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Abstract

A simple and rapid method has been developed for herbicides in water using temperature-responsive liguid chromatography (LC) and
a column packed with poly(N-isopropylacrylamide) (PNIPAAm), a polymer anchored on the stationary-phase surface of modified silica. .
PNIPAAm reversibly changes its hydrophilic/hydrophobic properties in water in response to temperature. The method was used to determine
five sulfonylurea and three urea herbicides. Separation was achieved with a 10 mM ammonium acetate (pH 3.0) isocratic aqueous mobile
phase, and by changing the column temperature. The analytes were extracted from water by off-line solid-phase exiraction (SPE) with an
N-vinyl-pyrrolidone polymer cartridge. The average recoveries of the eight herbicides from spiked pure water, tap water and river water were
70-130% with relative standard deviations (RSDs) of <10%. The limits of quantitation (LOQ) of the eight herbicides were between 1 and

4 gl
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Herbicides are used in rice paddies, golf courses, and other
types of fields. They are transported by aquifers in ground-
water and are widely distributed in the envirohment. Sul-
fonylurea herbicides are labile, weakly acidic compounds.
Sulfonylurea and urea herbicides are used at lower concen-
frations, and are more rapidly degraded in soil than older her-
bicides. Therefore, parts-per-billion concentrations of these
herbicides are to be expected in the water supply. These herbi-
cides have been analyzed in water by liquid chromatography
(LC) with UV detection [1,2], capillary electrophoresis with
UV [3], LC with mass spectrometry (MS) [4,5], immunoas-
say [6], bioassay [7] and radio immunoassay [1].

* Corresponding author. Tel.: +81 3 5400 2657; fax: +81 3 5400 1378.
E-mail address: kanazawa-hd@kyoritsu-ph.ac.jp (H. Kanazawa).

0021-9673/% — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/f.chroma.2005.01.100

Recently, various polymers have been developed which
change their structure in response to surrounding conditions,
such as the pH, electric field, and temperature. Such polymers
have been widely utilized in drug delivery systems [8], cell
culture dishes [9], cell sheets [10] and bioconjugates [11].
Poly(N-isopropylacrylamide) (PNIPAAm) is one of these; it
exhibits a thermally reversible phase transition in response
to temperature changes across a lower critical solution tem-
perature (LCST) of 32 °C in aqueous solution {12]. In water,
the polymer chains of PNIPA Am hydrate and expand below
this LCST, while they dehydrate to form a-compact confor-
mation above it. We previously reported a considerable and
reversible change in the hydrophilic/hydrophobic properties
of PNIPA Am-grafted surfaces in response to a change in tem-
perature. Taking advantage of this characteristic, we devel-
oped an LC column packed with PNIPAAm to selectively
separate analytes by controlling the external column temper-
ature [13-17].
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Temperature-responsive chromatography is a method with
little load on the environment, because no organic solvent is
uscd in the mobile phasc. Uica hicibicidos in cuvirommcn-
tal water have been widely studied by Hogenboom and co-
workers [2,18,19] and very rapid analyses were made by us-
ing a single short column for both SPE and analytical separa-
tion. However, there are fewer reports on sulfonylurea herbi-
cides [5]. The aim of this study was to achieve the separation
of both groups of herbicides by temperature-responsive LC
with an aqueous mobile phase.

2. Experimental
2.1. Chemicals

Analytical-grade standards of bensulfuron-methyl
(99.7%), imazosulfuron (99.7%), pyrazosulfuron-ethyl
(99.9%), halosulfuron-methyl (100%), siduron (98.9%),
daimuron (100.0%) and diwron (100.0%) were pur-
chased from Wako Pure Chemical Industries, Osaka,
Japan. Analytical-grade flazasulfuron (99.9%) was pur-
chased from Hayashi Pure Chemical Industries, Osaka,

Japan. The structures of these herbicides are shown in

Fig. 1. N-isopropylacrylamide (NIPAAm) was kindly
provided by KOHJIN, Tokyo, Japan and was purified
by recrystallization from x-hexane. 3-mercaptopropionic
acid (MPA), 2,2'-azobisisobutyronitrile (AIBN), N,N-
dimethylformamide (DMF), ethyl acetate, 1,4-dioxane, N, N'-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide,

Sulfonylurea herbicides

HPLC-grade tetrahydrofran (THF) and ammonium acetate
were purchased from Wako Pure Chemical Industries.
Aminopropyl silica beads {(average diamcter, § wm; porc
size, 120 A) were purchased from Nishio Industries, Tokyo,
Japan. The pure water used for sample preparation and
the LC mobile phase was prepared using a Milli-Q water
purification system (Millipore, Bedford, MA, USA).

