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Abstract

Genetic mosaicism, characterized by multiple genotypes within an individual, is considered an obstacle to CRISPR/Cas9
genome editing in animal models. Despite the various strategies for minimizing mosaic mutations, no definitive methods exist
to eliminate them. This study aimed to enhance gene editing efficiency in porcine zygotes using CRISPR/Cas9, which targets
specific genes through centrifugation and zona pellucida removal before electroporation. Centrifugation at 2000 X g did not
adversely affect blastocyst formation rates in zygotes electroporated with gRNA targeting the GGTAI gene; instead, it led to
increased total and monoallelic mutation rates compared with control zygotes without centrifugation. However, the groups
had no significant differences in biallelic mutation rates. In zygotes electroporated with gRNA targeting the CMAH gene,
centrifugation treatments exceeding 1000 X g significantly increased both biallelic mutation rates and mutation efficiency. The
combination of centrifugation and zona pellucida removal did not have a detrimental effect on blastocyst formation rates. It
led to a higher rate of double biallelic mutations in embryos targeting both GGTAI and CMAH compared to embryos without
centrifugation treatment. In summary, our results demonstrate that pre-electroporation treatments, including centrifugation
and zona pellucida removal, positively influenced the reduction of mosaic mutations, with the effectiveness of centrifugation
depending on the specific gRNA used.
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Introduction such as chromosomal non-disjunction, anaphase lag,

endoreplication, mutations occurring during develop-

Genetic mosaicism, defined as the presence of more than
one genotype within a single individual, can arise through
various mechanisms. These include natural processes,
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ment, and manipulation mechanisms, such as genome
editing (Taylor et al. 2014; Mehravar et al. 2019). The
method of choice for introducing genomic alterations
into animal models is currently the CRISPR/Cas9 system
(Mehravar et al. 2019). A typical approach for generating
knockout and transgenic animal models involves directly
introducing CRISPR/Cas9 components, including DNA,
RNA, or protein molecules, into fertilized zygotes using
microinjection (Li ef al. 2013c; Wang et al. 2013; Yang et
al. 2013), electroporation (Hirata et al. 2019; Namula et
al. 2019), or transfection (Le et al. 2022) methods. How-
ever, one of the outcomes of employing CRISPR-medi-
ated gene editing in embryos is the occurrence of genetic
mosaicism in the founders. Various degrees of mosaicism
have been observed in mice (Shen er al. 2013), rats (Li et
al. 2013a), cynomolgus monkeys (Niu et al. 2014), and
zebrafish (Ablain et al. 2015). To overcome mosaicism,
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generating a founder animal with the desired modifica-
tions is essential, followed by developing new mutant
strains by outcrossing the mosaic founders. Although
rodents can undergo this procedure within a few months,
its completion requires several years in other species,
such as non-human primates (Niu ez al. 2014; Mehravar
et al. 2019; Wang et al. 2024). Therefore, overcoming
mosaicism at the founder stage is advantageous because
it reduces the time required.

Various strategies (such as accelerating the editing pro-
cess, shortening Cas9 longevity through embryo splitting,
implementing germline modifications, and utilizing precise
genome editing with the CRISPR/Cas9 system) can effec-
tively minimize mosaic mutations (Mehravar et al. 2019).
However, it should be noted that there are no definitive
and guaranteed strategies to eliminate mosaic mutations
arising from CRISPR/Cas9 genome editing. Previously, we
successfully generated mutant blastocysts by introducing
the CRISPR/Cas9 system into zygotes via electroporation
(Hirata et al. 2019; Namula et al. 2019), a technique com-
monly used to introduce foreign genetic material, such
as DNA or RNA, into cells by applying an electric field.
Therefore, our objective was to enhance gene editing effi-
ciency by mitigating the mosaicism associated with elec-
troporation. Given that lipid droplets in cells play crucial
roles in lipid metabolism, energy storage, and signaling
(Wang 2016), modulating the polarization of lipid droplets
could potentially influence the efficiency of cellular uptake
during electroporation, thereby facilitating the targeted
introduction of genetic material into specific cellular com-
partments. One method for polarizing intracellular lipid
droplets in putative zygotes is high-speed centrifugation
(Kato and Nagao 2009; Wirtu et al. 2013). Moreover, the
zona pellucida surrounding the plasma membrane of the
zygote may present a barrier preventing access of CRISPR/
Cas9 components to the zygote by electroporation. There-
fore, in the present study, we examined the effect of centrif-
ugation treatment, with or without zona pellucida removal
before electroporation, on the development, mutation, and
mutation efficiency of putative porcine zygotes edited with
gRNA targeting the al,3-Galactosyltransferase (GGTAI)
and CMP-Neu5Ac hydroxylase (CMAH) genes.

