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Abstract. Sublethal effects of three pesticides including
atrazine (triazine herbicide), DDT (organochlorinated insecti-
cide), and chlorpyrifos (organophosphate insecticide) on ace-
tylcholinesterase (AChE), general esterase (GE), glutathione
S-transferase (GST), and cytochrome P450 monooxygenase
(P450) activities were evaluated in the aquatic midge
Chironomus tentans. Exposures of midges to atrazine at 30 and
150 micrograms per liter (ug/L) for 20 d (i.e., from the first- to
fourth-instar larvae) enhanced P450 O-deethylation activity by
12.5- and 15.5-fold, respectively, but did not significantly
change AChE, GST, and GE activities. Similar exposures to
DDT at 0.01 and 0.05 pg/L did not significantly affect AChE,
GE, and P450 activities; however, DDT at 0.05 pg/L enhanced
GST activity toward the substrate 1-chloro-2, 4-dinitrobenzene
by 33.6%. Exposures of midges to chlorpyrifos at 0.10 pg/L
for 20 d reduced AChE activity by 59.8%, and GE activities
toward the substrates o-naphthyl acetate and B-naphthyl ace-
tate by 30.7 and 48.8%, respectively. The reduced GE activi-
ties appear to be due to the inhibition of several esterases,
particularly the one with a slow migration, by chlorpyrifos as
demonstrated by non-denaturing polyacrylamide gel electro-
phoresis. Furthermore, exposure of midges to chlorpyrifos at
0.10 pg/L for 20 d enhanced the P450 O-deethylation activity
by 3.3-fold although no significant effect was observed at
0.02 pg/L for the same enzyme. These results provide insights
into the sublethal effects of these commonly detected pesti-
cides in aquatic environments on important enzymes in aquatic
midges.

The extensive use of pesticides over the past several decades
has led to their recurrent detection in many surface and ground
waters (Hopkins et al. 2000; Larson et al. 1999). Atrazine is an
extensively used triazine herbicide in a variety of agricultural
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and other broad-leaf weed and grass control practices. More
than 38 million kilograms of atrazine are applied annually in
the US (Gianessi and Puffer 1994; Gianessi 1998; US EPA
1994a; Solomon et al. 1996). It is a relatively persistent and
mobile herbicide that is often deposited to surface water by
spray drift and erosion, and reaches ground water as a result of
leaching. Previous studies reported atrazine residues as high as
700 and 2300 pg/L in the ground water of 13 states and in the
surface water of 31 states, respectively, during peak applica-
tion periods (Thurman et al. 1992; Pratt et al. 1997). However,
surface and ground water concentrations of atrazine are typi-
cally below the US EPA’s drinking water standard maximum
contaminant level of 3 pg/L (Kello 1989; Thurman et al. 1992;
Solomon et al. 1996; Pratt et al. 1997, Baker 1998).

Dichlorodiphenyltrichloroethane (DDT) is an organochlo-
rinated insecticide used to control both agricultural and
nonagricultural pests. Although the use of DDT, especially in
agriculture, has been banned in the US due to its bioac-
cumulability, it continues to be used to control insect vectors
of diseases in some parts of the world. Due to its extensive
use, DDT is a ubiquitous pesticide recurrently transformed
and redistributed in the environment (Faroon er al. 2002). It
is essentially immobile in soil and, therefore, water con-
tamination is significantly caused by runoff from erosion.
Monitoring studies show that concentrations of DDT in all
media have been declining throughout the US after the use of
DDT was banned (Faroon et al. 2002). However, DDT
concentrations ranging from 0.12 to 350 pg/L are still re-
ported in the surface sediment of several watersheds in the
central and southeastern US (Van Metre et al. 1997; Cooper
et al. 2003).

Chlorpyrifos is a broad-spectrum organophosphate (OP)
insecticide used for controlling insect pests on a variety of
vegetable, orchard, and ornamental crops. Approximately 9
million kilograms of active ingredient are used yearly with
about 26% of the total volume applied to corn (US EPA 2000).
In recent years, the major non-crop uses for chlorpyrifos in-
clude indoor pest control, cattle ear tags, tick and flea prod-
ucts, as well as subterranean termite control. Surface water
contamination is significantly caused by runoff from eroding
soil and spray drift during application (US EPA 2000). For
example, maximum concentrations of chlorpyrifos detected in
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rivers and streams in the Lake Erie basin of Ohio ranged from
0.16 to 3.84 pg/L (Richards and Baker 1993). In a cornfield
spray study, mean concentrations of chlorpyrifos measured in
adjacent water bodies ranged from nondetectable levels to
67 pg/L (US EPA 2000). Nevertheless, chlorpyrifos concen-
trations found in several major surface water monitoring
studies rarely exceeded 0.40 pg/L (US EPA 2000).

