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( 2B ABE S THE TR 2= BE, 2 730070 )

B OE: DRSS REN R KR R 5 THE 10 d AR EE (0~2.0 mmol - L)
B (Cd) Wi xd HoR A 254 AR i | i 3R I (MDA) & i | U B AL G (SOD ) i 40 £k W Tl
(POD) ¥ Cd & 4 K I A0 43 A5 1 5%, 25 SR 3 B AIKVR JE (0,125 mmol - L) Cd BEAR HE &) 1 AR 125
A A SN 2 R e BRI VR EE (0.5~ 2.0 mmol - L) Cd Y Z5 401k 4l B AR AN 22 0 A G, I R 2k
Yy B AR Cd B 38 i MDA & & W30, 1 SOD Al POD 3% o i 3 1 Horp Cd A W N 0.5
mmol + LB, SOD Fl POD i Pk 55 A AE , 3 AT REJ2 A 4 %) P15 13 38 (4 — B B BOOR 31 SR 5 Cd 78 45 2
JELEH 53 v 0 2 AU A 200 B B > A T > SR A4 > S0k, HLYBE Cd W 3E e BE 0 s i g n . >4 Cd BhaE ik
4 0.125 mmol « LA, 7KK 10 d BYSE4E 18 4 B Stk b 3BT Cd 19 Ak % 0w 3 P 3k 0.214% , T 4 AH
FRAE BANLAR RS Cd B9V Ab A i T3k 15.5% 524 Cd A e 8 2.0 mmol - L7 EF, 468 18 40 i b B350
Cd F ik 89.36 pg - ¢, IXSLLERRIILILH X Cd AR AL, BARES cd B EEMYI
Il SR e (B AR BR A= 0 T Cd BT VE4E Cd B & Cd ML RS 5 27 A % 18 S B T8 78 Cd V542
IR 5 b B R R HIANEL,
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Effects of Cd stress on physiological characteristics
of alfalfa and its Cd enrichment

YAN Zhigiang, CHEN Yinping ", QU Miaomiao, YU Peidong, YANG Bo, KE Yunqi

( School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China )

Abstract; Taking seedlings of alfalfa variety ‘ Medicago sativa cv. Gannong No. 3’ | we studied the effects of Cd stress
on the length of stem and root, biomass, the contents of chlorophyll and malonyldialdehyde (MDA , the activities of su-
peroxide dismutase (SOD) and peroxide enzyme (POD), Cd enrichment and Cd subcellular distribution in leaf of
alfalfa seedlings under Cd stress with concentration between 0 to 20 mol + L™ for 10 d. The results showed that length of

stem and root, chlorophyll content increased under lower Cd concentration (0.125 mmol + L") stress. However, lower
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length of stem and root, biomass and chlorophyll content were observed under the higher Cd concentration (0.5~2.0
mmol - L") stress. Accumulation of reactive oxygen species( ROS) in alfalfa seedlings under Cd stress caused membrane
lipid system peroxidation, MDA content increased significantly, while the activity of SOD and POD was significantly en-
hanced. When the concentration of Cd stress was 0.5 mmol « L' | the activity of SOD and POD reached the maximum,
which may be a protective reaction of plants to environmental stress, antioxidant enzyme system was started up to remove
ROS accumulated during Cd stress and to mitigate membrane lipid peroxidation damage caused by Cd stress. Subcellular
distribution of Cd in leaf was in the order of cell wall, cytoplasm, mitochondria, chloroplast, and the content of Cd in
each subcellular fraction increased with the concentration increase of Cd stress. When the concentration of Cd was 0.125
mmol + L', purification rate of Cd in the shoots of individual plants grown in nutrient solution for 10 d up to 0.214%,
and the purification rate of Cd for whole pot plant per unit volume up to 15.5%. When the concentration of Cd was 2.0
mmol + L', the content of Cd in the aboveground part of alfalfa seedlings was 89.36 wg + ¢”. Those results suggest that
alfalfa has a very strong enrichment ability for Cd, although it does not meet the critical criteria for Cd-rich plants. How-

ever, alfalfa has a good application value in the phytoremediation of Cd-contaminated soil, considering the plant bio-

mass, Cd tolerance, Cd enrichment, and purification rate of Cd.

