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ABSTRACT

Wastewater Treatment Plant (WWTP) discharges are an important source of endocrine disrupting
chemicals (EDCs) into the aquatic environment. Fish populations inhabiting downstream of WWTP
effluents show alterations in gonad and gamete development such as intersex condition, together
with xenoestrogenic effects such as vitellogenin up-regulation. However, the molecular
mechanisms participating in the development of intersex condition in fish are not elucidated. The
aim of this study was to assess the impact of two WWTPs effluents (Gernika and Bilbao-Galindo
situated in the South East Bay of Biscay) with different contaminant loads, in thicklip grey mullet
(Chelon labrosus) populations inhabiting downstream, examining the presence and severity of
intersex condition, during two seasons. Molecular markers of xenoestrogenicity and oocyte
differentiation and development (vtgAa, cyp19ala, cyp19alb, cypllb, foxl2, dmrtl and gtf3a)
were also studied. Intersex mullets were identified downstream of both WWTPs and vtgAa was
upregulated in intersex and non intersex males. Sex dependent differential transcription levels of
target genes were detected in mullets from Galindo. However, no such pattern was observed in
mullets from Gernika, suggesting an attenuating effect over studied genes caused by a higher
presence of EDCs in this site, as indicated by the elevated prevalence of intersex mullets in this
population. In conclusion, no direct association between xenoestrogenic responses and intersex
condition was established. Mullets from Gernika showed signs of severe EDC exposure compared
to those from Galindo, as demonstrated by the higher prevalence of intersex males and the
reduction in transcription profile differences between sexes of gametogenic gene markers.

INTRODUCTION

Endocrine disrupting chemicals (EDCs) are substances that interact with the endocrine system,
causing alterations at different levels of biological organization, from the molecular to the
individual and the population level (Brander, 2013, WHO/UNEP, 2013). Xenoestrogens are a group
of EDCs with the ability to mimic oestrogen or to cause oestrogen-like responses in exposed
organisms (Campbell et al., 2006). EDCs present different chemical structures and have different
sources. In industrialized countries these compounds mainly arrive in the aquatic environment
from the wastewater treatment plants processing municipal, industrial and hospital waste waters
(Campbell et al., 2006). Wastewater treatment plant (WWTP) discharges contain complex mixtures
of EDCs, such as natural and synthetic hormones, pharmaceuticals, alkylphenols, bisphenol A,
phthalates and pesticides that can interact with each other thus enhancing their potency. In this
way, the natural hormone oestradiol (E2) and the synthetic hormone 17a-ethinylestradiol (EE2)
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can act in an additive manner (Thorpe et al., 2003). The combination of other xenoestrogenic
compounds such as oestrogens, alkylphenols and pesticides are also known to have additive
effects (Thorpe et al., 2001). On the other hand, it has been shown that oestrogenic and anti-
androgenic substances can cause similar effects even if their mechanism of actions are different
(Filby et al., 2007). Of course, other compounds in WWTP discharge mixtures can have androgenic
effects, or interact with the oestrogenic response thus, acting on a suppressive manner on the
xenoestrogenic effect of the above mentioned substances. In any case, the oestrogenic effects of
WWTP effluents have been detected worldwide in different fish species; thicklip grey mullet
(Chelon labrosus) in the Bay of Biscay (Bizarro et al., 2014, Puy-Azurmendi et al., 2013), wild roach
(Rutilus rutilus) in the United Kingdom (Jobling et al., 1998, Jobling et al., 2002, Jobling et al.,
2006, Tyler and Jobling, 2008, Tyler and Routledge, 1998) or Denmark (Bjerregaard et al., 2006),
white sucker (Catostomus commersoni) in the United States and Canada (Woodling et al., 2006),
rainbow darter (Etherostoma caeruleum) in Canada (Bahamonde et al., 2014, Bahamonde et al.,
2015a, Bahamonde et al., 2015b) or brown trout (Salmo trutta fario) in Switzerland (Korner et al.,
2005), are just some examples. One of the most widely used biomarker to indicate the presence of
xenoestrogens in the environment is the induction of vitellogenin (VTG), the precursor of the
female yolk protein. It is naturally expressed in mature females by oestrogen induction, but under
xenoestrogenic exposure, it can also be expressed in males and juveniles (Arukwe and Goksgyr,
2003, Matthiessen, 2003, Tyler and Jobling, 2008).

Oestrogen synthesis is regulated by Cyp19 aromatase in fish, converting androgens into
oestrogens (Diotel et al., 2010). Two aromatase isoforms have been described in fish, the ovarian
form cyp19ala and the brain form cyp19a1b (Diotel et al., 2010), according to their tissue
expression distribution. The ovarian form is directly associated with the oocyte development,
which controls the oocyte growth. The brain form has a neuroendocrine role and some authors
have suggested that it can be involved in sex determination and differentiation processes in fish
(Cheshenko et al., 2008, Diotel et al., 2010). Another member of the cyp family, Cyp11b, codes for
the enzyme steroid 11B-hydroxylase, responsible for the production of 11 B-hydroxy testosterone
(11-KT) in the Leydig cells of the testis (Uno et al., 2012). 11-KT is the main androgen in fish
controlling the testis differentiation and spermatogenesis (Schulz et al., 2010, Piferrer, 2011). It is
known that EDC exposure can alter transcription profiles of cyp19a and cyp11b gene products,
altering the correct functioning of, and the development of, ovary and testis in fish (Arukwe,
2008, Kazeto et al., 2004).

