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Abstract; Cadmium (Cd) is characterized as being highly toxic to human health, and its accumulation in plants may exert
a health risk for humans through food chain. Phytoextraction is a way for plants to transfer heavy metals from soils to the
harvestable parts, which is considered to be an environment-friendly and inexpensive technology for the remediation of
metal-contaminated soils. Chelate-induced phytoextraction reduced by organic acids can be used to enhance metal uptake
and translocation in plants. To explore the application potential of exogenous organic acids in accelerating Cd accumulation
efficiency in Salix variegata Franch., a nutrient culture experiment was conducted to detect the effects of five exogenous
organic acids (oxalic acid, citric acid, tartaric acid, malic acid, and succinic acid) with the concentration of 100 pwmol/L

on the growth adaptability and Cd accumulation of S. variegata under 50 pmol/L Cd stress. The contents of different Cd
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speciation (free and chelated Cd) in the solution were calculated by the chemical equilibrium program VISUAL MINTEQ
v3.0.The results showed that the addition of citric acid, tartaric acid, malic acid, and succinic acid effectively alleviated
the toxicity of Cd stress on S. variegata, and significantly improved its growth. Except for the oxalic acid-treated group, the
free Cd** was greatly increased, which significantly promoted the absorption of Cd in S. variegata. The addition of citric
acid, tartaric acid, malic acid, and succinic acid significantly increased Cd accumulation rates in S. variegata plants,
which were 210%, 190%, 178% , and 190%, respectively compared with that of the CK group. The application of
exogenous organic acid increased the content of free Cd** in the culture and enhanced the ability of plants to absorb and
accumulate Cd through complexation with heavy metals. However, the effects of different organic acids on the Cd
accumulation characteristics of S. variegata were obvious. The addition of citric acid increased the root biomass and Cd
content of roots significantly, whereas the application of tartaric acid, malic acid, and succinic acid increased aboveground
Cd accumulation of S. variegata. In summary, the application of exogenous tartaric acid, succinic acid, and malic acid can
improve the Cd accumulation efficiency of the aboveground parts of S. wariegata, which will be beneficial to the

phytoremediation of Cd-contaminated soil.

Key Words: organic acid; cadmium contamination; Salix wvariegata; phytoremediation; cadmium accumulation

characteristics

i ( Cd, cadmium ) 2 —Fh gtk AR EY LT IEOETTR Y IR RIRAEAE (B T ILgFR K
I A M 1) R o T LA Bl T A8 308 4 A 906 B S B B TR ) G 5 S B, 51 e 7 A PR I
Cd FEAAAIA A 51— R B LR BRI AR R RS, (55 005 S5 A 40405 | S A LAY 5 3l 8 3 M i A K
A PRI ZE AL T S B AR K 2 B A B R AR L BB P i Cd 5 5 A 4 W e s AR 1 B W
Ja BT N fa e e D I, AR T Y IR B S8 S R I AR A A A T ST AR Y E Y
BZ—,

MEBEHAR D FWEEBOR A Z5 SEMANE M 8558 5 7E T & R 15 Y8 2 OUsiAs 212
Fepeted | FEYIME 2 Hi AR (phytoremediation ) A8 1 ) FH 8 W PR G ot PR AR e o0t 5 Ak sl [ e 133
TR E S IR R e R et B E S B T5 s EHARY . R0, BEE FF Y TAEM
AWHRA 485 2R s 8 b 4w i AR AT AR T U LA SR 2 R A R A A K e AR
AN NI AEAR KRR EE BRI 1 5 4 i V5 e HIE A B H AR B 5 & e S Ar kA o 4 i, <
H—FS" HEE HA (chelate-induced phytoremediation ) 5 FIHA B T el A B ' 54w A5
L, RIRAK >4 HLER ( natural low molecular weight organic acids, NLMWOAs ) IFP&EHR | B2 T A1 R 5%
SRR ANBTIAMR A A A PR E A, A OO A AR 22 73 W0 AR ) 53 D0 0 ) S i () et 2 A )
5t A 3 300 AR, B s B REE MR R, AR A IR A MR 2SR A LR
A SE O 4 T B P S 4 S R T VR M R 2% B 0 N A o e < R A A EE AR A
JEE | DT SN ERAR P 0 4 S B ™ A A LR AR S R A N o 1 4 S RO AR, 1K 2 5 o 4 s 1 i
W G2 AR R AR R B AR Y RS IR, ANEA HLIR AN R AR 4 I T DA i 4 R XA
Wi EE T BT e E 4 P (T 4R A R R R A A L R T Ak LA B Y B R 4
J& (2 e AR BRI RE T — 2B A2 o (ELBE F br 4 i A R A R AR 28 0 R [, AN [ A B A
YIME S R IR M AF R R 22 7

