[image: image1]Expression of biomarkers connected to endocrine disruption in Cottus gobio and Salmo trutta fario in relation to sewage treatment plant-efflux and pesticides

		ORIGINAL RESEARCH
published: 11 October 2022
doi: 10.3389/fenvs.2022.1027062


[image: image2]
Expression of biomarkers connected to endocrine disruption in Cottus gobio and Salmo trutta fario in relation to sewage treatment plant-efflux and pesticides
Michael Niederwanger1*, Josef Wieser2, Melanie Thaler2, Agnes Felber1, Katja Schmölz3, Wolfgang Mark1, Erich Tasser3, Rüdiger Kaufmann4 and Bernd Pelster1
1Institute of Zoology and Center of Molecular Biosciences Innsbruck, University of Innsbruck, Innsbruck, Austria
2Agentur Landesdomäne der Autonomen Provinz Bozen, Aquatic Species Conservation Centre, Bozen, Italy
3Eurac Research, Institute of Alpine Environment, Bozen, Italy
4Institute of Ecology, University of Innsbruck, Innsbruck, Austria
Edited by:
André Alberto Weber, University of California, San Diego, United States
Reviewed by:
Ralph Thomé, Universidade Federal de São João del-Rei, Brazil
Thiago Parente, Oswaldo Cruz Foundation (Fiocruz), Brazil
* Correspondence: Michael Niederwanger, michael.niederwanger@uibk.ac.at
Specialty section: This article was submitted to Freshwater Science, a section of the journal Frontiers in Environmental Science
Received: 24 August 2022
Accepted: 27 September 2022
Published: 11 October 2022
Citation: Niederwanger M, Wieser J, Thaler M, Felber A, Schmölz K, Mark W, Tasser E, Kaufmann R and Pelster B (2022) Expression of biomarkers connected to endocrine disruption in Cottus gobio and Salmo trutta fario in relation to sewage treatment plant-efflux and pesticides. Front. Environ. Sci. 10:1027062. doi: 10.3389/fenvs.2022.1027062

The increasing efflux on a large scale of organic contaminants holding endocrine disrupting activity from sewage treatment plants produces detrimental biological effects to various fish species. However, the impact of small-scale sewage treatment plant-efflux in small river streams and narrow creeks is largely unknown. Extensive pesticide output especially in vineyards and orchards also causes adverse effects on the endocrine system of wildlife fish species inhabiting nearby rivers. To elaborate whether fish species and populations in the areas of interest were at risk of experiencing endocrine disruption, we identified different biomarkers related to endocrine disruption in Cottus gobio and Salmo trutta fario and applied this approach to selected Austrian freshwater streams pre and post sewage treatment plants and permanent cultures with extensive pesticide output in South Tyrol. Overall, mRNA expression levels of vitellogenin, estrogen receptor α and zona pellucida genes in wildlife fish, compared to a control population reared under constant conditions in the laboratory were significantly increased. Sewage-treatment plant efflux did not significantly affect the mRNA expression levels while extensive use of pesticides altered mRNA expression significantly in C. gobio. C. gobio and S. trutta fario display different levels of mRNA expression. Cadmium and copper concentrations in liver tissues varied but did not indicate significant levels of contamination. Our results demonstrate the presence of endocrine disrupting chemicals in the tested freshwater streams. We anticipate our study to be a starting point for further studies focusing on the effects of endocrine disrupting chemicals on individuals and populations. Especially the fact that the two selected species reveal highly different levels of mRNA expression levels is of interest when applying biomarker approaches which can be a useful tool for monitoring projects and risk-assessment associated studies.
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1 INTRODUCTION
The increasing input of endocrine-disrupting compounds (EDCs) such as pharmaceuticals, pesticides and industrial chemicals in aquatic ecosystems has become an issue of growing concern regarding potential threats to the animal kingdom (Vieira et al., 2021). Amongst others, scientific attention has focused on “xenoestrogens” with the potential to alter hormonal function and physiological status of wildlife species (Schwaiger and Negele, 1998; Arukwe, 2001; Goksøyr, 2006). In particular, the increasing number of reproductive abnormalities, mainly of feminizing nature such as retardation of gonadal development in combination with reduced fertility are known to be a result of endocrine disruption (Hutchinson et al., 2006; Yamamoto et al., 2017) and may affect the integrity of exposed fish populations (Jobling and Tyler, 2003). The feminization of male individuals in freshwaters affected by discharges from large EDC burdened sewage treatment plants has been described previously (Rodgers-Gray et al., 2001; Jobling et al., 2002; Harris et al., 2011). EDCs like natural and synthetic estrogens and/or estrogen mimicking chemicals enter the aquatic ecosystem via domestic and industrial sewage effluents and by deployment of pesticides (Bereswill et al., 2012; Herrero-Hernández et al., 2013; Yamamoto et al., 2017). Biomarkers are widely used to screen for the presence of EDCs, and to assess the sub-lethal changes that an organism encounters when exposed to environmental stressors, such as xenobiotic contaminants or toxic metals like Cadmium (Cd), which also can act as an endocrine disruptor (Depledge et al., 1995; Gómez González et al., 2017). Vitellogenin (VTG) mRNA expression has been used in different species to demonstrate exposure to EDCs (García-Reyero et al., 2004; Bjerregaard et al., 2008; Körner et al., 2008). VTGs are precursors of vitelline, which is crucial for embryonic development by providing required energy reserves (Matozzo et al., 2008). In the liver of oviparous vertebrates, they are present in high concentrations upon stimulation of the estrogen receptor by endogenous 17β-estradiol (Soverchia et al., 2005). Estrogens and xenoestrogens share a likewise structure (Sonnenschein and Soto, 1998) and xenoestrogens bind and activate the same estrogen receptor (Safe, 1995; Yamaguchi et al., 2005). In addition to VTG mRNA estrogen receptor α- and β (ERα, ERβ) (Körner et al., 2008) and zona pellucida (ZOP) mRNA have been used as biomarkers (Fossi et al., 2002; Baker et al., 2013). ERα and ERβ are nuclear transcription factors involved in the regulation of various physiological processes such as development, maturation and function of reproductive, central