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Foregut Development and Metamorphosis
in a Pyramidellid Gastropod: Modularity and Constraint
within a Complex Life Cycle
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Abstract. Pyramidellids are tiny ectoparasitic gastropods
with highly derived feeding structures for piercing and suck-
ing. We attempted to resolve homology controversies about
unique pyramidellid feeding structures by examining foregut
development through larval and metamorphic stages, using
sections for light and electron microscopy. We anticipated
that, like many marine invertebrate larvae, post-metamorphic
structures would differentiate extensively in late larvae to
speed metamorphic transition. Previous studies of gastropods
suggested that development of juvenile feeding structures in
larvae was facilitated by foregut subdivision into dorsal and
ventral developmental modules, and spatial uncoupling of
these modules may have facilitated adaptive radiation in neo-
gastropods. Observations of Odostomia tenuisculpta suggested
that the stylet may be derived from cuticle-secreting buccal ep-
ithelium surrounding the proximal end of the salivary duct,
whereas the stylet sheath could be either a derived jaw or a rad-
ular tooth. The anterior half of the remarkable buccal pump of
these euthyneuran gastropods develops from the larval esoph-
agus, which is unorthodox compared to caenogastropods,
where extensive post-metamorphic specialization of a dorsal
module component has not been previously described. The
introvert tube develops from pouches of the distal larval esoph-
agus and may actually be an eversible oral tube rather than
an acrembolic proboscis. Minimal differentiation of presump-
tive juvenile foregut structures occurred during the larval
stage of O. tenuisculpta, when compared to other gastropods.
The stylet, stylet sheath, and buccal pump may be incompat-
ible with functioning of the larval esophagus; thus, an explo-
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sive period of morphogenesis is necessary at metamorphosis.
Although dorsal and ventral modules were recognizable dur-
ing the development of O. renuisculpta, we failed to find ev-
idence that this modularity facilitated the extreme evolution-
ary remodeling of post-metamorphic feeding structures.

Introduction

Descent with modification has produced some extraordi-
nary changes to ancestral morphology. The challenge of ex-
plaining large evolutionary changes involving functionally
essential, multi-component complexes helped bring develop-
ment back into conversations about evolution (Atchley and
Hall, 1991; Raff, 1996; Wagner and Altenberg, 1996). From
the beginning of these evo-devo conversations, a widely dis-
cussed concept has been developmental modularity (Raff,
2000; Schlosser and Wagner, 2004; Klingenberg, 2008; others
reviewed by Esteve-Altava, 2017). A developmental module
has been defined as a set of traits with pronounced internal in-
teractions during development but weaker interactions with
other modules (Wagner et al., 2007; Klingenberg, 2008). Un-
der the model of developmental modularity, phenotypic var-
iants can arise within a developing module without fatally dis-
rupting other modules of the complex, so new morphologies
can be exposed to environmental selection (Raff, 1996; Hen-
drikse et al., 2007).

The modularity of a developing system acquires an extra
layer of complexity when life cycles include a larval stage,
because larvae and adults have stage-specific structures and
functions. For marine gastropods, much of the larval body is
the initial template for the eventual juvenile or adult body
(Page, 2009), so developmental modules first expressed in
larvae may undergo temporal transformations as the selective
landscape changes during and after metamorphosis. Two
broadly applicable selective factors acting on morphogenesis
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during complex life cycles of marine invertebrates have been
identified. Hadfield and coworkers (Hadfield, 2000; Hadfield
et al., 2001) noted that post-metamorphic structures typically
begin forming in larvae prior to settlement and full metamor-
phosis. To explain this, they proposed a “need for speed™ hy-
pothesis, stating that initial development of juvenile struc-
tures 1n larvae has resulted from strong selection to promote
rapid functionalization of the juvenile within the benthic hab-
itat. However, a potential conflict arises from a counteracting
larval constraint. As noted by Fretter (1969) for marine gas-
tropods with feeding larvae, development of juvenile struc-
tures within larvae can occur only to the extent that larval
functions are not compromised. Selection acting on complex
life cycles has therefore influenced the temporal transforma-
tions of developmental modules.

Previous research on the developing foregut of marine gas-
tropods with a larval stage generated a hypothesis incorporat-
ing developmental modularity to help explain two outcomes
of past evolution. These are (1) rapid completion of metamor-
phosis by gastropod larvae, which requires that much of the
complex, multi-component, post-metamorphic feeding sys-
tem develop in larvae without interfering with larval feeding
on microalgae, and (2) the spectacular array of derived fore-
gut structures among adult gastropods, particularly among
predatory neogastropods. The hypothesis proposed that the
gastropod foregut consists of dorsal and ventral modules that
each exhibit unique transformations during the full life history
(Page and Hookham, 2017). The dorsal module forms the lar-
val esophagus, which is partially lost during metamorphosis,
although a retained part helps form the dorsal food channel.
The ventral module originates from stem cells embedded in
the ventral wall of the larval esophagus. An anterior popula-
tion of these cells proliferates, forms an out-pocketing from
the larval esophagus, and eventually differentiates into all com-
ponents of the post-metamorphic buccal mass (except the
roof of the dorsal food channel), including the cuticle-lined
buccal cavity and jaw, a ribbon of recurved radular teeth sup-
ported by a cartilaginous or muscular odontophore, and a pair
of salivary glands (Fig. 1A). Additional structures develop
from the ventral module in predatory neogastropods with a
long pleurembolic proboscis (Fretter, 1969; Page, 2000, 2005).
Provision for almost complete spatial separation of larval
and post-metamorphic feeding structures during the larval
stage, as facilitated by separate developmental modules, may
have contributed to what has been called an “explosive radia-
tion” of neogastropods during the Cretaceous (Ponder, 1973;
Taylor et al., 1980). Phenotypic variants arising in the ventral
module during development could be tested directly by the se-
lective environment of the benthic juvenile, without needing to
first pass a test of compatibility with the functioning larval
esophagus (Page and Hookham, 2017).

Pyramidellid gastropods present the opportunity to test the
prediction that dorsal and ventral foregut modules facilitated
radical foregut evolution within constraints of a feeding larval
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Figure 1. Sketches comparing adult foregut morphology of a herbivo-
rous grazing euthyneuran gastropod, such as Siphonaria denticulata (A),
with the highly denved adult foregut of a pyramidellid euthyneuran, such
as Odostomia tenuisculpta (B). Images are not to the same scale; the right
salivary gland and duct are not shown. b, radular bolster; be, buccal cavity;
bpl. buccal pump 1; bp2, buccal pump 2: es, esophagus; it, introvert tube;
J» Jaw; ot, oral tube; rs, radular sac secreting radula; sb, stylet bulb; sg, sal-
wvary gland; sgd, salivary gland duct; sh, stylet sheath: st, stylet; su, sucker.
Orientation axes: A, anterior; D, dorsal; P, posterior; V, ventral.

