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Abstract

Sex determination and sexual development are highly diverse, and controlled by mechanisms that are
extremely labile. While dioecy (separate male and female functions) is the norm for most animals,
hermaphroditism (both male and female functions within a single body) is phylogenetically widespread.
Much of our current understanding of sexual development comes from a small number of model systems,
limiting our ability to make broader conclusions about the evolution of sexual diversity. We present the
calyptraeid gastropods as a model for the study of the evolution of sex determination in a sequentially
hermaphroditic system. Calyptraeid gastropods, a group of sedentary, filter-feeding marine snails are
sequential hermaphrodites that change sex from male to female during their life span (protandry). This
transition includes resorption of the penis and the elaboration of female genitalia, in addition to shifting
from production of spermatocytes to oocytes. This transition is typically under environmental control, and
frequently mediated by social interactions. Males in contact with females will delay sex change to
transition at larger sizes, while isolated males will transition more rapidly at smaller sizes. This
phenomenon has been known for over a century; however, the mechanisms that control the switch from
male to female are poorly understood. We review here our current understanding of sexual development
and sex determination in the calyptraeid gastropods and other molluscs, highlighting our current
understanding of factors implicated in the timing of sex change and the potential mechanisms. We also
consider the embryonic origins and earliest expression of the germ line, and the effects of environmental
contaminants on sexual development.



“Sex is the queen of problems in evolutionary biology.”
Graham Bell 1982

“However, what is more interesting is the mollusc’s sex life.”
Monty Python’s Flying Circus, Episode 32, “The War Against Pornography”, 1972

Introduction

The most intriguing questions in biology often focus on the fundamentals of life: food, relationships, and
sex. Sex in biology has led to foundational questions of why sex exists and why most species have
separate sexes, and has proven to be a fruitful area of research across evolution, development, and
ecology. As intriguing as these questions are, the focus of most research has been on separate sexes, the
dominant expression of sexuality in metazoans (Jarne and Auld 2006). Hermaphroditism, where
individuals function as both male and female either at the same time (simultaneous hermaphroditism) or
in series (sequential hermaphroditism) is less common as a reproductive strategy, occurring in
approximately 5% of animals (Jarne and Auld 2006). Despite the relative rarity of hermaphroditism as a
sexual strategy in animals, it is phylogenetically widespread, found in 70% of phyla (Policansky 1982;
Jarne and Auld 2006). For example, sequential hermaphroditism is known from systems as diverse as reef
fishes (e.g., wrasse, Robertson 1972; clownfish, Buston 2003), shrimp (Bauer 2006), and molluscs (Heller
1993), including the slipper snails, described below. These exceptions to the norm have stimulated
exploration of how individuals determine optimal sexual roles and what factors influence timing and
direction of sexual transitions. As hermaphroditism has emerged multiple times, this mode of
reproduction is of interest for understanding the evolution of sex and repeated transitions between dioecy
and hermaphroditism. Sequential hermaphroditism, in which an individual functions as different sexes
through time, is particularly valuable as a system in which to explore sexual development in an

evolutionary context.

While most groups have some level of sexual diversity, molluscs (e.g., snails, squid and octopus,
bivalves, etc.) exhibit nearly as much diversity in their sexual types as they do in their body plan. As the

second most speciose phylum after the arthropods, molluscs are widely distributed and often



commercially important. As members of the spiralian lophotrochozoans, which include over one third of
recognized phyla (e.g., annelids, nemerteans, platyhelminths, etc.), molluscs develop via a stereotyped
pattern of early cleavage. This shared developmental pattern allows cellular homologies in early
development to be traced across large phylogenetic distances, and is a powerful tool for understanding the
origins of body plan diversity. These features make molluscs an attractive system for exploring the
evolution of sexual development. As in other animals, most molluscs are dioecious with separate sexes
(around 75%, Auld and Jarne 2016). Many groups are hermaphroditic. This includes simultaneous
hermaphroditism as in most pulmonates and opisthobranchs, where both sexes are expressed at the same
time, and sequential hermaphroditism, as in many bivalves and certain gastropod groups, where an
individual transitions from one sex to another (Fig. 1) (Heller 1993). Sequential hermaphroditism can be
expressed as male to female sexual transition (protandry), as found in the calyptraeid gastropods, or as
female to male transition (protogyny), which is common in other sex-changing animals such as fish
(Robertson 1972; Buston 2003), but is not known to occur in molluscs (Heller 1993; Hoagland 1978).
Some molluscs, namely bivalves, have alternating sexuality, where multiple sex changes and reversals in
the same individual are possible (Coe 1943). It should be noted that the terminology surrounding sexual
diversity in animals has historically been muddled (see Collin 2013). Here, we restrict the term “sex
change” to a unidirectional, non-reversible change in sex and “sexual reversal” to repeated changes in

sexual characters.

While sexual types in the molluscs are diverse, most of this diversity is limited to the gastropods and
bivalves (Fig. 1) (see Collin 2013). Outside of these two classes, molluscs are almost exclusively
described as dioecious with separate sexes, with few exceptions. For example, all aplacophoran
solenogasters described to date are simultaneous hermaphrodites. Other exceptions include two members
of one polyplacophoran genus with simultaneous hermaphroditism (Lepidochitona, Eernisse 1988), one
case of potential sequential hermaphroditism in a cephalopod (4ncistrocheirus lesueurii, Hoving et al.

2006), and one case of simultaneous hermaphroditism in a monoplacophoran (Micropilina arntzi,



Haszprunar and Schaefer 1996). The infrequency of these exceptions does not rule out the possibility that
there are more cases yet to be described. Molluscan phylogenetic relationships and outgroup comparisons
suggest that dioecy is the ancestral state, with multiple independent origins of hermaphroditism (Fig. 1)
(Ponder and Lindberg 1997; Kocot et al. 2011; Smith et al. 2011). Basal groups of gastropods and
bivalves are dioecious, lending support to this hypothesis (Collin 2013). Thus, the evolution of molluscs
includes repeated parallel emergence of different types of hermaphroditism, mainly restricted to a few

groups within the gastropods and bivalves.

