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Abstract: [ Objective ] Yunnan Province is one of the typical high geological background regions in China. However, a few
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studies have focused on the phytoextraction of high geological soils for safe agricultural production. [ Method ] This research was
conducted to investigate cadmium (Cd) phytoextraction efficiency of the high geological background soils from Shilin, Fuyuan,
and Luoping in Yunnan Province by the Cd/zinc (Zn) hyperaccumulator Sedum plumbizincicola and its effect on plant growth and
Cd uptake by rice (Oryza sativa) through pot experiments. [ Result ] After triple-cropping of S. plumbizincicola, the total Cd and
available Cd concentrations in soils showed a substantial decrease, with the total Cd decreasing to 24.8%, 30.9%, and 58.8% of
the original values for soils from Shilin, Fuyuan, and Luoping, respectively. S. plumbizincicola showed better growth when grown
in soils from Fuyuan developed from basalt with more soil nutrients but presented a greater Cd phytoextraction efficiency when
grown in soils from Shilin developed from limestone with higher soil pH, thereby greater Cd mobilization capacity. These
significant differences indicated that plant growth and heavy metal accumulation of hyperaccumulators were affected by the
comprehensive effects of soil parent materials, soil nutrients, and heavy metal availability in soils. After a triple-cropping of S.
plumbizincicola, Cd concentration in brown rice and rice straw was significantly decreased under flooding conditions through the
whole growth period, resulting in a Cd-safe production. However, the rice grain possessed a high Cd pollution risk without
phytoextraction when grown under a dry cultivation system. [ Conclusion ] The phytoextraction of high geological background
soils by S. plumbizincicola combing with water management measures benefits greatly the safe production of rice crops, thereby
providing a theoretical basis and technical support for the safe production of the high geological background soils.

Key words: Soil cadmium: High geological background: Phytoextraction: Oryza sativa: Water management
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Table 1 Selected chemical properties of the tested soils with a high cadmium geological background from Yunnan Province

ARG REM RS SOM/ TN/ TP/

Soil type and location Soil code

TK/ AN/ AP/ AK/ TCd/ TZn/

(gkg!') (gkg') (gkg!') (gkg') (mgkg') (mgkg') (mgkg') (mgkg') (mgkg')

K#EA KL, ZREAMKY PS-SL 613 358 1.49 1.07
Bt mEEIRY
KA NL, ZEEET PS-LP 672 46.6 2.00 1.69

RS-FY 5.60 46.9 2.09 1.32

28.6 59.8 3.40 39.8 0.72+0.03  253+24
293 111 18.2 42.1 0.83£0.02  225+7
18.2 112 57.0 111 0.78+0.05  215+14

F: SOM, HHEAHLE; TN, &%; TP, &#k; TK, ©80; AN, B#E; AP, AXHE; AK, #M; TCd, &k Cd; TZn,
44 Zn., Note: SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen;
AP, available phosphorus; AK, available potassium; TCd, total Cd; TZn, total Zn. @Stagnic Anthrosols, Shilin, Yunnan, @Ferralosols,

Fuyuan, Yunnan, (®Stagnic Anthrosols, Luoping, Yunnan.
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A 14 H) WA AR 58 AERME KRS (TR
R ); KFEBOGRECE —4, T 2021 4510 A 10
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(GR) 7E 105 CHEEHM 6 h, e o R 2%
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+ 3 CaCl RS Cd/Zn M5E . FriE 2.50 g i
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( ICP-MS, Nexion 2000, Perkin Elmer, 3£H ) &,

YR A it Cd/Zn ME: R 8 mL 1 : 3 1Y
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13 Cd/Zn A2HIE M 5E < 5% H BCR( European

Table 2 The BCR (European Community Bureau of Reference) analytical procedure for different chemical fractions of soil heavy metals

U2 AR

Fractions Extraction solutions

Community Bureau of Reference, KXKIHIL[F{AZ L
) LA, AR, TRAAP IR WL 2.
HHRRMS T
PR BR
Steps

F1 (53R IEZ, Acid-soluble )

