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Morphology and formation of jaw structures in some
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ABSTRACT. The gastropod feeding apparatus originally comprises the radula and jaws. While the radula
has been extensively studied, data on jaws remain limited. Nevertheless, investigating jaw morphology is
essential for understanding feeding mechanisms and morphofunctional adaptations. This study addresses
this gap by presenting novel data on jaw morphology across a range of gastropod species from various
clades, including Vetigastropoda, Littorinimorpha, and Neogastropoda. Based on our data and previously
published research, we propose the existence of two distinct types of jaws: simple and complex. Simple
jaws (found in the majority of Patellogastropoda and some Neogastropoda) consist of solid plates, whereas
complex jaws (found in Vetigastropoda, Caenogastropoda, and Heterobranchia) are composed of both a
solid homogeneous layer and a layer of solitary structures, such as rods or hooks, referred to as rodlets (as
in some heterobranchs). Electron microscopy data enabled us to homologise the complex jaws of Vetigas-
tropoda and Caenogastropoda. The jaws of representatives from both subclasses exhibit a similar synthesis
mechanism, in which a single gnathoblast synthesises an individual rodlet. The jaws of Neogastropoda and
Tonnoidea display considerable diversity, both in their localization within the buccal complex and in their
morphology, ranging from paired smooth or complex structures to highly modified structures acting as a
stylet. Furthermore, the varied localization of jaws in neogastropods suggests a high potential of the buccal

epithelium for the formation of diverse jaw structures.
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PE3IOME. ITumeno0OsiBaTebHbIN ammapar Opro-
XOHOTHX MOJUTFOCKOB WCXOIHO BKJIFOYACT paaydy H

yenroctd. HecMoTps Ha To, 4TO pajysia Obliia XOpoIIo
n3ydeHa, JaHHBIE 110 YENIIOCTSM BeCbMa OIPaHUYCHBI.
B 10 e Bpems u3yueHHe MOPQOIOTHH UYETIOCTEH
HMEET KIIFOYeBOE 3HAYCHHUE JIJIsl TIOHUMAHUSI MEXaHHU3-
MOB nUTaHus U MOP(HOPYHKIIMOHATBHBIX aaNTalni.
JlaHHOE HcClleJOBaHUE IPHU3BAHO YCTPAaHUTh ITOT
npo0et, ¥ MPEeCTaBIseT HOBBIE TaHHBIE 0 MOP(HOII0-
MU YENIIOCTEH psijia BUJOB OPIOXOHOTMX MOJUTIOCKOB
W3 pasHBIX Kiaj, BKIIodas Vetigastropoda, Littorini-
morpha u Neogastropoda. OCHOBBIBAsICH Ha HAIIHUX
JaHHBIX U paHEC OHY6J'II/IKOB3HHI:IX HUCCICOOBAHUAX,
MbI IpEAIonaraeM CyIeCTBOBAHUE JBYX THIIOB 4Ye-
JIFOCTEH: MPOCTHIX U COCTAaBHBIX. [IpOCThIe YeOCTH
(ommcannsie s OompmmHCTBa Patellogastropoda n
HeKoTOpsIX Neogastropoda) mpeacTaBiIsIOT cO0OM
MOHOJIMTHBIC TNTACTUHKH, B TO BPEMS KaK COCTaBHBIC
(oOHapyxeHHbIC Y Vetigastropoda, Caenogastropoda u
Heterobranchia) nMeroT kak MOHOJIUTHYIO YacTh, TaK
M YacTh C JMCKPETHBIMH DIIEMEHTaMH (MaJ0YKaMHU,
KPIOYbSIMH ), HA3bIBAEMBIMH POJIJIETAMH, 110 aHATIOTHUH
¢ YenmocTsAMH y HekoTtopbix Heterobranchia. [lanubie
AJIEKTPOHHOW MHKPOCKOIIUHU TT03BOJIMIIM TPOBECTH
TOMOJIOTHIO MEXJy COCTaBHBIMH YENIOCTSIMH Veti-



84 E. Vortsepneva, Yu. Kantor, K. Agunovich, E. Nikitenko, A. Mikhlina

gastropoda u Caenogastropoda. [l yemocTeii npen-
CTaBUTelNel 000X MOJKIACCOB XapaKTEPEeH CXOKHUI
MEXaHU3M CHHTE3a, NMPHU KOTOPOM OJIMH I'HATOONIACT
cuHTe3upyeT ofauH pojier. Yemoctu Neogastropoda
u Tonnoidea nemMoHCTpUPYIOT O0JIBIIOE pa3HOOOpa3UeE
KakK I10 CBOEH JIOKaIM3aluy B OyKKaJIbHOM KOMILIEKCE,
TaK 1 0 MOP(OJIOTHUH, BAPBUPYS OT MAPHBIX ITIa KX
WIH COCTaBHBIX, /10 BHUJOU3MEHEHHBIX YEIIOCTE,
(bYHKIHOHUPYIOIMIKX Kak cTuieT. Kpome Toro, pasHoo-
Opazue JoKaIM3aINK YETIOCTEH HEOracTPOIO/] TOBOPHUT
0 BBICOKOH CITOCOOHOCTH OYyKKaJBbHOTO SIUTENUS K
(OPMHUPOBAHHIO PA3TMYHBIX YEITIOCTHBIX CTPYKTYP.

Introduction

The gastropod feeding apparatus typically com-
prises two hard structures: the radular apparatus
and the jaws. While data on the function, general
morphology, ultrastructure, and mineralisation of
the radula are abundant, data on jaws is limited to a
few groups where jaw morphology serves as a key
character in taxonomic descriptions or where jaws
play a critical role in the feeding process [Fretter,
Graham, 1962; Haszprunar, 1985; Ponder, Lind-
berg, 1997]. However, to understand the functional
mechanisms of jaws and to reveal the principal mor-
phofunctional adaptations of the gastropod feeding
apparatus, it is crucial to study the morphological
diversity of jaws and their synthesis mechanisms.

To address this knowledge gap and summarise
existing data on the morphological diversity of jaws,
we present here new data on jaw morphology in some
gastropod species from different clades, including
one species of Vetigastropoda, four species of Lit-
torinimorpha, and four species of Neogastropoda
(both Caenogastropoda).

