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ABSTRACT: Two fundamental types of radulae in Mollusca have been recognized: stereo-
glossate and flexoglossate. The former is characterized by a fixed connection between the
teeth and the radular membrane, a membrane that is not folded longitudinally, and parallel
feeding tracks where the teeth act as a rasp. This type of radula has been considered present
in Monoplacophora, Polyplacophora, Scaphopoda, and one gastropod subclass, the Patello-
gastropoda, and is therefore thought to represent the ancestral state of radulae in Gastropoda.
In contrast, the flexoglossate radula is characterized by a mobile connection between the
teeth and the radular membrane, longitudinal folding of the membrane within the radular
sac, and the mobility of rotating marginal teeth, which follow different trajectories during
feeding. The flexoglossate radula is typical of all Gastropoda except Patellogastropoda.
A detailed examination of the radular apparatus of ten gastropod species from different
subclasses, including Patellogastropoda, as well as three Polyplacophora species, has al-
lowed us to reevaluate the stereoglossate condition in gastropods and polyplacophorans.
We demonstrate that the radular membrane is folded longitudinally in the radular sac in
all the species studied. Among Patellogastropoda, this was most obvious in Scutellastra
longicosta, which has a broader and more complete radular transverse row (13 teeth),
though traces of folding were observed even in Testudinalia testudinalis, which has only 4
teeth in a transverse row. Similarly, the radular membrane was folded longitudinally in the
radular sac of chitons, which were previously thought to have a stereoglossate radular type.
Our data allowed us to re-evaluate the established views on the evolution of radula. Most
likely, the plesiomorphic state of molluscan radula is a flexible flexoglossate condition. We
conclude that the stereoglossate condition in Patellogastropoda is not a distinct radular type
but rather a secondary modification of an originally flexoglossate radula. This modification
is related to the reduction of teeth in the transverse row, retaining only the central portion
of the radula, consisting of two pairs of lateral teeth.

How to cite this article: Vortsepneva E.V., Mikhlina A.L., Kantor Yu.l. 2025. The evolu-
tion of the radula in molluscs: what was first, flexoglossy or stereoglossy? // Invert. Zool.
Vol.22. No.1. P.202-218. doi: 10.15298/invertzool.22.1.13

KEY WORDS: Gastropoda, Polyplacophora, docoglossate, taeniolgossate, rhipidoglos-
sate, radula.

Devoted to memory of Claus Nielsen.



The evolution of the radula in molluscs: what was first, flexoglossy or stereoglossy? 203

dsonouus paaysibl MOJIJTFOCKOB: UTO NOABUIIOCH
paHblLUe, ('b.ﬂeKCVIF.HOCCHOCTb nnun CTepeOI'ﬂOCCHOCTb?

E.B. BopuenHeBa', A.Jl. MuxnuHa?, H0.U. Kantop?®

! Kageopa zoonoeuu becnossonounvix, Mockosckuii eocyoapcmeennvlii yuueepcumem um. M.B.
Jlomonocosa, Jlenunckue copvr 1-12, Mockea 119234 Poccus.

2 Benomopckas ouonoeuueckas cmanyust MI'Y, Mockogckuil 20cydapcmeennviil yHugepcumen um.
M.B. Jlomonocosa, Jlenunckue copwi 1-12, Mockea 119234 Poccus.

3 Jlabopamopus mopghonozuu u sxon02uL MOPCKUX 6ecno360HouHbIX, HHcmumym npobiem sKoio2uu
u seomoyuu um. A.H. Cesepyosa PAH, Jlenunckuii npocnekm 33, Mockea 119071 Poccus.
Omesemcmeennulil 3a nepenucky: vortcepneva@gmail.com

PE3IOME: ¥V MOJTIOCKOB BBIICNSAIOT JBa OCHOBHBIX THIIA PaIyIbl: CTEPEOTIIOCCHBIH
u QuexcuraoccHbli. [lepBbIii THIT XapaKTepU3yeTcs KECTKHIM COCAMHEHHEM 3y0OB C
paaysspHOI MeMOpaHOH, He CKIIa/IbIBAIOIICHCS B/IOJIb, U MTAPAJLICIbHBIMU TPASKTOPUSIMU
JIBIDKEHUS] 3y0OB IIPpU MHUTAHWH, JEHCTBYIOMIMMH Kak Tepka. CYMTaeTcs, YTO 3TOT THII
paxynsl ipucyTcTByeTy Monoplacophora, Polyplacophora, Scaphopoda m ogHoro noxiiacca
OproxoHorux MoiuttockoB, Patellogastropoda. CoOoTBETCTBEHHO, OH CUMTAJICSI MCXOIHBIM
coctosiHHEM panyibl y Gastropoda.

@dnexcuriaoccHas paayiia, B OTINYNE OT CTEPEOTTIOCCHON, XapaKTePHU3yeTCsl TOABHKHBIM
COC/IMHEHUEM MEXy 3y0aMu M paayJisipHOW MEMOpaHOM, MPOIOJIbHBIM CKIIaJbIBAHUEM
MeMOpaHbl BHY TPH PaJIyJISIPHOTO MEIIKA U TI0/IBUYKHOCTHIO BPAIIAIOIINXCS KPaeBbIX 3y00B,
KOTOPBIE CIIEYIOT Pa3HBIM TPACKTOPHUSIM BO BPEMsI TUTAHHSI. DTOT TUII PAyJibl XapaKTepeH
JUTS BCEX OPIOXOHOTHX MOJITIOCKOB, 3a McKitoucHneM Patellogastropoda.

