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Vertebrate reproduction involves complex steroid hormone interplay and inter-conversion. A critical element in maintaining sex steroid levels is the enzyme aromatase (cytochrome P450 19A1) which converts androgens to oestrogens. In turn oestrogen signalling is targeted by numerous chemicals, from pharmaceuticals to agricultural chemicals, both frequent sources of contamination in waste waters and consequently rivers. Although many models are now available to address disruption of oestrogen signalling, there are currently no published protocols allowing discrimination between alterations in testosterone metabolism and in oestrogenic signalling. It was with this limitation in mind that we optimised this protocol. We show using a 48 h protocol that prefeeding fry of the choriogenin h-gfp (chgh-gfp) medaka line are sensitive to 0.05 nM EE2 (15 ng/L), within the range of the lowest published observable physiological effect concentrations for medaka. In addition, cotreatment with testosterone can reveal potential effects of test substances on aromatase enzymatic activity. As the measurements are visualised in real-time without affecting embryo viability, repeated measures are possible. We demonstrate the ability of this model to detect oestrogen receptor agonists, aromatisable androgens, P450 aromatase activity modulators and selective oestrogen response modulators. Importantly, the range of this assay is physiologically relevant.

A major issue in environmental biology is modification of sex ratios in wildlife, as observed in animals ranging from invertebrates to amphibians, reptiles and mammals (Stoker et al., 2003; Brande-Lavridsen et al., 2008; Steinberg et al., 2008; Gagné et al., 2011). Such changes in sex ratios have been shown to be linked to the increasing presence of man-made chemicals in surface water (Larsson and Förlin, 2002; Hayes et al., 2010).

These findings underline the urgent need for physiological screening methods to identify endocrine disrupting chemicals acting on different levels of steroid signalling. To date the oestrogen axis has been the focus of most attention in this field due to its critical importance in cancer, reproduction, foetal development and sexual identity.

A diverse array of chemicals have been identified as affecting the oestrogen axis, ranging from phytochemicals to agricultural chemicals, pharmaceuticals, plasticisers, flame retardants, UV screens and industrial waste (Hokanson et al., 2007; Schmitt et al., 2008; Gyllenhammar et al., 2009; Kamata et al., 2011; Zhao and Mu, 2011; Edlow et al., 2012; Ezechiáš et al., 2012). In addition, population level effects of many of these substances have been proven, inducing effects as serious as intersex gonads in entire populations of male fish followed by a rapid decline in the population size (Jobling et al., 1998; Kidd et al., 2007).

However, in addition to identifying oestrogen axis disrupting chemicals active at the receptor level, it is also a priority to develop tests capable of detecting endocrine disrupting chemicals (EDCs) interfering with different aspects of steroid metabolism.

The enzyme aromatase (cytochrome P450 19A1) is responsible for the production of oestrogens from androgenic precursor molecules. It is therefore crucial in determining the relative levels of androgens and oestrogens in target tissues. It is now becoming clear that a number of environmentally relevant chemicals alter the activity of aromatase (Vinggaard et al., 2000; Hinfray et al., 2006). Recently developed in vitro tests for aromatase disruption, such as the human placental microsomal assay and the choriocarcinoma cell line assay, have proved to be useful screening tools for identifying aromatase disrupting chemicals (Snider and Brueggemeier, 1987; Brueggemeier and Katlic, 1990; Brueggemeier et al., 1997, 1992; Vinggaard et al., 2000). However, the lack of a simple and rapid in vivo test has made it difficult to determine the efficiency of these assays, which due to their in vitro nature fail to adequately take into account the complex nature of the reproductive axis, a system that involves interplay between numerous organs and crosstalk with other endocrine axes. In order to correctly evaluate exposure risks to humans and wildlife, it is important to distinguish between chemicals interacting with the oestrogen receptor and those altering the activity of aromatase.

The reaction of the European Union to the danger posed by EDCs has been to impose testing of all current and new chemicals produced in a quantity greater than one ton per year and suspected of being endocrine disruptors (REACH legislation). Considering the number of chemicals requiring testing, a screening test of at least medium throughput capacity is evidently required.

In this respect aquatic species such as medaka, zebrafish or premetamorphic Xenopus offer great promise. Their aquatic nature facilitates dosing, as the test substance can be added directly to the culture medium. Furthermore, the identification of the master sex determining gene in medaka (dmy) and more recently in Xenopus laevis (dmw) provides the additional advantage of allowing determination of the genetic sex of the test organism (Paul-Prasanth et al., 2006; Matsuda et al., 2007, 2002; Patil and Hinze, 2008; Yoshimoto et al., 2008). Coupled with the monitoring of gonadal status via biomarkers or histology, this allows cases of complete or partial sex reversal to be identified. At the time of writing, the master sex determining gene has recently been identified in zebrafish, although the study demonstrated that the gene is present on chromosome four in wild zebrafish, but is absent in laboratory strains (Wilson et al., 2014).

Many satisfactory oestrogenic biomarker genes have been identified (Trudeau et Lee et al., 2012). In order to reveal the net effect over the entire oestrogenic pathway, and provide physiologically relevant information, the biomarker should be an endogenous gene relating to a physiological endpoint. Of this subset of identified genes, many are related to egg production, including choriogenin h (chgh) which codes for a structural protein of the egg envelope, produced in the liver (Ueno et al., 2004; Beck et al., 2005; Scholz et al., 2005; Zeng et al., 2005; Kurauchi et al., 2008, 2005; Salam et al., 2008; Chen et al., 2010). The OECD has acknowledged this viewpoint in a scientific review stating that the oestrogen sensitive protein chgh-gfp medaka embryo overcomes traditional limitations with the use of laborious whole organism tests, such as sensitivity and rapidity, as well as eliminating many ethical concerns (OECD, 2010).

Therefore, in order to fall in line with the three R's principal of reduction, replacement and refinement of animal experiments, these huge screening projects necessitate the use of non-regulated, early stage, pre-feeding fish fry or tadpoles. In particular, tests need to be ratified for their capacity to respond to a wide range of oestrogenic substances within a reduced time frame, ideally 24-48 h, and provide a sufficiently robust signal for robotised readout.

Here, we present an optimised, rapid 48 h protocol using prefeeding chgh-gfp medaka for monitoring net oestrogen axis activity as well as the activity of the key enzyme P450 aromatase which controls the conversion of testosterone into 17β-oestradiol (E2). The activity of the oestrogen axis in the presence of test compounds was determined by the quantification of green fluorescent protein (GFP). Due to the low endogenous levels of testosterone in pre-feeding medaka fry, the readout of aromatase activity was achieved by co-treating fry with a known concentration of testosterone. Increases or decreases in the rate of conversion of testosterone to E2 resulted in a respective increase or decrease in the production of GFP under the control of the chgh promoter (Fig. 1).

Finally we present results generated with a number of reference compounds, selected in order to cover a range of mechanisms of action. We show that pre-feeding chgh-gfp medaka fry are a sensitive indicator of disruption of the steroid axes via a variety of mechanisms.

Materials and methods

Reagents

Ethyl 3-aminobenzoate methanesulfonate (MS222, CAS no. 886-86-2), dimethyl sulfoxide (DMSO, CAS no. 67-68-5), testosterone (CAS no. 58-22-0), 17α-ethinyl oestradiol (EE2, CAS no. 57-63-6), anastrozole (CAS no. 120511-73-1), 17β-oestradiol (E2, CAS no. 50-28-2), cromolyn (CAS no. 15826-37-6), saccharin (CAS no. 82385-42-0), cefuroxime (CAS no. 56238-63-2), arabinose (CAS no. 5328-37-0), amantadine (CAS no. 665-66-7), atenolol (CAS no. 29122-68-7), fadrozole (CAS no. 102676-31-3), aldosterone (CAS no. 52-39-1), progesterone (CAS no. 57-83-0), 3,3′,5′-triiodo-L-thyronine (T3, CAS no. 55-06-1), dexamethasone (CAS no. 50-02-2) and tamoxifen (CAS no. 10540-29-1). Medaka medium contained the following quantities of salts per litre: 10 g NaCl, 0.4 g CaCl 2 •2H 2 O, 0.4 g MgSO4•7H 2 O, 0.3 g KCl, 0.02 g methylene blue and its pH was adjusted to 7.2-8.0. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Transgenic line

All experiments were carried out with fry from generation F6 or greater of the WatchFrog chgh-gfp line. This line harbours a genetic construct consisting of 2047 bp of the medaka chgh gene immediately upstream from the translation start site driving expression of gfp, as initially described by Kurauchi et al. (2005). The line has a CarBio genetic background and displays a non-inducible basal fluorescence in cardiac muscle fibres and in certain cells around the mouth and eyes, allowing transgenic fry to be selected prior to exposure to potential EDCs.

