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Key Laboratory of Agricultural & Rural Pollution Abatement and Environmental Safety, Guangzhou 510642, China)

Abstract. Hyperaccumulators are a group of specialized plants that absorb large amounts of heavy metals and store most of
them in their aboveground parts. These plants are rich in organic ligands, such as nicotianamine and histidine, which can
combine with metals to form metal-ligand complexes. At present, the studies on nickel and zinc organic ligands in plants
are relatively sufficient. Therefore, this paper focuses on the interaction between organic ligands and heavy metals during
root transport and detoxification, xylem transport and leaf detoxification processes, the molecular mechanism of organic lig-
and synthesis in hyperaccumulators, as well as methods for detection of organic ligands and metal complexes. To sum up,
organic ligands may promote the migration of Ni and Zn in the symplasts of hyperaccumulators and alleviate the cytotoxicity
of excess Ni and Zn. In the process of xylem transport, nickel and zinc mainly occur by hydrated ions, but the role of or-
ganic ligands is relatively weak in this process. Nickel and zinc mainly combine with organic acid for leaf detoxification.
Since most of the findings come from a limited number of hyperaccumulators and organic ligands, it is necessary to com-
bine metabonomics and transcriptomics to study the characteristics and molecular mechanisms about detoxification of
organic ligands in more species of hyperaccumulators in the future, so as to provide theoretical basis for clarifying the rele-

vant mechanisms of selective hyperaccumulation of heavy metals in plants and for the application of hyperaccumulators in
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1977 4F, BROOKS %" ¢y ¥k H T “ hyperaccu-
mulator” (85 £ ) X — &, HR AR M P b 155
BA(ND) & 2#3d 1 000 mg - kg™ (T ) B9 FF kM
Y. BEJSA S — 00 s R RS A Ni 4
B Zn Cd FFEEJE IR HE O EAE 48 &
G E A R 2 R R —IE A T Y
WEAEY) 1 BRI A T R E
BT HE R AR M sl B (T E) TR
(Cd) & &3k 100 mg - kg™, B (As) 4h (Co) 4
(Cu) BE(Ni) 85 (Pb) ik 1 000 mg « kg™',
(Mn) B (Zn) ik 10 g - kg™ PLER ik H
i, B 721 FAEY R e i E R B
TRXEREYAA B EREESENRE ) 48
FRERFaR T, C Z N H T B E YR
MY W 8 SRR E AR
W s KSRz 2] T Tz O, 5
MAEYIA L B R A YR A S S R A E SR
W WS i 28 A4, DTG i 8 PR3 W S K R 42 iR [
i 2 8 5 T 4 i P AR AR Az i RE T DL SOR
FRBERRE 7, B H = A% ds 2 b b R AT A A
B FERXAS AR T 4R Y T A
JE WIS B8 ) I 22 i gk 2 — A S E A AR o R
R A HLECAR P RE7E XS il F b R 8 T OGS AR
M, AR RIS 5488 F R AR IFREA
HEYIIRER A HLYY, — M nl 4y Z@ HE IR A LR
KMEZRREY BT, A HLRCARTE s b &
B P 4 S MG 4 B R s e R
Ni Al Zn B8 & MY AR EE  BA RIFrn H
W7, Az B 1 22 B Tz 060, o A HLBC AR
IR WA XT IR A, L, EH E A S 1
Ni/Zn 85 SR A N F 200 A HLEC AR S FO X 45
WL Jt iz R i i o R s e, DA Dl A ) T A7
S JE e 0 A 3 AR S AL AR AR R Y 1 A
2%

