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WE. RHE NERE I, 8 HAS 635 1% 5 (Gas chromatography-mass spectrometry, GC-MS) 4% ARl % 7E As( 1) |
As( V) FIZH i 8 ( Dimethylarsinic acid, DMA )3 FJE & (¥ B 0—5. 0 mg/L) Wr38 T, i 48 & £ A6 4 28 B ( Hydrilla
verticillata (Linn. f.) Royle. ) FIEMHE & AP 7R F3% ( Potamogeton malaianus Miq. ) P A= AWK SN AR 7 FlA HLIR
i, SERRW], BIEIR N RIR TN R AR SRR AR R AR 25 & T AT IR T3 (P<0.05) o 76 As( 1) Ab B, 8
BARNFTEERR SRR AERRR SRRER FLECA DL 103 T B, P IR T SRR R W 3 I 7E As (V) AL B , S S A R A
FA PR W2 TR, AT IR FSRAR AR R 3 I 5 /6 DMA ALBRA  FREEFRIRR AP AN R MR 1 3 T I, T i IR S AR R R | TR
R ALEA DR 3 P, BEAE As( D) ALPEFARMER I RRER | EE DLER FIAs( V) AP R RERR & & SR As ST R W E
K (P<0.05) WA HRT37E As( M) 5 DMA KRBT Rl S RRIR AT LI 15 f2E LA S AE DMA 2R B R AP SR & i 5 1R
As BRI RFEFMIC(P<0.05) , FFAE YR ZR /5 W rh S8 0 ) FEme T /R BE 3R R FAR A R, (H R 7E As (1) 5§
As( V) A BRI B IR S RN As i LS IEAROC , ARFSER I As () 5iAs (V) 3 T FAS5E 6] (R A1 43 b el 2 it .
e B ) — e AL

REBIA A A MR AR S WA 5 R AT AR 3

Effects of arsenic speciations on contents of main organic acids in Hydrilla

verticillata and Potamogeton malaianus
ZHONG Zhengyan, WANG Hongbin*, WANG Haijuan, SONG Yanhui, LI Hongmei

Faculty of Environmental Science and Engineering , Kunming University of Science and Technology, Kunming 650093, China

Abstract; Organic acids widely exist in plants and environment. They can chelate metals and participate in the metabolitic
process of metal uptake, translocation and accumulation, and thus play an important role in plant metal tolerance and
detoxification. The changes of organic acid contents in terrestrial plants under arsenic stress have been well documented,
but little information is available regarding the changes of organic acids in aquatic plants under different arsenic speciation
treatments. The arsenic uptake abilities varied among the aquatic plants. The comparsion between plant species regarding
their arsenic-accumulating abilities could provide valuable information in understanding arsenic uptake mechanism. The
results of a previous study showed that Hydrilla verticillata can hyperaccumulate arsenic with an average concentration of 282
mg/kg in plants from water containing 0. 046 mg/L As. However, the concentrations of arsenic in Potamogeton malaianus
were only 129 and 121 mg/kgwhen exposed to 5.0 mg/L As(I[) or As( V), respectively.

In the present research, a hydroponic culture method, together with gas chromatography-mass spectrometry ( GC-MS) ,
was used to evaluate the organic acid contents in plants and root exudation of Hydrilla verticillata ( arsenic

hyperaccumulator) and Potamogeton malaianus ( non-hyperaccumulator ) as affected by arsenic of different species
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[As(Il), As( V), dimethylarsinate (DMA) ]. Arsenic concentrations were applied in the range of 0—5.0 mg/L. The
results showed that the natural contents of oxalic, malonic, citric, malic and palmitic acids in H. werticillata were
significantly higher than those of P. malaianus (P<0.05). In As( Il ) treatments, the contents of citric, malic, palmitic,
linolenic and total organic acids significantly decreased in H. verticillata, and the similar decreasing trend was also observed
for palmitic acid content in P. malaianus. In the As( V) treatments, a significant decrease was observed for the contents
of palmitic acid and total organic acids in H. wverticillata and palmitic acid in P. malaianus. In the DMA treantments, the
contents of oxalic, citric and malic acids significantly decreased in H. wverticillata, and the decreasing trend was also
observed for the contents of palmitic, linolenic and total organic acids in P. malaianus. The contents of palmitic acid,
linolenic acid, or total organic acid was negatively correlated to arsenic concentrations in H. wverticillata in As (1l )
treantments, and the negative correlation was also found between oxalic acid and arsenic concentration in As ( V)
treantments (P<0.05). A significantly negative correlation was also noted between the contents of palmitic acid, linolenic
acid, or total organic acid and concentrations of arsenic in P. malaianus in As( I ) or DMA treantments. Citric acid
content also negatively correlated to arsenic uptake in DMA treantment ( P<0.05). Oxalic, malonic, succinic and palmitic
acids were determined in the root exudates of two tested plants, and a significantly positive correlation was observed between
the concentration of oxalic exudation and that of arsenic in H. verticillata in As( I ) or As( V) treantments. The present
study concludes that root exudation of oxalic is one of impotrant mechanisms in arsenic hyperaccumulation by H. wverticillata

in As(Il) or As( V) treantment.

