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Construction of Three-Dimensional Isobologram for Ternary Pollutant Mixtures
LIU Xue, LIU Shu-shen”, LIU Hai-ling

(Key Laboratory of Yangtze River Water Environment, Ministry of Education, College of Environmental Science and Engineering,
Tongji University, Shanghai 200092, China)

Abstract: Isobolographic analysis was widely used in the interaction assessment of binary mixtures. However, how to construct a three-
dimensional (3D) isobologram for the assessment of toxicity interaction within ternary mixtures is still not reported up to date. The
main purpose of this paper is to develop a 3D isobologram where the relative concentrations of three components are acted as three
coordinate axes in 3D space to examine the toxicity interaction within ternary mixtures. Taking six commonly used pesticides in China,
including three herbicides (2, 4-D, desmetryne and simetryn) and three insecticides ( dimethoate, imidacloprid and propoxur) as the
mixture components, the uniform design ray procedure (UD-Ray) was used to rationally design the concentration composition of various
components in the ternary mixtures so that effectively and comprehensively reflected the variety of actual environmental concentrations.
The luminescent inhibition toxicities of single pesticides and their ternary mixtures to Vibrio fischeri at various concentration levels were
determined by the microplate toxicity analysis. Selecting concentration addition (CA) as the addition reference, 3D isobolograms were
constructed to study the toxicity interactions of various ternary mixtures. The results showed that the 3D isobologram could clearly and
directly exhibit the toxicity interactions of ternary mixtures, and extend the use of isobolographic analysis into the ternary mixtures.
Key words: three-dimensional isobologram; uniform design ray; Vibrio fischeri; ternary pesticide mixtures; toxicity interaction;

microplate toxicity analysis
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1 MRS

1.1 EZH

3 PRBRECR (P ELE | BLRL | 2, 4- R A L
12 ) A3 o R AR SR mb ek R @) 1 H Dr
Ehrenstorfer GmbH 73 7] (78 [F ), H 4 #x, 4ifF |
CAS 05 (CAS RN ) 85 FEA P ot K fith 25 YU 32 DL
1. RS HE 2% NaCl () Milli-Q 7K AL
B, HHIRTE T 4°C vKE DAL

R1 6 HMRANEFEERFEERREY

Table 1  Basic information and stock solutions of six pesticides

42 W5 WA asey E e
[ RE 0 SIM  Simetryne 1014-70-6 98.5 213.30 1. 10E-03
[HECRED DES  Desmetryn 1014-69-3 97.5 213. 30 2. 48E-03
2, 4-"HEKRE LR 2,4-D 2 ,4-Dichlorophenoxyacetic acid 94-75-7 99.0 221.04 3.50E-03
IR DIM  Dimethoate 60-51-5 98.5 229.26 6. 08E-03
T AELN IMI Imidacloprid 138261-41-3  99.0 255. 66 1. 48E-03
BRAH, PRO  Propoxur 114-26-1 99.5 209.24 7. 46E-03

1.2 2RO S Hrik

FRAE Wang 252 35 A9 5 125 G 24 16 ol v
BAABEL R,

1.2.1 A BEFREE R AN R AR

B ECHR A 7R T3 [ LT TR B A
BN 7] (P25 S €S234, %S D14HO021) .

B IR LI B S IR IS0 11348-1. BARERAE 2
R FRIL30 g ALEN, 6.10 g — KB 440
2.75 ¢ “/KBERRE A, 0. 204 g -LIKEREREE . 0. 50
g WA 8 . 3 mL i, 5.00 g PR, 0.500 g
BERESR O, % T29 900 mL Milli-Q #B4iiK. fidk
Y3505 FH 2 mol-L™" NaOH ¥ A1l mol-L~" HCI %
WA pH £7.0+0.2, FXFE 1 L, BUHA25 200
mL FH il 25 B AR 33 4% 800 mL FH il 5 ¥k
AR R, IR 200 mL iRV £ 250 mL
I, A 2.4 ¢ AEALBUIRN, 4R R4tE 0 1R
P AL BG4 25 L — S A R R 28 77K
BES, 7F 121°C T K1 20 min. MVERH, B E MG
&, MEAER MR ESEEERA T om 1
Bl S5 3REEE 29 0.5 em. FFHEER B3
JEET ACUKM IR, WD EARR R ATFR

800 mL ¥ ¥ /3244 55 150 mL HEEH, 4 50 mL,
AR B O AR HFLE G, A R R TROK R
B, FE121°C N K 20 min, BHIE HiEE T 4°CIK
FAORAT, BCED R ES FR 3.

