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A B S T R A C T

Ampullariidae are unique among gastropods in that females normally show a primordium of the copulatory
apparatus (CApp). The aims of this study were (a) to quantitatively evaluate the development and growth of the
female CApp with age; (b) to compare the effects of RXR and PPARγ agonists in adult females of known age and
(c) to explore the effect of masculinizing RXR agonists on the expression of RXR in the CApp. It was found that
the CApp grows and develops with age. A significant increase in penile sheath length (PsL) and also in a de-
velopmental index (DI) was observed in 7–8 months old females, as compared with 4–5 months old ones. A
reported endogenous agonist of RXR, 9-cis retinoic acid (9cis-RA), as well as two organotin compounds, tri-
butyltin (TBT) and triphenyltin (TPT) which have been also reported to bind to RXR, were injected and its
masculinizing effects were measured. Also, the effect of a PPARγ agonist, rosiglitazone, was studied. All studied
RXR agonists, but not the PPARγ agonist, were effective in increasing PsL, penile length (PL) and DI. Finally, the
expression of the RXR in the CApp was studied (Western blot) in control, TBT, TPT, and 9cis-RA treated females.
A significantly increased expression of RXR was only observed after 9cis-RA treatment. It is concluded that (a)
development and growth of the CApp is significantly affected by female age; (b) reported RXR agonists, but not a
PPARγ agonist, cause female masculinization of young females. An appraisal of previous studies of female
masculinization in the Ampullariidae has also been made and it is emphasized that the masculinizing effect of
aging should be considered, particularly when interpreting field data.

1. Introduction

Masculinization of female gastropods by tributyltin (TBT) and tri-
phenyltin (TPT), has been mainly studied in the clades Neogastropoda,
Littorinimorpha and Vetigastropoda (Shi et al., 2005; Titley-O'Neal
et al., 2011), where the male penis develops as an outgrowth of the
right side of the neck (Hyman, 1967). In these masculinized females, a
vas deferens distal to the vaginal orifice and one or more penises may
arise in the neck region, in which they do not correspond to any mor-
phologically distinct primordium. The tissue outgrowth may also ob-
struct the genital tract (Gibbs et al., 1987), rendering the female sterile
(see Titley-O'Neal et al., 2011, for more references).

On the contrary, adult females in the family Ampullariidae

(Architaenioglossa, sensu Bouchet and Rocroi, 2005) normally show a
rudimentary ‘copulatory apparatus’ (CApp) in a small region between
the anal papilla and the anterior end of the gill, which is also able to
develop further in response to TBT, though no blockade of the female
tract follows (Giraud-Billoud et al., 2013; Schulte-Oehlmann et al.,
1995, 1994). The existence of these male-like structures in normal fe-
males was first noticed by Semper (1862) and later confirmed by nu-
merous authors (Aboul-Ela and Beddiny, 1970; Andrews, 1964;
Berthold, 1989, 1991; Bouvier, 1888; Gamarra-Luques et al., 2013;
Gand, 1896; Hägler, 1923; Hylton-Scott, 1958; Prashad, 1925;
Sachwatkin, 1920; Schulte-Oehlmann et al., 1994; Thiengo, 1987,
1989; Thiengo et al., 1993). In adult female Pomacea canaliculata (La-
marck 1822, Ampullariidae), these structures may sometimes develop
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as a minute but complete CApp, including a coiled penis within a
pouch, a muscular penile bulb and a penile sheath (with a penile sheath
groove, a ‘T-sulcus’, and both distal and medial glands) (Gamarra-
Luques et al., 2013).

Both TBT and TPT have been widely used as biocides (Horiguchi,
2016) and they still are (Takao, 2017), in spite of national and inter-
national banns (e.g., IMO, 2000; PNA, 1998). The main use of TBT is as
a component of antifouling boat paints, while TPT is mainly used in
agriculture (Greene, 2013; WHO, 1999) and both organotins have also
been used against P. canaliculata in rice fields (Cheng and Kao, 2006). In
this species, the NOECL of TBT has been reported to promote CApp
growth and development under properly controlled conditions (Giraud-
Billoud et al., 2013). Similarly, a masculinizing effect of TPT has been
reported in Marisa cornuarietis, another ampullariid species (Schulte-
Oehlmann et al., 2000).

