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OsIMA1 enhances tolerance to cadmium stress in rice
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Abstract ; Iron (Fe) is crucial for the growth and development of plants and cadmium (Cd) is toxic to plants. There is
an antagonistical mechanism between Fe and Cd uptake in plants. OsIMAs are a class of small peptides, and their
overexpression improves Fe accumulation in rice. To explore the role of OsIMA genes in response to Cd stress, we
analyzed the expression of two OsIMA genes by qRT-PCR, generated OsIMA1 overexpression plants and CRISPR/Cas9
edited imal mutants by genetic transformation, assessed the plant heights of OsIMA1 overexpressing plants and imal
mutant plants under Cd stress, and measured the Fe and Cd concentration of root and shoot. The results were as follows

(1) Transcriptional levels hoth OsIMA1 and OsIMA2 were up-regulated by Cd treatment. (2) Overexpression of OsIMA1
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gene improved the tolerance of plants to Cd stress. (3) The loss-of-function of OsIMA1 led to the higher sensitivity of

plants to Cd stress. (4) OsIMA1 overexpressing plants accumulated more Cd in the root and the imal mutants

accumulated more Cd in the shoot. To sum up, OsIMA1 improves Cd tolerance by restricting Cd translocation from root to

shoot, which provides the theoretical reference for breeding the Cd-tolerant rice.
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Cd XA LA H I E SR ITR W5
TEAR Z2 D\ A SRS Y o A v 5 A — AN 45 e B 1
(U Fe Fl Zn) 74, Cd ] LLiE S B Y E 1 AAE
P A IR 3R AT BOR BB A E R AE I )
REFR TS5 2 RB s o Bl Tk Ak i e & e DL K&
FRRE A 25 iy aed BEAGE T, L3 AR R NG Cd 75
YO 2™ H R0 BB A G T X NS fi B
BT TE XURS: , 38 1 1 LR I 28 55 4 2K ( Kirkham,
2006; Wei & Yang, 2010) . Atk , BF 55 01 4 W i
Cd 1953 ML BT 0 356 F0 35 B 0 Cd W aa sk Cd
SRR, XA e Fn A S R 9 B
=9

H T Cd M Fe A MUK S T2 48, Cd
W Z il 5 Fe 54 {5 B Fe B 7 38 50 18 1R
F i ALY 7K ) ( Nightingale, 1959; Eide et al.,
1996; Schutzendubel & Polle, 2002; Clemens,
2006) . Cd 7EAH P 1R N 1 B 2R T 24l - B G Al
o B ERKZBHE IO T X 5 A B Fe 5iE
IRAA L (Das et al., 1997; Cohen et al., 1998;
Yoshihara et al., 2006) , fHXHF5E LI, Cd Prid
WUZE T A LR B 53 B SR T A I RE X Fe U454 g
71, Fe iy BAERR A BLAMA T IR Fe AR
TR H S iE (Xu et al., 2015) X BEgE R AT
DL 45 P #b 45 Fe JC R 15 3 2 3% (Bao et al.,
2010; He et al., 2017 ; Huang et al., 2020) , Fe §%
i& & (iron-regulated transporter 1,IRT1) 245 Cd By
W WA i #2 ( Cohen et al., 1998; Korshunova et al.,
1999; Vert et al., 2002; Fan et al., 2014; Mao et
al., 2014; Guan et al., 2019; Zhu et al., 2020) ,
TEAU R o L, IRT1 By 3R 3K B 3% % sk [N 1 FIT
( FER-like Iron deficient-induced transcription factor)
F1 bHLH Ib I J% M 5 ( bHLH38, bHLH39,
bHLH100 #l bHLH101) 4 ¥ # ( Yuan et al.,
2008) . FIT Fl bHLH38 5% bHLH39 1)t 3 1k 38 i
SRR Cd A8 A Mk A i B3R Y Cd AR K
P FEAEYIXT Cd P38 B TR 52 P (Wu et al., 2012)

