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Abstract 
Recently, successful one-step genome editing by microinjection of CRISPR/Cas9-related mRNA components into 
the porcine zygote has been described. Given the relatively long gestational period and the high cost of housing 
swine, the establishment of an effective microinjection-based porcine genome editing method is urgently required. 
Previously, we have attempted to disrupt a gene encoding -1,3-galactosyltransferase (GGTA1), which synthesizes 5 
the -Gal epitope, by microinjecting CRISPR/Cas9-related nucleic acids and enhanced green fluorescent protein 
(EGFP) mRNA into porcine oocytes immediately after electrical activation. We found that genome editing was 
indeed induced, although the resulting blastocysts were mosaic and the frequency of modified cells appeared to be 
low (50%). To improve genome editing efficiency in porcine oocytes, cytoplasmic injection was performed 6 h 
after electrical activation, a stage wherein the pronucleus is formed. The developing blastocysts exhibited higher 10 
levels of EGFP. Furthermore, the T7 endonuclease 1 assay and subsequent sequencing demonstrated that these 
embryos exhibited increased genome editing efficiencies (69%), although a high degree of mosaicism for the 
induced mutation was still observed. Single blastocyst-based cytochemical staining with fluorescently labeled 
isolectin BS-I-B4 also confirmed this mosaicism. Thus, the development of a technique that avoids or reduces such 
mosaicism would be a key factor for efficient knock out piglet production via microinjection. 15 
 
Keywords: -Gal epitope; -1,3-galactosyltransferase; CRISPR/Cas9; microinjection; mRNA; mosaicism; 
biallelic KO; indels; isolectin BS-I-B4 
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1. Introduction  
 

Recently, a series of nuclease-based genome editing technologies, including zinc-finger nuclease (ZFN), 
transcription activator-like effector nucleases (TALEN), and clustered regularly interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated (Cas)9 (CRISPR/Cas9), have been developed. They enable targeted and 5 
efficient modification of a variety of eukaryotic species, particularly mammalian [1,2]. In the case of 
CRISPR/Cas9-based genome editing, it requires a guide RNA (gRNA) which can bind to the specific 
chromosomal DNA site together with the Cas9 endonuclease [3–6]. Once bound, two independent nuclease 
domains in Cas9 will each cleave one of the DNA strands 3 bases upstream of the protospacer adjacent motif 
(PAM), introducing double-strand breaks (DSBs) at the host chromosome target site, which are repaired by 10 
non-homologous end-joining (NHEJ). The NHEJ-based repair process generates nucleotide insertion or deletion 
(indel mutations), or causes a frame-shift, which disables encoded proteins or forms premature stop codons, 
ultimately leading to the generation of a loss-of-function allele. Due to the difficulties in design and assembly, and 
the limited availability of target sites [7], CRISPR/Cas9 is becoming the most frequently used tool for producing 
genetically modified organisms [1,2]. To perform CRISPR/Cas9-mediated genome editing efficiently, the selection 15 
of appropriate gRNA is important, since targeting efficiency can vary between loci, and even between target sites 
within the same locus [8–10]. 

Direct zygotic injection of CRISPR/Cas9 components is becoming a major tool for the production of biallelic 
knock out (KO) animals, including mice, rats, rabbits, and monkeys [11–18]. In the case of KO pig production, Hai 
et al. [19] first demonstrated that cytoplasmic injection of mRNAs as CRISPR/Cas9 components into zygotes 20 
isolated from oviducts, and subsequent return of the treated zygotes to the source oviducts, led to the production of 
biallelic KO piglets. Whitworth et al. [20] also achieved similar results using in vitro-produced zygotes. These 
findings encouraged us to produce KO piglets through one-step injection of CRISPR/Cas9-related components 
(mRNA) into zygotes. On this occasion, the most important issue was determining the appropriate gRNA to enable 
efficient genome editing. Most porcine studies have focused on molecular analysis of resulting fetuses or newborns 25 
to confirm the presence of genome editing-induced mutations; determining whether the constructed gRNA is 
optimal for efficient target gene KO is both time-consuming and labor-intensive. Sakurai et al. [21] proposed a 
single blastocyst-based assay in mice, which is centered on the T7 endonuclease 1 (T7E1)-based cleavage assay for 
CRISPR/Cas9-induced indel detection. They used repeated PCR of genomic DNA isolated from a single blastocyst 
for target region amplification and successfully identified mutant alleles. In mice and swines, it takes 3 and 7 days, 30 
respectively, to reach the blastocyst stage after fertilization. Therefore, rapid evaluation is possible if blastocysts are 
used for molecular analyses. The other advantage to using a single blastocyst as an experimental target is that 
localization of the protein generated from a target locus can be simply assessed by cytological methods using lectin 
or antibody probes. In other words, assessing the consequence of mutations at a target locus should be possible by 
single embryo staining in the presence of such probes.  35 