Hermaphroditism is thought to emerge under certain selective conditions. Theoretical models, most
prominently sex allocation theory, have been used to explore how selection has led to the repeated
evolution of hermaphroditism. Sex allocation asks how individuals and populations divide resources
between male and female functions (Charnov 1982). In dioecious species with separate sexes, sex
allocation determines the sex ratio (ratio of males to females) in a population. It can also be used to
understand how individuals and populations balance costs of male and female function with reproductive
output. In hermaphroditic species, sex allocation relates to the timing and direction of sex change in
sequential hermaphrodites and the allocation of male and female reproductive resources in simultaneous
hermaphrodites (Charnov 1982). The size-advantage model of sex allocation (Ghiselin 1969; Warner
1988) posits that changing sex should be advantageous if one sex has a higher reproductive output at
larger sizes than the other sex. For example, larger males that produce more offspring relative to females
of the same size should select for a transition from female to male (protogyny). Conversely, when larger
females produce more offspring relative to males of comparable sizes, this should select for a transition
from male to female (protandry) (Munday et al. 2006; Warner 1975; Warner et al. 1975). When
conspecifics are scarce and/or widely scattered, it appears to be advantageous for an individual to perform
both male and female functions simultaneously, thereby increasing reproductive output (Ghiselin 1969).
Sedentary lifestyles, combined with patchy distribution and environmental heterogeneity is thought to

select for sequential hermaphroditism (Wright 1988). Sequentially hermaphroditic molluscs such as



oysters and some gastropod groups, like limpets and slipper snails are often sedentary, reducing the
chances of encountering a mate (Hoagland 1978; Wright 1988). Reproductive behavior does not appear to
influence this, as sequential hermaphrodites reproduce via either free-spawning or copulation (Hoagland
1978), however, sexual reversals in molluscs appear to be associated with free-spawning (Collin 2013).
While sequential hermaphrodites generally function as only one sex at a time, nearly all heterobranchs
(opisthobranchs and the pulmonates) are simultaneous hermaphrodites with mutual insemination (Heller
1993; Jarne and Auld 2006). While marine opisthobranchs do not typically self-fertilize, it is common for
terrestrial pulmonates to do so, and some species do so preferentially (Jarne and Auld 2006; Auld and
Jarne 2016; Koene 2017). Simultaneous hermaphroditism, including the role of sex allocation and sexual

selection, has been reviewed elsewhere (Auld and Jarne 2016; Nakadera and Koene 2013).

Within the molluscs, slipper snails (calyptraeid gastropods, Fig. 2), provide an excellent system for
exploration of sequential hermaphroditism, including the molecular mechanisms and evolution of sex
determination, sexual differentiation, and sex change. For more than a century, scientists have studied the
sex lives of these animals. The influence of environment in sex determination makes the calyptraeid
gastropods of particular interest. While all calyptraeids change sex from male to female (Fig. 2), different
species show greater or lesser influence from the presence of conspecifics on the timing of sex change.
New molecular techniques are opening non-model systems to mechanistic exploration, and the
calyptraeids, with an abundance of information on sexual development and the ability to make
comparisons between closely related species, make them an excellent model to study the development of
sexual systems (Henry et al. 2017; Henry and Lyons 2016). While the underlying mechanisms of these
interactions remain poorly known, new tools and techniques are increasing our ability to answer questions
about all aspects of development in this group of animals (e.g., Henry et al. 2017). In this chapter, we will
discuss sexual systems and sex determination in molluscs, with a focus on environmental sex
determination in calyptraeids. This will include discussion of some known proximate mechanisms

controlling sex determination in molluscs. We will also briefly discuss the earliest expression of sexual



development, the germline. We conclude with anthropogenic impacts on sexual development in

molluscan populations, and suggest directions for future research.

Mechanisms of sex determination

Sex determination, the developmental processes that produce male or female individuals or cells (eggs
and sperm), is fundamental to questions of sex allocation (Beukeboom and Perrin 2014). Exploration of
mechanisms of sex determination has led to the realization that diversity is the rule (Beukeboom and
Perrin 2014; Bull 1983). The diversity of sex determination mechanisms has prompted a search for
commonalities at multiple levels of biological organization, and has shown that there are at least some
shared mechanisms. The lability of sex determination mechanisms and the action of selection in
producing this variety is an exciting question. Well established model systems have taught us a great deal
about how sex is determined; however, they are not able to fully account for the diversity of sexual
systems. Increasing accessibility of genetic and molecular techniques in non-model organisms and the
conceptual approach of evo-devo are powerful tools for understanding the diversity of sex allocation, sex

determination, and the how the underling mechanisms have been altered by selective forces.

While the mechanisms that produce male and female forms are staggeringly diverse, most mechanisms
fall into two main categories, genetic sex determination and environmental sex determination. Interactions
between environmental and genetic factors are the norm. Genetic sex determination (GSD) includes
chromosomally determined sex and determination by multiple genetic factors. In chromosomally
determined sex, either the male can be the heterogametic sex (i.e., XX/XY systems) or the female can be
the heterogametic sex (i.e., ZW/WW systems), or males may lack a copy of one sex chromosome (i.e.,
XX/XO systems). Systems with sex determination under the control of multiple genetic factors may be
oligogenic, with control by a few genes, or polygenic, with control by many genes of small effect.
Environmental sex determination (ESD) includes sexual systems that are determined by external factors

such as nutritional state, temperature, social structure, or some combination of environmental triggers.



This diversity has prompted a great deal of speculation about how and why diversity of sex determination
has arisen (Bachtrog et al. 2014; Beukeboom and Perrin 2014; Bull 1983; Haag and Doty 2005), and
prompted the search for underlying commonalities. Molluscs include examples of all types of genetic sex
determination. However, despite the diversity of sex determination in molluscs, the mechanistic bases

have only been explored in detail for relatively few species.

