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#HZ : CRISPR/Cas9 A& B % 3 3 AR &g, g A4 3 AP JL A6 Fe R T 8 2 B 09 2 F B, GS3 Fv qGL3 AR R ASHT 42
ke TR, Aaes kG S AEREEAA ABFR A AN AG AP SR 5055 A X I AAH, 5 GS3 A= gGL3 K H # 4T
Y45 VA IR AT AR AR T AR 0 KA AKASH A . AR CRISPR/Cas9 2 432 T £ #1345 4 GS3-gRNA #= qGL3-gRNA S ¥e, % 4
PYLCRISPR/Cas9 %3 # 4K, B i RAF B A-F 0 LB 8403, R KA T GS3 Fo qGL3 KR mEBAHLAR, B E 5 5] A4 90.0%
Fm 88.9%., L dAk 5055 AL, GS3 AR T, T, AR P T3 KLY 9.0%, THE TR T34 12.7%, F4k A
25 9.3%, 38 AR B ERF R T FEF AN L gGL3 ARG R IZME L 21.0%, T A TS T H 31.7%, B4k
HEARY 31.5%, BARH A I B i 2 R R FIEMRA R, MR KL ZEEF RN R, qGL3 AR EH fots T o Tk
R KT GS3, 4 LATik il it CRISPR/Cas9 3 K %4 4R 5055 #9 GS3 A= qGL3 B, 3513 T — 2 5| Ko ARAGH AP R, % 45
RARGEHEEFRIRET ER5F,

KGR KHG; 5596 GS3; ¢GL3 ; CRISPR/Cas9

Creating Novel Rice Germplasms with Enlarged Grain Size by Editing
GS3 and qGL3 Genes via CRISPR/Cas9

ZHAO Chun-fang, LIANG Wen-hua, HE Lei, YAO Shu, ZHAO Ling,
ZHOU Li-hui, ZHAO Qing-yong, CHEN Tao, ZHU Zhen,
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( Institute of Food Crops ,Jiangsu Academy of Agricultural Sciences/East China Branch of National Center of Technology Innovation

for Saline-Alkali Tolerant Rice/Jiangsu High Quality Rice Research and Development Center, Nanjing 210014 )

Abstract: CRISPR/Cas9-guided gene editing technology has become a popular and precision strategy in
innovation of new plant germplasms and directional improvement of agronomic traits. The GS3 and gGL3 genes
are the major regulating factors contributing rice grain elongation, and loss-of-function mutants result in enlarged
grain size. To obtain new inheritable large grain rice germplasms, this study deployed CRISPR/Cas9 genome
editing technology to edit GS3 and ¢GL3 genes in the japonica rice variety Nanjing 5055 showing small grain
shape. Through agrobacterium-mediated genetic transformation of pYLCRISPR/Cas9 editing vector that carries
GS3-gRNA and gGL3-gRNA, we obtained the GS3-and ¢GL3-edited plants, with the editing efficiency of 90.0%
and 88.9%, respectively. In comparison with the wild-type Nanjing 5055, the GS3-edited lines showed about 9.0%
increase on grain length, 12.5% increase on 1000-grain weight, as well as about 9.3% decrease on grain number
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per panicle from the analysis of average values of T, and T; generations. Interestingly, there was no significant

difference in panicle number, panicle length, seed setting rate and yield per plant. For ¢GL3-edited lines, ca.

21.0% and 31.7% increases on grain length and 1000-grain weight, respectively, and ca. 31.5% decrease on grain

number per panicle were observed. An increase on panicle number and a decrease on seed setting rate in ¢gGL3

edited lines were detected if compared to those of Nanjing 5055, while no differences on panicle length and yield

per plant were found. The contribution of ¢GL3 gene to grain shape and grain weight was significantly greater

than those of GS3. Collectively, this study identified a series of new rice germplasms with enlarged grain size via

genome editing of the GS3 and ¢GL3 genes in Nanjing 5055, which might have significant implications for grain

size improvement in rice.

