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 OE E KRR BT Cd TELLKISE (Sonchus asper L. Hill.) IR AL AIAE 43 A5 ALZTERS | Cd X4t
g b, FRFIARESA LR &m0, LLAR 2R 40 IG AT DL Cd JHME i b 5 R 6B . (1) SR8 A0
It b AR A Cd 2tk Bl Cdl Ak FHVR B AN SB35 1900 5 (2) Cd FELEWT G 1A N AL A B IBUE 25 234 4 : NaCl 423
A (Fyaa) > HAC $REUS (Fyy ) > HCLREUS (Fyq ) > BRB S (Fy) > BEFKIBEES(Fy ) > SEARBES (F) ;
(3) SLWi BRI 1 Cd FEEEAM TR AR T, (5 B Cd & 1) 36%—47% , B Cd YR EE I T+, A0 i g g
A3 AR YGRS RS 20%—33% ; (4) SEWT SR AR A T A LR & /N K T A R >3
R SFEERRS O, AR 5 A WL MR 1 68%—96% Ak HE b IR AR Cd & 1 15 1 py 37 SR iR Ay A
TR & ik B IEAH G M6 240 0.993 Fi1 0.994( P<0.01) .0.953 F1 0.982( P<0.05) ; (5) AN[F Cd MeBE T, £ilbr
BRI TAVIR EZ AR, b7 A VLR B =1 52%—89% , HL7E 30 d i 5 M bk it _I F#RIAR TR Cd
i i 25 IR A5G, F 56 R BN 0.967 1 0.978( P<0.05) MR /0 WA A R ANSE R BRI b T 27 26 Xt Cd B IR,
SLWTA TR N FSER IR AT IEIR S 5 Cd R 250 LR TG T Cd 19 ; IR 200 6 [ e A0 kA
SRALFITEAS MU R 22 Wi 48 i Cd e i) = ZE ML

XKEIR  Cd, LW, WA, FES, K TR LR,

Effects of Cd stress on uptake and distribution of Cd and the low molecular
weight organic acid metabolism in Sonchus asper L. Hill.

QIN Li HE Yongmet LI Yuan LI Bo ZU Yanqun ™"

(College of Resources and Environment, Yunnan Agricultural University, Kunming, 650201, China)

Abstract; A hydroponic experiment was applied to explore the subcellular distribution and chemical
forms of Cd in hyperaccumulator Sonchus asper L. Hill. (S. asper) , the effects of Cd on the contents
of organic acids in shoots and roots, and the response of root exudates to Cd tolerance. The results
showed that Cd contents in the shoot and root of S. asper increased with the increase of Cd
concentrations in solution. The contents of Cd chemical forms upon Cd addition followed the order of
NaCl extractable fraction ( Fy,, ) > HAC extractable fraction ( Fy,.) > HCI extractable fraction
(Fyer ) > residual fraction( F,) >water extractable fraction (Fy, ) > ethanol-extractable fraction (F}).
36%—A47% and 20%—33% of total Cd distributed in cell wall and nucleus, respectively. The
subcellular distribution of Cd was mainly in cell wall and the percentage of Cd in cell wall increased

with the increase of Cd concentration. The contents of organic acids in S. asper followed the tendency
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of tartaric acid> malic acid >citric acid> acetic acid. Tartaric acid was dominant, accounting for
68%—96% of total organic acids. Significantly positive correlations between shoot Cd and malic acid
and citric acid were observed with correlation coefficients 0.993 ( P<0.01) and 0.953 (P<0.05),
and significantly positive correlations between root Cd and malic acid and citric acid were observed
with correlation coefficients 0.994 (P <0.01) and 0.982 (P <0.05), respectively. With Cd
concentrations in solution, low molecular weight organic acids of root exudates were mainly tartaric
acid, which accounted for 52%—89%. Significantly positive correlation was observed between shoot
Cd and root Cd with tartaric acid contents, and the correlation coefficient was 0.967 ( P<0.05) and
0.978 (P<0.05), respectively. The results indicate that tartaric acid and malic acid in root exudates
of S. asper facilitated the absorption and accumulation of Cd, and malic acid and citric acid
participated in Cd absorption, transport and accumulation, which reduced the toxicity of Cd. At the
same time, cell wall binding and reduction of total percentage in higher active chemical forms are the
main tolerance mechanisms for Cd in S. asper.