20 mL 0.50 mol L' NH,OH-HC1
F2 (AR JEZ, Reducible )
(pH 2.00)

10 mL 30% H,0,; 25mL 1.0 mol L™

F3 (AJ% 4k, Oxidizable )
NH,OAc (pH 5.00)

F4 (BRI, Residual )

20 mL 0.11 mol L™ CH;CH,COOH

2 mL HNO; + 1 mL HCIO, + 1 mL HF

FIRYETS 16 h, 3 000 rmin”' B0 10 min, 7€

FEiRIE 16 h, 3000 rrmin ' B.00 10 min, 7

fEIRAKWE (8542 °C) Wtk 1 h, Hik
BUNT 1mL, R BB, A5 NHOAC IR, EIRIRY
2 mL ¥ HNO; 1 1 mL HCIO, 120 Cilf# 2 h /5,

30% H,0, AL 1 h,

16 h, 3 000 rrmin ' B.C> 20 min,
BT =
200 °Cilfi# 4 h, P H 28K HNOs J5 LA 1 mL HF 4822 74f# 1 h,
FR WO 52T 200 CZET, SRS 1 % HNOs IFRER £ 10 mL,

14 HELIE

MBS B RR /% = (M AR (gpot™)
<My FIE S B E (mgkg "))/ (BERT HIEE 4
JEHE (mgkg ') xEHEFE (gpot')) x100,

BT Bt f# H Excel 2016 il SPSS 16.0 T4k
AT 50T, SRR R 7 245087 ( ANOVA ) X4k
PRI 22 S TR SR (P < 0.05), ZEH TN
f/h i E 2 R (LSD ),

2 45 R
21 BHFRESY:

W e
PSR KA AR R,

STEFHTSERENERBHE

SF— A T R IR

(RS-FY ) 13 o | R K gy, HAYEK
A (PS-SL) F&EF (PS-LP) i%ﬁﬁlﬂ#ﬁﬁ@ﬁé@”
BRME 42.0%., 86.0% (& 1); H_ZHME
AL SR AE Y R T eéﬂjﬁ—ﬁrﬁ%ﬁ, Isﬁélz
KFEW 2RI, PR S MBEA RE T AR T8
REMYIERGFREAR X,

B2 —Z=nt, AT PS-LP +3E Ay 5
Kb B3 Cd. Zn WEH B E &S TAMMETE, 45
524 PS-SL Al RS-FY HHEAY 1.9 %, 1.2 4% (& 2);
BES = Z=nt, =3 LA R KM B Cd
JEHCHH .22 5 . RS-FY Ml PS-LP +3 55 —Zfig
BRSO 3 Zn WRE R R LA =B R R
HAeJRWRECGE, THEMYWEEE 8%, DL PS-SL
A PS-LP -4 FRIAE AR S K Cd Wl FiE =
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same soil ( P <0.05) . The same as below.

K1 Sz i i e 7 5 R e bR R AR
Fig. 1 The dry biomass of Sedum plumbizincicola grown in the

tested soils with a high Cd geological background from Yunnan
Province
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Shoot Cd (a) and Zn ( b ) concentrations of Sedum plumbizincicola grown in the tested soils with a high Cd geological background from

Yunnan Province
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Table 3 Effect of phytoextraction with three crops on the total and CaCl,-extractable Cd and Zn concentrations of the three soils with a high Cd
geological background from Yunnan Province

B2 3 FJ5 LIER AR CaCl, ISR 1Y
e Soil total Cd and total Zn after the third season CaCl, extractable Cd and Zn concentration/ ( pgkg™)
’ ot el Klst %3 B
Soil code
Total concentration/( mg-kg ') Reducing rate/% Before phytoextraction After the third season
Cd Zn Cd Zn Cd Zn Cd Zn
PS-SL 0.54+0.02 219+11 24.8 13.5 13.743.4* 55.8+11.0* 4.39+0.92 2.93+1.30
RS-FY 0.58+0.01 216+8 30.9 3.70 42.0+5.7* 534+£167* 29.0+7.0 290447
PS-LP 0.32+0.01 158+9 58.8 26.3 12.442 4% 29.3+15.6 2.18+1.25 13.5+4.3

R ROR R — LB ERTAME E 3 5 ARl CaCl, #EHUS T 4 Jm e 25 7 i3 ( P < 0.05 ). Note: “*” indicate significant

differences of total or CaCl,-extractable metal concentrations between soil before phytoextraction and after the third season ( P <0.05) .

