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Abstract—Acute toxicity of selected organophosphorus insecticides (OPs; chlorpyrifos, methyl parathion, diazinon, and malathion)
was determined for individual OPs and binary combinations of the OPs with atrazine to larvae of the midge Chironomus tentans.
Atrazine individually was not acutely toxic even at high concentrations (10,000 wg/L); however, the presence of atrazine at much
lower concentrations (40—200 n.g/L) increased the toxicity of chlorpyrifos, methyl parathion, and diazinon. Atrazine did not increase
the toxicity of malathion. Possible mechanismsfor the synergistic toxicity found between atrazine and chlorpyrifoswereinvestigated,
including increased uptake rate and increased biotransformation into a more toxic metabolite. Although the uptake rate wasincreased
by more than 40%, the resulting increase in toxicity would be minimal as compared to the 400% decrease estimated to occur in
ECH50 values for the same atrazine exposure (200 p.g/L). Body residue analysis of midges exposed in vivo to atrazine and chlorpyrifos
mixtures for 96 h indicated that a larger amount of metabolites was generated in atrazine treatments as compared to controls.
Additionally, in vitro assays of microsomal proteins obtained from treated and control midges indicated that an increase in toxic
metabolite (chlorpyrifos-O-analog) was generated in atrazine-treated midges. Therefore, the increase in toxicity is thought to be

due to an increase in biotransformation rates of the OPs, resulting in more O-analog within the organism.
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INTRODUCTION

Atrazine (2-chloro-4-ethylamino-6-isopropyl amino-s-tri-
azine) isawidely used selective herbicide. In 1996, more than
24 million kilograms of atrazine were applied to corn and
related silage crops in the agricultural regions of the United
States[1]. Atrazineis present in surface water and groundwater
throughout the Midwest because of its high usage and rela-
tively high water solubility. Atrazine concentrations found in
surface and groundwater are generally not considered to be
ecologically harmful [2]. However, recent investigations have
demonstrated that the presence of atrazine may cause sublethal
effects such as induction of xenobiotic metabolizing systems
[3-5] and may influence the toxicity of other xenobiotics
[4,6,7].

Organophosphorus insecticides (OPs) are used in the same
regions of the country as atrazine for control of awide variety
of insects and other invertebrates. Chlorpyrifos (O,O-diethyl
0O-3,5,6-trichloro-2-pyridyl phosphorothioate) and methyl
parathion (O,O-dimethyl O-p-nitrophenyl phosphorothioate)
are used extensively in agriculture. In 1996, more than 2.7
million kilograms of chlorpyrifos and 640 thousand kilograms
of methyl parathion were applied to corn, related silage crops,
and wheat in agricultural regions of the United States [1].
Malathion (diethyl mercaptosuccinate, O,0O-dimethyl phos-
phorodithioate) and diazinon (O,O-diethyl O-2-isopropyl-6-
methyl-4-pyrimidinyl phosphorothioate) are widely used as
general insecticides. Both compounds are used commercially
on fruits and vegetables [1] as well as domestically. Although
OPs are a broad class of chemicals structuraly, they al are
acutely toxic to animals through interference with cholinergic
nerve transmission. Some OPs can directly cause anticholin-
esterase effects (phosphate class); however, the OPs used in
this study are thought to be toxic only after metabolism by
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cytochrome P-450—dependent monooxygenases (phosphoro-
thioate and phosphorodithoate classes). This bioactivation step
results in the replacement of sulfur with oxygen within the
chemical structure of the OP (desulfoxidation), creating a me-
tabolite that is a much stronger inhibitor of acetylcholinester-
ase. The resulting metabolite is structurally similar to com-
pounds in the phosphate class of OPs [8]. For the purpose of
this study, OP desulfoxidation metabolites will be referred to
as the O-analog of the OP.

Although the pesticides used in this study are usually ap-
plied to terrestrial habitats, the high usage of the chemicals
coupled with their relatively high water solubility makes it
inevitable that mixtures of herbicides and insecticides will
contaminate agueous environments. Historically, several terms
have been used to describe the joint action of toxicants. To
avoid confusion, interactions will be classified as greater than
additive, less than additive, or additive. Terminology original
reported in cited studies will appear in parentheses. Mixtures
of toxicants with different modes of action are generaly ac-
cepted to have additive or less than additive toxicity [9-11].
However, a recent study used a toxic unit approach to dem-
onstrate that atrazine in binary combinationswith chlorpyrifos,
malathion, and methyl parathion (thiophosphate- or dithio-
phosphate-class OPs) exhibited greater than additive (syner-
gistic) toxicity to the fourth instar of the midge Chironomus
tentans. However, atrazine in binary combination with mev-
inophos (phosphate class OP) exhibited less than additive (an-
tagonistic) toxicity [7]. The authors suggested that the mech-
anism of the joint action noted between atrazine and various
OPs may be the result of atrazine increasing the biotransfor-
mation of the OPs, thereby converting them into more (or less)
toxic metabolites. Other studies have provided support for this
hypothesis by demonstrating that atrazine induces xenobiotic
metabolizing enzymes in other organisms [3-5]. In addition,
Estenik and Collins [12] demonstrated that an organism in the
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same genus as our test organism, Chironomus riparius, has
an active mixed-function oxidase system, and they reported
that piperonyl butoxide (PBO) inhibited this system.

The current study, which comprises afour-tier experimental
design, continues the investigation started by Pape-Lindstrom
and Lydy [7]. Further investigation was necessary because the
previous study utilized a single concentration of atrazine that
was well above environmentally relevant concentrations and
no evidence of mixed-function oxygenase induction, increased
biotransformation, or other mechanism was provided. The first
tier investigated the toxic interactions between OPs and at-
razine at multiple concentrations to determine if greater than
additive toxicity existed at environmentally relevant concen-
trations of atrazine. The remaining tiers investigated possible
mechanisms to help explain the joint action found between
atrazine and chlorpyrifos. Chlorpyrifos was chosen for further
investigation because of its widespread usage in regions that
also use atrazine and the finding, presented within, that the
two compounds have a significant joint action (greater than
additive) on the test organism. The second tier investigated
whether atrazine increased the uptake rate of chlorpyrifos,
thereby increasing dose and ultimately toxic action. The third
tier investigated whether atrazine increased OP biotransfor-
mation by measuring the body residues of midges for both
parent compound and metabolites after in vivo exposure to
one of the following combinations: OP only, OP + atrazine,
OP + PBO, and OP + atrazine + PBO. Finaly, the fourth
tier further investigated the effect of atrazine on biotransfor-
mation rates. In vitro assays were used to compare the mixed-
function oxidase system activity of microsomal enzymes, ob-
tained from midges treated with atrazine against untreated
midges, using chlorpyrifos as a substrate.

