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ABSTRACT

Historically, a vertebrate-centric paradigm has framed our interpretation of molluscan endocrinology, with considerable
research focusing on vertebrate-type steroid hormones (e.g. oestrogens, testosterone). However, contradictory evidence
on the occurrence of vertebrate-type steroid hormones in molluscan tissues, and a lack of the specific steroidogenesis
enzymes involved in producing these steroids has fuelled an ongoing debate about the ability of molluscs to biosynthesise
vertebrate-type steroids de novo. Consequently, the exploration of other hormonal pathways that may exist in the phylum
remains a significant knowledge gap. This study systematically identified, combined and evaluated evidence from 147 eli-
gible studies (published between 2012 and 2021) on the occurrence of hormones, hormone receptors and hormone-
metabolising enzymes in Mollusca according to the 2015 PRISMA-P systematic review guidelines and the 2020 COS-
TER guidelines. The data collected are holistically summarised and visualised in a fully searchable, interactive and
openly accessible online database using Tableau Public 2023.1 software. A critical appraisal assessment (Risk-of-Bias
tool) accompanied by tailor-made guidelines as well as a narrative synthesis using comparative endocrinology is pre-
sented. Strikingly, 95% of studies measuring hormones in molluscs did not investigate the hormones’ ability to bind to
their respective receptors. Moreover, many studies either used methods now considered unreliable (e.g. lack specificity)
to identify relevant biomolecules (i.e. hormones, receptors, enzymes) or did not employ robust internal validation steps,
with 83% of all studies not independently repeating their experiments. This highlights an urgent need for greater exper-
imental rigour in the field. Most studies were also found to be heavily skewed towards vertebrate-type sex steroidogenesis,
with 66% measuring 17p-oestradiol in mollusc tissues, despite unconvincing evidence that molluscs can biosynthesise
vertebrate-type steroids. By contrast, the retinoic acid signalling pathway, known to be more evolutionarily conserved
(and a target of environmental pollution), has received far less attention. However, a limited number of studies are
now looking beyond vertebrate-type sex steroids, notably those looking at thyroid hormones, phytosterols (plant sterols)
and ecdysteroids (insect steroids) in molluscs. These studies should act as a catalyst to spark interest in further exploration
of understudied or unexplored hormonal pathways in Mollusca to elucidate fully the endocrinology of this important

phylum.
Key words: cholesterol, steroid, hormone, thyroid, retinoid, ecdysteroid, phytosterol, mollusc, sterol, steroidogenesis,
endocrinology.
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I. INTRODUCTION

Molluscs are known for their incredible diversity. The num-
ber of known mollusc species estimated at 81,000-92,000 liv-
ing species (MolluscaBase eds., 2025) is second only to
insects. With a rich fossil record (60,000-100,000 fossil spe-
cies; MolluscaBase eds., 2025) dating back to the Cambrian
(500 million years ago), molluscs have adapted and radiated
into almost every environment from deep ocean trenches
and hydrothermal vents, open seas and intertidal shores,
freshwater rivers and lakes, to terrestrial locations including
deserts and mountains. Molluscs display diversity at many
levels. Feeding strategies range from giant clams with sym-
biotic photosynthetic zooxanthellae (Klumpp, Bayne &
Hawkins, 1992), to herbivores and detritivores (e.g. typical
garden slugs and snails) and carnivores (e.g. squid). Repro-
ductive strategies include gonochorism, hermaphroditism
(both sequential and simultaneous) and parthenogenesis,
with a range of parental care levels (broadcast spawners

and prolific egg layers, to brooders). Molluscs also exhibit a
variety of body plans, structures and levels of behavioural
complexity. To humans, molluscs can represent food
(e.g. oysters), agricultural pests (terrestrial slugs), parasite vec-
tors (e.g. schistosomiasis), or have ornamental uses (pearls
and shells). However, given their ubiquitous and diverse
nature, molluscs are vital components of major ecosystems
now threatened by climate change, habitat destruction, and
pollution (Abreu et al., 2019; Bohm e al., 2021; Cuttelod,
Seddon & Neubert, 2011; Thomas ¢t al., 2021).

A clear example of how pollution can disrupt mollusc
populations and lead to regional extinctions is the case of
the anti-fouling chemical, tributyltin (TBT). In the 1970s
two seemingly unrelated disruptions to mollusc populations
occurred, namely reports from American and European har-
bours of normally gonochoristic female marine gastropods
developing male sexual structures (penis, vas deferens, pros-
tate) known as ‘imposex’ (Blaber, 1970; Smith, 1971), and
the collapse of the oyster fishery in Arcachon bay, France
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Mapping molluscan endocrinology

(Ruiz et al., 1996). Both were later linked to widespread
use of TBT antifoulant on boat hulls (reviewed in Santillo,
Johnston & Langston, 2001). The imposex condition, caused
by TBT exposure, is known to have driven population
declines of marine snails globally (Fernandez, 2019). The link
between TBT pollution and imposex has been credited as
a clear warning of the risk posed by endocrine-disrupting
chemicals on wild species (or humans) (Fernandez, 2019).
Testing chemicals for possible endocrine-disrupting activity
1s now being implemented in a number of countries and
regions (e.g. EU, USA), with a growing number of inter-
nationally recognised testing methods and protocols available
(e.g. OECD, 2018). However, somewhat paradoxically,
TBT’s mechanism of action leading to imposex in molluscs
was misunderstood for decades and has only recently become
better resolved (Castro et al., 2007; Giulianelli ¢t al., 2020;
Lesoway & Henry, 2021; Nishikawa et al, 2004; Zhou
et al., 2021). Indeed, although molluscs could be viewed as
an early indicator of the issues of endocrine-disrupting che-
micals, molluscs are yet to be properly integrated into
endocrine-disrupting chemical testing guidelines due to
a lack of detailed understanding of their endocrinology.
Given their economic and environmental value, this paucity
of knowledge on mollusc endocrinology is in stark contrast
to the wealth of information we have on vertebrate hor-
mone systems (vital for medical and pharmaceutical inter-
ventions), as well as our understanding of insect hormones
(used to develop insecticides) and plant hormones (used to
support agricultural innovations).

Historically, the identification of vertebrate-type sex
steroids such as androgens (e.g. testosterone) or oestrogens
(e.g. 17P-oestradiol) in the tissues of molluscs led to the
assumption that these animals have the ability to biosynthesise
or metabolise such steroids de novo (Lafont, 1991; Lafont &
Mathieu, 2007; Lehoux & Sandor, 1970). Moreover, the
presence of nuclear receptors (NRs) homologs, such as the oes-
trogen receptor, identified from sequence data (Ip et al., 2016;
Lii et al., 2016), along with the detection of certain vertebrate-
type steroidogenic enzymes in molluscan tissues using non-
specific techniques (Prisco et al., 2017; Rosati et al., 2019b) fur-
ther supported the hypothesis of endogenous vertebrate-type
sex steroid synthesis in this phylum. Contradictory findings,
from researchers exposing freshwater gastropods (Biomphalaria
glabrata, Lymnaea stagnalis) to potent vertebrate androgens
[testosterone,  Sa-dihydrotestosterone  (DHT) or 17a-
methyltestosterone (MT)], showed no effects on growth, repro-
ductive development or reproductive output (eggs per individ-
ual) (Giusti ¢ al., 2014; Kaur e al., 2016). These findings were
supported by molecular investigations which demonstrated
that B. glabrata and the marine limpet, Lottia gigantea, do not
have a nuclear androgen receptor, indeed, the whole 3C group
of NRs (including the glucocorticoid receptor,
mineralocorticoid receptor and progesterone receptor) were
absent in these species (Giusti ¢f al., 2014; Kaur, 2015).
Additional genomic and evolutionary searches revealed
that molluscs (and other invertebrates) do not contain the
cholesterol side-cleavage enzyme (encoded by CYPI1AI)
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that is essential for the induction of vertebrate steroidogen-
esis (Adema et al., 2017; Markov ¢t al., 2017). These conflict-
ing observations led to an ongoing debate regarding the
ability of molluscs to biosynthesise vertebrate-type steroids
de novo and what their role in molluscan endocrinology could
be (Scott, 2012, 2013). However, our current understand-
ing of molluscan endocrinology is characterised by signifi-
cant lack of knowledge beyond potential similarities with
vertebrate steroidogenesis.

To date, the most thorough discussion on molluscan endo-
crinology is a series of critical reviews by Scott (2012, 2013,
2018) and Fodor et al. (2020). While these reviews provide valu-
able information on the occurrence of vertebrate-type sex ste-
roids in molluscs, the exploration of other hormonal pathways
that may exist within the phylum remains a significant knowl-
edge gap. Therefore, the aim of this systematic evidence map
1s to provide a comprehensive assessment of our current under-
standing of hormone biosynthesis in molluscs. This is achieved
through a critical evaluation of the wider literature, bringing
together evidence for different hormones, hormone receptors
and metabolic pathways present in molluscs. This new evidence
base raises important questions and highlights critical knowl-
edge gaps which should guide future research efforts.

II. METHODS

The systematic evidence map protocol was drafted accord-
ing to PRISMA-P (Preferred Reporting Items for System-
atic review and Meta-Analysis Protocols) 2015 guidelines
(Shamseer et al., 2015) together with the GOSTER (recom-
mendations for the Conduct Of Systematic reviews in
Toxicology and Environmental health Research) checklist
(Whaley et al., 2020). The second version of the protocol
was developed after receiving feedback during open peer
review, and is published on the open repository Zenodo
(Panagiotidis, 2022). Additional iterations were made
to improve the clarity of the protocol resulting in a third
and final version (see online Supporting Information,
Appendix S1 and S2).

(1) PO statements and eligibility criteria

In this review, each research question is defined by a separate
PO (Population, Outcome) statement as well as PO-specific
inclusion and exclusion criteria; these are summarised in
Table S1.1 of Appendix S1. The Mollusca AND Hormones
PO aimed to identify the presence of hormones found in mol-
luscan tissues; the Mollusca AND Receptors PO aimed to iden-
tify the presence of hormone receptors in molluscan tissues; and
the Mollusca AND Enzymes PO aimed to identify the presence
of hormone-metabolising enzymes in molluscan tissues.

(@) Defining ‘population’

The population was defined as Mollusca, including all seven
molluscan living classes (Gastropoda, Bivalvia, Polyplacophora,
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Cephalopoda, Scaphopoda, Aplacophora, Monoplacophora).
The seven molluscan classes were included as search terms in
addition to several other mollusc-specific terms including ‘oys-
ters’, ‘mussels’, ‘squids’ and ‘chitons’.

(b) Defining outcome — ‘hormones’, ‘hormone receptors’ and ‘hormone-
metabolising enzymes’

Three sets of keyword strings relevant to our research ques-
tions and PO statements were devised to capture the pub-
lished literature. Full details of the database searches and
keyword strings used are provided in Appendix S3. Searches
were conducted in PubMed, Web of Science and Scopus.

The keyword string for Mollusca AND Hormones inclu-
ded 24 steroid hormone names involved in vertebrate
steroidogenesis (Table S3.1 in Appendix S3). These were
extracted from Higgstrom & Richfield (2014) and Fodor
et al. (2020). Additionally, four identified ecdysteroids inv-
olved in arthropod steroidogenesis were extracted from
Niwa & Niwa (2014) and were included as search terms.
To avoid missing important literature, generic terms such
as ‘sterols’, ‘hormones’ as well as synonyms for each included
steroid were identified and included. Data on retinoids were
captured via the Mollusca AND Receptors keyword string
(see below). Data on hormones involved in neurohormonal
signalling were outside the scope of this review.

The Mollusca AND Receptors search string (Table S3.2 in
Appendix S3) included general hormone receptor terms,
such as ‘hormone receptors’, ‘nuclear receptors’ and
‘retinoid receptors’. The aim of this search was to collect
data on the occurrence of receptors known to interact with
hormones and retinoids, as well as receptors known to be
indirectly involved in hormone signalling in molluscs.
The Mollusca AND Receptors PO was amended from the
originally proposed ‘Mollusca AND Nuclear receptors’ PO
(Panagiotidis, 2022) which was intended to address the
occurrence of NRs in molluscan tissues. However, our pilot
searches captured a considerable number of receptors out-
side the NR superfamily, and therefore the PO statement
was updated accordingly.

Lastly, the Mollusca AND Enzymes search string aimed to
capture information on the enzymes involved in steroi-
dogenesis and retinoid signalling in molluscs, referred to
herein as ‘hormone-metabolising enzymes’ (Table S3.3 in
Appendix S3). A list of genes encoding enzymes involved
in vertebrate steroidogenesis was identified and extracted
from Wikipedia (Haggstrom & Richfield, 2014). In addition,
the keyword strings included names of 10 genes known to be
involved in insect steroidogenesis (Niwa & Niwa, 2014) and
names of key transport proteins and enzymes involved in ret-
noid signalling. The Mollusca AND Enzymes PO represents
an amended version of the initially proposed ‘Mollusca AND
Steroidogenesis-related genes’ (Panagiotidis, 2022), intended
to address the occurrence of steroidogenesis-related genes in
molluscs. The data captured from the systematic searches
revealed a range of hormone-metabolising enzymes outside
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the scope of vertebrate steroidogenesis, requiring the PO
statement to be updated accordingly.

(2) Search strategy

Eligible studies included in the systematic map were any
peer-reviewed publications written in English, that met the
eligibility criteria presented in Table S1.1 (Appendix SI).
Grey literature was not included. Data from review studies
were excluded, although relevant review studies were used
as information sources for discussion of our results. Searches
of reference lists from eligible studies were carried out to cap-
ture any additional articles not uncovered by the main
search.

The date range for inclusion was Ist January 2012 to
10th September 2021 (the date the search was conducted).
The 2012 cut-off date was driven by two factors. (z) The first
molluscan draft whole-genomes were published in 2012
(Takeuchi et al., 2012; Wang et al., 2012), providing high-
quality and detailed molecular data not previously available;
(1) Traditional immunological-based assays [e.g. radioimmu-
noassay (RIA), enzyme-linked immunosorbent assay (ELISA)]
employed to measure hormones in molluscan tissues were
widely considered to be sensitive and reliable (Lavado,
Janer & Porte, 2006; Liu, Li & Kong, 2008; Warrier,
Tirumalai & Subramoniam, 2001). However, the reliability
and specificity of applying antibodies for vertebrates
to molluscs came into question in the early 2010s with
the emergence of studies that compared immunoassay
techniques with analytical chemical methods (Gust
et al., 2010; Krasowski et al., 2014), showing that analytical
chemistry [e.g. gas chromatography—mass spectrometry
(GC-MS), liquid chromatography-mass spectrometry (LC—MS)]
exhibited higher precision in detecting low concentrations
of steroids and other metabolites than traditional immuno-
assay methods (Gust et al., 2010).

Date limitations were not applied during the literature
search, as this resulted in significant inaccuracies during cita-
tion export in trial searches (e.g. the number of exported
citations did not match the number of retrieved papers).

(3) Data management and screening

The studies captured by the systematic searches and across
all databases, were merged and then exported to the refer-
ence management software <otero to facilitate the process of
duplicate removal. Following duplicate removal, the remain-
ing studies were imported to the online tool Rayyan (Ouzzani
et al., 2016) for title and abstract screening. In an initial step,
the eligibility criteria from the draft version of the protocol
(Panagiotidis, 2021) were applied to 20% (N = 1377) of the
merged list of eligible studies, by two coders (K.P., A.B.)
working independently. This pilot screening of retrieved
studies allowed us to identify potential limitations with the
eligibility criteria of the draft protocol. Disagreements after
pilot screening were resolved between the two coders and
eligibility criteria were updated accordingly in the second
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version of the protocol (Panagiotidis, 2022). Following
amendment of eligibility criteria, the remaining 80% of stud-
ies were screened by a single evaluator (K.P.) at title and
abstract level. Eligible studies were then screened at full-text
level, by the same evaluator, and reasons for exclusion were
recorded. Studies found eligible for inclusion at full-text
screening were included in the data-extraction inventory.
During full-text screening, final amendments were made to
the eligibility criteria. For example, the presence of thyroid
hormones, thyroid receptors or enzymes that metabolise thy-
roid hormones (or those involved in thyroid hormone signal-
ling) were not part of the initial inclusion criteria. However,
identification of those biomolecules during full-text screening
provided an opportunity to include discussion on the occur-
rence of the thyroid hormone pathway in molluscs. Thus,
the occurrence of thyroid biomolecules became part of the
inclusion criteria, across all PO statements (Table S1.1 in
Appendix S1). Full details on amendments made to the eligi-
bility criteria are described in Appendix S2.

(4) Data extraction

Data on hormones, hormone receptors and hormone-meta-
bolising enzymes were extracted from eligible studies and
included in the data-extraction inventory entered into the
Excel data-extraction template (Appendix S4). The data-
extraction template was designed to record information for
the three PO statements and was piloted with nine eligible
studies. The results of the pilot activities are summarised
in the draft version of the protocol (Panagiotidis, 2021).
Upon completion of the full-text screening and subsequent
data extraction, the data-extraction template was amended
slightly for purposes of clarity and data interpretation.
The data-extraction template and inventory are provided
in Appendix S4, with changes made to the data-extraction
template summarised in Appendix S2.

(5) Risk-of-bias assessment

Limitations in the analysis or experimental design of individ-
ual studies can result in incorrect assumptions about the ori-
gin and synthesis of hormones in molluscan tissues. Critical
appraisal tools can be used to assess the internal validity of
studies through selection bias, detection bias, performance
bias, etc. (Martin e al., 2021). Although attempts have been
made to evaluate bias in studies that investigate sex steroid
biosynthesis in molluscs (Scott, 2013), to our knowledge,
there is no Risk-of-Bias (RoB) tool adapted for endocrino-
logical investigations in these animals. For the purposes
of this systematic evidence map, a tailor-made RoB tool
(Appendix S5) was developed to assess critically potential
flaws or errors in the design, conduct or reporting of eligible
studies. The tool consists of a series of criteria that aimed to
evaluate the collected data in respect to each PO statement.
Eligible studies were assessed on both internal validity
(e.g. verification of mechanism of action of hormones) and

study design criteria (e.g. within- or between-study repeti-
tion) and these are summarised in the accompanying RoB
guidelines (Appendix S5), together with detailed infor-
mation on how studies are coded (Appendix S6). Internal
validity criteria were specific to each PO, whereas study
design criteria were applicable to all PO statements. The
assessment criteria were created using information from
peer-reviewed literature and the ARRIVE guidelines 2.0
(Percie du Sert et al., 2020a). After the second version of
the protocol was published (Panagiotidis, 2022), modifica-
tions were made to the RoB tool and guidelines. These
changes were introduced to refine the reliability and objec-
tivity of the RoB assessment and are addressed in detail in
Appendix S2.

The outcomes reported in the included studies varied
considerably, so a single approach for RoB was difficult to
implement. Therefore, two assessment categories were used.
The Assessment A category evaluated both internal validity
and study design criteria, whereas Assessment B evaluated
study design criteria only. Studies were allocated to the
appropriate assessment category during data extraction (see
Appendix S5).

Assessment A studies focused on the investigation of activ-
ity, function and/or mechanism of action (MOA) of hor-
mones, hormone receptors, and/or hormone-metabolising
enzymes in molluscs. Consequently, the study objectives
should adhere to a methodology considered appropriate for
an internal validity assessment. Assessment B studies were
any studies that did not fit within the scope of Assessment A
study criteria (e.g. toxicological assessments). If the study
did not determine (or attempt to comment on) the activity,
function and/or MOA of an outcome of interest it was
assessed solely on study design criteria (i.e. Assessment B),
but was included in the systematic map to broaden the range
of information captured.

The RoB tool (Appendix S5, Questionnaire tab) consists
of a series of questions that require the evaluator to allocate
a score of Definitely low risk of bias (+4), Probably low
risk of bias (+), Probably high risk of bias (—) and Definitely
high risk of bias (— —). Each study then received a sum-
mary score: Level 1 =studies with lower risk of bias;
Level 2 =studies with moderate risk of bias; Level
3 = studies with higher risk of bias (see Appendix S5, RoB

summary score tab).

(6) Data analysis and narrative synthesis

The primary aim of this systematic evidence map was to pro-
vide a narrative synthesis of the available data, based on the
three PO statements, highlighting key findings for different
molluscan classes. The RoB assessment is also a primary out-
come of this review, identifying multiple levels of reliability
for the collected evidence. This synthesis also allows identifi-
cation of knowledge gaps within our current understanding
of molluscan endocrinology.
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(a) Mollusca AND hormones

Hormones were classified according to their chemical struc-
ture as steroids, retinoids, biogenic amines or protein hor-
mones, and into subgroups (e.g. phytosterols, sterols, fungal
sterols, zymosterols, secosterols). The structure of hormones
was determined from online databases (Kim et al., 2023;
Sud et al., 2007) or molecule-specific information found in
the respective publications.

(0) Mollusca AND receptors

Data for both receptor genes and proteins were collected
from eligible studies. The identified receptors are reported by
their nomenclature gene and enzyme name, verified through
the nomenclature databases Genenames.org, Flybase.org and
WormBase.org (Davis et al., 2022; Gramates e al., 2022; Seal
et al., 2023). Receptors whose names could not be identified
are reported by the names used in the respective publication.
Receptor genes and proteins were categorised by type (cell sur-
face receptor, G-protein-coupled receptor, intracellular recep-
tor, ligand-gated ion channel, NR, unknown), phylogenetic
origin (vertebrate or non-vertebrate) and mollusc class
(Bivalvia, Cephalopoda, Gastropoda, Polyplachophora). The
classification of receptors by type was achieved through man-
ual searches in the online database UniProt (UniProt
Consortium, 2023). For clarity, receptors primarily known
from vertebrates (e.g. oestrogen receptors) are described
herein as ‘vertebrate-type’ receptors, whereas receptors pri-
marily known from invertebrates (e.g. ecdysone receptor) are
defined as ‘non-vertebrate-type’ receptors.

The receptors included in the Mollusca AND Receptors
inventory were identified by a range of molecular assays.
To assess the reliability of the collated evidence, these publi-
cations were classified into three primary categories based on
the methodologies employed: () DNA/RNA detection and
localisation techniques; () DNA/RNA detection and locali-
sation techniques and other i vitro assays; (uz) protein and
other i vitro assays.

(¢) Mollusca AND enzymes

Information about genes, enzymes and proteins associated
with the synthesis of cholesterol, steroids, thyroid hormones,
and retinoids was included in the Mollusca AND Enzymes
inventory. Hormone-metabolising enzymes were classified
according to their metabolic or signalling pathways (steroid
biosynthesis, cholesterol biosynthesis, retinoic acid signalling,
etc.). The classification of hormone-metabolising enzymes
according to their respective pathways was achieved through
manual searches in the online database UniProt (UniProt
Consortium, 2023). Data from a range of molecules indi-
rectly involved in the main metabolic or signalling pathways
of interest were also collected. These include members of
the cytochrome P450 superfamily of enzymes known to be
involved in xenobiotic metabolism as well as the synthesis of
cholesterol, steroids, and other lipids.

