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ABSTRACT. On the basis of the molecular sequences
of 12S r-RNA gene of 16 species of Costellariidae the
phylogenetic hypothesis is proposed. The anatomy of
the foregut and radula of 15 species of the family was
studied. The anterior foregut is the most rich in phy-
logenetically informative characters in Costellariidae
and Neogastropoda in general. 6 types of anatomy of
the mid-oesophagus have been recognized. They differ
in the anatomy of the gland of Leiblein and in the
presence/absence and state of development of the glan-
dular tube, formed by stripping off and closure of the
glandular folds of mid-oesophagus. On the basis of
molecular phylogeny it was demonstrated that the most
basal underived type of anterior foregut was found in
still unnamed species of the family. It is characterized
by unmodified gland of Leiblein opening directly into
glandular mid-oesophagus. It is proved that the process
of the formation of the glandular tube and transforma-
tion of the gland of Leiblein into muscular organ oc-
curred in Costellariidae independently from other line-
ages of Neogastropoda. The functional morphology of
the digestive system is discussed. The most probable
source of toxins in costellariids is despite expectations
not the gland of Leiblein, but accessory or primary
salivary glands.

The family Costellariidae MacDonald, 1860
(= Vexillidae Thiele, 1929) is a large family of tro-
pical Neogastropods, encompassing about 320 Re-
cent species [Robin, Martin, 2004]. The group is
relatively well defined conchologically, and is chara-
cterized by elongated fusiform shell with strong
columellar folds and with normally well developed
axial ribs (“costae”), that gave the name to the
family.

Being popular group among shell collectors, the
family attains significant interest from conchologi-
cal point of view. The latest most comprehensive
guide to the family (as well as to the family Mitridae)
was published in 2004 [Robin, Martin, 2004], there
is a WEB cite dedicated exclusively to “Mitroidea”,
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including Costellariidae (http:/mitroidea.eurasias-
hells.net/). The Philippine representatives of the fa-
mily have been treated in Poppe [2008]. The family
is often erroneously considered as closely related to
Mitridae (and included in the same superfamily Mit-
roidea or Mitracea), although Ponder [1972] con-
vincingly demonstrated the great disparity in anato-
my between two families.

The family remains poorly studied in terms of
anatomy and ecology and just a few contributions
have been published [Azuma, 1965; Ponder, 1972;
Maes, Raeihle, 1975].

An interesting peculiarity of Costellariidae is the
mode of feeding and diet, although very few obser-
vations have been published. According to Maes and
Raeihle [1975], Mitromica foveata (Sowerby, 1874)
[as Thala floridana (Dall, 1883)] feeds on a number
of gastropod species, killing the prey with the toxic
secretion, which is acting through the undamaged
integuments of the prey. Feeding of an unidentified
species of Vexillum on a gastropod has been obser-
ved by YuK in New Guinea. Finally, Morton and
Miller [1968] recorded feeding of Austromitra ru-
biginosa (Hutton, 1873) on various species of tuni-
cate, both solitary and compound. Nevertheless,
Taylor et al. [1980] marked only Gastropoda as a
prey item in the diet of Costellariidae.

Taxonomy of the family is in the state of flux.
The following genera and subgenera are usually
recognized within Costellariidae:

Costellaria Swainson, 1840

Mitromica S. S. Berry, 1958

Nodicostellaria Petuch, 1987

Pusia Swainson, 1840

Thala H. et H. Adams, 1853

Thaluta Rosenberg et Callomon, 2003

Tosapusia Azuma, 1965

Vexillum Roding, 1798

Visaya Poppe, Guillot de Suduiraut et Tagaro,
2006

Zierliana Gray, 1847

Except few species (attributed to genera Thaluta,
Zierliana and Visaya) the generic position of species
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FIG. 1. Shells of studied specimens of the family Costellariidae.
A — Vexillum plicarium, 42 mm; B — V. rugosum, 37 mm; C — V. vulpecula, 43.2 mm; D — V. albofulvum,
57.5 mm; E — V. subdivisum, 22.7 mm; F — V. modestum, 17.4 mm; G — V. echinatum, 23.1 mm; H —
Costellariidae gen. sp., 32.5 mm; I — V. militare, 13.3 mm; J — V. virgo, 14.0 mm; K — Vexillum costatum,
44.0 mm.
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FIG. 2. Shells of studied specimens of the family Costellariidae
A — Vexillum tusum, 12.0 mm; B — V. noduliferum, 7.3 mm; C — V. aureolatum, 8.1 mm; D — V. interruptum,
5.5 mm; E — V. diutenerum, 6.6 mm; F — Pusia salisburyi, 9.0 mm; G — Pusia rubra, 5.0 mm.

FIG. 2. PakoBuHBI HcCleJOBaHHBIX JK3eMIULIpoB cemelictBa Costellariidae
A — Vexillum tusum, 12,0 mm; B — V. noduliferum, 7,3 mm; C — V. aureolatum, 8,1 mm; D — V. interruptum,
5,5 mm; E — V. diutenerum, 6,6 mm; F — Pusia salisburyi, 9,0 mm; G — Pusia rubra, 5,0 mMm.

as well as the status of some taxa of the genus group
is often arbitrarily changed. This occurs mostly due
to lack of morphological data not to mention the
absence of the available molecular data.

The purpose of the current publication is to exa-
mine the foregut anatomy (the most variable in Ne-
ogastropoda) of a number of species and on the basis
of the molecular sequences to reconstruct the phy-
logeny of some selected species of Costellariidae.
This will allow to trace the the major tendencies of
the morphological transformations of the foregut.

Materials and methods

Specimens examined

Material for the studies was collected during
several fieldworks in Philippines (AF) and Vietnam
(YK) by SCUBA diving as well as from commercial
sources — fishermen and from “lumun-lumun” col-
lecting nets [Seronay et al., 2010], and in Madagascar
(YK) by dredging (Figs. 1, 2). Specimens were re-
laxed in isotonic solution of MgCl, and tissue clip
(usually the part of the foot) was taken and preserved

PUC. 1. PakoBuHBI HcClenOBaHHBIX JK3eMIUIIpoB cemeiictBa Costellariidae.
A — Vexillum plicarium, 42 vm; B — V. rugosum, 37 mm; C — V. vulpecula, 43,2 mm; D — V. albofulvum,
57,5 mm; E — V. subdivisum, 22,77 mm; F — V. modestum, 17,4 mm; G — V. echinatum, 23,1 mm; H —
Costellariidae gen. sp., 32,5 mm; [ — V. militare, 13,3 mm; J — V. virgo, 14,0 mm; K — Vexillum costatum, 44,0

MM.
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Table 1. Examined material and outgroups used in the phylogenetic analysis.

Generic and specific

identification outgroup’s seguences)

Sampling location (or authors for

12S sequence GB accessing N

Vexillum plicarium Olango Is, Philippines HQ665033
Vexillum rugosum Olango Is, Philippines HQ665032
Vexillum vulpecula (dark form) Nucnucan |s, Philippines HQ665035
Vexillum albofulvum Nucnucan |s, Philippines HQ665034
Vexillum modestum Marinduque Is, Philippines HQ665038
Vexillum militare Balicasag Is, Philippines HQ665044
Vexillum echinatum Olango Is, Philippines HQ665040
Vexillum virgo Marinduque Is, Philippines HQ665042
Vexillum subdivisum Dam Bay, Che Is, Vietham HQ665036
Vexillum costatum Hansa Bay, New Guinea —
Vexillum tusum Punta Engania, Mactan Idand, Philippines HQ665045
Vexillum nodiliferum Punta Engania, Mactan Island, Philippines HQ665037
Vexillum aureolatum Punta Engania, Mactan Island, Philippines HQ665039
Vexillum interruptum Punta Engania, Mactan Island, Philippines HQ665046
Vexillum diutenerum Olango Is, Philippines HQ665043
Pusia salisburyi Balicasag Idand, Philippines HQ665041
Pusia rubra Punta Engania, Mactan Island, Philippines —
Costellariidae gen. sp. Madagascar, Mozambique Channel, 15°34'S, HQ665047; HQ665048
45°43'E, 396 m
Outgroups
Cancellaria cancellata Oliverio M., Modica M.V., 2010 FM999074
Harpa sp. Holford M., Puillandre N., Terryn Y., EU685491
Cruaud C., Olivera B. Bouchet P., 2009
Mitra lens Oliverio M., Modica M.V., 2010 FM999079
Trophon plicatus Barco A., Claremont M., Reid D.G., Houart FN677370
R., Bouchet P.,Williams S.T., Cruaud C.,
Couloux A. Oliverio M., 2010
Latiromitra sp. Oliverio M., Modica M.V., 2010 FM 999085

in 96% ethanol. The body with the shell was pre-
served in 75% ethanol for anatomical studies. Inthe
case of minute species entire body of some speci-
mens was preserved in 96% ethanol.

