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Genome editing technology employing gene scissors has generated interest in molecular breeding in
various fields, and the development of the third-generation gene scissors of the clustered, regularly
interspaced short palindromic repeat (CRISPR) system has accelerated the field of molecular breeding
through genome editing. In this study, we analyzed the possibility of silkworm molecular breeding
using gene scissors by genomic and phenotypic analysis after editing the biogenesis of lysosome-re-
lated organelles (BmBLOS) gene of Bakokjam using the CRISPR/Cas9 system. Three types of guide
RNAs (gRNA) were synthesized based on the BmBLOS gene sequence of Bakokjam. Complexes of the
prepared gRNA and Cas9 protein were formed and introduced into Bombyx mori BM-N cells by
electroporation. Analysis of the gene editing efficiency by T7 endonuclease I analysis revealed that the
B4AN gRNA showed the best efficiency. The silkworm genome was edited by microinjecting the
Cas9/B4N gRNA complex into silkworm early embryos and raising the silkworms after hatching. The
hatching rate was as low as 18%, but the incidence of mutation was over 40%. In addition, phenotypic
changes were observed in about 70% of the GO generation silkworms. Sequence analysis showed that
the BmBLOS gene appeared to be a heterozygote carrying the wild-type and mutation in most in-
dividuals, and the genotype of the BmBLOS gene was also different in all individuals. These results
suggest that although the possibility of silkworm molecular breeding using the CRISPR/Cas9 system
would be very high, continued research on breeding and screening methods will be necessary to im-
prove gene editing efficiency and to obtain homozygotes.
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F91¢1 CRISPR/Cas Al 2=l Hhe| 2] ofel| A nlo] 2] 29
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Table 1. Primers used in this study
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124)5 ol &3t oH, Fol AHE FEINEAY =T
REAFIE(RE, 427C, 5, 70:90%) &3k 243 2
A< Folsta 25C, 16L8D oA ARSI T Foll da
A 33 BM-N (CRL-8910)= American Type Culture Collec-
tion (ATCC, USA)=5H Tt A&t 0w, 27T A
10% fetal bovine serum (FBS; GEMIMI, USA)E *3&s}t&
TNM-FHH A (WELGENE, Korea)E ©]-&3to #} &3l ATt

W odlo d

HIIMEEA

9 5-4ke] BmBLOS A9 471 €& £43817] dho
NCBI®| 55%¥ Dazao ¥4 4714 E(NW 004582020 Re-
gion: 1971240.1983012) 2 # ¥ 4 S&& I3 Primers
A2t A th(Table 1). W 573He] Y= A EZF-H Wizard SV
genomic DNA #%7] E(Promega, USA)E ©] &3t A&
DNAE 231 o] & YO Z 0] §3}e], Table 19] E2to]
™ ¢} Pfx DNA polymerase (Invitrogen, USA)E ©| &3}
PCRE T3¢t 29 F4A4= pJET 1.2 blunt vector
(Thermo Scientific, Lithuania)oll 293t @714 E& 24

st

710|= RNA CIXi2! & &M
FA2 HYE A3 gRNAE 229 B4 =T (http://
crispr.dbelsjp)E ©-&3to] ME3 BmBLOS i #He| 9<&
2,3 % 49 97|HEZRE PAMME S 289 237] 7EH
L] E(NgNGG) £ M E-& AL, B mori Als Wl A
9 289 HEE BE439Y. PAM AEZEEH Ny, Np, 2
13_] S|

Niol 28 MES BHEHL, F He FRVES tehfE

bt

Primer name

Primer sequence (5" to 3')

