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Abstract

In response to various legislative mandates the United States Environmental Protection Agency 

(USEPA) formed its Endocrine Disruptor Screening Program (EDSP), which in turn, implemented 

a tiered testing strategy to determine the potential of pesticides, commercial chemicals, and 

environmental contaminants to disrupt the endocrine system. The first tier of tests is intended to 

detect the potential for endocrine disruption mediated through estrogen, androgen or thyroid 

pathways, while the second tier is intended to further characterize the effects on these pathways 

and to establish a dose-response relationship for adverse effects. One of these Tier 2 tests, the 

Medaka Extended One Generation Reproduction Test (MEOGRT) was developed by the USEPA 

for the EDSP and, in collaboration with the Japanese Ministry of the Environment, for the 

Organisation for Economic Co-operation and Development’s (OECD) Guidelines for the Testing 

of Chemicals. The MEOGRT protocol was iteratively modified based upon knowledge gained 

after successfully completing nine tests with variations in test protocols. The current manuscript 

describes both the final MEOGRT protocol that has been published by the USEPA and the OECD, 

the iterations of the protocol that provided valuable insights into nuances of the protocol, and the 

datasets and summaries from the various tests that informed the decision making process. The 

various tests include exposure to 17β-estradiol, 4-t-octylphenol, o,p’- 

dichlorodiphenyltrichloroethane, 4-chloro-3-methylphenol, tamoxifen, 17β-trenbolone, 

vinclozolin, and prochloraz.
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INTRODUCTION

The United States Environmental Protection Agency (USEPA) formed its Endocrine 

Disruptor Screening Program (EDSP), following the passage of several Congressional Acts 

in 1996, including the Food Quality Protection Act (FQPA), which amended both the 

Federal Food Drug and Cosmetic Act (FFDCA), and the Federal Insecticide, Fungicide and 

Rodenticide Act (FIFRA), and again in separate amendments to the Safe Drinking Water Act 

(SDWA). The EDSP has developed the requirements for the prioritization, screening and 

testing of pesticides, commercial chemicals, and environmental contaminants for their 

potential to impact the endocrine system, specifically in relation to estrogen, androgen, and 

thyroid hormones (https://www.epa.gov/endocrine-disruption; for a summary see [1]). To 

achieve this, the EDSP implemented a two-tiered testing strategy. Tier 1, intended to detect 

the potential for a chemical to have estrogen-, androgen-, or thyroid-mediated effects by 

various modes of action, consists of a battery of 11 validated assays. The results of the Tier 1 

battery and any other scientifically relevant information are intended to be evaluated in a 

“weight of evidence” approach to determine, first, if a chemical indeed has the potential to 

interact with the estrogen, androgen, or thyroid endocrine pathways, and then next, to 

determine whether Tier 2 testing is needed [2]. The purpose of Tier 2 testing is to use in vivo 
testing to further characterize the estrogen, androgen, or thyroid pathway-related effects, and 

to establish a dose-response relationship for any potential adverse effects for risk 

assessment. While mechanistic endpoints are evaluated in each of the Tier 2 tests to 

characterize endocrine effects, it is recognized that these endpoints are not wholly 

independent of, and can still be influenced by, systemic toxicity. Therefore, the data from 

Tier 2 test are interpreted in toto with each endpoint contributing to the analysis.

The Tier 2 protocols cross taxa and include tests with rodents (rats), fishes (Japanese 

medaka, Oryzias latipes) and birds (Japanese quail, Coturnix japonica) involving exposures 

in more than one generation, and a long term test with amphibians (Xenopus laevis). For 

each test, a substantial validation effort, as defined by the U.S. Interagency Coordinating 

Committee for the Validation of Alternative Methods and the Organisation for Economic 

Co-operation and Development (OECD) was completed [3, 4]; the tests were presented to 

the FIFRA Scientific Advisory Panel of the USEPA [5] and are now accepted test guidelines 

within the USEPA EDSP [6] and OECD Test Guidelines Program [7].

Tier 2 tests, as the final phase of the screening and testing program, provide the most 

detailed information regarding potential adverse effects from the endocrine disruption 

activity of a tested chemical. As such, Tier 2 tests are much longer-term studies that include 

exposure during critical life stages and have a broad range of more tightly spaced treatments 

than typically used in Tier 1 screening assays. In addition, the effects associated with an 

endocrine disrupting chemical (EDC) may be latent and not manifested until later in life or 

may not be apparent until reproductive processes occur in the life history of an organism. 
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Therefore, the Tier 2 tests implemented in the EDSP can encompass multiple generations 

covering effects on fecundity and fertility, development, growth, and the transformation from 

juvenile life stages to sexual maturity. Successful completion of a Tier 2 EDSP test provides 

information to establish exposure and effects relationships, assess relevant endpoints across 

most life stages.

The Office of Research and Development (ORD) within the USEPA developed a test 

suitable for Tier 2 called the Medaka Extended One Generation Reproduction Test 

(MEOGRT). The Japanese medaka was chosen because of its many advantages as a test 

species including a relatively short generation interval (2 to 3 months), daily spawning of 25 

eggs or more, relative ease of rearing including tolerance to low dissolved oxygen and a 

wide range of temperatures and salinity, and sexual dimorphism [8, 9] that allows 

comparison of gender phenotypes to the genetic sex on an individual basis. The use of 

medaka in laboratory testing has been detailed in several review papers [10–13], and full-life 

cycle tests have been developed and implemented previously [14, 15]. The MEOGRT 

protocol was conceived, built, and refined based upon this large body of experimental data, 

especially data from the medaka full-life cycle tests.

Endocrine active substances are known to disrupt endocrine regulated organizational as well 

as activational processes in an organism [1, 16]. Effects on organizational processes are 

reflected in changes to the development of the gonad or accessory tissues such that 

reproduction is adversely affected. The developmental changes to the gonad are often 

manifested as intersex gonads either with oocytes within testes [10, 17, 18] or testicular 

tissue within ovaries [19, 20]. However, EDCs can also cause the malformation of accessory 

structures essential for reproduction (ex. oviducts) that would adversely impact reproduction 

[21]. On the other hand, effects on activational processes result in impaired reproduction, not 

from structural changes to the gonad, but rather from changes in homeostatic conditions 

within the individual that result in changes in behavior or organ function [22, 23]. The 

distinction between activational effects on sexually differentiated fishes exposed to EDCs 

compared to the organizational effects that occurs during sexual differentiation has been 

generally reviewed [24]. The effects on the organization, therefore the function, of the gonad 

during development may not fully manifest until a later life stage. For instance, as seen in 

the studies presented from estrogen receptor agonists, despite rather severe intersex gonads, 

male medaka are still capable of successful reproduction. However, dysmorphosis of the 

testicular efferent duct, regardless of the presence or absence of testicular-oocytes, would be 

expected to prohibit successful reproduction. The MEOGRT is intended to evaluate both of 

these types of effect. Activational effects are assessed in the test protocol with an exposure 

to a suspected EDC starting with naïve adults. Organizational effects are assessed in 

subadult and adult fish that have been continuously exposed through development and 

reproductive adults. In this way, both immediate and later-in-life effects are captured by 

maximizing the adverse impact-potential of an endocrine active substance by exposing 

multiple generations, and measuring pertinent endpoints at key stages within the medaka life 

history.

Concurrent with the efforts of ORD to develop the MEOGRT, the USEPA and the Japan 

Ministry of the Environment (MOE) held a series of bilateral meetings on endocrine 
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disruption test method development under the umbrella of the US-Japan Agreement on 

Cooperation in Environmental Protection, originally signed in 1975. The US-Japan 

discussions for developing endocrine disruptor screening and testing methodologies have 

been held annually since they were first initiated in 2004. These discussions formed the 

basis for the sharing of both data and experiences to better inform the decision making 

process during the development of medaka multigenerational testing protocols. In addition, 

these meetings were in support of an OECD project to develop a medaka multi-generation 

test guideline within the Endocrine Disruptors Testing and Assessment (EDTA) Advisory 

Group (formerly a Task Force), a part of the OECD’s Test Guidelines Program. The EDTA 

provides advice and direction within the OECD for developing an internationally 

harmonized testing strategy for the screening and testing of EDCs, taking into account the 

consequences of such a testing strategy on the development and validation of Test 

Guidelines and on the existing regulatory systems for new and existing substances. 

Multigenerational medaka tests were conducted with specific chemicals in both countries, 

and the data obtained from each test was used to modify the draft medaka multigenerational 

test protocols until a Test Guideline was formulated that could be proposed to the OECD 

Validation Management Group for Ecotoxicity Testing (VMG-eco). The data and experience 

gained was used to iteratively develop a protocol that, in its final form, is the MEOGRT with 

a version published by the EPA as 890.2200 [6] and by the OECD as TG240 [7].

