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Physiological adaptations to cadmium stresses and cadmium accumulation in lettuce

JIA Yue—hui, HAN Ying-yan, LIU Jie", GAO Fan, LIANG Qiong, YU Ping, LIU Chao—jie, ZHANG Xin, SU Bo—wei

(New Technological Key Laboratory of Agricultural Application in Beijing/Plant Science and Technology College, Beijing University of Agri-
culture, Beijing 102206, China)

Abstract : Cadmium (Cd) pollution is a major environmental factor limiting crop growth. Lettuce is an important vegetable for human con-
sumption and the physiological responses of lettuce to Cd stress are not well understood. In the present research, the effects of Cd stresses
on lettuce growth were tested using seed germination and substrate culture experiments. The results showed that Cd stress significantly re-
duced the germination potential of lettuce seeds; the seed germination rate of lettuce was significantly inhibited by Cd stress, except in the 1
mg- L' Cd treatment. Lettuce biomass (fresh and dry weight) was significantly increased in the 50 mg- L™ and 100 mg+ L™ Cd treatments,

while Cd stress had no significant effect on the root/shoot ratio. In contrast to 10~200 mg-L™" Cd, with 5 mg-L™" Cd the concentrations of to-
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tal chlorophyll, chlorophyll-a and chlorophyll-b were significantly higher than that of the control. Malondialdehyde (MDA ) concentration

was markedly increased with 5 mg+ L' Cd and was unchanged with further increases of Cd stress, except for a significant decrease with 20
mg- L™ Cd. Superoxide dismutase (SOD) activity decreased significantly and catalase (CAD) activity increased after inhibition with the in-
crease of Cd stress, while peroxidase (POD) activity increased gradually. Cd concentrations in the underground and upper parts of lettuce
increased with Cd concentration in the substrate, and the former was always higher than the latter for the same Cd concentration in the sub-
strate. With increasing Cd concentration in the substrate, Cd enrichment coefficients decreased gradually in the upper parts of lettuce and
decreased after an initial increase in the underground parts of lettuce, while Cd transport coefficients always decreased. Subcellular Cd con-
centrations in the underground parts of lettuce increased exponentially with increasing Cd concentration in substrate and increased linearly
in the upper parts, while the former was always higher than the latter. Subcellular Cd distributions occurred in the following sequence : cell

wall > soluble part > organelle in the underground parts, and cell wall and soluble part > organelle in the upper parts. Therefore, retention

in the underground part(root system) and immobilization of the cell wall are important for adaptation to Cd stresses in lettuce.

Keywords: lettuce; cadmium; physiological adaptations; accumulation and distribution; enrichment coefficients

B — A BRI A LERIRE S
BRI, BRI & AR AL HS R
B ENLELATAE S . (1) R4 [ i il AR Pkl 2k
T (2) B[R B 1, A HE G 5 DR 7 A 0l R
(3) TG AR, R — B2 B 2 4 e R AR R 5]
—RERREE KA RIS, 41 ) HL 2 R 1 4 R
fICE FR IR IR 32 , TP 10 4 10, AR R 4
KR TR, RN IR R S R
FERSER , SR B bR . — M & L AR
R G o0 A HA DL B AR S ZE S ip > 520 M5
Sn BRI AR, FE R RS — e B (SR ) 5
Yool ke & %, Wig i A Ak, = AR K s
(MDA)®, SR, #4038 2 38 3 A ek 4204k 90 8 A g
(SOD) A LA G (CAT) AL AL E (POD) 55— &
A1) (R 4 T P 95 e B iy A/ PR R IR R 1 i
it 72 G W TG, R AV A 400 A B B T, AR 4 25 10
A —E R Y, E A ak s SR, T BTG Bl o
E—2 TPt B AL IR G BRIG5>
CO WAL, B0 28 1o VR T, b e 2k & 8RO & &
45, A& REOCERCR TR, ZmAEY )7 &2 5 5
J> 4,

