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PEXT-FIG, 1. - Lateral view of Cuspidaris rostrata showing

the anatomy of the feeding and digestive orgams, X /4.

e, anus; aa, anterior adduetor; ap, anterior labisl palps; ar,
anterior retractor of foot; as, anterior septal musecle; 4',
anterior, right duet of digestive diverticula; 4'', pesterior,
left duct of same; D, dorsal or supra-septal compartment of

the mentle ecavity; dd, digestive divertieula; e, exhalent siphon;
f, foot; &, mid=-gut; h, heart; i, inhalent siphon; k, kidney;

1, line of attachment of s&phons; 1s, lateral septal muscles;

m, mouth; me, mantle edge; o, oesophagus; p, point where mangle
lobes unite; pa, posterior adductor; pp, posterior palps; »pr,
posterior retraetor of foot; ps, posterior septal muscle; r,
rectum; rs, retractor musele of siphons; s, septum; sh, siphonal
sheath; sp, septal pore; ss, style sac (style indicated by
broken line); st, stomach; v, valve at junction of the inhalent

siphon and the mantle cavity; V, ventral or infra-septal cavity.
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TEXT-FIG, 7. - Ventral view of Poromyas granulata with mantle

lobes drawn back to expose septum, drawn from life, X 22

ab, anterior branchial sieve; ap, anterior palps; b, byssus
groove; £, foot; m, mouth; me, mantle edge; pb, posterior
branchial sieve; pp, posterior palps; s, septum; t, tentacles
surrounding siphonal openings; v, valve between inhalent

siphon and infra-septal cavity. Large arrows indicate direct-
ion of food intake, small arrows the passage of the water
current through the branchial sieves,




TEXT-FIG. 4. - Poromyas granulata, siphons and surrounding
tentaeles fully extemded, drawn frem 1ife, =~ /2.

d, dorsal, unpaired tentacle; e, exhalent siphon; i, inhalent
giphon; t, one of the fourteen paired tentacles.




TEXT-FIG. 5, - Diagram showing movements of septum., A,
position of septum when at rest amnd preliminary to descending,
rent of water through pores, indiecsted by upwerd directed

5 movement of septum indicated by arrows; B, pesitien
of geptum at end of downward movement, pores closed, sepium
now moves upward as indiecated by arrows; C, position at cem-

vpletion of upward movement, pores still shut,
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TEXT-FIB, 6, - Ventral view of Cuspidaris cuspidata with

mentle lobes drawn back to expese septum, drewn from life, X (.
ap, anterior palps; b, byssus groove; es, posterior end of
septum; £, foot; m, mouth; me, mantle edge; p, septal pore;

Pp, posterior palpz} s, septum, ventral surface; ss, siphonal
sheath; v, valve between inhallent siphon and infra-septal cavity.
Large arrow indicates direction of main food and respiratory

eurrent, smaller arrows indicate direction of eiliary currents,
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TEXT-FIGe. 2, = Septum of Cuspideris rostrata, dissected out
and viewed from the dersal aspeect. X /O

a, anterior adductor; al, anterior lateral septal muscle;
a8, anterior septal muscle; £, foot; i, immer longitulinal
muscles from anterior septal musele; o, opening leading

%o exhalent siphon; p, posterior sdductor; pl, posterior
lateral septal muscle; ps, posterior septal muscle;

sp, septal pore.
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TEXT-FIGes 3. = Lateral view of Poromya gresnulsta, showing the
anstomy of feeding snd digestive organs, °S /4

a, anus; aa, anterior adduetor; ab, anterier branchial sieve;
ap, anterior palps; ar, anterior retractor of foot; as, anterior
septel musele; ¢, cerustacean in stomach; eg, cerebral ganglion;
D, dorsel or supra-septal cavity; dd, digestive diverticulsa;

£, Poot; g, mid-gut; m, mouth; me, mantle edge; o, oesophagus;
oV, evary; pa, posterior adduetor; pb, posterior branchial sieve;
PP, posterior palps; pr, posterior retractor of foot; ps, poster-
ior septal musele; r, rectum; s, septum; sh, outline of shell;
sm, lime of attachment of septum and mantle; ss, style-sae
(style indicated by broken line); st, stemach; t, tentacles;

te, testis; v, valve between inhalent siphon and infra-septal

ecavity; V, ventral or infra-septal cavity; x, sand grains between

palps and in oesophagus, e
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1. INTRODUCTION.

Tu1s research is the outcome of a recommendation made by Dr. J. H.
Orton in his report (1923) on the cause of the mortality of oysters during
1920 and 1921, in which he pointed out the necessity of our obtaining
more precise information regarding the physiology of the oyster, both
for its own sake and for its possible economic applications. I have
endeavoured, therefore, to give as complete an account as possible of
the structure and function of the food collecting and digestive organs
in the oyster—larval, ““ spat,” and adult—in the hope of so determining
the optimum conditions for feeding and digestion, and, consequently,
for growth and “ fattening.” In view of the fact that no complete
account of the anatomy and histology of these organs exists, it has been
necessary to devote considerable time to this aspect of the work, since
a sound knowledge of the structure of any organ is essential if the function
is to be determined. The research covers a great deal of ground, so that
it has been impossible in the time available to investigate in detail every
problem that has been encountered or to perform all the experiments
that have suggested themselves, but no problem of the first importance
has heen neglected. while it is hoped in the near future to carry out
further investigations into those aspects of the work which have been
found the most important.

o,
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The work on the adult oysters was carried out at the Plymouth Labora-
tory, the oysters being obtained from the River Yealm, and the work
on the larval and ““ spat ” oysters at the Fisheries Experimental Station
at Conway during July and_August, 1925. I wish to express my gratitude
for their kindness and help to the Director and members of the Staff,
especially Dr. J. H. Orton, of the Plymouth Laboratory, and to Dr.
Dodgson, Mr. H. P. Sherwood, and the other members of the Staff at
Conway.

2. ANATOMY AND HISTOLOGY OF THE ALIMENTARY
SYSTEM.

A. ADULT OYSTERS.
I. ANATOMY.

The arrangement of the food collecting and digestive organs in the
oyster can best be described by reference to Fig. 1 in which an oyster
is shown lying on the lower (left) shell valve with the right fold of the
mantle cut away. The surface of the mantle (L.M.F.) is transversely
ridged, and is bounded by a thickened margin bearing two rows of small
tentacles. The mantle cavity is divided into inhalent (I.C.) and exhalent
chambers (E.C.), the former being some four times the larger, and con-
taining the gills (), which consist of four demibranchs, the inner ones
being broacler than the outer ones, the inner one on the left (under) side
being the broadest of all. The outer demibranchs are attached directly
to the mantle, the inner ones being attached to the mantle on the outer
gide and to one another on the inside. In the oyster the two pairs of
demibranchs are not separated by a protruding foot or visceral mass.
The gills extend in a semicircle from the junction between the right and
left mantle folds, which forms the division between the inhalent and
exhalent chambers (D.B.C.), to the labial palps (I.P.). The latter consist
of triangular flaps attached by a broad base and arranged in two pairs,
one on each side of the mouth (M.). The inner, opposing surfaces are
ridged (see Fig. 2), the outer surfaces being smooth. The palps enclose
the gills for a short distance, the outer and inner demibranchs of each side
lying between the corresponding pairs of palps, the inner demibranchs
arising slightly nearer the mouth than the outer, and immediately behind
the most distal fold on the palp surface. Unlike the majority of Lamelli-
branchs, the inner and outer palps of the two sides are united to one
another in the region of the mouth (M.), which lies in the middle line in
the groove formed by the continuation of the grooves between the two
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sets of palps. The outer palps are united for about a quarter of their
length, so that the mouth is entirely enclosed.

The mouth is a narrow horizontal slit and leads into a short cesophagus
(0.) which has the the same shape in cross section and passes backwards
and downwards into the stomach (S.). This is an irregular sac-shaped
organ which is surrounded on all sides by the brown mass of the digestive

S 0. H. M.

Fie. 1.—0Ostrea edulis, right shell valve and mantle fold removed. x 1. A., auricle;
An., anus ; D.B.C., division between inhalent and exhalent chambers ; D.D., diges-
tive diverticula; E.C., exhalent chamber; G., gills; H., hinge: ILC., inhalent
chamber ; L.M.F., left mantle fold; L.P., labial palps; L.S.V., left shell valve ;
M., mouth; M.G., mid-gut; O., esophagus; R., rectum; R.M.F., right mantle
fold ; 8., stomach; S8.M., adductor muscle, portion with striated fibres; S.5.,
style-sac ; U.M., adductor muscle, portion with smooth fibres ; V., ventricle. Large
arrows external to shell denote direction of ingoing and outgoing currents, within
shell plain arrows denote direction of ingoing currents and feathered arrows direction
of outgoing currents, broken arrows (except in gut) denote currents on under surfaces.
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diverticula (D.D.), while internally the walls are thrown into a series of
ridges and folds so that the exact shape of the stomach in the living
animal is difficult to determine when it is opened for inspection. In order
to obtain a clear idea of the anatomy, casts of the stomach were made by
injecting, by way of the cesophagus, a warm, concentrated solution of
gelatin. This was allowed to cool and solidify, the tissues were then dis-
sected away, and the cast hardened in formalin and stained lightly with
haematoxylin. Gutheil (1912) used plaster for making casts of the stomach

OPF. UM.

Fic. 2.—Junction of palps and gills, right palps opened out so as to expose inner, ridged
surfaces. < 8. B., base of gill demibranch: G., gill: LP.F., inner palp face:
L.G.. lateral oral groove : M., mouth : O.P.F., outer palp face ; P.G., proximal oral
groove ; U.M., upper margin of palps: X., point where material is rejected from
palps.

of Anodonta, but I have found the gelatin method much more satisfactory,
and by its use have been able to demonstrate in detail the anatomy of
the stomach—a much more complex and important organ in the Lamelli-
branchs than it has usually been considered—and its associated organs.
Figs. 3 and 4 are drawings of a cast, the former from the ventral aspect
and the latter from the dorsal aspect. The most conspicuous structure
in the stomach is the long, grooved food sorting eecum (F.C.), which
extends backwards beneath the floor of the stomach, and is connected
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Fr6. 3.—Gelatin cast of stomach with style-sac and first part of mid-gut and portion of
wsophagus, from ventral aspect. > 4. D, larger, left duct of digestive diverticula
D”., smaller, right duct of same; F.C., food sorting caecum ; G., ventral groove ;

M.G., mid-gut ; 0., cesophagus; O.M.G., opening of mid-gut ; 8.8., style-sac: SI,
slit connecting mid-gut and style-sac.



FEEDING AND DIGESTION IN OSTREA EDULIS, 301

with the opening of the mid-gut (0.M.G.) by means of a deep groove
((+.), which runs across the floor of the stomach. On opposite sides open
the two ducts which lead into the digestive diverticula, that on the left
side (D".) being the larger and dividing into a greater number of smaller

Fra. 4.—Stomach cast from dorsal aspect. X 4. (.S., gastric shield 8., style. Other
lettering as in Fig. 3.

ducts than the one on the right (D”.). On the dorsal wall of the stomach
is borne the gastric shield (G.S.), a cuticular structure of somewhat
irregular shape (see Fig. 5) consisting of two broad lobes united by a
narrow neck, the larger of the lobes being thin and smooth, while the
smaller is thicker and bears a
number of teeth, which are also
shown in Fig. 4. It is against
this shield that the crystalline
style bears, and the dotted line
in Fig. 4 shows the position of
the style as it projects into the
stomach from the style-sac (S.S.),
and bears against the gastric
shield on the opposite wall.
The cavities of the style-sac
and mid-gut are united by a
narrow slit (SL), and pass down-
wards and slightly forwards from
the stomach, as shown in Fig. 1. Fic. 5.—Gastric shield. 3 20.
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The style-sac is practically straight but the mid-gut, which opens into
the stomach on the right side of the style-sac (Figs. 3 and 4), twists
round to the left side immediately behind. At the distal end of the
style-sac, the gut turns anteriorly and then completely back on its
course, subsequently passing dorsal to the heart (Fig.1, A. and V.) and
encircling the stomach on the left side. Finally, it passes into the
rectum (R.), which runs round the posterior margin of the adduector
muscle (U.M.), and ends at the anus (A.), which lies at the tip of a
small papilla on the posterior ventral surface of the muscle, and opens
into the exhalent chamber.

11. Historogy.

Material for histological examination was fixed in Bouin’s fluid or in
Flemming’s strong fluid, sections were cut 6y thick, unless otherwise
stated, and were stained with Delafield’s haeematoxylin and erythrosin ;
or with iron hematoxylin either with acid fuchsin as counterstain or
with mucicarmine for the demonstration of mucus glands ; or with alum
carmine and picro-nigrosin.

