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Specificity and inheritance of rBE3 and rBE4
endonuclease-induced gene modifications in rice
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Abstract: To gain more insights into the rice base editor (rBE3 and rBE4), we evaluated the mutation efficiency,
off-target and inheritance of OSSERK1(D428N) and pi-ta(S918F) genes modified with rBE endonucleases. We predicted
and analyzed the putative off-target sites of the sgRNA designed for OsSERK1(D428N) and pi-ta(S918F) by PCR
amplification and Sanger sequencing. Then we further characterized the inheritance and stability of targeted base mutations
and T-DNA segregation in the progeny of the self-fertilized TO plants. Analysis of the DNA sequencing data of TO plants of
OsSERK1(D428N) revealed no nucleotide change at any of the four potential off-target sites. For OSSERK1(D428N) and
0s08g07774 carry the same sgRNA targeting sites, base substitution at both two loci were detected at a frequency of
41.67%. The targeted base mutations could be transmitted readily to T1 progeny. Furthermore, genetic segregation caused
the loss of T-DNA at a frequency between 25.0% and 40.9% in the T1 transgenic plants of OsSERK1(D428N) and
pi-ta(S918F). These results demonstrated that the rBE3 and rBE4 systems could mediate specifically targeted base editing
in one- or multi-site, and the targeted base editing could be stably inherited to next generation.

Keywords: CRISPR/Cas9n, rat APOBEC1, off-target, T-DNA segregation, rice
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FARFEARTE . /NFE . Tk BARE IT R i S
BT LG, AR TR A kO
SR, X BE3 A5 A 0 R 56 A i 1) 0 30 2K
N AR E M R ARE . R, AR
ZH % AT 2 F rBE3 (APOBEC1-Cas9n-UGI,
PAM /#%1° NGG) #il rBE4 (APOBEC1-Cas9n
(VQR)-UGI, PAM 3412l NGAM# 314y i ] il
(18 7K 78S B S5 A 4 2 A8 AR TR A T T OO 80 R g
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1 MREFE

1.1 #7#
OsSERK1(D428N) #i pi-ta(S918F) 4 %L[H

() PRI S 4 TO AR T1 QAR AR KL, 4
ARSI 3 LUK RS S Fh Kitaake 4 15 544 823 51 1)
JH rBE3 sk rBE4 WIL4nIE R AIHIHEE, 1
PR 7E B 3815 25 v L CTAB I [ b st #1342 R}
BA R, JoKCEE . F AT B A R
ek (rbrat) Yy | EZGER, 1-5™ 2x
High-Fidelity Master Mix g H 755 7 (Jbat) 4
YR A PR H], 2% Tsingke Master Mix 14 [ 3t
RO A EARARA A X5 BT 51
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1.2.1  VETEBEEAL A BT 4367

B 4% B IR A HA37  sgRNA 41 18 http://rice.
plantbiology.msu.edu/standalone_blast.shtml %] 3}
347 Blastn He X} (Expect Threshold %4 1 000,
HRZBOFRIABLE) , 18 W RIS ALF 51
VeI 3 A PAM J¥ 41 (NGG 5 NGA) H
PAM JFFIHT 20 4247 B8 L S5 #0745 sgRNA
JF SRR A e B AL A R T e B I B 15
1.2.2 KAEHEFEH DNA KR

%% Porebski 2217735, SR A CTAB #:
PRBOKREH A BRI DNA, HARSRAE . 57
B KRG 2B v R 24 B ShRE Sl DR F B S AE
B (60 Hz, 60s) J&, JIA 600 uL 2x CTAB $2H¢
W (% 0.1% B3 OlY) FHRZFIRS), 65 CKit
ZU4% 45 min; LA 500 pL G654, 14 000 r/min
B0 10 ming B0 5 B EIE W 400 pL T
D, A 400 L SNEE, BERRAEET
—20 ‘CH{LEE 30 min; 14 000 r/min &.C> 10 min
Ja 3T FIEW, F £ DNA UTHEZ 70% 4 BRI R
FIEAA 30 pL ddH,0 #f#. DNA IFRE T
—20 CLRAF# .
1.2.3  BREEGRERAL A B W TE LEE AL S A Ao )