The starting point for the development of what would ultimately become the MEOGRT was 

a research protocol encompassing 2½ generations, that evaluated reproductive fitness as an 

integrated measure of toxicant-effects across generations, using pairs of adult medaka. The 

test protocol also included the measurement of a suite of endpoints for diagnostic and 

quantitative evaluation of EDCs or other types of reproductive toxicants. The research 

protocol was a relatively long-term test (29 weeks of in-life exposure) that assessed hatch, 

growth, survival, gonadal development, and reproduction in 2½ generations (F0 adults, 

complete F1, and complete F2). The research protocol was an extension of existing Fish Full 

Life-Cycle test developed by MOE with Japanese scientists [15, 25]. After completion of 

several tests with variations of the research protocol, both major modifications (e.g. 
increased replication) and minor modifications (e.g. choice of temperature) were 

incorporated into a final standardized MEOGRT protocol. The current manuscript briefly 

presents the initial research protocol, the iterations of the protocol with various deviations, 

and then presents the final MEOGRT protocol. Specific changes to the protocol will be 

discussed with the presentation of pertinent data that supported the decision to make changes 

in the final protocol. In addition, the datasets from each study that informed the decision 

making process are included in the Supplemental Materials.

METHODS

The timelines for each of the completed tests are shown (Figure 1 Comparative Timelines). 

Each test represents an iterative modification of the previous tests that was intended to 

improve specific aspects of the protocol. To maintain coherence during the descriptions of 

the iterations, the initial research protocol is presented in some detail; the intermediate 

protocols are described simply by the modifications to the research protocol that lead to the 

final MEOGRT protocol.
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Research protocol

The research protocol consisted of continuously exposing 2½ generations of fish to a test 

chemical starting with mature adults in the first generation (F0) and exposing for five weeks 

to allow the test chemical and its metabolites to reach steady-state concentrations within the 

fish [26]. There were six treatments; five chemical treatments and clean-water control 

treatment. There were six replicate aquaria in each of these treatments. The measured 

endpoints included hatch, growth, survival, fecundity and fertility, liver vitellogenin protein 

or mRNA levels, the number of anal fin papillae (a gender phenotype marker), histological 

evaluation of the gonad phenotype, and histopathology evaluation of kidney, liver and gonad. 

All of these endpoints were evaluated in the context of the genetic sex of each fish. Chemical 

concentrations were held as constant as possible in each treatment throughout the bioassay 

to allow endpoint sensitivity comparisons across and within generations. The in-life 

exposure duration of this research protocol was 29 weeks (Figure 2 Research Protocol 

Timeline). Laboratory procedures involving animals were conducted in accordance with 

protocols reviewed and approved by one of the following: 1) the USEPA Mid-Continent 

Ecology Division’s (MED) Animal Care and Use Committee in compliance with Animal 

Welfare Act Regulations and Interagency Research Animal Committee guidelines or 2) the 

Japan MOE in conjunction with the Institutional Animal Care and Use Committee of either 

the National Institute for Environmental Studies or Chemicals Evaluation and Research 

Institute.

F0 adults—Young adult breeding pairs that were approximately 69 days post fertilization 

(dpf) (females >250 mg; males >200 mg) were moved into the exposure system and 

continually exposed for the next five weeks. Each replicate aquarium housed a single 

breeding pair for a total of 36 breeding pairs in the whole test. The fecundity of each 

breeding pair was assessed for the next 5 weeks by collecting all spawned eggs from each 

breeding pair on Tuesdays, Wednesdays, Thursdays, and Fridays. The F0 breeding pairs 

were sampled at 104 dpf for various endpoints (Figure 2 Research Protocol Timeline).

F1 and F2: embryos to larvae—Eggs were collected from each breeding pair of the 

previous generation and a maximum of 20 eggs per replicate were loaded into an egg-

hatching incubator. Sufficient aeration was supplied to the incubator to keep the eggs gently 

suspended in the water column of the incubator. This process was repeated the next day, 

resulting in two incubators, each containing a maximum of 20 eggs, from each breeding pair. 

Each day thereafter, the larval fish that hatched were collected, counted and placed in a 

treatment-specific aquarium. At 21 dpf, all of the surviving larval fish from each treatment 

were counted, pooled and redistributed to replicate aquaria with a maximum of 10 fish per 

aquarium and 36 total aquaria in the entire test. The survival to 21 dpf was determined at this 

point, and within each treatment level, extra larvae were culled. The exposure continued as 

the larval fish developed into subadults, defined within the protocol as about 44 dpf.

F1 and F2: subadult to adult—At 42 dpf, a small sample was taken from the caudal fin 

of each fish to determine the genotypic sex of the individual. This information was used to 

randomly establish six replicate XX-XY breeding pairs per treatment. All fish not selected 

as breeding pairs were sampled on 44 or 45 dpf for the various endpoints outlined (Figure 2 
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Research Protocol Timeline). From 46 dpf until the spawning assessment, the exposure 

continued as the subadult pairs developed into adult breeding pairs.

F1 and F2: adult—The fecundity of each breeding pair was assessed for 5 weeks starting 

at 70 dpf by collecting all spawned eggs from each breeding pair on Tuesdays, Wednesdays, 

Thursdays, and Fridays of each week. The fecundity assessment was completed on 101 dpf 

and the adults were sacrificed for adult endpoints (Figure 2 Research Protocol Timeline) at 

104 dpf.

4-tert-octylphenol (4tOP) conducted by MED—MED completed one test with 4tOP 

using the research protocol detailed above.

Modifications to the research protocol

4-chloro-3-methylphenol (CMP), prochloraz and 17β-trenbolone—MED 

completed three tests with three different EDCs, CMP, prochloraz, and 17β-trenbolone, 

which followed essentially the same protocol. The most substantial modification to the 

research protocol in these tests was a delay in all samplings and reproductive assessments by 

7 days relative to fertilization in each of the tests. In addition, while the specified 

temperature in the research protocol was 26°C, the water temperature during the prochloraz 

test was 25°C and the temperature for both the CMP and 17β-trenbolone tests was 26°C.

Vinclozolin—MED completed a test with vinclozolin in which the exposure of the F0 

generation was started with slightly older fish than the research protocol specified. Because 

of this, the F0 reproductive assessment started approximately 3 weeks later. In addition, the 

reproductive assessment of both the F0 and F1 generations ran for 21 consecutive days 

instead of 4 days per week for 5 weeks. Following the reproduction assessment, the adult 

fish were sacrificed at 114 dpf. The samples of subadult fish were taken approximately 2 

weeks later than the research protocol specified on 59 and 60 dpf. The reproductive 

assessment in F1 started 7 days later and again ran for 21 consecutive days. The F2 

generation was carried to the subadult stage; all fish were sampled at 59 and 60 dpf

17β-estradiol (E2) and o,p’-dichlorodiphenyltrichloroethane (o,p’-DDT)—MOE 

with the Chemicals Evaluation and Research Institute (CERI) in Japan completed two tests 

using identical protocols, one with E2 and the other with o,p’-DDT. In all three generations 

(F0, F1, and F2) of these tests, the reproduction assessment was started 10 days earlier than 

the research protocol at 60 dpf, and it was completed at 95 dpf. Immediately following the 

reproductive assessment of these two tests the adults were sacrificed at 96 dpf, about 1 week 

earlier than the research protocol.

Tamoxifen—MOE, with the National Institute for Environmental Studies (NIES) in Japan, 

completed a test in which there was no assessment of reproduction in F0; only embryos were 

collected. In the F1 generation, the subadult sampling was done about 10 days later than the 

research protocol, and while the reproductive assessment was started at the same time as 

specified in the research protocol, it was done for 21 consecutive days followed by a 

sacrifice of the adults at 93 dpf. In F2, the test was terminated with sacrifice of fish 21 days 
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later than the research protocol subadult sampling, putting the age of these fish at sacrifice 

between the age of subadult and adult fish in the research protocol.

4tOP conducted by NIES—MOE with NIES also completed a test with 4tOP that was 

similar to the test done by MED using the research protocol with a few relatively minor 

differences. First, there was no assessment of reproduction in F0; only embryos were 

collected. Secondly, the subadult sampling in both F1 and F2 was done about 20 days later 

than the research protocol at 63 and 64 dpf. Finally, the reproductive assessment for both F1 

and F2 was done about a week later (79 dpf) and ran for 21 consecutive days instead of 4 

days a week for 5 weeks as in the research protocol.

Endpoint descriptions

Regardless of the specific protocol used, the type of data collected, in general, was the same 

among tests. Sometimes the timing during the medaka life history was changed with the 

intent of providing better quality data; at other times, samples were omitted to reduce 

redundancy. Some of the endpoints measured are related to endocrine effects while others 

are traditional ecotoxicology endpoints generally considered to result from systemic toxicity, 

and not necessarily from endocrine effects. The primary emphasis in these tests was on 

endpoints that are associated with adverse effects on population-relevant parameters such as 

survival, gross development, growth and the reproductive measures of fecundity and fertility. 

To help differentiate endocrine-mediated effects from systemic toxicity, additional 

endocrine-mediated effects such as liver vitellogenin levels, the number of papillae on the 

anal fin (an external sexual phenotype marker), and the histological evaluation of gonadal 

sex and intersex were made. Finally, histopathology of kidney, liver, and other tissues was 

also assessed to better understand the relationship between endocrine-mediated responses 

and possible systemic toxicity. All endpoints were evaluated in the context of the genetic sex 

of each fish. Also, traditional ecotoxicology endpoints that may not be endocrine-mediated 

such as embryo hatch, growth, and survival were measured.

Dmy—Medaka have a sex-determining gene, dmy, that resides on the Y chromosome 

within a XX/XY sex determination system [27]. Therefore, individuals that have DMY are 

XY and under normal conditions express the male phenotype; individuals that lack DMY are 

XX and express the female phenotype. The genetic sex of each fish was determined by non-

destructively obtaining a small tissue sample, usually from the tail fin, and using PCR 

methods, identifying the presence or absence of DMY [28]. All data were analyzed in the 

context of the individual’s determined genotype not their observed phenotype. Fecundity 

and fertility were always measured in a XX/XY pair regardless of their external phenotype.