(a) Gills. -

An excellent account of the gills of Ostrea edulis has been given by
Ridewood (1903), the substance of whose statements is as follows:
“ There are 9-12 filaments to the plica. The front of the principal fila-
ment has the form of a broad ridge. The filaments adjacent to the
principal filament are slightly larger than usual, and have been called
transitional filamenis by Kellogg (1892). . . . The interlamellar junctions
have the form of septa. At a short distance up, the interlamellar septa
occur only in relation with alternate principal filaments, but the order
is not absolutely regular. Higher up still each fourth septum only persists.
The bars which run across the floor of the suprabranchial cavity from
descending to ascending lamella are the thickened upper edges of alter-
nate high septa. They recur at intervals of about eight plicee. Most of
the interfilamentar junctions are bands of tissue running horizontally
round the inner surface of the plica, but each third or fourth in a vertical
series extends across the plica as a horizontal septum. . . . The frontal
and lateral cilia are normal. There are short cilia on the interlamellar
edges of the principal filaments. No intrafilamentar septum is present.
There is a fair amount of muscle in the interfilamentar junctions and
in the inner edge of the horizontal septa. . . .”

Many of the characteristics of the gill of Ostrea given by Ridewood,
and also other points which he does not emphasize but which are of
importance functionally, are shown in Fig. 6, which represents a trans-
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verse section through a single lamella (i.e. one side only of a complete
demibranch). A principal filament (P.F.) is figured with four filaments
on either side, all being united by an interfilamentar junction (I.).
(For the structure of the interlamellar junctions and the horizontal
interfilamentar septa, reference must be made to Ridewood’s figure.)
The large size of the principal filament and the thickness of the chitinous
supporting rods (C.R.) within it and the two transitional filaments (T.F.)
one on either side of it are well marked. There are many strands of
horizontal muscle (H.M.) in the interfilamentar junction and also a slight
development (not mentioned by Ridewood) of vertical muscle (V.M.)

LF.C. MG PF.  F.C L,C.

CR AFC. VM I

Fic. 6.—Transverse section single gill lamella through groove between plice. Delafield’s
hematoxylin and ervthrosin.  x 220, ATF.C., abfrontal ecilia; (.12, chitinous
supporting rod ; F.C., frontal eilia; H.M., horizontal musele ; I., interfilamentar
junction : L.C., lateral cilia; L.F.C., laterofrontal cilia; M.G., mucus glands:
P., phagocytes; P.F., principal filament: T.F., transitional filament; V.M.,
vertical muscle.

in the principal filament. The abfrontal cilia (A.F.C.) noted by Ridewood
are shown in the figure, and also the lateral (L.C.), frontal (F.C.), and
laterofrontal (L.F.C.) cilia. The latter are not well developed in Ostrea
and are difficult to distinguish in sections, but are easily seen in fresh
material (see Fig. 21, p. 323). Mucus glands (M.(.) occur in the epithelium
of the filaments, particularly in the frontal region. Wandering blood cells
(P.) are present in large numbers within the filaments and the inter-
filamentar junctions, and are also frequently to be found actually between
the cells of the epithelium. These cells, as will be shown later, are phago-
cytic, and will be referred to as phagocytes in the remainder of this
account.
NEW SERIES, —VOL., XIV. NoO, 2, AvUGUST, 1926. U
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Along the free, lower margins of the demibranchs and along their
axes there are ciliated grooves.

(b) Palps.

The folds on the inner palp surfaces arise near the attached hase of
the palps, and run across the face to the upper free margin, gradually
increasing in height and breadth. In cross section (Fig. 7) they are seen
to bend forward slightly on the proximal side (i.e. in the direction of the
mouth), a tendency which is most pronounced near the free margin.

Fic. 7.—Transverse section through fold on inner palp face. Delafield’s hematoxylin
and erythrosin. « 330. B.L., blood lacuna; C.T., connective tissue; F., furrow
between ridges ; L.M., longitudinal musele ; M.G., mucus gland : P., phagocytes :
R. summit of ridge. Arrow indicates direction of mouth.
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The proximal wall of the folds is comparatively straight, but on the
distal wall there is a well-developed longitudinal groove about one-third
of the distance between the summit of the fold (R.) and the furrow (I7.),
which lies between adjacent folds. The epithelium of the folds is com-
posed of long, regular cells with oval nuclei and bearing a thick covering
of long cilia. These cilia, as can be seen by the directions in which they
lie in the sections, do not all beat in the same direction. It is, however,
impossible to distinguish all the different tracts except in the living tissue,
an account of which is given in a later section. Unicellular mucus glands
(M.(.) of the goblet type are present, almost exelusively near the summits
of the folds. Siebert (1913) has also found sense cells in the epithelium
of the palps in Anodonta. Between the epithelial cells are many phago-
cytes (P.), which are also present in the connective tissue and blood
lacunee (B.L.), some of them containing yellow or brown granules. The
connective tissue is very open in character, consisting of a network of
fine strands. -There are longitudinal musecle fibres (L.M.) under the epi-
thelium of the furrows, and running through the connective tissue at the
base of the ridges. The}.e are also oceasional fibres running across to the
smooth surface of the palp, and a feeble development of circular muscle
immediately beneath the epithelium of the furrows. It is important to
note that there are no museles within the folds such as could cause it to
contract downwards.

The epithelium of the smooth surface of the palps (Fig. 8) is very
different. The cells are lower and more irregular, cilia are present
but often difficult to dis-
tinguish in sections, so that
some workers have denied
their presence. 1 have
often seen them in my
sections of Ostrea, while
experiments on the living
palp demonstrate immedi-
ately their presence. Mucus
glands of the usual type
are extremely numerous.

The contents of these cells

may be gra_nu]a,]g, and Frc. 8.—Transverse section epithelium of smooth, outer

: B : palp face. Delafield’s heematoxylin and erythrosin.
stain daﬂdy with  iron % 330. Lettering as in Fig. 7.

heematoxylin or contain a

mass of swollen granules or spheres which stain lightly with mucicar-
mine. Since intermediate stages between these two types are frequently
found (this applies wherever mucus cells are found, from the mantle
to the rectum), it seems probable that the granules represent an early
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stage in the elaboration of the secretion. The glands invariably stain
deeply with erythrosin, and have a great affinity for many stains.
Beneath the basement membrane there is a well-developed layer of
longitudinal musele (L.M.). There is the usual network of connective
tissue (C.T.) with darkly staining nueclei among which are many
phagocytes (P.), which may also penetrate into the epithelium.

(¢) Mouth and (Esophagus.

The epithelium of the mouth is a continuation of that of the grooves
between the palps and consists of extremely long, thin cells, about four
times the height of those on the folded surface of the palps. Long cilia
are borne by the cells, mucus glands occur but not in large numbers,
while phagocytes are present in great abundance.

The cesophagus (Fig. 9) is exceptionally large in the oyster and much
compressed dorso-ventrally. The epithelium consists of narrow cells of

Fre. 9.—Transverse section esophagus. Iron hmmatoxylin and acid fuchsin. x 18.
B.M., basement membrane ; B.V., blood vessels; M.F., muscle fibres: P., phago-
cytes and food matter in lumen.

much the same height as those of the mouth region, but with cilia of only
about a third the length. Phagocytes are very numerous between the
cells of the epithelium and also free in the lumen (P.), sometimes with
ingested matter. Mucus glands are here very rare, but Gutheil (1912)
has described and figured what he considers to be secretory cells in the
cesophagus of Anodonta cellensis and similar cells can be distinguished
in Ostrea. They stain more lightly and have rather more vacuo-
lated protoplasm than the neighbouring cells, and have, in addition,
no cilia. On the other hand, their nuclei are identical with those of the
ciliated cells, and there is really very little evidence that they are secretory
cells ; 1t seems more probable that they are damaged or degenerating
epithelial cells. Particles are continually passing over the epithelium,
which must suffer in the process, and it is quite common, moreover, to
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find dividing nuelei near the free surface of the epithelium. An excep-
tionally thick basement membrane (B.M.), through which phagocytes
pass, surrounds the epithelium, and outside this there are thin strands
of circular and longitudinal muscle fibres (M.F.). Muscle strands also
oceur in the vesicular connective tissue in which the cesophagus is em-
bedded and which contains large blood-vessels (B.V.), in and out of which
the phagocytes pass.
(d) Stomach.

The epithelium of the stomach is of two kinds, that composed of
typical ciliated cells, which covers the greater part of the surface, and
that which lies beneath the gastric shield. Fig. 10 represents a section
through the junction between the two. The ciliated epithelium consists
of narrow cells, a little higher than those of the cesophagus and possessing
longer cilia. The border cuticle (B.C.) is particularly well developed here,

Fia. 10.—Transverse section stomach epithelium at junction between gastric shield area
and ciliated epithelium. x 425. B.C., border cuticle: B.G., basal granules: B.M.,
basement membrane ; C., cilia-like strands between edge of cells and gastric shield ;
.M., circular muscle ; D.N., dividing nuclei of epithelial cells ; G.8., gastric shield :
M.G., mucus gland ; P. phagoeytes.

consisting (as in all the ciliated cells) of a clear cuticular layer distal to
the line of basal granules, from which the cilia arise. The distinet nature
of this layer is not shown by the usual staining methods, but after staining
with Prenant’s three-colour process (iron hsematoxylin, erythrosin, and
light green) the border cuticle is stained by the light green and the cyto-
plasm by the erythrosin. Mucus glands (M.G.) are occasionally found ;
phagocytes (P.) are very abundant in the connective tissue, basement
membrane, between the cells of the epithelium and free in the lumen.
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Dividing nuelei (D.N.) of epithelial cells are frequently seen, the nuclei
passing to ‘the surface of the cells in the manner characteristic of the
dividing nuclei of ciliated cells (see Ehrhard (1910), and particularly
Gutheil (1911), who has described and figured in detail the process of
mitosis). There is a fairly thick basement membrane (B.M.), and, beneath
that, strands of muscle (C.M.) the whole being surrounded by vesicular
connective tissue in which lie embedded the tubules of the digestive
diverticula.

The epithelium which lies beneath the gastric shield resembles closely
that of the rest of the stomach. Mucus glands are never present, and
phagocytes, though invariably present, occasionally even in the substance
of the gastric shield, are not so numerous. Dividing nuclei are frequent.
The gastric shield (G.S.) in cross section appears as a homogeneous sub-
stance composed of indistinet horizontal strata. It stains vividly with
light green, moderately deeply with erythrosin (except in Prenant’s
stain) and very lightly with mucicarmine. Gutheil considers that it is
formed by droplets of secretion from the cells beneath, and this has been
the general view with regard to its formation. In my sections, however,
I have failed to find any evidence of secretion from the cells, while the
substance of the shield is united to the epithelium by fine strands having
the appearance of cilia (C.) and arising from basal granules (B.G.) at the
edge of the cells, as shown in Fig. 10. It is possible in certain places to
observe the continuation of the strands transversely through the whole
substance of the shield, while, as we have seen, the shield takes up light
green in the same way as the border cuticle. In view of these facts and
also that the cells of the gastric shield area are in no way different from
those of the rest of the epithelinm with regard to either nucleus or cyto-
plasm, it seems very probable that the gastric shield is not a secretion,
but is formed by the fusion of eilia, originally in response to the irritation
caused by the head of the style. Nelson (1918) thinks the shield is prob-
ably in the nature of chondrin, which would appear to support this view.

(e) Digestive Diverticula.

These consist of a brownish mass of blind tubules which surround the
stomach. They have been called *liver ” and * hepatopancreas,” but,
as I have emphasized in a recent paper (1926) to which reference should
be made for a detailed account of the structure and function of these
organs, they are organs of assimilation and of intracellular digestion
with none of the functions of a true liver or pancreas, and I suggested,
therefore, that they are more suitably termed digestive diverticula.

They communicate with the stomach by way of two large ducts (Figs.
3 and 4, D’. D".). These ducts are quite distinet in structure from the
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tubules with which they communicate. They are usually circular in
cross section, though the lumen is irregular owing to the variation in
height of the epithelium, whicli is similar to that of the stomach of which
it is a direct continuation. Cilia are always present, the protoplasm is
not vacuolated and stains darkly with erythrosin. Mucus glands are
present and also phagocytes in large numbers, both in the epithelium
and in the lumen. There is a layer of circular muscle beneath the base-
ment membrane.

The tubules (Fig. 11) are quite different. Cilia are never present in
sections nor can a border cuticle be distinguished as in the case of some

N R

Fie. 11.—Transverse section through tubule of digestive diverticula. Iron hematoxylin
and acid fuchsin, % 350. C., crypts of darkly staining young cells; C.T., connective
tissue : F.V., food vacuoles: P., phagocytes.

Lamellibranchs, and the outline of the cells is frequently very irregular.
The tubules are surrounded by a few strands of connective tissue (C.T.),
but muscle is never present. The nuclei are very characteristic, being
circular and possessing a large nucleolus. In cross section the lumen is
usually tripartite or in the form of a cross, and in the crypts (C.) at the
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end of the arms are low areas of darkly staining protoplasm with many
nuclei, the outline of the cells being very indistinct. The remaining cells
are larger, very vacuolated, and consequently more lightly staining. As
I have pointed out (1926) there is every reason, “ From the histological
character, the distribution, and the behaviour of these small dark cells
. . . for considering them young cells which, by dividing, are able to
make good the loss resulting from the casting off of the old cells.”
Large vacuoles (F.V.), sometimes with ingested food material which
stains with erythrosin, are frequently found in the older ecells, while
phagocytes occur everywhere. There is never any indication of secretion.

