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HIGHLIGHTS
e The gametogenesis of Biomphalaria glabrata was described.
e Oogenesis was classified into five developmental stages.
¢ New histomorphometric parameters were described for oocytes.

e Spermatogenesis was classified into seven stages of development.

B. glabrata histomorphometric parameters as a tool for environmental and public health researches.

Abstract: The reproductive system has a fundamental role in population dynamics and several reproduction
strategies have been shaped by the environment over time. Many environmental pressures are generated
by releasing pollutants, as endocrine disruptors, that can affect the reproductive system of individuals, among
them invertebrates. The freshwater snails Biomphalaria spp. are used as biomonitor in several
ecotoxicological studies; however, there are few studies about gametogenesis and morphology of
reproductive snail cells, which could be used as a new biomarker. In this sense, the current study aims to
characterize Biomphalaria glabrata gametogenesis, bringing new histomorphometric parameters for
germinative cells. Results showed that the hermaphrodite tissue is formed by several acini with simple
pavement epithelium with germinative and somatic cells. Oogenesis was classified into five developmental
stages (Ol to OV) according to diameter, nucleus area, total area, and follicular cell development, and then
classified into previtellogenic and vitellogenic oocytes. The spermatogenesis was classified into
spermatogonia (Spg), spermatocytes (Spc) and spermatids that were subdivided into five stages (Spt | to Spt
V) according to cytoplasm losing, and nucleus spiralization along with Sertoli cells development. Thus, the
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present study highlights the gametogenesis of B. glabrata with new histomorphometric parameters, which
can be an important tool for ecotoxicological and molluscicidal developmental further studies.

Keywords: hermaphrodite; freshwater snail; histomorphometry; oogenesis; spermatogenesis.

INTRODUCTION

The morphological complexity of the hermaphroditic reproductive system, the high influence of
environment gametes maturation, and the high diversity of gastropod reproductive strategies reflect their life
history strategies [1,2]. Hermaphroditism is widespread in the Class Gastropoda, and it is an important
evolutionary strategy, since from a few individuals, through self-fertilization (or cross-fertilization)
mechanisms, species can quickly establish new populations and colonize a new environment [3,4]. This
strategy is present in a lot of snails of medical and veterinary importance, that acts as intermediate hosts of
parasites, such as Biomphalaria glabrata, Lymnaea stagnalis, Physella acuta and Cornu aspersum, which
are also widely studied as model systems in ecotoxicology due to their fast life cycle and population density
[5-7].

The freshwater snails Biomphalaria spp. have been one of the widely used invertebrate model system
in laboratories [8-16], mainly due to their short life cycle, ease of maintenance and reproduction [9,10]. A lot
of research has used the snail as a biomonitor in ecotoxicological risk assessments due to its high sensibility
to several aquatic pollutants [8, 11-15]. Also, invertebrates make up most of the fauna in aquatic environments
[17] and may be used to assess the mode of action (MoA) and ecotoxicity of endocrine-disrupting chemicals
(EDCs) [10, 18-20]. The EDCs can decrease the reproduction, fertility, fecundity, hatching ratio, alter the
synthesis and metabolism of hormones or their receptors, change the behavior and development, or induce
histopathological alterations in the snail gonads [21-25]. The gonad (ovotestis) is a crucial organ for
understanding the effects of EDCs on the aquatic environment in different species and may offer several
histopathological biomarkers [26,27].

The hermaphrodite snail B. glabrata can use the endogenous sperm (autosperm) to self-fertilize or the
exogenous sperm (allosperm) to cross-fertilize. However, grouped snails prefer to copulate and reproduce
by cross-fertilization [28,29]. Significant advances in the knowledge of reproduction in B. glabrata have been
made in the last decade, especially associated with qualitative histological, ultrastructural, and metabolically
analysis after parasitic infection [30-32]. However, due to the increasing use of the B. glabrata as a model
system in toxicology and ecotoxicology [19,33,34], the description of the gonadal histomorphometric
parameters is important to complement the analyses with the qualitative histopathological biomarkers.