MATERIALS AND METHODS
Organisms

Midge larvae (C. tentans) were cultured from egg masses
obtained from the Environmental Research Laboratory in Du-
luth, Minnesota, USA. Animals were cultured in accordance
with standard operating procedures for static cultures [13],
with slight modifications. Rather than collecting adults to lay
eggs in separate containers, thus providing cohorts of instars,
animals were maintained in mixed-age brood cultures. Fourth
instars were harvested directly from the mixed-age cultures
and larvae were considered to be fourth instar if the head
capsule width was 0.63 to 0.71 mm wide and the body Iength
was 1.0 cm or longer [14]. Chironomus tentans were chosen
as the test organism because of its environmental importance,
ease of culture in the laboratory, and because it has been used
previously in similar studies [7].

Chemicals

Analytical-grade standards of chlorpyrifos, chlorpyrifos-O-
analog, and trichloropyridinol (TCP) were provided in kind
from DowElanco (Indianapolis, IN, USA). Atrazine was ob-
tained from Chemservice (Westchester, PA, USA). Methyl
parathion and malathion were provided in kind from Chemi-
nova (Lemvig, Denmark). All analytical-grade standards were
certified by the supplier to have a purity of greater than 98%.
Radioactive chlorpyrifos was obtained from Sigma (St. Louis,
MO, USA) and was determined to have a purity of greater
than 97% by thin-layer chromatography (using a solvent sys-
tem of benzene:hexane:acetone, 50:45:5 v/v/v) followed by
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liquid scintillation counting. The specific activity for [“C]
chlorpyrifos was 26 mCi/mmole.

Tier I—Determining acute toxicity

Fourth instars of C. tentans were used in all tests. Ninety-
six—hour static toxicity tests were conducted using 10 larvae
in each 1-L beaker. Tests were conducted at 20°C in Precision
Scientific® (Grand Rapids, M1, USA) environmental chambers
using a photoperiod of 16:8 h light:dark. Solvent and negative
controls were conducted with each toxicity test. Because of
the cannibalistic nature of C. tentans, a layer of fine silica
sand substrate, approximately 3 mm deep (40 g), was placed
in each beaker to allow the animal s to escape from other midge
larvae and to provide substrate for the midges to build cases.
Silica sand does not affect the toxicokinetics or toxicity of
these compounds [15]. Each beaker was filled with 1 L of
moderately hard, reconstituted water. The water and sand used
in the tests were the same as used within the cultures. Tem-
perature, dissolved oxygen, pH, and conductivity were mon-
itored before and after each test. Test chemicals were delivered
to the water using 50 pl of acetone. The endpoint of acute
toxicity tests was measured as an effective concentration
(ECxx), which represents the concentration where apercentage
(xx) of the test population was unable to perform normal swim-
ming motion when pinched with a pair of forceps[7,12,15,16].
Preliminary acute toxicity tests were performed using atrazine
and each OPindividually. Five concentrationsfor each toxicant
were run in triplicate; thus, 30 midges were run for each con-
centration. The EC1, EC5, EC15, and EC50 values were de-
termined for each OP using log probit analysis[17]. The effect
of atrazine on OP toxicity was then examined using a four by
five factorial design. Doses of OP corresponding to the EC1,
EC5, EC15, and EC50 were applied in combination with at-
razine levels of 0, 10, 40, 100, and 200 pg/L. Test concentra-
tions were chosen to evaluate the impact of environmentally
possible levels of atrazine on OP toxicity. Five replicate bea-
kers were used for each atrazine + OP combination. Solvent
controls and atrazine-only exposures were run with each tox-
icity test.

Statistical comparisons were performed using SAS [17].
Comparisons of treatment classes used in tier | acute toxicity
tests were conducted from two-way analyses of variance using
Tukey’s multiple comparisons. Percent effect datawere arcsine
transformed before analysis. Because atrazine is not acutely
toxic to C. tentans at water solubility limits (50 times the
highest concentration used in this test [7]), no atrazine effect
on toxicity would be expected at the levels used in the present
experiment. Therefore, asignificant F statistic for the atrazine
treatment class is demonstration of greater than additive tox-
icity. This statistical approach was utilized to avoid estimating
EC50 values, which are necessary for many other methods for
evaluating joint toxicity such as toxic units [7] and additive
index approaches [18]. Because atrazine is not acutely toxic,
any estimation of an EC50 for atrazine would bias the results.
This approach also allows comparisons to be made at multiple
levels of the toxicity curves regardless of slope and prevents
the need for rigorous preliminary testing that is necessary if
log-probit 95% confidence intervals are used to evaluate dif-
ferences.

Estimation of EC50 values for each OP was also obtained
for each atrazine concentration used in the mixture tests using
log-probit procedures. Synergistic ratios (SRs) were calcul ated
by dividing the EC50 of the control (no atrazine) by the EC50
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value obtained for each atrazine treatment. Synergistic ratio
values are used to give an indication of how large of toxicity
increase exists among treatments.

To verify that toxicant levels remained stable throughout
testing, water from the toxicity tests was collected and pes-
ticide concentrations were determined using solid-phase ex-
traction and analysis by gas chromatography with nitrogen
phosphorus detection following previously described proce-
dures [19]. Samples were extracted using solid-phase extrac-
tion techniques. Solid-phase extraction cartridges (Supelco
C,s, Bellefonte, PA, USA) were preconditioned by eluting with
3 ml of hexane:acetone 1:1 v/v, 3 ml of methanol, and 3 ml
of reagent-grade water. Samples were subsequently extracted
by passing 250 ml of water through the column at 15 psi (10—
18 ml/min). The column was alowed to air dry for 5 min
before the analytes were extracted from the column using three
3-ml rinses of hexane:acetone 1:1. The extracts were then
evaporated to 1 ml under a gentle stream of nitrogen. Gas
chromatographic analysis of the extracts was performed on a
Hewlett Packard 6890 gas chromatograph (Palo Alto, CA,
USA), equipped with nitrogen phosphorus detector (220°C,
split-less, 0.75-min purge time). The J& W Analytical (Folsom,
CA, USA) capillary column was a DB-608, 30 m X 0.320 mm
with a 0.50-pm film thickness. The oven program started at
100°C for 1 min, increased 6°C/min to 280°C, and was then
held for 4 min. Carrier and make-up gas was helium at 7 and
15 ml/min, respectively. Qualitative identification was based
upon retention times within 0.50 % of standards, whereas
quantitation was based upon peak area utilizing external stan-
dards. Extraction efficiencies and standard deviations (n = 12)
of the analytes extracted from moderately hard water were as
follows: chlorpyrifos, 91.0 = 6.5; atrazine, 91.0 = 12.8; meth-
yl parathion, 93.8 = 6.8; malathion, 95.7 += 6.1; and diazinon,
93.1 = 9.4.

