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Abstract 

Zygotes are used to create genetically modified animals by electroporation using the 

CRISPR-Cas9 system. Such zygotes in rats are obtained from superovulated female 

rats after mating. Recently, we reported that in vivo-fertilized zygotes had higher 

cryotolerance and developmental ability than in vitro-fertilized zygotes in Sprague 

Dawley (SD) and Fischer 344 rats. To apply the in vitro-fertilized zygotes in creating 

genetically modified rats, we need to address their low cryotolerance and devel-

opmental ability. Hence, we evaluated the effects of warming solutions containing 

different sucrose concentrations (0–0.3 M) and the oocyte donor’s age (3–7-week-old 

SD rats) on the viability of vitrified-warmed zygotes after in vitro fertilization and on 

developmental ability by embryo transfer in SD rats. A warming solution containing 

0.1 M sucrose enhanced the survival rate of vitrified-warmed zygotes and their rate of 

development to two-cell embryos. Additionally, zygotes derived from 6- and 7-week-

old female rats had higher cryotolerance and developmental ability than those from 

3-week-old ones. Next, vitrified-warmed rat zygotes produced using the optimized 

protocol underwent genome editing by electroporation with Cas9 ribonucleoprotein 

and gRNA introduced to disrupt the Tyr gene. We then found that 86.5% of the pups 

derived from zygotes demonstrated mutation of the targeted gene. Therefore, the 

improved protocol for vitrifying and warming rat zygotes is useful for preserving and 

producing genetically modified rats.
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Introduction

Applying genome-editing technology to animals has advanced life sciences and 
technologies [1]. In the biomedical sciences, laboratory rats are widely used for 
physiological, pharmacological, toxicological, and behavioral analyses. Furthermore, 
genetically modified rats contribute to the understanding of human diseases and the 
evaluation of the efficacy and safety of drugs and medical applications in the biomed-
ical industries [2]. Therefore, various genetically modified rats have been developed 
via genome-editing technology to date [3].

Zygotes are used to produce genetically modified rats using the genome- 
editing system with electroporation or microinjection [4]. Electroporation can be easily 
performed, simplifying the production of genetically modified rats by genome- 
editing technology. Using the cryopreservation of rat zygotes produced by mating 
also improved the production processes of genetically modified rats [5,6]. Recently, 
we found that the in vivo-fertilized zygotes have higher cryotolerance and are more 
suitable for cryopreservation than the in vitro-fertilized zygotes [7]. However, the 
lower success and fertilization rates of mating depending on rat strains limit the use 
of in vivo-fertilized zygotes.

In vitro fertilization (IVF) can efficiently produce zygotes. One study reported the 
efficient production of genetically modified rats using zygotes produced via IVF and a 
genome-editing system [8]. However, we previously reported that the low cryotolerance 
and developmental ability of in vitro-fertilized rat zygotes remain a technical problem [7,9].

To solve the problems of cryopreserving IVF-derived rat zygotes, this study aimed 
to examine the effects of warming solution at various sucrose concentrations (0, 0.05, 
0.1, 0.2, or 0.3 M) or oocyte donors’ age (3, 4, 5, 6, or 7 weeks old) on the survival 
and developmental rate of vitrified-warmed zygotes produced by IVF. We also sought 
to evaluate whether these vitrified-warmed zygotes and electroporation can efficiently 
produce genetically modified rats (S1 Fig).

Materials and methods

Animals

Male (Crl:CD[SD] and Crlj:LE strain) and female (Crl:CD[SD] strain) rats were pur-
chased from Jackson Laboratory Japan (Kanagawa, Japan). We utilized male rats 
aged 11–13 weeks (300–350 g body weight) as sperm donors, female rats aged 3–7 
weeks (60–200 g body weight) as oocyte donors, and female rats aged 8–15 weeks 
(200–300 g body weight) as recipients for embryo transfer. All animals were housed 
in the laminar flow rack under a 12 h dark/light cycle (light from 7:00 to 19:00) at 
22°C ± 2°C with ad libitum access to food (CE-2, CLEA Japan, Inc., Tokyo, Japan) 
and water. The rats were kept in cages, with three rats per cage. They all maintained 
healthy conditions, and none required early euthanasia according to the predefined 
human endpoints. The Institutional Animal Care and Use Committee of Kumamoto 
University approved the protocols for the animal experiments (A2023-079), and all 
experiments were conducted in the accordance with the ARRIVE guidelines and rele-
vant guidelines and regulations.
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IVF

IVF was performed as previously described [9–12]. Females at 3–7 weeks old were injected with 0.2–0.3 mL of 
CARD HyperOva for Rat (KYD-FR-003, COSMOBIO, Tokyo, Japan). After 54–56 h, human chorionic gonadotropin 
(hCG, ASKA Animal Health Co. Ltd, Japan) was administered at a dose of 20 IU (3–5 weeks old) or 30 IU for (6–7 
weeks old). For 6- to 7-week-old females, 0.04 mg (dissolved in 200 μL of saline) of (des-Gly10, D-Ala6)-LH-RH eth-
ylamide acetate salt hydrate (L4513, Sigma-Aldrich) was administered at 48–50 h before injecting CARD HyperOva 
for Rat [8].

After euthanizing the male rats by cervical dislocation under inhalation anesthesia with isoflurane, we removed their 
cauda epididymides and placed them in paraffin oil. In each of the cauda epididymides, a short incision was made using 
micro-scissors, and the sperm were transferred into a 400 μL drop of modified human tubal fluid (mHTF) [13,14] using 
a glass rod (15 mm). The sperm suspension was incubated for 10 min at 37°C with 5% CO

2
. Sperm concentration was 

calculated using a hemocytometer (Erma, Tokyo, Japan) before the sperm suspensions were added to a drop of 200 μL of 
mHTF (fertilization medium) covered with paraffin oil (final concentration: 500 sperm/μL). Then, the sperm were incubated 
for 2 h at 37°C in a 5% CO

2
 environment to induce capacitation, followed by IVF.