Margarites helicinus (Phipps, 1774) (Trochoidea,
Margaritidae) is a common vetigastropod species
in the White Sea, typically found near the border
of intertidal and upper subtidal zones, as well as
within the upper subtidal zone. This small gastro-
pod, with a shell height not exceeding 6 mm, pos-
sesses a depressed conical, iridescent and nacreous
shell (Fig. 1A, B). M. helicinus is a grazer, feeding
on the organic film present on substrata [Fretter,
1955; Golikov, 1987]. The radula of M. helicinus
is rhipidoglossan, consistent with the majority of
Vetigastropoda [Vortsepneva et al., 2021a; 2021b].

To study jaw morphology in Caenogastropoda,
we examined representatives from the orders Lit-
torinimorpha and Neogastropoda.

Three of the selected littorinimorph species in-
habit the intertidal and subtidal zones of the White
Sea. Skeneopsis planorbis (O. Fabricius, 1780)
(Skeneopsidae) is a small gastropod with nearly pla-
norboid shell, reaching up to 2 mm in diameter (Fig.
1C). Specimens are commonly found in the intertidal
and upper subtidal zones among the rhizoids of kelps

and other algae, and they may also inhabit tidal
pools. S. planorbis is a grazer, feeding on diatoms
and single-celled algae from hard substrata [Fretter,
1948]. Peringia ulvae (Pennant, 1777) (Hydrobiidae)
is a gastropod species characterised by an elongated
conical shell, rarely exceeding 3 mm in height (Fig.
1D). This species inhabits tidal pools in the middle
littoral zone and feeds on algae and bacterial films
[Newell, 1962; Golikov, 1987; Aratjo et al., 2015].
Velutina velutina (O. F. Miiller, 1776) (Velutinidae)
is a relatively large gastropod with an ear-shaped
shell, typically measuring 13—14 mm in diameter,
with the last whorl comprising the majority of the
shell. Specimens are usually found epibenthically
on the surface of muddy rocky sediments [Golikov,
1987; Gulbin, Golikov, 1999]. V. velutina special-
ises in feeding on tunicates [Sargent et al., 2019],
using its jaws to grate the hard covers of its prey.
All three of these Littorinimorpha representatives
possess taenioglossan radulae, with seven teeth per
transverse row [Fretter, 1948; Golikov, 1987; Gulbin,
Golikov, 1999].

We also studied jaw morphology in four spe-
cies of gastropods with a proboscis: one species of
Tonnoidea (Littorinimorpha) and three species of
Neogastropoda. A key morphological feature of the
foregut in Tonnoidea and Neogastropoda is the pres-
ence of a well-developed proboscis, a retractable and
highly mobile organ that originates as an elongation
of the snout [Fretter, Graham, 1962; Kantor, 1991].
The proboscis typically contains the buccal mass and
the anterior oesophagus.

To examine jaw morphology of Tonnoidea, we
studied Phalium glaucum (Linnaeus, 1758) (Tonnoi-
dea, Cassidae). Like other members of the family, Ph.
glaucum is a specialised predator that feeds on vari-
ous species of sea urchins [Hughes, Hughes, 1981].
Using its long, muscular and mobile proboscis, it
can remove the spines and drill through the urchin’s
test to access the soft tissues of the urchin [Hughes,
Hughes, 1981].

The typical feeding apparatus of Neogastropoda is
characterised by a radula that can be morphologically
modified due to a shift towards carnivory [Ponder,
1973]. In most neogastropod species, the reduction
of jaws has been reported [Ponder, Lindberg, 1997].
However, a few families within Neogastropoda have
unusual jaws shaped like a semi-closed funnel, as
observed in Volutomitridae [Kantor, Harasewych,
1992] and Cancellariidae [Harasewych, Petit, 1986].
In this study, we provide new data on jaw-like struc-
tures in four species of the Neogastropoda: Rapana
rapiformis (Born, 1778) (Muricidae), Trigonostoma
lamberti (Souverbie, 1870), Sydaphera lactea (Y.-
C. Lee et T. C. Lan, 2002), and Admete viridula
(O. Fabricius, 1780) (all Cancellariidae). Rapana
rapiformis is a subtidal predator that drills into
the shells of bivalves, a feeding strategy typical of
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Table 1. Material of different species of gastropods used for jaw morphology. The asterisk indicates the same sample used for

both 3D and micro-CT.

Light TEM | cLSM | Micro- | 3D | SEM | TOTAL no.
microscopy CT of spms
Vetigastropoda
Trochida
Trochoidea Margarites helicinus 3 2 3 8
Caenogastropoda
Littorinimorpha
Littorinoidea Skeneopsis planorbis 3 2 1 2 8
Truncatelloidea |Peringia ulvae 2 2 4
Velutinoidea Velutina velutina 2 2 2 6
Tonnoidea Phalium glaucum 1 1* 1
Neogastropoda
Muricidae Rapana rapiformis 1 1
Trigonostoma
Cancellariidae  |lamberti 1 1
Sydaphera lactea 1 1
Admete viridula 2 1 2 5

other members of the Muricidae family. Sydaphera
gigantea and Admete viridula belong to the poorly
studied family Cancellariidae, a highly specialised
group of neogastropods inhabiting soft-bottom envi-
ronments from subtidal to bathyal depths across the
world’s oceans. The studied cancellariids are sucto-
rial feeders, preying on a wide range of organisms,
from fish [O’Sullivan et al., 1987] to other molluscs
[M.-V. Modica, personal observation]. The feeding
apparatus of cancellariids includes a nematoglossan
radula with elongated central teeth alone and a highly
modified jaw. Admete viridula is a common benthic
species found on soft sediments in the subtidal zone
of the White Sea (Fig. 1E, F). This species lacks a
radula, and its buccal cavity is equipped with a modi-
fied jaw. Despite its distinctive feeding apparatus, the
diet of A. viridula remains unknown [Harasewych,
Petit, 1986].

Material and methods

Nine species in total were studied by different
morphological methods (Table 1).

Specimens of Margarites helicinus, Skeneopsis
planorbis, and Peringia ulvae were collected near the
Biological Station of the Moscow State University
in Kandalaksha Bay, White Sea, Russia (WSBS;
66°34°N, 33°08"E) during the summer seasons from
2018 to 2022. Specimens of Velutina velutina were
collected using SCUBA diving equipment in the
vicinity of Cape Kindo near the WSBS at depths of
18-25 m. Admete viridula specimens were collected
by trawling soft sediments at depths of 50-70 m
near the WSBS. Specimens of Rapana rapiformis

and Phalium glaucum were collected via SCUBA
diving in Nha Trang Bay, Vietnam, near Mot Island
(12°10.443°N, 109°16.298’E, 15-18 m) and Mun
Island (12°10.084°N, 109 °17.771’E, 10 m), respec-
tively. The specimens of Trigonostoma lamberti
(Souverbie, 1870) and Sydaphera lactea (Deshayes,
1830) were collected in Koumac, New Caledonia
(20°38°24”’S, 164°12°43.2”°, 15 m; expedition
KOUMAC 2.1, Stn KR616 of Muséum National
d’Histoire Naturelle, Paris, France) and Tasmania,
correspondingly.