The synthesis of PNIPAAm and a modification of amino-
propyl silica with the NIPAAm polymer were carried out by
radical polymerization, as previously reported [13,20].

2.2. Temperature-responsive LC

A PNIPAAm-grafied silica beads were packed into a
stainless-steel column (150 mm x 4.6 mm i.d.). LC was car-
ried out on an Agilent 1100 series (Agilent, Waldbronn, Ger-
many) instrument equipped with a UV detector and a Rheo-
dyne Model 7750 injector. The column oven was a product of
Shodex AO-30C (Showa Denko, Tokyo, Japan). The mobile
phase was 10 mM ammonium acetate (pH 3.0). The thermore-
sponsive elution behavior of the herbicides was monitored at
240 nm at a flow rate of 1.0 ml min~! at various temperatures.
The injection volume was 20 p.l.

2.3. Preparation of standard solutions

Stock solutions (1000 mg1~1) of each analytical standard
were prepared in THF. Next, working standard mixtures were
prepared by diluting each herbicide stock solution with THF.,
These stock solutions were stored at 4 °C. Standard solutions

F
COOCH P/ COOC,H ocH,
3 OCH; N OCH,3 ws 3
N \ __ F N \ N \
cny80,NHconH—( sopvwcona— \ | s0,NHCONH—{
N— \ N/ 2 — N\Il\J =
OCH; CHj; OCH,4
1 ’ OCHy 4
AN
COOCH, OCH;
Cl / Cl OCH;
\ AR N N
| so;Naconu—( 7 \
Ney $o NHCONH—<
| N
CH, OCH; ocH
4 5 3

Urea herbicides

CI-QWCON(Cﬂa)z
Cl
6

7

(’ZH3 H;C
Q?—NHCON’H-@\CH_:,
&u, NHCONH
8

Fig. 1. Structures and common names of the eight herbicides. 1, bensulfuron-methyl; 2, flazasulfuron; 3, pyrazosulfuron-ethyl; 4, halosulfuron-methyt; 5,

imazosulfuron; 6, diuron; 7, daimuron; and 8, siduron.
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were prepared by diluting the stock solution with THF. The
standard solutions were used for calibration plots and spiking

PR b R T Sy g
V1w YYalwl D(«UJ.I.PLUD-
2.4. Water samples

Three types of water were analyzed: pure water, tap water
and river water. The tap water was from a tap in the labora-
tory. L(+)-Ascorbic acid sodium salt (Wako Pure Chemical
Industries) was added to the tap water at 0.005% (w/v), which
eliminated chlorine that could react with and degrade some
of the compounds of interest. The river water was collected
from the Tama River near Tokyo; it was filtered through a
glass-fiber filter before use.

2.5. Analytical methods

Forrecovery studies, three water samples (0.5 { each) were
spiked with 1 mlof2 mg1~! (except for 0.5 mg1~! diuron and
daimuron) of the composite standard. Then, the spiked water
samples were passed through a SPE cartridge to exiract the
analytes [5]. SPE was performed with cartridges prepacked
with N-vinyl-pyrrolidone polymer resin (Oasis HLB Plus
Extraction Cartridges) from Waters (Milford, MA, USA).
The SPE cartridges were equilibrated with 5 ml of methanol
and then 5ml of pure water. The water samples were ex-
tracted at a 10 mlmin~! flow rate. Then, the cartridges were
washed with 10 ml of pure water at a 5 mlmin~1 flow rate
and dried with air passed through the cartridge for 40 min.
The herbicides were eluted from the cartridges with 3ml
of methanol at a speed of 1-2 drops s™!. Afier evaporating
the samples to near-dryness under a gentle nitrogen stream,
the materials were dissolved to a final volume of 1.0ml
in THF.
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Sulfonylurea herbicides were separated based on their
temperature-controlled hydrophilic/hydrophobic properties
by using an LC system connected to a column packed
with PNIPAAm-modified silica beads. Fig. 2(a) shows van’t
Hoff plots for sulfonylurea herbicides separated using a
PNIPA Am-modified column in 10 mM ammonium acetate
(H 3.0). The linearity in the van’t Hoff plots is com-
monly observed for commercially available reversed-phase
columns under standard chromatographic conditions. On the
PNIPA Am-modified column, however, a deviation from lin-
earity was found between In k values and the reciprocal tem-
perature (1/7). Interestingly, the slope of the van’t Hoff plots
of each analyte on the PNIPA Am-modified column changed
markedly atthe LCST boundary (Fig. 2 (a)). This corresponds
to a phase transition of the polymer modified on the surface.
Typical chromatograms for the standards of the five sulfonyl-
urea herbicides using the PNIPA Am-modified column at 10
and 50 °C are shown in Fig, 3.

