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SUMMARY: In this study we describe the functional morpholog€oinu aspersurfHelix aspersy spermatozoa using light,
scanning (SEM) and transmission electron (TEM) microscopies. The studies were performed with sperm located in the frozen
hermaphroditic duct. Our results showed that the head presents an elongated conical shape slightly coiled in a corkdwew, with
nucleus partially covered by an acrosome, where an apical vesicle is located at the lateralized apex. This peculiar stafe sugge
helical displacement movement of the spermatozoa. The head and the nucleus are slightly larger size compared to tigaséropother
species. The intermediate tract is surrounded by a mitochondrial complex and a glycogen helix. The glycogen helix igcatited hel
along the intermediate tract, presenting at least five twists of glycogen helices. The complexity of both the mitochopiriahndm
the glycogen helix suggests a high metabolic consumption considering the long period of time until fertilization occagin@siofi
the detailed characterization Gbrnu aspersunspermatozoa, obtained from a frozen hermaphroditic duct can contribute to a better
understanding of the functional morphology of sperm and serve as a reference for future studies.

KEY WORDS: Cornu aspersupSpermatozoa; Frozen hermaphroditic duct; Transmission electron microscopy; Scanning
electron microscopy.

INTRODUCTION

Hermaphrodites usually possess sperm storage orgémsunderstand the mechanisms of post-copulatory sexual
as a component of their reproductive systems (Michielselection in hermaphrodites. As in many other animal taxa,
1998) playing an important role in sexual selection procesdérere is vast amount of information available on the
(Angeloniet al, 2003). Gastropod population densities arenorphology of the reproductive system of land snails,
often so high that multiple mating are common before eggéthough this knowledge has been used primarily in
are laid (Michiels, 1998), which provide an opportunity fotaxonomy and to infer phylogenetic relationships (Wagele
sperm competition (Baur, 1998). The presence of allospednWillan, 2000; Dayrat & Gosliner, 2005; Alvirat al,
obtained from successive copulations and stored in tB811). The general morphology of the reproductive system
spermathecal tubules (Tompa, 1984) increase suohsome species of helicids has been widely described
competition. (Rogerst al, 1980; Tompa, 1984; Gomez, 2001; Baur, 2010;

Jarneet al, 2010; Lodi & Koene, 2016; Salesal, 2019).