1 Ni/Zn BEEEMERNNEERE

AP 5 G Jm B TR R E B S,
Xt B TR S v R e B R R,
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Fig.1 The chemical structure of main organic ligands in

hyperaccumulators

1.1 FEBRERE
1.1.1 HAER

224 1R ( histidine, His ) J&7E 1896 4F # INGLE
U LI =G FCR, BT B AR AR R A R K
MEER RERS S5 4R B IR R E M E A Y. His
A DK A 5 P 76 A 3 pH (8 (7. 35 ~7. 45) 24 R AT LA
FEJR TR 25 R AR AS Z s 0 Wk,
His 1] 512 W& B RN, X UE T B R4 T
VFL BRSNS S b, His 58 4845468 J1H
X, HIG I 2 7 R A 2 7 fm B 1 pHL 4% 14
T, His A1 Ni 45 4 J&8 T L0 &2 & W R o B i
AU H, HEREEY AT EEN SR
[N
1.1.2 5

JH % ( nicotianamine , NA ) 2 dE 8 H A KL,
BH3A S-RIT-HmEAmRS T 3 MR- RN
FLILAGE S NA SRR R 4E 57k, P 3 A
I 3 MNRIELAFAE VI RS 14 BE A7, M T 3K
) I RTINS IR o A [ Brel AN TR N e
Pt NA JERE ) A BLER R (AN MR R ) B i A
VI, eI 0 SR OC . NA AT 5 Fe(11) il
Fe( D) 456 AR E I E AW, WM ARIE T Fe 7E
PR N BRSBTS S A5 B I A X4 4C i
WARFE S AN, A5 WIE B, 78w A R
WERIT Zn 5 NA 945481, NA fiE5 Mn,
Fe( II) .Zn Co Ni Fll Cu F% 3% F1 733 38 i) i % 1 R
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ROERESY Y (F 1),

1 ERB TEERASREERI EDTA SE£EN
BAMREEH (g K)
Table 1

(lg K) of malic acid, citric acid, histidine, nicotianamine

Logarithms of stoichiometric stability constants

and EDTA respectively

&l| R rER AR R EDTA
Mn?* 2.2 3.7 3.3 8.8 13.8
Fe?* 2.5 4.4 5.8 12. 1 14.3
Co** 3.1 4.7 6.8 14.8 16.5
Zn** 2.9 4.8 6.5 14.7 16.5
Ni%* 5.2 5.4 8.6 16. 1 18.6
Cu®* 4.2 5.9 10. 1 18.6 18.8

1.2 BHERERE

AYR)ZAEAETHYEN & —F A 14
WA RIS F MRS ARG, AR
JECHER =, e B Lok M ol i = R R
TER A DR A T O RRAGIAA Y 4R
HAMYEN G, B4R 5SAPRE S, N f
535 AT G 5 4 PN 2 3 RS A I HIL 2, A B R AR
o4 A R AR R R R A 3 AR
A7 W BE (3SR R A AT LR, BT L) o 4 J ik A
UK AS T G 5 A HLIR S & . 7RV IR ME pH
H(5~6) M F , BB SHIRE S ILRME &
PikesE e m . R, A3 LR W] BB ZEAR DRI IX =
fhESE SR E A6, AR,
AHUR S E 4B IE WL A RS e WA (g K) Wi
fIEF NA H1 His S5 LAY 330356 B AT HLIR F 42
JR IS B AFEAER IR RE R

2 BHEETE Ni/Zn BE E-=ME R E
AL

HRFBIE S S fiff 25 AR T e a8 Fn it Jr il 5 45
PR B AR AH ) AR P+ W Ik T 4 R O L F%
B RS LAY R R, R R R
Py DX 53] 32530 A 40 1) S A BEAIL R, A AL A
FEX S AR R R T EEER (B 2)
2.1 WREIPIBEMBSLRE

R T 4 R S T SR A AT A AR S 4
LS5 2% 240 L 7 A e BT R AR A A M T
JFAwBstE (pH=7~8) I T, @ILM Y IR 5 &
GRS RE 1A SO R L P A & R
fi ] 5 2L A MLEL IR SS &, A 20 =
&R I MR L BUA SRR,
R T AT ) R S 3 A e R Y 2 R 2R