Exposure studies

Stocks of test solutions were made up in DMSO and 8 μL of stock solution was added directly to 8 mL of medaka medium in 6-well plates. In addition either 8 μL of DMSO or 8 μL of testosterone in DMSO was added to each well. Final DMSO concentration was 0.2% in all wells. Five newly hatched (day post hatch zero; dph 0) medaka fry were added to each well and four wells were used for each exposure group giving a total of n = 20 fry per exposure group. All compounds were tested in the presence and absence of testosterone (28.57 μg/L). Three replicate experiments were carried out giving similar results, a representative replicate is shown. Solutions were renewed every 24 h and the experiments were read at 48 h (dph 2) with the exception of the experiment shown in Fig. 3. This experiment, to demonstrate the presence or absence of aromatase activity immediately after hatch was read after 24 h (dph 1).

Image capture

Chgh-gfp fry were anaesthetised with 200 mg/L MS222 in medaka medium and positioned dorsally on a black plastic plate for imaging. Images of the ventral region of the abdomen of each fry were captured with a 0.3 s exposure time at 8 × magnification using an Infinity 1-3C camera (Lumenera Corporation, Ottawa, ON, Canada) fitted to a Leica MZ10F stereomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) and were stored as 8-bit colour jpg files. Larvae were illuminated with a 120 W fluorescence source and ET-GFP long-pass filters (excitation 480/40, emission 510LP, Leica Microsystems GmbH, Germany).

Image analysis

An ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA) macro was used to carry out the following analysis. Colour images of medaka fry were separated into red, green and blue layers. In order to remove background fluorescence resulting from endogenous pigments present in the medaka fry, the intensity of each pixel in the red layer was doubled and subtracted from the green layer. A threshold intensity of 10-255 was applied to the resulting images. The thresholded images showed only the fluorescence resulting from the GFP signal in the heart and liver. The region containing the liver was manually selected and the intensity of all pixels within this region was summed (Supplementary Fig. 1).

Data analysis and statistics

Total fluorescence values for each fry within a replicate experiment were normalised to the mean of the 28.57 μg/L testosterone control group where present. A D'Agostino and Pearson omnibus normality test was carried out on all exposure groups followed by analysis by Student's T-test, Mann-Whitney test or Wilcox test. Groups not exposed to testosterone were compared to the vehicle control and groups co-treated with testosterone were compared to the testosterone control. All statistical tests were carried out with GraphPad Prism version 5.04 (GraphPad Software, San Diego, CA, USA).

Results

Oestrogen response

Germline transgenesis resulted in the creation of a stable transgenic line. To verify that this chgh-gfp line responds to oestrogens as demonstrated for the previously published line (Kurauchi et al., 2005; Scholz et al., 2005), groups of fry were exposed to a concentration range of the synthetic oestrogen ethinyl oestradiol (EE2). Fig. 2 shows a concentration dependent increase in fluorescence when fry were exposed to EE2 in the low ng/L range. Under these assay conditions the response begins to plateau between 135 and 270 ng/L of EE2 and the EC 50 is 71.9 ng/L with a 95% confidence interval of 63.8 to 80.9 ng/L.

Functionality of aromatase

To ascertain whether the fry were capable of metabolising androgens into oestrogens immediately after hatch, dph 0 chgh-gfp fry were exposed to a range of concentrations of testosterone from 285.7 ng/L to 28.57 μg/L. A fluorescent signal was observed in the liver 48 h after exposure to testosterone at 2.86 μg/L and above, whereas only the highest concentration of 28.57 μg/L was able to induce fluorescence following 24 h of treatment (data not shown). The concentration of 28.57 μg/L was selected for the following experiments.

This fluorescence response was predicted to be due to conversion of the testosterone to E2 via aromatase, rather than weak affinity of testosterone for the oestrogen receptor (ER). To test this hypothesis dph 0 chgh-gfp fry were exposed to testosterone (28.57 μg/L) plus or minus the pharmaceutical aromatase inhibitor anastrozole (2.93 mg/L) (Fig. 3). No signal was observed in vehicle controls (0.2% DMSO) indicating a lack of oestrogenic signalling. A statistically significant induction of fluorescence was observed in the testosterone-treated group. Co-treatment with anastrozole completely blocked oestrogenic signalling suggesting that the signal observed following testosterone treatment was due to conversion of the testosterone to E2 via the enzyme aromatase. To confirm that anastrozole was not acting as an ER antagonist chgh-gfp fry were challenged with E2 alone or in the presence of anastrozole. No significant difference in fluorescent signal was observed.

Reproducibility of the response to testosterone

To ensure that the level of fluorescence induced by testosterone is homogenous between groups of fry, six groups of n = 20 chgh-gfp dph 0 embryos were exposed to 28.57 μg/L testosterone for 48 h. In parallel two groups of embryos were treated with carrier solvent alone (Supplementary Fig. 2). The solvent control groups exhibited no fluorescent signal (zero arbitrary units) whereas the minimum level observed in the testosterone treated groups was over 1.5 million arbitrary units. Although mean fluorescence values for the testosterone-treated groups varied, no statistically significant difference was observed between any of these groups.

Assay characterisationinert compounds

It has previously been published that chgh-gfp medaka embryos can be used to detect ER agonists and aromatisable androgens (Kurauchi et al., 2005). However, to determine whether the 48 h protocol described in this article is sufficiently sensitive to be used for screening substances with unknown mechanisms of action for oestrogen axis disruption, several well characterised substances with different modes of action were tested alone and in co-treatment with testosterone (28.57 μg/L). The test is based on the principle that addition of testosterone together with test substance and readout of ER transactivation reveals effects of the test substance on the kinetics of testosterone conversion to E2 via aromatase.

Prior to testing known aromatase modulating chemicals, six chemicals were tested which have not been described as active on the reproductive axes (Fig. 4A). These six chemicals were cromolyn, saccharine, cefuroxime, arabinose, atenolol and amantadine. In the absence of testosterone, all six compounds failed to induce fluorescence in the fry. When tested in the presence of testosterone, none of the six compounds provoked a significant difference in fluorescence signal compared to testosterone alone.

Assay characterisationactive compounds

The selective oestrogen response modulator (SERM) tamoxifen was used to determine the ability of this protocol to identify ER antagonism (Fig. 4B). In the absence of testosterone, tamoxifen increased oestrogenic signalling with a LOEC of 483 μg/L. Inversely, in co-treatment with testosterone, a different profile was observed, with a statistically significant decrease in fluorescence observed for the 483 μg/L group.

To investigate the ability of this assay to identify inhibition of aromatase activity, the fry were exposed to the pharmacological aromatase inhibitor fadrozole (Fig. 4C). Fadrozole did not induce fluorescence in the absence of testosterone. However in the presence of testosterone, a concentration dependent decrease in fluorescence was observed with increasing concentrations of fadrozole becoming statistically significant at concentrations of 10 μg/L and above.

Assay characterisationhormonal crosstalk

Once the ability of this assay to correctly identify inert and active compounds had been established, the ability of strong agonists for related hormonal axes to interfere with the results was investigated. The assay was challenged with a high concentration (10 -7 M, 31-67 μg/L according to the molecular weight) of reference agonists for the mineralocorticoid, progesterone and thyroid hormone receptors (aldosterone, progesterone and T3, respectively). In the absence of testosterone no GFP signal was observed. In the presence of testosterone T3 but not aldosterone or progesterone inhibited the generation of fluorescent signal (Fig. 5A).

Due to a number of recent publications (Hayashi et al., 2010; Kitano et al., 2012) indicating that corticosteroids inhibit expression of aromatase in medaka a concentration range of the powerful synthetic corticosteroid, dexamethasone, was tested (Fig. 5B). Once again, in the absence of testosterone, no statistically significant difference in fluorescence was observed. In the presence of testosterone, the highest concentration tested (3.92 mg/L) resulted in a significant reduction in GFP signal. Increasing the number of fry per group to 60 increased the assay sensitivity to dexamethasone to 39.2 μg/L (data not shown).

Discussion

We characterised a new line of chgh-gfp transgenic medaka which exhibits a basal fluorescent signal in cardiac muscle fibres as well as cells around the mouth and eyes. This line allows non-transgenic embryos to be removed from the test pool prior to initiating an experiment. This sorting step reduces the incidence of false negative and false positive results by ensuring that all fry used in the experiments are transgenic, therefore, increasing the robustness of the assay.

Using this medaka line we have developed a sensitive readout protocol employing an imagery system which allows efficient removal of innate fluorescent signal generated by the medaka fry. This contributes to the high dynamic range observed for this assay. Fluorescence signal induction compared to control was in the range of 6.5-fold to 212-fold for an EE2 concentration range from 15 to 405 ng/L (Fig. 2), therefore, fitting the requirements of a standardised test for EDCs.