Accordingly, the present study aimed to characterize the gametogenesis of B. glabrata by qualitative and
guantitative histological assessment, as well as to provide detailed information on the gonadal structure. A
series of detailed photomicrographs and a schematic model of the gametogenesis of B. glabrata are
presented. Furthermore, the knowledge of the morphological characteristics of gonads also helps to
understand the MoA and toxicity of potential molluscicides, bringing important information for studies related
to the development of new compounds for the control of schistosomiasis-transmitting snails.

MATERIAL AND METHODS

Snails

Adult snails B. glabrata (BH strain) with a shell diameter of 10 + 2 mm and a total weight of 0.28 + 0.04
g were obtained in the Institute of Tropical Pathology and Public Health from the Federal University of Goias
(UFG - Brazil) and maintained in laboratory conditions accordingly to Organisation for Economic Co-
operation and Development (OECD) guideline n° 243 [35]. Snails were maintained in tanks filled with 20 L of
dechlorinated water under controlled conditions of temperature (26 £ 1 °C), pH (7.0 + 1) and photoperiod
(12:12h light/ dark cycle). Snails were fed ad libitum three times per week with fresh lettuce leaves.

Histology and histomorphometry

The snails (n = 18) were euthanized by a puncture in the pericardial cavity using a disposable syringe to
collect hemolymph. The gonad was carefully dissected and immediately fixated by immersion in 4 %
paraformaldehyde buffered solution for four hours under agitation. Afterward, gonads were dehydrated
through increasing ethanol gradient, embedded in glycol-methacrylate resin (Historesin, Leica, Germany),
sectioned into 2.5 pm thick slices (3 slides per snail; 10 sections per slide; totalizing 540 sections) and stained
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with 1 % Toluidine blue (TB) at pH 8.5. Histological assessment and digital image capture were performed in
the light microscope (Leica DM 750) associated with software Leica ICC50 HD).

For qualitative and histomorphometric analyses, images of gonad sections were randomly captured at
200x magnification and analyzed using the Image J software (version 1.46r — 64 bits). The following
histomorphometric parameters were analyzed: (i) Number of previtellogenic and vitellogenic oocytes; (ii)
Smaller and larger diameter of oocytes; (iii) Total and nuclear area of oocytes; (iv) Nucleus/cytoplasm (N:C)
ratio. Also, oocytes were classified as previtellogenic (Ol and Oll) and vitellogenic (Olll, OIV, OV) according
to the increasing yolk granules. The morphology of gametogenesis (oogenesis and spermatogenesis) and
vitellogenic process were analyzed according to previous studies with B. glabrata [36-39] and other
gastropods [40,41].

Statistical analysis

Statistical analyzes were performed using the RStudio software (RStudio team, 2015), using normality
and homoscedasticity tests for all data using the Shapiro-Wilk and Levene tests, respectively, and the Tukey
test was performed posteriorly. Subsequently, the Kruskal Wallis, Spearman correlation and Kendall-Theil
regression test was performed using p-value = 0.05.

RESULTS AND DISCUSSION

Morphology of B. glabrata

External morphology and the anatomy of the hermaphrodite gonad of B. glabrata are show in Figure 1.
B. glabrata has a brownish-colored shell with biconcave disc form, non-operculated and flat-spiral with a
sinistral orientation (Figure 1A). Adult individuals were reaching 20 to 40 mm in diameter, as previously
described [38]. The hermaphrodite gonad (ovotestis) is located in the central gyrus shell (Figure 1B). Also,
the reproductive system is widely used for taxonomic differentiation between species [42-44]. The
reproductive system consists of cells, glands and channels that form the female clusters: vagina, vaginal
pouch, spermatheca, uterus, nidamental gland, oviduct pouch, oviduct and albumen gland. Furthermore,
several structures form the male clusters, such as penis and accessory structures (foreskin, protractor and
retractor muscle of the foreskin), vas deferens, prostate, sperm channel and hermaphroditic structures
[38,45]. In ovotestis, male and female germinal cells are produced, which are conducted to the collecting
channel, and carried along to narrow ovispermiduct.