The log P values of these herbicides are given in Table 1.
log P values were calculated by the CAChe system (Fu-
Jitsu, Japan), We reported in previous papers that the order
of separation on a temperature-responsive-polymer-modified
column depends on the hydrophobicities, corresponding to
increasing log P values [13]. In this study, the retention
time of the strongly hydrophobic imazosulfuron was remark-
ably increased, compared with four other sulfonylurea herbi-
cides. When trying to separate the same herbicides on an
ODS column using an aqueous/organic solvent, the three
peaks of bensulfuron-methyl, flazasulfuron and imazosul-
furon overlapped, and the two peaks of pyrazosulfuron-ethyl

0.8
LCST

0.6 |

[=aY--R

04 |

In k

03 | 8
02 }

.1 F

0.0 1} N L e, 1
3.0 3.1 3.2 33 34 35 3.6
(b UT (x107)

Fig. 2. van’t Hoff plots of (a) sulfonylurea and (b) urea herbicides. For LC conditions, see Section 2. For peak numbers, see Fig. 1.
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Fig. 3. LC-UV of standards using a PNIPAAm-modified silica column at
(a) 10°C and (b) 50 °C. For LC conditions, see Section 2. For peak numbers,
see Fig. 1.

and halosulfuron-methyl also overlapped (data not shown).
In contrast, upon raising the column temperature of the
temperature-responsive system, these five sulfonylurea her-
bicides could be separated from each other with an aqueous
mobile phase.

In this study, the mobile phase was adjusted to pH
3 which was lower than the pK, values of these her-
bicides, bensulfuron-methyl (pK, 5.2), flazasulfuron (pK,
4.37) and imazosulfuron (pK, 4.0), in order to suppress
their ionization and effect their interaction with the sur-
face of the stationary phase. With increasing temperature,
the temperature-responsive surface of the stationary phase
changed from hydrophilic to hydrophobic, the retention
time increased as a result of hydrophobic interaction, and
the separation of the five sulfonylurea herbicides markedly
improved.

Table 1
Calibration, LOD and log P data for the eight herbicides
Compound Calibration equation®  R? LOD log P
(mgl™")
Bensulfuron-methyl  y=12.493x+0.6557 1.000 Q.5 149
Flazasulfuron y=9.8272x—0.5951 0.998 0.5 1.93
Pyrazosulfuron-ethyl y=8976x—1.1398  0.997 0.5 0.66
Halosulfuron-methyl y=12.011x—1.3876 0.998 0.5 1.21
Imazosulfuron y=16.043x — 0.951 1.000 0.5 2.15
Diuron y=20209x+0.6761 0.996 0.5 2.15
Daimuron y=11.74x—- 02518 0.995 0.2 3.61
Siduron y=13.661x - 02925 0.999 0.2 2.86

® y=area; x=concentration (mg1~1).
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Fig. 4. LC-UV of standards using PNIPA Am-modified silica column at (a)
and (c) 10°C, and (b) and (d) 50 °C. For LC conditions, see Section 2. For
peak numbers, see Fig, 1.

3.2. Urea herbicides

The urea herbicides were separated using conditions sim-
ilar to those for the sulfonyulurea herbicides. Fig. 2(b) shows
van't Hoff plots for urea herbicides using a PNIPAAm-
modified column. For urea herbicides, the Ink values in-
creased markedly above the LCST (or lower 1/T values),
indicating a hydrophobic interaction between the analyte
molecules and the hydrophobized stationary phase surface
of the column. The difference in retention behavior of
the sulfonylurea and urea herbicides reflects differences in
their physicochemical properties. Typical chromatograms for
the standards of the two urea herbicides, and siduron us-
ing the PNIPAAm-modified column at 10 and 50°C are
shown in Fig. 4. Siduron gave two peaks corresponding
to its cis/trans isomers. The retention times of urea herbi-
cides also increased with the log P values. An increase in
the retention times with increasing temperature was clearly
observed.

