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IMPOSEX AND NOVEL MECHANISMS OF REPRODUCTIVE FAILURE INDUCED BY
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Abstract: The effects of tributyltin (TBT) on mortality and reproduction were studied in the invasive snail Pomacea canaliculata. The
nominal median lethal concentration (LC50) was 9 wg TBT/L, after 28 d. The nominal no-observed effect on lethality concentration
(NOEC.) was 6 g TBT/L after the same period. Male—female couples and females that had been group-mated but were isolated from
males during the experiment (isolated females) were exposed (for 28 d) to either O pg/L or 6 pg/L of TBT (nominal NOEC -exposed).
Copulation and oviposition frequencies, egg clutch mass, and percentage of egg fertility were recorded. Gonads (both sexes) and the
seminal receptacle (females) were studied histologically at the end of the experiment. A significant decrease in copulation frequency was
observed in mated-exposed females. Exposure also decreased oviposition frequency of mated-exposed and isolated-exposed females, but
only the latter reached significance. No differences in either egg clutch mass or percentage of fertility were observed at first oviposition, but
both parameters were drastically reduced in subsequent egg clutches of exposed females. No histological alterations were observed in
gonads of TBT-exposed animals; however, sperm storage in the seminal receptacle was drastically decreased in exposed females. Imposex
but no oviductal obstruction was observed in all exposed females. It is concluded that TBT induces reproductive failure in P. canaliculata
by decreasing copulation frequency and by severely affecting sperm storage by the female. Environ Toxicol Chem 2013;32:xx—xX.
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INTRODUCTION

An endocrine disruptor (ED) is an exogenous agent that
interferes with a particular hormonal system and consequently
could affect the maintenance of homeostasis, reproduction,
development, and/or behavior [1]. Endocrine disruption in
several vertebrates and invertebrates has been the center of
interest of numerous reports on the adverse effects of pesticides
and industrial chemicals [2,3]. The best known example of
endocrine disruption is the development of imposex (superim-
position of male sexual characteristics onto females [4])
observed in gastropods that have been exposed to organotin
EDs such as tributyltin (TBT) or triphenyltin (TPT; for review
see Oehlmann et al. [5] and Titley-O’Neal et al. [6]).

Tributyltin is a biocide that has been extensively used in ship
antifouling paints. Moreover, organotins have been used in
different commercial applications such as polyvinyl chloride
stabilizers, fungicides, molluscides, rodent repellants, and
wood preservatives [7,8]. Although the use of TBT was
restricted during the 1990s, high levels are still found in aquatic
ecosystems mainly because all usages have not been banned
[9,10]. Furthermore, several regulations on the use of TBT are
currently being enforced in South American countries, but
extensive contamination of marine environments (particularly
on the Atlantic coast) has been reported [11,12]. Unfortunately,
similar studies in freshwater environments are lacking. Low
concentrations of this ED induce imposex, but in severely affected
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cases, reproductive failure has been reported in gastropods,
either because the growth of male-like genitalia blocks the
oviduct or because of spermatogenesis in the ovary [13-20].

The apple snail Pomacea canaliculata (Caenogastropoda,
Ampullariidae) is a native species of the LaPlata River basin
(South America), but has invaded freshwater habitats of
Southeast Asia, North America, and Europe [21-24]. The
abundance of this invasive snail in different habitats, and their
ability to tolerate harsh environmental conditions [25,26]
ensures its invasive capability [21] and may allow its use as a
bioindicator of water pollution [27].

Two morpho-functional aspects of P. canaliculata are im-
portant to understand the findings we will report here. First,
females of these species (as well as those of all other studied
Ampullariidae) show a rudimentary copulatory apparatus that
may grow after reaching sexual maturity [28,29]. The growth of
this rudiment, because of its position relative to the oviduct [28], is
unable to interfere with oviposition, a condition that differs sub-
stantially from those found in other caenogastropods and veti-
gastropods [6,30]. Second, oviposition depends on the existence
of fertilized eggs in the female tract of P. canaliculata [31,32].