PIKFE R AE 1A DNA St , FIHAR: 5149
(DL 1) XoF % S 4R AL mei, B v A IOt A7 A5 1) w9 A
Fe 33547 PCR 4% . PCR § B8 K & g« 1-5™ 2x
High-Fidelity Master Mix 25 puL, 3% F/R
(10 pmol/L) £ 2 pL, #4k DNA 1 pL, ddH,0O
20 pL. PCR ¥ 34#2)¥ K. 98 CHIZEYE 2 min;
98 ‘CA-4: 10s, 55 ‘CiR kK 10s, 72 ‘CHEff 10's,
PEIF 34 ¥k ; 72 ‘CHEMH 5 min, PCR =% 1.5%
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x1 XA EREFT
Table 1 List of oligonucleotides used in this study
Primer name
OsSERK1-F2

Primer sequence (5'-3")
GCGTTTACGAGGGTTCTGTA
OsSERK1-R2 TATGCCCAATTGTTCCACGAA
0s08g07774-F1 TAGAACGGCCGCCATATGAA
0s08g07774-R1  GGCTAGACGAGCAAGGTCAA
0s08g07890-F1 TTCTACAGAACGGCCACCAT
0s08g07890-R1 TATCCTCATCTCTGGCACGG
0s08g07890-F2 TGCGTTTACGTGGGTTCTGT
0s08g07890-R2 CATGACACCCTCACCTCTGG
0s06g12110-F1 GCCTTGAGACACGCTTACGA

0s06912110-R1 CCCAATCATGCACTCTGGCA
0s06912120-F1 ACCCAATCATGCACTCTGGC
0s06912120-R1 TGACTGGCCAACACGAAGAA
pi-ta-F1 CTGCAATTCGCAAGCATC
pi-ta-R1 CACCTTTCGTTCTTTGATCC
Hptll-F1 CGGAAGTGCTTGACATTG
Hptll-R1 GACCTCGTATTGGGAATCC
Cas9-F1 GGGTAATGAACTCGCTCTGC
Cas9-R1 TGGCGTCAAGAACTTCCTTTG

N O T L Dk A I S B B R AL U R L
He W AR A BR S W4T Sanger WJF, 43 Hr L
HEG R IEAY
1.2.4 ToHME T-DNA ToH 228K i % 5

TR A e g 6 7 %) TO AR R PR
ACEETARAT TL AP, IR ILRE R B 5 $ H
A HEH 4] DNA. DL T1 AUAE AR DNA BT, 43
A T-DNA Fyild: =% 55149 Hhtll-F1/R1
H1 Cas9 #5549y Cas9-FI/RL (W55 1) % T-DNA
(4 AT Wi %e PCR AN . PCR ¥ IGIR RN
2x Tsingke Master Mix 5 uL, 5% F/R (10 pmol/L)
£ 0.2 uL, il DNA 0.5 uL,ddH,0 #h55 % 10 L.
PCR ¥ ¥4/~ . 95 CHlAEY: 5 min; 95 ‘C7AF
P£30s, 55 CiBk 30s, 72 CHEAH 30 s, FFHHfF
25 ¥k ; 72 ‘CHEfH 5 min. PCR F=#1F|H 1.5%35
EWHEE R HEA T L DK AN

®: 010-64807509

2 BREMM

21 rBE3 T SMZ LS REERE

7EA | OSSERK1(D428N) A8 K1 ) it i
Hr, %) H sgRNA (CCAAAGATTATCCATCGTGA
TGT, T HIZk K PAM J¥ 4] NGG) M%e k1T
TVPAR 38 A3 A KRS 3 R 4 5 2 Hh EA T Blastn
ELXE 2 #T, KR B FL B 0s08g07774 H %A 1%
sgRNA 741, BV 21% sgRNA 1] B[] i X 33X
AR (RO A S RO HE T A . DR, SRR
TS5 %) OsSERK1(D428N) 28 25 {441 K} rpr
[ Os08g07774 HHEA 4T T PCR 47 14 A
Sanger M| /7 . 45 5 /R 7€ 12 ¥k OsSERK1(D428N)
TO AR AR L rh, Rl 2] T 5 RAA LA S
0s08g07774 HYEEAL s AL J A 1 T Ay ol 25 S 4
Ff H, 275 R #419 (1) OSSERK1(D428N) Al
Os08g07774 1y 4 v 55 B 5 4w 8 7 X #
Gie>AIWT (LA RAE, WT HEFAER); RAA
#417 () OSSERK1(D428N) A i & A= Z4 G R AR
(G.1>AIWT), 1Ml 0s08g07774 H#EAv ki |y afi &5
KA (G.14TG.1>ATA) (WLIE 1 filZk 2). mbAhE
Os08g07774 HEAv si AL iR AGIN B 2 FRAT R & A
Indel (i ABLERZR) B (W% 2).
2.2 rBE3 NN SRR ERIERE S