Key words: Oryza sativa L.; grain size; GS3; ¢GL3 ; CRISPR/Cas9
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RIFER R 2T, AT R A e R — 15 54
B X GS3 Hl qGL3 Rl 5% A8 PR 19 RLIE 4T LAY
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FARE 5055 VLIV RO BHEBER B EY 5
FIF B B A — DI BB R R S Bl 3 b
BG5S , 5 B PR (HORFRL/N 52 4 B Y, T-hE
AL AN 23 g ity AR LIKRIE BE P GS3 il
gGL3 2y H bR LA, 38 i 44 # CRISPR/Cas9 4 25
A, FE B 5055 15 50 F 2Bl A7 bk, LA 3k
PRI R, B R A0 R R R R A o, JFPE A
GS3 Fl gGL3 FEH A8 55500 o
1 #MRl57R®
1.1 iKgesr

AT LI R RS Rl R AR 5055 st
Az AR, I R R R g 0, O R DR A ok B sz
PRI R VLI R B2 B N TR E N, il
¥ i M #% & pYL-U3-gRNA . pYL-U6a-gRNA Fil
pYLCRISPR/Cas9Pubi-H Hi 47 4R Mk =4 X B
TR,
1.2 gRNA $BE5i%iT5 CRISPR/Cas9 #RiEEH FHazE

i 1 NCBI ( https: //www.ncbi.nlm.nih.gov/ ) 3K
73 GS3(0s03g0407400 ) Fil gGL3 ( 0s09g0448500 )
)55 K 41 F1 CDS J¥ 41, # 1] CRISPR-GE 7F £k ¥ il
(http: //skl.scau.edu.cn/ ), fE GS3 1 ¢GL3 #) &5 1 4k
B F A5 TT U3 A U6 T 5 4% 3k 51 ) - GS3-
U3-F/R ., GS3-U6a-F/R , qGL3-U3-F/R , qGL3-U6a-F/
R(Z 1), FIH%A CRISPR Primer Designer[m, 5
TR J5 PR 2 R T BT, G A et ) AR S e, ki
JR ARG
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Table 1 Primers used in this study

HFR FEHI(5-3") Hi%
Name Sequence (5’ -3" ) Purpose
GS3-U3-F GGCAGCTGCCTCAGCTACCTCTCC eRNA #3%
GS3-U3-R AAACGGAGAGGTAGCTGAGGCAGC

GS3-Uba-F GCCGTTGCAGTTGCAGCAGCAGCT gRNA #3%
GS3-U6a-R AAACAGCTGCTGCTGCAACTGCAA

qGL3-U3-F GGCACTCCCGCATGACGACGGAGT gRNA $3k
qGL3-U3-R AAACACTCCGTCGTCATGCGGGAG

qGL3-U6a-F GCCGCAGCGCTGTGATCGAGAAGA eRNA #%
qGL3-U6a-R AAACTCTTCTCGATCACAGCGCTG

Hyg-F GCTTTCAGCTTCGATGTAGGAG BRGNS
Hyg-R CTACACAGCCATCGGTCCAGA

Cas9-F GATCCTTACTTTCCGTATTCCTTACTACG Cas9 Kl 514
Cas9-R ATACCCTCCTCAATCCTCTTCATG

GS3seq-F ATTTCCCTTGGCTTGCTTCCG GS3 #5551 )
GS3seq-R CATCAGTTCAACTTGCTCGTTT

qGL3seq-F GAATCCCCACGCAATTCCCAA qGL3 HE i 75 14
qGL3seq-R AATATCCACGAGACACGACCA

B’ TTCAGAGGTCTCTCTCGACTAGTGGAATCGGCAGCAAAGG LSRN e L]
B2 AGCGTGGGTCTCGTCAGGGTCCATCCACTCCAAGCTC

B2’ TTCAGAGGTCTCTCTGACACTGGAATCGGCAGCAAAGG

BL AGCGTGGGTCTCGACCGACGCGTCCATCCACTCCAAGCTC

U-F CTCCGTTTTACCTGTGGAATCG

gRNA-R CGGAGGAAAATTCCATCCAC

CRISPR/Cas9 # At 2 I Ma 252 1735,
B A S 3k L 5 gRNA 78 B AR AR E B2, BRI
H =5 PCR ¥ ¥ 7k 15 817 U3 Uba Ji gl +
HI gRNA [1H 2454, it J5 5 CRISPR/Cas9 &ik K,

