
 
 
 

 

Application of genome editing to marine 

aquaculture as a new breeding technology 
 

 

 

 

 

 

 

 

 

 

 

 

Kenta Kishimoto 

2019 
  



 1 

Contents 

 
General introduction.......................................................................................................2 

 

Chapter 1..........................................................................................................................6 
An effective microinjection method for genome editing of marine aquaculture fish: tiger 
pufferfish Takifugu rubripes and red sea bream Pagrus major 
 C1.1 Abstract.....................................................................................................6 
 C1.2 Introduction..............................................................................................7 
 C1.3 Materials and Methods.............................................................................8 
 C1.4 Results.....................................................................................................13 
 C1.5 Disccusion...............................................................................................25 
 C1.6 References...............................................................................................29 

 
Chapter 2........................................................................................................................30 
Production of a breed of red sea bream Pagrus major with an increase of skeletal muscle 
mass and reduced body length by genome editing with CRISPR/Cas9 

C2.1 Abstract...................................................................................................30 
 C2.2 Introduction.............................................................................................31 
 C2.3 Materials and Methods............................................................................31 
 C2.4 Results.....................................................................................................36 
 C2.5 Disccusion...............................................................................................55 
 C2.6 References...............................................................................................59 

 
Chapter 3........................................................................................................................61 
The establishment of myostatin knockout tiger pufferfish Takifugu rubripes with 
CRISPR/Cas9 genome editing for a breed improvement in aquaculture and an 
investigation of the gene function in fugu 

C3.1 Abstract...................................................................................................61 
 C3.2 Introduction............................................................................................62 
 C3.3 Materials and Methods............................................................................63 
 C3.4 Results.....................................................................................................69 
 C3.5 Disccusion...............................................................................................93 
 C3.6 References...............................................................................................97 

 
General Discussion.........................................................................................................99 

 
Acknowledgements......................................................................................................102 
 



 2 

General introduction 
Genome is a word which is a blend of the words “gene” and “ome” meaning chromosome. 

Thus, it includes all of the genes in an organism. An organism represents characteristics, 

features, and traits by using genome as genetic materials. Genome sequences and the 

genome sizes differ among species. According to Ensemble genome browser [1] and red 

sea bream genome database, the genome sizes of human (Homo sapiens), red sea bream 

(Pagrus major), and fugu (Takifugu rubripes) are 3,609,003,417 [1]; 752,042,544 

[unpublished]; and 391,484,725 [1] base pairs, respectively. Therefore, the variation of 

genome contributes the variation of species. Of course, the cording sequences (CDS), 

which are the region translated into protein, are different among species. For example, 

the CDS sequence identities of myostatin gene (mstn) are 63.2% in human vs red sea 

bream, 61.7% in human vs fugu, and 87.0% in red sea bream vs fugu by analysis with 

ClustalW [2] [unpublished data]. In addition, an individual differs from each other in the 

same species since a few variations of genome exist in the same species. By investigating 

the variations among six red sea bream in breeding population by whole genome sequence, 

it was revealed that there is variation in the genome sequence in one of 113.2 bp 

[unpublished data]. Thus, an individual with a valuable trait for aquaculture occurs by 

genetic variations and/or spontaneous mutations. A classical “selective breeding” is the 

process by which a new breed is developed with a heritance by selecting individuals with 

particular phenotypic traits from natural or breeding populations.  

In crop and livestock, there are various breeds with valuable traits since 

selective breeding has been performed over a long period. For example, Brassica 

oleracea comprises many important vegetable crop breeds including cauliflower, broccoli, 

cabbage, brussels sprouts, and kale. Cattle, pig, and chicken consist of various valuable 

traits for human. They are completely distinguished from original animals in nature. On 

the other hand, in marine aquaculture fish, selective breeding had not developed because 

fish production had mainly relied on exploitation of wild stocks until late 1900s. Recently, 

an importance of aquaculture is highlighted due to the increasing demand for fishery 

protein and awareness about conservation of natural resources. Thus, highly productive 

aquaculture breeds are desirable for both producers and consumers [3].  

The classical selective breeding techniques have the following issues in marine 
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aquaculture fish species; (1) it is impossible to intentionally obtain a desired phenotype 

because natural mutations occur at random, (2) a long-time period is required to establish 

new breeds since most marine aquaculture fish have a long sex maturation (2 years in red 

sea bream, 3 years in fugu), and (3) administration and observation of aquatic animals 

need more efforts than of land animals. These characteristics constitute a considerable 

barrier to work for breed improvement. For overcoming these issues in aquaculture, the 

application of new breeding techniques (NBTs) in aquaculture have been conducted. One 

of them is the breeding method with random mutagenesis by physical energy (e.g. gamma 

radiation or high energy ion beam) and chemical mutagens (e.g. ethylmethane sulfonate 

or N-ethyl-N-nitrosourea), by which various plant breeds have been established until now 

[4]. The random mutagenesis breeding method has been tried also in aquaculture fish, 

fugu [5]. However, the method requires laborious efforts for screening mutants with a 

desirable phenotype. Transgenic technology had come under the spotlight as a new 

technology which can quickly produce new breeds harboring beneficial traits [6-8]. The 

well-known one is a transgenic Atlantic salmon Salmo salar breed which harbors an 

integration of growth hormone from chinook salmon Oncorhynchus tshawytscha with an 

antifreeze protein gene promotor derived from ocean pout Zoarces americanus [6]. The 

transgenic Atlantic salmon exhibits a drastic growth enhancement, and was the first 

genetically modified animal approved by the Food and Drug Administration (FDA) in 

2015. These organisms made by transgenic technology are defined as genetically 

modified organisms (GMOs), which have exogenous genes and do not exist in nature. 

Therefore, GMOs including aquaculture products generally have not been positively 

accepted as food stuffs because of the concerns about food safety and about genetic 

contamination of wild stocks by escaped GMOs.  

Recently, genome editing technology has developed as a latest NBT in 

agriculture, livestock industry, and also aquaculture. There are three tools for genome 

editing: zinc finger nucleases (ZFNs), transcriptional activator like effector nucleases 

(TALENs), and clustered regularly interspaced short palindromic repeats / CRISPR 

associated nuclease 9 (CRISPR/Cas9) RNA guided endonuclease (RGEN) system, which 

have been developed and used in a wide range of organisms [9-11]. In particular, TALENs 

and CRISPR/Cas9 have been wildly used because of its high efficiency. These artificial 

restriction enzymes and RGEN system are programmed to generate site specific double 
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strand DNA breaks (DSBs) that can be repaired by DNA repair process, non-homologous 

end joining (NHEJ) or homology directed repair (HDR). By using these process, the 

following genetically engineering can be performed: targeted gene disruptions with 

insertions and/or deletions by an error of DNA repair, or target genome modification 

caused by homologous recombination [12]. The genome editing via NHEJ can cause a 

specific endogenous gene disruption without adding exogenous gene. Genome editing 

breeding have several merits that it is gene-targetable, simple, low-cost, and rapid for 

researchers and aquaculture workers. As the previous genetic research which compared 

genetic variations among six red sea bream in aquaculture, the numbers of 1-10 and 11-

20 bp deleted sites against reference genome database were 530,307 and 59,620, 

respectively [unpublished data]. Thus, genome edited breeds are hardly distinguishable 

from the wild ones since such in/del mutations occur also in nature. Therefore, genome 

edited breeds are expected as food staffs. Now, genome editing has been applied to several 

plants, animals, and fish which are used as commercial food stuffs [13-15].  

In this study, the establishment of breeding method with genome editing was 

performed in marine aquaculture fish, red sea bream and fugu. In chapter 1, the 

microinjection method was established by which genome editing tools are introduced into 

fertilized eggs by resolving the problems derived from characteristics of marine 

aquaculture species. In chapter 2, a breed of red sea bream with increased skeletal muscle 

mass was produced by mstn knockout with genome editing CRISPR/Cas9. In chapter 3, 

a breed of fugu with increased skeletal muscle mass was also produced with 

CRISPR/Cas9. 
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Chapter 1 
An effective microinjection method for genome 
editing of marine aquaculture fish: tiger pufferfish 
Takifugu rubripes and red sea bream Pagrus 
major 
 
C1.1 Abstract 

Genome editing technology is getting accepted as a way to improve traits in marine fish 

aquaculture. In fish, microinjection is a major method for introducing RNA or protein 

into eggs for genome editing; however, this method has not been established yet in 

aquaculture fish. I successfully established microinjection methods achieving high 

survival rates for tiger pufferfish Takifugu rubripes (fugu) and red sea bream Pagrus 

major by optimizing the following three parameters: (1) the soaking solution of fertilized 

eggs during microinjection, (2) the elapsed time from in vitro fertilization to 

microinjection, (3) the elapsed time from stripping to microinjection. In fugu, Iwamatsu 

solution or diluted sea water is effective as the soaking solution. In vitro fertilization can 

be performed at intervals of 15 minutes from fertilization until 2.5 hours after stripping. 

Similarly, in red sea bream, Leibovitz’s L-15 medium or Iwamatsu solution is effective 

as the soaking solution and in vitro fertilization can be performed at intervals of 10 

minutes from fertilization until 2.5 hours after stripping. I anticipate that the findings in 

the present study will contribute to effectively establish genome edited aquaculture breeds. 
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C1.2 Introduction 

Gene specific knockout with genome editing is becoming increasingly accepted as a way 

to improve breeding efficiency in marine fish aquaculture because it allows modification 

of endogenous genes without the need to integrate exogenous genes [1]. For genome 

editing in fish, it is necessary to introduce nucleic acid or proteins as genome editing tools 

into fertilized eggs with a glass needle micropipette under a microscope, that is, the 

microinjection method [1-5]. Since the characteristics of fish eggs vary depending on 

each species [6-7], the microinjection method for genome editing needs to be optimized 

for each fish species.  

There are several problems in breeding with genome editing using the 

microinjection method. First, the survival rate of eggs after microinjection decreases 

because of the physical damage to the chorion. Second, the number of eggs that can be 

microinjected in a day is limited because the microinjection of genome editing tools into 

fertilized eggs is performed on single eggs one at a time and this procedure is time-

consuming. For breeding with genome editing, a microinjection method, in which eggs 

have a high survival rate and a large number of eggs can be treated, needs to be established 

to overcome these two problems.  

In order to overcome the first problem, I investigated the effect of different 

soaking solutions for fertilized eggs during microinjection on the survival rate in 

experiment 1 (T1 for fugu and R1 for red sea bream). My experience that most fertilized 

eggs died after microinjection using sea water as the soaking solution led me to think that 

the effect of osmolality of the soaking solution on egg survival was critical. Therefore, I 

investigated several isotonic solutions with lower osmotic pressure; i.e., balanced salt 

solution, cell culture solution, and diluted sea water as a substitute for sea water.  

In order to overcome the second problem, I investigated the effect of the elapsed 

time from in vitro fertilization to microinjection in experiment 2 (T2 for fugu and R2 for 

red sea bream). The chorion of fish eggs hardens several minutes after fertilization and 

prevents microinjection. Thus, to microinject into a lot of eggs, it is important to perform 

microinjection just after fertilization so that the chorion is still soft enough to allow 

penetration of the chorion with the glass needle. Therefore, I investigated the time point 

when the needle cannot easily penetrate the chorion because of the chorion hardening and 

the survival rate of the injected eggs until that time.  
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Then, I investigated the effect of the elapsed time from stripping to 

microinjection on the survival rate of eggs in experiment 3 (T3 for fugu and R3 for red 

sea bream). In a series of microinjections with marine fish eggs, in vitro fertilization can 

be carried out repeatedly so that newly fertilized eggs with the chorion still soft enough 

to be penetrated by the glass needle are available for microinjection. Fertility of sperm 

can be maintained throughout the day by storage in a refrigerator. In contrast, fertility of 

unfertilized eggs gradually decreases over several hours after stripping, and is completely 

lost several hours later. Thus, it is thought that the survival rate of the injected eggs also 

decreases gradually after stripping. Therefore, I investigated the elapsed time prior to 

microinjection in which a high survival rate of injected eggs was maintained.  

In the present study, I optimized the microinjection method concerning the 

above three factors and established microinjection methods for fugu Takifugu rubripes 

and red sea bream Pagrus major, which are important marine aquaculture fish in Japan. 

 

 

C1.3 Materials and methods 

1.3.1 Experimental fish and gametes for in vitro fertilization 

1.3.1.1 Fugu 

Parent fish were purchased from a commercial supplier (Watanabe Suisan, Kagawa, 

Japan). Females were administered an LHRH analogue (des Gly10 [D-Ala6]-LHRH, 400 

µg/kg body weight) to promote ovulation. Males were injected with human chorionic 

gonadotropin (hCG, 500 IU/kg body weight) intramuscularly to promote spermiation. 

Unfertilized eggs and sperm were squeezed from each parent fish by the stripping method 

and were preserved in covered plastic cups until in vitro fertilization at 17°C while 

preventing the eggs from drying. For microinjection, in vitro fertilization was carried out 

using the preserved eggs and sperm. 

 

1.3.1.2 Red sea bream 

Unfertilized eggs and sperm of red sea bream were squeezed from broodstocks at Kindai 

University by the stripping method [8]. The parent fish were at a natural point of ovulation 

and spermiation. The collected unfertilized eggs and sperm were preserved in covered 

plastic cups to prevent the eggs from drying until in vitro fertilization. The eggs were kept 
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at 17-20°C, and sperm were kept on ice. For microinjection, in vitro fertilization was 

carried out using the preserved eggs and sperm. 

 

1.3.2 Microinjection set-up 

The following tools were used for microinjection under a stereomicroscope: a pneumatic 

injector IM-12, an injection holder HI-7, a manipulator M-152, and a magnetic stand GJ-

1 (Narishige, Tokyo, Japan). The glass needles for microinjection were made from a glass 

capillary (GD-1; Narishige) with a puller; PC-10 (Narishige). The set-up of instruments 

for microinjection is outlined in Fig. 1.1a. The mixture of Cas9 RNA (100 ng/µl) and 

sgRNA (50 ng/µl), targeted for the myostatin gene, was injected in the present 

experiments because it is known that myostatin deficiency does not affect the viability of 

fish [1, 9-10]. The target sites were 5’-CCGGGACACGGTGAAGCAGCTCC-3’ in fugu 

(GenBank accession number LOC446041, reverse strand in exon 1) and 5’-

CCGGGACATCGTGAAGCAGCTCC-3’ in red sea bream (DDBJ accession number 

AY965686, reverse strand in exon 1). In vitro transcriptions of Cas9 RNA and each of the 

sgRNAs were performed according to the method of previous report [3]. These target 

sites were consistent with sgRNA#2 in chapter 3 and sgRNA#1 in chapter 2. 

 
1.3.3 In vitro fertilization and microinjection 

First, about one thousand unfertilized eggs were fertilized with sperm in sea water in vitro. 

Second, handling of eggs was started at 1 minutes after in vitro fertilization to prevent the 

chorion from being broken by handling because the chorion is fragile just after 

fertilization. In the fugu experiment, 1 minutes after in vitro fertilization, eggs were 

arranged in sea water in a line along both sides of a G-1 glass capillary (Narishige) on a 

plastic dish (90 mm in diameter) utilizing the characteristic that fugu eggs adhere to glass 

materials [11] (Fig. 1.1b). Then, the sea water was replaced with the soaking solution. In 

the red sea bream experiment, fertilized eggs were washed with soaking solution using a 

net, and then arranged with the soaking solution in a line in a groove on an acryl plate as 

described in a previous report [8] (Fig. 1.1c). On one plate, 70-100 eggs and 30-100 eggs 

were arranged in the fugu experiment and the red sea bream experiment, respectively. 

Finally, microinjection was performed. The injected eggs were incubated in sea water at 

17°C and 20°C in fugu eggs and in red sea bream eggs, respectively.  
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1.3.4 Evaluation of the effects of each factor on survival rate of injected eggs  

The effects of the following three factors in microinjection on the survival rates after 

microinjection were investigated: the soaking solution for fertilized eggs during 

microinjection treatment in experiment 1; the elapsed time from in vitro fertilization to 

microinjection in experiment 2; and the elapsed time from stripping to microinjection in 

experiment 3. It took 5-10 minutes to perform microinjection into all eggs in each lot 

(fugu: lots of 57-115 eggs, red sea bream: lots of 49-142 eggs). 

In the experiments with fugu eggs, the effects of the three factors were 

evaluated by the survival rate on 6 or 7 days post fertilization (dpf) because it is unclear 

whether fugu eggs are alive or not due to being opaque at the early stages. As a control 

group, the fertilized eggs were arranged in sea water along the glass capillary on a plastic 

dish without microinjection.  

In the experiments with red sea bream eggs, the effects of the three factors were 

estimated by the survival rate on 2 dpf (38-40 hours post fertilization). As a control group, 

the fertilized eggs were arranged in sea water along the groove on the acryl plate without 

microinjection. Each experiment was performed in triplicate, described as trial-I, trial-II, 

and trial-III. Since microinjection requires a high level of dexterity that varies from person 

 
Fig. 1.1 Set-up of instruments for microinjection 
(a) For microinjection, pneumatic injector (IM-12), manipulator (M-152), magnetic stand (GJ-1) 
(Narishige). A plastic dish for fugu microinjection is set up as in the figure. (b) Fugu eggs are arranged 
with a soaking solution in a line along both sides of glass capillaries (G-1, Narishige) on a plastic dish 
(90 mm in diameter) using the trait of egg adhesion to glass. (c) Red sea bream eggs are arranged with 
a soaking solution in a groove on an acryl plate. By arranging tightly, eggs are prevented from moving. 

aa
a b c

IM-12

GJ-1

M-152

G-1
capillary

groove

Figure S1. Set up of instruments for microinjection
(a) For microinjection, pneumatic injector (IM-12), manipulator (M-152), magnetic stand (GJ-1) (Narishige). A plastic dish
for tiger pufferfish microinjection is set up as in the figure. (b) Tiger pufferfish eggs are arranged with a soaking solution in a
line along both sides of glass capillaries (G-1, Narishige) on a plastic dish (90 mm in diameter) using the trait of egg
adhesion to glass. (c) Red sea bream eggs are arranged with a soaking solution in a groove on an acryl plate. By arranging
tightly, eggs are prevented frommoving.
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to person, the experiments were confirmed by several people performing the trials.  

 

1.3.5 Experiments on fugu eggs  

1.3.5.1 Experiment T1: evaluation of various soaking solutions during 

microinjection  

The soaking solutions investigated were Leibovitz’s L-15 medium (L-15; Invitrogen, 

Carlsbad, CA, USA), Iwamatsu balanced salt solution, which is developed for medaka 

(Iwamatsu solution: 0.65% NaCl, 0.04% KCl, 0.02% MgSO4·2H2O, 0.02% CaCl2·H2O, 

pH 7.4) [12], phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4), sea water, diluted sea water (1/2, 1/3, 1/6, and 1/12), 

and distilled water (DW) (Table 1.1). In all experiments, sea water was sterilized using 

ultraviolet light and filtration (pore size 0.22 µm), and all diluted sea water solutions were 

diluted using DW. All experiments were performed within 1 hour after carrying out the 

stripping method. 

 

1.3.5.2 Experiment T2: evaluation of the elapsed time from in vitro fertilization to 

microinjection 

In vitro fertilization was performed at 25-30 minutes after stripping. After fertilized eggs 

were aligned in a plastic dish with sea water for microinjection, the sea water in the dish 

was replaced with Iwamatsu solution as soaking solution. Microinjection was started at 

10, 30, and 50 minutes after in vitro fertilization (Table 1.2). 

 

1.3.5.3 Experiment T3: evaluation of the elapsed time from stripping to 

microinjection 

In vitro fertilization and subsequent microinjection was conducted at 30 (1st), 60 (2nd), 

90 (3rd), 120 (4th), and 150 (5th) minutes after stripping in trial-I and trial-II, while in 

trial-III it was conducted at 25 (1st), 85 (2nd), 145 (3rd), and 205 (4th) minutes after 

stripping. The timelines of experiments are detailed in Table 1.3. After fertilized eggs 

were aligned in a plastic dish with sea water for microinjection, the sea water in the dish 

was replaced with Iwamatsu solution as soaking solution, the same as in experiment T2. 

As control groups, the fertilized eggs were arranged along a glass capillary with Iwamatsu 

solution on a plastic dish without microinjection for each time (1st-5th). 
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1.3.6 Experiments on red sea bream eggs 

1.3.6.1 Experiment R1: evaluation of various soaking solutions during 

microinjection 

After in vitro fertilization was carried out, fertilized eggs were arranged in a groove on 

an acryl plate with the following soaking solutions, and then microinjection was 

performed. The investigated soaking solutions were L-15, Iwamatsu solution, sea water, 

1/3 sea water, and PBS (Table 1.4). In all experiments, like the fugu experiment, sea water 

was sterilized. 

 

1.3.6.2 Experiment R2: evaluation of the elapsed time from in vitro fertilization to 

microinjection 

In vitro fertilization was performed at 20 minutes in trial-I, 30 minutes in trial-II, and 60 

minutes in trial-III after stripping. The fertilized eggs were arranged in a groove on an 

acryl plate with L-15 as the soaking solution. Microinjection was started at 1, 5, 10, and 

15 minutes after the in vitro fertilization (Table 1.5). 

 

1.3.6.3 Experiment R3: evaluation of the elapsed time from stripping to 

microinjection 

In vitro fertilization and subsequent microinjection were performed at 20 (1st), 50 (2nd), 

80 (3rd), 110 (4th), and 140 (5th) minutes after stripping in trial-I. In trial-II, they were 

performed at 30 (1st), 60 (2nd), 90 (3rd), 120 (4th), 150 (5th), and 180 (6th) minutes after 

stripping. In trial-III, they were performed at 30 (1st), 60 (2nd), 90 (3rd), 120 (4th), and 

180 (5th) minutes after stripping. The timelines of experiments are detailed in Table 1.6. 

The fertilized eggs were arranged in a groove on an acryl plate with L-15 as the soaking 

solution. As the control groups, fertilized eggs were arranged along the groove on the 

acryl plate with L-15 without microinjection for each time. 

 

1.3.7 Statistical analysis 

Statistical analyses were performed by R version 3.4.0 and fmsb package (https://cran.r-

project.org/web/packages/fmsb/). Differences of survival rates among groups were 

compared by Fisher’s exact test with Benjamini-Hochberg correction for multiple 
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comparisons. Differences were considered significant in the case of P < 0.05. 

 

 

C1.4 Results 

1.4.1 Experiments on fugu 

1.4.1.1 Experiment T1: evaluation of various soaking solutions during 

microinjection 

The mixture of Cas9 RNA and sgRNA was microinjected into fugu fertilized eggs using 

various soaking solutions. Figure 1.2a shows the survival rates of fugu eggs 7 days after 

microinjection in various soaking solutions in trial-I. The soaking solution that exhibited 

the highest survival rate was 1/3 sea water (59.2%). Iwamatsu solution, L-15, 1/2 sea 

water, 1/6 sea water, and 1/12 sea water also exhibited high survival rates, 51.5%, 48.8%, 

58.4%, 55.2%, and 53.6%, respectively. On the other hand, PBS, sea water, and DW 

exhibited low survival rates, 27.0%, 32.4%, and 36.0%, respectively. In the control groups, 

the survival rate was 91.5% (at the start of the experiment) and 81.6% (at the end of the 

experiment). In trial-IIa, the survival rate in the control group was low (31.6%) because 

the egg quality was not good. Iwamatsu solution showed the highest survival rate (33.8%) 

and sea water the lowest (4.2%); L-15 and PBS showed intermediate rates (22.2% and 

17.5%, respectively) (Fig. 1.2b). In trial-IIb, diluted sea water (1/2, 1/3, and 1/6) and 

Iwamatsu solution showed high survival rates (more than 50%), while sea water showed 

a low rate (18.0%) (Fig. 1.2c). In trial-III, the survival rate in each soaking solution was 

almost the same (40.5-58.3%) (Fig. 1.2d). The soaking solution which showed the highest 

survival rate was Iwamatsu solution (58.3%). These results indicate that Iwamatsu 

solution and diluted sea water show high survival rates through all the experimental trials. 