R (4 1] - 4875 o tR 0 R 400 B 4
15 Y bR R Y FRIFDR IR AL 2006 4F X b T
B 3 I S A AR O ) RS A A B S -
5 2 (0.091~0.971 mg-kg™) , H iR FANE 558
(0971 mg-kg ' H10.886 mg-kg™ ) i (- FR
R AR UEY (GB 15618—1995) HY Y — 2 bRk 5 i 5 5%
FrEAE0.1~101.412 wg- kg™, HXF b a0 17 3840 A BEAE
TE— & WV TE R R XS . A2 32 (Lactuca sativa L) {F
N EEE LRI B B R IR AR, R

Wk, DR e A 4 [ 25 ) AR, L AR SR R 3
ABF AN B S iAF 22 5 o PHAEIETE 3
W], BEFH B E R T o, AR SR T R 2F R R ZE S R
246 BORNE 348 H08 2 B0 A T8 B2 B2 B0 [AIK 5 Tl
FOAFECIT TR AR JE B 38 X 2R S BA
W P e AR o BRI Z A, AR i 2R 3K 6 5 1Y
{EL R 0 37 A P AT AR R 22 5, HIX BB S R 2 4R
LR K B 26 TR, Tk AT IS A SR G T IV 2R
Lo PRAR SCRA A SR bR, 7K B IR SR A 45
B OETE R RE T A SR T B R A A B AR
O A A SREAAS PR e I 200 P 94 SRBURR AL, 53] A2 SR
A £ o7 b i SRR R, D A SRR 1A B LA A
FERAE AR

1 #REFE

1.1 RIE##

P A= 32 5 A R 35 B K A (Lactuca sativa var.
capatata L.) , B4 F AL O A AO B A B2
Ao g A A E R (pHS.6, A ML % & 75%, C/N
950 1) Ry [ E T TS-1 8
1.2 R FH*E
1.2.1 SEBGAT kb 3

P A A L KN — A A SRR 1% /Y
UG BRANT BT B 10 min, T 2B FKIEVET 4G
A 33 CAE A Bl /K H iR 30 min, SR 5 46 THIEA
PR 2 U AR B B 1 AR L, BRI 30 K7, T (15+2) °C
TOCRE TR . B H 10 mL AN [F)H 5% (0.0.5.1.5,
10.20 mg- L™, 58 L CACLTE 2RI B 15 329, 454k
PRI E S 3R . 4 dJ5 I & 2 35 (DARAR K B R
FYPRKE LR, 7 dJ5 I k2R,



1612

VREINCR Sy 375585

K EEH= 4 d WEER R T & 2 B R 7 Blox
100%

KER=T d PR R & ZE B R lox
100%

AR A 4K R =Ab BRA /5 BE ZH X 100%

A 2 I R R b T A BR 0T (k< g A =2
1, VEV) R, B9 2~3 80, OO BE B 5540 vh i
FE (AR K 14 h/10 h, 5L 20 °C/15 °C, Y650
J£ 12 000 1x/0 1x) , 2 Jil J5 ] 1/4 Hoagland 56 4> 3% 3¢
WA TR SR 4 T Ja RS 3k 2 78K (8 emx6 emx
10 em, FE 5T 5B —FE) b B4 1L, [R5
W 1/2 Hoagland ¥: 729 , 6 Al J5 FF R B VEE AR n 1A
A e B2 45 (0.5.10,20.50,100,200 mg- L™, 5 L CdCL,
B AN ) B Hoagland 58 4 55 55 Wi, 4 AN A0 B 15
Fho WHE 10 d J5oRAE, DU A= AR A e b5 . e 21 d
Ji R I 2 A S AR R
1.2.2 WES H K& 5%
1.2.2.1 A SRR SR 2 B

H A2 2 EE 3t rp G AR R A R K R 2K gk
BT R R R R 5 4 B340 T FR 4538 4
fif JiT it (FW) o T 105 “CAYH 30 min, 65 CHET R {H T
i, PR T (DW) |, ME T 5 AR & AF B 2 100 B
i o FRE0.25 g FF b T AR, I 2 mL AR (1
L,V V) R E LR T A T R R | 120 “CAIR IR TH £
4 b, 1R 21 T A DAHERR T A o R v ™ A AR
W L AR TR 21 140 CHRSETH A 30 min, I HLEAR I
BURFESR R H B E S AKER 2 10 mLo 6
fiff 56 B R i P R ERGRE 5 4 A R SOk (1ep-
OES) W& 5 & i, IF AW s S R is 74K