Materials and methods
Ethical approval All animal experiments were approved
by the Institutional Animal Care and Use Committee of

Tokushima University (approval number: T2019-11).

Oocyte collection, in vitro maturation, fertilization, and
embryo culture Oocyte collection, in vitro maturation,

fertilization, and embryo culture were performed as pre-
viously described (Lin er al. 2022). Briefly, pig ovaries
were obtained from prepubertal crossbred gilts (Lan-
drace X Large White X Duroc) at a local slaughterhouse.
Cumulus-oocyte complexes (COCs) with a uniform
ooplasm and compact cumulus cell mass were cultured in
a maturation medium at 39 °C in a humidified incubator
containing 5% CO,. The maturation medium consisted of
25 mM HEPES tissue culture medium 199 with Earle’s
salts (TCM 199; Invitrogen Co., Carlsbad, CA) supple-
mented with 10% (v/v) porcine follicular fluid, 0.6 mM of
cysteine (Sigma-Aldrich, St. Louis, MO), 50 uM of sodium
pyruvate (Sigma-Aldrich), 2 mg/mL of D-sorbitol (Wako
Pure Chemical Industries Ltd., Osaka, Japan), 1 ug/mL
of 17 p-estradiol (Sigma-Aldrich), 10 IU/mL of equine
chorionic gonadotropin (Kyoritu Seiyaku, Tokyo, Japan),
10 IU/mL of human chorionic gonadotropin (Kyoritu Sei-
yaku), and 50 pg/mL of gentamicin (Sigma-Aldrich). After
20-22 h of maturation, the COCs were cultured for an
additional 24 h in a maturation medium without hormones
under the same atmosphere.

For in vitro fertilization (IVF), frozen-thawed sperma-
tozoa were transferred to 6 mL of porcine fertilization
medium (PFM; Research Institute for the Functional Pep-
tides Co., Yamagata, Japan) and washed by centrifugation at
500 x g for 5 min. Pelleted spermatozoa were resuspended
in PFM and adjusted to a concentration of 5x 10° cells/
mL. The matured oocytes were then transferred to sperm-
containing PFM and co-incubated for 5 h at 39 °C under 5%
CO,, 5% O,, and 90% N,.

After IVF, the putative zygotes were denuded from the
cumulus cells and attached spermatozoa by mechanical
pipetting, transferred to porcine zygote medium (PZM-5;
Research Institute for the Functional Peptides Co.), and
cultured continuously in vitro at 39 °C in a humidified
incubator containing 5% CO,, 5% O,, and 90% N,. All
cleaved embryos were transferred into 100 pL droplets
of porcine blastocyst medium (PBM; Research Institute
for the Functional Peptides Co.) 72 h after insemination.
The embryos were subsequently cultured for an additional
4 d to evaluate their ability to develop to the blastocyst
stage and to examine the efficiency of genome editing in
blastocysts.

