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A B S T R A C T   

Experimental exposures aimed at assessing the risks posed by estrogens in waste-water treatment work (WwTW) 
effluents to fish populations have rarely considered whether populations differ in their sensitivity to estrogenic 
compounds. This is despite evidence that selection at genes involved in the estrogen response has occurred in 
wild populations, and evidence that genotype can influence estrogen-response. In this study we compare the 
effects of a two-year exposure to a low measured concentration (1.3 ng/L) of ethinylestradiol (EE2) on the sexual 
development of roach (Rutilus rutilus) whose parental generation was sampled from two river stretches heavily 
contaminated with WwTW effluent and from two without any known WwTW effluent contamination. Exposure 
to EE2 significantly reduced the proportion of genetic males and induced a range of feminized phenotypes in 
males. Significantly, exposure also increased the proportion of genetic females with vitellogenic oocytes from 51 
to 96%, raising the possibility that estrogen pollution could impact populations of annually spawning fish species 
through advancing female reproduction by at least a year. However, there was no evidence that river origin 
affected sensitivity to estrogens in either sex. Thus, we conclude that chronic exposure to low level EE2 has 
reproductive health outcomes for both male and female roach, but we find no evidence that the nature or 
magnitude of the response is affected by the population origin.   

1. Introduction 

Effluents from wastewater treatment works (WwTW) contain com
plex chemical mixtures including estrogens and estrogen mimics that are 
known to affect the reproductive health of wild fish (e.g. Kase et al., 
2018; Kasonga et al., 2021). Estrogens play a major role in the sexual 
development of female fish, irrespective of the wide range of genetic and 
environmental mechanisms for initial sex determination that are dis
played in different species of fish. As estrogen receptors are phyloge
netically conserved across vertebrates and are also expressed in male 
fish, estrogenic contamination in the water can disrupt normal sexual 
development in male fish and induce feminization. Feminization of wild 
male fish exposed to WwTW effluents has been reported in Europe, 
America and Asia (e.g. Desbrow et al., 1998; Hinck et al., 2009) and has 
largely been attributed to the presence of natural and synthetic 

estrogens which have been detected in most effluents examined to date 
(Harries et al., 1997; Purdom et al., 1994; Ternes et al., 1999). Synthetic 
estrogens include ethinylestradiol (EE2), commonly used as the main 
active component of the female oral contraceptive pill. WwTW effluents 
have also been shown to have anti-androgenic activity (Katsiadaki et al., 
2012) which may also contribute to feminization seen in wild fish 
(Jobling et al., 2009; Lange et al., 2015). Feminized phenotypes in males 
include the presence of the precursors of the egg yolk protein vitello
genin (VTG) in the blood (male fish do not normally produce this pro
tein) (Purdom et al., 1994); feminized reproductive ducts (ovarian 
cavities), and the intersex condition - the presence of developing eggs in 
otherwise male gonads (Nolan et al., 2001). Experiments using wild 
roach (Rutilus rutilus) from rivers in England have shown that males with 
moderately-severely feminized gonads have a reduced fertility through 
in-vitro fertilization studies (Jobling et al., 2002b) and are less successful 
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in siring offspring in group spawning scenarios (Harris et al., 2011). 
Much of the information on the potential impact of estrogen pollu

tion at a population level has been derived from controlled exposures 
over the period of sexual development. Results from some of these 
studies suggest that the estrogenic activity that results from the com
bination of estrogenic pollutants present in some polluted waters could 
impact on the sustainability of populations. Estradiol equivalents (E2Eq) 
are measures of predicted total estrogenic potency, calculated from the 
potencies and predicted concentrations of estradiol (E2), estrone (E1), 
and EE2 [that account for >80% of total estrogenic activity in domestic 
effluent (Harries et al., 1996; Nakada et al., 2004)]. E2Eq are estimated 
to exceed an average of 10 ng/L E2 equivalents in 1-3% of river stretches 
in the United Kingdom (Williams et al., 2009). Long-term exposures to 
0.5-1 ng/L EE2, (equivalent to 5-10 ng/L E2Eq) have resulted in 
female-skewed sex ratios and decreased egg fertilization (e.g. Arm
strong et al., 2015; Parrott and Blunt, 2005; Zha et al., 2008). Exposures 
to higher concentrations of EE2 (4-6 ng/L) than are typically found in 
rivers, but have occasionally been measured in some effluents (e.g. 
Desbrow et al., 1998; Larsson et al., 1999; Rodgers-Gray et al., 2000; 
Ternes et al., 1999), have resulted in male to female sex reversal and/or 
breeding failure (Kidd et al., 2007; Lange et al., 2001; Nash et al., 2004). 
Notably, the addition of 5–6 ng/L EE2 to a whole lake in Canada over 
three years resulted in the collapse of the fathead minnow population 
(Kidd et al., 2007). Complete sex reversal of all genetically male roach 
also been observed in an exposure to an undiluted WwTW effluent for 2 
years (Lange et al., 2020b; Lange et al., 2011). 

There are now several studies that have found that fish populations 
can differ in their sensitivity to pollution. This has been attributed to 
genetic adaptation that has resulted in increased tolerance of the 
harmful effects of contaminants such as polycyclic aromatic hydrocar
bons (PAHs) and polychlorinated biphenyl (PCBs) (e.g. Di Giulio and 
Clark, 2015; Williams and Oleksiak, 2011; Wirgin et al., 2011); and 
metals (Paris et al., 2015). In contrast little is known of whether fish 
populations differ in their sensitivity to endocrine disrupting chemicals 
(EDCs). The only exception we could find in the literature to this was for 
adult killifish (Fundulus heteroclitus) from chemically impacted Newark 
Bay (USA) that were found to be desensitized when exposed to 
17β-estradiol, compared to fish from a reference population, as assessed 
using responses of vitellogenin and choriogenin genes (Bugel et al., 
2014). In that study, the mechanism of desensitization was not estab
lished, although later studies using genome wide comparisons identified 
evidence for selection at estrogen-responsive genes in killifish pop
ulations at other polluted sites (Reid et al., 2016). However, killifish is 
not closely related and is ecologically different (an estuarine fish) to the 
fish species in which the effects of estrogen pollution in contaminated 
rivers has been studied. Thus the extent to which populations of fish 
differ in their sensitivity to estrogens (or other EDCs) is unknown. 

Adult wild fish were used in Bugel et al.’s study (2014). Therefore, 
the influence of genetic and epigenetic effects (e.g. from previous 
exposure to pollutants) on the estrogen response would have been 
difficult to establish. Contrasting with Bugel et al.’s (2014) work, lab
oratory studies on zebrafish and on roach have indicated the potential 
for estrogen exposure to sensitize them to further estrogen exposures 
(Green et al., 2018; Lange et al., 2009; Nash et al., 2004). Therefore, in 
order to understand differences in sensitivity between wild populations, 
it is important to control for early life exposure. 

