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Abstract

Phytoplanktotrophic larval development of the carnivorous marine snails Polinices
lewisii and a related but unidentified genus of Natica was observed and described. Both
genera are in the family Naticidae of the prosobranch gastropods. The veliger larvae were
provided with phytoplankton and lived under laboratory conditions for over 100 days,
during which they developed a protoconch II and 4-lobed velum. Only the veligers of
Natica sp. settled and metamorphosed.

Specimens at different stages of development were prepared for histological
examination to complement observations on live larvae. Characteristics of the growing
shell were observed using scanning electron microscopy. Histological serial sections from
three developmental stages assisted description of the changes of the mantle cavity and
associated organs, muscular, digestive, circulatory, excretory, nervous and sensory
systems. Study of the ontogeny of these larvae revealed that extensive development must
occur before settlement and metamorphosis. Many structures are previously undescribed
for pre-metamorphic naticids such as preliminary development of boring organ, proboscis
and esophageal gland in the foregut of the digestive system. These descriptions may assist
with identification of P. lewisii in plankton samples and provide further morphological
information to aid in understanding how the rudiments of the benthic structures develop

without encumbering larval swimming and feeding.
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Introduction

Descriptive studies on the life history of a marine organism, while initiated by
curiosity, have value for a number of reasons. Knowledge of the larval, juvenile, as well as
adult form is essential in building a correct understanding of the ecological context of an
organism, including patterns of recruitment, ecological associations, allocations of
resources and responses to bioturbation. Examination of the embryogenesis and
morphogenesis of larval organs affords comparisons to similar stages in other organisms,
thereby providing insights into evolutionary diversification (Davidson e al., 1995; Raff
and Kaufman, 1983). Studies of morphogenesis can also help identify homologous
structures among organisms, which can assist in the building of phylogenetic hypotheses.
When embryological development expresses morphological anomalies or unexpected
structural changes, precipitating environmental factors may be identified. These may
contribute to an understanding of the impact of historical meteorological events or present
day ecological influences.

Polinices lewisii (Gould) is one of six naticid species recognized on the shorelines
of southern Vancouver Island (see Appendix). The snail is indigenous to intertidal waters
of the northeastern Pacific ranging from Alaska to California (Marincovich, 1977). The
shell of this moon snail is globose with a large aperture and distinct umbilical opening. The
operculum is proteinacous (Bernard, 1967). Several other species of moon snail,

belonging to the genus Natica, have been reported for subtidal waters off the coast of

Vancouver Island (Kozloff, 1974). The features of this genus are similar to those of P.




lewisii, but the shell is imperforate and generally smaller while the operculum is calcareous
(Marincovich, 1977). Moon snails are usually found buried in fine marine sand and mud
where they feed by drilling through the shell of bivalves (Kozloff, 1987).

This study was undertaken to elucidate and describe the larval development of the
moon snail P. lewisii. The description is supplemented by developmental information
about a related but unidentified species of Natica, to improve the understanding of
metamorphosis and settlement of these animals. Information from this study provides
insight into the life history of moon snails and into present interpretations of
caenogastropod larval morphogenesis. Although information is available on the ecology of
the adult étage of P. lewisii, and on its embryological development (Bernard, 1967,
Siemens, 1981), there is no detailed information about the period between hatching until

metamorphosis. My investigation has uncovered a misunderstanding about the life history

pattern for this species.




Literature Review

Marine invertebrates can be categorized by their developmental patterns (Thorson,
1950; Chia, 1974; Bonar, 1978; McEdward and Janies, 1993). The patterns are used to
define the life history of marine invertebrates that undergo dramatic changes during
development (Strathmann, 1986). Marine gastropods that normally crawl on the bottom
are described as having either a pelagic or benthic developmental pattern. The presence of
a pelagic larval stage is usually associated with the ability of the snail to disperse and
invade new habitats. However a pelagic developmental pattern also means that the larval
body must undergo extensive reorganization both before and after settlement to form the
benthic adult.

The extent of growth and morphological development that occurs during the
pelagic stage is defined by the manner in which the free-living stage derives its energy.
Planktom‘)phy implies that the energy required by the larva is derived from feeding on
phytoplankton and a planktotrophic larva tends to live in the plankton for a long period
after hatching (Bonar, 1978). Alternatively the energy may be supplied as nutrients
invested in the egg. These lecithotrophic larvae, if they are pelagic, are usually capable of
settling on the bottom shortly after hatching (Chia, 1974).

Pelagic gastropod larvae rely on ciliary structures for moving through the water
and for capturing food (Hyman, 1967). The ciliated structure is called the velum, and the
associated pelagic life stage is the veliger. Some of the features that are present in veligers

are unique to the veliger stage and are often reduced as the larva develops into an adult




snail. Consequently, the morphological development of the uniquely larval organs and

prospective adult structures in the pelagic veliger requires consideration.

