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Cadmium status in paddy soil in a rice system under silicon fertilization
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Abstract; Cadmium (Cd) is one of the most toxic trace elements. Cd accumulation by rice from paddy soils creates risks for
human health. Compared with other common pollutants, Cd has a higher transfer coefficient. Rice improved by Si
supplementation reduces Cd toxicity and decreases the accumulation of Cd in rice grains. The mechanism by which Si
alleviates the effects of Cd remains unclear. The goal of this study was to investigate the effect of Si-rich substances on Cd
uptake and translocation in rice plants grown in soils that were moderately and highly polluted with Cd. Special methods for
determining soluble forms of Cd and Si in the apoplast and symplast of roots and shoots were used. The results showed that
Cd translocation and accumulation in the soil-plant system differed at the medium and high levels of pollution. The
application of Si-rich substances reduced Cd mobility in the soil via interaction between monosilicic acid and Cd ions and
adsorption of Cd on the surface of Si substances. Cd accumulation in the rice roots and shoots was reduced by Si substances
as well. At high Cd levels, Si application led to predominant Cd accumulation in the roots and the root apoplast, and

reduced Cd translocation and accumulation in the shoots and the root symplast. The content of monosilicic acid in water
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extracted from fresh soil had a close relationship to the main parameters of mobility, transport, and accumulation of Cd in
the soil-plant system. Several mechanisms could be responsible for Cd behavior in the soil-plant system. Firstly, the
application of solid or liquid forms of Si reduced mobile and potentially mobile forms of Cd in the soil. Monosilicic acid can
react with Cd and form insoluble silicates. Secondly, soil Cd can be adsorbed by solid Si-rich substances resulting in
reduced Cd mobility. Additional plant Si nutrition increased the concentration of monosilicic acid in the apoplast and
symplast of rice. As a result, most plant-absorbed Cd precipitated in the root apoplast and the translocation of Cd inside
plant tissue was reduced. The Si-rich substances tested significantly affected the migration and accumulation of Cd in the
soil-rice system. However, the degree of impact depends on the level of soil pollution and the ability of Si material applied to
release monosilicic acid. Solid Si-rich substances applied can also adsorb Cd from the soil solution, and thus, reduce Cd
mobility. Enhanced Cd uptake by rice lead to activation of plant defense mechanisms, and thus reduced Cd penetration
through cell membranes to the symplast. In addition, some Cd could be associated with soluble organic molecules in the
apoplast and symplast, which would increase the proportion of soluble forms in plant tissues. It was important to determine a
soil Si parameter, which better reflected the effect of Si on Cd migration and accumulation in the plants. This parameter had
the highest correlation with the uptake and accumulation of Cd and Si in rice plants and could be used for the prediction of

the availability of Cd plant in the soil-plant system. However, these complex processes require further investigation.
Key Words; Cadmium; monosilicic acid; rice; silicon fertilizer
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1.1 R
M 4R PR BE (112°43.514°E,28°38.449°N) K HH#HHER A H | R4 0—20em #HHEZE HHE, 2
WA B TR AR T 200, AL RRE WL AR 1 KRS OB 12 5 (Oryza sativa L.)
FEARYGREE T, T M EHE (1) FS (Fumed Silica, % il 8 AL ik, KA PERE & 84 (203+£10) mg/kg, pH 7.
1) 5 (2) Wi (AR, KIS ERE &0 (4.621.5) mg/kg, pH 8.2) 5 (3) A& JHEEAE (3B, & A7, KR
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PERE B 50 (91.4£8) mg/kg, pH 7.9) 5 (4) Zumsil (3 FH , W ASRE, % 20% 19 56E /2, pH 12.0) , 4% Zumsil 53 5156
B 700 £5F11 1000 £5

®1 MK TEEANENER

Table 1 Selected soil chemical characteristics

AL PR ES s e % Cd &N &P 2K
pH Organic matter/ Cation exchange capacity Total Cd/ Total N/ Total P/ Total K/