Inlaboratory the preserved bodieswere dissected
for anatomical studies. The radula was cut out of
the body and cleaned in diluted solution of bleach
(NaOCl), rinsed in distilled water and mounted on
clear glass dlides, that were glued to the SEM stubs.
The radulae were photographed on the TesSCAN
TS5130 scanning electron microscope in the
A.N.Severtzov Institute of Ecology and Evolution.

DNA extraction, amplification and sequencing

DNA was extracted from the peace of foot pre-
served in 96% ethanol, using the Gentra Puregene
Tissue (QIAGEN) extraction kit. A fragment of 545
bp of mitochondrian 12S rRNA gene has been am-
plified using the standard primers [Oliverio, Mari-
ottini, 2001].

Fw: 1281 — 5 TCGCAGCAGYCGCGGTTA

Rw: 125l — 5 AGA GYG RCG GGC GAT
GTGT

All PCR reactionswere set up in the 25ul tubes
with the Advanced Tag-polymerase (5-prime).
The PCR thermal profile was set up as follows:
initial denaturation — 3 min at 95°, 35 cycles of
denaturation (30 sec at 95°), annealing (45 sec at
55°) and extension (45 sec at 68°) with the final
elongation phase (5 min at 68°).

The PCR products were purified with QIAGEN
gel extraction kit. All genes were sequenced in both
directions. The GenBank accession numbers of the
sequences are summarized in Table 1.

Phylogenetic analysis

A set of additional 12S sequences of the close
familiesmembers[Oliverio, Modica, 2010] hasbeen
accessed in Genbank (see Table 1). The 12S sequ-
ences have been automatically aligned using Clustal
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w2 algorithm available online
(http://www.ebi.ac.uk/Tools/msa/clustalw2/), the
result of alignment has been inspected by eye and,
if needed, manually modified in BioEdit, version
7.0.5.3. The best fitting model of nucleotide substi-
tution has been calculated via Modeltest 7.3 [Posada,
Crandall, 2001]. All phylogenetic reconstructions
were performed with the Bayesian analysis with the
following parameters: two Marcov chains of
3,000,000 generations with the sampling frequency
of one tree each 100 generations were run in 8
parallel analyses [Huelsenbeck ef al., 2001]. When
the log-likelihood scores got stable, a set of strict
consensus trees has been constructed, the different
proportion from 0 to 20% of trees has been omitted
while the consensus tree construction.

Abbreviations used in the text and figure capti-
ons:

af — additional flap of the penis; AL — aperture
length; aoe — anterior oesophagus; asg — accessory
salivary gland; bm — buccal mass; bt — buccal
tube; cbcw — cut wall of the buccal cavity; cpw —
cut proboscis wall; CTW — central tooth width;
dgl. — duct of gland of Leiblein; gL. — gland of
Leiblein; gmo — glandular mid-oesophagus;
gpoe — glandular posterior oesophagus; gt — glan-
dular tube; nr — nerve ring; od — odontophore;
odr — odontophore retractor; ord — opening to the
radular diverticulum; pggl. — poorly glandular
gland of Leiblein; poe — posterior oesophagus; pr
— proboscis; prr — proboscis retractors; prw —
proboscis wall; rad — radular membrane; RL —
radular membrane length; rmh — rhynchodaeum;
RW — radular membrane width; sd — salivary duct;
sg — salivary gland; SL — shell length; vd — vas
deferens; vLL — valve of Leiblein.

Results
Molecular data analysis

Alignment of 12S sequences for 16 species of
Costellariidae and 5 outgroups, gave a dataset of
510 positions in total, of which 234 were constant
and 191 wvariable and parsimony informative.
GTR+I+G was found to be the best fitting model of
nucleotide substitution.

The phylogenetic tree, shown (Fig. 3) is a strict
consensus tree, obtained after omitting of 5% of
elementary trees. The tree is characterized by rela-
tively low support of most nodes; however some are
supported enough that allows some rather general
judgments on the phylogeny and relationships of the
family Costellariidae.

The family Costellariidac — clade 1, was shown
to be monophyletic with the high reliability (the
basal node of the family has a PP value of 1). Lati-
romitra sp. (Ptychatractidae) came out as a closest

to the Costellariidae outer taxon, with the PP value
0f'0.96. Oppositely the family Mitridae, (represented
here by Mitra lens) traditionally supposed to be
closely related to Costellariidae, appeared far dis-
tanced from the costellariid clade.

Well supported clade 2 generally corresponds to
the genus Vexillum in broad sense and includes 14
of studied species with the type species of the genus,
Vexillum plicarium (Linnaeus, 1758). Three costel-
lariid, not included into the clade 2, form two distinct
lineages, which represent genus Pusia (P. salisburyi)
and one more, likely still undescribed genus, mem-
bers of which in contrast to all others costellariids
studied, inhabit bathyal depths of South African area.

Morphology of the foregut

Costellariidae gen. sp.
(Fig. 1H, 4, 5 A-B)

Material examined: Madagascar, Mozambique
Channel, 15°34’S, 45°43’E, 396 m, F/V Miriky CP
3266, MNHN IM-2009-7427, two specimens dis-
sected, one specimen sequenced (SL 32.5 mm, AL
10.5 mm).

Anterior foregut (Fig. 4). Proboscis in contrac-
ted state short, comprising ca. 2 mm (0.19 AL, 0.06
SL), cylindrical, slightly tapering. Rhynchodaeum
rather thick and muscular. Proboscis occupies about
1/, of rhynchodaecum length. Paired very powerful
retractors attached symmetrically to anteriormost
ventral part of rhynchodaeum and columellar mus-
cle. Very thin, extremely convoluted buccal tube
leads from mouth opening to muscular buccal cavity.
Thick walled radular diverticulum branches off buc-
cal cavity and contains deeply retracted odontopho-
re. Loops of buccal tube interconnected with con-
nective tissue fibers, forming rather rigid structure.

Powerful branching odontophoral retractor lea-
ves proboscis and follows along oesophagus to pass
through nerve ring. It is probably attached to colu-
mellar muscle. Anterior oesophagus medium thick
within proboscis and attached by numerous muscle
fibers to proboscis walls. After leaving proboscis
oesophagus sharply narrows and becomes very thin
and convoluted, forms rather long loop and follows
anteriorly to anteriormost part of rhynchodaeum. It
is attached to rhynchodaeum by few connective tis-
sue fibers.

Odontophore short (1.22 mm in length), bulbous,
situated mostly within proboscis in its contracted
state, deeply retracted into radular diverticulum.
Subradular cartilages short, fused anteriorly.

Radula (Fig. 5 A-B) consists of 60 rows of teeth,
15 nascent, alary processes well developed, about
1/, of radular membrane length. Radular length 2.2
mm (0.21 AL) width 220 mkm (2.1% AL). Central
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Cancellaria cancellata FM999074
Harpa sp EU685491

Mitra lens FM999079
051 Trophon plicatus FN677370
Latiromitra sp FM999085
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FIG. 3. Strict consensus tree inferred from the 12S gene with Bayesian analysis after 5% of trees have been omitted.
The values of posterior probabilities are indicated for each node.

PUC. 3. Ctporo KoHCEHCYyCHOE AEpeBO, MOJy4eHHOE bBd3iecOBCKMM aHaIM30M IO IMOCIEIOBATENFHOCTSIM HYKICOTHIOB
reHa 12S mocne. 5% nepeBbeB MPOUTHOPHUPOBAHO IPH MOCTPOCHHH KOHCEHCYCHOTO AepeBa. 3HAUEHHE MOCTEPHOPHBIX
BEPOATHOCTEH yKa3aHO UI KaKAOTO y37Ia.

tooth medium broad (ca 80 mkm, or 0.76% AL), blunt tip. No signs of teeth wear observed on radular

tricuspid, with strongly curved anterior margin and bending plane.
long lateral flaps. Cusps broad and relatively short, Valve of Leiblein well developed, much broader
closely spaced, triangular, central being smallest. than oesophagus, pyriform. Mid-oesophagus abrup-

Lateral tooth sub-triangular, with slightly curved and tly narrows to pass through small nerve ring. Pos-
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FIG. 4. Foregut anatomy of Costellariidae gen. sp.

A, B — organs of the body haemocoel: A — in natural position, B — extended, salivary gland removed, rhynchocoel

open to show the proboscis. C — opened proboscis.

Abbreviatons see p. 121.

