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Genome editing by CRISPR/Cas9, a third-generation gene scissor in molecular breeding at 
the genome level, is attracting much attention as one of the breeding techniques of the future. 
In this study, genetic and phenotypic analysis was used to examine the responsiveness of the 
Bakokjam variety of the silkworm Bombyx mori to molecular breeding using CRISPR/Cas9 in 
editing the white egg 2 (w-2) gene. The nucleotide sequence of the w-2 gene was analyzed 
and three different guide RNAs (gRNA) were prepared. The synthesized gRNA was combined 
with Cas9 protein and then analyzed by T7 endonuclease I after introduction into the Bm-N 
silkworm cell line. To edit the silkworm gene, W1N and W2P gRNA and Cas9 complexes 
were microinjected into silkworm embryos. Based on the results of microinjection, the hatching 
rate was 16-24% and the incidence of mutation was 33-37%. The gene mutation was 
verified in the heterozygous F1 generation, but no phenotypic change was observed. In F2 
homozygotes generated by F1 self-crosses, a mutant phenotype was observed. These results 
suggest that silkworm molecular breeding using the CRISPR/Cas9 system is possible and will 
be a very effective way to shorten the time required than the traditional breeding process.

© 2019 The Korean Society of Sericultural Sciences
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Introduction 

As an industrial insect, silkworm Bombyx mori has been used 
in silk production and an edible food for a long time. A number of 
ecological and genetic studies on silkworm have been conducted 
with the development of sericulture. Notably, the production and 
use of artificial fibers have increased but the demand for natural silk 
has decreased, and the sericulture industry is gradually declining 
(Ji et al., 2015; Xu and O’Brochta, 2015). Recently, functionalities 
of silkworms are getting attention and new functional foods are 
entering the market.  Development of new material from silkworm 

is indispensable for it to be noteworthy again in the future (An et al., 
2013; Ji et al., 2015). As a result, many researchers have searched 
for techniques in generating silkworm  by mass production, and 
have developed a transgenic silkworm using a transgenic factor 
(Trigopopia ni) derived from piggyBac (Kim et al., 2013; Xu and 
O’Brochta, 2015). However, transgenic silkworms have not been 
commercialized since they are subjected to GMOs strict controls 
and regulations. In recent years, research on gene editing of insects 
including silkworm, has been actively conducted by the introduction 
of gene editing technology that can be utilized as a molecular 
breeding technique alternative to existing transgenic techniques 
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The w-1 mutation is present in the outer membrane of mitochondria 
and are known to be caused by the deficiency of kynurenine 
3-monooxygenase (KMO) activity involved in the synthesis of 
eye pigment in the tryptophan pathway, resulting in white eyes and 
white eggs (Quan et al., 2002). However, w-2 and w-3 mutations 
are causing ATP-binding cassette (ABC) transporters, thereby 
accumulation of ommochrome pigments is impaired and their eggs 
and eyes are white (Tatematsu et al., 2011).

Therefore, the possibility of silkworm molecular breeding 
was determined in this study using third-generation gene scissor 
by observing the phenotype and genotype changes caused by 
editing w-2 gene which is involved in the color formation of the 
subspecies silkworm.

Materials and methods

Cell culture and silkworm breeding

The silkworms were fed with mulberry leaves according to the 
standard raising manual (temperature, 24-27℃; humidity, 70-
90%; 16L8D.) of the Rural Development Administration using 
the dormant strain Bakokjam (Jam 123 x 124). The silkworm 
ovarian cell line Bm-N (CRL-8910) was purchased from 
American Type Culture Collection (ATCC, USA) and used in 
TNM-FH (WELGENE, Korea) medium containing 10% fetal 
bovine serum (FBS; GEMIMI, USA).

Nucleotide sequence analysis

In order to analyze the nucleotide sequence of w-2 gene of 
Bakokjam, a primer for gene amplification was constructed 
from the nucleotide sequence of Dazao variety registered in 
NCBI (NW 004581679 Region: 3305315..3338836) (Table 1). 
Genomic DNA was extracted from the hemocytes of hemolymph 
using Wizard SV genomic DNA extraction kit (Promega, 
USA) and PCR was performed using the primers and Pfx DNA 
polymerase (Invitrogen, USA), respectively. The amplified 
gene was cloned into pJET 1.2 blunt vector (Thermo Scientific, 
Lithuania) to analyze the nucleotide sequence.