Keywords: Cd, Sonchus asper L. Hill., subcellular distribution, chemical form, low molecular

weight organic acids.

T A HER A B K 5T K TR , L R w A A K it S 0k I R Cd 5 e
Cd 78 3 b BAT B i fb 2200 M 5 B 4@ A LT &) A AR 22 MRS T R B2 7 A ) 1) AR AR SR S
Hh, I E e R AR 7 A b A T B AR A R A 8 A R DR L3 B AR 1 A
AN AP RE A JEATE TR B AR BN R SE A A M AR SR A, AT e

KT % Cd™ O fEFE MR T Z R R Cd> W R gL RS i A BRAE AR LS . (1) Cd™ 5B HL
Mg R AR s T R RS G TR AR e AL B I X IR e 5 (2) CA> W AELEAE Y ) A TR o7
s AN Cd B AI A3 AR AL E A TR SRR A R ) Cd SR A9 R BRI 2 — 1 Al iR N
Cd WAL AR BUE SRR Cd (93T R FTE BB P 08 20 A 7 R TRI RS 4 b 28 A [ 4 42 S [] R i
RIARN Cd WAL A PR BGS el A i AN Ta). Cd AR AR 2R /KR i b v 2 8 7 /K R IRCES D 2 Pt 4 PSS 25 0
Cd 2 r o H B T e LR A Rl i 1 55 0 AL BB B Cd & AR XT38 7 T, caerulescens R
Hr, Cd 19 C B BUS TSR AR U |5 B i LRk 95% ' A% Cd YW OR B4 S5 Cd 1
V24 A A 2 B HUGSAE OC, R BRI FEAN R Cd Whia s BT, & AR 2E B 38 Cd 1% ST 248 Jid 43 A1 F
PR IGE  UARBIAR G Cd WS- 2 AL

FE A N A FLIRA GG B 855 X AR T B 4 Jm P 7 HoA E S A S a8 T A BLTER M Lz 1 i
FEHLH AT LA AR R R i AN B A A N B LR L IR R S A ML S AT B AR AR
FUReRA  Be S Cd A IRBLOARE A1, 2 5HP%F Cd MR izt R B it RgRs
R ARPE AR N A HLER T (2 3 4 s MR R B M 13 A %552 Ni-AP IR A W vl BE 2 NI Jsfif)
FERA FE, AYIRES S S B B IEYIR N RS A BRI A 85%—90% i
SIRE TR SX S BENARSE S RESY " AR BARSFHA WU 1S MO AR R pH L Eh
B SESIERATS BAUESA RN S0 48 e b 4 SRS LU AEYITETE ™' .cd R
ZREY e FEAR R MRS FADLRR AT LA AL 3 h i Cd  fR k7RI Cd iR 20

FEPIRT Cd BTN 0 B 2, AR AP ZRAE Y R Cd PR RO & SEHLER A BT 25 5%, AR H T AE
Wyid b Cd Ja8 AR B3 1A W A LB O B B i B O Cd B A U 4R Cd i BLEE
AN+ 152 L2256 (Sonchus asper L.Hill.) J2—Fh = A L0 Cd & EHY , BA E KR AW & K5E
R A, AR R G 2 W | LIBT3 % -1 Cd A S5 WSR2 56 ) ki s 1 R BR Cd 15
P LR Y E AR T —FoET R R

RSO Cd W38 54N AR S B 45 T W Cd 5 ZEAA PN A I 448 0 A, A2 AR AT S O A 3R
A AR R N | FEHE N 2 KT8 Cd Tt WO 2 i N FEDLEE, $E = X) Cd 15 5 HIEB R RS T
A RIS E L.
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1 #BS 7 ( Materials and methods)

1.1 REA R i

BEAMBLER A = r A S AR B A SL W 45 Fh - R FS SR BT &, e K b 5 Bt
I Ak Bk BAYEE RS 2B IR, R 0.1 mol - L7 A9 NaOH 8% HC 355 35 W pH £ 5.8, 114%
24 hiESEE A, B 4 d EIE TR 1 RCEEFE 12 d J5 8T Cd AR BE, 5K Cd™ RIR T 2454 CdCl, - 2.5H,0
(5rHrat) B84 4 Cd A FEKE(0.5.10.20 mg- L"), REABARSEWI 4 8 #k, A 3 W, A0 FE 30 d J5 ik
) A RRAR 22 56 FH B 27K W06, FEFH 20 mmol - L™ EDTA 284 20 min, DL EBRR R EZ WM Cd, TG
LB FKukG, W3R K 5T, % .
1.2 AHLER A B ICH
1.2.1 R UA PR IR

