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Effects of water management combined with manganese fertilizer on regulation of cadmium uptake by rice
with application of oyster shell powder

ZENG Tao, WU Yongfu, MENG Yuan, ZHANG Liang, LI Ke, HAN Ping, YAO Zhilong

(College of Agriculture and Forestry, Longdong University, Qingyang 745000, China)

Abstract: This study was conducted to study the effect of water management combined with Mn fertilizer on the regulation of Cd uptake
and transport in rice. In this study, oyster shell powder was applied to a pot experiment under different water management conditions
(continuous flooding and alternating flooding and drying). The effects of oyster shell powder combined with different amounts of
manganese sulfate fertilizer(0, 50, 100 mg-kg™) on the morphology and content of Cd and Mn in rhizosphere soil, content of Cd and Mn in
rice, and the expression of OsNramp5 gene in root were analyzed. The results showed that a single application of oyster shell powder (OS
treatment) could significantly decrease soil available Cd and available Mn contents under both water management conditions. Under
continuous flooding conditions, OS treatment had no significant effect on Cd content in brown rice, but significantly reduced Cd content in
brown rice under alternating flooding and drying conditions compared with CK treatment. Under continuous flooding conditions, compared

with OS treatment, oyster shell powder combined with manganese sulfate fertilizer (OSMn treatment) could significantly increase the soil
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available Mn content by 5.4% —10.9%. The relative expression of OsNramp5 in roots treated with OSMn was upregulated by 85.6% —

105.9%, which promoted the absorption of Cd in rice. OSMn50 treatment increased the content of Cd in iron plaque, root and straw by
46.9%, 52.9%, and 33.7%, respectively, but decreased the transfer coefficient of Cd in straw—brown rice by 47.8% and the content of Cd
in brown rice by 30.0%. The transfer coefficients of Cd in iron plaque—root and straw—brown rice were increased by 35.3% and 23.9%,
respectively, and the content of Cd in brown rice increased by 25.2% when treated with OSMn100. Under alternating flooding and drying,
OSMn treatment significantly increased the content of available Mn, amorphous, and free Mn oxides in soil, while the content of soil
available Cd decreased gradually with the increase of Mn fertilizer addition. Compared with OS treatment, OSMn50 treatment up—regulated
the relative expression of OsNramp5 in root by 256.8%-322.8%, which significantly increased Mn content in different parts of rice, but had
no significant effect on Cd content in brown rice and root. The transfer coefficient of Cd in straw—brown rice increased by 38.9%, and the
Cd content in straw—brown rice increased by 15.3% when treated with OSMn100. The above results showed that oyster shell powder
combined with 50 mg + kg™ Mn fertilizer further reduced the Cd content in brown rice, but excessive Mn fertilizer promoted the
accumulation of Cd in rice grains under continuous flooding conditions. In addition, compared with alternate flooding and drying, oyster

shell powder combined with Mn fertilizer was more effective in reducing the accumulation of Cd in brown rice under continuous flooding

conditions.

Keywords :rice; Cd uptake and translocation; oyster shell powder; manganese fertilizer
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Fe 222 13 (0~20 em) , B HERACHEE U421 + K
BIWEE KR L, L AR TR 1 em i, 1)
JE a5 o DIRST R A3 R U 343 - AR SR B A, 43
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HE R A WA TR W AR A I R SR A TR
Al KR 100 BTG # o J0R & i dr oy ik [l it
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JIES TS i 1GNP IR (P<0.05) , SR W T A0 8%
Z5AF T B Mn BB it A 2 iE— 2B R K  3EA ROE
Cd &,

M2 5 HT Al LUA H FERRSE MK AT, 5 CK
AEFEAHH, OS b P+ 3R A A Cd R B E W T
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Table 1 Sequences of primers of reference and heavy metal transporter genes