The aim of the current study was to compare how established roach 
populations with different estrogen exposure histories respond to a 
chronic exposure of estrogen at a potency predicted to induce pheno
types observed in wild roach living in effluent polluted rivers. We used 
the offspring of roach taken from the wild in order to control for the 
potential confounding effect of sensitisation from early-life exposure. 

2. Materials and methods 

2.1. Choice of rivers for parental roach 

Roach (Rutilus rutilus), a cyprinid fish, is native and widely distrib
uted in English rivers and most of Europe. It feeds mostly on algae and 
small invertebrates including aquatic insect larvae and molluscs (Mann, 
1973). It spawns annually in the spring with each female producing 
between 800-50,000 eggs depending on body size (Mann, 1973; Papa
georgiou, 1979). Individuals up to 19 years old have been reported 
(Vollestad and Labeelund, 1990), but the oldest individuals generally 
found in UK rivers are ~8-9 years in age (Jobling et al., 2006). In the 
wild females generally reach sexual maturity at 3 or 4 years whereas 
males reach sexual maturity at 1-2 years (Vollestad and Labeelund, 
1990). 

The parental roach used in this study were derived from four pop
ulations - two from the Thames Catchment and two from the Humber 
Catchment (Fig. 1). In each catchment one population came from a 
stretch of river heavily contaminated with WwTW effluent and the other 
came from a stretch with no known upstream WwTW discharges. The 
contaminated river stretches were in the River Mole (Thames Catch
ment) and the River Wreake (Humber Catchment). These river stretches 
have predicted total estrogen potencies of 5.3 ng/L and 7.2 ng/L estra
diol equivalents (E2eq) respectively, and are within the top 5% for of 
river stretches in England modeled for risk of estrogen exposure (Wil
liams et al., 2009). 

E2Eq are estimated from using geographical information systems- 
based model (LF2000-WQX), which predicts the concentrations of E1, 
E2, and EE2 in each WwTW effluent from the size of the population 
served by and per-capita excretion values. E2Eq also account for the 
types of treatment of each upstream WwTW and the dilution by river 
water (Williams et al., 2009). E2eq are then calculated using the 

Fig. 1. Simplified map of the England and Wales showing the general locations 
of the origins of the parents of the laboratory bred fish; these offspring were 
used in the experimental exposure to ethinylestradiol. Numbers in black circles 
indicate the number of obstructions that restrict movement of fish (either locks 
or weirs) from the sampling location and the confluence with the next river. 
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following formula E2eq=¼[E1]+[E2] +10x[EE2] where the concen
trations of E1 and E2 are multiplied or divided according to their pre
dicted estrogenic potencies (Williams et al., 2009). E2Eq correlate with 
the actual incidence and severity of intersex in fish found downstream of 
WwTWs (Jobling et al., 2006). Previous surveys found that 39% of male 
roach from the River Mole had moderate numbers of oocytes in their 
testes (Hamilton et al., 2020). This compared to 17-29% from the River 
Wreake, 11-18% from the Grantham Canal, and 18% from the River 
Gade; for these rivers the males generally had low numbers of oocytes in 
the gonads (Hamilton et al., 2020; Jobling et al., 2002a; Jobling et al., 
1998; Jobling et al., 2006). 

In population genetic analyses, roach populations in the Humber 
Catchment grouped together and separately from populations in Thames 
Catchment; roach populations in these catchments may have been 
largely separated since the last ice age (Hamilton et al., 2020). Within 
the Humber Catchment, roach from the Grantham Canal and the River 
Wreake grouped with populations from the River Trent. The River 
Wreake flows into the River Trent (via the River Soar) and obstructions 
either side of the sampling location restrict movement (Hamilton et al., 
2020) – Fig. 1. The stretch of the Grantham Canal has had no connection 
to the River Trent for 50 years (Hamilton et al., 2020) and the roach 
population from this section of the canal appears genetically isolated 
from nearby populations in the River Trent (Hamilton et al., 2020). 
Population genetic analysis has demonstrated that while the populations 
from the River Mole and River Gade are genetically similar to each 
other, migration is restricted between these populations and those in the 
main River Thames. This is consistent with the presence of weirs 
downstream of the sampling locations on these rivers (Hamilton et al., 
2020; Hamilton et al., 2014) – Fig. 1. 

2.2. Two Year Developmental Exposure to EE2 

We used the offspring of wild fish from the study sites for the 
exposure to EE2. This ensured that fish used in the exposure had no 
direct prior exposure to estrogen between hatching and the start of the 
exposure. Pre-spawning sexually mature adult roach were captured by 
electrofishing by the Environment Agency (England) fisheries teams and 
were induced artificially to spawn using established procedures with 
carp pituitary extract (CPE), as previously described (Jobling et al., 
2002b). 

Equal volumes of milt from 10 males were mixed with approximately 
equal quantities of eggs from females from the same river. Five females 
were used for both the Grantham Canal and River Gade, 3 from the River 
Mole and 2 from the River Wreake, dictated by availability. Fertilized 
eggs were kept in triplicate ‘holding’ tanks from each river where they 
were allowed to hatch. For the exposures, 33-41 days after hatching the 
fry were deployed into 40 L glass tanks under flow-through conditions 
with water. Each tank contained 52 fry; 15 from each from the Mole, 
Gade and Grantham and 7 from the Wreake (as fewer fry were 
available). 

Eight of these tanks were dosed at final nominal concentration of 
1.75 ng/l EE2 with a flow rate of 100 ml/min, from 6-7 weeks post 
hatching and the remaining 8 tanks were maintained as controls (dilu
tion water only). The EE2 exposure concentration was chosen based on 
published data for inducing feminized characteristics in males within 2 
years, but it was unlikely to cause complete sex reversal of genetic males 
(Lange et al., 2009). For the dosing, stock EE2 (Sigma-Aldrich, Poole, U. 
K) was diluted to a concentration of 500 mg EE2/L in ethanol. Twice a 
week this stock was used to make a 25 μg EE2/L ‘dosing stock’ in a 2L 
bottle by diluting with water. This ‘dosing stock’ was then fed contin
ually (by a peristaltic pump) into a header tank together with dilution 
water, and mixed continually with a magnetic stirrer. This made a final 
nominal concentration of 1.75 ng/L EE2 which was then distributed to 
all 8 EE2 treatment tanks. The final nominal concentration of ethanol 
was 0.00000035% v/v. Control roach were similarly maintained in 
flow-through dilution water tanks; no ethanol was added. After 3 

months of exposure fry were moved into 135 L tanks with water flow 
rates into each tank of 640 ml/minute, while maintaining the same 
exposures and the groupings of fish. Again all 8 exposure tanks received 
EE2-dosed water at a final concentation from a single header tank. 
Further details of the maintenance protocol of the fish are given in the 
Supplementary Information. 

