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SUMMARY

Although domesticated goldfish strains exhibit highly diversified phenotypes in morphology, the genetic ba-
sis underlying these phenotypes is poorly understood. Here, based on analysis of transposable elements in
the allotetraploid goldfish genome, we found that its two subgenomes have evolved asymmetrically since a
whole-genome duplication event in the ancestor of goldfish and common carp. We conducted whole-
genome sequencing of 27 domesticated goldfish strains and wild goldfish. We identified more than 60 million
genetic variations and established a population genetic structure of major goldfish strains. Genome-wide as-
sociation studies and analysis of strain-specific variants revealed genetic loci associated with several gold-
fish phenotypes, including dorsal fin loss, long-tail, telescope-eye, albinism, and heart-shaped tail. Our re-
sults suggest that accumulated mutations in the asymmetrically evolved subgenomes led to generation of
diverse phenotypes in the goldfish domestication history. This study is a key resource for understanding

the genetic basis of phenotypic diversity among goldfish strains.

INTRODUCTION

Goldfish (Carassius auratus), which belong to the family Cyprini-
dae, are a species that is closely related to the silver crucian
carp; it was domesticated from wild goldfish during the Chinese
Song dynasty (960-1279) [1]. Mitochondrial DNA analysis sug-
gests that the domesticated goldfish was derived from a Chinese
lineage of wild goldfish distinct from other C. auratus sublineages
[2—4]. During the 1,000-year breeding history of goldfish strains,
a wide variety of coloration and body, fin, eye, hood, and scale
morphologies of the strains were established, mainly in East
Asia. This wide variety of goldfish strains has long fascinated
many researchers [1, 5, 6]. Charles Darwin was also interested
in goldfish phenotypes and described the morphological fea-
tures observed in goldfish strains [7]. Currently, at least 180 var-
iants and 70 genetically established strains are produced and
maintained all over the world [8]. Many goldfish strains display

characteristic phenotypes in hoods (epidermal thickening
around the head), narial bouquets (hypertrophy of nasal septa),
and caudal fins that have not been observed among mutant
strains in other teleost models, including zebrafish and medaka
[9], which indicates the unique mechanisms generating diverse
phenotypes in goldfish. Furthermore, several goldfish strains
display phenotypes similar to those of human diseases,
including congenital glaucoma, skeletal abnormalities, and albi-
nism [9]. Therefore, analyzing goldfish strains may lead to eluci-
dation of the molecular mechanisms underlying vertebrate
morphogenesis and certain human diseases.

Whole-genome duplication (WGD) is a doubling of the entire
genome during the evolution of certain lineages and is hypothe-
sized to provide a large amount of raw material for diversification
and evolutionary innovations after generation of ohnologs (a pair
of genes originating from WGD) [10]. Vertebrates are thought
to have experienced two rounds (1R and 2R) of WGD
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approximately 530-560 million years ago [11, 12]. In addition, a
teleost-specific third-round WGD (Ts3R) occurred in a common
ancestor of teleost fish approximately 320-350 million years ago
[13-15]. The common ancestor of goldfish and common carp un-
derwent a fourth round of WGD (Cs4R, carp-specific WGD)
approximately 8-14 million years ago [9, 16-19]. Cs4R was sug-
gested to be an allotetraploidization event, which is doubling of a
complete set of chromosomes following interspecific hybridiza-
tion of diploid progenitors (2n = 50) [20]. It has been reported, for
certain allopolyploid plant species, that the two subgenomes
have evolved asymmetrically after the WGD event [21, 22]. One
of the two subgenomes is often preserved to stay more similar
to the ancestral state, whereas the other experiences more chro-
mosomal rearrangement, gene loss, and changes in levels of
gene expression [23, 24]. Asymmetric subgenome evolution
contributes to the phenotypic diversity of domesticated plants
[21, 22, 25, 26]. In vertebrates, asymmetric subgenome evolution
has also been observed in the genome of Xenopus laevis [23] and
common carp (Cyprinus carpio) [27]. However, whether asym-
metric subgenome evolution can contribute to genetic and
phenotypic diversity in allopolyploid vertebrates remains un-
clear. Domesticated goldfish strains are an ideal model to clarify
this issue because of their wide phenotypic diversity in
morphology, revealing the phenotypic potential of an allopoly-
ploid vertebrate under domestication.

Recently, we established a high-quality goldfish genome
sequence using long-read sequencing technology [19]. Because
of the relative evolutionary proximity of goldfish to the commonly
used model organism zebrafish, comparative genome analysis is
relatively easy between these species. It is also possible to
examine goldfish gene functions in zebrafish models. This refer-
ence genome sequence provides a means to study the popula-
tion genetic structure and molecular evolution of goldfish after
Cs4R. In the current study, to clarify the relationship between
subgenome evolution and phenotypic diversity of goldfish
strains, we conducted whole-genome sequencing of goldfish
strains displaying a wide variation in morphology and coloration.
To the best of our knowledge, this is the first study to report the
association between asymmetric subgenome evolution and
phenotypic diversity in vertebrates.

RESULTS

Asymmetric Evolution of the Two Subgenomes

Cs4R has been suggested to be an allotetraploidization event
based on cytological studies; elucidation of the subgenome
structure is essential to determine whether Cs4R was an allote-
traploidization or auto-tetraploidization event (doubling of a
complete set of own chromosomes following polyploidization
of a diploid progenitor species) [20]. In the previous study, 25 ho-
meologous chromosome pairs were identified in the goldfish
genome, but it was not partitioned into two homeologous subge-
nomes [19]. In the allotetraploid frog X. /aevis, the transposable
elements (TEs) specific to each progenitor have been reported
to mark the descendent subgenomes [23]. Because the goldfish
reference genome is assembled using long-read sequencing
technology and is highly continuous [19], we adopted TE analysis
to separate the goldfish reference genome into two homeolo-
gous subgenomes. We first defined the subgenome-biased
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index (SBI) as follows (Figure S1A). For each homeologous chro-
mosome pair, the absolute value of the difference in the number
of a given TE between two homeologous chromosomes was
calculated. Then the sum of these values was divided by the total
number of the given TE. The SBI takes a value from Oto 1, and a
value close to 1 indicates that the TE is expected to show subge-
nome-biased distribution. We calculated SBI values for 2,114
types of TEs and identified 22 types of TEs with subgenome-
biased distributions (Figures S1B and S1C; Data S1A). Accord-
ing to the distribution of these 22 types of TEs on the 50 goldfish
chromosomes, we partitioned the goldfish chromosomes into
two subgenomes: L (relatively long) and S (relatively short) (Fig-
ures 1A, S1D, and S1E). The L chromosomes were, on average,
5.2 + 3.4 Mb longer than the S chromosomes in the reference
sequence (p = 0.003916, paired two-sided Student’s t test).
Twenty types of TEs, including hAT-N91 and Tc1-1, were almost
exclusively located in chromosomes of the L subgenome (Fig-
ures 1A and S1D). In contrast, the other two types of TEs, Mari-
ner-12 and Mariner-N17, were almost exclusively located in
chromosomes of the S subgenome (Figures 1A and S1D). Our
phylogenetic analysis revealed that these 22 types of TEs ex-
hibited extensive sequence divergence, suggesting that these
TEs are relicts of ancient TEs (Figures S1F-S1L). We calculated
the ratio of the nonsynonymous substitution rate per nonsynon-
ymous site (dN) to the synonymous substitution rate per synon-
ymous site (dS) between zebrafish orthologs and goldfish ohno-
log pairs (Figures 1A, S2A, and S2B). The median dN/dS in the S
subgenome was significantly larger than that in the L subge-
nome. We also noted that gene loss and gene disruption were
more common in the S subgenome than in the L subgenome
(Figures S2C-S2F). Furthermore, genes located in the L subge-
nome tended to have higher expression levels in brain, eye,
heart, muscle, bone, gill, and tail fin tissues than those located
in the S subgenome (Figure S2G). These results suggest that
Cs4R was an allotetraploidization event, that the L and S subge-
nomes evolved asymmetrically, and that the L subgenome is the
dominant subgenome, which is more often preserved more
similar to the ancestral state [26, 28].