As already noted, cilia are never to be seen in sections (similar observa-
tions have been made on Ostrea by Carazzi (1896, 1897), MacMunn (1900),
and Vonk (1924)), nor have I observed them in fresh material ; but
in many Lamellibranchs (though never possible to see more than a border
cuticle in sections), it is possible to see long cilia beating in the tubules
when fresh material is examined, as Potts (1923) and I (1926) have
shown. As will be shown later, there is a constant stream of food particles
passing into the diverticula and of rejected particles passing out, and
as there is no system of circular and longitudinal muscles such as ensures
a similar circulation in the Crustacea (in which the diverticula are organs
of both assimilation and secretion), there is strong presumptive evidence
that cilia are present in the tubules of all Lamellibranchs. In many
cases, including Ostrea, these cilia appear to be retracted very readily, and
so cannot be seen when the tissue is pressed out under a coverslip for
examination.

The tubules are embedded in vesicular connective tissue. in which lie
many phagoeytes often containing included granules, which frequently,
as MacMunn (1900) has described and figured, take the form of brown or
yellow spheres, which often are blackened by osmic acid after fixation
with Flemming. The nature of the pigment will be discussed in the
section on Assimilation (p. 340).

(f) Style-Sac.

Except for a short diverticulum where it arises (see Fig. 3), the style-sac
is united for its entire length with the mid-gut. The two cavities (Fig. 12)
are separated by two typhlosoles which, however, are not so well marked
as in such genera as Anodonta (Nelson, 1918) or Crepidula (Mackintosh,
1925). The epithelium of the gut is quite distinet from that of the style-
sac, and will be described later. The epithelium of the style-sac (Fig. 13)
is very characteristic, consisting of cells of medium height, very regularly
arranged, with large oval nuclei and long, stout cilia all of the same
length. The structure of the style-sac in Crepidula fornicata (which,
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although a Gastropod, has a style and style-bearing organs of exactly
the same nature as those of the Lamellibranchs) has been investigated
in detail by Mackintosh (1925). He has shown that the cilia are con-
tinued into the cell where they form an “ internal fibrillar apparatus,”
the fibres of which are greatly thickened below the nucleus, so as to form
“ a bundle of thick rod-like bodies.” I have observed the same arrange-
ment in Ostrea (Fig. 13, LF.), the fibres showing very clearly after
staining with iron heematoxylin (though whether or no they really repre-
sent fibres in the living tissue cannot be stated). Mackintosh has also
demonstrated the presence of a series of “ intra-epithelial ” canals,
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Fic. 12.—Transverse section style-sac and mid-gut. Tron hematoxylin and mueicarmine.
w 56, I, lumen of gut; T, larger typhlosole; T"., smaller typhlosole: S., position
of style in sac.