Konstantinos Panagiotidis and others

Based on the method employed, publications were clus-
tered into three main categories: (1) DNA/RINA detection
and localisation techniques; () DNA/RNA detection and
localisation techniques and protein assays; (ziz) protein assays.
These were further sub-classified according to the specific
molecular or protein techniques used. Studies examining
receptor occurrence i vitro employed a range of reporter
gene assays, transfection and transactivation assays as well
as immunostaining diagnostics. As information on method
validation can provide important insights into the reliability
of the evidence/data reported, details on method validation,
such as the implementation and names of reference genes or
proteins were also extracted.

(7) Data visualisation and analysis

Data collected in the data extraction inventory were visually
summarised using the Tableau Public 2023.1 software. The
data were systematically categorised according to several cri-
teria: the tissue where each hormone, receptor, or enzyme
was identified; the methods and validation steps taken for
their identification; the species in which they were identified;
information on potential activity of the hormone, receptor or
enzyme; and the observed effect of the hormone, receptor
or enzyme in response to pharmaceutical interventions.
The online database is an interactive, publicly available
and fully searchable resource that can be accessed online
via the links provided in Appendix S7.

(8) Meta-biases

As the variation in approach among studies excluded a
formal meta-analysis, statistical methods for detecting
meta-biases in the evidence report were not possible to
implement. However, all changes made to the final protocol
(Panagiotidis, 2022) are explicitly stated and described in
Appendix S2. Of note is the inclusion of the thyroid signalling
pathway in our discussion, although this was not present in
the search strings (see Table S3.1 in Appendix S3). Specifi-
cally, key words for biomolecules involved in the thyroid hor-
mone signalling pathway were not initially part of our search
strategy, but the identification of these biomolecules in
papers identified by our systematic searches created an
opportunity to discuss their occurrence in molluscs. We note
that the absence of relevant terms in our search strategy is
likely to have led to omission of important information
regarding the occurrence of the thyroid hormone signalling
pathway in molluscs, and that this pathway could be the focus
of future studies.

III. RESULTS

(1) Overall summary of inventory

The systematic literature searches identified 11,656 records
from three databases (Fig. 1). Following duplicate removal,

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85U9017 SUOWIWIOD SAIIeR1D 8|qeal|dde auyy Ag peusencb afe sapoie O ‘88N JO SajnJ 1oy Akeiqi]aullu 9|1 UO (SUOTIPUOD-pUe-SWLB)W0D A8 | 1M AJeiq 1jpuluo//sdiy) SUONIPUOD Pue SWLB | 8Y) 89S *[6Z0z/2T/9T ] uo ArigiTauluo Ao ‘Aisenun punig Ag ZTT0Z AG/Z00T 0T/I0p/wod A3 im Aleld puljuoy//sdny wolj pspeojumod ‘0 ‘XG8T6E9YT


http://genenames.org
http://flybase.org
http://wormbase.org
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Identification of studies via databases and registers
Records identified from:
_S Scopus: 5133
® Web of Science: 2461 Duplicate records removed (N =5,154)
g.g PubMed: 4062 —> Records marked as ineligible by automated tools
t (N=2)
o
L)
Total: 11,656
Records excluded = 6190
Records screened at title/abstract Reports out of date range (N = 4238)
level (N =6500) Reports of wrong ‘Population’ / ‘Outcome’
(N =1952)
)
£
c .
2 Reports sought for retrieval (N = 310) > :?,\elzeoor;cs not retrieved
o =
@
Reports assessed for eligibility and full Reports exgluded =163
text screening (N = 310) —p Review studies (N = 32)
Computational studies (N = 21)
Conference abstract (N =1)
Not in English (N = 4)
Out of date range (N =1)
Wrong ‘Outcome’ (N = 104)
Studies included in the data
extraction inventory = 112
Studies included based on original » .
eligibility criteria (N = 104) Mollusca AND Hormones”: B
Studies included from backward studies that identified thyroid hormones (N = 9)
searches of references (N = 8)
“Mollusca AND Receptors”:
studies that identified thyroid receptors, g-protein
- l coupled receptors, ligand gated ion channels, cell
3 surface receptors and intracellular receptors
% (N=17).
£ Additional studies included based on )
the modified eligibility criteria (N = 35)
“Mollusca AND Enzymes”:
studies that identified enzymes/genes involved in
l thyroid hormone signalling, g-protein mediated
signalling in addition to other enzymes involved in
related signalling pathways (N = 9).
Total number of studies included in
the data extraction inventory (N = 147)

Fig. 1. Study selection flow diagram, documenting the number of studies identified, removed, screened and included in our data
extraction inventory (as per PRISMA 2015 guidelines; Shamseer et al., 2015).

6,500 records were screened at the title and abstract level for additional 6,190 records were excluded. The remaining
relevance. During this process and based on the nitial eligi- 310 records were screened at full-text level to identify eligibil-
bility criteria of the draft protocol (Panagiotidis, 2021), an ity for inclusion in the data extraction inventory. During full-
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text screening, 112 studies were found eligible for inclusion in
the inventory based on the initial eligibility criteria (draft pro-
tocol). Additionally, 35 studies were included in the data-
extraction inventory based on the final modified eligibility
criteria (Table S1.1 in Appendix Sl). Thus, a total of
163 studies were excluded during full-text screening, and
147 studies were included in the data-extraction inventory.

The number of eligible studies retrieved by year of publi-
cation according to the PO statements can be found in
Fig. S7.1 of Appendix S7.

(2) Risk-of-bias of included studies

Figure 2 details the number of extracted studies allocated to
the different RoB categories for each PO statement. Inde-
pendent of assessment category, most studies were rated as
moderate RoB (Fig. 2). In the overwhelming majority of
these studies, the moderate rating was due to issues related
to study design. For example, 83% of studies in all three data
mventories lacked independent repetition of experiments.
Many studies also had issues related to internal validity.
For example, a significant factor that contributed to a rating
of moderate and higher RoB in the Mollusca AND Hor-
mones inventory (Fig. 2A), was the absence of ligand binding
assays. Among the studies that focused on steroids, endoge-
nous retinoids, protein hormones, or biogenic amines, 95%

A Mollusca AND Hormones

B Mollusca AND Receptors

Konstantinos Panagiotidis and others

did not investigate the ability of these hormones to bind to
their respective hormone receptors.

Moreover, 45% of studies that examined NRs from the
Mollusca AND Receptors inventory were considered to
have moderate or higher RoB due to lack of a sequence sim-
ilarity analysis for the receptor’s DNA binding domain
(DBD) or ligand binding domain (LBD). DBD and LBD
are characteristic regions of NR proteins, which recognise
and bind to specific DNA fragments or receptor ligands,
respectively (Vogeler et al,, 2014). A sequence similarity
analysis of DBD and LBD is of particular importance as it
provides insights regarding NR functional ability, increas-
ing the reliability of the reported outcomes. In studies from
the Mollusca AND Enzymes inventory, phylogenetic ana-
lyses were not included in 48% of studies aiming to assess
the function of hormone-metabolising enzymes in molluscs.
Full details of the RoB assessment criteria and scoring for
studies included in the data extraction inventories are pro-
vided in Appendix S5.

One limitation of the RoB assessment is the potential over-
simplification introduced by grouping the data into lower,
medium and higher overall RoB scores. For example, during
peer review, a considerable methodological flaw was identi-
fied in the study of Chong Sanchez et al. (2019). The authors
measured sex hormones in the snail Lobatus gigas using high-
performance liquid chromatography (HPLC) with ultraviolet

C Mollusca AND Enzymes

60

55

50

45

40

35

30

Publication count

25

20

15

10

Lower risk of bias Moderate riskof Higher risk of bias Lower risk of bias Moderateriskof ~ Higher risk of bias

bias

RoB assessment category
Assessment A
M Assessment B

Lower risk of bias Moderateriskof  Higher risk of bias
bias bias

Fig. 2. Results of the Risk-of-Bias (RoB) appraisal for included studies according to assessment category, for the (A) Mollusca AND
Hormones, (B) Mollusca AND Receptors, and (C) Mollusca AND Enzymes data inventories. RoB assessments were carried out using
the RoB tool and guidelines (see Appendix S5 and S6). The graph can be seen in interactive view via the links in Appendix S7.
References used to create this figure are listed in Appendix S7, Sections 4.1-4.3, respectively.
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Mapping molluscan endocrinology

(UV) absorption. Amongst other reasons, this approach
can be inaccurate due to the inability of UV detectors to dif-
ferentiate compounds with overlapping spectra (reviewed by
Scott, 2021). While this limitation was categorised as high
RoB, the overall score of this study was rated as moderate
RoB because of its lower scores in other aspects. As quantifi-
cation errors, such as potentially present in Chong Sanchez
et al. (2019), cannot be corrected for statistically, the overall
moderate RoB score given may not adequately reflect the
validity of a study. Moreover, it is likely that some confound-
ing factors inevitably remained unaddressed, depending on
the specific experimental design adopted by each study.
While efforts were taken to ensure our RoB assessment reli-
ably scored each study (through the use of two separate
assessments based on the objectives of each study), develop-
ing a critical appraisal tool to account for every possible
methodological limitation proved challenging. Therefore, it
1s recommended that the overall RoB scores for each publi-
cation should be considered in combination with the individ-
ual scores for each criterion listed in Appendix S6.

(3) Mollusca AND hormones
(a) Inventory characteristics

The Mollusca AND Hormones inventory was dominated by
research on Bivalvia, Cephalopoda, and Gastropoda (Fig. 3).
The steroid with the highest number of measurements
was 17P-oestradiol (66% of all studies), followed by testo-
sterone and progesterone (Fig. 3). Eighty percent of studies
in the Mollusca AND Hormones inventory measured at least
one steroid. Sterols (e.g. 7-dehydrocholesterol) were the
second most frequently documented group, reported in 8%
of included studies, while biogenic amines (e.g. thyroxine)
and retinoids [e.g. 13-cis-retinoic acid (13-cis-RA)] were
reported in 14% of studies. Less commonly recorded
hormones, such as phytosterols (e.g. sitosterol), protein hor-
mones (e.g. thyroid-stimulating hormone) and fungal sterols
(e.g. ergosterol), were found in 8%, 4% and 3% of studies,
respectively (Fig. 4). Studies often report hormone levels for
different sexes within a species or examine different chemical
forms of the same hormone (e.g. esterified versus unesterified
forms of testosterone) (see Appendix S4). These are combined
as a total sum in the figures presented herein.

(b) Methodology characteristics for the Mollusca AND hormones
wmventory

For studies included in the Mollusca AND hormones inven-
tory, 62% used at least one type of immunoassay to measure
hormones in molluscs (Fig. 5), but only 59% of these imple-
mented the use of a positive quality control or internal stan-
dard. The most common immunoassay method used was
ELISA (46% of immunoassay-based studies), followed by
RIA (35%) and enzyme immunoassay (EIA) (9%). In com-
parison, chemical analyses were adopted by 41% of studies
in this inventory, out of which 83% included positive controls
or internal standards as part of their method development.

Within the studies employing chemical analysis to measure
hormones in molluscs, 40% used HPLC, 20% used GC—
MS and 27% used LC-MS.

(4) Mollusca AND receptors
(@) Inventory characteristics

The receptor with the highest number of measurements in
the Mollusca AND Receptors inventory (Fig. 6), was ESR
(oestrogen receptor), followed by RXR (retinoid X receptor)
and RAR (retinoic acid receptor). ESR was reported in Bival-
via, Cephalopoda and Gastropoda, while RXR and RAR
were recorded in Bivalvia, Gastropoda and Polyplacophora
(Fig. 6). Polyplacophora was the least studied molluscan class
in the Mollusca AND Receptors inventory and was included
in only one study (André et al., 2019).

Non-vertebrate type receptors have been relatively under-
studied and we have a limited understanding of their roles
in molluscs. Vertebrate-type receptors were identified
in 96% of included studies compared to only 13% of
studies reporting non-vertebrate-type receptors. Some non-
vertebrate receptors seem to occur exclusively in molluscs,
suggesting that distinct receptor signalling mechanisms
may be present in this phylum. For example, the NR
NR8AI found in tissues of the bivalve Crassostrea gigas
(Huang et al., 2015a) seems to belong to a novel NR subfam-
ily VRS8. Although phylogenetic analyses have shown that
NR8 originated in eumetazoans (likely in a sister clade to
sponges), this NR subfamily seems to have disappeared from
both vertebrates and ecdysozoans (Huang et al., 2015a;
Simion et al., 2017). Other non-vertebrate receptors in mol-
luscs reported in this inventory include Eip78C (ecdysone-
induced protein 78C) and EcR (ecdysone receptor) were
identified in tissues of the bivalve Crassostrea gigas (Vogeler
et al., 2016). Ecdysone is traditionally considered an arthro-
pod hormone, and its presence in bivalve molluscs suggests
a possible endocrinological pathway that needs further study.

Zhang et al. (2020) identified the presence of gonadotropin-
releasing hormone receptor (GnRHR) in the scallop Patinopecten
_yessoensis. Whole-genome and transcriptome sequencing
data have demonstrated the presence of GnRH-type receptors
and peptides that act as ligands for these receptors in molluscs
(reviewed in Roch, Busby & Sherwood, 2011). However
phylogenetic analyses of the evolutionary origins of GnRH
signalling in molluscs revealed that they are paralogues of
the corazonin (CRZ) signalling system, originating from a
gene duplication in the common ancestor of bilaterians
(Roch, Tello & Sherwood, 2014; Zandawala, Tian &
Elphick, 2018). A duplication of the GnRH signalling system
specifically in arthropods resulted in the adipokinetic hormone
(AKH) and AKH/CRZ-related peptide signalling systems
(Hauser & Grimmelikhuijzen, 2014). Additional phylogenetic
analyses in molluscs demonstrated that the Oclopus vulgaris
GnRHR is more closely related to arthropod CRZ receptors
than the vertebrate GnRHR (Roch et al., 2014). Since studies
have shown that CRZ and ‘AKH-like’ signalling exists in
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Type of hormone Hormone measured
Steroid 17B-oestradiol

Testosterone
Progesterone
Estrone
Estriol
Cortisol
Androstenedione
Cholesterol
Cholesta-3,5-dien-7-one (3a, 5a)
17a-Hydroxy-pregnenolone
11a-Hydroxyprogesterone
Epiandrosterone

Sterol 7-dehydrocholesterol
Zymosterol
4-Methylzymosterol
Cholesterol
4,4-Dimethyzymosterol
Lathosterol
Lanosterol
Cholestanol
Demosterol
5a-cholesta-8,14-dien-3B-ol
4-methyl-cholesta-7-enol
24-nor-5a-Cholest-22E-en-3-ol
Zymostenol
Dihydrocholesterol
Cholestane-3,5-diol 5-acetate, (3a, 5a)
5a-24-Ethylcholest-25-en-33-ol
4-Methyl-Porifera-5-en-3B-ol
4-methyl-cholesta-7,24-dienol
22E-Dehydrocholesterol
22-ketocholesterol
4,24-Dimethylcholesta-5,7,24(28)-trien-3p-ol
4-methyl-cholesta-7,8(9),24-trienol
22Z-Dehydrocholesterol
22-Dehydrocholesterol
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I Volluscclass
R

M Cephalopoda
Gastropoda

0 10 20 30 40 50 60 70 80 90 100

Number of measurements

Fig. 3. Steroids and sterols identified in Mollusca. Data on hormones is clustered according to hormone type and name. Number of
measurements on the x-axis indicates the total number of measurements of each hormone across species, sexes, life stages, tissues and
methodological approaches. Therefore, multiple measurements can come from one publication, for example, two studies (Binder
et al., 2019; Zhang et al., 2021) identified cortisol in Mollusca, with a total of 7 measurements (2 in cephalopods and 5 in bivalves).
The Mollusca AND Hormones inventory, including details on all hormones identified, their reported activity, methodological
details of included studies and the list of references can be seen in interactive view via the links in Appendix S7. References of
studies included in this figure are listed in Appendix S7 (Section 3.1).

molluscs (Li et al., 2016; Dubos, Bernay & Favrel, 2017; Fodor
et al., 2024b), but true AKH signalling is specific only to
arthropods, a change in nomenclature of these peptides
and receptors was proposed. Thus, Zandawala ¢t al. (2018)

recommended that ‘GnRH-like” peptides and receptors iden-
tified in molluscs should be termed CRZ peptides or receptors,
while peptides and receptors previously termed ‘AKH’ should
now be classified as members of the GnRH superfamily. To
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Type of hormone Hormone measured
Phytosterol B-sitosterol+fucosterol
Sitosterol
Fucosterol

24-methylenecholesterol
Brassicasterol

Stigmasterol

Campesterol

Stigmastanol
Campesterol/Dihydrobrassicasterol
sormosterol/episormosterol
Lophenol

Gymnodinosterol
epioccelasterol

Brevesterol
4a-methylcholestanol
4a-methylcholest-8(14)-enol

4-demethyl-5-dehydrodinosterol (24R)-23-methylergosta-5,22-dienol

24-propylidenecholesterol
Protein hormone Luteinizing hormone
Gonadotropin-releasing hormone
Thyroid-stimulating hormone
Anti-miillerianhormone
Prolactin
Follicle stimulating hormone
Fungal sterol Ergosterol
Ergost-22-en-3-one

Phytosterol/Sterol  Brassicasterol/Crinosterol

11

Mollusc class

M Bivalvia

B Cephalopoda
Gastropoda

o

1 3 4 5 6

Number of measurements

N

Fig. 4. Phytosterols and protein hormones identified in Mollusca. Number of measurements on the x-axis indicates the total number
of measurements of each hormone across species, sexes, life stages, tissues, and methodological approaches. Therefore, multiple
measurements can come from one publication, for example, two studies (Abd El-Atti ef al., 2020; Nuurai e al., 2020) identified
luteinizing hormone in Mollusca, with a total of three measurements. The entire Mollusca AND Hormones inventory, including
details on all hormones identified, their reported activity, methodological details of included studies and the list of references can
be seen in interactive view via the links in Appendix S7. References included in this figure are listed in Appendix S7 (Section 3.2).

ensure this is reflected in our Mollusca AND Receptors
inventory, a note was added to the interactive figure for the
molluscan ‘GnRHR’ nomenclature term (Appendix S7).

(b) Methodology characteristics for Mollusca AND receptors inventory

The majority (85%, N=061) of studies included in the
Mollusca AND Receptor inventory utilised an DNA/RNA
detection and localisation technique (Fig. 7). Among these
studies, 78% used reference genes in their analyses. How-
ever, only 40% of studies that implemented reference genes
validated their expression stability across experimental sam-
ples. Validation of expression stability in messenger RNA
(mRNA) quantification assays is important as it ensures
the suitability of reference genes (or proteins in protein
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quantification assays) for data normalisation and compara-
tive expression (Bustin ef al., 2009; Cowan et al., 2017). By
contrast, studies that employed protein and other m vitro
assays accounted for only 16% of the Mollusca AND Recep-
tors inventory.

(5) Mollusca AND enzymes
(@) Inventory characteristics

Some of the genes, enzymes or proteins identified in the Mol-
lusca AND Enzymes inventory are involved in more than one
metabolic or signalling pathway, such as HSDI7B8 (which
encodes the enzyme 17p-hydroxysteroid dehydrogenase type
8) which is known to participate in cholesterol biosynthesis as
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Method type Method name

Immunoassay ELISA

RIA

EIA

ECLIA

Immunospec microplate reader

Immuno-chemiluminescence

Konstantinos Panagiotidis and others

Publication count
1

5

10

15

|21

Samples spiked
Internal standard

M No/not specified

M Positive control

Elecsys 2010 automatic electrochemical .

immunoanalyzer

Fig. 5. Methodological characteristics of studies that employed immunoassays to examine the presence of hormones in molluscs.
Studies were classified based on the method employed and the inclusion of positive quality controls or internal standards in their
assays. Abbreviations: ECLIA, electrochemiluminescence immunoassay; EIA, enzyme immunoassay; ELISA, enzyme-linked
immunosorbent assay; RIA, radioimmunoassay. The entire Mollusca AND Hormones inventory, including details on all
hormones identified, their reported activity, methodological details of included studies and the list of references can be seen in
interactive view zza the links in Appendix S7. References included in this figure are listed in Appendix S7 (Section 3.3).

well as the metabolism of steroids and other lipids. Genes,
enzymes and proteins involved in the vertebrate-type steroid
biosynthesis pathway were found in 41% of included
studies (Fig. 8). CYPI7A41 which encodes the enzyme 17a-
hydroxylase, 17,20-lyase, was the most studied biomole-
cule, found in 18% (N=7) of studies. In humans, 17a-
hydroxylase/17,20 lyase adds a hydroxyl group to the
17-carbon position of progesterone or pregnenolone and
can further convert these 17-OH products (via lyase activity)
to androstenedione or dehydroepiandrosterone (DHEA),
respectively. Therefore, in vertebrates, CYP17A41 facilitates
the production of steroid precursors of cortisol, oestrogen

and testosterone. Based on the data collected, the steroido-
genic genes CYPI741, HSD3BI, STARDS3, HSD3B, and
HSD3B2 have only been reported in bivalves. However,
sequences of some of these genes (e.g. STARDS) in other mol-
lusc classes have been deposited in databases (e.g. NCBI) not
considered in this review, perhaps suggesting a reporting bias
towards bivalves in the extracted publications. Steroid sulfa-
tase (encoded by S78) and cytochrome P450 family 19 subfam-
ily A member 1 (encoded by CYP19A41) were also reported in
bivalves, however these proteins were identified by a western
blot and an enzyme-linked immunosorbent assay (ELISA)
respectively, and the studies did not confirm that S7§ and
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Receptor type Receptor gene

abbreviation
(nomenclature)
Nuclear receptor ESR
RXR
RAR
ESRR
NR8A1
THR
PPARG
RXR/RAR
RIG-I-like
PPARA
PPAR/RXR
PPAR
PAQRS8
PAQRS
NR5A2
NR5A1
NR2F1
NR2F
NR2E2
NR2E1
NR1P9*
NR1P8*
NR1P3*
NR1P2*
NR1P13*
NR1P12*
NR1P11*
NR1P10*
NR1J14
NR1J13
NR1J1
NR1G
NR1DA
NR1Dv2
NR1Dv1
NR1DEF
NR1CDEFb*
NR1CDEFa*
NROB1
NROB
NHR43
NHR42
Hr96
Hr78
Hr51
Hr3
Eip758
EcR
AR
Eip78C
HNF4

Receptor name (nomenclature)

Oestrogen receptor

Retinoid X receptor

Retinoic acid receptor

Estrogen-related receptor

Nuclear receptor subfamily 8 group A member 1
Thyroid receptor

Peroxisome proliferator-activated receptor gamma
Retinoid X receptor/Retinoic acid receptor complex
Retinoic acid-inducible gene | like receptor

Peroxisome proliferator-activated receptor alpha

Peroxisome proliferator-activated receptor/Retinoid X receptor complex

Peroxisome proliferator-activated receptor
Membrane progesterone receptor beta
Membrane progesterone receptor gamma
Nuclear receptor 5A subfamily 2

Nuclear receptor subfamily 5 group A member 1
Nuclear receptor subfamily 2 group F member 1
Nuclear receptor subfamily 2 group F
NR2E2

NR2E1

NR1P9*

NR1P8*

NR1P3*

NR1P2*

NR1P13*

NR1P12*

NR1P11*

NR1P10*

NR1J14

NR1J13

NR1J1

NR1G

NR1DA

NR1Dv2

NR1Dv1

NR1DEF

NR1CDEFb*

NR1CDEFa*

Nuclear receptor subfamily 0 group B member 1
Nuclear receptor subfamily 0 group B
NHR43 receptor

NHRA42 receptor

Hormone receptor 96

Hormone receptor 78

Hormone receptor 51

Hormone receptor 3

Ecdysone-induced protein 758

Ecdysone receptor

Androgen receptor

Ecdysone-induced protein 78C

Hepatocyte nuclear factor 4
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Fig. 6. Nuclear receptors identified in molluscs. Number of measurements on the x-axis indicates the total number of measurements
across species, tissues, sexes, life stages, and methodological approaches. Therefore, multiple measurements can come from one
publication. * indicates that an accepted nomenclature abbreviation or name for the reported gene could not be identified, and
gene abbreviations are taken from the respective publications. The entire Mollusca AND Receptors inventory, including details on
all receptors identified, their reported activity, methodological details of included studies and the list of references can be seen in
interactive view via the links in Appendix S7. References included in this figure are listed in Appendix S7 (Section 3.4).
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Method type Method Reference gene/protein Validation of reference
name used? gene/protein?
DNA/RNA qPCR YES NO
detection and
localisation
techniques
YES
NO NO
In situ hybri
nsituhybri- o NO
dization
PCR YES YES
semi-qPCR  YES NO
YES

Konstantinos Panagiotidis and others

Publication count
) 1
( ) 10
( | 20
[ |34

Name of reference gene/protein used
M 185

M Actin

M Actin & Tubulin

M EF-1a

M EF-1aand 18S

M EF-1a and RPS18

M EF-1q, RPL, and GAPDH
M EF-1a, RPS18, RPL7

B GAPDH

] GAPDH, RPL10

"] GAPDH, RPL13

7] GAPDH, RPL13, Tubulin
[ HEL, EF1-a

B N/A

Il NORMA-gene

W RPL7

(Figure 7 legend continues on next page.)

