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Abstract

Median fins are thought to be ancestors of paired fins which in turn give rise to limbs in tetra-
pods. However, the developmental mechanisms of median fins remain largely unknown.
Nonsense mutation of the T-box transcription factor eomesa in zebrafish results in a pheno-
type without dorsal fin. Compared to zebrafish, the common carp undergo an additional
round of whole genome duplication, acquiring an extra copy of protein-coding genes. To ver-
ify the function of eomesa genes in common carp, we established a biallelic gene editing
technology in this tetraploidy fish through simultaneous disruption of two homologous
genes, eomesa1 and eomesa2. We targeted four sites located upstream or within the
sequences encoding the T-box domain. Sanger sequencing data indicated the average
knockout efficiency was around 40% at T1-T3 sites and 10% at T4 site in embryos at 24
hours post fertilization. The individual editing efficiency was high to about 80% at T1-T3
sites and low to 13.3% at T4 site in larvae at 7 days post fertilization. Among 145 mosaic Fq
examined at four months old, three individuals (Mutant 1-3) showed varying degrees of mal-
development in the dorsal fin and loss of anal fin. Genotyping showed the genomes of all
three mutants were disrupted at T3 sites. The null mutation rates on the eomesa1 and
eomesaz2 loci were 0% and 60% in Mutant 1, 66.7% and 100% in Mutant 2, and 90% and
77.8% in Mutant 3, respectively. In conclusion, we demonstrated a role of eomesa in the for-
mation and development of median fins in Oujiang color common carp and established an
method that simultaneously disrupt two homologous genes with one gRNA, which would be
useful in genome editing in other polyploidy fishes.
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Introduction

Fishes rely on fins for locomotion and balance. Their paired fins (pectoral and pelvic fins) are
derived from median fins (dorsal, anal, and caudal fins). Through morphological modifica-
tions, paired fins give rise to appendages such as limbs or wings during vertebrate evolution
[1]. In the vertebrate lineage, paired fins, limbs, and wings are considered as homologous
organs, and their developmental processes and genetic regulatory networks are largely con-
served [2,3]. Examples can be found in the studies of limbs in mice (Mus musculus), wings in
chickens (Gallus gallus), and paired fins in zebrafish (Danio rerio) [4]. Unlike paired append-
ages (or paired fins) of fishes and tetrapods, median fins are present only in fishes and their
developmental mechanisms are largely elusive. Nonetheless, studies have shown that median
and paired fins share similar developmental mechanisms despite their different embryonic ori-
gins, namely, somatic mesoderm and lateral plate mesoderm, respectively [3,5,6].

T-box family proteins are a group of transcription factors that contain DNA-binding T-box
domains, and play critical roles in limb development [7]. The T-box transcription factors are clas-
sified into five subfamilies including T, Tbx1, Tbx2, Tbx6 and Tbr1 [8], of which four subfamilies
are expressed in developing limbs [7]. Within the Tbx2 subfamily, Tbx5 and Tbx4 are conserved
markers for limb bud initiation and formation of the forelimb and hindlimb in mouse and
chicken, respectively [9-11]. In zebrafish, deletion of thx5 and tbx4 genes ceases the formation of
pectoral fins and pelvic fins, respectively [10,12].

A well examined member of the Tbr1 family is Eomesodermin (Eomes), or Tbr2. In mouse
limbs, eomes is exclusively expressed in the mesenchyme at the base of digit 4, and loss of its
expression is associated with the loss of digit 4 [13]. Eomes is required for trophoblast develop-
ment and mesoderm formation, and the embryonic development of mouse eomes mutant is
arrested soon after implantation several days before limb formation [14]. Therefore, the exact
role of eomes playing in limb development remains to be clarified [7]. The zebrafish genome
contains two homologous eomes gene, eomesa and eomesb [15]. A nonsense mutation of
eomesa in zebrafish (eomesa™%%) generates a truncated protein in the T-box domain and
results in the delay of early embryonic development and loss of the dorsal fin [16]. Eomesb in
zebrafish is first discovered in the lymphatic system, and its protein function has not been
reported yet [15].

In addition to the protein-coding gene eomes, several regulatory elements also affect
median fin development. A long-range limb-specific enhancer, the zone of polarizing activity
(ZPA) regulatory sequence, termed ZRS, controls sonic hedgehog (shh) gene expression that is
critical for normal limb development [17]. A single-nucleotide mutation within ZRS causes
limb malformations in multiple vertebrate species including humans [18]. Sequential nucleo-
tide substitutions or deletions within ZRS region contribute to functional degeneration in vivo
and result in phenotypic variations in snake body plan from a basal form with vestigial limbs
to more advanced forms without limbs [19]. Deletions of both ZRS and shadow ZRS in Japa-
nese medaka (Oryzias latipes) abolish shh expression and eliminate pectoral fin formation,
whereas deletions of ZRS result in complete ablation of the dorsal fin [20]. These findings indi-
cate that a ZRS-Shh regulatory module is shared by paired and median fins and that paired
fins likely emerged by duplication and co-option of the developmental programs established
in the median fins, supporting the notion that paired fins originated from the median fins with
shared developmental mechanisms [20].

The CRISPR/Cas9 system has been widely applied to induce mutagenesis in a variety of
model organisms, such as the yeast (Saccharomyces cerevisiae) [21], Caenorhabditis elegans
[22], Drosophila [23], zebrafish [24], mouse [25] and rice (Oraza sativa) [26]. Furthermore, it
has been shown to edit both alleles of a target gene efficiently in non-model fishes; for example,
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Northeast Chinese lamprey (Lethenteron morii) [27], Nile tilapia (Oreochromis niloticus) [28],
common carp (Cyprinus carpio) [29,30], Atlantic salmon (Salmo salar) [31,32], and channel
catfish (Ictalarus punctatus) [33].

In this study, we inferred the roles of eomesa genes in median fin development by establish-
ing a biallelic gene editing technology that disrupted two eomesa genes, eomesal and eomesa2,
in the Oujiang color common carp (C. carpio var. color). The common carp underwent a third
round of whole genome duplication (4R-WGD) about 8-14.4 million years ago [34], acquiring
an extra copy of protein-coding genes. The homozygotic mutants of eomesa in zebrafish show
a phenotype of no dorsal fins. Our experiments showed that three mosaic F, founders of
eomesal and eomesa2 presented the phenotype of aberrant dorsal fins and no anal fins. There-
fore, the eomesa genes are likely involved in development of both dorsal and anal fins in
Oujiang color common carp. The method to simultaneously disrupt two highly similar homol-
ogous genes provides a tool to study recently duplicated genes in other polyploidy fishes.

Materials and methods
Source and maintenance of color common carp

The color common carps were sampled from the Provincial Farm of Oujiang Color Common
Carp at Longquan county, Zhejiang province. Sexually mature carps were raised and main-
tained at the Aquatic Animal Germplasm Station of Shanghai Ocean University, located in
Xinchang town, Pudong New District, Shanghai. The animal sampling and experimental pro-
tocols were approved by the Shanghai Ocean University Ethics Committee for the Use of Ani-
mal Subjects.