nervous, skeletal and cardiovascular systems (Bondesson et al., 2015) and are expressed in various tissues including the liver, ovary and gonads (Paterni et al., 2014). Zona radiata proteins like ZOP, synthesized by teleost fish hepatocytes in response to 17β-estradiol (Oppen-Berntsen et al., 1992) protect the developing embryo from environmental stress by enclosing it with an extracellular envelope (Tesoriero, 1978). Induction of different envelope proteins has been used as a marker for the presence of estrogenic endocrine disruptors (Oppen-Berntsen et al., 1999). Due to industrial pollution and agricultural usage, concentrations of essential metals like copper (Cu), zinc (Zn) and nonessential metals like Cd have been severely elevated in various marine and terrestrial ecosystems, and these compounds are known to be toxic to organisms above certain concentrations (Spurgeon et al., 1994; Jelassi et al., 2019). Cu and Zn in particular, used as an effective fungicide, has been applied extensively for more than 150 years (Genova et al., 2022). Although its use as a fungicide is strictly regulated nowadays, residual pollution and ongoing application causes increased Cu concentrations in the soil. By stealthy seeping into ground water, such compounds enter the freshwater streams and affect cellular metabolism (Pelgrom et al., 1995). Heavy metals have been shown to alter VTG expression in different ways (Zheng et al., 2010; Huang et al., 2014). Therefore, metallothioneins (MTs) may also be valuable biomarkers not only for metal contamination but also for the presence of EDCs (Rhee et al., 2009; Huang et al., 2014; Moncaleano-Niño et al., 2017). MTs are widely spread, low-molecular-mass, cysteine-rich, metal binding proteins. In most animal species, MTs are involved in the homeostatic regulation and detoxification of metallic trace elements (Klaassen et al., 1999; Egli et al., 2006) and participate in the cellular protection from oxidative stress (Ghoshal et al., 1998; Baird et al., 2006). MTs and also VTG are linked due to their function as metal ligands for Cd, Cu and Zn (Olsson et al., 1995; Werner et al., 2003).
The objective of the present study was to clarify whether fish species and populations in the areas of interest were at risk of experiencing endocrine disruption. To this end, we identified and measured potential biomarkers related to endocrine disruption and metal pollution in fish of the Alpine river system via quantitative real-time detection PCR (RT-qPCR) and assess Cd and Cu concentrations in the tissues. To screen for possible effects of sewage treatment effluents and pesticides we sampled European bullhead (Cottus gobio; C. gobio) and brown trout (Salmo trutta fario; S. trutta fario), two non-migratory species with therefore increased susceptibility to local environmental factors. C. gobio is a benthic freshwater fish inhabiting mainly river systems and estuaries of small and middle-sized rivers. The salmonid fish S. trutta fario, lives in streams with higher water flow and less pollution compared to typical habitats of C. gobio and was sampled alternatively when C. gobio was absent. Sampling sites were chosen upstream and downstream of sewage treatment plants in river streams of North and South Tyrol (Austria and Italy, respectively), with the former acting as a “wildlife control” and the latter being affected by sewage treatment plant effluent. We selected the sampling sites far apart from each other to minimize the risk of migration due to the absence of physical barriers. Additionally, we sampled fish in rivers passing permanent cultures (vineyards and orchards) in South Tyrol that are of significance due to the application of pesticides in high quantities.
The results of this study contribute to the current knowledge of endocrine disruption by describing in depth mRNA expression levels of different populations in varying habitats revealing species and site dependent differences of the two selected fish species.
2 MATERIALS AND METHODS
2.1 Sampling sites and experimental animals
The sampling sites are located in four rivers in the federal state Tyrol (Austria, Europe) and five rivers in the Autonomous province of South Tyrol (Italy, Europe) covering six sewage treatment plants and five areas with permanent cultures (Figure 1). Additional information (coordinates of sampling sites, treatment type, number and sex of sampled individuals) is listed in the supplementary material (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Map of Europe and augmented Map of North- and South Tyrol displaying the location and type of the sampling sites. Names of rivers are labeled in blue.
Sexually mature individuals of C. gobio and S. trutta fario were sampled via electrical fishing following Austrian guidelines for fish sampling (Haunschmid et al., 2006; Wagner et al., 2010), according to Zippin (1956) and Moran (2008). Fish were sacrificed using a physical approach directly upon withdrawal and dissected on site on an RNase free ice-cooled stainless-steel plate. Sample aliquots of liver and gonadal tissues were stored in RNA Later solution (Ambion Life Technologies, Carlsbad, California, United States) for subsequent total RNA isolation. Weight of the remaining tissues was determined before oven drying and prepared for metal analysis as described below. The work described in this article is complying with the ARRIVE (Animal Research: Reporting of in Vivo Experiments) guidelines and was carried out in accordance with the EU Directive 2010/63/EU for animal experiments. In order to evaluate expression levels of populations from different habitats, we sampled C. gobio from our laboratory fish culture at the Institute of Zoology in Innsbruck. Despite the fact that differences in basal expression levels between individuals from the wild and individuals from laboratory cultures can occur, it is vital for understanding species and population related differences of mRNA expression levels as a whole. Individuals of C. gobio were kept in freshwater tanks at 9°C and were used as “non-wildlife” controls. We purchased “non-wildlife” control individuals of S. trutta fario from a commercial dealer located in Italy (Fish farm Schiefer KG, San Leonardo, South Tyrol, Italy). We used these controls to compare the expression levels of fish, mostly unaffected from outside influences and wildlife fish. We sacrificed and dissected the controls from each species using the same procedure than for the fish sample in the wild.