The morphology of the buccal complex was stud-
ied using different morphological methods including
light, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), confocal laser
scanning microscopy (cLSM), and micro-computed
tomography (micro-CT). The jaw morphology was
examined in five specimens of M. helicinus, 12
specimens of S. planorbis, six specimens of P. ulvae,
five specimens of V. velutina, and five specimens of
A. viridula. The proboscis morphology of Phalium
glaucum and Rapana rapiformis, was studied using
micro-CT, with one specimen analysed per species.
The list of used methods with the respective number
of specimens is presented in Table 1.

Prior to morphological studies, specimens were
relaxed in a solution of magnesium chloride (MgCl,)
isotonic with seawater, diluted 1:1 with seawater, for
a minimum of 90 min at 4°C.

For TEM studies, two specimens of each spe-
cies (M. helicinus, S. planorbis, V. velutina, and
A. viridula) were examined. For histological and
TEM studies, relaxed specimens were fixed in 2.5%
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FIG. 1. Photos of alive molluscs Margarites helicinus (A, B), Skeneopsis planorbis (C), Peringia ulvae (D), Admete viridula
(E, F). Abbreviations: e — eye; et — epipodial tentacle; f— foot; Ip — lips; m — mouth; pb — proboscis; t — cephalic tentacle.

glutaraldehyde in 0.1 M phosphate-buffered saline
(PBS; pH 7.2-7.4) at 4°C for 3 h, with the solu-
tion replaced after the first hour. Specimens were
then rinsed with 0.1 M PBS, dehydrated through a
graded ethanol series (20-25 min per step), trans-
ferred to acetone, and embedded in Spurr resin
(EMS, Pennsylvania) using a graded acetone/resin
series (1:3, 1:1, 3:1). Series of semi-thin (1 pm) and
ultrathin (70-80 nm) sections were prepared using
a diamond knife (Diatome, Jumbo) and Leica EM
UC6 and UCT7 ultramicrotomes (Leica Biosystems,
Germany). Semi-thin sections were stained with
1% toluidine blue and 1% methylene blue diluted
in 1% sodium tetraborate for 10-15 sec at 60°C.
Histological sections were photographed using an

Olympus BX 61 VS slide scanner (Olympus Inc.,
Japan). Three-dimensional (3D) reconstructions were
prepared for S. planorbis from a transverse series of
semi-thin sections, as described by Ruthensteiner
and HeB (2008). Image stacks were aligned using
AMIRA 5.2.2 (Amira Visaging GmbH, Germany).
A computer-based 3D-reconstruction was conducted
using the software Imaris 7.2.1 (Bitplane AG, Zurich,
Switzerland). Ultrathin sections were stained with
1% uranyl acetate for 40 min at 37°C, followed by
0.4% lead citrate for 10 min at room temperature in
the dark. Ultrathin sections were examined using a
JEOL JEM 1011 transmission electron microscope
(JEOL Ltd., Japan).

Additionally, the jaws of P. ulvae and A. viridula
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FIG. 2. Longitudinal histological section through the buccal cavity of Margarites helicinus. The jaw in higher magnification
is in the rectangular insert. Abbreviations: apj — apical part of the jaw; bc — buccal cavity; c¢j — cover layer of the jaw; cr —
odontophoral cartilages; j — jaw; m — mouth; ne — nervous; r — radula; rod — rodlets.

were studied using cLSM. After relaxation, the speci-
mens were dissected and fixed in 4% paraformalde-
hyde in 0.1 M PBS for 4-12 h at 4°C with shaking.
They were then washed three times over 3 h in PBS
with shaking, stained with Calcofluor white (CfW;
Fluorescent Brightener 28, Sigma F3543) to visualise
amorphous chitin and identify newly formed jaws.
Then, the samples were stained with Phalloidin 488
in 0.1 M PBS for 1 h at 4°C with shaking, washed
three times (20 min each) with 0.1 M PBS, and
mounted in glycerol under a coverslip. They were
examined using a Nikon A1 confocal laser scanning
microscope (Nikon Corporation, Japan) with 405
nm excitation (for CfW) and 488 nm excitation (for
phalloidin). Prior to detection of the results of immu-
nostaining, the microphotographs of the jaws in the
bright field were taken using the same microscope.

The general morphology of the jaws of M. helici-
nus, S. planorbis, P. ulvae, V. velutina, T. lamberti,
and S. lactea was examined using SEM. The jaws
were soaked in Proteinase K lysis buffer solution at
60°C for 4-12 h to dissolve connective and muscular
tissues. After washing in distilled water, the jaws
were air-dried and sputter-coated with gold. Samples

were examined using a JEOL JSM 7000 scanning
electron microscope (JEOL Ltd., Japan).

To study the location and morphology of the jaws
in Ph. glaucum and R. rapiformis the specimens were
fixed and dehydrated in graded ethanol and acetone
series, similar to the way described for light mi-
croscopy and TEM. Then the specimens were dried
via a critical point with CO2 and were qualitatively
studied with X-ray microtomography using the mi-
crotomography SkyScan 1272 (Bruker MicroCT,
Belgium). For reconstruction of the shadow image
array an NRecon software package (BrukerMicroCT,
Belgium) was used. Microtomographic sections were
analysed using CTVox software packages. Three-
dimensional (3D) reconstruction was prepared for
Ph. glaucum from a series of microtomographic
sections using the software Imaris 7.2.1 (Bitplane
AG, Zurich, Switzerland).