The great morphological diversity existing in the
reproductive system of the family Helicidae (Beeman, 1977) In Cornu aspersuralso known aslelix aspersathe
makes the knowledge of the reproductive tract, and the spegenital tract has a hermaphroditic duct through which both
functional morphology of these gastropod interesting modedperm and oocytes circulate from a common gonad, the
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ovotestis. It empties into the fertilization chamber (whiclising light, transmission, and scanning electron
is located at the intersection of the hermaphroditic duct antdcroscopies to delve into the characterization of the sperm
the albumen gland) where sperm and eggs follow twas a reference for futures studies on ecological indicators,
different paths (ovispermiduct), one for the fertilizedaxonomic characteristics, sexual selection among others.
oocytes, the oviduct, and another for the sperm, the sperm
duct. Both ducts end in a common cavity, the atrium
(Rousselet, 1979; Tompa, 1984; Gomez, 2001; Baur, 20MATERIAL AND METHOD
Jarneet al, 2010). The sperm duct diverges from the oviduct
to form the vas deferens, which empties into the penis sac,
which contains a copulatory organ that accesses the gehiimals. Colonies of frozen adults d@ornu aspersum
tal pore of the other individual (Lucarz, 1984; Blanc &vere obtained directly from a snail farm located in Ma-
Attia, 1992). The oviduct ends directly in the atrium nextirid, Spain. These colonies were transported to the
to the digitiform glands and the dart sac, which containslaaboratory of Department of Physiology of the
calcareous dart (Koene & Chase, 1998). The concentrati@omplutense University of Madrid. Individuals were
of sperm in the hermaphroditic canal of an individual asolated and kept frozen at less than -18 °C for 48 hours.
Cornu aspersunis on average 1,450,000 sperm/fnmHermaphroditic ducts were extracted from 28 snails and
depending on the sexual activity of the individual (Rogeffixed according to the purposes of the study.
& Chase, 2001; Baur, 2007).
Light microscopy (LM). Ten hermaphroditic ducts (6-10
The fine structure of spermatozoa of different groupsim thick) were fixed in 4 % paraformaldehyde (REF
of mollusks have been extensively investigated (Buckland5710; Electron Microscopy Sciences) and 2.5 %
Nicks et al, 1982; Healy & Willan, 1984; Healy, 1988, glutaraldehyde (REF 16210; Electron Microscopy
1989; Healy & Jamieson, 1989; Jamieson & Hodgsociences) in phosphate buffered saline (PBS) 0.1 mol I-1
1991; Ke & Li, 1992; Ponder & Lindberg, 1997; Bab for 4 h at 4 °C, washed in PBS and stored for 12 h at 4 °C.
al., 1998). The spermatozoa morphological features c&amples were then washed in distilled water and dehydrated
be used to determine taxonomic characteristicsflealy in a graded acetone (REF UN1090; Panreac Applicchem)
& Willan, 1984; Hodgson & Bernard, 1988) to delineateseries and were subsequently pre-aggregated in agar
the evolutionary route (Justine, 1991) and to detect marigelution to form blocks for paraffin embedding. Samples
pollution (Ke & Li, 1992). Transmission electronwere sectioned into slices#m thick and stained with
microscopy (TEM) has been used in several studies lematoxylin and eosin. The slides were photographed using
gastropods and other mollusks to describe theLeica DML750 microscope equipped with a Leica
spermatogenesis process (Hodgson & Bernard, 1988FC295 camera.
Healy, 1989) and the spermatozoa (Buckland-Natle.,
1982; Healy & Willan, 1984; Hodgson & Bernard, 1988Transmission and Scanning Electron Microscopies
Healy & Jamieson, 1989; Cuezzo, 1994, Bejatl, 2001; (TEM and SEM). For transmission electron microscopy
Fahey & Healy, 2003; Cuezzo, 2011; Mansour & Fallf;TEM), ten hermaphroditic ducts (6-10 mm thick) were
2012). Other studies have combined TEM with scannirfixed in Karnovsky's fixative (4 % paraformaldehyde, 2.5
electron microscopy (SEM) to complement the descriptidb glutaraldehyde) for 4 h at 4 °C, and then washed three
of the spermatozoa (Atkinson, 1982; Buckland-Nicks &mes (10 min each) in PBS and stored for 12 h at 4 °C.
Howley, 1997; Viteet al., 2001; Prince & Cichocki, 2015) Subsequently, samples were washed three times (10 min
and spermatogenesis (Griffortlal, 1991). each) in PBS and postfixed in 1 % osmium tetraoxide (REF
19172; Electron Microscopy Sciences) for 1 h. Samples
To our knowledge, only some morphological aspectsere then dehydrated by immersion in increasing
of Cornu aspersunsperm have been studied with lightconcentrations of acetone and embedded in Spur resin (REF
microscopy and TEM (Ritter & André, 1975; Healy &S024/D; Taab embedding materials spur resin embedding
Jamieson, 1989) but SEM has not been widely used, apat). Semithin sections (1 mm thick; stained with
from (Maxwell, 1975; Anderson & Personne, 1976), so thaaematoxylin-eosin and Toluidine blue) and Ultrathin
surface and three-dimensional morphology at higsections (50-70 nm thick) were obtained on a Reichert
resolution remain poorly known. Otherwise, no previousltracut S microtome (Leica, Wetzlar, Germany) and stained
study has examined sperm ultrastructure in land snails framith methylene blue azure and lead citrate-uranyl acetate,
a frozen hermaphrodite duct. The aim of this study is tespectively. Sections were examined and photographed
describe the functional morphology @brnu aspersum using a JEOL1010 TEM at the National Centre for Electron
spermatozoa, obtained from frozen hermaphroditic ductdjcroscopy, Complutense University of Madrid.
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For scanning electron microscopy (SEM), eighUltrastructure of spermatozoa by TEM and SEM
hermaphroditic ducts (6-10 mm thick) were fixed as
described for light and transmission electron microscop$permatozoa headThe head region has a very elongated
The ducts were then washed in distilled water and dehydratamhical shape slightly coiled in the shape of a corkscrew.
in a graded acetone series until immersion in 100 % acetofibe nucleus is partially covered by an acrosome. In the
Samples were then dried at the critical point using acrosome, an apical vesicle is located at the lateralized apex
intermediate, dissected to expose their contents, moun{sgherical, 0.2-0.8m in diameter; Figs. 2A,G and 3A) and
on stubs, coated with gold, and analysed and photograpteedess electron-dense acrosomal pedestal can be
under a JISM6400 SEM at the National Centre for Electratistinguished.
Microscopy, Complutense University of Madrid.
The nucleus presents a great elongation of the ante-
rior-posterior axis that ends in a tip of approximate
RESULTS dimensions um long by 2um wide in its most basal area,
which can be seen by both TEM (Fig. 2A) and SEM (Figs.
3A-G), and it is slightly coiled about the major axis. In
Morphology of the hermaphroditic duct. The addition, the nucleus presents an invagination in its basal
hermaphroditic duct is almost three centimeters long, coiledea that covers the centriolar zone of the flagellum (this
on itself like a spring, reducing its length to about 0.8 cm. #irea includes the neck of the spermatozoa). The centriolar
is located next to the hepatopancreas in the pallial cavity,zene is shown as a less electron-dense compared to the
whitish in color and easily uncoils when is removed fonucleus. The head is completely covered by a helix-like
processing. perinuclear sheath (helical keel) as shown by TEM in
transverse and longitudinal sections of the nucleus (Figs.
Light microscopy (LM). The hermaphroditic duct is lined 2A,B).
mainly by simple cuboidal epithelium (Fig. 1). It is densely
populated with spermatozoa, generally oriente8permatozoa intermediate tract (mild tract). The neck,
longitudinally, forming waves and the aligned heads beiras previously described, is located within the invagination
perfectly visible. The morphology of the spermatozoat the base of the nucleus. The nucleus completely covers
observed in the histological sections shows a long flagelluthe nuclear fossa (Figs. 2C,D)describing a funnel shape
and a thin, very elongated, and densely stained head (Ridhere the centriolar bodies are located. At the flagellum
1). EachCornu aspersurspermatozoa is formed by a veryinitiation zone, there is a well-developed central sheath of
elongated head, followed by a long flagellum of 1.5 mr.6 mm of length, surrounding the central pair of axonemal
long, which cannot be differentiated from the intermediataicrotubules (Figs. 2 B,E,F and 3E). At the base of the cen-
tract under light microscopy but only under electromral sheath, some electron-dense granules are observed (Fig.
microscopy.