3.3. Analytical performance

The calibration plots of all eight herbicides using
temperature-responsive LC at 50 °C were linear. The con-
centrations range of the five sulfonylurea herbicides were
0.2-10mg 1! (six data points in triplicate), those of diuron
and daimuron were 0.2-2.0mg1~! (four data points in trip-
licate), and those of siduron were 0.5-10.0mg1~! (five data
points in triplicate). In all cases, the R? values were at least
0.995 (Table 1). Because siduron has two isomers, the area of
the two isomer peaks was calculated and summed to give the
total amount of siduron. The LODs of the eight herbicides
were 0.2-0.5mg 1! (Table 1).
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Table 2

Performance data for extracting five sulfonylureas and three ureas from pure water, tap water and river water

Clamananind

Drava virnbaw
~UXnpP O L WIS WaAST

T twratar
Lop wotsr

Divar vontar
SOVOD WaLST

Recovery® (%) RSD (%) LOQ Recovery® (%) RSD (%) LOQ Recovery® (%) RSD (%) LOQ
(pgl™ (ngl™ {(ngl™)
Bensulfuron-methyl 91 3.6 4 94 2.2 1 88 6.4 4
Flazasulfuron 90 19 1 86 1.7 1 72 9.7 4
Pyrazosulfuron-ethyl 93 1.6 1 98 2.5 1 100 5.0 4
Halosulfuron-methyl 90 2.7 1 98 1.1 1 97 4.5 4
Imazosulfuron 86 1.8 1 98 1.8 1 89 6.7 4
Diuron 91 4.5 1 84 6.8 1 97 4.5 1
Daimuron 127 2.8 i 100 5.3 1 94 6.0 1
Siduron 93 2.5 1 87 3.2 4 100 6.0 4

# Mean values from three individual samples.
3.4. Application

Water samples were prepared by adding 4 ugl™! (fi-
nal concentration) of all herbicides, except for diuron and
daimuron, which were added at a final concentration of
1 pgl™! to pure water, tap water, or river water. Then, 0.5
1 of each sample was concentrated 500-fold by SPE. Using
temperature-responsive chromatography, these eight herbi-
cides were detected with acceptable recoveries and precisions
(70-130% and relative standard deviation, RSD <10%, re-
spectively) (Table 2).

4. Conclusions

Temperature-responsive LC with an aqueous solution
without organic solvents as mobile phase can be used to deter-
mine sulfonylurea and urea herbicides. Combined with off-
line SPE, trace levels of the herbicide can be quantified in
real-life samples. ’

In temperature-responsive LC, analyte behavior is con-
trolled merely by the temperature, without any changes in
the mobile-phase composition. '
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Abstract

Organophosphorus pesticides (OPs) are commonly detected in agricultural products, animal-derived foodstuffs, and
environmental samples. Until now, the focus of research has been to evaluate the adverse effect of a single OP. While
each OP may be present ai concentrations under recognized as “no observed adverse effect level (NOAEL)”, the
combined effects of multiple OPs present at these low concentrations have not been sufficiently studied. Therefore, we
developed an in vitro testing method to evaluate the toxicity of multiple OPs based on the degree of inhibition of
cholinesterase (ChE) activity. This method requires only 10min to complete and no specialized technology. We
examined 15 OPs by this method and categorized them into three groups according to the degree of ChE inhibition. A
relationship between the OPs’ chemical structures and the degree of ChE inhibition emerged with the moiety
—P-O-C==N- showing the strongest action. The degree of ChE inhibition increased with multiple OPs, and the degree
of inhibition seemed to be additive. These results demonstrate that the combined toxicity of multiple OPs present in
food or environmental samples is an easily determined and toxicologically relevant measure of overall toxicity of
complex OPs mixtures. It is possible to apply this testing method as a monitoring technique in water quality
management in order to control OPs. As a result, this method can play the role for the potential risk reduction to the
ecosystem and may contribute to the preservation of the environment.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Organophosphorus pesticides; Hazard assessment; Cholinesterase activity; In vitro method; Combined toxicity;, Additive
action

1. Introduction potential adverse effects on humans exposed to combi-
nations of these environmental pollutants. Water

Recently, various environmental pollutants have influences the health of both humans and animals
become a major source of concern with regards to their and is greatly affected by water pollutants such as
he organic compounds discharged from industrial,

*Corresponding author. Tel./fax: + 8133700 9346. agricultural, and domestic drainage. Among the
E-mail address: nishimur@nihs.go.jp (T. Nishimura). organic compounds, most concern, due to their

0043-1354/8$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
d0i:10.1016/j.watres.2005.09.042
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extensive use worldwide and common production
(Donaldson et al.,, 2002), are organophosphorus
pesticides (OPs). Present in agricultural runoff, OPs
may enter the aquatic environment and reach high
concentrations downstream from discharge sites,
potentially producing adverse effects in humans and
wildlife (Haywood and Karalliedde, 2000; Fleischli
et al., 2004).

