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Abstract

The tentacles of the larvae of Phragmatopoma californica
(Fewkes) a tubicolous, reef-building polychaete, were exam-
ined by video-equipped light microscopy and transmission
and scanning electron microscopy. The surface of the
tentacles has a unique ciliation pattern, consisting of dorsal
tufts of short immotile cilia, ventrolateral tufts of short and
long immotile cilia, and ventral motile cilia. Cells bearing
immotile cilia are primary sensory cells with long basal
processes that form synapses with basiepithelial nerve
fibers. The sensory cell cytoplasm is similar to that of
nervous tissue, and contains microtubules, neurofilaments,
and synaptic vesicles. Sensory cell synapses with basi-
epithelial nerves appear to be both axodendritic and
axoaxonic. The structure of the immotile cilia is compared
to that of motile cilia. Unlike motile cilia, immotile cilia
are short, rigid, end in a blunt tip and possess an axoneme
with typically arranged mictotubules that terminate in an
electron-dense end plate. The basal feet of immotile cilia
do not anastomose with adjacent basal bodies, and the
ciliary membrane is loosely applied to the axoneme and is
covered by a surface coat of filamentous material. The use
of the larval tentacles during substrate exploration, and
the location and ultrastructure of sensory cilia, indicate
that they may be involved in the perception of substrate-
associated chemical signals and/or mechanical cues of
significance in substrate selection.

Introduction
The sensory capacity of an organism ultimately determines

its ability to respond to its environment. Correspondingly,
response o an external stimulus is dependent on the

* Author to whom reprint requests should be addressed

presence of sensory receptors that can (1) perceive the
stimulus and (2) translate and transfer the information
perceived to organs capable of effecting behavioral, physi-
ological, or morphogenetic responses. Although the pelag-
ic larvae of marine invertebrates vary greatly in the time
and pattern of their development. as well as in their
behavioral responses, all marine invertebrate larvae share
the necessity to recognize cues indicative of an appropriate
place for settlement and metamorphosis that would en-
hance post-larval survival to sexual maturity. This is
especially true of sessile organisms that become committed
to a single habitat after settlement, and those with a
highly specialized habitat such as parasites. commensals,
gregarious settlers, and selective predators.

Planktotrophic larvae of the sabellariid worm Phrag-
matopoma californica, a reef-building, tubicolous poly-
chaete, undergo an 18-d period of precompetent pelagic
development at 20°C, after which they begin to explore
the substrate. Larvae are able to defer settlement for
several months if appropriate stimuli are not encountered.
During development and substrate exploration, the larvae
exhibit a complex behavioral repertoire, and are able to
respond to stimuli such as light, mechanical disturbance,
and chemical cues, which indicates that they possess
sensory organs capable of photoreception. mechanorecep-
tion, and chemoreception.

Among reef-forming sabellariids, the most important
stimulus during substrate selection appears to be chemical.
Wilson (1968 a) noted that the larvae of Sabellaria alveo-
lata were induced to settle and metamorphose specifically
upon contact with sand from adult tubes, or with the
mucoid tubes of juveniles. Jensen and Morse (1984) found
a similar response in Phragmatopoma californica, and
Pawlik (1986) extracted a naturally-occurring lipophilic
inducer from the tube sand of adult P. californica, and
purified the active fraction by high performance liquid
chromatography. This fraction consisted of a mixture of
free fatty acids, dominated by eicosapentaenoic, palmitic,
and palmitoleic acids. Perception of this highly specific
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chemical cue is presumably dependent upon the presence
of chemosensory organs on the larval surface.

Eckelbarger and Chia (1976) first described presump-
tive sensory tufts of stiff cilia on the larval epidermis of
Phragmatopoma lapidosa. These tufts were found all over
the body. but were concentrated in longitudinal rows on
the dorsal surface of the larval tentacles. Observations on
the behavior of larvae during substrate exploration in-
dicate that the tentacles may be involved in the perception
of settlement cues (Wilson, 1929; Eckelbarger 1976, 1978,
Eckelbarger and Chia, 1976; Smith and Chia, 19854, b).
We have confirmed the presence of these tufts on the
larval tentacles of P. californica.