A recently published review identifies a concentration range of 1 to 488 ng/L EE2 as altering physiological endpoints in fish depending on the length of the test, the species studied and the endpoint measured (Caldwell et al., 2008). We have demonstrated that chgh-gfp medaka are capable of detecting EE2 equivalents in the range of 15 ng/L to 64 ng/L with a linear concentration response relationship (R 2 0.999 from 15-64 ng/L; R 2 0.960 from 0-64 ng/L).

Previously, aromatase gene expression had been observed by in situ hybridisation in developing medaka between 4 and 10 dph (Suzuki et al., 2004). In addition, a previously reported chgh-gfp line was shown to respond to testosterone, although this was not clearly demonstrated to be due to biotransformation by aromatase (Kurauchi et al., 2005). In this study, we have demonstrated that the aromatisable androgen testosterone induced expression of GFP via the oestrogen responsive chgh promoter and that this was due to the presence of functional aromatase protein prior to dph 1 when the experiment was read.

We have tested a range of chemicals with the protocol described within this article and have demonstrated that the model can detect oestrogen axis disruption caused by EDCs via at least four different mechanisms. ER agonists (EE2, E2), aromatisable androgens (testosterone), aromatase inhibitors (anastrozole, fadrozole) and SERMs (tamoxifen). All gave a statistically significant modulation of fluorescence in either spiked (plus testosterone) or unspiked mode.

An interesting profile was observed with the SERM tamoxifen (Fig. 4B). Tamoxifen can act as an agonist or antagonist of the ER depending on the species and the tissue tested. It has previously been shown to increase oestrogenic signalling in male medaka, resulting in increased serum vitellogenin (Sun et al., 2007). This was confirmed by our studies which showed that, in the absence of testosterone, tamoxifen increased oestrogenic signalling whilst in co-treatment with testosterone it caused a decrease in fluorescence. This decrease was observed in all three replicate experiments. These observations could potentially be due to competition for ER binding between tamoxifen and E2 generated by the fry in response to the testosterone challenge. For this to be the case, tamoxifen would have to be less effective at activating transcription of ER dependent genes than E2. This theory is supported by a study by Kawamura et al. (2002) who rescued E2 induced inhibition of yolk veins in medaka embryos by co-treatment with tamoxifen, thus demonstrating an inhibition of E2 action by tamoxifen in medaka in vivo. Further support comes from Sun et al. ( 2011) who showed that tamoxifen exposed male medaka showed an increase in hepatic vitellogenin mRNA expression whereas tamoxifen exposed female medaka showed a decrease. The difference between the two genders may be due to an increased circulating E2 load present in the female fish.

In addition, we have demonstrated the ability of this model to correctly identify indirect effects via hormonal crosstalk. Fig. 5 shows that a high concentration (10 -7 M, 67 μg/L) of the natural thyroid receptor agonist T3 (triiodothyronine) results in a statistically significant reduction in fluorescence generated by a testosterone challenge. This suggests that T3 may be inhibiting aromatase activity, and is in line with published studies in rat Sertoli cells and porcine thecal cells, that show T3 inhibits aromatase activity, but not its expression (Ulisse et al., 1994; Gregoraszczuk et al., 1998; Andò et al., 2001). Similarly, evidence exists for an inhibitory effect of progesterone on aromatase activity (Pasqualini and Chetrite, 2008). Although a reduction in fluorescence was observed with high dose progesterone, this did not achieve statistical significance, despite being observable in all three replicate experiments. A literature search failed to find evidence for modulation of aromatase activity by aldosterone.

This transgenic line and the protocol described here provide a reliable tool to screen potential EDCs acting on the oestrogen axis via a variety of mechanisms. Furthermore, this protocol provides information on steroid signalling from an entire intact organism whilst complying with the three R's principle of animal replacement. This will allow the much needed, rapid screening of compounds. The previous century was marked by a continuing increase in human developmental defects of the reproductive tract, as exposure to increasing numbers of chemicals has intensified (de Mouzon et al., 1996; Toppari et al., 1996; Toppari and Skakkebaek, 1998; Virtanen and Toppari, 2008). The method presented here is a step along the path towards prevention of these disorders which pose a risk not only to human health, but have wide impacts on biodiversity. As habitats for many animals continue to shrink, reducing population sizes, even small changes in fecundity may result in loss of species, underlining the urgency to exploit rapid screening approaches to identify and eliminate or control the use of chemicals negatively impacting the reproductive health of humans or wildlife (Western, 2001). * S Supporting Information ABSTRACT: Widespread environmental antiandrogen contamination has been associated with negative impacts on biodiversity and human health. In particular, many pesticides are antiandrogenic, creating a need for robust and sensitive environmental monitoring. Our aim was to develop a sensitive and specific transgenic medaka (Oryzias latipes) model bearing an androgen responsive fluorescent reporter construct for whole organism-based environmental screening of pro-and antiandrogens. We analyzed the 5′ regions of the androgen responsive threespined stickleback (Gasterosteus aculeatus) spiggin genes in silico, revealing conserved blocks of sequence harboring androgen response elements. Identified putative promoters were cloned upstream of GFP.

Germinal transgenesis with spg1-gfp led to stable medaka lines. GFP induction was exclusive to the kidney, the site of spiggin protein production in sticklebacks. Significant GFP expression was induced by three or four-day androgen treatment of newly hatched fry, but not by estrogens, mineralocorticoids, glucocorticoids or progestogens. The model responded dose-dependently to androgens, with highest sensitivity to 17MT (1.5 μg/L). In addition to flutamide, the biocides fenitrothion, vinclozolin and linuron significantly inhibited 17MT-induced GFP induction, validating the model for detection of antiandrogens. The spg1-gfp medaka model provides a sensitive, specific, and physiologically pertinent biosensor system for analyzing environmental androgen activity.

■ INTRODUCTION

Antiandrogenic activity in UK river water has been linked to the feminization of wild fish, 1 suggesting a risk to biodiversity. Specifically antiandrogens appear to be acting synergistically with estrogens, resulting in dose-dependent increases in ovotestes, ovoducts and vitellogenin in male fish. Previous identification of substantial antiandrogenic activity in the River Lambro in Italy suggests that the biological effects observed in the UK are not unique. 2 This is hardly surprising considering that an in vitro study showed that 66/200 pesticides inhibited 5α-dihydrotestosterone (DHT) induced androgen receptor (AR) transcriptional activity. 3 In an unrelated study 37/134 pesticides were found to be antiandrogenic in vitro with some mixtures of pesticides showing a concentration addition relationship, 4,5 resulting in a higher overall antagonistic effect than the most powerful antiandrogen alone. In addition to pesticides, identified sources of androgen axis active chemicals include effluent from wastewater treatment works [START_REF] Rostkowski | Bioassay-directed identification of novel antiandrogenic compounds in bile of fish exposed to wastewater effluents[END_REF] and kraft pulp mills. 7 The observed predictability of fish models for mammalian responses to hypothalamic-pituitary-gonadal (HPG) axis active chemicals, 8 suggests that the majority of AR agonists/ antagonists active in fish species are also active in humans. Yeast and mammalian cell culture lines transfected with human AR have proved valuable for assessing transactivation potential in humans, but are limited to identifying substances that act directly on the receptor. 9,10 Mouse models for reporter gene based measurement of AR activity have emerged, 11,12 but no aquatic equivalents exist. Despite these tools, definitive proof is lacking that environmental androgen active chemicals are responsible for deleterious effects in humans. However, it is clear that disruption of the androgen axis in humans, particularly within critical developmental periods, can have physiological consequences. For example, modulation of AR signaling in humans by synthetic progestins has been linked to breast cancer and exposure of pregnant women to testosterone resulted in reduced sperm count and motility in male offspring. 13,14 Interestingly, all symptoms of testicular dysgenesis syndrome, apart from germ cell cancer, can be reproduced in animal models by exposing them to endocrine disruptors during embryonic or perinatal development. 15 Robust screening models are therefore needed to identify androgen axis disruptors among the thousands of currently untested chemicals in our environment.

In their recent extensive "State of the Science of Endocrine Disrupting Chemicals" document, World Health Organization (WHO) and United Nations Environment Programme (UNEP) highlight improved testing for endocrine disrupting chemicals (EDCs), in particular in high-throughput format, as an important future need. 16 Development of rapid screening tools for AR modulation has been hampered by the lack of specific target genes. Furthermore, the consensus androgen response element (ARE) is identical to that of glucocorticoid, progesterone, and mineralocorticoid response elements, 17 rendering development of specific assays even more arduous.