Although pesticides, such as atrazine, DDT, or chlorpyrifos,
may be deposited into aquatic environments at relatively high
concentrations during the peak application periods of spring
and early summer, the transient nature of pesticide concen-
trations in aquatic systems dictates that many aquatic organ-
isms are rarely exposed to elevated concentrations of
pesticides for continuous periods of time. However, bio-
chemical or physiological impairments may occur when
organisms are exposed to a pesticide or its metabolites at
sublethal concentrations for extended periods of time. This
study examined the sublethal effects of atrazine, DDT, and
chlorpyrifos on the OP target enzyme acetylcholinesterase
(AChE), and three major detoxification enzyme systems
including general esterases (GE), glutathione S-transferases
(GST), and cytochrome P450 monooxygenases (P450) in the
aquatic midge Chironomus tentans following 20-d exposures.
Results from this study are expected to provide insights into
the sublethal effects of these commonly detected pesticides in
aquatic environments on important enzymes in aquatic
midges.

Materials and Methods

Test Organism

The aquatic midges C. tentans were taken from the colonies cultured
in the Department of Entomology at Kansas State University
according to the US Environmental Protection Agency standard
operating procedures for static cultures (US EPA 1994b), with slight
modifications. Instead of separating each generation from the egg
masses, the midges were reared in mixed-age brood cultures.

Chemicals

Acetone (American Chemical Society certified) was purchased
from Fisher Scientific (Pittsburgh, PA). Acetylthiocholine iodide
(ATC), o-naphthol, o-naphthyl acetate (0-NA), B-naphthol, B-naph-
thyl acetate (B-NA), reduced PB-nicotinamide adenine dinucleotide
phosphate (B-NADPH), bicinchoninic acid solution (BCA), 1-chloro-
2, 4-dinitrobenzene (CDNB), 5,5’-dithio-bis (2-nitrobenzoic acid)
(DTNB), 7-ethoxycoumarin (7-EC), fast blue B salt (O-dianisidine,
tetrazotized), fast garnet GBC salt (2-methyl-4 [(2-methylphenyl)-
azo] benzenediazonium salt), glutathione, glutathione reductase,
sodium dodecyl sulfate (SDS), umbelliferone (7-hydroxycoumarin),
and Triton X-100 were purchased from Sigma Chemical Company
(St. Louis, MO). Chlorpyrifos [0,O-diethyl O-3,5,6-trichloro-2-pyr-
idylphosphorothioate] (99.5% pure), atrazine [6-chloro-N-ethyl-N"-(1-
methylethyl)-1,3,5-triazine-2,4-diamine] (99%), and DDT (19% of
0,p”-DDT, 74.2% of p,p’-DDT) were purchased from Chem Service
(West Chester, PA). Acrylamide and bovine serum albumin
(BSA) were purchased from Bio-Rad Laboratories (Hercules, CA).
3,4-Dichloronitrobenzene (DCNB) was purchased from Aldrich
Chemical Co. (Milwaukee, WI).
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Chronic Exposure to Individual Pesticides

The pesticide bioassays were performed using protocols described by
US EPA (1994b), with some modifications. Briefly, 10 male and 15
female adult midges were collected from the mixed-age brood cul-
tures and transferred to a net cage (28 x 28 x 29.5 cm). A dish
containing reconstituted water was placed into the cage for egg
deposition. Egg masses were collected after 24 h and transferred to
Petri dishes containing reconstituted water. The egg masses were
incubated for 48 h in a growth chamber (Percival Scientific, Boone,
IA, USA) at 25 + 1°C with a 16:8-h light:dark photoperiod (maxi-
mum light intensity: 80 pmol/m?/s).