Much of our current understanding of genetic sex determination comes from studies of model organisms
(e.g., Drosophila, Oliver and Clough 2012; C. elegans, Riddle et al. 1997; and mouse, Koopman et al.
1991). Evidence for the genetic control of sex determination in molluscs has come from chromosomal
analyses, analysis of sex ratios in natural and experimental populations, and more recently transcriptomic
and molecular expression studies. These studies are increasing our understanding of the diversity of
molluscan sex determination, and started to hint at key players in the underlying gene regulatory
networks. Many studies of sex determination in molluscs rely on the use of sex ratios to infer underlying
mechanisms (see Yusa 2007). Sex ratios have the advantage of being relatively easy to measure, at least
in species with obvious, external sexual characters. While the sex ratio approach has been useful, it has
important caveats. Simple tallies of sexes in a given population can miss important influences on sex
ratios such as differential mortality at various life stages, or broader population differences, and can miss
cases of sequential hermaphroditism (Yusa 2007). While the best method of determining sexual patterns

is to follow animals throughout the life cycle, this remains impractical for long-lived or rare species.

Genetic Sex Determination in Molluscs

Chromosomal studies have found heterogametic chromosomes in a number of gastropods, presumed to be
sex chromosomes (reviewed by Thiriot-Quiévreux 2003). This includes the XX-XY system, with males
as the heterogametic sex (i.e., Viviparus spp., Littorina saxitalis, 2 neogastropod species), the XO-XX

system where males lack a sex chromosome (e.g., Neotricula aperta), and the ZW-ZZ system, with



females as the heterogametic sex (e.g., Viviparus spp.). No sex chromosomes have been reported in either
Pulmonata or Opisthobranchia (Thiriot-Quiévreux 2003). Comparable studies of bivalves have also found
no evidence of heterogamety (see Breton et al. 2017 for review). Many members of these groups are true
hermaphrodites, expressing both male and female gametes at the same time, making chromosomally-
based sex determination mechanisms unlikely. Karyotypes continue to be explored (e.g., Garcia-Souto et
al. 2018, Littorina spp.); however, these studies generally have been limited to chromosome number and
description. The actual mechanisms of sex determination in relation to chromosomally expressed genes

remains unexplored in molluscs.

Genetic control of sex allocation, and sex determination more generally has been best studied in bivalves,
owing to their commercial importance and value in aquaculture (see Breton et al. 2017 for review).
Controlled crosses in the Pacific oyster, Crassostrea gigas, suggest that sex determination is controlled by
a single locus (Guo et al. 1998). Analysis of 86 families suggested the presence of a dominant male allele
(M) and recessive protandrous hermaphroditic allele (F) (Guo et al. 1998). However, this two-locus
model does not fully account for the ratios observed, and a three locus model proposes that FF produces
true females, MM true males, and FM protandric females (Hedgecock and Hedrick 2010). Similar linecage
experiments in the dioecious pulmonate, Pomacea canaliculata, have suggested that a small number of
genes are required to produce the sex ratios observed in full- and half-sibling crosses (Yusa 2007; Yusa

and Kumagai 2018).

Chromosomal and genomic information is generally lacking in the calyptraeid gastropods. Conklin (1902)
reported 30 chromosomes (n=30) in maturing oocytes of Crepidula plana. The karyotype of Crepidula
unguiformis is reported as n=17 (Libertini et al. 2009). Interestingly, the authors of the latter report a
heteromorphic chromosome in approximately one third of the cases examined but doubt that this is a sex
chromosome, stating unequivocally “the possibility that it may be linked to a sex determining mechanism

is easily ruled out since hermaphrodite organisms cannot have sex-linked chromosomes” (Libertini et al.



2009, p. 112). Be that as it may, several aspects of calyptraeid sexual development and behavior likely
have a genetic component. For example, juveniles and small males are typically highly motile, and
become more sedentary as they increase in size and age. This behavioral shift includes changes in pedal
gland morphology (Chaparro et al. 1998; Chaparro et al. 2001). These shifts in motility are linked to the
initiation of the sexual transition (Coe 1935). However, inter-individual differences in behavior and
motility of males in relation to the timing of sexual transition could be also under genetic control (Coe
1935). Indeed, some more sedentary males delay their transition to females sometimes for very lengthy
periods (Coe 1935, 1938a, b). Lack of mechanistic understanding limits the conclusions that we can make
about the genetic control of sex determination without further study. Chromosomal studies and multi-
generation crosses, as described previously, could be used to demonstrate the genetic component of sex

allocation in calyptraeids.

Environmental Sex Determination in Molluscs

While no system can realistically be said to be under either exclusive genetic or environmental control,
environmental factors can be the controlling factor in sex determination. For example, temperature is
known to determine sex in turtles and other reptiles, with higher temperatures producing females and
lower temperatures resulting in development of males (Bull and Vogt 1979; Miyagawa et al. 2018).
Molluscan examples of ESD are found primarily in sequential hermaphrodites, which allocate resources
to male or female function in response to environmental factors. Potential environmental influences
include (but are not limited to) temperature, nutrition status, and social environment. For example, some
patellogastropods (true limpets) change sex from male to female depending on population density (Lottia
gigantea, Lindberg and Wright 1985). Detailed observations have also shown seasonal sex reversals are
possible in limpets (Patella ferruginea, Guallart et al. 2013). The oyster, Ostrea edulis, and other bivalves
also change and reverse sex in response to nutritional and temperature cues (Coe 1943; Breton et al.

