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            Abstract
The transgenerational consequences of environmental contaminant exposures of aquatic vertebrates have the potential for broad ecological impacts, yet are largely uninvestigated. Bisphenol A (BPA) and 17α-ethinylestradiol (EE2) are two ubiquitous estrogenic chemicals present in aquatic environments throughout the United States and many other countries. Aquatic organisms, including fish, are exposed to varying concentrations of these chemicals at various stages of their life history. Here, we tested the ability of embryonic exposure to BPA or EE2 to cause adverse health outcomes at later life stages and transgenerational abnormalities in medaka fish. Exposures of F0 medaka to either BPA (100 μg/L) or EE2 (0.05 μg/L) during the first 7 days of embryonic development, when germ cells are differentiating, did not cause any apparent phenotypic abnormalities in F0 or F1 generations, but led to a significant reduction in the fertilization rate in offspring two generations later (F2) as well as a reduction of embryo survival in offspring three generations later (F3). Our present observations suggest that BPA or EE2 exposure during development induces transgenerational phenotypes of reproductive impairment and compromised embryonic survival in fish of subsequent generations. These adverse outcomes may have negative impacts on populations of fish inhabiting contaminated aquatic environments.
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                    Introduction
Environmental chemicals can induce a variety of adverse effects via disruption of normal endocrine function in eukaryotic organisms. These chemically-induced effects are not only observed as immediate organismal responses, but also as a variety of diseases in subsequent generations in organisms whose tissues were not directly exposed to the chemicals. The organism that develops abnormal health outcomes without direct chemical exposure, but rather because prior generations were exposed, is said to have a transgenerational phenotype. The transgenerational phenotype has been observed in many organisms, including humans and plants1. Since the observations by Anway et al2 that an agricultural fungicide, vinclozolin, can induce infertility and a variety of diseases in offspring three generations later, a variety of environmental toxicants (plastics, herbicides, fungicides, pesticides, dioxin and hydrocarbons) and their mixtures have been shown to promote similar epigenetic transgenerational inheritance of adult-onset disease phenotypes in laboratory rats3,4. Epigenetic transgenerational inheritance of altered phenotypes, including those induced by contaminants, has also been shown in worms5, flies6, plants7, fish8,9,10, mice11,12 and humans13, although the mechanisms mediating these effects remain an active area of research.
Aquatic environments are the ultimate reservoirs for many environmental anthropogenic chemicals, including chemicals that mimic the functions of natural hormones. Fish and other aquatic organisms often have the greatest exposures to such chemicals during critical periods in development or even entire life cycles. Although immediate, deleterious outcomes of exposure to environmentally relevant concentration of endocrine disrupting chemicals (EDCs) have been reported for many aquatic species14, transgenerational effects resulting from chemical exposures are currently poorly understood. Declines of natural populations of fish and other aquatic species attributed to chemical contamination have largely been thought to be due to direct actions on the exposed organisms. However, the potential for transgenerational phenotypes to occur in aquatic organisms, consequently predisposing offspring of exposed lineages to a variety of diseases, remains an uncharacterized risk in natural populations15.
Bisphenol A (BPA) is a compound used primarily to manufacture polycarbonate plastics and epoxy resins, but is also an additive in other products16. Due to extensive use of these products in daily human life, the accumulation of BPA-containing waste in the environment has been a serious concern and a potential threat to the public and wildlife health17,18.
17α-ethinyl estradiol (EE2) is a component of combination oral contraceptives designed for women, of which approximately 16–68% of dose is excreted in the urine or feces19. A substantial amount of EE2 has been found in aquatic environments downstream of wastewater treatment plants. EE2 is strongly estrogenic, whereas BPA has weaker estrogenic activity via nuclear estrogen receptors. In contrast, the activity of BPA mediated by estrogen receptors associated with the cell membrane is equal to that of estradiol20. Both compounds are present in water at concentrations that are sufficient to affect development, osmoregulation and reproduction in aquatic organisms14,21. Specifically, BPA occurs in the ng/L range in surface waters and up to the mg/L range in groundwater14 and once in sediment, does not readily degrade22. The concentration of EE2 in surface and ground water has been found in the high pg/L to low ng/L range (see review14). In the present study we examined whether these two chemicals of environmental and public health concern can induce transgenerational effects in aquatic organisms using medaka (Oryzias latipes) as a model species23,24,25,26,27 for studying germ cell mediated transgenerational effects. Medaka have advantages over other fish models, based on having all of these features: sequenced and annotated genome information, external fertilization and embryo development, daily spawning, availability of large numbers of eggs and sperm, short generation time (2 months) and easy, low-cost culture25,28. Moreover, medaka exhibits genetic sex determination, which occurs between days 5 and 7 after fertilization29, germ cell developmental events are well characterized30 and epigenetic reprogramming events in germ cells are believed to be complementary to the mouse.