Identification and verification of eomesa genes in color common carp

Two copies of eomesa genes were identified in the genome of common carp. The eomesal

and eomesa2 cDNA sequences of goldfish (Carassius auratus), Japanese silver crucian carp
(Carassius auratus langsdorfii) and common carp downloaded from GenBank were used to iden-
tify and confirm the eomesa gene sequences and structures in the common carp genome (http://
www.fishbrowser.org/database/ Commoncarp_genome) using BLAST program (S1 Table).

The genomic sequences of common carp eomesal and eomesa2 were compared. Regions
with low similarity and uniqueness to each gene were selected to design specific primer pairs
to amplify eomesal and eomesa2 separately (Table 1, S1 Fig). The amplified fragments were
then sequenced with the Sanger method. The sequencing results showed that these primers
could be used to specifically amplify eomesal and eomesa2 of color common carp.

Phylogenetic analysis of eomes genes

Deduced amino acid sequences of eomes genes were downloaded from the Ensembl genome
browser (release 95, January 2019) for representative vertebrates, including human (Homo
sapiens), mouse, chicken, and zebrafish. Sequence data of three other fishes were downloaded
from species-specific genome databases, including grass carp (Ctenopharyngodon idella)
(http://www.ncgr.ac.cn/grasscarp/), goldfish (https://research.nhgri.nih.gov/goldfish/), and
common carp (http://www.fishbrowser.org/database/ Commoncarp_genome/) (S2 Table).

Protein sequences of eomes gene from aforementioned species were aligned by ClustalW2
with default parameters [35]. A phylogenetic tree was built, using a JTT substitution model
with maximum likelihood (ML) method with 1,000 bootstrap replications in MEGAG6 software
package [36].
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Eomesa target sites and sgRNA synthesis

Four sgRNA target sites (Table 1) were originally designed to disrupt eomesal and eomesa2 simul-
taneously with the ZiFiT Targeter Version 4.2 online software package (http://zifit.partners.org/
ZiFiT). To avoiding sgRNA oft-target effects, all candidate target sequences were aligned onto the
common carp reference genome with NCBI BLAST programme and screened with the criteria of
core base (12 bases adjacent to PAM) mismatches = 0. Later, the potential off-targets of the four
sgRNAs were also predicted by using an CRISPR/Cas9 target online predictor CCTop with the
default parameters of core length = 12, max. core mismatches = 2, max. total mismatches = 4 [37].
The results including efficacy score of each sgRNA and its targets and off-targets were listed in

S2 Fig. The sgRNA synthesis was performed as described in the previous study [27] with minor
modification. Briefly, the backbone from pUC19-scaffold plasmid for each gRNA was amplified
by PCR with PrimeSTAR®™ Max DNA Polymerase (Takara) using the corresponding primers
[specific forward primer: 5-TAA TAC GAC TCA CTA TAN NNN NNN NNN NNN NNN
NNN NGT TTT AGA GCT AGA AAT AGC-3), (underlined Ns represents target sequence);
universal reverse primer: 5-AAA AAA AGC ACC GAC TCG GTG CCA C-3’]. The pUCI19-s-
caffold plasmid was provided by Professor Jing-Wei Xiong of Peking University. Each target
sequence begins with the GG dinucleotides, which is required for T7 RNA polymerase in vitro
transcription. After purification of the PCR product with DNA Clean & Concentrator-5 (Zymo
Research), sgRNA was synthesized using MAXIscript T7 kit (Ambion) and digested with DNase I
(Ambion) for 15 min to remove DNA. Finally, the sgRNA was purified using lithium chloride
precipitation method. The quality of the sgRNAs was measured by electrophoresis and bright
bands (actual size 119 bp) between 100 and 150 bp (50 bp DNA Ladder, Takara) were visible on
2% agarose gel. The concentration of the sgRNAs was further measured by NanoDrop 2000
(Thermo Scientific) and concentration of the sgRNAs was about 900 ng/pl. The high quality
sgRNAs was stored at -80°C before utilized for microinjections.

Embryo collection and microinjection

Embryos were obtained through artificial fertilization according to our previous method [29].
The eggs and sperms of color common carp were collected separately and stored at 4°C prior
to artificial fertilization.

Table 1. The information of target sites and primer pairs for amplifying specific target sites.

Target ID Target sequence PAM sequence Position Gene name Primer pairs

T1 GGACGCGCGGAAAAGTTCTC CGG exonl eomesal ACATGGACCGGACTGAAACCGA
CTGTCCGAACTGATACCCGCTC
eomesa2 ACATGGACCGGACTGAAACCGA
GTCCAAACTGATAGCCGCTTCC
T2 GGGCTCCGCGGCGAGGGCGC AGG exonl eomesal GACCAATCCGTGCTCTCTCTTC
CGGGTTCGTTTTTATCACCCTT
eomesa2 CACCAACCCGTGCTCTCTCTTT

GAACGGATTCGGGTTCATTT
T3 GGCGCATTATAACGTGTTTG TGG exon2 eomesal GGCAGGTGAGAATGAGAAGCTG

AGTTTGCATGTAGCCTGTGTT

eomesa2 GGGCAGGTAAGAATGAAAACTT

AACTGGTTGTCATGATGCTC
T4 GGCTCGGTTCTTCCGCCCGC CGG exonl eomesal GGAATAAAGCAGCGGCATCCGT
CGGGTTCGTTTTTATCACCCTT
GGG eomesa2 TATCCTCGACCCAACCGAGTTC

GAACGGATTCGGGTTCATTT

https://doi.org/10.1371/journal.pone.0281297.t001
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The embryo microinjection was conducted as our previous method with minor modifica-
tion. Briefly, several glass Petri dishes were placed at the bottom of a bucket filled with water.
Fertilized eggs (one-cell stage embryos) were slowly poured into the bucket. Most fertilized
eggs sunk and adhered to the surface of Petri dishes with the animal pole upward, enabling
precise and efficient microinjections of the mixture of sgRNA and Cas9 protein into embryos.

Each embryo was injected with about 1 nL mixture of the NLS-Cas9-NLS protein (Gen-
Script, 800 ng/ul) and sgRNA (80-100 ng/pl). Over 500 embryos were injected with the mix-
ture of each sgRNA and Cas9 protein. Two artificial fertilizations and embryo injection
experiments were carried out on May 3 and May 11, 2018.

Evaluation of gene editing efficiency

The exact alteration and efficiency of knockout at eomesal and eomesa2 loci was evaluated by
Sanger sequencing method at two developmental time points, 24 hours post fertilization (hpf)
and 7 days post fertilization (dpf). The procedure of gene editing efficiency measurement on
24 hpf embryo was diagramed in Fig 2A. For each target site, the genomic DNA from a mix-
ture of five embryos was extracted using alkaline lysis method and then amplified with
eomesal and eomesa2 locus-specific primer pairs, respectively (Table 1, S1 Fig). Fifteen colo-
nies derived from each PCR product were sequenced and three sampling replicates were per-
formed from embryos of each target site injection.