Key Words: arsenic; organic acid; root exudates; Hydrilla verticillata ; Potamogeton malaianus

T 52 4 J 25 3 R BLAR 52 2% , o die 2 BORIRE i i) AL ) 8 e 175 5 B e e UL B B AR ik SE LA
RESRA PR IR Y% G R MEBmE NS . AR IZAE TRV IRME BT 5548
BT RESEREGIEN L E SISO, 25 4 )8 Ml st R85 A BRI AR x5 43 ) it
i RE R EEAEH . YR N SR PR X A 4R A DR 22 SR SRR sl EALE
SRR Y8 8 B AL MLRR 2 & W E 17 i 28, WNTE /\MIIIE )& ( Hydrangea ) F15% 2 J& ( Buckwheat )
o DL ALFPRBRRRER (1:1) A AL-REARER (1:3) M A IE A7 i B, 7E 3% % ( Fagopyrum esculentum ) H7,
FRLL AT R I 4 A e XM s i 2 3B Zn M E SR AEY) I8 W5 3 ( Thiaspi caerulescens ) 25 FRSE
R Ry F w5, ORI R SRFARA AR , 25 Pl bk Zn & 55 RSP SRR 5 W E A G X g
LRSI AT T B S 3 Zn FEONFTERRAS G 20 B Zn SRR 389

TE As W YA LR & AL T A — Sl . Wang 51 X5 As a0 T ) B s 4E 58 77 16 JLF R
SEREP R AT HILIR 4 e 3 AIF 5 B, LA HILIR 114 5 k70 kR 5 2 A ) MR A T ( Preris vittata ) FRZ 1 BT
( Pteris multifida ) FNAE R & ALY DT ( Preris semipinnata) TNEIE R 25, HER R WY K0 &
A LR 42 8 B T R EE A B W S SR AR B P A R R S AR Tu SV BRI R, A
As JRE T WA AR 43 A ) T BRI AR, AR AR = AR I 10 BK ( Nephrolepis exaltata)) WA X W
PP AL AR S, (E B AR 53 WA AR AR IR 1 RS IR 25 155 43 0 R IR 19 0. 46—1. 06 1551 3—5 %, R A HLIR
AEKr RO As AROG IR 20t .

ARG X B RIS AT BRBGAEA AN K AR AR B AR Z A X As KEW RS
SRR . WKEHET (Eichhornia crassipes ) FEREZIZ As .Cd . Cr . Cu Ni f1 Sel! ; Robinson a=02 AT BoR .
TE As F~ 0.05 mg/L A HBFRBHN VT K I | 42 135 ( Ceratophyllum demersum 1. ) KN As £ ik 3] 284 mg/
kg ; 2R3 ( Hydrilla verticillata) 75 As ¥ 54 0. 046 mg/L /KR SE34 As £ 5k 282 mg/kg“ﬂ ; Srivastava 5§ &
PR A 0K B AR ) B P SR R AE 25 umol/L( 1. 873 mg/L) f As (I ) A & 35 2 315 mg/kg( T°H) | SR FRAE
250 wmol/L(18.73 mg/L) fJAs( V) BFiAH] 205 mg/kg, /&—Fifiif & 4L HE W , th J2 52 5 Yl /K R BRAR (R AE )
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BERBY WSO BB R, S SRR\ 24K 0 ( Blyxa octandra (Roab) Planch. ex Thw. ) %
As P& R 250500036 3 887 (1019 F1 1206, {H 2, 1E /K A TUK AW AT H-HR F- 2% ( Potamogeton malaianus)
S3AE 5.0 mg/L B As( 1) (As( V) Fl DMA B3 5205, O As & 800 (129+25) ,(121+21) F1(23+7) mg/
kg , HXTA ) 5 48 0 (R T 2R

As BUREW AR WAE LT ICER B HLE G PR M e 2k AR, As BEEAR 8, — M &,
TeHL As FEPERTAHHL As, BRI As( 1) >As( V) >DMA ( —H LR | dimethylarsinic acid) , ASHF5Y DA
KA As HUE ARIEY)RBE (H. verticillata) FIEE As B & EAEYITIHHIR 735 (P, malaianus ) R HHAHE 7% N
IKEEFAET R AMNEA AR R As(T) (As( V) B DMA XF 2 FHEEY) As IR A HLER (A N Az il FA 2143
WA EZIE , LA BRA A R A [ i s AR AR ) K AR AR A FLIR 5 2 1 28 AL R IR A DR 77K AR AR i s 4
HVER
1 #R5H%
1.1 YR

R A 2= w8 B BT R IR el K 3R, A i AR TSR B R B T AA AR UK 2 (R BT AR R K R )
FRHI A T VT e KB, A KR A Sk B, ] 1/10 B Hoagland 35 F52 W HEA T8 PR 35, 15 9% 10 d I
PERUCK A R A K — B R R A T K B 5286
1.2 LIk
1.2.1 HYEFR

FHAR R 2.5 L 0SB, 40 54T BE S AT i IR S AR R A FR B As A0SR W As 17K 35 52
%, As(II) (As( V) .DMA Z35ILL NaAsO, Na,HAsO, + 7H,0 .C,H,AsNaO, - 3H,0 JERAIN, As B T3 FF LA
afi As 1t BFIEA As E S ANMEEVEE, 43008 0 (XFE) 10.3.1.0.3.0.5.0 mg/L, HY T 45 10 RILIk,
A E 4 NEE, AR FRY 30,0 g HHY), A FRAER = A ROGIT 2R, RIRAE Ll 18—25 C
1.2.2 M FAb