Recently, it has been reported that the common carp has two
subgenomes: subgenomes A and B [27]. Because the common
ancestor of goldfish and common carp underwent Cs4R, we
compared the genomes of these two species. The protein cod-
ing sequences of 5,404 ohnolog pairs in goldfish and those of
8,291 ohnolog pairs in common carp were compared, and recip-
rocal best hits were identified. We found that most genes on the
L chromosomes in goldfish were exclusively mapped to the B
chromosomes in common carp (Figure S2H). Similarly, most
genes on the S chromosomes in goldfish were exclusively map-
ped to the A chromosomes in common carp. A goldfish L subge-
nome marker, hAT-N91, showed highly biased distributions to B
chromosomes in the common carp genome (Figure S2I, top
panel). Similarly, a goldfish S subgenome marker, Mariner-17,
is located biasedly in the A subgenome in the common carp
genome (Figure S2I, bottom panel). We found that singleton
genes were observed more frequently in the L subgenome
than in the S subgenome (Figure S2C). Similarly, it has been re-
ported that, in common carp, singleton genes were observed
more frequently in subgenome B, which is orthologous to the L
subgenome in goldfish [27]. To observe the differences in
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Figure 1. Asymmetric Subgenome Evolution
of Goldfish

(A) Top panel: division of the goldfish genome into
two subgenomes based on the biased distribution
of TEs. The goldfish genome was divided into two
subgenomes, the L subgenome (right half) and the
S subgenome (left half), based on the biased dis-
tributions of TEs such as Tc7-71 (outer track, red)
and Mariner-N17 (inner track, blue). Tc7-1 is almost
exclusively located in the L subgenome (right half).
Mariner-N17 is almost exclusively located in the S
subgenome (left half). The links represent 5,404
pairs of goldfish ohnologs. Bottom panel: the dN/
dS distribution of ohnologs in the L subgenome
(red) and the S subgenome (blue). We focused on
5,404 gene pairs located in goldfish LG1-LG50 and
zebrafish chromosomes 1-25. Each aligned ohno-
log gene was compared independently with its ze-
brafish ortholog, and the ratio of nonsynonymous
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0&“ °<§,°° synonymous substitution rate per synonymous site
\ﬁ" eﬁ\) (dS) was calculated. The greater the difference in

dN/dS, the more selection was relaxed on one gene
in the pair. The median of dN/dS of the S sub-
genome was significantly larger than that of the L
subgenome (p = 1.48 x 107“°, paired Wilcoxon
rank-sum test).

(B) SNV (left) and indel (right) frequencies in the L or S subgenome among the 27 goldfish strains. Both frequencies were significantly higher in the S subgenome

(blue) than in the L subgenome (red) (paired two-sided Student’s t test).
See also Figures S1 and S2 and Data S1.

ohnolog evolution after Cs4R between goldfish and common
carp, we investigated whether the common carp orthologs of
goldfish singletons exist as singletons or ohnologs and vice
versa. We found that 41% of goldfish singletons also exist as sin-
gletons in the common carp genome and that 59% of goldfish
singleton genes have two or more copies in the common carp
genome. Conversely, 64% of common carp singletons exist as
singletons in the goldfish genome, and 36% of common carp
singleton genes have two or more copies in the goldfish genome.

In the current study, we named duplicated genes after Cs4R
“gene L” or “gene S” according to the localized subgenome;
in addition, we distinguished genes that were duplicated after
Ts3R as “gene a” and “gene b.” For example, we named the
four paralogs of kcnk5 in the goldfish genome kcnkb5al., kenk5aS,
kenk5bL, and kenk5bS.

Whole-Genome Sequencing of Goldfish Strains

To clarify the genetic diversity, population structure, and phylo-
genetic relationships among goldfish strains and wild goldfish,
we chose strains displaying a large variety of phenotypes in
morphology, including body coloration (Figures S3A-S3Y;
Data S1B and S1C), and conducted whole-genome sequencing
of 48 individuals from 27 strains bred in Japan and a wild gold-
fish lineage (obtained from the Lake Kasumigaura and Lake Hi-
numa basins, C6 clade in Wang et al. [4]). We obtained 637 Gb
of sequence (Data S1D) and aligned sequence reads against
the goldfish reference genome [19]. We identified 63,347,761
variants across the 48 goldfish individuals (Data S1D and
S1E). To clarify whether the asymmetric genetic diversity be-
tween the two subgenomes is observed among the goldfish
strains, we investigated the single-nucleotide variant (SNV)

and insertion or deletion (indel) frequency of each subgenome
in the dataset containing 27 goldfish strains. Both frequencies
were significantly higher in the S than in the L subgenome
(0.553% in the L subgenome and 0.581% in the S subgenome
for SNVs; 0.189% in the L subgenome and 0.195% in the S
subgenome for indels) (Figure 1B), showing that there is asym-
metric genetic diversity between the two subgenomes in
domesticated goldfish strains.

Using these data, we analyzed the population structure of the
goldfish strains (Figures 2A-2D, S3Z, and S4A-S4E). In the
admixture analysis, we found that the cross-validation error
was lowest at the number of ancestries (K) = 3 (red, green, and
blue; Figures 2B and S3Z). Next we classified the 48 goldfish in-
dividuals into three groups according to the proportion of the in-
dividual’s genome from inferred ancestral populations at K = 3.
We named these groups to reflect the history of goldfish
breeding: China (blue), Ranchu (green), and Edo (red) (Figures
2A, 2B, and S3Z’; Data S1C). Consistent with the admixture anal-
ysis, principal-component analysis (PCA) also separated the in-
dividuals into three groups (Figures S4A-S4C). Furthermore, the
maximum-likelihood tree and the neighbor-joining tree of 48 in-
dividuals also supported this grouping (Figures 2C, S4D, and
S4E). To search the regions of reduced heterogeneity and poten-
tial fixation in different lineages, we calculated fixation index (Fst)
values in 40-kb windows sliding 10 kb at a time for the China,
Ranchu, and Edo groups. We identified 1,069 regions (total 90
Mb), 1,128 regions (total 110 Mbp), and 2,096 regions (total
236 Mb) with high Fst values for the China, Ranchu, and Edo
groups (Data S1F). For example, the regions from 7.1-8.3 Mb
on LG31, 12.1-12.2 Mb on LG15, and 15.3-16.8 Mb on LG19
showed high Fst values, respectively (Figures S4F-S4H). These
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Figure 2. The Genetic Population Structure of 27 Goldfish Strains and Wild Goldfish

(A) Overview of the goldfish phenotypes in the 27 goldfish strains analyzed in this study. The details of the phenotypes of the goldfish strains are presented in
Figures S3A-S3Q and Data S1B. The drawing shows a lateral view of a Bristol Shubunkin goldfish.

(B) Admixture analysis of the 48 goldfish individuals (K = 3). The x axis indicates the goldfish individuals, and the y axis indicates estimated ancestry proportions.
Based on this analysis, the 48 individuals were classified into three groups: Edo (n = 19, red), China (n = 19, blue), and Ranchu (n = 10, green).

(C) Maximum-likelihood tree of the analyzed goldfish individuals. The scale bar represents 0.05 substitutions per base pair. Only bootstrap values less than 95%

are shown.

(D) Images of the 27 goldfish strains and the wild goldfish analyzed in this study. The names of each strain and their associated numbers are shown in (B) and (C).

See also Figures S3 and S4 and Data S1.

regions are considered to be areas of reduced heterogeneity and
potential fixation among strains in each group. It is possible that
these include regions of reduced heterogeneity because of a
domestication bottleneck that was also observed in other
domesticated animals [29].

The genomic regions with a high degree of fixation in goldfish
strains may include genes that were positively selected during
the history of goldfish domestication [30, 31]. To identify such
loci, we calculated the Z-transformed pooled heterogeneity
(ZHp) in 40-kb windows sliding 10 kb at a time (Figures S4l and

4 Current Biology 30, 1-15, June 22, 2020

S4J). In this analysis, we identified reduced heterogeneity re-
gions containing 2,020 genes (Figure S4K; Data S1G). The
Gene Ontology (GO) analysis identified significantly enriched
GO terms for this gene set (Data S1H). Notably, the most en-
riched GO term was “negative regulation of signal transduction”
(GO: 0009968, 2.36-fold enrichment, false discovery rate [FDR]
value = 0.00248). We also identified the highly enriched GO
term “embryonic organ development” (GO: 0048568, 1.95-fold
enrichment, FDR value = 0.00829) for this gene group. These
enrichments of GO terms in lower ZH, regions may have
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Figure 3. Association of the Dorsal Fin Loss Phenotype with the Irp6S Locus on LG29

(A) A normal dorsal fin observed in common goldfish.

(B and C) The dorsal fin loss phenotype observed in Osaka Ranchu (B) and Celestial (C) goldfish.

(D) Alcian blue and alizarin red skeletal staining of common goldfish (left panel) and Albino Ranchu (right panel). The Albino Ranchu goldfish showed complete
ablation of the fin rays and endoskeletal elements of the dorsal fin (common goldfish, n = 10; Albino Ranchu, n = 10).

(E) In common goldfish, larvae develop the extended fin fold at 3 dpf stage (top panel). In Albino Ranchu embryos, most of the dorsal fin fold was lost (bottom
panel) (common goldfish, n = 30; Albino Ranchu, n = 30). The start position of the dorsal fin fold is indicated by arrowheads.

(legend continued on next page)
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undergone purifying selection for developmental genes because
of the genes’ key function in development.