We first made a range-finding determination of the lethal
effects of nominal concentrations of TBT, so as to work with
sublethal concentrations to determine the effect/s of TBT on
reproductive mechanisms.

MATERIALS AND METHODS

Animals

Sexually mature males and females (4 mo old at the beginning
of the experiment) from a cultured strain of P. canaliculata
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were used. The original stock was collected at Rosedal Lake
(Palermo, Buenos Aires, Argentina) and voucher (alcohol-
preserved) specimens of the original population and of the
cultured strain were deposited with the collection of Museo
Argentino de Ciencias Naturales (Buenos Aires, Argentina; lots
MACN-In 35707 and MACN-In 36046, respectively). The
culture conditions were: 1) room temperature 23 °C to 26 °C, 2)
room relative humidity approximately 80%, 3) artificial lighting
14 h/d, 4) water used for culture was tap water and was changed
thrice weekly, and 5) the animals were fed ad libitum with lettuce
from Monday through Friday, supplemented with fish food
pellets (Peishe Car Shulet) on Thursday and with excess toilet
paper (Higienol for Export) on Friday. The latter provides
cellulose as a nutrient and does not spoil the water during
weekends, as excess lettuce would do. Sex was determined
externally by the shape of the operculum [33,34]. Experiments
were run in 23.5 cm x 19.5 cm x 32 cm aquaria, where the
experimental solutions were kept 5 cm deep, and only lettuce
and fish food pellets were used during the reported experiments,
which needed daily surveillance, even during weekends.

Experimental sets

Concentration- and time-dependent lethal effects of TBT.
Lethality induced by TBT was determined for snails exposed to
the following nominal concentrations: 0 wg/L, 3 pg/L, 6 ng/L,
12 pg/L, 24 pg/L, or 50 pwg/L of tributyltin chloride (Sigma-
Aldrich, T50202). The commercial TBT solution was first mixed
with 70% ethanol (0.5-8 mL in 399.5-392 mL), and then 15 pL
of these intermediate solutions were added to tap water to obtain
the different TBT nominal concentrations used. Also, ethanol
was added to tap water to obtain a final 0.001% concentration in
control groups. Three replicate groups of 4 snails (2 males and 2
females) were allotted to each aquarium with the different
nominal TBT concentrations. The solutions were changed 3
times weekly. Snail deaths were recorded after 14-d and 28-d
exposure. The no-observed-lethal-effect concentration (NOEC )
and the median lethal concentration (LC50) were estimated with
Prism version 5.0 (GraphPad Software) using the nonline fit of
data tool and the log (agonist) versus response curve.

Tin determinations in tissues. This was made using inductively
coupled plasma-mass spectrometry (ICP-MS) as an indirect
approach to exposure verification. Laboratory ware for this
purpose was washed in HCl for 1 wk (17.5%, v/v) and
subsequently with HNO; (32.5%, v/v) for another week. The
remaining acid was washed out with 3 passages in abundant
type I water (ASTM International) and then oven-dried at 60 °C
and stored until use.

