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The effect of inoculating Burkholderia sp. D54 on cadmium uptake and accumulation in Sedum alfredii Hance
ZHANG Ya-jing"?, MA Cheng—cang', GUO Jun-kang?, HAN Lei’>, FENG Ren-wei’, FENG Xue—min’, CAO Yun—qing*, WANG Rui-gang®”
(1.College of Life Science, Tianjin Normal University, Tianjin 300387, China; 2.School of Environmental Science and Engineering, Shaanxi
University of Science & Technology, Xi’ an 710021, China; 3.Agro —Environmental Protection Institute, Ministry of Agriculture, Tianjin
300191, China; 4.College of Agronomy & Resources and Environment, Tianjin Agricultural University, Tianjin 300384, China )

Abstract: A water culture experiment was carried out to investigate the effect of inoculating Burkholderia sp. D54 on Cd, Zn, Fe, Mg and
Mn content in different organ, Cd* dynamic absorption of root tips, and Cd transfer factor(TF) in hyperaccumulating ecotype of Sedum al—
fredii(HE ) and non hyperaccumulating ecotype of Sedum alfredii(NHE ) using a non—invasive micro—test technique etc. Results showed
that the Cd and Zn contents in the stems and leaves, the Cd TF of stem/root and leaf/root, the Cd** influx rate in different locations of roots in
HE were significantly higher than those in NHE. The addition of Cd increased the content of Fe and Zn in roots, stems and leaves of HE and
NHE, as well as the content of Mg in the stems of HE and NHE. In addition, the addition of Cd significantly reduced the content of Mn in
the roots, stems and leaves of HE, but significantly increased the content of Mn in roots and stems of NHE. Inoculating Burkholderia sp. D54
significantly reduced the content of Cd, Fe, Mg, Mn and Zn in the stems and leaves, the Cd TF of stem/root and leaf/root, the Cd** influx rate
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in different locations of roots in HE and NHE. This indicated that the ability of HE to transport and accumulate Cd was significantly higher

than that of NHE, which was closely related to the stronger ability to absorb Cd in the roots of HE. The addition of Cd promoted the accumu—
lation of Fe, Mg and Zn in HE and NHE. However, the addition of Cd inhibited the Mn accumulation in HE but enhanced that in NHE,
which may be related to Cd and Mn competition in HE. Inoculating Burkholderia sp. D54 reduced the uptake and accumulation of Cd, Fe,

Mg, Mn and Zn.

Keywords: Sedum alfredii Hance; cadmium; Burkholderia sp.; uptake; accumulation

Cd 15 QA AU RN T Z A7 0F H 45 ™ 5, &
F2Z Cd 54y E A E i 1.3 75 hm?', 20114F
4 JESBRME T “EaRIGYEEAR T HM
X7, Cd B8 R —ARIRT 4, B i, BT A
PP E A B T a5 1B K

TPMESE HAR A 5 MR M52 KT
AR BRI A M 5K (HE) 2 B AU Cd A1 Zn
AR, JB SRR, BARTER MBS U A TR K
B I R TS, H R A /N, DA 3 i 4w A
Yra e = = R TR AR, B
FPER FIRET, ARk, MG IE YA 3 Canp
SUIRE RRRAAEYME S, RIHAMA] DUMe g A K
BRI B AR SR, RIS S B A Rk
R, EE R A RS A, MoK SZ 3 DG

1A 5 TR — R AL A T, P AF TAR AR
FRPR, 5 G RVREE GRME Y 15 LA 2590 e )
AR R A48 52 Ul vz e B I B R
i FC TR IR 2 R I8 451 A KA AR AN TR, 2 Fh
A5 IR AR P R I i AV 4 Cd 52 Tt AN AH
[f] 6B FRATHT IO 5T A B, 5 RS A IS
# D54(Burkholderia sp. D54 ) RE i 2 14 hin HE M35 A0
i EFRAY Cd &, (HAE K 8 25 A e QTR D54
R SRR T AR Cd S R i o>
TR, KB R AT D54 FEK 17 /KA
Mo E 3R Cd S AR BB 1] LA RS R AL SOk,
Dourado S5 75 Hi i Cd 1917 92 R SCMS54 A Y
PR T FRAMAER, T HREREIRAREBXT Cd Wi, $2
M . H Li SERIE AN R UK RS ST AR e IR
B (Burkholderia cepacia) RERFAR HE HRFRK) Cd & .
Hehnd B Cd 5, e AR AR EEREL RS Cd
MIBEST . BT, ETASEIRE D54 7EKEE4F T XF
HE F9E &8 R A B B AR 5 K (NHE ) WO A ' 4
Cd IIRIFFE IR R TLAGE .