stage. Pyramidellids are unusual euthyneuran gastropods be-
cause they feed with a proboscis, but they are phylogenetically
distant from proboscis-bearing neogastropods (Dinapoli and
Klussmann-Kolb, 2010; Zapata et al., 2014). These tiny snails,
some less than 3 mm in adult shell length (Schander et al.,
2003), feed on body fluids of much larger prey, usually anne-
lids or other molluscs (Robertson and Mau-Lastovicka, 1979).
Even when compared to the full array of spectacularly diverse
and specialized gastropod feeding systems, the pyramidellid
feeding system is remarkable (Fig. 1B). The pyramidellid pro-
boscis 1s extended to the host and, in many but not all species
(Schander et al., 1999), attaches by a muscular sucker (Wise,
1996). The proboscis 1s described as acrembolic because it is
extended by eversion and withdrawn by inversion (Fretter
and Graham, 1949). A chitinous stylet, having the shape of
a long, slender harpoon, is enveloped by a chitinous stylet
sheath when not in use. During feeding, the stylet protrudes
from an opening on the antero-ventral side of the stylet sheath
and extends from the tip of the everted proboscis to puncture
the host’s body wall (Wise, 1993). Host body fluids are then
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sucked into the foregut by a very large, typically two-part
buccal pump (Ankel, 1949a, b; Maas, 1965; Wise, 1993,
1996; Hori and Okutani, 1995, 1996; Peterson, 1998; Schan-
der er al., 1999). The pyramidellid foregut is so derived that
homologs of its various components are controversial. Ankel
(1949a, b) interpreted the stylet as a highly modified radular
tooth, whereas Fretter and Graham (1949) interpreted the sty-
let as a modified jaw because they placed it dorsal to the oral
tube. However, Maas (1965) later showed that Fretter and
Graham (1949) misinterpreted the dorsal and ventral sides of
the pyramidellid foregut. Derivation of the muscular, cuticle-
lined buccal pump is also uncertain, although Fretter and Gra-
ham (1949) suggested that at least the first half of the buccal
pump (buccal pump 1) is part of the buccal cavity. Develop-
mental data may help resolve homologs of both the stylet ap-
paratus and the buccal pump (Maas, 1965), but previous de-
scriptions of pyramidellid development did not include the
foregut (White et al., 1985; Cumming, 1993; Collin and Wise,
1997: Robertson, 2012).

We had two objectives for studying foregut development in
the pyramidellid Odostomia tenuisculpta Carpenter, 1864, a
species with a planktotrophic larva that lives along the Pacific
Coast of North America (Abbott, 1974), where it feeds on a
variety of molluscs (Harbo er al., 2012; Maguire and Rogers-
Bennett, 2013). First, by comparing results to developmental
data for other gastropods, we hoped to establish homology
between pyramidellid foregut components and foregut com-
ponents of other gastropods. In particular, we compared fore-
gut development during the larval phase of O. tenuisculpta to
that of Siphonaria denticulata, which is another species of
panpulmonate with a planktotrophic larva, described previ-
ously by Page et al. (2019). Second, we aimed to test the hy-
pothesis that foregut developmental modularity has facilitated
evolution of the highly derived post-metamorphic feeding
system of O. renuisculpra, despite a life history that begins
with a feeding larval stage. Based on previous studies of cae-
nogastropods, particularly proboscis-bearing neogastropods
(Fretter, 1969; Page, 2000, 2005), we expected to find evi-
dence that modular organization of the developing foregut
has been important for facilitating advanced differentiation
of post-metamorphic feeding structures within larvae, in a way
that does not interfere with larval feeding.

Materials and Methods

To assist with understanding homology of foregut parts for
Odostomia tenuisculpta Carpenter, 1864, we compared fore-
gut development during the larval stage to that of another
euthyneuran gastropod, the siphonarid Siphonaria denticu-
lata Quoy & Gaimard, 1833. A description of overall larval
and metamorphic development of S. denticulata and methods
for culturing and processing the developmental stages for his-
tological analysis have been previously given (Page er al.,
2019). Methods used for O. tenuisculpta are described below.

Source of adults and culture of larvae and juveniles

Adults of O. tenuisculpta were collected in July 2014 and
May 2015 from the siphons of horse clams (Tresus capax)
exposed at the sediment surface during low tide at Patricia
Bay, southern Vancouver Island, Canada (48°26'21"N,
123°26'54"W). Collections were made under a scientific li-
cence issued by the Department of Fisheries and Oceans Can-
ada, Pacific Region. In the laboratory, adults were held in glass
bowls containing 500 mL of seawater maintained at 12 °C;
there they deposited fertilized eggs in gelatinous egg masses.

Hatched larvae were cultured at 12 °C in small glass bowls
containing 100 mL of natural seawater passed through a pre-
filter by vacuum filtration. Initial density in culture was one
larva per milliliter of seawater. To protect against heavy-metal
contamination, the seawater was supplemented with ethyl-
enediaminotetraacetic acid, disodium salt (EDTA) at a con-
centration of 8.6 nmol L. ™' Larvae were fed a mix of Isochry-
sis galbana and Paviova lutheri (Bigelow National Center for
Marine Algae and Microbiota, East Boothbay, ME; CCMP1323
and CCMP1325) that were cultured under continuous illumi-
nation in Provasoli’s enriched seawater medium (Andersen
et al., 2005). Aliquots of microalgae were centrifuged, resus-
pended in pre-filtered seawater, and added to cultures to make
a final concentration of 2 x 10* cells mL ™' during the first
week of culture and 3 x 10* cells mL ™' thereafter. Density
of microalgae was quantified with a hemacytometer. Strepto-
mycin sulfate (Sigma, St. Louis, MO) was added at a concen-
tration of 50 pg mL ™" (Switzer-Dunlap and Hadfield, 1977).
Scant flakes of cetyl alcohol were sprinkled on the surface of
cultures to reduce entrapment of the hydrophobic larval shells
at the water-air interface (Hurst, 1967).

Larvae were transferred to fresh culture medium every one
to two days. They were first concentrated by aspirating ap-
proximately half of the culture water, using a 10-mL syringe
in which the syringe tip was cut off and replaced with Nitex
(Genesee Scientific, San Diego, CA) cloth of 49-um pore
size. The concentrated larvae were transferred to a bowl of
freshly prepared culture medium by hand-pipetting under a
dissecting microscope.

Larvae were induced to metamorphose at or after 40 days
post-hatch by transferring them to glass bowls containing pre-
filtered seawater and small pieces of periostracum stripped
from a previously frozen siphon of Tresus capax. Juveniles
were given small scallops (Chlamys spp.) as a food source.

Specimen preparation for thin and ultrathin sectioning

Larvae were fixed at five ages after hatching, and fixations
were also performed at three time intervals after metamorphic
loss of the velar lobes. Fixations of larvae were as follows,
with number of specimens sectioned given in parentheses:
newly hatched (5) and 10 (1), 20 (3), 30 (5), 40 (4), and 50
(3) days post-hatching. Metamorphs and juveniles were fixed
at 1(3),4 (3), and 10 (2) days after loss of the velar lobes. An-
imals were anesthetized prior to fixation by using the two-step
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procedure described by Page (2002). The primary fixative con-
sisted of 2.5% glutaraldehyde in 0.2 mol L ™' phosphate buffer
(pH 7.6) and 0.14 mol L™ ' sodium chloride (Cloney and Flo-
rey, 1968). Specimens were stored in this fixative for up to
I week at 6 °C. They were then decalcified in a 1:1 mixture
of freshly prepared 10% EDTA and the glutaraldehyde fixa-
tive for about 2 hours at room temperature (Bonar and Had-
field, 1974). Decalcified specimens were rinsed 3 times in
2.5% sodium bicarbonate (pH 7.2) and post-fixed for 1 hour
at room temperature in 2% osmium tetroxide in the bicarbon-
ate buffer. After a brief rinse in distilled water, specimens were
dehydrated in an acetone dilution series and embedded in Em-
bed 812 (Electron Microscopy Sciences, Hatfield, PA) resin.

Sections for light microscopy were cut at a thickness of
0.8-1 pm, using a Diatome (Hatfield, PA) Histo Jumbo dia-
mond knife and a Leica (Wetzlar, Germany) Ultracut UCT ul-
tramicrotome. They were stained on a hot plate with a mix of
methylene blue and azure II in sodium borate (Richardson
et al., 1960). Sections were photographed with a Zeiss (Ober-
kochen, Germany) Axioskop compound light microscope and
an attached Retiga 2000R digital camera, using QCapture
Pro 5.1 software (QImaging, Surrey, British Columbia, Can-
ada). Brightness, contrast, and sharpness of images were ad-
jJusted using Adobe (San Jose, CA) Photoshop CS6.

Ultrathin sections for transmission electron microscopy
were cut at 80-90-nm thickness by using a Diatome diamond
knife. Sections were picked up on uncoated copper grids that
had been briefly passed through a flame, and they were teased
over spaces between the grid bars by using an eyelash tool.
Sections were stained in a saturated aqueous solution of ura-
nyl acetate for 60 minutes and rinsed; then they were stained
in 0.2% lead citrate for 6 minutes and rinsed again. Ultrathin
sections were examined with a JEOL (Peabody, MA) JEM
1011 transmission electron microscope.