Genome-wide Association Study of Goldfish Phenotypes
To identify genetic loci associated with phenotypes observed in
goldfish strains, we performed genome-wide association study
(GWAS) on seven representative goldfish phenotypes using the
variant genomic datasets identified in the current study (Data
S1l). The results revealed loci that were highly associated with
the twin-tail, dorsal fin loss, long-tail, and telescope-eye
phenotypes.

The Twin-Tail Phenotype

Many goldfish strains, including Ryukin, Oranda, and Telescope-
eye, possess a bifurcated caudal axial skeleton, presenting as
the twin-tail phenotype (Figures 2D; Data S1B). A mutation in
one of the chordin paralogs (chdS) has been reported to cause
the twin-tail phenotype in goldfish [32]. However, whether the
other chordin paralog (chdL), an ohnolog, contributes to the
twin-tail phenotype remains unknown. To test whether our
GWAS detected mutations in chdL and/or chdS, we conducted
GWAS using the data of 21 twin-tail strains as cases and seven
single-tail strains and wild goldfish as controls. Our GWAS of the
twin-tail phenotypes revealed the highest association between
the genomic variants on LG40 at base positions 19,923,396
and 19,923,744 and the twin-tail phenotype (p = 6.583 X
1079 (Figures S5A-S5C). Combined with a synteny analysis us-
ing zebrafish and medaka genome sequences, we identified the
chdS gene in this region. We observed no significant association
between the locus chdL on LG15 and the twin-tail phenotype,
indicating that chdL does not significantly contribute to the
twin-tail phenotype, at least in the strains tested. This analysis
showed that the mutation in chordin of twin-tail goldfish is on
the non-dominant S subgenome and that whole-genome
sequencing and GWAS analysis based on the subgenome struc-
tures are effective for identifying loci responsible for phenotypes
in goldfish strains.

The Dorsal Fin Loss Phenotype

Several goldfish strains, including the Ranchu group, exhibit a
dorsal fin loss phenotype (Figures 2D and 3A-3C). The mode
of inheritance of this phenotype is most likely recessive [33]. To
investigate the detailed skeletal structure of the dorsal fin, we
performed Alcian blue and alizarin red staining of common gold-
fish with a normal dorsal fin and of Albino Ranchu goldfish, which
displays the dorsal fin loss phenotype. Common goldfish (single-
tailed Red Wakin strain) retain the body form and fins of the wild
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goldfish; however, it has red coloration. We used common gold-
fish as the wild type for comparing phenotypes with other strains.
We observed complete loss of dorsal fin rays and endoskeletal
elements (distal and proximal radials) in Albino Ranchu goldfish
(Figure 3D). We also examined the dorsal fin fold formation at
the larval stage and found that most of the dorsal fin fold in Albino
Ranchu goldfish was lost 3 days post fertilization (dpf)
(Figure 3E).

To identify the loci associated with the dorsal fin loss pheno-
type, we conducted GWAS using eight strains, with the dorsal
fin loss phenotype as cases and the other 19 strains and wild
goldfish as controls. Our GWAS identified the highest associa-
tion between a genomic variant at LG29 position 6,731,343
and the dorsal fin loss phenotype (p = 4.893e x 1079 (Fig-
ure 3F). A 26-kb homozygous haplotype (6,728,745-6,755,075)
containing three genes in all eight goldfish strains with the dorsal
fin loss phenotype was identified around this position (Data S1J).
Within this 26-kb region, we identified an Wnt co-receptor Lrp6S
as a strong candidate responsible for the dorsal fin loss pheno-
type because Wnt signaling is essential for fin formation as well
as fin regeneration in teleost fish [34-36]. It has also been re-
ported that partial knockdown of Irp6 in Xenopus embryos af-
fects formation of the fin fold at the larval stage [37]. We searched
for mutations in Irp6S of goldfish with the dorsal fin loss pheno-
type and identified four amino acid substitutions; however, all of
them were conserved or semi-conserved in zebrafish or medaka
Irp6 orthologs (Figure S5D), suggesting that these Irp6S
missense mutations were unlikely to be causative mutations of
the dorsal fin loss phenotype. The fin fold of goldfish embryos
starts forming at the 25% otic vesicle closure (OVC) stage [38].
We analyzed the expression level of Irp6S at the 25% OVC stage
and discovered that Irp6S expression notably decreased in
Albino Ranchu embryos (Figure 3G), suggesting that a mutation
in the regulatory elements of Irp6S may cause the dorsal fin loss
phenotype in goldfish. We identified a 313-bp deletion in intron
21 of Irp6S in goldfish with the dorsal fin loss phenotype
(6,729,459-6,729,771) (Figure S5E). This intronic deletion might
affect induction and proper production of Iro6S mRNA at embry-
onic stages.

Because a goldfish genome editing method has not yet been
established, it is technically difficult to observe the Irp6 loss-of-
function phenotype in goldfish. We used zebrafish, which belong
to the carp family, to observe the effect of loss of function of Irp6.
To investigate whether partial loss of Irp6 function affects fin for-
mation in teleost fish, we performed CRISPR-Cas9-mediated
gene disruption of Irp6 in zebrafish. We identified a partial defect
of dorsal fin fold formation in 4 dpf zebrafish larvae injected with

(F) GWAS identified the association of the dorsal fin loss phenotype with the Irp6S locus on LG29.
(G) The Irp6S expression level in Albino Ranchu goldfish embryos at the 25% OVC stage significantly decreased compared with common goldfish (p=8.4 x 1075,

n = 3, two-sided Student’s t test). Each circle represents a pool of embryos.

(H and ) Partial loss of the dorsal portion of the fin fold was observed in zebrafish larvae injected with Irp6 gRNA and Cas9 (H). The start position of the dorsal fin
fold is indicated by arrowheads. The ratio of the unaffected dorsal fin fold length to body length significantly decreased in 4 dpf zebrafish larvae injected with Irp6
gRNA and Cas?9 (l). Control versus exon 2 mutations, p = 0.0030, two-sided Welch’s t test; control versus exon 33 mutations, p = 0.00025, two-sided Welch’s t
test. Each circle represents an individual or a pool of embryos. Control, n = 13; exon 2 mutations, n = 11; exon 33 mutations, n = 12. Cont, control; ex, exon.

(J and K) Partial inhibition of the Lrp6-mediated Wnt pathway by ectopic expression of Dkk1 affects dorsal fin formation at the adult stage. Shown is expression of
EGFP in muscular tissues of hspGFF55B/UAS:EGFP larvae at 72 hpf (J). Adult hspGFF55B/UAS:dkk1a-rfp zebrafish lost the dorsal fin (K), similar to Ranchu

goldfish.
***p < 0.001, *p < 0.01, *p < 0.05; mean + SD.
See also Figure S5 and Data S1.
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Irp6 guide RNA (gRNA) and Cas9 (Figures 3H and S5F). The ratio
of unaffected dorsal fin fold length to body length was signifi-
cantly reduced in these embryos (Figure 3l). Lrp6 knockout in
mice or knockdown in zebrafish or Xenopus causes severe em-
bryonic developmental defects [39-41]. The remaining Irp6S
expression and/or expression of the ohnolog Irp6L seem to pre-
vent lethality in goldfish with the dorsal fin loss phenotype.
Mosaic biallelic gene disruption by CRISPR-Cas9-mediated
genome editing occurs in FO zebrafish larvae [42]. Mosaic gene
disruption in zebrafish larvae is most likely to prevent lethality,
although knockdown of Irp6 causes severe embryonic defects
in zebrafish [41].

To analyze whether partial inhibition of the Wnt pathway medi-
ated by Lrp6 affects dorsal fin formation in adult teleost fish, we
generated zebrafish that ectopically expressed the Wnt inhibitor
Dkk1 after the dorsal fin fold formation stage. Dkk1 negatively
regulates Lrp6-mediated Wnt signaling via direct interaction
with the Wnt co-receptor Lrp6 in vertebrates [43-45]. We
observed that zebrafish larvae of the Gal4 driver line expressed
enhanced green fluorescent protein (EGFP) in the dorsal part
of the trunk 72 h post fertilization (hpf) (Figures 3J, S5G, and
S5H). We found that larvae expressing dkk1 under control of
an upstream activating sequence (UAS) lost the dorsal part of
the fin fold (Figures S5G and S5H), which was similar to the larval
phenotype of Albino Ranchu goldfish (Figure 3E). Notably, at the
adult stage, we found that the dorsal fin was lost in these lines
(Figure 3K). These results suggest that the Lrp6-mediated Wnt
pathway regulates dorsal fin formation in adult zebrafish. These
results support the hypothesis that the causative mutation for the
phenotype of dorsal fin loss is around the Irp6S gene locus on the
S subgenome and that decreased Irp6S expression affects adult
dorsal fin formation in goldfish.