Developmental studies on planktotrophic larvae of caenogastropods

Fretter and Graham (1962) and Moor (1983) summarized the available literature
on gastropod larval morphogenesis. Features of interest in the present study are the shell,
velum, foot, mantle cavity with associated organs, muscular system, foregut region of the
digestive tract, the nervous, circulatory and excretory systems. This description of the
cellular differentiation of these structures is limited to caenogastropods having

planktotrophic larvae.

Shell

Until recently, investigations of the larval shells of caenogastropods were based
mainly on larval stages retrieved from the plankton. Descriptions focused on the size and
sculpture of the shell or lack of sculpture as a means of identifying the larval species and
interpreting the developmental pattern. Thorson (1950) and Amio (1955) presented
studies on larval shells of gastropods, emphasizing identification based on the
conﬁgurafion of shell whorls and, to some extent, its sculpturing. These are features
within the range of light microscopy. Robertson (1974), using scanning electron
microscopy, distinguished two components of the pre-metamorphic shell. Protoconch I is

the shell secreted prior to hatching, whereas protoconch II is the shell secreted during the

pelagic larval stage. The post-metamorphic shell is called the teleoconch. Transitions




between protoconch I and II and between the protoconch and teleoconch are often
marked b;l changes in shell shape and sculpturing.

Thorson (1950) recognized that the shape of the pre-metamorphic shell, which is
usually visible at the apex of the adult shell, is an indicator of the life history pattern of the
snail. Species with long-lived, planktotrophic larvae have a small protoconch I and a
protoconch II with multiple whorls. Species with short-lived, lecithotrophic larvae or
direct development have a large, bulbous protoconch I and no protoconch II. This fact is
of considerable interest to paleontologists because it allows correlations between species
longevity and life history pattern, as recorded in the fossil record (Jablonski and Lutz,

1981).

Velum

A pair of symmetrical ciliated lobes on the anterior region of caenogastropod larval
stages is called the velum. The margin of the velum in planktotrophic larvae is bi-layered
with pre-oral and post-oral ciliary bands situated on the peripheral edge. The outer pre-
oral band is the most apparent of the ciliated bands. This long compound ciliary band is
believed to provide the major locomotory force of the velum (Fretter, 1967). The post-
oral band is composed of relatively short cilia, consisting of a row of four or five cells. It
helps to retain food particles in the food groove as well as reject and clear non-food
particles (Fretter and Montgomery, 1968). Non-feeding, lecithotrophic veligers do not
have the post-oral ciliary band. The velum of planktotrophic veligers with a long pelagic

life often acquires additional lobes during larval development (Fretter and Graham, 1962).




The absorption or loss of the velar lobes signifies the end of pelagic larval life (Moor,

1983).

Foot

The foot of caenogastropod veligers eventually consists of propodial and
metapodiaj regions, but only the metapodium is present at hatching (D’ Asaro, 1965). In a
newly hatched caenogastropod veliger, an oversized thin membranous operculum is often
found on the dorsal surface of the foot (Bernard, 1967; D’ Asaro, 1965, 1966, 1969).
Hypertrophy and proliferation of the pedal cells enlarge the foot and operculum during
pelagic development. The extent and rate of development of the foot varies between

species.

Muscular system

The retractor muscle is the largest muscle in caenogastropod larvae and eventually
forms the columellar muscle in adult animals. It is present at hatching in pelagic veligers,
where it is called the larval retractor muscle. Fretter (1967, 1972) described the insertions
of distal branches of the larval retractor in several caenogastropod larvae. Branches extend
to the mentum, a protuberance on the lower lip of the veliger, and to the velum and foot.
Contraction of the larval retractor muscle pulls the velum and foot into the larval shell.

Muscle cells underlie the epidermis throughout the body of pelagic veligers. These
cells contract the hemocoel for movement of hemolymph and for localized movements of

the foot, head, and mantle (Fretter, 1972; D’ Asaro, 1965).




Mantle cavity

The mantle is a thin epithelium covering the visceral mass of the snail. A mantle, or
pallial, cavity is formed by an infolding of the mantle in the dorso-anterior region of the
developing snail. The peripheral edge of the mantle fold is the area of shell secretion
(Hyman, 1967). The mantle cavity contains the gill filaments, osphradium, anus, and
hypobranchial gland.

In caenogastropods, a single gill plate forms on the left side of the mantle from a
thickened band of epithelium (D’ Asaro, 1965). Later gill filaments evaginate off the gill
plate, eacﬁ retaining a connection with the underlying blood sinuses (Hyman, 1967).

The hypobranchial gland in the emergent veliger of Strombus gigas is a collection
of secretory cells at the entrance to the mantle cavity (D’ Asaro, 1965). The gland is
gradually shifted to the posterior region of the mantle cavity (Fretter and Graham, 1962).