Three-dimensional reconstructions

Surface-rendered 3-D reconstructions were prepared for a
larva at 30 days after hatching and metamorphic stages at 1
and 4 days after velum loss. Serial sections for the larval stage
were cut at (.8-um thickness through the entire foregut. Images
of each section were placed in sequential order, and foregut
profiles within each section were traced using a digitizing tab-
let and the Reconstruct software (ver. 1.1.0.0; Fiala, 2005).
Resolution afforded by light microscopy was insufficient for
distinguishing important details of morphology in metamor-
phic stages. Therefore, specimens at 1 and 4 days after velum
loss were cut at a section thickness of 0.8 pm; but at intervals
of 4-12 thick sections, 4 grids of thin sections were collected,
representing about 2 pm of tissue thickness.

Results
Foregut development in the larva

Foregut development in larvae of Odostomia tenuisculpta
is conveniently categorized into 3 stages: early (hatching and

10 days post-hatching), middle (20 days post-hatching), and
late (30, 40, and 50 days post-hatching). No change in the
foregut was noted between 40 and 50 days post-hatching.
The entire larval digestive tract, including larval esophagus,
stomach, left and right digestive gland, and intestine, was eas-
ily seen through the transparent shell of live larvae during the
early stage of foregut development (Fig. 2A). Like other plank-
totrophic gastropod larvae, the larval esophagus had discoidal
reticulate lamellae stacked between the microvilli and the cilia,
arising from the epithelial cells (Fig. 2B). These lamellae are
distinctive features of the velar food groove and larval esoph-
agus of gastropod veligers, but they are absent from the post-
metamorphic foregut (Bonar and Maugel, 1982). At hatching,
the digestive tract of O. tenuisculpta was very much like that of

Figure 2. Early foregut development in the euthyneuran gastropods
Siphonaria denticulata and Odostomia tenuisculpta. (A) Live early-stage
larva of 0. tenuisculpta (10 days post-hatching; ventral view) showing
gut components; dotted line indicates section plane for (C-F). (B) Transmis-
sion electron micrograph (TEM) showing discoidal reticulate lamellae stacked
between microvilli and cilia of the larval esophagus. (C) Mid-sagittal section
through larval esophagus of 5. denticulata at hatching. (D) Mid-sagittal sec-
tion through larval esophagus of O. renuisculpta at hatching. (E) Mid-sagiual
section through larval esophagus of S. denticulata at middle stage of larval
development; arrowhead indicates out-pocketing of hypertrophied epithe-
lium. (F) Mid-sagittal section through larval esophagus of O. renuisculpra
at middle stage of larval development; arrowhead indicates out-pocketing
of hypertrophied epithelium. f, foot: Idg, left digestive gland; le, larval esoph-
agus; Im, larval mouth; rdg, right digestive gland; st, stomach; vl, velar lobe.
Scale bars: (A), 50 pm; (B), 1 pm; (C-F), 25 pm.
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newly hatched planktotrophic larvae of other euthyneuran gas-
tropods, such as the siphonariid Siphonaria denticulata. In
both species, the foregut at hatching consisted entirely of the
larval esophagus, which was a simple, ciliated tube extending
from the mouth to the stomach (Fig. 2C, D).

At the middle stage of obligatory larval development for
both S. denticulata and O. tenuisculpta, histological sections
showed the very early development of foregut structures that
would become functional during feeding after metamorpho-
sis. In 8. denticulata, a patch of cells within the ventral wall
of the larval esophagus had proliferated and enlarged and had
formed an out-pocketing that bulged ventrally from the esoph-
ageal wall (Fig. 2E). This out-pocketing occurred at the point
where the larval esophagus ran between the pair of statocysts.
At the midpoint of larval development in O. tenuisculpta, we
also saw an out-pocketing of hypertrophied cells within the
ventral wall of the larval esophagus at the level of the stato-
cysts (Fig. 2F).

After the middle stage of larval development, the foregut
developmental pattern in O. tenuisculpta became markedly
different from that in S. denticulata. When larvae of S. denti-
culata became capable of crawling (the pediveliger stage,
when metamorphic competence was attained), the ventral out-
pocketing of hypertrophied cells had differentiated into the
cuticle-lined, post-metamorphic buccal cavity and radular sac
(Fig. 3A, B). A ribbon of radular teeth emerged from the rad-
ular sac onto the floor of the buccal cavity; radular bolsters
had differentiated beneath the ribbon of radular teeth; and sal-
ivary glands had differentiated, with ducts entering the dorso-
lateral walls of the presumptive post-metamorphic buccal
cavity (Fig. 3B). The ciliated larval esophagus ran along the
dorsal side of the structures for post-metamorphic feeding.
At metamorphosis of S. denticulata, the distal larval esopha-
gus between the mouth and the back of the buccal cavity com-
pletely dissociated (Page et al., 2019).

By contrast, no evidence of stylet, stylet sheath, or buccal
pumps was seen in late-stage larvae of O. tenuisculpta, nor was
there a distinct partitioning of the ventral out-pocketing into ar-
eas of presumptive buccal cavity and radular sac. Instead, the
ventral out-pocketing was somewhat funnel shaped, with its
base extending as a very narrow channel that curved posteriorly
(Fig. 3C). The columnar epithelial cells forming the wall of
the ventral out-pocketing did not have cilia or discoidal retic-
ulate lamellae at their apices. In addition, in late larvae of O.
tenuisculpta, but not those of S. denticulata, a mass of cells
accumulated over the lateral walls of the foregut in the area
of the ventral out-pocketing (Fig. 3D).

The prospective post-metamorphic salivary glands were
recognizable on either side of the larval esophagus in late-
stage larvae of O. tenuisculpta (Fig. 4A, B), but the gland
cells did not accumulate secretory product prior to metamor-
phosis. Ducts from the left and right salivary glands extended
anteriorly, then swung ventrally before penetrating the poste-
rior wall of the ventral out-pocketing, where the two ducts
merged as a common salivary duct (Fig. 4A, C).

Figure 3. Histological sections through foregut of late larvae of Sipho-
naria denticulata and Odostomia tenuisculpta. (A) Mid-sagittal section of
S. denticulata showing larval esophagus and extensive differentiation of
post-metamorphic buccal mass; dotted line indicates section plane for (B).
(B) Transverse section of S. denticulata passing through larval esophagus
and presumptive post-metamorphic buccal mass; note ducts of salivary
glands (arrowheads) entering cuticle-lined buccal cavity. (C) Mid-sagiual
section of 0. tenuisculpta showing larval esophagus and minimal differen-
tiation of cells forming ventral out-pocketing (arrowheads): dotted line indi-
cates section plane for (D). (D) Transverse section of Q. tenuisculpta show-
ing non-ciliated, columnar epithelial cells lining the ventral out-pocketing
(arrowhead); asterisks indicate cells condensed over lateral walls of foregut.
b, radular bolster; be, buccal cavity; le, larval esophagus; Im, larval mouth;
r, radula; rs, radular sac; s, statocyst. Scale bars: 25 pm,

Also during the last half of larval development in O. renui-
sculpta, but not in S. denticulata, the ventro-lateral walls of
the distal larval esophagus became embellished by a pair of
conspicuous, elongate pouches that we call labial pouches
(Fig. 5A, B). The pouches began just inside the larval mouth.
Epithelial cells forming these pouches were distinct from other
cells of the larval esophagus not only because of their large
size and dense-packing, strongly staining cytoplasm but also
because they were not ciliated; their apices gave rise to micro-
villi without discoidal reticulate lamellae (Fig. 5C).