Details of the number of injected eggs and the number and rate of survival of eggs in all 

trials are described in Table 1.1.  
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Table 1.1 Summary of experiment T1 on fugu eggs 
Trial Soaking solutions*1 Number of injected eggs Number of surviving eggs*2 

I non-injected 1(control) 94 86 (91.5%) 
I Iwamatsu solution 103 53 (51.5%) 
I L-15 84 41 (48.8%) 
I PBS 115 31 (27.0%) 
I Sea water 111 36 (32.4%) 
I 1/2 Sea water 113 66 (58.4%) 
I 1/3 Sea water 103 61 (59.2%) 
I 1/6 Sea water 96 53 (55.2%) 
I 1/12 Sea water 84 45 (53.6%) 
I DW 114 41 (36.0%) 
I non-injected 2 (control) 87 71 (81.6%) 

II-a non-injected (control) 79 25 (31.6%) 
II-a Iwamatsu solution 77 26 (33.8%) 
II-a L-15 90 20 (22.2%) 
II-a Sea water 57 10 (17.5%) 
II-a PBS 71 3 (4.2%) 
II-b non-injected (control) 99 85 (85.9%) 
II-b Sea water 89 16 (18.0%) 
II-b 1/2 Sea water 102 68 (66.7%) 
II-b 1/3 Sea water 107 61 (57.0%) 
II-b 1/6 Sea water 103 69 (67.0%) 
II-b Iwamatsu solution 99 52 (52.5%) 
III non-injected 1 (control) 103 86 (83.5%) 
III Iwamatsu solution 96 56 (58.3%) 
III L-15 84 34 (40.5%) 
III 1/3 Sea water 100 47 (47.0%) 
III PBS 108 50 (46.3%) 
III Sea water 98 42 (42.9%) 
III DW 97 48 (49.5%) 
III non-injected 2 (control) 102 78 (76.5%) 

*1: non-injected 1 & 2 indicate the control lots at the start and the end of the experiment, respectively. 
*2: % indicates the rate of the surviving eggs to the injected eggs. Number of surviving eggs was counted 
at 6 dpf in trial-II and at 7 dpf in trial-I & trial-III. 
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1.4.1.2 Experiment T2: evaluation of the elapsed time from in vitro fertilization to 

microinjection  

The mixture of Cas9 RNA and sgRNA was microinjected into fugu fertilized eggs at 10, 

30, and 50 minutes after the in vitro fertilization. In trial-I, the survival rate of the control 

group was 82.7% (Fig. 1.2e). The survival rates of experimental groups were consistent: 

62.4% for 10 minutes, 56.3% for 30 minutes, and 70.1% for 50 minutes. In trial-II and 

trial-III, the experimental groups also showed consistent survival rates: 30-48% in trial-

II (Fig. 1.2f) and 43-55% in trial-III (Fig. 1.2g). Throughout the experiment, I did not 

find a clear relationship between the elapsed time and the survival rate of injected eggs. 

Details of the number of injected eggs and the number and rate of survival of eggs in all 

trials are described in Table 1.2. The longer the elapsed time after fertilization, the more 

opaque and stiffer the chorions of fugu eggs became. Therefore, it was difficult to perform 

the microinjection at 30 and 50 minutes after fertilization. On the other hand, until about 

15 minutes after fertilization, it was comparatively easy to observe that the solution being 

injected was flowing into the egg because of its transparency. And it was easy to penetrate 

the chorion with the glass needle because of its softness. These results indicate that 

microinjection sooner after fertilization (i.e., up to 15 minutes after fertilization) 

contributes to ease of handling. 

 

Table 1.2 Summary of experiment T2 on fugu eggs 
Trial Time after fertilization Number of injected eggs Number of surviving eggs* 

I non-injected (control) 98 81 (82.7%) 
I 10 min 101 63 (62.4%) 
I 30 min 96 54 (56.3%) 
I 50 min 97 68 (70.1%) 
II non-injected (control) 103 86 (83.5%) 
II 10 min 110 46 (41.8%) 
II 30 min 73 22 (30.1%) 
II 50 min 116 56 (48.3%) 
III non-injected (control) 101 64 (63.4%) 
III 10 min 104 57 (54.8%) 
III 30 min 96 47 (49.0%) 
III 50 min 82 35 (42.7%) 

*: % indicates the rate of the surviving eggs to the injected eggs. Number of surviving eggs was counted at 6 dpf 
in trial-I and at 7 dpf in trial-II & trial-III. 
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1.4.1.3 Experiment T3: evaluation of the elapsed time from stripping to 

microinjection 

The mixture of Cas9 RNA and sgRNA was microinjected into fugu fertilized eggs at 

several intervals after the stripping. Figure 1.2h shows the results of trial-I. In the control 

groups in which microinjection was not performed, the survival rates gradually decreased 

(control groups designated as “non-injected”; 30 min, 83.5%; 60 min, 80.2%; 90 min, 

76.5%; 120 min, 68.2%; 150 min, 75.5%). In contrast, when microinjection was 

performed, the survival rates decreased rapidly depending on the time until 90 min after 

stripping (designated as “injected”; 30 min, 50.5%; 60 min, 36.8%; 90 min, 19.6%). The 

rates at 120 minutes after stripping increased more than that at 90 minutes after stripping. 

At 150 minutes after stripping, the survival rate of injected eggs slightly decreased 

(39.8%). The tendency was similar among all three trials (Fig. 1.2i, j and Table 1.3). The 

tendency that the survival rates of injected eggs increased once was consistent with that 

of trial-II (120 min, 19.1%; 150 min, 43.4%), and trial-III (slight increase: 145 min, 

28.2%; 205 min; 43.8%). Details of the number of injected eggs and the number and rate 

of the survival of eggs in all trials are described in Table 1.3. These results indicate that 

microinjection at an earlier time period from stripping contributes to a higher survival 

rate (i.e., until 2.5 hours after stripping). 
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Table 1.3 Summary of experiment T3 on fugu eggs 

Trial 
Times after 
stripping 

non-injected (control) 
or injected 

Number of 
injected eggs 

Number of 
surviving eggs*2 

I 1st: 30 min 
non-injected 103 86 (83.5%) 

injected 101 51 (50.5%) 

I 2nd: 60 min 
non-injected 96 77 (80.2%) 

injected 87 32 (36.8%) 

I 3rd: 90 min 
non-injected 102 78 (76.5%) 

injected 97 19 (19.6%) 

I 4th: 120 min 
non-injected 110 75 (68.2%) 

injected 95 49 (51.6%) 

I 5th: 150 min 
non-injected 102 77 (75.5%) 

injected 93 37 (39.8%) 

II 1st: 30 min 
non-injected 101 64 (63.4%) 

injected 96 29 (30.2%) 

II 2nd: 60 min 
non-injected 80 70 (87.5%) 

injected 79 18 (22.8%) 

II 3rd: 90 min 
non-injected 78 65 (83.3%) 

injected 102 22 (21.6%) 

II 4th: 120 min 
non-injected 82 56 (68.3%) 

injected 89 17 (19.1%) 

II 5th: 150 min 
non-injected 80 48 (60.0%) 

injected 106 46 (43.4%) 

III 1st: 25 min 
non-injected 98 81 (82.7%) 

injected 101 63 (62.4%) 

III 2nd: 85 min 
non-injected 100 89 (89.0%) 

injected 112 84 (75.0%) 

III 3rd: 145 min 
non-injected 69 54 (78.3%) 

injected 85 24 (28.2%) 

III 4th: 205 min 
non-injected 113 96 (85.0%) 

injected 80 35 (43.8%) 
*: % indicates the rate of the surviving eggs to the injected eggs. Number of surviving eggs was counted 
at 6 dpf in trial-III and at 7 dpf in trial-I & trial-II. 
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Fig. 1.2 Effect of the three parameters on the survival of microinjected 
fugu eggs  
The results of the experiment T1 in trial-I (a), trial-IIa (b), trial-IIb (c), and trial-III (d): evaluation 
of the effect of different soaking solutions on the survival of fertilized eggs during microinjection. 
The results of the experiment T2 in trial-I (e), trial-II (f), and trial-III (g): evaluation of the elapsed 
time from in vitro fertilization to microinjection. The results of the experiment T3 in trial-I (h), 
trial-II (i), and trial-III (j): evaluation of the elapsed time from stripping to microinjection. The 
survival rates indicate the number of surviving eggs at 6 or 7 dpf / the number of injected eggs. 
Gray columns indicate the control groups for which microinjection was not performed. Different 
letters above each column indicate significant differences by Fisher’s exact test with Benjamini-
Hochberg correction for multiple comparisons, P < 0.05 
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1.4.2 Experiments on red sea bream eggs 
1.4.2.1 Experiment R1: evaluation of various soaking solutions during 

microinjection 

The mixture of Cas9 RNA and sgRNA was microinjected into red sea bream fertilized 

eggs using various soaking solutions. Figure 1.3a shows the survival rates of red sea 

bream eggs 2 days after microinjection in various soaking solutions in trial-I. The soaking 

solutions that exhibited the highest survival rates were L-15 (49.0%) and Iwamatsu 

solution (49.0%). On the other hand, PBS, sea water, and 1/3 sea water showed low 

survival rates, 23.9%, 4.6%, and 1.7%, respectively. In the control groups, the survival 

rates were 94.2% (at the start of the experiment) and 100% (at the end of the experiment). 

Similarly, in trial-II, L-15 and Iwamatsu solution showed high rates, 70.8% and 67.5%, 

respectively (Fig. 1.3b). While 1/3 sea water showed a low rate in trial-I, it showed a high 

survival rate in trial-II (85.2%). Sea water showed a low rate in trial-I (22.9%). PBS 

showed an intermediate rate (54.5%). In the control groups, the survival rates were 88.5% 

(at the start of the experiment) and 71.3% (at the end of the experiment). In trial-III, the 

survival rates, sorted in decreasing order were: 79.4% (Iwamatsu solution), 61.4% (L-15), 

53.8% (PBS), 46.3% (1/3 sea water), and 41.8% (sea water) (Fig. 1.3c). In the control 

groups, the survival rates were 90.9% (at the start of the experiment) and 86.5% (at the 

end of the experiment). These results indicate that L-15 and Iwamatsu solution show high 

survival rates through all the experiments. Details of the number of injected eggs and the 

number and rate of the survival of eggs in all trials are described in Table 1.4.  

 

1.4.2.2 Experiment R2: evaluation of the elapsed time from in vitro fertilization to 

microinjection 

The mixture of Cas9 RNA and sgRNA was microinjected into red sea bream fertilized 

eggs at 1, 5, 10, and 15 minutes after the in vitro fertilization. Figure 1.3d shows the 

results of trial-I. The survival rates of the experimental groups were 42-77% at 2 dpf (1 

min, 77.0%; 5 min, 44.9%; 10 min, 49.3%; 15 min, 42.3%). The survival rate of the 

control group was 87.8%. In trial-II, the survival rates of experimental groups were 14-

56% (1 min, 38.3%; 5 min, 55.8%; 10 min, 43.7%; 15 min, 14.3%) (Fig. 1.3e). In trial-

III, the survival rates of the experimental groups were 15-40% (1 min, 36.8%; 5 min, 

40.4%; 10 min, 15.4%; 15 min, 26.3%) (Fig. 1.3f). As in fugu, the chorion of the eggs 
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became stiffer, the longer the time period after fertilization. Microinjection could not be 

effectively performed at 20 minutes after in vitro fertilization because of the hardened 

chorion. Therefore, it was difficult to perform microinjection 15 or more minutes after 

fertilization. On the other hand, it was easy to inject into the chorion until 10 minutes 

after fertilization because the chorion of fertilized eggs at the early stage was soft, and 

the survival rate of injected eggs was comparatively high. Details of the number of 

injected eggs and the number and rate of the surviving eggs in all trials are described in 

Table 1.5. These results indicate that microinjection at an earlier time period after 

fertilization contributes to easier handling (i.e., until 10 minutes after fertilization). 

 

 

Table 1.4 Summary of experiment R1 on red sea bream eggs 

Trial Soaking solution*1 
Number of 

injected eggs 

Number of 
surviving eggs 

at 1 dpf*2 

Number of 
surviving eggs 

at 2 dpf*2 
I non-injected 1 (control) 86 84 (97.7%) 81 (94.2%) 
I L-15 100 61 (61.0%) 49 (49.0%) 
I Iwamatsu solution 98 74 (75.5%) 48 (49.0%) 
I Sea water 65 10 (15.4%) 3 (4.6%) 
I 1/3 Sea water 60 6 (10.0%) 1 (1.7%) 
I PBS 67 25 (37.3%) 16 (23.9%) 
I non-injected 2 (control) 68 68 (100%) 68 (100%) 
II non-injected 1 (control) 78 71 (91.0%) 69 (88.5%) 
II L-15 96 73 (76.0%) 68 (70.8%) 
II Iwamatsu solution 83 60 (72.3%) 56 (67.5%) 
II Sea water 70 18 (25.7%) 16 (22.9%) 
II 1/3 Sea water 88 79 (89.8%) 75 (85.2%) 
II PBS 88 49 (55.7%) 48 (54.5%) 
II non-injected 2 (control) 80 66 (82.5%) 57 (71.3%) 
III non-injected 1 (control) 77 70 (90.9%) 70 (90.9%) 
III L-15 70 45 (64.3%) 43 (61.4%) 
III Iwamatsu solution 97 81 (83.5%) 77 (79.4%) 
III Sea water 67 32 (47.8%) 28 (41.8%) 
III 1/3 Sea water 82 39 (47.6%) 38 (46.3%) 
III PBS 93 52 (55.9%) 50 (53.8%) 
III non-injected 2 (control) 74 72 (97.3%) 64 (86.5%) 

*1: non-injected 1 & 2 indicate the control lots at the start and the end of the experiment, respectively. 
*2: % indicates the rate of the surviving eggs to the injected eggs. 
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1.4.2.3 Experiment R3: evaluation of the elapsed time from stripping to 

microinjection 

The mixture of Cas9 RNA and sgRNA was microinjected into red sea bream fertilized 

eggs at several intervals after the stripping. Figure 1.3g shows the results of trial-I. The 

survival rates gradually decreased when microinjection was not performed (control 

groups designated as “noninjected”: 20 min, 87.8%; 50 min, 96.1%; 80 min, 79.5%; 110 

min, 85.7%; 140 min, 67.4%), on the other hand, the survival rates of injected eggs 

decreased rapidly when microinjection was performed until 110 minutes after stripping 

(designated as “injected”: 20 min, 77.0%; 50 min, 69.0%; 80 min, 48.4%; 110 min, 

24.3%). Similar to the fugu experiment, the survival rate of the injected group at 140 

minutes after stripping increased compared to at 110 minutes after stripping. Furthermore, 

at 140 minutes after stripping, the survival rate of injected eggs was nearly as high as in 

noninjected eggs (non-injected, 67.4%; injected, 52.7%). In trial-II, the survival rates 

rapidly decreased in non-injected groups because of poor egg quality (30 min, 80.3%; 60 

min, 64.5%; 90 min, 12.7%; 120 min, 6.9%; 150 min, 5.6%) (Fig. 1.3h). The survival 

Table 1.5 Summary of experiment R2 on red sea bream eggs 

Trial 
Time after 
fertilization 

Number of 
injected eggs 

Number of 
surviving eggs 

at 1 dpf* 

Number of 
surviving eggs 

at 2 dpf* 
I non-injected 74 68 (91.9%) 65 (87.8%) 
I 1 min 61 55 (90.2%) 47 (77.0%) 
I 5 min 78 60 (76.9%) 35 (44.9%) 
I 10 min 73 63 (86.3%) 36 (49.3%) 
I 15 min 52 36 (69.2%) 22 (42.3%) 
II non-injected 71 63 (88.7%) 57 (80.3%) 
II 1 min 60 35 (58.3%) 23 (38.3%) 
II 5 min 52 40 (76.9%) 29 (55.8%) 
II 10 min 71 47 (66.2%) 31 (43.7%) 
II 15 min 49 27 (55.1%) 7 (14.3%) 
III non-injected 102 98 (96.1%) 97 (95.1%) 
III 1 min 68 39 (57.4%) 25 (36.8%) 
III 5 min 57 38 (66.7%) 23 (40.4%) 
III 10 min 91 40 (44.0%) 14 (15.4%) 
III 15 min 57 36 (63.2%) 15 (26.3%) 

*: % indicates the rate of the surviving eggs to the injected eggs. 
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rates of injected groups also rapidly decreased until 90 minutes after stripping (30 min, 

38.3%; 60 min, 26.5%; 90 min, 1.4%; 120 min, 3.3%; 150 min, 1.4%). Similar to trial-I, 

the rate of survival at 180 minutes after stripping increased in the injected group (12.3%). 

In trial-III, the survival rates were consistent through the trial when microinjection was 

not performed, and the survival rates for those injected decreased gradually (Fig. 1.3i). 

Details of the number of injected eggs and the number and rate of the survival of eggs in 

all trials are described in Table 1.6. These results indicate that microinjection at an earlier 

time period after stripping contributes to a higher survival rate (i.e., until 2.5 hours after 

stripping). 
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Table 1.6 Summary of experiment R3 on red sea bream eggs 

Trial 
Times after 
stripping 

non-injected 
(control) 

or injected 

Number of 
injected eggs 

Number of 
survival eggs 

at 1 dpf* 

Number of 
survival eggs 

at 2 dpf* 

I 1st: 20 min 
non-injected 74 68 (91.9%) 65 (87.8%) 

injected 61 55 (90.2%) 47 (77.0%) 

I 2nd: 50 min 
non-injected 77 75 (97.2%) 74 (96.1%) 

injected 58 55 (94.8%) 40 (69.0%) 

I 3rd: 80 min 
non-injected 88 72 (81.8%) 70 (79.5%) 

injected 93 64 (68.8%) 45 (48.4%) 

I 4th: 110 min 
non-injected 91 83 (91.2%) 78 (85.7%) 

injected 74 45 (60.8%) 18 (24.3%) 

I 5th: 140 min 
non-injected 86 74 (86.0%) 58 (67.4%) 

injected 91 67 (73.6%) 48 (52.7%) 

II 1st: 30 min 
non-injected 71 63 (88.7%) 57 (80.3%) 

injected 60 35 (58.3%) 23 (38.3%) 

II 2nd: 60 min 
non-injected 76 71 (93.4%) 49 (64.5%) 

injected 68 46 (67.6%) 18 (26.5%) 

II 3rd: 90 min 
non-injected 79 29 (36.7%) 10 (12.7%) 

injected 73 51 (69.9%) 1 (1.4%) 

II 4th: 120 min 
non-injected 72 43 (59.7%) 5 (6.9%) 

injected 61 39 (63.9%) 2 (3.3%) 

II 5th: 150 min 
non-injected 72 29 (40.3%) 4 (5.6%) 

injected 72 39 (54.2%) 1 (1.4%) 

II 6th: 180 min 
non-injected 85 49 (57.6%) 11 (12.9%) 

injected 73 45 (61.6%) 9 (12.3%) 

III 1st: 30 min 
non-injected 102 98 (96.1%) 97 (95.1%) 

injected 125 77 (61.6%) 48 (38.4%) 

III 2nd: 60 min 
non-injected 86 84 (97.7%) 81 (94.2%) 

injected 100 61 (61.0%) 49 (49.0%) 

III 3rd: 90 min 
non-injected 68 68 (100%) 68 (100%) 

injected 67 24 (35.8%) 10 (14.9%) 

III 4th: 120 min 
non-injected 75 73 (97.3%) 71 (94.7%) 

injected 101 44 (43.6%) 27 (26.7%) 

III 5th: 180 min 
non-injected 109 107 (98.2%) 93 (85.3%) 

injected 99 52 (52.5%) 16 (16.2%) 
*: % indicates the rate of the surviving eggs to the injected eggs. 
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Fig. 1.3 Effect of the three parameters on the survival of microinjected 
red sea bream eggs 
The results of the experiment R1 in trial-I (a), trial-II (b), and trial-III (c): evaluation of the effect 
of different soaking solutions on the survival of fertilized eggs during microinjection. The results 
of the experiment R2 in trial-I (d), trial-II (e), and trial-III (f): evaluation of the elapsed time from 
in vitro fertilization to microinjection. The results of the experiment R3 in trial-I (g), trial-II (h), 
and trial-III (i): evaluation of the elapsed time from stripping to microinjection. The survival rates 
indicate the number of surviving eggs at 2 dpf/the number of injected eggs. Gray columns indicate 
the control groups for which microinjection was not performed. Different letters above each 
column indicate significant differences by Fisher’s exact test with Benjamini-Hochberg correction 
for multiple comparisons, P < 0.05 
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C1.5. Discussion 

Optimization of microinjection parameters for each fish species has been important for 

successful genome editing because the characteristics of fish eggs vary depending on the 

species. In the present study, I investigated the optimal conditions for the microinjection 

method for fertilized eggs of fugu and red sea bream. I investigated the effects of the 

following three factors on the survival rates: (1) the soaking solution of fertilized eggs 

during microinjection, (2) the elapsed time from in vitro fertilization to microinjection, 

and (3) the elapsed time from stripping to microinjection. To the best of my knowledge, 

there have been no previous reports on microinjection performed in fugu for production 

of transgenic or genome edited fish. It was reported that microinjection was performed 

for the production of transgenic red sea bream by previous report [8]; however, they did 

not investigate the optimal conditions for microinjection. 

In experiment 1 on the soaking solutions of fertilized eggs during 

microinjection, it was observed that the survival rates were low with sea water both in 

fugu and in red sea bream. On the other hand, the rates were high with Iwamatsu balanced 

salt solution and diluted sea water in fugu, and with Leibovitz’s L-15 medium and 

Iwamatsu balanced salt solution in red sea bream (Fig. 1.2a-d, Fig. 1.3a-c, Table 1.1, and 

Table 1.4). These results suggested that solutions with a lower osmotic pressure than sea 

water are advantageous for eggs to survive during the microinjection process. It seems 

that the fluids in the cytoplasm and/or yolk sac may flow out through the pore generated 

by the glass microinjection needle if the eggs are surrounded by a solution with a higher 

osmotic pressure than the physiological osmotic pressure. However, the survival rates 

with 1/3 sea water were not consistent through the three experimental trials in red sea 

bream experiment R1, shown in Table 1.4 (1.7% in trial-I, 85.2% in trial-II, and 46.3% 

in trial-III). This suggests that 1/3 sea water was not suitable as a soaking solution for red 

sea bream eggs during microinjection. At present, the reason for these results is unclear 

and further validation is required. A low osmotic pressure solution has another advantage: 

the lower buoyant force of low osmotic fluid helps pelagic eggs such as red sea bream 

eggs to sink and settle in the soaking solution. Sinking and settling eggs can be handled 

more easily than floating eggs. Indeed, use of L-15 as a soaking solution contributed to 

the successful production of transgenic red sea bream in a previous report [8]. Taking 

these things into consideration, I recommend Iwamatsu solution or diluted sea water (1/2-
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1/12) as a soaking solution for fugu eggs and L-15 or Iwamatsu solutions as a soaking 

solution for red sea bream eggs, respectively. 