Overall, the mortality rate over the 2 years was 6%. Fish were 
monitored twice daily for health assessments (normal swimming and 
feeding behaviors) and any fish showing signs of poor health, including 
from fin nipping imposed by other tank members were removed and 
euthanized to adherence to good fish welfare practice. Over the study 
this equated to 2% of fish in the control group and 12% of fish in the EE2 
exposed group. Approximately once a month fish were sampled to 
reduce densities and to maintain similar densities between the different 
tanks. 

After 1 year in the exposure study, 151 control and 106 exposed 
roach were sampled to reduce fish densities in tanks, and again this 
included removing those with nipped fins. At the end of the 2 year 
exposure a total of 365 fish were sampled (184 from the water control 
and 181 from the EE2 treatment); only fish sampled at this final time 
point were subsequently processed for analysis of sexual disruption. All 
animal work was carried out in accordance with the EU Directive for the 
protection of animals used for scientific purposes (2010/63/EU) and UK 
Animals Scientific Procedures Act (ASPA) 1986. Experimental proced
ures were carried out under personal and project licenses granted by the 
UK Home Office under ASPA, and ethically approved by the Animal 
Welfare and Ethical Review Body at the University of Exeter. 

2.3. Confirmation of Estrogenic (EE2) Exposure 

Water samples were taken from each tank (EE2 and controls) at 2 
month intervals throughout the 2-year exposure (16 sets of samples in 
total) and were treated as per Beresford et al. (2016). Estrogenicity was 
quantified using the yeast estrogen screen (YES) and EE2 concentrations 
were confirmed by LCMS/MS (25% of samples) using standard protocols 
(Beresford et al., 2016). Results presented here for YES use EE2Eq, the 
response equivalent to the reference concentration of EE2. See Supple
mentary Information for further details. 

2.4. Roach Sampling and Analyses 

The juvenile laboratory-grown roach were sampled after one and 
two years of exposure, but only those after two years were assessed for 
the effects of estrogen exposure. Fish were terminally anaesthetized with 
buffered 250 mg/L MS-222 (Sigma-Aldrich) as approved by the U.K. 
Home Office (Animals (Scientific Procedures) Act 1986). For vitelloge
nin (VTG) analysis, blood was collected using a heparinized haematocrit 
tube, the blood was centrifuged at 7,000 g for 5 min at 4◦C and the 
plasma collected and stored at -80◦C until analysis. Fish standard length 
(cm) and wet weight (g) were recorded for each fish. Fulton’s condition 
factor (K) was calculated from the following formula: (K) = (weight/ 
length^3)*100. Tail fin tissue was collected and stored in 100% ethanol 
for molecular parental and genetic sex assignment. For histopathology, 
fish were excised ventrally and their whole bodies were preserved in 
Bouin’s fixative (Sigma-Aldrich) for 24 hrs, after which tissues were 
stored in 70% industrial methylated spirits (IMS). 

2.5. Histopathology 

To determine the effects of the laboratory exposure of EE2 on sexual 
development, the gonads of roach at the end of the 2-year exposure were 
processed, sectioned and stained for histopathological assessment and 
their developmental stages were assessed using standard histopathology 
methods and protocols (Beresford et al., 2016; Jobling et al., 2006; 
Nolan et al., 2001). This was done ‘blind’; the researchers undertaking 
the analysis of histology did not know the treatement, genetic sex or 
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parentage until all the histopathology was complete. Due to the small 
size (young age) of the roach, whole bodies (containing the gonads) 
were sectioned, rather than dissected gonads. For histological process
ing, four sections were taken spanning the posterior, middle and anterior 
of gonads. Sections were cut at 3 µm in thickness and stained with he
matoxylin and eosin. Sections observed for each portion of the gonads 
were serial. Each male fish was given a whole number ‘intersex score’ (of 
between 1-7; those with a score of ’7’ were initially identified as female, 
but were given a score of 7 after genetic sex testing) to classify the level 
of male gonadal disruption based on the number of oocytes present in 
the testes (as defined by Jobling et al. (2006)), with the highest observed 
score in any of the four tissue sections recorded (G-L in Fig. 2). Pheno
typic sex (male or female) was recorded for each fish; we refer to both 
normal male and intersex fish as ‘males’. Ovarian cavities in males can 
occur as a consequence of exposure to estrogen during early life and 
therefore presence of female-like reproductive ducts (ovarian cavities) 
(Nolan et al., 2001) in males was also recorded. 

To assess for developmental effects of EE2 exposure on spermato
genesis, the presence of extensive multiple developmental phases of 
spermogenic cells (asynchronous development) was also scored as pre
sent/absent (Johnson et al., 2009) and males were also given a score of 
between 1 and 10 (a modified Johnsen Score (Johnsen, 1970)) with 1 
being the least developed testes (absence of both germ cells and Sertoli 
cells) and 10 being the most mature where the majority of tubules 
contained spermatozoa (see Supplementary information Table S1). 

Genetic females were scored between 1 and 7 based on the devel
opmental stages of oocytes, with 7 being the most developed i.e. ‘mostly 
vitellogenic stage oocytes’ and 6 also possessing vitellogenic oocytes 
(see Supplementary Information Table S2). 

2.6. VTG ELISA 

VTG in blood plasma was measured using a commercial VTG ELISA 
kit (Biosense Laboratories) as described previously (Tyler et al., 1996). 

2.7. Parentage assignment and genetic sex testing 

DNA was extracted from the fin tissue of all adults and fry, and a suite 
of DNA microsatellite markers (Hamilton et al., 2014) was used to 
conduct parentage analysis using Colony v2.0.5.0. (Jones and Wang, 
2010). A PCR-based test was used to identify genetic sex; PCR amplifi
cation of the ITS1 nuclear ribosomal DNA region was included in this 
test to verify successful isolation of DNA (Lange et al., 2020b). See 
detailed methods in Supplementary Information. 

2.8. Statistical analysis 

All statistical analyses were conducted in ‘R’ (R Core Team, 2012) 
using the data from fish sampled at the final sampling point, ~2 years 
post hatching. We first examined the impacts of ‘tank’ and on fish length 
using data from both genetic sexes. Normality and variance of length 
data were assessed using histograms. An analysis of variance (ANOVA) 
was used to determine whether average length differed between tanks. 
The mean lengths, weights and condition factors of the fish in each tank 
were determined and these values were used to conduct T-tests to test 
for differences between the exposed and control tanks. Due to differ
ences in the size of fish, all subsequent statistical models included ‘tank’ 
as a random factor to control for inter-tank correlations. 