The perception of site-specific cues during settlement
by marine invertebrate larvae in the laboratory is a widely
observed phenomenon (Crisp, 1984), The specific com-
position of the settlement cue, and the scnsory organs
involved in perceiving that cue, however, have not been
characterized together for any of the systems studied. In
this paper we present ultrastructural evidence that the cells
bearing immotile cilia on the tentacular epidermis of
Phragmatopoma californica are primary sensory cells. The
ultrastructure of the sensory cilia is compared to that of
the motile cilia on the larval tentacles, and the possible
involvement of these sensory organs in substrate selection
is discussed.

M.R_Amieva ef al.: Larval sensory organs ol a polychaete tube worm
Materials and methods

Adult Phragmatopoma californica (Fewkes) were collected
from Sunset Cliffs, San Diego, California, USA and kept
alive in their tubes in running seawater at Scripps Institu-
tion of Oceanography. Larvae were raised until competent
to settle in the manner described by Pawlik (1986) and
Amieva and Reed (1987). Fully developed larvac were
placed in Nalgene bottles in oxygenated 1.0-um filtered
seawaler, and shipped overnight express to Dartmouth
College where they were used immediately after verifying
that they had not been damaged and were competent to
metamorphose. The larvae were viewed in vivo with video
equipped light microscopy, or fixed for scanning electron
microscopy, and transmission electron microscopy, ob-
served and photographed by the methods described in
Amieva and Reed (1987).

Results
Behavior during substrate exploration
The larvae of Phragmatopoma californica become com-

petent to metamorphose after 18 d of pelagic development
under optimal laboratory conditions. During the pre-

.
-

Fig. 1. Phragmatopoma californica. Scanning electron micrograph (SEM) of a dorsal view of the larval episphere (ep) and larval tentacles

(It) in a 30-d-old larva competent to metamorphose

Fig. 2. Phragmatopoma californica. SEM close-up of a dorsal tuft of short immotile cilia on the larval tentacle

Fig. 3. Phragmatopoma californica. SEM of the ventrolateral side of a larval tentacle showing the regionalization of the cilia into different

fields

Fig. 4. Phragmatopoma californica. Transmission electron micrograph (TEM) of a cross-section near the basal plate of an immotile sen-

sory cilium from a dorsal tuft

Fig. 5. Phragmatopoma californica. TEM of a cross-section through the mid-region of a motile cilium from the ventral groove

Fig. 6. Phragmatopoma californica. TEM of a longitudinal section through the tip of an immotile sensory cilium from the dorsal tufts

Fig. 7. Phragmatopoma californica. TEM of a longitudinal section through the tip of a motile cilium from the ventral groove

Fig. 8. Phragmatopoma californica. TEM of a longitudinal section through the mid-region of an immotile sensory cilium of the dorsal tufts
Fig. 9. Phragmatopoma californica. TEM of a longitudinal section through the mid-region of a motile cilium from the ventral groove

Fig. 10. Phragmatopoma californica. TEM of a longitudinal section through the basal body (bb) of an immotile sensory cilium from the
dorsal tufis

Fig. 11. Phragmatopoma californica. TEM of a longitudinal section through the basal body (bb) of a motile cilium from the ventral groove

Fig. 12. Phragmatopoma californica. TEM of a grazing section through a basal body, basal foot (bf), and baso-lateral ciliary rootlet (rt) of
a motile cilium '