R, MR 3R 2R N 1 R, ARSI 5 |
Y B1'/BL(#£ 1) 172K 5 /L W 1 PCR 944,
PEHUSAYE B TR , 18 1 5 SR EUTORE , RS B U 1 )
PSR =N
gRNAI

OsU6a gRNA2

pCas9

E 1 CRISPR/Cas9-gRNA k&2
Fig.1 The vector skeleton of CRISPR/Cas9-gRNA

1.3 FHEFEMRRG S REERN S Fia i

T I AT TR A T3, 44 i PR 4 i AR B 1 e
5055 MY AL, i Al 4 4 ) B R Uik i ok
AL T, Ktk FIH CTAB B, #EHC T, 54 LA RE
- H DNA, Fi| FH i 25 R 5L F A id Hyg-F/R Fl Cas9
FEIBRIE Cas9-F/R #4744 5 R BH PR AR AR A I o 7
H b 3 A S 500 0 4% 1 9 3 51 4 GS3seq-F/R
il qGL3seq-F/R, 43 5l ¥ 3 GS3 Fl qGL3 3 [K #
S SR 0 51 0 2 SR AT I 4 i A
( DSDecode ) #7437 2,

14 T, THEEK DS REEKTTE

¥ Ty FHPEAERRISOGR IR T4 T T, SRRFPA, $2
IR Fr BRI 2 DNA, FI TS 14 Hyg-F/R i1 Cas9-F/R
7 16 O DR o LR, B IR R A DU 24 Bk, 7
I 75 9 GS3seq-F/R il qGL3seq-F/R X} Jok% 3
RS AR E T PCR 3738, P45 8 35 DSDecode
G Vi H O B PR o R A A5 i S A R
1.5 REEREFREZITHH

X I S AR (T, A1 Ty ) 265 4 B A8 AR 217 0
o R TE FRARFEER R SR RO 2 R R
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KM TREERZHRELL, LS DRI YEAE
g FETUY , A BARR IR 10 B kPR AT R K
LT E

JH Excel 2016 &b BRI A2 i 51, A « 46
B H A AR 2R S A 5055 [H] AR ARIR CREK: |
R e L ) 2255, FIH SPSS 18.0 XA [m] g ik
R SR T 2 5 AT

2 HRESR

2.1 JKTE GS3 1 qGL3 EAREE 5%t R RIiE
HEHE
WG NCBI W ub i, GS3 RN AH 5 Mo

T, qGL3 LA 21 A+, Y00 TR R4 3 4
R b, 0y 43 A /INRL L R R RE 5055 1Y GS3 A
gGL3 JER /) CDS J¥ 413 5 H ARG AH A, A B 5%
TE GS3 Fl gGL3 155 1 AR+ LTI gRNA
B, BSOS 40 BT T 20 bp PR SF I EE SR Y
A1), B0 5 B gRNA A AN 2 fTw , il ad il 2%
Oligo —BIAJ 4 gRNA1 5 OsU3 Fokiafdizds |
gRNA2 55 OsU6 Jii fir 2 /4 7% #2 , 38 i Wi & PCR &
14 3% 15 U3-gRNA1-U6-gRNA2 ) DNA F B¢, ¥ H
5 CRISPR/Cas9 FRikh#kMiEH: , IHgEE T GS3 I
qGL3 WU 85 i 48 484K

A ATG GS3(0s03g0407400) TGA
5'UTR 3’ UTR
gRNAI gRNA2
(=10 ~10 bp) (96 ~115 bp)
—> —>
TCGGAGTGACATGGCAATGGCGG
CCGCGAGATCGGATTCCTCGAGG
ATG qGL3(0503g0646900) TAG

ZRNAI gRNA2
(12 ~31 bp) (225 ~244 bp)
—> —>

CTCCCGCATGACGACGGAGTCGG
CAGCGCTGTGATCGAGAAGAAGG

3’ UTR

SHESIRAME T, ZLEAUFFIFIR gRNA L 51 PAM J751)
The black box represented gene exon and red sequence is the PAM of gRNA