To assess the sublethal effects of atrazine, DDT, and chlorpyrifos
on various enzyme activities, newly hatched first-instar C. tentans
larvae (within 4 h) were exposed to two concentrations of each
pesticide for 20 d. The concentrations of pesticides were 30 and
150 pg/L for atrazine, 0.01 and 0.05 pg/L for DDT, and 0.02 and
0.1 pg/L for chlorpyrifos. These pesticide concentrations are envi-
ronmentally relevant (see the Introduction) and were chosen based
on our previous bioassays (Rakontondravelo 2004). Neither atrazine
nor DDT at these concentrations affected larval survivorship in 20-d
bioassays. Chlorpyrifos at 0.02 pg/L did not affect the larval sur-
vivorship, whereas at 0.10 pg/L it reduced larval survivorship by
67% in 20 d. Each pesticide was delivered by adding 10 pl of
pesticide solution to 300 ml reconstituted water containing 15
midges and 10 ml clean sand in a glass beaker. The same procedure
was used to treat midges with corresponding concentrations of
acetone in water (33 pl/L) as controls. The bioassays were repeated
six times for each pesticide concentration and control. The treated
midges were maintained in the growth chamber at 25 + 1°C with a
16:8-h light:dark photoperiod. During the pesticide exposures, water
was replenished every 72 h with new oxygenated water containing a
corresponding pesticide at the same concentration and slurry of
Tetra-fin flake fish food was added daily. The midge larvae reached
the fourth-instar stage after 20 d. All surviving midge larvae were
collected from each beaker as a sample and used for various enzyme
assays.

Acetylcholinesterase (AChE) Assay

ACHhE activity in fourth-instar C. tentans was determined according to
the method of Ellman et al. (1961) as modified by Zhu et al. (1996)
using ATC as a substrate. Each sample was homogenized in ice-cold
0.1 M phosphate buffer (pH 7.5) containing 0.3% (v/v) Triton X-100
at the rate of one midge larva per 100 pl homogenizing buffer. The
homogenates were centrifuged at 15,000g for 15 min at 4°C and the
supernatants were used as enzyme sources. AChE activity was
determined using an enzyme kinetic microplate reader (Molecular
Devices, Menlo Park, CA, USA) at 405 nm.

General Esterase (GE) Assay

GE activity was determined in fourth-instar C. fentans larvae
according to the method described by Zhu and Gao (1998). Each
sample was homogenized in ice-cold 0.1 M phosphate buffer (pH
7.5) containing 0.3% (v/v) Triton X-100. After the homogenates
were centrifuged at 15,000g for 15 min at 4°C, the supernatants
were used as the enzyme source for measuring GE activities with
o-NA or B-NA as substrates. The absorbance was read using a Via
enzyme kinetic microplate reader at 600 and 560 nm for o-NA and
B-NA, respectively.
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Electrophoretic Analysis of General Esterases (GE)

Nondenaturing polyacrylamide gel electrophoresis (PAGE) was per-
formed to separate GE in a Mini-Protean II vertical electrophoresis
apparatus (Bio-Rad, Hercules, CA) using a 4% stacking gel and 7.5%
separating gel. The enzyme was prepared as described above for GE
assays. The gel electrophoresis and GE staining procedures were
essentially the same as described by Zhu and Gao (1998) using a-NA
or B-NA as substrates and fast garnet GBC salt as chromogenic agent.

Glutathione S-Transferase (GST) Assay

GST activity in fourth-instar C. tentans larvae was determined
according to the method of Zhu et al. (2000) using CDNB and DCNB
as substrates. The conjugation of glutathione towards CDNB or
DCNB was determined by recording the change in absorbance at 340
nm for CDNB and 344 nm for DCNB for 1 min with 10-sec intervals
using an Ultrospec 3000 UV/visible spectrophotometer (Pharmacia
Biotech, Ltd., Cambridge, UK). Nonenzymatic controls were per-
formed in parallel in order to correct for nonenzymatic conjugation.

Cytochrome P450 Monooxygenase (P450) Assay

P450 activity was determined based on the method of Stumpf and
Nauen (2001) with some modifications (Anderson and Zhu 2004)
using 7-ethoxycoumarin (7-EC) as a substrate. The fluorescence of
umbelliferone was measured with a FLX800TBIDE microplate fluo-
rescence reader (Bio-Tek Instruments, Inc., Winooski, VT, USA) at
465 nm while exciting at 390 nm.