Methods
Additional details of methods used are available in the supplemental material section. All animal procedures were conducted in accordance with the procedures described by American Institute of Fishery Research Biologists (AIFRB), “Guidelines for Use of Fishes in Field Research”; and with all US Geological Survey CERC guidelines for the humane treatment of test organisms during culture and experimentation. Experimental protocols and the study plan was approved by USGS-CERC Institutional Animal Care and Use Committee.
Animals and exposure
The Hd-rR strain of medaka (Oryzias latipes) maintained in the USGS Columbia Environmental Research Center (CERC) were used. Medaka eggs remain soft and less transparent during the unfertilized state and harden and become transparent after fertilization31. Due to transparency of fertilized egg, developmental stages can be examined under the light microscope. For the present study, fertilized eggs (F0) were collected from 6 to 10 breeding pairs, pooled, sorted and assigned to 9 glass petri dishes. Each petri dish contained 50 fertilized eggs in 50 mL well water and each treatment group had three biological replicates. For EDC-treated fish, approximately 8 hours after fertilization (late blastula stage), well water was replaced by water containing the test chemicals BPA or EE2 at concentrations of 100 μg/L and 0.05 μg/L, respectively. The current exposure concentrations were above the levels currently measured in surface waters, but within expected environmental concentrations based on total estrogenicity assayed in surface waters and the potency of BPA and EE214. Embryos were exposed for 7 days from that point spanning critical window of medaka sex determination29 which occurs between 5 and 7 days after fertilization. The control water and test chemical solutions were replaced daily until hatch. There were no further chemical exposures for these fish (F0) or any subsequent generations (F1, F2, F3, or F4). Newly hatched fry at 8–10 days postfertilization (dpf) were transferred to floating netted trays that were placed in 10 L aquaria with flowing water and aeration. At 30 dpf, all juveniles were transferred to aquaria and maintained. Culture of the three treatment lineages (control, EE2 and BPA) followed through production of F4 eggs and embryos.
Chemical concentration measurement
Concentrations of EE2 in exposure waters were quantified by ELISA using a kit (Ecologiena EE2 ELISA kit, Tokiwa Chemical Industries, Tokyo, Japan) and manufacturer's instruction and concentrations of BPA by mass spectrometry according to previously published protocols32. To quantify the uptake of test chemicals into the medaka embryos, radioactive-labeled chemicals were used in a separate experiment, under identical conditions, with the same breeding pairs of fish used for the effect analysis portion of the study. Chemical concentrations in the exposure water and eggs for the uptake portion of the study were measured using liquid scintillation counting of 3H-EE2 and 3H-BPA [supplemental material].
Mating, offspring production and phenotype
Water temperature was maintained at 26 ± 0.5°C throughout the study. All experimental medaka became sexually mature and spawned in an average of 120 dpf. A total of 6 adult pairs from the same treatment group were randomly chosen and mated to produce offspring for each subsequent generation (Fig. 1).
Figure 1[image: figure 1]
A schematic diagram showing multiple generations of medaka after early embryonic treatment with BPA (100 μg/L) or EE2 (0.05 μg/L).
Transgenerational phenotypic traits examined are shown with a gray bar. The F2 adults had a transgenerational phenotypic trait of reduced fertilization capacity, whereas the F3 embryos that developed from fertilized eggs of F2 parents had reduced survival. Similar results were obtained in F3 adults and F4 embryos. All parts of the figure were drawn by Ramji Bhandari.
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F0 fish were either unexposed (controls) or directly exposed to either test chemical, whereas F1 fish were exposed only as germ cells while in F0 gonads. Therefore, the first transgenerational phenotype was examined in offspring at the F2 generation. Eggs from six F2 breeding pairs of adults were collected over a 2-week period except for a few instances during which three out of six breeding pairs had spawned, counted and sorted as fertilized or unfertilized. Fertilized eggs were placed in 50 mL petri dishes (n = 9) in well water with a daily change of 80% water until F3 embryos were hatched. The fecundity of the F2 adult breeding pairs, fertilization rate and the survival rate of the F3 embryos were recorded. Similarly, eggs from F3 breeding pairs were collected and F4 embryos were produced. Fecundity was calculated as average (arithmetic mean) number of eggs produced by each breeding pair, fertilization rate as a percentage of fertilized eggs from total eggs collected in a day from each pair. The survival rate was calculated as the mean number of embryos that survived in the pool of fertilized embryos during embryonic development (before hatching). Phenotypic abnormalities were examined microscopically and gonadal changes histologically.