The procedure of gene editing efficiency measurement on 7 dpf larvae was diagramed in
Fig 3A. For each target site, genomic DNA from ten larvae was extracted with TTANamp
Marine Animals DNA kit (Tiangen) and then amplified with eomesal and eomesa2 locus-spe-
cific primer pairs, respectively (Table 1). PCR product from each individual was directly
sequenced to determine if the target site was knocked out (Fig 3B). The knockout efficiency of
ten individuals was defined as the population editing efficiency (E,, = the number of knocked
out individuals/total individuals examined x 100). Then, three successfully knockout individu-
als were randomly selected and further analyzed with PCR using TA cloning method as per-
formed at 24 hpf. For each individual, ten independent colonies were sequenced and analyzed.
The knockout efficiency of each individual was calculated and defined as the individual editing
efficiency (E; = the number of knockout colonies/total colonies examined x 100). The effi-
ciency of 7 dpf larvae was only performed on the individuals injected on May 11, 2018.

The phenotype and genotype of mosaic F,

The phenotype of F, at four months old was examined, and the fins of 145 mosaic F, fish were
inspected carefully. Three individuals with dysplasia of median fins were further analyzed on
their target sites with editing efficiency. The caudal fins of these individuals were used for
genomic DNA extraction using a TTANamp Marine Animals DNA kit (Tiangen). DNA frag-
ments containing four target sites were amplified using eomesal and eomesa2 locus-specific
primer pairs (the primer pairs of T1 forward primer and T3 reverse primer), respectively
(Table 1, S1 Fig). The target sites and their editing efficiency on each individual were then
examined following the same procedure as 7 dpf (Fig 3A). To compare the phenotype pre-
sented in mosaic Fy common carp with that in eomesa mutant zebrafish, the eomesa™%°
mutant zebrafish were obtained from China Zebrafish Resource Center and the median fin
phenotypes of several generation offspring were observed and recorded.
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Results
Characteristics of eomesa genes

Tetrapod genomes, represented here by those of chicken, mouse and human, encode an eomes
gene while teleost genomes typically contain two homologs of the eomes gene, eomesa and
eomesb, which are generated by the teleost-specific whole genome duplication (TS-WGD or
3R-WGD) (Fig 1A). Two paralogs of the eomesa gene, eomesal and eomesa2, were encoded in
the common carp genome, as a result of the fourth round whole genome duplication
(4R-WGD) that occurred 14.4 million years ago (Mya), before the speciation of the common
ancestor of common carp and goldfish [34,38] (Fig 1A).

The gene structures of eomesal and eomesa2 were analyzed by aligning the eomesa cDNA
sequences of goldfish, crucian carp, and common carp onto the common carp genome assem-
bly [34]. The eomesal of common carp was located on chromosome 37, with a total length of
about 7.2 kb containing six exons (S1 Table). Its CDS was 1,989 bp in length and encoded a
protein of 662 amino acids which was the same length as the homolog proteins encoded in
goldfish and crucian carp (S1 Table). The T-box domain of Eomesal was 196 amino acids in
length and located at amino acid residues from 213 to 408 (Fig 1B).

The eomesa2 of common carp was also composed of six exons and spanned about 5.1 kb on
an unplaced scaffold (S1 Table). Its 1,992 bp CDS was three bp longer than that of eomesal
and encoded a protein of 663 amino acids. The Eomesa2 of goldfish or crucian carp was one
amino acid longer than that of common carp (S1 Table). The T-box domain of Eomesa2 was
located at amino acid residues from 214 to 409 and had the same length of 196 amino acids as
Eomesal (Fig 1B). The two eomesa genes of common carp shared sequence identity of 94%,
and their encoded proteins shared 96% identity in their amino acid residues. The alignment of
Eomesa sequences from seven species showed that the amino acid sequences of T-box domain
were highly conserved in vertebrates (Fig 1B).

The efficiency of gene editing on embryos at 24 hpf

To evaluate the roles of eomesa in median fin development, we disrupted eomesal and eomesa2
alleles to eliminate possible functional redundancy between the two paralogous genes. Four
shared target sites were designed to knock out eomesal and eomesa2 genes simultaneously

(S1 Fig). Three target sites were located on exon 1 and upstream the sequences encoded the T-
box domain. The fourth target site was located on exon 2 and embedded in the sequences
encoding the T-box domain (Fig 1C).

The exact alteration and efficiency of knockout at the eomesal and eomesa2 loci were evalu-
ated on 24 hpf embryos using Sanger sequencing method (Fig 2A). The knockout efficiency
examined on 24 hpf embryos varied across four different target sites and between two inde-
pendent experiments. In the first injection experiment, average efficiency of four targets on
eomesal was 29.9+20.1%, 28.9+16.8%, 19.5+9.8% and 2.2+3.9%, respectively, and on eomesa2
was 48.9+31.5%, 34.8+26.4%, 34.8+26.4% and 7.4+7.7%, respectively (Tables 2 and S3). In the
second injection experiment, the average efficiency of four targets on eomesal was 51.1
+45.4%, 40.8+24.1%, 52.8+38.8% and 12.8+6.3%, respectively, and on eomesa2 was 40.0
+33.3%, 48.9£43.3%, 67.5£17.3% and 16.7+5.8%, respectively (Tables 2 and S3).

The DNA sequencing results showed that many mutation types occurred, including inser-
tion or deletion, or both (Fig 2B), which caused inframe or frame-shift mutations (54 Table).
We analyzed the mutation types and its number occurred at each target site in mosaic mutants
(54 and S5 Tables, S3 Fig). Around 20 mutation types occurred at T1 and T2 sites on eomesal
and eomesa2. More than 10 mutation types occurred at T3 site, and four and five mutation
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Fig 1. The phylogenetic tree, amino acid alignment of Eomes in vertebrates, and the schematic diagrams of the
eomesa gene structure. (a) The phylogenetic tree was constructed using the ML method with 1,000 bootstraps. The

cyan square represents teleost-specific whole genome duplication (TS-WGD, or 3R-WGD) and green triangles

represent the fourth-round whole genome duplication (4R-WGD) occurred before the speciation of the common
ancestor of common carp and goldfish. (b) Dashes are introduced to improve the alignment. The T-box domain is
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indicate exons encoding the T-box domain. The dash lines indicate the target sites.
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types occurred at T4 site, respectively. The length of DNA fragment inserted or deleted varied
largely. The longest inserted fragment reached 82 nt and occurred at T4 site on eomesa2. The
longest deleted fragment reached 65 nt and occurred at T2 sit on eomesal (54 Table).