Protein Assay

The concentration of total protein in each sample preparation was
determined based on the method of Smith et al. (1985) using bovine
serum albumin as a standard. The measurement was carried out using
the microplate reader (Molecular Devices) at 560 nm.

Statistical Analysis

The differences in enzyme activity for each pesticide were statistically
compared using Fisher’s least significant difference (LSD) multiple
comparison test (SAS Institute 1996).

Results

Effect of Pesticides on Acetylcholinesterase (AChE)
Activity

There was no significant difference in AChE activity in
C. tentans larvae exposed to atrazine at either 30 or 150 pg/L
for 20 d as compared with the solvent (i.e., acetone) controls
(Table 1). Similarly, the concentration of DDT at either 0.01
or 0.05 pg/L had no significant effect on the AChE activity in
the midges as compared with either of the controls. However,
chlorpyrifos at 0.10 pg/L reduced AChE activity by 59.8% as
compared with the solvent control.

M.L. Rakotondravelo et al.

Table 1. Sublethal effect of three pesticides on acetylcholinesterase
(AChE) activity in C. tentans larvae following 20-d exposures

AChE activity

Pesticide Concentration (nmol/min/mg protein)
Atrazine Control (water-only) 11.9+0.7 a
Control (acetone 33 pl/L) 8.6+02b
30 pg/L 83+£09b
150 pg/L 87+0.7b
DDT Control (water-only) 129+£0.7 a
Control (acetone 33 pl/L) 11.1 £ 0.2 a
0.01 pg/L 106 £ 09 a
0.05 pg/L 11.7+£0.7 a
Chlorpyrifos ~ Control (water-only) 9.1+08a
Control (acetone 33 pl/L) 8.2 +0.5 ab
0.02 pg/L 70x08b
0.10 pg/L 33+04c

AChE activity is presented as the mean + standard error (n = 6).
ACHhE activity values followed by the same lowercase letter are not
significantly different (p > 0.05, Fisher’s LSD multiple comparison
test).

Effect of Pesticides on General Esterase (GE) Activity

There was no significant difference in GE activity towards
o-NA and B-NA in midge larvae exposed to atrazine at either
30 or 150 pg/L for 20 d as compared with either water-only or
solvent controls (Table 2). Likewise, DDT at either 0.01 or
0.05 pg/L had no significant effect on GE activity towards
either a-NA or B-NA as compared with the solvent control.
However, chlorpyrifos at 0.02 pg/L reduced GE activity
towards B-NA by 17.1% and at 0.10 pg/L reduced the enzyme
activity towards o-NA and B-NA by 30.7 and 48.8%, respec-
tively, as compared with solvent controls.

Electrophoretic Analysis of Pesticide Effects on General
Esterases (GE)

The nondenaturing PAGE revealed multiple esterases in
fourth-instar C. tentans larvae with the capability of hydro-
lyzing both o-NA and B-NA substrates (Figure. 1). However,
neither atrazine (30 and 150 pg/L) nor DDT (0.01 and
0.05 pg/L) showed any significant effect on GE activity
or banding pattern in midges. In contrast, chlorpyrifos at
0.02 pg/L significantly reduced the activity of at least one
esterase and at 0.10 pg/LL completely inhibited the esterase
activity as shown on the gel. Nevertheless, no significant
differences in GE activity or banding pattern were found be-
tween the two substrates in all the pesticide treatments (gel
picture for o-NA not shown).

Effect of Pesticides on Glutathione S-Transferase (GST)
Activity

GST activities towards CDNB and DCNB in midge larvae
exposed to atrazine (30 and 150 pg/L) or chlorpyrifos (0.02
and 0.10 pg/L) were not significantly different from their
corresponding solvent controls (p > 0.05, Table 3). However,
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Atrazine DDT

DDT at 0.05 png/L enhanced GST activity towards CDNB by
33.6% as compared with the solvent control.

Effect of Pesticides on Cytochrome P450 Monooxygenase
(P450) Activity

Exposures of the midge larvae to DDT at 0.01 and 0.05 pg/L
or chlorpyrifos at 0.02 pg/L for 20 d did not result in signif-
icant changes in the P450 O-deethylation activity as compared
with the water-only and solvent controls (p > 0.05, Table 4).
However, when the midge larvae were exposed to chlorpyrifos
at 0.10 pg/L, the enzyme activity was increased by 3.3-fold as
compared with that of the solvent control. Furthermore, the
enzyme activity in midge larvae exposed to atrazine at 30 and
150 pg/LL was enhanced by 12.5- and 15.5-fold, respectively,
as compared with the solvent controls (Table 4).