AW AR R B(BCEF) = MR 4 8L i 1 /3L I
R T

38 ZBUCTE ) =FE AR L3R 4340 & e A R T
BB A3
1.2.2.2 A3 A AL AR AR A I

AEPREE S B SR A A RN o AR ECR
FHR R | 435656 B e 22 s MDA 5 12k R A
EL B 22 R 325 I 52 SOD ¥4 4 R FH 268 U W Y 38 i 3
W POD 3 PR FH AL B AR By 250 52 s CAT 3 4%
FHBLE 00
1.2.2.3 A S0 HA 40 i P9 4 1t 04 o

IV 20 B 2E 43 Al B B B X 25020 5 1 . U
B AR SR R 340 1 ¢ B T 10 mLFiE (4 °C) Y
LB [50 mmol - L Tris—HC1(pH 7.5) 250 mmol - L

HEFEAN 1.0 mmol - L™ CaH 00,8, AIFBS B 273, 3000 r-
min™ .0 15 min, TUIE BY A 40 0 RE 20 73 (G145 4 e BE
FIVEHN A RERE F) , 3 4K 22 12 000 - min™ 5.0 30
min, 7T IE F_F 5 W 5 1 FR by 4 B 8 25 43 F1 AT IS 20 55
(CELFE 40 M AN, ) | 70 B8 Ja A 4 7026 A 10 mL 5
DR 2SR AL 5 F ICP-OES I 22 4 7% 1t .
1.3 #iEabIE

% FHl Microsoft Office Excel 2003 K SPSS 16.0 ik
TTEHE 73 B, >R FH LSD A 50 1 ik A7 25 5 I 2 Pk 40 i
(P<0.05),

2 HRE5HH

2.1 RIREX E M FILZ MM

FHF R Fp 71 & i S HOR R ZER MR 2
B R ZF AN T R 2 AR ST R PR
Wefh 7 & 28 2/ & R AR S AR T R 2R A R
W, 3R 1RIEN 1 SRAS AR BE AR 0] 2B S8 kY
W), AT AR Y, R0 AE fol A S A 2 A B R R
MR E>10 mg- LB, R ZFHIINE . 1 mg-L'HY
B E PR T AR 0 R 2R I A B R AR
FRREARH R ZE R Y WU R R 20 mg - LT EF A
19.8% , S Xt RE) 22.3%
22 BIMEXHIHEFEESEMNFNT

AN TRV 3 4 0 A SR 2 3 R S L R 2,
A LLE L H BN 5 mg - LB, I R0 A 4%
Kam i Em TX I, 42 b A& 5% B8 2 ()
ERARE . MW EAE 10~200 mg- LT HE N,
M2 R o 8 B IR AHN X IR . P23 a2 K b
FE 5~20 mg - LB, 52 35 08 F X B s A ok B Ak e 14

R 1 IREE X R F A R R0

Table 1 Effects of Cd stress on seed germination of lettuce

. . - e AR A KA/ %
WAk mg- L' R ER% R 2R % e T
0 22.7+0.00a 88.8+0.00b 100.0 100.0
0.5 19.8+1.25b 85.0+1.39¢ 95.7 87.2
1 11.3+£1.66¢ 94.5+1.45a 106.4 49.8
5 5.7+2.05d 64.2+1.23d 72.3 25.1
10 Oe 36.8+2.35e 41.4 0
20 Oe 19.8+2.15f 22.3 0