2.2 Physical and chemical water parameters
At each sampling site, the following physical and chemical water parameters were assessed with a Multisonde (HI 9829-00042, HANNA Instruments, Vöhringen, Germany) on site: temperature, pH, dissolved oxygen, conductivity and turbidity. Additional water samples were taken, directly cooled to 4°C and analyzed within 24 h using a DR1900 spectrophotometer (HACH Lange GmbH, Colorado, United States). Corresponding Kits (HACH Lange GmbH, Colorado, United States) were used to measure Nitrate (NO3), Nitrite (NO2), Ammonium (NH4+), Phosphate (PO43−), water hardness, Nickel (Ni), Barium (Ba), Iron (Fe), Copper (Cu), Aluminum (Al) and Lead (Pb) concentrations in the water. Cd concentrations in the waters were measured with an atomic absorption spectrophotometer (model Z-8200, Hitachi, Tokyo, Japan) following the same protocol described above.
2.3 Pesticides
At four sampling sites characterized by intensive agricultural use and orcharding as well as viniculture, the Biological State Laboratory of the Autonomous Province of Bolzano (Supplementary Table S2) measured 180 pesticides in the river water in June, October and November. The pesticides were classified into seven groups: Herbicides, Fungicides, Insecticides, Molluscicides, Nematicides, Acaricides, and Rodenticides. The method was APAT NCR IRSA 5060 man 29 2003 (APAT—Agenzia per la protezione dell’ambiente e per i servizi tecnic, 2003) via LC-MS/MS (liquid chromatography-tandem mass spectrometry) and GC-MS/MS (Gas chromatography-mass spectrometry) (Payá et al., 2007; Melo et al., 2020), as well as the method DIN 38407—36:2014 through LC-MS/MS (Núñez et al., 2005). To condense the information from the 180 pesticides a principal component analysis (PCA) was carried out. As criteria, an eigenvalue larger than one and a satisfactory variance was chosen. As a result, two components with different pesticide mix resulted [for details see (Schmölz et al., 2022)].
2.4 Transcriptome generation and biomarker identification
To identify relevant biomarkers, isolated RNA from a liver tissue sample of one female individual of C. gobio was sent to the Duke Center for Genomic and Computational Biology (GBC, Duke University, Durham, NC, United States) for transcriptome generation. The RNA was subjected to HiSeq 4000 150 bp paired-end Illumina sequencing and one library was generated. The raw data is available within the NCBI Bio Project database (PRJNA579253) and was assembled at the Institute of Zoology (University of Innsbruck, Tyrol, Austria) using Trinity Version v2.8.8 (GitHub Inc., San Francisco, United States) (Grabherr et al., 2011) and provided for analysis on a local TBlast page. Known nucleotide sequences of close relatives coding for diverse biomarkers related to endocrine disruption were blasted against the transcriptome data set of C. gobio using TBlast of the Sequence Server software (Priyam et al., 2015). Nucleotide sequences were analyzed with CLC Main workbench v8.0.1 (Qiagen, Aarhus, Denmark) and aligned with the online tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) in order to identify the respective reading frames. Gene specific primers were designed from identified sequences derived from transcriptomic data (see above) in order to confirm the sequences via PCR in three biological replicates for each examined biomarker. A 50-µl approach was set up using the Titanium Taq PCR system (Takara Clontech, Shimogyo-ku, Kyoto, Japan). PCR product separation occurred on a 1.5% agarose gel (Biozym, Hessisch Oldendorf, Germany) and gene specific bands were excised. DNA was purified using the QIAquick™ kit (Qiagen, Hilden, Germany), and pure samples were sent to Microsynth AG (Balgach, Switzerland) for Sanger sequencing. When necessary, DNA was subjected to subsequent cloning with the TOPO® TA Cloning® Kit for sequencing (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States). Inserts containing accurate plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) and sent to Microsynth AG (Balgach, Switzerland) for Sanger sequencing. Primer design and sequence analysis were performed applying CLC Main Workbench v8.0.1 (Quiagen, Aarhus, Denmark). Proven sequences of the following biomarkers from C. gobio were submitted to NCBI GenBank: VTG (MN577631), ERα (MN577627), ERβ (MN577628), ZOP (MN577629), and MT (MN577630).
2.5 mRNA isolation and cDNA synthesis
Total RNA isolation from ∼10 mg of homogenized (Precellys, Bertin Instruments, Montigny-le-Bretonneux, France) liver and gonadal tissues was achieved with Tri Reagent (Lab consulting, Vienna, Austria) and application of DNase 1 digestion (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States). RNA integrity screen was performed visually on an agarose gel stained with GelRed (Biotium Inc., Bay Area, CA, United States) and quantified with the RiboGreen®RNA Quantification Kit for Molecular Probes (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) on a VICTOR™X4 2030 Multilabel Reader (PerkinElmer, Waltham, MA, United States). To remove RNases within the used water, it was treated with DMPC (Merck KGaA, Darmstadt, Germany). First strand cDNA was synthesized from 450 ng of total RNA with Reverse Transcriptase (Life technologies, Thermo Fisher Scientific, Waltham, MA, United States) in a 50-µl approach for RT-qPCR.
