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Abstract: [ Objective] To accelerate the breeding process of low-Cd-accumulating rice, [ Methods] the widely applied
indica pure-line cultivars, Wushansimiao and Zhongzao 35, and the popular parents of hybrids, Huazhan and Wufeng B
were used as materials to create OsNramp5 knockout lines via CRISPR/Cas9. The marker-free OsNramp5 mutants
together with the wild types were grown either in a Cd-contaminated field (Field A) or in a non-Cd-contaminated field
(Field B) for subsequent experiments. The changes of the grain Cd content were investigated for plants grown in both
Field A and Field B. The changes of the contents of other related minerals were also examined but only for those plants
grown in Field A. The agronomic changes of the mutants were further assessed by examining those plants grown in Field
B. [Results] Rice lines with mutations at OsNramp5 were successfully generated for all the four cultivars. On one hand,
the grain Cd level in OsNramp5 mutants grown in Field B was reduced by 85.5% on average (<0.02 mg/kg); as a result of
OsNramp5 mutation, the Cd level in plants grown in Field A, was reduced by 94.8% (<0.1 mg/kg), meanwhile, the Mn
level was decreased by 52.7%; on the contrary, the Cr level was elevated by 59.5% on average for the four cultivars and
an increase of 79.1% in the Pb level was also observed but only in OsNramp5 mutants of Huazhan; the levels of other
mineral elements including Fe, Cu , Zn, Ca, Se and As were slightly or hardly affected. On the other hand, a slight
decrease in plant height and an average yield loss of 6.9% were observed due to OsNramp5 mutation for all cultivars; the
yield loss could be ascribed to a reduction in seed setting rate and seed weight and was compensated by a slight increase
in effective tiller number. [Conclusion] Low-Cd-accumulating rice plants can be generated by OsNramp5 disruption at
the cost of an acceptable yield loss and the low-Cd-accumulating rice lines produced in the present study may serve as
promising cultivars to eliminate rice Cd contamination in many areas.
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IKFEFFRLARFR R sb, T BAE— e S I Al
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Kasalath 1 Fg 5RO ZEKFERE FU R IR AL AE
5 A1 B 4 T R E KRR AT AN AR AR
FREKFER AT Tl 2 A R 35 W H R A F .
1.2 #HirHE

CRISPR/Cas9 # /&N HATHIE, #HAkARITEL
A& pCUDI1390(H1 pCAMBIA1390 ‘B2 FiHnEk
Ubiquitin 3 J& 5 7 )P AL A, 6 Kpn | Al
Bam H I {7 sisbdfi \KFEH IS R4 IS 1) Cas9 ik
[Al, #kZE7E Ubiquitin 3 5 2T AT Hind T4 2 4
AN J7 115 Cas9 &K [F] A (17K g U6 5% U3 )i 37l
SgRNA B 2Lkt (R JE 37 F sgRNA HEZE 2
Al —Bepidi A Aar 1678010 CmR-ccdB JE A%
& LME T e sgRNA [RS8 B Mt
U6 B U3 B3l T I skl 4 A s G B A,
I & # Mk v %4 N pCUDIL390Cas9-U6 Al
pCUbi1390Cas9-U3 (I 1), #ARIE KM B ccdB
Survival™ 2 TIRE#E C(Invitrogen A7) HH{ELE.
H, SHKRBEN AR Cas9 M JFIGE,
f piy BB AL BE St 3 B, KFS U6 Fl US BT
P18 [ H A JERIZL DNA, 42511%3% Feng %350
Miao ZEPU ISR sgRNA B 4k [ sk sizig =
CmR-ccdB JE R ik &K M Invitrogen 2 1 4 B 1)
gateway # & pENTR 1A.

FIFHTELL T A CRISPR-P(http://cbi.hzau.edu.cn/
crispr/ P 21t i Tk OsNramp5 3£ (RAP 1D:
0s07g0257200) [1) sgRNA [f] 5541, ik
P, YIL T AL EE 10 AMNE T IE B B[RRI
ORF fii#: 3673-3692 (fii &1 1) 1 3685—-3704 ({if
£ 2), mRNA CDS /7% : 1006-1025 (fii 5 1) A
1018-1037 (firsi 2) 1o MJEREAKRES, JetREEiAk
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RB

~

sgRNA scaffold & Poly (T)7 ™~~~ N

sgRNA scaffold ™~~~
& Poly (T)7
Aar |

LB. RB 438 T-DNA (/2. #i4 5k HPT [[—Hi5 R FitEARic; 2>35S—H kA 35S Ja 3 T; CmR-ccdB cassette— 587 2 HitE 36 K & H R/ 5
[K 2 IE £; sgRNA scaffold & Poly (T)7—-sgRNAH H2 & 74~ T B 41l 2% 117 ; ZmUbil promoter— T >k Ubil 3% [ f5 31-F; Rice codon optimized
Cas9— /KBTI Cas9 LK, Aar I —ft a5 751 0B (1) Type 1T BRAIPEFFR AL (CBG=MA/RETHI40); Pst1-SnaB [ -Mlu [ —=4
B — PR A DIEERALA E TPE BE T HPT A1 Cas9 2 (K % | RILFT R 144 1+ CaMV 3" UTR F1 Nos polyA {5 5 J741]; pCUbi1390Cas9-U6
FlI pCUDI1390Cas9-U3 #Ak 1 X AMXAE T sgRNA J& 3l T R i e b i A Fl .