[Toapo6HOE ncenenoBanue paLy sIpHOTO anmapaTa fecsaTi BuaoB Gastropoda 13 pa3inmaHbIX
oIKIaccoB, BKtodas Patellogastropoda, a Takke Tpex BunoB xutoHoB (Polyplacophora)
MIO3BOJIMIIO [IEPECMOTPETH KOHIIETIIHIO O CTEPEOTIIOCCHOM COCTOSIHIH PA1yJIbl y OPIOXOHOTHX
MOJUTFOCKOB M XUTOHOB. MBI ITOKa3aJ1H, YTO pajIyJisipHast MeMOpaHa CKJIabIBaeTCs IIPOIOIBHO
B pajyJIIpHOM MelIKe y BceX u3yueHHbIX BuJoB. Cpenu Patellogastropoda sTo Hanbosee
3aMeTHO y Buza Scutellastra longicosta, nmeromiero oosee MMUpOKyIo paayiy ¢ 13 3ydbamu B
rrorrepedHoM psiy. Cltebl CKITaIbIBaHMS HAOMFOMAIHCh Haxe y Buna Testudinalia testudinalis,
00JTa1aroIIeTo paIylnoi ¢ 4 3y0aMu B TOTIEPEIHOM PALY. AHATOTHYHO, padyIsIpHas MeMOpaHa
CKJIa/IbIBaJIach MPOJIOJIBHO B PAIyJISIPHOM MEIIKE Y XUTOHOB, KOTOPBIE PaHEe CYUTAIICH
00J1a/Ia10IUMHK CTEPEOTJIOCCHBIM THIIOM PaJTyJIbl.

Haumm nanHble 1MO3BOJISIIOT MEPEOLEHUTh YCTOSBIIUECS B3TJISIIIBI HA 3BOJIIOLMIO PaLyJIbl
y MOJUTIOCKOB. BeposiTHee Bcero, (IIEKCUTIIOCCHOE COCTOSTHHE paIyJIbl SIBISETCS
TIE3MOMOP(HBIM JUISI MOJUTIOCKOB. MBI IPUIILIN K BBIBOJY, YTO CTEPEOTTIOCCHOE COCTOSTHUE
y Patellogastropoda siBiisieTCst He CaMOCTOSATEIFHBIM THIIOM PAIYJIbl, @ CKOpee BTOPUIHOM
MoOTU(HUKAIMEH W3HAYAIBHO (PICKCHUTIIOCCHON pafysbl. DTa Moau(HUKAIHs CBs3aHa C
YMEHbBIICHUEM 4YHCIIa 3yOOB B IIONEPEYHOM psijly, TIPH KOTOPOM COXPAHSIETCS! TOJIBKO
LEHTpaJIbHAs YacTh PAJyJIbl, COCTOSIIAS U3 IBYX Map JaTepalbHbIX 3y0OB.
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Introduction

Radular apparatus is the primary organ for
obtaining food in all molluscs, except bivalves
and aberrant forms of gastropods with highly
specialized feeding types. The latter include, e.g.
parasitic gastropods, radula-less gastropods with
suctorial feeding mode (Ponder et al.,2020). The
radula itself is a chitin ribbon of teeth, which
is continuously renewing during the molllusc
lifetime (see, for example, Runham, 1962; Isa-
rankura, Runham, 1968; Kerth, 1983; Mischor,
Mirkel, 1984; Mackenstedt, Mirkel, 1987;
Starobogatov, 1990a, b). This specific feature of
radula, its ability for constant renewal, allowed
the ancestral molluscan forms to exploitarich but
challenging food source, the biofilms and foul-
ing found on the hard substrata (Ivanov, 1990).

Therasping feeding mode, specific to feeding
on hard substrata fouling, can either imply the
presence of hard teeth undergoing rapid wear
during feeding (Shaw et al., 2010), of clever
geometries of teeth that prosper the formation
of a stiff tooth array transmitting high stresses
(Krings, Gorb, 2024), or potentially by a high
tooth turnover rate (Isarankura, Runham, 1968;
Underwood, 1984). Consequently, this feed-
ing strategy is available only for animals with
continuously renewing buccal armature, such
as the radula.

For the major classes of Mollusca, Mono-
placophora, Polyplacophora, Cephalopoda, and
Scaphopoda, a relatively narrow range of feed-
ing strategies is typical, leading to a conserved
morphology ofthe food-obtaining apparatus (Iva-
nov, 1990). In contrast, gastropods demonstrate
the most diverse feeding strategies, a result of
morphological plasticity of their food-obtaining
apparatus, particularly the radula (Ponder ez al.,
2020). Over 35 terms have been used to describe
different radula types within Gastropoda (see,
for example, Gray, 1853; Troschel, 1856—1863;
Morch, 1865; MacDonald, 1869; Sars, 1878;
Minichev, Starobogatov, 1979; Salvini-Plawen,
1988; Starobogatov, 1990a, b; Ponder, Lindberg,
1997). This extensive terminology stems from
differences in the criteria used by authors to de-
scribe and classify radula types. Key characters
of radula include the number of teeth per trans-
verse row and the number of rows. Additional
features include the mobility of tooth-membrane
connection, the shape of radular ribbon within
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the radular sac, etc. (Starobogatov, 1990a, b;
Ponder, Lindberg, 1997).