Results

Jaw morphology of Margarites helicinus

The mouth opening of M. helicinus is surrounded
by horseshoe-shaped lips bearing numerous folds
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FIG. 3. Jaw morphology of Margarites helicinus. A. General morphology of jaws, SEM photo. B. Apical part of the jaw with
rodlets in higher magnification, SEM photo. C. Longitudinal ultrathin section through the gnatoblasts and rodlets, TEM photo.
D. Longitudinal ultrathin section through the apical part of the jaw. Abbreviations: aj — adherens junctions; apj — apical part
of'the jaw; ch — chitosome; gep — gnathoepithelium; mi — microvilli; n — nucleus; rod — rodlets; uj — layer of jaw under rodlets

(Fig. 1B). The mouth continues into the buccal cav-
ity, where the paired jaws and the radular apparatus
are located (Fig. 2). The morphology and formation
process of the radula have been described in detail
in our previous work [Vortsepneva et al., 2021b].
The paired jaw plates are triangular and positioned
opposite the working zone of the radula. Several
rows of rodlets are present at the external edge of the

jaw plate (Fig. 3A, B), resembling the jaw structure
of Puncturella noachina (Linnaeus, 1771) (Fis-
surellidae) [Vortsepneva et al., 2014]. The external
homogeneous layer covers the internal layer, which
contains the rodlets (Fig. 2). Each rodlet corresponds
to a single cell, called gnathoblast, measuring up to
3.8-4 x 7.5-8.2 um. The apical surface of the gna-
thoblast bears numerous microvilli, which reach into
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FIG. 4. Morphology of the buccal cavity of Skeneopsis planorbis. A-D. Three dimensional reconstruction of the head. A. Body
coverings are semi-transparent; the outline of the buccal cavity and esophagus is opaque gray. Side view. B. Body cover-
ings and wall of the buccal cavity are semi-transparent. Side view. C—D. Buccal apparatus in higher magnification. Side
view (C) and view from above (D). E. Apical part of the jaws with rodlets, SEM photo. Abbreviations: bc — buccal cavity;
cg — cerebral ganglion; cr — odontophoral cartilages; fz — formation zone of radula; j — jaw; m — mouth; oe — oesophagus;
op — operculum; pg — pedal ganglion; rod — rodlets; rs — radular sac; wz — working zone of radula.

the synthesised rodlet by 1.5-1.7 um (Fig. 3C, D).
Gnathoblasts are secretory cells, as evidenced by the
presence of well-developed granular endoplasmic
reticulum (gER). The apical regions of gnathoblasts
are connected by adherens junctions (Fig. 3D).
Within the apical part of the gnathoblast, chitosome
—vesicles (d: 0.05-0.1 um) with globular chitin —are
found. The nucleus of the gnathoblast is located in
the central region of the cell (Fig. 3C).

Jaw morphology of Skeneopsis planorbis

The round mouth opening of S. planorbis lies
ventrally and is surrounded by lips (Figs 1C; 4A).
The buccal cavity of S. planorbis is relatively small.
The buccal armature consists of a radula and paired
jaws (Fig. 4B). The jaws are situated laterally within
the buccal cavity, opposite the working zone of the
radula (Fig. 4B-D). Ventrally, the jaws are connected
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FIG. 5. Jaw morphology of Skeneopsis planorbis. A. Transverse histological section through the jaws located on the lateral sides
of the buccal cavity. B. Transverse section through the jaws with rodlets in higher magnification. C. Transverse ultrathin
section through the gnathoblasts and rodlets, TEM photo. D. Transverse ultrathin section through the apical part of the jaw,
TEM photo. Abbreviations: aj —adherens junctions; apj — apical part of the jaw; bc — buccal cavity; bl — basal lamella; ch —
chitosome; cj — cover layer of the jaw; j — jaw; mi — microvilli; mu — muscles; n — nucleus; rod — rodlets; tf — tonofilaments.

by a thick cuticle (Fig. SA, B). Each jaw comprises
two layers: a lower layer formed by rodlets and an
upper homogeneous layer (Fig. 5B—D). The jaw plate
is underlain by secretory epithelium composed of
gnathoblasts (Fig. 5B-D). Similar to M. helicinus,
each gnathoblast corresponds to a single rodlet, and
the microvilli of the gnathoblast reach into the rodlet
by 0.5-1 um (Fig. 5C, D). The gnathoblasts of S.
planorbis are narrow cells (2 pm wide, 7-8 um high)
with large oval centrally located nuclei (Fig. 5D).
Chitosomes (diameter: 0.05-0.1 um) are present in
the apical region of the gnathoblasts (Fig. 5C). The
gnathoblasts are connected by adherens junctions,
and the basal portion of each cell secretes a basal
lamina. Beneath this lamina lies a layer of muscula-
ture (Fig. 5D). Each gnathoblast contains bundles of
tonofilaments oriented apicobasally, which connect
to the underlying muscle layer (Fig. 5C, D).

Buccal armature morphology
of Peringia ulvae

We have documented the radula and paired jaws
of P. ulvae (Fig. 6A). The radula is short (up to 0.5
mm) and terminates with an expanded zone of for-
mation (Fig. 6A). The small, paired rectangular jaws
(150 x 200 pm) bear several rows of rodlets along
their external edges (Fig. 6C, D). The rodlets are
clearly visible while stained with CfW, which marks
unpolymerised chitin (Fig. 6B).

Jaw morphology of Velutina velutina

The jaws of V. velutina are paired strong plates,
up to 800 pm in length and 450 um in width (Fig.
6E, F), covered by rodlets or rather denticles, ar-
ranged in regular longitudinal rows (Fig. 6G). The
jaw plates are located laterally and are connected to



Formation of gastropod jaws 91

FIG. 6. Jaw morphology of Peringia ulvae (A-D) and Velutina velutina (E-T). A. Light microscopy of buccal apparatus consist-
ing of radula and jaws of P. ulvae. B. Feeding apparatus of P. ulvae stained with CfW (laser 405 nm) on amorphous chitin.
Radula and jaws are stained blue. C. Light microscopy of apical part of the jaw of P. ulvae. D. Apical part of the jaw with
rodlets, SEM photo. E. Jaws of V. velutina by light microscopy. F. View from above of the jaws connecting on the dorsal
side (arrow) by cuticle, SEM photo. G. Part of the jaw with rodlets on higher magnification, SEM photo. H. Ultrastructure
of gnathoblasts and rodlets, TEM photo. I. Apical part of gnathoblast, TEM photo. Abbreviations: aj —adherens junctions;
ap — alary processes of the subradular membrane; apj — apical part of the jaw; ch — chaetosoma; mi — microvilli; n — nucleus;

rod — rodlets; tf — tonofilaments.

each other ventrally by thin cuticle (Fig. 6F). The
covering homogenous layer, which was found in
S. planorbis, is absent (Fig. 6 E, F). Under the jaw
plate the gnathoblasts are found. They are connected
in the apical parts by adherens junctions (Fig. 6H).
Each gnathoblast (15—17 um in height, 12—15 pm in
width) corresponds to a rodlet (Fig. 6H). The apical
surface of a gnathoblast bears microvilli, which reach
into a rodlet by 1-1.5 pm; also there are numerous

chitosomes (d: 0.05-0.1 um) in the apical part of the
cell (Fig. 6H, I). The gnathoblast nuscleus is round
(d: 10-12 pm) and locates basally. The gnathoblast
contains bundles of tonofilaments directed apico-
basally (Fig. 6H).