In experiment 2 on the elapsed time from in vitro fertilization to microinjection, 

in both fugu and red sea bream, there was no direct relationship between the survival rate 

and the elapsed time (Fig. 1.2e-g, Fig. 1.3d-f, Table 1.2, and Table 1.5). However, the 

longer the time period elapsed after fertilization, the more difficult it is for the glass needle 

to penetrate the egg chorion. Thus, increasingly, handling mistakes can prevent efficient 

microinjection of a lot of eggs and cause dead eggs due to physical damage. For fish in 

which in vitro fertilization is easy to perform, such as fugu and red sea bream, it is easy 

to prepare newly fertilized eggs with soft chorions over periods of several hours. 

Therefore, microinjection can be continued for several hours by repeating in vitro 

fertilization. On the other hand, for relatively large fish that are difficult to manipulate 

under laboratory conditions, such as Pacific bluefin tuna (Thunnus orientalis), it is 

difficult to prepare newly fertilized eggs because of the difficulty of obtaining unfertilized 

eggs and sperm without sacrificing the parent fish. Other effective methods need to be 

developed.  

In experiment 3, I investigated elapsed time from stripping to microinjection. 

In both fugu and red sea bream, the survival rate of injected eggs decreases more rapidly 

than non-injected eggs. The present results revealed a higher survival rate at an earlier 

time period after stripping: i.e., until 2.5 hours, both in fugu and red sea bream (Fig. 1.2h-

j, Fig. 1.3g-i, Table 1.3, and Table 1.6). Therefore, it is concluded that microinjection 

needs to be carried out before 2.5 hours after stripping. 

In experiment 3, the survival rate for the first injection of each trial varied: 

50.5% in trial-I, 30.2% in trial-II, and 62.4% in trial-III with fugu eggs; 77.0% in trial-I, 

38.3% in trial-II, and 38.4% in trial-III with red sea bream eggs (Fig. 1.2h-j, Fig. 1.3g-i, 

Table 1.3, and Table 1.6). One of the possible reasons for these differences is variation 

in egg quality. Egg quality is affected by maternal condition, for example, nutritional 

reserves, genetic variation [13], and degree of ripening [14-16]. To perform 

microinjection with a high survival rate of injected eggs, it may be important to select 

genetically superior parent fish which produce high quality eggs, and to determine the 

degree of ripening of the parent fish.  

I also found an unexpected phenomenon that the survival rate of injected eggs 
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increased after several hours from stripping, for example, from 19.6% survival rate for 

the 3rd injection (90 min) to 51.6% for the 4th injection (120 min) in experiment T3 trial-

I (Fig. 1.2h and Table 1.3). The reason for this remains unclear, but the increase of the 

survival rate may be related to the development of the egg in which the blastodisc is being 

constructed and the cell cycle is progressing dramatically. Further investigation is 

required to reveal the cause of this phenomenon.  

Taking the present results from this study into consideration, I suggest a 

microinjection timeline with fugu as in Fig. 1.4a. Iwamatsu balanced salt solution or 

diluted sea water (from 1/2 to 1/12) as the soaking solution is recommended for obtaining 

a high survival rate after the microinjection treatment. After the first in vitro fertilization, 

microinjection can be continued until the egg chorion becomes too hard to penetrate with 

a glass needle and it becomes difficult to observe the inner part of the egg (ca. 15 minutes 

after in vitro fertilization). The subsequent in vitro fertilization needs to be performed 

before the cycle of microinjection has finished. This in vitro fertilization and 

microinjection cycle can be continued for 2.5 hours after stripping of eggs and sperm with 

a high survival rate of the injected eggs. 

Figure 1.4b shows this established timeline for red sea bream microinjection. 

Leibovitz’s L-15 medium, which is a cell culture medium, or Iwamatsu balanced salt 

solution are effective as soaking solutions. Microinjection needs to be performed until 10 

minutes after in vitro fertilization, and the subsequent in vitro fertilization needs to be 

performed until the chorion becomes hard (ca. 10 minutes after fertilization). This in vitro 

fertilization and microinjection cycle can be continued for 2.5 hours after stripping with 

a high survival rate of the injected eggs. 

Using this optimized microinjection methods, I have successfully established 

genome edited breeds with fugu and red sea bream. With fugu, 3760 eggs were 

microinjected in a day and 164 founder fish with mutations caused by genome editing 

were obtained [chapter 3]. With red sea bream, 1399 eggs were microinjected in a day 

and 104 founder fish with mutations caused by genome editing were obtained [1, chapter 

2]. Therefore, this established method can be effectively used to generate genome edited 

fish. In the present study, I optimized the microinjection method into fertilized eggs for 

gene disruption mediated genome editing in marine aquaculture fish: fugu and red sea 

bream. Fish eggs are morphologically different among species, depending, for example, 
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on whether they are pelagic or demersal [6-7], on yolk distribution [6], and egg chorion 

thickness [7]. In the present study, I investigated three factors (soaking solution, elapsed 

time from in vitro fertilization, and elapsed time from stripping) to perform microinjection 

with as many eggs as possible in a day. This strategy will potentially be helpful for 

establishing microinjection methods for other marine fish species and contribute to basic 

and applied science using genome editing technology for various fish species. 

 

 
Fig. 1.4 Recommended timelines for the microinjection method  
Timelines for the microinjection method which are recommended from the present results in fugu 
(a), and in red sea bream (b). (a) In vitro fertilization and microinjection can be carried out 
repeatedly on batches of eggs at intervals of 15 minutes for up to 2.5 hours after stripping using 
Iwamatsu solution or diluted seawater as the soaking solution in fugu experiment. (b) In vitro 
fertilization and microinjection can be carried out repeatedly on batches of eggs at intervals of 10 
minutes for up to 2.5 hours after stripping using L-15 or Iwamatsu solution as the soaking solution 
in red sea bream experiment. 
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Chapter 2 
Production of a breed of red sea bream Pagrus 
major with an increase of skeletal muscle mass 
and reduced body length by genome editing with 
CRISPR/Cas9 
 
C2.1 Abstract 

Genome editing is a powerful tool as a new breeding technology including for aquaculture 

because of the high efficiency of gene targeting without the requirement for exogenous 

gene integration. CRISPR/Cas9 system, a genome editing tool, has been widely used in 

various species due to its efficiency and flexibility. I demonstrated the establishment of a 

new breed of myostatin (Pm-mstn) complete knockout red sea bream (Pagrus major) 

using CRISPR/Cas9. This is the first report of the establishment of a new breed in 

aquaculture marine fish using genome editing. The mutations were formed by deletions 

in the first exon of the Pm-mstn, which cause disruption of the C-terminal active domain 

of MSTN. The breed exhibited a 16% increase of skeletal muscle, that is, an increase of 

edible parts. The breed showed the phenotype of short body length and small centrum, 

which is not observed in mice and other teleost fish. I established the homozygous gene 

disrupted breed in 2 years, which is far shorter than the conventional breeding method. 

The present study indicates that genome editing can accelerate the speed of aquaculture 

fish breeding. 
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C2.2 Introduction 

In aquaculture fish breeding, it is a goal to generate fish with a valuable 

phenotype such as productivity, enhanced growth, and good taste. To lead to a desirable 

phenotype for breed improvement, I focused on a growth related factor, myostatin 

(MSTN), which is a member of the transforming growth factor beta superfamily and 

functions as a negative regulator of skeletal muscle mass [1]. The MSTN was identified 

as a responsible gene of double muscle phenotype in Piedmontese or Belgian Blue cattle 

breeds [2]. Mutations in the mstn gene have been frequently reported not only in double 

muscling mammals and but also in fish, cattle [2-3], mice [1], dog [4], human [5], medaka 

[6-8], and zebrafish [9]. Among them, the breeds of beef cattle, designated as 

Piedmontese and Belgian Blue [1], are naturally occurring mutants of the mstn and are 

popular food stuffs with increased meat. Therefore, fish breeds with mstn disruption are 

expected to show an increase of edible parts. 

In the present study, I demonstrated the establishment of a fish breed with 

enhanced muscle production using one of genome editing tools, CRISPR/Cas9 [10] in 

marine aquaculture fish. The genome editing in mstn (Pm-mstn) was performed in red sea 

bream, which is a major aquaculture fish in Japan [11]. The production of aquaculture of 

red sea bream in Japan was 67,200 ton in 2016. I established the red sea bream breed with 

increased skeletal muscle mass in only two years, which is the shortest maturation period 

of this species. 

 

 

C2.3 Materials and methods 

2.3.1 Ethics statement 

This study was conducted in accordance with the Regulations for Animal Experiments of 

Kyoto University. The fish handling and sampling methods were approved by Kyoto 

University (No.28-45). All efforts were made to minimize suffering. 

 

2.3.2 Identifying red sea bream myostatin gene 

Red sea bream myostatin genes (mstn) were searched from the whole genome sequence 

[unpublished data] of red sea bream broodstock in Kindai University by BLASTP search 

using red sea bream mstn (DDBJ, accession number; AY965686). Then, the phylogenetic 
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tree of mstn was constructed using the protein sequence by the Neighbor-Joining method 

with MEGA7 (http://www.megasoftware.net). The bootstrap consensus tree inferred from 

1000 replicates was taken to represent the evolutionary history of these analyzed genes. 

The synteny analysis of mstn was performed with Genomicus (ver. 91.01, http://www. 

genomicus.biologie.ens.fr/). 

 

2.3.3 Experimental fish and microinjection for introducing CRISPR/Cas9 system 

Unfertilized eggs and sperm of red sea bream were collected from broodstock in Kindai 

University by the stripping method. The collected unfertilized eggs and sperm were 

preserved until in vitro fertilization by preventing eggs from drying at 17-20°C and on 

ice, respectively [12, 13 (chapter 1)]. In vitro transcriptions of Cas9 RNA and sgRNAs 

were performed by the method of previous report [14]. Two sgRNAs were designed in 

Pm-mstn exon 1 (named as sgRNA1 and sgRNA2), and one kind of sgRNA was designed 

in Pm-mstnb exon 1. The mixture of RNAs, 100 ng/µl of Cas9 RNA and 25 ng/µl of each 

sgRNA targeted Pm-mstn, was microinjected into the cytoplasm of the fertilized eggs. 

The mixture of RNAs, 100 ng/µl of Cas9 RNA and 50 ng/µl of sgRNA targeted Pm-mstnb 

or 100 ng/µl of Cas9 RNA and 50 ng/µl of both sgRNA1 targeted Pm-mstn and sgRNA 

targeted Pm-mstnb, was microinjected for the disruption of Pm-mstnb or both Pm-mstn 

and Pm-mstnb, respectively. Microinjection was performed by the method established in 

the previous study [chapter 1, 13]. In brief, microinjection was performed using 

Leibovitz’s L-15 medium (Invitrogen) as a soaking solution of fertilized eggs within 1-

10 minutes after in vitro fertilization until 2 hours after stripping unfertilized eggs and 

sperm. The injected eggs were incubated in sea water at 17-20°C to hatching. 

 

2.3.4 Detecting mutations using heteroduplex mobility assay (HMA) in first generation 

(G0) fish 

First, genomic DNA was extracted from whole embryo, caudal fin, or pectoral fin using 

the alkaline lysis buffer method [14]. Second, a 258-bp fragment including the genomic 

target site of the Pm-mstn was amplified with KOD-FX DNA polymerase (TOYOBO, 

Osaka, Japan) using primers, Pm-mstn-hmaFw and Pm-mstn-hmaRv (primer list in Table 

2.8). And, a 203-bp fragment of the Pm-mstnb was amplified as above using primers, Pm-

mstnb-hmaFw and Pm-mstnb-hmaRv (Table 2.8). Finally, HMA was performed by 
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analyzing the PCR products using a microchip electrophoresis system (MCE-202 

MultiNA) and the DNA-500 reagent kit (Shimadzu, Kyoto, Japan). The G0 fish were 

categorized by the degree of multiple band patterns, termed as heteroduplex, using the 

following criteria; intact wild type band was reduced to under 80% in “high” fish, 80-

100% in “low” fish, and was observed at 100% in “none” fish. 

 

2.3.5 Amplicon sequencing of target region in G0 fish 

From muscle, brain, liver, and gonad, the genomic DNA was extracted by a conventional 

phenol-chloroform method. From pectoral fin, the genomic DNA was extracted as 

described above. The target regions were amplified with KOD-FX with the following 

primers, sgRNA1-ampFw or sgRNA2-ampFw with 8-bp random index sequence to 5-

prime end for identifying subjects, and sgRNA1-ampRv or sgRNA2-ampRv, respectively 

(Table 2.8). Sequencing analysis of the mixture of the PCR amplicons was performed by 

paired-read sequencing (100-bp × 2 Gb) with HiSeq 2500 and TruSeq DNA PCR-Free 

Library Prep Kit (Illumina Inc., San Diego, USA). The sizes of the PCR amplicons were 

90-bp and 80-bp including targeted site by sgRNA1 and sgRNA2, respectively. As the 

control reference, the PCR product from wild type fish was subjected to the sequencing. 

Induced mutations in each subject were identified by assembling output data using PEAR 

0.9.8 [15] and classified into each subject and each variant using the 8-bp index. When 

classifying the assembled data, variants with only one read counts were cut off as errors. 

The minimum read count per one subject was 2462 (maximum was over 20 k reads). The 

variations and frequencies of variants were identified after assembling and classifying by 

alignment and calculation (each variant read counts / total read counts). 

 

2.3.6 Production of F1 fish 

For assessment of the germ line transmission rate, the gametes of G0 fish were fertilized 

with that of wild type counterparts, and then genomic DNA was extracted from each 

embryo. Mutation in each embryo was analyzed by HMA and direct sequencing analysis 

after PCR amplifying the target region with KOD-FX using primers; Pm-mstn-hmaFw 

and Pm-mstn-hmaRv (Table 2.8). For producing F1 fish, the G0 fish with high mutation 

frequency in pectoral fin (details are described in results “2.4.3 Selection of highly 

mutated G0 individuals”) were naturally mated in a 7-ton tank. The resulted F1 embryos 
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were reared for further experiments.  

 

2.3.7 Screening of F1 fish with HMA and sequencing 

First, genomic DNA was extracted from pectoral fin or caudal fin in each F1 fish, which 

was subjected to PCR amplification of the target region with KOD-FX using primers; 

Pm-mstn-hmaFw and Pm-mstn-hmaRv (Table 2.8). Second, the PCR products were 

mixed with an equal amount of the PCR product from wild type. Then, the mixture was 

denatured at 95oC for 5 min, and re-annealed by cooling to 25oC. Third, the PCR products 

(“P”) and the re-annealed products (“R”) were subjected to HMA [14]. Wild type shows 

both “P” and “R” as single bands. Heterozygote shows both “P” and “R” have the same 

heteroduplex band pattern. Homozygote shows “P” as a single band, but “R” as a 

heteroduplex band pattern. I also selected compound heterozygote which harbors the 

different type of frame-shift mutations in each allele. Compound heterozygote shows both 

“P” and “R” are heteroduplex band patterns, but “R” pattern is different from “P” pattern. 

To confirm mutation sequences, the PCR products of wild type and homozygote were 

subjected to direct sequencing, and those of heterozygote and compound heterozygote 

were subjected to amplicon sequencing (details in Materials and Methods “2.3.5 

Amplicon sequencing of target region in G0 fish”). Finally, to investigate the occurrence 

of several-hundred-bp large deletions, an 820-bp fragment was amplified from the 

genomic DNA using primers, large-delFw and large-delRv (Table 2.8). The PCR 

products were subjected to electrophoresis analysis using 1% agarose gel. 

 

2.3.8 Assessment of increase in skeletal muscle 

To observe the phenotype in G0 of disruption of Pm-mstn, Pm-mstnb, or both Pm-mstn 

and Pm-mstnb, fork length (FL) and body weight (BW) were measured on the following 

days old [Pm-mstn G0 injected with sgRNA1: at 165 days old, Pm-mstn G0 injected with 

sgRNA2: at 183 days old, Pm-mstnb G0, and both Pm-mstn and Pm-mstnb G0: at 163 

days old]. To observe the effect of Pm-mstn disruption in F1 fish, FL, BW, and body width 

of homozygote (mstn-8a/-8a), heterozygote (mstn-8a/wt), and wild type (mstnwt/wt) were 

measured at 133, 170, 208, 235, 300, 359, 432, and 559 days old. These fish were hatched 

on the same day and reared in a tank. The phenotype of another genotype of mutants 

(mstn-14/-14 and mstn-14/wt), compound heterozygotes (mstn-8a/-14 and mstn-8a/-8b), and wild 
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type (mstnwt/wt) were also evaluated at 217 days old. These fish hatched on the same day 

and were reared in a tank. Mstn-8b has a differently mutated allele from mstn-8a. Condition 

factor was calculated as 1000×BW/FL3 (BW in g, FL in cm). 

 

2.3.9 Computed tomographic (CT) analysis 

To investigate the effect of Pm-mstn disruption on skeletal muscle increase and bone 

structure, the compound heterozygotes (mstn-8a/+22, mstn-8b/-8c, and mstn-14/+2: genotypes 

are described in Table 2.6) were subjected to CT analysis because they showed the same 

phenotypes as mstn-8a/-8a and mstn-14/-14, that is, short FL and high condition factor. Seven 

compound heterozygotes (FL: 24.14 ± 0.75 cm, BW: 471.88 ± 68.92 g) and seven wild 

type fish (FL: 26.64 ± 0.69 cm, BW: 447.37 ± 33.27 g) were analyzed at 448 days old. 

These measured values are consistent with those of the population of fish in Figs. 2.5 and 

2.6a-d since these mutants showed shorter fork length (P < 0.001, by Student's t-test) and 

almost the same body weight (P = 0.4, by Welch's t-test) in comparison with wild type. 

The CT 3D data were acquired using Ingenuity Core CT scanner (Philips, Amsterdam, 

Netherlands). The parameters in Ingenuity Core were configured as follows; [body soft 

helical mode: thickness; 0.67 mm, increment; -0.33 mm, KV; 120 K, mAs/slice; 200 mA, 

resolution; standard, collimation; 64×0.625, pitch; 0.203, rotation time; 0.75 s, FOV; 

150×150 mm, reconstruction; standard (B), enhancement; 0.0, window; C 20 W 200, 

center; X 0 Y 0, matrix; 512] and [recon bone mode: thickness; 0.67 mm, increment; -

0.33 mm, FOV; 150×150 mm, reconstruction; standard, enhancement; 0.75, window; C 

600 W 3000, Center; X 0 Y 0, matrix; 512, filter; Y-Detail (YB)]. The CT cross-sectional 

and volumetric analyses in skeletal muscle were performed using Avizo 7.0 (FEI 

Visualization Sciences Group, Oregon, USA). The muscle cross-sectional slices were 

made in the nearest slice to the first spine of the dorsal and anal fin, respectively (Fig. 

2.6e-1 and e-2, white arrow in Fig. 2.6e-3). Then, the muscle volume region was manually 

segmented from otolith to caudal fin (excluding ventral region because of the difficulty 

of segmentation) (blue region in Fig. 2.6e-3), respectively. The length of head, the size of 

centrum, and the length of neural spine were measured using imageJ (https://imagej. 

nih.gov/ij/) (details in Fig. 2.8d-1 and d-2). 

 

2.3.10 Off-target analysis 
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Off-target candidates were searched from whole genome sequence with Cas-OFFinder 

[16] using the following criteria described in previous report [14]; harboring 2- or fewer-

bp mismatches in the 18-bp targeting sequence followed by a NRG PAM. The regions of 

off-target candidates were PCR amplified with KOD-FX using primers described in 

Table 2.8. The PCR products were subjected to HMA and direct sequencing analysis. 

 

2.3.11 Statistical analysis 

Data were expressed as mean ± standard deviation (SD). Statistical analyses for condition 

factor, body weight, and fork length in Pm-mstn G0 were carried out by Tukey-Kramer 

HSD test. Statistical analyses for condition factor, body weight, and fork length in “Pm-

mstnb”, and “Pm-mstn and Pm-mstnb” G0 were carried out by Student’s t-test. Statistical 

analyses for condition factor, body weight, fork length, body width in Pm-mstn F1 were 

carried out in each measurement point by Tukey-Kramer HSD test. Statistical analyses 

for muscle cross-sectional area, muscle volume, A-P length, D-V length, width, neural 

spine length, and head length in compound heterozygotes were carried out t-test. 

Differences were considered significant in the case of P < 0.05. 

 

 

C2.4 Results 

2.4.1 Identifying red sea bream myostatin gene 

To increase the edible part (fish meat), I focused on myostatin (MSTN), the deficiency of 

which leads to a double muscle phenotype. I searched the MSTN gene (mstn) of red sea 

bream from the whole genome sequence using BLASTP (details are in Materials and 

methods “2.3.2 Identifying red sea bream myostatin gene”). Unlike mammals, many 

teleost fish have more than one copy of mstn in their genome by genome duplication [17]. 

The paralogous gene does not act as a negative regulator of skeletal muscle mass. I also 

acquired two candidates of mstn in the red sea bream genome and then subjected them to 

constructing a phylogenic tree using the predicted protein sequence. One candidate, 

designated as Pm-mstn, belonged in the same monophyly of fish myostatin genes (for 

example, medaka BAI53537 and zebrafish AAQ11222) which have been revealed to play 

a major role in regulating muscle mass [6-9] (Fig. 2.1a). The Pm-mstn presented a 

conserved synteny with mstn of medaka (BAI53537), tiger pufferfish (fugu, ADT89782), 
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zebrafish (AAQ11222), cattle (BAB79498), mouse (AAI03679), and human 

(AAB88694) (Fig. 2.1b). The other candidate, Pm-mstnb, presented a conserved synteny 

with mstn of tiger pufferfish (AAR88254) and zebrafish (AAV11222) (Fig. 2.1c). These 

results indicate that Pm-mstn belongs to mstn which is a negative regulator of skeletal 

muscle mass and Pm-mstnb belongs to mstn paralogous gene generated by genome 

duplication. 
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2.4.2 Production of Pm-mstn knockout red sea bream 

In order to produce mutants in the G0 generation (G0), two sgRNAs (sgRNA1 and 

sgRNA2) were designed in the first exon of Pm-mstn so that the C-terminal active peptide 

domain was completely disrupted (Fig. 2.1d). Each sgRNA was microinjected into 966 

and 1399 fertilized eggs with Cas9 nuclease RNA, respectively (Table 2.1). Using 

replicates of 12 embryos at 1-2 days post fertilization (dpf), the efficiency of induction of 

mutation on the target site was investigated using heteroduplex mobility assay (HMA) 

[18-19]. Multiple banding patterns were observed in 7 or 2 out of each replicate of 12 

embryos injected with sgRNA1 or sgRNA2, respectively (Fig. 2.1e and f), revealing that 

these designed CRISPR/Cas9 systems were effective for disrupting Pm-mstn. I incubated 

the remaining eggs and reared the subsequent hatching larvae continuously (sgRNA1: 

569 larvae, and sgRNA2: 628 larvae, Table 2.1). 

 

Fig. 2.1 Cloning of mstn and somatic mutagenesis analysis in embryos 
(a) Phylogenic tree of mstn. The percentage of replicate trees in which the associated genes 
clustered together in the bootstrap test is shown next to the branches. (b, c) Synteny analysis of 
mstn. Genes are depicted by colored polygons and transcriptional orientation is indicated at the 
angled end. Gene names are indicated under the polygons, and orthologs across species are in the 
same colors; Pm-mstn ortholog in magenta, Pm-mstnb ortholog in yellow. The mstn sequences of 
different animals were retrieved from the GenBank database and the accession numbers are shown 
to the right of the animal names in (a), under the polygons (b, c). (d) Design of the target site for 
sgRNAs in Pm-mstn. The sgRNAs are designed in exon 1. The sgRNA1 was designed in a 
complementary strand. Gray boxes and bars, exons and introns, respectively. Blue and orange 
letters, target sequence and NGG protospacer adjacent motif (PAM), respectively. Gray triangles, 
the cleavage sites recognized by Cas9 nuclease. Exon 3 includes C-terminal active peptide domain 
of MSTN. The electrophoresis images of HMA in embryos injected with sgRNA1 (e), injected 
with sgRNA2 (f) [the left edge lanes: wild type, each lane: each embryo injected with Cas9 RNA 
and sgRNA, lanes with red letter: the embryos with mutations]. 

