
ABSTRACT 

 
STERNBERG, ROBIN M. The Roles of Androgen, Estrogen, and Retinoid Signaling in 
Reproductive Recrudescence of the Eastern Mud Snail (Ilyanassa obsoleta): Implications for 
the Mechanism of Tributyltin-Induced Imposex. (Under the direction of Gerald A. LeBlanc.) 

     This research used the imposex-prone eastern mud snail Ilyanassa obsoleta as a model 

species to examine hypotheses for the mechanism by which tributyltin (TBT) induces 

imposex, the development of male phenotypic characteristics by female neogastropods.  One 

of the hypothesized mechanisms for TBT-induced imposex is that TBT elevates free 

testosterone which then initiates the physiological processes necessary for female 

neogastropods to develop imposex.   

     Therefore, a study was designed to test whether TBT elevates free testosterone by 

inhibiting acyl coenzyme A:testosterone acyltransferase (ATAT), an enzyme that converts 

free testosterone to a testosterone-fatty acid ester.  Results showed that TBT is capable of 

competitively inhibiting ATAT activity in microsomes prepared from I. obsoleta at 

concentrations measured in field-collected neogastropods from TBT-contaminated areas.  

The results of this study supplied much-needed mechanistic support for the hypothesis that 

TBT elevates free testosterone in neogastropods by inhibiting their major regulatory process 

for maintaining free testosterone homeostasis – the fatty acid esterification of testosterone. 

     Another study addressed the assumption that testosterone and other vertebrate-like sex 

steroids such as 17β-estradiol are functional hormones in reproductive recrudescence, i.e., the 

annual development of the reproductive tract, of neogastropods.  Temporal changes in 

testosterone levels in males were consistent with a positive role in recrudescence.  Such a 

trend was not evident in females or for 17β-estradiol in either sex.  Efforts to identify an 



NR3C4-type androgen receptor (AR) in I. obsoleta were unsuccessful whereas the partial 

sequence of an NR3A-like estrogen receptor (ER) was successfully identified.  Phylogenetic 

analyses confirmed that this mud snail ER is similar to the constitutively-active, estrogen-

unresponsive ER isolated from other molluscan species.  Analyses of seasonal levels of ER 

mRNA in the mud snail suggested that this putative transcription factor may have a role in 

male recrudescence.  In conclusion, testosterone may have a role in male reproductive tract 

recrudescence; however, this putative activity is independent of a NR3C4-type AR.  

Furthermore, the ER may function in male recrudescence, though apparently independent of 

17β-estradiol.   

     A final study examined an alternative hypothesis for the mechanism of TBT-induced 

imposex: TBT causes female neogastropods to develop male phenotypic characteristics by 

disrupting retinoid signaling.  The study specifically investigated whether RXR contributes to 

the regulation of normal male recrudescence in I. obsoleta.  RXR was cloned and sequenced 

in the mud snail, and its phylogenetic identity was verified.  Analyses of seasonal levels of 

RXR mRNA in the mud snail revealed that RXR expression is elevated in concert with 

recrudescence in both sexes even though males begin to recrudesce three months in advance 

of females.  This result implied that RXR-mediated signaling may stimulate sex-specific 

recrudescence during critical temporal windows and that TBT may be able to induce imposex 

by initiating retinoid signaling prematurely in females to enable the development of the male 

sex phenotype.  These suppositions were supported by the observation that TBT, a 

demonstrated RXR agonist, stimulated the development of male sex characteristics in 

females only when exposure occurred during the temporal window of male recrudescence.  

Collectively, the results of this study provided evidence for a role of RXR in male 



recrudescence and suggested a means by which TBT may be able to disrupt this signaling 

pathway to cause imposex. 

     Overall, this research provided mechanistic support for how TBT elevates testosterone in 

neogastropods but cast doubt upon the validity of the hypothesis that the TBT-induced 

increase in testosterone initiates a biochemical signaling pathway resulting in imposex.  

Therefore, the observed effect of TBT on neogastropods must be due to some other 

mechanism of toxicity.  Disruption of retinoid signaling is viewed as a mechanism worthy of 

additional investigation.    
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INTRODUCTION 

 

Endocrine disruption 

     The modernization of society has resulted in an increase in the discovery and subsequent 

production and use of chemicals that have the potential to be toxic to humans and wildlife.  

The mechanisms by which these chemicals elicit toxicity are diverse.  Research over the past 

few decades has shown that some chemicals are capable of adversely affecting humans and 

wildlife by disrupting the normal endocrine function of exposed individuals.  These 

chemicals have been designated as endocrine-disrupting chemicals (EDCs).  EDCs may act 

by mimicking (agonizing) endogenous hormones; antagonizing endogenous hormones; 

altering the synthesis, storage, release, transport or clearance of endogenous hormones; or 

modifying hormone receptor levels (U.S. Environmental Protection Agency, 1998).   

     EDCs became a subject of national discourse during the 1990s with the publication of a 

nonfiction book and the passage of two laws by Congress.  Our Stolen Future by Colburn et 

al. (1996) provided an overview of scientific evidence and research regarding endocrine 

disruption with a specific interest in those synthetic chemicals that may adversely affect 

growth and development, especially in the fetus, via an endocrine-disrupting mechanism.  

Subsequently, Congress responded to increasing concerns about EDCs by requiring the 

Environmental Protection Agency (EPA) to: 

 “develop a screening program, using appropriate validated test systems 

and other scientifically relevant information, to determine whether certain 

substances may have an effect in humans that is similar to an effect 
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produced by naturally occurring estrogen, or other such endocrine effect 

as the Administrator may designate” 

in both the 1996 Food Quality Protection Act (FQPA) and the 1996 Amendments to the Safe 

Drinking Water Act (SDWA).  The ultimate outcome of this legislation will be the use of 

validated assays to identify (Tier 1) and characterize (Tier 2) the estrogen, androgen, and 

thyroid activity of pesticides, commercial chemicals, and environmental contaminants. 

 

Imposex: a cited example of endocrine disruption in neogastropods  

     Ecological evidence of endocrine disruption exists for a variety of wildlife species 

including molluscs, birds, reptiles, fish, and mammals (Colborn et al., 1993; Tyler et al., 

1998; USEPA, 1998).  One of the most consistently cited examples of environmental 

endocrine disruption in wildlife is the occurrence of male sex characteristics on female 

neogastropods as a result of exposure to the biocide tributyltin (TBT).  This 

pseudohermaphroditic condition (Jenner, 1979) has been termed imposex (Smith, 1971) 

because it appears as the superimposition of male phenotypic characteristics, such as a penis, 

vas deferens, and semeniferous tubules on females.   

 

An historical account of the discovery of imposex and its causative agent 

     Blaber (1970) reported that a number of female dog whelks (Nucella lapillus) collected 

from Plymouth, Millport, and Black Rock, United Kingdom, possessed “an outgrowth behind 

the right cephalic tentacle which occupied a similar position to the penis of the male.”  At the 

time, the presence of this outgrowth in a small percentage of individuals at the close of the 
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breeding season was deemed normal because it occurred at all three localities.  Soon after, 

Smith (1971) noted a similar penis-like structure as well as a convolution of the ovarian duct 

to form a “stunted mimic of a seminal vesicle” on female American (eastern) mud snails 

(Nassarius obsoletus; now Ilyanassa obsoleta) collected from Southport and Westport, 

Connecticut, USA, and designated the phenomenon as “imposex” because “it appears as a 

superimposition of male characters on to un-parasitized and parasitized females.”  After 

confirming experimentally that I. obsoleta is not a protandric hermaphrodite but rather a 

“dioecious species in which anomalous sex traits occur in some individuals,” Jenner (1979) 

concluded that the imposex condition was actually a form of “pseudohermaphroditism,” 

similar to that described for some vertebrates.  Additional experiments and observations led 

Jenner (1979) to deduce that this manifestation of pseudohermaphroditism must be 

environmentally controlled.  First, there existed natural variability in the occurrence of the 

phenomenon among different populations of mud snails (Jenner, 1979).  Furthermore, 

imposex could be induced or suppressed in experiments involving the transfer of snails from 

populations with a low incidence of imposex to locations with populations showing a high 

incidence of imposex and vice versa (Jenner, 1979).  In turn, Smith (1981b) found a positive 

correlation between the occurrence of imposex and proximity to yacht basins and marinas.  

Follow-up experiments showed that imposex could be induced in snails transferred from a 

distant, clean locality to a yacht basin but reduced in snails transported from a marina 

environment to a clean site (Smith, 1981a).  Laboratory exposure experiments finally 

ascertained the causative agent to be the biocide TBT found in antifouling paints (Smith, 

1981a; Smith, 1981c).   

     Since these initial observations of this aberrant form of reproductive development in a 
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handful of species, imposex has been observed globally and documented specifically in over 

150 species of neogastropods (Fioroni et al., 1991; Horiguchi et al., 1997).  Early stages of 

imposex decrease the reproductive capacity of females, whereas later stages result in the 

sterilization of females and even death (Oehlmann et al., 1996).  Thus, TBT pollution has 

caused serious effects at the population level (Oehlmann et al., 1996), especially for those 

species of neogastropods that lack a planktonic larval stage as part of their life history 

making the recolonization of severely impacted areas difficult.  In addition, exposure to TBT 

has been shown to induce intersex, a disturbance in the phenotypic sex determination of the 

female gonad and genital tract, in the periwinkle Littorina littorea (Bauer et al., 1995) as well 

as cause developmental and growth abnormalities in some bivalves, including economically-

valuable oysters (Waldock and Thain, 1983; Alzieu et al., 1986).   

     Growing concerns about the decline of neogastropod populations and the welfare of 

oyster cultures led individual countries to pass legislation limiting the use of TBT and 

establishing environmental quality standards during the 1980s and early 1990s (see Champ, 

2000 for review).  Finally in 1998, the Marine Environmental Protection Committee (MEPC) 

of the International Maritime Organization (IMO) voted to impose a worldwide prohibition 

on the application and presence of TBT within five (1 January 2003) and ten years (1 January 

2008), respectively (Champ, 2000).  Consensus as to whether bans on the use of TBT over 

the past two and half decades have improved the viability of neogastropod populations seems 

mostly positive.  The results of field surveys conducted over the past 15 years indicate that 

although imposex is still widely prevalent, there has been a general decline in the incidence 

and severity of the pseudohermaphroditic condition (Svavarsson, 2000; Reitsema et al., 2002; 

Gibson and Wilson, 2003; Huet et al., 2004; Jorundsdottir et al., 2005) as well as the 
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recolonization of sites where neogastropod populations had been locally extinct 

(Birchenough et al., 2002). 

 

Proposed mechanisms for TBT-induced imposex 

TBT elevates testosterone 

     Several hypotheses have been proposed for the mechanism by which TBT causes 

imposex.  The first was formulated as a result of the observation that imposexed females 

consistently exhibit elevated free testosterone titers compared to non-imposexed females 

(Spooner et al., 1991; Bettin et al., 1996; Gooding et al., 2003; Santos et al., 2005).  The 

hypothesis states that TBT increases free testosterone levels, and this upsurge in free 

testosterone initiates a biochemical cascade with the ultimate consequence being the 

imposition of male sex characteristics onto female neogastropods.  However, in at least one 

laboratory experiment, imposex was evident prior to the detection of an increase in 

testosterone titers providing a potential caveat to this hypothesis (Bettin et al., 1996).  

Another caveat of this hypothesis is the underlying assumption that testosterone is a 

functional androgen in neogastropods.  Nevertheless, much of the research regarding TBT’s 

mechanism of action has focused on this association of TBT exposure with increased free 

testosterone titers in imposexed females resulting in TBT-induced imposex becoming one of 

the most-cited examples of environmental endocrine disruption (Matthiessen and Gibbs, 

1998).  Empirical support for this hypothesis can be found in studies where testosterone 

increased the incidence of imposex, vas deferens sequence index (VDSI), and/or relative 

penis length (RPL) in female dogwhelks, N. lapillus (Spooner et al., 1991; Bettin et al., 1996) 

and Nassarius (Hinia) reticulatus (Bettin et al., 1996), mud snails (I. obsoleta) (Oberdorster 
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and McClellan-Green, 2000), and ramshorn snails (Marisa cornuarietis) (Tillmann et al., 

2001).   

     The means by which TBT elevates free testosterone may involve the inhibition of 

enzymes which convert the steroid to various metabolites.  Cytochrome P450 aromatase 

(Spooner et al., 1991; Bettin et al., 1996), sulfotransferase (Ronis and Mason, 1996), and acyl 

coenzyme A:steroid acyltransferase (Gooding et al., 2003; Janer et al., 2005) are three classes 

of enzymes that have been considered as targets for inhibition by TBT.   

Cytochrome P450 aromatase 

     After being the first to document elevated testosterone titers in TBT-exposed, imposexed 

female dogwhelks (N. lapillus), Spooner et al. (1991) speculated that TBT might inhibit the 

cytochrome P450-dependent aromatase which converts androgens to estrogens.  Indeed, TBT 

has been shown to be an in vitro inhibitor of cytochrome P450 aromatase activity in humans 

(Heidrich et al., 2001; Cooke, 2002) and periwinkles (L. littorea) (Ronis and Mason, 1996).  

Bettin et al. (1996) pursued the possibility that TBT inhibits aromatase by exposing 

dogwhelks, (N. lapillus and H. reticulatus) to the steroidal and nonsteroidal aromatase 

inhibitors, SH 489 and flavone, respectively.  Both of these pharmacological compounds 

induced imposex in the tested species.  Furthermore, Santos et al. (2005) reported that the 

selective P450 aromatase inhibitor formestane was capable of inducing imposex but unable 

to increase its severity in dogwhelks (N. lapillus).  Still, an elevation of androgen titers as a 

result of aromatase inhibition should be accompanied by a reduction of estrogen titers; yet 

concentrations of 17β-estradiol in TBT-exposed female dogwhelks (N. lapillus) were 

unchanged (Spooner et al., 1991; Bettin et al., 1996) or elevated (Santos et al., 2005) when 

compared to control females. 
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Sulfotransferase  

    Ronis and Mason (1996) demonstrated that periwinkles (L. littorea) usually metabolize 

testosterone almost completely to water-soluble sulfur conjugates.  In contrast, testosterone-

injected, TBT-exposed periwinkles retained more unmetabolized testosterone and its phase I 

metabolites (Ronis and Mason, 1996).  Therefore they concluded that TBT inhibits the 

metabolism of testosterone to more polar, and thus excretable, metabolites and in doing so 

decreases the ability of L. littorea to eliminate androgens.  However, as described previously, 

periwinkles are not susceptible to the phenomenon of imposex but rather the phenotypically 

distinct condition of intersex, and the investigators did not demonstrate that TBT directly 

inhibits sulfotransferase activity.  In contrast, Gooding and LeBlanc (2001) showed that the 

imposex-prone species, I. obsoleta, primarily metabolizes free testosterone to non-polar fatty 

acid ester conjugates that are retained by the species.  This implies that sulfotransferases may 

not contribute significantly to the metabolism of testosterone in species that are susceptible to 

TBT-induced imposex.   

 Acyl coenzyme A:steroid acyltransferase    

     Gooding and LeBlanc (2001, 2004) found the fatty acid esterification of testosterone by a 

microsomal enzyme, acyl coenzyme A: testosterone acyltransferase (ATAT), to be the major 

regulatory process by which eastern mud snails (I. obsoleta) maintain testosterone 

homeostasis.  Additional laboratory and field studies by these investigators showed that 

exposure to TBT suppresses testosterone esterification and elevates free testosterone in this 

species (Gooding et al., 2003).  Still, ATAT activity in microsomes isolated from TBT-

exposed mud snails was not altered regardless of imposex condition implying that TBT does 

not reduce ATAT protein levels provided that ATAT activity is directly correlated with 
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ATAT protein expression (Gooding et al., 2003).  Furthermore, concentrations of TBT as 

high as 10 μg/L (0.03 μM) TBT did not directly inhibit in vitro ATAT activity (Gooding et 

al., 2003).  However, snails collected from a contaminated site where the incidence of 

imposex was 100% contained whole body TBT concentrations (based upon tin analyses) of 

700 μg/kg (~ 5.9 µM) (Gooding et al., 2003) which is greater than the range of TBT 

concentrations tested in the in vitro ATAT assays.  Thus TBT may inhibit ATAT activity at 

greater concentrations that are still toxicologically relevant.   

 

TBT as a neurotoxicant 

     Another hypothesis for the mechanism by which TBT induces imposex was developed as 

a result of experiments by Feral and Le Gall (1982) that demonstrated the ability of in vitro, 

TBT-exposed ganglia dissected from female Ocenebra erinacea to induce penis growth in 

tissue excised from the penis-forming area of immature Crepidula fornicata.  Thus, TBT 

could act as a neurotoxicant by altering the secretion of neurohormones (e.g., penis 

morphogenic factor [PMF]) that contribute to sexual differentiation in neogastropods.  Later 

studies by Oberdorster and McClellan-Green (2000, 2002) showed that APGWamide, a 

putative PMF, significantly induces imposex in I. obsoleta.  Subsequently, the hypothesis 

was modified to state that TBT stimulates the release of the PMF in female neogastropods 

leading to the development of androgen-producing male accessory sex organs (Oberdorster 

and McClellan-Green, 2002).  Nevertheless, a causal relationship among TBT exposure, 

abnormal APGWamide release, and imposex has yet to be confirmed.       
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TBT as an RXR agonist 

     Most recently, several studies (Nishikawa et al., 2004; Kanayama et al., 2005; Grun et al., 

2006) have shown some organotins, including TBT, to be high-affinity ligands of human 

retinoid X receptors (RXRs).  In addition, Kanayama et al. (2005) used a reporter-gene assay 

to demonstrate that TBT is capable of transactivating human RXRα.  Collectively, these 

findings provided the foundation for an investigation by Nishikawa et al. (2004) into whether 

TBT could act through a molluscan RXR to induce imposex.  First, these investigators cloned 

and sequenced an RXR from the imposex-prone rock shell Thais clavigera that bears 

significant homology to other invertebrate RXRs as well as vertebrate RXRs (Nishikawa et 

al., 2004).  Then they showed that the rock shell RXR has the ability to bind both 9-cis 

retinoic acid, a human RXR ligand, and TBT with high affinity (Nishikawa et al., 2004).  

Finally, a single injection of RA at 1 µg/g soft tissue weight into female T. clavigera induced 

the development of imposex after 1 month (Nishikawa et al., 2004).  Soon after, Bouton et al. 

(2005) not only reported that an RXR from the freshwater snail Biomphalaria glabrata binds 

9-cis retinoic acid with high affinity but also demonstrated that the B. glabrata RXR 

transactivated transcription of a reporter gene in the presence of this hormone (Bouton et al., 

2005).  Considered together, these results suggest that TBT could induce imposex via an 

RXR-mediated pathway. 

 

Research outline 

     This research used the imposex-prone eastern mud snail Ilyanassa obsoleta as a model 

species to examine two of the hypotheses for the mechanism by which TBT induces imposex 

in neogastropods: 1) TBT elevates free testosterone which then initiates the physiological 
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processes necessary for female neogastropods to develop male sex characteristics; and 2) 

TBT induces imposex via disrupting retinoid signaling.   

     An underlying assumption of the former hypothesis is that testosterone is a functional 

androgen in gastropods.  Chapter One presents a review of the literature pertaining to what is 

currently known about vertebrate-type sex steroids in the molluscan phylum.   

     Chapter Two examines the hypothesis that TBT disrupts testosterone homeostasis to 

induce imposex by investigating whether TBT elevates free testosterone by inhibiting ATAT.  

The primary objective of this study was to determine if in vitro ATAT activity of I. obsoleta 

is directly inhibited by TBT at toxicologically-relevant in vivo concentrations.  The observed 

inhibitory activity was then subjected to kinetic analyses to characterize the means by which 

TBT inhibits ATAT.  Additional objectives of this study were to determine if the fatty acid 

esterification of 17β-estradiol may be susceptible to inhibition by TBT as well as establish 

whether the enzyme that biotransforms testosterone to a fatty acid ester is the same enzyme 

that biotransforms 17β-estradiol to its fatty acid ester counterpart.   

     Chapter Three continues the examination of the assumption underlying the hypothesis that 

testosterone is responsible for imposex induction by using a weight-of-evidence approach to 

investigate the putative roles for androgens and estrogens in reproductive recrudescence, i.e., 

the annual development of the reproductive tract, of I. obsoleta.  The objectives of this study 

were to: 1) identify associations among concentrations of testosterone and 17β-estradiol, sex, 

and reproductive status in mud snails that suggest these hormones are involved in 

recrudescence; and 2) determine whether mud snails express NR3C4-like (androgen 

receptor) and NR3A-like (estrogen receptor) mRNAs in a manner indicative of a role in 

recrudescence.   
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     Finally, Chapter Four examines the RXR-based hypothesis for the mechanism of TBT-

induced imposex by investigating whether RXR contributes to the regulation of normal male 

recrudescence in I. obsoleta.  The primary objective of this study was to determine whether 

mud snails express NR2B-like (RXR) mRNA in a manner indicative of a role in male 

recrudescence.  Results implied that RXR-mediated signaling may stimulate sex-specific 

recrudescence during a critical temporal window and that TBT may cause imposex by 

initiating retinoid signaling prematurely in females enabling the development of the male sex 

phenotype.  Therefore, another objective of this study was to evaluate whether female I. 

obsoleta were especially prone to imposex induction by TBT during the period of male 

recrudescence. 

     Overall, the results of this research will provide much-needed insight into the roles of 

androgen, estrogen, and retinoid signaling in the reproductive endocrinology of an imposex-

prone species as well as suggest ways in which these pathways could be disrupted by TBT to 

cause imposex in neogastropods.    
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Introduction 

     Evaluations of molluscan endocrinology have focused largely on the neurohormonal 

control of egg production, oviposition, and protandric sex reversal in gastropods (Geraerts et 

al., 1988; Joosse, 1988).  In contrast, comparatively little is known about the physiological 

roles of vertebrate-like sex steroids, i.e., C-21 progestagens, C-19 androgens, and C-18 

estrogens, in this phylum. Elucidating the signaling pathways and associated functions of 

vertebrate-like sex steroids in molluscan reproductive endocrinology is of particular interest 

because molluscs exposed to endocrine disrupting chemicals (EDCs) have exhibited changes 

in reproductive parameters that are typically associated with androgen or estrogen signaling 

in vertebrates (Oehlmann et al., 2000; Tillmann et al., 2001; Duft et al., 2003; Jobling et al., 

2004; Oehlmann et al., 2006).  Most often these androgen- or estrogen-like reproductive 

responses to xenobiotics in molluscs are simply ascribed to steroid signaling through 

classical nuclear receptors similar to that found in vertebrates.  However, the existence of 

functional sex-steroid signaling in the reproductive endocrinology of molluscs has not been 

established.  In this chapter, I will review what is currently known about vertebrate-type sex 

steroids in molluscs in an effort to discern whether these hormones have a function in the 

reproductive endocrinology of these organisms.   

 

Detection and quantification 

     One of the first attempts to detect estrogens in a mollusc was made in the 1950s.  

Specifically, Hagerman (1957) used a crude assay that measured keto-acid production by 

isocitric dehydrogenase from human placental enzyme preparations when incubated with 

extracts of tissue from the beach clam Mactra (Spisula) solidissima.  Results indicated that 
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the ovaries of M. solidissima had 1.1 ± 0.04 mg/kg estradiol equivalents (Hagerman et al., 

1957).  Since M. solidissima ovarian tissue incubated in vitro with estradiol exhibited no 

changes in glucose and pyruvate metabolism (Hagerman, 1956) and no physiologic effects of 

estrogens on molluscs had yet been reported, the investigator speculated that the detected 

“material [estradiol] may be present as an evolutionary freak, similar to the occurrence of 

uric acid as an excretory product in the Dalmatian coach hound, or may have some important 

physiologic function in this mollusc” (Hagerman et al., 1957).  Since then, not only estrogens 

(estrone, 17β-estradiol, estriol) but also androgens (androstenedione, androsterone, 

testosterone, dehydroepiandrosterone) and progestagens (pregnenolone, 17α-

hydroxypregnenolone, progesterone, 17α-hydroxyprogesterone) have been definitively 

detected in various bivalves, gastropods, and cephalopods using more sophisticated and 

specific techniques including high performance liquid chromatography (HPLC), gas 

chromatography (GC), and mass spectroscopy (MS) (Table 1).  In addition, sex steroids have 

been quantified via HPLC, radioimmunoassay (RIA), or enzyme-linked immunosorbent 

assay (ELISA) in multiple tissues of these same three classes of molluscs (Table 1).  

Reported concentrations of progestagens, androgens, and estrogens in molluscs span at least 

4 orders of magnitude when compared on a ng/g tissue or ng/mL hemolymph basis (Table 1).  

A majority of the steroid concentrations detailed in Table 1 represent one-time measurements 

(unless otherwise noted).  Clearly, the mere detection or quantification of a sex steroid in a 

mollusc on a single occasion provides no insight as to whether these hormones actually have 

a function. 

     Somewhat differently, a handful of studies have attempted to supply evidence for a 

physiological role of sex steroids in molluscan reproduction by measuring sex steroid levels 
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in a molluscan species over the reproductive cycle and examining the resulting profiles for 

relationships among sex steroid concentrations, sex, and reproductive status.  Specifically, 

sex differences in hormone concentrations have been noted for some species but not for 

others.  For example, testosterone concentrations in the hermaphroditic East African land 

snail Achatina fulica decreased gradually from the male phase to the female phase by way of 

the hermaphroditic phase whereas 17β-estradiol was not detectable in the male phase but was 

present in hermaphroditic and female phases (Bose et al., 1997).  In both the Pacific oyster 

Crassostrea gigas and the Japanese scallop Patinopectin yessoensis, concentrations of 17β-

estradiol were always significantly greater in the female gonad than in male gonad when 

sampled over the course of several consecutive months, and estrone was only detectable in 

females (Matsumoto et al., 1997).  In contrast, Osada et al. (2004) reported that 

concentrations of estradiol and estrone in the latter species did not differ between ovarian and 

testicular tissue sampled over a nine-month period encompassing spawning.  Similarly, 

progesterone concentrations in the common mussel Mytilus edulis (Reis-Henriques and 

Coimbra, 1990) and the soft-shelled clam Mya arenaria (Siah et al., 2002; Siah et al., 2003) 

did not show sex-specific oscillatory patterns over the reproductive cycle.  Furthermore, no 

dramatic difference in testosterone or 17β-estradiol profiles was apparent between the sexes 

of M. arenaria over a six-month period encompassing the indifferent, developing, ripe, and 

spawning stages (Gauthier-Clerc et al., 2006).  Finally, in the eastern mud snail Ilyanassa 

obsoleta, free testosterone concentrations as well as the percentage of total testosterone found 

in the free, non-esterified form in both sexes followed the same trajectories over the 

reproductive cycle (Gooding and LeBlanc, 2004).  Overall, a lack of sex-specific differences 
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in progesterone, testosterone, and 17β-estradiol levels in molluscs is supported by the 

preponderance of studies. 

     Alternatively, several studies have addressed whether sex steroid concentrations fluctuate 

in concert with the reproductive status of the organism.  Ovarian concentrations of 17β-

estradiol and progesterone in the cephalopod Octopus vulgaris showed a transient, though 

dramatic, increase at the onset of ovarian growth as measured by weight (Di Cosmo et al., 

2001).  Gooding and LeBlanc (2004) observed distinct spikes in free testosterone 

concentrations and the percentage of total testosterone found in the free, non-esterified form 

in both sexes of I. obsoleta during months that were classified as the onset and end of the 

reproductive period.  Changes in estrogen levels corresponding with reproductive status were 

more sustained in P. yessoensis: concentrations of estradiol (but not those of estrone) 

increased in both the ovary and testis just prior to the onset of gonadal development, reached 

their highest levels at the growing and mature stages, and decreased rapidly at the spawning 

stage (Osada et al., 2004).  In the same species, Matsumoto et al. (1997) found a similar 

profile of  17β-estradiol in the gonad of females; males, however, displayed virtually no 

change in gonadal 17β-estradiol levels.  The highest seasonal concentrations of 17β-estradiol 

in female C. gigas were detected during the growing and mature stages of gonadal 

development whereas a change in 17β-estradiol levels in the gonad of male C. gigas was less 

apparent (Matsumoto et al., 1997).  Similarly, a study with M. arenaria found only modest 

changes in testosterone levels coincident with the onset of spawning in females but not males 

(Gauthier-Clerc et al., 2006).  A transient, albeit subtle, elevation in 17β-estradiol levels in 

the same species was evident at both the start of vitellogenesis and during spawning in 

females (Gauthier-Clerc et al., 2006).  Indeed elevations in sex steroid levels coincident with 
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changes in reproductive status have been noted in a few molluscan species although 

generalized trends in hormone profiles through reproductive development among species are 

difficult to ascertain.   Thus the apparent absence of sex-specific differences in hormone 

levels in molluscs coupled with the lack of consistent hormone profiles through the 

reproductive cycle among species provides weak evidence for a role of sex steroids in the 

reproductive endocrinology of these organisms. 

 

Synthesis and metabolism 

     The detection and quantification of sex steroids in gastropods, bivalves, and cephalopods 

indicates that these hormones are present in the tissue and/or hemolymph of molluscan 

species.  However, the mere presence of sex steroids in molluscs provides no indication of 

whether these organisms are capable of synthesizing or metabolizing them.  Thus, numerous 

studies have examined the ability of molluscs to convert various precursors, both endogenous 

and exogenous, to progestagens, androgens, and estrogens in vitro and in vivo (Table 2).  

Each of the enzyme activities in vertebrate steroidogenesis (A – L; Fig. 1; Table 2) has been 

detected in at least one molluscan species indicating that molluscs have the enzymatic 

machinery for synthesizing sex steroids.  In addition, immunoreactivity against 3β-

hydroxysteroid dehydrogenase and P450 aromatase antibodies has been detected in the testis 

and ovary of P. yessoensis (Matsumoto et al., 1997; Osada et al., 2004).  Since none of the 

molluscan genes that encode vertebrate-like steroidogenic enzymes (e.g., cyp17; 3β-

hydroxysteroid dehydrogenase; 17β-hydroxysteroid dehydrogenase; P450 aromatase) have 

been cloned, sequenced, and experimentally characterized, the detected activities may be due 

to enzymes that bear a strong homology to vertebrate counterparts or to structurally-unique 
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enzymes with wide-ranging substrate specificities that are capable of metabolizing the 

administered precursors. 