Using data from both genetic sexes, we examined interactions be
tween ‘exposure’ and ‘river’ (i.e. river origin of the parents), and be
tween exposure and genetic sex, on length of the fish. Then the 
influences of exposure and ‘river’ on genetic sex ratio were assessed, 
again including both genetic sexes. All subsequent analyses were con
ducted on either only genetic males (gonadal feminization, ovarian 
cavities, spermatogenesis score, asynchrony, VTG) or genetic females 
(oocyte progression, VTG), and included fish length as a fixed effect, as 

size can influence sexual maturity (Paull et al., 2008). 
For each response variable the effect of ‘river’ was first examined by 

a comparing model with an interaction term between river and exposure 
(river*exposure+length) to one that excluded this interaction (riv
er+exposure+length); a significant interaction would indicate that both 
river and exposure influenced the response variable. If no significant 
interaction was identified, the influence of each explanatory variable 
was assessed by comparing a ‘full’ model including all the explanatory 
variables (e.g. river+exposure+length) to a model excluding this term 
(e.g. ‘exposure+length’ to assess the influence of river). 

Analyses of categorical responses were conducted using generalized 
linear mixed models (GLMM, binomial family, using the logit as a link- 
function), using the package nlme (Pinheiro et al., 2020) and p‑values 
presented in this study were derived using models comparisons assessed 
using chi-square tests on the log-likelihood values. All other analyses 
were conducted by fitting linear mixed-effect (LME) models using the 
package lme4 (Bates et al., 2015) and p-values are based on model 
maximum-likelihood versions of the mixed models. For analysis of 
gonadal feminization, males with oocytes in testes or sex reversed males 
(intersex index = 7) were coded as ‘1’ and those with no gonadal 
feminization were coded as ‘0’. Both histological spermatogenesis score 
and oogenesis score were arcsin transformed whereas plasma VTG 
concentrations log 10 transformed to improve model fit. 

3. Results 

3.1. Captive Breeding Exposure Experiment 

After approximately two years of exposure, 365 fish were examined 
by histology. Parentage analysis revealed that there were only eight 
offspring of fish from the River Wreake, so these fish were excluded from 
all analyses. This left a total of 357 fish from the contaminated River 
Mole and the two reference sites (River Gade and Grantham Canal). Of 
these there were 179 exposed to EE2 and 178 were in control conditions. 
Genetic sex testing revealed that 185 were genetic males and 172 were 
genetic females. 

In the control tanks, the average concentration of EE2 was 0.08 ng/L 
(± 0.08 ng/L) as measured by LCMS/MS or 0.07 ng/L (± 0.13 ng/L) 
EE2Eq as measured by YES. Limits of detection were 0.05 ng/L for 
LCMS/MS and 0.02 ng/L for YES. In the EE2 dosed tanks the average 
concentration was 1.29 ng/L (± 0.33 ng/L) as measured by LCMS/MS or 
1.63 ng/L (± 0.61 ng/L) EE2Eq as measured by YES. There were small 
differences in the concentrations at different sampling points and be
tween tanks (Supplementary Information Figure S1). This type of ‘tank’ 
effect had been anticipated. To account for this potentially confounding 
effect, our experimental design included placing the offspring of fish 
from each of the four rivers into each tank and ‘tank’ was included as a 
random factor in our statistical analyses of the effects of river origin. 

3.2. Fish survival 

At the final sampling point, there were significantly fewer surviving 
offspring of the fish from the River Mole (11%) compared to offspring of 
fish from the River Gade (49%) and the Grantham Canal (39%) despite 
the experiment starting with equal numbers of fish from each location 
(e.g. T-test for Mole and Grantham (p<0.0000001). Survival of the 
offspring of roach from the River Wreake was also lower, although fewer 
were included in the experiment and these were excluded from subse
quent analyses. On average mortality was low (6 %), and 7% of the fish 
that were showing signs of poor health were removed from the tanks and 
euthanized for adherence with good animal welfare practice. 

3.3. Fish size 

At the end of the two year exposure average fish length was 8.2 cm 
(+- stdev 0.87 cm), average fish weight was 9.0 g +-3.0 g and average 
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Fig. 2. Histological micrographs of gonads from roach exposed to a measured concentration of 1.3 ng/L ethinylestradiol (EE2) for 2-years. The top two panels show 
examples of genetic females and genetic males with the development score we saw most frequently in the dilution water (A-C) and EE2 (D-F) exposures i.e. in dilution 
water females had a mode score of 4 (A), whereas in the EE2 they had a mode score of 6 (D, * is an example of a vitellogenic oocyte). For the males in both the 
dilution water (B-C) and the EE2 (E-F) exposures the mode testicular development score was 8, however, the males had extensive asynchronous development. The 
next panel (G-I) shows genetic males with mild intersex alongside either early spermatogenesis (G) or advanced (full) spermatogenesis (H-I). Black arrows; testicular 
oocytes. J-L are images of genetic males that are seemingly "sex reversed" and M-O is also a "sex reversed" genetic male but with lymphocyte (yellow star) infiltration 
which somewhat resembles sperm in appearance. 
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Fulton’s condition factor was 1.59 (Supplementary Information, 
Figures S2, S3). There were no differences in the average length (T-test, 
p = 0.38), weight (p = 0.31), or condition factor (p = 0.91) of the fish in 
the control tanks compared to those in the exposure tanks – Figure S2. 
There were, however, significant differences in the length of fish be
tween tanks (ANOVA, DF = 15, F = 2.6, p = 0.0017). 

Fish length was not influenced by river origin (likelihood ratio test, 
(LRT) = 0.96, p = 0.62)). However there was a significant interaction 
between genetic sex and exposure on the length of fish (LRT = 4.46, p =
0.034); genetic males were smaller than genetic females in control tanks, 
but there was no difference in length between the sexes in the exposed 
tanks (Supplementary Information, Figure S2). See Supplementary In
formation 1, Figures S3, for length, weight and condition factor broken 
down by river, genetic sex and exposure, and Table S3 for full results of 
statistical analysis. 

3.4. Genetic sex ratio 

The proportion of genetic males in the EE2 exposed tanks was 45%, 
compared to 61% in the control tanks (Fig. 3); this difference was sta
tistically significant (χ2(1) = 5.57, p = 0.018). Genetic sex ratio was 
unaffected by the river origin of the parental fish (p = 0.78) - see Sup
plementary Information, Table S3 for the full results for the of statistical 
analyses. 