FEIH Genes 1E 59741 Forward primer sequence S 5191751 Reverse primer sequence
OsActin 5’-ACCGATAGAGAAAGCAGAGGT-3’ 5’=ACATTGCCTGTGCCTGAAGA-3’
OsNramp5 5’-TTCGTGATGGCGGCGTGCTT-3’ 5’=CCCGTCCTTGATTCCTCTGACTGAT-3’
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reducible Cd contents by application oyster shell powder

1 (P<0.05) , BI85 510 18.4% F120.9%. OS 4bHifit
Jiti Min JIEJ5 FE PRI K 43 2544 T 35 S 2 15 -3 300
Mn 5 £ (P<0.05) ; 5 OS &b BLAH b , OSMn50 4 B Al
OSMn 100 4b B 4 3647 5525 Mn &5 EAE RS K 51 F
NI T 5.4% F110.9% , 16 TR ASE: 214 F 40 1|4
T 11.9% F121.1%, FiR5Hrisi B OS ZbBRECE Mn JE
TETIRACHE S5 AR A A S Mn 5 &
M3 0T DUE Y AR RS K & T, &b 2 ) £
B A Mn EALY FIC 2 T8 Mn S840 & WA
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T B Min BB 0 A 38 0 42 2538 i (P<0.05) 555 08
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Figure 3 Effects of water management combined with manganese

EF

OSMn100

T TEMn AR &
Soil amorphous Mn oxides content/(g-kg™)

fertilizer on soil available Mn contents , free Mn oxides and

amorphous Mn oxides contents by application oyster shell powder

P 1%) WHARTY

2.4 K45 EERECHE Mn B 3ot 445 75 493 A 2 7K F8 & BB
Cd.MnEEMEBREMNZ N

K345 BRC it Mon AR X055 50 A R /K ARG 453502
Cd . Mn 7 B0 A 4 s . i B 4A FE 4B 53
BT FERFE R K ST, OS Ab X 7K R A 22 22k st
W Cd  Mn 55 A B 20 (P>0.05) ,{H OSMn Ab #f
BB Cd A Mn B9 5 ) R 2 S T 21.4%~
34.0% F159.4%~63.4% ; 15 OS A FEAH Lt , OSMn 4b F %
JEE Hr Cd AT Mn B9 5% 5 53 513G 0 T 33.0%~46.9% Fil
44.7%~48.3% . TE TSR, OS A /KA %
BRAE R Cd A Mn B9 & 243 BB 0 T 52.7% F122.1%,
OSMn 4k B £k 5 o Cd F1 Mn 09 & & 20 0 34 fn 7
76.1%~80.8% F1 34.0%~46.0% ; 5 0S Ab B AH Lt ,
OSMn Ab P 2k B5 rh Cd F1 Mn B9 5 & 40 908 1
15.3%~18.4% F11 9.71%~19.6%. OS 4k ¥ Al OSMn Ab
PRERFSL MK A5 FOK AR R Cd & 2 B35
FFRACHE (P<0.05) .

FH [l 4C FE 4D BT AL, ZEP R OK 43 5544, 0S 4b
FREXT K FEAR H Mn B9 e IO B 520 . TERRERHE K
1R, 0SMn AL FEAR Fh Cd F1 Mn B9 75 458 CK ABF 43
B I T 52.7%~64.3% 1 114.2%~150.8% , % OS Ab
FRATHIBE TN T 42.0%~52.9% F199.7%~134.0% . 1£T
BB 4T, OSMn 4 FEAR H Cd % & FFRAR T
25.5%~36.5%, 1 A2 & Mn & & B T 90.5%~
116.8%, 5 OS AL PEAH L, AR Cd % SR T 16.0%~
28.7% ,Mn & BN T 102.1%~123.9%., 0S 4k FAR
H Cd & FEAERFEL MK S5 N B IR T Tl sc B (P<
0.05) , OSMn100 A4b FEAR H Cd 75 & Fl Mn 75 8 7E £ 48
WS T B m T TR (P<0.05) .

