous recombination (fig. S2C and data S4_1) 

than subgenome M. Genes lost across all subgenomes occurred in 
no more than two consecutive genes in all syntenic blocks of zebrafish 
(data S3_7). Analyses identified fewer pseudogenes in subgenome 
M (2.90%, 705/24,327) than P (4.33%, 1023/23,652; P < 0.01) and 
also fewer pseudogenes in B (2.33%, 486/20,815) than A (3.86%, 
754/19,509).

According to the dating of pseudogene formation, pseudogenes 
accumulated continuously in both goldfish and common carp (Fig. 3D). 
In goldfish, pseudogenes formed asymmetrically and continuously 
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between our assembly and the goldfish genome published by Chen et al. (26). The syntenic block between two assemblies was identified with an inversion event (a), in 
which the rearranged boundary on our genome was continuously covered by the long reads of the optical map (b), and supported by the strong clustering signal from 
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synteny. Blocks represent the genomic overview of assembled chromosomes of subgenome M and subgenome P from goldfish and subgenome B and subgenome A 
from common carp (Hebao red carp) (29). Colored lines indicate the orthologous sites of gene blocks and their colinear relationships between subgenomes M and B and 
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between goldfish and common carp was dated at 10.0 Ma ago (T4). Orange and blue branches indicate the putative M and P progenitors, respectively. Photo credit: 
Goldfish and common carp by Shaojun Liu, Hunan Normal University, China; golden-line barbel and grass carp from FishBase; zebrafish from Wikimedia. (D) Phylogenetic 
tree based on protein-coding genes from single-copy orthologs, rooted with human and chicken. Alignments were performed by MUSCLE, and the maximum likelihood 
tree was reconstructed by PhyML.
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after allotetraploidization, while in common carp, both subgenomes 
experienced the accelerated accumulation of pseudogenes after 
allotetraploidization (Fig. 3D, a and b). To test whether the func-
tional loss continued after the divergence between the two species, 

we grouped the pseudogenization events into the one shared by two 
species, either MB or PA, and the other occurred specifically in each 
subgenome. Subgenomes M and B shared 79 pseudogenes, while 
P and A shared 156. These shared pseudogenes in the patrilineal 
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subgenomes of goldfish and common carp were involved in path-
ways of base excision repair and homologous recombination (data 
S4_2). We found 626/867/407/598 pseudogenes specific to M/P/
B/A subgenomes, respectively, which suggested that more gene loss 
events occurred independently in each subgenome than the ones 
they shared. The dating of pseudogenes specific to each subgenome 
showed the same distributions after the divergence of both species: 
continuous accumulations in goldfish (Fig. 3D, c) and accelerated 
accumulation of pseudogenes in common carp (Fig. 3D, d). Notably, 
the pseudogenes specific to subgenome P were also predicted to be 
involved in DNA repair and homologous recombination (data S4_3). 
Together, these analyses supported a bias in gene loss between gold-
fish and common carp.

Nonsynonymous mutation (Ka) values, synonymous mutations 
(Ks) values, and the ratios of these values (Ka/Ks) between the two 
subgenomes were compared against the reference genomes of zebrafish 
and grass carp to identify alterations in evolutionary rates. In goldfish, 
all homoeologs in subgenome M (zebrafish median Ka/Ks = 0.12; grass 
carp = 0.18) had a significantly lower Ka/Ks ratio than those in 
subgenome P (median Ka/Ks = 0.13 and 0.19; P < 0.01 for both, 
Wilcoxon rank sum test; Fig. 3E), while single-copy genes and all 
genes showed no significant bias between the two subgenomes 
(P > 0.05; data S3_8, 9). In common carp, both homoeologous and 
all genes in subgenome B had significantly lower Ka/Ks ratio than in 
subgenome A (P < 0.01), while single-copy genes showed no signif-
icant bias between the two subgenomes (P > 0.05; data S3_8, 9). Ka 
and Ks values and Ka/Ks ratios in syntenic blocks indicated that no 
significant correlation existed with structural changes (fig. S2, D to F). 
The distributions of Ka/Ks ratios between each paired M and P, or 
paired B and A, chromosomes also showed no difference (fig. S2G); 
only three syntenic blocks showed a significant biased Ka/Ks ratio 
between subgenomes M and P, while only seven syntenic blocks were 
biased significantly between subgenomes B and A (P < 0.05, Wilcoxon 
rank sum test). These results indicated species-specific gene fates. 
Signatures for positive selection occurred in 128 homoeologous 
genes in goldfish, symmetrically including 0.31% (65/20,913) of genes 
in M and 0.33% (63/19,248) in P. Statistical comparisons of both 
overall and pairwise homoeologous chromosomes detected signifi-
cant differences between matrilineal and patrilineal subgenomes, as 
well as species-specific changes.