k. BN, KERKEB %4 #F 58 & B0, Ni & £ HE Y
Odontarrhena lesbiaca WIRSHE His ¥ 2R W £ AHY)
EJ ST ( Brassica juncea) B 5 5L o Mi%E Xt Ni/
Zn A8 MY K% 8 W% 35 ( Noccaea caerulescens ) 1
WFFEABAT UK IR . AR His Wk B 24k & Y
W% ( Thlaspi arvense) ) 10 %5 5 2 FPAE4 - A 9
His ¥ BE A 22 AR K2 SALT 4507 41 X8 & 464
YR W SR AT 9 R B, AR A T 559% ~ 70% 1Y
Zn 5 His 454, Ni 8 Zn 5 His B RAE S YA
RUBH LE I ] AR PRV 1 B 32, AT S 35 IR T N/
Zn WORIEL X Z ARVE T, G5 1 AR BB 0 42 1) 2 3
DI SRR AR 177 AR I 2 56 E 5
His 7E/K 55 W V8 i mT dol 35 48 & Al s SR ALY B.
juncea TR ML FEB%5%i2 Ni (RS

@reioroy
R )

(

(OO Ol
A<’2\m ‘M('S) L ©

@
o, T U ETT)
PR e W

N B2 AR AR
HPREAN L

- SENAET; @ 2RET; Q SR-mEL A,
= SESMIEEN: el (O W
(RGN, (2) BB L (3) AT
() ATHIB: (5)ATHEE; (6) M FKE M.

E2 BE£EYHERE-REESYER
i FEEEIEHIR AR LR
Fig.2 The simplified model of the main transport

routes of metal-ligand complexes in roots and

shoots in hyper-accumulators

M5 His 2800, NA AT BB7E 48 BRI A%
PP R4 T E AR, BN, Zn R S Y RE
%(Arabidopsis halleri) F3# NA & WEE L 52
[ )& 1 E & 5 A8 W) $ 7 (Arabidopsis thaliana)
5% DAMIEN 4517 3 3o {4 AR HEBH €5, 31% - 1ICPMS
R IR T IR Zn BIEZS, KB Zn
EEE NA LIRS G 454 5l S R TR
FBO R HITH AR 1Y NA & U (NAS) JE R IR
J& AEPAREREY NA S i BT KRR R, i Zn 7E
Mo B S E  B T OR IR R, U] NA TEAEY)
HRES Zn RSz b i T EE MG, BT
T, NA 76 8 & @ i w5 g B b Rk 35 17 B EAE R,
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BN, CHEN 25°0 6 A 5t K (Sedum alfredii) Sa-
NAS1 B SRR A AR B A A p I v 25 Rk
PUAEPI RN Zn A9 B0 T S 4L 0, X Zn BB
E Y3z M WA B TR TR, SR 2, PIANELLL
2 VNS R B WS Y NeNAS ik PR 6 7% 28 R B 4R
YRGS P 3k, e BRI AR R 9 B NA 75 28 T
T 100 %, Hoxb Ni (i 5z S e g 2 T K
BRAE e, XL R NA 5 Ni Zn MZ G
— RS T 48 B F R AE AN N I B, D5 — T
TR T I AR B B sk R HE T H AR )i
LNz

— PR, A A A ) AR A Y 3 X 4 Y X
FALRE S48 22, 0 24 LK B[] 355 % A AR X o e
MHELSEAR T, HE B S K % 2R
WS RIS SR (pH=5~6) H&A
B BE A LR, R L TE R b & B T RE R S
HHLIRSS & 140, BOOMINATHAN 251 §F 5% Ni
i AW Odontarrhena bertolonii /% ¥R, 7E 25 mg -
LAY Ni AbBE R HARFB 28% B9 Ni 5 HLIR (F718¢
BR SE SRR RN /R ) 45 A&, SARRET %7 i i
EXAFS 38R T A KAE Zn 155 1 b 1 48 & 42 L)
ETFAR TS Zn MIRAFIEAS , & RHAR Y Zn E 2
SRR SRR M B IRER 45 A . {1 SHEN % %}
L 1 AR A A K W 8 S SR A Thiaspi
ochroleucum WRNA PR B & &, K W& %A
FIXH, AU HLER 1Y R AE 4 R A SO
BAENYEERE
2.2 KREHBEIETTE