Primer purpose

Blos-E1 F : CTTAACCATAGATAATACACACAC
R : CTCAAATATAAGTACGGCCACCA
Blos-E3 F : AGAGAAAATCTGTAAGAATAATA Detection for targeting
R : AAGCTAGCCACAGTGTTTATCA sites and T7 EI assay
Blos-Ed F : GTATGTACCGTITAGTTTAAAA
R : CAGGACAACTATGCTTTAGA
Blos-E1 sg F : TAATACGACTCACTATAGCTTCTGTGCTGAGACTCATC
R : TTCTAGCTCTAAAACGATGAGTCTCAGCACAGAAG
Blos-E3 sg F : TAATACGACTCACTATAGGGAACACTACATGCTGCTTG Preparation of gRNA
R : TTCTAGCTCTAAAACCAAGCAGCATGTAGTGTTCC template
Blos-E4 sg F : TAATACGACTCACTATAGGAGTAGGGGTTGGATCTGCT
R : TTCTAGCTCTAAAACAGCAGATCCAACCCCTACTC
GAPDH F : GCTGGAATTTCTTTGAATGAC
R : CAATGACTCTGCTGGAATAACC RT-PCR
BLOS RT F : AGCAGATCCAACCCCTACTCCAGC
R : GAGTTCAAGCGTGCGAGCAGGACA

F: Forward, R: reverse



gRNA £74 A& g H¥sio] gRNAE 4817 9% Table
19] PCR Zeto|H & A&t gRNAY A& GeneArt
Precision gRNA synthesis kit (Invitrogen, Lithuania)& o] &
e, AL4A 7ol ohel PCRE 53] 53 DNAE A2}
2 AEE A RNA $HELE o] 31 gRNAE T4
3 AAS, -80Ce BH T AP Agatgnt.

Transfection & 710|= RNA &2&E4

A ZE gRNASH Cas9 B 9] EA & electroporation
< %39 BM-N Al ZF9 transfection A% th. Electropora-
tione 15t Cas9/gRNA A (2 ug Cas9, 2 ug gRNA,
272 mM Sucrose, 10 mM Hepes, pH7.3)E -2l A 10&3¢
FAAN 712 2x10° cell/ 04 mi¢] BMN A £t £ 5 IL0)
A 583t A BT o] &
cuvette (Bio-Rad, USA)2. 2 &7] 11, Gene Pulser X cell elec-
troporation system (Bio-Rad, USA)& ©]-&3t4 750 V/em &
Ho2 15 msT ¢t A75A4 S 7HetL E5olA 108 T 4
2t gt 17154 S 71 A ZE 6 well plate® &7 F 10%
FBS7} 2&¥ A1A¢ 2 mle] TNM-FH WA & &53t 27°C
ol A 5AIZE S Wt F S AEE AASL AEL HA
Z wA sk 67A3t w¢F F7F Wik ol ¥ wjFE AE
g 433t AE DNAE 31, Table 19] Zeto|m &
o] g3te] ZH7te] A B9 Z % T7 endonuclease I (T7

El) £4& 53l gRNA &8 AAsAT
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Microinjection

Microinjections $1¢ 7ol %2 Kim 5[13]9] ¥l et
FHBIL A 3 6A3F oo FAE SERAT. FAS
23ke] Cas9 (300 ng/ul)¢+ gRNA (500 ng/ul)E ¢354 (5
mM KCl, 05 mM Phosphate buffer, pH 7.0 & & ‘-2
A 1023t Ast B E FAAZT A E Cas9/gRNA
58 A & micro-injector (Narishige, Japan)E ©] 83} FH]
® ol jote] v H2E vbES o] &3t 7FHE WE
< microcapillaryE ©]§3t4] 10-15 nIE FYa, H2He]
2 Cyanocrylate &4 & o] &3t 23k}, Microinjection
Tl 42 Bed HEGYAd dof 25T AA F3T
W 7kA] 9-10¥ 7+ B 53T
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GO Al % 5mteldllA 42 470 9] thel S #5138kl RNeasy
Mini kit (Qiagen, Germany)& ©]-&3t4 total RNAE FZ3t
At cDNAE 500 ng2] RNAS}H PrimeScript 1* strand cDNA
@/ 7] E(TaKaRa, Japan)E ©| &3t @43, RT-PCR 3
quantitative PCR (qPCR)°l ]85t $ith. BmBLOS %1 7<)
FHEA S 9|5}, BAN gRNAY FHH S AW Zejo)
HEZ Azstel A4 S0l HES SostA Azt
™ (Table 1), gPCR2 qTOWER3 (Analytik Jena, Germany) &
H] ¢} TB Green Premix EX Taq (TaKaRa, Japan)< ©] &3t
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N 2G4 BHE 2E86 A 752 7IELR

ddCt FH < o] &3t Hlu.o}‘ﬁ‘?}.