Two groups of 9 females were exposed to either 6 wg/L of
TBT (nominal NOEC) ) or to tap water with 0.001% ethanol for
28 d. Each aquarium (20 cm x 38 cm x 52 cm) was divided
into 6 equal communicating compartments (1 compartment
was left empty in each aquarium). The cephalopodal and visceral
masses (the latter containing the mantle cavity and all
reproductive organs) were separated and homogenized in type
I water (ASTM International), lyophilized, and milled. One-
gram samples of pooled cephalopodal and visceral masses were
added to 10 mL of concentrated HNO5 and 5 mL of 30% H,O,
and left overnight at room temperature. Afterwards, each mixture
was boiled on a hot plate for 2 h; after cooling, the completely
clear digests were diluted with 50 mL of ultrapure water (18 M)
cm) prior to ICP-MS determinations of total tin, using an ELAN
DRC-¢ instrument (PerkinElmer SCIEX). Sample introduction
into the plasma was made with a Meinhard concentric nebulizer
with a quartz cyclonic spray chamber at 4 °C. The operation of
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the ICP-MS instrument was optimized using a multielemental
tuning standard solution containing 10 wg/L tin. The instrumen-
tal conditions used were as follows: inductively coupled plasma-
radio frequency power, 1500 W; plasma gas flow, 15 L/min;
auxiliary gas flow, 1.2 L/min; nebulizer gas flow, 0.81 L/min;
skimmer and sampler cones type, nickel; and detector mode,
dual. The abundances of ''®Sn and '?°Sn are the highest, and
both isotopes are little interfered with by oxides, polyatomic
ions, and hydride, but 188n was selected for analysis, as at this
mass-to-charge (m/z) ratio, the Sn signal was less disturbed than
12081 by chloride and argon. Analytical standards with different
tin concentrations were prepared by serial dilution of a 1 mg/L
tin mother standard solution in ultrapure water. External
calibration was used for quantification of tin, and blanks were
prepared with the same reagents and quantities employed for
sample preparation. Results were expressed as concentration
(pg/g dry organ mass) and load (pg) of tin in both organ masses
on a per snail basis.

Effect of TBT-NOEC; on reproductive parameters

Snails were allotted to 1 of 2 groups: 1) 4 aquaria containing 5
male—female couples, and 2) 4 aquaria containing 5 mature
females only (but that had been group-mated before with mature
males). Then, half of the animals in each group were exposed to
the nominal NOEC, (6 g TBT/L), while unexposed snails were
used as controls. Each aquarium (20 cm x 38 cm X 52 cm)
was divided into equal communicating compartments, as in the
preceding experiment. The animals were fed ad libitum with
lettuce every day of the week during the experiment, and the diet
was supplemented with fish food pellets (Peishe Car Shulet) on
Tuesday and Thursday.

The frequencies of copulation and oviposition were recorded
twice daily (at 8:00 AM and 1:00 PM, because more than 80% of
copulations and all ovipositions are recorded under this
schedule [35]; also, the mass of each egg clutch was determined
at 8:00 AM. The percentage of fertile eggs was determined in
each clutch 1 d to 2 d before the expected hatching [36].

The animals were sacrificed at the end of the experiments, and
gonadal samples from both sexes and the whole seminal
receptacles from females were excised out and fixed in dilute
Bouin’s fluid. The fixed tissues were subsequently dehydrated in
an ethanol series and embedded in a resin-paraffin mixture
(Histoplast, resin 50%/paraffin 50%). Sample sections were
obtained from gonads, but the seminal receptacles were
semiserially sectioned. Subsequently, the sections were stained
with Harris hematoxylin—eosin. Digital light micrographs were
obtained with an AxioCam HRc mounted on a Zeiss Imager Z.1
microscope. Also, the rudimentary copulatory apparatus and
surrounding structures were dissected out, fixed in formalin,
dehydrated in an ethanol/acetone series, critical point dried, and
gold-coated for examination under a LEO 1450VP scanning
electron microscope.

Statistical analyses

Differences between 2 groups were analyzed with Student’s
t test (copulation frequency). For multigroup comparisons, the
Gaussian distribution of variables and the homogeneity of
variances were evaluated by D’Agostino and Pearson’s and
Bartlett’s tests, respectively (Prism 5.0, 2007; GraphPad
Software). Only the egg clutch mass data met the criteria (after
square root transformation) to be evaluated with parametric one-
way analysis of variance (ANOVA) and the Tukey test for post
hoc analysis. Other multigroup comparisons were made with the
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nonparametric Kruskal-Wallis one-way ANOVA and Dunn’s
test (Prism 5.0, 2007). Significance level was fixed at p < 0.05.