A significant breakthrough in the molecular mechanisms underlying
female masculinization in gastropods came from the study of Nishikawa
et al. (2004) linking the action of organotins to activation of the re-
tinoid X receptor (RXR) in Reishia (as Thais) clavigera (Neogastropoda,
Muricidae). Other studies on the same and other neogastropod species
(Nucella lapillus, Muricidae, and Tritia reticulata (as Nassarius reticulatus,
Nassariidae) have followed (Castro et al., 2007; Horiguchi et al., 2007,
2010, 2008; Nishikawa et al., 2004; Sousa et al., 2010; Stange et al.,
2012). Also, Pascoal et al. (2013) linked organotin action to activation
of the peroxisome proliferator-activated gamma receptor (PPARγ) in N.
lapillus. However, no studies of the role of the RXR or PPAR signaling
pathways have been reported for the Ampullariidae.

The present study on P. canaliculata includes: (1) the definition of a
developmental index (DI) adapted to the peculiarities of the female
CApp in the Ampullariidae; (2) a quantitative evaluation of develop-
ment of the female CApp with age, in sexually mature snails; (3) the
comparative effects of RXR and PPARγ agonists in adult females of
known age; (4) the effect of masculinizing agonists in this species on the
expression of RXR receptor in the female CApp. Also, a critical appraisal
of female masculinization in the Ampullariidae is discussed.

2. Material and methods

2.1. Animals and sacrifice

Females of known age from a cultured strain of P. canaliculata were
used. The original stock was collected at Rosedal lake, Palermo, Buenos
Aires, Argentina, which is the neotype locality of the species (Hayes
et al., 2012). Voucher (ethanol preserved) specimens of the original
population and of the cultured strain were deposited at the collection of
Museo Argentino de Ciencias Naturales (Buenos Aires, Argentina; lots
MACN-In 35707 and MACN-In 36046). The culturing conditions have
been described elsewhere (Giraud-Billoud et al., 2011). The animals
were maintained during the experiments in 20 cm x 38 cm x 52 cm
aquaria, were fed ad libitum with a mixed diet and water was changed
three times a week. Room temperature was regulated at 24–26 °C and
artificial lighting was provided 14 h per day. Before shell cracking, fe-
males were immersed in water at 4 °C for 20–30min, for both relaxation
and minimizing pain. All measurements were made with a caliper on
fresh material, to the nearest 0.5 mm.

2.2. Chemical compounds used

TBT chloride, TPT chloride, 9-cis-retinoic acid (9cis-RA) and ro-
siglitazone (Roz) were from Sigma-Aldrich (T50202; Aldrich 245712;
R4643; R2408, respectively). The antibodies used were a rabbit poly-
clonal antibody against Retinoid X Receptor (RXR ΔN 197: sc-774,
Santa Cruz Biotechnology), a mouse monoclonal anti-β-tubulin (Sigma-
Aldrich, T4026) and peroxidase-conjugated goat anti-rabbit and anti-
mouse IgG antibodies (Jackson ImmunoResearch).

2.3. Scanning electron microscopy

Representative cases of different stages of development of both
control and TBT-treated females (4–6 months old) were fixed in
Railliet-Henry’s fluid and were serially dehydrated in ethanol, passed
through acetone and then critical point dried, mounted on aluminum
stubs, coated with gold, and examined with a LEO 1450VP scanning
electron microscope.

2.4. Light microscopy

Tissue samples containing the CApp from adult females were dis-
sected out and fixed in 4% paraformaldehyde solution and subsequently
dehydrated and embedded in a resin-paraffin mixture (Histoplast®), and
serial section (5 µm) stained with Harris hematoxylin and eosin were
examined and photographed under a Nikon Eclipse 80i Microscope
using Nikon DS-Fi1-U3 camera and Nikon NIS-ELEMENT Image
Software for image acquisition.

2.5. Quantitative assessment of the development of the female CApp

The penis and penile sheath lengths were measured. For measuring,
the penis had to be everted with a fine forceps through the opening of
the penile pouch and stretched. In those particular cases in which a
penis was found but was too short to measure, a length of 0.5 mm was
arbitrarily attributed. Also, the presence or not of the basal, medial and
distal glands and of the so-called T-sulcus (Gamarra-Luques et al., 2013,
2006) in the penile sheath were recorded, as well as the degree of de-
velopment of the penile pouch and the penile bulb. With this in-
formation, a ‘developmental index’ (DI, different from the vas deferens
sequence index, or VDSI, used in other gastropod species) was used here
for expressing the mean masculinization degree of the CApp (see also
Results and Discussion).

