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Abstract of thesis on "Defensive mechanisms in some nudibranchs’

In a typical mollusc, the shell is the most important de-
fensive mechanism. But the shell does not protect the mollusc

from all predators, and it is for this reason that secondary de-
fensive mechanisms have evolved in many species., In some cases,
these secondary mechanisms become more importgnt than the shell
as a means of protection from predators, and where this occurs
selection may favour the reduction and even the total loss of the
shell, The shell has been lost independently in each of the nine
orders of the Opisthobranchia except the Thecosomata, and in the
Sacoglossa and the Nudibranchia it may have been lost two or three
times. In all of these cases where the shell-less or nudibranch
condition has evolved, the animal must be adequately protected by
defensive mechanisms other than the shell. This thesis studies
the defensive mechanisms of a number of nudibranch molluscs,

In the Sacoglossa there is a series of forms from the primi-
tive Arthessa, with a well-developed defensive shell, thiough Oxyno#
and Lobiger, with reduced shells, to the nudibranch Stiliger on the
one hand and to the bivalved Berthelinia on the other, The defen-

sive mechanisms of Berthelinia and Stiliger are compared. It is
shown that even in Berthelinia, which is protected by a tightly
closing bivalved shell, there is a secondary defensive mechanism
in the form of a secretion from the hypobranchiel gland. In

Stiliger, the defensive mechanisms are located in the cerata.



Three types of gland are present of which at least one, and
probably all, are defensive. In addition the cerata can be autoto-

mised and regenerated, and this may also be of defensive importance.
It is also shown that the ceratal glands of Stiliger and the hypo-

branchial gland of Berthelinia asre muscle-operated, It is conclu-

ded that in both Stiliger and Berthelinia the defensive system in-
volveé two or three defensive mechanisms; and there is evidence
that these mechanisms act in series just as do the defensive mechan-
isms of many tropical insects.

The defensive mechanisms of the Doridacea are discussed.
It is concluded that camouflage is of widespread occurrence, but
that there is as yet no evidence for the occurrence of warning color-
ation. Many bright colours are deflection marks, but the importance
of other bright colours is stiil not known. Dorsal papillae with a
probable defensive function are present in some species of the
Doridacea, and they are usually supplied with glands. The function
of the caryphyllidia of certain species is not known. Autotomy of
papillae has not been described, but autotomy of the mantle edge
occurs in the Discodoridinse, Defensive glands are of widespread
occurrence in the Doridacea. One type of defensive gland that has

not been described before in dorids is the acid gland of Discodoris

pusae and Anisodoris stellifera. Acid secretion is well known from

certain other opisthobranch and prosobranch molluses, and the dis-
covery of its occurrence in dorids means that it has evolved inde-

pendently at least four times in the Mollusca. 1In D.pusae and
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A.stellifera, the acid glands are large subepidermal pits with a
mucous plug and a muscular sphincter. The acid 1s inorganic and
contains sulphate ions, It mey register pH 1 or 2 close to the
skin of the mollusc. Another species of Discodoris was found to
secrete acid of a similar pH. In this species acid-secretion is
from the ordinary epidermal cells, and subepidermal glands are
totally absent. In the light of these results, the evolution of

acjid-secretion is discussed.

In all four suborders of the lNudibranchia and in the Saco-

glossa, species with dorsal papillae or cerzta have evolved, In
all cases where these have been studied, they have been found to
be of defensive importance. Cerata usually contain glands, are
mobile, can be autotomised without harm to the mollusc, and may
have yet other defensive mechanisms. The Eolidacea are the best
known of these groups with defensive dorsal papillae. In the
eolids, some species are camouflaged, but none has been shown to
possess warning coloration. Cerata may be bri:htly coloured to
direct attacks away from the head, and the behaviour of the mol-

lusc supports this view., Cerata can be autotomised and regener-

ated, but the ease with which autotomy occurs varies between dif-

ferent species. Cerata are especially sensitive at their tips,

and it is shown that this is because there is a high concentra-

tion of neurosensory cilie in this region., Stimulation, by touch,

of these cilia can cause ejection of nematocysts or of glandular

secretions as a defensive response.
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Ceratel glands are described for a number of species of
dolid. The role of the gellules speciales is discussed, and it
is concluded that these are not of defensive importance, Their
content of RNA and of protein suggests that they synthesize pro-
tein, and their high glycogen content suggests that they are storage
cells. They may have a duct in some shescies, and could thus be
excretory.

Simple, unicellular mucous glands occur in probably all eoclids,
but they may be epidermal or subepidermal in different species. They
probably protect the animsl from abrasion. They may also be res-
pénsible for the mucin cuticle, or for the presence of a mucous film
just outside the cuticle which is continuously being carried off the
tips of the cerata by ciliary action. Mucous glands are the only
glands present in some species, for example Eolis M and Tergipes
despectus. In other acleioproct eolids there are glands which have
a defensive function: the species of Catriona studied have two types
of defensive gland, whilst the eubranchids studied have three and
possibly five types of defensive gland. These defensive glands
are usually concentrated at the tips of the cerata and are exuded
when the animal 1s violently disturbed. Some of them are muscle-
operated and are proteinaceous, others contain mucopolysaccharides
or mucoproteins. In the smaller species of both Catriona and Eu-
branchus, the surface area of ceratal epithelium is limited, and
the defensive glands are packed so as to utilize all available space.

The method of packiug the glands is different in the two geners,
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suggesting that it is a case of parallel evolution, It is further
suggested that the defensive glands of Celma, Catriona and the

Eubranchidae are convergentf In the cleioprocts studied, no

such concentration of glands at the ceras tip was found, but all
species possess two or more types of ceratal gland. There is evi-
dence that some of these may be defensive in function.

Nematocysts are used in defence by many eolids, but for them
to be effective, they must be ejected from the cnidosac and an appre-
ciable percentage of them must explode. It is shown that whilst
nematocysts are freQuently ejected and exploded as a defensive re-
action, there is considerable variation between different species.

In Calma, glands are of considerable defensive value, but nemato-

eysts are totally absent; whilst in Tergipes despectus, defensive

glands are absent and nematocysts are important in defence., Other
species utilize both defensive mechanisms, but to varying extents.

In the Cleioprocta generally, and particularly in the Aeolidiidae,
glands are not of great importance in defence whilst nematocysts

are; but in the Eubranchidee and in Catriona glands are well-developed
and of congiderable defensive importance, There is even variation
within one genus. Thus Catriona tina rarely uses glands but fre-
quently uses nematocysts in defence, whilst C.perca rarely uses
nematocysts but frequently uses glands. This interspecific variation
in behaviour is probably related to the different predators which
different species of eolid are likely to encounter.

The predators of nudibranchs in the sea are not well known,



but laboratory experiments have demonstrated that many nudibranchs
are relatively unpalatable to many species of fish. However, some
species of fish are not deterred from eating eolids by nematocysts,
and it is likely that it is with relation to these predators that
glandular defensive mechanisms have evolved. Thus nematocysts may
be protective against one set of predators whilst glands are pro-
tective against another set of predators.

Nematocysts may be damaging not only to potential predators
of eolids, but also to the eolid itself when it crawls over coe-
lenterates. The mechanism by which eolids escape damage from nemato-
cysts is not known, but there is evidence that the vesicular struc-
ture of the epidermis is involved.

It is concluded that in many nudibranchs the defensive system
involves several distinct mechanisms which come into aetion in series,
There is some evidence that certain mechanisms are adapted to specific
predators. The eolidiform condition is a particularly efficient
defensive adsptation since it concentrates several mechsnisms into
that part of the mollusc which is expendible, and which is the first
to be encountered by a potential predator.

Three papers are included in the appendix. The first des-
cribes the occurrence of Polycera elegans (Bergh) in Britain, and
discusses its taxonomy., The second gives notice of a new species

of bivalved gastropod from Jamaica, and the third is e deseription

of this animal.
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Chapter 1

LHTHLDULT IO

The typical mollusc is more or less completely covered
by a thick calcareoﬁs shell which presents a number of problems
not found in shell-less animals. The most important of these
problems are :

1) Mechanical. The shell in gastropods) is asymmetrical and
hence lopsided. It 1s also heavy, even under water; and thus
it impedes movement and renders a rapid escape from predators

an impossibility.

2) “anitary. Since the molluscan shell covers most of the body,
the parts from which the anal and renal ducts can discharge are
limited, It is not uncommon for the reproductive ducts to open

in close proximity to the anal and renal ducts (in Calliostoma,

for example), and clearly this could be detrimental if the eggs
were to be harmed by faecal and renal material. Eales {1250) dis-

cuss-s how many molluscs have overcome these sanitary problems.

3) Tespiratory. Since the shell covers most of the body surface,

gaseous exchange can only occur in limited peziis. These parts
are the ;ills, and it is important that there should be a regular
flow of clean water over their lamellae.

The shell has only one advantage to outweigh these im-

portant disadvantages: it is protective. Very few molluscs escape



by movement, but they can retract into their shells and remain

out of reach of most predators until danger has passed.

The molluscan shell, although it is hard and impenetrable,
does not protect the animal from all predators. The barrier of
the shell is penetrated in at least four different ways, for
instance:

1) Some animals, such as flatfish, swallow molluscs whole, and
dissolve the shell in their acid stomach.

2) The skates and rays have powerful batteries of teeth and they
crush molluscs before swallowing them.

3) Starfish evert their stomachs into the shells of molluscs,
digest and dissolve the soft parts, and then suck up the resultant
fluiad.

4) Shell borers drill holes through the shell and then suck up

the soft parts inside, This group includes the gastropods Nucella,
where boring is entirely mechanical, and Natica, in which boring is

facilitated by the secretion of acid (Graham, 1952).

It is probably because the shell has proved ineffective as
a barrier to so many predators that secondary defensive adaptations
have evolved in many molluscs. The most widespread of these is se-
cretion of slime by simple mucous glands (Graham, 1957). Defensive
protein glands may also be present on the sides of the foot, at the

mantle edge, or in the hypobranchial glaal., Muscle-operated glands
have been found in Acmses, Calyptraea, and Crepidula (Graham, 1754;




Fretter and Graham, 1962) Thompson (1960,a;1961) describes defen-

sive secretion of inerganic acids in Lamellaria, Velutina and Trivia.

inother type of defensive adaptation is camouflage, but a shell is
exceedingly difficult to camouflage since it normally has a sharp
outline, This outline is broken up by ridges and spines in Murex,

and by a permenent covering of the mantle in Lamellaris which re-

gsembles in colour and texture the sponges and tunicates on which it

is found., Secondary defensive mechanisms may be directed towards one
specific predator, particularly the starfish. For example, Nassa
regsponds to a starfish by a series of violent jerks caused by sudden
contractions of the foot. Ihysa responds similarly to the fresh-water
leech Glossiphonia. In Natica, the foot covers the shell making it
impossible for a starfish to grip it; and the lamellibranch Pecten
swims by clapping its valves when touched by a starfish. Russell
(1934) discusses these examples and gives r=ferences.

Thus the molluscan shell does not protect the animel from all
predators, and even shellec molluscs often possess accessory defensive
mechanisms., In the opisthobranchs, the shell is reduced or absent,
and is rarely of defensive value, Bulla anc Haminoea have glands

similar to those of the prosobranchs Acmaea and Calyptraea (Fretter

and Grahem, 1962), but the shell is 8till of protective value. Aplysia

secretes a purple fluia when it is disturbed; 2leurobranchus, Berthells

and Fhiline all secrete inorganic acids (Thompson, 1960,a); other

species, such as Scaphander, possess glands w'ich are probably of




defensive value (Thompson, 1360,b). In Onchidella the shell is

completely lost, and protection is presumably entirely by means of
glandular secretions. In those molluscs which are protected by
glandular secretions, the shell may become a positive disadvantege,
since it may no longer be of defensive value, and it gives rise to
mechanic=1, sanitary and respiratory problems. In such animals,
selection will favour reduction of the shell, and in some cases

it may be lost altogether. The shell has been completely lost in

this way at least seven times in the Opisthobranchia (eight if we
include the Onchidiidae, as is recom'ended by Fretter, 1943).

Table 1 illustrates that loss of the shell has occurred in every group
of the Opisthobranchia except the Thecosomata; it has probably occurrec

several times independently in both the Sacoglossa and the Nudibranchis.

Table 1. Opisthobranch groups in which the shell has been lost,
The classification is that of !‘orton (1758), but with the
addition of the Onchidiacea (Fretter, 1943; Marcus, 1961).

Order Families with shell-less genere
Cephalaspidea Funcinidae
Anaspidea Aplysiidae
“hecosomata - none -
Gymnosomata ‘ - all - }
Sacoglossa Hermaeidae, ‘lysiidae, Limapontiidae
Acochlidiaces - all -
Cnchidiacea - all - |
Notaspidea Pleurobranchidae
Nudibranchia - all -




Two possibilities are open to the shell-less or nudibranch
mollusc which are closed to shelled molluscs,

1) The nudibranch mollusc can occupy habitats such as crevices which
are too narrow to take a shell, or expo.ed places where a shelled
mollusc would be very conspicuous. Shelled molluscs can of course
live in exposed places, but they cannot asily be camouflaged, and
are tierefore an easy prey for molluscan predators.

2) The nudibranch mollusc¢ can develop appendages on the dorsal sur-
face in the position formerly occupied by the shell. These may per-
form several functions: they may be respiratory, they may contain
branches of the liver for digestion and assimilation, or they may

be of defensive importance.

Both of these possibilities can only be utilised if the mol-~
lusc is adequately protected from predators. The defensive systems
of nudibranch molluscs may involve protective coloration, defensive
glends, and the presence of expendable papillae which cea be regen-
erated. This thesis investigates some of the defensive mechanisms
which are used by shell-less molluscs, and attem .ts to show how in
some s-ecies the complete defensive system is composed of several
distinct mechanisms.

In Chapter 2, the Sacoglossa are examined, and the defensive
mechanisms of “tiliger are described. The Sacoglossa contains many
shell-less or nudibranch molluscs, but these are quite distinct from
the order Nudibranchia, and the shell-less condition is convergent,

Pelseneer (1906) classified the elysioid sacoglossans in his suborder



Nudibranchia, but this convergence is now recognised, and the
classification followed in this thesis is based on that of Ochner
(1°37). Morton (1958) compares the two systems of classification, The
Sacoglossa are a uniform group as regards feeding methods, but are ex-
ceedingly diverse in external morphology. The defensive mechanisms

of both shelled and shell-less genera of this order are compared, and

it can be seen that Stiliger and Berthelinia represent two extreme

types; the first with no shell and well developed ceratal defensive
mechanisms, and the second with a Lair of bivalved shells completely
enclosing the body, and no cerata.

Chapter 3 is an introductory section to the Nudibranchia.
It discusses the radiation into a number of distinct types that has
occurred in this order, particularly the evolution along several inde-
pendent lines of the eolidiform condition. The defensive mechanisms
of the Dendronotacea and the Arminacea are summarised, but our know-
ledge of these groups is very incomplete.

Chapter 4 describes the defensive mechanisms of the Doridacea,

and includes work on acid secretion in Anisodoris and Discodoris.

There is, however, little direct evidence of the defensive nature of
most of the mechanisms discussed in this chapter.

Chapter 5 discusses the defensive mechanisms of the Lolidacea,
and describes how the different mechanisms are utilised to a varying
extent in different species. 1In some eolids nematocysts are important
in defence, in others glands are, and in yet others both nematocysts

and glands are equally important. In the Eubranchidase and the



Cuthonidse the defensive glands are well developed and some of them
are muscle-operated.

shapter 6 summarises our knowledge of predatio: in nudibranchs.
Very little is known, but it is likely that most nudibranchs are un-
palatable to most species of fish.

General conclusions are presented in Chapter 7. It is shown
that many nudibranchs have several lines of defence, and that some
defensive mechanisms are probably directed towards specific predators.
Attention is drawn to the fact that parallel evolution has occurred
in the naked opisthobranchs with respect to several characters, one
of which is the eolidiform condition. It is concluded that the
eolidiform condition is one which concentrates the defensive mechanisms
of the mollusc into the cerata, and that the possession of cerata has

been responsible at least in part for the success of these animals.
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Chapter 2
DEFENSIVE ADAPTATIONS OF THE SACOGLOSSA

Introduction to the Sacoglossa

The most important taxonomic character shered by the
different geners of the Sacoglossa is the presence of a force-
pump mechanism for piercing and sucking algae. This mechanism
includes a muscular, suctorial pharynx, and dagger-shaped radular
teeth. The shape of the pharynx and its mode of action has prob-
ably evolved in each species with respect to one or a few species
of alga. Gascoigne (1956) shows how the pharyngeal morphology in

the genera Limapontia, Acteonia and Alderia varies with the type

of alga preferred by each particular species, and Edmunds (1963,
in the appendix to this thesis) gives evidence that the same ap-

plies to the genus Berthelinis.

Defengive mechanisms of the Sacoglossa

Since there is this close relationship between the saco-
glossan and its food plant, we misht expect the defensive system
of the mollusc to become adapted to the alga, particularly as
regards colour. Thus whilst most sacoglossans are green, and hence

inconspicuous on the green aigae on which they feed, for example

Elysia viridis (iontagu) (Garstang, 1889; Hecht, 1896; Tchang Si,

1931), Hermaea dendritica (Alder and Hancock) (Garstang, 1889;

Evans and Evans), 1917, Lobiger serradifalci (Calcara) (Tchang Si,




1930) and Berthelinia ceribbea Edmunds (personal observation),

other species which feed on none-green algae correspond to their
food in colour. Por example, the red Hermaea bifida (Montagu) has
been recorded from four species of red alga (Griffithsis by Alder
and Hancock, 1845-1855; Renouf, 1935; and Miller, 1961;

Detesseria by Garstang, 1839; Bornetgé by Cornet snd Marche Marchard,

1951; eand Heterosiphonia by Plynonth Marine Faune, 1957), and one or
two unidentified species of brown 8tiliger heve been found on a brown-
ish alga (personal observation), The crypsis is brought about by
the colour of the food plent persisting in the liver of the mollusc
in the cases of Flysia and the Hermasidae, but the green is found
elsevhere in the body of Berthelinjs. Most green mcoglossens would
be eryptic on any green alga, so there is no specific resemblance

to a particular organism as occure in some of the dorid nudibranchs.
These are all examples of a general resemblance in colour. Thus

it would appear that colour is of some importance in the defensive
systems of the Sacoglossa, but since the resemblance is not specific,
it is unlikely to be the only defensive mechanism present.

The defensive mechanisms of the Sacoglossa have not received
the attentlon that hee beer paid to the eolid or the dorid nudi-
branchs, They can be listed under six headings:

1) Cemouflage., This is widespread in the group, but is probably
not universal. Examples have already been given.

2) The Shell. Arthessa has a bulloid shell into whidh it can
retract completely. Lobjger and Oxynok possess smell shells which
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may also be of some protective value. The bivalvedgastropods,
Berthelinia and Julia, possess two shells into which the animal
can retract when it is molested. There can be little doubt that
the bivalved shell is of defensive importance in B.caribbea since
the animal is very sensitive to tactile stimuli, and responds im-
mediately by withdrawing between its valves., After a few seconds,
the valves open slightly, and the animal starts to emerge {Edmunds,
1¢63; and unpublished observations). Whilst retracted, the mollusc

retains a hold on its alga by means of a fine byssus-like thread.

3) Papillae, Species of the Hermaeidae have well developed mobile
dorsal papillae or cerata which can be sutotomised. It is possible
that a predator that attacked a Stiliger would obtain a meal of
cerata whilst the mollusc crawled away unharmed. The missing
cerata can probably be regenerated. Sacoglossan cerata are thus
important in defence, but they may also have a digestive function
in the Hermaeidse, whilst in Alderis they are respiratory (Evans,
1953). Lobiger has four tentacle-like appendages which are also

of defensive importance although they do not contain branches of
the liver and are hence not similar to the cecrata of the Hermaeidae.
Tchang Si (1930; 1931) describes how they are moved when the animal

is irritated, and how they may be autotomised.

4) Glands. Subepidermal glands which are probably defensive have
been described from Elysia and Hermaea by Hecht (1896). Hecht
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believes that H.bifida has a protective smell of hydrogen sulphide,
but this has not been confirmed. In H.dendritica, there are appar-
ently two types of subepidermal gland, one of which is blackened
with osmium fixatives. Defensive glands are concentrated in the
cerata where these are present (for example, in Hermaea). In
Berthelinia, the hypobranchial gland is of defensive importance.
When the animal is violently irritated, it exudes a viscous white
fluid from the hypobranchial gland (Burn, 1960; Edmunds, 1963).
Some of the gland cells contain mucus, but others are responsible
for the white threads which disperse graduslly in the water. Muscles
run between the gland cells in B.caribbea, and presumably these are

responsible for exudation (Fig.l).

5) Leathery skin. Evans (1953) describes how the skin of Alderia

modesta (Loven) is tough, and bound to the underlying viscera like
the skin of a leech. This is probably an adaptation to prevent
desiccation, but it may protect the animal from some predators as

well.

6) Unpalatability. Thompson (1960,b) found that Elysia viridis is
unpalatable to some species of fish. Inedibility may thus be an

important defensive adaptation.

Defensive systems of shelled and shell-less species

There is a series of forms in the Sacoglossa from the bulloid

Arthessa through Oxynob and Lobiger with reduced shells, to the
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nudibranch species on the one hand, and to the bivalved gastro-

pods on the other. The defensive systems of sacoglossans are not
well known., In this section I shall attempt to describe and com-
pare the defensive systems of three species of sacoglossan. All

are found on the alga Caulerpa.

Lobiger serradifalci (Calcara).

In Lobiger, thé shell only protects the mantle region of
the body, but the mollusc is also protected by its colour and by
the possession of mobile and detachable appendages (Tcheng Si,
1930; 1931). It is not known if glsndular secretions are important
in defehce. Colour change according to background has been reported

from Lobiger viridis (Hornell, 1922) but has not been recorded in

L.serradifalci.

Berthelinia caribbea Edmunds.

Berthelinia caribbea is difficult to detect on Caulerpa
because it is camouflaged and because it often rests deep amongst
the branches of the alga. The bivalved shell can completely en-
close the animal except for a small opening at the posterior end -
the anal siphon (Edmunds, 1963, appendix to this thesis). One might
expect that with a bivalved shell, other defensive mechanisms would

be unnecessary, and would be poorly developed or absent. But this
is evidently not the case in Berthelinia since violent disturbance,

such as when some object is inserted between the valves preventing
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their closure, elicits the response of a copious secretion of a

viscous white fluid from the hypobranchial gland. The fact that
the gland cells have muscle fibrils round them for rapid and ef-
ficient exudation suggests that glandular secretion is important
in defence in Berthelinia, but there is no direct evidence that

this in any way deters potential predators.

Stiliger wvanellus Marcus

A single specimen of this species was found with Berthe-

linia caribbea on the green alga Caulerpa verticillata Agardh grow-

ing in the mangrove swamps at Port Royal, Jamaica. Although the

body of the living animal is silvery-grey with crean, black, greenish
brown snd crimson markings on it, the animal is inconspicuous to the
humen eye because of its small size., The living animal was only

3.5 mm. long, with the rhinophores and the largest cerata reaching 1 mm.
On Caulerpa, however, C.vanellus is certainly not camouflaged. Violent
disturbance results in autotomy of cerata, as in other species of
Stiliger (personal observation of two undescribed species). On two
occasions when the animal was prodied with forceps, large, white,
subepidermal glands in the cerata were seen to eject their contents

as a cloud of discrete droplets which disperse in the water after a

few minutes. Each gland exuded a single large white droplet., Similar

white glands can be seen in the living animal on the rhinophores, the
foot, and the back. Since they are exuded when the animal is violently

disturbed, it is reasonable to suppose that they are defensive in
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function, The white glands can be seen most easily at the tips
of the cerata where there is no black pigment. They may also

occur all over the cerata, but the epidermal black pigment obscures
them,

The animal was fixed in Heidenhain's "Susa", and sections
in paraffin were cut at 6p; The cerata have an epidermis about 3p
in thickness, with a cuticle of about O.5p. In young cerata the
epidermal nuclei are almost spherical; but in iarger cerata, where
the epidermis is apparently somewhat stretche¢, the nuclei sare
oblong and 4 - 5p long. The epidermis is packed with pigment
granules of about 0,5p in diameter, and over much of the ceratal
surface the nuclei are completely obscured by them (Figs., 6 and 7).
The ceras tip has many fewer pigment granules, and since the tip is
the only part that is not blackish-green in life, these granules
would appear to be responsible for the blackish-green colouration.
Scattered cells in the epidermis are ciliatec, and these have few
or no pigment granules. In the fixed animal, the black colour is
preserved; but in vivo there are many minute vhitish or transparent
specks in the black of the cerata. These are probably the ciliated
cells which lack pigment. No =pidermal glands were detected.

The bulk of the ceras (Figs. 2 and 3) is filled up with a
loose connective tissue in which are three types of gland., In the
centre of the ceras is a diverticulum of the liver which is some-

what lobed, but does not reach to the tip of the ceras as it does
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in the eolid nudibranchs, Thecerata are mobile, and their shape
varies in the living animal. The muscles that bring about con-
traction of the eerata are large longitudinal ones passing from
halfway up the ceras down into the body of the animal. They are

5p in diameter, and the nuclei, 10 - 12n long, lie inside the con-
tractile cylinder. The only other muscles detected in the cerata
with Masson's trichrome are small fibrils in the re-ion of 0.5n
diameter which appear to be associated with large mucous glands
(Figs. 5 and 7). These glands are unicellular, with an elongated
nucleus up to 1lOp long compressed at the side of the cell, The
secretion, which completely fills the rest of the cell, is strongly
positive to PAS and weakly positive to dislysed iron, so is probably
an acid mucopolysaccharide. The size of the gland varies with the
size of the ceras, but a large ceras (0.5 mm. long in fixed sec-
tions) has mucous glands near its tip which may reach é5p in length.
When one of these%lands is cut obliquely through its margin, the
fine muscle fibrils mentioned above can be seen., They seem to be
arranged irregularly round the mucous glands, but usually closely
invest them in a fine sheath.