T R E J P bR HE 22, 6 B AN 1) 5= REFR IR 48 LSD
RG22 5 0.3 (P<0.05) . I,

Note: The data in the table are mean=SD. The different letters in a
row indicate significant difference at 0.05 level using LSD test. The same

below.
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Figure 1 Seed germination of lettuce after 4 d Cd stress
R2 WMETEEHEZSENTK
Table 2 Effects of Cd stress on the chlorophyll contents in leaves of lettuce
B /mg - L 2R B /mg - g 2% a/mg- g 282 bimg- g 2R o/t 4R b
0 0.464+0.013b 0.321+0.008b 0.143+0.070a 2.24+0.09¢
5 0.501+0.015a 0.365+0.014a 0.136+0.005a 2.68+0.06a
10 0.361+0.025¢ 0.256+0.011¢ 0.105+0.006b 2.44+0.06ab
20 0.360+0.016¢ 0.252+0.001¢ 0.108+0.000b 2.33+0.01b
50 0.344+0.006¢ 0.239+0.004¢ 0.105+0.005b 2.28+0.09bc
100 0.339+0.023cd 0.233+0.003cd 0.106+0.004b 2.20+0.08¢
200 0.320+0.005d 0.224+0.006d 0.104+0.002b 2.15+0.04¢
AR SRR a4 b S X ITC I 25 5 8¢
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Table 3 Effects of Cd stress on lettuce biomass
T g1 i ST FW /g b T DW/g- 4k
TR AR bR M5 e ISiie s HR R M RSy ML

0 22.12+10.08b  0.99+0.44hc 21.13+£9.75¢ 0.05+0.02ab 1.00+0.51be 0.07+0.04¢ 0.93+0.49¢ 0.08+0.02a
31.33+8.02ab 1.08+£0.39bc¢  30.25+7.77abe  0.04x0.01ab 1.55+0.45ab 0.09+0.03be 1.46+0.44ab 0.07+0.02a

10 24.02+9.28h 0.74+0.33¢ 23.28+9.00bc 0.03+£0.01b 0.89+0.34¢ 0.06+0.02¢ 0.84+0.32¢ 0.07+0.02a

20 21.89+5.08h 1.00+0.34bc 20.89+4.94¢ 0.05+0.02ab 0.82+0.19¢ 0.07+0.02¢ 0.76+0.17¢ 0.09+0.03a

50 43.23+14.35a 2.25+1.13a 40.98+13.58a 0.06+0.02a 2.05+0.63a 0.19+0.10a 1.87+0.56a 0.10+0.03a

100 36.52+10.05a 1.67+£0.33ab  34.85+9.76ab  0.05+0.01ab 1.75+0.48a 0.13+0.04b 1.62+0.45a 0.08+0.01a
200 23.96+9.57h 1.20+0.54be 22.75+9.09¢ 0.05+0.02ab 1.14+0.49bc 0.10+0.04bc 1.04+0.45be 0.10£0.03a

F4 mEMEX &£ EAEEENZMm
Table 4 Effects of Cd stress on activities of antioxidant

enzymes in lettuce

WS SOD{EME/ CATE 1/ POD i/
mg-L" Usglemin!  mgH:0:g ' min” UsAAsgrg ! -min’!
0 5.33+0.06a 10.0420.17d 347.7£17.8e
5 5.23+0.12ab 13.22+0.15abc 378.3%21.2¢
10 5.00+0.02b 13.81+0.13ab 590.4+28.7d
20 4.71+0.04c 13.86+0.17a 978.3+5.5¢
50 4.60£0.05¢ 12.93+0.63bc 1097.2+51 3¢
100 4.58+0.02¢ 12.5420.21c 1354.9+48.1b
200 4.090.16d 9.8+0.36d 1 584.7+42.2a
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B (y=6.17x~13.70, R*=0.93 ) , TMij b b 345 23 52 % %5 2
FH (y=49.00 Inx—46.97 , R>=0.99 ) . H.1E [7] — v &
i T T = e i S PR
WBE N 200 mg - L7 B, b B35 4540 (SO L T 840