A1 bHLH104 TEJFEIF I Fe F22S i K15
bHLH104 WIRT &= AEY%T Cd B 3Z M ( Zhang et al.,
2015; Li et al., 2016; Yao et al., 2018)., BTS
(BRUTUS) 4% Fe F225, bR BTS 1G5 14U
FFEXS Cd B TR 32 1, R34 A T Fe #1 Cd AR
2 (Kobayashi et al., 2013; Hindt et al., 2017; Zhu et
al., 2020) , 7E/KFEH,2 /> Fe #4388 HH OsNRAMP1
(Natural Resistance-Associated Macrophage Protein 1)
I OsIRT1 A LAAN AR 2R M A Sl Cd, 3 Had 3
ik OsNRAMP1 Fl OsIRT1 7T L34 /K F8 ( Cd 5% &
(Lee & An, 2009; Takahashi et al., 2019), H T Fe
H Cd Z [BAFTERSHUVERT, PRIOK AR R Fe 23 2548
HRFRXS Cd FW s, SMIRTE N Fe N2 BEAK A Cd
T I Cd 7% (Shao et al., 2007), Z5 B3R,
e Fe MR SN HC AT DU 22042 Cd XA 1Y) 25
& L, 2 T Fe 1 Cd BAEHUERA R TS
M AE = FIBEAR Cd XA

NIRIZ 38/ T 100 > = R 1Y & BT, B
R AR A I, 2 54K EF MEHEA
Wy 4 3 35 B9 W 38 ) B ( Czyzewicz et al., 2013;
Matsubayashi, 2014) , IMA(TRON MAN) £ ik ¢ %
BB BB A AL — A 17 IR I L
TR b BEORSE 0T HOX 17 AR R k2 L
REH LK E A K IEVE (Grillet et al., 2018; Li
et al., 2021) . AR, /DIRIERIMERGE S0 T
ZRNTERRE, S5 & E NEIR Y R E M
i % % ( Tavormina et al., 2015; Takahashi et al.,
2019) . IMA FTRESM 3T Fe MM b AR SR AR A9 1<
R T, 215 Fe MW I ¥ iz 40 N R3S
(Grillet et al., 2018; Li et al., 2021), Meng %%
(2022) WFFE 61 | 3 18 IMA W] L3 & 78 0 5 I
TS Cd Ba a9 & R, (2, HETET IMA 275
A DAER i R AE W) 0T Cd 38 0 35 B P AN T A
ABFFEARTE T KR OsIMAL ¥ Cd Wit J5 1 i 78
L VA R AR 77 B R m K R X Cd pria
R 52 P S A B AR
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28 C AN TIRZEERCE 3 d 5, 3 1/2MS Hi 55
WA K 7 d, B EART Cd 805 25 wmol - L'
SAESR(CACL,) B 1/2MS KW 3R 7 d, B2 d
e 1 YOKERR , AERIEEBIRE 16 h K 8 h ITEHA
1.2 HEREERNEE

FIH CRISPR-GE ( http://skl.scau. edu.cn/) £
LB OsIMAL (1) %5 %5 30 3, 38 33 Overlapping
PCR 8 40 & iZ 40 5 1Y sgRNA, I Bl & & 0sUba
Ja s 1 T UiE, SR 5 % OsU6ba-sgRNA of [ 2 #5747
Cas9 [ pMH-SA # /& ( Liang et al., 2016) . %
IR AARIEAL Z AR AT EHA105 B8k T K R i
b, X G 56 R PE AT PCR MY . X & & fi
PRIEATY 2, IF 0t — 4%} T3 I 78 #EFT PCR U
¥, RISl 2 AR AR

& K Ubiquitin J& 2 ¥ 3K 3l OsIMA1 4 K
CDS, k15 OsIMAL 3 23R 84, 5 1) 8 1Y 0k i
EZ AR AT EHAL05 B RE T Fok A ik, M
TR R PUE B % 3 R PR 2R A7 35 TR 3k KR 4G
), T3 e PRUR R SR R 56 40
1.3 qRT-PCR