2.6 RT qPCR
RT-qPCR using Power SYBR Green (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States) was performed on a Quant Studio 3 (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States). The transcripts were amplified using the primers and concentrations shown in Table 1, following a protocol of 40 cycles: denaturation at 95°C for 15 s, annealing and extension combined at 60°C for 60 s. The 10 µl PCR reaction contained 1 µl of cDNA, 5 µl Power SYBR Green PCR master mix, 1 μl U-BSA, 1 µl water (Direct-Q®3 UV, Merck Millipore SAS, Molsheim, France) and 1 µl of each forward and reverse primer. The primers were designed with the Primer Express 3.0 software (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States). A primer matrix with implemented dissociation curves was created to determine ideal primer concentrations and quality. Calibration curves were generated by using sequence proven amplicon plasmids from three biological replicates for each mRNA sequence assessed. Cycle quantification (CT) values were estimated as followed: C. gobio: VTG: y = −3.4657x + 36.974; ERα: y = −3.4251x + 36.535; ERβ: y = −3.3539x + 34,574; ZOP: y = −3.2088x + 34.15; MT: y = −3.7347x + 38.867; S. trutta fario: VTG: y = −3.3104x + 34.777; ERα: y = −3.3438x + 34.459; ERβ: y = −3.3335x + 33.463 (PCR efficiencies shown in Table 1). Data evaluation was performed by using the Thermo Fisher Cloud Software, Version 1.0 (Life Technologies Corporation, Carlsbad, California, United States). The calculated amounts of mRNA are displayed in mRNA copy numbers per 10 ng total RNA.
TABLE 1 | Used quantitative real time PCR primers and PCR efficiencies for Cottus gobio and Salmo trutta fario. qRT PCR primers for vitellogenin, estrogen receptor α- and β from S. trutta fario were adopted from Körner et al. (2008).
[image: Table 1]2.7 Metal analysis
Liver and gonadal tissue aliquots were dried in an oven at 65°C. Subsequently, the samples were pressure digested in 2 ml flat bottom tubes (Eppendorf, Hamburg, Germany) with a mixture of nitric acid (65%) (Suprapure, Merck, Darmstadt, Germany) and deionized water (1:1), in an aluminum oven covered with a heated lid at 69°C. Digested samples, were diluted with deionized water to 2 ml and Cd and Cu concentrations were measured with an atomic absorption spectrophotometer (model Z-8200, Hitachi, Tokyo, Japan). System calibration was performed with Cd and Cu standard solutions containing 1% nitric acid. The accuracy of metal measurements was verified using certified standard reference material TORT-2 (Lobster Hepatopancreas Reference Material for Trace Metals; National Research Council Canada) (n = 5) and DOLT-1 (Dogfish Muscle and Liver Reference Material for trace metals; National Research Council Canada) (n = 5).
2.8 Statistical method
Mixed effect models (site as random factor) were computed in Statistica 13 (TIBCO Software Inc., Palo Alto, 1984-2017). Boxplots with median, quartiles and range were created in R (R Development Core Team, 2008) using the package ggplot 2 (Wickham, 2016). Details of the statistical analyses are given as Supplementary Tables S3–S5.
The effects of water quality on vitellogenin, estrogen receptor α (ERα) and zona pellucida were assessed by General Linear Model procedure (GLM) in which factors (type of tissue, gender, species) and covariates (physical and chemical water parameters, pesticide mix), as well as their interactions are used as predictors. Collinearities among the covariates were assessed with the Variance Inflation Factor (VIF) measures. Of the chemical predictors, the following remained based on a level of VIF > 10 in the analysis: Nitrite (NO2), Phosphate (PO43−), water hardness (Ca, Mg), Barium (Ba), Iron (Fe), Copper (Cu), Aluminum (Al), Lead (Pb), N and P total as well as the pesticide mix 1. Of the water physical parameters, temperature, conductivity and turbidity were used. Data of vitellogenin and zona pellucida expression were transformed [Box-Cox transformation (Hemmerich, 2016)] to achieve the assumptions of multivariate normality and the homogeneity of variance-covariance matrices (Levene’s Test of Equality of Error Variances, White Test for Heteroscedasticity). The analyses were performed with IBM SPSS Statistics for Windows, Version 27.0.Armonk, NY: IBM Corp.
