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Screening of castor beans with high cadmium and lead enrichment from contaminated soils in a pyrite mining

area

BAO Guangling', TAO Ronghao', ZHANG Huimin', YE Wenling', HU Zhaoyun®, ZHOU Cailing>, MA Youhua'

(1. Anhui Key Laboratory of Farmland Ecological Conservation and Pollution Control, College of Resources and Environment, Anhui
Agricultural University, Hefei 230036, China; 2. Agricultural Technology Extension Center of Yi’ an District, Tongling City, Anhui
Province, Tongling 244000, China)

Abstract : Castor ( Ricinus communis L.) is a valuable energy crop. Cd and Pb highly enriched castor varieties are suitable for planting on
tightly controlled cultivated land in the pyrite mining area. The cultivation of this crop enables the resourceful use of polluted farmland to
produce bio—energy. Eighteen castor—oil plant varieties were selected through field experiments to study the biomass and yield of castor—oil
plants under the Cd and Pb stress. This was done by measuring the content of Cd and Pb in the soil rhizosphere and determining the
difference in the extraction, enrichment and transportation of Cd and Pb in different castor varieties. We also evaluated the effective state of
these heavy metals in the soil rhizosphere. The result showed clear differences in the entire plant biomass and fruit yield of different castor
varieties. The distribution of Cd and Pb in different tissues of castor in descending order was : root > stem > leaf > husk > grain. Eighteen
species of castor were rich in Cd and Pb; the accumulation coefficients of Cd were >1, and the enrichment coefficients of Pb were <1. The
Cd transport coefficients for the stems and leaves of the same variety were greater than the Cd transport coefficients for the fruits. Similarly,
the Pb transport coefficients for the stems and leaves were higher than that of fruit, with the exception of BM6. The maximum Cd extraction
was 42.67 mg - plant™ and the maximum Pb extraction was 1 482.22 mg- plant™. The available Cd and Pb content in rhizosphere soil was
higher than the background value; the available Cd and Pb contents were 1.25~2.82 mg « kg™ and 72.20~108.79 mg - kg™, respectively.
Cluster analysis showed that the BM -6, BM-7, BM—-11, BM-13, BM-15, and BM~18 varieties had higher Cd and Pb enrichment. The
plant biomass and yield, Cd and Pb content, extraction, enrichment and transport coefficients, soil rhizosphere available state, enzymatic
activity, and other indicators were used to comprehensively evaluate the best plant varieties. The results showed that BM-2, BM—-6, BM-7,
BM-15, and BM~-18 might be used as highly enriched Cd and Pb castor varieties to be popularized and planted on strictly controlled arable
land; among these, the best variety was BM~18.

Keywords: castor oil plant; soil; cadmium; lead; accumulation and transportation; varieties screening
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Different lowercase letters on the column indicate that the biomass and yield of different castor plants are significantly different (P<0.05)
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Figure 1 Biomass and yield of different castor bean varieties
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Table 1 Contents of Cd and Pb in castor bean plants of different varieties(mg-kg™")

S Hi2 Root ZE Stem It Leaf 5¢ Shell FFRL Grain

Variety Cd Pb Cd Pb Cd Pb Cd Pb Cd Pb

BM-1 1.30+0.04a 109.89+11.82d 0.97+0.02a 16.41+2.92d 0.93+0.02a 1.07+0.05¢ 0.90+0.02a 0.35+0.051 0.52+0.05b 0.36+0.02b
BM-2 1.38+0.18a  105.71£9.57f  0.80+0.02e 21.75%5.53¢ 0.64+0.08¢ 0.88+0.10d 0.55+0.02d 1.32+0.10c 0.37+0.06g 0.36+0.08b
BM-3 1.45+0.09a 124.77+5.56a 0.78+0.05e¢ 31.04+8.45a 0.55+0.08h 1.96+0.72b 0.50+0.26d 1.55+0.38b 0.22+0.05h 0.37+0.02b
BM-4 1.32+0.08a 117.89+14.89b 0.84+0.02b 12.06+4.19g 0.57+0.08g 1.87+0.22b 0.45+0.11e 0.97+0.24e 0.18+0.03h 0.30+0.05b
BM-5 1.45+0.10a  123.25+5.78a 0.82+0.02¢ 34.44+2.45a 0.54+0.08h 1.35+0.08¢ 0.51+0.03d 0.64+0.05g 0.39+0.02f 0.35+0.04b
BM-6 1.204£0.06c  131.99+6.86a 0.70+0.04g  8.53+0.64h  0.72+0.05b 2.21+0.12b 0.59+0.08c 2.03+0.19a 0.54+0.0l1a 0.34+0.03b
BM-7 1.41£0.08a 118.31+4.65b  0.90+0.02b 23.46+2.07¢ 0.59+0.05f 1.03+0.07¢ 0.58+0.05¢ 0.34+0.03i 0.48+0.06c 0.27+0.03¢
BM-8 1.50+0.06a  106.88+5.38f 0.82+0.03¢ 24.57+2.04b 0.66+0.02d 0.84+0.05d 0.63+0.05b 0.73+0.04f 0.56+0.07a 0.29+0.04b
BM-9 1.41+0.13a  103.74+6.37g  0.79+0.02¢ 31.02+1.09a 0.67+0.03d 2.10+0.11b  0.60+0.04c 1.66+0.13b 0.57+0.04a 0.32+0.03b
BM-10  1.19+0.07¢ 112.74+4.39¢ 0.66+0.02g 23.49+2.21c¢ 0.86+0.02a 0.87+0.06d 0.56+0.04c 0.82+0.07¢ 0.54+0.08a 0.35+0.02b
BM-11 1.36+0.08a 132.41+3.23a  0.78+0.02f 22.12+1.97¢ 0.71x0.02¢ 0.81+0.05d 0.64+0.10b 0.71+0.04f 0.61+0.05a 0.33+0.03b
BM-12  1.33+0.04a 122.67+3.29a 0.81+0.02d 32.79+1.60a 0.74+0.05b 0.89+0.06d 0.66+0.08b 0.82+0.15¢ 0.63+0.05a 0.31+0.03b
BM-13 1.31+0.08a 120.91+2.58a 0.88+0.04b 13.61+1.38f 0.62+0.05¢ 0.48+0.07¢ 0.59+0.06c 0.38+0.03h 0.43+0.04e 0.36+0.04b
BM-14  1.20+0.10c 107.06+6.69¢ 0.81+0.02d 20.92+2.75¢ 0.83+0.0la 0.43+0.04f 0.72+0.02b 0.40+0.04h 0.63+0.0la 0.36+0.05b
BM-15  1.09+0.19d 120.51+2.64a 0.76+0.06f 21.69+3.42¢ 0.62+0.16e 1.02+0.06c 0.61+0.05b 0.97+0.08¢ 0.59+0.06a 0.35+0.04b
BM-16  1.05+0.10d 112.11+5.55¢ 0.87+0.03b 22.99+1.37¢ 0.63+0.06e 1.12+0.03¢  0.60+0.06c 1.04+0.08d 0.45+0.03d 0.49+0.03a
BM-17  1.09+0.02d 128.02+2.76a 0.68+0.02g 14.23+1.00e 0.51+0.06i 2.97+0.06a 0.23+0.05f 1.59+0.17b 0.22+0.04h 0.29+0.04b
BM-18  1.25+0.14b 121.80+2.78a 0.82+0.05¢ 19.66+4.26¢ 0.80+0.14a 0.81+0.05d 0.77+0.02a 0.77+0.05¢ 0.52+0.03b 0.37+0.04b