TERTIAOESE b, AT TR AR O S e AR B9 K
FL,10 pmol - L' CACL, 463 2 h )5, HE f4 Cd* PN i
A4 H T NHE, Jf b — 2P UESE HE AR 25 %) Cd

(AR = A RE JI AT RETE T HE ARXT Cd Bysm I IicRE 771,
BTN AR R — BB AR FEA B
TEAFE SIS OL R | BE T SE S WU AR R I Cd™ Y
BIASASAR, T THA 5 BB D54 A0 PR 5 2R Fig 5t
FAR R B CA YA I A TR

Cd BAEYEKNIAELTICE, ATLLEL Zn
Mg | Fe?* \Mn*45 B 3l 18 5% # 5 1 3R ik AP 14
P, R Cd AR5 i 5 23 5 0 28 (I, - LA
YIRS Cd AL FRVER FE I R] B AN [R] , e B H 52 24 1
RN, Zhou FFRIFGY & B, Cd AL BERR B 1 N HE
HEZE I H Fe B, DLRCE P Zn (5 5 (B
HAVEH Mg B S B B T S BRI,
Cd Jia s hn 7 3 Figtsnt 5 b Mg (95 i P 205
KB Cd HriE T80T Mn f5 1 R g e &
PRI Mn 5952 Cd A BRIk B 1 = AR A A )
(AR = AH G T Cd Jia X HE A1 NHE H1 Mn %15
AR, LA RBEAMA 7 FC A D54 5 Cd ik Xt HE Al
NHE H* Fe \Mn Mg .Zn £ 5 A0 i A DL ARE

Sk, AR SCRI K B AR, DF9E T s
I D54 X} HE 1 NHE A [FZHZUE 4R Cd f52nm, I8
1 JE A5 S AR AR R IR Cd> i sh A8 1k DL &
Cd AbFR X} Fe Mn Mg Zn %5 Ay BHES 115 0 25 5
TR HA 72 F B D54 X HE Fl NHE IR & 4 Cd
ORI, DA AR R AR v FC B 52 = A 18 5 4K
R G INE S AR LA S

1 #REFE

1.1 KB AL
L1.1 R s R

AR B A SRR 5 K (HE) R AR 2 A 2578
AR R (NHE ) BB i TR 2E B At 3k B {5 A 34
FHLRY HE #1 NHE Z5B, M TiR1E T 8 em A0 BY W,
EHTH 4 em 2B R FEEFEM AL 2 em i
TEARZE B A AR R TR R IR 2 L em A2
A B8 1/4 R s R E SR — 8 8 kiR,
JEHE 172 R s R E SRR, TFRKE 5 em £



2, 4 HERMIS R DS4 MR RIS 45 Cd B 451

AT Cd FUATE RIS D54 Ab#, AR 7E N T
AR T TN 26 °C IR 80 %, LR 16
h,24 h S

AR RSB IR AT )5 2.00 mmol - L™
Ca(NO;)+4H,0.0.10 mmol - L' KH,PO,.0.50 mmol « L.™!
MgSO,*7H,0.0.10 mmol - L' KC1,0.70 mmol - L K,SO, .,
10.00 wmol L™ H;B05,0.50 pmol L™ MnSO, - H,0,5.00
pmol - L™ ZnS0O, - 7H,0.0.20 pwmol -L~" CuS0O, *5H,0
0.01 wmol L™ (NH,)¢Mo0705.100 wmol L™ Fe-EDTA ,
0.1 mol- L™ NaOH =¥, HC1 J A pH 1H4 5.5~5.8.
1.1.2 A v FR B R A il 4

22 Guo YA 7w K H D54(Burkholderia sp. D54 )
PSR TR, BRI A0 N AR T HE & B4R 1
100 1 He A5l A e ER BT D pb ol R PR B O AP R
TR W B AR ) B B 5 1 6 SRR 3R B (6 5
i%%%éﬂ&ﬁ%@ 10 g\(NH4)2SO4 2 g\%ﬁﬂfiﬁ 2 2.
K,HPO, 0.5 g, MgSO,-7H,0 0.05 g .MnSO,-H,0 0.1 ¢,
FeSO,+7TH,0 0.05 g R} 0.1 g M4tk 1 L), SRIG1E
28 °C 180 r-min™ FEFRHLIGFE 3 d, 7£ 25 CHIMFTE
£> 10 min(10 000 remin™), L IR, 7 HK K
HRRTE A, A 2 IR, SR R ABUINACK K,
13 BB R AR A e IR T JEOR, SRS FHEIR 1%(V:V)
A HE BB R R, RISY 1947 5 R AL B (1%
), BIARE FE 292 1x10° CFU-mL™, BV HH I T 45 i
T FE R S K
1.2 XU Ab IR R R 5

TEIUAE K R A FHL R HE A1 NHE 2 A 1
L 12 Reg st REFRW S, FF#EATHRR Cd Fi{A
SOIRE D54 A3, WE S ANMAEEL, 4350 :CK,L 10
pwmol L™ Cd, 10 pmol - L' Cd+1%7 , 100 pmol - L' Cd,
100 pmol -+ L™ Cd+1% 14 , BRI E 8 MK . H
F NHE Affif Cd, 7E 100 pmol - L™ Cd Kb S3ET™,
NHE &/l 100 pmol - L' Cd F1 100 pmol « L' Cd+1% £
PRASRE B B J 48 2 R FRI L i 2k 5% 3 ], Horbd