Growth measurements—Wet weight, measured after quickly wicking excess water from 

the fish, and total length, measured from the tip of the snout to the end of the tail fin, of each 

fish was recorded at the subadult and adult life-stages.

Liver vitellogenin (mRNA or protein)—Vitellogenin, a pre-yolk protein typically 

expressed in females in response to estrogen and used as a common biomarker of EDC 

exposure, was measured by either determining the vitellogenin mRNA copy number per 
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nanogram (ng) of total mRNA in the liver by quantitative PCR (QPCR) or by measuring the 

amount of vitellogenin protein per mg of liver tissue.

Vitellogenin-1 induction was determined by quantifying vitellogenin-1 mRNA in the liver, 

which was dissected at necropsy. Total RNA was extracted from medaka liver stored in 

RNAlater® using RNeasy Mini Kits (Qiagen, Valencia, CA) and quantified 

spectophotometrically (ND-1000, Nanodrop Technologies, Wilmington, DE). Vitellogenin-1 
mRNA was detected and quantified via reverse transcription, quantitative PCR (RT-QPCR) 

utilizing Taqman chemistry with primers and probes designed using Primer Express 

software (Applied Biosystems, Foster City, CA) and synthesized by Integrated DNA 

Technologies (Coralville, IA). The primer set for vitellogenin-1: forward (5’-

AGGCAGTTTCTAAGGGCGAAC-3’)/reverse (5’-

TGAATGGGCATAATCTTTGTGATT-3’) was designed to produce a 108 bp amplicon of 

the medaka vitellogenin-1 gene (NCBI Gene ID: 100049227) with the corresponding probe 

(5’-FAM-TTTGGGAAATGCAAGACACCCTA-Black Hole Quencher-3’) straddling an 

exon-exon boundary. The probe was purchased from Biosearch Technologies (Novato, CA). 

Characterized RNA was used to generate a standard curve to convert Ct values to copies per 

ng total RNA. The RNA was generated with a set of primers that produced an amplicon 

containing the vitellogenin-1 amplicon that was minimally larger from total cDNA from 

medaka livers. This amplicon was then converted to the appropriate RNA using a T7-

MEGAscript kit (Ambion, Inc, Austin, TX) and purified with a RNeasy Micro kit (Qiagen, 

Valencia, CA). Finally, quantity and quality of RNA product was determined on an Agilent 

2100 Bioanalyzer (Agilent, Santa Clara, CA).

The RT-QPCR master mix consisted of 1x Taqman buffer, manganese acetate (3 mM), dATP 

(300 μM), dGTP (300 μM), dCTP (300 μM), dUTP(300 μM), forward primer (500 nM), 

reverse primer (500 nM), probe (333 nM), rTth polymerase (0.1 U/μl), and uracil-N-

glycosylase (0.01 U/μl). A thermal protocol of 1 cycle of 2 minutes at 50°C, 30 minutes at 

60°C, 5 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C, 1 minute at 60°C was 

run with the appropriate PCR controls, standards, and samples in duplicate. The standard 

series covered a 6 log interval and the standard curves had a correlation of 0.98 or better. 

The amplification efficiency was greater than or equal to 90% of the theoretical value. Each 

sample was reported as the number of copies of vitellogenin-1 mRNA per ng of total RNA.

Alternatively, the amount of vitellogenin protein per mg of liver was determined by enzyme-

linked immunosorbent assay (ELISA) using commercially available kits (example, 

TransGenic, Kumamoto and EnBio Tec Lab, Tokyo, Japan) as previously described [29].

Secondary sex characters (SSC)—Anal fin papillae were counted with the aid of a 

dissecting microscope, and recorded as the SSC measurement [30].

Histopathology—Histopathology was performed on paraffin embedded fish following 

previously described strategies [6, 31]. Routinely, gonads, kidney, and liver were evaluated 

from each specimen. However, all available tissues and organs were observed and any 

pathologies were recorded for statistical analysis. Chemistry. Either previously published 
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methods or common laboratory methods were used to quantify the concentration of each test 

chemical (Table 1 Exposure Chemical Information).

Statistical analyses

All data were analyzed with procedures previously described in the final MEOGRT 

guidance document [6]. These procedures are briefly summarized below and in Figure 3 

Flow Chart.

Histopathology data, reported as severity scores, were evaluated using a statistical 

procedure, the Rao-Scott Cochran-Armitage by Slices or RSCABS [32]. RSCABS uses a 

step-down Rao-Scott adjusted Cochran-Armitage trend test on each level of severity in a 

histopathology response. The Rao-Scott adjustment retains test-replication information; the 

by-slices procedure incorporates the biological expectation that severity of effect tends to 

increase with increasing doses or concentrations, while retaining the individual subject 

scores and revealing the severity of any effect found. The RSCABS procedure not only 

determines which treatments are statistically different (i.e., have higher prevalence of 

pathology than controls), but it also determines at which severity score the difference occurs 

providing much needed context to the analysis.

Fecundity data were recorded daily for each replicate breeding pair. The replicate mean for 

each breeding pair was calculated then a square root transformation applied. A one-way 

ANOVA on the transformed replicate means was calculated followed by Dunnett contrasts.

All other biological data were first tested to determine whether it violates the assumptions of 

monotonicity by using linear and quadratic contrasts. If the quadratic contrast is significant 

and the linear contrast is not, the data were considered non-monotonic. If the data were 

monotonic, a Jonckheere-Terpstra on replicate medians trend test was done as previously 

recommended [33].

Transforms were not necessary to normalize the weight and length data. However, a log 

transformation was applied to the vitellogenin data; a square root transformation was applied 

to the SSC data (anal fin papillae); an arcsine-square root transformation was applied to the 

data on proportion hatching, percent survival, sex ratio, and percent fertile eggs.

The biological data from adult samples have one measurement per replicate (i.e. there are 

one XX fish and one XY fish per replicate aquarium. Therefore, a one-way ANOVA was 

done on the replicate means. If the assumptions of the ANOVA (normality and variance 

homogeneity, as assessed on the residuals of the ANOVA by Shapiro-Wilks test and 

Levene’s test, respectively) were met, Dunnett contrasts were used to determine treatments 

that were different from the control. On the other hand, if the assumptions of the ANOVA 

were not met, then a Dunn’s test was performed to determine which treatments were 

different from control. A similar procedure was conducted for data that were in the form of 

percentages (fertility, hatch, and survival).

The biological data from subadult samples had from 1 to 8 measurements per replicate, that 

is, there were variable numbers of individuals that contributed to the replicate mean for each 

genotypic sex since fish were randomly assigned to each replicate without knowledge of 
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their genotype. Therefore, a mixed effects ANOVA model was used followed by Dunnett 

contrasts, if the normality and variance homogeneity assumptions were met (on the residuals 

of the mixed effects ANOVA). If these assumptions were not met, then a Dunn’s test was 

done to determine which treatments were different than control.

RESULTS AND DISCUSSION

A brief summary of the results from each test is provided in Tables 2 and 3, Summary of 

LOECs. It is not the intent of the authors to present or discuss in detail the specific effects of 

each chemical tested. In general, all of the tested chemicals have well-defined modes of 

action and the tests, regardless of protocol specifics, provided data that would be expected 

with each of the specific chemicals. Therefore, comprehensive data are provided in the 

supplemental files. The intent of the summary is to present enough information as to show 

that the protocols were sufficient to detect the anticipated effects of each chemical. In some 

cases, more detailed information is presented to support decisions to modify the research 

protocol into the final presented MEOGRT protocol.

Chemistry

The measured concentrations of test chemicals in all the presented studies, except the test 

conducted with CMP, met the performance criteria defined in the USEPA MEOGRT 

guideline [6], namely to, “maintain concentrations of the test chemical in solution within 

±20% of the mean measured values over the entire test period.”

Specifically, during the test with E2 conducted by CERI, the mean treatment concentrations 

across the entire duration of the test were (mean ± standard deviation) 0.92 ± 0.11, 2.8 

± 0.35, 8.9 ± 1.0, 27.9 ± 2.9, and 84.3 ± 7.1 ng/L. Measurements were done every other 

week, and the mean concentrations were all 84% to 100% of the target concentrations.

During the 4tOP tested conducted at MED, the measured treatment concentrations were 

(mean ± standard deviation) 6.2 ± 0.6, 12.5 ± 1.5, 25.1 ± 2.6, 51.1 ± 5.6, and 102.3 ± 8.5 

μg/L. These means were derived from approximately 80 measurements distributed 

throughout the test, and the mean concentration of each treatment level was within 2% of the 

target concentration. The mean concentrations of 4tOP during the test conducted by NIES 

were recorded simply as nominal concentrations. However, given the chemical nature of 

4tOP, the expertise of the laboratory conducting the test, and the similarity between the 

response data of the study conducted at the MED and the study conducted by NIES, the 

assumption has been made that the actual exposure concentrations were close to the target 

concentrations of 6.25, 12.5, 25, 50, and 100 μg/L 4tOP.

