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Zebrafish have emerged as an alternative vertebrate model for both basic and applied science. While 
two zebrafish lines, AB and TU, have been extensively used, recent studies suggest that complex 
behaviors and susceptibility to adult phenotypes vary among lines. Given the increasing demand 
across diverse research fields, establishing a phylogenetically distinct wild-type zebrafish line 
without deleterious genetic variants would greatly benefit the research community. In this study, 
we documented the establishment of the RIKEN Wild-type (RW) line and conducted comparative 
genome analyses to investigate the genetic characteristics of various wild-type zebrafish lines such 
as AB, TU, TL, WIK, SAT, NHGRI-1, PET, *AB, IND, M-AB and IM with a particular focus on the genetic 
characterization of the RW line. We identified numerous genetic variants in each line that may affect 
coding proteins, some of which are unique to each line, conferring specific genetic traits. Notably, the 
RW line was found to carry such genetic variants in 13 genes. Furthermore, our phylogenetic analysis 
revealed that the RW line is genetically distinct from other commonly used lines. Collectively, the RW 
line is a robust zebrafish line with excellent breeding characteristics, making it valuable for studies 
exploring genetic diversity and line-specific traits within the species.
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Zebrafish (Danio rerio) have unique advantages such as high fecundity and optical transparency during early 
development and thus has served as a model organism in genetics and developmental biology. Over several 
decades, numerous zebrafish lines have been established. The most commonly used zebrafish line is AB, which 
originated from two lines, A and B, both purchased from a pet shop in Albany, Oregon in the 1970s1. The AB has 
been established by eliminating early deleterious genetic variants in the large population through mass mating 
and eventually maintained by a Round Robin mating to preserve genetic variability by in vitro fertilization2. The 
second major line is Tübingen (TU), originating from a pet shop in Germany3. This line has been maintained by 
mass mating after removing lethal mutations2 and was used for the zebrafish genome project4. The Tüpfel long 
fin (TL) line carries homozygous mutations in leot1 and lofdt2, which respectively affect gap junction function 
and potassium channel expression, resulting in a spotting pigment pattern and elongated fins5,6. The Sanger AB 
Tübingen (SAT) and NHGRI-1 lines have been generated by crossing of AB and TU fish and subsequent mass 
mating7,8. Wild-caught lines such as Wild India Kolkata (WIK), Cooch Behar (CB), Nadia (NA), India (IND) and 
Darjeeling (DAR) have also been reported9,10,11. Isogenic lines such as C29, C32 and SJD have been generated 
by heat shock or pressure techniques12,13,1. Recently, two inbred lines, M-AB and IM, have been created by 
sib-pair mating over 20 generations from *AB and IND, respectively14,15. The *AB was generated from the AB 
line by selecting good parthenogenesis-derived females16. Pet shop-derived wild-type zebrafish such as Ekkwill 
(EK) and PET have also been used to compare characteristics of zebrafish lines17,18. Collecting various lines in 
addition to the major lines is useful for the study of genetic mapping and genetic variability.

In this study, we describe the characterization of a zebrafish line, Riken Wild-type (RW), which has been 
established in Japan, and has been used for various genetic researches19,20,21,22,23. Our whole genome sequence 
(WGS) and phylogenetic analysis of AB, TU, TL, WIK, SAT, NHGRI-1, PET and RW along with our previous 
sequencing data of *AB, IND, M-AB and IM revealed that RW forms an independent group apart from the other 
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lines and carries unique genetic characteristics. We also identified genetic variants that affect coding proteins in 
RW and the other lines.

Results
Establishment and maintenance of the RW line
Since 1991, the RW line has been maintained through mass mating in Japan, after being originally sourced from 
a pet shop in Michigan, USA. For each mating, two female and two male adult zebrafish were placed in a mating 
tank to produce embryos (Fig.  1A). The embryos were carefully examined for spontaneous developmental 
defects or mortality by 5 days post-fertilization (dpf). Healthy clutches in which nearly all embryos exhibited 
normal development up to 5 dpf were selected for rearing to adulthood. After several months, healthy adult 
fish were used for reproduction (Fig. 1B). Through this rigorous selection process, we successfully eliminated 
undesirable genetic variants responsible for developmental malformations, fragility, and impaired reproduction. 
This breeding protocol has been carried out approximately every month since the breeding of the fish colony 
started in RIKEN in 1997. As a result, clutches with unhealthy embryos are now rarely observed. Originally 
referred to as the Michigan line, this line was officially renamed RW.

