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RE : LUNE AR, 20 AR AR ZF R EROE SR DRSS SRR T IR T MERF S M ZES
RIFRFBENIRER, SEREW, © NERMRINEIZATERNH T E LSR5 RPN M —TAE Y9855 ; Cd Cr.Pb X /NEIR
A Td 2B (ECs, ) {H 43514 1. 39.,0. 20mmol - L™ #12. 75mmol - L' & 153 3 M E S B XH/INE F— 1 RFHERT
2 Cr > Cd > Pb; HeAME MR 30 1 28 5 i 38 Tk FE 9 56 R T P UM AR A Y 3 =2/ (@ +2/100) BFE T RAER v = a(1 —exp( —bx))
BIFEA . @Cd Cr.Pb B —J5 4L il X /NE A i MR A BT B LA i it T AR A E 3 T30 £, RAM AR MER T E R
ST TS G WD ) BURR A ; A B M BRAR T ESMNIT A MR FEERF : Cr > Cd > Pb, X BT —ARYE 512 50% 1 i1 il 7
WRBE BN ECs, (B 5E 19 5 & MR ) 28 5 Jipae YR B 1) 56 2R T L ARAS AU | Bl XLl AR Y | i B iy SR AR B A I AL, @ BB B
— V5 Ju 38 3 BN E PR B T R IE B2 Cd > Cr > Pby e EAEX =B EZE KT N CdCr > CdPb > CrPb; 7E Cd . Cr.Pb
HAETYME G T BT LMEN BB E AR 15 Y M B 4845, LA RIRFR AT MR E/NE B S RIS YA LI ALE AR
TR — SO IR

KR /NE AT, ESRBISYL WHIER; WTEiR

The pollution monitoring index system of wheat at different growth stages under

the stress of Cd,Cr and Pb
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2 Qingdao Agricultural University, Qingdao , Shandong 266109 , China

Abstract; With wheat as test material ,a series of experiments including toxic germination tests, hydroponic and soil column
culture were carried out to study the pollution monitoring system of toxic heavy metals in wheat at different growth stages.
EC,,'s were used to order toxicity of the heavy metals. The results indicated that; (D) The decrease in root elongation rate
might be an effective bio-marker to estimate heavy metal pollution. The 7d EC,; of Cd,Cr and Pb on the root elongation were
1.39mmol - L ™", 0. 20mmol - L. ™" and 2. 75mmol + L ™', so their toxicity ranked as Cr > Cd > Pb. Relations between the
inhibition to each traits and heavy metals concentrations were well fitted into math models of hyperbola equation y = x/(a
+ 2/100) or exponential curve y = a(1 —exp( —bx) ). @Heavy metal stress to wheat seedlings was most obvious in leaf
area (LA) and top weight (TW) ,so LA and TW may act as sensitive indices for pollution monitoring at seedling stage. All
traits except for root weight were affected by heavy metal in that order of Cr > Cd > Pb. Relations between inhibition rates to
wheat agronomic traits and heavy metal concentrations were better showed by linear equation, hyperbola equation or
exponential curve. (3)Toxicity of soil heavy metals in terms of grain yield decrease ranked as Cd > Cr > Pb. Interactions
between any double stresses of heavy metals on grain yield followed as CdCr > CdPb > CrPb. The ear number was the first
choice to be used for pollution monitoring at mature stage under multiple stresses. Our obtained results will provide

theoretical basis for pollution monitoring and comprehensive control in farmland.
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HEE 5 Y R HACEAT R A N I 3R 2P DA B NS fd R it & T e R R fa 3 W E 1, CBUh
FERELRTY 25 X HEELRBITROIE, TEEDE HIRE LR KIS R B IR A A
SETTTH , ARG — AR PR HIRE SR ISY IR o AR S A A ORI S YRR
EMNERAAEHR DREERBNEEEZ . PMEERER LS —ROREEY, RAXREERN
BYRE, ELHRERZ D HATOEZEWMA, BRiAXESBYN/DNEEKKEWEWLEENRCHE
s X NE TR LTS A B A AR AR R R A I ST R T (B /N A KR B - 3
VYL EAT WU Y F BESR R ARGE o A SCIALA/INZE AR 58 0 42, N 230 . 8l i 3 S iUk S0 R GE P 4 5% 4
YT MR AR , B B/NE R R AR B X 2 4 U8 i A BURRES B LA % R IR 32 o R B ) R TR B
VB 13T 4 J8 V5 e O Fa A ; FIT A5 PEAR 300 1 32 55 36 Vi B2 A 50 AR , S F0I00 A ] iy 30 ik B8 Xk /N2 25 PR
HIIPRIRREE , AT S R b1 7 B VA ISR B N, R M 3R 52 s R B &R 15 I 5APRL ™ B Rl B —R0
KRR, UAN/NE A P E SR L2 E R BAR G RNL PN ER KR 2L IR SR
1 #RERZE
1.1 ftlhre