(g/kg) emol (+)/kg (mg/kg) (g'kg) (g/'kg) (g/'kg)
5.6 31.8 11.5 2.05 4.02 1.22 32,5

T HEATRIZH AL Soil aggregate characteristic unit/%
32 Fraction/mm 2—0.2 0.2—0.02 0.02—0.002 <0.002
14 Soil 29.01 16.58 32.04 22.37

1.2 5Tt

AR I AR SRR 1L, 3t kg, AR TR . CK FS (JEi 0.5¢FS, 1B 1gFS, 5 K H 50mL 7515
IKHEE) 7 (L0t 0.5g B JE it 1g 73, 45 K SOmL ZE4E /K HENE ) ;A FHAEAE (2206 0.5g A& FHREAE , 18
g A FHREAR &5 K S0mL 7818 /K HEME) 5 B BE 700 17 Zumsil (45K 50ml #E8E) ;7 B 1000 15 Zumsil ( 55K
50mL FHEME) . FEAC PR B E 75 Y kb PR P AR TS Y ab B AR, N b 3 IR E R, BRI R
(28+2) °C & [H] (24£2) °C , JEREBTE] Ky 120, JEHEGE EEA 950pmol/m*/s , [ RAHXREE S (50+5) % , 42 [A] AH X
MR R (60£5) % ., 2 J8JG , FH 50mL50mg/ L ARV AL B TS JL 4 A PR (CdSO, 5 H,0 MY LLBi Sk 3:8, It R Bidll
TR YY) | AR TS YL LR R FH 28 18K SRR R 1K) Zumsil ZRSEEE, FAE 3 SRS IR, i0 sk AR pk - (IR AN ZE) |
1.3 FERCREE RS H Tk

PR EE - RERIK LA 1.5 B HEBRE A, KT HRE5 0.1mol/L HCI LA 1:10 Ay FL R SR 24h 5, obr ik 5
FaR A0 4802— 5041 AT WA T I R v i AR BOR R R BARE R . KRR 2 RS, DA
65°CHET 4h, W, I A HNO, FIl H,0,, ]l CEMMARS 6MS5181 ( 5[ f i it , it I 4% & B, NaOH
TERIERA E fE B PREL 0.5g METREARFE 5D T dem @ BUERSH IR IT & T i 0 b 76 1.5h B I 32 18 i 3]
550°C , $52E 4h B HG A BRI 2.5g B EZS NaOH | I 580K B H 3 8 2 S 4w 00 v, P UCRF
HEANF) 550°C , $54E 1.5h, B 25, 788K % # . ICP—OES (Perkin Elmer Optima 5300 DV ) 23 M7 ik Fl4R &

o LA 5 2 A AT AR AR 2 4SS A MAC R S (R vl s A R B IR o . BUEEARE 0.2—0.6 ¢, DIAK 1—2cm
FIRJE  FRE JE BASERDIE R, SR 5 I SOmL ZEIRK IR A 4R 24h, DAL AT DU BT AMATR AL 12 B A1 i
W IR AR A AT IR TR R A PARERR N e IS BRI ERAE P T AN BE A T S K
K5 50mL ZEIRKIR G BidE Th, 5 B 3R Jr e RAe it e B (A 7 W v %) Bk 2 AR R s MR AR AR B 0 B, AR
FARRAK 53 88, DT S S R E R RN AT VA SR ) B i
1.4 it

