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Development of predictive models for quantifying the toxicological responses of wheat to arsenic, selenium,

and their binary mixtures

LI Jian—qiu'?, GONG Bing", JI Jie', ZHOU Zi—chen’, QIU Hao'?

(1. School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China; 2. Key Laboratory of Origi-
nal Agro—Environmental Pollution Prevention and Control, Ministry of Agriculture and Rural Affairs/Tianjin Key Laboratory of Agro—Envi-
ronment and Agro—Product Safety, Agro-Environment Protection Institution, Ministry of Agriculture and Rural Affairs, Tianjin 300191,
China; 3. Shanghai Yuanyi Investigation and Design Co., Ltd., Shanghai 201203, China)

Abstract: To elucidate the mixture toxicity and interactions of As—Se, Triticum aestivum L. was used as the model plant and the solution
system as the toxicity test medium. The relative root elongation of wheat was adopted as the toxicological end—point. Toxicity to wheat of As
and Se when applied individually and in combination were examined. In addition, a mechanistic based model was developed to predict and
evaluate the toxicities and risks of As—Se. Results showed that ECss (free metal activities at which root elongation was inhibited by 50%)
were 2.88 pmol - L™ and 43.51 pmol - L' for As and Se, respectively, indicating that As toxicity was much higher than Se toxicity. In mix-
ture exposures, the presence of As affected the phytotoxicity of Se irrespective of the dose descriptors, and vice versa. Concentration addi-
tion and independent action models were used for As—Se mixture toxicity analysis. Both models overestimated the As—Se combined toxicity,
indicating that there were strong antagonistic interactions between As and Se. The biotic ligand model (BLM) was developed by incorporat-

ing the As—=Se interactions for quantifying the mixture toxicity of anionic As and Se. The interactions and toxicities of As—Se mixtures could

WA 2019-10-08  FAHH:2019-11-20

PEE B AR (1993—) 2, )P BN A, 288 i 7 oA 3 Je TINS5 . E—mail : lijianqiu9309@163.com

“BIEMEE 38 K E-mail: gongbing@sjtu.edu.cn

BEWA [ F a5 H (2018YFC1800600) ; [H 52 A AR 342 1fi 1251 H (41877500,41701571)

Project supported : The National Key R&D Program of China(2018 YFC1800600) ; The National Natural Science Foundation of China(41877500,41701571)



240

URIEIRCX ity F3965 28

be well explained and predicted by the BLM (with >90% of toxicity variations explained ). Based on cation competition, the derived binding

constants for the biotic ligands of wheat logKy.s. and logKs.s. were 3.28 and 1.93, respectively. Our results indicated that the framework of

BLM could be extended to predict the toxicities of oxyanions of metal (loid)s, serving as an effective tool for accurate risk assessment of

metal (loid)s pollution.

Keywords : anionic metal (loid) ; wheat ; acute toxicity ; biotic ligand model (BLM ) ; CA/IA model

VAR, IR T K i (As) VAT (Se) 75 52
BT AR, As & —Fh 2 o0 Al TR P 2R
BI/ICR , HAEH ST P Y S50 T8 — A, 5
TEHL(WHO)HUE , N EEH As R AR EFRO 15
pg-kg o BHE T A TR K Ji , & As (1 R AN
R R U] R R R A A N R R AR B As
KREFHEABHRF @ FIEHKIAE P As 5 1Y
JEE R X A IR AT B AR A VA G
FU A [ T YR B R A A Bk, TR -
SRR N 16.1% , Horfr As s AR RIKE] T 2.7%,
AU HEZE Y, SOR T 8 RE & )& 19 Cd (7.0%) Fil
Ni(4.8%)"%, 5 As N[, Se f& A A4 F ) 06 75 119 634
HUURY, R EEMAEY R OEE BHE TR &5
FE R 05 TC 3R B AT WEIESE . WHO BUE | Se 1 H
FEAE EER 400 pg®. AR F T B Se 22X+
e RARIK 3 U™ E TS G, 2 ARG R R AR K 1)
fE S, AR, BT Se 15 Y LG BOR Bl 350,
P 32 2 )32 KTE . As Fl Se HA AL Ak 24P 5,
R 2 LUR-& PIE XA FAE T 3% AW DL SOK IR &
e AR 22 IR0 TC 2 B — 4z & B AR AL EIK figt
B A BRI Se m LA AR AR ) A K R rp Y
&R e W R AR AT AL RE M AR E SR
TN IN Se fE 1 2 REAR As XK AF 4 B A 25 32800, — 3%
ZIAFAESE G E Y SR, — S W5 4ol 1
As Il Se 38 3 0 4 482 skt 1) 4 50 DA T 588 A B 35 3000
A Z RAAE U RIVE TN, As (Se Z[A] 9P J (4 AH H.
YERIS LR T AT 2 2600, R, A IR AT e
As . Se 55 B AN ST , I F4  RE VA 340 25 28]
B R B R RN A A5 KU (A RTINS A