PERA/INZE i B 95-120 , | LG Al K2 /INZ2 BiF 5 28 (ARl , 3 & 7 LU PG Hh p 30 S R AL
1.2 PR SR 5t
1.2.1 RZFFHRAR

B E &R TR R A, RS LIBSER Eh £l s
E‘J%?&ﬂﬂ/\,%&i%@%ﬂ%%ﬁﬂﬂ/\o ﬁ%\%*ﬂ% 3 Table 1 Germinati(;n ;est scheme for stresses of Cd, Cr and Pb
MESEEAR 4 MEREERLD,FERLTESRME .

DR ERE 3 W EZERFMET T BEHE—  s% w8 o &= Pb/
BHGHLHFE T, 7 0. 1% HeCl, 1% 10min, [k g o (mmotl?) No (mmobl7) Ro  (mmolL7)
cdi 0.15 Crl 0.25 Pb1 0.50
ok, USRI E SR, BAERILEL 0 o ca om me e
20 kiP5, i 10mL Fe il r i AL 3 BH T TR R AL 3 3 045 €3 075  PW3 1.50

Td B, RN EMTFREKE . FRK . FHE Cd4 0.60 Cr4 1.00 Ph4 2.00
MREE , R IE &G T DS ERYBIEE—- &S 075 65 125 PS 2.50
DU RR R TR RS R R A By 0 000 T n e
[, A% = (1 - SEEE/XHE) x100% o cds 1:20 c:s 2:00 Pb8 4:00
1.2.2  ZiEEmas et cd 135 €O 225 P9 4.50

MFHEBEEYKRLEEE, HEiA Sem iFEE4E cdio 1.50 €10 2.50 Pb10 5.00
K BURRR /D B RE T, B B AR 1000mL, Gl 165 cill 275 Pbll 5.50
B 22 ok ) Hoagland 524 38 S5 MM 3% S 22 cdl2  1.80  Cr2  3.00  Pbl2 6.00
50 /e K L T B8 A 5 6 A e cdi3  1.95 Crl3  3.25  Phi3 6.50

cdl4 2,10  Cil4  3.50  Pbl4 7.00
R, R T E AN FEZE B /K A R 2 B = B . AR
A3 S, BRI, ARG~ REHITESR
HY LR, TR 3R, UL 10 BOVBRE AL @R R 2R . B &R B —15 el i s R il e,
W S MESEIBCE 6 MRE(R2) IRTERE AN,
1.2.3  HE LR

PABE BB AE L ARG A /N, LASR (CdCL,) (4% (K, Cr, 0,) (T (PbOAc) NikEe ¥, &% 5 A

HIMEE (Cd: 1. 0mg/kg 2. 5Smg/kg 4. 0mg/kg.5. Smg/keg.7. 0Omg/kg ; Cr:5mg/kg .20mg/kg .35mg/kg .50mg/kg .
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65mg/kg; Pb: 50mg/kg. 175mg/kg . 300mg/kg . 425mg/
kg.550mg/kg) , R Uys (5°) ZHFEIFB ST,
TN ZICE A TG G E B xR 19 ML HEA G (R
3), BHE 3K, RAMILXAHS] . H&MTRKK
RV YR BE ) ZR 1R /K W W I B 2 5 3 42 A B E
HHEIR (0—20em) By 138 b, 5 F AL SR P- 15 25 b 2
HIERFR o, A B A KHE ¢ =25¢m,l =60cm
4 P B Y TR 0—200m,, A B 1 20 MR/DNE .
1.3 BRrIgEi o trs:

HRYE/NZE S B R T G B SRR AL, e /N ZE IR
T2 () A5 PR BE («) B ARG T IR AU, A R

R2 REREE-SRMERREFRAR
Table 2 Hydroponic culture experiment scheme of single stress of
Cd,Cr and Pb

4 cd/ 4 C/ %i Pb/

No. (mmol:L7!') No (mmol-L=') No  (mmol-L7")
Cdl 0.05 Crl 0.1 Pbl 0.25
Cd2 0.10 Cr2 0.3 Ph2 0.50
Cd3 0.30 Ci3 0.5 Pb3 1.00
Cd4 0.50 Cr4 1.0 Pb4 2.00
Cd5 1.00 Ci5 2.0 Pb5 4.00
Cdé 2.00 C16 4.0 Pb6 8.00

{E IR/ B A SR BT A B 14T LU B S e EE R A8 80 5 ) SAS R4 Hl EXCEL R0 AT Rai B 3 Se it

WS5LHE,
2 ZR55H
2.1 W ZEHAORN [ HIR X 4 B BE — Ml 3 e B )
=7

Bl 1 FI3R 4 R, @A &G, /NERZER AR
K FEEEER MR E S 1 R BT S e TR BE (R 26
REARFEWHMEER y =2/(a +x/100) , JLHEEAS
o E B 100 KR BRI HI 3, 240 o AT HRITE M
Tl 2R EETF 50% Bf [ fipE VR BE, B} EC4ofE : ECyy = 100a,
/INZZ A ZE A R A 3 ) SRR I AR > AR
fEEE > 2FK > ZFEEE

TERE B ST /N R ZF B T AT A XU A A
A, HE 3 MEREAF G R AEAL:y = a(1 -
exp( —bx)) , NP S o FRBRBKIWHE, b 2
KRFFWHE B /NFE & PR B 58 b 38 1 B
PIHIRR BE I R/DIBT AR > 2R K > i E > 2F
B

TEREIEZRMET ,/NERZER RK ZFEE 51
fief T ) 32 A0 AR BE 55 A R BE A B 6 R AR AT A Uith
SRR, /INFE A ZE A A TR R R Tl 2 TS A 91 o
YERBIR/NITT AR > 2R > ZFEEE > REFE

*3 WEHREEAFEMENZIHEREREITRITTR
Table3 Regression design scheme of combined stress of Cd, Cr and

Pb for soil column experiments of wheat

No. cd Cr(VI) Pb
/(mg/kg) /(mg/kg) /(mg/kg)
1 1.0 35 175
2 1.0 65 300
3 1.0 20 425
4 2.5 65 50
5 2.5 20 175
6 2.5 50 300
7 4.0 20 550
8 4.0 50 50
9 4.0 5 175
10 5.5 50 425
11 5.5 5 550
12 5.5 35 50
13 7.0 5 300
14 7.0 35 425
15 7.0 65 550
16 0.0 35 300
17 4.0 35 0
18 4.0 0 300
19 0.0 0 0

HEFVE R ) ECs (EBDN, RIAETEMEMGR . L ECs fE AR HE , HLBOA [ 28 X E W i B R B, 3
FHEK ZFME RBE RKE4 MR F:Ce>Cd>Pb, MHA, ARELSBTRZAFEHEFHAERLA
5o U Cr [ EC fEoNZERN , THR L E WM E &8 ECs, 5B M AR AT LURBREXF 2R (R S5) o W%/
E BB BN, Cr:Cd:Pb = 1:6.95:13. 75 3X Y B 247 £ 50% FRI ThI S80S i, 76 F) ol 3080 ¥R B2 2 % FH) Jop
BWBLH) 6. 95 1, B hie W BE R AR 10 13.75 1, RARE) 2 %o