AR SCEHESS R R FH SPSS 19.0 G4k 458 i, Duncan’s #5615 3647 22 8 HLAC A 0BT AL B

2 ERAW

2.1 AN[RVEE AL BE X 7K R A 0 5 T

3 A1, Ho A B Ak bR S B RN T 19.49%—55.5% [ /K R AR A= 05 A1 10.4%—15.19% 1) 2 A 1 (3%
2), WX T ICRAL RN £ R R, CK B S AR SRR A R MR ZF B &£ 5 2 51 N 0.36 FEAIKH]
0.31g/ Bk (FEAK 14% ) , M\ 0.86 FEIEE] 0.65g/Fk (FEAK 25% ) o 18 1<t it FH [ 25 BB S & R o (A0 9% 073 ) | o]
DIV ERAR X T KRR EE 3, 0T LA SI3E0 12.9%—41.5% M 8 H | 15.4%—33.8% 4 B 5 | SCI6F I 1 R0UR 4%
# i 700 1519 Zumsil 35 B4 FRE A O RCR A0
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R2 KBRFHEMRE/ (g/HK)

Table 2 Fresh biomass of rice roots and shoots

Qb F 75 4% Without pollution 754% With pollution
Treatment 2 Roots % Shoots & Roots % Shoots
CK 0.36 a 0.86 a 0.31a 0.65 a
FS CJtH A6 Ak ) Fumed Silica 0.43 b 0.95b 0.40 ¢ 0.86 d
it Slag 0.37 a 0.85a 0.35b 0.75 b
A FAREAE Si-Agro 0.54 ¢ 0.97 b 0.53 d 0.87 d
Fi B 1000 15/ Zumsil Zumsil diluted 1000 times 0.47 b 0.96 b 0.45 ¢ 0.82 ¢
Fi B 700 F5HY Zumsil Zumsil diluted 700 times 0.56 ¢ 0.99 b 0.54 d 0.87 d

[ SB[ 7 2 7 Ak B ) 22 S Bk 25 (P<0.05)

2.2 AN[RVEE A BN 7K 5T 4 A A 5 A Hh R AR B e IR ) 5 T

T Y kb PR it A AR SVRE 5 B AN 2. 14935 N 2] 2.74% , 15 LA BN 2.35% 38 M F) 2.85% , A 15 G
AEFRAYZE RE S BN 1.04% 38 N5 2.45% 54 AL RN 1.019% 38N %] 2.48% (£ 3) . B # sk, HAbrEADAL R
A AR J5 & AR AR I A e ) P R ) S S R, KRS 2350 o 4 MAR o T 380 A S ) B R BN, R e T
T AR S B DA SR AR B A MACR B A e g AT A PR E S G

R3 KBERFHFIMAEREPBEMEERNESE

Table 3 Total Si and monosilicic acid in the apoplast and symplast of roots and shoots of rice

#R Roots/ ( mg/kg) %f Shoots/ (mg/kg)
Ab v B AMA AL R LR R RR g RAMA HpE R S (A AR TR
Treatment Tot:thi/% Moinosilicic acid Mo.nosilicic acid Tot:thi/% Molnosilicic acid M?nosili(:i(: acid
in apoplast in symplast in apoplast in symplast
KI5 4% Without pollution
CK 2.14 a 854 a 288.4 a 1.04 a 2334 a 540.3 b
FS 2.65f 155.4 e 302.3 b 223 e 384.4 e 589.4 ¢
1i# Slag 2.22 b 95.4 b 290.3 a 1.34 b 245.0 b 5394 b
A FREAE Si-Agro 2.74 g 128.3 d 3223 ¢ 2.04 ¢ 3745 e 588.6 ¢
Hi e 1000 f5 ¥ Zumsil
Zumsil diluted 1000 times 2.43 d 133.5d 304.3 b 1.94 ¢ 3224 ¢ 539.5 b
Fi B 700 £5 1) Zumsil 596.5 c
Zumsil diluted 700 times 2.67 f 145.4 de 3443 d 2.45 f 3845 e
¥54% With pollution
CK 235¢ 95.4 b 302.3 b 1.01 a 228.3 a 5223 a
FS 274 g 188.4 f 355.4d 2.15d 3745 e 540.4 b
B8 Slag 2.44 d 104.5 ¢ 3223 ¢ 1.46 b 248.3 b 5223 a
A FREAL Si-Agro 275 ¢ 194.3 f 374.5 e 2.07 ed 349.5 d 538.4 b
Hi e 1000 f% ¥ Zumsil
Zumsil diluted 1000 times 2.58 e 203.4 {g 340.2 d 2.01 ¢ 3342 ¢ 522.2 a
7B 700 £ Zumsil
FEE 700 %) Zumsi 2.85¢ 243 g 376.4 e 248 359.3 d 540.3 b

