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Toxic effects of cadmium on Caenorhabditis elegans in soils

WANG Xin"? DANG Xiuli", ZHAO Long’, HOU Hong’, GENG Jian', AO Xiang'

(1.College of Land and Environment, Shenyang Agricultural University, National Engineering Research for Efficient Utilization of Soil and
Fertilizer Resources, Key Laboratory of Arable Land Conservation in Northeast China, Ministry of Agriculture and Rural Affairs, Shenyang
110866, China; 2. State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental
Sciences, Beijing 100012, China)

Abstract: To determine the toxic effects of cadmium (Cd) on soil nematodes and the differences of Cd toxicity in different soils, the toxic
effects of Cd on the model organism Caenorhabditis elegans were assessed in three soils (red soil in Yingtan, Jiangxi; paddy soil in Suzhou,
Jiangsu; and black soil in Changchun, Jilin) using growth, fertility, and the number of offspring as evaluation endpoints. The median effect
concentration (ECs) values, expressed as the measured concentration of total Cd, for the growth of C. elegans, were 54.37, 197.54 mg-kg™',
and 287.02 mg- kg™, respectively. The ECso values for C. elegans fertility were 7.07, 77.41 mg-kg™', and 103.09 mg- kg™, respectively, and
those for average number of offspring were 5.75, 13.84 mg - kg™ and 85.94 mg - kg™, respectively. The results showed that the number of
offspring was a more sensitive evaluation endpoint than growth or fertility. Correlation analysis showed that soil pH, cation exchange
capacity, organic matter, calcium carbonate content, and manganese oxide were the main factors affecting Cd toxicity in soil. Based on the
CaCl—extracted Cd concentration, the differences in the Cd toxicity thresholds of the three soils were determined and indicated that the
available Cd concentration may better explain the differences in Cd toxicity in different soils.
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Bt TR 2 e P R e, ol Ak kT Ak R
BN, HIEE S B H 5 2014 4
47 0 0 e 0 e [ 00 A ) 4l = 8 etk
B0 R AN ) i on 4 [ b AR RN 16.1%, 15
Yu BRI LML N T, Cd B4 57 AR 2 5 1K 7.0%
A7 TR 5 e 22 i 3 30 40k, R [ -1
1) Cd 75 2R3, A F- ¥ 38 0 0.004 mg - kg™, 38
TR X, 5 AT 4 R AH H, Cd B S A
BEPE B AW AR R AR A W R A S R A
e R A K B 4 R 2 1, L A R
W R R AL AT M % Wy HE T S s AR A - Y, AR
P BERT O GETT, FRIH T 1E 38 52 ™ 5 Cd 15 YL i 4 1
A AL 160 km?, A 8 B VS ek H A 8 1w AR
ik 34.41 km?, = FEHT AT IX JE 1 3 Cd 19 7 i
B, O &K% 259.27 mg -k, R E L T EF AR
(GB 15618—2018) , 135 Cd {5 4L ] L E A5 Z A0,

AR, N A SE TR R T Cd X 3 ER b A
A2 R FEVE B AL AFIT L Cd X323 2E Wy 1 7] o — A%
O Z AT RE R PR T a2 A 1 e AR T A AR AR
At o Zhang ZE ) B 5E 2% BH 3R 1 5% 151 ( Eisenia foeti-
da)TE Cd {54+ 3R 258 7 d i LCs CEBEUL IR )
4 120.48 mg- kg™, {HAH C BE A SR IH 2 2 T AT B
B R A A AZ A R TR FRAR I T ) 38X Cd 1Y
W 5 B 7 AN [] , AT s i) 38 v B 4 J i L
M - SR BfE Cd 1% 32 2 R 23 A7 - 38 pH L BH 25 F 22 4
AR AL S A, AR R
B A 7] = 338 24 780 v Cd X 55 T BSUFT 2k R ( Caenorhabdi-
tis elegans) W EE ROV AR, 7EJE T 1K FE - ECso (B
BV A EE ) 7 96.9 mg-kg ™!, M 7E R M L1 ECs
28.7 mg- ke (H P Fp L 8 FRALPE BT 22 AN K
U, TR I TR [R] 438 AN [RS8 A 1) 5 B2 AN
XFF Cd 15 e R A8 XU P oA B