Centrifugation treatment The putative zygotes were col-
lected 10 h after initiating IVF. Before electroporation
treatment, the zygotes were transferred into a 2 mL Sarstedt
screw cap tube containing 500 pL of PZM-5, and then the
tubes were centrifuged at various gravities for 10 min at
35.0 °C by a high-speed refrigerated centrifuge (MX-307;
Tomy Seiko, Tokyo, Japan) to polarize the intracellular lipid
droplets (Fig. 1 A and B).
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Figure 1. Representative
images of porcine zygotes with
intact zona pellucida (ZP) (A),
with centrifugation treatment at
1000 x g (B), with ZP-free (C),
and with ZP-free after centrifu-
gation (D). Scale bar=200 pm.
The diagram is temporary and
will be re-created.

Electroporation The gRNAs targeting the GGTAI or CMAH
genes were prepared as previously described (Le et al.
2022). The target sequences were GGTA1 (5'- AGACGC
TATAGGCAACGAAA-3") and CMAH (5-GAAGCTGCC
AATCTCAAGGA-3'). Electroporation was performed as
described previously (Tanihara et al. 2016). An electrode
(LF501PT1-20; BEX, Tokyo, Japan) was connected to a
CUY21EDIT II electroporator (BEX) and placed under a
stereoscopic microscope. The zygotes with or without cen-
trifugation treatment (approximately 30-40 zygotes) were
placed in a line in the electrode gap in a chamber slide filled
with 10 pL of Opti-MEM 1 solution with 100 ng/pL of
gRNA and 100 ng/uL of Cas9 protein, and then electropo-
rated by five 1 ms pulses at 25 V. After electroporation, the
embryos were cultured in PZM-5 and PBM as described
above.

Analysis of targeted gene sequence in a single blasto-
cyst We analyzed the frequencies of base insertions or
deletions (indels) in the target regions of individual blas-
tocysts to compare the efficiency of introducing target
mutations into the embryos. The genomic DNA of indi-
vidual blastocysts was extracted by heat treatment with
50 mM NaOH to investigate the CRISPR/Cas9-mediated
mutations. After neutralization, the DNA was subjected
to polymerase chain reaction (PCR) using the KOD One
PCR Master Mix (Toyobo, Osaka, Japan) according to the
manufacturer’s instructions. Gene-specific primers used
for amplifications were as follows: GGTAI:5'-AAAAGG

GGAGCACTGAACCT-3’ (forward) and 5-ATCCGGACC
CTGTTTTAAGG-3' (reverse), and CMAH: 5'- GCTGTC
AATGCTCAGGGATT-3’ (forward) and 5'- TGCCAA
ACCTAATTGGGAGA-3' (reverse). After purification
of the PCR products with a Fast Gene Gel/PCR Extrac-
tion Kit (Nippon Genetics, Tokyo, Japan), the sequences
of the target regions were analyzed by Sanger sequencing
using a BigDye Terminator Cycle Sequencing Kit version
3.1 (Thermo Fisher Scientific K.K., Tokyo, Japan) on an
ABI 3500 genetic analyzer (Applied Biosystems, CA). The
TIDE (tracking of indels by decomposition; https://tide.
deskgen.com/) bioinformatics package was used to quan-
tify the frequency of indel mutations in blastocysts elec-
troporated with GGTAI or CMAH gRNAs (Brinkman et al.
2014). According to the sequences of the target regions,
blastocyst genotypes were classified as biallelic mutants
(carrying no WT sequence), monoallelic mutants (carrying
a mutation and the WT sequence), or WT (carrying only
the WT sequence). The mutation rate was defined as the
ratio of the number of gene-edited blastocysts to the total
number of sequenced blastocysts. The mutation efficiency
was defined as the proportion of indel mutation events in
the mutant blastocysts.

Experimental design In the first experiment, we examined
the effects of gravity centrifugation before electroporation
in putative zygotes on embryonic development and target
mutations in the resulting blastocysts. Zygotes collected
10 h after the start of IVF were centrifuged at various
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gravities (1000, 2000, 5000, and 10,000 X g) for 10 min.
After centrifugation, the zygotes were electroporated with
gRNAs targeting either GGTAI or CMAH (Fig. 2) and
then cultured with PZM-5 and PBM for 7 d, as described
above. As a control, the zygotes were electroporated with-
out centrifugation.