Sex differentiation in fish is a complicated process which is under the control of genetic and
environmental factors (Devlin and Nagahama, 2002, Piferrer et al., 2012). Due to the many
reproductive strategies that can be found in fish, the process of sex differentiation differs among
species. In the recent years new insights about genes that are upstream regulators of the
differentiation process are being discussed. Dmrt1 (doublesex and mab-3 related transcription
factor 1) for instance is proposed as the major player in fish sex differentiation (Smith et al., 2013)
and its expression has been related with testis development and spermatogenesis in several
species (Herpin and Schartl, 2011). In addition, fox/2 (forkhead box L2) is involved in ovarian
development (Baron, 2004), oocyte maintenance (Alam et al., 2008) and it has been proposed to
be implicated in the regulation of aromatase expression in different fish species (Baron,

2004, Guiguen et al., 2010). Alterations on the expression patterns of these genes can lead to
modified sex differentiation outcomes in fish (Baron, 2004, Marchand et al., 2000).

Intersex condition, which consists in the presence of oocytes at any developmental stage within
the testis of gonochoristic fishes, is the most marked feminizing effect occurring in fish populations
impacted by EDCs (Bahamonde et al., 2013, Tyler and Jobling, 2008). This alteration has been
described in different wild fish species belonging to a wide range of families (Bahamonde et al.,
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2013, Jobling and Tyler, 2003, Ortiz-Zarragoitia et al., 2014). Intersex fish show transcription
patterns of oocyte development related genes resembling those in normal ovaries (Bahamonde et
al., 2013, Diaz De Cerio et al., 2012). Recently, 5S ribosomal RNA (55 rRNA) and its transcription
factor (general transcription factor 3A, gtf3a), have been shown to present similar expression in
ovaries and intersex testis of thicklip grey mullets (Diaz de Cerio et al., 2012). The 55 rRNA
molecule is necessary for the oocyte development and maturation process, due to its role in the
production of ribosomes. Its accumulation during oocyte growth is crucial for the successful
development of the fertilized egg, as this will enable to expedite protein synthesis during

early embryo development (Lubzens et al., 2010, Diaz De Cerio et al., 2012, Mazabraud et al.,
1975, Ortiz-Zarragoitia et al., 2014).

In the Basque coastal region, thicklip grey mullets have been used as sentinel organisms of
endocrine disruption (Bizarro et al., 2014, Diaz De Cerio et al., 2012, Ortiz-Zarragoitia et al.,

2014, Puy-Azurmendi et al., 2013). Xenoestrogenic effects on mullets, such as up-regulation of
vitellogenin and cyp19a1b transcription levels, have been related to elevated concentrations of
some EDCs such as alkylphenols, pesticides, phthalates, musk fragrances, bisphenol A and
oestrogenic hormones in the bile (Bizarro et al., 2014, Puy-Azurmendi et al., 2013). The main
source of those EDCs detected in mullets has been associated to the effluents from the WWTPs
present in the sampled sites (Ros et al., 2015). Accordingly, mullets showing intersex gonads were
detected in EDC polluted estuaries, with prevalences up to 30% in the Biosphere Reserve of
Urdaibai (Bizarro et al., 2014, Puy-Azurmendi et al., 2013). A distinguishable pattern between male
and intersex individuals in the transcription levels of genes participating in steroidogenesis was
described in mullets from the polluted harbor of Pasaia (Sardi et al., 2015). However, the
molecular mechanisms leading to intersex development and its possible association with
xenoestrogenic responses could not be determined (Sardi et al., 2015).

The aim of this study was to compare the transcription profiles of genes related with sex
differentiation, oogenesis and steroidogenesis (vtgAa, cyp19ala, cyp19alb, cypllb, foxl2, dmrtl
and gtf3a) on female, male and intersex male mullets inhabiting downstream of two different
WWTPs. One such WWTP processes the waters of the Bilbao metropolitan area and the second
one processes the waters of the area of Gernika in the Biosphere Reserve of Urdaibai and both are
known to cause intersex condition in local mullets. We wanted to compare whether the
qualitatively and quantitatively different discharge of both WWTPs could be reflected in
differences in the xenoestrogenic response of mullets in two different seasons of the year (winter
and late spring).

