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Abstract
Genome editing technology is becoming increasingly 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 yet been established in aquaculture fish. We successfully established microinjection methods achieving high survival 
rates for tiger pufferfish and red sea bream by optimizing the following three parameters: (1) the soaking solution of ferti-
lized eggs during microinjection, (2) the elapsed time from in vitro fertilization to microinjection, (3) the elapsed time from 
stripping to microinjection. In tiger pufferfish, Iwamatsu solution or diluted sea water is effective as the soaking solution. 
In vitro fertilization can be performed at intervals of 15 min from fertilization until 2.5 h 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 min from fertilization until 2.5 h after stripping. We anticipate our findings will contribute 
to effectively establish genome edited aquaculture breeds.

Keywords CRISPR/Cas9 · Knockout · Teleost · Fertilized egg · Microinjection · Genome-editing

Introduction

Gene specific knockout with genome editing is becoming 
increasingly accepted as a way to improve breeding effi-
ciency in marine fish aquaculture because it allows modifica-
tion of endogenous genes without the need to integrate exog-
enous genes (Kishimoto et al. 2018). 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 (Kishimoto et al. 2018; Ansai et al. 2013; Ansai and 
Kinoshita 2014; Edvardsen et al. 2014; Dong et al. 2011). 
Since the characteristics of fish eggs vary depending on each 
species (Lønning et al. 1988; Sano et al. 2017), the micro-
injection 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 
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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, we investigated 
the effect of different soaking solutions for fertilized eggs 
during microinjection on the survival rate in experiment 
1 (T1 for tiger pufferfish and R1 for red sea bream). Our 
experience that most fertilized eggs die after microinjec-
tion using sea water as the soaking solution lead us to 
think that the effect of osmolality of the soaking solution 
on egg survival was critical. Therefore, we investigated 
several isotonic solutions with lower osmotic pressure; i.e., 
balanced solution, cell culture solution, and diluted sea 
water as a substitute for sea water.

In order to overcome the second problem, we investi-
gated the effect of the elapsed time from in vitro fertiliza-
tion to microinjection in experiment 2 (T2 for tiger puff-
erfish 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 penetra-
tion of the chorion with the glass needle. Therefore, we 
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.

Then, we investigated the effect of the elapsed time 
from stripping to microinjection on the survival rate of 
eggs in experiment 3 (T3 for tiger pufferfish and R3 for 
red sea bream). In a series of microinjections with marine 
fish eggs, in vitro fertilization can be carried out repeat-
edly 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 sev-
eral 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, we investigated the elapsed time prior to micro-
injection in which a high survival rate of injected eggs was 
maintained.

In the present study, we optimized the microinjection 
method concerning the above three factors and estab-
lished microinjection methods for tiger pufferfish Takifugu 
rubripes and red sea bream Pagrus major, which are 
important marine aquaculture fish in Japan.

Materials and methods

Experimental fish and gametes for in vitro 
fertilization

Tiger pufferfish

Parent fish were purchased from a commercial supplier 
(Watanabe Suisan, Kagawa, Japan). Females were admin-
istered 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 prevent-
ing the eggs from drying. For microinjection, in vitro fertili-
zation was carried out using the preserved eggs and sperm.

Red sea bream

Unfertilized eggs and sperm of red sea bream were squeezed 
from broodstocks at Kindai University by the stripping 
method (Kato et al. 2007). The parent fish were at a natural 
point of ovulation and spermiation. The collected unferti-
lized eggs and sperm were preserved in covered plastic cups 
to prevent the eggs from drying until in vitro fertilization. 
The eggs were kept at 17–20 °C, and sperm were kept on 
ice. For microinjection, in vitro fertilization was carried out 
using the preserved eggs and sperm.