R SR ol s BUR A AR, S5 T E 3K 0.1 mol/L HC 125 B 7k [ 58 whdk , FHIE AR 17K 0 il 6 o
HEW) 53 O ER 53, — R 7B N SHRLE 1148 40 CYRURIRAF, SRS /0. 2 mol/L W2 2% mifi (PBS,pH=7) 1E
WA T AIDTE BOBIR , TR B2 B R TR R G 7E-55 C AR T B Tk 43 19301 T Bk 408 AR J5 12t 0.
42 mm i€ 3 53— F 105 °C 247 30 min, 78 70 °C LT Z46E , BERE 51T 0. 25 mm JE 6, ] HNO, -
HCIO, JH AL A BRAT AR 5 SR & A - TR IO IS R 5 As 1Y 5, HOMAR B AE 92% —99% 2
), BEFRJE B BOMA 1 mL 0.5 mol/L Y CaCl, ¥ T 40 CRVRIRAE, B 1000 mL FEHER 78 &AL 1 40 C ik
45, W BEE 25 2 20 mL, I£8 0. 45 um AL IERE U8 , T 20 i LR & 2 i

JE IR SO R I SE [ Varian 28 5] 77 i ( AA240FS B | S 4k ¥ & A= 25 W B Jb 5T il 78 B ( WHG- 103
) EARUR TR R G0 A Jb st 1 B S 3NEA FRA B (FD-1C-50 AY) | et 78 &AW A 1 5@ A= Ak AY
#8) (RE52CS-1 #l) |
1.2.3 AP E F ik

(1) TAEMZ

Z: 18 Wang %% (00705, a0 SN HEBRR BURC R T IR R FATR AP A R S SR IR A IR R R 4% 1. 000
g, HH BRI IT E 455 100 mL, 752 10 mg/mL A MLERAE 2 . 43 i BUZ 25 5,2,0.4,0. 08 mL(#H4
FAHHLR 50,20,4,0.8 mg) F 250 mL RFRLENEH, #EF A 1.0 mL 50 FF EEE W ( HFRPT, 1. 000 ¢ 15—
PR B2 25 9) 100 mL) |, FRAERRINA 10% H,S0,-CH,OH ¥ 25 mL, 7E 60—65 C /K HfEIL 6.0 h, S
L5 AN AT 40 mL /K 100 mL 30 - 77, FH CH, CL ZE B 3 YR (10 mL/¥KR) , & 3FAHUAE, FH 30 mL # F
NaCl RS, 7EJCK Na,SO, T8, We i 2 1 mL J5 TR (GC-MS) 4387, 1 A HLER I 2 ik
T AR S AN ] v A5 3 A AL IR g T AR R P A e TET AR, 15 1 45 A LR TR, Ik 1 o
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Table 1 Standard cures of organic acids
ALK HH U ]/ min [l )3 75 .
Organic acids Peak time Regression equation
Bl Oxalic acid 8.62 A=0.0689 C + 0.0001 0.999
P& Malonic acid 10.58 A=0.2447 C-0.0020 1.000
BEFARR Amber acid 12.15 A=0.3731 €-0.0129 1.000
YR Malic acid 19.22 A= 0.0815 C + 0.0013 1.000
B AR Palmitic acid 22.45 A=0.7334 €-0.0570 0.998
FHEERR Citric acid 25.25 A=0.3454 C-0.0066 0.999
T RAA Linolenic acid 27.20 A=0.5715 C-0. 0746 0.998
A T B AR TR , € A HLIR &% 4t (mg)
(2) HEankbaE oo 4
PRER 0.5 g URTAIREMIR AR, I 65 BB AR (U 32 8 T Heiih 8
RECHHRE b A IR A5 6 b, 765541 Tk 1
LA TR RIS AR AR R A2 P T, TR S B
Ik A A 250 mL BB, A 80% B HH B 45 . 23 | 5L, I[
L, 75 80 KA TR 45 min, BHGHEE A4 3 100, 1
JF AR 5O mL, RIRE Sl RS B P A B 4 A Pl
IR _E 3 T AR 22 AR SEA MR, B 7 2 , 3 1
T BRAL IR 1 0. 45 pm #1306 3 2 08 , VEA (63 1 . Lf‘
BERRI R T 4°CORFE IR A7 35 ], B 5 2547 GC-MS 704t 0 A N k L——
6.25 10.25 14.25 18.25 2225 26.25
U 15 R A HLRR A it 1 Time/main

(3) GC-MS Z3#r &A%
£3%1% . GC-MS ( Perkin Elmer Clarus 600) ; & 40%

Bl #HEmEiFEmNEIREER

Fig. 1 Chromatograms of organic acids in plant samples

HE: ZB=FFAP 30 mx0.25 mmx0.25 pm; EEER 1 pl,
ANA, FEREE DR 220 °C ;3%<.: He,0. 8 mL/min; f#
FFHR 50 °C FARA%F 2 min, 2RJ5 6 °C/min A9 E T+ =

and standard
(1) R (2) N ; (3) BEIAMR ; (4) IRZIR (WARY) 5 (5) SR
25 (6) BRHEFR ; (7) FFHERR ; (8) LIFRR

230 C,P4F 10 min, ELBF[E] 40 min; K EF : Clarus 600
MS, Rl g5 EE 200 °C
1.2.4 Seitsrr

iz G530 RS0 Statistical Analysis System ( SAS) #E47 BRI R ol R 2 7 24087, 2 5 H R FH Tukey’
s HSD ¥, B 1 /KF P ELO. 05, % i 2 /KF P 8L 0. 01,
2 HEREHW
2.1 AR R A I