The efficiency of gene editing on larvae at 7 dpf

The exact alteration and efficiency of knockout at eomesal and eomesaZ2 in 7 dpf larvae was
also evaluated using Sanger sequencing method (Fig 3A). E; on target sites from T2 to T4 was
the same between eomesal and eomesa2 and was 80.0%, 70.0% and 20.0%, respectively. E, on
T1 differed between eomesal and eomesa2 and was 40.0% and 30.0%, respectively (Table 3).
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Table 2. The statistics of the knockout efficiency on embryos at 24 hpf.

Gene Injection times Editing efficiency (Mean+SD)
T1 T2 T3 T4

eomesal 1 29.9+20.1% 28.9+£16.8% 19.5+£9.8% 2.2+3.9%
2 51.1+45.4% 40.8+24.1% 52.8+38.8% 12.8+6.3%

Total 40.5+33.5% 34.9+19.7% 36.1£31.2% 7.5%7.4%

eomesa2 1 48.9+31.5% 34.8+26.4% 34.8+26.4% 7.4%7.7%
2 40.0+£33.3% 48.9+43.3% 67.5+17.3% 16.7+5.8%

Total 44.4+29.4% 41.8+33.0% 41.5+33.3% 12.0+7.9%

https://doi.org/10.1371/journal.pone.0281297.t1002

E; was evaluated by examining the sequences of ten TA colonies on each individual (Fig 3A).
The average E; was calculated on three individuals (S6 Table). The average Ei on target sites
from T1 to T4 at eomesal was 83.3+15.3%, 76.7+15.3%, 85.2+25.6% and 13.3+11.5%, respec-
tively, whereas E; at eomesa2 was 76.7+15.3%, 77.5+13.9%, 50.0+26.5% and 31.2+31.8%, respec-
tively (Table 3). These results demonstrated that in the Fy mosaic population, 20 to 80 percent
individuals were disrupted at an efficiency variation from 13.3% to 85.3% among different tar-
get sites. The mutation types were also examined in each individual (54 and S7 Tables). Com-
pared to the mutation types occurred in 24 hpf embryos, additional mutation types were found
in 7 dpflarvae.

Phenotype of Fy mosaic juveniles

The phenotypes of four-month-old F juveniles (n = 145) were examined. Three individuals,
designated as Mutant 1—Mutant 3, were found to have lost the anal fin, and their dorsal fins
were maldeveloped to different degrees (Fig 4B). We genotyped these three individuals and
calculated the value of E; with the method used in larvae at 7 dpf. The results showed that the
genomes were disrupted at T3 site in all three individuals. The E; in Mutant 1—Mutant 3 on
eomesal was 0%, 100% and 100%, respectively and the E; on eomesa2 was 100%, 100% and
100%, respectively (S8 Table). The null mutation rate on eomesal and eomesa2 was further
considered in each mutant as the in-frame mutations occurred. The null mutation rate on
eomesal and eomesa2 was 0% and 60% in Mutant 1, 66.7% and 100% in Mutant 2, and 90%
and 77.8% in Mutant 3, respectively (S8 Table).

Discussion
Disrupting two homologous genes simultaneously with one gRNA

The CRISPR/Cas9 system is a simple and efficient genome editing tool and has been applied to
generate loss-of-function genes in model and non-model fishes. Zebrafish and Japanese
medaka are two widely used diploid model fishes for study on gene function. The CRISPR/
Cas9 system has been well established in these two fishes [24,39-43]. CRISPR/Cas9 system has
also been used in non-model fishes, such as Nile tilapia [28], common carp [29,30], Atlantic
salmon [31,32], rainbow trout (Oncorhynchus mykiss) [44], sea bream (Sparus aurata), and
channel catfish [33].

Polyploidy is rarer in animals than in plants [45]. However, fishes are the most species-rich
group in vertebrates, with more than 24,000 species. Polyploidy occurs in species such as com-
mon carp and goldfish in Cyprinidae, and Atlantic salmon and rainbow trout in Salmonidae
[46]. Common carp is cultured in over 100 countries, providing high economic value to the
global freshwater aquaculture production [47,48]. In addition to its value as a food source,
common carp is widely cultured as an important ornamental fish such as koi carp because of
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Fig 3. The efficiency of knock out at the eomesal and eomesa2 loci was evaluated by Sanger sequencing method at 7 days post fertilization. (a) The
measurement procedure of gene editing efficiency includes population editing efficiency (E,) and individual editing efficiency (E;) on 7 dpflarvae. (b) Sanger
sequencing chromatographs show overlapped peaks in the eomesal T2 and eomesa2 T4 sites in targeted individuals, and the ratio of peak heights from these
overlapped peaks between WT and mutants implies the knockout efficiency. The red rectangles indicate the target bases.

https://doi.org/10.1371/journal.pone.0281297.9003

its various color and scale patterns. However, the genetic modification of common carp still
relies on artificial breeding under natural mutation, which is time-consuming and inefficient.
The CRISPR/Cas9 system provides a highly efficient targeted mutagenesis tool for common

carp genetic studies and breeding. The knockout efficiency examined on 24 hpf embryos var-
ied across four different target sites and between two independent experiments. The average
knockout efficiency varied from 7.5+7.4% at T4 site to 44.4£29.4% at T1 site. The values of
average knockout efficiency were similar (around 40%) at T1-T3 sites between eomesal and
eomesa2. Likewise, the average knockout efficiency was approximately 10% at T4 site for both
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Table 3. The statistics of the knockout efficiency on larvae at 7dpf.

Gene Population editing efficiency (E,) * Individual editing efficiency (E;) *
T1 T2 T3 T4 T1 T2 T3 T4
eomesal 40.0% 80.0% 70.0% 20.0% 83.3£15.3% 76.7£15.3% 85.2+25.6% 13.3+11.5%
eomesa2 30.0% 80.0% 70.0% 20.0% 76.7£15.3% 77.5£13.9% 50.0£26.5% 31.2431.8%

Note: "The knock out efficiency on ten individuals was defined as the population editing efficiency (E, = the number of knock-outed individuals/total ten examined
individuals x 100).
*The knock out efficiency on each of three random individuals was calculated and its value was defined as the individual editing efficiency (E; = the number of knocked

out colonies/total examined colonies x 100); here presented the average Ei of three individuals.

https://doi.org/10.1371/journal.pone.0281297.t1003

eomesal and eomesa2 (Table 2). Similar to the results from 24 hpf, both of E, and E; at 7 dpf
also varied across target sites. The E,, varied from 20.0% at T4 site to 70.0-80.0% at T2 and T3
sites. The E; at T1 to T3 was as high as about 80%, while the E; at T4 site was 13.3+11.5% for
eomesal and 31.2+31.8% for eomesa2 (Table 3). However, the knockout efficiency on 24 hpf
embryos in experiment performed at the second time was at least 4.0% higher than that in
experiment at the first time, which is probably due to improved injection skill at the second
time. The introduced somatic mutation frequencies in this study are comparable to the fre-
quencies of zebrafish [49] and common carp [30] in previous studies. The reason why the effi-
ciency varies between different sites is unclear, but we speculate that it may be related to the
local DNA three-demensional structure of the target site. A similar phenomenon has been
reported in zebrafish [50].

