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palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) systems are two current genome editing technolo-
gies. Here, we compare and analyze the characteristics of the targeted mutations mediated by these two systems, such as
efficiency, type, position, time, and genetic patterns. Both the TALEN and CRISPR/Cas9 systems can induce site-sp-
ecific mutations in T, rice plants effectively, but CRISPR/Cas9 is more effective. The major mutation type in both
systems is the short insertion/deletion(InDel) mutation within 10 base pairs: deletions ranging from 1 to 10 bps are
more often in TALEN, and 1bp insertions are more often in CRISPR/Cas9. Moreover, double-strand breaks (DSBs)
generated by CRISPR/Cas9 are more precise than TALEN. In addition, DSBs could be repaired by the homologous
recombination at a low frequency, causing DNA fragment duplication mutations. In some cases, the DNA frag-
ments between the two close targets are deleted or inverted, and the mutation efficiency does not positively correla-
tewith the mutation efficiency of each target. Mutagenesis mediated by the TALEN or CRISPR/Cas9 system can occur
as early as in transformed callus cells, and less frequently in somatic cells. Consequently, four different mutation
types are formed, including homozygous, heterozygous, bi-allelic and chimeric mutations, with bi-allelic mutations
having the highest rate and chimeric mutations having the lowest rate. All, except chimeric mutations, can descend
stably into the next generation.
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(LOC_0s07g15370)
OsLCT1(LOC_0s069g38120) OsLCD 50
(LOC_0s01g72670) 3
cDS 1.2.3 AR A &R
TAL Effector Nucleotide Targeter 2.0(https:// 5
tale-nt.cac.cornell.edu/node/add/talen)  E-CRISP(http://
www.e-crisp.org/E-CRISP/designcrispr.html) TALEN
CRISPR/Cas9 Gramene(http:// CTAB DNA Primer
www.gramene.org) BLAST premier 5
PAM 400~750 bpDNA
(Protospacer adjacent motif, NGG ) 12 bp KOD-FX
(TOYOBO )PCR
6 bp NGG DNA PCR
TALEN DNAMAN 6.0
TALEN CRISPR/Cas9 (PYLCRI- To
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CRISPR/Cas9 2 TALEN ) PCR TA
