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Developmental modularity and phenotypic
novelty within a biphasic life cycle:

morphogenesis of a cone snail venom gland
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The venom gland of predatory cone snails (Conus spp.), which secretes neurotoxic peptides that rapidly
immobilize prey, is a proposed key innovation for facilitating the extraordinary feeding behaviour of these
gastropod molluscs. Nevertheless, the unusual morphology of this gland has generated controversy about
its evolutionary origin and possible homologues in other gastropods. I cultured feeding larvae of Conus
lividus and cut serial histological sections through the developing foregut during larval and metamorphic
stages to examine the development of the venom gland. Results support the hypothesis of homology
between the venom gland and the mid-oesophageal gland of other gastropods. They also suggest that
the mid-region of the gastropod foregut, like the anterior region, is divisible into dorsal and ventral devel-
opmental modules that have different morphological, functional and ontogenetic fates. In larvae of
C. lividus, the ventral module of the middle foregut transformed into the anatomically novel venom
gland of the post-metamorphic stage by rapidly pinching-off from the main dorsal channel of the
mid-oesophagus, an epithelial remodelling process that may be similar to other cases where epithelial
tubes and vesicles arise from a pre-existing epithelial sheet. The developmental remodelling mechanism
could have facilitated an abrupt evolutionary transition to the derived morphology of this important
gastropod feeding innovation.
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1. INTRODUCTION

Cone snails, members of the genus Conus, are a remark-
able group of predatory gastropod molluscs that have
undergone spectacular speciation since the Upper Plio-
cene to produce over 500 extant species [1]. Predatory
feeding is a derived feeding mode for gastropods, which
has involved diverse types of complex modifications to
the ancestral gastropod feeding system for herbivorous
grazing [2—4]. Nevertheless, the feeding specializations
of Conus and other conoideans extend well beyond
those of most predatory gastropods [5]. Cone snails use
a highly modified radular tooth, shaped like a hollow har-
poon [6], and a ballistic mechanism [7,8] to inoculate
their prey with a cocktail of small peptide neurotoxins
that rapidly immobilize the prey (reviewed in [9]). The
neurotoxins, which typically block ion channels and
neurotransmitter receptors in neuronal cell membranes,
and have been extensively studied for potential medical
applications [9-11], are secreted by a long, narrow
venom gland extending from the foregut. Although the
neurotoxin-secreting venom gland has been targeted as
the key innovation that facilitated the conoidean mode
of feeding [12], the gland’s highly unusual anatomical
characteristics have generated controversy about its
evolutionary derivation [2,3,13].

Feeding systems that are both complex and diverse, like
the feeding systems of gastropod molluscs and many other
animal groups, bring into focus a core issue for evolution-
ary biology: how can any component of a complex system
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change during evolution without disrupting the functional
integrity of the whole [14—16]? This puzzle deepens
when feeding systems evolve within the context of a bipha-
sic life cycle, where post-metamorphic structures are
built on the template of larval structures. In this situa-
tion, which is typical for most gastropods, functional
requirements of the larval system could potentially limit
evolutionary options for the post-metamorphic system
[17]. An emerging paradigm for explaining evolutionary
change within complex systems is developmental modu-
larity [16,18—-21], wherein components (modules) of
functionally integrated systems develop relatively indepen-
dently, so that individual modules can change without
major disruption to the development of other modules
within the whole. Modularity may be the essential link
between development and evolvability of phenotype.
Previous studies on developing gastropod feeding sys-
tems identified a dorsal and ventral module for the
anterior foregut, which each have distinct morphological,
functional and ontogenetic fates [22—25]. The dorsal
module forms first as the larval oesophagus, which in
feeding larvae transports ingested algal cells to the
stomach and becomes the dorsal food channel after meta-
morphosis. The ventral module begins development as a
thickening and then out-pocketing of the ventral wall of
the anterior larval oesophagus. The out-pocketing has
no function in larvae, but its differentiation during the
larval phase eventually forms the post-metamorphic
radular apparatus. In the primitive condition, the radular
apparatus is a ribbon of recurved teeth that rasps algae
off substrates. Initial studies on the developing foregut
of predatory gastropods with a feeding larva, such as
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the buccinid neogastropod Nassarius mendicus [25],
have suggested that many derived features of the post-
metamorphic foregut result from extensively modified
development of the ventral module. Modifications of the
ventral module can occur without interfering with trans-
port of larval food via the ciliated channel of the dorsal
module.