W 2 RN — SR R CE SRR IG5 25 17K 0.5 mmol - L™ CaCl, 7243 YRR &, &5
AR 100 mL 258 F /K BB P, SRR 6 h WCEEAR /I , WCHE AT 0.45 wm A GLFLIE I, 1€
T L2 T 78 K ANHE 60 °C FUe4h B A 25 mL, T-20 C¥IHMAT , T4 A PR,
1.2.2 i R R R A LR 1 4R

VERR AR BURL I F AL 22 4% 0.5000 g, A 2 mL 0.5 mol - L™ i HCI ¥R 78400 i 203, T 60 °C
AR HEEICL h, 308, E A5 50 mL.
1.2.3  FAHLER A E

SR FH AR 2 RO €033 1 HEAT I 52 8% - Waters 2695, 6,34 . Waters C18,4.6 mmx250 mm; i 5/
#H:18 mmol-L™' KH,PO,,pH 2.25( | H,PO, ) ; 7% :0.8 mL-min~" ; FEFEE .20 pL; &9 K ;210 nm;
iR .35 C.
1.3 FHPAR P A A 530 5 e Cd 75 =g

STV 40 6L 253 i B B P 25 T 5 00 025, 7E Weiigel ™) (10 07 925 b3 Y 9 2 . BAR IR 60 1) 45 BT 2 I AR
F45 0.5000 g TSR, A T4 19 45 RO 78 40 B B 50 SR . B8 BBUVR 28 1R £ 0.25 mmol « L™ JHE R +
50 mmol - L' Tris-HC1 é}}(*(ﬁi( pH7.5) +1 mmol « L™ (1Y) B 2% e 15 F5 A1 3% O Je e 20 A it LR A
JOBESS 3 (F1) 5 SEIAE 600 r-min™' T 0> 10 min, YUFENAIMIAZT 2 (F2) 5 LIFWAE 2000 r+min™' T &
O 15 min, TOTE R HGRTESS (F3) 5 FIEWAE 10000 r+min™ T &0 20 min, TIIE WLRARTTS> (F4) |, |
THWCN EAZMER I TR (FS) AR PR ES L, R EAE 4 C F#AT.F1 F2 F3 F4 # b8k
B FKEER = = A, TR PMRZET A 2 mL MRS ER AU LIk = AR, TH & 2B, €8 % 50 mL, A
JRFWMEEIRE Cd 25 . FS 385 AFREGR AR R R, B B AL E .
1.4 FEPEN Cd fkFE s

SRR E AR BGE Y BARBRAE IR AR FREUEEARE 0.5000 g, A 20 mL $EEBGRIHFES 5] 34K
JEHA 50 mL B0 7E 25 °C EIEART 22 h J5,5000 remin” B0 10 min, B EFR, FAIA 10 mL
B4R E] 25 CHEIEYR % 1 h,5000 remin~ B0 10 min, &)1 WA PR FIEWR. R T 5 FhEE
%UWW\%%*%EX:SO% Zﬂ?( FE) \£%¥7J(( FW) .1 mol: L"’%ﬂ:-’ﬂ*]( F,\Jam) \Z%ﬁjl%@é( FHAC) J0.6 mOl'Lil%ﬂ'i
PR (Fue) , 05 BRI A (Fy) BRI S AR A v SRR T A, T ISR 5 Cd 75
1.5 Fdeaba

iR Excel #47H HL AT, I FF Duncan 1 52 ) 22 16 347 22 S5 b 25 PR 0 460 A DGR 43 B 2R HH
SPSS #f44#r.

2 5 5178 (Results and discussion)

2.1 SR N IERS Cd S
ZEWT A AN R FIERS Cd I BEE Cd A FIVR B2 A4 misgim (181 1) .5 5 mg- L™ Cd ALFEAH
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[t,20 mg- L™ 2L R it 7o NaCl #2550  HAC $2HGE T HCL S 7 it i 238 0 (P<0.05) , 43773 fin
T 154% 46.5% 11 310% ;3 1~ Cd ¥ B T 2LWr 851K I Cd JE AR LA NaCl $2 B0 A8, 23 51 i 8 Cd 1Y
34.2% 29.4%F1 47.0%.