A bbreviations: bb= basal body. bf=basal fool, ¢=sensory cilium, c¢ds=dorsal tufts of short sensory cilia, cmg= motile cilia of the ventral
groove. cml=lateral motile cilia. ct=connective tissue cylinder or matrix, cu=-cuticle, cvl=ventrolateral tufts of long sensory cilia, cvs
=ventrolateral tufts of short sensory cilia, dh=dorsal hump, ep=episphere, g=golgi body, Ilt=larval tentacle, m=mitochondrion, mb
= multivesicular body. mu=muscle. mt=microtubule, mv=microvilli. n=nucleus, nf=neurofilaments, no=nucleolus, nv=basiepithe-
lial nerves, p=prototroch, rer=rough endoplasmic reticulum. rt=rootlet, sd =seplate desmosome, su=supporl cell, sv=synapltic ves-
icles. sy =synapse, v=vacuole, za =zonula adhaerens
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competent period the larvae are positively phototactic and
swim actively, using their prototroch and telotroch as
locomotory organs. When the larval tentacles develop
from the dorsal side of the episphere, the larvae become
positively geotactic, and spend most of the time crawling
over the substrate. During crawling the larval tentacles are
directed anteriorly and laterally with the ventral ciliated
surfaces toward the substrate. The ventral surface is used
for attachment and gliding. although both surfaces are
pressed over the substrate. A larva may anchor itself’ by
attaching one tentacle, while the other tentacle explores
the substrate by pressing against the surface of large
objects, thrusting between sand grains, or twisting around
pebbles and into cracks. Alternatively, the mouth may be
used for attachment during crawling while both tentacles
are extended laterally or anteriorly and both the ventral
and dorsal surfaces are applied to the substrate.

Distribution of immotile and motile cilia

The surface of each larval tentacle has tufts of immotile
cilia arranged in dorsolateral and ventrolateral longitudi-
nal rows (Fig. 1). Each row is composed of 12 tufts of cilia
spaced every 15 to 20 um along the tentacle. Two different
types of immotile cilia can be distinguished on the basis of
the length of the cilia and their arrangement (Fig. 3). Tufts
bearing 20 to 40 short (2.5 to 3.5 um), stiff, immotile cilia
arranged in a radiating pattern (Figs. 2, 3) are found in
two rows along the dorsolateral surface, and two rows
along the ventrolateral surface of each tentacle. Two or
three tufts may also occur outside of the main rows on the
dorsal surface. Adjacent to the ventrolateral rows of short
immotile cilia on each tentacle, there is a row of tufls
bearing long (L=10 um), closely packed, immotile cilia.
These tufts are oriented obliquely, with the tips of the cilia
pointing towards the tip of the tentacle (Fig. 3).

The ventrolateral tufts are adjacent to a ventral groove
covered with motile cilia that beat toward the base of the
tentacle. The motile cilia are organized into two ciliary
fields (1) the lateral motile cilia, which occur in clumps
between the tufts of immotile cilia (Fig. 3), and (2) the
motile cilia of the ventral groove (Fig. 3), which beat at a
slower rate and with a less pronounced metachronal
pattern.

Ultrastructure of the motile and immaotile cilia

Motile and immotile cilia share some basic characteristics.
The axonemes of both motile and immotile cilia have a
(9%2)+2 arrangement of microtubules, and measure
about 250 nm in diameter. Both types of cilia appear to
have the normal complement of dynein arms and radial
spokes (Figs.4,5), and both have Typell basal bodies,
which are characterized by a basal plate located above the
cell membrane (Pitelka, 1974; Figs. 10, 11). Both the im-

M.R.Amieva er al.: Larval sensory organs of a polychaete tube worm

motile and motile ciliary rootlets exhibit a periodicity of
65 nm.

The following major differences distinguish the motile
cilia from the immotile cilia:

(1) The basal feet of the motile cilia anastomose with
adjacent basal bodies, and a long striated primary rootlet
arises from each basal body and extends baso-laterally
into the cytoplasm (Fig. 12). A shorter secondary rootlet
extends baso-laterally towards the tip of the tentacle. In
the immotile cilia the adjacent basal bodies do not
anastomose. Only one short (350-nm-long) rootlet extends
basally, rather than baso-laterally, from the basal foot into
the cytoplasm (Figs. 10, 13).