TE 53 A NS 52 5 35 Y R AR I A P o
FHE A2 7 ( Reference model ) : ¢ FE A (Con-
centration Addition, CA) F17% 37 /E (Independent Ac-
tion, TA) LA CA BRI IR 5 W 20 43 H A A A
B FE AL R s 4 FH A5 07, TA S 75 DU 356 A ] 4 43 B9
VEIALER AR S AN TR . n SRR G A L
5 MAN S A TR w0 — B, WA IZIR &P o sg

EAEF SORRIRIE FE o G SR UL 2 P S o R
SRR, WA AR &)™ A it se BLAE
F L BRFSEHT CINF B0 22 ) 5100 R A R 100 25
PR, R XA S H IR )2 N IR B Y B
PEWFSE Y ep (A FGE T JEs8 BEAE IR AW, %t
THA S HAEARR G Y I A & W0 H R, B
TCE B ok 2 R B2 A W0 B PR VR AL, 5
PRIFEEIR G WA Ao Z M 128 HAE R A 24, 3L
KA RN AN 5 21 A0 P Ay OGP, 55 21 43 vk
Bb B2 S5O0 K AT 56 o I I AN S 25 AR 6 K rpAT 6
i R VPR oo S on K A Ts R RS (160 4K
) BEAT 0o BT K AFAE RS B [FAE IS E
80% fe A7, Qial ik — 20 i M AR TR & IR G 1
PR R AR A DR 1) S ) AT, T BH TR 5 P 58 BLAVE I
TR e AL 3K L4y ACHILBE P A 5 90000 A 28 v o
DL R UL A DA TR A P B M 1 0 B 2

] PN T I RN 2 2 A5 R T 45 S A 3 Atk I, 243
T X 2 R A TR R s A G A A v Ay
Br > 2 1t P K R85 0K 2 b 4 JB R 5 W 1 K
PEC IR — o R R AR TR TR T
ST AW AAAS Y (Biotic Ligand Model , BLM ) # &
S AP A = R 3R R (2B R
s B — 4 Ja w M RO A (A T A
H 4B 2 115 B L A PR AR S 2 A AL E AL
e A28 5 (1) 52 0 5 oA A7 BH 855 (2 Ca™ \H'55 ) fiE
SN [ H 48 B 58 AP A IR I 45 B AT 22
fiff 4z JB A HEPERT S TR A 03 T AR A AL
PR 7 TN A P — 4 A K A Bl A
BE RO Jy T A5 3 T AR ) & R R RS, S B
S et A BH B T S S B AR N 3 R TGS
B4 R B A RO o K KR A L 9 B
SREETRTEIET % IEIR G Y H I/ ERTRPIA
SN 3 A P R A8 B B 32 s R TR
LEEGAEAE YR b 045 4 i v B i AR SR A AL
SR A AR 2080 mT DL S 4 BLM B8 ke 3
IRAWERE R TR B AR R 3R R



ZEHEK % BRA RN RO B BRI 241

CLA5 200 A5 B E> 0 (H i B 2 7538 1 5 AU B
TR R IR YRR T 1 B = AT

RAFFE AN (Triticum aestivum L) VE R CAE
Yy, WA 28 R B DN A BT, T o A M 7 ]
BRI R IC R (As Fl Se) 1Y % N B R 85 1050, REE
WFsE B A X & A B T RR G R e — SR 5
FOEETENA LY, BB As | Se N HAZ BAE F ™ A= i B PEIL
il , A LT A WA RO R LSS R R T As |
Se S HAR G- RN, DU A & I B AR 4
J& 15 XK AL S A ) S 4

| HREE

1.1 SEINZIT

HER /N SRl NAU 9918, 1 35 F 5 5t 4Rl ok
o NN TR R R R HR KN 1.0~1.5 em (1)
INZE A TR AR R IAES . SEER TN 1 TR .
1.2 Mk iR &