MATERIAL AND METHODS

Study area
The Wastewater Treatment Plant (WWTP) of Gernika (43°19'01”N, 2°40'36"W) is located in the

Oka river in the Biosphere Reserve of Urdaibai (Bay of Biscay, Northern Iberian Peninsula) in the
upper limit of tidal influence. This WWTP receives urban waters from the town of Gernika and its
surrounding area (about 26,000 inhabitants). The main activities that are held around the river
basin are agriculture and limited metallurgy, surface treatments, dye, cutlery and plastic
manufacture. The treatment plant has a biological treatment capacity of 0.4 m3/s and it consists of
a first and a secondary biological treatment. Previous studies showed xenoestrogenic effects in the
local mullet population (Puy-Azurmendi et al., 2013, Bizarro et al., 2014).
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The WWTP of Galindo (43°18'17”N, 2°59'45"W) is located in the Bilbao estuary (Bay of Biscay). The
surrounding area is densely populated (1,000,000 inhabitants) and very industrialized. The WWTP
has a first, secondary and tertiary biological treatment where a water volume of 6 m3/s is treated
(Garcia-Barcina et al., 2006). Since the year 1990 the WWTP has played a key role in the recovery
of the ecological status of the estuary thanks to the reduction on the untreated sewage discharge
(Garcia-Barcina et al., 2006). No previous analysis on the possible xenoestrogenic effects of the
effluent area has been published.

Fish and tissue collection

Adult (>20 cm) thicklip grey mullet (Chelon labrosus) individuals were collected by fishing-rod in
both sampling sites in June 2013 and in February 2014 (n = 20 per site and season). Fish were
anaesthetized in a saturated ethyl-4-aminobenzoate water bath. All fish handling and procedures
were performed following the local and national regulations (procedure approval
CEBA/152/2010/0RTIZ ZARRAGOITIA). Length (cm) and weight (g) of the individuals were
measured. Dissection was immediately performed in situ, and liver, brain and gonads were
collected. For histological analysis, a portion from the middle part of the gonad from each fish was
fixed in 4% neutral buffered formalin. For gene transcription analysis, the full brains and a small
portion of the gonad and liver were placed in RNAlater solution (Ambion; Life Technologies,
Carlsbad, USA). After 10 min incubation for a correct embedding of the protective solution,
samples were frozen in liquid nitrogen and then stored at -80 °C until processing.

Histological analysis of the gonad

After fixing gonad samples for 24 h in neutral buffered formalin, they were dehydrated in a graded
ethanol series (70%, 90% and 96%). Afterwards, samples were embedded in methacrylate resin
(Technovit 7100; Heraeus Kulzer GmbH & Co. KG, Wehrheim, Germany) following manufacturer’s
instructions. Then, sections 5 um in thickness were cut in a Leica RM 2125 RT manual microtome
(Leica Microsystems, Nussloch, Germany) and placed on Superfrost microscope slides. Tissue
sections were stained with hematoxylin/eosin (Gamble and Wilson, 2002) using the Leica
Autostainer XL and mounted with the aid of the Leica CV 5030 workstation. The slides were
microscopically examined under an Olympus BX61 light microscope (Tokyo, Japan). Two slides
with three sections each were analyzed per individual, for a total of 6 sections per individual.

The criteria by McDonough et al. (2005) for flathead grey mullet Mugil cephalus, were followed to
rank the reproductive stage of the individuals analyzed: 1 = immature; 2 = developing; 3 = ripe;

4 = spawning or atretic; and 5 = inactive or resting. Within stage 2, we distinguished ovaries with
previtellogenic (PV) or mid vitellogenic (MV) oocytes and testes during early (ES), mid (MS) and
late spermatogenesis (LS). When intersex testis was identified its severity was calculated using the
Intersex Index described by Jobling et al. (2006), where the severity increases as the number of
oocytes present in testis increases. The intersex index ranges from 0 to 7, with normal male testis
scoring 0; presence of up to 5 oocytes scattered through the testis = 1; testis showing 6-20
clustered oocytes = 2; presence of 21-50 oocytes = 3; 50—100 oocytes = 4; a mosaic of testicular
and ovarian tissue with more than 100 oocytes = 5; more than 50% of the gonad is ovarian and it is
clearly separated from the testicular tissue = 6; and with a completely feminized and ovarian like
gonad scoring 7 (Jobling et al., 2006).

Gene transcription analysis

Six individuals of each gender per site and season, and all identified intersex individuals found
during the study, were selected for the transcription analyses in gonads and brain. Transcription
levels of vtgAa in liver were only carried out in male and intersex individuals.
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Extraction and capillary electrophoresis of total RNA

Total RNA was extracted from each gonad, liver and brain sample using TRl Reagent® Solution
(Ambion; Life Technologies) following the manufacturer’s instructions. 80-100 mg of tissue was
homogenized in 1 mL TRI Reagent® Solution using zirconia/silica beads (Biospec, Bartlesville, USA)
in a Precellys 24 homogenizer (Bertin Technologies, Montigny le Bretonneux, France). Quality and
RNA concentration was measured by spectrophotometry in a biophotometer (Eppendorf,
Hamburg, Germany) and only Axeo/As0 absorbance ratios between 1.8 and 2.2 were considered for
further analysis. Agilent RNA 6000 Nano Kits (Agilent Technologies, Santa Clara, California, USA)
were used to determine RNA integrity and to analyze ribosomal rRNA concentration in gonad RNA
in a Bioanalyzer 2100 (Agilent Technologies).

cDNA synthesis and quantification

First strand cDNA synthesis was performed from 2 pug of RNA per sample using the Affinity Script

Multiple Temperature cDNA Synthesis Kit (Agilent Technologies) with random primers, following

manufacturer’s protocol and using a 2720 Applied Biosystems Thermal Cycler (Life Technologies).

