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FE R AKEE W B T AR DB SR R K FEAR R 4540 AR 2R IS4 AR R4k B AR B A Bk A 32 IRl Cd i, /KB 4%
BT R XA XKL AR AT —E KM, BREK AT FKRERK MK ERS, ARSI, BEREH, IRRWE
BN, FFERRRLI T Cd AR, M ESRVER Cd™ MR BE 1.0 mg/L B, A AL 3R AR X T30 A A0 38, AR R R FH A Cd R T
85.5% , b T HBAIIRUH) Cd BEART 35% , ¥ B b #8419 Cd FEIR T 58% o ARFRERIEXT Cd By R FN B A — & M fiIE
AL EHEAEFFEIRS P Cd™ W EFAAR KB ECR BT 5o 7EMR KB AT M IR AFM T KRB R R R KA Cd** (1.0
mg/L) HR IR R E EER/ER ,DCB-Cd 5R R WK Cd B 50% , 250 XF Cd BRI B E MK (p <0.05) . BFFERIATESR
FUIME T MR R4 5 (AR FE B EREAR) R K RERIK Cd WEZEFR R,
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Abstract: The effects of root zone oxygenation on rice ( Oryza sativa L. ) roots architecture, radial oxygen loss ( ROL) ,
iron plaque formation and Cd accumulation were investigated in aerated and stagnant nutrient solutions. The results
indicated that seedlings grown in stagnant solutions developed shorter and thicker roots but higher biomass and ROL rate
than those in aerated ones. In addition, Cd accumulation was greatly inhibited in tissues of stagnant rice seedlings. When
exposed to 1. 0 mg/L Cd** solutions, Cd adsorbed on stagnant root surface was decreased by 85. 5% , while Cd
accumulated in the same roots and shoots reduced by 35% and 58% respectively, comparing with those on and in aerated
ones. Iron plaque could inhibit Cd uptake by and translocation in rice seedlings by adsorbing 50% of the total Cd
accumulated in root system, but only in conditions with sufficient root-zone-oxygen and higher Cd concentration (1.0 mg/
L). As for in condition of root zone with deoxygenation, root structure (e. g. reduced root permeability) per se may be more

important than Fe plaque to affect Cd uptake in rice seedlings.
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FE, Hd Cd B—MEENESEGIOTE . B4, RERZ Cd IR MR HEFZ) 2179 x 10* hm®, 1992
A4 E RN H X A PR RS KA B “ R IR , AR AR PR HROR T BUC T e o i b FRBE R Y Cd A
Wik ke Cd ZE BT I BN Cd SEABEM — N EZE I H ., RRBEYROK /3SR M E S
B, HIB S AU RAE Y X K 73 A5 7 BRI, R it xd Cd 53 F MR MRz i A . 7K
FERZEFR R BA RIXESAER, DR FObE 1R R HE 8RNI P A KRR R BIARER,
PABEAL TIRESEMF T MR RAFTIER . R0, [ AR REDE R A SA — 8008 AR R 20 R AR PR R 5 ™
B AT AR PR O B R JR A 1 22 2R B3R, I B S TEAR B Bk AL IR > . B FE R K IR R B
IR A 5 b 2 4 R RO HAE K R A N I e B iR AR . B BR T DM SR wT 0 ) K RS AR R X Cu
ZnCd Ni % I, HoAE IR BEBGR TR RIR BRI R o B — i MR X AL R B AR 2R 0
AR R ABE, AFEREK R LRI EREY  ROCHE Jeilics B, T 5 RA 7 6k
EEAR RIBE D A AR R B T B — K RE X Cd Wi, It , AR SO ST B A ]
AR D RO T /K RS 4 B AR R A I BB OL , DA AR IX R A SR 14 R T LB X Cd I
RN, IR T KRR Cd SRR SRS
1 HREFH=E
1.1 KAEghuiEss