TR FH 7K A R T 325 2 BRUK A8 AR (root ) Tl M I 3
(shoot) &L RNA, R H RT Primer Mix (oligo dT)
#1 PrimeScript RT Enzyme Mix for qPCR ( E/EY),
HA) 355 &6 RNA S #% 5% 1% cDNA, Bl J5 1
PrimeScript™ RT i 7] ( Perfect Real Time) Kit (
AW, HA) 7E Light-Cycler 480 SZ i PCR X ( %
[, 5+ E#EFT qRT-PCR A 48 AN 56 R 19
wHEDLE3IREYEELE, U OACTINL Fl
OsOBP V& ] PS5t I8 X RE S b A7 09— b AL B
1.4 Fe 71 Cd EENE

AN [F)5E R RY (R K R A BT 1/72MS 8 SR i AR i
EAEKTAdE#HEBEEAS Cd 357 25 pmol - L
CACL i 1/2MS JK B 55 97 7 do 3 i W SBORR Al
M I E T 65 CHLART1E 7 d. JH & 2 21 41

FEASCHT B A i A A . B L PR 500 mg, Jil
A5 mL 82T 185 CH % 3 h, A 2 mL &5
iz F 220 C & £ 30 min, #] A E Thermo
SCIENTIFIC 7 &) 1) H B A & 5 B 1 3% Y
(ICP-MS iCAP6300) I ‘ERE M TR & &,
1.5 Gitsr#n

JIT A X o S P4 e T B A v 22 (w2s ) 3R
N, BMRBEDA 3 wAEYFES, FIH SPSS
17.0 Bk 3147 B K 2K 7 22 90 B ( one-way variance ,
ANOVA) (P<0.05) .

2 HR G544

2.1 Cd 85| #7KkFE OsIMA BERE Rk EiF

KRR 3 TR 21 A0, 25 1S OsIMA FE TR ( OsIMA1 Al
OsIMA2) , ERFIBF5E R OsIMAL Fl OsIMA2 3% 5]
Bkt Fe 155 ( Kobayashi et al., 2021), Cd Wpid 2™
HEIRWAEA AR LT, I B0 ) R I 5 Fe
fER. R ESE Cd B8 02 75 BE 52 W OsIMA1 F
OsIMA2 B35 , XA Y (wild type, WT) 7K R 24T
Cd AbFRIS K T OsIMA1 F1 OsIMA2 1433515 00
BAEIEW R R AR 7 d A HBEARS Cd
(Cd0) 5% 25 wmol + L' CACL, ( Cd25) B 15 5
AR T d, FREARRHL - ER RNA R HZOEE &
PCR #:1l OsIMA1 F1 OsIMA2 (335K -, 4553
B, 78 Cd Wrad 251 °F, Joit 78 R i & M | 3,
OsIMA1 F1 OsIMA2 [R5 B3 F (K1) .
2.2 OsIMA1 TR IEEHIT Cd HZEES