The other two types of gland are the granular and the non-
granular glands. The granular glands (Figs. 4, 5 and 7) are up to
34p in length, with a small basal nucleus of about 6p. There is a
duct through the epidermis for discharge. With :iasson's trichrome,

the contents of these glands may be lightly stained with xylidéne
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.red and completely filling the cell, or deeply staining and slightly
pulled away from the well of the cell as a2 large globule. They are

negative to the P.A.S, test and to Hale's dialysed iron, and so do
not contain mucopolysaccharides, With Sakaguchi's test for arginine,
they are strongly positive, and the chief constituent of them thus
appears to be protein,

The non-granular glands, when mature, are up to 33p long, with
a slightly oblong basal nucleus of about 9p in length. Residual cyto-
plasm is present round the nucleus and extending up towards the ori-
fice of the gland as a thin layer close to the wall (PFigs. 4, 6, and
7). The rest of the gland appears empty in "Susa' preparations apart
from a residue of material which is weakly basophilic - it takes up
green with Masson's trichrome. This residue is negative to dialysed
iron, and only weakly positive to P.A.S., so if mucopolysaccharides
are present, they must be neutral and not acidic (Pearse, 1960;
Casselman, 1959). Proteins appear to be absent from the residue
(Sakaguchi's test), but are present in the cytoplasm. Young non-
granular glands lie deeper (Fig.7) and have as yet no duct to the
epidermis. The granular cytoplasm completely fills the cell, and
the “u diameter nucleus is spherical. There is no central cavity,
and no basophilic residue. A 4p nucleolus is present in young and
mature glands which is positive to Sakeguchi's test for arginine.
Intermediate stages develop a small cavity and residue, and the

nucleus gradually becomes more elongete. Young glands are easiest
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to find in young cerata, and are absent in large cerata, indi-
cating that in the oldest cerata they have all become mature.

Both granular and non-granular glands also occur on the
foot of Stiliger, and are more or less as abundant as the white
glands seen in the living animal., Mucous glands are much more
abundant on the foot than are the white glands, and in any case
mucous glands are not usually white in colour. Thus it is not
known whether the white defensive glands of S,vanellus are the
granular or the non-granular glands of fixed preparations. White
glands are often osmiophil, but lack of materlal made it impossible
to check this. Bilirgin-Wyss (1961) reports red, yellow, greem and
blue glands from S.costai, but siich brightly coloured glands were
not observed in S.vanellus.

The granular and the non-granular glands do not appear to
be muscle-operated when examined with an oil immersion lens and
ordinary illumination. But with polarised light, the walls of
both these and the mucous glands can be seen to contain birefrin-
gent fibrils., The mucous gland muscle~fibrils seen with ordinary
illumination are similarly birefringent when viewed under polarised
light, so it is likely that all these types of gland are muscle-
operated. The mucous secretion is probably important in defence
ac well as the white fluld, since mucous glands are well developed
ip the cerata and are muscle-operated. Thus two and probably all

three of the ceratal glands of Stiliger vanellus are involved in

the defensive system of the mollusec.
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Discussion and conclusions

Thus Lobiger serradifalci, Berthelinias caribbea and Stiliger
vanellus each possess two or more defensive mechanisms. No single
mechenism is capable of protecting the mollusc from all of its
predators, not even when a second shell is present. As in the tropi-
cal insects studied by Kettlewell (1959), these molluscs have several
lines of defeice, In Lobiger, the first line is camouflage, but if
the animal is discovered, the sppendages are waved and may be autoto-
mised wheh grabbed by the predator. In Berthelinias, the first line
of defence is again camouflage, but should the mollusc be detected,
it is still protected by its shell, If the shells are forced open,
there is yet a third line of defence in the form of the secretion

of fluid from the hypobranchial gland. Finally, in Stiliger vanellus,

should the fluild from the ceratal glands not deter a predator, the
cerata can be autotomised and left with the predator whilst the mol-
lusc crawls away. Further investigation will probably show that other
sacoglossans have a similar range of defensive mechanisnms.

These results also give an indication of how the nudibranch
condition could have evolved. If the shell of a shelled sacoglossan
feiled to give sufficient protection, selection would favour the en-
largement of other defensive mechanisms which are more effective. These
mechanisms might be papillae or glands, but they would already have been
present in the shelled form. As they enlarged, so selection would

favour the reduction and loss of the shell since then the glands or



papillae could occupy the whole of the dorsal surface of the animal,
This has evidently occurred in the Sacoglossa at least once, and
presumably analogous changes have taken place in the Nudibranchia

and in the other shell-less opisthobranchs.
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Figure 1. Section of hypobreanchisl glend of

Berthelinia ceribbea steined with ilesson's trichrome.

€ey epidermis; g., unicellulsr glend; m., muscle

fivril.






Flgure 2. Cerete of Stiliger vemellus in

longitudinel section, stzired with M:sson's
trichrome. 5e8le, grenular zlend; me;le,

mucous :land;y n.gl., non-.renuler glend,

Figure 3. viegr:m of ceras of Stiliger

venallus in longitudinal section.






flgures 4 end 5. Sections of cer:t: of Stiliger
venellus stzined with i:sson's trichrome. e
epidermis; g.gl., grenuler glend; h.c., hepetic

¢~11; m.gl., mucous gl¢nd; n.gl., non-granular

é-i_',‘l & nd °






Figure 6., ‘ection of ceras of Stiliger venellus

st:ined with Masson's trichrome. c¢.c., ciliated
cell; e., epidermisy g.gl., granuler gl:nd; h.c.,

hepstic cells n.gl., non-granular gl:nd,

Figure 7. Diagrammetic section of cerrs of Stiliger

venellus,
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Chapter 3

DEFENSIVE ADAPTATIONS IN THE OFRDER
NUDIBRANCHIA : INTRODUCTION

The order Nudibranchia contains molluscs of several very
different types. Odhner (1939) classifies them into four sub-
orders: the Eolidacea, Arminacea, Dendronotacea and Doridacea.

This is a considerable advance towards a phylogenetic classifi-
cation compared to the system of Prlseneer (1904), discussed by
Morton (1758), but Thompson (1962) believes that some of Odhner's
suborders may themselves be polyphyletic. The presence of jaws

in the Gnathodoridacea suggest that the Doridacea are derived

from early tritoniid Dendronotacea, but an alternative view is

that they evolved from the Notaspidea. These hypotheses are dis-
cussed by Morton (1958), Marcus and Marcus (1962), an¢ Thompson
(1962). The affinities of the Arminaces and the Eolidacea remain
obscure - they could be related to the Dendronotacea, or they could
equally well be independent derivations from shelled opisthobranchs.

Parallel evolution seems to have occurred in each of the four
suborders of the Nudibranchia (Morton, 1763). The parallel that I
wish to stress here is the eolidiform condition, in which the dorsal
surface of the mollusc is covered with papillae or cerata., I hope
to show that these papillae are of defensive importance and that

they are a highly efficient defensive system. In the Eolidacesa,



each ceras contains a branch of the liver and this opens at the
tip into a sac, the cnidosac, In Chapter 5 I shall describe the
ways in which different species of eolid use the cnidosac and the
nematocysts inside it as a means of defence; here it suffices merely
to mention that the eolid ceratal defensive system may involve
nematocysts, glands, autotomy, colour and behaviour,

Among the Arminacea, both Dirona and Janolus are eolidiform.
The cerata contain branches of the liver, but there is no cnidosac
and no nematocysts. Glands which are probably of defensive importance

occur at the tips of the cerata in Proctonctus mucronifera (Hecht,

1896) and Janolus comis (Marcus, 1958). In both of these species,
special neurosensory cells are associated with the ceras tip. These
presumably have a similar function to the neurosensory cells des-
cribed in Chapter 5 for certain eolids, but they have a very differ-

ent structure. P.mucronifers and J.comis readlly autotomise their

cerata when they are irritated, I have studied J.cristatus at

Plymouth and can confirm that in this species too, cerata are autoto-
mised as a result of prodding the animal with forceps. As in the
eolids, when J.cristatus is prodded, the cerata are waved violently
to and fro, and it is possible that glandular exudation occurs, but
this was not observed,

Some further genera of the Arminacea are doridiform, but I
can find no trace in the literature of their defensive adaptations.

The Dendronotacea are characterised by possessing rhinophores



vhich are retrsctile into turret-like sheaths. Appendages with
the appearance. of gills are often present, for example in Tri-

tonia, Dendrconotus and Melibe, but there is no evidence that they

are actually respirgtory., Probably they facilitate gaseous ex~
change because they give an increased surface area, but are not
primarily respiratory as are the gills of dorids. Defensive glands
are present in these appendages (Agersborg, 1921; Thompson, 1960,b);
and in the pelagic Meljibe and Tethys, these glands are believed to
emit a protective smell (Crossland, 1911; Agersborg, 1521; Tchang
Si, 1931). Crypsis in pelagic Dendronotacea involves transparency
(Agersborg, 1v21). Other genera of this grous possess appendages
which closely resemble eolid cerata. For example, in Doto and
Hgncockia, the cerata contain hepatic branches, and Hecht (1896)
describes epidermal and subepidermal glands in Doto whose function
is probably defensive. 1 have found that prodding several species
of Jamaican Doto results in exudation of white material from epi-
dermal glands of the cerata, and this again suggests a defensive

function. Autotomy of papillae occurs readily in Doteo, Hancockia

and Tethys (Hecht, 1896; Tchang Si, 1031), but regeneration is only
described for Doto. Hancockia even has cnidosacs, but how these
function is not known (Marcus, 1957).

The Doridacea have a pair of rhinophores which are usually
retractile into sockets, a median anus, and a circlet of gills which

are usually retractile into a branchial cavity. Typically, the dorsal
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surface is smooth, or spicular, and without papillae. Defensive

adaptations of these dorids are discussed in Chapter 4. However,

in the nonsuctorisn Polycera and in the goniodorids Ancula and (kenia,
eolidiform dorsal papillae are present. I have found several indi-
viduals of QOkenia impexa in which some of the papillae were missing

or broken off, so in some cases they may be detachable, snd hence of

use in defence. Defensive glands are concentrated in the papillae of
.ncula and Polycera (Herdman and Clubb, 1890; Thompson , 1960,b).

Thus all four suborders of the Nudibranchia have evolved species
possessing dorsal papillae or cerate. Usually these papillae contain
branches of the liver, and in all cases which have been examined care-
fully, glands or nematocysts are present whose function is probably
defensive. Usually, also, the papillae can be autotomised and re-
generated. In Chapter 2 similar papillae were described for the
sacoglossan Stiliger. Thus eolidiform papillae have probably evolved
separately at least five times in shell-less molluscs - once in the
Sacoglossa, and at least once in each of the four suborders of the
Nudibranchia. The original function of these papillae may have been
defensive, respiratory or to increase the absorptive area of the
liver; but clearly the most important function now is that of defence.
It would seem that the eolidiform condition is one in which the de-
fensive system of the mollusc is concentrated in the cerata. Since
a ceratal defensive system is present in so many unrelated nudibranch
molluscs, it would seem likely that it gives very efficient protection

from potential rpredators.
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Chapter 4

DEFENSIVE ADAPTATICNS CI" Til 7 :BRANCHIA:
DORIDACEA

Introduction

Early work on the defensive adaptations of the Doridacea
is described by Garstang (1889) and Herdman 1570), They find that
there are two categories of dorids: forms with smooth or spicular
dorssl surfaces, which are cryptic; and forms with dorsal papillae
tipped with glands, which are not usually camouflaged, .ih:r de-
fensive mechanisms are now known, and these can be listed under
six headings: camouflage, warnin.: colorastion, unpslatability, dorsal
papillae, autotomy and glands., In the first section of this Chapter
the evidence for the defensive importance of each of these sgix
mechanis:s is discussed in turn, but it should be emphasized that
any one species of dorid may possess two or three of these mechanisms.
For example, the defensive systems of most of the eight species of
the Dorididae and the Onchidorididae studied by Thompson (1960,b)
include three mechanisms - crypsis, unpalatability, and defensive glands,

The only other comprehensive study of the defensive system of a dorid

nudibranch is that of Crosier (1916; 1917) for Chromodoris zebra.

The second section of this Chapter describes work on one of these

defensive mechanisms, acid secretica, and suggests how it may have

evolved in dorids,
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Section 1: Defensive mechanisms in the Doridacea

1) Camouflage

It is probably true that most of the Dorididae and the
Onchidorididae are cryptic in colour and texture, but the best known
examples belong to the genera Archidoris and “.ostan:a. References
to crypsis in other genera can be found in the papers of Garstang
(1885), Herdman (1890), and Thompson (1960,b). Many of these dorids
are normally found associated with the sponges on which they feed,
but their resemblance to a sponge is so close that even when they
are crawling slowly on a bare rock they may derive some proteciion.
In some cases the resemblance may be of this general type, for ex-
ample, in the Onchidorididae which feed principally on Polyzoa
(siller, 1961); but other dorids have a specific resemblance to
one particular type of sponge., In such a case the sockets for the
cills and the rhinophores may resemble the oscule of the spong-,
and the spicular texture of the dorid may be almost identicsl with
that of the sponge. The behaviour of dorids is of the type one would
expect to find in cryptic animals (Thompsecn, 1960,b). They are slow-
moving, snd when disturbed the rhinophores and gills are retracted
whilst the animal remeins motionless exposing the spicular and
glandular notum.

Lostanga pulchra MacFarland is usually found on the sponge

Cplitaspongia pennata Lambe which it resembles in colour and texture

{Cook, 1962). Cook shows that R,pulchra finds O.pennsta by che-o-

taxis in the laboratory, end prefers this species of sponge to four



other sponges tested. Cook reports it, in nature, from four other

species of red sponge, but there is no evidence that it was feeding

on them, and in =ny case thes~ may have represented second choices

in the absence of U,cenn=t:, Similarly, E.rufescens Iredale and .

O'Donoghue is usually found on the sponge Microciona atrasanguinea

Bowerbank to which it bears a close resemblance (Garstang, 17:7;
Hecht, 189%; Plymouth Marine Fauna, 1757; personal observation),

but it is occasionally found on another red sponze ({:2litasongis

seriata (Grant) /Colgan, 1°11; Yonge, 1749). Archidoris tuberculata

Cuvier is often found on its principsl food Halichondria panices

(Pallas) (Giard, 1888; Garstang, 188°; Herdman, 1890; Plymouth
Marine Fauna, 1957), but it is also found away from this snonge.

"L red form of :.tuberculata (var.flammea Alder and Hancock) is

usually found on red sponges, but this, too, is not invariable
(Fisher, 1534). Coor (1962) shows that the closely relatec form
A.montereyensis (Cooper) feeds on H.paniceg in the laboratory when
given a choice of five species of cponge, but that it does not finc

H.panicea by chemotaxis. In my experience, i,tuberculats is much

more frequently found away from its preferred food than is R.rufescens,
and it is likely that this is because it must spend much more tive
sexzrchin; for its food than P.rufescens since it lacks a chemotactic
food sense.

We can conclude that species of the Dorididae and the Onchi-

dorididae are often cryptic to the human eye in their nstural s.r-

roundings, especially when on their preferred food. They are probably

26
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also cryptic to predators, but there is no evidence for this. In
the case of the sponge-feeding Dorididae, thes may be guided to

their preferred food by chemotaxis.

2). VWarning Coloration

Although most dorids sre dully coloured and may be cryptic,
genera from four fa-ilies have species which are often brilliantly
coloured, It has been suggested that these are cases of warning
coloration, and I shall therefore consider them in some detail.
Hecht (1896) supposes that Triopa clavigera l4iller) and 2glycera

guzdrilineata (Mitller) possess warning coloratior, and Crossland

(1711) believes thnt species of Chromodoris are aposematically

coloured. Thompson (1960,b) has recently studied the brightly col-

oured P,quadrilineata, Both this species and Ancule cristata (ilcer)

studied by Herdman and Clubb (1£90) are conspicuous in their natural
surroundings, and their behaviour when disturbed is to retract the
rhiiicohores and gills, but to erect the dorsal papillae, These
pa>illae contain z1l:nds (Herdman and Clubb, 1890) that =re probably
of defensive importance. However, "homnson stresses that there are
ingufiicient grouncs for regarding this as warning coloration., Iin
cases of true warning colcration, the predatur must le-rn to asso-
ciate inedibility with colour. Ther~ is no evidence th~t any pre-
datcr of these animals is capable of this type of behaviour, and
witlout it, selection would clearly not favour the evolution of

conspicuous recognition marks. another possible function of these
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bright colours is discussed by Garstang (1889), with reference to

eolid colours. He suggests that bright colours on the papillae may

direct attack towerds the expendible processes and divert it away

from the vulnerable body. This mey be the case in Zolyc-r- gquadri-

lineata, Ancula cristata, and Triopas clavizera, but it cannot be so

for Polycera elegans (Bergh) and for the chromodori-s because they

lack dorsal papillae. P.elegans can be exceedingly conspicuous
‘Edmunds, 1¢A1 - cre acpendix) but may not be so in its normal habitat.
It is unknown whether or not it has any defensive glands.

The chromodorids are well known for their brilliant colours,
and Crossland (1911) provides some evidence for warning coloration

in C.reticulata "ease, Crossland fed various soecies of fish on tre

viscera of other fish and on the mollusc Margaritifera which had been

preserved in formalin, These were reacily eaten, but when =pecirnens
of C.reticulata and {.diardii were offered, they were refused, and
vere rarely even tasted. Crossland could find no repugnant s ell,
and concludes that this is a ces. of warning coloration. However,
although Crosslend describes L.rciliculata as being conspicuous, lliot
(1¢1) finds it to be inconspicuous under normal circumstances since
it prcfers to live under stones. Crogier (1¢1¢) doub*s whether warn-

ing coloration does in fact occur in chromodorids. He finds that

C.zebra 1s conspicuous, but not normally eaten by fish. But he is

—-— ot - em—

also able to show that it is not colour that causes recjection, since
red stained specimens are avoided just zs are the normal blue ones.

Inste-d, he belicves that rejection is due to an unpleasant snell.
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In Crozier's view, the bright colours of Chromodorig are immunity

colours - colours that have arisen by chance as a result of selec-
tion acting on interna. characters. .3y own experience is that the

chromodorids Cadlina sp. and Glossodoris neona sarcus from Jamaica

are coasoicuoic, but lack of an abundant supply of material rendered
a thorongh inves!igation impossible.

There is, therefui., insufficient eviuciuce to ccaclude that
warning coloration occurs in the .Joridacea. The coloured papillse
of Tolycera and Ancula may be deflection uarks, but the si aificance
o1 the bright colours of the chromodorids is still not l.nown, There
is some evidence that it is aposematic, but there is also the
suggestion of Crozier that it is of no selective importance at ali.

3) Unpslatsbility

The work of Crossland (1911), Crozier (191%4) and .nhomgson
(1$60,a and b) has elready been referred to. They hsve shown that
many dorids are not eaten by several species of fish, and may there-
fore be described as inedible, Inedibility ic a relative term except
in ihc case of powerful poisons, anc lhompson found that damaged
specimens are sometimes eaten. Further examples of this are given
in Chapter 6,

4) Pa e
Mobile dorsal papillae occur in scveral genera of dorids, for

example Polycera, iriops, Aacul: an Ukenisz., These papillae usually

contain glands whose function is probably defensive. They have been
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discussed in Chapter 3 and a!so in section 2 of this Cl.apter, so
here I shall merely summsrize these conclusions. The behaviour of
dorids with papillae when they are 6istﬁrbed is to erect the papillae.
"his probably directs attacks away from the head and body and tow:-rds
the -landular papillse. The papillae #ve probably the most repellent
part of ‘he mollusc sirce they contain a high concentration of =up-
posedly defensive glands, but this has not bren thoro.zhly invest.-
gated.

Many other dorids possess » second type of appendage on the
dorsal surface. Labbé (1929; 1933) describes these papillae which

he calls ceryophyllidia, They o«cur in Rostanga, Acanthodoris and

Jorunna. Each caryophyllidium consists of a ring of long scicules
standiing almost vertically up from the notum in the centre of which
is a depression containing a button. The button contains gland
cells and sense cells, and a large nerve passes from the button
down the stem of the caryophyllidium. Labbé recnrrs thece papillae
as being sensory in function. He sugeests that they m=y detect
light or heat, but offers no evidence for these ideas., I have ex-

amined a specimen of Logstanga rufesceng and can confirm Labbé“s

degcription of the caryonhyllidia of this species which form a close
pelt over the dorssl surface, almost completely obscuring the notum
itself. I have not been able to study the living animal, but it
would seem likely that caryophyllidia are of defensive importance,

The central nerve could have a motor as well as, or instead of, g
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sensory function, and the glands could be of use in defence,
Labbe regards the tubercles and papillae of other dorids as being

of a different nature to caryophyllidia, but Marcus (1958) shows
thet the small non-spicular pads of epithelial cells of Cadling
ere probubly of the same nature as the papillae of Rostanga.

Thus it is possible th:t the caryophyllidia cf certain doridis are
of defensive importance, but there is as yet no convincing evi-

dence,of this.

5) Autotomy
Autotomy of papillse when they are grabbed by a predstor

or on severe disturbance is well known for eolid and certain other
nudibranchs (see Chapter 3). It has not to my knowledge been re-
corded for’the papillae of any dorid nudibrsnch, but it may occur,
Autotomy of the mantle edge is, however, well known for a number
of species, particularly amongst the Discodoridinse. Marcus (1955)

describes it for Discodoris evelinae Marcus, and gives references to

its occurrence in other spécies of Discodoris., I have observed it
myself in an unidentified species of Discodoris in Jamaica, Autotomy
of the mantle edge is probably of defensive value since it may mean
that a potential predator is satisfied with a small portion of the

mollusc whilst the otherwise intact animal orawls awsy.

6) Glands
Glandular secretions are probably important in the defensive

systems of most species of dorid. Mucous glands ocour scatiered
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over the dorssl surface of many speciec, and these may play some
part in defence as well as performing a cleansin; and lubricating
function. Non-mucous glands which are probzt:ly defensive are

described by Thompson (1%J,b). 1In scuriiodorls piloss { Hller),

these glans are epidermws!, but i Onchidoris pusilla (Alder and

Hancock) they are subepidermal., Bsba (1937) describes glands

from Ckadais elegans Baba which appesr to exude a grenular fluid,

and these could be defensive. Crozier (1917) describes the cefen-

sive glands of Chromodoris zebra. These occur on the ventral sur-

face of the mantle and are subepidermal. He describes a pore and

a sphincter to each gland, but these are not figured. Crozier finds
that if C.zebra is disturbed, it erects the mantle edge and secretes
an oily white fluid fron th-se glends, This flnid cen be secreted
from most of the mantle surface, but is especially concentrated in
these glands. He also finds that whilst the internal parts of the
anims1l are pelatable to fish, the glanduiar mantle edge is not
palatable (Crozier, 1916). This is fairly convincins evideuce

of the defensive value of the glarcs, However, 1 have failed to
elicit exudation frow similasr glands in two Jsmaicar chromodorids,

v2. lina sp, anc Glossodoris neona, so it may be thet a very viclent

stimulus is necessary before exudation resultis.

I have found two other types of glandular secretion which
may be of defensive importance. The first is based on a single
observation, and may have no defensive function at all. One indi-

vidual of a species of Dendrodoris exuded a cloud of granular white
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material from the branchial glands when it was prodded with forceps.

But this was not reneatable either on the same individual or on
another one, so requirec confirmstion before we can record it as
definitely of cdefensive i:portance. The second glandular secretion
is an acid of a low pH, and since this hsc not been recorded before
from a dorid nudibranch, it i:c described in greater detail in section

2 o this chapter.

Section 2 3 Acid secretion in dor-d ... .branchs

Occurrence of ccid secretion in the NMollusca

Defensive acic secretion is known to occur in a variety of
opisthobranch and urosobranch molluscs. It is first described by

Garstang (1890) for the opisthobranch Pleurobranchus membranaceus

(Montagu). Thompson and Slinn (1°59) confirm this and find that

the acid is of pH 1. It is apparently secreted from the cells of

the mantle, ac well as fro: a secific acid-gland. ihumrson (1960,a;
describes defensive acid secretion from four other species of mollusc;

Serthella plumula iiontagu), Fulline quadripartita Ascenius, Lamel-

loria perspicua (L.), and Velutina velutina {#:1l=r). 1In all cases

the acicdity, measured on the surface of the animel, is pH 1 or lower.

Trivia arctica (Montsgu) and ''.monacha (da Costa) secrete a fluid

of stronger acidity than pH 2 (Thompson, 1961), and I have myself

detected secretion of a similar fluid from the .aribbeen cowrie

Cyoraea ¢.urca acicularis Gmelin. Thus acid secretion is known

from the Pleurobranchidae and th- Philinidae amongst the ojistho-

branchs, anc from the Lamellariidae and the Cypraeidae amongst the



prosobreanchs., In this section I sh:11 describe acid secretion from

yct another fz1ily, the nudibranchiate Dorididae.

Material and ..ethouds

The material used in this investigation was collected at
Port loyal, Jamaica, between October 1961 and March 1962. Tests
for acid secretion were performed using BDH indicator paper aolied
to the surfece of the animal immediately after removal from water.
Sulphate was tested for using barium chloride with the arimal placed
in an isotonic saline solution, Parte of the mantle of the dorids
were fixed in Heidenhain's "Susa", and in Lewitsky-saline. Stain-
ing techniques used include those of Masson and fallory; also
safranin and light green, and ciclysccd iron. Some histological
detail was lost, however, due to carbon dioxide liberated from the

svicules by the fixative.

Identification of Material

During the course of this investigation four individual
dorids which secreted acid were found, three at Port Royal, and
one at "lymouth. Unfortunately I have only been able to identify

the British Anisodoris stellifera and one of the Jomaicandorids

with certainty; this latter is Discudoris nusse Marcus. Since

the identlity of the other animals is in doubt, I shall describe
my specimen of D.pusae, and compare it with the original description
of darcus (1955),

Marcus's descriotion of D.pusae is based on an examination
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of 1?2 individuals from Brazil. The size, in life, is up to 35 x 20 mm.
with the foot projectin; from the notum when crawling. The colour is
light orange with irre;.2l:r brown blotches on the tuberculate notum
and superficial light granules givin; the animal a whitich hue.
The undersicde is pasler, and is without spots. Cutaneous glands on
the notum have spicules concentrated round their openings, and in
sone snecimens the openings are marked with dark pigment., The
border of the branchial cavity is smooth; that of the rhkinophorial
grooves is lobulate. The rhinophores have a lon; shaft and 15 to
2?0 slantin: perfoliations. The orsl tentacles are not :rocove<d, and
the Lilabiate foot is notched in 811 but one specimen., The cuticle
of the lips bears 20 - £7;: high rodlets vhich srise from basal pits.
The radular formula is 21-25 x 8-12, 27, 0 , 27 , 8-12,

The specimen which I have icentified as [,pucae was found
on 22nd of February 19567, on a buoy at Port Foyal. In life it is
35 x 17 mm, in size, with the tail projecting behind the notum by
about 5 mm. The notum is yellow, but this is largely obscured by
brow-, especially on the low tuicrcles, Therc is blackish brown
on the tail z2nc on the ventrzl surface of the mantle., The notum
is covered with a fine meshwork of whitc lines. The foot is oran:e
yellow, without brown. Cutaneous glands sre marked by brown rings.
The rhinophores have 20 blackish trcun lar-ilne, with white blotches
al the tip. The 8 tripinnaste gills are also bleckish brown, with

white on the anterior ones, The oral tentacles are not grooved,



and the bilabiate foot is notched. “hs labial cuticle and the
radular teeth are identicael with the figures of Marcus, and the

radular formula is 23 x 11-13 . 27 . 0 . 27 . 11-13., The olcdest
row has only 14 instead of 27 lateral teeth. Some of the first
lateral teeth have a small projection as described by Marcus, but
rather less well developed.