PUC. 4. Anaromusi mepemHero otaena nmmeBaputenbHoil cuctemsl Costellariidae gen. sp.
A, B — oprassl TyJOBHIIHOTO TeMomens: A — B €CTECTBEHHOM IIOJIOXKEHHH, B — B pacrpaBIeHHOM ITOJIOKCHUH,
CIIIOHHBIE JKeJIe3bl YJAJICHBI, ITOJIOCTh PUHXOILENS BCKPBITA, YTOOBI MOKa3aTh X000T. C — BCKPBITHI XOOOT.

Cokpaenus: cMm. crp. 121.

terior to ring mid-oesophagus slightly broadens and
is obviously glandular and slightly convoluted.

Salivary glands large, massive and bulky, fuse
together without visible border. Salivary ducts nar-
row, enter oesophagus walls shortly after leaving
gland in front of valve of Leiblein. Paired large
bulbous accessory salivary glands adjoin salivary
glands and gland of Leiblein. Their very narrow
ducts follow along odontophoral retractor to probos-
cis base.

Gland of Leiblein is large, broadly tubular, bulky,
opens via very short duct into mid-oesophagus sig-
nificantly posterior to nerve ring (position of duct
opening is marked by arrow on drawing). Gland
whitish in proximal part and light brownish along
most of its length.

Pusia salisburyi (Cernohorsky, 1976)
(Fig. 2G; 5 C-D; 6 A-C)

Material examined: Balicasag Island, Philippi-

nes, lumun-lumun net, one specimen sequenced, one
specimen dissected (SL 9.0 mm, AL 4.3 mm).

Anterior foregut (Fig. 6 A-B). Proboscis in con-
tracted state medium long, comprising ca. 1.35 mm
(0.31 AL, 0.15 SL), occupies entire rthynchocoel,
tapering to tip. Rhynchodaeum thin, transparent. Pa-
ired very long but thin proboscis retractors attached
to anteriormost part of rhynchodaeum. Thin and
nearly straight buccal tube (ca 0.35 mm in length,
or 0.25 of proboscis length) leads from mouth ope-
ning to muscular buccal cavity.

Odontophoral retractor leaves proboscis and fol-
lows partially along oesophagus to pass through
nerve ring and is probably attached to columellar
muscle. Anterior oesophagus relatively thick, after
leaving proboscis coiled, forms very long loop and
follows anteriorly to middle part of rhynchodaeum,
free from rhynchodaeum.

Radular diverticulum muscular, thick, occupies
posterior %/5 of proboscis length, lies entirely within
proboscis. Odontophore short, deeply retracted into
radular diverticulum.
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SEM MAG: 400 x  View field: 1.08 mm

SEM MAG: 6.00 kx View field: 72.00 um 20 um SEM MAG: 4.00 kx - View field: 108.00 um 50 un

FIG. 5. Radular (A, B, C, E) and jaw (D, F) morphology.
A, B — Costellariidae gen. sp.; C, D — Pusia salisburyi; E, ¥ — P. rubra.

PUC. 5. Crpoenune pamynsr (A, B, C, E) u gemroctu (D, F).
A, B — Costellariidae gen. sp.; C, D — Pusia salisburyi; E, F — P. rubra.
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prr

pr

FIG. 6. Foregut anatomy of Pusia salisburyi (A-C) and Pusia rubra (D).
A, D — organs of the body haemocoel in natural position, B — organs of the body haemocoel extended, salivary
gland removed, gland of Leiblein and posterior oesophagus not shown. C — penis.

Abbreviatons see p. 121.

PUC. 6. Anaromusi HepemHero OTAeNa IHINeBApUTENbHOH cucteMsl Pusia salisburyi (A-C) n Pusia rubra (D).
A, D — opraHsl TYJIOBHIIHOTO TEMOLENS B €CTECTBEHHOM IIOJIOKCHUH. B — OpraHel TYJIOBHIIHOTO TeMOIENs B
pacrpaBIeHHOM MOJIOKEHHUH, CIIOHHBIE JKeJIe3bl YHaleHEI, jkene3a JleiiOneiiHa u 3agHMi NMHUINEBOX HE H300PaKCHEL

C — mneHuc.
Coxpaenus: cMm. crp. 121.

Radula (Fig. 5C) consists of 46 rows of teeth, 2
nascent. Radula short, length 450 mkm (0.10 AL),
width 125 mkm (2.9% AL). Central tooth broad (ca
60 mkm, or 1.4% AL), with curved anterior margin
and numerous (12-13) thin, pointed cusps, gradually
elongating from shortest lateral ones to most long,
occupying more central position. Central cusp slight-
ly shorter than adjoining cusps. Slight teeth wear
observed on anterior rows (lateral cusps broken off).
Lateral tooth sub-triangular, with slightly curved and
blunt tip.

Small horseshoe-shaped jaw (Fig. 5D), rounded
in profile, is situated in anterior part of radular di-
verticulum.

Valve of Leiblein well defined, relatively large,
pyriform.

Salivary glands small, fuse together without vi-
sible border, cover valve of Leiblein and nerve ring.
Accessory salivary gland small, cone-shaped, adjo-
ins nerve ring. Mid-oesophagus after passing thro-
ugh nerve ring expands and becomes obviously glan-
dular.

Gland of Leiblein large, long, broadly tubular,
brownish, opens into posterior portion of glandular
part of mid-oesophagus significantly posterior to
nerve ring. Posterior to opening of duct of gland of
Leiblein oesophagus narrows and becomes non-
glandular.



126 Fedosov A.E., Kantor Yu.l.

Penis is very different from other Costellariidae
in being club-shaped rather then simple narrowing
towards the tip (as in other species) and having
additional flap (Fig. 6C).

Pusia rubra (Broderip, 1836)
(Fig. 2G; 5 E-F; 6D)

Material examined: Punta Engania, Mactan Ts-
land, Philippines, lumun-lumun net, one specimen
sequenced, one specimen dissected (SL 5.0 mm, AL
2.25 mm).

Anterior foregut (Fig. 6D). Proboscis in cont-
racted state narrow, short, ca. 0.36 mm in length
(0.16 AL, 0.07 SL). Proboscis with moderately fol-
ded walls, diameter at its base ca. 1.15 mm, at tip
0.3 mm. Rhynchodaeum rather thick, muscular. Pa-
ired thin proboscis retractors attached to anterior-
most ventral part of rhynchodaeum.

Odontophore large, lying entirely outside pro-
boscis. Radular membrane is clearly seen through
walls of radular diverticulum by transparency.

Radula (Fig. 5E) consists of 37 rows of teeth, 2
nascent. Radula short, length 240 mkm (0.10 AL),
width 60 mkm (2.6% AL). Central tooth medium
broad (ca. 35 mkm, or 1.5% AL), with slightly
curved anterior margin and numerous (12) thin po-
inted cusps, gradually elongating from shortest la-
teral ones to most long, occupying more central
position. Slight teeth wear can be observed on an-
terior rows (some cusps broken off). Lateral tooth
sub-triangular, with long curved and blunt tip.

Small horseshoe-shaped jaw (Fig. 5F), rounded
in profile is situated in anterior part of radular di-
verticulum.

Anterior oesophagus thin, convoluted after lea-
ving proboscis, follows anteriorly along rhyncho-
daeum, and opens into relatively very large valve of
Leiblein. Mid-esophagus very thick, convoluted.
Gland of Leiblein medium sized, glandular, light
brownish, opens into oesophagus by short narrowed
duct.

Salivary glands medium-sized, separate, not co-
vering valve of Leiblein.

Vexillum subdivisum (Gmelin, 1791)
(Fig. 1E; 7A; 8A)

Material examined: Dam Bay, Che Island, so-
uthern Vietnam, mangroves, one specimen sequen-
ced, 2 specimen dissected (SL 20.5 mm, AL 10.7
mm — radula illustrated), SL 22.7mm, AL 11.7 mm
—anatomy illustrated).

Anterior foregut (Fig. 7A). Proboscis in cont-
racted state narrow, medium long, about 3.7 mm in
length (0.31 AL, 0.16 SL), gradually narrowing to-
ward tip, with moderately folded walls. Rhyncho-
daeum rather thick and muscular. Paired very po-

werful retractors attached to anteriormost dorsal part
of rhynchodaeum. Buccal tube not pronounced.

Powerful branching odontophoral retractor fol-
lows along oesophagus to pass through nerve ring.
Anterior oesophagus thin, leaving proboscis and fol-
lowing anteriorly along rhynchodaeum, to which it
is attached by numerous connective tissue fibers.

Radular diverticulum splits from anterior oesop-
hagus near proboscis tip. Odontophore deeply ret-
racted, ca. 2 mm in length. Cartilages separate, con-
nected anteriorly by muscular sheath, shorter or
slightly longer than radular membrane.