Acetylcholinesterase (AChE; E.C. 3.1.1.7), the target
enzyme of most OPs and their active metabolites, is a
key neuroregulatory enzyme that is common to many
species from insects to reptiles, birds and mammals. In
addition, pseudocholinesterase (PChE), an enzyme
present in serum, is also targeted and inhibited by OPs
(Ma and Chambers, 1995, 1994; Sultatos, 1987; Sultatos
et al., 1985). Toxicity of OPs is a composite effect that
depends on concentration, duration of exposure, and
organism size. Different organisms display different
degrees of sensitivity to cholinesterase (ChE) inhibitors
as OPs act as suicide substrates for AChE and PChE,
irreversibly phosphorylating critical serine residues in
the enzyme active site, leading to irreversible inactiva-
tion of the ChE in cholinergic synapses and neuromus-
cular junctions (Betancourt and Carr, 2004; Liu et al,,
2002; Amitai et al., 1998; Mileson et al., 1998). To attain
an acceptable daily intake (ADI) of OPs, a single
pesticide is administered using a suitable animal model
to assess toxicity. Unfortunately, OPs are rarely present
in environmental samples as single chemical compounds,
but commonly coexist as mixtures of different pesticides;
thus, it is important to evaluate the total toxicity of
multiple OPs in a sample using an indicator of overall
potential toxicity.

While it is expensive and time consuming to
evaluate the combined effects of multiple pesticides in
laboratory animals, there are few efficient alternative
test methods. The limited investigation of acute inter-
active toxicity of mixtures containing two OPs has
previously been done (Karanth et al., 2004, 2001;
Hazarika et al., 2003; Richardson et al.,, 2001). The
multiple OPs we chose to evaluate can be grouped into
two categories according to their structures: (1) nine
chemical compounds containing a P=S8 moiety: buta-
mifos, chlorpyrifos, diazinon, EPN, fenitrothion (MEP),
isofenphos, isoxathion, prothiofos, and tolclofos-
methyl; and (2) six chemical compounds containing
a P=0 moiety: acephate, dichlorvos (DDVP),
edifenphos (EDDP), fosetyl, iprobenfos (IBP), and
trichlorfon (DEP). In this paper, we establish a simple,
inexpensive, and robust in vitro evaluation system
suitable for hazard assessment of combinations of
multiple OPs. Using 5-methyl -2-thenoylthiocholine-
iodide (MTTC) as an indicator of ChE inhibition, the
overall toxicity of OP mixtures, representative of those
typically encountered in environmental water samples,
was examined.

2. Materials and methods
2.1. Chemicals

Butamifos oxon, chlorpyrifos oxon and tolclofos-
methyl oxon were obtained from Hayashi Pure Chemi-
cal Industries, Ltd. (Osaka, Japan) and chlorpyrifos was
obtained from GL Sciences Inc. (Tokyo, Japan). All
other chemicals were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Laboratory
water was purified using a Milli-Q gradient AlQ
Elix with an EDS polisher system (Millipore, Bedford,
MA, USA).

2.2. Standard solutions

Stock solutions of PChE (12501U/L) and MTTC
(2.0mM) were prepared and stored at 4 °C until further
needed. A 0.25mM chromogen solution of 5, 5'-
dithiobisnitrobenzoic acid (DTNB) was prepared using
0.1 mol/L phosphate buffer (pH 7.4).

Individual standard solutions of pesticides were
prepared in dimethyl sulfoxide, and each experiment
was performed using seven dilutions of each standard
solution. Evaluation of a single pesticide was performed
using final concentrations of 10, 5, 2, 1, 0.5, 0.2,
and 0.1pg/mL. Combinations of two pesticides
were evaluated by fixing the concentration of
one pesticide at 0.1pg/mL and varying the con-
centration of the second pesticide to 5, 2.5, 1, and
0.5, 0.25, 0.1, and 0.05pug/mL. The pesticides that
showed strong inhibition were diluted 100 fold.
Combinations of three pesticides were evaluated by
fixing the concentrations of two compounds at 0.05 pg/
mL each, and varying the concentration of the third
pesticide to 3, 2, 1, 0.5, 0.2, 0.1, and 0.05pg/mL. The
pesticides that showed strong inhibition were diluted
5000 fold.

2.3. The evaluation of ChE activity

The active ChE enzymatically cleaves the substrate
MTTC to release thiocholine. The released thiocholine
reacts with the chromogen DTNB to generate a
vellow product (Fig. 1), quantifiable at 405nm by
UV absorption that is impeded when ChE activity
is inhibited by pesticide (Karahasanoglu and Ozand,
1967).