Microinjection set‑up

We used the following tools for microinjection under a ster-
eomicroscope: a pneumatic injector IM-12, an injection holder 
HI-7, a manipulator M-152, and a magnetic stand GJ-1 (Nar-
ishige, 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 micro-
injection is outlined in Fig. S1a. The mixture of Cas9 RNA 
(100 ng/µl) and sgRNA (50 ng/µl), targeted for the myostatin 
gene, was injected in our experiments because it is known that 
myostatin deficiency does not affect the viability of fish (Kishi-
moto et al. 2018; Chisada et al. 2011; Chiang et al. 2016). The 
target sites were 5′-CCG GGA CAC GGT GAA GCA GCTCC-3′ 
in tiger pufferfish (GenBank accession number LOC446041, 
reverse strand in exon 1) and 5′-CCG GGA CAT CGT GAA 
GCA GCTCC-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 Ansai and Kinoshita (2014).
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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 min after in vitro fertilization to prevent the 
chorion from being broken by handling because the chorion 
is fragile just after fertilization. In the tiger pufferfish experi-
ment, 1 min 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 tiger pufferfish eggs adhere to glass 
materials (Imai et al. 2012) (see in Fig. S1b). Then, the sea 
water was replaced with the soaking solution. In the red sea 
bream experiment, fertilized eggs were washed with soak-
ing 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 (Kato et al. 2007) (see in Fig. S1c). On 
one plate, 70–100 eggs and 30–100 eggs were arranged in 
the tiger pufferfish experiment and the red sea bream experi-
ment, respectively. Finally, microinjection was performed. 
The injected eggs were incubated in sea water at 17 °C and 
20 °C in tiger pufferfish eggs and in red sea bream eggs, 
respectively.

Evaluation of the effects of each factor on survival 
rate of injected eggs

We investigated the effects of the following three factors in 
microinjection on the survival rates after microinjection: the 
soaking solution for fertilized eggs during microinjection 
treatment in experiment 1; the elapsed time from in vitro fer-
tilization to microinjection in experiment 2; and the elapsed 
time from stripping to microinjection in experiment 3. It 
took 5–10 min to perform microinjection into all eggs in 
each lot (tiger pufferfish: lots of 57–115 eggs, red sea bream: 
lots of 49–142 eggs).

In the experiments with tiger pufferfish 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 tiger pufferfish eggs are alive or not due to them 
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 h 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 to person, the experiments were confirmed by 
several people performing the trials.

Experiments on tiger pufferfish eggs

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 (Iwamatsu solution; 0.65% NaCl, 
0.04% KCl, 0.02%  MgSO4·2H2O, 0.02%  CaCl2·H2O, pH 7.4) 
(Kinoshita et al. 2009), phosphate buffered saline (PBS; 8% 
NaCl, 0.2% KCl, 1.44%  Na2HPO4, 0.24%  KH2PO4, pH 7.4), 
sea water, diluted sea water (1/2, 1/3, 1/6, and 1/12), and dis-
tilled water (DW) (Table S1). 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 h after carrying 
out the stripping method.

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

In vitro fertilization was performed at 25–30 min after strip-
ping. 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. Micro-
injection was started at 10, 30, and 50 min after in vitro ferti-
lization (Table S2).

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

In vitro fertilization and subsequent microinjection was con-
ducted 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 timeline of experiments is 
detailed in Table S3. 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).

Experiments on red sea bream

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 fol-
lowing soaking solutions, and then microinjection was 
performed. The investigated soaking solutions were L-15, 
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Iwamatsu solution, sea water, 1/3 sea water, and PBS 
(Table S4). In all experiments, like the tiger pufferfish exper-
iment, sea water was sterilized.

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

In vitro fertilization was performed at 20 min in trial-I, 
30 min in trial-II, and 60 min 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 min after the in vitro fertilization.

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) min after stripping in trial-I. In trial-II, in vitro 
fertilization and subsequent microinjection were performed 
at 30 (1st), 60 (2nd), 90 (3rd), 120 (4th), 150 (5th), and 180 
(6th) min after stripping. In trial-III, in vitro fertilization and 
subsequent microinjection were performed at 30 (1st), 60 
(2nd), 90 (3rd), 120 (4th), and 180 (5th) min after stripping. 
The timeline of experiments is detailed in Table S6. 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.