F & 4E I AF A AL AERFELM K 25 F, 0S b
PR K RS AT R Cd R Mn B89 55 &40 ) B oE R AR T
26.8% F121.7% {8 OSMn AL BRI FEFF R Cd A Mn (5
WA B 5 5 OS A FRAH HE , OSMn AL S A+ Cd Al
Mn )& B2 BB IN T 23.7%~33.7% F133.2%~54.5%.,
TETIBASE AT, 0S A HUK REFE AT Hf Cd A1 Mn (155
EAr I BRAK T 45.8% 11 25.0% ; OSMn 4k B % FTF h Cd
H Mn (1) 55 540 5 BEAK T 33.5%~55.0% F1 16.7%~
22.3%. PifiAE Mo ARV INEE A9 3S 00, OSMn &b BEFS F
Cd . Mn & B WA, 5 OS AL BEAR  , OSMn100 &b 3§
FEFFP Cd & B FRAK T 17.0% , (B R FF h Mn 3% 4 5

5 (P>0.05) . OSMn AbFEASFF 1 Cd 1 Mn 19 75 5
T% S KSR B LT TR AR (P<0.05) .
JKFERE K Cd Mn & =2 W08 5 s . fIE S mTAL,
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Figure 4 Effects of water management combined with manganese fertilizer on Cd and Mn contents in iron plaque ,root and straw by

application oyster shell powder
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Figure 5 Effects of water management combined with manganese fertilizer on Cd and Mn contents in brown rice by

application oyster shell powder

TF tisromon [ A T 47.8%, 17 OSMn100 48 BE TF gy Al
TF sysrsn 73 B BE I T 35.3% F1123.9% , (5 TF jo_gyer B A
T 43.8% ., TE TR AT, 08 &b 3 1B 25 AR
T TF gt F1 TF s, (H X TF gerronen 38 A 25 20,
OSMn50 A H TF g I TF g 73 B REAR T 57.7% Fl
17.6% , OSMn100 Ak FF TF gy I TEF gopere 23 91 BEEAR T
64.9% F130.4% A0 TF ssrnesc NN T 47.1%, 45 4b B
TF g I TF g 7E FFEE WE K S5 T L F TR
BB TF gpropn sy T TS S
2.5 TEE-KTERESGEH CdE MnHIEXES T

FI AR AR (] 6) 4347 T 7K 4348 PR EL it Mn
JIE Xof 4 5 7 Ay Ak B 4 92— /K R R 48 R Cd 5 Min i 56
FIE A R RN R B RS Cd S
Mn 9 AH 3¢ 22500, A OB Kt iR . Pl &1 6 T,
FEFFSLME K S5, JoE TE Mn 040 40 i 25 25 Mn
ALY 5 A S Cd KR RE K Cd 5 B IE AT E
B 5 7K ARG A EBAL Cd 52 540 G, Uh BHRF S 7K S5 14
TR - 58 Mn ALY B S BEAR I A RS Cd M
IKAEAE A Cd B i, (B 2338 KR A A A7 1 Cd R
FH K AR ARFNFE AT AR Cd 5 Mn 24 5 IE A 56, FBH
JKAF W Cd A Mn A7 7E P RIVE T o 78T 0 288 25
T, R HETCE B Mn B AL AN S Mo A ALY S
A RS CA(FH2E R B934 -0.99 .-0.95) K F AR
CA (A2 2500 51 -0.83 ,-0.93) FIAS AT Cd (A% 5
0354 -0.81.-0.68) 2 ARG, (HFIKAFgkE K H Cd
I IEAH G RO R 5053 514 0.98.0.91) , R T 48
B4R B0 A+ 58 Mn S AW B RS BEAIR 14 Cd
AR AR AR Cd RS FF Cd i Wi, B2 42 1t K
Fe ke ok v Cd 1 2R K AEAR 1 Cd 5 Mn A 26 R 2K