Quant-iT OliGreen Kit (Life Technologies) was used to quantify ssDNA concentrations in the gonad,
brain and liver cDNA samples, following manufacturer’s instructions. 96 well plates (Corning
Incorporated, Corning, New York, USA) were used and fluorescence was measured in a Synergy HT
Multi-Made Microplate Reader (Biotek, Winoosky, USA).

Sequencing of selected genes

Partial cDNA sequences belonging to the genes fox/2 and dmrt1 were cloned for C. labrosus. For
that purpose degenerate primers, designed in domains especially well conserved among the
sequences available for other teleosts in the NCBI database, were used (Table 1). Sequences of
interest were amplified through PCR using cDNA pooled from gonads of mullets in different stages
of development. Applied PCR conditions were as follows: an initial step of 94 °C for 2 min, 35
cycles of denaturalizing step (94 °C for 30 s), annealing step (30 s at 59 °C for fox/2 and 57 °C

for dmrt1) and an elongation step (70 °C for 30 s) and a final step of 72 °C for 8 min. The specificity
of the amplicons was checked by electrophoresis in agarose gels (1.5%) stained with ethidium
bromide. The obtained gene fragments were sequenced in the Sequencing and Genotyping Service
of the University of the Basque Country. The obtained sequences were annotated and submitted
to the NCBI database.

Table 1. Degenerate primers and PCR condition used for the cloning of the target sequences of Chelon
labrosus. The specific mullet fragment length obtained with the used primers and identities of the

deduced aminoacid sequences in comparison with the most similar ortholog sequences available in Genbank
is provided.

Gene Forward (5-3) Reverse (5'-3') Fragment size Tm  Amino acid identity (blastx)
(bp) (°c)
foxl2 CCCAGAAACCRCCGTACTC GTGTTTGSTCTCGTGWTCCCA 600 59 98% Dicentrarchus labrax

(ACW83540); 2e-128

dmrtl TTCTGCAACTGGAGGGACTG CCRTAGTAGGTGGGGTARC 380 57 95% Odontesthes hatcheri
(ACG69837); 7e-25
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Real-time gPCR

Specific primers were designed using the mRNA sequences available for Chelon labrosus in
GenBank for the target genes (gtf3a, cyp19ala, cyp19alb and vtgAa) and the just sequenced
genes (fox/2 and dmrtl) (Table 2). Primers were designed using IDT and Eurofins online tools.

Table 2. List of target genes, their GenBank accession number and the specific forward and reverse
primers used for transcription level analysis by gPCR.

Gene Accession number  Forward (5'-3') Reverse (5'-3') Fragment size (bp)
vtgAa EF535843 CGAGAGCCGGACTCAAAGT CCACAAGCTTCAGCAGGTATTTG 78

gtf3a JN257141 CCAGGAGAAGCGATATAAATGTGA TCGTGATGCTTCAGTTTTCCATG 168

cyp19ala EF535845 TCCAAAGCCCTGACGGGTC AGCCAAACTGTCCAAGTCGTC 93

cypl9alb EF535846 CGTGGTTCTGGGCAAAGATGA CTGTCGCAAAATCAC 162

dmrtl KT248846 GAGAGGCATAGAGTCATGGC GGAGGCACTGGCAGGTGT 177

foxI2 KT248845 CAGGGAAATCCTTGTTCGGAG GTGTAGGACATCGGTGTTGG 121

cypllb I1X294416 GGAGGGGTCGACACGACAGC ATCATGGGCAAAGGCTGGCGG 172

Real time gPCR analysis was performed in a 7300 Real-Time PCR system thermocycler (Life
Technologies) using a SYBR Green fluorescent dye master mix (Roche Diagnostics, Indianapolis,
USA). Each sample was run in triplicates in a total volume of 20 puL containing 10 uL of water,

7.88 uL of mix and 0.12 uL 12.5 pmol primer pair. A control without template was run (also in
triplicates) in each plate using the same reaction conditions. The gPCR conditions were as follows:
an initial step at 50 °C for 2 min and 95 °C for 10 min, 40 cycles of a denaturing step at 95 °C for
15 s and annealing step at Tm (Table 2) for 1 min, finally a dissociation stage of 95 °C for 15's, 60 °C
for 1 min and again 95 °C for 15 s. Reaction efficiency of each plate was calculated using a
standard curve consisted of serial dilutions of pooled cDNA. The specificity of the reaction was
determined by confirming the presence of a single peak in the dissociation curve, which served
also to confirm that no primer dimmers had been formed. cDNA concentration obtained by
fluorescent quantification method was used for normalization of target genes in brain, gonad and
liver, as performed by Rojo-Bartolomé et al. (2016).

