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A SCANNING ELECTRON MICROSCOPE
STUDY OF NOTUM STRUCTURES IN SOME DORID

NUDIBRANCHS (GASTROPODA: OPISTHOBRANCHIA)

A N N E T R U D I K R E S S
Department of Anatomy, University of Basle, Switzerland

(Figs. 1-6)

Skin structures of nine different species of dorid nudibranchs were examined at the
scanning electron microscope and the light microscope levels. From these observations
the animals are grouped into three categories.
1. Dorids with spicule-supported tubercles carrying a sensory knob (Rostanga rubra,
Jorunna tomentosa, Onchidoris sparsa, Onchidoris pusilla).
2. Dorids with small sensory papillae set in pits and distributed randomly between pro-
jecting spicules (Aegires punctilucens).
3. Dorids with tubercles differing in shape from one species to another, invested with
numerous spicules but without conspicuous sensory structures. The tips of the tubercles
do, however, contain single sensory epithelium cells (Archidoris pseudoargus, Acanthodoris
pilosa, Onchidoris muricata, Onchidoris bilamellatd).

INTRODUCTION

Notable among the external anatomical features of the dorids are the tubercles of
varying number, size and shape, covering the notum (e.g. Alder & Hancock, 1845-55;
Thompson & Brown, 1976). These tubercles are mostly supported by calcareous spicules
which lie in great numbers within the integument. Labbe (1929, 1933) gave a detailed
description of these structures, in particular those of Rostanga rubra and Jorunna
tomentosa, revealing that these tubercles have distinct sensory qualities. Very little is
known about the notal skin and possible sensory structures in other dorids (Hoffmann,
1932-34). The purpose of this study is to investigate these frequently minute tubercles
of the dorid skin in several species on the basis of scanning microscope and light micro-
scope examination.

MATERIAL AND METHODS

The main problem consisted in preventing extensive mucus secretion and contraction of the
animal, both of which take place immediately upon handling the animal. A fast-working fixative
with good preservation qualities for structural details was needed.

A second problem arose during dehydration. The innumerable calcareous spicules (Fig. 1)
lying randomly orientated within the integument created serious cracks and distortion of the skin.
These two facts made it necessary to try a great number of techniques. Two or more specimens of
each species were available to test different methods of preparation for the SEM and for light
microscopical sections.

The best results were obtained by having the animal moving normally on a piece of rock or
algae, then ' flooding' it with the fixative, 40 % neutral formalin followed by 5 % neutral formalin
about 10 min later, where a longer fixation period is desirable. Dehydration with ethanol
followed by amylacetate produced better results than acetone.

In an attempt to remove excessive mucus, a o-i % Pronase solution was used before fixing.
The method recommended by Mariscal (1974) for sensory surfaces of sea-anemones did not prove
successful.
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Critical point drying gave far better results than ordinary air drying.
The same method applied to several specimens could give different results. Freshly collected

animals gave better pictures than those which had been kept in tanks with circulating seawater
where particles of debris had accumulated between the tubercles and adhered to the abundant
secreted mucus.

The specimens were sputtered with gold applied in an ionized argon atmosphere and examined
in a Joel P 15 scanning microscope. For light microscopy the fixatives were formalin, Halmi or
Helly. Serial sections of 5 and 7 /im thickness were cut, and embedded in paraffin wax. The pre-
parations were stained with haematoxylin-eosin, azan, Prenant and Gomori (silver impregnation).

Fig. 1. Spicules as found in the skin of different dorid species (according to Alder & Hancock,
1845-55). (a) Onchidoris muricata (very similar are Onchidoris pusilla, Rostanga rubra and Jorunna
tomentosa); (b) Onchidoris bilamellata. (c) Archidoris pseudoargus. (d) Acanthodoris pilosa.

OBSERVATIONS

1. Dorids with spicule-supported tubercles carrying a sensory knob.

Rostanga rubra {Risso, 1818)

Macroscopical appearance

The mantle bears densely packed small spiculose tubercles of somewhat uniform size,
making the animal rough to the touch (Fig. 2 A).

SEM

The tubercles stand tightly packed, and are about 300-400/mi high (Fig. 2B). They
look like a calyx or a half-shut umbrella, the point of which is located in the connective
tissue of the mantle. The tubercles are strengthened by 4-6 long divergent spicules
spaced at regular intervals. In the central area of the tubercles a longish knob of about
80 jum in diameter protrudes, bearing a tuft of long cilia at the top. Along the margin of
the calyx as well as down the lateral surface of the calyx and the knob, cilia-bearing cells
can be seen at regular intervals (Fig. 2 c, D).