OsIMA1 F1 OsIMA2 J& F [ I8 8 H H —# 1F Fe
FRATT T IIREA T, 7% B —F 5L SR KF 3
Z 3| Cd AP S RT3 TR DL OsIMAL 1B
REFBIATIIIE . ARWFFEH B K Ubiquitin =85
FUKZ OsIMAL JEH | 51 H %Ak T B A= RUK A Fb
“HARWE” (K 2.A), @2 s PCR kRS T
OsIMA1 {33 3 1K %% 3 I K RE A Bk, PE Al OsIMAL
I FRIRAEARNT Cd P38 Y35 R B T, 7E IE B K 85
WA — A B 2l % B & Cd (Cdo)
8 25 wmol - L CdCL, ( Cd25) B4 ¥ W A2 K —
Jil USRSy B R AL S5 R R W] 7E Cdo K 4%
PR, OsIMAL 13 3¢ 36 FE vk 5 07 A 7R R ik G B
DX, e Cd25 b B4 F R, i 3R 35 AH bR 19 bk =
BEGEm TEHAMMEK(E2:B,0), 4 ERY,
OsIMA1 33 F&E 350 T RPN Cd Wil i3 WPk
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2.3 OsIMA1 WIThBESR R SRR Cd BhiB B HIE
KT 5T OsIMAL 7E3E N Cd e 7 1
HIVE R, 7S WF 5% F) F CRISPR-Cas9 JE A 4 5 4 A
XF OsIMAL 2 R #4717 a5, I35 3005 17 A imal
GEARA . ABFIEAE OsIMAL 35 B Y 4 05 X% 3 T
— NSRS, OsUba JR 3 THREN AT
TZHE IR sgRNA, JFH T M B 1 ek 2k Ak,
1L B AT AR UK R A A2, 3R AT T S R AR
Wt PCR %@ Km A B alifh 1558 2 a5 1)
RAMEKE R imal-1 Fl imal-2, 2 PR FEFH
R XA A — I TR R A (’3:A) . It
G ASHIF5E X6 BT A BT 2 A T RE Bk gk 2 A8 IR Y A
PRIEAT T Cd b RS . 78 T 9 K 55 A K SR
T, 2 A AR PR B R 5 1B A YA PR G B 22 51 (I
3:B,C), £ Cd AbHLAAF T, 28748 PR AR #k 2 80
g G L FE RS AEAE R (K 3. B) . &% ER YT,
OsIMA1 TIREBRI I N T LY Cd A Uk |
2.4 OsIMA1 $iAE Cd NIREM B
ATIFGE 45 F 3 W] OsIMAL 3 3% 35 4 bk L0 85 4
R Cd i, 1 imal ZRASPRW AR, A T itk
— 0 OsIMA1 IE % Cd i 52 19 53 F L, A
WG E T B AT OsIMAL 53 2350k R A imal %
AR AGRR A A ) Cd F Fe &5, B e IE W
B AR 7 d I RS B Cd 50
A 25 pmol - L' CACL 3 FMh 8535 7 d, 9K J5 4%
SR F: F SR Fe A1 Cd 1Y &5 8, 58 A= Rl
AL, OsIMAT 323 & 35 R AR (9 AR AN R AR R R T
HZM Fe, M imal KRR R T K DB Fe;
OsIMAl i KXW AEMR PR T ZH Cd, 1M
imal RASKTEM FAALER TR ZH Cd(E 4),
ZE LR, OsIMAL T 5 Cd MAAR 1a] Hb 1 38 19

ié%o
3 W54k

Cd XYM AR EE A FH, EFRKEZ
) Cd V5 Y S kA= . BRI B A 1 Cd
W sk 4 R AT Cd a8 13 R 1 A R AR
WEL L, Fe WK kB LT WEFRT
FME Fe J& T BT MAE 1 —A> FZJEH,
IKREVE R EARAEY), JE N2 Fe LR — P EE K
U, I, EE Fe BOKA 25 T 0038 AR,
M T Fe Fl Cd Z Bl F5HL/E T, &A1t in Fe AT LA

WA Cd BT (Wu et al., 2012; Sebastian &
Prasad, 2016) , KL, #IH Fe Fl Cd 45 B HL 6l
A DASR S A KT Cd a6 i 38 NP KR R AR AR
WIS OsIMA B4 . OsIMA1 F1 OsIMA2 | B AT 3 2%
K REIRIE Bl Fe 15 3L R B9 255, NITTHG N Fe 9 52
B ( Kobayashi et al., 2021) , A5 L, Cd hid
B OsIMA1 Fl OsIMA2 1) 323k . 3 LR, Cd Zb 3
RIG LI OsIMAL 1 Dy e i % 58 AR IR 42 85 T 7K A
XF Cd AR, BRI AR T A,
OsIMAL i FRE—J7 N T Fe WA R, 55 —J7
HIH T Cd AR ) M BB A as X T fig 2
OsIMA1 3 FE R AR X Cd it 52 1 32 5 10 I I
BE, 3T OsIMAL 1 335K P2 Rt Y Cd 5 5%
() — A1 SR W

