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Effect of foliar application of different manganese fertilizers on cadmium accumulation and subcellular distri-
bution in pak choi

YAN Xiu—xiu'"?, XU Ying-ming"’, WANG Lin"*", TAO Xue-ying'?, SUN Yue-bing'?, LIANG Xue—feng'?

(1.Agro—Environmental Protection Institute, Ministry of Agriculture and Rural Affairs, Tianjin 300191, China; 2.Key Laboratory of Origi-
nal Agro—Environmental Pollution Prevention and Control, Ministry of Agriculture and Rural Affairs, Tianjin 300191, China)

Abstract: In order to test the effect of foliar application of manganese (Mn) fertilizers on cadmium(Cd) accumulation in pak choi(Brassica
chinensis ), three different forms of Mn, MnSOs, Mn(CH;COO ), and EDTA + Na;Mn, were sprayed among two pak choi cultivars (Huajun and
Hanlv) in a pot experiment. We examined the biomass, Cd and Mn concentrations, Cd uptake and transport, and Cd and Mn subcellular
distribution in pak choi. The results show that foliar application of Mn had no significant effect on the shoot and root biomasses of the low
Cd-accumulating cultivar (Huajun); however, the foliar application of high dosages of Mn (CH;COO ), and EDTA - Na,Mn significantly re-
duced shoot biomass in the common cultivar of pak choi (Hanly). Foliar application with MnSO4 and Mn(CH;COO); resulted in greater al-
leviation of shoot Cd concentrations and a more notable enhancement of shoot Mn concentrations in pak choi than by spraying with EDTA -

Na;Mn. Shoot Cd concentrations in Huajun were the lowest under foliar feeding with 0.4 g-L' Mn(MnS0O,) and 0.2 g+ L' Mn [Mn(CH;C00 )],
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which were decreased by 29.2% and 31.0%, respectively. Foliar Mn application reduced the total Cd accumulation significantly and in-

creased the Cd transfer factor of pak choi markedly. The shoot Cd concentration of pak choi was positively correlated (P<0.01) with total

Cd accumulation; however, it was not significantly correlated with the Cd transfer factor. In shoots of pak choi, the majority of Cd and Mn

were associated with the soluble fraction, followed by the cell wall fraction. After foliar Mn application, the proportions of Cd and Mn in the

cell wall fraction decreased and those in the soluble fraction increased. In summary, foliar feeding with 0.4 g« L'"Mn(MnSO,) and 0.2 g~

L'Mn [Mn(CH;COO ):] significantly reduced Cd concentrations and increased Mn concentrations in shoots, and it did not affect the growth

of Huajun, which is suitable for the safe and high—quality production of pak choi.

Keywords : cadmium; Brassica chinensis; manganese; foliar spraying; low cadmium accumulating cultivar; subcellular distribution
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Figure 3 Total Cd accumulation and Cd transfer factor of two cultivars of pak choi under different Mn treatments
F1 AEMn BB TFAMHEERRNMnEE (ng-ke, FE)
Table 1 Mn concentrations in two cultivars of pak choi under different Mn treatments (mg-kg ™', dry weight basis)
o b 3B Shoots B Roots
WLt AL B Foliar treatments — -~ — —
FEL¢ Hanly 1E1% Huajun FELE Hanlv 1E12 Huajun
CK 88.1+2.2¢ 89.6+6.7e 34.4+4.1d 44.7+2.5¢d
Mn-S1 313.8+12.1¢ 388.4+44.9¢ 45.6+7.2¢d 49.4+5.2be
Mn-S2 583.6+54.6b 510.3£79.5b 70.5+8.8a 43.5+7.5¢d
Mn-S3 756.9+162.1a 1189.1+149.9a 55.1+4.5bc 55.6+9.5b
Mn-Al 175.8+7.9de 238+22.9d 37.7+4.1d 40.6+4.2¢cd
Mn-A2 282.3+45.8¢cd 257.9+36.2d 58.8+7.9b 39.1+3.8d
Mn-A3 502.1+62.7b 460.6+43.9bc 41.2+5.6d 67.5+6.5a
Mn-E1 104+22.2¢ 100.5+7.2¢ 45.8+5.7¢d 38.5+4.2d
Mn-E2 147.2+39.8e 176.4+18.3de 70.3+6.2a 39.2+2.4d
Mn-E3 352.9+56.5¢ 201.3+14.3de 45.8+7.5¢d 54.4+7.0b