Fig. 2. (All Rostanga rubra.) (A) Whole animal, 10 mm in length. Note the rough notum structure.
(B) SEM. Low magnification view. Note different size caryophyllidia. x 60. (c) SEM. Caryophyl-
lidia. Sensory knob with tuft of cilia placed in a calyx-like structure supported by four spicules.
x 300. (D) SEM. Caryophyllidia. View into the calyx, here supported by five spicules. x 500.

(E) LM. Longitudinal section through the tip of a caryophyllidia. Sensory knob with cylindrical
ciliated epithelium. Below the epithelium an accumulation of cell bodies. Nerve (n) leading towards
the sensory area, (s) spicule. x 510.
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LM

The upper surface of the calyx and the tips of the spicules themselves are covered by a
flat epithelium with occasional patches of cilia. The supporting walls of the structure are
formed by a cubical epithelium having numerous ciliated cells interspersed with some
glandular cells. The epithelium of the top part of the knob differs in shape; it is cylindri-
cal, bearing long cilia and has only a few scattered glandular cells. A nerve can clearly be
discerned leading to the sensory knob and spreading directly under the epithelium,
forming a network there as has already been demonstrated by Labbe (1929) (Fig. 2E).
Groups of cell bodies are located beneath the epithelium, probably being part of primary
sensory cells. Labbe (1929, 1933) named tubercles having such sensory knobs caryo-
phyllidia. Numerous muscle fibres are inserted at the base of the tubercles, from which
it is inferred that a certain amount of movement must be possible.

Jorunna tomentosa (Cuvier, 1804)
Macroscopical appearance

The notum is covered with stiff spiculose tubercles, giving the animal a granular rough
appearance.

SEM

The notal tubercles are caryophyllidia similar to those in Rostanga (Fig. 3 A). They
exhibit a circle of 6-7 spicules projecting well over the tip of the centrally located papilla
(Fig. 3 B). The spicules are not connected by an epithelium as is the case in Rostanga but
are free-standing. The papilla is fairly long and is topped by a knob-like structure bearing
a tuft of long cilia.

LM

The spicules are long and rooted in the integument. They are covered by a thin
epithelium without ciliated cells. At the base of the spicules are many muscle insertions
which may well allow a certain amount of flexibility. The top of the papilla is covered by
a regularly shaped cylindrical epithelium bearing long cilia. Laterally the epithelium
becomes more cubical with fewer ciliated cells but more glandular cells interspersed. A
nerve runs through the whole length of the papilla and spreads out below the epithelium
at the tip as in Rostanga, as was shown by Labbe (1929, 1933) (Fig. 3E). Cell bodies are
also grouped here.

Fig. 3. (A) Jorunna tomentosa. SEM. Low magnification view. Notum densely packed with caryo-
phyllidia. x 200. (B) Jorunna tomentosa. SEM. Single tubercle showing spicules without any inter-
connections. Sensory papilla with a tuft of cilia on top and ciliated cells along the lateral walls,
x 500. (c) Onchidoris sparsa: SEM. A caryophyllidia supported by four spicules. In the centre the
cauliflower-like sensory knob, x 500. (D) Onchidoris sparsa. LM. Longitudinal section through the
area of the sensory knob. Nerve not present in this picture, (s) spicules. x 1000 (E) Jorunna tomen-
tosa. LM. Longitudinal section through the tip of the sensory knob. Note cylindrical ciliated
epithelium and subepithelial cell bodies, (n) Nerve, (s) spicules. x 370. (F) Ochidoris pusilla. SEM.
Caryophyllidia supported by four spicules and a cauliflower-like structure in the centre, probably
of sensory character, x 1000.
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Onchidoris sparsa (Alder & Hancock, 1846)

Macroscopical appearance

The back bears minute spiculose tubercles which are set rather far apart.

SEM

The tubercles look like pyramids, the points of which are embedded in the mantle.
Each of the four corners of the pyramid is supported by a spicule set at a slightly oblique
angle (Fig. 3 c). The spicules are not connected by an epithelium but project over a
shallow, bowl-like area. In the centre of this area rests a cauliflower-like structure re-
sembling a sensory knob.