H AT Cd Xf 3 TC A HE S 251k 1) B (E 9 2
A5 e Bk SRR 5], SRR A 2 U R A A Y
AL (H [ Py 2R HUREYE Y BUE R SRR AN R T
TN BRAT £k B T AR A A A L 5 T RS 5% A
AR BE P BB AE R 2 B R T Y
BEVERA ) TR FuRATLR R R R BT .
IO 3 I R AR A A0 105 55— R A BUE N B 24 S B
BIF &, I TR PEAh A oy 2 B i o, A 0F
YA TE 4R Pb . Cd 2 75 1] 58 40 1l 52 /)N 0L 28 4%
AU A R AR BN (B e 9E 2L T K
PR o 4 T YR R B, T A T

hE R TS R AR s BB B = R,
ABIESE LA T B ATk ey 520 1, e 3 o AL
Jo A% S 18 L 8 (VL VY JU 2T VLo M K e L
MR A BFFEAMIR Cd X2 HUAS [ 8 (A=
KOVCBFMUR ) B TE RO M, it — R
Wi Cd B 1k ) 32 28 b B o, Dy b SRR o i b
HERMETT SR dls

1 MBR5FE

1.1 k11

M A 853 0 R T b VL VY T VLA
SN T A KB ARBHRZ(0~20 cm) . I8
T HARFAET KA, SIS s W 5K 5
if 2 mm g5 o A3 pH R R B 1 (75 9% pHS-3C,
RS R AR A R A DM E, £K N 1:2.5
(m: V), LHERRRL G i i b Sk e 4 e
HATAILET 5 R A R A A R S H (Rl REK o
K IR J0 360 R B I 5 % 1 R ) rP R A vk DU
FEU S - 5 P B A2 4 i R A I 2 i vk
FE g R EAe W R TR AR R
FHR k55 1R i 9 h s W B8 10 000 2 2 5 o Jo K 4R AL
W U A ALY R A 0.3 mol - L7'CeHsNas0,-1
mol + L'NaHCO;~Na,S,04 (V: Vi m=40:5: 1) {2 42 1
ER, L2 5T HCI-HNO,~HF-HC1O0, 4 fif# b P15
FH BGRB8 2 AR BT % X (ICP-MS) T % 13 vh
Cd [ S B, b - e AL M o W4 1,

®1 A L EEEAER

Table 1 Physicochemical properties of tested soils

i H JER L RHKRE L KERL
Item YT red soil SZ paddy soil CC black soil

pH 523+0.01  6.96+0.02  7.42+0.21

Fki Clay/% 38.56+0.12  21.76+0.21 36.18+0.36

LI Organic matter/(g-kg™) 8.63+0.23  23.91+0.36 33.62+0.41
FHEPRA 2~0.05mm  19.73+0.02  9.08+0.15  13.84+0.26
15/% 0.05~0.002 mm 41.72+0.21 69.160.54 49.99x0.36
<0.002mm  38.56x0.12 21.76x0.21 36.1820.15

CHIEIES YIS 3 22.15£0.47 25.14x0.58 24.27+0.36
Water—holding capacity/%
TR S
Calcium carbonate/(g-kg™)
[H S F- 24w Cation exchange  3.98+0.11
capacity/(cmol - kg ™)

0.79+0.01  5.14+0.21  5.95+0.25

15.60+0.45 20.20+0.36

A5 TR ALY Amorphous 0.1520.40  0.22+0.06  0.66+0.54
manganese oxide/( g kg™ )
e E ALY Amorphous 3.4420.35  5.06+0.08  1.95+0.12

iron oxide/(g-kg™)

WWW.QEs.0r9.CN
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1.2 k&Y

M FE TR OP50 & (FR 1 I it [ 71 — 2k ok
T ) 1Y AR TR 55 T BRORF £ L N2 R s e R AR
P A BR RIS Re 2R i e A KB pE s 2
(Nematode growth—medium, NGM) I, & F 18 fii S A%
FETPTE(20+1) CE&MF R