7E Cd AL FRIR B Ry 5 mg- L7 A, Wi 49250 TR ISR IE S i 2, 15 AL Cd Y 18.9% ; iR &R 1 NaCl $EHGS
B Cd 8, e Cd 19 25.8% , R ZRFRIEL, Hi 8 Cd 19 16.3%.4 Cd ¥R N 10 mg- L7 B, ZLKi 24
HF i HCL RS A Cd SR A0E, M AL Cd A 21.5% , HOREFRIE A, di B Cd 19 17.2% ;IR & h
NaCl #EHGS Cd WS B8 , MRS G B Cd &N Foo(29.4%) > F,, o (22.3%) > F (14.2%) >
Fy(12.9%)> Fu (11.3%) > F.(9.9%) .24 Cd AR B R 20 mg- L7 BF AP Fr A4k 22T 245 LR R A
SALBNEREUS A, 8 AR 51.7% AR R USRS AEE BRI S A 3, T A AR Y 70.7%.

[J5mgL! Il 10 mg-L! B 20 mg-L!

0r - Leaf [ % Root
i a 120+ a

A~ 60 B A~
T [ 725100
“< 50 = L
! 5
S 4of 5 %
s Sl
; 30k ; 60
£ 20Fbaba p ba £ 40
@] @] L

10 20

0 0

Fg Fyw Fract  Fuac Fucal Fr Fg Fyw Fract  Fuac Fual Fr
Different chemical forms Different chemical forms

B 1 A Cd AbH T Zemagm Fa i Cd i IB s
P AN [ 5 B 27 22 57 {38 (P<0.05) , T A
Fig.1  Cd contents of different chemical forms in leaf and root of S. asper

Values with different letter indicate a significant difference( P<0.05) ,the same below

HEEBTEAY RN G BT R S ENEED IR T E S U LAIR & A
2P R B BT K NaCl HAc Al HCL S 3R B AL P R RS S SR 4A R, bEE Lk
FRIBGRR A 35, TR B 1) 5 4 S TR MR RAE R ) R N 1 SR AL RE ) R RRAR Y E 5 mg - L7 Cd A
PRI, S22 T Cd AL AT 25 v 16 1 e 19 O BE SR U & AR, SRR O] R R AR Y 2 L
Cd(NO,), .CACL, A E R IO e F IR EL ) Bl Cd MRS B3N, SR 4G Fr AR 28 rh B BRGS AN
IR BRI 43 BE L2 PR A1, B BCS I  FE e it S mg - L™ Cd AR PEES Y 18. 1% F# KA 20 mg- L™
LT 10.4% , ITEHERARE) HCL $2 00 HAc $EHUE & & B33, =2 L) CdHPO, . Cd,(PO,), A
KRR Cd HTE BAEAE. Cd M E AR AYEAIE, Cd SEAL SR A S 51 IR MR A segh
1,55 mg-L™" Cd AbHAH L ,20 mg- L™ Cd AbHER , 2 Wi 45 M- Z B4R B MUK SR BUGES Cd #9230 Lb 1]
SRR T 7.7%F1 6.5% AR A LU 5 SIREAR T 2.8% Fil 4.3% ; it HAc $2HUFIT NaCl $2HL
BRI L BT 10.0% F1 6.4% , KR HC $2 HUZS Al NaCl $2 BUAS A9 43 B LE 49036 1 18.6% F1l
12.8% ,HAc $2 B \HCI 42 HUZS N NaCl 2 U 09 20 BE FL B3 N T 7.0%—19.2% , Ui Cd 7RSI 846 1K N
H T PRS0 45 5 A S PR 55 I 45 B IR TG W/ AR () T A A A 1) 3, DT 48 SR A 40 )
Cd A .