Table 2.1 Summary of Pm-mstn mutagenesis mediated genome editing 
(CRISPR/Cas9) from microinjection to mutant categorization in G0 

Injection 
No. of 

injected 
eggs 

No. of  
hatched 
larvaea 

No. of fish in mutant categorization 

Surviving 
fishb 

Mutation level 

high low none 
sgRNA1 966 569 (62.7%) 218 (22.6%) 94 25 99 
sgRNA2 1399 628 (44.6%) 212 (15.2%) 88 16 108 

The hatching rates in control (without injection) were 96.3% when injection of sgRNA1, and no 
data when injection of sgRNA2. 
a Percentages indicate number of hatched larvae / number of injected eggs. 
b Percentages indicate number of surviving fish at 5.5 or 6 mph / number of injected eggs. 
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2.4.3 Selection of highly mutated G0 individuals 

Since the induced mutation level varied among the microinjected embryos (Fig. 2.1e-f), 

the mutation level of all injected fish at 5.5 to 6 months post fertilization (mpf) (total 

length: about 10 cm) was evaluated by HMA with the genomic DNA prepared from 

caudal fin and classified into three groups: “high” is highly mutated, “low” is slightly 

mutated, “none” is no mutation (sgRNA1: 94 “high”, 25 “low”, and 99 “none”, sgRNA2: 

88 “high”, 16 “low”, and 108 “none”) (Table 2.1). In addition, to evaluate the increase of 

skeletal muscle mass, the condition factor (body weight / fork length3 × 103) of each fish 

was calculated. The “high” of both sgRNA1 and sgRNA2 injected showed higher value 

of condition factor than “none” (sgRNA1: 24.8 ± 1.6 in “high” and 23.6 ± 1.4 in “none, 

sgRNA2: 26.5 ± 1.9 in “high” and 24.8 ± 1.3 in “none”) (Table 2.2). To save breeding 

space and cost, only highly mutated individuals were continued to be reared (total 182 

fish). The correlation between frame-shift mutation (meaning gene disruption) and 

condition factor in Pm-mstn was investigated using the “high” individuals. The DNA 

fragment including the target site of each fish was amplified by PCR using genomic DNA 

prepared from the pectoral fin and was subjected to amplicon sequencing with NGS, and 

then the “Frame-shift mutation rate” was calculated (number of frame-shift amplicon 

reads / number of total amplicon reads). The tendency was observed that the skeletal 

muscle mass (value of condition factor) increased as the frame-shift mutation rate 

increased (y=4.2x-78.9 in sgRNA1, and y=6.1x-125.7 in sgRNA#2), though the 

correlation coefficients were not high (r=0.25 and r=0.45, respectively) (Fig. 2.2). In 

some individuals, Pm-mstn was disrupted strongly in pectoral fin without increasing of 

skeletal muscle mass (Fig. 2.2). 

 

Table 2.2 Morphological analysis by measurement of G0 fish 
sgRNA sgRNA1*1 sgRNA2*2 

Mutation level*3 high low none high low none 
No. of fish 94 25 99 88 16 108 

Fork length (cm) 14.6 ± 0.8 14.7 ± 0.5 14.8 ± 0.7 16.0 ± 1.0a 16.4 ± 1.3ab 16.6 ± 0.8b 

Body weight (g) 78.3 ± 12.6 77.1 ± 10.1 77.2 ± 11.8 109.0 ± 19.8 111.7 ± 22.2 113.9 ± 17.8 
Condition factor 24.8 ± 1.6a 24.0 ± 1.8ab 23.6 ± 1.4b 26.5 ± 1.9a 24.9 ± 0.7b 24.8 ± 1.3b 

ab: Means with different superscripts were significantly different among the three groups in each sgRNA group 
(“high”, “low”, and “none”) with Tukey-Kramer HSD test, P < 0.05. Values ± standard deviation. 
*1: measurement was performed at 165 days old. 
*2: measurement was performed at 183 days old.  
*3: categorized with finclip and HMA. 
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2.4.4 Gene disruption of the paralogue gene Pm-mstnb 
To investigate the contribution of the paralogue gene, Pm-mstnb, to the double muscle 

phenotype, disruption of Pm-mstnb (Experiment 1) and double disruption of Pm-mstn and 

Pm-mstnb (Experiment 2) were conducted. At 163 days post hatch, the mutation level and 

condition factor of each G0 individual were investigated. The mutation levels in each fish 

were evaluated with HMA using genome DNA derived from caudal fin. In Experiment 1, 

the G0 fish were classified into two groups of “Pm-mstnb high” and “none”. In 

Experiment 2, the G0 fish were classified into two groups of “Pm-mstnb and Pm-mstn 

high” and “none”. There was no difference in the value of condition factor between “Pm-

mstn high” (24.0 ± 2.6) and “none” (24.0 ± 2.1) groups. On the other hand, a significant 

difference was observed between “Pm-mstn and Pm-mstnb high” (28.9 ± 4.3) and “none” 

(25.0 ± 1.5) groups (Table 2.3). These findings indicate that Pm-mstnb is not responsible 

for increasing skeletal muscle mass. 

 

 
Fig. 2.2 The correlation between increase of skeletal muscle and gene 
disruption rate in pectoral fin in G0 
(a) Fish injected with sgRNA1. (b) Fish injected with sgRNA2. Condition factor was calculated 
by body weight / fork length3 x 103. The results of amplicon sequencing in wild type included over 
97% from WT. In the frame-shift rate calculation, the sequence variants over 5 % were used as 
major mutations (frame-shift mutation read number / all sequence read number). The approximate 
straight lines of a and b were as y=4.2x-78.9 (r=0.25) and y=6.1x-125.7 (r=0.45), respectively. 
With the increased rate of gene disruption in pectoral fin, a tendency for the condition factor value 
to increase was observed. 
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2.4.5 Estimating mutation mosaicism in G0 fish 
Unlike in mammals [20], in fish, it is reported that many types of mutation exist in a G0 

individual after genome editing treatment [14]. And, it was considered that the ratio of 

each mutation type varies among tissues in an individual. Indeed, in this study, multiple 

bands were observed in an embryo in HMA (Fig. 2.1e-f) and frame-shift mutation did not 

have a complete correlation with the value of condition factor (index of increasing muscle 

mass) (Fig. 2.2). These results suggest that a high mosaicism of Pm-mstn disruption 

occurred in this study. To confirm such mosaicism, amplicon sequencing of five tissues 

(brain, liver, muscle, gonad, and pectoral fin) was performed in each individual belonging 

to the three different mutation levels in pectoral fin (“Strong”, “Intermediate”, and “Weak” 

in Fig. 2.3). The frequencies of intact wild type among five tissues are 0-3.4% in “Strong”, 

5.0-40.0% in“Intermediate”, and 34.8-71.7% in “Weak” (black column in Fig. 2.3). The 

frequency of each variant varied among tissues. For example, the frequencies of -8a of 

mutation in “Strong” were 24.7% in brain, 11.7% in liver, 0% in muscle, 4.6% in gonad, 

and 0% in pectoral fin (red column in Fig. 2.3). The frequencies of intact wild type and 

each variant were not completely consistent among tissues, but were similar. From these 

results, it is likely that the frequency of each variant and wild type in fin is reference for 

that in another tissue (e.g. muscle or germ cell). 

Table 2.3 Myostatin paralogous gene disruption 
 Experiment 1 Experiment 2 

Mutation levelb Pm-mstnb high none 
Pm-mstna and 
Pm-mstnb high 

none 

No. of fish 82 47 15 8 
Fork length (cm) 14.6 ± 1.3 14.5 ± 1.3 14.3 ± 1.4 15.6 ± 1.5 
Body weight (g) 75.2 ± 17.8 74.5 ± 18.7 85.0 ± 19.6 95.6 ± 25.0 
Condition factor 24.0 ± 2.6 24.0 ± 2.1 28.9 ± 4.3a 25.0 ± 1.5 

Measurement was performed at 163 days old. 
Values ± standard deviation  
a; Means with superscript was significantly different between the two groups in each experiment (“high” 
and “none”) with Student’s t-test, P < 0.05. 
b; categorized with finclip and HMA. 
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2.4.6 Inheritance of mutations to F1 generation 

At two years after microinjection, these genome edited red sea bream began to spawn. As 

a preliminary experiment to produce F1 generation, gametes from 7 G0 individuals were 

artificially inseminated with counterpart gametes from wild type fish, and then the 

mutation rate in Pm-mstn in each F1 embryo was investigated by HMA and sequencing. 

In 5 (one female and four males) out of 7 G0 fish, mutations were observed in F1 embryos. 

The germ line transmission rates were from 100% in male #1 to 12.5% in male #4 (Table 

2.4). Each founder fish harbored 2-6 types of mutation in germ line and several mutation 

types (e.g. -8a and -14) were the frame-shift mutation causing gene disruption (Fig. 2.4b, 

e and Table 2.4). The representative mutation patterns in germ line are showed in Fig. 

2.4. The variation and frequencies of mutation type differed between pectoral fin and 

germ line (Fig. 2.4). For example, in female #1, 1-base deletion was observed at 12.5% 

 
Fig. 2.3 The mosaicism of mutations among different tissues 
The rate of each mutation variant in five tissues (brain, liver, muscle, gonad, and pectoral fin) in 
individuals. The analysis was performed for three individuals which harbor mutations at different 
levels (a; Strong, b; Intermediate, c; Weak). In the calculation of each mutation rate, the sequence 
variants over 1% were used as major mutations (each mutated read number / all sequence read 
numbers). The column which is a specific color and pattern indicates a different mutation variant. 
Black and purple column, wild type and aggregation of variants with under 1% frequency, 
respectively. 
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in germ line, but not observed in pectoral fin (Fig. 2.4b and c). In male #3, 8-base deletion 

was observed at 56.3% in germ line, but not observed in pectoral fin (Fig. 2.4e and f). 

The individuals which harbored mutations in germ line (100% in male #1, 87.2% in male 

#2, 81.3% in male #3, 12.5% in male #4, and 66.7% in female #1) showed high mutation 

rate in pectoral fin (35.1%, 99.4%, 66.8%, 48.7%, and 47.6%, respectively). On the 

contrary, individuals without germ line transmission showed low mutation rate in 

pectorain (3.9% in male #5 and 2.5% in male #6).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.4 Germ line transmission of G0 fish 

Fish sgRNA Germ line transmission Mutations (in/del) 
Mutation 
rate in fin 

male #1 2 16/16 (100%) -3, -6 35.1% 
male #2 2 34/39 (87.2%) -27, -23, -60, -23, -8b 99.4% 
male #3 2 13/16 (81.3%) -8b, -27, -3, -4 66.8% 
male #4 2 2/16 (12.5%) -14, -3 48.7% 
male #5 2 0/16 (0%) none 3.9% 
male #6 2 0/16 (0%) none 2.5% 

female #1 1 16/24 (66.7%) -8a, -1, -8c, -5, -9, -5 47.6% 
The alphabet letters with in/del mutations were added for identifying variants (-8a, -8b, and -8c). 
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D B A A A E F B A C E C D A A B

ATCAGCCGGGACATCGTGAAGCAGCTCC WT 8/24 33.3%
ATCAGCCGGGA--------AGCAGCTCC -8a 6/24 25% A
ATCAGCCGGGA-ATCGTGAAGCAGCTCC -1 3/24 12.5% B
ATCAGCCG--------TGAAGCAGCTCC -8c 2/24 8.3% C
ATCAGCCG-----TCGTGAAGCAGCTCC -5 2/24 8.3% D
ATCA---------TCGTGAAGCAGCTCC -9 2/24 8.3% E
ATCAGCC-----ATCGTGAAGCAGCTCC -5 1/24 4.2% F

GTGGTTATGGAGGAGGACGATGAGCACGCCATCACGGAG wt 3/16 18.8%
GTGGTTATGGAGGAGGACGATGAG--------CACGGAG -8b 9/16 56.3% A
GTGG---------------------------TCACGGAG -27 2/16 12.5% B
GTGGTTATGGAGGAGGACGATGAGCACGCCA---CGGAG -3 1/16 6.3% C
GTGGTTATGGAGGAGGACGATGAGCACGC----ACGGAG -4 1/16 6.3% D

B A B A A A A D C A A A A

Mutations in germ line (sgRNA1 female #1)WT

Mutations in germ line (sgRNA2 male #3)WT

a

b

d

e

Fig. 2

ATCAGCCGGGACATCGTGAAGCAGCTCC WT 8412/16068 52.6%
ATCAGCCGGGA--------AGCAGCTCC -8a 3515/16068 21.9% *
ATCAGCCG--------TGAAGCAGCTCC -8c 1927/16068 11.9% *
ATCA---------TCGTGAAGCAGCTCC -9 656/16068 4.1% *
ATCAGCCGGG--ATCGTGAAGCAGCTCC -2 306/16447 1.9%
ATCAGCCGGGAAGCAGTGAAGCAGCTCC -4+4 171/16447 1.1%
ATCAGCCGGGA--CATCGTGAAGCAGCT WT
ATCAGCCGGGAAGCATCGTGAAGCAGCT +2 470/16447 4.5%

GTGGTTATGGAGGAGGACGATGAGCACGCCATCACGGAG wt 2541/7755 32.8%
GTGGTTATGGAGGAGGACGATGAGCACGCCGTCACGGAG -1+1 2959/7755 38.2%
GTGGTTATGGAGGAGGACGATGAGCACG------CGGAG -6 408/7755 5.3%
GTGGTTATGGAGGAGGACGATGAGCACGCCA---CGGAG -3 88/7755 1.1% *
AGCACGCCA----------------------TCACGGAG wt
AGCACGCCAGACGATTTTCACGAGACGATTTTCACGGAG +22 1078/7755 13.9%
TTATGGAGGAGGACGATGAGCACGCCATC---ACGGAGA wt
TTATGGAGGAGGACGATGAGCACGCCATCGTCACGGAGA +3 447/7755 5.8%

Mutations in germ line (sgRNA1 female #1) 

Mutations in pectoral fin (sgRNA1 female #1) 

Mutations in germ line (sgRNA2 male #3) 

Mutations in pectoral fin (sgRNA2 male #3) 

c

f
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2.4.7 Establishment of a complete gene disrupted breed 

At 2-years old, 122 out of 182 G0 fish classified to “high” group in Results “3.3 Selection 

of highly mutated G0 individuals” survived. Because of observation of germ line 

transmission as mentioned above, mass mating of these G0 fish was performed to obtain 

the complete knockout F1. Fertilized eggs were collected by overflow trapping system for 

6 days (2016/04/07, 11, 13, 30, and 05/02, 03). These F1 fish which contained 

homozygote, heterozygote, compound heterozygote, and wild type, were reared. At 4.5-

6 mpf, a total 1,311 F1 were genotyped by HMA and DNA sequencing. Finally, 39 

homozygote gene disrupted fish (2.9%) were successfully identified. Thus, Pm-mstn gene 

disrupted breeds were established. There were six types of mutation sequence in the 

homozygous mutants as listed in Table 2.5. Out of the six mutation types, four were 

induced via microhomology mediated joining (MMEJ) [18, 26] (sgRNA1: -8a, sgRNA2: 

-14, -8b, and -23). I also found compound heterozygote (Pm-mstn in one allele was 

disrupted and Pm-mstn in the other allele was disrupted by another type of mutation), 

heterozygote (Pm-mstn in one allele was disrupted, but Pm-mstn in the other allele was 

intact) and wild type in F1 fish. 

 

 

Fig. 2.4 Germ line and somatic mutagenesis 
Each G0 fish was mated with a wild type to screen for heritable mutations. Mutation sequences 
identified in each F1 embryo by HMA (a, d) and direct sequencing (b, e). Somatic mutation 
sequences identified in pectoral fin by amplicon sequencing (c, f). a and b are results in embryos 
from mating wild type and female injected with sgRNA1 (sgRNA1 female #1 in Table 2.4). d and 
e are results in embryos from mating wild type and male injected with sgRNA2 (sgRNA2 male #3 
in Table 2.4). The alphabet letters above each lane in the electrophoresis images (a, d) indicate the 
type of mutation in the sequences (b, e). (b, c, e, f). This is shown in order of sequences, the sizes 
of deletions (−) and insertion (+), numbers (each mutated embryo / all analyzed embryos, or each 
mutated read count / all read counts), the percentage. Asterisks in c and f indicate the mutations 
observed also in the germ line. Blue and orange letters, target sequence and PAM, respectively. 
Red dashes and letters, deletions and insertions. Under bars, microhomologies. 
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2.4.8 Growth evaluation and increase skeletal muscle of Pm-mstn knockout mutant 

To investigate the effect of complete Pm-mstn disruption on the mass of skeletal muscle, 

the morphological analysis of homozygous mutants was performed. The representative 

appearance of the homozygotes harboring an 8-base deletion (mstn-8a/-8a) at 329 days old 

is shown in Fig. 2.5a. The mstn-8a/-8a exhibited a wider body trunk than wild type, 

implying that mstn-8a/-8a had an increased muscle mass. The 8-base deletion causes a 

frame-shift in the Pm-mstn coding sequence and the C-terminal active domain was 

completely lacking due to the newly emerged stop codon (Fig. 2.5b). Growth evaluation 

was performed from 133 days to 559 days old as described in Fig. 2.6a-d. Condition 

factor of the homozygote (mstn-8a/-8a: 41.6 ± 6.9) was significantly higher than values of 

the heterozygote (mstn-8a/wt: 26.0 ± 1.4) and wild type (mstnwt/wt: 25.9 ± 1.3) at 559 days 

old (Fig. 2.6a). In addition, the condition factor of mstn-8a/-8a showed a significantly 

higher value than those of other groups throughout the experiment (Fig. 2.6a). Body 

width of the homozygote (6.7 ± 0.5 cm) tended to be slightly wider than those of 

Table 2.5 Homozygote successfully obtained in F1 fish 
 

Mutation sgRNA Sequence (5’--3’)*a, b, c 
No. of  

fish 
Double muscle 

phenotype*d 

-8a 1 
AGCCGGGACATCGTGAAGCAGCTCCTGCCCAAAG 

8 yes 
AGCCGGGA--------AGCAGCTCCTGCCCAAAG 

-23 1 
AGCCGGGACATCGTGAAGCAGCTCCTGCCCAAAG 

4 yes 
AGCCGGGA-----------------------AAG 

-2 1 
AGCCGGGACATCGTGAAGCAGCTCCTGCCCAAAG 

3 no data 
AGCCGG--CATCGTGAAGCAGCTCCTGCCCAAAG 

-14 2 
GAGGACGATGAGCACGCCATCACGGAGACGATTA 

18 yes 
GAGGACGATGAGC--------------ACGATTA 

-8b 2 
GAGGACGATGAGCACGCCATCACGGAGACGATTA 

4 yes 
GAGGACGATGAG--------CACGGAGACGATTA 

-23 2 
GAGGACGATGAGCACGCCATCACGGAGACGATTA 

2 no data 
GAG-----------------------GACGATTA 

-8a and -8b: alphabet letters are used to differentiate each mutation. 
a An upper and a lower line indicate wild type sequence and mutated sequence, respectively. 
b The target sites by sgRNA are 3-25 bases to the left, indicating bold lines. 
c Underlines indicate microhomology. 
d Double muscle phenotype indicates increase of condition factor. “no data” indicates analysis was not 
carried out because of the small number, however the appearances were the same as the other 
homozygote. 
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heterozygote (6.0 ± 0.4 cm) and wild type (6.2 ± 0.5 cm) at 559 days old though the 

significant difference was not observed (Fig. 2.6b). Significant differences were observed 

only at 300 and 359 days old (Fig. 2.6b). Fork length of the homozygote (26.6 ± 1.6 cm) 

was significantly shorter than values of the heterozygote (30.9 ± 0.9 cm) and wild type 

(32.0 ± 1.9 cm) at 559 days old (Fig. 2.6c). Significant differences were observed at 170-

559 days old except for 133 days old (Fig. 2.6c). On the contrary, there was no difference 

in body weight (homozygote: 770.5 ± 78.5 g, heterozygote: 771.9 ± 90.4 g, wild type: 

859.1 ± 163.2 g) at 559 days old and there were no differences for every sampling points 

(Fig. 2.6d). In addition, other Pm-mstn knockout mutants such as homozygote harboring 

other types of mutations (mstn-14/-14 and mstn-8b/-8b) and compound heterozygotes (mstn-

8a/-14 and mstn-8a/-8b) showed the similar tendency as mstn-8a/-8a (Table 2.5 and Fig. 2.7). 

The mutations, mstn-8a/-8a and mstn-14/-14, were induced by sgRNA1 or sgRNA2, 

respectively, indicating that the different guide RNA sequences generated the same 

phenotype. To elucidate the effect of Pm-mstn gene disruption on skeletal muscle, I 

evaluated the cross-sectional area and the volume of skeletal muscle using CT scan in 

compound heterozygotes (described as mstn-/-) and wild type at 448 days old. The 

genotypes of mstn-/- are listed in Table 2.6. Figure 2.6e-1 and e-2 show the typical cross-

section at first spine of dorsal fin and anal fin, respectively (position exhibited by white 

arrows in Fig. 2.6e-3). The cross-sectional area of mstn-/- was remarkably larger than that 

of wild type, then the area at the anal fin was quantified in each fish (Fig. 2.6e-2). The 

value calculated for quantification in mstn-/- significantly increased 34% (40.52 ± 5.06 

cm2) relative to wild type (30.29 ± 1.99 cm2) (Fig. 2.6f). Then, the volumetric analysis 

was performed to examine the muscle volume of the mutant in blue region shown in Fig. 