The male gametes accumulate and undergo maturation in the seminal vesicles. In contrast, the female
gametes are conducted via ovispermiduct to a small bag called the genital crossroads or carrefour, which
receives the secretion from the albumen gland involving the oocyte and which forks in the male and female
branches. Also, male gametes are directed to the ovispermiduct, while female gametes are directed to the
oviduct. Fertilization occurs in the uterus, and previously, in the carrefour, the oocyte receives the nutritive
secretion from the albumen gland, travels through the oviduct pouch containing secretions from the
nidamental gland forming groups encapsulated by these secretions called “ovigerous capsules”
[38,39,46,47].
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Figure 1. External (A) and internal morphology (B) of the freshwater snail Biomphalaria glabrata. (A) A whole animal
showing shell, foot and tentacle. (B) Dissected snail showing gonad (G), digestive gland (Dg), medium intestine (Mi),
posterior intestine (Pi), anterior intestine (Ai), stomach (S), aloumen gland (Ag), renal crest (Rc), cephalopodal mass
(Cm), tentacle (Te), Muffle (Mf).

Histological characterization

The histological assessment showed that the oogenesis and spermatogenesis of the B. glabrata occur
in the same follicular acini (Figure 2), which is lined by a simple pavement epithelium and consists of acini
that house the male gametes and Sertoli cells, as well as female gametes with follicular cells which together
prevent self-fertilization, confirming their potential capacity of self-fertilization in stress periods and be
resistant to perlods of desiccation [48]

Figure 2. Photomicrograph of the hermaphrodltlc gonad of Biomphalaria glabrata snall (A) Transversal section showing
a general view of tissue (200x magnification). (B) Transversal section showing a more detailed view of acini (400x
maghnification). Scale bars: A = 100 um; B = 50 um. Stage | oocytes (Ol); stage Il oocytes (Oll); stage 11l oocyte (Olll);
stage IV oocytes (OIV); stage V oocytes (OV); atresic oocytes (AO); Stage | Spermatids (Spt I); stage Il spermatids (Spt
I); stage IV spermatids (Spt IV); stage V spermatids (Spt V); simple pavement epithelium (SPE). The gonads were
embedded in glycol-methacrylate resin and stained with 1 % toluidine blue at pH = 8.5.
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Figure 3. Scheme illustrating the oogenesis and spermatogenesis in the Biomphalaria glabrata. Size and color are not
representative and should not be compared.

The gametogenesis in B. glabrata is a complex process characterized by cellular proliferation and
differentiation (Figure 3), similar morphology was described for Biomphalaria alexandrina (Ehrenberg, 1831)
[40] and for Helicodonta obvoluta (O. F. Miller, 1774) [41]. In this process, somatic cells (Sertoli cells) provide
structurally and function support for survival, proliferation, and differentiation of germ cells, with are
fundamental for spermatogenesis, being responsible for the transport of the apical to the basal part of the
acini, nutrition, and development of spermatogenic cells, differentiating together, as well as the production of
steroid hormones [37].