Statistical analysis

Statistical analyses were performed by R version 3.4.0 and 
fmsb package (https ://cran.r-proje ct.org/web/packa ges/
fmsb/). Differences of survival rates among groups were 
compared by Fisher’s exact test with Benjamini–Hochberg 
correction for multiple comparisons. Differences were con-
sidered significant in the case of P < 0.05.

Results

Experiments on tiger pufferfish

Experiment T1: evaluation of various soaking solutions 
during microinjection

We microinjected the mixture of Cas9 RNA and sgRNA 
into tiger pufferfish fertilized eggs using various soaking 
solutions. Figure 1a shows the survival rates of tiger puffer-
fish eggs 6–7 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 high-
est 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. 1b). 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. 1c). In trial-III, the survival rate in each soak-
ing solution was almost the same (40.5–58.3%) (Fig. 1d). 
The soaking solution which showed the highest survival rate 
was Iwamatsu solution (58.3%). These results indicate that 
Iwamatsu solution and diluted sea water showed high sur-
vival 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 S1.

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

We microinjected the mixture of Cas9 RNA and sgRNA 
into tiger pufferfish fertilized eggs at 10, 30, and 50 min 
after the in vitro fertilization. In trial-I, the survival rate of 
the control group was 82.7% (Fig. 1e). The survival rates 
of experimental groups were consistent: 62.4% for 10 min, 
56.3% for 30 min, and 70.1% for 50 min. In trial-II and trial-
III, the experimental groups also showed consistent survival 
rates: 30-48% in trial-II (Fig. 1f) and 43–55% in trial-III 
(Fig. 1g). Throughout the experiment, we 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 S2. The longer the elapsed time after 

Fig. 1  Effect of the three parameters on the survival of microinjected 
tiger pufferfish eggs. The result 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 result of the experiment T2 in trial-I (e), trial-II 
(f), and trial-III (g): evaluation of the elapsed time from in vitro fer-
tilization to microinjection. The result 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 col-
umns 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 correc-
tion for multiple comparisons, P < 0.05
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fertilization, the more opaque and stiffer the chorions of tiger 
pufferfish eggs became. Therefore, it was difficult to per-
form the microinjection at 30 and 50 min after fertilization. 
On the other hand, until about 15 min after fertilization, it 
was comparatively easy to observe that the solution being 
injected was flowing into the egg because of the transpar-
ency. 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 min 
after fertilization) contributes to ease of handling.

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

We microinjected the mixture of Cas9 RNA and sgRNA 
into tiger pufferfish fertilized eggs at several intervals after 
the stripping. Figure 1h shows the results of trial-I. In the 
control groups in which microinjection was not performed, 
the survival rates gradually decreased (control groups des-
ignated as “non-injected”; 30 min, 83.5%; 60 min, 80.2%; 
90 min, 76.5%; 120 min, 68.2%; 150 min, 75.5%). In con-
trast, 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 min after strip-
ping increased more than that at 90 min after stripping. At 
150 min after stripping, the survival rate of injected eggs 
slightly decreased (39.8%). The tendency was similar among 
all three trials (Fig. 1i, j and Table S3). The tendency that the 
survival rates of injected eggs increased once was consist-
ent with that of trial-II (120 min after stripping, 19.1%; 150 
min after stripping, 43.4%), and trial-III (slight increase: 
145 min after stripping, 28.2%; 205 min after stripping; 
43.8%). Details of the number of injected eggs and the num-
ber and rate of the survival of eggs in all trials are described 
in Table S3. These results indicate that microinjection at an 
earlier time period from stripping contributes to a higher 
survival rate (i.e., until 2.5 h after stripping).