RESULTS AND DISCUSSION

The ability of organotin compounds to induce imposex has
been reported in more than 250 species of gastropods [6].
Nevertheless, the deleterious effects of TBT on aspects of
reproduction other than imposex have received lesser attention
in gastropods, although they have been reported to involve
oviductal blockade, ovarian dysmaturation, and ovotestis
development [13,16,18-20,37,38]. In the present study we
have observed deleterious effects of TBT on both copulation and
oviposition frequency, and on sperm storage in the seminal
receptacle, which are novel mechanisms for TBT-induced
reproductive failure in a gastropod. In addition, TBT-induced
development of imposex was also established for this species.

When lethal toxicity of TBT on P. canaliculata was explored,
the nominal NOEC, found was either 9 pg/L. or 6 pg/L,
after 14-d or 28-d exposure, respectively, while the LC50 was
either 12.9 wg/L or 9.0 pg/L after the same periods (nominal
concentrations; Figure 1). However, potential uncertainties in
the actual exposure concentrations exist, and hence the nominal
effect concentrations reported should not be regarded as
quantitative benchmarks for risk assessment purposes.

Despite this, tin was determined in soft tissues of control
animals and of animals exposed for 28 d to the nominal NOEC,
(6 wg TBT/L; Table 1) as an indirect means of confirming actual
TBT exposure. Tin was found in tissues of control snails, which
is not surprising in view of the widespread environmental
presence of this metal [39—41], generally considered nontoxic in
its inorganic form [8]. However, the tin load was not appreciably
increased in the cephalopodal mass of TBT-exposed snails but
was approximately 4 times higher in the visceral mass of
exposed animals, which includes the reproductive organs
(Table 1). Also, it is worth mentioning that Wang et al. [42]
found a significantly higher accumulation of TBT in reproduc-
tive organs, compared with the remaining tissues, in the
neogastropod Thais clavigera.

Exposure of couples of P. canaliculata to the nominal
NOECL (6 ng TBT/L) during 28 d resulted in a marked and
statistically significant decrease in copulation frequency
(Figure 2A; Student’s ¢ test). Also, the oviposition frequency
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was diminished by TBT exposure in both mated and isolated
females, while the difference was statistically significant only for
isolated females (Figure 2B; one-way ANOVA, followed by
Tukey’s posthoc test, p < 0.05). Copulation and oviposition are
behavioral sequences whose execution depends (among other
factors) on the activation of neural networks that may be affected
by the neurotoxic action of TBT [43,44]. In addition, the smaller
effect on mated females should be due to the already mentioned
fact that oviposition depends on the existence of fertilized
eggs in this species [31,32] and to the persistence of some
copulatory activity and possible sperm transfer to the mated-
exposed couples.

In general, the egg clutch mass was higher in control than in
exposed females, and this was more evident in isolated than in
mated females, because no additional sperm transfer could occur
in the former. However, the first egg clutch showed significant
differences only between both control groups and the isolated-
exposed group (Figure 2C). Egg clutch masses in mated-
exposed females were only significantly different from controls
when the second and the last clutches laid were compared
(Figure 2C); also, the last clutches differed significantly from the
first one in these females. Similarly, other studies have shown a
decrease in the oviposition frequency and in the number of eggs
per clutch in organotin-exposed M. cornuarietis [45,46] and
Biomphalaria glabrata [47].

Moreover, fertility of eggs was severely affected in TBT-
exposed isolated females, but only after the first egg clutch was
laid during exposure (Figure 2D), which may also be related to
remaining sperm in the seminal receptacle at the beginning of the
experiment. The majority of eggs were infertile from the second
egg clutch laid by exposed females, while egg clutches from
control females (either mated or isolated) contained approxi-
mately 80% fertile eggs during the entire experimental period
(Figure 2D).