2.6. Experimental sets

2.6.1. Development of the female CApp after sexual maturity
Sexual maturity (as indicated by the first oviposition) occurs in our

culturing conditions when the females are about 50 days old (Gamarra-
Luques et al., 2013). Mature females aged 3, 4, 5, 6 and 7 months old,
were separated in aquaria containing 7 females each. Thirty days later,
the animals were sacrificed as described above (i.e., when being 4, 5, 6,
7 or 8 months old). After shell cracking, the roof of the mantle cavity
was opened and the CApp was inspected under a stereoscopic micro-
scope and the length of the penis and penile sheath were measured and
the DI (see 3.1) was determined.

2.6.2. Effects of injected TBT, TPT, 9cis-RA, and Roz on the development of
the female CApp

These compounds were injected in the foot of females aged 4
months old. The dose used was 1 µg/g of drained body mass of TBT and
TPT (Horiguchi et al., 2008; Nishikawa et al., 2004), 1 or 2 µg/g of 9cis-
RA (Horiguchi et al., 2008; Sousa et al., 2010; Stange et al., 2012), and
2 or 4 µg/g of Roz (cf. Pascoal et al., 2013). Treated animals and their
respective vehicle-injected controls were sacrificed 15 or 30 days after
the injection. The vehicles used (2 μL per dose) were: (1) a buffer so-
lution (43mM NaCl, 1.8 mM KCl, 10mM HEPES; pH 7.6; Cueto et al.,
2015), to which TBT or TPT were added in ethanol to a final ethanol
concentration of 0.001%, (2) undiluted fetal calf serum for 9cis-RA, and
(3) dimethylsulfoxide for Roz. Penile length, penile sheath length and
developmental index of the female CApp were assessed at sacrifice. The
number of cases per group (including the control groups, which were
injected with the vehicles) was 10–12 for TBT, 8–13 for TPT and 9–11
for 9cis-RA and Roz.
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2.7. Regulation of RXR expression in the female CApp

Five groups of 4-months old females were injected with either the
vehicles or 1 μg/g drained body mass of TBT, TPT or 9cis-RA (mascu-
linizing compounds according to 2.6.2). The CApp was dissected out 2 h
after the injection and 8 pools (4 apparatuses each, approximately
20mg of tissue) were placed in an ice-cold extraction buffer (250mM
sucrose, 20 mM Tris-HCl, 5 mM EDTA, 1mM dithioerythritol, pH 7.4)
and were homogenized with an UltraTurrax® homogenizer. Kidney
samples (‘posterior kidney’ in Andrews, 1965) were used as controls.
The homogenates were mixed with a lysis buffer (50mM Tris-HCl,
25 mM ClNa, 0.5% Triton, 1mM dithioerythritol, pH 7.4) and cen-
trifuged at 10,500g for 10min at 4 °C. Then, the supernatants were
aliquoted and kept at − 80 °C until protein quantification (Lowry et al.,
1951) and further processing.

Supernatant samples containing 25 μg of protein were resolved by
SDS-PAGE electrophoresis (4–10% acrylamide-bisacrylamide), for
120min at 100 V, transferred onto a 0.2 µm nitrocellulose membrane
(GE Healthcare Amersham, UK) for 90min at 90 V. After that, the
membrane was blocked for 1 h in TBS-T blocking buffer (20mmol l-1

Tris–HCl, 140mmol l-1 NaCl, pH 7.6 and 5% nonfat dry skim milk) and
was incubated overnight at 4 °C with each of the primary antibodies
against retinoid X receptor and β-tubulin, diluted 1:500 in TBS-T. Both
secondary antibodies were diluted 1:5000 in TBS-T, and the bound
antibody was then detected using enhanced chemiluminescence (GE
Healthcare) and a gel analyzer (LAS-4000 Luminescent Image Analyzer,
Fujifilm Life Science, Stamford, CT, USA). Densitometric semi-
quantification of the proteins’ bands was done using NIH image analysis
software (ImageJ, National Institutes of Health, Bethesda, MD, USA).
Prestained molecular mass markers (161-0374, Precision Plus Protein
Dual Color Standards, Bio-Rad, Hercules, CA, USA), were used to de-
termine protein migration onto the gel.

Tissue expression levels of RXR were semi-quantified by dividing
the density of the obtained band by that of the β-tubulin band, which
was used as loading control, to normalize the variation among im-
munoblots. Results were expressed as means ± S.E.M. of RXR/β-tu-
bulin relative density units (RDU).