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT



Mapping molluscan endocrinology

CYPI19A1 genes are present in bivalve genomes. The steroido-
genic genes SRD5A1 and SRD5A42 which encode the enzymes
5a-reductase type 1 (5aR1) and So-reductase type 2 (5aR2)
respectively, were identified in gastropods and/or bivalves
(Fig. 8). In this inventory Bivalvia were the most studied mol-
luscan class (66% of studies), followed by Gastropoda (24 %),
while Cephalopoda and Polyplachophora were used in 8%
and 5% of included studies, respectively.

In addition to several genes involved in retinoic acid and
thyroid hormone signalling (discussed in Sections IIL.6.c
and II1.6.¢), of note is the identification of molluscan
homologues for the protein retinochrome in Polyplacophora
(Vocking, Leclere & Hausen, 2021). Retinochrome, which
was first identified in cephalopods, plays an important role
in the visual system of some marine molluscs and is known
to interact with the vitamin A metabolite, retinal (Vécking
et al., 2021). To the best of our knowledge, retinochrome
has not been identified outside molluscs. Although the role
of retinochrome in retinoic acid signalling is currently not
well understood, its identification in several molluscan classes
hints at distinct functions of certain non-vertebrate-type
proteins in these animals that are known to interact with
retinoids.

(b) Methodology characteristics_for Mollusca AND enzymes inventory

As outlined for receptors in Section III.4.5, the identification
of mRNA transcripts corresponding to genes involved in
metabolic and signalling pathways serves as robust evidence
for the existence of their encoded proteins within an
organism. However, hormone-metabolising enzymes were
identified in eligible studies by DNA/RNA detection and
localisation techniques, as well as protein assays.

Of all studies included in this inventory, 89% (N = 34)
employed a DNA/RNA detection and localisation technique
to investigate the presence of hormone-metabolising enzymes
in molluscs (Fig. 9). Among these studies, 91% utilised at least
one reference gene in their analyses to measure relative gene
expression of relevant transcripts. However, only 35% of these
studies attempted to validate the expression stability of the ref-
erence genes across experimental samples. Consequently, two
thirds (65%) of studies from this inventory that utilised refer-
ence genes or proteins in their mRINA assays might have
reported inaccurate results. Protein quantification assays were
employed in 13% of studies included in the Mollusca AND
Enzymes inventory, but none of these studies utilised reference
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proteins in their analyses which raises further concerns regard-
ing the accuracy of the reported outcomes.

(6) Comparative endocrinology across molluscs,
vertebrates, and other invertebrates

Given the ongoing debate on the occurrence, and possible role,
of vertebrate-type steroids in molluscs (Fodor et al., 2020;
Scott, 2012, 2013, 2018), a comprehensive comparison bet-
ween vertebrate steroidogenesis and the evidence supporting
the biosynthesis of these molecules in molluscs is required.
Using the findings from our three data inventories, we pre-
sent schematics of the vertebrate cholesterol synthesis path-
way and steroidogenesis pathway outlining the evidence for
the necessary genes and proteins in molluscs and highlighting
gaps in our knowledge. A comparative assessment of the reti-
noic acid signalling pathway between molluscs and verte-
brates is also conducted, while the presence of understudied
hormonal pathways in molluscs (e.g. ecdysone biosynthesis,
thyroid hormone synthesis) is also discussed.

(a) Evidence for cholesterol biosynthests in molluscs

Cholesterol is a commonly occurring steroid and serves as
a precursor for the synthesis of seven classes of steroids in
vertebrates (oestrogens, androgens, progestins, glucocorti-
coids, mineralocorticoids, vitamin D steroids and bile acids)
(Norman & Litwack, 1997b). The cholesterol biosynthesis
pathway is outlined in Fig. 10 (Saloniemi et al., 2012). Only
a few of the biomolecules known to be involved in cholesterol
biosynthesis were identified for molluscs from our systematic
searches (Fig. 10). Among these, the sterol enzyme
14-demethylase is encoded by the CYP51 gene and metabo-
lises lanosterol to cholestatriene. Lanosterol was identified
in the ovaries, testis and gills of several gastropod species
(Kawashima, Ohnishi & Ogawa, 2013; Takishita
et al., 2017) while CYP51 was identified in the gill epithelial
bacteriocytes of the bivalve Bathymodiolus platifrons (Takishita
et al., 2017). However, neither the activity of CYP51 nor the
identification of the metabolite cholestatriene was recorded in
any of our data inventories (Fig. 10). Additionally, several other
biomolecules of the cholesterol biosynthesis pathway, including
the steroidogenic gene HSD!7B7 which is essential for the con-
version of lanosterol to zymosterol, were not located by our sys-
tematic searches (Fig. 10). Although the identification of
7-dehydrocholesterol and its metabolising gene DHCR7 have
been identified in the gills of B. platifrons (Takishita et al.,

(Figure legend continued from previous page.)

Fig. 7. Methodological characteristics of studies that employed a DNA/RNA detection and localisation technique to measure
receptor genes and proteins in molluscs. Studies are classified based on the type and name of method employed, the
implementation of reference genes or proteins, as well as the experimental validation of those genes or proteins. Abbreviations:
PCR, polymerase chain reaction; qPCR, quantitative PCR; semi-qPCR, semi-quantitative PCR. The entire Mollusca AND
Receptors inventory, including details on all receptors identified, their reported activity, methodological details of included studies
and the list of references can be seen in interactive view via the links in Appendix S7. References included in this figure are listed in

Appendix S7 (Section 3.5).
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Pathway involved  Gene abbreviation = Enzyme name (nomenclature)
(nomenclature)

Konstantinos Panagiotidis and others

Mollusc class

Steroid CYP17A1 Cytochrome P450 family 17 subfamily A member 1 _ M Bivalvia
biosynthesis
Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid Gastropod
HSD3B1 _ M Polyplachophora
delta-isomerase 1
SRD5A1 Steroid 5 alpha-reductase 1 -
STARD3 StAR-related lipid transfer protein 3 -
HSD3B Hydroxy-delta-5-steroid dehydrogenase, 3 beta -
STS Steroid sulfatase I
HSD3B2 Hydro?cy-delta-s-steroid dehydrogenase, 3 beta- and steroid I
delta-isomerase 2
CYP19A1 Cytochrome P450 family 19 subfamily A member 1 I
SRD5A2 Steroid 5 alpha-reductase 2
Retinoic acid ADH1C Alcohol dehydrogenase 1C (class 1), gamma polypeptide
signaling
RLBP1 Retinaldehyde-binding protein 1 I
RDH D* Retinal dehydrogenase D* I
RDH Cc* Retinal dehydrogenase C* I
RDH B* Retinal dehydrogenase B* I
RDH A* Retinal dehydrogenase A* I
RALBP* Retinal binding protein* I
ALDH1A2 Aldehyde dehydrogenase 1 family member A2
Thyroid hormone X X I
biosynthesis TPO Thyroid peroxidase
Thyroid hormone DIO lodothyronine deiodinase _
signalling
SLC5A5 Solute carrier family 5 member 5 I
SLC16A2 Solute carrier family 16 member 2 I

o

10 20 30 40

Number of measurements

Fig. 8. Enzymes involved in steroid biosynthesis, retinoic acid signalling, thyroid hormone signalling and thyroid hormone
biosynthesis identified in Mollusca. Number of measurements on the x-axis indicates the total number of measurements across
species, tissues, life stages, and methodological approaches. Therefore, multiple measurements can come from one publication, for
example three studies (Huang et al., 2015b; Jiang et al., 2019; Song et al., 2016) identified iodothyronine deiodinase in Mollusca. *
indicates that a specific nomenclature abbreviation or name for the reported gene could not be identified, and the reported gene
abbreviations are taken from the respective publications. The entire Mollusca AND Enzymes inventory, including details on all
enzymes identified, their reported activity, methodological details of included studies and the list of references can be seen in
interactive view via the links in Appendix S7. References included in the figure are listed in Appendix S7 (Section 3.6).

2017), functional studies for DHCR7 have not been reported in
any study included the Mollusca AND Enzymes inventory.
Currently, the availability of recent evidence in support of a
cholesterol biosynthesis pathway in Mollusca is sparse. Some
older studies (Voogt, 1967a,b), and more recently reviewed by
Scott (2012), suggested that cholesterol biosynthesis in molluscs
may depend on whether the animals are herbivores or carni-
vores. However, further research and robust species-specific
evidence is required to support this hypothesis.

(b) Parallels of vertebrate sterordogeness identified in mollusc tissues

The vertebrate steroidogenesis pathway begins with the
metabolism of cholesterol to pregnenolone by the P450
cholesterol side chain cleavage enzyme (encoded by
CYPI11A1) (Figs 11 and 12). Pregnenolone can be converted
into a range of steroids, including testosterone, 17f-oestra-
diol, cortisol and progesterone by a series of metabolic reac-
tions (Fig. 11).
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Method type Method name  Reference Validation of
genes/proteins reference
used? genes/proteins?

Publication count

) 1 5
| 5
[ .10
DNA/RNA detection qPCR YES NO | I » 15
& localisation 120
techniques
Name of reference gene/protein
M B-actin
M V-type proton ATPase subunit D &
Heterogeneous nuclear ribonucleoprotein D-like
M 168
M 18s
YES M 18S & EF1
M 28s
! Actin
W EF1-a
M EIF4a, B-tubulin, actin, 18S
B GAPDH, RPL10
M N/A
[l RPL8
W RPL16
NO YES ‘ [ RPL16, Helicase

In-situ YES YES .

hybridisation

o " 9

semi-qPCR YES YES o
DNA/RNA detection
& localisation PCR and
NO YES
techniques & protein Western Blot .
assays

Fig. 9. Methodological characteristics of studies that measured hormone-metabolising enzymes using a DNA/RINA detection and
localisation technique. Studies were classified based on the type and name of method employed, the implementation of reference
genes or proteins, as well as the experimental validation of those genes or proteins. Abbreviations: PCR, quantitative PCR; semi-
qPCR, semi-quantitative PCR. The entire Mollusca AND Enzymes inventory, including details on all enzymes identified, their
reported activity, methodological details of included studies and the list of references can be seen in interactive view via the links in
Appendix S7. References included in this figure are listed in Appendix S7 (Section 3.7).
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Acetyl-CoA 1 @ Not part of the systematic search
+
Not identified
Acetoacetyl-CoA ‘ otidentine
‘ ® Identified by chemical assay
HMGCS 1
@ Identified at the DNA/RNA level
HMG-CoA 1
HMGCR 1
Mevalonate t

|

‘ }
Farnesyl-PP
Zymosterol
FDFT1 l J —I—>

¢ {
Squalene

i | |

Desmosterol 7-Dehydrocholesterol
Lanosterol

|—> Cholesterol J

Fig. 10. Schematic representation of the cholesterol biosynthesis pathway in vertebrates (adapted from Saloniemi et al., 2012) which
includes the conversion of sterols (lanosterol, 4-methylzymosterone, 4-a methylzymosterone, zymosterone, zymosterol,
7-dehydrodesmosterol, lathosterol, desmosterol, 7-dehydrocholesterol, cholesterol) and sterol-related molecules (acetyl-CoA,
acetoacetyl-CoA, B-Hydroxy B-methylglutaryl-CoA (HMG-CoA), mevalonate, farnesyl-PP, squalene, cholestratriene) by related
enzymes (HMGCGS, 3-hydroxy-3-methylglutaryl-CoA synthase; FDFTI, farnesyl-diphosphate farnesyltransferase 1; CYP51,
cytochrome P450 family 51; HSDI7B7, hydroxysteroid 17-beta dehydrogenase 7; NSDHL, NAD(P)-dependent steroid
dehydrogenase-like; DHCRZ24, 24-dehydrocholesterol reductase; DHCR7, 7-dehydrocholesterol reductase). Biomolecules included
in our three data inventories are highlighted by colour according to the method used for their identification: black (biomolecules
not part of the search strategy); grey (biomolecules that were part of the search strategy but were not identified); green
(biomolecules identified in molluscs by a chemical assay); blue (biomolecules identified in molluscs at the DNA/RINA level).
References included in this figure are listed in Appendix S7 (Section 3.8).

(1) Cortisol pathway. In vertebrate steroidogenesis, preg- the mability of the common octopus (Octopus vulgaris) to pro-
nenolone is converted to progesterone which in turn is duce cortisol or corticosterone in response to stress (Maskrey
catalysed to corticosterone or cortisol via a series of metabolic et al., 2025), supporting the suggestion that molluscs have differ-
reactions, mediated by the enzymes 21-hydroxylase and ent endocrine systems compared to vertebrates.

11B-hydroxylase, which are encoded by CYP2IAI and (ii) Sex steroid pathway. In vertebrates, androgens are syn-
CYP11BI, respectively (Fig. 11). Although cortisol has been  thesised zia two main metabolic pathways, namely A*

reported to be present in molluscan tissues zza immunoassays and A°, both of which are derived from pregnenolone
(Binder et al., 2019; Zhang et al., 2021), CYP21A1 and  (Norman & Litwack, 1997b). Both pathways involve the
CYPI11BI were not reported in any of the studies included 17a-hydroxylation of pregnenolone or progesterone

in the Mollusca AND Enzymes inventory (Fig. 11). The via l7a-hydroxylase/17,20 lyase (C1PI7A1) and the
absence of molluscan CYP11B1 is also supported by phyloge- conversion of either dehydroepiandrosterone (DHEA) or
netic analyses that highlight the lack of CYPI/1 enzymes in androstenedione by 17f-hydroxysteroid dehydrogenase

molluscan genomes (Nelson, Goldstone & Stegeman, 2013). (HSD17B1) to androstenediol or testosterone, respectively.
Therefore, the only evidence in the inventory for de novo ~ Androstenediol can be converted to testosterone by 3f-
synthesis of cortisol or corticosterone in molluscs relies on the  steroid dehydrogenase (HSD3B2), which is in turn metabo-
detection of cortisol in tissues via immunoassays, which have lised to the more potent androgen, dihydrotestosterone, by
known limitations in terms of accuracy and specificity (Gust ~ 5o-reductase (SRD5A2). Estrone and oestradiol (i.e. 17f-
et al., 2010), implying this pathway is not conserved within  estradiol), are products of androstenedione and testo-
invertebrates. Interestingly, a recent study demonstrated sterone, respectively, catalysed by the enzyme aromatase,
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Cholesterol
1 STARD3
1 HSD3B2 YP21/
— Progesterone —p —- rti
1 CYP17A1 1CYP17A1
HSD3B2 1, (
17-OH Pregnenolone — —lp — Cortisol
1CYP17A1 lCYP17A1 « T 1
, , HSD3B2 CYP19A1
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ez 1HSD17B1 o2 1HSD77B1 7oz 4 1 HSD1781
HSD3B2 CYP19A1
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Notidentified @ Identified by chemical assay ® Identified by immunoassay @ Identified at the DNA/RNA level @ Identified at protein level

Fig. 11. Schematic representation of the steroid biosynthesis pathway in vertebrates (adapted from Chakraborty et al., 2021) which
includes the conversion of steroids (cholesterol, pregnenolone, 17-OH pregnenolone, dehydroepiandrosterone, androstenediol,
progesterone, 17-OH progesterone, androstenedione, testosterone, dihydrotestosterone, 11-deoxycorticosterone, 11-deoxycortisol,
estrone, oestradiol (17p-oestradiol), corticosterone, cortisol, cortisone) by their respective enzymes (STARD3, StAR-related lipid
transfer domain containing 3; CYPI11A1, cytochrome P450 family 11 subfamily A member 1; CYPI741, cytochrome P450 family
17 subfamily A member 1; HSD17B1, hydroxysteroid 17-beta dehydrogenase 1; HSD3B2, hydroxy-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase 2; CYPI1741, cytochrome P450 family 17 subfamily A member 1; SRD542, steroid 5 alpha-
reductase 2; CYP2141, cytochrome P450 family 21 subfamily A member 1; CYPI19A41, cytochrome P450 family 19 subfamily A
member 1; HSD17B2, hydroxysteroid 17-beta dehydrogenase 2; CYPI1BI, cytochrome P450 family 11 subfamily B member 1;
HSD11B1, hydroxysteroid 11-beta dehydrogenase 1). Biomolecules included in the three data inventories are highlighted by
colour according to the method used for their identification: grey (biomolecules that were part of the search but were not
identified); green (biomolecules identified in molluscs by a chemical assay); orange (biomolecules identified in molluscs by an
immunoassay); blue (biomolecules identified in molluscs at the DNA/RNA level); red (biomolecules identified in molluscs at the
protein level). The level of robustness is considered higher for biomolecules identified using chemical assays (green) or at the

DNA/RNA level (blue). References included in this figure are listed in Appendix S7 (Section 3.9).

encoded by the CYPI9A41 gene (Fig. 11). According to
our inventory, a range of steroids (e.g. progesterone,
testosterone, 17P-estradiol) in these pathways have been
quantified in molluscan tissues vie analytical methods
(Fig. 11), and homologs of many (but not all) of the key ste-
roidogenic enzyme genes have been identified in molluscs
(e.g. CYPI17A1, HSD3B2, HSD17B1, SRD5A2). According
to our systematic searches, C1P/9A41 has not been identi-
fied in molluscs by a DNA/RNA detection or localisation
technique (Fig. 11) or in the genomes of molluscs (reviewed
by Fodor et al., 2020; Scott, 2012). Aromatase (CYPI9AI)
has been reported in molluscan tissues using vertebrate
antibodies (Prisco et al., 2017; Rosati et al., 2019a). How-
ever, evidence based on vertebrate antibodies in molluscs
needs to be considered with caution, as this methodology
can be highly inaccurate for detecting proteins in inverte-
brates, as extensively reviewed by Fodor ¢t al. (2022). This
emphasises the necessity for changing how we identify
enzymes in molluscs. If we are to ensure reliability in the

reported outcomes, future investigations should prioritise
the utilisation of molluscan antibodies in protein quantifi-
cation assays. These analyses should be further accompa-
nied by genomic investigations of the mRNA transcripts
that encode those proteins.

(¢) Euvidence on retinoic acid signalling in molluscs

Retinoic acid (RA) is a metabolic derivative of retinol
(vitamin A). Isomers of RA, such as 9-cis-RA, all-trans-RA
and 13-cis-RA, exhibit distinct biological activities and
play important roles in different processes (Ghyselinck &
Duester, 2019). In vertebrates, RA synthesis begins with
the conversion of retinol to retinaldehyde by two types
of enzymes: alcohol dehydrogenases (ADHI1A, ADHIC,
and ADH4) or retinol dehydrogenase (RDH5 and RDH10)
(Kumar et al., 2012). Retinaldehyde is then metabolised to
RA with the help of the enzymes retinaldehyde dehydroge-
nase 1, 2 and 3 (RALDHI, RALDH?2 and RALDH3),
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Fig. 12. Metabolic activity of C1PI141 (P450 side chain cleavage enzyme) during vertebrate steroidogenesis, which includes the
22R-hydroxylation and 20R-hydroxylation of cholesterol and its eventual conversion to pregnenolone (via the removal of the alkyl
side chain from cholesterol’s D carbon ring). Figure adapted from Norman & Litwack (1997h).

encoded by the ALDHIAI, ALDHIA2, and ALDHIA3
genes respectively (Fig. 13). Interestingly, some vertebrates,
like zebrafish (Danio rerio), are known to have lost their
ALDHIAI ortholog and thus utilise only ALDHIA2 and
ALDHIA3 during RA synthesis (Caifiestro et al., 2009).
Eventually, the metabolism of retinaldehyde to RA leads to
the degradation of RA by cytochrome P450 family 26 enzymes
(CYP26A1, CYP26B1, CYP26C1), encoded by the CYP26
genes (CYP2641, CYP26B1, CYP26CI), which convert it to
inactive metabolites (Ghyselinck & Duester, 2019). Once
metabolised, RA isomers act as ligands for nuclear retinoic
acid receptors (RARs). The main RA that binds to RARs
is all-trans-RA (ATRA), although other isomers with lesser
affinity, such as 9-cis-RA can also bind to RARs (Kumar
etal., 2012). Once bound to a ligand, RARs are known to form
heterodimers with retinoid X receptors (RXRs), which in

contrast to RARs, can only bind to 9-cis-RA. Once formed,
the RAR/RXR complex can modulate gene transcription
by binding to specific DNA sequences known as RA response
elements (RARE) (Ghyselinck & Duester, 2019).