At 15–16 h after hCG injection, we sacrificed the female rats via cervical dislocation and promptly collected their ovi-
ducts. All intact cumulus oocyte complexes were then released and transferred from the oviducts into the fertilization 
medium with sperm (insemination).

At 6–7 h after insemination, the oocytes and zygotes were observed under an inverted microscope (200×). The fertiliza-
tion rates were calculated as the total number of zygotes (two pronuclei and one sperm tail) divided by the total number 
of inseminated oocytes multiplied by 100. Then, the zygotes were collected under a stereomicroscope (15×). The rates of 
fertilization via IVF were >90% in all experiments.

Vitrification of rat zygotes

The procedures for zygotes vitrification were carried out as previously described [15]. The zygotes used in the experi-
ments were randomly selected from the fertilization medium and allocated to each group before undergoing vitrification. 
First, 20–30 zygotes were pretreated with PB1 [16] containing 1 M of dimethyl sulfoxide (DMSO) at room temperature 
(25°C). Then, 5 μL of the solution, with the zygotes, was transferred into a 1.2 mL cryotube (Cat. No.: MS-4501W; Sum-
itomo Bakelite, Japan). We then placed the samples in a block cooler (Cat. No.: 5115−0012, Nalgene) at 0°C for 5 min. 
Then, 45 μL of a vitrification solution (DAP213; 2 M DMSO, 1 M acetamide, and 3 M propylene glycol in PB1) [17] was 
added at 0°C to each cryotube. After another 5 min, the samples were plunged directly into liquid nitrogen and stored for 
3–10 weeks before warming. In each cryotube, we cryopreserved 20 zygotes in Experiment 1 and 30 zygotes in Experi-
ments 2 and 3.

Warming of the cryopreserved zygotes

The cryotubes containing the zygotes were collected from the liquid nitrogen, warmed at room temperature (25°C) 
for 60 s. Then, 0.9 mL of PB1 with several concentrations of sucrose (0, 0.05, 0.1, 0.2, or 0.3 M), prewarmed at 37°C, 
was added to these tubes. The contents of each tube were transferred to a plastic dish (Cat. No.: 430588, Corning) 
to recover the zygotes. Before the experiment, the osmotic pressure for each sucrose concentration was measured 
using an osmometer (Gonotec Osmomat 030-D, ELITechGroup Inc., France). The recovered zygotes were washed 
in three drops of PB1 (60 μL/drop) and placed into a 100 μL-drop of mHTF, and their morphological appearance was 
recorded (Experiment 1). Morphologically normal zygotes were defined as those with no damage to the zona pellu-
cida/cytoplasm and no deformation of the cytoplasm (i.e., zygotes with the same morphology as before vitrification) 
[18]. In Experiment 2, the morphologically normal zygotes were transferred to the recipients approximately 30 min 
after warming.
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gRNA synthesis and Cas9 preparation

In vitro-transcribed gRNAs were prepared according to a previous report [19,20]. The gRNA designs of the Tyr gene were 
as previously described [21]. This Tyr target sequence existed in exon1 of the SD and LE rat genomes as a perfect match. 
Recombinant Cas9 protein was obtained from Integrated DNA Technologies in Japan (Alt-R™ S.p. Cas9 Nuclease 3NLS; 
Tokyo, Japan).

Electroporation

Electroporation was performed according to a previous report [20,22]. After rinsing the zygotes with Opti-MEM I (Thermo 
Fisher Scientific), we placed them in the electrode gap filled with 5 µL of Opti-MEM I solution containing Cas9 protein and 
gRNA. Using an electrode (LF501PT1–10; BEX, Tokyo, Japan) and Genome Editor (GEB15, BEX), we performed electro-
poration seven times at 20 V (3 ms ON + 97 ms OFF). Thereafter, we rinsed the zygotes with M2 medium (Sigma, Tokyo, 
Japan) and cultured them in mHTF at 37°C in 5% CO

2
 and 95% humidified air until transfer.

Transfer of vitrified-warmed zygotes into the recipients

In preparing female recipients, females at the proestrus observed by vaginal smears were mated with vasectomized 
male rats the day before the transfer procedures. The females with vaginal plug were used for transfer. A mixture of three 
anesthetic agents, medetomidine hydrochloride (0.375 mg/kg), midazolam (2 mg/kg), and butorphanol tartrate (2.5 mg/kg), 
was administered at a dose of 0.5 mL per 100 g of body weight. Afterward, 20–31 zygotes were transferred into the ovi-
ducts of a recipient [23]. The antagonist (Antisedan, 150 μg/mL) was administered at 0.5 mL/100 g of body weight and the 
recipients were kept on a hotplate maintained at 37°C until the recipients woke up. At 22–23 days after embryo transfer, 
we counted the number of live pups. The birth rate was calculated as the number of live pups divided by the number of 
transferred zygotes and multiplied by 100.

Analysis of the pups

Pup tail lysates were prepared via an alkaline lysis method, and the polymerase chain reaction (PCR) for the heterodu-
plex mobility assay (HMA) was conducted using KOD FX (Toyobo, Osaka, Japan) and a primer set as reported previously 
[20]. For Tyr gene analysis, we confirmed the coat color of each pup and used the pup tail lysates for the PCR. Each 
PCR product of the Tyr gene underwent automatic electrophoresis using MultiNA (Shimadzu Corporation, Kyoto, Japan) 
for HMA analysis [24]. The PCR products indicating a single band of HMA were analyzed by direct sequencing using ABI 
3130 Genetic Analyzer (Thermo Fisher Scientific) with BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Sci-
entific). We then used PtWAVE, a Tracking of Insertions and Deletions analysis tool, for identifying mutations [25].

Statistical analysis

Statistical data were analyzed using GraphPad Prism version 8.0 (GraphPad Software, Boston, MA, USA). The results are 
expressed as the mean ± standard deviation. Results were compared using Student’s t-test or, one-way analysis of vari-
ance (ANOVA) and Dunnett’s comparisons test, or Tukey’s multiple comparisons test, with p < 0.05 considered statistically 
significant.