i 3 , - ¢ \ 'F °r: .",'..‘-'{. - <j“,l_ ‘\; .". o J‘J/ ! ) i {3 'y _';4. l\"- "7) i ’

Fig. 1. Light microscopy of the hermaphroditic ducCafrnu aspersum(A) Overview of a sagittal section of the hermaphroditic duct
stained with Haematoxylin-Eosin. (B) Detail of the hermaphroditic duct showing the simple cuboidal epithelium (ep) anente pres
of sperm (sp) in the lumen.
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Fig. 2. TEM images showing
longitudinal and transverse
sections ofCornu aspersum
spermatozoa. A: longitudinal
section through the head,
showing helix-like perinuclear
sheath (helical keel). B:
longitudinal section through the
spermatozoa (scale bar = 0.2
pum), showing centriolar bodies
inside of the nuclear
invagination, electron-dense
granules, and the central sheath.
Besides, this section shows the
begging of the helix of glycogen,
mitochondria, and the
perinuclear sheath. C: transverse
section through the head (scale
bar = 0.5um), showing the
centriolar bodies inside of the
nuclear invagination. D:
transverse section through the
spermatozoa (scale bar = 0.2
pm), showing acrosomal
pedestals, centriolar bodies and
the mitochondrial complex. E:
longitudinal section through
intermediate tract (scale bar =
0.5 um), showing the
mitochondria, and the centriolar
bodies. Transverse section
through the intermediate tract,
showing the helix of glycogen
and the flagellum. F:
longitudinal section through
intermediate tract (scale bar =
0.2 um), showing the central
sheath. G: longitudinal section
through a complete
spermatozoon (scale bar = 1
pm). Transverse section through
the spermatozoa tail. H:
transverse section through the
intermediate tract of multiple
spermatozoa (scale bar = 0.5
pm). AP, acrosomal pedestal;
CB, centriolar bodies; CS, cen-
tral sheath; EDG, electron-den-
se granules; F, flagellum; HG,
helix of glycogen; M,
mitochondria; N, nucleus; PS,
perinuclear sheath; T, tail.