He7K 78 (Oryza sativa L. ) F5(J7HK 998) 7E 30% K H,0, iR 15min, LB 7K mie, B T &KL
RET RIFRHEE 2R IR T, HE & H5E L 50% 52 i) Hoagland & F7 ¥, Hoagland B IR 1
L WP EA . KNO;, 606.6 mg; Ca(NO,), « 4H,0, 656.4 mg;MgSO, - 7H,0, 240.8 mg; NH,H,PO,, 110.0
mg; H,B0,,2.86 mg; MnCl, - 4H,0, 1.81 mg; ZnSO, - 7H,0, 0.22 mg;CuSO, - 5H,0 ,0.08 mg; H,Mo0,,
0.02 mg; EDTA-Fe, 5.0 mg,
1.2 Rt

N bR EE IR K RS 4l NERE R RS S e, RN —BUN B I AP — AR TRER
100% Hoagland &R , R FE R BE 8h, WFE N 6.0 ~8.0 mg/L PR K iF FAbH . 7 —HAER
Fi# N, #9 0. 1% B Hoagland S5 & E 3R , AL N 0.6 ~ 1 mg/L, BRI BLA L HE ) . &R
BEH 1R IFVATY pH BN 5.5, PIZH4l i o0 B EOMBR A T #5538 21d J5 , — 3B 20 T8 AR 3R O S
RBMRAIBEHT, 75— o5 T F 555,
1.2.1 R DGE IR B0 X 7K A 4 i I A4 1) 32 i

B R G I KRR AT BB /D — B T, T8 0 50 2.5 mg/L Cd** (CdCL) W 5E 2B R
IR 2 A, 3d B | WE SR WHPIEMREN(3.0+0.2) mg/L, 34 HAFATEESFR + Cd R
TSR - Cd BREATE SR + Cd BRETUESR - Cd) , 540 6 MY . 2 AR USAYE(TE) HHEKRBYE X
Cd FTRHE , FF I E AR A AR X Cd I
1.2.2 RKEFREA KRG AR R KT L Cd IR R

PR AL B KRS S R/ N— B T, B eI & 0 81 30 mg/L Fe’* (FeSO,-7 H,0)
AT 8 5 48h, MR RIE BB ALY I . ST 4 FhALBE , BISE S 5% 1 BUE 37 5 175 K R AR RERTE
BL(A +Fe) s il AR IRG A E KRR RKBEIL B (A-Fe) ; BRESMIUEIRE KRR KRBT
HU(S +Fe) s RAFMPUIE IR G WA KRR RREIE B (S-Fe) , B HAE 9 Y . RIGHKZ4 Fh
A B K FEREMR ST T8 0,0. 1 Al 1.0 mg/L Cd** (CdCL) M5B EFRM PR | H. BHREYIEK
FHEBZERS em WEEEIRE T (SNE B AR A LGEE) , P4 100 ml RF Cd** ¥EEME R, 510
WEEE3 R BERBRERER, RRGHRE TR BERENSE BEEYET RAHRRRREKELR
T’

P e SR N AT IR BE 70% L IREE 22 ~25°C JLIMTE] 14 /10 h (BR/BE L) JCHReREEL
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100 pmol-m"~ g™,
1.3 Wi
1.3.1 #HRRWA(ROL) il & Y

ABFFERSH Ti-citrate 3" Y oK FIAR R ety yinee

SR, BRI T 76 N, 0 AP F o A b ,@,&E\\ \\/
PRARVE W, LAB R85 25 <o 7E30 ml 1. 16 mol/L f) TiCl, Rubber ‘ubi“g_’ Py
fFHITA 300 mi 0.2 mol/L #HERR #A% T 50 A Bl e oundsen
Bk Y Na, COLMEITY pH (B3 5.6, 15 50 oty [4Ag  pastn e
ml FBAF A 40 ml 3 N, 20h ) 1/2 Hoagland 75 lass et ‘“be\) fik Roos