Guide RNA design and synthesis

The gRNA for gene editing was obtained from 23 nucleotide 

(Basua et al., 2015; Taning et al., 2017; Zhang et al., 2015). In 
China, a silk producing country, the juvenile hormone esterase gene 
was edited to control the metamorphosis of silkworm (Zhang et 
al., 2017). Likewise, a study was conducted to improve the feeding 
characteristics of monophagous silkworm to polyphagous species 
by gene editing (Zhang et al., 2019). In Korea, only the study on the 
production of antimicrobial peptides by gene editing of B. mori cells 
was completed as reported by Park et al. (2018). Therefore, we need 
to make more efforts on insect molecular breeding technology using 
gene editing systems.

In 2002 gene editing technology began to attract attention due 
to the development of Zinc Finger Nuclease (ZFN), the first-
generation gene scissor. In 2010, the second-generation gene scissor, 
Transcription Activator-Like Effector Nuclease (TALEN) was 
developed and was recognized as a more practical technology for 
genome editing (Christian et al., 2010; Joung and Sander, 2013). 
In 2012, these gene editing techniques have been technologically 
advanced by the introduction of Clustered Regularly Interspaced 
Short Palindromic Repeat (CRISPR) systems that have also been 
tried in clinical applications as reported in recent studies (Joung 
and Sander, 2013). The third-generation gene scissor, the CRISPR/
Cas system, is an adaptive immune system that responds to 
external invasions, such as infection of viruses in bacteria, where 
complementary low molecular RNAs for viral gene sequences are 
produced. The Cas protein responds by removing the recognized 
viral gene of the bacteria (Barrangou et al., 2007). Bacteria have been 
reported to have three types of CRISPR/Cas systems. Types 1 and 3 
are restricted due to the complexity of the sequence recognition and 
cleavage components (Doudna and Charpentier, 2014). However, 
the type 2 CRISPR/Cas system found in Streptococcus pyogenes 
consists only of 23 nucleotides-recognizing guide RNA (gRNA) and 
Cas9 protein, including NGS sequence (Protospacer Adjacent Motif; 
PAM). The type 2 CRISPR/Cas system has been used as a third-
generation gene scissor because of lesser complications (Doudna 
and Charpentier, 2014). In addition, this simple structure has the 
advantage in various applications that can be used as vector, mRNA, 
or protein-RNA complex in introducing CRISPR/Cas system into 
cells or embryos (Kistler et al., 2015). 

The most useful method for analyzing genetic editing efficiency 
and intergenerational delivery patterns is to observe phenotypic 
changes in the eye of the organism. Several studies on epidermal 
and eye color have been conducted as phenotypic markers for 
transgenic silkworm. Mutations in the white eye were found in the 
white egg 1 (w-1), white egg 2 (w-2), and white egg 3 (w-) genes. 
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by T7 endonuclease I (T7 EI) analysis. In T7 EI analyses, the 
PCR product of each exon site was denatured at 95°C for 5 min, 
cooled to 85°C at 2°C/sec, and slowly cooled to 25°C at 0.1°C/
sec to induce recombination of PCR products. Then, 1 U of T7 
EI (NEB, USA) was added to the amplification product and 
reacted at 37°C for 1 hour. The reactants were electrophoresed on 
2% agarose gel and analyzed by band intensity and size analysis 
using Quantitative One software (Bio-Rad, USA). The results 
were shown in reduction ratio of band intensity compared to the 
product from the normal gene as a control.

Microinjection in embryo of B. mori

The silkworm eggs for microinjection were prepared according to 
the method of Kim et al. (2013) and completed the injection within 
6 h after spawning. For injection, Cas9 (300 ng/ul) and gRNA 
(500 ng/ul) were mixed in buffer solution (5 mM KCl, 0.5 mM 
Phosphate buffer, pH 7.0) and allowed to stand at room temperature 
for 10 min to form a complex. The prepared Cas9/gRNA complex 
was injected by 10-15 nl using a micro-injector (Narishige, Japan). 
After microinjection, the silkworm eggs were kept in a moistened 
petridish at 25°C for 9-10 days until hatching.