Results
The measured water concentrations of BPA were 83.7 μg/L (16% less than nominal); while concentrations of EE2 were 0.061 μg/L (21% more than nominal water concentrations). The uptake of EE2 by embryos was 1.2 pg/mg egg in the first 24 hours and 4.0 pg EE2/mg egg in 7 days, whereas uptake of BPA by eggs was 29 pg/mg egg in 24 hours, 51 pg/mg egg in 3 days and 178 pg/mg egg in 7 days (Supplemental table 1). All exposed F0 fertilized eggs survived and hatched. No phenotypic abnormalities were observed in F0 adults, with the exception of two fish with male to female sex reversal in EE2-treated group. The F0 adults, F1 embryos, F1 adults and F2 embryos appeared to be normal in that they had no gross visible phenotypic changes. There was no significant difference in fertilization rate in F0 and F1 adults and in survival rate of F0, F1 and F2 embyros. The fertilization rate of eggs produced by the F2 generation was significantly reduced in BPA- and EE2-lineages (Fig. 2A). Embryo survival of F3 generation was significantly lower in both BPA- and EE2-lineages as compared to control treatments (Fig. 2B). The embryos that survived at F3 were maintained and F3 fertilization and F4 embryo survival were recorded. Compared to control, the fertilization rate of F3-BPA lineage was significantly reduced (p < 0.05) and F4 embryo survival decreased (p < 0.05) in both BPA- and EE2-linages (Fig. 1C&D). The fecundity of F1 EE2-lineage females was greater than in control- and BPA- lineage females (Fig. S2).
Figure 2[image: figure 2]
Transgenerational effects of BPA or EE2 exposures in fertilization capacity and survival of medaka.
On the X axis, chemical names refer to corresponding lineages of F0 ancestors who were exposed during early development to exposure chemicals and never exposed after hatching. F2 fertilization capacity (A), F3 embryo survival (B), F3 fertilization capacity (C) and F4 embryo survival (D). BPA (100 μg/L) or EE2 (0.05 μg/L) exposures during embryonic development led to a significant reduction in fertilization capacity of breeding pairs and increase in embryo mortality in F2 through F4 generations. Statistical differences were calculated against same generation controls using a student's t-test; p values for these comparisons are as indicated (* p < 0.05, ** p < 0.01).
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Discussion
Environmentally induced transgenerational transmission of phenotypes at the organism or population level has been an area of recent intensive investigation3,4,15. In the present study we examined transgenerational effects of ubiquitous environmental estrogens (BPA and EE2) in medaka, a model fish. Our results indicate that exposure to a 100 μg/L concentration of BPA or a 2000-fold lower concentration (0.05 μg/L) of EE2 during 7 days of early embryonic development can produce transgenerational consequences, a reduced rate of fertilization and an increased incidence of embryo mortality. We also demonstrate that these transgenerational phenotypes appear in F2 generation adults and persist in F3 and F4 generations. In fathead minnows, EE2 exposure has been found to induce transgenerational effects on survival and fecundity, which consequently disrupted population dynamics10. Chemical compounds other than BPA and EE2 have been shown to cause transgenerational abnormalities in fish. Benzo-a-pyrene (BaP) exposure of adult male zebrafish resulted in transgenerational skeletal deformities in F1 and F2 generations8, whereas parental exposure to 1 μg/L BaP resulted in reduced egg production, reduced larval survival and increased mortality of fathead minnows in the F2 generation9. Juvenile zebrafish exposed to dioxin (50 pg/mL in water for one hour at 3 and 7 weeks post fertilization) resulted in reduced fertilization success and egg release and scoliosis-like skeletal abnormalities in the F2 generation33.