Phylogenetic analysis of the zebrafish wild-type lines
To investigate the phylogenetic relationship between the RW line and other wild-type lines, we conducted WGS 
on three individual fish from each of the following zebrafish lines: RW, AB, TU, TL, WIK, SAT, NHGRI-1 and 
PET. Additionally, genomic data for inbred lines (three individuals each from M-AB and IM) and their parental 
lines (three individuals each from *AB and IND), previously obtained in our recent study14, were retrieved from 
the NCBI Sequence Read Archive (SRA). Using the zebrafish genome assembly of the TU line (TU_GRCz11) as 
reference data, we searched for single nucleotide polymorphisms (SNPs) in a total of 36 fish (Table 1), identifying 
39,421,676 SNP positions, which account for 2.93% of the entire zebrafish genome. As expected, the number 
of SNPs identified in the TU line was lower than that in the other lines, because TU_GRCz11 was used as the 
reference genome. The RW line exhibited a higher number of SNPs compared to AB, SAT, and NHGRI-1 line, 
suggesting that the genetic distance of RW from TU is greater than that of AB, SAT, and NHGRI-1 from TU.

We conducted a phylogenetic analysis of 12 zebrafish lines using Danio aesculapii and Danio nigrofasciatus 
as closely related outgroups. Our SNP-based phylogenetic analysis confirmed that AB, TU, SAT and NHGRI-1 
clustered into a subgroup along with *AB, M-AB, IND and IM (Fig. 2; Supplementary Figure S1). In contrast, 
RW formed a distinct and independent subgroup. Similarly, TL and PET grouped into a separate cluster. 
Furthermore, the WIK line was distinctly separated from the other zebrafish lines.

Genomic characteristics of the zebrafish wild-type lines
We next assessed the heterozygosity of wild-type zebrafish lines. Heterozygosity was defined by the ratio of 
heterozygous variants to the total genome size (1.345 GB). The heterozygosity of RW (0.348 ± 0.007%) was 
comparable to those of the AB (0.337 ± 0.010) and WIK (0.345 ± 0.010), higher than those of TU (0.180 ± 0.011%), 
SAT (0.204 ± 0.0115) and NHGRI-1 (0.285 ± 0.006%) and lower than that of PET (0.408 ± 0.077%) (Fig. 3A). 
These findings suggest that the genetic variation within the RW line is maintained at levels similar to those 
observed in AB and WIK lines. In contrast, the heterozygosity of inbred lines (M-AB, 0.011 ± 0.002%; IM, 
0.008 ± 0.001%) was lower than that of their parental lines (*AB line, 0.086 ± 0.004%; IND, 0.197 ± 0.0016%) 
as previously reported14. We also estimated nucleotide diversity (p), confirming that the M-AB and IM lines 
exhibited extremely low genetic diversity (Fig. 3B).

Genetic variants that may affect gene products in wild-type zebrafish lines
To characterize the genetic features of wild-type zebrafish lines, we focused on SNPs that exhibit nucleotide 
differences from the reference TU_GRCz11 genome. Some of these SNPs (differences from the database) were 
found to be homozygous in an individual. We hereafter refer to such SNPs as “homozygous SNPs”, which may 
potentially cause gene disruption in an individual. These homozygous SNPs were identified in protein-coding 
regions, 2-bp splice junctions in introns, 5’-untranslated regions (UTRs), 3’-UTRs, other intronic regions or 
intergenic regions, based on Ensembl annotations (Table  2). The location of homozygous SNPs across these 
genomic region was comparable among the wild-type lines.