TE AF/NG PR RN ) 22 57 .35 (P<0.05) . R Il

Note : Different lowercase letters indicate significant differences among varieties at P<0.05. The same below.
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Table 2 Enrichment coefficients and transport coefficients of Cd and Pb in different varieties of castor bean

LR Cd Pb

Variety BCF TF s TF g0 BCF TF 2 TF 40

BM-1 2.82+0.04a 1.4620.08a 0.75+0.05a 0.6120.04e 0.16+0.05f 0.0420.01e
BM-2 2.28+0.10c 1.0620.21d 0.64+0.10d 0.62+0.08d 0.21x0.03¢ 0.08+0.02¢
BM-3 2.1320.23f 0.92+0.05g 0.5420.20e 0.7720.03a 0.26+0.08a 0.0620.03d
BM-4 2.05+0.06g 1.0720.13d 0.45+0.11f 0.640.06¢ 0.12+0.04h 0.100.03b
BM-5 2.26+0.10d 0.94+0.09f 0.6620.02¢ 0.7720.04a 0.29+0.01a 0.0320.00g
BM-6 2.28+0.05¢ 1.1920.01b 0.80%0.09a 0.70+0.04b 0.08+0.01i 0.22+0.04a
BM-7 2.42+0.13b 1.0520.04d 0.7120.05a 0.69+0.01b 0.2120.03d 0.0320.01h
BM-8 2.54+0.12b 0.99+0.03e 0.81+0.06a 0.64+0.02¢ 0.24+0.03b 0.04+0.00e
BM-9 2.47+0.13b 1.04+0.08e 0.81+0.05a 0.67+0.03¢ 0.32+0.03a 0.06+0.00d
BM-10 2.32+0.09¢ 1.28+0.08a 0.72+0.04a 0.67+0.03¢ 0.22+0.01¢ 0.05+0.00e
BM-11 2.50+0.13b 1.10£0.07¢ 0.84+0.10a 0.75+0.02a 0.17+0.01f 0.05+0.01e
BM-12 2.54+0.11b 1.17+0.05b 0.84+0.05a 0.76+0.02a 0.27+0.02a 0.030.01f
BM-13 2.33+0.04b 1.14+0.03b 0.69+0.09b 0.65+0.01¢ 0.12+0.01h 0.05+0.01d
BM-14 2.55+0.04b 1.3820.15a 0.82+0.02a 0.62+0.04d 0.20+0.03d 0.0420.01e
BM-15 2.240.14e 1.28+0.16a 0.8720.14a 0.69+0.02b 0.19£0.03e 0.0620.01d
BM-16 2.2020.07f 1.4420.14a 0.700.01a 0.6620.03¢ 0.21x0.02¢ 0.0620.01d
BM-17 1.6620.07h 1.0920.08¢ 0.3720.02f 0.7120.01a 0.13£0.01g 0.1120.01b
BM-18 2.54+0.10b 1.3220.27a 0.80+0.06a 0.69+0.02b 0.17+0.04f 0.0620.02d
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Table 3 Extraction amount of Cd and Pb by different varieties of

K3 AERAMERXT CI. PhHEIREE

castor bean

sl Variety td %%HXE B Fb %WE R
Cd extraction/(mg-#£™")  Pb extraction/(mg- ™)