3 RESULTS
3.1 Cottus gobio
3.1.1 Basal expression levels of vitellogenin, estrogen receptor α and zona pellucida
Basal wildlife VTG levels were significantly elevated in male liver tissues reaching up to 10,000 copies per 10 ng total RNA compared to male samples from a laboratory control population, where levels reached 500 copies per 10 ng total RNA or were even below detection limits (Figure 2A; all statistical examinations are shown in the Supplementary Table S3. Compared to males, VTG levels were up to 500-fold elevated in female liver tissues. The average levels from sampling sites ranged from 700 to 10 million copies. VTG levels in all male samples from the wild were significantly elevated when compared to laboratory controls but significantly lower when compared to female individuals. VTG levels measured in the liver of females from the different sampling sites were all higher than the levels detected in female laboratory controls. Particularly high VTG expression levels were measured in the rivers Lech, Weissenbach, Großache in North Tyrol, and the River Etsch in South Tyrol. Compared to females, expression levels of ERα were about 10-fold decreased in liver tissues of males (Figure 2B). In male wildlife samples, ERα expression levels in the liver tissues were more than 3-fold elevated compared to laboratory controls. In the Großache they were almost elevated to 10-fold, reaching the level of females. We detected the highest expression levels in females of the rivers Lech and Großache. In the liver of females, ZOP mRNA expression levels displayed a 10-fold increase compared to male liver samples (Figure 2C). As observed for VTG and ERα expression, ZOP expression levels in the liver of wildlife male individuals was higher than the values recorded for laboratory control males. Likewise, in females ZOP mRNA levels were significantly elevated when compared to laboratory control females, except for the Falschauer. In the rivers Lech, Weissenbach, Großache and Etsch elevated levels up to 100-fold were recorded. Associated data for sewage treatment plants, pesticide loaded permanent cultures and controls for the respective biomarkers are displayed in Figures 2D–F, indicating significant differences between female and male individuals.
[image: Figure 2]FIGURE 2 | Log transformed expression levels (mRNA copy numbers per 10 ng total RNA) of (A) vitellogenin (VTG) (ANOVA; p = 0.0004), (B) estrogen receptor α (ERα) (ANOVA; p = 0.0006), (C) zona pellucida (ZOP) (ANOVA; p = 0.0002), in liver tissues of male (turquoise) and female (red) individuals of C. gobio (C. gobio) at the respective sampling rivers. Combined data of expression levels of (D) VTG, (E) ERα, (F) ZOP in liver tissues of male (blue) and female (red) individuals of C. gobio. Significant differences of mRNA expression between males and females were confirmed by ANOVA (p ≤ 0.001) and are indicated with stars.
3.1.2 Sewage treatment plants and permanent cultures
mRNA expression levels were measured in livers of male C. gobio collected upstream (control) and downstream of a sewage treatment plant at three different rivers in North Tyrol and one river in South Tyrol (Figures 3A–C; Supplementary Table S4). VTG expression was increased significantly in the river Lech at both sampling sites compared to the other rivers. Apart from that, the mRNA expression levels of VTG, ERα, and ZOP were not altered significantly at the sampling sites due to sewage treatment plant-efflux. Expression levels of the three genes VTG, ERα, and ZOP from samples collected in rivers passing through permanent cultures in South Tyrol were significantly elevated compared to the basal expression levels recorded for laboratory control fish (Figures 3D–F; Supplementary Table S4). Especially samples collected from the Leiferer Graben displayed very high mRNA expression levels for all tested biomarkers. In addition to ERα we also tested the expression of ERβ, but neither in liver samples taken from fish collected in the different rivers nor in samples collected from fish from rivers passing through permanent cultures in South Tyrol any significant difference between laboratory controls and wildlife samples were detected (data not shown). We also applied all measurements described for liver tissues to gonadal tissues alike. Basal mRNA expression levels in gonadal tissues were significantly lower than in liver tissues, sometimes even close to or below the detection limits. The results did not show significant differences for any of the tested biomarkers between males and females, pre- and post-sewage treatment plants or at pesticide loaded locations (data not shown).
[image: Figure 3]FIGURE 3 | Log transformed expression levels (mRNA copy numbers per 10 ng total RNA) of (A) vitellogenin (VTG), (B) estrogen receptor α (ERα), (C) zona pellucida (ZOP) in liver tissues of control individuals upstream of a sewage treatment plant (red) and individuals downstream the sewage treatment plant (turquoise) in individuals of C. gobio. Asterisks indicate a significant difference to other sampling sites of the study (significance level <0.05). Log transformed expression levels (mRNA copy numbers per 10 ng total RNA) of (D) VTG, (E) ERα, (F) ZOP in liver tissues of control individuals from a laboratory culture (lilac) and individuals from permanent cultures (red, green and turquoise). Asterisks indicate a significant difference to the controls (significance level <0.05).
3.1.3 Metallothionein expression
MT expression levels were tested sex dependent in fish collected upstream and downstream of the sewage treatment plants since it has been shown that sex could have an impact on MT expression in some vertebrates (Blazka and Shaikh, 1991; Adeogun et al., 2020). However, no sex related significant differences in MT expression were observed. Therefore, we displayed MT mRNA expression levels graphically sex-independent (Figure 4). MT mRNA levels measured in control liver samples reached on average 330,000 copies per 10 ng total RNA. Fish collected upstream in the river Etsch in South Tyrol had slightly higher MT expression levels than the fish collected upstream in North Tyrol, but this difference was not significant. MT mRNA levels detected in liver samples of fish collected downstream of the sewage plants ranged from 50,000 to 600,000 copies, and they were not significantly different from the levels detected in fish collected upstream. In permanent cultures, no effect on MT expression levels was detected. MT expression levels recorded in gonadal tissues of these fishes were significantly lower than the levels measured in liver samples. No differences were detected between the MT expression levels measured in laboratory control samples and the samples collected in the rivers (data not shown). Furthermore, no coherence between VTG and MT mRNA expression was discovered.
[image: Figure 4]FIGURE 4 | Metallothionein expression levels (mRNA copy numbers per 10 ng total RNA) in liver tissues of C. gobio in river streams of control individuals upstream of a sewage treatment plant (red) and individuals downstream the sewage treatment plant (turquoise) (all labeled sewage treatment plants). Rivers passing vineyards and orchards are labeled permanent cultures.