2 AR THE AL B . AEACEE 2 JE S AT AP
FEo ALBE 3 JEJE K HE Al NHE 43 AR (25 1 =3
43, HRFERSEA 20 mmol - L™ Na,—EDTA 2236 20 min, F
33 E R AR 2K rhige , 25 A BT B SRk AN
R4tk vk, 105 CA T 30 min, 70 CHET 246 5, By
WA T Cd FHARE™ BT 2R I E o
1.3 CA*iRiEME

KR R S B R Cd e B2 A [R] A I
W H (10 pmol - L™ 5%, 100 pmol - L' CdCl,, 50 mmol - L™
CaCl,pH 5.5 )30 10 min, 2R J5 F1| FAER 5 300 R 42
( BIOOO1A ; Younger USA , LLC, MA , USA ) Xf # & fi9
CA* Pt EA TS W . FLARD 52525 Sun SFM4077%,
A3 e SRR ZRIE B A 0.,200,300,500 pm A Cd>if
BWOE D), mAabFmE 8 MEEMMR R, Rt
CA* P, IEfENARER Cd* AR -
1.4 Cd REMT RITERNE

A3 AFRBUR (25 HE TR i 0.100 0 g, BUATH &
B, F S8 5 o7 B b ) B B bR UE L
(GBW10052(GSB-30) , #i Bk 4 B BK Ak 27 B A 0F 5%
JIr,2010) , FFBEEAS 1, A F 2O g2 10 mL,
TER BE R R & (EDS4, LabTech, H[E ), HAK
VAR N 80 CAZ 1.5 h,120 C3% 1.5 h,150 C# 2 h,
175 CHER 2 E W ABUNT 1 mL, 1 19%65 R )
e R 50 mL 7D, AR 8 e A HL sk
A 45 B TR (ICP-MS) & Cd . Fe Mg Mn,
In FFILR T,
1.5 B

Fir A BB SPSS 17.0 #4704, ZHE R
A Duncan ¥, 3£ 8] Origin 8.5 ZAAER .

2 FER5HMH

2.1 HE #1 NHE #f . Z M Cd & E
wWE 2 s, Cd 4 ¥R 5 HE A1 NHE 1) 455 5
FE 2 I Cd i BN, HE 25 o pd Cd &

B 1 iR CA* i By E AL

Figure 1 Measuring position of Cd* flux in root tip



452

YIEINCR RS Y % 36 5% 38

W8 5T NHE, HE A Cd & 23w TR
FZE T NHE [EGFAH, 1Y Cd 3 i &R TR
25 A Ve QTR D54 4h3 i 254K T HE Fi1 NHE 25 0}
th Cd & &, DL NHE 2P Cd & &, % T HE,
100 pmol - L' Cd AbHE T, K44 E Cd SRy B ET
10 pmol - L' Cd AL,

2.2 HE #1 NHE #R & Cd*ifi &

W 3 7R, 78 10 wmol - L™ Cd ZRFF , 7ERRAR
23 0.200.300.500 wm &b HE ) Cd> PN 378 2244 &5 T
NHE, /15 [P AN 3L 25 R4 AIK T HE F1 NHE 7EfAR
42 0,200,300 wm 4y CA* A% . X F HE, 100
pmol - L Cd b P T ARFR Y CA* N s R 1 B & KT
10 pmol - L™ Cd 4b#, 5341, HE Fl NHE P 7EFEAR 22
200 wm Ab R K
2.3 HE #1 NHE B Cd B &

W 4 Fis, 2T A AL HE 2548 /AR Cd
HyiER 250 B2 KT NHE, HE M/ Cd B56#% 2
B2 TR, NHE WIAR R, AR Cd 195 RS 280
BFERTZEM ., 5 10 pmol - L™ Cd b FEAH L , 100
pmol - L Cd 4B 5 HE 2548 . /AR Cd i5ERE 251
W RER . FEPI Cd Ab BV R {1 v FC I b PR
i\ T HE F1 NHE 25/ (/4R Cd 568 250, Bk 100
pmol - L™ Cd 4bF T Z5/48 Cd %% 88 28040 HE 25/
ML AR Cd 15675 REIR B B &Ko
2.4 HE #0 NHE 4R .2 M Fe Mg Mn . Zn &=

wE s fin, ERTA BT HE F1 NHE AR
W) Fe Mn %3 25 5 28 R0, 25 Mg 95 & 10
AR (B NHE 72X B T A1) o AR

10 000 ¢ T

i HE Fy

i i 1

28000 t i'Hq"i
QEQ } a i:ih
1 i 17
= 6000 | i
§ h |
=] | ol
24000 t . i‘:&,
H T ]
H 2000 | {di &.
= | :::h W
S e o
51 - S T Bl |
0 Pl :--u-:.-"ﬂf...i E

I Leaf

HE ZXirh Zn &8 8% % T NHE, H HE 25089 Zn &
Tt , M NHE MR Zn St fe i o

Cd AbFEURIRIFE B2 b3 i T HE F1 NHE AR, 25
- Fe A1 Zn (R HE fORRAN ) B9 1 LA K ZEH Mg 11
o, Cd A HEA W N T HE M # NHE AR b Mg
F . AFEAYIE, Cd AL MK T HE A2 25 )
o Mn B i, 2R E RN T NHE ARFIZEdiMn (95
i, % NHE ifH Mn % 5 0 8 25900