Homozygous SNPs in protein-coding regions can be classified into nonsense, missense and synonymous 
variants. Among these, nonsense variants result in the truncation of protein synthesis. Disruption of the 
initiation or termination codon significantly impacts protein function. Similarly, homozygous SNPs in 2-bp 
splice junctions cause mis-splicing, which leads to a frameshift in translation. Consequently, homozygous 
SNPs in these categories have the potential to disrupt gene function. We focused on genes harboring such 
homozygous SNPs that were consistently present in all three individuals of each line (Supplementary Figures 
S2, S3). Although a considerable number of potentially disrupted genes were identified in each line, the same 
gene disruptions were detected across multiple lines (Fig. 4). In such cases, gene annotations in Ensembl often 
comprise intron-containing transcripts, suggesting that some predicted protein-coding sequences may be 
invalid due to the annotation of minor or inappropriate transcripts24,14. Therefore, we focused on potential gene 
disruptions uniquely identified in each line as distinct genetic characteristics. The AB and TU lines carried 
mutations in or124-4 and bcan, respectively (Supplementary Tables S1, S2; Supplementary Figures S4, S5). The 
TL line uniquely harbored nine gene disruptions including the leot1 mutation, which alters the skin pattern 
from stripes to spots as a specific trait of the TL line6 (Supplementary Table S3; Supplementary Figures S6-S14). 
Similarly, unique gene disruptions were identified in the WIK, SAT, NHGRI-1, PET, *AB, IND, M-AB and 
IM lines (Supplementary Tables S4-S12; Supplementary Figures S15-S52).The RW line carried 13 disrupted 
genes, specifically sult3st1, ighv 1–2, nexmifa, nitr3r.1 L, nitr7a, mvb12bb, steap3, sctr, stk39, golga4, urb1, invs, 
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Fig. 1.  Schematic illustration of the maintenance protocol for the RW line. (A) During each breeding cycle, 
two pairs of adult zebrafish were housed together in a mating tank to produce embryos. The embryos were 
screened for developmental abnormalities or mortality up to 5 dpf. Only healthy clutches in which the majority 
of embryos exhibited normal development by 5 dpf were selected for rearing to adulthood. (B) After reaching 
maturity, healthy adult fish were used for subsequent breeding. This selection process effectively eliminated 
harmful genetic variants associated with developmental defects, fragility, and reduced fertility. Breeding has 
been conducted approximately once a month to sustain the RW line.
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cyp2 × 6 (Table 3; Supplementary Figures S53-S65). Furthermore, we identified all missense variants in protein-
coding regions and assessed their potential to disrupt protein function based on PROVEAN scores for each line 
(Supplementary Tables S1-S12).

Discussion
This study described the establishment of the wild-type zebrafish RW line and outlined genetic characteristics 
of the RW and other zebrafish lines. Given its robustness in reproduction and development, the RW line is well-
suited for genetic and behavioral studies in zebrafish19,20,21,22,23.

Phylogenetic analysis and genetic divergence among zebrafish lines
Our WGS and SNP-based analysis has created a comprehensive phylogenetic tree of zebrafish wild-type lines 
that aligns with previous phylogenetic studies25,26,14,11. Specifically, earlier analyses suggested that the AB and 
TU lines are genetically close compared to wild-caught lines11. Our phylogenetic study confirmed that AB 
and TU lines are genetically close to SAT and NIGRI-1 lines, which derive from hybrids of AB and TU lines. 
Furthermore, the subgroup of *AB and *AB-derived M-AB lines as well as that of wild-caught IND and IND-
derived IM lines were genetically closer to AB and TU lines rather than RW lines. This suggests that the RW 
line forms a unique subgroup distinct from AB and TU lines. Additionally, our analysis confirms that the WIK 
line, originating from wild-caught fish in Kolkata, is highly divergent from the other lines, thereby validating its 
usefulness in the screening of genetic variation.

Genetic characteristics of wild-type lines
We have identified unique gene variants affecting coding proteins in each line. In the TL genome, we successfully 
detected the leot1 mutation, a well-known nonsense variant (p.Arg68Ter) of the gja5b gene that encodes for 
connexin 41.8 protein6. This mutation alters the pigment pattern of the skin from stripes to spots, which is a 
TL-specific trait in appearance.

In the AB line, we identified two nonsense variants (p.Glu95Ter and p.Leu259Ter) in the or124-4 gene 
encoding a putative odorant receptor protein, but neither the expression nor function of this odorant receptor 
has been investigated. A previous study reported that the AB line carries a 1-bp deletion in the coding sequence 
of the fga gene, which encodes the fibrinogen alpha-chain27,28. This frame-shift mutation results in delayed 
platelet adhesion after laser-induced venous injury, a specific trait of the AB line. Although our analysis missed 
this mutation because we focused on SNPs rather than insertions/deletions, manual analysis confirmed the 
presence of this 1-bp deletion in the fga gene in the AB, SAT and NIGRI-1 lines but not in the other lines 
(Supplementary Figure S66).

