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Gene editing technology using the clustered regularly interspaced short palindromic repeat (CRISPR)
and the CRISPR associated protein (Cas)9 has been highly anticipated in developing breeding techniques.
In this study, we discuss gene scissors as a tool for silkworm molecular breeding through analysis
of Bombyx mori Kynurenine 3-Monooxygenase (BmKMO) gene editing using the CRISPR/Cas9 system
and analysis of generational transmission through mutagenesis and selective crossing. The nucleotide
sequence of the BmKMO gene was analyzed, and three guide RNAs (gRNAs) were prepared. Each
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, K1P gRNA and Cas9 com-
plexes were subsequently microinjected into the silkworm embryos; the hatching rate was 18% and
the incidence of mutation was 60%. The gene mutation was verified in the heterozygous GO gen-
eration, but no phenotypic change was observed. In homozygotes generated by self-crossing, a mutant
phenotype was observed. These results suggest that silkworm molecular breeding using the CRISPR/
Cas9 system is possible and could be an effective way of shortening the time required.
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Transfection ¥ 710|= RNA 22E4

A ZE gRNASH Cas9 T A (Invitrogen, Lithuania)®] &
A £ electroporations &3t BM-N 4| 5] transfection
A Z . Electroporations 13t Cas9/gRNA E¢A|(2 ug
Cas9, 2 ug gRNA, 272 mM Sucrose, 10 mM Hepes, pH7.3)E
A2 A 1083 A4 A 7)1 2x10° cell/ 0.4 ml¢] BM-N A%
o} &% %, 04 cm electroporation cuvette (Bio-Rad, USA)L.
& &7]11, Gene Pulser X cell electroporation system (Bio-
Rad, USA)E ©]43t4 750 V/cm 2822 15 ms & 7]
4L 7MY A58 & 713 AZE 6 well plateZ &3]
% 10% FBS7F 23He 1A% 2 ml®) TNM-FH WA & F3t
o 27CAA 5A E Wt F & AZE AASL =
& WA E wA sk 6747 T F7h w Fe T of & ek
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T7E1 £4& 7t A& 299 PCR AHES 95T oA 587
WG A F T7HA 29 2CH BA4A7]3, B5T7HA 29
01CH M3 YAAFIHA PCR A& AZES frestdd
th. o] 3 1 U9 T7El (NEB, USA)2 3715t 37Tl A 1413t
FQ WS 71D 2% obFE2A ] H7]YE F Quantity One
software (Bio-Rad, USA)E o] &3t WIES 7 ZHAEE
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Table 1. Analysis of gRNA target sequences of the BnKMO gene and potential off-target in the genome

Possibility of off-target recognition

Locus Strand Sequence (N2oNGG) C (%) Tm (C)
20 mer 12 mer 8 mer
+ AACGTTCAAGAAACTAGATGTGG 35 62.79 1 4 377
KMOE1 + AAACTAGATGTGGTTGTTGTCGG 35 65.62 1 5 894
+ CTAGATGTGGTTGTTGTCGGTGG 50 70.36 1 2 248
+ GATGTGGTTGTTGTCGGTGGAGG 55 73.03 1 3 930
> CCACCGAACTATCTGCATATCTG 45 67.9 1 1 211
+ CACCGAACTATCTGCATATCTGG 45 68.1 1 3 209
- CCGAACTATCTGCATATCTGGCC 45 711 1 2 395
+ ACTATCTGCATATCTGGCCTAGG 45 72.49 1 1 287
KMOE? CCAGGACTGCTCCTGGACTGTGA 60 76.98 1 2 543
- CCTGGACTGTGACACTTTTCATG 45 67.48 1 1 151
+ CCAGATTCGATTCCGCTGATAGG 50 712 1 1 125
- CCGACTATTTTGCCGGATCAGCT 45 719 1 1 1423
- CCGGATCAGCTTCGCCTTTGATT 45 69.5 1 1 587

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

®™The names of the gRNAs indicate KIN, K7N, and K7P, respectively.