Expression changes of homoeologs
More species-specific alterations occurred between parental genomes 
than asymmetrical changes. This might had led to the diversities of 
expression in homoeologous gene pairs. To test for this, we com-
pared transcriptome changes between the subgenomes in six adult 
tissues and 15 developmental stages using the homoeologous genes 
that were confirmed with high correlations between biological 
duplicates and among developmental stages (fig. S4, data S1_9, and 
data S3_10, 11). In goldfish, expressions of homoeologous gene 
pairs did not show a bias between the homoeologs among all six 
adult tissues or at eight developmental stages. This pattern held 
except in seven specific stages around the reprogramming of em-
bryogenesis (31, 32), where M subgenomic homoeologs were ex-
pressed 4.8% higher than the P ones (Fig. 4, A and B). In common 
carp, expression of homoeologous gene pairs showed B-biased 
expression in five stages around the reprogramming of embryogen-
esis, one stage in pharyngula period, and two stages in hatching 
period (Fig. 4C).

In goldfish, the number of differentially expressed homoeologs 
differed among developmental stages (fig. S5), and their expression 
levels exhibited spatial and temporal variation throughout develop-
ment. Expression of 9090 homoeologous gene pairs showed three 
patterns. First, most gene pairs (68.46%, 6223/9090) displayed an 
expression bias toward either M (39.69%, 3608) or P (28.77%, 2615) 
homoeologs (Fig. 4D and Table 2). Second, expression shifted 
between two homoeologs (18.09%, 1644/9090) during different 
developmental stages (Fig. 4E and Table 2). Among them, 11.88% 
(1080) displayed a shift after the reprogramming of embryogenesis, 
while 184 genes shifted more than once through various develop-
mental stages. Third, 13.45% of homoeologs (1223/9090) were 
expressed equally throughout all developmental stages. Approxi-
mately 39.69% homoeologous pairs displayed biased expression 
toward the M homoeologs throughout all development stages with 
a slightly higher expression levels in stages around germ ring, while 
18.09% homoeologous gene pairs were equally expressed. These 
trends were consistent with those in the common carp using the 
same analysis with 4241 homoeologous pairs (Fig. 4, F and G, and 
Table 2). The expression-bias shift of both M/B and P/A genes 
occurred most frequently in the germ ring of the gastrula stage, 
which is crucial for germ-layer development in both goldfish (395 
shifts) and common carp (117 shifts; data S3_12).

In goldfish, Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analyses found overrepresentation of the M- and P-preferentially 
expressed genes of goldfish in 91 pathways (data S4_4, 5) and of 
expression-bias shifted genes in 61 pathways (data S4_6). Most of 
these preferentially expressed homoeologs shared enrichment 
of 13 pathways, while some M- and P-preferred genes were over-
represented in DNA replication and repair and in spliceosome 
and phototransduction, respectively. The results indicated that homoeolo-
gous genes from both subgenomes contributed similarly to biologi-
cal pathways (fig. S6, A to D).