One of the best-documented physiological responses under tight androgen control is Spiggin production in the threespined stickleback (Gasterosteus aculeatus). In the breeding season, male sticklebacks produce Spiggin glue protein in their kidneys in response to elevated circulating androgen to allow the building of nests. The most effective androgen for inducing Spiggin production is 11-ketostestosterone (11KT). 18 Despite the almost undetectable levels of Spiggin protein in females under natural conditions, females synthesize Spiggin protein in response to exogenous androgens. 19 Androgen-dependent Spiggin synthesis in the stickleback is already used as a biomarker in vivo and in vitro for androgen axis disruption. 20 The draft directive androgenized female stickleback screen (AFSS) was established by The Organization of Economic Cooperation and Development (OECD) in 2009. [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF] It describes the detection of androgens and also, by simultaneously treating female sticklebacks with a reference dose of an androgen (5 μg/ L DHT or 0.5 μg/L 17MT), the detection of antiandrogens. The potency of antiandrogens is expressed as equivalents of the model pharmaceutical antiandrogen, flutamide (flutamide equivalents, FL eq). The exposure phase of this test runs for 21 days, followed by dissection of the kidneys of the adult fish to allow quantification of Spiggin protein by enzyme-linked immunosorbent assay (ELISA). [START_REF] Kosmehl | A combined DNA-microarray and mechanism-specific toxicity approach with zebrafish embryos to investigate the pollution of river sediments[END_REF] During validation of the AFSS flutamide, fenitrothion, vinclozolin, and linuron were used as model antiandrogens.

Here, we describe an alternative, in vivo test based on a fluorescent reporter gene driven by the spiggin promoter. Our assay can detect pro-and antiandrogens in medaka larvae 4 days post hatch (dph4), and could serve as a rapid additional screening tool in the testing of chemicals and environmental samples. Characterization and Cloning of spiggin Promoters. The in silico analysis of the spiggin promoter regions is described in detail in the Supporting Information (SI). Briefly, the spiggin gene locus (linkage group IV: 21 000 000-21 220 000) in the three-spined stickleback genome (BROAD S1 assembly February 2006) was analyzed with Dotter software 23 and PipMaker. 24 mRNA-DNA alignments were carried out using Spidey, and nuclear receptor binding sites were predicted with NHR scan. 25 Sticklebacks were caught off the Taivassalo shore, Finland. Genomic DNA was extracted using PureLink Genomic DNA mini kit (Invitrogen, CA, USA) and used for PCR of spiggin promoters. Primers used in successful promoter amplification, with the added AgeI and XhoI restriction sites underlined, were spg1_for GTCTCGAGCATCTGGTTTTAAGACTGACT-GAACCGACGAAG; spg1_rev GTACCGGTTGATGCTG-CACGAGAGCAGTTGAAAGAAACAAC; spg4_for AC-CTCGAGCAGGTGGGTTCATGCAGTTC; spg4_rev ACACCGGTGAAACAAACAACCCACCACAT.

■ MATERIALS AND METHODS

PCR products were resolved on agarose gel, purified and cloned into TOPO vector (Invitrogen, CA), sequenced prior to excision and ligated into pUC57 with AgeI and XhoI. The eGFP coding sequence from peGFP-1 (Clontech, CA) was excised using AgeI and NotI and ligated into the pUC57-Spg plasmids.

Germline Transgenesis. Briefly, one-cell red-orange strain medaka embryos were injected with a 20 ng/μL nonlinearized solution of plasmid DNA in the absence of meganuclease as previously described by Kinoshita et al. 1996. 26 EDC Exposure Studies. Exposures were carried out in sixwell plates. Stocks were made up in DMSO (final concentration 0.2%). Solutions were renewed every 24 h. Five newly hatched (dph0) F2-F5 spg1.22-gf p medaka fry were placed in each well and 12 wells were used for each exposure group giving a total of 60 fry per exposure group. For the estrogen responsive line (Figure 4B): five newly hatched (dph0) F12 chgh-gf p medaka fry were placed in each well and 8 wells were used for each exposure group giving a total of 40 fry per exposure group.

Image Capture. Fry were anesthetized with 200 mg/L MS222 and positioned ventrally for imaging of the dorsal region of the abdomen. Fluorescence was imaged using a 120W fluorescence source and ET-GFP long-pass filters (Excitation 480/40, Emission 510LP, Leica Microsystems GmbH, Germany). Images were captured with a 0.3 s exposure time (Figure 3A-C) or 0.75 s (Figure 3D-F and Figure 4) at 8× magnification with an Infinity 1-3C camera (Lumenera Corporation, ON, Canada) fitted to a Leica MZ10F stereomicroscope (Leica Microsystems GmbH, Germany). For the estrogen responsive line (Figure 4B) identical conditions were used except images were captured of the ventral region with a 0.3 s exposure time.

Data Analysis. ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of Health, MD) was used for image analysis. Color images of medaka fry were separated into red, green and blue layers. To remove background fluorescence resulting from endogenous pigments, intensity for each pixel in the red layer was doubled and subtracted from the green layer. This method efficiently removes the endogenous pigmentation appearing red or yellow in the images captured with GFP long pass filters, leaving the green fluorescence emitted by GFP (SI, Figure S1). The region containing the kidney was manually selected and the mean intensity of these pixels was calculated. In the absence of a means to separate spg-gf p transgenic and wild-type fry prior to exposure, all fry were analyzed. Accordingly, only the highest 50% of values were considered from each group. 

■ RESULTS

Characterization and Cloning of spiggin Promoters. The spiggin gene in the stickleback genome has been duplicated creating a locus of directed repeats with an estimated copy number of seven (please see SI for more detail). 27 The promoter regions of these genes have not been characterized. We searched for conserved elements within the spiggin gene locus with particular focus on the 5′ regions of the genes. DotMatrix plots (SI, Figure S2) and Percent Identity Plots (PIPs) (Figure 1A, SI, Figure S3) suggested that conserved elements are enriched within a region of 5 kb immediately 5′ to the ATG of the spiggin genes, and these regions were found to contain conserved ARE and ERE sites (Figure 1A, C, SI, Figure S4). Alignment of the -250 to +3 bp regions to each other revealed a conserved, putative TATA box in addition to candidate ARE in all but spg7 (Figure 1B). Interestingly, the promoters of spg1, spg3, and spg5 all contain an ARE at -203 to -218bp and at -177 to -191bp in the spg4 promoter (Figure 1B,C) which may suggest that this element is crucial to the ARmediated activation of the promoters. The position (52-58 bp upstream from the translation start) and sequence (TATA-TAA) of the putative TATA box is conserved in spg1, spg3, spg4, spg5, and spg7, although in spg4 and spg7 the sequence is CATATAA. The number of transcripts on the Ensembl database ranks the spiggin genes according to weight of evidence for expression as spg1 > spg4 > spg3 = spg7 > spg5 = spg6. Based on these data, primers were designed to clone the promoters of spg1 (4.5 kb), spg3 (8.0 kb), and spg4 (2.9 kb) (Figure 1C). A more in-depth description of the promoter analysis results is available as SI.

Promoters of spg1 and spg4 were successfully cloned but amplification of spg3 failed despite various attempts with different primer designs. The cloned promoters showed the highest sequence similarity to expected regions (>98% for spg1, >95% for spg4). However, the cloned spg1 promoter had a 399 bp deletion corresponding to a segment that was not predicted as conserved in our analysis (Figure 1C). Sequencing of spg4 promoter clones revealed two variants, suggesting the presence of two different alleles. Both contained a 140 bp insert compared to database sequence, but spg4b displayed an additional 264 bp deletion (Figure 1C). The lengths of the obtained promoters were therefore spg1 4160 bp (expected 4513 bp), spg4a 3002 bp, and spg4b 2747 bp (expected 2869 bp); Genbank accession numbers are KF716169, KF716170, and KF716171, respectively. Despite the observed variation in sequence compared to the database genome sequence, all predicted binding sites were conserved (Figure 1C). All three promoters were cloned upstream of gf p. The plasmid map of the construct used in the spg1-gf p line is provided in Figure 1D.

Creation of spiggin-gf p medaka. Medaka germline transgenesis was carried out, 1322 eggs were injected with spg1-gf p and 1021 with spg4-gf p, resulting in 73 adult spg1-gf p and one adult spg4-gf p which had exhibited GFP in the developing embryo. Screening of the spg4-gf p adult and 36 spg1-gf p adults for germline transmission, by androgen treatment of the F1 progeny, led to identification of seven stable independent lines for spg1-gfp and none for spg4-gf p. The spg1-gf p transgene consisted of 4.159 kb of sequence upstream from the translation start site of the spiggin1 gene (Figure 1D). Following androgen treatment of the F1 progeny, the spg1.22-gf p line was selected as this line demonstrated the strongest GFP signal and the shortest response time (data not shown).