() 15.7%. BRI T 3o AR s 4 R L
S0 T N T L N 8 s o =19 =l N 3 U s [
bR 43 BH S R s B is R BBE AR VR B v
T 2R R 16 BH AR SRR R R ) bR S g
e NFE
27 BEEETHEMASFHDH
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HRR O B AT E ] b S A3 S A i R Y 43 A L
191) 2 240 iR BE > ] 975 26 43> 40 it 7 (o 66 o v e KA ik
JEEBS < 20 JfLRE S Al e > 0T L A0 ) o B R B AR TE
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Table 5 Effects of Cd stress on Cd contents in the upper and underground parts of lettuce

il WM WA L AR R
mg- L™ mg-kg ' (DW) mg-kg ' (DW) w R AR
5 34.51+1.13f 46.53+0.91f 6.90a 9.31a 0.74a
10 60.40+1.55¢ 105.61+3.64e 6.04a 10.56a 0.57h
20 96.74+1.68d 164.63+2.67d 4.84b 8.23b 0.59b
50 155.99+9.43¢ 283.49+3.84¢ 3.12¢ 5.67¢ 0.55be
100 175.95+6.01b 355.15+5.06b 1.75d 3.55d 0.49¢
200 209.98+5.39a 1338.67+27.03a 1.05d 6.69¢ 0.16d




B A S R 4 B0 B P ) B 1615

e (y=-0.02x+84.04, R>=0.50) ; 7E 40 M 28 v o5 F o
B (13.3%~20.7%) , .l 35 3 o7 g v B2 i 386 hn 22 B
2R 1IN $ (1y=0.024+15.95, R>=0.51) ., Hli - #B4
FP ST 20 6 4335040 2 R A A0 R R T Y 4 v BT
L IAH 22 T8 )L, =38 Z Ml i ik Bt 1Y 75.3%~84.2% ,
I LB o i e B 1S 0, T O LA T e kG
(y=0.05x+75.37,R°= 0.86) , T 4 At &% o 4% 25 it I o5 Lb
) 2R % (y=-0.05x+24.59 , R>=0.86) .

3 e

3.1 MBI AL T EMERMFERSERZM

Tolt 517 k2 AR X 1 S e R B B B
TGRSR 1 & 2R AN IR SR i L, T LA SE R G
NS ERS gk Lk L SOl ol SR )
— & Jr B AR B2 by WK K, IR AR 1 2l 5 il o
B WM A 52 BB RE 3 R AN 0 2 AR Y

Fo WMETERLAEAS PRI (pg-g' FW)

Table 6 Cd distribution in subcellular fractions of lettuce under Cd stress(pg-g” FW)

WAL HMRIE /mg- L 20 LR R AR i PR R JSYAE e
RS 5 7.10+0.33e 2.47+0.10d 4.74+0.43d 14.31£0.82e
10 9.70+1.00e 3.41+0.36d 5.80+0.33d 18.92+1.68e
20 23.64+0.51d 5.73£0.08cd 13.60+0.54¢ 42.97+0.77d
50 29.29+2.06¢ 8.60+0.57¢ 14.34+1.77¢ 52.22+4.37c
100 179.46+16.95b 56.21+0.72b 59.80+1.84b 295.48+14.84b
200 663.80+14.50a 223.57+20.92a 193.87+28.87a 1 081.20+62.69a
Hh_F R4 5 2.14+0.03e 1.42+0.03d 2.21+0.04d 5.78+0.10e
10 2.17+0.15e 1.51+0.04d 2.51+0.14d 6.18+0.27e
20 3.65+0.23d 1.98+0.08d 3.20+0.55d 8.84+0.44d
50 5.37+0.22¢ 3.30+0.07¢ 4.86+0.07¢ 13.53+0.22¢
100 8.18+0.79b 3.98+0.18b 9.99+0.30b 22.16+0.99b
200 13.41£0.9a 5.06+0.23a 13.59+1.73a 32.06+2.27a
R EXTHARSERPRERSENXR
Table 7 Relationship between Cd contents in subcellular fractions of lettuce and in substrate
RIRTHL Al AR ALY
Ry ¥=9.86e", R*=0.94%% y=3.01e", R*=0.96%* y=6.10e"", R*=0.94%*
b4 y=0.06x+2.12, R*=0.99%* y=0.02x+1.67, R*=0.91%* y=0.06x+2.15, R*=0.97%*

HHNTE P<O.01 K TR« BB S B, me- Ly WA A i pg- o' (FW).

Note: ** indicates significant difference at 0.01 level. x.Cd contents in subcellular fractions(mg+L™) ;y.Cd contents in substrate[wg-g ' (FW)].
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