We identified numerous genetic variants that affect protein-coding genes in all lines. However, some genes 
disrupted by these variants might be pseudogenes or misannotated in the Ensembl database.

Genomic characteristics of the RW line
In the RW line, we identified 13 genetic variants that potentially disrupt genes. Among these, three genes have 
been characterized in zebrafish. The neurite extension and migration factor a (nexmifa) gene encodes for a cell 
adhesion molecule and its deficiency causes morphological defects of motor axons at 48 and 72 hpf in zebrafish29. 
Although the initiation codon of the nexmifa gene was disrupted in the RW line (Supplementary Figure S55), 
zebrafish embryos of the RW line do not show motor neuron deficits30. Another in-frame methionine codon 
located downstream of the genetic variant in the nexmifa gene may compensate for gene product translation in 
this case. The urb1 gene encodes an essential ribosome biogenesis protein, and zebrafish embryos homozygous 
for a missense mutation (p.Phe80Leu) exhibited impaired proliferation of digestive organs at 48 hpf31. A variant 
of the splice donor site of exon 1 in the urb1 gene was identified in the RW line (Supplementary Figure S63), 
whereas defects in the digestive organs have not been reported in embryos from the RW line. The inversin 

Line

Number of SNPs

Fish_1 Fish_2 Fish_3

AB 8,616,172 8,938,557 8,760,424

TU 4,682,410 4,896,505 4,982,958

TL 10,566,299 10,228,612 10,729,647

WIK 11,563,172 11,762,020 11,625,223

SAT 7,401,950 7,808,516 7,585,568

NHGRI-1 8,135,310 8,568,691 8,513,890

PET 12,430,839 11,048,204 11,663,864

RW 11,790,905 12,272,063 12,177,879

*AB 7,191,673 7,427,564 7,448,163

IND 11,159,260 11,123,270 10,981,208

M-AB 7,212,831 7,060,857 7,016,435

IM 9,298,861 9,474,191 9,231,903

Table 1.  Number of SNPs. The SNPs data of *AB, IND, M-AB, IM lines was retrieved from Sadamitsu et al.14.
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(invs) gene encodes a protein containing ankyrin domains and IQ calmodulin-binding domains. Antisense 
morpholino-mediated knockdown of invs resulted in renal cysts in zebrafish32. In the RW line, a nonsense 
mutation was identified near the termination codon of the invs gene, resulting in the deletion of four amino 
acids at the C-terminus of the protein (Supplementary Figure S64). This truncation may not affect the function 
of the invs gene product. Indeed, embryos of the RW line do not exhibit renal defects, which are observed in 
invs morphants. We also identified potentially gene-disrupting variants in the sult3st1, ighv1-2, nitr3r.1 L, nitr7a, 
mvb12bb, steap3, sctr, stk39, golga4 and cyp2 × 6 genes (Supplementary Figure S53, S54, S56-S62, S65), but the 
loss of any of these genes has not been previously reported. It should also be noted that gene annotations in 

Fig. 2.  Phylogenetic tree of zebrafish wild-type lines. Phylogenetic relationships among 12 zebrafish lines 
were analyzed using Danio aesculapii and Danio nigrofasciatus as closely related outgroups. The phylogenetic 
tree was constructed with 10,000 bootstrap replicates, and the coefficients indicate bootstrap values at the tree 
nodes.
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zebrafish Ensembl database often include intron-containing transcripts due to annotation errors24. In such cases, 
SNPs that have no impact on gene products may appear in our findings.

Usefulness of the RW line
In this study, we described the establishment and maintenance of the RW line. Since unwanted genetic variants 
affecting development and reproduction were removed during the early establishment process, RW fish can 
be easily maintained in a healthy condition throughout all life stages from embryos to adults. In addition, 
RW embryos are suitable for microinjection techniques, including antisense knockdown, Tol2 transgenesis 
and CRISPR/Cas9-mediated genome editing19,20,21,22,23. Taken together, the zebrafish RW line serves as a 
valuable resource for analyzing genetically susceptible phenotypes such as behaviors, microbiomes and drug 
susceptibility. The RW line is available from the National BioResource Project (NBRP), an international resource 
center based in Japan33.