GFP Expression in spg1.22-gf p Medaka Adults and Fry. GFP was observed without androgenic treatment in the kidneys of 6-month-old F2 adult male medaka but never in females (Figure 2A,B). Nevertheless, after a seven-day 17MT treatment (302 μg/L) of F4 adult females, GFP expression was observed in the kidneys (SI, Figure S5).

No GFP was visible in untreated F1 fry of the spg1.22-gf p line until dph60, around the time when medaka become reproductively active, suggesting that the expression of gf p is induced by increasing levels of androgens. Consequently, we screened F1 fry with a high concentration of androgen (17MT, 302 μg/L) to confirm germ line transmission. This treatment resulted in gf p expression in the developing mesonephros (Figure 2C). All further experiments were carried out using unsorted F2-F5 spg1.22-gf p fry resulting from a nontransgenic (red-orange strain)/ transgenic cross, exposed from dph0 onward. All groups contained approximately 50% transgenic and 50% wild-type fry.

GFP Induction with Androgens. GFP was significantly induced in fry exposed to 29 μg/L of the nonaromatizable androgen DHT from hatching to dph5, showing that spg1-gf p can be induced by androgens (Figure 3A).

To determine specificity of the fluorescent response, fry (dph0) were cotreated for 6 days with DHT (29 μg/L) and/or the pharmacological antiandrogen flutamide (276 μg/L). DHT induced GFP production was entirely abolished by cotreatment with flutamide, showing that the DHT effect is mediated via AR (Figure 3B).

A 72 h exposure to the pharmacological aromatase inhibitor anastrozole (2.9 mg/L) did not induce fluorescence (Figure 3C). However, the aromatizable androgen 17MT (30 μg/L) did induce significant fluorescence and cotreatment with 17MT and anastrozole induced a 1.5-fold higher signal than 17MT alone. This suggests that blocking the conversion of 17MT to methylestradiol by inhibition of aromatase maintains a greater degree of androgen signaling. Optimized Protocol. Due to the more rapid response observed with 17MT compared to DHT (compare Figure 3A and C), 17MT was selected as the cotreatment for the detection of antiandrogens. We conducted a time course experiment with 3.0 μg/L 17MT from dph0-5 (Figure 3D). A statistically significant increase in GFP signal was induced after 72 h exposure, however, a more robust GFP signal was observed after 96 h, therefore, further exposures were carried out for 96 h. Using this protocol, 17MT was tested at four concentrations (Figure 3E). The lowest observable effect concentration (LOEC) for 17MT was 1.5 μg/L. Specificity of the Response. In addition to androgens, mineralocorticoids, glucocorticoids, and progestogens have been shown to induce some Therefore, the specificity of the response for AR agonists was tested using aldosterone, dexamethasone, and progesterone, respectively. A lack of GFP production following treatment with 10 -7 M of each substance from dph0 to dph4 demonstrated the specificity of the response. Significant fluorescence was induced with a 10-fold lower concentration of 17MT (Figure 3F).

Estrogens have been reported to reduce androgen-stimulated spiggin response in adult stickleback fish in vivo and in stickleback kidney cells in vitro. 20,28 The spg1 promoter also contains putative EREs. We therefore tested the effect of E 2 on 17MT-induced GFP production with our medaka model. GFP signal was observable in fry exposed to 17MT (3 μg/L) for 4 days (Figure 4A). Co-treatment with E 2 (14 ng/L-27 μg/L) repressed androgen-induced gf p expression, whereas E 2 alone had no observable effect.

Detection of AR Antagonists Using spg1.22-gf p. Due to the observed repression of 17MT-induced gf p expression by E 2 , prior to determining the ability of the spg1.22-gf p line to identify antiandrogenic activity, we verified that the test substances were not estrogenic. Using an estrogen responsive transgenic medaka line harboring the promoter of the choriogenin H gene driving expression of gf p (chgh-gf p line), we carried out exposures within the same developmental window (96 h, dph0-dph4) and under the same exposure conditions as for the spg1.22-gf p line. This line was created using the same genetic construction described by Karauchi et al. for the creation of their line. 29,30 All four antiandrogens (flutamide, fenitrothion, linuron, and vinclozolin) failed to induce gf p expression compared to the solvent control group, when tested at the maximum concentration to be utilized in the proceeding experiments (Figure 4B). In contrast E 2 strongly induced a fluorescent response as did 17MT to a lesser extent. The 17MT-induced fluorescent response was completely abolished when cotreated with anastrozole.

To determine the sensitivity of a four-day assay for the detection of antiandrogens, we first tested flutamide. A concentration dependent inhibition of GFP signal was observed at all concentrations tested. Flutamide significantly inhibited GFP signal at ≥138 μg/L (Figure 4C).

We then tested the assay sensitivity for three wellcharacterized environmentally relevant antiandrogens. Fenitrothion significantly reduced GFP signal at 277 μg/L and almost at 139 μg/L (P = 0.0657 cf. 17MT alone) (Figure 4D). Linuron and vinclozolin significantly reduced the GFP signal at ≥249 μg/L (Figure 4E) and ≥143 μg/L (Figure 4F) respectively.

Therefore, the determined LOECs were 138 μg/L (flutamide), 277 μg/L (fenitrothion), 249 μg/L (linuron) and 143 μg/L (vinclozolin). This indicates the following order of antiandrogenic potency in terms of molarity flutamide = vinclozolin > fenitrothion = linuron.

■ DISCUSSION

Here, we describe an in vivo test for the detection of androgenic/antiandrogenic chemicals. Our aim was to create a medaka transgenic line suitable for detection of pro-and antiandrogenic compounds among industrial chemicals or present in environmental samples. The spiggin response from the three-spined stickleback, which is under validation as an OECD guideline for testing of androgen axis disruptors (OECD 2009a), was modeled here in medaka using the spiggin1 promoter driving expression of gf p. We believe that this tool will be useful for screening and prioritizing purposes, before carrying out more expensive and labor-intensive guideline tests.

The three-spined stickleback spiggin gene response is welltested and androgen-specific. [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF][START_REF] Katsiadaki | Three-spined stickleback: an emerging model in environmental endocrine disruption[END_REF] Interestingly, we identified a putative ARE with a conserved sequence (TTTA-CAggtTGTTCT) and position (-203 to -218bp) in spg1, 3, and 5. This element resembles the classical inverted ARE (AGAACAnnnTGTTCT) but displays changes in the first half site, of which the G → T change in position -6 in particular may have consequences for functionality. [START_REF] Denayer | The rules of DNA recognition by the androgen receptor[END_REF] It remains to be studied whether this element mediates the androgen-specific induction of the spiggin promoter. It is also important to note that the conserved regions between spiggin gene promoters extend up to -5kb from the ATG, suggesting the presence of other sequences of regulatory importance.

We confirmed that the transgene drives kidney-specific expression of gf p mimicking the physiological expression of spiggin observed in stickleback, possibly due to a kidney-specific transcription factor binding site being present within the promoter. This transcription factor must be sufficiently conserved between species to confer the same tissue specificity. In addition, the male specific expression of spiggin 18 is faithfully mimicked in our transgenic medaka model. We show that in response to AR agonists, GFP is produced in the kidneys and is quantifiable in fry immediately after hatch. This method is noninvasive as fluorescence quantification can be carried out in intact, live fry. Interestingly, spg1.22-gf p fry appear to be less sensitive to aquatic exposures with DHT than 17MT. This is in accordance with the AFSS assay [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF] which is conducted with androgen cotreatments of either 5 μg/L DHT or 0.5 μg/L 17MT. The need for a higher concentration of DHT is hypothesized to be due to low bioavailability or stability.