FEI A 3B I Ni L Zn 5 3 2 AR A B R
128 i) 3 H ) 3 A 5 5 v R A0 M, B M B 4 R
SN B 3R (40 HMA4 B350 YSL & A7) %

R2 ARBHEFEEREHRSRELL

HUESRE TR ESRE-TARE 59 IE 2R
ARG A S5 S 2 3 2 ML 3 RIRR 3 11 3
B WSEAR Y B AR A A A, 32 e RE BE 4 21
B, AR B E SRR B s il B ) T
BORZ BIBESE . i, KRAMER %5019 3 56417 58
T Ni @BEEMY 0. lesbiaca RFTHEH W Ni 193
FIEA, EEE T EXAFS 45 SRR 25 1 B
7N, 48% 1) Ni LhES PTG A4, Fomhr) Ni I 52
R (19%) SRR (15%) FrBEmR (9%) FI3ER
FR (3%) 454 ; ALVES 2510 1 i [a] i o & 0, 2k K
TEdE 80 A X ) E % M Y Odontarrhena
serpyllifolia ssp. lusitanicum , AR TR 70% 1)
Ni 7K G824, HAh S 43 W0 o A HLRR 2 A, iy
R (18%) ., CENTOFANTI %1 Wy miF 5% w16
JUFA 22588 ( Odontarrhena) #E SEMAEYT, AKIR
T Ni A IVES G (56 HLIR F R
) FREEET Ni BRI, U Ni AR
iz i B N E B A FIEASLE

Xt Zn B EEHY R B A XML L,
SALT 25 %t Zn #8 5 SEAE ) K 15 38 15 32 A 98 3%
WY AR BRI Zn EEUBE TSN FE(79%) ,
TIAH S W AP AR IR 46 & (21%) . LIU %51 3 3t
EXAFS Kl T Zn 8 & A A B st R AR BTl i
W Zn IEZS, KL Zn RIBELLK S Zn B FOIEDS
(>55.9%) R F, HARHAT M Zn W S5FFE RS 6
(36.7%~42.3%) .

SR, TR R R R (pH=5~
6) , Hiz% A AL A ok B2 3G, I itk & Jm =221
KEGBEFILAXRAR, D850 W DL 4 8 — A HLEC AR
TERMRAF (£ 2) .

Table 2 The existing form and proportion of heavy metals in xylem sap

, BFES AR BB A N /% N
H o e ATE — MR S L% el
it/ % HAEFR A FriE R SRR
Odontarrhena lesbiaca Ni 48 19 15 9 3 [16]
Odontarrhena serpyllifolia ssp. lusitanicum Ni 70 18 [47]
PN R Zn 79 21 [13]
TS Zn >55.9 36.7~42.3 [49]

2.3 Mhm@sEE

I B4 A i R A 1 o < s R R g o
YRR N MR ES RN EEST, KRBTz
e Jm B AN S A i A s B RS B A
S0 3 A <5 T Bl 4 PR 2 M R A, s B A

FsMA R ) BROADHURST 25 W5 % 88, Ni 48
B YA 2255 ( Odontarrhena chalcidica) W Ni
A BAERER AR R AN, LEE 55 B & 1,
B HL 22 JE 0 e S0 b XY 2 AR A i A )
MR Ni BT BER 4ES S IE A TE, T
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AN TERRIN B 22 5% @ ( Odontarrhena ) B #E & A8
Pyef Ni D 3RS SRR A RREA

BEXE Zn HE R SR AE Y RO B 9T L B T — sk
&, VAZQUEZ “5'7) fy #F 55 ¢ B, 76 10 F1 100
pmol + L™y Zn AbBET | KRB IR B Zn
LA TR 2% K ARSI 26 B 40 v, b gy
MTEFRAMA S YANG 25 F B 1 [ 4 & om
BB LI, Zn S EMHY AR SRR AR
54% 1) Zn WAETHMIBE T 514 40% 19 Zn WA HE
WL, KUPPER %5 th & BH, Zn #8 & SEAEY) RUE
IR Zn EEIAE TR, Zn B
[EE L7 PN BT | N b= N W el A
PRSI R . LR A RE MR A NiZn £
BUREAFAEIRIEL DY, TR v =F & A AL O i 26 4
JR AR T A HLEC A