Methods
Ethics declarations
This study was approved by the Animal Care and Ethics Committee of RIKEN Center for Brain Science and 
Aoyama Gakuin University and carried out according to the Animal Research Reporting of In VIVO Experiments 
(ARRIVE) guidelines and relevant regulations.

Animals
Zebrafish AB, TU, TL, WIK, SAT, NHGRI-1 lines were purchased from ZIRC. Inbred M-AB and IM lines and 
their parental *AB and IND lines were described as previously14. The PET was the name of breeding stock 
of zebrafish, which can be purchased from a local pet store in Japan (Charm, Oizumi, Gunma). The RW line 
originated from a pet shop in Michigan, USA and has been maintained by mass mating in the fish facilities of 
National Institute for Basic Biology (1991–1993), Keio University, School of Medicine (1993–1997), and RIKEN 
Center for Brain Science (1997-present) under the standard laboratory condition. The details of removing 
unwanted genetic variants are illustrated in Fig. 1 and described in the Results section.

WGS library preparation and sequencing
WGS library preparation was conducted according to previous study14. Briefly, fish were anesthetized in 0.01% 
ethyl 4-aminobenzoate (Sigma-Aldrich, St. Louis, MO, USA) and their fins clipped, homogenized, and the 
genomic DNA was extracted using a phenol/chloroform method. The genomic DNA was converted into a 

Fig. 3.  Genetic heterozygosity of zebrafish lines. (A) Heterozygosity was calculated as the ratio of heterozygous 
variants to the total nucleotide count in the whole genome. Error bars represent the mean ± standard deviation. 
Each point in the bar graph corresponds to a biological replicate (n = 3). (B) Nucleotide diversity (p) for each 
line was depicted using violin plots and box plots.
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Fig. 4.  Number of disrupted genes. Homozygous SNPs that introduce nonsense codons or disrupt start 
codons, stop codons, or 2-bp splice junctions within protein-coding genes were classified as gene-disrupting 
genetic variants. The white bars represent the total number of genes disrupted in each line, while the colored 
bars represent the number of genes uniquely disrupted in each line.

 

Protein-coding regions 2-bp Splice junctions in introns 5’-UTR 3’-UTR Other intronic regions Intergenic regions Total

GRCz11.109
%
(Nucleotides)

5.556
(74,733,858)

0.089
(1,191,760)

0.433
(5,833,706)

1.695
(22,796,785)

65.838
(885,588,144)

26.389
(354,957,578)

100
(1,345,101,833)

AB (n = 3)
%
(SNPs)

2.222 ± 0.013
(147,469)

0.005 ± 0.000
(303)

0.370 ± 0.003
(24,525)

1.419 ± 0.030
(94,196)

72.345 ± 0.446
(4,800,871)

23.639 ± 0.481
(1,566,713)

100
(6,634,078)

TU (n = 3)
%
(SNPs)

2.012 ± 0.047
(77,396)

0.005 ± 0.000
(184)

0.342 ± 0.011
(13,170)

1.358 ± 0.051
(52,234)

72.919 ± 0.358
(2,806,852)

23.365 ± 0.343
(899,646)

100
(3,849,482)

TL (n = 3)
%
(SNPs)

2.263 ± 0.019
(243,606)

0.005 ± 0.000
(487)

0.372 ± 0.005
(40,095)

1.429 ± 0.015
(153,878)

72.361 ± 0.139
(7,788,117)

23.570 ± 0.161
(2,536,712)

100
(10,762,895)

WIK (n = 3)
%
(SNPs)

2.274 ± 0.008
(250,867)

0.004 ± 0.000
(472)

0.377 ± 0.006
(41,574)

1.428 ± 0.021
(157,602)

72.581 ± 0.205
(8,006,722)

23.335 ± 0.181
(2,574,534)

100
(11,031,771)

SAT (n = 3)
%
(SNPs)

2.134 ± 0.021
(204,332)

0.004 ± 0.000
(423)

0.356 ± 0.002
(34,061)

1.395 ± 0.033
(133,553)

72.687 ± 0.325
(6,962,131)