BRI EERS I T HE M2 rf Fe Zn &40 A1 5C
[CHH D54 SRR BEHb 3 AIC T HE F NHE AR (25 it
1 Fe Mg . Mn il Zn [/ & .
3 iFig
3.1 #EMATEKE D54 3t HE #1 NHE RUg . &isFn
=& Cd B2

Vs, 7EAHIE Cd W EEALFE R HE 25
i Cd & B2 F NHE, H HE MABFIZEMR Cd
(TS ZE00 35 5 T NHER220) ) AHF9A & BIAH [F]
A5, 10 wmol - L' Cd 4bBE R, HE 25 -+ Cd & i
B35 F NHE, H HE Z5/4R (/AR Cd 15 R
KT NHE(E 2 f1E 4), X168 HE X} Cd s
FERE N B 5T NHE, H HE MR#:55 Cd 225 H0
HAEE BB & T NHE, 540, A5k &, HE
MR Cd 15 R A 2 T 2248, 1 NHE /4R
Cd (R ZBCE B E LT 22/, U] HE DZEf%is
Cd #|M-pyRE 1 B %7 T NHE, 5 10 pmol - L' Cd 4b
FHAH I, 100 wmol < L™ Cd 40 HE M-/ F125/42 Cd
MR REUR AL, UiWIREE Cd Ab RV B A 1

1800 : NHE

s 1500+

i :_

§ 1200E

£ 900t

3 b a

3 6005‘ a i

RV TR

= i | 23] a

&} | ¢ e _5:::% o
5 ? ".ﬂm: c _j:':':':? c __,[:':':':'\E
0 2 Root 2% Stem - Leaf

[TIcK EF10 pmol-L' Cd 10 pmol - L Cd+1% {1100 wmol - L' Cd 51100 wmol - L Cd+ 1%
AN B [l — B LA [ A BB A7 A 5. 2 22 57 (P<0.05,n=8 )
Different letters mean significant difference among the treatments in the same organ(P<0.05,n=8)
2 HE #1 NHE iR \Z It Cd &8
Figure 2 The Cd content of root,stem and leaf in HE and NHE



W2, 4 HERMIR I DS4 MR HI SRR 45 Cd FB 453

FEARRIE HE FEAR R
The distance from root tip/pm The distance from root tip/pm
0 0 200 300 500 0 0 200 300 500
T — - T sk
‘w'E ~10k m (':E -10 "I e,
S st e T S s ;
2 The distance from root tip/pm 3 - !
g -20¢ 0 200 300 500 E -20p o ”~
3 -25F > 0 3 -25F " BFARARI 5
= _30F = = 30k The distance from root tip/pm
& Pl & T, 0 200 300 500
S 35+ 3 S 35+ o0 > 5 ;
& 40} 2 f b M -40F g 3
12 el B = - w O -10 k
= 45 ®E 25 #8810 pmol - L' Cd = A5 2x-ls
= _50k L8 30 @@ 10 pmol - L' Cd+1% [ = -50F T £ -20 : il
O 3 “ - 5525
_sst 35 =55+ © 2.3 ]
=
W10 pmol - L' Cd =210 pmol - L™ Cd+1%7H &, 733 _100hMmOI.L—1 cd
) &2 100 pmol - L' Cd+1%7#
A A ~#-100 pmol - L' Cd == 100 pmol - L™ Cd+1%P
NHE . .
The distance from root tip/pm
0 0 200 300 500
s e w@ frofuiras
§ st BRI
- - The distance from root tip/pm
E -20¢ T 0 200 300 500
=3 w0
Z 25k « _5kba
; -30 F 2 £ 10
S 35¢ RE 15
B 40 %8 -20 1
B o_yush S 2 s & 10 pmol-L7' Cd
& =1 20 E=1 10 wmol - L Cd+1%7
S -0¢r E
_55 & O =35

~#10 pmol- L' Cd {310 pmol - L™ Cd+1%
ANNF] R R AR SAR AT RS AL AN [ b BRI 7 75 {1 2 22 57 (P<0.05,n=8 )
Different letters mean significant difference between the treatments in the same position of root tip(P<0.05,n=8)
B 3 HE #1 NHE #R4 Cd*5iiE
Figure 3 The Cd* flux of root tip in HE and NHE

—_
(=]

NHE

oo

=)}

Cd 8% 228 The transfer factor of Cd
~

Cd 1% 231 The transfer factor of Cd

2 a
a
0 ,
ZEIMR /AR
Stem/root Leaf/root Stem/root Leaf/root

[JcK E310 pmol-L' Cd  FH10 pmol - L™ Cd+1% {1100 pmol - L' Cd £} 100 wmol - L' Cd+1%
AR FRERRZEMR AR Cd AR R BRI AL BRI AAAE 9 2522 57 (P<0.05,n=8)