P 1%) WHARTY

R 2 RRE7KS G4 TH Y55 ML HE Mn BEX 7K Cd
BRI
Table 2 Effects of oyster shell power with Mn fertilizer
application on transfer factors (TF) of Cd in rice under different

water condition

IKA A Kb 7% Z 80 Transfer factor

Water condition  Treatment TF ypi TF go-isr ) J—
EEESR(IVIN CK 6.02+0.79b  0.16+0.02a  0.46+0.01b
Continuous 0S 7.08+0.49b  0.11+<0.01b 0.57+0.02a
flooding

0SMn50  6.86+0.59b 0.13+0.03ab 0.24+0.09¢

0SMn100 8.15x0.21a 0.09+<0.0lc 0.57+0.07a

TR CK 23.45+4.21a 0.23+0.03a  0.34+0.02b
Alterate flooding g 13 68:0.60b  0.14£0.01b  0.3620.01b
0SMn50  9.93x1.84c 0.21x0.03a 0.28+0.01c

0SMn100 8.23+0.74c  0.16+0.02b  0.50+0.05a

and drying

2 [l — ARl ING R SRR AN Rl b $ 2 J] 25 5 B 2 (P<0.05) -
Note: Different lowercase letters in the same column indicate
significant differences among treatments (P<0.05).

H1-0.97, B AH S, BEEH K FEAR X Mn 190 05 %5 Cd
1) SRR PLE R
2.6 K EHRECHE Mn BE X 4 15 55 1 Ab B K FE AR Cd
HXFEEARERRENZME

& 7 R 7K 43485 ROt Mon JE S 4 7 570 95 40 33 AR 7K
MR OsNramp5 X F ik 5200 o &7 w0, 76
FrEe s K5, OS AL X /K FEAR H OsNramp5 FXF
FEIRERA B, OSMn AL FAR 1 OsNramp5 FHXF
Fik B FIH T 45.9%~61.9%; 5 OS A BRAF HE , OSMn50
F1 OSMn100 4k AR H OsNramp5 F X & 15 5 4051 F
P T 85.6% F1105.9%. #£TIB8E 54T, 0S kb HE
IKAFHE 1 OsNramp5 AHXF FRIKX 7T T 37.6%, 0SMn
b AR 1 OsNramp5 #H X ik & B T 122.7%~
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Figure 6 Correlation plot of Cd and Mn in soil-rice system
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Figure 7 Effects of water management combined with manganese
fertilizer on the relative expression of OsNramp3 in rice root by

application oyster shell powder
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M E BN R . AR A R R W], L5 it 4 1 7 by A
FE A5 588 it M JE A BAE P R OK 43 2540 B R
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Cd & B AEFRLL M K SR 1F T B B3 240 (B T
SR ACE T Bl Mn BE I o2 58 o ing FEEAER (18T 2) , 3l
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X T EE O R SR i - 4 Eh, e gt £ 5 M
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B8 Cd 5 i, FEAR R Cd A=A 280HERY . (B A B
FERW FREE AR 2 JH 00 L ST O AR 25 R
3 Mn S ALY K SRR EE AR ZS A S B Y
22, X ORI S Cd A SR IR B