2.2 AR RIPEARG 4 B A B — i SR B LA

R B HERBUELE — A N R 2, SR )5 S 2500 -0 B 46 05 7, 5F Fh 3SR P8 F B EC5 I TR 6,
A HIECs, [HR/NR P AR TE = MR <ARTE <R, X R SRR b e 598Uk /NI g
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40
30
20
10
0
Pb/(mmol-L™")
1 .58 SREME 3T A ZF B S IR 930 #1016 A
Fig.1 Inhibitions of Cd,Cr and Pb to seedling traits of wheat
R4 MFHFBHERIE G ENE A R X BRI
Table 4 The responses of seedlings to Cd,Cr and Pb stress
MR Trait 57 Model a R ECsy/(mmol-L°1)
% Cd  ZfEEE Bud fresh weight y=x/(a +%/100) 0.039 0.9715** 3.9
# K Bud length y =x/(a +x/100) 0.0289 0.9595** 2.89
AR T Root fresh weight y=x/(a+x/100) 0.0231 0.9441 ** 2.31
R K Root length y=x/(a+x/100) 0.0139 0.9836 ** 1.39
MEAR Trait F5 7 Model a b R ECsy/(mmol-L"1)
4 Cr Zf#f T Bud fresh weight y=x/(a+x/100) 0.0055 0.9884 ** 0.55
Z£K Bud length y=a(l -—exp( -bx)) 84.3271 1.6831 0.9951 ** 0.53
AR T Root fresh weight y=a(l -—exp( -bx)) 81.9402 1.7314 0.9307 ** 0.54
R K Root length y=a(l —exp( -bx)) 91.2183 4. 0695 0.9980 ** 0.2
MEAR Trait F5 7 Model a R ECsy/ (mmol -1 71)
4% Pb  ZEEFTE Bud fresh weight y=x/(a+x/100) 0.057 0.9640 ** 5.7
Z£K Bud length y=x/(a+x/100) 0.0476 0.9670 ** 4.76
AR T Root fresh weight y=x/(a+x/100) 0.0624 0.9271 ** 6.24
#R4< Root length y=x/(a +%/100) 0.0275 0.9818 ** 2.75
x5 METEEREIE. R0 EC EEILLFIX R
Table 5 Comparison among ECys of Cr, Cd and Pb for wheat germinating
AR Trait Cr Cd Pb
2f#£ T Bud fresh weight 1 7.09 10.36
4 Bud length 1 5.45 8.98
4T Root fresh weight 1 4.28 11.56
R Root length 1 6.95 13.75
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TE =mmH>RTE> K.

TEFS A AF T R A S T AR T2 A R S pRa W B B E R LR 6, MRIFHRRTHEE
FHHRE) ECso 8, WNBIXRIKUCOE T8 < AR <MRTE =tk dta W, SRR 5 b ia 5o st K
NRFF AT E > HER > RTE =5k

F6 KEHEEEMRE 15 XMH RS 48 SHINE R EHBFER
Table 6 Models of traits inhibitions by Cd,Cr and pb on day 15 post the metal stress

IR Trait a b R HiZ) Model ECso/ (mmol L")
4% Cd k75 Plant height 2.4377 29.0052 0.9888 ** y=a+bx 1.64
T FH Leaf area 0.0061 0.9952 ** y=x/(a+%/100) 0.61
56T H Top dry weight 81.0692 1.5822 0.9799 ** y=a(l -—exp( -bx)) 0.61
T Root dry weight -3.1729 50. 4444 0.9789 ** y=a+bx 1.05
AR Trait a b ¢ d R 7 Model ECsy/(mmol-L1)
4 Cr  Bk1S Plant height 37.8002 1.6750 0.9985** y=a(l-exp( -bx)) 1.52
1 FX Leaf area 0.0025 0.8479*  y=x/(a+x/100) 0.25
5 Top dry weight 0.0054 0.7548  112.2890  0.3154 0.9992** y=(ab+cxd)/(b +xd) 0.20
AT Root dry weight 0.0152 0.9100**  y=x/(a +x/100) 1.52
MR Trait a b R FEHY Model ECsy/ (mmol-L -1y
4% Pb  HkiE Plant height 102. 4943 0.2836 0.9759 ** y=a(l —exp( -bx)) 2.38
T FH Leaf area 0.0129 0.9469 ** y=x/(a+%/100) 1.29
56T H Top dry weight 0.0132 0.9416 ** y=x/(a+%/100) 1.32
T Root dry weight -4.4274 26.7600 0.9878 ** y=a+bx 2.03