D’ Asaro’s (1969) studies on Bursa corrugata and Distorsio clathrata showed that
the osphradium rudiment forms on the dorsal surface of the mantle cavity. It can be
distinguished by its row of cells with long cilia and remains closely associated with the
osphradial ganglion. In adults, the osphradium lies at the left-side of the entrance to the

mantle cavity to sense water properties (Fretter and Graham, 1994).

Digestive system

The digestive system of the planktotrophic veliger of Crepidula fornicata has been
described and illustrated by Fretter and Montgomery (1968), Fretter (1972) and Werner
(1955). The foregut of the digestive system is formed by the larval mouth, located at the

ventral aspect of the velum, and esophagus. Uniformly ciliated cells line the foregut of




pelagic veligers at the time of hatching (Moor, 1983). Fretter (1972) noted that the radula
and associated musculature of Nassarius develop from an invagination of the prospective
ventral wall of the buccal cavity. Yet the development of the proboscis and other post-
metamorphic changes of the foregut have not been described for naticid gastropods.

Reid and Friesen (1980) described an epithelial constriction at the junction of the
foregut with the midgut in adult naticids. This narrowing may prevent dense mucus
secretions and food particles in the stomach from passing into the esophagus. Fretter and
Montgomery (1968) observed a ciliary valve in this position in caenogastropod veligers
that apparently has a similar function.

In planktotrophic larvae, the stomach wall is complex. At its ventral end,
immediately inside the ciliary valve, is an area lined by long cilia called the vestibule. The
epithelium on the lateral walls of the ventral stomach forms the gastric shield. Within the
dorsal area of the stomach the epithelium is uniformly and densely ciliated to form the
style sac. Occasionally a mucus rod, or protostyle, is observed lying within this sac
(Fretter and Montgomery, 1968). In adult carnivorous snails, the stomach is lined with
columnar epithelia underlain by muscle cells (Reid and Friesen, 1980). The gastric shield is
absent although a style sac is present (Graham, 1949).

Opening into the vestibule of the stomach are the ducts of the sac-like digestive
glands. In pelagic veligers these digestive glands are designated right and left, unlike the
convoluted and divided structure seen in adult caenogastropods. Most of the cells are

phagocytic and have been shown to contain vacuoles (Fretter and Graham, 1962). Several




other cell types have been described, including muscle cells, that may contract the glands,
and ciliated cells with large vacuoles (D’Asaro, 1965).

The tubular ciliated intestine leaves the dorsal region of the stomach, curves
gradually toward the right side and then empties into the mantle cavity (Fretter and
Graham, 1994). Fretter (1972) explained that the degree of flexion of the intestine changes

as the mantle cavity enlarges and deepens.

Nervous system and sensory structures

D’ Asaro (1965) showed that the cerebral and pedal ganglia are present at hatching
in Strombus gigas. Paired cerebral ganglia proliferate from shallow invaginations of
cephalic plates early in development and are connected to each other by a commissure.
Pedal ganglia differentiate within the base of the foot and eventually produce two sets of
nerves that extend towards the propodial and metapodial regions of the foot. The pedal
ganglia are interconnected by a pedal commissure.

The pleural, buccal, esophageal and visceral ganglia differentiate after the cerebral
and pedal ganglia (Raven, 1958; D’ Asaro, 1966). All these ganglia become linked by
various connectives formed by secondary outgrowths of each ganglion. Buccal ganglia
differentiate from the wall of the foregut near the radular sac (Raven, 1958). Paired pleural
ganglia may arise immediately behind the velum (Raven, 1958) or proliferate from the
pedal ectoderm, as do the pedal ganglia (Moor, 1983). Apparently, pleural ganglia come
to lie near the cerebral ganglia in neoteanioglossan gastropods (Fretter and Graham,

1962).
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Esophageal ganglia arise from the floor of the mantle cavity (Raven, 1958). The
right, or supraesophageal ganglion, is located in a position above the esophagus, whereas
the left, or subesophageal ganglion is located beneath the esophagus (Raven, 1958). This
condition is known as streptoneury (Fretter and Graham, 1962). The osphradial ganglion
is connected to the supraesophageal ganglion and is on the left side of the mantle cavity.
According to Raven (1958), the unpaired visceral ganglion differentiates from mantle
ectoderm lining the roof of the mantle cavity near the heart. Fretter and Graham (1962)
describe the visceral ganglion as bilobed in adult caenogastropods.

Optic vesicles, or eyespots, differentiate lateral to the cerebral ganglia and are
visible at hatching in veligers of Thais haemastoma floridana (D’ Asaro, 1966). Tentacles
extend from the cephalic plates (Raven, 1958) and contain nerve tracts extending to the
cerebral ganglia. Tentacles are first apparent near the eyespots in pelagic caenogastropod
veligers either before or shortly after hatching.

D’Asaro (1965, 1969) stated that the statocysts early in embryogenesis develop
from invaginations ventral to the pedal ganglia. Statocysts of pelagic veligers are apparent
during intracapsular development and are used throughout the life of the snail for
equilibrium and orientation.