FKAEMN ( Salix variegata ) EMIE ( Salicaceae ) MllE (Salix L.) ZAFARER A K EUR R BHEAE 1ok, BA
BAFH Cd T E S Cd BARRES 78 Cd V5 Y HIEM R IB 2 TR A T2 R R TR 45 Rk
L, Cd BT | REMR 7 A TR R 3% FERR 558 237 A7 HILI S B AR 28 70 Iy vh A BILIR 1) 32 B 10 o0, W R A P
EF R REA AR AR T ANEA HLER A, 2 4 Al ik — A HE R AR 2E 1 R Cd B
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B ARG B IR ARTE 5 FE DR 7 AN A AR YA XS Cd W3 T BK A MI A 2R 4
P ke Cd FREBFRAE RSN, S SR 18 52 R B R TR LB 255

1 #R57FE

1.1 X5 R

2016 4F 11 H 7 H , NEE PRI 5 B2 VL ) 241 Bl 1 (29°4172"N, 106°267 56" E ) SR 4 —4F AL Bk A 552 24 4
VT, AR VY T R A 2 el TR 15 37 AR R RS G, 300 I SR T 00 T ] 4 B, T R K BR
1.2 BBt

2017 4F 6 A 2 H SRR E R — S AE (RS20 25 om FE252 4 om) 688 BOCIRIE IR 2, (U 172
Hoagland Bt R & FRWHAATHE IR . FEFRAAN 18 em(_ L HAR) x16 em () BIAESE, BEA IR 1.7 L B IR, 1
IR R BRI HFERIAE 25°C M 20°C , BEROEIE 16 h, G5k 5000 Ix,

PSR — AR ALY, BEAT Cd A HLIR (AR AR T A R SR PR MIBEIARR ) RUALBE . Cd A
50 wmol/L, # A HLAR e B 244 100 wmol/L, B # 7 NALBE (R 1), FrAisbHyy 6 A8, Hrb, Cd L
cdcl, - 2.5H20997kif?§?4§ﬁu/\ A HURRY LAZER B 7K OMA. -0 52 25 A BRA 5 579 pH {EL,

Fi3% 4 RO BEAT A3 DN AE SR, PR K SRR A 24 h RS

®1 ZWIRIT
Table 1 Experimental design

Ab LR Cd R EZ/ (pmol /1) R NgES A HLRRARIE/ (mol /1)
Treatment group Cd concentration Organic acids sort Organic acids concentration
¥ HEZH Control treatment ( CK) 0 — —

BTSN Cadmium treatment ( Cd) 50 — —

Cd+¥ % Cadmium+oxalic acid treatment 50 LN 100

Cd+F B2 Cadmium-+citric acid treatment 50 Frigme 100

Cd+ A2 Cadmium-+tartaric acid treatment 50 AR 100
CA+3ER AR Cadmium+malic acid treatment 50 IR 100

Cd+3¥ MR Cadmium+amber acid treatment 50 B IR 100

L3 P E B R AR oA

FIAL 2 5% VISUAL MINTEQ v.3.0 HEA R 48 B F R s |
1.4 R bR KOT ik
1.4.1 AYsmiE

REFR 4 FR 5B ke b 2R ] Al K gk T4 AR BB 20 mmol/L EDTA—Na, 21 5 min J5 , 35 FH 8 46 7K
PYETEr BAEAREE S 2 AR BRI 3 8R4, e b e i T3l RUEAR v 80 C TR T R EE T ROF-
&Y,
1.4.2 fEMRE A Cd & rgl e

FHEREE SO B 25 FE S HEA TRy I S5, FREBURR IR A i 0.05 ¢ A HNO, (6 mL)— H,0,(2 mL) JE i 7E
T I A ( SpeedWave SW-4) HEA i fif , FHAESIK E 25 2 50 mL, R R BGR5 55 25 IR S5 (1CP-
OES, ThermoFisher iCAP6300, UK) illl % Cd &+,
1.5 HdEmdr

FERRA 453 Cd PR B = MR A 2 S0 Ay s AH Y Cd 5 8

HR—Hh 3845 Cd R R =1 L3 Cd &=/ Cd & &
M B4y B A R A =M ) Cd S/ TR Cd e
FIHH SPSS 22.0 5% P 2K & 77 224347 (One—Way ANOVA) 1 Tukey's 25 BT A A4 BILIR b B
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Xb Cd Bhia AR A= Wil Cd AR BRI 2257 . M Origin 8.5 22 Microsoft word il %,
2 HBREHS