2B) that could act as a connection nodule between thg a set of concentric structures that include: an axial
axonemal doublets and the central sheath. The intermedifiiement, a crown of outer fibers, and a mitochondrial sheath.
tract is more than 3pm long and has a flagellum partially The axial flament originates from the distal centriole and
surrounded by mitochondria. In this assembly, a much thinnextends to the end of the sperm tail, which consists of a
helix of glycogen is coiled (Figs. 3C,F). The tract is formetundle of longitudinal fibers, with a typical flagellar
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structure. The crown,

composed of nine external
fibers, is arranged

concentrically to the axial

filament, and has a
characteristic shape that
varies with distance from the
head. The axial filament and
the crown of fibers maintain

their rectilinear structure

throughout the intermediate
tract and posterior to the tail.
The mitochondrial sheath
externally surrounds the
crown of fibers on one side
(Fig. 2G), while a large

accumulation of glycogen

forming a helix, as previous
described by other studies,
twisting through at least five

revolutions along the

intermediate tract (Figs.

2G,H).

Spermatozoa tail. The tail

is a very long and dense
filamentous piece, with a
length of about 1 mm, and
contributes to the mobility

of the sperm. It presents a
structure similar to that

described in the

intermediate tract, of which

it is a continuation apart

from the absence of the
mitochondrial sheath but
presenting instead a fibrous
protein sheath (Fig. 3G).

10um

Fig. 3. SEM images ofornu aspersunspermatozoa. A: Image showing the displacement of the
apical vesicle. B: Image showing of one of the multiple spermatozoa. C: Image showing the helix of
glycogen of multiple spermatozoa. D: Image showing the perinuclear sheath of the spermatozoa. E:
Image showing a broken intermediate tract, where the flagellum is observed. F: Image showing that
the glycogen helix coils helically along the intermediate tract. G: Image showing the helix of glycogen
of the spermatozoa. AV, apical vesicle; F, flagellum; HG, helix of glycogen; PS, perinuclear sheath.
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DISCUSSION

This study describes the morphology andnd by Bojatt al (2001) inAranta arbustorumby TEM,
ultrastructure of the sperm @fornu aspersunobtained the SEM analysis allowed us to add more interesting
from the dissection of the hermaphroditic conduct. Thaformation about, for example, the shape (spherical), the
morphological and functional characteristics of gastropodisngth (0.2-0.3um in diameter) and the location of the
spermatozoa, as well as the anatomical structures of thegiiical vesicle. The vesicle located just at the edge of the
reproductive system have been widely described, mairdgrosome, slightly displaced to the side as described in a
based on the use of various microscopy techniques, as Ipkévious study iranta arbustorun{Bojatet al, 2001).
or TEM. In a recent study in sea slu@Kaenia Although the apical vesicle has been described by TEM in
polycerelloide} (Sales & Marian, 2020) the sperm-up to five species of the nudibranch gastropods (Wilson &
containing chambers were described by LM, TEM anHealy, 2002) as well as Epiphragmophora tucumanensis
SEM. However, the authors did not show the spermatozGachlicella acuta(Mansour & Falla 2012), and in up to
ultrastructure. Our findings i@ornu aspersuncoincide six species of orthalicid gastropods (Cuezzo, 2011), the
with the study by Sales & Marian (2020) that large numbedisplacement of the vesicle was not mentioned. Subsequent
of spermatozoa fill the sperm-chambers, with the headsDEM studies in other three specieAcfinocyclus
spermatozoa aligned. verrucosus Hallaxa iju and Hallaxa indecorg of