The Long-Tail Phenotype

Goldfish strains with the long-tail phenotype exhibit notably elon-
gated caudal fin lobes in single- and twin-tailed goldfish strains
(Figures 4A-4E). Goldfish with the long-tail phenotype usually
show elongation of all median and paired fins, suggesting that
this mutation modulates the length of all fin types. The long-tail
phenotype in goldfish is most likely to be dominant [33]. A
GWAS was conducted using a dataset of 14 strains with the
long-tail phenotype as cases and 13 strains without the long-tail
phenotype and wild goldfish as controls. This analysis identified
a notable association between a locus on LG45 at base position
15,015,973 and the long-tail phenotype (p = 3.358 x 10~ '%) (Fig-
ures S5I-S5K). In the vicinity of this position, all 14 tested strains
with the long-tail phenotype carried at least one copy of a 46-kb
long haplotype spanning four genes (14,942,902-14,988,949;
Data S1K). In this region, we identified kcnk5bS as a strong candi-
date gene because mutations in its zebrafish ortholog (another
longfin [alf]) have been reported to cause a proportionally larger
caudal fin phenotype similar to the goldfish long-tail phenotype
[46]. KCNK5 is a member of the two-pore domain potassium
channel family that produces background (leak) K* currents
over a large range of membrane potentials [47, 48]. alf mutations
increase the K* conductance of the channel to cause hyperpolar-
ization of cells, although it is unknown how the change in K* chan-
nel conductance regulates fin ray length [46]. Our sequence anal-
ysis identified five amino acid substitutions or deletions in
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kenk5bS in goldfish with the long-tail phenotype (Figure S6A).
Interestingly, one of these mutations, V165E, was in the vicinity
of the mutated amino acid W169L, reported in the zebrafish alf
mutant (Figure 4F). To test whether mutations in goldfish kcnk5bS
cause a K* conductance change, we performed voltage-clamp
recordings using Xenopus oocytes injected with cRNA of wild-
type and mutant goldfish kcnk5bS. K* conductance in oocytes in-
jected with mutant kcnk5bS cRNA significantly increased
compared with oocytes injected with wild-type kcnk5bS cRNA
(Figures 4G and 4H), suggesting that the goldfish mutant kcnk5bS
causes significant cell hyperpolarization. Homology modeling of
the kenk5bS structure revealed that the V165E mutation in the
goldfish kenk5bS was localized in the M3 transmembrane domain
(Figures 41, S6B, and S6C). Substitution of a hydrophobic amino
acid (valine) with a hydrophilic amino acid (glutamic acid) possibly
caused a critical alteration of channel gating, supporting the hy-
pothesis that the kcnk5bS mutation on the S subgenome is a
causal mutation of the goldfish long fin phenotype.

The Telescope-Eye Phenotype

Certain goldfish strains possess enlarged protuberant eyes,
known as the telescope-eye phenotype (Figures 5A-5D). A previ-
ous genetic study of Telescope-eye goldfish identified this
phenotype as recessive [33]. However, the gene locus or muta-
tions causing the telescope-eye phenotype are unknown. To
identify the locus associated with the telescope-eye phenotype
in goldfish, we conducted a GWAS of goldfish strains using data-
sets of four Telescope-eye strains as cases and the other 23
strains and wild goldfish with normal eyes as controls. Our
GWAS analysis revealed a mild association (p = 1.29 x 10~7) be-
tween a genomic variant on LG9 at base position 5,399,083 and
the telescope-eye phenotype (Figures S6D and S6E). In a region
relatively close to this locus, we identified Irp2al as a candidate
gene for the telescope-eye phenotype because Lrp2a mutations
have been shown to cause an enlarged eye phenotype in adult ze-
brafish and mice that is similar to the goldfish telescope-eye
phenotype [49, 50]. In mouse models, LRP2 plays the role of sonic
hedgehog (shh) clearance receptor and regulates shh-induced
cell proliferation at the retinal margin, resulting in the large eye
phenotype [50]. A detailed sequence analysis of Irp2al variants
in strains with the telescope-eye phenotype identified two
nonsense mutations in Irp2al genes that were only present in
the genome of goldfish with the telescope-eye phenotype and ab-
sent in other goldfish (Figures 5E and S6F). We also performed
RNA sequencing (RNA-seq) analysis to compare the gene
expression profile in the eyes of the common goldfish with that
of the Black Telescope-eye goldfish. Intriguingly, we detected a
notable Irp2al transcript abnormality in the Black Telescope-
eye strain, where the Irn2al. mRNA lacked half of its 3’ portion (Fig-
ures S6G and S6H). The breakpoint was located between exon 45
and exon 46. Analysis of this region revealed a 13-k base pairs
(bp) insertion in intron 45 in the Black Telescope-eye strain, but
this was absent in common goldfish. Nucleotide sequencing
analysis revealed that the insertion encoded a TE that is a type
of foamy-like endogenous retrovirus (Figures 5E and S61-S6K).
The de novo transcriptome assembly of the RNA-seq data iden-
tified that an aberrant Irp2al. mMRNA expressed in the Black Tele-
scope-eye strain possessed a premature stop codon (Figures
S6G and S6H). Almost no normal Irp2al. mRNA was expressed
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Figure 4. Mutations in kcnk5bS Are Linked to the Long Fin Phenotypes

(A-E) The long-tail phenotype (B and D) is observed in the single tail (A and B) and twin-tail (C and D) strains. The caudal fin length of the goldfish strains with the
long-tail phenotype was significantly longer compared with that of goldfish strains with a normal fin (E) (p = 2.8 x 107"3; wild-type, n = 25; mutant, n = 21; two-
sided Student’s t test). “**p < 0.001, * mean + SD. WT, wild-type; Mu, mutant.

(F) A missense mutation (V165E) was identified in goldfish with the long-tail phenotype.

(G) Representative electrophysiological traces of voltage-clamp recordings using Xenopus oocytes injected with cRNA (complementary RNA) of goldfish WT and
Mu kcnk5b.

(H) The K* conductance in oocytes injected with Mu cRNA increased significantly compared with oocytes injected with WT cRNA.

(I) The predicted 3D structure of goldfish Kcnk5b. The position of the mutated amino acid (V165) is indicated in red.

See also Figures S5 and Figure S6 and Data S1.

inthe Black Telescope-eye strain (<0.1% of that found incommon
goldfish), suggesting that the 13-kbp retrotransposon insertion
was responsible for the loss of Irp2al function in Telescope-eye
goldfish. Overall, we identified three types of loss-of-function mu-
tationsinthe Irp2al gene in strains with the telescope-eye pheno-
type. These results support the hypothesis that loss-of-function
mutation in Irp2al on the L subgenome causes the telescope-
eye phenotype in goldfish.

Analysis of Strain-Specific Variants
Several goldfish phenotypes observed in this study were only
present in a single strain among the 27 we analyzed (Data
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S1B), such as albinism, which was only observed in the Albino
Celestial strain. Thus, it is possible that such phenotypes are
caused by strain-specific mutations. To explore this further, we
searched for strain-specific homozygous variants (SSVs) in the
18 goldfish strains that had a strain-specific phenotype, identi-
fying 7,023 genes with SSVs (Figure S7A; Data S1L and S1M;
Table S1).

Albinism

Many goldfish strains with xanthic bodies lack melanophores in
the skin and scales but retain black retinal pigment epithelia in
the retina. This is because the pigment cells in the body surface
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Figure 5. Mutations in Irp2aL Are Linked to the Telescope-Eye Phenotypes
(A-C) Enlarged and protuberant eyeballs are observed in the Black Telescope-eye (B) and Albino Celestial (C) strains compared with normal eyeballs of common

goldfish (A). The eyes of Albino Celestial goldfish are upwardly directed (C).

(D and E) The eye weight of Black Telescope-eye (Bl) and Albino Celestial goldfish (Ce) was increased significantly compared with common goldfish (Co) (D). Each
circle represents an individual (Co versus Bl, p = 0.038; Co, n = 3; BI, n = 3; two-sided Welch’s t test and Co versus Ce, p = 0.0014; Co, n = 3; Ce, n = 3; two-sided
Student’s t test). **p < 0.01, *p < 0.05; mean = SD Three types of mutations were identified in goldfish strains with the telescope-eye phenotype. (E) The 13-kb
retrotransposon insertion was identified in intron 45 of Irp2alL in strains with the telescope-eye phenotype.

See also Figure S6 and Data S1.

are derived from neural crest cells, whereas retinal pigment
epithelia originate from optic lobe neuroepithelial cells [51].
These goldfish have black pupils that reflect the black retinal
pigment epithelia. However, in albino goldfish, the melanin loss
occurs on the body surface and in the retina, resulting in pink pu-
pils because of depigmentation of the retinal pigment epithelia
(Figures 6A, 6B, S7B, and S7C) and loss of dark body coloration
in juveniles.