BM-1 21.65+3.63¢ 1 009.04+73.69h
BM-2 42.67+6.75a 1276.19+86.65a
BM-3 33.08+11.84a 1 482.22+475.30a
BM-4 24.56+3.60b 1 040.12+110.95b
BM-5 16.42+0.99d 1 067.98+148.56h
BM-6 7.86+2.02e 386.26+77.76h
BM-7 15.81+0.41d 731.69+108.38e
BM-8 18.69+4.89d 804.54+145.80¢
BM-9 21.20+5.05¢ 846.44+237.83¢
BM-10 8.46+2.43e 353.81+£96.031
BM-11 17.22+4.78d 768.99+146.57d
BM-12 29.80+2.79b 1082.61+168.87h
BM-13 13.51+2.80d 566.35+127.70g
BM-14 30.55+8.90b 1 000.30+180.92b
BM-15 14.60+4.74d 622.36+168.08f
BM-16 18.19+3.82d 881.25+91.53b
BM-17 20.64+4.39¢ 1 187.66+282.81a
BM-18 30.64+9.13b 1 165.18+349.50a
SEY{E 21.42+9.93 904.05+338.32

R4 6 GaFHE RIS IR R L B M A0 R0

Table 4 Effects of different varieties of castor bean on

b BT B O TR I B 1 I 0 S Ak S N DR Y
4> B 7E 13.17~30.57 mg - kg 0.85~1.68 pg- g\
1.97~3.93 mg- g #10.12~0.26 mg- g™, {4 43 5] 12
21.92 mg-kg™" . 1.09 pg-g".3.03 mg-g F0.19 mg-g™',
75 S Z A IR 22.39% . 22.06% . 15.49% F119.46% .
2.3.2 N[ b ol B JRR G AR s 1= 3845 R4 Cd P 5 5 Y
Al
t &5 ml Al ﬁxﬁzu TR AAIEE O 1.25~

2.82 mg - kg, A RUA Pb % & AF b YE H R 72.20~
108.79 mg-kg', 'ﬁ%%iﬁ%ﬂ%ﬁa‘é*&{mﬁ ke, 3
AR Cd. Ph A BB W _EF, o BM-5.BM-6,
BM-13 .BM-16 Fl BM—17 ) 345 204 Cd % w42 7+
1) I 35 f5% 4 B i s BM—4 . BM—7 .BM—8 .BM—-11 F1 BM—
12 19 5847 RS Ph & S B2 T 04 I B 55 o B 42 ; BM-
11.BM-12.BM~-15 1 BM-16 [¥) + 3 pH & 1k 5%}y 1
2.
2.3.3 AP - S EETE 1 S A PR A S Cd P B AH
KAk

BRI A 20 Cd P 5 I IR
A k2 AR DGk | 5 A v MR I O o 5 W 2 TE A
Kok, 5 R S R R A G,

RS TESWHERIT TEFHESCI. PhEEM pH BRI

Table 5 Effects of different varieties of castor bean on soil

soil enzyme activities

available Cd,Pb content and pH

Ll FERG HEE 1 AL Al JOR Tt g ﬁﬁﬁ(’.} Cd 75%5(4} Pb
Variety SucraSEj/ Proteaie/ Calalaie/ Ureasi/ Variety AvallableilCd/ Avallahleilpl)/ pH
(mg-kg™) (pgeg) (mg-g™) (mg-g™) (mg-kg™) (mg-kg™)

BM-1 17.38+0.91f  0.89+0.04h 3.01+0.13d  0.20+0.01b BM-1 2.00+0.12¢ 72.20£9.19¢g 4.62+0.12b
BM-2 17.86+1.46e  0.95+0.04f 3.60+0.07b  0.19+0.01¢ BM-2 1.25+0.07h 96.41+£10.95a 4.55+0.08d
BM-3 30.57+£1.70a  1.06+0.07d 3.14+0.07d  0.20+0.02b BM-3 2.32+0.22b 95.97+7.73a 4.68+0.04a
BM-4 25.56+4.62h  1.68+0.07a 2.56+0.05¢  0.16x0.01e BM-4 1.95+0.25¢ 107.86+4.38a 4.73+0.05a
BM-5 30.07+1.44a  1.27+0.09b 3.51+0.11b  0.21+0.02b BM-5 2.82+0.13a 83.72+5.45¢ 4.56+0.03d
BM-6 29.64+2.37a  1.63+0.07a 2.68+0.07f  0.15+0.02¢g BM-6 2.49+0.17a 92.82+11.43b 4.63+0.05b
BM-7 20.64+2.24d  1.12+0.07c 2.47+0.15¢  0.14+0.02g BM-7 1.96+0.08e 108.79+5.63a 4.52+0.03¢
BM-8 21.19+£1.25d  1.00+0.08d 2.85+0.10e  0.20+0.02b BM-8 2.08+0.17d 98.82+11.34a 4.71+£0.04a
BM-9 20.90+1.60d  0.92+0.06g 2.64+0.08f 0.16+0.01f BM-9 2.11+0.24¢ 85.68+7.25d 4.74+0.04a
BM-10 28.83+2.22a  0.85+0.08i 3.10+0.06d  0.18+0.02d BM-10 1.73+0.22f 95.59+13.85a 4.59+0.06¢
BM-11 18.34+1.52¢  0.98+0.07¢ 3.08+0.05d  0.20+0.01b BM-11 1.89+0.26f 99.87+7.57a 4.47+0.06f
BM-12  20.55+0.87d  1.01+0.05d 3.41+0.11b  0.19+0.01¢ BM-12 2.08+0.33d 103.93+7.03a 4.48+0.05f
BM-13 20.55+2.18d  0.91+0.04¢g 2.85+0.09¢  0.14+0.02g BM-13 2.69+0.25a 81.00+4.48f 4.68+0.03a
BM-14 21.88+2.11c  1.00+0.06d 3.93+0.08a  0.12+0.01h BM-14 1.91+0.21e 97.97+5.46a 4.74+0.10a
BM-15 21.62+0.82¢  0.93+0.06g 3.40+0.25hb  0.19+0.01¢ BM-15 2.08+0.14d 89.20+5.93¢ 4.40+0.04¢g
BM-16 21.58+1.92¢  0.91+0.06g 3.13+0.05d  0.23+0.02b BM-16 2.51+0.22a 81.02+3.33f 4.37+0.06g
BM-17 22.69+1.12¢  1.22+0.05b 1.97+£0.09h  0.26+0.02a BM-17 2.69+0.17a 93.56+7.23a 4.52+0.08e
BM-18 13.17£3.36g  1.09+0.04c 3.25+0.30¢c  0.19+0.01c BM-18 1.54£0.27¢ 97.13+0.67a 4.77+0.05a
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rp e A U R TG G R (R 6)
2.3.4 A[E) & FREE BRAE R Cd P & 25 R A AUE
Cd . Pb [ S