Toxicological studies that examined effects of environmental chemicals such as BPA and EE2 have identified several phenotypic abnormalities in fish and other species, with reproductive impairment among the reported phenotypic defects14. In a transgenerational study with rainbow trout, studies suggest that EE2 exposure in males caused diminished progeny survival in F1, but did not cause similar effects in F2 embryos21. However, no information is available on embryo survival at F3 and F4 generations. In the present study, the exposure did not produce any apparent reproductive abnormalities in the first two generations (F0 and F1), except for two F0 male to female instances of sex reversal in one of the three replicates of the EE2-treated group. The potential for EE2 to induce male to female sex reversal has previously been demonstrated34. Reduced rates of fertilization in adult F2 and F3 BPA-lineage fish and F2 EE2-lineage fish indicate that chemical exposures during development, which do not produce immediate effects in the exposed generation, can nevertheless negatively influence reproduction in later generations. We observed an approximate 30% reduction in F2 fertilization rate and a 20% reduction in F3 survival rates. If similar trends were observed in subsequent generations, a severe decline in overall population numbers might be expected by the F4 generation. Current findings from laboratory exposure studies are derived from highly controlled environments where the survival in test fish populations is greater than those in typical wild populations. In the environment, where survival of young fish is normally low, due to a multitude of natural confounding factors, such transgenerational effects on fish populations may indeed be more severe than the outcome reported here. Given that less than 200 pg BPA/mg egg and less than 5 pg EE2/mg egg induced such long-term effects in medaka reproduction, it seems important to revisit exposure situations and the risk posed to aquatic wildlife health.
Developmental origins of adult adverse health outcomes have been documented in many species, but little is known about how this developmentally programmed information is transmitted to subsequent generations with altered health conditions. Laboratory rodent studies indicate the involvement of epigenetic mechanisms such as DNA methylation and miRNAs in transgenerational inheritance of environmentally induced phenotypic traits1,4,35. Environmental chemical exposures, during the critical period of germ cell development, which coincides with the period of sex determination in many species, are believed to establish exposure-specific epigenetic marks in germ cells which either escape germ cell reprograming or are reestablished in each generation to cause phenotypic abnormalities in offspring several generations later1. In the present study, exposures were applied during embryonic development of medaka, within the critical period of medaka male sex determination, which is between day 5 and 7 after fertilization. Although the actual underpinning mechanisms are currently unknown, the transgenerational phenotypes caused by BPA or EE2 exposures in medaka may have been due to similar molecular changes in germ cells as has been observed with these chemicals in other taxa11,12,36,37. Future studies will examine molecular mechanisms underlying germline transmission of altered epigenome associated with these phenotypic changes using high-throughput genomic and epigenomic sequencing technologies.
The present study provides evidence for transgenerational reproductive abnormalities in medaka caused by developmental exposure to environmental estrogens, BPA and EE2. It will be important to understand if exposure of the developing fish embryo to other environmental estrogens can result in similar adverse outcomes, or whether chemicals such as BPA result in unique epigenomic profiles (mainly DNA methylation or histone marks or miRNA) due to acting as selective estrogen receptor modulators38. More importantly, it will be critical to determine if these transgenerational phenotypes occur in wild populations, under field exposure conditions. More detailed investigations into the mechanistic basis and physiological underpinnings of the observed transgenerational phenotypes will help answer these questions. Our findings call for studies to investigate presence of transgenerational phenotypes of adverse reproductive health outcomes in the natural population of fish and aquatic wildlife.