The gonad transcription pattern of the newly sequenced C. labrosus foxI2 and dmrt1 along male
and female gametogenesis was characterized in samples available from an annual campaign,
carried out in the harbor of Pasaia. Gonads of 6 individuals at each of the distinguished
gametogenic stages were analyzed.

Statistical analysis

Statistical analyses were performed with the aid of the SPSS.22 statistical package (SPSS Inc.,
Microsoft Co., Redmond, USA). Normality was assessed with Shapiro-Wilk test. Transcript levels

of foxI2 and dmrt1 during the gametogenic cycle of mullets were analyzed with the non-
parametric Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons.
Bootstrap resampling techniques (Efron and Tibshirani, 1993) followed by ANOVA and Bonferroni’s
post hoc test was performed for multiple comparisons in the WWTP study. The same procedure
but using Students T-test was used for pair comparisons. For each experiment N = 2000 repetitions
of the same size of the original sample were selected. Significant differences were established at

p < 0.05.

Tm (°C)
59
59
60
59
59
59

60
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RESULTS

Histological and histopathological analysis of gonads

Female mullets from the four different samplings showed immature gonads, with ovaries
containing only previtellogenic oocytes. Males showed gonads at different gametogenic stages,
depending on the sampling season. In June 2013, all of the males showed immature (inactive)
testes with the presence mainly of spermatogonia in spermatic ducts. In February 2014, the
predominant gametogenic stage in males was mature (late spermatogenesis),

where spermatids and spermatozoa could be distinguished in the middle of the ducts.
Nevertheless, some of the males (22.2% at Galindo and 37.5% at Gernika) presented testes which
were at immature stage.

Intersex males were identified in all samplings independent of their gametogenic stage (Fig. 1).
The prevalence of intersex condition was 36% and 90% at Gernika in June and February,
respectively, it was 9% at Galindo, on both samplings. Intersex mullets showed testes at the same
gametogenic stage of the corresponding non-intersex males from the same sampling (Fig. 1).
Oocytes in intersex males were interspersed within the testes and in the previtellogenic stage
(Fig. 1A-B), except for a single individual from Gernika in February, which showed vitellogenic
oocytes (Fig. 1C). According to the intersex scoring index developed by Jobling et al. (2006), in all
cases the index was in the range 1-3 (Fig. 1). Thus, a low to moderate severity was established for
intersex condition in both of the sampled mullet populations.
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Fig. 1. Light micrographs illustrating the gonads of intersex male thicklip grey mullets with their intersex
Severity Index. a) Immature (stage 1) male from Galindo with previtellogenic oocytes, Intersex Index 3. b)
Mature male (stage 2) from Gernika with previtellogenic oocytes (stars), Intersex Index 2. c) Mature male
(stage 2) from Gernika with a vitellogenic oocyte, Intersex Index 1. d) Relative transcription levels of

liver vitellogenin (vtgAa) in intersex and male individuals from Gernika and Galindo captured in two
samplings. Box-plots represent median value (line), 25-75% quartiles (box) and standard deviations
(whiskers).

Sequencing and transcription pattern of foxI2 and dmrt1 in gonads during the gametogenic cycle
Fragments of fox/2 (542 bp, Genbank accession number KT248845) and dmrt1 (317 bp, Genbank
accession number KT248846) were amplified and sequenced in gonads of thicklip grey mullet that,
upon blastx analysis, showed a high degree of deduced amino acid identity in comparison to
existing piscine sequences (Table 1). The fragments cloned for C. labrosus genes represent 54% of
the total coding sequence of fox/2 and 37% of that of dmrt1.

Females showed higher transcription levels of fox/2 in ovaries than males in testes (Fig. 2). Females
in an inactive stage showed significantly higher levels than developing ones with previtellogenic
(PV) oocytes. When containing oocytes in mid-vitellogenic stage (MV), fox/2 transcription levels
increased in the ovary, then decreased again in regressing females, which showed values similar to
PV females. In the case of testis, the highest transcription levels for fox/2 were observed at inactive
and regressing stages.
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Fig. 2. Transcription levels of fox/2 and dmrt1 in gonads of female (I: inactive; PV: previtellogenic; MV: mid-
vitellogenic; R: regressing) and male (I: inactive; ES: early spermatogenic; MS: mid spermatogenic; LS: late
spermatogenic; R: regressing) thicklip grey mullets captured in the Pasaia harbor during a whole

annual reproductive cycle. Box-plots show median value (line), 25-75% quartiles (box) and standard
deviations (whiskers). Letters denote statistical significant differences between means (p < 0.05).