Key words: Cd stress, alfalfa, physiological characteristics, Cd enrichment, Cd pollution

#% ( cadmium , Cd) AR #a 0 I A 7E H SR AL
AR BEE SR AT RBE 1R 6 5 TS B A
1y = HE, S BOR R Cd #F A HARMEE, KT
A G5 gy, B #4312 ( Hawrylak et al.,
2014 ; Reiser et al.,2014; 5K #1145 ,2015) . Cd B
ARETER B 5 e ¥ | 5 Ak DRAE EL 2 ik o) 300 A I 45
R RO AR P P ORI WOROS  BR T 2 Bl R
T 0 A B B, S OH P B R BT R AR R A, 3 2
B AU T R (2045, 20155 IR AE ) 2015)
FrLL, Cd 15 3 I p B 5 © i T2 ARSI
TR 4 2B A 58 TSR

I FH o AR A W B o 4 B I RR B . Cd TS
Je IR IR T AR R EE S BRBE
FAF | ELAT KRR S it S5 00 T H 4 52 2 HE RIS
FREMN(DER5%,2013), RiNEHRAHEE
R Y 2R AR D ZHUE K AE AR,
17 H R A DA, R, D o 4R AE ) % D
Hh i 8 AR TG L R AR ) R R 18 S A
REY—50 B, B ETE (Medicago sativa) &4
BRI FR N 3 3k b R 1 A AR A, AR AP 3 Y fE
T4 MR IE B %2 AW e, TR
MBI A A R 22 B (B 5V A, 2008 5 R 3 55
2015) , EAHMIE BRI Cu Zn FEE)E AL
POEAE S WU 4 (G B 55, 20165 £ SCR AR,
2006 fCEM4E,2014) . BT, & T AL E 18 M

T 220 v A 0 R R 2 P 4 e N (2R SRR AR,
2010 ;5K 374255 ,2012) LU M 4 @ i3 T Fh -1 &
Sl A R S A R M A O T (s AR B,
2014 ;3 AF,2016) A HE X EA)E Cd &
ERFFPERN Cd 75 4 IS WA 5T 0] Ak =

Cd 36 RE S| S HE iR A9 A B AR fb 7= A — R 51 )
Ak, K Cd Waa 2 5 3000 S PE A (ROS)
B n AL, AR RTE T
B R AR SZ o S R i A Ok
FHEEE (Smeets et al.,2005; EAELE 2011 ; F [FH
A4 ,2013) 140 54 2 48 mT LU 49 40 i o8 1Y
ROS 7KF-, 98 /0 XoF A8 ) 38 B A 61 5 ( Francisco &
José,2011; VT3 55 2014) . ARBFR LKL E TE %)
HIARRL, 20 TR EIVR BE Cd Wil T 46 H 15 40
WY S LA AR AR Ak P Cd
BB R L B R T R RS O
PLRXT Cd FR SR DU O il ] 55 46 1 18 32 i 5 3
FIHLH S8 2 s Y R iR S

1 MR 57 %

1.1 ##Fi 7

PL“H 4 =5 (Gannong No.3) AL H & 1E N
SRR, A T HONARBHBE, Cd B ia A 572 K
B AR (251050 ), HoA R 1 8 [ o B
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1.2 LW H*E

PRIE KN — B AL B 5 #h T, s HR 2F
KA E TIRZE®E K (50~60 <€) H1 0.5 h, Ff
TR BT 5 F7E &4 1/2 MR Hoagland” s &
FRWAERA TR, TR R R 4K, 3
24 @ EW AR A BT, 55 9F 30 d A4, RRgh
K2y 3 b, BRI/ IMEILR 21 %5, 208 7 41,
Cd iRk 7 4 cdel,, Cd #e BE RS E S 0(CK) .
0.125.0.25.0.5.1.0 1.5 1 2.0 mmol - L™, 4k&E/K5;
3 d J5 (KIFRFAH 500 mL) , 4> BIXTAR ZEFI#EAT
TRAURE , SERENE 23 a P2 b S MR
(Car) N & (MDA ) 7% & it S ALYl (POD) |
ALY ALEE (SOD) 1 A Cd WA /AR, 7K
K10 d JE AT 2R AR I AR 2R AR ZE A
e T EE SR Cd B,