-1,3-galactosyltransferase (-GalT) synthesizes the -Gal epitope (Galα1-3Galβ1-4GlcNAc-R), which is 
expressed on the cell surface in almost all mammals, except for humans and Old World monkeys [22,23]. The 
-Gal epitope is specifically recognizable by staining with the isolectin, BS-I-B4 (IB4) [24,25]. We have previously 
described the expression of -Gal epitope in porcine embryos using quantitative reverse transcription (RT)-PCR 
and cytochemical staining with fluorophore-conjugated lectin, which showed that its expression was already 40 
observable in oocytes and their zona pellucida (ZP), likely because of maternally accumulated products [26]. 
-GalT mRNA (generated from the embryonic genome) is detectable throughout the embryonic cleavage stage 
and reaches peak expression during the blastocyst stage [26]. However, our previous experiment using -Gal 
epitope negative cells as a somatic cell nuclear transfer (SCNT) donor demonstrated that -Gal epitope expression 
detected by staining with a fluorophore-conjugated IB4 was almost diminished in both ZP and embryo itself in the 45 
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SCNT-derived blastocysts [27], which suggested the disappearance of the accumulation of the maternally inherited 
-Gal epitope in the cytoplasm of embryo and ZP, during embryogenesis and up to the blastocyst stage. This 
unique detection system using a fluorophore-conjugated IB4 is beneficial to researchers, since the consequence of 
CRISPR/Cas9-mediated genome editing can be visualized as a loss of the -Gal epitope from the blastocyst 
surface. In our previous study, we injected mRNA CRISPR/Cas9 components targeted to the porcine -GalT gene 5 
(GGTA1) into parthenogenetic oocytes immediately after electric activation, and found that genome editing was 
indeed successful, although its mode was mosaic and its frequency appeared to be low (50%) [28]. 

There are several factors affecting the genome editing efficiency of zygote injection experiments, apart from 
appropriate gRNA selection. For example, there may be a particular mRNA concentration that confers the greatest 
target gene KO efficiency. Furthermore, there may be a particular zygotic injection time that permits the greatest 10 
KO efficiency. In the previous successful KO piglet studies [19,20], mRNA was injected into in vivo-fertilized 
oocytes collected from females the day after insemination or in vitro-fertilized (IVF) oocytes at 14 h 
post-fertilization, suggesting that injection during the pronuclear stage may be suitable. Therefore, in this study, we 
injected mRNA into porcine oocytes 6 h after electric activation, when most oocytes should contain pronuclei [29], 
to assess whether this improved the rate of successful genome editing.  15 
 
2. Materials & methods  
 

The experiments described were performed in accordance with the guidelines of Kagoshima University 
Committee on Recombinant DNA Security and approved by the Animal Care and Experimentation Committee of 20 
Kagoshima University (no. S28003; 16th May, 2016).  
 
2.1. Experimental outline  
 

An outline of this study is shown in Fig. 1A. We chose parthenogenetically activated (PA) porcine oocytes that 25 
had been electrically activated because they develop normally in vitro, like the IVF porcine oocytes [30]. 
Immediately after electrical activation, CRISPR/Cas9-related mRNA + enhanced green fluorescent protein 
(EGFP) mRNA was injected into the cytoplasm of oocytes (control group; Cont), which were then cultured in vitro 
for 7 d to reach the blastocyst stage. In the experimental (Exp) group, the PA oocytes were cultured for 6 h after 
electrical activation, and then injected with the same mRNAs described above. The injected oocytes were treated as 30 
shown for the Cont group. The development rates of the injected oocytes to the 2-cell and blastocyst stages were 
recorded for each group. All resulting blastocysts were fixed and stained red with Alexa Fluor 594-labeled IB4 
(AF594-IB4), which can specifically bind to the -Gal epitope [25]. Thus, it is likely that blastocysts with 
EGFP-derived fluorescence may also have exhibited decreased -Gal epitope expression due to 
CRISPR/Cas9-mediated disruption of the -GalT gene. However, blastocysts without any EGFP-derived 35 
fluorescence would exhibit normal AF594-IB4 staining, since they may have lost the injected mRNA and therefore 
had no target gene mutations. After fluorescence photography, each blastocyst was transferred to a small tube and 
lysed to isolate genomic DNA, which was subjected to whole genome amplification (WGA) for a T7E1-based 
assay and sequencing, as detailed below. 
 40 
2.2. Preparation of mRNAs for microinjection 
 

All CRISPR/Cas9 components were the same as reported in our previous paper [27]. For Cas9 expression in 
mammalian cells, we used a plasmid encoding humanized Cas9, a gift from George Church (Addgene plasmid # 
41815) [31]. The plasmid for gRNA#3 (pgRNA#3) was used to target a sequence spanning ATG in exon 4 of 45 
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GGTA1 (Fig. 1B; [27,28]). In this plasmid, poly(A) tail (T stretches) is present immediately downstream of the site 
(to which the gRNA sequence is inserted) to ensure stability of the resulting gRNA itself.   