Many of the biomolecules involved in the RA signalling
pathway have also been reported to be present in molluscs
(Fig. 13). Our systematic searches identified retinol, RA and
RA isomers in various molluscan species and tissues (Fig. 13).
Consequently, the presence of ADHIC and ALDHIAZ2 ortho-
logs in molluscan genomes (Coclho e al., 2012; Rothwell
et al., 2014) provides evidence for the potential conservation
of retinoid acid signalling in Mollusca. Indeed, exposure of
gastropod Nucella lapillus females to retinol was shown to down-
regulate ADHIC expression levels in the gonads (Coelho
et al., 2012). However, whether ADHIC and ALDHIAZ

can metabolise their respective retinoids in molluscs remains
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Fig. 13. The retinoic acid signalling pathway in vertebrates, including the enzymes and nuclear receptors involved in retinoid
metabolism and retinoid transfer. Biomolecules included in the systematic searches are highlighted by text colour according to the
method used for their identification: black (biomolecules not part of the search); grey (biomolecules that were part of the search
but not identified); green (biomolecules identified by a chemical assay); blue (biomolecules identified at the DNA/RINA level).
Abbreviations: CRABP, cellular retinoic acid-binding protein; CRBP, cellular retinol-binding protein; ATRA, all-trans retinoic
acid; 9-cis-RA, 9-cis retinoic acid; 4-oxo-RA, 4-oxo-retinoic acid; RA, retinoic acid; RPB4, retinol-binding protein
4. Figure created with BioRender.com. References included in this figure are listed in Appendix S7 (Section 3.10).

to be elucidated. Nonetheless, there is evidence that some
retinoid receptors found in molluscs exhibit comparable func-
tions to those found in vertebrates. In particular, RXR in mol-
luscs was shown to bind to the RA isomer 9-cis-RA i vitro
(Gutierrez-Mazariegos e al., 2014). Conversely, i uviro
exposure of molluscs to retinoids and retinoic acid isomers
including retinal, retinol, ATRA, 9-cis-RA and 13-cis-RA,
demonstrated an inability of molluscan RARs to bind to,
and thus be activated by, their respective ligands. However,
it was shown that RAR can form a heterodimer complex with
RXR in molluscs (Gutierrez-Mazariegos et al., 2014; Urushi-
tani et al., 2013). The evidence suggests that some similarities
exist between the vertebrate and molluscan RA signalling
pathway. However, there are also differences in the regulatory
mechanisms of retinoid receptors between these two groups,
implying that the RA signalling pathway of molluscs and ver-
tebrates has followed separate evolutionary paths (Gutierrez-
Mazariegos et al., 2014).

(d) The occurrence of phytosterols and edeysterowds in molluscs

Interestingly, our systematic searches identified the presence
of a wide range of phytosterols (plant sterols) in molluscan tis-
sues. Until recently, phytosterols were thought to occur
exclusively in plants and that phytosterols were only able to

enter an animal’s body through its diet (Ozyurt et al., 2013).
However, a recent study has demonstrated that some marine
annelids can synthesise sitosterol (a plant sterol) as well as
cholesterol de novo (Michellod et al.,, 2023). Plant-feeding
insects were previously shown to metabolise phytosterols
and convert them into cholesterol (Ikekawa, Morisaki &
Fujimoto, 1993). This conversion involves the breakdown
of alkyl groups that are attached to the 24th carbon atom of
the phytosterol molecule (Ikekawa et al., 1993). Surprisingly,
bivalve molluscs were found to possess similar metabolic abil-
ities. The northern bay scallop Argopecten irradians irradians
was shown to metabolise the radiolabelled phytosterols
24-methylenecholesterol, 24-propylidenecholesterol, epiocce-
lasterol, brassicasterol, 4o-methylcholestanol and 4o-methyl-
cholest-8(14)-enol to cholesterol (Giner et al, 2016). An
interesting observation was the ability of this species to pro-
duce A”7 sterols, such as provitamin D, from A” (phyto)ste-
rols (Giner et al., 2016). The induction of a double bond
at the A’ position of the sterol molecule is the reverse
mechanism from the one that exists in vertebrate sterol bio-
synthesis. This ability seems to be conserved in nematodes
and insects, where the induction of a double bond at
the A’ position of a sterol molecule induces the biosynthe-
sis of the insect steroid ecdysone (Chitwood, Lusby &
Salt, 1987; Huang, Warren & Gilbert, 2008). Notably, a
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recent phylogenetic analysis suggests that molluscs do not
contain the 24-C sterol methyltransferase (SM7) gene in
their genomes, which is vital for the synthesis of phytos-
terols (Brunoir et al., 2023). Together, this evidence sug-
gests that molluscs may take up A’ (phyto)sterols from the
environment and convert them to A>’ sterols for subse-
quent steroid biosynthesis. These observations imply that
insect steroid hormones, like ecdysone, may be produced
in molluscs endogenously.

Although the identification of insect steroids in molluscs
was part of our search strategy, 7-dehydrocholesterol was
the only ecdysteroid intermediate reported to exist in mol-
luscs in the Mollusca AND Hormones inventory (Hurtado
et al., 2012; Takishita et al., 2017). Nevertheless, a growing
body of evidence has identified many types of receptors
in molluscs that were previously thought to exist exclusively
in insects (Pes et al., 2021; Raingeard ¢t al., 2013; Stange &
Ochlmann, 2012; Vogeler et al., 2016). Among these, gene
transcripts of the ecdysone receptor (EcR), which binds to
and 1is activated by ecdysone in insects, were found to be
expressed in the embryo and whole body of the bivalve
Crassostrea gigas (Vogeler et al., 2016). The relative expres-
sion of E¢cR transcripts was found to vary across develop-
mental stages and was particularly up-regulated 15 days
post-fertilisation (Vogeler ¢t al., 2016). A recent study has
identified the expression of both membrane and nuclear
Ec¢R homologs in the genome and neural transcriptome
of Lymnaea stagnalis (Fodor et al., 2024a) whereas another
study measured ecdysone concentrations and the relative
expression of Ec¢R transcripts in tissues and larval deve-
lopmental stages of the oyster Pinctada fucata martensit
(Xiong et al., 2022). EcR was found to be most highly
expressed at the gastrula stage of P. f. martensit larvae and
in the mantle tissue of adults. Most importantly, a shell-
notching experiment in the same study revealed increasing
ecdysone serum production from 2 to 8 h post-shell damage
which coincided with increasing relative expression levels of
EcR (Xiong et al., 2022). Such findings suggest that molluscs,
or at least bivalves, may produce ecdysone endogenously,
although care must be taken with these initial studies as
ecdysone was measured iz an insect 20-hydroxyecdysone
ELISA Kit (Xiong et al., 2022). Another hypothesis is that
molluscs absorb ecdysone from their diet rather than synthe-
sising it endogenously (Garcia, Griffond & Lafont, 1995),
thus leading to its interaction with a functional £¢R in these
animals. Notably, exogenous ecdysone has been demon-
strated to interact with an endogenous G protein—coupled
receptor—type (GPCR-type) receptors in mammals, via
in vitro and in silico approaches (Lafont et al., 2022). However,
it remains unclear whether exogenous ecdysone can activate
molluscan EcR. Moreover, as was highlighted for RAR
and ESR above, molluscan NRs do not always bind to,
or are activated by, their expected ligands. Elucidating
possible ecdysteroid biosynthesis pathways, and ecdysone’s
potential binding affinity to EcR will be important to under-
stand fully any role ecdysteroids might play in molluscan
endocrinology.

Konstantinos Panagiotidis and others

() The occurrence of thyroid hormones in molluscs

Over the past decade, the discovery of thyroid biomolecules
in molluscs has generated considerable interest, suggesting
the potential existence of a thyroid hormone signalling path-
way in these animals. Notably, the two main thyroid hor-
mones thyroxine (T4) and triiodothyronine (T'3) have been
chemically observed in the haemolymph tissues of the
gastropod Achatina fulica (Lustrino et al., 2017), as well as in
embryos and other tissues of the bivalves Rutidapes philippi-
narum and Crassostrea gigas according to our systematic
searches (Huang et al., 2015¢c, 2019; Jiang et al., 2019; Song
et al., 2016). Consequently, mRNA transcripts of the thyroid
receptor (THR) were measured at several larval development
stages of another bivalve, Mytilus unguiculatus (Li et al., 2020).
Interestingly, an RNA interference experiment, which
caused the knockdown of THR gene expression, revealed sig-
nificant downregulation of its relative gene expression levels,
which in turn led to significant inhibition of larval metamor-
phosis and a decline in larval viability (Li e al., 2020). Such
findings indicate the potential involvement of 7HR in the
early development of bivalves, however, the activity of THR
in molluscs does not seem to be a result of binding to T4 or
T3 (Huang et al., 2015¢; Morthorst et al., 2023). Nonetheless,
gene transcripts that encode multiple thyroid hormone-
metabolising enzymes were also recorded in the Mollusca
AND Enzymes inventory. These include transcripts of the
enzyme thyroid peroxidase (7PO) (Jiang et al., 2019; Song
etal., 2016) which is involved in thyroid hormone biosynthesis
in vertebrates, and isoforms of the enzyme deiodinase (Deio)
known to activate and deactivate thyroid hormones. In fact,
the relative mRNA expression of the latter was found to be
up-regulated following exposure of Crassostrea gigas larvae to
exogenous T4 (Huang et al., 2015¢).

IV. DISCUSSION

Gene expression assays such as quantitative PCR (QPCR) and
i suu  hybridisation can accurately determine the
presence of molecules (such as receptors or hormone-
metabolising enzymes) at the genomic (DNA) and transcrip-
tion (RNA) level (Kirby et al, 2007; Nygaard &
Hovig, 2009). On the other hand, protein expression assays,
like western blots or immunohistochemistry techniques, are
only able to detect molecular components at the protein level
(Shebl et al., 2010). Consequently, the presence of a protein
revealed by such assays in an organism does not necessarily
mean that it is encoded by a gene in the organism’s genome.
Indeed, the concept of exogenous protein uptake in molluscs
has been known for decades (Bottke, Sinha & Keil, 1982;
Bottke & Sinha, 1979). To confirm the endogenous nature of
a receptor or hormone-metabolising enzyme in any organism
it is necessary to examine the respective gene at the genome
(DNA) and expression (RINA) level (Nygaard & Hovig, 2009;
Shebl et al, 2010). Fundamental to the question of
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vertebrate-type steroidogenesis in molluscs is the CYPI1A1
enzyme, which plays a crucial role during vertebrate steroido-
genesis as it presents the very first step of de novo steroid
biosynthesis from cholesterol (Figs 11 and 12). Positive iden-
tification of a molluscan CYPIIAl was absent from the
Mollusca AND Enzymes inventory, as well as from the
genomes of molluscs studied through previous transcriptomic
and whole-genome analysis studies (Adema et al.,, 2017;
Fodor, Koene & Pirger, 2021). This lack of CYPIIAl
implies that molluscs are unable to metabolise cholesterol
to produce pregnenolone, and therefore any of the other
subsequent vertebrate-type steroids de novo (Fig. 12). If mol-
luscs are endogenously producing steroids from cholesterol,
it is likely their structure(s) will differ from those of verte-
brates, as is the case in arthropods. Arthropods use choles-
terol to produce ecdysone through a series of metabolic
reactions catalysed by a distinct set of P450 enzymes
involved in insect steroidogenesis (Petryk et al., 2003). Ecdy-
sone’s structure varies from that of any vertebrate-type ste-
roid, such as pregnenolone, as it contains a unique side
chain on its D carbon ring (Fig. 14).

If molluscs cannot synthesise vertebrate-type steroids the
considerable body of literature that has measured these
steroids, using robust and sensitive analytical chemistry
methods, in mollusc tissues needs to be addressed. Why are
oestrogens or testosterone detected in molluscan tissues if
they are not being produced by these animals? Researchers
have proposed that molluscs can take up and accumulate
steroids in their tissues from exogenous sources/the environ-
ment (Fodor et al., 2022; Schwarz et al., 2017). For example, a
study conducted by Schwarz et al. (2017) demonstrated that
species within the genus Mytilus possess the ability to absorb
radiolabelled testosterone from water, esterify it and store it
in their tissues. Similarly, Fodor et al. (2022) confirmed that
the freshwater gastropod Lymnaea stagnalis can absorb and
esterify a range of steroids from water, including testosterone,
17B-oestradiol and progesterone.

Additional lines of evidence also need to be considered,
beyond the process of steroid synthesis, to consider steroid
signalling pathways. The identification of nuclear oestrogen
receptor (ESR) in molluscs has been taken as supporting
evidence for the biological relevance of oestrogens in mol-
luscs (Lii et al., 2016). However, although the ESR gene in
molluscs was initially thought to be homologous to the verte-
brate nuclear ESR, a recent study suggested that molluscan
ESR is in fact orthologous to the common ancestor of
vertebrate £SR and oxosteroid receptors (androgen receptor,
glucocorticoid receptor, mineralocorticoid receptor and pro-
gesterone receptor) (Hochberg et al., 2020). Moreover, the
ligand binding pocket of mollusc ESRs does not bind to oes-
trogens (or other steroids), and oestrogens do not activate
molluscan ESRs (Bridgham et al., 2014). This does not mean
that mollusc ESRs are redundant. Instead, mollusc ESRs
may be constitutively active and regulate gene transcription
without a ligand (i.e. steroids). For example, in bivalves,
ESR expression has been shown to change during key devel-
opmental stages (Vogeler et al., 2016) (Fig. 15). Additional
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lines of evidence have indicated the presence of non-genomic
oestrogen signalling in bivalves, suggesting that exogenous
oestrogens may be modulating ESRs through independent
receptor pathways (reviewed in Balbi, Ciacci & Canesi, 2019).
Such alternative pathways may be associated with mem-
brane or cytosolic adaptor proteins and may take place
either on the plasma membrane or in the cytosol, rather
than the cell nucleus (Balbi ¢t al., 2019). However, in the
absence of evidence for a functional and specific mem-
brane oestrogen receptor homolog in molluscs, capable
of mediating non-genomic oestrogen signalling (as it does
in vertebrates), as well as membrane androgen receptor
homologues to respond to testosterone, these suggestions
cannot be confirmed. Notably, a recent study by Fodor
et al. (2024a) demonstrated the unresponsiveness of the
membrane-bound G protein-coupled oestrogen receptor 1
(GPERI) when exposed to oestrogens, thus suggesting an
absence of this homologue in Lymnaea stagnalis. Additionally,
the authors demonstrated the inability of a membrane pro-
gesterone receptor (mPR) homologue to respond to proges-
terone in the same model organism (Fodor et al., 2024a).
Together, it was hypothesised that both genomic and non-
genomic sex steroid signalling may not be conserved in
molluscs. In line with these observations, it has been recom-
mended that genes previously termed as molluscan nuclear
ESRs should be classified as NR3D (Fodor et al., 2024a; Mar-
kov & Laudet, 2011).

Despite poor evidence for vertebrate-type steroid bio-
synthesis in molluscs, some vertebrate-type steroidogenic
enzymes were reported to exist in molluscan genomes.
Most notably, the genes CYPI741, HSDI7B1, SRD5A1
and SRD5A42, whose enzymes in vertebrates metabolise pro-
gesterone, and rostenedione and testosterone respectively,
were all measured in molluscan tissues at the DNA or
RNA level. However, the identification of steroidogenic
enzymes in molluscan genomes does not confirm the exis-
tence of identical enzyme substrates or products to those
found in vertebrates. For example, in plants, the DET2
gene encodes an enzyme that has a significant sequence sim-
ilarity with mammalian 5aR1/5aR2 (encoded by SRD5A41/
SRD5A2 in vertebrates) (Li & Chory, 1999). In vertebrates,
SaRs convert testosterone to dihydrotestosterone. DET2
has been shown to be a functional ortholog of verteb-
rate S5aR, catalysing testosterone to dihydrotestosterone
under experimental conditions (Li & Chory, 1999; Rosati
et al., 2003). Although DET2 has a similar catalytic role as
SRD5A2, in plants it acts on a different set of substrates,
called brassinosteroids (plant steroids), metabolising cam-
pesterol to campestenol (Li & Chory, 1999). The presence
of enzymes like Det2/5aR in broad groups of organisms
(e.g. plants, vertebrates, invertebrates) suggests they have a
long evolutionary history (Markov ¢ al., 2017) and substrates
may differ as organisms evolve.

For example, Markov et al. (2017) suggested that newly
emerged metabolites can act as substrates for already existing
enzymes, and this could lead to either an extension or extinc-
tion of metabolic pathways. An interesting example is the late
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Fig. 14. The conversion of cholesterol to ecdysone in insect steroidogenesis after a series of metabolic steps catalysed by P450
enzymes specific to this pathway. The cholesterol molecule contains an alkyl side chain at its D carbon ring which is converted to

an ecdysone-specific side chain attached to the same carbon ring.

emergence of modern oestrogens (e.g. 17p-estradiol) in basal
vertebrates which in turn outcompeted an already existing
group of metabolites called paraestrols (Markov et al., 2017).
Taken together, the evidence supporting endogenous synthesis
of vertebrate-type steroids in molluscs is unconvincing. Future
steroid research in molluscs should be directed towards under-
standing possible novel substrates, products, and pathways,
rather than continuing the vertebrate-centric approach of
the last few decades.

On the other hand, the evident similarities that exist
between molluscan and vertebrate retinoic acid signalling
pathways indicate the activity of retinoids and a role in mol-
luscan biology. The retinoid system is known as a key regula-
tor of various biological processes in other organisms, from
embryonic development and body patterning to reproduc-
tive and immune function (OECD, 2021). By contrast, the
retinoid system in molluscs (beyond the impacts of TBT on
marine gastropods) remains largely understudied. In addi-
tion, the evidence for the existence of understudied hormonal
signalling pathways in molluscs, including potential biosyn-
thesis of ecdysteroids and thyroid hormones, seems promis-
ing. However, the lack of information regarding the activity
of retinoid, thyroid and ecdysteroid biomolecules calls for

further molecular investigations on various components
within those pathways, with potential to unveil insights into
the regulatory mechanisms and evolutionary history of mol-
luscan endocrine systems.

V. FUTURE RESEARCH NEEDS AND
PERSPECTIVES

This review provides a comprehensive and systematic over-
view of molluscan endocrinology. It combines reports of hor-
mones, receptors and enzymes identified in Mollusca with a
RoB assessment to consider the robustness of the data pre-
sented. Evidently, the historical focus of research on molluscan
endocrinology, attempting to discover parallels with the verte-
brate steroid hormone signalling pathway, still persists in our
three inventories. We also note the frequent use of approaches
or methodologies which are not specific enough or reliable in
molluscan tissues. Moreover, there is a large disparity between
the number of papers investigating vertebrate-type steroids
compared to retinoids, which is surprising given that retinoids
have been known to be mvolved in key developmental
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Method Type of primer/antibody
type (group) used

DNA/RNA  Mollusc-specific primers
detection

and

localisation

techniques

Evidence

of

receptor’s
activity?

NO

YES

Type of intervention

Exposure to testosterone (T) or oestradiol (E2) in vitro

No intervention

Change of expression following exposure to BPA (1 pg/L and 10 ug/L) and E2 (10

ug/L)

Exposure to 17b-oestradiol (E2) in vivo for a 14-day and 28-day period

Exposure to Benzo[a]pyrene (B[a]P) at 0.4 ug/L, 2 ug/L, and 10 ug/L. Exposure to
2,2',4,4-tetrabromodiphenyl ether (BDE-47) at 0.1 pg/L, 1 ug/L, 10 ug/L
Exposure to Benzo[a]pyrene (B[a]P) at different concentrations (0.1 pg/L, 0.5 pg/L,

2.5ug/L)

Exposure to Bisphenol A (BPA) (1 pg/L and 10 pg/L) and 17b-oestradiol (E2) (10

ug/L)

Exposure to different concentrations of Benzo[a]pyrene (B[a]P) (0.025 pg/L, 0.5

Hg/L, 10 pg/L)

No intervention

RNAI (interference) was used to silence the expression of estrogen receptor (ESR)

in vivo.

Details of activity

No evidence of activity

No evidence of activity

Up/Downregulated expression

Upregulated expression

Upregulated expression after 0.4 ug/L and 2 ug/L B[a/P] exposure, as
well as at 1 pg/L and 10 pg/L of BDE-47

Up/Downregulated expression
Up/Downregulated expression
Up/Downregulated expression

Up/Downregulated expression across developmental stages

Up/Downregulated expression across different stages of ovarian
development

Up/Downregulated expression in different tissues.

Up/Downregulated expression in different tissues.

Downregulated expression
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Fig. 15. Oestrogen receptor (ESR) activity in bivalves as observed from studies included in the Mollusca AND Receptors inventory.
Full details on ESR activity, including details on their reported activity, methodological details of included studies and the list of
references can be seen in interactive view via the links in Appendix S7. References included in this figure are listed in Appendix S7

(Section 3.11).

processes in molluscs since the early 2000s (Nishikawa

et al., 2004). There is evidence indicating endogenous produc-
tion of other hormones, including insect steroids, retinoids and
thyroid hormones, in molluscs. This provides opportunities for
novel investigations that could unlock a better understanding
of molluscan endocrinology.

Given the evidence presented here, we strongly recom-
mend that the research community begins to explore these
less-investigated endocrine pathways in molluscs rather than
continuing to focus on a vertebrate-centric approach
(Gozdzik et al., 2023).

In summary, our recommendations are:
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(1) Development and wuse of non-targeted approaches
(e.g. ‘omics) to avoid a vertebrate-orientated-bias in molluscan
endocrine research. Combinations of metabolomics, proteo-
mics, lipidomics and genomics are needed to support detailed
endocrine pathway analysis.

(2) Collaboration between experts in the evo-devo, analyti-
cal chemistry and experimental biology fields should be
encouraged.

(3) Further investigations of exogenous hormone uptake in
molluscs are needed, e.g. studying the mechanisms through
which molluscs take up and store hormones from their
environment.

(4) When investigating if a hormone is involved in an ani-
mal’s endocrinology, a holistic approach should be taken,
1.e. by investigating the interactions of hormones confirmed
to be present in molluscs (using robust methodologies), with
their respective receptors, and with hormone-metabolising
enzymes known to be expressed in molluscan genomes.
Other components of relevant metabolic pathways should
also be examined.

(5) Expand retinoid signalling research in molluscs by
examining the presence and function of understudied
retinoic acid signalling biomolecules. These investigations
should include a comparative assessment of potential similar-
ities and differences between the molluscan and vertebrate
retinoic acid signalling pathway.

(6) Further explore the function of thyroid signalling in
molluscs by investigating the role of thyroid hormones T3
and T4, as well as the function of THR during molluscan
development.

(7) Explore the presence of ecdysteroid signalling in molluscs
by investigating the occurrence and function of related bio-
molecules in molluscs. Investigations should also focus on
the uptake and conversion of A” (phyto)sterols to A sterols
in molluscs and their potential involvement in ecdysteroid
biosynthesis.

(8) For all such investigations, robust analytical methods
must be implemented, such as investigations performed
at the molecular level to confirm the presence of respective
biomolecules at the genome (DNA) and expression (RNA)
level using appropriately validated approaches. Protein-level
investigations should implement mollusc-specific antibodies
to ensure reliability of findings.

