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Vertebrate endocrine disruptors
iInduce sex-reversal in blue mussels

K. Garrett Evensen?, Emily Rusin?, William E. Robinson?, Claire L. Price?, Steven L. Kelly?,
David C. Lamb?, Jared V. Goldstone® & Helen C. Poynton**

Mollusks are the second most diverse animal phylum, yet little is known about their endocrinology
or how they respond to endocrine disrupting compound (EDC) pollution. Characteristic effects of
endocrine disruption are reproductive impairment, skewed sex ratios, development of opposite

sex characteristics, and population decline. However, whether classical vertebrate EDCs, such

as steroid hormone-like chemicals and inhibitors of steroidogenesis, exert effects on mollusks is
controversial. In the blue mussel, Mytilus edulis, EDC exposure is correlated with feminized sex ratios
in wild and laboratory mussels, but sex reversal has not been confirmed. Here, we describe a non-
destructive qPCR assay to identify the sex of M. edulis allowing identification of males and females
prior to experimentation. We exposed male mussels to 17a-ethinylestradiol and female mussels

to ketoconazole, EDCs that mimic vertebrate steroid hormones or inhibit their biosynthesis. Both
chemicals changed the sex of individual mussels, interfered with gonadal development, and disrupted
gene expression of the sex differentiation pathway. Impacts from ketoconazole treatment, including
changes in steroid levels, confirmed a role for steroidogenesis and steroid-like hormones in mollusk
endocrinology. The present study expands the possibilities for laboratory and field monitoring of
mollusk species and provides key insights into endocrine disruption and sexual differentiation in
bivalves.

Keywords 17a-ethinylestradiol, Ketoconazole, Steroids, Mytilus edulis, Gonadal development, Sex
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Detailed and broad knowledge of bivalve endocrinology is lacking, despite the similarities in some sex
determination genes with other metazoans. Mollusks have been shown to be susceptible to endocrine disrupting
compounds (EDCs), leading to skewed sex ratios, development of opposite sex characteristics, and ultimately,
population decline in affected animals'~>. Whether or not mollusks synthesize steroid-like hormones or respond
to vertebrate-like steroids is controversial*®. Though perturbations to molluscan sexual development have been
extensively studied>>¢-%, sex differentiation and the mechanisms of EDC-related disruptions to this process are
not well characterized. Many of the genes involved in sex differentiation in mollusks and their exact roles remain
unknown’.

Several candidate sex differentiating genes have been identified in bivalves by gene expression analysis
genome resequencing'4, and RNAi'®. Recent models for sex determination/differentiation pathways in bivalves
have implicated doublesex and mab-3 related transcription factor 1- like Dmrt1L and forkhead transcription
factor FoxL2 as important regulators of male and female gonadal development!®!!. Both genes are found
conserved throughout metazoans and are involved in sex determination in vertebrates, arthropods, and
nematodes'®!”. FoxL2 gene knockdown in female oysters resulted in a decrease in gonadal development and
DMRTIL knockdown in male oysters caused a lack of gonadal differentiation in over half of the oysters'>. Our
previous phylogenic analysis of candidate sex determination/differentiation genes in bivalves also suggested
important role(s) of DmrtIL and FoxL2, and further identified SoxH and S-catenin as potential downstream
effectors of sex differentiation in Mytilus edulis'>.

Several studies have shown that marine bivalves respond to vertebrate-like steroids. Bivalves, including
Mpytilus spp. mussels, bioconcentrate!® and transcriptionally and phenotypically respond to estrogens and similar
compounds?”'*20, although the effects of estrogens on individual genes and proteins has been questioned?!(e.g.,
vitellogenin??). One such synthetic estrogen, 17a-ethinylestradiol (EE2), highly induced (over 80-fold) the
expression of the female specific gene, vitellin envelope receptor for lysin (VERL), in a cohort of exposed mussels
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and the sex ratios of those mussels were significantly skewed towards females?. However, without the ability to
predetermine sex it is not clear if there were any alterations to gonadal sex in these studies.