7\ AR R [ F4 a) v\ EZr2 [P ]F4 b)
100%- 100%
29%
34% 35%
80% 39% ’ 80%F
2 55% g
5 16% 3
£ L 13% 81% £ 60%}- 78%
£ 60% ° = 60%
= E 87% 88% 87% 90% 94%
= 7% =
b 40%f > % 40%
B B
3 N
20% 20% 6
0% 7
PO P3 PO P3
PS-SL PS-LP
+HELE Soil code FIRAES Soil code

e FIOUSRRATAAS, F2 Hrll)sds, F3 AnlEfbds, F4 h5Ritds; PO MR 13E, P3 B E =25 14, Note: FI,
acid soluble fraction; F2, reducible fraction; F3, oxidisable fraction; F4, residual fraction. PO, soil before phytoextraction; P3, soil after

the third season.

K3 LB 3 FExt B = AR R 5 IR (a) FIBE (b)) ALZIB S
Fig. 3  Effect of phytoextraction with three crops on Cd( a )and Zn( b )chemical fractions in the three soils with a high Cd geological background

from Yunnan Province
F4 EYRREENEHRSERELIE LKBEVENTIT

Table 4 Effect of phytoextraction on the biomass of rice cultivated in the soils with a high Cd geological background / (g-pot™’)

N Bk A4 ¥)E Brown rice biomass FEFFAEY) R Straw biomass
TS
KEE BE 1 %5 KeE BE1Z5E
Soil code
Before remediation After remediation Before remediation After remediation

PS-SL 31.2+0.4 33.7+1.6 38.0+1.9 48.5+1.0

RS-FY 34.6+0.6 31.4+1.3%* 50.7£1.2 40.5+1.3%*

PS-LP 30.1£1.6 31.8+1.7 46.3+1.5 39.1+1.2%*

e R/ 7 TR - LIELEE | FHRGEELMNERRE (P<0.05); “**" FRE—-LEZKBEE | FRRZBEEL
PR ZSHEE (P<0.01), FR. Note: “*” indicate significant differences in soils before remediation and after remediation with one

season at P < 0.05; “**” indicate extremely significant differences in soils before remediation and after remediation with one season at P <

0.01. The same as below.
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S Al Ak, &I 25 = R
FH e TR SERIRE R 1 5 FE K,
FORE A Cd e i 349 b 2B B AT, I AT 22 433 oy 58.3%
33.3%M1 33.3%. ST S RRBUER 1 &5, K
Rk Cd kBT (& MEeEZRAE 'ih

TSR ) ( GB 2762—2022 ) FiLiE B /K FkE K Cd
W 0.2 mgkg ' BRE; MY BUE & X IS K R RS
K Zn WRIERWYS Cd HEEAE, UERE 1 F5
RS-FY -8l /KRR Zn MR BERR1E &2 A0 3
R

x5 HEHYRBEEMEHRASE R TIE EKBRRMERE. SRENEN

Table 5 Effect of phytoextraction on Cd and Zn concentrations in brown rice and rice straw in the soils with a high Cd geological background/

¢ mgkg™")
Bk Cd TFT Cd K&K Zn F&FT Zn
Brown rice Cd Straw Cd Brown rice Zn Straw Zn
RS
 eode K& BE 1 F5 K& BE1EE KeE BE 1 F5 KeE BE1RE
Soileo Before After Before After Before After Before After
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Fig. 4 Effect of different water treatments on biomass of brown rice
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Fig. 5 Effect of different water managements on Cd (a) and Zn (b ) concentrations of brown rice and rice straw
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