NGM il £ 779 9 : FRE 0.25 o % 5 11 (BR 24k
KA 1.7 g BEKS (BR)FN0.3 g NaCl(GRALZ4E) T 90
mL JCIR7K , 121 CH&MEF m K, R 18] 55 CJa
JNATJCH A9 0.1 mL 1 mol-L™" MgSO,4.0.1 mL 1 mol- L™
CaCl,,0.25 mL 1 mol - "' KH,PO,[ F] KOH ¥ % pH %=
(6.0+0.2)1F10.1 mL 5 g- L™ JH [ % 2 B4, G E K
FEAE 100 mLIF MRS B R SR A& H .

Ko AT G TRV ) £ 25 M« a8 o 7 Luria—Bertani
(LB) BiAg 5 I pR 01 435 572 K1 1# OP50 /i , FkHK
FEE R AT TS 2 54 100 mL LB AR S5 3L 1
TR, THEIRAR S B 748 37 °C 160 rmin™ 551
T RESE 14 h AR5 SR AN I A RO
J&, 2 600 nm P T IEIE (ODsoo) A 1.1~1.2, FH 4K
HU SR NG M AR A F e 8248 Rt G

LB [& {455 55 55 BRI 1.0 g 2K 1R (BR) 0.5 ¢
Bl 32 9 (BR) L 1.5 g B iR (BR) 1 1.0 ¢ & b #h
(GR) L AHETE IR, R 407K 2 100 mL, 5 & K,
SR P B K TR S R R L HARV H 2 %0, 15
F| LB [E AR IR 5L

LB VRARREFRIL  FRHL0.5 ¢ B R (BR) (0.5 ¢ [
FEEEY) (BR)FN 0.5 ¢ SALEN (GRO A HETE b,
ARAEIK 2 100 mLL, = H 2K B A 15 31 LB i A 7 5

Ludox £ # ¥ : 50 mL Ludox TM-50 £ 7% % (4 T
TR AE R A A ED I 467K 2 150 mL, At
il B Ludox 277, FHF eI 171040 18 3 rp 4

K-medium Z& i : BRI 3.1 g EALHI (GR) \2.4 ¢
FACER (GR) FHETEIEH, A 1 000 mL &8 7K, #F
121 °C& K1 20 min, %5 R ARAE -

SR 2 BT 22 S mT RIS A 2 ), ISR
T B AT YRR R . 1 NGM R 1 2041 Ko
72O L B R R DL K —medium 28 wh g sk 2 B
O IFUE L LR SR IR AR B R IGAT IR, ) 2504 NI
ol 224 £ ¥ (5% NaClO F1 2.5 mol - L'NaOH) LA 2
M B ARRAT HLOE . FHZE MR 2 R o vk UBp R R £
A ZFH WG 0 E T 3 mL G R B 3R
LA, 3555 16 h 5 BIA] 3RAS A% [ 20 (0 25— B Be e it
g,

1% WHART]

1.3 T3EH CAdRIEM

R0 2 93500 o S04k 4 (CdCL - 2.5H,0, 23 Bt
£ 1851 I € 07 - O 7 11 T P W w51 e 0 4
PRAL B S B 3R B AP AE 2 sl RO . S A 1) -
A6 v g it AR AR BRI ) I S AN Cd, B
HEE 61> Cd & i, 43901 2 0K ) (5.10.100., 150
300 mg- kg™, AU BE B E 4 AT, 6 BEALAUAN 0
Py o O w10 71 ol = o B L B S S )
Cd 15 4 - HE & TR, W ) o) PR 3 kb 7 25 B
K A AERE 398 5 K S Sk )RR 7K R 1Y 55%~60%
TR AL T dJE A TR R BRI US FLEL Cd AR
A Cd MR B 2
1.4 TERLANSHERE

