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ABSTRACT

Five types of feeding mechanism can be recognized in the Toxoglossa. The mechanism by

which separate marginal teeth are used at the proboscis tip for stabbing and poisoning the prey

with secretions from the venom gland originated in "lower" turrids possessing a radular mem-
brane, solid marginal teeth, a central tooth and sometimes lateral teeth. The morphological

prerequisite of the appearance of toxoglossan mode of feeding was firstly the appearance of the

venom gland, which initiated the formation of the specialized intraembolic type of proboscis with

the buccal mass situated at its base. Hollow marginal teeth originated repeatedly and indepen-

dently in different phylogenetic lineages of Toxoglossa. It is supposed that the ancestors of

Toxoglossa were primitive mesogastropods with a short acrembolic proboscis and taenioglos-

san radula. The separation of Toxoglossa from the Rachiglossa occurred at an early evolution-

ary stage, when the common ancestor had seven radular teeth in each transverse row.

Key words: Toxoglossa, evolution, feeding, radula.

INTRODUCTION

The order Toxoglossa is large, diverse, and

well differentiated from the other prosobranch

gastropods. It includes four Recent families:

Turhdae, Conidae, Pervicaciidae, and Tere-

bridae. One of the most outstanding and well-

known features of the order is the specialized

feeding mechanism of its higher representa-

tives. That is the use of separate hollow mar-

ginal teeth at the proboscis tip for stabbing

and subsequent poisoning the prey, with the

venom produced by a usually well-developed,

tubular venom gland. Most representatives of

the order (the "higher" Turridae, Conidae and

part of the Terebridae) lack the radula mem-
brane, and the radula itself consists of only

hollow marginal teeth. The teeth being formed

in the radula sheath are finally stored in the

short arm of the radula sac, which is probably

a homologue of the sublingual pouch.

At the same time, many toxoglossans

(mainly "lower" turrids) have a normally de-

veloped radular membrane with two to five

radular teeth per transverse row. Information

on feeding mechanisms and the morphology
of these "lower" toxoglossans is very limited,

although the functional analysis of their diges-

tive system and feeding mechanism may elu-

cidate the pathways of ongin and evolution of

"toxoglossan" mode of feeding.

One of the most interesting problems is the

origin of "toxoglossan" feeding mechanism.

Does it have a single or repeated ongin in

evolution, and what are the morphological

prerequisites for its appearance? The main

aim of this study was to clarify these prob-

lems.

MATERIALS AND METHODS

Materials for the study were obtained

mainly from the collections of the Zoological

Museum of Moscow State University and In-

stitute of Oceanology of the USSR Academy
of Sciences (Moscow). Other material was
kindly provided by Dr. James H. McLean (Los

Angeles County Museum of Natural History,

USA); the late Dr. Virginia O. Maes (Academy
of Natural Sciences, Philadelphia, USA); Dr.

Anders Waren (Naturhistohska Riksmuseet,

Sweden); and Dr. R. N. Kilburn (Natal Mu-

seum, South Africa).

The morphology of the digestive tract was
studied using sections 8-10 fxm thick, which

were cut after dehydration and embedding in

paraffin wax. The sections were usually

stained with Massons triple stain. Its second

solution, which contains orange-G and aniline

blue, was used for staining the radula. Large

specimens were also dissected under the ste-

reomicroscope. In total, the morphology of 18

species of Turridae belonging to six subfam-

ilies was studied.
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RESULTS AND DISCUSSION

Within the Toxoglossa there is significant

variability both in the morphology of the rad-

ular teeth and their number in a transverse

row (the radular formulae: 1-1-1-1-1, 1-0-1-

0-1, 1-1-0-1-1, 1-0-0-0-1). The morphological

changes in the radular apparatus and associ-

ated structures of the anterior digestive sys-

tem form the main evolutionary trends of the

order. Several authors have tried to classify

the radular types of Toxoglossa according to

both the morphology and probable mecha-
nism of function (Thiele, 1929: Powell. 1966:

Morrison, 1966: McLean. 1971). The most

complex classification was proposed by

Shimek & Kohn (1981), who isolated six func-

tional types of toxoglossan radula, four of

which are found in lower "non-toxoglossate"

turrids (those with solid marginal teeth). How-
ever, one can say that only two general feed-

ing mechanisms include all the isolated types:

"toxoglossate" for those gastropods which

have only hollow marginal teeth and lack a

radular membrane, and "non-toxoglossate"

for lower turrids. In the first feeding type, sep-

arate, hollow marginal teeth are used at the

proboscis tip for stabbing and poisoning the

prey: in the second type, the radula is used as

a whole organ only within the buccal cavity. In

their analysis, Shimek & Kohn (1981) used
mainly isolated radulae. without taking into

account the morphology of the digestive tract,

and this led to some misinterpretation (Sy-

soev & Kantor, 1987).