1.3 MEF %

1.3.1 A AR 4F RABACE 28Rk e
MDA &t (B HEAS S5, 2002) 5 P9 i $12 Bk ) 5 ik
SFE G (R RO A, 2004 ) 5 A HE Y me
(NBT) i J5 i 22 SOD i ¥ (224 £, 2000) ; #iX
B A By i€ B E POD W PR (25442 ,2000)
1.3.2 £4/& Cd A0 e il XHR ZE Rt 17
IRABURE it 0.425 mm i, FREUEESD 2.0 g ik
N THARAE T A R N R 43 S I 20 mL A1 4
mL, SRS IR % . YW E 4 mL 2245 B B0
10 mL 47K QRS2 13 min 2247, R4 2 25 mL
R B ZE R, L 0.2% FTEIR E 75, i FH A
T e Y FE 3 (35 220FS) 4 b Hovb cd &
(1t H,2007) , 158 Cd iz R 0 R A
PR 1 EBXT Cd bR (505 ,2012)

Cd i i = bk e % cd B/R AT
H/10 d;Cd M # = F bR & % Cd B/ AR T
H/10 d; 10 d PR ML 3% Cd LR = ok
Mo F R4 Cd B9/ K4 Cd 5% 100% 510 d 4
B RAE PN IARFL T Cd Ak 6 = A
B CdE//KF 4 Cd B//KERFIX100% , H
H K 4 Cd &= KA K R R Cd R
1.33Cd g mamfasn A WA 1 g, 5T 10 mL
TV 1 A0 5 W BB A1, S0 R MR A R 250
mmol + LM, 50 mmol + L Tris-HCI (pH 7.4) ,1

mmol - L' ZEiAREFHERE(C,H,,0,S,) . 2135, i
P22 B0, MK 600 1+ min™ F 10 min UTIE N
YHJfIEE,1 000 r + min™ T 15 min JLJE N M ZRAK L
K10 000 r - min™ F 20 min JLVE ML R, F2H
VA M B Ay (O, SR BRSO R
7 3 K (7 EAESE ,2008)
1.4 HiELIE

K Excel B4 047 58 db 3, 1 H S 2946, O
FZAEFNHI P, FH SPSS 22.0 A4 R AT 4 A B &
T 2200, 2 5 LK FH Duncan 5 (a=0.05)

2 HERERM

21 CABMEMNERETYERK.ZEKMNEYE
A

SAEEE AR KM ZE KBS Cd WS K
PS5 v/ . 0.125 mmol - L Cd AbFRAHZE K
FIRRA B (P<0.05) , 5 CK AHEL 70 5138 I 1
7.35%H1 11.00% , B Cd ¥ BE (0 ik — A 4k, 25
KR AR K IE /N, 2.0 mmol - L Cd 434351 ke
CK Jli/b T 47.47% 1 58.18% ( P<0.05) (F 1:A)
Cd M ML E NN TES CK A7 T 3%
2550 0 Cd W38 {4y i 0 26 51 RN % K i e 2 R AIG
(P<0.05) , FEACIREEBE Cd i i B8 i hn R i 88 Kk
2.0 mmol - L™ Cd &b J5 1Y 40 1 & 5 A0 2 7K 12 43 5
I CK T R% 59.91%4124.1% (& 1:B) ,
22 CARpEXMEREESDET P ERESEH
ENESENEI

Cd N 0.125 mmol - LI 4615 75 41
M 4RE a M E D M Car &5 CK AHELTC
WEZS(P>0.05) , MikEAE Cd &Pk B2 34, it
GEFE a MERE b Ml Car Fim A TR, o 7E Cd
WHEN 2.0 mmol - LB ZE AL, 20 5 4UH CK 1)
47.01% .72.27% %1 51.28% ( P<0.05) . M4% a/b
HBE Cd A3k B MBS INFFE2 TR (R 1)
23 CABMEXNETEEEYE MDA SESHEW
fig 1Y 22 M

LACE TE IR N B MDA & 5 28K [ ok JF
Cd 2B J5 3 f s (P<0.05) , Horfr 7 Cd Ak 3k
£ 0.125 mmol « LB AR 1) MDA & 5 T 25
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£ 10 09| —F & ke 90
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N ! f
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Note: Different small letters mean significant differences (P <0.05). Value= xxs. The same below.