Tier ll—Determination of uptake and oxygen consumption

Uptake experiments were performed to obtain initial esti-
mates of accumulation kinetics for chlorpyrifos from midges
previously exposed to 200 pg/L of atrazine as compared to
controls exposed to acetone only. Atrazine was added to 12
beakers each containing 10 midges, whereas acetone only was
added to an additional 12 beakers that served as controls. The
test system was the same as previously described in tier |
toxicity testing. After 48 h of pre-exposure, *C-chlorpyrifos
was added at a sublethal concentration (0.17 pg/L) and uptake
was measured over 20, 40, and 80 min. Midges from four
beakers from each treatment were then collected at each time
point, blotted dry on filter paper, and weighed to the nearest
0.1 mg. Preliminary experiments indicated that no notable bio-
transformation occurred during the 80 min of the uptake ex-
periment. Therefore, the midges were placed directly into scin-
tillation cocktail (ScintiSafe Plus 50%, Fisher Scientific, Pitts-
burgh, PA, USA), sonicated for 30 s with a Tekmar Sonic
Disruptor (Cincinnati, OH, USA), and counted by liquid scin-
tillation counting using a Packard 1900 TR scintillation coun-
ter (Meriden, CT, USA). All scintillation counting was per-
formed using sample counts that were corrected for back-
ground and quench using the external standards ratio method
[15,16]. Pesticide water concentrations remained constant over
the entire uptake period. However, an assumption was made
that no elimination occurred during the uptake experiment.
Because uptake curves were linear through 80 min, this as-
sumption seems reasonable. Homogeneity of slopes test [17]
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was utilized to determine statistical differences between uptake
rates.

Differences in oxygen consumption were also measured
between midges previously exposed to atrazine at 200 p.g/L
as compared to controls exposed to acetone only. Increased
oxygen consumption isindicative of increased respiration rates
and respiration rate is an important factor in determining the
uptake rate of a chemical. Atrazine (200 wg/L) was added to
10 beakers each containing 10 midges, whereas acetone only
was added to an additional 10 beakers that served as controls.
The test system was the same as previously described in tier
| toxicity testing. After 48 h of pre-exposure, midges were
randomly assigned to 300-ml biological oxygen demand bot-
tles at arate of 15 midges per bottle with five replicates being
used. Each bottle was filled completely with properly dosed
(acetone or atrazine at 200 p.g/L) moderately hard reconstituted
water that was previously aerated to saturation. Forty grams
of fine silica sand was added to prevent cannibalism. Zero
head space was allowed in the bottles, which were stored in
the dark at 20°C. After 24 h, the bottles were opened, the
dissolved oxygen was measured using a Y SI® Model 55 dis-
solved oxygen meter (Yellow Springs, OH, USA), and midges
were weighed to the nearest 0.1 mg. The amount of oxygen
consumed per time per midge mass (O, mg/h/g midge) was
calculated. Controls consisting of acetone and atrazine-dosed
water without midges were also run (n = 5). A Student’s t
test was used to statistically compare the atrazine treatment
with the control [17].

Tier 111—n vivo biotransformation

The test system used for the in vivo experiments was the
same as previously described in tier | toxicity testing with the
exception that 10 replicate beakers, instead of 3, were used
for each treatment. Treatments consisted of the following com-
binations: chlorpyrifos (EC1); chlorpyrifos (EC1) and atrazine
(200 wg/L); chlorpyrifos (EC1) and PBO (1,000 wg/L); and
chlorpyrifos (EC1), atrazine (200 wg/L), and PBO (1,000 p.g/
L). Dosage levels were chosen from tier | results so that large
differences in acute toxicity were present between treatments;
therefore, differences in body residue could be more easily
determined. Two beakers (with five replicates each) were eval-
uated at a time. Midges collected from each set of beakers
were combined and then randomly divided into two groups.
The first group was used for total radioactivity determinations
by liquid scintillation counting. The second group was used
for qualitative identification of chlorpyrifos and metabolites
by thin-layer chromatography followed by liquid scintillation
counting. All midges capable of movement (unaffected) after
the 96-h dosing period were collected, blotted dry with filter
paper, and weighed. The first group of midges was placed
directly into scintillation cocktail (Scinti Safe Plus 50%, Fisher
Scientific), sonicated for 30 s, and then counted by liquid
scintillation counting. The second group of midges was ex-
tracted using 10 ml of acetonitrile and sonicated for 30 s. The
extract was then dried by filtering through a column of sodium
sulfate. The final volume of the extract was reduced to 0.2 ml
under a direct stream of nitrogen and then spotted on a thin-
layer chromatography plate that was devel oped using amobile
phase benzene:hexane:acetone, 50:45:5 v/v/v. Regions of the
plate corresponding to cold standards (chlorpyrifos, chlorpyr-
ifos-O-analog, and TCP) were determined by visualization of
the fluorescent backing of the thin-layer chromatography plates
using incident ultraviolet light at 254 nm. Each known region,
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aswell asaregion surrounding the plate's origin, was removed,
placed into scintillation cocktail, and counted by liquid scin-
tillation counting. The region that corresponded to TCP and
material that did not migrate from the origin was considered
collectively for calculations as polar metabolites. Analysis of
variance [17] was used to determine if mean body residues
and percent effect differed among treatments. Means were sep-
arated using Tukey’s Studentized mean test (p < 0.05).

To verify that water concentrations remained stable
throughout the test, 1-ml water samples were taken before and
after the 96-h testing period for total radioactivity determi-
nations. In addition, 250 ml of water was also collected after
testing and extracted from the beakers by solid-phase extrac-
tion techniques as previously described. The extract was then
analyzed using thin-layer chromatography and liquid scintil-
lation counting. This second analytical procedure allowed for
the determination of metabolite concentrations in the water.
Control beakers, consisting of dosed water without midges,
were also analyzed to determine if chlorpyrifos transformation
was occurring in the water.

Tier 1V—In vitro biotransformation

Midges were exposed to atrazine at 2,000 pg/L, atrazine
at 200 wg/L, or a solvent control for 48 h using the same
testing system as previously described in tier |. Four replicates,
each replicate consisting of eight beakers that contained 10
midges each (total of 80 midges), were used for each treatment.
After exposure, each set of midges was blotted dry on filter
paper and weighed to the nearest 0.1 mg. Whole-body ho-
mogenates were prepared in 150 mM potassium phosphate
buffer and 50 mM sucrose (pH 7.6), using ateflon glass Potter-
Elvehjem-type homogenizer (Wheaton, Millville, NJ, USA).
The homogenates were centrifuged at 10,000 g for 20 min in
a Sorvall RC2-B® centrifuge (Sorvall, Newtown, CT, USA)
at 2°C. The supernatant was further centrifuged at 100,000 g
for 1 hin a Beckman TL 90 ultracentrifuge (Beckman In-
struments, Fullerton, CA, USA) at 2°C. The remaining pellet
was reconstituted in 0.5 ml of the same buffer. Protein con-
centration was determined using the biuret method. Total Pro-
tein Standard was purchased from Sigma and serum albumin
was used as a standard protein.