A functional morphological analysis of the

digestive system of the species studied sug-

gests that there are at least four different

types of feeding mechanism for toxoglossans

possessing a radula and one type for radula-

less species.

General Anatomy of Toxoglossa

Before a more detailed analysis of the feed-

ing mechanism, a brief description of the an-

terior part of the digestive system of the Tox-

oglossa is necessary. One of the outstanding

features of the order is the specialized in-

traembolic type of proboscis (Smith, 1967),

which is characterized by the position of the

buccal mass at the base of the proboscis or

even behind it. This precludes the use of the

radula as a whole organ for rasping and graz-

ing, as in other gastropods. The second fea-

ture is the presence of the well-developed tu-

bular venom gland entering the anterior

oesophagus behind the buccal cavity. It has
been shown that the venom gland produces a

venom that immobilizes or kills prey animals

(Kline. 1956: Pearce, 1966: Miller, 1980:

Shimek & Kohn, 1981: Kohn, 1956, 1959,

1968, many others). The buccal tube leads

from the buccal cavity to the mouth, which

opens at the proboscis tip. The buccal tube

has thick muscular walls in "lower" toxoglos-

sans, but is thin-walled and practically lacking

muscular fibres in higher representatives.

It should be noted that the functional anal-

ysis was carried out mainly using the anatom-
ical evidence, because data on feeding be-

haviour and diet are scarce and chiefly

concern species of Conidae, Terebridae and
some higher Turridae. As our knowledge of

the morphology of turrids becomes more pre-

cise, the proposed classification may change.

Feeding Mechanism Type 1

The first functional type of digestive system
and feeding mechanism, that in which the

radula is used as a whole organ only within

the buccal cavity, was found among species

of Pseudomelatominae (Turndae). This is an
endemic subfamily from central west Amer-
ica, which includes three genera and several

species (McLean, in Keen, 1971). The anat-

omy of two species

—

Pseudomelatoma peni-

cillata (Carpenter, 1864) and Hormospira
maculosa (Sowerby, 1834)—indicates the

isolated position of the group among the Tox-

oglossa (Kantor, 1988). This is obvious, in

particular, from the presence of long curve of

the antehor part of the digestive tract, a rarely

found and undoubtedly secondary feature in

turrids. The curve is formed either by elonga-

tion of the part of the oesophagus between
the nerve ring and the buccal mass (in

Pseudomelatoma penicillata (Fig. 1 ), the buc-

cal mass is situated at the proboscis base and
far ahead of the nerve ring) or by the elonga-

tion of the posterior part of the buccal tube (in

Hormospira maculosa, the buccal mass is sit-

uated in front of the nerve ring, distant from

the proboscis base).

Both species have a well-developed venom
gland, longer in H. maculosa (its length com-
prises 0.5 of the shell height). Although the

diet of Pseudomelatominae is unknown, the

presence of the large venom gland testifies to

predatory mode of feeding. The gastropods

have a muscular proboscis with a wide oral

opening in the form of triangular or transverse

slit and lack an oral sphincter. The radula of
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FIG. 1. Anatomy of Pseudomelatoma penicillata (Carpenter). A—semidiagrammatic longitudinal section of

the anterior part of the molluscan body. Salivary glands with the duct and convolutions of the venom gland

together with the nerve ring are not shown. B, — organs of the body haemocoel (B: from the left, C: from

above).

Pseudomelatominae consists of a large and
well-developed central tooth, flanked by

large, sharply pointed, scythe-like marginal

teeth. Thus, although the morphology of the

marginal teeth is primitive, the absence of

lateral teeth indicates that the group has

deviated greatly from the toxoglossan ances-

tor.

From the morphology of the digestive tract,

one can suggest that prey capture probably

occurs with the aid of the proboscis tip and is

facilitated by the presence of a wide and
highly extensible oral opening. The enveno-
mation of the prey probably occurs in the an-

terior part of the proboscis, and this facilitates

the transportation of the prey through the

buccal tube into the buccal cavity by the peri-

staltic movements of well-developed circular

muscles in walls of the buccal tube. The pres-

ence of a very large odontophore (the largest

of all the turrids studied) suggests that the

radula tears the prey in the buccal cavity.

Thus, the radula of Pseudomelatominae is of

the slicing-rasping type as determined by

Shimek & Kohn (1981). The large inner vol-

ume of the buccal cavity and the curve of the

anterior part of the digestive tract suggests
that the prey is partially digested in the ante-

rior part of the digestive tract.

In summary, the main features of this feed-

ing mechanism are; prey capture with the aid

of the proboscis tip, without using marginal

teeth (since the oral opening lacks a sphincter

and the shape of the marginal teeth prevents

their being held at the proboscis tip); use of

the large and powerful radula for slicing and
rasping the prey; and, what is probably a sec-

ondary feature, at least partial digestion of the

prey in the anterior part of the digestive tract.