LM

The whole integument is stiffened and crowded with spicules as well as the tubercles
supported by them. The epithelium covering the cauliflower-like sensory knob is
cylindrical, bearing long cilia (Fig. 3D). The lateral surfaces show a more cubical
epithelium with numerous glandular cells. A nerve leads towards the tip where it spreads
out beneath the cylindrical epithelium among groups of cell bodies.

Onchidoris pusilla (Alder & Hancock, 1845)

Macroscopical appearance

The back is covered with abundant small spiculose conical tubercles. (Alder &
Hancock were perhaps misled by the smallness of the tubercles because they describe
them as non spiculose.)

SEM

The tubercles look similar to those of O. sparsa (Fig. 3 F); 4-5 spicules form the corners
of the tubercles. In the bowl-shaped centre there is again a cauliflower-like structure.

LM

There was no material available for light microscopy, but from comparison with the
other three species having a sensory knob inside a spicule-supported area it can be
inferred that O. pusilla carries caryophyllidia too.

2. Dorids with small sensory papillae set in pits and having randomly distributed pro-
jecting spicules.

Aegires punctilucens (D'Orbigny, 1837)
Macroscopical appearance

The dorsum is covered with large knobbly tubercles of different sizes which are them-
selves invested with smaller, secondary tubercles (Fig. 4A).

SEM

The pictures show elongated tubercles with slightly expanded apices and a generally
rounded summit (Fig. 4B). The tubercles are strengthened by numerous spicules which
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form pointed projections and which mostly correspond with the secondary tubercles.
Scattered between this type of secondary tubercle are cylindrical papillae with a flat top
bearing a tuft of long cilia, set in a pit and forming another type of secondary tubercle
(Fig. 4c, D).

LM

In the paraffin sections a difference between the above-mentioned structures can be
seen: the large primary tubercles are supported in the interior by spicules which elevate
the epithelium on the surface and form the pointed secondary projections (Fig. 4E).

A thin single epithelium clothes the spicules. These spicules are interspersed by groups
of elevated cylindrical epithelial cells, each of these structures being surrounded by a
groove. These cells carry long cilia (Fig. 4F). The nerves coming up through the primary
tubercles divide and end in the vicinity of cell bodies which lie underneath these epithelial
cells, which have the appearance of special neurosensory ciliated cells (Fig. 4F).

3. Dorids with tubercles of different shape, invested with numerous spicules but
without conspicuous sensory structures.

Archidoris pseudoargus {Rapp, 1827)

Macroscopical appearance

The dorsum is covered by low rounded tubercles of varying sizes giving the animal a
warty appearance.

SEM

The pictures show blunt tubercles of various sizes, with uniformly built surface. No
spicules support them on the outside or protrude at the surface (Fig. 5 c). A great number
of cells bear cilia.

LM

The spicules within the tubercles are orientated in an oblique manner, taking up most
of the space, and are covered at their tips by a thin epithelium. The surface epithelium
of the tubercles shows cubical to columnar structure, some cells bearing cilia, others hav-
ing a glandular character (Fig. 5D). The nerves visible in the tubercles divide, and most
lead towards those cells bearing long cilia which are randomly distributed among the
cells with shorter cilia. This could indicate that they are special neurosensory ciliated
cells.

Acanthodoris pilosa (Miiller, 1789)
Macroscopical appearance

The dorsum is thickly set with soft slender tapering papillae giving the animal a
velvety appearance (Fig. 5 A).

SEM

The papillae are long (0-5-1 mm) and conical, with no spicule protruding from the
surface. The papillae are somewhat regularly spaced (Fig. 5B).
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LM

The mantle is densely crowded with spicules but hardly any can be seen within the
papillae. The surface of the tubercles is almost completely covered with cells bearing
cilia of uniform length. Scattered between these are unicellular mucus cells. Nerves can
be followed through the whole length of the papillae. In each case, the nerves end near
the epithelium, forming a network and mingling with subepithelial cell bodies.

Onchidoris bilamellata (L., 1767)
Macroscopical appearance

The mantle bears abundant strongly spiculose club-like tubercles of unequal size.
The largest are placed down the sides and around the gill area, the smaller towards the
margin of the mantle.

SEM

The pictures show stout tubercles with a slightly convex top (Fig. 6 A). Depending on
the diameter of the tubercle 10-15 spicules covered with epithelium project over the
surface (Fig. 6 c, D). They are embedded in grooves. Most of the surface is covered with
cells bearing long cilia (Fig. 6 B).