3.5. Impacts on genetic males 

A range of gonadal phenotypes were observed in genetic male fish 
exposed to EE2 (Figures 2 & 3). We found no evidence that the river 
origin of the parental fish influenced any of the gonadal characteristics 
measured in genetic males, or plasma VTG levels (p > 0.05 - see Sup
plementary Information, Table S3 for full details of statistical analyses). 
Feminized gonads (intersex condition or female-like gonads) occurred in 
30% (23 of 76) of genetic males exposed to EE2, compared to 1 of 105 in 
the control group (χ2(1) = 14.7, p = 0.00013) – Fig. 3. For feminized 
genetic males within the exposure group the gonads of 12 had low 

numbers of oocytes in otherwise male gonads (intersex index 1 and 2) 
and the gonads of 11 resembled those of immature females (stages 3 and 
4, peri-nucleolar oocytes) and were scored an intersex index of 7 – 
Fig. 2). Ovarian cavities occurred in 56% of genetic males in the expo
sure group and were absent in the control group (Fig. 3, χ2(1) = 28.5, p 
= 9.3 × 10− 08) - see Additional file 1, Table S3 for full results of sta
tistical analysis). 

Assessed via histological sections, EE2 exposure inhibited sper
matogenesis (LRT = 10.6, p = 0.0011) (See Supplementary Information, 
Figure S4). Exposure also resulted in a higher proportion of genetic 
males with extensive asynchronous gonadal development (See E and F in 
Fig. 2 and Supplementary Information Figure S4) from 3.7% in the 
control group to 37.7% in the exposed group (χ2(1) = 14.4, p =
0.00015). Blood plasma VTG was significantly elevated in genetic males 
exposed to EE2 (LRT = 60.4, p < 0.0001) (See Supplementary Infor
mation, Figure S5, Table S3). 

3.6. Impacts on genetic females 

Ninety six percent of the exposed females possessed vitellogenic 
oocytes (categories 6 and 7 on the oogenesis development scale, 
Table S2), compared to 51% (37/73) of the control group (Fig. 4) – (LRT 
= 16.0, p < 0.0001), see Supplementary Information 1, Table S3). There 
was no influence by river origin of the parental fish on the oogenesis 
development scale (p = 0.67). VTG concentrations in unexposed genetic 
females varied widely whereas all exposed genetic females had high 
blood plasma VTG levels. There was a significant interaction between 
exposure and river (LRT = 11.5, p = 0.0032) indicating that river origin 
affected the magnitude of VTG response to EE2. However, this appears 
to result from differences between unexposed genetic females; all 
exposed genetic females had similar VTG levels but the unexposed fe
male offspring of fish from the River Mole had lower VTG levels than the 
female offspring of fish from the other rivers, particularly the River Gade 
(Supplementary Information 1, Figure S5). 

Fig. 3. Effects of exposure to a measured con
centration of 1.3 ng/L ethinylestradiol (EE2) 
and river of origin of the parental fish on the 
sexual development of genetic male roach. A: 
Sex ratio. B: Intersex index of genetic males as 
defined by Jobling et al. (Jobling et al., 2006). 
This scale ranges from 0 (not intersex, no oo
cytes in detected in the testes), <0-2 are mildly 
intersex (low numbers of oocytes in the testes), 
2-4 have moderate numbers of oocytes, 5-6 are 
severely intersex and 7 are histologically 
female.   
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4. Discussion 

In this study comparing the responses of roach derived from three 
different populations, we show that long-term exposure to estrogen 
feminized genetic males and affected female reproductive development. 
The average measured exposure concentration (1.3 ng/L EE2) is within 
the range reported in WwTW effluents (e.g. Rodgers-Gray et al., 2001; 
Ternes et al., 1999; Thorpe et al., 2006) and is equivalent to the estro
genic potency predicted for the 1-3% most polluted of river reaches in 
England (Williams et al., 2009). The slightly higher reported values in 
the exposure tanks as measured by the YES bioassay (1.6 EE2eq ng/L) 
may result from capturing endogenous estrogens excreted by the fish 
themselves. In the present study the intersex prevalence and severity 
were similar to that observed for wild roach of this age from river 
stretches heavily contaminated with WwTW effluents (Jobling et al., 
2006). However, VTG concentrations measured in the present study in 
male fish were higher than reported from wild male fish in such 
contaminated river stretches, including the locations from where the 
parental fish were captured (Jobling et al., 1998), indicating that these 
roach had experienced a higher estrogen exposure than wild fish. Other 
effects of exposure included a reduced proportion of genetic males and 
induction of a “sex reversal” phenotype in 15% of genetic males. 
Significantly, in females this persistent low-level estrogen exposure 
induced premature sexual development, with an increase in the pro
portion of fish with vitellogenic oocytes from 51 to 96%. The significant 
differences between the VTG levels of females derived from the different 
rivers in the control tanks is difficult to explain; a genetic influence is 
possible given that the fish from the River Mole came from only three 
females, or an effect exposure to contaminants due to maternal transfer. 

The main objective of this study was to compare responses to es
trogen exposure between roach derived from the different populations. 
We found no differences in response in either sex, despite differences in 
the exposure histories of these populations and genetic differences be
tween the Grantham population and the two Thames populations 
(Hamilton et al., 2020). To our knowledge the only other study 
comparing sensitivity of fish populations to estrogens has been con
ducted on killifish where fish taken from a polluted site were desensi
tized to estrogen exposure compared to exposed fish from a reference 
location (Bugel et al., 2014), which differs from our findings for re
sponses in the roach. A possible explanation for these differences is our 
use of offspring of fish caught from the wild, rather than using the adult 
fish taken directly from the wild as in the killifish study. In our study on 
the roach the offspring from the different rivers in each tank experienced 
identical exposures during development. This reduced the potential in
fluence of sensitization to estrogen, where early life exposure can in
crease sensitivity to estrogen exposure as an adult (Green et al., 2018; 
Lange et al., 2009; Nash et al., 2004). Developing oocytes can accu
mulate contaminants such as polychlorinated biphenyls (PCBs) and 
legacy pesticides through maternal transfer (Birceanu et al., 2015; 

Ostrach et al., 2008), so we cannot exclude the possibility that devel
oping offspring were exposed these contaminants prior to hatching. Our 
previous work, however, found that that lifelong experimental exposure 
of female roach to an undiluted estrogenic WwTW effluent had no 
impact on the sexual development of their offspring when they were 
reared in clean water, or the responses of these offspring to an estrogenic 
effluent, when compared to the offspring of parentally unexposed fish 
(Hamilton et al., 2015). Together with the results of the present study, 
for roach there is no evidence to date that estrogen exposure of adults 
affects the sexual development of their offspring, or their sensitivity to 
estrogen, for example through transgenerational epigenetic inheritance. 