A 1
Fig. 1

Cd [ B X S B 7 4 B 22K RR K (A) AR RIS 7K & (B) BY52 IR
Effects of Cd stress on the length of stem and root (A), and biomass and

water content (B) of alfalfa seedlings

A, S48 R AIZE P MDA 19 & 8 7E Cd Ab B ¥k
JEH 1.5 mmol - LB A2 KM, 5 CK A Eb 4351
WY 117.06% #1 318.35% (P<0.05), 1fi 2.0
mmol + L' Cd &b BEAF 0 o MDA 5 5 35 3] 45 KAH,
B CK T 732.57% (P<0.05) , #4101 & HeAR
ML (E2) .

[

o R Root 0% Stem mit Leaf

]
o

A_EEE
MDA content (umol-g 'FW)
N w ~

_

c a
bc
4 d b ab)| a
c
d c
d . Ce c
[h

CK 0.125 0.25 0.5 1.0 1.5
Cd QLIERE

Cd treatment concentration (mmol - L")

o

2.0

Bl 2 Cd Pt X 58 46 F 7 4 MDA 5 e 952 1)
Fig. 2 Effects of Cd stress on MDA content

in alfalfa seedlings

B Cd Ab FEVe B f 38 K, 5808 8 s A 25 AN
I rft SOD 7 M A St B ST G o J5 el 55 1 O
H L2 Cd AL FE YR BN 0.125 mmol - LA, ZX iRy
SOD i 1 W K T AL Aot v (B AH 82T CK, AR

SOD 511 i Z F&AK (P<0.05) , i 22 A1 i H iy SOD
TEPEN I S TE v (P>0.05) 1 Cd Ab B ik B R
0.5 mmol - L' AR FIZ5p SOD §i 1 35 e ik , Cd Ab
P4 0.25 mmol - LB it SOD ¥ P ik o, 5
CK A He 2> %) 16 38 T 55.27% . 45.90% . 100.28%
(P<0.05) ;1M Cd AbFE A 2.0 mmol - L', 25 1
o SOD 1E PR B M H (P<0.05) , MR H ) 5 CK
KREFFF(P>0.05) (Bl 3:A) , SEAEEEYHR
LAt R POD G PEAE Cd AL FR MR BE R 0,125
mmol - LI ¥4 & 3 & F CK,/E\:EP*EEPE/‘J POD %
PRI 3 i 2R A R P (P<0.05)  gkZEE N
Cd 4b Bk 2, POD ZZ2 4k #a #5 5 SOD K B AH AL,
0.5.1.0,0.25 mmol - L' Cd &b B /» Bl AR 25 0t
t POD A &5, XF o CK 43 B34 58 T 71.75% |
96.60% .54.13% ( P<0.05) ; Mi i Cd W& pk— 4
A AR ZE R POD 5 M B B K E A BT O
b B4 % T CK(P<0.05) (B 3:B) .
24 CAEEEEESYEH R NN THAM S
LIEE M A4 N Cd By i R/
AN T 40 BE N B Cd AR, b R R

53.71% ~ 61. 85% ; H: Y M 4l B i, 5 & &= 1
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Table 1  Effects of Cd stress on the chlorophyll and carotenoid contents in leaves of alfalfa seedlings
Cd Ab 3k 7 M43 a 2R b ESIE N y
. A M4t 2% a/b
Cd treatment concentration Chlorophyll a Chlorophyll b Carotenoid Chloronhvll a/b
( mmol - L'l) (mg - g'l FW) (mg -+ g'l FW) (mg - g" FW) orophyll a
CK 1.820+0.02a 0.699+0.09a 0.399+0.02ab 2.602+0.03a
0.125 1.826+0.04a 0.745+0.02a 0.433+0.01a 2.451+0.09b
0.25 1.700+£0.07b 0.694+0.03b 0.356+0.01b 2.448+0.01be
0.5 1.681+0.04b 0.688+0.04ab 0.352+0.03b 2.443+0.08bc
1.0 1.380+0.08¢ 0.617+0.04¢ 0.269+0.02¢ 2.238+0.01¢
1.5 1.290+0.04d 0.606+0.02¢ 0.241+0.01cd 2.127+0.06¢d
2.0 1.071+0.05e 0.510+0.02d 0.220+0.02d 2.099+0.04 d
. FSIARF/NG FREFERZE T BE (P<0.05) , Ul =F¥EbriE2E, FM,
Note ; Different small letters in each column mean significant differences( P<0.05). Value= x+s. The same below.
300 OfR Root D= Stem @It Leaf o iR Root O ZEStem m It Leaf
= A - 18 B
| a T B ab ::_
£ 250 .I_ b £ 16} : = .
T d : 2 } b S 14 § d
'0p200 b =] e w12} a a : e
. e H E by 2
B0l Fs (g c c fa 5 10 bo b | L7 .
o cd < 8 d cd c
S 2 d = I
» * g2
=100 de £ 6}
+ -— 4 |
o e e}
©
550 3 21
S a
2 S 0 . . . : : "
o CK 0.125 0.25 0.5 1.0 1.5 2.0