It can be seen that my specimen agrees in almost every par-

ticular with the description of the type material of Discodoris

usae, and there can be no doubt as to the certainty of the + .en-
tification,

The second acid-secreting dorid was found under a stone
in shallow water at Port Roysl on 28th January, 1962, In life it
is 12 x 5 mm, with the tail just projecting when crawling. The
notum is basically grey, but this is lgrgely obscured by brick-red
pigment except at the mantle edge and the rhinophore bases. The
notal tubercles are sometimes tipped with white, and there are fine
white lines all over the notwa as in the typical D.-issze. There
are 12 lamellae to the rhinochores, which are white with red-brown
dots., There are 6 bi- or occasionally tri-pinnate gills, and these
too are white with red-brown dots. The rhinophorial pit is tuber-
culate, but the branchial »it is not, just as in D._us:-. The anal
papilla has » white ring round it. The labial cuticle and the
radular teeth rcsemble those of _.jusae, but the formula is only

13 x10 .11 .92 .11 , 10 . This low count does not necessarily
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imply that this animal is distinct from D, , since the oldest

teeth of the Jamaican D.ous-e described above have only 14 laterals.
It ie not imorobable that & 12 mm. slug with 11 lateral teeth might
grow to a 35 mm., slug with 27 l=teral teeth, It 1is clear from this

description that t.is 12 m~, slug could also be Discodoris puesc;

it differs from typical pusae in colour, which varies anyway in
most dorids, and in the structure of the gills. However, this
animal readily sheds the mantle edge when disturbed, as coes b,
evelinae Marcus (arcus, 1,55). tarcus does not describe this for
' ,pusae, nor did I observe it with the D,pusac just described.
Certainly if this is not D.pusae, it is a v'ry closely related
species.

The thir? acid-secreting dorid f om Port Royal was found
70' down on the coral reef by Dr I.Goodbody on &th October, 1761.
In life it is 8 mm. lo.a;, and the colour is brick-red as in the
second dorid described above. There are scettered white dots, and
three pairs of tuberc.es on the back are rrominent with white tips
and bases and brown in between. The white tipped brown rhinophores
have 12 lamellae, and the & gills are uni~ or occasionally bi-yinnate,
The front two are brown with white tips, the others are rufous. ‘he
radular formula is 17 x 10-13 , ¢ . 0 . ¢ . 10-13. The lateral
teeth are finely serrate, unlike those of | .pusae. The labial
cuticle is similar to tret in D,pusae. This animal thus has a
different type of radular tooth from D.pusse., This is not in itself

sufficient grounds for supposing it to be a different speci.es, but,



as I shall describe later, it also lacks the lorge cutaneous glands
of D.pusae. This animal must therefore remain unidentified, but

it certainly belongs to the Discodoridinse.

The fourth acid secreting cdorid is Aniscdoris stellifera
(Vayssiére), of which a single specimen w=8 found at Plymouth on
20th April, 1961. In life it is 51 mm, long, and in both colour
and size it agrees with the descrintion _iven by U“liot (1710), of

L.stellifera, and differs from that of Geitodoris »l-nat- (Alder

and Hancock). The radula, too, is that of st:1llifers, and differs

from Gcitodorig in lacking marginal teeth, The formula is 24 x 38 ,

0 . 38, but there may be a few more lateral teeth per row in the
youngest row. “ruvot-Fol (1954) gives a formula of 30 x 45 . O . 45,
and Zliot yives this as a maximum, There can thus be little doubt

that this animal is Anisodoris stellifera.

scid secreticn of living specimens

All four animals were tested for acid secretion by removing
them from water and applying BDH indicator paper to the mantle, All
four showed an immediate reaction of pH 2. They may have been even
more acid, but the paper used does not: e ister berLow »H 2. In
A.stellifera, I also used another indicator paper which registers
to pH 1 (checked by comparison with 10% HCl), and in this s»ecies
at least, the acid is of pH 1. In all animals, acid secretion occurs
from the dorsal and ventral surfaces of the mantle, but does not occur

from the foot. The large D.pusae even registered an aciditv of pH 2



under watér, when roughly stimulatec, so either the acid is of a
much lower pH, or it is not rapidly disversec and diluted by sea
water,

After D.pusae was blotted dry and placed in isotonic sz2liae
solution, barium chloride ejected from a pipette close to the animal
A1id not give a nrecioitate; but when the animal was prodded, an
immediate precivitste formed. This strongly suggests that sulphate
ions are released by the animal. Né other inorganic ions would give
a precipitate under these conditions, and few organic acids would
give a pH of 1 or 2, Fontaine (1¢61) found acid mucopolysaccharic:s

of pH 1 in Ophiocomina ni.ra Abildgaar:, so the possibility of this

being an acid mucin cannot be eliminated. An attempt was made to
fix the acld in situ by narcotising this animal in MgCl, and BaCl,,
but there is no trace in such material, fixed with either "Susa" or
Lewitsky~saline, of crv-tals of barium sulphate. It is possible
that the sphincter muscles described below would prevent entry of
the barium ions, and so a »recipitate only forms when acid is re-

leased into th- water.

Histolosy of the acic rl=ncs

Thomnson and S1'nn (1959) and Thompson (1960,a) describe the
characteristic enpty appearence of the acid secreting tissues of the
gastropods they studied, The acid sulphated mucopolysaccharide des~
cribed by Fontains /1961) stains with the usual muciﬁ stains. In

both D._usae and A.stellifers, the histology of the mantle edge is
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identical. In the epidernic there is a sin le type of mucous
glané (Fig,12) which resembles the mucous glands of other nudi-
branch molluscs, and presumably has a lubricative function. The
non-mucous epidermal cells are not particularly empt;- in s-ctions,
but are vacuolar. It is possible that they secr-te acid, but I
have no evidence for this. 1In the subepidermal parts of the mantle;
however, there are numerous large glands of an empty appearance,
These open on the dorsal surface of the animal by small pores‘(see
Figs. 3, 9). Each :land is up to 1 mm, in length in fixed prepar-
ations, and is surrounded by a layer of non-spicular connective
tissue. This probably acts as a comoensatory device accorcding to
the stat: of secretion of the large glands. If they are full of
liquid, there is 1little of this loose connective tissue; but if they
are empty, then intercellular fluid probably flows in and fills up
this area of loose connective tigsue. The wall of these glands is
composed of a layer of squamous epithelium (sée 1. .1?), and this
is invested with a thin muscular sheet. The muscle fibrils run in
many directions round the glands, and presumably their contraction
expels liquid from the orifice which is less than 50u in diameter.
s»t the orifice ¢f the gland there is a prominent plug of mucous
gland cells Fiss, 10, 11, 17, 13) similar in staining reactions
to the mucous glands of the epidermis. The duct which leads from
this plug to the surface of the body has = secon’ concentration of

glands along its length; but between the two, the epidermis is very



low, and is constricted by 10 or 15 circular muscle fibrils which

act as a s-hincter. Presumably, in life, the snhincter prevents
leakage of fluid from the gland except under certain conditions when
it can be violently expelled by contraction of the muscles in the
gland wall,

In two cases in D,nucc I have founc small glands of exactly
the same structure as the larg+ ones just described, which open into
the ducts of these large glands (see Fig.12). They are only 30 to
£2 p in length, but heve muscle fibrils and a snall sphincter just
s do the large glands. It is thus possible that these glands are
formed by invagination of the epicdermis, and that new ones may
repyularly bud off from mature ones.

It is difficult to .ot direct evidence as to the function
of these subepicermal glands. Their hichly developed musculature

and the councentration of mucous glands at their orifices suggests
trat they have some i-portant secretory function. But the curious
nature of the erithelium is unlike that of most glands. They could
be for storage of some secretion produced by th- mucous glands cf the
plug, but if this were so, one would expect to find the glands to be
full of mucus in a fixed preparation, and this is not the case. The
only reasonable alternative is that they are acid gla:ds, and that
the squsmous epithelium secretes acid. This hypothesis would account
for the musculature and the sphincter to re:ulate the flow of -~cid

’

and [or the mucous glands which no doubt give the acid a viscous



medium so that it is not rapidly dispersed and diluted in the sea.

In a.stellifera I trcated an excised piece of mantle with liquid

BDH wide-range indicator. Almost immediately, the inner surface of
the mantle registered pH ” in scattered blobs in the dermis. These

blobs are clearly the glands just described.
There can thus be little doubt that the lsr.e, subepidermal

¢lands of iccuiuri: osusase and of Anisodoris stellifera are re:-

ponsible for the production of acid, and that one of the constit-
uents of this acid is sulphuric acid.
The picture with respect to the other dorids ic less clear.
The 12 n:. =lur which sh-ds its mentle siirt in defence was not

sectioned, but it certainly bvelo.; s to the renus Discodoris. The

8 mm. slug with the finely serrate lateral teceth is closely related

to Discodoris, but may belon' to another cecnusz, Nevertheless, we

should expect to find in it the same histologic-1l features that are
present in the two acid secreting speciec already described. ‘he
animal is fixed in "Susa", and although the fine detail of the e i-
dernie is lost due to the bubblin; of carbon dioxide, there can be
no cdoubt tizt large subepider=sl glands are totally absent. The

acic -ust therefore be secreted from the epidermal cells.

Discussion

The occurrence of acid secretion from the epidermis of one
species of dorid s:ygests that this may be true also for D, nsac

and t.ci-llilers. DBut in these species, the chief source of acid
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is undoubtedly the subepidermsl glands, ss the experiment with BDH

indicator on A,stellifers proves. These fscte do, however, suggest
how such complex glands may have evolved :

1. Originelly, acid secretion wes probebly confined to certein
epidermal cells. It mey have been in the form of some acid muco-
polysaccharide, but later the secretory product wes modified to
simple inorganic acids. Mucopolysacchsrides are often of defenaive
value in nudibranchs, and an scid component would no doubt mske the
secretion more repellent to fish. Bateson (1890) shows that pure
acid is distasteful to fish, so each change in this sequence would
be advantageous.

2. Special acid-secreting areas developed, perhaps in small
depressions of the skin, and thus the scid produced was localised
and hence concentrated. Repid dispersal would be prevented by the
mucus from other glands.

3. The acid pits deepened into large subepidermal glands. Acid
secretion may persist in the ordinary epidermal cells (as is pos-
sible in D.pusae and A.stellifera), but this is trivial compared
to the acid produced by the large glands. Muscles for regulating
the flow of acid developed, and mucous glands concentrated near the
openings of the glends, Each stage in this sequence has some ad-
vantage over the preceding one such that a slug of stage 3 can
secrete & considerable quantity of concentrated scid that will not
readily disperse; but secretion is strictly regulated, and it will

not occur at all unless the animal is violently stimulated.



Taxonomic considerations

Pruvot--ol (1954) places Anisodoris Bergh in the Dorididae

together with Doris Land Archidoris Bergh; whilst the Discodorididae
form a completely separate family. (dhner (193¢), followed by Marcus

(1761), have sen=rate sub~milies of the Dorididee for Archidoris

and Discodoris (the irchidoridinae and the Discodoridinee), and

.nicodoris is placed in the Discodoridinae., Since D.pusae and A.

stellifera both have identical acid glands which are absent Iro-

Archidoris tuberculata (Thompson,l960,b; an? oersonal observation),

this can be used as additional evidence for the close relationship

of Discodoris and Anisodoris. Marcus (1755) likens these glands to

those of Geitodoris patagonica Odhner, so it is possible that this

species too secretes acid.

Conclusions

Defensive aci” secretion has thus evolved at least four times
independently in the Mollusca: in the Lamellariidae and the Cypreeidae,
in the rhilinidae, in the Pleurobranchidae, and in the Dorididae. 1In
the Doridicae, however, it is not widesoresd, =nc occurs in only one
subfamily., Table 2 lists the dorids that hav: been testec¢ for acid
secretion, and illustrates this point.

All of the dorids stucied by Thomvson in Table 2, and also

Ancule cristata ‘Herdman and Clubb, 1890), possess non-micous

defensive glands, but neither of the two acid-secreting dorids

possesses such ~lends, It is clear that in the Doridacea, glands



play an important sart in defence; but whilst some species hav-
evolved acid glands, others have evolved defensive glands of a

different nature.
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Table 2. Distribution of acid secretion in the Doridacea. 76

Underlined species secrete acid
Others do not. References are T = Tyompson, 1960, b; E - this paper

| |
|
|

; Dorididae
| Glossodoridinase

Cadlina Sp .
Glossodoris neona Marcus
Thorunninae

Rostanga rufescens Iredale & E
O'Donoghue
Jorunna tomentosa (Cuvier) T

! Archidoridinae
Archidoris tuberculata Cuvier T

| Discodoridinae
Anigodoris stelliferas (Vayesiere) E

Discodoris nusae Marcus E

5 o

Cryptobranchia

Notodorididae
Aegires punctilucene (d'Orbigny) E

. Fxdoridacea

Polyceridae

tx

Polycerella conyna Marcus

Polycera quadrilineata (0.F.Miiller)
Polycera elegens (Bergh)

Non-suctoria

=1 -3

Onchidorididae

Acanthodoris pilesa (0.F,Milller)

Onchidoris pusilla 'Alder & Hancock)

Onchidoris fusca (0.F.Miller)

Onchidoris muricate (0.F.Miller)

Adalaria proxims (Alder & Hancock)
Goniodoridae

Goniodoris nodosa (Montagu)

Goniodoris castanea Alder & Hancock
Okenia aspersa (Alder & Hancock)

Okenia impexa Marcus

Phanerobranchis

=2 33

Suctoria

= == 3

Porostomats Dendrodorididae
Dendrodoris sp. E




47

Summary

The Doridacea have at least six types of defensive
mechanisms, but any one species has usually two, three or four
in its defensive system., Camouflage is of widespread occurrence,
and involves colour, texture and behaviour. Warning coloration
has not been established, but some brightly coloured pspillae
are probably deflection markings. Meny species are relatively
inedible to fish., Papillae with defensive value are present in
some species, but the function of caryophyllidia is unknown,
Autotomy of the mantle edgaiand acid secretion occur in some of
the Discodoridinae, and non-mucous defensive glands are of wide-
spread occurrence. However, the evidence for the defensive walue
of some of these mechanisms is unconvincing; and much further work
is necessary before we have a comprehensive picture of the defen-

slve mechanisms of the Doridacea.



Figure 8, Section of notum of Discodoris pusae at

right angles to the surface, stained‘with lasson's
tri Chromso 84Coy ecid gl&nd; €ey epidermis; l.c. 9’
loose connective tissue; s., sphincter; s.c., spicular

connective tiessue.

Figure 9. Dizgr:-mmatic section of the gl:nds =t the ecge

of the notum of Discodoris pusze.






Figure 10, section of mouth of ecid glend of

Discodoris pusce passihg through the dischzrge censl.

e., epidermis; 1., lumen of :cid gland; m.gl.,

mucous glends; s., sphincter muscle.






Figure 11, Section of mouth of acid gland of

Discodoris pusese to show the sphincter muscle, this

is the s:me glend ss thrt in “ige 10, but is the
neighbouring section. €.y epidermis; 1., lumen
of acid gle#nd; m.gl., mucous 7lendsy s., sphincter

muscless w., wall of scid gleznd.






Figure 12, viagram to show the structure of the

acid glend of Liscodoris pusae,







Figure 13. Section of mouth of rcid gland of

Inisodoris stellifera pessing through the dischserge

canel. e., @pidermis; 1l., lumen of ccic glend;
mei;:1., mucous glrnds; s., cosition of sphincter

muscle,
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Chapter 5
DEFENSIVE MECHANISMS IN THE EOLIDACEA

INTRODUCTION

More is probably known of the defensive mechanisms of the
eolids than of any of the other three groups of the Nudibranchia.
Despite this, the complete story is not yet known, and resulte in
the past have often been conflicting. There are two statements that
are often made without sufficient evidence, and these I wish to dis-
cuss in some detail. The first is that eolid nudibranchs have warning
coloration; and the second is that they are protected by means of(
nematocysts derived from their prey. I hope to show that there is
no evidence for the first of these statements, and that the second
is true - with certain reservations.

The defensive systems of eolid nudibranchs comprise up to
six mechanisms; colour and behaviour, autotomy, inedibility, epi-
dermal structure, glands, and nematocysts. Each mechanism will be
discussed in turn, and then the interaction of some of these mechan-
isms in the overall defensive systems of different species will be

discussed,

1. COLOUR AND BEHAVIOQUR

Garstang (188¢) and Herdman and Clubb (1890) find that eolids
are not eaten by 2 variety of species of fish, and suggest that the

brilliant colours of many eolids are warning colours. They assume

that the nematocysts in the cerata are responsible for the unpalatability



of the molluscs, and that the brightly coloured cerata divert attacks
avay from the palatable body and towards the unpalatable cerata. The
whole behaviour of the animsl is adapted to directing attacks towards
the cerata, When the animal is disturbed, it contracts the body and
rhinophores whilst the cerata are erected and waved about. Should a
potential predator attem)t to eat such an eolid, it will probably get
a cluster of the easily detached cerata vhilst the body of the animal
remains unharmed. However, there is no evidence at all that any fish
can learn to associate colour with inedibility, and if this does not
occur it is impossible for warning coloration to evolve.

Although Herdman (1890) believes that all eolids posasess
warning coloration, Garstanz and later workers modified his views,
Garstang (1890) finds that Eubranchus exiguus is eryptic, and Hecht
(1896) lists E.exiguus, E.cingulatus, Tergipes despectus and Catriona
foliata as being cryptic on hydroids. I can confirm that all of
these species are often inconspicuous to the human eye on hydroids,

perticularly T.despectus in which the alternating single cerata

closely resemble the hydranths of Leomedea and Qbelia on which it
feeds. No other eolid has alternating single cerata, so this is
almost certainly a case of a specific resemblance of an eolid to its
food. Crypsis on land implies resemblance to & plant or to some
inanimate object, but in these examples, it is a resemblance of one
animal to another animal. Such a resemblance is normally classified
as mimicry, but since the model is motionless and resembles a ter-

restrial plant in habit, it can equally be called crypsis. Hence
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the distinction of Garstang (1890) between the mimicry of Agolidiells
glauca to the anemone Sagartia and the erypsis of E.exiguus to the
hydroid Halecium is not clear, Presumably the first implies that
Aeolidiella resembles & complete anemone whilst E.exiguus resembles
only a part of Halecium, Other examples of mimicry or crypsis are
Calma glaucoides to fish eggs (Hecht, 1896), Aeolidia papillosa to
Sagartia troglodytes (Giard, 1888), Spurilla neapolitana to Apemonia

gulcats (Tchang Si, 1931), and Preguthona peachii to Hydractinis
echinata (Beaumont, 1900). Thus there is evidence that many of the

commoner European eolids are inconspicuous snd cryptic when in their
normal habitat. Warning coloration is supposed to occur in Eubranchus
tricolor and Facelina coronata ‘Hechti, 1896) which are conspicuously
coloured, My observations on these species are too few to be dog-

matic, but F.coronata at Plymouth frequently feeds on Tubularia amd Coryne,

and on both of these it is difficult to detect. Catrions surantia
is another bright red species, very consplcuous on most backgrounds,

but exceedingly well camouflsged on Tubularia on which it is almost

invaerisbly found in my experience,

Colour and behaviour are therefore important in the defensive
gystems of many eolids which are cryptic, but there is no evidence
for the occurrence of warning coloration. Even brightly coloured
species are often cryptic on their preferred food. However, it is
probable that a number of species remain which are often very con-

spicuous: Facelina coronats when not cn Tubularia, for example;
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or Phidiana lynceus, which I found to be very common in Jamaica
and very easy to see., The importance of colour in these species
is not known - it could be warning, or it could be for some other

purpose, but much more evidence is required before we can be certain.

2) AUTOTOMY
As already mentioned, the cerata of eolids are capable of
being autotomised and regenerated. Hecht (1896) found that in some
species, such as Eubranchus exizuus, Catriona foliata and Tergipes
despectus, cerata are very readily autotomised; whilst in others, such

as Aeolidlia pspillosa and Facelina coronata, it occurs only rarely.

My cbservations are similar, snd I have found autotomy to occur very
readily on rough handling, or on pinching (but not pulling) a ceras,
in Catriona aurantia, maus and perca, and in Eubranchus pallidus

and exiguus. But it occurs rarely with rough handling in the
Facelinidee, the Favorinidae and the Aeolidiidee, In these groups
autotomy on pinching a ceras usually occurs readily, but pulling is
required in Dondice occidentalig, and in Aeolidis papillosa breaking

often occurs before sutotomy. Cerata are thus readily shed in the
acleioproct eolids, but less readily in the Cleioprocta. The sig-
nificance of these differences to the animals in nature is not
known, but it may be related to attacks from different types of
predator., Thus for a fish, which takes food into its mouth, tastes
it, then rejects it if it is inedible, cerats which are not readily

autotomised could be an advantage since they protect the soft parts



dorsally, On the other hand, a crab tends to grab its food with

a chela and tear small pieces off it. In this case cerata which
are readily shed could be an advantage since the initial grab might
then merely take off the cerata and leav: the body of the eolid
untouched. As can be seen from Chapter 6, our knowledge of the
predators of eolids is practically nil, so this is pure specu-
lation; but certainly there must be some reason for the differ-

ences between solids with respect to autotomy.

3. UNPALATABILITY

Eolids are not eaten by a variety of species of fish and
invertebrates. This is clearly of defensive importance, It is
more fully discussced in Chapter 6.

4. STRUCTURE OF THE LPIDERMNIS

General

The epidermal histology of eolid nudibranchs is described
in detail by Henneguy (1925). He describes the peculiar vacuolar
cytoplasm, and mentions that several types of mucous gland may be
present in each specles, Th: glands are dealt with in section 5
of this Chapter; this section describes the histology of the non-
glandular epidermal cells,»and how these may be of defensive im=-
portance. To avold repetition, the paragraph on material and

methods applies to both section 4 and section §.
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Material and Methods

The material used in this investigation was collected at
Plymouth, England, and at Port Royal, Jamaica. Specimens for sec-
tioning were narcotised in 1:1 4% MgClo i sea-water, the exact
time depending on the sise of the animel. Heidenhain's "Susa'
and Lewitsky-saline proved the best fixatives for mos!{ species,
but where material was available, Bouin, Zenker, formol-saline
and formol-calcium were also used. Sections were cut at 6u in
52° or 60°C paraffin or in polyester wax. Gelatine embedding was
used for the lipid testas. Maason's trichrome technique proved to
be the most useful histological stain, although Lewitsky-saline
fixed material had first to be decoloured by 10 minutes in acidi-
fied 0.05% KMn0, followed by 5 minutes in 2% oxalic acid and thorough
washing in tap water. The usual counterstains for some of the histo-
chemical tests could not be used since they also stained the glands
under investigation - in particular carmalum and most haematoxylin
preparations stain some forms of mucin. A new cuounterstain was
devised for use with aleian blue and dilalysed iron preparstions which
only affects the colour of & very few types of mucin., After staining,
the slides are dipped for one minute in 1% basic fuchsine end then
direct to alcoholic pieric acid for about 10 seconds (either of the
o used in Metzner's method proved suiteble). It is necessary to
pass very rapidly through two changes of ebsolute alcohol if the
stains are not to be washed out, and then through xylene to a syn-
thetic resin.,
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The structure of the non-glandular epidermel cells
Henneguy (1925) describes how the cells of the gut and of the

epldermis of eolid nudibranchs are packed with empty-looking vesicles
4 - 10n long, and ellipsoidal in shape. Each vesicle has a line
across its longest diameter which is sometimes stained with basic
dyes - green with Masson's trichrome and blue with Mallory's triple
stain. According to Hemneguy, the cytoplasm in 1life is filled with
vacuoles in each of which floats a bslloon-like vesicle, After
fixation, the vesicle collapses and forms the basophilic line across
the wvecuole, Henneguy supposes that the function of this peculiar
cytoplasm is to cushion the body against contact, and hence pre-
sumably damege, from hard bodies. Graham (1938) shows that the struc-
ture of the vesicles is the same in living meterisl as in fixed pre-
parations, and that the line across the ellinsoidal vesicle is in
fact a couplete partition. The junction between the partition and
the walls of the vesicle can occasionallv be mede out. Blirgin-Vyss
(1961) finds that in Facelina species it i3 possible to see the
vesicles in living material, but in Catrions coerulea the appearance
of fixed and living material is quite different. My own observations
support Graham's conclusions. In living cerata of Catriona aurentia
stained with neutral red or with toluidine blue for thionine), the
epidermal cells are packed with deeply staining crescents, horse-
shoes, rings and drumsticka (Fig.l4c). This is very similar to the
appearance of "Susa" fixed material stained with dialysed iron (Fig.

148). The deeply staining part is probably the central partition at
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1ts junction with the wall of the vesicle, hence the rings repre-
gent the vemicle in side view and the drumsticks represent vesicles

end-on, Why the edges of the p-rtition should stain more readily
than the central part is not clear, The sppearance with Mallory
staining is quite different (Fig,l4,b), but apart from the staining,
Figures 142 snd b have undergone identical treatment. Figure 14d

is of vesicles from Lewitsky-saline fixed Eubranchus pallidus stained
with dielysed iron. In this case rings, drumsticks and fine par-
titions are all present. These rings and drumsticks are not so

easy to demonstrate vitally in other species, but I have seen them

in Coryphells lineata, Facelina coronata and Eubranchus exiguus.

In some species, the vital dye is weakly taken up by the vesicles
in the form of evenly staining circles and plates, for example, in

E.exiguus, E.pellidus, Tergipes despectus, Aeolidia papillosa and

C.lineata. These evenly staining circles and ellipses are of the
same gize as the fixed vesicles, and are clearly the same structures.
Thus the vesicles :-re present in living as well as in fixed material,
but they may react to stains in a different way, and hence appear to
be of a different structure.

The chemical nature of the vesicles is not known.. Colouring
with vital dyes in this case i3 probebly due to sn acid-base reaction
since the vesieies take up basic dyes when fixed and are therefore
thenmselves acidic. They also stain with alcian blue and with dialysed
iron. This is further evidence for the acidic nature of the vesicles

since these dyes usually stain only acid structures (Casselman, 1959).



The vesicles are negative, or only as positive as cytoplasm from

other cells, to the periodic acid-Schiff reaction for carbohydrates,
Best's test for glycogen, and the Sakaguchi test for arginine (Cas-
selman, 1959). They are negative to Sudan black for lipid. Thus
they consist of an acidic compound, possibly a mucoprotein.