Although a previous genetic study reported that albinism in
goldfish is double recessive for two independently assorting
autosomal loci, m/m and s/s [52], the mutated genes are un-
known. To identify mutations associated with the albino pheno-
type, we searched the 172 genes with SSVs in Albino Celestial
goldfish (Data S1L) for any overlap with the 143 genes reported
as being related to body color in vertebrates (Data S1N) and
found that only oca2 overlapped between these two groups.
Interestingly, the critical mutations identified in both oca2 ohno-
logs (oca2L and oca2S) of Albino Celestial goldfish had frame-
shift indels, resulting in production of truncated proteins
comprising 470 and 519 amino acids, respectively (Figures 6C,
S7D, and S7E). We observed that none of the 26 non-albino

strains possessed the frameshift mutation in oca2L or the homo-
zygous frameshift mutation in oca2S. We also analyzed muta-
tions of oca2 ohnologs in the Albino Telescope-eye, Albino
Azuma-nishiki, Albino Comet, Albino Ranchu, and Albino Or-
anda. We found that all of these strains possessed the same ho-
mozygous mutations in both oca2 ohnologs, similar to Albino
Celestial goldfish. Because oca2 encodes an anion transporter
regulating the pH of the melanosome, and because loss-of-func-
tion mutations of oca2 in several species, including humans,
mice, and zebrafish, are known to lead to albinism [53-55], these
mutations in oca2 ohnologs on the L and S subgenomes are
most likely to be the causative mutations of albinism in goldfish
strains.

The Heart-Shaped Tail Phenotype

The heart-shaped caudal fin phenotype was only displayed in
Bristol Shubunkin goldfish among the 27 strains analyzed in
this study. To clarify the heart-shaped tail phenotype, we
analyzed the fin ray length of the caudal fins (Figure S7F). Adult
common goldfish have 10 and 9 principal caudal fin rays in upper
and lower lobes, respectively [56] (Figure S7F). We measured the
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Figure 6. Identification of the Mutations in the Albino Strains

(A) The normal black pupil of Ranchu goldfish.

(B) The Albino Telescope-eye has pink pupils.

(C) The frameshift mutations found in the oca2 ohnologs in the albino strains.
See also Figure S7, Table S1, and Data S1.

length of the tenth caudal fin ray in the dorsal side of the caudal fin
cleft (10 dfr), the second caudal fin ray in the dorsal fin lobe (2 dfr),
and the sixth dorsal caudal fin ray (6 dfr). In most cases, 2 dfr was
the longest ray in the caudal fin of the dorsal lobe. We observed
that the ratio of 2 dfr length/body length in Shubunkin and Bristol
Shubunkin goldfish was significantly larger compared with com-
mon goldfish (Figure S7G) (p = 0.0029, control n = 6; Shubunkin
n =4, two-sided Welch’s ttest; p=1.9 x 1078, common goldfish
n = 6, Bristol Shubunkin n = 4, two-sided Student’s t test).
Notably, the ratio of 6 dfr/2 dfr in Bristol Shubunkin goldfish
was significantly higher than that of Shubunkin goldfish (p =
0.0077; Shubunkin, n = 4; Bristol Shubunkin, n = 4; two-sided Stu-
dent’s t test), suggesting that regulation of the caudal fin ray
length proportion was affected in Bristol Shubunkin goldfish.
We identified 1,466 genes with SSVs for Bristol Shubunkin
goldfish (Data S1L). To identify the candidate genes responsible
for the heart-shaped tail phenotype, we searched for overlapping
genes between genes reported previously to regulate fin shape
and genes with SSVs in the Bristol Shubunkin strain. We found
that the Bristol Shubunkin SSVs contained the rpz gene cluster.
In zebrafish, a teleost-specific transmembrane protein, Rpz, reg-
ulates caudal fin length [57], although its molecular mechanism is
still unelucidated. The zebrafish rpz gene cluster is reported to
contain five rpz-like genes [57]. Our detailed analysis revealed
seven zebrafish rpz-like genes in this cluster. In goldfish, we found
two rpz gene clusters on LG16 (L subgenome) and LG41 (S sub-
genome). Each of them contains seven rpz-like genes similar to
those in zebrafish. We observed that rpzS and rpz4S were rela-
tively highly expressed in the caudal fin (Data S10). We found a
Bristol Shubunkin-specific missense mutation (p.Asp124Gilu) in
rpzS and two (Tyr133Phe and Phe319Ser) in rpz4S. Further anal-
ysis is needed to clarify whether the rpz gene cluster in the S sub-
genome contributes to the heart-shaped tail phenotype. Interest-
ingly, a previous proteomics analysis reported asymmetric
distribution of Rpz and Rpz5 in zebrafish caudal fins; these
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proteins are significantly enriched in the proximal region of the
caudal fin in zebrafish [51]. A calcineurin-mediated mechanism
is hypothesized to operate as a molecular switch between the po-
sition-associated isometric and allometric growth program in
caudal fins [58]. Thus, the asymmetric distribution of Rpz-like pro-
teins may contribute to fin shape formation by regulating the bal-
ance between the isometric and allometric growth programs. Our
results support the hypothesis that mutations in the rpz gene clus-
ter on the S subgenome affect the fin ray length proportion in
caudal fins and contribute to the heart-shaped tail phenotype in
Bristol Shubunkin goldfish.

DISCUSSION

Why do goldfish exhibit so much diversity in their morphology
and body colors? Our results provide a clue to answering this
question. Previous studies suggested that gene duplications
may facilitate the emergence of new adaptive functions of the
duplicated genes because the original function can be retained
in other duplicated copies [10, 59, 60]. Therefore, WGD and
excess gene duplications in the genome may profoundly affect
species diversification. Similarly, duplicated genes in the two
subgenomes possibly contribute to generation of diverse gold-
fish phenotypes during selection by breeders. In the current
study, we identified five new loci associated with goldfish pheno-
types (long-tail, telescope-eye, dorsal fin loss, albinism, and
heart-shaped tail). Combined with the reported locus (twin-tail),
our study has identified the chromosomal loci linked to six phe-
notypes in goldfish (Figure 7). Our TE analysis partitioned the
goldfish chromosomes into L and S subgenomes. In our study,
telescope-eye is the only phenotype associated with only the L
subgenome locus. Both oca2 ohnologs on the L and S subge-
nomes were mutated in strains with the albino phenotype. The
other four phenotypes were associated with loci only in the S
subgenome. In the S subgenome, we identified more gene
loss, gene disruption, and sequence divergence than in the L
subgenome (Figures 1A and S2A-S2F). Notably, we observed
that the frequencies of SNVs and indels were higher in the S
than in the L subgenome among the 27 goldfish strains (Fig-
ure 1B). These results suggest that the two goldfish subgenomes
evolved asymmetrically, similar to those in X. laevis [23], and that
there is a wider variation of SNVs and indels in the S thanin the L
subgenome. Because there are fewer established phenotypes of
X. laevis or common carp than of goldfish, goldfish could be an
excellent model to clarify phenotype-genotype relationships in
animals that underwent WGD. We propose a model in which
diversified mutations accumulated in ohnologs in the asymmet-
rically evolved subgenomes frequently generate diverse mor-
phological and body color phenotypes that are frequently
selected by goldfish breeders (Figure 7). If neofunctionalization
and/or subfunction loss of ohnologs is more frequent in the S
than in the L subgenome, the novel morphological phenotypes
of goldfish caused by mutations in the S subgenome may be
more frequent than those in the L subgenome. Therefore, the ex-
istence of two subgenomes with asymmetric evolution in the
goldfish genome possibly contributes to production of a higher
number of varieties in morphology and body color phenotypes
than in other teleost fish. In plants, a similar phenomenon has
been reported in a domesticated allotetraploid cotton that has
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Figure 7. A Diagram Showing the Asymmetric
Subgenome Evolution and the Candidate
Genes for the Goldfish Phenotypes in the
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the A subgenome and the D subgenome, described as having
undergone asymmetric subgenome evolution, although the
mechanism underlying this is unclear [61]. There are more genes
positively selected during cotton domestication in the A subge-
nome (470 genes) than in the D subgenome (341 genes). Further
analysis is required to clarify whether such asymmetric subge-
nome evolution during domestication occurred in allotetraploid
plants and animals via common or different mechanisms.