KK B 5T As Se M~ JuiR A W0 51 o
B FEWH 0.2 mmol - L' CaClL A1 5 pmol - L™ HiBOs 4H
Ao AW IMAR SRS ANE THEER
(Na;HAsO, - 7TH,0 . Na,SeOs - SH,0 , 73 B 4 3 7 ) 2 8
T HP b A% A Y o T T A TR e A T
Jei , FE/INZ Jo 0 P R R S IR T UA I 24 h RS T 450
RV W pHERE T . A 0.75 g L' 1Y MES 22 vh%

A1 0.01 mol - L7 ) NaOH 75 YUK B3 20 I %5 W 1 pH
B % 6.0+0.1,
1.3 it Es

0B YEIR N T ASGA WA 7 I B TR A e
A PR F], RXZ-1000F -4 7Y 5 % 5 57 X140« i
RS AT BR A Al R Y7 % 45T, GZX-9140 MBE 7 ;
SEHEE pH IF 2 1 2 S 7 AR B A IR A
pH510 84 ;ICP-OES: FfgFEER Gt /R B A R A ],
iCAP7600 74 ; B 1 K- Jb it 38 Z A Rl 2# AU A FR
3], SQP L
1.4 FMNEK

Z MR IS0 FRifE (11269-1) PEATAE M AR A F i
R VR Ak (R e R sh ) 1) —Fp T
B, M P 0 R R A T A g 2% R SR AT
12 0 T AR S A U, AR Sy A A XU DA 9 R
Ly i B 2649 B 5k A AT, AR SE G 9 Y, BT
AR BE 1) As \Se MR, BEANMR BE L8 2 P4 T,
XL B A TAT B PAT A ARG . SRR
B, PR — B0 4 ZE RS A 2125 A 250 mL i
TR . WS A AR =M v 7R e 1Y 2 55
ZF CIRLEE 20 °CL 1R B 75% , 6 IR 5% B 52 000 1x, 16 h
JEHE L8 h BSR4 d. 7ESCE i R rh 4 H g
DRV TR, DA AR ) A 1 X T p L N 4 J8 R P 1
WEIERC . ZR58 4 dJe B2 BEAR L | il sk 4

R1 FHEIMK A As Se iR Ei&T

Table 1 Concentration combinations of As,Se and As—Se mixtures in the test solutions for 4 days toxicity tests

75K 2 Exposure system

5 i Concentration/pmol + L™

H— As
Se 4 8
As 0.4 0.8
Se
ZOLRE As
Se 4 8
As
Se 4 8
As
Se 4 8
As
Se 4 8
As
Se 4 8
As
Se 4 8
25 PN I As

Se

0
10 20 40 60 80
1.0 2.0 4.0 6.0 8.0
0
0.4
10 20 40 60
0.8
10 20 40 60
1.0
10 20 40 60
2.0
10 20 40 60
4.0
10 20 40 60
6.0
10 20 40 60




242

URIEIRCX ity F3965 28

PR e K AR A . TR AR X AR A (RRE, %) |
YER/INZZ Z7& T As Se ML —IniR AW B EE LN .
1.5 EDH

FEFEPE T IS 20 5100 5 B4 AL B2 Y pH (A,
pH F-BME A FEIE AT . SR ICP-OES X it
W) As. Se FEATIN A , BRI 20 S FE A S TIA 145
mg « L™ ) 2 50 & b5 #E 30 57 (MultiElement Calibration
Std. #1,J&K Scientific Ltd.) I 1 425 (AR fbE 770
FE, As F1 Se 09 [ 7E 90% LA T o FIFH WHAM
VIR 1153 As (Se B FFR -1 B2, S A A 280
{45 As Se V& MR pH A R (CO00 R 55
1.6 HEHMERE
1.6.1 e i i 24

R A T/ N B , 15 31 B AR AR A
B A AT i 25, G A X AR AR 2 S 36 0 /N A2 AR
i Gz X B /N E PR Z e, AR

RRE:%XIOO% (1)

AP LR B EE T P /N E R em;; L
FERA AT /N AR, em.

WRAE log—logistic 24 X HU G, 45 3 X5 1 (9 77 12t -
i o7 R £

RRE = —100% (2)

1+( Ci v
ECs

K CIIRL B i FER R P MR B 5 7 R B R
M Yaiee, BB F185 E RR R {M e 381 2735 751 2 106 31
ML REE  ECso J PR RO FE | 246 /N A2 fid A
IR H 509% DI R e . TEARSLIR T, ECs i
HRAR R E I T G SR A2 5 T RN
2 MR
1.6.2 CA Y