VI. CONCLUSIONS

(1) This study provides a fully searchable database that com-
prises the systematic categorisation and critical appraisal of
9 years of evidence on molluscan endocrinology. This
resource is available for the scientific community to use and
aims to assist in directing future research efforts towards the
exploration of understudied hormonal pathways in molluscs
using robust methodological design.

(2) At present, the occurrence of cholesterol biosynthesis in
molluscs remains poorly understood and lacks supporting

Konstantinos Panagiotidis and others

evidence. Although some key enzymes such as CYP51
have been identified, evidence for their metabolic activity in
molluscs remains sparse. Consequently, the absence of
key steroidogenic genes from molluscan genomes, including
CYP11AI and CYP21A1, suggests that molluscs are unable
to synthesise vertebrate-type steroids de novo.

(3) Existing evidence on retinol metabolism in molluscan tis-
sues suggests partial similarity between the vertebrate and
molluscan retinoic acid signalling pathway. However, more
research is needed in molluscs to elucidate the role of under-
studied biomolecules that are involved in this pathway.

(4) The occurrence of thyroid hormones and the reported
activity of the thyroid receptor in molluscs, highlights poten-
tial involvement of these biomolecules in developing bivalves,
but existing evidence on the role of thyroid signalling in these
animals remains sparse.

(5) The presence of a wide range of phytosterols and the pro-
duction of A>7 sterols in molluscs indicates potential endog-
enous synthesis of insect steroid hormones (e.g. ecdysteroids).
Further research should be accompanied by evidence for the
presence and activity of their respective nuclear receptors.
(6) Future investigations should implement robust exp-
erimental designs and analytical methodologies to study
molluscan endocrine systems and should focus on the investi-
gation of understudied or novel hormonal pathways in these
animals.

VII. ACKNOWLEDGEMENTS

This work was supported by UK Research and Innovation
(UKRI) and the Natural Environment Research Council
(NERC) Doctoral Training Partnership (DTP) [grant NE/
500722971, Project Reference: 2390134]. The systematic
evidence map will be incorporated into Konstantinos
Panagiotidis’ doctoral thesis.

VIII. AUTHOR CONTRIBUTIONS

K.P.: Writing — Original Draft, Review & Editing. K.P. is the
guarantor of the systematic evidence map and was also
responsible for drafting the protocol, the search strategy,
the data extraction template, the RoB tool, RoB guidelines
and the manuscript. K.P. is responsible for the data extrac-
tion of all eligible studies, their assessment for RoB, and the
visualisation of data. A.B.: Writing — Review & Editing,
Methodology, Supervision, Conceptualization, Resources,
Project Administration. A.B. provided expertise and special-
ist knowledge in the subject area, contributed to the develop-
ment of the search strategy and participated in initial
screening. A.B. provided feedback on the conduct of all pilot
activities, including that of data extraction and RoB assess-
ment, as well as the manuscript. O.V.M: Writing — Review &
Editing, Methodology. O.V.M. contributed knowledge and

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85U9017 SUOWIWIOD SAIIeR1D 8|qeal|dde auyy Ag peusencb afe sapoie O ‘88N JO SajnJ 1oy Akeiqi]aullu 9|1 UO (SUOTIPUOD-pUe-SWLB)W0D A8 | 1M AJeiq 1jpuluo//sdiy) SUONIPUOD Pue SWLB | 8Y) 89S *[6Z0z/2T/9T ] uo ArigiTauluo Ao ‘Aisenun punig Ag ZTT0Z AG/Z00T 0T/I0p/wod A3 im Aleld puljuoy//sdny wolj pspeojumod ‘0 ‘XG8T6E9YT



Mapping molluscan endocrinology

good practice of systematic evidence map methods as a sys-
tematic review expert. T.H.M.: Writing — Review & Editing,
Supervision.

IX. DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available
in the supplementary material of this article. Data supporting
this study, including links to the interactive online database,
are included within the supporting information. Data on
the draft protocol are available in Panagiotidis (2022).

X. REFERENCES

*ABD EL-ATTI, M. S., EL-SAYED, A. S. A, & Saip, R. M. (2020). Usage of
pharmaceutical contraceptive drug for controlling Eobania vermiculata snails by baits
technique. Heliyon 6, ¢05630.

*ABDEL-HaMID, H. & MEKAWEY, A. A. L. (2014). Biological and hematological
responses of Biomphalaria alexandrina to mycobiosynthsis silver nanoparticles. journal
of the Egyptian Society of Parasitology 44, 627-637.

*ABIDLI, S., CasTRO, L. F. C., LAHBIB, Y., REIs-HENRIQUES, M. A., TrRIiGUI EL
Mentr, N. & Santos, M. M. (2013). Imposex development in Hexaplex trunculus
(Gastropoda: Caenogastropoda) involves changes in the transcription levels of the
retinoid X receptor (RXR). Chemosphere 93, 1161-1167.

*ABIpLI, S., SanTos, M. M. H., Lamsis, Y., Castro, L. F. C., REIs-
HENRIQUES, M. A. & TriGul EL MENTF, N. (2012). Tributyltin (TBT) effects on
Hexaplex trunculus and Bolinus brandaris (Gastropoda: Muricidae): imposex induction
and sex hormone levels insights. Ecological Indicators 13, 13-21.

ABreu, C., ALBrRECHT, C., ALDRIDGE, D., Aronso, M., Araujo, R,
ARCONADA, B., Bapia BoHEer, J. A, BARker, G., BicHAIN, ]J-M.,
BiLanpzija, H., Bopon, M., BoUuCHET, P., CHARRIER, M., CIANFANELLI, S.,
Crosoru, O., £7 4. (2019). European Red List of Terrestrial Molluscs: Snauls, Slugs, and
Semi-Slugs. TUCN, Brussels, Belgium.

*ABRIL, ]J. F. & CASTELLANO, S. (2019). Genome Annotation. In Encyclopedia of
Buoinformatics and Computational Biology (eds S. RANGANATHAN, M. GRrisskov and C.
SCHONBACH), pp. 195-209. Academic Press, Amsterdam; Oxford; Cambridge.

*ABu EL EININ, H. M., ALL R. E., GAD Er-KAriM, R. M., YOUSSEF, A. A., ABDEL-
Hamip, H. & Hasis, M. R. (2019). Biomphalaria alexandrina: a model organism for
assessing the endocrine disrupting effect of 17f-estradiol. Environmental Science and
Pollution Research 26, 23328-23336.

Apema, C. M., HiLLIER, L. D. W,, JonEes, C. S., Loker, E. S., KNIGHT, M.,
MinX, P., OLIVEIRA, G., RAGHAVAN, N.; SHEDLOCK, A., DO AMARAL, L. R,
ArICAN-GOKTAS, H. D., Assis, J. G., BaBa, E. H., BAroN, O. L., BAYNE, C. .,
ET AL. (2017). Whole genome analysis of a schistosomiasis-transmitting freshwater
snail. Nature Communications 8, 15451.

*AFSAR, N., SIDDIQUI, G., RASHEED, M., AHMED, V. U. & KnHaAN, A. (2012). GC-MS
analysis of fatty acids (FAs) of prosobranch gastropod species Thais carinifera from
Pakistan coast (North Arabian Sea). Journal of the Chemical Society of Pakistan 34,

5-569.

*AGNESE, M., RosaTi, L., Prisco, M., BorzaccHIELLO, L., ABAGNALE, L. &
ANDREUCCETTI, P. (2019). The expression of estrogen receptors during the
Mytilus galloprovincialis ovarian cycle. Journal of Experimental Zoology Part A:
Ecological and Integrative Physiology 331, 367-373.

*AKCHA, F., BARRANGER, A., BACHERE, E., BERTHELIN, C. H., PIQUEMAL, D.,
ALONSsO, P., SALLAN, R. R., DIMASTROGIOVANNT, G., PORTE, C., MENARD, D.,
SzczyBELSKI, A., BENABDELMOUNA, A., AUFFRET, M., RouxkL, J. &
Burcror, T. (2016). Effects of an environmentally relevant concentration of
diuron on oyster genitors during gametogenesis: responses of early molecular and
cellular markers and physiological impacts. Environmental Science and Pollution Research
23, 8008-8020.

ANDRE, A., Rutvo, R., FONSECA, E., FROUFE, E., CasTrO, L. F. C. & SANTOS, M. M.
(2019). The retinoic acid receptor (RAR) in molluscs: function, evolution and
endocrine disruption insights. Aquatic Toxicology 208, 80-89.

*AQUILINO, M., MARTINEZ-GUITARTE, J. L., GArcia, P., BELTRAN, E. M.,
FERNANDEZ, C. & SANCHEZ-ARGUELLO, P. (2018). Combining the assessment of
apical endpoints and gene expression in the freshwater snail Physa acuta after
exposure to reclaimed water. Science of the Total Environment 642, 80—189.

27

*AQUILINO, M., SANCHEZ-ARGUELLO, P., Novo, M. & MARTINEZ-GUITARTE, J. L.
(2019). Effects on tadpole snail gene expression after exposure to vinclozolin.
Ecotoxicology and Environmental Safety 170, 568-577.

*AviLa-Povepa, O. H., MonTes-PErez, R. C.,; BENITEZ-ViLLALOBOS, F. &
Rosas, C. (2013). Development and validation of a solid-phase radioimmunoassay
for measuring progesterone and testosterone in octopus gonad extracts. Malacologia
56, 121-134.

*AviLA-Povepa, O. H., Montes-Pirez, R. C., Kouera, N., BENITEZ-
ViLLarLosos, F., RAMIREZ-PEREZ, J. S., JiMENEZ-GUTIERREZ, L. R. &
Rosas, C. (2015). Seasonal changes of progesterone and  testosterone
concentrations throughout gonad maturation stages of the Mexican octopus,
Octopus maya (Octopodidae: Octopus). Molluscan Research 35, 161-172.

Bavpi, T., Ciaccl, C. & Canesi, L. (2019). Estrogenic compounds as exogenous
modulators of physiological functions in molluscs: signaling pathways and
biological responses. Comparative Biochemistyy and Physiology Part C: Toxicology &
Pharmacology 222, 135-144.

*BaLBl, T., FRANZELLITTI, S., FABBRI, R, MONTAGNA, M., FaBBrI, E. &
Canesi, L. (2016). Impact of bisphenol a (BPA) on early embryo development in
the marine mussel Mytilus galloprovincialis: effects on gene transcription. Environmental
Pollution 218, 996-1004.

*BANNISTER, R., BERESFORD, N., GRANGER, D. W., Pounps, N. A., RaND-
WEAVER, M., WHITE, R., JoBLING, S. & RouTLEDGE, E. J. 2013 No
substantial changes in estrogen receptor and estrogen-related receptor orthologue
gene transcription in Marisa cornuarielis exposed to estrogenic chemicals. Aquatic
Toxicology 140-141, 19-26.

*BAYNES, A., MonTacUT PmNno, G., Duong, G. H., Lockyer, A. E.,
McpoucaLrL, C., JOBLING, S. & RoUTLEDGE, E. J. (2019). Early embryonic
exposure of freshwater gastropods to pharmaceutical 5-alpha-reductase inhibitors
results in a surprising open-coiled “banana-shaped” shell. Scientific Reports 9, 1-12.

*BeaTto, M. & KLUG, J. (2000). Steroid hormone receptors: an update. Human
Reproduction Update 6, 225-236.

BINDER, A. R. D., Pra¥rL, M. W., HILTWEIN, F., JUERGENGEIS, J. & BEGGEL, S.
(2019). Does environmental stress affect cortisol biodistribution in freshwater
mussels? Conservation Physiology 7, 1-10.

BLABER, S. J. M. (1970). The occurrence of a penis-like outgrowth behind the right
tentacle in spent females of Nucella Lapillus (L.). Journal of Molluscan Studies 39,
231-233.

*BODOFSKY, S., Korrz, F., WIGHTMAN, B. & BALDWIN, W. (2017). Nuclear receptors
in animal development. Nuclear Receptor Research 4, 33.

*Boepanov, A., HeErTzER, C., KeHrRAUS, S., NIETZER, S., ROHDE, S.,
Scuurp, P. J., WAGELE, H. & KONIG, G. M
its defensive role in the aeolidoidean Phyllodesmium longicirrum, (Gastropoda,
Heterobranchia, Nudibranchia). Beilstein Journal of Organic Chemistry 13, 502-519.

BouMm, M., DEwHURsT-RicHmAN, N. I, SEppON, M., LEDGER, S. E. H.,
ALBRECHT, C., ALLEN, D., BoGaN, A. E., CorbpEIRO, J., CumMmINGs, K. S,
CuTTELOD, A., DARRIGRAN, G., DArRwALL, W., FEHER, Z., GissoN, C.,
GraF, D. L., £7 4r. (2021). The conservation status of the world’s freshwater
molluscs. Hydrobiologia 848, 3231-3254.

BoTTKE, W. & SINHA, 1. (1979). Ferritin as an exogenous yolk protein in snails. Wilhelm
Roux’s Archives of Developmental Biology 186, 71-75.

BorTkE, W., SINHA, I. & KeIL, I. (1982). Coated vesicle-mediated transport and
deposition of vitellogenic ferritin in the rapid growth phase of snail oocytes. Journal
of Cell Science 191, 173-191.

*BOUETARD, A., BESNARD, A. L., Vassaux, D., LAcapic, L. & COUuTELLEC, M. A.
(2013). Impact of the redox-cycling herbicide diquat on transcript expression and
antioxidant enzymatic activities of the freshwater snail Lymnaea stagnalis. Aquatic
Toxicology 126, 256-265.

BripGHAM, J. T., Keay, J., OrTLUND, E. A. & THORNTON, J. W. (2014).
Vestigialization of an allosteric switch: genetic and structural mechanisms for the
evolution of constitutive activity in a steroid hormone receptor. PLoS Genetics 10,
¢1004058.

BrunoOIR, T., MurLLicaN, C., Sistiaca, A., Vuu, K. M., SuiH, P. M.,
O’REILLY, S. S., SuMMONs, R. E. & Gorp, D. A. (2023). Common origin of
sterol biosynthesis points to a feeding strategy shift in Neoproterozoic animals.
Nature Communications 14, 7941.

BusTiN, S. A., BENES, V., GARsoN, ]J. A, HeLLEMANS, J., HucGEeTT, ],
KuBisTa, M., MUELLER, R., Novran, T., PrarrL, M. W., SurpLey, G. L.,
VANDESOMPELE, J. & WITTWER, C. T. (2009). The MIQE guidelines: minimum
information for publication of quantitative real-time PCR experiments. Clinical
Chemistry 55, 611-622.

CaNesTRO, C., CATCHEN, J. M., RoODRiGUEz-Mari, A., Yokor, H. &
PostLeTHWAIT, J. H. (2009). Consequences of lineage-specific gene loss on
functional evolution of surviving paralogs: ALDHIA and retinoic acid signaling in
vertebrate genomes. PLoS Genetics 5, ¢1000496.

*CaPITAO, A. M. F., Lopes-MarQuEs, M., PAscoa, I., Sainarth, S. B,
HiroMORL Y., MATSUMARU D., NAKANISHI T., Ruvo, R., SaNTOS, M. M. &

. (2017). Secondary metabolome and

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT



28

CasTro, L. F. C. (2021). An ancestral nuclear receptor couple, PPAR-RXR, is
exploited by organotins. Science of the Total Environment 797, 149044.

*CAPPELLO, T., FERNANDES, D., MA1saNno, M., CasaNoO, A., BONASTRE, M.,
BeB1aNNO, M. J., MAUCERI, A., FasuLo, S. & PortE, C. (2017). Sex steroids
and metabolic responses in mussels Mytilus galloprovincialis exposed to drospirenone.
Ecotoxicology and Environmental Safety 143, 166-172.

*CARPENTER, S., RoTHWELL, C. M., WrIGHT, M. L., bE HoOG, E., WALKER, S.,
Hubson, E. & SpPENCER, G. E. (2016). Extending the duration of long-term
memories: interactions between environmental darkness and retinoid signaling.
Neurobiology of Learning and Memory 136, 34—46.

*CARTER, C. J., RanD, C., MoHAMMAD, 1., LEPP, A., VESPRINI, N., WIEBE, O.,
CARLONE, R. & SPENCER, G. E. (2015). Expression of a retinoic acid receptor
(RAR)-like protein in the embryonic and adult nervous system of a protostome
species. Journal of Experimental Soology Part B: Molecular and Developmental Evolution 324,
51-67.

CasTtrO, L. F. C., Limma, D., MacHapo, A., Mrro, C., Hiromori, Y.,
NisHIKAWA, J., NakaNisHI, T., Reis-HENRIQUES, M. A. & SaNTos, M. M.
(2007). Imposex induction is mediated through the retinoid X receptor signalling
pathway in the neogastropod Nucella lapillus. Aquatic Toxicology 85, 57-66.

CHAKRABORTY, S., PRAMANIK, J. & MAHATA, B. (2021). Revisiting steroidogenesis
and its role in immune regulation with the advanced tools and technologies. Genes
and Immunity 22, 125-140.

*CHEOUR, M. K., ELGHARSALLI, R., BENMESsaouUD, R. & Arour-Bgjaour, N.
(2014). Variation of steroid concentrations during the reproductive cycle of the
snail Osilinus articulatus in the Kerkennah Islands (Gulf of Gabes, Tunisia). Cahiers de
Biologie Marine 55, 191-199.

Curtwoob, D. J., Lussy, W. R. & Sart, T. A. (1987). Sterol metabolism in the

bahdrtr h,
elegans. Comp

nematodes Panagrellus redivivus, Turbatrix aceti and Ci
Biochemistry and Physiology Part B: Comparative Biochemistry 86, 103—107.

*CHONG SANCHEZ, F., ENRIQUEZ Diaz, M. & ALDANA ARANDA, D. (2020). Sex
hormones in Strombus pugilis (Mollusca: Gastropoda) in different gonadal stages.
Bulletin of Marine Science 96, 679-694.

CHONG SANCHEZ, F., ENRIQUEZ Diaz, M., MURILLO RODRIGUEZ, E. & ALDANA
ARANDA, D. (2019). First use of a non-invasive technique for determination of sex
hormones in the queen conch Lobatus gigas, Mollusca Gastropoda. Aquaculture
International 27, 437-448.

CoELHO, I, LimA, D., ANDRE, A., MELO, C., Rulvo, R., Re1s-HENRIQUES, M. A.,
SanTos, M. M. H. & Castro, L. F. C. (2012). Molecular characterization of
Adh3 from the mollusc Nucella lapillus: tissue gene expression after tributyltin and
retinol exposure. Journal of Molluscan Studies 78, 343-348.

CowaNn, K. J., AMARAVADI, L., CAMERON, M. J., FINK, D., JaN1, D., KAMAT, M.,
King, L., NEeLy, R. J., N1, Y., RHYNE, P., RirFoN, R. & Znu, Y. (2017).
Recommendations for selection and characterization of protein biomarker assay
calibrator material. AAPS Fournal 19, 1550-1563.

*CuBERO-LEON, E., PuiNnean, A. M., LaBapig, P., Ciocan, C., Iton, N.,
Kisuipa, M., Osapa, M., MINIER, C., HiLL, E. M. & RoTcHELL, J. M. (2012).
Two CYP3A-like genes in the marine mussel Mytilus edulis: MRNA expression
modulation following short-term exposure to endocrine disruptors. AMarine
Environmental Research 74, 32—39.

CuTTELOD, A., SEDDON, M. & NEUBERT, E. (2011). European Red List of Non-marine
Molluses. Publications Office of the European Union: Luxembourg.

*CuviLLIER-HoT, V. & LENOIR, A. (2020). Invertebrates facing environmental
contamination by endocrine disruptors: novel evidences and recent insights.
Molecular and Cellular Endocrinology 504, 110712,

*DAGORN, F., CouzINET-MoOssION, A., KeENDEL, M., BENINGER, P. G,
RABESAOTRA, V., BARNATHAN, G. & WIELGOSZ-COLLIN, G. (2016). Exploitable
lipids and fatty acids in the invasive oyster Crassostrea gigas on the French Atlantic
coast. Marine Drugs 14, 1-12.

Davis, P., ZAROWIECKI, M., ARNABOLDI, V., BECERRA, A., CAIN, S., CHAN, ],
CHEN, W. J., CHo, J., pA VEIGA BELTRAME, E., DIaAMANTAKIS, S., Gao, S.,
GRIGORIADIS, D., GROVE, C. A, HArr1is, T. W. & KisHORE, R., £7 41. (2022).
WormBase in 2022-data, processes, and tools for analyzing Caenorhabditis elegans.
Genetics 220, iyac003.

*DE Lisa, E., PAoLucct, M. & D1 CosMmo, A. (2012). Conservative nature of oestradiol
signalling pathways in the brain lobes of Octopus vulgaris involved in reproduction,
learning and motor coordination. Journal of Neuroendocrinology 24, 275-284.

*DENG, X., PaN, L., CAL Y. & JIN, Q. (2016). Transcriptomic changes in the ovaries of
scallop Chlamys farreri exposed to benzo[a]pyrene. Genes & Genomics 38, 509-518.
*DIMASTROGIOVANNI, G., FERNANDES, D., BONASTRE, M. & PorTE, C. (2015).
Progesterone is actively metabolized to 5a-pregnane-3,20-dione and 3f-hydroxy-
Sa-pregnan-20-one by the marine mussel Mytilus galloprovincialis. Aquatic Toxicology

165, 93-100.

*DING, M., JIANG, S., M1ao, J. & PaN, L. (2021). Possible roles of gonadotropin-
releasing hormone (GnRH) and melatonin in the control of gonadal development
of clam Ruditapes philippinarum. Comparative Biochemistry and Physiology Part A :
Molecular & Integrative Physiology 262, 111059.

Konstantinos Panagiotidis and others

*DokMak, H. A. A. S, E1-Emam, M. A., MossaLeMm, H. S.; EL-Taves, T. A. &
Kuarie, M. T. (2021). Impact of carbamide perhydrate on the snail Bulinus
truncatus, the intermediate host of Schistosoma haematobium. Egyptian Fournal Of Aquatic
Biology And Fisheries 25, 85-99.

Dusos, M.-P., BERNAY, B. & FAVREL, P. (2017). Molecular characterization of an
adipokinetic hormone-related neuropeptide (AKH) from a mollusk. General and
Comparative Endocrinology 243, 15-21.

FERNANDEZ, M. A. (2019). Populations collapses in marine invertebrates due to
endocrine disruption: a cause for concern? Frontiers in Endocrinology 10, 1-14.

*F1oriNi, R., VENTRELLA, V., TROMBETTI, F., FABBRI, M., PAGLIARANI, A. &
NEsci, S. (2019). Lipid-protein interactions in mitochondrial membranes from
bivalve mollusks: molecular strategies in different species. Comparative Biochemistry
and Physiology Part B: Biochemistry & Molecular Biology 227, 12-20.