Table 2. Primers used in this
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study

Primer name

Primer sequence (5 to 3 )

Primer purpose

KMO-E1 F : TGTGTGACGTTGCGTGTAACTCA
R : GGCACTTACTTACTGGTACTTATCT Detection for targeting
KMO-E1 F : TGCGCAAACACTGGTAATCTITAAATAG sites and T7 EI assay
) R : CCTCAATATAATTGTACATAGCCAG
KIN s F : TAATACGACTCACTATAGCTAGATGTGGTTGTTGTC
& R : TTCTAGCTCTAAAACCCGACAACAACCACATCTAG
KN F : TAATACGACTCACTATAGCAGATATGCAGATAGTTCGG Preparation of gRNA
%8 R : TTCTAGCTCTAAAACCCGAACTATCTGCATATCTG template
K7P F : TAATACGACTCACTATAGCCAGATTCAATTCCGCTGAT
%6 R : TTCTAGCTCTAAAACCCATCAGCGGAATTGAATCTGG
GAPDH F : GCTGGAATTTCTTTGAATGAC
R : CAATGACTCTGCTGGAATAACC RTPCR
KMO RT F : TCAAGAAACTAGATGTGGTTGTT
R : TCTCGATATTCGTACAGGCGAA

F: Forward, R: reverse
24shel .

Microinjection

Microinjectione 913+ ol ¥-& Kim
FHAL A & 5AIZE oj Yol FALE SEIIAY. FAE
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150 mM NaCl, 2 ug/ul proteinase K, pH 74)E #7}3}4]
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2= pJET 1.2 blunt vector (Thermo Scientific, Lithuania)©]
22Y3t 2t 539 071 229 td FUIMEE EYEH

7] flste], Atd & A4 %ﬁt\’iol % S ZHH RNeasy
Mini kit (Qiagen, Germany)< ©]&3}9] total RNAS +Z3}
ATk cDNAE 500 ng®| RNAS9} PrimeScript 1st strand
cDNA #4 7] E(TaKaRa, Japan)E ©]43t¢ §43}3L, Rev-
erse Transcriptase Polymerase Chain Reaction (RT-PCR) %
quantitative real time-PCR (qPCR)9l ©] 43} th. BmKMO
e TE 248 Set], 9 28 $EL 5 RS
A 2g Zeto] | (Table 2)9F TB Green Premix EX Taq (TaKaRa,
Japan)& ©]8-3}] qTOWER3 (Analytik Jena, Germany)g 5
3l BuKMO frA7e] & $53k1, BuGAPDH A4S
o st 7t Alge] 3 FAA THS EE3eL Y U
P& 71F 02 ddCt s ol &5te] Halst it

A=A

€ A9A%E P (mean value) + EFHUASD)E 1}
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A EAHEA] (Oneway Analysis of Variance; ANOVA)<
AAeta, 2+ Bkl 724 (p<0.05)
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BmKMO

500 bp e g
XxXon

5 UTR

K1IN

Exon 7

K7P

5'-CTAGATGTGGTTGTTGTCGGTGG-3’

5-CCACCGAACTATCTGCATATCTG-3’

5-CCAGATTCAATTCCGCTGATAGG-3'

Fig. 1. Schematic diagram of gRNA target sites in the wild-type BmKMO gene. The three designed gRNAs are located in exons
1 and 7, indicated by dashed lines with target sequences. The gRNA targeting sites, KIN and K7N, are located in the anti-sense

strand, and K7P is located in the sense strand.