2.2 Cd FEZLIM3 i 40 o3 A

16 Cd ALY 5 mg- L7 I, SEW 4G M F b i Cd I iAo | 5 8 Cd 1Y 28.8% , o2&
YRR, 5 R Cd 19 23.2% s iR A Y Cd B AE A0 M, 7 8 Cd 19 43.4% , HOUOR A, di . Cd
f1920.3% (£ 1) .75 Cd BN 10 mg- L7 B, SEWr 4G Fr rp FIAR 2R R i) Cd ¥ 32200 80FE 4 M BE v | 433l
di s Cd 19 35.5% H1 39.3% , HUOZ A , 2051 6L Cd 19 22.0% F1 21.7% , oG RUCh 2 2ok {4
FIRMEAR.20 mg-L™" Cd AbFES i H FIAR R b iy Cd B A/E i B b 21 5 Cd & 1Y 46.7% ,
UORAMAMIAZ , 7351 s Cd 19 32.8% 1 23.8% , it FIAR = Cd B4 AR P35 8 . F1>F2>F3>F4>F5. 7
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ANFR) Cd YR BETF el ag it s 48 Cd MR T AN [A] ARGk B2 o) 2 2 I A A 20 A Rt Ak v v ik
FEIT SR FR e SRR ALARARL, 2 A AE A M BE

2 1 20,24 Cd AP EM 5 mg- L 425 3] 20 mg- LI, B, Cd 7ESE 736 1 4 1) 3V 20 i o0 A 2
R EFFE(P< 0.05), i A BEh Cd S RAEZ MK BEE Cd WREMN 5 mg- L7 1 K F|
20 mg- L7, ZEWrsg IR 4RI RE H Cd % 5 1% 43 TE LU A0S, i i 2 BE LR B R S mg - L Cd AR B
15.6%3 K E] 20 mg- L™ I 14 46.7% ,34INT 31.1% s iF A4 FLELIH 5 mg- L™ Cd AL PR 1) 43.4% 14
KE 20 mg- L7 BT 46.7% S8 T 3.3% (1 2) , 5 W40 i B S22 e 46 0 6 Cd e A & — it g .

R Cd 7EZEWT A AR HP %) U240 M 7 A

Table 1 Subcellular distrubition of Cd in leaves and roots in S. asper

Cd fbs - Cd #4 Contents of Cd/(mg-kg™") g
Cd treamfnt/ Parts of plant Total Cd Coiltellls/
(mg-L7") F1 F2 F3 F4 F5 (mg-kg™")
i 1.29+0.78b 1.92£0.16ab 2.38+0.47a 1.32+0.3b 1.36+0.05b 8.27+1.85
’ i 6.84x1.04a 3.19+1.05b 1.68+0.36¢ 2.28+0.19be 1.75+0.09¢ 15.74+1.70
I 10.21+2.39a 6.27+4.01b 6.25+1.04b 4.19+1.63bc 1.57+0.08¢ 28.49+5.47
0 il 21.38+3.18a 11.83+1.74b 10.68+2.34b 8.05+1.08b 2.52+0.40¢ 54.46+9.81
nt 64.32+4.02a 45.17+10.24b 13.63+1.78¢ 12.16+2.32¢ 2.48+0.91d 137.75+16.67
2 i 108.47+1.96a 55.31+2.42b 30.4+1.46d 35.23+1.60c 2.95+1.34e 232.36+19.78

TR P BN I E AR (n=3) | A —AT R T RRR 22 52 B35 (P<0.05) 5 T RLF L AMIBEL Y 2. ANAL A S, F3 Syt SR 03, P4 s
TRAL5Y 5 Ry &5 BRI TR 43
Note: Values are means+SD (n=3). Different letters in the same column indicate significant difference at P<0.05 level, the same below. F1. cell wall fraction,

F2. nucleus fraction, F3; chloroplast fraction,F4; mitochondria fraction, F5 ;soluble fraction.

100%
8 Fs

m F4
B F3
B F2
O Fl

80%

60%

40%

20%

Propotion of subcellular distribution

i Root A Shoot

Concentration of Cd treatment/(mg-L™")

2 ZEWIEEIRIN Cd AR A AR 43 H

Fig.2 Proportion of subcellular distribution of Cd in S. asper

Cd HEATRPEAE RS, H8 Cd 32 5 B QI AS 95 BR (14 200 Ft B 0 76 258 S0 40 e X3k 1 IX = Ak A FH e —
Pl s i 42 2 AN Thiaspi caerulescen'™) | T RANK TG Ha ) € Ph 325240 A3 70 AR 40 (14 20 i B A
DA R 32 B AT IR0 43 AR SZ I o A AR R B Cd i, SEW 4 i Y Cd 3 A0 AT A 20 A v, AR
Cd EZE N ATEANMEE , e R Cd Wil R, ToiS & M iR JEARE , SE W 45 1A P9 1 Cd 34 3222401 7E 4N i
BEH AR PTR o hor AR D  ZR H AN  RE S S Wi 34 A Cd HEE LA 05 [, B Cd A B B 114 18
T, Cd 7520 BE Hh 43 A 14 0, € I 200 B [R5 RS2 35X Cd B8R TR RN Cd PR = SR D iR %
HEAEHL
2.3 Cd JHif T 2e W4 i I RAR A LR i R R