Regarding dmrt1, transcription levels were higher in testes than in ovaries (Fig. 2). Ovaries with PV
oocytes showed the highest transcription levels, while very low levels were quantified at other
gametogenic stages. Transcription levels of dmrt1 in testes increased from an inactive stage to
early spermatogenesis (ES). Subsequently, a decreasing trend was observed as spermatogenesis
progressed.
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Transcription levels of target genes at Gernika and Galindo

Liver vtgAa transcription was detected in all male and intersex mullets analyzed at both of the
studied sites (Fig. 1). High variability between all the individuals was noted and no significant
differences could be observed between normal and intersex males.

Female, male and intersex mullets from Gernika showed no statistical differences on

their cyp19ala transcription levels. However at Galindo, females showed higher transcription
levels than males (Fig. 3). In addition, intersex males from Galindo showed higher transcription
levels than normal males. Furthermore, females from Galindo showed higher

ovarian cypl19ala transcription levels than females from Gernika, during both sampling periods
(t=-8.859; p=0, 043 (June) and t = -7544; p = 0.041 (February); Fig. 3). Cyp11b showed
differential transcription in ovaries, in comparison with normal testes at Galindo, during both
sampling periods (Fig. 3). The same occurred at Gernika in February, but not in June. Males at
Gernika in June showed down-regulated cyp11b levels in comparison to males at Galindo in the
same season (t = -14,645, p = 0.023). Regarding intersex males, only those captured in February at
Gernika showed higher cyp11b transcription levels, than females (Fig. 3).
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Fig. 3. Gene transcription levels of cyp19ala, cypl1lb, foxl2, dmrtl and gtf3a in gonads of female, intersex
and male mullets from the two studied populations. Box-plots show median value (line), 25—-75% quartiles
(box) and standard deviations (whiskers). Lower case letters denote statistical significant differences
between sexes at Gernika at each sampling season (bold for June and italics for February). Upper case letters
indicate significant differences between sexes in Galindo at each sampling season (bold for June and italics
for February). Intersex individuals at Galindo are only show for representative purposes and not included in
the statistical analysis.
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Transcription levels of foxI2 were overall higher in females than in males and intersex mullets in
both sampling seasons and sites. The exception was an extremely high transcription level detected
in one intersex mullet from Galindo, in February (Fig. 3). Male mullets showed the

highest dmrt1 transcription levels at all of the sampling sites and during all seasons (Fig. 3). Ovaries
showed very low transcription levels and intersex testes showed values in between those of
ovaries and normal testes, but more similar to the transcription levels quantified in normal testes
at Gernika. On the other hand, although at Galindo only two intersex individuals were identified,
those individuals showed more ovary-like transcription levels (Fig. 3).

Ovaries of mullets from both sites and sampling periods showed significantly

higher gtf3a transcription levels, than testes of normal males and intersex individuals (Fig. 3).
Females from Gernika showed lower transcription levels than those from Galindo, during both
sampling seasons (t = -9.284; p = 0, 033 (June) and t = -9010; p = 0.043 (February); Fig. 3). No
seasonal dependent statistical differences between females of the same site were observed.
Although not significant, intersex males from Gernika showed higher transcription levels than
normal males, but below the levels observed in females.

In brains, there were no statistical differences in cyp19a1b at Gernika. At Galindo, females showed
higher transcription levels in February, than males (Fig. 4). Transcription levels of fox/2 were
similar between females, males and intersex mullets in June, at both sampling sites. In February at
Gernika, males and intersex mullets showed significantly higher levels than females. The same
pattern between males and females was observed at Galindo (Fig. 4).
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Fig. 4. Gene transcription levels of cyp19a1b and fox/2 in brain of female, intersex and male thicklip grey
mullets. Different letters denote significant statistical differences. Box-plots show median value (line), 25—
75% quartiles (box) and standard deviations (whiskers). Lower case letters denote statistical significant
differences between sexes in Gernika at each sampling season (bold for June and italics for February). Upper
case letters indicate significant differences between sexes in Galindo at each sampling season (bold for June
and italics for February). Intersex individuals at Galindo are only show for representative purposes and not
included in the statistical analysis.
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DISCUSSION

Most of the cases of intersex condition in wild fish have been reported in relation to exposure to
WWTP effluents (Abdel-Moneim et al., 2015, Tyler and Jobling, 2008, Bahamonde et al.,

2013, WHO/UNEP, 2013). In the present study the intersex prevalence in mullets captured
downstream the WWTP of Gernika ranged between 36% and 90%. Such values are similar to those
reported by Puy-Azurmendi et al. (2013) and by Bizarro et al. (2014) for the same mullet
population sampled in April 2007 and June 2012. Bahamonde et al. (2013), who reviewed the
information available about the intersex condition in wild fish populations, reported that the
seasonal dependence of intersex condition has been rarely considered. In the light of the present
and previous studies (Puy-Azurmendi et al., 2013), no seasonal dependence of intersex prevalence
related to the stage within the gametogenic cycle can be considered in the thicklip grey mullets in
the Basque coast.