7I0|= RNA HIZ

BmKMO f7A4e] 725 #437] $15te] NCBIdl
Dazao 559 d& B JEES 728 #4
9] 71 19,135 bpE A 10719] 9
TR JUh(Fig. 1). FHH 2= o7} 71
A9 A71M4E el A CRISPRdirect ;%1[16]
Zb oo ZA 5= N20NGG E2 A ES &43} 1, off-tar-
get 754 o] 9lE NI2NGG, and NSNGGA €0l tjsle B.
mori -7 A © o] EJ ] o] 2(ASM15162V1)E ©] &35t £43}
A TH(Table 1). &1 9 79 FHAME F offtarget =@ N =
7} 74 e g At 247 KIN, KN 2 K7PE 9H
3hth(Fig. 1). AwE 7ho]= RNA £4 A 9-& 20719 7]
= o]_ro1x] 71-714 J.z4 Hg H]i LH"“H 001-6}11] 1
AolE PAM A& A 127119 @717HA FAsto & T35t
A% o2 8l = thTable 1). Fu S[5]° W2 gRNA
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ol 3k primer (Table 2)& ©]-8-3 PCRE &3l gRNA F4=
A% DNA 782 A43t1, 4% NTPs% T7 RNA $% &
A5 o] &% AAE Tl 359 gRNA FAstsich 44
gRNAS} Cas9 G2 E§A S BM-N Al E =9  T7 E1&
S 33 43S Fig 20] YEMIYITE T7E1 E4E 44
Yol EAske @714 E9AIY9E ddste 54 7t
AL 7] W&ol wild-type 84} mutant f8 49| S
3 AAFAA AN BAE hybrid PCR A&l tfahe] ut
Al Bt whebA fAA Al ojstel TAE =AWl Abe
drMe bz W] FE YA DH14]. BmKMO F44+9
dl&= 19 Zol& 441 bpol™ KIN gRNAE 9 1 %

o]o of
ol 4

\:I

AL 9lo] T7E1 &4 9 Ao ofate] w30 oA
& 441 bpst Atko] dojt 220 bp7t UENETH(Fig. 2A).
°l 7} 1,200 bp?l <& 7 Y9 olA = K/N 2 K7P gRNA7}
7k 71 bp B 227 bpoll AAI3kL glo] B WE Ad e
A H A BT (Fig. 24). ATE Y4B Z= vuE

B & EA oA KIN gRNAY| T &2 40% ool o,
K7N 2 K7P| &-&2 747} 3%} 33% 2 KINKETH SHA| ve
T} (Fig. 2B). webA Fole) KMO A4 H3 & 98 4
gRNAT= KINoj2t st

i_t\lm“&aj_

FREAL A Fof ME
BmKMO 74 €3 Fol& A&st7] 93t Cas9 B4

3 AEE KIN gRNA E3A S 7o o Z7]ufo} F33 $5
A gRNA gRNA
Non K1N Non K7N K7P
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Fig. 2. Gene editing in the B. mori genome. BM-N cells were
co-transfected with Cas9 protein and gRNA complexes
targeting BmKMO exon 1 and 7 targets. (A) T7E1 assays
were performed for each target at 72 hr post transfection
and the products were separated on 2% agarose gel. (B)
Relative cleavage rates were quantified using Quantity
One software.
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Table 3. Embryonic gene editing induced by Cas9/gRNA complex injection targeting BmKMO

gRNA for Number of injected Hatching (n)/ 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/KIN 480 87/18.1 5/5.7 3/60 0/0

Aol 742l vl @ el microinjectiondtx, 1 A3} Table 3¢ e FHA WY &8 oln A G2 FNE S

YERN Atk Cas9/KIN gRNAS FA 48071 o &
87(18 1%)uke] o f%5ol 73 H oY, ol F 57% adst
© 5/MAIRe] 58714 A Eske], Cas9 Tl AT FAG 159
R g62%) D AEE848%) Bt A BA e
o]g 3 Ay 89| CRISPR/Cas92 o] &3 F+24 #HH
ATolA gRNA FEF7tel whet 7348 9 YELo] Has
T A% AT wheh Gl @40 AR A frYd
gRNA7} wjole] #3to] J&2 il 2108 #ddAnis].
AR Ay Foll & sl ste 58712 AEF 5HA
o §YZE o] 3le T7E1 £4& 33 A} (Fig. 3A), 371
AdA fAz Aol whe 290E sjelo] QA on, BM-
NAZE oz BA% §24 A7 &R0 £& 60%E
U EHs T (Table 3). frAA-A o] o] Fo]x EHMo] /HA 9
i A714E 423 AN BF & F3 A9
g Ad E9H0lE 7ML Yol &9 U TthFig. 3B). ol &
CRISPR/Cas9 Al Z=H o] o]t A H PAM A& Q12 2
A 597} DNA 35714 & d5bdsf a0 o] #2449
Ao AA e Aol o] FojA7] oz AZdrhe,
17]. w2kA CRISPR/Cas9 A28 & &7 02 o] 437 9