P 1%) WHARTY

S ARG 5 Rt 4 G 5 A A BRAR L, it
Mn JE 4 B3 i T s A0 - 458 55 R 4 UG Cd A nT e
JEZS Cd 5, (H AT IR JEAS Cd 5 B 8 i 1 55 R 4
A Cd i (F 2) , W5 7083 it Mn JE LE SR it 4t
W55 ek RE A RS - R A 25 5 A8 Cd B
B, FRARAR AR £R 25 5 74 Cd 5 i, XSG A9 45 R —
2 TR Mn 40 BR A 4 30T I8 5 Cd &
EERFELE K SR T BN T TR, B TR s
B NG5SR it Mn AEAT A T2 E 38R 40 41
WA G Cd S, Wik — P AR 5 Cd
TG T, X 3 R RO 4 A A IR S K S5
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W 45578 CAIE B, A R T m A B S Cd 44k, i
FEHET AR A4 E R, Fe? M 58 A AL TR i f 25
MR AL 5 Ca LR BHITYE , AT AT A 42 12k
A EE G Cd A R
3.2 KRS EIEEME Mn AEXTKFE Cd R EE1E RIS 0T
IR AR 4 I Min S04k 40 2 52 i K R Cd Wi
n BB R, 7EK AR R R, Mn K ALY
TR T Fe FALY B 58 BEAH LE , /K FEAR 2 2k Ao
o Mn S8 AL W) B AFAE 23350 Cd AW B RE 77, BB AN L
FA) A R EL AT B A P R T R R R A AL BB T, X4
e B W B RN e A R TR Y, Deng S8 B 5T 45 SR
2% 0 3 it Min AE 8 42 =5 /K A AR 2 4k I o Min % i, O
HEMAER R Hh Cd/Mn 5T i He FIER RS Cd 1Y 151 2 BE T
BRI K FE AR 2R X Cd M I 685 . ARG A, 5
PR WEFE A AR L, 4 RSk it Mn AR 34 S 3
TR R Mn F Cd 195 R (K 4A FIE1 4B) , H
HE W E A (B 6) , 1t B A 105 76 0 i Mn JE A
FIF K FEHR LR Min S AL P0TE BE, 138 0 Cd Ao
Mo TERFEREE KA T KRR R B Y Cd 541 Cd
EIEASC(E 6A) (HPHTE TR A T 2 A C (&
6B) , i AR SR R i B SR AR Cd AEFF S K 2544
TR KR Cd 3G I (A AE TR A S PR
BRERELRR Cd [a] K RE AR G538, 4 I 8 222 P A K A
R R Hh Bk AL W TE R W K S5 1 I DL Vs i
TR H R B A8 40 Cd>, 36 T Cd i BS sk, 43 R T
IKAEAR Cd 7 IR A 5 {EL 7 0 58 5 45 R T AR B = 398
HR B JBE o Min 2806 4 30 Dt 3 A B s B Min™, AR
M 7E /K AR 22 A S8 A28 VR T e AR Ak TEAR R
JE 1% Mn 28 A 47, JHCmT R o 60 [ os IX 8 ) €, 100
il Cd By 76 M, DT AR AR Cd Ay W e, #E B 5
SR 9 22 BTSN Min> ] B3 3k i 4 M 50 T B
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22 i 11 52 AE 135 (0 Mn S84k oh 9 H 3 M
CA> 3 4 T BRIBE (4 W BFHASE A, PRI 2 ik A R BE X € 1)
W B}, RAAERAR Cd R iR,