The present study focuses on the development of the
venom gland in cone snails, which is a derived feature
of the foregut’s middle region, the mid-oesophagus, in
the juvenile and adult stages. The gland arises immedi-
ately behind the radular apparatus as a long, narrow
and convoluted tube of venom-secreting glandular epi-
thelium, which terminates in a muscular bulb [26]. Past
speculation has interpreted the cone snail venom gland
as a highly derived salivary gland [2,27] or as a totally
new structure [28], but it is most often regarded as a
homologue of the mid-oesophageal gland of other gastro-
pods [29-31]. In the least derived state, the gastropod
mid-oesophageal gland consists of glandular epithelium
forming the ventro-lateral walls of the mid-oesophagus
[32]. However, the mid-oesophageal gland of most neo-
gastropods, which is the larger group that includes the
conoideans, typically has the form of a large ‘gland of
Leiblein’ that arises further posteriorly along the mid-
oesophagus. Ponder [3,13] suggested that the gland of
Leiblein may be homologous with the muscular bulb
only of the cone snail venom apparatus.

Over a century ago, Amaudrut [29] speculated that the
cone snail venom gland evolved when the mid-oesophageal
gland in an ancestor stripped away from the non-glandular
dorsal zone, except for a retained connection a short
distance behind the radular sac. Nevertheless, the only
existing developmental study on the morphogenesis of
the venom gland provided little support for this seemingly
fanciful ‘stripping away’ hypothesis, in that the venom
gland of Conus anemone appeared to originate as an out-
pocketing of the larval oesophageal wall [33]. However,
only the initial events of venom gland development were
documented for this species, which has a derived life
history that lacks a feeding larval stage [34].

I examined development through metamorphosis of
the venom gland in Conus hvidus HWASS IN BRU-
GUIERE, 1792, a species that has retained feeding
larvae. Results corroborate the previously proposed hom-
ology between the venom gland and the mid-oesophageal
gland of other gastropods and are consistent with an
interpretation of dorsal and ventral developmental
modules for the middle foregut region. They also demon-
strate how a conventional process for morphogenetic
modelling of epithelia can profoundly alter the morpho-
logical phenotype of the mid-oesophageal gland in adult
cone snails.

2. MATERIAL AND METHODS

(a) Source and culture of larvae

A cluster of egg capsules laid on the underside of a limestone
boulder in shallow, near shore water off Oahu, Hawaii pro-
vided larvae for this study. The location is given as ‘station
9’ in Kohn’s [35] survey of Hawaiian cone snails. Species
identification as C. hvidus HWASS IN BRUGUIERE,
1792, was confirmed by amplification of a portion of mito-
chondrial 16S rRNA extracted from larvae (T. F. Duda
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2007, personal communication). Hatched larvae were cul-
tured at 24-27°C in 1.0 or 2.01 glass beakers of coarse-
filtered sea water (Millipore pre-filter) at an initial density
not exceeding 0.2 larvae ml~!. After two weeks of culture,
density was reduced to not more than 50 larvae in 21.
Larvae were fed a mix of Isochrysis galbana and Pavlova luther:
at 3 x 10% cells ml™', increased to 5 x 10* cellsml™! after
two weeks. Algae were cultured under continuous illumina-
tion in Guillard’s /2 enrichment medium without silicates
[36]. Larvae were transferred to clean culture beakers with
freshly filtered sea water and algal food every second day
by gentle sieving and hand pipetting. Streptomycin sulphate
at 50 wg ml~! was added once every one to two weeks.

(b) Histology and three-dimensional reconstructions
Larvae and metamorphic stages were anaesthetized, chemi-
cally fixed in phosphate-buffered glutaraldehyde followed
by bicarbonate-buffered osmium tetroxide, and embedded
in epoxy resin according to methods described previously
[24]. Serial transverse sections were cut through the foregut
at the following developmental stages: larvae at hatching
and at 8, 13, 24, 31, 42 and 49 days post-hatching (one to
four specimens each) and post-larvae at 6, 12, 24 and 48 h
post velum loss and 3, 4 and 5 days post velum loss (two speci-
mens each). Sections were cut at a thickness of 0.75-1.0 pm
using a Diatome histoknife and were stained with a mix of
methylene blue and azure II [37]. Digital images were acquired
with a Retiga 2000R digital camera (QImaging) mounted on a
Zeiss Axioskop compound microscope.