1 CARLTRIH JRA R R Y a b 4534638 1 [
— B AR ™ A BN, AT Rk Ry

C. c,
ECx, " ECx, =1 (3)

b oA EY) ITER G WA Z ™ A B RE ROV 5
CFREY i ER R P R s ECxi FoRZ AL S )
MR FIFE A 2 G ) BEPB0N I X5 17 - BALZH 3R
1.6.3 TA 7Y

5 CAARTF Y2 , IA B RUR B IR & 1 R N B 2
1 3 AN [ A A AR s RO . ST i ik
N
RRE.. =[]'_ (RRE:) = RRE, X RRE, X 100%  (4)

K : RREF AL W) i A6 B — ZR R B 7 A (R B PR
IV o
1.6.4 BLM A%

BLM ¥ A5 1y 5 3% T 36 1 7 A A0 e 2 AR (2B 4
BeAR, BL) , AR 4 BLM BRSP4 J& B 1 5% 55 B e 1 3
T4 AR P CAAR BL o5 I A BCAAR 79 B 31 o, 5 6
by 3 4P PH S 7 (Ca Mg \Na' \ K*) 55 pH {E RS20,
AfRIRN

K, X { M}

P Ko X (M) + SR % (X
ST K R A PGS AR (M) (X ) 4 46 4
T A VS T 1 P T35 0 mol - L
54 TR (M) 7 A 50% 75 P00 B, 24 58 (5) 7]
W
TN L —
(1= f3si) X Kuse
o ECs{M™ )l T8 50% M08 I 45 J8 B 7 1076
FIE &0 S S 500 4 HE AT/ N2 AR AT 5
TR TSR H . NIRRT DA R
100%

RRE = ————— (7)
1+(_fMi)ﬁ,

fw?g;/(

AW, % 8 As—Se 22 HAE T, ¥ BLM b T

As=Se HKA BETE B FI IS, AL A XNE R
K\gRL' { ASO4 }

(5)

(142 Ky, X { XZ+}) (6)

Sun = 1+ KASBL'{ ASO4} + KS&B]-.{ SeOs } e
o KSeBL'{ 5603}

fSeBL 1+ K.\SRI,'{ASOA} + KSpRI.'{SeO3} (9)

fmix :f-\sBL +fS(-,BL (10)

BLM A5 FIr i 2800, WS4 25 6% B0 K B Al fit
S0 FH Excel 2010 214538 15 f A48 RRE i fume 1 5
AR,

2 GRS

2.1 B—{K&RT As Se BT /NEREFH
TR, As  Se BUMAVE T F/INZ R BEA As .
Se W BE BN, /NAE AR B W/, B LA
Bk 38 5 Logistic 5 X I 551 15 e iz il 4 2647 4
A, AT RS As I Se B BCA RO BE (R 2) o ML
i 25 1 R R IR N, As F Se B ECs 43 311 4 3.03
pmol « L' F145.35 wmol - L7, 24 LA H &5 11 B W 7
IR, T F 1 ECs 4> 71 2.88 wmol - L 143,51
pmol « L™, 751 2t M 7 £& W 2601, TG A8 DA ] A 551 e 3



ZEHEK % BRA RN RO B BRI 243

1207 ()i Ao L2
| (R—ARE O {Ashi

[ ] {As}xm

90

60[

FAXTARA K RRE/%

301

0 2 4 6 8 10
e FE Concentration/pmol « L™
1207 (b) Mi—se 5%

90 [

60[

AR K RRE/%

301

020 40 6 80 100
e i Concentration/pmol + L™
Bl 2—FkRf/NERMRHEKSEBSERREUREH
BFAEEZ BT ENERX R
Figure 1 Dose-response relationship between relative root
elongation of Triticum aestivum and dissolve metal concentrations/

free metal ion activities in single As(a) and Se(b) exposure system
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Figure 2 Dose—response relationship between the dissolved concentration(a, ¢ )/free ion activity(b,d) and relative root elongation of

Triticum aestivum in As—Se mixture
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Table 3 Performances of CA/IA for quantifying toxicities of

As—Se to wheat roots
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The 1:1 line represents the pure additive effect according to the

mixture reference models. The area below 1:1 line indicates antagonism,

while the area above 1:1 line indicates synergy
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Figure 3 The mixed effects were predicted using the reference
models(CA and IA) based on the dissolved metal

concentration(a) and free ion activity(b)
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Table 4 Summary of model fits associated with the BLM to As—Se

toxicities to wheat roots
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The dotted line indicates the 1:1 ratio and the solid line indicates

the linear regression relationships between the measured and predicted
wheat root elongation
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Figure 4 The observed versus predicted relative root elongation

of Triticum aestivum exposed to As—Se mixture for

4 days based on the BLM
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