- 498 Mn A= W04 RS2 S A K R AR 6 Cd 194
P2 A 2R BORN K R R R 4R Cd 1 oy — S E A
K, Yang MBI 57 45 S B 1E R O R MK RS £
s v FH Mn B AT DA SRRAR K AR X Cd i i, 7K A
R 2R W W 22 BRI A RE Cd & & 43 51 B AR 27.2% F1
44.5%, FEAR IS, 5 B4 WE 5Tk AR L, 4R
It Mon JIES A B 0 1 4= 384G A0S Min B i, 7E R
SRS K S SN T AR Mn A Cd A9 5 (HAE T AS
BT BT K AEAR Mn F i, BRAR T Cd 25 i (&
4CHE 4AD) , XA AR K 43 244 F 34T 438 Mn A5
BT IK FEAR Cd A AL — 4% . 7E Cd A Mn 3
FEMEMET KRG R W i iz Cd 32 %258 o 3
Mn** B AR 11 (OsNramp5 ) Fl 2 -0 18 K 52 i, 5
Bt A W A A B R 5 R it Min JES A FER A 1 el
K FM TR FRIKFEH OsNramp5 XS ik 5
(7)), X R TERFLL K A5 1F T /KRG AR Mn 1 9 1
X Cd =P RIAE T, 7 TR AC R 24 T Min B X
CA W A FEHVE T o Yang ZEC AR FE 45 SR 25 B s
IRE AT it A K A BRI - 38 JC 2 B Mn B AL &
i, AL HE K RERRRE X Mn FI Cd A P R . AT BT
4 SRR A7 IR AN I SO Bk Min 28 W08 35k ARG, 11
55 Mn X Cd M 338 [n] AR RF bR 5 B i T 6 7 T, A
B REAR KRG RERL R Cd 5 B, BAEAR G, 5
PR WEFE A AR L, 455k it Mn A A B AE S
TR ARG FF FUREK o Mn 75 4iE, 22 W0t Mn I 42 =5
LI ST A A R - Min 19 A= 0 R, AR HE KRS Mn
PSS oAt o FERREEIHE K 254 T K AR RIS AT o
Cd 5 Mn ¥ 5L IEAHSC, UL B KR AR FIRS FFH Cd M Y
W A7 AE R R AE o 24 Min B E8 0424 50 mg - kg™
Bf, KRS K Cd 5 12 AR, Y Mn IE S 424 100 mg -
kg ', K Cd 5 o (& SA FIEL 5B BGin >k Cd 2
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o HEWETEHSIE R MG Mn AT BE 5 AR AT 1) K
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Ut BH 3 Pt Min JE P LA R A R Min 55 Cd i d B AR
L BEAOKFEAT R Cd i . (A TSR,
R K H Cd M 25 5 Bl Mon JE it i 2 (94 384 Jon g 38 o, L
B2 T REER K X 2 B RS /K A5 R BC i Min JIE
EL 0 28 B B A ) T W 9 B A K R R K R 9 Cd
i (RUE R BRI Mn JE2 38R K Cd i R, X n]
Al F T S K R AE AR R ) Mn, 23355 540 56 Mn
Seia R LR IR IR SRR RS Cd ™, 1tk
Ab K FEREFE R Mn 5 Cd BF5HT AT ] W A7 T i
EIIKAEAE R Mn 55 AR AL A 5,

4 ZEig

(1) GRS ACH H, T 288 55 A T AL Wi 5 4
it Min JE B8 58 A 4 3 o - 38 A 8085 Min % 6 [
A RS Cd &

() TEFFEME AT T, 5 Fta A WG5S AR 1L, 4
W5 7S A It 50 mg - kg™ Mn JE o] 4ig JF AR 2R 2k B Cd
1 R, FIRZKFEHL 2R OsNramp5 LR BRI 5 &
$ 135 /K A Mn (W 0, (HL AR A FF B K rp Cd 9 5% 7%
FE A REARE K b Cd 19 SRR Bl 5 Mn IR VS N
B kK Cd RS

G)TET AT, 5 B W55 AR 1L, 4t
W5 58 3 i it Min JE AL AL BB IR K FEAR 2R OsNramp5
BELA B AR ek 4, 24 Mn IE it fin ity 50 mg kg™ I,
B oK v Cd R A2 31 252 00, >4 Mn JIE jti b 2 4
100 mg- kg™ B, HL-FEFF AHFF—KEK  Cd 9578 R AL
P, KRR T Cd iy RAUB E . 5 TR A
AH LG, FE05 783 it Mn JEAE 22 W K S50 T Al A
RUPEIORE K Cd R

S

[1] JING H, YANG W, CHEN Y, et al. Exploring the mechanism of Cd up-
take and translocation in rice: future perspectives of rice safety[J]. Sci-
ence of the Total Environment, 2023, 897 : 165369.

[2] CHEN H, TANG Z, WANG P, et al. Geographical variations of cadmi-
um and arsenic concentrations and arsenic speciation in Chinese rice
[J]. Environmental Pollution, 2018, 238 :482-490.

[31 ZHAO F J, MA Y, ZHU Y G, et al. Soil contamination in China: cur-
rent status and mitigation strategies|J|. Environmental Science & Tech-
nology, 2015, 49(2) : 750-759.