Three-dimensional reconstructions of serial sections
through the foregut of a late stage larva at 49 days post-
hatching and a post-larva at 48 h after the onset of metamor-
phosis were prepared using ReEconsTRUCT v. 1.1.00 [38].
Score marks on the specimen blocks assisted with alignment
of sequential sections. Profiles of every second section (sec-
tion thickness 1 wm) were manually traced from section
images with a digitizing tablet, and the stack of traces for
each specimen was reconstructed and surface rendered
using a Boissant surfacing algorithm. Models of three-
dimensional reconstructions at desired orientations were
imported into ADOBE PHOTOSHOP CS4 for surface smoothing
and colouring the region of presumptive venom gland.

3. RESULTS

The rate of larval development varied, but the shortest
period between hatching and metamorphosis was 42
days. The onset of metamorphosis was indicated by the
sloughing of ciliated cells from the velum, the larval struc-
ture for swimming and capture of microalgal food.
Histological sections showed the foregut of newly hatched
larvae as a simple tube of ciliated cuboidal epithelium
extending from mouth to stomach. At approximately
four weeks after hatching, the presumptive radular appar-
atus was initiated as a thickening and then out-pocketing
of the ventral wall of the anterior foregut (not shown).
By contrast, the region of larval foregut posterior to the
developing radular apparatus showed no obvious mor-
phogenetic changes, other than growth, until the final
days of larval development. During this late larval stage,
epithelial cells running down the entire ventral zone of
the foregut’s mid-region began to enlarge and to stain
more intensely (figure la). Continued hypertrophy of
ventral zone cells gave the mid-region of the foregut
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Figure 1. Transverse sections through the mid-oesophagus (oe) of gastropod larvae. (a) Conus lividus larva 42 days after hatch-
ing showing the presumptive venom gland (asterisk) as enlarged cells extending down the ventral wall of the mid-oesophagus.
(b) Conus lividus larva at or near metamorphic competence (49 days after hatching) showing further enlargement of presump-
tive venom gland cells (asterisk); boxed area enlarged in inset. Inset, detail of venom gland cells showing many small granules.
(¢) Marsenina stearnsii larva at or near metamorphic competence showing the ventral zone of enlarged cells (asterisk) that will
become the mid-oesophageal gland at metamorphosis. Scale bars: (a) 20 pm; (b) 20 pm (inset 10 pm); (¢) 20 pm.

(mid-oesophagus) a somewhat bilobed outline in sec-
tioned profile; the two lobes corresponding to the dorsal
and ventral zones (figure 15). Some of the enlarged cells
within the ventral zone accumulated many small, spheri-
cal granules (figure 1b, inset), a characteristic of venom
gland cells in adult Conus californicus [26].

Hypertrophy of a ventral zone of epithelial cells within the
mid-foregut region was also observed in feeding larvae of
several other species of gastropods. One example is shown
in figure 1¢, which is a section through the mid-foregut of
a feeding larva of Marsenina stearnsii (Velutinidae). This fea-
ture was also seen in late stage feeding larvae of Euspira lewisit
(Naticidae) and Crepipatella dorsalis (Calyptraeidae; not
shown). In these three species, the hypertrophied ven-
tral tissue became the mid-oesophageal gland following
metamorphosis and the glandular epithelium remained con-
fluent with the epithelium of the dorsal ciliated zone of the
mid-oesophagus. The axial twist of the mid-region of the
foregut, as evident in the three-dimensional reconstruction
of a late stage larva of C. lLwidus shown in figure 2a and
also seen in M. stearnsu, E. lewisii and C. dorsalis, is a charac-
teristic of the mid-oesophageal region of gastropods and is
attributed to ‘torsion’, a defining feature of the gastropod
body plan.