     Interestingly, some molluscs do appear to have a unique way of regulating free sex steroid 

homeostasis.  Gooding and LeBlanc (2001) first showed that mud snails (I. obsoleta) 

primarily biotransform exogenously-administered testosterone in vivo to apolar conjugates 

that are retained by the organism as opposed to polar metabolites that are excretable.  

Enzymatic hydrolysis of the most prevalent apolar metabolite indicated that the snails 

conjugate testosterone to free fatty acids to form a testosterone-fatty acid ester (Gooding and 

LeBlanc, 2001).  The reaction was confirmed in vitro by incubating microsomes prepared 

from mud snail tissue with free testosterone and oleoyl or palmitoyl coenzyme A (Gooding 

and LeBlanc, 2001).  Additional experiments and analyses by these same investigators 

revealed that the fatty acid esterification/de-esterification of testosterone is the major 

regulatory process by which I. obsoleta maintains free testosterone homeostasis (Gooding 

and LeBlanc, 2004).  The microsomal enzyme that conjugates testosterone to fatty acids has 

been designated as ATAT (acyl coenzyme A:testosterone acyltransferase).  Since these initial 

observations, this same process for regulating free hormone levels has been documented in 

other gastropods and bivalves for not only testosterone but also for 17β-estradiol (Janer et al., 

2004a; Janer et al., 2004b; Janer et al., 2004c; Janer et al., 2005a; Janer et al., 2005c; Janer et 

al., 2005b; Janer et al., 2005d; Santos et al., 2005; Janer et al., 2006b/and see Table 2).  Most 

recently, using radio-HPLC and tandem MSMS, Labadie et al. (2007) definitively confirmed 

the identity of the steroid fatty acid ester conjugates formed in vivo by M. edulis after 

aqueous exposure to estrogens to be C16:0, C16:1 and C16:2 esters of 17β-estradiol.  

Collectively, these metabolic studies indicate that molluscs are capable of biosynthesizing 
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and biotransforming the sex steroids that are present in their tissues, but unfortunately, they 

do not supply any insight as to whether these steroids have a function in reproduction. 

 

Effects 

     Some studies have attempted to provide support for the hypothesis that vertebrate-like sex 

steroids are functional in molluscs by evaluating the physiological responses of molluscs to 

treatment with these hormones (Table 3).  The effects of progestagens have been examined in 

a few of these studies.  In vitro incubation of nidamental cells from the cuttlefish Sepia 

officinalis or spermatozoa from O. vulgaris with progesterone stimulated the incorporation of 

D-glucose into polysaccharides (Henry and Boucaudcamou, 1994) and induced an acrosome-

like reaction (Tosti et al., 2001), respectively.  In vivo injection of progesterone increased the 

latency of aversive thermal nociceptive response in the snail Capaea nemoralis (Kavaliers et 

al., 2000); stimulated oogenesis but not spermatogenesis in the snail Helix pomatia (Csaba 

and Bierbauer, 1979); stimulated ovarian and testicular development in the scallop 

Mizuhopecten yessoensis (Varaksina and Varaksin, 1991; Varaksina and Varaksin, 1992); 

and accelerated male gonadal development, shifted the sex ratio towards more males, and 

blocked spawning in P. magellanicus (Wang and Croll, 2004; Wang and Croll, 2006) (Table 

3).   

     A greater number of studies have examined the effects of androgens on molluscs.  In vivo 

administration of various androgens via aqueous exposure or injection has been shown to 

stimulate C-reactive protein synthesis in A. fulica (Bose and Bhattacharya, 2000); induce 

maturation of the testicular elements of the gonad and precocious spermatogenesis in the 

banana slug Ariolimax californicus (Gottfried, 1970); increase the rate of egg development in 
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the slugs Deroceras reticulates and Limax flavus (Takeda, 1979); induce head-wart 

development and recovery from castration in the Japanese land snail Euhadra peliomphala 

(Takeda, 1980); stimulate oogenesis but not spermatogenesis in H. pomatia (Csaba and 

Bierbauer, 1979); induce male phenotypic characteristics in I. obsoleta (Oberdorster and 

McClellan-Green, 2000), the ramshorn snail Marisa cornuarietis (Tillmann et al., 2001), and 

the dogwhelks Nucella lapillus and Nassarius reticulata (Spooner et al., 1991; Bettin et al., 

1996); accelerate spermatogenesis in the snail Theba pisana (Sakr et al., 1992); stimulate 

ovarian and testicular development in M. yessoensis (Varaksina and Varaksin, 1991; 

Varaksina and Varaksin, 1992); and accelerate male gonadal development, shift the sex ratio 

towards more males, cause the degeneration of oocytes, and induce spawning in P. 

magellanicus (Wang and Croll, 2004; Wang and Croll, 2006) (Table 3). 

     By far, the most studies have examined the effects of estrogens on gastropods and 

bivalves.  In vivo aqueous exposure to or injection of estrogens has stimulated egg-laying but 

decreased the rate of egg development in D. reticulates and L. flavus (Takeda, 1979); 

stimulated oogenesis but not spermatogenesis in H. pomatia (Csaba and Bierbauer, 1979); 

induced male phenotypic characteristics and augmented egg production in M. cornuarietis 

(Tillmann et al., 2001; Oehlmann et al., 2006); stimulated egg/embryo production in the snail 

Potamopyrgus antipodarum (Jobling et al., 2004); inhibited the phagocytotic activity of 

hemocytes of the Asian clam Corbicula fluminea (Champeau and Narbonne, 2006); induced 

sex reversal from male to female and accelerated sexual maturation and glycogenolysis in C. 

gigas (Mori, 1969; Mori et al., 1969; Mori et al., 1972a; Mori et al., 1972b); stimulated 

ovarian and testicular development in M. yessoensis (Varaksina and Varaksin, 1991; 

Varaksina and Varaksin, 1992); decreased gonadal catecholamine levels, accelerated 
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serotonin-induced egg release, and increased vitellin content in the P. yessoensis (Osada and 

Nomura, 1989; Osada et al., 1992; Osada et al., 1998; Osada et al., 2003); and accelerated 

testicular development, stimulated oocyte growth, shifted the sex ratio to more males, and 

induced spawning in P. magellanicus (Wang and Croll, 2004; Wang and Croll, 2006) (see 

Table 3). 

     In some cases, the same physiological response was observed after treatment with 

progestagens, androgens and/or estrogens.  For example, in vitro incubation of gonad tissue 

from P. magellanicus with 17β-estradiol, testosterone, or progesterone potentiated serotonin-

induced gamete release in only males (testosterone) or both sexes (17β-estradiol, 

progesterone) (Wang and Croll, 2003).  Testosterone, progesterone, and estrone acetate all 

stimulated oogenesis but not spermatogenesis in H. pomatia (Csaba and Bierbauer, 1979).  

Methyltestosterone and ethinylestradiol both increased the vas deferens sequence index of 

female M. cornuarietis (Tillmann et al., 2001).  Testicular and ovarian development in M. 

yessoensis was accelerated by 17β-estradiol, testosterone, and progesterone (Varaksina and 

Varaksin, 1991; Varaksina and Varaksin, 1992).  The similarity in outcome generated by 

treatment with different sex steroids may indicate that: the response itself was non-specific; 

the steroids, at high exposure levels, all activated a common receptor target; or the endpoint 

of choice was too general for differentiating the specific effects of progestagens, androgens, 

and estrogens. 

     A couple of studies have reported that the administration of estrogens had no effect on 

endpoints typically considered to be estrogen-responsive in vertebrates.  Specifically, Won et 

al. (2005) exposed the freshwater mussel Elliptio complanata to 17β-estradiol (10-9 – 10-5 or 

1.83 x 10-3 M) for 7 to 30 days and found no change in vitellogenin protein levels.  An in 
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vivo injection of 17β-estradiol (10-9 – 10-5 M or 2.5 mg) into the adductor muscle or foot of 

the same species also had no effect on vitellogenin protein levels after 72 hours or 30 days 

(Won et al., 2005).  Similarly, Puinean et al. (2006) demonstrated that exposure of M. edulis 

to 200 ng/L 17β-estradiol for 1, 2, 3, 5, and 10 days failed to induce mRNA levels of 

vitellogenin and of the estrogen receptor.   

     Most of the studies described above used tissue or whole organism level responses (e.g., 

gametogenesis, spawning/egg-laying, accessory sex organ development, etc.) to assess the 

effects of sex steroid administration on molluscs.  Indeed, responses suggesting a possible 

function for sex steroids were evident at these higher biological levels but often with 

concentrations of sex steroids that exceed physiological relevance.  However, before the 

hypothesis that sex steroids have a function in molluscan reproductive endocrinology can be 

accepted, how these hormones act at the cellular and molecular levels to produce the 

observed effects must be elucidated.  Recent work evaluating the effects of estrogens on cells 

from Mytilus species may provide some insight into the cellular mechanisms of sex steroid 

action in molluscs.  Stefano et al. (2003) demonstrated that physiologically-relevant 

concentrations of exogenous 17β-estradiol (free and BSA-conjugated) as well as extracted, 

endogenous 17β-estradiol stimulated rapid, acute nitric oxide release from pedal ganglia 

dissected from M. edulis.  The response appeared to be specific to the 17β-isoform as 17α-

estradiol was unable to produce a similar response (Stefano et al., 2003a).  This nitric oxide 

release in response to 17β-estradiol was inhibited by pre-incubation with the estrogen 

receptor antagonists tamoxifen and L-NAME but not ICI 182,780 (Stefano et al., 2003a).  

After identifying a 55 kDa band in cytosolic and nuclear extracts from the pedal ganglia with 

western blotting using a rabbit polyclonal anti-ERβ antibody, the investigators suggested that 
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17β-estradiol stimulates nitric oxide release within pedal ganglia of M. edulis via an estrogen 

cell surface receptor (Stefano et al., 2003a).  Canesi et al. (2004, 2006) showed that low, nM 

concentrations of 17β-estradiol caused intracellular and morphological changes in M. 

galloprovincialis hemocytes including: a rapid increase in the phosphorylation of MAPK- 

and STAT-like proteins, PKC, and a aCREB-like transcription factor; a rapid elevation in 

intracellular Ca+2 concentrations; a stimulation of oxyradical production; an increase in 

phagocytotic activity and in the extracellular release of hydrolytic enzymes; and a 

destabilization of lysosomal membranes.  The rapid nature of the responses to 

physiologically-relevant concentrations of 17β-estradiol by Mytilus cells suggests that the 

sex-steroids detected in molluscs could act through membrane-bound receptors. 

 

Binding proteins and receptors 

     If sex steroids do have a function in the reproductive physiology of molluscs, then the 

missing link becomes how testosterone and estradiol are acting at the cellular and molecular 

levels to play a role in reproductive signaling.  As noted above, one possibility is that sex 

steroids in molluscs use membrane-bound receptors to elicit the observed effects.  

Alternatively, these hormones could use classical steroid hormone signaling that requires the 

involvement of nuclear receptor proteins.   

     A few studies have supplied evidence to support the existence of nuclear, sex-steroid 

receptors in molluscs using in vitro ligand-binding assays with tissue extracts, western 

blotting, and immunofluorescent microscopy.  High-affinity binding proteins for 

progesterone, 17β-estradiol, and/or testosterone have been characterized in the reproductive 

tract of male (D'Aniello et al., 1996) and female (Di Cosmo et al., 1998; Di Cosmo et al., 
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2002) O. vulgaris (Table 4).  Immunoreactivity to anti-PR antibodies has been detected in the 

ovarian nuclear extract of female O. octopus as well as localized in the nuclei of the follicle 

cells of the ovary, of the proximal portion of the oviduct, and of the outer region of the 

nidamental gland in the same species (Di Cosmo et al., 1998).  Western blotting with anti-ER 

antibodies has identified immunoreactive ER-like proteins in cytosolic and nuclear extracts 

from the ovary of O. vulgaris (Di Cosmo et al., 2002), in protein extracts from the foot and 

ovary of E. complanata (Won et al., 2005), in membrane and cytosolic extracts from the 

pedal ganglia of M. edulis (Stefano et al., 2003a), and in protein extracts from the hemocytes 

of M. galloprovincialis (Canesi et al., 2004) (Table 3).  In addition, immunoreactivity to anti-

ER antibodies has been localized in the nuclei of the follicle cells of the ovary, in the nuclei 

of the epithelium lining the proximal portion of the oviduct, and in the cytoplasm of the inner 

and outer regions of the oviducal gland of female O. vulgaris (Di Cosmo et al., 2002); in the 

nuclei and cytoplasm of M. edulis hemocytes (Canesi et al., 2006); and in the nuclei and 

cytoplasm of growing oocytes and auxiliary cells close to growing oocytes of P. yessoensis 

(Osada et al., 2003) (Table 3).  However, the demonstration of high-affinity binding and the 

detection of immunoreactivity with antibodies to vertebrate sex-steroid receptors are only 

indicative of the presence of protein(s) with binding kinetics typical of a nuclear receptor or 

protein(s) with sex-steroid receptor-like structure, respectively. 

    The identification of cDNA for nuclear, sex-steroid receptors would provide further 

support for the possibility that sex steroids function via classical steroid hormone signaling in 

molluscs.  The existence of cDNAs for nuclear receptors for androgens and progestagens has 

not been reported for any mollusc.  This absence of androgen and progesterone receptors in 

an invertebrate phylum is supported by phylogenetic analyses indicating that these receptors 
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evolved after the emergence of jawless fish (Thornton, 2001).  In contrast, an estrogen 

receptor (ER) that bears a high degree of homology to vertebrate ERs has been cloned, 

sequenced, expressed, and experimentally characterized in the sea hare Aplysia californica 

(Thornton et al., 2003), the rock shell Thais clavigera (Kajiwara et al., 2006), and the 

cephalopod O. vulgaris (Keay et al., 2006).  Interestingly, the molluscan ER does not appear 

to able to bind estrogens in vitro but is a constitutive transcriptional activator via estrogen 

response elements (Thornton, 2001; Kajiwara et al., 2006; Keay et al., 2006).  Thornton et al. 

(2001) reconstructed, synthesized, and experimentally characterized the ancestral protein 

from which all extant nuclear steroid receptors have evolved and found it to have estrogen 

receptor-like functionality, i.e., the ligand-binding domain of the ancestral steroid receptor 

bound estradiol specifically, albeit with lower affinity than that of human ERα, and activated 

transcription in the presence of estrogens.  Thus, the identified molluscan ER probably lost 

the ability to bind estradiol and gained constitutive activity deep in the molluscan lineage and 

probably does not interact directly with estrogens.  Collectively, the apparent absence of 

androgen and progesterone receptors and the presence of an estrogen-unresponsive estrogen 

receptor suggest that the sex steroids detected in molluscs, if functional, must act via some 

other signaling pathway.   

 

Conclusions   

     Molluscs clearly possess sex steroids and the enzymatic machinery for synthesizing and 

metabolizing them.  In addition, members of this phylum exhibit changes in reproductive 

parameters in response to treatment with sex steroids, albeit at concentrations that often 

exceed physiological relevance.  Evolution seems to necessitate a function for sex steroids in 
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molluscs because producing and processing hormones that have no utility would be 

energetically costly and thus unfavorable.  However, if vertebrate-like sex steroids do have a 

function in molluscs, how they act at the cellular and molecular levels is still a mystery.  

Molluscs seem to lack nuclear receptors for androgens and progestagens, and the identified 

estrogen receptor appears to be incapable of interacting directly with estrogens.  In contrast, 

some preliminary evidence exists for the possibility that sex-steroids could signal through 

membrane-bound receptors.  However, verification of the latter mode of action requires the 

identification of membrane sex-steroid receptors and their associated signaling pathways in 

molluscs. 
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Table 1: Detection and quantification of sex steroids in molluscs (see Table 5 for steroid abbreviations) 

Species 
[common name] 

Reference Source Sex steroid Concentration 
(ng/g) 

Sampling notes Method 

Class Cephalopoda       
Octopus vulgaris 

[common octopus] 
(D'Aniello et al., 

1996) 
Testis 

Vas deferens 
Seminal vesicle 

Prostate 
Needham’s sac 

Prog 
 

 
 

4.8* 
 
 

*highest concentration 
 
 

RIA, immuno-
enzymatic and  
immunochemi-

luminescent 
assays, HPLC 

 
  Testis 

Vas deferens 
Seminal vesicle 

Prostate 
Needham’s sac 

T 
 

5.2* 
 
 
 
 

  

  Testis 
Vas deferens 

Seminal vesicle 
Prostate 

Needham’s sac 

E2  
 
 

0.95* 
 

 
 
 
 

 

 (Di Cosmo et al., 
2001) 

Ovary 
 

Hemolymph 

Prog < 0.050 
~ 0.200 
None 

Oct – Apr, Jun, Jul 
May 

RIA 

  Ovary 
 
 

Hemolymph 

E2 < 0.050 
~ 0.175 
~ 0.075 
None 

Oct – Apr 
May 

Jun, Jul 
 

RIA 

Sepia officinalis 
[common or 

European cuttlefish] 

(Carreau and 
Drosdowsky, 1977) 

Male plasma T 0.130 – 0.177 ng/mL DHT not detected RIA 

  Female plasma T 0.100 – 0.184 ng/mL   
  Male gonad T 20   
  Female gonad T 10   



Table 1 (continued) 
Sepia officinalis 

[common or 
European cuttlefish] 

(continued) 

(Henry and 
Boucaudcamou, 

1994) 

Previtellogenic 
follicles 

Vitellogenic 
follicles 

Prog 0.95 
 

10.4 
 

 
 

RIA 

  Hemolymph: 
vitellogenic 

females 
Hemolymph: 

mature females 

Prog 0.88 ng/mL 
 

0.98 

  

Class Gastropoda       
Achatina fulica 

[East African land 
snail] 

(Bose et al., 1997) Female-phase 
hemolymph 

Prog 
E2 
4-A 

0.440 ng/mL 
2.000 
0.033 

0.1067 

 RIA 

  Hermaphrodite- 
phase 

hemolymph 

Prog 
E2 
T 

4-A 

8.000 ng/mL 
6.340 

0.6152 
0 

  

  Male-phase 
hemolymph 

Prog 
E2 
T 

4-A 

0.4520 ng/mL 
0 

0.6872 
0 

  

Aplysia depilans 
[sea hare] 

(Lupo Di Prisco et 
al., 1973) 

Gonad Preg 
Prog 

17α-Prog 
T 

DHEA 
E2 
E1 

13.01 
7.23/4.34 

14.46 
8.67 
11.57 
36.70 
23.14 

Conjugated 
Neutral free/conjugated 

Free 
Free 

Conjugated 
Phenolic free 
Phenolic free 

GC 

  Hepatopancreas Prog 
Preg 

17α- Preg 

trace 
4.05 
8.77 

Neutral free 
Neutral free 
Conjugated 

 

Cepaea nemoralis 
[grove snail or 

brown-lipped snail] 

(Kavaliers et al., 
2000) 

Soft tissue Prog 12.36  RIA 
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Table 1 (continued) 
Euhadra 

peliomphala 
[Japanese land snail] 

(Takeda, 1980) Hermaphroditic 
gland 

T 
 

 

2.70/2.19/0.20 
 

Infantile/juvenile/adult RIA 

  Hermaphroditic 
gland 

E2 3.82/1.97/1.30   

Helix aspersa 
[brown or common 

garden snail] 

(Le Guellec et al., 
1987) 

Gonad 
 

A2 
DHEA 

A 
3α-

Androstanediol 
E1 
E2 
E3 

Detected;  
not quantified 

 
 
 
 
 

 HPLC, GC-MS 

  Gonad 
 
 
 

T 
5α-DHT 

A 
Prog 

25.5/8.3 
1.9/2.8 
6/20 

2.6/3.9 

Juvenile/adult RIA 

  Hemolymph T 
A 

Prog 

0.230/0.300 ng/mL 
ND/18 
1.2/6.3 

ND = not detected  

Ilyanassa obsoleta 
[eastern mud snail] 

(Gooding and 
LeBlanc, 2004) 

Male soft tissue T 
T-fa 

~ 5 – 45 
 

Range: 8 monthly samples 
from Oct – Aug  

(except May, Jul) 

RIA 
 

  Female soft 
tissue 

 ~ 5 – 35   

Marisa carnuarietis 
[ramshorn snail] 

(Janer et al., 
2006b) 

Testis-viscera 
complex 

Free T 
Total T 

0.8 
22.8 

Collected Mar – Jun 
 

RIA 

  Testis-viscera 
complex 

Free E2 
Total E2 

0.12 
25.2 

Collected Mar – Jun 
 

 

  Ovary-viscera 
complex 

Free T 
Total T 

1 
3.3 

Collected Mar – Jun 
 

 

  Ovary viscera 
complex 

Free E2 
Total E2 

0.08 
5.7 

Collected Mar – Jun 
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Table 1 (continued) 
Class Bivalvia       

Crassostrea gigas 
[Pacific oyster] 

(Matsumoto et al., 
1997) 

Female gonad E2 
E1 
E3 

0 – ~1.5 
0 – ~0.4 (female) 

not quantified 

Range: 8 samples from  
May – Oct 

 

HPLC 
 

  Male gonad E2 
E1 
E3 

~0.25 – 0.5 
ND 
ND 

Range: 3 samples from  
May – Oct 

ND = not detected 

 

Mactra (Spisula) 
solidissima 

[beach clam] 

(Hagerman et al., 
1957) 

Ovary Estrogens Detected at  
1.1 µg/g equivalents 

 Enzymatic assay 
with human 

placenta 
Mya arenaria (Siah et al., 2002) Male gonad Prog 3 – 5 Range: monthly Jul – Nov ELISA 

[soft-shelled clam]  Female gonad Prog 3 – 5 Range: monthly Jul – Nov  
 (Siah et al., 2003) Gonad Prog Up to 5 

 
Both sexes 

Monthly Jul – Nov 
Among various sites 

ELISA 
 

 (Gauthier-Clerc et 
al., 2006) 

Female gonad E2 
T 

0.195 – 0.379 
0.029 – 0.051 

Range: monthly May – Nov ELISA 
 

  Male gonad E2 
T 
 

0.143 – ~0.250 
0.019 – 0.032 

Range: monthly May – Nov  

Mytilus edulis 
[common mussel] 

(de Longcamp et 
al., 1974) 

Male gonad T 
E1 
E2 

1.4/43 
-/46.5 
-/4.9 

Stage II/Stage III RIA 

  Female gonad T 
E1 
E 

2.1/5.4 
-/31.9 
-/4.2 

  

 (Reis-Henriques et 
al., 1990) 

Male soft tissue Prog 
A 
T 

E2 
E1 

5.07, 0.29 
3.23, 0.86 
0.16, 0.72 

0.021, 0.038 
0.048**, 0.055** 

Dec, Feb 
 

TLC, GC-MS, 
RIA 

**Not identified 
with GC-MS 

  Female soft 
tissue 

Prog 
A 
T 

E2 
E1 

4.75, 0.66 
3.68, 1.13 

0.20**, 0.51** 
0.023, 0.053 
0.045, 0.080 

Dec, Feb  
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Table 1 (continued) 
Mytilus edulis 

[common mussel] 
(Reis-Henriques 

and Coimbra, 
1990) 

Male gonad Prog ~5 – ~30 Range: monthly for 1 year GLC and RIA 
 

(continued)  Female gonad Prog ~5 – ~40 Range: monthly for 1 year  
 (Zhu et al., 2003) Gonad E2 

 
165 
854 

 

 
 

HPLC 
RIA 

(Also Q-TOF-
MS) 

 (Stefano et al., 
2003a) 

Hemolymph 
Pedal ganglia 

E2 62 ng/mL 
32.8ng/ganglia 

 HPLC, RIA, ES-
Q-TOF-MS 

 (Labadie et al., 
2007) 

 E2-fa Detected  HPLC; Tandem 
MSMS 

Mytilus  
galloprovincialis 
[Japanese oyster] 

(Morcillo et al., 
1999) 

Soft tissue T 
E2 

0.133 – 0.162 
0.072 – 0.403 

Range: 3 sites GPC 

Patinopeten 
yessoensis 

[Japanese scallop] 

(Matsumoto et al., 
1997) 

Female gonad E2 
E1 
E3 

~ 0.6 – 1.1 
~0.2 

Detected; not 
quantified 

Range: 8 samples from  
May – Oct 

 

HPLC 

  Male gonad E2 
E1 
E3 

~0.4 – 0.6 
ND 
ND 

Range: 3 samples from  
May – Oct 

ND = not detected 

 

 (Osada et al., 2004) Testis E2 
E1 

1.6 – 4.7 
< 1 

Range: monthly Nov – Jul HPLC 

  Ovary E2 
E1 

1.6 – 4.3 
< 1 

Range: monthly Nov – Jul  

Pecten hericius 
[spear scallop, spiny 

pink scallop] 

(Botticelli et al., 
1961) 

Ovary E1 
E2 

Detected;  
not quantified 

 Astwood 
method, 

chromatography 
bioassay (CCM) 
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Table 2: Synthesis and metabolism of sex steroids in molluscs (see Table 5 for steroid and enzyme abbreviations) 

Species  
[common name] 

[#]* Reference Source Enzyme 
activity* 

Steroids 
(precursor) 

Steroids  
(produced) 

Method/notes 

Class Cephalopoda       
Octopus vulgaris 

[common octopus] 
[1] (D'Aniello et 

al., 1996) 
Testis 3β-HSD   In vitro (enzymatic 

histochemical method) 
  Ovary 3β-HSD    

Sepia officinalis 
[common or 

European cuttlefish] 

[2] (Carreau and 
Drosdowsky, 1977) 

Male and female 
gonads 

A; D Chol 
 

Preg; Prog 
 

In vitro 

   D; B; C; F Preg Prog; 17α-Preg; 
DHEA; A 

 

   G; 20α-ol 
dehydrogenase; 

20β-ol 
dehydrogenase 

Prog 17α-Prog; 20α-DHP; 
20β-DHP 

 

   E; C 17α-preg 17α-Prog; DHEA; 
androstendiol 

 

   F DHEA A; Androstenediol  
   I A T  
   I; K T A; E2  

Class Gastropoda       
Achatina fulica 

[East African land 
snail] 

[3] (Bose et al., 
1997) 

Male-phase 
Ovotestis 

 Endogenous Prog; T; E2 In vitro 

  Male-phase 
albumen gland 

 Endogenous Prog; T  

  Hermaphrodite-
phase  

Ovotestis 

 Endogenous Prog; T; E2  

  Hermaphrodite-
phase 

albumen gland 

 Endogenous P; E2  

  Female-phase 
ovotestis 

 Endogenous Prog; 4-A; T; E2  

  Female-phase 
albumen gland 

 Endogenous Prog; 4-A; T; E2  
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Table 2 (continued) 
Aplysia depilans 

[sea hare] 
[4] (Lupo Di Prisco 

et al., 1973) 
Gonad; 

hepatopancreas 
A – D; F – I Acetate + chol 20α-chol; Preg; 17α-

Preg; Prog; 17α-Prog; 
A; DHEA; T 

In vitro 

 [5] (Lupo Di Prisco 
and Dessi' 

Fulgheri, 1975) 

Gonad; 
hepatopancreas 

D; G; H; I Preg 
Prog 

 

Prog; 17α-Prog; 
DHEA; A; T 

In vitro 

    Mevalonic 
acid 

 

Prog; T  

   A; D; G – I Desmosterol Chol; 20α-Chol; 
Preg; Prog; 17α-Prog; 

DHEA; A; T 

 

Ariolimax 
californicus 

[banana slug] 

[6] (Gottfried and 
Dorfman, 1969) 

Hemolymph 
Hepatopancreas 

Gonad 
Albumen gland 

analyzed 

 Sodium 
acetate + 

α-D-glucose-1-
phosphate 

 

Chol 
 

In vivo (injection)  

    DL-Mevalonic 
acid 

Desmosterol  

    Desmosterol Chol  
 [7] (Gottfried and 

Dorfman, 1970a) 
Male-phase 

ovotestis 
A Chol Preg 

 
In vitro 

   B Preg Prog; 17α-Preg  
    Prog None  
   C 17α-preg DHEA  
   F DHEA A  
    T A2; 

3β-Androstandiol; 
5α-Androstandione 

 

    A A2; 
3β-Androstandiol; 
3α-Androstandiol; 

5α-Androstandione; 

 

    A2 3α-androstandiol  
 [8] (Gottfried and 

Dorfman, 1970b) 
Ovotestis 

Optic tentacle 
 A 3β-Androstandiol; 

3α-Androstandiol;  
5α-Androstandione 

In vitro 
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Table 2 (continued) 
Arion ater rufus 

[European red slug] 
[9] (Gottfried and 

Lusis, 1966) 
Eggs  Endogenous 17α-Prog;  

11-Keto-T; T 
In vitro 

 [10] (Gottfried et 
al., 1967) 

Bursa copulatrix; 
spermatheca 

gland with sperm 

 Endogenous E1; E2 In vitro 

Buccinum undatum 
[common whelk] 

[11] (Teshima and 
Kanazawa, 1971) 

Hepatopancreas G – I Prog 17α-Prog; A; T In vitro 

Euhadra 
peliomphala 

[Japanese land snail] 

[12] (Takeda, 
1980) 

Hermaphrodite 
gland fresh 

frozen sections 

3β-HSD DHEA  In vitro (enzymatic 
histochemical method) 

Helix aspersa 
[brown or common 

garden snail] 

[13] (Le Guellec et 
al., 1987) 

Gonads juveniles 
and adults 

I; 5α-reductase A T; 5α-DHT; A2; E3 In vitro 
Juveniles produced more T 
than adults; adults produced 

more A2 than juveniles 
Helix pomatia 

[burgundy or Roman 
snail] 

[14] (Krusch et al., 
1979) 

Dorsal body 
complex, 

ovotestis, buccal 
ganglia 

D Preg 
 
 
 

Prog 
 

   F DHEA A 
 

In vitro 
DHEA conversion higher than 
preg conversion in all tissues 

before oviposition; preg 
conversion higher than DHEA 
conversion in ovotestis after 

oviposition  
Ilyanassa obsoleta 
[eastern mud snail] 

[15] (Gooding and 
LeBlanc, 2001) 

Whole organism 
(in vivo) 

microsomes 
(in vitro) 

ATAT T T-fa In vivo (aqueous exposure) 
and in vitro 

 [16](Oberdorster et 
al., 1998) 

Whole organism I; 
reductase 

T A; Androstenediols; 
5α-DHT; 

Androstanediols; 
Hydroxy metabolites 

In vivo (aqueous exposure) 

Littorina littorea 
[periwinkle] 

[17] (Lehoux and 
Williams, 1971) 