TE R EE I bR EE (n=3) o [Al— S RN FREFRIR ] — it Fh A AR PR IT) 25 5 2. 25 (P<0.05) , R Il
Note: Values are means=SD (n=3). Different lowercase letters in the same column show significant differences in the same cultivar (P<0.05). The same

below.
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Table 2 Cd concentrations(mg-kg™', fresh weight basis) in three subcellular fractions in shoots of the tested pak choi cultivars under

different Mn treatments

S L3 2} 4} Fractions
Cultivars Treatments AL EE Cell wall 4 }fi %% Organelles T %5243 Soluble fraction
FE4% Hanlv CK 0.303+0.032a 0.145+0.011a 0.355+0.028bcd
Mn-S1 0.161+0.012def 0.050+0.005¢d 0.251+0.036cd
Mn-S2 0.163+0.024cdef 0.033+0.003cd 0.284+0.034cd
Mn-S3 0.242+0.032abc 0.075+0.005bc 0.373+0.048bc
Mn-Al 0.211+0.029bcde 0.062+0.008bcd 0.306+0.043bcd
Mn-A2 0.147+0.021ef 0.025+0.003cd 0.206+0.017d
Mn-A3 0.235+0.032abcd 0.071£0.007bed 0.349+0.044bcd
Mn-E1 0.284+0.032ah 0.110+0.018ab 0.675+0.077a
Mn-E2 0.104+0.018fg 0.033+0.005¢d 0.434+0.051b
Mn-E3 0.051+0.004g 0.024+0.002d 0.264+0.034cd
AE1% Huajun CK 0.231+0.034a 0.081+0.048 0.218+0.022bc
Mn-S1 0.143+0.014bc 0.082+0.047 0.116+0.037¢
Mn-S2 0.144+0.014bc 0.046+0.028 0.242+0.083b
Mn-S3 0.155+0.036b 0.048+0.028 0.160+0.039bc
Mn-A1l 0.159+0.014b 0.055+0.034 0.180+0.030bc
Mn-A2 0.148+0.035b 0.033+0.016 0.203+0.114bc
Mn-A3 0.125+0.017bc 0.053+0.040 0.253+0.043b
Mn-E1 0.094+0.009¢ 0.017+0.005 0.271+0.059b
Mn-E2 0.131+0.052bc 0.091+0.062 0.258+0.053b
Mn-E3 0.094+0.008¢ 0.028+0.003 0.419+0.093a
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Figure 4 Cd proportions in three subcellular fractions in shoots of the tested pak choi cultivars under different Mn treatments
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ERALIRT 4 L RE Cd (14 53 T b ) IR I R AT, R i S
Fil K 4.18%~26.27% , Al 1 2143 H Cd 1Y He 451 0 B g8 7
15, B KIG R R 33.57% . SRR, Wit Mn JE J5 5
AT i B bR 40 R RE 21 43 b Cd 5 R R 43
151] 5 B R AR R B, 1T AT 4 40 Cd 4 B 49 D 52 B
Sy =k

2.6 MWEjE Mn BE XS i/ 3 Mn 7 28 B 43 %5 B9 32 0
PRI S 15 Min (49 310 40 B 43 7 i AN 9 3 BT
TN o KT FE L, WA G B0 25 A0 B 4H 53 1 Min 5
A B E L 5 T Mn—S2 . Mn—S3 LA &2 Mn—A3 Zb 2
T 20 L BE AT 4 4 Mn i S E s . A Mn B 43
fid Fe 5ok A (&1 5) , Mt it Mn AR5, 20 B 45 43 Mn (1)

&3 A[E) Mn JEAL IR TS 7 F iy 32 3t _E AR AL ZA A 4H 53 B Mn & 2 (mg-kg ', BEE)