B T vk AR ST E AR T E, IS ERRR M RIE RN, IR 4 5 1 a H S e U B
B REAI(R 6) o REFTA MR RIS e o BB, 30 1) 8™ 2 i 3L R AR, (& MR M B2 AR
7], R BN HRR SRR, 5 50% Ml )il F ¥k BERD ECs HWAR . 88/, UL BUR. #IE Mm%
PR A5 8 B BURR O AR > 5 T > R TE > R

DA ECs (BN , WA R E &R X/ NEL I FEE R B, W TR TE JE T F Hm AR e 5 4 ME
R L5053 MESEITR WK REMERTR (R 6) o MR TEMFERFH:Cd>Cr>Pb; x5
=FMBERTHF, 7 Cr>Cd >Pb, B2, HHFER/D, X EHARMNE T EMFERRN 23 5,74
KA AR TE EREHEARR,

2.3 MHA/NERPRL B SR B ERERC R

¥R B/ NERIE N EE B, BB R ESBEE G IHE KT LIBRE KD FHIL %, 2, 25
Fon LIEPR B EREIRE Y RokPR R, £ EH TR BB Z R R R .

y =56.3009 - 1. 6843x, —0. 0968x, +0. 0146x, +0. 0297x,x, +0. 0024x,x, —0. 0006x,x, —

0. 0445x,, —0. 0006x,, —0.0001x;,, (R =0.9643,P <0.01;y:g/column, x,_x,:mg/kg)

MR HABA R, FIREAEEE 735 7 & R B 8 R B A AR A B T 7 2

y =56.3009 —1.6843x, —0. 0445%,,
¥y =56.3009 -0.0968x, —0. 0006x,,
y =56.3009 +0.0146x, —0. 0001,

BT 2%8 3 M E SR YL me/kg E ¥R EESAL, O LUF R LA B 5 R 50 B -250n ph 26 (& 2) o

H IR AP - 50 % B 55 3 R ER B IR AR T /INE WORPRL - B, T EL AR L Jhihae ok BEBR K , 1/ 3 B2 e
REGHE . KT RERERRB T ENTREEERD, SHAE R /NETF 58 > 5% > 8. DBIRME RN ™
B EERR, MR EE/DN . BUFPRL B EA R I U B2 H 0 .
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HI T AR R R B, SR A% ) ELAE TR B0 IE 60

i, IR Z B AA SRR, BB T 2 0

—HRA R R PTH W AT RN EAL B w5

A2 B A SR, P M ES MR 25 ——u
THE M 5 —FES R TR OB IS, S *>‘ TZ —— b
AR BCH U, WA Z R TR © N
vk, R R R, FIRNE 4R 2 R AR 0020 0 a0 50 e
J/INET AAR 47 4 390 26 1 48 %4 (LA 5, B : CdCr > Stress concentration/(mg/ke)

CdPb > CrPb,
B2 $REHE—pEsthNEmBHHIN
N = 3 /1 N N
/J\§ﬁ1¢ﬁﬁ}_’tgze EE Ej@ﬁ ‘ﬂjf%ﬁﬁ%ﬂﬁim Fig. 2 Effects of stresses by Cd,Cr and Pb alone on yield of wheat

B TERMBR B R M AT FPR = &5 HAY B
RZERRIA? XX TFIRANRE 8 P xR ™ 2 K mpL ] JE =2,

MRDITER (R T) R KPR 8RS 3 =B RE R Z 2 B &SR B ERIEHEXK R XM
PR R U, T H A R E R . BT 3 ™ B B 3R A T AR L ) 249 AR B A 3 R AR
ez AR —AE R BRI ZEIE AR R, BT LR RBOF A BB A R B 2 06 7 &
TERBIARX B2, BOk—PRA TERMTRABRENRRR(EKS) .