LB, T-DNA left border; RB, T-DNA right border; HPT //, Hygromycin resistant gene; 2>35S, Duplicated 35S promoter; CmR-ccdB cassette,
Chloramphenicol resistant gene and ccdB suicide gene; Aar |, typell restriction enzyme recognition site for guide DNA cloning (the cut sites were
indicated by black triangles); Pst I-Sna B I-Mlu |, Restriction enzyme sites for further use; The CaMV 3’ UTR and Nos polyA signal of the HPT Il
and the Cas9 genes are not shown; The only difference between the vectors pCUbi1390Cas9-U6 and pCUbi1390Cas9-U3 is that the two vectors use

different sgRNA promoters together with different transcription start bases.

1 RITFEFENEEAMN CRISPR/Cas9 Ti BRHAIMITE A pCUbI1390Cas9-U6/U3 T-DNA X £5#
Fig. 1. Structure of the T-DNA region of the CRISPR/Cas9 Ti binary vectors pCUbi1390Cas9-U6/U3.
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GCTCTGCC (5-3"; Jx X#E); ¥ XA 2 N
ctagACTATTACCGGCACATACGCTGG (5-3'; 1F
X EE) 1 tcgaCCAGCGTATGTGCCGGTAATAGT
(535 REE . WK K RN EEk,
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Bz A% A pCUDI1390Cas9-U6, &5 — ANz s 1 i
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e, 5144 OsUB-F (TTGAGCGATTACAGGC
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5" 5|4, REIEAEENE); C126 (TCGTGA
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CIE[A) AT AGAGCGGAGAAATATGGACGAAAGT
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(JIf). PCR & ZAL$E 5 ul 105PCR i (&
Mg?"; TaKaRa), 4 L dNTP J2 & (% 2.5 mmol/L),
5 uL 514 GEXFES, % 5 pmol/ul), 0.5 pL
TaKaRa Taq (5 U/uL), 2 pb —HFEEWH GREAR
fi.F 99.5%), 2 uL DNA, 315 puL H,0, & 50
puL. PCR#2fF: 95°CF 2 min; 94°CF 30s, 58°C
T30s, 72CF60s, 35 MiEH; 72°CK 2 min.
PCR =¥y B3 7 A 518 (38 BN, 0T
& X% GTGCACCCCTACAATTCGTCAGT. il
ZAEMUNERVEDEARA R A F 2.
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(CRISPR/Cas9 #4tH#iH U6 Bah+) 1ENiHt—
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PR 2z AR R 35 DL R S MpoR AR E H AT R B,
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MOTEFERIPR R, X To A G 4E SN To
AR FEAR I 7 557, A ] it o 22 (R AR RAR AN ]
RAZR (R T HU RS AT 5<100%) N
39%~90%, P14 58% (F 1). XX 5 Nihff—
3L 56 NST PR gmiE ik R A 1) 106 S SRAR FAF i
17750, SRER—HLHIL T 32 PhRARHL Y
(E2-A), B I Horp 25 F g8 AR R N FE AT 5847,
FEEEATIRE RN, 7 PRRARRA (R YEk KBl
N B 5 3 S ) A PR AR AL B 3 (RS BT
fFE#05, #07, #12, #13, #17, #22 Fl#24) §3
o BRI K AR, AR T2
o WAL g HE R TIE R IL AR WK 2.
XTHEAL 5 2 IR R iR 45 R rE SR 1,58 2 filE] 2-B
IR

HE— DXL AT 1 BT SRR Rk (R B 1) R AR AR
AT T 48 (K 2-C), KILFERAERRAZRT N
R 1~3 MRERIEAN 1 MIE R, (HTE R
A7 1) 66%, T HAEIX 3 Fih 2k SR AL il 2% (1) g s o7
BHAEBENLE, T2 e A B i, Mt
FEN 1AL ) R AR A o S DA A\ Bl A AT A%
NI, RRIIENIE C RAHEA, Sk 54
Bl 2 S DA b ) it 2 S AR DL R A N B 2 Y X R A
T —FhRASIA — M R AE 1 IR D RO AE 2 1R

TR Ty A M 8 8 m Uit i iE 3RS
I B B L R R A O ORE B, X X LR RE PR R
OsNramp5 #EA7 s AT AT I, I SRAF 4l R

®1 TESEMIAMEUKRERRTERG T
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Rk, FIRIXLLAl SREM AR (T80 Ta) AT/ 2E
K. H AT IR SR Kasalath 41, A dhfh k£
R AT N BRI T 2l 5 AR, VA E B LR 2.
2.2 OsNramp5 E[E mupRPER K TR PRI R