2017).
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All calyptraeids are protandric hermaphrodites, changing sex once from male to female (Fig 2).
Fertilization is internal via copulation, so the sexual transition includes resorption of the penis, elaboration
of a female genital papilla and associated reproductive structures, as well as a shift from production of
spermatocytes to oocytes in the gonad (Fig. 2). While Conklin (1897) speculated that C. fornicata might
be hermaphroditic, Orton’s (1909) examination of the gonadal tissues was the first to confirm sequential
hermaphroditism in Crepidula. Subsequent studies have confirmed this pattern in all members of the
family (Coe 1936, 1938b, a; Collin 1995, 2000, 2006; Collin et al. 2005; Gould 1952; Gould 1917a, b,
1919; Hoagland 1978; Warner et al. 1996). While all individuals pass through a male phase before
transitioning to female maturity, the precise timing of sexual development is influenced by the presence
of conspecifics. Males associated with females delay their sexual transition, changing sex at a larger size
relative to isolated males or males associated with other males (Coe 1938b; Collin 1995). This has been
confirmed in multiple species (Coe 1935, 1936, 1938a, b; Ishiki 1936, 1938; Warner et al. 1996; Collin
2000, 2006; Collin et al. 2005). Empirical evidence of size at sex change in the calyptraeids has generally
shown that individuals make decisions about transitions based on local environmental factors. These
include population density, local mating population size and composition, as well as the age, size, and

nutritional status of an individual.

One of the best studied examples in the calyptraeids is the Atlantic slipper snail, Crepidula fornicata,
which famously forms stacks or chains of up to tens of animals (Fig. 3A). Small males are motile and are
found at the top or along the sides of stacks, while large, mature females are sedentary and found at the
bottom of a stack attached to an empty shell or other substrate (Coe 1936; Collin 1995). Reduced motility
in larger males is thought to reflect reduced opportunity for copulation, however, paternity studies have
shown that the male closest to the female in a stack has a reproductive advantage (Dupont et al. 2006;
Proestou et al. 2008; Broquet et al. 2015). Furthermore, paternity is generally restricted to members of a

stack (Dupont et al. 2006; Le Cam et al. 2009; Proestou et al. 2008). Stack or aggregate size, motility, and
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mode of development are all associated with variation in sex ratio and size at sex change (Collin 2006).
Adult behavior in other calyptraeid species varies, and adults of some species may be found forming
stacks as in C. fornicata, others are more commonly found in isolation or in mating pairs (Fig. 3B), or in
masses covering available substrate (Fig. 3C). These behaviors influence local mating populations, and
therefore sexual transitions, as the size of a mating group influences size at sex change and the sex ratio of
a population (Collin 2006). Experimental manipulation of Crepidula norrisarium also found evidence of
social control of sex change in a large, direct-developing species restricted to limited habitats on the shells
of other gastropods (Warner et al. 1996). When multiple hosts are available, males of C. norrisarium tend
to move to hosts where females are present, thereby increasing their reproductive potential (Hobday and
Riser 1998). Male reproductive success has been shown to directly influence timing of sexual transition in
Crepidula coquimbensis, where males with more access to females and longer periods in copulatory
positions showed increased levels of paternity and reduced growth rates and rates of sex change (Brante et

al. 2016).

Not all calyptraeids appear to be influenced by the presence of conspecifics. For example, C. convexa are
small, and brood their direct-developing offspring until they hatch as juveniles. Field and laboratory
manipulations shows little influence of conspecifics on the timing of sex change (Coe 1938b; Hoagland
1978). Similarly, Calyptraea chinensis does not show any changes in the rate of male growth due to
female presence or absence (Bacci 1951). Likewise, social environment is not the only factor that can
influence the timing of sex change in calpytraeids. Decreased food availability appears to lengthen the
transitional period at the expense of male function in C. cf. marginalis and C. incurva (Mérot and Collin
2012b; Mérot and Collin 2012a), while desiccation stress and the increased early mortality produces

smaller females (Mérot and Collin 2012b).

These studies highlight the role of plasticity in response to social and environmental cues in controlling

the timing of sex change. Considering sexual development and sex change as plastic responses to
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environmental inputs provides us with a conceptual framework to ask and address these questions (Capel
2017). Few systems to date present examples of known mechanisms of environmentally mediated
polyphenic shifts. One example is the nematode worm, Pristionchus pacificus, which produces either
wide-mouthed, predatory morph or a narrow-mouthed, grazing morph in response to nutritional and social
cues (Ragsdale et al. 2013). This developmental switch appears to be controlled at the site of the
polyphenism by the activity of a sulfotransferase (SEUD-1), and NHR-40, with a threshold set by the
opposing activity of a sulfatase (EUD-1) (Bui et al. 2018). The integration of multiple inputs (e.g.,
nutrition, social environment, etc.) in calyptraeid sex change suggests the integration of hormonal/neural
signals with molecular switches based on certain thresholds. The availability of multi-species
comparisions within the calyptraeids, and with species that show differences in the degree to which
conspecifics influence sex change, will allow us to explore the commonality (or lack) of these

environmentally mediated mechanisms.

Mechanisms of Sexual Differentiation

While the role of conspecifics on the timing of sex change in many calyptraeids is well recognized, the
proximate mechanisms controlling these changes have only recently begun to be described. Early workers
suggested that females secreted a water-borne pheremonal cue that could act at a distance (Gould 1952;
Gould 1917b, 1919) or that males were delaying their sexual transition in response to cues that required
direct contact with females (Coe 1938a, 1942). However, recent experiments have revealed that social
control of sex change is contact-mediated. In C. fornicata (Cahill et al. 2015) and C. c.f. marginalis
(Carrillo-Baltodano and Collin 2015), animals were reared in conditions that allowed for the free flow of
water and potential water-borne cues, and either allowed or blocked from direct physical contact. Males
of C. fornicata were also exposed to clean, empty shells (Cahill et al. 2015; see also Coe 1938a), and
males of C. c.f. marginalis were exposed to mucus and substrate that was previously in contact with

conspecifics (Carrillo-Baltodano and Collin 2015). Males of both species were inhibited from
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transitioning to female only by direct physical contact with females. While these experiments confirm the
importance of physical contact in influencing the timing of sex change, the precise nature of the signal
remains unknown, though Carrillo-Boltando and Collin (2015) speculate that signals during copulation

may play a role in mediating this response (see also Coe 1938a).