BRRAR P Cd % & 50 78 PR Cd 5 A A
AR CA S RZ WA B EMH O, SEcd &2
i) 5 S 2 AE AR G . BERRZE TP Cd & i S Rk Cd %
H A RS Cd B 2 A A e, 55 Cd &
AR R A IE AR BERRM P Cd f B AISE R
B Cd 2 A2 B MO R S H A S
Cd & 2Z ] 52 49 3 A GO 3R 5 BERRAT R Cd 7 3
5 HE RS CAd Z %A BE MM (7).

BERRAR H Ph 5 B SR Ph 1 B 22 IR AT
AEME, 522 0 SEPh S A R HEE UGS Ph TR

] A 2 AR A G . BURRZE P & S ST
KL Ph 8 22 AT B A OG5 A RS Ph
(A AR S IE ARG . BRI Ph i SRR Ph
R 2 (A A e, 58 P R A A
A Pb a2z A R R A G, BT H Ph & &
LR Ph 5 B 2 AN B A O 5 R RS
Pb i 2 [ 5 2 B A OG . BURRAFRIH Ph i
BSOS P 2 MV B A e (36 8) .
2.4 AERFERMERCI. PhEERESH

HR A [7] i A B RRAE AR 9 Cd Ph 5 25 57 R
ARG RIS B 735 K AN [R) S b B RR 43 1 3 ok =
R CAd P RERE 22 5, BAR o T 2 Cxf
Cd.Pb H ZEACH B RSP L T2 G Cd . Ph LR

R6 WRERTIEMEMESRETEARES Cd.PhHIHEX M

Table 6 Correlation between enzyme activities and available Cd and Pb in rhizosphere soil

$5H7 Tndex TR EEL FUR RN IR H ?5("5 cd f %(7’5 Ph
Sucrase Protease Catalase Urease Available Cd Available Pb
BEHEAE Sucrase 1.000
2 11} Protease 0.404# 1.000
1 AL AU Catalase ~0.404% —0.349% 1.000
WRT# Urease 0.091 -0.106 -0.212 1.000
F5 %475 Cd Available Cd 0.621%%* 0.289% ~0.520%* 0.244 1.000
4§ %475 Pb Available Ph 0.574%% 0.276* ~0.535%* 0.033 0.446%* 1.000

T RIRTE 0.01 P AR RN 035 5 #40RTE 0.05 ACFAREME 3 . I,

Note: ** indicates the correlation is extremely significant at the level of 0.01; * indicates the correlation is significant at the level of 0.05. The same

below.

RT BERARAACIREERELEARS CIEEMBEXM

Table 7 Correlation between Cd content in different tissues of castor bean and available Cd in rhizosphere soil

U4 Tissue Hi2 Root Z£ Stem " Leaf 5% Shell FFHEL Grain A Cd Available Cd
2 Root 1.000
Z£ Stem 0.272% 1.000
I Leaf 0.003 0.170
5¢ Shell 0.101 0.350%* 0.656%* 1.000
AL Grain 0.037 0.084 0.541%* 0.624%* 1.000
H A Cd Available Cd -0.098 -0.242 —0.354%* -0.259* -0.099 1.000

RS ERARAEAP, SES5MRLIEARS P EEMEXM

Table 8 Correlation between Pb content in different tissues of castor bean and available Pb in rhizosphere soil

214 Tissue R Root 2% Stem I Leaf 5% Shell FFHL Grain 4§ %445 Pb Available Ph
R Root 1.000
2% Stem 0.579%* 1.000
i Leaf 0.414%* 0.156 1.000
7% Shell 0.378%* 0.173 0.771%% 1.000
KPR Grain 0.214 0.184 -0.088 0.151 1.000
%A Pb Available Ph 0.878% 0.612% 0.330%* 0.327* 0.062 1.000
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5 (10 B PR A ) I 26 (X Cd P B 2R 458 w80 1 B AR
Fi) o EARWE 2 frR , i Ff BM-2 . BM-5 .BM-6,
BM-7.BM-8 .BM-9 .BM-10.BM-11.BM-12 . BM-
13 .BM-14 .BM-15 .BM-16 F1 BM-18 >y Cd #1 £ 4 =
[ & B s & A BM—-4 . BM-6 . BM-7 .BM-11 .BM~-13,
BM-15.BM-17 fil BM—18 & Pb L R 45 & B dh Al .
fl BM—6 .BM-7 .BM-11 .BM-13 .BM-15 fl BM—18 }y
Cd .Pb PRI A i il