Bl Cd AbFRHREE 30, S2WT 45 AR 38 4 FpIK 20 T HLIR 19 & & g 3 m, BLZE IRl — Cd ¥R JE A& 14
T ARTRA PR S KN R ARSI R SRR > LR (K 2) ,4 4 CAWREE T, T A BR300 i A bl
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PR e i 1) 86.8% .81.8% .80.1%F1 67.6% ; - PR 73 5 A AR B/ 1Y 12% 17% 18% Fl 31%.4 FhAIK >
THVRRBAIAE Cd LB B Ry 20 mg - L7 B35 B a5 RAE, 43 51 HE X BESEIN T 2.0 £i%5.6.7 £%.2.8 f5 Al
1.54%.

SEKTAG L 5B 4 FME > FAHLER B & Bl Cd AbBRHe B AR A p R 3 5 MRS AR (36 2) . Ze 3 |
FRA PR FE R AR, 4 4 CAWREER AR A PR S =Y 96.2% 96.3% 95.2%F1 93.0% , TR &
HTE S mg- L7 3 v T H A AL L

LW AR AT IR SESRIR AR S E S Cd Ab PR 5 B 2 IEAHOE MO R 00 M 0.989 (P<
0.05) ,0.957(P<0.05) ,0.999( P<0.01) , ZzWr 4§ M Fr (P R R AT IR 55 Cd b RV FE 2 0 b 35 TR AH
XK AR BIRH 0.998( P<0.01).

R2 Cd o T EWsg AN A PLIR AR

Table 2 The content of organic acid in S. asper under Cd stress

Cd WA PR Tartaric acid/ PR Fri i

Cd treatment/ ( | 71/) ’ Malic acid/ Citric acid/ Acetic acid/
_ mol-g _ _ _
(mg-L7") pmoe (pmol-g™") (pmol-g™") (pmol-g™")
0 324.8+13.4d(87%) 44.0+12.8d 5.0x1.3¢ 0.46+0.01b
5 375.7+9.4¢(82%) 76.5+8.1c¢c 6.9+0.5¢ 0.45+0.02b
B Root
10 446.2+39.3b(80% ) 100.8+7.3b 9.4x+1.1b 0.44+0.04b
20 649.1+46.3a(67.6%) 297.2+20.7a 13.9x1.2a 0.70+0.03a
0 1577.3+47.8d(96% ) 55.2+13.0¢ 6.39+0.25¢ 0.44+0.02d
5 2673.7+£67.6¢(96% ) 88.1+7.4bc 14.25+2.76¢ 0.60+0.01a
Hi L3 Shoot

10 3018.0+208.9b(95% ) 129.2+11.6b 23.37+4.13b 0.53+0.01b
20 3525.1+91.0a(93%) 220.0+59.3a 44.53+7.18a 0.49+0.01¢

TE: RPBH PR LbRERE (n=3) , 7] —F AR B3R5 22 53 .35 (P<0.05) 455 P ORI A 8L 1 SR HLER IO 43 1.

Note: Values are means+SD (n=3). Different letters in the same column indicate significant difference at P<0.05 level.

FE WA PR 437 AT LR 2 ok [ e A F AR F A4 ] 7= 0, 2 AR AR B AR KR R .
AMRAERESBAR RGN R T ERVER ARSI B Cd AbBR B 03 I, 220728 H L3 Fn
HRERSE SRR A AR & it & 0, B S AR Y B2 48 1 1 ARTAR BB Cd % & W R ARG, S R Cd
SRR BN 0.993(P<0.01) 1 0.994( P<0.01) , 5HRER Cd & HIHHE R %000 10 0.953 F10.982
(P<0.05) (% 3) . AIfig/2 Cd Wil S350 1 LeWrag (A oy S R AT A iR 1 AR 2 | [ e S92 2R e FnAr i i 5 it
NHYIRNEY Cd 456 FRAK T Cd 540008 S 220938 10 e BB2s & by, AR T Cd XA 0 25 3
Zn FE B AERLYE W SR N S A R SRR WY Zn 1 S SRR A, ARG LISE R IR -Zn SR S %
BAWIG B AEMRES R ESHY Zn WAR T A B8 00 S SR R [ A 38 5 A Zn B 256, X
JEI8 WSS Zn AOHILHT Y WA (A N SE R R AR R A ARt T RS ILIR Cd AL 2 — A G LE M
it Cd FIBLEIA A RE it — A .