(2) Motile cilia are longer (12 gm) and flexible (Fig. 3).
whereas immotile cilia are shorter (3.5 to 5.5 um or 10 um)
and appear rigid in vive (Figs. 2, 3).

(3) Motile cilia have tapered tips and the peripheral
doublets end below the central microtubules (Fig. 7).
Immotile cilia, on the other hand, have rounded, blunt
tips. The central microtubules and the outer doublets
terminate at an end plate of electron dense material
(Fig. 6).

(4) The ciliary membrane of a motile cilium appears
smooth on its outer surface and is closely applied to the
axoneme (Figs, 5, 7, 9, 11). Instead of being smooth, the
ciliary membrane of an immotile cilium undulates and is
covered by a surface coat (Figs.4, 6, 8, 10). The ciliary
membrane is separated from the axoneme by a space of 30
to 60 nm, which gives the immotile cilium a diameter of
approximately 300 nm (Figs. 4. 6, 8, 10).

Ultrastructure of the sensory cells

The tufts of immotile cilia are produced by several
primary sensory cells adjacent to one another. The sensory
cells are bipolar and oriented obliquely with their bases
toward the base of the tentacle (Figs. 13, 14, 15). The base
of each sensory cell tapers into a cytoplasmic process
within the basiepithelial nerve tracts above the basal
lamina (Fig. 14). Sensory cells are almost completely
surrounded by support cells (Amieva and Reed, 1987). The
apices of sensory cells are ciliated and narrow, and possess
distinctive shorter (L=600 nm) and thicker (D =90 nm)
microvilli than those of other cell types. The microvilli are
straight or bifurcated near the base, possess a prominent
cytoskeleton of microfilaments, and have blunt tips that
are embedded in the cuticle. The sensory cells form apical
intercellular junctions with each other and with neigh-
boring support cells that consist of an apical zonula
adhaerens and a subjacent septate junction (Fig. 13).
Sensory cells have a more electron lucent cytoplasm
than that of support cells, and possess a large, medially
located nucleus that has more heterochromatin than the
nuclei of support cells (Fig. 15). A large golgi body,
vacuoles, multivesicular bodies, free ribosomes, rough
endoplasmic reticulum, small vesicles (D =60 nm), and
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Fig. 13. Phragmatopoma californica. TEM of a longitudinal section through the apical region of a sensory cell from the dorsal epidermis

Inset Fig. 13a. Phragmatopoma californica. TEM of the multivesicular bodies (mb) commonly found in the apical region of sensory cells

Inset Fig. 13b. Phragmatopoma californica. Enlargement of the area from the rectangle in Fig. 14, showing neurofilaments (nf) in a sen-

sory cell

Fig. 14. Phragmatopoma californica. TEM of a longitudinal section through a sensory cell from the dorsal epidermis, showing a very long
basal process (arrow) running along basiepithelial nerves (nv) toward the base of the tentacle. The area in the rectangle is enlarged in inset

13b
(Abbreviations see Figs. 1-12)

oval-shaped mitochondria occur apical to the nucleus
(Figs. 13, 14).
Synaptic regions

The cytoplasm of the basal process of sensory cells, like
that of the basiepithelial nerve fibers, is free from or-

ganelles other than a few mitochondria, microtubules,
neurofilament bundles and clear vesicles (Figs. 14, 15).
Synaptic regions occur along the basal cell process (Figs.
16, 17, 18). The presynaptic region is characterized by a
distinct aggregation of clear synaptic vesicles closely as-
sociated with a region of the sensory cell plasmalemma.
Synaptic vesicles have an average diameter of 60 um
(range=45 to 85 um). Microtubules often occur near the
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Fig. 15. Phragmatopoma californica. TEM of a longitudinal section through a sensory cell from the dorsal epidermis with a synaptic region
at the end of its basal process (rectangle). The area within the rectangle is enlarged in Fig. 16

Fig. 16. Phragmatopoma californica. TEM of the synaptic region from area outlined by rectangle in Fig. 15