3.2 Salmo trutta fario
3.2.1 Basal expression levels of vitellogenin and estrogen receptor α
We sampled S. trutta fario at three sampling sites due to the absence of C. gobio. Similar to C. gobio, sex-dependent basal expression levels of biomarkers in the livers of S. trutta fario were determined by comparing male and female individuals (Figures 5A,B; Supplementary Table S5). VTG expression in the liver of S. trutta fario females collected in the rivers Ruetz and Falschauer in South Tyrol were significantly higher than the levels recorded in male liver samples. Similarly, liver samples from females collected in the Punibach showed much higher VTG expression levels than samples taken from male fish. ERα expression levels measured in fish from these rivers revealed no difference between males and females except for the Punibach, where the expression levels in males were lower when compared to females (Figure 5B).
[image: Figure 5]FIGURE 5 | Log transformed expression levels (mRNA copy numbers per 10 ng total RNA) of (A) vitellogenin (VTG) (ANOVA; p = 0.0009), (B) estrogen receptor α (ERα) in liver tissues of male (turquoise) and female (red) individuals of S. trutta fario at the respective sampling sites. Significant differences of mRNA expression between males and females were confirmed by ANOVA (p ≤ 0.001). Log transformed expression levels (mRNA copy numbers per 10 ng total RNA) of (C) VTG, (D) ERα in liver tissues of control individuals upstream of a sewage treatment plant (red) and individuals downstream the sewage treatment plant (turquoise) of S. trutta fario. Log transformed expression levels of (E) VTG, (F) ERα in liver tissues of control individuals from a laboratory culture (blue) and individuals from permanent cultures of S. trutta fario.
3.2.2 Sewage treatment plants and permanent cultures
VTG and ERα expression tested in S. trutta fario males collected upstream and downstream of the sewage treatment plant in the rivers Ruetz and Falschauer revealed no significant differences (Figures 5C,D; Supplementary Table S5). Wildlife samples from freshwater streams passing permanent cultures did not reveal enhanced mRNA expression levels compared to control individuals from an aquaculture (Figures 5E,F; Supplementary Table S5). Additionally, ERβ expression was analyzed, but no differences were detected between controls and the samples collected in the different rivers nor between controls and the samples collected from fish from rivers passing through permanent cultures in South Tyrol (data not shown). No significant differences in the expression levels between males and females, pre- and post-sewage treatment plants or controls and pesticide-loaded locations (data not shown) were detected in gonadal tissue.
3.3 Cd and Cu accumulation in Cottus gobio and Salmo trutta fario
Measurements of Cd accumulation in the liver of C. gobio (Figure 6A) collected pre and post sewage treatment plants revealed no significant differences. Noteworthy, however, were the elevated levels of Cd in liver samples from the rivers Lech and Etsch, compared to laboratory controls and the rivers Weissenbach and Großache. Compared to laboratory controls, liver samples collected from the Leiferer Graben and Plimabach, rivers passing through permanent cultures, also showed significantly elevated levels of Cd. Cd concentrations in gonadal tissues were significantly lower than in liver tissue, and no difference was detected between the different sampling sites (data not shown). Cu concentrations measured in the liver of C. gobio collected were not different from laboratory control values and no difference was detected between sampling sites (Figure 6B). Only samples collected from the Großache showed a remarkable variation in the Cu concentration.
[image: Figure 6]FIGURE 6 | (A) Cd and (B) Cu accumulation (in µg per g dry weight) in liver tissues of C. gobio in river streams of control individuals upstream of a sewage treatment plant (red) and individuals downstream the sewage treatment plant labeled impact (turquoise) (all labeled sewage treatment plants). Rivers passing vineyards and orchards are labeled with permanent cultures. Asterisks indicate a significant difference to the controls (significance level 0.05). (C) Cd and (D) Cu accumulation (in µg per g dry weight) in liver tissues of S. trutta fario in river streams of control individuals upstream of a sewage treatment plant (red) and individuals downstream the sewage treatment plant labeled impact (turquoise) (all labeled sewage treatment plants). Rivers passing vineyards and orchards are labeled permanent cultures. Asterisks indicate a significant difference to the controls (significance level 0.05).
Cd accumulation in the liver of S. trutta fario was low and there was no difference between samples collected pre- and post-sewage treatment plants, except for the Punibach, where values were in the range of 3–4 µg per g dry weight (Figure 6C). Interestingly, the Cu accumulation was significantly higher in S. trutta fario than in C. gobio (Figure 6D). Compared to liver tissue, gonadal tissue of S. trutta fario displayed significantly lower values for Cd and Cu, and there were no significant differences between sampling sites (data not shown).
3.4 Physical and chemical water parameters
Temperature measured at the different sampling sites in North and South Tyrol before and behind the sewage treatment plants varied between 8°C and 13°C; dissolved oxygen concentrations were with values of about 10 mg L−1 in the upper range, close to or even slightly above full oxygen saturation at atmospheric oxygen partial pressures (Supplementary Tables S6, S7). None of the sampling sites showed elevated concentrations of ammonia, nitrite or nitrate, and overall conductivity was low with values between 150 and 300 µs cm−1, except for Weissenbach in North Tyrol and Etsch in South Tyrol, where conductivity was near 500 µs cm−1 (Supplementary Table S6). Similarly, concentration of metals measured in these water samples were low, sometimes below the detection threshold. Supplementary Table S7 summarizes physical and chemical water parameters determined in South Tyrolean Rivers passing through permanent cultures. Temperature varied between 13 and 15°C and dissolved oxygen concentration was near 10 mg L−1.