To prepare in vitro synthesized Cas9 and EGFP mRNA, the Cas9 coding sequence and EGFP cDNA in 
pEGFP-N1 (Invitrogen, Carlsbad, CA, USA) with poly(A) sequence were cloned into the pBluescript II plasmid 
(Stratagene, La Jolla, CA, USA), which contains a T7/T3 promoter for in vitro transcription. The resulting plasmids 5 
were linearized by Sap I, and in vitro transcribed by T3 mMESSAGE mMACHINE kit (#AM1348; Ambion, 
Austin, TX, USA) according to the manufacturer’s instructions. The gRNA#3 plasmid was PCR-amplified with 
α3GalTt7-SF (5 -́AGTAATACGACTCACTATAGGGAGAAAATAATGAATGTC-3ʹ) and gRNA-SR (5ʹ- 
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT-3ʹ) by using KOD-plus (#KOD-201; Toyobo Co, 
Osaka, Japan). The synthetic gRNA was transcribed from the template using the T7 mMESSAGE mMACHINE 10 
kit (#AM1347; Ambion). Prepared RNAs were purified using the MEGAclear Kit (#AM1908; Ambion) and 
recovered in RNase-free HEPES-buffered saline (#H3537; Sigma-Aldrich Co., St. Louis, MO, USA). Finally, the 
RNA product was checked prior to the microinjection by electrophoresis on a 1 or 2% agarose gel containing 
formalin, using 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (Fig. 1C). 

 15 
2.3. Isolation of porcine oocytes, in vitro maturation, and electric activation  
 

Porcine oocytes were prepared as previously described by Himaki et al. [32]. Briefly, ovaries were collected 
from prepubertal gilts at a local slaughterhouse and transported to the laboratory. Cumulus oocyte complexes 
(COCs) were aspirated from 2 to 5 mm diameter antral follicles with an 18 gauge needle (Terumo, Tokyo, Japan) 20 
and fixed to a 5 mL disposable syringe (Nipro, Osaka, Japan). The COCs were washed 3 times washed twice with 
HEPES (Nacalai Tesque, Kyoto, Japan)-buffered Tyrode-lactate-pyruvate-polyvinyl alcohol (HEPES-TLP-PVA) 
(PVA; Sigma-Aldrich Co.), and 40–50 COCs were transferred to 200 L of the maturation medium in a 35 mm 
dish (#1008; Becton Dickinson, Franklin Lakes, NJ, USA) and pre-equilibrated at 38.5 °C in an atmosphere of 5% 
CO2 overnight. The maturation medium contained 90% (v/v) TCM-199 with Earle’s salts (Gibco BRL, Grand 25 
Island, NY, USA), supplemented with 0.91 mM sodium pyruvate (Sigma-Aldrich Co.), 3.05 mM D-glucose 
(Wako Pure Chemical, Osaka, Japan), 0.57 mM cysteine hydrochloride hydrate (Sigma-Aldrich Co.), 10 ng/mL 
epidermal growth factor (Sigma-Aldrich Co.), 10 IU/mL eCG (Aska Pharmaceutical Co., Tokyo, Japan), 10 IU/mL 
hCG (Aska Pharmaceutical Co.), 100 µg/mL amikacin sulfate (Meiji Seika, Tokyo, Japan), 0.1% (w/v) PVA, and 
10% (v/v) pig follicular fluid that had been covered with paraffin oil (Nacalai Tesque). After 42–44 h of maturation 30 
culture, the cumulus cells were removed by pipetting with 0.1% (w/v) hyaluronidase (Sigma-Aldrich Co.). Oocytes 
with a polar body were selected for the experiments. 

For PA oocyte production, denuded oocytes (20-40) were placed between two wire electrodes 1 mm apart in 
activation medium (250.3 mM sorbitol, 0.5 mM Ca(CH3COO)2, 0.5 mM Mg(CH3COO)2, and 0.1% BSA) [32]. 
Activation was induced with one direct current pulse of 100 V/mm for 50 μs using an LF 101 Fusion Machine 35 
(Nepa Gene Co., Chiba, Japan). 
 
2.4. Cytoplasmic microinjection  
 

Activated oocytes were transferred to HEPES-TLP-PVA and then subjected to a single 2 pL cytoplasmic 40 
injection of 120 ng/L humanized Cas9 mRNA, 50 ng/L gRNA, and 120 ng/L EGFP mRNA. Successful 
injection was confirmed by a slight swelling of the oocyte cytoplasm. The injected oocytes were cultured in a drop 
(50 L) of modified PZM-3 (mPZM-3) medium [33] containing 0.5 M latrunculin A (LatA) (# L5163; 
Sigma-Aldrich Co.) for 2 h at 38.5 °C to increase their in vitro developmental rate [32]. After washing with 
mPZM-3 medium three times, these oocytes were cultured in mPZM-3 medium under an atmosphere of 5% 45 
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CO2/5% O2/90% N2 at 38.5 C. Cleavage and blastocyst formation were evaluated on days 2 and 7 of culture, 
respectively.  