During metamorphosis of C. lLvidus, the ventral zone
of hypertrophied epithelial cells pinched off from the
dorsal zone so that two parallel epithelial tubes were
formed (compare figure 2a,b). The tube of dorsal zone
epithelium became the main channel of the internally
ciliated mid-oesophagus of the post-metamorphic stage,
whereas the tube of ventral zone epithelium became the
blind-ending venom gland. The two channels retained a
very narrow connection, a short distance posterior to
the radular sac. The series of cross sections in figure
3a—d bracket the point of bifurcation between the
dorsal (mid-oesophagus) and ventral channels (venom
gland). The separation between the dorsal channel and
venom gland had not occurred in specimens sectioned
at 7 and 12 h after the onset of metamorphosis, but was
evident in one of two specimens sectioned at 24 h and
in all specimens sectioned at 2, 3, 4 and 5 days after the
onset of metamorphosis.
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Figure 2. Three dimensional reconstructions of transverse
sections through the foregut of (a) a late-stage larva of
Conus lividus and (b) a post-larva at 48 h after the onset of
metamorphosis showing the separation of the venom gland
(vg) from the mid-oesophagus (oe). Anterior is towards the
left for both. The posterior extent of the reconstructions
ends where the mid-oesophagus began to coil around the
columella of the shell. Other abbreviations: rs, radular sac;
sg, salivary glands.

The muscular bulb that caps the terminal end of the
venom gland is a conspicuous anatomical feature in
post-metamorphic cone snails. In late stage larvae of
C. lhvidus, myoblasts for the future muscular bulb were
evident as an accumulation of small, undifferentiated
cells at the posterior extremity of the prospective venom
gland that formed the ventral wall of the mid-foregut
(figure 4a). Immediately after metamorphic separation
of the venom gland (at approx. 24 h after velum loss),
the myoblasts had enlarged and had organized as a
multi-layered sheath around the terminal end of the
venom gland (figure 4b). Myofilaments were evident
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Figure 3. (a—d) Transverse sections through the mid-oesophagus (oe) of a post-larva of Conus lividus at 4 days after the onset of
metamorphosis that bracket the small remaining connection between the dorsal channel of the mid-oesophagus and the venom
gland (arrow), which has otherwise fully separated from the dorsal channel of the mid-oesophagus. Scale bars: (a—d) 25 pm.

within these cells by 48 h after velum loss and specimens
sectioned at 4 days after velum loss had what appeared to
be a fully differentiated muscular bulb. The bulb con-
sisted of at least two layers of muscle fibres, each having
different fibre orientations, and the wall of the epithelial
tube within the bulb had become squamous (figure 4c).

4. DISCUSSION

This, to my knowledge, first histological study of venom
gland development in a cone snail that retains the ances-
tral life history for the genus [34] supports the hypothesis
of homology with the mid-oesophageal gland of other
gastropods. Developmental correspondence has been tra-
ditionally viewed as an important criterion for recognizing
homologues, together with correspondence in position and
structure and consistency within a transformational series
(reviewed in [39-41]). However, evidence that develop-
ment can change during evolution without necessarily
modifying final morphology has tempered the requirement
for developmental correspondence when identifying
homologues [16,19,40]. Nevertheless, although lack of
developmental similarity does not disprove homology,
developmental correspondence can certainly strengthen a
homology hypothesis [40]. Developmental studies on two
species of Conus, one with a feeding larval stage (present
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study) and one without [33] have now shown developmental
correspondence between larval tissue that gives rise to the
venom gland, and larval tissue in other gastropods that
gives rise to the mid-oesophageal gland. Nevertheless, two
features of metamorphic morphogenesis of the venom
gland in C. hvidus were extraordinary, when compared
with metamorphosis of the mid-oesophageal gland in
other gastropods: (i) the glandular epithelium pinched off
from the dorsal oesophageal channel to form the blind-
ending venom gland, and (ii) the terminal end of the separ-
ated venom gland became encapsulated with a thick muscle
sheath.

Separation of the venom gland from the dorsal channel
of the mid-foregut during metamorphosis of C. hvidus
appears similar to other cases where epithelial tubes or
vesicles are generated from a pre-existing epithelial sheet
during development. Familiar examples include for-
mation of the hollow neural tube from the neural plate
during primary neurulation of vertebrates and the gener-
ation of coelomic vesicles from the archenteron during
echinoderm embryogenesis. All these occurrences may
recruit a conserved battery of cellular and molecular
mechanisms to accomplish the epithelial remodelling pro-
cess. In the case of primary neurulation, which has
received most research attention, the pinching-off of the
neural tube is a multi-stage process that includes selective
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Figure 4. Development of the muscular bulb of the venom apparatus; dotted line in all images demarcates the basal epithelial
surface of the venom gland. (a) Oblique section through the mid-oesophagus (oe) as it begins to coil around the columella
showing accumulation of myoblasts (arrows) around the posterior extremity of the future venom gland; arrowheads indicate
nuclei of sparse oesophageal muscle cells. (b) Section through the same area of the mid-oesophagus at 24 h after velum loss
showing recent separation of the venom gland from the mid-oesophagus and multi-layered myoblast sheath (arrows) around
the terminus of the venom gland. The asterisk indicates degenerating cells of the velar lobes that have involuted into the
head. (¢) Section through the same area of the mid-oesophagus at 4 days after velum loss showing a secretory portion of
the venom gland (vg) and the fully differentiated muscular bulb (mb). Scale bars: (a—c) 20 pm.