Radula (Fig. 8A) consists of 46 rows of teeth, 2
nascent. Radula short, length 1.25 mm (0.11 AL),
width 290 mkm (2.7% AL). Central tooth medium
broad (ca. 175 mkm, or 1.6% AL), with slightly
curved anterior margin and numerous (15-16) thin
pointed cusps, gradually elongating from shortest
lateral ones to most long and thick central ones.
Rather strong teeth wear can be observed on anterior
rows (some cusps on central teeth broken off and
tips of lateral ones worn off). Lateral tooth hook-like,
with narrow base and long curved pointed tip.

Valve of Leiblein small, distinct, with circle of
mucous cells seen through its walls.

Salivary glands large, massive and bulky, fused,
covering nerve ring. Salivary ducts narrow, enter
oesophagus walls shortly after leaving gland, con-
voluted. Accessory salivary glands not found.

Gland of Leiblein medium-sized, tubular and
convoluted, narrow, with semi-transparent walls,
brownish, tapering to narrow tip. Gland duct opens
into glandular tube formed by stripped off dorsal
folds of mid-oesophagus. Glandular tube whitish,
moderately convoluted, forming funnel-shaped ex-
pansion, embracing oesophagus. Tube opens into
oesophagus at some distance posterior to small nerve
ring.

Vexillum noduliferum (A.Adams, 1853)
(Fig. 2B; 9A; 10C)

Material examined: Punta Engania, Mactan Is-
land, Philippines, lumun-lumun net, one specimen
sequenced, one specimen dissected (SL 7.3 mm, AL
3.6 mm).

Anterior foregut (Fig. 9A). Proboscis in cont-
racted state bended within rthynchodaeum, ca. 0.8
mm in length (0.22 AL, 0.10 SL), tapering to its tip,
0.09 mm in diameter at base and 0.05 mm at tip.
Rhynchodacum very thin and transparent. Paired
thin proboscis retractors attached to anteriormost
dorsal part of rhynchodaeum.

Odontophoral retractor follows along oesopha-
gus to pass through nerve ring, and attached to co-
lumellar muscle. Odontophore occupies posterior /5
of radular diverticulum, radular membrane slightly
protruding beyond proboscis. Anterior oesophagus
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FIG. 7. Foregut anatomy of Vexillum subdivisum (A) and V. virgo (B).
A — organs of the body haemocoel extended, left salivary gland removed, B — organs of the body haemocoel
in natural position, rhynchocoel open to show the proboscis.

Abbreviatons see p. 121.

PUC. 7. Anatomusi mepeiHero OTAeNa MHINeBApUTENbHO cuctemsl Vexillum subdivisum (A) u V. virgo (B).
A — opraHbel TYJIOBHUIHOTO TEMOLENII B PACHpaBICHHOM MOJIOXKEHHH, JIeBas CIIOHHAs JKele3a yaajeHa, IOJIOCTh
PHMHXOLEIISI BCKPbITa, YTOOBI MOKa3aTh X000T. B — opraHbel TYJIOBHIIHOTO IeMOLEIss B €CTECTBEHHOM ITOJIOXKEHHUHU.

Cokpamenus: cMm. crp. 121.

thin, convoluted after leaving proboscis, forms a
loop and follows anteriorly along rhynchodaeum.

Radula (Fig. 10C) consists of 53 rows of teeth,
3 nascent. Radula short, length 290 mkm (0.08 AL),
narrow, width 55 mkm (1.5% AL). Central tooth
medium narrow (ca 35 mkm, or 1.0% AL), with
slightly curved anterior margin and 7 triangular po-
inted cusps of sub-equal length. No signs of teeth
wear observed. Lateral tooth hook-like, with narrow
base and long strongly curved pointed tip. Alary
processes of membrane long, comprising about /5
of the radular length.

Valve of Leiblein obsolete.

Salivary glands large, massive and bulky, fused,
covering nerve ring. Accessory salivary not found.

Gland of Leiblein small, conical, with muscular
walls, opens into thick, relatively short and strongly
convoluted glandular tube. Tube opens into oesop-
hagus immediately posterior to massive nerve ring.

Vexillum modestum (Reeve, 1845)
(Fig. 1F; 10B)
Material examined: Marinduque Island, Philip-

pines, from fishermen, one specimen sequenced, one
specimen dissected (SL 17.4 mm, AL 6.5 mm).

Anterior foregut. In general morphology rather
similar to V. noduliferum. 1t differs in having much
longer, straight, rather thick proboscis (2.8 mm in
length, 0.43 AL, 0.16 SL), only slightly tapering to
its tip, 0.9 mm in diameter at base and 0.3 mm at
tip. Gland of Leiblein relatively slightly larger, sa-
usage-shaped rather then conical, opens into slightly
longer glandular tube.

Odontophore lies within proboscis, about 0.95
mm in length, deeply retracted into radular diverti-
culum, which itself 1.65 mm in length. Subradular
cartilages paired, fused anteriorly and free posteri-
orly. Buccal tube medium thin, slightly convoluted,
and not long, in extended state about !/, of the
proboscis length.

Radula (Fig. 10B) consists of 66 rows of teeth,
14 nascent. Radula short, length ca. 750 mkm (0.12
AL), width 145 mkm (2.2% AL). Central tooth me-
dium broad (ca. 80 mkm, or 1.2% AL), with slightly
and evenly curved anterior margin and 10 thin po-
inted cusps of sub-equal length. No teeth wear can
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FIG. 8. Radular morphology.
A — Vexillum subdivisum; B, C — V. albofulvum; D — V. rugosum; E — V. plicarium; ¥ — V. vulpecula.

PUC. 8. Ctpoenue pamyisl.
A — Vexillum subdivisum; B, C — V. albofulvum; D — V. rugosum; E — V. plicarium; ¥ — V. vulpecula.
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FIG. 9. Foregut anatomy of Vexillum noduliferum (A), V. militare (B) and V. plicarium (C).
A — organs of the body haemocoel in natural position, left salivary gland removed. B, C — organs of the body
haemocoel extended, in B rhynchocoel open to show the proboscis.

Abbreviatons see p. 121.

PUC. 9. Anatommusi mepemHero OTAeNla NUIIEBAPUTENBLHOW cucTeMsbl Vexillum noduliferum (A), V. militare (B) u V.

plicarium (C).

A — OpraHbl TYJIOBUIIIHOI'O IeéMOLE/Id B B €CTCCTBCHHOM IIOJIOKCHUH. B, C — Oprasbl TYJIOBUIIIHOI'O T'€MOICIIA B
paciipaBJICHHOM IIOJIOKCHUU, Ha PUC. B monocts PUHXOLECIIA BCKpbITA, 4TOOBI MMOKAa3aTh XOO0OT.

Coxpaienus: cMm. crp. 121.

be observed on anterior rows. Lateral tooth hook-
like, with narrow base and long pointed tip curved
near the summit. Alary processes of the membrane
long, comprising about 15 of the radular length.

Vexillum militare (Reeve, 1845)
(Fig. 11; 9B; 10A)

Material examined: Balicasag Island, Philippi-
nes, lumun-lumun net, one specimen sequenced and
dissected (SL 13.3 mm, AL 6.6 mm).

Anterior foregut (Fig. 9B). Proboscis in cont-
racted state long, comprising ca. 2.25 mm (0.34 AL,
0.17 SL), occupies entire rhynchocoel. Rhynchodae-
um thin, transparent. Paired thin retractors attached
to middle ventral part of rhynchodacum. Thin and
strongly convoluted buccal tube leads from mouth
opening to muscular buccal cavity. It forms not long
rigid structure, impossible to extend.

Odontophoral retractor leaves proboscis and fol-
lows along oesophagus to pass through nerve ring.

Anterior oesophagus relatively thick, coiled after
leaving proboscis, forms short loop and follows an-
teriorly to middle part of rhynchodaeum and attac-
hed to rhynchodaeum by numerous connective tissue
fibers.

Radular diverticulum muscular and thick, lies
entirely within the proboscis in its posterior half.
Odontophore short, bulbous. Subradular cartilages
short, fused anteriorly.

Radula (Fig. 10A) consists of 38 rows of teeth,
6 nascent. Radula short, length ca. 600 mkm (0.09
AL), width 155 mkm (2.3% AL). Central tooth me-
dium broad (ca. 90 mkm, or 1.3% AL), with slightly
and evenly curved anterior margin and short lateral
flaps. Central tooth with 9 thin, pointed cusps of
sub-equal length. Additional much smaller cusp ap-
pear as most lateral on some teeth. Although two
central teeth had broken cusps, this is probably ar-
tifact, since anteriormost rows, exposed on bending
plane, were intact. Lateral tooth hook-like, with re-
latively broad base and blunt tip curved near summit.
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Alary processes of membrane long, comprising
more than 1/ of radular length.