Oogenesis

Biomphalaria glabrata oocytes were classified into previtellogenic (Ol, Oll) and vitellogenic (Olll, OIV,
QV) (Table 1; Figure 4). Previtellogenic oocytes were more frequent cells (87.8 %) compared to vitellogenic
oocytes (Figure 5A). Previtellogenic oocytes are smaller in size and have a basophilic cytoplasm due to the
low number of cytoplasmic granules and due to the accumulation of rRNA and heterogeneous RNA in the
cytoplasm [36] (Figure 4A, B). The primary oocytes (Ol) or oogonia are smallest cells (smaller diameter = 9.2
+ 1.92 pym; larger diameter = 9.43 + 1.61 um) (Figure 5B) with no follicular cells. Ol showed nucleus (area =
50.80 + 6.93 um?) and nucleolus occupying most of the cytoplasm (area = 85.71 + 16.20 um?) (Figure 4A, B,
5B, C). The secondary oocytes (Oll) (Figure 4A, B) (smaller diameter = 13.98 + 3.17 um and larger diameter
= 15.09 £ 3.90 um) (Figure 5B) with basophilic cytoplasm, having an increase of total area (197.25 + 39.33
um?) and nucleus area (60.21 + 10.83 pum?). No significant difference was observed in the nuclear area of Ol
and Oll. However, Ol showed high nucleus/cytoplasm compared to Oll (p < 0.05; Figure 5D), confirming the
increase in the cytoplasm areain Oll due to the presence of cytoplasmic granules.
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Figure 4. Oogenesis in the Biomphalaria glabrata. A. Stage | oocytes (Ol), stage Il oocytes (Oll), stage Il oocyte (OlIl)
and simple pavement epithelium (SPE). B. Ol and Oll; C. Olll and follicular cell (FC); D. stage IV oocyte (OIV), atresic
oocyte (AO) and FC. E. Stage V oocyte (OV) and FC. (A-E). The gonads were embedded in glycol-methacrylate resin

and stained with 1 % Toluidine blue at pH = 8.5.
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Figure 5. Quantitative parameters of oocytes of the Biomphalaria glabrata during different stages of oogenesis. A. The
number of previtellogenic and vitellogenic oocytes; B. Horizontal and vertical diameter of oocytes; C. Total area and
nuclear area of oocytes; D. Nucleus/cytoplasm ratio. Results are expressed as mean + standard deviation. Capital
letters show differences between stages, while uppercase letters show differences in the same stage.
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Figure 6. Spearman correlation of the quantitative parameters of oocytes of the Biomphalaria glabrata during different
stages of oogenesis. The different stages of oocytes are represented in different colors: Stage | oocytes (Ol): pink; stage
Il oocytes (OIl): brown; stage Il oocyte (Olll): green; stage IV oocyte (OIV): blue; and stage V oocyte (OV): purple. p-
value < 0.05 (*); p-value < 0.01 (**); and p-value < 0.001 (***).
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Vitellogenic oocytes feature an linear increase of smaller diameter and larger diameter over oogenesis
(Ld = 0.9388 Sd + 1,3991; r = 0.916; p < 0.05), also featuring an evident increase of total area and nucleus
area with a linear increase over oogenesis (Ta = 4.5101 Na — 121.3328; r = 0.956; p < 0.05), and loss of
cytoplasmic basophilia due to increased presence of cytoplasmic granules throughout oogenesis (Figure 4
C-E; Figure 5 A-D; Figure 6). Vitellogenic oocytes are made up of tertiary oocytes (Olll) (Figure 4C) with an
evident increase of diameter (smaller diameter = 34.50 £ 10.08 um and larger diameter = 35.41 £ 9.53 um)
(Figure 5B), total area (1060.21 + 391.83 um?), and nucleus area (281.55 + 95.59 um?) (Figure 5C) and
presence of small follicular cells in development with a centralized nucleus. The quaternary oocytes (OIV)
(Figure 4D) have smaller and larger diameters equal to 58.06 + 11.81 pum and 61.22 + 13.44 pm respectively
(Figure 5B) with the total area and nucleus area equal to 2715.48 + 702.1 pm and 591.21 + 130.14 um?,
respectively (Figure 5C), and have the presence of pavement follicular cells in development with an increase
of cytoplasmic area and a lateralized elliptical nucleus; and mature oocytes (OV) (Figure 4E) have the biggest
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diameter (smaller diameter = 81.95 + 19.14 um; larger diameter = 79.20 =+ 17.51 um) (Figure 5B), total area
(6264.79 + 1788.96 um?) and nucleus area (1265.31 + 284.65 pm?) (Figure 5C) with developed follicular
cells.