3 ANERESHRSIEERNS FILH

AT ) AE 1 5 o 4w 45 B A ML AR 3R
AR Y A 70 FRR IR 0 TC AR B R R 3R 38 S i 48 58
B (HIRBT B X A7 HLBC AR 7 8 = R A IR A
B S ArFHL R B = R MERIRZ, T I DL
AR A DL (W R H AR )
B 3R S 53 FHILA
3.1 MRER

NA [EY G R I 2 26 RN, 7528 2 FhiES 5
Tk, 532 S—HRH H B 2 R A i (SAMS ) A FE
Jie NA A8 (NAS) , o, SAM R A] 46 SAM 4
fiti . SAM & B4k A i NA BORT A9 5t SAM, SAM
7E NAS (AL T A1 NA, FIFR £, i s
Zn W AN AR Ak, 8 B R AR BRE T Y SAM e i
I HERAERE = 7 5 T HE & SR AR AL pg o+ RAE o B2 1
Zn AbFRF SAM stk A S Fh 7 T NAS 3
PR 70 A A ) B O K i SR e 2tk B
FAPEAL L i i TR B4 . MART 55 W98 &
I, R S R 3B IR NeNAST, AR
TR B NA AT RE 2 38 3 ) B 50 5 7% 1 AR &0 6
17, CHEN %P AR = K38 4 4 SaNAS
KL . SaNAS2 . SaNAS3 . SaNAS4 H1 SaNAS5, RT -
PCR 2B, 7€ Cd WA B 444 T ,4 4> SalVAS %
PITEAR PP AL 4L i 3238 5 W AE Zn BB R 550, B
F SaNAS2 . SaNAS3 .SaNAS4 i% 3 MR Fik [,
BRI, NA A B 56 L R Y o 3k v] B 2 M9
A Zn W OCHEL 2 —

3.2 AR
PR L-4 2R 0 & R4 D1 10 2 6,9

P2 54, i ATP-PRT . IGPD 1 HDH #{IA
i His A B0 B b i BR Sl 5 oAb s L e A
[, Ko A B His (9 i Fh 25 DU R 4 0
BN FEEIRE T Ni # & EMY) His & B0 5 F4HL
il . PERSANS %07 B 5% 1 %, Ni 8 B SR A9 V.
goesingense 15 I His 1Y 3 PR EFEE DA SZ Ni 7Y 7]
5, B Ni e R 2l As 3 R A A ek R 4 14k Y
His fH R, BLIA AR Y His B9A BURRFEER, 541
FHHSIC G, INGLE 255 fymfse 20, 545 4
TEPIAH EG NI B = A 0. lesbiaca H 1) His & il
FE[K HISNIA F1 HISNIB 15 i 2235 5 AR TRIE 2 His
T RS I VIAR DG . BRI, NI A A
P His A Bk PR 1) 2 5 o AH X388 i, (R L S )]
AN ZEL A
3.3 Hfth

ZHAO 25058 S8 & £ A W 75 i ( Phytolacca a-
mericana) #4T Cd AL BLUE B MY h & & R A=Y
AR B BB A N SAM BRI, 1 SAM 24
B NA P ETR, U7 Ll BE R B s 9 b i NA 2
DAREXE 42 & 3l . SCHNEIDER %5 %} Zn i & 4
)R W 3 W 2 1 I 3 B Rt A 2R R A
SEMFITFEIA 2 B A0 it 3 2ok AR BR B 2 Y A5 b IR
FEMm ( GST) Fl GSH K i N /= ¢ BE 19 Zn, WANG
LTI ARTR] Cd e B AL B R 2 3% ( Solanum nigrum )
PRI 2= oE 2 B Bl Cd B3 v B 38 , K
2R KA A P TR B RN, 2% B e 2% 32 i i
TG AR N B RE A EhE AR Cd N,