Table 3 Mn concentrations(mg-kg ™', fresh weight basis) in three subcellular fractions in shoots of the tested pak choi cultivars under

different Mn treatments

S Kb 2[43 Fractions
Cultivars Treatments YL BE Cell wall i Organelles 1] %5243 Soluble fraction
FEL4% Hanly CK 1.79+0.22cd 0.68+0.08bcd 3.38+0.48e
Mn-S1 3.00+0.41cd 0.74+0.08bed 10.29+1.57cde
Mn-S2 7.43+1.12ab 1.42+0.17be 17.76+2.68bc
Mn-S3 9.48+1.05a 2.65+0.34a 25.98+3.57a
Mn-Al 2.68+0.32cd 0.50+0.04cd 5.78+0.78de
Mn-A2 4.12+0.58c 0.89+0.06bcd 12.48+1.78cd
Mn-A3 6.94+0.75b 1.71£0.2ab 22.69+3.21ab
Mn-E1 1.52+0.26d 0.28+0.03d 3.90+0.45¢
Mn-E2 1.17+0.17d 0.32+0.04d 5.42+0.65de
Mn-E3 3.44+0.43cd 0.58+0.07cd 8.74+0.95de
#E1% Huajun CK 1.65+0.20f 0.43+0.03 1ef 2.48+0.26f
Mn-S1 6.93+1.28cd 2.15+0.27¢ 13.49+1.71¢c
Mn-S2 9.21+1.48bc 2.12+0.27¢ 25.21+4.43b
Mn-S3 23.33+3.61a 5.29+0.522a 43.61+5.28a
Mn-A1l 3.70+0.49ef 0.87+0.115d 5.83+0.34ef
Mn-A2 5.20+0.47de 0.82+0.105de 11.99+1.27cd
Mn-A3 10.96+1.59b 2.88+0.298b 29.06+2.53b
Mn-E1 2.00+0.31f 0.34+0.035f 3.94+0.39f
Mn-E2 2.39+0.12f 0.93+0.069d 5.97+0.93ef
Mn-E3 2.35+0.26f 0.53+0.073def 8.32+0.83de
(a)FE4E Hanlv (b) #2192 Huajun
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Figure 5 Mn proportions in three subcellular fractions in shoots of the tested pak choi cultivars under different Mn treatments



201948 B
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43 TE L A5 BH S R AT, B 9 B R 3.7 %~6.9% , AT ¥ 41
43 Mn (19 53 BC b ) W1 S o v, 3 R L 6.89%~
20.6% , #4534k P2 M RE ZH 53 Mn 19 B G i FEAIG, B
W54 0.8%~13.7% . X T A48 , it A i BR 4 A J¢ Mn—
A3 ALHER A5 A AL 43 19 Min 5 5 B 2 T AR
TR A3 Ak 3HGT 4 S0 240 B 20 43 Min 55 S B0 AT i 25
WA Mn 9 43 B LG AR i Mon AR {845 44 A B o Min
B HE 1) [, B Y B R 0.5%~15.19%, 1T %5 40 43
Mn [ LB T, B KA R 19.9% . BAERRE , K
O3B A Rl A BRG 45 A L2 43 Mn R B R
Wi, T i s A A R A N R i S R R A5 AL A
Mn % 4t 5 it Mn B, TS 40 RE Mn 1 L1 (1) 52 2R
a3, AT VA 445 Mn (4 HE A6 U] B 5 s

3 itig

Mn 7EFE P0G AR AR DL R bt b ik R 46
75 TG 2% 4% T AR, Min AT DU 3o ol A A B R
DA B AS BT 8 i Cd X4 (10 35 5 VR FANe . FEAR A
FE A, Wit Mon JE X PR A = AR R B e HEE T i AT
fiE -5 MK L HE A9 Mo A 2UE RN Cd & A . AR
Xt BEZH Jh 52 b 3 Min 25 58 ok 80 mg - kg™, 18 5 T
H 47 Bk Mn 1 A 20 mg - kg™, 33k ¢ B A3 1 4% Mn
A RCPER R, AT S 20 FH Min JIE 9 AESRECASAEE 5 1 - 45
Cd it~ 2.54 mg- kg™, X BEZL il 28 A KA 32 3
A A DR o Mn/Cd 5 BT 2R @A) Cd 73 1
YEFHR ARG LMAI . 5540 Mntl2—Fp RSB ILE.
Jit FF R 751 2 Min B2 feft AR 4 SR R £ 719 Min, 2 2 3
Mn 8, @ WA A K5, Zhang SEPF5Y &
P, 5056 0.05 g- L' #10.5 g- L 'Mn(MnSO,) i E 452 5 A
ZHEI R TG 5 g+ L7 Mn 2 7 5 B & R
Ko AFE LRI, Wi = Wk B RS A & 4 o
FRAR T 4R A i . (EAS IR R A, FEAR AT
G, MRS PB4 AL B 2H Min 1 I8 it Y46 J3E HU i R
B I AT LSS I 9 3 A v A Ak L FE A 1) |3
A BRI, S5 A B R, o R AT
e 5Pt P B R A 5 . Huang S59F 58 & B, Mot
Jifi 0.1 g+ L™ Mn %) MnSO.Ab X 7K R b |30 A= 4 i %
A 82 3 TR A [V B Y EDTA - Nao,Mn #1ffi7K
Fei b o i A . ok T S AR g ke B, W it
e EDTA-Mn(7.8 g- L™ Mn) 2 30Kk & AL
SCFRBR , FE T B 5 K A