Male development may be controlled by secretions of the pedal ganglion at the base of the right tentacle,
adjacent to the penis outgrowth region (Le Gall and Streiff 1975; Le Gall 1981; Le Gall and Feral 1982;
Féral et al. 1987). In a series of experiments Le Gall (1981) found that removal of the right tentacle will
quickly result in tentacle regrowth. Similarly, if the penis is removed, it can be regrown. When both
tentacle and penis are removed, the tentacle will regenerate first, followed by the penis. However, a
second removal of the right tentacle prior to penis regrowth blocks its regeneration (Le Gall 1981).
Removal of the pedal ganglion blocks regeneration of the penis, but not the tentacles (Le Gall 1981).
Interestingly, the insertion of another pedal ganglion from another male individual of the same species
(C. fornicata), or even the pedal ganglion from males of another species (Calyptraea, Littorina spp.,
Buccinum spp., Le Gall 1981) is able to induce penis growth. Similar results were reported in Calyptraea
chinenis (Streiff 1966, 1967). This is reminiscent of the nervous control of optic gland secretions in
octopus. Severing innervation to the optic gland initiates growth of the reproductive organs in males and
females (Wells and Wells 1959), and similar neurohormonal controls may be shared among molluscs. The
broad action of the pedal ganglion in regeneration and penis growth suggests a hormonal secretion. While
a potential signaling compound has been partially purified (Le Gall et al. 1987), its identity remains

unknown.

Despite these tantalizing glimpses of mechanisms controlling sex determination and sex change in the
calyptraeid gastropods, the precise molecular and hormonal mechanisms remain elusive. However, a
recent spate of transcriptomic studies in molluscs, primarily bivalves, have implicated several candidate

genes, including conserved sex-determining genes. For example, in the oyster Crassostrea gigas, Zhang
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and colleagues (2014) showed expression of several conserved sex determining genes, including Cgdsx
(C. gigas doublesex) and CgSoxH (C. gigas Sry-related HMG box), which are expressed specifically in
gonadal tissues (Zhang et al. 2014). Similar transcriptomic studies in other bivalves have suggested a
number of conserved genes involved in sexual differentiation. This includes dmrt in Pinctada
margaritifera (Teaniniuraitemoana et al. 2014), and dmrt, SoxH, and FoxL2 in Patinopecten yessoensis
(Li et al. 2016). More fine-grained approaches are beginning to identify novel candidates, and suggest
important roles for neurotransmitters and long non-coding RNAs (C. gigas, Yue et al. 2018). Although
their functions in sexual differentiation and sex change have yet to be confirmed, these studies provide a
useful starting point. Further, the molecular components identified in these studies may also play

important roles in sexual development and differentiation in the calyptraeid gastropods.

The role of broadly conserved components, such as DM-domain containing dmrt-like genes in gonadal
tissues of molluscs is of particular interest. The transcription factor, dmrt (doublesex/male-abnormal-3
related), was first described in studies of the fruit fly, where alternately spliced forms of the Drosophila
melanogaster transcript dsx (doublesex) lead to differentiation between male and female somatic forms
(Burtis and Baker 1989; Hildreth 1965). Dsx contains a DM domain, which binds DNA. The discovery of
DM-like domains in Caenorhabditis elegans mab-3 (male abnormal), and their role in sex determination
demonstrated that despite abundant variation in sex differentiation mechanisms, some commonalities are
present (Raymond et al. 1998). DM-domains have subsequently been found to play a role in sex
determination in vertebrates (e.g., dmrtl in mouse, Raymond et al. 2000), and throughout the metazoa
(Picard et al. 2015), including lophotrochozoans (Chong et al. 2013). Dmyrt is so far the only gene family
identified with a conserved role in sex determination (Kopp 2012). While DM-domain containing dmrt
homologues are found throughout the animal kingdom, its position within the hierarchy of sex-
determining gene regulatory networks is highly variable (Kopp 2012). Exploring the role of this
conserved sex-determining gene in a group with environmental sex determination will be a useful

comparison to existing models of genetic sex determination.
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Developmental Origins of the Germ Line

The earliest expression of sexual development in the individual is the primordial germ cell. The germ line
is either determined autonomously early in development as in the fly, or induced by surrounding cells
later in development as in the mouse (Extavour and Akam 2003). It is thought that induction is the
ancestral mode of germ cell determination in the Metazoa, and this has also been suggested for spiralian
animals (Extavour and Akam 2003; Rebscher 2014). However, evidence increasingly suggests that many

spiralians have autonomous determination of the germ line early in development (Rebscher 2014).

Spiralian animals (lophotrochozoans) share a highly conserved, stereotyped early cleavage pattern,
referred to as spiral cleavage (Henry 2014). This pattern of early development allows for comparisons of
cell lineages across the group and is a powerful tool for understanding how changes in early development
have led to diversity in adult body plans. One of the best characterized cells in all spiralians is the 4d cell,
which plays an important role in early embryonic organization, gives rise to much of the mesoderm, and
is often the first cell to break the spiral cleavage pattern (Henry 2014). This cell arises from one of the 4
cell quadrants, the D quadrant (Fig. 4A) after the 3 earlier tiers of micromeres have been born. The 4d cell
also appears to give rise to the primordial germ cells (Fig. 4, Table 1) (Rebscher 2014). Several lines of
evidence have been used to identify the putative primitive germ cells (PGCs) in spiralians. Classical
studies used the presence of distinct cytoplasmic markers and arrest of cell divisions to identify
primordial germ cells. For example, dense aggregations of mitochondria are localized to the priomordial
germ cells of the bivalve Sphaerium striatinum, which are incorporated into the developing gonad
(Woods 1931, 1932). Similarly, the primordial germ cells of the polychaete Sa/macina dysteri were
identified by their arrest of cell divisions in addition to their distinctive cytoplasmic contents and size
(Malaquin 1925). In both these cases, the putative germ cells appear to arise from the 4d cell (Malaquin

1925; Woods 1931, 1932). Modern cell lineage studies, using long-lived vital dyes to trace the cell
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lineage fates, have similarly highlighted cell populations that arrest division shortly after their birth and
localize to positions where they are likely to contribute to the development of germ cells. For example, In
C. fornicata and C. convexa, the origins of the PGCs have been traced to the 4d lineage. Cell behavior
suggests that two daughter cells, 2mL*? and 2mR*?, are the source of the germ line in these calyptraeids
(Fig. 4B-C) (Lyons et al. 2012). These cells do not divide, and from their initial location on bilateral sides
of the embryo, they migrate to a position adjacent to the intestinal rudiment, where they are ultimately

relocated to the region where the gonads form, deep to the heart (Lyons et al. 2012).