IO AR A [ PRbR o 1S010872 $5 5F1 Sacca
LI T R T . FRI0.5 g 84k 7 d XL T T3 AL
He b, A 100 L # & T K-medium 22 mrif 19 K5 AT
PR A VRVE 42 0 ) B R ) - 48 P D 72 K—medi-
um Z8 MR A - 8 5 K R DR R AE A RE K 6 1 80%~
90% , VAR UF 2058 1 1] - ek o0 R 2k B AR KR B
Ko EREZN 0.1 mm FIBEES SRR ANE ) 12 FLAR
YA R IS I 10 2526 WS A B 01 B K FLAR
BT IR A T, AE (204 1) °CHY SR IRE 4610 F K5 3%
96 ho KiFREHIG , I BEASFLAR FOIA 0.5 mL i i
LY a5, B LRI T 70 CHE R T4 i 10
min ARAEE TR B AL R, 18 3 Ludox™ B0 2 7%
DAL Y T A 2 L i F R SR LR, RS b B 4
WHEH

] i iy £k BT I OB (100 A% ) T 4R LU
R DGR R A KE, ARETEARL:

G=T-T, (1)
K G HAEKR, um; TR E5 BT 92k UK,
pm;; T R IR AR ASBFFE IR 50 2555 — B B e il
4y B P SRR AE R R ) R iR, B (235.2+
6.5)pum,

BT R (40 f%) SR ) SRS L . %
s A

I
R= 5 (2)

AP ROEFE G 1O R AR B RO, 5% 1R
I P 2 A AR, 45 o

BT B (4075) T WS HA LT RE A R
AR (L s R N SR RSB SR HoAT A e
TV R R ET R, EFRITHRAK:
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F,
F=p x100% (3)
2

K FREFT R, % F O EA T INL R L A
B, 4 B s I RIS 4R ARG, 4%
1.5 TER CIFBFYES CAMNE

- HE L Cd 2 I E kR AR 0.25 ¢t
SR T RO T AR E R A 3 mL AR .3 mL AR R
2 mL SRR K 2 mL SUEUK 451 A T 0 T
R AT AR . AR TR RN EE R, A 1 mL
AR, BT IR AR IR R 20 TR
P41 mL AT K I MR G 78 22 50 mL 28 i,
2% RS PR VA TR E 258 BARZE™) . [R5 45 11 A+ 2
PRAE 8 3 H SRR 5 45 2 A B S A (ICP-MS) il &
TEWR T Cd 5

A RS Cd = I E AR BRELS g it
2 mm JE B i W 8 KT 3 T B0 L A 25 mL
0.1 mol - L™ CaCL A , T 25 CHEIE /KB HR G 5
250 remin” £/ PR 12 h .08 S T E.OHLD
4000 r+min” 54 F 5.0 8 min J5id 0.45 pm P, i
o LB B A T ORI AY (ICP-MS) I 2 8 v
CAdmy &t
1.6 HIELES S

3 Logisitic Jy R 48L& S B Cd & 2 A 20
Cd 7 0 5 2k B A TR PE PR 2 5 22 18] A 551) - R0
K IR ECs:

a

g 1+ (x/xo)b “

PITHER Cd X 2 U BE0A B M 1 ECso A1), ey
SRR MU B s S SEINLEL Cd A A Cd B
i, mg-kgsa X BEAL H 2R HUI EEE w0 N ECsofHL,
mg-ke b N RGP AR SR Cd
X2k B B R E AR KR ECso 15 ) B
y B A B R K, o Bl R B AL AR R Y

Logisitic 7 F2 i 400 & i 1 Sigmaplot 14.0 {4 i
11, A OriginPro 2019 1 Excel 2020 A4 47 F A1
F AR AH S 53 RN R 3R 5 25 43 Al 2o SPSS
22.0 AT .