Gonad 
Hepatopancreas 

20β-ol 
dehydrogenase 

Prog 20β-DHP In vitro 

56 



Table 2 (continued) 
Littorina littorea 

[periwinkle] 
(continued) 

[18] (Ronis and 
Mason, 1996) 

Digestive gland, 
kidney, gill 

I; 5α-reductase; 
K 

T A; DHT-diols; 
Hydroxy metabolites; 

E2; Unidentified 
metabolite 

In vitro 

   5α-reductase T T-suflate conjugates; 
Hydroxy metobolites; 

DHT; DHT-diols 

In vivo 

Lymnaea stagnalis 
[great pond snail] 

[19] (de Jong-
Brink et al., 1981) 

Ovotestis 
Digestive gland 

D Preg Prog In vitro 
Distinct correlation between 
diurnal activity of steroid-

synthesizing enzymes and the 
extensiveness of the smooth 
ER in Sertoli cells carrying 

spermatids and in Sertoli cells 
after spermiation 

Marisa cornuarietis 
[rams horn snail] 

[20] (Janer et al., 
2005b) 

Visceral coil 
microsomes 

Hydroxylation; 
Oxido-reduction; 
Sulfotransferase; 

ATAT 

T  In vitro 

 [21](Janer et al., 
2005c) 

[22] (Janer et al., 
2006a) 

Gonad-viscera 
complex 

microsomes 
(both sexes) 

 

5α-reductase; I A 
 
 

 

5α-A; 5α-DHT; T; 
Hydroxy metabolites; 
 

In vitro 
5α-A produced mainly by 

females; 
5α-DHT  and T produced 

mainly by males 
  Gonad-viscera 

complex 
microsomes 

I T A; 
Hydroxy metabolites 

 

  Gonad-viscera 
complex cytosol 

I T A;  
Polar metabolite 
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Table 2 (continued) 
Class Bivalvia       

Clione Antarctica 
[sea angel] 

[23] (Hines et al., 
1996) 

Whole animal  Prog 
 
 
 

5α-Pregnane-3,20-
dione; 

3β-Hydroxy-5α-
pregnan-20-one; 
3β-Hydroxy-4-
pregnen-20-one 

In vivo (aqueous exposure) 

    A 5α-Androstane-3,17-
dione;  

A2; Epiandrosterone 

 

Crassostrea gigas 
[Pacific oyster] 

[24] (Mori et al., 
1966) 

Nephridium 
Intestine 
Digestive 

diverticulum 

17β-HSD E2  In vitro (enzymatic 
histochemical method) 

Seasonal changes in activity: 
increased activity as sexual 
maturation proceeded and 

decreased activity after 
spawning 

 [25] (Matsumoto et 
al., 1997) 

Ovary L E2 E1 In vitro 

   L E1 E2  
 [26] (Le Curieux-

Belfond et al., 
2001) 

Gonad I; J A 
 

T; E1 
 

In vitro 

   I T A  
   L E1 E2  
   L E2 E1  
 [27] (Le Curieux-

Belfond et al., 
2005) 

Whole animal 
and digestive 

gland 

L E2 E1 In vivo 

Crassostrea 
virginica 

[eastern oyster] 

[28] (Janer et al., 
2004b) 

[29] (Janer et al., 
2004c) 

Gonad-digestive 
gland 

Microsomes 

ASAT E2 
 

E2-fa 
 

In vitro 

   ASAT DHEA DHEA-fa  
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Table 2 (continued) 
Mytilus edulis 

[common mussel] 
[30] (de Longcamp 

et al., 1974) 
Male and female 

gonads 
D; 20β-ol 

dehydrogenase 
Preg 

 
 

Prog; 20β-DHP In vitro 

   C; E 17α-Preg 
 

DHEA; 17α-Prog  

   H 17α-Prog A  
   F DHEA A; Androstenediol  
   I A T  
   I; 5α-reductase T A; 5α-DHT  
   L E1 E2  
   L E2 E1  
 [31] (Lavado et al., 

2006) 
Gonad, digestive 

gland 
E2-

sulfotransferase; 
K 
 

E2  In vitro 

 [32] (Labadie et al., 
2007) 

 AEAT   In vivo aqueous exposure for 
13 days to 10 ng/L 

Mytilus 
galloprovincialis 
[Japanese oyster] 

[33] (Janer et al., 
2004a) 

[34] (Janer et al., 
2005a) 

Digestive gland K   In vitro assay after E2 in vivo 
exposure 

 [34] (Janer et al., 
2005a) 

Digestive gland AEAT; 
E2-

suflotranferase 

A 
 

5α-DHT; 5α-DHEA 
 

In vitro assay after in vivo 
exposure to E2 

Ruditapes decussate 
[clam] 

[35] (Morcillo et 
al., 1998) 

Digestive gland I; 5α-reductase T A; DHA ; DHT 
5-en 3α-diol; 

Hydroxy metabolites 

In vitro 

Placopecten 
magellanicus 
[sea scallop] 

[36] (Idler et al., 
1969) 

Gonad H 17α-prog A In vitro 
Not detected in 
hepatopancreas 
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Table 2 (continued) 
Patinopecten 

yessoensis 
[25] (Matsumoto et 

al., 1997) 
Ovary L E2 E1 In vitro 

[Japanese scallop]    E1 E2  
   3β-HSD;  

P450 aromatase 
  Immunohistochemistry with 

rabbit anti-3β-HSD antibody 
or rabbit anti-human 

aromatase P450 antibody 
 [37] (Osada et al., 

2004) 
Ovary, testis P450 aromatase   Immunohistochemistry with 

rabbit anti-human aromatase 
P450 antibody 

 
*corresponds to Figure 1 
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Table 3: Effects of sex steroids in molluscs (see Table 5 for steroid abbreviations) 

Species 
[common name] 

Reference Sex steroid Endpoint Effect Experimental design notes 

Class Cephalopoda      
Sepia officinalis 

[common or 
European cuttlefish] 

(Henry and 
Boucaudcamou, 

1994) 

Prog Incorporation of labeled 
D-glucose in 

polysaccharides 

Stimulated in a dose-
dependent, inverted-U manner 

(optimal: 10 ng/mL) 

In vitro incubation of 
nidamental cells with ovarian 
extract and 0.01, 0.1, 1, 10, 
100, 1000 ng/mL Prog for 4 

hrs 
Octopus vulgaris 

[common octopus] 
(Tosti et al., 2001) Prog Changes in spermatozoa 

morphology 
Induced an acrosome-like 

reaction similar to that 
induced by calcium elevation 

In vitro incubation of 
spermatozoa (collected from 

the spermatophores in the 
Needham's sac of males)   

with 15 uM Prog for 15 min; 
transmission (TEM) and 
scanning (SEM) electron 

microscopy used  to study the 
morphology  

Class Gastropoda      
Achatina fulica 

[East African land 
snail] 

(Bose and 
Bhattacharya, 

2000) 

4-A ACRP synthesis 
 

Induced in newly hatched 
males reaching level found in 

most active hermaphrodite 
phase 

In vivo injection of 107 pg 4-A 
into males; hemolymph 

collected 4 hrs after injection; 
 immunoelectrophoresis used 
to detect ACRP (C-reactive 

protein) 
Ariolimax 

californicus 
[banana slug] 

(Gottfried, 1970) DHEA; 
11-keto-T 

Gonadal weight 
 

Gonadal development 

Increased 
 

Induced maturation of the 
testicular elements of the 

gonad and precocious 
spermatogenesis 

In vivo intrahemocoelic 
injection of 200 ug DHEA, 

200 ug 11-keto-T, or both into 
immature animals; 

histological assessment 21 
days after injection 
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Table 3 (continued) 
Cepaea nemoralis 

[grove snail or 
brown-lipped snail] 

(Kavaliers et al., 
2000) 

3a-hydroxy-5a-
pregnan-20-one 

 

Aversive thermal 
nociceptive response  

Increased the latency of 
response in significant dose-
related (0.01 – 1.0ug) manner  
 with maximum effects being 

evident 15 – 30 min after 
administration 

In vivo injection of  0.01, 0.1, 
1.0 ug 3a-hydroxy-5a-

pregnan-20-one or 0.1, 1.0, 
10.0 prog;  

nociceptive sensitivity 
measured as the latency of 
foot-lifting response to an 

aversive thermal stimulus at 0, 
15, 30, 60, 90 min after 

injection 
  Prog  Increased the latency of 

response in significant dose-
related (0.1 – 10 ug) manner; 
effect was delayed in onset 

and relatively prolonged (60 – 
120 min)   

 

Deroceras 
reticulates;  

Limax flavus 
[yellow slug] 

 

(Takeda, 1979) DHEA; 
T 
 

Egg-laying 
 

Rate of development  
(of eggs) 

No effect 
 

Increased 

In vivo injection into body 
cavity of 1ug/g DHEA, T, 

Preg, E1; E2, or DHEA +E2; 
evaluated 7 days after 

injection 
  Preg Egg-laying 

 
Rate of development  

(of eggs) 

No effect 
 

No effect 
 

 

  E2; E1 Egg-laying 
 

Rate of development  
(of eggs) 

Stimulated 
 

Decreased 

 

  DHEA + E2 Egg-laying 
 

Rate of development  
(of eggs) 

Stimulated 
 

Increased 
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Table 3 (continued) 
Euhadra 

peliomphala 
[Japanese land snail] 

(Takeda, 1980) T Head-wart development 
 

 

Induced gradual head-wart 
development as well as 

recovery from castration 
within a few days 

In vivo injection of 100 ug T 
or E2 on days 7, 9, 11, and 13 
after castration; histological 

assessment 
  E2  No clear effect  
  T Head-wart development Induced 

 
In vitro incubation of 

immature head-wart tissue for 
10 days with T or E2 (with 
replacement every 2 days); 

histological assessment 
  E2  No effect  

Helix pomatia 
[brown or common 

garden snail] 

(Csaba and 
Bierbauer, 1979) 

T; 
Prog; 

E1-acetate 

Gametogenesis 
 

Stimulated oogenesis (to a 
small degree); 

 No clear affect on 
spermatogenesis 

In vivo intramuscular injection 
of 0.4 mg  T, Prog, or E1-

acetate; histological 
assessment (cell classification) 

of hermaphroditic gland 1 
week after injection 

Ilyanassa obsoleta 
[eastern mud snail] 

(Oberdorster and 
McClellan-Green, 

2000) 

T Imposex Increased percentage In vivo subcutaneous injection 
(along the dorsal side near the 
preputium region above the 

head) of 50 or 500 ng T every 
other day; assessed after 7 and 

14 days after injection 
Nucella lapillus 

[dogwhelk] 
(Spooner et al., 

1991) 
T Female penis length Increased In vivo injection into the foot 

of females of 0, 0.01, 0.1, 10 
µg T; penis length measured 1, 

14, 28, and 42 days after 
injection 

 (Bettin et al., 1996) T Female penis length 
 

Vas deferens sequence 
index (VDSI) 

Increased 
 

Increased 

In vivo aqueous exposure to 
500 ng/L T  for 5 months with 
renewal every 24 – 48 hours; 

   E1; E2 Female penis length 
 

Vas deferens sequence 
index (VDSI) 

No effect 
 

No effect 

In vivo aqueous exposure to 1 
µg/L E1 +E2 mixture (1:1) for 
5 months with renewal every 

24 – 48 hours; assessed 
monthly 
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Table 3 (continued) 
Marisa cornuarietis 

[ramshorn snail] 
(Tillmann et al., 

2001) 
Methyl-T Vas deferens sequence 

index (VDSI) 
 

Male penis length 

Increased at 9+ months 
 
 

No effect 

In vivo aqueous exposure to 
0.5 µg/L methyl-T or EE2 
with renewal every 24 – 48 

hours; assessed every 3 
months for 12 months 

  EE2 Vas deferens sequence 
index (VDSI) 

 
Male penis length 

Increased at 9+ months 
 
 

Increased at 6 months 

 

 (Oehlmann et al., 
2006) 

17α-EE2 Egg production Increased In vivo aqueous exposure to 10 
ng/L 17α-EE2 for 180 days 

with daily semi-static renewal 
Nassarius (Hinia) 

reticulata 
[netted dogwhelk] 

(Bettin et al., 1996) T Female penis length 
 

Vas deferens sequence 
index (VDSI) 

Increased 
 

Increased 

In vivo aqueous exposure to 
500 ng/L T  for 5 months with 
renewal every 24 – 48 hours; 

  E1; E2 Female penis length 
 

Vas deferens sequence 
index (VDSI) 

No effect 
 

No effect 

In vivo aqueous exposure to 1 
µg/L E1 +E2 mixture (1:1) for 
5 months with renewal every 

24 – 48 hours; assessed 
monthly 

Potamopyrgus 
antipodarum 

[New Zealand mud 
snail] 

(Jobling et al., 
2004) 

17α-EE2 Egg/embryo production  Stimulated at low doses (up to 
25 ng/L); 

Inhibited effects at higher 
doses 

In vivo aqueous exposure to 0, 
1, 5, 25, 100 ng/L  17α-EE2 
for 0, 21, 42, 63 days with 

semi-static renewal 
Theba pisana 

[white garden snail] 
(Sakr et al., 1992) T Gonadal development Accelerated spermatogenesis 

(increase in the number of 
spermatozoa; decrease in the 

number of primary 
spermatocytes; increase in the 

diameter of the acini); 
Reduced oogenesis  

 (reduction in number of 
mature ova) 

In vivo intramuscular injection 
of 10 ppm once a week for 2 

weeks; histological assessment 
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Table 3 (continued) 
Class Bivalvia      

Corbicula fluminea 
[Asian clam] 

(Champeau and 
Narbonne, 2006) 

E2 Phagocytosis activity of 
hemocytes 

 

Inhibited at 2000 ng//L after 
15 days and at 200 and 2000 

ng/L after 30 days 

In vivo aqueous exposure to 
20, 200, or 2000 ng/L E2 for 
30 days with daily renewal; 

hemolymph and visceral mass 
tissue collected after 15 and 30 

days 
   Lysosomal structural 

changes in digestive cells 
 

No clear effect  

Crassostrea gigas 
[Pacific oyster] 

(Mori et al., 1969) E2-3-benzoate Gonadal development Induced sex reversal from 
males to female when the 

administration began at the 
early stage of sexual 

maturation 

In vivo injection into gonad of 
0.02, 0.10 mg E2-3-benzoate 

every 5-16 days for 
approximately 2 months; 
histological assessment 

 (Mori, 1969) E2-3-benzoate Gonad development Accelerated sexual maturation 
(increase in total area of germ 

cells; increase in frequency 
distribution of long-axis of 

egg nucleus) 

In vivo injection into gonad of 
0.1 mg E2-3-benzoate every 1-

14 days for approximately 2 
months; histological 

assessment 
 (Mori et al., 1972a) E2-3-benzoate Glycogen content Accelerated glycogenolysis 

(up to 4 ug) in a 
concentration-dependent 

manner 
 

In vivo aqueous exposure of 
females to 0.01, 0.1, 1, 10, 
100, 1000 ug/oyster E2-3-
benzoate for  3 weeks with 
replacement every 7 days; 
histochemical method for 

determination of glycogen in 
gonad, digestive diverticula, 

intestine, and mantle  
 (Mori et al., 1972b) E2-3-benzoate Glycogen content Accelerated glycogenolysis in 

females; 
No effect in groups in which it 
could induce sex reversal from 

male to female 

In vivo injection of 0.02, 0.1 
mg E2-3-benzoate every few 

days for approximately 2 
months; histochemical method 
for determination of glycogen 
in gonad, digestive diverticula, 

intestine, and mantle  

65 



Table 3 (continued) 
Elliptio complanata 

[eastern elliptio] 
(Won et al., 2005) E2; 

T; 
Prog; 

5α-androstan-
3β,17β-diol 

Vitellogenin protein None In vivo injection via adductor 
muscle or foot of E2 (10-9 – 

10-5 M  or 2.5 mg), T (10-7 M 
or 0.36 ug) Prog (10-7 M), or 

5α-androstan-3β,17β-diol (10-7 
M); western blot using anti-

scallop yolk protein antibody 
72 hr (E2, T, Prog, 5α-

androstan-3β,17β-diol) or 30 
days (E2, T) after injection 

  E2  None In vivo aqueous exposure to 
10-9 – 10-5 or 1.83x10-3 M E2 

for 7 or 30 days with 
replacement every 2-3 days; 

western blot using anti-scallop 
yolk protein antibody 

Mizuhopecten 
yessoensis 

[Yesso scallop] 

(Varaksina and 
Varaksin, 1991) 

E2; 
Prog; 

T 

Ovarian development Stimulated  
(increase in mitotic activity of 

gonia at the stage of sexual 
inertia; acceleration of growth 
of sex cells at the beginning of 

oocyte growth and during 
active gametogenesis; 

decrease in parietal oocytes; 
accumulation of free-lying 

oocytes; increase in the weight 
of the ovaries, gonadal index, 
size of acini, oocytes and their 

nuclei) 

In vivo injection into adductor 
muscle of 0.1 mg E2, 5 mg 
Prog, or 2.5 mg T (females 

only) 
2 times with an interval of 15 
days (in Aug and Nov) or one 

time in Apr; histological 
assessment after a 30-day 

observation period 
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Table 3 (continued) 
Mizuhopecten 

yessoensis 
[Yesso scallop] 

(continued) 

(Varaksina and 
Varaksin, 1992) 

E2; 
Prog; 

T 

Testis development 
 

Stimulated  
(increase in Acinus areas, zone 

of proliferation, and growth 
and formation zone of sex 

cells; enhanced proliferation 
of spermatogonia, maturation 

of spermatocytes II, and 
formation of spermatids and 

spermatozoa) 

Same as Varaksina and 
Varaksin (1991) except males 

 

Mytilus edulis 
[common mussel] 

(Stefano et al., 
2003b) 

E2 Ganglionic microglial 
egress 

Decreased at 24 hours; 
Effect abolished by Tamoxifen 

and L-NAME 

In vitro incubation of pedal 
ganglia with 10-11 – 10-6 M 

E2-BSA ± co-incubation with 
10-7 M Tamoxifen or L-

NAME (nitric oxide synthase 
inhibitor) 

 (Stefano et al., 
2003a) 

E2 
 
 
 
 

17α-E2 

Nitric oxide (NO) release 
by pedal ganglia 

Stimulated; 
Effect inhibited by Tamoxifen 

and L-NAME but not ICI 
182,780  

 
No effect 

In vitro incubation of pedal 
ganglia with extracted, 

endogenous E2 (~150 ng),  
10-11 – 10-6 M E2, or 10-7 M 

17α-E2 ± 5 min pre-incubation 
with 10-7 M Tamoxifen, 10-7 
M ICI 182,780, or 10-4 M L-

NAME 
 (Puinean et al., 

2006) 
E2 Free E2 

 
E2-fa 

 
ER and VTG mRNA   

No change 
 

 Increased 
 

 No change 

In vivo aqueous exposure to 
200 ng/L E2 for 1, 2, 3, 5, and 
10 days with daily renewal; E2 

and E2-fa in soft tissue 
quantified by RIA; ER and 

VTG mRNA levels in gonad 
quantified by real-time, 

quantitative PCR 
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Table 3 (continued) 
Mytilus 

galloprovincialis 
[Japanese oyster] 

(Janer et al., 2004a) 
(Janer et al., 2005a) 

E2 Free E2  
 

E2-fa 
 
 

AEAT activity 

Elevated only at 2000 ng/L 
 

Increased in a dose-dependent 
manner 

 
Increased at 200 and 2000 

ng/L 

In vivo aqueous exposure to 
20, 200, 2000 ng/L E2 for up 

to 1 week with semi-static 
renewal; E2 quantified by RIA 

 (Canesi et al., 
2004) 

 

E2 Phosphorylation state of 
the components of 

MAPK- and STAT- 
(signal transducers and 

activators of transcription) 
like proteins in hemocytes 

 
Cytosolic [Ca+2] in 

hemocytes 
 
 
 

Hemocyte morphology 
and function 

Increased (ERK2, p38 MAPK, 
p46 and p54 JKN, STAT3, 

STAT5) by 25 nM E2 
Effects on ERK2 and STAT3 

abolished by pre-treatment 
with tamoxifen 

 
Increased by 25 nM E2;  

Not affected by pre-treatment 
with tamoxifen 

 
Changed (e.g., extracellular 

release of hydrolytic enzymes, 
lysosomal membrane 
destabilisation, and 

stimulation of the bactericidal 
activity); 

In vitro incubation of 
hemocytes with 0, 5, or 25 nM 
E2 ± pre-incubation with ER 
antagonist tamoxifen (100 – 
500 nM) or other inhibitors; 

western blotting 
 
 
 
 
 

 
Lysosomal membrane 

destabilization abolished by 
pre-treatment with p38 MAPK 

inhibitor SB203580 and 
significantly reduced by 

PD98059 and Wortmannin 
(inhibitors of ERK MAPK and 

PI3-K, respectively) 
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Table 3 (continued) 
Mytilus 

galloprovincialis 
[Japanese oyster] 

(continued) 

(Canesi et al., 
2006) 

E2 Phagocytosis  by 
hemocytes 

 
 
 
 
 

Oxyradical production by 
hemocytes 

 
 
 
 
 
 

Phosphorylation state of 
PKC and aCREB-like 

transcription factor 
 
 

Hemocyte lysosomal 
membrane stability 

 
 

Hemocyte phagocytosis 
 
 
 

Hemocyte extracellular 
release of hydrolytic 

enzymes 

Stimulated up to 25 nM; 
inhibited at 50 nM; 

Effect inhibited by tamoxifen  
and specific kinase inhibitors 
SB-203580 (for p38 MAPK) 
and GF-109203X (for PKC) 

 
Increased; 

Effect inhibited by tamoxifen, 
nitric oxide (NO) synthase 

inhibitor NG-monomethyl-L-
arginine; superoxide 

dismutase (SOD); SB-203580; 
GF-109203X 

 
Increased 

 
 
 
 
Decreased in a significant and 

concentration-dependent 
manner 

 
Increased at 6 hr at 5 pmol; 

decreased after 6 hr at higher 
concentrations 

 
Increased 

 

In vitro incubation of 
hemocytes with 0, 5, 25 or 50 

nM E2 for 60 min ± pre-
incubation with ER antagonist 
tamoxifen (100 nM) or other 

inhibitors  
 

In vitro incubation of 
hemocytes with 0, 2, or 25 nM 

E2 for up to 60 min ± pre-
incubation with ER antagonist 
tamoxifen (100 nM) or other 

inhibitors  
 
 
In vitro incubation of 
hemocytes with 0 or 25 nM E2 
for 5 – 60 min; Western 
blotting 
 
In vivo injection of 0, 5, 25, 
and 100 pmol E2; evaluated 
after  after 6 and 24 hours 
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Table 3 (continued) 
Mytilus 

galloprovincialis 
[Japanese oyster] 

(continued) 

(Canesi et al., 
2007) 

E2; EE2 Hemocyte lysosomal 
membrane stability 

 
Hemocyte phagocytosis 

 
Hemocyte extracellular 

release of hydrolytic 
enzymes 

Decreased 
 
 

Increased 
 

Increased (E2) or decreased 
(EE2) 

In vitro incubation with E2 
and EE2 

Patinopecten 
yessoensis 

[Japanese scallop] 

(Osada and 
Nomura, 1989) 

E2-3-benzoate Noradrenaline and 
dopamine levels 

Decreased in gonad 22 hours 
after injection but not in gill or 

ganglia 

In vivo injection of 400 ug E2-
3-benzoate; catecholamine 

levels determined 
0, 4, 8, 12, 22 hrs after 

injection 
 (Osada et al., 1992) E2 Gametes released Accelerated release of eggs 

(i.e., number); 
Effect inhibited by 20-min 
pre-incubation with aspirin 

and actinomycin D 

In vitro 120-min pre-
incubation of ovarian tissue 

with 10-8 – 10-5 M E2 followed 
by 90-min incubation with  

10-8 – 10-5 M serotonin (5-HT) 
 (Osada et al., 1998) E2 Egg release 

 
 
 
 

Formation of serotonin 
(5-HT) receptor on oocyte 

surface 

No effect (E2 alone) or 
enhanced (E2 + 5-HT; effect 
inhibited by pre-incubation 

with actinomycin D) 
 

Same as effect on egg release 
 

In vitro 2 hr pre-incubation o 
ovarian tissue with 10-5 M E2 

followed by 90-min incubation 
with 10-6 M 5-HT 

 

 (Osada et al., 2003) E2 Vitellin (Vn) protein 
content 

 
 

Increased at 90 days 
 

In vivo injection into gonad of 
50 ug E2 every 10 days (up to 

90 days); Vn content  
quantified via ELISA with 

anti-scallop Vn antibody after 
30, 60, 90 days 

  E2 Vitellin (Vn) protein 
content 

 

Accumulation in a dose- 
related manner (significant 

increase in Vn at 10-5 M E2) 

In vitro incubation of ovarian 
tissue in 10-9-10-5 M E2 for 5 
days; Vn content quantified 
via ELISA with anti-scallop 

Vn antibody  
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Table 3 (continued) 
Placopecten 
magellanicus 
[sea scallop] 

(Wang and Croll, 
2003) 

E2;  
Prog 

Gametes released Potentiated serotonin (5-HT)-
induced gamete release in both 

sexes; 
Effect inhibited with pre-

incubation with tamoxifen, 
flutamine, RU486, 
actinomycin, and 
cyclohexamide 

In vitro 120-min pre-
incubation of gonad tissue 

with 10-8-10-5 M E2, 10-7-10-5 
M Prog, or 10-7-10-5 M T 

followed by 90-min incubation 
with 10-5 M 5-HT 

  

 
 

 T  Facilitated 5-HT-induced 
gamete release only in males; 

Effect inhibited with pre-
incubation with tamoxifen, 

flutamine, RU486, 
actinomycin, and 
cyclohexamide 

 

 (Wang and Croll, 
2004) 

E2 
 

Gonad development/ 
differentiation 

 
 

Sex ratios  

Accelerated in males; 
Stimulated oocyte growth in 

females 
 

Shifted towards more males 

In vivo injection of 30 ug E2, 
T, Prog, or DHEA monthly for 

3 months; histological 
assessment  

  Prog Gonad development/ 
differentiation 

 
Sex ratios 

Accelerated in males 
 
 

Shifted towards more males; 
hermaphrodites 

 

  T Gonad development/ 
differentiation 

 
 

Sex ratios 

Accelerated in males; 
Induced degeneration of 

oocytes in females 
 

Shifted towards more males 

 

  DHEA Gonad development/ 
differentiation 

 
Sex ratios 

Accelerated in males 
 
 

Shifted towards more males; 
hermaphrodites 
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Table 3 (continued) 
Placopecten 
magellanicus 
[sea scallop] 
(continued) 

(Wang and Croll, 
2006) 

E2 
 

Spawning; gametes 
released 

Induced in both sexes (alone 
and with serotonin [5-HT]) 

In vivo injection of ripe sea 
scallops with 200 ug E2, T, or 

Prog; observed for 3 hours 
before counting released 

gametes; or 
in vivo injection of ripe sea 

scallops with 200 ug E2, T, or 
prog followed 24 hrs later by 

0.1 mM 5-HT injection; 
observed for 3 hrs before 
counting released gametes 

  T  Induced in males only (alone 
and with 5-HT) 

 

  Prog  Blocked in both sexes (alone); 
or 

Blocked in females and 
potentiated in males (with 5-

HT) 
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Table 4: Sex-steroid binding proteins and receptors (See Table 5 for steroid abbreviations) 

Species 
[common name] 

Reference Tissue Sex steroid Results Method/notes 

Class Cephalopoda       
Octopus vulgaris 

[common octopus] 
(D'Aniello et al., 

1996) 
 

Testis 
Vas deferens 

Seminal vesicle 

 
Prog 

 

Conc 
0.54 pmol/mg 

2.85 
1.05 

Kd 
1.6 nM 

Saturation binding curves 

  Testis 
Vas deferens 

Seminal vesicle 

T 
 

1.31 pmol/mg 
5.07 
2.56 

 
 

0.5 nM 

 

  Testis 
Vas deferens 

Seminal vesicle 

E2 < 0.1 pmol/mg 
2.81 
< 0.1 

 
1.84 nM 

 

 (Di Cosmo et al., 
1998) 

Ovarian nuclear 
extract 

Ovarian 
cytosolic extract 

Prog  1.9 nM 
 

None 

Saturation binding curves; column 
chromatography 

  Ovarian nuclear 
extract 

 70 kDa band;  
no positive control 

Western blotting with chicken anti-
PR antibody 

  Female 
reproductive 

tract 

 Immunoreactivity localized in the 
nuclei of the follicle cells of the 
ovary, of the proximal portion of 

the oviduct and of the outer region 
of the nidimental gland 

Immunofluoresence with chicken 
anti-PR antibody 

 (Tosti et al., 2001) Spermatozoa Prog Prog-BSA-FITC localized in 
plasma membrane of spermatozoa 
collected from the Needham's sac 

of the male and from the 
spermathecae of oviducal glands of 

the female 

Prog-BSA-FITC labeling 
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Table 4 (continued) 
Octopus vulgaris 

[common octopus] 
(continued) 

(Di Cosmo et al., 
2002) 

Ovarian and 
oviduct nuclear  

extract 
Ovarian and 

oviduct cytosolic 
Extract 

E2 Kd 
None 

 
4.9 nM (ovary) 

4.2 nM (oviduct) 
 

Saturation binding curves; column 
chromatography 

  Ovarian 
cytosolic and 

nuclear extracts 

 70 kDa band in nuclear and 
cytosolic extracts; no positive 

control 

Western blotting with  anti-ER 
antibody 

  Female 
reproductive 

tract 

 Immunoreactivity localized in the 
nuclei of the follicle cells of the 

ovary, in the nuclei in the 
epithelium lining the proximal 

portion of the oviduct, and in the 
cytoplasm in the inner and outer 

regions of the oviducal gland  

Immunofluoresence with anti-ER 
antibody 

 (Keay et al., 2006)  E2 Full-length cDNA encoding an 
estrogen receptor (ER) that is 

constitutively-active and estrogen-
unresponsive 

Degenerate RT-PCR followed by 
5’- and 3’-RACE; gene-reporter 

assay 

Class Gastropoda      
Aplysia californica 

[sea hare] 
(Thornton et al., 

2003) 
 E2 Full-length cDNA encoding an 

estrogen receptor (ER) that is 
constitutively-active and estrogen-

unresponsive 

Degenerate RT-PCR followed by 
5’- and 3’-RACE; gene-reporter 

assay 

Thais clavigera 
[rock shell] 

(Kajiwara et al., 
2006) 