Discussion

Pesticidetarget and detoxification enzymes are often examined
for potential effects of pesticides on target and nontarget
organisms. Some of these enzymes are also frequently used as
biomarkers of pesticide exposures in various organisms
because the activity of these enzymes in the organisms could
change in response to pesticide exposures (Johnson 1993). To
date, most studies have focused on the responses of enzymes to
acute pesticide exposures, and relatively few reports have as-
sessed changes of enzyme activity in the organisms chronically
exposed to sublethal concentrations of pesticides. This study
examined the responses of several important enzymes (AChE,
GEs, GSTs, and P450) in aquatic midge larvae exposed to
sublethal concentrations of three pesticides (atrazine,
chlorpyrifos, and DDT) for 20 d.

It has been well established that AChE plays an integral role
in cholinergic nerve transmission and is the target site of
inhibition by OP and carbamate insecticides. The assessment
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Chlorpyrifos

Fig. 1. General esterase (GE) profiles in
fourth-instar larvae of C. fentans exposed
to three pesticides for 20 d. GE were
separated by nondenaturing
polyacrylamide gel electrophoresis and
visualized using B-naphthyl acetate (B-
NA) as a substrate and fast garnet GBC
salt as a chromogenic agent. Arrow
indicates a particular esterase inhibited by
chlorpyrifos in a concentration-dependent
manner. CK - Acetone: control without
solvent (acetone) in water; CK+ Acetone:
control with acetone (33 pl/L) in water

of AChE activity is a common diagnostic tool for evaluating
the exposure of an organism to various pesticides, particularly
OP and carbamate insecticides (Hyne and Maher 2003). Our
study demonstrated a significant decrease of AChE activity
(59.8%) in C. tentans larvae chronically (20 d) exposed to
chlorpyrifos at an environmentally relevant concentration
(0.10 pg/L). Such an inhibition was associated with 67%
mortality of the midge larvae after 20 d (Rakotondravelo
2004). In contrast to the results of Jin-Clark et al. (2002)
showing approximately 30% inhibition of AChE in fourth-
instar C. tentans exposed to chlorpyrifos at 0.25 pg/L for 48 h,
our current study indicates that chronic exposures of C. tentans
larvae to chlorpyrifos even at a lower concentration can result
in a more pronounced inhibition to AChE as compared with
acute exposures to the same insecticide. Such an increase of
AChE inhibition in an organism could lead to increased
mortality as demonstrated by Ibrahim et al. (1998). These
researchers confirmed the inhibition of AChE activity in other
aquatic midges by several OPs in a concentration-dependent
manner, and described that a 20 to 30% inhibition of AChE
activity by an OP accounts for as much as 30 to 40% mortality
in the midge C. riparius.

Our study did not find any significant effect on AChE
activity in C. fentans larvae exposed to atrazine at either 30 or
150 pg/L for 20 d. Anderson and Zhu (2004) reported that an
acute exposure of atrazine as high as 1000 pg/L did not sig-
nificantly alter AChE activity in fourth-instar C. fentans.
Anderson and Lydy (2002) also demonstrated that exposure to
atrazine at 200 pg/L had no effect on AChE activity in the
aquatic amphipod Hyalella azteca. Based on the previous and
current studies, it is logical to state that both acute and chronic
exposures of atrazine to C. tentans larvae and perhaps other
aquatic organisms will not significantly affect AChE. Our
study also did not show any significant effect of DDT at either
0.01 or 0.05 pg/L on AChE activity in C. tentans. These re-
sults agree with those of previous studies showing no signifi-
cant effects of other organochlorinated insecticides, such as
lindane, on AChE activity in C. riparius exposed to concen-
trations 10,000-fold higher than those used in this study
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Table 2. Sublethal effect of three pesticides on general esterase (GE)
activity in C. tentans larvae following 20-d exposures as determined
by using a-napthyl acetate (o-NA) or B-naphthyl acetate (B-NA) as
substrates

GE activity (%)

M.L. Rakotondravelo et al.