Jaw morphology of Rapana rapiformis

The pharynx of R. rapiformis (Muricidae) is a
muscular dilation of the foregut, which contains
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FIG. 7. Morphology of proboscis of Rapana rapiformis based on micro-CT data. A—B. Longitudinal section through the anterior
proboscis. C. Transverse section through the oral tube (identified by black-white line on figure B) with three thickenings (two
lateral and one ventral) of the tube cuticle. D. Schematic overview of transverse section through the oral tube. Abbreviations:
r — radula; thp — thickness of the oral tube cuticle; wz — working zone of radula.

voluminous and complex musculature and an odon-
tophore. These structures comprise the buccal mass,
occupying a significant part of proboscis (Fig. 7A,
B). According to micro-CT data, the pharynx has
a three-lobed lumen with a thickened lining on the
lateral and ventral walls (Fig. 7C, D). These cuticular
thickenings are up to 750 um long and 80 um thick.
Currently, it’s uncertain whether these thickenings
represent distinct jaws. This thickness may represent
an early stage of jaw evolution.

Jaw morphology of Phalium glaucum

The jaws of Phalium (Cassidae) consist of paired,
vertical trapeziform smooth lateral plates, located
within the buccal cavity on either side of the radula’s
working zone. According to micro-CT data, the jaws
have sizes up to 3 mm in length and 2 mm in width,
their thickness is up to 200 um. The plates almost
reach the height of the buccal cavity (Fig. 8).

Jaw morphology of representatives of
Cancellariidae

Three representatives of Cancellariidae, 7rigo-
nostoma lamberti (Fig. 9A), Sydaphera lactea (Fig.
9B), and Admete viridula (Fig. 9 C—H), also possess
jaws. In these species, the jaw is represented by a
single plate longitudinally split by a dorsal slit. The
anterior part of the jaw is modified into a tube (Fig.
9E). In Trigonostoma lamberti, which has a well-

developed radula, this tube is formed by the left and
right margins of the jaw plate, which overlap ven-
trally without fusing. The jaw tube continues from
the oral tube to the buccal mass. The posterior part
of the jaw is broad and consists of two halves that
cover the buccal mass laterally (Fig. 9A). The jaw
of Sydaphera lactea, species with radula, has a jaw
fused in the apical part to the tube (Fig. 9B).

Admete viridula is a radula-less species. The jaw
in Admete has a puncturing function [Harasewych,
Petit, 1986]. In this species, the left and right parts
of the anterior part of the jaw plate fuse to form a
tube, which can extend out of the proboscis through
the mouth opening. The broad posterior part of the
jaw plate is bilobed and surrounds the buccal cav-
ity laterally (Fig. 9 C—F). The jaw is a chitinous
thickening that lines the buccal cavity. According
to cLSM data, the posterior part of the jaw plate
stains intensively with Calcofluor white, indicating
the presence of unpolymerised chitin, whereas the
anterior part (the tube) does not (Fig. 9 D—F). This
suggests that the tube may contain polymerised
chitin. Ultrathin sections reveal that the jaw plate is
electron-dense and solid (Fig. 9 G-H). Beneath the
jaw lies a layer of gnathoepithelium, composed of
flattened gnathoblasts (1.5-2 pm in heigth, 3—4 pm
in width) with electron-translucent cytoplasm (Fig.
9G). The microvilli of the gnathoblasts reach into
the jaw plate by 1.5-2 pm (Fig. 9H).
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FIG. 8. Morphology of proboscis of Phalium glaucum based on micro-CT data. A. General view on the tip of proboscis, micro-
CT. B-C. Sections through the buccal apparatus on different levels, micro-CT. D—F. Three-dimensional reconstruction of
buccal complex labelled by circus on the figure A. Body cover is semi-transparent. Lateral view (D), view from above (E)
and frontal view on the buccal complex (F). Abbreviations: cr — odontophoral cartilages; j — jaw; r — radula; wz — working
zone of radula.

Discussion

According to the published data, the jaws in
all vetigastropods — except for the majority of the
representatives of deep-sea family Cocculinidae
[Haszprunar 1987; Dantart, Luoue, 1994], which

have unpaired jaws —usually consist of paired lateral
plates positioned opposite the working zone of the
radula. Sometimes these plates are connected with a
thin cuticle and look like a single one (e.g., in pleuro-
tomariid Perotrochus) [Harasewych, Askew, 1993];
the similar situation is described for some Neritimor-



94 E. Vortsepneva, Yu. Kantor, K. Agunovich, E. Nikitenko, A. Mikhlina

7/0um 100 pm

FIG. 9. Jaw morphology of Cancellariidae. A. General morphology of jaw of Trigonostoma lamberti, SEM photo. B. General
morphology of jaw of Sydaphera lactea, SEM photo. C-H. Jaw morphology of Admete viridula. C. Schematic overview
of the jaw. D. Light microscopy photo of the apical part of the jaw. E. Basal part of the jaw, cLSM photo. F. Part of the
proboscis with basal part of the jaw, cLSM photo. Blue — jaw stained with CfW (laser 405 nm) on amorphous chitin, green
— muscles. G. Ultrastructure of the apical part of the jaw, TEM photo. H. Ultrastructure of the basal part of the jaw, TEM
photo. Abbreviations: bj — basal part of the jaw; gep — gnathoepithelium; j — jaw; mi — microvilli.
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pha [Sasaki, 1998]. The masticatory edge of the jaw
plate usually bears rodlets (Haliotidae [Crofts, 1937],
Fissurellidae [Sasaki, 1998], Lepetodrilidae, Seguen-
zioidea [Kunze, et al., 2016]), though it is smooth
in some families (Pleurotomariidac [Harasewych,
20021, Trochidae [Marshall, 1988; Simone, Cunha,
2006]). However, the jaws of Margarites helicinus
(Trochidae), described in this study, have rodlets in
contrast to other representatives of this family. A
similar morphology has been reported for the jaws
of Puncturella noachina (Fissurellidae) [ Vortsepneva
etal., 2014]. Both species possess paired dorsolateral
jaws with rodlets on the working edge, a feature
characteristic of species specialised in detritivory.
This type of jaw, combined with a rhipidoglossan
radula, is highly effective for collecting soft detritus
particles: the jaws are pressed against the tip of the
odontophore while a specimen swallows the collect-
ed detritus, preventing the food particles from fall-
ing out. This function was previously described for
Vetigastropoda and Caenogastropoda [Starmiihlner,
1952; Hawkins et al., 1989]. The jaw is formed by
a cuticular plate, which is synthesised by microvilli
of the underlying gnathoepithelium. In both listed
species, the anterior edge of the jaw consists of two
layers: an external chitinous matrix and an internal
layer of short rodlets arranged in multiple rows. A key
feature of this jaw type is its synthesis mechanism:
each rodlet is secreted by a single cell.

