
PB       21

IJIE Int. J. Indust. Entomol. 37(1) 21-28 (2018)
ISSN 1598-3579, http://dx.doi.org/10.7852/ijie.2018.37.1.21 

 © 2018 The Korean Society of Sericultural Sciences

ISSN 1598-3579 (Print)
ISSN 2586-4785 (Online)

Received : 31 Aug 2018 
Revised : 11 Sep 2018
Accepted : 11 Sep 2018

Keywords: 
Bombyx mori, 
BM-N cells, 
CRISPR, 
Mutagenesis

CRISPR/Cas9 gene editing system is an efficient method to mutation in a sequence specific 
manner. Here we report the direct transfection of the Cas9 nuclease and gene specific guide 
RNA can be used in BM-N cell line derived from Bombyx mori ovarian tissue to enfeeble 
function of endogenous gene in vitro. We have used gene editing system to negative 
regulation components of major signaling cascade, the Toll pathway, which controls B. mori 
resistance to microbe infections, such as fungi and gram positive bacteria. We demonstrate 
that the IkB-like protein Cactus may controls the activation of transcription factors such as 
Rel A and Rel B. The direct transfection of Cas9 nuclease and Cactus-specific guide-RNA 
complex may be used in BM-N cells to disrupt the function of endogenous genes in vitro. A 
mutation frequency of 30–40% was observed in the transfected cells, and various mutations 
caused the target region. Moreover, RT-PCR analysis revealed that Cactus gene was 
down regulated after these mutations. More importantly, mutation of BmCactus stimulated 
expression of lysozyme, moricin, and lebocin genes. These results suggest that the CRISPR/
Cas9 systems are expected to efficiently induce site-specific mutations and it was possible to 
produce antimicrobial peptide through the gene editing.
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Introduction

Gene editing technology has continued to evolve since the 
development of first-generation molecular scissors, zinc finger 
nuclease (ZFN), in 2003 (Harrison et al., 2014). In 2010, the 
second-generation molecular scissors, transcription activator-
like effector nuclease (TALEN), came into existence. 
Since then, full-fledged research on gene editing began to 
accelerate (Harrison et al., 2014). Then, in 2013, the third-
generation molecular scissors, clustered regularly interspaced 
short palindromic repeats CRISPR-associated protein (Cas) 

system, emerged. The CRISPR-Cas system functions as 
an adaptive immune system in bacteria to protect against 
external intrusions such as viral infections (Harrison et al., 
2014; Zhu et al., 2015). The system operates by producing 
complementary low-molecular weight RNA for a specific 
sequence in the genome of the bacteria-infecting virus, and 
consequent removal of the spacer sequence of the recognized 
virus using a Cas endonuclease. As described above, the 
CRISPR-Cas system is a guide RNA and a Cas endonuclease 
complex because the RNA fragment containing the spacer 
sequence that guides the Cas endonuclease is referred to as 
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>150 types of antimicrobial peptides exist, which can be 
categorized into five groups as follows: cecropins, defensins, 
attacins, proline-rich proteins, and lysozymes (Ma et al., 
2013). The economic value of these peptides is high (Park et 
al., 2013). Therefore, this study analyzed the possibility of 
producing antimicrobial peptides by editing the cactus gene 
in silkworms and activating the immune response signaling 
pathway of the silkworm by employing the third-generation 
gene editing technology, CRISPR–Cas system.