Despite the evidence for biological responses to vertebrate steroid hormones, there is less consensus on
the existence of endogenous estrogen synthesis. Sex steroids, including testosterone and estrogens, have been
correlated with season, sex, and gonadal development in mollusks?*?4, although some authors have questioned
the validity of these studies®. In particular, 17b-estradiol (E2) is rapidly taken up by bivalves?’, which calls into
question whether this estrogen is endogenously produced or simply taken up from the ambient environment?.
It has also been suggested that steroids may only be involved in the regulation of spawning, rather than
gametogenesis”. While aromatization of testosterone occurs in mussels (i.e., Mytilus trossulus), the conversion
rate is low and occurs equally in both male and female mussels*>*’. Additionally, no ortholog of the chordate
cytochrome P450 aromatase (CYP19), a critical enzyme for the biosynthesis of estrogens, has been identified
in mollusks®*?. Interestingly, androstenedione aromatization or hydroxylation is temperature sensitive in M.
trossulus, suggesting a mechanism to seasonally regulate the production of certain steroids?»?’. Further, mussel
steroid aromatization or hydroxylation is inhibited by an azole fungicide (ketoconazole, KZ) that inhibits fungal
and vertebrate cytochrome P450 steroid biosynthesis and xenobiotic-metabolizing enzymes, but more specific
vertebrate aromatase (CYP19) inhibitors do not affect this process?’. Thus, KZ’s impacts on androstenedione
metabolism indicates that another enzyme may produce estrogens or an estrogen-like compounds in bivalves*>?’.

In the present work, we have investigated the effects of two known vertebrate EDCs with different molecular
mechanisms, EE2 and KZ, on the sex of mussels, gonadal development, and expression of candidate sex
differentiating genes. By identifying mussel sex using a non-destruction method, we conclusively demonstrate
that steroid-like EDCs alter the sex differentiation pathway in an important mollusk species, M. edulis, supporting
a role for steroids in bivalve sex differentiation.

Results

EDCs change the sex of mussels

We developed a non-destructive hemolymph-based sex identification assay (hemolymph qPCR), using mantle
tissue as a control reference. The sex using hemolymph matched the sex using mantle tissue in 100% of cases
(Fig. 1A). Furthermore, we tested our hemolymph-based assay with 92 mussels that were induced to spawn
and were able to identify the sex of 68 mussels. Of these, six mussels spawned, and the sex identified using
hemolymph matched the sex identification at spawning (i.e., presence of sperm or eggs) in all mussels (see
Supplementary Data).

We used the hemolymph qPCR assay, based on the expression of a female specific gene, VERL, and a male
specific gene, vitelline coat lysin (VCL)*, to predetermine the sex of 105 mussels and exposed fifteen males and
fifteen females to 50 ng/l EE2 and 30 pg/l KZ, respectively, for 26 days, using sex-matched controls. After the
exposure, we determined the sex of each mussel using mantle tissue RT-qPCR (see Methods). In both control
treatments, the mussel sex remained unchanged, except for one male that was undetermined at the end of the
26 days. In contrast, we observed high percentages of mussels that changed to the opposite sex in the EE2 (36%)
and KZ treatments (13% with 34% becoming indeterminate) (Fig. 1B,C; Table 1).

Gonadal development is impaired in exposed mussels

The effects of sex change were clearly evident in the histological sections. All control mussels had evidence
of gonadal development, such as germinal spots and mature gametes (Fig. 2A,B). Mussels initially identified
as males and that changed sex to become females after EE2 exposure had both immature and mature ova
(Fig. 2C). Most females in the KZ group showed little development; however, two female-to-male mussels
developed mature sperm (Fig. 2D). Gonadal stages were indexed from 0 to 5 using standard methods?!. Mean
gonadal development in both treatment groups (EE2: 1.64+0.5, KZ: 1.29+0.8) was lower than the controls (EE2
Ctrl: 3.57+0.9, p-value <0.01; KZ Ctrl: 3.50+0.8, p-value <0.01), indicating that both EDCs inhibit gonadal
development (Fig. 1D). Overall, most follicles in exposed mussels showed little development and were reduced
in size (Fig. 2).