3 g

3.1 AR MM E RS Cd . Ph IR B &Mz

FE AN ) 21 2 v B 4 i % AN () 5 A A 2%
AR 4 Ja Fh 2 8 BAH SE AN [R] B RR i B el a8t A%
FMESMNESENHEBFELER AFMESRER
JRRA R B AL ) AR B AE AE — o 25 2 Aif AXT Cd
Ph 76 B WA [R] #5815 40 A A 9 4 SR i 25 57, ik
BRI R, AE Cd V5 YLk 5 R 150 mg kg™ \Pbi5
Y B2 A 1000 mg- kg™ A H5c i V5 e e vp | BERRAS 40
B RBLCA Ph IE Y0 ARSZESI gk i 2 25750
b AR R B RS [ A7 Cd 7 it o 25>t > 21
52, H 4 JE R A B BRI AR, D B R AR 2R
e, SRS AR A o BN T S e A
X JE 4 424> Cd P AR 2288 5 K B 7 32 A AF
R, 344 K ARl Cd ZEAEAR Y 8 20 T L A A AR >
> ZESHPRL, LA K SR G 2 BC R S i > > 25>
FERL, 42 4 5 A Ph 78 T K AR bR Y J3 e A A AR >
M>ZE> Pk, WA B R, Cd Ph fEME P 45
A3 FEA b M SIS A > 18 > S s>k, B
WA 20> TR AL 4 2 A S L 2> B 21, ARBFSR
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A RPN s R SR BB R S
G JE BSR4 R Y SR 2 B
e, PR R I CATs g T, AR
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LA BB IME N 0.46, 1y 2.43, B BEAERIY
R K], 0.41 mg-kg' (BRM05 YY) Cd Wk + 358 20
b5 0K Y B R BN 0.97~1.58, s 2 BN 0.66~
141, BHEFEMRHIIF RN, Y L CARE RS
mg - kg B, BRRXT CA I E ERZ IR T 1. Rk
LD AF Y B, AN TR oK S Bl b 428 Cd L Ph g F
K538 ZEOMET 1.000 ABFFTF, 18 4~ i Al B R
Cd 1 & % 250 1.66~2.82, Pb & 4 25 M 0.61~
0.77, 25 Cd #5328 Z %M 0.92~1.46, F 52 Cd 54z &
0 0.37~0.87, ZE M Ph iz ZECH 0.12~0.32, FL 5L
Pb #5325 Z80H 0.03~0.22 ; AS[a] 5 B B R X Cd L Pb )
BERBIIKF 1, HE Cdf B 7R T 1,
25 Ph #5is 2B/ F 1, Cd Ph 4 R BCS RT AT
BRI 98 45 AR (A FE 32 R BOR— B, HE AT RE S
B RRAN [] i A ] A B AR 922 5 K2 Cd | Ph 76 BE BRI TN
(55 2 R 5 K, Cd B 58 AR S5 & U LS &
Yy, 76 B RRAE ARAR P 9 3 B M L Ph 3 .

A DX R P 0 2 6 7 4 R 1 A e T P
4 JE S Y AR T s N 2, R TR B R
4R 1 ISR AR B A — E 2 R, KR
JFOSRG 12 A B RR b s 43 S ve s ARG I A 2
FEHb S AN B RR St A R TR R 7 A B R R
T P4 A 5 AR B B R 3 Cd B 2 SR/ o] 4y

Pb

—_

——

uﬁ%f‘FVdrlety
_— e
— 000N~ B TN UNO TN D0 N —

5 10 15 20
FRABLEE BE 5 Similarity distance

o

2 AEMMERERF CI.PhEERESH

Figure 2 Cluster analysis of Cd and Pb contents in castor bean plants of different varieties
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ARPET ARG IE 1 R A AT HE AR AR XN 4
JB A — 5 TP (4 B RR S Bl 43k Cd A0 P 5 L Fp AR
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mg - R F1353.81~1 482.22 mg- £, 4 Ff BM—2 . BM—
3.BM-12 F1 BM-18 A &5 1Y Cd . Pb #2HLAE

(2) HRI/NX AR B0 2 B, +- 38 A 203 Cd . Ph 1
¥ FJF,BM-11.BM-12 . BM~-15 Il BM-16 ) + 3%
pHIRIL 2 . BERRARIFAL Cd Pb % it AR F /MK

UK AR SZESIE>FESHPRL, AR Cd Ph R F2 22
PR AR A ERE Cd P IS E RS KT 1, H
AN Cd %18 REZHORT 1, 250 Pb %32 ZE035/)
F 1 AR B RR LA Cd /Y & 4 fnk iz g 1 W e i
Pb.

GRS E R 5 AFHHACd PSR EER
B s RSO SR AR T2 G A, BM -2,
BM-6.BM~7.BM~15 I BM~18 4t 5 /4> i Fh ] 4 2y
Cd . Pb (= & 4 BRR A A e A8 8 1 Sk B4k RD
i, H RO R Y S R BM-18,

Sk

[1] 5K 25 . 2B B ™ [X B 42 i OC 3R RRIGE B M BR AL 24 RS AE B HEFR I3
BOSEAFFED]. 308 : 43 IE Tk K2, 2005:12-14. - ZHANG X. Geo-
chemical characteristics of release and migration of heavy metal ele-
ments in Tongling mining area, Anhui Province and its environmental
effects|D]. Hefei: Hefei University of Technology, 2005:12-14.

(2] T A, B b, 0, 45 . PR R A O N LT SR S Y
AE S PEM I, KT 7% U6 5 FR5E, 2020, 29(8) - 1858-1864. HE
R H, XUE Z ], LIU N, et al. Characteristics and assessment of heavy
metal pollution in soil under two land use[]]. Resources and Environ-
ment in the Yangize Basin, 2020, 29(8) : 1858-1864.