Material and Methods

Cell culture and transfection

The B. mori ovarian cell line BM-N (BRL-8910) was cultured 
at 27oC in TMN-FH medium (Welgene, Korea) containing 
10% fetal bovine serum (FBS) (Gemini, USA). Cultures were 
changed every 3-4 days. Suspend the BM-N cells and centrifuge 
at 300 xg for 10 min to pellet. Resuspend in sucrose buffer (272 
mM Sucrose, 10 mM Hepes, pH7.3) to a concentration of 5×10

6
 

cells/ml. Approximate 2×10
6
 cells to the 0.4 cm electroporation 

cuvette (Bio-Rad, USA), immediately add the 2.5 µg of Cas 9 
nuclease and 1 µg of gRNA complex. Incubate the reaction on 
the ice for 5 min, and then apply the electrical pulse at 750 V/
cm for 15 ms using a Gene Pulser X cell electroporation system 
(Bio-Rad. USA). Following the pulse, the reaction was placed on 
ice for 10 min to allow for transfer the cells with 2 ml of culture 
medium into a 6-well plate, and incubate for 5 hr. Change the 
medium and further incubate for 67 hr.

gRNA design and synthesis

The gRNAs were designed by online analysis tool (http://
crispr.dbcls.jp/). Which, based on the consensus sequence 
N20NGG, a 23 bp target sites, were identified in exon 1 and 2 of 
Cactus gene. Also, all candidate gRNA target sequences were 
analyzed for potential off-target binding in B. mori genome. 
Then, we selected the minimal off-target cleavage of silkworm 
genome. The gRNAs were synthesized and purified using 
GeneArt Precision gRNA synthesis kit (Invitrogen, Lithuania) 
following the manual instruction. All primers used in this study 
are presented in Table 1. 

the guide RNA (Doudna and Charpentier, 2014; Harrison et 
al., 2014). The spacer sequence of the guide RNA comprises 
23 nucleotides containing NGG, and the target sequence is 
determined by 20 nucleotides existing before NGG. Therefore, 
it is possible to specifically cleave the spacer site of the target 
gene in the genome using a guide RNA recognizing a specific 
sequence (Naito et al., 2015; Zeng et al., 2016). In such a 
CRISPR–Cas system, the recombinant Cas endonuclease9 
(Cas9) derived from Streptococcus pyogenes and guide RNA 
prepared via in vitro synthesis are generally used (Kistler et 
al., 2015; Zhu et al., 2015). Because of its higher accessibility 
and lower cost than those associated with the molecular 
scissors of previous generations, it is attracting attention as 
the next-generation gene editing technology (Doudna and 
Charpentier, 2014).

Insects have a humoral immune response to protect 
themselves from external infections such as bacteria and 
viruses (Jang et al., 2006). This humoral immune response 
is well known in Drosophila but only partially known in 
silkworms. The general humoral immune response is mainly 
observed in lipid body and hemocytes, and it undergoes 
different activation pathways depending on the infection 
source (Stokes et al., 2015). Representative humoral 
immune activation pathways can be divided into IMD and 
Toll pathways (Zhong et al., 2016). Infection with gram-
negative bacteria and fungi activates the Toll pathway, 
and infection with gram-positive bacteria activates the 
IMD pathway (Jang et al., 2006; Stokes et al., 2015). The 
activation pathway of the immune system can be controlled 
by intracellular signaling molecules. In case of the IMD 
pathway, external infections promote the degradation of the I 
kappa B-like protein, Cactus, to promote the gene expression 
of antimicrobial substances such as lysozyme (Qiu et al., 
1998; Stokes et al., 2015). Thus, with the help of the humoral 
immune system, the insect promotes the expression of 
antimicrobial genes, such as antimicrobial peptides, and the 
consequent overproduction of antimicrobial substances allows 
the insect to defend itself by attacking infectious agents and 
inducing their death (Zhong et al., 2016).