With this in mind, we developed a four day protocol for the detection of antiandrogens by cotreating with 17MT. We determined that the sensitivity of our assay is 138 μg FL eq/L, less than half the LOEC that induces testis-ova in medaka [START_REF] Leoń | Androgen disruption of early development in Qurt strain medaka (Oryzias latipes)[END_REF] and reduces secondary sexual characteristics in stickleback. [START_REF] Filby | Gene expression profiles revealing the of anti-androgen-and estrogen-induced feminization in fish[END_REF] This is sufficiently sensitive to detect environmentally relevant antiandrogenic activity, given levels found in river samples, for example, Lambro River, Italy (370-4723 μg FL eq/L) 2 as well as effluent from wastewater treatment plants (21.3-1231 μg FL eq/L in the UK) [START_REF] Rostkowski | Bioassay-directed identification of novel antiandrogenic compounds in bile of fish exposed to wastewater effluents[END_REF] and even some control sites (>150 μg FL eq/L in the River Ock, UK). [START_REF] Grover | Endocrine disrupting activities in sewage effluent and river water determined by chemical analysis and in vitro assay in the context of granular activated carbon upgrade[END_REF] We achieved comparable flutamide sensitivity to the AFSS (138 μg/L and 10-250 μg/L respectively). [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF] We expect a higher sensitivity to be achieved with a homozygous line, which have previously decreased interindividual differences in response caused by different copy numbers and genetic locations of the transgene in other transgenic models (data not shown). The "near miss" with 28 μg/L flutamide (P = 0.0588 cf. 17MT alone) suggests that, with a tighter interindividual response, a greater sensitivity to flutamide can be achieved. Interestingly the LOECs determined here for environmental antiandrogens were also similar to those obtained during interlaboratory testing of the AFSS (fenitrothion: 277 μg/L cf. 60 μg/L, linuron: 249 μg/L cf. 250 μg/L and vinclozolin: 143 μg/L cf. 100 μg/L, respectively). We observed the following order of potency: flutamide = vinclozolin > fenitrothion = linuron, which compares favorably with results obtained for the AFSS interlaboratory testing (fenitrothion > flutamide = vinclozolin > linuron) [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF] with the exception of fenitrothion. Interestingly, E 2 inhibited 17MTinduced activation of the spg1 promoter in a concentrationdependent manner. This with observations of inhibition of spiggin production in vitro in stickleback kidney cells with 270 μg/L E 2 20 and in vivo in male stickleback with 20 ng/L ethinylestradiol, 28 although the in vivo study failed to reach statistical significance. The mechanism of the E 2 mediated inhibition of Spiggin production remains unclear. Negative feedback through the HPG axis is unlikely to be the only mechanism as the effect has been observed in vitro, although at much higher concentrations. 20 As proposed previously 20,28 the effect may be local, acting e.g. at the level of AR expression regulation, through membrane bound ER or through the putative EREs in the spiggin promoters. Due to the welldescribed induction of aromatase expression by estrogens 36 it is entirely possible that all estrogens are also antiandrogenic in vivo, inducing aromatase expression, which in turn converts androgens to estrogens-reducing androgen axis signaling. In light of this finding, it is possible that the increase in GFP production observed with 17MT plus anastrozole compared to 17MT alone (Figure 3C) is due to a combinatorial effect. This may be due to an increase in available androgen leading to an increase in GFP production and/or a decrease in inhibition of spiggin transactivation by methylestradiol, if indeed it inhibits GFP production as we have observed with E 2 .

As a screening tool prior to higher tier tests, our assay will reduce exposure length from 21 to 4 days, translating into a vast reduction in cost and turnaround time, making it ideal for adaptation to medium throughput screening. The ability to perform this assay prior to protected life stages considered as laboratory animals in Europe is an additional ethical advantage. 37 Finally, the use of the spg1.22-gf p medaka line is expected to facilitate interlaboratory comparisons as the AFSS assay suffers from variable sensitivity due to differences in the ages and maturities of the adult stickleback used. [START_REF] Meland | Hepatic gene expression profile in brown trout (Salmo trutta) exposed to traffic related contaminants[END_REF] Medaka offer certain advantages over other fish species such as their adaptability to salt or fresh water allowing this model to be used to test unextracted, whole water sample from the entire length of a river, from its source to its estuary and out to sea. This will allow comparisons of androgen axis activity along rivers in an in vivo model and may lead to the identification of point sources of pollution. Additionally, medaka possess a wellcharacterized XX/XY sex determination system with the master sex determining gene, dmy, present on the Y chromosome [START_REF] Matsuda | DMY is a Y-specific DM-domain gene required for male development in the medaka fish[END_REF][START_REF] Matsuda | DMY gene induces male development in genetically female (XX) medaka fish[END_REF] allowing disparities between genetic and phenotypic sex to be linked to levels of androgen axis activity.

The experiments presented here were all carried out with transgenic medaka fry resulting from a cross between wild-type and heterozygous parents. This resulted in the production of an approximately equal mix of wild-type and heterozygous fry. As no basal fluorescence is observable in the fry of this line, it was impossible to exclude wild-type fry prior to exposure and all statistical analyses were carried out on the mixed population. A major goal in the near future is, therefore, the creation of a homozygous line. This feature was not achieved prior to this series of experiments as the procedure can take several years, but is ongoing. The transmission rate observed in all generations of spg1.22-gf p medaka used for this study was approximately 50%, suggesting a single transgene insertion site. However, it would require two additional generations before obtaining homozygous fish, then a number of generations to reamplify the population to a level allowing sufficient egg production for large-scale experiments.

It can realistically be envisaged that availability of a simple, rapid and relatively inexpensive in vivo test for androgen axis activity will lead to an increase in the number of raw chemicals and environmental samples tested. This should result in an increased identification of pro-and antiandrogenic EDCs and provide opportunities for regulatory authorities to reduce or eliminate human and wild-life exposure to these substances.

Spg1.22-gf p medaka fry provide a unique model that allows rapid detection and quantification of androgenic and antiandrogenic substances in the environment. Compared to the current OECD AFSS guideline, our model reduces the detection time from over 21 days to 4 days while maintaining sensitivity and eliminating labor-intensive steps (dissection, sample preparation, and ELISA). We consider that this model is adapted to environmental monitoring as well as mediumthroughput screening of chemicals prior to higher tier tests such as the AFSS.
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Abstract

The initial training network consortium novel tools in effect-directed analysis to support the identification and monitoring of emerging toxicants on a European scale (EDA-EMERGE) was formed in response to the seventh EU framework program call to train a new generation of young scientists (13 PhD fellows and 1 postdoctoral fellow) in the interdisciplinary techniques required to meet the major challenges in the monitoring, assessment, and management of toxic pollution in European river basins. This 4-year project is of particular relevance considering the multidisciplinary analytical chemistry and biology skills required to investigate the enormous complexity of contamination, effects, and cause-effect relationships. By integrating innovative mode-of-action-based biodiagnostic tools including in vitro and in vivo tests, transgenic organisms, and 'omics' techniques with powerful fractionation and cutting edge, analytical, and computational structure elucidation tools, powerful new EDA approaches are being developed for the identification of toxicants in European surface and drinking waters. Innovative method development by young researchers at major European universities, research centers, and private companies has been closely interlinked with a joint European demonstration program, higher-tier EDA, and specialized training courses and secondments. Using a simplified protocol based on existing EDA tools, EDA-EMERGE fellows are also being trained to organize and run international and interdisciplinary sampling and monitoring campaigns within selected European river basin sites. Strong networking between academia, the private sector, and leading regulators in the field of river basin management and pollution management ensures the relevance of the research for practice and excellent employment opportunities for the fellows. Additionally, an internationally composed advisory board has been tasked to introduce new perspectives on monitoring, assessment, and management of emerging pollutants within and outside of Europe. The combination of cutting edge science with specialized training in (Continued on next page)

Background

Water quality in many European rivers improved significantly over the last 30 years, and river waters exhibiting acute lethality to fish or invertebrates are an exception today. However, toxic pressure by pesticides [1], biocides [2], endocrine disruptors [3,4] and many other chemicals [5] still presents a large-scale risk and causes community shifts and the disappearance of sensitive species in many river basins. The European Water Framework Directive (WFD) [6] provides a new holistic approach for the assessment and management of the ecological status of water bodies. However, the WFD chemical monitoring and classification is still centered on the traditional approach of regulating individual chemicals, the priority substances (PS) and the river basin specific pollutants, via compliance with environmental quality standards. This approach, based on chemical analysis of single substances, cannot cover the enormous variety of potentially hazardous chemicals present in the environment, which occur in complex and time variable mixtures. Subsequently, the observation of adverse effects in biota is often not reflected by the occurrence and concentrations of PS but caused by other non-regulated contaminants of emerging concern. In a discussion paper by Christian Daughton, US Environmental Protection Agency (US-EPA) stated that 'an ever-expanding universe of unique chemicals, untold numbers of which have yet to be recognized or revealed, continually perfuse our environment and contact living systems' [7]. In 2005, 26 million individual chemical substances were identified and registered in the Chemical Abstract Service (http://www.cas. org/), with one-third being commercially available [7]. By June 2013, this number had increased to 72 million. The continuous increase in the diversity of chemicals being used makes identifying those that occur in our environment an increasingly difficult task. The screening of environmental samples, such as extracts of water, sediments, or biota, with liquid or gas chromatography coupled with high-resolution mass spectrometry (LC-HRMS) typically reveals tens of thousands of peaks, the majority of which are unknown.

