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Water treatment plants are often not effective in removing pharmaceuticals, personal care products or natural hormones from their effluents. To test the effects of these effluents on fish, we exposed male fathead minnows (Pimephales promelas) for 48 hours to effluents at two sites, one up-stream and the other down-stream from a water treatment plant. Gene expression profiling showed that significant changes occurred in the gonad of fish exposed below, compared to above the treatment plant and to laboratory control fish. Among the biological processes affected were the innate immune response, response to stress, control of homeostasis, control of transcription, metabolism, and cell communication. This work suggests that fish are impacted by
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exposures to the sewage treatment effluents and effects can be detected rapidly by gene expression profiling.
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Pharmaceuticals, natural hormones and personal care products in municipal effluents and surface waters around the world may cause hazards, which have not yet been characterized (Huggett et al., 2002;Daughton and Ternes, 1999). These waterways are complex soups of compounds, ranging from antibiotics to acetaminophen to soaps and other personal care products, many of which may be affecting aquatic life. Many of these pollutants are endocrine active compounds that disrupt reproduction at different levels along the hypothalamus-pituitarygonadal axis. In this work, we use expression profiling on fathead minnows to determine changes in gene expression in fish exposed to river waters up-stream and down-stream from a municipal sewage treatment facility located in Minnesota.

Fathead minnows (FHM) were placed in wire mesh minnow traps that were anchored to the bottom in the stream current. Fish were removed from the traps after 48 hours and transported back to the laboratory in stream water. Gonads were removed from four males for total RNA isolation, using Stat-60 reagent (Tel-test, Friendswood, TX), as previously described (Sabo Atwood et al., 2004). Total RNA was treated with an RNase inhibitor (RNASecure, Ambion) and with DNase (DNA-free, Ambion) to remove traces of DNA. RNA integrity and quantity were measured on the Agilent bioanalyzer and the nanodrop spectrophotometer, respectively.

Microarray analyses were performed on the individual samples using competitive hybridization on the 4 X 44K FHM microarray (EcoArray, Alachua, FL). These microarrays are oligonucleotide based and contain 22,000 genes. A reference design was used, where the reference sample, consisting of equal aliquots of control and treated samples, was labeled with the Cy3 dye, while experimental samples were labeled with the Cy5 dye, following Agilent protocols.

Microarrays were analyzed by ANOVA followed by Tukey's Honestly Significantly Difference post-hoc test to determine the set of differentially regulated genes at site #12 compared to site #11. Hierarchical clustering was performed for genes with a P value < 0.05.

To determine biological processes that were specifically changed in fish at site 12, we analyzed for Gene Ontology (GO) categories that are differentially enriched at site #12 compared to site #11, using Fisher's exact test and also calculated the false discovery rate.

The two sites in our study are located on the Des Moines River, one several miles upstream (site #11) and the other, immediately downstream (site #12) from the Windom sewage treatment plant. The upstream site # 11 drains extensive agricultural land, although few animal feeding operations are within 5 miles of the site. These sites were characterized by [START_REF] Lee | Waterresources Investigations report 00-4202[END_REF] who found significant effects in resident male carp at site #12, including the presence of plasma vitellogenin (< 10 ug/ml), decreased levels of 11-keto testosterone, and higher amounts of ceroid/lipofuscin deposits in the gonads, which correlate with cellular abnormalities.

In our study of the caged FHM, we analyzed differentially expressed genes by hierarchical clustering for the gonad (Fig. 1). The individual gonad samples clustered together for the two sites and the expression patterns were quite distinct from each other. If we add laboratory controls to the hierarchical clustering, they cluster with site #11, suggesting that fish at site # 11 are more closely related to controls (data not shown). In the gonad, 119 genes were up-regulated and 128 genes were down-regulated at P < 0.05.

We determined the molecular pathways most affected in the gonad by the downstream effluent by calculating P values for each GO category for Biological Process. GO categories are plotted as a function of increasing P value (Fig. 2) and identified in Fig. 2B, along with their P values. Interestingly, there are more pathways represented in the list of down-regulated genes (30 categories) than in the list of up-regulated genes (3 categories) (Fig 2B). The main pathways up-regulated by the exposure include cell communication, signal transduction, and the protein kinase cascade. Among the pathways that are down-regulated we note at the top of the list innate immune response and response to stress. Other pathways include control of homeostasis, control of transcription, metabolism, and embryonic development.

These results suggest that exposure of fish to the downstream effluent results in changes in gene transcription that may adversely affect reproduction, growth and susceptibility to disease.

The documented changes in gonad structure in carp collected at this site by [START_REF] Lee | Waterresources Investigations report 00-4202[END_REF] are consonant with the changes in the pathways we have measured. To date there are no analytical measurements of contaminants in the downstream waters, but these findings, together with the phenotypic changes seen in carp collected at the site, strongly indicate that such measurements should be carried out and that this site should be evaluated more thoroughly by traditional assessments to determine the risk to fish.

The use of gene expression changes to evaluate exposure of fish to toxicants is still in its infancy. We have shown that a 48-hour exposure of caged fish to the effluent is sufficiently long to change gene expression in a robust and specific way. As more controlled laboratory experiments are performed with individual chemicals, gene expression signatures will be identified that relate back to individual chemicals. 
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 2 Fig. 2. (A) Differential expression of biological function pathways in fish exposed to site 12
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