The apical organ, found between the cerebral ganglia in close association with the
cerebral cpmmissure, is present in pelagic veligers (Fretter, 1972). It projects into the
center of the velum, where D’ Asaro (1969) distinguished short cilia covering the surface
of the velar disc. He believed it served some sensory function because it connects to the

cerebral ganglia through apical nerves. Moor (1983) concurred by summarizing that the
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coordination of the velum, retraction of the foot and operculum is controlled by the

cerebral ganglia in pelagic larvae.

Excretory system

Palired larval kidneys, present in prosobranch veligers with intracapsular
development, are organs with conspicuous cells containing vacuoles and granules (Moor,
1983). They are found on either side of the head close to the junction with the velar lobes.
Recently these organs have been considered protonephridia (Ruthensteiner and Schaefer,
1991). According to Raven (1958), these transitory structures are absorbed shortly after
hatching and the adult kidney, lying close to the pericardial sac, is used for larval and later

for adult excretion.

Circulatory system

Caenogastropod veligers may have both a larval heart and an adult heart but the
larval heaﬁ differentiates before the adult heart. Werner (1955) stated that the larval heart
lies at the surface of the neck region in many veligers. He described the larval heart as a
thin layer of squamous epithelium underlain by muscle fibres. Apparently it functions to
maintain a flow of blood through the velum or water circulation in the mantle cavity.
According to Fretter and Graham (1962), the larval heart is present until settlement and
metamorphosis, after which the adult heart is used exclusively. The adult heart
differentiates in the dorso-posterior region of the veliger and is composed of an auricle

and ventricle that are enclosed in a pericardial sac (Hyman, 1967). It pumps blood from
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the arteries, that connect to the ctenidial sinuses, into the aorta. From there the aortic

artery delivers blood to the visceral and cephalopedal sinuses.

Study Organism

Life History of Naticid Snails

Naticid snails are carnivorous gastropods that burrow or plough through soft
marine substrates. Two groups can be distinguished based on their life history patterns
(Thorson,. 1946; Giglioli, 1955; Amio, 1963). A benthic or direct developing group, which
includes the snails Natica clausa, Amauropsis purpurea and other species, retains their
embryos within the egg capsules until the crawling stage. In contrast, pelagic or indirect
developing naticid snails, such as Natica gualtieriana and Neverita didyma, undergo
embryonic development within the egg capsule but they eventually hatch as swimming
larvae that complete pre-metamorphic growth and development while in the plankton.
These veliger larvae pursue a planktonic life for a period that is species specific, but which
is also dependent upon food quality and temperature, before they settle and metamorphose
on an appropriate substrate (Fretter, 1969).

Hertling (1932) and Thorson (1935) initiated research on the biology of naticids by
examininé both adult animals and their embryos. These and other studies established the
basis of our understanding of naticid development. For example, Thorson (1935)
undertook a general ecological and developmental survey of Natica groenlandia, N.
clausa and N. islandica. Hertling (1932) examined, in a cursory fashion, the embryological
development of Natica putchella. Giglioli (1955) classified the egg masses and

developmental pattern of several naticids. Amio (1955) documented the development to
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hatching of Sinum papilla, Neverita reininana, Neverita didyma, Natica maculosa, Natica
adamsiana and Natica janthostomoides. Fioroni (1966) described a veliger of Polinices
(Natica) catena. Thiriot-Quievreux (1974) captured a veliger of Natica alderi in the
plankton and described its external characteristics and anatomy. She completed an
extensive description of the internal anatomy, through serial sections of a pre-metamorphic
stage. Berg (1976) studied the development of carnivorous behavior in Natica
gualtieriana from veligers captured from the plankton.

Although a description of the sequential morphological changes occurring during
the larval stage of naticids is wanting, economic and natural history concerns continue to
stimulate research on naticid snails (Melville, 1930; Bernard, 1967; Carriker, 1981). Since
naticids are predatory on commercial bivalve species, several researchers examined the
effect of moon snail predation on bivalve populations (Stinson and Medcof, 1946;
Bernard, 1967, Peitso ef al. 1993).

The present study documents the morphogenesis of the indirect developing
naticids Polinices lewisii and an unidentified species of the genus Natica. Preliminary
accounts of development in the former species are provided by Bernard (1967) and
Siemens (1981), who briefly examined the embryonic stages and hatching larvae. The egg
diameter of P. lewisii is reported to be 150 to 250 um (Bernard, 1967, Giglioli, 1955),
which is approximately half the size of eggs produced by direct developing naticids.
Descriptions of the structure and histochemistry of these veligers complement studies
completed on the adult animal (see Bernard and Bagshaw, 1969; Reid and Friesen, 1980;

Reid and Gustafson, 1988).
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Reproduction of naticid snails

Naticids are dioecious and mating involves deposition of sperm and prostatic
secretions into the bursa copulatrix on the right side of the female mantle cavity (Fretter
and Graham, 1962). In each spawn mass, a female naticid lays from 50 to 10000 eggs, that
are fertilized as they pass from the ovary through the oviduct. In the albumen gland, eggs
are embedded in albumen and individually encapsulated by an inner capsular membrane, or
vitelline membrane, as is typical of gastropod eggs (Raven, 1958). An outer thicker
capsular wall or chorion membrane (Giglioli, 1955) is then secreted by the capsule gland.
Finally, egg capsules are embedded in a gelatinous material that forms the bulk of the egg
mass. As the eggs are deposited, sand particles are incorporated into the gelatinous
material giving the egg mass a rubbery granular texture.