2.1 WP EIRE TR

4B B TRV T R A B S BB R4 B A, B T 4 B O AR 1) vk B RN FP S DA S pH ™, FEAR
WFFE, 4 B IR RT ARV TR LA 1.2 1 LL 8 8 SR b JEA T BC & D V4 YRR 02, Cd Ab B2 pHL (B
6, % IS HLRR A9 AL BEZL v, pH IR REAIR (52 2) o AT VISUAL MINTEQ v.3.0 Fitil] Cd 728 F# i H B
KB, AU A LR (100 pmol/L) AbHE T | LA A4y Cd SAHLIRIE W Cd—AHLIRE 51,49 5.6% 1) Cd™
YA, SR A TRMSERIRYS G0 Cd™ 395 1.42% .0.9% 1 1.62% , 53EHIFR LS A 11 Cd™ il
/b 200 0.24% (B A HLER YIS T 78S Cd™ /Y Fe ], Herh BRFARE A9 I AE 72 Cd> 15 2 i KR s,
BLRAL N Cd™ BRGNS B /N (K 2) .

R2 CAEARRBNBRBARPHIES

Table 2 Speciation of Cd in different organic acids solutions

’ oo Cd> e CA—HBHLIRE AV E HABES Cd W E
bR i pH ) ) s ’
Treat . Soluti " Cd?* concentration/ Cd-organic acid complex Other forms of Cd

reatment gr ion

catment group cution p (wmol/L) concentration/ ( umol/L) concentration/ ( wmol/L)
td 6.00 44.8(89.6%) — 5.2(10.4%)
Cadmium treatment ’ ' o7 ’ e
Cd+HIfiR
Cadmium+oxalic acid treatment 4.09 45.4(90.8%) 2.8(5.6%) 1-8(3.6%)
CA+Fri iR o o .
Cadmium+citric acid treatment 4.18 47.4(94.8%) 0.71(1.42%) 1.89(3.78%)
Cd+5 47 1%

1)
Cadmium+tartaric acid treatment 4.32 48.1(96.2%) 0.45(0.9%) 1.45(2.9%)
CA+ R
Cadmium+malic acid treatment 4.51 47.7(95.4%) 0.81(1.62%) 1.49(2.98%)
Cd+Z5 M
il 4.57 48.3(96.6% ) 0.12(0.24%) 1.58(3.16%)

Cadmium+amber acid treatment

S NEEARRIES Cd G2 Cd SR E I

2.2 AHLERXT Cd A T RKHEMIAE K A5

BRI T A A PRI 25 i R S A sk, ST REAR LE , Cd ihif 52 PR AR AR MIAR 254
Yy KoE A W SRR AR R AR B S BRI

FrREmR 09 A1 2 S SRR RN B AR A I AU B 8 2% A T Cd X AKAEMIAE K 3 3 R 1 T RK A0 A 40 2 1)
R, RAORE  SERWR AU IR AEAI A= 2 PR UV S5 R BH 5, BE AR IR =22, R 1 5 o A 38 6 fe o
Cd Jolp 30 X AR R ()25 3 AR AN, 45 AR W AR PR IS T X JRAL 3, 5 Cd AbBAR AR A= Py ek [R] 5 B B 25 5%

F A A5 A FRGT BK M A5 2 B 2B A S, 45 SR B AN LR I TR IS R RERRAR 22K, 5
Cd i3t B AKAEMIRE MR AR HE , R R TR AT R S SR R AN Y FATR B9 I A AR A28 B W B 4 T 61% .55% |
101% 76% 1 56% 95% 141% 87% .,
2.3 ALY Cd Wil FREENIS 2R E Cd & S R A s2

Cd W8~ , A HLER A INXTRK A4 25 B Cd S A2 an & 2 i, BRARMIXS Cd 9 FH R E B fE R
LR AT Cd Frimm P& AR BRHIER S5 IR AN A 2 1 VS in 40 e A TR R B R o T Bk
EMIS AT Cd ST, SR A A X SRR AR A5 28 B b Cd S i B RO,

5 Cd bR L AP R A A B R 42 i TREEMIAR R Cd & &, BRI A I A Z2Erh Cd & fdm 1
20% ; SERFR B IMAME o Cd & 8325 T 36% 5 WA FR B9 i AU 8 & 38 T T Rk AR I J b R &8 43 Cd &
i, M 2R R Cd A Cd i X BE AL BEZH Y 119% (118% 11 182% (&1 2)
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Fig.1 Effects of organic acids on the biomass of S.variegata under Cd Stress

AR NE F RS R R A AL T (8] 2 22 5 (0=0.05)