EDCs disrupt expression of sex differentiating genes

EE2 and KZ disrupted normal expression of genes involved in sex differentiation. We analyzed expression of
sex differentiating genes (Female: FoxL2, -catenin, VERL; Male: DMRTIL, SoxH, VCL). We confirmed their
sex-biased gene expression using RT-qPCR (Fig. 3A). FoxL2, 3-catenin, and VERL are significantly upregulated
in female mussels, while DMRTIL, SoxH, and VCL are significantly upregulated in males. Next, we investigated
changes in expression of these sex-biased genes after mussels were exposed to EE2 and KZ. In the male mussels
exposed to EE2, DMRTIL and SoxH were down regulated (adjusted p-value <0.05; Fig. 3B), while FoxL2, f-
catenin, and VERL were upregulated (adjusted p-value < 0.05). In female mussels exposed to KZ, VCL, f3-catenin,
and VERL were down regulated (adjusted p-value <0.05; Fig. 3C).

Steroid levels increase in ketoconazole exposed mussels

In addition to mussel sex and gene expression changes, we analyzed mussel tissues for a variety of steroids using
GC/MS. Tissue samples were barely adequate to provide sufficient analytes, and there were no significantly
altered steroids in the EE2-exposed mussels. However, there is a clear trend of buildup of sterols in mussels
exposed to KZ, notably increased cholesterol and 24-methylene cholesterol, a marine, invertebrate, and plant
steroid*?~3also found as a minor metabolite in mice (and presumably other vertebrates)®® (Fig. 4; Figure S1).
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Fig. 1. Sex identification and gonadal index results. Bars that have a negative VERL-VCL expression difference
and pass the threshold (-2.5), as indicated by the dashed red line, are females. Bars that have a positive
expression difference and pass the threshold (2.5) are males. (A) Sex ID in mantle tissue (solid bars) and
hemolymph (striped bars). Each color indicates a single mussel, for a total of eight mussels. (B, C) Orange bars
are males, purple bars are females, and green bars are unknown. Sex ID results of control males and EE2-
exposed males (EE2) after exposure (B). Sex ID results of control females and KZ-exposed females (KZ) after
exposure (C). (D) Gonadal index of control (mean+standard deviation: EE2 Ctrl 3.57+0.9, KZ Ctrl 3.50+0.8)
and exposed mussels after exposure (EE2 1.64+0.5, KZ 1.29+0.8).

Treatment | Sex before experiment | % Male final | % Female final | % Unknown
EE2 control | Male 94 0 6
EE2 Male 57 36 7
KZ control | Female 0 100 0
Kz Female 13 53 34

Table 1. The sex of mussels prior to the EE2 and KZ exposures, and the sex ratio results after the exposures
based on RT-qPCR results.

Discussion

We investigated the effects of exposing male and female mussels to EE2 and KZ, respectively, to better understand
sex differentiation and the effects of these contaminants on M. edulis. The mantle tissue is the gold standard
for sex mussel ID using histology or reverse transcription qPCR*’; however, the animal must be sacrificed to
determine the sex. Because of this limitation, previous work was only able to show feminized sex ratio of mussels
after exposure to EE22. By using a hemolymph-based assay to determine mussel sex prior to our exposures, we
have confirmed that these EDCs can alter the sex of exposed mussels, most prominently in the EE2-exposed
males. Therefore, estrogen-like and testosterone-like steroid hormones are likely to have a role in bivalve sex
differentiation.

The elusive mechanism of endocrine disruption in bivalves
The mechanism by which vertebrate-like steroids disrupt sex differentiation in M. edulis is largely unknown.
Vertebrate estrogen signaling occurs through a genomic pathway where nuclear estrogen receptors (ER) bind
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Fig. 2. Histological sections of mantle tissue from males and females. (A) Mantle section from male control.
(B) Mantle section from female control. (C) Mantle section from male mussel exposed to EE2 that changed sex
to female (presence of oocytes). (D) Mantle section of female mussel exposed to KZ that changed sex to male
(presence of sperm). Abbreviations Sf, spermatic follicle; Of, ovarian follicle; Gs, germinal spot.