Results

Experiment 1: 0.1 M sucrose solution enhanced the developmental rate of vitrified-warmed rat zygotes

Zygotes were produced via IVF between oocytes collected from 4-week-old Clr:CD females and sperm collected from 
males of the same strain rats. We vitrified and warmed 100 zygotes (20 zygotes/cryotube × 5) in each experimental group 
to examine the effect of the sucrose concentration used for warming.
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The vitrified–warmed rat zygotes exhibited cytoplasmic lysis and failed to develop into two-cell embryos. Therefore, 
we evaluated the recovery and survival rates of zygotes after vitrification and warming as well as the developmental rate 
of these recovered zygotes into two-cell embryos. The recovery and survival rates did not change in all groups (Table 1, 
Fig 1A, S1 Table). Sucrose solution at 0.1 M improved the rate of development into two-cell embryos after a 24 h culture 
of vitrified-warmed zygotes compared with 0 mM sucrose solution (p = 0.0122) (Table 1, Fig 1B, S1 Table). On the basis of 
these results, 0.1 M sucrose solution was used for warming in the following experiments.

Experiment 2: Oocytes collected from 7-week-old female rats showed the highest developmental rates of vitrified-
warmed zygotes

Zygotes were produced via IVF between oocytes collected from 3- to 7-week-old Clr:CD females and sperm collected 
from males of the same strain at 11–13 weeks old. In total, 65 female rats were used for IVF (10, 10, 10, 15 and 20 rats 
aged 3, 4, 5, 6, and 7 weeks, respectively). Vitrified zygotes derived from 3-, 4-, 5-, 6-, and 7-week-old females (150 
zygotes per group, 30 zygotes/cryotube × 5) were warmed. The number of animals required to produce 150 zygotes was 
as follows: 6, 6, 6, 10, and 12 females aged 3, 4, 5, 6, and 7 weeks, respectively. Most of the vitrified zygotes were recov-
ered after warming, and 79%–97% of them were morphologically normal in each group (Table 2, S2 Table). However, the 

Table 1.  Effects of sucrose concentrations on the survival and developmental ability of vitrified-warmed rat zygotes.

Sucros 
(M)

Osmolality 
(mOsm)

No. of vitri-
fied zygotes

No. of recovered 
zygotes (%)

No. of survived zygotes 
(%)

No. of two-cell 
embryos (%)

0 291 100 97 (97 ± 2.7) 63 (64.9 ± 23.9) 42 (43.3 ± 16.8)

0.05 347 100 98 (98 ± 2.7) 73 (74.5 ± 24.1) 55 (56.1 ± 21.5)

0.1 408 100 98 (98 ± 2.7) 91 (92.9 ± 6.8) 78 (79.6 ± 13.6)*

0.2 518 100 95 (95 ± 5.0) 69 (72.6 ± 21.4) 51 (53.7 ± 23.9)

0.3 646 100 98 (98 ± 2.7) 65 (66.3 ± 14.9) 37 (37.8 ± 6.5)

The recovery, developmental, and survival rates were calculated as follows: recovery rate = total number of recovered zygotes/total number of vitrified zy-
gotes × 100, survival rate = total number of survived zygotes/total number of recovered zygotes × 100, and developmental rate into two-cell embryos = total 
number of two-cell embryos/total number of recovered zygotes × 100. The recovery rate, survival rate and developmental rate into two-cell embryos in 
each experimental group were compared with 0 mM sucrose using one-way ANOVA and Dunnett’s comparisons test (*p < 0.05, n = 5). In total, 30 female 
and male rats were used in this experiment.

https://doi.org/10.1371/journal.pone.0328718.t001

Fig 1.  Vitrified-warmed zygotes derived from 7-week-old females. Vitrified-warmed zygotes derived from 7-week-old females (A). All zygotes were 
morphologically normal, except for one, which died (white arrow). Two-cell embryos derived from vitrified-warmed zygotes from 7-week-old females at 
24 h after culture (B). While 3 out of 19 zygotes did not undergo cleavage (black arrow), the remaining 16 developed into two-cell embryos.

https://doi.org/10.1371/journal.pone.0328718.g001

https://doi.org/10.1371/journal.pone.0328718.t001
https://doi.org/10.1371/journal.pone.0328718.g001
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vitrified zygotes from 3-week-old rats exhibited a lower survival rate than those from 4- to 7-week-old rats (Table 2, S2 
Table) (p value vs 4-week-old: 0.0003, vs 5-week-old: 0.0003, vs 6-week-old: < 0.0001, and vs 7-week-old: < 0.0001).

To evaluate the developmental ability of the vitrified-warmed zygotes obtained from 3- to 7-week-old females, we 
used 100 of the recovered morphologically normal zygotes for embryo transfer (20 zygotes/female recipient) (Figs 2A 
and 2B). The number of rats required to produce 100 zygotes was as follows: 4, 4, 4, 5, and 8 females aged 3, 4, 5, 6, 
and 7 weeks, respectively. For the control, fresh zygotes derived from 3- and 7-week-old females were transferred in the 
same manner. The rates of development of vitrified-warmed zygotes derived from 3-, 4-, 5-, 6- and 7-week-old females 
into pups were 13%, 22%, 25%, 49%, and 50%, respectively. The vitrified-warmed zygotes from 6 and 7 weeks old had 
a higher developmental ability than those from other weeks (Table 3, Fig 2A). The incidence of development into pups 
was comparable between vitrified zygotes (50%) and fresh zygotes (53%) from 7-week-old females (Table 3, Fig 2C, S3 
Table) (p = 0.6631). However, the development rate of vitrified-warmed zygotes (13%) was lower than that of fresh zygotes 
(34%), both from 3-week-old females (Table 3, Fig 2C, S3 Table) (p = 0.0105).