For killifish widespread genetic adaptation that has led increased 
tolerance to various hydrocarbon contaminants at polluted sites. Vari
ants of estrogen receptor 2b and estrogen receptor–regulated genes are 
enriched within outlier gene sets for pollution tolerant populations, 
indicating that they are involved genetic adaptation (Reid et al., 2016). 
By contrast, our previous population genetic analyses (using 217 SNPs) 
found no evidence of selection at estrogen receptors, and no enrichment 
of variants of estrogen responsive genes in comparisons of populations 
from polluted and ‘clean’ rivers (Hamilton et al., 2020). The results of 
the present study are consistent with these results. 

Nevertheless, in our previous study there were large differences in 
the allele frequencies in the genes for androgen receptor and Cyp1A in 
comparisons of roach populations from the Trent Catchment and the 
Thames Catchment (Hamilton et al., 2020). These allele frequency dif
ferences provided evidence that genetic selection involving these genes 
had occurred in populations from the Thames Catchment and/or pop
ulations from the Humber Catchment since the separation of these 
groups of populations, potentially at the end of the last ice age, ~10,000 
years ago. The results of the current study suggest that this selection was 
unrelated to sensitivity to estrogenic pollutants. Further work 
comparing the sensitivity of populations to androgenic and 
anti-androgenic contaminants would help to indicate whether selection 
at the androgen receptor was driven by pollution by EDCs, particularly 
as anti-androgens may contribute to feminization of male fish (Jobling 
et al., 2009; Lange et al., 2015). 

Despite finding no differences in sensitivity to estrogen between the 
three populations of fish, the study provides new information into the 
reproductive health effects of exposure to a lower (and more environ
mentally relevant) concentration of estrogen than used in most long- 
term studies. For instance, we show that 30% of genetic males devel
oped feminized gonads: either ovotestes (the intersex condition) or a ‘sex 
reversal’ phenotype. Previously induction of the ovotestes in roach has 
been reported at an exposure concentration of 4 ng EE2/L for a shorter 
period (120 days) during early life (Lange et al., 2009), whereas there 
was no gonadal feminization observed in 17 of 18 male roach exposed to 
an even lower dose (0.3 ng/L) for two years (Lange et al., 2009). A 
similar ‘sex reversal’ phenotype to that observed here, characterized by 
small ovaries with incomplete sexual differentiation and with some 

Fig. 4. Stages of gonadal development in genetic female 
roach after 2 years in either control or a measured con
centration of 1.3 ng/L ethinylestradiol (EE2) exposure 
conditions. Numbers within bars represent the develop
mental stages of oocytes, with 7 being the most mature. 1 
= no germ cells present, 2 = oogonia/primary oocytes 
only, 3 = some peri-nucleolar oocytes, 4 = predominantly 
peri-nucleolar and Balbiani stage oocytes, 5 = some 
cortical alveolus stage oocytes, 6 = some vitellogenic stage 
oocytes but less than 50%, and 7 = predominantly vitel
logenic stage oocytes.   
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possessing primary oocytes (Jobling et al., 2002a), was previouly 
observed in wild roach from the River Aire, heavily polluted with es
trogenic pollutants at the time (Jobling et al., 1998). This contrasts with 
the phenotype seen in most males that had undergone complete femi
nization in persistent exposures to higher estrogen concentrations, 
which is similar to that of genetic females (Lange et al., 2009; Lange 
et al., 2011). Nevertheless, recent application of a genetic sex test to wild 
roach populations from impacted sites has revealed that while complete 
sex reversal may occur in the wild it is rare (less than 5%), even at 
impacted sites (Baynes et al., 2019; Lange et al., 2020a). 

In this study we found that estrogen exposure delayed spermato
genesis and increased the proportion of males showing extensive asyn
chronous development (i.e. with several stages of spermatogenesis 
observed within the same testes). Inhibition of spermatogenesis by es
trogen has been attributed to reduced testosterone levels in somatic cells 
in the testes as the effect can be reversed by additional androgen 
treatment (Luiz Henrique de Castro et al., 2018). Asynchronous devel
opment is a relatively common phenotype in wild male roach down
stream of WwTW discharges (Jobling et al., 2002a). These results 
demonstrate that estrogen pollution alone is sufficient to explain the 
occurrence phenotypes in polluted rivers although the reproductive 
consequences of these phenotypes are unclear. 

Through the application of the genetic sex test in the present study 
we also show that EE2 exposure significantly reduced the proportion of 
genetic males from 61% to 45%. Studies in fathead minnow have found 
that exposure to 0.32 ng/L EE2 significantly altered the sex ratio to
wards females, but were unable to confirm genetic sex (Parrott and 
Blunt, 2005). For roach, reduced proportions of genetic males have 
previously been observed in individual tanks dosed with 0.3 ng/L EE2 
for 250 dph (Lange et al., 2009) and WwTW effluent for 3 years 
(Hamilton et al., 2015). In the present study, however, the altered ge
netic sex ratio can specifically be linked to estrogen exposure as our 
statistical analysis used tank-level replication thus is robust to potential 
‘tank’ effects. This may have resulted from sampling of males earlier due 
to ill health; 12 % of the exposed fish were removed due to poor health 
compared to 2% of the control. A possible explanation for reduced 
survival could be the energetic costs of VTG production in males, or the 
health impacts of egg yolk precursors such as VTG on the liver and 
kidneys, as has been suggested previously (Folmar et al., 2001). How
ever, we did not test the genetic sex of fish removed before the final 
sampling point. The application of a genetic sex test (Lange et al., 2020a) 
has also revealed biases towards genetic females in roach populations 
from both polluted and clean river stretches. However, assessing the true 
sex ratio in the wild is complicated by potential differences in behavior 
between the sexes; determining the impact of pollution over and above 
this variability is challenging (if not impossible). Thus, in the present 
study we show that estrogen pollution could potentially alter the sex 
ratio in wild populations of roach through mortality resulting from 
sex-specific stress, without the complete feminization of genetic males. 