Among the candidate genes for the six phenotypes that we
studied here, only kcnk5 and Irp2 have paralogs after the Ts4R
event. In the goldfish genome, we found four paralogs of kcnk5
(kcnkb5al, kenk5aS, kenk5bL, and kcnk5bS). The Irp2 genes in
goldfish are most likely lost paralogs on the S subgenome after
Cs4R (Figure S7H), and only two paralogs were identified (Irp2al
and Irp2bL). We compared the amino acid sequences of candi-
date gene paralogs (Data S1P). We observed that the paralogs S
and L show clearly higher identities (80%—-92% amino acid iden-
tity) than those between paralogs a and b (44%-56% amino acid
identity), reflecting the ancient history of Cs4R and Ts3R [11-15],
consistent with previous studies [62-65]. We also compared the
expression of these paralogs (Data S10). We observed that
ohnologs of Irp6, kenkba, and rpz on the S subgenome are ex-
pressed more than those on the L subgenome in the tissues
examined. In contrast, chdL is expressed more than chdS in
these tissues. The dominant expression of these ohnologs
seems to have been established after Cs4R.

The two diploid progenitors of common carp and goldfish
diverged 23 million years ago (mya) and merged 12.4 mya
(Cs4R) [27]. By comparing the goldfish genome with the com-
mon carp genome, we found that all L and S chromosomes in
goldfish were orthologous to chromosomes of subgenomes B
and A in common carp, suggesting that the outline of the subge-
nome structure is retained between the goldfish and common
carp genomes. We also observed that singletons in the goldfish
genome do not partially overlap with those in the common carp
genome. This partially non-overlapping composition of single-
tons between the common carp and goldfish genomes may
reflect divergent evolution of these two species after Cs4R.
Because we used the goldfish and common carp genome anno-
tations generated based on different annotation pipelines, it
should be noted that the comparability of genome annotations

Two Subgenomes
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chd (twin-tail) single mutations indicated on the right. See details in Discussion.
@ See also Figure S7.
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of these species could still be improved.
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ko Recessive evolution of goldfish and common carp af-
£ (telesgggg-eye) _I:).Zﬁ_ —A— single mutations ~ ter Cs4R.
D In the present study, we first report

whole-genome sequencing of goldfish

strains with a variety of morphological
and body color phenotypes. We identify more than 60 million ge-
netic variations, including SNVs and small indels, across 48 gold-
fish individuals. Based on these genetic variants in the nuclear
genome of the strains, show, for the first time, a population struc-
ture of goldfish strains (Figure 2). These results classify the major
goldfish strains into three groups. This study reveals critical infor-
mation about the basic genetic background of major goldfish
strains with diverse phenotypes and is a key resource for further
analysis of the genetic basis of phenotypic diversity among gold-
fish strains. Information about the genes with SSVs may help link
phenotype to genotype in goldfish strains with specific
morphology and/or coloration in future studies.

All domesticated goldfish used in this study were bred and
developed in Japanese traditional breeding regions, including
Yatomi, Hamamatsu, Saitama, and Nagano. Ancestral strains
of these goldfish were imported from China to Japan at various
times between the Muromachi and Showa periods (1336-1989)
[5, 33]. The ancestral strains were modified by crossing different
strains, and the current strains were established (described in
detail in Data S1C and Figure S3Z’). Previous population genetic
analyses of goldfish strains have been reported based on mito-
chondrial genome variations [3, 4]. In this study, we analyzed var-
iations in the nuclear genome and revealed the detailed popula-
tion structure of goldfish strains. Our analysis segregated the
major goldfish strains into three groups, China, Ranchu, and
Edo, which reflect the geographical history of goldfish breeding
[1, 5, 33]. For example, between the Muromachi and Meiji pe-
riods (1336-1912), the ancestral strains of the Edo group (Wakin,
Ryukin, Jikin, Tosakin, Tamasaba, Comet, Telescope-eye, Shu-
bunkin, and Bristol Shubunkin) were imported from China to
Japan and bred and modified in Japan [5, 33]. We found that
15 individuals of strains of the Edo group, with the exceptions
of Shubunkin and Bristol Shubunkin, are grouped in the PCA
plot of the first two components of the 48 goldfish individuals
(Figure S4B), reflecting the long history of crossing within these
strains and/or the existence of common ancestral strains in
Japan. There is a record that the common ancestor of the Shu-
bunkin and Bristol Shubunkin strains was generated from Calico
Telescope-eye goldfish, common goldfish, and Japanese cru-
cian carp around 1900 in Japan [33]. In line with this scenario,
we observed that individuals of the Shubunkin and Bristol
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Shubunkin strains are mapped apart from all other domesticated
goldfish individuals in the PCA plot of the 48 goldfish individuals,
suggesting a history of crossing with Japanese crucian carp
(Figure S4A).

We performed a GWAS for the seven phenotypes (Data S1l).
Among them, we could not obtain a significant peak of GWAS
for the phenotypes, including short body, hood, and calico. It is
possible that these phenotypes are caused by multiple causative
genes and/or multiple alleles in the goldfish strains tested. In
future studies, analyses by whole-genome sequencing of more
individuals and/or strains may reveal loci for these phenotypes.
Alternatively, genome sequencing analyses of the hybrid strains
generated by crossing between different strains could contribute
to determining the causative loci for these phenotypes.

Several goldfish genes associated with the phenotypes iden-
tified in this study have been reported to have human orthologs
with mutations in genetic disorders. In humans, mutations result-
ing in LRP2 loss cause Donnai-Barrow syndrome [66]. OCA2
mutations lead to oculocutaneous albinism type Il [67, 68].
Thus, goldfish strains with mutations observed in human genetic
disorders are possibly useful model animals for these diseases.
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EMBOSS [98] http://emboss.sourceforge.net/download/

CIRCOS v0.69-9 [99] http://circos.ca/

CLUSTALW v2.1 [100] https://www.genome.jp/tools-bin/clustalw

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to, and will be fulfilled by the Lead Contact. Yoshihiro
Omori (omori4@nagahama-i-bio.ac.jp). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All procedures were approved by the Institutional Safety Committee on Recombinant DNA Experiments (approval ID 04220) and the
Animal Experimental Committees of the Institute for Protein Research (approval ID 29-01-0) at Osaka University and were performed
in compliance with the institutional guidelines. All goldfish in this study were bred in Japan (Data S1C). All adult goldfish strains,
except Albino Celestial and Albino Ranchu, were purchased from a provider, Meito Suien (https://remix-net.co.jp/). Details of the
strains are presented in Data S1B and Figure S3Z’. Albino Celestials and Albino Ranchu were obtained from the Aichi Fisheries
Research Institute, and wild goldfish were obtained from the Lake Kasumigaura and Lake Hinuma basins. We selected wild goldfish
(C6 clade) following mitochondrial DNA sequence analysis [101]. Fertilized goldfish eggs were incubated at 26°C in fresh water. Three
to 5 days post fertilization (dpf), the hatched goldfish larvae were fed brine shrimp (Artemia) twice daily. At 14 dpf, the goldfish were
fed pellets daily. The water in the larvae and adult goldfish tanks was changed on a weekly and monthly basis, respectively. The main-
tenance and breeding of the zebrafish strains (Tuebingen) as well as embryonic development staging were performed as described
previously [102].

METHOD DETAILS

Partitioning the goldfish genome into two homeologous subgenomes

Allopolyploidization is the doubling of chromosome sets following an interspecific hybridization of two progenitor species [103].
When the two progenitors exist as distinct species, the TEs in their genomes can be independently active. Therefore, the relicts
of TEs that are specific to each progenitor indicate the descendent subgenomes in an allotetraploid genome [23]. From the Repeat-
Masker output (https://research.nhgri.nih.gov/goldfish/), we calculated the subgenome-biased index (SBI), of which the formula is
presented in Figure STA. We manually verified the TE distributions (SBI > 0.6) and identified the TEs with subgenome-biased
distributions.

Phylogenetic analysis of the subgenome-specific TEs

Sequences of Tc1-1 (L-subgenome-specific TE) or Mariner-12 (S-subgenome-specific TE) were obtained from the goldfish reference
genome sequence using the RepeatMasker output. We used Clustal Omega to align the DNA sequences and a sequence of their
corresponding zebrafish orthologs for both TEs. Poor alignments were trimmed by trimAl v1.4 [96]. The alignments were manually
corrected using Jalview [97]. Then, we constructed neighbor-joining trees utilizing the Jukes-Cantor substitution model in
MEGAY. These trees included multiple ‘star’ topologies, representing a single ancestral TE that was active at a defined time [23].
Only star topologies with > 5 copies were used for further analysis. For each ‘star’ topology, we computed a consensus sequence
and calculated the Jukes—Cantor distances between the TEs and their respective consensus sequences using MEGA?7.