Environmental organotin exposure has been reported to
induce ovotestis development and spermatogenesis in female
vetigastropods [16,19] as well as in some [18,20] but not all
[13] neogastropods. Oocyte dysmaturation (atresia) associated
with a high body burden of TBT (in the ng/kg range) has also
been reported in a littorinimorph gastropod collected near
harbors [37]. However, the concentration of 6 wg/L did not
produce any morphological alteration of male or female gonads
in P. canaliculata, an architaenioglossan caenogastropod
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Figure 1. Time- and concentration-dependent mortality of adult Pomacea canaliculata exposed to tributyltin (TBT) (n = 12 per group). LC50 = median lethal

concentration.
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Table 1. Tin concentration in the cephalopodal and visceral mass after tributyltin (TBT) exposure (pools from 9 animals)

Organ dry mass (g/snail, mean + SEM)

Tin concentration (pg/g dry mass) Tin load (pg/organ dry mass/snail)

Cephalopodal mass (control) 0.320 £ 0.019
Visceral mass (control) 1.101 + 0.111
Cephalopodal mass (exposed) 0.323 £ 0.020
Visceral mass (exposed) 1.374 £ 0.188

24.7 791
29.3 15.59
244 7.89
91.9 61.36

SEM = standard error of the mean.

(Figure 3), emphasizing that different mechanisms may be
employed by organotins to interfere with reproduction in the
wide diversity of the class Gastropoda.

Because of the already mentioned relationship between
oviposition and the availability of fertilized eggs in the genital
tract, we examined the seminal receptacle in both control and
exposed females (either mated or isolated), because the seminal
receptacle is the site where oocytes are received through the
visceral oviduct and where sperm are stored, while retaining their
fertilizing capacity for months after copulation [48]. All these
findings, together with direct sperm transfer to the seminal
receptacle [49], indicate that this is the site of fertilization in
P. canaliculata.

Most stored sperm were aligned as palisades in the branched
pouches of the seminal receptacle of control females, even
though disorganized sperm masses may also be seen in the larger
ducts in mated-control females (Figure 4A) and may represent
recently deposited sperm. Also, some empty pouches may also
be seen in control females, particularly in those that were
isolated (Figure 4B). The TBT-exposed females (either mated
or isolated) showed some pouches containing only small
groups of palisade-aligned sperm (Figure 4C) or pouches that
were depleted of stored sperm (Figure 4D). In particular, the
decreased number of sperm-loaded pouches in the isolated-
exposed group (compared with the mated-exposed group)
indicates that TBT has a direct deleterious effect on sperm
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Figure 2. Effect of exposure for 28 d to 6 pg/L of tributyltin (TBT, nominal no-observed effect on lethality concentration [NOEC ]) on copulation by male-
female couples and on oviposition by both mated and isolated females (n = 10 per group). (A) Decrease in copulation frequency in couples that were exposed or
not to TBT (episodes/mo, mean + standard error of the mean [SEM]; Student’s ¢ test). (B) Oviposition frequency in mated-control females, mated-exposed
females, isolated-control females, exposed-isolated females (episodes/mo, mean + SEM; one way analysis of variance/Tuckey). (C) Egg clutch mass of the first,
second, third and fourth to eighth egg clutches laid by each female during the experimental period in mated-control females (Ill), mated-exposed females (@),
isolated-control females (e), exposed-isolated females (A) (g, mean £ SEM; Kruskal-Wallis/Dunn). (D) Percent of fertile eggs in each clutch (the groups are
identified as indicated in (C); mean + SEM; Kruskal-Wallis/Dunn). Statistically significant differences between groups in panels (A) and (B) are indicated with
horizontal lines. Significant differences in panels (C) and (D) (within the same egg clutch) are indicated by superscripts: a = mated-control versus mated-exposed
groups; b = mated-control versus isolated-exposed, ¢ = mated-exposed versus isolated-control, d = isolated-control versus isolated-exposed. The asterisk in
panels (C) and (D) indicates significant differences between the first and fourth to eighth egg clutches in mated-exposed females.
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Figure 3. Micrographs of male and female gonads from control and exposed animals (tributyltin [TBT], nominal 6 ng/L). (A, B) Spermatogenesis in control and
exposed males, respectively: testis tubules show numerous tails of mature sperm in both groups. (C, D) Oogenesis in control and exposed isolated females,
respectively; ovarian tubules show small and large oocytes (histology was similar in mated females). Scale bars = 100 wm.