Salvini-Plawen (1988) proposed two basic
radular types: stereoglossate and flexoglossate.
The primary difference between these types lies
in the movement of the radula during feeding. In
the stereoglossate type, “‘the radular tongue acting
as a simple rasp parallel to the longitudinal axis
without lateral rotary movements of the teeth or
aneffective bending plane ofthe radula” (Salvini-
Plawen, 1988: 359). Contrarily, flexoglossate
radula, as defined by Salvini-Plawen (1988), is
a “flexible tongue that causes each radular tooth
to scrape the substratum when it moves over the
bending plane” (Salvini-Plawen, 1988: 359).

Beside this definition, the terms ““stereoglos-
sate” and “flexoglossate radular condition” were
frequently used by other authors to describe radu-
lar morphology and function (Salvini-Plawen,
Haszprunar, 1987; Haszprunar, 1988, 1993;
Schaefer, Haszprunar, 1996; Ponder, Lindberg,
1997; Guralnick, Smith, 1999).

Based on the literature data, the stereoglos-
sate and flexoglossate radular conditions can be
defined as follows:

(1) Stereoglossate radula (also referred to
as docoglossan — Starobogatov, 1990; Ponder,
Lindberg, 1997) is arigid radula with fixed con-
nection between teeth and radular membrane.
The radular membrane is rather firm and does
not fold longitudinally, neither at the working
plane nor within the radular sac. The feeding
tracks produced by this radula on the substratum
are parallel, and the radula functions as a rasp
(Ankel, 1938; Haszprunar, 1988; Salvini-Plawen,
1988; Ponder, Lindberg, 1997; Guralnick, Smith,
1999). Stereoglossate radulais typically found in
Monoplacophora, Polyplacophora, Scaphopoda,
and one gastropod subclass, the Patellogastrop-
oda (Golikov, Starobogatov, 1975; Wingstrand,
1985; Haszprunar, 1988; Salvini-Plawen, 1988).

(2) Flexoglossate radula is a radula with
mobile connection between teeth and radular
membrane. The radular membrane is flexible,
folding longitudinally within the radular sac and
unfolding at the working plane. In flexoglossate
radulae, the marginal teeth are mobile and can
rotate, helping to gatherthe particles froma larger
area compared to stereoglossate radula. The
flexoglossate radular condition is characteristic
of all Gastropoda, except Patellogastropoda.
That includes Vetigastropoda, Neritimorpha,
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Caenogastropoda, and Heterobranchia (Ponder,
Lindberg, 1997; Ponder et al.,2020; Vortsepneva
etal.,2023b).

The appearance of flexoglossate radula
was a key event in the evolutionary history of
gastropod molluscs. The development of longi-
tudinal bending of the membrane facilitated the
differentiation of radular teeth into morphologi-
cally distinct groups, allowing them to acquire
new functions (Minichev, Starobogatov, 1979;
Ponder, Lindberg, 1997), enabled the radula to
function as diverse tools, such as brooms, scis-
sors, etc. (Ankel, 1936; Hickman, Morris, 1985).
This novel feeding mechanism provided early
non-Patellogastropoda with a more efficient
feeding strategy, which eventually resulted in a
decline in patellogastropod diversity in habitats
where the two listed clades coexisted (Ponder,
Lindberg, 1997).

For a long time, the prevailing phylogenetic
hypothesis on molluscan relationships was the
morphology-based “Testaria” concept. Accord-
ing to this concept, gastropods, monoplacopho-
rans, and polyplacophorans formed a monophy-
letic clade called Testaria. Polyplacophora were
considered the sister clade to Conchifera, which
comprises all shell-bearing molluscs, including
Monoplacophora and Gastropoda. Furthermore,
Monoplacophora were reconstructed as the sis-
ter group to other Conchifera (Salvini-Plawen,
1985; Salvini-Plawen, Steiner, 1996; Haszprunar,
2000). One of the synapomorphies of Testaria
was the stereoglossate radular condition, found
in Polyplacophora, Monoplacophora, Scaph-
opoda, Cephalopoda, and Patellogastropoda
(previously considered the most basal gastropod
clade) (Salvini-Plawen, 1988; Salvini-Plawen,
Steiner, 2014). Therefore, the flexoglossate
condition, characteristic ofall Gastropoda except
patellogastropods, was considered apomorphic,
while the stereoglossate condition was deemed
plesiomorphic for molluscs.

On the other hand, alternative hypotheses
suggested the plesiomorphy of rhipidoglossan
(wide flexoglossate) radula in gastropods (e.g.
Fretter, Graham, 1962; Graham, 1973, 1979).
However, they were doubted, as they implied
anindependent appearance of the stereoglossate
radula in Patellogastropoda and other molluscan
groups (Ponder, Lindberg, 1997).

