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the CYP4 family in insects. A BLASTx search of Genbank us-
ing the C. tentans cytochrome P450 nucleotide sequence iden-
tified five insect cytochrome P450 genes that shared optimal
translated protein homology: Helicoverpa armigera (Lepi-
doptera: Noctuidae) CYP4GS8 with 74% of identity, Diabrot-
ica virgifera virgifera (Coleoptera: Chrysomelidae) CYP4G18
with 77% of identity, and Drosophila melanogaster (Diptera:
Drosophilidae) CYP-4G1 with 81% of identity (Genbank).
Alignments of the inferred amino acid sequences (excluding
primer regions) of the three CYP4 gene fragments including
the CYP450 for C. fentans indicate the presence high degree
of similarity among the sequences (Figure 2).

3.3. Determination of cytochrome P450 family 4 expression

Northern blotting experiments employed a probe derived
from the cytochrome P450 fragment previously identified.
Two different bands of 1.6 and 1.9 kb RNA hybridized with the
probe in both exposed and unexposed samples from third in-
star Chironomus tentans larvae (Figure 3). Constitutive signals
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Figure 1. Effect of atrazine on NADPH-dependent cytochrome P450 O-de-
methylation in the 10,000g supernatant of gut homogenates from C. fentans
late instar larvae. Bars indicate means = SD of 3 replicate experiments with
3 measurements for each experiment; * indicates significant differences (P <
0.05) from control or unexposed midges.
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were more intense for atrazine exposed relative to unexposed
midges suggesting that cytochrome P450 family 4 gene ex-
pression was induced by atrazine. The presence of two dis-
tinct bands suggests the presence of multiple genes and indi-
cates that at least two subfamilies of cytochrome P450 family
4 genes may be induced by atrazine.

4. Discussion

Results from this study suggest that a cytochrome P450
family 4 gene is induced by atrazine in third instar Chirono-
mus tentans larvae. Exposure of midge larvae to 1.0 and 10
mg/l atrazine resulted in significantly increased cytochrome
P450 activity relative to unexposed midges. Concentrations
below 1.0 mg/l did not cause significant induction, and at-
razine concentrations that caused induction are greater than
those commonly reported in contaminated surface water.
Given that cytochrome P450 plays a significant role in reg-
ulating growth and developmental hormones in both verte-
brates and invertebrates, and due to its primary function in
xenobiotic metabolism, environmental contaminants that
influence its activity could result in important ecological
effects.

Family 4 P450 genes have been identified in numerous in-
sect species, including Anopheles albimanus (Rodrigues and
Prough, 1991), Manduca sexta (Snyder et al., 1995), Dro-
sophila melanogaster (Danielson et al., 1998), Diabrotica vir-
gifera virgifera (Scharf et al., 2001) and Musca domestica
(Rodrigues and Prough, 1991). Family 4 P450 genes are in-
creasingly being identified as important in conferring resis-
tance to insecticides and other environmental chemicals, and
have also been implicated in toxin metabolism (Rodrigues
and Prough, 1991). Although amplification with primers de-
signed from family 4 P450 genes resulted in a single product,
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PPVPLIARRLDYDLKLASGPYTVPKGTTVIVLOYCVHRRPDIYPNPTEFDPDNFLFPER
PPVPIIARQIKODITLPSNGKOVPAGTTVVVATYKLHRREDVYPNPTEFDPDNFLPER
PPVPYIARTLDEDIEL. .NGYLIPKEASIDIWIYDIHRNPKHWPEPEKFDPDRFLPEN
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Figure 2. Alignment of deduced amino acids for C. tentans CYP4 gene fragment (AY 155456) with three homologous CYP4 fragments from Drosophila mela-
nogaster (U34328), H. armigera (U86002) and D. virgifera virgifera (AF243506). Consensus sequence is provided at bottom (blackened residues are identical
to consensus; periods = consensus). Hyphens indicate gaps inserted by GCG-pileup program for alignment purposes. The conserved motifs ETLR and PTKF are

underlined.
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northern analysis indicates that there may be at least two dis-
tinct family 4 Cytochrome P450 genes that are induced in C.
tentans.