2.8. Statistical analyses

The Gaussian distribution of variables and the homogeneity of
variances were first evaluated, using Kolmogorov-Smirnov’s and
Bartlett’s tests, respectively (Prism® 5.0). According to this, Kruskal-
Wallis one-way ANOVA followed by the Dunn's test (Prism® 5.0) were
used for multigroup comparisons, except for the RXR expression ex-
periment, in which parametric one-way ANOVA and the Tukey’s test
were used. Significance level was fixed at P < 0.05.

3. Results

3.1. Definition of DI

A DI suitable for use in P. canaliculata was defined as a set of mu-
tually exclusive categories, or ‘stages’, as follows (representative cases
of each of these stages are shown in Fig. 1 under scanning electron
microscopy):

Stage 1 (Fig. 1A), females showing a penile sheath rudiment with or
without a rudimentary distal gland, and a small penile pouch con-
taining a penis too short to be everted from the penile pouch;

Stage 2 (Fig. 1B), females showing distinct distal and medial glands
on the penile sheath rudiment, and a penis which could be everted from
the pouch, but sometimes was too short to be accurately measured;

Stage 3 (Fig. 1C), females showing a penile sheath rudiment with
distal and medial glands and a penile sheath groove with a T-sulcus,
also in which a coiled penis was seen by transparency within the penile
pouch.

Since all the studied females showed some development of a CApp,
a Stage 0 was not defined. For statistical comparisons, a score of 1, 2 or
3 was attributed to the corresponding developmental stages.

It should be noted that some TBT-treated females in stage 3 showed
an impressive development of the whole apparatus (Fig. 1D), to a de-
gree which was not observed in control females.

Another feature of the female CApp of P. canaliculata was ad-
ditionally explored because Schulte-Oehlmann et al., (1995, 1994) have
described a ‘vas deferens papilla’ in another ampullariid species (M.
cornuarietis), whose development became a key feature for their eva-
luation of female masculinization in this species. This structure, how-
ever, had not been mentioned in previous reports of the female CApp in
P. canaliculata (see quotations in the Introduction). Therefore, the oc-
currence of this structure in P. canaliculata was carefully explored. In
fact, a papilla seemingly homologous to that described by Schulte-
Oehlmann et al. (1995, 1994), was also found in several P. canaliculata
individuals observed under SEM (Fig. 1A, C, and D), and it was also
found in all semi-serially sectioned apparatuses. It is an outgrowth of
the base of the penile bulb, close to the opening of the penile duct
(Fig. 2), and since a distal vas deferens does not occur in the Ampul-
lariidae (see Discussion, 4.1.), it is here referred to as the ‘penile
complex papilla’ (Fig. 1). This papilla is small in P. canaliculata and is
located in a groove between the penile complex and the anal papilla,
space frequently filled with mucus and cellular debris (Fig. 2) and it
may not be apparent under the stereoscopic microscope. Indeed, the
fact that may be partly or totally hidden in this groove should explain
why was not adverted in previous studies (e.g., Gamarra-Luques et al.,
2013; Liu et al., 2006; Wu et al., 2010). Also, because it may be ob-
served since the ‘stage 1’ defined above (Fig., 1A), it was not considered
a useful character to evaluate female masculinization in P. canaliculata.

3.2. Quantitative evaluation of development of the CApp in control females
at different ages

The increase with age of the DI and the length of the penis and the
penile sheath is shown in Fig. 3 (for detailed data see Table 1 from
supplementary material), with the lowest values observed between 4
and 5 months of age and the highest values between 7 and 8 months of
age. There were statistically significant changes with age in the DI and
the penile sheath length, but not in the penile length, whose changes
showed a high variability (Kruskal-Wallis, Dunn test).

3.3. Evaluation of the effects of injected TBT, TPT, 9cis-RA and Roz on
development of the female CApp

Fig. 4 shows the effects of TBT (upper panel) and TPT (lower panel),
15 and 30 days after injection to 4-months old females (for detailed
data see Table 2 from Supplementary material). A rather large increase
(about three-fold) in the length of the penis and of the penile sheath
followed TBT treatment (1 µg/g) and the differences were statistically
significant. However, these values remained uniformly high between 15
or 30 days after treatment (i.e., no significant differences were found
between both days). The DI was also significantly increased on both
days after treatment, and again, no significant differences were found
between both days.