Experiment 3: Application of vitrified-warmed zygotes for producing genetically modified rats by electroporation

Zygotes were produced via IVF using oocytes collected from 7-week-old Clr:CD females (coat color: white) and sperm 
collected from males of the Crl:LE strain (coat color: white with a black hood), followed by vitrification. Regarding the 
developmental ability, the pups of vitrified-warmed zygotes were born (developmental rate into pups = 40 ± 10%) and the 
coat color of all pups was white with a black hood.

To disrupt the Tyr gene, we performed electroporation by introducing Cas9 ribonucleoprotein (RNP) into vitrified- 
warmed zygotes, particularly the morphologically normal ones (30 zygotes/cryotube × 6 = 180 zygotes). As for the control 
group, 60 vitrified zygotes (30 zygotes/cryotube × 2) were warmed, and 58 were then recovered. Moreover, 40 out of 54 
morphologically normal zygotes were transferred to two female recipients (20 zygotes/female recipient); subsequently, 
20 black-hooded pups were born (50.0%) (Table 4, Fig 3A, S2 Fig). In the genome-editing group, 170 out of 180 zygotes 
were recovered after warming. Additionally, 139 out of 160 morphologically normal zygotes were used for electroporation.

After electroporation, all zygotes were transferred to five female rat recipients (27–31 zygotes/female recipient), result-
ing in 37 pups (26.6%) (Table 4). To identify Tyr mutants, we confirmed the coat color in each pup and then analyzed 10 
pups, excluding albinism, by HMA, followed by direct sequencing analysis of PCR products. We confirmed both normal 
birth and mutant rates, with results comparable to those obtained in a previous report (Table 4, Fig 3B) [26].

Discussion

This study demonstrated that 0.1 M sucrose solution for warming improved the developmental ability of vitrified-warmed 
rat zygotes. The vitrified-warmed zygotes derived from female rats aged 6 and 7 weeks had higher cryotolerance and 

Table 2.  Effect of oocyte donors’ age on the survival rate of vitrified-warmed rat zygotes.

Age of the females (weeks) No. of vitrified zygotes No. of recovered zygotes (%) No. of survived zygotes (%)

3 150 140 (93.3 ± 2.4) 110 (78.6 ± 4.7)a

4 150 139 (92.7 ± 1.5) 129 (92.8 ± 2.5)b

5 150 140 (93.3 ± 4.1) 130 (92.9 ± 6.7)b

6 150 146 (97.3 ± 2.8) 139 (95.2 ± 1.8)b

7 150 148 (98.7 ± 3.0) 144 (97.3 ± 3.7)b

The recovery rate was calculated by total number of recovered zygotes/total number of vitrified zygotes × 100. The survival rate was calculated by total 
number of survived zygotes/total number of recovered zygotes × 100. The recovery and survival rates were compared between all experimental groups 
using one-way ANOVA and Tukey’s multiple comparisons test. The different letters indicate significant differences (p < 0.05, n = 5).

https://doi.org/10.1371/journal.pone.0328718.t002

https://doi.org/10.1371/journal.pone.0328718.t002
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developmental ability than those derived from other age categories. In addition, the vitrified-warmed zygotes can be used 
to produce genetically modified rats by electroporation using a genome-editing system.

In this study, we solved the technical problems of low cryotolerance and developmental ability of in vitro-fertilized rat 
zygotes. Previously, Kaneko et al. successfully produced genome-edited rats by using zygotes cryopreserved via the 
slow-freezing method. However, this method is complicated and time consuming [6]. Conversely, the vitrification method 
of rat zygotes is simple and quick. However, until now it had shown poor viability in vitrified-warmed zygotes [27]. Rapid 
warming of the vitrified zygotes and minimizing the volume of the cryopreservation solution effectively improved the 

Fig 2.  Developmental rate of vitrified-warmed zygotes from females at several weeks old. Zygotes derived from 3- to 7-week-old females were 
vitrified and warmed for embryo transfer. The developmental rate of live pups was evaluated (A). At 22–23 days after embryo transfer, live pups from 
vitrified-warmed zygotes derived from 3- to 7-week-old females were counted (B: from 7 weeks old). The rate of development into pups of fresh and 
vitrified-warmed zygotes derived from 3- and 7-week-old females was also evaluated (C). The results are expressed as mean ± standard deviation (n = 5). 
The developmental rates into pups were compared using one-way ANOVA and Tukey’s multiple comparisons test between all vitrified-warmed groups 
(A) or Student’s t-test between Fresh and Frozen in same age (B) (*p < 0.05).

https://doi.org/10.1371/journal.pone.0328718.g002

https://doi.org/10.1371/journal.pone.0328718.g002
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viability of in vivo-fertilized zygotes derived from rats [28,29]. Ishizuka et al. also reported that vitrified-warmed rat zygotes 
via mating had higher cryotolerance and developmental ability than those via IVF [7]. In vivo fertilization by mating is 
reportedly less efficient in producing zygotes according to the rates of mating and fertilization. In our laboratory, we have 
efficiently produced 300 zygotes from 10 superovulated female rats by IVF (unpublished data). Our improved protocol 
for vitrifying and warming rat zygotes produced by IVF enhanced the efficiency of zygotes production, cryotolerance, and 
developmental ability in the production and preservation of genetically modified rats.

Table 3.  Effect of oocyte donors’ age on the developmental rate of vitrified-warmed rat zygotes.

Age of females (weeks) Zygotes No. of transferred zygotes No. of pups (%)

3 Fresh 100 34 (34.0 ± 10.8)

7 Fresh 100 53 (53.0 ± 5.7)

3 Vitrified-warmed 100 13 (13.0 ± 9.1)a, *

4 Vitrified-warmed 100 22 (22.0 ± 7.6)a

5 Vitrified-warmed 100 25 (25.0 ± 3.5)a

6 Vitrified-warmed 100 49 (49.0 ± 15.6)b

7 Vitrified-warmed 100 50 (50.0 ± 13.7)b

The developmental rate into pups was calculated by total no. of live pups/total no. of transferred zygotes × 100. The developmental rate into pups was 
compared between all vitrified-warmed groups using one-way ANOVA and Tukey’s multiple comparisons test and the different letters indicate significant 
differences (p < 0.05). The developmental rates into pups were also compared between the fresh and vitrified-warmed groups with same age using Stu-
dent’s t-test (*p < 0.05). Each recipient (n = 5 per experimental group) received 20 zygotes. In total, 35 recipient rats and 10 vasectomized male rats were 
used for embryo transfer in this experiment.

https://doi.org/10.1371/journal.pone.0328718.t003

Table 4.  Generation of Tyr mutant rats using vitrified-warmed rat zygotes.