2.6e-3. As a result, mstn-/- showed a 16% significant increase in the muscle volume 

(235.79 ± 35.64 cm3) compared to wild type (203.03 ± 17.42 cm3) (Fig. 2.6g). It was 

confirmed that the mstn-/- mutants exhibited increased muscle volume in comparison with 

wild type. These findings confirmed that complete gene disruption of Pm-mstn triggered 

the consistent level of skeletal muscle mass in red sea bream. 
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Fig. 2.5 The appearance of red sea bream Pm-mstn gene disrupted 
mutants 
(a) The appearances at 329 days old of mstn-8a/-8a (left) and wild type (right). Double-headed arrows 
show body width. The mstn-8a/-8a exhibited a wider body trunk than wild type. Blue bars indicate 5 
cm. (b) The alignment of predicted amino acids between mstn-8a/-8a and wild type. Red boxes and 
orange letters indicate the homologous sequence and the non-homologous sequence between mstn-

8a/-8a and wild type. The mstn-8a/-8a harbors 117 a.a., on the other hand, wild type harbors 384 a.a. 
C-terminal active domain in wild type (blue letters) is completely disrupted in mstn-8a/-8a. 
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Fig. 2.6 Morphological analysis of red sea bream MSTN gene disrupted 
mutants 
(a-d) Measurement of body weight, fork length, and body width until 133-559 days old of mstn-

8a/-8a, mstn-8a/wt, and mstnwt/wt. Comparison of condition factor (a, body weight/fork length3×103), 
body width (b), fork length (c), and body weight (d). Means ± SD [mstn-8a/-8a: n=5, mstn-8a/wt: 
n=3, mstnwt/wt: n=6, (mstn-8a/-8a: n=4 at 559 days old, mstnwt/wt: n=5 at 432, 559 days old)]. Means 
with different superscripts in each measurement point were significantly different with Tukey-
Kramer HSD test, P < 0.05. (e) The cross-sectional area of mstn-/- (left) and wild type (right) at 
the first spine of dorsal fin (e-1) or anal fin (e-2) (position exhibited by white arrows in Fig. 
2.6e-3). (f) The value of the cross-sectional area at anal fin (e-2). (g) The value of the muscle 
volume (blue region shown in Fig. 2.6e-3). Means ± SD (each group n=7 at 448 days old). The 
asterisks indicate significant difference with t-test, *: P < 0.05, ***: P < 0.001. 
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Fig. 2.7 The morphological analysis in mstn-14/-14 and compound 
heterozygotes  
The appearances of mstn-14/-14 (left, a) and wild type (right, b). Double-headed arrows show body 
width. Both fish were sampled on 217 days old. (c-f) Measurement of body weight, fork length, 
and body width at 217 days old in mstn-14/-14 and compound heterozygotes (mstn-8a/-14 and mstn-8a/-

8b). Comparison of condition factor (c, body weight / fork length3 x 103), body width (d), fork 
length (e), and body weight (f). Means ± SD. mstn-8b has a differently mutated allele from mstn-8a 
(each mutation type is described in Table 2.5). Means with different superscripts indicate 
significant difference with Tukey-Kramer HSD test, P < 0.05. Supplementary Fig. 3
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2.4.9 The analysis of bone structure of Pm-mstn mutant 
Since the mstn-/- mutants exhibited a shorter body length than wild type (Figs. 2.6c and 

2.7e), the bone structure at 448 days old was observed with CT scan. Figure 2.8a-1 and 

a-2 represent the typical bone structure of mstn-/- and wild type, respectively. It was 

observed that the size of centrums and skull of mstn-/- were smaller in comparison with 

that of wild type (Fig. 2.8a-c). In addition, in several fish of mstn-/-, osteosarcomas were 

observed (white arrowhead in Fig. 2.8a-1). In the wild type red sea bream, the neural 

spine usually develops from the backbone at an angle directed toward the caudal fin (Fig. 

2.8a-2). However, the neural spine in the mstn-/- red sea bream develops more 

perpendicular to the backbone (Fig. 2.8a-1). These developmental characteristics result 

in a higher body height in the mstn-/- red sea bream than observed in normal wild red sea 

bream. Furthermore, to investigate vertebrae in detail, enlarged images of the 7-11th 

centrums were observed (Fig. 2.8b-c). The intervertebral length of mstn-/- was shorter 

than that of wild type (orange arrowheads in Fig. 2.8c-1 and c-2). I measured the size of 

the 8th centrum (blue triangles in Fig. 2.8a) and the neural spine length of the 8th vertebra 

(Fig. 2.8d-1 and d-2), because it was reported that the defects of centrum are usually 

observed in posterior abdominal vertebrae, from 7th to 10th centrum (especially in 8th), 

Table 2.6 Genotypes of compound heterozygote (mstn-/-) subjected to CT 
scan 

No. Mutation type sequence (5'-3') 

1-5 -8a/+22 

AGCCGGGACATCGTGAAGCAGCTCCTGCCCAAAG WT 
AGCCGG--------GAAGCAGCTCCTGCCCAAAG -8a 
 

GGACGATGAGCACGCCA----------------------TCACGG WT 
GGACGATGAGCACGCCAGACGATTTTCACGAGACGATTTTCACGG +22 

6 -8b/-8c 

GAGGACGATGAGCACGCCATCACGGAGACGATTA WT 
GAGGACGATGAG--------CACGGAGACGATTA -8b 
 

AGCCGGGACATCGTGAAGCAGCTCCTGCCCAAAG WT 
AGCCG--------TGAAGCAGCTCCTGCCCAAAG -8c 

7 -14/-2+4 

GAGGACGATGAGCACGCCATCACGGAGACGATTA WT 
GAGGACGATGAGC--------------ACGATTA -14 
 

AGCCGG--GACATCGTGAAGCAGCTCCTGCCCAAAG WT 
AGCCGGGAATCATCGTGAAGCAGCTCCTGCCCAAAG -2+4 

The above sequence is WT, and the target sites by sgRNA are indicated in bold lines. 
Mutations indicate in red letters. 
-8a, -8c, and -2+4 were mutated by sgRNA1, +22, -8b, and -14 were mutated by sgRNA2. 
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in cultured red sea bream [21]. In the centrums in MSTN deficient red sea bream (mstn-

/-), obvious deformity, such as lordosis and scoliosis, was not observed. Anterior-posterior 

length (A-P length), dorsal-ventral length (D-V length), and width of 8th centrum of mstn-

/- were significantly shorter than those of wild type (Fig. 2.8e-1, e-2, and e-3) (A-P length: 

mstn-/-, 6.17 ± 0.25 mm, wild type, 6.77 ± 0.21 mm; D-V length: mstn-/-, 5.13 ± 0.27 mm, 

wild type, 5.93 ± 0.24 mm; width: mstn-/-, 5.18 ± 0.33 mm, wild type, 5.83 ± 0.14 mm). 

There was no significant difference in neural spine between both groups (Fig. 2.8f) (mstn-

/-, 27.56 ± 1.38 mm, wild type, 27.01 ± 0.72 mm, P = 0.36). On the other hand, body 

height of mstn-/- was slightly higher than that of wild type though there was not significant 

difference (mstn-/-, 11.04 ± 0.71 cm, wild type, 10.48 ± 0.35 mm, P = 0.09). As for head 

length, that of mstn-/- was significantly shorter than that of wild type (Fig. 2.8g) (mstn-/-, 

88.20 ± 5.15 mm, wild type, 95.37 ± 4.35 mm). These findings indicate that complete 

Pm-mstn disruption contributes to formation of bone structure such as vertebrae and skull. 

Therefore, the short centrum length, intervertebral length, and head length caused the 

short body length of mstn knockout red sea bream. It was suggested that the body height 

of mstn knockout is higher than that of wild type because neural spine extends in the 

dorsal-ventral axis. 
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Fig. 2.8 The phenotype analysis of bone structure 
Typical bone structure with CT scan of mstn-/- (a-1) and wild type (a-2) at 448 days old. White 
arrowhead indicates osteosarcomas in mstn-/-. Blue arrowheads indicate 8th centrum. Enlarged area of 
7-11th centrum of mstn-/- (b-1) and wild type (b-2). Enlarged area of 7-9th centrum of mstn-/- (c-1) and 
wild type (c-2), which is shown in the white squares in b-1 or b-2, respectively. The numbers in b-1, b-
2, c-1, and c-2 indicate the order number of centrums. Orange arrowheads indicate intervertebral area. 
The size of centrum and intervertebral length of mstn-/- is smaller than that of wild type. (d-1) (d-2) 
View of the 8th vertebra of red sea bream. A-P length, anterior-posterior length. D-V length, dorsal-
ventral length. The measured data of 8th vertebra: A-P length (e-1), D-V length (e-2), width (e-3), 
neural spine length (f). (g) Head length. Means ± SD mm (each group n=7). The asterisks indicate 
significant difference with t-test, *: P < 0.05, ***: P < 0.001. 
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2.4.10 Off-target analysis 

Since it has been reported that there are potential off-target alternations in CRISPR/Cas9 

mediated genome editing, off-target candidates were searched with the whole genome 

sequence (WGS). The criteria of candidates are shown in Materials and Methods. Five 

and one candidate sequences for sgRNA1 and sgRNA2, respectively, were found in the 

screening of red sea bream WGS. These candidates harbor two mismatches to sgRNA 

targeting sites (details are shown in Table 2.7). The HMA and DNA sequencing revealed 

that only on target sequences were altered and that there were no off-target alternations 

in each candidate both in F1 and in G0 (Table 2.7 and Fig. 2.9). 
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C2.5 Discussion 

In this study, a new valuable red sea bream breed was successfully established with 

genome editing, CRISPR/Cas9 system. This breed exhibits increased skeletal muscle 

with a slightly increased body width and height and with a reduced length (Figs. 2.5-2.7) 

by disruption of myostatin gene. Therefore, the breed exhibits an increased proportion of 

edible parts. In the present study, homozygous mstn genome editing mutants were 

established and their phenotype were analyzed at commercial size. In previous reports 

about genome editing of mstn in commercial fish, their phenotype analysis was performed 

only in G0 mosaic mutants at early juvenile stage in channel catfish [22] and common 

carp [23]. The phenotype analysis was not performed though inheritance of mutation was 

observed in yellow catfish [24]. Interestingly, the present study suggests that Pm-mstn 

Fig. 2.9 Off-target analysis  
Off-target analysis was performed by HMA and direct sequencing after searching from the whole 
genome database. On-target (Pm-mstn) electrophoresis gel images in mstn-8a/-8a targeted by 
sgRNA1 (a), and mstn-14/-14 targeted by sgRNA2 (b). In a and b, each lower lane indicates the 
electrophoresis gel image after re-annealed with PCR products of WT, which shows the formation 
of heteroduplex mobility, that is, homozygous mutation. Off-target electrophoresis gel images in 
mstn-8a/-8a (c-g), and mstn-14/-14 (h). The left edge lane; wild type as control, each lane in center; F1 
mutants, each lane in the right edge; G0 embryo. Each PCR product in F1 off-target analysis was 
subjected to direct sequencing, resulting in no off-target alternation. 

Table 2.7 Summary of off-target analysis 
sgRNA name Sequence (5’--3’) *1,2 

scaffold, region, 
F/R*3 

mis-
match 

effect*4 

1 On-target AGCTGCTTCACGATGTCCCGG 0051, 2109470, R   
1 Off-target #1 AGgTGCTTCACGcTGTCCTGG 0010, 8906854, F 2 none 
1 Off-target #2 AGCTGCTTCAgGATGTCaTGG 0011, 246266, R 2 none 
1 Off-target #3 AaCTGgTTCACGATGTCCAGG 0050, 3168976, F 2 none 
1 Off-target #4 AGCTGCTTCAtGATGaCCTGG 0063, 2312547, F 2 none 
1 Off-target #5 AtCTGCcTCACGATGTCCCAG 0103, 1346172, R 2 none 
2 On-target ACGATGAGCACGCCATCACGG 0051, 2109577, F   
2 Off-target #1 ACGAccAGCACGCCATCATGG 0167, 314389, R 2 none 

Candidates match with the 18-bp sequence at the 3 prime ends of the targeting sequence adjacent to either 
NGG or NAG PAM sequence harboring up to 2-bp mismatches. 
*1: lower letters indicate the different nucleotides from on-target site. 
*2: NGG or NAG in the 3 prime indicate PAM sequence. 
*3: F/R indicate forward or reverse on the genomic DNA. 
*4: estimated by HMA and sequencing analysis in G0 and F1, see in Fig. 2.9. 
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contributes to bone formation in red sea bream, resulting in a shortened body length (Fig. 

2.8). This phenotype is dissimilar with mutants in mammals and other teleosts. It is 

confirmed that these phenotypes of mstn knockout mutants are not off-target effects 

because mutants generated by two different sgRNAs show the same phenotypes and there 

is no off-target alternation at pre-selected candidate sites (Table 2.7 and Fig. 2.9).  

The results in the present study indicate that genome editing technology can 

dramatically shorten the period for generating new aquaculture breeds in comparison to 

conventional selective breeding. Until now, red sea bream breed (Kindai-Madai) has been 

produced in Kindai University. To establish the Kindai-Madai, selective breeding was 

started in 1964 with the goal of producing phenotypes with enhanced growth, productivity, 

and disease resistance. As for growth enhancement, it took more than 20 years (at the 5th 

generation) after the start [11]. On the contrary, using genome editing, I could establish a 

new breed (homozygous mutant) providing increase of muscle mass phenotype in only 2 

years which is the shortest generation time of red sea bream. The shortened period to 

generate beneficial aquatic breeds will contribute to the development of aquaculture, for 

example, cost-saving, improvement in productivity, and ultimately resolution of the 

global food sustainability.  

For reducing the period for establishment of new breeds in this study, the design 

of the target sequence and sgRNA was one of the critical issues. In general, to establish 

the homozygote, the following two-step mating process should be done: genome edited 

founder (G0) fish are mated with the wild type counterparts to generate heterozygote F1, 

then the resultant F1 fish are mated to each other to generate the homozygote F2 fish [25]. 

This two-step mating process requires two generation periods. Usually, one generation 

period of commercially cultured marine fish is several years, for example 2 years for red 

sea bream. Therefore, to establish the homozygote of commercially cultured marine fish 

requires a considerable number of years. In this study, I demonstrated to establish the 

homozygote with one time of mating G0 fish to each other (hereafter, as “One-step 

mating”). For the success of the One-step mating, it is considered that microhomology 

mediated end joining (MMEJ) [18, 26] is the key. I could find the mutation via MMEJ in 

high frequency, helping me to find homozygous mutant F1 by the one-step mating (Fig. 

2.4 and Table 2.5). 
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It is confirmed that loss of MSTN function in skeletal muscle in red sea bream 

is associated with an increase of skeletal muscle mass (Figs. 2.5-2.7) similar as in 

mammals [1-5] and in other teleost fish [6-10]. Also in genome edited founder (G0), I 

have already observed increased skeletal muscle mass (Table 2.2 and Fig. 2.2) the same 

as in carp and catfish [22-23]. In the present study, I found that there was a difference in 

the gene disruption level among tissues in G0 fish (Fig. 2.3). This is the reason why Pm-

mstn was disrupted strongly in pectoral fin without increasing of skeletal muscle mass in 

several G0 fish (Fig. 2.2). Red sea bream has two MSTN genes, Pm-mstn and Pm-mstnb 

(Fig. 2.1a-c). The results in the present study confirmed that Pm-mstn plays a major role 

in regulating skeletal muscle mass (Figs. 2.2, 2.5-2.7, and Tables 2.2-2.3). Since the 

effect of MSTN is dose dependent in mammal [27], I consider that it is not possible to 

estimate correctly the effect of loss of MSTN function in G0 mosaic mutants and it is 

necessary to establish complete MSTN gene disrupted fish. In this study, the completely 

MSTN gene disrupted fish exhibited outstanding muscle mass than G0 mosaic mutants or 

heterozygous mutants (Figs. 2.5-2.7), indicating that MSTN functions in a recessive 

manner, not in a dose dependent manner in red sea bream. In measurement analysis from 

133 to 559 days old, the fork length of Pm-mstn mutant was shorter than that of wild type 

fish, on the contrary, body weight of Pm-mstn mutant was similar to that of wild type 

throughout the experiment (Fig. 2.6c-d). The body width of Pm-mstn mutant tended to 

be increased, but significant differences were observed only at 300-400 days old (Fig. 

2.6b). And the body mass index, condition factor of Pm-mstn mutant was higher value 

than that of wild type at each measurement point (Fig. 2.6a), but it is not clear by 

measurement analysis that Pm-mstn mutant exhibited enhanced skeletal muscle mass. 

Thus, I performed the analysis of skeletal muscle mass by CT scan. I found the 34% 

increase of cross-sectional area and the 16% increase of skeletal muscle volume in Pm-

mstn mutant. These results confirmed that Pm-mstn knockout induces skeletal muscle 

mass in red sea bream. It is suggested that only 16% increase in muscle volume instead 

of 34% cross-sectional area increase is due to the shortened fork length in Pm-mstn 

mutants (Fig. 2.6f-g). For further study, I plan to investigate how to extend the body 

length of the mutants because the skeletal muscle mass can be increased if the body length 

is extended. 
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It has been recognized that MSTN is a key factor linking muscle mass and bone 

structure in mice. MSTN knockout mice show that the size of vertebral bodies of mstn-/- 

mice was larger than that of wild type, and the area of temporal bone decreased [28]. In 

teleost fish, MSTN deficient teleost fish (medaka and zebrafish) show larger or same 

body length compared to wild type [6-10]. However, MSTN deficient red sea bream show 

short body length and short centrum in the present study (Figs. 2.6c, 2.7e, and 2.8). It is 

reported that spinal deformity fish (scoliosis) appear at a consistent rate in medaka mutant 

[8], which is different phenotype from MSTN deficient red sea bream. Taking their results 

and the results in the present study in consideration, it is suggested that MSTN regulates 

the formation of bone structure also in teleost fish including red sea bream, but the 

function is different among fish species. In the view of aquaculture, the short body length 

is disadvantageous because of the decrease of fish meat, so I am planning to investigate 

the mechanism of MSTN contribution to bone formation in F2 or later generation. 

One of the benefits to generate a new breed by disrupting genes with the 

genome editing technique is that no foreign gene is added into the host genome, in 

contrast to transgenesis which introduces foreign genes into the host genome. Gene 

alteration without foreign gene insertion may occur naturally. Indeed, mstn deficient 

cattle breeds, Piedmontese and Belgian Blue [2-3], are naturally occurring mutants. In 

this meaning, the new breeds generated by genome editing technique cannot be 

distinguished from naturally selected breeds. For breeds generated by the genome editing 

technique, significant caution is essential to avoid escape into the wild until ethical and 

juristic regulations are established in addition to careful assessment of the potential effects 

on natural stocks. Therefore, at present, the experiments and breeding in the present study 

are performed in enclosed terrestrial tanks. As shown in the present study, MSTN is a 

clear example target for genome editing with the aim of improving a commercially 

valuable trait. Knockout of the appetite regulation gene is the next target to examine 

growth enhancement in red sea bream. 
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Chapter 3 
The establishment of myostatin knockout tiger 
pufferfish Takifugu rubripes with CRISPR/Cas9 
genome editing for a breed improvement in 
aquaculture and an investigation of the gene 
function in fugu  
 

C3.1 Abstract 

Tiger pufferfish Takifugu rubripes (fugu) is an important fish for aquaculture breeding 

and genetics. Therefore, the method of mutagenesis in fugu is necessary to add valuable 

traits for aquaculture and to investigate gene function. In the present study, genome 

editing technology CRISPR/Cas9 was utilized to establish the fugu breed exhibiting high 

meat production by myostatin gene (mstn) knockout. Furthermore, the mstn gene function 

on skeletal muscle and bone structure was investigated in fugu. Two kinds of sgRNAs 

were designed on mstn gene for gene knockout to produce mutants. The mutations were 

successfully induced in the target mstn locus in G0 fish and these G0 mutants showed 

increased skeletal muscle mass. Moreover, I successfully established F1 homozygous 

mutants harboring 8 base deletions in mstn which cause knockout of the gene. The 

homozygote exhibited 20-32% increase of skeletal muscle in cross-sectional areas, short 

body length, and short length of centrums in the direction of anterior-posterior and dorsal-

ventral, in comparison with wild type. It was revealed by off-target analysis that the 

sgRNAs had high specificities for target mstn loci. The present results indicated that 

CRISPR/Cas9 genome editing enables rapid breeding with certainty and reverse genetics 

analysis in fugu, and that the new fugu breed with skeletal muscle mass is valuable for 

aquaculture. Furthermore, it is suggested that it is important to investigate a gene function 

in each fish species of interest because the function and phenotype may be different from 

the results obtained by model animals. 
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C3.2 Introduction 

 Tiger pufferfish, Takifugu rubripes (fugu) is an important fish not only for 

aquaculture in east Asia, Japan, Korea, and China, but also for research of genetics [1-2]. 

 In aquaculture, 3.3 thousand tons of fugu are produced in 2016 in Japan. Today, 

aquaculture of fugu is expanding because of its good taste, its high market price, and 

conservation of natural resources. The breeding of fugu becomes increasingly important 

since valuable traits are expected for suppliers and consumers. Therefore, the 

establishment of new breeding techniques which accelerates the speed of breeding with 

easy-to-use handling is beneficial for fugu breeding. 

 In genetics, fugu has been used for a reference to understand the functions of 

genes, regulatory regions, and the evolution of vertebrate genomes because of its compact 

genome size (391 Mb reported as FUGU5/fr3, Ensembl release 94, http://asia. ensemble. 

org/Takifugu_rubripes/). However, the technology of reverse genetic analysis, disruption 

of gene of interest, has not been established. Thus, the function of gene of interest has 

been analyzed only by expression analyses, real-time PCR, in situ hybridization, transient 

knockdown by RNAi or morpholino, antibody staining, and in vivo expression assay in 

model fish, zebrafish [3-4]. Therefore, the establishment of reverse genetic analysis tool 

is beneficial for the study of genetics in fugu because the gene function can be analyzed 

with the phenotype exhibited by the disruption of the gene of interest.  

 In order to contribute to research of aquaculture and genetics, I attempted to 

perform target gene disruption with genome editing technology in fugu. I focused on fugu 

myostatin gene as in chapter 2. The increased skeletal muscle mass phenotype resulting 

from mstn gene disruption is expected for a valuable trait for commercial animals [5-6] 

including marine aquaculture fish, red sea bream [chapter 2, 7]. In addition, mstn gene 

disruption is expected to contribute to research of mstn gene function in fish bone 

structure. As described in chapter 2, it has been reported that the phenotypes of body 

length in mstn mutants differ among fish species [chapter 2, 7]. The body length of 

mutants is longer than that of wild type in small model fish, medaka and zebrafish [8-11]. 

On the other hand, the body length of mutants is shorter than that of wild type in red sea 

bream [7]. In red sea bream, it has been revealed by the phenotype analysis on bone 

structure with CT scan that the shorten centrums contribute to shorten body length [7]. 

Thus, red sea bream studies suggested that MSTN has a key factor in bone formation in 
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fish. However, little is known about the difference of the role of MSTN in bone formation 

among fish species. Therefore, it is necessary to perform the research of mstn mutants in 

several fish in addition to in medaka, zebrafish, and red sea bream, to investigate whether 

the shorten body length is specific to red sea bream. 

 In the present study, I demonstrated the establishment of mstn gene disrupted 

line with the CRISPR/Cas9 genome editing in fugu to generate a valuable trait and to 

investigate the mstn gene function. The increase of skeletal muscle and the change of 

bone structure were analyzed by the morphological analysis using CT scans. The present 

study indicates that the CRISPR/Cas9 genome editing is effective for aquaculture 

breeding and research of gene function in fugu. 

 

 

C3.3 Materials and Methods 

3.3.1 Parent fish and gametes for in vitro fertilization 

The parents were purchased from a commercial supplier (Watanabe Suisan, Kagawa, 

Japan). Females were intramuscularly administrated a luteinizing hormone-releasing 

hormone (LHRH) analogue pellet (des Gly10 [D-Ala6]-LHRH, 400 µg/kg body weight) 

to promote ovulation. Males were injected intramuscularly with human chorionic 

gonadotropin (hCG, 500 IU/kg body weight) to promote spermiation. In March of 2015 

for generation of first generation mutants (G0), the unfertilized eggs and sperm were 

squeezed from each parent by stripping method, then were preserved in lapped plastic 

cups to prevent eggs and sperm from drying until in vitro fertilization at room temperature, 

17°C. For the generation of founders (F1), the promotion of spermiation or ovulation was 

performed in the 2-years old G0 male mutants or in the 3-years old G0 female mutants in 

the same way as described above. Then, the squeezing of gametes and in vitro fertilization 

were carried out.  

 

3.3.2 Preparation for genome editing of CRISPR/Cas9 tools 

Two single guide RNAs (sgRNA#1 and sgRNA#2) were designed in the first exon of 

mstn gene (GenBank, LOC446041) (Fig. 3.1a). In vitro transcription of RNAs was 

performed according to the method of previous report [12]. In brief, the Cas9 and GFP 

expression vector, pCS2+hSpCas9 (addgene, #51815) and pCS2+MT+GFP [13], was 
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linearized by NotI digestion. Capped RNA was synthesized using the mMessage 

mMachine SP6 Kit (Life Technologies, California, USA). The sgRNA expression vectors, 

DR274 (addgene, #42250), were optimized for recognition of each target site, and then 

were linearized by DraI. The sgRNAs were synthesized using the AmpliScribe T7-Frash 

Transcription Kit (Epicentre, Wisconsin, USA). All synthesized RNAs were purified with 

RNeasy Mini Kit (Qiagen, Hilden, Germany). 