which appear in transverse sections near the base of the cells, and are
filled with a very lightly staining, stringy substance. A similar state of
affairs exists in Ostrea, the canals (L.E.C.) appearing to pass through and
not between the cells, though it is difficult to be certain. Mackintosh has
further shown that the larger canals extend longitudinally down the
style-sac, and are connected with one another by smaller canals, and this
appears also to be the case in Ostrea. Judging by their staining reactions,
he is of the opinion that the contents are of the nature of connective
tissue fibres, and considers that the function of the whole apparatus
is to lend extra strength to the epithelium, which bears a considerable
strain in revolving and pushing forward the style. The epithelium of the
larger typhlosole (T’. Fig. 12), which corresponds to the minor typhlosole
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of Anodonta and Crepidula, or the right typhlosole of Mya as described
by Edmondson (1920), consists of long, very narrow cells with cilia a
little shorter than those of the
groove. Mucus glands are very
numerous in this region and also
occur in the other typhlosole
~~~~~ c. (T”.)—which is covered with
long cells which gradually merge
into the epithelium of the mid-
gut—but never in the epithe-
lium of the style-sac. The
intra-epithelial canals also occur
in the typhlosoles, but in de-
creasing numbers as these merge
~-="" . into the epithelium of the gut.
Phagocytes occur everywhere,
though they are not so numerous

in the epithelium of the style-

_____ \Ec sac as they are in that of the
typhlosoles, in which they are
exceptionally numerous. The

whole is surrounded by a few

strands of muscle, the typhlo-

Fic. 13.—Transverse section epithelium of style- ¢, ]oq being filled in with wvesi-
sac. Iron hematoxylin and acid fuchsin,

secretion granules demonstrated by iron
technique. % 900. ., long cilia of epi-
thelium ; LE.C., intra-epithelial canals:
LF., internal fibrillar apparatus; N., nuclei
of epithelial cells; P., phagocytes; S.,
droplets of secretion containing iron in
solution.

cular connective tissue of the
usual type.

It is very difficult to deter-
mine where and how the sub-
stance of the style is secreted.
List (1902), Nelson (1918),

Edmondson, and Mackintosh all think that it is secreted by the
narrow cells of the minor typhlosole, but they have been unable to
produce definite evidence. Gutheil describes and figures clear vesi-
cular granules above the nuclei in the cells of the stylesac. 1In
Ostrea, sections prepared for histological examination showed no sign
of any secretion. It has been shown (1926) that the presence of
minute droplets of secretion containing iron in solution can be demon-
strated in the style-sac epithelium of Mytilus edulis four hours after a
0-59; solution of iron saccharate in sea-water has been injected by way
of the foot. This method of demonstrating the presence of secretory
cells has been employed with success for Crustacea, Insecta, and
Gastropoda (for full details and literature see my papers (1924, 1926)).
I have employed the same methods with Ostrea, injecting the same

b
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solution by way of the adductor musele, afterwards washing the animals
so as to prevent any of the fluid entering the mouth. The style-sac was
fixed (by the methods described in the section on assimilation) two, four,
and six hours later, and sections prepared which were treated so as
to demonstrate the presence of iron by the Prussian blue method, the
sections being stained with alum carmine. In the style-sac of the animal
which had been fixed four hours after injection, it was easily possible
to distinguish fine blue granules in the cytoplasm above the nuelei and
in the process of being passed into the lumen. The position of the granules
is indicated in Fig. 13 (the internal fibrillee do not appear after staining
with alum carmine, but were drawn from sections stained with iron
heematoxylin). There was no trace of similar granules in the epithelivm
of the gut, nor could T determine their presence with certainty in the
narrow cells of the larger typhlosole though they are present in the cells
of the other typhlosole so long as they retain the character of the style-sac
epithelinm. In view of the presence of these granules, it seems probable
that Gutheil is correct, and that the substance of the style is secreted
by the cells of the groove and not of the larger typhlosole, and that it
is then revolved by the cilia of the style-sac, so that, as Edmondson
has shown in his experiments on the regeneration of the style in
Mya, it comes to lie against the larger typhlosole the cilia of which
have a different function, as will be deseribed in the section on ciliary
currents.

The style during life lies in the groove of the style-sac, as indicated
by the broken cirele in Fig. 12. Tt is a gelatinous rod, whose structure
has been described too often for further detailed deseription to be neces-
sary. In the oyster the central core is very fluid and flows freely to and
fro, the outer portion being firmer and consisting of co-axial layers.
The style is seldom white, usually yellowish or brown, but the colour
depends on the nature of the food, as in all cases where the style-sac is in
communication with the mid-gut. Spirochates of the genus Cristispira
are very numerous, particularly in the outer layers, and are able to move
about freely in the substance of the style.

(9) Mid-Gut.

This region (Fig. 14) is characterised in cross section by the possession
of a large typhlosole with a groove down the centre. The cells of the
epithelium are invariably ciliated, mucus glands are present, but not in
large numbers, while there is a complete absence of muscle around
the epithelium, which is bounded by a broad basement membrane.
Phagoeytes are very plentiful both in and around the epithelium,
and in the lumen, where they are to be seen lying among the food
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particles and mucus therein contained, particularly in the groove of the
typhlosole.

Fic. 14.—Transverse section mid-gut. Iron hematoxylin and acid
fuchsin. Round dots in epithelium indicate phagocytes, dark
meszcs indicite muers glinds, < 56,

(h) Rectum.

The rectum (Fig. 15) is practically circular in eross section, the lumen
being larger than that of the mid-gut. The typhlosole is here thrown
into more prominent folds, and the central groove is practically
obliterated, owing to the coming together of the two halves of the typhlo-

.

Vi

Fie. 15.—Transverse section rectum. Delafield’s hematoxylin
and erythrosin. Great numbers of mucus glands in epith-
elium. X 56.
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sole. Mucus cells are extremely numerous, more so than in any other
region of the alimentary canal (the same is true for Mya arenaria (Yonge
(1923)).  All the other cells of the epithelinm are eciliated, phagocytes
are very plentiful evervwhere: there is no surrounding musele, while
the basement membrane is thinner than that of the mid-gut. The sur-
rounding connective tissue is more compact than in any other region of
the gut. In the lumen are found food particles, or excreta, mucus, and
phagocytes.

(7) The Phagoeytes.

As will have been noted from the foregoing account, one of the most
striking features about the gills, palps, and entire alimentary tract is
the universal presence of wandering phagocytic cells. They are always
easy to distinguish because their nuclei, unlike those of the epithelial
cells which are oval and lightly staining, are small, spherical and contain
a great number of fine granules of chromatin, which stain darkly with
hematoxylin. The cytoplasm of the phagocytes stains lightly with
erythrosin, No less than seven different types of blood cells in the
Lamellibranchs have been distinguished by de Bruyne (1896), but it is
doubtful how many of these represent different stages in the same type.
In this paper no attempt is made to divide the phagocytes into different
types, although further work on the subject is contemplated.

The presence of these phagocytes is characteristic of the Lamellibranchs
(with the possible exception of the Septibranchs), and attention has been
drawn to their presence by many workers, although their great importance
in the physiology of digestion in these animals has not always been
recognised. Lankester (1886, 1893) seems to have been the first to note
the presence of the phagocytes in the gills of green oysters ; de Bruyne
(1893, 1896) gave a long account of the wandering of phagocytic cells
into the epithelium of the gills and mantle in a number of Lamellibranchs ;
Herdman and Boyce (1899) gave a full account of their activities, especially
in connection with green leucocytosis in the American oyster: List
(1902) noted their presence in and around the gut in the Mytilide ;
autheil (1912) gives a full account of their occurrence throughout the
alimentary tract of Anodonta and in the connective tissue and blood-
vessels, and he also observed them dividing amitotically in the region of
the gut: Matthias (1914) observed the presence of great numbers of
phagoceytes in the ventral portion of the stomach of Arca barbata ; Orton
(1923) has noted their great numbers and widespread distribution through-
out the tissues, and particularly round the gut, of Ostrea edulis ; T have
myself (1923, 1926) observed and figured them in the gut of Mya, and
in connection with the digestive diverticula in the same animal and in
Nucula, Cardium, and Teredo.
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In the oyster they are abundant everywhere, and appear to pass
freely through the tissues. Fig. 16 represents a blood-vessel from the
region of the cesophagus (it is an enlarged drawing of the smaller blood-
vessel shown in Fig. 9). In the lumen can be seen a mass of blood cells,

F1a. 16.—Transverse section through blood vessel near wsophagus.
Many amaboid blood cells in lumen and passing through walls,
Iron hematoxylin and acid fuchsin, % 1200.

which have probably come together as a result of fixation. Similar cells
can be seen passing through the wall of the vessel, though it is impossible
in this region to distinguish more than the characteristic nuclei; the
nuclei of the connective tissue which forms the wall of the blood-vessel
are usually smaller, spindle-shaped, and stain intensely black. There can
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be no doubt that the cells are amceboid, and have the power of wandering
at will through the tissues and in and out of the lumens of the gut and
of the blood-vessels. An account of the very important part they play
in the assimilation of food will be given in the appropriate section.

B. LARVAL OYSTERS.

The development and structure of the larve of Ostrea edulis have been
described in detail by Horst (1886), while Stafford (1913) has given an

R. M.G. 's.s.

Fic, 17.—0Ostrea edulis, veliger larva showing alimentary organs, drawn from life. < 330.
A, anus; AM., adductor musecle ; C.T., ciliated tract at base of velum; D.D.,
digestive diverticula ; F., foot; M., mouth ; M.C., mantle cavity ; M.G., mid-gut ;
0., cesophagus; R., rectum ; S., stomach; 8.8., style-sac with contained style ;
V., velum. Large arrow above figure shows direction of movement, smaller arrows
in figure show direction of food eurrents caused by cilia.

account of the developmental stages in the American oyster, Ostrea
virgimica, with a summary of the previous work on both species. Here
it is necessary only to describe the alimentary organs of the veliger larvee
of Ostrea edulis. Fig. 17 represents such a larva, the dimensions of whose
shell were 0:2 x0-165 mm., drawn from life so as to show the alimentary
organs. The velum (V.), which is protruded—when retracted the organs
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are tightly packed together and difficult to distinguish—is crowned with
extremely long cilia, while there are smaller cilia round the base. The
mouth (M.) lies behind the velum, between it and the rudiments of the
foot (F.). Tt is a wide, funnel-shaped orifice which leads into an ceso-
phagus (0.), whose thick walls are pigmented. This passes forwards and.
downwards in the middle line and opens into the head of the stomach
(S.), an oval-shaped organ divided by an annular thickening of the wall
from the style-sac (S.8.). On the posterior wall of the stomach open the
two simple lobes of the digestive diverticula (D.D.), which are arranged
symmetrically one on either side, their more ventral portions overlapping
the cesophagus. They are darkly pigmented and even at this stage have
the structure of the adult diverticula (see Fig. 42, p. 353). The style-sac
contains the style which, though difficult to distinguish normally, can easily
be seen if the larvee are placed for several hours in a very dilute solution
of brom thymol blue in sea-water when the substance of the style stains
a light yellow, and can be seen revolving rapidly in the stomach. It may
be a single oval mass (as represented in Fig. 17), or be composed of from
two to four rounded masses. The mid-gut (M.(G.) begins on the posterior
side of the stomach at the line of its junction with the style-sac, and
passes dorsally and then ventrally, describing a loop on the right side
of the stomach before turning backwards as the rectum (R.), which ends
in the anus (A.) on the dorsal side of the mantle cavity (M.C.). The
whole of the gut is lined with large and very active cilia (cilia cannot
be seen in sections of the digestive diverticula, but there is evidence that
they are present in the living tissue), though in the figure the only cilia
shown are the group of extremely large ones on the antero-ventral wall
of the stomach. The external dimensions of the various parts of the gut
are : cesophagus, 002 mm. ; stomach, 0-:046 mm. ; mid-gut, 0-:012 mm.
Sections of the larvae do not demonstrate any points in the structure of
the alimentary system, which cannot be seen in an examination of the
living larvee.

C. “SPAT” OYSTERS.

The structure of the food collecting and digestive organs in recently
settled or ““ spat ”* oysters, though they quickly come to resemble those
of the adult, show many interesting features. Unfortunately, 1925
proved a bad year for spat at Conway, and I was unable to obtain speci-
mens in the act of settling, and so get stages in the metamorphosis from
the larval to the adult structure, a process which takes place with great
rapidity. The larve come to lie on the left valve cementing themselves
firmly to the surface by means of a secretion from the byssus gland in
the temporarily developed foot. A full account of the metamorphosis
of the American oyster has been given by Stafford. TFig. 18 is a
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drawing of the smallest settled oyster which I obtained, the shell (not
figured) measured 1-2 mm. from the umbo to the margin and the body,
after removal from the shell and consequent contraction of the mantle
folds (i.e. as shown in the figure), 0-59 x0-66 mm.

At this stage there is one simple gill on each side which represents the
inner demibranch of the adult. There is a marked difference in the
degree of development, the lower or left gill (L.G.) being much larger
than the upper, right one (R.G.). Moreover, there are twenty filaments
present on the left and only thirteen on the right. No firm lamella is
formed, the filaments being united solely by thin strands of transparent
tissue (T.C.F.) at their free extremities. The ascending and descending
portions of the filaments are also unconnected. Lateral, frontal, and
laterofrontal cilia are all to be distinguished on the filaments and also
large cilia on the free extremities. The labial palps (L.P.) are much
larger in proportion to the rest of the body than in the adult. The outer
palps are completely united to form a hood which encloses the inner
palps, which are united for about half their length. The mouth (M.)
leads into a short cesophagus (0O.), which opens into the large stomach
(St.). Seen from the side this is a somewhat squarish organ with a well-
developed gastric shield (G.S.) on the dorsal wall, against which bears the
style (S.), which can readily be distinguished as a stout rod in which lie
embedded diatoms and other particles. The wall of the stomach is
covered with large cilia and so is that of the style-sac (S.8.), which forms
a wide tubular diverticulum posterior to the stomach. Along one side
of the sac is a narrow groove (G.). The stomach is surrounded by tubules
of the digestive diverticula, though these have not been shown in Fig. 18
as they would have obscured the other organs ; they are best studied in
sections. On the postero-ventral side of the stomach is the opening
of the mid-gut (M.G.), still quite distinet from the style-sac. As in
the adult, the gut deseribes a cirele round the left side of the stomach
before passing dorsally and backwards as the rectum (R.); the anus (A.)
opens into the exhalent chamber on the dorsal side of the adductor
muscle (A.M.).

Transverse sections through a slightly larger specimen—the shell was
2 mm. across—are shown in Figs. 19 and 20. The former represents a
section through the middle of the stomach. Owing to the direction of
the cut, the section has passed transversely through a number of the
gill filaments and the disparity in numbers between the filaments of the
two sides is again demonstrated. The stomach lumen is practically
filled with the style, the dorsal walls—with the exception of the extreme
dorsal end—being covered with the gastric shield, the remainder of the
wall being thickly ciliated. On the ventral side is the opening of the
mid-gut (O.M.G.) ; the gut has been cut twice (M.G.) in its course round
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the left side of the stomach. On the left wall of the stomach opens one
of the ducts (0.D.) of the digestive diverticula, tubules of which (D.D.)
are present on all sides of the stomach. Unlike the adult condition, how-
ever, the duets have the same structure as the tubules—i.e. there are no