5 Cd Zb PR G BRAEMIAR—H 1385 Cd $688 REEIMA B W5 WA B8k, Hh 35 Cd w4
R A TR G 520 B R (K 2) .

2.4 AHLERXS Cd il FRKAEND Cd B R 5520

LA BN AE YRR Cd i, Cd BRI AR AR BRHARR AR TR FRAEMIRE AR T Cd
A 2 AT AR AR AE HLER Cd ZbEEZL I 210% .190% 190% F1 178 % ; B iR AR I A Xif Bk LA
Fibk Cd LR S =R B (£ 3)

BRAEMIAS AR Cd BLRBRUCHIR >ZE >0, K 4> Cd B BAEMR b, AR T A R S SR IR AN 3R FTR
FYES I A T RKERIAR T Cd AR B, il R R I A A LR Cd A FRA Y 222% (183% ,178% ,185% .
FrEERR AT R B R AEMIAR b Cd B R A1 F 5 R BA S, (B0 T 25 R e od B R e B 8 A 3R THRCR: T
AR BEFARR SRR 1A Sk 2 e T Rk At B Cd R R

3 e

WY Cd BT WIS R R NI B Y Cd 2554l T e M e ALK 2 G AR R AR AR
S A A A B R B A A ) A 2 AR W R PT DL B S A SR A S R AR ST
REEW], Cd Wl R FFEAR T RKEMIAE Y SN HLER B AR I A EAS [RIRERE B 2R T Cd W AR AR A o
b SR BRI AL i AR B P A e J 2, R G A W 303

A HURRAE AR %) F 42 SR T 52 328 i AN 77 LA B L AR 00 A5 0 IR 25 Ty T R 448 DGR PE T, AR AT
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Fig.2 Effect of organic acids on content of Cd in each organ, Cd translocation coefficient and enrichment of S.variegata under Cd Stress

AR AEE S Cd TS, BULE Cd YR N IR S (R e ng B i s R s (R 2P
CA—HHRE SV, A Z B RE T 72 0 ARBFSE D AR A0 IR PRI RIBE3FR A A
REZMT CdXFAEMNEEE 5 An B AHGE LR -2 MRS F i HLRRA B 4 8 i g g b, B
T i DA T AL AR 2 AT AL e 200 M N 5 o S i AR 2 A O U R g R 00 o DA T 452 e B < s o
WY EEE Y AHIESE A HLER A VR AT B AR AN Cd B2 35 8CR10 22 T AR S5 & Cd By M 0 )
A5 o HNIRAR T AT MR O it T 4 Jm OB 75, A AR A I BB T 19 22 575 LA ALy A LA A v B
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A EAEYICR , AUFRY], A VLR AT 38 i 22 % 1 48 Iiids 5 19 S8 A0 0, PR3 A ML 25 A0 e 2, 4E4F
YA AE A BEE Bl DR EAE Y SZ B R EVER Y L Guo A5 B, Cd WMl R, SESRRR A I A — A5 358 T3
P EAEE BTG P LR 23k | 3l it Miscanthus sacchariflorus A PN AN A BT B AL TR TR e 2 Cd XA
Y A A, Cd B T R IR A I A AT S T A b O B €8 3R R 0 il R DG il AL 1Y)
ik R b A R S SR A YA ERIRE D Y L TR A MU A E R A R,
Schulze 5 N4 alfalfa THERBR 700047 B THIDAXT N FI P S5EE IR Y1 B AR, 3 AT REQL 2 A5 v 3
SRR b HEZH A 4y e W AR T SRR 22— ARBIR SR 2 SR, SR A VR I R A0 A 4 i VA R, ]
AEJEH TAERLAR pH PAEEN A0Y) pH E AR S T BB IR , 40 M i A 7% 2  DNA 52 i R 40 it 4 24 55 0o 78 52 3]

./, 36-37
e

F3 HHLET Cd BMHME TREEN Cd REEMFN (g THEbRIEDR)

Table 3 Effects of organic acids on Cd accumulation of S.variegata under Cd Stress

g Cd FL &4 Cd accumulations/ g
Treatments H Root Z£ Stem Mt Leaf Ak Total plant
Cd
. 191.85+6.38a 25.76+4.85a 2.15+0.04a 219.76+4.21a
Cadmium treatment
Cd+TFR
. E@l . . 223.45+4.30a 20.00+2.38a 3.11+0.30ab 246.56+4.64a
Cadmium+oxalic acid treatment
CA+FrEeR
*ﬂ;ﬁ& . . 425.85+24.6¢ 32.43+5.85ab 2.19+0.33a 460.47+18.53¢
Cadmium+citric acid treatment
Cd+] 2
‘ @Eﬁ& . . 351.06+31.5b 58.70+4.25¢ 6.84+1.33¢ 416.60+34.05bc
Cadmium+tartaric acid treatment
Cd+3F iR
T%ﬂ& . . 340.85+18.43h 45.78+0.36bc 5.02+0.63bc 391.65+19.32h
Cadmium+malic acid treatment
Cd+3E IR