Although the CRISPR/Cas9 technology is simple and high efficient in cleaving target
regions, its off-target effects often occurred and could not be ignored. We predicted the poten-
tial off-targets of the four sgRNAs by CCTop and their efficacy scores were also calculated by
CRISPRater (S2 Fig). The efficacy scores of four sgRNAs were from medium (0.63) to high
(0.81). The potential off-target site positions mostly located at intergenic or intronic regions.
However, the results also showed that the T2 sgRNA targeted an exonic region of syncrip gene
and T4 sgRNA targeted an exonic region of unknown gene with core mismatches = 2 and that
the T3 sgRNA targeted the exonic regions of eomesb genes (eomesbl and eomesb2) with core
mismatches = 1 (S2 Fig). We checked whether the exonic regions of eomesb genes (eomesbl
and eomesb2) were targeted by T3 sgRNA in the ten larvae at 7 dpf with the similar procedure
used in individual gene editing efficiency measurement on 7 dpf larvae (Fig 3A). However, the
sequencing results showed that exonic regions of eomesb genes were not targeted by T3
sgRNA (S1 File). Therefore, we speculated that the abnormal development of median fins in
Oujiang common carp (Fig 4) was not caused by the loss function of eomesb because the gene
knockout zebrafish of eomesb generated previously in our lab did not present any phenotypes
related to fin development [51].

Generally, single gene mutant is generated through disrupting the target gene with one or
more gRNAs whereas double gene mutant is generated through disrupting the target genes
individually and then crossing between the offspring with individual gene mutation. Some-
times, double gene mutant is also generated through disrupting the target genes with two dif-
ferent gRNAs simultaneously. For example, Zhong et al. disrupted two common carp sp7
genes, sp7a and sp7b, individually and generated double mutant fish of sp7a;mstnba with co-
microinjection of each target gene gRNA in a single step [30]. In this study, we disrupted two
homologous genes with one gRNA. To our knowledge, this is the first report on targeted dis-
ruption of two homologous genes with one gRNA in polyploidy fish. This strategy saves one
generation time to obtain homozygotic double mutants compared to disrupting the target
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Fig 4. Phenotypic comparison between zebrafish and color common carp eomesa mutants. (a) Lateral view of wild type and eomesa mutant zebrafish.
Compared to the wild type, the eomesa™°° mutants exhibit two phenotypes. All mutants exhibit the phenotype with no dorsal fin. Rare mutants exhibit the
phenotype with no dorsal fin and anal fin. (b) Lateral view of four-month-old wild type and eomesa mosaic mutants of color common carp. Compared to the
wild type, three mosaic mutants (M1-M3) exhibit different degrees of deformity in the dorsal fins and complete loss of anal fins.

https://doi.org/10.1371/journal.pone.0281297.9g004

genes individually and then crossing between the offspring with individual gene mutation. In
addition, this strategy is also beneficial to studying the evolution of duplicated genes (either
neofunctionalization or subfunctionalization) in tetraploidy fish because homozygotic single
gene mutants and double gene mutants will simultaneously appear in F, progeny.

Eomesa involvement in the formation and development of median fins

When vertebrates transit from aquatic to terrestrial habitats, the median fins degenerate and
the paired fins evolve into forelimbs and hindlimbs that are more adaptive to terrestrial habi-
tats. The developmental processes and genetic regulatory networks of paired appendages have
attracted much attention and have been extensively studied [4]. Although median fins play an
important role in generating locomotor force during both steady swimming and maneuvering
[8], their origin and developmental mechanisms have remained largely unknown. Only a few
studies have shown that they share similar developmental mechanisms with paired fins [3,5,6].
Eomesa is the only maternal T-box transcription factor found in zebrafish that promotes
mesoderm and ectoderm induction in early embryonic development and known to have an
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impact on the development of dorsal fin [16]. Du et al. (2012) report that the zebrafish eome-
sa™% mutant generated by TILLING exhibits a phenotype with no dorsal fin. However, the
association between eomesa and anal fin development has not been established in zebrafish. In
our observation of median fin phenotypes of zebrafish eomesa mutants, we found that several
mutants exhibit the phenotype with no dorsal and anal fin in one batch of eomesa™*° progeny
(Fig 4B). Our double knockout eomesa mutants of common carp exhibited the phenotype with
dorsal fin dysplasia, anal fin loss, and normal caudal fin. This may be due to the concerted
developmental and evolutionary pattern of the dorsal and anal fins. Thus, we speculate that
two eomesa genes, eomesal and eomesa2 are functionally redundant and dosage-dependently
affect the development of median fins excluding caudal fin in Oujiang common carp. The off-
spring with knockout of only single gene may have weak phenotype with median fin defect.
We further speculate that the failure of fin bud formation in dorsal and anal fins may be caused
by eomesa in the mesoderm cells that form fin buds in the postembryonic development. It is
interesting that truncated eomesa proteins with different length had differential effects on the
development of median fins formation. We originally planned to perform functional analysis
of eomesa gene with the homozygotes and did not do more genotyping analysis on other
mosaic fish without phenotype. Unfortunately, due to the outbreak of COVID-19 pandemic,
all the mosaic F fish raised at the farming base died in 2020. In-depth analysis on the eomesa
gene could not be further carried out.

Conclusion

In this work, we established a method to simultaneously disrupt two homologous genes with
one gRNA and demonstrated that eomesa was likely involved in the formation and develop-
ment of median fins in Oujiang color common carp. Our study also provides a useful and
potentially efficient avenue for genome editing in polyploidy fishes.

Supporting information

S1 Fig. The position of four target sites and their locus-specific primer pairs.
(DOCX)

S2 Fig. The information of four targets and their off-target sites presented in CCTop.
(DOCX)

S3 Fig. The sequences of the target region of eomesa in the common carp larvae at 24 hpf
and 7 dpf.
(DOCX)

S1 Table. Genomic position of eomesal and eomesa2 and comparison of eomesa sequences
between goldfish, common carp and crucian carp.
(XLSX)

S2 Table. Information of species used for phylogenetic tree.
(XLSX)

S3 Table. The statistics of the knockout efficiency on 24 hpf embryos with three sampling
replicates.
(DOCX)

S4 Table. Statistics of mutation types on four target sites.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0281297 March 2, 2023 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s007
https://doi.org/10.1371/journal.pone.0281297

PLOS ONE

Disruption of eomesa results in abnormal development of median fins in Oujiang color common carp

S5 Table. The statistics of the mutation types on 24 hpf embryos.
(DOCX)

$6 Table. The individual knockout efficiency on 7 dpf larvae with three random individu-
als.
(DOCX)

S7 Table. The statistics of the mutation types on 7 dpf larvae.
(DOCX)

S8 Table. Mutation types in three mosaic fish.
(XLSX)

S1 File. Examination of potential off-target on eomesb gene.
(DOCX)

Acknowledgments

We want to thank the editor Baisong Lu and two anonymous reviewer for their helpful and
constructive comments on our manuscript.

