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Abstract

All female Pomacea canaliculata develop a small, male-like copulatory apparatus a few days after birth, which growths
slowly until sexual maturity, and even further in older age. Previous studies have found trace elements like mercury
(Hg), arsenic (As) and uranium (U) in tap water used for snail culture, and that these elements were accumulated in
snail tissues. Here, we test whether the presence of these metals at maximum allowed concentrations (Environmental
Protection Agency - EPA) in aquarium water could affect the development of the copulatory apparatus in mature
females. Females of different ages were used as controls, grown in reconstituted metal-free water with or without the
addition of Hg, As and U, as well as tributyltin (TBT), a compound used as masculinizing agent. Six and seven months
old females cultured in tap water showed a longer penis and penile sheath, and a greater overall development of the
copulatory apparatus, measured by an index (DI), as compared with same-age females cultured in reconstituted water.
Moreover, when females were exposed to Hg, As or U at the maximum contaminant levels for human consumption
allowed by EPA regulations, there was no further development of the copulatory apparatus, while there was a clearly
positive effect in TBT-exposed females. This study confirms the masculinizing effect of organotin compounds on female
copulatory apparatus and discusses the usefulness of the development of these organs as a bioindicator of environmental
pollution.
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Introduction

Gastropods have been proposed as effective monitors of environmental pollution because they can disclose
natural, agricultural or industrial emissions of xenobiotics and, in addition, they may be doorways for the entrance of
pollutants into the trophic web [1,2].

The freshwater apple snail P. canaliculata (Caenogastropoda, Ampullariidae) has some useful biological features
for environmental monitoring. The species is widely distributed in humid tropical and subtropical aquatic ecosystems
around the world [3,4] and can be cultured and kept in captivity for laboratory studies. Also, this snail has a high
physiological adaptability to different environmental stressors [5-10], which may be facilitated by the presence of genes
associated with environmental sensing, complex polysaccharides digestion, and the synthesis of a perivitelline with
neurotoxic function involved in the defense against egg predators [11-16].

Likewise, some field and laboratory studies have shown that representatives of the genus Pormacea may be useful
for environmental risk assessment of diverse chemical pollutants in nature, i.e., elements (arsenic, As; cadmium, Cd; copper,
Cu; mercury, Hg; lead, Pb; uranium, U; zinc, Zn) [10, 17-21], the herbicide glyphosate [22], the insecticides cypermethrin,
bifentrin and imidacloprid [23,24]. On the other hand, under controlled laboratory conditions, organotin compounds cause
a masculinizing effect on adult (4 months old) females of P. canaliculata [25,26].
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Tributyltin (TBT) and Triphenyltin (TPT) induces imposex in some gastropod [27]. More recently, the retinoid X
receptor (RXR) has been implicated as a possible molecular mechanism involved [28-31], demonstrating in vitro an increase
in RXR transcription levels by TBT and TPT [32].

Unlike the previously mentioned caenogastropods, the genital system of both sexes of P. canaliculata develops
from a primordial gonoduct, which can be observed from hatching [33], and from a primordial copulatory apparatus
(CApp), which starts to develop between 3-5 days after hatching [33]. In adult males, this CApp reaches full development,
while in young females it remains as a rudiment, corresponding to the stage 1 described by Giraud-Billoud and Castro-
Vazquez [25]. Itis notable, however, that the female CApp would continue its development after sexual maturity is reached,
and even in old age. Growth of the female CApp is also promoted by RXR agonists and is associated with a greater
expression of the RXR receptor in the CApp [25].

Since apple snails are sensitive accumulators of different elements (As, Ba, Br, Cr, Fe, Hg, Sb, Se, U, and Zn) from
water, we evaluated if tap or reconstituted water could represent an important factor in the “normal” development
induction of the CApp in adult females. Also, the present work evaluates the development of the CApp in adult females
exposed to four elements (Sn, Hg, As, U) administered as tributyltin chloride, mercury dichloride, sodium arsenate, and
uranyl acetate which were dissolved in reconstituted water at the highest concentrations allowed by the US Environmental
Protection Agency [20].

Materials and Methods

Animals

Animals from a cultured strain of P. canaliculata were used. All experiments were carried out with 4-month-old
females identified by the presence of a concave operculum [33]. Moreover, the sex was confirmed after the sacrifice by the
presence of yellowish ovary associated to the digestive gland and pinkish uterine gland. The stock original and the culture
conditions have been reported previously elsewhere [9]. Briefly, room temperature was regulated (23-25 °C) and artificial
lighting was provided 14 h per day. The animals were maintained in aquaria containing 6 L of water (i.e., either tap or
reconstituted water depending on the experiment; see below). Animals were fed ad-libitum with lettuce from Monday
through Friday and this was supplemented with fish food pellets (Peishe Car Shulet®, Argentina) on Thursday and with
excess toilet paper on Friday. Food items were provided after water change.