LM

The spicules inside the tubercle are thickish, blunt at the ends and bent in the centre.
They slope obliquely towards the base of the tubercle. At the surface the spicules are
covered with a flat epithelium while the epithelium at the top between the spicules is
cylindrical in shape. A more cubical epithelium with numerous glandular cells of various
types (Edmunds, 1968) occurs in the walls of the tubercles. Small nerves spread towards
the epithelium at the top, but no distinct connection with a specialized area can be
detected.

Onchidoris muricata (Muller, 1776)
Macroscopical appearance

The mantle bears numerous tall and extremely spiculose tubercles. The surface of the
animal feels very rough.

SEM

The tubercles have a columnar shape of equal width from base to apex and are 0*2-
0-4 mm high (Fig. 5E). The top forms a flat area; 15-32 spicules set in grooves project
above the surface. Most of the cells between the spicules bear cilia (Fig. 5 F).

Fig. 4. (All Aegires punctilucens.) (A) Whole animal, 10 mm in length, (B) SEM. Low-magnification
view of the notum with the primary knobbly tubercles invested with smaller secondary tubercles.
x 80. (c) SEM. Primary tubercles with projecting secondary tubercles and sensory papillae set in
pits (arrows), x 200. (D) SEM. A single sensory papilla set in a pit and covered with cilia on its top.
x 2000. (E) LM. Longitudinal section through a primary tubercle. At the surface numerous pro-

truding spicules forming secondary tubercles, x 200. (F) Section through the second kind of
secondary tubercles, a sensory papilla. The epithelium consists of cylindrical cells with microvilli
and long cilia, (n) Nerve and subepithelial cell bodies, x 1000.
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LM

The interior of the tubercles is crowded with spicules. The covering epithelium is
cylindrical at the top and mostly ciliated, while the lateral walls exhibit more cubical
epithelium and glandular cells but fewer ciliated cells. Nerves lead towards the cylindrical
epithelium but no specialized area can be seen.

DISCUSSION

This study is an initial effort to describe and classify notal structures in dorid nudi-
branchs with SEM technique and to compare the results with light microscope sections.
These notal structures are seen to vary considerably from species to species. The nine
species investigated have been placed in three groups, according to the arrangement of
their sensory cells within the tubercles.

1. Spicule-supported tubercles carrying a sensory knob, so called caryophyllidia. The
covering of this sensory knob consists of a distinct cylindrical epithelium bearing long
cilia as well as a brushborder and shows only a few glandular cells. In the interior of the
knob subepithelial groups of cell bodies and a thick nerve can be seen. Labbe (1929,
1933), w n o described the histology of the caryophyllidia, does not mention any cilia
either on the sensory knob nor along the lateral tubercle wall of Rostanga or Jorunna.

The dorids carrying caryophyllidia belong systematically to different families:
Rostangidae, Kentrodorididae (Jorunna) and Onchidorididae. Rostanga and Jorunna
show a close relationship apropos the structure of their tubercles, while Onchidoris sparsa
and O. pusilla have many features in common. A systematic search would surely reveal
more species with caryophyllidia in their notum as already presumed by Hoffmann
(1932-34). That caryophyllidia do vary within the same genus or closely related genera
has been described by Marcus (1976) in Jorunna and Kentrodoris. How much the varia-
tion was due to prolonged fixation and therefore possibly some dissolution of the spicules
it is difficult to say.

A similar sensory structure, but not supported by spicules, has been described by
Henneguy (1925) in Janolus cristatus (Antiopella). The animals carry a ruffled caruncle, a
sort of sensory crest between their rhinophores, covered partly with ciliated cells and
containing subpithelial nerve cells and thick nerves in the interior. According to Labbe
(1933) Acanthodoris pilosa shows caryophyllidia too, but under the SEM this is seen not
to be the case. Acanthodoris has slender, soft papillae without a sensory knob. Either
Labbe's observation was wrong, or more probably, he confused the species.