Reagent Pulse No. of electropo-
rated zygotes

No. of trans-
ferred zygotes

No. of 
pups (%)

No. of 
albinism

No. of ana-
lyzed pups

HMA + * Sequenc-
ing**

Mutants 
(%)

Tyr RNP (250 ng/μL Cas9 
and 250 ng/μL gRNA)

20 V × 7 139 139 37 (26.6) 27 10 3 2 32 
(86.5)

– – – 40 20 (50.0) 0 – – – –

* The number of mutant rats identified by the heteroduplex mobility assay. ** The number of mutant rats identified by sequencing analysis. In total, 25 
male and female rats were used in this experiment, and 9 recipients and 10 vasectomized male rats were used for embryo transfer.

https://doi.org/10.1371/journal.pone.0328718.t004

Fig 3.  Pups derived from vitrified-warmed zygotes with or without genome editing. Pups (1-week-old) derived from vitrified-warmed zygotes 
produced via IVF using female Clr:CD oocytes and male Crl:LE sperm. The coat color of all pups was white with a black hood (A: without genome 
editing). After genome editing, we performed the embryo transfer and confirmed the coat color of the newborn pups (B: with genome editing). Excluding 
*albinism, we obtained **mosaic and ***black-hooded pups.

https://doi.org/10.1371/journal.pone.0328718.g003

https://doi.org/10.1371/journal.pone.0328718.t003
https://doi.org/10.1371/journal.pone.0328718.t004
https://doi.org/10.1371/journal.pone.0328718.g003
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Vitrified-warmed mouse zygotes are routinely used for producing genetically engineered mice via IVF and electropora-
tion with genome-editing technologies, attaining both high birth rates and mutation/knock-in rates [20]. However, a simple 
vitrification method for rat zygotes derived from IVF has not yet been established [5,9]. In the present study, we were 
able to increase the viability of vitrified zygotes by using a 0.1 M sucrose solution as the warming solution and oocytes 
collected from 6- to 7-week-old females for IVF. Furthermore, genetically modified rats were successfully produced from 
cryopreserved zygotes by electroporation. These results offer details of an improved protocol for the cryopreservation of 
rat zygotes and subsequent genome editing.

Pedro et al. reported that mouse zygotes cryopreserved via vitrification and warmed in various sucrose solution con-
centrations showed high viability when warmed in 0.5–0.75 M sucrose solution [30]. However, the percentage of mor-
phologically normal zygotes decreased to 30% when warmed in 1.0 M sucrose solution. Generally, 0.25–0.3 M sucrose 
solution is used to warm vitrified rat zygotes [5,6,9,27–29]. However, in the present study, the best viability of the vitrified 
zygotes was obtained when warmed in a lower sucrose solution concentration of 0.1 M. The reason for this result remains 
unknown, but rat zygotes may be more sensitive to hypertonic stress (Table 1). This point requires further research for 
successful warming and recovery.

In rats, females used for IVF are generally juveniles (3–5 weeks old) because a large number of oocytes can be col-
lected from each female [8–10,31,32]. Therefore, we previously used oocytes collected from 3- to 4-week-old females for 
IVF and attempted to cryopreserve the produced zygotes using the simple vitrification method. However, the rate of cryo-
preserved zygotes developing into pups was very low (10%) [9]. In the present study, the incidence of zygotes produced 
from 3- to 5-week-old female oocytes was lower than that from 6-to 7-week-old oocytes (Fig 2A). Therefore, the level of 
resistance to the vitrification and warming of zygotes produced via IVF derived from juvenile female rats may be lower 
than that from mature females. In addition, the incidence of development into pups was comparable between cryopre-
served zygotes derived from 7-week-old females and fresh zygotes. However, the rate of pup development from vitrified 
zygotes derived from 3-week-old females was lower than that from fresh zygotes (Fig 2C). Comparing the fresh zygotes, 
we found that the rate of pup development from fresh zygotes derived from 3-week-old females was also lower than that 
from 7-week-old females (Fig 2C). Thus, zygotes from 3- to 5-week-old female oocytes may be less capable of developing 
into pups than those from 6- to 7-week-old female oocytes. Hirabayashi et al. reported that oocytes derived from rats aged 
4–5 weeks were more sensitive to mechanical stress than those from >10 weeks old rats [33]. Kito reported that two-cell 
embryos from 3-week-old female mice had lower in vitro blastocyst development, nuclear counts of blastocysts, and fetal 
development after embryo transfer than those from 10-week-old female mice [34]. Other reports also found that oocytes 
from immature mice differ in several ways from those of adult mice, specifically in terms of chromosomes, ultrastructure, 
and epigenetics [35–37]. In rats, these key differences may be related to the lower developmental ability of zygotes from 
3–5 weeks old females; although, further studies are needed to clarify this.

Genome-editing technology has been widely used to produce genetically modified rats [3], with many strains being pro-
duced to date. As mentioned above, the zygotes used for genetic modification are collected from the oviducts of females 
that have mated naturally with males. Thus, numerous males and females must be used to produce these zygotes, and 
given that rats are 10 times the size of mice (200–300 g vs. 20–30 g), an enormous breeding space is required to keep 
these animals. If we use superovulation and IVF techniques, several hundred zygotes can be possibly produced at once.