This feeding mechanism is the true "non-tox-

oglossate" and was probably characteristic

of ancestors of the Toxoglossa. In my opinion,

it is widespread among turrids, and occurs

probably in the Clavinae and other taxa lack-

ing an oral sphincter (for example, Clavatula

diadema), although digestion of the prey in

the anterior part of the digestive system Is

uncertain.
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FIG. 2. Morphology of the digestive system of Aiona spp. A—C: Aiorla abyssalis Sysoev et Kantor (A

—

semidiagrammatic section of the anterior part of the digestive system; —magnified tip of the proboscis;

—radula): D—magnified tip of the proboscis of Aforia kupnyanovi Sysoev et Kantor.

Feeding Mechanism Type 2

The second functional type of digestive

system IS found in some turrids with a well-

developed radular membrane (subfamilies

Turriculinae, Clavinae) (Sysoev & Kantor,

1987, 1989). Its typical feature is the use of

marginal teeth, which become detached from

the radular membrane during its degeneration

(in the sublingual pouch), at the proboscis tip

for stabbing the prey. Meanwhile, the radula

as a whole organ has a different function in

the buccal cavity. This type of feeding mech-
anism can be probably found amongst spe-

cies of almost all subfamilies of Turndae, ex-

cept the Pseudomelatominae, Zonulispirinae

and probably the Clavatulinae.

Since turrids belonging to this type have

varied anatomies, it is difficult to distinguish

morphological features common to all repre-

sentatives of the group. For the species stud-

ied {Aforia spp., Antiplanes spp., Splendnllia

chathamensis Sysoev & Kantor, 1 989) the fol-

lowing features can be noted: a large or me-
dium-sized odontophore, with well-developed

radular muscles; a sac-like enlargement of

the anterior part of the buccal tube; and a

well-developed oral sphincter.

Individual solid marginal teeth were found

at the proboscis tip, either held by the oral

sphincter as in Afona (Fig. 2 B,D), or attached

by their bases to the "mat" of epithelial cells in

the enlargement of the buccal tube as in

Splendnllia chathamensis (Fig. 3B). It should

be noted that separate teeth were not found in

the sublingual pouch. This seems to indicate

that the marginal teeth are not used at the

proboscis tip of Afona in every feeding act. On
the contrary, the mechanism of tooth fixation

in Splendnllia testifies to the long-term occur-

rence of the tooth at the proboscis tip, i.e. the

enlargement of the anterior part of the buccal

tube may be considered as a functional ana-

logue of the short arm of the radular sac.
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FIG. 3. Anatomy of Splendrillia chatamensis Sysoev & Kantor. A

—

semidiagrammatic longitudinal section of

the anterior part of molluscan body; —magnified tip of the proboscis.

Transportation of teeth to the proboscis tip in

Aforia may occur with the flow of venom dur-

ing contraction of the muscular bulb or also by

peristaltic movements of circular muscle fi-

bres of the buccal tube. Splendrillia chatha-

mensis has an additional, well-developed

sphincter in the middle part of the buccal tube

(Fig., spt), which probably takes part in the

transportation of the tooth. The marginal tooth

is detached from the membrane and is

pushed into the buccal cavity by the contract-

ing walls of the buccal sac. The tooth length is

about 1/3-1/4 of the contracted proboscis

length. During the contraction of the proximal

part of the proboscis, the tooth becomes held

by the additional sphincter. When the distal

part of the proboscis contracts, the tooth is

passed into the oral sphincter.

The function of the radula as a whole organ
within the buccal cavity is most probably for

the transport of food from the cavity to the

oesophagus. This may be confirmed, in par-

ticular, by the observations of Maes (1981),

who noted the presence of intact sipunculans
in the posterior part of the oesophagus of Dril-

lia cydia (Bartsch, 1943) (Clavinae), although

the large, pectinate lateral teeth might at first

sight be thought to serve for tearing or rasping

the prey.

The use of marginal teeth at the proboscis

tip in turrids with a well-developed radular

membrane is probably a widespread phe-

nomenon amongst the Turhdae. This may ex-

plain the origin of hollow marginal teeth in

different groups possessing the radular mem-
brane and odontophore. For example, Ima-

clava (Clavinae), most probably also uses the

teeth at the proboscis tip for stabbing the prey

in a way similar to higher toxoglossans.