The developing blastocysts were then fixed for 5 min at room temperature in 4% paraformaldehyde in 
phosphate-buffered saline (PBS), pH 7.4, prior to fluorescence observation and subsequent lysis, as mentioned 
below. 5 
 
2.5. Genomic DNA isolation, WGA, and PCR   
 

The fixed single blastocyst was transferred to a PBS drop (1 L) in a 0.5 mL PCR tube (#PCR-05-C.; AxyGen 
Scientific, Inc., Union City, CA, USA) with the aid of a mouth-piece-controlled micropipette. Genomic DNA was 10 
extracted by adding 20 L of lysis buffer [0.125 g/mL of Proteinase K, 0.125 g/mL of Pronase E, 0.32 M sucrose, 
10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 1% (v/v) Triton X-100] to the blastocyst-containing drop and 
incubating for 2–3 days at 37 C, followed by extraction with phenol/chloroform [28]. The supernatant was then 
ethanol-precipitated with the aid of the GenTLE Precipitation Carrier (#9094; Takara Bio, Inc., Ōtsu, Japan). The 
precipitated DNA was dissolved in 20 L of sterile water. The DNA was stored at 4 C.  15 

To increase the amount of whole genomic DNA, we employed WGA using Illustra GenomiPhi V2 DNA 
Amplification Kit (#25-6600-31; GE Health Care Japan, Tokyo, Japan), as previously described [34]. Briefly, 2 L of 
genomic DNA was mixed with 8 L reaction buffer, containing the enzyme in a 20 L volume, and was then allowed 
to react overnight at 30 C. The resulting WGA products (2 L) were subjected to the 1st PCR using the primer set 
Ex4-S (5ʹ-GCAAATTAAGGTAGAACGCA-3ʹ) and Ex4-RV (5ʹ-GCTGCCCCTGAGCCACAACG-3 )́ (Fig. 1B) 20 
in a volume of 20 L, using the PCR conditions previously described [28]. As controls, genomic DNA (~5 ng) 
isolated from normal porcine embryonic fibroblasts (PEFs) [27] were concomitantly PCR-amplified. Next, nested 
PCR was performed using 2 L of the 1st PCR products and the primer set Ex4-2S 
(5 -́CTCCTTAGCGCTCGTTGGCT-3ʹ) and Ex4-2RV (5 -́GCAACTCTCTGGAATGCTTT-3ʹ) (Fig. 1B) in a 20 L 
volume using the same PCR conditions as the 1st PCR. The resulting product is ~350 bp. One microliter of the PCR 25 
products was checked via electrophoresis on a 2% agarose gel. The remaining products were then ethanol-precipitated 
and re-suspended in ~20 L of sterile water, and the DNA concentration was measured using a spectrophotometer. 

 
2.6. T7E1-based assay and sequencing  
 30 

For the T7E1-based cleavage assay, 10 L of 1× NEB2 reaction buffer (New England BioLabs Japan Inc., Tokyo, 
Japan) containing 400 ng of the nested PCR products derived from the experimental sample (200 ng derived from a 
blastocyst developed from an mRNA-injected oocyte) and control sample (200 ng derived from normal PEFs) were 
placed in a 0.5 mL PCR tube (AxyGen Scientific, Inc.). The PCR tube was incubated at 95 °C for 5 min using a 
thermal cycler (PC-708; Astec, Fukuoka, Japan) to denature the sample and then incubated for 0.5–1 h at room 35 
temperature (24 °C) to allow for re-annealing and to generate heteroduplex DNA. Next, 1 L of T7E1 (2.5 U/L; 
New England BioLabs Japan Inc.) was added to the denatured/re-annealed sample, and the PCR tube was incubated 
at 37 °C for 1 h. The nuclease-treated solutions were electrophoresed on a 2% agarose gel, and the gel was stained 
with ethidium bromide and photographed under ultraviolet illumination.  

For sequencing, some of the nested PCR products ~350 bp in length were first subjected to direct sequencing 40 
using the E-S primer (5ʹ-AGATATTGGTATAAGCACTTC-3ʹ) (Fig. 1B). Furthermore, some of these PCR products 
were sub-cloned into the TA cloning vector pCR2.1 (Invitrogen) for sequencing. The resulting clones were subjected 
to sequencing using the E-S primer. Direct sequencing using dye termination cycle sequencing was performed at 
FASMAC Co., Ltd. (Atsugi, Kanagawa, Japan). 

 45 
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2.7. Staining with AF594-IB4, detection of fluorescence, and fluorescence analysis 
 

The protocol for blastocyst staining with AF594-IB4 (#I21413; Invitrogen) was described in our previous paper 
[27]. The stained blastocysts were examined under a fluorescence microscope (BX60; Olympus, Tokyo, Japan) 
using DM505 (BP460-490 and BA510IF; Olympus) and DM600 filters (BP545-580 and BA6101F; Olympus), 5 
which were used to detect EGFP-derived green fluorescence and AF594-derived red fluorescence, respectively. 
Micrographs were taken using a digital camera (FUJIX HC-300/OL; Fuji Film, Tokyo, Japan) attached to the 
fluorescence microscope, and images were printed using a Mitsubishi digital color printer (CP700DSA; Mitsubishi, 
Tokyo, Japan).  

In some cases, the strength of the EGFP-derived fluorescence (luminance) in single blastocysts was measured 10 
in candelas per square meter (cd/m2) using a tool (NIS-Elements; Nikon Co., Tokyo, Japan).  
 