RO B 85 7% . BOOR IO B VR T 2 0T,
TWHAMT, HBIRARWE 0.5 mL & 7l 2 9% [C
SRE R T R/, REIRG 2], R A GE
T R B R AR SR H ARl T T
SRS 6. FE20°C £ 1°C T 1553 48 h 5, 4%
SIHEFT P R AL AR KR 37 (B 7E 20°C £ 1°C T 595 24
h), BIATA 0 & efase e — sk, & oukE
() B RE 4 R B VR BTG 9R L, 20°C £ 19C, 180
remin~ FREFEZ) 13 ~ 15 h, B AT 15 B AN & 65
(relative light unit, RLU)7£ 1.0 x10° ~1.5 x10° Z
TE1) 14 9% DGR BT R (A T X BCE KT TR ) . 3
— ARG FR I, 20°C £ 1°C FHE 30 min J5, 17
HAIMAL S ~10 mL R Ab T X450 K B,
TR21 5 IR & B AR &8, IR W RLU
FE1.0 x10° ~2.0 x 10° Z[a], RPa]4E R ik s v 4t
FH. WFFE T 2 B0, 003 PR YR 1 R 5 R R
YIRADG, AR SCHEI XX R E TR R, RS
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SO ) R A 5 [R] Asf 3E  AE  RR ) RLU, R
Ja il S 0 45 A A RS 1
1.2.2  ROGH0
VB A% B A o 96 FLAR, TR B 5211 36
AMEAFLIIA 200 WL Milli-Q #R4liK; 552, 6.7 K11
G E 215 24 D EFLINA 100 wl 2% NaCl %5
(ZH) 5 B4 36 Mgl —Efm BN 71T 12 A4
WIERE , £ IER 3 AT, IR Z 100
pL BT LRL 2% NaCl W #b 78, FH 2 38 B W AR 5 L
1201 s 75 2 0 E0E KO 0 DK TR W 100 L
T 96 LA HIE] () 60 A4~ FL A, i AR LB AR FS
200 pL, ic FANA B A EFE. 76 20C £ 1CIRT
30 min J&5, f£ Glomax fH 6 BE T F il 4% LI
W RLU, #%20(1) IR RO 3k (F)
E = (I, -1)/1] (1)
Arf, 1, 24 DS RLU SEME, 105 Nk
JERBE 3 ASFAT RLU WSF3ME. s S aiii 22
TR S 2= /0 T 3 IREE.
1.2.3  WREE-OV A
K3 BHCHI RS SR R EE T B RO
I (E) BRI TR MRS, LA 005 40
AHXRE(R) MY RIRZE (RMSE) FR. 3 5
0 Hill pRECAN=R(2) P
E =v/[1+ (EC/EC,)]" (2)
X,y KRR KRB, EC, KRBEIERN N « I
X TR EE | EC, F R FEPERUN N e KU (y) —
IR, B ERPRSHL
1.3 AWkt
PL=JCIRAYIRR 3 AN MR, K00
5 MRNHE (EC . ECy\ ECyy . ECyy . EC4y) A
FKF, RA U (5H) B8RP 1, 2, 3 51T
5 ARAGWHE" . IREYIRE &AW IE AR
BB EE (£ o e BEZ R TR T o A B (p, )
RWE 2, Hd HME A1 IME 23 BRI FIR &
(herbicide mixture ) 1 2% H 7R & ¥ ( insecticide
mixture ) & R HHYEE & SRUT£R.
1.4 —HesssEry g
SRR R LA 3 A4 A3 R e B O Ak A B
( =Yk B Zs 0)) 45 S NLR A R EE A A L, B
P — VA B TIRN S5 30 T R A5 TR P A5 A5 TR B iR
FERE (ARBEFE L) 95% ‘B AR X (A F27R ) 4l k. HL Ay
IR,
B2 I AN AR (AR 38 - DAV BE TR (CA) AE N
TR BAE FA AR AT TR A PR ELAE F An s [R) s