The injection of TPT (1 µg/g) was followed by a statistically sig-
nificant increase in penile length (also a three-fold increase) and penile
sheath length, both 15 and 30 days after treatment. The DI was sig-
nificantly increased 15 days but not 30 days after treatment (Kruskal-
Wallis, Dunn test).

Fig. 5 shows the effects of two doses of 9cis-RA (1 and 2 µg/g), 15
and 30 days after single injections to 4-months old females. This RXR
agonist-induced 5–6 fold increases in penile length and penile sheath
length and the differences were statistically significant (Kruskal-Wallis,
Dunn test). The DI was also significantly increased on both 15 and 30
days after treatment.
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Notwithstanding, Roz (a PPARγ agonist) was ineffective, at two
dose levels (2 and 4 µg/g), to induce any change in the CApp, either 15
or 30 days after treatment (for detailed data see Table 2, Supplementary
material).

3.4. Regulation of RXR expression in the female CApp

The expression of the RXR was studied by Western blot in extracts of
the CApp and the kidney of control and treated females. Fig. 6 shows
that the expression was significantly increased in CApps from females
exposed to 9cis-RA, and also a smaller but non-significant increase was
observed after TBT treatment. Treatments did not induce any sig-
nificant change in the kidney expression of the RXR (RXR/β-tubulin
RDUs, vehicle: 1.04 ± 0.13; TBT: 1.27 ± 0.11; TPT: 0.91 ± 0.21;

9cis-RA: 1.48 ± 0.18).

4. Discussion

4.1. The use of the ‘vas deferens sequence index’ (VDSI) in the
Ampullariidae

Different adaptations of the ‘vas deferens sequence index’ (VDSI)
have been applied to three ampullariid species: M. cornuarietis (Schulte-
Oehlmann et al., 1995, 1994), P. canaliculata (Liu et al., 2006; Wu et al.,
2010) and Pomacea scalaris (Liu et al., 2006).

The VDSI was initially defined for N. lapillus (Neogastropoda) (Gibbs
et al., 1987) and it has been modified several times for applying to other
neogastropods and to representatives of the Vetigastropoda and

Fig. 1. Development of the female CApp in P. canaliculata
rated according to a scale of mutually exclusive stages
(‘developmental index’, DI). Panels A-C corresponds to
control females, while panel D corresponds to a TBT-
treated female. A. DI=1, the penile complex rudiment is a
flattened dome between the ctenidium and the anal pa-
pilla, while the penile sheath has grown as a small tubercle
in the vicinity of the mantle edge. B. DI=2, the penile
complex rudiment has differentiated into the penile
pouch, which contains the threaded penis, and the penile
sheath has enlarged as a short and blunted column, which
has developed the medial and distal glands. C. DI=3, the
penis has enlarged and can be easily extended out of the
pouch with fine forceps; the penile sheath has become a
miniature of that of the adult male. D. DI= 3, in a TBT-
treated female, showing an extreme development of the
CApp. Abbreviations: ap, anal papilla; gp, genital papilla;
p, penis; pb, penile bulb; pcp, penile complex papilla; pcr,
penile complex rudiment; pp, penile pouch; ps, penile
sheath; psd, penile sheath distal gland; psg, penile sheath
groove; psm, penile sheath medial gland; psr, penile
sheath rudiment; Ts, “T” sulcus. Bars = 1mm.
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Littorinimorpha (Oehlmann et al., 1991; Shi et al., 2005; Titley-O'Neal
et al., 2011). However, its adaptation to the peculiar copulatory organs
of the Ampullariidae cannot be as straightforward, because homologs of
the ampullariid copulatory structures cannot be traced in females of
those clades.

In general, imposex in neogastropods develops as the sequential
neoformation of a vas deferens and a penis on the right side of the neck,
where these structures normally occur in adult males (Ponder and
Lindberg, 1997).

In their adaptation of the VDSI to M. cornuarietis, (Schulte-
Oehlmann et al., 1995, 1994) considered the first part of the penile duct
of this snail (contained within the penile bulb) as a homolog to the
distal vas deferens in imposex-affected neogastropods. However, thor-
ough comparative studies have not shown any homolog of a distal vas
deferens in the Ampullariidae (Berthold, 1991; Simone, 2004) and
Gamarra-Luques et al. (2013) showed that the CApp of P. canaliculata
(including the entire penile duct) arise from a primordium different
from that of the gonoduct, so it should be concluded that the penile duct
in the Ampullariidae is not a homolog of the distal vas deferens of other
Caenogastropoda.