CK 0.125 0.25 0.5 1.0 1.5 2.0
Cd 23R E

Cd treatment concentration (mmol - L-1)

Cd QLIERE

Cd treatment concentration (mmol - ch

Kl 3 Cd xS 4 SOD(A) Al POD(B) B30
Fig. 3 Effects of Cd stress on activities of SOD (A) and POD (B) in alfalfa seedlings

B Cd ¥ 8 T i S 2 80 ( P<0.05) . XF I CK,
MR N4 Cd BN T 43.17 4%, 20 o BE -4
T AR AN Cd Fr i S CK A Eede 3
45 B4 5k 38.03,100.52,22.75.69.97 ( P<
0.05)(%2),
2.5 EEEHE Cda WREFMEIS

AN BE Cd Ab BRI, SR 46 8 75 1 B0 (25
M) 5 RS (AR ) BTEARFFEE FAURT Cd, Rl
A Cd Ab 3 v B py 35 R OB R I Y m (P<
0.05) ., 4 Cd bRy 2.0 mmol « LB, 5818
HE R Cd ki s, MR Cd Ab P B 1) 1Y
T, 10 d P EARR ML BT Cd YAk 3R R A 3 A fk
FE BT R PXT Cd A9 v A0 3 IR YR R AIG, e o ik

¥4 0.125 mmol - LAY Cd 4b B 44k R 5% 5, A
TR AR KA ER) Cd K4 Cd & i
[ 0.214% , 5 4 4 3R A R B4 R B Cd
WU Cd KP4 Cd SR 15.5%, 1
AEEE RN Cd R W2 W 3 38 e i R B 5 Cd
Ab B B T 1S R S IR YR B e Y i A FE Cd Ak R
W 2.0 mmol - LB ik {8, 4351 4 8.774 Al
16.190 wmol - g' - d"'(F£3).

3 W54

A 1 B R 2 B WA AR ) B O R A L A
AR AR 2R A, fol A R AR (R 972 55,2008 ) .
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Table 2 Contents and distribution rates of Cd in subcellular fractions from leaves of alfalfa seedlings under Cd stress

“d Ak P B -
G AP oL 4tk Yokt M it
Concemmﬁ’(m Cell wall Chloroplast Mitochondria Cytoplasm Total
(mmol - 1) (pg - g FW) (pg - g' FW) (pg - g FW) (pg - g FW) (pg - g' FW)
CK 0.833+0.03g 0.033+0.06d 0.233+0.02d 0.267+0.03g 1.366+0.05f
(60.98) (2.44) (17.07) (19.51) (100.00)
0.125 2.883+0.20f 0.401+0.04cd 0.450+0.02d 1.345+0.15f 5.078+0.70e
(56.72) (7.87) (8.85) (26.56) (100.00)
0.25 9.375+0.21e 0.833+0.03¢ 1.902+0.08¢ 3.050+0.13e 14.344+2.24d
(61.85) (5.50) (12.53) (20.12) (100.00)
0.5 13.450+1.83d 1.400+0.26b 2.967+0.45h 4.833+0.40d 22.650+2.08¢
(59.38) (6.18) (13.10) (21.34) (100.00)
1.0 21.378+0.73¢ 1.717+£0.45b 4.783+0.56a 9.075+0.23¢ 36.953+1.09b
(57.85) (4.65) (12.95) (24.55) (100.00)
1.5 27.383+0.72b 2.650+0.39a 4.975+0.50a 13.975+1.70b 50.425+3.11a
(55.90) (5.41) (10.16) (28.53) (100.00)
2.0 31.675+3.19a 3.317+0.10a 5.300+0.79a 18.683+0.49a 58.975+3.57a
(53.71) (5.62) (8.99) (31.68) (100.00)

. FES N RR TR (%) ,

Note: Data in parentheses mean the distribution rate.