                

            

            
                References
	Soubry, A., Hoyo, C., Jirtle, R. L. & Murphy, S. K. A paternal environmental legacy: Evidence for epigenetic inheritance through the male germ line. BioEssays 36, 351–371 (2014).
Article 
    
                    Google Scholar 
                

	Anway, M. D., Cupp, A. S., Uzumcu, M. & Skinner, M. K. Epigenetic transgenerational actions of endocrine disruptors and male fertility. Science 308, 1466–1469 (2005).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Nilsson, E. E. & Skinner, M. K. Environmentally induced epigenetic transgenerational inheritance of disease susceptibility. Translat. Res. (2014).

	Guerrero-Bosagna, C. & Skinner, M. K. Environmental epigenetics and effects on male fertility. Adv. Exp. Med. Biol. 791, 67–81 (2014).
Article 
    
                    Google Scholar 
                

	Greer, E. L. et al. Transgenerational epigenetic inheritance of longevity in Caenorhabditis elegans. Nature 479, 365–371 (2011).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Ruden, D. M. & Lu, X. Hsp90 affecting chromatin remodeling might explain transgenerational epigenetic inheritance in Drosophila. Curr. genomics 9, 500–508 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Hauser, M. T., Aufsatz, W., Jonak, C. & Luschnig, C. Transgenerational epigenetic inheritance in plants. Biochim. Biophys. Acta 1809, 459–468 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Corrales, J., Thornton, C., White, M. & Willett, K. L. Multigenerational effects of benzo[a]pyrene exposure on survival and developmental deformities in zebrafish larvae. Aquat. Toxicol. 148, 16–26 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	White, P. A., Robitaille, S. & Rasmussen, J. B. Heritable reproductive effects of benzo[a]pyrene on the fathead minnow (Pimephales promelas). Environ. Toxicol. Chem. 18, 1843–1847 (1999).
Article 
    CAS 
    
                    Google Scholar 
                

	Schwindt, A. R., Winkelman, D. L., Keteles, K., Murphy, M. & Vajda, A. M. An environmental oestrogen disrupts fish population dynamics through direct and transgenerational effects on survival and fecundity. J. Appl. Ecol. (2014).

	Doyle, T. J., Bowman, J. L., Windell, V. L., McLean, D. J. & Kim, K. H. Transgenerational effects of di-(2-ethylhexyl) phthalate on testicular germ cell associations and spermatogonial stem cells in mice. Biol. Reprod. 88, 1–15 (2013).
Article 
    
                    Google Scholar 
                

	Wolstenholme, J. T. et al. Gestational exposure to bisphenol a produces transgenerational changes in behaviors and gene expression. Endocrinology 153, 3828–3838 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Pembrey, M. E. Male-line transgenerational responses in humans. Hum. Fertil. 13, 268–271 (2010).
Article 
    
                    Google Scholar 
                

	Bhandari, R. K. et al. Effects of the environmental estrogenic contaminants bisphenol A and 17alpha-ethinyl estradiol on sexual development and adult behaviors in aquatic wildlife species. Gen. Comp. Endocrinol. (2014).

	Bonduriansky, R., Crean, A. J. & Day, T. The implications of nongenetic inheritance for evolution in changing environments. Evol. Applicat. 5, 192–201 (2012).
Article 
    
                    Google Scholar 
                

	Vandenberg, L. N. et al. Low dose effects of bisphenol A: An integrated review of in vitro, laboratory animal and epidemiology studies. Endocr. Disrupt. 1, 0–1 (2013).
Article 
    
                    Google Scholar 
                

	Flint, S., Markle, T., Thompson, S. & Wallace, E. Bisphenol A exposure, effects and policy: A wildlife perspective. J. Env. Manag. 104, 19–34 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Colborn, T., vom Saal, F. S. & Soto, A. M. Developmental effects of endocrine-disrupting chemicals in wildlife and humans. Environ. Health Persp. 101, 378–384 (1993).
Article 
    CAS 
    