Zumsil diluted 700 times

2.3 ASRIREAD BT /K R 54 AR 3 5 A mo 0 T A AR 1 5 )

FE 8 BTG YLKOT i 3 AR A SR R T AR (3R 4)  TEAR TS Y i b AR 2R A A
B R R 2.52me/ kg F1 0.24mg/ ke, BRAT AN B AEY) BT DL 25 FRACAR 30 860 & &, Ak X T 2R 88 B4R
IR AR X TR AR

[F) 2 BT AAAH L, 0 22 R AT AR AR R ZE AR 0 B AMA b ST UL e i G A A 2 i SR 1 i DL O
P R AR 250 I (A T S5 A/ v g T M e AR A BV RO 125, 54me kg, 2R RS N 89.
53mg/ kg, & fE )T REIE N 23.8% A MR R A SV 73 1 LA L 68.7 % YRR ST AIMAR Y R kA 1 e T 2F 50 0 A
HIERHABEINT 65.7% , - AMA T ] R & WAL T 67.5%  fESLmiiA b i B AEAE vT LA /D 9.
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1%—39.5% AR FF AT A PERE 5 B 6.7%—61.1% W ZEHnT s P mE & &, Hovb 36 B 700 £5 19 Zumsil W A
B, T R R e 22

F4 KBRFHRMEFEREHBEMTRERNRE/ (mg/kg)
Table 4 Total Cd and soluble Cd in the apoplast and symplast of roots and shoots of rice

R Roots Zf Shoots
OS]
Treatment Mcd BAME Cd Fepifk cd HCd BoME Cd ik Cd
Total Cd Cd in apoplast Cd in symplast Total Cd Cd in apoplast Cd in symplast
K754 Without pollution

CK 2.52d 0.10 b 0.21 ¢ 0.24 ¢ 0.03 b 0.05 ¢

FS 2.13 ¢ 0.05 a 0.13 a 0.21 ¢ 0.02 ab 0.03 b
18 Slag 242 d 0.06 a 0.15b 0.16 b 0.02 ab 0.05 ¢

A FREAE Si-Agro 1.53 a 0.07 a 0.12 a 0.15 b 0.02 ab 0.02 a

e 1000 11 Zumsil
Zumsil diluted 1000 times
i B 700 £5 1Y Zumsil
Zumsil diluted 700 times

1.84 b 0.08 ab 0.13 a 0.13 a 0.01 a 0.02 a

1.52 a 0.07 a 0.11 a 0.12 a 0.01 a 0.01 a

15 YL With pollution

CK 125.54 d 45.43 d 20.31 f 89.53 ¢ 3593 h 2244
FS 144.50 e 69.73 £ 15.51 e 4354 e 22.34 10.33 e
i Slag 130.23 d 50.40 e 18.30 e 70.43 £ 3023 g 20.94 £
A FREA Si-Agro 149.32 70.42 fg 15.73 d 33.55d 18.25 e 9.36 d

Hii B 1000 f5 11 Zumsil
Zumsil diluted 1000 times
Hi e 700 f5 1Y Zumsil
Zumsil diluted 700 times