Assays were performed similarly to the methods described
by Siegfried and Mullin [20] for the determination of aldrin
epoxidase activity with the exception that [**C] chlorpyrifos
was added instead of aldrin. Optimization of aldrin epoxidase
assays has been previously reported for C. tentans [5] and C.
riparius [12]. Parameters for the current study used the results
of these studies. Accordingly, all assays were conducted at pH
7.6 and 31°C for 45 min. Nicotinamide adenine dinucleotide
phosphate (NADPH; 1.0 mM) was added to satisfy cofactor
requirements along with an NADPH-regenerating system con-
sisting of glucose-6-phosphate (4 mM) and 1 unit of glucose-
6-phosphate dehydrogenase. With the addition of 150 pl of
enzyme extract (approximately 0.20 mg of protein), the final
volume of the incubation mix was 300 pl. All steps within
the procedure were performed at 4°C until incubation began.
After incubation, 200 pl of methanol:water:acetic acid, 50:45:
5 v/vlv, was added to reduce the pH, thereby stopping the
reaction. Samples were immediately frozen at —5°C until anal-
ysis. Assays lacking NADPH were run to determine the de-
pendence of the reaction on this cofactor. In addition, assays
containing PBO were conducted to characterize the nature of
the protein extract.
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Separation of chlorpyrifos and metabolites was accom-
plished using a Hewlett Packard 1100 Series™ high-perfom-
ance liquid chromatograph attached to a Foxy Junior Fraction
Collector® (Isco, Lincoln, NE, USA). The analytical column
was a 25-cm C,g Hypersil® (Hewlett Packard), whereas the
mobile phase consisted of abinary solvent system. The solvent
gradient used started at 100% solvent A (5% methanol, 0.1%
acetic acid in deionized water) and immediately began alinear
shift to 100% solvent B (acetonitrile) at 17 min, where it held
steady for 3 min. Baseline separation of TCPR, chlorpyrifos-O-
analog, and chlorpyrifos was obtained with retention times of
11.6, 13.7, and 17.0 min, respectively. Detection of cold com-
pounds was accomplished using a Hewlett Packard 1100 ul-
traviolet detector set at wavelength 230 nm. Each assay mix-
ture was thawed before injection and a 20-pl sample was in-
jected. Fractions were collected by timed events allowing win-
dows of 0.50 min before and after each peak of interest.
Fractions not correlating with specific analytes were also col-
lected. Scintillation cocktail was added to each fraction and
radioactivity was determined by liquid scintillation counting.
Statistical differences were determined by ANOVA and Tu-
key’s mean separation test (p < 0.05) [17].

RESULTS
Test conditions

Water parameters were similar for all tests in this study.
Temperature was maintained at 20 = 1°C. Dissolved oxygen
levels were >70% in all toxicity tests. Conductivity remained
between 320 and 350 wS/cm and pH ranged from 7.3 to 7.8.

The stability of the parent compound in water was consis-
tent for al treatments. All initial water concentrations were
within 10% of nominal concentrations for atrazine and OP
treatments, whereas posttest atrazine concentrationswere with-
in 15% for al tests. The OP concentrations dropped during
testing; however, the rate of decrease was consistent among
groups. Posttest concentrations ranged from 76 to 85% of ini-
tial values for chlorpyrifos, 81 to 89% for methyl parathion,
74 to 84% for malathion, and 81 to 98% for diazinon. Although
the pesticide stability within the test system was adequate,
nominal concentrations were considered more accurate be-
cause of the error introduced by the extraction process; there-
fore, all calculations for acute toxicity tests were performed
using nominal values.

Tier 1—Acute toxicity test

Atrazine was not acutely toxic at 10,000 ng/L, which is
near the water solubility limits. At this atrazine level, lessthan
3% effect was observed which was similar to controls. Indi-
vidual OP toxicity data are shown in Table 1. Chlorpyrifos
was the most toxic OP tested, followed by malathion, diazinon,
and finally methyl parathion. Although atrazine was not found
to be acutely toxic, the presence of atrazine at levels as low
as 40 p.g/L significantly increased the toxicity of chlorpyrifos,
methy| parathion and diazinon. Analysis of variance results
indicate that significant differences were present for both treat-
ment classes for atrazine + chlorpyrifos mixtures (p < 0.0001,
df = 4, F = 146 for atrazine and p < 0.0001, df = 3, F =
109 for chlorpyrifos; Table 2), atrazine + methyl parathion
mixtures (p < 0.0001, df = 4, F = 16.4 for atrazine and p <
0.0001, df = 3, F = 77.0 for methyl parathion; Table 2), and
atrazine + diazinon mixtures (p < 0.0001, df = 4, F = 18.2
for atrazine and p < 0.0001, df = 3, F = 68.0 for diazinon;
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Table 1. Acute toxicity of organophosphorus insecticides dosed individualy in preliminary tier | testing. Effective concentration (EC; pg/L)
determined for each percent effect is shown with 95% confidence intervals shown in parentheses

Chlorpyrifos Methyl parathion Diazinon Malathion
EC1 0.12 (0.08-0.17) 7.2 (3.5-11) 4.4 (2.0-7.1) 0.26 (0.13-0.40)
EC5 0.17 (0.12-0.22) 11 (6.4-15) 7.7 (4.2-11) 0.44 (0.26-0.61)
EC15 0.23 (0.18-0.28) 16 (11-21) 13 (8.2-17) 0.70 (0.48-0.90)
EC50 0.39 (0.33-0.45) 32 (25-38) 30 (24-36) 15 (1.2-1.9)

Table 2). Interaction terms were not significant for atrazine +
methyl parathion and atrazine + diazinon tests; however, a
significant interaction was found for the atrazine + chlorpyr-
ifos test (p = 0.002, df = 12, F = 2.94). The positive inter-
action term is likely due to the mortality rate of the higher
atrazine-treated groups reaching 100%. At these mortality lev-
els, differences among treatments are no longer possible, there-
by skewing the distribution of the data. Tukey’s test results
indicate that for chlorpyrifos and methyl parathion, the addi-
tion of larger concentrations of atrazine significantly increased
the greater than additive response (p < 0.05). Larger concen-
trations of atrazine also increased the average percent effect
for diazinon treatment, but the increases were not statistically
significant. All three compounds were significantly affected
by atrazine at 40 pg/L (p < 0.05). Additional Tukey’s tests
were performed to obtain comparisons among atrazine treat-
ments for each OP level. These tests illustrated that atrazine
affected the toxicity of chlorpyrifos, methyl parathion, and
diazinon, at each level of OP tested (Table 2). The presence
of atrazine did not influence malathion toxicity at the levels
used in this study (Table 2).

In order to provide information on the magnitude of the
increased OP toxicity, data obtained from the previously dis-
cussed factorial experiment were used to estimate EC50 values

for all atrazine levels for each OR. Only four data points were
used for each estimate and some data sets did not have percent
effect data points both above and below 50%. However, each
data set did have nonsignificant chi-square values (p > 0.2)
and at least two partial mortalities. Although not all recom-
mendations for probit analysis were satisfied [15], good esti-
mates of EC50 values were possible for most treatments. The
EC50 values and 95% confidence intervals are provided in
Table 3 with the corresponding SRs. Because of the factorial
method design used within this study, statistical determination
of differences among treatments was accomplished, as pre-
viously discussed, by analysis of variance; 95% confidence
intervals are only provided as a measure of confidence in SR
calculations. Atrazine demonstrated the greatest effect on
chlorpyrifos toxicity with SRs of 1.84 at 40 pg/L and 4.00 at
200 pg/L. Diazinon and methyl parathion also had alarge shift
in EC50 values, with SRs of 2.62 and 1.90, respectively, at
atrazine at 200 wg/L (Table 3).