2 HRESW

2.1 TEPAHECIEE
LR Cd W BEMEAEAR R AR IO T A YA
RO, A A S R R Al S R vy AT

FRVEREETE . B BR300 h A RS cd
S IREAMIE Cd B i BB NG 0, {EAH R SR Cd F
N, R A S Cd & R A7 W 22 5 (]
1), B Cd & &0 300 mg- kg™ B, V174 JEE VR 4T 35 |
VL3 I3 MK RS RS M PR A RS Cd &
B, o0 Bk # 170.36,165.01 mg - kg™ A1 132.64 mg -
ke, AR Cd A FE R LL A1) B AR 30 55 40 501y 25 MR R
A 449% JTHFIN KRG L 55% TG 8 R 2145 56% .

e

A

H

= %gg [ O s YT red soil a
£, 170 | & F5MKAE L SZ paddy soil
2% 160 F E KFH A+ CC black soil
Z 21501 .
é\% 140 L
T a

cS‘ S; 90 b
HE og0r
&1 £ 707 .
3% 60=
=

<

]

150

a b
30 1 c
20 b a
18- Abc ——&
5 0 50

1
S Cd i
Theoretical concentration of total Cd/(mg-kg™)
ANEINE FRE R ] — BRI L Cd i A ] - 525 A )
Z 5 BE (P<0.05).

Different lowercase letters indicate significant differences among different

300

soil treatments with the same theoretical concentration of

total Cd(P<0.05).
E1 tEPEHSCEE

Figure 1 Concentration of CaCl, extracted Cd in soil

22 CdXtZk RSB K HE

HRAE 1SO 10872 %5 R Hi A Sk s M 06 (1 A 3L
PERRIE , PEL AR 1 B E IR IR 45 A 50 . pe 2 T I,
A FE 2R AR S, AT S A AR R
2.2.1 CAXFER A K 52

VEFE Logistic J5 T2 43 40 A - 4 v SEBR IS )
Cd 18 AT Cd 7 i 5 75 i B P 46 s A K Rt AT 1
FHE AN K 2, G RN 2 s . 3% e vh iy
A KRR Cd 5 R A BN iR, (BT B a3

F2 SHNLERM
Table 2 Toxicity test validity
A BRI A BT REEIIALE

S8
Valid criteria for control ~ Toxicity test
Parameter
group test result
[Ei % Recovery rate/% 80~110 80~120
AR AL R L Growth <15 1~12
coefficient of variation/%
M TR S B KU Fertility <15 3~5
coefficient of variation/%
BB AR 5 Z B Reproduction <30 8~20

coefficient of variation/%
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FAEZES . VIV R SR KER L TR
JKAE L RS A Cd 5 4318 51 10,50 150 mg - kg™
i, 2t A A KB A A T o R T 4R B BRI
(P<0.05) ; B¢ B Cd & 32 5 2 300 mg - kg ™' B, 75 Ak
KER T PL A AERKEIRS 503.06 wm, 171754
VL 21 8 RT3 95 N K RS R A i AR o A
122.30.379.80 wm, TS G Cd & S HEAS LI
[T EA R AP b N | T S el O
X2 WA KRR Y ECso 50 31 R 54.37 .197.54 mg - kg™
#1287.02 mg- kg™, e KA e/ IME 1Y 5.28 i ; Fe T A
WA CAd AT, Cd Xk g R KEPER ECso 2y
524 24.60.116.60 mg - kg™ F1 145.15 mg - kg™, Fie KAH
S/ IMERY 5.90 1% .
2.2.2 CAXTE B A 52
F &1 3 2 AR o 5 SR Cd A RS

AR RO O R AT AL, FRIE R Cd & & F 0~5 mg- kg
(A Bl A B, 3 b 3 v 48 e i 2R B RE 1 3R 22 3 Cd
BEPER I (P>0.05) 5 FLIE &L Cd & ik %) 10 mg- kg™
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Measured concentration of total Cd/(mg-kg™")
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B2 ZHAKESITNACIMBRECIEEN
FIE-MKFR
Figure 2 Dose-response relationships of the growth of C. elegans

with the measured concentrations of total Cd and

CaCl,—extracted Cd

1% WHART]