Giglioli (1955) described the formation of the egg masses, or collars, by naticids.
The collar-like shape of the egg masses is thought to result from interstitial pressure
compressing the egg mass on the body of the female as the eggs are laid. Therefore, the
size of the collar corresponds to the size of the adult, although the arrangement of egg
capsules in the collars seems to vary between species (Giglioli, 1955; Amio, 1955). Egg
masses of P. lewisii are circular with smooth apical and basal margins (Bernard, 1967,
Giglioli, 1955). The egg capsules are scattered irregularly between the sand layers and are
not visible externally. The egg masses for the unidentified species of the genus Natica are
not recognized in the literature.

Under laboratory conditions, embryonic development of P. lewisii is usually

complete in 55 days at 10 to 12°C (Siemens, 1981). Cleavage follows the typical




15

holoblastic, spiral pattern and is determinate. Initial cell divisions produce a stereoblastula
that gastrulates apparently by invagination or epiboly (Siemens, 1981; Raven, 1958).
Differentiation of the apical band cells into ciliated cells and the formation of the
stomadeaum and lumen of the gut produces a trochophore larval stage (Raven, 1958).
Further development produces the foot, shell and velum, permitting the newly formed
veliger larvae to move within the egg capsules (Hertling, 1932; Thorson, 1946).

After formation of the veliger larval stage during embryonic development, hatching
occurs at approximately 10 or 40 days, according to Bernard (1967) and Siemens (1981),
respectively. However, this difference may merely reflect subjective differences in what
constitutes the veliger larva stage. Emergent larvae have an oval bi-lobed velum, shell,
operculum on the foot, eyespots and statocysts. Embryogenesis for Natica sp. is likely

similar.

Taxonomic Preview

Polinices lewisii (Gould, 1847) and Natica sp. belong to the family Naticidae and
subfamilies Polinicinae and Naticinae, respectively. Both species are resident to the eastern
Pacific Ocean. They are grouped in the prosobranch gastropod superfamily Naticoidea,
which occur in all seas, at a broad range of depths, as well as in Cenozoic sediments
worldwidé (Marincovich, 1977). Within this superfamily are the families Ampullinidae and
Naticidae (Ponder and Warén, 1988) (Table 1). The family Naticidae are burrowing snails
with globose shells and a drilling apparatus that facilitates their predatory behavior.

Otherwise these snails exhibit a generalized neotaenioglossan organization (Fretter and

Graham, 1994; Ponder and Warén, 1988).
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Table 1. The taxonomic placement of the moon snails.
After Ponder and Warén (1988) and Marincovich (1977).

Class Gastropoda
Subclass Prosobranchia
Superorder Caenogastropoda
Order Neotaenioglossa
Suborder Discopoda
Superfamily Naticoidea
Family Ampullinidae
Subfamily Ampullospiranae
Family Naticidae
Subfamily Naticinae
Subfamily Polinicinae
Subfamily Sigaretinae
Subfamily Tylostominae
Order Neogastropoda

Marincovich (1977) critically reviewed the systematics and classification of the
extant naticids of the eastern Pacific. His analysis clears up some of the confusion
experienced by researchers who try to identify species of naticids. To compare organisms
on a phylogenetic basis, taxonomic competence is as important as complete anatomical
descriptions. Appendix 1 provides a review of naticid systematics to clarify the species

present in the Vancouver Island region of the northeastern Pacific.

Purpose

Development of P. lewisii was chosen as a research topic to contribute information
on morphogenesis of caenogastropods. This caenogastropod seemed an opportune choice
as adults and egg masses are conspicuous on soft-bottom tidal flats of Vancouver Island
throughout the spring and summer. Furthermore, there is a misunderstanding in the
published literature regarding the developmental pattern of this species. Giglioli (1955)

maintained, based on preserved samples of egg masses, that small lecithotrophic embryos
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of P. lewisii became planktotrophic, pelagic veligers. Bernard (1967) contested this
statement and predicted a short-lived, non-feeding larval stage for P. lewisii. No veligers
were found in water or sediment samples yet 2-3 mm juveniles were located in the benthos
during an extensive survey by Bernard (1967). However, Bernard (1967) was unable to
account for the absence of sizes between these 2-3 mm juveniles and the much smaller
shell size of hatching veligers. As neither Bernard (1967) nor Giglioli (1955) reared the
snail in the laboratory the controversy remained unresolved.