R3 ZWHIAN CdSES 4 T PR S R (n=4)

Table 3 The correlations between the contents of Cd and the contents of organic acids in S. asper (n=4)

2EWi% Cd

. WA BR Tartaric acid SERAZ Malic acid P ERR Citric acid R Acetic acid
Cd contents of S. asper
Hi L7 Shoot 0.909 0.993 ** 0.994** 0.384
AR Root 0.975" 0.953* 0.982* 0.843

e o= BEKF P<0.05, # = g /K- P<0.01. Notes: * P<0.05, # % P<0.01, the same below.

2.4 Cd Wil T EWi 38R 2 0 WIS A HLER 1Y 2

15 d BFASTR] Cd Kb B 3 kA HLRR K - 72 A BH S A 52 0 AR 28 40 IR T HILBR AT 41 R b 3=, 4
A Cd WREEALFET |, 2K 35 AR 3 53 WA A TR 43 ) o B AT MLIR 1Y 89.4% . 77.9% .82.8% 1 52.0% (3 4).24
Cd ¥REEN 5 mg- L7 AR R0 haxX 4 FPIR & 24 38 v T BEKOF 24 Cd IREE N 10 mg- L7 A
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ATRFATAETR & fe 4k B e (E, B 76 Cd VREESH 20 mg- L7 B SX R0 IR 35 i A i 1 B3 5 £ R R 2R
TR o RIS Cd W A TF s T 0. S ii ok | 15 d i, 223648 2 40 iy i oA HILIG & /N R il A4 R
SRR > FriEmR> L.

30 d BT 2R 2R 20 WA 1 4 BN T A WLIR B S Bl Cd Ab PR B2 388 iy S &3 (3% 4) el
MR R WML AL LA A R S 32,4 > Cd W B AR BN MR 2 20 DRSS 47 R 40 1) o B LR 1Y
72.9% 13.9% . 72.6%F1 68.3%. 3R WA FRE Cd AbH ¥k B /A1 ¢ R 505910 0.996 (P<0.01) F
0.988 (P<0.05).5 15 d At ,30 d BFZEKT AR R0 WA YIA ILIR & /K1 A2 I A8 4k A TR SR R
R & B 00, P WA BRTE 20 mg-L™" Cd AbFEA IR, (S A MR SR 1Y 68.3% , 35k
7 30.1%. 1 SE TR FIAT 12 R U A Cd A BE Y BE S0 10 mg - L7 PB4 iR de K, 20 3 15 d BFEY 7.0 A5 A
11.6 £5.30 d HHAR 2R 43I0 A HLER & BT A 15 d B R — 350, R PUAT AR > SE R RSP >R,

WAL S HARE , & Cd AFUKF T ZEWr 3R R - I A LR S R B 30 d>15 d. 5340,
4T LIE I B BT B 4 BRI T 7 B 1 E B AR R AR AR N 15 d 21 30 d, SR AT IR R
S o A 1 L s/ T R RN S SRR P o LU A1 Bt A 7 ) A S I 2 R .

R4 AR Cd BT LW R AR i 4 F KT A DL i

Table 4 The contents of four low-molecular-weight organic acids in root exudates of S. asper under Cd stress

Cd e N7 A1 1R SRR FrIETR
Cd treatment/ Acetic acid/(pmol-L™")  Tartaric acid/(pmol-L™")  Malic acid/( wmol L") Citric acid/( pmol - L")
(mg-L7") 154d 30d 154d 30d 154d 30d 154d 30d
0 0.1120.02¢  0.1320.09¢  37.222.9c  45.8£10.2d  3.2#0.6c  15.0£2.4d  1.10+0.11b 1.85+0.19d
5 0.40£0.01b  0.45+£0.09b  59.8+2.6b 216.7+5.0c  15.4x4.1b  68.6+3.0c  1.14+0.19b  7.65+0.89¢
10 0.42+0.02b  0.58+0.05b  88.1x19a 362.5£31.8b 15.7«1.1b  110.3£9.3b  2.22+0.42a 25.69+2.08a
20 0.47£0.04a  0.71£0.10a  69.7+8.0b 546.1x19.0a 62.8+4.2a  241.0x15.4a 1.16+0.22b 11.49+0.94b

L R A TP E AR EZE (n=3) , W —F AR [F 78RR 22 573 .3 (P<0.05) .