However, the deep phylogenetic relation-
ships within Mollusca were reconsidered,

and currently the widely supported phyloge-
netic hypotheses favor the concept of Aculifera
(Polyplacophora+Aplacophora) over Testaria
(Polyplacophora+Conchifera) (Scheltema, 1993,
1996; Ivanov, 1996; Scheltema, Schander, 2000;
Kocotetal.,2011,2020; Smithetal.,2011). This
suggests that the stereoglossate radula condition
may have evolved independently in different
molluscan lineages, doubting its previously as-
sumed plesiomorphic status.

In preliminary studies, we obtained data on
the histology of polyplacophoran radula, which
has raised questions about its stereoglossate
condition. This further challenges the previ-
ously proposed concept of stereoglossy as the
plesiomorphic status for all molluscs. Therefore,
the main purpose of this work is to verify the
radular condition in Polyplacophora and Patel-
logastropoda and examine the validity of the
“stereoglossate-as-plesiomorphic” concept. In
our study, we examined the radular morphol-
ogy of three polyplacophoran species and one
patellogastropod species with a wide radula
(Scutellastra longicosta (Lamarck, 1819)). We
have also incorporated previously published
data on radular morphology from other species
representing all subclasses of Gastropoda.

Material and methods

MATERIAL. To trace the patterns of radula fold-
ing within the radular sac, we analyzed data from
ten gastropod species (representing each subclass)
and three polyplacophoran species (see Table 1). For
the majority of these species, detailed descriptions
of the radular morphology and formation process
have been published previously. Here, we used the
microphotographs of transverse semithin sections of
radular sacs to illustrate the shape and location of the
radular membrane.

Original data on radula morphology for Scutel-
lastra longicosta (Patellogastropoda) are presented
here for the first time. Five specimens of S. longicosta
were collected from the subtidal rocky bottom at a
depth of 25-30 m at the station NKR5 (22°19.8'S,
166°13.2'E) of KANAMECO 2024 expedition of
Muséum national d’Histoire naturelle, Paris, France
off Noumea, New Caledonia in March 2024.

Five specimens of Buccinum undatum were col-
lected from the lower intertidal and upper subtidal
zones near the N.A. Pertsov White Sea Biological
Station (WSBS) of Lomonosov Moscow State Univer-
sity (MSU) in Kandalaksha Gulf, White Sea, Russia
(66°33'N, 33°06'E) during the summer seasons of
2020-2022.
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Table 1. List of species used in the present study.

Taxon Species References
Gastropoda
Patellogastropoda | Scutellastra longicosta Present study
Testudinalia testudinalis (O.F. Miiller, 1776) Vortsepneva et al., 2019
Vetigastropoda | Puncturella noachina (Linnaeus, 1771) Vortsepneva et al., 2021
Neritimorpha | Nerita litterata Gmelin, 1791 Vortsepneva et al., 2022
Caenogastropoda | Lacuna pallidula (da Costa, 1778) Vortsepneva et al., 2023a
Buccinum undatum Linnaeus, 1758 Present study
Clavus maestratii Kilburn, Fedosov et Kantor, 2014 | Vortsepneva et al., 2020
Heterobranchia | Cadlina laevis (Linnaeus, 1767) Mikhlina et al., 2022
Clione limacina (Phipps, 1774) Vortsepneva, 2020
Limapontia senestra (Quatrefages, 1844) Mikhlina et al., 2024
Polyplacophora Leptochiton assimilis (Thiele, 1909) Present study
Placiphorella stimpsoni (A. Gould, 1859) Present study
Tripoplax albrechtii (Schrenck, 1863) Present study

Representatives of three polyplacophoran species:
Leptochiton assimilis (3 specimens), Placiphorella
stimpsoni (3 specimens), and Tripoplax albrechtii (3
specimens) were collected in Vostok Bay, Sea of Japan,
near the Marine Biological Station Vostok, Institute
of Marine Biology, Vladivostok, Russia (42°52'N,
132°43'E) in the tidal zone from under stones.

METHODS. Prior to fixation, radular sacs were
dissected from all collected specimens. The radular
sacs were then fixed with 2.5% glutaraldehyde diluted
in 0.2 mol/L phosphate buffer (pH 7.2—7.4) with NaCl
in a concentration of 16.07 g/L. After rinsing in the
same buffer, the radular sacs were dehydrated through
a graded ethanol series and transferred to acetone.
The specimens were embedded in Spurr epoxy resin
for semithin sectioning, performed using a diamond
knife (Diatome Histo Jumbo, Diatome, Switzerland)
ona Leica EM UC6 and UC7 ultramicrotomes (Leica
Microsystems, Wetzlar, Germany). The semithin
sections were stained with 1% toluidine blue and 1%
methylene blue diluted in 1% sodium tetraborate and
examined using an Olympus BS 61 VS slide scanner
(Nikon, Japan).