Meng 55 (2022) W58 £ W, IMA i 3% 3k 7] LA
P& = WU ST X Cd W as 1 35 N B ) . ASHIFSE R B
OsIMA1 3 FRIR$E 5 TKFEXT Cd W aE Ay i 52 1
KGR AR AR Fe Al Cd £ 4 LB %518 ZRE K,
OsIMA1 3 L IRBEAE E T Fe 76 MR HB 19 B, A
#ET CAdTEMRAM MR, (B2, 0sIMAL i K3k AE
HET Fe 7EHL LA BB, PP 6l T Cd MAR
) A2, X W OsIMAT W] DL i 45 57
PRI Cd MR 1) M B35 A0 5% aa | 4R v A 4
BRI E ) E B, Fe A1 Cd [FJE T M B 1 7E
RN O] BB S U 3 2 B iR, OsIMAT 3 3k
IS RRAR &R B AR Fe ATRESE - 4MH T Cd 53X
SEHE SRR TS5 6 . OsIMAL X Folr B ) 4 40 M AR
] b 5532 Cd WIRE I T R B T i A ok
) Cd B, KA LUK OsIMA 32 323k & 15 ]
WK Cd & &, JCITE U I ik JE 7E K
ferh  IMA 27 ELA 3 Fe Wil 3% 98 Cd it 52 7Y
HEWREIRE s T IMA TEAS [R]4 Fh oo 14 3 B
SFo IMA Y5 B O ST M v e A B T T i R
RE W) b R S M A BR ] ( Grillet et al., 2018)
G, AR ST AT LI IMA 2 75 ] D)4 v Ho At 1
YR Cd REST

IMA ZNIRBR A 3 (1) 17 A~ IRk /2 DA &k #5 H
2T (Grillet et al., 2018; Li et al., 2021),
HT, N TAH BN F 2 K E R C 238 WAT .
BRI, ARk A B4 IMA FF R —Fr R 2 8K, @ it
Tt A A 75 AR s Al 6 Cd TR R S G N e, 4
LR IMA RIVE SRR Y Cd B85 1) — DI TE
AR N+, i — D58 IMA 2 Cd Bhia



6 1 W EE . OsIMAT 35 7K R X 3100 15 1) o oy 1101

A L B
30 W 0siMA1
_ M 0s1mA2 b _
;g 254 E
H_ = );1'_ (=]
¥ 207 2
ié! £ e
. (o))
oy 5 15 b $ 5
=2 22
5 107 =
s S
o ~
5_
a a
0—
Cdo Cd25

Cdjk fF Cd concentration

16 -
14 -
12

10

W O0siMA1
W OsimA2 b
b
a a
. .
Cdo Cd2s

Cdjk E Cd concentration

AR B 1B, ARIE/NE S RERAR OsIMA FER[R] Cd YR BEAR SR (1 8.5 2% 57 (P<0.05)
A. Root; B. Shoot. Different small letters indicate significant differences between different Cd concentration treatments of OsIMA (P<0.05).

Bl 1 K% OsIMA1 #1 OsIMA2 3F Cd B #9006 &2
Fig. 1 OsIMAland OsIMA2 of rice in response to Cd stress
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type (WT) and IMA1 overexpressed plants. Different small letters indicate significant differences between the same Cd concentration treatment of

different plants (P<0.05). The same below.
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Fig. 2 Tolerance of OsIMA1 overexpressed rice plants to Cd stress
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bR,

A. Genotypes of imal mutants. Promoter OsUba was used to drive the expression of sgRNA. The underlined three bases indicate the PAM region
recognized by CRISPR/Cas9 system. imal-1 contains an insertion of ‘¢’ and imal-2 contains an insertion of ‘t’. B. Phenotypes of wild-type
(WT) and imal mutants. C. Shoot height of WT and imal mutants.
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Fig. 3 Phenotypes of OSIMA1 loss-of-function mutants
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Fig. 4 Fe and Cd concentrations in rice plants
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