The high incidence of intersex condition described in the mullets from Gernika, suggests that this
is a site receiving large doses of xenoestrogenic/antiandrogenic compounds. The WWTP of
Gernika which is about to be phased out, discharges to the Urdaibai estuary which in low tide is
quite shallow and with little water volume. Consequently, chemicals are concentrated, and in this
way, previous studies that have performed chemical analysis of water and sediment samples, and
from bile of mullets captured in the same site, have shown high to moderate levels of
xenoestrogenic chemicals; mainly alkylphenols (APs), phthalates, bisphenol A (BPA)

and lindane (Cortazar et al., 2008, Bizkarguenaga et al., 2012, Bizarro et al., 2014, Puy-Azurmendi
et al., 2013, Ros et al., 2015). In the case of Galindo, the present study is the first one focused on
the local mullet population and thus, the first report of intersex individuals around the WWTP of
the Bilbao estuary. Intersex prevalence was low, with only one individual identified in June 2013
and another one in February 2014. In previous studies in this river basin, but in the outer part of
the estuary some kilometers away the Galindo WWTP effluent, another intersex mullet was
identified (Puy-Azurmendi et al., 2013). High levels of APs, musk fragrances and lindane have been
detected in the bile of mullets from the area, without any signs of intersex condition in studied
individuals (Bizarro et al., 2014). The WWTP of Galindo processes the waste water of a much
bigger population than that of Gernika, receiving also the waters of a nearby hospital and the busy
industrial activity in the metropolitan area of Bilbao. In any case, Bizkarguenaga et al.

(2012) concluded that the concentrations of APs, BPA, phthalates, hormones and pesticides was
higher in the water discharged by the Gernika WWTP than in that discharged by the Galindo
WWTP. A more modern, and thus efficient, depuration system implemented in the WWTP of
Galindo in comparison to that of Gernika could explain these differences. In any case, and in
relation to the xenoestrogenic effects of Galindo WWTP, more samplings are needed, as in the
present study only a very limited amount of individuals could be analyzed, with only two intersex
individuals identified.

When it comes to the molecular markers of exposure to xenoestrogenic compounds in fish the
hepatic up-regulation of vitellogenin genes is the most widely used one (Arukwe and Goksgyr,
2003, Marin and Matozzo, 2004, Brander, 2013, Puy-Azurmendi et al., 2013, Bizarro et al., 2014).
All studied male and intersex individuals showed detectable levels of vtgAa transcription in the
liver, although interindividual differences were so high that no significant differences could be
established between sampling sites, seasons or sexes. Transcription of vtgAa above basal levels in
most individuals might indicate that both mullet populations have been exposed to
xenoestrogenic chemicals. Previous studies in mullet populations in the Basque coast have
reported vtgAa up-regulation (Puy-Azurmendi et al., 2013, Bizarro et al., 2014).
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Transcription pattern of gtf3a was higher in ovaries than in testes of normal males while intersex
testes showed intermediate transcription patterns in mullets from Gernika. Only two intersex
individuals could be studied at Galindo, and the one identified in February showed levels in
between ovaries and normal testes. gtf3a codes for the transcription factor necessary for RNA
polymerase Il driven synthesis of 5S rRNA, that is accumulated in oocytes to assist quick ribosome
assembly for protein production during early embryogenesis (Diaz De Cerio et al., 2012, Ortiz-
Zarragoitia et al., 2014, Rojo-Bartolomé et al., 2016). Consequently, transcription of 5S rRNA

and gtf3a mark the presence of oocytes, also when they are produced within the testis. Thus
intersex individuals present higher gonad transcription levels than normal males, something that
can be observed along the whole annual reproductive cycle of mullets (Diaz de Cerio et al., 2012).
No differences were observed between seasons in the present study, although it must be
considered that in both studied seasons gonads displayed similar gametogenic stages. However,
females from Galindo showed transcript levels higher than those from Gernika. If this could
suggest an alteration in normal oogenesis in female mullets from Gernika due to exposure to
EDCs, needs further research.

Cyp19ala aromatase is the responsible for the conversion of androgens into oestrogens in gonads
(Devlin and Nagahama, 2002). Transcription levels of cyp19ala in C. labrosus studied previously in
previtellogenic females from Gernika did not show differences with males (Puy-Azurmendi et al.,
2013). Similarly, we did not find significant differences between ovaries and testis at Gernika,
within this study. Males from Galindo on the opposite did show significantly lower transcription
levels than females. Sardi et al. (2015) reported that ovaries with vitellogenic oocytes present
higher cyp19ala transcription levels than those in earlier gametogenesis stages with a subsequent
down-regulation after spawning. Females from Galindo showed higher cyp19ala transcription
levels than females from Gernika. This suggests a down-regulation of cyp19al in females from
Gernika, similar to that described for gtf3, which could be related with the oestrogenic impact of
the WWTP effluent. The inhibitory effect of oestrogens on cyp19ala transcription has been
reported in several studies (Ortiz-Zarragoitia et al., 2006, Nakamura et al., 2009, Sawyer et al.,
2006, Urbatzka et al., 2012). It is known that xenoestrogens can attenuate, and even inhibit, the
oestrogenic regulation of oocyte growth in fish ovaries, while feminizing at the same time the
testis (Piferrer, 2001, Devlin and Nagahama, 2002, Ortiz-Zarragoitia et al., 2006).