23.424 ± 0.286
(2,243,032)

100
(9,577,531)

NHGRI-1 (n = 3)
%
(SNPs)

2.269 ± 0.074
(159,465)

0.005 ± 0.000
(330)

0.382 ± 0.013
(26,870)

1.444 ± 0.024
(101,516)

71.805 ± 0.185
(5,051,034)

24.095 ± 0.250
(1,695,781)

100
(7,034,996)

PET (n = 3)
%
(SNPs)

2.162 ± 0.043
(209,466)

0.005 ± 0.000
(451)

0.354 ± 0.007
(34,409)

1.376 ± 0.014
(133,505)

72.183 ± 0.185
(7,011,297)

23.920 ± 0.149
(2,322,671)

100
(9,711,799)

RW (n = 3)
%
(SNPs)

2.180 ± 0.036
(251,074)

0.004 ± 0.000
(506)

0.358 ± 0.005
(41,214)

1.397 ± 0.017
(160,943)

72.187 ± 0.117
(8,316,050)

23.874 ± 0.175
(2,750,613)

100
(11,520,400)

*AB (n = 3)
%
(SNPs)

1.737 ± 0.007
(219,190)

0.004 ± 0.000
(477)

0.264 ± 0.001
(33,365)

1.125 ± 0.006
(141,900)

56.179 ± 0.065
(7,089,913)

40.691 ± 0.071
(5,135,388)

100
(12,620,234)

IND (n = 3)
%
(SNPs)

1.690 ± 0.013
(292,581)

0.004 ± 0.000
(648)

0.254 ± 0.002
(44,007)

1.103 ± 0.006
(190,859)

56.362 ± 0.073
(9,756,152)

40.586 ± 0.079
(7,025,722)

100
(17,309,968)

M-AB (n = 3)
%
(SNPs)

1.724 ± 0.007
(244,731)

0.004 ± 0.000
(538)

0.260 ± 0.001
(77,807)

1.122 ± 0.004
(159,280)

56.418 ± 0.010
(8,010,373)

40.473 ± 0.012
(5,746,573)

100
(14,239,303)

IM (n = 3)
%
(SNPs)

1.760 ± 0.009
(330,730)

0.004 ± 0.000
(703)

0.264 ± 0.001
(49,533)

1.122 ± 0.003
(210,713)

56.277 ± 0.016
(10,571,984)

40.573 ± 0.021
(7,622,058)

100
(18,785,741)

Table 2.  Number and ratio of homozygous SNPs. The SNPs data of *AB, IND, M-AB, IM was retrieved from 
Sadamitsu et al.14.
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sequencing library through fragmentation and ligation processes using the 5X WGS Fragmentation mix & Ligase 
Mix (QIAGEN, Hilden, Germany), followed by purification using AMpure XP beads (Beckman Coulter, Brea, 
CA, USA), adapter annealing, as describe previously. The adapter for the ligation step was prepared by annealing 
of C*A*C*​T​C​T​T​T​C​C​C​T​A​C​A​C​G​A​C​G​C​T​C​T​T​C​C​G​A*T*C*T and /5Phos/G*A*T*​C​G​G​A​A​G​A​G​C​A​C​A​C​G​T​C​T​
G​A​A​C​T​C​C​A​G​T*C*A*C (* and /5Phos/ signify a phosphorylated bond and a phosphorylation, respectively). 
PCR amplification with indexing involves adding unique index sequences to each sample during PCR using Fw_
i5 primer (AATGATACGGCGACCACCGAGATCTACACXXXXXXXXACACTCTTTCCCTACACGACGC) 
and Rev_i7 primer (CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGT). 
XXXXXXXX shown in the above primers are index sequences for multiplex sequencing (Supplementary Table 
S13). Then, 150 bp paired-end sequencing with DNBSEQ-T7 (MGI Tech, Shenzhen, China) was conducted by 
BGI Genomics (Shenzhen, China). Only TU line, sequencing of 150 bp paired-end reads was performed using 
HiSeq X Ten (Illumina, San Diego, CA, USA) by Macrogen, Inc. (Seoul, Korea).