Data on the jaws of Littorinimorpha in literature is
limited, since jaws are completely reduced in the ma-
jority of species within this group [Ponder, Lindberg,
1997]. When present, the jaws in Littorinimorpha
typically appear as paired lateral plates with rodlets
on the working edge [Ponder, Lindberg, 1997]. In
Skeneopsis planorbis, Peringia ulvae, and Velutina
velutina, paired lateral chitinous jaw plates are posi-
tioned opposite the working edge of the radula. In the
case of small-sized gastropods (S. planorbis and P,
ulvae), the jaws are small, with working edges similar
in width to the radula, and the rodlets are tiny and
scale-like. In contrast, V. velutina possesses large jaw
plates, with the width of the working edge exceed-
ing that of the radula by four times. Sharp denticles
cover nearly the entire surface of the jaw plate, and
their size is comparable to that of the radular teeth.
Based on these observations, we hypothesise that the
jaws play a significant role in the feeding process of
these species, helping to grate the hard covers of its
prey [Sargent et al., 2019].

The internal structure of the jaws in Littorinimor-
pha is similar to that described in Vetigastropoda.
Based on histological data, it was shown that the jaw
plates of S. planorbis and V. velutina consist of two
distinct layers: an external homogeneous layer and an
internal layer of rodlets. Each rodlet is synthesised by
asingle cell, a process similar to that described for the
jaws of Marisa cornuarietis (Linnaeus, 1758) (Ar-

chitaenioglossa, Caenogastropoda) [Lufty, Demian,
1967] and the jaws of Vetigastropoda [Vortsepneva
et al., 2014; present study]. Consequently, the jaws
of Vetigastropoda, Architaenioglossa, and studied
Littorinimorpha exhibit similar morphology and
renewal mechanisms. We propose the term ‘complex
jaw’ to describe this type of jaw structure, charac-
terised by an upper (external) homogeneous layer
and a lower (internal) layer of rodlets, in contrast
to the ‘simple jaw’, previously described in Patel-
logastropoda [ Vortsepneva et al., 2013]. These terms
partially overlap with those proposed earlier by
Ponder and Lindberg [1997]. However, in their work,
‘complex jaws’ were defined as structures composed
exclusively of solitary elements, with no mention of
the external homogeneous layer that integrates these
elements into a unified structure.

The renewal mechanism of this complex jaw par-
tially resembles that of the radula. In the case of the
radula, the teeth of each transverse row are synthe-
sised almost simultaneously. During this process, the
cells which secrete the radular tooth (odontoblasts)
develop numerous microvilli that extend into the
forming tooth [Mischor, Markel, 1984; Macken-
stedt, Markel, 1987; Vortsepneva et al., 2023;
Wiesel, Peters, 1978]. The tooth is thus formed
through microvillar secretion, a process similar to the
formation of rodlets. A single group of odontoblasts
secretes one tooth and is capable of sequentially
secreting multiple teeth. Specifically, once a tooth is
fully formed, it detaches from the odontoblasts. The
microvilli of the odontoblasts then dissolve, allowing
the tooth to move away from the odontoblasts. Over
time, the odontoblasts develop new microvilli and
initiate the synthesis of a new tooth. This intermittent
activity of the odontoblasts enables the formation of
a serial radula, consisting of repeated rows of trans-
verse teeth. We hypothesise a similar mechanism
for rodlet synthesis, as a single gnathoblast secretes
a single rodlet. Following secretion, the rodlet de-
taches from the gnathoblast, the microvilli dissolve,
and new microvilli subsequently form, initiating a
new cycle of rodlet secretion. A similar synthesis
mechanism for serial structures has been previously
proposed for the jaws of Puncturella noachina (Ve-
tigastropoda) [ Vortsepneva et al., 2014]. We suggest
that gnathoblasts, like odontoblasts, are capable of
repeatedly transitioning between synthesis and rest-
ing phases. This process also bears resemblance to
the moulting mechanisms observed in ecdysozoans
[Aguinaldo et al., 1997] and leeches [Berchtold et
al., 1985; Vortsepneva, Lavrov, 2021], where the
underlying epithelium intermittently synthesises new
cuticular layers.

In contrast to the aforementioned gastropod spe-
cies, Phalium (Cassidae) possesses paired simple and
solid jaw plates devoid of rodlets. These plates are
located on each side of the radula’s working zone.
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However, in some other representatives of the same
superfamily (e.g., Cymatium) the jaws bear rodlets
[Houbrick, Fretter, 1969; Barkalova et al., 2016].

In Neogastropoda, the jaws are often absent [Pon-
der, Lindberg, 1997]. Nevertheless, various forms
of jaws and buccal cuticle thickenings have been
documented in certain species [Carriker, 1943; Wu,
1965; Harasewych, Petit, 1986]. The most typical
jaw-like structure in this group is a thickening of the
buccal cuticular lining, as observed in Muricidae. In
this case, the ventral ridges of the oral tube extend
into the lateral ridges and fuse with a dorsal scler-
ite. This dorsal sclerite is likely a rudimentary jaw
plate, which is thought to aid in cleaning the radula
of food particles and preventing damage to the oral
tube wall during radula movements [Carriker, 1943].
In some muricid species, both ventral and dorsal
jaw structures have been reported [Wu, 1965]. A
highly specialised type of jaw is found in Cancel-
lariidae [Harasewych, Petit, 1986; present study].
In cancellariids, we propose that initially paired jaw
plates have fused dorsally. The broad posterior part
of the jaw surrounds the odontophore laterally, while
the anterior part is modified into a tube. In species
with a radula, the tube is not fully closed, whereas
in radula-less cancellariids, it forms a hollow stylet.
The jaw is synthesised via microvillar secretion. The
internal structure of neogastropod jaws is homoge-
neous, lacking rodlets or other solitary structures.
These jaws are continuously secreted in specialised
growth zones, similar to the process described for
patellogastropod and cladobranch jaws [ Vortsepneva
et al.,2013; Mikhlina, Vortsepneva, 2023; Mikhlina
etal., 2018].