All experiments were done in triplicate. A 7mlU
solution of ChE and each appropriate pesticide
sample were uniformly mixed in a ratio of 4:1. MTTC
substrate solution (63pl) was added to 7uL of the
mixed solution of ChE and OP in a 96 microwell plate
and then 280 uL of the DTINB chromogen sofution was
added. The plate was incubated at 37 °C for 7min, and
the absorbance at 405nm was measured using. an
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H,C S CS(CH,),N*(CH3); + H,0 H,C S COH + HS(CH,),N*(CH;)3
0
5-Methyl-2-thenoylthiocholine Thiocholine
O)N S—S§ NO,
2 [(CH3)3N*(CH,),SH] +
HOOC COOH
DTNB
HS NO,
B 2 + 2 [(CH3)3N+(CH2)ZS]
COOH
TNB
Fig. 1. The chemical reaction for generation of thiocholine and subsequent measurement of ChE activity.
Table 1 Table 2

Intended use and concentration of 20% inhibition for the oxon
form of nine pesticides

Intended use and concentration of 20% inhibition for six
pesticides

Group Pesticides Intended use ICyp (ng/mL) Group Pesticides Intended use 1Cy (ng/mL)
A Chlorpyrifos oxon 1 0.0011 A DDVP I 0.048
Isoxathion oxon 1 0.0013 EDDP G 0.08
Diazinon oxon 1 0.0089
B DEP 1 0.49
B Prothiofos oxon I 0.13
EPN oxon 1 0.14 C iBp G 281
MEP oxon 1 0.33 Fosetyl G 0.3
Acephate I —
C Butamifos oxon H 1.04
To]clofos.methy] oxon G 5.09 I: insecticide, G: germicide.
Isofenphos oxon 1 —

I: insecticide, G: germicide, H: herbicide.

Ultrospec Visible Plate Reader II 96 (Amersham
Biosciences, Tokyo, Japan).

The method employed typically yields a 40% back-
ground at 405 nm and ICy results (Tables 1 and 2) are
calculated and corrected by setting the maximal inhibi-
tion (Figs. 3 and 4) to 100%.

3. Results and discussion
3.1. Inhibition of ChE activity by 15 kinds of OPs

Parent compounds containing a P=S moiety ex-
hibited limited inhibition (Fig. 2); however, these species
undergo desulfuration to form active oxon metabolites,
containing a P==0 moiety. This desulfuration can occur
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ChE activity (%)

40 F

20 1 1 1 i ]
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Final concentration (ug/mL)

Fig. 2. ChE activity for the parent compounds of mnine
pesticides: —mmm—; isofenphos, —@—; tolclofos-methyl, —A—;
butamifos, —=+—; MEP, ~—¢—; EPN, —g@—; prothiofos, ——;
diazinon, ——; isoxathion, —¢—; chlorpyrifos.

through metabolic activation by organisms or by
nonbiological oxidation in the environment (Ma and
Chambers, 1995, 1994; Sultatos, 1987, Sultatos et al.,
1985; Butler and Murray, 1997). Evaluation of the
inhibitory activity of the oxon metabolites of these nine
pesticides confirmed that the degree of inhibition was
stronger than that of the parent compounds (Fig. 3).
OPs were classified into three groups according to the
level of ChE inhibition (Table 1). Group A showed
strong inhibition of ChE with 20% inhibition (IC,) at
100 ng/mL or less. Group B showed slight inhibition
with ICyy between 0.1 and 1pg/mL. Group C showed
limited inhibition with ICyo exceeding 0.1 pg/mL. The
degree of ChE inhibition for six pesticides containing an
original P=0 moiety is shown in Fig. 4, and these
pesticides were similarly classified into three groups
(Table 2). Of the pesticides, fosetyl inhibited ChE
activity at low concentrations but the degree of
inhibition did not increase with increasing concentra-
tions (Fig. 4). Accordingly, we classified fosetyl into
group C even though the IC,; was calculated to be
0.3 pg/mL. Consequently, the results suggest that the
toxicity of OPs is due to the presence of the P==0
moiety that makes the P==0 pesticide more similar in
structure to acetylcholine, the substrate of ChE, than the
comparable P=S pesticide. However, there was no
obvious relationship found between the degree of
inhibition and intended use (i.e. insecticide, germicide,
herbicide) of the pesticide (Tables 1 and 2).

3.2. The relation between ChE activity inhibition and the
chemical structure

Strong inhibitors such as chlorpyrifos oxon, iso-
xathion oxon and diazinon oxon (Fig. 5) in group A

ChE activity (%)

20 1 ] ! L
0 2 4 6 8 10

Final concentration (ug/mL)

Fig. 3. ChE activity for the oxon form of nine pesticides:
—amm—; jsofenphos oxon, —@—; tolclofos-methyl oxon, —A—;
butamifos oxon, —&—; MEP oxon, ——; EPN oxon, —&—;
prothiofos oxon, —+——; diazinon oxon, —»—; isoxathion
oxon, —4—; chlorpyrifos oxon.