nudibranch (Wilson, 2005), described an ovoid-shape

The hermaphroditic duct @ornu aspersurhad a centered on the edge of the acrosome. In addition, in
cuboidal epithelium as has been observed in previoAstinocydas verrucosuan ovoid apical vesicle was shown
studies in others gastropods suchPdrysa fontinalis to measure 0.1um in its major axis (Wilson, 2005), a
(Duncan, 1958), andplysia kurodaixLeeet al, 2015). very low data compared with our studydornu aspersum
In the latter, two kinds of epithelial cells were described®arallel data have been obtained for other species of
non-ciliated columnar epithelial cells and irregularlynolluscan nudibranch (Fahey & Healy, 2003), indicating
shaped capping cells with apical cilia. Ciliated cuboida mean size of the apical vesicle of Oui8, similar to
epithelium has also been reported in the hermaphroditltat ofAnguispira alternatgAtkinson, 1982), which was
duct of other species such Rstusa obtu¢Berryet al, 0.1 um of diameter. In conclusion, the apical vesicle of
1992). However, we did not identify ciliated cells in anyCornu aspersunshows a slightly larger size than that of
of theCornu aspersursamples, which seems to be comthe described nudibranch species, which seems to have no
patible with the function of the hermaphroditic duct, thatorrelation with any functional difference. The presence
is, a simple communication channel between the ovotesti an apical vesicle has not always been described in
and the fertilization chamber. mollusks, as for instance in different species of patellid

limpet (Hodgson & Bernard, 1988) where, instead, a gap

There is scarce information in the literaturebetween the subcellular membrane and the acrosomal
regarding the morphology and ultrastructureGafrnu  membrane was described. This vesicle is a constant finding
aspersunspermatozoa (Ritter & André, 1975; Healy &in most gastropods’ spermatozoa, but its physiological
Jamieson, 1989). By combining TEM and SEM somfinction is not defined in the literature consulted. We
authors have focused on spermatogenesis Gri#fbiadl, suggest that it could rather be a remnant of the perinuclear
1991) but the characterization of the spermatozoa has bebaeath.
poorly described by SEM (Maxwell, 1975; Anderson &

Personne, 1976). However, there is a wide variety of studies  As we have shown in our study, the spermatozoa’s
on other species of snails and other mollusks (Healy i&ead ofCornu aspersurs covered by a perinuclear sheath
Willan, 1984; Wilson & Healy, 2002; Fahey & Healy,and acrosomal pedestals, which are said to support the
2003). apical vesicle (Healy & Jamieson 1989). We observed by
SEM a spiral coiling that gives the head a corkscrew