Antimicrobial peptides in insects are composed of 
approximately 20–40 amino acids and are rapidly produced 
by the insects as a protection mechanism against external 
intrusion by infectious agents (Wua et al., 2010). Numerous 
antimicrobial peptides have been found in various insects; 
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with primers for exon 1 region of Cactus gene. PCR products 
were re-annealed by following thermal reaction; 95oC for 5 
min, 95oC to 85oC for -2oC/sec, 85oC to 25oC for -0.1oC/sec, 
then cleaved with T7 endonuclease I (T7 E1) (NEB, USA) and 
analyzed on 2% agarose gel. Meanwhile, the PCR products were 

T7 endonuclease I assay and sequence analysis

The genomic DNA extracted using Wizard SV Genomic 
DNA Purification system (Promega, USA) following the 
manufacturer’s instruction. Near the target site was amplified 

Table 1. List of oligonucleotide sequence for gRNA synthesis and RT-PCR
Usage Targeta Primer sequence (5' to 3')

gRNA synthesis

F2
F TAATACGACTCACTATAGGAGGACGAGTACGCTGAT

R TTCTAGCTCTAAAACGAATCAGCGTACTCGTCCTC

F10
F TAATACGACTCACTATAGGAGTGAAATCCATTACGG

R TTCTAGCTCTAAAACATCCGTAATGGATTTCACTC

F13
F TAATACGACTCACTATAGTCTACTGTTCCAACAGGA

R TTCTAGCTCTAAAACCGTCCTGTTGGAACAGTAGA

R4
F TAATACGACTCACTATAGTCTCAGGGCACACCCTGA

R TTCTAGCTCTAAAACCATCAGGGTGTGCCCTGAGA

R10
F TAATACGACTCACTATAGCTCATCACCGCTAGATGC

R TTCTAGCTCTAAAACCTGCATCTAGCGGTGATGAG

R13
F TAATACGACTCACTATAGTGTGTAGCGGAGTCTCTC

R TTCTAGCTCTAAAACCGGAGAGACTCCGCTACACA

T7
b

F TAATACGACTCACTATAG

Tracer R
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCG

AGTCGGTGCTTT

RT-PCR

GAPDH
c

F GCTGGAATTTCTTTGAATGAC

R CAATGACTCTGCTGGAATAACC

Cactus
F TGAAATCCATTACGGATAGGCTGT

R GTGTACGGAGGCGATGTGTA

RelA
F TCCTGTTGCCTTAGAGAACATG

R GGATAAGTTTTGTTCTCCGGAG

RelB
F AAGCGTGGTAATAGTCGAGCAA

R TTGTTGACGCAGGACACGACT

Relish
F ATGCTAGTGAAATGGCTGGAAC

R TGCTCCTCAGGTGTCTTATGTT

Lys
d

F AAGACTGCAACGTTAAGTGCTC

R ACAGTTCTGTTTCGAGGAGATC

Mor
e

F ATGTCTCTGGTGTCATGTAGTA

R TTGAAAACATCGTTGGCTGTAC

Lebo
f

F TAGTATTCAGTTCAGGTTCTGGT

R TATTATCGGACGCTGTGTT
a
F and R mean the forward and the reverse primers, respectively.

b 
T7 promoter; 

c
Glyceraldehyde 3–phosphate dehydrogenase; 

d
Lysozyme; 

e
Moricin; 

f
Lebocin 1.
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analysed using EnzChek Lysozyme Assay Kit (Invitrogen, 
Lithuania) following the manual instruction. Fluorescence 
was measured every 5 min to follow the kinetics of the 
reaction at 37oC for 60 min. In this assay, enzyme activity was 
expressed as units/mg protein, compared to that of chicken 
egg white lysozyme as control.

Results and discussion

Identifying active gRNA for BmCactus 

We reasoned that gRNAs causing higher genome cut rates 
would be more likely to result in stable mutations. We used by 
online analysis tool searched six different targets for gRNA 
composed of 20 bases adjacent to a PAM and beginning 
with two guanidine (GG) to facilitate in vitro transcription 
(Naito et al., 2015). Selected six gRNA target sequences on 
the exon 1 and 2 with a low possibility of off-target binding 
(Table 2; Figure 1A). We then assembled the appropriate 
oligonucleotides corresponding to the target sequences with 
the tracer sequence. Finally, we synthesized the gRNAs and 
Cas 9 complex was transfected to BM-N cells. To test the 
efficiency of six gRNAs, we performed an electroporation 
of Cas 9 at 6.25 µg/ml and six gRNAs (2.5 µg/ml each). 
Survival rates were very low for these electroporation (24%, 
as compared to 50% survival with buffer only; data not 
shown). Surviving cells were harvested to 72 hr after post 
electroporation. To estimate the target binding efficiency, 
we performed a T7EI assay on the amplicons surrounding 
the target site in the genome. All of the six gRNAs showed 
cleavage products with different intensity, indicating the 

ligated into pJET1.2 blunt vector (Thermo Scientific, Lithuania) 
and sequenced by pJET primers. 