Valve of Leiblein well defined although small,
pyriform.

Salivary glands medium-sized, fuse together
without visible border. Accessory salivary gland not
found. Mid-oesophagus after passing through nerve
ring greatly expands and becomes obviously glan-
dular.

Gland of Leiblein small, narrow, conical, with
muscular walls. It opens into rather short, slightly
coiled glandular tube. Tube opens into posterior
portion of glandular part of mid-oesophagus signi-
ficantly posterior to nerve ring. Posterior to opening
of glandular tube oesophagus sharply narrows.

Vexillum virgo (Linnaeus, 1767)
(Fig. 1J; 7B; 10E)

Material examined: Marinduque Island, Philip-
pines, from fishermen, one specimen sequenced, one
specimen dissected (SL 14.0 mm, AL 6.0 mm).

Anterior foregut (Fig. 7B). Proboscis in cont-
racted state medium long, comprising ca. 1.75 mm
(0.29 AL, 0.13 SL), conical, tapering towards tip.
Rhynchodaeum thin-walled, transparent. Paired po-
werful retractors attached to anteriormost dorso-la-
teral part of rhynchodaeum. Very thin and convolu-
ted buccal tube leads from mouth opening to buccal
cavity. When extended, tube nearly equals in length
to proboscis.

Powerful odontophoral retractor leaves probos-
cis and follows along oesophagus to pass through
nerve ring. Anterior oesophagus thin. It is convolu-
ted after leaving proboscis and forms long loop that
follows anteriorly to anteriormost part of rhyncho-
daeum.

Odontophore medium long, ca. 0.7 mm in length,
deeply retracted into radular diverticulum, extends
backward from proboscis in its contracted state.

Radula (Fig. 10E) consists of 42 rows of teeth,
2 nascent. Radula short, length ca. 510 mkm (0.09
AL), width 150 mkm (2.5% AL). Central tooth me-
dium broad (ca. 90 mkm, or 1.5% AL), with slightly
and evenly curved anterior margin and short lateral
flaps directed posteriorly. Central teeth with 14-15
thin pointed cusps, lateral being slightly shorter than
centrals. Some cusps vary in length from row to row.
No wear of teeth observed. Lateral tooth hook-like,
with relatively narrow base and sharp tip strongly
curved near summit. Alary processes of membrane
long, comprising slightly more than 1/, of radular
length.

Valve of Leiblein well pronounced, medium-
sized, pyriform.

Salivary glands medium-sized, bulky, fuse toge-
ther without visible border, cover nerve ring and
valve of Leiblein.

Gland of Leiblein large, convoluted, with parti-
tions seen through its walls, terminating in small
ampulla. It opens into long and massive convoluted
glandular tube, uniform yellowish tan. Tube opens
into oesophagus immediately posterior to nerve ring.

Vexillum diutenerum (Hervier, 1898)
(Fig. 2E; 10D)

Material examined: Olango Island, Philippines,
from fishermen, one specimen sequenced, one spe-
cimen dissected (SL 6.6 mm, AL 2.4 mm).

Anterior foregut. In general morphology very
similar to V. noduliferum. 1t differs in having much
longer straight, rather thick proboscis (1.15 mm in
length, 0.48 AL, 0.17 SL), only slightly tapering to
tip.

Odontophore lies within proboscis, about 0.27
mm in length, deeply retracted into radular diverti-
culum, itself about 0.5 mm in length. Buccal tube
medium thin, slightly convoluted and not long, in
extended state about !/, of proboscis length.

Radula (Fig. 10D) consists of 40 rows of teeth,
3 nascent. Radula not long, length ca. 250 mkm
(0.10 AL), width ca. 55 mkm (2.3% AL). Central
tooth medium broad (ca. 35 mkm, or 1.5% AL),
with strongly curved arched anterior margin and
rather long lateral flaps. Central teeth with 6-7 broad
and large pointed cusps. Three central cusps of su-
bequal length more closely spaced. Lateral cusps
smaller. Cusps shape and size differ from row to
row. No wear of teeth observed. Lateral tooth hook-
like, with relatively narrow base and long cusp with
sharp tip curved near summit. Alary processes of
membrane long, comprising slightly more than 15
of radular length.

Vexillum rugosum (Gmelin, 1791)
(Fig. 1B; 8D; 11A-B)

Material examined: Olango Island, Philippines,
from fishermen, one specimen sequenced, one spe-
cimen dissected (SL 37.0 mm, AL 21.2 mm),

Anterior foregut (Fig. 11A-B). Proboscis in
contracted state short, comprising ca. 5 mm (0.24
AL, 0.14 SL). Rhynchodaeum rather thick and mus-
cular. Paired very powerful retractors attached to
anteriormost ventral part of rhynchodaeum. Very
thin and convoluted buccal tube leads from mouth
opening to buccal cavity. When extended, tube com-
prises nearly half of proboscis length.

Powerful odontophoral retractor leaves probos-
cis and follows along oesophagus to pass through
nerve ring. Anterior oesophagus medium thick con-
voluted, forms a very long loop directed anteriorly
to anteriormost part of rhynchodaeum and attached
to rhynchodaeum by numerous connective tissue
fibers.
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FIG. 10. Radular morphology.
A — Vexillum militare; B — V. modestum; C — V. noduliferum; D — V. diutenerum; E — V. virgo; F — V.
costatum.

FIG. 10. Crpoenue pamyisl
A — Vexillum militare; B — V. modestum; C — V. noduliferum; D — V. diutenerum; E — V. virgo; F — V.
costatum.
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FIG. 11. Foregut anatomy of Vexillum rugosum (A-B), V. vulpecula (C-D) and V. costatum (E).
A, C, E — organs of the body haemocoel extended, salivary gland removed. C-E — rhynchocoel open to show
the proboscis. B — enlarged fragment of the nerve ring and oesophagus. D — anterior part of the proboscis

opened. Abbreviatons see p. 121.

PUC. 11. Anatomus mepemHero OoTjena NHINEBapHTENbHOH cucreMsl Vexillum rugosum (A-B), V. vulpecula (C-D) and

V. costatum (E).

A, C, E — oprassl TyJOBHUIHOTO IeMOLENs B paclpaBieHHOM mosoxkeHud. C-E — monocTs puHXOLEns BCKpBITa,
4yTOOBI MOKa3aTh X000T. B — yBemmueHHBIH (parMeHT HEpBHOTO KOJbLA M NHINEBOJA. D — BCKpBITas INepemHss

yacTb xobora. CokpammeHns:: cM. crp. 121.

Odontophore very short, bulbous, situated outsi-
de proboscis in its contracted state. Subradular car-
tilages short, not fused, broadly spaced and connec-
ted by muscular sheath.

Radula (Fig. 8D) consists of 56 rows of teeth, 3
nascent. Radula not long, length ca. 1.9 mm (0.08
AL), width ca. 420 mkm (2.0% AL). Central tooth
medium narrow (ca. 230 mkm, or 1.1% AL), with
strongly curved arched anterior margin and short
lateral flaps. Central teeth with 19-20 thin, pointed

cusps, central ones being slightly broader and longer.
No wear of teeth observed. Lateral tooth sub-trian-
gular, with concave in profile curved cusp with po-
inted tip. Alary processes of membrane long, com-
prising about 15 of radular length.

Valve of Leiblein hardly discernible.

Salivary glands very large, massive and bulky
fuse together without visible border. Salivary ducts
narrow, enter oesophagus walls shortly after leaving
gland. Small tubular convoluted accessory salivary
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gland embedded into salivary gland. Duct narrow
and follows along odontophoral retractor to probos-
cis base, and then ventrally along odontophore to-
wards its opening, which was not traced.

Gland of Leiblein small, conical, with muscular
walls, opens into very long and massive convoluted
glandular tube that forms structure occupying most
of body haemocoel. Tube grayish in proximal part
close to gland of Leiblein and more creamy anteri-
orly. Tube opens into oesophagus immediately pos-
terior to nerve ring.

Vexillum plicarium (Linnaeus, 1758)
(Fig. 1A; 8E; 9C)

Material examined: Olango Island, Philippines,
from fishermen, one specimen sequenced, one spe-
cimen dissected (SL 37.0 mm, AL 23.7 mm)

Anterior foregut (Fig. 9C). Proboscis in cont-
racted state very narrow and thus seemingly long,
ca. 6.2 mm in length (0.26AL, 0.17 SL), with stron-
gly folded walls. Diameter/length ratio ca. 0.15.
Rhynchodaeum rather thick and muscular. Paired
very powerful retractors attached to anteriormost
ventral part of rhynchodaeum. Very thin (about 0.1
mm in diameter) and convoluted buccal tube leads
from mouth opening to buccal cavity. In non-exten-
ded position it comprises about 0.15 of proboscis
length.