In summary, the main features of this feed-

ing mechanism are: the detachment of mar-
ginal teeth from the radular membrane during

its degeneration; transportation of the teeth to

the proboscis tip; and their use for damaging
and poisoning the prey with the venom. A fea-

ture of the proboscis is the sac-like enlarge-

ment of the anterior part of the buccal tube,

with the sphincter holding the base or the mid-

dle part of the tooth. The function of the radula

as a whole organ is mainly for the transport of

the food from the buccal cavity to the oesoph-
agus, although in some turrids it may be used
also for tearing and rasping. This could be
confirmed by the investigation of the prey ob-
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FIG. 4. Morphology of the digestive system of Toxiclionella túmida (Sowerby). A—semidiagrammatic lon-

gitudinal section of the anterior part of the digestive system. The convolution of the venom gland and

posterior part of the radular sac are not shown, the arrow indicates the entrance of the venom gland in the

oesophagus: B—marginal tooth: C—the tip of the tooth, enlarged.

tained from the buccal cavity and anterior oe-

sophagus. Thus, the slicing, slicing-rasping,

and slicing-stabbing types of radula described

by Shimek & Kohn (1981) belong principally

to the same functional type, which may be

named stabbing-transporting" type.

Feeding Mechanism Type 3

The third feeding mechanism has been

found so far only in a single species of Tur-

ridae, Toxiclionella túmida (Sowerby, 1870)

(Clavatulinae), although it probably exists in

other species of this endemic south African

genus. A feature of the morphology of the di-

gestive system IS the position of the buccal

mass, with the odontophore near the probos-

cis tip (Fig. 4A). The oral sphincter is absent.

The gastropod has a well-developed, long

venom gland and an unpaired salivary gland

with paired ducts, which is situated in the pos-

terior part of the proboscis. The radula con-

sists only of hollow, marginal teeth which are

morphologically similar to the teeth of higher

turrids (Fig. 4B,C); a radular membrane is

present. The teeth are sufficiently long (the

tooth, at the same scale, is figured above the

proboscis on Fig. 4) that during protraction of

the odontophore the tips would protrude

through the oral opening. This leads to the

conclusion that the mollusc uses the radula

as a whole organ for stabbing the prey.

The main difference of this mechanism
from all others in which a marginal tooth is

used for stabbing and poisoning the prey, is

that the radula is used as a whole organ, not

as separate teeth. It is possible that a similar

mechanism occurs in Turricula nelliae spurius

(Hedley, 1922) (Taylor, 1985), which has a

similar proboscis morphology.

Feeding Mechanism Type 4

The fourth feeding mechanism was found

in higher toxoglossans that lack a radular

membrane, i.e. higher Turridae, Conidae and

some Terebridae. The main feature of the

mechanism is the use of individual, hollow

marginal teeth at the proboscis tip for stab-

bing the prey, and the completely reduced

function of the radula as a whole organ within

the buccal cavity. The feeding and the diet of
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FIG. 5. Anatomy of Teretiopsis abyssalis Kantor & Sysoev. A—semldiagrammatic longitudinal section of thie

anterior part of thie molluscan body; — enlarged part of the section through the body wall and rhyn-

chodaeum.

species with this functional type is well

known, and it is unnecessary to describe it in

detail. Only the most important morphological

features should be noted. These are the ves-

tigial, or completely reduced, radular mem-
brane; the absence of an odontophore; the

presence of the short arm of the radular sac,

where the fully formed marginal teeth are

stored; and a well-developed, oral sphincter

for tooth fixation. The radula is represented

only by hollow marginal teeth, with the most
specialized and complex morphology found

within the prosobranchs. The tooth ligament

(long flexible stalk attached to the tooth base)

is probably the rudiment of the radular mem-
brane. Amongst molluscs of this functional

group, the enlarged rhynchostomal lips ap-

peared. In some species, the lips are able to

invert (i.e. to form a pseudoproboscis) and
this is used in prey capture. It should be noted

that in some representatives of the group

—

some vermivorous species of Conus (Marsh,

1970) and geographus L., 1758 (Johnson
& Stablum, 1971)—stabbing is not a neces-

sary part of each feeding act.

Judging from the morphology of the diges-

tive system, Zonulispirinae occupy an inter-

mediate position between the gastropods of

the second and the fourth functional groups.

They have hollow marginal teeth, attached to

a rather strong radular membrane. This may
indicate that separate teeth are used at the

proboscis tip. Moreover, the gastropods have
very small odontophore (Maes, 1983); this in-

dicates that the function of the radula as a

whole organ within the buccal cavity is prob-

ably rudimentary.

Feeding Mechanism Type 5

The fifth and last functional type is found

among those Toxoglossa lacking a radula.

Gastropods of this group belong to higher

Turridae (according to the shell morphology)

and some Terebridae. The most important

features are: a reduced or completely absent

proboscis; and absence of a radular sac, and
venom and salivary glands. Most representa-

tives of this group have either well-developed

rhynchostomal lips or a large pseudoprobos-

cis (Terebridae—Miller, 1975; Philbertia lin-

earis (Montagu), Turridae—Sheridan et al.,

1973). Some turrids {Cenodagreutes spp.