RT NEFHFTFEBSHMEERNEREXSN

Table 7 Simple correlation analysis of wheat grain yield to its components

HHK 2% Correlation F#Ki % Eea grain number BLFE Grain weight 728 Yield
F4% Ear number 0.0962 0.5420* 0.7596 **
FKi % Eea grain number 0.5525* 0.5528 *
BiEE Grain weight 0.7240 **

®8 MNENFHFESHMNERNBERS T
Table 8 Path analysis of wheat grain yield and its components

e it RS Rt B it HRH
Contribution Ear number—yield Grain number—yield Grain weight—yield Correlation
F%1 Eea number 0.637 ** 0.039 0.084 0.760
Fki %% Grain number 0.061 0.406 ** 0.085 0.553
L Grain weight 0.345 0.225 0.154 0.724

% % 0.01 KFEFRBZE, « 0.05 KFFEZE

3AERMMAR 57BN ERGER R B 58  BEE0. 637 ALK 0. 406 KL EE 0. 154, BEXUAIREURL AR
Wk BN BE KT . HEGERRBEEY B— R R X B B R/, 53 MR RX B E A
RANGF I - R > RERLE > e, T ELPT A R R R IE AR o X RB, 40 5% A6 a XbFPRL ™ B 2
M 12188 < TR 0 4 R B AR S E BE SC B, T EL S AR 5 ) 2 i e B S8, XL A S B 559 , o UL R 5
M & H
3 g

B BT R ME X B 2 BB U  FROUARK > ARBEEE > 2K > FFELE BRI > ZF K > IR&F
B> FEPEL OV > 2R > ZPEEE > REFE . BRI NERIFNE SR R IR R (B 1, 3%
4) o HAFRHLE] AT RER 8 5 RSP ACH T W , 3 SR 7 B Al 72 P 2R R IR T SR B IR L AR Y
TEPERAIRT™ ™ LR R R AR AR IRV B (T30 R B K 8 B R P /K AU A & D TR T 1
WAL FESCHEE , ENTHTE PEREAR, R, PRIV T M S 2R L B RE R 8D, Wb R AR 2 32 B
F T8 A I AR A (R TR 25 A A, TO a8 e AR B0 A R R PR 25 B T B, 5 R 2 AN R, BRAR e H
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EHESAENESREM, FESRAERRVBEE, R, A 2F4E KRN ERY R SREHF AR ERE
Sk BARFR IR B RREL, B LA, B 2R AR K T R V5 S i bU 2 S R /N2 O 7 AR BE AT LAY D M
W VRS ESRE TR IHaX R I R BN AL SR, U ECs AR, LB R E & R /h
B PRI R I, X TR PP E MREFE RS 4 MERTE :Cr > Cd > Pb B F MR 4. 28—7. 09
5, 5500 8.98—13.75 £5(3K 5)

3 ESRITR XKD LR T E M FER T N : Cd > Cr > Pb, MRS KT8, S T
BYREVER) 2 4% s XS T M BRI R AR O AR, #90 Cr > Cd > Pb, S8R R A0 1.08—3.05 1, 2
BYRETER) 1.57—6.60 £ 4 4% HT A —T5 Jbiba xt /N2 4 i PR B PRI R 0 R TE = M AR > R
TE > bk HOER T E > MR > RTE > bR Ao ER > @8 T8 > RTE > ki mEkRE
HRAE I AR MR 5 2 B4R % TS S ihaa Al o T AR RT AV DA 2 B TR S IS S AR (3R 6) o fHARE
AT LA 50% ] F B 7 P B 4 J U R BE AR W I LA R B IR T R B MK/, (HA e 2
FARRRWREE™ o B TR R &R B FIEMR IR N R A UL DA BS T 23T 9, T LA fek B O vk B 2
_ijo

TR B RS R SRR T /N MORPRL R FEHAE RN R > % > 8 (B 2) . ot
HAEXS BRI E BT R > W > B, LIS 2 REAR N, R NEVEM. R % BES
15 G a2 F T, /AN RPRL™ B 51 R R B B 1R R 500 310 - B4R 0. 637 KL% 0. 406 KL 0. 154, H
H A ERLEOA R B 7K (3R 8) , BEERCAT LANE D bR I B 5 15 e s I F) 1 B 44 o

LA ESREH ANEAR RIS E b T HATE AL R A BT R 2R, X SR M BRI
TEREZS. A /NEH SR GE ANB BN 3 REA RN LR E SR 1o Y A B E
BEFERR
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