During the study conducted by CERI, the mean test concentrations of o.p’-DDT were (mean 

± standard deviation) 0.03 ± 0.004, 0.07 ± 0.01, 0.22 ± 0.04, 0.69 ± 0.17, and 1.90 ± 0.43 

μg/L. Measurements were done every other week, and the mean concentrations were 63%, 

73%, 73%, 78%, 107% of the target concentration, respectively.

The measured concentrations of CMP during the test conducted by the USEPA-MED were 

(mean ± standard deviation) 20.7 ± 4.6, 43.3 ± 14.1, 88.0 ± 27.7, 165.1 ± 22.1, and 344.7 
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± 74.4 μg/L. Excursions of greater than 20% of the mean occurred over several days in all 

the treatment levels, but were deemed not significant enough to compromise the outcome of 

the test.

The tamoxifen test conducted by NIES had mean concentrations (mean ± standard 

deviation) 1.32 ± 0.19, 2.51 ± 0.28, 5.08 ± 0.65, 10.17 ± 1.34, and 20.44 ± 2.58 μg/L. 

Measurements were done every other week, and the mean concentrations were between 

100% and 105% of the target concentration.

The measured concentrations of 17β-trenbolone during the test conducted by MED were 

(mean ± standard deviation) 2.2 ± 0.5, 5.1 ± 1.2, 12.9 ± 2.7, 31.7 ± 4.8, and 84.2 ± 13.0 

ng/L. Measurements were made weekly, and the mean concentrations were greater than 80% 

of the target concentrations.

In the MED conducted test with vinclozolin, the mean measured concentrations (mean ± 

standard deviation) were 17.3 ± 1.6, 33.2 ± 3.4, 69.5 ± 6.2, 136.3 ± 17.6, and 253.3 ± 58.7 

μg/L. Measurements were made weekly, and the mean concentrations were between 84% 

and 93% of the target concentrations.

In the MED conducted test with prochloraz, the mean measured concentrations (mean ± 

standard deviation) were 5.3 ± 1.1, 9.2 ± 1.7, 17.5 ± 3.1, 25.0 ± 3.8, and 41.1 ± 3.4 μg/L. 

Measurements were made weekly, and the mean concentrations were between 84% and 93% 

of the target concentrations.

Estrogen receptor (ER) agonists

E2 (Table 2)—E2 is a well-characterized potent ER agonist. Fecundity was affected by 

exposure to E2, in both F1 and F2 generations with a lowest observable effect concentration 

(LOEC) of 28 ng/L. In F1, fecundity was reduced by a greater degree with exposure to 84 

ng/L E2 (no breeding pairs were available for the 84 ng/L treatment in F2). On the other 

hand, reproduction was not affected by E2 exposure in F0, indicating greater sensitivity of 

organizational vs activational effects on reproduction.

The non-apical endpoints can provide information about the potential adverse outcome 

pathway (AOP), a conceptual construct that portrays defensible linkages between a 

molecular initiating event (e.g., an EDC binding to a receptor) through levels of biological 

organization eventually connecting to a population response [34]. These AOP-related 

endpoints responded in a manner and magnitude consistent with E2 exposures reported in 

the literature [35–39]. The LOEC, considering all endpoints equally, was 2.8 ng/L, based on 

SSC of F1, XY subadult fish. This is the same LOEC reported from a fish full life-cycle test 

with medaka for F1 [39]. In further support of the ER agonist AOP, vitellogenin production 

in male livers was induced by E2 exposure in the 28 ng/L and higher treatments. Testicular 

oocytes started to appear at 28 ng/L as well. Growth was generally not altered by E2 

suggesting no systemic toxicity.

4tOP by MED or NIES (Table 2)—4tOP is a relatively strong estrogen that induces 

vitellogenin production and abnormal sex differentiation in medaka after exposing for 60 
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days (starting with embryos) at 11.4 μg/L [40]. The literature clearly indicates that 4tOP is 

an ER agonist [41–44]. Therefore, it is not surprising to have observed decreased 

reproduction in F1 at 102 μg/L and in F2 at 51 μg/L. At 102 μg/L, reproduction essentially 

ceased, while at 51 μg/L, 4tOP reduced fecundity by approximately 50%. On the other hand, 

reproduction was not affected by 4tOP exposure in F0, again indicating greater sensitivity to 

organizational vs activational effects on reproduction.

Endpoints expected to be affected by an estrogen responded to 4tOP exposure. The overall 

LOEC for the test was 13 μg/L, based on SSC in F2 XY fish, similar to published LOECs 

from other studies [40, 45, 46]. In support of the ER agonist AOP, the number of anal fin 

papillae was lowered in XY fish in both F1 and F2 at both subadult and adult samplings. 

Further, vitellogenin gene expression was induced in XY fish at subadult and adult lifestages 

in all generations with LOECs of either 25 μg/L or 51 μg/L, and the prevalence of testicular 

oocytes in XY fish increased at all samplings except F0 with LOECs ranging from 13 μg/L 

to 51 μg/L.

Histological observations were also made to provide further information about both potential 

endocrine and non-endocrine effects on multiple organs including gonad, liver, and kidney. 

Of the pathologies reported, the majority were observed in XY individuals and could be 

linked to an ER agonist AOP: increased number and severity of testicular oocytes (LOEC = 

13 μg/L), developmental perturbation within the gonad related to both cell types (immature 

spermatocysts; LOEC = 13 μg/L) and structural malformations (efferent duct; LOEC = 13 

μg/L), testicular hypoplasia (i.e., smaller than normal testes), and increased basophilia in the 

liver, presumably related to the production of vitellogenin (LOEC = 51 μg/L). There were 

also pathologies observed in the kidneys of XY fish that are most likely a secondary 

pathology induced by high concentrations of vitellogenin in the bloodstream of XY fish that 

normally lack a clearance mechanism for vitellogenin. There were very few, if any, 

pathologies that would be linked to non-EDC toxicity.

In addition to the 4tOP test completed by MED using the research protocol, NIES conducted 

a similar test, again with 4tOP as the test agent. Because some of the data provided by NIES 

were summary information with supporting statistical analyses, and not primary data, the 

data was not analyzed using the statistical procedures specified in the guideline.

Fecundity was reduced by about 80% in F1 after exposure to the highest concentration 

tested, 100 μg/L, which resulted in no fish in that treatment in F2. No changes in fecundity 

were observed in F2 at the highest concentration, 50 μg/L. These results are very similar to 

the test conducted by MED where the LOEC for fecundity was 102 μg/L in F1 and 51 μg/L 

in F2.

The secondary endpoints that provide AOP information responded as would be anticipated 

as well. Anal fin papillae in XY fish were reduced at a LOEC of 6.25 μg/L in F1 subadults 

and 25 μg/L in F2 subadults, while vitellogenin production in XY fish was induced at a 

LOEC of 6.25 μg/L in F2 and only 25 μg/L in F1. The mean hepatic vitellogenin 

concentration in the same treatment across F1 and F2 generations was not very great, 4.8 

ng/mg liver in F1 compared to 8 ng/mg liver in F2, but in F2, it was high enough to be 
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statistically different from controls. The effect on the gonad phenotype was different 

between the MED and the NIES tests; many XY fish with testicular oocytes were observed 

in the MED test and very few were reported in the NIES study.

o,p’-DDT (Table 2)—o,p’-DDT was chosen because it is a known bioaccumulative ER 

agonist [47, 48]. Reproduction was not effected by exposure in F0, even at the highest 

treatment 1.9 μg/L. However, in F1, 1.9 μg/L o,p’-DDT reduced fertility but not fecundity. 

Two of the exposed pairs produced large numbers of non-viable eggs. The LOEC for 

fecundity and fertility in F2 was also 1.9 μg/L. In this treatment, fecundity was 14 eggs per 

pair each day compared to 20 eggs per pair each day in controls, and the mean number of 

fertile eggs was only 7 per pair each day compared to 18 fertile eggs per pair each day in 

controls. Interestingly, these means for exposed breeding pairs were similar to the 

reproductive output in the same 1.9 μg/L treatment of F1; however, the control mean in F2 

was higher than in F1, which provided greater statistical power in the data analysis.

The overall LOEC for the test was 0.07 μg/L, based on an increase in the hepatic 

vitellogenin concentration in adult XX fish. The magnitude of this increase was likely not 

biologically significant, and did not increase with higher concentrations of the test agent. 

The hepatic vitellogenin concentration increased in adult XY fish in both F1 and F2, but only 

in the highest treatment (i.e., 1.9 μg/L).

The secondary endpoints again corroborate the expectation of o,p’-DDT acting as an ER 

agonist. The numbers of anal fin papillae were lowered by more than 50% in adult fish, and 

hepatic vitellogenin was increased in XY subadult fish in the 1.9 μg/L treatment. Papillae 

were not present in subadult XY fish but were present in the adult XY fish of the same 

treatment, suggesting papillae development was delayed. In addition, most of the XY fish 

exposed to 1.9 μg/L o,p’-DDT in both F1 and F2 generations and at both developmental 

stages had testicular oocytes.

CMP (Table 2)—CMP is a weak estrogen agonist as it binds to both recombinant human 

and rainbow trout (Oncorhynchus mykiss) ERs, and in rainbow trout liver slices and 

dissociated hepatocytes, induces vitellogenin mRNA at about the same concentrations as 

overt toxicity [49]. CMP has also been shown to bind to the ER in a yeast two-hybrid assay 

[50].