—

Smith, 1967; Abyssobella atóxica Kantor &
Sysoev

—

Kantor & Sysoev, 1986; Teretiopsis

spp.

—

Kantor & Sysoev, 1989), lacking a

pseudoproboscis, have a vast rhynchocoel

and have developed a cavity between the

rhynchodaeum and body walls, which are

connected by numerous muscles in the cavity
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(Fig. 5). Species of the genus Taranis lack

both a pseudoproboscis and a cavity.

The feeding mechanism is known for tere-

brids (Miller, 1970, 1975). Thus, species with

a relatively short pseudoproboscis feed on

the enteropneust Ptychodera flava, and spe-

cies with a long pseudoproboscis feed on

polychaetes. The capture and engulfment of

the prey occurs with the aid of the pseudopro-

boscis. Turrids lacking a pseudoproboscis,

but with a cavity between the rhynchodaeum

and the body walls, probably engulf the prey

with the aid of negative pressure, which

arises in the rhynchocoel during contraction

of the radial muscle fibres (at that moment the

inner volume of the rhynchocoel increases). It

is difficult at present to say anything certain

about the feeding mechanism of Taranis.

The feeding of such aberrant groups as

Strictispinnae (Turridae) is unclear. These

gastropods lack a venom gland and have a

very large odontophore. According to the fig-

ure of Maes (1983), Stnctispira paxillus

(Reeve, 1845) has a short buccal tube. Thus,

there is a possibility that it can protrude the

radula through the mouth opening and use it

pincer-like, teanng off small pieces of food.

Origin of the Toxoglossan Mode of Feeding

In my opinion, the development of the

unique 'toxoglossan" mode of feeding is con-

nected with certain morphological prerequi-

sites. These were the appearance of the

venom gland and the intraembolic type of the

proboscis.

The mobile proboscis, which in the con-

tracted state is situated in the special cavity of

the body haemocoel, or proboscis-like struc-

tures (for example, the extrovert formed by

the walls of the buccal cavity in Janthinidae

—

Graham, 1965) appeared independently in

different groups of marine predatory gastro-

pods. The presence of the proboscis allows

an increase in the mobility of the buccal mass,

and this is achieved by its shift from the ven-

tral side of the head (as in herbivorous gas-

tropods) in the terminal (axial) position. This

also allows distant" feeding, i.e. to feed on

prey hidden in burrows, crevices, etc., and

also on animals with external skeletons, for

example on bivalves (inserting the proboscis

between the open valves or through a drilled

hole).

Usually three types of proboscis are de-

fined; acrembolic, pleurembolic, and intraem-

bolic, these are differentiated by the position

of the buccal mass and the mode of eversión.

Only the latter two types are found among
Neogastropoda. In gastropods with the pleu-

rembolic proboscis, the buccal mass with rad-

ular sac is situated near the proboscis tip, and

proboscis eversión occurs with the aid of

the posterior invaginable part of the rhyn-

chodaeum (wall of the proboscis sheath or

rhynchocoel). In many neogastropods with

this proboscis type, the entire or nearly entire

rhynchodaeum takes part in proboscis ever-

sión. On the contrary, in gastropods with the

intraembolic proboscis, the buccal mass is sit-

uated at the proboscis base or even behind it

{Pseudomelatoma penicillata, Turridae— Fig.

1), the invaginable part of the rhynchodaeum

is absent, and the proboscis eversión results

only from its stretching. Recently, a proboscis

somewhat intermediate between the typical

pleurembolic and intraembolic types was de-

scribed in Turricula nelliae spunus (Taylor,

1985) and Toxiclionella túmida (herein). In

these gastropods, the buccal mass is situated

near the proboscis tip, and the rhynchodaeum

is capable of partial eversión.

Usually, the Neogastropoda are considered

as a monophyletic group (Ponder, 1973; Tay-

lor & Morris, 1988). On the other hand, doubts

on the monophyletic origin of neogastropods

were expressed by Golikov & Starobogatov

(1975), with moreover the Toxoglossa (sensu

Golikov & Starobogatov who included Mitroi-

dea along with Conoidea and Terebroidea in

the order) were separated from the rest. The
problem of the ancestral group is also essen-

tial to the argument. Ponder (1973) consid-

ered that the Neogastropoda onginated from

archaeogastropods or phmitive mesogastro-

pods. Thus, the proboscis of neogastropods

in general and of Toxoglossa in particular

should be considered as de novo structure.

Taylor & Morris (1988), on the contrary, sug-

gested the possibility of the ongin of Neogas-

tropoda from higher, advanced Mesogas-

tropoda and their probóscides thus should be

homologous with the pleurembolic proboscis

of predatory Mesogastropoda. Finally, Sheri-

dan et al. (1973) stated that the intraembolic

type of the proboscis originated from the

acrembolic type.