It should be said that this does not invalidate to any extent the re-
sults obtained with this adaptation of the VDSI (Duft et al., 2007;
Oehlmann et al., 2000; Schulte-Oehlmann et al., 1995, 1994, 2004,
2000; Tillmann et al., 2001; Weltje and Schulte-Oehlmann, 2007); they
just imply that the index defined by Schulte-Oehlmann et al. (1994) for
M. cornuarietis contains a misnomer based on a wrong homology and
that this mistake may lead to wrong comparative conclusions.

On the contrary, the VDSI defined by Liu et al. and Wu et al., (2006,
2010) on P. canaliculata and P. scalaris was based on several anatomical
misidentifications and inconsistencies, namely: the term ‘rudimentary
penis’ was applied to either the entire rudimentary CApp (Liu et al.,
2006, their Fig. 3A, and Wu et al., 2010, their Fig. 3B), to the penile
pouch containing the penis (Liu et al., 2006, their Fig. 3B, and Wu et al.,
2010, their Fig. 3C), or to the emptied penile pouch after unthreading
the penis (Liu et al., 2006, their Fig. 3C, and Wu et al., 2010, their
Fig. 3D). Indeed, these anatomical mistakes cast doubts on the validity
of their observations and conclusions (as will be discussed in Section
4.3).

4.2. A developmental index for P. canaliculata

The DI used here was based on constituents of the female CApp that
were precisely defined by Gamarra-Luques et al. (2013) and which can
be recognized both in fresh and properly fixed material under a

stereoscopic microscope.
This DI defined for P. canaliculata does not rely on the development

of the penile complex papilla, whose homolog in M. cornuarietis (re-
ferred to as ‘vas deferens papilla’) characterizes ‘stage 3’ of the VDSI
defined by Schulte-Oehlmann et al. (1994) for this species. In fact, this
small structure seems always present in the CApp of female P. canali-
culata, even in ‘stage 1’, but it may be hidden within the groove se-
parating the CApp from the rectum, and may be many times covered by
mucus and cellular debris, so that is not a useful character to evaluate
female masculinization in this species. Preliminary observations
(Giraud-Billoud & Castro-Vazquez, unpublished) suggest it is the female
homolog of the mucosal flap closing the ‘sperm pit’ in the male CApp
(Andrews, 1964; Berthold, 1991).

4.3. The use of the ‘percent index of imposex’ (%I) and other parameters of
masculinization in P. canaliculata and P. scalaris

The %I has been the most frequently used parameter for evaluating
female masculinization in a variety of gastropods, including re-
presentatives of the Neogastropoda, Vetigastropoda, and
Littorinimorpha (Titley-O'Neal et al., 2011), whose females do not
normally show a CApp. However, if one considers the normal occur-
rence of a CApp as ‘natural imposex’, as some have done (see Titley-
O'Neal et al., 2011) the %I in ampullariid species would always be
100%. Accordingly, it was stated in one of those papers (Schulte-
Oehlmann et al., 1994; p. 74) that an organotin compound ‘cannot
cause the induction of imposex’ in the ampullariid M. cornuarietis,
though is however ‘able to intensify the degree of female masculini-
zation’.

Notwithstanding the numerous reports of the occurrence of the
CApp in female Ampullariidae (see Introduction), both Liu et al. (2006)
and Wu et al. (2010) have attributed to TBT contamination the ‘high
incidence of imposex’ (i.e., high %I) in P. canaliculata and P. scalaris
from several Taiwan locations. Indeed, the actual conflict with the lit-
erature lies in their report of numerous cases with no CApp (their ‘stage
0’, which were up to 100% in some of their samples). Besides the al-
ready noted anatomical inconsistencies in those papers (see 4.1), which
make their observations uncertain, it should be noted they have frozen
their samples for later observation, and that the dehydration and flat-
tening caused by freezing and thawing may have hampered the re-
cognition of the lesser developed apparatuses and may have led to
misdiagnoses.

Other parameters to assess female masculinization, such as the
length of the penis and the penile sheath, were also determined in the

Fig. 2. The penile complex papilla. A. Section through
the penile complex of a stage 3 CApp (10-months old
female); which includes the penile bulb and the mus-
cular region of the penis, both enclosed in the penile
sac; the penile complex papilla is in the groove which
separates the penile complex from the nearby rectum
and the anal papilla. Abbreviations: hs, hemocoelic
spaces of the penile complex papilla; pcp, penile
complex papilla; mcd, mucus and cell debris; mph,
hemocoel of the muscular penis; mpd, duct of the
muscular penis; pbd, duct of the penile bulb; re,
rectum. Bars: A= 250 µm, B=250 µm.
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current report. In all cases, changes in the penile sheath correlated well
with those of the DI, but changes in the penile length were less reliable,
particularly when small changes were involved. This is probably related
to the tendency to coil and retract of this organ.