¥ OSSERK1(D428N) [ #4 5 sgRNA 751
(CCAAAGATTATCCATCG TGATGT, FI%kH
PAM J741 NGG) X 7K 54> JE K 417 41 #1471
XF, ARAF 5 MBS, i Os05944290
H AL S H: 5% (GCA) AFEAE PAM 51
NGG, HiCHE BRI W AE B A7 55 A AT REPE 5 1T
HA 4 MLl ae AL (8 2), Bt
SRAIRTX 4 ANTETEBA SRR RS, I
L OsSERK1(D428N) TO fUZEAE (AR kL) DNA
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AALTTTTATT

Lr e i
AA....TTTCATT

Os08g07760: GGGCTGTC....0CAAARGA
TR
Os08g07774:  GGACTGTC....CCAAAGA

0 —|a
G — (G2
s
= — [
5 —3
G — |62
3 — |3
a—a

sgRNA
5" ~TGTGACCCAAAGATTATCCATCGTGATGTCAAA-3'
L T T I I O A
3" ~ACACTGGGTTTCTAATAGGTAGCACTACAGTTT -5’

5" -TTTGACATCACGATGGATAATCTTTGGGTCACA-3’

#419

Os08g07760(OsSERK1)

100 120
%C%TC%CG%TGG%T%%TCTTTGG

ot

Os08g07774 %0
CCAAAGATTATCCATCGTGATGT

#417

0s08g07760(0sSERK1)

100 110 120
ACAT CACGATGGATAATCTTTGG

Dottt

Os08g07774 20
CC-\%%G-\TT%TCC-\TC%T%%T

v

El 1 OsSERKI1(D428N) TO X3 T {k#419 Fn#417 BY AN EEAL &5 B i 4 52
Fig. 1 Sanger sequencing chromatogram of OSSERK1(D428N) TO rice line #419 and #417. The PAM sequences are
in green, putative target bases in the activity window in red; nucleotide mutations are underlined in sequencing

chromatograms.
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F 2 OSSERK1(D428N) TO X 38 3T {4 % 1L 0 58 2 4w 48 0 B #0446 )
Table 2 Multiple target-base editing and off-target detections of OSSERK1(D428N) TO rice lines

TO kR FLAH[R] gRNA i1 55 (A7 S i) T A A A
SERK1(0s08g07760) 0s08g07774 0s08g07890-1 0s08g07890-2 0s06g12110 0s06g12120
#417 CAC-TAC/WT CAC-TAT (4i4) WT WT WT WT
#418 CAC-TAC/WT CAC-TAC/WT WT WT WT WT
#419 CAC-TAC/WT CAC-TAC/WT WT WT WT WT
#421 CAC-TAC/WT CAC-TAC/WT WT WT WT WT
#428 CAC-TAC (4i&) -21/WT WT WT WT WT
#430 GAC-TAC/WT WT WT WT WT WT
#7124 CAC-TAC/WT WT WT WT WT WT
#736 CAC-TAC/WT -8/WT WT WT WT WT
#805 CAC-TAC/WT CAC-TAT/WT WT WT WT WT
#8311 CAC-TAC/WT WT WT WT WT WT
#8328 CAC-AAC/WT WT WT WT WT WT
#927 CAC-TAC/WT WT WT WT WT WT

OsSERK1: 5' -CCAAAGATTATCCATCGTGATGT -3’
Os08g07890-1: 5' -CCAAAGATTATCCATCGTGACAT -3’
Os08g07890-2: 5' ~CCAARAGATCATCCATCGTGATGT -3’

Os06g12110: 5' -CCAAA-ATTATCCATCGAGATGTC- 3’
Os06g12120: 5' -CCAAA-ATTATCCATCGAGATGTC- 3’
Os05g44290: 5' -GCAAAGAGTAATCCATCGTGATGT- 3’

2 TR B E AR SRS B AN SR AL 5 5 bl
S

Fig. 2 Sequencing comparative analysis between the
putative off-target and target sites. The PAM sequences
are in green, putative target bases in the activity
window in red, mismatching bases in blue and insert
bases in black and boldface.