For more careful consideration of the ques-

tion some comments on the morphology of

the buccal muscles are necessary.

In archaeogastropods and primitive meso-

gastropods lacking a proboscis, there are nu-

merous buccal muscles that are connected to

the columellar and pedal muscles. On the
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contrary, in Mesogastropoda and Neogas-

tropoda with a developed pleurembolic pro-

boscis, the buccal muscles have lost such a

connection and are attached to the proboscis

walls (Graham, 1973; herein). In a species of

Clavinae, which are considered to be the

least-derived Toxoglossans, there is such a

connection of supramedian, radular tensor

and columellar muscles (Fig. ). In my opin-

ion, this undoubtedly confirms the original

basal position of the buccal mass in Clavinae.

In the opposite case, the connection of the

buccal and columellar muscles would be lost.

Thus, one can state that the intraembolic pro-

boscis has evolved independently from the

pleurembolic type and not from the latter (by

the shift of the buccal mass to the proboscis

base) and that the ongin of Toxoglossa and all

Neogastropoda in general (if they are consid-

ered as a monophyletic group) from higher

probosciferous mesogastropods is improba-

ble. Probóscides of different groups of Neo-

gastropoda probably appeared indepen-

dently, and the detailed morphological studies

of some poorly known groups would corrobo-

rate this supposition.

The appearance of the intraembolic pro-

boscis in Toxoglossa may be connected with

appearance and development of the venom
gland. It is very likely that toxoglossan ances-

tors were carnivorous gastropods with a short

acrembolic proboscis. The acrembolic pro-

boscis is found among various primitive gas-

tropods (for example, Naticidae, Triphoridae,

Cerithiopsidae) and principally may be con-

sidered as an elongated buccal tube that has

an ability to evert through the mouth opening

as a glove finger. In the inverted position, the

buccal mass is situated at the base of the

proboscis, while in an everted position it is

located at the proboscis tip (Fig. 6 A). During

proboscis eversión the oesophagus is pulled

through the nerve ring.

The elongation of the acrembolic proboscis

allows gastropods to feed on animals hidden

in deep burrows, crevices or tubes, for exam-
ple on polychaetes. At the same time, the

elongation of the proboscis limits the size of

the oesophageal glands, which have to be

pulled through the nerve ring during eversión.

It could be suggested that at early evolu-

tionary stages, these gastropods started to

use the secretion produced by the dorsal

glandular folds of the oesophagus and
squirted through the mouth for immobilization

of the prey. This simplified the capture and
swallowing of actively moving prey. After the

appearance of such feeding mechanism, the

proboscis may have elongated by the devel-

opment of a tube in front of the mouth open-
ing, which was situated in the sheath formed
by the walls of introvert of the acrembolic pro-

boscis (Fig. 7B). The main function of the pro-

boscis was not to move the buccal mass for-

ward, but to form the tube through which the

venom reaches the prey.

Such elongation of the proboscis appears

closely related to the enlargement of the dor-

sal oesophageal folds; as the inner volume of

the proboscis grew, more venom was neces-

sary to fill it. Gradually the glandular folds

stripped off from the oesophagus and formed

a tube, i.e. the venom gland. In the initial

stages of the formation of the new proboscis

type, the introvert was probably able to evert,

but the enlarged size of the venom gland pre-

vented its being pulled through the nerve ring.

Finally, this caused fixation of the buccal

mass in front of the nerve ring at the probos-

cis base, and the introvert ceased to evert. At

that moment, the newly formed proboscis

possessed all features of the intraembolic

type (Fig. 60). The functions of the radula

were the same as in other gastropods (tearing

and rasping the prey and its transportation to

the oesophagus), but it acted only within the

buccal cavity.

If this proposed scheme of origin of the in-

traembolic proboscis is accepted, then one
can suppose that the rhynchodaeum is a ho-

mologue of the introvert wall of the acrembolic

proboscis and the proboscis itself is de novo
structure that is not homologous with the

pleurembolic proboscis of other neogastro-

pods.