to the estrogen response element (ERE) and directly induce the expression of target genes*®. In mollusks, the
ER homolog is not responsive to estrogen-like compounds, target genes containing an ERE are constitutively
expressed®”*8, and only the DNA binding domain is highly conserved between vertebrates and mollusks®.
Molecular evolution studies have shown that bulky, hydrophobic amino acid residues present within the ligand
binding domain of the oyster ER cause the protein to structurally resemble the human ER when it is ligand-
bound and in a transcriptionally active conformation. These residues were sufficient to lead to constitutive
activation of the receptor?’. However, recent studies in the scallop Patinopecten yessoensis®® and razor clam
Ruditapes philippinarum*'have provided new evidence of ligand dependent transactivation of bivalve ERs. They
suggest that bivalve ERs do have many of the important amino acid residues necessary for binding an estrogen-
like compound including those that interact with the aromatized ring of the steroid molecule. While many
previous studies created hybrid ERs using only the LBD of the molluscan ERs, Liu et al., created a construct with
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Fig. 3. Log2 fold change of six sex differentiating genes determined by RT-qPCR. Values with a * indicate a
significant fold change (adjusted p-value <0.05). (A) Fold change of genes in male mussels relative to females.
(B) Fold change in male mussels exposed to EE2 relative to control males. (C) Fold change in female mussels
exposed to KZ relative to control females.
the entire razor clam ER. They used a yeast recombinant assay to demonstrate transactivation of the bivalve ERs
in the presence of estrogens and other vertebrate EDCs*!.

Another possible mechanism for EDC response in bivalves is through the nongenomic pathway. The
nongenomic pathway occurs when E2 binds to ERs localized to the plasma membrane or within the cytosol
and initiates a signaling cascade involving MAPK/ERK and PI3 kinases ultimately leading to transcriptional
activation*2. This mechanism was originally proposed in bivalves by Canesi et al., after E2 exposure resulted in
the activation of tyrosine kinase-mediated signaling pathways in Mytilus galloprovinvialis hemocytes*>. Further
support for this mechanism comes from transcriptional study of M. edulis following exposure to EE2. Gene
ontology (GO) analysis identified several enriched GO terms involved in cell-cell signaling and downstream
processes, while network analysis of differentially expressed genes revealed several hub genes with roles in
nongenomic signaling pathways?.
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Fig. 4. Sterol analyses of KZ exposed and control mussels. Sample volume limitation prevented analyses of
some KZ-exposed mussels, and of most EE2-exposed animals. Values are presented as means with standard
errors. No statistically significant effects of treatment were found in the sterols that we were able to analyze (see
Supplemental Data for additional statistical analyses). However, there is a clear trend in increasing cholesterol
and desmosterol in treated mussels. Numbers in parentheses were the sample sizes with sufficient tissue to be
analyzed.

Our study showed a trend of increasing steroid levels in KZ exposed mussels. KZ is a generalized CYP inhibitor,
with different binding affinities for some P450 enzymes of the steroid synthesis pathways in different species.
KZ, while typically used to inhibit lanosterol demethylase (CYP51) activity in fungal and protozoan pathogens,
has been shown to inhibit other steroidogenic P450 activities, including CYP11A1 (side chain cleavage) and
CYP17A1*. KZ has also been known for many years to cause rapid decreases in testosterone in mammals*®,
but is less specifically explored in non-vertebrates. KZ will also inhibit steroid catabolizing enzymes, notably
CYP3A and CYP1A enzymes, that metabolize steroids*®*, and has been shown to alter the excretion profiles of
a variety of steroids and oxysterols*®*°. The roles of vertebrate-like steroids in mussel sex differentiation needs
to be revisited in greater detail.