During oogenesis, the nucleus of oocytes in the early developmental stages is large in relation to the
total cell area, having a high nucleus/cytoplasm (N:C) ratio. The N:C ratio decreased linearly in relation to
total area (N:C ratio = -3.636e-05 Ta + 3.213e-01; r -0.822; p < 0.05) and nucleus area over oogenesis (N:C
ratio = 32.8655e-02 Na + 0.01729e-02; r = -0.668; p < 0.05) (Figure 6). Previtellogenic oocytes have the
higher N:C ratio (Ol = 0.62 = 0.14; Oll = 0.33 + 0.75) when compared to vitellogenic oocytes. Vitellogenic
oocytes have a decrease of the N:C ratio due to an increase of cytoplasmic volume, with OIll = 0.28 £ 0.55,
getting lower on OIV and OV with the same N:C ratio (OIV = 0.22 £ 0.039; OV = 0.22 + 0.071). The cell size
is an important parameter for adaptability in the environment, having different mechanisms that control size
by a variation of macromolecular synthesis depending of nutrient availability in the environment [49].

Table 1. Characterization of the oogenesis in the snail Biomphalaria glabrata (Say, 1818).

Stages Description

Previtellogenic

Oogonia with basophilic cytoplasm; absence of cytoplasmic granules and
Oocyte Stage | (Ol) follicular cell; nucleus and nucleolus occupying most of the cytoplasm.

Oocyte with basophilic cytoplasm; a significant increase of cytoplasmic area.
Oocyte Stage Il (Oll) Nucleus and nucleolus areas don’t present a significant increase in comparison
with Ol and occupy most of the cytoplasm.

Vitellogenic

Oocyte with an increase of cytoplasm eosinophilia by the presence of cytoplasmic
Oocyte Stage Il (OllI) granules, significant increase area of cytoplasm and nucleus; Presence of small
follicular cell in development with a centralized nucleus.

Oocyte with eosinophilic cytoplasm and presence of cytoplasmic granules; a
Oocyte Stage IV (OIV) significant increase of cytoplasm and nucleus area; pavement follicular cell in
development with a lateralized elliptical nucleus.

Oocyte developed with eosinophilic cytoplasm and cytoplasmic granules;

Oocyte Stage V (OV) follicular cells developed.

Spermatogenesis

Biomphalaria glabrata spermatogenesis was classified into three developmental stages (Spermatogonia
- Spg; Spermatocyte — Spc; Spermatids — Spt) (Table 2; Figure 7). This classification was based on
morphological characteristics, mitotic and meiotic process, performing the proliferation of male sexual cells,
loss of organelles and half of the genetic material, and the inactivation of the nucleus by a process called
histone transition, where lysine-rich histones are replaced by arginine-rich histones that act as genetic
repressors [37]. The chronology of spermatogenesis was previously estimated [50] to be approximately 36
days (1-13 days, spermatogonia, 14-20 days, spermatocytes and 21-36 days, spermatids) and the
morphology of Sertoli cells also changes considerably during all the spermatogenesis due to its essential role
in the development of spermatozoids.
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Figure 7. Spermatogenesis in the Biomphalaria glabrata. A. Spermatogonia (Spg) and Sertoli cell (Sc). B.
Spermatocytes (Spc) and Sc. C. Spermatids Stage | (Spt I) and Spermatids Stage Il (Spt Il). D. Spermatids Stage 1l
(Spt 11l) and Sc. E. Spermatids Stage IV and V (Spt IV, Spt V) and Sc; F. Spermatids Stage V (Spt V) and Sc. (A-F).
The gonads were embedded in glycol-methacrylate resin and stained with 1 % Toluidine blue at pH = 8,5.