 

3.3.3 Microinjection  

The mixture of RNAs, 100 ng/µl of Cas9 RNA and 50 ng/µl of each sgRNA, was 

microinjected into the embryos at one-cell stage. When the cleavage activation of each 

sgRNA was estimated, GFP RNA was mixed at 50 ng/µl into the each mixture of Cas9 

RNA and sgRNA. I performed microinjection in accordance with the method of previous 

study [chapter 1, 14]. In brief, for microinjection, in vitro fertilization was carried out 

with a part of the collected eggs and sperm. One minute after in vitro fertilization, eggs 

were arranged in a line along both sides of G-1 glass capillary (Narishige) on a plastic 

dish (90 mm in diameter). Iwamatsu solution, which is a balanced salt solution (0.65% 

NaCl, 0.04% KCl, 0.02% MgSO4·2H2O, 0.02% CaCl2·H2O, pH 7.4) [14-15], is used as 

the soaking solution of eggs during microinjection. In vitro fertilization was performed at 

intervals of 15 minutes from fertilization until 2.5 hours after stripping, and 

microinjection of RNA solution into fertilized eggs was performed. 

 

3.3.4 Genomic DNA extraction from fin, larva, embryo, or skeletal muscle 

Cut-off fins (pectoral fin or dorsal fin), hatching larva, or embryos were lysed individually 

in 50 µl of alkaline lysis buffer containing 25 mM NaOH and 0.2 mM EDTA (pH 8.0), 

and incubated at 95˚C for 10 minutes. In embryos, the chorion was broken in lysis buffer 

before incubating. Then, samples were neutralized with 50 µl of 40 mM Tris-HCl (pH 

8.0) and used as genomic DNA samples. A part of dorsal skeletal muscle was frozen with 

liquid nitrogen and crushed into a fine powder. Then, the obtained muscle powder was 

incubated at 55˚C for 10 minutes in lysis buffer containing 10 mM Tris-HCl, 25 mM 

EDTA, and 200 µg/ml proteinase K (pH 8.0). Then, the genomic DNA was extracted from 

the lysate by conventional phenol-chloroform and ethanol precipitation method. 
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3.3.5 Heteroduplex mobility assay 

Heteroduplex mobility assay (HMA) was performed to detect mutations [12, 16-17]. A 

146-bp or a 312-bp fragment containing the entire genomic target sequence of the mstn 

was amplified using primers pair of sgRNA-hmaFw1 and sgRNA-hmaRv or of sgRNA-

hmaFw2 and sgRNA-hmaRv (primer sequence lists in Table 3.4). The reaction mixture 

contained 1 µl of genomic DNA as template, 1 × PCR buffer for KOD-FX, 0.4 mM of 

each dNTP, 0.2 mM of each primer, and 0.05 unit of KOD-FX (Toyobo) in a total volume 

of 10 µl. The PCR condition was as follows: denature at 94˚C for 2 minutes was followed 

by 35 cycles of 98˚C for 15 seconds, 58˚C for 15 seconds, and 68˚C for 15 seconds. The 

resulting amplicons were analyzed using a microchip electrophoresis system (MCE-202 

MultiNA; Shimadzu) with the DNA-500 reagent kit (Shimadzu). 

 

3.3.6 Screening of the mutants with HMA 

After a small part of the fin was cut off from each of genome edited fugu at 3 to 4 months 

post hatched (mph) (total length; 4 to 10 cm), a passive integrated transponder (PIT) tag 

(Biomark, Idaho, USA) was inserted into the dorsal muscle or under the skin of head to 

identify the individuals. The genomic DNA of the cut off fins was extracted, then 

subsequent PCR and HMA were performed by the method described above.  

In screening of G0 mutants, I classified each fish into four groups according to 

the signal intensity of PCR products in HMA. Each group was categorized as follows: 

“High”, the signal intensity of the fragment derived from wild type sequence was less 

than 50%; “Middle”, more than 50 to less than 80%; “Low”, more than 80% to less than 

100%; “None”, no difference in fragment pattern was observed compared with the pattern 

of wild type individual. 

In screening of F1 mutants, I selected homozygotes (mstn-8a/-8a), heterozygotes 

siblings (mstn-8a/wt), and wild type siblings (mstnwt/wt) in F1 founders mutated with 

sgRNA#1, and homozygotes (mstn-8b/-8b) in F1 founders mutated with sgRNA#2. I 

distinguished them by HMA and direct sequencing. The criteria for distinguishing by 

HMA is that heterozygote shows multiple banding patterns and both wild type fish and 

homozygote show a single band. To each PCR product showing a single band pattern in 

HMA (“1st PCR” described in Fig. 3.10a-b), I added aliquot of PCR product amplified 

from a template genomic DNA of wild type. Then, I reannealed the mixture by heating at 
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95 °C for 5 minutes and gently cooling to room temperature, and performed 2nd HMA 

(“Re anneal” described in Fig. 3.10a-b). The wild type shows only one band again, while 

homozygote shows a multiple banding pattern similar to heterozygote. 

 

3.3.7 Identification of germ line transmission 

The G0 mutants were mated with wild type fish and genomic DNA was extracted from 

each F1 larva. Mutation in each larva was analyzed by HMA using the primer pair 

(sgRNA-hmaFw1 and sgRNA-hmaRv) (Table 3.4). Mutant alleles in each larva were 

determined by direct sequencing. 

 

3.3.8 Identification of induced mutations in G0 by amplicon sequencing with NGS 

The target regions were amplified by KOD-FX DNA polymerase with the following 

primers pairs: sgRNA#1-ampseq-Fw and sgRNA#1-ampseq-Rv, or sgRNA#2-ampseq-

Fw and sgRNA#2-ampseq-Rv (Table 3.4). The forward primers harbor 8-bp random 

index sequence to 5 prime end for identifying each subject [9]. The library production 

was performed with PCR-Free Library Prep Kit (Illumina Inc.). Then, sequencing 

analysis was performed by single-end sequencing (100-bp x 2 Gb) with HiSeq2500 

(Illumina Inc.) in skeletal muscle sample or in pectoral fin sample, respectively. Paired 

end reads were merged with PEAR 0.9.8 [18]. The obtained reads were classified into 

each subject using the 8-bp index. The read count and frequency of each read variant were 

calculated after classification [7]. As a reference, the PCR product from wild type fish 

was subjected to the sequencing. In data processing, the read variants below 1% of 

frequency were omitted as an error of PCR or sequencing because the error with less than 

1% were detected in wild type treated as a control. 

 

3.3.9 Sex determination for fugu with RFLP analysis 

The genomic region containing a point mutation site for sex determination in anti-

Müllerian hormone receptor type II (amhr2) of fugu [3] was amplified with KOD-FX 

polymerase and primer pair of amhr2-rflp-Fw and amhr2-rflp-Rv (Table 3.4). The 

reaction mixture and condition in PCR were the same as ones described above in 

Materials and Methods 3.3.5. The PCR product was digested by 0.5 unit of Sau3AI 

restriction enzyme (Takara, Shiga, Japan) at 37°C for 2 hours. The digestion products 
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were detected with MultiNA. The single fragment of 119-bp was detected in female 

homozygote (XX). In contrast, the 47-bp and 76-bp of fragments derived from Y-

chromosome were detected in male heterozygote (XY) in addition to the 119-bp of 

fragment derived from X-chromosome. 

 

3.3.10 Measurement of body size of mstn mutants 

To investigate the phenotype attributed to mstn knockout in G0, I focused exclusively on 

the “High” and “None” groups in categorization for fugu mutants using HMA, described 

above. They were named as mstnsgRNA#1-High or mstnsgRNA#2-High, and mstnNone. Fish in 

“None” group were used as control sibling fish. To compare body size in mstn G0 mutants, 

standard length (SL, the length of a fish measured from the tip of the snout to the posterior 

end of the last vertebra) and body weight (BW) were measured. In addition, condition 

factor was calculated as BW/SL3x103 (BW in g, SL in cm). Both mstn mutants and control 

fish were reared in the same tanks throughout the experiments. Measurement of 

mstnsgRNA#1-High and mstnsgRNA#2-High were carried out at 5 and 6 mph, respectively. 

To clarify the phenotype attributed to mstn knockout in F1, SL and BW of 

homozygotes (mstn-8a/-8a), heterozygote siblings (mstn-8b/-8b), and wild type fish siblings 

(mstnwt/wt) were measured and condition factor was calculated as same as in G0. All fish 

were reared in the same tanks throughout the experiments. Measurement were carried out 

at 207 dph. 

 

3.3.11 Magnetic resonance imaging (MRI) scan in G0 mutants  

Eight and seven fish in each of mstnsgRNA#1-High and mstnNone at 8 mph was randomly 

chosen and subjected to MRI scan for quantification of skeletal muscle mass. Spin echo 

(SE) 2D data and gradient echo (GRE) 3D data were acquired using Tim trio (Siemens 

Medical Solutions, Erlangen, Germany). A 12-channel head coil was used. Each 

condition of SE and GRE in Tim trio was configured as follows; [SE: repetition time, 

2000 ms; echo time, 45 ms, flip angle, 90°; field of view, 104 ´ 128 mm2; band width, 

130 Hz; slice thickness, 3 mm; spacing, 3 mm; slice number, 30 and fat saturation imaging 

time, 6 min 55 s] and [GRE: repetition time, 36 ms (millisecond); echo time, 3.43 ms; 

flip angle, 20°; field of view, 256 ´ 104 ´ 104 mm3; band width, 199 Hz; voxel size, 1 
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mm3; imaging time, 3 min 48 s]. The MR volumetric and cross-sectional analyses were 

performed using Avizo 7.0 (FEI Visualization Sciences Group). Cross-sectional area was 

calculated in the nearest slice of the SE image to the first spine of the dorsal fin. The 

muscle region in GRE 3D data was manually segmented from dorsal fin to caudal fin in 

each fugu. Midline length for skeletal muscle segmentation was measured by counting 

the number of slices. The regions of bone, skin, dorsal and anal fins were included in the 

specified region (blue area in Fig. 3.6d), but they were so small as to ignore for volume 

measurements of total skeletal muscle. In this study, the anterior region to dorsal fin was 

not used for segmentation for the follow reasons; first, the contrast in muscle and intestine 

of fugu was not clear enough to distinguish from them in the GRE 3D data. Second, PIT 

tags injected in fugu needed to be removed from muscle in anterior region to dorsal fin 

because of the distorting effect of the magnetic field in MRI scan analysis.  

 

3.3.12 Computed tomographic (CT) scan in F1 mutants 

To investigate the effect of mstn disruption on skeletal muscle increase and bone structure 

in F1, five mstn-8a/-8a homozygote and wild type siblings were subjected to CT scan at 207 

dph (SL: mstn-8a/-8a, 16.9 ±1.0 cm; WT, 18.2 ± 0.7 cm; P < 0.05, BW: mstn-8a/-8a, 224.6 ± 

41.0 g; WT, 219.0 ± 27.9 g; P = 0.80, K: mstn-8a/-8a, 45.8 ±1.8; WT, 35.9 ± 0.6; P < 0.001). 

These measured values analyzed by Student’s t-test are consistent with those of the 

population of fish in Fig. 3.11. The CT 3D data were acquired using XT H320 (Nikon 

corporation, Tokyo, Japan). The parameters in Ingenuity Core were configured as 

follows: tube voltage, 200 kV; tube current; 200 µA, filter, Cu0.1 mm; exposure time, 354 

ms; resolution, 100 µm/voxels; geometric magnification, 2.0x; number of imaging, 3141; 

imaging time, 19 min. The CT cross-sectional analyses in skeletal muscle were performed 

using imageJ. The lengths of body width, head, and centrum (anterior-posterior: A-P 

length, dorsal-ventral: D-V length, and width) were measured using imageJ. 

 

3.3.13 Off-target analysis 

Off-target candidates were searched from FUGU5/fr3 data base (https://www.ncbi.nlm. 

nih.gov/assembly/GCF_000180615.1/) with GGGenome (https://gggenome.dbcls.jp/ja/) 

using the following criteria described in previous report [12]; harboring 2- or fewer-bp 

mismatches including in/del gap [19] in the 18-bp targeting sequence followed by a NRG 
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PAM. The regions of off-target candidate were PCR amplified with KOD-FX using 

primers described in Table 3.3. The samples of DNA template were extracted from the 

pectoral of G0 fish in which mutations were highly induced. The PCR products were 

subjected to HMA and direct sequencing analysis. 

 

3.3.14 Statistical analysis 

Statistical analyses in G0 for condition factor, BW, SL, cross-sectional area, muscle 

volume, and midline length for segmented volume were carried out by t-test between 

“High” (mstnsgRNA#1-High or mstnsgRNA#2-High) and “None” (mstnNone) groups. The analyses 

in F1 for condition factor, BW, SL, were carried out by Tukey-Kramer HSD test among 

homozygote (mstn-8a/-8a), heterozygotes (mstn-8a/wt), and wild type (mstnwt/wt). The 

analyses in F1 for cross-sectional area, the body width, head length, and centrum lengths 

(A-P length, D-V length, and width) were carried out by Student’s t-test between 

homozygote (mstn-8a/-8a) and wild type (mstnwt/wt). 

 

 

C3.4 Results 

3.4.1 Design and evaluation of induced mutation with CRISPR/Cas9 

To generate mstn mutants, I targeted first exon of the mstn gene (Fig. 3.1a). To evaluate 

correctly whether the designed sgRNAs cleavage the target genomic site and induce 

mutations, I microinjected the mixture of Cas9 RNA, each sgRNA, and GFP RNA, into 

the fertilized eggs. Since inner part of fertilized eggs of fugu is almost invisible, there is 

a possibility of the failure to inject into cytoplasm. Thus, the microinjected eggs into 

cytoplasm are selected correctly by observing GFP expression derived from GFP RNA 

injection (Fig. 3.2). Figure 3.2c shows that the degree of GFP expression correlates with 

the degree of mutation induction by genome editing. GFP strongly expressing embryos 

were subjected to the amplification of target region and HMA. Multiple band patterns, i.e. 

multiple heteroduplexes, were observed in the electrophoresis image of these embryos 

(Fig. 3.1b and 3.1c). These results indicate that two sgRNAs were successfully induced 

mutations at the target regions, respectively. 
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Fig. 3.1 Mutagenesis of mstn with CRISPR/Cas9 
(a) Design of the target site for sgRNA#1 and sgRNA#2 in mstn. The sgRNAs are designed in 
exon 1. Gray boxes and bars, exons and introns, respectively. Blue and orange letters, target 
sequence and PAM, respectively. Triangles indicate the cleavage site recognized by Cas9 nuclease. 
Exon 3 includes C-terminal active peptide domain of MSTN protein. (b, c) The electrophoresis 
images of HMA in embryos injected with Cas9 RNA, GFP RNA, and each sgRNA. GFP expression 
positive embryos, “GFP+”, indicate correctly injected embryos (Fig. 3.2). Multiple heteroduplex 
bands were observed in PCR amplicons from each the injected embryo (#1-5), whereas a single 
band was observed from each ‘‘C’’ embryo without injection. The asterisks indicate heteroduplex. 
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Fig. 1

Fig. 3.1 Mutagenesis of fugu MSTN gene with CRISPR/Cas9
(a) Design of the target site for sgRNA#1 and sgRNA#2 in fugu MSTN gene. The sgRNAs are designed in 
exon 1. Gray boxes and bars, exons and introns, respectively. Blue and orange letters, target sequence and 
PAM, respectively. Triangles indicate the cleavage site recognized by Cas9 nuclease. Exon 3 includes C-
terminal active peptide domain of MSTN protein. (b, c) The electrophoresis images of HMA in embryos 
injected with Cas9 RNA, GFP RNA, and each sgRNA. GFP expression positive embryos, “GFP+”, indicate 
correctly injected embryos (ref. Supplementary Fig. 1). Multiple heteroduplex bands were observed in PCR 
amplicons from each the injected embryo (#1–5), whereas a single band was observed from each ‘‘C’’ 
embryo without injection. The asterisks indicate heteroduplex.
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Fig. 3.2 The correlation with GFP expression level and mutagenesis in co-injection with GFP RNA.
Embryos at 2 dpf. Embryos were injected with Cas9 RNA (100 ng/μl), sgRNA(50 ng/μl), and GFP RNA (50 
ng/μl). Bright field (a), and GFP fluorescent image (b). The injected embryos are categorized by GFP 
expressing level into the following three groups; “strong”, “weak”, and “none”. (c) Electrophoresis gel 
image of  the three groups (n=3 in each group). Strong heteroduplex mobility shift level was observed in 
embryos with strong GFP expression level, weak mobility shift level was observed in embryos with weak 
expression level, and weak or none mobility shift was observed in without GFP expression.
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3.4.2 Generation of G0 mutants with CRISPR/Cas9 

The workflow in this study is shown in Fig. 3.3. To generate mstn G0 mutants, each 

sgRNA, sgRNA#1 and sgRNA#2, was injected into the fertilized eggs with Cas9 RNA 

(#1, 3760; #2, 2160), respectively. At 3-4 mpf, these fish were examined for the degree 

of induced mutations using HMA, and were categorized into four groups of “High”, 

“Middle”, “Low” and “None” according to signal intensity and electrophoresis bands 

pattern of PCR (Table 3.1). In the results of HMA, the G0 mutants were screened 

(sgRNA#1: “High”, 76 fish; “Middle”, 51; “Low”, 37; “None”, 109, sgRNA#2: “High”, 

25; “Middle”, 32; “Low”, 16; “None”, 140). The “High” fish harbor a lot of induced 

mutations and were expected to show loss-of-function of MSTN. Each of G0 mutants in 

“High” were named as mstnsgRNA#1-High or mstnsgRNA#2-High, and control sibling fish in 

“None” group, mstnNone. The HMA gel images and electropherograms in High and None 

fish are shown in Fig. 3.4. The criterion of categorization is described in Materials and 

Methods “3.3.5 Screening of the mutants with HMA”. 

 

 

Fig. 3.2 The correlation with GFP expression level and mutagenesis in 
co-injection with GFP RNA 
Embryos at 2 dpf. Embryos were injected with Cas9 RNA (100 ng/µl), sgRNA#2 (50 ng/µl), and 
GFP RNA (50 ng/µl). Bright field (a), and GFP fluorescent image (b). The injected embryos are 
categorized by GFP expressing level into the following three groups; “strong”, “weak”, and 
“none”. (c) Electrophoresis gel images of the three groups (n=3 in each group). Strong 
heteroduplex mobility shift level was observed in embryos with strong GFP expression level, 
weak mobility shift level was observed in embryos with weak expression level, and weak or none 
mobility shift was observed in without GFP expression. 

Table 3.1 Summary of mutagenesis mediated CRISPR/Cas9 genome editing 
in G0 

Injection 

No. of 

injected 

eggs 

No. of 

hatched larvae *1 

No. of fish in G0 mutant categorization 

Surviving 

fish*2 

Mutation level 

High Middle Low None 

sgRNA#1 3760 1156 (30.7%) 273 (7.3%) 76 51 37 109 

sgRNA#2 2160 414 (19.2%) 213 (9.9%) 25 32 16 140 
*1; Percentages indicate number of hatched larvae / numbers of injected eggs 
*2; Percentages indicate number of surviving fish at 3 or 4 mph / number of injected eggs. 
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Fig. 3.3 A workflow in this study 
Schematic depiction of steps in this study: microinjection, screening and phenotyping in G0, 
production of F1, and phenotyping in F1.  

1. Microinjection of CRISPR/Cas9 tools
(2015, March)

rear to
3-4 mpf

2. Screening of G0 fish 
see in Table 3.1

3. Examination of 
phenotype in G0
see in Figs. 3.5-3.6
and Table 3.2

rear to maturation 
of male

4. Evaluation of germ line transmission of male, 
then valuable sperm is cryopreserved 
(2017, March)
See in Figs. 3.7-3.8

rear to maturation 
of female

5. Mating female with 
the cryopreserved sperm,
and evaluation of germ line 
transmission of the female,
then screening of founder 
derived from valuable eggs.
(2018, April)
see in Fig. 3.9

rear to 
3-4 mpf

6. Screening of F1 fish
See in Fig. 10

7. Examination of phenotype 
in F1 at 207 dph
see in Figs. 3.11-3.13

Fig. 3.3 The workflow in this study
Schematic depiction of steps in this study: microinjection, screening and phenotyping in G0, production of 
F1, and phenotyping in F1. 
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3.4.3 Morphological analysis in G0 mutants 

As in Fig. 3.5a and 3.5b, the mutants (mstnsgRNA#1-High and mstnsgRNA#2-High) exhibited 

increased skeletal muscle in comparison to control fish classified to the mstnNone at 8 mpf. 

Body width of mstn mutants was larger than that of control fish. In addition, condition 

factor (value of muscle mass), body weight (BW), and standard length (SL) were 

compared between G0 mutants and control fish (mstnsgRNA#1-High at 5 mph, mstnsgRNA#2-High 

at 6 mph) (Fig. 3.5c and 3.5d, Table 3.2). Condition factor and body weight of the mstn 

mutants were significantly higher than those of control. On the other hand, there were no 

differences in standard length between High groups and None groups. Note that standard 

length in mstnsgRNA#1-High was slightly longer than that of control (P = 0.077, Table 3.2). 

The mstn mutants generated by two different sgRNAs exhibited almost the same 

phenotype as each other, increase of condition factor and body weight, and same standard 

length as wild type. To elucidate the effect of mstn knockout on skeletal muscle in the G0 

mutants, mstnsgRNA#1-High were subjected to MRI scan. These G0 mutants harbored highly 

induced mutations in pectoral fins judged from multiple band patterns observed in 

electrophoresis images (Fig. 3.6a). The cross-sectional area at the first spine of the dorsal 

fin was observed and quantified. Figure 3.6b shows typical images using the MRI scan. 

The cross-sectional area of mstnsgRNA#1-High was remarkably larger than that of mstnNone, 

 
Fig. 3.4 Categorization of mstn G0 mutants evaluated by HMA  
An example of electrophoresis gel image in mutants injected with sgRNA#1 (a) and 
electropherograms (b).  
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Fig. 3.4 Categorization of mstn G0 mutants evaluated by HMA 
An example of electrophoresis gel images in mutants injected with sgRNA#1 (a) and electropherograms (b). 
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and the value calculated for quantification in mstnsgRNA#1-High significantly increased 27 % 

(23.93 ± 2.91 cm2) relative to mstnNone (18.84 ± 1.69 cm2) (P < 0.01, Fig. 3.6c). The MR 

volumetric analysis was performed to examine the muscle volume of the mutant in blue 

region shown in Fig. 3.6d. As a result, mstnsgRNA#1-High showed a 26% significant increase 

in the muscle volume (44.76 ± 5.84 cm3) compared to mstnNone (35.57 ± 4.58 cm3) (P < 

0.01, Fig. 3.6e). While, there were no significant difference between the two groups in 

the midline length for the segmented skeletal muscle volume (mstnsgRNA#1-High, 6.13 ± 0.38 

cm and mstnNone, 6.54 ± 0.92 cm) (Fig. 3.6f). Therefore, these results indicate that the 

fugu mstn G0 mutants generated by the CRISPR/Cas9 represented skeletal increased 

muscle mass phenotype. 