In addition to cell lineage studies, widely conserved germ line markers (e.g., vasa, piwi, and nanos) have
been used to define PGCs (Ewen-Campen et al. 2010). For example, vasa is initially expressed
throughout embryos of Tritia (Ilyanassa) obsoleta, becoming progressively more concentrated in the 4d
lineage, until it is finally restricted to the 3ML and 3MR teloblasts (Fig. 4) (Swartz et al. 2008). Likewise,
nanos expression is initially widespread, becoming localized to the 4d lineage and persisting in the
2mL?/R? cells (Rabinowitz et al. 2008). Expression of vasa and nanos in the abalone Haliotis asinina
suggest that the primordial germ cells arise from the 4d lineage; however, expression is not restricted to
the gonadal region during larval development in these equal-cleaving animals (Kranz et al. 2010). The
authors suggest that the PGCs are not formed strictly by maternal preformation, but that induction is also
involved. Vasa expression in the bivalve C. gigas is restricted to two clusters of cells that appear to arise
from the 4d lineage and localize to the gonad after metamorphosis (Fabioux et al. 2004). Cg-nanos-like is
restricted to bilateral expression in what appears to be the ML and MR cells of at gastrulation following
ubiquitous expression in early development, supporting the 4d origin of the PGCs in C. gigas (Xu et al.
2018). A combination of lineage tracing, expression of conserved germ line markers, cell deletion, and
cell behavior have been used to suggest the identity of putative PGCs in other spiralians, highlighting the
diversity of PGC origins possible within the conserved spiral cleavage pattern. For example, the
presumptive PGCs of the polychate Platynereis dumerilii, are the first lineage to segregate from 4d

(Fischer and Arendt 2013; Rebscher et al. 2007; Rebscher et al. 2012; Ozpolat et al. 2017) (Fig. 4, Table
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1). In contrast, clitellates such as the sludge worm Tubifex tubifex and the leech Helobdella show much
later segregation of germ cells from 4d (Fig. 4, Table 1) (Kang et al. 2002; Oyama and Shimizu 2007;
Gline et al. 2011; Cho et al. 2013; Kato et al. 2013). This variation, particularly evident in the annelids,
may be related to regenerative capacity. For example, in the polychaete, Capitella telata, cell lineage data
and expression of vasa, piwi, and nanos suggest that PGCs derive from 4d (Meyer et al. 2010; Dill and
Seaver 2008; Giani et al. 2011). Cell deletion experiments show that while expression of the PGC
markers vasa, piwil and nanos is lost in ablated embryos, juveniles regain vasa expression, and are able
to regenerate the germline and produce offspring (Dannenberg and Seaver 2018). Despite the diversity in
primordial germ cell origins, these and other examples all point to 4d as the source of the germ line in
spiralians (Fig. 4, Table 1) (Rebscher 2014). What remains lacking is an understanding of how germ cell
origins differ (or remain the same) within more closely related groups, such as the calyptraeids. Other
outstanding questions include the timing of segregation of male and female functions in hermaphroditic
animals. For example, in Helobdella robusta, the putative PGCs segregate relatively late in embryonic
development (Fig. 4, Table 1). In these simultaneous hermaphrodites, nanos is differentially expressed at
the site of the future testes, while vasa and piwi are expressed at the site of the future ovaries (Cho et al.
2013). Similar segregation of male and female germ cells may be possible in the sequential hermaphrodite
Crepidula, where 2 PGCs are initially formed (Lyons et al. 2012), but it is not known if these cells

eventually contribute to the production of either eggs or sperm, or both.

Environmental Contaminants and Sexual Development in Molluscs: Imposex

Adult reproductive structures remain understudied in molluscs, despite their widespread use as
bioindicators in marine environments. In the 1970s, researchers began to recognize widespread
abnormalities in marine mollusc populations. Shell growth abnormalities and fisheries collapses in
commercially important bivalves in the European Atlantic (Evans et al. 1995) and penis growth in

normally dioecious females, particularly in neogastropods (Blaber 1970; Jenner 1979; Smith 1971) were
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linked to exposure to the organotin compound, tributyltin (TBT) (Smith 1981). TBT, called the most toxic
compound ever knowingly introduced to the aquatic environment (Goldberg 1986), was widely used as a
highly effective biocide in anti-fouling paints on ships and docks. The abnormal growth of male sexual
characteristics in females without becoming functional males is termed imposex (“superimposed sex’)
(Smith 1971), exemplified by the sentinel species, Nucella lapillus (Gibbs et al. 1987). Imposex can be
measured on a scale determined by the extent of growth of the penis (Fig. 5) (Gibbs et al. 1987; Stroben et
al. 1992) and by the extent of vas deferens growth (Gibbs et al. 1987). Imposex eventually blocks the
female genital tract, resulting in sterility and in severe cases, death. Local efforts to ban TBT were
initiated relatively quickly, and a worldwide ban on TBT has been in effect since September 2008 (see
Sousa et al. 2014 for review). In some areas, this has proven to be an effective strategy for reducing TBT
concentration in the environment and concomitant imposex rates (Scheyen et al. 2019). However, TBT
continues to effect marine populations in some areas, particularly in non-signatory countries or where

local regulations are lacking (e.g., Batista et al. 2016).