[4] WU Y J, ZHOU H, ZOU Z ], et al. A three—year in-situ study on the

persistence of a combined amendment (limestone +sepiolite) for reme-

www.daes.org.an




m@g 1028

URETR Rt Y 3B S H

dying paddy soil polluted with heavy metals[]]. Ecotoxicology and Envi-
ronmental Safety, 2016, 130:163-170.

[S]YAN B H, DAO Y H, QI H Z, et al. A three—season field study on the
in—situ remediation of Cd—contaminated paddy soil using lime, two in-
dustrial by—products, and a low—Cd-accumulation rice cultivar{J]. Eco-
toxicology and Environmental Safety, 2017, 136:135-141.

[6] CHEN H, ZHANG W, YANG X, et al. Effective methods to reduce cad-
mium accumulation in rice grain[J]. Chemosphere, 2018, 207 :699-707.

[71 MOON D H, CHANG Y Y, OK Y S, et al. Amelioration of acidic soil
using various renewable waste resources[J]. Environmental Science and
Pollution Research, 2014, 21:774-780.

[8] LEE C H, LEE D K, ALI M A, et al. Effects of oyster shell on soil
chemical and biological properties and cabbage productivity as a lim-
ing materials[J]. Waste Management, 2008, 28( 12):2702-2708.

[9] SAM A E A, AHMAD M, USMAN A, et al. Changes of biochemical
properties and heavy metal bioavailability in soil treated with natural
liming materials[J]. Earth Science, 2013, 70(7) :3411-3420.

[10] HUANG T H, LAI'Y J, HSEU Z Y. Efficacy of cheap amendments for
stabilizing trace elements in contaminated paddy fields[J]. Chemo-
sphere, 2018, 198:130-138.

[TT]LIU Y, ZHANG C, ZHAO Y, et al. Effects of growing seasons and gen-
otypes on the accumulation of cadmium and mineral nutrients in rice
grown in cadmium contaminated soil[J]. Science of the Total Environ-
ment, 2017, 579:1282-1288.

[12] HUANG Q N, AN H, YANG Y J, et al. Effects of Mn—Cd antagonistic
interaction on Cd accumulation and major agronomic traits in rice gen-
otypes by different Mn forms[J]. Plant Growth Regulation, 2017, 82:
317-331.

[13] YANG Y, WANG M, CHEN W, et al. Cadmium accumulation risk in
vegetables and rice in southern China: insights from solid-solution
partitioning and plant uptake factor[J]. Journal of Agricultural and
Food Chemistry, 2017, 65(27) : 5463-5469.

[14] YANG Y, CHEN J, HUANG Q, et al. Can liming reduce cadmium
(Cd) accumulation in rice (Oryza sativa) in slightly acidic soils? A
contradictory dynamic equilibrium between Cd uptake capacity of
roots and Cd immobilisation in soils|[J]. Chemosphere, 2018, 193 :547—
556.

[15] ZHANG Q, CHEN H, HUANG D, et al. Water managements limit
heavy metal accumulation in rice: dual effects of iron—plaque forma-
tion and microbial communities[]]. Science of the Total Environment,
2019, 687:790-799.

[16] SUDA A, MAKINO T. Functional effects of manganese and iron ox-
ides on the dynamics of trace elements in soils with a special focus on
arsenic and cadmium: a review[J]. Geoderma, 2016, 270:68-75.

[17] HAQUE K S, EBERBACH P L, WESTON L A, et al. Pore Mn** dy-
namics of the rhizosphere of flooded and non—flooded rice during a
long wet and drying phase in two rice growing soils[]J]. Chemosphere,
2015, 134:16-24.

[18] PITTMAN J K. Managing the manganese : molecular mechanisms of
manganese transport and homeostasis[]]. New Phytologist, 2005, 167
(3):733-742.