Fic. 19.—Transverse section through 2 mm. spatin  FiG. 20.—Section from same series as

region of stomach. Alum carmine. X 80. Fig. 19, more posterior. x 80. G.,
D.D., digestive diverticula; G.S., gastric shield ; groove in style-sac: R., ‘rectun};
L.G., left gill; M., mantle; M.G., mid-gut; S.8,, style-sac. Other lettering as in

0.D., opening of digestive diverticula into Fig. 19.
stomach ; 0.M.G., opening of mid-gut into
stomach ; R.G., rvight gill : 8., style.

ducts strictly speaking. The tubules are identical in structure with those
of the adult, nests of darkly staining young cells lying between the more
lightly staining, vacuolated and older cells. The dark masses in the
stomach, the opening of the digestive diverticula, and in the lumen of
the mid-gut are iron saccharate on which the animal had been fed one
day before fixation.

~ Fig. 20 represents a section from the same series as Fig. 19, but more
posteriorly, the section passing transversely through the style-sac (S.5.),
the structure of which is shown clearly. The epithelium consists of large
cells, very- clearly demarcated, containing large oval nuclei and covered
with thick, long cilia. On the ventral side lies the groove (G.), which is
formed of extremely low ciliated cells bounded on each side by a group
of tall, narrow cells. It is along the line of this groove that the union of
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style-sac and mid-gut must later take place, and the areas of tall cells
are, no doubt, identical with the cells of the future typhlosoles. The
lumen of the sac is incompletely filled by the substance of the style (S.).
In view of the fact that in Ostrea the style-sac and mid-gut are separate
in the larvee and early stages of the adult, it would be interesting to know
whether in species such as Mya arenaria in which these structures are
also separated in the adult, the separation represents a persistent
embryonic condition or is secondary. The structure of the style-sac
in the adult Mya would suggest that there has been union between the
two and secondary separation. The other points of interest in Fig. 20
are the backward prolongations of the digestive diverticula (D.D.) on
either side of the style-sac., and the rectum (R.) which here contains a
mass of iron in the lumen.

3. FEEDING. THE COURSE OF THE CILIARY CURRENTS.

The course of the ciliary currents was followed in the intact tissues
under the binocular microscope, and in small pieces of excised tissue
under the high powers of the monocular microscope.

Carmine and carborundum powder of varying grades were employed
to demonstrate the direction of the currents. The literature on this
branch of the subject is extensive, and reference has been made to only
the most important papers.

A. ADULT.
1. Ixn tHE MaxTLE CAvVITY.
() The Gills.

Although in the oyster the mantle folds are not united except at the
point of division between the inhalent and exhalent chambers, the food
current is not drawn in along the whole of the inhalent chamber since,
as described and figured by Orton (1912), the mantle folds are normally
opposed except for the short distance on the ventral surface between the
thick lines in Fig. 1. The ingoing current is caused by the action of the
lateral cilia on the gills, a fact fully established by the work of Wallengren
(1905) and Orton (1912). These cilia cause a strong current of water to
pass between the gill filaments from the infrabranchial chamber into the
suprabranchial chamber, which is in free communication with the ex-
halent chamber, as shown by the dotted arrows ventral to the adductor
muscle in Fig. 1.

As a result of this current, any particles in suspension in the water
will be carried into the inhalent chamber. As soon as the ingoing current
has passed through the comparatively narrow inhalent aperture, its
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speed will be reduced and the largest particles in suspension will drop
on to the mantle folds. This may be called the first selection of particles.
Smaller particles remaining in suspension will be deposited on the surface
of the gill which serves as a very efficient filter, the water passing between
the filaments while the particles are stopped by the action of the latero-

.

o A L

K¢, 21.—Semi-diagrammatic representation of five gill filaments and
free margin of demibranch, several of the filaments being drawn
apart to show cilia between. x 375. (C.R., chitinous supporting
rod in filament ; Ci, cirri; G., ciliated groove at free margin ;
F.C., frontal cilia; L.C., lateral cilia; L.I.C., laterofrontal cilia ;
M.G., mucus glands; P.F., principal filament. Arrow above
ficure indicates direction of mouth, smaller arrows in figure show
direction of beat of cilia.

frontal cilia (Fig. 21, L.F.C.), which lie at the edges of the filaments, so
that those of adjacent filaments interlock, while at the same time they
beat across the surface of the filament, and so throw particles on to the
frontal surface. Fig. 21, which represents several filaments pulled apart,
shows these cilia very clearly and also the lateral cilia (L.C.) beneath.
On account of their consecutive beat, these cilia appear to beat up the
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side of one filament and down the side of the one opposite ; but in reality
the effective beat is inward into the interlamellar space which communi-
cates with the suprabranchial chamber. The abfrontal cilia (see Fig. 6)
no doubt assist in the formation of the current into the suprabranchial
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F16. 22.—Diagrammatic figure of two plice
and three principal filaments of gill
lamella. x10. B., base of gill, arrows
show direction of current along gill
axis; (., groove at free margin;
P.F., principal filament; Pl, plica.
Arrow ahove figure shows direction of
mouth, smaller arrows direction of
currents on face of gill,

chamber. The frontal cilia (F.C.)
are smaller than the laterofrontals,
but here and there are especially
large cilia, or cirri (Ci.) as they have
been called by Wallengren who re-
gards them as characteristic of the
ciliated tracts along which food is
carried. The frontal cilia are con-
cerned solely with the transport of
the particles which drop upon them
or are thrown upon them by the
laterofrontals, the contact of solid
particles immediately causing the
muecus glands (M.G.), with which the
surface of the filaments is covered,
to secrete and so entangle the par-
ticles with mucus. The beat of the
frontal cilia on the principal fila-
ments in the bottom of the grooves
between the plicze is the reverse of
that on the other filaments. The
former beat towards the base of the
demibranch, the latter towards the
free margin, as shown diagrammati-
cally in Fig. 22. Conditions are the
same on all four demibranchs.
Kellogg (1915) has described a similar
state of affairs in Pecten, but this
difference in the beat of the cilia
on two kinds of filaments is not
usual in Lamellibranchs. Particles
carried to the free margin are passed
into the ciliated groove (G, Figs. 21
and 22), which runs along it and in

which they are carried towards the palps and mouth, while particles
taken to the base of the gills by the cilia of the principal filaments are
also carried forward by the ciliated tracts present at the gill axes (see

Figs. 1, 2, and 22).

Tt is the opinion of Kellogg that the arrangement of the ciliary currents
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on the gills is an adaptation which ensures that feeding shall take place
only when very limited numbers of particles are present in the ingoing
currents. These will tend to fall into the grooves and be carried by the
cilia on the principal filaments to the base of the gill, and so direct to the
palps. But when the water is heavily laden with silt, particles will fall
on all parts of the gill, become embedded in a common mass of mucus,
and all be dragged to the free margin of the gill under the action of the
frontal cilia on the summits of the plicee. Individual particles or thin
strings of mucus in the ciliated groove are carried to the palps, as we have
seen, but large particles or heavily laden mucus strings tend to fall out of
the groove on to the mantle surface, from which they are expelled.
Kellogg’s observations have been confirmed ; small particles alone are
passed to the base of the gills, and from thence direct to the palps (except
when they occur in such numbers that they accumulate in masses, are
caught by the cilia on the plicee and carried across to the free margin of
the gill), while material in the grooves may or may not reach the palp
according to its size. His deductions from these observations will be dis-
cussed in the section on the palps. There are thus twe selective mechanisms
on the gills, one on the surface of the filaments and one on the free margin,
both of which act by selecting the smaller particles or masses for passage
to the palps and mouth and reject the larger.

There is also a certain degree of muscular activity in the gills which
has often been overlooked. Kellogg, however, with his accustomed keen-
ness of observation, has noted (p. 674) that in Pecten * much material
causes the gill grooves . . . to open wide, and then to close with so
sudden a contraction that material is thrown out of them. Often this
violent bending of filaments, which results in spreading open and then
constricting the grooves, occurs in about a second of time. The whole
demibranch, also, may present a wavy surface, and sway, fanwise,
towards the mantleand inwards.” Similar movements have been observed
in the gills of Ostrea, the opening and sudden contraction of the grooves
being of frequent occurrence. It has already been shown that horizontal
muscles are present in the interfilamentar connections and also vertical
muscles in the principal filaments, and it is the contraction of these
muscles, presumably, which causes the movements of the gills. These
types of movement, sudden contractions and bending of the filaments,
result in excess of material being transferred from the grooves to the
crests of the plicze or from the surface of the gills to that of the mantle,
and form yet another sorting mechanism, though of a less exact nature
than the ciliary ones.
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(b) The Palps.

The junction between the gills and palps is shown in Fig. 2 (p. 299),
and on examination of this figure it will be seen that particles from the
free margin of the gills are transferred to the middle of the inner palp
face, whereas those from the gill axes (i.e. the smaller particles) pass into
the groove between the palps, although, on account of the slight develop-
ment of cilia in the grooves particles are passed on to the lower folds,
as shown in the figure. In accordance with the terminology suggested
by Kellogg, this groove will be called the lateral oral groove (L.G.), while
the groove which leads from it to the mouth between the non-folded
region of the palps will be known as the proximal oral groove (P.G.).
There is a third, distal oral groove in Lamellibranchs in which the outer
demibranchs do not extend so far forward as the inner, but this is practi-
cally absent in the oyster. Material passed on to the folded surface of
the palps comes under the action of the long and very active cilia with
which it is covered which, as will be described in detail shortly, conduct
it either to the upper margin (U.M.) or across the palp folds in the direc-
tion of the mouth. There is a powerful backwardly directed current
along the upper margin of the palps in which particles are carried back
to a point marked X in Fig. 2 within a short distance of the tip, where
it meets a forwardly directed current from the tip. A vortex is created
in which particles are rolled into masses which, on attaining a certain
size, fall off on to the mantle, directly from the left palps and by way
of them in the case of the right palps.

The direction of the ciliary currents on the outer smooth surfaces
of the palps is shown in Fig. 23. The cilia being shorter the currents
are much weaker than those of the inner surfaces, and particles are
carried diagonally backwards, those near the upper edge being trans-
ported into the upper marginal current on the inner face—and so finally
rejected at X—while those in the central or lower areas are passed to the
distal edge round which they are carried on to the folded surface, there
to be either taken to the mouth or rejected as the case may be.

Passing now to a detailed examination of the inner, folded surface ;
Fig. 24 represents such a surface, the arrows showing the direction of the
currents. The number of folds varies according to the age of the animal
but this in no way affects their action. Hach fold (as shown in the cross
section in Fig. 7, p. 304) bends towards the mouth, overlapping to some
extent the fold immediately proximal to it. In the middle of the exposed
distal surface of each fold runs the longitudinal groove. There are no less
than five distinet ciliated tracts on the exposed surface of the folds, details
of which are shown in Fig. 25. Beginning with the most distal ; there
is a traet of cilia () which beats downward into the furrow between
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s, 23.—8mooth, outer surface of palp showing direction of
ciliary currents. X 10. B., base of palp: F.8., folded,
inner surface frequently exposed along dotted line; UL,
upper margin of palp: X., point where material rejected
from palp. Large arrow shows direction of mouth.

Fic. 24.—TFolded, inner surface of palp showing direction of ciliary
currents. % 10, B., base of palp; F., fulds; M., position of
mouth ; U.M., upper margin; X., point where material rejected.

o
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adjoining folds, but this region is largely covered by the adjacent over-
lapping fold ; next there is a narrow tract (b) within the longitudinal
groove whose cilia beat in the direction of the base of the palp: then
a narrow tract (¢) which directs particles diagonally across the palp
towards the mouth ; then a tract (d) in which particles are carried to
the upper margin of the palp ; and, finally, a tract of cilia (e) whose beat
is directed at right angles to the line of the folds and towards the mouth.
Moreover, in the furrows between the folds are tracts of cilia which
lead, invariably, towards
the upper margin (Siebert
(1913) states that the cilia
in the furrows in Anodonta
beat in the opposite direc-
tion, but his findings have
not been confirmed by other
workers). The cilia on the
proximal surface of the folds
which are not exposed are
difficult to observe, but
appear in the main to beat
into the furrows, and so are
concerned with the rejection
of particles. The path taken
by particles carried on to
the folded surface is the
resultant of the action upon
them of these different
tracts of cilia, the inter-

: action of which is very

16, 25.—Enlarged semidiagrammatic figure of palp  j: : 3

folds, showing direction of ciliary currnets. x 60. difficult to IRFEEBGULE.
a, b, ¢, d, e, tracts of cilia on exposed surface of There can be no doubt,

folds ; U.M., upper margin. Large arrow shows 2 ;
direction of mouth. however, that the whole

forms an extraordinarily
efficient sorting mechanism. As the folds lie normally the effect of the
five exposed ciliated tracts will be that light particles, such as carmine
grains, are carried diagonally across the palp face, the individual
particles being thrown lightly from fold to fold, largely by the action
of the large cilia of tract (e), and following the somewhat serpentine
course indicated by the long undulating arrow in Fig. 24. Large particles,
such as carborundum, or smaller particles imbedded together in
long mucus strings (which amounts to rather the same thing since
the larger the particles the more mucus is secreted) tend to
be drawn down within the furrows under the action of the cilia
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in tract («). and so, finally, expelled. So strong are the cilia in the furrows
that if any portion of a mucus string comes under their influence, the
whole string is carried to the upper margin. It is difficult to be certain
as to the true state of affairs when the opposing palps, as always happens
in life. are working in conjunction ; experimentally it is only possible
to examine the working of one exposed surface. Though gravity may
have some influence on the selection of particles or strings of mucus lying
on the under surface, that, of course, cannot influence particles attached
to the upper surface, though the larger particles will tend to fall on to
the under surface. Undoubtedly the mucus is of great importance ;
the larger the strings or masses, the more they will come into direct
contact with the cilia, and the more chance that some portion will be
drawn into the furrows and removed. Kellogg thinks there is a muscular
retraction of the proximal edge of the folds concerned which causes
particles to fall into the furrows ; but I have never seen any such action
in the oyster.

There is, however, an immediate muscular reaction when large particles
are placed on the palp surface, the entire palp curling back in the manner
shown in the left palps in Fig. 2. This is caused, no doubt, by the thick
layer of longitudinal muscle which lies beneath the epithelium of the
smooth surface (see Fig. 8, p. 305). As a result, the inner surface becomes
convex and the folds are drawn apart, thus exposing the furrows into
which the majority of the material on the palp will fall and be removed.
The palps may occasionally curl inwards—by a contraction of the muscles
under the epithelium of the folded surface—so that the folds are puckered
and spaces left through which particles can drop into the furrows. These
muscular responses are of the first importance in the functioning of the
palps as was first noted by Wallengren, who originally desecribed the
different tracts of cilia on the palp folds, but who considered that, as a
result of their individual contraction, different tracts were brought into
play, and in this way the direction taken by the particles was controlled.