2.8. Examination of nuclear status in PA oocytes 
 

To examine the nuclear status in PA oocytes after cytoplasmic injection, oocytes were first fixed with 25% (v/v) 15 
acetic acid in ethanol for 48-72 h at room temperature immediately or 6 h after electrical activation, and then 
subjected to staining with 1% (w/v) orcein in 45% (v/v) acetic acid. The images were captured using the Nomarski 
differential interference microscope (Olympus).   
 
2.9. Statistics  20 
 

Data are presented as mean ± standard error (SE). All percentage data were subjected to arcsine transformation for 
each replicate. The transformed values and the strength of EGFP-derived fluorescence were analyzed using one-way 
ANOVA followed by Fisher’s protected least significant difference test. A probability of p < 0.05 was considered 
statistically significant. 25 
 
3. Results  
 
3.1. Evaluating CRISPR/Cas9-based genome editing efficiency in porcine embryos  
 30 

As outlined in Fig. 1A, oocytes that were matured in vitro immediately or 6 h after electric activation were 
injected with a solution containing Cas9 mRNA, gRNA, and EGFP mRNA into the cytoplasm and then cultured 
in vitro for 7 days until the blastocyst stage. In both groups, the cleavage rate (69.6% vs. 78.8%; Table 1) and 
blastocyst formation rate (46.6% vs. 48.2%; Table 1) were comparable to those of intact PA oocytes (67.7% for 
cleavage and 33.1% for blastocyst formation; [32]). Thus, the timing of the RNA injection does not appear to be a 35 
critical factor for porcine embryonic development. 

After briefly fixing all the developing blastocysts and subsequently staining with AF594-IB4, both 
EGFP-derived green and AF594-derived red fluorescence was examined under a fluorescence microscope. 
Notably, the number of green fluorescent blastocysts derived from oocytes injected 6 h after activation (Exp group) 
was significantly higher (p < 0.05) than that of the blastocysts derived from oocytes injected immediately after 40 
activation (Cont group) (Exp vs. Cont, “EGFP” column of Fig. 2A; 77.8% vs. 41.6%, left panel of Fig. 2B). 
Furthermore, the intensity of green fluorescence in the Exp group was significantly higher (p < 0.05) than in the 
Cont group (30.7 vs. 8.1, right panel of Fig. 2B). Unfortunately, the green fluorescent blastocysts in both groups, 
which were hypothesized to have successfully disrupted the GGTA1 target gene [28], were all positive for the 
AF594-IB4 stain (“AF594-IB4” column of Fig. 2A), suggesting that in these green fluorescent blastocysts, almost 45 
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all the cells were mono-allelic knockout (KO) cells (positive for -Gal expression) or wild-type cells (positive for 
-Gal expression). Thus, even if biallelic KO cells (complete loss of -Gal expression) were present in these 
embryos, there would only be a few in the blastocyst.  

Next, we performed molecular analyses to determine whether these green fluorescent blastocysts possessed 
indels at the target locus. Exp group embryos (29 green fluorescent and 5 non-fluorescent embryos) were lysed and 5 
genomic DNA was isolated. As shown in Fig. 1A, we employed WGA to amplify the whole genome of a single 
blastocyst prior to direct PCR-based amplification of the target locus. According to our previous data, 
approximately 84 ng of genomic DNA can be obtained per blastocyst [34]. When PCR (1st and nested) was 
performed using WGA products as the template, all the samples successfully yielded distinct ~350 bp products, 
which corresponded to the region spanning the target site (data not shown). Using these WGA/PCR-based 10 
amplified samples, we performed a T7E1-based cleavage assay. A representative example is shown in Fig. 3A. 
Sixty-nine percent (20/29) of the green fluorescent blastocysts derived from parthenotes at 6 h after the activation 
had two cleaved bands at ~200 and ~150 bp, together with ~350-bp products (lanes 1–4, 10, 12–14, 17, and 19–21 
in Fig. 3A; Table 2), which indicated that they contained both mutant (monoallelic and biallelic KO cells) and 
wild-type cells. In contrast, non-green fluorescent blastocysts had no cleaved bands (lanes 5–9, Fig. 3A), which 15 
suggested that they contained wild-type cells. This was also supported by cytochemical AF594-IB4 staining, which 
showed that these blastocysts were uniformly labeled (“Exp” in Fig. 2A; Table 2). In contrast, 38% of the green 
fluorescent blastocysts derived from parthenotes at 0 h after the activation exhibited indels (lanes 23, 24, 29, 33 and 
34 shown in Fig. 3A; Table 2). Similar to the “Exp” group, all blastocysts in “Cont” were positively stained with 
AF594-IB4 (“Cont” in Fig. 2A; Table 2). To further examine the location of indels in GGTA1, the ~350-bp PCR 20 
products obtained from three blastocysts (lanes 1–3 in Fig. 3A), together with the control samples (products from 
intact PEFs; lane C in Fig. 3A), were subjected to direct sequencing by using the E-S primer (corresponding to the 
sequence upstream of the GGTA1 start codon; Fig. 1B). As predicted, there were disordered ideograms 
downstream of the start codon (indicated by “start of error ideograms” in Fig. 3B) in all the samples that had 
cleaved bands in the T7E1 assay, indicating the presence of multiple (at least one) mutations. In contrast, no 25 
disordered ideograms were noted in the control samples (“Wild-type PEFs” in Fig. 3B). To further examine the 
mutation types present in the green fluorescent blastocysts, the ~350 bp PCR products from the samples shown in 
lanes 1 to 3 of Fig. 3A were cloned into a TA cloning vector, and randomly selected E. coli transformants were 
sequenced using the E-S primer. As a result, there were more than 2 clone types for each blastocyst (Fig. 3C). These 
clones contained indel and wild-type sequences at various ratios. For examples, in blastocyst #1, 4 clones had 30 
mutated sequences with an identical mutation pattern, while 1 clone had the normal sequence. Similarly, in 
blastocyst #3, there were clones with at least 2 indel types (both had an inserted sequence comprising 5 nucleotides 
downstream of the start codon, but also had one or two nucleotide substitutions) and those with wild-type sequence. 
 