The function of the epidermal vesicles
Graham (1938) found an interesting correlation between the

occurrence of epidermal vacuoles in both gut and ectoderm and of a
coelenterate diet, All those species of nudibranchs which feed on

coelenterates, such as Tritonia, Dendronotus, Doto and the eolids,

possess these vacuoles; but species which do not feed on coelen-
terates such as the Sacoglossa, the dorids and the aberrant eolid

Calma glaucoides, do not possess these vacuoles. It seems resson-

able to suppose that this vacuolar structure in some way protects
the eolid (or other nudibrapch) from damage resulting from dis-
charge of nematocysts. The fact that many nematocysts pass through
the stomach and sre ingested by cells in the cnidosac and the diges-
tive gland without being exploded does not necessarily mean that no
nematocysts at all are exploded in the gut. It seems likely that the
vacuolar cytoplasm of the alimentary canal in some way protects the
animal from damage due to nematocysts which mey explode in the gut.
Similarly, it seems likely that the ectodermal vacuoles protect the
eolid from explosions of nematocysts triggered off by the animal
crawling over hydroids. Certainly as eolids move over hydroids

they frequently brush against the tentacles of hydranths. This

56



often results in dischar;e of nematocysts by the hydroid, slthough
this is only easily seen in species with lsrge nematocyste such as

Tubularie with F.coronata or the anemone Anemonia gulcata, with
A.papillosa. Whilst 1t is probably true that the eolid is lmmune
to the polsonous and penetrative powers of these nematocysts, this
does not mean that it is entirely unaffected by it. In fact, in
many species of eolid, contact of the oral tentacles with hydranth
tentacles results in immediate retraction of the oral tentacles and
even of a ﬁomentary'withdrawal of the whole animal. The eolid may
then cravwl on to the hydroid and even eat it, but clearly 1t has
been affected by the nemetocysts even if no actuxzl injury hes been
sustained. This 1s particularly clesr with Aeglidis papillosa
feeding on Anemonis sulcats. On one occasion I watched the eolid
rasping at a tentacle of this anemovus in its mouth whilst the anemone
bent other tentacles towards the eolid and discharged a number of
nematocysts on contact with the cerata or the oral temtacles. The
eclid retracted the oral tentacles and the rhincphores so that they
were out of reach of the anemone but was otherwisec apparently un-
affected. Table 3 summsrises thoee species of eolid which I have
seen to retract as if stung from cortain speciea of coelenterate.
It is possible that su-h retraction only occurs with relation to
species of coelenterate vhich do not represent the preferred diet,
but I have insufficient evidence to be conclusive on this noint. It

is true thet each species of eolid will feed on & variety of different
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hydroids as Miller (1961) found; but some species at least have

Table 3
Species of eolid Found eating Withdrew from
Eubranchus Campanularia Campanularia
pallidus
E.cingulatus Plumularie Tubularis
E,exiguus Coryne Coryne
Plumularis
Bougsinvillea
Tubularis
Coryphella Bougainvillea
pedata
Catriona foliata Tubularia Coryne
Tubularia
Facelina Tubularia Tubulsria
coronata C oryns
Aeoliidia_papil- Anemonia sulcata Anemonia sulcata
osa
Actinia equina

Species of coelenterate from which various eolids withdrew.

The second column indicates species of coelenterate which par-
ticulsr eolids were actually observed to be feeiing on: it is
not intended to suggest that these are the only or even the pre-

ferred foods.



very pronounced foed preferences, Thus Catriona gurantia has a

preference for Tubulariz indivisa L. (Brasms and Geelen, 1953),

I have never found this eolid on any other hydroid unless Tubularia
was nearby, and if left overnight with a variety of hydroids it
always chooses <o rest on Tubularia. I have not! seenC.aurantia re-

tract from Tubularia. Facelina corgnata feeds at Plymouth on Tubu-

laris and Coryne, but I have only once seen it retract from Tubu-
laria in many observations. We can conclude, then, that nemato-
cysts are sometimes discharged bv coelenterates when eolids crawl
over them. Although we have no direct evidence, it seems likely
that the cytoplasmic vacuoles are in some way associated with the
immunity of eolids to nematocystis; but we cannot satisfactorily
explain why eolids =2y be unaffected by some hydroids whilst showing

signs of beinz mildly stung by others.

Ciliated cells

Cytoplasmic vacuoles are present in all non-;landuler epi-
theli=1l cells of the ceratal ectoderm, Scottered cells, often
about on~ inevery four, are ciliated over the entire free border.
Henneguy (1975) st2tes that there are two cilia for each basal
granule, but in none of the specie= stulied here can one be so dog=
matic becsuse even with an oil-immersion objective it is not pos-
sible to resolve every basal granmile and cilium snd tc correlate
the two, 1In each cilisted cell there is a meshwork of fibrils run-

ninz from the basal granules %o the nucleus. Thesge filrils run
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between the vacuoles, and never pass through them. In some species,

such as Catriona aurantia, there is a network of fibrils throughout

the cell at the junction of the vacuolar cytoplasm with the 1p thick
clear layer at the outer border of the cell. This ic at the same level
as the basel granules., Whether_this system is part of a co-ordinating
gystem is not known; but it could ensure that the cilia from Aifferent
cells beat in the same metachronal phase.

Some species of eolid have, 4n addition to these cilisted cells,
special neurosensory ciliated cells., These are psrticularly clear in
Catriona species, and the followine description is based on C.aurantia.
Similar structures occur in other genera, and these are listed in Table
4. They may occur in all species of eolid, but are often small and
difficult to find. On the surface of a ceras in addition to the
rapidly beating cilie, there sre s number of what appear in life to
be bristles, These may be more or leas motionless, or they may vibrate
due to the beating of the cilia. They have a broad bese in life, and
narrow to a fine point, They occur scattered over the ceras, but are
more abundant towards the tip (Fig.15). Around the orifice of the
cnidosac they are particularly abundant. In fixed preparations, these
bristles can be resolved into tight bunches of cilis or flagella pro-
jecting about 10p from the epidermis. Just below the border of the
cell, where one might exvect to find basal granules, there is - stain-
able layer, but I cannot be certain that this does {n fact represent
basal granules. The fibrils from the cilia then pass down throuzh the

epidermal cell, narrowing in a cone from about /p at the border to a



fine thread of rather less than lp in diameter.
passes through the basement membrane into the connective tissue

and becomes part of a neurone Figs. 16, 17).

This thread

These neurosensory
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cells are particularly abundant at the tip of the ceras, and several

large nerves run from them down to the central nervous system in

the bbdy of the animal,

These siructures have been described only once before, by
Blirgin-Wyss (1961).

Table 4. List of specizs of eolid whici) possess neuro

Fubranchidae Eubranchus exiguus
F.pallidus
E,tricolor
Capellinia conicla
% ACLETOPROGTA Cuthonidae Catriona aurantia
: C.foliata
| C.maua
C.nrerea
C.tina
__________________ Vglis_M; L.
Faeelinidee l.earchis poica
Phidiana lynceus
Favorinidae Favorinus auritulus
CLEIOPROCTA F.branchialis
Dondice oceidentalis
FEolig X
L Aeolidiidse Svurilla neanolitane

sensory cilla at the tips of the cerata.

However, it is necessary to describe them again
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since ghe 1is of the opinion that the cilia are connected to the
longitudinal muscle layer just below the epidermis, and not to

the nerves. What the function of this curious system might be
ghe does not suggest. It is true that the neurones are very close
to the muscles, but in some prepsrations of C.,aurantia it is clear
with an oil {mmersion objeetive that they are not actually connec-
ted. These muscles are strongly birefringent, so it is poassible
to confirm this using a polarising microscope. The cilia them-
selves ere not usually birefringent, nor is the process leading
down through the epidermis to the neurone, but the cone of fibrils
from the cilias is strongly birefringent in some species, With
this techmique I have found that in at least some of the species
that possess neurosensory ciliated cells, there is definitely no
cennection between the c¢illia and the muscles,

This system of cillated nerve cells does appear to have
en important function related to the defensive system of the eolid.
The tips of the cerata are particularly sensitive in eclids, Thus
if a ceras is lightly touched nesr its base¢, or half-way up, there
will often be no response, But if it is touched at or near the tip,
the whole ceras is usually waved about, and nematocysts or glandular
secretions, or both, may be extruded. It is likely that it is
stimulation of these neurosensory bristles that causes this res-
ponse., It may be a reflex response not involving the central

nervous system at all since, in G.aurantia, prodding the tip of
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an sutotomised ceras often results in extrusion of nematocysts.
Normally, stimulation of one ceras (by pinching it, for example)
results in extrusion by a large number of adjecent cerata which
bend towards the forceps. Clesrly this response does involve

the central nervous systemj so nematocyst extrusion can be caused
either by a simple reflex arc involving the neurosensory bristles,
or by nerve pathways not involving sn externsl stimulation of the

particular ceras responding.

5. CERATAL GLANDS

Introduction
Defensive glands have not been described from the Eolidacea

except from the aberrant Calms glaucoides. Herdman (1890) gives a

drawing of the ceras of Eubranchus pallidus, but the only glands

he shows are a few mucous glands., Hecht (1896) and Henneguy (1925)
state that mucous glands occur scattered over the ceratal epithe-
lium of all the eolid species they studied, but they find a con-~
centration of glands at the ceras tip only in Calma glaucoides.

Both of these authors studied species of Fubranchus and Catrionsa,

but did not find any concentration of glands at the ceras tip.
This section describes for the first time concentrations of de-
fensive glands at the ceras tip in species of Eubranchus and
Catriona. Glands which may have a defensive function sre also
described from several species of cleioproct eolids. Most of these

glands are epidermal and are either simple mucous glands or are
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(in all probability) derived from simple mucous glands. There is,
however, another type of gland of a different nature. This is the
‘cellule speciale" of Hecht (1896), which can be translated as
peculiar cell, or enigmatical cell. These are probably not of de-
fensive importance, but since in some cases they have a duct through
the epidermis, and hence may secrete some fluid, they are discussed
here. For convenience, these enigmatical cells are discussed first,
then the other ceratal glands are described for each family in turn,
Cellules speciales

Hecht (1896) describes the cellules s éciales, or enigmstical
cells, from several species of eolid and from the dendronotacean
Doto. They lie in the connective tissue of the cerata and are
characterized by the darkly-staining, granular cytoplasm, and the
large nucleus. Hecht finds no exeretory canal and concludes that
they are neither secretory nor nervous in function., Evans (1922)
studied the cellules sgéﬁiales of Calma glaucoides. He regards
them as modified connective tissue cells which undergo a secretory
cycle correlated with the feeding activities of the enimel, This
species feeds on fish eggs when these are available, and fasts for
long periods when they are absent. When the animal has recently
fed, the cellules sgéb;ales swell up, their contents stain deeply
and a2 clear sphere forms in the nucleolus, As the animel fasts,

so the reserves in these cells are used up, and they diminish in

size. Evans regards the cellules s-éciales as being protein storage

cells for use during periods of fssting and to provide material at
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this time for the gonads. Henneguy (1925) also describes gellules
;;iales, but he feile to find the clear sphere in the nucleolus
described by Evans.

In this work, the gellules speciales have been studied in
order to determine whether they may be of defensive importance.
Table 5 shows that they occur in all of the acleioprocts studied,
and also in a few cleioprocts. Most cleioprocts, however, do not
possess cellules speciales. Blirgin-Wyss (1961) finds no gellules
sgéciales in the body of the eolid, but I have found this is not always
the case. Favorinus puritulus, for example, has all of its gellules
specisles in the body, and none in the cerata.

I have found that there is evidence for a secretory or a stor-
age cycle; sometimes the cellules sgébiales are large with well-developed
nucleolar vesicles, whilst in other individuals of the same species they
are small and apparently without vesicles in the nucleolus.

In Calma, there is a regular alternation between feeding
and fasting which correlates with this cycle of the cellules speci-
ales (Evans, 1922), but no such alternation occurs in most other
eolids. Consequently it is impossible to correlate these changes
in the cellules spéciales with the condition of the animel without
a more detailed investigation - this does not come within the scope of

the present thesls. However, there is direct evidence for the theory

that the cellules specisles are storage cells. The darkly staining




Table 5. To show the occurrence of cellules spgciales in the
Eolidacea.

E - present investigationy 1922 - Evans, 1922;
1896 - Hecht, 1896; 19525 - Henneguy, 1925.

i

Family | Cellules spécisles present |Cellules spbeiales absent

Eubranchidae! Eubranchus cingulatus 1896
E.exiguns1896, E
T.pallidus E

. E.tricalor 1896, E

| Capellinia conicla E

Cuthonidae Catriona aurantia E
Cemaua E
C.perca E
Cetina E
Eolis M. E
Tergipes despectus 1896,
1925, E

Facelinidae Facelina coronata E
! Learchis poica E
Phidiana lynceus E

¥olis D, E
FYavorinidae Favorinus suritulus E
| (in body only)
! Favorinus branchialis E
Dondice occidentalis E
very few, small)
Eolis K, E
Aeolidifdae Aeolidia papillosa E

Aecolidiella glauca E
Berghia coerulescens T

Spurilla neapolitana E

Calmidae Calma glaucoides 1896,
1927, 1925

Fionidae Fiona pinnata 1925

Dotoidae Doto coronata 1296,1925,F

Doto cinerea 1925
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cytoplasm contains glycogen sndproteins (strongly positive to
Best's carmine and to the Sakaguchi test). It 1s slso sometimes

positive,though not elwaeys strongly, to the periodic acid =and
Schiff's test for carbohydrates. These results are listed ' in
Table 6. Whilsthost of these conclusions sre based on experi-

ments on Catriona aurantia and Eubranchus exiguus, it can be seen

that the cellules speciales of other species have similar reasctions.
The pyronine and methyl green test for RNA was performed on C.auran-
tia (Jordan and Baker, 1955). The cytoplasm and the nucleolus stain
red, suggesiing the presence of RNA, whilst the nucleus atains green,
suggesting DNA, and the vesiéle in the nucleolus remains colourless.
A section treated with 1% ribonuclease is identical except that the
cytoplasm and the nucleolus are colourless, thus confirming the

presence here of RNA.

These results strongly suggest that the cellules spécialep
mey have a storage function, as Evans (1922) finds to be the case
in Calma. However, in some individusls there appears to be a duct

from the cellule specisle through the epidermis, This duct is preseht

in probably every cell of Eubranchus tricolor, and shows clearly in
Figs. 18 and 19. In Catrions aurantia it is present only in some

of the cellules spécieles, particularly those in the body of the

animal at the base of the cerats, 1In E.exiguus a careful sesrch

through sections of four animals revealed only a very small number

of ducts, and none at all could be found in Tergines despectus or

Favorinus brenchialis. It is probable that this duct is slso cyclic




in its occurrence since it is absent in some individuals of
C.gurantias but present in others. This would account for the
fact that previous workers failed to find a duct. The presence

of this duct strongly suggests that the cellules gpeciales, at
some stage of their cycle, secrete or excrete material from the
body. They do not contain mucus (negative to alelan blue, dielysed
iron, and toluidine blue), and there is no evidence that the gly-
cogen and protein that they contain is passed through this duct.
The cytoplasmic BNA suggests that protein synthesis occurs in
these cells, but this is unlikely to be of use in defence since
the ducts are often absent, Thus the contents of the cellules
gnég;g;gg strongly suggest that their chief function is that of
atorage, but the occasionasl presence of & duct indicates that
they may be exeretory as well, They are almost certainly not

of defensive importance.
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Pigure 14. Toidermel vesicles from eolid nudibranchs.

8. - (Catrions cur-nti: steined with diclysed iron,

fixed in "Suss"; b. - C. aurentis, kellory's triple

8trin, fixed in "Susa"; ¢. - C. surentis stoined

vitally with thionine; d. -~ [Eubrsnchus psllidus

steined with dislysed iron, fixed in Lewitsky-ssline.






Figure 15, Diegream of certs tip of Catrions

sursntis to show distribution of sensory bristles,



sensory

C.aurantia
//bﬂstns

ceras tip

¢cnidosac

o-1 mm

liver




Figure 16, Semi-diagrzmmatic section of ceras tip of

Cetrions surentis to show the retation between sensory

¢iliz and nerve fidbres.

Figure 17. Longitudinal section of cer:s 4ip of

Caetrione aurentia fixed in "Suss" and stzined with

Messon's trichrome. ¢., cilia; cn., cnidocyst; m.,
auscle; ne., nemctocyst; s8.gl., small gland cell of
unknown functiony 8., cilia., &nd n., cell body of

sensory nerve cells,






Figures 18 e¢nd 19, Sections of ccercte of Fubrinchus

tricolor fixed in "Susa"' »nd stained in Mssson's

trichrome. ¢.s., cellule spéciele; d., duct of

cellule spéciale; e., epidermis; m.gl., smrll mucous

glends n., nucleus, snd nu., nucleolus of cellules

speciules.







Cerztal glands of the Eubranchidae

Introduction to the Eubranchidse

The Eubrsnchidase can be defined as acleioprouct eolids in
which the radular formuls is 1l.1.1, Of the four species studied,

Eubranchus pallidus (Alder and Hancock), E.tricolor Forbes, and

E.exiguus (Alder =nd Hencock) are all British, and Capellinia
conicla Marcus is Jamaican, None of these species was found in
large numbers, ®o the behavioural conclusions are necessarily some-
vhat tentative.

The genus Capellinie is very close to Eubranchus, but differs
in the possession of =2n armed penis (Marcus, 1958). The two genera
are considered together here because the ceratal glands are very
similar. Solely on the basis of ceratel glands, E.exiguus is more
similar to C.conicla than it is to either of the other two species
of Eubranchus.

Ceratal glands of Eubranchus pallidus
In Eubranchus pallidus, glsnds are present all over the sur-
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face of the cerata but ere most abundant in the region of the cnidosac

(Fige. 20 and 21). Six types of gland can be detected, three being
confined to the tips of the cerata, ¢nd three occurring all over the
dorsal surface of the animal but usually asbsent from the tips of the
cerata. Four of these glancs consist mainly of mucin, the other two
are negative to tests for mucopolysaccharides., These glands, for

convenience, will be designated with the letters A to F.



A. VWhite osmiophil glands, These are abundant in the cnidosac
region, but the epithelium bordering the cnidopore is free of glands
(Fig.21). Each gland is unicellular and flask-shaped, between 20 and
32p long and about 15p broad, with a basal, ellipsoidal nucleus about
3 to 4n in length. The base of the cell does not project noticeably
below the level of the bases of the neighbouring epiderual cells. In
1ife, the cells contain an opaque white substance which 1is blackened
by osmium fixatives and then sppears to be in the form of a loose coil
(Figs. 22 and 24). The black substence probably consists of large
numbers of minut- granules, less than O.4p in diameter, which can
occasionally be seen., After decolouring with permanganate, the
osmium is bleached out and the secretion takes up basic dyes, green
with Masson's trichrome and blue with Mallory's triple stain., It
is negative to alcian blue, and only as positive to dialysed iron
as is the cytoplasm of most non-mucoid cells. When fixed in "Susa'",
these glands have a characteristic empty appearance with only a very
small residue at the bottom (Fig.23). lack of material made it im-
possible to try other fixatives and hence to perform certain other
histochemical tests. The osmium presumably attaches to unsaturated
bonds in the secretion, but this secretion is not a simple lipid in
the similar osmiophil glands of Catriona. Table 7 shows that the
secretion is negative to tests for carbohydrates generally (PAS)
and in particular to glycogen and mucin; but it is strongly positive
to the Sakaguchi test for arginine and hence contains protein,



Observations of living cerata confirm that these white glands do
in fact exude their contents, either as globular blobs, or as threads

up to 100p long by about 3u in diameter. Occasionelly a gland is
fixed in a partially exuded state, as shown in Fig.24. It is not
known whether each gland exudes all of its secretion at one time and
then is incapable of further exudation until more of the osmiophil
substance has been formed, or if only a paft of the sesretion is
loat at any one time., The latter seems the more likely as no com-
pletely empty glands were found in the Lewitsky-saline fixed animal,
and no possible stages in a secretory cycle were found.

B. Granular mucous glands. Lilke the white osmiophil glands, the
granular mucous glands occur only in the region of the cnidosac. Thay
are less numerous than the white glands and are not easy to detect
in Masson preparations. They are elongate, vase shaped, and only 8
or 9n broad with a2 basal nucleus about 2.5pn diameter. The cell is
closely packed with spherules 0,4 - 0,5 diameter (Figs. 23 and 24)
which give the characteristic reactions of acid-mucopolysaccharides,
blue with alcian blue and dialysed iron, and metachromatié with
toluidine blue or thionine see Table 7)., The spherules are weakly
poasitive for protein, so mucoproteins may be present. Since the
granular mucous glands occur in exactly the same region of the ceras
as the white osmiophil glands, it is pertinent to consider if they
might not possibly be the same gland in different stages of its se-

cretory cycle. The evidence for their being distinct is:-



73

1. No intermediates can be found between the two types although
with histological,as opposed to histochemical, stains they may have

similer staining reactions.

2. They respond differently to histochemical tests, and because
of (1), they cannot therefore be stages in the seeretory cycle of the
same type of gland.

3. The related Eubranchus exiguus and Capellinia conicla have
similer glands with similar staining reactions (see later). In these
species also there are no distinct intermediates between the two glan-
dular types. In addition, in these species, each type 'A' gland is
closely associated with a type 'B' gland such that the 'B' gland is
invariably towards the base of the ceras with respect to its corres-
ponding 'A' gland (see Fig,31). If these were merely the same type
of gland functioning alternately, one would expect to find some
cerata or some individuals showing the reverse condition, with the
'A' gland below the 'B' gland. However, in four specimens of E.
exiguus and two of C.conicla, the 'B' gland is always below the 'A!
gland in its position on the ceras; so we can conclude that the two
glands are distinct.

C. lLerge mucous glands, These are unicellular, epidermal glands
occurring Just below the cnidosec region of the ceras, and just below
the glands of types 'A' and 'B' (Fig.21). They are ovoid in shape,
25 to 32p long by about 13 to 18p broad, with a compressed, elongate
nucleus 4 to 5p long at the base of the cell (Figs. 22, 23, 24). As
in the white glands, there is very little cytoplasm, the bulk of the
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gland being taken up with the secretion., The appearance of the
gecretory product depends on the fixative employed and probably

also on the time for which it wes fixed, as Fontaine (1962) found
forgphiuroids., With "Susa", the contents farm a reticulum which
takes up basic dyes and is positive to all the mucin tests employed
(Table 7). With Lewitsky-saline, the contents are more evenly dis-
persed, and react similarly to histochemical tests and to dyes except
that they do not stain at all readily with Masson's trichrome. In
the "Suss" preparations, the contents of the cell are often partially
exuded, It is not clear whether this is “ue to swelling with one
particular fixative, or whether it merely indicates that the animal
concerned was less effectively narcotised than the animal fixed in
Lewitsky-saline., The latter ie the more likely because the homolo-
gous glands of the other species to be discussed were never found
partially exuded in fixed preparations.

D. OSmall mucous glands. These glands are scattered throughout
the dorsal and lateral surfaces of the body except in the re, ion of
glands of types 'A', 'B', and 'C' (Fig.2l). They consist of a
spherical mass of mucus about 10p in diameter, not reaching the baze
of the cell (Figs. 25 and 26), Cell boundaries are difficult to
detect, so 1t is not easy to be certain which nuclei belong to these
gland cells. lLiowever, the nuclei at the base of these mucous secre-
tions are usually in the region of 2.5 to 3.5y diameter, and slishtly

ellipsoidal, The non-glandular part of the cytoplasm is vacuolated
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Just asg it is in the neighbouring epidermsl cells, The secretion
stains evenly and has similar staining reactions to the mucin of the

type 'C' glands, except that there is some protein present in these
glands (Table 7).

E. Subepidermal mucous glands., These are frr less sbundant than
aeny of the other types of gland, buit they may occur both in the
enidosac region and in the rest of the dorsal and lateral surfaces
of the body (Fig.21). They are difficult to detect in Masson pre-
parations as the epidermal part resembles a type 'D' mucous gland,
and the subepidermal part is only weakly stained by light green.

They stain with basic fuchsin and dialysed iron, and are metachromatic
with toluldine blue. The oval nuclel are 1 to 5p long, and are sur-
rounded by an area of cytoplasm. The rest of the cell is packed with
mucin granules 0.5 to 1.0p in diameter (Fig,26). A duct leads from
the subepidermal part of the cell through the epidermis to the fres
border, and there is usually a small reservoir in this region, As
with glands of types 'B', 'C' and 'L'', the staining reactions indi-
cate tiat the mucin is some form of acid-mucopolysaccharide.

F, Granular non-mucous gland. This type of gland is abundant
in the epidermis of the dorsal and lateral surfaces of the body
except in the cnidosac region (Fig.21). Each gland is unicellular
and flask-shaped, with the base bulging into the subepidermal layer.
A typical gland is 15p long by 8 broad, with a spherical or oblong

nucleus of 3 to 4p towards the base of the cell (Figs. 25 and 26).
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In fixed preparations the cell appears empty apert from a cluster
of granules 0.5p in diameter which tske up basic fuchsin, xylidine

red (Masson), and orange G (Mallory). They are not coloured by
mucin altains, but do contain protein.
c ands of Bubranchus tricolor

Only one individual of this species was found, and it was
fixed in "Susa". The general histology of the epidermis is very much
a8 it is in E.pallidus, but cell boundaries are easier to detect, The
distribution of glands is similar to that found in E.pallidus (Figs.
21 and 27). The osmiophilic type 'A' glands are exceedingly difficult
to detect as they have very little residuel secretion not dissolved
by the fixative. The granular glands of type 'F' are also less con-
spicuous, and have smaller granules, rather less than 0,5p diameter.
The reactions of these glanda to the histochemical reagents employed
closely resemble those of E.pallicus (Table 7).

a ands of Eubranchus e 8

This specles is much smaller than either of the preceding
species, and shows some interesting differences in its histology.
The cytoplasmic vesicles are smaller, in the region of 2p instead
of 3 to 4, and they have therefore been omitted from Figs. 31 and
32 for clarity. ©Small mucous glands, of type 'D!', erc far less
abundant than they are in the other two species of Eubranchus, and
the subepidermal mucous' glends, type 'E', are totally absent (see
Figs, 21 and 28). The granular type 'F' glands are less frequent,

and are of a different shaepe. They sre considerably elongated, with
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a basal nucleus, and the granules or droplets are concentrated

near the outer surface of the cell (Fig.32). The most inter-

esting differences, however, are in the cnidosac region., The

large mucous glands (type 'C') are similar to those of E,pallidus,
but the osmiophil type 'A' glands are much swollen and project down
into the subepidermsl connective tissue. The residue in ''Susa"

fixed animals is quite considerable, and in Lewitsky-saline mater-
ial it is not strongly osmiophil. Each gland has at its base one,

or possibly more, muscle cells whose 10 to 20 fibrils, each less

than lp in diameter, insert at half to three~quarters of the way up
the :land (Fig.3l). These are presumably involved in the ejection of
the secretion from the cell, The granular mucous glands of type

'B' occur alternately with the osmioﬁhil glands such that each

type 'A' gland 1s nearer to the tip of the ceras than is the cor-
responding 'B' gland (Figs. 29 and 30). The pores of each pair

of glands are adjacent, and it seems reasonable to suppose that

they are both secreted at the same time. Some of the muscle fibrils
appear to insert on the wall of the type 'B' glands, although it is
difficult to be certain of this, Certainly when these muscle fibrils
contract it is likely that secretion is forced out from both types

of gland. The chemical reactions of these glands are summarised

in Table 7, and are similar to those of E,pallidus.