TEASHIEFE Y, DT M JE R ARG I 32 3 - 35 FAR
BB Cd i R , B R 5 Ak 2 - 4 B AR 3

T K AR 5 34.0% T 56.1% , 2. BR%4H AL BRLH Hy
34.8% M156.0% , B A 4G AL FRLH 1 16.1% F138.4%. H
I AT i R s R R AR AP T 2 Cd 2 i I A3
BT EA . SRR, 0.4 g- L7 Mn FRTER
B A10.2 g L' Mn Y £ TR 5 P 1~ A 2R R AT v 32 b b5
Cd & HE RO Ao fE o Tt 32 /5 vk S b |35 Mn 5 12
FIRCR KT |, SRR A SRR R I B TS
B SN FHOCTES BT R TS IR AR Cd &
T R Mn P AR L R I UM 56 06 R (P<0.05,
df=58) , #l2& Z B4 5 1 —0.579 Fl1-0.542 , 3% F& B il
SKEAE Mn ., Cd W Wik A vl SEAEFE RS B /E T, B8t Mn
HE T B 38 2o B o i SR S M f i BRAR T ISR
I Cd 1 B, X — S B A P A2 R B N 2 TR
i AT 3R Cd & i I RCR I PR AR EZ R
VAR WE 5T K B, NRAMPS 25 [ /2 /K R W I8 Min T Cd
(B s A T H NRAMPS L[5 i) 2 ik A 2
Az KA IR Min 462 0 2, B 7 Mon e 5 55 v i)
HERR A A B AR A, 3 T B 1 A 2 A%
AR, 13 A Mn A1 Cd 35 4 X S35 1A, WA T 36 1
KA X 38 W SR I A S PR > Wit Mn A
0 3 Cd W AR 75 A AH ] A 56 R R P LA i
ARt — IR

43 R 0 020 0 A3 A1 5 HAEAR R 9 ) SRR AN
M AEVINRR, EZZME LW, iE WMo R M
UL R )R IR R 5 4 R LA SR ) o A
AHIFFEH, Cd Fl Min 7 3 25 A (6] 5040 i 20 43 H Y
A3 L EC /NI S AT 2 4 > A BE S A i . F
BRI L B, 7E Cd V5 Y 3R SCN &, HZS A
HY Cd RER o BEFE T 4L o, HeA9 i35 69.1%~
95.6% . fAIEFAE I SE FR I, Min 7 2504 AL A (AR P =
B A e A AT AL o3 LU A fLRE . ARSI 2
REXPAR—E . 540, Wit M IEJ5 , Cd A1 Mn
TR 25 4 RE 11 43 e EL 1) S B R a 3, Ti7E ]
V20 53 1 43 B LU 451 0] 22 BT o e 34 . XB AR SETE 5
RIN, Mn 15 55 7 22 283040 A R 7 40 3 19 45 T b 451 B
Mn &b Ry B T i 36 M 25.1% b T+ % 58.2%, 1
T 20 RE G A9 ) K 66.5% AR 22 38.0% . 14 1) 4E
A0S S BN B M A0 BRI A T, I
M 75 20 i 0] 95 28 43 1) Eb 3 A T 5, T A 240 i R Hp
Y A A B R . AR 1k S P 98 A B, FE 3G IR I
FrE 0 0.8 mmol - L7 1 1.6 mmol - L™ Mn 2= i Z 42 = 7K
Fei b 13 Cd 7 20 L BE v () E A7), AR L AR mT i 4
T H . ASE SR A R 5 XA S TR ) AR S I A