No endocrine effects were observed in our test except for possible induction of vitellogenin 
gene expression in XX adult fish in F0, in which only a small increase (~2X of controls) was 

observed at 88, 165, and 345 μg/L of CMP. However, this conflicts with the observation that 

vitellogenin expression was decreased in subadult XX fish in the F2 generation after 

exposure to 345 μg/L CMP. Also, XY subadult fish in F1 but not F2 were smaller (i.e. 
decreased weight and length) than control fish upon exposure to 165 and 345 μg/L CMP. 

Regardless, reproduction was not decreased in any of the generations. In addition, no 

indication of toxicity was observed via histopathology. Therefore, the medaka 

multigeneration study seemed to indicate that the LOEC for CMP was greater than 345 

μg/L.
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To confirm this, after the test, MED performed a short-term test to establish the medaka 

LC50 to CMP and to determine whether concentrations higher than 345 μg/L cause EDC-

related impacts. Newly hatched fish were exposed for 35 days to CMP at concentrations of 

300, 600, 1200, 2400, and 4800 μg/L. Survival was monitored throughout the exposure and 

vitellogenin gene expression was quantified at the end of the exposure. The 7-day and 14-

day LC50 values were 2840 μg/L and 1090 μg/L CMP, respectively. After the 35-day 

exposure, only fish from control, 300 μg/L, 600 μg/L, and 1200 μg/L treatments survived 

and liver vitellogenin mRNA levels did not change in either XX or XY fish which indicated 

that CMP is overtly toxic at a lower concentration than required to induce EDC-related 

effects in medaka.

ER antagonist (Table 3)—Tamoxifen is classified as a selective ER modulator as it has 

multiple actions both as an ER antagonist and in specific tissues/species as an ER agonist 

[51]. After binding to the ER, tamoxifen has been shown to act as both agonist and 

antagonist in various species including the medaka, in which previous tests have shown 

increased plasma vitellogenin in males but decreased plasma vitellogenin in females [52, 

53]. Furthermore, a relatively high dose of tamoxifen (200 μg/L) skewed the sex ratio of 

tilapia (Oreochromis niloticus) to 90% males after a 60-day exposure starting with fry [54].

In the tamoxifen test, fecundity was reduced by over 50% upon exposure to 20 μg/L, the 

highest concentration tested. The AOP-related endpoints were typically affected at a LOEC 

of 1.3 μg/L and subadults were more sensitive than adults. The affected LOEC endpoints 

were increased vitellogenin and decreased SSC in XY fish. Similar to other studies [52, 53], 

tamoxifen actually reduced vitellogenin in female fish, starting at a concentration of 1.3 

μg/L. The vitellogenin induction in males was fairly modest, only a few times higher than 

controls, and not approaching the same vitellogenin concentration as control female fish. 

The maximum change in SSC was seen in F2 where the number of anal fin papillae was 

reduced from about 80 per control XY fish to approximately 25 per XY fish in the 1.3 μg/L 

treatment. These same endpoints had slightly higher LOECs (from 1 to 2 treatment levels) in 

the adult life stage, due either to true differences in the sensitivity of the life-stage, or to 

reduced statistical power from smaller sample sizes in the adult samplings. Also note, the 

subadult samplings were not conducted at the same developmental stage across generations; 

F1 was sampled at 54 dpf and F2 was sampled at 65 dpf, thus, the control values for these 

parameters were quite different from each other.

In addition to the endocrine AOP endpoints, tamoxifen reduced growth by about 30% in 

both XX and XY fish at 54 dpf (F1), but by less than 20% in only the XX fish at 65 dpf (F2). 

It is unclear whether this difference is due to delayed maturation, or irreversible growth 

effects. Unfortunately, growth data, which would have provided insight into this question 

were not recorded for adults. Histopathology, which would have provided information both 

about potential EDC impacts and non-EDC toxicity at the organ/tissue level, was also not 

assessed.

Androgen receptor (AR) agonist (Table 3)—17β-Trenbolone acts as a potent agonist 

of AR in a variety of systems including fish, where it has been shown to reduce fecundity, 

vitellogenin, and generally induce masculinization of both external SSC and gonad 
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phenotypes [18, 19, 55–57]. It is androgen-dependent expression of key genes (Bmp7 and 

Lef1) that is required for bone nodule outgrowth leading to the formation of papillary 

processes, SSC, in medaka [58]. In a previous 21-day exposure of medaka, the LOEC for 

changes in SSC and decreased vitellogenin was 365 ng/L and 39.7 ng/L, respectively [38].

In the MED test the LOEC for reproduction, which occurred in F1, was 32 ng/L, where 

fecundity was reduced to zero. In addition, 13 ng/L 17β-trenbolone seemed to reduce 

fecundity (control fecundity equaled 25 eggs per pair-day versus 11 eggs per pair-day in the 

treatment); however, it was not statistically significant. No reduction in reproduction was 

observed in F2 where the highest concentration was 13 ng. The mean fecundity in this 

treatment was equal to controls (24 eggs per pair-day) and much higher than in the same 

treatment in F1 (11 eggs per pair-day).

The LOECs across the entire 17β-trenbolone test in the AOP-related endpoints ranged from 

32 to 84 ng/L, predominately affecting XX fish. All the findings supported the expected 

response to an AR agonist (i.e., the presence of anal fin papillae (the measure of SSC) in XX 

fish, decreased vitellogenin gene expression in XX fish, and most dramatically, XX fish 

presenting complete male phenotypes including functional testes). In the 84 ng/L treatment, 

essentially all XX fish presented the male phenotype with respect to gonad, vitellogenin 
gene copy number, and SSC. In addition, in the 32 ng/L treatment the same effects were 

observed at intermediate magnitudes except for the gonad phenotype in which, interestingly, 

intersex gonads were never observed, only complete sex reversal. However, intermediate 

effects in gonad phenotype were observed in a slightly different manner. For instance, in F1 

subadults, 16 of 16 XX fish exposed to 84 ng/L 17β-trenbolone had testes, while in the 32 

ng/L treatment, only 7 of 17 XX fish had testes.

The observed pathologies further supported the androgen receptor AOP. First, there were 

very few pathologies found in XY fish. Second, many of the pathologies observed in XX 

fish could be ascribed to an AR agonist exposure. For instance, oocyte atresia and decreased 

yolk formation were found in XX subadults and adults at mild to moderate severities. There 

were also pathologies observed in the kidneys of XX fish at high prevalence and severity 

including tubule epithelial hypertrophy and eosinophilia. Ironically, in the 32 ng/L treatment 

and higher, 17β-trenbolone, completely caused sex reversal in XX individuals. In spite of the 

fact that they were XX fish, these fish had histologically normal testes.

In general, the F0 generation was less sensitive than the F1. Because there were no viable 

fish available in the 32 and 84 ng/L treatments of F2, no effects were observed in any of the 

measurements of this generation. In addition, the LOECs obtained at the F1 subadult 

sampling were lower than those of the F1 adult sampling. However, it cannot be determined 

whether this was a result of a greater sensitivity at this life stage or due to the higher 

statistical power from larger sample sizes per replicate at the subadult sampling.

The suite of biological impacts observed across levels of biological organization were 

consistent with the well documented AOP of 17β-trenbolone as an AR agonist. At the 

population/organismal level, fecundity was reduced starting at 32 ng/L, reflecting the 17β-

trenbolone effect on the phenotype of individual XX medaka. Starting at the 32 ng/L level, 
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XX fish developed into phenotypic males across multiple levels of organization including 

molecular (vitellogenin), tissue (external SSCs and pathology), and organ (gonad 

phenotype), all tethered back to the molecular initiating event (i.e., 17β-trenbolone binding 

and activating the AR). AR antagonist (Table 3). Vinclozolin and its degradants are anti-

androgens that persist in the environment for over 180 days [59, 60]. The presumptive AOP 

initiated by vinclozolin is binding with the AR without initiating the transcription of 

androgen-dependent genes [61, 62].

In F0, fecundity was decreased in the 253 μg/L treatment starting in the second week of the 

reproduction assessment, the third week after the exposure started. The mean for the entire 

three-week reproduction assessment was just 7 eggs spawned per day in the 253 μg/L 

treatment, compared to 24 spawned eggs per day in controls. Significant, but not large 

reductions in fecundity were also seen in all the other treatment groups (17, 33, 70, and 136 

μg/L) in the last week of the assessment; control fecundity was 24 eggs per day and all the 

treatments spawned approximately 15 eggs per day. For comparison, in a 21-day test 

measuring reproduction in fathead minnows (Pimephales promelas), vinclozolin reduced 

cumulative egg production by about a third at 60 μg/L [61], while in medaka, vinclozolin at 

640 μg/L did not reduce the number of eggs produced in a 21 day assessment following 

OECD TG 229 [63].

In F1 of the current assay, no vinclozolin effects were observed at the concentrations tested. 

The mean fecundities were 25, 26, 20, 29, and 26 eggs per pair per day in the control, 17, 33, 

70, and 136 μg/L treatments respectively. There was almost no reproduction in the 253 μg/L 

treatment; however because there was only a single breeding pair in this treatment the 

fecundity was not statistically different from controls.