B, Y74 R T 3 vh 2 U A T 4R 32 2 BH B A o]
(P<0.05), =B HMEH 0, M MK AR EP%%EE@&E
B ARZH B EEMEE I (P>0.05) ; S B Cd & &
iL#) 50 mg- ke B, VLR \)”7J(*Hi$n:5%ﬁ%j:
14 60% F173% Wik B A AT RE ) . BTS2
Cd 7 BTG VPG R 21458 VT3 75 M KRS
AR 2 4 o Cd x4k dUE M ECs 2 BN
7.07.77.41 mg-kg F1103.09 mg- kg™, f5t A J2 f /)
{ELAY 14.58 £5; e T AR Cd T BITEA L, Cd X2k
HA K PE Y ECs 43 51 O 5.20.39.97 mg - kg
47.80 mg- kg, B KAE 2 B /ME T 9.19 £, BT &
Cd & A5 B F 1 B 2 5 4071

2.2.3 Cd X2 H Bt 152

P Pl 4 4t B0 5 S0 Cd RS 28508 Cd 5
FR) 300 R =25 1 56 2R AT, 3 b A 38 rp YTV R YR 4T e T
W Cd & B IA T 5 mg-ke IR U B8 52 31 5§ 51
BEPERI] (P<0.05) , VL A5 S5 K R A 0l phok 45 2
+ SR Cd 5w IK 3 50 mg - kg B 2R H ) A A
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Figure 3 Dose-response relationships of the fertility of C. elegans

with the measured concentrations of total Cd and

CaCl,—extracted Cd
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TF 4R H B B A R (P<0.05) ; FRIE M Cd & i
% 150 mg- kg™ I VL PG 0 VR 21358 v JLF- B B 9 46 1R
JE AAN AR A T AR R R PR AR LR TR AR
A 102 Z 0 AR . FETFEEIE od ST AR
I PG U EL 2138 YT 95 5 MK RS 4 Aol o 7 22+ o
Cd X2k s A # M f0 ECso 2 5114 5.75 ,13.84 mg - kg™
H185.94 mg kg, e KAE & Fe/ME Y 14.94 15 Fe TH
BUAS Cd A B AR, Cd A 28 s B0 B Y ECso 20
Wk 3.14.7.67 mg- kg™ F137.25 mg- kg™, fix KA & e
JMEY 11.86 4% , 3T 4 Cd & 545 2 iy 2k (i 22
SR/
23 HIEEBAMRS cdEEBREEEXYE

BT Cd & R MR ECs (A an 2% 3
IR E LA SRS TR I L HEEAE M T R R Cd B

PER) E R, 8 R AN 4 B, pH | LSRR IR ES
i M BH B s i g R R AR R IR R A ECso
L ISR AR, AR W S A A A L SR AL )
ST EIH ) ECso 52 35 IEASCSC R A LTS 1A
2R T T BETH 1 B Cso 24 22 48 35 IEAH GG
Fo VL EZERRY], L3 pH A LT i BRIER ES
i B s i R AR i JBONR S R A S i R
Wi £ 3 b Cd BEPER EE R . pH 3208 i #R Cd
T 3 R 25 B9 23 AT AT 52 0 L 3 Cd 59 A= 0 A5 5K
P, B 98 % A A R R AR, R AR A Y
BEVERON BN, BH B s e B i L P
<5 Ja T R R R 2 W R - S ER IS P 2 1Y
Cd, LAREAR L35 Cd B A=A 8t . 3 pLBUR 4
J A AR A B Ry, T LA S S R

RI3IETETNACIMBARLS CIEEESH CIXLRBFHR ECy

Table 3 The ECso values of Sb for the toxicity of C. elegans based on the concentration of measured total Cd and CaCl,—extracted

RIS

-3 Soil type

Evaluation endpoint

JETELTIE YD red soil

IR KFE L SZ rice soil AR A CC black soil

T A Cd & & LS
Based on concentration of Growth/pm
total Cd
Zh
The reproductive numberg
EXEES
Fertility/%
BT ARG Cd & A K
Based on concentration of Growth/pm
CaCl,—extracted Cd
: St
The reproductive numberg
Fertility/%

49.37 197.54 287.02
(35.11~73.62) (24.60~268.56) (208.0~366.95)
5.75 13.84 85.95
(0.64~29.15) (1.81~25.86) (21.79~150.12)
7.07 77.41 103.09
(4.93~36.21) (4.93~149.89) (80.50~125.69)
24.60 116.60 145.15
(13.91~35.28) (73.56~159.64) (46.47~243.83)
3.14 7.67 37.25
(0.54~23.83) (0.08~15.26) (4.87~69.22)
5.20 39.97 47.80
(5.18~36.21) (0.32~79.64) (39.42~57.18)