1880

URIEIR el 53855 8

— B, MG RAE R RS B, TEA R I R
Y IE AT 2 MG G2 Mn B9 BUASE 1T, 4 4 NRAMP3
FICAX2, 76 Mn [P0 I A4 23 B X 2L 3044, I
17 1] YR 9 PN 7 328 3o 2 14 M, () P 30 26 28 -, mT DA%
S O R S 1 3 o (W 11U R B N S W = R
AN FAR  FEAIE ST H W5 Mo AL S F Mn
TR TT R, 2O AR S IR T BRI R S A
T ) M 32 23, 1075 32 Mo 9 [R] IR 58 23 Cd Al
REW P Al 552, Fre 2636 FC AT 7 40 vh Min 1 Cd 19 L 31
AT

4 it

(1) Wit Mn AEXT Cd AIRFR S FHh =t 35 R
TR A W TG 2R I, Wit 1R VA B Min (CHCO0), il
EDTA - Na,Mn 2 35 P AR5 38 I FH v = b3 A i

(2) 1% jifi MnSO4 11 Mn (CH;COO ), 4b B R A% i F
MSE Cd & & 82 = Mn % &0 85CR BB 00 it
EDTA - Na,Mn b2, Hid1 0.4 g+ 17" Mn 5 MnSO, 1 0.2
g+ L'Mn i Mn(CH;COO0 ), &b FERFAK Cd IR B0 F 3
S B Cd RO et

(3) Mt it Mn JIE {2 25 I it TR 5 Cd R
fif Cd¥5iz ZECR E T, MM 3 cd & S
A Cd R TR AR I 2 A IE A DG (P<0.01) , 1fiT 5 Cd
532 Z B0 TC I 3 A e, Fe B BTt Mn JE RS - FH
TSR 3 Cd B R A AR Cd R s e .

(4)Cd FI Mn 76 M 323 b 350 3 500 A1 76 40
AW s R O A EE . I5E Mo AR S5 , Cd AT Mn
E A M RE 2 53 (1) 43 T LU B REARR , 8 PTVS 20 0 1 43T L
B

SE k-

[1] Huang Y Y, He C T, Shen C, et al. Toxicity of cadmium and its health
risks from leafy vegetable consumption[]]. Food & Function, 2017, 8
(4):1373-1401.

217 &, kERng, i 52, 45 ACH Cd Fi Hg 15 3% 1k PR BT 5 XU
P BIFFEL]. A IREERL £, 2016, 35(7) : 1314-1320.

LI Xia, ZHANG Hui-ming, XU Zhen, et al. Source apportionment and
risk assessment of Cd and Hg pollution in farmland[J]. Journal of Agro—
Environment Science, 2016, 35(7) :1314-1320.

[3] Chen H P, Yang X P, Wang P, et al. Dietary cadmium intake from rice
and vegetables and potential health risk: A case study in Xiangtan,
southern ChinalJ]. Science of the Total Environment, 2018, 639:271—
271.

[4] BOE A, KRR, ARAEE, S5 H R m 15 PRl 22 AR T ik
J 5 B AR BUACALRESE, 2018, 39(6) : 1030-1043.

HUANG Dao-you, ZHU Qi~hong, ZHU Han-hua, et al. Advances and
prospects of safety agro—utilization of heavy metal contaminated farm-
land soil[J]. Research of Agricultural Modernization, 2018, 39 (6) :
1030-1043.

[S]3 W8, s, XIS . R H AMMIASE R 43 B e oK 4 2 ik i 3 [
TSRS HARROV ). A F Rl #2431, 2015, 34(5) : 817-823.
WEN Na, WANG Jing—an, LIU Zhong—qi. Analysis of genotypic and
environmental effects on cadmium content in rice by AMMI model[J].
Journal of Agro—Environment Science, 2015, 34(5) :817-823.

[6] Socha A L, Guerinot M L. Mn—euvering manganese : The role of trans-
porter gene family members in manganese uptake and mobilization in
plants|J|. Frontiers in Plant Science, 2014, 5:106-122.