The discovery of a mechanism by which

individual solid marginal teeth are used at the

proboscis tip in turrids with a well-developed

radular membrane, allows us to reconstruct

the development of the typical "toxoglossan"

mode of feeding. In the process of radula

growth, anterior (the oldest) rows of teeth are

detached from the radular membrane, which

in turn degenerates in the sublingual pouch. It

is reasonable to suppose that some detached

teeth are not removed through the digestive

tract (as usually occurs in gastropods) but are

somehow transported to the proboscis tip

where they are used for damaging the prey

integument. This intensifies the efficiency of

venom action. Fixation of such a mechanism
in evolution created the prerequisites and ne-

cessity of the appearance of hollow marginal

teeth. This was an important stage in toxo-
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FIG 6 A scheme for the origin and evolution of the proboscis of Toxoglossa. The dotted arrows indicate

hypothetical connections. The hypothetical morphological stage is given on the dotted background. A—
acrembolic proboscis of the ancestral group; B—intermediate morphological stage between the acrembolic

and intraembolic proboscis types; C—the basal type of the intraembolic proboscis; D— origin of rhynchos-

tomal lips; E—reduction of the proboscis, radula and venom and salivary glands; F— ongin of pseudopro-

boscis- G—reduction of the proboscis, radula and venom and salivary glands; H— displacement of the

buccal mass toward the proboscis tip and formation of the curve of the digestive tract; I—formation of the

radial folds at the proboscis base.
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FIG. 7. The anatomy of Benthobia n.sp. A—semidiagrammatic longitudinal section of the anterior part of the

molluscan body; —radula.

glossan evolution. As the mechanism of prey

stabbing and poisoning by the teeth at the

proboscis tip improved, the functions of the

radula as a whole organ within the buccal

cavity became less and less important. This

finally led to reduction of the odontophore,

central and lateral teeth, and as a final stage,

the radular membrane.

Up until now the intraembolic proboscis has

been found only amongst Toxoglossa. How-

ever, a similar proboscis type was found by

the author in a species of the family Pseudo-

lividae (Fig. 7), Benthobia n.sp. The buccal

mass in this species is situated at the probos-

cis base; moreover, there is a connection of

the buccal muscles with the columellar mus-
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de (this confirms the primary position of the

buccal mass, see above). This gastropod also

has a very large gland of Leiblein. According

to Ponder (1973), the venom gland of the

Toxogiossa and the gland of Leiblein were

formed independently, but in similar way. by

the stripping off of the glandular folds from

the oesophagus. Thus, one can state that

Pseudolividae and Toxogiossa are not related

groups, and the similar proboscis type ap-

peared independently. The radular morphol-

ogy of Benthobia (Fig. 7B) (very similar to

Olividae), as well as details of the morphology

of the anterior part of the digestive tract, indi-

cates that the marginal teeth are not used at

the proboscis tip by Benthobia. Thus, the de-

velopment of the venom gland rather than the

position of the buccal mass at the proboscis

base, was the main factor conditioning the ap-

pearance of "toxoglossan" mode of feeding in

evolution.

The origin of hollow marginal teeth took

place repeatedly and independently in differ-

ent phylogenetic lineages of Toxogiossa. Hol-

low marginal teeth appeared at least twice

among turrids, simultaneously with the reten-

tion of the radular membrane and the central

and sometimes lateral teeth. Radulae of this

type are found among Imaclava unimaculata

(Sowerby, 1843) (Clavinae) (Shimek & Kohn,

1981) and Toxiclionella elstoni (Barnard,

1962) (Clavatulinae) (Kilburn, 1985).

The main trends of subsequent evolution of

the Toxogiossa are variable and character-

ized by morphological changes in the anterior

part of the digestive system. Thus, three mam
pathways of the morphological evolution of

the proboscis may be defined. Some Toxo-

giossa have circular folds formed by the pro-

boscis in the contracted state (Fig. 61). This

reduces the length of the contracted probos-

cis, and probably simplifies the transportation

of the individual marginal teeth from the rad-

ular sac to the proboscis tip.

The second lineage is connected with ori-

gin and development of the mobile rhyncho-

stomal lips, which take part in the prey cap-

ture (Fig. 6D). The progressive development

of lips into an introvert results in the

pseudoproboscis (Fig. 6F) of some turrids

and most Terebridae. The action of prey cap-

ture gradually transferred from the proboscis

to the rhynchostomal lips or pseudoprobos-

cis, and this finally led to the complete reduc-

tion of the true proboscis (Fig. 6E, G). The
process is evolutionarily connected with the

complete reduction of the radula, venom and

salivary glands, a process that occurred inde-

pendently in different phylogenetic lineages.

Finally, the third, less studied trend is con-

nected with the shift of the buccal mass to-

ward the proboscis tip. Also the rhyn-

chodaeum secondarily evolved the capability

of partial eversión (this was made possible by

the elongation of the oesophagus between
the buccal mass and the nerve ring and for-

mation of the curve of the oesophagus, as it

takes place in Rachiglossa). The tendency is

best seen in Tumcula nelliae spurius (Turri-

culinae) and Toxiclionella túmida (Clavatuli-

nae). An intermediate morphological stage is

found in Clavatula diadema (Kiener, 1840)

(Fig. 8), m which the buccal mass is situated

inside the proboscis nearer to its base,

and the rhynchodaeum is capable of partial

eversión. The presence of two consecutive

morphological stages in the same subfamily

confirms the secondary character of this ev-

olutionary lineage.