As an example of the recently or currently active TE, we identified a subset of angel [104] in the goldfish reference genome by
BLASTN with the internal inverted repeat region of Tgf2 (HM146132.1: 1453-2091) as a query sequence [70, 71]. Common carp angel
was identified by the same approach. The phylogenetic analysis of angel was performed using the same approach as for Tc7-7 and
Mariner-12, except that the sequence of common carp angel was used as the outgroup.
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Molecular evolutionary analysis of goldfish subgenomes

Lists of 1:2 orthologs between zebrafish and goldfish and the singleton genes in goldfish were obtained from another study [19]. We
focused on 5,404 gene pairs located in goldfish LG1-LG50 and zebrafish chromosomes 1-25. For each goldfish ohnolog gene pair,
the longest representative gene models were selected, and the amino acid sequences of the goldfish ohnologs were aligned to the
zebrafish ortholog using Clustal Omega. The amino acid sequences in the multiple alignments of three sequences were then replaced
with their corresponding coding sequences using tranalign from the EMBOSS software suite [98]. Each aligned goldfish ohnolog was
compared independently with its zebrafish ortholog, and we calculated the ratio of the nonsynonymous substitution rate per nonsy-
nonymous site (dN) to the synonymous substitution rate per synonymous site (dS) using MEGA?.

The RNA-seq data of seven tissues used for goldfish genome annotation (SRP154139) were aligned to the reference genome. The
gene abundances were estimated as described above. The average reads per kilobase of exon per million mapped sequence reads
(RPKM) was calculated for each tissue. To calculate the average RPKM of the eye, the RNA-seq data from the eyes of the three com-
mon goldfish in this study were included.

Comparative genome analysis between goldfish and common carp

The genome sequence and annotation of Yellow River carp (accession number: GWHAATB00000000) were downloaded from
Genome Warehouse. To resolve the orthology between 50 chromosomes of goldfish and those of common carp, we analyzed oh-
nologs with gene coordinate information that has a relatively high reliability. In goldfish, we chose 5,404 pairs of ohnologs based on
the following three criteria: (1) the number of ohnologs in the genome assembly was exactly two; (2) both ohnologs were located on
the placed scaffolds; and (3) the two ohnologs were located on homeologous chromosomes. For common carp, we downloaded the
8,291 ohnolog pairs from a previous report [27]. The protein-coding sequences of these ohnologs were compared between goldfish
and common carp by BLASTN, and reciprocal best hits were identified. The results were visualized with CIRCOS v0.69-9 [99]. The
nucleotide sequences of hAT-N91 and Mariner-N17 were searched against the genome sequence of Yellow River carp by BLASTN.
Based on the genome annotation of common carp, 44,626 protein-coding sequences were retrieved from the common carp genome.
The coding sequences of the 2,099 singleton genes of goldfish [19] were subjected to BLASTN against the 44,626 protein-coding
sequences of common carp. The 1,997 singleton genes of common carp [27] were subjected to BLASTN against the 44,650 pro-
tein-coding sequences of goldfish, which are located in ohnolog blocks, as reported previously by us [19].

Purification of genomic DNA and total RNA from the goldfish tissues

The goldfish were anesthetized using tricaine, the caudal fins were dissected, and high molecular weight genomic DNA was purified
using TissueLyser Il (QIAGEN) and Blood & Cell Culture DNA Maxi Kit (QIAGEN). Following agarose gel electrophoresis and ethidium
bromide staining, 20-kb bands of purified genomic DNA were identified. For RNA-seq analysis, total RNA, obtained from the
dissected eyeballs of goldfish that were anesthetized with tricaine, was purified using TRIzol reagent (Thermo Fisher Scientific).

Whole-genome sequencing and RNA-seq of the goldfish strains and wild goldfish

For the whole-genome sequencing of goldfish strains, genomic DNA was sheared to an average size of 600 bp using an M220
Focused-ultrasonicator (Covaris). Paired-end libraries were prepared with a TruSeq DNA PCR-Free Library Prep Kit (lllumina) and
then purified using Agencourt AMPure XP (Beckman Coulter). The DNA concentration of the libraries was measured on an Agilent
2100 Bioanalyzer (Agilent Technologies), and the libraries were sequenced on HiSeq 2500 sequencers (lllumina) with a read length
of 250 bp.

For the RNA sequencing, 4 ng of total RNA from each goldfish strain was used for the library preparation. The sequencing libraries
were constructed using the TruSeq Stranded mRNA Library Prep Kit (lllumina). The cDNA sample was used following 15 cycles of
PCR amplification without size selection. The libraries were sequenced on lllumina HiSeq 2500 sequencers. The read length was
100 bp for all libraries.

Read trimming and mapping

The raw reads obtained from the whole-genome sequencing data were trimmed using Trimmomatic v0.38 (LEADING:30
TRAILING:30 SLIDINGWINDOW:4:25 MINLEN:50) [73]. The goldfish reference genome (carAur01) that was soft-masked by Repeat-
Masker (http://www.repeatmasker.org), obtained from the Goldfish Genome Project website (https://research.nhgri.nih.gov/
goldfish/), was used as a mapping reference. The filtered reads were aligned to the goldfish reference genome by our in-house pro-
gram, which was set at > 92% sequence identity with the reference sequence. Multi-mapping, where it is difficult to map a
sequencing read to a particular position, is often the cause of incorrect genotyping. A read was considered as a multi-hit read if
the difference between the first and second highest sequence identities between the read and the reference genome was 2% or
less. Reads other than multi-hit reads were regarded as uniquely mapped reads. Uniquely mapped pair reads were analyzed further.

Variant calling, filtering, and annotations

SNVs and indels of goldfish individuals were called using GATK v4.0.4.0 software [74]. All calls from individuals were combined into
one dataset. Following the removal of variants with a read depth < 3, there were 63,347,761 variants (48,062,591 SNVs and
15,285,170 small indels) remaining. Variants with a call rate < 100% and minor allele frequency < 1% were filtered out. To perform
variant annotations, the goldfish genome annotation in General Feature Format was downloaded from the Goldfish Genome Project
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website, and the variants were annotated with SnpEff v4.2 [75]. We retained 9,271,048 variants (7,564,197 SNVs and 1,706,851 in-
dels) as the initial dataset for further analysis.

Estimation of the subgenome-specific SNV and indel rates between the goldfish strain genomes and the reference
genome

To strictly estimate the subgenome-specific SNV and indel rates between the goldfish strain genomes and the reference genome, the
individual variant calls, in genomic variant call file format, were subjected to filtering. Regions with a read depth of > 2 reads on both
strands and within 2.5 SD of the mean depth of each sample were retained. Regions with ZH, < -1.5 were excluded. Continuous
regions > 100 bp (SNVs) or > 200 bp (indels) were retained. To estimate the SNV rates, 20-bp regions around the indels were excluded
to filter false-positives. After these filtering steps, we calculated the SNV and indel rates for both subgenomes.

Admixture analysis and grouping of the goldfish strains

The initial dataset of 7,564,197 SNVs was subjected to filtering. Only SNVs mapped in LG1-LG50 were retained for the admixture
analysis. Following exclusion of the SNVs mapped in unplaced scaffolds, 6,458,046 SNVs remained. Admixture analysis was con-
ducted using ADMIXTURE v1.3.0 software [76] with cross-validation for K values from 1 through 15. We classified 48 goldfish indi-
viduals into three groups according to the proportion of the individual’s genome from the inferred ancestral populations at K value = 3.
We designated these groups China, Ranchu, and Edo. The admixture analysis results were visualized using R v3.4.3 (https://www.
r-project.org).

Principal component analysis (PCA)

We performed PCA using PLINK v1.90b4.5 software, based on the variance-standardized relationship matrix [77], to analyze the
goldfish population structure. The distance matrix was computed based on the 6,458,046 SNVs mapped in LG1-LG50. The PCA re-
sults were plotted using R.

Phylogenetic analysis of the goldfish strains and the wild goldfish

To conduct a phylogenetic analysis of the goldfish individuals, we calculated pairwise genome-wide identical-by-state (IBS) dis-
tances based on the 6,458,046 SNVs mapped in LG1-LG50 by PLINK. The maximum-likelihood tree was constructed with 500 boot-
strap replicates for node support using RAXML v8.2.12 [78]. Based on the pairwise distance matrix (1-IBS), a neighbor-joining tree
[80] was constructed with 500 bootstrap replicates for node support using MEGA7 [79].

Fst analysis

To calculate Fst, we used the 6,458,046 SNVs mapped in LG1-LG50. The China, Ranchu, and Edo groups were included in this anal-
ysis. For each of the above groups, Fst values were calculated between individuals belonging to the group and the rest in 40-kb win-
dows sliding 10 kb at a time. These calculations were performed using PLINK. If the Fst value of one group in one window was greater
than 0.05 and the Fst values of the other two groups in the same window were less than 0.05, the first of the three groups was re-
garded as significantly differentiated from the other two groups.