[3] ki, BRI, MR, 55 DU V1% SRRk X R 30 4 1
4 R PR A BT B G D). Al BRI, 2019, 38(6)
1272-1279. LI Z T, WANG X H, HE ], et al. Source identification
and pollution assessment of heavy metals in farmland soils around a py-
rite mining area in Jiang’ an County, Sichuan Province, ChinalJ|. Jour-
nal of Agro—Environment Science, 2019, 38(6) :1272-1279.

[4] 5 5, P, MEGAR, 25 . AT b - 398 G JRURS: 8 2 o o S i 341
fifk Kz FCPPAR AR v BAR A3 A [0, o [ e A5 4, 2020, 36(2) : 84-89.
YUAN G J, LU S H, MEI X X, et al. Extended understanding of soil
pollution risk management standards for agricultural lands and the sta-
tus of evaluation standards|J]. Chinese Agricultural Science Bulletin,
2020, 36(2) : 84-89.

[5] EBefr . b BERR TS Jede -3 A 52 R BT D], AT < #iiL
K2%,2020:4-7. WANG H H. Remediation and utilization of silght-
ly—moderately cadmium contaminated soil[D]. Hangzhou : Zhejiang Uni-
versity, 2020:4-7.

[6] ZHANG H Z, GUO Q J, YANG ] X, et al. Cadmium accumulation and
tolerance of two castor cultivars in relation to antioxidant systems[J].
Journal of Environmental Sciences, 2014, 26( 10) :2048-2055.

[7] 9K ME 2, SRPRZE, AR %, A5 . AT it Pl B JRROGT 5 14y o 17 K% A6 52 B )
PRI ARSI EE 244, 2016, 25(3) :531-538.  ZHANG H Z, GUO
Q J, YANG J X, et al. Evaluation of cadmium tolerance and cadmium—
phytoextraction ability of 30 castor bean cultivars[]]. Ecology and Envi-
ronmental Sciences, 2016, 25(3):531-538.

[8] ANDREAZZA R, BORTOLON L, PIENIZ S, et al. Use of high—yield-
ing bioenergy plant castor bean (Ricinus communis L.) as a potential

phytoremediator for copper—contaminated soils[J]. Pedosphere, 2013, 23

WWW.Qes.019.CN




nes 2702 bedlllE7 s gkt tisly 55 40558 125

(5):651-661. tal Science, 2021, 42(1) :368-377.

[9] 58 5 JR\ . AN [i] it el 7 78 R L JRR X 6 114 R WA 5 i e SR AHURRAIE W 5 [19] Bt B . IR A M]. 3 . bt A gl th ik, 2005:30-
[D]. A 08 22l K2, 2019:3-8. GUO G F. Characteristics of 34, 56-58, 81-83, 106—-108. BAO S D. Soil agrochemical analysis
cadmium absorption, transport and accumulation in different rice and [M]. 3rd Edition. Beijing: China Agriculture Press, 2005:30-34, 56—
castor[D]. Hefei: Anhui Agricultural University, 2019:3-8. 58. 81-83, 106-108.

[10] MUHAMMAD A C. Effect of chelates and biochar on Cd uptake by [20] B&SCVE, SRR G, SRS, &5 . RS FFIE O 7 B R AR R s

castor (Ricinus communis L.) in Cd polluted soil and the mechanisms WUk e 5 T RO 52 0 [J]. Ak FREERL 242441, 2011, 30(3): 522—

[D]. Wuhan : Huazhong Agricultural University, 2016:2-4. 528. LU W T, JIA Z K, ZHANG P, et al. Effects of returning straw
[11] 55 O ER . BT B il 38 i i 107 B2 AL R 52 (D). KV« AR Ak to field on soil active organic carbon and enzyme activity in dry farm-

PR K2, 2018:7-9. YI X Y. Study on the responses of Ricinus land in southern Ningxia[J]. Journal of Agro— Environment Science,

communis L. to lead and zinc stress and their mechanisms[D]. Chang- 2011, 30(3): 522-528.

sha: Central South University of Forestry and Technology, 2018:7-9. [21] &4, sk WA, FRIALAE . JURD L 398 28 1 05 1 0 5 ik 0 HL
(12] £l B, A, KB, 45 . 5 A B RR S FlT 3w B e 4 19 22 53 [J1. - 4EE 42, 1982(2): 39-40. CAO C M, ZHANG Z M, ZHOU L

[J]. A4, 2021, 35(6) : 1433-1439.  WANG P Q, GAO M, LIU K. Comparison of several methods for determination of soil protease

XY, et al. Evaluation of cadmium enrichment capacity of five castor activity[J]. Soil Bulletin, 1982(2): 39-40.

varieties in Cd-polluted soil[J]. Journal of Nuclear Agriculture, 2021, [22] E TR . =R AR e 48 Cd Pb T3 i M FiE B 4L

35(6):1433-1439. REFFFEIDL TN AR 4lr K2, 2017:8-10.  HUANG M Y. Toler-

[13] B, 5 EE0R, M KR, 46 . R [R) b Rl 1R 7E 8 S e i 15 e Bk ance and remediation potential of three invasive plants to soil heavy

Ho A& 52 G 1)), Ak IR Rl 2222472, 2020, 39(10) : 2267-2276. metal pollution of Cd and Pb[D]. Guangzhou: South China Agricultur-

YIN M, TANG H J, YANG D W, et al. Comparative repair test of dif- al University, 2017:8-10.