. . 355.81+22.36b 56.93+6.43¢ 5.30+0.34¢ 418.05£21.21bc
Cadmium+amber acid treatment

ANR/ING FRE SRR A AL B 2 A1 35 22 5+ (@ =0.05)

WF5% & LEAE AR N () B SRR AIL A, X B8 M A 8 5 0o LA BB S, FRARMIARRAE Sy Cd A
T ) BB, 52N AR b AR Cd B i B, SRR AR bl A BU R I a2 Cd B2 [ SRR
RS FFRERR AN S AR T T RKAEAIAR X Cd B W ISR [ A2 RE 7, T TR | B A R S SR R DU g 3 R T
TRKAENI ML L3R40 Cd i, Chen 5 UK, A HLERHE ST Cd B ISOE B 18 HILIER At e 5 pH
A BRVEIABE T IOk B, &R B 3 5 BOON M N T & @ AR R X 5 A5 il it VISUAL
MINTEQ v.3.0 T 925 R —20, AR AR T Cd—A IR E &9, Wi T A B hiEe cd™ &
W, FRRACIRIE BT BB ) CA—A MR E A1, MBS Cd™ F i AR/ T, 35002 75 2 36k ol B 1R A
PRI RKAEMD Cd 7 i A B E P T R R RS Ff e — 2D BIE , ILAh A Cd & & i $E T 7T B 5 A ML
KEHELSIRNEE S HA T EYINER , WXHESERKAEMIAR S Cd WCEAT 35 VR FH AR A R HL AT Bt
() OH/COOH < Bt 2 B FHIAR O BR R 7L, 6 5 1 & R M B3R M A s 1 O HRIR G5 A 400 T R A A 4 1A
WZ LA IR ER L A i S IR S Ca 53 TR SE 4 A ] fE 2 R R AL B AR AR MR Y Cd &
WA BERTHE R 2 — 2 YRR R Cd #E it T RE AR 2 04 B (E A T B0 1R 3R L, T B 4K
T8 ARHRSE P RKENIAR b Cd e R 1k 320 mg/kg , (H AR K IE AR 32 2 6 TR 00, 45 B AR R S 0
HIRFNHR K. —J7 TR LA ML TE R AW fR Cd TFAEEAFE Cd s Ferb B9 BB, 59— J7 Th0 to AR 30 1 Bk
MR BRI Cd b DA AR & 4R Cd 7 T BCAF a1 /e .

K5y Cd A8 TARFR S MR T Cd 10 1 L3855 1 7% 58 REIAE THRAK T, A D5 B i iR
T4 i B AR T £ 3 RS 25 T B A, T DA R T A S AR [l R A s Y ARG A SR B R
TEFFERRIVERS  BKAENIE: Cd e FEAR rh A RE DB i, il 1T Cd iyt B30 0 i R8 . WA R B A it
FHARTE T AR Cd B R R RATRV I AYHF T R I, A R Cd A T BRI 2R 0 1) 32 B 4y
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Z— A TRAE R ENMR N A R A B R R s i A AR SR

MG S BT 3 B 2 b 3 DA 39 5 bR BT5 Ye i B X RK ARG T 4 R A R AT
SE T, BRI R IR A R AR R M B FAIR AT B Cd B R B R T A B E R,
o ARG I 5 2 X KRR AR P B RIAR P Cd & T (AR v Cd AR SR B S A TR B TR
FIE SRR ) 7 A RKAEAI 25 28 B v Cd B R 045 3 35 38 in , 5 R T RK AR Cd V5 Y - 818 2 3R 1 4
o o SRR G A SRR A 25 AR A L Cd B R AR BG4 R RN B A R X RK A A5
TEAEWRA Cd &R I TE WA TR XA Cd WU BE 1 i A2 HEVE R F 3R IR

&it

£

(1) Cd fipie 25 AR T BRI AR W i PP AR IO IR PR PR N BE APR B VR AT S G2 i T Cd X RK A
MR E  AEMIA KT B B P i, o SRR KA AR i AR R A e b o B3

(2) IMAAHURSE | B AR AL BRAE A, HoAR A B vh i Cd™ & B A5 B AR T, A A TRCEMIXT Cd
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