Screening for gene editing silkworm

For selection of the gene edited silkworm, hatching larvae 
were reared for 3 days of the 5th instar, and then 100 ul of 
hemolymph was collected from the each individual legs and 
centrifuged to obtain hemocytes. Then, 50 μl of lysis buffer (10 
mM Tris-HCl, 0.25% NP-40, 150 mM NaCl, 2 ug/ul proteinase 

(N20NGG) target containing PAM sequence from the nucleotide 
sequence of exon 1 and 2 of w-2 gene using online analysis tool 
(http://crispr.dbcls.jp). In order to analyze the off-target of the 
gRNA, the frequencies of N20, N12, and N8 from the PAM 
sequence were analyzed, and the gRNA target sequences with 
the lowest occurrence frequency were selected and shown in 
Table 1. For synthesis of gRNA, template DNA was prepared by 
PCR using GeneArt Precision gRNA synthesis kit (Invitrogen, 
Lithuania) according to the user manual, and gRNA was 
synthesized by using RNA polymerase in vitro and purified. 
After storage, it was used for the experiment.

Transfection and guide RNA efficiency analysis

Complexes of the prepared gRNA and Cas9 protein were 
transfected into Bm-N cell line through electroporation. For the 
electroporation, Cas9/gRNA complex (2 μg Cas9, 2 μg gRNA, 
272 mM Sucrose, 10 mM Hepes, pH 7.3) was formed at room 
temperature for 10 min and mixed with 2 x 10

6
 cells / 0.4 ml 

of Bm-N cells, and then left on ice for 5 min. The mixture was 
transferred to a 0.4 cm electroporation cuvette (Bio-Rad, USA) 
and applied with electric shock at 750 V/cm for 15 ms using 
a Gene Pulser X cell electroporation system (Bio-Rad, USA). 
After transferring the electro-shocked cells to a 6-well plate, 
fresh 2 ml of TNM-FH medium containing 10% FBS was 
supplied and incubated at 27°C for 5 h. The dead cells were 
removed and replaced with fresh medium for 67 h while being 
further incubated. Then, the cultured cells were collected and 
genomic DNA was extracted. The primers in Table 1 were used 
to amplify each target site and then gRNA efficiency was assayed 

Table 1. Primers used in this study

Primer name Primer sequence (5′ to 3′) Primer purpose

W2-E1 
F : GTTTCGAGGCATCGCTAGTAGGCAGTCGT
R : ACGAGATATGAGCTAAGATAAGA Detection for targeting sites

 and T7EI assay
W2-E2 

F : AACGCGAGCTATATAGTAGGCGTA
R : AAATCAATAGAAGAACTGCTGTC

W2-E1 sg
F : TAATACGACTCACTATAGAAGTACTCTGCAAAGGTTGA
R : TTCTAGCTCTAAAACTCAACCTTTGCAGAGTACTT

Preparation of gRNA templateW2-E2- sg
F : TAATACGACTCACTATAGTATAACGAGTCATACTTG
R : TTCTAGCTCTAAAACGTCAAGTATGACTCGTTATAC