Figure 4. Micrographs showing the sperm pouches of the seminal receptacle. (A) Mated-control female. (B) Isolated-control female. (C) Mated-exposed female.
(D) Isolated-exposed female. a = pouches lined by sperm in palisade alignment; b = sperm bulk within the lumen of a pouch already lined by sperm in a palisade
alignment; ¢ = oviduct; d = pouches with no sperm; e = pouches with small aligned groups of sperm at the end of some branches. Scale bars = 100 pwm.

storage (i.e., not mediated by a diminished copulatory
frequency). This direct effect may be correlated with the finding
of an increased tin load in the visceral mass (Table 1), which
includes the seminal receptacle and the other reproductive
organs.

All females exposed to 6 pg/L (nominal NOEC,) in the
present study showed an enlarged penial sheath compared with
that of unexposed females of the same age (4 mo at the beginning
of exposure, Figures 5). A full glandular complement and a
pouch with a long penis within were found in all exposed
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Figure 5. Copulatory rudiments of control (A) and tributyltin (TBT)-exposed
(B; nominal 6 pg/L, 28 d) adult females (5 mo old) of Pomacea canaliculata.
ap = anal papilla; gp = genital papilla; vp = vermiform penis; pb = penial
bulb; pcr = penial complex rudiment; pp = penial pouch; ps = penial
sheath; psd = penial sheath distal gland; psg = penial sheath groove;
psm = penial sheath medial gland; psr = penial sheath rudiment; Ts = T
sulcus. Scale bars = 1 mm.

females in the current experiments (the penis appears stretched
out of the penial pouch in Figure 5B). This is the first report in
which imposex was induced by TBT in P. canaliculata
compared with proper controls of the same age (exposed from
4 mo old). Such controls were lacking in a previous report [50],
and we have found that age (beyond 4 mo) is associated with
further growth of the copulatory apparatus [28,29]. Even though
the female rudimentary copulatory apparatus continues to grow
in adult unexposed females [28,29] in no case was a degree of
development such as that shown here in TBT-exposed females
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(Figure 5B) observed in those studies. It should be noted,
however, that no blockade of the oviduct can occur because of
the relative position of the oviduct and the abnormally grown
copulatory apparatus, a condition that differs substantially from
those found in other caenogastropods and vetigastropods [6,30].
It should also be mentioned that no effects of the 6 pg/L
nominal concentration (other than the already mentioned
reproductive effects) were observed in the present study. With
higher (and lethal) concentrations, however, death was
sometimes preceded by a state of hypertonic paralysis, which
may reflect the proposed neurotoxic activity of TBT [43,44].
Future studies on the mechanism of the diminishing effect of
TBT on copulation and oviposition frequency should also
consider this possible neurotoxic activity. On the other hand, we
are not aware of any study on the mechanisms of the prolonged
maintenance of the fertilizing capacity of sperm in the seminal
receptacle of gastropods, which in the case of P. canaliculata
may last for months [48], so that no hypothesis can be advanced
regarding the mechanism of the sperm depletion observed here.

CONCLUSIONS

Our observations on the effect of TBT exposure (6 pg/L,
nominal concentration) indicate the primary effect/s of this
organotin in reducing reproductive performance in this highly
invasive snail P. canaliculata is the decrease in available sperm
for fertilization, which is achieved by the concurrent deleterious
effects on copulation frequency and sperm storage, and which in
turns results in decreased oviposition frequency, egg clutch size,
and egg fertility.

Also, TBT clearly increased the development of the
rudimentary female copulatory organs in adulthood (imposex),
which has been shown here for the first time (with adequate
controls) in P. canaliculata.

Other possible causes of reproductive failure that have been
studied in other gastropod species (oviduct blockade, impaired
oogenesis) do not occur as a consequence of TBT treatment in
P. canaliculata.
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