igd =
% 7bsstes A HAE 4¥s ) A FHAEd ¢

I

Cas9/K1N gRNAO| Qs REE ESE9| His)
A2 B3 o] o] Folxl EAe|e xHYL AF3] 9
dto] @A ol&ste] 74 Yol o BRI A3, 450l
® 5ubgl o] U B Fig. 3C9 2] wild type? Y A4
A g 7T AT o] Ade EAWolst fidE 3uke vt

BT kA geje] A4S AL ] W2 A
(6] & Atz Ed™o] % ‘3’% 43k7] flstof, A
Ed™e] FA 1/‘r‘ﬂ(li)% ol &AW (mF3)% A
& HA o] 2 aln ]ﬁ mMI1 ¥ mMIxF3¢ =d¥
oJGL A ¥¢< QEOP%E} Aoy ¢E9 T L frEsha
A HsE JEY 23, o g Gl-mM1 oA & wild-type
3 FLoHA AAM o= Het= HH(Fig. 3D), =A™l At
of ZAAME FHF Gl-mMIxF3 Aol B¢ A7 &
o] Mo g o} YUTh(Fig. 4E). Kynurenine 3-Monooxyge-

nase= ‘7o ¢ ommochrom 4§44 7 ZA kynurenines

3-hydroxykynurenine®. & A& A 7= d&& 31, & £+

A
K1F)G0|arvae [W T] TGTGATAAT (60 bp)ACAGCACAGCGATGGCGAATTTAGAGAATGGAACGTTCAAGARA
WT mM1 M2 mF3 M4 mMF5 [mMl] TGTGATAAT (60 bp) —=——=———m—mmm oo
(bp) [mF3] TGTGATAAT-————————— TAATTGAAATATATTATTTAATATATTTCAATTAAATAATAA
500 [mF5] TGTGATAAT (60 bp)ACAGCACAGCGATGGCGAATTTAGAGAATGGAACGTTCRAGAARA
300 [W T] CTAGATGTGGTTGTTGTCGGTGGAGGTTIT (60 bp)AGTTGTATTGGTCG [0]
200 (mM1] —— TGTCGGTEGAGGTTT (60 bp) AGTTGTATTGGTCG [-58]
100 [mF3] TATATTTCAATTAAATCGTTCAATATCAATTTATGCAGTTGTATTGGTCG [-192/+78]

[mF5] CTAGATGT----

777777777 GGAGGTTT (60 bp)AGTTGTATTGGTCG [-13]

Fig. 3. Mutations of BnKMO gene induced by Cas9/B4N gRNA injection. T7E1 analysis of larvae. The panels of numbers showed
PCR products amplified from WT and mutants treated with T7E1. (B) Sequence analysis of mutant GO larvae. The number
in front and backside of each sequence stand for larva name and number of nucleotides changed, respectively. (C) Eyes
of wild type and back-crossing of the BmKMO mutant 1 male (mM1) to a wild-type female. (D) Eggs of wild-type silkworm.
(E) Eggs of sib-mating of the BmKMO mutant 1 male (mM1) to a mutant 3 female (mF3). (F) BmKMO mutant adult
(GI-mM1xF3). (G) Eggs from sib-mating of the white-eyed moth (G2-mMIXE3).
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B 12| . . N
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