The present study provides further evidence that FoxL2, DMRTIL, SoxH, and f-catenin play important
roles in sexual differentiation in bivalves. As gonadal development was perturbed by EE2 and KZ, sex biased
gene expression was disrupted in a pattern predicted by their proposed role(s) in either male or female sexual
differentiation. The antagonist roles of DMRT1 and FoxL2transcription factors have been previously established
in many animal systems®*~>2. However, the relationship between steroid hormones and the regulation of these
genes is less clear>®. In mammals, estrogen signaling works in concert with FoxL2 to suppress Sox9, the major
target of the sex determination gene SRY, and disrupts male sexual development®*>!. Exposure to estrogens also
increases FoxL2 expression in a human cell line>*and other vertebrates®. In fish, there appears to be positive
feedback regulation between FoxL2 and E2, while estrogens negatively regulate DMRT1 expression. Both DMRT1
and FoxL2 regulate the expression of steroid biosynthetic enzymes and deficiency in these genes leads to changes
in serum hormone levels®>*. Estrogen exposure suppresses DMRT1 expression in fish®’and reptiles®® leading to
the hypothesis that estrogens are important regulators of DMRTI expression in these species®®. Whether these
regulatory networks also exist in mollusks is not known at this time, but at least one other study in bivalves
reported that E2 exposure caused increased FoxL2 expression and induced ovarian development in the clam
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Cyclina sinensis®®. Our current knowledge of sex differentiation and the mechanism of endocrine disruption
in bivalves is limited, but the growth of genomic and transcriptomic resources for these species is providing
new hypotheses'>!4. Our study clearly establishes a relationship between steroid levels and the regulation of sex
differentiation genes in M. edulis and further interrogation of this relationship provides a promising avenue to
uncover the mechanistic pathways of sex differentiation in bivalves.

Ecological relevance

We demonstrated that vertebrate EDCs have detrimental effects on mussel sex differentiation and disrupt
expression of key genes. Because the disruption of steroid hormone signaling and synthesis results in prominent
sexual disruption, this study confirms that steroid hormones must play a role in bivalve endocrine systems.
Though genes involved in bivalve sex differentiation are not well-known, this study has shown that DMRTIL,
SoxH, FoxL2, and B-catenin have a role in gonadal development. Furthermore, disrupting expression of these
genes impeded sex differentiation. In the wild, bivalves are more likely to be exposed to these chemicals at lower
concentrations and for much longer than 26 days**!; although, EE2 concentrations up to 74 ng/L have been
reported in the coastal marine environment®2, In addition, bivalves are exposed to a multitude of chemicals,
rather than just one and chronic exposure to contaminant mixtures may have damaging effects on population
sizes via skewed sex ratios. In Jamaica Bay, NY, USA, blue mussel sex ratios are significantly skewed towards
females (27% males) relative to a less impacted site?. Though this work was carried out in adults, exposure to
EDCs can have damaging effects in developing larvae, which can compound the negative effects of EDCs®364,
Within the North Atlantic, blue mussel populations are in severe decline resulting from both a northward range
shift and decreased population sizes®. Climate change has been implicated in these declines, but it is likely
that multiple stressors including increased temperatures as well as contaminant exposures are responsible. EDCs
which cause skewed sex ratios and disrupt sexual differentiation, may contribute to the observed population
declines, with consequences for future global food production®’.

Materials and methods

Sample collection and sex ID

A total of 105 mussels were collected from Savin Hill Cove on the campus of the University of Massachusetts
Boston, MA, USA and brought to a temperature and light controlled environmental room where mussels were
kept in 5 pm filtered seawater at 30 PSU and 12°C with a 10:14-h light dark cycle. Following collection, mussels
were marked with numbers using a rotary tool (Dremel Model 395, Mt. Prospect, Illinois, USA), and hemolymph
was extracted on the same day mussels were brought to the lab. For the hemolymph extraction, a small notch was
made in the dorsal side of shell using a rotary tool, near the posterior adductor muscle. A syringe was used to
extract 500 pL of hemolymph from the posterior adductor mussel. The hemocytes were isolated by centrifuging
samples at 8,000 x g for 10 min and removing the supernatant. Samples were stored in RNAlater (Invitrogen,
Waltham, MA, USA) at -80°C for less than two weeks. Total RNA was isolated from hemocyte samples by adding
0.75 mL TriReagent (Molecular Research Center, Cincinnati, OH, USA) and homogenizing for 10 min at 50
vibrations/s in a bead mill (Tissue Lyser, Qiagen Inc., Valencia, CA, USA). Total RNA was purified following the
manufacturer’s protocol using TriReagent. Samples were treated with DNase (New England Biolabs, Ipswich,
MA, USA), cleaned up using a NEB Monarch RNA Cleanup Kit (New England Biolabs) and total RNA was
reverse transcribed (EpiScript Reverse Transcriptase, Lucigen, Middleton, WI, USA) following manufacturer’s
protocols®. The RT-qPCR sex identification assay developed by Hines et al., with modifications, was used to
identify the sex of each mussel>*°. Prior to qPCR, cDNA samples were not diluted due to low yields. All gPCR
reactions were carried out with PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Waltham, MA, USA)
using an Agilent Mx3000P qPCR instrument (Santa Clara, CA, USA). Primer sequences and reaction conditions
are described in Table S1. PCR reactions were carried out in duplicate with no template and no RT controls. A
difference in Ct values of VERL and VCL (VERL-VCL) of 2.5 indicates the mussel is a male, -2.5 is a female, and
between these values it is unknown?. Following sex identification, 31 males and 31 females were set aside for
the exposure. Numbers marked on the mussel shells were used to identify individual mussels throughout the
exposure and in subsequent analysis (see Supplementary Data).