As we have described by TEMornu aspersum appearance, the head beingii long and 2um wide at
spermatozoa had a slightly displaced apical vesicle at e base. Compared to analysis of the spermatozoa’s head
angle of 45° at the apex of the head followed by le&s other species, such as patellid limpets (Hodgson &
electron-dense acrosomal pedestals and a perinucl8arnard, 1988) andlotaspidean opisthobranctislealy
sheath that covers the entire head. Although o&Willan, 1984), our data show very high numbers, which
morphological findings are in line with those previouslyneans a larger size of the spermatozoa’s he&wrinu
described by Healy & Jamieson (1989Ciornu aspersum aspersumThe presence of acrosomal pedestals has also
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been described in studies in nudibranchs, showing a conicaghy be reflecting a high metabolic consumption
shape of 0.22m long and periodic striations in a transverseonsidering that a couple of months may elapse from sperm
plane (Wilson & Healy, 2002). We have shown similaformation in the sexual gland until fertilization occurs.
findings in Cornu aspersumThe nucleus of the
nudibranchsActinocydes verrucos@Wilson, 2005) The mitochondrial complex of th&ornu aspersum
presented a helical shape liRernu aspersurthat is longer spermatozoa was described by TEM on transverse sections
than the nucleus oActinocydes verrucosélength of of the intermediate tract (Ritter & André, 1975) but no
4.63um), and the nucleus of another nudibranch of thmorphological description of sperm ultrastructure was
genus Halgerda (length of 7.pih) (Fahey & Healy, 2003) made. There is only one study fositrion oregonens)s
and other gastropods species (Cuezzo, 1994; Bo@t that has described the origin of the mitochondrial complex
2001; Cuezzo, 2011; Mansour & Falla, 2012). ThereforéBuckland-Nicks & Howley, 1997), indicating that it is
theseCornu aspersumsperm head structures are slightlyderived from eight mitochondria of the spermatid. Our
larger compared to other gastropod species, as we habservations on the mitochondrial complexGornu
yet described for other spermatozoa structures. aspersurmrare in line with the findings described by other
authors (Healy & Willan, 1984; Healy & Jamieson, 1989).
Regarding the structure called the spermatozada fact, the mitochondrial complex is a common structure
“neck” by some authors (Atkinson, 1982; Wilson & Healydescribed in many other mollusks.
2002), our findings do not show such an independent
structure, at least it seems that the “neck” does not have  Although sperm from mollusks such as oysters
enough morphological entity since it is difficult to obser{Ostreidae), and mussels (Mytilidae) can be cryopreserved
ve since it is included within the nuclear invagination. Theithout altering sperm ultrastructure (Di Mattebal,
latter agrees with previous studies Gornu aspersum 2009), no previous studies have examined sperm
(Healy & Jamieson, 1989) and other species such alérastructure in land snails that have been frozen. This
opisthobranchs (Healy & Willan, 1984). study describes that the results obtained are similar to those
obtained with fresh sperm (Healy & Willan, 1984; Healy
We have shown that i€@ornu aspersumthe & Jamieson, 1989).
intermediate sperm tract is surrounded by a mitochondria
complex (Healy & Jamieson, 1989) and a glycogen helix. Taking our results together, we see that the general
The latter turned out to be more developed than that sliape and the morphology of the structures described in
other gastropods (Healy & Willan, 1984) Liimaxspecies, the head and the intermediate tract of@oenu aspersum
the glycogen helix has not been reported (Reger gpermatozoa, give it a corkscrew-like appearance. This pe-
Fitzgerald, 1982). We found that the glycogen helix coilsuliar shape suggests the helical displacement movement
helically along the intermediate tract, getting thinner anaf the spermatozoa, which would be necessary given its
thinner until it disappears, in agreement with previougreat length, in opposition to smaller spermatozoa of other
studies in nudibranchs (Fahey & Healy, 2003). Wilsospecies that move through an undulating movement (Freitas
(2005) was the only author who specifically described tret al, 2017; Bondarenko & Cosson, 2019).
presence of two revolution of the glycogen helix in
gastropod nudibranchs, unlike other authors who did not In conclusion, this study showed the detailed
indicate any number. Our findings@ornu aspersurby  morphology and ultrastructure @brnu aspersursperm.
SEM show morphological complexity with respect to th&@ EM results supported and enhanced previous findings
number of revolutions of the glycogen helix. We found whereas by SEM, we have been able to verify the shape
higher number of glycogen helix revolutions, at least fivand the size of some important spermatozoa structures such
of them. Atkinson (1982) in a stylomatophore pulmonatas the apical vesicle, the perinuclear sheath, and the
gastropod Anguispira alternat® denominated the glycogen helix. This detailed characterizationGufrnu
glycogen helix as striations of the coarse fibers. Faheydspersunspermatozoa can contribute to better understand
Healy (2003) in nudibranchs referred to the glycogetie functional morphology of sperm and serve as a
helices as outer layers of paracrystalline material, whickference for future studies on physiology, ecology, and
depending on the section plane may appear as continusoail production industry.
layers. Whatever name it is given to it, the presence of the
glycogen helix in the spermatozoa of gastropods is well
known, and it has been reported to be required for speACKNOWLEDGMENTS. Special thanks to Maria Luisa
metabolism (Healy, 1988; Healy & Jamieson, 1989). Thearcia Gil and the rest of the staff from National Center for
complexity of the glycogen helix shownQ@ornu aspersum Electron Microscopy, Complutense University of diial.
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