Reverse transcriptase-PCR

At 72 hr post transfection, total RNA was extracted from 
the BM-N cells using RNeasy Mini Kit (Qiagen, Germany) 
following manufacturer’s instruction. The RNA quality was 
checked by Nanophotometer P300 (Implen, Germany) and 
normalized to equal concentration. cDNAs were synthesized 
using PrimeScript 1

st
 strand cDNA Synthesis kit (TaKaRa, 

Japan) with 1 µg of total RNA as a template. Quantitative 
PCR reactions were performed with SYBR Premix Ex Taq 
(TaKaRa, Japan) under the conditions recommended in the 
manual instruction using the qTOWER3 (Analytica jena, 
Germany). The data was normalized to B. mori GAPDH gene 
used as an endogenous control. All of the RT-PCR primers are 
listed in Table 1.

Lysozyme activity assay

To confirm the lysozyme activity of the mutant cells, 
the cells were cultured for 120 hr after transfection and 
culture medium was collected. The Culture supernatant was 
concentrated using 70% ammonium sulfate (Sigma, USA). 
Sample was stirred for 6 h at 4

o
C and the resulting protein 

precipitate was collected by centrifuging for 40 min at 8,000 
xg and 4

o
C. The proteins obtained were dissolved in 25 mM 

phosphate buffer (pH 7.0) and desalted on a PD-10 column 
(Amersham Pharmacia, Sweden) equilibrated with the same 
buffer. Lysozyme activity against the cell wall of Micrococcus 
lysodeikticus as a substrate. The lysozyme activity was 

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

Locus No
Target sequence 

(N20NGG)
GC 
(%)

Possibility of off-target recognition

hit_20 hit_12 hit_8

Exon 1

F2 GAGGACGAGTACGCTGATTCCGG*
55 1 1 219

F10 GAGTGAAATCCATTACGGATAGG 40 1 1 509

F13 TCTACTGTTCCAACAGGACGAGG 50 1 1 222

Exon 2

R4 CCTCATCAGGGTGTGCCCTGAGA 60 1 1 182

R10 CCACTGCATCTAGCGGTGATGAG 55 1 1 251

R13 CCTCGGAGAGACTCCGCTACACA 60 1 1 197
*
Bold letters indicate the PAM sequence in the target site.
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8 clones, each of which showed a different pattern, such as 
1-21 nucleotide deletions and insertion (Figure 2C). Most 
of the mutations occurred adjacent to the PAM region of 
the target sequence of the F10 gRNA. These results suggest 
that the non- homology direct repair occurs after the third 
phosphodiester bond breaks in the upstream of PAM by F10 
gRNA and Cas 9 complex, and the nucleotides were lost 
before recombination (Basua et al., 2015). In other words, 
these results may cause mutation in the correct target site, 
but it means that it is difficult to intentionally control the 
genotype. 

 
Transcription levels of genes affected by 
BmCactus mutation

In order to answer the question of whether mutation of 
BmCactus through gene editing would enable the production 
of antimicrobial peptides, the transcription levels of the 
related genes were analyzed. Cactus gene have been reported 

variant the target binding efficiency (Figure 1C). The T7EI 
assay result showed that F10 gRNA induced a relatively 
high cleavage level, were as R13 gRNA induced a low 
level cleavage. All six gRNAs induced detectable levels of 
mutagenesis, which varied within and among different target 
binding sites, reflecting sequence dependent effects on gRNA 
binging efficiency that are not yet understood (Doudna and 
Charpentier, 2014; Zhu et al., 2015). As a result, identified 
highly active F10 gRNA for the genomic target tested here. 