Exposure

Mussels were acclimated for 18 days in 5 um filtered seawater at 30 PSU and 12°C following collection and
hemolymph extraction. Males and females were exposed to 17a- ethinylestradiol (EE2; 50 ng/L; Crescent
Chemical Co Inc, Islandia, NY, USA) and ketoconazole (KZ; 30 ug/L; TCI America, Tokyo, Japan) dissolved
in ethanol (FisherScientific, Hampton, NH, USA), respectively, for 26 days in four replicate tanks, with four
mussels per tank, with the exception of one EE2 and one KZ tank which had three mussels. Sex-matched control
mussels were only exposed to the solvent ethanol. The final ethanol concentration in both exposures and control
was 0.005%. Each replicate tank was filled with 1.5 L of filtered seawater (375 mL/mussel). Mussels were fed
3e7 Isochrysis galbana and 5e6 Thalassosira weissflogii cells/animal. Mussels were fed, and seawater (including
exposure chemicals) was changed every 48 h. Three mussels died during the exposure (1 in EE2 treatment and 2
in solvent controls) and were removed at time of death. After 26 days, mussels were sacrificed and mantle tissue
from each mussel was collected and stored in RNAlater (Invitrogen) at -80°C, until samples were processed. An
additional 1 cm® mantle tissue sample was taken for histology. Throughout the following analyses, samples were
identified by sample ID only. Although a key was available to researchers, they were not aware of the original sex
of the mussels or the treatment while performing subsequent analyses.
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RT-gPCR

Mantle tissue samples were used to re-identify the sex of each mussel after the 26-day exposure. Primers for
putative sex differentiating genes (SoxH, DMRTIL, FoxL2, B-catenin) were designed using Primer3 (v4.1.0)
with the following specification: 20-22 base pairs long, melting temperature between 59-61°C, and GC content
between 40 and 60%. Standard curves (R?>0.99, primer efficiency 95-105%) were used to quantify relative
expression of all genes (18 S¥RNA, VCL, VERL, SoxH, DMRTIL, FoxL2, f-catenin). To do this, we created a
stock solution that contained 5 pl of each sample. The stock was then diluted 5-fold over five points. Standard
curves were performed in triplicate, and samples were analyzed in duplicate on each qPCR plate. Prior to qPCR,
all samples were diluted 1:5. QPCR reactions were performed as described above (Sample Collection and Sex ID).
Primer sequences (IDT, Coralville, IA, USA) and PCR programs for all genes are found in Table S1. Expression
of sex differentiating genes were normalized to 18 S rRNA and log2 transformed. 18 S rRNA was used as the
normalizing gene because its expression is stable across a variety of stressors®® and we found no difference in 18 S
rRNA expression in male versus female mussels in the control exposures (relative quantity male=0.05 + 0.03;
relative quantity female=0.03 £0.04). As the data were non-normal, as determined by the Shapiro-Wilk test,
the Wilcoxon Rank Sum text was used to determine if treatment expression patterns were significantly different
compared to their respective controls (adjusted p-value <0.05). P-values were adjusted using the Benjamani-
Hochberg method. Log2 fold change values were calculated for each experimental group relative to their
respective controls (e.g., EE2 vs. EE2 control).