 

 

 

a c

b

Fig. 3.5 Morphological analysis of mstn G0 mutants.
The appearance of G0 mosaic mutated fish injected with Cas9 RNA and sgRNA#1 (a) and sgRNA#2 (b). 
Strongly mutated fish (mstnsgRNA#1-High or mstnsgRNA#2-High, upper) and not mutated sibling (mstnNone or mstnNone,
lower) at 8 mph. Two white double-arrows, body width at anterior to dorsal fin. Scale bars, 2 cm. (c, d)
Measurement of body weight and standard length at 5 mph (c, sgRNA#1) and 6 mpf (d, sgRNA#2). 
Comparison of condition factor (body weight/standard length3 x 103), body weight, and standard length 
between Strongly mutated fish (black columns) and not mutated siblings (white columns). Means ± SD. *: 
P<0.05, ***: P<0.001 by t-test.
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3.4.4 Identification of induced mutations in skeletal muscle in G0 

To identify the mutations in skeletal muscle by genome editing, genomic DNA was 

extracted from a part of skeletal muscle in the representative two mutants used for the 

MRI scan (mstnsgRNA#1-High #1 and mstnsgRNA#1-High #2). Figure 3.6g and 3.6h show mutation 

patterns and their frequencies by amplicon sequencing using the DNA sample from 

skeletal muscle. Thirteen types of variants were detected in mstnsgRNA#1-High #1 as follows: 

deletions, 8; insertions, 2; deletions and insertions, 3 (Fig. 3.6g). The rate of frame-shift 

mutations was 51.57 %, while intact wild type sequence was detected in the ratio of 

2.81 % (Fig. 3.6i). Seven types of variants were detected in mstnsgRNA#1-High #2 as follows: 

deletions, 4; deletions and insertions, 3 (Fig. 3.6h). The rate of frame-shift mutations was 

59.03 %, while intact wild type sequence was not detected (Fig. 3.6j). These results 

indicate that the mstn gene disruption caused by the CRISPR/Cas9 genome editing 

contributed to the phenotype, increased skeletal muscle mass of G0.  

Fig. 3.5 Morphological analysis of mstn G0 mutants 
The appearance of G0 mosaic mutated fish injected with Cas9 RNA and sgRNA#1 (a) and 
sgRNA#2 (b). Strongly mutated fish (mstnsgRNA#1-High or mstnsgRNA#2-High, upper) and not mutated 
sibling (mstnNone, lower) at 8 mph. Two white double-arrows, body width at anterior to dorsal fin. 
Scale bars, 2 cm. (c, d) Measurement of body weight and standard length at 5 mph (c, sgRNA#1) 
and 6 mpf (d, sgRNA#2). Comparison of condition factor (body weight / standard length3 x 103), 
body weight, and standard length between Strongly mutated fish (black columns) and not mutated 
siblings (white columns). Means ± SD. *: P < 0.05, ***: P < 0.001 by t-test. 

Table 3.2 Morphological analysis by measurement of G0 fish 
sgRNA sgRNA1*1 sgRNA2*2 

Mutation level*3 High None P value High None P value 

No. of fish 71 40 - 20 22 - 

Standard length (cm) 13.4 ± 1.0 13.1 ± 0.7 0.077 17.1 ± 1.2 16.8 ± 1.1 0.34 
Body weight (g) 105.3 ± 21.9 87.9 ± 16.2 < 0.001 205.6 ± 42.1 180.6 ± 35.4 < 0.05 
Condition factor 43.3 ± 3.3 38.8 ± 2.7 < 0.001 40.8 ± 2.4 38.0 ± 2.1 < 0.001 

Statistical analysis was performed with Student’s t-test between “High” and “None” group.  
Values ± standard deviation 
*1; measurement was performed at 5 mpf. 
*2; measurement was performed at 6 mpf.  
*3; categorized with finclip and HMA. 
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Fig. 3.6 Phenotype analysis in skeletal muscle in G0 mutants 
(a) Electrophoresis gel image in PCR amplicon from pectoral fin of mstnsgRNA#1-High mutants used in 
MRI scan analysis. (b) Cross-sectional area images at the first spine of the dorsal fin (position at a 
white arrow in d) in mstnsgRNA#1-High #1 and mstnNone. Scale bars, 1 cm. (c) Quantification of cross-
sectional area using MRI scan. (d) Surface rendered 3D (whole body) image of mstnsgRNA#1-High #1. Blue 
region in d is skeletal muscle volume quantified (e), and white double-head arrow in d is midline length 
for the segmented muscle volume (f). (c, e, f) Means ± SD [“High”, n=8; “None”, n=7]. **, P < 0.01 
by t-test. (g, h) Identification of induced mutations in skeletal muscle of mstnsgRNA#1-High using amplicon 
sequencing. This is shown in order of sequences, the genotypes of deletions (-) and insertions (+), the 
count numbers of read by single-end sequencing (each read number / total read number) and the 
frequencies of each genotype (%). Red dashes and letters, deletions and insertions. (i, j) The ratio of 
gene disruption in mstnsgRNA#1-High. 
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Fig. 3.6 (a) Electrophoresis gel image in PCR amplicon from pectoral fin of  mstnsgRNA#1-High mutants used 
in MRI scan analysis. (b) Cross-sectional area images at the first spine of the dorsal fin (position at a white 
arrow in d) in mstnsgRNA#1-High_#1 and mstnNone. Scale bars, 1 cm. (c) Quantification of cross-sectional area 
using MRI scan. (d) Surface rendered 3D (whole body) image of mstnsgRNA#1-High_#1. Blue region in d is 
skeletal muscle volume quantified (e), and white double-head arrow in d is midline length for the segmented 
muscle volume.  (G0 highly mutated fish injected with sgRNA#2. (c, e, f) Means ± SD [“High”, n=8; 
“None”, n=7]. **, p<0.01 by t-test. (g, h) Identification of induced mutations in skeletal muscle of 
mstnsgRNA#1-High using amplicon sequencing. This is shown in order of sequences, the genotypes of deletions 
(-) and insertions (+), the count numbers of read by single-read sequencing (each read number/total number) 
and the frequencies of each genotype (%). Red dashes and letters, deletions and insertions. (i, j) The ratio of 
gene disruption in mstnsgRNA#1-High.
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3.4.5 Inheritance from G0 to F1 founder in male and cryopreservation of sperms 

 In March 2017, I attempted to cryopreserve valuable sperms which harbor the 

frame-shift mutation via microhomology mediated end joining (MMEJ) for establishing 

mstn homozygote knockout line. MMEJ pathway uses microhomology sequences to align 

the broken ends before joining, thereby causing deletions flanking the original break [20]. 

It is reported that the mutation via MMEJ was widely observed among multiple 

individuals treated with same sgRNA and multiple tissues in the same fish [7, 12]. Semen 

was squeezed from each G0 male parent which harbors mutations in pectoral fin (Table 

3.1). Then, germ line transmission ratio in each male was estimated by HMA and direct 

sequencing (Figs. 3.7 and 3.8). As in Fig. 3.7a-c, in sgRNA#1, germ line transmission 

rates were 32.5% in no.1, 55.3% in no.2, and 0% in no.3. Mutagenesis via MMEJ, 8 base 

deletion (designated as “-8a”), was observed at 15.0% in no.1, 0% in no.2, and 0% in 

no.3. As in Fig. 3.8a-c, in sgRNA#2, germ line transmission rates were 100% in no.1, 

60.0% in no.2, and 2.5% in no.3. Mutagenesis via MMEJ, 8 base deletion (designated as 

“-8b”), was observed at 77.5% in no.1, 35.0% in no.2, and 0% in no.3. Therefore, I 

cryopreserved sperms of sgRNA#1 male no.1 (Fig. 3.7a) and those of sgRNA#2 male 

no.1 (Fig. 3.8a) in order to produce homozygous mutants in 2018 with initial maturation 

of mutated G0 females. 

In order to evaluate whether germ line mutagenesis can be predicted form 

mutation in somatic line such as pectoral fin which can be sampled from fish alive, 

spectrum of mutagenesis in germ line (Figs. 3.7a-c and 3.8a-c, designated as “GL” in 

Figs. 3.7d-f and 3.8d-f) was compared with spectrum of mutagenesis in somatic line (Figs. 

3.7d-f and 3.8d-f designated as “SL” in Figs. 3.7d-f and 3.8d-f) by amplicon sequencing 

with NGS. In two parents (sgRNA#1 no.2 and no.3), the patterns of mutation variants 

were completely different between GL and SL (Fig. 3.7h and 3.7i). In sgRNA#1 no.1, the 

targeted mutation, “-8a”, was observed at 15.0% in GL and at 23.8% in SL (Fig. 3.7g). In 

sgRNA#2 no.1, the targeted mutation, “-8b”, was observed at 77.5% in GL and at 52.6% 

in SL (Fig. 3.8g). In sgRNA#1 no.2, the targeted mutation, “-8b”, was observed at 35.0% 

in GL and at 17.3% in SL (Fig. 3.7h). These results indicate that the occurrence of targeted 

mutation via MMEJ in GL is similar to some extent with that in SL. Other mutation except 

MMEJ mutation is not similar too much. 
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Fig. 3.7 Germ line and somatic mutagenesis in G0 injected with sgRNA#1 
(a-c) Germ line mutations in three males. (d-f) Somatic line mutations from pectoral fin in the three 
males, analyzed with amplicon sequencing. These are shown in order of sequences, the sizes of 
deletions (-) and insertion (+), numbers in germ line (each mutated embryo / all analyzed embryos) 
or read number in somatic line (each read number / all read number), and the frequencies. Blue 
and orange letters, target sequence and PAM, respectively. Red dashes and letters, deletions and 
insertions. Under bars, microhomologies. The mutations in magenta letter indicate the targeted 
mutation via MMEJ (designated as “-8a") for production of homozygote F1 founders. (g-i) The 
comparison with germ line (“GL”) and somatic line (“SL”) mutagenesis. The column which is a 
specific color indicates a different mutation variant. The asterisks indicated the “-8a” mutation. 
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Fig. 3.8 Germ line and somatic mutagenesis in G0 injected with sgRNA#2 
(a-c) Germ line mutations in three males. (d-f) Somatic line mutations from pectoral fin in the three 
males, analyzed with amplicon sequencing. These are shown in order of sequences, the sizes of 
deletions (-) and insertion (+), numbers in germ line (each mutated embryo / all analyzed embryos) 
or read number in somatic line (each read number / total read number), and the frequencies. Blue 
and orange letters, target sequence and PAM, respectively. Red dashes and letters, deletions and 
insertions. Under bars, microhomologies. The mutations in magenta letter indicate the targeted 
mutation via MMEJ (designated as “-8b") for production of homozygote F1 founders. (g-i) The 
comparison with germ line (“GL”) and somatic line (“SL”) mutagenesis. The column which is a 
specific color indicates a different mutation variant. The asterisks indicated the “-8b” mutation. 
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3.4.6 Production of mstn knockout homozygotes with artificial insemination 

In April 2018, unfertilized eggs were collected from two 3-years old female 

injected with sgRNA#1 and sgRNA#2, respectively. These females were judged by HMA 

to be mutated in pectoral fin and were enough large for maturation. A part of unfertilized 

eggs was fertilized in vitro with wild type counterpart gametes in order to investigate 

germ line mutagenesis. In addition, 100 g of unfertilized eggs was fertilized in vitro with 

cryopreserved G0 sperm in order to produce homozygotes. The female parents’ germ line 

mutations were shown in Fig. 3.9. Total germ line transmission rates were 45.0% in 

sgRNA#1 no.1 and 94.7% in sgRNA#1 no.2 (Fig. 3.9a and b). The -8a mutation was 

inherited at 20.0% only in female no.1 (Fig. 3.9a). Total germ line transmission rates were 

intermediate: 47.5% in sgRNA#1 no.1 and 40.0% in sgRNA#1 no.2 (Fig. 3.9c and d). 

The -8b mutation was inherited at 7.5% in female no.1 (Fig. 3.9c) and at 7.5% also in 

female no.2 (Fig. 3.9d). Therefore, homozygote F1 founder, mstn-8a/-8a, could be obtained 

by mating female no.1 with cryopreserved sperm of male no.1 (Fig. 3.9e). In addition, 

homozygote F1 founder, mstn-8b/-8b, could be obtained by mating either female no.1 or 

no.2 with cryopreserved sperm of male no.1. I selected the female no.1 (Fig. 3.9f) because 

compound heterozygotes such as mstn-8b/-2 and mstn-8b/-7 can be also produced. 

 

3.4.7 Screening of F1 homozygotes 

Total 576 (sgRNA#1) and 480 (sgRNA#2) F1 fish were screened with HMA and 

subsequent direct sequencing was performed at 3 to 4 mpf. As a results, I successfully 

obtained homozygotes: mstn-8a/-8a, 20 fish (3.47%; male, 12 and female, 8); mstn-8b/-8b, 13 

fish (2.71%; male, 6 and female, 7). Heterozygotes siblings (mstn-8a/wt) and wild type 

siblings (mstnwt/wt) were also set asides as controls for comparison of phenotype. The band 

shift pattern in HMA of these homozygotes were shown in Fig. 3.10a (mstn-8a/-8a) and Fig. 

3.10b (mstn-8b/-8b). The PCR products from homozygotes showed single band patterns 

with small size and the products re-annealed with wild type PCR products showed 

heteroduplex band patterns. The genotypes of homozygotes are shown in Fig. 3.10c. The 

predicted protein sequences of homozygotes are shown in Fig. 3.10d. The mstn-8a/-8a 

harbors 122 amino acid (a.a.) residues: 114 homologous, 8 non-homologous with wild 

type. The mstn-8b/-8b harbors 98 a.a. residues: 76 homologous, 22 non-homologous with 

wild type. In contrast, the intact MSTN protein (wild type protein) consisted in 376 a.a. 
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containing an active domain in its C-terminal. Therefore, the C-terminal active domain 

was completely disrupted in mstn-8a/-8a and mstn-8b/-8b (Blue letters and box, Fig. 3.10d-e).  

 

 

 
Fig. 3.9 Germ line mutagenesis in G0 female parents 
Two female G0 parents were screened for heritable mutations. G0 female parents injected with sgRNA#1 
(a, b), with sgRNA#2 (c, d). These are shown in order of sequences, the sizes of deletions (-) and 
insertion (+), numbers in germ line (each mutated embryo / all analyzed embryos), and the frequencies. 
Blue and orange letters, target sequence and PAM, respectively. Red dashes and letters, deletions and 
insertions. Under bars, microhomologies. The mutations in magenta letter indicate the targeted mutation 
via MMEJ, “-8a” and “-8b”, for production of homozygote F1 founders. (e, f) Mating pairs of G0 parents 
for production of homozygotes. 

germ line mutation rate 47.5%
sequence                                                              
CAAACATCAGCCGGGACACGGTGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGG--CACGGTGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGGGA--------AGCAGCTCCTGCCCAAA
CAAACATCAGCCGGGAA--GGTGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGG-------TGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGGGA------GCAGGAGCTCCTGCCCAAA
TCAGCCGGGA--------------CACGGTGAAGCAGCTCC
TCAGCCGGGAAGCAGCGGTGAAGCAACGGTGAAGCAGCTCC
CAAACATCAGCCGGGA---CACGGTGAAGCAGCTCCTGCCC
CAAACATCAGCCGGGAAGCAGCGGTGAAGCAGCTCCTGCCC

genotype
WT
-2
-8b
-3+1
-7
-11+5
WT
-1+15
WT
-2+5

frequency
52.5%
12.5%
7.5  %
7.5  %
5.0  %
2.5  %

7.5  %

5.0  %

number
21 /  40
5   /  40
3   /  40
3   /  40
2   /  40
1    / 40

3   / 40

2   / 40

germ line mutation rate 40.0%
sequence                                                              
CAAACATCAGCCGGGACACGGTGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGGG------TGAAGCAGCTCCTGCCCAAA
CAAACATCAGCCGGGA--------AGCAGCTCCTGCCCAAA
CAAACATCAGCCGGGA---CACGGTGAAGCAGCTCCTGCCC
CAAACATCAGCCGGGAAGCAGCGGTGAAGCAGCTCCTGCCC
CCGGGA-------------------------------CACGG
CCGGGAAAACTTATCATACTTATCACCCTGCTTCAGCCACGG
CAAACATCAGCCGGGA---CACGGTGAAGCAGCTCCTGCCC
CAAACATCAGCCGGGAAGCAGCGGTGAAGCAGCTCCTGCCC

genotype
WT
-6
-8b
WT
-2+5
WT
+31

-461+1 

frequency
60.0%
17.5%
7.5  %

5.0  %

2.5  %

7.5  %

number
24 / 40
7   / 40
3   / 40

2   / 40

1   / 40

3   / 40

Fig. 2

germ line mutation rate 45.0%
sequence                                                              
AGGGATGTGGTCACGGAGGAGGACGACGAGCACGCCATCACGGAGACCATC
AGGGATGTGGTCACGGAGGAGGACGACGAG--------CACGGAGACCATC
AGGGATGTGGTCACGGAGGAGGACGACGAGCACGC---CACGGAGACCATC
AGGGATGTGGTCACGGAGGAGGACG--------------ACGGAGACCATC
AGGGATGTGGTCACGGAGGAGGACGACGAGCACGCC-------AGACCATC

genotype
WT
-8a
-3
-14
-7

frequency
55.0%
20.0%
15.0%
5.0  %
5.0  %

number
22 / 40
8   / 40
6   / 40
2   / 40
2   / 40

germ line mutation rate 94.7%
sequence                                                              
AGGGATGTGGTCACGGAGGAGGACGACGAGCACGCCATCACGGAGACCATC
A-----------------------------------------GAGACCATC
AGGGATGTGGTCACGGAGGAGGACGACGAGCACG---TCACGGAGACCATC
AGGGATGTGGTCACGGAGGAGGACGACGAGCACGCCAT-CACGGAGACCAT
AGGGGTCCTGTTGGTCACGGAGGAGGACGACGAGCACGCCACGGAGACCAT

genotype
WT
-41
-3
WT
-34+35

frequency
5.3  %
47.4%
7.9  %

39.5%

number
2   / 38
18 / 38
3   / 38

15 / 35

a

b

c

d

sgRNA#1 female no.1

sgRNA#1 female no.2 

sgRNA#2 female no. 1

sgRNA#2 female no. 2

no.1
-8a: 15.0%
(Fig. 3.7)

no.1
-8a: 20.0%

Mating of G0 parents injected with sgRNA#1  e

no.1
-8b: 77.5%
(Fig. 3.8)

no.1
-8b: 7.5%

Mating of G0 parents injected with sgRNA#2  f
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Fig. 3.10 Genotype and protein sequence of homozygote 
The HMA band shift images of mstn-8a/-8a (a) and mstn-8b/-8b (b). (c) The genotype of mstn. Blue 
and orange letters, target sequence and PAM, respectively. Red dashes, deletions. Under bars, 
microhomologies. (d) The alignment of predicted amino acids. Grey boxes and magenta letters 
indicate the homologous and non-homologous regions with wild type, respectively. Blue letters, 
C-terminal active domain; “RXXR”, proteolytic cleavage site; underlined blue letters, cysteine 
residues essential for the activity of MSTN. (e) The MSTN protein form. SP, Signal peptide; Pro-
P, pro-peptide; magenta boxes, non-homologous residues with wild type; blue box, C-terminal 
active domain. The mstn−8a/−8a and mstn−8b/−8b harbor 122 and 98 a.a., respectively On the other 
hand, wild type harbors 376 a.a.  
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The HMA band shift images of mstn-8a/-8a (a) and mstn-8b/-8b (b). (c) The genotype of mstn. Blue and orange 
letters, target sequence and PAM, respectively. Red dashes, deletions. Under bars, microhomologies. 
(d) The alignment of predicted amino acids. Grey boxes and magenta letters indicate the homologous and 
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3.4.8 Morphological analysis in F1 mutants 

Figure 3.11a-b shows the morphological features of F1 homozygous mutant at 207 dpf. 

The homozygote mutant (mstn-8a/-8a) exhibited increased skeletal muscle mass in 

comparison to wild type fish as same as in G0 mutant and shorter body length than wild 

type. Condition factor of homozygote was significantly higher than those of heterozygote 

(mstn-8a/wt) and wild type (mstnwt/wt) (Fig. 3.11c: mstn-8a/-8a, 45.24 ± 3.86; mstn-8a/wt, 37.60 

± 1.85; mstnwt/wt, 35.65 ± 2.31). There are not significant differences in body weight (Fig. 

3.11d: mstn-8a/-8a, 242.83 ± 48.78 g; mstn-8a/wt, 226.62 ± 27.86 g; mstnwt/wt, 224.34 ± 27.23 

g). Standard length of homozygote was significantly shorter than those of heterozygote 

and wild type (Fig. 3.11e: mstn-8a/-8a, 17.44 ± 0.96 cm; mstn-8a/wt, 18.18 ± 0.71 cm; 

mstnwt/wt, 18.44 ± 0.59 cm). There were no sexual differences in each genotype (data not 

shown). 

 

 

 
Fig. 3.11 The morphology of mstn mutants in F1 
The appearance of F1 mutants and wild type sibling (side view: a and a’, overhead view: b and b’). These 
photos were at 207 dph. Scale bars, 2 cm. (c-d) The measurement of body weight and standard length at 207 
dph. Comparison of and standard length, body weight, and condition factor (body weight / standard length3 
x 103) among homozygote (mstn-8a/-8a, n=16; red boxplots), heterozygote siblings (mstn-8a/wt , n=17; green 
boxplots), and wild type siblings (mstnwt/wt, n=17; blue boxplots). Different superscripts indicate 
significantly differences with Tukey-Kramer HSD test, P < 0.05. 

Fig. 3.11 The morphology of mstn mutants in F1
The appearance of F1  mutants and wild type sibling (side view: a and a’, overhead view: b and b’). These 
photos were at 207 dph. Scale bars, 2 cm. (c-d) The measurement of body weight and standard length at 207 
dph. Comparison of and standard length, body weight, and condition factor (body weight/standard length3 x 
103) among homozygote (mstn-8a/-8a , n=16; red boxplots), heterozygote siblings (mstn-8a/wt , n=17; green 
boxplots), and wild type siblings (mstnwt/wt, n=17; blue boxplots). Different superscripts indicate 
significantly differences with Tukey-Kramer HSD test, P < 0.05.
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In order to estimate skeletal muscle mass, cross-sectional areas on skeletal 

muscle were qualified by CT-scan (Fig. 3.12). I segmented cross-sectional area (CSA) of 

skeletal muscle regions in the nearest slice to 5th centrum (CSA-1, Fig. 3.12a), 8th 

centrum (CSA-2, Fig. 3.12b), the first spine of dorsal fin (CSA-3, Fig. 3.12c), and the 

17th centrum (CSA-4, Fig. 3.12d), respectively. Each CSA positions were described in 

Fig. 3.12e. In CSA-1 and CSA-2, the dorsal skeletal muscle region of homozygote 

exhibited remarkable hypertrophy, and internal organ region was compressed as in Fig. 