Penis and penial sheath lengths and developmental index

After exposure period (Figure 1 and see below), females were immersed in cold water (4 °C for 5 min to minimize
nociception), and the shell length (SL) was measured with a caliper. After that, the shell was cracked, the roof of the mantle
cavity was removed and the penile length (PL) and penile sheath length (PSL) were measured under a stereoscopic
microscope. The CApp developmental index (DI) was also estimated. It includes three mutually exclusive stages [25]. (1)
The females with a rudiment penile sheath and a small penile pouch containing a very short penis, (2) females with both
distal and medial glands on the penile sheath rudiment, and a penis which could be everted from the penile pouch, and (3)
females with a short penile sheath with distal and medial glands and a penile sheath groove, and a coiled penis within the
penile pouch.

Experiments
Masculinization in female snails cultured in reconstituted or tap water

Initially we compare animals cultured in either tap water (TW) or reconstituted water (RW) since tap water
showed significant concentrations of several elements in a previous study [20]. In this experiment, the masculinization index
in animals cultured from hatching to 4, 5, 6 and 7 months old in either TW or RW was evaluated (Figure 1, green and blue
lines, respectively). The aquarium water was changed thrice weekly and then saturated with 1.3 g/L CaCOs [20].
Reconstituted water was a saline solution (high purity salts) in metal-free American Society for Testing and Materials type
I water (ASTM-type I) [10]. Hardness, pH, and alkalinity of reconstituted water (after saturation with CaCOs) were > 286
mg/L of CaCO3, 8.0 and 30.3 mg/L of COs?, respectively, while the values in tap water after saturation were > 286 mg/L as
CaCOs, 7.8 and 48.2 mg/L as COs?, respectively.

Masculinization from apple snails exposed to EPA’s MLC of either Hg, As, or U

Snails were cultured from hatching to the adulthood in aquaria containing metal-free reconstituted water [20].
Control and experimental female snails were maintained in 6 L aquaria with reconstituted water [10] which was changed
weekly. Each age group (4, 5, 6 and 7 months old) cultured in reconstituted water was divided before sacrifice in four
experimental subgroups that were exposed for 4 weeks to 6 ug/L of TBT [NOECL reported in 26] as tributyltin chloride
(Sigma-Aldrich, T50202) or for six weeks to each of the following compounds, 2 pg/L of Hg as HgCl2 (Sigma-Aldrich, M1136),
10 pg/L of As as NasAsOs 7H20 (Sigma-Aldrich, S9663), or 30 pg/L of U as UO2CH2COOH (Ted Pella Inc.19481) (Figure 1,
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orange lines). These elements were selected because of their potential toxicity to humans and the environment and it were
used at the maximum contaminant levels (MCLs) for human consumption allowed by EPA regulations. Exposure conditions
were semi static and each compound was added after changing the aquarium water. No snails died during the exposure
period. Shell length, PL, PSL, and DI were measured as described above.

Statistical analysis

For analysis of the distribution of variables we use a Kolmogorov-Smirnov normality test, and Bartlett’s test for
equal variances was used to evaluate homogeneity of variances. Significant differences between groups were evaluated
with a Kruskall-Wallis and Dunn’s Tests, while significant differences between two groups were analyzed with a Mann
Whitney Test. The p-value stablished was 0.05.

Results and Discussion

Masculinization in female snails cultured in reconstituted or tap water

Temporal changes of reproductive parameters (PL, PSL and DI) in adult females that were cultured in either
reconstituted or tap water are shown in Figure 2 (left panels). Shell length from females cultivated in tap water reached
higher values than the observed in females cultivated in reconstituted water at 5 (RW=32.2+0.8, TW=37.2+0.8, mean+SEM),
6 (RW=34.4+0.7, TW=39.5+0.7, mean+SEM) and 7 months old (RW=35.4+1.7, TW=38.7+0.5, mean+SEM) (Mann Whitney Test,
p <0.05). Adult females cultured in RW did not show significant changes in the masculinization parameters. Moreover, in
TW cultured animals, we did not observe any masculinizing change at 4 and 5 months old (mean values: PL=1.2 and 1.7;
PSL=1.6 and 1.7; DI =1.40 and 1.53, respectively), but these parameters were significantly increased at 6 and 7 months old in
tap water cultured females (mean values: PL=6.3 and 2.3; PSL=2.9 and 2.0; DI=2.53 and 2.46, respectively) (Kruskal-Wallis
one-way analysis, Dunn's test; p< 0.05) (Figure 2, left panels). Furthermore, a principal component analysis was made on
the SL, PL, PSL, and DI as variables and the snail age group (cultivated in reconstituted and tap water) as classification
criteria. The first two components explain the 96.3% of the variance. Both components clearly separate the PL vector from
PSL, DI, SL vectors, although with different variance (PC1=90.8% versus PC2=5.5%). The PSL, DI and SL vectors were more
closely associated with older females cultivated in tap water. Moreover, females of 6-7 months old of P. canaliculata cultured
under laboratory controlled have showed a developed PSL and an increase in the PL. Here, we show that females cultivated
in reconstituted water (4-7 months old) does not develops the CApp with age, compared to females of the same age
cultivated in tap water, an effect that could be related to the final size reached at different ages in these groups. Together,
these findings indicate that water quality used for snail culture may affect the female “physiological” masculinization that
occurs with age.
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Figure 1. Experimental designs. First experiment: copulatory apparatus (CApp) growth and development in
female snails cultivated in a reconstituted or tap water (green and blue lines, respectively). Second experiment:
snails cultured from hatching to adulthood in reconstituted water and then exposed to organotin (TBT; four
weeks) or different elements (Hg, As, and U; six weeks) (orange lines). At the end of the experiments (4, 5, 6 and
7 months old), the snails were sacrificed and the shell length and different reproductive parameters were
measured.
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Masculinization from apple snails exposed to EPA’s MLC of either Hg, As, or U and TBT