Tier ll—Determination of uptake rate and oxygen
consumption

Midges treated with atrazine at 200 pg/L showed statisti-
cally significant increases in uptake rates of chlorpyrifos as
compared to control midges (F = 45.49, df = 2, p < 0.0001).

Table 2. Acute toxicity of organophosphorus insecticides (OPs) and atrazine mixtures. Each cell represents the average and standard error of

the percent effects found for that mixture. Totals represent the average and standard error for al samples evaluated within a treatment class.

Cell, atrazine, or chlorpyrifos values that are not significantly different, as indicated by Tukey’s test, are marked with the same lowercase | etter,

number, or uppercase letter, respectively. Each row (OP treatments) was considered independently. In all cases, a significant difference occurred
if p<0.05

Atrazine (n.g/L)

OP (pn.g/L) 0 10 80 200 Total
Chlorpyrifos
0.12 0 (02 2.0 (2.0)2 6.4 (4.4)* 26.0 (7.5)"° 60.1 (3.2) 18.9 (4.9~
0.17 2.0 (2.0)2 2.2 (2.2 30.8 (5.0)° 63.0 (5.4)° 86.0 (4.0)¢ 36.8 (7.0)®
0.23 8.4 (3.8)2 14.0 (5.1)2 40.2 (5.7)° 78.8 (4.8)° 98.0 (2.0)¢ 47.8 (7.4)¢
0.39 39.6 (3.7)2 45.8 (7.7)2 87.6 (5.1)° 96.0 (2.4)° 99.9 (0.0)° 73.8 (5.6)°
Total 12.5 (3.9)* 16.0 (4.7)* 41.3 (7.1)? 65.9 (6.4)3 86.0 (3.9)*
Methyl parathion
7.2 0 (02 22 (2.292 8.4 (2.1)* 12.2 (3.7)* 24.0 (6.6)° 9.4 (2.7~
32 6.0 (4.0)2 8.2 (3.8)* 13.4 (5.5)* 18.6 (1.9)* 27.0 (2.5)" 14.6 (2.2*
16 14.2 (4.0)2 14.6 (2.2)2 18.6 (4.2)2 26.6 (4.9* 39.2 (5.5)" 22.6 (2.6)®
32 42.8 (5.8)2 46.6 (7.2)* 65.6 (6.6)* 70.6 (6.6)* 73.8 (7.6)° 59.9 (3.8)¢
Total 15.8 (4.2)* 19.7 (4.4)*2 255 (5.7)23 32.0 (5.7)34 41.0 (5.6)*
Diazinon
4.4 4.2 (2.4)» 0 (02 10.8 (0.6)* 17.8 (6.6)° 19.2 (7.2)° 10.4 (2.4~
7.7 4.4 (2.7)2 4.2 (2.6)2 16.2 (5.5)* 21.0 (7.3)* 27.2 (6.1)° 14.6 (2.8~
12.7 12.2 (4.9)2 14.6 (5.2)* 33.0 (4.9* 35.2 (6.0)* 39.0 (7.0)° 26.8 (3.2)®
29.7 43.8 (4.4)2 46.2 (5.2)2 63.8 (5.3)* 68.2 (4.7)° 76.4 (4.5)° 59.7 (3.3)¢
Total 16.2 (4.1)* 16.3 (4.5)* 31.0 (5.2)2 35.6 (5.4)2 40.5 (5.8)?
Malathion
0.26 4.0 (2.2 0 (02 0 (0)2 8.4 (3.6)2 6.4 (3.8)2 10.4 (2.4~
0.44 6.2 (2.3)2 4.2 (2.3)2 7.6 (4.5 12.6 (3.5)2 13.6 (5.7)2 14.6 (2.8~
0.70 22.6 (7.8)2 26.8 (5.1)2 24.0 (6.7)2 26.0 (4.0)2 25.4 (6.5)2 26.8 (3.2)®
15 45.4 (5.7)2 47.2 (4.9)2 60.2 (6.2) 46.0 (11.2)2 47.8 (6.6) 59.7 (3.3)¢
Total 19.6 (4.6)* 19.6 (4.7)* 23.6 (5.8)* 23.3 (4.7)* 23.3 (4.7)*
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Table 3. Summary of EC50 values (p.g/L) estimated for each organophosphorus insecticide (OP) at the level of atrazine exposure indicated?

Atrazine exposure (n.g/L)

oP 0 10 40 80 200

Chlorpyrifos EC50 0.44 (0.38-0.57) 0.42 (0.36-0.56) 0.24 (0.21-0.26) 0.16 (0.14-0.17)  0.11 (0.09-0.12)
SR — 1 1.83 2.75 4.00

Methyl parathion ~ EC50 35  (28-50) 34 (27-50) 26 (22-34) 23 (19-30) 18 (15-25)
SR — 1 1.35 1.52 1.94

Malathion EC50 1.7 (1.3-2.8) 15 (1.2-2.1) 13 (1.0-17) 17 (1.2-3.6) 1.65 (1.2-3.2)
SR — 1 1 1 1

Diazinon EC50 38 (27-74) 31 (24-46) 21 (16-31) 18  (14-27) 14 (11-19)
SR — 1 1.81 2.11 2.71

aSR = synergistic ratio calculated by SR = EC50,,6/EC50,eament- The SR values were not calculated if no significant difference (p < 0.05) in
the atrazine treatment was found as compared to the control (no atrazine treatment) in the two-way analysis of variance and Tukey means

separation test.

The chlorpyrifos uptake rate for the control was 0.284 nmole/
kg/min, whereas atrazine-treated midges had a 42% higher
uptake rate (0.404 nmole/kg/min). Oxygen consumption was
also significantly increased in atrazine-dosed organisms as
compared to control organisms (t = 3.92, df = 8, p = 0.0044).
A 31% increase in oxygen consumption was noted (27.0 and
35.3 mg O,/mg midge for control and atrazine-treated midges,
respectively) and this value was similar in magnitude to the
atrazine-induced increase in chlorpyrifos uptake rate. Thus,
atrazine levels of 200 pg/L are stressful enough to the midge
to increase the respiration rate, resulting in an increased uptake
of chlorpyrifos.

Tier 111—n vivo biotransformation

Initially, midges were scored to determine percent effect
and values obtained were similar to what was expected based
upon tier | results. Treatment with atrazine at 200 pg/L and
chlorpyrifos at an ECL1 level resulted in 45.6% effect, whereas
treatment with the EC1 did not cause an effect. Treatment with
PBO reduced the percent effect of the atrazine + chlorpyrifos
mixture to 6.1% (Fig. 1).