Although atrazine concentrations that caused significant
induction of P450 activity in C. fentans were generally higher
than what is considered to be environmentally relevant, the
identification of specific P450 genes responsive to atrazine
could provide the basis for developing more sensitive and
specific molecular biomarkers that can be used in evaluation
and protection of water quality. Additionally, because this en-
zyme system plays a critical role in numerous physiological
processes, its induction measured at a molecular scale pro-
vides necessary genetic information to assess potential conse-
quences of exposure in aquatic organisms.
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Figure 3. Northern blotting analysis of CYP4 expression in atrazine induced
(exposed 10 mg/l atrazine in solution for 90 h) and control C. tentans larvae.
(A) Methylene blue-stained 18S RNA on membrane prior to northern hybrid-
ization. (B) Densitometric analysis corresponding to staining intensity shown
in (A). (C) Chemiluminescence indicating probe hybridization to 1.9 and 1.6
kb mRNA bands. (D) and (E) Densitometric analysis corresponding to 1.9
and 1.6 kb mRNA bands, respectively. The blot is representative of 5 sepa-
rate experiments.

Acknowledgements

The authors wish to acknowledge Michael Sharf and Srini-
vas Parimi who contributed with their suggestions and assis-
tance. David Taylor and Meg Allen provided critical review.
Rafael Montalvo provided support for the molecular biology
procedures. Terence Spencer assisted in maintenance of the
midge cultures. This project was supported by a grant from
the US EPA EPSCoR program (grant #R827590-01-0). This
paper is published with approval of the Director as Journal
Series paper 14147. Nebraska Agricultural Research Divi-
sion, and contribution number 1157 of the Department of Ento-
mology, University of Nebraska.

References

Batar, M., Schalk, M.A., Pierrel, A., Zimmerlin, F.D., Werck-Reich-
hart, D., 1997. Regulation of the cinnamate 4-hydrolase (CY-
P73AI) in Jerusalem artichoke tubers in response to wounding
and chemical treatments. Plant Physiol. 113, 951-959.

Belden, J.B., Lydy, M.J., 2000. Impact of atrazine on organo-
phosphate insecticide toxicity. Environ. Tox. Chem. 19 (9),
2266-2274.

Danielson, P.B., Foster, J.L., McMahill, M.M., Smith, M.K., Fogle-
man, J.C., 1998. Induction by alkaloids and phenobarbital of
family 4 cytochrome P450s in Drosophila: evidence for involve-
ment in host plant utilization. Mol. Gen. Genet. 259, 54-59.

DeNoyelles, F.W., Kettle, D., Sinn, D.E., 1982. The responses of
plankton communities in experimental ponds to atrazine, the
most heavily used pesticide in the United States. Ecology 63,
1285-1293.

Feyereisen, R., 1999. Insect P450 enzymes. Ann. Rev. Entomol. 44,
507-533.

Gruessner, B., Watzin, M.C., 1996. Response of aquatic communi-
ties from a Vermont stream to environmentally realistic atrazine
exposure in laboratory microcosms. Environ. Tox. Chem. 15,
410-419.

Hayes, T.B., Collins, A., Lee, M., Mendoza, M., Noriega, N., Stuart,
A., Vonk, A., 2002. Proc. Nat. Acad. Sci. 99 (8), 5476-5480.
Herrin, D.L., Schmidt, G.W., 1988. Rapid, reversible staining of

northern blots prior to hybridization. Biotechniques 6, 196-200.

Hoffman, D.J., Rattne, B.A., Burton Jr., G.A., Cairns Jr., J., 1995.
Handbook of Ecotoxicology. Lewis Publishers, Boca Raton.

Jin-Clark, Y., Lydy, M.J., Zhu, K.Y., 2000. Effects of atrazine and
cyanazine on chlorpyrifos toxicity in Chironomus tentans. (Dip-
tera: Chironomidae). Environ. Tox. Chem. 21, 598—603.

Mayer, R.T., Jermyn, J.W., Burke, M.D., Russell, A.P., 1977. Me-
thoxyresorufin as a substrate for the fluorometric assay of in-
sect microsomal O-dealkylases. Pestic. Biochem. Physiol. 17,
349-354.