[7] Ullah I, Wang Y, Eide D ], et al. Evolution, and functional analysis of
Natural Resistance—Associated Macrophage Proteins (NRAMPs) from
Theobroma cacao and their role in cadmium accumulation[J]. Scientific
Reports, 2018, 8(1) : 14412.

[8] Huang Q N, An H, Yang Y J, et al. Effects of Mn—Cd antagonistic inter-
action on Cd accumulation and major agronomic traits in rice geno-
types by different Mn forms[J]. Plant Growth Regulation, 2017, 82(2):
317-331.

[9] FVIGENE, ARERFS, Jr AN, S5 . My 2Ok K RS MBS 4 5 e
R IEERE SR, 2017, 40(8) :8-12.

YIN Xiao—hui, ZOU Hui-ling, FANG Ya-yu, et al. Effects of manga-
nese fertilizer on absorption and accumulation of Cd in rice[J]. Environ-
mental Science & Technology, 2017, 40(8) : 8—12.

[10] Wang L, Xu Y M, Sun Y B, et al. Identification of pakchoi cultivars
with low cadmium accumulation and soil factors that affect their cad-
mium uptake and translocation[J]. Frontiers of Environmental Science
and Engineering, 2014, 8(6) : 877-887.

[11] Liang X F, Qin X, Huang Q Q, et al. Remediation mechanisms of mer-
capto—grafted palygorskite for cadmium pollutant in paddy soil[J]. En-
vironmental Science and Pollution Research, 2017, 24 (30) : 23783—
23793.

[12] 1 B A FERAR MM, =R 65T v Al Rk, 2000.
BAO Shi-dan. Soil and agricultural chemistry analysis[M]. 3th. Edi-
tion. Beijing: China Agriculture Press, 2000.

[13] Xin J L, Huang B F. Subcellular distribution and chemical forms of
cadmium in two hot pepper cultivars differing in cadmium accumula-
tion[J]. Journal of Agricultural and Food Chemistry, 2014, 62(2) :
508-515.

[14] Xin J L, Huang B F, Dai H W, et al. Characterization of cadmium up-
take, translocation, and distribution in young seedlings of two hot pep-
per cultivars that differ in fruit cadmium concentration[J]. Environ-
mental Science and Pollution Research, 2014, 21(12) :7449-7456.

[15]3EQUS, AR, £ bR, 45 il R it B N X i AR SR SR

WSCHR () BEMEILT . BRBERYA7 2417, 2015, 35(8) :2589-2596.
DONG Ru-yin, XU Ying—ming, WANG Lin, et al. Effects of soil ap-
plication and foliar spray of zinc fertilizer on cadmium uptake in a
pakchoi cultivar with low cadmium accumulation[]J]. Acta Scientiae
Circumstantiae, 2015, 35(8) :2589-2596.

[16] Rahman A, Nahar K, Hasanuzzaman M, et al. Manganese—induced



EI5 7, % R L A R

2 SRR 40 i 3 AT 52 i) 1881

cadmium stress tolerance in rice seedlings : Coordinated action of anti-
oxidant defense, glyoxalase system and nutrient homeostasis[J].
Comptes Rendus Biologies, 2016, 339(11/12) : 462-474.

[(17] %4R5E, J7  IF . AAERE RO 50k L] Al A7, 2002, 6
(4):35-41.

AN Zhen—feng, FANG Zheng. Research progress on plant manganese
nutrition[J]. Journal of Hebei Agricultural Sciences, 2002, 6 (4) : 35—
41.

[18] Zotie, TR, 5 g . I i Mg A T £ 3 A 4 A0 Bt 5T 149 52 i

[0 Sl RL2, 2015, 43(3) - 54-57.
LI Guang-yuan, WANG Feng - hua, JIANG Yan. Effects of foliage
spraying Mn on growth and quality of lettuce[J]. Guizhou Agricultural
Sciences, 2015, 43(3) :54-57.

[19] 5K 75, Ak, SERIRE, 45 . G XA 6 5 DA I S L FR A 50

PER[T). AR, 2010, 45(4) :506-520.
ZHANG Yu—xiu, LI Lin—feng, CHAI Tuan—-yao, et al. Advances in re-
search on manganese toxicity to plants and mechanism of manganese
tolerance in plants[J]. Chinese Bulletin of Botany, 2010, 45(4) : 506—
520.