H: : Tﬁ%ﬂﬂ@(ﬁﬂ? Ecsoﬁﬂg 95% E{%‘R“ﬂ o

Notes: The values in brackets are the 95% confidence interval of ECs values.
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x4 THBAMRS CdFEBEBREXE
Table 4 Correlation between threshold of Cd toxicity to C. elegans

and soil physicochemical properties

5 e

. The reproductive o
Ttem Growth Fertility

numberg
pH 0.9997#* 0.805 0.999%#*
Fki Clay/% -0.413 0.266 -0.463
RFRES Calcium carbonate/(g-kg™) 0.997* 0.712 0.999#*
FH 2§ F 44 it Cation exchange  0.999% 0.793 0.995%*
capacity/(cmol - kg™)
3E TR AL Amorphous 0.782 0.999% 0.765
manganese oxide/(g-kg™")
A HLI Organic matter/(g-kg™)  0.992%* 0.888* 0.985%*
A fb R AL Amorphous iron  -0.207 -0.786 -0.153
0xide/(g~ kg")

HHTRERE W) Free iron oxide/(g-kg™) —0.758 -0.848 -0.789

A TR A 0.832 0.999% 0.808

Free manganese oxide/(g-kg™)

T R A M 2 (P<0.05) , R A S PR B 35 (P<0.01) .

Note: * indicates significant correlation at P<0.05, ** indicates a

highly significant correlation at P<0.01.

RAVIVE I G RRE IR L e h F AR 1Y
AR BRI 5B AS B A — 8 W AE AN ik
A B R MR 2N AR 3R 04SP R, B AR - 4 v AT A0S
Cd & 8, T SE 0 Cd 1 A= P B2 4 SR Ak 3t
+ 3 Cd ARSI BE SRR AR Cd A1k, s
A TCER AT Fe AL Aar , HLAT R R T M, X
-3 ep B 4 HUA R A AR BE T, AT T L
FAARG + 38 Cd AR5

3 iFig

2R U AR KA N 3 AN - IR B L 4l U D
i, Horr gl 2 0k 4 YRR B R (Li~Lo)PY,
PR 1SO 10872 Hr & F 44855 T FaFF 4k s iy 2P ik
K ¥5 S HAE A A i R0, DR ok mT DA ok ok 9 AR T
Cd X -2k L PR . AP 45 SRR, 4k il
B EE MDA 2 0 Cd B I SO Fh AR /51 43 o
KR KERMERE . Boyd SR B 5 kB, T
20 CHYEEFR AT L R EE 1 110~1 150 wm B
FEUR=O0 . SR 2 AR K 57 B a0 13 T 45 R
L4(1100~1 150 wm) B LT, W REIR B A B e 19
BB, gk 2 s A R B RE S, T Cd X R E
BRI 5 T AT RE e 2 R A K A2 S %) BRIt o E 4
A ST, RN, 76 3 Fp e Cd X 75 T Rk 26 e
AR B B ECsoize i T4 B 1 ECso, RILER I A
AE S Xt Cd J I BURME S T A K & Schertzinger

1% WHART]

SEIRIFTY B A B T 42 JE Pub) 2k U A
e, B AR B X A F e ST B . R
AL BIFSY 2 I BRE B Sh S A ) 4 800 mg - kg I,
JER LT 2 B A B IR Z B S e P H
WA PR R FER A . AR Y EMRKER L
S Cd & 5k 3] 50 mg - kg™ B 28 U2 5H 37 21| B g 410
il LR B A4 R Z 3 4 2 BRI, T B2 Cd
XoF £ H LB R4 T DA R A T 1) BRI e ) 1
S, DT B0 H 1 BB e e s e 1) e v
FHEMAK.