The pelagic development of the unknown species of the genus Natica provided
additional information on the morphogenesis of naticid snails. The egg mass, collected
through serendipitous circumstances, was a naticid egg collar, but no adults were nearby
to permit identification of the species. The larvae were reared as a peripheral project to the
main study on Polinices lewisii, however only the unknown species of the genus Natica
was successfully reared through metamorphosis. The taxonomic assignment to genus
Natica was based on the presence of a calcified operculum in laboratory reared juveniles, a
characteristic of the genus.

I have studied the morphogenesis of the carnivorous marine snails Polinices lewisii
and Natica sp. This report resolves the controversy about the development of P. lewisii,
and gives information about the planktotrophic larval development of P. lewisii and an
unidentified species of the genus Natica, based on histological sections of sequential

developmental stages.
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Methods

Collection and Maintenance of Egg Masses

Egg masses of P. lewisii were collected from the intertidal and subtidal flats of
Patricia Bay, Saanich Inlet and of Trevor Channel, Barkley Sound on Vancouver Island.
Egg masses of Natica sp. were collected from the subtidal area bordering the San Josa
Islets in Barkley Sound. Whole egg masses, known as collars, were transported to the
laboratory in containers filled with seawater. A small section of each egg mass was
examined to estimate the stage of intracapsular development.

At Bamfield, egg collars were maintained in the flow-through sea water system of
the Marine Station. At the University of Victoria, egg collars were kept in flasks of
standing sea water at 11°C and aerated continuously. Sea water for maintaining egg
masses and larvae at the University was collected by hand from Ten Mile Point, a coastal
promontory off Cadboro Bay, Vancouver Island, that is subjected to strong tidal currents.

The egg masses were observed daily for the hatched veligers.

Larval Cultures

Four cultures of naticid veligers were attempted during this study; these were
initiated in February, May, July and November of 1995. Only the February reared veligers
of Natica sp. survived until metamorphosis in June. (This genus was identified by the
calcarous operculum produced by the juvenile.) The three later cultures were Polinices
lewisii, as confirmed by collection of adults near egg masses. The May culture was

inadvertently spilt during a laboratory clean up at the Bamfield Marine Station after 40
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days. The July and November cultures became unhealthy at 130 days and 65 days,
respectively.

After veligers emerged from the egg mass, they were collected on a 64 um Nitex
screen and pipetted into flasks containing 500 mL of sea water at densities of 50 to 100
larvae per flask. Larval cultures were maintained at 11°C. During the 4 month pelagic
period, the seawater was changed every second day using a sieve constructed from a small
plastic cup with the bottom replaced with 64 um mesh Nitex cloth. The sieve was
immersed into a seawater-filled finger bowl and the larval culture gently poured into the
sieve. Freshly filtered seawater (0.8 pum filter) was poured over the larvae on the bottom
of the sieve to wash out the old culture water and debris surrounding the larvae. The
overflow of seawater was trapped in a larger container and discarded. The veligers were
transferred by pipette, using a dissecting microscope, into clean 500 mL flasks containing
the pre-filtered seawater. Sixty mg L streptomycin sulfate and 50 mg L™ penicillin G
(Sigma Chemical Company) were added once a week to the cultures.

Larvae were fed unicellular phytoplankton in concentrations of 5-10 x 10° cells
mL"". The algal cell density was determined by a haemocytometer and the appropriate
volume of algal suspension added directly to the cultures. Phytoplankton used in this
study, Rhodamonas sp., Pavlova lutheri, and Isochrysis galbana, were cultured as follows
to provide a continuous supply of food for the veliger cultures.

Two species of golden brown algae, Paviova lutheri and Isochrysis galbana
(Carolina Biological Supply), were cultured separately in 500 mL flasks containing

0.45 um Millipore filtered seawater and 10-12 mL Carolina Alga-gro® Concentrate. The
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cultures were maintained at 20-23°C with constant aeration and fluorescent illumination.
When ambient temperature and light conditions were low, the flasks were placed in
Styrofoam containers, which helped to maintain temperatures suitable for rapid growth.
The red algae Rhodamonas sp. was also cultured using similar solutions but this species
was grown under room illumination and without continuous aeration.

Metamorphosis of Natica sp. larvae was stimulated by sediment taken from the
habitat of adult snails. The juveniles were maintained in the laboratory for 3 months during
which timé they consumed small (<1mm) bivalves by drilling through the shell. Using a
dissecting microscope, the bivalves, Tapes japonica and Tresus nuttalli, were collected
from the top 3 cm of sandy-mud from the lower intertidal zone of Patricia Bay, Saanich
Inlet. Bivalve collections occurred from late July until September of 1995. Attempts to
stimulate metamorphosis of veligers of P. lewisii began from the time of larval emergence
from the egg capsule. The veligers were exposed to sediment from the adult habitat for 2

day periods and observed.