Author Contributions

Conceptualization: Jianfeng Ren.

Data curation: Bobo Du, Yaru Li.

Funding acquisition: Rong Huang, Fei Li, Jianfeng Ren.
Investigation: Shiying Song, Wenyao Cui.

Methodology: Honglin Chen.

Project administration: Jianfeng Ren.

Resources: Honglin Chen, Chenghui Wang.

Supervision: Jianfeng Ren.

Writing - original draft: Shiying Song, Bobo Du, Jianfeng Ren.

Writing - review & editing: Yu-Wen Chung-Davidson, Weiming Li, Chenghui Wang,
Jianfeng Ren.

References

1. Mari-Beffa M, Murciano C (2010) Dermoskeleton morphogenesis in zebrafish fins. Dev Dyn 239:
2779-2794. https://doi.org/10.1002/dvdy.22444 PMID: 20931648

2. Mabee PM, Crotwell PL, Bird NC, Burke AC (2002) Evolution of median fin modules in the axial skeleton
of fishes. J Exp Zool 294: 77-90. https://doi.org/10.1002/jez.10076 PMID: 12210109

3. Freitas R, Zhang G, Cohn MJ (2006) Evidence that mechanisms of fin development evolved in the mid-
line of early vertebrates. Nature 442: 1033—1037. https://doi.org/10.1038/nature04984 PMID:
16878142

4. Zuniga A (2015) Next generation limb development and evolution: old questions, new perspectives.
Development 142: 3810-3820. https://doi.org/10.1242/dev.125757 PMID: 26577204

5. Crotwell PL, Clark TG, Mabee PM (2001) Gdf5 is expressed in the developing skeleton of median fins
of late-stage zebrafish, Danio rerio. Dev Genes Evol 211: 555-558. https://doi.org/10.1007/s00427-
001-0186-z PMID: 11862461

PLOS ONE | https://doi.org/10.1371/journal.pone.0281297 March 2, 2023

14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0281297.s012
https://doi.org/10.1002/dvdy.22444
http://www.ncbi.nlm.nih.gov/pubmed/20931648
https://doi.org/10.1002/jez.10076
http://www.ncbi.nlm.nih.gov/pubmed/12210109
https://doi.org/10.1038/nature04984
http://www.ncbi.nlm.nih.gov/pubmed/16878142
https://doi.org/10.1242/dev.125757
http://www.ncbi.nlm.nih.gov/pubmed/26577204
https://doi.org/10.1007/s00427-001-0186-z
https://doi.org/10.1007/s00427-001-0186-z
http://www.ncbi.nlm.nih.gov/pubmed/11862461
https://doi.org/10.1371/journal.pone.0281297

PLOS ONE

Disruption of eomesa results in abnormal development of median fins in Oujiang color common carp

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Hadzhiev Y, Lele Z, Schindler S, Wilson SW, Ahlberg P, et al. (2007) Hedgehog signaling patterns the
outgrowth of unpaired skeletal appendages in zebrafish. BMC Dev Biol 7: 75. https://doi.org/10.1186/
1471-213X-7-75 PMID: 17597528

Sheeba CJ, Logan MP (2017) The Roles of T-Box Genes in Vertebrate Limb Development. Curr Top
Dev Biol 122: 355-381. https://doi.org/10.1016/bs.ctdb.2016.08.009 PMID: 28057270

Papaioannou VE (2014) The T-box gene family: emerging roles in development, stem cells and cancer.
Development 141: 3819-3833. https://doi.org/10.1242/dev.104471 PMID: 25294936

Duboc V, Logan MP (2011) Regulation of limb bud initiation and limb-type morphology. Dev Dyn 240:
1017-1027. https://doi.org/10.1002/dvdy.22582 PMID: 21360788

Naiche LA, Papaioannou VE (2003) Loss of Tbx4 blocks hindlimb development and affects vasculariza-
tion and fusion of the allantois. Development 130: 2681-2693. https://doi.org/10.1242/dev.00504
PMID: 12736212

Rallis C, Bruneau BG, Del Buono J, Seidman CE, Seidman JG, et al. (2003) Tbx5 is required for fore-
limb bud formation and continued outgrowth. Development 130: 2741-2751. https://doi.org/10.1242/
dev.00473 PMID: 12736217

Ahn DG, Kourakis MJ, Rohde LA, Silver LM, Ho RK (2002) T-box gene tbx5 is essential for formation of
the pectoral limb bud. Nature 417: 754—758. https://doi.org/10.1038/nature00814 PMID: 12066188

Farin HF, Ludtke TH, Schmidt MK, Placzko S, Schuster-Gossler K, et al. (2013) Tbx2 terminates shh/
fgf signaling in the developing mouse limb bud by direct repression of gremlin1. PLoS Genet 9:
€1003467. https://doi.org/10.1371/journal.pgen.1003467 PMID: 23633963

Russ AP, Wattler S, Colledge WH, Aparicio SA, Carlton MB, et al. (2000) Eomesodermin is required for
mouse trophoblast development and mesoderm formation. Nature 404: 95-99. https://doi.org/10.1038/
35003601 PMID: 10716450

Takizawa F, Araki K, Ito K, Moritomo T, Nakanishi T (2007) Expression analysis of two Eomesodermin
homologues in zebrafish lymphoid tissues and cells. Mol Immunol 44: 2324-2331. https://doi.org/10.
1016/j.molimm.2006.11.018 PMID: 17194477

Du S, Draper BW, Mione M, Moens CB, Bruce A (2012) Differential regulation of epiboly initiation and
progression by zebrafish Eomesodermin A. Dev Biol 362: 11-23. https://doi.org/10.1016/j.ydbio.2011.
10.036 PMID: 22142964

Sagai T, Hosoya M, Mizushina Y, Tamura M, Shiroishi T (2005) Elimination of a long-range cis-regula-
tory module causes complete loss of limb-specific Shh expression and truncation of the mouse limb.
Development 132: 797-803. https://doi.org/10.1242/dev.01613 PMID: 15677727

VanderMeer JE, Ahituv N (2011) cis-regulatory mutations are a genetic cause of human limb malforma-
tions. Dev Dyn 240: 920-930. https://doi.org/10.1002/dvdy.22535 PMID: 21509892

Kvon EZ, Kamneva OK, Melo US, Barozzi |, Osterwalder M, et al. (2016) Progressive Loss of Function
in a Limb Enhancer during Snake Evolution. Cell 167: 633—-642 e611. https://doi.org/10.1016/j.cell.
2016.09.028 PMID: 27768887

Letelier J, de la Calle-Mustienes E, Pieretti J, Naranjo S, Maeso |, et al. (2018) A conserved Shh cis-reg-
ulatory module highlights a common developmental origin of unpaired and paired fins. Nat Genet 50:
504-509. https://doi.org/10.1038/s41588-018-0080-5 PMID: 29556077

DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, et al. (2013) Genome engineering in Saccharomyces
cerevisiae using CRISPR-Cas systems. Nucleic Acids Res 41: 4336—4343. https://doi.org/10.1093/
nar/gkt135 PMID: 23460208

Friedland AE, Tzur YB, Esvelt KM, Colaiacovo MP, Church GM, et al. (2013) Heritable genome editing
in C. elegans via a CRISPR-Cas9 system. Nat Methods 10: 741-743.