SAHZEA
BE A@2A %= W (mean value) + EFHASD)E Y
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Huj A EAHE A (Oneway Analysis of Variance; ANOVA)&
A2, % B FAA G009
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JER T2E E43 Ay AALAAY I7)= 11,773
bpE A 5714 FHE HAE oy, o] Ao uket 47] &
=59 dEow FHHI, olF tRE o7} 1,800 bp
SEol A YEhdE Ao R SRIFAU oo whe} I 19 o]
1,800 bp o] Fol] EAjstE 30 o] A Y A& F2E V2E
BmBLOS #7#¢] d& g JAEZS 728 £43 o4t
(Fig. 1). ¥&39] BmBLOSH A Zko] gk gRNA 4 5915
GA317] 913 Dazaod] @714 E2HE A A4 Table 19 =
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A 500 bp
Exon 1 Exon 2 Exon 3 Exon 4
5’ UTR 37 UTR
Intron 1 Intron 2 Intron 3
BIN
5" ~CCTGATGAGTCTCAGCACAGAAG-3" B3P
5 —GGAACACTACATGCTGCTTGAGG—3" B4N

Cas9
nuclease
>
- Target sequence
in vitro
trascription
gRNA No.

(bp) BIN B3P B4N

300
200

100

__ ¢

5" ~CCCAGCAGATCCAACCCCTACTC-3"
Electroporation
_—

Cas9/gRNA
complex

—

Microinjection

B. moriembryos

gRNA No.

(bp) BIN B3P B4N

300
200

100

Fig. 1. Design and delivery of gRNA. (A) Schematic diagram of gRNA target sites in wild type BmBLOS gene. Three designed
gRNAs are located in exon 1, 3, and 4 which are indicated by dashed lines with target sequences. The gRNA targeting
sites, BIN and B4N, are located on the anti-sense strand and B3P 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 electro-
poration and microinjection, respectively. (C) PCR assembled gRNA DNA template and (D) In vitro synthesized gRNAs

was analyzed by gel electrophoresis.

gho] M o] &ato] Mo Alls DNAZRE & 1,3, 2
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CRISPRdirect &€& ©] &3] 2 Ao 223t NyNGG &
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NpNGG 2 NsNGG M €9 B. mori 7l n(ASM15162V1) 141
ZHUNEE E43}13 Table 20) YER AT A& 1, 2, 39
EAAY £ 2T MR $e g Adsty 247
BIN, B3P, & BANO.Z ﬂiﬂﬂoki’it}(ﬁg 1). 2074 9] E71= ©]
Fo1xl 7#74«1 B4 ML AE WA Fd& AHdeln, 1
4ol PAM A ¥ ¢ 127114 A7MA ZAadteE @189
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@A /RNA 5
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Table 2. Analysis of gRNA target sequences of the BmBLOS gene and potential off-target in the genome

Locus  Strand Sequence (NxNGG) GOC Tm Possibility of off-target recognition
(%) (€) 20 mer 12 mer 8 mer
+ TTAGTTTATTTGATGTGATTTGG* 20 55.94 1 6 612
Exon - CCCTGATGAGTCTCAGCACAGAA 45 69.54 1 2 342
1 - CCTGATGAGTCTCAGCACAGAAG" 50 69.89 1 1 230
+ GCACAGAAGACATAGAAAAATGG 35 63.74 1 2 1450
- CCCATATGGTTATTTCAAGTAAA 20 56.61 1 3 427
Exon CCATATGGTTATTTCAAGTAAAT 20 56.61 1 2 267
3 + GGAACACTACATGCTGCTTGAGG" 50 71.6 1 1 257
- CCTAGCCGCGAACCTGAACAAGA 55 75.8 1 1 474
- CCTCGACTCAAACGCGCATATTA 45 68.61 1 2 269
Exon - CCCAGCAGATCCAACCCCTACTC 55 76.05 1 1 167
4 - CCCCTACTCCAGCAGATAGATCA 45 69.5 1 2 327
- CCAGCAGATAGATCAAATCGAAG 40 64.43 1 3 289

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

®™The names of the gRNAs indicate BIN, B3P, and B4N, respectively.