T HUETHMEY A O ARS8 XL
ERYy 6 cm HIHEARE . HESFESNAE P EA
5 ml FPERRERIE W, S B I R TE A 2 em B A
B LABT RS O, I HE A, [ BF /JN00 36 6 A W ¥ S5 A4
IR, XN AMEY . 6h J5, R HE 3K
B AER S E B AR TR ERAE(E 1),
FIF5M-7] A3 S BETHTE 527 nm 54 NI BRI R D ST R IR KB W . IRIE A ROL = c(y
-2) WHEB A, Hh ROL FRRRMEE (umol0,/ (plant-d) ) , ¢ FR A B RE A B ER K L 1 AR
(L) ,y Fmad BRAFT B RR Bk VA R ¥k BE (ol T /L) , 2 R AAEY) 6h J5 68 R Bk ¥ VLI ¥k 2 ( pumol
Ti** /L) o

1.3.2 RGP L Fe A1 Cd A&

3% Fi DCB( dithionite-citrate-bicarbonate ) 2 $2 BUAR 40 i v (1) Fe 11 Cd, Bl DCB-Fe 1 DCB-Cd, EiA&}
ool AR MR R A 150 ml BEFFH , 160 ml ¥4 0.03 M Na,C H,0, - H,0 1 0. 125 M NaHCO,
RERBUK,IFIMA 1.2 g Na,S,0,, RAEFR FEFERELY 1h EEREFEE, BHEREBEA 100 ml 25
B AR RARE K HYE 3 K, ik RRE I ] 100 ml FEMHHEZ . DCB {REUKH Fe 1 Cd 1)
SRAXGERETOEETNE, RBUEHRAMEZE FKEEE S L30T 70C THTREE, I
FRE .,

1.3.3 MRHEEREH.BEK AR ERSR TSR

FAFBEE S MEAYRKERER (/g dw) . FARBGERR R I image T K 40 £ SR
K I Motic Images Plus 2.0 # 4 T S T M BARE R FIZIBE RIS Hb b 345 B A T 38K o
1.3.4 HEYEN Cd il Fe & B2 HE

YT R TS 2 HNO,-HCIO, A% o AR A B SR WO U 1 v ) 428 (Fe
M Cd) &8,

1.4 JKFEXS Cd M8 8 (T1)

AW LUKRER S AR Y & (R AR A Ao ) v thde b, AKX Cd i 36 BodE i an T A

.

BI1 ARSI 5 5
Fig. 1 Experimental apparatus used to estimate oxygen leaked from

rice roots into Ti> * -citrate solution

T1( ) < EKAER CA BWsh i i
HERAETG C MO 2

L5 SEitath
J11 SPSS 13.0 GEit BAFX A [FIAL B AR O BAE RE AT 07 22 00T , BB Pk AR A B
2 HBRESH
2.1 ARFEABFMT KB ER
WO IR AR T IR R E RO KR AE KA BE RN (R 1) o RERKSEME TR K (L0
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BAKMTH70% ) ERH B ZF IR T #_EFRI AR R 9 A 4y LA Kt B3R 20 B 1 BE L BRRAE ) A R AR
B, AL TFERMERIRE KA —ERENERR , EAY TELRAF LR EEESR . RAKERTR
JLFA SR KB FORGLRI RN o R 4R AL B /K AR R R A AU B 8 Tl AL B, i R 24 Dy i 4R A 2
1.7 £5%,
2.2 MREGEFRGUXT K AE 4 T 52 AR A Cd BN (14d 53R CH)

WA R AAE B FK R 2.5 mg/L Cd WHESA BEMEZER (R 2) HESRAKMF T HEFRHGE
2= RARALXT Cd i (F{E 231 155me/ ke Tl 1704 mg/kg) 3932 2 B BAW ] , A8 F A& T 55 IR
MRE2/3