H &1 2 AT, R As 2t B4 BE VR I ok B2 A 3 in i (B A B S As BRSO TR . WU R T5
22T AR As JEASFIIRBE L) e — 38 58 HAE IS0 SRR Y As & A 1 .35 520 ( P<0. 01) , Horr As
(I BEFRAAF T PRI As Je 2, OO As (V) B DMA . 533 BEAH L, BT e As (1) BiAs( V) A3
e AR 15 SRR P As i (P<0.01) 75 5 mg/L As( M) \As( V) Bk DMA 438 S E I As 35 KA 551
J3(285+23) ,(218+30) | (89+40) me/kg( ) , #3358 FILE WAL AL (P<0.01)

FFE 2 1A P IT SE0 4 MEAS As BIMRIC LR ] UL 207 2 5007 T A1, AR TR) As 25 Rk JE A —
FHASEAE AR IR TSR N As S i A B E IR (P<0.01) . 7E5 mg/L As( 1) (As( V) 5 DMA 4b 2
TP IRFSEN As FORAE S 5K (167£29) ((148217) (5025) mg/kg (T ), 50t BRAMIE,1.0.3.0,
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5006 JAE = 32 %

5.0 mg/L As( IIl) F1As( V) kb BRARH B 25 42 = 7T AR P32 N As i (P<0.01)
165.0 mg/L BIARFEIEZR As b B R 78 As( 1) FlAs( V) Ab BRI BBFEAK N A As & B B3 8 T4
AR F3%(P<0.01) ,DMA AbFHI BBAKP As &8 2w TATHIE 732 (P<0.05)

350 - my iig MR
5 300 L AsfgFiZ(A): P<0.001 1g0 | ASHIFIZ(A): P<0.001
< AREWSE(C): P<0.001 % AR R FE(C): P<0.001
£ 250 L AxC: P<0.001 160 - AxC: P<0.001 [
5 200 | 3 As(lID |
Eﬁ E As(V) 120 7
28 150 E3DMA 100 -
3 80 |
2 100 + 60 |
2 40 L
g s0f 11
R T% 1 [7E
0 0 = . . . )
0 03 1 3 5

AshbEIR %

Arsenic treatment concentration/(mg/L)

B2 AEFISHSET 2 Fad 3 i ks

Fig.2 Uptake of arsenic by two plants under different arsenic speciation treatments

2.2 A[FEJEASH LB HE YA PR o i 5 R

A 2 AIAL RIEEAS As ACBETR | FIXT HEORE L, Bl Ak B 5 %) T v, PSR DN 7 oA LR R B A BILIR &5
YR TR AT IR TSR A VIR HA PR AR SRR LS AP A I R, 76 As( ) b3
B, FREERR TN R RN BREARR S M 0 B A ML RN A MLIR AR A AN [F) A B 1) 0 3 R R s 7E As (V) AR BRI, R
iR KRR R IR A A LR 35 T R AT IR T3 7E As (T BiAs (V) AbBRAS A AR IR T B 53

AR As () ZhBE, Y fi SR P AT IR A R RIS MILBR 7 1 Wl 35 R (P<0. 05) A7 - HR 22 A A
FR S B # FH(P<0.05);0.3—3.0 mg/L As( V) Zb | i3 2 P& AR B A IR A B A HLIR & &, 5.5, 0
me/L W EREARREIR F i As( V) AbBESAT IR -3 FUA RR AR R 26 I A7 VR B b 2 0 3% % ,0. 3 mg/L Ak
L R U] B 2 R0 5 AE S [RI VAR B DMA A BRSSP AR P R R 7 e 1 B 3 N A R SR A LR B
ERRE,

TE3.0 mg/LWKEET , 5As( V) AHLL, DMA Kb3 i 25 R AIR SR e (A A T R 15 12, {1 Sk 28 185 A 7 ST JBR
fR ot 5 As( 1) AH LG, DMA Ab3H00 b 2204 B i AR N S A MLIR & i #E0.3—1.0 mg/L ¥R T, As( 1) Lk
As( V) B E PRI BB RIR & 2 (P<0.05) . 7£3.0 3 5.0 mg/L HKE T, 5As( V) 5k DMA L, As
(T ) Acb 2 58 S 3 T A I R S0 B R B s S As (V) AH LG, As (T A0 PR B S MY & &, £ 0.3 (5.0
me/LVEE T, 5 DMA AL, As (I AbFE & 25 80 mAT iR P28 3 R R & i, 76 5.0 mg/LVWKE T, 5 DMA
b, As( V) bR 38 A i IR 1S AP IR AR I RRIBR FILEA LR &

LR PN PR IR 7 e e, FLUR AR , S R D A R T R R FAER 7T R SRR P SRR R A A
Rt , S/ DR SRR AN R, AR As VREEALFE T | PRV IR TN R PR IR SRR FIAE R R A
B Z TR 58, WRRRRHIAH &, BEFIR AL A MUIR & AR R E 257 . DIGE v & | Bl 2 i Ak
PV B A3 I, 2 AR A N IT R R A R SR A DR R
2.3 YRS S AR A LR B R A M A

FE As( D) ZbHR (& 3) , BEEE R IR AR R R AN A MLIR & e S5 RN As TR R B ERAL(r=
-0.495,P<0.05;r=-0.541,P<0.05;r = -0.397 ,P<0.05) ,(HHR FEIMR F7BEHL . A IR FISE SRR & &
As FHRIHHCHERIA B (P>0.05) s 7EAs( V) IEEFE T, BIERN R 5N As S R2BEMMHEE(r =
-0.405,P<0.05) , H'& 6 FRAHLIR A B A LIRS As S mAHDCHES R B3 (P>0.05) ;76 DMA 535 1, B
TR 7 RN A EAHLE RS As SRR R B3 (P>0.05) .
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5 BRSO FREEANAT IR 1 ST ML 35 2 A 52