Total body residue levels (total radioactivity) were signif-
icantly different among treatments (F = 30.29, df = 3, p <
0.0001). Atrazine + chlorpyrifos—treated midges contained
significantly larger amounts of total radioactivity than chlor-
pyrifos only treatments (p < 0.05). The PBO-treated midges
had the highest levels (p < 0.05); however, the PBO + chlor-
pyrifos treatment was not significantly different from the PBO
+ chlorpyrifos + atrazine treatment (Fig. 1). Thebody residues
of parent compound were also significantly different among
treatments (F = 73.02, df = 3, p < 0.0001). The PBO treat-
ments were not significantly different from each other; how-
ever, PBO treatments were significantly different from treat-
ments without PBO (p < 0.05). No significant difference in
parent compound concentration was found between chlorpyr-
ifos and chlorpyrifos + atrazine treatments (Fig. 1). Body
residues of chlorpyrifos-O-analog were present at low con-
centrations and therefore reliable quantitation was more dif-
ficult for this analyte. However, trends indicated that thistoxic
metabolite was at highest concentration in the chlorpyrifos +
atrazine treatment and was at lowest concentration in the PBO
treatments (F = 10.18, df = 3, p < 0.0005; Fig. 1). Body
residues of polar metabolites were significantly higher (F =
15.68, df = 3, p < 0.0001) in the chlorpyrifos + atrazine
treatment, whereas no significant differences were found
among other treatments (Fig. 1).

Analysis of water samples collected during tier 111 testing

indicated that the polar metabolite concentration in posttest
water for the atrazine and chlorpyrifos treatment containing
midges (mean = 9.8 ng/L, SE = 0.2 ng/L) was significantly
higher than chlorpyrifos-only treatments with midges (mean
=4.1ng/L, SE = 0.3ng/L; F = 1271, df = 5, p = 0.0002),
indicating an increase in biotransformation of chlorpyrifos.
Polar metabolite levels for the atrazine + chlorpyrifos treat-
ment that did not contain midges (mean = 3.5 ng/L, SE = 0.6
ng/L) were not significantly different from chlorpyrifos-only
treatments with (mean = 4.1ng/L, SE = 0.3 ng/L) or without
midges (mean = 3.1 ng/L, SE = 0.7 ng/L; Tukey’s p < 0.05).
Chlorpyrifos concentrations were not significantly different in
posttest water for any treatment with means ranging from 105
ng/L (SE = 9 ng/L) for chlorpyrifos-only treatment with midg-
es to 81 ng/lL (SE = 9 ng/L) for chlorpyrifos and atrazine
treatments with midges. Chlorpyrifos concentrations in treat-
ments without midges were 104 ng/L (SE = 1 ng/L) for chlor-
pyrifos only and 108 ng/L (SE = 8 ng/L) for the chlorpyrifos
and atrazine treatments.

Tier 1V—In vitro biotransformation

Preliminary tests demonstrated that the activity of the assay
was linear from 0.07 to 0.28 mg of protein per assay. Protein
analysis of the extractsindicated that all assayswere conducted
between 0.14 and 0.22 mg per assay. More than 85% of the
radioactivity that was not attributable to the parent compound
was found to be either TCP or chlorpyrifos-O-analog. Frac-
tions corresponding to short retention times (before TCP) con-
tained only background levels of radioactivity, indicating that
phase |1 biotransformation was not an important factor in the
assay. Assays that lacked the cofactor NADPH had less than
15% activity as compared to controls, indicating that the en-
zymatic reaction isNADPH dependent. The PBO-dosed assays
had less than 10% of the activity of the controls. These results
provide evidence that the activity being measured is the result
of NADPH-dependent cytochrome P450 monooxygenases, be-
cause PBO is a selective inhibitor of mixed-function oxidases.
Atrazine treatment had a significant effect on the specific ac-
tivity of the enzymes as measured by O-analog formation (F
= 8.59, df =2, p = 0.0082). The atrazine 2,000 p.g/L treatment
was significantly different from the other treatments (p <
0.05); however, the atrazine 200 pg/L treatment was not sig-
nificantly different from the control (Fig. 2). Significant dif-
ferences among treatments also existed when measuring TCP
formation and total metabolite formation (F = 5.10, df = 2,
p = 0.0330 and F = 5.37, df = 2, p = 0.0291, respectively);
however, the differences were found to be between atrazine
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Fig. 1. Body residue of midges exposed to toxicant mixtures for 96
h. Concentrations areindicated by the bars + 1 SE. Treatmentsmarked
with the same letter are not significantly different (Tukey’sp < 0.05).
Secondary y axis and line illustrate the percent effect found for each
treatment group. C = chlorpyrifos; A = atrazine; P = piperonyl
butoxide.

treatments only. Both treatments were not significantly dif-
ferent from the control (p > 0.05).

DISCUSSION

Tier | experiments indicate that environmentally relevant
concentrations of atrazine (40 pg/L) increased the acute tox-
icity of chlorpyrifos, methyl parathion, and diazinon, but had
no effect on malathion. These results add to a growing body
of work regarding the joint toxicity of atrazine. Several other
investigators have reported synergistic or greater than additive

J.B. Belden and M.J. Lydy

»

o
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pmote/mg*min

Atrazine 0.2 mg/L Atrazine 2 mg/L

Control

Fig. 2. Specific activities of microsomal enzymes as measured by the
formation of chlorpyrifos-O-analog are indicated by each bar. Lines
indicate + 1 SE. Midges in each treatment were exposed to the in-
dicated concentration of atrazine 48 h before extraction of enzymes.
Treatments marked with the same letter are not significantly different
(Tukey’s p < 0.05).

toxicity involving atrazine mixtures. For example, greater than
additive (synergistic) toxicity has been noted for mixtures of
atrazine and alachlor in amphibians[21], whereas atrazine and
parathion mixtures have been shown to cause greater than
additive (synergistic) toxicity in mosquito larvae [6]. Also, as
previously discussed, atrazine in binary combination with
chlorpyrifos, methyl parathion, trichlorfon, and malathion
showed greater than additive (synergistic) toxicity in C. ten-
tans. However, not all studies have demonstrated that atrazine
mixtureswill cause greater than additive toxicity. For example,
atrazine and carbofuran (carbamate insecticide) mixtures were
found to be additive in C. tentans using 10-d sediment testing
and high enough levels of atrazine to cause direct toxicity
(5,000-20,000 pg/kg [22]). However, other investigations
have indicated that atrazine in binary combination with mev-
inophos (OP, phosphate) and methoxychlor (organochlorine)
exhibited less than additive (antagonistic) toxicity to C. tentans
[7]. The variety of joint actions produced by atrazine mixtures
indicatesthat the effect of atrazine on an organism is dependent
on the species, cocontaminant, and levels of atrazine used.
Also apparent is that atrazine may cause a specific, sublethal
effect that only influences the toxicity of some contaminants.
For example, if the increased toxicity found in the current
study was due to a general decrease in the animal’s fitness,
then the greater than additive effect would occur for all tox-
icants used on this organism. However, as previously noted,
thisis not the case for atrazine in combination with methoxy-
chlor, mevinophos, or carbofuran. Therefore, a specific mech-
anism likely is responsible for the increased toxicity.