To study the general morphology ofthe radulae in
the aforementioned species, the radulae were dissected
and incubated in a Proteinase K lysis buffer solution
following the protocol of Ivanova et al. (2006) at
60 °C for 5-6 h to dissolve connective and muscular
tissues. After rinsing in distilled water, the radulae
were air-dried, coated with gold, and examined using
a Jeol JCM-7000 (Neoscope) (Jeol, Japan) scanning
electron microscope (SEM).

Results and Discussion

Radula folding in Gastropoda

Adirectobservation of the radular movements
in situ in most cases is impossible. Therefore, to
reconstruct the trajectories of the tooth movement
during feeding, many studies utilized micrographs
of radula arrangement combined with either
slow-motion photography of radular movements
in vitro or micrographs of feeding tracks (see,
for example, Eigenbrodt, 1941; Carriker, 1969;
Carriker et al., 1974; Wigele, 1983; Runham et
al., 1997). In our turn, we suppose that studying
the folding of the radular membrane within the
radular sac and on the working plane is also help-
ful for reconstruction of the radular movements.

DOCOGLOSSATE RADULA OF PATEL-
LOGASTROPODA. The docoglossate radula of
Patellogastropodais considered a stereoglossate
and is characterized by the impregnation of the
lateral teeth with iron oxide, specifically goethite,
and silicon (Runham ez al., 1969; Rinkevich,
1993; Liddiard et al., 2004; Hua, Li, 2007).
Goethite is the second hardest iron oxide iso-
morph after magnetite. The latter is present in
radular teeth of chitons (Macey, Brooker, 1996;
Wealthall et al., 2005). Both patellogastropods
and chitons rasp biofilm from hard substrata,
which necessitates the presence of durable teeth.
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This feeding mode leads to a high rate of
tooth wear. The patellogastropod radula can
exceed nearly twice the length of the shell. Po-
tentially, the long maturation phase is necessary
to incorporate the high proportions of minerals
in the teeth.

Apart from mineralization with iron oxides,
the main trend in modifications ofthe patellogas-
tropod radula is the reduction of teeth within the
transverse row, specifically, the partial or total
loss of the rachidian and marginal teeth (Sasaki,
1998). The complete set ofteeth in the transverse
row in the patellogastropod radula consists of
13 teeth: one rachidian tooth flanked by three
lateral and three marginal teeth on each side
(radular formula: 3.3.1.3.3). A similar radular
formula is observed in Scutellastra longicosta
(Patellogastropoda, Patellidae) (Fig. 1A-D).
Its radula consists of a narrow rachidian tooth,
flanked by two small, unicuspid lateral teeth, a
large, four-cuspid lateral tooth, and three elon-
gated marginal teeth on each side. The radular
sac in this species looks flattened, suggesting that
the radula is not folded within the sac. However,
transverse semithin sections reveal that the radular
membrane does not fold in the central field where
the highly mineralized rachidian and lateral teeth
are located. Instead, two longitudinal folds are
present in the zone of marginal teeth attachment
to the radular membrane, situated in the lateral
parts oftheradularsac (Fig. 1 D). Consequently, as
the radula become mature and enters the working
zone, the membrane unfolds. According to the
position of the teeth, the marginal teeth do not
move in straight lines but rather move from sides
towards the center of the membrane.

The second species examined to illustrate
the docoglossate radula is Testudinalia testu-
dinalis (Patellogastropoda, Lottiidae). In adult
specimens of T testudinalis, two pairs of highly
mineralized lateral teeth are present. The inner
and outer lateral teeth within one row are shifted
longitudinally, with the outer laterals situated
behind the inner ones. The radular formula is
2.0.2. Transverse semithin sections through the
radular sac (mineralization zone) reveal that the
radular membrane does not fold in the central
field, where the mineralized teeth are located.
However, there are longitudinal folds outside of
the outer lateral teeth, on both sides ofthe central
field (Fig. 1F). That is, similar to S. longicosta,
the radula is folded within the radular sac.

Therefore, the radula of Patellogastropoda is
folded longitudinally within the radular sac. This
fact is particularly evident in species with wide
radulae having a complete set of teeth, such as
S. longicosta. That suggests that the stereoglossy
inpatellogastropod radulae is a secondary condi-
tion that arose from a shift from detritophagy to
rasping on hard substrata. This change of feed-
ing strategy has driven the evolution of a long,
highly mineralized radula optimized for feeding
onbiofilms on hard substrata. Subsequently, min-
eralization, a key event in the patellogastropod
evolution (Runham et al., 1969; van der Wal,
1989), has led to a decrease in the number of
teeth within the transverse row and the loss of
the flexoglossate condition due to the hardening
of the radular teeth and membrane.

FLEXOGLOSSATE RADULA OF OTHER
GROUPS OF GASTROPODA. Theflexoglossate
radula, found in other gastropods, demonstrates
an exceptionally wide range of morphology and
isrepresented by over 20 types. The rhipidoglos-
san radulae of Vetigastropoda, Neritimorpha,
and lower Heterobranchia, along with the
taenioglossan radulae of Caenogastropoda and
Heterobranchia, form the basis of the current
diversity of radular morphology.