3.12a-b. In CSA-3 and CSA-4, entire skeletal muscle region of homozygote exhibited 

remarkable hypertrophy as in Fig. 3.12c-d. Significant increases of skeletal muscle mass 

of homozygote were observed all of the cross-sectional areas (CSA-1: 1.32 fold change, 

mstn-8a/-8a, 992.7 ± 163.7 mm3, mstnwt/wt, 754.6 ± 56.3 mm3; CSA-2: 1.30 fold change, 

mstn-8a/-8a, 1280.8 ± 178.56 mm3, mstnwt/wt, 981.6 ± 78.4 mm3; CSA-3: 1.20 fold change, 

mstn-8a/-8a, 1304.1 ± 167.72 mm3, mstnwt/wt, 1089.8 ± 106.8 mm3; CSA-4: 1.24 fold change, 

mstn-8a/-8a, 679.2 ± 53.4 mm3, mstnwt/wt, 548.2 ± 51.3 mm3) (Fig. 3.12f). Body widths of 

mstn-8a/-8a were increased than wild type. I compared the body width value at the position 

on CSA-3 (BWD-3) and CSA-4 (BWD-4), orange double-head arrows in Fig. 3.12c and 

3.12d, respectively. Significant increases of body width of homozygote were observed 

(BWD-3: mstn-8a/-8a, 44.3 ± 2.6 mm3, mstnwt/wt, 38.1 ± 3.8 mm; BWD-4: mstn-8a/-8a, 32.8 

± 1.1 mm, mstnwt/wt, 30.4 ± 2.0 mm) (Fig. 3.12g). These results indicate that complete 

disruption of MSTN induces remarkable skeletal muscle mass. 
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Fig. 3.12 The evaluation of skeletal muscle mass of mstn mutants in F1 
The cross-sectional area of mstn-8b/-8b (a, b, c, and d) and mstnwt/wt (a’, b’, c’, and d’) at the position 
of 5th centrum (CSA-1), 8th cenrum (CSA-2), first spine of dorsal fin (CSA-3), and end spine of 
dorsal fin (17th centrum, CSA-4). (e) The positions of CSA sections. Comparison of CSA (f) of 
skeletal muscle and body width (g) between homozygote (mstn-8a/-8a, n=5; red barplots), and wild 
type siblings (mstnwt/wt, n=5; blue berplots). Yellow dotted lined regions indicate segmented skeletal 
muscle regions (CSA-1 and CSA-2). Orange double-head arrows indicate body width: BWD-3 and 
BWD-4 in CSA-3 (c) and CSA-4 (d), respectively. (a-d) Skeletal muscle, sm; liver, lv; swim 
bladder, sb; intestine, i. (f, g) The asterisks indicate significantly differences with student t-test, *: 
P < 0.05, **: P < 0.01. Scale bars: 1 cm.  
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Fig. 3.12 The evaluation of skeletal muscle mass of mstn mutants in F1
The cross-sectional area of mstn-8b/-8b (a, b, c, and d) and mstnwt/wt (a’, b’, c’, and d’) at the position of 5th 
centrum (CSA-1), 8th cenrum (CSA-2), first spine of dorsal fin (CSA-3), and  end spine of dorsal fin (17th 
centrum, CSA-4). (e) The positions of CSA sections. Comparison of CSA (f) of skeletal muscle and body 
width (g) between homozygote (mstn-8a/-8a , n=5; red barplots), and wild type siblings (mstnwt/wt, n=5; blue 
berplots). Yellow dotted lined region indicate segmented skeletal muscle regions (CSA-1 and CSA-2). 
Orange double-head arrows indicate body width: BWD-3 and BWD-4 in CSA-3 (c) and CSA-4 (d), 
respectively. Skeletal muscle, sm; liver, lv; swim bladder, sm; intestine, i. The asterisks indicate 
significantly differences with student t-test, *: P < 0.05, **: P < 0.01. Scale bars: 1 cm. 
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3.4.9 Bone structure analysis in F1 mutants 

I examined the bone structure phenotype in detail by CT-scan (Fig. 3.13a-b). Head length 

from the tip of the snout to 1st centrum, anterior-posterior length (A-P length), dorsal-

ventral length (D-V length), and width of centrums identified order numbers from anterior 

to posterior (1st-21th) were compared between mstn-8a/-8a and wild type (see in Fig. 3.13c-

d). There was no difference in the number of centrum between two groups. Note that one 

wild type fish had one less preural centrum (six) than another fish (seven), which I 

concluded the preural centrum of the wild type fish were outlier. There was no difference 

in the head length between two groups (Fig. 3.13e). The mean values of A-P length of all 

centrums in mstn-8a/-8a were shorter than those of wild type. There were significant 

differences in 3rd-6th and 11th-21th of centrums. (Fig. 3.13f). And also, the mean values 

of D-V length of all centrums in mstn-8a/-8a were shorter than those of wild type. There 

were significant differences in 1st-8th, 10th-11th, 13th-15th, and 17th-21th of centrums 

(Fig. 3.13g). The width in mstn-8a/-8a were significantly shorter than wild type (only in 

13th and 19th centrums) (Fig. 3.13h). These results indicate that homozygous mutants 

exhibit shorter centrum lengths of the direction from anterior to posterior and the direction 

from dorsal to ventral than wild type. There are not much differences in widths of 

centrums between homozygote and wild type. These results indicate that the short body 

length is caused by the shorten centrum lengths in the direction from anterior to posterior 

in mstn-8a/-8a. 
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3.4.10 Off target analysis 

The numbers of off-target candidates from GGGenome search were 14 and 15 in 

sgRNA#1 and sgRNA#2, respectively (Fig. 3.14 and Table 3.3). The HMA and DNA 

sequencing revealed that only on target sequence was altered and that there was no off-

target alternation in each candidate (Figs. 3.14 and 3.15). In sgRNA#1, single fragments 

were observed in off-target#1 (OFT#1) and OFT#3-#14 same as wild type. Heteroduplexs 

bands were observed both in wild type and G0 sample because endogenous in/del and 

SNP variations exist in OFT#2 (intron of pacs1a gene), (Fig. 3.14). In sgRNA#2, single 

fragments were observed in OFT#1-#7 and OFT#9-#15 same as wild type. Heteroduplexs 

bands were observed both in wild type and G0 sample because endogenous in/del 

variation exists in OFT#8 (no gene locus) (Fig. 3.15). These results indicate that the two 

sgRNAs in this study have high specificity against each target sequence.  

Fig. 3.13 The evaluation of size of centrums of mstn mutants in F1 
CT scan of skeletons (a and a’, b and b’). The CT images were reconstructed by maximum-
intensity-projection from tiff-stacks images of side direction (a and a’), and of dorsal-ventral 
overhead direction (b and b’). The numbers in magenta letter indicate centrum order. These images 
were at 207 dph. Scale bars, 2 cm. Side (c) and overhead images (d) of fugu centrum. (e) The head 
length, from the tip of the snout to 1st centrum. The measured values of length: A-P length (f), D-
V length (g), and width (h). The horizontal axes indicate centrum order from anterior to posterior. 
Comparison of centrum lengths between homozygote (mstn-8a/-8a, n=5; red columns), and wild type 
siblings (mstnwt/wt, n=5; blue columns). Each length value of 15th-21th centrum in wild type 
includes four fish data because one wild type fish had one less preural centrum (six) than another 
fish (seven), which I concluded the preural centrum length values of the wild type fish were outlier. 
The asterisks indicate significantly differences with student t-test, *: P < 0.1, **: P < 0.05, ***: P 
< 0.01. 
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Fig. 3.14 Potential off-target candidates’ sequences in fugu genome 
Sequence of the original each sgRNA is in the top row of the grid (described as “ONT”). The candidates 
were searched by the following criterion: harboring 2 or fewer bp mismatches in the 18-bp targeting 
sequence followed by a NRG PAM. Positions of mismatch nucleotides are highlighted in yellow for the 
red letters. Positions of PAM sequences are highlighted in grey. A seed sequence, a 12-bp sequence 
adjacent to a PAM, is considered as an important sequence for the recognition of sgRNA. 

Fig. 3.14 Potential off-target candidates’ sequences in fugu genome
Sequence of the original each sgRNA is in the top row of the grid. The candidates were searched by the 
following  criterion: harboring 2 or fewer bp mismatches in the 18-bp targeting sequence followed by a 
NRG PAM. Positions of mismatch nucleotides are highlighted in yellow for the red letters. Positions of 
PAM sequence are highlighted in grey for the red letters. A seed sequence, a 12-bp sequence adjacent to a 
PAM, is considered as a important sequence for the recognition of sgRNA.

sgRNA#1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

ONT C C G G G A C A C G G T G A A G C A G C T
OFT#1 C T C G G A G A C T G T G A A G C A G C T
OFT#2 C C T G G A A A C G G T G A A G C A G C T
OFT#3 C C A G G A C G C G G T G A A A G C A G C T
OFT#4 C T G G - A C A C G G G G A A G C A G C T
OFT#5 C C G G G A C A C G C T G A A G - A G C T
OFT#6 C C A G G A C A T T G T G A A G C A G C T
OFT#7 C C A G G A C A - G G T G - A G C A G C T
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Fig. 3.15 Electrophoresis gel 
images in HMA for detecting off-
target alterations by sgRNA#1 
Fourteen potential off-target loci for 
sgRNA#1 target were analyzed using the fin 
of G0 fish. Sequences of the off-target loci 
and primers used for HMA were listed in 
Fig. 3.14 and Table 3.3. Each lane indicates 
a PCR product from each sample: “C”, 
control (wild type); “crispr+”, G0 fin. 
Mutagenesis in on-target locus (mstn), 
heteroduplex mobility shift, was observed, 
on the other hand, mutagenesis in off-target 
candidate loci was not observed. 
Heteroduplexs bands were observed both in 
wild type and G0 fish in OFT#2. No off-
target effect exists but endogenous in/del 
and SNP variations exist in OFT#2 
(HE591780: 191,572-191,590, intron of 
pacs1a gene).  
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Fig. 3.16 Electrophoresis gel 
images in HMA for detecting off-
target alterations by sgRNA#2 
Fifteen potential off-target loci for sgRNA#2 
target were analyzed using the fin of G0 fish. 
Sequences of the off-target loci and primers 
used for HMA were listed in Fig. 3.14 and 
Table 3.3. Each lane indicates a PCR product 
from each sample: “C”, control (wild type); 
“crispr+”, G0 fin. Mutagenesis in on-target 
locus (mstn), heteroduplex mobility shift, 
was observed, on the other hand, mutagenesis 
in off-target candidate loci was not observed. 
Heteroduplexs bands were observed both in 
wild type and G0 fish. No off-target effect 
exists but endogenous in/del variation exists 
in OFT#8 (HE597876: 377-397, no  gene 
locus). 
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C3.5 Discussion 

In the present study, I demonstrated that genome editing CRISPR/Cas9 system was 

effective to produce a new breed of mstn knockout fugu exhibiting increased skeletal 

muscle mass and to investigate the mstn gene function in fugu, following the workflow 

in Fig. 3.3. The homozygotes were established in three years which is a shortest sexual 

maturation period of fugu female, that is, a shortest generation period. The phenotype of 

skeletal muscle mass caused by MSTN deficiency is consistent with other teleost and 

mammals [5-11, 21-23]. One of the important findings of the present study is that the 

phenotypes of shorten body length and shorten centrums are consistent with red sea bream 

[chapter 2, 7], but inconsistent with small model fish and mice [8-11, 24]. 

The two sgRNAs were designed in the first exon located in the upstream of C-

terminal active peptide coding region, which was expected to disrupt the gene by frame-

shift mutation (Fig. 3.1a). Microinjection of the mixture of Cas9 RNA and each sgRNA 

was performed in 2015 in order to produce genome edited G0 fugu. The target 

mutagenesis was successfully induced in mstn gene judging from the results of HMA in 

G0 embryos and pectoral fins (Figs. 3.1b-c, 3.4 and Table 1). The mutations in G0 fugu 

were efficiently induced with high mosaicism in fugu as same as in other fish species [7, 

12, 25-27]. Moreover, the phenotype of increased skeletal muscle was observed in G0 fish 

which showed high mosaicism of mstn knockout cells. The G0 fugu mutants (mstnsgRNA#1-

High and mstnsgRNA#2-High) exhibited increase of condition factor and body weight, and 27% 

increase of cross-sectional area and 26% increase of skeletal muscle volume in 

comparison with control fish (Figs. 3.5, 3.6, and Table 3.2). Recent studies revealed that 

the phenotype of increased skeletal muscle mass can be also observed in G0 mstn mutants 

such as mosaic mutated teleost, red sea bream, common carp, and channel catfish [7, 25-

26]. Therefore, it is concluded that the mstn knockout phenotype of increased skeletal 

muscle mass can be observed in G0 generation of genome edited fugu. The present study 

clarified that mstnsgRNA#1-High #1 and mstnsgRNA#1-High #2 harbored 97.2% and 100% of 

induced mutations and 51.6% and 59.0% of frame-shift mutations in a sampled skeletal 

muscle region (Fig. 3.6g-j). The present results suggested that there were a large number 

of cells which harbor bi-allelic mutations in G0 fugu mutants. In addition, it is suggested 

that there were some cells in which frame-shift mutations occurred in bi-allele because 

over 50% of frame-shift mutations contributing to complete gene knockout were observed.  
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 In the present study, mating G0 fish to each other was performed to accomplish 

production of F1 homozygote (Fig. 3.3). As described in the red sea bream study [7], this 

mating method is necessary in order to reduce the period for establishment of new breeds 

for aquaculture fish species which have a long sexual maturation period, such as fugu 

(male, 2 years; female, 3 years). In order to produce F1 homozygote, it is needed that both 

male and female parents which harbor a same mutation were selected. In genome editing 

mediated TALENs in medaka and mediated CRISPR/Cas9 in red sea bream, it was 

reported that microhomology induces a specific pattern of mutations and mutation via 

MMEJ is inherited to F1 founders from G0 fish with high efficiency [7, 16]. In this study, 

I also observed the frame-shift mutations via MMEJ (“-8a”: 8 base deletion in sgRNA#1, 

and “-8b”: 8 base deletion in sgRNA#2) in germ line (Figs. 3.7-3.9). In addition, these 

mutations were observed both in male and female so that F1 homozygotes (mstn-8a/-8a and 

mstn-8b/-8b) were successfully produced as same as in the previous report [7]. The expected 

rates from germ line mutagenesis analysis were 3.0% in mstn-8a/-8a (15.0% in male and 

20.0% in female) and 5.8% in mstn-8b/-8b (77.5% in male and 7.5% in female). As results 

of screening of F1 fish at 3-4 mpf, the actual observed rates were 3.47% in mstn-8a/-8a and 

2.71% in mstn-8b/-8b. In the screening of F1 mstn-8b/-8b, the actual observed rate was not 

consistent with the predicted rate. It is considered that there were competitivity of fish 

survival between mstn knocked out fish or not. 

It is reported that the frequency of each variant in a tissue such as fins is reference 

for that in another tissue in the previous red sea bream study [7]. The present study 

partially supports an opinion in that study [7]. The results in the present study suggest 

that the occurrence of a targeted mutation via MMEJ in germ line is predictable from that 

in somatic line which can be sampled from fish alive (Figs. 3.7g-i and 3.8g-i). On the 

other hand, other mutation except MMEJ mutation should not be referred to mutation in 

different tissues. The results in the present study support the opinion that MMEJ is a key 

for generation of homozygote in F1 with the method of mating G0 fish to each other in the 

red sea bream study [7]. 

The mstn homozygous mutant (mstn-8a/-8a) in fugu exhibited the same phenotype 

of skeletal muscle mass (Figs. 3.11-3.12) as mammals [5-6, 22-24] and other teleost [7-

11] because C-terminal active domain is completely defective in mstn-8a/-8a and mstn-8b/-8b 

(Fig. 3.10). It is reported that activin receptor type IIB is activated by a homodimer of 
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mature MSTN C-terminal peptides after proteolytic cleavage at “RXXR” site in Fig. 3.10, 

then regulated muscle growth mediated Smad signaling pathway [28]. The mstn-8b/-8b and 

compound heterozygote such as mstn-8b/-2 and mstn-8b/-7 exhibited the same morphology 

and high condition factor as mstn-8a/-8a (data not shown) as mstn-8a/-8a. It is suggested that 

the effect of fugu MSTN on skeletal muscle is a recessive factor because heterozygote 

did not exhibit increased skeletal muscle mass (Fig. 3.11) as same as that of red sea bream 

MSTN [7]. The erosion of skeletal muscle into internal organ region in homozygous 

mutants is observed (Fig. 3.12a-b). In contrast, the erosion is not observed in red sea 

bream mutants [7]. The erosion in fugu mutants may be due to the lack of ribs [29] 

because the red sea bream defines the body cavity by the rigid ribs. Further studies are 

required to investigate the effect this erosion on internal region. One of important findings 

is that body length of homozygote is shorter than that of wild type in fugu (Fig. 3.11e) as 

same as in red sea bream [7]. On the other hand, the body length of mutants is longer than 

wild type in small model fish, medaka and zebrafish [8-11]. In the present study, it is 

concluded that the short body length is caused by the shorten centrum lengths in the 

direction of anterior-posterior in mstn homozygote (Fig. 3.13f). Note that this phenotype 

of shorten body length appeared in complete knockout fugu such as mstn-8a/-8a, but did 

not appeared in G0 mosaic mutants (Fig. 3.5 and Table 2). In G0 mutants, the increase of 

body weight was observed because there is no difference in body length between G0 

mutants and control fish. In conclusion, the analysis in complete knockout mutants is 

important for the research of gene function of interest because the phenotype in G0 may 

be different from that in complete knockout mutants.  

 Recently, it is reported that MSTN involves in mechanism in muscle to bone 

communication in mice [25, 30]. A few studies suggested the effect of MSTN deficiency 

on bone formation also in teleost, medaka and red sea bream [7, 10]. The present study 

indicates that MSTN deficiency in fugu causes the anterior-posterior and dorsal-ventral 

lengths of each centrum to shorten (Fig. 3.13f-g). The MSTN deficiency in fugu have a 

little effect on the width of each centrum (Fig. 3.13h). In red sea bream, MSTN deficiency 

causes short length of centrums in all direction, anterior-posterior, dorsal-ventral, and 

width [7]. In small model fish such as medaka zebrafish, it seems that MSTN mutants 

have larger centrums than wild type because body length of mutants is longer than that of 

wild type [8-11]. One of important findings is that the phenotype of shorten centrum in 
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mstn mutant is not specific for red sea bream. It is not clear that this phenotype is specific 

for marine fish or large fish such as fugu and red sea bream (body weight: > several 

hundred grams). To clarify the difference among fish species, further detailed studies are 

required to investigate the effect of MSTN deficiency on centrum formation, bone density, 

and several markers on osteoblast / osteoclast by analysis on various developmental 

stages not only in fugu but also in various fish species including red sea bream, medaka, 

and zebrafish.  

 One of the problems in genome editing including CRISPR/Cas9, there are 

potential off-target alternations on non-specific genome site including a few mismatches 

with designated sgRNA [12, 31]. Off-target causes the following two problems; the 

incorrect evaluation of the phenotype due to on-target gene disruption, and the 

unexpected effects as food staff or animal health. In the present study off-target effect is 

examined by picking up its candidates using off-target search tools and the analysis of 

HMA and direct sequencing on each candidate in G0, which revealed that there was no 

off-target alternation (Figs. 3.14-3.16 and Table 3.3). Note that there are various SNPs 

and in/del variations between genome database and fish used in this study, and also among 

fish used in this study (Figs. 3.15 and 3.16).  

The desirable traits for aquaculture can be obtained rapidly and correctly by 

genome editing in the shortest maturation period (in fugu: 3 years). In contrast, the 

generation of a desirable trait depends on uncertainty in the classical selective breeding 

method and artificial random mutagenesis method. In addition, a long period is required 

for genetic fixation of a trait, and various individuals is required and reared for finding of 

targeted trait and mutation. Therefore, the established genome editing breeding method 

in the present study is beneficial as an alternative technology for conventional fugu 

breeding method. In addition, this method is beneficial as research of gene function in 

fugu, which has been used for a reference to understand various questions for vertebrate 

in genetics.   
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General Discussion 
 In the present study, I established the breeding method with genome editing in 

marine aquaculture fish, red sea bream and tiger pufferfish (fugu). Firstly, for the purpose 

of establishing the breeding method, I established the method of microinjection into 

fertilized eggs of these two species in chapter 1. About six thousands of eggs can be 

injected in a day with this optimized microinjection methods, which make the researchers 

produce genome editing fish in breeding of two fish species [chapter 2 and 3]. 

Subsequently, I produced the genome editing breed exhibiting increased skeletal muscle 

mass, that is, increased edible parts, in red sea bream and fugu in chapter 2 and 3. It took 

the shortest maturation period to produce new breeds of homozygotes both in two species 

(red sea bream, in 2 years; fugu, in 3 years). This period with genome editing is greatly 

shorter than with classical selective breeding method which takes more than five 

generation (red sea bream, more than 10 years) to produce new breed, as described in the 

previous reports [1]. In addition, this genome editing breeding is greatly easier-to-use 

than random mutagenesis breeding method because gene targeting can be performed with 

high efficiency [2]. Therefore, I concluded that genome editing can accelerate a speed of 

breeding. In the present study, I added one of valuable traits, improvement of productivity, 

to red sea bream breeding population, “Kindai madai”, and to fugu wild population. The 

present study exhibited the possibility that the genome editing technology is a powerful 

breeding technique to generate new traits with valuable traits in aquaculture fish: for 

example, a growth enhancement, shorten maturation period, infertility, and production of 

gametes at early developmental stage, by a regulatory factor of food intake, a hormone 

receptor of sexual determination, and a transcription factor of sexual determination, 

respectively.  

 There are several concerns for genome edited breed. Firstly, one of them is to 

avoid escape into the wild from the standpoint of the potential effects on natural stocks. 

Now, all of the experimental and breeding procedures in the present study are performed 

in enclosed terrestrial tanks. In future, it is considered that it is effective, in addition to 

physical containment, to add an infertility trait with genome editing technology on a 

certain genome edited breed. Moreover, the infertility trait is effective also for prevention 

of steal of the breed. Secondly, there is the possibility of off-target alternation. In order 
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to solve this problem, the genotyping analyses were performed in the potential off-target 

candidates in red sea bream genome and fugu genome. As results, I concluded that there 

is no off-target alternation both in the mstn knockout red sea bream breed and mstn 

knockout fugu breed. In application to the addition of another traits, the same analysis as 

in the present study is effective for investigation of off-target effects. In application to 

another fish species, it is needed for the researchers to perform the project of whole 

genome sequencing if the genome database cannot be utilized in the species. Finally, the 

investigation of the safety as food staff is needed, which is still controversial. To solve 

the problem. it can be effective to perform feeding test with model animals such as rats 

and mice. 

 Further studies are needed in order to commercialize genome edited breeds. In 

particular, the analyses of the efficiency of food conversion and the switching of the 

metabolic pathway are needed for the investigation of characteristics of the new breed. It 

seems that there are some differences in metabolic pathway between the new breed and a 

common breed. Thus, it seems that it is required for the new breed to be established an 

optimized rearing system, for example, the kinds of feed, the number of times of feeding, 

and the density of fish in a tank. In the research of livestock chicken breed, broiler, it is 

suggested that the development of feed is one of the most important tasks for the 

efficiency of meat production, in addition to the development of a trait in the breed [3]. 

Therefore, aquaculture researchers should perform both the production of new breed with 

a valuable trait and the development of rearing system optimized for the new breed at the 

same time. In near future, various breeds with commercially valuable traits will be 

produced with several breeding method, classical selective breeding, genome based 

breeding technology using NGS, random mutagenesis, and genome editing technology. 

Genome edited breed shows more outstanding trait than common breed, as mstn knockout 

breed in the present study. Therefore, it is considered that the investigation of rearing 

system using genome edited breed will contribute as a model case to research of 

development of rearing systems which will be important in the future. 

 Now, it is necessary for the researchers to increase the number of target gene 

candidates for research of aquaculture breeding with genome editing. A few studies have 

focused on phenotype by deficiency of a specific gene. Thus, it is needed to perform the 

studies focused on phenotype by gene knockout using small model fish such as medaka 
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and zebrafish whose generation periods are greatly shorter than aquaculture fish. It should 

be noted that the phenotype in model fish is only a prediction of phenotype in aquaculture 

fish, as the present study revealed that the phenotype of bone structure in mstn mutants 

in red sea bream and fugu are different from that in model fish [chapter 2 and 3].  
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