Powerful odontophoral retractor leaving probos-
cis and follows along oesophagus to pass through
nerve ring. Anterior oesophagus medium thick, con-
voluted, and after leaving proboscis forms long loop
that follows anteriorly to anteriormost part of rhyn-
chodaeum. It is attached to rhynchodaeum by nu-
merous connective tissue fibers.

Odontophore very small, lies in anterior part of
proboscis.

Radula (Fig. 8E) consists of 62 rows of teeth, 3
nascent. Radula short and narrow, length ca. 0.8 mm
(0.03 AL), width ca. 175 mkm (0.7% AL). Central
tooth narrow (ca. 115 mkm, or 0.5% AL), with
strongly curved anterior margin and short lateral
flaps. Central teeth with 11 slightly variable in width
thin pointed cusps, most lateral slightly shorter than
others. No wear of teeth observed. Lateral tooth
sub-triangular, with concave in profile curved cusp.
Alary processes of membrane long, comprising
about 1/ of radular length.

Valve of Leiblein small, distinct, with glandular
pad seen through its walls.

Salivary glands large, massive and bulky, sepa-
rate, although tightly adjoin each other. Salivary
ducts narrow, enter oesophagus walls shortly after
leaving gland. Accessory salivary glands not found.

Gland of Leiblein small, conical, muscular,
opens into relatively short convoluted glandular

tube. Tube opens into oesophagus immediately pos-
terior to massive nerve ring.

Vexillum vulpecula (Linnaeus, 1758)
(Fig. 1C; 8F; 11 C-D)

Material examined: Nucnuckan Island, Philip-
pines, from fishermen, one specimen sequenced and
dissected (SL 43.2 mm, AL 24.1 mm) (dark form).

Anterior foregut (Fig. 11 C-D). Proboscis in
contracted state narrow, not long, ca. 5.5 mm in
length (0.23 AL, 0.13 SL), gradually narrowing to-
ward tip with moderately folded walls. Proboscis
diameter ca. 1.15 mm at base, 0. 3 mm at tip. Rhyn-
chodaeum rather thick and muscular. Paired very
powerful retractors attached to anteriormost ventral
part of thynchodaecum. Very thin (about 0.1 mm in
diameter) and convoluted buccal tube (2.7 mm in
extended position, or half of proboscis length) leads
from mouth opening to buccal cavity.

Powerful odontophoral retractor follows along
oesophagus to pass through nerve ring. Anterior
oesophagus thin, convoluted after leaving proboscis,
forms loop that follows anteriorly along rhyncho-
daeum, attached to it by numerous connective tissue
fibers.

Radular diverticulum situated in posterior !/5 of
proboscis length. Odontophore deeply retracted and
protruding backward from proboscis, ca. 1.7 mm in
length. Cartilages separate, connected anteriorly by
muscular sheath.

Radula (Fig. 8F) consists of 62 rows of teeth, 13
nascent. Radula not long, length ca. 1.5 mm (0.06
AL), width ca. 320 mkm (1.3% AL). Central tooth
broad (ca 175 mkm, or 0.7% AL), with slightly
curved anterior margin and short lateral flaps. Cen-
tral teeth with 11 slightly variable in width, thin
pointed cusps. No wear of teeth observed. Lateral
tooth sub-triangular, with concave in profile curved
cusp. Alary processes of membrane long, compri-
sing about /5 of radular length.

Valve of Leiblein small, distinct, with glandular
pad seen through its walls.

Salivary glands large, massive and bulky, fused,
covering valve of Leiblein and nerve ring. Salivary
ducts narrow, enter oesophagus walls shortly after
leaving glands. Accessory salivary gland not found.

Gland of Leiblein small, cone shaped, with mus-
cular walls, opens into very long, convoluted glan-
dular tube. Tube opens into oesophagus immediately
posterior to massive nerve ring.

Vexillum albofulvum Herrmann, 2007
(Fig. 1D; 8 D-C)
Material examined: Nucnucan Island, Philippi-

nes, from fishermen, one specimen sequenced and
dissected (SL 57.5 mm, AL 32.5 mm).
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Anterior foregut. Only part of body retrieved.
Proboscis long, 15 mm in length (0.46 AL, 0.26 SL),
with strongly contracted walls, suggesting possibi-
lity of great expansion. Buccal tube short and com-
paratively broad, straight, ca. 1.1 mm in length.
Radular diverticulum short, occupies anterior posi-
tion within proboscis, ca. 3 mm in length. Odontop-
hore very short (1.65 mm in length), broadly oval,
cartilages fused only in anteriormost part. Anterior
oesophagus thick and convoluted. Valve of Leiblein
well defined. Gland of Leiblein opens into convo-
luted glandular tube.

Radula (Fig. 8 D-C) consists of 65 rows of teeth,
11 nascent. Radula short, length ca. 1.4 mm (0.04
AL), width ca. 320 mkm (1.3% AL). Central tooth
broad (ca. 210 mkm, or 0.65% AL), with slightly
curved arched anterior margin and short lateral flaps.
Central teeth with 16 slightly variable in width thin
pointed cusps. Several anterior rows of teeth with
some cusps broken off. Lateral tooth sub-triangular,
concave in profile, with thickened edge. Cusp not
long, with pointed and curved at summit tip. Alary
processes of membrane long, comprising more than
15 of radular length.

Vexillum costatum (Gmelin, 1791)
(Fig. 1L; 10F; 11E)

Material examined: New Guinea, Hansa Bay,
one specimen dissected (SL 44 mm, AL 15.8 mm).

Anterior foregut. Proboscis in contracted state
not long with moderately folded walls, comprising
ca. 4.5 mm (0.28 AL, 0.1 SL) cylindrical, occupies
around 3/, of rhynchodeal length. Paired powerful
proboscis retractors attached to anteriormost ventral
part of thick and muscular rhynchodaeum. Rhync-
hodaeum occupies right side of body haemocoel,
while rest of foregut structures lies in its left part.

Anterior oesophagus is medium thick within pro-
boscis and attached by numerous muscle fibers to
proboscis walls. After leaving proboscis it forms a
long loop that follows anteriorly along rhynchodae-
um, attached to it by few connective tissue fibers.
Anterior oesophagus of same diameter throughout
its length, non convoluted. Thin odontophore retrac-
tor follows along oesophagus to pass through nerve
ring.

Salivary glands not large, separate, compact. Sa-
livary ducts enter esophagus walls right in front of
nerve ring.

Odontophore lies at mid-length of proboscis,
slightly shifted to its base.

Radula (Fig. 10 F) narrow, width ca. 210 mkm
(0.6% AL). Central tooth not broad (ca 120 mkm,
or 0.75% AL), with strongly curved arched anterior
margin and long lateral flaps. Central teeth with 7
pointed cusps, lateral being much smaller than
others. Lateral tooth hook-like, with narrow base

and long curved cusp pointed and curved near sum-
mit.

Valve of Leiblein visually not pronounced.

Gland of Leiblein small, cone shaped, muscular,
opens into thick and strongly convoluted glandular
tube. It occupies all dorsal space, backward from
nerve ring covering posterior oesophagus and opens
into oesophagus immediately posterior to nerve ring.

Discussion

Summary of morphology of the foregut in
a framework of molecular phylogeny

The foregut anatomy appeared to be very variable
in studied Costellariidae. Several common charac-
ters can be mentioned.

Proboscis retractors are always paired and are
attached usually to the anteriormost part of the rhyn-
chodaeum. There is always a narrow buccal tube
(which can be from very short to usually long and
convoluted) leaving from mouth opening to muscu-
lar buccal cavity. Odontophore is usually in posterior
position, often protruding backward from the rear
of the proboscis. Odontophoral retractor is very long
and passes through the nerve ring. Salivary glands
are usually fused without visible border or at least
tightly adjoin each other. Valve of Leiblein usually
present, although can be reduced in some species.

None of the mentioned characters are outapo-
morphic for the family.

The most variable is the anatomy of the mid-
oesophagus and the gland of Leiblein. Several mor-
phological types can be segregated.

The first, most underived type (Type /4) of mid-
oesophagus is found in Costellariidae gen. sp. and
Pusia salisburyi (Figs. 12A). In these species the
gland of Leiblein is broadly tubular, may be slightly
coiled (in the former), obviously glandular. It has
usual for the Neogastropoda greenish-grey colour,
that persists in alcohol preserved specimens, altho-
ugh fading with time. It opens through the short
narrow duct in the glandular mid-oesophagus signi-
ficantly posterior to the nerve ring. This type of
mid-oesophagus is found in most neogastropods,
including the outgroups used in our analysis, 7rop-
hon and Latiromitra [Ponder, 1974; Bouchet, Kan-
tor, 2000]. Both mentioned species came out as the
most basal branches in our phylogenetic analysis
(Fig. 3).