W2-E2+ sg
F : TAATACGACTCACTATAGGACCCTGCACCCTCGTGT
R : TTCTAGCTCTAAAACCCACACGAGGGTGCAGGGTCC

F: Forward, R: reverse
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target, the frequencies of N20NGG, N12NGG and N8NGG 
target sequences in the B. mori genome (ASM15162V1) 
were analyzed and shown in Table 2. Three target sequences 
with the lowest possible off-target were selected and named 
W1N, W2N, and W2P, respectively (Fig. 1). Each target 
sequence consisting of 20 bases was unique in the genome, 
even when the length was reduced to 12 bases near the PAM 
sequence (Table 2). According to Fu et al. (2014), the target 
sequence can be recognized and cleaved even if the target 
sequence is reduced to 19 or 18 bases (Zhang et al., 2015; 
Zhao et al., 2014; Zhu et al., 2015). Therefore, the presence 
or absence of similar sequences is considered necessary to 
minimize the possibility of non-selective gene editing in the 
genome. According to Liang et al. (2015), when introducing 
a complex of Cas9 protein and gRNA into the cell in the 
gene editing using the CRISPR system, the gene editing 
efficiency is increased and the off-target possibility is reduced 
as compared with the vector or mRNA form. To introduce the 
protein/RNA complex into the silkworm cells and embryos 
(Fig. 1B), DNA templates were prepared by PCR and gRNAs 
were synthesized by in vitro transcription.  As a result, three 
kinds of gRNA were obtained at high concentration.

K, pH 7.4) was added to the cells, followed by incubation at 
65°C for 30 min and inactivation of proteinase K at 95°C for 10 
min. The exon 1 and 2 of w-2 gene were amplified using 3 μl 
of the prepared cell lysate as a template, and T7 EI analysis was 
performed to select the individuals that successfully gene-edited.

Results and discussion

Guide RNA design and synthesis

Analysis of exon and intron structure of w-2 gene of 
Dazao variety registered in NCBI confirmed that the gene 
was 33,522 bp, consisting of 14 exons and 12 introns (Fig. 
1). In order to search gRNA target site for w-2 gene of 
Bakokjam, exon 1 and 2 were amplified from genomic DNA 
of Bakokjam using the primer pairs listed in Table 1. The 
amplified fragments were sequenced and revealed that they 
share more than 99% identity with Dazao. The obtained 
nucleotide sequence was searched for the N20NGG target 
sequence present in each exon using the CRISPRdirect 
tool (Naito et al. 2015). To analyze the possibility of off-

Fig. 1. Design and delivery of gRNA. (A) Schematic diagram of gRNA target sites in wild type w-2 gene. Three designed gRNAs are located 
in exon 1 and 2 which are indicated by dashed lines with target sequences. The gRNA targeting sites, W1N and W2N are located on the anti-
sense strand and W2P is located on the sense strand. (B) gRNA was expressed downstream of the T7 promoter. The Cas9/gRNA complexes 
are transferred to Bm-N cells and B. mori embryos by electroporation and microinjection, respectively.
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is cleaved to multiband form (Taning et al., 2017). The exon 1 
amplification product of the w-2 gene was 400 bp and the W1N 
guide RNA was located at the middle 200 bp position. Therefore, 
when the hybrid PCR product was generated, it was cleaved by 
the T7E1 enzyme, resulting in a normal PCR product of 415 
bp and a hybrid product of the truncated about 200 bp band. 
The amplicon of exon 2 was 497 bp while the W2N and W2P 
guide RNA were located at 218 bp and 280 bp, respectively. The 
mutant hybrid PCR products were generated by T7E1 enzyme 
at 415 bp for normal while about 200 and 100 bp for the hybrid 

Guide RNA efficiency analysis

The complex of each synthesized gRNA and Cas9 protein 
was introduced into Bm-N cells, and the efficiency of gRNAs 
were analyzed by performing T7E1 analysis (Fig. 2). T7 E1 
analysis cleaves mismatch present in the amplified products 
through PCR. Therefore, when the wild-type gene and the 
mutant gene are co-amplified by PCR, the hybrid PCR product 
is formed through the re-annealing reaction, and when the T7E1 
enzyme is treated, the mismatch site of the hybrid PCR product 

Table 2. Analysis of gRNA target sequences of the w-2 gene and potential off-target in the genome

Locus Strand
Sequence
(N20NGG)

GC
(%)

Tm
(oC)