Pooled heterogeneity of the goldfish strains

To identify the regions with a high degree of fixation in the goldfish strains, pooled heterogeneity (H,) was calculated in 40-kb
windows sliding 10 kb at a time [31, 32]] using the dataset of 46 goldfish individuals representative of all 27 strains. We calculated
the Z-transformed distribution of H, (ZH) and extracted the windows at the extreme ends of the distribution by applying a cutoff
of ZH, < 1.5, leaving only the regions with continuous windows > 300 kb remaining. We identified 2,020 genes in these regions
and performed gene ontology (GO) analysis using GO Enrichment Analysis [105].

Identification of strain-specific variants

We analyzed homozygous strain-specific variants (SSVs) for those strains where genome sequencing analysis was performed for > 2
individuals (18 strains). First, SSVs were identified using SnpSift [82]. If > 2 SSVs were identified within a 50-kb region, they were
recognized as a cluster. We defined an SSV-enriched region (SSVR) as a cluster > 100 kb that contained > 5 SSVs.

Phylogenetic analysis of the goldfish strains, wild goldfish, crucian carp, and common carp

Using a publicly available dataset of restriction site-associated DNA sequencing (RAD-seq) of closely-related goldfish species (NCBI
Sequence Read Archive, accession number: SRP063043), the RAD-seq reads were aligned to the goldfish reference genome, and
86,404 SNVs were identified as described above. This dataset was combined with our genome sequencing dataset. We selected the
genomic positions with a 95% genotyping call rate among all individuals and used these to construct a neighbor-joining phylogenetic
tree as described above.

Genome-wide association study (GWAS)
The dataset was divided into cases or controls based on the phenotypes (Data S1B and S1l), namely, telescope-eye, long-tail, twin-
tail, dorsal fin loss, hood, shortened body, and calico. Single-marker chi-square association tests were performed by PLINK using the
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initial variants dataset (9,271,048 variants). P-values were adjusted by Bonferroni correction, and those < 1 x 10~'° were deemed
significant. The significantly associated regions were manually verified from the aligned sequencing reads against the goldfish refer-
ence genome using Integrative Genomics Viewer (IGV) [83].

Homology modeling of the goldfish Kcnk5b structure

We used the HOMCOS server [84] to search for a template for homology modeling of the goldfish Kcnk5b structure and identified
human K2P10.1 (PDB ID: 4bw5) for use as a template. A model of the goldfish Kcnk5b structure was built with Modeler [85] and visu-
alized with PyMOL v1.7.4.5. (https://pymol.org/2/).

RNA-seq analysis
RNA-seq reads were trimmed as described above and then aligned to the goldish reference genome using HISAT2 v2.1.0 [86]. Reads
aligned concordantly exactly one time were used to avoid redundancy. The gene abundance was estimated using HTSeq v0.8.0 [87].

Identification of gFV-1 transposable element insertion in Irp2alL of Black Telescope-eye goldfish

De novo transcriptome assembly of the RNA-seq data for Irp2al was obtained using Trinity v2.4.0 [89] with the default parameters.
Then, using BLASTN v2.6.0 [90] with the default parameters, we searched for the sequence containing Irp2al exon 45 from the contig
sequences produced by Trinity. We determined the sequence of a 13-kb PCR fragment amplified from Irp2alL intron 45 in the genome
of Black Telescope-eye goldfish and found that this insertion encoded a foamy-like endogenous retrovirus. We named this transpos-
able element (TE) gFV-1. Using BLASTN with the gFV-1 sequence as a query, we identified 15 sequences that shared at least a 5-kb
sequence portion of gFV-1 with > 95% sequence identity to the goldfish reference genome. An ORF analysis using ORF Finder [91],
classified these sequences into two groups based on whether they contained reverse transcriptase (RT). The consensus sequences
of putative autonomous and non-autonomous gFV-1 were named gFV-1_PA and gFV-1_NA, respectively. These sequences were
annotated with NCBI’s Conserved Domains database [92]. Transmembrane regions were predicted with TMHMM Server v.2.0 [93].

Phylogenetic analysis of gFV-1_NA, gFV, and their derivatives

The pol sequences from gFV-1, gFV-1_NA, and their derivatives were identified in the reference goldfish genome. The pol protein
sequences of gFV-1 and zebrafish DrFV-2 (CAAK05053864.1: 11,473-23,439) [69] were aligned in Clustal Omega [94]. A
maximum-likelihood phylogenetic tree was constructed, and its reliability was assessed with 500 bootstrap replicates.

Synteny analysis of the Irp2aL locus in LG9 and LG34
The alignment of the genomic sequence containing Irp2al (7,845,000-8,162,000) on LG9 against the corresponding sequence
(3,015,000-3,211,000) on LG34 was generated using BLASTN and visualized with Kablammo [95].

Candidate gene list for pigmentation and fin shape

Based on previous literature, 143 candidate genes for body-color-related genes were selected (Data S1N) [106-108], whereas five
candidate genes (kcnk5b, kenh2a, rpz, slc12a7, and cx43) for fin shape formation were selected based on previous literature [46, 57,
109, 110].

Skeletal staining of goldfish

Skeletal staining using alizarin red and alcian blue was performed as previously described with some modifications [32]. Briefly, gold-
fish were anesthetized with tricaine, fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4°C overnight,
washed with 70% ethanol, and stained with alcian blue staining solution (0.1% alcian blue in 75% ethanol/25% acetic acid) for
2-4 h. Then, the specimens were washed with 70% ethanol and stained with alizarin red solution (0.1% alizarin red in 95% ethanol)
for 2-4 h, washed with 70% ethanol, and cleared with ScaleA2 [111].

CRISPR/Cas9-mediated target mutagenesis in zebrafish

The gRNA synthesis and injection into zebrafish embryos were performed as previously described with some modifications [112].
Briefly, gRNA was synthesized using a MEGAshortscript T7 Transcription Kit (Thermo Fisher Scientific) with PCR products containing
the target-specific sequence. The primers used for the amplification are detailed in Table S2. Cas9 3NSL enzyme (Integrated Data
Technologies) and gRNA were injected into zebrafish embryos at the single-cell stage using a FemtoJet microinjector (Eppendorf),
Femtotip Il microcapillaries (Eppendorf), and 1.5% agarose molds. We injected CRISPR mix reagents into 200 embryos of each
group. From the surviving larvae with a straight body, we randomly selected 13 (control), 11 (exon 2), and 12 (exon 33) larvae
from each group. We took photographs of these individuals using stereomicroscopy and measured the body length. For genotyping,
we amplified DNA fragments by PCR using the primers detailed in Table S2. For the genotyping of mixed sequences, we subcloned
PCR products into the pCR-Bluntll-TOPO (Thermo Fisher Scientific) vector, and sequenced.

Partial inhibition of Wnt signaling by ectopic expression of Dkk1
We used a Gal4 enhancer trap line, hspGFF55B [113], and transgenic lines UAS:dkk1a-rfp [114] and UAS:egfp [115]. The zebrafish
larvae were viewed under a STeREO Lumar. V12 microscope (Carl Zeiss).
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Voltage clamp recording

Goldfish wild-type kcnk5b (gfkcnk5b) and gfkcnk5b (V165E) were each cloned in pGEM-HeFx plasmids [116]. Following linearization
with a restriction enzyme, each cRNA was prepared using a mMessage mMachine transcription kit (Ambion). Xenopus oocytes were
collected as described previously [117] and injected with 0.2 ng of each cRNA. H,O was injected as the negative control. Following
overnight incubation at 18°C, the transmembrane current was measured in ND96 (+) solution (93.5 mM NaCl, 2 mM KCI, 1.8 mM
CaCl2, 2 mM MgCI2, and 5 mM HEPES [pH 7.5, adjusted with NaOH]) using an iTEV90 multi electrode clamp amplifier (HEKA).
The cells were initially clamped at -80 mV and then subjected to 500 ms voltage steps from —100 mV to +60 mV in 20 mV increments.

Quantitative RT-PCR (qRT-PCR) analysis

We used TRIzol reagent (Thermo Fisher Scientific) to purify total RNA from the goldfish eyeballs or embryos anesthetized with tri-
caine. The cDNA was synthesized using PrimeScript || Reverse Transcriptase (Takara). gRT-PCR was performed using SYBR
GreenER gPCR SuperMix (Thermo Fisher Scientific) on a Thermal Cycler Dice Real Time System Single MRQ TP870 (Takara). Quan-
tification was carried out using Thermal Cycler Dice Real Time System v2.0 software (Takara). The primer sequences are detailed in
Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of single comparisons were performed using paired or unpaired Student’s t test,. Data are reported as mean + SD
using GraphPad Prism version 6.04 (GraphPad Software). The analyzed number of samples is indicated in the figure legends. Aster-
isks indicate significance values as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

DATA AND CODE AVAILABILITY

The accession numbers for the raw reads reported in this paper are the DDBJ Sequence Read Archive (DRA): DRR172174-
DRR172230. The accession number for the nucleotide sequence of the gFV-1 is DDBJ: LC471609.
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