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TALEN 3 CRISPR/Cas9 (1 T, T,
%1 BTERAREOEET
Table 1 Target sequences used for genome editing
(6'-3)
OsNramp5 OsNramp5-L1R1 pTALEN-L1R1 CCGGCACCGCCTGCTCCTecgccaacctctcccaagaggACGCCGA-
CAAGTGCGCC
OsNramp5-PS1 pCas-PS1/2 CACCTCCTCCTTCCTTCTCAAGG
OsNramp5-PS2 pCas-PS1/2 GGTTCTTCCTGTACGAGAGCGGG
OsLCT1 OsLCT1-L2R2 pTALEN-L2R2 ATACATCGACATCTCGATgttcctegecttctc ATCTTTCGTCTGT-
GGCTGT
OsLCT1-PS3 pCas-PS3/4 CCGTGGTCTCTGGGGATAGTCAT
OsLCT1-PS4 pCas-PS3/4 CCGCGTCGTTTGGGATCCTCAGG
OsLCD OsLCD-PS5 pCas-PS5/6 CTTATGATTCTACTAACTGAAGG
OsLCD-PS6 pCas-PS5/6 CCAAGGCCTCATGACTTGGTGTA
PAM TALEN Spacer
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60% To ( 2 P 0 1% p
CRISPR/Cas9 To 38.1% 10~100bp )
0, ~
T, bna  138%( 1 C-F 2 A B) PR R Gt
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Table 2 The targeted mutation rates of T, transgenic plants
To To DNA DNA
GC (%) To %) %)
OsNramp5-L1R1  / 27 5 18.5 / /
OsLCT1-L2R2 / 45 18 40.0 / /
OsNramp5-PS1 55 44 27 61.4 1 2.3
OsNramp5-PS2 55 44 29 65.9 1 2.3
OsLCT1-PS3 50 23 23 100.0 21 91.3
OsLCT1-PS4 60 23 23 100.0 21 91.3
OsLCD-PS5 30 45 31 68.9 12 26.7
OsLCD-PS6 50 45 31 68.9 12 26.7
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A pCas-PS1/2 (T (UMb B HpCas-PS5/611 T, Citikk
M12345678910111213141516171819CK M12 3456 78910111213141516171819CK
OsNramp3 - OsLCD =
C OsNramp5-PS2 D osLcp-pSs
CK GACGGGTGCA GGTTCTTCCTGTACGAGAGOGGGTTCGCGCTGT WT CK CGTACCCAAA CTTATGATTCTACTAACTGAAGGTATATATITG WT
P4-4  GACGGGTGCAGGTTCTTCCT- oo cacaerat  15bP DIl coracceasactTaToATICTAG -~ TGAMGGTATATATITG  —4 b
GALGGUETUCAGL T IUTTCCTUTAS =~ AGULGH TICGUGLUTGT ~4bp COTACCCAAACTTATGATTCTAE -G TCAAGGTATATATTTG  —3 bp,+2 bp
P4-5  GACGGGTGCAGGTTCTTCCTGTAC - AGCGGGTTCGCGCTGT ~3bp D 1-2  (GTACCCAAACTTATGATTCTACTAACTTGAAGGTATATATTTG +1 bp
GACGGGTGCAGGTTCTTCCTGTACG ~AGCGGG TTOGCGCTGT -2 bP COTACCCAAACTTATGATTCTACTAATGAAGG TATATATTTG  —1 bp
P5-3  GACGGGTGCAGGTTCTTCCTGTA-~~ AGCGGGTTCGCGCTGT —4 bp COTACCCAAACTTATGATTCT A ————-—- AGGTATATATTTG  —8 bp
GACGGGTGCAGGTTCTTCCTGTACGAGTAGC GGGTTCGCGCTGT +1 bp CGTACCCAAACTTATGATTCTACTAACTGA AGGTATATATTTG WT