There was little evidence to link vinclozolin to an anti-androgen AOP. Vitellogenin gene 

expression was increased in XY subadults in only the highest treatment in F2, 136 μg/L. In 

this group, very high measurements were observed in a few individuals which accounted for 

the statistical significance. Contrary to these observations, in a short-term exposure with 

medaka, hepatic vitellogenin levels in adult females were reduced at 640 μg/L, but not 200 

μg/L vinclozolin [63]. Possibly linked to an anti-androgen AOP, anal fin papillae were 

consistently decreased in XY subadults with a LOEC of 17 μg/L in F1 and 33 μg/L in F2. In 

these treatments, the anal fin papillae were reduced by 25% and 40%, respectively, which 

was similar to the effects of vinclozolin had on juvenile medaka exposed for only 28 days 

[63]. In that study, the effects on anal fin papillae were seen with exposure of 640 μg/L 

which caused a reduction of slightly over 50%. In our study, vinclozolin exposure caused 

only a delay in SSC development, as the number of papillae counted in exposed adults in 

both F1 and F2 were similar to control adult values.

While growth in subadults was not affected by vinclozolin, it did increase the weight and 

length of adults in some treatments. In F0, XY fish were heavier, 275 mg in controls versus 

350 mg in the 33 μg/L treatment; however, the weight did not increase with higher 

concentrations of vinclozolin, and XY adult fish were not affected in F1. In addition, XX 

adult fish were heavier in both F0 and F1.
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There were few, by-and-large low severity pathologies observed, and even fewer that were 

consistently observed across generations. The most prominent pathology was eosinophilia of 

the tubular epithelium in the kidneys of F1 subadult XY fish. The LOEC of this pathology at 

a moderate severity (3) was 17 μg/L. In F2, the LOEC for the same pathology at the same 

severity was 70 μg/L. There was no evidence of vinclozolin-induced change to the gonad 

gender phenotype.

Vinclozolin rapidly hydrolyzes in water to more potent anti-androgens than the parent 

chemical [64, 65]. Because of this, the characteristics of the exposure system delivering 

toxicant to the aquaria (i.e., flow rates, residence time of toxicant, etc.) can quantitatively 

change the relative concentrations of the exposure mixture, comprised of the parent chemical 

and the daughter hydrolytes. The complexity of the exposure system makes it difficult to 

compare the results from different vinclozolin aquatic bioassays, especially if different 

exposure infrastructures are used. Whether this explains why results differ across the limited 

number of vinclozolin studies with medaka remains to be seen.

There were two treatments with XY fish that expressed normal female phenotypes, (i.e., 

normal ovaries, no anal fin papillae, and normal vitellogenin levels); three XY fish in 33 

μg/L in F1, and four in 136 μg/L in F2. These outcomes were not seen in any other 

treatments including controls. Two explanations for these observations include, either DNA 

contamination of XX samples from XY fish during the process of determining genetic sex, 

or the data represents a true response to vinclozolin exposure. It seems unlikely that this 

response was caused by vinclozolin because the complete dataset does not correspond with 

results caused by an EDC with a strong gonadal effect. For instance, there were no intersex 

gonads observed in XY fish from either higher or lower treatments. Additionally, no suite of 

pathologies was observed in the gonad or liver relatable to an EDC exposure.

Steriodogenisis inhibitor (Table 3)—Prochloraz is a fungicide that inhibits sterol 

biosynthesis in fungi. Because of the conserved nature of the pathways involved, prochloraz 

also inhibits CYP19 aromatase in fish, which catalyzes the conversion of testosterone to E2, 

both in the ovary and the brain [66–68]. There is also evidence that prochloraz acts as an AR 

antagonist. In a 21-day fathead minnow reproductive assay, prochloraz produced a suite of 

biological effects characteristic of an aromatase inhibitor and an AR antagonist including 

alterations in various steroid levels, reduced vitellogenin in females, and lower fecundity at 

0.1 mg/L prochloraz [69]. In addition, fish embryo toxicity tests using medaka and zebrafish 

showed that prochloraz effected gene transcription as predicted for an anti-androgen [70]

In the current assay, the LOEC for fecundity was 41 μg/L in F0 (the highest concentration 

tested) and 25 μg/L in F2. No LOEC was determined up to the highest test concentration in 

F1, (25 μg/L). The mean fecundities were similar in the 25 μg/L treatments of F1 and F2: 4- 

and 6 eggs per pair-day, respectively. However, due to lower than normal fecundity in the F1 

control breeding pairs (three of the six breeding pairs in F1 did not spawn), only the 25 μg/L 

treatment in F2 was significantly different from control. The increased number of replicates 

specified in the final MEOGRT guidance will mitigate the reduction in statistical power 

caused by random non-spawning breeding pairs.
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The LOECs of the other endpoints ranged from 5 to 41 μg/L, affecting both XY and XX 

fish. Prochloraz affected growth in relatively low concentrations but the decreases observed 

in the subadult samples were not very large and were not observed in adults. In fact, exposed 

adults in F0 were actually larger than controls. In addition, there were decreased copies of 

the vitellogenin gene in XX fish. This can be plausibly linked to aromatase inhibition, 

causing circulating E2 to decrease, which in turn would lower the expression of hepatic 

vitellogenin. Lastly, there was a modest reduction of anal fin papillae in F1 subadult XY fish, 

but this was not observed in F2. Interestingly, this was not observed in adults in any of the 

three generations.

Many of the pathologies observed in the prochloraz test were not present consistently 

through the three generations or across different life stages. While this confounds 

interpretation of the histopathology data, some generalities can be made. Prochloraz did not 

affect the tissues and organs of XY fish, but it did cause EDC-related pathologies in the 

ovaries of XX fish (e.g., decreased yolk and follicular hyperplasia/hypertrophy). As more 

information is gathered about steriodogenesis inhibitor induced pathologies, it may be 

possible to interpret histopathology datasets like this, more clearly.

Rationale for changes to the research protocol

The outcomes of the various tests presented with several different chemicals acting through 

differing AOPs have provided enough information to develop guidance for performing an 

extended one-generation medaka reproduction test for use as a fish test in Tier 2 of the 

EDSP. Two major changes were made to the original research protocol: 1) the number of 

replicates per treatment was increased to strengthen the statistical evaluation of effects on 

reproduction, and 2) nearly all of the F2 generation was removed; the test was terminated 

after the embryos hatched in F2. Other more minor changes included evaluating pathology in 

only the F1 adults sampled after the assessment of reproduction; sampling subadult fish 

when slightly older, eliminating samples that were redundant, and adjusting the temperature 

to optimize reproduction while minimizing the occurrence of anomalous XX males. The 

MEOGRT Exposure and Endpoint Timeline, Figure 4, presents the timeline for exposure 

and collection of endpoint data for the adopted MEOGRT guideline [6, 7].

The reproductive endpoints, fecundity and fertility, are apical ecotoxicology endpoints due 

to their direct relationship to population-level effects. To assess treatment effects on 

reproduction, the research protocol employed six replicate aquaria for each test treatment, 

including the controls. The fecundity data from some of the earlier the tests had relatively 

high variance. With only six breeding replicates per treatment, the statistical power for 

detecting significant changes in fecundity was quite low [71]. Minor modifications of the 

protocol were implemented to increase the statistical power of the protocol by increasing 

baseline fecundity and reducing the variance in egg production. While only marginally 

successful, the trends observed in the fecundity dose-responses suggested that it was being 

affected at treatment levels lower than the statistical LOEC. In some cases, the fecundity in 

chemical treatments had to be reduced to nearly zero to be significantly different from the 

controls. To increase the statistical power of the test to detect treatment effects on 

reproduction, the number of replicate breeding pairs was increased.
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Replication—To determine the number of replicates preferred, a power analysis was 

performed using the reproductive performance of control fish from several of the tests [71]. 

The fecundity data had several characteristics that complicated the simple straightforward 

calculations of statistical power. For example, the data could not be transformed into normal 

distributions, and, days without reproduction (i.e., when the number of spawned eggs by a 

breeding pair is zero) were randomly distributed throughout the data set. Because of these 

characteristics, a simulation was used to calculate the effect of the number of replicate pairs 

per treatment on the power to detect a reduction in fecundity. Initially balanced designs were 

considered where the number of replicates were equal in all treatments including controls. 

Then, based upon the recommendations from the OECD [33], we investigated designs where 

the number of control replicates are double the number of replicates in each treatment (2:1 

design). The power properties of both the balanced design with six replicates in each 

treatment and the 2:1 design with 12 replicates in controls and six replicates in each 

treatment were considered inadequate. For example, the power to detect a 40% reduction in 

fecundity was 0.66 in the balanced and 0.76, in the 2:1 design. However, the power 

properties of a 2:1 design with 24 replicates in controls and 12 replicates in each treatment 

are quite good (>0.80 power) to detect even a 30% reduction (Table 4). Besides statistical 

power, consideration was given for the possibility of mortality, especially in the control 

replicates. During reproduction, a small percentage of the adults die, irrespective of 

treatment. Additionally, even with skilled technicians, there is a possibility of handling-

induced mortalities. To be conservative, 12 breeding pairs (replicates) in treatments and 24 

control breeding pairs (replicates) was chosen to mitigate the consequences of these 

mortalities on statistical power.

Elimination of F2 from protocol—Considerations regarding the inclusion of F2 in the 

MEOGRT were based primarily on whether the additional information gained was worth the 

additional costs of time, resources and risk of test failure. To be included, the F2 generation 

should add significant value to understanding treatment effects on the test population. 