SRSEHRHEAT PCR 4734 NN T, AEAG TN Y 12 Bk 58
AR AL S8 R AR I ) Vs A R A7 A5 R A
FegiE (3% 2) % pi-ta(S918F) AYHEAZ L sgRNA
¥4 (CTTCTATGCATCTTCAACCTGAC, KX
2 PAM 751 NGAC) 5 /K A8 45k K 21 - 51 ik
5T o b, 45 R R AR 5 AT
sgRNA ML 41, 1% sgRNA B4R 5] S
pi-ta(S918F) F {7 AT B I i 4 , ANAFTE I AENE
HLA 25,

®: 010-64807509

23 BEHERERTAEERELESH

9 7K rBE3/sgRNA F1 rBE4/sgRNA
e g R R SR e s 2R, ¥
BALE I 4 4B 58 78 K OsSERK1(D428N) #805
(CAC>TAC/WT)FI pi-ta(S918F) #22 (C>T/WT)
28 [ S ARAT I TLACRD R A B i I %5 & bk
A7 S EFT T PCR 440 Sanger Ml 40 #r o 45
SR, FEPIAGRAR AR TL AR R H A
ARSI, RINNEAFAEAi G oE (& 3)., 7
K i 22 k% OsSERK1(D428N) #805 T1 fLAEKkA
HPAERL (WT) @ 2455848k (WT/ICAC>TAC) : 4l
G RAK(CACSTAC) /- B L 4 : 12 & 6
(*=0.545 4< y3 - =5.991), 36 F4 pi-ta(S918F) #22
T1 AU HE bR P B AR (WT) : A KRB
(WT/C>T) = 4i Gk (C>T) ettt 13-
14 : 9 (y°=2.667<7y3,5=5.991), ¥IFF 4 dafli /R
AR 1:2:1, FRGREWH
rBE3/sgRNA F rBE4/sgRNA 457 A ) i 55 4
HAE e e 2R
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24 BEERERTHRFNRINE T-DNA T
HoE

Nt — 345 T AR T-DNA $i A TG H 24
B 5 2 4 2 A8 4K, RIS HptlI-F1/R1 Fi
Cas9-F1/R1 %} OsSERK1(D428N) #805 Fl pi-ta(S918F)

T1 fCHERR L3R 7S 1T JCAME T-DNA BB L
(Kl 4). 7£ 22 ¥k OsSERK1(D428N) #805 T1 1t
FEAR PRI 9 BRAS S AN T-DNA, Hrpfg
T 3 MRAG AR 4 BRI SRR TE 36 PR
pi-ta(S918F) #22 T1 AR Ak H A H1 9 H% & ﬁb

#22 1Y T1 AR VEAT A PCR KN, 45 51 R 7E J5 T-DNA, HAP LS 2 MRZvE R,

100 ~ ~ B ~ o
ACAT CAC G ATG G AT AAT C T
| | ‘I‘ H
| ” u.“. Hfllw‘ul‘f
A/\ I‘ I' v I’ M |
WT/’CAC>TAC
x c AT TACGAT CYLEET 190 200
¢ T TC TA TG CATCTTCAATCTC TG AC
F1f ‘ |
Ml “/\/\ V! ‘/\ .,/\/\
CAC&)TAC 120
ACAT i ACGATG G <\ T AAT T T G G
f A i
il A o .‘""-‘ A . \
.'[\.""'.Il..".[\/\f"“'/\/\ "'"‘""Hl‘ /\w.'f
SARER R IRTATAIR!

3 OsSERK1(D428N) #805 (£) #0 pi-ta(S918F) #22 (A) RT{RAY T1 REHKMBA SN FLE R
Fig. 3 Sanger sequencing chromatogram of OSSERK1(D428N) #805 (left) and pi-ta(S918F) #22 (right) in T1
progeny. Nucleotide mutations are underlined in sequencing chromatograms.

& MTOKit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cas9 —371bp
Hptll — 463 bp
e MTOKit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cas9 — 371 bp
Hptll — 463 bp

Bl 4 OsSERK1(D428N) #805 (A) #A pi-ta(S918F) #22 (B) ZET{KAY T1 REFEFFE Z Hptll F0 Cas9 EE &M

Fig. 4 PCR-detection of transgenes (Hptll and Cas9) in T1 progeny of OsSERK1(D428N) #805 (A) and pi-ta(S918F)
#22 (B). M: DNA marker; TO: OsSERK1(D428N) #805 or pi-ta(S918F) #22 TO line; Kit: Kitaake; 1-15: T1 progenies
of OsSERK1(D428N) #805 or pi-ta(S918F) #22.