3.5 Effects of water quality on biomarkers
Type of tissue and the sex of the individuals correlated significantly with the expression levels of all biomarkers (Table 2). As shown in the previous results, livers have significantly higher levels of VTG and ZOP, whereas the gonads have higher levels of ERα. Not surprisingly, females also contained higher numbers of mRNA copies of VTG and ZOP overall. Using the General Linear Model procedure (GLM) we tried to identify a possible correlation between these expression data and physical and chemical water parameters. Especially in the case of VTG, our data show that some water chemical and physical parameters were correlated with it. Thus, there was a positive correlation between the concentration of total nitrogen, iron and copper in water with VTG expression. On the other hand, calcium hardness was correlated negatively with the number of VTG mRNA copies. Furthermore, the VTG expression also correlated positively with at higher temperatures and a higher conductivity. Finally, the VTG expression was positively correlated with a higher concentration of pesticides in the water and, proximity to sewage treatment plants. ERα expression was positively correlated only with temperature, whereas turbidity, nitrogen content and iron content were negatively correlated with this biomarker. In the case of ZOP, in addition to tissue and sex, only aluminum content affected expression (negative correlation).
TABLE 2 | Statistical results of GLM models to the effects of tissue and sex (factors) and chemical and physical water parameters, as well as pesticide mix (as covariates) on the expression levels of vitellogenin, estrogen receptor α and zona pellucida. Significant correlations and interactions based on type III Wald statistics are highlighted ([image: FX 1]), for all predictors the regression coefficients (β) are given. R2, adjusted R2, Levene’s Test of Equality of Error Variances and White Test for Heteroskedasticity are provided for each model.
[image: Table 2]4 DISCUSSION
Of the tested genes, the expression levels of VTG, ERα, and ZOP in the liver of wildlife control fish were elevated compared to laboratory controls and revealed significant differences between male and female individuals of C. gobio. and of S. trutta fario. Our data suggested three distinct levels of mRNA expression, where the lowest levels of expression were found in male controls from a laboratory- or aquaculture, the intermediate level were detected in male wildlife fish and the highest expression levels in female wildlife fish. VTG and ZOP expression have repeatedly been used as a biomarker (Celius et al., 2000; Fossi et al., 2002; García-Reyero et al., 2004; Barucca et al., 2006; Bjerregaard et al., 2008; Baker et al., 2013). Körner et al. (2008) reported that ethinylestradiol exposure stimulated ERα but not ERß expression in juvenile brown trout. Our results suggest that this holds true for adult individuals alike. While ERα expression was significantly higher in females of C. gobio and S. trutta fario, expression levels of ERß in liver tissues revealed no differences between control males and females. In addition to liver tissue, expression of these genes was assessed in gonadal tissues. In both species, expression levels of VTG, ERα, and ZOP in gonadal tissues were significantly lower than in liver tissues, and there was no significant difference between male and female expression levels. These results support the assumption that the liver is the main organ for mRNA expression of the tested biomarkers and therefore should be used for possible screening studies. Expression levels of VTG, ERα, and ZOP in liver samples of wildlife fish were consistently higher than the expression levels measured in the laboratory control population, suggesting that in the wild fish may have been exposed to EDC’s. However, during dissection, no obvious organ modifications of feminizing nature were observed. Furthermore, no hints of decreased fertility or unstable population density in the rivers were detected. Therefore, it remains unclear whether these significantly increased basal expression levels of VTG, ERα, and ZOP with respect to laboratory controls in male wildlife individuals was sufficient to cause detrimental biological effects and therefore led to a decrease in reproductive success. The different levels of mRNA expression between the two species where ERα and ZOP mRNA expression levels of S. trutta fario were below RT-qPCR detection limits is of particular interest, since this proposes disparities in the response mechanisms of the two species.
The sewage treatment plant-efflux in the tested rivers did not significantly alter mRNA expression levels of the assessed biomarkers in three rivers, except for liver tissue from C. gobio collected downstream of the sewage treatment plant at the river Lech, which showed elevated expression levels especially of VTG mRNA. This could be due to the observation that sewage treatment plants may not eliminate synthetic estrogen, some heavy metals and pesticides from wastewaters effectively enough (Larsson et al., 1999; Parkkonen et al., 2000). Another possible explanation could be the high immigration of new residents in the catchment area of this river within the last few years and an increasing summer- and winter tourism into this region, leading to seasonal peaks of increased wastewater efflux. Especially during winter season, the number of guest nights increased by a factor of five compared to the summer months in recent years (https://gemeinde.lech.eu/servicecenter/gaestelaenderstatistik/). The efflux of an additional sewage treatment plant, located upstream our sampling sites in a likewise touristic region, may have contributed to the already increased mRNA levels detected at the site upstream the sewage treatment plant. Therefore, the present sewage treatment plant may be overstrained due to the altered concentration of EDCs upstream.