F1 FEELE21d FERBHHHERKRRRWE(ROL)
Table 1 Growth of rice seedlings and root ROL cultured in aerated and stagnant solutions for 21d

i H Item B4R Aerated 4 Stagnant
#R T Roots dry weight( mg) 36+1.5 68 £3.9*
Hb 34> T Shoots dry weight(mg) 139 +8.9 224 £3.3*
L FEH Roots ratio surface area (m?/g) 14 £0.07 12 £0.35
#x KM K The longest root length( cm) 20£1.1* 14 £0.77
AR R BB Total length of the roots system( cm) 304 +12.4 348 +22.2
Hb 34> = B Height of the shoot( cm) 35 +0.61 44 +0.72*
M B4R Diameter of roots ** (mm) 4.2+0.74 6.2 +0.11
A E % Number of adventitious roots 25 +2.2 34£2.2*
ROL( pmol 0,/ (plant-d)) 16 £2.9 27 £2.2*

RPBIERIE + bR (n =3) s R EALEA BEM2EF (P <0.05) RS (* )Fn; + + (HEHRLR Sem AL MR EE Data are means +
SE (n = 3). Significant differences between treatments at P < 0. 05 are indicated by asterisk ( * ); s s ; Diameter was determined at 5 cm behind root

apex

F2 WERARELE21 REXKBHEHZRBY CA(2.5 mg/L, Hi3F 14d) M
Table 2 Tolerance indices (77) to Cd and Cd accumulation of rice seedlings upon exposure to 2. 5 mg/kg Cd solution for 14d after 21d-

preculture in aerated and stagnant solutions

Z Cd R Cd
iH 1 TI
MH ltem (%) Shoot Cd concentrations( mg/kg) Root Cd concentrations( mg/kg)
8% Aerated 101 6.7 243 £20* 2641 +184*
{4 Stagnant 98 +5.2 155 +5.8 1704 £153

Bl A ¥ME + FavEiR , AREALBEA B M2 R0 (P <0.05) IRES( * ) /R Significant differences between root zone oxygenation treatments
at P < 0.05 are indicated by asterisk ( * )

*3 AEESEKATABLHHRRKE(DCB-Fe, mg/kg) KR E
Table 3 Effects of root aeration on Fe plaque formation (DCB-Fe, mg/kg) Cd** concentrations

Cd** concentrations(mg/L)

i H Item
0 0.1 1.0
A +Fe 14533 +188 * 12871 +1173 * 14409 +£620 *
S +Fe 5878 £295 5659 +483 7331 £412

BRI = AR, 7 — Cd WREEA R AL PR B P22 5 (P <0.05) LR 5 ( = ) 2R A + Fe BRI HFRERBARBIL ;S +
Fe: BRESA B3R5 H BIEIE L A + Fe: with iron plaque after areation; S + Fe: with iron plaque after stagnation; Significant differences between root

zone oxygenation treatments with the same Cd concentration culture at P < 0.05 were indicated by asterisk ( * )

2.3 HERERE KRR Cd 152 (7d 3755 H)

AKAEXT Cd B BE S FRIEWRF Cd YR B RO3R = T3 b, HL R Z A AR AR . BRI E oL T, IR IX A4k
HEXT /K ARSI M Cd S IR {U3R B e T B2, B SR AL 3 /K A Al BT AR K (DCB) (AR P (Root) S 3l 5
43 (Shoot) X} 1.0 mg/L Cd A Bt/ W e W] S ARG T8 S AL 2], T AE 0. 1 mg/L WP A G B2 5. & 2 %L
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—a A-Fe A+Fe =@ S-Fe S+Fe

700 3000
A B a
600 |- 2500

500 -
2000
400 -
1500
300 -

1000
200

Cd &k

Cd concentration (mg/kg)
Cdg &

Cd concentration (mg/kg)

100 500 1

aba,p bbb a bpc
b c
0 0 s
# Shoot DCB i Shoot 2 Root

B2 KFEAIRIHAH Cd K (mg/kg)
Fig.2 Concentrations of Cd (mg/kg) in different tissues of rice seedlings after 6d exposure
A: #70.1 mg/L Cd 4b3E,B: 1.0 mg/L Cd 4b3f; [6]—Z4R PR FRARREA BEM 2R (P <0.05) 5 A +Fe: BAKMEEFRGMREA
BRIBIB S5 A - Fe MRS HEFR G TRRBTB ;S + Fe GRAFMEEIREHRBIL I S - Fe: A IR BKBIEMR  A: 0.1 mg/L Cd
(A), B: 1.0 mg/L Cd; The differences in the same tissue with same letters were not significant (P <0.05); A + Fe: With iron plaque after

aeration; A — Fe: Without iron plaque after aeration; S + Fe; With iron plaque after stagnation; S-Fe: Without iron plaque after stagnation