Ceratal glands of Capellinia conicla
The appearesnce of Gapellinia conicla is very similar to that
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of E.exiguus. Both have smsll, frequently knobbed cerata, with
small cnidosacs rarely more than 100u in length. The ceratal

glands of CJ,.conicls are almost identical with those of E.exiguus

in both type and location (Fig.21), although as the cerata are
slightly susaller, there are relatively fewer glands, The osmio-
phil glands show practically no shrinkage with "Susa" fixation,
unlike those in E.pallidus and tricolor; and the largest of them

do not mroject far below the level of the basement membrane of the
neighbouring ceils, unlike in E.exiguus (Fig.33). A further sini-
larity to E.pailidus is that there are no conspicuous muscle fibrils
forming a basket round the glands, although birefringent fibrils
cen be seen in all species with polarised light., As in E,exiguus,
the type 'A' and the type 'B' glands occur in pairs, such that

the 'A' gland of each pair is towards the tip of the ceras, Lack
of material prevented many histochemical tests from being performed,
but the type 'B' glsnds contain granules of mucin (alcian blue and
dialysed iron) as in the species of Eubranchus.

Mode of secretion of the ceratal glands of the Eubranchidae

Secretion of a gland may be brought about in either of two

distinct ways: it may secrete continuvusly, in which case no par-

ticular mechanism is necessary to casuse exudation; or it may secrete
a large quantity of substance at one particular time when stimulated,
in which case scae contiractile mechanism is necessary to ensure that

exudation occurs at the sppropriate time. Since the osmiophil type 'A!



glands and the granuler type 'B' mucous glande of E,exiguus are
gurrounded by a basket~work of muscle fibriles, it would appear
likely that they are of the second type. Observation of the living
animal confirms this with respect to the white osmiophil glends
which are only exuded whe. the animal is violently disturbed.
Similarly, the white glands, and either the B or the C type mucous
glands, of E.pallidus are also only exuded when the animel is dis-
turbed. In this species, no basket-work of muscle fibrils can be
secn with an oil immersion objective, However, in E,exiguus, these
muscle fibrils are strongly birefringent in polarised light, and
by this means it is possible to detect the presence of fine fibrils
round the osmiophil glands of E.pellidus, E.tricolor and C.coniela.
They are few in number, and of very small diameter., Because they
are in the same position as the much larger fibrils of E.exiguus
which clearly stein as do muscle fibrils, and because they are bi-
refringent, it is probable that they too are muscle fibrils, Thus
in all of the Fubranchidae studied, the white glands are muscle-
operated. The granular mucous glands may also be muscle-operated,
but this is not certain. The remzining glands are probably of the
firsttype which ooze continuously, although it is possible that

for some of them contraction of the muscles in the dermal layer

causes exudation,

Functions of the ceratal glands of the Eubranchidae

Observations were made on living animals of Eubranchus
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pallidus end L.exiguus. In E.exizuus, if the animel is violently
disturbed, the cerata are waved about, and if the tips touch a
solid object ‘e.g. foreceps or the sides of = glass dish) a copious
white secretion often emerges from near the tips of the cerata,
When a ceras is pinched, it is usually autotomised, and if the

tip has been kept clear of all objects that might adhere to the
whitle substance and hence remove it, it is often found that the
large white glands near the tip of the cerzs have been exuded as
white globules, The thread-like na'ure of this secretion is easily
demonstrated if a coverslip is used to compress the ceras con a
slide, The white msterial then oozes outi in the form of a thread,
Cn the intact animal, the white blobs adhere to objects and are
pulled out into long, sticky threads, These white thresd-like
glands are the osmiophil type 'A' glands of fixed material, since
both occur in the same position on the ceras, and both are of the
same sige. Because they are only exuded when the animal is prodded
in a manner simulating attack by a predator, it is reasonable to
conclude that these glands are of defensive value. No comparable
ejection of the secretions of the 'B' and 'C' mucous glands was ob-
served, but this may have been masked by the white secretion, and
if the mucus is easlly dispersed in water it could have been over-
looked, Since the granular type 'B' glands occur in close asso-
eiation with the white glanda, they are almost certainly exuded

at the same time, and it may be that the combined secretion from



these two glands is more repellent than either fluid alone. OUn
this hypothesis, the finction of the large type 'C' muccus glands

would be to provide s mecdium in which the defensive fluids are
effective but not too rapidly dispersed and hence diluted, Hecht
(1896) belicves that the ceratal mucous glands are defensive, and
he also noticed that the ceratal cilia of eolids creete a continue
ous current from the base to the tip of the ceras. I have seen
this current, in E.exiguug, carrying the glandular secretions avay
from the tip of each ceras towards the force.s, snd presumably, in
nature, towards the potential predator. On eleven occasions, a
ceras of E.exiguus was pinched with a pair of forceps and autoto-
mised, At least seven times autotomy wss accompanie’ by exudetion
of white substance either from the cerss being pinched or from
neighbouring onc<s which bent towards the forcepa. This is further
discussed on page 120 and the results are listed in Tsble 9,
E.pallidus elso secrstes white threads from the osmiophil
glands when it is prodded with forceps, and in addition it often
secretes colourless globules from either the 'B! or the 'C!' mucous
glands. In ten cases of pinching anc causing autotomy of a ceras,
either white, or mucous, or both types of gland were exuded. A4s
with D.exiguus, the fact that these ;lands are situated near the
tips of the cerata and are exuded only on proddin; the animal,
indicates that they are defensive in functio: . It is still nct
certain, however, exactly what part is played by the 'B' and (!

mucous glands, They may be repellent in themselves or they may



provida » viscous mediwm for the white glands.

The functione of the remainin; types of gland are even less
clear, The small type 'D' mucous glands probably secrete fluid
continuously. Henneguy (1925) describes a thin cuticle covering
the ceratal epidermis of eolids except for the ciliated cells.
This thin layer is positive to tests for mucins (alclau blue,
dialysed iron, mucicarmine, PAS) anl stains similarly to the small
mucous glands. It seems likely that this mucous film is secreted
by these small mucous glands, and so is of?different nature from
the cuticle of many other invertebrates where protein or chitin
is present. As Hecht (1396) points oul, this film of mucus probe
ably protects the animel from abrasion, However, E,exiguus and
C.conicls have many fewer type 'C' glands in relation to the sur-
face areca of the cerata than either F,pallidus or E,iricolor, yet
if this were the only function of these glands, one would have
expected them to have spproximately the same number, Desiccation
is unlikely to be & serious problem, since these animals live just
below the lowest tide levels. Mucue spparently facilitates gaseous
exchange since most gilled animals heve the gills covered with
mucus; but this is unlikely to be important in such small and
slowly-moving animals as these with such a large surface area., A
clue to their function is that in a living ceras, a strong ciliary
current passer from the base of the ceras towards the tip, as was
first described by Hecht. 1I4 secms likely that the mucous cuticle

performs a cleansing function, and since it is continuously being
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removed at the ceras tip any obnoxious chemicals will tend to be

wafted awsy from the animal. As we have seen aiready, ihis current
probably aids in defence in relation to the glands at the tip of
the ceras, and it may be that the secretion from the siall mucous
glands forms a sultable medium for the repellent secretions of the
glands at the tip,

The subepidermal 'E'!' type mucous glande are not abundant
and clearly cannot be responsible for the mucous cuticle since
they are absent from E.exiguus and C.conicla, They probably produce
some potent secretion, possibly defensive in function, which is die-
tributed and diluted by the stream from the small mucous glands,
Indirect evidence for this is that they are absent from the two
species in which the tip defensive glands are mosthighly developed
(E.exiguus and C.conicla), and it therefore seems likely that they
are of defensive importance in the two species which possess thenm,

The non-mucous, granular, type 'F' glands could be siraight-
forward defensive glands with a proteinaceous secretion, but they
do not always appear to have a permanent pore which one would expect
if they are defensive. A second possibility is that they are ex-
cretory. They may be coelomocytes, but they do not resemble the
coelomccytes of other invertebrates, nor have I found them in the
blood spaces. They have not the appearance of amoeboid cells, and
therefore are unlikely to be cells which travel round the body

before settling down in the epidermis, They could perhass be
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secretory rather then excretory, but in Berpghis, discussed on page 104

similar cells do appear to be coelomocytes.,

A further possibility should be mentioned, although there
ls no evidence either for or against: it. Ome or several of these
glands may psrform some function related to nematocyst explosion,
On this hypothesis, they would produce some secretion that facili-
tates the explosion of nematocysts extruded from the cnidosac,
Glands wi.h the converse action might be supposed to occur in the
mouth region or in the salivary glands to prevent the explosion of
nematocysts whilst the animal is feeding, If such chemicals do
occur, they are probably protein derivatives rather thean mucopoly-
saccharides since enzymes and some hormones are proteins, and so
the glands that could be involved are the granular type 'F! glands
and the osmiophil 'A' glands. However, this is pwre speculation,

end I must stress again that there is no evidence fur it,

Ueratal glands of the Cuthonidae

Introductioi to the Cuthonidae
The Cuthonidse is a large family of acleioproct eolids with

a single tooth in each radular row. Four species of Catriona are
included in the present work, C.surantia (Alder and Hancock) from
Flymouth, and C,maus Marcus, C.perce Marcus, and C.tina Marcus from
Jamatca. At least e dosen individuals of each species were found,
and the results of histochemical tests performed on their glands

are summarised in Table 8, Marcus (1958) lists over 50 species
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of the genus Catriona, the most important taxonomic features being the

radula and the hepatic divertieula. C.surantia and C.maua are evi-
dently closely related (Marcus and Marcus, 1960). Both have a long
radular ribbon with the central cusp much receded, and the reddish
cerata are arranged in much the same way. Both have stenotele nemato-
cysts in the cnidosac indicating that tubularian hydroids are important
in their diet, but whereas (C.surantia feeds almost entirely on Tubularis
indivisa (see pages 50 and 59), C.maua has several other types of
nematocyst in its cerata some of which do not occur in Tubularia,

and is probably less restricted in its diet, at least in Jamaica.
C.perca has very different radular teeth from (.surantis and C.maua,
indicating a different type of food, and it is clearly not closely
related to them. C.tina is a very distinct species showing some
affinities to the British {,foliata (Forbes and Goodsir) (Marcus

end Marcus, 1960).

Two other species of Cuthonidae were also studied, but since
their glands are quite different from those of the four species of
Catriona, they will be described sepsrétely. The first is Tergipes
despectus (Johnston) which at times is common at Plymouth. ITergipes
differs from Catriona in that the cerata are arranged slternately on
the back and there is only one ceras per row., The second animal is
s new species from Jamaica which is referred to as Tolis M. It is
probably a new genus, but is close to Catriona. It differs from
Catrions in that the radular cusp projects, end from Cuthona in the

armed penis, Only three specimens were found, and of these two
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were sectioned, one fixed in "Suse", the other in Bouin's fluid.

Ceratal glands of Catriona aursntia

Specimens of C.asurantis were fixed in the fluids of Bouin,

Zenker and Altmsnn; in Heidenhain's "Susa", Lewltsky-saline and
formol-calcium; and in two methanol-acetic mixtures of the compo-
sition: Absolute methanol - acetic acid - formalin - 8 1 1 : 1 ;
and 70% methanol - acetic acid - 19 3 1. Three types of gland were
found, two confimed to the ¢nidosac region and containing mainly
proteinaceous material, and the third present all over the dorsal
and lateral surfaces of the body and containing ascidic mucopoly-
saccharides, These glands will not be given reference letters as
this might be thought to imply homology or distinctiveness from

the glands of Eubranchusg, but it is worth noting that there are
similerities between the first two types described here and types
'A' and 'B' of the Eubranchidae. In addition, there is a fourth
possible gland in Catriona species, particularly clear in C.aur-
ntia, but not definitely seen in C.tina. These colls rasemble the
speclal epidermsl cells that Henneguy (1925) deseribes for Facelins.
They are oval, with a bagal nucleus, and the base of the cell does
not reach the basement membrane of neighbouring cells. The clear
cytoplasm contains one or two droplets which tske up basic dyes
and are hence acidic. They are negative to all the histochemical
tests performed on the other glands, Henneguy suggests they may
have a sensory function, but finds no nervous connexion to thenm.

It is more likely that they are glandular since there is a globular
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secretion, but nothing is known of their possible function, and
they will not therefore be considered further., They are illus-
trated in Fig.l6é as small gland cells.

White osmiophil glands. These pccur only in the cnidosac
region (Figs. 34 end 35), and ere absent from the immediate vicinity
of the enidopore (Fig.16). Each gland is unicellular and flask-shaped,
between 20 snd 4A0np long depending on the thickness of the epidermis
vwhich varies between individusls and between different parts of the
same ceras, The basal nucleus is from 4 to 7p long, and the base
of the cell does not project noticeably below the level of the base
of the epidermis (Figs. 36, 37 and 38). With Heidenhain's "Susa",
Zenker's and Bouin's fixatives, the contents of the cell are con-
tracted to & small residue which colours only faintly with dialysed
iron and with the periodic acid and Schiff reaction (PAS). The
methanol-acetic fixatives give a variety of eppearances, but usually
there is a grenular material ir the glands., The two osmium fixstives
colour the seeretion black, snd this deposit of osmium is located in
minute granules, mostly 0.5p diameter, but occasionally up to 1p
with heavy staining. Unlike in the osmiophil glands of E.pallidus,
there is never & coiled appearance to the secretion, although vwhen
material 1s squeezed out of s living gland by s coverslip, it is
frequently in the form of a white thread, When Lewitsky-saline

material is decoloured with permanganate, the granules are positive

to dialysed iron, though not strongly so, and only very weskly



positive to PAS, The secretion is positive to Sakaguchi's test
for arginine, so it appears to consist either of a mucoprotein,

or of a protein together with some form of mucopolysaccharide to
. glve it & fluid bot viscous consistency.

Granular glands. These occur only in the cnidosac region
of the cerata (Fig.35), end are packed with granules about lp in
dismeter which stain strongly with the xylidine red of Masson's
trichrome., The nucleus is usually 4 to 5p long, as in most non-
glendular cells of this species (Fig.3¢). The histochemical re-
actions of these granules or globules are shown in Table 8., As
with the osmiophil glands, they appear to contein carbohydrate
and protein, either separately or in some forz of mucoprotein,
Since these two glands occur in the same region of the ceras and
have similar histochemical reactions, I z;ive here the evidence by
which I comclude that they are distinct and are not merely stages
in the seoretory cycle of the same gland:

1) Uith most of the fixatives employed there is no trace of
any cell that could be interpreted as being in any way an inter-
madiate between the two typea. It is difficult to distinguish
then with the methanol-acetic fixatives, and I am unable to ex-
plain thia; but if any of the ¢ells here are intermediates one
would expect to see them also in tissues fixed with more usual
fixative:s.

2) Cells that could be young stages of the osmiophil glands
can be found (Fig.3%), and they are simply smell editione of the
mature gland. They in no way resemble the granular glands.
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Table 8 to show the histochemistry of the ceratal glands of Catriona
species. C.aurantia - aj C.msua ~ my C.,perca - p; C,tina - t.
0 - negative, +++ - strongly positive, ++ - positive, + - weakly positive
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3) Different individuals of C.gurantia have different propor-
tions of the two types of gland. If one were merely a stage in the

secretory cycle of the other , one would expect the relative propor-
tions of the two to be constant.

4) Two types of gland can be seen in the cnidosec region of a
living ceras: transparent glands which exude on disturbing the ani-
mal, and white glands which cen be squeezed out under a coverslip,
but which exude naturally in Cimeus and C.perca. Both glands are thus
capeble of exudation, and neither is likely to be immature.

5) In C.maus, perce end tina there are no intermediates between
these same two types of gland. In C.tina, most of the ceras tip
glands occur in pairs such tat the granular gland is towards the base
of the ceras in each pair. If they represent stages in the secretory
cycle of the same gland, one would expect about half of the pairs to
be in the reversed position,

The only impertant evidence against this is the appearance of
the glands with methsnol-acetic fixatives already r«ferred to. Posaible
intermediate stages can be found, but none is conclusive, and in view
of the overwhelmin; evidence presented, I can only conclude that these
two types of gland are in fact distinct and are not stages in the secre-
tory cycle of the same gland.

Mucous glands. These occur all over the dorsal and lateral
body surfaces, but are not so abundant in the enidosac region of the
cerata (Fig.35). They are from 10 to nearly 40p in length depending

on the thickness of the epidermis, and the nuclei are elongated and
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up to 8p in length (Fig.38). The secretion (Table 8) consists
of acid mucopolysaccharides, and is positive to Best's carmine

for glycogen.

Ceratal glands of Catriona maua
The distribution of ceratal glands in C.maua is very similar

to that in C.gurantia (Fig.35); the chief differences ere that there
are fewer mucous glands, and the cnidosac glands are restricted to a
much emaller ares towards the tip of the ceras. The cytological siruc-
ture and the histochemical resctions of the glends are closely similar
in the two species (Fig.39 and Table 8). The cnidosec is only about
half the length in C.mgua that it is in C.surentia. 7This is not
gimply due to the fact that C.aurantia is the larger animel; onidosac
sige 1is not courrelated with ceras size, and a young ceras has a
cnidosac of approximately the saje sisze as an older, and much larger
ceras, Below the small cnidosac (which is usually 120 to 165p in
length in fixed animals), C.maus has an accessory sac in which
nematocysts are taken up and stored. This is really just a modified
part of the hepatic epithelium in which there are no glandular cells
at all, and it is sharply demarcated from the typical livér. The
length ¢f this accessory sac is variable even within one individual
in different cerata, but it often equals the cnidosac in length,

There is no muscular or other consiriction separating the accesory

sac from the glandular part of the llver.
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Ceratal glands of Catriona perca

The distribution of ceratal glands in C.perca is very
similar to that in C.msus; the enidosac is of approximstely the
seme size, but there is no accessory sac., The absolute size of
the ceras indicated in Fig,35 is not a valid difference since
the four animals that were sectioned and from which this was drawn
were not the largest availsble., C,perca is of approximately the
sane sigze as C,.maua, and haw cerata of much the same size. C.perca
differs from the other snecies of Catrions studied in that it has a
fourth type of gland (Fig.35) scattered all over the cerata, but
not as abundant as the mucous glands. The secretion is often fixed
so that part is exuded as a globule., It does not react to any of
the stains and histochemical reagents employed. It has the appear-
ance of one or two large, transparent but slightly'yellowish glob~
ules, that f£ill the entire thickness of the epidernis (8 to 30p).
It seems unlikely that tﬁese can represent the final stege in the
development of the mucous glands, since no intermediates occur, and
they are absent from the other species of Catriona which have iden-

tical mucous glands,

Ceratal glands of Catriona tina
Catriona tina is a very small species with much smaller

cerata than in the three preceding species. The cnidosac is small

compared to in the other species, but large in relation to the size

of the ceras, The glands are distributed as are those of C.maua,
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except that, as already mentioned, at the ceras tip they occur
in pairs such that the granuler gland of each pair is towards the
tip and the white glend is towsrds the base of the ceras (Figs. 40
and 41). This arrangement is not invariable: one can occasionally
find isolated glands of one type or the other, but it is usually
the case, Strangely enough, two of the four individuals sectioned
did not possess any granular glands at all, White glands were also
apparently absent in fixed material of these two animals, but these
are easily overlooked in "Susn" or Bouin fixed material vhen the
neighbouring cells compress the walls of the gland which has prac-
tically no residue. The reactions of the glands are similer to
those in the other species (Table 8), but the granular glands
ere more strongly positive to acid mucopolysaccharides, and the
white glands also are weskly poasitive to alcian blue., The fact
that the mucous glands are positive to mucicarmine here and in
C.perca but are only weekly so in the other two species may have
little importance. Mucicarmine appears to be unreliable on its
own as 2 guide to the mucoid nature of a seeretion both in Catri-

ons and in the Eubranchidae.

Mode of secretion of the ceratnl glsnds of Catriona species

Muscle fibrils, such as occur in the glands of Eubranchus
exiguus, could not be seen in any of the species of Catriona with
routine Masson prep-rations and an oil immersion objective. With
a polarising microscope, however, fine birefringent fibrils can

be seen round the white glands, and these are particularly clear
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in C.aurantia. They ere not present round either the granular or

the mucous glands in any of the four species studied. Since the
white glands are often exuded on stimulation in C.mesua and perca,
it is probable that these birefringent fibrils are muscle fibrils
and are responsible for exudation. The mucous glands probably ooze
continuously and hence require no muscle f;brils, but the mode of

secretion of the granular glands is not known.

Functions of the ceratal glands of species of Catrioma,

Observations were made on eight or more individuals of each
speclies of Catrions, but even with these numbers it is difficult to
draw many definite conclusions. The behaviour of an animal depends
on its age and health, on how long it has been in captivity, end on
other unknown factors. Nevertheleas, we can draw some conclusions
as to the functions of the various types of gland even if the dif-
ferences between the species are not clear. In C.mawa and C.perca,
1f the animal is prodded violently with forceps, the secretion from
the white glands is sometimes exuded in the form of s white cloud
which slowly diffuses away. Exudation was not observed on ninching
and autotomising a ceras. These resulis are listed in Table 9.
Similar behaviour on prodding the animal may have been overlocked
in C.,aurantia, and in C.tins no exudationws found, although sought.
Exudation of glanduler material does, however, occur regularly in
C.aurantia on pinching and autotomising a cerss, This material

is apperently colourless, although in view of subsequent work on

C.maua and perca where only the white glands were seen to exude,




this requires confirmation. Pressure of a coverslip ¢n a ceras

did on one occasion cause exudation of a white secretion. Thus
in C.aurantia, it is possible that the granular glands are more
important in defence than the white glands. The granular glands
of the other species are probably also important in defence, al-
though they may be more regdily miscible with water than they are
in C.aurantia, and hence less easy to detect.

The mucous glands of Catriona probably have the same func-
tions as the small mucous glands of the Eubranchidae. Theyimay
be responsible for secreting the cuticle, but it is not clear
whether the current caused by cilia is a movement of this mucin
cuticle itself or of a film of mucus outside this layer. The
mucus probably protects the animal from dsmage due to chemicals,
abrasion, and particles settling on the animal, The current also
tends to carry the secretions of the defemnsive granular and white
glands towards any potential predator. The function of the globular

glands of C,perca is not known.

Ceratal glands of Eolis M and Terrines despectus

Eolls M and Tergipes despectus differ from the other acleio-

procts in nossessing only one type of ceratal gland. There are no
glands confined to the cnidosac rezion (Figs. 42 and 43). In the
eubranchids and catrionids, the glsndular epidermis of the cnidosac
region is much thicker than the epidermis over the rest of the ceras,

but in these two s»ecies it is, if anything, slightly thinner over



the cnidosac. The shape of the ceras tip, too, is different; in
T.despectus and Eolis M it is rounded over the bulging cnidosac,
but in typical acleiprocts it is contracted just below the tip.

The mucous glands of Eolis M are often 10p in diameter and
reach the level of the base of the neighbouring cells,as in Catri-
ona species, The secretion is positive to tests for acid mucopoly-
saccharide - dielysed iron, toluidine blue and safranin - and also
takee green with Masson's trichrome. About helf of the glands
appeer to be empty. This may be an artifact, or it may mean that
they have exuded all of their secretion.

The glands of T.despectus all appear to have lost their con-
tents before fixation or during subsequent treatment. It is Just
possible that the secrefion is present, but nothing stsins with
Magson's trichrome, Mallory's triple stailn, dialysed iron, slcian
blue, PAS, and Best's carmine, Such a secretion could be e neutral
mucopolysaccharide, but it is more likely that the secretion has
been lost, so its reactlions sre unknown,

These glands of T,despectus and Tolis M probably have the same

functions as the mucous glands of other eolids. They mey secrete the
mucin cuticle, and in addition, or instead of this, they may gsecrete
mucus with a general protective function. They are unlikely to be
of direct defensive import-nce, but they may carry nematocysts from

the cnidosac towards s potentisl predator in the ciliary current.



Figure 20, Key to eo0lid gland diesgrems. ihis

applies to Figures 21, 35, 43, 44, 45, 46, and

47. For further explenation, see text.
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Pigure 21. Liegrams to show the distribution of
cecrtal glends in the Eubranchidee. zuch diagrem
represents e 6p thick longitudinel section. For

a key to the glinds, see Fig. 20,
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Figure 22. Section of ceratel epidermis of

Eubrenchus pellidus fixed in Lewitsky-ssline,

decoloured, =nd st~ined with Safrenin and Light
Green. 4., osmiophil glsnd; B8., gr:nuler

mucous glend; C., large mucous glend.

Figure 23. Section of cerstsl epidermis of

tubrsnchus pallidus fixed in "Susa" and stcined

with di¢lysed iron, besic fuchsin =nd picric
ecid. Lettering ¢s for fig. 22. The epidermsl

vesicles, V., tre particulerly clesr.






Figure 24, Dizgrem to show the glands of the

cerss tip region of Eubranchus psllidus.







FPigure 25. Section of cerss of Jubrenchus pellidus

fix-d in Lewitsky-saline rnd st:ined with dielysed
jron, besic fuchsin ~nd picric scid. Cey large
mucous glind; L., smell mucous glendj F., granuler

non-mucous glend; ve., vesicles.,

Figure °6. iiegremmetic section of cer:tal epidermis

of Wubrenchus psllidus showing gl:nds present.







Figure 27. Longitudinal section of a ceras of

Eubranchus tricolor fixed in "Susa", steined with

Ehrlich's haemctoxylin &nd Southgate's mucicarmine.
2.y grenuler mucous glendy C., large mucous glendj
Loy smell mucous glands c., cnicosec;y C.8.,

cellule spéciale; 1l., liver.

Figure 28. Longitudinal section of ceres of

Eubrenchus exiguus fized in Zenker's fluid, stzin-

ed with Messon's trichrome. Lettering as for

Figure 27. /., white oesmiophil gland.