Using the General Linear Model procedure, we identified correlations between individual physical and chemical water parameters and the mRNA expression, especially in the liver tissue of males. In liver tissue, VTG mRNA expression increased with increasing total nitrogen, iron and Cu concentration in the water, and it decreased with increasing Ca2+ hardness. The latter effect is in concordance with previous results by Yeo and Mugiya (1997), who detected a decrease of VTG synthesis with increasing extracellular calcium concentrations in rainbow trout. Water hardness is one of the most important factors that affect fish physiology and metal toxicity (Saglam et al., 2013), because their gills are constantly submersed in water containing metal ions. In general, Cd toxicity is increased upon reduced water hardness (Pilehvar et al., 2020) and it has been shown to be more toxic in freshwater compared to saltwater since it associates with saltwater chlorides to form a less available molecule from solution (Bradl, 2005). Through passive diffusion over the gills or ingested and absorbed via endocytosis, metal ions enter chloride cells in the gills through calcium channels (Olsson et al., 1998) and interact with different cytoplasmatic components such as MTs (Perera et al., 2015). In fish, naturally occurring waterborne cations and trace metals interact with gill surfaces and other exchange structures resulting in competitive/non-competitive inhibition of the uptake and accumulation processes, hence, modifying metal toxicity (Paquin et al., 2002). In female fathead minnow Cu exposure had no effect on the expression of ERß and VTG; while ERα expression was slightly decreased (Driessnack et al., 2017). Cd exposure significantly decreased VTG mRNA expression, but increased ERß expression (Driessnack et al., 2016). Exposure of the fish to water containing a mixture of copper and nickel resulted in a decrease in hepatic VTG expression in females (Driessnack et al., 2017). In females of the mosquitofish, Zn, Cd, and Pb have been shown to induce VTG and MT- mRNA expression (Huang et al., 2014). In fathead minnow, Cu exposure also enhanced MT expression (Driessnack et al., 2016; Driessnack et al., 2017). Significant metabolic changes such as altered VTG gene expression, lipid transport activity, defense response, innate immune response and metal ion binding activity support the hypothesis that exposure to Cd induces endocrine disruption in aquatic animals (Kim et al., 2016). Taken together these results support the notion that heavy metals may affect not only MT expression, but also VTG expression or ER expression. It is of note that Yang and Sun showed, that Cd not only affects gene expression but can also decrease VTG accumulation in the hepatopancreas of the benthic freshwater crab Sinopotamon henanense due to elevated energy consumption and an activated defense system (Yang et al., 2017). The energy metabolism is enhanced to balance increased ATP consumption due to an increased protein synthesis which is upregulated due to external stress such as metals (Cherkasov et al., 2006), leading to a downregulated VTG accumulation (Yang et al., 2017). In general, the metabolic utilization of energy to support basal functions is of higher priority than reproduction, growth or nutrient storage (Sokolova et al., 2012). Maternal exposure to Cu and also to Cd has been shown to decrease brood size in live-bearing western mosquito fish Gambusia affinis (Cazan and Klerks, 2015). While many studies focused on female fish, our study revealed that in males VTG and ER expression may also be affected, and we even found stronger effects in males. Our results showed a temperature dependent expression of VTG and ERα mRNA, as reported in a previous study (Körner et al., 2008).
Pesticides may pollute South Tyrolean Rivers passing permanent cultures, and our results confirm this observation. Compared to laboratory controls, expression levels of VTG, ERα, and ZOP expression was significantly elevated in liver samples from C. gobio and S. trutta fario males. However, the expressions levels detected in males were significantly lower than the expression values recorded in females. This suggested that rivers passing through permanent cultures indeed show an increased level of pollution. MT mRNA expression is often used as a biomarker for metal pollution, but it is known that EDCs such as 17ß estradiol can alter MT expression in different ways (Olsson et al., 1995). High concentrations of 17ß estradiol and of Cd significantly altered the MT expression levels (Martin et al., 2003; Zheng et al., 2010; Huang et al., 2014). Elevated MT expression has also been reported for fathead minnow exposed to Cu, or to a mixture of Cu and either Cd or Ni (Driessnack et al., 2016; Driessnack et al., 2017). Additionally, it has been demonstrated that sex can have an impact on MT expression in vertebrates and arthropods (Blazka and Shaikh, 1991; Legras et al., 2000; Adeogun et al., 2020). Statistical analysis of our data, however, did not identify significant sex-related differences. Our expression data for MT mRNA in female and male individuals did not reveal any significant differences between laboratory controls and the various sampling sites, and there was no correlation between VTG and MT mRNA expression levels. The liver is known to be the main storage organ for Cd and Cu in fish (Kamunde et al., 2005; Driessnack et al., 2016), and our results confirmed that MT’s are mainly produced in liver tissue. Metals may induce MTs, and our data therefore indicate that in none of our sampling sites the concentration of metals like Cd and Cu, which are bound by MTs, was high enough to enhance MT expression. Indeed, measurements of Cd and Cu concentrations in the livers of our collected fish did not display signs of severe Cd or Cu accumulation, and the concentrations were even lower in gonadal tissue. In female fathead minnow, exposure to waterborne Cu also did not result in an accumulation of Cu in ovary tissue (Driessnack et al., 2016; Driessnack et al., 2017).
5 CONCLUSION
Our results suggest that VTG, ERα, and ZOP mRNA expression levels, measured in the livers of C. gobio and VTG in the livers of S. trutta fario serve as valuable biomarkers for EDC related monitoring projects and the two fish species can be used as bio indicators for metal pollution. The constantly increased expression levels in wildlife fish do suggest pollution with EDCs and pesticides to some extend in small rivers that are interspersed with partially overstrained small-scale sewage treatment plants or flow through permanent cultures. The two species also significantly differ regarding overall mRNA expression levels. It is of note, that ERα and ZOP mRNA expression levels in S. trutta fario constantly were below detection limits, which indicates significant differences in the response mechanisms of the two species.
However, further studies are necessary to evaluate the impact of the documented elevated expression levels on the physiology and reproductive biology of C. gobio and S. trutta fario and to investigate in depth whether slightly increased expression levels lead to ascertainable detrimental effects of feminizing nature.
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