A Exon 1 B Exon 3
Non BIN gRNA Non B3P gRNA
- 4+ - 4+ T7EI - 4+ - + T7EHI
(bp) (bp)

800
500
300
200
100

800
500

200
100

C Exon 4 D

Non B4N gRNA

- 4+ - +T7EI

(bp)
800

Relative cleavage rate (%)
(V5]
(=]

100

Non B2N B3P B4N
gRNA

AAFHAANA o Bl HAH EFno] FAH=Z
AEEH] gEOR oA Th23]. wetA el BmBLOS
FAAE A7) 913 RNAZA diujE o) o Zo] o]y
& BPRT AGE&e ga YA JE3 gejol Ak vE
< 7+ BANo| AT 7o % dddT

TR HEY 0 M

BmBLOS 44 HY T & A&st7] $ste] Cas9 T

Fig. 2. Gene editing in the B. mori genome. BM-N cells were co-
transfected with Cas9 protein and gRNA complexes target-
ing BmBLOS exon 1 (A), exon 3 (B), and exon 4 (C) targets.
T7E1 assays were performed for each target at 72 hr post
transfection and the products were separated on 2% agar-
ose gel. (D) Relative cleavage rates were quantified using
Quantity One software. “*Means with the different latters
are significantly different (p<0.05) by Duncan’s multiple
range test. Values are mean + SD (n=6).

A3 AdkE BAN gRNA EFAE Follo 7o} FF3
SHAte] 7hg-l vl H ol microinjectiondtil, 1 A} Table
30 YR I Cas9/BAN gRNAS FALE 4807) 9] ol &
= 88(183%) el o frZol F3EH oY, ol F 25%l T
sk 227 Al who] 53 7bA] A E3te], Cas9 T AT FAME 1
Foll vlste] F3h& g AEE] AA FA UERT o
23 A3be PR E ] CRISPR/Cas9S o] &3 fra #HA
TolA gRNA s =357t wet F51& 3 AE S| Haste

Table 3. Embryonic gene editing induced by Cas9/gRNA complex injection targeting BmBLOS

gRNA for Number of injected Hatching Survive to 5th Mutation Phenotypic change
injection embryos (n) ®)/ (%) instar (n)/(%) )/ (%) )/ (%)
Cas9 only 240" 117/48.8 89/76.1 0/0 0/0
Cas9/B4N 480 88/18.3 22/25.0 9/40.9 7/77.5

YResults are mean of duplicate data.
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A ddzE

AL AT we dubAQl dFow dRdA FUE @NALE AF 7hestEE AT E AYssty] A
gRNAZ} Hjobe] &3fe] Y-S w2 o2 Addth20] 7HAQl At o 1 o® wddn
A2 AHANAE Agstr] Aste] 53744 A2 2270
o] -g3te] T7E1 E4 < +3 3 A7 (Fig. 3A), BmBLOS =oiHH0|0fl [HE 7AA} L&

IMAAA A wR o] ME 20ME HEo] FelEion, RHYPGA o7t gH 5 A FAYR A
Fig. 2Dl A BM-N Al 225 B2 #4438 4 #l s RNAE F%3}3 BmBLOS fraAte] tjg dd A &
36% FA 41%E LB T (Table 3). 3 4 2He] o] 4o YERH ST RT-PCR 27 2830 Wol7l Yepd
7F debd AA F 703 775%) 0 2EE o) Wyt #7 & A% HTE BmBLOS fr3 4] A go] Hadte
lom, 3 Axke] A Bztola FH7} veh S JEFH o, qPCRE o] &3 &4 o A1 BmBLOS