Figures 2¢ &nd 30. Cer:s tip gl:nds of Eubrsnchus

exiguus, tre:ted ¢s was the ceras in Fig. 2U. A,
osmiophil glend; B., granul:r mucous glenc; C.,large
mucous glend; c., cnidosac; h.c., hepatic cell;

m., muscle fidbrily n., nucleus; Pe» pigment grenules

V.o Vesicles,






Figure 3l. Pisgremmatic section of ceres tip cerst: 1

gl=nds of tubrshchus exigruus. Vesicles have been

omitted f r clsrity.






Figure 32, Semi-diagremmatic section of ceratal

enithelium of Eubranchus exiguus. The upper p&rt

of the dhegrem is ¢t right ¢ngles to the surfice of
the ceres, end the muscles sre cut trensversely;
the lower vzrt is more obligue, ¢nd the muscles

sre cut in lonrsitudinel section.

Figure 33. Section of cer:s of Cspelliniz conicls

figed in "Susa" +nd st:ined with Messon's trichrome.
A., white osmiophil gl#nd; B., grenulir mucous
glendy C., lzrge mucous glend; ¢c., cnidosscj

CsS8ey cellule specisle; 1l., liver.







Figure 34. songitudinal section of cerss of Cotriona
curentis fixed in Lewitsky-seline #nd stesined with

safrenin end light green. S+ Cnidossec; c.8.,

cellule spéciale; £+8l., ¢renuler glandj l., livery;

megl.y mucous glendy o.gl., osmiophil gl:nd.






Figure 35. Dirgrems to show the distribution of
cerstal glsnds in species of Cetrione, Esch
dizgrsm represents - 6p thick longitudinel section.

For ¢ key to he glands, see ig. 20.






Figure 36. ection of cerss of Catrions surentis

fixed in Lewitsky-saline, sterined with s:frsnin and

light sreen. c.8., cellule spéciele; Ee&ley

gr:nuler glands l., liver; o0.gl., osmiophil glendj

V., vesicles.

Pigure 37. section of ceres of Catriona aurantia

fixed in "Susa”, strined with Masson's trichrome.

Lettering ss for rig. 36; «lso c., cnidos:c,






Figure 38. Disgrammatic section of cerss of Catrions

surcntiz .

Pigure 39. Section of ceras of Catrione meaua, fixed

in "Susa", stained with Masson's trichrome. For

key to lettering, see Fig. 36.






Figure 40. Section of cer:s of Cetrione tins

fixed in "Suse", stained with Masson's trichrome.

Lett=ring e8 for iig. 36,

Figure 1l. Semi~-dtagr:mmetic section of cerss

of Cetrions tins.







Figure 42. Longitudinsl section of cerss of
Eolis M fixed in "Susae’, staired with sefrenin
end light green, C., Cnidosacj C.8., cellule

speciele; l., liver; m.gl., mucous glend.

Fisure 43. Dicgram of cerstel glends of -olis

M =nd Tcrglpes despectus r8 seen in & 6p thick

longitudin:1l section.






Ceretal glands of the Cleioprocta
Introduction

Of the three main families of the Cleioprocta, the
Acolidiidae are anemone feeders with pectinste radular teeth,
snd the Fecelinidae and the Favorinidae are hydroid feeders with
cusyldatc radular teeth. The Pacelinidae and the Favorinidae are
distinguished by the mode of liver branching {Odhner, 1937; Macnae,
1954), but they may not be phylogenetic units. The Aeolidiidase are
probably a natural grovp, and this family is reviewed by Marcus
(1961).

The histology of the ceratsl evidermis of the cleioproct
eolids is basically similar to that of the acleioprocts. All of
the species examined have at least two types of ceratal gland,
osmiophil non-mucous, and scidic mucopolysaccharide, In the
osmicohil glends, the secretion usually has a colled appearance,
Just as in Fubranchus pellidus. ¥With non-osmium fixstives, theae
glands may have a small residue in the middle of an otherwise empty
cavity, or they may rctain a coiled sppearance to the secretion.
There is no direct evidence that these glande are white in life,
but in view of the gimilar features to the oamiophil glands of
Cgtrions and of Eggzgggggg,_this seems probable, White markings
are usually present on cerata of most eolids, and some of these
coul? be cdue te the osmiophil glands.

The mucous glands of cleioprocts mey be epidermal or sub-
epidermal. The subspidermal ceratal glands resemble those of



E.pallidus, but there is usually even less cytoplasm then in that
smecies - the mucin occupies practically the entire cell apart from
the nucleus, The epidermal mucous glands may or may not reach the
level of the basement membrane of neighbouring cells, according to
the species; but otherwise they are 'miform throughout the species
studied, and resemble the mucous glands of Eubranchus and of Catpl-
ona. Unless otherwise stated, all mucous glands are metachromatic
to toluidine blue, and positive to alcian blue :nd to dialysed iron.
They are ususlly, but not 2lwzye, positive to the PAS test for carbo-
hydrates. Thus in all of the mucous glands the contents conslist of
some form of acid mucopolysaccharide,

The distribution of glands on the ceratel surface is shown
by mesns of diegrams, FEach disgram represents a medien longitudi-
nal section of a cergs of a partieular species, The number of glands
shown 1s approximately the number seen in & ép thick section. No
account is taken of the fact that one surface of a ceras may be
rich in glands whilst another is pocr; these diasgrams represent
approximate averages. All cerata are drawn to the same scale but
with a maximum length of 1,5 mm. In Phidisna dnd Berghia, cerata
may grow to a length of severnl millimetres. Sincé‘the cindosac
ig of much the scme size in large and in much smaller cerats, 4n
the case of these species, small cersta have been drawn.

Ceratal glands of the Favorinidae
A single individual of Favorinus branchialis [filler) was

found at Plymouth and fixed in "Susa"., Glznds of similar appearsnce
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to the osmiophil glands of F,auritulug are present, but without
Lewitsky-saline material it is impossible to be certain that these
are in fact osmiophil. Both these apparent osmiophil glands, and
epldermal mucous glands are distributed all over the ceratal sur-
face (Fig.44). Some of the mucous glands reach the level of the
basement membrane of neighbouring cells, but others do not. All
intermediates occur, and clearly they are nll of the same type.
At the tip of the ceras, in the cnidosac region, is a third type
of gland. Fach gland is owval, 20u long, and reaches the inner
border of the epidermis. The contents of these glands are either
not fixed or have been lost in the subsequent treatment of the
specimen, so the nature of the secretion is unknown. These "empty"
glands are, however, quite distinct from the similarly shaped
mucous glande in which the secretion is almost slways rreserved.

Favorinus auritulus Marcus is a2 small epecies from Jomeica

with similar eer-tal glands to F.branchialie (Fig.44). Typical
osmiophil glands are present scattered over the ceratal surface,
and the zlands st the tin hsve no stainable contents with either

"Susa® or Lewitsky-ssline, just as in F.branchialis. The mucous

glands ar~ of two Aistinct types,unlike in F,branchialis, and no

intermediates occur, The large enidermsl mucous glands are up to

20p long, snd resemble the large mucous glends of Fubresnchusj

whilst the small mucous glands are only 4 to 7y in diameter, and

resemble the small mucous glands of Eubranchus,
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Eolis X is an undescribed species from the Caribbean, One
specimen was found at Jamaica, and seven more were found on a pier
at Miemi, Floride, in April 1962. The arrangement of the first
group of cerata im a double arch clearly demonstrates that K is
2 favorinid of the subfamily Facelininse (Marcus, 1958). Because
of the value of the animals as type material, little was done in
the way of experimentation on the living animsl, One animal was
fixed in Heidenhain's "Susa" and sectioned, the others were fixed
in Byuin's fluid, one being sectioned. 7Two types of ceratal gland
are present (Fig.45). In the cnidosse region, but absent else-
vhere, are a few glands with a coiled appearsnce in Bouin's fluid,
and these are probably osmiophil. Mucous glands are present all
over the ceratal surface, but unlike in Favorinus, they are all

subepidermal,

Eleven speéimens of Dondice occidentelis (Engel) were found
at Jamaica in 1961-1962. Three types of ceratal gland are present.
Coiled, osmiophil glands are scattered over the surface of the ceras;
and epidermal mucous glands with the mucin reaching the base of the
cell occur all over the cerata including the cnidosac region, Sub=
epidermsl mucous glands are present in the cnidosac region only
(Pig.45), and they have identical staining reactions to the e-idermal
glands.

Ceratal glsnds of the Facelinidse
Eolis D is an undescribed facelinid fronm Jamﬁica which is
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one of the commonest species present at Port Royal., The cerata
are narrow and pointed, unlike in most other species of eolid. There
are three typea of ceratal gland (Pig.44). Osmiophil glands are
distributed all over the ceratal surface, but they are only weakly
osmiophil, and the contents are not distinetly coiled. Epidermal
mucous glands up to 12p in diameter are present over the entire
ceratal surface. They slléppear to reach the level of the inner
border of the epidermis, and can probably all be assigned to a
single type although there is considerable variation in the shape
and staining resctions of the contents. In the cnidosac region
only there is a third type of gland, the gramalar gland, which
appears as a number of minute droplets less than 0.5p in diameter.
It does not appear to contain mucin (negative to salcian blue, die~
lysed iron snd toluidine blue), carbohydrates (PAS), or protein
(8akaguchi's test),

Learchis poica Mercus was found in small numbers in Jamaica.
Two types of gland are present (Fig.46), both being distributed
more or less evenly over the ceratal surface, The osmiophil glands

are only weakly osmiophil, but clearly have a colled seeretion. The
mucous glands are subepidermal, but it is just possible that some of

them are enidermal., All have identical histochemical and staining
reactiona, and there is clearly only one type of gland even if some-
times there is no subepidermal part.

Phidians lynceus Bergh is the commonest eolid in the mangroves

at Port Royal, Jamaica. It is a very large species and reaches 60 mnm,
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in life. Three types of ceratal gland are present (Fig.46); and
in addition, scattered over the cerss especially in the distal
half, are celle similar to the special epithelial cells desoribed
by Henneguy (1925) from Facelina, but also described froa Catrions
aurantis on page 87, 8ince the function of these cells is unknown -
they may be sensory or they may be glsndular - they have been omit-
ted from the dlagram. Two types of gland are found over the whole
of the ceratal surfece: coiled, weskly osmiophil glands, and eni-
dermal mucous glands, In the cnidosac region is a third type, the
subenidermal mucous gland. These sre absent from the rest of the
ceratal surface, except that some of the lateral cersta have them
over their entire surface. Both types of mucous gland stain for
acid mucopolysaccharides, but they astain differently with histo-
logical staina. Thus the subepidermal glands stain green with
Masson's trichrome and blue with Mallory's triple stain, but do
not take up basic fuchsine readily; whilst the epidermal glends

are a very pale green with Masson's and a pale blue with Mallory's
stain, but do take up basic fuchsine., The subepidermal dands con-
tain minute granules which take red colours with both Masson's and
Mallory's stains. These granules are absent from the epidermal
mucous gleands.

Facelina coronata (Forbes) from Plymouth is another species
with osmiophil and epidermal mucous glands scattersd 211 over the
ceratsl surface, but the material was inadequate to be certain
wvhether there is 8 second type of mucous gland at the tips of the

cerata.
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Ceratal glands in the Aeclidiidae
Spurills nespolitsns (Delle Chiaje) is the commonest anemone-

feeiing eolid at Port Roysl. Tvo types of ceratal gland are present,
both being distributed over the entire ceratal surface (Fig.47).
Osmiophil glands with coiled contents are more abundant in Spurilla
than 4in moest other apeciea in this study, and the more numerous
mucous glands are all subepidermal,

Berghis coerulescens (Laurillerd) wes found on two occasions
at Port Royal. The ceratal glands are quite different from those
of S.neapolitana (Fig.47). The mucous glands over most of the
ceratal asurface, but absent from the onidosac region, are epidermal
and not subepidermsl. But in the cnidosac region and extending to
almost half the length of the ceras, are subepidermal mucous glands,
Both types of gland stain in a similar wey with the reagents used, and
it 1s likely that one type is derived from the other, The epidermsl
glands somntimes,wbut not always, reach the level of the basement
membrane of nelghbowring cells, Coiled esmiophil glande are present
scattered over the ceratal surface, There are also some cells in
the epidermis which take up the xylidine red of Masson's trichrome
and the orange G of Mallory's triple stain, Similar cells are present
in the subepidermal tissues, end it is likely that these are sxcretory
coelomocytes. They resemble the type 'F' glands of Eubranchus species.

Observations on sections of Aeolidis papilloss (L) and

Aeolidiells glauca (Alder and Hancock) var, angulata (Alder and
Hancock) show that in these two species the comzon mucous glands




are all epidermal. It is therefore pessible thet the nature of
the mucous glands, whether they are epidermal or subepidermal,

mey be of importance in the taxonomy of the Aeolidildse.

Functions of the ceratel glands of the Cleioprocta

In none of the cleioprocts studied is there as great a
concentration of glande in the cnidosac region as is commonly
found in the acleioprocts. Consequently it is difficult to ob-
serve glanduler secretion because the qusntity of fluid exuded,
if any, is very small., 1In addition, the cerata are frequently
long and mobile, and their violent waving meens it is often im-
possible to see {f exudation has or has not occurred. Thus
glandular secretion is not recorded for many species of cleio-
procts. On one occasio , when a ceras of F.branchialis was

pinched and autotomised, small transparent globules were seen

to be exuded from the empty glands st the ceras tip. These glands

may therefore have a defensive function., Dondice occidentalis was

observed on three occasions to exude clear globules from glands in

the cnidosac region when cerata were sutotomised. These globules,

11 to 17p in diameter, take up vital dyes just as do the mucous
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glands cver the rest of the ceratal surface in this species., They

are red with neutral red, pink with janus gree-, and turquoise with

toluidine blue (non-exuded mucous glands did not take up toluidine

blue). I was unaeble to distinguish epidermal from subepidermal mucous

glands by means of vital dyes, but this may have been because the
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dyes did not penetrate below the epidermis. It is not clear from
vhich of the two types of mucous gland the exuded globules cowe,
but there is indirect evidence that it is from the subepidermal
glends. The cercta of Dgndice are very slimy, much more so than
are those of Catrjona or Eubrenchus, and an autotomised ceras tends
to stick to the forseps. When stained vitally with neutral red or
toluidine blue, a thin mucous sheath can be zeen completely en-
veloping the ceras, and almost doubling its apparent diemeter.
This sheath hes evidently been secreted by the epidermal mucous
glande, and it may in life be removed continuously from the ceras
tip by cillary action., Since the epidermal mucous glands have this
function, 1t would seem likely that the subepidermsl ones sre res-
ponsible for the secretion of the globules. Both glands are prob-
ably of defensive importance.

In Eolis D, on three occasions, prodding of sn enimal
elicited the secretion of many minute white droplets from all
ovér the cerstal surface., This white cloud rapidly disperses, but
it almoat certainly comes from the osmiophil glands. The granuler
glends in the cnidosec region could also be defensive, but exudation
of them was not obeerved, A similar opaque cloud was once observed
coming from e ceras of Learchis polca after prodding, but it is not
known if it came from osmiophil or from mucous glands,

In all of these cases, glendular exudation occurs when the
aninmsl is vielently disturbed, and it is therefore probable that
the glands involved are of defensive importance, It is likely
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that the ceras tip glands of other species, for example Phidisna,
are of defensive importance, but their violent waving renders it
almost impossible to check this, Not all species, however, have
defensive ceratal glands. FEolis K possesses just one type of
mucous gland with, presumably, the usual cleansing functions, and
a few osmiophil glands, of possible defensive function; and in the
acleioprocts Eolis M anc Tergipes despectus, osmiophil glands are
absent,

In the Aeolidiidae, defensive glandular secretion was qnly
seen once, in Spurilla neapolitana. 1In this case it was cleear
globules from mucous glands. The mucous glands of other species
may slso be important in defence because of the copious quantity
of mucus produced.

None of the cleioprocts examined has any trace of muscle
fibrils round its glands, either with oil immersion or polarised
light, so presumably glandular secretion is by means of contrac-
tion of subepidermal muscles, or is a continuous exudation.

Thus although the evidence is not as conclusive as is
the csse with the acleloprocts, there is evidence that some of

the glands of many cleioprocts are of defensive importence.

Discussion

Defensive glands at the ceras tin have been deseribed only

once, by Hecht (1896) for Colma glaucoides. According to Hecht,

the glands in this specles are large cells, up to 55p in length -
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considerably larger than in any of the speciles described here

vhich reach only 40p in C.aurantis and E.exiguus. Hecht des-

eribes three appearances to these cells with osmium fixetion:

a black, opaque mess; an empty appearance; and staining as do

mucous glands with carmalum. The empty glands no doubt are merely
cases where the secretion has been lost by exudation or during fix-
ation and sectioning, but it seems much more likely that the other
two appesrances sre in fact two different types of gland, and not,
ss Hecht supposes, merely stages in the secretory cycle of the same
gland. Thé black appearance with osmium suggests a gland of a simi-
lar nature to the white, osmiophil glands of Eubranchus and Catriona.
The mucous glands could be similar to the granular mucous glands or
the large mucous glands of Eubranchus., Calma is a cleioproct eolid,
and is almost certainly not closely relsted to the acleioprocts des-
cribed in this Chapter., TYet the similarities between the glands of
Calma and of these species is very striking. It is almost certainly
the result of parallel evolution since similar batteries of ceratal
glands are absent from cleioprocts gemerally, It is elso probable
that the ceratal glands of Catrione and Eubranchus are the result
of convergence. The osmiophil glands of the two genera are very
similar, but the other ceras tip glands are quite different. Also
the cuthonids T.despectus anc Eolis l, which are closely related

to Catriona, lack ceratal glands, This is either z secondary loss,

or else the glands of Eubranchus and Catrions are definitely the

result of parallel evolution,
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Another parallel can be drawh between the Eubranchidae

and the species of Catriona. In the larger species of both
genera, there is no clear arrangement of the osmiophil and the
granular glands - they appear to be spaced at random with re-
lation to each other. But in the smaeller species of both genera
they are arranged in a very definite way in pairs., Here, however,
the parallel ends, because in Eubranchus exiguus and Capellinias
sonicla, the osmiocphil gland of each pair is towards the ceras
tip, whilst in Catriona tina it is towards the base of the ceras.
The significance of this arrangement 1s twofold: it enables esach
palr of glands to function as a single unit, which may be impor-
tant if the combined fluid is more effective a deterrent than
either fluid alone; and it resulis in an economy of space such
that mors glands can be packed into a given area than if the
arrangement were less rsgular. In E.exiguus and C.coni¢la, the
osmiophil gland of each pair bulges below the granular mucous
gland. Ib C.tina tne osmiophil gland has a broad base and a
narrow neck, whilst the granular gland has a narrow base and a
broad neckx. In all thres species, each pair occupies only as much
surface area of ceratal epithelium as would one gland in the same
position., In small species it is evidently of great importance
to make efficient use of all available space.

We can ccnclude that there is very strong evidence that

many of the cerztal glands of the Acleioprocta are srimarily



defensive in functiion, This is also true for Calma glauccides.
The evidence for the defensive function of ceratal glands in the
Cleioprocts is less conclusive, but even here, in some species,
certain types oif gland are concentrated at the tips of the cerata,
and in some cases there is evidence thai some glands are exuded as
a defensive reaction, Hecht (1836) regards all ceratel glands as
of defensive value, but we can now go further and consider the
mucous glands of all eolids to perform cleansing and mechanical
protective functions whiist some of the other glands perform a
protective function directed towards certain predators.

6. NEMATOCYSTS

Higtorical

When Garstang (1889) and Herdman (1890) first suggested
that eome eolids have warning coloration, they believed that the

repellent properties of these animals causing them to be rejected

by potential predators are located in the cerata, They both showed
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that eolide are rejected as food by seversl species of fish (Poulton,

1890; Herdman and Clubb, 1890), end the behaviour of the zolid when

disturbed suggested to both that the cerata might be particularly

repellent. Since nematocysts occur in the cerata, it seemed reason-

able to suppose that these are respbnsible, at least in part, for
the distastefulness of the eolid. The behaviour of a fish when
rejecting an eolid after heving teken it into the mouth, is to

spit it out again almost immediately. Clearly the cause of thig
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rapid rejection is something located on the surface of the eolid.
But the nematocysts are located inside the ceras in a sacj so if

they are important in defence, then either the cerata must be
squeezed or broken, or the nematocysts must be ejected from the
cnidopore. Since a healthy eolid is apparently unharmed after
passage through the mouths of several individual fishes, 1t is
clear that even when it is tasted by g fish, cerata are not broken
or destroyed, although they may be autotomised. To be effective,
then, nematocysts must be ejected from the cnidopore. This dces
in fact occur, as Hecht (1896) found. He describes the ejection of
white blobs from the tips of cerata of Aeolid;a'gagillosg. These
blobs soon disperse in water, but he was able to show that they
consist of a large number of nematocysts.

The theory of nematocyst function in coelenterates depends on
the principle that the nematocyst is harmless when it is in the un-
exploded condition, and only becomes harmful to other organisms the
moment it explodes. It would seem likely, then, that in eolids also
it is the explosion of the nematocyst that causes rejection by other
animals. Abric (1904) concludes that nematocysts are not important
in the defence of eolids because they do not readily explode, and
because they are not normally exploded during ejection, This is
contradicted, however, by the observations of Grosvenor /1903) and
of myself (see pages 115 andillé), and may have been based on

observation of an aberrant individual or an aberrant species,



Crosvenor st-tes that nemetocysts usually explode lmmedimtely
following ejectiaon, and he regards this as the experience of most

vorkers,

Grosvenor (1903) end Cudbot (1907) £ind that nematocysts
are rerely ejected when the eolid is prodded with & glass rod,
except in one individual of Spurilla nespolitans, but that a violent
stimilation such as plucking off & ceras results in s massive ejec-
tion. Such a stimulation might occur in the mouth of a fish, Gros-
venor points out that one should not expect nematocysts to be very
readily ejected, since if they were, then ejection and explosion
would occur before the predator was sufficiently close to the eolid
for the nematocyste to be st all effective. On the other bhand, if
ejection only occurs after violent stimulation, such es being tazken
into the mouth by a fish, then the explosions of the nematocysts
would occur in close centsct with the delicate lining of the mouth,
This would cause the maximum degree of irritation, and would probebly
result in complete rejection by the fish. Cudhot, however, concludes
that namatocysté are of little defensive value., He believes that
mucous secretions and the taste of the eolid as & whole are the
chief causes of thelr un»alatebility. Glaser (1910) confirms thig
vhen he finde that eolids with no cerste, and hence no nematocysts,
sre rejected by fish just es are intact solids. However, even if
the whole of the aolid is umpelatable, this does not necessarily

imply that the nematocysts are of no defensive value.
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thods and Results

In order to decide between the opposing theories of
Grosvenor and of Cudnot, it seemed important first of all to
collect more data on the conditions under which different species
of eolid will eject nematocysts, and on vhether or not these nemato-
cysts are exploded. The results obtained demend on the species used,
and there is slso a certain amount of individusl varistion. Animals
which have been kept for sever:z1 dsys in aquaria tend to be less
resctive than fresh ones. Because of this varisbility in behavicur,
where observations have been based on only one or two individuals,
the resulte should be viewed with caution, for example with Berghia

coerulescens and Favorinus branchislis. Table 9 summarises the

results obtained from Plymouth =2nd from Jamaica for seventecen species
of eolid, The first six columns sre concerned with nematocysts.
Column 2 gives the number of times in which ejection of nematocysts
occurred when the animal was prodded on the back with a pair of fine
forceps, Column 3 gives the number of times in which ejection oc-
curred whan a cerss was pinched with forceps and plucked off, The
number of individuals used for obtaining the figures in columns 2,
3, and 7 to 10 is given in colﬁmn 1. The behaviour of an eolid when
a ceras is pinched, and whether autotomy occurs, has been discussed
on page 51.

Column 5 gives the number of nematocysts which are exploded
out of the total number ejected, and column 6 gives this as a per-
centage. The number of eanimals used to obtain these figures is given

in column 4.
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Bubranchus - :
pallidus 4| v |3/14/1] 6/20 VoI [3/6]8/9
Fo exiguus (10| v | 3/5 7/11
Crtrione ,
aurzntia 9 [11/13 [28/28|7 |106/430 | 254 8/10 |
Ce maua |19] 5/17T| 4/15|3 | 63/335 | 194 5/33 0/15]
C. perce 8| 0/18| 0/4 |2|13/101 | 134| 5/22 0/4
C. tina 15| 9/21 | 2/5 |2 [195/215 | T1%| O/17
Tergipes
despectus  |12{11/22 | 9/17|6 [178/255 | 70%
Eolis M 2| 2/71
Favorinus |
brenchielis | 1 2/12(1 | 20/30 v
Dondice
occidentslis| 8| 6/22 | 1/13|2 (139/178 | 78%
o
Eolis D 12117/29 | 6/10|T |463/517 | 8%
Leearchis
poics 71 2/13 | 1/12|4 321/1572 20% Vv
Phiddsana
lynceus 15| 1/25]| 0/12
Bewghia
coerulescens | 2| 3/4 |1/2 |1 [145/300 - 48%
Spurille ’
nespolitena [12{12/35| 7/11(5 (553/782 | 70% v
Aeolidis
papillose 5| 9/12 | 8/22|5 (343/753 | 45%
teolidiella
gleuce 2| 3/8 k 2/3 (1| 64/88
Table 9«  Behaviourasl resctions of eolids. ./ - a positive
reaction. For further explenastion, see text.
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From columns 2 and 3, we can conclude that nematocystis are
usually ejected (over 50%) on appropriate stimulation in Catriona

aurantia, Tergipes despectus, Eolis D, Spurilla neapolitana and
Aeolidia papillosa. They may alsc be regularly ejected in Eubranchus

exiguus, Catriona tina, Eolis M, Aeolidiella glauca and Berghia

coerulescens, but there is insufficient data to be certain of this.
Nematocyst ejection also occurs occasionally in all of the other species

studied, except Catriona perca and Phidians_lynceus inwuhich it is rare

or non-existent. It is probable that nematocyst ejection is more fre-
quent when the stimulus is more violent, but with violent prodding, the
water is disturbed and the cerata are waved vigorously about so that
any ejection is obscured, Phidiana i1s a particularly difficult species
in this respect. Although it is one of the largest eolids, and is
very abundant in Jemaica, the cerata are moved rapidly to and fro
at the slightest provocation, and it is very difficult to be certain
whether or not ejection has occurred. All doubtful records have been
omitted from Table 9.,

From column 6, we can conclude that of the ejected nematocysts,
s high percentage are exploded in Tergipes despectus, Eolis D, Spurilla
neapolitana and Aeolidia papillosa, end probably also in Catrions tina,

Dondice occidentalis and Berghia coerulescens where only one or two

jndividuals were examined. Comparatively few are exploded in the
other species of Catriona and in Learchis poica. Where less than 100

nematocysts were counted from only one or two cerata, the figures have
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been ignored as they may have been due to chance variation. Han-
cock and Embleton (1845) find that if a ceras is compressed slovly

many of the nematocysts explode. If the water in which nematocysts
have been ejected is agitated, more explosions occur., Therefore it
is important to st:ndardise ccnditions for these results to have

any relevance, In every case, a ceras was pinched and autotomised,
and then placed on a slide ia a drop of wzater. The counts were made
after a coverslip had been lovered, except in the case of T.despectus.
In the cese of Dondice occidentalis, of 74 nematocysts ejected natur~
ally, 68 were exploded; whilst of 75 squeeged out by means of pres-
sure exerted on the coverslip, 68 werc exploded. So in this species
at lesst, extra pressure does not sppesr to affect the number of
nematocyste exploded, There is » certsin a~ount of individual vari-
stion in the beheviour of eolid nematocysts, but in the case of

Courilla neepolitans, the results are often repeatable. From one

animel, five cerata were removed, and of 100 nematocysts exsmined

from each ceras, 61, 64, 69, 8 end 80 were exvloded, Cerata from

two other individusls gave counts of 61 and 82, Thus individual
variation doee occur, but if seversl hundrod nematocysts from a

number of individusle are exsmined, the reesults shounld be comparable
for differen® specles. Another -oint is thet in the figures given,

no account has been taken of the different types of nematocyst present,
Kepner (1043) describes the nematocysts of Catriona pilats (Gould).