In the wild, female roach generally mature at 3-4 years in age and 
they spawn annually. We found exposure to EE2 increased the propor
tion of females with vitellogenic oocytes from 51% in the controls to 
96%, so some of these estrogen stimulated females would likely have 
spawned one year earlier than is normal. Our previous studies have 
found that exposure to undiluted WwTW effluent increased the pro
portion of female roach that reproduced after 3 years, compared to those 
kept in clean water conditions (Hamilton et al., 2015). Previously we 
considered elevated food sources in the WwTW effluent exposures may 
have advanced growth and therefore also advanced female sexual 
development (Hamilton et al., 2015). The present study suggests, how
ever, that estrogen exposure alone is sufficient to induce earlier matu
ration, as food sources were identical and there were no significant 
differences in size between the females in exposed and control condi
tions. The mechanism is unknown, though may relate to earlier onset of 
puberty. Indeed, Le Page et al. (2011) speculated that because xenoes
trogens affect GnRH neuron development, and in zebrafish the 

expression of kiss2 is upregulated by E2 (Servili et al., 2011), estrogenic 
EDCs have the potential to disrupt the onset of puberty. 

Arguably, adverse impacts of a pollutant on the sexual development 
of females have greater potential to affect population sizes than adverse 
effects on males. Although premature sexual development of female 
roach could enhance population growth rates, the timing of first 
reproduction has been shown to be under natural selection to maximize 
lifetime reproductive output in other fish species (Barot et al., 2004). 
Therefore, females that reproduce a year early could be disadvantaged, 
for example by diverting resources from growth towards egg production, 
potentially increasing mortality or impairing reproductive output in 
subsequent years. Our study found no significant difference in the 
average size of females in exposed and control tanks (Figure S2). 
However, given that gonads comprise approximately 7% of the body 
weight in small prespawning female roach, which decreases to about 2% 
after spawning (Mann, 1973; Papageorgiou, 1979), it is therefore 
possible that early maturation affected somatic growth. Thus, we illus
trate the potential for impacts of persistent estrogen exposure on pop
ulations through effects on females, at concentrations that induce no, or 
mild gonadal feminization in most males after two years of exposure. 

A limitation of this study is that we were only able to compare re
sponses from three locations, so it is still possible that population dif
ferences exist. In addition survival of the offspring of fish from the Mole 
and Wreake was lower than for the Gade and Grantham. It is not clear 
why this was the case, although the offspring from these sites were from 
comparatively few females, so maternal effects may have impacted on 
survival. As this was the case for both those exposed to estrogen and 
those in control tanks, it is unlikely to have altered our conclusions 
regarding effects of estrogen exposure. We highlight also the lack of an 
ethanol control in our experiemental design. However, in the EE2 
treatment tanks the final concentration of ethanol was extremly low at 
0.00000035% v/v ethanol and in previous long term exposures 
(including for roach over a period of 2 years) we found no differences in 
the gonadal status of roach between controls (no ethanol) and those 
exposed to ethanol concentrations 30,000 times higher than we used in 
this study (Lange et al., 2009; Yokota et al., 2001). 

We conclude that chronic exposure to low level EE2 has reproductive 
health outcomes for both male and female roach. However, we find no 
evidence that the magnitude of the response was influenced by differ
ences in parental and/or historical exposure to estrogen pollution, dif
ferences in allele frequencies at the androgen receptor and Cyp1A, and 
genetic separation of the roach populations from the Humber and 
Thames catchments for potentially 10,000 years. 
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models 
using {lme4}}. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/jss.v067.i01. 

Baynes, A., Joblin, S., Lange, A., Tyler, C.R., 2019. Oestrogenic effects in wild fish: 
comparing contemporary and historical impacts. Environ. Agency, Bristol. htt 
p://www.gov.uk/government/publications. 

Beresford, N., Baynes, A., Kanda, R., Mills, M.R., Arias-Salazar, K., Collins, T.J., 
Jobling, S., 2016. Use of a battery of chemical and ecotoxicological methods for the 
assessment of the efficacy of wastewater treatment processes to remove estrogenic 
potency. JoVE e54243. https://doi.org/10.3791/54243. 

Birceanu, O., Servos, M.R., Vijayan, M.M., 2015. Bisphenol A accumulation in eggs 
disrupts the endocrine regulation of growth in rainbow trout larvae. Aquat. Toxicol. 
161, 51–60. https://doi.org/10.1016/j.aquatox.2015.01.028. 

Bugel, S.M., Bonventre, J.A., White, L.A., Tanguay, R.L., Cooper, K.R., 2014. Chronic 
exposure of killifish to a highly polluted environment desensitizes estrogen- 
responsive reproductive and biomarker genes. Aquat. Toxicol. 152, 222–231. 
https://doi.org/10.1016/j.aquatox.2014.04.014. 

Desbrow, C., Routledge, E.J., Brighty, G.C., Sumpter, J.P., Waldock, M., 1998. 
Identification of estrogenic chemicals in STW effluent. 1. Chemical fractionation and 
in vitro biological screening. Environ. Sci. Technol. 32, 1549–1558. https://doi.org/ 
10.1021/es9707973. 

Di Giulio, R.T., Clark, B.W., 2015. The Elizabeth River story: a case study in evolutionary 
toxicology. J. Toxicol. Environ. Health B Crit. Rev. 18, 259–298. https://doi.org/ 
10.1080/15320383.2015.1074841. 

Folmar, L.C., Gardner, G.R., Schreibman, M.P., Magliulo-Cepriano, L., Mills, L.J., 
Zaroogian, G., Gutjahr-Gobell, R., Haebler, R., Horowitz, D.B., Denslow, N.D., 2001. 
Vitellogenin-induced pathology in male summer flounder (Paralichthys dentatus). 
Aquat. Toxicol. 51, 431–441. https://doi.org/10.1016/S0166-445X(00)00121-1. 

Green, J.M., Lange, A., Scott, A., Trznadel, M., Wai, H.A., Takesono, A., Brown, A.R., 
Owen, S.F., Kudoh, T., Tyler, C.R., 2018. Early life exposure to ethinylestradiol 
enhances subsequent responses to environmental estrogens measured in a novel 
transgenic zebrafish. Sci. Rep.-UK 8, 2699. https://doi.org/10.1038/s41598-018- 
20922-z. 

Hamilton, P.B., Lange, A., Nicol, E., Bickley, L.K., De-Bastos, E.S.R., Jobling, S., Tyler, C. 
R., 2015. Effects of exposure to WWTW effluents over two generations on sexual 
development and breeding in roach Rutilus rutilus. Environ. Sci. Technol. 49, 
12994–13002. https://doi.org/10.1021/acs.est.5b03777. 

Hamilton, P.B., Lockyer, A.E., Uren Webster, T.M., Studholme, D.J., Paris, J.R., 
Baynes, A., Nicol, E., Dawson, D.A., Moore, K., Farbos, A., Jobling, S., Stevens, J.R., 
Tyler, C.R., 2020. Investigation into adaptation in genes associated with response to 
estrogenic pollution in populations of roach (Rutilus rutilus) living in English Rivers. 
Environ. Sci. Technol. 54, 15935–15945. https://doi.org/10.1021/acs.est.0c00957. 