o ¢
oft

o 26 © 8 40
o rf

#3) Ak gt BEYd d9& A 7 o) By e A F59 3070% FEOE AAE 2ol 5 e
EbstTHFig. 3B). €71ME £ A3 A ol7t geld 97) Wl ole FAA #H G0 Adl #F dFEo AN
A ZF 2§39 A4y 2 24 SddelE 7ML I3 BmBLOS 47 ¢lo] g A=A EdMlE 7HA &

o] &<l U Th(Fig. 3C). ¢l CRISPR/Cas9 Al 28 o] gRNA A &2 (heterozygote) 4Bl ©#[10], G W o] =& F7

o] o EA3l= PAM Mg §919 diAES Adsie o WE missense & frameshift mutationd] we} &
sty WjEo2 Aohe AdS DNA 3157]% 5 g4t TeiAo] YEpYA @& Ao e 4 gt v

Bl aso st AA Te Aol o]FARA 7] RO 2} RT-PCRE ©] &8 AAA £4-& BmBLOS 442
AZ- A Y10, 19]. Wk CRISPR/Cas9 Al 28l & &7 02 B9l #A%0] mRNAY 8 Fute =4 715317] o

o] &3ty falM e FiA HY A&S wola U e E8Y Hste} SAsHA AFA e AoE AGE

A

Fig. 3. Mutations of BmBLOS gene induced by Cas9/B4N gRNA injection. (A) T7El analysis of larvae. 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) A representative oliy mosaic larva (G0) injected with a Cas9/gRNA complex targeting BmBLOS gene. In
a severe case, larva’s skin exhibited the oily half and oily mosaic phenotype. (C) Sequence analysis of mutant BLOS alleles.
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 nucleo-

Wild type B4N mutant 1
12 13 14 15 16 17 18 19 20 21 22

L d v - N “’r"{ ‘;‘. ;
=0 o=m = o= e=n "'_f’[:v:.r‘_‘&;'f" b 17

o - [ 4 ,-':..l,.:, A ] Normal
“ % .] Oily
B4N mutant 2

GACTCAAACGCGCATATTAAACGTTCCAGATGCCCAGCAGATCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA O

GACTCAAACGCGCATATTARAACGTTCCAGATGCCCA- - ———————— CAGGTATCTAAATTCGAA -43/+13
GACTCAAACGCGCATATTAAACGTTCCAGA——————————— TCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -11
GACTCRAACGC—\—————— CTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -38
GACTCAAACGCGCATATCAAACGTTCCAGA——————————— TCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -11

GACTCARACGCGCATATTAAACGTTCCAGATGCCCAGC---TCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAARTTCGAA -3/+13

GACTCAAACGCGCATATTARACGTTCCAGATG  —————————mm oo mmmmmmm e CTAAATTCGRA -54/+5

CAGGCCGTTCCGGA

GACTCAARACGCGCATATTAAACGTTCCAGATGCCCAGC-—-TCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -3/+14
ATCCACCATGCGATGA

GACTCAAACGCGCATATTAAACGTTCCAGATGCC————~—~ TCCAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGRA -7/+16

GACTCAAACGCGCATATTAAACGTTCCAGATGCC——~~~———~ CAACCCCTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -9

GACTCAAACGCGCATATTAAACGTTCCAGATGCCCAGC——————————————————————— ATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -23/+2
GACTCAAACGCGCATATTAAACGTTCCAGATGCCCAGCAGA————————————————————— TAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -21
GACTCAAACGCGCATATTAAACGTTCCAGATGCCCAGC———————~——~ CTACTCCAGCAGATAGATCAAATCGAAGTCCAGGTATCTAAATTCGAA -11

tides changed, respectively.
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Fig. 4. Relative gene expression of in BmBLOS mutants. (A) The transcription levels of BmBLOS gene in the mutant larvae were
measured using quantitative RT-PCR. The expression levels were expressed as a fold change compared to that of wild type

larva and GAPDH as an endogenous control.

*/Means with the different latters are significantly different (»<0.05) by Duncan’s

multiple range test. Values are mean + SD (n=3). (B) The transcription levels of BLOS gene in the mutant larvae were analyzed
with RT-PCR. Equal amount loading of samples were ensured by the inclusion of GAPDH.
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