Cerebral ganglia E2 Full-length cDNA encoding an 
estrogen receptor (ER) that is 

constitutively-active, estrogen-
unresponsive, and preferentially 
expressed in the ovary; cerebral 

ganglia expressed ER mRNA at a 
high level in the spring followed 
by subsequent enlargement of the 

ovary later in the season 

Degenerate RT-PCR followed by 
5’- and 3’-RACE; gene-reporter 

assay; quantitative, real-time PCR 
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Table 4 (continued) 
Class Bivalvia      

Elliptio complanata 
[eastern elliptio] 

(Won et al., 2005) Female foot, 
ovary, and  

hepatopancreas 

E2 55 kDa band in foot; 75 kDa band 
in ovary (positive control: 55kDa 

band in mice thymocyte) 

Western blotting with human anti-
ERβ antibody 

Mytilus edulis 
[common mussel] 

(Stefano et al., 
2003b) 

Pedal ganglia E2 Partial, 266 bp cDNA fragment for 
an estrogen receptor β (100% 
homology with human ERβ) 

RT-PCR 

 (Stefano et al., 
2003a) 

Pedal ganglia 
and mantle 

membrane and 
cytosolic extracts 

E2 55 kDa band with anti-ERβ in 
pedal ganglia but not mantle 

extracts (positive control: 55 kDa 
band in human leukocyte extracts; 
negative control: no band in Cos-7 
extracts); no band with anti-ERα 
(positive control: 67 kDa band in 

human leukocyte extracts) 

Western blotting with rabbit 
polyclonal anti-ERα or anti-ERβ 

Antibodies 

Mytilus 
galloprovincialis 
[Japanese oyster) 

 

(Canesi et al., 
2004) 

Hemocytes E2 70 kDa band with anti-ERα and 49 
kDa  band with anti-ERβ; no 

positive control 

Western blotting with human 
polyclonal anti-ERα or anti-ERβ 

Antibodies 

 (Canesi et al., 
2006) 

Hemocytes E2 ERα immunoreactivity was 
observed in the nuclei and 
cytoplasm (except in large 

intracellular vacuoles); 
ERβ immunoreactivity was 

observed in the perinuclear region 
and cytoplasmic (in association 

With small intracellular organelles) 

Confocal laser scanning 
microscopy (CLSM) with 

polyclonal anti-ERα (anti-rabbit) 
or anti-ERβ (anti-goat) antibodies 

Placopecten 
yessoensis 

[Japanese scallop] 

(Osada et al., 2003) Ovary E2 Immunoreactivity observed in 
nuclei and cytoplasm of growing 
oocyte and auxiliary cells close to 

growing oocyte; 
Colocalization with vitellin 

immunoreactivity 

Immunohistochemistry rabbit anti-
ER antibody and scallop anti-Vn 

antibody 
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Table 5: Key for abbreviations 
 
Steroids  Abbreviation 
   
Androstenedione  A 
Androsterone  A2 
Cholesterol  Chol 
20α-hydroxycholesterol  20α-Chol 
Dehydroepiandorsterone  DHEA 
Dihydroandrostenedione  DHA 
17β-Estradiol  E2 
17β-Estradiol-fatty acid ester  E2-fa 
Estriol  E3 
Estrone  E1 
17α-Ethinylestradiol  17α-EE2 
Pregnenolone  Preg 
17α-Hydroxypregnenolone  17α-Preg 
Progesterone  Prog 
20β-Dihydroprogesterone  20β-DHP 
17α-Hydroxyprogesterone  17α-Prog 
Testosterone  T 
Testosterone-fatty acid ester  T-fa 
   
Enzymes Reaction Abbreviation or 

letter* 
   
hydroxysteroid dehydrogenase  HSD 
Cytochrome P450  CYP 
Acyl coenzyme A:testosterone acyltransferase T → T-fa ATAT 
Acyl coenzyme A:estradiol acyltransferase E2 → E2-fa AEAT 
   
CYPside-chain cleavage/C20,22-lyase  Chol → Preg A 
CYP17/17α-hydroxylase Preg → 17α-preg B 
CYP17/ C17,20 lyase  17α-Preg → DHEA C 
3β-HSD  Preg → Prog D 
3β-HSD 17α-Preg → 17α-Prog E 
3β-HSD DHEA → A F 
CYP17/17α-hydroxylase Prog → 17α-Prog G 
CYP17 17α-Prog → A H 
17β-HSD A ↔ T I 
CYP19 A → E1 J 
CYParomatase T → E2 K 
17β-HSD E1 ↔ E2 L 
 
*corresponds to Figure 1 
 



  

 

 

 

 

 

 

Figure 1: Steroidogenic pathway.  Numbers in brackets are references that correspond with 

studies described in Table 2.  Letters are enzyme activities that are cross-referenced with 

Table 2.  Abbreviations for enzymes can be found in Table 5. 
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Abstract  

Exposure to tributyltin (TBT) has been causally associated with the global occurrence of a 

pseudohermaphroditic condition called imposex in neogastropod species.  TBT elevates free 

testosterone levels in these organisms, and this upsurge in testosterone may be involved in 

the development of imposex.  We investigated the ability of TBT to inhibit acyl coenzyme 

A:testosterone acyltransferase (ATAT) activity as well as microsomal acyl-coenzyme A:17β-

estradiol acyltransferase (AEAT) in a neogastropod, the eastern mud snail Ilyanassa obsoleta 

as a mechanism by which TBT elevates free testosterone.  TBT significantly inhibited both 

ATAT and AEAT activities in vitro at toxicologically relevant in vivo concentrations.  

Kinetic analyses revealed that TBT is a competitive inhibitor of ATAT (Ki = ~ 9 µM) and is 

a weaker, noncompetitive inhibitor of AEAT (Ki = ~ 31 μM).  ATAT and AEAT activities 

associated with different microsome preparations were significantly correlated, and 17β-

estradiol competitively inhibited the fatty acid esterification of testosterone suggesting that 

one enzyme is responsible for biotransforming both testosterone and 17β-estradiol to their 

corresponding fatty acid esters.   Overall, the results of this study supply the much-needed 

mechanistic support for the hypothesis that TBT elevates free testosterone in neogastropods 

by inhibiting their major regulatory process for maintaining free testosterone homeostasis – 

the fatty acid esterification of testosterone.  

 

Keywords: Tributyltin; Imposex; Acyl coenzyme A:steroid acyltransferase; Testosterone; 

17β-Estradiol; Endocrine; Snail 
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1. Introduction 

     Tributyltin (TBT) has been used ubiquitously as a biocide in antifouling paints for ships, 

boats, and offshore installations.  Exposure to TBT has been causally linked with a 

pseudohermaphroditic condition known as imposex (Smith, 1971; Jenner, 1979).  Imposex is 

the superimposition of male sex characteristics, such as a penis, vas deferens, and 

semeniferous tubules, on female neogastropods.  Imposex has been documented in over 150 

species of marine neogastropods worldwide (Fioroni et al., 1991; Horiguchi et al., 1997). 

Early stages of imposex decrease the reproductive capacity of females, whereas later stages 

result in the sterilization of females and even death (Oehlmann et al., 1996).  Thus, TBT 

pollution has caused serious effects at the population level (Oehlmann et al., 1996), 

especially for those species of neogastropods that lack a planktonic larval stage as part of 

their life history making the recolonization of severely impacted areas difficult. 

     Previous studies have associated TBT exposure with increased testosterone titers in 

imposexed females (Spooner et al., 1991; Bettin et al., 1996; Gooding et al., 2003). At least 

two hypotheses have been proposed for the mechanism by which TBT causes imposex and 

the related observation that imposexed females have elevated testosterone levels.  First, TBT 

could act as a neurotoxicant by altering the secretion of neurohormones (e.g., penis 

morphogenic factor [PMF]) that contribute to sexual differentiation in neogastropods (Feral 

and Le Gall, 1982).  Pursuing this hypothesis, Oberdorster and McClellan-Green (2000, 

2002) showed that the neuropeptide APGWamide significantly induces imposex in the 

eastern mud snail Ilyanassa obsoleta and implicated APGWamide as a candidate for the 

PMF in this species.  Consequently, the authors proposed that TBT stimulates the release of 

the PMF in female neogastropods leading to the development of androgen-producing male 
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accessory sex organs.  Nevertheless, a causal relationship among TBT exposure, abnormal 

APGWamide release, and imposex has yet to be established.       

     Alternatively, TBT could elevate testosterone levels by inhibiting its enzymatic 

conversion to various metabolites; this upsurge in testosterone could then initiate a cascade 

of biochemical events resulting in male reproductive organ development in females.  A 

caveat to this hypothesis is that imposex was evident prior to the detection of an increase in 

testosterone titers in one laboratory experiment (Bettin et al., 1996).  Even so, the means by 

which TBT inhibits the enzymatic conversion of testosterone to various metabolites has been 

addressed in several studies.  Sulfotransferase (Ronis and Mason, 1996), cytochrome P450 

aromatase (Spooner et al., 1991; Bettin et al., 1996), and acyl coenzyme A:steroid 

acyltransferase (Gooding et al., 2003; Janer et al., 2005b) are three classes of enzymes that 

have been considered as targets for inhibition by TBT.    

     Gooding and LeBlanc (2001, 2004)found the fatty acid esterification of testosterone by 

microsomal acyl coenzyme A:testosterone acyltransferase (ATAT) to be a major regulatory 

process for maintaining free testosterone homeostasis in I. obsoleta.  In laboratory and field 

studies, these investigators observed that TBT suppresses testosterone esterification and 

elevates free testosterone in this species (Gooding et al., 2003).  In spite of this association, 

ATAT activity in microsomes isolated from TBT-exposed I. obsoleta was not altered 

regardless of imposex condition implying that TBT does not suppress ATAT protein 

expression; concentrations of TBT as high as 10 μg/L (0.03 μM) TBT did not directly inhibit 

in vitro ATAT activity (Gooding et al., 2003).  However, snails collected from a 

contaminated site where the incidence of imposex was 100% contained whole body TBT 

concentrations (based upon tin analyses) of 700 μg/kg (~ 5.9 µM) (Gooding et al., 2003) 
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which is greater than the range of TBT concentrations tested in the in vitro ATAT assays.  

Therefore, a primary objective of this study was to determine if in vitro ATAT activity of I. 

obsoleta is directly inhibited by TBT at toxicologically relevant in vivo concentrations.  Any 

observed inhibitory activity would then be subjected to kinetic analyses to characterize the 

means by which TBT inhibits ATAT. 

     Clearly, much of the research regarding TBT’s mechanism of action has focused on the 

association of TBT exposure with increased testosterone titers in imposexed females 

presupposing that testosterone is a functional androgen in gastropods (see above and 

Matthiessen and Gibbs, 1998).  However, compelling molecular and cellular substantiation 

for the existence of an androgen receptor in molluscs is lacking, and phylogenetic analyses 

suggest that the androgen receptor evolved after the emergence of jawless fish (Thornton, 

2001).  On the other hand, mounting molecular and cellular evidence points to the existence 

of an estrogen receptor in molluscs (Stefano et al., 2003; Thornton et al., 2003; Canesi et al., 

2004).  Free 17β-estradiol homeostasis in molluscs appears to be regulated in a manner 

similar to that of testosterone (Janer et al., 2005a).  In I. obsoleta, 17β-estradiol is maintained 

primarily in the fatty acid ester conjugate form (personal observation).  Thus, the additional 

objectives of this study were to determine if the fatty acid esterification of 17β-estradiol may 

be susceptible to inhibition by TBT as well as establish whether the enzyme that 

biotransforms testosterone to a fatty acid ester is the same enzyme that biotransforms 17β-

estradiol to its fatty acid ester counterpart.  
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2. Materials and methods 

2.1 Chemicals  

    Testosterone, 17β-estradiol, and palmitoyl-coenzyme A (palmitoyl-CoA) lithium salt 

(approximately 90%) were procured from Sigma-Aldrich (St. Louis, MO).  [4-

14C]testosterone (50 mCi/mmol) was purchased from Perkin-Elmer Life Sciences (Boston, 

MA).  [4-14C]17β-estradiol (54 mCi/mmol) and [1-14C]palmitoyl-CoA (55 mCi/mmol) were 

acquired from American Radiolabeled Chemicals, Inc. (St. Louis, MO).  Tributyltin chloride 

(TBTCl) (96%) was obtained from Sigma-Aldrich (St. Louis, MO).  All solvents were of 

HPLC grade.  Stock solutions for the steroids and palmitoyl-CoA (both unlabeled and 

radiolabeled) were prepared in 100% ethanol and 100 mM potassium phosphate buffer (pH 

7.4), respectively.  The stock solution for TBT was prepared by adding 100% ethanol to a 

weighted amount of TBTCl.      

2.2 Snail collection 

     Snails used for microsome preparation were collected from a field population on Oak 

Island, NC.  Imposex females have never been detected in this field population.  Snails in a 

randomly chosen section of the site were collected, rinsed with seawater to remove mud and 

sand, and transported back to the laboratory in a container filled with ambient seawater from 

the site.  In the laboratory, groups of approximately 75 snails were kept in 5 gal aquaria filled 

with 1 L reconstituted seawater (30 ± 1 ppt) (Instant Ocean: Aquarium Systems, Mentor, 

OH).  These aquaria were housed in incubators programmed to maintain environmental 

conditions (i.e., a temperature and photoperiod appropriate for the time of year).  The 

temperature and photoperiod were adjusted on a weekly basis to conform to changing 

environmental conditions.  Aquaria water was gently aerated, and medium was replaced 
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daily.  Snails were fed TetraMin® Tropical Flakes (Tetra Holding, Inc., Blackburg, VA) ad 

libitum.   Snails used for correlating ATAT and AEAT activities were transported back to the 

laboratory on ice and held at 4ºC until dissection within 24 hours of collection.  

2.3 Microsome preparation 

     The gonad-viscera complex was isolated from individual snails, snap frozen in liquid 

nitrogen, and stored at -80ºC until homogenization.  Tissue from three to eight snails was 

homogenized in 100 mM potassium phosphate buffer (pH 7.4) containing 100 mM KCl, 1 

mM EDTA, 1 mM DTT, 0.1 mM phenanthroline, and 0.5 mg/mL trypsin inhibitor (Gooding 

et al., 2003)using a glass homogenizer.  Microsomes were prepared by differential 

centrifugation (van der Hoeven and Coon, 1974).  The resulting microsomal pellet was 

resuspended in 100 mM potassium phosphate buffer (pH 7.4) containing 0.1 mM EDTA and 

20% glycerol and stored at -80ºC.  Microsomal protein concentrations were determined 

(Bradford and Williams, 1976) using commercially available reagents (Bio-Rad Protein 

Assay Dye Reagent Concentrate: Bio-Rad, Hercules, CA) and albumin from bovine serum 

(Fraction V) (Sigma-Aldrich, St. Louis, MO) as a standard.  

2.4 Experimental design 

     Conditions for all enzyme assays performed in this study can be found in Table 1.  To 

determine if in vitro ATAT activity of I. obsoleta is directly inhibited by TBT at 

toxicologically relevant in vivo concentrations, ATAT activity was quantified in the absence 

and presence of concentrations of TBT ranging from 2 to 100 µM (assay (a) in Table 1).  The 

observed inhibitory activity was then subjected to enzyme kinetic analyses to determine the 

apparent inhibitory constant (Ki(app)) of TBT for ATAT as well as characterize the means by 

which TBT inhibits ATAT.  Specifically, ATAT activity was quantified over a range of 

85 



testosterone, palmitoyl-CoA, and TBT concentrations in three separate kinetic studies.  In 

two of these kinetic analyses, the concentrations of testosterone and TBT were varied while 

the concentration of palmitoyl-CoA remained constant (assays (b) and (c) in Table 1).  In the 

third assay, the concentrations of palmitoyl-CoA and TBT were varied while the 

concentration of testosterone remained constant (assay (d) in Table 1). 

     To determine if the fatty acid esterification of 17β-estradiol by acyl coenzyme A:17β-

estradiol acyltransferase (AEAT) is susceptible to inhibition by TBT, AEAT activity was 

quantified in the absence and presence of TBT concentrations ranging from 2 to 100 µM 

(assay (e) in Table 1).  Similar to testosterone, the observed inhibitory activity was then 

subjected to enzyme kinetic analyses by quantifying AEAT activity over a range of 17β-

estradiol and TBT concentrations and a constant concentration of palmitoyl-CoA in two 

separate kinetic studies (assays (f) and (g) in Table 1). 

     Two approaches were used to establish whether the enzyme that biotransforms 

testosterone to a fatty acid ester is the same enzyme that biotransforms 17β-estradiol to its 

fatty acid ester counterpart.  First, two kinetic assays were performed to examine the ability 

of 17β-estradiol to competitively inhibit ATAT (assays (h) and (i) in Table 1).  Finally, 

ATAT activity was correlated with AEAT activity in microsomes prepared from snails 

collected at a field site during different times of the year (assays (j) and (k) in Table 1).        

2.5 ATAT and AEAT assays 

     Microsomal ATAT or AEAT activity was measured via incubation of microsomes with 

testosterone (for ATAT activity) or 17β-estradiol (for AEAT activity), palmitoyl-CoA, and 

100 mM potassium phosphate buffer (pH 7.4).  TBT was included in the assays when 

evaluating the inhibition of ATAT/AEAT by TBT.  Concentrations of palmitoyl-CoA, 
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testosterone, or 17β-estradiol included 0.7 – 1 µM [14C]labeled substrate (66,000-100,000 

dpm) as necessary (see Table 1).  Reactions in assays (a) and (e) were performed in triplicate 

or quadruplicate; reactions in assays (b)-(d), (f), (g), (i)-(k), were perform in duplicate; and 

reactions in assay (h) were run without replication.  All reactions were carried out in a total 

volume of 500 μL for 10 minutes at 37ºC.  These conditions were shown in preliminary 

experiments to produce a quantifiable amount of product at a constant rate of production.  

The samples were then extracted twice with 2 mL ethyl acetate and evaporated under 

nitrogen.  The samples for assay (d) were additionally extracted with 2 mL (v/v) 2:1 

chloroform:methanol to increase the extraction efficiency for the unmetabolized palmitoyl-

CoA.  Dried extracts were re-suspended in a small volume of ethyl acetate and spotted onto 

Whatman polyester-backed, silica-gel-medium thin layer chromatography (TLC) plates 

(Fisher Scientific, Pittsburgh, PA).  Free testosterone, 17β-estradiol, or palmitoyl-CoA was 

resolved from the testosterone- or 17β-estradiol-fatty acid ester using a mobile phase of 

hexane: methyl-tert-butyl ether: formic acid (80:20:2 v/v/v) (Gooding et al., 2003), and 

visualized and quantified by autoradiography (Instant Imager: Packard Instrument Company, 

Downers Grove, IL). 

2.6 Statistics 

     All data analyses were performed using Prism 4 (GraphPad Software, Inc., San Diego, 

CA).  Comparisons of ATAT or AEAT activity among treatments in assays (a) and (e) were 

made using one-way ANOVA followed by Dunnett’s multiple comparison test which 

identified treatments that were significantly different from the control (absence of TBT).  For 

each enzyme kinetic assay (assays (b)-(d), (f)-(i)), non-linear least-squares regression was 

used to obtain the apparent Michaelis constant (Km(app)) and apparent maximum velocity 
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(Vmax(app)) for each plot of substrate concentration versus enzyme velocity at a constant 

concentration of inhibitor.  The equation used for fitting with non-linear regression was 

XK
XVY

m +
= max  

In this equation, X is the substrate concentration (μM), and Y is the enzyme velocity 

(nmol/min/mg protein).  For fitting, initial values for Vmax and Km were chosen based on the 

recommendations of the manufacturer for Prism 4 (i.e., Km: 0.2 times the maximum substrate 

concentration; Vmax: 1.0 times the maximum Y value observed).  The Km(app) and Vmax(app) 

values obtained from these analyses were used to produce additional plots of inhibitor 

concentration versus Km(app) /Vmax(app) or  versus 1/Vmax(app).  The equation for non-linear 

regression as well as the terms Km(app) /Vmax(app) and 1/Vmax(app) were derived from the classic 

Michaelis and Menton model for enzyme kinetics.  The inhibition constant Ki(app) was 

calculated as the negative x-intercept of the line generated from linear regression analyses of 

Km(app) /Vmax(app) onto inhibitor concentration and 1/Vmax(app) onto inhibitor concentration.  The 

correlation between AEAT and ATAT activities (assays (j) and (k)) was determined using 

Spearman’s rank correlation.  The significance level for all statistical tests was set at α = 

0.05.      

 

3. Results 

3.1 Inhibition of ATAT by TBT 

     ATAT activity was measured in the presence of concentrations of TBT ranging from 0 to 

100 µM.  TBT directly inhibited microsomal ATAT activity in vitro in a concentration-
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dependent manner (Fig. 1a).  This observed inhibitory activity was then subjected to three 

separate enzyme kinetic analyses to determine the mechanism by which TBT inhibits ATAT 

as well as the Ki(app) of TBT for ATAT.  Fig. 2a and b show representative plots of substrate 

concentration (testosterone or palmitoyl-CoA) versus ATAT velocity.  The kinetic values 

derived for testosterone and palmitoyl-CoA are presented in Table 2. TBT increased the 

Km(app) but did not alter the Vmax(app) of testosterone (Table 2) indicating that TBT is a 

competitive inhibitor of ATAT with respect to testosterone.  On the other hand, TBT did not 

alter the Km(app) but decreased the Vmax(app) of palmitoyl-CoA (Table 2) indicating that TBT is 

a noncompetitive inhibitor of ATAT with regards to the fatty acid-coenzyme A substrate.  

These results show that TBT competes with testosterone for occupancy of the steroid binding 

site to inhibit ATAT activity. 

     A more quantitative method for analyzing the data from these enzyme kinetic assays 

confirmed this conclusion as well as provided an estimate of the Ki(app) of TBT for ATAT.  

Representative plots of TBT concentration versus Km(app) /Vmax(app) or 1/Vmax(app) are presented 

for testosterone and for palmitoyl-CoA in Fig. 2c and d.  For testosterone, a significant 

positive relationship existed between TBT concentration and Km(app) /Vmax(app) (Fig. 2c; Table 

3, assays (b) and (c)).  However, the slope of the line that defined the relationship between 

TBT concentration and 1/Vmax(app) had no significant slope (Fig. 2c; Table 3, assays (b) and 

(c)).  Consequently, the average Ki(app) of approximately 9 µM for TBT relative to 

testosterone was determined from the analysis of TBT concentration versus Km(app) /Vmax(app) 

(Table 3).  For palmitoyl-CoA, a significant positive relationship existed between TBT 

concentration and Km(app) /Vmax(app)  as well as between TBT concentration and 1/Vmax(app) 

(Fig. 2d; Table 3, assay (d)).  The average Ki(app) derived from these analyses for palmitoyl-
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CoA was approximately 48 µM which is much greater than that calculated for testosterone.  

Thus, TBT is competitive inhibitor of ATAT, and the Ki(app) of TBT is approximately 9 µM, 

the lower of the Ki(app)’s calculated for the two substrates. 

3.2 Inhibition of AEAT by TBT 

     AEAT activity was measured in the absence and presence of TBT concentrations ranging 

from 2 to 100 µM to determine if the fatty acid esterification of 17β-estradiol is also 

susceptible to inhibition by TBT.  TBT directly inhibited microsomal AEAT activity in a 

concentration-dependent manner (Fig. 1b).  TBT decreased the Vmax(app) but did not alter the 

Km(app) of 17β-estradiol for AEAT (Fig. 3a; Table 2, assays (f) and (g)).  Therefore, TBT is a 

noncompetitive inhibitor of AEAT activity with respect to this steroid substrate.  For 17β-

estradiol, a significant positive relationship existed between TBT concentration and Km(app) 

/Vmax(app) as well as between TBT concentration and 1/Vmax(app) (Fig. 3b; Table 3, assays (f) 

and (g)).  Thus, TBT is a noncompetitive inhibitor of AEAT with a Ki(app) of approximately 

31 µM which is the average of the lowest Ki(app)’s values generated from the linear regression 

analyses of both assays.  

3.3 Are ATAT and AEAT activities the product of the same enzyme? 

     Kinetic analyses revealed a striking difference between the mechanism by which TBT 

inhibits ATAT and AEAT activities.  TBT competed with testosterone to inhibit its fatty acid 

esterification, but did not inhibit 17β-estradiol esterification via an analogous competitive 

mechanism.  TBT also was ~ 3.5 times more potent at inhibiting testosterone esterification 

than 17β-estradiol esterification.  These observations suggested that the fatty acid ester forms 

of testosterone and 17β-estradiol may be the products of two distinct enzymes.  Two 

complementary approaches were used to ascertain whether the enzyme that biotransforms 
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testosterone to a fatty acid ester is the same enzyme that biotransforms 17β-estradiol to its 

fatty acid ester counterpart.  First, kinetic analyses were performed to examine the ability of 

17β-estradiol to competitively inhibit the fatty acid esterification of testosterone (ATAT 

activity).   Increasing concentrations of 17β-estradiol increased the Km(app) but did not change 

the Vmax(app) of testosterone with respect to ATAT activity (Fig. 4a; Table 4).  Therefore, 17β-

estradiol competitively inhibits the fatty acid esterification of testosterone.  A significant 

positive relationship existed between 17β-estradiol concentration and Km(app) /Vmax(app) (Fig. 

4b).  However, the linear regression of 17β-estradiol concentration versus 1/Vmax(app)  had no 

significant slope (Fig. 4b; Table 3, assays (h) and (i)).  Consequently, a Ki(app) could only be 

determined from the linear regression of 17β-estradiol concentration versus  Km(app) /Vmax(app) 

(Table 3: assays (h) and (i)).  In conclusion, 17β-estradiol competitively inhibits ATAT 

activity with an average Ki(app) of approximately 20 µM. 

     Finally, both ATAT and AEAT activities were measured in microsomes prepared from 

snails collected from a field site at different times of the year in an effort to discern whether 

the two activities co-varied in biological samples (Fig. 4c).  ATAT and AEAT activities were 

significantly correlated in these samples (Spearman r = 0.9422; p < 0.0001).  The observation 

that 17β-estradiol is a competitive inhibitor of ATAT with respect to testosterone coupled 

with the result that AEAT and ATAT activities in microsomes from temporally distinct snails 

are correlated suggest that one enzyme is responsible for biotransforming both testosterone 

and 17β-estradiol to their corresponding fatty acid esters.    
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4. Discussion 

     The primary objective of this study was to determine if in vitro ATAT activity of I. 

obsoleta is directly inhibited by TBT at toxicologically relevant in vivo concentrations.  

Gooding et al. (2003) showed that 0.03 μM (10 μg/L) TBT does not directly inhibit in vitro 

ATAT activity of I. obsoleta.  On the other hand, 100 μM TBT significantly inhibited in vitro 

ATAT activity in this species (LeBlanc et al., 2005) as well as the freshwater ramshorn snail 

Marisa cornuareitis (Janer et al., 2005b).  Snails collected from a contaminated site where 

the incidence of imposex was 100% contained whole body TBT concentrations (based upon 

tin analyses) of ~ 5.9 µM (700 μg/kg) (Gooding et al., 2003).  In an extensive survey of 

gastropod populations in the North Sea, Birchenough et al. (2002) reported that populations 

with > 90% imposex/intersex typically possessed organotin burdens in the range of 100-2000 

μg/kg.  In the present study, we demonstrated that TBT significantly inhibits microsomal 

ATAT activity in vitro in a concentration-dependent manner with a Ki of approximately 9 

μM (comparable to 1000 μg/kg).  These results indicate that body burdens of TBT that cause 

imposex would typically result in a significant inhibition of ATAT activity.  Thus, in vitro 

ATAT activity of I. obsoleta is directly inhibited at toxicologically relevant in vivo 

concentrations of TBT.             

     Enzyme kinetic analyses revealed that TBT is a competitive inhibitor of ATAT with 

respect to testosterone.  Janer et al. (2005a) concluded that TBT is a noncompetitive inhibitor 

of ATAT in the echinoderm Paracentrotus lividus.  However, this conclusion was based 

solely on results showing that the inhibitory effect of a single concentration of TBT on 

ATAT activity was not ameliorated by increasing the concentrations of testosterone or 

palmitoyl-CoA.  The enzyme kinetic analyses in the present study revealed that the Ki of 
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TBT for ATAT is approximately 9 μM which is similar to the Km of testosterone for ATAT 

(~ 7 µM).  Thus TBT may be an effective competitor of testosterone for ATAT binding in I. 

obsoleta and other neogastropods because in vivo concentrations of testosterone in I. obsoleta 

are in the picomolar range (Gooding et al., 2003; Gooding and LeBlanc, 2004) whereas body 

burdens of TBT in snails collected from field locations containing imposexed snails are in the 

micromolar range (Gooding et al., 2003). 

     TBT exposure has been associated with elevated testosterone titers in imposexed females 

(Spooner et al., 1991; Bettin et al., 1996; Gooding et al., 2003).  This increase in testosterone 

may be due to the inhibition of testosterone metabolism by TBT.  Ronis and Mason (1996) 

demonstrated that testosterone-injected, TBT-exposed periwinkles Littorina littorea retained 

more unmetabolized testosterone and its phase I metabolites than controls which metabolized 

the administered testosterone almost completely to water-soluble sulfur conjugates.  Thus 

they concluded that TBT decreases the ability of L. littorina to excrete androgens by 

inhibiting the sulfur conjugation of testosterone and its metabolites.  However, L. littoria is 

not susceptible to imposex, and the investigators did not demonstrate that TBT directly 

inhibits sulfotransferase activity.  Gooding and LeBlanc (2001) showed that I. obsoleta, an 

imposex-prone species, primarily metabolizes free testosterone to non-polar fatty acid ester 

conjugates via ATAT as opposed to polar sulfur conjugates of testosterone via a 

sulfotransferase.  In addition, M. cornuarietis had low testosterone sulfotransferase activity 

(0.05–0.18 pmol/min/mg) when compared with ATAT activity (102 pmol/min/mg) (Janer et 

al., 2005b).  This implies that sulfotransferases may not contribute significantly to the 

metabolism of testosterone in species that are susceptible to TBT-induced imposex.   
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     After finding that imposexed females have elevated levels of testosterone, Spooner et al. 

(1991) speculated that TBT might inhibit the cytochrome P450 dependent aromatase which 

converts androgens to estrogens.  Indeed, TBT is a partial competitive (Heidrich et al., 2001) 

or competitive (Cooke, 2002) in vitro inhibitor of human cytochrome P450 aromatase 

activity with a Ki of 50 μM compared with a Km for testosterone of 0.15 µM (Cooke, 2002).  