DNA methylation and correlation to expression
DNA methylation could have occurred during polyploidization, 
and the methylation-associated genes could have been inherited as 
epialleles (33). In goldfish, the subgenomes had indistinguishable 
levels of DNA methylation (difference less than 20%) in both gene 
body and promotor regions (fig. S7) in brain and liver tissues and 
among 12 developmental stages (Fig. 4, H and I, and data S1_10). A 
high level of DNA methylation in early stages of embryos was 
inherited from the sperm rather than eggs and decreased over time 
during development (fig. S7, A and B). Expression levels of homoeolo-
gous gene pairs correlated negatively with DNA methylation pat-
terns, especially in the proximal promotor regions (figs. S7, C and 
D, and S8). Thus, DNA methylation may have played a role in the 
regulation of homoeologous gene expression. Analyses of co-DNA 
methylation by weighted gene coexpression network analyses (WGCNA) 
(34) identified 182 homoeologs (12.5%, 182/1454), with the DNA 
methylation–level shifts between M and P homoeologs correspond-
ing to their expression shifts but with no significant difference in 
either promoter or gene body regions among embryos of 12 time 
points (P > 0.05, Fisher’s exact test; fig. S7, E and F, and data S3_13).

DISCUSSION AND CONCLUSION
Polyploid vertebrates such as goldfish and common carp might have 
experienced chaotic changes in their early stages of polyploidization 
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(15 Ma ago), as reported in newly formed allopolyploid fishes (11) 
and in other newly synthesized polyploid plants (7, 12, 13). Our 
analyses of goldfish and common carp indicate similarities and dif-
ferences in structural change. Significant bias (P < 0.05, Wilcoxon 
rank sum test) occurs in Ka/Ks ratios in homoeologous gene pairs 
between subgenomes M and P in the goldfish (M < P), and yet no 
significant bias occurs in Ka/Ks in single-copy genes. This suggests 
that the goldfish genome was prone to retain functionally constrained 

genes after its WGD (35). Specifically, the goldfish genome usually 
retains only one copy of homologous DNA repair–related genes, 
which is consistent with the pattern in plants (36). Further, goldfish 
subgenome P continues to lose these genes via pseudogenization, 
yet this does not occur in common carp subgenome A, suggesting 
variable strategies in different species. This provides functional 
flexibility for both subgenomes during evolution and adaptation. 
Likewise, biases in post-polyploidization gene loss have been studied 
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Fig. 4. Spatiotemporal expression patterns of homoeologous gene pairs and DNA methylation levels. (A) Boxplot of log10(TPMM/TPMP) for homoeologous gene 
pairs showing medians in six adult tissues of goldfish. Red dashed line shows the equal ratio of log10(1). All adult tissues show no bias of expression between genes stemming 
from the subgenome M or P. (B) Boxplot of log10 [(TPMM + 0.1)/(TPMP + 0.1)] for homoeologous gene pairs showing medians in 15 developmental stages of goldfish [16 cell, 
32 cell, 64 cell, 128 cell, 1000 cell; 8, 12, 16, 18, 24, 30, 46, 64, 71, and 84 hours post-fertilization (hpf)]. Red dash shows the equal ratio of log10(1). Time points from 64-cell 
to 22-somite stages biased expression of M homoeologs, which average 4.8% more than P genes within homoeologous gene pairs; early embryos (16- and 32-cell 
stages), pharyngula, and hatching period embryos show no bias of expression. (C) Boxplot of log10 [(TPMB + 0.1)/(TPMA + 0.1)] for homoeologous gene pairs from common 
carp shows medians in zygotically controlled developmental time points. Red dashed line shows equal ratios of log10(1). Time points from 32-cell to germ ring, 25% otic 
vesicle closure (OVC), long pec, and pec fin stages indicate biased B-homoeolog expression; other stages show no expression bias. (D) Expression patterns of 9090 
homoeologous gene pairs from goldfish where the trend displays expression of either biased toward M or P homoeologs (EBM or EBP; 6223 genes in total, 68.46%) when 
gene pairs are coexpressed in at least one development stage. (E) Expression trend of 9090 homoeologous gene pairs from goldfish displaying an expression shift 
between two homoeologs (ES; 1644 genes in total, 18.09%) where one copy is expressed higher than the other at earlier time points, then the other copy surpasses it in 
later development stages. (F) Expression patterns of 4241 homoeologous gene pairs from common carp where the pattern displays either biased B- or A-homoeolog 
expression (2811 gene in total, 66.28%) when homoeologous gene pairs coexpressed in at least one development stage. (G) Expression patterns of 4241 homoeologous 
gene pairs that indicate expressional shift between two homoeologous gene pairs (414 gene in total, 9.76%); one homoeologous gene copy expressed higher than the 
other at an earlier time point, then the other copy surpasses it later in development. Patterns include two groups: genes (185, 4.36%) with ES before germ ring stage and 
genes (229, 5.40%) with ES post-germ ring stage, which accounts for most genes. Among the ES genes, 32 (0.75%) have more than two time shifts. (H) Comparison of DNA 
methylation levels between the two subgenomes in brain and liver tissues. (I) Comparison of DNA methylation levels between the two subgenomes in embryos of 
12 developmental stages.
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in plants (37, 38), and more work is necessary to elucidate this both 
in plants and animals. Our analyses reveal that short fragment loss 
only involved one or two consecutive genes of subgenomes M and 
P; this differs from flowering plants and African clawed frog, which 
have lost more and longer fragments (9, 10, 38). Considering gene 
expression, a few surviving animals could have evolved a balanced 
strategy to maintain genome stability. This would limit structural 
changes and genomic diversification by reprogramming homoeologous 
gene expression during embryonic development, which is critical for 
survival in both natural and controlled environments. Cyprinines 
can serve as models for investigating the evolution of vertebrate 
polyploidization, and they may explain why polyploidization events 
are far less common in animals than in plants. The dosage balance 
hypothesis is an attractive explanation for the patterns of post-
polyploidization gene retention and loss (39), and future functional 
work is necessary to completely paint the picture.