100

o
(=]

ChE activity (%)
=N
=

S
(]

2 4 6 8 10
Final concentration (jg/mL)

20 1 i l
0

Fig. 4. The degree of ChE activity of six pesticides: —3F—;
acephate, —¢—; fosetyl, —@—; IBP, —4 —; DEP, —@—; EDDP,
—¢—; DDVP.

are classified as nitrogenous heterocyclic ester thiono-
phosphate insecticides, and this —P-O-C==N- structure
may be critical to the pesticide’s inhibitory activity. ChE
inhibition produced by isofenphos oxon, acephate and
butamifos oxon was weak; thus these compounds belong
to group C (Fig. 6). They are classified as ester
amidophosphates, and this structure provides selective
toxicity against insects compared to mammals. Many
OPs developed after the 1960s typically are of this class
and present relatively low risks of toxicity for mammals.
While there seems to be a relation between the structure
and the degree of ChE inhibition, the precise role of the
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Fig. 7. The combined influence of two pesticides is shown: (a) chlorpyrifos oxon and tolclofos-methyl oxon, (b) DDVP and IBP, (c)
isofenphos oxon and tolclofos-methyl oxon, (d) deephate and IBP, —¢—; X were added into the reaction at the fixed concentration,
respectively, —4 —; combined influence under the condition of the fixed concentration of X and eight concentrations of Y, —#—;
predicted value of the combined influence, X: (a) chlorpyrifos oxon, (b) DDVP, (¢) isofenphos oxon, and (d) acephate Y: (a) tolclofos-

methy! oxon, (b) IBP, (c) tolclofos-methyl oxon, and (d) IBP.

structure of the pesticide and the mechanism of ChE
inhibition is unknown.

3.3. The evaluation of OPs combinations

We examined the inhibition activity of the following
two-compound combinations: chlorpyrifos oxon +isox-

athion oxon, DDVP +EDDP, chlorpyrifos oxon+ tol-
clofos-methyl oxon, DDVP+IBP, isofenphos oxon+
tolclofos-methyl oxon, and IBP -+acephate. No syner-
gistic effects were observed; all combinations were
additive with respect to ChE inhibition. Chlorpyrifos
oxon + tolclofos-methyl oxon, DDVP + IBP, isofenphos
oxon +tolclofos-methyl oxon and IBP+acephate



M. Tahara et al. | Water Research 39 (2005) 51125118

100

80 oo

A

ChE activity (%)

20 . ; L L )
0 10 20 30 40 50

(a) Isoxathion final concentration (ng/mL})

5117

100

(==}
<

[=3
(=)

S
[l

T
E

ChE activity (%)

0 1 2 3 4 5
(b) EDDP final concentration (pg/mL})

(]
=]

Fig. 8. The competing influence of two pesticides, including one strong inhibitor found in group A is shown: (a) chlorpyrifos oxon and
Isoxathion oxon, (b) DDVP and EDDP, —4—; X were added into the reaction at the fixed concentration, respectively, —4—;
combined influence under the condition of the fixed concentration of X and eight concentrations of Y, ——; Predicted value of the
combined influence X: (a) chlorpyrifos oxon, (b) DDVP, Y: (a) isoxathion oxon, (b) EDDP.
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Fig. 9. The combined influence of three pesticides is shown: (a) chlorpyrifos oxon, isoxathion oxon and diazinon oxon (b) isofenphos
oxon, tolclofos-methyl oxon and butamifos oxon, —§—; X were added into the reaction at the fixed concentration, respectively,
~—»—; X and Y were added into the reaction at the fixed concentration, respectively, —@—; combined influence under the condition of
the fixed concentration of X, Y and eight concentrations of Z. X: (a) chlorpyrifos oxon, (b) isofenphos oxon, Y: (a) isoxathion oxon,
(b) toiclofos-methyl Oxon, Z : (a) diazinon oxon, (b) butamifos oxon.

showed additive effects approximately corresponding to
the sum of the predicted values for individual OPs (Fig.
7). However, the total activity of chlorpyrifos oxon+i-
soxathion oxon and DDVP+EDDP (combinations of
members from group A) showed less additive activity
than that predicted from the activity of the individual
components (Fig. 8). i

Previously, Richardson et al. (2001) evaluated in vitro
interaction between two OPs on ChE activity. When
chlorpyrifos oxon and azinphos methyl oxon were
added simultaneously to brain tissue in vitro, an
additive effect was noted. Sequential exposure led to
an additive effect at low concentrations but greater than
additive inhibition at higher concentration. This study
did not include the effect of three-compound combina-
tion exposures. There is no paper that examined
the effect of three-compound combination exposure
otherwise.