Table 3. Sublethal effect of three pesticides on glutathione S-trans-
ferase (GST) activity in C. tentans larvae following 20-d exposures
determined by using CDNB or DCNB as substrates

GST activity
(nmol/min/mg protein)

Pesticide Concentration (0-NA) (B-NA) Pesticide Concentration CDNB DCNB
Atrazine Control 1000 +4.0a 1000+59a Atrazine Control 4977 +624a 294+62a
(water-only) (water-only)
Control 96.5 +8.0a 85.5+4.3 ab Control 4977 +444a 263+40a
(acetone 33 pl/L) (acetone 33 pl/L)
30 pg/L 945+103a 825=%57ab 30 pg/L 4947 +588a 268+ 19a
150 pg/L 966+ 11.7a 827x16Db 150 pg/L 495.1+£727a 258+40a
DDT Control 100.0 £ 8.6 a 100.0 £5.0 a DDT Control 5424 +213a 196%x29a
(water-only) (water-only)
Control 949 +16a 87.8 +£6.0b Control 4795+ 84 a 158+ 14a
(acetone 33 pl/L) (acetone 33 pl/L)
0.01 pg/L 96.0+29a 83.6+27b 0.01 pg/L 4940 +250a 18.0x1.6a
0.05 pg/L 929=+16a 80.9 £6.0b 0.05 pg/L 6404 +31.6b 191 x19a
Chlorpyrifos  Control 1000 £59a 100.0+38a Chlorpyrifos  Control 445.0+41.1a 82+14a
(water-only) (water-only)
Control 756 +40Db 823 +34b Control 3874 +350ab 82+09a
(acetone 33 pl/L) (acetone 33 pl/L)
0.02 pg/L 668 +58bc 684+29c 0.02 ng/L 369.6 +356ab 6.7+09a
0.10 pg/L 523 x5.1¢c¢ 423 +50d 0.10 pg/L 3273 +244b 64+14a

Relative general esterase (GE) activity is presented as the

mean + standard error (n = 6) using o-napthyl acetate (a-NA) or
B-naphthyl acetate as substrates. The means followed by the same
lowercase letter are not significantly different (p > 0.05, Fisher’s LSD
multiple comparison test).

(Ibrahim et al. 1998). However, these findings should not be
surprising because AChE is not a target enzyme for either
triazine herbicides or organochlorinated insecticides.

As expected, our results in evaluating the effects of atrazine,
chlorpyrifos, and DDT on GE activity showed similar results
as those on AChE in C. tentans larvae. Chlorpyrifos at
0.10 pg/L suppressed GE activity in C. tentans by 30.7%
towards o-NA and by 48.8% towards B-NA following 20-d
exposures (Table 2). As revealed by PAGE, exposure of
C. tentans larvae to chlorpyrifos at 0.02 pg/L for 20 d sig-
nificantly reduced the activity of an esterase with slow
migration whereas chlorpyrifos at 0.10 pg/L  completely
suppressed the same esterase relative to the solvent control
(Figure. 1). However, neither atrazine nor DDT at the test
concentrations had a significant effect on GE activity in C.
tentans for a-NA or B-NA. Because the mechanism employed
by GE to detoxify via hydrolysis or sequestration constitutes
one of the most important defenses against exposure to pes-
ticides such as OPs, inhibition to GE by OPs may minimize
similar inhibition to AChE in a competitive manner (Zhu and
Brindley 1992). Thus, GE may serve as a reservoir for OPs to
reduce the inhibition of AChE and, therefore, reduce the
mortality of the organism.

Our study showed that DDT at 0.05 pg/L increased GST
activity by approximately 33.6% towards CDNB in C. tentans
following a 20-d exposure as compared with the solvent con-
trol (Table 3). Thus, our results agree well with those of Plapp
and Casida (1970), and Hayaoka and Deuterman (1982)
showing elevated GST activity in many different species fol-
lowing DDT exposures. Our study, however, did not show any
significant effect of atrazine or chlorpyrifos on GST activity

GST activity is presented as the mean + standard error (n = 6) using
CDNB or DCNB as substrates. The means followed by the same
lowercase letter are not significantly different (p > 0.05, Fisher’s LSD
multiple comparison test).

towards either CDNB or DCNB in midge larvae. Our results
agree with those of Egaas et al. (1993) showing no effect on
GST activity by atrazine in insects, but are different from those
of Hodge et al. (2000) showing an inhibitory effect on GST by
chlorpyrifos. The GSTs represent an important family of
detoxification enzymes that catalyze the conjugation of a wide
range of molecules with the tripeptide glutathione. Pharma-
cologically, DDT is a relatively suitable substrate to be con-
jugated by GST due to its hydrophobicity. Thus, increased
GST activity in DDT-treated midge larvae may represent a
substrate (i.e., DDT)-induced phenomenon. However, it is
unknown as to whether such an increased GST activity was
due to an increased expression of GST gene(s).