MATERIALS AND METHODS
Sequencing and assembly
Three gynogenetic goldfish from the same inbred line were collected to 
extract genomic DNA (data S1). DNA from one fish was used in 
whole-genome sequencing by Illumina and SMRT (Pacific Biosciences) 
sequencing platforms. We used wtdbg (v1.1.006) (40) to assemble the 
long reads and polished the resulting contigs with short reads. 
Another goldfish was sampled for optical mapping (BioNano Genomics 
Irys) and Hi-C library construction, which produced chromosome-
level scaffolds. For the RNA-seq, eight adult tissues were sampled 
from one male and one female goldfish. Two groups of mature eggs 
and embryos were taken from 15 developmental stages of goldfish 
[16 cell, 32 cell, 64 cell, 128 cell, 1000 cell, 8 hours post-fertilization 
(hpf), 12 hpf, 16 hpf, 18 hpf, 24 hpf, 30 hpf, 46 hpf, 64 hpf, 71 hpf, 
and 84 hpf] and 14 developmental stages of common carp for RNA-seq. 
Further, brain and liver tissues and embryos from 12 developmental 
stages of goldfish were sampled for whole-genome bisulfite sequencing 
(WGBS). All experiments were approved by Animal Care Committee 
of Hunan Normal University (2014278) and followed guidelines of the 
Administration of Affairs Concerning Experimental Animals of China.

Chromosome-scale organization
On the basis of the scaffolds linked by the Irys optical map, 50 pseudo
chromosomes were clustered with the Hi-C data. Next, a genetic 
map of goldfish based on genotyping was constructed by adopting 

the pooling-sequenced transcriptomic data of Kuang et al. (27), 
which were based on an inbred line of two parents and 79 F2 indi-
viduals. Subsequently, the two-to-one colinear relationships be-
tween goldfish and zebrafish were identified by using MCScanX 
(41). Last, 25 homologous chromosome pairs were generated after 
pairwise validation among Hi-C clustering results, genetic map, 
and collinearity analyses.