In our study, three-compound combinations, chlor-
pyrifos oxon+isoxathion oxon-+diazinon oxon and
isofenphos oxon + tolclofos-methyl oxon + butamifos
oxon, were examined (Fig. 9). An additional inhibitory

effect was observed upon addition of the third com-
pound when compared to the previously observed two- .
compound results. This suggests that exposure to
multiple OPs might have adverse influences on human
and wildlife due to an additive effect, even if each
pesticide is present at concentrations under recognized
NOAEL.

4. Conclusions

Our results indicate that the comprehensive evalua-
tion of multiple pesticides is essential to assess the actual
toxicity risks posed by exposure to mixtures of environ-
mental pollutants having common biomolecular targets.
In the present work, we demonstrate the utility of our
simple, inexpensive, and robust in vitro evaluation
system to exanine the combined influence of OPs
commonly encountered in the aquatic environment. Of
note, the relative strength of ChE inhibition observed
for these pesticides in our model system are well
correlated with recognized values for ADI. Of course,
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the adverse effect of environmental pollutants, inclnding
multiple compounds, should be evaluated in appropriate
animal models. Future in vivo results could be compared
to the results obtained using the in vitro method in order
to gain a greater understanding of how to measure an
apparent environmental exposure and establish daily
toxicity monitoring. However, the reported in vitro
method is useful for evaluating the toxicity of OPs and
OP mixtures, and can be easily applied to risk
assessment of complex OPs mixtures commonly ob-
served as environmental pollutants. Consequently we
suggest that this method be applied as a monitoring
technique in order to preserve water quality and reduce
the risk of pesticides upon the ecosystem.
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Effect of uncertainties in agricultural working
schedules and Monte-Carlo evaluation of the model
input in basin-scale runoff model analysis of herbicides
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Abstract In the prediction of time-series concentrations of herbicides in river water with diffuse-pollution
hydrological models, farming schedules (the dates of herbicide application and drainage of irrigation water
from rice paddies) greatly affect the runoff behavior of the herbicides. For farge catchments, obtaining
precise data on farming schedules is impractical, and so the mode! input inevitably includes substantial
uncertainty. This paper evaluates the effectiveness of using the Monte-Carlo method to generate sets of
estimated farming schedules to use as input to a GIS-based basin-scale runoff model to predict the
concentrations of paddy-farming herbicides in river water, The effects of using the Monte-Carlo method to
compensate for uncertainty in the evaluated parameters for herbicide decomposition and sorption were also
evaluated.

Keywords Farming schedule; herbicide; modeling; pollutograph; runoff prediction

Introduction

Pesticides used in agriculture can enter hydrological catchment systems and contaminate
rivers, which are primary sources of drinking water in many regions. Hydrological dif-
fuse-pollution models are designed to simulate the movements of water and pollutants in
river basins and thereby aid in assessing water quality. Several models for predicting pes-
ticide concentrations in river water have been proposed and applied. The Hydrologic
Simulation Program-FORTRAN (HSPF) (Johanson et al., 1983, 1997) is a comprehensive
model of watershed hydrology and water quality that enables integrated simulations of
runoff, sediments, and nutrient transport. It can also model pesticide transport (Moore
et al., 1988; Laroche et al., 1996; Dabrowski et al., 2002), but this requires accurate agri-
cultural as well as hydrological, meteorological, and geographical data as input. Accurate
hydrological, meteorological, and geographical data are collected throughout Japan and
are available to researchers. For large target catchment areas, however, acquisition of pre-
cise data on farming schedules, including the amounts of pesticides used and the dates of
application, is impossible; the data acquired inevitably involves substantial uncertainty.
Moreover, many factors affect the processes of sorption and decomposition of pesticides
in soil and water. Owing to a lack of information on the reaction environment, however,
it is impossible to quantify specific reaction rates. Generally, reported values are subject
to various kinds of uncertainties.

Accordingly, the purpose of our work was to study the effects of uncertain input data
regarding agricultural work schedules on model-based predictions of herbicide concen-
trations in river water. This paper evaluates the effectiveness of using the Monte-Carlo
method to create estimates of input data, using a river-basin model composed of a large
area divided into small compartments. The effects of uncertainty in the input parameters
for herbicide decomposition and sorption are also discussed.
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