The differences in joint action noted among malathion and
the other OPs tested in the present study may be explained by
differences in chemical structure. All three compounds that
showed greater than additive toxicity are phosphorothioates
and have an aromatic side chain. Malathion is a phosphorod-
ithioate and has an aliphatic side chain. Although previous
investigators have reported that high levels of atrazine (10,000
rg/L) produced a greater than additive (synergistic) response
with malathion [7], the differences in malathion’s chemical
structure may result in slightly different biotransformation
pathways that reduce the influence of atrazine, unless atrazine
is present at very high levels.

The current study used much lower concentrations of at-
razine (10—200 p.g/L) than were used in most of the previous
studies (>500 pg/L). Not only are these lower concentrations
morerelevant to level s that occur in the environment, the lower
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levels also change how the greater than additive toxicity is
interpreted. For example, atrazine at 200 pg/L increased the
toxicity of chlorpyrifos by about a factor of four. This is a
substantial increase when considering that levels of 50 times
this amount of atrazine did not cause acute toxicity by itself.
The most likely explanation for this type of interaction is that
atrazine affects the organism in a way that increases the toxic
action of chlorpyrifos, methyl parathion, and diazinon. Be-
cause the primary metabolite for each of these compounds is
more toxic (i.e., stronger acetylcholinesterase inhibitor) than
the parent compound, likely mechanisms involve an increase
in this metabolite. In this study, two main parameters were
investigated as possible mechanisms that could result in syn-
ergistic toxicity: increased uptake of chlorpyrifos from the
environment and increased biotransformation of chlorpyrifos
to chlorpyrifos-O-anal og.

Tier 11 results indicated that the uptake rate of chlorpyrifos
was €elevated by 42% after exposure to atrazine at 200 pg/L
(Fig. 1). Thisincrease in uptake is not large enough to account
for the fourfold increase in toxicity demonstrated in tier |
testing. Assuming that all uptake is the result of first-order
kinetics with constant, passive infusion, dose becomes simply
the uptake rate multiplied by time. Additionally, a specific
dose is assumed to result in a specific percent effect. Then, in
two systems of equal exposure time, the EC50 values can be
reasoned to differ proportionately to the difference in uptake
rates. Therefore, an increase in uptake rate of 42% accounts
for approximately one tenth of the 400% increase in toxicity
observed.

Increased oxygen consumption was also noted in atrazine-
treated midges as compared to control groups. Sublethal stress
can cause increased respiration, resulting in increased uptake
and toxicity. In fish, uptake of hydrophobic chemicals (log K,
3-6) has been shown to be limited by the flow of water over
breathing surfaces [23,24]. Therefore, chlorpyrifos (log K., =
4.7) uptake is likely to increase as respiration increases.

The results of tier Il and tier IV taken collectively dem-
onstrate that an increase in biotransformation rate occurred in
atrazine-treated midges. Body residue analysis of organisms
treated in vivo with atrazine had higher levels of polar me-
tabolites, indicating that more biotransformation had occurred
(Fig. 1). However, chlorpyrifos-O-anal og level swere not high-
er in atrazine treatments, probably because of the rapid hy-
drolysis of the O-analog that occurs within the organism (Fig.
1). In insects, chlorpyrifos-O-analog is an intermediate me-
tabolite in the formation of most of the TCP found in an
organism. The TCP is then further transformed by phase 11
reactions (conjugation with a polar organic). Because the con-
centration for polar metabolites is the collective value for un-
known polar metabolites (material that did not leave the origin
of the thin-layer chromatography plate) and TCPR, an increase
in polar metabolitesis agood indicator that more chlorpyrifos-
O-analog was produced within the organism and subsequently
further transformed. In vitro assays did measure an increase
in chlorpyrifos-O-analog (Fig. 2). However, the atrazine con-
centration necessary to elicit this response was 10 times higher
than the concentrations necessary to increase in vivo biotrans-
formation. The bioassay has a great deal of variability asso-
ciated with it; therefore, small increases may not be detectable
using thistechnique. Even asmall level of induction may result
in increased biotransformation and toxicity. Because induction
was measurably increased at the higher atrazine levels, assum-
ing that lower levels of atrazine produce some induction is
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reasonable, asisindicated by the in vivo results. Chlorpyrifos-
O-analog is avery potent acetylcholinesterase inhibitor; there-
fore, even a slight increase in concentration may result in
increased toxicity as demonstrated in tier | testing. In addition,
PBO treatments reduced toxicity and reduced formation of
metabolites, indicating that cytochrome P450 monooxygenases
are involved in the biotransformation process. Other investi-
gators have also demonstrated that atrazine induces mixed-
function oxidases. For example, atrazine has been shown to
induce cytochrome P450 and general esterase activity in south-
ern armyworm [4], midges [5], and gypsy moths [3].

Trends in toxicity data, specifically for C. tentans experi-
ments, indicate that compounds that had greater than additive
toxicity when applied in binary combination with atrazine, also
had metabolites that are more toxic than the parent compound
(phosphorothioate and phosphordithioate OPs). Compounds
that have less toxic metabolites (phosphate OPs, organochlo-
rines, and carbamates) were found to have additive relation-
ships with atrazine. Furthermore, the results of tier 11 and tier
IV in the current study indicate that atrazine increased bio-
transformation rates of chlorpyrifos and specifically formation
of its O-analog. Taken collectively, this information strongly
suggests that the specific sublethal mechanism resulting in
synergistic toxicity of some atrazine mixtures is the induction
of cytochrome-P450 enzymes, resulting in formation of more
O-analog and therefore greater toxicity.

Atrazine levels used within this paper are much lower than
generally used for acute toxicity studies, because using levels
that directly caused acute toxicity was not necessary. Although
atrazine rarely exceeds 20 pg/L in most watersheds, lower-
order streams receive pulses greater than this level during the
primary application period in late spring [2]. These pulseshave
been reported to commonly reach 30 to 40 pg/L, with a max-
imum reported value of 108 p.g/L [25]. In addition, the species
used in this study primarily dwells in sediment that may have
higher levels of atrazine than are commonly found in the water
column. The duration of exposure for the tests used in this
study was either 48 or 96 h. Although lower atrazine levels
are more likely to occur in the environment, the duration of
exposure would usually be much longer; therefore, thislonger
exposure may reduce the levels of atrazine necessary to cause
increased toxicity of the OPs.

Most midwestern streams are not routinely monitored for
insecticides. However, a recent study reported that chlorpyr-
ifos, malathion, and diazinon were three of the most frequently
detected insecticides in urban areas, with detection rates of
greater than 10, 20, and 60%, respectively. These compounds
were also frequently detected in agricultural areas. The same
study reported that atrazine was detected in greater than 60%
of samples from urban and agricultural areas [26]. The wide-
spread occurrence of these compounds insures that mixtures
will co-occur in the environment and are likely to occur at
high enough concentrations to cause a toxic effect.