PERI, MR SR CA™ ¥R 1.0 mg/L B, B4 AL FEAR XT38 A AL B, AR F R M) Cd F#MK T 85.5% ,H F
AT Cd B T 249 35% , %32 B 34 Cd FRAR T 58% . HILREYRER) Cd* A5 T, R XA &
REAR /K RE SN AR R AR AL LU0 Cd MR I e B . [ b B 5840 )32 55 o

LKA AR 25 30 mg/L Fe’* Kb 48h J5 AR RE T AR AR . MR R HE AR I R
BB E . 3 BREW, KB ORRZAFRALHE 21d 5, &R —WKER Fe’* A HHE K T AR
BERY Cd W, IR R E R B2 R, @£ T DCB-Fe MWREE ] B & TELACRAL . REHK
JEFZ KRG X Cd MR (B 1) o 7EE IR T , A F IR 1B B0, A YUETE AR AR & TR %
T Xt Cd** R Fft( B DCB-CA) , T BLZER R W BE A Cd (1.0 mg/L) BV , 30 B B 410 il K R 4l i 34 %ot
Cd FyM I (B E 7S Shoot-Cd , ¥{ELZ3 3| 137mg/kg Fil 175 mg/kg, &l 1B) , {HJ2, ZBREFMREFG, TiLR
FEARYR B IR R R MR EE I Cd W AR R R ATE B Cd I ( DCB-Cd) | I 15 ( Shoot-Cd , Root-Cd ) ¥4 7 {2
ERW, BIEXT KRS Cd IR SYEWP Cd MREER K. RWRE T (BPO0. 1 mg/L Cd*") ,REH
R R P38 B 40 1 L O BRI P38 B 40 76 R 1 DCB-Cd, {HL2: B T3 843 Cd A o5 B AR 2R MR AT 2= 1Y L 431
R ET 19% ) , NREARLPH L Cd FEAMR RZEM-EHH, YEwidh C& #HNZE 1.0 mg/L if,DCB-Cd 548
FIH Cd 19 50% A 3 FEAK T ZEM- % Cd BRI (P <0.05) ,
3 itig

AWFFEEE R B AR DGE R BE R K R B R Cd P2 T — @ . AR MR BE A Cd W (1.0
2.5 mg/L) , MR X BRI BE SR ARG T /KRGS o Hh B3R/ xd Cd e (R 2. B 1) . X AT RER Sk Sk
T R SEM R AER R BT EER RN T8 5, e S35 R K RS i AR 4 2 4 1
NERPBENZ WERHH, X—RIVESEH N ESUEEEIBOR R WA (ROL) B r B B3 i (£
1), BREMHA T ARRBREIFEERSE T 2B E MR RN @R iESESASNE—2 LR, RIIR
MR XA T ARG B RS TN RE, B OAR R A S RS IR A T A REE, B,
HREEFR AR R KRN B2 J2 22 (B8 H A e T2 R RE 20, 3B fo K B 9 40 SO 3 0 o R ol o AR il [ AR B,
P2 485 % (ROL barrier) ' | T A REAR BEAR B2 J2 41 41 B AR R AL AR R Ah ™7 , 38 80 L AR 26 A0 0k SR 7 i
RS, (AR R EEE P TARARER A o WA R BRI (B, VAR Rl A A P MR . AR ST P AT
AREKRER BRI, EARRBEE L EEEER 1.7 5, BABE A S T KB R RESHS
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Wy —2 B AR T IRFEEE

WERBERT Y A S, Y RS BORTESNR Fe®  WREE —E BB T , SAR R I i W Ui IEAR
X H AT A — e R b R AR R T A BB AR . AT SRR, B U8 T AR 2R T Bk A 2
BB TE AR (R 3) X2 W TH A RE R TARRAE SN, 85 T W RS