Our study revealed that atrazine can significantly increase
P450 activity in C. tentans larvae (Table 4). After the midge
larvae were exposed to atrazine at 30 and 150 pg/L for 20 d,
the enzyme activity was increased by 12.5- and 15.5-fold,
respectively, as compared with the acetone control. Further-
more, P450 activity was also increased by 3.3-fold when the
midge larvae were exposed to chlorpyrifos at 0.10 pg/L for
20 d. However, DDT at 0.01 and 0.05 pg/L did not show a
significant effect on P450 activity in midge larvae. Previous
studies have demonstrated that atrazine is capable of increas-
ing P450 activity (Anderson and Zhu 2004) and P450 gene
expression (Londono et al. 2004) in C. tentans larvae fol-
lowing acute exposures. Apparently, atrazine-induced P450
activity is likely caused by an up-regulation of P450 gene
expression as observed by Londono et al. (2004).

The induction of P450 by atrazine may affect the toxicity of
other pesticides co-existing in the environment. In C. fentans,
for example, the induction of P450 by atrazine was found to
increase the toxicities of several OPs including dimethoate,
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Table 4. Sublethal effect of three pesticides on cytochrome P450
monooxygenase O-deethylation activity in C. tentans larvae following
20-d exposures

P450 Activity

Pesticide Concentration (fmol/min/mg protein)
Control Water-only 0.36 £ 0.04 a

Acetone (33 pl/L) 0.30 £ 0.02 a
Atrazine 30 pg/L 3.76 £ 0.10 ¢

150 pg/L 4.64 £0.14d
DDT 0.01 pg/L 0.32 £0.03 a

0.05 pg/L 032+0.02a
Chlorpyrifos 0.02 pg/L 0.35+0.01 a

0.10 pg/L 1.00 £ 0.07 b

P450 activities are presented as the means + standard error (n = 4) by
using 7-ethoxycoumarin (7-EC) as substrate. Enzyme activity values
followed by the same lowercase letter are not significantly different
(p 2 0.05, Fisher’s LSD multiple comparison test).

disulfoton, and demeton-S-methyl possibly by enhancing the
oxidative activation of these compounds to O-analog or sulf-
oxide analogs with increased anticholinesterase activity
(Anderson and Zhu 2004). In contrast, the induction of P450
by atrazine was found to reduce the toxicity of the OP
omethaote possibly by enhancing oxidative metabolic detoxi-
fication since omethaote does not require oxidative activation.
In addition, our results on increased P450 activity in chlor-
pyrifos-treated midges agree with that of Anderson and Zhu
(2004) showing a considerable increase in P450 activity in
C. tentans exposed to the OP dimethoate. Such an increase in
P450 activity may affect the midge’s susceptibility to other
toxic contaminants in water either by activating a less toxic
parent compound to a more toxic metabolite or by detoxifying
a toxic molecule to a less toxic metabolite in the organism as
demonstrated by Anderson and Zhu (2004).

Conclusions

Our study revealed that sublethal exposures of midges to
atrazine dramatically enhanced P450 activity but did not sig-
nificantly affect AChE, GST, and GE activities. Sublethal
exposures of midges to DDT did not appear to significantly
affect AChE, GE, and P450 activities, but can enhance GST
activity. Furthermore, exposures of midges to chlorpyrifos can
significantly reduce AChE and GE activities. These results
provide insights into the sublethal effect of these commonly
detected pesticides in an aquatic environment on important
enzymes in aquatic midges. Some of these pesticidetarget and
detoxification enzymes may be further evaluated to serve as
potential biomarkers in order to examine the exposures of non-
target aquatic organisms to sublethal concentrations of
pesticides in aquatic environments.
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