CRISPR/Cas 9 system mediated site specific 
mutagenesis 

We next examined whether mutagenesis detected in 
survived BM-N cells from transfected (electroporation, 
electroporasis) with F10 gRNA. The T7EI assay resulted in 
mutations in 50% of the genes. (Figure 2A). BmCactus exon 
1 amplicons were cloned into pJET1.2/blunt vector (Figure 
2B). Sequence analysis of 40 clones revealed mutations in 

Fig. 1. Site-specific cleavage of BmCactus in BM-N cells with gRNAs. (A) Schematic of gRNA target sites in wild type gene. Six designed 
gRNAs are located in exon 1 and 2, which are indicated by dashed lines with target sequences. (B) gRNA was expressed downstream of 
the T7 promoter and co-transfected with recombinant Cas 9 nuclease into BM-N cells. Cells were harvested after 72 h for next analysis. (C) 
Cleavage events and cutting efficiency were analyzed with a T7EI assay. The T7EI assay of BmCactus exon 1 and 2 presented in left and 
right panels, respectively.
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negative regulator of the Toll pathway, Toll is activated after 
immune challenge by serine protease activation cascade, 
leading to the dissociation of the NF-kB family (such as 
Rel A and B), from Cactus (Ma et al., 2013; Stokes et al., 
2015). This is followed by translocation of Rel A and B, 
which controls expression of lysozyme, moricin, and some 
antibacterial genes (Sun et al., 2016). Therefore, we analysed 
the transcription levels of signaling molecule and antibacterial 
genes, including Cactus, Rel A, Rel B, lysozyme, moricin, 
and lebocin (Figure 3). Quantitative PCR analysis showed 
that Cactus was down-regulated in F10 gRNA-Cas 9 complex 
transfected cells and transcription factor RelA and B were 
up-regulated by mutations, furthermore, lysozyme, moricin, 
and lebocin 1 gene expressions were significantly increased 
by mutations. We next extended our analysis to lysozyme 
production, the lysozyme was confirmed by peptidoglycan 
degradation activity (Figure 4). The secreted lysozyme in 
wild type and Cactus mutant BM-N cells culture supernatant 
was concentrated 10 times using the ammonium sulfate, 
and chromogenic substrate was used for the analysis of 
enzyme activity. As shown in Figure 4, lysozyme activity of 
concentrated mutant culture supernatants was 10-fold higher 
than that of wild type culture supernatant. These results are 
different from those of ovarian cell line BM-N, which are 

Fig. 2. Deletions generated by F10 gRNA. (A) T7EI assay corresponds to mutations in target site. (B) Schematic diagram of the 
recombinant plasmid pJET-BmCactus E1. The BmCactus exon 1 was amplified by PCR and cloned into pJET 1.2 vector. (C) 
BmCactus exon 1 sequences of the mutations generated by the F10 gRNA transfection. The number in backside of each sequence 
stand for mutation types and number of nucleotides changed. The asterisk and bold letters indicate the deletion and insertion 
nucleotides, respectively.

Fig. 3. Immune response gene expression in BmCactus mutant 
BM-N cells. (A) The levels of antibacterial gene expression in the 
mutant cells were analysed with RT-PCR. Equal amount loading of 
samples was ensured by the inclusion of GAPDH. (B) The mRNA 
levels in the mutant cells shown at 72 h after F10 gRNA-Cas 9 
complex transfection was measured using quantitative RT-PCR. The 
mRNA expression levels were expressed as a Log10 fold change 
compared to that of wild type cells and GAPDH as an endogenous 
control. 
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as lysozyme, moricin, and lebocin (Figure 5). Finally, these 
results elucidating the hypothesis that gene editing can be used 
for production of useful materials.
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