Bettin et al. (1996) pursued this hypothesis by exposing the neogastropods Nucella lapillus 

and Hinia reticulata to the steroidal and nonsteroidal aromatase inhibitors, SH 489 and 

flavone, respectively.  Both of these pharmacological compounds induced imposex in the 

tested species.  Still, an elevation of androgen titers as a result of aromatase inhibition should 

be accompanied by a reduction of estrogen titers; yet TBT-exposed, imposexed females 

displayed no change in 17β-estradiol concentrations when compared to control females 

(Spooner et al., 1991; Bettin et al., 1996). 

     The inhibition of aromatase activity by TBT has dominated the literature as the proposed 

mechanism by which TBT elevates testosterone levels and causes imposex in neogastropods 

(Matthiessen and Gibbs, 1998).  Aromatase is more susceptible to inhibition by TBT than are 

other steroidogenic enzymes previously measured (Table 5).  TBT also has been shown to 

inhibit P450-mediated activities towards xenobiotics and glucuronosyl transferase activities 

(Fent and Stegeman, 1991; Fent and Bucheli, 1994; Morcillo et al., 2004).  However, with 

few exceptions (Morcillo et al., 2004), inhibition (IC50) of these enzyme activities typically 

occur at TBT concentrations > 100 μM.  Results from the present study demonstrate that 

ATAT is more susceptible to inhibition by TBT than is aromatase.  Coupled with the 

observation that ATAT has a high capacity for converting testosterone to its fatty acid ester 
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conjugate, these results imply that a likely mechanism by which TBT elevates free 

testosterone levels in neogastropods is via the inhibition of ATAT. 

     Much of the research regarding TBT’s mechanism of action for inducing imposex has 

assumed that testosterone is one of the major hormones involved in the development of this 

phenomenon (see above and Matthiessen and Gibbs, 1998).  Androgens such as testosterone 

require binding to a receptor for functionality, but compelling molecular and cellular 

substantiation for the existence of an androgen receptor in molluscs is absent.  In contrast, 

mounting support points to the presence of an estrogen-like receptor in molluscs (Stefano et 

al., 2003; Thornton et al., 2003; Canesi et al., 2004), and free 17β-estradiol homeostasis in 

molluscs appears to be regulated in a manner similar to that of testosterone (Janer et al., 

2005a).  Therefore, we examined the ability of TBT to inhibit the fatty acid esterification of 

17β-estradiol.  TBT significantly inhibited microsomal AEAT activity in vitro with a 

concentration-dependent trend in inhibition evident at concentrations >6 μM.  A formal 

kinetic analyses of this inhibitory activity revealed that TBT is a noncompetitive inhibitor of 

AEAT activity in contrast to the competitive inhibition observed for ATAT activity.  

Furthermore, TBT had a Ki of approximately 31 μM for AEAT activity which is ~3.5 times 

greater than that observed for ATAT activity. 

      Several lines of evidence that implicate a single enzyme in the fatty acid esterification of 

both testosterone and 17β-estradiol were generated in this study:   

1) The Km’s and Vmax’s of testosterone and 17β-estradiol for their respective ASAT 

(acyl coenzyme A: steroid acyltransferase) activities were similar.  

2) 17β-Estradiol competitively inhibited the fatty acid esterification of testosterone.  

This observation suggests that both testosterone and 17β-estradiol share the same 
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acyltransferase. Alternatively, 17β-estradiol might bind to the ATAT enzyme in the 

absence of biotransformation. 

3) AEAT and ATAT activity in microsomes from temporally distinct snails were 

significantly correlated.  The correlation between ATAT and AEAT activity was not 

one-to-one: ATAT activity was greater than AEAT activity in all samples except for 

one.  However, this observation can be explained by subtle differences in enzyme 

kinetic parameters determined for the two steroids: Km values for 17β-estradiol (11.6 

± 1.1 µM) were greater than those for testosterone (7.6 ± 0.6 μM), whereas the 

opposite was true for their Vmax values (17β-estradiol: 1.32 ± 0.03 nmol/min/mg; 

testosterone: 1.63 ± 0.09 nmol/min/mg).     

     TBT was a competitive inhibitor of ATAT activity but a noncompetitive inhibitor of 

AEAT activity.  Precedent exists for a single enzyme responding differently to the action of 

an inhibitor depending upon the substrate involved.  Hansbro et al. (1994) observed similar 

kinetics with respect to the inhibitor L-chiro-inositol 1,4,6-trisphosphorothioate [L-chr 

Ins(1,4,6)PS3] and the soluble enzyme inositol (1,4,5)P3/(1,3,4,5)P4-polyphosphate 5 

phosphatase.  L-chr Ins(1,4,6)PS3 competitively inhibited the hydrolysis of  one substrate 

Ins(1,4,5)P3 but noncompetitively inhibited the hydrolysis of an alternative substrate 

Ins(1,3,4,5)P4.  We propose that TBT occupies the steroid binding site on the acyltransferase 

in a manner that excludes occupancy of the site by testosterone resulting in competitive 

inhibition.  On the other hand, both TBT and 17β-estradiol can occupy the site although the 

reaction is impaired (noncompetitive inhibition) (Fig. 5).   A weight-of-evidence approach to 

the data provided by this study points to a single enzyme which biotransforms both 

testosterone and 17β-estradiol to their corresponding fatty acid esters. 
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     Overall, the results of this study supply the much-needed mechanistic support for the 

hypothesis that TBT elevates free testosterone in neogastropods by inhibiting the major 

regulatory process for maintaining free testosterone homeostasis – the fatty acid esterification 

of testosterone.  In addition, the results indicate a single enzyme may be responsible for 

maintaining both free testosterone and 17β-estradiol homeostasis in neogastropods although 

the acyltransferase activities involving these two substrates are differentially susceptible to 

the effect of TBT with testosterone biotransformation being more vulnerable. 
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Table 1.  Experimental conditions for all ATAT and AEAT activity assays performed in this study. 

Assay Microsomal 

protein  

(µg) 

 

Testosterone  

(µM) 

 

17β-estradiol  

(µM) 

Palmitoyl- 

Coenzyme A  

(µM) 

 

TBT 

(µM) 

Determine if in vitro ATAT activity is directly inhibited by TBT at toxicologically relevant in vivo concentrations 

a. 95 7a - 24 0, 2, 3, 4, 6, 8, 10, 12, 25, 50, 100 

Characterize the means by which TBT inhibits ATAT and determine the Ki(app) for TBT with respect to ATAT 

b. 75 3a,6a,12a,24a,48a - 24 6, 12, 25, 50, 100 

c. 75 3a,6a,12a,24a,48a - 24 3, 6, 12, 25, 50 

d. 75 100 - 8a,16a,24a,32a,48a 12, 25, 50 

Determine if the fatty acid esterification of 17β-estradiol is susceptible to inhibition by TBT 

e. 95 - 7a 24 0, 2, 3, 4, 6, 8, 10, 12, 25, 50, 100 

Characterize the means by which TBT inhibits AEAT activity 

f. 95 - 3a,6a,12a,24a,48a 24 6, 12, 25, 50 

g. 95 - 3a,6a,12a,24a,48a 24 6, 12, 25, 50, 100 



Table 1 (continued) 
Characterize the inhibition of ATAT by 17β-estradiol  

h. 75 3a,6a,12a,24a,48a 6, 12, 24, 48 24 - 

i. 75 3a,6a,12a,24a,48a 6, 12, 24, 48 24 - 

Correlate ATAT and AEAT activities  in different biological samples 

j. 250 48a - 24 - 

k. 250 - 48a 24 - 

All reactions were performed in a total volume of 500 µL for 10 minutes at 37ºC. 

a [14C]labeled  
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Table 2.  Best-fit valuesa for and effects of TBT on Km(app) and Vmax(app) of substrates in ATAT or AEAT kinetic analyses.   

Assay TBT  

(µM) 

Best-fita 

Km(app) ± S.E. 

(μM) 

Effect of 

TBT on 

Km(app) 

Best-fita 

Vmax(app) ± S.E. 

(nmol/min/mg) 

Effect of 

TBT on 

Vmax(app) 

Goodness 

of fita  

(r2) 

Type of 

inhibition 

ATAT: testosterone (3 – 48 μM) 

b. 0 

6 

12 

25 

50 

100 

6.7  ±  1.3 

5.8  ±  1.0 

9.6  ±  1.8 

23.0  ±  6.3 

28.1  ±  9.7 

76.0  ±  29.3 

Increase 1.45  ±  0.09 

0.92  ±  0.05 

0.82  ±  0.05 

0.99  ±  0.13 

0.80  ±  0.14 

1.12  ±  0.29 

None 0.93 

0.94 

0.94 

0.94 

0.91 

0.97 

Competitive 
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Table 2 (continued) 
c. 0 

3 

6 

12 

25 

50 

8.1  ±  0.8 

11.2  ±  2.8 

8.5  ±  1.8 

19.1  ± 4.8 

13.4  ±  3.5 

31.3  ±  10.5 

Increase 1.77  ±  0.05 

1.63  ±  0.13 

1.29  ±  0.09   

1.44  ±  0.16 

0.97  ±  0.10 

1.08  ±  0.19 

None 0.98 

0.93 

0.92 

0.94 

0.91 

0.93 

Competitive 

ATAT: palmitoyl-CoA (8 – 48 μM) 

d. 0 

12 

25 

50 

17.6  ±  3.7 

15.9  ±  4.1 

19.4  ±  4.9 

18.2  ±  4.3 

None 6.2  ±  0.5 

4.7  ±  0.5 

4.0  ±  0.4 

3.1  ±  0.3 

Decrease 0.95 

0.92 

0.92 

0.93 

Noncompetitive 
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Table 2 (continued) 
AEAT: 17β-estradiol (3 – 48 μM) 

f. 0 

6 

12 

25 

50 

12.7  ±  1.9 

32.2  ±  14.0 

15.3  ±  2.7 

13.8  ±  2.9 

17.0  ±  1.9 

None 1.29  ±  0.07 

1.70  ±  0.39 

1.00  ±  0.07 

0.71  ±  0.06 

0.54  ±  0.03 

Decrease 0.97 

0.89 

0.96 

0.95 

0.99 

Noncompetitive 

g. 0 

6 

12 

25 

50 

100 

10.5  ±  1.8 

17.0  ±  9.6 

11.2  ±  3.7 

16.0  ±  3.4 

12.2  ±  5.8 

17.3  ±  7.3 

None 1.35  ±  0.08 

1.19  ±  0.29 

0.90  ±  0.11 

0.72  ±  0.06 

0.49  ±  0.09 

0.43  ±  0.08 

Decrease 0.96 

0.76 

0.86 

0.95 

0.77 

0.85 

Noncompetitive 

S.E.: standard error 

a Best-fit and goodness-of-fit values were obtained using least-squares nonlinear regression.
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Table 3.  Inhibition kinetic analyses of data in Table 2.   

Assay Inhibitor Analyses Ki(app)  

(95% CI)  

(μM) 

r2a
 Slopea (p-value)  

ATAT: testosterone (3 – 48 μM) 

b. TBT Km(app)/Vmax(app)  

 

1/Vmax(app) 

6.8  

(2.2 – 12.1) 

NA 

0.99 

 

0.00 

0.639 (< 0.0001) 

 

0.000 (0.9809) 

c. TBT Km(app)/Vmax(app)  

 

1/Vmax(app) 

10.6  

(3.0 – 23.2) 

NA 

0.96 

 

0.59 

0.464 (0.0007) 

 

0.007 (0.0727) 

ATAT: palmitoyl-CoA (8 – 48 μM) 

d. TBT Km(app)/Vmax(app) 

 

1/ Vmax(app) 

44.1  

(16.1 – 164.7) 

52.5  

(37.7 – 76.0) 

0.96 

 

0.99 

0.064 (0.0217) 

 

0.003 (0.0030) 

AEAT: 17β-estradiol (3 – 48 μM) 

f. TBT Km(app)/Vmax(app) 

 

1/ Vmax(app) 

31.9  

(8.8 – 156.5) 

26.8  

(9.2 – 79.9) 

0.87 

 

0.92 

0.376 (0.0205) 

 

0.025 (0.0093) 



Table 3 (continued) 
g. TBT Km(app)/Vmax(app) 

 

1/Vmax(app) 

35.9  

(16.9 – 69.9) 

55.3  

(24.3 – 136.0) 

0.95 

 

0.90 

0.298 (0.0009) 

 

0.016 (0.0041) 

ATAT: testosterone (3 – 48 μM) 

h. 17β-estradiol 

 

Km(app)/Vmax(app) 

 

1/Vmax(app) 

23.7  

(5.5 – 95.9) 

NA 

0.90 

 

0.76 

0.284 (0.0148) 

 

0.007 (0.0531) 

i. 17β-estradiol 

 

Km(app)/Vmax(app) 

 

1/Vmax(app) 

17.1  

(3.9 – 49.3) 

NA 

0.94 

 

0.40 

0.326 (0.0062) 

 

-0.001 (0.2489) 

CI: confidence interval; Ki(app) values were determined as the negative x-intercept values 

from linear regressions of inhibitor concentration versus Km(app)/Vmax(app) or inhibitor 

concentration versus 1/ Vmax(app) when slopes of the regression lines were significantly 

different (p ≤ 0.05) from zero; NA: not applicable; slope of the regression line was not 

significantly different (p ≤ 0.05) from zero. 

a For best-fit regression line 
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Table 4.  Best-fit valuesa for and effects of 17β-estradiol on Km(app) and Vmax(app) of testosterone in ATAT kinetic analyses. 

Assay 17β-estradiol 

(µM) 

Best-fita 

Km(app) ± S.E. 

(μM) 

Effect of 

TBT on 

Km(app) 

Best-fita 

Vmax(app) ± S.E. 

(nmol/min/mg) 

Effect of 

TBT on 

Vmax(app) 

Goodness 

of fita  

(r2) 

Type of 

inhibition 

ATAT: testosterone (3 – 48 µM) 

h. 0 

6 

12 

24 

48 

7.3  ±  1.4 

16.5  ±  1.6 

21.1  ±  5.6 

19.0  ±  4.9 

22.4  ±  14.9 

Increase 1.67  ±  0.10 

1.89  ±  0.08 

1.79  ±  0.22 

1.23  ± 0.14 

1.17  ±  0.37 

None 0.97 

0.99 

0.98 

0.98 

0.89 

Competitive 

i. 0 

6 

12 

24 

48 

8.1  ±  0.8   

11.6  ±  1.9 

19.4  ±  3.2 

30.8  ±  4.7 

40.1  ±  20.1 

Increase 1.77  ±  0.05 

1.69  ± 0.11 

1.98  ±  0.15 

1.88  ±  0.15 

1.95  ±  0.56 

None 0.98 

0.96 

0.98 

0.99 

0.89 

Competitive 

S.E.: standard error 
a Best-fit and goodness-of-fit values were obtained using least-squares nonlinear regression.
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Table 5.  In vitro inhibition of steroidogenic enzyme activities by tributyltin. 

Enzyme Species Ki  

(μM) 

Km  

(μM) 

Reference 

3β-hydroxysteroid 

dehydrogenase 

(HSD) 

rat 17a 0.42 (McVey and Cooke, 

2003) 

17-hydroxylase rat ~ 59b - (McVey and Cooke, 

2003) 

17β-HSD rat > 59 - (McVey and Cooke, 

2003) 

aromatase human 50 0.15 (Cooke, 2002) 

17β-HSD1 human > 200 - (Atanasov et al., 2005) 

17β-HSD2 human > 200 - (Atanasov et al., 2005) 

11β-HSD1 human > 200 - (Atanasov et al., 2005) 

11β-HSD2 human 1.9b - (Atanasov et al., 2005) 

acyl coenzyme 

A:testosterone 

acyltransferase 

(ATAT) 

snail  

(Ilyanassa 

obsoleta) 

~ 9 ~ 8 this study 

a Average of reported values 

b IC50 value 
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Figure 1.  Inhibition of microsomal acyl coenzyme A:testosterone acyltransferase (ATAT) 

(a) or acyl conenzyme A:17β-estradiol acyltransferase (AEAT) (b) activity by TBT.  Error 

bars represent standard errors (S.E.).  The horizontal solid and dotted lines represent control 

ATAT/AEAT activity (i.e., 0 μM TBT) and associated S.E., respectively.  Asterisks (*) 

denote significant differences (p ≤ 0.05) from the control.  Arrow indicates that all data 

following the last asterisk are significantly different from the control. 
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Figure 2.  Plots of substrate concentration ((a) testosterone and (b) palmitoyl-coenzyme A) 

vs. ATAT velocity at different inhibitor (TBT) concentrations.  Plots of TBT concentration 

vs. Km(app) /Vmax(app) or vs. 1/Vmax(app) with testosterone (c) or palmitoyl-coenzyme A (d) as 

substrates. 

114 



 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
control
6 μM TBT
12 μM TBT
25 μM TBT
50 μM TBT
100 μM TBT

17β-estradiol (μM)

A
EA

T 
(n

m
ol

/m
in

/m
g)

0 20 40 60 80 100
0

1

2

3
5

15
25
35
45

TBT (μM)

1/
Vm

ax
   

   
  K

m
/V

m
ax

a.

b.

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
control
6 μM TBT
12 μM TBT
25 μM TBT
50 μM TBT
100 μM TBT

17β-estradiol (μM)

A
EA

T 
(n

m
ol

/m
in

/m
g)

0 20 40 60 80 100
0

1

2

3
5

15
25
35
45

TBT (μM)

1/
Vm

ax
   

   
  K

m
/V

m
ax

a.

b.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Plot of  substrate (17β-estradiol) concentration versus AEAT velocity at different 

inhibitor (TBT) concentrations.  Plots of TBT concentration versus Km(app) /Vmax(app) or vs. 

1/Vmax(app).  

115 



 

0 10 20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

control
6 μM 17β-estradiol
12 μM 17β-estradiol
24 μM 17β-estradiol
48 μM 17β-estradiol

Testosterone (μM)

A
TA

T 
(n

m
ol

/m
in

/m
g)

0 10 20 30 40 50
0.0

0.5

1.0
3

10

17

24

17β-estradiol (μM)

1/
Vm

ax
   

   
   

K
m

/V
m

ax
a.

b.

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

AEAT (nmol/min/mg)

A
TA

T 
(n

m
ol

/m
in

/m
g)

c.

0 10 20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

control
6 μM 17β-estradiol
12 μM 17β-estradiol
24 μM 17β-estradiol
48 μM 17β-estradiol

Testosterone (μM)

A
TA

T 
(n

m
ol

/m
in

/m
g)

0 10 20 30 40 50
0.0

0.5

1.0
3

10

17

24

17β-estradiol (μM)

1/
Vm

ax
   

   
   

K
m

/V
m

ax
a.

b.

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

AEAT (nmol/min/mg)

A
TA

T 
(n

m
ol

/m
in

/m
g)

c.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Plot of substrate (testosterone) concentration versus ATAT velocity at different 

inhibitor (17β-estradiol) concentrations (a). Plots of 17β-estradiol concentration vs. Km(app) 

/Vmax(app) or vs. 1/Vmax(app) (b). Correlation (Spearman r = 0.9422; p < 0.0001) of AEAT and 

ATAT activities in microsomes from temporally distinct snails (c).  
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Figure 5.  Proposed inhibition by TBT of testosterone (I(a) and (b)) and 17β-estradiol (II(a) 

and (b)) conjugation to a fatty acid ester by the enzyme acyl coenzyme A:steroid 

acyltransferase (ASAT). T, testosterone; CoA, coenzyme A; FA, fatty acid; E, 17β-estradiol.  

ASAT is denoted by the cylinder.  Binding of TBT to the steroid-binding site precludes 

binding of testosterone resulting in competitive inhibition (I(b)).  However, binding of TBT 

to the steroid-binding site allows binding of 17β-estradiol but interferes with the reaction 

resulting in noncompetitive inhibition (II(b)). 
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Abstract 

     Molluscs exposed to endocrine disrupting chemicals (EDCs) have exhibited changes in 

reproductive tract development that are typically associated with androgen or estrogen 

signaling in vertebrates.  However, a role for androgens and estrogens in molluscan 

reproductive endocrinology has yet to be established.  In this study, we investigated putative 

roles for steroidal androgens and estrogens in recrudescence of the eastern mud snail 

Ilyanassa obsoleta.  Our objectives were to: 1) identify associations among concentrations of 

testosterone and 17β-estradiol, sex, and reproductive status in mud snails that suggest these 

hormones are involved in recrudescence; and 2) determine whether mud snails express 

NR3C4-like (androgen receptor) and NR3A-like (estrogen receptor) mRNAs in a manner 

indicative of a role in recrudescence.  Temporal changes in testosterone levels in males were 

consistent with a positive role in recrudescence.  Such a trend was not evident in females or 

for 17β-estradiol in either sex.  Efforts to identify an androgen receptor from the mud snail 

using targeted, degenerate RT-PCR were unsuccessful.  However, an estrogen receptor (ER) 

cDNA was identified that is highly similar to known ERs of other molluscs.  Studies with the 

ER of other molluscs have shown that this protein does not actually bind estrogens.  We 

therefore considered the possibility that the mud snail ER may regulate reproductive 

maturation as a ligand-independent transcription factor based upon its tissue abundance.  

Males expressed greater levels of ER mRNA than did females over the entire reproductive 

cycle, and this difference was most evident during recrudescence.  ER mRNA levels were 

significantly elevated during recrudescence in males but not females.  In conclusion, 

testosterone may have a role in male reproductive tract recrudescence; however, this putative 

activity is independent of a NR3C4-type androgen receptor.  The ER also may function in 
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male recrudescence, though apparently independent of 17β-estradiol.  The retinoid signaling 

pathway is discussed as a possible alternative hormone/receptor-mediated signaling pathway 

that regulates male recrudescence. 
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Introduction 

     Modern society produces thousands of chemicals that have the potential to degrade the 

quality of the environment.  Some of these chemicals have the ability to disrupt the normal 

endocrine function of individuals in exposed wildlife populations.  These chemicals have 

been labeled appropriately as endocrine-disrupting chemicals (EDCs).  Although 

invertebrates comprise over 95% of the known species in the animal kingdom, most research 

regarding endocrine disruption in wildlife has been skewed in favor of vertebrates.  One 

possible reason for this discrepancy in focus is that, in general, the endocrinology of 

invertebrates is less well understood than that of vertebrates.   

     Even so, marine neogastropods exposed to the marine pollutant tributyltin (TBT) 

constitute one of the best-cited examples of environmental endocrine disruption (Matthiessen 

and Gibbs, 1998; LeBlanc et al., 1999).  Exposure to TBT has been causally linked with 

imposex (Smith, 1971) or pseudohermaphroditism (Jenner, 1979), i.e., the superimposition of 

male sex characteristics, such as a penis, vas deferens, and semeniferous tubules onto 

females, in over 150 species of neogastropods worldwide (Fioroni et al., 1991; Horiguchi et 

al., 1997).  TBT pollution has caused severe effects at the population level; early stages of 

imposex decrease the reproductive capacity of females, whereas later stages result in the 

sterilization of females and even death (Oehlmann et al., 1996).   

     Much of the research regarding TBT’s mechanism of action has focused on the 

association of TBT exposure with increased free testosterone titers in imposexed females 

(Spooner et al., 1991; Bettin et al., 1996; Ronis and Mason, 1996; Gooding et al., 2003; 

Santos et al., 2005) and the accompanying supposition that elevated free testosterone is 

responsible for imposex induction or promotion (Spooner et al., 1991; Bettin et al., 1996; 
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Matthiessen and Gibbs, 1998).  Support for this hypothesis is evident in the observation that 

administration of testosterone increased the incidence of imposex, vas deferens sequence 

index (VDSI), and/or penis length in female dog whelks (Nucella lapillus) (Spooner et al., 

1991; Bettin et al., 1996), Nassarius (Hinia) reticulatus (Bettin et al., 1996), mud snails 

(Ilyanassa obsoleta) (Oberdorster and McClellan-Green, 2000), and ramshorn snails (Marisa 

cornuarietis) (Tillmann et al., 2001).  Furthermore, exposure to the androgen receptor 

antagonist cyproterone acetate (CPA) alone reduced accessory sex organs and penis length in 

immature male M. cornuarietis and adult male N. lapillus and N. reticulatus; and coexposure 

to CPA and TBT reduced imposex development in these same three species (Tillmann et al., 

2001; Santos et al., 2005).  The hypothesis that TBT causes imposex by disrupting 

testosterone homeostasis assumes that testosterone is a functional androgen in gastropods.  

However, compelling molecular and cellular substantiation for the existence of functional 

androgen signaling in molluscs is lacking. 

     On the other hand, mounting molecular evidence points to the existence of an estrogen 

receptor in molluscs (Thornton et al., 2003; Kajiwara et al., 2006; Keay et al., 2006).  In 

addition, molluscs exposed to xeno-estrogens have exhibited changes in reproductive 

parameters that are typically attributed to estrogen signaling in vertebrates.  Exposure of M. 

cornuarietis and N. lapillus to bisphenol A (BPA) or octylphenol (OP) caused both species to 

develop reproductive abnormalities (Oehlmann et al., 2000; Oehlmann et al., 2006).  

Affected female M. cornuarietis and N. lapillus exhibited a complex syndrome of 

alternations known as “superfeminization” whereas exposed male N. lapillus had smaller 

penises and prostate glands (Oehlmann et al., 2000; Oehlmann et al., 2006).  Similarly, 

freshwater mud snails (Potamopyrgus antipodarum) exposed to environmentally relevant 
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concentrations of BPA and OP showed a significant increase in embryo production in both a 

time- and concentration-dependent manner (Duft et al., 2003).  Results of a comparative 

study indicated that P. antipodarum and three different fish species (fathead minnow, 

Pimaphales promelas; rainbow trout, Oncorhynchus mykiss; carp, Cyprinus carpio) 

displayed comparable responses and relative sensitivities to environmental estrogens (Jobling 

et al., 2004).  Most often these estrogen-like, reproductive responses to xeno-estrogens in 

molluscs are attributed to estrogen signaling through an estrogen receptor although the 

existence of functional estrogen signaling in the reproductive endocrinology of molluscs has 

not been confirmed.   

     In this study, we took a weight-of-evidence approach to examine the roles of steroidal 

androgens and estrogens in the reproductive physiology of molluscs by evaluating multiple 

endpoints in the model species, I. obsoleta.  Since molluscs develop aberrant reproductive 

structures as a result of exposure to environmental EDCs, we were particularly interested in 

whether steroidal androgens and estrogens regulate recrudescence, the development of the 

reproductive tract in preparation for reproduction, in these organisms.  Our objectives were 

to: 1) identify any associations among concentrations of testosterone and 17β-estradiol, sex, 

and reproductive status in mud snails that suggest these hormones are involved in 

recrudescence; and 2) determine whether mud snails express NR3C4-like androgen receptor 

(AR) or NR3A-like estrogen receptor (ER) mRNAs in a manner indicative of a role in 

recrudescence.  Results will provide insight as to whether functional androgen and estrogen 

signaling in molluscs exists and thus may be susceptible to disruption by xenobiotics.    

     I. obsoleta, the eastern mud snail (Ph. Mollusca, Cl. Gastropoda, O. Caenogastropoda, F. 

Nassariidae), is a common intertidal neogastropod that inhabits silty or muddy sand (i.e., 
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mudflats) on the east and west coasts of North America.  I. obsoleta is a particularly suitable 

model species because mud snails are abundant in estuarine habitats, readily collected at low 

tide, hardy and thus easily maintained in a laboratory setting, and are highly susceptible to 

TBT-induced imposex.   

 

Materials and Methods        

Snail collection, processing, and determination of reproductive development 

     Mud snails (Ilyanassa obsoleta) were sampled monthly over two years from a field 

population on Oak Island, North Carolina, USA.  Imposexed females have never been 

detected in this field population.  Snails were rinsed with seawater to remove mud and sand, 

transported back to the laboratory on ice, and held at 4ºC until processing within 24 hours of 

collection.  During processing, the shell of each snail was removed; the sex and overt 

morphological reproductive status of the snail was recorded; and the gonad-viscera complex 

was isolated from the anterior portions of the snail, weighed, and stored at -20ºC (first year) 

or was snap frozen in liquid nitrogen and stored at -80 ºC (second year).  This tissue complex 

could be consistently excised intact and provided sufficient material for the biochemical 

analyses described below.  Sex could not be distinguished among individuals collected in 

June and July.  Monthly photoperiods and water temperatures at the sample location were 

obtained from http://www.weather.com (Oak Island, NC) and http://storms.nos.noaa.gov 

(Wilmington, NC), respectively.     

Testosterone analyses 

     Testosterone (free and total [free + fatty acid conjugated]) concentrations were quantified 

in snails collected the first year from Oak Island, NC, by radioimmunoassay (RIA) as 

125 

http://www.weather.com/
http://storms.nos.noaa.gov/


described previously (Gooding et al., 2003; Gooding and LeBlanc, 2004).  The gonad-viscera 

complex of an individual snail was homogenized in 1.0 mL ethanol using a 2-mL glass 

homogenizer and stored at 4ºC overnight.  Homogenates then were extracted twice with 2.0 

mL ethyl acetate.  Supernatants from both extractions were combined, divided into two equal 

aliquots, and evaporated under nitrogen.  One aliquot was resuspended in 250 µL 0.05 M 

potassium phosphate buffer (pH 7.6) for determination of free testosterone.  The other aliquot 

was used for the determination of total testosterone after saponification.  Saponification 

consisted of resuspending the aliquot in 1.0 mL of 1% (w/v) potassium hydroxide in 

methanol and incubating the reaction mixture for 3 hours at 45ºC in a shaking water bath 

under an atmosphere of nitrogen.  The reaction was terminated with 4.0 mL deionized water, 

and the resulting mixture was extracted with 3.0 mL methylene chloride.  The organic phase 

was dried under nitrogen before being resupsended in 800 – 1000 μL 0.05 M potassium 

phosphate buffer (pH 7.6) for determination of total testosterone.  Free and total testosterone 

concentrations were quantified using a total testosterone RIA kit (Total Testosterone Coat-a-

Count; Diagnostic Products Corp., Los Angeles, CA) according to the manufacturer’s 

instructions.  Specificity of the RIA for testosterone in snail tissue extracts was validated 

using the criterion of parallelism (Parks et al., 1999).  The concentration of the lowest or 

highest standard, as appropriate, was assigned to those samples falling outside the standard 

curve (< 8%).  Testosterone concentrations were normalized to the weight of the tissue 

analyzed.  The interassay coefficient of variation was < 10%.   