B2 GS3(A)FigGL3(B

) EE MR E

Fig.2 Gene structure and target site of GS3( A )and ¢GL3( B )

22 T, BEEEKREERRENEDN
FIFHAHT B T B R R S D50 K GS3 AN
qGL3 i B IR AL R 5055 B i1 4,
AL B 2 O e, A0 23 RN 20 BRARSL Y T, 5
etk & A 519 Hyg-F/R Fl Cas9-F/R # 17 PCR
R, G e B PEAR R . S5IR R, GS3 didl A e
TEPRZR AT 20 BR P BHPE AN 87.0%5 GL3 %

x2 T, EBEFEEKNERE
Table 2 Identification of T, transgenic plants

AR AL AL bR 2 TP oA 18 Bk BHPE T, PR N
90.0%. FIH514) GS3seq-F/R Fl qGL3seq-F/R, 43 5]
X GS3 Fll gGL3 BHME AV A AR A ¥ &R )P 5 54 7
PCR 4" 4 Fli | , 28 DSDecode 737, GS3 B4k
TR 18 BRARESE, gGL3 FIPERE L iR AT 16
PR R A 5AR , F TR B AR 4 1 88% LA (3R 2),

s I S MR R R A 2 2 0

R\a 2o

AL B Al b Hi FH P e RASHAEL Al R FHAER (%) SRR (% )
Edited No. of transgenic Positive Mutated Homozygous Positive Edited
gene plants seedlings plants edited plants rate efficiency
GS3 23 20 18 2 87.0 90.0
qGL3 20 18 16 0 90.0 88.9
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23 T, TEHREERD A4S RER R IFIE
RFFAG T RN A Sk 2, X T, 4
WRRE IR 2L 00, BRI 24 bR
T, A8 %, ] 1] Hyg-F/R #1 Cas9-F/R #5310 #4743 1
YE  TE GS3 Fl qGL3 Sl ik 2 rh 4460 21— R 471
AN B ) T AR o 300 e X A AR A 7 I 30
J¥311) DSDecode 4341, £ GS3 £l 2wk T, Rtk

A
#5055 gRNAI

R R 7 Fh 548 77 2 7E gGL3 A5 S T, AR
Rz 5 Fpoes gy =X, E2N i BEBR S EAE A
Horr GS3 gfEAE kR PRSI E] 133 bp AR A Bek .
Fhie &80, T, ¥R B 8 AR R U 5 T, Mk R — K
Uk B SE R g i o] DA E AT R it . 1B 3 3 B
T GS3 1 qGL3 4’ ik R 548 )7 X 2 PCR ¢4

45

gRNA2

Nanjing5055: TCGGAGTGACATGGCAATGCLGGCG.. //...CTCCACCGCGAGATCGGATTCCTCGAGGITA(Genomic)

dGS3-1: TCGGAGTGACATGGCA

CTCGAGGITA(~133bp)

dGS3-2: TCGGAGTGACATGGC— CCGGCG.. /... CTCCACCGCGAGATCGGATTCCCTCC[ZGZ;I TA(—4bp/+1bp)

dGS3-3: TCGGAGTGACATGGC
dGS3-4: TCGGAGTGACATGGC
dGS3-5: TCGGAGTGACATGGC

TGGCGGCG.. /.. .CTCCACCGCGAGATCGGATTCCCTCCKGG TA(—2bp/+1bp)
CGE;ICG. /s

TGGCGGLG.. /l...CTCCACCGCGAGATCGGATT - CTCCAGG] A(=2bp/—-1bp)

CTC TA(=5bp/-23bp)

dGS3-6: TCGGAGTGACATGGC —ATGGCGGG.. //...CTCCACCGCGAGATCGGATT—CTCCAGGITA(-1bp/~1bp)

dGS3-7: TCGGAGTGACATGGC

N
5
N
2000 bp

1000 bp
750 bp
500 bp

gRNAI

FFES055

GGICGGEG.. /I...CTCCACCGCGAGATCGGATT CTCCAGGITA(~3bp/~1bp)