TR SRtk b I8R5 Bk A ) B T A R, AR IE K B B 4 i B AR S 40 M 4 45 L 4 SR
MR R AR, 7K A S A ) 0 R A B 35 O L PR AL A , o BB FHL 1 5 B 35 T PR R AR R B I
W o 5 g X A S e e SR SRR R B SR AR IR Cd (TEERARE ) 9 HLAB AT , AR 58 3B 1 (SIS
B ) 1 AT REE R MK RE 4l B Il Cd R R Z —.

PRI ELA RRR A AL SRR R BT PEIR A, T 58 3o B IR A R A SRR SR B LT 4 & %
YR RBEAR PRI &R B B F A A TSI S B F e A e . KB R Ik
REEREIR IR R A 2 B 8 7, LR X A 4 U LR b b 3 20 MR Wi 6 TR B 1 9 3 R Al 5 R 1 A AR R TSR
W Liu 2 OB BRI T . e AR K B AR 6 3t B8 43 %3 Cd ARl Zhang %7 Al
Otte %) % JUBEH MR RARML AN, K AEXT Zn ARSI IR R IR/ o S B9 45 R O R — BOHE TT B S5 4
YiFhR ERE T KGR TH K. ALEF, BRIEX KRS R Cd MER SR+ Cd BlER X, 7
HitZ 2 SR EEROUA RN AGEHWHERAER(E 1) . EEBEATDHRNGT  REMEERE R, H
FTIBEFFTE B R BRI, X B R R BE Cd (1. 0 mg/L) RAMCE IMHIE . ARTZESRASMF T  RRBER
FERS Cd B M TC R o 234 18 S AR AR T BBEXT KRS Sl el Cd 2 mi A B, RV gt S 1 3%
Fr 7K AR R TR J0 B R S LI A £y Cd 8 SR AR I B kD (3R 3) L (EAE A IRIYR BE 1 Cd 3 P TSR A %
BELIE T 250 xd Cd e (B 1) o X158 B R SR AR AR A JHL 308 A 1 R A1 T REBEL 1t g Cd® " i AR 9 3
LS ARRE A S ENESR ORI HR A EEEMEM, L EY WIS iR R 2
TKFE Cd I %2 MRS = , T BEMUK R R A B R DURIT T . AR E S VLR BB i, g Bk
W& CA™* SRR R ARTS S M B L ¥ 5r. TAEYRBEREARR SR REE BN
AR, SO RINE SR E THRASRRE. FIER B Y R E S8 M SIRETE S EMA K, X
R T BRI T BREEEY RIE SR AE AP IR SR A — B RE

)38 R LR PEXT 5 (exclusion strategy ) RIVBk /04532 Bl 3t b #0873 (9 EL 1, 32 g X vy vk BE 2 R A9 T
ZREN . BRABIREGER BR T BEHa S R R T KRR F40%E Cd i, (E2
FHEA R Cd ¥z L] (b b 53T 35 7 Cd ¥REEZ Hdoh 0.09) , PR RERZ MK RS 4 i %t 2. 5 mg/L
Cd** FT B2 ( 3R 2) o X ULHIIR R M R /K AR Cd WEZER R, HARMZ Cd M EZEHH . X T
HRAR G XS KR Cd AR NRIR T B 30 ) 21 A8 B LA T ThT i — 25T
4 #Hit

IKRIEFRMET AR A BN ARG S 8 R A A=A T —RE B2, AR IR T KRR A e BRI, 229
BN, BRI T KRS BN AREE IR W R 5 B ARSI R RE I 58, JFREAR S X Cd ATl AR
RN Cd FMRSCRIER B A — 5 M PR A (AR PR SRS vh Cd™ " Wk BE IR OB AUIR BT S 0 ZEAR IX
BETTA IR KL SR ER B R RBE Cd™" iR i3 2 % T2 i1, (EAE R aE T, AR
ARG A B R IKRERIL Cd EREER.
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