[20] Zhang H, Yang H, Wang Y, et al. The response of ginseng grown on
farmland to foliar—applied iron, zinc, manganese and copper[J]. Indus-
trial Crops and Products, 2013, 45:388-394.

[21] 5k T o, ABAE A, & B8, 45 xR S AU QAR DGR 5 K™ &t
SRS, P A EY)E R, 2009, 31(4) :486-491.

ZHANG Yu-xian, QI Qian—qian, LUO Ao, et al. Effects of manganese
on soybean nitrogen metabolism yield and quality[J]. Chinese Journal
of Oil Crop Sciences, 2009, 31(4) :486-491.

[22] Yang M, Zhang Y Y, Zhang L ], et al. OsNRAMPS contributes to man-
ganese translocation and distribution in rice shoots[J]. Journal of Ex-
perimental Botany, 2014, 65(17) :4849-4861.

[23] Sasaki A, Yamaji N, Yokosho K, et al. Nramp5 is a major transporter
responsible for manganese and cadmium uptake in rice[J]. The Plant
Cell, 2012, 24(5) :2155-2167.

[24] Shi G R, Zhang Z, Liu C F. Silicon influences cadmium translocation
by altering subcellular distribution and chemical forms of cadmium in
peanut roots[J]. Archives of Agronomy and Soil Science, 2017, 63(1) :
117-123.

[25] AR, 2 4H, AT . LIRS Y xR A K R N R R

FG3 AT RFE A SZ R[], P4 R IS R 2224 CF AR R, 2017, 42
(9):84-89.

WANG Jun-Li, LIANG Juan, REN Jian—guo. Effects of soil cadmium
contamination on growth of Blumea balsamifera and cadmium accu-
mulation and subcellular distribution in plant[J]. Journal of Southwest
China Normal University( Natural Science), 2017, 42(9) : 84-89.

[26] f] B, Bk, B A, A5 BCRLARET I R R AR ) 0 e M

AL A AL A TE AR (] FRE TR, 2018, 36(9) 1 154-160.
HE Wei, CHEN Yong-hua, LIANG Xi, et al. Screening for tolerant
woody plants for improved manganese slag and research on subcellu-
lar distribution and chemical form of manganese[J]. Environmental
Engineering, 2018, 36(9) : 154-160.

[27] X8 A, B, BRI, 45 . SRR B AR S B P A AN 43
A3 B ASFIEZS ). TR R 2224 (B SRR A, 2010, 28(1)
58-62.
DENG Hua, LI Ming—shun, CHEN Ying—xu, et al. Subcellular distri-
bution and chemical fractions of manganese in hyperaccumulator Po-
lygonum pubescens Blumel[J]. Journal of Guangxi Normal University
(Natural Science Edition), 2010, 28(1) :58-62.

[28] il A, BRR A, (OB A, 45 SRAERT R  p A o A KAk 0B

AT AR IR 24, 2008, 27(2) : 515-520.

XU Xiang-hua, SHI Ji-yan, CHEN Xin-cali, et al. Subcellular distri-
bution and chemical fractions of manganese in leaves of hyperaccumu-
lator Phytolacca acinosa Roxb.[J]. Journal of Agro—Environment Sci-
ence, 2008, 27(2) :515-520.

[291 %% A, Waior, 50K, G5 B TR R R 3 T X K FE 4

T OIS 18 PR IS R ()], RO FREERR 24l 2016, 35(8) -
1429-1435.
XU You, YANG Yi—xin, LI Wen—hua, et al. Effects of manganese con-
centrations and transporters on uptake and translocation of cadmium
in rice seedlings[]J|. Journal of Agro— Environment Science, 2016, 35
(8):1429-1435.

[30] Thomine S, Lelievre F, Debarbieux E, et al. AINRAMP3, a multispe-
cific vacuolar metal transporter involved in plant responses to iron de-
ficiency[J]. The Plant Journal, 2003, 34(5) :685-695.

[31] Koren’ kov V, Park S, Cheng N H, et al. Enhanced Cd*'-selective
root—tonoplast—transport in tobaccos expressing Arabidopsis cation ex-

changers[J]. Planta, 2006, 225(2) :403-411.