Summarizing data from all the tests that included fecundity assessments in both F1 and F2, 

indicated little evidence for consistent differences between the generations. With E2 the 

LOEC for fecundity was lower by one treatment level in F1 compared to F2. In one of the 

two tests with 4tOP, the LOEC in F2 was one treatment level lower and in the other test, the 

LOECs were the same in both generations. In the o,p’-DDT test, the LOEC was not 

determinable in F1 because there was no effect in the highest treatment, 1.9 μg/L; in F2 the 

LOEC was 1.9 μg/L. Lastly, the LOECs for fecundity in F1 and F2 for the 17β-trenbolone 

test were equal. For these five tests using three different chemicals, the LOEC was lower in 

F1 in one test; lower in F2 in two tests, and the same in two tests. In all cases, when the 

LOECs were different across generations, it was by one treatment level. Additionally, the 

mean fecundity values in the control treatments and the LOEC treatments were quite similar 

across generations. Finally, the mean fecundities for any particular treatment were not 

statistically different across generations. This provides the clearest evidence that fecundity in 

F2 was no more or less affected by EDC exposure than in the F1 generation.

Occasionally, there is a LOEC for a non-fecundity endpoint that is lower in the F2 generation 

as compared to F1. In all cases, this LOEC is different by only one treatment level.
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When considering the use of multiple generations in a test protocol, it is appropriate to 

consider whether the information provided by adding another generation is worth the risk of 

not completing the test protocol successfully. Longer tests face greater the risk of incidents 

such as malfunctions of exposure and/or dilution pumps, temperature control systems, 

disease, and, perhaps the most common problem -- maintaining consistent treatment 

concentrations throughout the test. Heterotrophic microbes, which use the test chemical as a 

nutrient source, tend to thrive and proliferate in the exposure system during long tests with 

subsequent reductions in the treatment concentrations. Periodic sterilization and adjustment 

of the exposure system are necessary to mitigate this effect.

For the above reasons the decision was made to end the MEOGRT protocol after the hatch 

of the F2 embryos. Under the scenarios tested thus far, continuing the F2 generation did not 

add significant understanding of treatment effects. However, it is possible that future 

assessments could indicate the need to continue the exposure into the F2 generation. For 

instance, chemicals with high bioconcentration potentials or with indications of 

transgenerational effects may warrant extending the test further into the F2 generation.

Histopathology—Increasing the number of replicates to twelve in the MEOGRT 

compared to six in the research protocol doubles the number of adult fish for the pathology 

analysis. This difference is substantial. It provides pathology results for up to 12 fish per 

gender per treatment. Also, because the pathology is done on adult fish sampled after the 

reproduction evaluation, the pathology information can be correlated with the reproductive 

performance of each specific breeding pair. This is in contrast with subadult pathology 

analysis which does not allow these direct comparisons to be made. Evaluation of treatment-

related effects on gonadal development such as sex-reversal, and the prevalence testicular 

oocytes, is possible in either adult or subadult specimens, however, only the adult samples 

provide data that can be used to correlate pathology with reproduction. The increased sample 

sizes for adult pathology in the MEOGRT increases both the statistical power and the 

relevance of the pathology endpoint compared with the research protocol.

Sampling time of F1 subadult fish—In most of the tests, the subadult sampling was 

done, depending on the specific tests, between 44 and 59 dpf. Within this time window of 

the MEOGRT, medaka are growing and developing rapidly enough that shifting the subadult 

sampling time a week earlier or later can have dramatic impacts on the data collected. For 

instance, typical medaka growth curves with parameters similar to those specified in the 

MEOGRT protocol are steep at this time (Figure 5 Growth Curve). So while the qualitative 

impacts on growth by an EDC would not be changed by the sampling time, there would 

most likely be a quantitative impact by shifting the sampling time on data such as the mean 

weight or length of controls. Therefore, the MEOGRT guidelines recommend sampling 

subadults later in development (9 wpf) than in the research protocol (6 wpf). Interestingly, as 

can been seen in the growth curves (i.e., length), the rate of growth of control fish is 

consistent across the two laboratories (MED in the US and NIES in Japan) suggesting that 

the prescribed subadult sampling time, culture temperature, and feeding rate will produce 

comparable growth measurements from future MEOGRTs. The consistency indicates that 
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MEOGRTs performed in different laboratories will provide similar data that will facilitate 

inter-test comparisons.

Concurrent with the rapid growth observed, the development of SSC occurs around 6 wpf. 

Therefore, if subadults are sampled at 9 weeks post fertilization (wpf), males will have high 

numbers of anal fin papillae (Figure 6 SSC). In addition, during this phase, gonadal 

development is dramatic, and there is a substantial increase in the production of vitellogenin 

in females. For example, the mean number of copies of vitellogenin RNA per ng of total 

liver RNA across tests increased from 2 × 105 at 6 wpf to 5 × 106 at 7 wpf. Another case 

illustrates this point dramatically. In the tamoxifen test, the subadults were sampled at 54 dpf 

in F1 and at 65 dpf in F2, a difference of 11 days. The mean liver vitellogenin protein 

concentration in the F1 control females was approximately 40 ng/mg liver compared with 

1350 ng/mg liver in the F2 females. Because of the rapid development rate of subadult 

medaka, there are large quantitative changes in growth, SSC, and vitellogenin endpoints 

through time. Moving the subadult sampling from the 7th to the 9th wpf allows the fish the 

time to develop optimal mean values with low variance in all the measured endpoints.

Test temperature—The recommended temperature in the MEOGRT is 25°C, and brief 

excursions from the mean by individual aquaria should not be more than 2°C. Furthermore, 

replicates within a treatment should not statistically differ from each other, and treatments 

within the test should not be statistically different from each other. This recommendation is 

based upon the historical range of temperatures used for toxicology testing with medaka 

[72], and the temperature that optimized daily egg production while minimizing the 

occurrence of XX males. Fairly modest decreases in the test temperature reduced the 

fecundity of control breeding pairs. In reproductive assessments, mean fecundity was lower 

(22 ± 3 eggs per female per day) at 24°C than the fecundity observed at 25°C (36 ± 3 eggs 

per female per day). These gains in reproductive performance have large impacts on the 

statistical power of this endpoint simply by increasing the measureable effect size [71]. 

Because of this, temperatures lower than 24°C were deemed unacceptable.

Given the importance the MEOGRT places on knowing the genetic sex of individuals, the 

presence of genotype-phenotype mismatches, in this case XX males, has serious negative 

impacts on the data analysis. In fact, it has been documented in the literature [73–75], and 

observed in our medaka culture that a small number of unexposed XX medaka embryos will 

develop as normal phenotypic males, possibly caused by cortisol elevation during 

development [76]. At least two factors are known to increase the likelihood of these events: 

elevated temperature and medaka strain genetics. The published literature reports elevated 

rates of XX male development at 32°C, a temperature not considered for a standard protocol 

like the MEOGRT. Depending on strain, elevated rates are observed at 27°C, a more likely 

temperature for a standard testing protocol [74, 77]. Thus, we initiated an ancillary study to 

investigate the prevalence of XX males at temperatures suitable for medaka tests such as the 

MEOGRT, using the medaka strain cultured at MED (i.e., orange-red). Newly fertilized eggs 

were cultured at various temperatures between 23°C and 32°C until hatch, then transferred 

to 26° water, and reared until they were sexually dimorphic. Their individual gonadal 

phenotype and genotype (Dmy status) were then assessed. Indeed, increasing temperature 

did increase the prevalence of XX males in the MED strain (Figure 7 XX males). Note that 
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higher temperatures caused an increase in the prevalence of XX males even within a range 

that would be appropriate for the medaka toxicity tests (i.e., 24 – 26°C). The recommended 

temperature of 25°C for the MEOGRT balances the competing objectives of maximizing 

fecundity while minimizing the chances of XX males induced by temperature. In addition, 

because the prevalence of this phenomenon is strain dependent, efforts at MED to increase 

fecundity of the medaka culture by crossing separate lineages [71] have serendipitously 

reduced the occurrence of XX males to levels less than 1%.

Harmonized MEOGRT test guidelines have been approved by the USEPA and by the OECD 

[6, 7]. The final MEOGRT consists of continuously exposing parts of two generations of 

medaka. The F0 generation is started on test by exposing reproductively active fish that are 

at least 12 wpf, for 21 days during which reproduction (i.e., fecundity and fertility) is 

assessed. During this time, the test substance and/or its metabolites are presumed to be 

distributed to the gametes and tissues of the fish. After the assessment of reproduction, eggs 

are collected to start the F1 generation. These fish are reared for a total of 15 wpf. A subset 

of F1 fish are sampled at 9 wpf for measurement of various endpoints. Reproduction is 

assessed in adult F1 fish for 21 continuous days during the period of 12 to 14 wpf. Again 

after the assessment of reproduction, eggs are collected and allowed to hatch. thus 

completing the test. The protocol specifies five test substance treatments and a dilution water 

control. In the F0 generation, each test substance treatment has six replicates and the control 

has 12 replicates. During the first 9 weeks of the F1 generation, this replicate structure 

remains the same. However, for the remainder of F1 (once breeding pairs are established), 

the number of replicates per treatment is doubled to 12 replicates, and the number of 

replicates in the control is doubled to 24 replicates (Figure 4 MEOGRT timeline).

The MEOGRT protocol has been formulated to maximize the power of the apical endpoints 

of reproduction, growth and mortality while keeping implementation of the protocol 

feasible. The various decisions that modified the research protocol into the MEOGRT 

protocol were always made with the intent of providing high quality data to accurately 

define the dose response of these apical endpoints. At the same time, endpoints that could 

provide information about an AOP of a potential EDC were included in the protocol design. 