This snecies feeds on Pennaria tisrella which has five types of

nematocyst, large, medium and small stenoteles (or penetrants), 33,
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15 and 7.5pn long), desmonemes (or volvents, 31 long), end microbasic
mastigophores (1511 long). The large stenoteles and the mastigophores
are rare, the others are common. In C,pilata, Kepner describes how
all nematocysts are destroyed by the eolid in the stomach and the
cnidosac, excenrt the mastigophores. These are stored in high con-
centration in the cnidosac, and are used in defence. Whilst Cuénot
(1507) and Glaser (1910) believe that the deftnsivé value of nemato-
cystas is slight, Kepner holds that their defensive wvalue is great,
and that this selection of nemctocyst types is such thet the types
stored in the cnidosac are those that are most repellent to potential
predatore. It is certainly true thet selection of nematocyst types
does occur in many species, but it is not easy to show that the types
stored are the most repellent to predators. Bedot (1896) finds that
spirocysts do not occur in eolids, and in the specimens of Berghia,
Spurilla, Aeglidia and Aeolidiella that I have examined, I have seen
only one spirocyst in a specimen of Spurilla. Since each cnidosec
may contain 10,000 nematocysts in A.papiilosa (personel estimation),
and perhaps even more in Berghia, it is clear that mastigophores
have been selectively taken up, and th:{ spirocysts have been elimi-
nated. In Eollis D, the only type of nematocyst present is a form of
stenotele with sn elongate caosule 25 to 30p long. Since few hydroids

have only one type of nematocyst (Hyman, 1940), 4t is clear that here
too selection of nematocyst types has occurred. In Catrione tins,

Tergipes despectus, Tolis M, Eolis K, and probcbly Eubrenchus exiguus
and Catriona perca as well, the nemstocysts are almost all of the same
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type, usually S to 5p long isorhisas. The hydroids on which these

species feed are not well known, so it is not possible to correlate
this data with the nematocyates present in the food. On the other
hand, other species have several types of nematccyst, for example

Dondice occidentalis, Leerchie pojca, Facelina coronats and Catrions
aurantis. Different types of nematocyst tend to explode under dif-

ferent conditions. Thus with L.polca, there are the same five types
of nematocyst as are initislly teken u, by C.pilate. All are present

in the cnidosec, and all are functional, 5y long volvents make up

1/Z 10 1/3 of the nematocysts, and of 218 exsmined, 148 (68%) were

exploded. Microbasic mastigophores are uncommon, meking up only 4

or 5% of nematocysts present, and only 5 out of 51 (1U5) were exploded.
Stenoteles make up the rest of the nematocysts, most being small or
medium in size (6 to 15u long) with a few large ones (up to 40p).

But of 1303 stenoteles, only 163 (131) were exploded, and this in-
clades one ceras from which 87 out of %3 stenoizles were exploded,

This suggests thal either nematocyst selection tas not occurred in
L.poica, or that it has produced a very different result from that
found in other species of eolid. 1t ie difficult to see how volvents
could be effectiive deterrents, yet in L.poica it is volvents that are

the most likely to explode.

Ggnelugions
These results demonstraie that different species of eolid
utilize their nematocyats in different ways. One cammot generalise

and say that nematocysts are or are not ejected or exploded in eolids -
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the result obtained depends on the species studied, This does not
give any direct evidence on whether or not nematocysts are of use
in defence, but it strongly suggests that they are, It is diffi~
cult otherwise to explain why some species selectively take up
certain types of nematocyst but reject others, or why nematocysts
should be ejected at all as a result of stimulation by a vigorous

prod.

INTERACTION OF N MATOCYST AND GLANDULAR DEFENSIVE MECHANISMS

The previous two sections have established that glandular
defensive mechanisms exist in many acleioproct eolids, that glands
which may be defensive exist in cleioprocts, and that nematocysts
are ejectéd es a defensive reaction in most species of eolid. In
this section I shall attenpt to show how nematocysts and glands
are used together or separately to a varying extent in different
species. Columns 7 to 10 of Table 9 relate to the behsviour of
white and clear (transnarent) glands when the animsl is treated as
for columns 2 and 3., In the Fubranchidae and the genus GCatriona,
where defensive glands are concentrated in the cnidosac region,
glandular extrusion is often visible with a low power dissecting
microscope (or even with the naked eye in E.exiguus). But in the
clecioprocts, and in the case of clear glands in the acteloprocts,
exudation is often only seen when a ceras has been mounted under a
microscope with a 16 mm, lens. Since it is probable that some of
these secretions disperse readily, the fact that there are many

blanke in the table does not necess»rily indicste that glandular
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exudetion is non-existent; it merely means that it was not observed.

Eubranchidae

In Eubranchus pallidus, nematocysts, white thread-like glands,
and colourless glands are all regularly ejected when the animal is
molested, but from the frequency of their exudation, it would seem
that glandular secretions are perhaps more important than nemato-
cysts in the defensive system of this species. In both E.pallidus
and E.exiguus, there are at leaast three types of defensive gland
(pages 70 to 85). In E.exiguus, nematocysts and white thread-like
glands are both regularly ejected, and it is probable that both are
important in the defensive system of this species also. In E,exiguus
the glands are much larger and better developed than they are in E.
pallidus, and the muscles of the muscle-operated glands are clearly
visible with an ordinary light microscope, but there is no evidence
as to whether or not the glands are a more efficient deterrent be-
cause of this, More observations sre wanted, too, on the ejection

and explosion of nematocysts in these species.

Cuthonidae

The four species of Catriona studied all have at least two
types of defensive gland (pages 85 to 96)., The white glands sre
muscle-operated and are often exuded on stimulation, but the secre-
tion of the granular clear glands may be too readily dispersed in
water to be easily detected. The absence in C,aurantia of obser-

vations on secretion of white glands may not be significant - such
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secretion may have been overlooked, All four species probably
utilise both nematocysts and glands in defence, despite the abgsence
of nemetocyst ejection in C.perca and of zlendulsr exudation in (.
tine from Table 9. 7h- nematocyste of (.perca exanined for column
4 were extruded when an autotomised ceres wss procced, so it is
likely that nematocysts =r: extrudsd uncder certain circmstances

in this species. For {.tina, since it possesses glands similar to
the defensive glands of other Catriona s-ecies, it is likely that
they are sometimee used in defence here as well., Thus the four
species of Catrjone =il have similar glands, and all use both glands
and nematocysts fn defence. Bui whereas in C.perca it is glsnds that
seer to be thc more importent of the two mechanisme, in C.tina it is
nenatocysts. The difference between 0/18 for the nematocysts of
C,perca ana 9/51 for u.tina is significant at the 1) level {using
the 2 X 2 contingency table of Armsen, 1955), and that between 5/52
and 0/17 for glands i: significant at the 5% level., C.maus ==d C.
aurantia are intermediate ¢nd utilize bcth nematocysts and (lands,
but whilst in C.ucue prodding d:es not often elicit a response, in
C.aurantia it almost invariably does, Another point is that in C.

tina alone amongst these species arc there an appreciable percentage

of nematocysts exploded, These concl:icions are somewhat tentative
end more observetions are necessary to be certain, but it do-s seem
taat the defensive systems of these four species are quite different

even though they 211 belon: to the same genus.

Tergipes desnectus and Folis M both rely entirely on nematocysts
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for defence. Defeucive cersizl glands are completely absent (pages

9 and 97), but the cnidosacs are much larger than they are in, for
example, Catriona tina, which is of about the s=me size. Only a
small number of observations were made on Eolis M, but for I.des-
2ectus, nematocyste are frecuently ejected on pridding, and are

almost certainly of defensive importance.

Favorinidae

In the elelioprocts, there is no grea® concentration of
glands at the ceres tip (excent in Calina), and in nonc of the species
studied here arc nay of the ylende musele-operated. In the Favorinidae,
it is probable that both nemstocysts an’ gl-nds are utilized in defence,
but there is adequate evidence for this hypothesic in only one species,

-
o

Dondice o-ciicrtzlis. The poor Ceovelopment of glancds in Eolis K

suggests that hers they are not importsnt, but direct observations

on this rrecles =re lacking.

Fscelinidae

In the Facelinidae, too, both nematocysts and glands are
probably usec in defence, Learchis poica is & good example, although
in this speciles fgw of the nematocyste are exploded, In ‘hidiana
lynceus the absence cf observations may be due to the mobile cerata
mesking nenstocyst or landular ejection, Eolis D uses both glands
and neuatocysts ia defence, but is unique in two respecis: each
cnidccyst of this spccles contains only a single nematocyst, and

there is a long narrow duct leading froa the cnidosac Lc the
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cnidopore of exactly the same diameter as are the nematocysts.

The importance of this arrangement is not known, but it i=s prob-
able that the cnidosac is sdanted to storing snd ejecting one pare
ticular type of nematocyst which explodes readily (89%) and is a
particularly effective deterrent to predators,

Aeolidiidae
In the Aeolidildee, glandulsr secretions may be of some de-

fensive importance, but the most important defensive mechanism 1is
undoubtedly the nemstocysts. In all species studiad there is evi-
dence thet nematocysts are frequently ejected as a d&f@néivp ro-
action and that many of these are exploded. A sinpgle ceres of A,
panillosa frequently contains 400 onidocysts, and eech cnidocyst
may have 25 or more nematocysts. Spurilla may have 300 cnidocysts
in one cnidosec, and each cnidosac has about 30 nematocysts. Berghia
has an even larger enidosac. Thus the supply of nematocyats is
colossal, and even if only 50% explode, the dsterrent sffect of

them ies probably very great.

Calmidas
Calma glaucoides is cn example of an eolid in which nemato-

cysts are of no defensive importence, but ;lands are developed to a
high cegree. Nematocysts and cnidosac sre completely absent in this
species (Evans, 1922), btut the glands closely resemble those described

for Eubranchus and Catriona, and presumably function in a similar way.
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CONCLUSIONS

In the overall defensive system of eolids, each particuler
mechanism comes into action in series:

1, Crypsis. For those eolids that are cryptic, this is obviously
the first mechsnisr. to prevent predation.

2., Behaviour. B35hould an eo0lid be discovered by a notential predator,
its immediate reaction is to ersct and wave the cerata, This di-
verts 2 possible attack towards the expendible cerata, At this
stage, should an =sttack occur, any or all of three mechanisms may
oceur:

3a. Cerata may be autotomised,

3b. Glanduler secretions may be exuded.

3c. Nematocyste may be ejected.

4. Unpalatability. The ultimate protective mechanism should all
of these other mechanlams fail is that the eolid is comparatively
unnalatable,

Although this is the general pattern of the defensive system
of eolids, there are many variations. Some species are not cryptie,
for example, and the esase with which different species autotomise
their cerata varies, Finally there is wvariation in the importance
in different shecies of nematocysts and glands: in some the nemstoe
eyste are important whilst defensive glands are absent; in others
glands are important whilst nematocysts are absent; and in yet others
both glands and nematocyste are utilised. The rolative importance of

these two mechanisms may even vary within one genus.



Figure 44. Licgremmetic longitudinel sections of

cereta of Fevorinus suritulus, F. branchiaslis and

Folis D, Erch of these diagrems, end of Figs.
45, 46, end 47, represents the glends seen in &
6p thick medizn longitudinsl section of & ceres
of up to 1-5mm. overell length. For explanetion

of glmnds, see Fig. 20,
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Figure 45. Diegram:stic longitudinel sectiom of

cer: ta of iolis K end Dondice occidentclis.
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Pigure 46. DLiugrammetic longitudinal sections of

cerata of Le:rochie poice s#nd Phidiana lynceus.
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Figure 47. Diagremmztic longitpdinal sections of

cerazta of Spurille nesoolit . ne and Herghis coerulescens.
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Chapter 6
PREDATION OF NUDIBRANCHS
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Chapter 6
PREDATION OF NUDIBRANCHS

Historical

Throughout the previous four chapters defensive adaptations
have been described from many nudibranchs, but nothing has been
said about the predators to which these adaptations are directed.
Our knowledge of the predators of nudibranchs in the sea is very
small, but several workers have tried to feed nudibranchs to various
species of fish and invertebrates in aquaria. The results with in-
vertebrates are inconclusive., Crabs are the most suitable of the
invertebrates to experiment with, but even with these Thompson
(1960,b) finds that they invariably ignore the test nudibrancks.
Experiments with fish are easier to perform since if the test
nudibranch is thrown into the water, aquarium fish usually in-
spect and snap at it - they are usually fed by food thrown into
the water, and therefore behave as if the nudibranch too were
food, Bateson (1890) describes how most species of fish taste
food by taking it into the mouth, and if it is unpalatable they
spit it out. Experiments of this type can be expected to demon-
strate whether a particular species of nudibranch is palatable or
not to a particular species of fish., They do not give any infor-
metion on whether or not fish eat nudibranchs in the sea, How-
ever, if these experiments show that nudibranchs are unpalatable,

then they are probably unpalatable also in the sea; but if they
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show that they are palatable, then it must also be shown that
they are eaten in nature before we can regard fish as being im-

portant predators.
Herdman and Clubb (1830) experimented with over a dozen

species of fish, They find that the dorids Lamellidoris fusca

and Ancula cristata are rejected, and are therefore unpalatable
to most species of fish., Similarly, the eolids Coryphella rufi-
branchialis, Eubranchus pallidus and Faceline coronata are rejec-
ted by Blennius pholis L., and by other species of fish., Dendro-
notus frondosus, however, is eaten by blennies (B.pholis), and
may be palatable to other species also. Garstsng (in Poulton,
1890) finds that Eubranchus tricolor is unpalatable to pollack
(Gadus pollachius L.). McIntosh, however, (in Grosvenor, 1903)
finds that Aeolidis papillosa is eateh by cod (Gadus callarias L.).
Crossland (1911) and Crosier (1916) find that the chromodorids
Chromodoris reticuleta, dierdii and gebra are unpalatable to
several species of fish, Thompson (1960, a and b) has recently

' reinvestigated the problem. He used eight species of fish, and

his results show conclusively that Elysia viridis, Iritonia hom-
bergi, Dendronotus frondopus, Eubranchus tricolor, Facelina auricu-
late and seven species of dorid are all unpalatable. Hero formosa
is also usually rejected, but one was eaten. Thompson concludes
that whilst desd or damaged opisthobranchs may be eaten by fish,
healthy ones are always unpalatable, The only evidence that nudi-

branchs are eaten by fish in the sea is that jaws of Iritonia
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hombergi have been found in the stomach of dogfish (Scyliorhinus
cenicula L.) (Thompson, 1960,b; and D.Nichols, personal communi-

cation), and Aeolidia papillosa has been reported from the stomachs
of young haddock (Gadugs geglefinus L.) (Homens and Needler, 1944).
In this case A.papillosa was evidently exceptionally sbundant,

and was eaten by 2 number of individual fish. It is possible

that the fish concerned were exceptionally hungry, and that they
wre therefore prepared to eat any food, however unpalatable it
might be. The results of Cuénot (1907) and Glaser (1910) support
this view, Cuénot finds that three species of fish will taste

Spurills neapolitans several times and reject it before finally
swallowing it. Glaser describes similar results.

Discussion

The evidence from laboratory experiments thus conclusively
suggests that most species of nudibranch are unpalatable to fish.
However, nudibranche are occasionally eaten by fish in nature,
and it 1s probable that in these cases the fish were so hungry
that they were not deterred by the unpleasent properties of the
mollusc., We should expect there to be two selection pregsures
acting on the system, one tending to favour those nudibranchs
which are most unpalatable or best protected in other vays, the
other favouring those fish that have some immunity to the repel-
lent properties of the nudibranchs, A balance would result such
that nudibranchs would be rejected by most fish but teken by a

few starved fish, Selection pressure would be incapable of pushing
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the system further than this point. One would expect that dif-
ferent species of nudibranch and different species of fish would

find this balance at different points, Thus Cuénot finds that
vhilst three species of fish behave as described already (even-
tually eating S.neapolitana), a fourth species, Gobius niger,
always rejects Spurilla neapolitana. Without a very large supply
of one or two species of eolid and extensive work with fishes, it
is impossible to draw further conclusions, and these suggestions
should be regarded as tentative.

The source of this unpalatability of eolids was thought by
Garstang (1889) and Herdman (1890) to be the nematocysts. Nemato-
cysts are almost certseinly reaponsible for the apparent inedibility
of coelenterates which are not normally eaten by fish in aquaria
or in the sea., Since many eolids regularly eject nematocysts as
& defensive reaction (Chapter 5), it is reasonable to conclude
that nematocysts sre of defensive importesnce here as well, There
are, however, a few species of fish which do eat coelenterates
(Cuénot, 1907), and obviously these species would not be deterred
from eating eolids by nematocysts., It is probably with relstion
to these species of fish that defensive glandular secretions have
evolved in eolids. It is likely that nematocysts are protective
against one set of predators whilst glands are protective with re-
lation to another set of predators. Invertebrate predators asre
probably even more varisble in their behaviour towards eolids than

are fish, and it is likely that some eolid defensive mechanisms are



specifically adapted towards certain invertebrate predators.
Until more is known of the predators of eolids and of other
nudibranchs it ig impossible to draw further conclusions, but
there is sufficient evidence to conclude that predation of nudi-
branchs does exist, and that many nudibranchs have evolved a

series of defensive mechanisms directed towards some of these

predators.
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Chapter 7
DISCUSSION AND CONCLUSIONS

Chapters 2, 3, 4 and 5 of this thesis have described the

defensive mechanisms of nudibranchiate molluscs, and how the over-
all defensive system of any one snecies of nudibranch may comprise
several different mechanisms. Some of these mechanisms have not
been described before and have therefore been discussed in consider-
able detail, These include the hypobranchial gland of Berthelinia
caribbea, the ceratal glands of Stiliger ellus, acid secretion

in dorids, and ceratal glands of several species of eolid, Other de-
fensive mechanisms are also discussed, and the evidence supporting
the hypothesis for the defensive value of some of these mechanisms

is reviewed. Two important conclusions can be drawn from this work,
Firat, in the Sacoglossas and the Eolldacea, and perhaps in other
groups as well, several lines of defence occur in any one species,
and these may operate in gseries, The situation is similer to that
described in Brasilian moths by Kettlewell (195%), but the adaptations
are not so complex, The second conclusion is more tentative since aso
1little is known of the predators of nudibrasnch molluscs. It is that
some of the different mechanisms present in some species of eolid
may be directed towards specific predators., There is evidence that
different species of fish vary in their readiness to eat eolids, and
this is due in some cases to an ability to tolerate nenatocysts, The

final stage in this argument is that the defensive glends are adapted
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to repelling those predators which are not repelled by nematocysts.
This is speculation, nevertheless it does go some way towards ex-
plaining why some eolids use glands alone, some use nematocysts
alone, and some use both methods of defence.

This work has also shown that some of the defensive mechanisms
have evolved several times independently in different groups of the
naked opisthobranchs, It is important to recognise such parallel
evolution if we are to obtain a true picture of the phylogeny of
the group. In the case of epidermal vesicles, which have probably
evolved independently in the Eolidacea, Dendronotacea and Arminacea
(Grahem, 1938), this is a mechanism directed towards protecting the
animal from its prey rather than from a potential predator, The
other cases of convergence are all directed towards protection
from predators. One case that has not been mentioned before is the
neurosensory c¢ilia of eolids which I have shown to be involved in
the mechanism of glandular secretion and nematocyst ejection. The
nerves and sense cells of Janolus probably have a similar function,
and it is possible that the same also applies to the nervous struc-
tures in the caryophyllidiae of dorids.

Defensive glands have certeinly evolved many times in the
opisthobranchs, but it is not easy to be certsin which examples are
in fact parallels. In some casec, however, we can be certain. Thus
the ceratal glands of Stiliger 2nd those of the eolids are clearly
convergent, and it is interesting thst in Stiliger they are all

subepidermal whilst in the eolids they are nearly all epidermal,
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Within the Eolidacea, the defensive glands of the Cuthonidae

and the Eubranchidee sre almost certainly convergent, and the
glands of the cleioprocts may be epidermal or subepidermal irres-
pective of affinity. Our knowledge of the chemical composition

of the secretions of some of these glands is limited at present,
but osmiophil glands occur in many eolids and in some sacoglossans.
Acid glands have evolved independently many times in the Mollusca,
including at least once in the Doridecea. Muscle-operated glands
occur in the Sacoglossa, the acid secreting dorids, end in the
eoclid genera Catriona and Eubranchus.

The nematocyst storing habit has also evolved at least
twice, as it occurs in the Eolidacea and in the Dendronotacean
Hancockia.

Finally, and perhsps most important of all, the eolidiform
condition has evolved several times in the opisthobranchs, It
has -robably evolved independently in the Sacoglossa, the Poly-
ceridae, the Triophidee, the Goniodoridae, the Dendronotacea
(perha s twice), the Arminacearand the Folidacea, The eolidi-
form condition has severazl important advantsges over forms with-
out papillse., Papillae or cerata serve to deflect attacks away
from the vital regions of the body and to direect them towards
the papillee themselves which are ususlly expendable and can be
rapidly regenerated. They slso enable the defensive mechanisms
of the animal to be concentrated in the most prominent and least

vital region of the body, such that any repellent substances will
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be taken by the potential predator at the earliest opportunity,
and before the body of the enimal has been harmed. The cerata
of nudibranchs represent a highly successful defensive device,
and they are without doubt responsible to & considerable degree

for the guccess of the group.
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POLYCERA ELEGANS BERGH : A NEW SPECIES TO BRITAIN
AND DISCUSSION OF ITS TAXONOMY.

By M. Epmunps, Department of Zoology, University Museum,
Oxford.

(Read 10 March 1961)

Bergh (1894) describes a new genus and species of nudibranch from
Rovigno in the Adriatic under the name of Greilada elegans Bergh.
Odhner (1941) describes several individuals of a species found on
Zostera at Messina (in the Mediterranean) in 1888. He concludes
that the genus Greilada should be abandoned and regarded as a
section of the genus Polycera, and these specimens he names P. messi-
nensis Odhner. A single individual of G. elegans is described from
Banyuls (in the Mediterranean) by Pruvot-Fol (1951). On the
evidence of more material from Arcachon, Biscay, Pruvot-Fol (1955)
tentatively concludes that the genus Greilada should be abandoned.
She also concludes, provisionally, that the Arcachon material be classi-
fied as a separate, new species : P. atlantica Pruvot-Fol. The purpose
of the present note is to record P. elegans from Plymouth, and to dis-
cuss the taxonomy of the group.

Polycera elegans at Plymouth.

On the 27th June 1960, Mr. G. R. Forster found an orange nudi-
branch about 26 metres down at Stoke Point rocks (Hilsea Pit),
Plymouth, whilst aqua-lung diving. Dr. D. P. Wilson identified the
animal as G. atlantica, and he has kindly lent me the specimen for
examination of the radula and jaws. This individual was 4.25 cm.
long when extended, of a brilliant orange colour with several ultra-
marine blue spots on the head, back and sides. The spots, in life,
had a darker rim and several minute carmine spots in the blue. The
narrow border, separating the back from the flanks, was covered with
minute white spots, interspersed with fewer blue spots. There were
slight thickenings in the border and at times slightly raised papillae
were visible.  There are 12 complete rings to the rhinophores, 9
orange digitations to the oral veil, and 5 gills. Whilst in captivity
the animal spawned. The coil was of an orange colour and about
3 mm. wide.

On the 19th October 1960 I found two more individuals of P.
elegans at Plymouth. The smaller one, 1.2 cm. long, was found on
a rope about five metres below low water on the breakwater. A num-
ber of ascidians including Ciona were growing on the rope. The
larger specimen, 2.6 cm. long, was caught in a handnet on a colony
of Ciona intestinalis (L.) growing on a pontoon in Millbay docks.
This individual (Fig. 1) is very similar to that found by Mr. Forster,
but differs in a number of features. There are 7 digitations to the
oral veil, 7 tripinnate gills, and 15 complete rings to the rhinophores.
The border carries white, blue, and black flecks, and there are irregu-
lar thickenings ofl it, including a pair of short papillae behind the
gills. There is no trace of carmine either on the gills or in the spots.

111
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1 cm.

FiGure 1.—Polycera elegans from Millbay docks, Plymouth, drawn from life
Stippled areas appear ultramarine blue in life.
(a) from above.
(b) from right side.
(c) head from below.

The taxonomy of P. elegans.

These two individuals, though not identical, are very similar to those
described by Bergh (1894). His were 0.9 cm. long, and orange with
blue spots. They had 6 simple pinnate gills, 15 to 20 rings to the
rhinophores, and 4 digitations to the oral veil. There were no dorsal
papillae or thickenings to the border, but there was a rose tinge to
the rhinophores and the gills.

Odhner’s P. messinensis had 7 tripinnate gills, but was otherwise
identical in externals with Bergh’s P. elegans. The Banyuls specimen
carried pronounced dorsal papillae, and the blue border extended in
front of the rhinophores (Pruvot-Fol, 1951). The Arcachon specimens
had each spot surrounded by a carmine line, tripinnate gills, definite
dorsal papillae, and 6 to 8 digitations to the oral veil (Pruvot-Fol 1955).