In conclusion, one more question should be

discussed, the resolution of which may shed
light on the ancestral group of Neogastropoda
and Toxogiossa, Usually, the radula of Clav-

inae (Turndae), with a central tooth, flanked

by pairs of lateral and marginal teeth, is con-

sidered as a plesiomorphic condition in neo-

gastropods (Taylor & Morris, 1 988). In pectini-

branchiate gastropods, the radula is folded

lengthways in the radular sac. The folds in the

gastropods with differentiated groups of teeth

are situated between the marginal and lateral

teeth and between the lateral and central

teeth. Thus, in gastropods with marginal and

lateral teeth, there are two pairs of folds. A
similar condition is observed in Olivella, ex-

cept for the Clavinae, the only genus of neo-

gastropods which has five teeth in a trans-

verse row (Fig. 9A). Nevertheless, the clavine

radula has only one pair of folds, which are

situated between the central and lateral teeth

(Fig. 9B). Species of the genus Antiplanes

have the central formations which were con-

sidered as a reduced central tooth. Investiga-

tions of the radula indicate that it has only one
fold (Fig. 9C). This may indicate that tradi-

tional interpretation of the radular teeth of

Clavinae is wrong and their radula is formed

by central and two pairs of marginal teeth,

which have become greatly differentiated in

evolution. In Antiplanes, the central tooth is

possibly completely reduced, and the central

formations are the rudiments of the inner pair

of the marginal teeth.

Thus, one can suppose that the toxoglossan
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FIG. 8. The anatomy of Clavatula diadema (Kiener). A

—

semidiagrammatic longitudinal section of the an-
terior part of the moiiuscan body; —magnified base part of the proboscis.
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FIG. 9. The radular folding m different Neogastropoda. At the left—the shape of radular teeth, at the

right— diagrammatic transverse section of the radula sheath, A—Olivella; B^Splendrillia (Clavinae); C—
Antiplanes (Turriculinae).

radula originated from the taenioglossan (2-

1-1-1-2) by the reduction of true lateral teeth

and differentiation of the nnarginals. (The rad-

ular fornnula of Clavinae should be 2-0-1-0-2,

of Antiplanes. 2-0-0-0-2.) On the contrary, in

Olivella the radula is formed by the rudiments
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of the marginal teeth, by a pair of laterals and
a central, i.e. it originated from the taenio-

glossan by a reduction of the pair of marginal

teeth (formula: 1-1-1-1-1). The present hy-

pothesis supposes that if the Neogastropoda
is a monophyletic group, their ancestor had
the taenioglossan radula, and the derivation

of Rachiglossa and Toxoglossa occurred at

an early stage, when the ancestor had seven
teeth per transverse row.

CONCLUSIONS

(1) The evolution of Toxoglossa as a sep-

arate taxon was connected with the origin and
development of the venom gland. The devel-

opment of the venom gland determined the

appearance of the specialized intraembolic

type of proboscis and the specific "toxoglos-

san" mode of feeding.

(2) The ancestors of Toxoglossa were
probably lower mesogastropods with a short

acrembolic proboscis and taenioglossan rad-

ula.

(3) In higher Toxoglossa, the specific "tox-

oglossan" mode of feeding, using separate,

hollow marginal teeth at the proboscis tip, has
originated repeatedly and independently in

the Turridae. A similar feeding mechanism
with the use of solid marginal teeth at the pro-

boscis tip in some lower turrids with a well-

developed radular membrane and odonto-

phore may be considered as the intermediate

evolutionary stage.

(4) In "higher" Toxoglossa with well-devel-

oped rhynchostomal lips or with a pseudopro-
boscis, a decrease of the proboscis size usu-

ally occurs and this leads finally to the

complete reduction of the radula, venom and
salivary glands.

ABBREVIATIONS

asg—accessory salivary gland; be—buccal

cavity; bm—buccal mass; bt—buccal tube;

cm— columellar muscle; cu— cuticle; epm

—

"mat" of epithelial cells; gf—glandular folds of

the oesophagus; m—buccal muscle, con-

nected to the columellar muscle; mb—mus-
cular bulb of the venom gland; nr—nerve ring;

od— odontophore; oe— oesophagus; pg

—

venom gland; pr—proboscis; prr—proboscis

retractor muscles; ps—proboscis sphincter;

pw—proboscis wall; r—radula; rd—rhyn-

chodaeum; rm—radial muscles, connecting

the rhynchodaeum and the body wall; rs

—

radular sac; rt—marginal tooth, held at the

proboscis tip; sd—salivary duct; sg—salivary

gland; sip—sublingual pouch; spt—intermedi-

ate sphincter of the buccal tube; sr—rhyncho-
stomal sphincter.
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