http://journals.im.ac.cn/cjbcn



B3 %/ rBE3 # rBE4 RAFHITKBEERHERENSFIEFEERELES R 1783

B 7R3 3 A AT B A ISR T-DNA JeFRT LA
A T1 AR 3 85 3 23R ] 345 JCAME DNA
R ANLRTE S SN p

3 ik

CRISPR/Cas9 H A2 it - 8 & J ke ke ) —
Py B PR L R N B DR A A g R
)2 LT A A s A A v S0 e L 4
B TRAT B DY SE A AP DNA i B e 222
SV g5 AR PSP (E X T S BB R g 0T
S ME A L H: o B8 ) Ry S R AR E Bk = T
fiff o A PR ZH R 9B 5T rh b AR 5 A 1 LAk 1Y)
APOBEC1 #il UGI 5 Cas9n. Cas9n (VQR) fili &
Mg T —E B rBE3. rBE4 R4, Pl T 1EK
REHER 41 DNA H R SR e g5 ™, AT X%
ZR G0 PR o 4 A0 O R B G R RS E AR R A
THF .

AWFFEERE T OsSERK1(D428N) (rBE3) il
pi-ta(S918F) (rBE4) W™ 28 A8 (b4 k1 47 i 41
A3, 38 I K RS LR 2 B PR of sgRNA i
17 Blastn X434 &R pi-ta(S918F) ) sgRNA
HA B SE, FE8A KB AE I e A7
J5; T OSSERK1(D428N) 11 sgRNA ¥4I A1 5
0s08907774 —=, i HAR HA HAh () I AE L ¥ 7
A, FA Td s Sanger Wy & PR, 7 OSSERK1(D428N)
[f) 12 ¥k TO R R, H 41.67%IWAE K
SEHLT OB R R B G R, (H I R 2
IR A . TR e R g E R
i — b B S )R ) S B OL , FE T
sgRNA 5| ¥t fif ] 2 X 3 AR A2 BR A, Rk ml i
23 3BT sgRNA YRR 51 22 R g 4B 80R IR Y
[, [FEF rBE RGET|I AWML gntE 2 G

®: 010-64807509

RAE, BRI AA AR AP 5 o R
TAWFSEh OsSERK1(D428N) 2284 7EE H Y
X3 0s08g07774 Ak [RIHF & A= f1f i Ik o 45 114 15
O, & TORREBKRAZEE, EHERPE
MR RAFAN54 OsSERK1(D428N) RAEAY
MR (B AR BR) . AP E A sgRNA JF
GILEK R B R A 5t e rh i#E 4T Blastn K R WS AE
JIL SN A5 . PCR 7341 Sanger ¥ %t TO ft%&
AR AR AL B TR TE SR, S AT b, SRR
ez B RIS ) kA, AH R FALEA T Blastn
F ] 8 2 ant U HL Al vT BB R B TR 7 B S A A A
PCR 4" 14 2 it IMIAT A i B A AR 1 IR FE 58 A8 1
— R B B AR A, DR e I an 2R
M R0 T Tt L E R o 4 LR 21 )23
HPEA T ARSI . Kim Z2IF ] Digenome-Seq
FeARXT L S48 R4 (BE3) 7E A HEK293T
0 R P AR A N EA T TRESY, BB BE3 R
iR LT CRISPR/Cas9 £48, HA
R BIRESE . A, XA TR sgRNA il 4
FEAAE H AL S AR A AT S A 5 SR A 2k ]
LRI T bR, XL IR BE REnT
DA FEE S A SQRNA 77 A o 2 Bl 35 4 i ) 28
AR B AT ) 2, A 2 B OSSERK1(D428N)
TO RS2SR BHAE 008907774 A& K vhAs: i 2]
T Indel FAER R, X5 Yuan ZERFE 0,
Al Lu ZCIF 5y 22 B BE3 7EAE Y 1 3L Indel
FRJLE (10%) =T shP 4 . Indel F4 1] B
S T4 I P R 4 DNA 1852 3 7% 7 i . Cas9n
A L) EJE P 4] DNA i 5 H B nicks, i sgRNA
W H g DNA [ — 455, o —REEHF A S
5B K i, (HOETE 5 220 DNA B L2
[F] ) PR 2% DNA BT IE 5L, X MBS ok ]
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Ae ot % Indel SR &L o X —F 1 &AL
)2 5 5 AT A XIS PN A T 91 A S BT R A A
HE

A H AT 12 WL R D RE Sl 58 AR (A A )
eI, DR D REARAT I S AR (AR R B
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