P5-5  GACGGGTGCAGGTTCTTCCTGTA--~AGCGGGTTCGCGETGT  —4 bp D 1-3  CGTACCCAAACTTATGATICTACTAAC(--DNA K EBA=IC 1
GACGGGTGCAGGTTCTTCCTGTAC - AGCGGGTTCGCGETGT -3 bp CTCATGACTTGGTGTA 3bp
P6-2 GACGGGTGEAGGTTCTTCCTGTAC- —AGCGGGTTCGCGETGT -3 bp CGTACCCAAACTTATGATTCTACTAACTTGAAGGTATATATTTG 1 bp
GACGGGTGCAGGTTCTTCCTGT === = -AGCGGGTTCGCGCTGT =5 bp D 3-1 CGTACCCAAACTTATGATTCTACTAAACTGAAGGTATATATTTG T1 bp
P6-4 GACGGGTGCAGGTTCTTCCTGTAC- - AGCGGGTTCGCGCTGT -3 bp COTACCCAAACTTATGATTCTACT A ——— - ———— -~ atatric —11bp
E OsLCTI-L2R2 F 60 = TALEN
CK ATACATCGACATCTCGA gttcetegectiete ATCTTTCGTCTGTGGCTGT  WT 54.7 o CRISPR/Cas9
L? 1_2 ATACATCGACATCTCGATgitce - - #etc ATCTTTCGTCTGTGGCTGT _5 bp 50
ATACATCGACATCTCGATgtce - - ettete ATCTTTCGTCTGTGGCTGT -4 bp 40‘?
L2 1-3  ATACATCGACATCTCGATgtccte-teteATCTTTCGTCTGTGGCTGT  —3 bp <8 40 38.1
ATACATCGACATCTCGATglecleCecttcte ATCTTTCGTCTGTGGCTGT +1bp & 30.9
3 30
ATACATCGACATCTCGATgtectegeettetc ATCTTTCGTCTGTGGCTGT WT _
L2 1-6 ATACATCGACATCTCGATgneeteCgeeteteATCTITCGTCTGTGGCTGT +1 bp f:;( 20
ATACATCGACATCTCGATgHeetegeettete ATCTTTCGTCTGTGGETGT - WT ) 13.8
L2 3-3 ATACATCGACA eATCTTTOGTCTGTGGeTGT — —18 bp 10 48 48 48 59
.....:.I.:..... _s?b - N 1 "
oeecer P 005 ML i
ATACATCGACATCTCGATgteetegecttete ATCTTTCGTCTGTGGCTGT  WT +1bp  +2bp BIE  —1~10bp —11~100bp FHFD
PES
1 TALEN F1 CRISPR/Cas9 1+ 5 #7k FE$E 5 SR 3477
Fig. 1 Analysis of targeted mutagenesis mediated by the TALEN and CRISPR/Cas9 systems in rice
A pCas-PS1/2 OsNramp5-PS1  OsNramp5-PS2  DNA PCR B pCas-PS5/6 OsLCD-PS5 OsLCD-PS6
DNA PCR C pCas-PS1/2 OsNramp5-PS2 D pCas-PS5/6 OsLCD-PS5
E pTALEN-L2R2 OsLCT1-L2R2 F TALEN  CRISPR/Cas9 M DL2000 marker
CK WT CRISPR/Cas9 TALEN Spacer
PAM « _m P
3% 3 CRISPR/Cas9 &7 Bt ¥EAL s YRR AL
Table 3 Mutation detections in the putative CRISPR/Cas9 off-target sites
To Ta
PS4-0S1 Chr.2: 29342306-29342328 CCGCGTCGTTCGGGATCCAGAGG 3 47 0
PS4-0S2 Chr.2: 35194511-35194533 CCGCGTCGTTTGGGGAAGACAGA 6 47 0
PS5-0S3 Chr.6: 10425641-10425663 CGATTGTCGCTACTAACTGAAGG 6 47 0
PS6-0S4 Chr.10: 8404002-8404024  CCAAGCCCCCATGACTTGGAGAA 4 47 0
PS1-0S5 Chr.3: 8446954-8446976 TTTTTTCTCCTTCCTTCTCAAGG 5 52 0
PAM
(Nonhomologous end joining, NHEJ) HR 4  (2.1%)0sLCD-
DSBs PS5 PAM 4~5 bp 1 bp
TALEN ( 1D D3-1) PAM