The diversity of jaw morphotypes and their vary-
ing locations within the oral tube (lateral, dorsal,
and ventral) in neogastropods highlights the buccal
epithelium’s remarkable capacity to form jaw struc-
tures along the entire perimeter of the buccal cavity.

Conclusion

Our morphological data, along with data from
the literature, indicate that gastropod jaws can be
classified into two categories based on their internal
structure and synthesis mechanism: complex and
simple. The first type, found in Vetigastropoda and
the majority of Caenogastropoda, exhibits a similar
two-layered structure and an intermittent type of
synthesis mechanism, which resembles the process
of radula synthesis. This type of synthesis is likely
a unique characteristic of molluscan jaws and the
radula. However, a similar mechanism can also be
observed during the moulting process of ecdysozoans
and leeches. Additionally, in representatives of the
aforementioned two subclasses, each jaw rodlet is
synthesised by a single gnathoblast.

The second type of jaws is found in Neogas-
tropoda, one species of Cassidae (Littorinimorpha),

Patellogastropoda, and Cladobranchia. The jaws in
these groups are solid and secreted continuously
via the activity of microvilli of gnathoepithelium.
The location of the jaws may vary among different
Neogastropoda, suggesting a high degree of plastic-
ity in the buccal epithelium to synthesise jaws or
jaw-like structures. This variability complicates the
identification of homology in jaw structures based
solely on positional criteria.

Acknowledgments

We would like to thank G. Davidovich and A. Bogda-
nov, and the Electron Microscopy Laboratory of the Shared
Facilities Centre of Lomonosov Moscow State University
sponsored by the Russian Federation Ministry of Education
and Science and Research. The authors would also like to
thank S. Metelev and G. Bykov (I.D. Papanin Institute for
the biology of inland waters Russian Academy of Sciences)
for helping us with the electron microscopy. SEM and TEM
studies were carried out at the Shared Research Facility ‘Elec-
tron microscopy in life sciences’ at Moscow State University
(Unique Equipment ‘Three-dimensional electron microscopy
and spectroscopy’ and at the Microscopical Centre of the
White Sea Biological Station. The micro-CT studies were
carried out at the Department of Entomology of Lomonosov
Moscow State University.

We are very grateful to the reviewers, Dr. Alexei Cher-
nyshev and Dr. Wencke Krings for the valuable suggestions
and remarks that improved the manuscript.

This study was conducted in frame of scientific projects
of the State Order of the Russian Federation Government to
Lomonosov Moscow State University No. 121032500077-8
and No. 121032300121-0.

References

Aguinaldo A.M.A., Turbeville J. M., Linford L.S., Ri-
nera M.C., Garey J.R., Raff R.A., Lake J.A. 1997.
Evidence for a clade of nem- atodes, arthropods
and other moulting animals. Nature, 387(6632):
489-493.

Araujo C.V., Moreira-Santos M., Patricio J., Martins 1.,
Moreno-Garrido ., Blasco J., Marques J.C., Ribeiro
R. 2015. Feeding niche preference of the mudsnail
Peringia ulvae. Marine and Freshwater Research,
66(7): 573-581.

Barkalova V.O., Fedosov A.E., Kantor Yu.l. 2016.
Morphology of the anterior digestive system of
tonnoideans (Gastropoda: Caenogastropoda) with
an emphasis on the foregut glands. Molluscan Re-
search, 36(1): 54-73. DOI:10.1080/13235818.201
5.1082954, IF 0,690

Berchtold, J.- P., Sauber, F., & Reuland, M. (1985).
Etude ultrastructur- ale de 1’évolution du tégument
de la sangsue Hirudo medicinalis L. (Annélide,
Hirudinée) au cours d’un cycle de mue. International
Journal of Invertebrate Reproduction and Develop-
ment, 8, 127— 138. https://doi.org/10.1080/01688
170.1985.10510136

Carriker M. R. 1943. On the structure and function of
the proboscis in the common oyster drill, Urosalpinx
cinerea Say. Journal of Morphology, 73: 441-506.

Crofts D.R.V. 1937. The development of Haliotis tu-



Formation of gastropod jaws 97

berculata, with special reference to organogenesis
during torsion. Philosophical Transactions of the
Royal Society of London. Series B, Biological Sci-
ences, 228(552): 219-268.

Dantart L., Luoue A. 1994. Cocculiniformia and
Lepetidae (Gastropoda: Archaeogastropoda) from
Iberian waters. Journal of Molluscan Studies, 60(3):
277-313.

Fretter V. 1948. The structure and life history of some
minute prosobranchs of rock pools: Skeneopsis pla-
norbis (Fabricius), Omalogyra atomus (Philippi),
Rissoella diaphana (Alder) and Rissoella opalina
(Jeffreys). Journal of the Marine Biological As-
sociation of the United Kingdom, 27(3): 597-632.

Fretter V. 1955. Some observations on Tricolia pullus
(L.) and Margarites helicinus (Fabricius). Journal
of Molluscan Studies, 31: 159-162.

Fretter V., Graham A. 1962. British prosobrach mol-
luscs. Their functional anatomy and ecology. Ray
Society, London, 755 p.

Golikov A.N. 1987. Class Gastropoda. In: Starobogatov
Y.1., Naumov A.D. (Eds). Mollusks of the White
Sea. Nauka Publ., Leningrad: 41-149 [In Russian].

Gulbin V.V., Golikov, A.N. 1999. A review of the pro-
sobranch family Velutinidae in cold and temperate
waters of the Northern Hemisphere. I11. Velutininae.
Genera Ciliatovelutina and Velutina. Ophelia, 51(3):
223-238.

Harasewych M.G., Askew T.M. 1993. Perotrochus
maureri, a new species of pleurotomariid from the
western Atlantic (Gastropoda: Pleurotomariidae).
The Nautilus, 106(4): 130-136.

Harasewych M.G., Petit R.E. 1986. Notes on the mor-
phology of Admete viridula (Gastropoda: Cancel-
lariidae). Nautilus, 100(3): 85-91.

Harasewych M.G. 2002. Pleurotomarioidean gastro-
pods. Advances in Marine Biology, 42. https://doi.
org/10.1016/s0065-2881(02)42015-9

Haszprunar M.G. 1985. The Heterobranchia: A new
concept of the phylogeny and evolution of the higher
Gastropoda. Zeitschrift fiir Zoologische Systematik
und Evolutionsforschung, 23: 15-37.

Haszprunar G. 1987. Anatomy and affinities of coc-
culinid limpets (Mollusca: Archacogastropoda).
Zoologica Scripta 16: 305-324.