Photography and Size Measurement

Measurements of the eggs, embryos, and veligers were made with an ocular
micrometér placed on the objective eyepiece of a Wild dissecting microscope, and a Leitz
compound microscope. Photographs of live larvae and juveniles were taken with a 35 mm
camera mounted on the compound microscope. Larvae were narcotized with a solution of
high magnesium and low calcium (artificial) sea water (225 mM NaCL, 5 mM KCl,

102 mM MgCl,+6H,0, 1 mM CaCl,+2H,0 dissolved in 1 L distilled H,0) to prevent larval

retraction into the shell during observation. Larvae were pipetted onto a depression slide
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or conventional microscope slide with a few drops of seawater. Plasticine supported
coverslips were placed over the larvae, thus preventing the shells from becoming crushed
while taking measurements and photographs. Shell length was measured through the apex

of the shell (Jablonski and Lutz, 1981).

Scanning Electron Microscopy (SEM)

To complement the observations on live larvae and juveniles, the sculpture and
shape of the growing shell were examined using SEM. The protoconchs I and II of P.
lewisii, the teleoconch of Natica sp., and bivalve shells drilled by laboratory-reared Natica
sp. were photographed.

Shells of the larvae at different developmental stages were cleaned using a dilute
bleach solution. Appropriate specimens were placed into labeled 20 mL glass vials and %
of the seawater was aspirated from the vial. A 2:1 solution of seawater and bleach
(12 % sodium hypochlorite) was added to the % level. The solution was changed twice in
one hour or until the shells looked clean. The shells were rinsed in Millipore® filtered
seawater then distilled water to remove the bleach solution. Residual lipid-rich organic
material was removed by rinsing the shells in 100% methanol, then transferring them to a
1:1 solution of chloroform and methanol. This solution was changed twice over a half
hour period. The shells were rinsed three times with 100% methanol to remove the water
and any bubbles that may have formed inside the shells, then three times each in 100%
methanol, distilled water, 70% and 100% acetone. Cleaned shells were stored in acetone

in the refrigerator until processed for photography.
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For SEM preparation, the shells were dried on lens tissue paper over several layers
of filter paper. To prevent loss of shells, the paper layers were taped together. The shells
were mounted onto SEM metal stubs using small dabs of nail polish, which had been
allowed to harden slightly. Specimens were coated with gold and examined using a Jeol
JSM-35 scanning electron microscope. Specimens were viewed at an accelerating voltage
of 15 Kv with a working distance of 15 mm and photographed on VP 120 Kodak

Verichrome pan film.

Fixation and Histological Sections

As extensive relaxation of veligers provided better clarity of anatomical details in
histological sections, veligers were anaesthetized before fixation using an ice-cold solution
of high magnesium and low calcium seawater. Larvae were pipetted into an ice-cooled 10
mL vial marked at 0.25, 0.5 and 0.75 levels. Excess natural seawater was removed to the
0.25 level. Fifteen drops of artificial seawater were added to the vials at 3 minute intervals
until the volume reached the 0.75 level. The procedure was repeated until the larvae
remain relaxed, taking approximately 1 to 24 hours depending upon the size and age of the
specimens. Once the larvae were relaxed and ciliary movement slowed, a few drops of a
saturated solution of chlorotone in seawater were added.

Specimens were initially fixed in 2.5% glutaraldehyde solution in 0.2 M Millonig’s
phosphate buffer at pH 7.6 and 0.14 M NaCl. The larvae were placed in the fixative
solution for 4 hours at room temperature. Following primary fixation the specimens were
decalcified in a 1:1 mixture of 10% ethylenediaminotetraacetic acid (EDTA) and

glutaraldehyde solution. A freshly made solution of 10% EDTA acts rapidly to remove the
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calcium ions from the thin larval shell. Decalcification took approximately 2-24 hours
depending on the age of the veliger.

Following decalcification, specimens were rinsed three times at 10 minutes each
with 2.5% NaHCO; (pH 7.2) and post-fixed in a 1: 1 mixture of 4% osmium tetroxide and
2.5% NaHCOs for one hour. Specimens were dehydrated in a graded series of ethanol
(percentage of ethanol 30, 50, 70, 90, 95) for 10 minutes at each wash. They were rinsed
three times in 100% ethanol and three times in propylene oxide. Specimens were
infiltrated with a 1:1 mixture of Epon epoxy and propylene oxide for 8 hours, followed by
a further 8 hours in Epon epoxy alone. Specimens were pipetted into polymerizing dishes,
centered and placed in a 60 °C oven for 48 hours.

Serial sections of 1 micrometer thickness were cut with glass knives using an
ultramicrotome, and stained with 1% methylene blue and 1% azure blue in 1% sodium
borax (Richardson et al., 1960). Sections were analyzed and photographed using a Ziess

ultraphotomicroscope and TMAX 100 film.