Different letters mean significant difference among the treatments in the transfer factor of Cd in stem/root or leaf/root( P<0.05,n=38)

E 4 HE 71 NHE 9 Cd #% R
Figure 4 The transfer factor of Cd in HE and NHE

finL HE ¥ Cd DR FE 12 254 E5RAY HL ] R, AbFE 2 b J5 , HE ) CA>* PN IR 8 25 5 T NHE , AF
HE 28 X} Cd AR & 68 1 AT REVR T HE M X T LI, 10 wmol - L™ Cd AbHE )5 HE MR [RIFR A
Cd 5L RE 7 o Sun ML B, 28 10 pmol - L CdCl, CA* R B R 25T NHE(K 3), Xib—4320,



454 VeQlEIS RS-t bl S 36 555 3 Hi
20
20 HE NHE
T 16 = 16
&0 o0
In 3
%’ 2’:3 12
g 5
4 = 8
| iz
Sl &1
(5} (8]
= =4 a
6E | E b@b c 2 b
R Root 2% Stem - Leaf
8 HE 8 NHE
- - - 7
Ea ¥
o b
= N E 5
g 5 2
s 0 H
S 4r S 4
20 =0
= =
3
w2 1
Su) &1 2
20 =0
= = 1
0 ,
- Leaf - Leaf
330 HE 350 NHE
" 300 T 300
4 2
;é” 250 ;E’ 250
% % 200
£ 200 :
=}
23 150 é 150
B 100 o 100
it gl a
Z 50 5 < 50 b Eb a a g
0 - - - I EE J
2 Root 2% Stem - Leaf 2% Stem - Leaf
3.5
NHE
, .30
o0 =0
) -
X W 25
£ g
.g % 2.0
o o
= = 1.5
N N
uiz] 16
o & 1.0
a
S < 05
bﬁb b a b
2% Stem - Leaf # Root 2% Stem - Leaf

71K E310 pmol-L'Cd  F310 pmol - L™ Cd+1% {1100 wmol - L' Cd £} 100 pmol « L' Cd+1%

AR RERR R — AR ALAN R A BRI 1 (2 2 22 57 (P<0.05,n=8)

Different letters mean significant difference among the treatments in the same organ(P<0.05,n=8 )
B 5 HE #1 NHE #8 .Z£ &1 Fe Mg Mn .Zn &2

Figure 5 The Fe,Mg,Mn and Zn content of root,stem and leaf in HE and NHE



T2, HERMI LR DS4 W RIS 4 Cd F B 455

HE &4 EXTCd 1Y S 6 ) 5 AT Cd By s ik
BE VMG, Foh, AR5 KB 100 wmol - L™ Cd
JEFER HE MR FRA CA* PN i R 1 i 2 K F 10
pmol - L™ Cd ZAbFE(&E]3), X BBl Cd KPRV FE Y
B, ARFRX CA RIS AR, 5 E HE
HawEH Cd FEE B EE A 2),

A SRR D54 EAAF A BAMN ™ 4 K521 Cd
15 Y - R Ay BRI, B RE S AE A K R LACC A
il R AR K s i O ML , 38 2 5 AR B A ELAE
P A 4 R, TR, AR5 AT A & P A
RS AN D54 BE i 3 HE AR A
i A Cd & (H R KBS A T HLE E R T
TN ZETB Cd Frax™, Rl PR A oK B OB e K R
AR AU ZE R, A RE D54 FEAIK T /KA
B Cd AR ) e AR R ARWFIE
ZEREI, M RE D54 435 2 FEAL T HE A1
NHE 2£ i Cd (31, DA SR AR Cd RIS
Z8. XEIUATLRE D54 1K B 4T BEFIX HE
F1 NHE Hb_F#X) Cd A& 4, FIETREAR T Cd AAARTR
A4 M A H ] . Dourado 250445 A 7] 4 2%
W, M Cd A8 [ SCMS54 AWML #E T F AL, i
H BERFEARARER T Cd Wi, 46 = 3L o {5 Li SEHRF
FENVRBKEE AT, AR B 5t R 40 25 110 v 1S
& (Burkholderia cepacia) BEREFFARARTS Cd & & B4
Mo EARA Cd i, PR ARSI L B RS Cd iYRE
Ho XU FREFREAFLLIAA v FR B A 2250,
A5 FQ TR AN [FIAR ) W e 5 s 4 Cd 52
A . ABFFE IR IR, A 58 [T D54 Ab3 I 2 K
T HE F1 NHE 7EFEAE42 0,200,300 pwm Ak Cd> Py
M, XK A5 G D54 g/ HE il
NHE R Z Xt Ca* Wi %, Mijs /> HE F NHE
Mo BT Cd B E4E
3.2 #EMAZKE D54 #1 Cd 4 3E 3t HE 0 NHE 45
¥k Zn Mg .Fe Mn &2/ #M