M

5007

Table 2 Contents of organic acids in Hydrilla verticillata and P

T

getlon

x2 AEWMLBTERMAHRFREANBNER S LB (mg/kg, FEMEARER , n=4)

under As treatments ( values are mean+SE)

EERIN Ab PR g LB Hydrilla verticillata A IHIRT-3E Potamogeton malaianus
Organic Concentration
acids /(mg/L) As(II) As(V) DMA As(TI) As(V) DMA
FR 0 14594578 a-A 1459578 a-A 14592578 a-A 4215 b-A 42+15 b-A 42415 b-A
Oxalic acid 0.3 908+124 ab-A  1041£469ab-A 515188 b-A 118292 ba-A 229460 a-A 2346 b-A

1 677+17 ab-A 617+172 b-A 571x107 b-A 346+86 ba-A 10046 ba-A 36427 ab-A

3 5184273 b-A 698+163 ab-A  579+156 b-A 239461 ba-A 14+7 b-B 59+38 ab-B

5 9574329 ab-A  609+274 b-A 582293 b-A 6202156 a-A 11+4 b-B 104+51 a-B
N 0 380+132 a-A 380+132 a-A 380£132 a-A 12414 a-A 124%14 a-A 124£14 a-A
Malonic acid 0. 371£49 a-A 355+99 a-A 324£52 a-A 159245 a-A 19427 a-A 9615 a-A

1 341£46 a-A 293+8 a-A 333224 a-A 316£93 a-A 150248 a-A 10028 a-A

3 306+22 a-AB 364+40 a-A 290+38 a-B 16822 a-A 108+18 a-B 12319 a-AB

5 491425 a-A 368+43 a-A 394£23 a-A 2492110 a-A 111224 a-B 131+34 a-AB
BEHIFR 0 211£52 a-A 211£52 a-A 211£52 a-A 148227 a-A 148427 a-A 148427 a-A
Amber acid 0. 186230 a-A 178+31 a-A 18228 a-A 17335 a-A 149252 a-A 134230 a-A

1 15411 a-A 158+13 a-A 169+15 a-A 213263 a-A 15748 a-A 142444 a-A

3 15848 a-A 165+18 a-A 167+4 a-A 171231 a-A 159248 a-A 123219 a-A

5 208+62 a-A 192+13 a-A 16614 a-A 21664 a-A 175234 a-A 112+15 a-AB
Frigme 0 1860291 a-A 1860+291 a-A 1860+291 a-A 393247 a-A 393+47 a-A 393+47 a-A
Citric acid 0. 957+156 b-A 1087+152ab-A  1162+181ab-A 314274 a-A 249+53 a-A 313£115 ab-A

1 890+171 b-A 968+123 b-A 789+131 b-A 319£44 a-A 253+82 a-A 330+84 ab-A

3 102832 b-A 10264219 b-A 85881 b-A 295+40 a-A 387+96 a-A 245271 ab-A

5 1020+164 b-A  1471£300ab-A  1027£227 b-A  333£109a-AB 343£53 a-A 199220 b-B
SRR 0 1493+145 a-A  1493+145 a-A  1493£145 a-A  516+84 a-A 516484 ab-A 516484 a-A
Malic acid 0. 924+100 b-B 1237+140 a-A  1103£110ab-AB 49943 a-A 314244 b-AB 262+37 ab-B

1 794+188 b-B 109866 a-A 864£146 b-AB  811£209 a-A 314+88 b-A 469+36 ab-A

3 909+94 b-A 1080+187 a-A 853114 b-A 292436 a-A 370£55 ab-A 349x138 ab-A

5 1081464 ab-A  1223+276 a-A  970=176 b-A 831+138 a-A 715+228a-AB 217+60 b-B
TR 0 3058+316 a-A  3058+316 a-A 3058+316 a-A 12342272 a-A 1234272 a-A 1234+272 a-A
Palmitic acid 0. 1338+113 b-A 11712450 b-A  1608£211 ab-A  473£123b-AB 293+39 b-B 788+218 ab-A

1 1016105 b-A 859195 b-A 945+198 b-A 409+76 b-A 318+102 b-A 530+139 cb-A

3 1044267 b-B 1074265 b-B 162372 ab-A  363+42 b-A 684+140 b-A 613+107 ch-A

5 594+130 b-A 1777+315ab-A  1776£708 ab-A  330£38 b-B 617+68 b-A 246+23 ¢-B
TR 0 39282740 a-A  3928+740 a-A 39284740 a-A  6939+798 a-A  6939£798 a-A  6939+798 a-A
Linolenic acid 0. 2119+230ab-A  2007+659 a-A 33002617 a-A  5966=1077ab-A  4507+417 a-A  5148+794 b-A

1 2039566 b-A  1817+779 a-A  1845+306 a-A  5490£127 ab-A  5205%1720a-A 49052216 b-A

3 1507+1062b-B  2199+357 a-B 3315£425 a-A  5895+73 ab-A  5496x1345a-A 45092720 b-A