2. Dorids with small sensory papillae set in pits as found in Aegires punctilucens.
Although Labbe (1933) notes that Aegires is without any special sensory differentiations

Fig. 5. (A) Acanthodoris pilosa. Whole animal 35 mm in length, (B) Acanthodoris pilosa. SEM.
Notal tubercles, x 80. (c) Archidoris pseudoargus. SEM. Notal tubercles of various sizes, x 25.
(D) Archidoris pseudoargus. LM. Longitudinal section through a tubercle. The top is covered with
a cylindrical epithelium interupted by spicules (s). x 190. (E) Onchidoris muricata. SEM. Low-
magnification view demonstrating the high tubercles, well supported by spicules. x 60. (F) Onchi-
doris muricata. SEM. Single tubercle showing the protruding spicules at the apical surface. One
spicule has broken off. x 400.
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Fig. 6. (All Onchidoris bilamellata.) (A) SEM. Low-magnification view of notal tubercles of various
sizes, x 80. (B) SEM. Tufts of cilia in the dorsal area between the tubercles are protruding above
the surrounding microvilli. The orifices of glands show clearly, x 2000. (c) SEM. Single tubercle
covered with ciliated cells and apically projecting spicules. x 300. (D) SEM. Spicule with some
single cilia at its surface, x 1500.

on its notum, the SEM as well as the light microscope revealed specialized areas on the
primary tubercles in the form of papillae set in pits. The covering of these papillae
exhibits a ciliated cylindrical epithelium and is distinctly different from the epithelium
stretched over the rest of the tubercle surface. Only below the epithelium of the ciliated
papillae can groups of cell bodies and nerves be detected.
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3. All the species carrying tubercles invested with numerous spicules but without
conspicuous sensory areas have been placed in the third group. Between the spicules
which end directly below the covering epithelium or project over the tip, patches of a
partly ciliated cylindrical epithelium can be found. Some of the ciliated cells seem to be
in contact with cell bodies and thin nerves directly under the epithelium. There must
presumably be some sensory regions which simply form part of the epidermis (Bullock &
Horridge, 1965; Zylstra, 1972; Navoni, 1972).

Notal tubercles have not yet been investigated on the electron microscopical level in
order to differentiate the character of the sensory cells. Most authors, however, describe
sensory receptor cells in molluscs as primary sensory cells with the cell bodies generally
placed just below the epithelium and often associated with nerve cells (Bullock &
Horridge, 1965; Crisp, 1971; Zylstra, 1972; Wright, 1974c, b; Kataoka, 1976; Conklin
& Mariscal, 1977; Bonar, 1978; Emery & Audesirk, 1978; Phillips, 1977; Jones &
Saleuddin, 1978; Owen & McCrae, 1979). Their pictures demonstrate clearly this
accumulation of cell bodies below the epithelium as found in the dorid tubercles examined
above. Secondary sensory receptor cells have been described in the rhinophores of some
prosobranch and opisthobranch molluscs by Storch (1971) and Storch & Welsch (1969a,
b). Their findings have not yet been fully accepted to hold true for all molluscs (Wright,
19746). In the case of Amphioxus, however, two types of secondary sensory cells have
been found (Bone & Best, 1978).

Sensory ciliated cells may be motile but the cilia often vary from ordinary kinocilia in
their interior structure or in respect to their number, location and arrangement at the
cell surface as found in different molluscs by Crisp (1971), Zylstra (1972), Wright
(1974a, b), Bonar (1978), Emery & Audesirk (1978) and Jones & Saleuddin (1978). Some
ciliated sensory cells can be stiff and bristle-like as demonstrated for several molluscan
species by Edmunds (1966), Crisp (1971), Conklin & Mariscal (1977), Emery & Audesirk
(1978), Phillips (1977) and Owen & McCrae (1979).

Microvilli are found not only at the surface of most of the covering epithelial cells
forming a brush-border, but they also form part of the receptor cell surface together with
one or more cilia. Microvilli responsible for registering a stimulus have been described in
some pulmonate tentacle tips by Wright (19746) and Kataoka (1976).

The functions usually assigned to superficial sensory structures in invertebrates are
those of mechanoreception and chemoreception. From morphological criteria it has not
been possible to distinguish receptors of the two modalities. Notal tubercles have not yet
been the subject of tests as to what stimuli are received and coded.

I am grateful to the Director of the Plymouth Laboratory for providing facilities for this work;
to the staff of the Laboratory, especially Dr Q. Bone and Keith Ryan for their advice and help
with the SEM and J. Green (Specimen Department) for providing the living material; to Miss L.
Serpell for her help with the English manuscript; and to Mrs Schaller and Mrs Zmorski for
preparing the paraffin sections.
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