Annotation of gene structures and functions
Protein-coding genes were annotated using a combination of ab 
initio prediction, transcript evidence gathered from RNA-seq of 
embryos and 16 adult tissues (ovary/testis, brain, liver, spleen, kidney, 
eye, epithelium, and fin for both female and male), and homologous 
genes prediction from five fish genomes (Ctenopharyngoden idellus, 
Danio rerio, Gasterosteus aculeatus, Tetraodon nigroviridi, and 
Sinocyclocheilus anshuiensis), with EVidence Modeler (v1.1.1). Func-
tional annotations mainly included the following methods: (i) searching 
against known sequence data (Swiss-Prot/Gene Ontology) by BLASTP 
with E value at 1 × 10−5 and online comparison against the KEGG 
database by KEGG Automatic Annotation Server (KAAS) and (ii) 
InterProScan (v5.21-60.0) predicted conservative motifs and domains.

Identification of subgenome
OrthoMCL (42) was used to cluster gene families for zebrafish, grass 
carp, golden-line barbel, common carp, goldfish, and species of 
Schizothorax. PhyML (v3.1) (43) was then used to build the phylo-
genetic trees for each gene family. A species tree was also constructed 
by using single-copy genes from the above 10 genomes. In the to-
pology of gene trees, homoeologs located in the same clade with 
Schizothorax were considered to be M markers, while the remaining 
P copies constituted the hypothetical P species. The M/P markers 
were labeled back to 25 pairs of pseudochromosomes. The origins 
of pseudochromosomes were thereby identified by most of the M/P 
markers.

Times of speciation and progenitors’ divergence were estimated 
by the divergence time using MCMCTree in the PAML package 
(v4.8) (30). The general time reversible (GTR) nucleotide substitu-
tion model was used with a relaxed clock analysis. The multiple 
calibration points based on literature and fossil records were listed 
in detail in Supplementary Methods and Analysis 5. We used the 
divergence time of putative M and P progenitors in Cyprininae, and 
synonymous substitution levels between putative maternal and pa-
ternal homoeologs in goldfish, common carp, and S. grahami, 

Table 2. The numbers and ratios of homoeologous gene pairs with each expression patterns in common carp. EBM, expression bias toward matrilineal  
(M and B) homoeologs; EBP, expression bias toward patrilineal (P and A) homoeologs; ES, expression shift between two homoeologs. 

Goldfish Common carp

EBM EBP EBM EBP
Trend 1

N % N % N % N %

3608 39.69 2615 28.77 1522 35.89 1289 30.39

Trend 2 N % N %

  ES total no. 1644 18.09 414 9.76

  Group 1:
ES before germ ring stage 564 6.20 185 4.36

  Group 2:
ES after germ ring stage 1080 11.88 229 5.40
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respectively, to estimate an absolute substitution rate. The Ks values 
were measured with the method as implemented by using the yn00 
program in PAML (v4.8) (30).

Deletions and pseudogenes
Putative gene-loss events were traced from the syntenic blocks 
between zebrafish and the two subgenomes of goldfish. In the triples 
of consecutive genes within syntenic blocks from the zebrafish 
genome and two goldfish subgenomes, missing genes were consid-
ered as deletions or pseudogenes. Sequences of potential missing 
genes were confirmed with The BLAST-Like Alignment Tool (BLAT) 
alignment and mapping coverage of Illumina short reads. Deletions 
had little support, and pseudogenes contained various defects in-
cluding premature stop codons, frameshifts, disrupted splicing, 
and/or partial coding deletions. More details were provided in 
Supplementary Methods and Analysis 6.

Gene expression
RNA-seq data of six adult tissues, mature eggs, and all embryos with 
two biological duplicates were mapped to reference genome using 
Tophat (v2.1.1) (44). Gene expressions in each sample were estimated 
by RSEM (v1.2.19) (45) and quantified as values of transcripts per 
million (TPM). Gene expressions with TPM > 0.5 were considered 
to be detectable. Then, we analyzed expression variation among 
homoeologous genes in 15 developmental stages by developing 
coexpression networks with WGCNA (v1.63) (34), following the 
workflow of Session et al. (9).

Analysis of DNA methylation
We analyzed DNA methylation level of brain and liver tissues from 
WGBS data using Bismark (v0.19.0) (46) with three steps. More details 
about the methylation differences in functional elements between two 
subgenomes are provided in Supplementary Methods and Analysis 8.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/22/eaaz7677/DC1

View/request a protocol for this paper from Bio-protocol.
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