In the second experiment, we compared the effects of
removing the zona pellucida (ZP) after centrifugation in
putative zygotes on embryonic development and target
mutations in the resulting blastocysts because ZP removal
may increase mutation rates (Namula et al. 2022). Some
zygotes, with or without centrifugation at 1000 X g, were
exposed to 0.5% (w/v) actinase-E (Kaken-Seiyaku Corp.,
Tokyo, Japan) in Dulbecco’s PBS (Nissui Pharmaceutical,
Tokyo, Japan) for 20-30 s, transferred to PZM-5 without
actinase-E, and freed completely from their ZP by gentle
pipetting (Fig. 1C and D). For the one-step generation
of multiple gene modifications in pigs, after removing
the ZP, ZP-free zygotes were electroporated with two
gRNAs targeting GGTAI and CMAH to generate embryos
with both GGTAI and CMAH mutations. Electroporated
zygotes were then cultured with PZM-5 and PBM in four-
well dishes for 7 d, as described above. Centrifugation at
1000 x g was the most suitable for embryonic development
and target mutation in the first experiment was used in the
second experiment. As a control, the ZP-intact zygotes
with or without centrifugation were electroporated.

Statistical analysis The percentage data for embryos
that developed to the blastocyst stage were compared by
analysis of variance (ANOVA) using the general linear
model procedure in SAS for Windows, version 9.1 (SAS
Institute, Cary, NC). The percentage of gene-edited blas-
tocysts was analyzed using the chi-square test with Yates
correction. In the second experiment, the statistical model
included the ZP, centrifugation, and two-way interac-
tions. If the interactions were not significant, they were
excluded from the model but retained to test the effects
of ZP or centrifugation treatment. Differences with a
p-value (P) of 0.05 or less were considered statistically
significant.

Figure 2. Relative positions
of gRNA target sequences

Forward primer

Results

As shown in Tables 1 and 2, the centrifugation treatment
did not affect the blastocyst formation rates of zygotes elec-
troporated with gRNA targeting GGTAI and CMAH genes,
irrespective of the centrifugation gravity before electropora-
tion treatment. Assessing the target sequence of the resulting
blastocysts revealed that centrifugation at 2000 X g increased
the total and monoallelic mutation rates of zygotes elec-
troporated with gRNA targeting the GGTAI gene compared
to those of control zygotes without centrifugation treat-
ment. However, the groups had no significant differences in
biallelic mutation rates. In contrast, centrifugation at more
than 1000 X g significantly increased the biallelic mutation
rates and mutation efficiency of zygotes electroporated with
gRNA targeting CMAH (P <0.05).

When comparing the effects of centrifugation of zygotes
before electroporation in combination with ZP removal on
the embryonic development of zygotes electroporated simul-
taneously with two gRNAs targeting GGTAI and CMAH
genes, there were no significant differences in the rates of
blastocyst formation (Fig. 3). When mutation rates were
assessed after individual sequencing of the target sites of
each gene in the resulting blastocysts (Fig. 4), the rate of
double biallelic mutations was significantly higher (P <0.05)
in embryos with centrifugation treatment combined with ZP
removal than in embryos without centrifugation treatment.
Moreover, all embryos had mutations in the GGTAI and
CMAH genes due to ZP removal. However, there were dif-
ferences in the rates of double biallelic mutations between
ZP-free embryos with and without centrifugation.

Discussion

Mosaicism reduction can generally be achieved using in vitro
transcription (IVT) of sgRNAs and Cas9 instead of CRISPR/
Cas9 plasmids (Horii ez al. 2014), and for further improvement,
utilizing the Cas9 protein in the Cas9 protein/sgRNA format,
rather than Cas9 RNA, has been demonstrated to be effec-
tive (Aida et al. 2015; Hendel et al. 2015; Burger et al. 2016).