AR T AT LA S I AR Cd Y
AR, RS Cd A F A AE A Rtk AT
XF Cd B BEPE B A 52 ™, ES AR ) 2 i b
U8 CA B, A 80 Cd & S AEAN ] 38 b A A B i 2=
5,L40.1 mol - L' CaCl A3, #MIE IS 0 5 8 AH 7]
mF, PP A S Cd SR A 22T 5.8 4%, Hop
B IX A RS Cd 5 Hom ik 789%™, Aot 45 e K
-4 pH | FH B Fac e i AT P, B R B R A A
SRR L CAd i e B R XN R EI
18 Ff -3 v Cd X 7% 7 5 ek 5] S 1k Bk B (L1 ECso s
RIARIR 22 7 B, 78R 2 A e Wl
Hh 2 22 ] R 22 24 200 mg - kg™, Ho & B 14 pH LA
MU i 5 ECso 2 B IEA R R . TERMESRE T,
R TH AT B LA B 2 T Cd AT AT IE FEL AT, i Cd
TERE 1358 1 (A W B b AR R PE 398 IR A
JIT DL Cd X sl ke 90 190 P — PR BT pHL 194 185 R T R A7,
AR GE v T T R 2158 pH R AR, 78 TR AR ] 5 b
U8 CA B, 3R g A KIS Cd B B3, B3
T A RS Cd W, I BT P 2r g
Cd FRI w2 i fe s it . PR B 7 AC i Fa AL
Jo ko - M R 4 0 W R E H AT EE
SO, L R Ry O PR o R A e R R | T
W B 1) 4 T 5 T Bk 20N RS AR B AR N
JCE I AT R AT, HA R PR RS 4 4
) 4 i HLA R W AR T RE . AR 5T E LAY
FMRK A R A SR, MRS N Cd
PO T T AW B S A AR I, DA T B S A A1
BEME A I SE 45 S 2 B B R B 1 VS T LA e 2
v 8 pH i - SR BFE Cd A BE T 38 5 B R AT
KA Jo A B R TR AR 5 7, P lE— 20 W B A i kT
HEES 7Rl 5 T 4 A B A B T O TR ER P T
TR T 3 v Cd A A e, 225 3 A
RERS AR 5 MR 2 - A (R A RS Cd 3 i
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MRS RSN A R , 4@ S 5 HX AR
T A A 2 XU AN — 8 B 8], TR A B i S L T
BIA R 2R . A5 R A RS Cd 5 i ]
RN B R B A OCHE S T R A iR Cd AR G
PEST RS A i 57 38 B 4R U Sb 5 ot [R) A g
05 A g e it AR ) 9 v S X 2 Hy B8 71 1)
S, HAEIE 45 R BRSBTS R 3 B S s
AR BB B B ECso 22 5 3K 2.6 17, T ik T
REEENEEIUE Sh & T HIA I ECso 22 S FEAR 2 2.0 6%
AW AE R P IEET 8 Cd & IR B s ok 2
Sl A E) 14.94 £ BT ARCES Cd & A 4 %5
B KA 22 SR 2 11.86 1%, Uil HiEh B4R Y
AR AT DA b R AN R R R A Jm i AR
Yt n 255 . BEE SN Cd 5 A S9E fh it fa] A A2
Cd PR S A= WA A5t P g 5V P R i ARG, AR
5T oG T 3R RIEAE 7 d 5 A RS Cd FEETE Y
A4, A WA S5 PE ORD K 4 AR DX Cd w1
B REI

4 it

(1) 7076 JE TR 21398 YT 950 J5 PN K R A R
F A rp Cd X 2R U ECs 22 50T 01, £k iy 345
PEVEM 28 5% Cd B0 1 R0 I ARSI 5 ) o A
o UAEER S,

(2)pH BH & T34 it AP B IR S K2 AE i T
i 0 o T S AR R B n T DA 3 v
Cd X &K BT VA M aEtE R -4 rh Cd
M FEER K.

() AR Cd & R REAE T4 b A R ) L3 2%
R Cd AR A R0, I R VL D R 211 VTR 95
I KRG = RN R T PR A Cd X 2k LR I 25 53,3
Pl £ MK R 2R A RS Cd IR ik, X2k
RS E R VAR - 24
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