These non-apical endpoints are intended to characterize the AOP of the test substance at a 

particular level of biological organization such that the information from a MEOGRT can 

help identify the relevant AOP(s). For instance, decreased vitellogenin production and the 

development of anal fin papillae in exposed XX medaka is consistent with an androgen 

receptor agonist AOP. However, we believe that most important information derived from a 

MEOGRT dataset, for use in an ecological risk assessment, is the apical endpoints (i.e., 

reproduction, survival, and growth).
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Figure 1. 
The timelines for each of the presented tests showing the duration, as measured in days post 

fertilization (dpf), of each generation and the key events (i.e., culling, sampling, and 

reproduction assessment) within each generation. The tested chemical and the laboratory 

that completed the test are listed.
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Figure 2. 
The timeline and endpoints of the described research protocol that was the starting point for 

developing the MEOGRT. The duration of the in-life exposure is 29 wk and spans 2 full 

generations. The F0 generation serves as a loading phase for the F1 embryos. The test is 

terminated after reproduction in the F2 generation. The rows to the right of each endpoint 

indicate the study week in which the endpoint is measured in each generation.
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Figure 3. 
A flow chart for the recommended statistical procedures for MEOGRT data analysis. 

ANOVA = analysis of variance; RSCABS = Rao–Scott Cochran–Armitage by Slices.
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Figure 4. 
The timeline and endpoint summary for the final MEOGRT protocol. The duration of the in-

life exposure is 19 wk and spans 1 full generation (F1). The F0 generation serves as a 

loading phase for the F1 embryos. The test is terminated after the F2 embryos hatch. The 

rows to the right of each endpoint indicate the study week in which the endpoint is measured 

in each generation. SSC = secondary sex character.

Flynn et al. Page 31

Environ Toxicol Chem. Author manuscript; available in PMC 2019 August 05.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 5. 
Growth, as measured by total length, from hatch to adult of female (A) and male (B) medaka 

reared at the USEPA Mid-Continent Ecology Division (MED) or Japan’s National Institute 

for Environmental Studies (NIES) under the conditions specified in the MEOGRT protocol. 

Circles are measured data points, and solid curves are modeled growth based on the data 

points. Arrows indicate the subadult sampling time with either the research protocol (RP) or 

the final MEOGRT protocol (MEOGRT).
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Figure 6. 
Secondary sexual characteristic (SSC) development in males through time when male 

medaka are reared under the conditions specified in the MEOGRT protocol. The numbers of 

anal fin papillae, the measurement of secondary sex character, were counted per male. 

Arrows indicate the subadult sampling time with either the research protocol (RP) or the 

final MEOGRT protocol (MEOGRT).
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Figure 7. 
Prevalence, as a percentage, of XX males with increasing temperature during development. 

The bars show the proportion of phenotypic males that are either genotypic XX or XY. The 

box above each bar contains number and the percentage of XX males. The box within each 

bar lists the number of the XY males.
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Table 1.

Summary information for the chemicals used in the nine presented medaka multi-generational tests.

Chemical Mode of Action Quantification Method Test Concentrations (mean ± standard deviation)

17β-estradiol ER agonist SPE,RIA 0.92 
± 0.11 
ng/L

2.8 
± 0.35 
ng/L

8.9 
± 1.0 
ng/L

27.9 
± 2.9 
ng/L

84.3 
± 7.1 
ng/L

4-t-octylphenol (MED) ER agonist LC or GC 6.2 ± 0.6 
μg/L

12.5 
± 1.5 
μg/L

25.1 
± 2.6 
μg/L

51.1 
± 5.6 
μg/L

102.3 
± 8.5 
μg/L

4-t-octylphenol (NIES) ER agonist none 6.25 μg/L 12.5 μg/L 25 μg/L 50 μg/L 100 μg/L

o,p’-DDT ER agonist GC-MS 0.03 
± 0.004 

μg/L

0.07 
± 0.01 
μg/L

0.22 
± 0.04 
μg/L

0.69 
± 0.17 
μg/L

1.90 
± 0.43 
μg/L

4-chloro-3-methylphenol ER agonist HPLC 20.7 
± 4.6 
μg/L

43.3 
± 14.1 
μg/L

88.0 
± 27.7 
μg/L

165.1 
± 22.1 
μg/L

344.7 
± 74.4 
μg/L

tamoxifen ER antagonist GC-MS 1.32 
± 0.19 
μg/L

2.51 
± 0.28 
μg/L

5.08 
± 0.65 
μg/L

10.17 
± 1.34 
μg/L

20.44 
± 2.58 
μg/L

17β-trenbolone AR agonist SPE, HPLC 2.2 ± 0.5 
ng/L

5.1 ± 1.2 
ng/L

12.9 
± 2.7 
ng/L

31.7 
± 4.8 
ng/L

84.2 
± 13.0 
ng/L

vinclozolin AR antagonist HPLC 17.3 
± 1.6 
μg/L

33.2 
± 3.4 
μg/L

69.5 
± 6.2 
μg/L

136.3 
± 17.6 
μg/L

253.3 
± 58.7 
μg/L

prochloraz Steroidogenesis inhibitor HPLC 5.3 ± 1.1 
μg/L

9.2 ± 1.7 
μg/L

17.5 
± 3.1 
μg/L

25.0 
± 3.8 
μg/L

41.1 
± 3.4 
μg/L

ER = estrogen receptor; AR = androgen receptor; SPE = solid phase extraction; RIA = radioimmunoassay; LC = liquid chromatography; GC = gas 
chromatography; MS = mass spectrometry; HPLC = high-performance liquid chromatography
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Table 3.

The LOEC for each of the measured endpoints for those medaka multi-generational tests that used chemicals 

that were not estrogen receptor agonists (i.e., ER antagonist, AR agonist, AR antagonist, or steroid inhibitor).

ER Antagonist AR Agonist AR Antagonist Steroid Inhibitor

Endpoint
Tamoxifen NIES 17β-trenbolone EPA Vinclozolin EPA Prochloraz EPA

% Change LOEC % Change LOEC % Change LOEC % Change LOEC

Fecundity −60% 20 μg/L −100% 32 ng/L −98% 253 μg/L −70% 25 μg/L

Fertility −10% 10 μg/L −50% 13 ng/L −100% 253 μg/L > 41 μg/L

Hatch −20% 2.5 μg/L > 84 ng/L > 253 μg/L −30% 25 μg/L

VTG 2000% 1.3 μg/L −60% 32 ng/L 2300% 136 μg/L −96% 9 μg/L

SSC −30% 10 μg/L 0 to 39 32 ng/L −49% 33 μg/L −30% 9 μg/L

Weight −30% 20 μg/L > 84 ng/L 20% 33 μg/L −30% 9 μg/L

Length −20% 20 μg/L > 84 ng/L 10% 70 μg/L −10% 9 μg/L

Larval survival NA NA NA −20% 33 μg/L −60% 25 μg/L

Subadult survival NA > 84 ng/L > 253 μg/L > 25 μg/L

Adult survival >20 μg/L > 84 ng/L > 253 μg/L > 41 μg/L

Each LOEC is color-coded with red representing a statistically significant decrease in the measurement as compared to controls and green 
representing a statistically significant increase in the measurement as compared to controls. No color is used when a LOEC was not observed. The 
percent change is also listed to provide information on the magnitude of the observed response.
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Table 4.

The statistical power of three test designs showing the increased power provided by the final MEOGRT 

protocol at various reductions in fecundity.

Fecundity Reduction (%)

Research Protocol Considered Protocol Published MOEGRT

Balanced Design
Control Reps: 6

Treatment Reps: 6

2:1 Design
Control Reps: 12

Treatment Reps: 6

2:1 Design
Control Reps: 24

Treatment Reps: 12

20 0.17 0.15 0.40

30 0.38 0.44 0.83

40 0.66 0.76 0.99

50 0.83 0.92 1

70 0.91 0.96 1

Environ Toxicol Chem. Author manuscript; available in PMC 2019 August 05.


	Abstract
	INTRODUCTION
	METHODS
	Research protocol
	F0 adults
	F1 and F2: embryos to larvae
	F1 and F2: subadult to adult
	F1 and F2: adult
	4-tert-octylphenol (4tOP) conducted by MED

	Modifications to the research protocol
	4-chloro-3-methylphenol (CMP), prochloraz and 17β-trenbolone
	Vinclozolin
	17β-estradiol (E2) and o,p’-dichlorodiphenyltrichloroethane (o,p’-DDT)
	Tamoxifen
	4tOP conducted by NIES

	Endpoint descriptions
	Dmy
	Growth measurements
	Liver vitellogenin (mRNA or protein)
	Secondary sex characters (SSC)
	Histopathology

	Statistical analyses

	RESULTS AND DISCUSSION
	Chemistry
	Estrogen receptor (ER) agonists
	E2 (Table 2)
	4tOP by MED or NIES (Table 2)
	o,p’-DDT (Table 2)
	CMP (Table 2)
	ER antagonist (Table 3)
	Androgen receptor (AR) agonist (Table 3)
	Steriodogenisis inhibitor (Table 3)

	Rationale for changes to the research protocol
	Replication
	Elimination of F2 from protocol
	Histopathology
	Sampling time of F1 subadult fish
	Test temperature


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