17β-estradiol analyses 

     Free and total (free + fatty acid conjugated) 17β-estradiol concentrations were quantified 

in snails collected the second year from Oak Island, NC, by RIA using methods comparable 
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to those described for testosterone with the following exceptions: the post-saponification 

mixture was extracted twice with 3.0 mL methylene chloride; the free and total 17β-estradiol 

aliquots were resuspended in 300 µL and 2000 μL of buffer, respectively;  and free and total 

17β-estradiol concentrations were quantified using a 17β-estradiol RIA kit (3rd Generation 

Estradiol RIA; Diagnostic Systems Laboratories, Inc., Webster, TX) according to the 

manufacturer’s instructions.  Specificity of the RIA for 17β-estradiol in snail tissue extracts 

was validated using the criterion of parallelism (Parks et al., 1999).  The concentration of the 

lowest or highest standard, as appropriate, was assigned to those samples falling outside the 

standard curve (< 13%).  17β-Estradiol concentrations were normalized to the weight of the 

tissue analyzed.  The interassay coefficient of variation was < 22%.   

Androgen receptor detection 

    Total snail cDNA was evaluated for the presence of an NR3C4-like androgen receptor 

(AR) using targeted RT-PCR.  Total RNA was extracted from the gonad-viscera complex 

using TRI Reagent® (Molecular Research Center, Cincinnati, OH) according to the 

manufacturer’s instructions and reverse transcribed using oligo (dT) primers and the 

Promega ImProm-IITM Reverse Transcription System (Promega Corporation, Madison, WI).  

The resulting cDNA was used as a template in degenerate PCR with a PCR Master Mix 

(Promega), a degenerate forward primer (primer AR-f1, Table 1), and degenerate reverse 

primers (primers AR-r1 and ARr2, Table 1).  These primers spanned highly conserved 

regions within the DNA-binding domain of vertebrate ARs.  Amplification of an AR from 

the snail was also attempted using primer pairs AR-f2/AR-r3 and AR-f3/AR-r4 (Table 1).  

These primers were used by Escobedo et al. (2004)  to amplify a putative AR fragment in 

tapeworm cysticerci (Taenia crassiceps).  Derived amplicons were cloned using the TOPO 
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TA Cloning® Kit (Invitrogen, Carlsbad, CA) and sequenced (Seq Wright Inc., Houston, TX), 

and the degree of identity to known ARs was established by a nucleotide-nucleotide BLAST 

search (http://www.ncbi.nlm.nih.gov/blast/).  

Estrogen receptor detection 

     Total snail cDNA was evaluated for the presence of an NR3A-like estrogen receptor (ER) 

using targeted RT-PCR.  Total RNA was extracted from the gonad-viscera complex and 

reverse transcribed as described for AR analyses.  The resulting cDNA was used as a 

template in PCR with PCR Master Mix, a nondegenerate forward primer (ER-f1, Table 1), 

and a degenerate reverse primer (ER-r1, Table 1).  These primer sequences were based upon 

the DNA-binding domain of the ER sequence from the sea hare Aplysia californica 

(Thornton et al., 2003) and vertebrate ERs.  A single amplicon from this degenerate PCR was 

purified, sequenced (Seq Wright Inc.), and used to design gene-specific primers for rapid 

amplification of cDNA ends (RACE).  3’RACE-ready cDNA was prepared with the 

GeneRacerTM Kit (Invitrogen, Carlsbad, CA) and subsequently used as template in nested 

3’RACE with PCR SuperMix High Fidelity (Invitrogen), GeneRacerTM 3’ primers, and gene-

specific primers (primers ER-f2 and ER-f3, Table 1).  3’RACE products were cloned using 

the TOPO TA Cloning® Kit (Invitrogen) and sequenced (Seq Wright Inc.).  Attempts at 

5’RACE using the GeneRacerTM Kit as well as the SMARTTM RACE cDNA Amplification 

Kit (Clontech Laboratories, Mountain View, CA) and multiple gene-specific primers, 

different polymerases, and various PCR conditions were unsuccessful in yielding additional 

sequence.  Therefore, efforts were concentrated on gaining as much 5’ sequence as possible 

using degenerate primers designed from a multiple alignment of ER sequences from the sea 

hare (A. californica) (Thornton et al., 2003), rock shell (Thais clavigera) (Kajiwara et al., 
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2006), and octopus (Octopus vulgaris) (Keay et al., 2006).  A single amplicon was generated, 

cloned, and sequenced using the primer pair ER-f4/ER-r2 (Table 1).   

Phylogenetic analyses of the ER 

     The amino acid sequence of the partial mud snail ER was deduced using ExPASy 

software (http://www.expasy.org).  The amino acid sequence of the DNA-binding domain 

(DBD), hinge domain (HD), and ligand-binding domain (LBD) of the mud snail ER was 

aligned with that of 70 other nuclear receptors including retinoid X receptors (RXRs), 

chicken ovalbumin upstream promoter-transcription factors (COUPS),  steroidogenic factors 

(SF-1s), liver receptor homologs (LRH-1s), estrogen-related receptors (ERRs), ARs, 

progesterone receptors (PRs), glucocorticoid receptors (GRs), mineralocorticoid receptors 

(MRs), and ERs for which the complete sequence was known (see Thornton et al. 2003 for 

accession numbers) using the default settings of Clustal W (http://www.ebi.ac.uk/clustalw/).  

A consensus phylogenetic tree (CONSENSE, Phylip 3.66: 

http://evolution.genetics.washington.edu/phylip.html) was constructed using 1000 

bootstrapped data sets (BOOTSEQ, Phylip 3.66) derived from the Clustal W alignment and 

the parsimony method (PROTPARS, Phylip 3.66) with human RXRα as the outgroup.    

ER mRNA quantification 

     Relative ER mRNA levels were determined in individual mud snails using real-time, 

quantitative RT-PCR.  Total RNA was extracted from the gonad-viscera complex (stored at -

80oC) from individual snails.  Primers for ER (designated ER-f5 and ER-r3, Table 1) and 

reference (actin) mRNAs (designated Ac-f1 and Ac-r1, Table 1) were designed using ABI 

Primer Express Software (Applied Biosystems, Foster City, CA).  Real-time RT-PCR was 

performed using the default parameters of the ABI PRISM 7000 Sequence Detection System 
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(Applied Biosystems) with SYBR Green PCR Mastermix (Applied Biosystems), real-time 

RT-PCR specific primers (0.3 µM), cDNA reverse transcribed from 80 ng RNA, 96-well 

plates, and optical adhesive covers.  Dissociation curves were routinely generated with 

amplification products and examined for a single melting peak that is indicative of only a 

single product being amplified in each well.  The target and reference mRNAs were 

amplified in separate, duplicate wells.  The 2-ΔΔC
T method (Livak and Schmittgen, 2001), a 

method of relative quantification, was used to analyze the resulting data consisting of a 

threshold cycle (Ct) for each well, i.e.,  the PCR cycle at which there is a statistically 

significant increase in amplification product .  The relative ER mRNA level in each sample 

was calculated according to the following formula: 

TCrelER ΔΔ−= 2  

In this equation, relER is the relative ER mRNA level in a sample, and ΔΔCT = ΔCT,sample  – 

ΔCT,control where ΔCT  = average CT, ER – average CT, actin.  The control was a pooled sample of 

cDNA from I. obsoleta that was amplified on every plate.  The coefficient of variation for 

ΔCT,control (among plates) was 4.6%.  The coefficients of variation for CT,actin (among months) 

were 4.4% and 5.4% for females and males, respectively.  Amplification efficiencies for all 

samples were calculated using DART-PCR version 1.0 (Peirson et al., 2003).  The average 

amplification efficiencies for ER and actin mRNAs (among months) were 88.4 ± 1.3% and 

86.6 ± 1.5% for females and 87.4 ± 1.3% and 91.6 ± 1.1% for males, respectively.  Some 

samples (5% of total) repeatedly exhibited amplification efficiencies of < 70%; these samples 

were excluded from the analyses.  The amplification products for ER and actin were 

sequenced for confirmation of identity.   
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Statistics 

     All data analyses were performed using Prism 4 (GraphPad Software, Inc., San Diego, 

CA).  Comparisons of hormone concentrations between sexes were made using three 

different methods.  First, a comparison of female and male hormone profiles over the entire 

reproductive cycle was made by determining a median hormone concentration for each sex 

by month and subjecting these medians to a paired t-test.  Second, comparisons of female and 

male hormone concentrations for individual months were made using the nonparametric 

Mann-Whitney U test.  Third, comparisons of female and male hormone concentrations for a 

particular reproductive status were made by pooling samples for months within a particular 

reproductive status (see Table 2) and subjecting these pooled data to the nonparametric 

Mann-Whitney U test.  The significance level for the latter two methods of comparison was 

set using the Bonferroni correction for multiple comparisons (e.g., α = 0.05/number of 

months or number of reproductive categories).  Comparisons of hormone concentrations 

among reproductive categories for a given sex were made by pooling samples for months 

within a particular reproductive status (see Table 2) and subjecting these pooled data to the 

nonparametric Kruskal-Wallis test followed by Dunn’s multiple comparison test, if 

warranted.  Medians or nonparametric statistical tests were used when data sets violated at 

least one of the assumptions for parametric statistics.  However, data in figures are presented 

as means and standard errors rather than as medians to indicate the variability within a month 

or reproductive status.  The significance level for all statistical tests was set at α = 0.05 unless 

otherwise described above.  Data for seasonal relative ER mRNA levels were treated in a 

similar manner.     

 

131 



Results 

Reproductive development 

     Reproductive development was evaluated over a two-year period in a field population of 

mud snails.  Reproductive status of the population was judged as being recrudescent, mature, 

senescent or dormant based upon the criteria in Table 2.  Male recrudescence began in late 

August during the period of a declining photoperiod and temperature of 13.5 hours of light 

and 25ºC, respectively (Fig. 1), and males reached reproductive maturity by the end of 

December.  Female recrudescence was discernable beginning in November in association 

with a photoperiod and temperature of 10.5 hours of light and 17ºC, respectively (Fig. 1).  

Females attained reproductive maturity by the beginning of February allowing for 

reproductive activity from early February through April.   Upon cessation of egg-laying, both 

sexes underwent senescence (May, June), and only residual reproductive organs were 

discernible through July in males and from July through October in females (dormant).  

These data were used to determine whether measured hormone or hormone receptor levels 

vary seasonally commensurate with reproductive status and provided the foundation for 

future assessments of the role of photoperiod and temperature in reproductive maturation.  

Hormone concentrations 

     Testosterone and 17β-estradiol levels were measured in individual mud snails of both 

sexes that were collected monthly over the course of the reproductive cycle to establish any 

associations among concentrations of these hormones, sex, and reproductive status.  The 

profile of total testosterone levels over the entire reproductive cycle was not different (p = 

0.2702) between females and males.  In addition, concentrations of total testosterone did not 

differ between the sexes in any given month (Fig. 2A) or with respect to any particular 
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reproductive status (Fig. 2B).  Total testosterone levels among the four sex-specific, 

reproductive categories did differ in males (p < 0.0001; Fig. 2B) but not in females (p = 

0.0554; Fig. 2B).  Specifically, total testosterone in males was highest during the months of 

recrudescence and lowest during the period of reproductive dormancy.      

     Total testosterone consists largely of fatty acid-conjugates which can serve as a reservoir 

for hormonally-active free testosterone (see Hochberg, 1998 for review).  Therefore, seasonal 

and sex differences in free testosterone also were evaluated (Fig. 2C,D).  Free testosterone 

levels in females and males exhibited the same general oscillation over the entire 

reproductive cycle (p = 0.1303; Fig. 2C).  Similar to total testosterone, free testosterone 

concentrations were not different between the sexes in any individual month.  However, 

concentrations of free testosterone did differ (p = 0.0004) between females and males during 

the period of reproductive dormancy, with higher levels being observed in females (Fig. 2D).  

Free testosterone concentrations in males exhibited the same significant pattern among 

reproductive categories as total testosterone concentrations: a progression from high during 

recrudescence to low during dormancy (p < 0.0001; Fig. 2D).  Concentrations of free 

testosterone in females were elevated (p < 0.0001) during the months of recrudescence as 

compared to during maturity and senescence, but did not differ from dormant animals (Fig. 

2D).     

     Levels of 17β-estradiol were generally not significantly different between sexes when 

evaluated on a monthly basis (exception: May, p = 0.0043; Fig. 3A) or when evaluated on the 

basis of reproductive status (Fig. 3B,D).  17β-estradiol levels among the four sex-specific, 

reproductive categories did differ in females (free: p < 0.0001; total: p = 0.0018; Fig. 3C,D) 

but not in males (free: p = 0.0617; total: p = 0.2801; Fig. 3C,D).  However, no relationship 
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between recrudescence and 17β-estradiol was evident in either sex.  Overall, elevated 

testosterone levels in males suggest a possible role for this hormone in male reproductive 

tract recrudescence.  However, no similar relationship was evident for 17β-estradiol. 

Hormone receptors 

     Testosterone levels in male mud snails varied with reproductive status implying that 

androgens may be important in the reproductive physiology of this organism.  However, an 

androgen receptor (designated NR3C4) must be expressed in the snail for classical androgen 

signaling to occur.  cDNA prepared from total RNA isolated from the snails was screened for 

the presence of an NR3C4-like androgen receptor (AR). 

     Efforts to identify an AR from the mud snail using targeted RT-PCR with various primer 

sets (Table 1) were unsuccessful.  An approximately 325 bp amplicon was generated with 

primer set AR-f2/AR-r3 as was reported by Escobedo et al. (2004)  using cDNA from a 

tapeworm.  However, the oligonucleotide sequence of this amplicon bore no resemblance to 

the AR from any species.  These results suggest that the amplicon generated by Escobedo et 

al. (2004), for which no sequence was reported, may not have represented an AR as assumed 

by the investigators. 

     Next, we screened snail cDNA preparations for the presence of an estrogen receptor (ER, 

designated NR3A).  An approximately 400 bp amplicon that was generated from mud snail 

cDNA using primer set ER-f1/ER-r1 (Table 1) shared significant identity to ERs of other 

species.  This sequence was extended to 1,095 bp using 3’-RACE and 5’ extension.  The 

deduced protein sequence for this partial ER cDNA was 365 amino acids in length and did 

not contain a stop codon suggesting that the 3’ end of the sequence was incomplete.  

Preliminary alignment of the mud snail partial ER protein with related proteins of other 
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species indicated that the mud snail sequence included the entire DBD, HD, and LBD in the 

expected order.  The final alignment (Fig. 4) and associated phylogenetic analyses (Fig. 5) 

were performed with these three domains.  The P-box of the mud snail ER, the region of the 

DBD that is important for recognizing DNA response elements, is identical to the P-box of 

other ERs (Fig. 4).  Similarly, the AF-2 sequence of the mud snail ER, the region of the LBD 

that is important for ligand-dependent transactivation of the receptor, is identical to the AF-2 

sequence of two molluscs, the sea hare A. californica and the rock shell T. clavigera, but 

differs from that of another mollusc, the octopus O. vulgaris, and human ERs in the second 

and third amino acids, respectively (Fig. 4).   

     Phylogenetic analyses were performed to establish conclusively whether this putative 

receptor has greatest identity to ERs.  Parsimony analyses of the DBD, HD, and LBD of 71 

steroid and related receptors indicated that the ER mRNA identified from the mud snail was 

most identical to the ER of other molluscs and that the group containing the mollusc ERs was 

a sister group to that of the vertebrate ERs with parsimony bootstraps of 100 and 46.6%, 

respectively (Fig. 5).  Within the mollusc group, the mud snail ER was most closely related 

to the rock shell ER (34.8% parsimony bootstrap) and then to the sea hare ER and finally to 

the octopus ER.   

ER mRNA levels 

     Studies with other molluscan species have suggested that the ER from this phylum does 

not actually bind 17β-estradiol or other estrogens (Thornton et al., 2003; Kajiwara et al., 

2006; Keay et al., 2006).  We therefore considered the possibility that the mud snail ER may 

regulate reproductive maturation as ligand-independent transcription factor based upon its 

abundance.  ER mRNA levels were quantified in individual snails of both sexes that were 

135 



collected monthly over the course of the reproductive cycle.  Overall, males had significantly 

greater levels (p = 0.0166) of ER mRNA than females when evaluated over the entire 

reproductive cycle (Fig. 6A,C).  This difference was most evident from September to January 

during which ER mRNA levels progressively increased in males (Fig. 6C) but remained 

relatively low and constant in females (Fig. 6A).  ER mRNA levels also were significantly 

greater in males than in females during the period of recrudescence (p = 0.0092; Fig. 6B,D).  

Finally, relative ER mRNA levels differed when evaluated on the basis of sex-specific 

reproductive status in males (p = 0.0072; Fig. 6D) but not in females (p = 0.2267; Fig. 6B).  

ER mRNA levels were elevated in males during the periods of recrudescence and maturity 

(Fig. 6D).  The differential expression of ER between sexes and in relation to male 

reproductive status suggests that this putative transcription factor may have a regulatory role 

in male recrudescence. 

 

Discussion 

     In this study, we sought evidence for a contribution of androgen and estrogen signaling to 

reproductive tract development of molluscs using the model species, I. obsoleta.  The null 

hypothesis was that these hormones have no role in reproductive tract development.  The 

hypothesis was then challenged by assessing differences in levels of testosterone and 17β-

estradiol and their receptors as related to sex and reproductive status.  A weight-of-evidence 

approach was then used to answer the fundamental questions:      
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Are androgens involved in the regulation of recrudescence in molluscs? 

     Total and free testosterone levels were compared between females and males in relation to 

month and sex-specific reproductive status in an effort to discern any possible relationships 

between recrudescence and androgen signaling.  Both total and free testosterone levels were 

comparable between females and males throughout the year.  A lack of a difference in 

testosterone profiles over the reproductive cycle between the sexes has been noted previously 

for this species (Gooding and LeBlanc, 2004) as well as for the bivalve mollusc Mya 

arenaria (Gauthier-Clerc et al., 2006).  When testosterone levels were grouped according to 

reproductive status, females had higher free testosterone levels than males during 

reproductive dormancy.  In addition, a decreasing trend in both total and free testosterone 

was apparent from recrudescence to dormancy in males.  This trend was not evident through 

the developmental stages of females.   In M. arenaria, a subtle elevation in testosterone 

levels was observed coincident with the onset of spawning in females but not males 

(Gauthier-Clerc et al., 2006).   

     Classical steroid hormone signaling requires the involvement of a nuclear receptor 

protein.  We found no evidence for an NR3C4-like AR in the mud snail using targeted RT-

PCR with oligonucleotide primers based upon the highly conserved DBD of vertebrate ARs.  

Our approach was sound as we have successfully identified over 20 nuclear receptors from 

molluscs and crustaceans using similar approaches (Wang et al. 2007; this study; and 

unpublished results).  In addition, we are not aware of any report of an AR in an invertebrate.  

The absence of an AR in invertebrates is supported by phylogenetic analyses which indicate 

that the AR evolved after the emergence of jawless fish (Thornton, 2001).  While we cannot 

exclude the possibility that androgen signaling in molluscs occurs through a structurally 
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unique androgen receptor, it is unlikely that an evolutionarily distinct AR emerged in the 

molluscs.  Thus, evidence does not support a role for testosterone in the regulation of male 

recrudescence via androgen receptor signaling.  However, as discussed below, testosterone 

may contribute indirectly to this process. 

 

Are estrogens involved in the regulation of recrudescence in molluscs? 

      Both total and free 17β-estradiol levels were comparable between females and males 

throughout the year.  However, when snails were grouped according to reproductive status, 

17β-estradiol levels were elevated in females in the dormant stage.  No trend was evident in 

17β-estradiol levels through the reproductive stages of males.  These observations provide no 

substantial evidence for a role of 17β-estradiol in mud snail reproductive tract recrudescence.  

The absence of sex differences in 17β-estradiol levels throughout the year has also been 

noted in the clam M. arenaria (Gauthier-Clerc et al., 2006) and the scallop Pactinopectin 

yessoensis (Osada et al., 2004).  Variations in 17β-estradiol levels with reproductive status 

have been noted in various molluscan species (Matsumoto et al., 1997; Di Cosmo et al., 

2001; Osada et al., 2004 and this study).  However, a lack of consistency among these trends 

provides no substantial evidence for a role of estrogens in molluscan reproduction.   

     In this study, we provide the first evidence for a NR3A-like estrogen receptor in I. 

obsoleta.  This receptor is highly similar to ERs of other molluscs suggesting that this 

transcription factor shares a similar function among molluscs.  Unlike vertebrate ERs, the 

molluscan ER does not bind 17β-estradiol and does not require a ligand to activate gene 

transcription (Thornton, 2001; Kajiwara et al., 2006; Keay et al., 2006).  Thus, we considered 

the possibility that the mud snail ER directly regulates recrudescence and that its activity is 
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dictated by sex or seasonal differences in its expression.  Males expressed significantly 

greater ER mRNA levels during recrudescence, and levels in males progressively declined 

during active reproduction, senescence, and dormancy.  This trend provides some indication 

that the ER may be involved in male recrudescence.  Kajiwara et al. (2006) reported that ER 

mRNA levels were greater in the ovary of T. clavigera than in the testis.  In contrast to the 

present study, these investigators noted changes in ER mRNA levels that coincided with the 

reproductive cycle in the gonad of females but not males (Kajiwara et al., 2006).   

Differences in the tissue analyzed between the studies may have contributed to these 

inconsistencies.                

     Interestingly, a significant negative correlation existed between total 17β-estradiol 

concentrations and ER mRNA levels in males (Pearson r = -0.5766; p = 0.0497).  This may 

represent an independent association due to the co-dependence of these factors on one or 

more environmental cues (i.e., temperature, photoperiod) or reproductive status.  

Alternatively, this relationship may indicate that one of these factors is negatively regulated 

by the other.  Taken together, the lack of consistent sex-specific or developmental differences 

in 17β-estradiol levels of molluscs and the apparent ligand-independence of the molluscan 

ER do not support the premise that estrogens regulate recrudescence in these organisms, 

though the ER may contribute independent of estrogens. 

 

Endocrine disruption in molluscs 

     TBT, environmental estrogens, and other compounds have been speculated to elicit 

toxicity in molluscs via vertebrate-like androgen and estrogen signaling pathways (see 

Introduction).  However, the preponderance of endocrinological data provides little support 
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for the involvement of androgen or estrogen signaling pathways in molluscan reproductive 

development.  The possibility that molluscs have novel steroid signaling pathways and that 

exogenously administered steroid hormones (e.g., testosterone or 17β-estradiol) or 

environmental chemicals (e.g., TBT or BPA) mimic the true endogenous hormones for these 

pathways cannot be excluded.  However, we are aware of no data to support this premise.  

Therefore, other mechanisms must be considered to reconcile the observed effects of these 

varied compounds on recrudescence in molluscs. 

     An alternative candidate hormone signaling pathway is retinoic acid acting via the 

retinoid X-receptor (RXR; NR2B).  The RXR ligand 9-cis retinoic acid stimulated the 

development of imposex in female rock shells (T. clavigera; Nishikawa et al. 2004) and dog 

whelks (N. lapillus) (Castro, in press).  Oehlmann et al. (2007) were unable to induce 

imposex in N. lapillus with 9-cis retinoic acid, perhaps due to the mode of retinoid delivery 

(Castro, in press).  The involvement of retinoid signaling via RXR in the aberrant 

development of male sex characteristics is strengthened by studies conducted with TBT.  

TBT binds both human RXR (Nishikawa et al., 2004; Kanayama et al., 2005; Grun et al., 

2006) and the rock shell RXR (Nishikawa et al., 2004) with high affinity.  In addition, 

ligand-dependent transactivation of human RXRα by TBT was demonstrated using a 

reporter-gene assay (Kanayama et al., 2005).  Taken together, these studies provide 

substantial evidence that the retinoid signaling pathway is involved in reproductive 

development and is the target through which TBT causes imposex.     

     Exogenous testosterone may stimulate retinoid signaling of recrudescence through its 

effects on endogenous free retinoid levels.  In molluscs, testosterone is conjugated to fatty 

acids through the action of a high-capacity/low-affinity acyl coenzyme A:acyltransferase 
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(Gooding and LeBlanc, 2001; Janer et al., 2005; LeBlanc et al., 2005; Sternberg and 

LeBlanc, 2006).  Elevated free testosterone in TBT-exposed snails can be explained by the 

inhibition of this enzyme by the organotin (Sternberg and LeBlanc, 2006).  Furthermore, this 

acyl coenzyme A:acyltransferase has been shown to be promiscuous with the capacity to 

catalyze the esterification of both 17β-estradiol and testosterone (Janer et al., 2006; Sternberg 

and LeBlanc, 2006) and thus may regulate free retinoid levels via esterification as well (Ross, 

1982).  Administration of testosterone may cause imposex in female neogastropods by 

competitively inhibiting retinoid esterification resulting in an elevation of free, bioactive 

retinoid that is capable of activating the RXR signaling pathway.  Precedent for steroids 

inhibiting the esterification of retinoids exists in mammals (Kaschula et al., 2006). 

     Exposure to the vertebrate AR antagonist CPA has been shown to inhibit reproductive 

maturation and TBT-induced imposex in male and female snails, respectively (Tillmann et 

al., 2001).  However, CPA is not an entirely specific antagonist of the AR as it is also capable 

of binding the glucocorticoid receptor, the progesterone receptor, and the pregnane X-

receptor (Lehmann et al., 1998; Honer et al., 2003).  Furthermore, CPA is capable of 

inhibiting the action of enzymes that are involved in the biosynthetic pathways of hormones 

(Pham-Huu-Trung et al., 1984; Ayub and Levell, 1987).  Therefore, CPA may elicit negative 

effects on recrudescence by binding and antagonizing the molluscan RXR or by inhibiting 

retinoid synthesis. 

     The demonstrated ability of 17β-estradiol (Oehlmann et al., 2006) and some weak 

xenoestrogens (Oehlmann et al., 2000; Oehlmann et al., 2006) to enhance female 

reproductive development is more difficult to reconcile with the weight-of-evidence 

conclusion of this study since alternative hormonal pathways that contribute to female 
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recrudescence and could be disrupted by estrogens and some phenolic xenobiotics have not 

been identified.  Oehlmann et al. (2006) demonstrated that the superfeminizing xenobiotic 

BPA displaces 17β-estradiol from one or more binding sites associated with homogenates of 

the ramshorn snail (M. cornuarietis).  This displacement was used as evidence for BPA’s 

ability to bind the ramshorn snail ER.  This binding activity was not likely associated with 

the molluscan ER as this protein does not bind estrogens (Thornton, 2001; Kajiwara et al., 

2006; Keay et al., 2006).  The observed binding activity may represent a target (i.e., enzyme) 

for 17β-estradiol and BPA that is responsible for the effects of these compounds on female 

reproductive maturation. 

     In conclusion, future research should be directed towards elucidating signaling pathways 

other than those involving estrogens and androgens that regulate recrudescence in molluscs.  

Retinoid signaling via RXR is a strong candidate for having such a role.  Elucidation of 

relevant signaling pathways will facilitate research into the mechanism by which organotins 

cause imposex in snails and will likely divulge mechanisms by which exogenous steroids and 

phenols interfere with normal reproductive development in this important phylum. 
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Table 1.  Sequences used to detect androgen receptor (AR), estrogen receptor (ER), and actin 

(Ac) cDNAs using targeted RT-PCR, RACE, and real-time RT-PCR. 

Designation 
 

Primer Use 

AR-f1 

AR-r1 

AR-r2 

forward  5’-TCTGGATGYCAYTATGGAGC-3’ 

reverse  5’-ACATGCAGGTTRCGRAAACC-3’ 

reverse  5’-CTCCCAACTCRTTRAGGCTG-3’ 

 

AR identification 

AR-f2 

AR-r3 
forward  5’-GAATGTCAGCCTATCTTTCTTA-3’ 

reverse   5’-TGCCTCATCCTCACACACTGGC-3’ 

 

AR identification 

 

AR-f3 

AR-r4 
forward  5’-GACCTTGGATGGAGAACTACTCCG-3’ 

reverse   5’-GGTTGGTTGTTGTCATGTCCGGC-3’ 

 

AR identification 

ER-f1 

ER-r1 
forward  5’-CTGCAAGGCCTTCTTCAA-3’ 

reverse   5’-TGTACACSAGCTCCCTGTCG-3’ 

 

ER identification 

ER-f2 forward  5’-CTACGAAGTGGGCATGAACAAAGG-3’ 

   
ER 3’ RACE 

ER-f3 forward  5’-ATCAACTCCACCAATGGGGCTTCA-3’ 

 
ER nested 3’ 

RACE 

ER-f4 

ER-r2   
forward  5’-TGYCARGTGTGCARYGACAATGC-3’     

reverse   5’-TGCTACGAAGTGGGCATGAACAAAGG-3’ 

   

ER 5’ extension 

ER-f5 

ER-r3 
forward  5’-GAGCCTCCACGACCACGAT-3’ 

reverse   5’-CCAGCTTGACCAGTGTGTTGA-3’ 

         

ER real-time RT-

PCR 

Ac-f1 

Ac-r1 
forward  5’-AGGTCATCACCATCGGAAACG-3’ 

reverse   5’-TTGTAGGTGGTCTCGTGGATGC-3’ 

Actin real-time RT-

PCR 
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Table 2. Criteria for determining the reproductive status of the field-sampled population of mud snails from Oak Island, North 

Carolina. 

Females Males Reproductive 

Status Months Albumen and  

capsule glands 

 

Ovary  

(color) 

Months Penis Seminal vesicle 

and  

vas deferens 

Sperm Testis 

(color) 

Recrudescent Nov – Jan Developing Peach Aug – Dec Developing Developing Absent; 

few  

Orange 

Mature Feb – Apr  Fully developed Cream Jan – Apr Fully 

developed 

Fully developed Many Bright red 

Senescent May, Jun Regressing Peach May, Jun Regressing Regressing Residual Orange 

Dormant Jul – Oct  Residual 

 

Faded  

light 

peach 

Jul None Residual; not 

visible 

Absent Faded  

light  

orange 
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Figure 1: Seasonal reproductive cycle of the field-sampled population of mud snails from 

Oak Island, North Carolina.  Horizontal bar denotes period of egg-laying.  Rec = 

recrudescent; Mat = mature; Sen = senescent; Dor = dormant; M = male; F = female. 

pled population of mud snails from 

Oak Island, North Carolina.  Horizontal bar denotes period of egg-laying.  Rec = 

recrudescent; Mat = mature; Sen = senescent; Dor = dormant; M = male; F = female. 
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Figure 2: Mean concentrations of total (A, B) and free (C, D) testosterone in mud snails by 

month (A, C) or reproductive status (B, D).  Comparisons of hormone concentrations among 

reproductive categories for each sex (B, D) were made by pooling samples for months within 

a reproductive category (see Table 2 for criteria).  For each sex, columns sharing the same 

letter are not significantly different (p > 0.05) (B, D).  An asterisk denotes a significant 

difference (as determined by the Bonferroni correction for multiple comparisons: p < 0.05/4 

reproductive categories for which comparisons were made) in testosterone concentrations 

between males and females within a reproductive category.  Error bars represent standard 

errors.  Rec = recrudescent; Mat = mature; Sen = senescent; Dor = dormant; M = male; F = 

female.  Females: n = 10 – 27 per month; males: n = 9 – 22 per month. 