150.46 £ 65.65 f 17.42 e 30.24 d 21.44 ef 10.24 e

15543 g 76.63 g 12.33 d 29.33 d 12.32.d 8.73 d

2.4 AN[EREAL TR PR A B A A 8 ek R 14 52 1)

HER 5 WA, I RS gt KAEHUS ) DU SO FERS S 1k (PR AR M RE RV I & i, Bt L3
BN R FIERE (43302 0.05mg/ kg Fl 5.4mg/ kg ) FIVETERS 20 A9 5 FURE (430 /& 0.25mg/kg F1 85.6mg/kg) #l Lt
B T H & Y B mIEE N T 44.4%—281.4% % B4k DA 2 23.1%—172.5% W FE#% sh 6k, ARG B 700 %
) Zumsil R FS BRI, B EETS Y 158 X RS st A AR RS sh M B R K, FE RS s 1) £
b it FH E R BT AT LA D PR E AR A RE it A FHRENE AT DARE AR 40% H /K ZE UGS RE, i F FS AT AR
I 60% MR AE B AL, IS INGR , BE I T 4 (N 0.05me/kg F] 2.52mg/ke) FITETERS sh M4 (A
0.25mg/kg #| 3.52mg/kg) , 1M it FH & Ak 4 0 vl DLk /D + 38 v A8 sl 4 FITE FE RS AR I & L X IR SE I 245 IR
PR R Zumsil BIRCREAF I B ROR B 22

RS5 KMEBERTHLEEMRESE/ (mg/kg)

Table 5 Si and Cd in water and acid extracts from soil

AT Y Without pollution 15 4% With pollution

Qb IKHEHL i K B IR HEHL iR A L
Treatment Water extraction Acid extraction Water extraction Acid extraction

Si cd Si cd Si cd Si cd
CK 54a 0.05 b 85.6 a 0.25 ¢ 5.6 a 2.52 ¢ 88.6 a 3.52d
FS 14.5d 0.03 a 2333 e 0.15 a 14.3 d 2.03 b 2323 f 3.10 ¢
% Slag 78 b 0.06 b 125.4 ¢ 0.24 ¢ 79 b 2.62 ¢ 128.4 d 3.30 ¢
AR Si-Agro 12.8 ¢ 0.02 a 204.2 d 0.21 b 122 ¢ 2.12 b 2012 e 2.83 be
iiiioﬁﬁdﬂ? OZO“(;HZLS 14.5 d 0.03 a 105.4 b 0.20 b 14.2 d 1.49 a 101.2 b 2.52 b
Fi A 700 £75 6 Zumsil 206 ¢ 0.03 a 122.3 0.17 a 19.8 d 1.60 a 1182 ¢ 213 a

Zumsil diluted 700 times
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FRAF B 2 I T S2 56 10 5 i 5 mT LA I 255 ) - 3 KRR R G R R I RS AN R B E R R e AR A
T A s YRR B DA SR TR RE R R R AT R MR . DRk s LA FH 9 o B ek R VR FH AL A < 35— ol
S BB IR BE RN M ¥ M B SR 7 A s MR BR AR L X N IR AE 1979 4EH Lindsay BEBIE > 5 55 — FlU2 Bk
R P AR S W A o 22 T, SR 5 S5 4 B 1 AR A2 RN, 3X R BL ] TS I8 6] T oK e ik A 381 + A 2 283 R
Ab B - PR T R — 25 | DR SRy B R VA B v T AT VA MR AR B L N A T (D e R B RS W Y
B, AT A AR A 7 s P, 3o R A T 85 AR Rk Sk A 9 S ) e e ad i Ak B 058 A K gk
F#,80.0% 14 RFAEMLHR , 75.0% )0 B BRAEAE 2558, VR N4 o (o AR 308 R 28358 1 i B2 AR 40 | B A1 3] 65.69% il
60.5% . FRTEAEY) rh E2E L BUOAMARAR TR , B oMA b (g a] i R R v T B A, FRATT A B A oK e g e
ST LA (SR 40 0 AR MIL S A TG, DT o8 fE 0 2025 A B £ 38 B 6 S (R b | RIS 04 ids B 5 B A MAC D 3t
A b B R WL & AR O, AT RS a2 2 ) SR