Since exposure to TBT and related compounds were first linked to imposex in molluscs, there has been
interest in elucidating the underlying mechanisms. Proposed hypotheses fall into three major categories
(Pascoal et al. 2013; Horiguchi 2017). The steroid hypothesis suggests that TBT increases the activity of
androgenic steroidal hormones, increasing concentrations of androgens via interference with steroid
metabolism (Bettin et al. 1996; Gooding et al. 2003; Ronis and Mason 1996). However, endogenous
production of vertebrate steroid hormones in molluscs remains questionable, as suggested by the ready
uptake of environmental hormones and the lack of conserved biosynthesis pathways in many
invertebrates (see Horiguchi 2017; Scott 2018, for review). The neuroendocrine hypothesis suggests that
TBT interferes with excretion of neuropeptides that control reproductive development (Féral and Le Gall
1983), such as APGWamide, which induces penis growth in 7. obsoleta (Oberdorster and McClellan-
Green 2000; Oberdorster and McClellan-Green 2002). However, the effect of APGWamide is weak

compared to TBT, and does not induce imposex in other species, including N. lapillus (Castro et al.
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2007). The retinoid hypothesis is the most promising mechanistic explanation to date, suggesting that
TBT actively binds to the nuclear receptor, retinoid X receptor, RXR. TBT has been shown to bind
specifically to RXR in molluscs (Nishikawa et al. 2004), and treatment with RXR agonists induces
imposex in N. lapillus (Castro et al. 2007; Lima et al. 2011) and Thais clavigera (Nishikawa et al. 2004).
Transcriptomic expression in N. lapillus exposed to TBT confirmed expression of RXR in imposex
animals, and further suggested a role for peroxisome proliferator-activated receptors (PPAR) (Pascoal et
al. 2013). Application of rosiglitazone, a PPAR agonist, induced imposex at levels comparable to TBT
(Pascoal et al. 2013). Both RXR and PPAR belong to NR subfamily 1, and form homo- and heterodimers
with each other and other members of the retinoic acid pathway, including the retinoic acid receptor,
RAR. TBT is capable of binding to both RXR (Nishikawa et al. 2004) and PPAR (le Maire et al. 2009).
While nuclear receptors such as RAR (Babonis and Martindale 2017) are broadly conserved across the
Metazoa, care must be taken to understand their specific roles in molluscs and non-vertebrate animals.
For example, molluscan RAR shows no binding activity to known agonists, although RAR-RXR
heterodimers show changes in transcriptional activity in in vitro transactivation assays (André et al.
2019). In contrast, in the polychaete P. dumerilii, RAR binds retinoic acid and functions in neurogenesis,

although this requires much higher concentrations than in chordates (Handberg-Thorsager et al. 2018).

The majority of studies on mechanisms of imposex induction have typically been carried out in temperate
gastropod species with separate sexes. For example, N. lapillus is used as an environmental sentinel and
experimental model for many TBT-imposex studies (as mentioned above), and 7. obsoleta was among the
first species where imposex was described (Jenner 1979; Smith 1981). Experimental work with these
temperate species often requires long periods of study, and the effects of environmentally relevant doses
of TBT can require months to be visible. In contrast, in sequentially hermaphroditic calyptraeid
gastropods, the effects of TBT exposure can be seen within a few days (Fig. 5, MPL, pers. obs.), making
them a useful model not only for testing the effects of potential reproductive disrupting toxins, but also

for understanding the development of the reproductive organs in gastropods and molluscs more broadly.
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The growth, resorption, and remodeling of the reproductive organs during the normal course of individual
development (see Fig. 2) makes Crepidula ideal for laboratory manipulation of sexual differentiation.
This includes functional testing of the signaling pathways implicated in reproductive development using
environmental toxins such as TBT and related compounds. For example, the connection between TBT
and retinoic acid signaling suggests a key role for nuclear receptors in regulating sexual differentiation in

the calyptraeids and other mollucs.

Conclusion

Sex determination is an interesting and important area of study for evolutionary developmental biology,
and the calyptraeid gastropods are an excellent system to explore the evolution of sex determination and
sexual development. As lophotrochozoans, they share with more than a third of known phyla a common
pattern of early development, namely spiral cleavage, allowing direct comparisons of early development
across large evolutionary distances. As molluscs, they are one example of sequential hermaphroditism,
and provide comparative data with other examples of this type of development, such as bivalves. The
calyptraeid gastropods provide a powerful system of related species with differences in timing of sex
change and varying environmental influence on sex determination. Understanding the role of plasticity
and other developmental mechanisms in the evolution of sequential hermaphroditism and ESD will
benefit from multiple comparisons of closely related species as offered by the calyptraeids. In addition,
the calyptraeids are amenable to experimental manipulation, including initiation of sexual development in
the embryo, the effects of conspecifics and other environmental factors on sexual transitions, and the
effects of industrial pollutants on sex determination and sexual development. The calyptraeids, using

C. atrasolea as a central hub from which to explore development of these sequential hermaphrodites
(Henry et al. 2017), as well as through making broader comparisons across the diversity of molluscan
sexual systems (Collin 2013), show great promise in providing a better understanding the diversity of

sexual systems.
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Figure 1. Phylogram of molluscan relationships. After Collin 2013. Based on Kocot et al. 2011, and

Smith et al. 2011.