Metamorphosis: one day after velum loss

Crawling larvae of O. tenuisculpta underwent metamor-
phosis in the presence of siphon periostracum from horse
clams, with the first event being loss of the ciliated velar lobes.
The most dramatic change to the foregut during the 24 hours
after metamorphic loss of the velar lobes was complete loss
of ciliated cells forming the distal larval esophagus. This cili-
ated tube was replaced by a tube of much smaller diameter (cf.
reconstructions in Fig. 5A and 5D) and a laterally compressed
lumen (¢f. Fig. 5B and 5E). We call this the introvert tube.
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Figure 4. Salivary glands and ducts in late-stage larvae of Odostomia
tenuisculpra. (A) Reconstruction of larval foregut in left lateral view of a
late-stage larva showing ducts of salivary glands entering posterior end of
ventral out-pocketing of foregut; dotted line indicates plane of section for
(C). (B) Frontal section through foregut of late-stage larva showing salivary
glands flanking larval esophagus. (C) Transverse section through posterior
area of ventral out-pocketing in larva at 30 days post-hatching showing com-
mon salivary duct (large arrowhead) and multiple profiles through left and
right salivary ducts (small arrowheads). cc, cerebral commissure; cg, cerebral
ganglion; e, eye; le, larval esophagus; Im, larval mouth; lrm, larval retractor
muscle; s, statocyst; sg, salivary gland. Scale bars: 25 um.

Epithelial cells forming the introvert tube, like those of the la-
bial pouches in the preceding larval stage, gave rise to micro-
villi but did not have cilia or discoidal reticulate lamellae (cf.
Fig. 5C with SE, inset, and 5F). Given the ultrastructural sim-
ilarities between cells forming the labial pouches prior to
metamorphosis and the introvert tube at one day after velum
loss, we conclude that the labial pouches became the introvert
tube. Presumably, as cells of the larval esophagus dissociated,
the pouches opened up, their edges fused to form a closed
tube, and the tube extended posteriorly to the level of the ven-
tral out-pocketing. The external opening of the introvert tube
replaced the larval mouth but was in the same position as the
larval mouth.

The cross section through the introvert tube in Figure SF
passed through an isolated ciliated cell within the lumen. This
was presumably a residual, dissociated cell of the larval esoph-
agus in the process of being transported down the foregut to
the digestive gland. Two more dissociated cells were seen
within the foregut of this specimen, which was fixed at one
day after velum loss. Sections of this and other specimens ex-
amined at one and four days after metamorphic loss of the ve-
lar lobes showed cells of the left digestive gland with large
phagocytic vacuoles containing multiciliated cells, which we
interpret as larval cells that had dissociated and been carried
to the digestive gland during early metamorphosis.

To facilitate further description of foregut metamorphic
changes in O. tenuisculpta, the sketches in Figure 6 A-C sum-

marize major changes to foregut regions between the late lar-
val stage and one and four days after velum loss. The dia-
grams show the transformation of the labial pouches into the
post-metamorphic introvert (blue shading) and indicate that
the ventral out-pocketing from the larval esophagus is the pre-
sumptive buccal sac and stylet bulb (green shading) of the
post-metamorphic animal. Data supporting these and other
transformations shown in Figure 6 are provided in the follow-
ing text and figures.

At one day after velum loss, the newly formed introvert
tube arrived at the level of the ventral out-pocketing (pre-
sumptive buccal sac), as marked by the flanking statocysts
(Fig. 7A, B). The ciliated larval esophagus was no longer pres-
ent in this region. Instead, large cells that were conspicuous
because of their large nucleus and prominent nucleolus bor-
dered the lateral and ventral sides of a small lumen (Fig. 7B).
Farther posteriorly from the large cells, the lumen of the pre-
sumptive buccal sac formed three deep channels (Fig. 7C).

B E
' ' one day after velum loss

Figure 5. Metamorphosis of distal foregut in Odostomia renuisculpta.
(A) Reconstruction of foregut in late-stage larva in left lateral view showing
labial pouches; dotted line is plane of section for (B). (B) Transverse section
through distal larval esophagus; labial pouches outlined with dotted line.
(C) Transmission electron micrograph (TEM) showing microvilli ansing
from cells of labial pouch. (D) Reconstruction of foregut at one day afier ve-
lum loss; dotted line is plane of section for (E). (E) TEM showing distal fore-
gut at one day after velum loss; cihated larval esophagus replaced by much
narrower introvert tube. (Inset) TEM of apical microvilli of introvert tube
cells. (F) TEM showing disconnected ciliated cell (asterisk) within lumen
of microvilli-lined introvert tube at one day after velum loss. bg, buccal gan-
glion; e, eye; it, introvert tube; le, larval esophagus; Im, larval mouth; Ip, la-
bial pouch; mv, microvilli; s, statocyst; sg, salivary gland. Scale bars:
(B, E), 25 pm; (E inset), 0.5 pm; (C, F), 2 pm,
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Figure 6. Sketches showing major events of foregut remodeling during
metamorphosis of Odostomia tenuisculpra. All stages are shown in left lat-
eral view: right salivary gland and its duct are not shown. Equivalent foregut
areas are color coded: blue indicates labial pouch or introvert tube; pink in-
dicates larval esophagus and post-metamorphic foregut regions derived
from larval esophagus; green indicates presumptive buccal sac; yellow indi-
cates post-metamorphic oral tube. (A) Late-stage larva. (B) One day after
loss of velum. (C) Four days after loss of velum. bpl, buccal pump 1; bp2,
buccal pump 2; bs, buccal sac; es, esophagus; it, introvert tube; le, larval
esophagus; Im, larval mouth; Ip, labial pouch; ot, oral tube; sb, stylet bulb;
sgd, salivary gland duct; sgl, salivary gland; st+sh, stylet and stylet sheath.
Orientation axes: A, anterior; D, dorsal; P, postenior; V, ventral.

Epithelial cells lining the dorsal channel were devoid of cilia
but had microvilli and stacks of discoidal reticulate lamellae
between the microvilli (Fig. 7D), which indicated that the dor-
sal channel was a retained larval esophagus. Cells lining the
two ventro-lateral channels had short, irregular microvilli but
no discoidal reticulate lamellae. At this level of the foregut,
the small common duct of the salivary glands, bordered by
stubby microvilli, ran within a ridge of cells between the two
ventro-lateral channels (Fig. 7C and inset).

The ventro-lateral channels eventually separated from the
dorsal channel and collectively formed a single crescent-
shaped channel that continued posteriorly as the presumptive
stylet bulb, which eventually ended blindly (Fig. 8A, B).

Within the posterior end of the stylet bulb, the common sali-
vary gland duct split into left and right salivary ducts; and
each made a sharp dorsal turn to extend along the ventro-
lateral margins of the dorsal channel (Fig. 8C, D). Discoidal
reticulate lamellae were still present within the lumen of the
dorsal channel above the stylet bulb (Fig. 8E) and within the
remainder of the retained larval esophagus that extended to
the stomach. Between the area where the metamorphosing
foregut displayed a three-channeled lumen to well beyond
the point where the prospective stylet bulb diverged from the
dorsal channel, conspicuous cell masses bordered the lateral
epithelial walls of the dorsal channel (retained larval esopha-
gus). These cell masses are indicated by asterisks in Figures 7C,
8B, and 8C. The cell masses were noted in the previous late-
stage larva; but at one day after velum loss, they had still not
differentiated.