Gratz SJ, Cummings AM, Nguyen JN, Hamm DC, Donohue LK, et al. (2013) Genome engineering of
Drosophila with the CRISPR RNA-guided Cas9 nuclease. Genetics 194: 1029—1035. https://doi.org/
10.1534/genetics.113.152710 PMID: 23709638

Chang N, Sun C, Gao L, Zhu D, Xu X, et al. (2013) Genome editing with RNA-guided Cas9 nuclease in
zebrafish embryos. Cell Res 23: 465-472. https://doi.org/10.1038/cr.2013.45 PMID: 23528705

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, et al. (2013) One-step generation of mice car-
rying mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153: 910-918.
https://doi.org/10.1016/j.cell.2013.04.025 PMID: 23643243

Shan Q, Wang Y, LiJ, Zhang Y, Chen K, et al. (2013) Targeted genome modification of crop plants
using a CRISPR-Cas system. Nat Biotechnol 31: 686-688. https://doi.org/10.1038/nbt.2650 PMID:
23929338

ZuY, Zhang X, Ren J, Dong X, Zhu Z, et al. (2016) Biallelic editing of a lamprey genome using the
CRISPR/Cas9 system. Sci Rep 6: 23496. https://doi.org/10.1038/srep23496 PMID: 27005311

PLOS ONE | https://doi.org/10.1371/journal.pone.0281297 March 2, 2023 15/17


https://doi.org/10.1186/1471-213X-7-75
https://doi.org/10.1186/1471-213X-7-75
http://www.ncbi.nlm.nih.gov/pubmed/17597528
https://doi.org/10.1016/bs.ctdb.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28057270
https://doi.org/10.1242/dev.104471
http://www.ncbi.nlm.nih.gov/pubmed/25294936
https://doi.org/10.1002/dvdy.22582
http://www.ncbi.nlm.nih.gov/pubmed/21360788
https://doi.org/10.1242/dev.00504
http://www.ncbi.nlm.nih.gov/pubmed/12736212
https://doi.org/10.1242/dev.00473
https://doi.org/10.1242/dev.00473
http://www.ncbi.nlm.nih.gov/pubmed/12736217
https://doi.org/10.1038/nature00814
http://www.ncbi.nlm.nih.gov/pubmed/12066188
https://doi.org/10.1371/journal.pgen.1003467
http://www.ncbi.nlm.nih.gov/pubmed/23633963
https://doi.org/10.1038/35003601
https://doi.org/10.1038/35003601
http://www.ncbi.nlm.nih.gov/pubmed/10716450
https://doi.org/10.1016/j.molimm.2006.11.018
https://doi.org/10.1016/j.molimm.2006.11.018
http://www.ncbi.nlm.nih.gov/pubmed/17194477
https://doi.org/10.1016/j.ydbio.2011.10.036
https://doi.org/10.1016/j.ydbio.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22142964
https://doi.org/10.1242/dev.01613
http://www.ncbi.nlm.nih.gov/pubmed/15677727
https://doi.org/10.1002/dvdy.22535
http://www.ncbi.nlm.nih.gov/pubmed/21509892
https://doi.org/10.1016/j.cell.2016.09.028
https://doi.org/10.1016/j.cell.2016.09.028
http://www.ncbi.nlm.nih.gov/pubmed/27768887
https://doi.org/10.1038/s41588-018-0080-5
http://www.ncbi.nlm.nih.gov/pubmed/29556077
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1093/nar/gkt135
http://www.ncbi.nlm.nih.gov/pubmed/23460208
https://doi.org/10.1534/genetics.113.152710
https://doi.org/10.1534/genetics.113.152710
http://www.ncbi.nlm.nih.gov/pubmed/23709638
https://doi.org/10.1038/cr.2013.45
http://www.ncbi.nlm.nih.gov/pubmed/23528705
https://doi.org/10.1016/j.cell.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23643243
https://doi.org/10.1038/nbt.2650
http://www.ncbi.nlm.nih.gov/pubmed/23929338
https://doi.org/10.1038/srep23496
http://www.ncbi.nlm.nih.gov/pubmed/27005311
https://doi.org/10.1371/journal.pone.0281297

PLOS ONE

Disruption of eomesa results in abnormal development of median fins in Oujiang color common carp

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

Li M, Yang H, Zhao J, Fang L, Shi H, et al. (2014) Efficient and heritable gene targeting in tilapia by
CRISPR/Cas9. Genetics 197: 591-599. https://doi.org/10.1534/genetics.114.163667 PMID: 24709635

Chen H, Wang J, Du J, SiZ, Yang H, et al. (2019) ASIP disruption via CRISPR/Cas9 system induces
black patches dispersion in Oujiang color common carp. Aquaculture 498: 230—235.

Zhong Z, Niu P, Wang M, Huang G, Xu S, et al. (2016) Targeted disruption of sp7 and myostatin with
CRISPR-Cas9 results in severe bone defects and more muscular cells in common carp. Sci Rep 6:
22953. https://doi.org/10.1038/srep22953 PMID: 26976234

Datsomor AK, Zic N, Li K, Olsen RE, Jin Y, et al. (2019) CRISPR/Cas9-mediated ablation of elovI2 in
Atlantic salmon (Salmo salar L.) inhibits elongation of polyunsaturated fatty acids and induces Srebp-1
and target genes. Sci Rep 9: 7533.