We can conclude from the external features that there appears to
be continuous variation within one species rather than a dichotomy into
two distinct species (see table 1). Thus there may be 5, 6 or 7 simple
or tripinnate gills, and there may be 4 to 9 digitations to the oral veil.
There may or may not be dorsal papillae. The spot distribution, and
the amount of rose or carmine and of blue is variable. A comparable
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300 p.
FIGURE 2.—P.helegans (Stoke Point, Plymouth): radula, transverse rows of
teeth.
(a) 1st row, much worn.
(b) 3rd row.
(c) 7th row.

M = marginal teeth; IL = inner lateral tooth; OL = outer lateral tooth
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degree of variation is known from the closely related species P.
quadrilineata Miiller which may have 5 to 9 simple, bi- or tripinnate
gills, 1 to 13 oral digitations, and simple or branched dorsal papillae
(Alder and Hancock, 1845-55, plate 22; Eliot, 1910, page 3; Elmhirst,
1908).

The radula of P. elegans has 15 rows of teeth according to Bergh
(1894), whilst that of P. messinensis has only 10 rows (Odhner, 1941),
and that of P. atlantica has only 6 to 8 rows of teeth (Pruvot-Fol,
1955). Pruvot-Fol does not attach much importance to these differ-
ences, and with this I am in complete agreement. The radula from
the first Plymouth specimen (Fig. 2) has 11 rows of teeth, and the
formula: 3—1.1—0—1.1—3. Anteriorly the marginal teeth may be
reduced to 2 or 0. The shape of the lateral teeth is similar to, but
not identical with, those depicted by Bergh, Odhner, and Pruvot-Fol.
Such differences as do exist are due in part to the angle of viewing
which it is difficult to standardise and impossible to alter in permanent
preparations.

The genus Greilada, according to Bergh, differs from Polycera in
that it has 6 gills which are simpl@ pinnate; there are no papillae
behind the gills; and the jaws are joined above and below by inter-
mediary pieces. Pruvot-Fol (1935) has pointed out that P. faeroensis
also has intermediary pieces to the jaws, and all the other features of
Greilada have been shown to be very variable.  Thus the generic
name Greilada should be abandoned (Odhner 1941, Pruvot-Fol 1955).
In view of the differences between two individuals at Plymouth, there
does not seem to me to be sufficient justification for denoting each
group of specimens from a different locality by means of a different
name—either as separate species or as varieties. The species first
described by Bergh is then P. elegans Bergh, of which P. messinensis
Odhner and P. atlantica Pruvot-Fol are synonyms.

Ecology of P. elegans.

As to the ecology of P. elegans, very little is known. Two individ-
uals were found on or near Ciona, so they may have been feeding on
tunicates. Dorids usually appear to be cryptically coloured (Garstang,
1890), and P. dubia Sars is usually well camouflaged (personal obser-
vation). But P. quadrilincata is stated by Thompson (1960) to be
“never inconspicuous.” The (presumably) defensive glands of P.
quadrilineata are concentrated in the dorsal papillae, which are held
erect when the animal is disturbed. P. elegans also appears to be
conspicuous but may lack these papillae, and some other source must
be sought for its defensive mechanism. It does not secrete acid
(personal observation) as does Pleurobranchus (Thompson and Slinn,
1959), and merely contracts when disturbed.  P. elegans has been
found on only five or six occasions in over 70 years, yet it is a con-
spicuous animal, and several individuals have usually been found on
each occasion. It appears to occur not only in the Mediterranean
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and in Biscay, but also in the English Channel. Three explanations,
not necessarily mutually exclusive, are plausible :

(a) that P. elegans lives in inaccessible places. Okenia elegans*
Leuckart has been found embedded in the tunic of Styela (Alder and
Hancock, 1845-55, plate 27), and I would suggest that P. elegans may
have a similar habit with respect to Ciona and other ascidians. The
viscera of Ciona and Styela are often identical in hue with the orange
of Polycera, so the colour of this nudibranch may be fortuitous, due
to its food, and of no allaesthetic significance since it is not normally
exposed to the eyes of would-be predators. But although two indi-
viduals at Plymouth were found on or near tunicates, the Messina
specimens were found on Zostera, and P. elegans is much more active
than one would expect a commensal to be.

(b) that the individuals found of P. elegans represent spasmodic
irruptions of an otherwise extremely rare species.

(c) that P. elegans is a local species that is spreading its range
northwards.
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SuMmMaRry
(1) The occurrence of Polycera elegans at Plymouth is described.
(2) The Plymouth individuals of P. elegans are compared with
Mediterranean forms, and with P. messinensis and P. atlantica. 1t
is concluded that these should all belong to the single species Polycera
elegans Bergh.

(3) The ecology of P. elegans is discussed, and explanations are
suggested to account for the rare occurrence of the species.

* The Okenia elegans of this paper is described by Alder & Hancock as
Idalia elegans Leuckart. It is referred to as Okenia elegans Leuckart in
Winckworth’s 1932 The British Marine Mollusca (J. Conchol.,, 19, 211-52). It
is included in the 1957 Plymouth Marine Fauna under O. quadricornis
Montagu, and in Pruvot-Fol’'s Mollusques Opisthobranches (1954, Faune de
France 58, 460 pp., Paris) under O. leachii Alder & Hancock.
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P. elegans Bergh 1894 Rovigno 15-:20 4 6 I 0 15
P. messinensis Odhner 1941 Messina 12-15 4 7 3 0 10
P. elegans Pruvot-Fol Banyuls 4 2
1951
P. atlantica Pruvot-Fol Arcachon 6-8 7 3 2 68
1955
P, elegans This paper Plymouth 12 9 5 3 2 11
(Stoke Point)
P. elegans This paper Plymouth 15 7 7 3 2

(Millbay docks)

Table 1: to show variation in the Polycera elegans group.
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(Reprinted from Nature, Vol. 195, No. 4839, p. 402 only,
July 28, 1962)

Bivalved Gastropod from Jamaica

THE bivalved gastropod Berthelinia Crosse (=
Tamanovalva Kawaguti and Baba) has been reported
from Japan!, Australia?, and California®. A second
genus, Midorigat Burn, has been described from
Australia. The purpose of this communication is to
record Berthelinia from Jamaica. The first specimen
was found on Caulerpa verticillata Agardh growing on
rocks in an open part of a mangrove channel near
Port Royal on January 8, 1962. Small quantities of
alge collected on January 11 and 16 yielded fifty
more specimens, so in this small area Berthelinia can
be described as common. To my knowledge, this is
the first time that living bivalved gastropods have
been taken from the Atlantic.

The shell is almost identical with that of B. typica
Gatliff and Gabriel®. The present species certainly
belongs to this genus, although further work is
necessary to decide whether or not it is distinet from
those species already described.

I thank Prof. D. M. Steven and the staff of the
Department of Zoology, University College of the
West Indies, for provision of laboratory facilities, and
the Department of Scientific and Industrial Research
and the Committee for Commonwealth University
Interchange for funds while in Jamaica.
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BERTHELINIA CARIBBEA N, SP.,
A BIVALVED GASTRO™0D FROM THE WEST ATLANTIC

By M. EDMUNDS
Department of Zoology, University Museum, Oxford

(Accepted for publication September 1962, in
J.Linn,Soc.)

INTRODUCTION
Since the discovery by Kawaguti and Baba (1959) of living

bivalved gastropods in Jepan, intensive search has resulted in
several species being found in Australia (Burn, 1960a, b, ¢), in
Baja California (Keen, 1960), and in Hawaii (Kay, 1962). A pre-
served specimen of Julia Gould from the Mariana Islands has been
described by Morrison (1961), and it now seems likely that related
species may be found throughout the world, at least in warm waters.
The present paper describes Berthelinia caribbea n.sp. from Jamaica.
This is believed to be the first record of a living bivalved gastro-
pod from the Atlentic (Edmunds, 1962), although related fossil forms
are known from the area (Gardper, 1926), and Julia gardnerase Wood-

ring actually lived in Jamaica during the Mlocene (Woodring, 1925),

CLASSIFICATION
The classification used is that of Keen and Smith (1961). As

more 1s discovered about bivalved gastropods, this will no doubt have

to be revised; in particular, it may be necessary to raise the
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Bertheliniinae to the rank of family, and the reinstate Anomalomya
Edenttellina, ludovidia, Midorigai and Tamanovslva as full genera,

Subelass OPISTHOBRANCHIA Milne-Edwards, 1848
Order SACOGLOSSA Von Ihering, 1876

Suborder TAMANOVALVIDA Kawaguti and Baba, 1959
Family JULIIDAE Dall, 189
Subfamily BERTHELINIINAE Beets, 1949
Shells lenticular in shape, ovate to quadrate, with a weak hinge;
spiral protoconch on one valve retained in the adult; adductor
muscle scar central, undivided, circuler,

The subfamily Juliinae differs principslly in having a thicker,
cordate shell, a heavy hinge, s prominent tooth~like ridge in one
valve, and a centrzlly constricted adductor musecle scar.

Genus BERTHELINIA Crosse, 1875
Left valve with spirzsl protoconch; right valve slightly smaller,
without spiral apex; outline of shell somewhat quadrate., Colour
of shell greenish to yellowish,

Berthelinla caribbea n.sp.

Diagnosis. Shell ovate-trigonal, sharply narrowed but rounded
posteriorly; protoconch large, of 1} whorls, inclined at an angle
to the horisontel, and situated at the latter one-~third of the shell
length. Umbos not prominent, 8hell green or grey-green, often
tinged brownish, with more or less distinct yellow rays. Hinge
with well developed posterior teeth., Ligament white. Mantle with
jrregular horigontal bands of dark reddish-brown or yellowish-brown

showing clearly through the transparent shell in life, and persisting
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for at least several months in alcohol. A mid-dorsal brown line

is present on the neck which bifurcates at the eye turret, one
brench running to the inner side of each rhinophore. Oral tentacles
reduced to two slightly raised ridges. Pharynx heart-shaped, with

& dorsal pouch and two large crops. Radula with 5-6 teeth in the
axoending, and 19-26 in the descending series, not counting the pre-
radular tooth, Larger teeth with 60-70 fine denticulations on each
side, entire at the tip.

Locality. Over 100 individuals were collected between 6 January and
13 March 1962 from the alga Caulerpa verticillata J.Agardh growing

on stones in the lighter and more open parts of the mangrove beds

near Port Royal, Jemaica.

Iypes. The holotype, No.1962261 W, and paratypes Nos.1962262-3 W,

are in the British Museum (Natural History); paratypes are in col-
lections at the University Museum, Oxford; Academy of Natursl Sciences,
Philadelphia; Smithsonian institution, Washington; Marine Laboratory,
University of Miami; University of the West Indies; Institute of

Jamaica; University of Okayama; and the National Museum of Victorie,

Australia.

FURTHER DESCRIPTION AND COMPARISON WITH RELATED SPECTIES

Shell. The lergest shell is 3.73 mm, long. The helght varies from
60 to 73 per cent of the length, with a mean at 65.6 per cent, The
protoconch lies at a slight angle to the horizontal, and 1s aituated

at two-thirds of the shell length., The distance from the anterior

edge of the shell to the inner whorl of the protoconch (Fig.la)
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varies from 63 to 77 per cent of the shell length, with an error

in measurement of up to 4 per cent, The mean of 14 young shells
(1.36-2,0 mm, shell length) is 67.9 per cent. and of 16 older shells
(3.0-3,5 mm.) is 70.6 per cent. Shells of intermediate size have
meﬁns of 68-69 per cent, 67.9 differs significantly from 70.6
(P< 0,01 for 28 degrees of freedom), but not from the means of shells
of intermediate size. Thus although the protoconch of B.garibbes is
usually situated at approximately twoéthirda of the shell length, in
older specimens it is closer to three-quarters. Now B,limax, chloris,
australis anc babai (this is the Edenttellins typica Gatliff and
Gabriel of Burn, 1960p, redescribed as Tamanovalva babai by Burn,
in press) have the protoconch at the latter one-~third of the shell
length, whilst B.typica Gatliff and Gabriel has it at the latter
one-fourth (Baba, 1961,a), I have been able to measure four shells
of B.limax Kaweguti and Baba which give figures of 66, 66, 71 and
76; three shells of B.australis Burn which give figures of 69, 70
and 73; and two shells of B.typica Gatliff and Gabriel which give
figures of 81 and 81, Clearly B.cgribbea is in the limax-australis
group, and distinct from typics; but these results also suggest that
the position of the protoconch may not be a good taxonomic character
unless a number of individuals of varying ages is available for study.
Considerable variation was noted in shell shape, but co con-
venient method could be devised to quantify it. In particular, the
posterior end sometimes tapers considerably as in B.chloris Dall

{Keen and Smith, 1961 Figs. 24, 32), whilst in other shells of the
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same size it may be more evenly rounded. The colour of the ligs-
ment and the colour of the rays in the shell may prove to be good

taxonomic characters, The ligament is white in B.caribbea, dark
brown in typics and in bsbai, ashy-yellow in limax, eshy-white in
chloris, and ashy-brown in sustrslis (Baba, 1961,a). Yellow shell
rays occur in caribben (Fig.2,a) and sometimes in limax /Babe, 1961,b)
and typica (personal observation); green rays are present in sustrslis
end chloris (Burn, 1960,b; Keen and Smith, 1961; Baba, 1961,a). The
yellow rays in garjibbea lie immediately above dark brown blotches

at the edge of the mantle. The hinge teeth are similsr to those of
B.typica, and are better developed than in limex snd chloris. In
particular, the posterior cardinal of the right valve is large, and
fits into a socket between two teeth of the left valve (Fig.2,c),
only one of which is deseribed for limax (Baba, 1961,b). The
anterior cardinal of the right valve 18 very smsll and ineonspicuous.
The hinge 1itself is long and straight, and is marked by the white
ligament scar. The perlostracum is transparent brownish, and the

protoconch either creamy-white or brownish,

External features of soft parts. The colour of the living animal

is green or yellowizh-green. White dots are scatiered over the

head snd neck, and arefarticularly abundant on the dorsal margin

of the foot, on the rhinophores, and on either side of the mid-
dorsal brown stripe. On the mantle there are scattered vhite dots
with clusters at the edge alternating with the radial blackish-brown



148

blotchee, Some of this white persists for a time in alcohol or
formalin, and this is indicated in Fig.la aznd b, The sides of

the neck are suffused with yellow-brown, and the anterior margin
of the fcot may be tinged with blue. Brown pigment is also scat-
tered over the dorsal and lateral parte of the body, but not in
sharply marked arcas as it is on the mantle or the dorsal stripe
(Plate 1), The longitudinslly grooved ‘foot is rounded anteriorly,
and occasionally shows a slight notch., The rhinophores are deeply
grooved on the outer surface (Fig.lc); oral tentacles are absent,
but two curved ridges can be regarded as these organs., In 1life,
the mantle projects slightly from the edges of the valves except
posteriorly whers there is a small anal siphon. At this point the
valves never close completely, Later is carried in by a ciliary
current dorsally at the front and passes out of the anal siphon
(Fig.la). The gill hangs from the right mentle, and in one animal
which I dissected out has 29 parallel lamellae,

Llimen + The alimentary censl resembles that oi B.iimax
(Baba, 1961,b), but there are important differences in the phar-
yngeal region (Fig.3). The pharynx is heart shaped with the mouth
receded between the two anterior lobes (y). There is a ventrsl lobe
containing the old radular teeth, and a large thick-walled dorssl
pouch (x). A pair of voluminous pheryngeal crops (y) open into
the pharynx, one on either side, at the base of the dorsal pouch
(x); and the long, colled selivary glands open lmmediately dorsal

to the crops. Radulae from five individuels were examined. Animals



of shell lengths 2,8 and 3.3 mm, both have 25 teeth, and one of
3.5 mm, hag 31 teeth. The teeth (Fiz.4) are very similar to those

described for B,limex, chloris and australis,

Nervous system. The nervous system is similar to that found in
B.1limex (Baba, 1961,b), but it is more concentrated anteriorly
Fig.3). There is more fusion to the cerebro-pleural-pedal ring,
and the supra-and infra-intestinal connectives are relatively
shorter than in limax.

Reproductive system and development. The reproductive system,

studied by mesns of serisl sections, is similar to that of B.limax
(Baba, 1961,b; Kawaguti and Yamasu, 1961), but there are several
differences. The hermaphrodite duct (PFig.5,H) from the ovotestis
(0) leads into the ampulle (A) which is divided into two parts,
both appsrently functioning as seminal vesicles, The first part

is a tube with lateral pouches, some of which are filled with
spermatosoa, whilst those nearer to the ovotestis may remain empty.
The second part is a swollen tube. The spermoviduct (S,0) from the
ampulla runs across to the right side of the animel before dividing
into the vas deferens (V.2) and the small oviduct (O.s). There is
no seminal pouch at the base of the vas deferens as occurs in B,
1imax. The vas deferens passes through the prostate (Pr) before
running forward to the penis (P). The small oviduct receives a
duct from the albumen gland (A,gl) before it passes into the mucous
gland (M), A pouch at the junction of the albumen duct with the

149

small oviduct es occurs in B.limax was not found. The albumen gland
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is much larger compared to the mucous gland in B.caribbea than it

is in B.limax. The large oviduct (L.o) emerges from the mucous

gland and opens into the mantle cavity. Two ducts enter the large
oviduct; one connects with the small oviduct and is probably the
fertilization canal (F), the other is the vagina (V) which opens

into the large spermatheca (8.t) and the somevhat smaller spermato-
cyst (S.c). Spermatosoa probably travel from the spermatocyst or

the spermathece via the fertilization canal to reach the unfertilized
eggs.

The penis of sn animal of 2,3 mm., shell length is 1 mm. long,
and sn individual of only 1.75 mm. was seen to copulate., Yellowish
egg masses were frequently laid, usually with 40 to 80 eggs in each
mess, The veliger resembles that of B.limax at the time of hatching
(Kawaguti, 1959; Kawaguti and Yamasu, 1960,b), but metemorphosis was
not observed. The spiral shell is of Thompson's type 1 as in other
Sacoglossa (Thompson, 1961).

Ecology. B.caribbea was invariebly found on Caulerps verticillata,

usually amongst the bases of the stipes. C.sertularioides (Gmelin)

Howe was also present, but no bivalved gastropods were found on it.
hen feeding, & branch of the delicate alga is sucked into the phar-
ynx and pierced by the radula. The juice from a smell ares is
drained out, and the branch is released, Pale green patches on

the alga indicate areas which have been sucked ocut by these animals,

The only other species apparently feeding on C.verticillata was the

sacoglossan Stiliger vanellus Marous., Also of common occurrence on
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Caulerpa were the holothurian Syneptula hydriformig Lesueur, the
platyctenid ctenophore Vallicula multiformis Rankin, and various

epecies of caprellids, The predators of Derthelinia arc not known,
but it 1s likely that the bivalved shell is of defensive importance.
It 1s interesting to note that in addition to possesaing a bivelved
shell, Berthelinis has a second defensive mechanism in the form of
e secretion from the well-developed hypobranchial glancd, Vhen dis-
turbed, the animal retracts between its valves, but remains attached
to Caulerpa by & tronsparent byssus-iike threar, Violent disturbance,
such as when a needle is inserted between the vaelves, results in
extrusior of a viscous white fluid from the hypobranchial gland near
the =nsl siphon, end also occasionally all round the mantle edge.
B.caribben was found in waters from 3-4 inches to 3-4 feet
in depth. Two places in which it occurs in the lLingston ares of
Jemaica are subject to periods of reduced salinity following heavy
tropical rains, Under these conditions, there is often a mass
mortelity of the invertebrate fauna as described by Goodbody (1961).
Once the salinity has returned itv normel, recolonigation takes only
a few weeks. B.caribbea was first found on 8 January 1¢62, at
Goo’hody's statlon * [Goodbody, 1¢61). In late October and early
November 1761 there wss » mass mortality in this area following
heavy tropical r-ins., Unfortunately it is not known whether B,
caribbea csn tolerate such a reduction in salinity, but this is
possiblc as it mey have been present but overlooked before 8 Janusry,

Alternatively, recolonization could have occurred from veligers of
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open water colonies not decimsted by the fresh water - E.limax

-

may take as 1little as 7 weeks to reach maturity from hatching

(Kawazutd and Yamasu, 1960,a).

DISCUSSION

Berthelinia garjbbea differs from B.limax in possessing
pronounced hinge teeth, a white ligament, brown markings on the
head and mantle, a hesrt-sheped pharyngeal bulb with a dorsal pouch,
& more concentrated nervous system, & bipartite ampulla, and no
wouch to the vas deferens. B.chloris and babai can be separated
because of their less pronounced hinge teeth and lack of brown
stripes., B.typica has the protoconch at three~quarters of the
shell length instead of at two-thirds, and notched radular teeth
without denticulations. B.sustralis, with the protoconch lying
below the level of the umbos, is clearly distinct. Each speciea
is probably associated with one or poasibly two species of the algs
Caulerpa: thus B,limax lives on C.okamurai (Kawaguti and Baba, 1959),
B.chloris 1ives on C.gertularioides and C.racemosa (Forskall) var,
turbinata (Agardh) Eubank, and B.gcaribbea has only been found so
far on C.vertjcillata., It seems likely that the pharyngeal sucking
mechanism has evolved in each species of Berthelinia with respect
to one particular specles of Caulerpa, Hence we might expect the
pharynx to give good taxonomic characters at the specific level.

Mr R.Burn (personal communication) has pointed out to me
the resemblance of B.caribbea to Anomalomya corrugeta Cossmann and to

the Edenttellina typice of Hedley (1920) and Verco (1916), which
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differ from typica Gatliff snd Gabriel, The chief points of simi-
larity are the straight hinge, the well developed hinge teeth, and
the corrugste appearance. However, the shell is not actuslly corru-
growth lines, and the hinge teeth closely resemble those of B.typieca
Gatliff snd Gabriel. In any case the differences from limax as
regards shell characters are small, no! sufficient =zt the present
time, in my opinion, to warrant generic separstion.

B.caribbea also has a number of distinctive soft~part charac-
ters, for example the coloration, the concentrated nervous systen,
and the pharyngeal morphology. These may incdiceate thst caribbea
deserves generic separation, but they cannot be used as evidence

in favour of its being 2n Anomslomya since this genus is based on

a fossil form whose soft pafts are unknown. W"lien more species of
the family are described, it may indeed be necessary to split the

genus Berthelinia, but until then I prefer to regard thesé charac-

ters as of only specific rank, and to follow Keen and Smith who

include Anomalomya in the genus Berthelinia.
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SUMMARY
Serthelinje caeribbea n.sp. i1s described from the alga

Caulerns verticillata growing in the mangrove swamps near Port
ioyal, Jemaice., The most importaent characters which distinyguish

it from related species are the position of the protocoach at
twvo~-thirds of the shell length; the straight hinge with well
developed hinge teeth; the white ligament; yellow shell rays;

brown stripes on the head and mantle; the hesrt-shaped phar&ngeal
bulb with a dorsel pouch; entire, denticulate radular teeth; the
concentrated nervous system; and the ampulia divided into two parts.

The resemblance to inomalomys corrugata Cossmann 1s diascussed, but

it 1s concluded that, for the present, garibbea should remain in

the genus Berthelinia. It appears to feed entirely on C.yerti-
cillate to which it remains attached by a byssus-like thread even

when the valves are closed. When irritated, it secrectes & white
fluid from the hypobranchial glend, but the deterrcnt vslue of this
to potential predators is not known. B.caribbea may be able to

survive in breckish water, although the evidence for ithis is ine

conclusive.
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Plate 1. Right (upper) and left side views of two

individuels of Bertheliniz ceribbea, narcotized in

Megnesium chloride end rleohol (edded drop by drop to
sea wcter), fixed for two hours in neutrcel formelin,

sné preserved in T0% :lcohol.






Flg. 1. Bertheliniz crribbe: n. sp.

€) torsel view of living snimal. trrows indic:.te wrter
currents, /~B is the uerzsurement ised from the &cnterior
margin of the shell to the inner whorl of the protoconch.
b) Preserved snim:l from right side. Mantle edge shown
retr-cted from the m:rgin of the shell, Position of
adductor muscle is indicated by & circle.

c) Heed of living enimal from right side to show grooved
rhinophore, tnd or:1 ridges (Q).

Solid bleck end stippling incicate =rezs of brown pigment.
Petches in (8) #nd (b) surrounded by dotted lines re-
present white rrecs which persist for ¢ time in neutral
formelin or gloohol. The upper imn, scsle refers to

(a) snd (b); the lower O+5mm. scale refers to (C)e






Fig 2. Shells of B. caribbea.

8) Right velve from outside. Yellow reys sre dotted.
b) Protoconch of left velve from left side.

¢) Details of hinge structure of right (upper) and left
valves., A - posterior cardinal of right velve; B -
smell cardinel of left velve; ¢ - lirge cardinal of left
valve; D - znterior cerdinal of right valve. The
ligement is dottied.

The lmm. scale to the left refers to(s); the 025 sc:le

to the right refers to (b) :nd (g).






FPig. 3. Pharyngesl buldb and nervous system of B. caribbea
dissected out. Letails of the pedel nerves end of the viscer-
al, osphradisl and genital senglis added from serisl sections.
The salivgry glands heve been omitted for clerity.

2) Dorsel view, b) leteryl view, ¢) Ventral view of
nerve ring. b - bucc:l ganglion; ¢ - cerebro-pleurzl gengl-
iony 4 - oesophegeel diverticulum; g - genits1l ganglion;

i - infre-intestinel genglion; m - mouth; o - osphredial
gengliony p - pedel gengliony r - radule; 8 supra-intestinsl
gsnglion; w - lotercl lobe of phaerynxy x - dorsal pheryngeel

pouch; y - pheryngeel crop; g - oesopheguse.
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Fige 4. Reduler teeth of B, caribbes.

a) Pre~raduler tooth (P) and fiest two teeth of & 3-5mm. &nimal.
b) 31st tooth of the same -rnimrl.

¢) 22nd tooth of snother snimal,

The upper 25p scesle refers to (2); the lower 50p sesle refers

to () #nd (g).






Figs 5>« Raproductive system of B. caribbes a#s reconstructed
from serirl sections and viewed from he dorscl aspect., The
#mpulls ¢nd the large oviduct have bzen pulled out leterally
for clerity, cnd the sdductor muscle né the &nus heve been
drewn in to give an indicrtion of the position of the verious
orgsns in the bédy. 4 - cmppulles A gl - slbumen glend;

F - fertilisstion censl; E - hermephrocdite duct; L.o -
lerge oviduct; i - mucous gland; { - ovotestis; 0.8 -
small ovidust; P - penis; Pr - prostate; S5S.c - spermato-
cyst; 3.0 - spermoviduct; 8.t - spermathece; V - veginaj

}L._d_ ~ vas deferens,