Histochemical survey

The digestive tract of a 110 day veliger of P. lewisii was examined for esterase,
mucoproteins and phosphatases using established histochemical methods. The specimen
was anaesthetized in the same manner as those prepared for epon embedding but fixed
using a process that preserves enzymatic activity.

The specimen was preserved in 4% paraformaldehyde buffered with Millonigs’s
phosphate buffer at 4°C for 2 hours. Following fixation, the specimen was dehydrated in

an ethanol series (30, 50, 70, 90) and embedded in JB4 (glycol methacrylate). A mold-
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form that attached directly to the microtome stub was used. The specimen was stored at
4°C during infiltration and polymerization. The block face was trimmed to a mesa (arrow)
shape just before sectioning (Burns and Bretschneider, 1981).

Sections were cut at a thickness of 4 jum using glass knives, then placed on a slide
with a drop of water and allowed to air dry at 4°C. Histological examination was aided by
counter staining with the combinations of Celestine blue, Haematoxylin and Ponceau
stains (a combination similar to Haematoxylin-Eosin) or Fast Green stain. Sections were
photographed and examined using a Leitz compound microscope.

Histochemical staining techniques used a substrate that combined a diazonium salt
in a buffered medium (0.1 M maleic acid and 0.1 M Tris) mixed to the appropriate pH
(Pearse, 1961). As the resolution of each enzyme required different chemicals for
incubation media, each procedure is outlined below (see Humanson, 1979, for further

information).

Esterase

Esterase catalyses the hydrolysis of ester linkages between carboxylic acids and
some alcohols or phenols. The products of the reaction stain blue-black with this protocol.
Counterstaining was with Celestine blue, which colored nuclei blue; haematoxylin that
stained acidic structures purplish-blue; and Ponceau that stained general cell structures
reddish-pink.

The incubation medium contained 25 mg o-naphthyl acetate dissolved in 0.625 mL

acetone with 50 mL Millonigs’s phosphate buffer. The solution was shaken until most of
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the initial cloudiness disappeared, then 125-250 mg Fast Garnet GBG diazonium salt dye
was added and shaken again. The slides were immersed in the medium using Coplin jars.
The slides were incubated for 15 minutes and washed in running water for 2
minutes. Background tissue was stained with Celestine blue for 2 minutes, washed for 2
minutes, soaked in haematoxylin for 3 minutes, bleached for 3 minutes, washed for 3
minutes and stained with Ponceau for 2 minutes. Final wash was in running water for 3
minutes. Slides were dried on a hot plate before immersing in toluene for a minimum of 3
minutes. Coverslips and mounting medium were placed over sections immediately after

removal from toluene.

Alkaline phosphatase

Alkaline phosphatase enzymes break down phospholipids in food particles. The
activity of the enzyme stained a brown-black using the azo-dye method. The slides were
incubated in the sodium a-naphthyl phosphate solution, (25-50 mg Na a-naphthyl
phosphate dissolved in 50 mL 0.1 M Tris buffer (pH 10), followed by the addition of 50
mg of Fast Violet B, and stirred well), for 2 hours at ambient temperature, washed in
running water 3 minutes and counterstained as described in the esterase section.

The 0.1 M Tris buffer (pH 10) contained 3.025 g Tris (hydroxylethyl amino-
ethene) with 2.9 g maleic acid dissolved in 250 mL distilled water to which 650 mL of 0.1

M NaOH was added and made up to 1L with 120 mL distilled water.
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Acid phosphatase

Demonstration of acid phosphatase activity in lysosomes of tissues was aided by an
incubation medium with sodium a-naphthyl phosphate and Fast Garnet GBG salt.
Enzymatic activity stained brown-black. The slides were incubated at 37°C for 3 hours,
washed for 2 minutes and counterstained as described in the esterase section.

The incubation medium contained 2 mg Na a-naphthyl phosphate in 50 mL 0.1 M

Tris maleic acid buffer with 3 mg Fast Garnet GBC salt (0.3025g Tris, 0.29g maleic acid
added to 25 mL distilled water pH adjusted to 5 with NaOH; volume made up to 100

mL.)

Periodic Acid Schiff (PAS)

The presence of mucoproteins and insoluble carbohydrates was demonstrated with
the PAS reaction (Pearse, 1961). A positive PAS reaction stained mucoproteins deep
purplish red and glycoproteins a paler red-pink. Periodic acid (HIO4) oxidizes hydroxyl
groups on adjacent carbon atoms or adjacent hydroxyl and amino groups to produce
aldehydes. Schiff reagent, fuchsin-sulfurous acid, forms an additional product with
aldehydes to produce a magenta-colored reaction product. The amount of color developed
by the reaction is dependent on the amount of reactive insoluble carbohydrate present
(Putt, 1972). General cell structures were stained green.

Reagents were mixed in small quantities. The Periodic acid reagent consisted of
0.6 gm Periodic acid in 100 mL distilled water with 2 drops of concentrated hydronitrate
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