Figure 2. Generalized life cycle and external anatomy of calyptraeid gastropods. A. Life cycle of
sequentially hermaphroditic slipper snails. Females brood embryos, which in the case of direct
developers, complete development to juvenile stages within the capsule. Embryos emerge either as
juvenile snails (direct developers) or veliger larvae (indirect developers, not shown), which complete their
development in the water column prior to settlement and metamorphosis. Juvenile snails first mature into
males, producing sperm and grow an external penis. Males eventually resorb the penis, convert to oocyte
production and produce female external genitalia. Timing of sexual transitions typically depends on
environment. Relevant factors include age, nutrition, size, and presence/absence and sex of conspecifics.
B. Ventral view of Crepidula atrasolea female. C. Ventral view of smaller C. atrasolea male. fg, food
groove; fgp, female genital papilla; ft, foot; gd, gonoduct; in, intestine; It, left tentacle; m, mouth; ma,
mantle; oc, ocellus; os, ospharadium; p, penis; pp, propodium,; rt, right tentacle; sh, shell. Scale bars

represent 1mm.

Figure 3. Social behavior and sexual dimorphism in calyptraeid gastropods. A. Gregarious stacking
as exemplified by C. fornicata. This stack contains at least 10 animals, anchored by an empty shell (0).
The largest animals at the bottom of the stack are female (1, etc.), and smaller animals at the top of the
stack are males (9, 10). B. Substrate-restricted animals such as C. convexa are typically found singly or
as breeding pairs. In this case, three animals form a mating group, with a large female at the bottom (1)
and two smaller males above (2, 3). C. Where substrate is not limiting, calyptraeids can cover all
available hard substrate, as seen in this group of mainly C. /essoni. Note the presence of smaller animals

(likely males, m) on top of much larger females (f). Scale bars in A and C represent 1 cm, 0.5 cm in B.
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Figure 4. Origins of primordial germ cells from the 4d cell lineage of selected molluscs and
annelids, where sublineages of the teleoblasts have been reported. A. Cartoon of the 25-cell stage in a
generalized embryo of Crepidula. The 4d cell is indicated in blue. The relative positions of the four
embryonic quadrants (A, B, C, D) are also shown. B. 4d sub-lineage of C. fornicata at the birth of the
putative primordial germ cells, 2mL*? and 2mR*?. Some sister cells are also labeled including the
teleoblasts 4ML and 4MR. Central dashed line indicates the plane of bilateral symmetry. The 4d cell has
been injected with a fluorescent lineage tracer at the 25-cell stage (A) to permit visualization of the
lineage. C-H. Origins of the primordial germ cells as reported in various spiralian embryos. Diagrams in
C-H show only half of the bilaterally symmetric 4d lineages with primordial germ cell lineages
represented in light blue, putative primordial germ cells in dark blue, other lineages in grey. Shown here
are the gastropod molluscs C. Crepidula fornicata, D. Tritia obsoleta, the bivalve mollusc E. Sphaerium
striatinium, the clitellate annelids F. Helobdella austinensis, and G. Tubifex tubifex, and the polychaete
annelid H. Platynereis dumerilii. Dashed lines indicate continuation of lineages not detailed here. Cells
with white outlines indicate cleavage arrest where reported. 4d cleavage nomenclature follows that used

in Lyons et al. 2012. See Table 1 and references therein for further details.

Figure 5. The effects of tribultyltin (TBT) exposure on C. atrasolea. A. Adult females exposed to TBT
show imposex, superimposed growth of male characters, most obviously the penis. B. Ventral view
showing imposex female of C. atrasolea after 8 days of exposure to TBT. Note the presence of both the
female genital papilla and a penis on the right side. C. Juvenile snails exposed to TBT initiate penis
growth within a few days. TBT can induce accelerated penis development in juveniles immediately after
hatching. Typical males grown in the laboratory show penis development after approximately 1 month. D.
Ventral view of juvenile snail exposed to tributyltin for 8 days post hatching. Note the growth of the
external penis on the right side of the neck. Comparable results are seen in other calyptraeids (not shown).

Scale bars represent 1mm.
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TABLE 1. Origins, Specification and Behavior of the Primordial Germ Cells within Spiralians

Phylum/Class Species Embryonic origins (#) Specification/Behavior References
Annelida
Clitellata Helobdella robusta 4d (16mL/R, 18-23mL/R) Autonomous Kang etal., 2002
Helobdella austinensis Choetal, 2013
Tubifex tubifex 4d (10mL/R, 11mL/R) Autonomous Oyama et al, 2007
Gline et al,, 2011
Kato etal., 2013
Polychaeta Capitella teleta 4d (7) Autonomous Dill and Seaver, 2008
Can be regenerated Meyer etal., 2010
Giani et al.,, 2011
Dannenberg and Seaver,
2018
Platynereis dumerilii 4d (1mL/R, 2mL/R) (4) Autonomous Rebscher et al.,, 2007, 2012
Cleavage arrested Ozpolat et al., 2017
Salmacina dysteri 4d (1mL/R) ---- Malaquin, 1925
Mollusca
Bivalva Crassostrea gigas 4d (ML/R) Autonomous Fabioux et al.,, 2004
Xuetal, 2018
Sphaerium striatinum 4d (4ML/R, 4mL/R) (4) Autonomous Woods, 1931, 1932
Cleavage arrested
Gastropoda Crepidula fornicata 4d (2mL/R?2) (2) Autonomous Lyons et al., 2012
Cleavage arrested
Haliotis asinina 4d (ML/R) Conditional Kranz et al, 2010
Tritia obsoleta 4d (2mL/R? or 3ML/R) Autonomous Swartz et al.,, 2008

Rabinowitz et al., 2008




Table modified from Rebscher, 2014. In all cases the germ line arises from the 4d lineage. The 4d sublineages are provided where this is
known. Lineage nomenclature is based on that of Lyons et al. (2012). For some cases the initial number (#) of PGCs is provided. In a few
cases it has been shown that the PGCs are initially cleavage arrested after they are born. These cells eventually undergo divisions much later
during development or in the adult. Cases exhibiting early unequal spiral cleavages with early segregation of the germ line in the 4d lineage
are assumed to have autonomous specification. Haliotis asinina exhibits early equal spiral cleavages and thus the germ line is argued to be
conditionally specified. In some cases it is known that the germ line can be regenerated from other cell lineages, such as in the annelid
Capitella teleta (Dannenberg and Seaver 2018).
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