Spacer ( 1E) CRISPR/Cas9 4 bp ( 1C P4-5~ P6-4)
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A WT GGCGTACCCAAACT TATGATTCTAC TAACT GAAGGTATATATTT
1 bp insertion

....3: n-------zznnlunun =II.III Il?:nIl-lll-Il

Ml GCCCTACCCAAACTTATGAT TCTACTAACATGAAGGTATATATTT

B WT

ICGCCGOGICGTTTIGGOGATOCTCAGG— /- GACACCGIGEICTOTGGGGATAGTOAL

D WT
73 bp deletio

lsgglIII-II3}2-&--ll-2=Eﬂlllllzaul-lﬂllllllllllllﬂl sEEmmEEl
TCGCGATCGCCGCCTTOGLCGCG TIC TCTGCEGATAGTCATGGCGATCT TTGGAGGLT!

M3
E WT CCTTCOCCGEGTCGTITGGGATCCTCAGG ~of/—- ACACCGTGGTCTCTGGGGATAGTCAT
11 bp deletion 3 bp deletion
M4 CCTTCGGTGTICGTCTTGCTOGOC —enffeen CCTGAGGATCCCAATCTC TG GG GATAGTCAT
srzditse Sfbaaneditaranasadiioraeand

TATAT

F WT CACTTAGTCATGC --//—CTTATGATTCTAC !'MCTGAA%TATATA'I'!TG-
l I
36 bp duplication
titttta TATATATT TG Tigctagtaactta atggaagticacagtitttitia TATA
230 3]

250 260
SEEEEINEEENR A NEEE ENANENAE

CACTTAGTigctagtan goaagticacag

M5 3§ 130 200 10 210 260
SEENENEENEENNANANEEEE L] aEm AEEEESREEENCENEAAEEREE

CACTTAGT TGCTAGTAACT TAATGCAAG TTCACAGT TTT T T T TATATATAT TTGTTGCTAGTAACT TAATGGAAGTTCACAGTTTTTT TTATATAT

E 2 CRISPR/Cas9 RLGSANHIREHS
Fig. 2 Characterization of mutations introduced by the CRISPR/Cas9 system
A B C D DNA E DNA
F DNA CRISPR/Cas9 PAM
WT M1~M5

« ]
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® 319 (18]
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Fig. 3 The rates of targeted mutations with various
CRISPR/Cas9 DSBs PAM

genetic patterns

4 To-T. X TALEN SRR RIERREHEERRN 57
Table 4 Genetic pattern analysis of targeted mutations in Toand T, knockout lines induced by TALEN

To To T, ( ) x*(1:2:1) To
L2111 -23 —23(20) ND

L2 25 -2 —2(20) ND

L21-6 +1/WT +1(3), +1/WT(19), WT(8) 4.08(P>0.05)

L211-3 —23/WT —23(8), —23/WT(15), WT(4) 1.52(P>0.05)

L27-7 —3/-29 —3(10), —3/-29(16), —29(4) 2.53(P>0.05)

L2 4-4 -5/-8 —5(4), -5/-8(18), —8(8) 2.53(P>0.05)

L2 10-2 —7/-23/WT —23(8), —23/WT(17), WT(5) 1.40(P>0.05)

L21-3 +1/-3/WT WT(30) ND

«

#*5 T.-T,X TALEN SRR RIERRTHEERRN 57
Table 5 Genetic pattern analysis of targeted mutations in T, and T, knockout lines induced by TALEN

ND

Ty Ta T, ( ) xA(1:2:1) Ty
L2 2-5-20 -2 —2(16) ND

L2 1-6-23 +1 +1(17) ND

L2 1-6-4 +1/WT +1(6), +1/WT(25), WT(9) 2.95(P>0.05)

L2 11-3-27 —23/WT —23(8), —23/WT(23), WT(6) 2.41(P>0.05)

L2 7-7-8 —3/-29 —3(8), —3/-29(25), 29(6) 3.31(P>0.05)

L2 4-4-2 -5/-8 —5(11), -5/-8(17), —8(6) 1.47(P>0.05)

L2 1-6-2 WT —2(1), WT(19) ND

4 ND
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6 ToT.H CRISPR/Cas9 iRk REEERTAEFRR I
Table 6 Genetic pattern analysis of targeted mutations in T, and T; knockout lines induced by CRISPR/Cas9

To

To T

(

) $*(1:2:1) To

P 7-5
P 7-5
P7-3

P 7-3
D3-1
D3-1

OsNramp5-PS1
OsNramp5-PS2
OsNramp5-PS1

+1 +1(17)
-10 -10(17)

-3/WT

-3(8), WT(4), +1a(2), +1b(1)

ND
ND

ND ND

_3/WT(9), —3/+1a(7), -3/+1b(4)

OsNramp5-PS2
OsLCD-PS5

—4/-5
+1/-11

OsLCD-PS6 +1a/+1b

—4(7), —4/-5(20), —5(8)
+1(7),+1/-11(25), -11(6)
+1a(7), +1a/+1b(25), +1b(6)

0.77(P>0.05)
3.84(P>0.05)
3.84(P>0.05)

(1)
)

LE

[28]

4 +1a,+1b

3 bp

®3)
(4)
®)
T )
TALEN CRISPR/Cas9

To

CRISPR/Cas9
( )

TALEN
CRISPR/Cas9
DNA
8~10 [18,22,23]

DNA
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