RHIPIDOGLOSSAN RADULAE OF VE-
TIGASTROPODA AND NERITIMORPHA.
The rhipidoglossan radula of Vetigastropoda is
characterized by a central field with a central
(rachidian) tooth, typically flanked by five lat-
eral teeth (one of which may be stronger than
the others) and numerous (more than 10-12)
elongated marginal teeth on each side within a
transverse row (Hickman, 1980, 1984). Many
authors have considered this radular type to be
plesiomorphic for all gastropods except Patello-
gastropoda (Haszprunar, 1988; Ponder, Lindberg,
1997; Ponder et al., 2020). The rhipidoglossan
radulae, with its numerous flexible marginal
teeth, along with paired jaws bearing rodlets
on the masticatory border, are well-suitable for
detritophagy. Vetigastropoda have a rather wide
range of feeding preferences, from detritus to
seston and fouling organisms, such as sponges
and cnidarians (Fretter, 1955, 1975; Nisbet,
1973; Hickman, 1984; Salvini-Plawen, Hasz-
prunar, 1987).

The rhipidoglossan radula is also character-
istic of Neritimorpha (Ponder, Lindberg, 1997,
Ponderetal.,2020). Transverse semithin sections
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of Scutellastra longicosta, SEM micrograph; pink curved line marks teeth location within the transverse
row on the flattened radula; D — transverse semithin section through the middle part of the radular sac of S.
longicosta; E — general morphology of the radula of Testudinalia testudinalis, SEM micrograph; F — trans-
verse semithin section through the zone of matured teeth in the radular sac of T festudinalis. Radular parts
on plates D and F are indicated by semitransparent colors: radular membrane — pink, central tooth — dark
pink, lateral teeth — dark green, marginal teeth — pale green. White arrows on plates B, D, E, and F mark
folds of the radular membrane and borders of the central field of radula.

Abbreviations: ap — alary process; ct — central tooth; ilt — inner lateral tooth; 1t — lateral tooth; mt — marginal tooth;
olt — outer lateral tooth; rm — radular membrane; wz — working zone of the radula.
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Fig. 2. Morphology of rhipidoglossan radula. A— general morphology of the radula of Puncturella noachina
(Vetigastropoda, Gastropoda), SEM micrograph; B — transverse semithin section through the radular sac
of P. noachina; C — general morphology of the radula of Nerita litterata (Neritimorpha, Gastropoda); D —
transverse semithin section through the radular sac of N. litterata. In both species, longitudinal folds of radula
(marked by white arrows) on the border between lateral teeth. Pink curved lines on the plates A and C mark
teeth location within the transverse row on the flattened radula. Radular parts on plates B and D are indi-
cated by semitransparent colors: radular membrane — pink, central tooth — dark pink, lateral teeth — dark
green, marginal teeth — pale green. White arrows on plates B and D mark folds of the radular membrane

and borders of the central field of radula.

Abbreviations: ct — central tooth; 1t — lateral tooth; mt — marginal tooth; rm — radular membrane.

through the radular sacs both of vetigastropods
and neritimorphs (Fig. 2) clearly show that the
radular membrane folds twice longitudinally in
the central field, and the elongated marginal teeth
lie dorsally inside the sac, covering the central
field of the radula. Notably, cross-sectional views
of the radulae of patellogastropods having wide
radulae are similar to those of neritimorph radulae
with large teeth in the central field. These radulae
have highly mineralized teeth in the central field,
making it difficult to bend the radular membrane
in this area. The longitudinal folds in these radu-
lac lie between the lateral and marginal teeth,
suggesting that this way of radula folding is the
most optimal given the mentioned conditions.
According to the currently accepted phylo-
genetic hypotheses, vetigastropods and neriti-
morphs are not closely related groups (Cunha,
Giribet, 2019; Uribe et al., 2019, 2022; Zhong

et al., 2022). Their radulae, though similar in
type, have anumber of significant morphological
differences in the configuration and organization
ofthe radula formation zone (Vortsepneva et al.,
2022). These characters suggest a convergent
origin of rhipidoglossan radulae with elongated
marginal teeth in these two subclasses. More-
over, the multilayered epithelium in the zone
of formation of marginal teeth likely evolved
as an adaptation for the synthesis of numerous
elongated teeth and compacting them within
the radular sac.

TAENIOGLOSSAN RADULAE OF CAENO-
GASTROPODA AND HETEROBRANCHIA.
Most of Caenogastropoda possess taenioglossan
radula, consisting of seven teeth per transverse
row (Fig. 3), a plesiomorphic condition for this
group (Ponder, Lindberg, 1997; Strong, 2003;
Ponderetal.,2008,2020). This basic radular type
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Fig. 3. Radular morphology of Caenogastropoda. A, D — taenioglossan radula of Lacuna pallidula (Lit-
torinimorpha); general morphology of the radula of L. pallidula, SEM micrograph (A) and transverse semithin
section through the radular sac (D); B, C — stenoglossate radula of Buccinum undatum (Neogastropoda);
general morphology of the radula, SEM micrograph (B) and transverse semithin section through the radular
sac (C); E, F — toxoglossan radula of Clavus maestratii (Neogastropoda); general morphology of the radula,
SEM micrograph (F) and transverse semithin section through the radular sac (E). Pink curved lines on the
plates A, B and F mark teeth location within the transverse row on the flattened radula. Radular parts on
plates C, D, and E are indicated by semitransparent colors: radular membrane — pink, central tooth — dark
pink, lateral teeth — dark green, marginal teeth — pale green. White arrows on plates C and E mark folds
of the radular membrane and borders of the central field of radula.