Rather similar arrangement of the mid-oesopha-
gus (which we recognize as type /B) was found in
Pusia rubra. In this species the gland of Leiblein is
relatively small, glandular and opens via very short
duct. The mid-oesophagus is very long, strongly
glandular and coiled (Figs. 6D, 12 B). It differs from
type 1A in relatively longer glandular mid-oesopha-
gus. Similar arrangement was found in Mitromica
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foveata [Maes, Raeihle, 1975] and in Austromitra
rubiginosa [Ponder, 1972]. Unfortunately none of
the mentioned species have been sequenced.

In the next branching taxon, Vexillum subdivisum
the gland of Leiblein is still glandular, coiled tubular,
but the glandular dorsal folds of the oesophagus are
stripped off from the mid-oesophagus and form the
coiled glandular tube, that opens into mid-oesopha-
gus posterior to the nerve ring. We recognize this
as type 24 (Fig. 12 C). The stripping of the glandular
folds from the mid-oesophagus with formation of
the glandular tube is a common process in Neogas-
tropoda and occurs besides Costellariidac inde-
pendently in several families, such as Volutidae,
Marginellidae, some Muricidae [Ponder, 1974].

Very similar type (which we consider as type 2B
— Fig. 12 D) is found in Vexillum virgo. It differs
from type 24 in the degree of stripping of the glan-
dular folds from the oesophagus, which occurred to
the level of the nerve ring. It should be noted, that
in our molecular tree V. virgo is in the same clade
with V. diutenerum, which possesses different sub-
type of mid-oesophagus anatomy. But the node is
characterized by low posterior probability support
(0.66), which is not considered as sufficient for being
reliable.

The third type is found in the clade 2 (except
Vexillum virgo). This type is characterized by the
transformation of the gland of Leiblein, which be-
comes much less glandular, greatly reduced in size
and have thick muscular walls [Ponder, 1972]. Ex-
ternally it is reflected in shining appearance of the
gland. The glandular function is taken over by the
tube, formed by the stripped glandular folds of the
mid-oesophagus. In type 34 (Vexillum militare)
(Fig. 12 E) the stripping of the folds is not complete
and the glandular tube is opening through the con-
stricted duct in the posterior part of the glandular
elongated and very thick mid-oesophagus.

In type 3B (Fig. 12 F) the stripping off of the
glandular folds occurred to the level of the nerve
ring. This type is rather variable in terms of the
relative size of the gland of Leiblein and the glan-
dular tube. The glandular tube can be very thick and
relatively short, forming few loops (e.g. in V. nodu-
liferum and V. diutenerum) to extremely long and
very convoluted, although thin (V. vulpecula, V.
rugosum) to thin and relatively short in V. plicarium.
Although not supported by the molecular tree, type
34 seems more primitive than type 3B.

Basing on the molecular tree and taking into
account the nodes with high support, it is becoming
obvious that the plesiomorphic condition is the “nor-
mal” glandular tubular gland of Leiblein, opening
directly into oesophagus. The process of stripping
off of the glandular folds of mid-oesophagus with
the formation of the glandular tube is the prominent
tendency in the evolution of Costellariidae. Since

FIG. 12. Diagram of the mid-oesophagus anatomy in stu-
died species of Costellariidae. A — type IK; B
type IlJB; C — type 2A; D — type 2B; E —

type 3A; F — type 3B.

PUC. 12. Cxema cTpoeHMs CpeJHEro MUIIEBOAA y H3Y-
uennblx Bugos Costellariidae. A — THII 1A;
i 1B; C — tum 2A; D — tum 2B; E —
tin 3A; F — tum 3B.

the molecular tree suggests that this is an apomorphic
condition in the family, our data confirmed that it
occurred in Costellariidae independently from other
lineages of Neogastropoda. And, finally, the trans-
formation of the gland of Leiblein into muscular
poorly glandular sac, opening into glandular tube,
is an apomorphy of the clade 2 of our tree.

The radulae appeared also rather variable in Cos-
tellariidae (Table 2). According to the molecular tree
the most underived type (found in Costellariidae
gen. sp., occupying the basal position in the tree) is
characterized by tricuspidate central tooth. Such
morphology is widely distributed in Neogastropods
and very similar radulae were found, eg. in Olividae
[Kantor, Bouchet, 2007], although this is clearly
homeomorphy. Among Costellariidae the similar ra-
dulae were recorded in Tosapusia isaoi (Kuroda et
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Table 2. Summary of radular measurements.

Species RL/AL RW/AL,% |CTW/AL,%| Number of cusps on the | Number of rows of teeth
central tooth
Costellariidae gen.sp. 0.21 2.1 0.76 3 60
Pusia salsburyi 0.10 2.9 1.4 12-13 46
Pusia rubra 0.10 2.6 1.5 12 37
Vexillum subdivisum 0.11 2.7 1.6 15-16 64
Vexillum noduliferum 0.08 1.5 1.0 7 53
Vexillum modestum 0.12 2.2 1.2 10 66
Vexillum militare 0.09 23 1.3 9 38
Vexillum virgo 0.09 2.5 1.5 14-15 42
Vexillum diutenerum 0.10 23 1.5 6-7 40
Vexillum rugosum 0.08 2.0 1.1 19-20 56
Vexillum plicarium 0.03 0.7 0.5 11 62
Vexillum vulpecula 0.06 1.3 0.7 11 62
Vexillum albofulvum 0.04 1.3 0.65 16 65
Vexillum costatum* ? 0.6 0.75 7 ?
* — only part of the radula was available for study.

Abbreviations: RL — radular membrane length; RW — radular membrane width; CTW — central teeth width.

Sakurai in Kuroda, 1965) and some species of Pusia
(P. hizenensis, P. simulans, P. australis) [Azuma,
1965]. Ponder [1998] illustrated similar radula for
Pusia patriarchalis, but rather different, with mul-
ticuspid central tooth for Pusia luculentum. In stu-
died species, that we attributed to Pusia (P. salisbu-
ryi and P. rubra) on the conchological characters,
the radula (Fig. 5 C,E) is similar to that, illustrated
for P. luculentum.

An interesting peculiarity of our species of Pusia
is the presence of the horseshoe-shaped structure in
the radular divericulum, which we consider here as
a jaw. The jaw is very rarely present in Neogastro-
poda, so far reported only in Cancellariidae [eg.
Harasewych, Petit, 1982] and Volutomitridae [Kan-
tor, Harasewych, 1992]. In these families the jaw is
situated close to the mouth opening in the anterior
part of the buccal cavity. In our species the described
structure is also positioned in the buccal cavity or
in the radular diverticulum, but due to the presence
of the buccal tube the jaw is shifted far backward
from the mouth opening.

Among species belonging to clade 2, the radular
morphology is also rather variable. In the clade
(which PP support — 1.00), including Vexillum pli-
carium (type species of Vexillum), V. rugosum, and
V. vulpecula radula is rather similar, as well as in
V. albofulvum, which is grouping with the clade
without significant support. It is characterized by
medium-sized or small radula (in relation to the
aperture length) — theratioRW (radular width)/AL,
% differs from 0.7 in V. plicarium to 2.0 V. rugosum.
The central teeth are also small in relation to AL
(from 0.5% in V. plicarium to 1.1% in V. rugosum),
but looks broad, since they are short and bear nu-

merous small subequal cusps — 10-16. It should be
noted, that even among closely related species the
variation can be remarkable. Thus, in V. plicarium
the radula is nearly 3 times smaller, that in V. rugo-
sum. These species also differs in proboscis size and
in the size of glandular tube and gland of Leiblein.

Functional morphology of foregut

Maes and Raeihle [1975] examined in details the
feeding process of Mitromica foveata [as Thala flo-
ridana). They wrote: “Prey is subdued by a venom
which initially causes no signs of trauma but causes
ataxia, paralysis and death usually within 4 minutes.
The venom penetrates unbroken epidermis. Thala’s
pink buccal mass and radula are well back from the
mouth during attack and the tip of proboscis is unar-
med” (p. 54).

Maes and Raeihle specifically mentioned that
there were no signs of teeth wear in radula of Mit-
romica foveata and that the massive odontophore
can not possibly pass through the narrow oral tube
to the mouth and must function within the buccal
cavity.