In summary, at one day after velum loss the ciliated cells of
the distal larval esophagus had dissociated and had been
replaced by the introvert tube that formed from the labial
pouches. The introvert tube ran into the prospective buccal
sac, which had conspicuously large cells embedded along
the ventro-lateral wall of its anterior end. The posterior region

one day after velum loss
Bc

Figure 7. Future area of buccal sac of Odostomia tenuisculpta at one
day after velum loss. (A) Reconstruction of foregut in left lateral view show-
ing planes of section for (B) and (C). (B) Histological section through large
cells (asterisks) bordering three-channeled lumen of foregut. (C) Transmis-
sion electron micrograph (TEM) through foregut immediately posterior to
area of large cells; small arrows indicate three channels of lumen; large ar-
rowhead indicates minute common duct of salivary gland (enlarged n inset);
asterisks indicate accumulation of cells along lateral walls of foregut: boxed
area of dorsal channel enlarged in (D). (Inset) Common duct of salivary gland.
(D) TEM showing discoidal reticulate lamellae lining wall of dorsal channel.
bg, buccal ganglion; dec, dorsal channel; ¢, eye; it, introvert tube; s, statocyst;
sb, stylet bulb; sg, salivary gland; vle, ventro-lateral channel. Scale bars:
(B, C), 10 pm; (C inset), 0.5 pm; (D), | pm.
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Figure 8. Developing buccal pump 1 and stylet bulb in Odostomia te-
nuisculpta at one day after velum loss. (A) Reconstruction of foregut in left
lateral view at one day after velum loss; dotted lines indicate planes of sec-
tion shown in (B) and (C). (B) Histological section showing stylet bulb and
ventro-lateral channels (arrows) separated from dorsal channel (large arrow-
head); a dissociated ciliated cell lies within dorsal channel (see inset); aster-
isks indicate cell masses adjacent to wall of dorsal channel. (Inset) Transmis-
sion electron micrograph (TEM) through dorsal channel showing dissociated
ciliated cell within the lumen. (C) TEM through dorsal channel (arrowhead)
and postenior extremity of the stylet bulb; asterisks indicate cell masses adja-
cent to dorsal channel; arrows indicate ducts of salivary glands; left salivary
duct from a neighboring section enlarged in (D). (D) Duct of left salivary
gland from section adjacent to (C); tiny lumen indicated by arrowhead.
(E) Discoidal reticulate lamellae within lumen of dorsal channel in area of
prospective buccal pump 1. bg, buccal ganglion; e, eye; it, introvert tube;
s, statocyst; sb, stylet bulb; sg, salivary gland. Scale bars: (B, C), 10 um;
(B inset, D, E), | pm.

of the buccal sac at this stage consisted of a dorsal channel
formed by a retained larval esophagus and a ventral promi-
nence in which the common salivary duct was embedded.
Cell masses that clustered over the lateral walls of the foregut
had not differentiated during the day after velum loss: but, as
described below, these cells became the muscle layers of buc-
cal pump 1. Neither the stylet nor the stylet sheath was seen in
any specimens sectioned at one day after velum loss.

Metamorphosis: four days after velum loss

[nitial secretion of the stylet and the stylet sheath was seen
in specimens sectioned at four days after metamorphic loss of
the velum (Fig. 9A-D). The stylet sheath was embraced by
cytoplasm of about eight very large cells (“lateral giant cells™)
within the ventro-lateral walls of the presumptive buccal sac

(Fig. 9C). The central cavity of the tubular stylet was filled
with multiple elongate, cytoplasmic processes containing lon-
gitudinally aligned microtubules. The lumen of the common
salivary duct, which was very small and lined by stubby mi-
crovilli, ran between the cytoplasmic processes within the
stylet (Fig. 9D). The cytoplasmic processes within the stylet
extended from non-giant cells within the developing stylet
bulb.

There were two cavities within the anterior half of the buc-
cal sac at four days after velum loss. Immediately dorsal to the
lateral giant cells secreting the stylet sheath, there was a cav-
ity with a much-flattened lumen and the shape of an inverted
V in cross-sectional profile. This cavity, which we call the

Figure 9. Anterior area of developing buccal sac of Odostomia tenui-
sculpta at four days after velum loss. (A) Reconstruction of foregut in left
lateral view at four days after velum loss; dotted line indicates plane of sec-
tion shown in (B) and (C). (B) Truncated reconstruction of foregut at four days
after velum loss rotated to display plane of section shown in (C). (C) Trans-
mission electron micrograph (TEM) showing initial stylet and stylet sheath;
large arrowhead indicates common salivary duct within stylet that is en-
larged in (D); boxed area enlarged in (E); note lateral giant cells. (D) TEM
of stylet and stylet sheath; arrowhead indicates lumen of common salivary
duct; note cytoplasm of medial giant cell between stylet and its sheath.
(E) TEM showing newly formed oral tube and dorsal extremity of the dorsal
cavity of the stylet complex (enlarged from C). bpl, buccal pump 1; bp2,
buccal pump 2; des, dorsal cavity of stylet complex; e, eye: es, esophagus;
it, introvert tube; lge, lateral giant cell; mge, medial giant cell; ot, oral be;
§, statocyst; sh, stylet sheath; st, stylet. Scale bars: (C), 10 pm; (D, E), 2 um.
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dorsal cavity of the stylet complex (dcs), is indicated in Fig-
ure 9B. It appears to correspond to what Maas (1965, p. 590,
fig. 13b) called the dorsale Hohlung um den Stachel. The sec-
ond cavity is the tiny microvilli-lined lumen of the forming
oral tube of the post-metamorphic buccal sac (Fig. 9B, E).
The dorsal cavity of the stylet complex ended blindly midway
down the length of the stylet, whereas the oral tube continued
posteriorly to merge with the lumen of the developing buccal
pump 1 (described after further description of the stylet and
the stylet sheath, given below).

Cuticle lining the buccal cavity of euthyneurans and other
gastropods, including cuticle of the radula and jaws, 1s secreted
by cells that extend microvilli into cuticle (e.g., Wiesel and Pe-
ters, 1978; Hughes, 1979; Mackenstedt and Mirkel, 1987
Mikhlina er al., 2018). In metamorphosing larvae of O. fe-
nuisculpta, cytoplasmic processes within the stylet extended
sparse, short microvilli into the stylet cuticle down its entire
length (Fig. 10A). However, the lateral giant cells associated
with cuticle of the stylet sheath extended microvilli into the
sheath cuticle only at its basal end, suggesting that the sheath
grows from its base. The cytoplasm of lateral giant cells also
included small electron-dense vesicles that may contain chitin
precursor (Mikhlina et al., 2018).

The stylet sheath embracing the stylet had a ventral opening
at its extreme anterior end, and cytoplasm from a medial giant
cell invaded this opening (Fig. 10B). Within the stylet sheath,
cytoplasm of the medial giant cell covered the surface of cu-
ticle forming both the stylet and the stylet sheath. Further-
more, where the medial giant cell invaded the sheath opening,
its cell membrane was invaginated to form a network of irreg-
ular channels. Small electron-dense particles were seen within
the channels, including areas where the channels bordered cu-
ticle of the stylet and its sheath (Fig. 10C). Cytoplasm of the
medial giant cell resided within the space between the stylet
and its sheath along the anterior portion of the stylet complex
(Fig. 9D), but it was absent along the basal area of the stylet
complex (Fig. 10A). The medial giant cell and the multiple
lateral giant cells were still recognizable at the base of the fully
formed stylet in animals sectioned at 10 days after metamor-
phic velum loss (Fig. 10D).