AGAAGACGCTATAGGCAACGAAAAGGAACAA
Reverse primer
—>

and primer pairs (flanking GGTA1 — ha
the gRNA target site). Frag-

ments with 449 bp and 333 bp 449 bp

were generated for sequence

analysis of GGTAI and CMAH,

respectively. Nucleotides in GCCGAAGCTGCCAATCTCAAGGAAGGAATCA

blue and red represent the target Forward primer ., _Reverse primer
sequences and PAM sequences CMAH

of each gRNA, respectively.

333 bp
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Table 1. Embryonic development and mutation of zygotes edited with gRNAs targeting GGTA after centrifugation treatment with various grav-

ities*

Centrifugation  Zygotes Blastocysts (mean + SEM) Blastocysts No. (mean) of blastocysts*** Mutation

(gravity) ** examined examined effi-
ciency****

Total mutation Monoallelic Biallelic

Control 253 37 (14.8+2.9) 24 19 (79.2)° 10 (41.7)* 9 (37.5) 73.2+64%

1000 253 45 (17.8+2.1) 35 32 (91.4)° 15 (42.9)* 17 (48.6) 79.0 +4.6*°

2000 252 44 (17.6+£2.0) 28 28 (100)* 20 (71.4)° 8 (28.6) 73.8+4.4*

5000 248 32 (12.9+1.5) 22 22 (100)*° 10 (45.5)*° 12(54.5)  88.6+2.8°

10,000 253 42 (16.6+2.1) 32 27 (84.4) *° 13 (40.6)* 14 (43.8) 82.0+4.1*°

“All the experiments were repeated five times. Data are expressed as the mean + SEM

“"The putative zygotes were electroporated with gRNAs targeting GGTA after centrifugation treatment at 10 h of insemination. As a control,

the zygotes were electroporated without centrifugation

“*Percentages were calculated by dividing the number of gene-edited blastocysts by the number of examined blastocysts

skl

The mutation efficiency represents the proportion of indel mutation events in mutant blastocysts determined by the TIDE analysis

a-bValues with different superscript letters in the same column are significantly different (P <0.05)

Table 2. Embryonic development and mutation of zygotes edited with gRNAs targeting CMAH after centrifugation treatment with various grav-

ities*

Centrifugation  Zygotes Blastocysts (mean + SEM) Blastocysts No. (mean) of blastocysts®** Mutation

(gravity) ** examined examined effi-
ciency****

Total mutation Monoallelic Biallelic

Control 254 38 (14.9+1.9) 27 21 (77.8) 9(33.3) 12 (44.4  76.5+6.5°

1000 254 34 (13.4+1.2) 20 20 (100)° 1 (5.0)° 19 (95.0)° 959+1.4°

2000 251 36 (14.5+0.9) 25 24 (96.0)*° 5 (20.0)*P 19 (76.0°  91.8+2.9°

5000 258 32 (12.4+0.8) 19 19 (100)° 2 (10.5)*P 17 (89.5)° 93.6+2.1°

10,000 254 38 (14.9+1.9) 29 29 (100)° 6 (20.7)° 23 (79.3)° 90.5+3.0

“All the experiments were repeated five times. Data are expressed as the mean + SEM

“"The putative zygotes were electroporated with gRNAs targeting CMAH after centrifugation treatment at 10 h of insemination. As a control, the

zygotes were electroporated without centrifugation

““Percentages were calculated by dividing the number of gene-edited blastocysts by the number of examined blastocysts

sk

"The mutation efficiency represents the proportion of indel mutation events in mutant blastocysts determined by the TIDE analysis

a-dValues with different superscript letters in the same column are significantly different (P <0.05)

However, these two approaches have decreased mosaicism with-
out complete elimination (Mehravar et al. 2019). In the present
study, we investigated additional methods to enhance system
efficacy and mitigate the persistent challenges of mosaicism.
In the first experiment, we examined the effects of gravi-
tational centrifugation before electroporation in putative
zygotes on embryonic development and target mutations in
the resulting blastocysts. When employing gRNA targeting
either the GGTAI or CMAH genes, centrifugation of puta-
tive zygotes before electroporation yielded superior results
for certain parameters, such as total mutation, monoallelic
mutation, biallelic mutation, or mutation efficiency in the
resulting blastocysts, compared to the control condition.