TE3RAF 2 BRI L IR 2 1) OsNramp5 2 [K] 58748
WHRJG, Kimfhe s, fiFE B, FiliZiArh i 35
I3 N RAK R (T, 18, BiELHH AR
LO1-#05/#05 AhRI5 AR IEAR ) Je JLIEF A 6ot Rt
Y AAETLTEE AL B PHFIRE (A Hbys &5 e
3, B HUNARG Y. 23 AR b
PR CREK) B TR ENE, WHR%ER L
3. MIETHARETT A, AL B P HIURIR 0 FE K 4 iR
PR R Fh 140 2 oG RS KR R % . 76 A HURE R,
FE X} HE S AR ER B f ™ E AR ——2 5~10 £ T Elx
FREMH (0.2mg/kg; GB2762-2017) HIfEM T, R
[ i OsNramp5 wifR ik & (180 & A K PR E (A 1)
1/2, EEXTHEFRAK 91.7%~96.9% (4 AN SRR A
94.8%); fE B HuFPAEIT, i HEFNIE DA bk 250 &
BT EFRPR A, FHoA A &R R R vk R
Eb o B PG 76.2%~91.1% (H31E 85.5%), A3 [E Fr
BREMM 110, EHA—MWE, 455 AR
LO1-#05/#05 #7551 PS5 78 HoAth v RAHIA], [
I, BARIEER RN OsNramps EIER T4 K kAL
ANRFEIR R, [FIREIS BT 2R D BE 1 2R3 o
BT E 2, AT E SR B KRS R, R
OsNramp5 F& K44 7] A 20 AR AT R R AR 2 .

R 3BAEIR RN, TCACTEATHUR AR, AS[H] 5
WA RRRAE— LR, LHERR 35,
AR5 B A 3 N WIS, T RFR OsNramp5
B G, AR RN R BRI — 8 X —
ZERIE 7R T OsNramp5 &K 1) Th g 25 57 vl R 2 51

Table 1. Occurrence frequency of the four genotypes among the positive transgenic lines of the five cultivars.

AR L HEAL 2
A Target site 1 Target site 2
Genotype i %t B EOIES 1R 35 &it
Huazhan Wufeng B Wushansimiao Zhongzao 35 Kasalath Sum Kasalath
T 71 Wild type 5(36%) 6(30%) 22(61%) 7(41%) 1(10%) 41(42%) 0
%44 Heterozygous 0 0 3(8%) 0 1(10%) 4(4%) 2(50%)
W& A Biallelic 9(64%) 14(70%) 11(31%) 10(59%) 8(80%) 52(54%) 1(25%)
44 Homozygous 0 0 0 0 0 0 0
A& Chimeric 0 0 0 0 0 0 1(25%)
&1t Sum 14(100%) 20(100%) 36(100%) 17(100%) 10(100%) 97(100%) 4(100%)
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A FELLAT BTOIE AL T X 4 &0 Rk T
Target site 1 Cut site PAM Base counts
R ¥

WT TGGCACTGTTGGCATCTQGGCAGAGCTCCACTA;ACCACATACGCTGGACAGTACA

#01 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTA-TACCGGCACATACGCTGGACAGTACA =1
#02 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTA-AACCGGCACATACGCTGGACAGTACA -2+1
#03 TGGCACTGTTGGCATCTGGGCAGAGCTCCACT--TACCGGCACATACGCTGGACAGTACA =2
#04 TGGCACTGTTGGCATCTGGGCAGAGCTCCACG--TACCGGCACATACGCTGGACAGTACA =341
#05 TGGCACTGTTGGCATCTGGGCAGAGCTCCAC---TACCGGCACATACGCTGGACAGTACA =3
#06 TGGCACTGTTGGCATCTGGGCAGAGCTCCA----TACCGGCACATACGCTGGACAGTACA -4
#07 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTAT-——--—-— CACATACGCTGGACAGTACA -6
#08 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTA-————-—— CACATACGCTGGACAGTACA -7
#09 TGGCACTGTTGGCATCTGGGCAGAGCTC----—-— ACCGGCACATACGCTGGACAGTACA =7
#10 TGGCACTGTTGGCATCTGGGCAGAGCTCCACT—————-—— CACATACGCTGGACAGTACA -8
#11 TGGCACTGTTGGCATCTGGGCAGAGC-=-==-=--~ TACCGGCACATACGCTGGACAGTACA -8
#12 TGGCACTGTTGGCATCTGGGCAGAGCTCCACT-—=-====~= ACATACGCTGGACAGTACA =g
#13 TGGCACTGTTGGCATCTGGGCAGAGCTCC-~======~ GGCACATACGCTGGACAGTACA -9
#14 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTA-~-——=——-——— ATACGCTGGACAGTACA -10
#15 TGGCACTGTTGGCATCTGGGCAGAGCT == ======== CGGCACATACGCTGGACAGTACA -10
#16 TGGCACTGTTGGCATCTGGGCAG--~-———==-~— TTACCGGCACATACGCTGGACAGTACA -10
#17 TGGCACTGTTGGCATCTGGGCAGAA-————————~— TACCGGCACATACGCTGGACAGTACA -10+1
#18 TGGCACTGTTGGCATCTGGGCAGAGCTCCACT-========== ATACGCTGGACAGTACA =15
#19 TGGCACTGTTGGCATCTGGGCAGAGCTCCAC-———————————— TACGCTGGACAGTACA =13
#20 TGGCACTGTTGGCATCTGGGCAGAGCTC-—=———====~—— ACATACGCTGGACAGTACA =13
#21 TGGCACTGTTGGCATCTGGGCAGAG-———========—~ CGCACATACGCTGGACAGTACA =13
#22 TGGCACTGTTGGCATCTGGGCAG=============== AGCTCATACGCTGGACAGTACA =15
#23 TGECACTGTTEGGCATCTGEECA - =~ mm s mm i e CATACGCTGGACAGTACA =20
#24 TEEERCTET TG E I s A S S S A g CCGGCACATACGCTGGACAGTACA =2l
#25 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTA--================== GCTAGCA -25+45
#26 TGGCACTGTT--============—————-———————- GGCACATACGCTGGACAGTACA -28
#27 B e e ke L T GGCACATACGCTGGACAGTACA =37