— M AR B Cd BB CRR ¥ W A& S g AR K
T8 e W BE 11 o U)X A 40 o 1) 38007 (o R
45,2004) , AWFFEH,0.125 mmol - L Cd 4b FEAH
R R E A, WA Cd Wk — 1
K, ZERFRKAR Y8/, P BRI BAE [
i, Cd B MAERRAIE T E S CK LR EZ R,
177 i B N K B Cd v B 8 T o 3 R A1, S
2.0 mmol « L' Cd Ab P AE PR i 2 155 K & 5 22 f
i TAEP AR P 08 2 K 22 BTG 2 #5027 K
A BT P HEAT 00 T HL K g3t 02 28k AR A
WS N ) T, I DA K aE s s e T SR A
B IE w0 R, R8T, XS
Adamakis et al. (2014) WF5R 45 R AH ], dF— A 0E 0
TP R Cd 2 I E R AR KT .

JGE A I W e AR DG BE Sy A 27 R 1Y BE ik A=
HE G, RO EE AR & &
Z /bR A Y A KRR T IR 58 (7 AR SR,
2008) . AWFFE EALE RS A o SR
a5 HRK KW A AR R E Cd &
PR it AR a M4 R b Il Car i CK 1Y
A TGN AR ST = Cd VR BE I SRR a 1

RE DM Car WEEN B EW /D, X517 HELE
(2008) [ BIF 98 45 S — 3, Cd Bl A 4y W 5 [ s
S ROS K& R (4 #5%,2009) , ROS RED
Tl 4 3R N Car G JI0AH Gl 14 135 14 LA B o 3 - 44
A Car 1Y REAF, N EE 48K 5 Car & B FEAIT,
M2 a MR b ERHE U8 3 4K A 8 O RE, H X
A DBRRIRE T B 28R o AR OCRES N
e A RERY T BE (AN A5 2010) , AWF5EH Cd 4b
A2 a/b (HFEAK, W] Cd X203 a 1050
M R T4 R b, A 5050 70O Bl 58 2 1 A5 1R T
GRLE-* s SR A A AR b
HAEM . Car A7 EEGREF PR IR By 18 2 BE (Fh
/NFYEE,2010) ,Cd BB T Car & 2 FAIC, F80EE
1 A A R DG BB AN T B MRG0 IR D
A F 1Y R J7 0855 T 4 06 A ML ( Demmig-
Adams & Adams, 2000 ; Matsubara et al.,2008) , iX
HE— LU Cd JBhaE BE 5 BOE AL B A8 2h DOt S AE
FHwES R A

50 H 21 T 5T A R — B AR
2016) AWFFEH SAEE AR AR 2K i MDA &5 i
HIRf Cd e BER T mmi g n , BB 2 & T CK, i H:
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Table 3 Effects of Cd stress on Cd accumulation in alfalfa seedlings
10 d 34y
HRRELE Cd & 10 d PYEARE T RRAE B )
Cd 4b 3 i ; 4 i X AR o Cd R Cd §is R

. Individual enrichment of Cd - plant N
e B ndividual enrichment of Cd (jug - plant™) Cd % b% CdBEE%  Cd absorption  Cd transport

Cd Purification rate Purification rate rate

treatment of Cd in individual  rate of Cd in (‘wmol Cd - (‘wmol Cd -
concentration Wb 3 bR o above-ground part  whole pot plant g - d! g - d!
(mmol - L) Above-ground Below-ground BT within 10 d per unit volume root DW) root DW)
part part Total (%) within 10 d
(%)