832 bp— et

gRNA2
Nanjing5055: CTCCCGCATGACGACGGAGTICGGAC.. //.. CAGCGCTGTGATCGAGAAGAIAGGAG(Genomic)

dqGL3-1: CTCC

... CAGCGCTGTGATCGA

GAAGGAG(=24bp/~3bp)

dqGL3-2: CTCCCGCATGACGA ——AGTICGGIAC.. //.. CAGCGCTGTGATCGAGAAAGAAGGIAG(~3bp/+1bp)

dqGL3-3:CTCCCGCAT

/e .CAGCGCTGTGATCGAGAAAGAIAGEiAG(— 19bp/+1bp)

dqGL3-4: CTCCCGCATGACGACGGAGT|CGGAC. . //.. CAGCGCTGTGATCGAGAAAGAIAGGAG(WT/+1bp)

dqGL3-5: CTCCCGCATGACGAC

AGTICGGIAC.. /.. CAGCGCTGTGATCGAGA—GAAGGAG(-2bp/~1bd)

A: GS3 SRR AY 7 M2 T3 B: GS3 SR R AL R ABITF AR PCR 94 ; C: qGL3 bR FR B9 5 FP RT3
D: qGL3 Ytk 40 55 AT 751 PCR ¥4 5 £THERIR PAM JF91), £ (R R R R BRI IRAE , 41 (PR Fem i AT ,
TN + FIRIBEHAA 55N - FRAEEL s dGS3 M1 dqGL3 Rk N itk & , T 1A
A': The mutated pattern of seven GS3 edited lines; B: PCR fragments of adjacent sequence at target of GS3 edited lines; C: The mutated pattern of
five ¢gGL3 edited lines; D: PCR fragments of adjacent sequence at target of gGL3 edited lines; The red boxes represent PAM sequences,

the red transverse line indicate the deletion sequences, the red words indicate the insertion base, + between parentheses represent base insertion,
—between parentheses indicated base deletion; dGS3 and dqGL3 indicate the gene edited lines, the same as below
3 GS3#qGL3 BERREMHREXRBSH
Fig.3 Analysis of mutation types of rice edited lines of GS3 and ¢GL3 genes

2.4 RIRMERSH

TE T, I Ty Jobric 5 3 R AR B, 20 3 BE 143
Br GS3 Fl gGL3 4l & g Au AR R IR . S Rt
5055 AH L, GS3 B AEAR AL DA AR H P 5k K 3
24 9.0%, K 5 HLIE R 24 8.9% , $4935 My . 25 /K-,
MPRL SN 2% (18 4A . B) ; gGL3 B A REAE MG
AR S EPRL K B IR 2 21.0% , KL SE IR 2 6.9%,

K58 LB IR 249 13.1%, 935 B4 i 25 /K7 (18] 4A
C)o VAT, Al T, AR R 248 Sy R AU, 4
FA A 5055, GS3 Fil qGL3 Y B AH Bk 1 R0 A R4 T
Z I, FIREW], qGL3 iR ER IR >GS3>
FAME 5055, Yk BRI 257K, 11 qGL3 mf iR 1Y
LT R 5 KT GS3 AR #5055, 7E KT b I, ¢GL3
1 GS3 To i 225 (P4 0 2 K T RIAE 5055 (1 5 ),
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A: GS3 Fll gGL3 Jiiihk 2 AFPRL R (AR =1em ); B: BFE 5055 5 GS3 gtk RIAIARIE MR LA ; C: BRE 5055 5 ¢GL3 gtk R IRl
BIEHER FHE s ** R giikk 22 55 HE 5055 78 P<0.01 KF Fik3) @522 5 (46 5%)
A': The phenotype of grain shape of GS3 and ¢GL3 edited lines ( Bar=1c¢m ); B: Comparison of grain size between Nanjing 5055 and

>

GS3 edited lines; C: Comparison of grain size between Nanjing 5055 and ¢GL3 edited lines;