The results of this paper indicate that common environ-
mental mixtures can cause greater than additive toxicity. Es-
timated SR values indicate that the presence of atrazine can
increase the toxicity of chlorpyrifos by a factor of four times
the expected value and the toxicity of diazinon and methyl
parathion by a factor of two. Further study using additional
triazine herbicides, triazine metabolites, and additional species
need to be conducted to evaluate the possible environmental
risk posed by these mixtures. In addition, this paper demon-
strates that atrazine can cause sublethal effects at environ-
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mentally relevant concentrations; therefore, additional study

is
to

also necessary to evaluate the effects of chronic exposure
atrazine.

Acknowledgement—This research was funded in part by a University
Research/Creative Projects Award from Wichita State University and
a U.S. Environmental Protection Agency Experimental Program to

Sti
0.
Br

1

10.

11.

12

mulate Competitive Research (EPA EPSCoR) grant R827589-01-
We also would like to thank DowElanco, Cheminova, and Karen
own-Sullivan.

REFERENCES

. National Agricultural Statistics Service. 1997. Agricultural
Chemical Usage. 1996. U.S. Department of Agriculture, Wash-
ington, DC.

. Solomon KR, et al. 1996. Ecological risk assessment of atrazine
in North American surface waters. Environ Toxicol Chem 15:31—
76.

. Egaas E, Skaare JU, Svendsen NO, Sandvik M, Falls JG, Dau-
terman WC, Collier TK, Netland J. 1993. A comparative study
of effects of atrazine on xenobiotic metabolizing enzymesin fish
and insect, and of the in vitro phase Il atrazine metabolism in
some fish, insects, mammals and one plant species. Comp Bioch-
em Physiol 106:141-149.

. Kao LM, Wilkinson CF, Brattsten LB. 1995. In vivo effects of
2,4-D and atrazine on cytochrome P-450 and insecticide toxicity
in southern armyworm (Spodoptera eridania) larvae. Pestic Sci
45:331-334.

. Miota F, Siegfried BD, Scarf ME, Lydy MJ. 1999. Atrazine in-
duction of cytochrome P-450 in Chironomus tentans. Chemo-
sphere 40:285-291.

. Lichenstein ER, Liang TT, Anderegg BN. 1973. Synergism of
insecticides by herbicides. Science 181:847-849.

. Pape-Lindstrom PA, Lydy MJ. 1997. Synergistic toxicity of at-
razine and organophosphate i nsecticides contravenes the response
addition mixture model. Environ Toxicol Chem 16:2415-2420.

. Chambers CW. 1992. Organophosphorus compounds: An over-
view. In Chambers AE, Levi PE, eds, Organophosphates: Chem-
istry, Fate, and Effects. Academic, San Diego, CA, USA, pp 3—
18.

. Broderius SJ. 1991. Modeling the joint toxicity of xenobioticsto

aguatic organisms: Basic concepts and approaches. In MayesMA,

Barron MG, eds, Aquatic Toxicology and Risk Assessment, Vol

14. STP 1124. American Society for Testing and Materials, Phil-

adelphia, PA, pp 107-127.

Dawson DA, Wilke TS. 1991. Evaluation of the frog embryo

teratogenesis assay: Xenopus as a model system for mixture tox-

icity hazard assessment. Environ Toxicol Chem 10:941-948.

Broderius SJ, Kahl MD, Hoaglund MD. 1995. Use of joint toxic

response to define the primary mode of toxic action for diverse

industrial organic chemicals. Environ Toxicol Chem 9:1591—

1605.

. Estenik JF, CollinsWJ. 1979. In vivo and in vitro studies of mixed

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

J.B. Belden and M.J. Lydy

function oxidase in an aquatic insect, Chironomus riparius. In
Khan MAQ, Lech JJ, Menm JJ, eds, Pesticide and Zenobiotic
Metabolism in Aquatic Organisms. ACS Symposium Series 99.
American Chemical Society, Washington, DC, pp 349-370.
U.S. Environmental Protection Agency. 1993. Standard operating
procedures for laboratory cultures of Chironomus tentans. ERL -
D-SOP-CTI1-015. Duluth, MN.

U.S. Environmental Protection Agency. 1994. Methods for mea-
suring the toxicity and bioaccumulation of sediment-associated
contaminant with freshwater invertebrates. EPA/600/R-94/024.
Washington, DC.

Lydy MJ, Lohner TW, Fisher SW. 1990. Influence of pH, tem-
perature and sediment type on the toxicity, accumulation and
degradation of parathion in aquatic systems. Aquat Toxicol 17:
27-44.

Lydy MJ, Bruner KA, Fry DM, Fisher SW. 1990. Effects of
sediment and the route of exposure on the toxicity and accu-
mulation of neutral lipophilic and moderately water soluble me-
tabolizable compounds in the midge, Chironomus riparius. In
Landis WG, van der Schalie WH, eds, Aquatic Toxicology and
Risk Assessment, Vol 13. STP 1096. American Society for Testing
and Materials, Philadelphia, PA, pp 140-164.

SAS Institute. 1991. SAS®/STAT User’s Guide, 7th ed. Cary, NC,
USA.

Marking LL, Dawson VK. 1975. Method for assessment of tox-
icity or efficacy of mixtures of chemicals. Investigations in Fish
Control 67. U.S. Department of Interior, Fish and Wildlife Ser-
vice, Washington, DC.

Belden JB, Hofelt CS, Lydy MJ. 2000. Analysis of multiple pes-
ticides in urban storm water using solid-phase extraction. Arch
Environ Contam Toxicol 38:7-10.

Siegfried BD, Mullin CA. 1988. Properties of a cytochrome P-
450 dependent epoxidase in aldrin-resistant western corn root-
worms, Diabrotica virgifera virgifera LeConte. Pestic Biochem
Physiol 31:261-268.

Howe GE, Gillis R, Mowbray RC. 1998. Effect of chemical syn-
ergy and larval stage on the toxicity of atrazine and alachlor to
amphibian larvae. Environ Toxicol Chem 17:519-525.

Douglas WS, Mclntosh A, Clausen JC. 1993. Toxicity of sedi-
ments containing atrazine and carbofuran and to larvae of the
midge C. tentans. Environ Toxicol Chem 12:847-853.

Erickson RJ, McKim JM. 1990. A simple flow-limited model for
exchange of organic chemicals at fish gills. Environ Toxicol Chem
9:159-165.

Nichols JW, McKim JM, Anderson ME, Gargas ML, Clewell HJ,
Erickson RJ. 1990. A physiological based toxicokinetics model
for the uptake and disposition of waterborne organic chemicals
in fish. Toxicol Appl Pharmacol 106:433—-447.

Thurman EM, Goolshy DA, Meyer MT, Mills MS, Pomes ML,
Kolpin DW. 1992. A reconnaissance study of herbicides and their
metabolites in surface water of the midwestern United States
using immunoassay and gas chromatography/mass spectroscopy.
Environ Sci Technol 26:2440-2447.

Gilliom RJ, Barbash JE, Kolpin DW, Larson SJ. 1999. Testing
water quality for pesticide pollution. Environ Sci Technol 33:
164-169.