5 1062+469 b-A  3790+810 a-A  3380£282 a-A 47902608 b-AB 5471925 a-A 3944386 b-B
MATHLR 0 12390+2164a-A  12390£2164a-A  1239022164a-A  9396x1146 a-A  9396x1146a-A  9396+1146a-A
Total organic 0. 6802359 b-A  7076+1164 b-A  8194+988 ab-A  7702£1484 a-A  5937+871 b-A  6763£1033b-A
acid 1 59104399 b-A  5810+1191 b-A 55162624 b-A  7903+1298 a-A  6496+1059ab-A 6512530 b-A

3 54712706 b-B  6607+629 b-AB  7686+583 ab-A  7421£933 a-A  721622169ab-A 6023891 b-A

5 54122903 b-A  9431£1083ab-A  8295+1706ab-A  7369+1048 a-A  7443x1134ab-A 49532450 b-B

%%Fﬁéz“ﬂl%f:/l\?ﬁlri%ﬂ_] — R AR )BTRS 285 AN [ A SRR 8 ) ) 22 5 (A1) ), RS 5 8 2 [m] — AL AR il B gk 2 S [l B 24k

B2 8] (4 25 5 (R ) 5 [

— I (HifT

75 As (D) BYAL BT (18 4) A7 HR 7SR Y AZAR R | SI7 PR R FHLGA AT HILIR &
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5008 JAE = 324

5 (r=-0.650,P<0.05;r = -0.445,P<0.05;r=-0.262,P<0.05) (HEE N R IEHMR 474650 AR
MRS As SIS AR B (P>0.05) ;7EAs( V) AT A MR FSEAK P 7 B HLER A A ALIR &
5 As FERMAHCHESA EE (P>0.05) ;76 DMA 153 T (K 4) AT IR TR AT IR A REL R | 1 JFR
MR ESAENIR SR S5IRN As SRR B EAMAE(r=-0.578,P<0.05;r=-0.596,P<0.05;r=-0. 604, P<
0.05;r=-0.596,P<0.05) HFR N2 JEHIMR SRR TS As SRS EE (P>0.05)

5000 +
° Y=-598X +2142

r=-0.495
4000 | P=0.015<0.05

3000

2000 +

1000 - FJ o .
° ..

FrEhER & B
Content of palmitic acid/(mg/kg)

0 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Astr it

Arsenic concentration/(mg/kg)

7000

£y . Y =-7.87X+3093 & 18000 Y=-15.69 +9117
5 6000 - r= -0.541 %0 16000 L r=-0.397
g P =0.008<0.01 = P=0.046 < 0.05
"= 5000 | " 14000 | o
Q Q
1S 4000 F 413 12000
&3 . &3 .
£ =2 10000
£z so00p . zs »
~ i N BE 8000
S 2000 | ® o 2 r
= ° “ ‘
g . N S 6000 | o o° K ° o
3 1000 b P 5 . . f ] .
o £ 4000 | .
0 L L L L L L | &) L L L L L L |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
AsfiE Astr i
Arsenic concentration/(mg/kg) Arsenic concentration/(mg/kg)

B3 As(I) BT, BE As SESHENBRAIENHEXSH

Fig.3 Correlation analysis between the concentrations of As and organic acids in H. verticillata at As( Il ) treatments

2.4 REYRPIBR S B S R S A AR 22 B A A S AT

A As TEASFMREERE SR T, BEBEAT IR -3 00 4 b ARG D o R T 1R SR B R AR R . (R
EAs(ID) FIAs( V) 85557, BB WA EIR S 5N As § &2 R FIEMX (r=0.723,P<0.05;r=
0.815,P<0.05) (K15 A B), M3 DMA FIATH-HR 732 3 FHIE S As A0F 0 AR IR & i SR As &4
FIAE PSR 25 (] 5C D E F) o 2 FAEY - bl iR BEFIRR AR AR & i 5 As & A AH DG 3Y
AEE(P>0.05),