Experiments on red sea bream eggs

Experiment R1: evaluation of various soaking solutions 
during microinjection

We microinjected the mixture of Cas9 RNA and sgRNA into 
red sea bream fertilized eggs using various soaking solu-
tions. Figure 2a 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). Also, in trial-II, L-15 and Iwamatsu 
solution showed high rates, 70.8% and 67.5%, respectively 
(Fig. 2b). 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 inter-
mediate 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 solu-
tion), 61.4% (L-15), 53.8% (PBS), 46.3% (1/3 sea water), 
and 41.8% (sea water) (Fig. 2c). 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 indi-
cate that L-15 and Iwamatsu solution showed 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 S4.

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

We microinjected the mixture of Cas9 RNA and sgRNA into 
red sea bream fertilized eggs at 1, 5, 10, and 15 min after the 
in vitro fertilization. Figure 2d 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. 2e). 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. 2f). As in tiger 
pufferfish, the chorion of the eggs became stiffer, the longer 
the time period after fertilization. Microinjection could not 
be effectively performed at 20 min after in vitro fertilization 
because of the hardened chorion. Therefore, it was difficult 
to perform microinjection 15 or more minutes after fertiliza-
tion. On the other hand, it was easy to inject into the chorion 

Fig. 2  Effect of the three parameters on the survival of microin-
jected red sea bream eggs. The result 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 microinjec-
tion. The result 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 result 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 compari-
sons, P < 0.05
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until 10 min after fertilization because the chorion of ferti-
lized 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 S5. These results 
indicate that microinjection at an earlier time period after 
fertilization contributes to easier handling (i.e., until 10 min 
after fertilization).

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

We microinjected the mixture of Cas9 RNA and sgRNA 
into red sea bream fertilized eggs at several intervals after 
the stripping. Figure 2g shows the results of trial-I. The 
survival rates gradually decreased when microinjection 
was not performed (control groups designated as “non-
injected”: 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 min after stripping 
(designated as “injected”: 20 min, 77.0%; 50 min, 69.0%; 
80 min, 48.4%; 110 min, 24.3%). Similar to the tiger puff-
erfish experiment, the survival rate of the injected group at 
140 min after stripping increased compared to at 110 min 
after stripping. Furthermore, at 140 min after stripping, the 
survival rate of injected eggs was nearly as high as in non-
injected 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. 2h). The survival rates of injected groups also rap-
idly decreased until 90 min 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 min 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. 2i). Details of 
the number of injected eggs and the number and rate of the 
survival of eggs in all trials are described in Table S6. These 
results indicate that microinjection at an earlier time period 
after stripping contributes to a higher survival rate (i.e., until 
2.5 h after stripping).

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, we investigated the optimal 

conditions for the microinjection method for fertilized eggs 
of tiger pufferfish and red sea bream. We investigated the 
effects of the following three factors on the survival rates: 
(1) the soaking solution of fertilized eggs during microinjec-
tion, (2) the elapsed time from in vitro fertilization to micro-
injection, and (3) the elapsed time from stripping to micro-
injection. To the best of our knowledge, there have been 
no previous reports on microinjection performed in tiger 
pufferfish for production of transgenic or genome edited fish. 
It was reported that microinjection was performed for the 
production of transgenic red sea bream by Kato et al. (2007); 
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 

(a)

(b)