#28 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTATATACCGGCACATACGCTGGACAGTACA +1
#29 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTATTTACCGGCACATACGCTGGACAGTACA +1
#30 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTATGTACCGGCACATACGCTGGACAGTACA +1
#31 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTATTTTACCGGCACATACGCTGGACAGTACA +2

#32 TGGCACTGTTGGCATCTGGGCAGAGCTCCACTATTTG--CCGGCACATACGCTGGACAGTACA -2+3
emp e v . sz el AN 12 - 1Sk C
FEAL AR 2 COR7 N =1 1| P R T8 5 87 37
Target site 2 Cut site PAM Base counts
>
Q
WT BCTATTACCGGCACATACGCTGAACAGTACATC 3 8
##01 ACTATTACCGGCACAT-CGCTGGACAGTACATC =1, §§ g
##02 ACTATTACCGGCACA--CGCTGGACAGTACATC -2 i
##03 ACTATTACCGGCAC---CGCTGGACAGTACATC =3
##04 ACTATTACCGGCAC---~-GCTGGACAGTACATC -4 0 1bp 2bp 3bp 4bp=6bp A T G TT InDel
##05 ACTATTACCGGCACA-—--—-=-—=--—-- TACATC -12
##06 ACTATTACCGGCACATAACGCTGGACAGTACATC +1 ﬁk?% ﬁﬁ)\
##07  ACTATTACCGGCACATACCGCTGGACAGTACATC +1 Deletions Insertions

AFIB, FEALAE 1A 2 (P H RANE Bl WT-HF A, s, ALK 5, FFAEAFHh Caso #EALA . Cas9 R U6 F1 U3
7 A BB B4 AL 1 FIEEAL 5 2 BORARTE O . ARAAHE AR EE DL K PAM AL s3 200 AR B 5 . I S RIZE Kt dss, M=
fiR7s Cas9 VIRIALAT, BrE o107 0y 5-3" R HI h BRI A LAE, AR N SR, JRA 5 AR EE .
FHrFRRERE (H=FR) BdiN (2R RS C-HUALA 1A RA R R ARG T, RABRAER 326, B s
2 1bp. 2bp. 3bp. 4bp FI=6bp NFRBIMIELRA, WERHA LA AL Tk G KIfA 2 MgE TT PURRE RN, UUKH
& A SRR RD InDel; —3L 411 56 M AL R, 106 NI FER .

A and B, The sequence changes in Target sites 1 and 2 of the OsNramp5 gene, respectively. WT, Wild type; #** or ##**, Mutation type numbers; In
the WT sequence, the target site, the cut site and the PAM site are indicated with the bases highlighted in grey (The underlined base “G” or “A”
indicates the transcription start site of the rice U6 or U3 promoter in the CRISPR/Cas9 system), reverse black triangle and the bases in underlined
bold font, respectively; In the mutation sequences, the deleted bases are indicated by dashed lines, the inserted ones are underlined, and those
identical with the wild type are shown normally; The numbers on the right indicate the counts of the deleted or inserted bases. C, The occurrence
frequency of various mutation types in Target site 1. The mutations were summarized as three types, which are deletions, insertions and InDels. The deletion
type includes five subtypes, which are those with 1 bp, 2 bp, 3 bp, 4 bp and =6 bp deletion respectively. The insertion type includes four subtypes,
which are those with one A, one T, one G and double T insertion, respectively. The data are derived from the analysis of 106 mutation alleles from 56
independent transgenic lines.

&2 EREmEFFRD OsNramp5 EFE AL ERTHEMR

Fig. 2. Target site mutations of OsNramp5 in the genetically edited lines.
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#2 AN @mMERGRIERFRTD OsNrampb L S H R EE

Table 2. Genotypes of all OsNramp5 edited lines derived from five cultivars.

FER A Genotype

WHRS i AL HEALR 2
Line £ Target site 1 Target site 2
number Allele
4 B A R 35
Hjjzfan Wjifj;g B Wihu:nsirfiao Zh:JPn;zao 35 Kasalath Kasalath
LO1 1 #05 #26 WT #03 #05 WT
2 #31 #30 #28 #29 #29 ##04
L02 1 #06 #03 #15 #03 #03 ##01
2 #09 #05 #28 #29 #13 ##06
LO3 1 #05 #02 #05 #29 WT WT
2 #28 #29 #24 ? #21 ##07
LO4 1 #01 #06 #03 #05 #01 ##02
2 #09 #27 #05 #25 #29 ##03
3 - - - - - ##05
LO05 1 #01 #05 #05 #01 #05 -
2 #29 #29 #18 #05 ? -
LO6 1 #01 #01 #18 #11 #01 -
2 #05 #32 #28 #17 #10 -
LO7 1 #07 #05 WT #01 #01 -
2 #15 #28 #16 #09 #04 -
LO8 1 #03 #03 #05 #03 #12 -
2 #19 #08 #10 #14 #29 -
L09 1 #05 #01 #03 #01 #03 -
2 #28 #29 #29 #05 #20 -
L10 1 - #05 #01 #06 - -
2 - #28 #29 #29 - -
L11 1 - #06 #23 - - -
2 - #29 #29 - - -
L12 1 - #03 #01 - - -
2 - #30 #28 - - -
L13 1 - #01 #22 - - -
2 - #05 #28 - - -
L14 1 - #01 WT - - -
2 - #29 #01 - - -