Data analysis
The genome sequence of Danio rerio (Danio_rerio.GRCz11.dna.primary_assembly.fa.gz) was available at ​h​t​t​p​s​:​​/​
/​f​t​p​.​​e​n​s​e​m​b​​l​.​o​r​g​/​​p​u​b​/​r​​e​l​e​a​s​e​​-​1​0​9​/​f​​a​s​t​a​/​d​​a​n​i​o​_​r​e​r​i​o​/​d​n​a34,4. The reference sequence file for mapping was created 
for these genomic data, excluding extra data other than chromosomes (Chr 1 ~ 25) and the mitochondrial 
genome sequence (Danio_rerio.GRCz11.dna.primary_assembly.fa.gz). After trimming reads and removing 
adapter sequences using fastp version 0.20.135,36 with the default parameters except for “--detect_adapter_
for_pe: Specify that the sample is paired-end”, the data were mapped to the assembly genome (Danio_rerio.
GRCz11.dna.primary_assembly-only-chr.fa) with BWA-MEM version 0.7.17-r118837. The sequence coverage 
was confirmed to be around 20 for each line. Potential PCR duplicates were marked using the Mark Duplicates 
tool in Genome Analysis Toolkit GATK version 4.4.0.038. SNPs were detected by the Haplotype Caller tool in 
GATK using the default parameters except for “-mbq 20: Minimum base quality needed to consider a base for 
calling” and the Select Variants tool in GATK. VCF-merge in the VCFtools version 0.1.16 package was used to 
merge all vcf files. Base quality recalibration was performed using the Variant Filtration tool in GATK, and raw 
SNPs were filtered with the following parameters: QD < 2.0: Variant confidence normalized by unfiltered depth 
of variant samples; FS > 60.0: Strand bias estimated using Fisher’s Exact Test; MQ < 60: Root Mean Square of 
the mapping quality of reads across all samples; MQRankSum < -12.5: Rank Sum Test for mapping qualities of 
REF versus ALT reads; ReadPosRankSum < -8.0: Root Mean Square of the mapping quality of reads across all 
samples; and DP < 10: Depth of informative coverage for each sample. To assess how amino acids are affected by 
SNPs, genetic variants at the amino acid level were annotated using SnpEff version 4.3t and GRCz11 10939. The 
gene annotations were classified by SnpSift version 4.3t40.

Phylogenetic analysis
To reveal the phylogenetic relationships of diverse zebrafish lines, we constructed a phylogenetic tree using 
The merged vcf file was converted to a PHYLIP file using vcf2phylip version 2.041. A Python 3 script ascbias.py 
available at https://github.com/btmartin721/raxml_ascbias was used to remove inverted sites from the PHYLIP 
file. The edited PHYLIP files were evaluated with the bioconda package ModelTest-NG version 0.1.742,43 to 
select the best-fit model of evolution for DNA alignments. ML phylogenetic tree construction was carried out 
with IQ-tree version 2.0.744 using the GTR + G4 + ASC model and 10,000 bootstrap replicates. iTOL version 645 
was used for final editing (https://github.com/Hirata-lab-2023/RW_line/phy.sh). The sequencing data for Danio 
aesculapii (ERR3332304) and Danio nigrofasciatus (ERR034323) were obtained from the NCBI SRA.

SNP analysis
Heterozygous and homozygous SNP analysis was performed with a homemade script (​h​t​t​p​s​:​​​/​​/​g​i​t​h​u​​b​.​c​o​​m​/​H​i​r​
a​​​t​a​-​l​​​a​b​-​2​​0​2​​3​​/​R​W​_​​s​t​​r​a​i​​n​/​a​n​l​​y​s​i​s​.​R) using the core tools of R 4.2.3 and the R package – ggplot2 version 3.4.246, 

Chr Position SNP Type Gene ID Amino Acid Protein name

3 29,663,729 A > C splice acceptor variant sult3st1 ENSDART00000132083.3 - Amine sulfotransferase

3 34,053,820 G > A stop gained ighv1-2 ENSDART00000151590.2 p.Trp51* Immunoglobulin zeta heavy chain, partial

5 23,118,472 G > A start lost nexmifa ENSDART00000149893.2 p.Met1Ile Protein KIAA2022-like

7 23,118,472 G > T stop gained nitr3r.1 L ENSDART00000063629.7 p.Glu250* Novel protein similar to lectins