                    Google Scholar 
                

	Johnson, A. C. & Williams, R. J. A model to estimate influent and effluent concentrations of estradiol, estrone and ethinylestradiol at sewage treatment works. Environ. Sci. Technol. 38, 3649–3658 (2004).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Watson, C. S., Jeng, Y. J. & Guptarak, J. Endocrine disruption via estrogen receptors that participate in nongenomic signaling pathways. J. Steroid Biochem. Mol. Bio. 127, 44–50 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Brown, K. H., Schultz, I. R. & Nagler, J. J. Lack of a heritable reproductive defect in the offspring of male rainbow trout exposed to the environmental estrogen 17alpha-ethynylestradiol. Aquat. Toxicol. 91, 71–74 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Environment Canada. Screening Assessment for The Challenge Phenol, 4,4' -(1-methylethylidene)bis- (Bisphenol A). Chemical Abstract Service 80-05-7, 1–117 (2008).

	Papoulias, D. M., Noltie, D. B. & Tillitt, D. E. An in vivo model fish system to test chemical effects on sexual differentiation and development: exposure to ethinyl estradiol. Aquat. Toxicol. 48, 37–50 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Papoulias, D. M. et al. In ovo exposure to o,p -DDE affects sexual development but not sexual differentiation in Japanese medaka (Oryzias latipes). Environ. Health Persp. 111, 29–32 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Hyodo-Taguchi, Y. & Egami, N. Nonmammalian animal models for biomedical research. (CRC Press, Boca Raton, FL, 1989).

	Ishikawa, Y. Medakafish as a model system for vertebrate developmental genetics. BioEssays 22, 487–495 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Wittbrodt, J., Shima, A. & Schartl, M. Medaka--a model organism from the far East. Nat. Rev. Genet. 3, 53–64 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Hyodo-Taguchi, Y. & Egami, N. Establishment of inbred strains of the medaka Oryzias latipes and the usefulness of the strains for biomedical research. Zool. Sci. 2, 12 (1985).

                    Google Scholar 
                

	Matsuda, M. et al. DMY is a Y-specific DM-domain gene required for male development in the medaka fish. Nature 417, 559–563 (2002).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Shinomiya, A., Tanaka, M., Kobayashi, T., Nagahama, Y. & Hamaguchi, S. The vasa-like gene, olvas, identifies the migration path of primordial germ cells during embryonic body formation stage in the medaka, Oryzias latipes. Develop. Growth Different. 42, 317–326 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Masato, K., Kenji, M., Kiyoshi, N. & Minoru, T. Medaka: Biology, Management and Experimental Protocols (Willey-Blackwell, 2009).

	Hormann, A. M. et al. Holding Thermal Receipt Paper and Eating Food after Using Hand Sanitizer Results in High Serum Bioactive and Urine Total Levels of Bisphenol A (BPA). PloS one 9, e110509 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Baker, T. R., Peterson, R. E. & Heideman, W. Using zebrafish as a model system for studying the transgenerational effects of dioxin. Toxicol. Sci. 138, 403–411 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Scholz, S. & Gutzeit, H. O. 17-alpha-ethinylestradiol affects reproduction, sexual differentiation and aromatase gene expression of the medaka (Oryzias latipes). Aquat. Toxicol. 50, 363–373 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Rechavi, O. et al. Starvation-Induced Transgenerational Inheritance of Small RNAs in C. elegans. Cell 158, 277–287 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Skinner, M. K. et al. Environmentally induced transgenerational epigenetic reprogramming of primordial germ cells and the subsequent germ line. PloS one 8, e66318 (2013).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Manikkam, M., Tracey, R., Guerrero-Bosagna, C. & Skinner, M. K. Plastics derived endocrine disruptors (BPA, DEHP and DBP) induce epigenetic transgenerational inheritance of obesity, reproductive disease and sperm epimutations. PloS one 8, e55387 (2013).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Welshons, W. V., Nagel, S. C. & vom Saal, F. S. Large effects from small exposures. III. Endocrine mechanisms mediating effects of bisphenol A at levels of human exposure. Endocrinology 147, S56–69 (2006).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
Authors thank Dr. Julia Taylor for conducting BPA analyses, James Candrl, Diane Nicks, Vanessa Velez, Rachel Claunch, Caitlin Jandegain and John Carroll for assistance during experimental period and Christopher Schmitt for invaluable suggestions on earlier versions of this manuscript and Dr. Stephen D. McCormick for critical review of the manuscript. This study was supported by the USGS Contaminants Biology Program, Environmental Health Mission Area. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.