Kellogg has described a curling over of the ventral (upper) margin of the
palp in Schizotherus, whereby material is drawn <.f dirzetly from the palp
surface on to the outgoing marginal tract. Such a movement has not
been observed in the palps of Ostrea, which are not free from one another,
as in Schizotherus, but are attached for a quarter of their length. Allen
(1914, 1921) follows Wallengren’s account, and ascribes selection to the
action of the different tracts of cilia brought into play during different
states of contraction and relaxation in the folds: he claims further
(apparently owing to a faulty reading of Wallengren’s paper) that by
this means cilia are brought into action which led particles in the opposite
direction to that of the mouth. Grave (1916) considers that there is a
reversal of the beat of certain cilia (pointing to the similar conditions
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described by Parker for the sea anemone Metridium). I have never
observed any sign of a reversal of cilia in the palps of any Lamellibranch,
nor have Grave’s opinions been supported by any more recent worker.
Cobb (1918) has shown that the palps of Anodonta respond by muscular
contractions to a variety of stimuli; mechanical, electrical, chemical,
photic, and thermal. He also found that the detached palp reacts as
effectively as one attached to the body (a fact also noted during these
experiments on the palps of Ostrea), showing that  the palp contains
within itself the neuromuscular organization necessary for all the responses
described . . . and . . . possesses an autonomy even more complete
than that of the vertebrate heart and comparable with what is shown
by the tentacle of an actinian.” Churchill (1924) has observed the
muscular curling of the palps under normal feeding conditions in young,
transparent fresh-water mussels. Nelson (1924) watched the feeding of
spat oysters under similar conditions, and states that the rejection of
particles is due to ““ reflex erection of the ridges of the palps which brings
into play groups of cilia which beat away from the mouth.” He does
not state whether this erection is due to a general curling back of the palp
surface, but describes the palps at this stage as consisting of “isolated
filaments which are capable of independent movement.” (This is cer-
tainly not the case in the spat of Ostrea edulis, where, as we have seen,
the palps are more united than in the adult.) Nelson placed spat in
1/20 sat. magnesium sulphate, and states that the filaments of the palps
lost the power to erect, with the result that masses of material passed
over to the mouth and eventually blocked it. He concludes that feeding
in the oyster is accomplished * through the delicate co-ordination of
nervous, muscular, ciliary, and mucus secreting elements in which
mechanical sorting of the materials plays the most important part ”;
an admirable summary of the state of affairs.

Herdman and Boyce (1899) have described in the oyster the presence
of thin bands of muscle arising one on each side at the surface of the
mantle near the anterior edge of the visceral mass and being inserted
at the junction of the gills and palps, and have identified them with the
protractor pedis muscle of other Lamellibranchs. They suggest that in
the oyster they may function by pulling apart the inner and outer palps
and gill demibranchs of each side, and so allowing food particles to reach
the mouth more easily. It is difficult experimentally to prove this or
to see its necessity since other Lamellibranchs function perfectly well
without it, but, as they state, the opening of the shell will, by separating
the points of attachment of the two muscles, cause “ the opening up of
the food avenues.”

A considerable controversy has arisen around the question whether
in the Lamellibranchs the selection of particles for swallowing is qualita-



FEEDING AND DIGESTION IN OSTREA EDILIS, 331

tive or quantitative. The view that there is a definite selection of partieles,
having food value has been upheld chiefly by Lotsy (1893), Allen (Le.)
and Grave (1916), but the majority of workers, including List (1902),
Kellogg (lLec.), Yonge (1923), Nelson (1924), and Churchill (1924) have
failed to find anything other than a purely mechanical selection having
as its object the reduction of the quantity of matter passed to the mouth,
large particles or many small particles embedded in mucus being rejected
and smaller particles or mucus masses passed on to the mouth quite irre-
spective of their food value. This appears to be confirmed by examinations
of stomach contents by Savage (1925), and the majority of previous investi-
gators whose work he summarises. Churchill found that when fresh-
water mussels were kept in suspensions of mixed organic and inorganic
matter they took in a sample of everything small enough to enter the
mouth. In some cases where the inorganic particles are the larger there
may be—incidentally—a selection of particles having food value (as
Nelson thinks is the case in spat oysters). Nothing but a purely mechani-
cal or quantitative selection has been found in the oyster, and this has,
I think, been made clear in the preceding account, but attention may
again be drawn to the series of selective mechanisms which exist.*

1. The heaviest particles in the ingoing current drop on to the mantle
and never reach the gills.

2. The smaller particles on the gills are carried by the cilia on the
principal filaments to the base. the larger ones passing to the free margin.

3. The largest particles or mucus masses fall out of the groove on the
free margin on to the mantle.

4. Muscular contractions in the gills cause material to be transferred
from the grooves on to the crests of the plicse, and from the surface of
the gills to that of the mantle.

5. Material passed on to the inner face of the palps from the free
margin of the gills 1s there most rigorously sorted, larger particles or
masses being rejected and only the smallest crossing towards the mouth.

6. The smaller particles from the gill axes which pass into the lateral
oral groove are not so rigorously sorted, sinece the folds at the base of the
palps are lower and closer together and the effect of the curling back of
the palp surface is much slighter.

Experiments with four grades of carborundum powder demonstrated
the efficiency of these sorting mechanisms very clearly. The particles

* Lamellibranchs, such as Syndosmya, Tellina or Gari, which have long. free siphons
and are classified by Hunt (1923) as deposit freders, may exerelsz a certain qualitative
selection by means of the inhalent siphon which is fringed with sensory tentacles.
Pussibly the Protobranchs may do the same, though to a less extent, by means of the
extrusible appendages of the outer pair of labial palp:. In both cases, however,
qualitative selection, if it occurs, takes place oufside the mantle cavity.,
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were in all cases dropped lightly on the middle and posterior regions
of the gills, and with the following results (the coarser grades heing taken
first) :—

Grade 120. Particles passed to the free margin of gill :* fall on to
mantle before they can reach the palps.

Grade 220. All carried to free margin ; majority drop oif. a few of
the thinner mucus strings reach palps, there all rejected.

Grade F. All carried to free margin; comparatively little falls off,
all rejected by palps.

Grade FF. All carried to free margin; very little falls off. great
majority rejected by palps, a very little carried to mouth.

As already stated, Kellogg is of the opinion that Lamellibranchs can
only feed in waters that are comparatively clear. This has been denied
by Grave (1916), Nelson (1921)—who supplies the definite evidence that
oysters can feed in waters bearing as high as 04 grams dry weight of
suspended matter per litre—and Churchill (1924), and, T think, with
reason. Certainly the more particles carried into the mantle cavity,
the more wholesale is the rejection, but, as Churchill has shown for fresh-
water mussels, although the main surface of the palp is concerned with
the rejection of the large masses passed on from the marginal grooves on
the demibranchs, the finer matter which enters by way of the lateral
oral groove will find its way to the mouth. I place a similar interpreta-
tion on my experiments, although in the oyster the selective mechanisms,
both on palps and gills, are more efficient than in the majority of Lamelli-
branchs—a correlation, no doubt, with the sessile mode of life and conse-
quent danger of silting up—in which the frontal cilia of all gill filaments
usually beat in the same direction, and food can pass to the mouth by
way of the distal and lateral oral grooves without ever coming into
contact with the folds on the palps: Mya arenaria is a good example
of this type of Lamellibranch. Even in the oyster, however, I have
observed the passage of a certain amount of material from the gills to the
palps under all conditions approaching the normal (if the gills are abso-
lutely covered with a mass of particles these are all removed, whatever
their individual size, but this would never occur in nature); carmine
grains are carried to the mouth along the lateral oral groove while the
rest of the palp surface is ridding itself of carborundum. It is not im-
possible, however, that Lamellibranchs, and especially such highly
specialised species as the oyster, feed with the mazimum of efficiency in
waters that are comparatively clear ; they can, moreover, by frequent
closing of the shell valves clear the water to some extent and prevent any
too great accumulation of sediment within the inhalent chamber.
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It remains to describe the passage of particles from proximal folds to
the mouth, the course of which is shown in Fig. 2 (p. 299). The cilia in
this region are short, and matter accumulates along a line parallel to
the last fold and then passes slowly in the direction of the mouth.
There is never an accumulation of material about the mouth. particles
which do not pass deep in the proximal oral groove being caught by
ciliated tracts which lead them upwards and then either distally on to
the upper margin of the inner palp face. or over on to the outer face
of the inner palps. In either case they are rejected finally. Material
which reaches the mouth passes slowly into the cesophagus.

(¢) Removal of Material from the Mantle Surface.

Material dropped on to the surface of the mantle is carried away by
the ciliary tracts shown in Fig. 1 (p. 298). There are ciliary tracts in the
anterior region of the mantle cavity which carry particles back to a point
about the middle of the inhalent aperture where they accumulate, since
the thickened ridge which bounds the mantle is not ciliated. The masses
thus formed are expelled from time to time by sudden contractions of
the valves. Nelson (1921) by very ingenious experiments has shown
that ejections of this nature are most numerous when the water in which
oysters are living is at its maximum turbidity. Along the posterior
region of the inhalent chamber, and also in the exhalent chamber, matter
passes directly to the edge of the mantle, there to accumulate and be
expelled in the manner deseribed.

1. Ix tae Gur.

Mucus laden with particles passes slowly along the esophagus, par-
ticularly in the grooves at the extremities of the lumen, as described
by Vonk (1924), into the stomach. Tig. 26 represents the stomach and
esophagus opened out for examination of the ciliary currents. As a
result of the position of the cut, the ventral wall of the stomach lies on
the left side of the figure. The relative positions of the various parts is
seen in Figs. 3 and 4, and by reference to these and to Fig. 26 some idea
of the physiology of the stomach will be gained.

Particles entering the stomach will tend to pass into the food sorfing
cecum (F.C.) either directly or by way of the ciliated tract (C.T.), which
leads into it from the floor of the stomach. The cacum, as shown in
Figs. 3 and 4, is a long grooved diverticulum, which extends backwards
under the floor of the stomach. Fig. 27 represents it opened out, the
broken lines indicating the line of the cut. The ingoing ciliated tract
(C.T.) is situated on a ridge, which passes down the right side of the
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caecum to the extremity and then along the left side, terminating abruptly
at a point level with the opening of the cwcum. Particles are carried
very rapidly along this tract until they reach the point X, when they
may be carried in either of two ways. If they are heavy (e.g. carborun-
dum) they are rolled round and fall over into the groove on the right of
the ridge, as shown by the arrows and dark mass in Fig. 27. The cilia in
this groove conduct particles slowly round in the reverse direction to the
cilia on the ridge and out of the ceecum into the deep ventral groove
(G., Figs. 3, 4, 26, and 27), which runs across the floor of the stomach

Fr1c. 26.—Stomach opened out to show direction of ciliary currents, cut made along right
ventral surface. x 4. C.T,, ciliated tract leading into food sorting caecum ; D,
larger, left duct of digestive diverticula ; D”., smaller, right duct : I".C., fuod sorting
cecum ; G, ventral groove leading from food sorting cmeum to mid-gut: G.S.,
gastric shield ; M.G., mid-gut ; O., wsophagus ; 8.8., style-sac.

and is continued into the mid-gut, as shown in Fig. 26. On the other
hand, light particles, such as carmine grains, not embedded in great
masses of mucus, pass along the ciliated tract past the point X, and are
wafted out of the left side of the caecum in the direction indicated by the
dotted arrows in Fig. 27, being ultimately carried to the region of the
gastric shield, as shown in Fig. 26. The caecum constitutes yet another
sorting mechanism wherein larger particles are separated from smaller
ones without any apparent regard to their food value, the larger ones
being removed from the stomach by way of the mid-gut, and the smaller
being retained in the stomach and passed towards the head of the style.
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Nelson (1918) has described a similar cmeum in Modiolus, and I have
given an account of a food sorting area in the stomach of Mya (1923). In
both of these cases the mechanism is more complicated than in Ostrea,
presumably because in the latter the selective powers of the gills and
palps are hetter developed, a fact testified to by the smaller size of the
particles in the stomach of the oyster. The remaining cilia on the wall
of the stomach either conduct particles towards the gastric shield, where
they come under the action of the style, or else towards the ducts of the
digestive diverticula (D’. and D", Figs. 3, 4, and 26). These ducts are
bounded on the one side by an overhanging wall over which the cilia
beat into the opening. but on the other the opening lies flush with the
epithelium of the stomach, and the cilia on this side lead particles away
from the opening. There is thus a mechanism whereby particles enter

Fie. 27.—Food sorting ecum opened up along dorsal surface, line of cut shown by broken
lines. ¢ 8 C.T,, ciliated tract leading into cmcum : G., ventral groove leading
out ; X., point where large and small particles separated, larger passing into groove
and smaller following line of dotted arrows to gastric shield region.

the ducts on the one side and leave them on the other, which is essential
if a circulation is to be maintained within the diverticula.

The main agent concerned with the movement of material within the
stomach, however, is the style. It was originally suggested by List that
the style was probably revolved by the action of the cilia in the style-sac,
but it was left to Nelson (1918), as the result of careful opening of the
stomach. to ohserve the actual revolution of the style in the stomach
of Anodonta and Modiolus. He found that the maximum number of
revolutions per minute in Anodonta at 11-5° C. was 11, and in Modiolus at
25° (. was 13. In both cases the direction of the movement was clock-
wise when viewed from the anterior end of the animal. It has never
been possible to observe the movement in the adult oyster, in which

NEW SERIES.—VOL., XIV. No. 2. AvcUsT, 1926, 34
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the stomach is less exposed than in the majority of Lamellibranchs,
but I have seen it in the larva and spat (as will be described later), while
Churchill (1924) has observed it in young, transparent fresh-water
mussels, and there can be no doubt, if only from the nature of the cilia-
tion of the style-sac, that the style revolves in all Lamellibranchs. The
head of the style is continually being dissolved away, and in the sticky
mass become embedded particles and strings of mucus, and it may well be,
as Orton (1923)has suggested, that material is in some cases drawn into the
stomach as a result of the mucus strings being wound round the * shredded
revolving head of the style like a capstan.” As we have seen, muscle
is practically absent from the gut of the oyster (in common with all
Lamellibranchs except the Septibranchs), the place of peristalsis being
taken by ciliary activity. One of the principal functions of the style, as
Nelson (1918, 1925) has pointed out, is that of stirring and mixing particles
in the stomach, an operation performed in many other animals by peris-
taltic contractions. Although, of necessity, the different activities of
the stomach have been described separately, in life, of course, they are
all proceeding simultaneously, food entering from the cesophagus, being
sorted in the cacum, being revolved in the head of the style, passing
in and out of the duects of the digestive diverticula, and being removed
by way of the mid-gut all at the same time.

The disposition of the ciliary currents in the style-sac and first part
of the mid-gut is shown in Fig. 28. Particles enter the mid-gut from
the stomach by way of the ventral groove ((.) and pass quickly down it
along the channels at the base of the typhlosoles (T". and T".). The cilia
on the typhlosoles beat diagonally away from the stomach and into the