Hamilton, P.B., Nicol, E., De-Bastos, E.S.R., Williams, R.J., Sumpter, J.P., Jobling, S., 
Stevens, J.R., Tyler, C.R., 2014. Populations of a cyprinid fish are self-sustaining 
despite widespread feminization of males. BMC Biol 12 (1). https://doi.org/ 
10.1186/1741-7007-12-1. 

Harries, J.E., Sheahan, D.A., Jobling, S., Matthiessen, P., Neall, M., Sumpter, J.P., 
Taylor, T., Zaman, N., 1997. Estrogenic activity in five United Kingdom rivers 

detected by measurement of vitellogenesis in caged male trout. Environ. Toxicol. 
Chem 16, 534–542. https://doi.org/10.1002/etc.5620160320. 

Harries, J.E., Sheahan, D.A., Jobling, S., Matthiessen, P., Neall, P., Routledge, E.J., 
Rycroft, R., Sumpter, J.P., Tylor, T., 1996. A survey of estrogenic activity in United 
Kingdom inland waters. Environ. Toxicol. Chem 15, 1993–2002. https://doi.org/ 
10.1002/etc.5620160320. 

Harris, C.A., Hamilton, P.B., Runnalls, T.J., Vinciotti, V., Henshaw, A., Hodgson, D., 
Coe, T.S., Jobling, S., Tyler, C.R., Sumpter, J.P., 2011. The consequences of 
feminization in breeding groups of wild fish. Environ. Health Persp. 119, 306–311. 
https://doi.org/10.1289/ehp.1002555. 

Hinck, J.E., Blazer, V.S., Schmitt, C.J., Papoulias, D.M., Tillitt, D.E., 2009. Widespread 
occurrence of intersex in black basses (Micropterus spp.) from US rivers, 1995-2004. 
Aquat. Toxicol. 95, 60–70. https://doi.org/10.1016/j.aquatox.2009.08.001. 

Jobling, S., Beresford, N., Nolan, M., Rodgers-Gray, T., Brighty, G.C., Sumpter, J.P., 
Tyler, C.R., 2002a. Altered sexual maturation and gamete production in wild roach 
(Rutilus rutilus) living in rivers that receive treated sewage effluents. Biol. Reprod. 
66, 272–281. https://doi.org/10.1095/biolreprod66.2.272. 

Jobling, S., Burn, R.W., Thorpe, K., Williams, R., Tyler, C., 2009. Statistical modeling 
suggests that antiandrogens in effluents from wastewater treatment works contribute 
to widespread sexual disruption in fish living in English rivers. Environ. Health 
Persp. 117, 797–802. https://doi.org/10.1289/ehp.0800197. 

Jobling, S., Coey, S., Whitmore, J.G., Kime, D.E., Van Look, K.J.W., McAllister, B.G., 
Beresford, N., Henshaw, A.C., Brighty, G., Tyler, C.R., Sumpter, J.P., 2002b. Wild 
intersex roach (Rutilus rutilus) have reduced fertility. Biol. Reprod. 67, 515–524. 
https://doi.org/10.1095/biolreprod67.2.515. 

Jobling, S., Nolan, M., Tyler, C.R., Brighty, G., Sumpter, J.P., 1998. Widespread sexual 
disruption in wild fish. Environ. Sci. Technol. 32, 2498–2506. https://doi.org/ 
10.1021/es9710870. 

Jobling, S., Williams, R., Johnson, A., Taylor, A., Gross-Sorokin, M., Nolan, M., Tyler, C. 
R., van Aerle, R., Santos, E., Brighty, G., 2006. Predicted exposures to steroid 
estrogens in UK rivers correlate with widespread sexual disruption in wild fish 
populations. Environ. Health Persp. 114, 32–39. https://doi.org/10.1289/ehp.8050. 

Johnsen, S.G., 1970. Testicular biopsy score count–a method for registration of 
spermatogenesis in human testes: normal values and results in 335 hypogonadal 
males. Hormones 1, 2–25. https://doi.org/10.1159/000178170. 

Johnson, R., Wolf, J., Braunbeck, T., 2009. OECD guidance document for the diagnosis of 
endocrine-related histopathology of fish gonads. Series on Testing and Assessment. 

Jones, O.R., Wang, J., 2010. COLONY: a program for parentage and sibship inference 
from multilocus genotype data. Mol. Ecol. Resour. 10, 551–555. https://doi.org/ 
10.1111/j.1755-0998.2009.02787.x. 

Kase, R., Javurkova, B., Simon, E., Swart, K., Buchinger, S., Könemann, S., Escher, B.I., 
Carere, M., Dulio, V., Ait-Aissa, S., Hollert, H., Valsecchi, S., Polesello, S., 
Behnisch, P., di Paolo, C., Olbrich, D., Sychrova, E., Gundlach, M., Schlichting, R., 
Leborgne, L., Clara, M., Scheffknecht, C., Marneffe, Y., Chalon, C., Tusil, P., 
Soldan, P., von Danwitz, B., Schwaiger, J., Palao, A.M., Bersani, F., Perceval, O., 
Kienle, C., Vermeirssen, E., Hilscherova, K., Reifferscheid, G., Werner, I., 2018. 
Screening and risk management solutions for steroidal estrogens in surface and 
wastewater. TrAC Trend. Anal. Chem. 102, 343–358. https://doi.org/10.1016/j. 
trac.2018.02.013. 

Kasonga, T.K., Coetzee, M.A.A., Kamika, I., Ngole-Jeme, V.M., Benteke Momba, M.N., 
2021. Endocrine-disruptive chemicals as contaminants of emerging concern in 
wastewater and surface water: a review. J. Environ. Manag. 277, 111485 https:// 
doi.org/10.1016/j.jenvman.2020.111485. 

Katsiadaki, I., Sanders, M.B., Henrys, P.A., Scott, A.P., Matthiessen, P., Pottinger, T.G., 
2012. Field surveys reveal the presence of anti-androgens in an effluent-receiving 
river using stickleback-specific biomarkers. Aquat. Toxicol. 122-123, 75–85. https:// 
doi.org/10.1016/j.aquatox.2012.05.006. 

Kidd, K.A., Blanchfield, P.J., Mills, K.H., Palace, V.P., Evans, R.E., Lazorchak, J.M., 
Flick, R.W., 2007. Collapse of a fish population after exposure to a synthetic 
estrogen. PNAS 104, 8897–8901. https://doi.org/10.1073/pnas.0609568104. 
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