Nationally and across the member states, there is an increasing awareness that the analysis of PS alone is insufficient to characterize the toxic pressure to aquatic ecosystems and water resources [8,9]. In response, powerful new screening methods are being developed. These include multi-target analyte approaches together with suspect screening, e.g., the use of transformation prediction models to propose transformation products without available standards and the screening of unknowns including all detected masses or peaks [10]. However, the identification of unknowns, particularly with LC-MS techniques, is very challenging and timeconsuming and therefore unlikely to be available as a routine technology for all chemicals in the complex mixtures that are found in the environment. Approaches are required to focus analytical efforts on those chemicals that actually pose a risk or cause an effect. Two of the most prominent methodologies to approach this challenge, effect-directed analysis (Figure 1) and toxicity identification evaluation, apply biological tools to select fractions of a mixture and individual components for identification and structure elucidation efforts according to measurable effects [11-15].

Significant methodological development in EDA has been achieved within the last years as reflected by a recent book on this topic [16]. However, significant bottlenecks remain which are now being addressed by the Marie Curie initial training network (ITN) project, EDA-EMERGE. Research within EDA-EMERGE is directed towards developing powerful new bio-analytical detection tools to significantly improve the analytical power of LC-HRMS-based structure elucidation by interlinking with novel, powerful computer tools, to enhance EDA throughput, and to reduce sample requirements and the risk of artifacts by means of miniaturization and automated online combination of fractionation, biotesting, and chemical analysis. The most important aspect of EDA-EMERGE, however, is its people. This ITN has been designed to produce a new generation of experts that are trained during their PhD studies in biological and chemical tools and the attendant integration in order to unravel and assess complex contamination of the aquatic environment for the sustainable management of European water resources in close collaboration with key players in WFD implementation such as the European Commission Joint Research Centre (JRC), the European Environmental Agency, and the German Federal Environmental Agency.

The EDA-EMERGE consortium includes two universities (Free University of Amsterdam and the RWTH Aachen University), six research centers (Helmholtz Centre for Environmental Research (UFZ), Institut National de l'Environment Industriel et des Risques (INERIS), Swiss Federal Institute of Aquatic Science and Technology (Eawag), Rudjer Boskovic Institute, Norwegian Institute for Water research, the Italian Institute of Health, the JRC), and five private companies (Environmental Institute, KWR Watercycle Research Institute, WatchFrog, HighChem, and gaiac) (Figure 2). EDA-EMERGE is an outcome of the European Network of Reference Laboratories for Monitoring of Emerging Environmental Pollutants (NORMAN) and strongly benefits from this platform, bringing together 55 partners from science, monitoring, and regulation in 19 countries [17]. Since complex contamination is not exclusively a European problem, EDA-EMERGE is also networking with renowned overseas partners such as advisors from the US-EPA and Environment Canada.

Novel scientific tools

On the basis of the outstanding expertise of their host institutes in EDA, the 13 PhD fellows are developing novel methods for advanced EDA in three work packages, viz. bio-analytical tools, chemical tools, and hyphenated tools. A specific focus of bio-analytical tool development will be on vertebrate in vivo and in vitro models for genotoxicity, mutagenicity [18] and AhRmediated toxicity, and for endocrine disruption [19]. This will include innovative transgenic models using multi-well-based fluorescent screens for androgenic and corticosteroid disruptors on the basis of extensive experience with tadpole fluorescent screens for thyroid hormone disruptors (Figure 3) and fluorescent zebrafish transgenic embryos for estrogens [20].

Existing EDA approaches are limited by the lack of knowledge and availability of toxicological endpoints to direct toxicity isolation and identification. This limitation is addressed by EDA-EMERGE with the investigation of toxicogenomic tools to detect and unravel toxicants with unknown receptors and modes of action. The new approaches include DNA microarray fingerprints in algae [21,22], a proteomic approach in zebrafish embryos previously established in adult fish tissue [23] to direct EDA, and a metabolomics EDA approach using invertebrate and fish cell lines in vitro.

Together with the detection of adverse effects, the identification and structure elucidation of components of toxic fractions are a bottleneck in EDA, particularly of polar compounds requiring LC-MS analysis. Tool development focuses particularly on LC-HRMS methods that have successfully been applied by EDA-EMERGE partners for the identification and quantification of glucocorticoid compounds [24], drugs [25], and other polar micropollutants [26]. EDA-EMERGE combines the analytical power of HRMS with computer tools to predict fragmentation, chromatographic retention, and stability [27,28]. Mass spectra of newly identified compounds will feed the community-driven, open-access, accurate mass spectral database MassBank [29] maintained by NOR-MAN. Significant enhancement of the throughput of EDA towards more routine application will be achieved by automated approaches to directly link fractionation, biotesting and identification [30].

European demonstration program

Applying a simplified EDA protocol featuring a novel on-site large-volume solid phase extraction apparatus with limited fractionation, a selected set of bioassays and chemical screening analysis will be used to characterize about 20 sites within European river basins. This approach combines sites of interest according to sources of contamination such as municipal wastewater, treated hospital effluents, industrial sites affecting water quality, untreated wastewater entering the river, and reference sites with European sampling stations downstream of impacted headwaters. The European Demonstration Program will allow a comparison of classical monitoring approaches with the new tools and will train the PhD fellows in organizing and running common sampling campaigns on a European scale.

Training program

In line with the major objective of equipping young interdisciplinary researchers with the skills to address the challenges of complex contamination and its effects on aquatic ecosystems and to support WFD implementation, an extensive training program was set up and was enthusiastically followed by the PhD fellows. Although having a primary focus on EDA-EMERGE PhD students, the courses are open to external participants within the attendant maximum capacity, and this opportunity has been intensively utilized by PhD fellows from across Europe.

The formal training program kicked off with a week-long summer school (25 to 29 June 2012). The PhD fellows were lectured by leading scientists within the EDA-EMERGE consortium and beyond on the European regulatory framework, EDA, sampling and sample preparation, separation and fractionation, biodiagnostic tools, and chemical analysis. Additionally, there was also a PC-based workshop on structure elucidation along with virtual case studies. The scientific program was supplemented with a half day excursion to Wechselburg in Saxony where fellows and lecturers learnt about the river Mulde, a previously heavily contaminated river in a now scenic, tourist-friendly setting, which is slowly recovering (Figure 4). This also provided an informal and relaxed atmosphere for intensive and fruitful networking that significantly promoted EDA-EMERGE progress.

The summer school was followed by several specialized training courses including a course on advanced LC-MS and multivariate statistics at the UFZ, Leipzig, Germany, a course on in vitro and in vivo assays of endocrine disrupting chemicals using fish models at INERIS, Verneuil-en-Halatte, France, and a course focusing on chemical screening, prioritization of environmental pollutants and data storage in European databases in the Jasna Valley, Slovakia. In total, ten specialized courses complemented by local scientific and soft skill training courses provide a comprehensive supplement to the scientific work in a traditional PhD thesis. An additional component of the training program involves 1-to 3-month secondments (at least one secondment per fellow) hosted by EDA-EMERGE partner institutes to work on aspects of the PhD research where the host institute possesses specialized expertise in analytical techniques or data analysis not typically associated with the home institute. The advantages of the secondment initiative is that, in addition to the specialized skills and expert training acquired, the fellows also broaden their professional network and obtain a different research or working perspective.

Discussion

Within the context of EDA-EMERGE research goals, a number of scientific work packages are being implemented such as developing novel bio-analytical tools, novel chemical tools, hyphenated tools, a higher-tier EDA study, establishing a simplified protocol, and conducting, monitoring, and sampling within the European Demonstration Programme (EDP). Bio-analytical methods being developed include mechanism-specific screening tools in early life stages of zebrafish, novel fish-based biological tools, and fluorescing vertebrate models for EDA of endocrine disrupting chemicals. DNA microarray fingerprints, a proteomics and a metabolomics approach to direct EDA, are also in progress, linking multiple contaminations with multiple toxicological end points. A particular emphasis is given to toxicogenomic tools including proteomics and metabolomics to achieve unbiased effect detection. These innovative biological tools are supplemented with sophisticated chemical tools for fractionation and structure elucidation. Extensive separation and characterization of contaminants are achieved with novel fractionation tools. Comprehensive multidimensional GC/MS is used for both identification and quantitative screening. Since the identification of polar toxicants is still one of the big bottlenecks of EDA; a specific focus is given to structure elucidation techniques using LC-MS/MS. This will be achieved by developing integrated analytical and computer tools for structure elucidation of polar compounds, including the development of new approaches for retention and fragmentation prediction, diagnostic derivatization techniques, as well as metabolite prediction and identification in treatment processes in the water cycle. Innovative automated high-throughput EDA approaches are in development that directly link fractionation, biotesting, and identification. This includes twodimensional microfractionation approaches prior to effect detection and chemical analysis.