Toward the posterior end of the buccal sac at four days after
velum loss, the cuticular wall of both the stylet and the stylet
sheath opened up to form two semicircles of cuticle: the semi-
circle continuing from the base of the stylet was immediately
below the more irregular semicircular profile continuing from
cuticle of the stylet sheath (Fig. 11 A). Moving posteriorly, the
semicircle of cuticle continuing from the wall of the stylet
sheath re-closed, and the closed profile shifted dorsally to-
ward the tiny oral tube (Fig. 1 1B). Ultimately, the closed pro-
file of cuticle continuing from the base of the stylet sheath
merged with the lumen of the oral tube (Fig. 11C, D). Mean-
while, the open semicircle of cuticle that was continuous with
stylet cuticle continued posteriorly to eventually become one
side of the lumen of the stylet bulb before disappearing alto-
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Figure 10. Stylet complex of Odostomia tenuisculpta. (A) Transmis-
sion electron micrograph (TEM) of transverse section through postenor area
of stylet and stylet sheath at four days after velum loss; note microvilli from
lateral giant cell penetrating into stylet sheath and microvilli from cytoplas-
mic extensions of salivary duct cells penetrating into stylet; arrowheads in-
dicate electron-dense vesicles; asterisks indicate empty space between stylet
and its sheath. (B) TEM of transverse section through apex of stylet complex
showing cytoplasm of medial giant cell (partially outlined with dotted line)
penetrating through opening in stylet sheath to cover cuticular surfaces of
stylet and stylet sheath. (C) Membrane infoldings of medial giant cell (ar-
rowheads) containing small electron-dense particles; also note fibrous nature
of stylet cuticle. (D) Histological section through base of fully formed stylet
sheath at 10 days after velum loss showing medial giant cell and 2 lateral
giant cells (asterisks); nuclei within cells of adjacent salivary gland are also
large. cy, cytoplasmic processes; lgc, lateral giant cell; mge, medial giant
cell; sgl, salivary gland; sh, stylet sheath; st, stylet; Scale bars: (A), 1 pm;
(B), 5 pm; (C), 0.5 pm; (D), 10 pm.

gether. The section shown in Figure 11C passes through the
common duct of the salivary gland (enlarged in Fig. 11E),
where it emerged from the basal end of the stylet proper.

Dorsal to the stylet bulb, the oral tube that had merged with
the cuticle-lined compartment originating from the stylet sheath
proceeded posteriorly as the lumen of buccal pump 1 (Fig. 12A,
B). Discoidal reticulate lamellae were no longer present within
the lumen of buccal pump 1, as they were at one day after ve-
lum loss. Instead, the lumen was lined by cuticle and had a
triradiate profile (Fig. 12B).

The left and right salivary ducts, after diverging from the
common duct and leaving the stylet bulb, immediately en-
tered the cellular wall of buccal pump 1 (Fig. 12C, D). The
section in Figure 12B shows profiles of the right salivary duct
as it leaves the stylet bulb (enlarged in Fig. 12C) and also within
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Figure 11. Posterior area of buccal sac of Odestomia tenuisculpta at
four days after velum loss showing merger of cuticle-lined cavity from stylet
complex with oral tube. (A) Transmission electron micrograph (TEM) of
transverse section showing cuticle layer from stylet sheath (arrows) shifting
dorsally from cuticle layer from stylet; large arrowhead indicates oral tube
that is enlarged in inset. (Inset) Tiny microvilli-lined lumen of oral tube.
(B) TEM showing cuticle-lined compartment (arrows) shifting farther dor-
sally; large arrowhead indicates lumen of oral tube enlarged in inset. (Inset)
Tiny microvilli-lined lumen of oral tube. (C) TEM showing merger of cuticle-
lined compartment (arrows) with lumen of oral tube (large arrowhead);
boxed areas enlarged in (D) and (E). (D) Enlargement from (C) showing
merger of cuticle-lined compartment (arrows) with microvilli-lined lumen
of oral tube (large arrowhead). (E) Enlargement from (C) showing minute
common salivary duct. Scale bars: (A-C), 10 um; (D, E and insets of A.
B), 2 um.

the ventro-lateral wall of the presumptive buccal pump 1 (en-
larged in Fig. 12D), because the duct angled slightly anteriorly
after leaving the stylet bulb but then curved posteriorly after
entering the wall of buccal pump 1.

Buccal pump 2 began to form at four days post-
metamorphosis as a sausage-shaped body alongside the colu-
mellar muscle (Fig. 13A, B). The wall of buccal pump 2 was
formed by epithelium secreting the cuticle that lined its lumen
(Fig. 13C) and by multiple additional cell layers. Myofilaments
had begun to differentiate within the most peripheral cells of
the wall (Fig. 13D). The developmental origin of buccal pump 2
was not clearly observed, We assume that buccal pump 2 was
built de novo from a subset of the cells congregated around

the middle area of the foregut in late-stage larvae and at one
day after velum loss.

At four days after velum loss, the esophagus emerged from
the area between buccal pumps 1 and 2. Many cilia arose from
the wall of the esophagus at this point of emergence (Fig. 13E
and inset), but the remainder of the esophagus, as it traveled in
a convoluted path to the much-reduced stomach, was mostly
devoid of cilia. The terminal end of the stylet bulb contained a
cresecent-shaped lumen lined by microvilli rather than cuticle
(Fig. 13F).

Metamorphosis: 10 days after velum loss

Juveniles of O. tenuisculpta were first seen to extend the
proboscis and feed on small scallops at 10 days after meta-
morphic velum loss. Histological sections through animals
at 10 days after velum loss showed only 1 structure that was
not recognizable at 4 days after velum loss: the muscular sucker

Figure 12. Presumptive stylet bulb and buccal pump | in Odostomia te-
nuisculpia at four days after velum loss. (A) Reconstruction of foregut in left
lateral view at four days after velum loss: dotted line indicates plane of sec-
tion shown in (B=D). (B) Transmission electron micrograph (TEM) passing
through stylet bulb and cuticle-lined, triradiate lumen of buccal pump 1; note
profiles of right salivary duct embedded in wall of buccal pump 1 and branch-
ing from the common salivary duct; boxed areas enlarged in (C) and (D).
(C) Enlargement of right salivary duct branching from common salivary
duct. (D) Enlargement of right salivary duct embedded in wall of buccal
pump 1. bpl, buccal pump 1; bp2, buccal pump 2; csd, common salivary duct;
e, eye; es, esophagus; it, introvert tube; rsd, right salivary duct; s, statocyst;
sb, stylet bulb. Scale bars: (B), 10 um; (C, D), 2 um.
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Figure 13. Buccal pumps, stylet bulb, and esophagus of Odostomia tenui-
sculpta at four days after velum loss. (A) Reconstruction of foregut in left
lateral view at four days after velum loss; dotted line indicates plane of sec-
tion shown in (B). (B) Histological section passing through buccal pumps |
and 2, stylet bulb, and esophagus. (C) Cuticle lining lumen of buccal pump 2.
(D) Transmission electron micrograph (TEM) showing myohlaments within
peripheral cells of buccal pump 2. (E) TEM through esophagus where it leaves
buccal pump 2; boxed area enlarged in inset. (Inset) Cilia anising from esoph-
ageal wall where it emerges from buccal bump 2. (F) TEM through posterior
extremity of stylet bulb. bp1, buccal pump 1; bp2, buccal pump 2; e, eye: es,
esophagus; in, intestine; it, introvert tube; s, statocyst: sb, stylet bulb. Scale
bars: (B), 25 pm; (C, D, E inset), 1 pm; (E, F), 5 pm.

(Fig. 14A). In addition, between 4 and 10 days after velum
loss the introvert tube had lengthened greatly; in retracted an-
imals it formed several loops between the external opening on
the head and the sucker. The stylet complex formed a long,
curved dagger (Fig. 14B) measuring about 95 pm in length
within an animal measuring only about 300 pm in shell length.
The salivary glands were filled with secretory vesicles. As
noted long ago by Ankel (1949a) for salivary glands of the
pyramidellid Odostomia plicata, the nuclei of the salivary
gland cells in O. tenuisculpta at 10 days post-metamorphosis
were very large and elongate in shape (Fig. 14A, B).

Discussion
Homology of stvlet and stylet sheath

Our observations on the developing stylet complex of Odo-
stomia tenuisculpta suggest a hybrid structure, with the stylet
and the sheath having different developmental and evolutionary
derivations. However, the homology of the stylet sheath re-
mains ambiguous, because it exhibited both jaw-like and rad-
ular tooth-like charactenistics.