Cd 2P AKWAELTF LR, ATLLGER Zn*
Mg* Fe? Mn*"45 55 3 i ol # 2 1 2 R 0k A FE P 14
N, TRV Cd 52 e 3 S5 ™ 5T T 2 I, I HL A
YIRS Cd ZbFEe B ek [a] B AN [|], R L A2 2 AL
P AHF A5 R A B, Cd AL BRI i T HE F1 NHE
M ZE Hrh Fe 1 Zn 095 & (BR HE A9RRSE) o wif A6
FEARE I, Cd AbFRAR W Z 3G N HE A2 ZE it Fe 1)
S, [F W EE R =K b Zn B9 E Y, Zhou
ML, Cd AR HE i s Fe & 3G 0 B

TSRS, 1 Zn 503G N Cd
F Zn FEASFE ¢ R AR Y v HA B[R]0 R e i i 1
Mo X850 3] T i —2PuEst,
AW K I, Cd L FRIGAN T HE F1 NHE Z£th
Mg i35 DL HE it Mg B9 &, {HX) NHE itrh
Mg (A& B B (K 5) . Mg B4R AR
FEAIETE, XU Cd A FEEEfE i Mg 7F HE 2%
HE A JERRRE Mg 58 2= i P AR ERT SRR 211
A B, TR B HE SBEAE R 3E 751 Cd AU T
Mg 7E NHE ZEh i & 4 I FABRIEH#E T 2 19 Mg #4274
ZEtF . Zhou KR Cd I INEA X HE &4 5
H Mg 1Y A B H T T ER AR P Cd b
BRI T =gt R Mg i . X URT Cd
XA Mg 5 2 A2 0 o] RE S5 A4 A LA & Cd 4k
PRUC S F N R A &, HALHA A frafk— 058,
WIFH 25 B e R AR Mn 35 2 3830 H B B A
[F],Cd AbF B E A T HE MR 25 iep Mn (55, 20
S HEINT NHE ARFIZE A Mn A5, XA Mn 19
R NJCREE(E 5), XATHES Cd F1 Mn (524
WA 5G, HE PRIXT Cd s Sofn & EVE T, 5230 Mn
FEREAR AR B AL 25 AL AEAA IS F D
U MR R S AEA ) AR T B E, T NHE 7E
Cd Ab3SEARAIZE T Mn &5 12 W23, —Hnl g5
NHE W firss 45 Cd BRI A %, i —J7 IR nl fg
S Rl K Cd AbFRAR AR G o SR AP R BT
Cd R T Jp 2825t Mn 8349, sk Cd 4b
PR 25 Mn 753 O [ 48 SEPI00) & BRIV FE Cd
T ERRAR 25 (i Mn B A3, T R Cd Ab
PRAEE T BRRAT Mn (RIS s 4E
HE 25 Zn & 0 25 F NHE, H HE 2
Zn g A, 0 NHE ARH Zn 5 m (B 5) . X i
] HE 7E# & 48 Cd BRI, X Zn By of s 46 fig
ik F NHE, [F i) HE MAR¥% 12 Zn M FESHRE
3% T NHE, X768 HE & Cd/Zn R9H & 440,
[ Cd # Zn S [AECER . BAMUMEERA
%o HE 78 Cd Fl Zn 43 AC A 225, Cd fEnT i E
At , 1M Zn 7E2E9 8505, #8375 Cd 5 Zn 78 HE Hiff
RAEHHLHIATE . SR AR A 258 .
AT ABIFIE B8, Cd 5 Zn® Mg* Fe?* Mn*45 5
LA AH R 9 5 2 38 1 B A T T A T R S
Cd A BT BEE WA AR e e R4 Cd S g,
Fe Mg .Zn il Mn( R HE )R & 5t i E 3800, ABH5
25 R ERMA T IR D54 AR F4K HE 1



456

YIEINCR RS Y % 36 5% 38

NHE 25 - Cd 55 18 DA ARZXT Cd> B W i %
1M HALAS [/ 3% B2 # f5 AR T Fe Mg Mn F1Zn ({5 5
(1 5) o B IEFRATTHED , 200 r v [T D54 AT Re i
T Cd.Fe Mg.Zn F1 Mn A [F] (1) %% iz 38 18 5% & 24K
BTN Cd WA E LR [R I, s 17X Fe,
Mg.Zn 1 Mn B &4

4 #ig

HE X Cd iy %% ia firs e )1 B % % T NHE, H
HE X Cd & A8 71 SR ERXT Cd iy 5 I /e 1 %
PIAASE . Cd AbBUYEHE T HE 1 NHE %} Fe Zn 1 Mg
PES, 6T HE XF Mn 15 £ AL T NHE X
Mn f) &4 o BeRMA 5 [T D54 737> HE 1 NHE X
Cd W s RS, 330 T Fe Mg Mn 1 Zn &
LD ZIE R A EE T HAMA SRR I A
SRS E 4R Cd BBLAR, 7 FLIE S8 25 1 1 A
[Fi) 2 O e B PRV 2 R e RV SR o

S 3Lk

[ 4 A, skl 47 1. LI SR HTs Y i WiB SEHOARRT T

JEE(T]. R RO (A SREAR), 2011, 34(1): 102-106.
XU Liang—jiang, ZHANG Ming-li, YANG Hao. Reaearch progress of
bioremediation technology of cadmium polluted soil[J]. Journal of Nan—
Jjing Normal University( Natural Sciences Edition ), 2011, 34(1).102-
106.