gut. The groove of the style-sac is ridged transversely, and the beat

/ \ .I

8.5. i G.
Frc, 28.—Style-sac opened alrm“ middle of surface so as to expose ciliary currents in
style-sac and mid-gut. < 4 G., ventral groove in stemach ; M.G.. mid-gut; S.8.,

style-sac; T, larger typhlosole; T, smaller typhlosole.
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of its large cilia is very difficult to determine ; particles placed upon them
appear to get caught between the cilia, as they can be seen trembling
with the movement of the cilia but are moved extremely slowly.
Such movement as there is, however, is from right to left (looking at the
style-sac from the stomach), i.e. in the direction which would revolve
the style in a clockwise direction when seen from the same standpoint.
There is a tract of cilia beating in the direction of the stomach on the side
of the larger typhlosole (T".), which is somewhat easier to demonstrate
and is accompanied by the production of great quantities of mucus.
The same disposition of cilia is found in the style-sac of Mya (Yonge
(1923), and there is the same difficulty in demonstrating the direction
of their beat. The style, presumably, is revolved by the first set of cilia
and pushed forward by the other, and the difficulty of demonstrating the
direction of beat may be due to the cilia not being adapted for the move-
ment of small partieles which rest lightly on them, but for the movement
of a firm body which is pressed firmly against them. In spite of the
presence of the ciliary currents leading from the style-sac into the gut
over the face of the typhlosoles, a certain amount of material which has
been carried down the gut gets caught up in the substance of the style,
wrapped round it spirally as it revolves, and carried back to the stomach.
This “ retrieving function ” of the style has been commented on by
Nelson (1918, 1925), Allen (1921), and Orton (1923)—the latter having
figured the spiral bands of mucus laden food strings wrapped round the
style of the oyster—and is probably of some importance in Lamellibranchs,
such as Ostrea, in which the style-sac and mid-gut are in communication.

Throughout the remainder of the gut material is passed slowly back-
wards under the influence of the cilia, and is finally ejected by way of
the anus into the exhalent chamber (see Fig. 1), where it comes under
the influence of the exhalent currents and of the cilia on the mantle
surface and is removed from between the shell valves.

B. THE LARVA.

The arrows in Fig. 17 (p. 317) indicate the direction of the ciliary
currents in the larvee. If larvee are placed in suspensions of carmine,
indian ink or other fine particles these are thrown by the large cilia of the
velum on to the ciliated tract (C.T.), which runs round the base of the
velum, where they are embedded in mucus and carried back to the mouth.
The velum, therefore, acts both as a swimming and as a food collecting
organ. Not all the material passes into the mouth, any surplus being
carried off by the cilia on the lobe which represents the rudiments of the
foot (F.), so that a larva swimming through a thick suspension leaves
behind it a trail of particles embedded in a long string of mucus. If
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the suspension is excessively thick the larve become embarrassed in their
movements and turn repeatedly over and over in their efforts to free the
cilia from the mass of particles which they automatically collect.
Material is passed into the stomach by way of the cesophagus and
is there rotated, as indicated by the arrows in the figure, by the cluster
of large cilia at the anterior end and also by the action of the smaller cilia
which line the wall of the stomach. At the same time, the style, in
which particles become embedded, is rotating in the style-sac. The
direction of rotation appears to be constant for the individual, but to
vary in the different larvee, in some clockwise, in others anti-clockwise.
Nelson, on the other hand, states that in the larve of Ostrea wvirginica
the movement is always clockwise. The speed varies greatly, as few as
36 and as many as 90 revolutions per minute having been counted.
Partly as a result of this movement, particles are thrown into the cavity
of the digestive diverticula in which they can be seen in active movement,
as shown by the curved arrows in Fig. 17. We may therefore assume
that cilia are present in the cavity of the diverticula. Particles leave the
stomach by the mid-gut, and are carried rapidly through the remainder
of the alimentary tract and ejected at the anus. When larva were kept
in heavy suspensions of carmine the gut became packed with a continuous
red stream, and under these conditions the action of the cilia was practi-
cally inhibited, owing to the pressure of the enclosed mass ; movement
became exceedingly slow and a certain amount of peristaltic activity
was observed. The gut in the larve is, it may be noted, unlike that of
the adult, free from the surrounding tissue. The fwces are rolled into a
ball by the action of the cilia in the mantle cavity, and are then expelled.

C. THE SPAT.

All mechanisms concerned with the rejection of surplus matter are
well developed in the spat. Thus the cilia of the mantle are larger and
more active than those in the adult, while the palps are relatively of
immense size and reject the great majority of particles passed on to them
from the gills, which collect them in the usual manner as indicated by the
arrows in Fig. 18 (p. 319). Fig. 29 shows the palps seen from the free
end after they had been dissected out of a 1 mm. spat, the two inner
palps (I.P.) being enclosed by the hood formed by the outer palps (O.P.).
It is extremely difficult at this early stage in their development to distin-
guish the direction of all the ciliary currents on these small organs. No
folds are present, although there is a groove on each of the palps along
which the cilia beat in the direction of the free extremities of the palps,
as in the furrows of the fully developed palp, and there are ciliated tracts
leading in the same direction along the outer edges of the outer palps
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Other tracts lead across the palps, but, after careful examination, only
one tract—on the right inner palp—was distinguished in which the cilia
beat towards the base. When particles are placed upon the palps only
a minute proportion succeed in passing between the inner and outer
palps of each side and so reaching the mouth, the majority are passed

Fig. 20.—Palps from 1 mm. spat dissected out and drawn
from free end, i.e. looking in direction of mouth. » 275.
(i., grooves on inner faces of palps: LP., inner palps:

M., mass of rejected material aceumulated in depression
at junction of outer palps ; 0.1, outer palp.

rapidly to the depression at the junction of the outer palps (see Figs. 18
and 29), where they are rolled into a large ball (M.), which finally falls
on to the mantle surface. In experiments on whole spat the palps were
found to be very active and to respond readily to stimulation by drawing
back and upwards, probably by so doing exposing to their maximum
the outgoing tracts.

Particles which succeed in reaching the mouth are passed rapidly
through the cesophagus into the stomach (see Fig. 18). There they are
whirled round by the cilia and in the head of the style, which in spat
of this size can be seen in rapid movement through the wall of the stomach.
It consists of a somewhat irregular rod which bears against the gastric
shield and revolves in a clockwise direction when viewed from the anterior,
the speed observed varying between 60 and 70 revolutions per minute.
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Embedded in its substance, especially near the head, are particles of all
sizes, the largest observed being specimens of the spherical diatom
('oseinodiscus having a diameter of about 23u. These are shown in Fig. 18.
It is difficult to observe the disposition and interior of the digestive
diverticula in the spat, but movements were seen within them, while
peristaltic movements were well marked in the mid-gut, especially in
the region nearest the stomach, particles being moved by this means
and by ciliary activity through the mid-gut and rectum and expelled
at the anus, which opens in the exhalent chamber.

The great development of the organs concerned with the removal of
surplus matter in the spat can readily be understood, since a small sessile
organism of this nature is in constant danger of being smothered by
falling silt unless this can speedily be removed from within the mantle
cavity. The presence of peristaltic activity in the gut of both larvee
and spat seems to indicate that the absence of peristalsis in the adult
is not primitive. Peristalsis is usually well developed in the Gastropods,
which may represent, in this respect at any rate, the more primitive
condition.

4. ASSIMILATION.

1, LITERATURE AND METHODS.

Although in animals such as the Vertebrates, digestion precedes
assimilation, this is the case only to a very limited extent in the Lamelli-
branchs, since food is ingested directly both by the phagocytes and the
tubules of the digestive diverticula and digestion then takes place intra-
cellularly. The only extracellular enzymes in the gut of Lamellibranchs
are those set free by the dissolution of the head of the style. In this
paper, therefore, an account of the process of assimilation is given
before passing to a consideration of the digestive enzymes.

I have recently had occasion (1926) to review the literature dealing
with assimilation in the digestive diverticula, so that it is unnecessary
to discuss the matter in detail. As a result of a study of previous work
and as the outcome of my own experiments, the conclusion was reached
that the digestive diverticula are organs of absorption and of intracellular
digestion, since they absorb soluble matter such as iron sulphate (Carazzi
(1897) on Ostrea) or iron saccharate (Yonge (1926) on Nucula, Mya, and
Teredo), and ingest solid matter such as Indian ink (List (1902) on
Mytilus, Potts (1923) on Teredo, Vonk (1924) on Ostrea), carmine (List
on Mytilus) or blood corpuscles from dogfish (Yonge (1926) on Teredo).
Sigerfoos (1908) and Potts have further shown that the Teredinid:e
ingest wood fragments in digestive diverticula specialised for that purpose.
Matter which may he of use to the animal such as iron (Carazzi (1897),



FEEDING AND DIGESTION IN 0OSTREA EDULIS, 341

Yonge (1926)) or blood corpuscles (Yonge) is carried away in amcebocytes,
but useless material such as Indian ink is rejected into the lumen of the
diverticula shortly after ingestion and carried out of the body (List,
Vonk).

Carazzi (1896, 1897) claims that iron is absorbed by the epithelial cells
of the gills, palps, and cesophagus, and then carried to the digestive
diverticula by way of the amcebocytes. Since, however, he kept his
ovsters for four months i a solution of iron sulphate in sea water so
that they had time to become thoroughly permeated with iron, an entirely
contrary interpretation may be placed on his results, namely, that the
phagocytes become loaded with iron either from the digestive diverticula
or by direct ingestion and then carry it to all the tissues. In the same
way the Marennin from Navicula is taken in by the phagocytes and
carried to all free surfaces of the oyster, so that the gills, palps, and gut
are coloured green (for full details on the subject of green oysters see
Lankester (1386), Herdman and Boyce (1899), Mitchell and Barney (1916).
and other papers quoted by them). CGutheil (1912) found fat globules in
the ciliated epithelium of the gut in Anodonta, except in the style-sac
and the region of the gastric shield. He therefore concluded that the
epithelium could absorb, although he carried out no controlled experi-
ments by first starving and then feeding animals, but argued from the
presence of fat in the epithelium of fresh animals. Churchill (1915, 1916)
states that after keeping fresh-water mussels in very dilute solutions
of soap, egg albumen, or starch stained with iodine, these substances
are taken by the outer epithelial cells of the body, mantle, foot, gills, and
palps, some being carried away by blood cells, which he observed on
occasion between the epithelial cells. His experiments were in most
cases kept up for a considerable number of days, and. though the same
objection canrot be wrade to them as to those of Carazzi, since he plugged
the mouth of many of his animals thus preventing the passage of food
to the digestive diverticula, yet the presence of these substances in the
epithelial cells did not necessarily mean that they had been absorbed
directly by them. Canegallo (1924) kept Unio in soap solution and found
that this was absorbed to a far greater extent by the epithelium of the
intestine than of the gills. the fat being carried away by leucocytes.
Ranson (1926) considers that molluses can absorb organic matter in
solution through any free surface as well as by the intestine.” In my
own work on Nucula, Cardium, Mya, and Teredo (1926) the absorption
of iron saccharate was never observed except in the tubules of the digestive
diverticula.

Large particles are taken in directly by phagocytes, to the universal
presence of which attention has already been drawn. De Bruyne (1893,
1896) considered that they ingested damaged or degenerating epithelial
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cells particularly in the gills. Gutheil (1912) has deseribed and figured
in Anodonta the passage of phagoeytes laden with material from between
the epithelial cells through the basement membrane and into the con-
nective tissue and blood vessels. Cuénot (1914) has observed phago-
cytosis in the blood cells of Lamellibranchs, as a result of the injection
of Chinese ink. Canegallo (1924), by injecting olive oil stained with
Sudan II1 into Unio, found that this was quickly taken in by leucocytes.
I have deseribed (1923) the presence of great numbers of these phagocytes
in the gut of Mya, and shown that they may contain large, hard particles
such as sand grains or the tests of diatoms, often in such numbers that the
gut is coloured grey. After feeding Cardium and Mya with blood cor-
puscles of dogfish it was found (1926) that the corpuscles were ingested
by phagoeytes lying between the epithelial cells in the stomach and
ducts of the digestive diverticula. They were carried into the connective
tissue and there digested. Reference has already been made in this paper
to the presence of phagocytes in all parts, and to the fact that they often
contain green or brown granules, the colour being due to a pigment
investigated by MacMunn (1900) and named by him Enterochlorophyll,
on account of its close relationship to chlorophyll.

Oysters after appropriate periods of starvation in water which had
been passed through filter cloth were fed with suspensions in sea-water
of iron saccharate, of blood corpuscles from dogfish, of a pure culture
of the diatom Nitzschia, and with an emulsion of olive oil stained with
Nile blue sulphate. No experiments were carried out with Indian ink,
the recent and conclusive work of Vonk (1924) on Ostrea having rendered
them unnecessary. Animals were removed, and the various regions of
the alimentary system fixed, at varying intervals after the commencement
of feeding. After feeding with iron saccharate tissues were fixed in
equal parts of 59, of ammonium sulphide in 959 alcohol and Bouin’s
fluid, sections being later treated for ten minutes with a 109, solution in
water of potassium ferrocyanide, and then for a few minutes in a very
dilute solution of HCI in order to demonstrate the presence of iron by
the Prussian blue reaction, the sections being stained with alum carmine.
After feeding with the other substances tissues were fixed either in
Flemming’s strong fluid or in Bouin. If by the former method, sections
were stained with a saturated solution of safranin in 709, alcohol and
later differentiated in clove oil saturated with orange &, the osmicated
fat by this method standing out very clearly against the red nuclei and
yellow cytoplasm. After fixation in Bouin sections were stained with
Delafield’s heematoxylin and erythrosin.

Larve and spat were fed on carmine and iron saccharate, and fixed
respectively in Bouin and in the ammonium sulphide-alecohol Bouin
mixture.
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1. FEEDING EXPERIMENTS ON ADULTS.
(@) With Iron Saccharate.

This substance was taken in readily, a thick brown suspension in
sea-water being rapidly cleared. Oysters opened within a few hours of
feeding were found to have the stomach full of a brown mass of iron
saccharate, a great deal of which was embedded in the head of the style.
After sectioning, iron was found in the lumen of all parts of the gut up
to two days after feeding (it was present in very great quantity in the
rectum six hours after feeding), sometimes it was seen ingested in phago-
cytes lying free in the lumen and-—very rarely—being carried by them
in between the cells of the epithelium. But in the epithelivin of neither
the gills nor the palps nor any part of the gut except the tubules of the digestive
diverticula was it absorbed. In the cells of the latter it is ingested freely,
slight traces being present six hours after feeding, a maximum being
reached from one to two days after feeding, very slight traces being found
after three days and none after any longer period.

The typical conditions of
absorption are shown in Fig.

30, which represents two
cells from a digestive tubule
two days after feeding with
iron saccharate. The free
surface of the cells is very -~
irregular, and iron is taken =
into large vacuoles and ac-
cumulates in the form of
irregularly round or oval
masses. It is never absorbed
in the form of fine granules
or in a diffuse condition.
Exactly the same conditions
were found in Nucula, Mya,
and Teredo, while List and
Vonk found that Indian ink
was taken into vacuoles in
the diverticula of Mytilus
and Ostrea in a similar

manner. It is impossible,

.V Y F1a. 30.—Two cells of digestive diverticula two days