In this study, we showed that these zygotes could be successfully cryopreserved and that they could be warmed and 
genome-edited (birth rate: 26.6%, mutant: 86.5%). Honda et al. previously reported successful genome editing using fresh 
rat zygotes produced via IVF (birth rate: 28.7%, mutant: 100%) [8]. As a control, we also performed genome editing using 
fresh rat zygotes (birth rate: 22.1%, mutant: 95.2%; S4 Table). In the present study, genome editing using vitrified-warmed 
zygotes resulted in comparable or slightly lower outcomes, demonstrating the applicability of this technique to produce 
genetically modified rats. Enhancing the efficiency of rat zygotes production and preservation may contribute to improving 
animal experiments using genetically modified rats and reducing the number of animals used as oocyte donors.
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In summary, using matured female rats (6–7 weeks old) as oocyte donors and 0.1 M sucrose solution for warming are 
suitable for the efficient cryopreservation of rat zygotes. Our findings provide an improved protocol for vitrifying and warm-
ing rat zygotes for the efficient production and preservation of genetically modified rats.

Supporting information

S1 Fig.  Graphical abstract: Optimized protocol for vitrification and warming of rat zygotes using for genome edit-
ing. A 0.1-M sucrose solution for warming improved the developmental ability of vitrified-warmed zygotes (Experiment 1). 
The vitrified-warmed zygotes derived from female rats aged 6 and 7 weeks had higher cryotolerance and developmental 
ability than those derived from other age categories (Experiment 2). Moreover, the vitrified-warmed zygotes can be used 
to produce genetically modified rats by electroporation using a genome-editing system (Experiment 3).
(DOCX)

S2 Fig.  Analysis of Tyr mutant rats. Design of Tyr targeting and the results of genotyping. (A) Schematic illustration 
to generate mutant rat at the Tyr locus. The genomic region positioned at exon 1 was targeted by gRNA, whose target 
sequence is shown in black underline. Black box indicates PAM sequence. Arrows indicate the primer sets for PCR. (B) 
HMA results of Tyr founders. Founder numbers are shown on the upper side of pseudo-gel image. Red circles indicate 
HMA-positive founders. M, molecular weight markers. W, wild type. N, negative control. (C) Sequencing analysis-positive 
two founders. Top: the sequence chromatogram of pup #1. Bottom: the sequence chromatogram of pup #5. These two 
pups had both wild-type and mutated alleles.
(DOCX)

S1 Table  Effects of sucrose concentrations on the survival and developmental ability of vitrified-warmed rat 
zygotes. 
(DOCX)

S2 Table  Effect of oocyte donors’ age on the survival rate of vitrified-warmed rat zygotes. 
(DOCX)

S3 Table  Effect of oocyte donors’ age on the developmental rate of vitrified-warmed rat zygotes. 
(DOCX)

S4 Table  Generation of Tyr mutant rats using fresh rat zygotes. 
(DOCX)

Acknowledgments

We thank Dr. Ena Nakatsukasa (Department of Animal Model Development, Brain Research Institute, Niigata University, 
Niigata, Japan) and Dr. Keisuke Edashige (Laboratory of Animal Science, College of Agriculture, Kochi University, Nan-
koku, Kochi, Japan) for their valuable advice and insight. We are grateful to our collaborators Kiyoko Yamashita, Maki 
Sakaguchi, Yuka Deshimaru, Kiharu Uchigoshi, Keisuke Kogami, Satoshi Nakamura, Fumi Takahashi, Kaori Sakaguchi, 
and Shuuji Tsuchiyama for their technical assistance and helpful input. The authors also would like to thank technicians 
and animal caretakers at the Center for Animal Resources and Development (CARD) at Kumamoto University for their 
assistance for animal care, and Enago (www.enago.jp) for the English language review.

Author contributions

Data curation: Satohiro Nakao, Nobuyuki Mikoda.

Funding acquisition: Naomi Nakagata.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0328718.s006


PLOS One | https://doi.org/10.1371/journal.pone.0328718  September 8, 2025 11 / 12

Investigation: Naomi Nakagata, Satohiro Nakao, Katsuma Yamaga, Yoshiko Nakagawa, Tetsushi Sakuma, Takashi 
Yamamoto.

Methodology: Naomi Nakagata.

Validation: Satohiro Nakao.

Writing – original draft: Naomi Nakagata, Satohiro Nakao.

Writing – review & editing: Toru Takeo.

References
	 1.	 Ruan J, Xu J, Chen-Tsai RY, Li K. Genome editing in livestock: are we ready for a revolution in animal breeding industry? Transgenic Research. 

2017;26:715–26.

	 2.	 Suckow MA, Hankenson FC, Wilson RP. The laboratory rat. Cambridge: Academic Press; 2020.

	 3.	 Meek S, Mashimo T, Burdon T. From engineering to editing the rat genome. Mamm Genome. 2017;28(7–8):302–14. https://doi.org/10.1007/
s00335-017-9705-8 PMID: 28752194

	 4.	 Chenouard V, Remy S, Tesson L, Ménoret S, Ouisse L-H, Cherifi Y, et al. Advances in Genome Editing and Application to the Generation of Geneti-
cally Modified Rat Models. Front Genet. 2021;12:615491. https://doi.org/10.3389/fgene.2021.615491 PMID: 33959146

	 5.	 Takahashi R, Hirabayashi M, Ueda M. Production of transgenic rats using cryopreserved pronuclear-stage zygotes. Transgenic Res. 
1999;8(5):397–400. https://doi.org/10.1023/a:1008910629235 PMID: 10669946

	 6.	 Kaneko T, Nakagawa Y. Genome editing of rodents by electroporation of CRISPR/Cas9 into frozen-warmed pronuclear-stage embryos. Cryobiol-
ogy. 2020;92:231–4.