4.4. The influence of age on the development of the female CApp

Gamarra-Luques et al. (2013) have indicated that the female CApp
may continue its development and growth in P. canaliculata after sexual
maturity, i.e., which is reached at 25mm in shell length and 50 days
old. In the current study, 4–8 months old females were studied, i.e.,
approximating the life period of a female born in early spring and
which stops reproduction or dies in the following fall or winter. In
Argentina, the southernmost populations of this species may show up to
3–4 annual reproductive periods, but much shorter lifespans (about one
year) are expected to occur in tropical or subtropical regions where this
species becomes semelparous (Estebenet and Martín, 2002; Hayes et al.,
2015). Fig. 3 shows an initially sustained increase in the DI and the
length of the penile sheath, with a tendency to stabilize after 7 months
of age. These changes of the female CApp with age suggest that the
observations of ‘imposex’ in the field (Liu et al., 2006; Wu et al., 2010)
may be just indicating a higher proportion of older females in the po-
pulation, rather than organotin pollution.

It has been shown that TBT exposure to the NOECL in water defi-
nitely promotes the development and growth of the CApp in female P.
canaliculata (Giraud-Billoud et al., 2013b). Also, it has recently been
shown that TBT, and its metabolites DBT and MBT, accumulate in
several tissues of P. canaliculata following a 6-months exposure to an
environmentally relevant concentration of TBT (Martínez et al., 2017).
The latter study was not aimed at determining changes in the CApp and
therefore no quantification was attempted. However, the authors
mentioned that all exposed females showed ‘development of a penis’,
but did not mention the status of the CApp in controls. Since females in
their exposure experiment were 10–11 months old at sacrifice, it should
be expected that both control and exposed snails had significant de-
velopments of the CApp. So, until now, it may be said that organotins
may be valuable experimental tools to explore the trophic mechanisms
(Gamarra-Luques et al., 2006) involved in the growth of the CApp in
this species and the development of CApp should not be used as a useful
indicator of organotin pollution when the age of the field-collected
individuals is unknown.

4.5. Differential effects of organotins (TBT, TPT) and of RXR and PPARγ
agonists on the female CApp

Both the endogenous RXR ligand 9cis-RA and the organotins TBT
and TPT have here been shown to promote female masculinization in P.
canaliculata.

Three main lines of evidence regarding the mechanisms of organotin
masculinization of female gastropods have been followed up: (1) evi-
dence for a role of androgenic and estrogenic substances (e.g., Bettin
et al., 1996; Gooding et al., 2003; Janer et al., 2006; Oehlmann et al.,
2000; Ronis and Mason, 1996; Schulte-Oehlmann et al., 2004; Spooner
et al., 1991; Tillmann et al., 2001); (2) evidence for a neurotoxic action
and involvement of the neuropeptide APGWamide (Oberdorster and
McClellan-Green, 2002, 2000; Oberdörster et al., 2005); and more re-
cently, (3) evidence for the involvement of nuclear receptors, including
RXR (Castro et al., 2007; Horiguchi et al., 2007, 2010, 2008; Nishikawa
et al., 2004; Sousa et al., 2010; Stange et al., 2012) and the peroxisome
proliferator-activated receptors (PPAR) (Pascoal et al., 2013; Pascoal,
2011).

The possible role of RXR and PPAR agonists had not been explored
before in ampullariid gastropods. In the current paper, three reported
agonists of the RXR (9cis-RA, TBT and TPT) clearly promoted the de-
velopment and growth of the female CApp in P. canaliculata. In addi-
tion, 9cis-RA selectively increased the expression of the RXR in the
female CApp of this species, which is the first record of such an in vivo
action of this compound in gastropods. Notwithstanding, TBT was only
followed by a small and statistically non-significant increase, while TPT
showed no effect in the same experiment. Recently, Urushitani et al.
(2018) have used an in vitro assay of whole soft tissues from three

Fig. 3. Effect of age on the development of the female CApp. Horizontal
brackets indicate statistically significant differences (P < 0.05, Kruskal-Wallis
test, Dunn test).
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Fig. 4. Effects of a single injection of TBT (upper panel) or TPT (lower panel) to 4-months old females. Bars represent means ± SEM, white bars represent females
injected with vehicle, while gray bars represent females injected with 1 µg of each organotin compound per g of drained body mass. Horizontal brackets indicate
statistically significant differences (P < 0.05, Kruskal-Wallis test, Dunn test).