Miota, F., Siegfried, B.D., Scharf, M.E., Lydy, M., 2000. Atrazine in-
duction of cytochrome P450 in C. tentans larvae. Chemosphere
40, 285-291.

Pape-Lindstrom, P.A., Lydy, M.J., 1997. Synergistic toxicity of atra-
zine and organophosphate insecticides contravenes the response
addition mixture model. Environ. Tox. Chem. 16, 2415-2420.

Rodrigues, A.D., Prough, R.A., 1991. Induction of cytochrome



706

P4501A1 and P4501A2 and measurement of catalytic activities.
Meth. Enzymol. 206, 423-431.

Sambrok, J.E., Fritsch, F., Maniatis, T., 1989. Molecular cloning: A
Laboratory Manual, Second ed. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

SAS Institute, 1999. SAS OnlineDoc, version 8.01. SAS Institute,
Cary, NC.

Scharf, M.E., Parimi, S., Meinke, L.J., Chandler, L.D., Siegfried,
B.D., 2001. Expression and induction of three family 4 cyto-
chrome P450 (CYP4) genes identified from insecticide-resistant
and susceptible western corn rootworms, Diabrotica virgifera
virgifera. Insect. Mol. Biol. 10, 139-146.

Scott, J.A., Collins, F.H., Feyereisen, R., 1994. Diversity of cyto-
chrome P450 genes in the mosquito. Anopheles Albimanus. Bio-
chem. Biomed. Biophys. Res. Commmun. 205, 1452—1459.

Scott, J.G., Liu, N., 1996. Genetic analysis of factors controlling
high-level expression of cytochrome P450, CYP6D1, cytochrome
bs, P450 reductase, and monooxygenase activities in LPR house
flies, Musca domestica. Biochem. Genet. 34, 133—-1147.

Scott, J.G., 1999. Cytochromes P450 and insecticide resistance. In-
sect. Biochem. Mol. Biol. 29, 757-771.

Snyder, M.J., Stevens, J.L., Andersen, J.F., Feyereisen, R., 1995. Ex-
pression of cytochrome P450 genes of the CYP4 family in mid-
gut and fat body of the tobacco hornworm, Manduca sexta. Arch.
Biochem. Biophys. 321, 13-20.

Stegeman, J.J., Livingstone, D.R., 1998. Forms and functions of cy-
tochrome P450. Compos. Biochem. Physiol. 212, 1-3.

Terriere, L., 1984. Induction of detoxification enzymes. Ann. Rev.
Entomol. 29, 71-88.

US Environmental Protection Agency, 1993. Standard operating
procedures for laboratory cultures of Chironomus tentans. Du-
Iuth, MN: US EPA Office of Research and Development.
ERL-D-SOP-CTI-015.

LonpoNo, SIEGFRIED, & LYDY IN CHEMOSPHERE 56 (2004)

Diana Londofio is a Ph.D. candidate at the University of Nebraska—
Lincoln. She received her B.S. from University of Los Andes
(Bogata, Colombia) and her M.S. from the University of Ne-
braska—Lincoln. Her dissertation research focuses on the molec-
ular characterization of cytochrome P450 induction in aquatic
organisms.

Michael Lydy is an Assistant Professor in the Department of Zo-
ology at Southern Illinois University. He received his B.S. in
Chemistry from Wittenberg University in 1984, an M.S. in Zool-
ogy in 1986 from Miami University (Ohio), and a Ph.D. in Zool-
ogy from the Ohio State University in 1990. His research inter-
ests include sediment toxicology, bioavailability, toxicokinetics,
biomonitoring and the study of chemical mixtures.

Blair Siegfried is a Professor of Entomology at the University of
Nebraska—Lincoln. He received his B.S. in Biology from Lock
Haven University in 1981, an M.S. in Entomology from the Uni-
versity of Florida in 1984, and his Ph.D. in Entomology from
The Pennsylvania State University in 1989. His research inter-
ests center on biochemical adaptations that insects use to tolerate
exposure to xenobiotics.