3.2. Cytochemical staining of PA oocytes for nuclear status 35 
 

In the above experiments, we found that mRNA injection 6 h (but not immediately) after oocyte activation 
resulted in good mRNA-translated protein expression, at least when expression of EGFP-derived fluorescence was 
monitored. After activation, the chromosomes are thought to be re-programmed before pronuclear formation [35], 
meaning that pronuclear formation in oocytes does not fully proceed in the immediate post-activation stage, but 40 
becomes visible during development. To examine this, we stained fixed oocytes immediately or 6 h after activation 
using the aceto-orcein staining method. Of the 16 oocytes stained immediately after activation, none exhibited 
pronuclear formation (Fig. 4a–c). In contrast, 14 of the 15 oocytes stained 6 h after activation exhibited clear 
formation of a pronucleus (arrows in Fig. 4d–f). 
 45 
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4. Discussion 
 

To date, direct zygotic injection of CRISPR/Cas9-related mRNA has been recognized as a powerful technique 
for biallelic KO animal production, including swine [2]. However, confirming the presence of indels induced by 
this genome editing system has typically been performed using the resulting fetuses or newborns, which is 5 
time-consuming and labor-intensive. Notably, Sakurai et al. [21] and Wang et al. [36] demonstrated the usefulness 
of the T7E1 assay for indel detection in individual blastocysts. This approach allows researchers to test the genome 
editing efficiency of constructed gRNAs in early embryos, thus saving time and money. This assay advantageously 
allows one to examine the consequences of a targeted gene KO, as protein products are expressed on the blastocyst 
surface. In this study, we intended to disrupt GGTA1, which encodes a protein product that synthesizes the -Gal 10 
epitope [22], which is easily detectable by staining cells/embryos with fluorescently labeled IB4 lectin [24,25]. This 
detection system, based on the loss of cell surface -Gal epitope expression, enables us to assess the consequence 
of CRISPR/Cas9-mediated genome editing at early stages of embryonic development. Unfortunately, all the 
resulting blastocysts expressed the -Gal epitope ubiquitously (see Fig. 2A). These data suggest that the mRNA for 
the introduced CRISPR/Cas9 components were not efficacious in porcine oocytes, although the mRNA for EGFP, 15 
which had been concomitantly introduced, was functionally translated into protein. However, almost all the tested 
green fluorescent blastocysts exhibited indels, as revealed by the T7E1 assay (see Fig. 3A). Furthermore, 
sequencing revealed a mosaic of mutations at the target locus, as demonstrated by the presence of error ideograms 
immediately downstream of the start codon (see Fig. 3B), as well as at least one mutation type (see Fig. 3C). It 
remains unknown why such mosaicism frequently occurs in our system. Notably, there are some reports where 20 
zygote-derived embryos injected with exogenous materials are often found to be edited in a mosaic pattern 
[20,28,37,38]. According to Burkard et al. [38], such mosaicism appears to be due to Cas9 protein/gRNA 
complexes that remain active throughout several cell divisions, or delayed mRNA expression, possibly triggered by 
cell division. In this context, injection of Cas9/gRNA ribonucleoproteins (RNPs) may be helpful in overcoming 
such mosaicism, since RNPs are thought to exhibit more rapid and efficient genome editing activity than Cas9 25 
mRNA and gRNA [39,40].  