Fig. 17. Phragmatopoma californica. TEM of a longitudinal section through an axoaxonal synaptic region from a dorsal sensory cell in the
larval tentacle. The cell with the clear cytoplasm is a sensory cell. The adjacent cell is a nerve axon (nv)

Fig. 18. Phragmatopoma californica. TEM of a longitudinal section through a possible axodendritic synapse in a ciliated sensory cell from

the dorsal epidermis
(Abbreviations see Figs. 1-12)

presynaptic region (Figs. 16, 18). Synapses in which the
postsynaptic region was devoid of vesicles (probably axo-
dendritic; Fig. 18), and those in which the postsynaptic
region contained vesicles (axoaxonic synapse; Fig. 17),
were observed. In one case. the synaptic region appeared
to be apposed to the connective tissue (Figs. 15, 16). but
subsequent sections revealed that an adjacent nerve pro-
cess may have been in contact with that region. Several
synapses may occur within one cell. and basal cell proces-
ses as long as 20 um have been observed.

Discussion

The reproductive success of a sessile marine invertebrate
with indirect development requires that its larvae meta-
morphose in a habitat suitable for adult life. A larva,
therefore, must not only be equipped with the morpholog-
ical, physiological, and behavioral adaptations necessary
to respond and survive through its planktonic period of
existence, but it must also develop the sensory capacity
that will allow it to anticipate adult life, and discriminate

between appropriate and inappropriate adult environ-
ments. The ability of an organism to discriminate and
respond is limited by its ability to perceive its environ-
ment. Perception is based on the presence of sensory
structures that can transduce mechanical. photic, electrical,
or chemical signals from the environment into chemical or
electrical nervous signals within the organism.

Most of the research that has been carried out on
settlement and metamorphosis of marine invertebrate
larvae has concentrated on (1) the nature of the stimuli
that induce settlement and metamorphosis in the laborato-
ry, and (2) the morphogenetic sequence of events that
accompany metamorphosis (for reviews of settlement and
metamorphosis see Crisp, 1974, 1976, 1984; Chia and Rice,
1978; Burke, 1983). Little is known about how larvae
perceive stimuli during substrate selection. This lack of
understanding of larval sensory perception is due, in part,
to a dearth of knowledge about the sensory organs of
various larvae (for review, see Laverack, 1968, 1974).

Accounts of larval morphology and behavior during
substrate exploration in sabellariid polychaetes, combined
with the recent breakthroughs in the isolation of a natural-
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ly-occurring inducer for metamorphosis (Pawlik, 1986
Pawlik and Faulkner 1986 a. b), may greatly increase our
understanding of larval perception of settlement cues.
Because the larval tentacles of sabellariids arise late in
development at the beginning of the competent period,
and because the tentacles are used extensively during
substrate exploration as gliding, attachment, and very
likely as sensory organs. it seems reasonable to assume
that the larval tentacles of sabellariids may be directly
involved in the perception of settlement cues.

The epidermis of the larval tentacles of Phragmatopoma
californica has specialized bipolar cells that bear immotile
cilia and have cytoplasmic contents characteristic of nerve
cells and long basal processes that extend towards the base
of the tentacle. Furthermore, two types of immotile cilia
that are structurally distinct from motile cilia occur on the
tentacle surface. Serial sections of epidermal cells bearing
immotile cilia reveal that these cells possess several types
of synaptic regions within their basal processes, indicating
that they fulfill the ultrastructural criteria for primary
sensory cells.

The specific role of these primary sensory cells in
perception is still uncertain. The larvae of sabellariids are
capable of responding to light, mechanical stimuli, and
chemical stimuli. The tufts of sensory cilia are probably
not involved in photoreception, since the larvae possess
specialized light-sensitive organs (simple rhabdomeric
ocelli) on either side of the dorsal hump. The most likely
function of the sensory tufts is either mechanoreception or
chemoreception. The larvae of Sabellaria cementarium are
known to be sensitive to mechanical disturbances, since
they respond to touch or vibrations by raising their
provisional chaetae (Pennington and Chia, 1984). Wilson
(1968 b) also noted that the larvae of S. alveolata initiate
settlement faster in experimental dishes where the water is
stirred, than in unstirred water, suggesting that the larvae
are able to perceive water motion.