4 BUEEREBEESWHKRNTTE

A HLBC A AE A Y UK P8 1 43 8 fif 3 45 O 1R 5
BHEEAER, MY N0 LB AT LUE
BEAT(LC-MS) ' S BT H (GC-MS) ! Fil e
BV A €00 % — LIRS 257/ DU AR T A T ST i) S B Jolt i
I (LC-ESI-Q-TOF-MS) " 4597 yE: JEAT R I, T
FEP 1A P 1 4 T T 5 0 B ARG I 91 R B £ A
Stk (FTIR) L HL - H HE IR E (ESR) (X 54
BOLE (EXAFS) @4k (NMR) Fl LC-ESI-Q~
TOF-MS, MCNEAR %'/ fdi F§ ATR-FTIR #Y 77 ¥
WFIE Ni FEE & SR G 220 R TR P B AS , 25
REW NI AEW I it RS R h 25
HAR SERMREL L F A VLECARSS & . MERDY
SEOVIRSE T /NEREFE AN BESR I (CWR) X Cu (1)
FIRVE T AR 38 ESR B S8R Cu (1) BT 5
CWR 45 1F, 5 4 & A B LU mHES) )y e
i, STRACZEK %'V 3 53 EXAFS ML B AR & f
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Zn WECAL, A& BE Zn 32 50 40 M BE /Y COOH/ SETH

OH M1 (B R Zn 1 40% ~ 80% ) A1 41 ifd Jit 3 5t
AT HLIER (anFr s ek S R 4R 454 . UENO
ST L Cd - NMR BT A8 B SEAR ) K 15 8 1 R
M Cd IRAEIEZS , BB F i Cd £ 55
RRZE4A . TSEDNEE %57 3@ i+ LC-ESI-Q-TOF-
MS B E I E /N FE B Fe-PS LG Y119

GRS
5 RE¥

SMARTIT 68 AR AR DY o S 18 /N A L
P A mT il e He e Rk e a2 R i 52 7 4 A EE LA
HENZ SR B FRAE TR 2 25 F, A RAT 75 %
GRS Y B R Fes MUk Rt — b
IRER :

(1) & A A DB B Fh 8 SO E A 1
e 5%, H A5 3 28 21 R A0
JHe % JLRR AR, DL B2 K W 3 e =5 | 7R g ¢ K 55 LA
L SR, XA A AL A B A ) i o ) BF 5
o AN B AR AR SRR Y AR R A EL A Ry
SebEY AR TR 45 A I AL 2 T 6 B & SR
AR A LR ST 5387

(2) Z LRI ) 7 AR L X = ) 1k
W BT 52 A R ik — 2D g . e AR A
YIRRSE A i 1 B S TR IO A, 2 75 2 XA ) 1R
A B IR S W) o 1) & ™ AR S e 7 e AR A
Yrhne] 4T PRS-l o H T S v TR
2, AR TS HE AR 2E S kR R R
SR A LR B A8 A0 AR Y B RS
SR

(3) B E R A PLEC AR G & Bl R 45 B
B FHURA FRiE— 05T, Blan, 8w Y
FrEm it Rk NAS JEH a5 5ok AP ELy 48
IR P9 %) A AL G ] A A AR — M R A T
Wishiiy RAKTE H o T EY =M R G )24
TS SR A ALBC AR 1 A T 4 S
B FHLE

(4) FHLECAARTEAE Py B B 52 3k A v i oy FH 42
ARG TEHE— D BESE, Anfa] 2 2 6 T A A 4 L [
T4 R 1k R I R ) B A S )
B, A BB AR 52 ) B 4 R ) b b R EE S i
BERER A AT 3E 3 A0t AH SC AT HLIC A 1
2, BGE A T sl R G A L M Y e A
FE) RN 3k S5 S A P PR R  H Y
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