KA JREUBR IR B T0AS R 12 R B L4 7 B B i Bbric BAE& Mok, ISR B IEAE /F B Al & tbk: 2, RefiE: — &M,
The grey shading contents show that marker-free homozygous plants are available for the genotypes. For the other genotypes, the work to seek such
plants was in progress; ?, Not resolved; —, Not applicable.
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X B AR AR B2 S R A
2.3 OsNramp5 EFE B FRFTFFRI P Eb T ZFR R/

Hp [E K R A4 (Chin J Rice Sci) 55 33 455 5 112019 4E 9 H)

AIHN, OsNramp5 FEREPRIGE, I aftin & 21
S RAC, TR 34.29%~63.1% (JMH 52.7%); itk

A MR, A SR —E RN, ANFE SRS E

XHERTT g3 (A Hb) FRAE ) OsNramp5 &K 341E 11.4%~34.5% (341E 21.4%), TiHs & E 3R 5
PR AR R SO BT R AR & IS R, Xt K, 183 45.6%~75.5% (}J{H 59.5%), HZ, E7
Bhy Bk B HVRAR TR S EBHMT TIE. hE 3 BN RER, LS RYGER, XA

#& 3 OsNramp5 EERBRKARITRET T RS ELZN

Table 3. Changes of mineral element contents in the grains of the OsNramp5 knockout lines.

FEG S5 &t cd i 2 Cd? %t Mn? 21 Fet #itcut £t Pbt B ter
Sample number  /(ugkg ) I(ugkg™) (mgkg ™) (mgkg ™) (mgkg ™) l(ngkg™) l(ugkg?)
HZ-WT 2010.3#400.5(3)  134.74225(3)  60.1:13.9(3) 10.44.1(3) 4.740.4(3) 114.2440.4(3)  80.8439.1(3)
HZ-L01-#05/#05 137.6(1) 11.0(1) 25.0(1) 13.3(1) 5.4(1) 211.0(1) 153.0(1)
HZ-L01-#31/#31 46.4(1) 13.5(1) 24.2(1) 27.5(1) 5.4(1) 344.3(1) 169.1(1)
HZ-L04-#09/#09 39.1:41.2(2) 11.840.2(2) 20.5:.5(2) 13.34.5(2) 5.120.2(2) 165.1#55(2)  97.246.7(2)
HZ-L08-#03/#03 47.4410.6(3) 11.741.0(3) 20.3(1) 11.742.1(3) 5.4.1(3) 191.0458.2(3)  109.2419.7(3)
HZ-L08-#19/#19 91.0464.2(2) 12.6453(2)  22540.7(2) 11.940.1(2) 4.740.1(2) 191.3#48.2(2)  173.542.2(2)
HZ-MUT? 65.2441.4(9)" 12.042.1(9)°  22.2+2.0(7)" 14.045.2(9) 5.240.6(9) 204.6464.2(9)"  132.3438.9(9)
WF-WT 1753.7467.5(3)  123.7431.3(3)  42.647.0(3) 12.840.9(3) 4540.3(3) 168.0434.7(3)  60.845.0(3)
WF-L03-#02/#02 30.5(1) 13.3(1) 22.9(1) 13.8(1) 4.7(1) 138.6(1) 124.4(1)
WF-L03-#29/#29 29.1(1) 14.6(1) 21.1(1) 14.8(1) 3.9(1) 100.9(1) 54.6(1)
WF-L04-#27/#27 42.0(1) 14.1(1) 16.8(1) 14.2(1) 4.4(1) 183.4(1) 104.8(1)
WF-L05-#29/4#29 68.3433.5(2) 15.940.7(2) 16.040.6(2) 13.640.1(2) 4.540.2(2) 161.7432.5(2)  108.7439.5(2)
WF-L08-#03/#03 82.240.3(2) 18.940.2(2) 17.940.6(2) 14.540.6(2) 5.140.2(2) 166.4443.7(2)  66.645.0(2)
WF-L08-#08/#08 29.1(1) 15.0(1) 17.1(2) 14.9(1) 4.7(1) 149.0(1) 73.9(1)
WF-MUT? 53.9426.9(8)" 15.842.1(8)°  18.242.5(8)" 14.240.6(8)"  4.620.4(8) 153.5432.4(8) 88.52430.0(8)
WS-WT 1765.64246.4(6)  129.2432.3(3)  37.145.1(3) 9.540.7(3) 4.640.2(3) 133.9#415(3)  74.02239(3)
WS-LO1-#28/#28  134.2150.4(2) 17.74.4(2) 16.641.3(2) 12.34.1(2) 4.340.1(2) 124.944.9(2) 114.0429.6(2)
WS-L02-#15/#15 42.648.2(2) 15.640.4(2) 15.840.6(2) 12.442.1(2) 4.640.1(2) 170.2460.7(2)  119.623.1(2)
WS-L02-#28/#28  187.3(1) 13.6(1) 16.9(1) 11.9(1) 4.6(1) 128.2(1) 100.1(1)
WS-MUT?® 108.2498.6(5)" 16.041.95)°  16.340.9(5)" 1224.2(5)°  4540.2(5) 143.7438.9(5)  113.4#18.0(5)
ZZ-WT 1140.34143.0(3) 69.942.7(3)  29.14.2(3) 14.441.3(3) 5.040.1(3) 123.743.2(3) 56.949.5(3)
ZZ-1L01-#03/#03 121.5(1) 13.6(1) 23.8(1) 17.4(2) 45(1) 196.6(1) 85.5(1)
ZZ-1L01-#29/#29 31.9(1) 14.1(1) 16.7(1) 14.8(1) 4.7(1) 131.9(1) 109.0(1)
Z7Z-108-#03/#03 99.4489.9(2) 18.944.7(2) 17.020.6(2) 14.441.3(2) 4.240.2(2) 139.648.8(2) 109.4413.4(2)
Z7Z-1L08-#14/#14 107.2495.7(2) 17.3#.3(2)  20.322.8(2) 17.542.7(2) 4.240.1(2) 119.047.1(2)  93.148(2)
ZZ-MUT? 94.4466.7(6) " 16.743.2(6)"  19.243.1(6)" 16.022.1(6) 4.430.2(6)" 140.9430.1(6) 99.9412.7(6)™