AR A AL T SESE AT I B 7200 W R R & e AN 3R 3 I, BRI I B 38 5300+ ) e A 25 B
DHELE 1.0 mg/L As( V) ZbFRI | S I R 7 R AT IR 289 0. 91 £ s AHZE IR Z A TE 5.0 me/L
As( ) &b BRA | B0 I B 1R S ek R AT IR 13260 2. 61 %5, AIRIMRIE As( IT) Ak 35, {7 B 986 43 I 5 6 75 e Wi
FETHE (P<0.05) PR T3R80 R B35 53.0—5.0 mg/L As( V) AbJRUF BB 543 IA R & 1 135 715 ( P<O0.
05) ,As( V) ZbFREHAT I HR 72 SR AR AL R B 8 R RI MR DMA A BRI JASE S I R R & i B AL 3N B 3 A
MR F3AE 5.0 mg/L ALBRI &R 4030 B E 38 M1 (P<0.05) , 76 1.0 mg/L HKJE T, 5 As( 1) 5 DMA I,
As( V) B E RSB 70 7E 5.0 mg/LYKREE R, 5 DMA AHLEL, As( 1) 5As (V) I 2 FEARAT IR 73
PR 530
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16 1] PRIERE 55 AR IS XS BB HIR T 3G AL & = A 5009
_ 1600 As(ID 1600
en
2 0l e S ¥=-4.22X + 1023 1400 DMA 4 y=-2857X+1915
2 r=-0.650 r=-0.596
EhR=2
%405 1200 . P=0.001<0.01 1200 P=0.003<0.01
E Q
E S 1000 | 1000
g .
%fg 800 800
%S 600 | 600
5 L]
= 400 | . 400
S
200 | 200 °% *
0 50 100 150 200 250 20 25 30 35 40 45 50 55 60
8000 |- As(Ill) 2000 DMA
2 oags00 L ® Y=-7.93X+ 6682 . Y=-86.22X + 8808
E] - ° r=-0.445 r=-0.604
§, 7000 P=0.028<0.05 7000 ¢ o P=0.003<0.01
il L
w5 6500
Ao 6000 | 6000
&5
e 5500 |
s £ 5000
= ‘TS 5000
E 4500 - 4000
E 4000 .
3500 . . . . ) 3000 . . . . . . . . .
0 50 100 150 200 250 20 25 30 35 40 45 50 55 60
g 11000 ASD v 7 475+ 8774 11000 PMA - ¥=-121.16X + 11955
& ° r=-0.262 10000 . r=-0.596
5 E 10000 ¢ . P=0.039<0.05 . P=0.004 <0.01
=3 * . . 9000
25 9000 |
& 8000
=1
@5 00 7000
8=
2 £ 7000 - 6000
&
SE 6000 | . 3000
3] °
g 4000
@] 5000 ! ! ! ! ) ! ! ! ! ! ! ! ! !
0 50 100 150 200 250 20 25 30 35 40 45 50 55 60
As £ i (mg/kg)
Arsenic concentration(mg/kg)
B4 MHERFRAs SESHVBRIENEXSHT
Fig.4 Correlation analysis between the concentrations of As and organic acids in P. malaianus
As(IT) :As( T ) b3 ; DMA . = F S b 3
F3 AEAESHLETEBEMIHRFESWVERSE (ny/L, FHHEPRERZE n=3)
Table 3 Contents of oxalic acids in root exudates of Hydrilla verticillata and P geton lai under different As speciation treatments
(values are mean+SE)
T b PV 5/ (mg/ L) B Hydrilla verticillata PR F38 Potamogeton malaianus
Arsenic concentration As(TI) As(V) DMA As(I) As(V) DMA
0 51.4£15.4 c-A  51.4%15.4 b-A  51.4%15.4 a-A  45.3+13.6 ab-A  45.3x13.6 a-A 45.3%13.6 b-A
1 128.4+8.9 ab-A  40.0x12.1 b-B  115.2+10.9 a-A  67.2+11.9 a-A 43.8+10.9 a-A 54.8+20.8 ab-A
3 92.3+£5.6 b-A 103.6=%13.5 a-A  122.1%66.3 a-A  39.0+5.0 b-A 60.8+20.1 a-A 61.7+3.4 ab-A
5 153.2424.7 a-A  131.4%23.9 a-A  135.0+21.7 a-A  58.7+9.1 ab-B 52.1+9.0 a-B 90.6+17.2 a-A

L BTG /NG Pk R TR — A A AR RV 25T AN [ Ak R B o] () 22 57 (N IR ), K5 B8 3 R[] — 40 A ) o 5 AR [ A 45 Ak
B[R] 22 5 (R ) 5 Rl—30 (A7), FRER TR RN 22 7 83 (P<0.05) , FREM R N F/R 22 7R 8 3 (P>0.05)

3 it

AR TR R AR SRR Pt —DRIRIE R A UNRERR BEFATR P 2R R
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[ ]
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As(IDREFEME =
= Arsenic concentration in plant at As(III) treatment/(mg/kg)
=
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I 0T TR
\8 [ Y=0.44X+25.6 ° °
=140 r=0.815 80 | _ N
= P=0.003<0.01 . Y=011x+ 39.4
@ r=10.391
0 o 120 | 70 +
Rl P=0.114<0.05
ﬁé 100 - 60F o °
R 80 + (] . d
ﬁg 50 -
o 60F o (1}
= 40 L °
g 40}
Gt
2 20t L 0 ®
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§ 0 50 100 150 200 250 0 20 40 60 80 100 120 140 160 180 200
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120
200 m . ’r’r.ﬂﬂﬁ‘&%%
Y=0.85X+ 58.
180 L 085+ 58.8 Y=-0.03X+ 64.6
r=0.250 100 + 20314
160 | P=0.218>0.01 res
0218>00 ¢ P=0.906 > 0.05
140 80 L . .
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100 | 60F o . R
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5 BEMHIRFEEN As RESERSWEMNHEXNE

Fig.5 Correlation analysis between the concentrations of As and oxalic acid exudation in H. verticillata and P. malaianus

R A R 8 0 i A QO B, AT R IR IR S — ) o A Rl i LR A AR A BRI
MR SERTR CRERR . AMLIR T ZAETF 0O . A VLAY R AN BV 2 20A AR =SRIRIE R A ] 7= 1)
ZHRER AL AT MR R, P AR RS 1 4R B B B S E TR RS SR OuR g n]
FURHESES o AR 5 15 4 8 & A 45 45 sl 2 A A DB G L 1%, 25 7 465 JR 1% W i 3 i 0 R 3R 45
P22, 3 HA WU A o WL I L i i A i T 2 11 S M 0 4 B 4 ol LS i B, £ 40
o SR AR BT R A0 X % AR TR AR 4 B iy sk Rt AL A 5 R e &
VL TR A X B P R A R A A P2, NI T A R i EE Y RORRAE VR A A Ca ik
JE pH 2 A= B R oA JFFERE I I PR S 3 b A 45 EE IR, KA (Oryza sativa) VRN R AT BURTRE
VR A SRR AR it ol T B A iR B i | AL o e I 5 ke 2 e Tl SR A Ak LTS 27 B S 4, Ab
VR N6 ) % g A 2 e K REAR A R ) ) . K3 (Hordeum wulgare L. ) #ESS B TAETE T, MR 2R 23 J i ]
RERCFPIRIR , I ELAE R SR AR RE A Al | 40 B 15 AR AR 20 A A P 2 AP R 911 8 36 1 2 9 4 o 4 32 sz B
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16 11 PhIESE A5 AR S0 SR EEAN T IR 7S HLIR & B Y52 5011