Histology

After the exposure, additional mantle tissue samples from seven mussels from each treatment were taken
for histological analysis®. Briefly, immediately after dissection, samples were fixed in Bouin’ fixative (Ricca
Chemical Company, Arlington, TX, USA), dehydrated, and infiltrated in paraffin (VWR, Radnor, PA, USA)
using Citrisolv (Decon Laboratories Inc., King of Prussia, PA, USA). Samples were cut in 7 pm thick sections
with two replicate slides at least 60 pm apart. Sections were then stained with hematoxylin (Spectrum, New
Brunswick, NJ, USA) and eosin (FisherScientific) and mounted on slides using Permount (FisherScientific).
Slides were visualized and imaged using a Leica DM2700P (Wetzlar, Germany). Samples were sexed (i.e., male:
sperm; female: oocytes; unknown: no gametes) and assigned a gonadal index stage (0-5) as described by Seed*!
twice per slide. Gonadal index stages for each sample were then averaged. If the assigned sex differed between
replicate slides (i.e., unknown vs. male), then the sample was assigned the known sex. No sample was assigned
both male and female, and there were no hermaphrodites.

Steroid extraction

The protocol was adapted from those previously developed’®’!. The procedure involved a purification step
by SPE, and the derivatization of steroids before the analysis by GC-MS. The SPE extraction and purification
on EnviChrom-P and NH, cartridges was first optimized with spiked Milli-Q water. Samples, collected from
mantle tissue, were extracted with methanol/Milli-Q water (55/45, v/v) using a focused microwave-assisted
extraction system (30 W, 5 min). The extract was then centrifuged (1,500 x g, 5 min, ambient temperature)
and the supernatant transferred. The methanol phase was evaporated under vacuum. The remaining aqueous
phase was cooled to room temperature and afterwards submitted to solid-phase extraction. An SPE cartridge
was equilibrated with 3 mL ethyl acetate, 3 mL methanol and 3 mL Milli-Q water, successively. Extract was
applied to the cartridges and 4 mL Milli-Q water was added twice for rinsing. The cartridge was washed with
4 mL cyclohexane. The steroids were eluted with 5x2 mL cyclohexane/diethyl ether (70/30, v/v). The solvent
was evaporated and the dry residue was dissolved in ethyl acetate/methanol (80/20, v/v). An NH, SPE cartridge
(500 mg) was conditioned with 4 mL ethyl acetate and 4 mL ethyl acetate/methanol (80/20, v/v). The sample was
filtered through the cartridge. Flasks and cartridges were rinsed twice with 1 mL ethyl acetate/methanol (80/20,
v/v). Following solvent evaporation, residue was dissolved in 30 uL dichloromethane and 30 pL derivatization
mixture of MSTFA/mercaptoethanol/NH,I (99.1/0.5/0.4%). The silylation reaction was allowed to develop at
65 °C for 30 min and the solution was directly injected into the gas chromatograph.

GC-MS analysis

Mass spectra were obtained on a Hewlett-Packard 6890 GC-HP 5973 MSD instrument (electron impact, 70 eV,
scan range 50-550 amu) (Wilmington, DE, USA). Capillary GC (0.25 mm i.d, by 30 m fused silica column
coated with Zebron ZB-5 from Phenomenex (Macclesfield, UK)) was operated at a flow rate of helium set at
1.2 ml/min, injector port at 250 °C, and temperature program of initial 170 °C, held for 1 min, and increased at
20 °C/min to 280 °C. GC analysis of steroids is reported as RRTc values referring to the retention time of sample
GC peak to retention time of oestradiol internal standard peak.

Data availability

All data associated with this study is available online in the supplementary information. Additional information
found in the supplemental information includes primer sequences, RT-qPCR parameters, Garner-Altman esti-
mation plots of steroid data, and raw data tables of RT-qPCR, histology, and steroid data.
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