The SL in each age group remained approximately constant after exposure to Hg, As, U or TBT (Kruskal-Wallis
one-way analysis, Dunn's test; p> 0.05) (Table 1). An analysis of variance showed that TBT exposed females, regardless of
age, significantly increased PL and PSL, reaching the maximum DI (Kruskal-Wallis one-way analysis, Dunn’s test; p< 0.05)
(Figure 2, right panels), as it was previously described in females of this species exposed to TBT at NOECLlevels [26]. On
the other hand, PL and PSL showed no significant changes in females exposed to Hg, As and U among 4 and 7 months old
(Kruskall-Wallis one-way analysis, Dunn's test; p> 0.05) (Figure 2, right panels). A principal component analysis confirmed
this result. The components 1 (74.9%) and 2 (24.4%) explain almost all variance and they clearly separate SL from other
reproductive parameters. The PL, PSL and DI vectors were more closely associated with TBT exposed females, and they
were independent of females” exposure to Hg, As, U (Figure 2, right panels). The results of this second experiment indicates
that females exposed to MCLs-EPA of Hg, As and U, that are accumulated in snail tissues [20], do not have any
masculinizing effect in this species, unlike the evident masculinizing effect observed in animals exposed to TBT.

Table 1. Shell length of P. canaliculata females cultured in reconstituted water and then exposed to mercury (Hg),
arsenic (As), uranium (U), or tributyltin (TBT).

Age Hg As U TBT
Shell lenght 4 mo. 28.0£2.5 34.4+1.4 32.3+0.7 34.4+1.9
5 mo. 31.2+0.5 31.8+0.4 31.8+0.9 34.5+1.1
6 mo. 36.7x1.7 33.9+1.2 36.6+0.4 34.8+1.7
7 mo. 32.8+14 34.3+2.5 36.1+14 32.0+1.6

Tin (Sn) (as the organotin compound, TBT) was the only element able to induce any significant change in growth
and development (maximum score). This masculinizing effect was independent of the age of the snails and of the
composition of the water in which the organotin was dissolved (either tap or reconstituted water), and these organs were
similar (but smaller) than the observed in adult males under normal culturing conditions [34]. Likewise, in the ampullariid
Marisa cornuarietis, females showed masculinization when are exposed to TBT or TPT [35-37]. However, P. canaliculata was
more tolerant than M. cornuarietis at high organotin compounds concentrations. While P. canaliculata tolerates 6 pg/L of
TBT [NOECL, 26], M. cornuarietis showed high mortality above 500 ng/L of TBT [37].
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Figure 2. Left panels show reproductive parameters (penile length -PL-, penile sheath length -PSL-, developmental
index -DI-) of females that were cultured from hatching to 4, 5, 6 and 7 months old either in tap (TW) or reconstituted
water (RW). Equal letters indicate significant differences among groups (p< 0.05, Kruskall-Wallis, Dunn’s Tests) of

females at different ages under the same culture conditions; asterisks indicate differences between equal month-old
females that were cultured in TW or in RW (p< 0.05, Mann Whitney Test). Principal components (PC) analysis using
shell length (SL), PL, PSL, and DI (yellow circles) as variables and the age and both water qualities as a criterion of
classification (blue circles). Right panels show females cultured in RW from hatching to 4, 5, 6 and 7 months that were
exposed to TBT (NOECL, 6 ug/L) for 4 months, and Hg (2 pg/L), As (10 pg/L) or U (30 pg/L) for 6 months. One asterisk
indicates differences between TBT and Hg, As, and U, and two asterisks indicate differences between Hg or U and TBT
(p< 0.05, Kruskall-Wallis, Dunn'’s Tests). PC analysis using the SL, PL, PSL and DI (yellow circles) as variables and the
age and the treatment as a criterion of classification (blue circles).
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Conclusions

This study provides evidence against the hypothesis of the heavy metals and uranium as female masculinizing
agents in apple snails. In addition, we confirmed the potential of TBT to accelerate the age-related development of the CApp
in P. canaliculata females.
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