The stylet proper was secreted along long cytoplasmic pro-
cesses extending from non-giant cells at the proximal end of
the common salivary duct. At one day after velum loss, before
stylet secretion had begun, the common salivary duct opened
into the lumen of the buccal sac, the developmental homolog
of the gastropod buccal cavity. The buccal cavity of euthyneu-
ran gastropods, including Siphonaria denticulata, is lined by
cuticle (Howells, 1942: Mackenstedt and Miirkel, 1987: Mikh-
lina er al., 2018); and ducts of the salivary glands discharge
through the cuticularized wall of the buccal cavity. Therefore,
we suggest that the stylet of O. tenuisculpta is best interpreted
as an extension of buccal cuticle surrounding the entry point
of the common salivary duct into the buccal cavity. Under this
hypothesis, the stylet proper is a derived form of neither a jaw
nor a radular tooth. As the stylet and contained salivary duct
elongated during metamorphosis, they grew into the central
cavity of the stylet sheath secreted by cells slightly more an-
terior within the buccal sac.

Figure 14. Foregut features of Odostomia tenuisculpta at 10 days alter
metamorphic velum loss. (A) Frontal section showing base of retracted in-
trovert tube and rim of sucker (large arrowheads); small arrowhead indicates
apical tip of stylet sheath within central tissue of sucker. (B) Tangential sec-
tion through a portion of curved stylet and stylet sheath (arrowhead).
bg. buccal ganglia; bp2, buccal pump 2 es, esophagus; it, introvert tube;
sg, salivary gland. Orientation axes: A, anterior: D, dorsal: P, posterior:
V, ventral. Scale bars: 25 pm.
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The stylet sheath was less readily interpreted as an elabora-
tion of previously non-specialized buccal cuticle. Unfortu-
nately, however, a number of its characteristics were unhelpful
for deciding between a jaw or radular tooth derivation, be-
cause the characteristics apply to both. The sheath was secreted
over the microvillous apical surfaces of a cooperative group of
cells within the ventral module. In other gastropods, both jaws
and radular teeth are synthesized within the ventral module
(Page and Pedersen, 1998; Page, 2002). Furthermore, although
radular teeth are each molded by the three-dimensional shape
created by the microvillous apical surfaces of a group of odon-
toblasts (Kerth and Krause, 1969; Runham, 1975; Mackenstedt
and Mirkel, 1987), a recent study has suggested the same pro-
cess for shaping masticatory denticles of a nudibranch jaw by
gnathoblasts (Mikhlina er al., 2018).

Several characteristics of the stylet sheath of O. renui-
sculpta were consistent with a jaw derivation. First, like jaws
in two other gastropod species (Page and Pedersen, 1998; Page,
2002), the stylet sheath of O. tenuisculpta was secreted within
the anterior portion of the ventral module. Second, like the
jaw(s), but not radular teeth, in other gastropods, the stylet
sheath 1s a non-iterative cuticular secretion maintained at a
fixed position within the foregut. Finally, the wall of the stylet
sheath was continuous with a cuticle-lined space that in turn
continued into the cuticle-lined buccal pump 1, which is ho-
mologous with the initial part of the esophagus in other gastro-
pods (see Homology of the buccal pump, below). This topol-
ogy of parts suggests that the stylet sheath of O. tenuisculpta
1s a highly derived jaw.

Nevertheless, the stylet sheath also exhibited features that
are reminiscent of radular tooth formation in other euthyneu-
ran gastropods. Cells secreting the sheath are very large, with
correspondingly large nuclei. Secretion of radular teeth by
only a few very large odontoblasts that are probably polyploid
i1s a distinctive feature of euthyneuran gastropods that has been
described in nudibranchs (Hughes, 1979; Mikhlina et al.,
2018) and pulmonates (Kerth and Krause, 1969; Runham,
1975; Wiesel and Peters, 1978; Kerth, 1979; Mackenstedt
and Mirkel, 1987). However, if the unusual buccal hooks of
the pteropod euthyneuran Clione limacina are truly jaw homo-
logs, as suggested by Vortsepneva and Tzetlin (2014), then
jaw-secreting gnathoblasts can also be very large. Possibly
the strongest evidence in favor of a radular tooth ancestry for
the stylet sheath comes from preliminary evidence for post-
secretory modification of sheath cuticle. After the cuticle was
secreted along the microvillous apical surface of lateral giant
cells, the opposite surface of the sheath cuticle became invested
by cytoplasm of a medial giant cell. Ultrastructural evidence
suggests that the medial giant cell may add material to cuticle
of both the sheath and the stylet proper, although this needs
verification from additional research. Nevertheless, to date
there is no evidence that jaw cuticle is modified after its secre-
tion by cells on the superficial side of the cuticle, whereas
many studies have shown that newly secreted radular teeth

of molluscs are invested by cells of the superior epithelium of
the radular sac (Wiesel and Peters, 1978; Hughes, 1979; Kerth,
1979: Mischor and Miirkel, 1984; Mackenstedt and Miirkel,
1987; Shaw et al., 2009; Mikhlina er al., 2018). These cells
modify the chitinous matrix of the tooth cuticle by mineraliz-
ing or quinone tanning the chitin (Mackenstedt and Miirkel,
1987 and additional references cited therein).

If the stylet sheath is indeed a highly derived radular tooth,
then descent with modification has transformed a ribbon of
consecutively secreted teeth that constantly moves anteriorly
into a single tooth having a fixed position. If this surprising
evolutionary transition actually occurred, then the anterior
position of the stylet sheath and the giant “odontoblasts™ that
secrete it within the metamorphosing buccal sac is understand-
able, because a single tooth would need to be in a position
where it can serve its function. The position of the stylet sheath
(and its enclosed stylet) in pyramidellids is comparable to the
position of the dagger-shaped “lead tooth™ within the buccal
mass of sacoglossan euthyneurans (see Hirose, 2005, fig. 4B),
which puncture algal cells with a single row of often very elon-
gate teeth (Jensen, 1993).

Introvert: acrembolic proboscis or eversible oral tube

Feeding tubes (various types of proboscides) that are tem-
porarily extended during feeding are common among caeno-
gastropods (Strong, 2003; Golding et al., 2009; Simone, 2011),
but they are unusual among euthyneuran gastropods. Never-
thless, members of the acteonoid genus Hydatina have an ever-
sible oral tube (Rudman, 1972), and pyramidellids have a so-
called acrembolic proboscis. In both of these euthyneuran
groups, the feeding tube runs between an external opening on
the head to the internal buccal cavity or sac, and it is everted dur-
ing feeding. However, the two types of feeding tubes differ in
how they form. In Hydatina, the tube is called an eversible
oral tube because it presumably represents a great elongation
of what is usually a very short chamber leading from the
mouth into the buccal cavity of gastropods, the so-called buc-
cal or oral tube (Fretter and Graham, 1962). Alternatively, the
feeding tube in pyramidellids is called an acrembolic probos-
cis because the tube is presumably formed by invagination of
a cylinder of head epidermis around the mouth, which carries
the mouth deep into the cephalic hemocoel of the gastropod.
If the feeding tube of pyramidellids is indeed an acrembolic
proboscis, then the opening on the head of a non-feeding an-
imal is not the true mouth (Fretter and Graham, 1949).

Our observations of the development of the eversible feed-
ing tube of O. tenuisculpta, which we named the introvert tube,
seemed inconsistent with its traditional interpretation as an
acrembolic proboscis. The introvert tube formed from a pair
of pouches from the ventro-lateral wall of the larval esopha-
gus, immediately inside the larval mouth. If the introvert tube
was truly an acrembolic proboscis, we would have expected
an origin from cells outside the larval mouth.
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Results of a developmental study of a species of moon
snail, Neverita (= Polinices, =Euspira) lewisii, revealed that
the acrembolic proboscis of this species developed very dif-
ferently from the introvert tube of the pyramidellid O. renui-
sculpta. Juveniles of N. lewisii fed for at least several weeks
after metamorphosis before the acrembolic proboscis began
to form. The very young juveniles had an accessory boring
organ located well outside the mouth on the lower lip (Page
and Pedersen, 1998). However, the accessory boring organ
of adult moon snails lies at the tip of the acrembolic proboscis,
demonstrating that the acrembolic proboscis of this species
forms by inward growth of head tissue that was originally out-
side the mouth. The inward growth occurs slowly during post-
metamorphic life. In O. tenuisculpta, by contrast, the eversible
feeding tube was functional when animals took their first post-
metamorphic meal, because it formed rapidly from labial
pouches located just inside the larval mouth. It would be infor-
mative to compare development of the introvert tube in O. re-
nuisculpta to development of the long, eversible oral tube in a
member of the genus Hydatina. At present, our ability to in-
terpret ancestral derivation of the introvert tube of O. tenui-
sculpta is compromised by the fact that very little information
is available on the metamorphosis of the mouth area in any
euthyneuran with a planktotrophic larval stage.