B T AR A 7K R AR S AR 208 114) S A 7 S AR A [T, o AR50 R 2350 118 ol 7 R S J A v 1) 4 5 B AT
TR 38 B 14 37 3 LA SR TEATL ) R A5 6 AR AR B, B 7R AL A I 50 T, AT A oL FH R 1 15 45 A
B, ek (ARS8 A 7 2 LA SRR 0 S A M B 5 s 1 T 2450 R 1 e DA SRR B i | 235380 Jo A MAC R G i
)RR S AR RARAG RIS AR B T AR JURR kR A R B U T KR AR A R kX R AL 26 A AR
R A AN B 2 R BORFE A SURARR BT A MA rh R, (HUJ2 2833 B 2L B A DL S ) 2385 7% 1)
O A SRR, 33X T R SR DR SR A R AL S 1 A T ARV 2 05 20 I A A R S S A () 48 L BE P B T 2
RAHABE T A A7,

3R 1 S EURE T A b R R X TR AR A TP ) R B SRS 3 A 43 BT 3 v KRR 11 FE
AHE R, LAY P ) A AR () B (3R 6) FR A, - Pk ORIT R 19 2 RO ik 5 A S B B A S
(IETH B U Y ) | B AR B HE HA BRI A AR DG | 3G /K A8 IS R e /M 0 B P R FH B RE A ER 1), T
TR 5 18 3 1 3 6 S B50RN 7K Fh 4 AR A WG A L R R B3 AR e AR DG e, (H i s s R A o B 2, 75 e
T Z AT .

R6 FERHMNESHMCHMSHZEMNEXXER

Table 6 The coefficients of correlations between content of Si in tested extraction and other determined parameters

o JEf A Original soil 759+ 4 Contaminated soil
Parameters KA si MRAEHUE Si KA Si MRAEHUA Si
Si in water extraction Si in acid extraction Si in water extraction Si in acid extraction
RS
AERESC ~0.712 ~0.544 -0.867 0.021
Cd in water extraction
AFEHAS C
FMG -0.843 -0.606 -0.927 0.061
Cd in acid extraction
HR B Si Total Si in roots 0.806 0.719 0.938 0.556
HREL Cd Total Cd in roots -0.832 -0.299 0.938 0.295
ZE B Si Total Si in shoots 0.957 0.539 0.962 0.443
ZF 5. Cd Total Cd in shoots -0.407 0.106 -0.888 -0.364
4 Lt

SERRW ORI RGP R A R MR S e D5 QeI 57, 6 Rk ) S5 REAS R 1 2 46 S 7 14 7 1) R
JE o AEPEERTS YRR SR nT AR S Tt P R R AT AU /b M b R Y RS Sl 1 K R AR
LA AR AR T SRR TS YKF T, A RDLT ELUBT 1 4% 27 25 40 B 88 o M 14 3 3 A S M S oM A
IRPIIE AR AR B ZF i, i FHAE SO0 T, 8 2 SRR S EAR AR A B OMA b | T 28 FIAR B3 i
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PR b 1 iz i SRR R AR, it L e K A BGS SRk R & B 5 LK R RGP R RS 8 L1k R E
DIRH K.

ABESE AT LA B LA 4 - /K R R Gehd T o A VE HIRLEE . 165G, [0 2 RN g ok g 1o T T A /> - 4
TR BIRE ShAETERS B, SREIR 5 50 SN AN R BR AR 5 FLUK, I T LA g ik 0 B A R, T e AER
RSB s LAk, E%%'?iéﬂuiﬁuﬂﬁ“ﬁ’lﬁ%%%ﬂi@ﬁﬂzﬁ*%Zﬁ@&ﬂ’ﬂ%ﬁﬁi,Mﬁ’ﬁﬁﬁ%ﬁﬁﬁ%ﬁ%’éﬁ’ﬂﬁ%ﬁ}ﬁﬂﬁi
T AR R AR R AR BT RS
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