	 7.	 Ishizuka Y, Nakao S, Kamisako T, Yamaga K, Nakagata N, Ishizaki H, et al. In vivo fertilization improved the cryotolerance and developmental 
ability of vitrified-warmed rat fertilized oocytes. Sci Rep. 2024;14(1):24198. https://doi.org/10.1038/s41598-024-76073-x PMID: 39406819

	 8.	 Honda A, Tachibana R, Hamada K, Morita K, Mizuno N, Morita K, et al. Efficient derivation of knock-out and knock-in rats using embryos obtained 
by in vitro fertilization. Sci Rep. 2019;9(1):11571. https://doi.org/10.1038/s41598-019-47964-1 PMID: 31399630

	 9.	 Anzai M, Nakagata N, Matsumoto K, Takahashi A, Takahash Y, Miyata K. Cryopreservation of in vitro fertilized embryos from transgenic rat by 
ultrarapid freezing. Jikken Dobutsu. 1994;43(2):247–50. PMID: 8174627

	10.	 Toyoda Y, Chang MC. Fertilization of rat eggs in vitro by epididymal spermatozoa and the development of eggs following transfer. J Reprod Fertil. 
1974;36(1):9–22. https://doi.org/10.1530/jrf.0.0360009 PMID: 4809715

	11.	 Nakagata N, Mikoda N, Nakao S, Nakatsukasa E, Takeo T. Author Correction: Establishment of sperm cryopreservation and in vitro fertilisation 
protocols for rats. Sci Rep. 2020;10(1):3768. https://doi.org/10.1038/s41598-020-60648-5 PMID: 32094515

	12.	 Yamaga K, Nakao S, Mikoda N, Yoshimoto H, Nakatsukasa E, Nakagata N, et al. Quercetin-treated rat sperm enables refrigerated transport with 
motility and fertility for five days. Sci Rep. 2021;11(1):22641. https://doi.org/10.1038/s41598-021-02166-6 PMID: 34811440

	13.	 Quinn P, Kerin JF, Warnes GM. Improved pregnancy rate in human in vitro fertilization with the use of a medium based on the composition of 
human tubal fluid. Fertil Steril. 1985;44: 493–8.

	14.	 Kito S, Ohta Y. In vitro fertilization in inbred BALB/c mice II: effects of lactate, osmolarity and calcium on in vitro capacitation. Zygote. 
2008;16(3):259–70. https://doi.org/10.1017/S0967199408004619 PMID: 18578945

	15.	 Nakao K, Nakagata N, Katsuki M. Simple and efficient vitrification procedure for cryopreservation of mouse embryos. Exp Anim. 1997;46(3):231–4. 
https://doi.org/10.1538/expanim.46.231 PMID: 9250485

	16.	 Whittingham DG. Embryo banks in the future of developmental genetics. Genetics. 1974;78(1):395–402. https://doi.org/10.1093/genetics/78.1.395 
PMID: 4442712

	17.	 Nakagata N. Cryopreservation of unfertilized mouse oocytes from inbred strains by ultrarapid freezing. Jikken Dobutsu. 1990;39(2):303–5. https://
doi.org/10.1538/expanim1978.39.2_303 PMID: 2361531

	18.	 Nakagata N. Use of cryopreservation techniques of embryos and spermatozoa for production of transgenic (Tg) mice and for maintenance of Tg 
mouse lines. Lab Anim Sci. 1996;46(2):236–8. PMID: 8723247

	19.	 Aida T, Chiyo K, Usami T, Ishikubo H, Imahashi R, Wada Y. Cloning-free CRISPR/Cas system facilitates functional cassette knock-in in mice. 
Genome Biol. 2015;16:87.

	20.	 Nakagawa Y, Sakuma T, Takeo T, Nakagata N, Yamamoto T. Electroporation-mediated genome editing in vitrified/warmed mouse zygotes created 
by IVF via ultra-superovulation. Exp Anim. 2018;67(4):535–43. https://doi.org/10.1538/expanim.18-0062 PMID: 30012936

	21.	 Nakagawa Y, Sakuma T, Nishimichi N, Yokosaki Y, Takeo T, Nakagata N, et al. Culture time of vitrified/warmed zygotes before microinjection 
affects the production efficiency of CRISPR-Cas9-mediated knock-in mice. Biol Open. 2017;6(5):706–13. https://doi.org/10.1242/bio.025122 PMID: 
28396487

https://doi.org/10.1007/s00335-017-9705-8
https://doi.org/10.1007/s00335-017-9705-8
http://www.ncbi.nlm.nih.gov/pubmed/28752194
https://doi.org/10.3389/fgene.2021.615491
http://www.ncbi.nlm.nih.gov/pubmed/33959146
https://doi.org/10.1023/a:1008910629235
http://www.ncbi.nlm.nih.gov/pubmed/10669946
https://doi.org/10.1038/s41598-024-76073-x
http://www.ncbi.nlm.nih.gov/pubmed/39406819
https://doi.org/10.1038/s41598-019-47964-1
http://www.ncbi.nlm.nih.gov/pubmed/31399630
http://www.ncbi.nlm.nih.gov/pubmed/8174627
https://doi.org/10.1530/jrf.0.0360009
http://www.ncbi.nlm.nih.gov/pubmed/4809715
https://doi.org/10.1038/s41598-020-60648-5
http://www.ncbi.nlm.nih.gov/pubmed/32094515
https://doi.org/10.1038/s41598-021-02166-6
http://www.ncbi.nlm.nih.gov/pubmed/34811440
https://doi.org/10.1017/S0967199408004619
http://www.ncbi.nlm.nih.gov/pubmed/18578945
https://doi.org/10.1538/expanim.46.231
http://www.ncbi.nlm.nih.gov/pubmed/9250485
https://doi.org/10.1093/genetics/78.1.395
http://www.ncbi.nlm.nih.gov/pubmed/4442712
https://doi.org/10.1538/expanim1978.39.2_303
https://doi.org/10.1538/expanim1978.39.2_303
http://www.ncbi.nlm.nih.gov/pubmed/2361531
http://www.ncbi.nlm.nih.gov/pubmed/8723247
https://doi.org/10.1538/expanim.18-0062
http://www.ncbi.nlm.nih.gov/pubmed/30012936
https://doi.org/10.1242/bio.025122
http://www.ncbi.nlm.nih.gov/pubmed/28396487


PLOS One | https://doi.org/10.1371/journal.pone.0328718  September 8, 2025 12 / 12