Possibility of off-target recognition

20 mer 12 mer 8 mer

Exon
1

+ TTGGGAAAAATAAATTAGAAAGG 20 56.3 1 16 882

- CCCTCAACCTTTGCAGAGTACTT
a

40 68.5 1  2 474

- CCTCAACCTTTGCAGAGTACTTC 45 68.5 1  2 572

- CCATAATTCATTAATTGCCGCAT 30 63.0 1  9 899

- CCGCATTGCTGTAACCTCTTCAA 40 66.8 1  3 892

Exon
2

- CCCCGTCAAGTATGACTCGTTAT 40 65.5 1  2 326

- CCCGTCAAGTATGACTCGTTATA
b

35 63.4 1  1 218

- CCGTCAAGTATGACTCGTTATAC 35 63.4 1  2 422

+ TGACTCGTTATACCCTGAAGTGG 45 69.2 1  4 240

+ CTCGACCCTGCACCCTCGTGTGG 70 80.5 1  2 119

+ GACCCTGCACCCTCGTGTGGAGGc 70 81.3 1  1 252

+ ACCCTGCACCCTCGTGTGGAGGG 65 81.3 1  2 212

*Bold letters indicate the PAM sequence in the target site.
abc

The names of the gRNAs indicate W1N, W2N, and W2P, respectively.

Fig. 2. Gene editing in the B. mori genome. Bm-N cells were co-transfected with Cas9 protein and gRNA complexes targeting w-2 exon 1 (A) 
and exon 2 (B) targets. T7E1 assays were performed for each target at 72 h post transfection and the products were separated on 2% agarose 
gel. (C) Relative cleavage rates were quantified using Quantity One software. Values are mean ± SD (n=6).
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to produce the w-2 gene-edited silkworm, and the results are 
shown in Table 3. The 600 silkworm eggs injected with Cas9/
W1N complex resulted to 101 (16.8%) eggs hatched, but only 
8 (7.9%) larvae survived to 5th instar. In Cas9/W2P complex, 
148 (24.7%) eggs hatched, but only 15 (10.1%) larvae survived 
to 5th instar, which were significantly lower than that of Cas9 
protein injected group (Hatching rate, 48.8%; Survival rate, 
76.1%). These results are consistent with the tendency of 
hatching rate and survival rate to decrease with increasing gRNA 
concentration in most CRISPR/Cas9 gene editing studies and it 
is considered that exogenously injected gRNA influences embryo 
differentiation (Zhang et al., 2015). 

T7E1 analysis was performed using the hemolymph of each 

product bands. The PCR products were cleaved in W1N, W2N, 
and W2P gRNA, and the efficiency of W1N gRNA was more 
than 45% in efficiency analysis calculated from the intensities 
of corresponding bands. However, W2N and W2P also showed 
high mutation efficiency of over 40%. Therefore we chose W1N 
and W2P gRNAs in order to analyze the effect of gene mutation 
on phenotypic changes in each exon.

Gene editing silkworm production

The Cas9 protein and the selected W1N and W2P gRNA 
complexes were microinjected to the back of the midbrain 
between the early embryo and the posterior part of the silkworm 

Table 3. Embryonic gene editing induced by Cas9/gRNA complex injection targeting w-2 gene

gRNA for injection
Number of injected 

embryos (n)*
Hatching (n)/(%)

Survive to 5th 
instar (n)/(%)

Mutation
(n)/(%)

Phenotypic change
in F1 (n)/(%)

Cas9 only 240 117/48.8 89/76.1 0/0 0/0

Cas9/W1N 600  101/16.8 8/7.9   3/37.5   2/66.6

Cas9/W2P 600  148/24.7 15/10.1   5/33.3   2/40.0
*
Results are mean of duplicate data.

Fig. 3. Mutations of w-2 gene induced by Cas9/gRNA complex injection. (A) T7E1 analysis of larvae was performed. The panels of numbers 
showed PCR products amplified from WT and mutants treated with T7E1. An additional band of a smaller size was detected in mutant. (B) 
Sequence analysis of mutant w-2 alleles was performed. The red sequence indicates target sequence of gRNA. The dotted lines and arrow 
boxes indicate the deletion and insertion nucleotides, respectively. The number in front and backside of each sequence stand for larva number 
and number of nucleotides changed, respectively. 
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of gene edited groups is due to deletion and insertion of the base, 
resulting in loss of function of the w-2 gene and deletion of white 
eggs when the open reading frame is damaged by deletion. On 
the other hand, even if a small amount of amino acid is deleted 
or inserted due to insertion or deletion, the function of protein is 
maintained and it is considered that the color change of egg has 
proceeded normally. In addition, a mixture of brown and white 
in the F2 generation of gene editing is due to the self-crossing of 
the F1 silkworm that regulates the heterozygote gene having the 
mutant w-2 gene as an allele in addition to the normal w-2 gene. 
In the F2 generation, wild type homozygote, heterozygote, and 
mutant homozygote are mixed, and only the mutant purebred is 
considered to have changed the egg color (Harrison et al., 2014).