CK 0.640+0.12¢ 3.475+0.15f 4.115+0.41¢ — — 0.085+0.02f 0.548+0.02e
0.125 15.300+2.01f 40.120+1.29¢ 55.420+2.22f 0.214+0.03a 15.500+0.35a 2.049+0.26e 7.262+0.01d
0.25 24.510+0.81e 61.840+1.17d 86.350+£9.58¢ 0.171+£0.01b 12.076+0. 72b 3.474+0.10d 10.736+0.08¢

0.5 46.250+0.54d 67.830+2.88¢ 114.080+4.35d 0.162+0.00b 7.977+0.21b 5.448+0.06¢ 13.438+0.06b

1.0 57.400+1.41¢ 72.930+3.32b 130.330+6.42¢ 0.100+0.00¢ 4.557+0.13¢ 6.295+0.16¢ 14.293+0.04b

1.5 73.960+5.02b  77.980+8.55ab  151.935+19.42b  0.086+0.01c 3.541+0.24c¢ 7.659+0.52b 15.734£0.03a

2.0 89.360+7.91a 79.380+10.74a 168.740+12.25a 0.078+0.01c¢ 2.950+0.12¢ 8.774+0.76a 16.190+0.01a

PUEALEE &R G H B SOD 5 POD {ifi 1 ] 4% {4 &2 31
JeTh e FERE Cd Ab 3 R B R AR Y R A, L
W AR B Cd W3f (0,125 mmol - L) R AR
MDA & 2 5 T 25 A BB LR fih Cd e A AR
Y1215 Z5 AT A L, 40 I AZ 46 T AR R Y
SOD J5 £ i F K T CK, Z ARy SOD i& ik 5
CK JC i 3 25 S, v W W B Cd ik ae 4 ikl 1 AR
SOD A& M, AR (25 it POD MG M B 3
T CK, UL 58 48 B 15 75 52 Bk B2 Cd i 38 1
POD REBLIHTE LA LI B ROS; #H i) POD i
R TR T A G v, W R B Cd e R
5 Cd B A AR 4 2R POD T PR AR fL T
TG R E, AR (1.5~2.0 mmol + L) Cd
e AR POD AT SOD i M B i KAE A BT R
W (EAT 3 & T CK, Rl 2 AR v iy SOD # i %
WO, U3 IF POD 5 BRAR Hh ROS, W82 = e B Cd 1
JIL I R 3 AL A A 05, A 9 AR i MDA 5 5t 0 &
F TR, UL R Cd Writ g FE A AL £
G5 119 25 il 2 AH B PR AR AR, TR U2
TR B A TG T AR A T LR 2 Bt B AR ROR (=
HIGAE,2010) ; B AR 25 SOD T AL F AR At
B POD I VL& b, AT LA BR 8 43 ROS, 1 H., H1 T

25 o (R 20 B R SR R T A A, il Cd DA
TEYH M BE i 3, K KZE MR T Cd XF 2219 35 FAE
HI, N fdE MDA 5 s (IR TAR Fn it (JE 2R 46,2017 ) 5
i MDA & i i 25 TAR FIZE | S SO 1405
TR, 3 B F P o 2 14 3 1 A0 PRl SOD Al
POD 7 PEREAR, F5 50 2 POD 76 Mk, R0 & LR
f) MDA X} SOD 1 POD (14 35% 4 & 410 i 4 FH (2R
WS ,2013) , UiBH Cd 7E [A] — A8 Bk i A T 3B 47
T BUERE o F AR BN [ T HL b 4 Ak il AE R —
FERRAS [RI 67 DA RS [R) ¥ B Cd Mol 38 o 380 14
R 5 A 22 0], K B 2 S AT RE S W Y A
BB F A O (TR AE,2013) .