The first cell stage is the spermatogonia (Spg) (Figure 7A), which is pear-shaped with a nucleus in its
apical portion, forming a cluster of Spg accompanied by a Sertoli cell in the shape of a bell. Spg and Sertoli
cells start to differentiate, performing mitosis and both Spg and Sertoli cells being more elongated originating
spermatocytes (Spc) (Figure 7B), which are cylindrical cells with a nucleus in their apical portion and
accompanied by elongated Sertoli cells linked to the basal portion.

In the last developmental stage, the spermatocytes (Spc) perform a meiotic process and the histone
transition, originating spermatids (Spt), which are elongated cells with condensate nucleus (Figure 7C - F).
Spt is subdivided into five stages of development (Spt I, Spt I, Spt lll, Spt IV, Spt V) according to the loss of
cytoplasm, being more elongated after each stage and insertion of a nucleus in the Sertoli cell. In the first
stage (Spt I) (Figure 7C), the cell starts to lose cytoplasm for the Sertoli cell, and the nucleus of these
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cylindrical cells begin to migrate to your basal part. In the second stage (Spt Il) (Figure 7C), the nucleus
almost reaches the basal portion of the cell, being more elongate with less cytoplasm accompanied by an
elongated Sertoli cell with an increase of cytoplasmic volume. In the third stage (Spt Ill) (Figure 7D), the
nucleus reaches the basal portion of the cell and, from that stage, the nucleus starts to be more elongated
and start a spiraling process, well described by Transmission electron microscopy [37], for the insertion of
spermatids on Sertoli cells. In the fourth stage (Spt V) (Figure 7E), the cell finishes the spiraling process off
the nucleus, showing a fusiform nucleus insert in an oval Sertoli cell. In the final stage of development (Spt
V) (Figure 7E,F) the stage V spermatid or spermatozoa loses most of your cytoplasm for the Sertoli cell
becoming a thin and elongated cell with a fusiform nucleus with a weak insertion in a big and oval Sertoli cell.

Table 2. Characterization of the Spermatogenesis in the snail Biomphalaria glabrata (Say, 1818).

Stages Description

Spermatogonia (Spg) Pear-shaped cells with a nucleus in their apical portion forming clusters
P 9 P9 and accompanied by bell-shaped Sertoli cells.

Cylindrical cells with a nucleus in their apical portion and accompanied by

Spermatocytes (Spc) elongated Sertoli cells linked to the basal portion.

. Cylindrical cells, the nucleus starts to migrate to the basal portion, being

Spermatids Stage | (Spt) accompanied by elongated Sertoli cells connected to its basal portion.

Cylindrical and elongated cells with nucleus almost in their basal portion

Spermatids Stage Il (Spt Il) accompanied by elongated Sertoli cells attached to their basal portion.

Cylindrical and elongated cells with a nucleus in their basal portion
Spermatids Stage Il (Spt 1lI) undergoing a spiraling process, inserting themselves into the Sertoli cells
that have an oval shape with a large amount of cytoplasm.

Elongated cells with a fusiform nucleus in their basal portion inserting into
Spermatids Stage IV (Spt IV) the Sertoli cells with an oval shape, and the presence of cytoplasmic
portions migrating along with the cell.

Spermatozoa, being long cells with a fusiform nucleus inserted in the

Spermatids Stage V (Spt V) oval-shaped Sertoli cells.

CONCLUSION

After a qualitative and quantitative study, it was possible to describe the gametogenesis of the
hermaphrodite snail B. glabrata, bringing all morphological characteristics of the female and male germinative
cells and Sertoli cells throughout its development, bringing morphological characteristics of oocytes and
spermatocytes and histomorphometric parameters of all stages of the oocyte development. These
parameters can be used as a tool for assessing the impact and toxicity of different pollutants in the
reproductive tissue of B. glabrata when used as an environmental biomonitor, as well in public health
researches that aim to evaluate new substances to control the intermediate host snail of Schistosoma
mansoni.
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