Note: Values are means+SD (n=3). Different letters in the same column indicate significant difference at P<0.05 level.

Cd 3 FAHIPIAR 250 W6 A DILIR £ A RER Fr el SRR AR BRERR A L RS R [R A
Yy Cd Wpae N oA HLERAS ], SR 22 R A AR R A4 W0t R SRR DA AR R 3 Rl HLIR ™, AR St K
FAFN R AT BE AT ISR A R AR N R AEE I A R AR SRR AR Y R T
HE 2R I3 WA AR Y A2 A R e 1 AN [RIAF 0300 3 e 28 AR 2R 43 WA AILIR Y 2 )l 7% s R T 52 Bl ' A T 42 )
Cd B AT RERIVE IAILE. A 52 rh , Cd W3 T 22 Wi 2 A 2R 0 WA BILIR 22 il A PR AN SRR | bt AE 3 10
FYIE S S E G N, 30 d AR R 0 WA A R i LT A b [ AR RIAR A Cd B i 3 TR AR DG AHOC R
B3R 0.967(P<0.05) F10.978( P<0.05) ,15 d 30 d AR 43 WA SRR S MY Hb b3 AIAR K Cd & &
WLEIEAESE  HH 56 R Er 51 0.979 (P<0.05) ,0.959 (P<0.05) ,0.998 (P<0.01) F10.990 ( P<0.05)
(F5), Ul R WS R IR I 7 1 2L 25 X Cd Y M ie Z2 8. AT B o AL 3 A2 e 22 R A 6 W 4 3 ot G
MR 2R IR A7 RIS R P S TARBR Cd B, 5 Cd BB CAdARr T REAWIR” E-51 , N ik
THEPIRT Cd WS AR ZR 3 WMo T8 LR X T 4 J 7 = 398 v (%) 5 A AR ) AR AR D9 90 3 A A T A
FH AR AR AE R — AR R R A0S A, 0 2 [F]— A P 0 A [R) A A i 3, FOAR 3R 23 W A AL TR
ORI 2557 S S e A HLER (%) o0 W , A 1 T i — 2D o

RS GWHIAN Cd FRSGRADUW 4 FAPIR S RMENE (n=4)

Table 5 The correlations between the contents of Cd and organic acids of root exudates in S. asper (n=4)

ZEWMiA Cd A W9 41 R Tartaric acid SE LR Malic acid FEERR Citric acid LR Acetic acid
Cd contents of S. asper 15d 30 d 15d 30 d 15d 30 d 15d 30 d
Hi - Shoot 0.505 0.967 " 0.979* 0.998 ** 0.366 0.667 0.788 0.931

HREB Root 0.878 0.978 " 0.959 " 0.990 " 0.419 0.709 0.847 0.963 "
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3  %5i& (Conclusion)

(1) 22361 Cd B E DL NaCl HAce F1 HCL 32 BUE K T, B Cd AbFEHk B A 34 3 Fib
REUES Cd S g8, Nimife it Cd MGt s e S S5,

(2) ZHMIBE S Cd ARSI AR N I EZLLE B0 8, i B Cd & &1 36%—47% , B % Cd ¥ %7
T, AR ) S A T

(3) LW IR AR A HLER B AR, i A MLIR IR Y 68%—96% . fH &%t Cd Wi  iF 7% F
FUEA KM EER SRR AR, E AT 5P F RS Cd i 5 0 3% A E.

(4) ZEWTBAR 25000 4 R TA HLRITUT J - T8 41 R > 3 SR IR > 7 BE IR > 2R 5 Wit 25 1) 1] 1) ZE & 2,
PR FURPAGE R T o7 et 9 L 080/ I | T A PR RIS SRR T 7 L 3] k5 188 M. 9 B BT AR 28 0 W0 S SR R 34 5
Yy FEBAARTS Cd w3 IR A G
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