adhesion between the apices of epithelial cells and sub-
sequent resorting of epithelial cell neighbours [42]. If
separation of a tube of venom gland epithelium from the
mid-oesophageal epithelium recruits a standard metazoan
tool for morphogenetic remodelling of epithelia, then
venom gland development in C. lvidus illustrates how
a simple change to a developmental module can have
major consequences for final phenotype. A zone of gland-
ular epithelium embedded within the wall of the
mid-oesophagus becomes a tube of glandular epithelium
that is almost completely separated from the lumen of
the mid-oesophagus.

The only previous study on venom gland development
in a species of cone snail was done on C. anemone, a
species with a larval stage that does not feed [33]. Results
suggested that the venom gland of C. anemone may be
generated by out-pocketing of the ventral glandular
region of the larval foregut, rather than by pinching-off
of this epithelium. However, the developmental stages
of C. anemone that were studied did not include metamor-
phosis. Results reported here on C. lividus showed that
pinching-off of the glandular epithelium was initiated
only after the onset of metamorphosis, suggesting that
the metamorphic phase of C. anemone should be exam-
ined before concluding that these two species employ
different developmental mechanisms to generate the
post-metamorphic venom gland. It is clear, however,
that the larvae of both C. anemone and C. lvidus
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accumulate secretion granules within the presumptive
venom gland prior to larval metamorphosis. If these gran-
ules are venom, then its manufacture within the late larval
stage may facilitate rapid onset of predatory feeding after
metamorphosis, which is known to occur at 4 days after
metamorphic velum loss in Conus textile [43].
Information on foregut development is available for
only a few species of gastropods and these meagre com-
parative data provide no clues about the evolutionary
origin of the muscular bulb of the cone snail venom
apparatus. On the basis of current information, the mus-
cular bulb must be regarded as a new structure, possibly
derived from muscle fibres investing the wall of the mid-
oesophagus (figure 4a). Although the muscular bulb has
been previously interpreted as a homologue of the gland
of Leiblein in other neogastropods [3,13], there is cur-
rently no developmental support for this interpretation.
Unlike the cells of the future venom gland, some of
which displayed an advanced stage of cytodifferentiation
prior to metamorphosis as indicated by the accumulation
of secretion granules, cells of the prospective muscular
bulb did not advance beyond a nest of undifferentiated
myoblasts prior to metamorphosis. As a result, a rapid
rate of myofilament synthesis during metamorphosis was
required to produce a fully differentatiated muscular
bulb by 4 days after the loss of ciliated cells of the velum.
Like the anterior portion of the gastropod foregut [23],
the middle region may also be subdivided into dorsal and
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ventral modules that have distinct developmental pro-
grammes and phenotypic fates. The dorsal compartment
is delegated to the essential but unremarkable task of con-
veying food to the stomach in both larval and post-
metamorphic stages. By contrast, the ventral region, by
way of different avenues of development, has assumed a
variety of specialized post-metamorphic morphologies
and functions related to different types of adult food and
feeding methods. In many gastropods, the mid-oesopha-
geal gland may simply secrete mucus to consolidate
ingested food particles. In many neogastropods, the mid-
oesophageal gland is elaborated as the gland of Leiblein,
which may manufacture digestive enzymes and even pha-
gocytize food material [32]. The venom gland of cone
snails is a pinnacle of specialization for the mid-oesopha-
geal gland, where the ventral module of the developing
foregut has become a hollow, spaghetti-shaped organ for
synthesizing hyperdiverse neurotoxic peptides that are
delivered to prey by a mechanism that is still only partially
understood [8]. The developmental process that generates
this long, narrow gland in C. hvidus corresponds remark-
ably well with the ‘stripping away’ hypothesis for
evolutionary derivation of the Conus venom gland that
Amaudrut [29] proposed over 100 years ago.
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