(2] AE . 7 v 5% X 0 T 1242 PRATL A B G0 - S R A S 0015 48
SR RIBEFED]. AT WL K2, 2005.

XIONG Yu-hui. Physiological mechanisms of cadmium tolerance and
phytoextraction in Sedum alfredii Hance[D]. Hangzhou ; Zhejiang Uni—
versity, 2005.

(3] F M, BRIFIR. S0 a5 Qi iE R SR RWFFE S 0 BRR D).
ERBLEHEIE, 2002, 17(6):833-839.

WEI Chao-yang, CHEN Tong —bin. An prerview on the status of re —
search and application of heavy metal phytormediation[J]. Advance in
Earth Sciences, 2002, 17(6) :833-839.

[4] Li W C, Ye Z H, Wong M H. Effects of bacteria on enhanced metal up—
take of the Cd/Zn—hyperaccumulating plant, Sedum dlfredii|]]. Journal
of Experimental Botany, 2007, 58(15/16):4173-4182.

[5] Jiang C Y, Sheng X F, Qian M, et al. Isolation and characterization of a
heavy metal -resistant Burkholderia sp. from heavy metal—contaminated
paddy field soil and its potential in promoting plant growth and heavy
metal accumulation in metal—polluted soil[J]. Chemosphere, 2008, 72
(2):157-164.

[6] Guo J K, Tang S R, Ju X H, et al. Effects of inoculation of a plant growth
promoting rhizobacterium Burkholderia sp. D54 on plant growth and
metal uptake by a hyperaccumulator Sedum dlfredii Hance grown on
multiple metal contaminated soil[J]. World Journal of Microbiology and
Biotechnology, 2011, 27(12):2835-2844.

[7] Tang S R, Liao S Q, Guo J K, et al. Growth and cesium uptake responses
of Phytolacca americana Linn. and Amaranthus cruentus L. grown on
cesium contaminated soil to elevated CO, or inoculation with a plant
growth promoting rhizobacterium Burkholderia sp. D54, or in combina—
tion[]]. Journal of Hazardous Materials, 2011, 198 . 188-197.

[8] Song N N, Zhang X M, Wang F L, et al. Elevated CO, increases Cs up—
take and alters microbial communities and biomass in the rhizosphere of
Phytolacca americana Linn ( pokeweed ) and Amaranthus cruentus L.
(purple amaranth) grown on soils spiked with various levels of Cs[J].
Journal of Environmental Radioactivity, 2012, 112:29-37.

[9] Song N N, Wang F L, Zhang C B, et al. Fungal inoculation and elevated
CO, mediate growth of Lolium mutiforum and Phytolacca americana,
metal uptake, and metal bioavailability in metal-contaminated soil : Evi—
dence from DGT measurement[]]. International Journal of Phytoremedi—
ation, 2013, 15(3):268-282.

[10] Moulin L, Munive A, Dreyfus B, et al. Nodulation of legumes by mem—
bers of the B—subclass of Proteobacteria[J]. Nature, 2001, 411(6840) :
948-950.

(1] SRAERR. T Cd AEP L 2L BN Z 4l B AR 1 K Cd W MT e i i s
PLRI[D]. FoHE: KHKR:, 2013.

GUO Jun-kang. Effects of Cd-tolerant plant growth promoting rhi-
zobacteria on mechanisms of tomato seedlings growth Cd uptake and
transport[D]. Tianjin: Tianjin University, 2013.

[12] B il 08 A1 5 T R 2 PR B %o 7K e e A 32 S AR R AR M 1 5 il D).
Jent: ROV REBE, 2014,

LU Zhong—yan. Effects of Burkholderia bacteria and genotype on cad—
mium accumulation of rice and barley[D]. Beijing: Chinese Academy of
Agricultural Sciences, 2014.

[13] Dourado M N, Martins P F, Quecine M C, et al. Burkholderia sp.
SCMS54 reduces cadmium toxicity and promotes growth in tomato[J].
Annals of Applied Biology, 2013, 163(3) :494-507.

[14] Sun J, Wang W G, Liu Z Q, et al. Non—invasive microelectrode cadmi—
um flux measurements reveal the spatial characteristics and real —time
kinetics of cadmium transport in hyperaccumulator and nonhyperaccu—
mulator ecotypes of Sedum dlfrediil]]. Journal of Plant Physiology, 2013,
170(3):355-359.

(152 i, WhPCIR, Beuntl, 5. AR Ol BORTERE ) A BRI 5 o
AL FH B EJELT]. A e A0, 2014, 50(10) ; 1445-1452.

LI Jing, HAN Qing—qing, DUAN Li-jie, et al. Applications and ad-
vances of non—invasive micro—test technique in plant physiology re—
searches|J]. Plant Physiology Journal, 2014, 50(10):1445-1452.

[16] Zhang X F, Gao B, Xia H P. Effect of cadmium on growth, photosyn—
thesis, mineral nutrition and metal accumulation of bana grass and ve—
tiver grass|J]. Ecotoxicology and Environmental Safety, 2014, 106:102—
108.