Fig. 3  Recommended timelines for the microinjection method. Time-
lines for the microinjection method which are recommended from our 
results in tiger pufferfish (a), and in red sea bream (b). a In vitro fer-
tilization and microinjection can be carried out repeatedly on batches 
of eggs at intervals of 15  min for up to 2.5  h after stripping using 
Iwamatsu solution or diluted seawater as the soaking solution in tiger 
pufferfish experiment. b In vitro fertilization and microinjection can 
be carried out repeatedly on batches of eggs at intervals of 10  min 
for up to 2.5 h after stripping using L-15 or Iwamatsu solution as the 
soaking solution in red sea bream experiment
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rates were low with sea water both in tiger pufferfish and 
in red sea bream. On the other hand, the rates were high 
with Iwamatsu balanced salt solution and diluted sea water 
in tiger pufferfish, and with Leibovitz’s L-15 medium and 
Iwamatsu balanced salt solution in red sea bream (Fig. 1a–d, 
2a–c, Table S1, and Table S4). These results suggested that 
solutions with a lower osmotic pressure than sea water are 
advantageous for eggs to survive during the microinjection 
process. It is thought 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 physiologi-
cal 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 S1 
(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. We can handle sinking 
and settling eggs more easily than floating eggs. Indeed, 
use of L-15 as a soaking solution contributed to the suc-
cessful production of transgenic red sea bream in a previous 
report (Kato et al. 2007). Taking these things into considera-
tion, we recommend Iwamatsu solution or diluted sea water 
(1/2–1/12) as a soaking solution for tiger pufferfish 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 ferti-
lization to microinjection, in both tiger pufferfish and red 
sea bream, there was no direct relationship between the sur-
vival rate and the elapsed time (Fig. 1e–g, 2d–f, Table S2, 
and Table S5). 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 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 tiger 
pufferfish and red sea bream, it is easy to prepare newly 
fertilized eggs with soft chorions over periods of several 
hours. Therefore, we can continue microinjection 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 (Thun-
nus 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, we investigated elapsed time from 
stripping to microinjection. In both tiger pufferfish and 

red sea bream, the survival rate of injected eggs decreases 
more rapidly than non-injected eggs. Our results revealed a 
higher survival rate at an earlier time period after stripping: 
i.e., until 2.5 h, both in tiger pufferfish and red sea bream 
(Fig. 1h–j, 2g–i, Table S3, and Table S6). Therefore, we 
conclude that microinjection needs to be carried out before 
2.5 h 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 tiger pufferfish eggs; 77.0% in trial-I, 
38.3% in trial-II, and 38.4% in trial-III with red sea bream 
eggs (Fig. 1h–j, 2g–i, Table S3, and Table S6). 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 (Gjedrem 
et al. 2012), and degree of ripening (Chuda et al. 1997, 1998; 
Brooks et al. 1997). 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.

We also found an unexpected phenomenon that the sur-
vival rate of injected eggs 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. 1h and Table S3). 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 progress-
ing dramatically. Further investigation is required to reveal 
the cause of this phenomenon.

Taking our results from this study into consideration, we 
suggest a microinjection timeline with tiger pufferfish as in 
Fig. 3a. 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 min 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 h after stripping of eggs and sperm with a 
high survival rate of the injected eggs.

Figure 3b shows our 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 min after in vitro fertilization, and the 
subsequent in vitro fertilization needs to be performed until 
the chorion becomes hard (ca. 10 min after fertilization). 
This in vitro fertilization and microinjection cycle can be 
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continued for 2.5 h after stripping with a high survival rate 
of the injected eggs.

Using our optimized microinjection methods, we have 
successfully established genome edited breeds with tiger 
pufferfish and red sea bream. With tiger pufferfish, 3760 
eggs were microinjected in a day and 164 founder fish with 
mutations caused by genome editing were obtained (unpub-
lished data). With red sea bream, 1399 eggs were microin-
jected in a day and 104 founder fish with mutations caused 
by genome editing were obtained (Kishimoto et al. 2018). 
Thus, our established method can be effectively used to gen-
erate genome edited fish.

In the present study, we optimized the microinjection 
method into fertilized eggs for gene disruption mediated 
genome editing in marine aquaculture fish: red sea bream 
and tiger pufferfish. Fish eggs are morphologically different 
among species, depending, for example, on whether they are 
pelagic or demersal (Lønning et al. 1988; Sano et al. 2017), 
on yolk distribution (Lønning et al. 1988), and egg chorion 
thickness (Sano et al. 2017). In this study, we 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 microin-
jection methods for other marine fish species and contribute 
to basic and applied science using genome editing technol-
ogy for various fish species.
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