R2 BREANIFEFESWS LD 3 NASRELL (p;)
Table 2 Concentration ratios (p;) of three components

in herbicide or insecticide mixture rays

WL (p;)
kD
SIM =, DIM DES &% IMI 2,4-D 5 PRO
HM1 0. 046 529 0. 798 966 0. 154 505
HM2 0. 060 957 0. 909 944 0. 029 099
HM3 0. 230 320 0. 509 652 0. 260 028
HM4 0. 178 896 0.756 830 0. 064 274
HMS5 0. 142 790 0.758 532 0. 098 678
M1 0.034 312 0.016 055 0. 949 633
M2 0.221 028 0. 143 398 0. 635574
M3 0. 076 577 0. 003 809 0.919 614
M4 0. 261 350 0. 039 353 0. 699 297
M5 0. 105 885 0. 028 199 0. 865916

1) HME FIIME (k=1,2, 3, 4, 5) 513K b SBR B AR B
RAIH %

PUER. =i A W BE AN ( CA ) BIFU AT 3k
H(3).

¢,/EC, | +¢,/EC, , +¢/EC, , =1 (3)
K, e\ ey o AR R « BHEEYIH 3 4
I, EC, || EC, ,. EC, ,7MilFR 3 44
O3 HARMAFAE RS 7= A RU0 oo B RV

i (3) AT 50, 754 CA BLAY H AW A « 1Y
H = IuIR G T = 4k v B 28 8] () — A F- i
XAPIEE S 3 S AdRie EC, ,(i=1, 2, 3) 4
5. AWFFEA H MATLAB 2008 14 9 K& 16 45 A #) 2
XA, BRI AT B4 (1 F12) 435
YEJ9 X B Y i, ISR KX 0 ~EC,  F10 ~
EC, ,JEAT MRS AL AL B, X6 B — A~ A% A 55
FE 3 5 3 AT IYRIE (o)) 1.

SO VR B SR 25 . NS I 1 A5 TR
SR RV B - R M R R0 R 2k R BT A B
N x NS EC,, MWILG Z 1) 95% WL & 17 1X.
JE] > AR e ) B M B PR M (UC,) PN
EFRRMREE(LC,) , /a5 IRG Wk 43 545 41
T HHR B A O A5 B 45 21 A TR

I _EIRFFA CA LI R S35 T B 4 AR A
S 535 R VA B R A DX TR AR A Origin 8. 0 H1 5%
B

2 HRE5HM

2.1 RG-SOV 2k
gERE | Hill bR A REAR I S48l A B e 50 AN A
W R B R B s (R 3) . i3 al A, A4
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KZRER HIKT0.98, AT HiRZE RMSE ¥/
T0.030. # LA ECs, HEEVEFRIR, FR PRO Fb, Rl
FIH) ECq, HEBRFEFMIT 1 ~2 DECR S, PR du )
XF 2 PR Y B PR = TRRFLA]. 6 AR 24 ik B2 -2

N s A, LA ) -3 0 i 26 ( concentration-
response curve, CRC) SCE A5 X [EIANE 1 frs, M
AR, B E SRR, BRI A, R B
ST B AF XA A