SRR T A A S R ST T, MR A RO VLR As B R EEABAEEAL, T As A WA IX
B AL AE T, 05 R RE AR R As FRME M B BRI

AR, BRI S A KA PR, iR 7V R SRR FriEme SRR & w2 W2 & TAT
IR 73, UL A MURR 7F SRS R P As BB BORIE A7 T RE 45 T B BE/E A, 2 S 0 LAY R S R i i 4
As BRI HSRINIFN Z —, X5 LHEERHY IR REAR B, F 2 E £ P LA LR P & 2R
B WTEZ 4 R M SRR R HE B I (Arabis paniculata) AN RESE IR  ZBRAAETR™  Zn Cd B 5
EHWIBWESE (T, caerulescens 1. ) Hi SRR & A i , SRIG KU R  BEFARR A B AR s ZE AR T 4G
T3] 2 e BE O AEERR SRR RN R [RIRE T Zn BB E SEAH AU RI IT IR (Arabidopsis haller) HOR HY 55
TR AR R R P

S BEE As RGN, B EAATI IR SRR K A MR AR R T R, b a iR S
TR As & REH R B TAH DG (P<0.05) (181 3 Al 4) , FLR R —J5 Ml g2 — S8 48 i han A LR
P14 B 1% 32 81 5 ) ol 552 ) 810 A S il ) B AR AR, (A MILIR & IR . LU B 95 26 I, 76 S v B2 19 Cd A BRI
[0 4k R I 2 [ A b b 350 3 SR R R0 A A R & i T EL b R SRS SRR N 2 MR B S R X A S
( Melastoma malabathricum) BIWTFE R IL, FE Al ¥ EEREIN , X = R R G 20 AH ¢ W B 7= A= S i) (S SR 08 3R 3012
I o G R A B AR ) s 59— i, W] BE AT MLER A AR AP0 , P BUR A HLARR & B /b, e FRBE M 4%
PR, A HLER AR 5 AN A I e T8 2 B ) A LR D/ A D DRl T B S AR 40 43 0 A AL R >R i 2 T
WY pH {H Eh A MU RIE (KR As, AR HE As AW,

L5006 B AT WILIRAE 37 40T A RN ok 38 B 852 J 3 O vl AT T AR . A B g W5 M1 3 4 Jd
R SRR — RS T, AR R RS pH {f  Eh 25 520 AR 26 55 42 @ (R 0, 7 BILIR 2 3 U 4 43
WYz —, ESEEESS, KEEES KA SUUEER , 801G &8 i A £ 3 8038 U A SR, Wik
AR AR BB A 0 A B 1 R ) 4 A 4 T AR e AT . ORI T 4 R T A — AR LR,
FUH E YRR A SO RN E SR A FERNZ —, AR EESS Fe(M) Zn( 1) AICI) #7552
iR RS AR R RE T K, R R SRR | R AR R, R R A R BRI Ph Cd AT R

h T B ST A S R IR 58 R A E A HIURR [ AR A1 20 00, DA B 3 b B4 2 R 4 o R 5%
PE ARG IEAT TR R WA BRI e . 7650 b 2 AR A SR A R | T R B IR AN
FEHEER , 76 As(TD) FTAs (V) b B 2 358 43 00 1 B R AR Y As 3 2 B & B9 IEAH & (P<0.05) (B 5), As
(I F1As( V) ZbHRS , RS RE R ISR & 45 As, I LR 300 3t B B R 2 AT i R 732 19 0. 91—2. 61 £i%,
VLA R E R ORI B 4 As RIEFHEEAEH . A IEHGE , A K2 Cu Pb Cd. Zn 15 4 MUY L Rk i
(Kandelia candel 1.. ) BE4TI0 I R | T R SE0LER WP ALER" . #E 30 A1 50 me/kg Y Cd AbERT, kil BE
Oy SE R R AR IR WA ISR e 2 E As i i 05w SRS A R 10 4 AR R R R R
AL As R mxd As By

— i, AL EE R TA P, S As( D) >As( V) >DMA | As( 1) ZbFHIA 6 2 Fike 9 14 o9 £
RERR |V PRIR AL AT LR & B R (HAS (V) XE LR HUERH JC B S, H I R R Ay As () X5 A
HUBR AOFZ IR A A s, OF HAE DMA AR FERT , SRS AT HLER ASKE As & A0 FH = 1m0 & 8 1 1%, (EAT I IR 732 A0 A%
REITR SV PR IR AL ML (35 AR, P B PR A IR ) DMA A B8 B TR . 7EAR R IR BE AR TR] As TE S AL B
T IR As e R AL BRI A W 22 S (HE HLRR A 25 SR A ) As TEAS Z A ER B3 (% 2) , Ul
W] As BTSSR MRE PR As B9 EZEBR A (B IEAS S iR R N A WLER S AL AG SR
Bt LW TR 2E IR Rl 5 TR 22 B iR U X AR SCS RS T 1 B, R 8081
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