Abbreviations: ct — central tooth; 1t — lateral tooth; mt — marginal tooth; rm — radular membrane.
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Fig. 4. Radular morphology of Heterobranchia (Gastropoda). A— general morphology of the radula of Cad-
lina laevis (Nudibranchia, Doridina), SEM micrograph; B — transverse semithin section through the radular
sac of C. laevis, SEM micrograph; C — general morphology of the radula of Clione limacina (Pteropoda,
Gymnosomata), SEM micrograph; D — transverse semithin section through the radular sac of C. limacina;
E — general morphology of the radula of Limapontia senestra (Sacoglossa), lateral view, SEM micrograph;
F — transverse semithin section through the radular sac of L. senestra. Pink curved lines on the plates A
and C mark teeth location within the transverse row on the flattened radula. Radular parts on plates B, D,
and F are indicated by semitransparent colors: radular membrane — pink, central tooth — dark pink, lateral
teeth — dark green. White arrows on plates D and F mark folds of the radular membrane and borders of the
central field of radula.

Abbreviations: ct — central tooth; fz — formation zone of the radula; It — lateral tooth; rm — radular membrane; wz —
working zone of the radula.
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serves as a foundation for other caecnogastropod
radulae, including highly specialized forms
adapted for predation, such as the toxoglossan
radula of Neogastropoda (Fig. 3E-F) (Ponder,
Lindberg, 1997; Strong, 2003; Ponder et al.,
2008, 2020). Taenioglossan radulae are also
found in Vetigastropoda (e.g., Seguenziidae, Lep-
etellidae, Conjectura) and are in fact secondarily
simplified rhipidoglossan radula that evolved in
aberrant taxa with specialized feeding modes
(Hickman, 1983; Salvini-Plawen, Haszprunar,
1987; Haszprunar, 1988; Haszprunar et al.,
2016). In contrast, the tacnioglossan radula type
is most likely plesiomorphic for Heterobranchia,
as it is occasionally found in various clades of
this subclass, including basal lineages (Bieler,
1988; Climo, 1975; Ponder, Yoo, 1977; Warén,
Bouchet, 1993). The close phylogenetic relation-
ships of Caenogastropoda and Heterobranchia
are well-established (Cunha, Giribet,2019; Uribe
etal.,2022).

In both caenogastropods (Fig. 3) and hetero-
branchs (Fig. 4), all radulae are flexoglossate,
since the radular membrane with teeth folds
within the radular sac and unfolds on the working
plane, regardless of the radular type.

The teeth feeding tracks in flexiglossate
radulae are diverse, with different groups ofteeth
having distinct trajectories during the feeding
process. This distinguishes flexoglossate radulae
from the stereoglossate (Ankel, 1936, 1938; Ei-
genbrodt, 1941; Morris, Hickman, 1981; Janssen,
Triebskorn, 1987; Hawkins et al., 1989; Franz,
1990; Mackenstedt, Markel, 2001; Krings et al.,
2019; Scheel et al., 2020).

Radula folding in Polyplacophora

According to previously published works,
polyplacophoran (chiton) radula belongs to the
docoglossate type (stereoglossate condition),
similar to the radulae of Patellogastropoda,
Monoplacophora, and Scaphopoda (Wingstrand,
1985; Haszprunar, 1988; Salvini-Plawen, 1988).
Chitons typically have the rasping feeding mode,
and their radular morphology is conserved. The
chitonradulais typically composed of 17 teeth in
the transverse row, rarely 15 or 13. The typical
radular formula for chitonsis 3.5.1.5.3 (Eernisse,
Reynolds 1994). The transverse row comprises
the central tooth, a pair of centro-lateral teeth,
a pair of magnetite-impregnated major laterals,
two pairs of small laterals, a pair of elongated
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lateral teeth called major uncinus, and three pairs
of marginal plates (Saito, 2004) (Fig. SA—C, F).

Despite the generally assumed stereoglossate
condition of the chiton radula, studies on radular
feeding tracks suggest otherwise (Shaw ef al.,
2010; Pohl et al., 2020; Scheel et al., 2020;
Kringsetal.,2022). These studies demonstrated
that the lateral teeth in polyplacophoran radulae
are mobile and rotate during feeding, indicating
that the radula does not function as a rasp like
stereoglossate radulae (Scheel e al., 2020). Our
findings, based on three studied polyplacophoran
species, have shown that the radula is folded
within the radular sac. The radular membrane
folds longitudinally between the centro-lateral
teeth and major laterals, as well as between the
major uncinus and marginal plates (Fig. 5D, E,
Q). Therefore, based on both morphology and
function, the radula of Polyplacophora should
be classified as flexoglossate.

Plesiomorphic condition of the molluscan
radula

Considering the data on radular conditions
within the radular sac and on the working plane
for different gastropods and chitons, we propose
that the plesiomorphic state of molluscan radula
is a flexible flexoglossate condition, when the
radulais longitudinally folded within the radular
sac and unfolds on the working plane.