Based on these results, genetic editing and molecular breeding 
using the CRISPR/Cas9 system can be performed on the genome 
at the embryonic stage but it is difficult to edit the homologous 
chromosome. In addition, various genotypes are observed in the 
G0 generation, so obtaining the F1 generation through backcross 
breeding is necessary to obtain a homozygote. However, it is 
anticipated that self-crossing between heterozygotes with the 
same genotype will lead to the acquisition of pure mutations in 
F2 generation. Therefore, it is concluded that silkworm molecular 
breeding using CRISPR/Cas9 can dramatically shorten the duration 
of breeding compared to conventional breeding if improvement of 

individual survived to the 5th instar to select the gene editing 
individuals, and multiband patterns were confirmed by gene 
editing in 3 and 5 individuals in exon 1 and 2, respectively (Fig. 
3A). The results of analysis of the efficiency of editing showed 
37% and 33% lower than the gene editing efficiency obtained in 
Bm-N cells (Table 3). Sequence analysis of 8 individuals with 
multiband patterns revealed that each individual had a different 
genotype (Fig. 3B). Sequence analysis result is mainly because 
the CRISPR/Cas9 system only plays a role in cleavage of the 
phosphate bond at the PAM sequence in the target of the gRNA, 
so the cleaved sequence is removed or inserted by the nucleic 
acid degrading enzyme during DNA repair (Harrison et al., 2014; 
Zeng et al., 2016). Therefore, in order to utilize the CRISPR/
Cas9 system efficiently, further studies will be needed to improve 
the efficiency of gene editing and standardize the cleavage range 
so as to predict the nucleotide sequence.

Phenotypic change

To analyze the phenotypes of the obtained 8 individuals, 
each of the selected gene editing entities was crossed with 
Bakokjam to obtain eggs of the W1N and W2P gene-editing 
F1 generations according to the used guide RNA. The mutant 
white egg, characterized by the white eyes and the production of 
white eggs, has long been known to be deficient in kynurenine 
3-monooxygenase activity (Kikkawa, 1941). A large amount 
of kynurenine instead of 3-hydroxykynurenine accumulates in 
the ovary of the mutant pupa, and no ommochrome pigment 
is synthesized in the mutant eggs or eyes. However, W1N and 
W2P mutants are unable to combination of appropriate pigment 
granules, resulting in accumulation ommochromes are failed 
and their eggs and eyes are white (Tatematsu et al., 2011). We 
observed changes in the color of the eggs at the embryogenesis, 
but the F1 generation eggs of each gene edited organism could 
not be distinguished from the wild type (Fig. 4A). Therefore, to 
analyze the phenotype in the F2 generation, each F1 generation 
was raised and the edited individual using hemolymph was 
selected at the 5th instar (data is not shown). Each selected F1 
larvae became adults and then self-crossed each broods to obtain 
w-2 gene edited F2 generation eggs. The color of F2 eggs were 
observed in 4 broods of the 8 gene edited broods (Fig. 4B). Wild-
type eggs turned brown as the differentiation progressed, but 
brown and white eggs were mixed in the w-2 gene-edited group 
(Fig. 4B). The phenotypic change in only four of the eight broods 

Fig. 4. Phenotypic changes of w-2 mutants induced by Cas9/W1N 
and Cas9/W2P complex injection. (A) Eggs of F1 generation 
were obtained by crossing mutant hybrids and wild type. (B) F2 
generation eggs were obtained self-crossing F1 heterozygote .
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