	22.	 Hashimoto M, Takemoto T. Electroporation enables the efficient mRNA delivery into the mouse zygotes and facilitates CRISPR/Cas9-based 
genome editing. Sci Rep. 2015;5:11315. https://doi.org/10.1038/srep11315 PMID: 26066060

	23.	 Nakagata N. Embryo transfer through the wall of the fallopian tube in mice. Jikken Dobutsu. 1992;41(3):387–8. https://doi.org/10.1538/expa-
nim1978.41.3_387 PMID: 1505632

	24.	 Nakagawa Y, Yamamoto T, Suzuki K-I, Araki K, Takeda N, Ohmuraya M, et al. Screening methods to identify TALEN-mediated knockout mice. Exp 
Anim. 2014;63(1):79–84. https://doi.org/10.1538/expanim.63.79 PMID: 24521866

	25.	 Nakamae K, Ide S, Ohnuki N, Nakagawa Y, Okuhara K, Bono H. PtWAVE: a high-sensitive deconvolution software of sequencing trace for the 
detection of large indels in genome editing. BMC Bioinformatics. 2025;26(1):114. https://doi.org/10.1186/s12859-025-06139-8 PMID: 40301714

	26.	 Sato M, Nakamura S, Inada E, Takabayashi S. Recent Advances in the Production of Genome-Edited Rats. Int J Mol Sci. 2022;23(5):2548. https://
doi.org/10.3390/ijms23052548 PMID: 35269691

	27.	 Taketsuru H, Kaneko T. Tolerance to vitrification of rat embryos at various developmental stages. Cryobiology. 2018;84:1–3. https://doi.
org/10.1016/j.cryobiol.2018.09.002 PMID: 30213529

	28.	 Fukuda Y, Higashiya M, Obata T, Basaki K, Yano M, Matsumura K, et al. Small-volume vitrification and rapid warming yield high survivals of one-
cell rat embryos in cryotubes†. Biol Reprod. 2021;105(1):258–66. https://doi.org/10.1093/biolre/ioab059 PMID: 33783478

	29.	 Seki S, Kawabe T, Yamazaki W, Matsumura K, Oikawa T, Obata T, et al. Cryopreservation of rat embryos at all developmental stages by small- 
volume vitrification procedure and rapid warming in cryotubes. Sci Rep. 2023;13(1):20903. https://doi.org/10.1038/s41598-023-47394-0 PMID: 
38017006

	30.	 Pedro PB, Sakurai T, Edashige K, Kasai M. Effects of osmotic shrinkage on the survival of mouse oocytes and embryos at various developmental 
stages. J Mamm Ova Res. 1997;14:66–71.

	31.	 Aoto T, Takahashi R, Ueda M. A protocol for rat in vitro fertilization during conventional laboratory working hours. Transgenic Res. 
2011;20(6):1245–52. https://doi.org/10.1007/s11248-011-9492-z PMID: 21359657

	32.	 Hino C, Ueda J, Funakoshi H, Matsumoto S. Defined oocyte collection time is critical for reproducible in vitro fertilization in rats of different strains. 
Theriogenology. 2020;144:146–51.

	33.	 Hirabayashi M, Kato M, Takeuchi A, Ishikawa A, Hochi S. Factors affecting premature chromosome condensation of cumulus cell nuclei injected 
into rat oocytes. J Reprod Dev. 2003;49:121–6.

	34.	 Kito S. Fertilization and developmental competence of in vitro fertilized embryos from C57BL/6J mice of different ages and the impact of vitrifica-
tion. J Reprod Dev. 2024;70(6):405–10. https://doi.org/10.1262/jrd.2024-082 PMID: 39462550

	35.	 Mitsui A, Yoshizawa M. Evaluation of pre-maturity of mouse oocytes ovulated from prepubertal females using an in vitro fertilization technique. J 
Mamm Ova Res. 2006;23:114–21.

	36.	 Wassarman PM, Josefowicz WJ. Oocyte development in the mouse: an ultrastructural comparison of oocytes isolated at various stages of growth 
and meiotic competence. J Morphol. 1978;156(2):209–35. https://doi.org/10.1002/jmor.1051560206 PMID: 642015

	37.	 Bao S, Obata Y, Carroll J, Domeki I, Kono T. Epigenetic modifications necessary for normal development are established during oocyte growth in 
mice. Biol Reprod. 2000;62(3):616–21. https://doi.org/10.1095/biolreprod62.3.616 PMID: 10684802

https://doi.org/10.1038/srep11315
http://www.ncbi.nlm.nih.gov/pubmed/26066060
https://doi.org/10.1538/expanim1978.41.3_387
https://doi.org/10.1538/expanim1978.41.3_387
http://www.ncbi.nlm.nih.gov/pubmed/1505632
https://doi.org/10.1538/expanim.63.79
http://www.ncbi.nlm.nih.gov/pubmed/24521866
https://doi.org/10.1186/s12859-025-06139-8
http://www.ncbi.nlm.nih.gov/pubmed/40301714
https://doi.org/10.3390/ijms23052548
https://doi.org/10.3390/ijms23052548
http://www.ncbi.nlm.nih.gov/pubmed/35269691
https://doi.org/10.1016/j.cryobiol.2018.09.002
https://doi.org/10.1016/j.cryobiol.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30213529
https://doi.org/10.1093/biolre/ioab059
http://www.ncbi.nlm.nih.gov/pubmed/33783478
https://doi.org/10.1038/s41598-023-47394-0
http://www.ncbi.nlm.nih.gov/pubmed/38017006
https://doi.org/10.1007/s11248-011-9492-z
http://www.ncbi.nlm.nih.gov/pubmed/21359657
https://doi.org/10.1262/jrd.2024-082
http://www.ncbi.nlm.nih.gov/pubmed/39462550
https://doi.org/10.1002/jmor.1051560206
http://www.ncbi.nlm.nih.gov/pubmed/642015
https://doi.org/10.1095/biolreprod62.3.616
http://www.ncbi.nlm.nih.gov/pubmed/10684802