Homology of the buccal pump

Our data suggest that the first part of the buccal pump (buc-
cal pump 1) in adults of O. tenuisculpta is a transformation of
a portion of the dorsal module, specifically, a part of the larval
esophagus. Ultrastructural observations on animals sectioned
at one day after velum loss were critical to this interpretation.
At this stage, discoidal reticulate lamellae, which are diagnos-
tic esophageal features of gastropod larvae (Bonar and Mau-
gel, 1982), were still present at the apical surface of epithehial
cells forming the developing buccal pump 1. Even before meta-
morphosis, condensations of cells accumulated around this
area of the larval esophagus, which is not typical of foregut
development in other gastropods with planktotrophic larvae.
These cells differentiated after metamorphosis as the multiple
layers of muscle investing the internal epithelial wall of buc-
cal pump 1.

Buccal pump 2 was also clearly recognizable at four days
after velum loss, although not completely differentiated at this
time. We can only assume that buccal pump 2 was added as an
extension of buccal pump 1. Unfortunately, we did not fix an-
imals for sectioning between one and four days after the onset
of metamorphosis, which was the critical time interval for ini-
tial formation of this second part of the buccal pump.

Oral tube

An oral tube dorsal to the stylet complex is present in pyra-
midellids in the genera Odostomia, Boonea, and Sayella (Maas,

1965; Wise, 1993, 1996; Hori and Okutani, 1995, 1996; Pe-
terson, 1998). It is an epithelial tube running parallel and dor-
sal to the stylet complex between the sucker and the buccal
pump. Our results for O. tenuisculpta suggested that this tube
was not a portion of retained larval esophagus, because larval
esophageal tissue above the buccal sac at one day after velum
loss had completely dissociated. At this time, the future buc-
cal sac had an undivided lumen. By four days after velum
loss, the lumen of the buccal sac had become subdivided into
the oral tube and the blind-ending dorsal cavity of the stylet
complex. This segregation was likely effected by remodeling
of the epithelial lining of the buccal sac, specifically, fusion of
buccal sac epithelium along a horizontal plane running longi-
tudinally down the buccal sac. We speculate that this process
of epithelial remodeling does not occur in pyramidellids that
lack a distinct oral tube. The oral tube of O. tenuisculpta, formed
by longitudinal subdivision of the lumen of the buccal sac, ap-
pears to be a unique structure that 1s not obviously homologous
to anything described to date in non-pyramidellid gastropods.

Foregut modularity and ontogenetic conflict

Based on other studies of foregut development in marine
gastropods with a feeding larval stage, we expected to see ex-
tensive development of adult foregut structures in late-stage lar-
vae of O. tenuisculpta (D’ Asaro, 1965; Fretter, 1969; Thiriot-
Quiévreux, 1970; Bickell and Chia, 1979; Page and Pedersen,
1998; Page, 2002, 2005; Parries and Page, 2003). Our hypoth-
esis predicted that the modular developmental organization of
the gastropod foregut, including that of O. tenuisculpta, would
facilitate this without compromising feeding by larvae on mi-
croalgae. In reality, however, with the exception of the intro-
vert tube and the salivary glands and their ducts, differentia-
tion of juvenile foregut structures in larvae of O. tenuisculpta
progressed only to the stage of generating non-differentiated
precursor cells.

Foregut development in O. renuisculpta is a case where the
need for speed hypothesis, defined by Hadfield and cowork-
ers (Hadfield, 2000; Hadfield er al., 2001) as extensive de-
velopment of juvenile structures in larvae to facilitate rapid
metamorphosis, comes into major conflict with the larval con-
straint hypothesis, defined by Fretter (1969) as the need to
maintain the functional integrity of larval structures until
metamorphosis. In O. tenuisculpta, larval constraint has pre-
vailed to a much greater extent than in other gastropods stud-
1ed to date. As a result, metamorphosis involved not only loss
of larval-specific structures but also a great deal of new mor-
phogenesis. Juveniles of O. tenuisculpta did not begin feed-
ing until 10 days after onset of metamorphosis, whereas other
gastropods reared through larval and metamorphic stages at a
similar temperature and obtained from source populations liv-
ing in Pacific waters around the southern coast of Vancouver
[sland required a much shorter time period for metamorpho-
sis. For example, Trichotropis cancellata began feeding at
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several hours to several days (Parries and Page, 2003) and
Nassarius mendicus began post-metamorphic feeding at three
to five days after loss of the velar lobes (Page, 2005).

We suggest that many of the differentiated cells and cellu-
lar secretion products of the functioning post-metamorphic
foregut in pyramidellids such as O. tenuisculpta cannot co-
exist with a functioning larval foregut. When juveniles of O.
tenuisculpta began feeding after metamorphosis, the dagger-
like stylet complex measured one-third the length of the shell.
This structure 1s likely incompatible with maintaining a func-
tional larval esophagus. Similarly, the tissue architecture of the
buccal pump, with its chitin-lined lumen and muscular wall, is
radically different than the simple, ciliated epithelium of the
larval esophagus.

The process of foregut metamorphosis in O. tenuisculpta
was unorthodox not only because of the many components
that do not commence cellular differentiation until after meta-
morphosis 1s triggered but also because metamorphosis in-
volved extensive elaboration of a dorsal module component,
specifically, the buccal pump. Previous studies of foregut de-
velopment in caenogastropods with a feeding larval stage have
shown that the dorsal module begins as the larval esophagus.
This module becomes remodeled at metamorphosis, mainly
through loss of some of its cells, but it continues to function
as part of the ciliated channel for food transport after meta-
morphosis (Page and Hookham, 2017). However, in O. renui-
sculpta, a segment of larval esophagus (dorsal module) be-
comes hugely modified as buccal pump 1 and possibly also
buccal pump 2. Post-metamorphic elaboration of dorsal mod-
ule areas of the foregut may be more common in euthyneurans
than currently appreciated.

[t has been previously proposed that the modular organiza-
tion for the developing foregut of gastropods may have facil-
itated the adaptive radiation of proboscis-bearing buccinoid
and muricoid neogastropods because the ventral module, which
forms most of the structures that will be used for post-
metamorphic feeding, has become physically separated from
the dorsal module, which forms the larval esophagus. Conse-
quently, phenotypic variants of ventral module components
could anise during development and be tested within the post-
metamorphic environment without having to first pass through
the “filter” of compatibility with the larval feeding system.
Surprisingly, however, while dorsal and ventral foregut mod-
ules were recognizable during development of the pyramid-
elhd O. tenuisculpta, the two modules did not show spatial
uncoupling during larval development. Instead, we found evi-
dence of temporal uncoupling of components within the ventral
module, suggesting a loss of integration. Some components of
the ventral module, notably the salivary glands, achieved ad-
vanced differentiation prior to larval metamorphosis; but se-
cretion of the stylet complex was delayed until after the onset
of metamorphosis. Furthermore, morphogenesis of a novel
dorsal module component, the buccal pump, did not advance
beyond provision of progenitor muscle cells prior to meta-

morphosis. We conclude that while subdivision of the gastro-
pod foregut into two developmental modules and subsequent
spatial uncoupling of these modules may have facilitated
adaptive radiation within some gastropod lineages (Page and
Hookham, 2017), modularity cannot explain evolution of the
highly unusual feeding system of pyramidellids. This result
adds to previous examples in which developmental modular-
ity has not played a facilitating role during an adaptive radia-
tion (Beldade et al., 2002; Monteiro and Nogueira, 2010:;
Sanger et al., 2012).
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