£3 6 MRHAK HIl BEMESHS EC, &

Table 3 Hill equation fitting parameters and ECy, value of six pesticides

~2y a B % RMSE R ECsy/mol L ~! SEEX E]/mol + L,
SIM 1.47E-3 -1.30 1.00 0.0160 0.998 3 1. 47E-3 (1.30E-3,1. 69E-3)
DES 7.57E-3 -1.65 1.00 0.017 4 0.996 3 7.57E-3 (6.79E-3,8. 54E-3)
2,4-D 8.53E-4 -1.88 0.78 0.0267 0.983 8 1.15E-3 (9.90E-4, )
DIM 1.72E-4 -1.07 0.95 0.0152 0.998 4 1.90E-4 (1.46E-4,1.94E-4)
IMI 4. 66E-5 -0.88 0.95 0.013 4 0.998 4 5.25E-5 (3.96E-5,5.31E-5)
PRO 1. 16E-3 -0.97 0.93 0.0194 0.996 2 1. 38E-3 (1.13E-3,1. 69E-3)
— s - B{SKM OCOSIM ODES 24D ADIM 4 IMI ©PRO
90 90
60 60
2 S
30 F 30 b
of (a) BRI 0 (b) 5 e )
1E-4 1E-3 0.01 1E-5 1E-4 1E-3 0.01 0.1
c/mol-L™! e/mol-L™!

B1 3AREFIANBREFOFIE-BMX R

Fig. 1

2.2 RGBSV EEEA AR

Hill BRELREEXT HM /KRR 5 SRIRG WIS S IM
TRZRM 5 AR BRI T ARG, K4 45
T, WIAMERB R B AT 0.98, HHRIRE
RMSE #/NT 0. 035, &R Y54 m vk BE 2400w £
R, A CRC KCEAEIXEIANE 2 iR, i T BE{R
CRC SMWHRAYIFEEA AR, R CA R
BIRE AT CRC (1 2 iy B mseLk) .

M 2 (a) ATLLE H, XFF HM KR, Kk g

x4

Concentration-response relationships of three insecticides and three herbicides

T, 5 KIBE YIS CA T CRC #ARVZTE 95% &
R, AWM AAE ] W& RS Wik
fin, S HM1 A1 HM2 /9 CA Fill CRC &8I T8
fEIXIEFRR, SEhEVEA. WE 2(b) TAEH, XF
FIMAKRR, IR, MRS PHTZM CA T
CRC M TEFXH LR, RHPEM; %k E
T, CA Wl CRC i T HE A5 X [EI N, 2IAEHH;
TERWRIERT, CA Tl CRC R T &5 X 10 F IR, 2
AR .

=BREFMR TR S MHENNE BHS EC, RERKIE

Table 4  Fitting functions and ECy,s with their 95% confidence intervals of ternary herbicide and insecticide mixture rays

IR a B b RMSE R ECsy/mol L~ BEFX[A]/mol - L7

HM1 2.89E-3 -1.69 0.93 0. 0245 0. 9933 3.16E-03 (2.67E-3,3.85E-3)
HM2 4.60E-3 -1.49 1.00 0. 0227 0. 9952 4. 60E-03 (3.94E-3,5.51E-3)
HM3 1.97E-3 -1.47 0.92 0.0330 0. 9859 2.22E-03 (1.71E-3,3.03 E-3)
HM4 3.67E-3 -1.31 1. 00 0. 0222 0. 9946 3.67E-03 (3.09E-3,4. 46E-3)
HMS5 3.43E-3 -1.59 0.97 0. 0258 0. 9930 3.57E-03 (2.99E-3,4.53E-3)
IM1 9.87E-4 -0.99 1.00 0.0172 0. 9976 9. 87E-04 (8.36E-4,1.21E-3)
M2 2.83E-4 -0.99 0.99 0.0149 0. 9986 2. 88E-04 (2.43E-4,3.31E-4)
IM3 9. 06E-4 -1.00 1. 00 0.0179 0.9976 9. 06E-04 (7.53E-4,1. 10E-3)
M4 4.62E-4 -1.02 1. 00 0.0140 0. 9987 4.62E-04 (4.06E-4,5.42E-4)
IM5 7.68E-4 -1.11 0.98 0.0121 0.9991 7.97E-04 (6.80E-4,8.69E-4)
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