@ Springer

Porcine embryos may exhibit greater tolerance for the uptake
of foreign genetic material because of their higher cytoplas-
mic lipid content than embryos of other domestic animals
(Tominaga et al. 2000). This factor is potentially attributed
to the crucial role of lipids in signaling, membrane traffick-
ing, and cell polarization (Rajendran and Simons 2005).
This suggests that lipid droplet polarization during high-
speed centrifugation could potentially influence electropora-
tion efficiency without adversely affecting embryo develop-
ment, as it triggers cellular responses, such as alterations in
membrane dynamics, endocytosis (Rajendran and Simons
2005), or other processes related to the uptake of foreign
genetic material. However, the effects of centrifugation
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Figure 3. Effects of removing the zona pellucida (ZP) after cen- number of edited blastocysts to the total number of sequenced blas-
trifugation in putative zygotes on embryonic development and target tocysts. Single mutation, blastocysts carrying a mutation in GGTAI
mutations. After centrifugation at 1000 X g, ZP-intact (ZP+) and ZP- or CMAH; Double-mutation, blastocysts carrying mutations in
free (ZP-) zygotes were electroporated. As a control, both zygotes GGTAI and CMAH; Double biallelic mutation, blastocysts carrying
without centrifugation treatment were electroporated. Electropora- biallelic mutations in GGTAI and CMAH. Five replicate trials were

tion treatment introduced two gRNAs targeting GGTAI and CMAH performed. Data are expressed as mean+ SEM. The numbers within
genes simultaneously into zygotes. (A) Blastocyst formation rates of parentheses indicate the total number of examined oocytes or blasto-
cultured embryos. Blastocyst development was assessed after 7 d. (B) cysts. Superscript letters, A-B and a-b, show a significant difference
The genotype of blastocysts was determined using Sanger sequencing in the rate of “Double biallelic mutation” and “Double mutation,”
and TIDE analysis. Each mutation rate was defined as the ratio of the respectively (P <0.05).

GGTA1 CMAH

\ GGTAT gRNA \ CMAH gRNA
AGAAGACGCTATAGGCAACGAAAAGGAACAAAGAAAA GCCGAAGCTGCCAATCTCAAGGAAGGAATCAATTTTG

Wild t e . ‘ , TS, e
e pe YNATAVYAAVATATA /\/\ A /\/\ YWANA [\AJ\ /\f“(\f\’\L | #AA‘A[\ W A
Single " N N byl
mutation [\ AV A \J\l A Y /\l\ /\/\ ) /\

Double

A \"‘\ A A f A
mutation AVATAYLVAYAYATA /\/\ WA AaLAAAAAA \ALAIVIAL

10 bp deletion 14 bp deletion

Double

R " - “r\r ’\"\ A
biallelic mutation a /\Al/\A/1/ A /\ WA VAN aolAL
Figure 4. Representative results of Sanger sequencing of blastocysts ble mutation: GGTAI and CMAH indicate a mixture of mosaic muta-
formed after electroporation treatment with Cas9 protein, GGTAI tion with multiple indel mutations and WT. Double biallelic muta-
(left), and CMAH (right) gRNAs. The TIDE bioinformatics package tion: GGTAI indicates biallelic mutation with only 10 base deletions,
was used to determine the genotype of each blastocyst. Single muta- and CMAH indicates biallelic mutation with no WT sequence and
tion: GGTAI indicates a mixture of mosaic mutation with multiple two types of indels (14 base deletions and 5 base insertions).

indel mutations and wild type (WT), and CMAH indicates WT. Dou-

gravity on the target mutations in the resulting blastocysts  resulting double-strand breaks (DSBs) and repair products
appear to be dependent on the gRNA used; the gRNA tar-  could influence the nature of genetic mutations (Mehravar
geting the GGTAI gene yielded favorable results for total et al. 2019). Despite these observations, the exact underly-
and monoallelic mutation rates at 2000 X g, whereas the  ing mechanism remains to be conclusively identified and
gRNA targeting the CMAH gene produced favorable results ~ understood.