Notably, off-target mRNA is also a serious concern when utilizing a CRISPR/Cas9 system for mutation 
induction at a target locus. In our previous study, we assessed this problem and found that microinjection of 
CRISPR/Cas9-related mRNA resulted in successful genome editing at the target locus (i.e., GGTA1 coding for 
-GalT), but did not induce any mutation in the related genes [28].  30 

Aside from the selection of appropriate gRNA, there are several other factors affecting mutation efficiency for 
zygote (oocyte) injection-based genome editing. One of these factors is the time at which the oocyte injection is 
performed. In this study’s Cont group, in which oocyte injection was performed immediately after activation, the 
rate of green fluorescent blastocysts was low when compared to the blastocysts in the Exp group, which had been 
injected 6 h after activation (see Fig. 2A; left panel of Fig. 2B). Furthermore, the intensity of the EGFP-derived 35 
fluorescence was higher in the Exp group (see Fig. 2A; right panel of Fig. 2B). These data suggest that mRNA may 
have been actively used for protein synthesis in the oocytes injected 6 h after activation. We hypothesized that these 
observed phenomena may correlate with the formation of the pronucleus. We performed aceto-orcein staining and 
showed that oocytes injected immediately after activation did not have distinct pronuclei, whereas those injected 6 
h after activation did (see Fig. 4). At present, it is unknown if the formation of the pronucleus correlates with 40 
increased mRNA translation. However, according to Alberts et al. [41], the outer nuclear membrane is studded with 
ribosomes involved in protein synthesis, suggesting a close association between nuclear membrane formation and 
protein synthesis. Our present results indicated that injection of the oocyte 6 h after parthenote or SCNT embryo 
activation, or 6 h after fertilization of IVF embryos is ideal. Although zygote microinjection-based genome editing 
using ZFN, TALEN, and CRISPR/Cas9 systems has been performed in swine by several laboratories 45 
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[7,19,20,36,42,43], there is limited information regarding the timing of zygotic genome editing component 
microinjection. For example, Wang et al. [44] injected TALEN mRNA and EGFP mRNA into zygotes obtained 6 
h after IVF. More interestingly, Tao et al. [45] performed cytoplasmic injections in porcine PA oocytes 8 h after 
activation and achieved biallelic mutations (93%) and low mosaicism (33%). These reports appear to validate our 
present findings.     5 

Our present concern is evaluating whether porcine zygotes injected with CRISPR/Cas9 component mRNAs 
can develop to full-term with a high degree of genome editing efficiency. Hai et al. [19] microinjected mRNA into 
zygotes isolated from pregnant females and then returned the injected zygotes to the oviducts of the same females, 
which is technically difficult due to the need for labor and an appropriate number of recipient pigs. Whitmuth et al. 
[20] used in vitro fertilized porcine oocytes microinjected with mRNA. Even in this case, oocytes from a specific 10 
strain, and sperm derived from viable males or frozen stock are needed, which is also laborious. The ideal, 
convenient approach would involve SCNT using intact cells as donors and subsequent injection of the SCNT 
embryos with mRNA. The porcine ovary, from which the oocytes are isolated, can be easily obtained from a 
slaughterhouse. Recently, we have established an efficient SCNT protocol for cloned microminipig production, 
using oocytes isolated from slaughterhouse ovaries [46]. Since the phenotype of cloned piglets is governed by that 15 
of the donor cells, sperm or oocytes from specific males and females bred in-house are not always required. This 
point is especially advantageous for researchers who do not have the capacity to breed many animals in their facility. 
In the future, we plan to clone swine with target locus mutations by microinjecting SCNT embryos (produced using 
intact cells as donors) with CRISPR/Cas9 component mRNAs 6 h after electrical activation. 

 20 
5. Conclusions  
 

In this study, when cytoplasmic injection of CRISPR/Cas9-related mRNA was performed on porcine oocytes 6 
h after electrical activation, we successfully obtained blastocysts with a relatively high frequency of genome editing. 
However, these blastocysts tended to exhibit mutation induction mosaicism, as revealed by cytochemical staining 25 
with fluorescently labeled IB4, the T7E1 assay, and sequencing. Development of a technique that avoids or reduces 
such mosaicism would be a key factor in allowing efficient production of KO piglets via zygotic injection. 
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Table 1 
Summary of the properties of blastocysts derived from PA oocytes injected with CRISPR/Cas9-related mRNA + 
EGFP mRNA1. 
 

Stage at injection Total number 
of oocytes examined 

No. of oocytes 
cleaved to the 
2-cell stage 

(%; average  S.E.) 

No. of oocytes 
cleaved to 
blastocysts 

(%; average  S.E.) 

 

Immediately 
(0 h) 

105 73  
(69.6  2.0) 

49  
(46.6  0.7) 

 

6 h 127 99  
(78.8  5.8) 

61  
(48.2  5.2) 

 

1Cytoplasmic injection of Cas9 mRNA + gRNA (targeted to exon 4 of GGTA1) + EGFP mRNA is performed on 5 
PA oocytes immediately or 6 h after PA. Oocytes were then cultured for 7 days to the blastocyst stage and 
examined for EGFP-derived fluorescence prior to fixation. 
 

Table 2  

Comparison of the properties of blastocysts derived from oocytes injected with CRISPR/Cas9-related components + 10 
EGFP mRNA1 between 0 h and 6 h after PA. 