We examined the anterior working part of the
radulae in our species. The clear signs of teeth wear
(some of the cusps on the central teeth were broken
off) were recorded in some species, mostly strongly
in Vexillum subdivisum, Vexillum albofulvum (Fig.
8C), Pusia salisburyi. In these species the buccal
tube is either short and poorly convoluted, or even
hardly discernible (V. subdivisum). In species with
very long and convoluted tube no signs of teeth wear
were found.
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It is not always easy to evaluate the possibility
of expanding of the tubular structures basing on
dissections of preserved and even live specimens.
Recent observations on feeding and swallowing the
prey by molluscivorous species of Conus [Kantor,
2007] demonstrated that the oral sphincter in Conus
textile is able to hold a single radular tooth, a fraction
of a millimeter in diameter. At the same time, it can
expand up to 50 times (to 9 mm) to allow the prey
to pass into the oesophagus. Therefore we conside-
red that at least in a species with short and not too
convoluted buccal tube the odontophore can pass
through the tube to the mouth and used in the prey
capture and feeding.

The presence of the toxin in Mitromica foveata
was demonstrated by the observations on feeding
process. So far this is the only record for the family.
Maes and Raeihle [1975] suggested that the source
of the toxins is accessory salivary gland, whose duct
opens in the close proximity to the mouth. Later
Andrews, Elphick and Thorndyke [1991] demonst-
rated that secretion of the accessory salivary gland
in another Neogastropod — Nucella lapillus (Lin-
naeus, 1758) (Muricidae) indeed cases flaccid para-
lysis in bivalves. Besides, in all studied neogastro-
pods there is a layer of circular muscle fibers in the
wall of the gland. It seems likely, that contraction
of the muscle fibers causes the propulsion of the
secretion through the duct. Accessory salivary gland
(or paired glands) are present in studied costellariids
(they were not found in some smaller species on a
dissection, which can be explained by the minute
size of the glands) and the suggestion of Maes and
Raeihle seems plausible.

Another potential source of the toxins can be the
salivary glands, which are generally rather large in
Costellariidae. Recently it was demonstrated that
salivary glands in Conus pulicarius probably pro-
duce toxins similar to those, secreted in the venom
gland [Biggs et al., 2008].

The final conclusion might be done after the
examination of the properties of the secretion of both
glands, which in itself is a very complicated task.

The function of the most prominent gland of the
anterior foregut in Costellariidae — the gland of
Leiblein and in many species associated with it glan-
dular tube (originated by stripping off and closing
of the glandular folds of mid-oesophagus) remains
unclear. Although superficially it is very similar to
the venom gland of Conoidea, which most probably
originated in a similar way [Ponder, 1970], it can
not produce any toxic secretion used for envenoma-
tion of the prey. This is confirmed by the fact, that
the gland (or the glandular tube) opens posterior to
the valve of Leiblein (and the nerve ring), which
precludes passing of the secretion or content of the
mid-oesophagus into anterior oesophagus or probos-
cis. In Conoidea the valve is absent in most species

and the gland producing toxins passes through the
nerve ring and opens into the buccal cavity. Even
in the few species, that possess the valve of Leiblein,
the gland bypasses it and opens anterior to it [Kantor,
Taylor, 2002].

The posterior oesophagus in studied species is
usually very narrow (much narrower that the mid-
oesophagus, especially in species, in which the strip-
ping off of the glandular folds is not complete). This
may suggest, that the food is passing into stomach
(which is very small and simple itself — Ponder,
1972; Maes, Raeihle, 1975; our ovservation) being
already significantly digested. This was also sugges-
ted by Maes and Raeihle [1975] who thought that
Mitromica foveata feeds by sucking tissue from the
prey rather then consuming large fragments of food.
This also explains the presence of a very narrow
buccal tube and rather muscular buccal cavity that
can act as a pump.

Taxonomic implications

Although our dataset of sequenced species is very
limited in comparison with overall volume of Cos-
tellariidae, some provisional taxonomic conclusions
can be drawn.

One of the unexpected outcomes of the molecular
tree is suggested close relationships between Lati-
romitra (Ptychatractidae) and Costellariidae. Lati-
romitra was in a similar position (with 100% pos-
terior probability support) in a molecular tree of
Neogastropoda, obtained ion the basis of five genes
and published by Oliverio and Modica [2010]. The
anatomy of Latiromitra [Bouchet, Kantor, 2000] is
also rather similar to our basal branch of costellariids
— Costellariidae gen. sp. Although it should be
mentioned, that no synapomorphies for Costellarii-
dae and Ptychatractidae in the character of the fo-
regut can be mentioned and their morphology is very
basic and underived for Neogastropoda. Previously
Ptychatractidac were considered as rather basal
branch of Neogastropoda, placed together with Pse-
udolividae in a separate superfamily Pseudolivoidea
[Bouchet, Rocroi, 2005]. Our newly obtained data
are clearly opposing the basal position of Ptychat-
ractidae.

Our examined species Costellariidae gen. sp. is
constituting the basal branch and according to ana-
tomical characters (including the radular characters)
is clearly separate from any other recognized genera
of the family. Its radula is very similar to the radula
of Tosapusia isaoi, the type species of the monoty-
pical genus. Although there are some conchological
similarities between two species, without examina-
tion of the anatomy of 7. isaoi the generic position
of Costellariidae gen. sp. can not be resolved with
certainty.

Pusia has been treated in two different ways, either
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as a subgenus within the genus Vexillum, or as a
distinct genus. Two species examined by us (Pusia
rubra and P. salisburyi) that we attribute to the genus
on conchological basis, constitutes a separate genus,
although their congenerity with type species of Pusia
— P. microzonias (Lamarck, 1811) needs confirma-
tion.
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OBOMIONMST XUIIHBIX OPIOXOHOTHX MOJUIIOCKOB
cemeiictBa Costellariidae (Neogastropoda) B
paMKax MOJEKYIAPHOH (HUIOTreHUU

®EJJOCOB A.3.!, KAHTOP 10.1.2

Hncmumym npobnem sxonoeuu u seonoyuu um. A.H.Ce-
sepyosa PAH, Jlemunckuii npocn. 33, Mockea 119071,
POCCHA; \fedosovalexander@gmail.com, *kantor@mala-

Ha ocHOBaHmuM uccienoBaHUsI MOCIEIOBATEIbHOCTH
HykieotunoB reHa 12S r-PHK mectragmatén BumoB
Costellariidae moctpoena QuioreHeTHYECKas TUIIOTE-
3a. MccnenoBana aHaTOMHUS MIEPETHETO OT/ElIa MHUIIie-
BApUTENLHOM CUCTEMBI U pasyiia 15 BUIOB ceMeicTBa.
[Nepenuuii oTHEN NUIIIEBAPUTEINEHON CHCTEMBI OKa3all-
cs1 Hanbomee Oorar (QUIOTEHETHYECKH 3HAYMMBIMU
npm3Hakamu y Costellariidae n y Neogastropoda B
nenoM. BrineneHo 6 THNOB OpraHU3alUyM CPEIHETO
ITUIIEBO/IA, OTJIMYAIONINECS] aHATOMHUEH U XapaKTepoOM
pa3BuTHs xene3sl JleiOeiiHa, a Takke HATMYUEM H
CTETICHBIO PA3BUTHSA JKEIE3UCTOH TPYOKH, B KOTOPYIO
OTKpbIBaeTcs Xkerne3a. JKenesncras TpyOKa mosiBsieTcst
B pe3yJIbTaTe OTCIaWBAHUS U CMBIKaHUS JOPCATBHBIX
KEJIE3UCTHIX CKIaJOK nuiieBoga. Ha ocHoBe Moseky-
JISIPHOTO JIepeBa MOKa3aHo, YTo Hanboee Ga3aIbHbIH
THUII CTPOEHHS MEPETHEro OTJela MUILEBAPUTELHOMI
CHCTEMBI HAllJICH y HEOTTMCAHHOTO TI0Ka BUJA ¥ XapaK-
TEPU3YETCsl HECTIELIMATIM3UPOBAHHOM JKEJIE3UCTOM Ke-
ne3oit Jleii0neitHa, OTKPBIBAIOIIEHCS HEITOCPEICTBEH-
HO B cpenHuit mumeBo. JlokazaHo, 4To obpa3oBaHue
KENEe3UCTON TpyOKH U TpaHchopmanus xenesa Jlei-
OJeifHa B MyCKyJTUCTBIH MemoK npoucxoaut y Costel-
lariidae He3aBUCHIMO OT IPYTHX BETBEH HEOTACTPOIIOI.
O6cyxmaercst GyHKIMOHAIBHAS MOP(OJIOTHS THIIE-
BapUTENbHOM crcTeMbl. Hanbomnee BeposATHOM skeme-
3011, BEIpaOaTHIBAIOIICH TOKCHHBI, BOTIPEKH OKHIaHU-
sIM, SIBIIIETCS HE kene3a Jlelbelina, a JOMOJHUTEb-
Hasl CIIFOHHAsI MJIM TICPBUYHbIE CITIOHHBIE JKEIIE3bI.
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