FoDOR, 1., KOENE, J. M. & PIRGER, Z. (2021). Neuronal transcriptome analysis of a
widely recognised molluscan model organism highlights the absence of key
proteins involved in the de novo synthesis and receptor-mediation of sex steroids in
vertebrates. Malacologia 64, 69-77.

FoDOR, 1., MATSUBARA, S., Osucr, T., SHIRAISHI, A., KAwADA, T., SATAKE, H. &
PIRGER, Z. (2024a). Lack of membrane sex steroid receptors for mediating
rapid endocrine responses in molluscan nervous systems. Frontiers in Endocrinology
15, 1-9.

FODOR, I., Osucl, T., MATSUBARA, S., SHIRAISHI, A., KAWADA, T., PIRGER, Z. &
SaTAKE, H. (2024b). Characterization of corazonin signaling in a molluscan
model species, Lymnaeca stagnalis. General and Comparative Endocrinology 357, 114594

Fopogr, 1., Scawarz, T., Kiss, B., Taropi, A., ScHMIDT, J., Cousins, A. R. O.,
Katsiapaki, I, Scorr, A. P. & PIRGER, Z. (2022). Studies on a widely-
recognized snail model species (Lymnaea stagnalis) provide further evidence that
vertebrate steroids do not have a hormonal role in the reproduction of mollusks.
Frontiers in Endocrinology 13, 1-14.

FoDOR, I, URBAN, P., SCOTT, A. P. & PIRGER, Z. (2020). A critical evaluation of some
of the recent so-called ‘evidence’ for the involvement of vertebrate-type sex steroids
in the reproduction of mollusks. Molecular and Cellular Endocrinology 516, 110949.

*Fonseca, E., Ruivo, R., BorcEs, D., Franco, J. N., Santos, M. M. &
Castro, L. F. C. (2020). Of retinoids and organotins: the evolution of the
retinoid X receptor in metazoa. Biomolecules 10, 1-16.

GARCIA, M., GRIFFOND, B. & LAFONT, R. (1995). What are the origins of ecdysteroids
in gastropods? General and Comparative Endocrinology 97, 76-85.

*GESTO, M., CasTRO, L. F. C., RE1s-HENRIQUES, M. A. & SaNTOS, M. M. (2012).
Retinol metabolism in the mollusk Osilinus lineatus indicates an ancient origin for
retinyl ester storage capacity. PLoS One 7, ¢35138.

*GESTO, M., CASTRO, L. F. C. & SANTOS, M. M. (2013). Differences in retinoid levels
and metabolism among gastropod lineages: imposex-susceptible gastropods lack the
ability to store retinoids in the form of retinyl esters. Aquatic Toxicology 142143,
96-103.

*GESTO, M., Ruvo, R., PAscoa, 1., ANDRE, A., CASTRO, L. F. C. & SANTOS, M. M.
(2016). Retinoid level dynamics during gonad recycling in the limpet Patella vulgata.
General and Comparative Endocrinology 225, 142-148.

GuysiELINCK, N. B. & DUESTER, G. (2019). Retinoic acid signaling pathways.
Development 146, 1-7.

*GiBss, P. E., BRyan, G. W, Pascok, P. L. & BurT, G. R. (1987). The use of the
dog-whelk, Nucella lapillus, as an indicator of tributyltin (TBT) contamination.
Journal of the Marine Biological Association of the United Kingdom 67, 507-523.

GINER, J. L., ZHao, H., DixonN, M. S. & Wikrors, G. H. (2016). Bioconversion of
13C-labeled microalgal phytosterols to cholesterol by the Northern Bay scallop,
Argopecten irradians irradians. Comparative Biochenustry and Physiology Part B: Biochemistry &
Molecular Biology 192, 1-8.

*GIRAUD-BILLOUD, M. & CASTRO-VAZQUEZ, A. (2019). Aging and retinoid X
receptor agonists on masculinization of female Pomacea canaliculata, with a critical
appraisal of imposex evaluation in the Ampullariidae. Ecotoxicology and Environmental
Safety 169, 573-582.

GruLiaNeLLl, S., PrRiMosT, M. A., Lanari, C. & Bicarri, G. (2020). RXR
expression in marine gastropods with different sensitivity to imposex development.
Scientific Reports 10, 9507.

*GrusTr, A., Ducror, V., Joaquim-JusTo, C. & Lacabic, L. (2013). Testosterone
levels and fecundity in the hermaphroditic aquatic snail Lymnacea stagnalis exposed
to testosterone and endocrine disruptors. Environmental Toxicology and Chemistry 32,
1740-1745.

Grusti, A., Lacapic, L., Barsi, A, TrHoMmE, J. P., JoaqQuimm-Justo, C. &
Ducror, V. (2014). Investigating apical adverse effects of four endocrine active
substances in the freshwater gastropod Lymnaea stagnalis. Science of the Total
Environment 493, 147-155.

*Goto, Y., Kajiwara, M., Yanacisawa, Y., Hirose, H., Yosuimi, T.,
UMEMURA, M., Narkano, H., TakanasHi, S., SHipDA, Y. IcucHi, T,
TakanasHI, Y. & Miura, T. (2012). Detection of vertebrate-type steroid hormones
and their converting activities in the neogastropod Thais clavigera (Kiister, 1858).
Journal of Molluscan Studies 78, 197-204.

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT



Mapping molluscan endocrinology

GozZpzIK, P., SMOLARZ, K., KONIECZNA, L., HALLMANN, A. & GOZDZIK, P. (2023).
Testosterone concentration and aromatisation efficiency at different stages of gonad
development : a case study with Mytilus edulis trossulus. Invertebrate Reproduction &
Development 67, 59-65.

GRAMATES, L. S., AGAPITE, J., ATTRILL, H., CaLvI, B. R, CROSBY, M. A., DOS
SanTos, G., GoobpMmaN, J. L., GOUTTE-GATTAT, D., JENKINS, V. K.,
Kaurman, T., LarkiN, A., MarTtHEws, B. B., MmiBurN, G. &
STRELETS, V. B. (2022). FlyBase: a guided tour of highlighted features. Genetics 220.

*GusT, M., GAGNE, F., BERLIOZ-BARBIER, A., BESSE, J. P., BURONFOsSE, T,
TOURNIER, M., TUTUNDJIAN, R., GARRIC, J. & CREN-OLIVE, C. (2014). Caged
mudsnail Potamopyrgus antipodarum (Gray) as an integrated field biomonitoring tool:
exposure assessment and reprotoxic effects of water column contamination. Water
Research 54, 222-236.

GusT, M., VULLIET, E., GIROUD, B., GARNIER, F., COUTURIER, S., GARRIC, J. &
Buronrossk, T. (2010). Development, validation and comparison of LC-MS/MS
and RIA methods for quantification of vertebrates-like sex-steroids in prosobranch
molluscs. Journal of Chromatography B: Analytical Technologies in the Biomedical and Life
Sciences 878, 1487-1492.

GUTIERREZ-MAZARIEGOS, J., NADENDLA, E. K., Lima, D., PIERzZCHALSKI, K.,
Jongs, J. W., KaNg, M., NisHikAwA, J. L., HIROMORI, Y., NAKANISHI, T.,
SanTtos, M. M., Castro, L. F. C.,, BourcUET, W., SCHUBERT, M. &
LAUDET, V. (2014). A mollusk retinoic acid receptor (RAR) ortholog sheds light
on the evolution of ligand binding. Endocrinology 155, 4275-4286.

*GuyarT, G., OxmaN, A. D, AkL, E. A, Kunz, R, VisT, G., BROZEK, J.,
Norris, S., FALCK-YTTER, Y., Grasziou, P., DEBEER, H., JAESCHKE, R.,
RiND, D., MEERPOHL, |., DanM, P. & ScHUNEMANN, H. J. (2011). GRADE
guidelines: 1. Introduction - GRADE evidence profiles and summary of findings
tables. Journal of Clinical Epidemiology 64, 383-394.

*HaBis, M. R., GHONAME, S. L., ALL, R. E., EL-KariM, R. M. G., YOUSSEF, A. A.,
Crorr, R. P. & MILLER, M. W. (2020). Biochemical and apoptotic changes in the
nervous and ovotestis tissues of Biomphalaria alexandrina following infection with
Schistosoma mansont. Experimental Parasitology 213, 107887.

*HappAwAY, N. R. & VERHOEVEN, J. T. A. (2015). Poor methodological detail
precludes experimental repeatability and hampers synthesis in ecology. Fcology and
FEuvolution 5, 4451-4454.

HAGGSTROM, M. & RICHFIELD, D. (2014). Diagram of the pathways of human
steroidogenesis. Wikijournal of Medicine 1, 1.

*HALEM, Z. M., Ross, D. J. & Cox, R. L. (2014). Evidence for intraspecific
endocrine disruption of Geukensia demissa (Atlantic ribbed mussel) in an urban
watershed. Comparative Biochenustry and Physiwology. Part A, Molecular & Integrative
Plysiology 175, 1-6.

*HALLMANN, A., KONIECZNA, L., SWIEZAK, J., MILCZAREK, R. & SMoLARzZ, K.
(2019). Aromatisation of steroids in the bivalve Mytilus trossulus. Peer] 2019, 6953.
*HALLMANN, A., SMOLARZ, K., KONIECZNA, L., ZABRZANSKA, S., BELKA, M. &
Baczek, T. (2016). LC-MS measurment of free steroids in mussels (Mytilus
trossulus) from the southern Baltic Sea. Journal of Pharmaceutical and Biomedical Analysis

117, 311-315.

*HANDBERG-THORSAGER, M., GUTIERREZ-MAZARIEGOS, J., AROLD, S. T., KuMAR
NADENDLA, E., BErRTUCCH, P. Y., GERMAIN, P., TOMANCAK, P., PIERZCHALSKIL, K.,
Jongs, J. W, AusaraT, R., Kane, M. A., Bourcuter, W., LauDET, V.,
ARENDT, D. & ScHUBERT, M. (2018). The ancestral retinoic acid receptor was a low-
affinity sensor triggering neuronal differentiation. Science Advances 4, eaao1261.

Hauser, F. & GRrRIMMELIKHUIJZEN, C. J. P. (2014). Evolution of the
AKH/corazonin/ACP/GnRH receptor superfamily and their ligands in
the Protostomia. General and Comparative Endocrinology 209, 35-49.

HocuBerg, G. K. A., Liu, Y., MargLunD, E. G., METZGER, B. P. H,,
LacaNowsky, A. & THORNTON, J. W. (2020). A hydrophobic ratchet entrenches
molecular complexes. Nature 588, 503-508.

*HoricucHi, T. (2017). Mode of action of Organotins to induce the development of
Imposex in gastropods, focusing on steroid and the retinoid X receptor activation
hypotheses. In Buological Effects by Organotins (ed. T. HoriGuchi), pp. 199-219.
Springer, Tokyo.

*HoricucHI, T. & OHTA, Y. (2020). A critical review of sex steroid hormones and the
induction mechanisms of imposex in gastropod mollusks. In Advances in Invertebrate
(Neuro) Endocrinology, First Edition, p. 30. Apple Academic Press, New York.

*HuanG, W.,Wu, Q., Xu, F., L1, L., L1, J., QUE, H. & ZHANG, G. (2020). Functional
characterization of retinoid X receptor with an emphasis on the mediation of
organotin poisoning in the Pacific oyster (Crassostrea gigas). Gene 753, 144780.

Huang, W., Xu, F., L1, ]., L1, L., Qug, H. & ZHANG, G. (2015b). Evolution of a novel
nuclear receptor subfamily with emphasis on the member from the Pacific oyster
Crassostrea gigas. Gene 567, 164—172.

Huane, W, Xu, F., L1, L., QUE, H. & ZHANG, G. (2019). The transcription of
iodothyronine deiodinase genes is regulated by thyroid hormone receptor in the
Pacific oyster Crassostrea gigas. Journal of Oceanology and Limnology 37, 1317-1323.

Huane, W, Xu, F.,, Qu, T., L1, L., QUE, H. & ZHANG, G. (2015c). Iodothyronine
deiodinase gene analysis of the Pacific oyster Crassostrea gigas reveals possible

29

conservation of thyroid hormone feedback regulation mechanism in mollusks.
Chinese Journal of Oceanology and Limnology 33, 997-1006.

Huaneg, W, Xu, F., Qu, T., Znang, R, L1, L., QuE, H. & ZHANG, G. (2015a).
Identification of thyroid hormones and functional characterization of thyroid
hormone receptor in the Pacific oyster Crassostrea gigas provide insight into
evolution of the thyroid hormone system. PLoS One 10, 1-20.

Huang, X., WARREN, J. T. & GILBERT, L. I. (2008). New players in the regulation of
ecdysone biosynthesis. Journal of Genetics and Genomics 35, 1-10.

*HuLTIN, C. L., HALLGREN, P. & HaNnsson, M. C. (2016). Estrogen receptor genes in
gastropods: phylogenetic divergence and gene expression responses to a synthetic
estrogen. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 189, 17-21.

*HurtiN, C. L., HALLGREN, P., PerssoN, A. & Hansson, M. C. (2014).
Identification of an estrogen receptor gene in the natural freshwater snail Bithynia
tentaculata. Gene 540, 26-31.

HurTADO, M. A., RACOTTA, 1. S., ARCOS, F., MORALES-BOJORQUEZ, E., MOAL, J.,
SOUDANT, P. & PaLAC10s, E. (2012). Seasonal variations of biochemical, pigment,
fatty acid, and sterol compositions in female Crassostrea corteziensis oysters in relation to
the reproductive cycle. Comparative Biochemistyy and Physiology Part B: Biochemistry and
Molecular Biology 163, 172-183.

*IBRAHIM, A. M. & GHONAME, S. I. (2018). Molluscicidal impacts of Anagallis arvensis
aqueous extract on biological, hormonal, histological and molecular aspects of
Biomphalaria alexandrina snails. Experimental Parasitology 192, 36—41.

*IBRAHIM, A. M. & SAYED, D. A. (2019). Toxicological impact of oxyfluorfen 24%
herbicide on the reproductive system, antioxidant enzymes, and endocrine
disruption of Biomphalaria alexandrina (Ehrenberg, 1831) snails. Environmental Science
and Pollution Research 26, 7960—7968.

*lcucHi, T., Karsu, Y., HoricucHi, T., WATANABE, H., BLUuMBERG, B. &
OHnTA, Y. (2007). Endocrine disrupting organotin compounds are potent inducers
of imposex in gastropods and adipogenesis in vertebrates. Molecular & Cellular
Toxicology 3, 1-10.

IkEkAwWA, N., Morisaki, M. & FujimoTo, Y. (1993). Sterol metabolism in insects:
dealkylation of phytosterol to cholesterol. Accounts of Chemical Research 26, 139-146.
Ir,]J. C. H., LEuNG, P. T. Y., Ho, K. K. Y., Q1u, ]. W. & LEUNG, K. M. Y. (2016). De
novo transcriptome assembly of the marine gastropod Reushia clavigera for supporting

toxic mechanism studies. Aquatic Toxicology 178, 39-48.

*JaMEs, T., CoLLINS, S., AMLOT, R. & MArczyLo, T. (2019). Optimisation and
validation of a GC-MS/MS method for the analysis of methyl salicylate in hair
and skin samples for use in human-volunteer decontamination studies. Journal of
Chromatography B: Analytical Technologies in the Biomedical and Life Sciences 1109, 84-89.

*JIANBIN, N., ZHEN, Z. & CAIHUAN, K. (2013). Sex steroid levels and expression
patterns of estrogen receptor gene in the oyster Crassostrea angulata during
reproductive cycle. Aquaculture 376-379, 105-116.

Jiane, S., Miao, J., WaNG, X., Liu, P. & Pan, L. (2019). Inhibition of growth in
juvenile Manila clam Ruditapes philippinarum: potential adverse outcome pathway of
TBBPA. Chemosphere 224, 588-596.

*TiN, K., JIN, Q., Car1, Z., HuaNG, B., WEL, L., ZHANG, M., Guo, W, Liu, Y. &
WANG, X. (2021). Molecular characterization of retinoic acid receptor CgRAR in
Pacific Oyster (Crassostrea gigas). Frontiers in Physiology 12, 1-6.

*JoHNSON, A., DE HOOG, E., TOLENTINO, M., NASSER, T. & SPENCER, G. E. (2019).
Pharmacological evidence for the role of RAR in axon guidance and embryonic
development of a protostome species. Genesis 57, 1-14.

*Jouaux, A., BLIN, J. L., ADELINE, B., HEUDE-BERTHELIN, C., SOURDAINE, P.,
MaTHIEU, M. & KELLNER, K. (2013). Impact of energy storage strategies on
gametogenesis and reproductive effort in diploid and triploid Pacific oysters
Crassostrea gigas — involvement of insulin signaling. Aquaculture 388-391, 173-181.

*JuArez, O. E., LOPEz-GALINDO, L., PEREZ-CARRASCO, L., LAGO-LESTON, A,
Rosas, C., CosMo, A. D. & GALINDO-SANCHEZ, C. E. (2019). Octopus maya
white body show sex-specific transcriptomic profiles during the reproductive phase,
with high differentiation in signaling pathways. PLoS One 14, 1-29.

*KaNDIL, M. A, EwWEIs, E. A., MOBARAK SOHA, A. & NADA ABBas, M. T. (2020).
Effects of chitosan and emamectin benzoate on the reproductive system of Fobania
vermiculata (Muller) land snails. Egyptian Journal of Biological Pest Control 30, 1-8.

KAUR, S. (2015). Integrated strategies for investigating endocrine mechanisms in Biomphalaria
glabrata as a test organism for androgenic chemical testing (PhD Thesis): Brunel University
London.

KAUR, S., BAYNES, A., LOCKYER, A. E. & ROUTLEDGE, E. J. (2016). Steroid androgen
exposure during development has no effect on reproductive physiology of
Biomphalaria glabrata. PLoS One 11, €0159852.

*KAUR, S., JoBLING, S., JonEs, C. S., NosLE, L. R., RouTLEDGE, E. J. &
LockyEr, A. E. (2015). The nuclear receptors of Biomphalaria glabrata and Lottia
gigantea: implications for developing new model organisms. PLoS One 10, €0121259.

KawasHima, H., OunisHI, M. & Ocawa, S. (2013). Distribution of unusual
cholesterol precursors, 4-methyl- and 4, 4-dimethylsterols with A8 unsaturation, in
gonads of marine archaeogastropods. Journal of Oleo Science 62, 465-470.

*KiM, J. S., Kim, Y., HAN, S. H,, Jeon, J. Y., HwanG, M., Im, Y. J., Kim, J. H.,
LEE, S. Y., CHAE, S. W. & Kim, M. G. (2013). Development and validation of an

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT



30

LC-MS/MS method for determination of compound K in human plasma and
clinical application. Journal of Ginseng Research 37, 135-141.

Kimv, S, CHeN, ], CHENG, T. Ginourytk, A, HEg, J, Hg, S, Li, Q,
SHOEMAKER, B. A., Thiessen, P. A., Yu, B., ZasLavsky, L., Znang, J. &
BoLtoN, E. E. (2023). PubChem 2023 update. Nucleic Acids Research 51,1D1373-1D1380.

*KiN, R., Kam, T., DENG, Y., CHEN, Y. & ZHao, H. (2012). Retinoic acid synthesis and
functions in early embryonic development. Cell & Bioscience 2, 11.

KirBY, J., HEATH, P. R, SHAW, P. J. & HAMDY, F. C. (2007). Gene expression assays.
Advances in Clinical Chemustry 44, 247-292.

Krumpp, D. W., BAYNE, B. L. & HAwWKINS, A. J. S. (1992). Nutrition of the giant clam
Tridacna gigas (L). Journal of Experimental Marine Biology and Ecology 155, 105-122.

*KNIGGE, T., DAHBOUL, F.,; ALAIN, D. & MoONSINJON, T. (2015). The gametogenic
cycle and oestradiol levels in the zebra mussel Dreissena polymorpha: a 1-year study.
Journal of Molluscan Studies 81, 58-65.

*Konr, C., McintosH, E. ]J., UNGER, S., Happaway, N. R., KeckE, S.,
SCHIEMANN, J. & WILHELM, R. (2018). Correction to: online tools supporting the
conduct and reporting of systematic reviews and systematic maps: a case study on
CADIMA and review of existing tools. Environmental Evidence 7, 13750.

Krasowskl, M. D., DReEs, D., Morris, C. S., MAAKESTAD, J., Brau, J. L. &
Exins, S. (2014). Cross-reactivity of steroid hormone immunoassays: clinical
significance and two-dimensional molecular similarity prediction. BMC Clinical
Pathology 14, 1-13.

KUMAR, S., SANDELL, L. L., TRAINOR, P. A., KOENTGEN, F. & DUESTER, G. (2012).
Alcohol and aldehyde dehydrogenases: retinoid metabolic effects in mouse knockout
models. Biochimica et Biophysica Acta 1821, 198-205.

LaronT, R. (1991). Reverse endocrinology, or “hormones” secking functions. Insect
Biochemistry 21(7), 697-721.

LaroNT, R. & MATHIEU, M. (2007). Steroids in aquatic invertebrates. Ecotoxicology
16(1), 109-130.

LaronT, R., SEROVA, M., DIDRY-BARCA, B., RAYNAL, S., GuisouT, L., DiNnaN, L.,
VEILLET, S., LATIL, M., Dron, W. & DiLpa, P. J. (2022). 20-Hydroxyecdysone
activates the protective arm of the RAAS via the MAS receptor. Journal of Molecular
Endocrinology 68, 77-87.

Lavapo, R., JANER, G. & PORTE, C. (2006). Steroid levels and steroid metabolism in
the mussel Mptilus edulis: the modulating effect of dispersed crude oil and
alkylphenols. Aquatic Toxicology 78, 65-72.

*LLAZZARA, R., BLAZQUEZ, M., PORTE, C. & BARATA, C. (2012). Low environmental
levels of fluoxetine induce spawning and changes in endogenous estradiol levels in
the zebra mussel Dreissena polymorpha. Aquatic Toxicology 106-107, 123-130.

*LecOMTE, V., Noury, P., TutunpjiaN, R., BURONFOsSE, T., GARrRrIc, J. &
Gust, M. (2013). Organic solvents impair life-traits and biomarkers in the
New Zealand mudsnail Potamopyrgus antipodarum (Gray) at concentrations below
OECD recommendations. Aquatic Toxicology 140-141, 196-203.

*LECROISEY, C., LAUDET, V. & ScHUBERT, M. (2012). The cephalochordate
amphioxus: a key to reveal the secrets of nuclear receptor evolution. Brufings in
Functional Genomics 11, 156-166.

Lenoux, J. G. & SANDOR, T. (1970). The occurrence of steroids and steroid
metabolizing enzyme systems in invertebrates. A review. Steroids 16, 141-171.

Lesoway, M. P. & HENRYy, J. Q. (2021). Retinoids promote penis development in
sequentially hermaphroditic snails. Developmental Biology 478, 122-132.