[17] Zhou W B, Qiu B S. Effects of cadmium hyperaccumulation on physio—
logical characteristics of Sedum alfredii Hance ( Crassulaceae )[J]. Plant
Science, 2005, 169(4).737-745.

(18] SR, 5k W, BN, 5. SRIA X R BUE SRR 4 L Y
SEMALT]. MRl R, 2009, 45(7) :45-51.

WAN Xue—qin, ZHANG Fan, XIA Xin-li, et al. Effects of cadmium



T2, HERMIR B DS4 MR HI SRR 48 Cd F B 457

stress on absorption and distribution of mineral nurtients in poplar
plants[J]. Scientia Silvae Sinicae, 2009, 45(7):45-51.

[19] 2= 3, ﬂ\f‘“ﬁ R X TR DR i 1 £ BB R U R B R 5%
WL ARSI AR, 2012, 21(2):308-313.
LI Hong—ymg, SU Yan-hua. Effect of cadmium on tolerance physiology
and nutrient accumulation in Amaranthus hypochondriacus L.[J]. Ecol-
ogy and Environmental, 2012, 21(2):308-313.

(201 4% AR, PRz 28, FA R G o M o0 3= OB sE ], bk
RIS, 2009, 22(3):618-622.
YANG Wei-dong, CHEN Yi-tai, WANG Shu—feng. Effects of cadmi-
um stress on mineral nutrient uptake of Salix matsudanalJ]. Forest
Research, 2009, 22(3) :618-622.

R1] Xk, Rz, 8 HE, S5 AR BEHRXS R 1 S i A I B 5
TCRWNRLRAGFERBT 5T, 11, 2008, 40(4):630-634.
LIU Zhi-hua, YI Xiao—yun, ZENG Qi-long, et al. Study on growth and
accumulation of nutrient elements in Chinese Cabbage at seedling
stage under low Cd stress[J]. Soils, 2008, 40(4 ) : 630-634.

22158 7, s, R%*’A A BTG OB R SRR
WIS T, ZEASIRBESAAR , 2009, 18(3):824-829.
GUO Zhi, YUAN Hal—yan, AO Yan-song. Effect of cadmium on photo—
synthesis and nutrient elements uptake of Solanum nigrum L. seedlings
[J]. Ecology and Environmental, 2009, 18(3) : 824-829.

(2317 A, & BR EH, 55 G0 BRI A 3R E FRon R
B IS, FREERL2AE4], 2016, 36(8 ) : 3081-3087.
LI Jun, GE Yue, WANG Ming —xin, et al. Effect of Cd on tolerance
physiology, nutrients uptake and translocation in Ricinus communis L.
[J]. Acta Scientiae Circumstantiae, 2016, 36(8):3081-3087.

[24] 1 H 1k, DB oE, (R EBh, S5 i B YR 1L AR S B A g SRR A
ifif 4 B R R AR BB T 0] ML A 25 23, 2001, 25(6): 665

672.

YANG Xiao-e, LONG Xin-xian, NI Wu-zhong, et al. Zinc tolerance
and hyperaccumulation in a new ecotype of Sedum alfredit Hancel]].
Acta Phytoecologica Sinica, 2001, 25(6) : 665-672.

[25] R HEFEE. 4 Fg 5 K (Sedum dlfredii Hance ) X 48 (48 T 2 5 4 HLIER
R LRIC R D] B W2, 2006.

ZHU Yan-xia. The relation of organie acids and Cd accumulation in
Sedum alfredii Hance[D]. Hangzhou : Zhejiang University, 2006.

[26] 5 KA. Z5F 5t K (Sedum alfredii Hance ) %5855 5 W e A AR B4R
PEBIBFFE[D]. BLM - W K2, 2003,

NI Tian-hua. Mechanisms of cadmium uptake and accumulation in Se—
dum dlfredii Hance[D]. Hangzhou : Zhejiang University, 2003.

[27] M-I, A 1 I AT UK, S AR R AR S 5 5 S Y ST v e

X R I SR AR SR AR L A BT[], Al BRI R 2 2 3, 2003, 22
(5):513-518.
YE Hai-bo, YANG Xiao—e, HE Bing, et al. Response of Sedum alfredii
Hance towards Cd/Zn complex —pollution and accumulation of the
heavy metals[]]. Journal of Agro—Enviroment Science, 2003, 22(5):513-
518.

(28] 5K4 5, BEAERE. F X AR 1 A AR SO0 B TR JE (], AR
1, 2000, 20(3) : 514-523.

ZHANG Jin-biao, HUANG Wei-nan. Advances on physiological and
ecological effects of cadmium on plants[J]. Acta Ecologica Sinica, 2000,
20(3):514-523.

[29] A EA T . B AR BAE WA 7 5 K (Sedum alfredii Hance ) X 4 At W2 1K
LB LB FED]. B - BT, 2000.

LU Ling-li. Cadmium uptake and translation in the hyperaccumulator

Sedum alfredii Hance[D]. Hangzhou : Zhejiang University, 2009.