Edvardsen RB, Leininger S, Kleppe L, Skaftnesmo KO, Wargelius A (2014) Targeted mutagenesis in
Atlantic salmon (Salmo salar L.) using the CRISPR/Cas9 system induces complete knockout individuals
in the FO generation. PLoS One 9: e108622. https://doi.org/10.1371/journal.pone.0108622 PMID:
25254960

Gratacap RL, Wargelius A, Edvardsen RB, Houston RD (2019) Potential of Genome Editing to Improve
Aquaculture Breeding and Production. Trends Genet 35: 672—684. https://doi.org/10.1016/j.tig.2019.
06.006 PMID: 31331664

Xu P, Zhang X, Wang X, Li J, Liu G, et al. (2014) Genome sequence and genetic diversity of the com-
mon carp, Cyprinus carpio. Nat Genet 46: 1212—1219. https://doi.org/10.1038/ng.3098 PMID:
25240282

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007) Clustal W and Clustal X
version 2.0. Bioinformatics 23: 2947-2948. https://doi.org/10.1093/bioinformatics/btm404 PMID:
17846036

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGAG: Molecular Evolutionary Genetics
Analysis version 6.0. Mol Biol Evol 30: 2725-2729. https://doi.org/10.1093/molbev/mst197 PMID:
24132122

Stemmer M, Thumberger T, Del Sol Keyer M, Wittbrodt J, Mateo JL (2015) CCTop: An Intuitive, Flexible
and Reliable CRISPR/Cas9 Target Prediction Tool. PLoS One 10: e0124633. https://doi.org/10.1371/
journal.pone.0124633 PMID: 25909470

Chen Z, Omori Y, Koren S, Shirokiya T, Kuroda T, et al. (2019) De novo assembly of the goldfish (Car-
assius auratus) genome and the evolution of genes after whole-genome duplication. Sci Adv 5:
eaav0547. https://doi.org/10.1126/sciadv.aav0547 PMID: 31249862

Ansai S, Kinoshita M (2014) Targeted mutagenesis using CRISPR/Cas system in medaka. Biol Open
3: 362-371. https://doi.org/10.1242/bi0.20148177 PMID: 24728957

Hwang WY, Fu Y, Reyon D, Maeder ML, Kaini P, et al. (2013) Heritable and precise zebrafish genome
editing using a CRISPR-Cas system. PLoS One 8: e68708. https://doi.org/10.1371/journal.pone.
0068708 PMID: 23874735

Jao LE, Wente SR, Chen W (2013) Efficient multiplex biallelic zebrafish genome editing using a
CRISPR nuclease system. Proc Natl Acad Sci U S A 110: 13904—13909. https://doi.org/10.1073/pnas.
1308335110 PMID: 23918387

Xiao A, Wang Z,Hu Y, Wu'Y, Luo Z, et al. (2013) Chromosomal deletions and inversions mediated by
TALENSs and CRISPR/Cas in zebrafish. Nucleic Acids Res 41: e141. https://doi.org/10.1093/nar/
gkt464 PMID: 23748566

Hwang WY, Fu 'Y, Reyon D, Maeder ML, Tsai SQ, et al. (2013) Efficient genome editing in zebrafish
using a CRISPR-Cas system. Nature biotechnology 31: 227-229. https://doi.org/10.1038/nbt.2501
PMID: 23360964

Cleveland BM, Yamaguchi G, Radler LM, Shimizu M (2018) Editing the duplicated insulin-like growth
factor binding protein-2b gene in rainbow trout (Oncorhynchus mykiss). Sci Rep 8: 16054. https://doi.
0rg/10.1038/s41598-018-34326-6 PMID: 30375441

Mable BK (2004) 'Why polyploidy is rarer in animals than in plants’: myths and mechanisms. Biological
Journal of the Linnean Society 82: 453—-466.

Comber SCL, Smith C (2004) Polyploidy in fishes: patterns and processes. Biological Journal of the Lin-
nean Society 82:431-442.

Bostock J, McAndrew B, Richards R, Jauncey K, Telfer T, et al. (2010) Aquaculture: global status and
trends. Philos Trans R Soc Lond B Biol Sci 365: 2897—2912. https://doi.org/10.1098/rstb.2010.0170
PMID: 20713392

Moffitt CM, Cajas-Cano L (2014) Blue Growth: The 2014 FAO State of World Fisheries and Aquacul-
ture. Fisheries 39: 552-553.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281297 March 2, 2023 16/17


https://doi.org/10.1534/genetics.114.163667
http://www.ncbi.nlm.nih.gov/pubmed/24709635
https://doi.org/10.1038/srep22953
http://www.ncbi.nlm.nih.gov/pubmed/26976234
https://doi.org/10.1371/journal.pone.0108622
http://www.ncbi.nlm.nih.gov/pubmed/25254960
https://doi.org/10.1016/j.tig.2019.06.006
https://doi.org/10.1016/j.tig.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31331664
https://doi.org/10.1038/ng.3098
http://www.ncbi.nlm.nih.gov/pubmed/25240282
https://doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1371/journal.pone.0124633
https://doi.org/10.1371/journal.pone.0124633
http://www.ncbi.nlm.nih.gov/pubmed/25909470
https://doi.org/10.1126/sciadv.aav0547
http://www.ncbi.nlm.nih.gov/pubmed/31249862
https://doi.org/10.1242/bio.20148177
http://www.ncbi.nlm.nih.gov/pubmed/24728957
https://doi.org/10.1371/journal.pone.0068708
https://doi.org/10.1371/journal.pone.0068708
http://www.ncbi.nlm.nih.gov/pubmed/23874735
https://doi.org/10.1073/pnas.1308335110
https://doi.org/10.1073/pnas.1308335110
http://www.ncbi.nlm.nih.gov/pubmed/23918387
https://doi.org/10.1093/nar/gkt464
https://doi.org/10.1093/nar/gkt464
http://www.ncbi.nlm.nih.gov/pubmed/23748566
https://doi.org/10.1038/nbt.2501
http://www.ncbi.nlm.nih.gov/pubmed/23360964
https://doi.org/10.1038/s41598-018-34326-6
https://doi.org/10.1038/s41598-018-34326-6
http://www.ncbi.nlm.nih.gov/pubmed/30375441
https://doi.org/10.1098/rstb.2010.0170
http://www.ncbi.nlm.nih.gov/pubmed/20713392
https://doi.org/10.1371/journal.pone.0281297

PLOS ONE Disruption of eomesa results in abnormal development of median fins in Oujiang color common carp

49. HuP,Zhao X, Zhang Q, LiW, Zu'Y (2018) Comparison of Various Nuclear Localization Signal-Fused
Cas9 Proteins and Cas9 mRNA for Genome Editing in Zebrafish. G3 (Bethesda) 8: 823—-831. https://
doi.org/10.1534/93.117.300359 PMID: 29295818

50. SunY, ZhangB, LuoL, ShiDL, Wang H, et al. (2019) Systematic genome editing of the genes on zebra-
fish Chromosome 1 by CRISPR/Cas9. Genome Res. https://doi.org/10.1101/gr.248559.119 PMID:
31831591

51. HuJ, DuB, Song S, Zhang Q, Ren J (2021) Mutant construction and functional analysis of eomesb
gene in zebrafish. Genomics and Applied Biology (In Chinese) 40: 1047—1054.

PLOS ONE | https://doi.org/10.1371/journal.pone.0281297 March 2, 2023 17/17


https://doi.org/10.1534/g3.117.300359
https://doi.org/10.1534/g3.117.300359
http://www.ncbi.nlm.nih.gov/pubmed/29295818
https://doi.org/10.1101/gr.248559.119
http://www.ncbi.nlm.nih.gov/pubmed/31831591
https://doi.org/10.1371/journal.pone.0281297