Beyond these method developments within the individual PhD projects, there are also integrated activities in the scientific work packages focused on a simplified protocol that will be applied in the EDP. This will provide the PhD fellows with experience in planning and implementing large, collaborative, EU-wide sampling campaigns. Standard operational procedures are in development for all steps of the simplified protocol including an integrated large-volume fractionated in situ solid phase extraction, a large set of bioassays, and chemical screening analysis for about 300 potentially relevant compounds. The EDP is being performed by PhD pairs (biology and analytical chemistry) from different partner institutions with complementary expertise. Each pair selected a river basin as well as relevant sampling sites representing specific pollution situations and sources and typically including a reference site as well as one integrative sampling site related to monitoring (e.g., the Watch List Study sampling sites).

The fellows have been trained in all relevant techniques such as chemical structure elucidation, chemometrics, sampling/extraction, biotesting, and chemical analysis. plans were designed after a baseline study was performed using an initial training needs analysis survey sent to all EDA-EMERGE fellows at the outset of the project. These specialized technical and scientific training courses together with secondments at partner institutes were supplemented by soft-skill courses such as presentation skills and a film/media course in conjunction with standard local courses such as scientific writing, language skills, and time management offered at most host institutes. According to a basic EDA-EMERGE dissemination plan, ESR fellows have been encouraged from the outset to disseminate their research output via online open-source forums, conferences, and journal publications.

The training courses and personalized career development

Conclusions

In response to the call to train a new generation of young scientists in the interdisciplinary skills related to EDA and the management of European water sources, EDA-EMERGE provides a highly systematic and comprehensive research and training program within a consortium that brings together key competences from universities, research centers, private companies, and regulatory authorities. A balanced mix of 14 fellows from biology and analytical chemistry backgrounds were linked by research work packages focused on novel analytical tool development. Applications in a simplified protocol and an EDP provided an ideal basis for specialized training and structured public dissemination of the results. Networking is achieved via a range of activities from opening training course participation to external fellows and external experts, a summer school, conference presentations, dissemination and outreach activities as Marie Curie ambassadors, and interaction with other networks to secondments with EDA-EMERGE partners and associated partners. 
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 1 Fig. 1. Schematic diagram of the induction of GFP via aromatase in choriogenin H-GFP medaka. A) Testosterone in the exposure medium is converted to oestradiol via aromatase and DHT via 5α-reductase principally in the gonads. B) Oestradiol in turn binds to oestrogen receptors. Ligand-receptor complexes then bind to oestrogen response elements (EREs) within the choriogenin H promoter driving expression of GFP in the liver.

Fig. 2 .

 2 Fig. 2. The chgh-gfp line described here responds to the synthetic oestrogen, EE2 in a concentration dependent manner. The response of the fry to 15 ng/L was statistically different to 0 ng/L (P b 0.05, *) for all other exposure groups P b 0.001 (***) compared to 0 ng/L. N = 20 per group, mean ± SEM are given.

Fig. 3 .

 3 Fig. 3. Aromatase activity is required for a testosterone induced increase in oestrogenic signalling. Exposure to 28.57 μg/L testosterone induces a statistically significant increase in fluorescent signal after 24 h. This increase in fluorescence is completely abolished by co-treatment with 2.93 mg/L anastrozole. The induction of fluorescence in response to an ER agonist (E2, 180 ng/L) cannot be inhibited by cotreatment with anastrozole. *** indicates P b 0.001 and ns indicates not statistically significant. N = 20 per group, mean ± SEM are given.

Fig. 4 .

 4 Fig. 4. A) A series of compounds without published effects on the oestrogenic axis are identified as inert. B) Tamoxifen (Tam, an SERM) and C) Fadrozole (Fad, an aromatase inhibitor), both well-characterised as oestrogen axis disruptors are correctly identified as active. *** indicates P b 0.001 and * indicates P b 0.05. N = 20 per group, mean ± SEM are given.

Fig. 5 .

 5 Fig. 5. A) High concentrations (10-7 M) of reference agonists for the mineralocorticoid, progestin and thyroid hormone receptors do not induce fluorescence in chgh-gfp fry. However, induction of fluorescence by testosterone is inhibited by T3. B) The reference corticosteroid dexamethasone (Dex) inhibits fluorescence signal induced by testosterone in a dose dependent manner. ** indicates P b 0.01 and * indicates P b 0.05. N = 20 per group, mean ± SEM are given.

  Chemicals and Solutions. Chemicals were purchased from Sigma-Aldrich (MO): 17MT (CAS: 58-18-4), DHT (CAS: 521-18-6), 11KT (CAS: 564-35-2), flutamide (CAS: 13311-84-7), linuron (CAS: 330-55-2), fenitrothion (CAS: 122-14-5), vinclozolin (CAS: 50471-44-8), anastrozole (CAS: 120511-73-1), 17β-estradiol (E 2 , CAS: 50-28-2), aldosterone (CAS: 52-39-1), dexamethasone (CAS: 50-02-2), progesterone (CAS: 57-83-0). Medaka medium contained per liter: 10 g NaCl, 0.4 g CaCl 2 .2H 2 O, 0.4 g MgSO 4 .7H 2 O, 0.3 g KCl, 0.02 g methylene blue adjusted to pH 7.2-8.0. Ethyl 3aminobenzoate methanosulfate salt (MS222, CAS: 886-86-2) was prepared with an equal mass of sodium bicarbonate (CAS: 144-55-8) and adjusted to pH 7.5-8.0.

  Statistical Analysis. Statistical analyses were carried out with GraphPad Prism version 5.04 (GraphPad Software, CA). A D'Agostino and Pearson omnibus normality test was carried out on all exposure groups. If data in all groups compared showed normal distribution, then a Student's t-test was carried out. Otherwise data were compared using a Mann-Whitney test. Statistical significance is indicated by * P < 0.05, ** P <

Figure 1 .

 1 Figure 1. In silico spiggin promoter characterization. (A) Overview of the PIPs. Different spiggin 5′ regions (baits) were compared to the whole spiggin gene locus (20 968 314-21 218 972) (for full PIPs see SI, Figure S3). Arrows denote the location of spiggin genes based on mRNA-DNA alignments, and red blocks 100% similarity in sequence to bait. (B) Alignment of spiggin 5′ regions upstream of putative ATG (green box). The locations of possible TATA box (red box) and ARE (blue box) are depicted. (C) Schematic presentation of expected (database sequence) and observed (cloned sequence) spg1 and spg4 promoters. Predicted ARE (black bars), ERE (white bars), TATA boxes (blue triangles) and primers (green arrows) are shown. Regions predicted as conserved based on the PIPs are shown in red. (D) Plasmid map of the construct used for the spg1.22-gf p line.

Figure 2 .

 2 Figure 2. Spg1.22-gf p transgenic medaka. (A) Untreated, adult spg1.22-gf p fish under white light with or without additional blue light from a fluorescence source. Arrow denotes gfp expression in the kidneys. (B) Dissected untreated adult male medaka observed under white light with or without additional blue light from a fluorescence source. (C) Dph4 spg1.22-gf p fry treated for 4 days with vehicle or 17MT (302 μg/L) visualized under white and blue light. Arrows point to gfp expression in the developing mesonephros.

Figure 3 .

 3 Figure 3. Androgenic specificity of the spg1.22-gf p line. (A) Evolution of fluorescent signal during exposure to DHT. (B) Inhibition of DHT induced fluorescent signal after 6 days of cotreatment with flutamide. (C) The effect of anastrozole on GFP signal induced following 3 days exposure to 17MT. (D) Evolution of fluorescent signal during exposure to 17MT 3.0 μg/L. (E) Dose-response relationship after 4 days of exposure to 17MT. (F) Quantification of GFP signal following a 4 day treatment with aldosterone (Ald), dexamethasone (Dex) or Progesterone (Pg).

Figure 4 .

 4 Figure 4. Antiandrogen detection assays with 17MT. (A) Quantification of GFP signal induced by E 2 alone, or in cotreatment with 17MT. (B) Lack of estrogen axis activation following 4 day treatment of chgh-gf p medaka with high concentrations of flutamide, fenitrothion, linuron and vinclozolin. (C-F) The effects of a 4 day cotreatment of spg1.22-gf p fry with 17MT and a range of concentrations of flutamide, fenitrothion, linuron, or vinclozolin.
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Figure 1

 1 Figure 1 Schematic representation of effect-directed analysis.

Figure 3

 3 Figure 3 Response of transgenic Xenopus laevis tadpoles to endocrine disruptors in water.

Figure 2

 2 Figure 2 Geographical spread of the EDA-EMERGE consortium.

Figure 4

 4 Figure 4 EDA-EMERGE fellows and lecturers. They were in front of the viaduct in Göhren, Germany bridging the valley of the Zwickauer Mulde River. Completed in 1871 and still in operation, it is one of the most impressive bridges in Germany demonstrating early railway architecture.
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