ferent varieties of kenaf in heavily and lightly cadmium contaminated [23] 2R L, T Y, RIRE, 45 . m A EE R 3 L3 4 B 15 YL iF

farmland[J]. Journal of Agro— Environment Science, 2020, 39 (10) : W KA AN Y 4w AR AR FRE R 2%, 2018, 39(8) : 3845-

2267-2276. 3853. LIJK,ZHANG D, ZHOU P, et al. Assessment of heavy metal
[14] 1% 45 . TS e 55 (0 e - SR TP (B PRI A2 5 22 R FH B R DF pollution in soil and its bioaccumulation by dominant plants in a lead—

JE|D]. FHK : P k2%, 2020:9-11.  FENG A X. Study on phytore- zinc mining area, Nanjing[J]. Environmental Science and Technology,

mediation and safe utilization of cadmium—-contaminated purple pad- 2018, 39(8) :3845-3853.

dy soil[D]. Chongging: Southwest University, 2020:9-11. [24] ¥ FE 5 . BRR (Ricinus communis L.) & S5 (RIAIL T K X475 e 1

[15] bz fid, BRLLJE, 500, 25 . 22T 2 B R E &8 R RPUKH

sty A 7 35 B R SO G2 REAE ). ARl W I PG 24l 2020, 37
(6):988-1000. FENG A X, HE H Z, LI N, et al. Screening of rice
varieties with low accumulation of heavy metals based on multiple tar-
get elements and their absorption and transport characteristics in rice
plants[J]. Journal of Agricultural Resources and Environment, 2020, 37
(6):988-1000.

[16] KA, Jrtnif, w s, 55 . 343 i 15 Ye ok I A= SR s o 42 Ja i

2 ATV £ I R L S Dz 0], PRI, 2019, 40(11) : 5133~
5141. WANG T J, SU N N, LEI P, et al. Community structure of
heavy metal immobilized bacteria in the lettuce (Lactuca sativa 1..)
rhizosphere in soil polluted by heavy metals and its effects on reduc-

ing heavy metal accumulation in lettuce[]]. Environmental Science,

2019,40(11):5133-5141.

(7] 80, B4R S, Ehacte, S RS AL 0 4 41 Y R /N (8

SEFIEN. 4 KA P24, 2019, 39(2) : 233-238. YANG M L,
CUI'J Y, MA Y H, et al. Study on rehabilitation of wheat with mild
cadmium pollution by in - situ passivation[]]. Journal of Triticeae

Crops, 2019, 39(2) :233-238.

(18] M, MR, 5B, 55 . T SR HEME ] BZ N AR AZ S AT BEX A%

SR KB Ca BB B (S L)), SRR 2021, 42(1)
368-377. YANG R, CHEN X R, ZHANG Y, et al. Effects of nano
material on cadmium accumulation capacity and grain yield of indica

hybrid rice under wetting—drying alternation irrigation[J]. Environmen-

1% WHART]

BB (D] I - e Pl Ko7, 20182 12-14. HUANG G Y.
Mechanism of copper accumulation in castor (Ricinus communis 1.)
and its application on remediation of copper contaminated soil[D].
Wuhan: Huazhong Agricultural University, 2018 12-14.

[25] MRt SKIGRN, A, 45 . 4R AT Y R PTG
IR R AR (D). PRI R A 5L, 2016, 29(8) : 1154-1162.
LIN H, ZHANG H L, DONG Y B, et al. Enrichment characteristics of
various heavy metals by four herbaceous plants in pair combination
under hydroponic culture[J]. Research of Environmental Sciences,
2016,29(8):1154-1162.

[26] F s, XPE =, B 240, 55 . B B 43 5 4 L3R B BFY
WERE(I]. 4y THLY & Fh, 2019, 17(6) : 2048-2054. WANG P Q,
LIU X Y, HU X L, et al. Advances and the effects of castor for curing
heavy metal contamination in soil[J]|. Molecular Plant Breeding, 2019,
17(6) :2048-2054.

[27] SREL . PP B RN A M A TR AR FL TR 9 AL B RRAE A2 Cd I Ph 75 e+
SERBORATTED]. - EIEE, 2014:39-41. ZHANG H. Use
of Ricinus communis L. for phytoremediation of Cd and Pb assisted
with citric acid and arbuscular mycorrhizal fungi[D]. Shanghai : Shang-
hai University, 2014:39-41.

(28] &8/, B, 200, &F L RYRET IXE AR HE Cd  Ph R AR K
wh R (], 25 B AR A2 4l (A AARES:), 2019, 34(6) : 1076-
1083. YAN X L, MA HZ, LIY, et al. Screening zea mays cultivars

based upon accumulation of Cd and Pb in the farmland around the



B BS54

T A B JRR O E 2703

lead - zinc mine area[]]. Journal of Yunnan Agricultural University
(Natural Science ), 2019, 34(6) : 1076-1083.

[29] 4 E . =M BREF L (Bidens pilosa 1.) X HE 43 J& Cd \Ph JHME (105 1
SRS (D]. K VIR K%, 2013:84-86.  CHEN J W.
Study on response and potential phytoremediation of Bidens pilosa L.
in cadmium and lead stress[D]. Chongqing: Southwest University,
2013:84-86.

(307 5B W25 . i T 4 Jed Mol 360 174 B A 40y 9 o2 K L35 PR 92 (D). me

3R RO K2, 2009:88-92. SHI G R. Screening of heavy met-
al-tolerant energy plants and their adaptability to metal stress[D].
Nanjing: Nanjing Agricultural University, 2009 : 88-92.