for biallelic mutation rates and mutation efficiency at lev- In the second experiment, the effects of ZP removal
els exceeding 1000 X g. This difference may be associated  after centrifugation in putative zygotes before simultane-
with the intrinsic properties of the target locus, where the  ous electroporation with two gRNAs targeting the GGTAI
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and CMAH genes on both embryonic development and
the induction of target mutations in the resulting blasto-
cysts were compared, as increased mutation rates may be
associated with ZP removal. The ZP serves as a protective
coating for mammalian oocytes and embryos, preserving
the integrity of the preimplantation embryo, ensuring a
stable microenvironment, and shielding the embryo from
bacteria, fungi, immune cells, and mechanical injury while
traversing the oviduct (Wassarman and Litscher 2008;
Vajta et al. 2010; Li et al. 2013b). In vitro procedures
can induce hardening of the ZP due to the influence of
various chemical agents (Cohen et al. 1990), resulting in
alterations to the ZP structure (Michelmann et al. 2007),
which could pose an obstacle during electroporation. Our
results indicate that ZP removal had no significant adverse
effects on embryonic development. This finding aligns with
the findings of Li ef al. (2013b), who reported that ZP
removal might enhance embryonic quality by accelerat-
ing embryonic development and reducing the number of
apoptotic cells in blastocysts. This suggests that combin-
ing ZP removal with centrifugation is viable for preparing
porcine zygotes before electroporation, as it demonstrates
no negative impact on embryo development.

When evaluating the mutation rates, all embryos showed
mutations in GGTAI and CMAH attributable to ZP removal,
regardless of centrifugation. We used a group culture sys-
tem of ZP-free zygotes and embryos after electroporation,
which may lead to the aggregation of two or more embryos
in some embryos, resulting in chimeric blastocysts. This was
a serious limitation of our group culture system as a method
for evaluating the development and mutation of edited
zygotes. Therefore, individual culture systems for ZP-free
embryos should be optimized, e.g., using individual micro-
well cultures, to achieve efficient embryo development and
thus address the limiting factor of embryo aggregation lead-
ing to chimerism. However, our observation supports the
hypothesis that the presence of ZP impedes electroporation.
Generally, the electrical pulse applied during electropora-
tion induces the reversible breakdown of the ZP and the
cellular membrane, leading to pore formation that facili-
tates the introduction of DNA/RNA into embryos (Hirata
et al. 2019). Consequently, without the ZP, the electrical
pulse would only be needed to induce pore formation in the
cellular membrane, simplifying the introduction of foreign
genetic material into the embryos. This suggests that, in the
present study, the removal of the ZP was crucial for deliver-
ing all CRISPR/Cas9 components into the embryos, includ-
ing the two gRNAs targeting the GGTAI and CMAH genes.
Although the limited amount of genomic DNA in each blas-
tocyst did not allow for analysis of the large deletions gener-
ated during double-strand break repair after Cas9 cleavage,
the analysis of targeted gene sequences in a single blasto-
cyst revealed that the rates of double biallelic mutations in

@ Springer

ZP-free embryos without centrifugation were significantly
lower than those observed after centrifugation. This finding
indicates that centrifugation may be pivotal in improving
double biallelic mutation rates and reducing mosaicism,
possibly by influencing cellular responses (Rajendran and
Simons 2005) or other processes associated with introducing
CRISPR/Cas9 components.

Conclusions

In conclusion, our findings indicated that pre-electroporation
treatments involving centrifugation and ZP removal posi-
tively affect the reduction of mosaic mutations. Notably, the
effect of centrifugation varied depending on the gRNA used.
Therefore, the combined application of centrifugation and
ZP removal has emerged as a potential strategy to mitigate
mosaicism in the CRISPR system, particularly in porcine
embryos.
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