FE A AT L R Cd 20 A 2 43 v ) S S
SR Cd 5 H 3 N (B AEAE,2008) o ABFSE
H, Cd FE4$ 4143 v (9 % 5 43 T HE T A 4t i BE > 2
LB > ZE AR > ISR, X 5 Wang et al. (2008 ) ff
FAER B, R Cd RFH 44 T 40 ML RE 40
JfLEE Y Z2 88 53 1 IR B T RESS & Cd™ fif
Cd ULVETEZ0 M RE rpr | BHLAS — 28 Cd i A0 ML 38,
T REAR Cd X HE ) 1 B B9 5 3 ( Kupper et al. |
2000 ; 2R 2L EERIEE SR ,2015) o B Cd Jiaa T it
SRR TFNAN LT P Cd 25 5 43 BC 3G, 40 i B 2k
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FLAR P Cd 7 5 4 Bk 2D, 1 W I s 40 i B o
Cd B B8 E I8 55, B 2 19 Cd HE A 40 i 9 3 9F
PR ARG T, i A WA A Ay Cd B i
B Cd W& B T ¥ B 3 0 m i 5 CK Hegg, it
SRR I AR K (100,52 435) o A SRy e 0 440 L
DAL 65 445 A0 110 56 B 40 B 28, I S A N ok AR AR
WG BR, D RE o, 4 B X Tt e ROk UL, Cd &
IO BE B IR B IR, FE & T IR U2 45
T B SR AR I B AN RN AR (R AR, 2016) , HL
JAERMER RN TRERBENEARELS
R (PSS, 2010) , BT DL ad 8 1 Cd i A 2%
PR 2t HgE i R e e AR e E A IAEA . 5
UL IR, an i ik, Cd ihia ™ K& AL R A ROS ff
-2 2 Car A BTG 1 52 2906, 1E 4 Z A Car
RN, S B R Car & mIFAL, X iF—
HIRT Cd XL EE MR FEM, AF
55 W] (Allan & Jarrell, 1989) >4 41 ffl BE % Cd Y™
JCAE F1 I8 B4 I, Cd 238k %52 2 40 i v i 4
Jif0 e 5 248 R AR 40 AR AN O BR DX S, H 40 Mg
TR ER SN TG I RE LS & Cd B BT TE , 4F
Cd B —Emymt =z, Wik, R Cd 760 2k ik
H ) A AR D XS B CKOA 2 A s, AH L 2
it e iy HE A 2H 43 37 B R B A e R Y
SEAETE i Hb RN M R ER A Cd & Cd A
WIS iz R AL B Cd 38 v BE 0 38 in 24 4 25
15, 2 WITE AR 5% 1) ok B A6 3 I, SR 40 1 7 WO R AR
B Cd BT 1 B 30 VR R e A 32 4, <
Cd PWI J 5 32 R Fp 22 K, o i Cd B2
SEAERSE— L Z B, MR E T o R
) Cd Fr R IR 2 T B3Ry, X i T AR e ot
Pefih Cd M, sS B R B R B L, X 5
Kupper et al. (2000) [0 58 45 58 — 2 1 A D&
) Cd B F L R G2 s T2t ey
fei i B30 A Cd F AR XK, #£ 1.0 mmol - L
Cd a2 )5, H T 3 Cd 355 4 W B 3 1
L AEARST Cd AW S s 32 o % T 48, 54k
HESH M AR ERH NI, T e
PR AET, Uk B R 5 6 1 7 il B 32 Cd B
() B 2 P2 W B, ™ RS TSR TS R 4%
A FEAC I, Baker & Brooks(1989) 1A by Hb | 3

X Cd BHEIE 100 ng - ¢' 4 Cd S BRIk A
PR i, AN T A BT A K i, fEA
WFFEH, 24 Cd A BRMREE A 2.0 mmol « LA, 5548
HAE S A Cd & 53k 89.36 pg - g Cd b
WeFE 2 0.125 mmol - LB, 10 d WAL H 15 2h 1
R B Cd B AR R, 5 3] 0.214%
ARWEFEH B SR 10 d B ALE 18 BORIAS] Cd
RAED I FARE B2 AE B A8 X Cd s
89.36 ng - g, AW I KT IR 105 d 9 RE
( Vallisneria natans) % Cd B9 & £ &N 90 mg - kg’
(I =4 ,2016) AL Hbk L X Cd 15K
HALER R 0.214% , 557 B 3K ( Brassica juncea)
B3R 30 d XF Cr L3 0.23% (£ % = 5%,
2011) J2 85 3% 66 d Xf Zn 1 Cd &AL 300 51 Ky
0.29% 1 0.13% (555455 ,2002) FHAL, A, M
MR E4E Cd it it Cd BB X Cd (b 45 7
T XF % R B E R AR Cd 5 R Y B R
T A — A,
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