** presents significant difference between edited lines and Nanjing 5055 at P<0.01 level by #-test

4 GS3 N qGL3 GREERRI IR

Fig.4 Grain size investigation of GS3 and ¢GL3 edited lines
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9.0 r 5.0
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_ 2 80 .
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WS R E20
"0l /e
1.0
5.0 0
N Q
AN
$& G
{Q\ ", ,g&\, %
X S
< <

% /ﬁf
Length /width ratio

N & v
@Q"‘)S;Q 60 609
)ég\ P §an
<

R [P RERRTE P<0.01 7K LY 255 4 1
Different letters show significantly different at <0.01 level
Bl 5 GS3 7 qGL3 4REEtark R FHE 5055 EEIAIK (A JHLZE ( B ) FIKEELL ( C ) BAYELE
Fig.5 The comparison of grain length ( A ), grain width ( B ) and length/width ratio ( C ) of
GS3 and ¢qGL3 edited lines and Nanjing 5055
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25 T, T, BEEKZERS

VL B 5055 Sy X R, 43 510K GS3 Fl gGL3 1)
2AEG g ERAR R AT T, AT, AR, oL
REVERZES . G5 RERY], GS3 AR TR &
H 24.6~25.7 g, H L AR 5055 BB 0E 249k 12.7%;
ifii gGL3 4 %t 1 bk T BL 8 Jy 28.8~30.2 g, #] Lt
K 5055 (3418 2 31.7%. 1ERFERIE L, gGL3 Al

R3 T, T, REEKROKEERST

GS3 Jit AT bR 14 1 2 I T R B 5055, Horh GS3 %
o R R I SR 24 9.3%, g GLL3 4 B A bk IR % 24
31.5%. WA AFEHARH ¢GL3 i ik iR L
GS3 SRR AR R 5055 A7 M ka3, 45 S0%
GS3 SRR TR RE 5055 A ARG H (H 28R 18
BN E KV TR FLARE ™ 5 |, GS3 Fl gGL3 %
AR SRIRE 5055 FHEL LW E LR (£ 3 ),

Table 3 Analysis of agronomic traits of T, and T; edited plants

i BHEL TEEL K (em) FERERIER B (%) Bk (g) TRE(g)
Generation Materials Panicle Panicle Grain nufnber Seed setting Yield per IOOOTgrian
number length per panicle rate plant weight

T, dGS3-1 8.7+0.8a 182+2.7a 163.7 +20.1bc 91.2 +1.2ab 31.5+0.6a 24.6 +0.4b
dGS3-2 9.0 + 1.0ab 17.9+3.5a 159.6 + 13.3bc 90.0 + 1.5ab 322+0.5a 25.7+0.8b

dqGL3-1 11.1+1.2b 183+2.1a 117.2+12.8a 89.8 +0.5a 329+0.3a 28.8+0.1c

dqGL3-2 10.8 +0.8b 17.7+1.2a 1153 +15.6a 89.8 + 1.0a 327+1.5a 30.2+0.3¢

KR 5055 9.2+ 0.8ab 17.7+2.8a 176.4 £20.7bc 92.5+0.6b 328+ 1.1a 22.6+0.4a

T; dGS3-1 9.1 +1.4ab 16.5+1.7a 161.0 + 18.4bc 91.0 + 0.5ab 32.6+0.4a 253 +0.4b
dGS3-2 9.2 +0.7ab 17.3+2.4a 162.5 +10.7bc 89.2+1.1a 328+ 1.3a 25.1+0.6b

dqGL3-1 10.5+0.7ab 18.0+ 1.4a 123.0 + 15.6a 88.9+1.5a 325+1.2a 29.0+0.3¢c

dqGL3-2 10.0 + 1.4ab 16.3+3.4a 124.0+11.3a 89.2+1.1a 31.8+1.0a 29.7 +0.6¢

RIEE 5055 9.3x1.1ab 183=23a 180.2 12.3¢ 92.1x1.2ab 33.0=1.2a 22.1+0.8a

B HIPEEE + ARfE2EF0R [ —S PRI R PR R TE 0.05 K L2257 B35

Values are shown as mean + SD; Different letters in the same column show significantly different at 0.05 level
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