In Patellogastropoda, the radula is second-
arily modified due to a shift from grazing on soft
fouling organisms to rasping biofilms on hard
substrata. In that case, the originally wide and
flexible flexoglossate radula transformed into a
narrower, more rigid stereoglossate. Most likely,
the outermost fields with mobile marginal teeth
were reduced in patellogastropod radulae, retain-
ing only the central field with highly mineralized
teeth firmly attached to the radular membrane.
This suggests that the flexoglossate radular
condition was plesiomorphic for gastropods, and
the stereoglossate radula of Patellogastropoda
represents a special case of flexoglossate radula
with reduced outermost fields (Figs 6, 7).

The studies of the polyplacophoran radular
morphology and function, particularly regarding
the folding of the radula within the radular sac
(Fig. 7) and feeding tracks of the radular teeth
(Shaw etal.,2010; Pohletal.,2020; Scheel et al.,
2020; Krings et al., 2022), demonstrate that the
radulae of Polyplacophora should be classified
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Fig. 5. Radular morphology of Polyplacophora. A, D — radular morphology of Leptochiton assimilis (Lepi-
dopleurida); general morphology on the working plane, SEM micrograph (A) and transverse semithin section
through the radular sac (D); B, C, E — radular morphology of Placiphorella stimpsoni (Chitonida); general
morphology on the working plane (B) and magnified area of the half-row (C); transverse semithin section
through the radular sac (E); F, G—radular morphology of Lepidozona albrechti (Chitonida); general morphol-
ogy on the working plane (F) and transverse semithin section through the radular sac (G). Pink curved lines
on the plates B and F mark teeth location within the transverse row on the flattened radula. Radular parts on
plates D, E, and G are indicated by semitransparent colors: radular membrane — pink, central tooth — dark
pink, lateral teeth — dark green, marginal teeth — pale green.

Abbreviations: clt — centro-lateral teeth; ct — central tooth; ilt — inner lateral tooth; 1t — lateral tooth; mlt — major
laterals; mt — marginal tooth; mut — major uncinus; rm — radular membrane; wz — working zone radula.



214 E.V. Vortsepneva et al.

* VETIGASTROPODA ‘ ’ ﬁ(/ as
R AW,y

rhipidoglossate

PATELLOGASTROPODA " g

(—) LA

docoglossate

—° NERITIMORPHA
r ‘1
n/“

rhipidoglossate

] ——= CAENOGASTROPODA »
U -y &

taenioglossate

AYART

stenoglossate toxoglossate

¢ HETEROBRANCHIA < ) < >
different types \ ! /\

Fig. 6. Distribution of the radular types among Gastropoda with the indication of the flexoglossate condition
(dark pink curved lines near the schematic overviews of transverse sections through the radular sac). Radular
parts on the diagrams of transverse sections through radula are indicated by semitransparent colors: radular
membrane — pink, central tooth — dark pink, lateral teeth — dark green, marginal teeth — pale green.
Phylogeny based on Cunha & Giribet (2019).

ﬂ‘

\\‘U



The evolution of the radula in molluscs: what was first, flexoglossy or stereoglossy? 215

e radulatype
| CONCHIFERA lit. data our data i
! 1
| ——  GASTROPODA m — Q|

1
i different types i
1

1
i I needs i
4 1
i @ to reV|ewi
| S teeth !
! 1
i |———  BIVALVIA absent |
i |
I 1
1 1
1 1
| needs
| CEPHALOPODA W i)
i 13, 7-9 teeth |
! 1
! 1
| MONOPLACOPHORA —_ e
. to review!
i @ @ :
i i
| APLACOPHORA !
| W ok
| . D 1
i different types !
i i
| POLYPLACOPHORA ﬁ% — @R
1 1
1 ACULIFERA 17 teeth !

- stereoglossate radula
U flexoglossate radula

Fig. 7. Distribution of the radular types among Mollusca. Grey column — radular types according to literature
data; light green column — present study. Phylogeny based on Kocot ef al. (2020).

as flexoglossate rather than stereoglossate, as
previously incorrectly assumed in earlier works.

Analysis of radular movements and radula
folding within the radular sac allows to reconsider
the evolution of the molluscanradula (Fig. 7). The
flexoglossateradulais a plesiomorphic condition
for at least two classes of molluscs, Gastropoda
and Polyplacophora. This raises questions about

established views on the evolution of radula,
highlighting the need for more detailed studies
on the morphology and function of stereoglos-
sate radulae of other molluscan classes, e.g.,
Monoplacophora and Scaphopoda. It is possible
that their radulae may also have features of both
stereoglossy and flexoglossy, similar to those
observed in Patellogastropoda. Given that the ste-
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reoglossate radulae in patellogastropods are just
the special case of flexoglossate radulae, defining
these two types as fundamentally distinct may be
an oversimplification and possibly unnecessary.
Instead, focusing on the radular biomechanics
and classifying the radulae based on their multi-
and monofunctionality, as proposed by Krings
and Gorb (2024), could provide a more precise
understanding of the evolution of radula.
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