[19] DENG X, CHEN Y, YANG Y, et al. Cadmium accumulation in rice

(Oryza sativa L.) alleviated by basal alkaline fertilizers followed by

P 1%) WHARTY

topdressing of manganese fertilizer[J]. Environmental Pollution, 2020,
262:114289.

[20] ZENG T, GUO J, L1 Y, et al. Oyster shell amendment reduces cadmi-
um and lead availability and uptake by rice in contaminated paddy
soil[J]. Environmental Science and Pollution Research, 2022, 29(29):
44582-44596.

[21] &5t IR AL =T LML AL AT T RO RH R,
2000. LU R K. Soil agrochemical analysis method[M]. Beijing: Chi-
na Agricultural Science and Technology Press, 2000.

[22] PEREZ-MORENO S, GAZQUEZ M, PEREZ-LOPEZ R, et al. Vali-
dation of the BCR sequential extraction procedure for natural radionu-
clides[J]. Chemosphere, 2018, 198 :397-408.

[23] SASAKI A, YAMAJI N, YOKOSHO K, et al. Nramp5 is a major trans-
porter responsible for manganese and cadmium uptake in rice[J]. The
Plant Cell, 2012, 24(5) :2155-2167.

[24] CHEN H, LEI J, TONG H, et al. Effects of Mn( Il ) on the oxidation
of Fe in soils and the uptake of cadmium by rice(Oryza sativa)[J]. Wa-
ter, Air, & Soil Pollution, 2019, 230(8):1-13.

[25] TACK F, VAN RANST E, LIEVENS C, et al. Soil solution Cd, Cu and
Zn concentrations as affected by short—time drying or wetting: the role
of hydrous oxides of Fe and Mn[J]. Geoderma, 2006, 137(1/2) : 83—
89.

[26] R4, 22350, R, 45 i o - 3R ST I IR R i 11
SR AR EEAR, 2020, 29(2) :360-368. GUMH, LI Z M,
CHEN H, et al. Effects of manganese application on the formation of
manganese oxides and cadmium fixation in soil[J]. Ecology and Envi-
ronmental Science, 2020, 29(2) :360-368.

[27] FEWITF, SRR, A, 25 . Fe? F1 Mn? % 7K FAR 4k IR 1 5 W A
iz (g m ()], P55 Y 5 PG, 2017, 39(3) : 249-253.  DONG
M F, GUO J K, FENG R W, et al. Effects of Fe** and Mn* on rice root
iron plaque formation and Cd uptake and transportation[J]. Environ-
mental Pollution & Control, 2017, 39(3) :249-253.

28] YE Z, CHEUNG K, WONG M H. Copper uptake in Typha latifolia as
affected by iron and manganese plaque on the root surface[J]. Canadi-
an Journal of Botany, 2001, 79(3) :314-320.

[29] WANG M Y, CHEN A K, WONG M H, et al. Cadmium accumulation
in and tolerance of rice (Oryza sativa 1..) varieties with different rates
of radial oxygen loss[J]. Environmental Pollution, 2011, 159 (6) :
1730-1736.

[30] CAI Y, WANG M, CHEN B, et al. Effects of external Mn®>* activities
on OsNRAMPS expression level and Cd accumulation in indica rice
[J]. Environmental Pollution, 2020, 260:113941.

[311 YANG Y, LI Y, WANG M, et al. Limestone dosage response of cadmi-
um phytoavailability minimization in rice: a trade—off relationship be-
tween soil pH and amorphous manganese content[J]. Journal of Haz-
ardous Materials, 2021, 403:123664.

[32] YANG Y, WANG M, CHANG A C, et al. Inconsistent effects of lime-
stone on rice cadmium uptake: results from multi-scale field trials
and large—scale investigation[J]. Science of the Total Environment,
2020, 709:136226.

[33] YANG M, ZHANG Y, ZHANG L, et al. OsNRAMPS contributes to
manganese translocation and distribution in rice shoots[]]. Journal of

Experimental Botany, 2014, 65(17) : 4849-4861.