 
Properties 0 h after PA 

 
Sato et al. [28] 

 
 

This study 
(Cont) 

6 h after PA 
 

This study  
(Exp) 

 

Rate of EGFP 
expression 

65% (24/37) 3 41% (13/32) 3,a 73% (29/40) 3,b  

Indel rate2 50% (5/10) 3 38% (5/13) 3,a 69% (20/29) 3,b  

Rate of fluorescent 
blastocysts that were 

positively stained 
with AF594-IB4  

100% (5/5) 3; only one has 
decreased staining for 

AF594-IB4 

100% (13/13) 3 100% (29/29) 3  

1Cytoplasmic injection of Cas9 mRNA + gRNA (targeted to exon 4 of GGTA1) + EGFP mRNA was performed 
on PA oocytes immediately (Cont) or 6 h (Exp) after PA. Oocytes were then cultured for 7 days to the blastocyst 
stage and examined for EGFP-derived fluorescence prior to fixation. Next, the fixed blastocysts were 15 
cytochemically stained using AF594-IB4, and finally, genomic DNA was isolated to examine the presence of 
indels.  
2Indel rates were determined by the T7E1 assay and sequencing of PCR products derived from fluorescent single 
blastocysts. Blastocysts with at least one mutated allele were categorized as having indels.  
3Parentheses indicates the number of blastocysts with positive results (expression of EGFP, occurrence of indels, or 20 
expression of -Gal epitope) per the number of the blastocysts tested.  
ND, not determined.  
a-b Uppercase letters denote significant (P<0.05) differences between groups in the same column.  
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Figure legends 
 
Fig. 1. A. Schematic representation of a single blastocyst-based assay after isolation of porcine oocytes from an 
ovary, in vitro maturation, electric activation, and subsequent cytoplasmic injection with CRISPR/Cas9-related 
mRNA + EGFP mRNA. After electric activation, porcine oocytes were divided into two groups: those that were 5 
injected immediately after electric activation (control group, Cont), and those that were injected 6 h after electric 
activation (experimental group, Exp). B. Schematic representation of the genomic sequence spanning exon 4 of 
the porcine GGTA1. The target sequence recognized by gRNA#3 is indicated by a bold light blue bar beneath the 
sequence. The start codon is shown in red. The protospacer adjacent motif (PAM) site is underlined. Primers used 
for PCR and sequencing are shown and described below the GGTA1 sequence. Asterisks indicate the mutated 10 
portion in exon 4 of GGTA1. C. Gel electrophoretic pattern of in vitro synthesized Cas9 mRNA, gRNA, and 
EGFP mRNA. Cas9 mRNA and both gRNA and EGFP mRNA were loaded onto 1 or 2% agarose gels, 
respectively. 
 
Fig. 2. A. Fluorescent images of single blastocysts derived from PA oocytes (parthenotes), and developed after 15 
oocyte injection with CRISPR/Cas9-related and EGFP mRNA immediately (Cont) or 6 h (Exp) after electric 
activation. Blastocysts were fixed for a short period, stained with AF594-IB4, and then inspected for EGFP and 
AF594-derived fluorescence using a fluorescence microscope. Bar = 100 m. B. The rate of green fluorescent 
blastocysts in the Cont and Exp groups is shown graphically (left panel). The intensity of the EGFP-derived 
fluorescence in single blastocysts from the Cont and Exp groups is shown graphically (right panel). The 20 
fluorescence intensity of each blastocyst was measured using NIS-Elements and is shown graphically. A total of 49 
and 61 blastocysts in the Cont and Exp groups, respectively, were examined.  
 
Fig. 3. A. T7E1-based assay for each single blastocyst. The ~350 bp PCR products containing the target sequence 
recognized by gRNA were mixed with control (C) DNA at a ratio of 1:1, denatured, re-annealed, and then 25 
incubated with the T7E1 enzyme for 1 h at 37 C. The resulting products were electrophoresed in a 2% agarose gel. 
If the samples had indels, two fragments (shown by arrowheads), ~200 and ~150 bp in length, were generated as 
cleaved products from the original ~350 bp products. Lanes 1–4 and 10–22 correspond to green fluorescent single 
blastocysts derived from the experimental (Exp) group. Lanes 5–9 correspond to non-fluorescent single blastocysts 
derived from the Exp group. Lanes 23–35 correspond to green fluorescent single blastocysts derived from the 30 
control (Cont) group. Lane C indicates genomic DNA from normal PEFs that were used as negative controls. 
Lanes enclosed by the red circles indicate samples with mutations. M, 100 bp ladder markers. B. Direct sequencing 
of PCR products (~350 bp) from the blastocyst and normal PEFs shown in lanes 1-3 and C of Fig. 3A. Black 
arrows below the DNA sequence traces show overlapping peaks caused by additional indels. Boxes indicate the 
translation initiation codon. C. Sequencing of the inserts derived from blastocysts in lanes 1 to 3 of Fig. 3A cloned 35 
into a TA cloning vector using the E-S primer set is shown. The start codon is underlined. The sequences inserted 
are marked in blue. Substitution mutations are shown in red. 
 
Fig. 4. Aceto-orcein staining of porcine oocytes immediately (a-c) or 6 h (d-f) after electric activation. Images for 
three oocytes from each group are shown. Arrows indicate the nuclear envelope that developed in an oocyte. Scale 40 
bars: 30 μm. 
 