YRR e P 2 AR IEH LR 3 B A SRS [ S AR R R B A . R g S R RO A AR S bR R S-SR
B, AMRMEENEE 2 8 2. HZ-4 5, WR-TF B; WS-Tulliz2 g, ZZ-h 5 35; WT-B74E81; MUT-OsNramp5 & itk & .

A% 2O R dE Z () B E (n)”; T, P<0.05; 7, P<0.01; ERBEVERIT t WIS OUREAZT ZBONREARRTT £ T
W CHRHEAT F AT ZE55 1), Gout o B IHESAR [R] S Bl A [ ik A B2 1B 55 6]

Grown in a Cd-contaminated field; Grown in a non-Cd-contaminated field; *Means of all the observed values of the genetic editing lines. The
sample name is “cultivar name abbreviation-line number-genotype”, and one may refer to Table 2 and Fig. 2 for the information of the line numbers
and genotypes. HZ, Huazhan; WF, Wufeng B; WS, Wushansimiao; ZZ, Zhongzao 35; WT, Wild type; MUT, Mutants(All the OsNramp5 mutation
lines).

Values are “Mean#SD(n)” or “Mean(n)”; *, P<0.05; ™, P<0.01; The significance was determined by Student’s t test (types: equal variances or
unequal variances) after F test for variance homogeneity. In the analysis of statistical significance, all the genetic editing lines within one cultivar
were considered to be identical.
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RAER G b 2 e & B e AE & o 25
b, MR 79.1%, T HAH SRS GE H E K IR E
8 (0.2 mg/kg; GB2762-2017), XFA{b(ETE K
S T AP B B IR A OsNrampb 2k PR bk
w3 s o sm S BN ((EH R 35
SRR AR R P UD T 13.3%). BEAL, X A
R IR 2R BB AE R R . Tl EEAS TR SR
BHATRI (CBdEARER), HApRITRERENA
FE S ST B 7 A R R (30 pglkg)s
1 OsNramp5 2 PRI i 53 6] 7 AR 2R RIS M oA 1, T i
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Tl BRI 1) B Bt T 2 3 A8k

OsNramp5 # il 5, AKREFFRL 4R & R IR
g TR, FaRINED A, M-S ERin—
DL, B BE. A5 . RERIARAR B2 R AR N
BUASZ R, HY AT RECEN I S A R — e AR
2.4 OsNramp5 B E &Rt R Z AR RS20

9 7 A OsNramp5 fBgas 4 2R 1 52,
PR (ARG G 33 B (1) 3870 iK% OsNramp5
BRI R (TR S BT AR B 6 IRk i F = i
PEARIEAT 7052 (K 4). 4 A FhIE AR R R 2 ()

Table 4. Effects of OsNramp5 disruption on plant height and yield traits.