*L1, H., L1u, J., HUANG, X., WANG, D. & ZHANG, Z. (2014). Characterization,
expression and function analysis of DAX1 gene of scallop (Chlamys farreri Jones and
Preston 1904) during its gametogenesis. fournal of Ocean University of China 13,
696-704.

*L1, J., Biswas, M. G., CHAO, A., RUSSELL, D. W. & CHORY, ]. (1997). Conservation
of function between mammalian and plant steroid 5-reductases. Proceedings of the
National Academy of Sciences of the United States of America 94, 3554-3559.

L1,]J. & CHORY, J. (1999). Brassinosteroid actions in plants. journal of Experimental Botany
50, 275-282.

L1, S., HAUSER, F., SKADBORG, S. K., NIELSEN, S. V., KIRKETERP-M@LLER, N. &
GRIMMELIKHUIJZEN, C. J. P. (2016). Adipokinetic hormones and their G protein-
coupled receptors emerged in Lophotrochozoa. Scientific Reports 6, 32789.

L1, Y. F., CHENG, Y. L., CHEN, K., CHENG, Z.Y., Znu, X., CARDOSO, J., LIANG, X.,
Znu, Y. T., POWER, D. M. & YANG, J. L. (2020). Thyroid hormone receptor: a new
player in epinephrine-induced larval metamorphosis of the hard-shelled mussel.
General and Comparative Endocrinology 287, 113347.

*Lima, D., MacHADO, A., RE1s-HENRIQUES, M. A., RocHA, E., SANTOS, M. M. &
CasTRro, L. F. C. (2013). Cloning and expression analysis of the 17 hydroxysteroid
dehydrogenase type 12 (HSD17B12) in the neogastropod Nucella lapillus. Journal of
Steroid Biochemistry and Molecular Biology 134, 8—14.

*LiN, C., Guo, C.,, Znau, X., WanNe, D., Xu, J. & Xu, S. (2019). Ovarian
transcriptome analysis of Mactra chinensis provides insights into genes expressed
during the intermediate and ripening stages. Animal Reproduction Science 208, 106078.

*Liu, H., ZHaNG, H. & ZHENG, H. (2018). Regulatory roles of sterol regulatory
clement-binding protein (SREBP) on lipid metabolism in marine invertebrate
Chlamys nobilis. Aquaculture 493, 251-257.

Konstantinos Panagiotidis and others

*L1v, J., ZHANG, Z., Ma, X, LIANG, S. & YANG, D. (2014b). Characteristics of 17f-
hydroxysteroid dehydrogenase 8 and its potential role in gonad of Zhikong scallop
Chlamys_farreri. Journal of Steroid Biochemustry and Molecular Biology 141, 77-86.

*L1u, J., ZHANG, Z., ZHANG, L., L1u, X., YANG, D. & Ma, X. (2014a). Variations of
estradiol-17f and testosterone levels correlated with gametogenesis in the gonad
of Zhikong scallop (Chlamys farrer)) during annual reproductive cycle. Canadian
Journal of Zoology 92, 195-204.

*Liu, P., Miao, J., SonG, Y., PaN, L. & YN, P. (2017). Effects of 2,2',4,4'-
tetrabromodipheny ether (BDE-47) on gonadogenesis of the Manila clam Ruditapes
philippinarum. Aquatic Toxicology 193, 178-186.

Liu, W,, L1, Q. & KoNG, L. (2008). Estradiol-17p and testosterone levels in the cockle
Fulvia mutica during the annual reproductive cycle. New Zealand Journal of Marine and
Freshwater Research 42, 417—424.

*Lu, Z.,Znu, K., PaNG, Z., L1u, L., JiaNG, L., L1u, B., Sur, H., Ping, H., CHr, C. &
GONG, L. (2019). Identification, characterization and mRNA transcript abundance
profiles of estrogen related receptor (ERR) in Sepiella japonica imply its possible
involvement in female reproduction. Animal Reproduction Science 211, 106231.

Lu, Z. M., Liu, W, Liu, L. Q., WanG, T. M,, Sur, H. L., Ping, H. L., CH1, C. F.,
YaNG, J. W. & Wu, C. W. (2016). Cloning, characterization, and expression
profile of estrogen receptor in common Chinese cuttlefish, Sepiella japonica. Journal of
Experimental Zoology Part A: Ecological Genetics and Physiology 325, 181-193.

LustrINO, D., SiLva, A. C. M., Araujo, I. G., TunHoLI, V. M., TUNHOLI-
Arves, V. M., CastrOo, R. N., CarvarHo, D. P., PiNHEIRO, ]J. &
MaRrasst, M. P. (2017). Evidence of the presence of thyroid hormones in Achatina
Julica snails. Anais Da Academia Brasileira de Ciencias 89, 2181-2188.

*Lv, J., FENG, L., Bao, Z., Guo, H., ZHANG, Y., J1ao, W., ZHANG, L., WANG, S.,
HEg, Y. & Hu, X. (2013). Molecular characterization of RXR (retinoid X receptor)
gene isoforms from the bivalve species Chlamys farreri. PLoS One 8, 1-9.

*Ma, F., HAN, X, AN, L., LEr, K., Q1, H. & LEBLANG, G. A. (2019). Freshwater snail
Parafossarulus striatulus estrogen receptor: characteristics and expression profiles under
lab and field exposure. Chemosphere 220, 611-619.

MAaRrkov, G. V., GUTIERREZ-MAZARIEGOS, ]., PITrAT, D., BiLras, I. M. L.,
BoNNETON, F., Moras, D., HasseroDT, J., LECOINTRE, G. & LAUDET, V.
(2017). Origin of an ancient hormone/receptor couple revealed by resurrection of
an ancestral estrogen. Science Advances 3, 1-14.

Magrkov, G. V. & LAUDET, V. (2011). Origin and evolution of the ligand-binding
ability of nuclear receptors. Molecular and Cellular Endocrinology 334, 21-30.

MARTIN, O., SCHOLZE, M., ERMLER, S., McPHIE, J., Bopp, S. K., KIENZLER, A,
Parissis, N. & KOrRTENKAMP, A. (2021). Ten years of research on synergisms
and antagonisms in chemical mixtures: a systematic review and quantitative
reappraisal of mixture studies. Environment International 146, 106206.

*MARTINEZ-PAz, P., MORALES, M., SANCHEZ-ARGUELLO, P., MorciLLO, G. &
MARTINEZ-GUITARTE, J. L. (2017). Cadmium in vivo exposure alters stress
response and endocrine-related genes in the freshwater snail Physa acuta. New
biomarker genes in a new model organism. Environmental Pollution 220, 1488-1497.

*MARTINEZ-PITA, 1., SANCHEZ-LAZO, C. & HERRERA, M. (2016). A non-lethal method
for establishing sexual maturation in mussels (Mytilus galloprovincialis (Lamarck, 1819))
during broodstock conditioning in hatcheries. Aquaculture International 24, 1247-1254.

*MARTINEZ-P1TA, 1., SANCHEZ-LAzO, C., Ruiz-JaraBo, I, HERRERA, M. &
MANCERA4, J. M. (2012). Biochemical composition, lipid classes, fatty acids and
sexual hormones in the mussel Mytilus galloprovincialis from cultivated populations in
south Spain. Aquaculture 358-359, 274-283.

Maskrey, B. H., Costas, C., MENDEZ-MARTINEZ, L., GUERRERO-PERA, L.,
Tur, R., Garcia, P., TouriNAN, P., CHAVARRIAS, D., CaNARrRIO, A. V.,
ScoTT, A. P. & ROTLLANT, J. (2025). Studies on cortisol, corticosterone, and 17b-
estradiol indicate these steroids have no role in stress or reproduction in the
common octopus (Octopus vulgaris). American Journal of Physiology-Endocrinology and
Metabolism 328, E105-E115.

*MENG, X., L1, F., WaNG, X, L1u, ., J1, C. & Wu, H. (2019). Combinatorial immune
and stress response, cytoskeleton and signal transduction effects of graphene and
triphenyl phosphate (TPP) in mussel Mytilus galloprovincialis. Journal of Hazardous
Materials 378, 120778. https://doi.org/10.1016/j jhazmat.2019.120778.

*MEZGHANI-CHAARI, S., MACHREKI-AJIMI, M., HAMZA-CHAFFAIL A. & MINIER, C.
(2017). High estradiol exposure disrupts the reproductive cycle of the clam Ruditapes
decussatus in a sex-specific way. Environmental Science and Pollution Research 24, 26670~
26680.

MicHELLOD, D., BIEN, T., BIRGEL, D., VIOLETTE, M., KLEINER, M., FEARN, S.,
ZEIDLER, C., GRUBER-VODICKA, H. R., DUBILIER, N. & LIEBEKE, M. (2023).
De novo phytosterol synthesis in animals. Science 380, 520-526.

*MiGrioLL, A., CANEsI, L., GoMmEs, I. D. L., SCHUBERT, M. & DUMOLLARD, R.
(2021). Nuclear receptors and development of marine invertebrates. Genes
12, 83.

*MINIC, R. & Zivkovic, 1. (2020). Optimization, validation and standardization of ELISA
Norovirus. IntechOpen. https://doi.org/10.5772/intechopen.91972.

MovLLuscABASE (2025). MolluscaBase. available at https://www.molluscabase.org
Accessed 14.05.2025.

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT


https://doi.org/10.1016/j.jhazmat.2019.120778
https://doi.org/10.5772/intechopen.91972
https://www.molluscabase.org

Mapping molluscan endocrinology

MorTHORsT, J. E., HorLsecH, H., pE Crozk, N., MATTHIESSEN, P. &
LeEBraNc, G. A. (2023). Thyroid-like hormone signaling in invertebrates and its
potential role in initial screening of thyroid hormone system disrupting chemicals.
Integrated Envir tal Assessment and M 19, 63-82.

*Nacasawa, K., TREEN, N., Konpo, R., OTokL, Y., IToH, N., ROTCHELL, ]. M. &
Osapa, M. (2015). Molecular characterization of an estrogen receptor and estrogen-
related receptor and their autoregulatory capabilities in two Mytilus species. Gene 564,
153-159.

*NATIONAL INSTITUTE OF ENVIRONMENTAL HEALTH ScCIENCEs (2015).
Handbook for Conducting a Literature-Based Health Assessment Using OHAT
Approach for Systematic Review and Evidence Integration. 1-94. Electronic file
available at http://ntp.nichs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
Accessed 11.05.2025.

NELsoON, D. R., GOLDSTONE, J. V. & STEGEMAN, ]. J. (2013). The cytochrome P450
genesis locus: the origin and evolution of animal cytochrome P450s. Philosophical
Transactions of the Royal Society B: Biological Sciences 368, 20120474

*N1]., ZENG, Z. & KE, C. (2013). Sex steroid levels and expression patterns of estrogen
receptor gene in the oyster Crassostrea angulata during the reproductive cycle.
Aquaculture 376-379, 105-116.

*NikoNova, L. L., NEkHOROSHEV, M. V. & RvyasusHko, V. I. (2017).
Total testosterone and estradiol in the gonads and gametes of the mussel
Mytilus  galloprovincialis Lam. Journal of Evolutionary Biochemistry and Physiology 53,
519-522.

NisHIKAWA, J. I, Mamiva, S., KaNavama, T., NisHikawa, T., SHIrAIsHI, F. &
Horicucnr, T. (2004). Involvement of the retinoid X receptor in the
development of imposex caused by organotins in gastropods. Environmental Science
and Technology 38, 6271-6276.

*N1wa, R., MaTsuDA, T., YosHrvama, T., Namiki, T., Mita, K., Fujimoro, Y. &
Kataoka, H. (2004). CYP306A1, a cytochrome P450 enzyme, is essential for
ccdysteroid biosynthesis in the prothoracic glands of Bombyx and Drosophila. jJournal
of Biological Chemistry 279, 35942-35949.

Niwa, R. & Niwa, Y. S. (2014). Enzymes for ecdysteroid biosynthesis: their
biological functions in insects and beyond. Bioscience, Biotechnology and Biochemistry 78,
1283-1292.

*N1wa, R., Sakupon, T., Namiki, T., Sampa, K., Fujimoro, Y. & Kataoka, H.
(2005). The ecdysteroidogenic P450 Cyp302al/disembodied from the silkworm,
Bombyx mort, is transcriptionally regulated by prothoracicotropic hormone. Insect
Molecular Biology 14, 563-571.

*NORMAN, A. W. & LITWACK, G. (19974). General considerations of hormones. In In
Hormones, Second Edition (eds A. W. NorMAN and G. LiTwack), pp. 1-46. Academic
Press.

NormAN, A. W. & Litwack, G. (1997b). Steroid hormones: chemistry, biosynthesis,
and metabolism. In Hormones, Second Edition (eds A. W. NorMAN and G. LITwAck),
pp. 49-86. Academic Press.

Nuural, P., WaNIcHANON, C. & WANICHANON, R. (2020). Effect of gonadotropin
releasing hormone on the expression of luteinizing hormone and estrogen in the
nerve ganglia and ovary of a tropical abalone, Haliotis asinina Linnacus. Acta
Histochemica 122, 151454.

NyGaarp, V. & Hovig, E. (2009). Methods for quantitation of gene expression.
Frontiers in Bioscience 14, 552—569.

*OCHAROEN, Y., BoOoNPHAKDEE, C., BooNPHAKDEE, T., SHINN, A. P. &
MOONMANGMEE, S. (2018). High levels of the endocrine disruptors bisphenol-a
and 17p-estradiol detected in populations of green mussel, Perna viridis, cultured in
the Gulf of Thailand. Aquaculture 497, 348-356.

OECD (2018). Revised guidance document 150 on standardised test guidelines
for evaluating chemicals for endocrine disruption (OECD Series on Testing and
Assessment, No. 150). OECD Publishing https://doi.org/10.1787/9789264304741-en.

OECD (2021). Detailed review paper on the retinoid system (OECD Series on Testing
and Assessment, No. 343). OECD Publishing https://doi.org/10.1787/
41bb70a9-en.

*OEHLMANN, J., b1 BENEDETTO, P., TiILLMANN, M., DurT, M., OETKEN, M. &
ScHULTE-OEHLMANN, U. (2007). Endocrine disruption in prosobranch molluscs:
evidence and ecological relevance. FEcoloxicology 16, 29—43.

*OMRAN, N. E. & Sarama, W. M. (2016). The endocrine disruptor effect of the
herbicides atrazine and glyphosate on Biomphalaria alexandrina snails. Toxicology and
Industrial Health 32, 656-665.

*OMRAN, N. E. S. E. S. (2012). Testosterone, gonadotropins and androgen receptor
during spermatogenesis of Biomphalaria alexandrina snails (Pulmonata: Basommatophora).
Reproductive Biology 12, 301-308.

Ouzzani, M., Hammapy, H., FEporowicz, Z. & ELMAGARMID, A. (2016).
Rayyan-a web and mobile app for systematic reviews. Systematic Reviews 5, 1-10.

OzYURT, G., KuLEy, E., ETyEMEZ, M. & Ozocur, F. (2013). Comparative seasonal
sterol profiles in edible parts of Mediterranean fish and shellfish species. International
Journal of Food Sciences and Nutrition 64, 476-483.

PanacioTipis, K. (2021). Protocol for a systematic evidence map of sex hormone
biosynthesis in Mollusca. https://doi.org/10.5281/ZENODO.4693859.

31

PanacioTipis, K. (2022). Protocol for a systematic evidence map of sex hormone
biosynthesis in Mollusca. https://doi.org/10.5281/ZENODO.7061510.

*PANG, Z., LU, Z., WANG, M., GoNgG, L., Liu, B., Jiang, L. & Liu, L. (2019).
Characterization, relative abundances of mRNA transcripts, and subcellular
localization of two forms of membrane progestin receptors (mPRs) in the common
Chinese cuttlefish, Sepiella japonica. Animal Reproduction Science 208, 106107.

PERCIE DU SERT, N., AHLUWALIAID, A., ALAMID, S., AVEYID, M. T., BAKER, M.,
Brownemp, W. ], Crarkip, A., CurhHiLLip, I. C., DirnacLiD, U,
EMERSON, M., GARNERID, P., HOLGATE, S. T., HowEeLLsID, D. W., HURST, V.,
Karpip, N. A., £7 4L (2020a). Reporting animal research: explanation and
elaboration for the ARRIVE guidelines 2.0. PLoS Biology 18, 300041.

Percie Du Sert, N., HursT, V., AHLUWALIA, A., AraMm, S., Avey, M. T.,
BAkeRr, M., BRowNE, W. J., CrLARrk, A., CutHiLL, I. C., DirNnacL, U,
EMERSON, M., GARNER, P., HoLGATE, S. T., HoweLLs, D. W., Karp, N. A.
ET 4r. (2020b). The ARRIVE guidelines 2.0: updated guidelines for reporting
animal research. PLoS Biology 18, 1-12.

PEs, K., FRIESE, A., CoX, C. J., LAIZE, V. & FERNANDEZ, 1. (2021). Biochemical and
molecular responses of the Mediterranean mussel (Mytilus galloprovincialis) to short-
term exposure to three commonly prescribed drugs. Marine Environmental Research
168, 105309.

PeTRYK, A., WARREN, ]. T., MarQuEs, G., JarcHO, M. P., GILBERT, L. I,
KAHLER, J., PARVY, J. P., L1, Y., DAUPHIN-VILLEMANT, C. & O’CONNOR, M. B.
(2003). Shade is the Drosophila P450 enzyme that mediates the hydroxylation of
ecdysone to the steroid insect molting hormone 20-hydroxyecdysone. Proceedings of
the National Academy of Sciences of the United States of America 100, 13773-13778.

Prisco, M., AGNESE, M., DE MARINO, A., ANDREUCCETTI, P. & RosaTi, L. (2017).
Spermatogenic cycle and steroidogenic control of spermatogenesis in Mpytilus
galloprovincialis collected in the bay of Naples. Anatomical Record 300, 1881-1894.

*PrycCE, K., SAMUEL, D., LAGARES, E., MYRTHIL, M., BEss, F., HARRIs, A.,
WEeLsH, C., CARROLL, M. A. & CATAPANE, E. J. (2015). Presence of octopamine
and an octopamine receptor in Crassostrea virginica. In Vivo 37, 16-24.

RAINGEARD, D., BiLsao, E., CaNcio, I. & CAjaRAVILLE, M. P. (2013). Retinoid X
receptor (RXR), estrogen receptor (ER) and other nuclear receptors in tissues of
the mussel Mpytilus galloprovincialis: cloning and transcription pattern. Comparative
Biochemustry and Physiology. Part A, Molecular & Integrative Physiology 165, 178-190.

*Rizk, M. Z., METwALLY, N. S., HAMED, M. A. & MoHAMED, A. M. (2012).
Correlation between steroid sex hormones, egg laying capacity and cercarial
shedding in Biomphalaria alexandrina snails after treatment with Haplophyllum
tuberculatum. Experimental Parasitology 132, 171-179.

RocH, G. J., Bussy, E. R. & SHERwoOD, N. M. (2011). Evolution of GnRH: diving
deeper. General and Comparative Endocrinology 171, 1-16.

Roch, G. J., TELLO, J. A. & SHERWOOD, N. M. (2014). At the transition from
invertebrates to vertebrates, a novel GnRH-like peptide emerges in amphioxus.
Molecular Biology and Evolution 31, 765-778.

*ROJAS-GARCIA, A. E., ROBLEDO-MARENCO, M. L. & BARRON-VIVANCO, B. S.
(2014). Exposure to tributyltin chloride induces penis and vas deferens
development and increases RXR expression in females of the purple snail
(Plicopurpura pansa). Invertebrate Survival journal 11, 204-212.

RosarTr, F., DaNzA, G., GUARNA, A., CINI, N, RaccHl, M. L. & SEr10, M. (2003).
New evidence of similarity between human and plant steroid metabolism: 5a-
reductase activity in Solanum malacoxylon. Endocrinology 144, 220-229.

RosaTi, L., AGNESE, M., ABAGNALE, L., AN1ELLO, F., ANDREUCCETTI, P. &
Prisco, M. (2019b). The mussel Mytilus galloprovincialis in the bay of Naples: new
insights on oogenic cycle and its hormonal control. Anatomical Record 302, 1039-1049.

*RosATI, L., AGNESE, M., VERDERAME, M., ANIELLO, F., VENDITTI, M.,
Mita, D. G., ANDREUCCETTI, P. & Prisco, M. (2019a). Morphological and
molecular responses in ovaries of Mytilus galloprovincialis collected in two different
sites of the Naples Bay. Journal of Experimental Soology Part A: Ecological and Integrative
Physiology 331, 52-60.

*R0ossATO, M., CASTRO, L. B., PAGaNINT, C. L., CoLARES, E. P., FILLMANN, G. &
Pinno, G. L. L. (2016). Sex steroid imbalances in the muricid Stramonita
haemastoma from TBT contaminated sites. Environmental Science and Pollution Research
23, 7861-7868.

RoTtHWELL, C. M., SIMMONS, J., PETERS, G. & SPENCER, G. E. (2014). Novel
interactive effects of darkness and retinoid signaling in the ability to form long-
term memory following aversive operant conditioning. Neurobiology of Learning and
Memory 114, 251-263.

Ruiz, J. M., BACHELET, G., CAUMETTE, P. & DoNarD, O. F. X. (1996). Three
decades of tributyltin in the coastal environment with emphasis on Arcachon Bay,
France. Environmental Pollution 93, 195-203.

SaLoNIEMI, T., JOKELA, H., STRAUSS, L., PAKARINEN, P. & POUTANEN, M. (2012).
The diversity of sex steroid action: novel functions of hydroxysteroid (17p)
dehydrogenases as revealed by genetically modified mouse models. Journal of
Endocrinology 212, 27-40.

SANTILLO, D., JounsTON, P. & LANGsTON, W. J. (2001). Tributyltin (TBT)
antifoulants: a tale of ships, snails and imposex. Late lessons from early warnings:

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT


http://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookjan2015_508.pdf
https://doi.org/10.1787/9789264304741-en
https://doi.org/10.1787/4fbb70a9-en
https://doi.org/10.1787/4fbb70a9-en
https://doi.org/10.5281/ZENODO.4693859
https://doi.org/10.5281/ZENODO.7061510

32

The Precautionary Principle 1896-2000. European Environment Agency Issue
Report No. 22, 135-148.

Scuwarz, T. I., KATs1aDAKI, 1., MASKREY, B. H. & ScorT, A. P. (2017). Rapid
uptake, biotransformation, esterification and lack of depuration of testosterone and
its metabolites by the common mussel, Mytilus spp. Journal of Steroid Biochemistry and
Molecular Biology 171, 54—65.

Scott, A. (2021). Why you cannot use UV absorption to quantify steroids in biological
studies. ResearchGate.

Scort, A. P. (2012). Do mollusks use vertebrate sex steroids as reproductive
hormones? Part I: critical appraisal of the evidence for the presence, biosynthesis
and uptake of steroids. Sterouds 77, 1450-1468.