Hawkins S.J., Watson D.C., Hill A.S., Harding S.P.,
Kyriakides M.A., Hutchinson S., Norton T.A. 1989.
A comparison of feeding mechanisms in micropha-
gous, herbivorous, intertidal, prosobranchs in rela-
tion to resource partitioning. Journal of Molluscan
Studies, 55(2): 151-165.

Houbrick J.R., Fretter V. 1969. Some aspects of the
functional anatomy and biology of Cymatium
and Bursa. Journal of Molluscan Studies, 38(5):
415-429.

Hughes R.N., Hughes H.P.I. 1981. Morphological
and behavioural aspects of feeding in the Cassidae
(Tonnacea, Mesogastropoda). Malacologia, 20(2):
385-402.

Kantor Yu.l., Harasewych M.G. 1992. Morphology
of the digestive system of Volutomitra alaskana
Dall, 1902 (Gastropoda, Pectinibranchia, Voluto-
mitridae), with notes on the possible mechanism of
feeding. Ruthenica, Russian Malacological Journal,
2(1): 27-35.

Kunze T., He3 M., Haszprunar G. 2016. 3D-interactive

microanatomy of Ventsia tricarinata Warén &
Bouchet, 1993 (Vetigastropoda: Seguenzioidea)
from Pacific hydrothermal vents. Journal of
Molluscan Studies, 82(3): 366-377. https://doi.
org/10.1093/mollus/eyw002

Lutfy R.G., Demian E.S. 1967. The histology of the ali-
mentary system of Marisa cornuarietis (Mesogas-
tropoda: Ampullariidae). Malocolagia, 5: 375—-422.

Mackenstedt U., Markel K. 1987. Experimental and
comparative morphology of radula renewal in pul-
monates (Mollusca, Gastropoda). Zoomorphology,
107(4): 209 —239.

Marshall B.A. 1988. Thysanodontinae: a new sub-
family of the Trochidae (Gastropoda). Journal of
Molluscan Studies, 54(2), 215-229. https://doi.
0rg/10.1093/mollus/54.2.215

Mischor B., Mirkel K. 1984. Histology and regenera-
tion of the radula of Pomacea bridgesi (Gastropoda,
Prosobranchia). Zoomorphology, 104: 42—66.

Mikhlina A., Tzetlin A., Vortsepneva E. 2018. Renewal
mechanisms of buccal armature in Flabellina ver-
rucosa (Nudibranchia: Aeolidida: Flabellinidae).
Zoomorphology, 137: 31-50.

Mikhlina A., Vortsepneva E. 2023. Morphology of the
buccal apparatus of Dendronotus frondosus (Gas-
tropoda: Nudibranchia). Journal of Morphology,
284(6): €21593. DOI: 10.1002/jmor.21593

Newell R. 1962. Behavioural aspects of the ecology of
Peringia (= Hydrobia) ulvae (Pennant) (Gastero-
poda, Prosobranchia). Proceedings of the Zoological
Society of London, 138(1): 49-75.

O’Sullivan J.B., McConnaughey R.R., Huber M.E.
1987. A blood-sucking snail: the cooper’s nutmeg,
Cancellaria cooperi Gabb, parasitizes the California
electric ray, Torpedo californica Ayres. The Biology
Bulletin, 172(3): 362-366.

Ponder W.F. 1973. The origin and evolution of the
Neogastropoda. Malacologia, 12: 295-338.

Ponder W.F., Lindberg D.R. 1997. Towards a phy-
logeny of gastropod molluscs: an analysis using
morphological characters. Zoological Journal of
the Linnean society, 119(2): 83-265.

Sargent P.S., Hamel J.F., Mercier A. 2019. The life his-
tory and feeding ecology of velvet shell, Velutina
velutina (Gastropoda: Velutinidae), a specialist
predator of ascidians. Canadian Journal of Zoology,
97(12): 1164-1176.

Sasaki T. 1998. Comparative anatomy and phylogeny of
the recent Archaeogastropoda (Mollusca: Gastropo-
da). University Museum, University of Tokyo, Bulle-
tin, 38: 1-223. DOI10.3109/05678066709170546.

Simone L.R.L., Cunha C.M. 2006. Revision of genera
Gaza and Callogaza (Vetigastropoda, Trochidae),
with description of a new Brazilian species. Zoo-
taxa, 1318(1): 1-40.

Starmiihlner F. 1952. Zur Anatomie, Histologie und
Biologie einheimischer Prosobranchier. Oster-
reichische Zoologische Zeitschrift, 3(5): 546-590.

Vortsepneva E., Ivanov D., Purschke G., Tzetlin, A.
2013. Morphology of the jaw apparatus in 8 species
of Patellogastropoda (Mollusca, Gastropoda) with
special reference to Testudinalia tesulata (Lotti-
idae). Zoomorphology, 132: 359-377.

Vortsepneva E., Ivanov D. Purschke G., Tzetlin A.
2014. Fine morphology of the jaw apparatus of




98 E. Vortsepneva, Yu. Kantor, K. Agunovich, E. Nikitenko, A. Mikhlina

Puncturella noachina (Fissurellidae, Vetigastropo-
da). Journal of Morphology, 275: 775-787.

Vortsepneva E., Herbert D.G., Kantor Yu, 2021a. The
rhipidoglossan radula: formation and morphology
of the radula in Puncturella noachina (Linnacus,
1771) (Fissurellidae, Vetigastropoda). Journal of
Morphology, 282(10): 1523-1532.

Vortsepneva E., Herbert D.G., Kantor Yu, 2021b. The
rhipidoglossan radula: formation and development
in Margarites helicinus Phipps, 1774 (Trochoidea,
Vetigastropoda). Journal of Morphology, 282(11):
1683-1697.

Vortsepneva E., Mikhlina A., Kantor Y. 2023. Main
patterns of radula formation and ontogeny in Gas-
tropoda. Journal of Morphology, 284(1). https://doi.
org/10.1002/jmor.21538

Vortsepneva E., Lavrov A. 2021. Studying cuticle
shedding in three species of leeches. Invertebrate
Biology 140.2 (2021): e12317.

Wiesel R., Peters W. 1978. Licht- und elektronenmi-
kroskopische Untersuchungen am Radulakomplex
und zur Radulabildung von Biomphalaria glabrata
Say (= Australorbis gl.) (Gastropoda, Basomma-
tophora). Zoomorphologie, 98: 73-92.

Wu S.-K. 1965. Comparative functional studies of the
digestive system of the muricid gastropods Drupa
ricina and Morula granulata. Maolacologia, 3(2):
211-233.