155 



 
 
 
 

 

 

 

 

 

 

 

 

 

 

Ja
n

Feb Mar Apr
May Ju

n Ju
l
Aug Sep Oct

Nov
Dec

0

2

4

6

8
Female
Male

Fr
ee

 e
st

ra
di

ol
(p

g/
m

g)
To

ta
l e

st
ra

di
ol

(p
g/

m
g) A. B.

C. D.

F:       Mat→ Sen→ Dor→ Rec→
M: Mat→ Sen→ Dor Rec→

*

Ja
n

Feb Mar Apr May Ju
n Ju

l
Aug Sep Oct

Nov
Dec

0.0

0.5

1.0

1.5

Month

F:       Mat→ Sen→ Dor→ Rec→
M: Mat→ Sen→ Dor Rec→

Rec Mat Sen Dor
0.0

0.3

0.6

0.9

1.2

Reproductive status

Rec Mat Sen Dor
0

1

2

3

4

5
Female
Male

a ab a

b

a

a

a

b

Ja
n

Feb Mar Apr
May Ju

n Ju
l
Aug Sep Oct

Nov
Dec

0

2

4

6

8
Female
Male

Fr
ee

 e
st

ra
di

ol
(p

g/
m

g)
To

ta
l e

st
ra

di
ol

(p
g/

m
g) A. B.

C. D.

F:       Mat→ Sen→ Dor→ Rec→
M: Mat→ Sen→ Dor Rec→

*

Ja
n

Feb Mar Apr May Ju
n Ju

l
Aug Sep Oct

Nov
Dec

0.0

0.5

1.0

1.5

Month

F:       Mat→ Sen→ Dor→ Rec→
M: Mat→ Sen→ Dor Rec→

Rec Mat Sen Dor
0.0

0.3

0.6

0.9

1.2

Reproductive status

Rec Mat Sen Dor
0

1

2

3

4

5
Female
Male

a ab a

b

a

a

a

b

 

Figure 3: Mean concentrations of total (A, B) and free (C, D) 17β-estradiol in mud snails by 

month (A, C) or reproductive status (B, D).  Comparisons of hormone concentrations among 

reproductive categories for each sex (B, D) were made by pooling samples for months within 

a particular reproductive status (see Table 2 for criteria).  For each sex, columns sharing the 

same letter are not significantly different (p > 0.05).  An asterisk denotes a significant 

difference (as determined by the Bonferroni correction for multiple comparisons: p < 0.05/11 

months for which comparisons were made) in 17β-estradiol concentrations between males 

and females within a month.  Error bars represent standard errors.  Rec = recrudescent; Mat = 

mature; Sen = senescent; Dor = dormant; M = male; F = female.  Females: n = 5 – 7 per 

month except n = 3 for Feb; males: n = 5 – 7 per month except n = 2 for Feb.  
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Figure 4: Amino acid sequence alignment for the DNA-binding domain (DBD), hinge 

domain (HD), and ligand-binding domain (LBD) of the Ilyanassa obsoleta estrogen receptor 

(ER), Thais clavigera ER, Aplysia californica ER, Octopus vulgaris ER, human ERα, human 

ERβ, and Drosophila melanogaster estrogen-related receptor (ERR). The DBD and LBD are 

boxed.  The P-box, the region of the DBD that is important for recognizing estrogen response 

elements, and the AF-2 sequence, the region of the LBD that is important for ligand-

dependent transactivation of the receptor, are labeled and underlined.   
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                                             DBD 
IlyanassaER   CQVCSDNASGFHYGVWSCEGCKAFFKRSIQGPVDYMCPATNNCTIDKHRRKSCQACRLRR 
ThaisER       CQVCNDNASGFHYGVWSCEGCKAFFKRSIQGPVDYMCPATNNCTIDKHRRKSCQACRLRK 
AplysiaER     CQVCSDNASGFHYGVWSCEGCKAFFKRSIQGPVDYICPATNTCTIDKHRRKSCQACRLRR 
OctopusER     CQVCDDNASGFHYGVWSCEGCKAFFKRSIQGPVDYVCPATNSCTIDKHRRKSCQACRLRK 
humanERa      CAVCNDYASGYHYGVWSCEGCKAFFKRSIQGHNDYMCPATNQCTIDKNRRKSCQACRLRK 
humanERb      CAVCSDYASGYHYGVWSCEGCKAFFKRSIQGHNDYICPATNQCTIDKNRRKSCQACRLRK 
DrosophilaERR CLVCGDVASGFHYGVASCEACKA

158 

F
                                P-box 

FKRTIQGNIEYTCPANNECEINKRRRKACQACRFQK 

IlyanassaER   CYEVGM NKGTQRKERKSSGCS-T--GSQKGKRCRAD-----STDTLINSTN-GASLS--- 
ThaisER       CYEVGM NKGSQRKDRKSSGGSGS--STPRGKRCRAD-----STD-AVNSTS-GAGAS--- 
AplysiaER     CYEVGM NKGSQRKEKRNSGNT----SSLKGKRCRAD-----SSDSAVNSTNNGASSS--- 
OctopusER     CYEVGM NKGSQRKERKNSSNQ------TKVKRSSAD-----FSDSTVNSTS-GNQPA--- 
humanERa      CYEVGM MKGGIRKDR--RGGR-----MLKHKRQRDDGEGRGEVGSAGDMRAANLWPSPL- 
humanERb      CYEVGM VKCGSRRER--CGYR-----LVRRQRSADE-----QLHCAGKAKRSGGHAP--- 
DrosophilaERR CLLMGM LKEGVRLDRVRGGRQKYRRNPVSNSYQTMQLLYQSNTTSLCDVKILEVLNSYEP 
                                                         LBD 
IlyanassaER   -----------------KAAKRLR SEAILEALQKADMAVVESLHDHDQPLSKVALLNTLV 
ThaisER       -----------------KSMKRSQ TASILEALQKADLPVLESYHNHDQPLDRVHLLNTLI 
AplysiaER     -----------------KSSKRSR SASILEALQKADLPVMDSYHNHNLPATRVHLLNTLI 
OctopusER     -----------------KSQRLSK SSSLVEELSKNDFAVPECKLNPSIPLTKNYILQLLI 
humanERa      ---------MIKRSKKNSLALSLT ADQMVSALLDAEPPILYSEYDPTRPFSEASMMGLLT 
humanERb      -------------RVRELLLDALS PEQLVLTLLEAEPPHVLISR-PSAPFTEASMMMSLT 
DrosophilaERR DALSVQTPPPQVHTTSITNDEASS SSGSIKLESSVVTPNGTCIFQNNNNNDPNEILSVLS 
                                            
IlyanassaER   KLADRELVYLINWARHVPGYTDLSLSDQVHLIECCWMELLLLNCAFRSMDHEGKRLVFAP 
ThaisER       KLADRELVYLINWAKHVPGYTDLSLSDQVHLIECCWMELLLLNCAFRSMDYDGRRLVFAP 
AplysiaER     KLADRELVYLINWAKHVPGYTCLTLGDQVHLIECCWMELLLLNCAFRSMEHEGRTLVFAP 
OctopusER     QVADKDLVQLINWAKHIPGYADLSLSDQVHLIECCWMELVLLNCAYRSMEYEGKRLAFAS 
humanERa      NLADRELVHMINWAKRVPGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPG-KLLFAP 
humanERb      KLADKELVHMISWAKKIPGFVELSLFDQVRLLESCWMEVLMMGLMWRSIDHPG-KLIFAP 
DrosophilaERR DIYDKELVSVIGWAKQIPGFIDLPLNDQMKLLQVSWAEILTLQLTFRSLPFNG-KLCFAT 
                    
IlyanassaER   DFMLDRHL-WSVMEMSEILEQVSAVSEQMMQFAITKEELLLLQATVLVNAEVRRLASWG- 
ThaisER       DFHLDKPL-WVVMGMTEILEQVSAVTEQMVHYAVTKEEQLLLKATILVNAEVRRLASFD- 
AplysiaER     DFHLERQQ-WALTGMGDVLEQVSAVSEQMLLHGLNKEELLLLQATVLVNAEVRPLDSFL- 
OctopusER     NLILEKHH-WEILGMTQILEQVAAVSEQLLQFGINREELLLLEATILVNAEVRRLAGFS- 
humanERa      NLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 
humanERb      DLVLDRDEGKCVEGILEIFDMLLATTSRFRELKLQHKEYLCVKAMILLNSSMYPLVTATQ 
DrosophilaERR DVWMDEHL-AKECGYTEFYYHCVQIAQRMERISPRREEYYLLKALLLANCDILLDDQSS- 
                    
IlyanassaER   -------KISEMQTVMVDTLMEVVQRTQ---PDNARRVANLLLLLTHVRQAGERSIAYFQ 
ThaisER       -------KIMEMRQMIVDALMEVAQKSH---PEDTRRVPSLLLLLTHVRQAGERGIAYFQ 
AplysiaER     -------KIQEMRQLILDVFMEVAGRHQG--FGNWRHAPSILLLLTHIRQAGERGITYFQ 
OctopusER     -------KIDDIRQIILNALIDTAQKYH---PDNPRHVPSALLLLSHVRQASDRSIIYLQ 
humanERa      KSLEEKDHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLY 
humanERb      DADSSR-KLAHLLNAVTDALVWVIAKSGISSQQQSMRLANLLMLLSHVRHASNKGMEHLL 
DrosophilaERR --------LRAFRDTILNS
                           AF-2  

LNDVVYLLR--HSSAVSHQQQLLLLLPSLRQADDILRRFWR 

IlyanassaER   TLKQEGQVTFCDLLTEMLEEERK 
ThaisER       ALKHGGSVAFCDLLTEMLDAHNS 
AplysiaER     KLKMEGCVTFCDLLTEMLDAHNS 
OctopusER     KQKDEGHVTFCELITEMLEAQNS 
humanERa      SMKCKNVVPLYDLLLEMLDAHRL  
humanERb      NMKCKNVVPVYDLLLEMLNAHVL 
DrosophilaERR GIARDEVITMKKLFLEMLEPLAR 
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Figure 5: Consensus phylogenetic tree of 71 steroid and related receptors constructed using 

1000 bootstrapped data sets and the parsimony method with human RXRα as the outgroup.  

Numbers at nodes represent parsimony bootstrap values (%).  Numbers in parentheses 

adjacent to categories of receptors represent the number of receptors analyzed.  Numbers in 

parentheses adjacent to species of molluscs are accession numbers.  See Thornton et al. 

(2003)  for accession numbers not listed.  RXR = retinoid X receptor; COUP = chicken 

ovalbumin upstream promoter-transcription factor; SF = steroidogenic factor; LRH = liver 

receptor homolog; ERR = estrogen-related receptor; AR = androgen receptor; PR = 

progesterone receptor; GR = glucocorticoid receptor; MR = mineralocorticoid receptor; ER = 

estrogen receptor.   
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Figure 6:  Mean relative ER mRNA levels in female (A, B) and male (C, D) mud snails by 

month (A, C) or reproductive status (B, D).  Comparisons of relative ER mRNA levels 

among reproductive categories for each sex (B, D) were made by pooling samples for months 

within each reproductive category (see Table 2 for criteria).  Columns sharing the same letter 

are not significantly different (p > 0.05).  An asterisk denotes a significant difference (as 

determined by the Bonferroni correction for multiple comparisons: p < 0.05/4 reproductive 

categories for which comparisons were made) in relative ER mRNA levels between males 

and females within a reproductive category.  Error bars represent standard errors.  rec = 

recrudescent; mat = mature; sen = senescent; dor = dormant; M = male; F = female.  Females 

and males: n = 3 – 6 per month.   
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Abstract 

     The biocide tributyltin (TBT) causes the development of male sex characteristics in 

females of some molluscan species, a phenomenon known as imposex.  Recent evidence 

suggests that the retinoid X receptor (RXR) participates in TBT-induced imposex.  

Accordingly, we hypothesized that RXR may contribute to the regulation of normal male 

reproductive tract recrudescence in molluscs and would be expressed in concert with this 

phenomenon.  RXR was cloned and sequenced in the eastern mud snail Ilyanassa obsoleta; 

phylogenetic identity of the cloned cDNA was verified; and, the expression of RXR mRNA 

levels was determined through the reproductive cycle.  RXR mRNA levels increased 

commensurate with reproductive tract recrudescence in both sexes.  However, the timing of 

recrudescence/RXR expression differed between sexes.  The possibility that RXR mediates 

male-specific recrudescence during a critical temporal window was considered by evaluating 

the ability of the RXR ligand TBT to stimulate imposex during different periods in the 

reproductive cycle.  Females exposed to TBT through the period of male reproductive tract 

recrudescence exhibited significant imposex whereas exposure of snails to TBT prior or 

subsequent to this period had no significant effect.  Results support the hypothesis that RXR 

is involved in reproductive tract recrudescence and provides additional insight into the 

mechanism by which TBT causes imposex. 
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Introduction 

     Sex differentiation is a complex process that is regulated by the action of many signaling 

pathways 1.  Retinoid signaling has been increasingly implicated in the regulation of male 

reproductive differentiation and development.  For example, retinoid signaling involving 

RXRβ (retinoid X receptor, NR2B) has been shown to be critical for normal testicular and 

spermatid development in rodents 2.  Semeniferous tubules of rodents fed a vitamin A 

(retinol)-deficient diet contained spermatogonia but were devoid of meiotic cells 3, 4 

indicating an arrest of spermatogenesis.  Specifically, vitamin A deficiency impeded the 

differentiation of A1 spermatogonia shortly before the S phase 5, but replenishment of 

vitamin A to the diet resulted in the restoration 6, 7 and synchronization 8, 9 of 

spermatogenesis.  Thus, retinoic acid is required for proper spermatogenesis in rodents.    

     The precise mechanism by which retinoic acid regulates spermatogenesis is unknown.  

However, studies examining the fate of embryonic germ cells in rodents may provide crucial, 

mechanistic insight.  Germ cells in the ovary undergo meiosis and progress into oocytes 

prenatally whereas germ cells in the testis undergo meiosis and develop into spermatocytes 

postnatally.  Recent studies have implicated retinoic acid as the key determinant for the 

timing of germ cell meiosis.  In particular, retinoid acid stimulated the expression of Stra8 

(Stimulated by retinoic acid gene 8), a protein that is necessary for the commencement of 

meiotic division.  Elevated retinoic acid levels in the prenatal ovary induced Stra8 to initiate 

germ cell meiosis 10.  In contrast, prenatal testes expressed high levels of CYP26B1, an 

enzyme that metabolizes retinoid acid to an inactive form, and thus prevented retinoid 

signaling from stimulating Stra8 expression 10, 11.  The expression of CYP26B1 was much 

reduced in postnatal testes, allowing for the accumulation of retinoic acid levels and the 
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induction of Stra8 10, 11. Therefore, retinoid signaling determines the ultimate sex-specific 

fate of rodent germ cells by controlling the timing of meiosis. 

     Sex determination in branchiopod crustaceans is regulated by the retinoid-like hormone 

methyl farnesoate.  High levels of methyl farnesoate at the time approximating the first 

embryonic cleavage caused the embryo to develop a male phenotype whereas the absence of 

high levels of the hormone caused the embryo to develop a female phenotype 12.  Under 

certain conditions, intermediate levels of methyl farnesoate seemed to program only one cell 

following the first embryonic cleavage to develop a male phenotype resulting in viable, but 

reproductively compromised, bilateral gynandromorphic individuals 13.  The receptor that 

mediates the action of methyl farnesoate has not yet been identified.  However, the 

Drosophila RXR homolog bound methyl farnesoate in vitro with high affinity 14.  Taken 

together, these results indicate that RXR, as has been cloned from a branchiopod crustacean 

15, may mediate male sex differentiation in these organisms.  

     The factors that regulate male sex differentiation in molluscs, particularly neogastropods, 

are of particular interest since the biocide tributyltin (TBT) has been shown to cause the 

development of male sex characteristics in females, a phenomenon known as imposex 16.  

The mechanism by which TBT induces imposex has eluded scientists for over two decades 

due largely to our lack of understanding of the factors that regulate sex differentiation in this 

phylum.  Most recently, some organotins, including TBT, were shown to be high-affinity 

ligands of human RXRs 17-19.  In addition, ligand-dependent transactivation of human RXRα 

by TBT was demonstrated using a reporter-gene assay 18.  These findings prompted the 

investigation of whether TBT could act through a molluscan RXR homologue to induce 

imposex 19, 20.  RXR has been cloned and experimentally characterized in at least two 
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molluscan species, the marine rock shell Thais clavigera 19 and the freshwater snail 

Biomphalaria glabrata 21.  The RXR of both molluscan species bound retinoic acid with high 

affinity 19, 21.  Furthermore, the B. glabrata RXR transactivated transcription of a reporter 

gene equipped with an RXR response element from the Apo-A1 promotor in the presence of 

retinoic acid 21, and the rock shell RXR bound TBT with high affinity 19.  Finally, 

administration of retinoic acid to female rock shells (T. clavigera) induced imposex 

comparable to that observed with TBT treatment 19.  Collectively, these findings provide 

promise that TBT induces imposex via an RXR-mediated pathway.      

     Overall, retinoid signaling via RXR appears to be a highly-conserved regulator of male 

sex differentiation among metazoans and may be specifically involved in TBT-induced 

imposex in neogastropods.  We hypothesized that RXR may contribute to the regulation of 

normal male reproductive tract recrudescence in molluscs and thus would be expressed in 

concert with this phenomenon.  This hypothesis was tested using the imposex-prone eastern 

mud snail (Ilyanassa obsoleta: Ph. Mollusca, Cl. Gastropoda, O. Caenogastropoda, F. 

Nassariidae).  Along the North Carolina, USA coast, sex differentiation (recrudescence) in 

male mud snails commences in late summer.  Males are reproductively competent in advance 

of females, and egg-laying typically begins in early spring.  The RXR of I. obsoleta was 

cloned and sequenced; its phylogenetic identity was verified; and its relationship to 

reproductive tract recrudescence was established. 
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Experimental section 

Snails 

     Mud snails (I. obsoleta) were sampled monthly over one year from a field population on 

Oak Island, North Carolina.  We have never observed imposexed individuals in this 

population.  Snails were rinsed with seawater to remove mud and sand, transported back to 

the laboratory on ice, and held at 4ºC until processing within 24 hours of collection.  During 

processing, the shell of each snail was removed; the sex and overt morphological 

reproductive status (Table 1), was determined; and the gonad-viscera complex (i.e., all tissue 

posterior to the columeller muscle) was isolated from the anterior portions of the snail (i.e., 

head, foot, and columeller muscle), snap frozen in liquid nitrogen, and stored at -80 ºC.  

These tissues were subsequently used to determine relative RXR mRNA levels.  

     Mud snails also were sampled from a population from Bald Head Island Creek, North 

Carolina.  Representatives from this population were used to assess temporal susceptibility to 

imposex since they are known to be predisposed to this condition (historical incidence of 

imposex < 7%).  Snails were collected from the field population in May, August, and 

November. Snails were assigned to one of two treatments, 10 ng Sn/L TBT or  0.001 % 

DMSO (carrier solvent used to deliver TBT), and exposed for 8 to 12 weeks in 8 liter glass 

aquaria containing 2-L of reconstituted seawater (35+1 ppt) (Instant Ocean; Aquarium 

Systems, Mentor, OH).  Solutions were changed daily.  Further details on exposure 

conditions are presented elsewhere 22.  After the designated exposure periods, the snails were 

euthanized; the shell of each snail was removed; and sex and imposex condition of females 

(i.e., presence of a penis located dorsal to the right tentacle) were determined, as described 

previously 22. 
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RXR Cloning 

      Total snail cDNA was evaluated for the presence of the RXR using targeted RT-PCR.  

Total RNA was extracted from the gonad-viscera complex using Tri Reagent® (Molecular 

Research Center, Cincinnati, OH) according to the manufacturer’s instructions and reverse 

transcribed using oligo (dT) primers and the Promega ImProm-IITM Reverse Transcription 

System (Promega Corporation, Madison, WI).  The resulting cDNA was used as a template 

in PCR with PCR Master Mix (Promega) and a degenerate primer pair (primers RXR-f1 and 

RXR-r1, Table 2).  These oligonucleotide primers were designed after the DNA-binding 

domain of the RXR from the rock shell Thais clavigera 19.  A single amplicon from this 

degenerate PCR was purified, sequenced (Seq Wright Inc., Houson, TX), and used to design 

gene-specific primers for rapid amplification of cDNA ends (RACE).  3’RACE-ready cDNA 

was prepared with the GeneRacerTM Kit (Invitrogen, Carlsbad, CA) and subsequently used as 

template in nested 3’RACE with PCR SuperMix High Fidelity (Invitrogen), GeneRacerTM 3’ 

primers, and gene-specific primers (primers RXR-f2 and RXR-f3, Table 2).  3’RACE 

products were cloned using the TOPO TA Cloning® Kit (Invitrogen) and sequenced (Seq 

Wright Inc.).  Attempts at 5’RACE using the GeneRacerTM Kit as well as the SMARTTM 

RACE cDNA Amplification Kit (Clontech Laboratories, Mountain View, CA) and multiple 

gene-specific primers, different polymerases, and various PCR conditions were unsuccessful 

in yielding additional sequence.  Therefore, efforts were concentrated on gaining as much 5’ 

sequence as possible with COnsensus-DEgenerate Hybrid Oligonucleotide Primers 

(CODEHOP) 23, 24 designed from RXR sequences of the rock shell (T. clavigera) 19, the 

freshwater snail B. glabrata 21, and the great pond snail (Lymnaea stagnalis) (unpublished; 
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Accession no.: AAW34268).  A single amplicon was generated, cloned, and sequenced using 

the primer pair RXR-f4 and RXR-r2 (Table 2).   

Phylogenetic analyses 

     The amino acid sequence of the partial mud snail RXR was deduced using ExPASy 

software (http://www.expasy.org).  The amino acid sequence of the DNA-binding domain 

(DBD), hinge domain (HD), and ligand-binding domain (LBD) of the mud snail RXR was 

aligned with that of 34 other RXRs using the default settings of Clustal W 

(http://www.ebi.ac.uk/clustalw/).  A consensus phylogenetic tree (CONSENSE, Phylip 3.66: 

http://evolution.genetics.washington.edu/phylip.html) was constructed using 1000 

bootstrapped data sets (BOOTSEQ, Phylip 3.66) derived from the Clustal W alignment and 

the parsimony method (PROTPARS, Phylip 3.66) with the RXR of a sponge (Suberites 

domuncula) as the outgroup.  

RXR mRNA quantification 

     Relative RXR mRNA levels were determined in mud snails using real-time, quantitative 

RT-PCR.  Total RNA was extracted from the gonad-viscera complex of individual snails.  

Primers for RXR (designated RXR-f5 and RXR-r3, Table 2) and reference (actin) mRNA 

(designated Ac-f1 and Ac-r1, Table 2) were designed using ABI Primer Express Software 

(Applied Biosystems, Foster City, CA).  Real-time RT-PCR was performed using the default 

parameters of the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) with 

SYBR Green PCR Mastermix (Applied Biosystems), real-time RT-PCR specific primers (0.3 

µM), cDNA reverse transcribed from 10 ng RNA, 96-well plates, and optical adhesive 

covers.  Dissociation curves were generated with all amplification products and examined for 

a single melting peak that is indicative of only a single product being amplified in each well.  
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The target and reference mRNAs were amplified in separate, duplicate wells.  The 2-ΔΔC
T 

method 25, a method of relative quantification, was used to analyze the resulting data 

consisting of a threshold cycle (CT) for each well, i.e.,  the PCR cycle at which there is a 

statistically significant increase in amplification product .  The relative RXR mRNA level in 

each sample was calculated according to the following formula: 

TCrelRXR ΔΔ−= 2  

In this equation, relRXR is the relative RXR mRNA level in a sample, and ΔΔCT = ΔCT,sample  

– ΔCT,control where ΔCT  = average CT, RXR – average CT, actin.  The control was a pooled sample 

of cDNA from I. obsoleta that was amplified on every plate.  The coefficient of variation for 

ΔCT,control (among plates) was 4.3%.  The coefficients of variation for CT,actin (among months) 

were 4.6% and 7.0% for females and males, respectively.  Amplification efficiencies for all 

samples were calculated using DART-PCR version 1.0 26.  The average amplification 

efficiencies for RXR and actin mRNAs (among months) were 88.8 ± 0.5% and 88.1 ± 0.9% 

for females and 89.7 ± 0.9% and 92.1 ± 1.1% for males, respectively.  Some samples (4% of 

total) repeatedly exhibited amplification efficiencies of < 70%; these samples were excluded 

from the analyses.  The amplification products for RXR and actin were sequenced for 

confirmation of identity.   

Statistics 

     All data analyses were performed using Prism 4 (GraphPad Software, Inc., San Diego, 

CA).  Comparisons of RXR mRNA levels among reproductive categories for a given sex 

were made by pooling samples for months within a particular reproductive status (Table 1) 

and subjecting these pooled data to a nonparametric Kruskal-Wallis test followed by Dunn’s 

multiple comparison test, if warranted.  Comparisons of the incidence of imposex between 
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control and TBT treatments for each reproductive period were made using Fisher’s exact test.  

Medians or nonparametric statistical tests were used when data sets violated at least one of 

the assumptions for parametric statistics.  However, data in figures are presented as means 

and standard errors rather than as medians to indicate the variability within a month or 

reproductive status.  The significance level for all statistical tests was set at α = 0.05 unless 

otherwise described above. 

 

Results and discussion 

     Nishikawa et al.19 reported that 9-cis retinoic acid stimulates the development of male sex 

organs in the female rock shell (T. clavigera).  They 19 and others 17, 18 have further 

demonstrated that TBT, which induces the development of male sex organs in neogastropods, 

is a potent agonist of the RXR.  These observations provide significant support for the 

hypothesis that male reproductive tract recrudescence in some molluscs is controlled, at least 

in part, by retinoid signaling via the RXR.  If this hypothesis is correct, then the RXR should 

be expressed in TBT-susceptible neogastropods during the period of male reproductive tract 

recrudescence.  We tested this hypothesis by cloning the RXR in the imposex-prone 

neogastropod I. obsoleta and evaluating sex-specific levels of RXR mRNA through the 

reproductive cycle.   

RXR cloning 

     cDNA prepared from mud snail total RNA was screened for the presence of the RXR.  An 

approximately 425 bp amplicon that was generated from mud snail cDNA using primer set 

RXR-f1/RXR-r1 (Table 2) shared significant identity to RXRs of other species.  This 

sequence was extended to 1700+ bp using 3’-RACE and 5’ extension.  Two different 
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amplicons (1701 bp and 1722 bp) that differed only in the 3’ untranslated region (UTR) were 

identified.  The deduced protein sequence for this partial RXR cDNA was 376 amino acids in 

length.  A preliminary alignment of the mud snail partial RXR protein sequence with RXRs 

from other species indicated that the mud snail sequence included the entire DBD, HD, and 

LBD in the expected order.  However, the 5’ end of the sequence was not complete.  

Therefore, the final alignment (Fig. 1) and associated phylogenetic analyses (Fig. 2) did not 

include sequence 5’ to the DBD (i.e., the A/B N-terminal domain).  The DBD of the mud 

snail RXR is 100% identical to that of the rock shell T. clavigera, and 97, 90, 60, and 87% 

identical to the DBDs of RXRs from the freshwater snail B. glabrata, human (RXRα), the 

jellyfish Tripedalia cystophora, and the fruitfly Drosophilia melanogaster, respectively.  The 

P-box of the mud snail RXR, the region of the DBD that is important for interacting with 

DNA response elements, is identical to the P-box of other RXRs (Fig. 1).  The LBD of the 

mud snail RXR is 93 and 92% similar to that of the molluscs T. clavigera and B. glabrata, 

respectively, and 87%, 59%, and 51% similar to the LBDs of RXRs from human (RXRα), T. 

cystophora, and D. melanogaster, respectively.  The AF-2 sequence of the mud snail RXR, 

the region of the LBD that is important for ligand-dependent transactivation of the receptor, 

is identical to the AF-2 sequence of T. clavigera, B. glabrata, and human (RXRα) but differs 

from that of T. cystophora and D. melanogaster in one and four amino acids, respectively 

(Fig. 1).  Twenty residues of human RXRα are predicted to either line the ligand-binding 

cavity or form hydrogen bonds with 9-cis retinoic acid 27; these residues are identical among 

I. obsoleta, T. clavigera, B. glabrata, and human (RXRα) (Fig 1). 
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     Phylogenetic analyses were performed to establish whether this putative receptor has 

greatest identity to other molluscan RXRs.  Parsimony analyses of the DBD, HD, and LBD 

of 34 invertebrate and vertebrate RXRs indicated that the mRNA identified from the mud 

snail is most identical to the RXRs of other molluscs and that the group containing the 

mollusc RXRs is a sister group to that of the vertebrate RXRs (Fig. 2).  Within the mollusc 

group, the mud snail RXR was most closely related to the rock shell RXR (63.1% parsimony 

bootstrap) and then to the RXR from freshwater snails.   

     In general, the results of this cloning effort and subsequent phylogenetic analyses 

demonstrated that I. obsoleta expresses an RXR that is highly similar to the few RXRs 

cloned in other molluscs.  Inexplicably, phylogenetic analyses revealed that molluscan RXRs 

are more closely related to vertebrate RXRs than to the RXRs of protostome invertebrate 

lineages.  Molluscs also have been shown to express a vertebrate-like estrogen receptor 28-30 

which, to our knowledge, has not been identified in any other protostome phyla.  The 

expression of deuterostome-like characteristics in protostome molluscs warrants further 

investigation with respect to the evolution of this phylum.   