Scort, A. P. (2013). Do mollusks use vertebrate sex steroids as reproductive
hormones? II. Critical review of the evidence that steroids have biological effects.
Steroids 78, 268—281.

Scorr, A. P. (2018). Is there any value in measuring vertebrate steroids in
invertebrates? General and Comparative Endocrinology 265, 77-82.

SEAL, R. L., BrascHi, B., Gray, K., Jongs, T. E. M., TWEEDIE, S., Haim-
ViLmMovsKyY, L. & BRUFORD, E. A. (2023). Genenames.org: the HGNC resources
in 2023. Nucleic Acids Research 51, D1003-D1009.

SHAMSEER, L., MOHER, D., CLARKE, M., GHERsi, D., LIBERATI, A,
PETTICREW, M., SHEKELLE, P., STEWART, L. A., ALT™MAN, D. G., BooTH, A.,
CHAN, A. W., CHANG, S., CL1rFORD, T., DICKERSIN, K., EGGER, M., ET 4L
(2015). Preferred reporting items for systematic review and meta-analysis protocols
(PRISMA-P) 2015: elaboration and explanation. BM7 349, g7647.

SHEBL, F. M., PiNntOo, L. A., GAarcia-PINERES, A., LempICKI, R.,
WirLLiams, M., Harro, C. & HiLDESHEIM, A. (2010). Comparison of
mRNA and protein measures of cytokines following vaccination with human
papillomavirus-16 L1 virus-like particles. Cancer Epidemiology, Biomarkers &
Prevention 19, 978-981.

*SHEIR, S. K., MoHAMAD, A. H., OsMAN, G.Y. & ELHAFEZ, A. E. R. A. (2020). Acute
and chronic effects of bisphenol a on hormonal disruption and histological
alterations in the freshwater clam, Caelatura milotica (Cailliaud, 1827). Egyptian
Journal Of Aquatic Biology And Fisheries 24, 397-406.

*SHI, Y., GUAN, Y. & HE, M. (2013). Molecular identification of insulin-related peptide
receptor and its potential role in regulating development in Pinctada fucata. Aquaculture
408-409, 118-127.

SiMION, P., PHILIPPE, H., BAURAIN, D., JAGER, M., RICHTER, D. J., D1 FRANCO, A.,
ROURE, B., SATOH, N., QUEINNEC, E, ERESKOVSKY, A., LAPEBIE, P., CORRE, E.,
DeLsuc, F., KING, N., WORHEIDE, G. & MANUEL, M. (2017). A large and
consistent phylogenomic dataset supports sponges as the sister group to all other
animals. Current Biology 27, 958-967.

*SINGH, R. (2013). HPLC method development and validation: an overview. Indian
Journal Of Pharmaceutical Education And Research 4, 26.

SmiTH, B. S. (1971). Sexuality in the American mud snail, Nassarius obsoletus say. Journal
of Molluscan Studies 39, 377-378.

*SMOLARZ, K., ZABRZANSKA, S., KONIECZNA, L. & HALLMANN, A. (2018). Changes
in steroid profiles of the blue mussel Mytilus trossulus as a function of season, stage of
gametogenesis, sex, tissue and mussel bed depth. General and Comparative Endocrinology
259, 231-239.

*SONG, Y., M14o0, J., Car Y. & PaN, L. (2015). Molecular cloning, characterization,
and expression analysis of a gonadotropin-releasing hormone-like ¢cDNA in the
clam, Ruditapes philippinarum. Comparative Biochemistry and Physiology Part B: Biochemistry
and Molecular Biology 189, 47-54.

SonG, Y., Miao, J., Pan, L. & Wancg, X. (2016). Exposure t02,2',4,4'-
tetrabromodiphenyl ether (BDE-47) alters thyroid hormone levels and thyroid
hormone-regulated gene transcription in Manila clam Ruditapes philippinarum.
Chemosphere 152, 10-16.

STANGE, D. & OEHLMANN, J. (2012). Identification of oestrogen-responsive transcripts
in Potamopyrgus antipodarum. Journal of Molluscan Studies 78, 337-342.

*STANGE, D., SiERATOWICZ, A., HORRES, R. & OEHLMANN, J. (2012). Freshwater
mudsnail (Potamopyigus antipodarum) estrogen receptor: identification and expression
analysis under exposure to (xeno-)hormones. Ecotoxicology and Environmental Safety 75,
94-101.

*STREHSE, J. S., BRENNER, M., KisiELA, M. & MASER, E. (2020). The explosive
trinitrotoluene (TNT) induces gene expression of carbonyl reductase in the blue
mussel (Mytilus spp.): a new promising biomarker for sea dumped war relicts?
Archives of Toxicology 94, 4043-4054.

Sup, M., Fany, E., CoTTER, D., BROWN, A., DENnNIS, E. A., Grass, C. K,
MeRrrILL, A. H., Mureay, R. C., Rarrz, C. R. H., Russerr, D. W. &
SUBRAMANIAM, S. (2007). LMSD: LIPID MAPS structure database. Nucleic Acids
Research 35, 527-532.

*TakeucHl, T. (2017). Molluscan genomics: implications for biology and aquaculture.
Current Molecular Biology Reports 3, 297-305.

TakeucHI, T., KawasaiMa, T., KovaNacr, R., Gyoja, F., TANAkA, M., IkuTA, T\,
SnocGucHl, E., Fujtwara, M., SHINZATO, C., HisaTa, K., Fujig, M., Usamr, T.,
Nacar, K., MAEYaMA, K., OkamoToO, K., £7 4L (2012). Draft genome of the pearl

Konstantinos Panagiotidis and others

oyster Pinctada fucata: a platform for understanding bivalve biology. DNA Research 19,
117-130.

Taxisurra, K., Takaki, Y., CHIRARAISHI, Y., Ikura, T., Ozawa, G,
YosHipa, T., OukoucHI, N. & Fujikura, K. (2017). Genomic evidence that
methanotrophic endosymbionts likely provided deep-sea bathymodiolus mussels
with a sterol intermediate in cholesterol biosynthesis. Genome Biology and Evolution
9, 1148-1160.

*TaN, K., Guo, Z., ZHANG, H., Ma, H., L1, S. & ZHENG, H. (2021). Carotenoids
regulation in polymorphic noble scallops Chlamys nobilis under different light cycle.
Aquaculture 531, 735937.

*THITIPHUREE, T., NAGAsawa, K. & Osapa, M. (2019). Molecular identification of
steroidogenesis-related genes in scallops and their potential roles in gametogenesis.
Journal of Steroid Biochemistry and Molecular Biology 186, 22-33.

Tuowmas, E. A, Morroy, A., HansonN, N. B., Boam, M., SEbpON, M. &
SIGWART, J. D. (2021). A global red list for hydrothermal vent molluscs. Frontiers in
Marine Science 8, 1-10.

*THORNTON, J. W. & NEED, E. D. C. (2003). Resurrecting the ancestral steroid
receptor: ancient origin of estrogen signaling. Journal of Chemical Information and
Modeling 53, 1689-1699.

*T1AN, S., PAN, L. & SuN, X. (2013). An investigation of endocrine disrupting effects
and toxic mechanisms modulated by benzo[a]pyrene in female scallop Chlamys
Jarreri. Aquatic Toxicology 144-145, 162-171.

*T1aN, S., Pan, L., Tao, Y. & Sun, X. (2015). Environmentally relevant
concentrations of benzo[a]pyrene affect steroid levels and affect gonad of male
scallop Chlamys farreri. Ecotoxicology and Environmental Safety 114, 150-156.

*TiaN, S., PaN, L. & ZHANG, H. (2014). Identification of a CYP3A-like gene and
CYPs mRNA expression modulation following exposure to benzo[a]pyrene in the
bivalve mollusk Chlamys farreri. Marine Environmental Research 94, 7-15.

*TONG, Y., ZHANG, Y., HUANG, J., X140, S., ZHANG, Y., L1, J., CHEN, J. & YU, Z.
(2015). Transcriptomics analysis of Crassostrea hongkongensis for the discovery of
reproduction-related genes. PLoS One 10, 1-24.

*TRrRAN, T. K. A., MACFARLANE, G. R., KonG, R. Y. C., O’CoNNOR, W. A. &
Yu, R. M. K. (2016). Potential mechanisms underlying estrogen-induced
expression of the molluscan estrogen receptor (ER) gene. Aquatic Toxicology 179,
82-94.

UNIPROT CoNsORTIUM (2023). UniProt: the universal protein knowledgebase in
2023. Nucleic Acids Research 51, 523-531.

*URIcH, K. (1994). Sterols and steroids. In Comparative Animal Biochemistry, pp. 624-656.
Springer, Berlin Heidelberg. https://doi.org/10.1007/978-3-662-06303-3_16.

*UrusHITANI, H., KaTsu, Y., KAGECHIKA, H., Sousa, A. C. A., BARrOsO, C. M.,
OmnTa, Y., SHiraisHi, H., IcucHi, T. & HoricucHi, T. (2018).
Characterization and comparison of transcriptional activities of the retinoid X
receptors by various organotin compounds in three prosobranch gastropods; Thais
clavigera, Nucella lapillus and Babylonia japonica. Aquatic Toxicology 199, 103-115.

UrusHiTaNI, H., Katsu, Y., Onta, Y., SHiraisui, H., Icuchi, T. &
Horicucnr, T. (2013). Cloning and characterization of the retinoic acid
receptor-like protein in the rock shell, Thais clavigera. Aquatic Toxicology 142—143,
403-413.

VOckING, O., LEcLERE, L. & Hausen, H. (2021). The rhodopsin-retinochrome
system for retinal re-isomerization predates the origin of cephalopod eyes. BMC
Ecology and Evolution 21, 1-14.

VOGELER, S., BEaN, T. P., Lyons, B. P. & GaLLoway, T. S. (2016). Dynamics of
nuclear receptor gene expression during Pacific oyster development. BMC
Developmental Biology 16, 33.

VOGELER, S., GaLLowAy, T. S., LyoNns, B. P. & Bean, T. P. (2014). The nuclear
receptor gene family in the Pacific oyster, Crassostrea gigas, contains a novel
subfamily group. BMC Genomics 15, 369.

*VOLKER, C., GRAF, T., SCHNEIDER, I., OETKEN, M. & OEHLMANN, J. (2014).
Combined effects of silver nanoparticles and 17a-ethinylestradiol on the freshwater
mudsnail Potamopyrgus antipodarum. Environmental Science and Pollution Research 21,
10661-10670.

VoogarT, P. A. (19674). Biosynthesis of 3B-sterols in a snail, Arion rufus L., from 1-14C-
acetate. Archives Internationales de Physiologie et de Biochimie 75, 492-500.

VoocT, P. A. (1967h). Investigations on the capacity of synthesizing 3f-sterols in
Mollusca: I. — absence of 3f-sterol synthesis in a whelk, Buccinum undatum L. Archives
Internationales de Physiologie et de Biochimie 75, 809-815.

*WANG, F., Ca1, W, Su1, W., Wu, H.,, SHEN, Q,, HE, Y., Cu1, S. & AN, L. (2021b).
Single molecule real-time sequencing revealing novel insights on the response to
estrogen and androgen exposure in freshwater snails. Aquatic Toxicology 239, 105953.

WANG, J., Znane, G., Fanc, X, Guo, X, L1, L., Lvo, R., Xu, F., YANG, P,
ZnanG, L., Wanc, X., Qi, H. Xionc, Z., Que, H., X, Y,
Hovrranp, P. W. H., £7 4L, (2012). The oyster genome reveals stress adaptation
and complexity of shell formation. Nature 490, 49-54.

*WANG, Q. & Hg, M. (2014). Molecular characterization and analysis of a putative
5-HT receptor involved in reproduction process of the pearl oyster Pinclada fucata.
General and Comparative Endocrinology 204, 71-79.

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT


https://doi.org/10.1007/978-3-662-06303-3_16

Mapping molluscan endocrinology

*Wane, S., J1, C., L1, F,, Znan, J., SuN, T., Tanc, J. & Wu, H. (2021c).
Tetrabromobisphenol a induced reproductive endocrine-disrupting effects in
mussel Mytilus galloprovincialis. Journal of Hazardous Materials 416, 126228.

*WaNG, T., Kong, H., SHANG, Y., DuPoNT, S., PENG, J., WaNG, X., DENG, Y.,
Hu, M. & WANG, Y. (2021a). Ocean acidification but not hypoxia alters the gonad
performance in the thick shell mussel Mytilus coruscus. Marine Pollution Bulletin 167,
112282.

*WARREN, J. T., PETRYK, A., MARQUES, G., JARCHO, M., PARVY, J. P., DAUPHIN-
VILLEMANT, C., O’CoNNOR, M. B. & GILBERT, L. 1. (2002). Molecular and
biochemical characterization of two P450 enzymes in the ecdysteroidogenic
pathway of Drosophila melanogaster. Proceedings of the National Academy of Sciences of the
United States of America 99, 11043-11048.

*WARREN, J. T., PETRYK, A., MARQUES, G., Parvy, J. P., SHiNopa, T,
Irovama, K., Kosavasui, J., Jarcmo, M., Li, Y., O’CoNNOR, M. B,
DAUPHIN-VILLEMANT, C. & GILBERT, L. I. (2004). Phantom encodes the
25-hydroxylase of Drosophila melanogaster and Bombyx mori: a P450 enzyme critical in
ecdysone biosynthesis. Insect Biochemistry and Molecular Biology 34, 991-1010.

WARRIER, S. R., TirumaLAl, R. & SuBramonNiam, T. (2001). Occurrence of
vertebrate steroids, estradiol 17 and progesterone in the reproducing females
of the mud crab Seylla serrata. Comparative Biochemistry and Physiology Part A: Molecular
and Integrative Physiology 130, 283-294.

WHALEY, P., A1assa, E., BEAusOLEIL, C., BERONIUS, A, BiLoTTA, G., BOOBIS, A.,
DE VRIES, R., HANBERG, A., HorrmanN, S., HunT, N., KwiaTkowski, C. F.,
Lam, J.,, LipwortH, S., MARTIN, O., Ranparr, N., r£7 4L (2020).
Recommendations for the conduct of systematic reviews in toxicology and
environmental health research (COSTER). Environment International 143, 105926.

*WHITE, S. H., CARTER, C. J. & MAGOsKI, N. S. (2014). A potentially novel nicotinic
receptor in Aplysia neuroendocrine cells. Journal of Neurophysiology 112, 446-462.

*WHITEHEAD, D. L. (1977). Steroids enhance shell regeneration in an aquatic
gastropod  (Biomphalaria  glabrata). Comparative Biochemistry and Physiology Part C:
Comparative Pharmacology 58, 137-141.

XIONG, X., CA0,Y., L1, Z., HUANG, R., DU, X. & ZHENG, Z. (2022). Ecdysone signal
pathway participates in shell formation in pearl oysters Pinctada fucata martensii. Journal
of Steroid Biochemistry and Molecular Biology 217, 106045.

*Xu, R., PAN, L., YANG, Y. & ZHOU, Y. (2020). Characterizing transcriptome in female
scallop Chlamys farreri provides new insights into the molecular mechanisms of
reproductive regulation during ovarian development and spawn. Gene 758, 144967.

*Xu, X., KEEFER, L. K., ZIEGLER, R. G. & VEENsTRA, T. D. (2007). A liquid
chromatography-mass spectrometry method for the quantitative analysis of

urinary endogenous estrogen metabolites. Nature Protocols 2, 1350-1355.

*YAN, L., Su, J., WANG, Z., ZHANG, Y., YAN, X. & YU, R. (2018). Growth performance
and biochemical composition of the oysters Crassostrea sikamea, Crassostrea angulata and
their hybrids in southern China. Aguaculture Research 49, 1020-1028.

*YANG, Y., PaN, L., Znou, Y., Xu, R. & L1, D. (2020). Benzo[a]pyrene exposure
disrupts steroidogenesis and impairs spermatogenesis in diverse reproductive stages
of male scallop (Chlamys farreri). Environmental Research 191, 110-125.

*ZABRZANSKA, S., SMOLARZ, K., HALLMANN, A., KONIECZNA, L., Baczek, T. &
Wotowicz, M. (2015). Sex-related differences in steroid concentrations in the blue
mussel (Mpytilus edulis trossulus) from the southern Baltic Sea. Comparative Biochemistry
and Physiology. Part A, Molecular & Integrative Physiology 183, 14-19.

ZANDAWALA, M., TiaN, S. & EvrpHick, M. R. (2018). The evolution and
nomenclature of GnRH-type and corazonin-type neuropeptide signaling systems.
General and Comparative Endocrinology 264, 64-77.

*ZAPATA-RESTREPO, L. M., HauTon, C., WiLLiams, I. D., JENseN, A. C. &
Hubpson, M. D. (2019). Effects of the interaction between temperature and
steroid hormones on gametogenesis and sex ratio in the European flat oyster
(Ostrea edulis). Comparative Biochemistry and Physiology. Part A, Molecular & Integrative
Physiology 236, 110523.

33

*ZENG, M., CHEN, D., L1, Q., CHEN, H. & HuaNG, Q. (2020). Estrogen receptor
regulates immune defense by suppressing NF-xB signaling in the Crassostrea
hongkongensis. Fish & Shellfish Immunology 106, 796-803.

*Zua1, H.N., Znou, J. & Car, Z. H. (2012). Cloning, characterization, and expression
analysis of a putative 17 beta-hydroxysteroid dehydrogenase 11 in the abalone, Haliotis
duversicolor supertexta. Journal of Steroid Biochemistry and Molecular Biology 130, 57-63.

*ZHANG, H., PaN, L. & ZHANG, L. (2012). Molecular cloning and characterization of
estrogen receptor gene in the scallop CGhlamys farreri: expression profiles in response to
endocrine disrupting chemicals. Comparative Biochemistry and Physiology. Part C,
Toxicology & Pharmacology 156, 51-57.

Znanc, M., We1, H., Liu, T., L1, W,, L1, Y., Wang, S., XiNG, Q., Hu, X,,
ZHANG, L. & Bao, Z. (2020). Potential GnRH and steroidogenesis pathways in
the scallop Patinopecten yessoensis. Journal of Steroid Biochemistry and Molecular Biology
204, 105756.

*¥ZHANG, Y., WANG, Q., J1, Y., ZHANG, Q., Wu, H,, XIE, J. & ZHAO, J. (2014a).
Identification and mRNA expression of two 17B-hydroxysteroid dehydrogenase
genes in the marine mussel Mytilus galloprovincialis following exposure to endocrine
disrupting chemicals. Environmental Toxicology and Pharmacology 37, 1243-1255.

*ZHANG, Y., Yu, F., L1, J., TonG, Y., ZHANG, Y. & YU, Z. (2014b). The first
invertebrate RIG-I-like receptor (RLR) homolog gene in the pacific oyster
Crassostrea gigas. Fish & Shellfish Immunology 40, 466-471.

ZHANG, Z., BA1, Q., XU, X. & ZHANG, X. (2021). Effects of the dominance hierarchy
on social interactions, cortisol level, HPG-axis activities and reproductive success in
the golden cuttlefish Sepia esculenta. Aquaculture 533, 736059.

*7ZHENG, B. H., AN, L. H., CHANG, H., L1U, Y. & JIANG, Z. Q. (2014). Evidence for
the presence of sex steroid hormones in Zhikong scallop, Chlamys farreri. Journal of
Steroid Biochemistry and Molecular Biology 143, 199-206.

Znou, G.J.,Ho,K. K.Y, Ip,]. C. H, L1u, S., Hu, J., GIEsY, J. P. & LEUNG, K. ML Y.
(2021). Insights into the influence of natural retinoic acids on imposex induction in
female marine gastropods in the coastal environment. Environmental Science and
Technology Letters 8, 1002-1008.

*Znu, X., Guo, C., LIN, C., WANG, D., WANG, C. & XU, S. (2018). Estradiol-17p and
testosterone levels during the annual reproductive cycle of in Mytilus coruscus. Animal

Reproduction Science 196, 3542,

XI. SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Appendix S1. Protocol for a systematic evidence map on
hormone biosynthesis in Mollusca.

Appendix S2. Updates made to the final protocol for the
systematic evidence map of hormone biosynthesis in
Mollusca.

Appendix S3. Pilot search for a systematic evidence map of
hormone biosynthesis in Mollusca.

Appendix S4. Data extraction template.

Appendix S5. Risk-of Bias tool and data.

Appendix S6. Risk-of-Bias tool guidelines.

Appendix S7. Supplementary information.

(Recewed 30 July 2024; revised 3 December 2025; accepted 5 December 2025)

Biological Reviews (2025) 000-000 © 2025 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWILLIOD BAFea1D) 3|qedljdde au Ag peusenob are sajolie O ‘88N JO 3N Joj A%eiqiT8uluO /8|1 UO (SUO 1 IPU0D-pUR-SBY W00 A8 1M Alelq 1jBul[UO//SANY) SUORIPUOD PuUe SWLB L 8U} 89S *[5202/2T/9T] uo AriqiTauluo A8|im “AiseAiun punig Aq ZTTOL AA/Z00T OT/I0p/w0d" A3 1M Areiq 1 jpul|uo//Sdny woiy pepeojumoq ‘0 XS8TE9YT



	Mapping molluscan endocrinology: a systematic and critical appraisal
	ABSTRACT
	I.  INTRODUCTION
	II.  METHODS
	(1)  PO statements and eligibility criteria
	(a)  Defining `population´
	(b)  Defining outcome – `hormones´, `hormone receptors´ and `hormone‐metabolising enzymes´

	(2)  Search strategy
	(3)  Data management and screening
	(4)  Data extraction
	(5)  Risk‐of‐bias assessment
	(6)  Data analysis and narrative synthesis
	(a)  Mollusca AND hormones
	(b)  Mollusca AND receptors
	(c)  Mollusca AND enzymes

	(7)  Data visualisation and analysis
	(8)  Meta‐biases

	III.  RESULTS
	(1)  Overall summary of inventory
	(2)  Risk‐of‐bias of included studies
	(3)  Mollusca AND hormones
	(a)  Inventory characteristics
	(b)  Methodology characteristics for the Mollusca AND hormones inventory

	(4)  Mollusca AND receptors
	(a)  Inventory characteristics
	(b)  Methodology characteristics for Mollusca AND receptors inventory

	(5)  Mollusca AND enzymes
	(a)  Inventory characteristics
	(b)  Methodology characteristics for Mollusca AND enzymes inventory

	(6)  Comparative endocrinology across molluscs, vertebrates, and other invertebrates
	(a)  Evidence for cholesterol biosynthesis in molluscs
	(b)  Parallels of vertebrate steroidogenesis identified in mollusc tissues
	(i)  Cortisol pathway
	(ii)  Sex steroid pathway

	(c)  Evidence on retinoic acid signalling in molluscs
	(d)  The occurrence of phytosterols and edcysteroids in molluscs
	(e)  The occurrence of thyroid hormones in molluscs


	IV.  DISCUSSION
	V.  FUTURE RESEARCH NEEDS AND PERSPECTIVES
	VI.  CONCLUSIONS
	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES
	SUPPORTING INFORMATION