The tufts of stiff cilia are accessible to mechanical
deflection. The sensory cilia are short, and the micro-
tubules of their axoneme are fused into an end plate which
gives them structural rigidity. Deflection or bending of
these cilia could be transferred to the cell body, initiating a
depolarization of the cell membrane and resulting in the
transduction of mechanical stimuli into a nervous signal.
The basal bodies of the sensory cilia lack basal feet,
however, and have reduced rootlets, indicating that they
may not be specialized for mechanical transduction. More-
over, the different sensory cilia of one cell are not
structurally joined. Their location and exposure make
them suitable for chemoreception.

Unlike mechanoreceptors, which can be completely
encased in protective structures such as a cuticle or
exoskeleton, a major requirement of chemoreceptors is
that they be exposed to biochemical signals in the environ-
ment. This is accomplished by the exposure of the receptor
cell membrane to an aqueous environment where dis-
solved chemical substances can interact with the mem-
brane (Laverack, 1968, 1974). In several reports of putative
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chemoreceptors, the cilia are protected by sheaths, except
for an opening to the exterior (Dorsett and Hyde, 1969;
Nott, 1969; Nott and Foster, 1969), or placed in pits or
invaginations (Bonar. 1978). The adult palps of sabel-
lariids, which develop from the larval tentacles, are some-
what protected from mechanical disturbance by the oper-
cular stalk, operculum, and feeding tentacles. They may
function in the perception of soluble compounds brought
near the mouth region by feeding currents.

Substrate selection in the larva of Phragmatopoma
californica. however, involves the detection of a mixture of
free fatty acids which have a very low solubility in
seawater (Pawlik, 1986). Perception of the inducer is
contact-dependent. as well as stereospecific and concentra-
tion-dependent (Pawlik, 1986; Pawlik and Faulkner. 1986
a, b). In contact chemoreception, the sensory membrane
must come in contact with individual molecules of the
chemical stimulus. This can occur in several ways; (1) the
membrane may come into direct contact with substrate-
associated chemical stimuli and be affected without retain-
ing the stimulus: (2) the diffusion gradient of the chemical
stimulus may be very small, yet not insignificant, and
bringing the sensory membrane close enough to the source
of chemical stimulus results in a stimulus-response inter-
action; or (3) the sensory membrane could be exposed to a
medium that enhances the diffusion of the specific stimu-
lus, thereby facilitating reception of the stimulus. Exposed
sensory tufts of cilia may facilitate the first two of these
processes: direct contact of the receptor membrane with
the chemical inducer, and positioning of the membrane
within a small diffusion gradient. The motile cilia and
mucous secretions from epidermal glands may aid in the
diffusion of the chemical inducer to the sensory mem-
branes.

In addition to their structural rigidity and electron-
dense end plates, the cilia of sensory cells are distinguish-
able from motile cilia by their ultrastructurally distinct
membranes. The sensory ciliary membrane is not closely
apposed to the axoneme, and is coated on its exterior
surface with an electron dense fibrillar material. This
prominent surface coat may constitute sugar residues of
membrane glycoproteins involved in chemoreception, or
perhaps a matrix that facilitates the diffusion of insoluble
substances from the substrate to the sensory membrane.

The larval receptors responsible for the recognition of
substrate-associated chemical cues have never been char-
acterized for any species of marine invertebrate. Phrag-
matopoma californica affords a model system in which
naturally-occurring inducers of settlement and metamor-
phosis have already been identified. Further characteriza-
tion of the sensory cells may lead to the elucidation of the
location and nature of the membrane receptors involved
in substrate selection, and ultimately, to a greater under-
standing of the mechanisms of chemoreception in marine
invertebrate larvae.
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