RXR mRNA levels 

     Reproductive development was evaluated over a one-year period in a field population of 

mud snails.  Reproductive status of the population was judged to be dormant, recrudescent, 

mature, or senescent (Table 1).  These data were used to determine whether measured RXR 

mRNA levels were expressed in coordination with male recrudescence.  RXR mRNA levels 

varied significantly in relation to reproductive status for both males (p < 0.0001; Fig. 3B) and 

females (p < 0.0027; Fig 3D).  RXR mRNA levels were low in both sexes during the months 

of May and June, when both sexes were undergoing senescence, and in July, when both sexes 
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were reproductively dormant (Fig. 3A,C).  Recrudescence in males commenced during 

August and was accompanied by a subsequent increase in RXR mRNA levels (Fig. 3A).  

RXR mRNA levels in females also significantly increased during recrudescence (Fig. 3C,D).  

However, female recrudescence began two months after recrudescence in males (Fig. 3A,C).  

Accordingly, the recrudescence-associated increase in RXR mRNA levels in males occurred 

earlier in the year than that of females.  Both sexes also expressed significantly higher levels 

of RXR mRNA during reproductive maturity.   

     Thus, RXR mRNA levels increased appreciably in both sexes commensurate with 

recrudescence.  However, the timing of recrudescence and commensurate expression of RXR 

mRNA differed between males and females.  For example, RXR mRNA levels were high in 

the male during the months of September and October, but were low during these months in 

the female.  RXR may be a regulator of recrudescence in both sexes with the timing of 

expression being critical to sex-specific differentiation.  This phenomenon is analogous to 

retinoid signaling controlling the timing of sex differentiation in rodent germ cells.  Retinoid 

induction of Stra8 prenatally resulted in germ cells differentiating into oocytes whereas 

retinoid induction of Stra8 postnatally caused germ cells to differentiate into spermatocytes 

10, 11.  Stra8 or similar genes that are susceptible to regulation by retinoid signaling and 

control sex differentiation may prove to be targets of retinoid signaling in molluscs. 

Temporal susceptibility to imposex 

     Analyses of mud snail RXR mRNA levels over the annual reproductive cycle suggested 

that the development of sex-specific characteristics during recrudescence may reflect RXR-

mediated signaling during sex-specific windows of recrudescence.  If so, then TBT may 

induce the development of male sex characteristics in females (imposex) by stimulating RXR 
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signaling in females during the time of normal male recrudescence.  Snails were exposed to 

TBT during the periods of senescence/dormancy (May – July), male recrudescence (August – 

October), and female recrudescence (November – December) and assessed for imposex 

development (Table 3).  Females exposed to TBT during the period of male recrudescence 

exhibited a significant incidence of imposex (p = 0.0186) when compared with control 

females whereas females exposed to TBT during the periods of senescence/dormancy or 

female recrudescence did not exhibit a significant incidence of imposex when compared to 

control females.  Furthermore, the specific susceptibility to imposex during the period of 

male recrudescence was reflected in the control treatments, albeit at a lower incidence (Table 

3).  This field population is contaminated with a low level of TBT 22, and thus the 

‘spontaneous’ incidence of imposex likely reflected signaling by TBT accumulated from 

their natural environment prior to transfer to the laboratory. 

     Elucidating the cascade of biochemical events that leads to the induction of RXR 

expression during recrudescence was beyond the purview of this study.  However, these 

results do provide a foundation upon which the mechanism of reproductive tract 

recrudescence can be postulated.  We propose that during the non-reproductive months RXR 

is under the suppressive control of a repressor element such as SMRT or NCoR.  Such 

elements have been shown to negatively regulate the transcriptional activity of RXR in other 

species through the recruitment of histone deacytelases 31.  At the onset of the period of 

reproductive tract recrudescence, an environmental cue such as photoperiod signals the loss 

of the repressor element, and RXR is no longer refractory to activation by ligand.  Then 

during the window of recrudescence, early retinoid signaling (e.g., August – October) 

stimulates male reproductive tract development while late signaling (e.g., November – 

175 



December) stimulates female reproductive tract development.  The timing of the 

accumulation of RXR ligand is likely controlled by a second environmental cue such as 

temperature.  Both photoperiod and temperature have been shown to be important in the 

timing of reproduction in molluscs32.  The early elevation of RXR mRNA levels in males 

during male reproductive tract recrudescence and the late elevation in females may reflect 

autoinduction of the receptor by its ligand, a common response of nuclear receptors 33. 

     This proposed model explains the ability of TBT to cause imposex.  Exposure of females 

to TBT during the early period of reproductive tract recrudescence (August – October, Table 

3) caused aberrant activation of the RXR signaling pathway with commensurate development 

of male sex characteristics.  Exposure of females to TBT outside of the period of male 

reproductive tract recrudescence had no effect either because the pathway is refractory (May 

– July, Table 3) or is primed to stimulate female reproductive tract development (November 

– December, Table 3). 

     Overall, the results of this study provide support for the hypothesis that RXR signaling 

regulates male reproductive differentiation in neogastropods.  The results also provide insight 

into how TBT may manipulate the retinoid signaling pathway to cause imposex in female 

neogastropods.  The importance of retinoid signaling in sex-specific gametogenesis of 

vertebrates, sex determination in some crustaceans, and recrudescence of neogastropods 

highlights the highly-conserved nature of this signaling pathway among metazoans. 
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Table 1. Criteria for determining the reproductive status of the field-sampled population of mud snails from Oak Island, North 

Carolina. 

Females Males Reproductive 

Status Months Albumen and  

capsule glands 

 

Ovary  

(color) 

Months Penis Seminal vesicle 

and  

vas deferens 

Sperm Testis 

(color) 

Recrudescent Nov – Jan Developing Peach Aug – Dec Developing Developing Absent; 

few  

Orange 

Mature Feb – Apr  Fully developed Cream Jan – Apr Fully 

developed 

Fully developed Many Bright red 

Senescent May, Jun Regressing Peach May, Jun Regressing Regressing Residual Orange 

Dormant Jul – Oct  Residual 

 

Faded  

light 

peach 

Jul None Residual; none Absent Faded  

light  

orange 
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Table 2.  Oligonucleotide primers used to detect RXR cDNA from the mud snail using 

targeted RT-PCR, RACE, and real-time RT-PCR. 

Designation Primer* Use 

RXR-f1 

RXR-r1 

forward  5’-AAGCACTATGGCGTGTAYASCTG-3’ 

reverse   5’-WGCTGCYTGGCAWATGTTGGTCAC-3’ 

 

RXR 

identification 

RXR-f2 

RXR-f3 

forward  5’-GGAGGAGCGTCAGCGGGTGAAGGAGAA-3’ 

forward  5’-CGTCCAGAAAGACCCAGTGACCAACA-3’ 

 

RXR 3’RACE 

 

RXR-f4 

RXR-r2 

forward  5’-GCACTCCCCTCAGATGCAYWSNCC-3’ 

reverse   5’-GGCACTTCATGTATCGGCARTAYTGRCA-3’ 

 

RXR 5’ 

extension 

RXR-f5 

RXR-r3 

forward  5’-TGCCTGTCGAGCAGATTCTG-3’ 

reverse   5’-TGGACGTCTATGAAAGTGTCAATCTT-3’ 

 

RXR real-time 

RT-PCR 

Ac-f1 

Ac-r1 

forward  5’-AGGTCATCACCATCGGAAACG-3’ 

reverse   5’-TTGTAGGTGGTCTCGTGGATGC-3’ 

Actin real-time 

RT-PCR 

*Y = C, T; S = C,G; W = A, T; N = A, C, G, T; R = A, G 



Table 3.  Incidence of imposex among female mud snails exposed during the indicated 

periods.  Numbers in parentheses represent the number of females in treatment groups used 

to assess percentage imposex. 

 % Imposex (n)   

Treatment May – July 

(Senescence/dormancy)

August – October 

(Male recrudescence) 

November – December 

(Female recrudescence) 

Control 0 (9) 21 (24) 0 (12) 

TBT 0 (10) 56* (25) 10 (10) 

* = significantly different (p < 0.05) from control 
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Figure 1: Alignment of the amino acid sequence for the DNA-binding domain (DBD), hinge 

domain (HD), and ligand-binding domain (LBD) of RXRs from the eastern mud snail 

Ilyanassa obsoleta, the rock shell Thais clavigera, the freshwater snail Biomphalaria 

glabrata, human (RXRα), the jellyfish Tripedalia cystophora, and the fruitfly Drosophlia 

melanogaster. The DBD and LBD are boxed.  The P-box, the region of the DBD that is 

important for recognizing retinoid response elements, and the AF-2 sequence, the region of 

the LBD that is important for ligand-dependent transactivation, are labeled and underlined.  

Twenty residues of human RXRα that are predicted to either line the ligand-binding cavity or 

form hydrogen bonds with 9-cis retinoic acid 27 are highlighted.  In the DBD and LBD, those 

amino acids that do not share identity with I. obsoleta are bolded.   



 
                                            DBD    
Ilyanassa     CAICGDRASGKHYGVYSCEGCKGFFKRTVRKDLTYACRDDKNCMIDKRQRNRCQYCRYMK 
Thais         CAICGDRASGKHYGVYSCEGCKGFFKRTVRKDLTYACRDDKNCMIDKRQRNRCQYCRYMK 
Biomphalaria  CAICGDRASGKHYGVYSCEGCKGFFKRTVRKDLTYACRDDKNCMIDKRQRNRCQYCRYMK 
Humanα        CAICGDRSSGKHYGVYSCEGCKGFFKRTVRKDLTYTCRDNKDCLIDKRQRNRCQYCRYQK 
Tripedalia    CSVCSDKAYVKHYGVFACEGCKGFFKRSVRNNRKYSCLGKRHCDTDKKSRNRCQYCRFQK 
Drosophila    CSICGDRASGKHYGVYSCEGCKGFFKRTVRKDLTYACRENRNCIIDKRQRNRCQYCRYQK 
                                 P-box     
Ilyanassa     CLAQGMK REACCVVSAVQEERQRVKEKGD-GEVESTSGANS------------------- 
Thais         CLAQGMK REA------VQEERQRVKEKGD-GEVESTSGANS------------------- 
Biomphalaria  CLSMGMK REA------VQEERQRVKEKGD-GEVESTSGANN------------------- 
Humanα        CLAMGMK REA------VQEERQRGKDRNE-NEVESTSSANE------------------- 
Tripedalia    CVQVGMK PEA------VQDETLKKERKDYRKRLPSTPKGSP------------------- 
Drosophila    CLTCGMK REA------VQEERQRGARNAA-GRLSASGGGSSGPGSVGGSSSQGGGGGGGV 
                 
Ilyanassa     --------------------DMPVEQILEAELAVEP----------KIDTFIDVQK---- 
Thais         --------------------DMPVEQILEAEIAVEP----------KIDTYIDAQK---- 
Biomphalaria  --------------------DMPVEQILEAELAVDP----------KIDTYIDAQK---- 
Humanα        --------------------DMPVERILEAELAVEP----------KTETYVEANMGLNP 
Tripedalia    ---------AEVTSSKVDLPMIPIESIIAAETLVDP----------GIQTFASANT---- 
Drosophila    SGGMGSGNGSDDFMTNSVSRDFSIERIIEAEQRAETQCGDRALTFLRVGPYSTVQP---- 
                                               LBD      
Ilyanassa     ----DPVTN ICQAADKQLFTLVEWAKRIPHFTELPLDDQVILLRAGWNELLIGGFSHRSI 
Thais         ----EPVTN ICQAADKQLFTLVDWAKRIPHFVELPLEDQVILLRAGWNELLIGGFSHRST 
Biomphalaria  ----DPVTN ICQAADKQLFTLVEWAKRIPHFTELPLEDQVILLRAGWNELLIAGFSHRSI 
Humanα        SSPNDPVTN ICQAADKQLFTLVEWAKRIPHFS L QV L W LLIASFSHRSI E PLDD IL RAG NE
Tripedalia    ----DPIRH VCLAADKQLASLAEWAKRLPHFRDLSIADQVVLLQWSWPELLIGGFCHRSC 
Drosophila    -DYKGAVSA LCQVVNKQLFQMVEYARMMPHFAQVPLDDQVILLKAAWIELLIANVAWCSI 
 
Ilyanassa     QVKDG---------------------------ILLATGLHVHRNSAHQAGVGTIFDRVLT 
Thais         QVTDG---------------------------ILLATGLHVHRSSAHQAGVGTIFDRVLT 
Biomphalaria  MAKDG---------------------------ILLATGLHVHRSSAHQAGVGTIFDRVLT 
Humanα        AVKDG---------------------------ILLATGLHVHRNSAHSAGVGAIFDRVLT 
Tripedalia    AVKDG---------------------------ILLSTGLHLTRDNLKKAGVGAIIDKIFS 
Drosophila    VSLDDGGAGGGGGGLGHDGSFERRSPGLQPQQLFLNQSFSYHRNSAIKAGVSAIFDRILS 
 
Ilyanassa     ELVAKMREMKMDKTELGCLRAIVLFNPDAKGLSAVQEVEQLREKVYASLEEYCKVRYQDE 
Thais         ELVAKMREMKMDKTELGCLRAIVLFNPDAKGLQSVQEVEQLREKVYASLEEYCKQ P E RY D
Biomphalaria  ELVAKMRDMKMDKTELGCLRAVVLFNPDAKGLTAVQEVEQLREKVYASLEEYTKSRYPEE 
Humanα        ELVSKMRDMQMDKTELGCLRAIVLFNPDSKGLSNPAEVEALREKVYASLEAYCKHKYPEQ 
Tripedalia    EVIEKMQ IQ DRAEW L IM SPD G T IDQ NYRELYTST DHV RKHPEQ E M GC RA LF AK L A VE LE K
Drosophila    ELSVKMKRLNLDRRELSCLKAIILYNPDIRGIKSRAEIEMCREKVYACLDEHCRLEHPGD 
                                                       AF-2 
Ilyanassa     PGRFAKLLLGLPALRSIGLKCLEHLFFFKLIGDTPIDTFLMEMLENPPPQLT----- 
Thais         PGRFAKLLLRLPALRSIGLKCLEHLFFFKLIGQTPIDTFLMEMLESPSHPAT----- 
Biomphalaria  PGRFAKLLLRLPALRSIGLKCLEHLFFFKLIGDQPIDTFLMEMLENPSPAT------ 
Humanα        PGRFAKLLLRLPALRSIGLKCLEHLFFFKLIGDTPIDTFLMEMLEA HQMT------ P
Tripedalia    PDRFTKVILRIPALKSIGLQALEHLYFFKLIGDVPMDTFLLDMLEVDRS-------- 
Drosophila    DGRFAQLLLRLPALRSISLKCQDHLFLFRITSDRPLEELFLEQLEAPPPPGLAMKLE 
                                                                                                  

187 



 

 

 

 

 

 

 

Figure 2: Consensus phylogenetic tree of 34 RXRs constructed using 1000 bootstrapped data 

sets and the parsimony method with the RXR of the sponge Suberites domuncula as the 

outgroup.  Numbers at nodes represent parsimony bootstrap values (%).  The number in 

parentheses adjacent to the vertebrate group represents the number of receptors analyzed.  

Numbers in parentheses adjacent to species common names are accession numbers.  The 

mollusc grouping is shaded. 
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Figure 3:  Mean relative RXR mRNA levels in (A, B) male and (C, D) female mud snails by 

(A, C) month or (B, D) reproductive status.  Comparisons of relative RXR mRNA levels 

among reproductive categories for a given sex (B, D) were made by pooling samples for 

months within a particular reproductive status (Table 1).  Bars sharing the same letter are not 

significantly different (p > 0.05).  Males: n = 5 – 6 per month except n = 3 for Feb; females: 

n = 5 – 6 for Jan, Apr – Jun, Sep – Dec, n = 3 – 4 for Mar, Jul, Aug.  Error bars represent 

standard errors (SE).  Dorm = dormant; Recrud = recrudescent; Sen = senescent.  
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SUMMARY AND CONCLUSIONS 

     The phenomenon of imposex was first documented over three and half decades ago in a 

couple of neogastropod species.  Ten years later the causative agent for this 

pseudohermaphroditic condition was ascertained to be the anti-fouling agent tributyltin 

(TBT).  Since then, extensive efforts have been made to elucidate the mechanism by which 

TBT induces imposex in neogastropods.  Several hypotheses have been proposed for how 

TBT causes the females of some species of gastropods to develop male phenotypic 

characteristics.  The hypothesis regarding the elevation of testosterone by TBT has been 

widely touted as a result of the association between exposure to TBT and increased free 

testosterone titers in imposexed females (Spooner et al., 1991; Bettin et al., 1996; Ronis and 

Mason, 1996; Gooding et al., 2003; Santos et al., 2005).  The hypothesis specifically states 

that TBT elevates testosterone which then initiates some unknown biochemical signaling 

pathway with the ultimate outcome being the development of imposex.  Support for this 

hypothesis is evident in the observation that administration of testosterone increased the 

incidence of imposex, vas deferens sequence index (VDSI), and/or penis length of female 

gastropods (Spooner et al., 1991; Bettin et al., 1996; Oberdorster and McClellan-Green, 

2000; Tillmann et al., 2001).  For this hypothesis to be accepted, the means by which TBT 

increases testosterone must be confirmed, and the underlying assumption that testosterone 

functions in processes related to the development of the reproductive tract in neogastropods 

must be verified.         

     The literature review in Chapter One and research in Chapter Three were intended to 

address the assumption that testosterone and other vertebrate-like sex steroids such as 17β-

estradiol are functional hormones in neogastropods.  Specifically, Chapter One reviewed 
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what is currently known about vertebrate-type sex steroids in molluscs in an effort to discern 

whether these hormones have a function in the reproductive endocrinology of these 

organisms.  The review indicated that sex steroids have been detected in cephalopods, 

gastropods, and bivalves.  Furthermore, molluscs can synthesize and metabolize sex steroids 

from precursors.  Members of this phylum also exhibit changes in reproductive parameters in 

response to treatment with sex steroids, albeit at concentrations that often exceed 

physiological relevance.  Even so, the cellular and molecular mechanisms of action of sex 

steroids in molluscs are still unclear.  

     The research presented in Chapter Three investigated the putative roles for androgens and 

estrogens in reproductive recrudescence, i.e., the annual development of the reproductive 

tract, of I. obsoleta.  The endpoint of recrudescence was deemed especially appropriate 

because imposex is essentially an aberration in the development of the reproductive tract in 

female neogastropods.  The study targeted the specific hormones, testosterone and 17β-

estradiol, and their associated receptors.  Temporal changes in testosterone levels in males 

were consistent with a positive role in recrudescence.  Such a trend was not evident in 

females or for 17β-estradiol in either sex.  Efforts to identify an NR3C4-type androgen 

receptor (AR) in I. obsoleta were unsuccessful whereas the partial sequence of an NR3A-like 

estrogen receptor (ER) was successfully identified.  Phylogenetic analyses confirmed that 

this mud snail ER is similar to the constitutively-active, estrogen-unresponsive ER isolated 

from other molluscan species.  Analyses of seasonal levels of ER mRNA in the mud snail 

suggested that this putative transcription factor may have a role in male recrudescence.  In 

conclusion, testosterone may have a role in male reproductive tract recrudescence; however, 
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this putative activity is independent of a NR3C4-type AR.  Furthermore, the ER may 

function in male recrudescence, though apparently independent of 17β-estradiol.   

     The research presented in Chapter Two was designed to test whether TBT elevates free 

testosterone by inhibiting acyl coenzyme A:testosterone acyltransferase (ATAT), an enzyme 

that converts free testosterone to a testosterone-fatty acid ester.  Furthermore, the study 

addressed whether the fatty acid esterification of 17β-estradiol by acyl coenzyme A:estradiol 

acyltransferase (AEAT) may also be susceptible to inhibition by TBT.  Results showed that 

TBT is capable of inhibiting ATAT activity in microsomes prepared from Ilyanassa obsoleta 

at toxicologically-relevant in vivo concentrations, i.e., concentrations measured in field-

collected neogastropods from TBT-contaminated areas.  Furthermore, kinetic analyses 

revealed that TBT is a competitive inhibitor of ATAT and a weaker, noncompetitive inhibitor 

of AEAT activity.  Finally, additional kinetic analyses as well as analyses correlating ATAT 

and AEAT activity in different microsomal preparations provided support for the conjecture 

that one enzyme is responsible for metabolizing both testosterone and 17β-estradiol to fatty 

acid esters.  Overall, the results of this study supplied much-needed mechanistic support for 

the hypothesis that TBT elevates free testosterone in neogastropods by inhibiting their major 

regulatory process for maintaining free testosterone homeostasis – the fatty acid esterification 

of testosterone. 

     Thus, although elevated free testosterone in TBT-exposed neogastropods can be explained 

by the inhibition of ATAT by TBT (Fig. 1), the preponderance of endocrinological data 

provides little support for the involvement of androgen or estrogen signaling pathways in 

reproductive recrudescence of these organisms.  Consequently, accepting the hypothesis 

regarding the elevation of testosterone by TBT as the mechanism by which TBT induces 
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imposex in neogastropods is problematic, and some other mechanism must be considered to 

explain the observed effect of TBT on neogastropods. 

     An alternative hypothesis for the mechanism of TBT-induced imposex is that TBT causes 

female neogastropods to develop male phenotypic characteristics by disrupting retinoid 

signaling, i.e., retinoic acid acting via the retinoid X-receptor (RXR; NR2B).  Support for 

this hypothesis can be found in the observation that administration of the RXR ligand 9-cis 

retinoic acid stimulated the development of imposex in female rock shells (Thais clavigera; 

Nishikawa et al. 2004) and dog whelks (Nucella lapillus) (Castro, in press).  Furthermore, 

TBT binds both human RXR (Nishikawa et al., 2004; Kanayama et al., 2005; Grun et al., 

2006) and the rock shell RXR (Nishikawa et al., 2004) with high affinity.  Finally, ligand-

dependent transactivation of human RXRα by TBT was demonstrated using a reporter-gene 

assay (Kanayama et al., 2005).  Taken together, these studies suggest that the retinoid 

signaling pathway is involved in reproductive development and is the target through which 

TBT causes imposex (Fig. 1).     

     Therefore, the study presented in Chapter Four specifically investigated whether RXR 

contributes to the regulation of normal male recrudescence in I. obsoleta.  RXR was cloned 

and sequenced in I. obsoleta using targeted, degenerate RT-PCR and RACE, and its 

phylogenetic identity was verified via parsimony analyses with RXRs from other vertebrate 

and invertebrate species.  Analyses of seasonal levels of RXR mRNA in the mud snail 

revealed that the expression of this putative transcription factor is elevated in concert with 

recrudescence in both sexes even though males begin to recrudesce three months in advance 

of females.  This result implied that RXR-mediated signaling may stimulate sex-specific 

recrudescence during a critical temporal window and that TBT may be able to induce 
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imposex by initiating retinoid signaling prematurely in females enabling the development of 

the male sex phenotype.  These suppositions were supported by the observation that TBT, a 

demonstrated RXR agonist, stimulated the development of male sex characteristics in 

females only when exposure occurred during the temporal window of male recrudescence.  

Overall, the results of this study provided evidence for a role of RXR in male recrudescence 

and suggested a means by which TBT may be able to disrupt this signaling pathway to cause 

imposex.  

     If TBT acts through the retinoid signaling pathway to induce impose, how does 

administration of testosterone cause females to develop male phenotypic characteristics?  

Exogenous testosterone may stimulate retinoid signaling of recrudescence through its effects 

on endogenous free retinoid levels (Fig. 1).  In molluscs, testosterone is conjugated to fatty 

acids through the action of a high-capacity/low-affinity acyl coenzyme A:acyltransferase 

(Gooding and LeBlanc, 2001; Janer et al., 2005; LeBlanc et al., 2005; Sternberg and 

LeBlanc, 2006).  Elevated free testosterone in TBT-exposed snails can be explained by the 

inhibition of this enzyme by the organotin (Sternberg and LeBlanc, 2006).  Furthermore, this 

acyl coenzyme A:acyltransferase has been shown to be promiscuous with the capacity to 

catalyze the esterification of both 17β-estradiol and testosterone (Janer et al., 2006; Sternberg 

and LeBlanc, 2006) and thus may regulate free retinoid levels via esterification as well (Ross, 

1982).  Administration of testosterone may cause imposex in female neogastropods by 

competitively inhibiting retinoid esterification resulting in an elevation of free, bioactive 

retinoid that is capable of activating the RXR signaling pathway.  Precedent for steroids 

inhibiting the esterification of retinoids exists in mammals (Kaschula et al., 2006). 
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     A question that remains unanswered by this research is why neogastropods and other 

molluscs have vertebrate-like sex steroids such as testosterone and 17β-estradiol but 

apparently lack components of the associated classical steroid hormone signaling pathways 

(i.e., ligand-dependent nuclear receptor proteins).  Molluscs clearly possess these hormones 

and the enzymatic machinery for synthesizing and metabolizing them.  Evolution seems to 

necessitate a function for sex steroids in molluscs because producing and processing 

hormones that have no utility would be energetically costly and thus unfavorable.  

Testosterone levels in male mud snails varied with reproductive status implying that 

androgens may be important in the reproductive physiology of this organism.  However, if 

vertebrate-like sex steroids do have a function in molluscs, how they act at the cellular and 

molecular levels is still a mystery.  Classical steroid hormone signaling requires the 

involvement of a nuclear receptor protein.  Yet molluscs appear to lack an NR3C4-like 

protein, i.e., a nuclear androgen receptor (AR), entirely.  This absence of an AR in an 

invertebrate phylum is supported by phylogenetic analyses which indicate that the AR 

evolved after the emergence of jawless fish (Thornton, 2001).  On the other hand, molluscs 

do possess and express a NR3A-like protein, i.e., a nuclear estrogen receptor (ER).  Even so, 

several studies have shown that this molluscan ER does not bind estrogens but, in vitro, can 

stimulate transcriptional activation constitutively  (Thornton, 2001; Kajiwara et al., 2006; 

Keay et al., 2006).  Thornton et al. (2001) reconstructed, synthesized, and experimentally 

characterized the ancestral protein from which all extant nuclear steroid receptors may have 

evolved and found it to have estrogen receptor-like functionality, i.e., the ligand-binding 

domain of the ancestral steroid receptor bound estradiol specifically, albeit with lower 

affinity than that of human ERα, and activated transcription in the presence of estrogens.  
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Constitutively-active, estrogen-unresponsive molluscan ERs have thus far been characterized 

in the species Thais clavigera (Kajiwara et al., 2006), which shares the same Order as I. 

obsoleta, the primitive gastropod Aplysia californica (Thornton et al., 2003), and the 

cephalopod Octopus vulgaris (Keay et al., 2006) suggesting that the molluscan ER lost the 

ability to bind estradiol and gained constitutive activity deep in the molluscan lineage.  Thus 

the molluscan ER probably lost the ability to bind estradiol early in the evolution of this 

group.      

     The lack of classical nuclear, ligand-dependent sex-steroid receptors in molluscs suggests 

that either: 1) these molecules have receptor-independent roles in this phylum, or 2) the sex 

steroids found in molluscs interact with novel receptors.  Regarding the former possibility, 

the functional roles of steroidal androgens and estrogens in molluscs may be independent of 

cell signaling.   For example, sex steroids may regulate the activity of other hormones via 

enzyme inhibition (e.g., inhibiting the esterification of retinoids; see above and Fig. 1).  

Furthermore, a precursor of androgens and estrogens, pregnenolone, has been shown to 

directly stabilize microtubules to promote cell movement during embryonic development 

(Hsu et al., 2006).   

     Alternatively, androgen and estrogen signaling in molluscs may occur through 

structurally-unique receptors such as membrane-bound proteins.  Previous studies have 

shown that sex steroids can elicit rapid, nongenomic effects using an indirect mechanism that 

parallels the way in which hydrophilic hormones (e.g., peptide hormones or 

neurotransmitters) traditionally exert their actions, i.e., via a membrane-bound receptor (see 

Wehling, 1997; Falkenstein et al., 2000; and Losel et al., 2003 for reviews).  Indeed, Stefano 

et al. (2003) demonstrated rapid, acute nitric oxide release by the pedal ganglia of the 
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common mussel Mytilus edulis in response to physiological doses of estrogens and attributed 

the response to a membrane-bound estrogen receptor.  In addition, Canesi et al. (2004) 

detected membrane estrogen receptor activity in hemocytes isolated from the same species 

with experiments showing a rapid response to 17β-estradiol involving calcium and the 

phosphorylation state of the components of tyrosine kinase-mediated signal transduction 

MAPK- and STAT-like proteins.  Until recently, the specific identities of these membrane-

bound sex-steroid receptors were unknown.  So far, membrane-bound G-coupled protein 

receptors (GPRs) for progestagens (Revankar et al., 2005; Thomas et al., 2005) and estrogens 

(Zhu et al. 2003a,b) have been identified, cloned, expressed, and experimentally expressed in 

a few vertebrate species.  Collectively, evidence for rapid responses of molluscan cells to 

estrogens coupled with the recent identification of membrane-bound, sex-steroid receptor 

proteins in vertebrates provides promise that the sex-steroids detected in molluscs could act 

through membrane receptors to elicit effects. 

     Overall, this research provided mechanistic support for how TBT elevates testosterone in 

neogastropods but cast doubt upon the validity of hypothesis that the TBT-induced increase 

in testosterone initiates a biochemical signaling pathway resulting in imposex.  Therefore, the 

observed effect of TBT on neogastropods must be due to some other mechanism of toxicity.  

Disruption of retinoid signaling is viewed as a mechanism worthy of additional investigation.   
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Figure 1: Proposed mechanism for TBT-induced imposex.  TBT activates the retinoid X 

receptor (RXR) signaling pathway to initiate the transcription of genes necessary for male 

reproductive organ development (A) directly, via binding RXR; or (B) indirectly, via 

inhibiting acyl coenzyme A:acyltransferase (AXAT) resulting in an increase in endogenous 

retinoid (and testosterone) levels.  RXR is then activated by these retinoids.  Similarly, 

increased free testosterone (C) from exogenous administration competitively inhibits retinoid 

esterification resulting in an elevation of free, bioactive retinoid that is capable of activating 

the RXR signaling pathway.   

C

↓ testosterone-
ester

↓ retinoid-
ester

TBT

AXAT

↑ free 
testosterone

male 
reproductive 

organ 
development

RXR

RXRE

RXR

RXRE
↑ free 

retinoids

AB

C

↓ testosterone-
ester

↓ retinoid-
ester


	ABSTRACT 073107
	Title II
	Preliminaries 073107
	intro 073107
	Chapter I review 073107
	Chapter II 073107
	Chapter III 073107
	Chapter IV 073107
	conclusion 080107