. N J it o I . i R R
PS5 bk'%. ﬁé&ﬁj\%ﬁ Eﬁ%’.ﬂﬂé& ) Eﬁ%%ﬂﬁ %%z ﬂ:ﬁi Theoretical ~ Yield
Sample number Plan/the|ght -Effectlve Total grain .number Filled graln_number Seedse;tlng lOOQ—graIn yield increasing
cm tiller number per panicle per panicle rate/% weight/g Ikghm®)  ratel/%
HZ-WT 115.343.6(68)  8.842.4(68) 239.1491.5(115)  192.9475.0(115) 81+11(115) 19.640.1(2) 9009.0 -
HZ-LO1-#31/#31  111.443.1(57)" 9.242.2(57) 257.1497.6(89) 178.7469.9(89) 70+42(89)” 18.940.1(2)°  8376.0 -7.0
HZ-L04-#09/#09  112.142.6(71)" 8.842.3(71) 235.9463.7(105)  181.9453.7(105) 7749(105)"  19.440.0(2) 8418.0 -6.6
HZ-LO8-#19/#19  107.9#4.4(70)" 9.742.6(70) - - - 18.640.2(2)" - -
P& Pvalue 0.000 0.129 0.211 0.322 0.000 0.003 - -
WF-WT 78.942.1(46)  7.331.6(46) 129.8426.1(73)  121.3426.5(73) 9345(73) 24.040.1(2) 5760.0 -
WF-L03-#02/4#02 74.641.8(46)" 7.6+1.5(46) 120.8426.2(81) 109.5427.5(81)" 90=7(81)™ 23.640.1(2) 5310.0 -78
WF-L03-#29/#29  77.742.4(46)° 7.322.1(46) 130.8424.2(75)  117.4:424.4(75) 8946(75)" 23.740.0(2) 5512.5 -43
P& Pvalue 0.000 0.664 0.028 0.018 0.000 0.083 - -
WS-WT 116.243.8(45)  8.742.4(45) 223.8470.2(103)  201.7461.7(103) 9044(103) 20.440.0(2) 9660.0 -
WS-L01-#28/#28(1) 110.422.9(46)" 8.54.6(46) 229.2492.1(104)  190.4475.7(104) 8449(104)"  19.640.1(2)" 85965 -11.0
WS-L01-#28/#28(2) 110.843.3(46)" 9.622.6(46) 211.6258.0(96) 187.8450.7(96) 89-47(96) 19.340.02)"  9435.0 -2.3
WS-L02-#15/415  109.644.1(46)™ 9.2+1.8(46) 183.5468.3(103)" 164.7461.0(103)" 90=3(103) 20.140.1(2)°  8220.0 -14.9
WS-L02-#28/#28  111.143.2(38)™ 9.642.2(38) - - - 19.940.0(2)" - -
P{E Pvalue 0.000 0.034 0.000 0.000 0.000 0.000 - -
ZZ-WT 83.843.1(46)  7.241.9(46) 115.2+442.7(83) 101.0441.3(83) 8648(83) 29.440.2(2) 5770.5 -
77-108-#14/#14 78.142.3(45)" 7.841.9(45) 106.6:41.7(88) 92.7435.6(88) 8746(88) 27.840.1(2)" 54585 -5.4

Bk O EHREE () ¢ 7, P<0.05; 7, P<0.01; —, ARAGISIANE: SR A R 1) 5 B U I LR B (AL
HAmmS AT F S T Z R RV T ) 305 ZE AT in 2 LA (& =4 0L L EARE s %75 226 ) ANOVA+Dunnett t £46, 577 226 Fl Welch
ANOVA +Games-Howell test, £H /877 ZFF L iz B0 Levene IS gt A7 Rzl , Tk s K ) n<d ARATM T Z57 18, MR 5 SRl 4ar
TR E B2 35 AT 7 22 53T s 7= i KA« SR 204 28053 B H < TR #/1000>270 000 #4/10007 455 5+ T 2 54 =N« MPh 4 45 5 -4k R S-S AL 7,
LR WS-LO1-#28/#28 MK AN bk R . M E4E: HZ-4#, WF-F3 B; WS-Tulli2 i, ZZ-+ 5 35, WT-BF4: 8. phRS WK 2, SR
%5 W 2.

Values are Mean=SD (n); ", P<0.05; ™, P<0.01; —, Not applicable or not determined; the significances between mutants and wild types were determined
by t tests after F tests for variance homogeneity (for comparisons with two groups of samples and for comparisons of the 1000-grain weight trait) or by
ANOVA with post hoc multiple comparison analysis (for comparisons with three or more groups of samples; ANOVA + Dunnett’s t tests for groups with equal
variances; Welch’s ANOVA + Games-Howell tests for groups with unequal variance; Median-edition Levene’s test was used to determine the homogeneity of
group variances expect those of 1000-grain weight because of n<3; groups of 1000-grain weight data were viewed as having equal variances); arcsine square
root transformation for the data of seed setting rate was performed before ANOVA, the theoretical yield was estimated by “filled grain number per panicle x
effective tiller number > 1000-grain weight / 1000 > 270 000 / 1000”. The sample name is “cultivar name abbreviation-line number-genotype”, and the
information of the line numbers and genotypes is available in Table 2 and Fig. 2. Two sister lines were analyzed for the genotype WS-L01-#28/#28.
Abbreviations of cultivar names: HZ, Huazhan; WF, Wufeng B; WS, Wushansimiao; ZZ, Zhongzao 35; WT, Wild type. The sample name is “cultivar name
abbreviation-line number-genotype”. One may refer to Table 2 and Fig. 2 for the information of the line numbers and genotypes.
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— AN T RR R TR FREIED SXTIRAEERA T
WAl PR THREAG, FETR 3.5%~6.8% (4 i
Pl BRI IMEA 4.9%), FTE bR RS XIEAH Lhts 2
S AR EE RIS, HE0E 1.9%~9.0% (3
5 5.5%), HHTHEEMIRIEERK, ATREERN
REMTS, ZRIFARE, BhTRENFEAR
Ko BATVNIX PG I B SAFAEN s ARk
AT A RSN SR TR E Y
SN SA, BEIE 5 6.5%~10.3% (F1H 7.9%).
3.2%~9.0%( 1 5L 35 B[R i Br ik RBR 4 #2118 5.3%)
1 1.4%~5.5% (¥J{H 3.4%), AibiXFp AR
BRI EREE. B FEER7E, K44
SRR 5.4%~9.4% (H{H 6.9%). ML S22,
OsNramp5 HiFR AT 5l etk e Sokig. S5 AT
LR TR, A EE MR, &4&FECR
25 BRI /N IR o

A T OsNramp5 e [ 0 KK & ol o) 52
FATIRHT OsNramp5 Fif i 8 AR A4 K X FECK A ) 4 A

<5 OsNramp5 EERFRERARRT K

Hp [E K R A4 (Chin J Rice Sci) 55 33 455 5 112019 4E 9 H)