Fig. 5. Effects of a single injection of 9cis-RA to 4-months old females. Bars represent means ± SEM, white bars represent females injected with vehicle, while gray
and black bars represent females injected with 9cis-RA (either 1 or 2 µg/g of drained body mass). Horizontal brackets indicate statistically significant differences
(P < 0.05, Kruskal-Wallis test, Dunn test).
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neogastropod species (Thais clavigera, Nucella lapillus, and Babylonia
japonica) and found significant increases of transcriptional activities of
RXR isoforms, in response to 9cis-RA and several organotin compounds
(including TBT and TPT). However, although the masculinizing effect
of both 9cis-RA and TBT exposition has been documented in a variety of
gastropods (Titley-O'Neal et al., 2011), a correlative masculinizing ef-
fect of TPT is not as clear, because no penile growth has been reported
in N. lapillus after TPT exposition or injection (Bryan et al., 1988;
Schulte-Ohhlmann et al., 2000; Laranjeiro et al., 2016). As mentioned
above, TPT promoted female masculinization in the current study, but
it did not induce any change in RXR expression. It should be considered,
however, that this does not necessarily imply that these organotins are
not exerting their masculinizing actions through the RXR signaling
pathway, because it is possible that the timing of the responses was
different.

Nevertheless, the administration of a PPARγ agonist (Roz), which
has been shown to induce imposex in the neogastropod N. lapillus
(Pascoal, 2011), was clearly ineffective to promote masculinization in
P. canaliculata. This difference may be explained by the fact that the
target tissues for masculinizing substances are different in ampullariid
and neogastropod species, and therefore may involve different mole-
cular mechanisms. Among the latter, it should be mentioned that even
the existence of the γ-subtype of PPAR has been questioned in another,
though phylogenetically distant gastropod (Biomphalaria glabrata, Pla-
norbidae, Panpulmonata, Kaur et al., 2015).

Also, many studies have been prompted by the discovery of an
obesogenic (adipogenic) effect of organotins in vertebrates (Grün and
Blumberg, 2006; Grün et al., 2006). These studies have shown that TBT
is a strong agonist of RXRα (le Maire et al., 2009) while both TBT and
TPT are strong agonists of PPARγ (Hiromori et al., 2009) and the
transactivation of RXRα/PPARγ could exert a synergistic effect
(Hiromori et al., 2015). It has also been shown that RXR interacts with
PPARs and a variety of other nuclear receptors, which includes di-
merization, transactivation and synergistic actions between their sig-
naling pathways (Brtko and Dvorak, 2015). Thus, the lack of effect of
Roz reported here may also be explained by a lack of a simultaneous
activation of the RXR signaling pathway. Unfortunately, this could not
be tested in the experimental approach of the current study, since RXR
agonists already had a near-maximal effect on female masculinization.
However, the role of nuclear receptors in the development of mascu-
linity traits should be explored further, particularly after the

development of new tools for such purposes (e.g., Ip et al., 2018).
Although the obesogenic effect of organotins cannot have a parallel

in gastropods, because they lack a specialized adipose tissue (Vague and
Fenasse, 2010), their fundamental molecular mechanisms may even be
present in the copulatory organs of gastropods, and they deserve to be
studied.

5. Conclusions

Development and growth of the CApp increase significantly with
age in P. canaliculata, and therefore, it should be emphasized that or-
ganotin contamination cannot be inferred from field studies of mascu-
linization, in which the age of the collected Pomacea individuals is
unknown.

Also, both the penile sheath length and a DI (as defined in this
paper) were useful to quantify the degree of female masculinization in
this species. These measurements showed that RXR agonists (9cis-RA,
TBT and TPT) but not the PPARγ agonist (Roz), promoted masculini-
zation in P. canaliculata.

Furthermore, the expression of RXR in the CApp was upregulated by
9cis-RA, but no significant effects of TBT or TPT were observed.
However, the known multiple interactions of nuclear receptors sig-
naling and the increased knowledge of ampullariid genomics all stress
the need of studying the molecular mechanisms underlying the devel-
opment of properly defined masculinity traits, both in females and
males of this and other congeneric species.
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