In general, cyp11b transcription levels should be higher in testes of normal males than in ovaries
but this did not happen in mullets captured at Gernika in June. This would suggest a down-
regulation of cyp11b in testes that cannot be attributed to their early gametogenic stage, since
males from Galindo in the same period showed relatively higher transcription levels. Testes
transcription levels of cyp11b in mullets are higher during early spermatogenesis in comparison to
other spermatogenic stages (Sardi et al., 2015). Regarding females, all ovaries showed low
transcription levels, as described also by Sardi et al. (2015). Intersex males at Gernika showed
transcription levels similar to those in normal male testes, with low transcription levels in June
that were elevated in February.

FoxI2 is an ovarian differentiation gene in vertebrates (Baron, 2004) and an upstream
transcriptional regulator of cyp19ala aromatase in the ovary (Guiguen et al., 2010). High
transcription levels have been reported in ovaries of mullets from Pasaia harbor

during vitellogenesis,. In mullets from Gernika and Galindo, fox/2 transcription levels were also
higher in females than in males; corresponding with ovaries at previtellogenic stage.

Higher foxI2 transcription levels in ovaries than in testes has also been reported in fish populations
exposed to WWTP effluents in rainbow darter, Etherostoma caeruleum (Bahamonde et al., 2014).
In our study testes in both sampling sites and seasons showed low but still detectable transcription
levels, similar to the low levels measured in testes during spermatogenesis in the gametogenic
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cycle study of the harbor of Pasaia (Fig. 2). This has also been described in the Nile

tilapia, Oreochromis niloticus (Wang et al., 2004). Baron (2004) suggested for rainbow

trout, Oncorhynchus mykiss, that exogenous oestrogens could rapidly trigger fox/2 transcription in
testes, something necessary to trigger testis feminization, oocyte maintenance and growth. The
upregulation of fox/2 in the intersex mullets from Galindo in February could be due to a recent
exposure to xenoestrogenic substances. Intersex males from Gernika showed slightly up-
regulated fox/2 in comparison to non intersex males in June.

Coming to dmrtl, this gene seems to play a key role in fish gonadal differentiation, being highly
expressed in testis (Marchand et al., 2000, Herpin and Schartl, 2011). In fact, in most teleost

fish dmrt1 transcription has been reported in testis although in some cases it has also been
detected in ovaries (Herpin and Schartl, 2011, Johnsen et al., 2010). Accordingly, dmrt1 expression
in mullet ovaries from Pasaia harbor was low with the exception of females with previtellogenic
stage oocytes, suggesting that in mullets dmrt1 could also play a role in early oogenesis. Overall
male mullets showed higher dmrt1 transcript levels than females, peaking at early spermatogenic
stage. Marchand et al. (2000) described that dmrt1 transcription was suppressed in rainbow trout
males exposed to oestradiol, concluding that feminizing agents can repress dmrt1 transcription. In
male rainbow darter transcription is down-regulated after exposure to WWTP effluents
(Bahamonde et al., 2014).

Regarding transcription patterns of female marker genes in brain, fox/2 transcription levels were
higher in males than in females in February. The transcription of fox/2 shows also a sexual
dimorphic pattern of transcription in several fish species (Jiang et al., 2011, Sridevi and
Senthilkumaran, 2011). In the case of cyp19a1b aromatase, this enzyme plays the same role in
brain as cyp19ala does in gonads. Transcription of cyp19alb in female brain is usually high (Diotel
et al., 2010) but in this study differences between females and males could only be observed in
mullets captured at Galindo in February. This suggests that the functioning of

brain steroidogenesis in mullets downstream of the two WWTPs studied was altered.

CONCLUSIONS

The presence of intersex male mullets together with detectable levels of hepatic vtgAa
transcription in males and intersex males are indicative of exposure to xenoestrogens downstream
of both studied WWTPs. The presence of intersex mullets was identified for the first time at
Galindo downstream of the WWTP of the Bilbao metropolitan area. Nevertheless, the prevalence
of intersex males was higher at Gernika than at Galindo. Moreover, differences regarding
transcription levels of cyp19ala and gtf3a in females from both sites, suggested altered oogenesis
in females from Gernika, as they showed lower transcription levels than females from Galindo. In
addition, differences in cyp11b transcription in males, with a down-regulation in Gernika in
comparison to Galindo, would be also indicative of altered gametogenesis in Gernika. Thus,
mullets from Gernika showed signs of more severe EDC exposure than those from Galindo.
Although no direct association between xenoestrogen exposure and intersex condition was
established, alteration of the transcription levels of key genes for the control of gametogenesis
was described in mullets from Gernika which were identical in both studied seasons. Further
research is required in order to assess the early effects of EDCs complex mixtures in the intersex
condition development in mullets.
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