[31] kS, BRIDVER, 2253, 45 . AR B0 2 IX 7 R BOA A 1 %) 3 4 )
H B SRR ], BRAR S B BT 2441, 2019, 39(3) :232-240.  ZHAO
Y M, CHEN S Y, LI Z X, et al. Absorption and enrichment effects of
herbaceous species on soil heavy metals in the Youxi lead—zinc min-
ing arvea[]]. Journal of Forests and Environment, 2019, 39 (3) : 232-
240.

[32] X 5g, FISCHE, SREL, 55 . FATE/INAE 4 AL 14 ' 4R e 02 BORF L

Tt i BMER )] Al FREERL A2, 2015, 34(8) 1 1441-1448.
LIU K, HE W X, ZHANG H, et al. Cadmium accumulation and trans-
location in wheat and grain Cd prediction[J]. Journal of Agro—Environ-
ment Sciences, 2015, 34(8) : 1441-1448.

[33] FFEREE, IBELAR, BRI 45 . /S [ 2T 2k 200 B2 A R R 5 0 o 4 1
iE AR R AE T L. TR Al R 2= 2 i ( FARREA D, 2017, 43
(4):359-365. FUH Q, JIE H D, JIE Y C, et al. Comparison of ac-
cumulation, transfer and enrichment to cadmium of ramie germplasm
with different fiber fineness[J]. Journal of Hunan Agriculiural Univer-
sity(Natural Science Edition), 2017, 43(4) :359-365.

[34] T, M. b1l %5 Cd et S R Pik Py Cd B2 S AR
B - SRR P 4 52 ma ], 7K AR REAE AR, 2011, 25(6) - 186-192.
YANG Z P, HAO J M, BU Y S, et al. Effects of Cd stress on Cd accu-
mulation and rhizosphere soil characteristics with five plants[J]. Jour-
nal of Soil and Water Conservation, 2011, 25(6) : 186-192.

[35] Wi, X, W S BR, &5 . AN K SRR 8 4 8 B R 1Y = AR
Feiz BE 1)) A A S RN BRI A 4, 2014, 30 (6) - 774-779.
YANG W W, LIU M, CAO M Z, et al. Accumulation and transfer of
lead (Pb) and cadmium (Cd) on different species of maize[J]. Journal
of Ecology and Rural Environment, 2014, 30(6) : 774-=779.

[36] BLALMI . 58 ~FF ARG Bh AL 5 15 Y IR S A 2 Al 72
mﬁﬂ_[D]. FUN « WYL K 2%, 2012:77-82. HUANG H G. Processes

and mechanisms of agronomic factors for enhancing phytoremediation

of Cd=Zn/DDTs co—contaminated soils[D]. Hangzhou : Zhejiang Uni-
versity, 2012:77-82.

[37] FLLF . ZEA IR K S R W) & SR B I A E D).
R AL A K2, 2011:57-58. WANG H X. Chelating agents—
induced bioaccumulation of Ph/Zn by plants of tailings waste lands
[D]. Nanjing: Nanjing Agricultural University, 2011:57-58.

[38] 5k EI5 . BT 50 A AL L K AT ML X R AR SR I 24 (D).
SRR N5 R0l K24, 2016:31-32. ZHANG Y F. Study on
the tolerance mechanism of castor cultivars to Cd and accumulation to
Cd by the addition of organic acids[D]. Hohhot : Inner Mongolia Agri-
cultural University, 2016:31-32.

[BONVLA K . AE WAL A 40 T B2 8 ML 0 i R A T 52 P % s 4 2800
ZE[D]. B A T mUA K2, 2008:19-22. JIANG C Y. The effects
of plant=growth promoting bacter on promoting lead and cadmium tol-
erance and accumulation of plants[D]. Nanjing: Nanjing Agricultural
University, 2008 :19-22.

[40] Z& 0 . [AI4F R GEHSEWT 34 574 Cd b SR BURHIE AR R 4005 43
FAHYLRHAD]. B =Rl K%, 2017:101-103.  QIN L.
Accumulation characteristics of Cd, Pb and root secretion mechanism
of low molecular organic acids in Sonchus asper and crop intercrop-
ping system[D]. Kunming: Yunnan Agricultural University, 2017:
101-103.

[41] WeRFIR . Bk A E i X BEJRR (Ricinus communis L) A K FVE G241 1Y
SN BALID]. BB ARl R, 2019:16-18. YAO S Y. Ef-
fect and mechanism of phosphorus and iron fertilizers application on
the growth and accumulation of copper by castor (Ricinus communis
L.)[D]. Wuhan : Huazhong Agricultural University, 2019:16-18.

[42] 8552 75 YA A ARBHE 5 b LA Rk K IE ) AR FE (D).
Kb W IR K2, 2019:50-53. CAO X Y. Study on the cadmi-
um availability and fertility of soils in fallow system integrated with
soil remediation of contaminated farmland[D]. Changsha: Hunan Nor-
mal University, 2019:50-53.

[43] &R kA . SR TS YLRAIE M2 AEA: P Cd IFRELWFFE[D]. #5774
LA MRS K2, 2020:43-45. HAN Z X. Study on the pollution
characteristics and the immobilization of associated Pb, Cd in molyb-
denum mine[D]. Yangling: Northwest A&F University, 2020:43-45.

[44] HEAEAE . AR PR L S8 P 4 e 19 Ak KR R AR IHLELBIESE (D). ¥
FH: Ak k2%, 2016:36-39.  LIAN M H. Study on the activation fac-
tors and mechanism of heavy metals in rhizosphere soil[D]. Shenyang :

Northeastern University, 2016:36-39.

WWW.Qes.019.CN