AT T E,  [EIR R IR AN A R S R
BHEER &8 L BWEHAT T (R 5. 4 NS Fh
OsNramp5 Fi ik 2 -5 0 JEAH L, K fad in (3
& 0.4%~2.7%, 1H 1.5%), KiFemgimAs 2 (RS
0.9%~3.9%, H{H 2.5%), &AM RRIH
K58 b N (3808 1.8%~5.0%, HI1H 4.0%),
T 3K oK B L PR 184 0 5] e 32 1 s 2 S 1 B 1)
g N B CFEME 535N 6.7%~22.6%F11 0.6%~17.6%,
BIE S BN 13.3%F1 10.0%) . kT HRi & &5 5 5
N, SXIEARLE, 4 ANEFR OsNramp5 @ik £
F A RS BRI (08 1.8%~4.3%, ¥I{E 3.2%),
HEEEM RS I L2 WA, AR SFIARE
FERE TR (B4IE 3.5%~12.6%, S4ME 9.5%), Tk
43 JUFAN32 OsNramp5 mibrszm (R T2
PR EEE ). K, OsNramp5 RiFRRE 5] ELFFR K 58
Lo/ I — e B R PR e R AR, TR 5 R
SRR, T HAE— S SR S EE SR
TE/ME TR, XS ILT TR . MR R

Table 5. Quality change of the milled rice from the OsNramp5 knockout lines relative to those from the wild type.

R %%71@& i%%ﬂﬁ Kt it{ifzz #;HE EARAE JER TS i aen PN
Sample number ead rice length Head rice width Length/width Chalky grain Chalkiness Protein content/% Amylose Taste score
/mm /mm percentage/% degree/% content/%
HZ-WT 5.5940,02 1.8040.00 3.1140.02 4.5040.12 1.2540.06 8.2040.03 12.1840.25 -
HZ-L04-#09/#09  5.6740.01 1.7440.01" 3.2740.01" 3.8540.45 1.1840.12 8.4740.02"  12.050.27 -
HZ-L08-#19/#19  5.5540.03 1.7240.00™ 3.2340.02" 4.0620.65 0.9740.18 8.4140.03"  11.5440.17 -
HZ-L01-#31/#31  5.6140.01 1.7340.01" 3.2540.01" 3.2740.51 0.9440.19 8.7740.01"  11.6640.18 -

P Pvalue  0.015 0.000 0.000 0.400 0.402 0.000 0.202 -
WF-WT 5.2840.01 2.2140.00 2.3940.00 37.36:4.03 6.9440.50 9.0240.01 9.0040.63 -
WF-L03-#02/#02  5.4640.01" 2.1740.00” 25240007  34.4510.54 6.990.02 9.3340.01™ 7.8530.21 -
WF-L03-#29/#29  5.3840.00™ 2.1540.00" 2.5040.00"  35.17+1.96 6.8040.61 9.0340.01 7.9340.27 -

P{f Pvalue  0.000 0.000 0.000 0.338 0.952 0.000 0.166 -
WS-WT 5.7440.01 1.8140.00 3.1940.01 3.9640.47 0.82+40.05 8.4340.04 18.1040.27 88.0340.16
WS-L02-#15/#15  5.9140.01" 1.8140.00 3.2640.01 2.8240.31 0.4530.04™ 8.7240.02"  17.9330.11 88.1640.30
WS-L01-#28/#28  5.7020.01 1.7740.01™ 3.2440.01 3.690.34 1.1840.18 8.8740.01”  185110.17 86.1140.24™
WS-L02-#28/#28  5.8140.00™ 1.8040.00 3.2440.00” 2.680.68 0.550.08 8.6310.04"  185240.01 87.8840.01

P{f Pvalue  0.000 0.000 0.000 0.229 0.001 0.000 0.106 0.000
77-WT 5.5020.01 2.5620.01 2.1620.00 98.22+40.35 40.9240.87 9.1040.01 34.6840.94 -
7Z-L08-#14/#14  5.6040.01" 2.49+40.00" 22640017  91.6540.74"  36.6040.68" 9.3840.01°  30.3240.49" -

Hli g A E AR, BE 3~4 1K, SRR S AT A K 500 KA L, ErR& TRE I B IR 5 N IRAE P 3ME s —, SR

*

KEE; *, P<0.05; 7,

P<0.01. Hdii i Bt i S AR 4, o ok R R 2 T IT RUR IE SR R AT 77 200 s Rl — R RiAe K &5

BIAME. S E4E: HZ-E5, WF-TFE B; WS-TLllZy; ZZ-1 5 35; WT-E/ER. MRS K 2, HEEMES LA 2.
Values are Mean#SE, n=3 or 4, for appearance quality more than 500 head rice grains were analyzed in each determination, and for eating quality five

subsamples were included in each analysis; —, Data out of the model range; ", P<0.05; ™, P<0.01. Methods for data analysis are the same as those described in

Table 4 and arcsine square root transformation for the data of seed setting rate was performed before ANOVA, The samples within the same cultivar had nearly
identical water content. Abbreviations: HZ, Huazhan; WF, Wufeng B; WS, Wushansimiao; ZZ, Zhongzao 35; WT, Wild type. One may refer to Table 2 and

Fig. 2 for the information of the line numbers and genotypes.
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Fig. 3. Melting curves of various mutation alleles and the

wild type in HRM analysis.
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