Author information
Authors and Affiliations
	U. S. Geological Survey, Columbia Environmental Research Center, 65201, Columbia, MO, U.S.A.
Ramji K. Bhandari & Donald E. Tillitt

	Division of Biological Sciences, University of Missouri, 65211, Columbia, MO
Ramji K. Bhandari & Frederick S. vom Saal


Authors	Ramji K. BhandariView author publications
You can also search for this author in
                        PubMed Google Scholar



	Frederick S. vom SaalView author publications
You can also search for this author in
                        PubMed Google Scholar



	Donald E. TillittView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
R.K.B., F.V.S. and D.E.T. designed the study, R.K.B. performed experiments, R.K.B. analyzed data, R.K.B., F.V.S. and D.E.T. prepared the manuscript. All authors reviewed the manuscript.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Electronic supplementary material

Supplementary Information
Supplemental Materials





Rights and permissions

                This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are included in the article's Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, users will need to obtain permission from the license holder in order to reproduce the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

              Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Bhandari, R., vom Saal, F. & Tillitt, D. Transgenerational effects from early developmental exposures to bisphenol A or 17α-ethinylestradiol in medaka, Oryzias latipes.
                    Sci Rep 5, 9303 (2015). https://doi.org/10.1038/srep09303
Download citation
	Received: 30 November 2014

	Accepted: 25 February 2015

	Published: 20 March 2015

	DOI: https://doi.org/10.1038/srep09303


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Effects of environmentally relevant concentrations of atrazine and glyphosate herbicides, isolated and in mixture, on two generation of the freshwater microcrustacean Daphnia magna
                                    
                                

                            
                                
                                    	Eduarda Roberta Bordin
	Renan César Munhoz
	Wanessa Algarte Ramsdorf


                                
                                Ecotoxicology (2022)

                            
	
                            
                                
                                    
                                        Integration of sperm ncRNA-directed DNA methylation and DNA methylation-directed histone retention in epigenetic transgenerational inheritance
                                    
                                

                            
                                
                                    	Daniel Beck
	Millissia Ben Maamar
	Michael K. Skinner


                                
                                Epigenetics & Chromatin (2021)

                            
	
                            
                                
                                    
                                        Paternal exposure to a common pharmaceutical (Ritalin) has transgenerational effects on the behaviour of Trinidadian guppies
                                    
                                

                            
                                
                                    	Alex R. De Serrano
	Kimberly A. Hughes
	F. Helen Rodd


                                
                                Scientific Reports (2021)

                            
	
                            
                                
                                    
                                        Chironomus sancticaroli generation test applied to chemical contaminants and freshwater sediment samples
                                    
                                

                            
                                
                                    	Mayara Caroline Felipe
	Aline Christine Bernegossi
	Juliano José Corbi


                                
                                Environmental Science and Pollution Research (2021)

                            
	
                            
                                
                                    
                                        Downregulation of testosterone production through luteinizing hormone receptor regulation in male rats exposed to 17α-ethynylestradiol
                                    
                                

                            
                                
                                    	Po-Han Lin
	Tsung-Hsien Kuo
	Shyi-Wu Wang


                                
                                Scientific Reports (2020)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                
    
        
            
                Download PDF
                
            
        

    

            
        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Open Access Fees and Funding
                                
                            
	
                                
                                    About Scientific Reports
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Journal policies
                                
                            
	
                                
                                    Calls for Papers
                                
                            
	
                                
                                    Guide to referees
                                
                            
	
                                
                                    Editor's Choice
                                
                            
	
                                
                                    Journal highlights
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For authors
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Scientific Reports (Sci Rep)
                
                
    
    
        ISSN 2045-2322 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