7 17,376,057 T > A stop gained nitr7a ENSDART00000172272.2 p.Leu31* Novel immune-type receptor 7a, allele 2

8 33,568,960 T > G stop gained mvb12bb ENSDART00000138921.2 p.Tyr1* Family with sequence similarity 125, member B

9 896,199 G > A stop gained steap3 ENSDART00000139132.3 p.Trp279* Metalloreductase STEAP3

9 925,992 C > T stop gained sctr ENSDART00000168917.2 p.Arg439* Secretin receptor precursor

9 49,048,872 T > A stop lost stk39 ENSDART00000125090.3 p.Ter530Arg537* STE20/SPS1-related proline-alanine-rich protein kinase

13 48,108,452 G > A stop gained golga4 ENSDART00000193446.1 p.Trp791* Golgin subfamily A member 4

15 5,719,419 T > C splice donor variant urb1 ENSDART00000190332.1 - Nucleolar pre-ribosomal-associated protein 1

16 27,502,206 C > T stop gained invs ENSDART00000015688.10 p.Arg1022* Inversin

25 17,364,030 G > T stop gained cyp2 × 6 ENSDART00000064591.6 p.Gly256* Cytochrome P450 2 × 6

Table 3.  Genes disrupted in the RW line.
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openxlsx version 4.2.5.2, patchwork version 1.1.2, ggsignif version 0.6.4, dplyr version 1.1.2, ggbreak version 
0.1.147, stringr version 1.5.0, UpSetR version 1.4.048, reshape2 version 1.4.446, and sets version 1.0–2449. The 
numbers of heterozygous SNPs were counted in each individual, and the percentages per total genome nucleotides 
were calculated. Nucleotide diversity (π) was calculated using VCFtools version 0.1.16 with the --window-pi and 
--window-pi-step options. A sliding window approach was applied with a window size of 10,000 base and a 
step size of 2,000 base across the genome to estimate local nucleotide diversity levels. To evaluate the functional 
effects of nonsynonymous mutations, we constructed a computational pipeline, Z-VCFAA, which converts VCF 
files into corresponding protein FASTA sequences. This pipeline enables downstream functional analysis of 
amino acid substitutions and is publicly available for reproducibility and accessibility ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​H​i​r​a​t​
a​-​l​a​b​-​2​0​2​3​/​Z​-​V​C​F​A​A​-​​​​​)​. Based on the generated FASTA sequences, we performed functional impact prediction 
of missense variants using PROVEAN version 1.1.550. All figures were edited using Adobe Illustrator version 
26.4.1.

Statistical analysis
Data are presented as the mean ± standard deviation of at least three independent experiments. The results of 
the statistical test are indicated as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001) or **** (P ≤ 0.0001). P ≤ 0.05 was 
considered statistically significant. Graphical presentations were made with the R package ggplot246.

Data availability
Our sequencing data are deposited in the NCBI Sequence Read Archive as follows (Bio Project: PRJNA1110785): 
AB_1: SRR29004176; AB_2: SRR25514324; AB_3: SRR29004174 ; TU_1: SRR30229261; TU_2: SRR29006348; 
TU_3: SRR29006347 TL_1: SRR29004373; TL_2: SRR29004372, TL_3: SRR29004371; WIK_1: SRR29004179; 
WIK_2: SRR29004178; WIK_3: SRR29004177; SAT_1: SRR29004367; SAT_2: SRR29004366; SAT_3: 
SRR29004365; NHGRI-1_1: SRR29004370; NHGRI-1_2: SRR29004369; NHGRI-1_3; SRR29004368; PET_1; 
SRR29004364; PET_2: SRR29004363; PET_3: SRR29004362; RW_1: SRR29014430; RW_2: SRR29014429; 
RW_3: SRR29014428. Whole-genome sequences of M-AB (M-AB_1: SRR25514300; M-AB_2: SRR25514299; 
M-AB_3: SRR25514298), *AB (*AB_1: SRR25514325; *AB_2: SRR25514324; *AB_3: SRR25514323), IM 
(IM_1: SRR25514304; IM_2: SRR25514303; IM_3: SRR25514302) and IND (IND_1: SRR25514329; IND_2: 
SRR25514328; IND_3: SRR25514327.) were obtained from the NCBI Sequence Read Archive.
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