M: ¥ E‘}Ill{ ITab also HOthf "o after feeding with iron saccharate. Iron tech-
distingunish a bounding nique. > 1350. B.M., basement membranel;

F., masses of ingested iron; F.P., iron partly
membran‘e around the filling vacuoles; L., lumen; N., nucleus of cell;
masses which appear to lie P., phagocytes.
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free in cavities in the protoplasm, but the manner in which the iron first
forms a ring (Fig. 30, F.P.) the interior of which is later filled up. seems
to point to the presence of such a membrane. This manner of absorption
is unlike that found in animals, such as Arthropods and Annelids, in
which digestion is extracellular and only the soluble products of digestion
are absorbed, and would appear to be an
indication of the presence of intracellular
digestion, as would also- the irregular
outline of the free surface of the cells.
Phagocytes are almost invariably pre-
sent in the cells in which iron is being
ingested, they may or may not be present
in the others. Usually only their nuclei
(as in Fig. 30) can be distinguished,
although occasionally the outline of the
cells can be seen, particularly when they
are full of iron which they have collected
from the cells, Four days after feeding,
though no trace of iron was found in the
tubules, many phagocytes full of minute
granules of iron were to be seen immedi-
ately round the tubules, in the connective

Fre. 31.—Phagoeyte from connee- ° ! s
tive tissue bebween digestive di- tissue (e.g. the phagoeyte in Fig. 31), and

verticula and gonad, four days 7 ; » i
ftan Poading WEEH Toom saguBateto. occasionally in the blood vessels and in

Nucleus at one end, fine pseudopo- the gonads (Carazzi considered that the

dium at the other, body of phago- 0 : 22 i

eyte fall of fron. ‘Tron technigae: final destination of the iron _was ’?he

X 2400. gonad). There was never any indication
of rejection of iron into the lumen, in the

manner described by List and Vonk after feeding with Indian ink.

(b) With Blood Corpuscles.

A quantity of fresh blood from a dogfish was added to the filtered
sea-water in a large bell-jar in which a number of oysters had been
starved. The corpuscles were taken in rapidly by the oysters. The
stomach contents of an oyster opened three hours after the blood had
been added consisted exclusively of mucus, blood corpuscles of dogfish,
phagocytes of the oyster and a few ciliates and spirocheetes. The style
was intact. The great majority of the corpuscles were in perfect con-
dition, the outline being smooth and the nucleus quite clear, some were
lying free in the stomach, some entangled in mucus or in the substance
of the head of the style, while others were in process of being ingested by
phagocytes.  This process is shown in Figs. 32 and 33 ; in the former a
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phagocyte is beginning to engulf a corpuscle, while in the latter one has
already been ingested, and is lying in a vacuole within the phagocyte
which is beginning to engulf a second corpuscle. The stomach contents
of an animal opened six hours after feeding were a diffuse red, probably
owing to the presence of free heoma-
globin, very few corpuscles could
be distingished, and there were
many fewer phagocytes free in the
lumen, those present being often
large, and containing the remnants
of many corpuscles in an advanced
state of digestion. Many other
phagocytes contained no ingested

Fre. 32.—Phagoceyte in stomach ingesting  Fic. 33.—As above, phagoeyte with one

blood corpuscle three hours after feed- corpuscle ingested and beginning to
ing with blood from dogfish. Drawn ingest a second. Drawn from life.
from life. x 2400. < 2400,

matter. Phagocytes with ingested corpuscles could be distinguished
passing into the epithelium of the stomach. Righteen hours after
feeding there was only a slight redness in the stomach, which contained
very few corpuscles, the outline of which was often serrated.

As a result of sectioning it was found that corpuscles are taken in
between the cells of the epithelium in all regions by the phagoeytes. This
was most rare in the rectum, few corpuscles passing so far in the lumen,
and in the digestive diverticula where, although corpuscles were occa-
sionally found ingested in the cells, they only appeared to be digested
with consequent formation of fat globules in the presence of phagocytes.
Ingestion by phagocytes took place to a small extent in the gills, palps
and cesophagus, to a greater extent in the mid-gut, but the principal
centre of phagoeytic activity was found to be the stomach and ducts of
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the digestive diverticula, immense numbers of phagocytes making their
appearance in the lumen and epithelium in these regions. The course
of phagocytic ingestion of corpuscles was followed in detail in the stomach
epithelium.

It is very difficult to remove all traces of fat from oysters, even after
prolonged starvation. Feeding experiments were carried out on animals
which had been starved four and eleven weeks, and in both cases, though
the quantity of fat was substantially less than in fresh animals, there

IBC~~

Fic. 35 —Stomach epithelium, ingestion

Fic. 34 —Stomach epithelium, showing in-

gestion of a blood corpuscle in a phago-
cyte three hours after feeding. Oyster
starved for eleven weeks previously.
Fixed strong Flemming, stained safranin
and orange G. x 900. B.P., boundary
of phagoeyte ; I.B.C., ingested blood
corpuscle; M., muscle; N.B., nucleus
of blood corpuscle ; N.E., nucleus of
epithelial cell ; N.P., nucleus of phago-
cyte.

and digestion of blood corpuscles in
phagocytes six hours after feeding.

Oyster starved for eleven weeks
previously. Fixed Flemming, stained
safranin and orange G. x 900. F.E.,
fat in epithelium ; F.P., fat in
phagocytes; N.P., nucleus of phago-
cyte.
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was still a certain amount present, especially in the connective tissue,
in the phagocytes and very occasionally at the base of the epithelial
cells. Nevertheless, the difference in the fat content after feeding with
blood corpuscles was quite unmistakable. Fig. 34 shows the ingestion

Fre, 36.—As above, twelve hours after feeding. Oyster starved
for four weeks previously. Technigue as before. > 900,
B.C., corpuscle in early stages of digestion: F.P., fat
in phagoeytes: M., musele: N.E., nucleus of epithelial
cell ; N.I., nucleus of phagocyte.

of a corpuscle three hours after the commencement of feeding. The
corpusele lies in a phagocyte in the middle of the epithelium, the outline
is uneven and the nucleus is degenerating. At this period there are few
phagocytes in the epithelium, and there is practically no sign of fat in
either the ingested corpuscles or in the epithelial cells. The condition
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six hours after feeding is shown in Fig. 35. There are now many times
more phagocytes in the epithelium than at the preceding period ; the
ingested corpuseles are difficult to distinguish, consisting now, as a
result of the digestive action of the phagocytes, of a mass of fat globules.
Two phagocytes laden with fat are shown in the epithelium in the figure
and a third is seen passing through the circular muscle into the connective -
tissue. Fat is being passed from the phagocytes to the cells. in which
it is accumulating near the base. Fig. 36 represents a portion of the
epithelium twelve hours after feeding. Owing to the mass of fat globules
it 1s diffieult to distinguish the outline of the epithelial cells, of the phago-
cytes, and of the nuclei. Phagocytes are present in the epithelium in vast
numbers ; in the figure one phagocyte contains a corpuscle (B.C.) in
the early stages of digestion, the other phagocytes containing great
numbers of fat globules, which in some cases probably represent the
products of digestion of two or more corpuscles. Fat has passed from
the phagocytes to the cells, the whole epithelium appearing black with
osmicated fat. Fat is also being transported into the conmective tissue,
though the nuclei and outline of the phagocyte or phagocytes which
carry it are obscured by fat. There is a sharp distinction between the
ciliated epithelium of the stomach and the epithelium of the gastric
shield area, the latter containing no fat and few phagocytes, which never
contain ingested corpuscles.

One day after feeding conditions were much the same as twelve hours
after, but there was a still greater accumulation of fat in the phagocytes,
in the epithelium, and in the vesicular connective tissue cells in which
it is deposited by the phagocytes. It is never carried by them into the
blood vessels. Conditions remain substantially the same two and three
days after feeding. At the end of the latter period great quantities of
fat were observed at the base of the cells of the gastric shield area, phago-
cytes were rare, and only at the base of the cells, and it is they, presum-
ably, which carry the fat here from the ciliated epithelium. since there
is no indication that phagocytes can pass through the substance of the
gastric shield. Five days after feeding, though the connective tissue
contains great quantities of fat, there are only slight traces in the epi-
thelium, while the few phagocytes which contain fat are in most cases
either at the base of the epithelium or in the basement membrane. Very
similar conditions prevail six days after feeding, while after eight days
there is a complete absence of fat in both epithelium and phagocytes in
the ciliated areas of the stomach, but in the region of the gastric shield
there is still abundance of fat near the base of the cells, though phagocytes
are very rarely seen. There is a reduction in the amount of fat in the
vesicular connective tissue. In an oyster fixed eleven days after feeding,
however, there was no trace of fat in the epithelium of the gastric shield



FEEDING AND DIGESTION IN OSTREA EDULIS, 349

area, but a little, especially in the phagocytes, in the ciliated epithelium ;
there was a considerable reduction in the quantity of fat in the vesicular
connective tissue. Fourteen days after feeding there was a considerable
quantity of fat in the ciliated epithelium, phagocytes, and connective
tissue. These individual variations are due probably to variations in the
number of corpuscles taken in, not all the oysters having opened their
shell valves for the same period, and to the degree to which they had
been deprived of fat by starvation, which depends on the amount present
previous to starvation. The same degree of phagocytic activity was
observed in the ducts of the digestive diverticula ; similar activity in the
duects has been deseribed and figured (1926) for Mya arenaria.

(¢) Wath Olive Oil.

An emulsion of olive oil stained red with Nile blue sulphate was injected
by means of a pipette either into the mouth or mantle cavity of oysters,
parts of whose shells had been drilled away so as to permit of the operation.
The shell valves were then clamped, and the oysters placed in water
with the drilled valve undermost, so as to prevent the light oil from
floating out. The animals were examined after one day.

When opened the epithelium of the mantle, free surface of the visceral
mass, gills, palps, and stomach was in many cases found to be coloured
blue in patehes, while under the microscope the gill mucus was seen to be
full of phagocytes, most of them ingesting oil. Fig. 37 represents such a
phagocyte. The large vacuoles (shown
empty in the figure) are filled with
unchanged oil, but the smaller vacuoles
(black in the figure) are vividly blue,
owing to the transformation of the
neutral fat into fatty acids by the
lipase of the phagocyte, with a con-
sequent change in the colour of the
stain. The use of Nile blue sulphate
provides a very graphic demonstration
of the digestion of fats. The blue
colour of the epithelia was found to
be due, when the tissues were cleared
in glycerine, to the presence of great
numbers of phagocytes, all laden with . )
fat and fatty acids, both on the sur- ©' T Phagocste om B
face, in the epithelium, and in the  Nile blue sulphate. Large vacuoles
deeper layers. The condition in the fﬂc{:){ szflt‘;'ill’lif:;“ll)llu‘;ac;;;ﬁif]}:&;
gl]l 1s shown in Fig 38, in which acid. Drawn from life. < 2700.
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phagocytes are seen lying free on the surface of the gill, while others
are passing into the tissue, and there are a line of them down the centre

Fra. 38.—Portion of gill one day after feeding with olive oil stained Nile blue sulphate,
cleared with glycerine. > 480. M.G., mucus glands ; P., phagocytes with fat in centre
of gill filament, others passing in; P.F., phagocytes free on surface of gill, full of
fat and fatty acids.

of the filament in the blood channel, most of them containing fat.
Similar conditions prevail in the mantle, as represented in Fig. 39, the
centre of the mantle tentacle being deep blue with darker spots denoting

Fia. 39.—Tentacle from edge of mantle one day after feeding
with olive oil stained Nile blue sulphate, cleared in
glycerine. % 240. 0.D., droplets of oil on surface of
epithelium ; P., phagocytes coloured blue owing to fatty
acids, lving deep in tissues; P.F., phagocytes containing
fat and fatty acids free on surface and passing through
epithelium.
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the presence of phagocytes near the surface. Other phagoeytes are
passing through the epithelium on the surface of which are more phago-
cytes and droplets of oil.

In the lumen of the stomach there were immense numbers of phagocytes,
most of them with ingested oil. In certain cases they collected in great
numbers round large droplets of oil, which had turned blue under the
influence of their enzymes. Al oil droplets lying free in the stomach and
not surrounded by phagocytes retained the red colour—evidence of the
absence of lipase in the stomach. Nelson (1918) also noted the absence
of extracellular lipase in the stomach of other Lamellibranchs. Portions
of the epithelium cleared in glycerine showed that phagocytes laden with
oil were passing through it in large numbers.

(d) With Nitzschia.

Oysters which had been starved for three months were fed with a
pure culture of Nitzschia, a quantity of which was added daily to the
filtered sea-water. The oysters were observed
to open their valves more widely than usual.
One oyster was opened after seven days. In
the stomach were many phagocytes ingesting
Nitzschia, such as the one shown in Fig. 40,
which has ingested three diatoms, and there
were also very many free diatoms, while at the
head of the style was a brown mass consisting
exclusively of entangled diatoms. There were
fewer phagoeytes in the stomach than after
feeding with blood corpuscles or oil. Many of
the phagocytes contained green or yellow
globules, the result probably of the ingestion
of the brown chromatophores of the diatoms.
Digestive diverticula pressed out and examined
under a coverslip were largely colourless, except
for the presence in some tubules of light green
or brown vacuoles, which were not seen in. the oo 40— Pragsegle; Hoit
diverticula of starved animals. Substantially  stomach ingesting three
the same conditions were found after two weeks Fﬁﬁzscgaﬁ 4013“‘“'“ from
of feeding with Nitzschia. ) )

Sections of the stomach and mid-gut, fixed in Flemming, showed many
fat globules in the epithelium and great numbers of phagocytes. It was
difficult to see ingested diatoms in the phagocytes, but in Fig. 41 is shown
a portion of the edge of the stomach epithelium, in which lie two phago-
eytes, each containing an ingested diatom. As a re
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of the diatoms, there is a quantity of fat in the phagocytes, and some
has been passed into the cells of the epithelium. Conditions are thus
essentially the same as after feeding with blood corpuscles. It was never
possible to detect ingested diatoms in the digestive diverticula. Vonk

’” | 111 “I|J| |[i|~'f:--‘

I m' :" i

Fic, 41.—Edge of stomach epithelium, two phago-
cytes ingesting Nitzschia. x 2700. F.E, fat in
epithelial cells; F.P., fat in phagoeytes; N.,
Nitzschia ; N.E., nucleus of epithelial cell; N.P.,
nucleus of phagocyte.

after feeding starved oysters with plankton, never observed the presence
of whole diatoms in the cells of the “liver,” only numerous green inclu-
sions of very irregular form, though occasionally green alge appeared
to be taken in entire.

111, FEEDING EXPERIMENTS ON LARVE AND Spat.

Larvee placed in a suspension of iron saccharate in sea-water took it in
in large amounts. A study of sections shows that it was assimilated
exclusively in the cells of the digestive diverticula. Fig. 42 represents a
transverse section through one of the two simple diverticula twenty-one
hours after feeding with iron saccharate. This has been absorbed in large
quantities and lies in discrete round masses in vacuoles in most of the
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cells. It isnever in the form of fine granules or diffuse. It is being passed
from the cells to phagocytes, two of which are seen in the connective
tissue around the diverticula, both of them so packed with iron that only
the nucleus, and that with difficulty, can be distinguished.

In the spat, iron was taken in exclusively by the cells of the digestive
diverticula in the same manner as in the larve and adult, although iron
was found in the lumen of all parts of the gut (see Figs. 19 and 20).

\
! A

Fic. 42.—Transverse section through digestive diverticulum of one side in larval oyster.
Fed on irn saccharate twenty-one hours before fixing. TIron technique. x 1800.
C., erypt of young cells ; C.T., connective tissue ; F., iron lying in round vacuoles in
cells ; N., nucleus of cell of diverticulum ; P., phagocytes laden with iron.

Carmine was also taken in by the spat in such quantity that in sections
stained with Delafield’s heematoxylin the lumen of the gut appeared as
a uniform red. Carmine is ingested by the cells of the digestive diverticula
in precisely the same manner as the iron saccharate, and in no other
region of the gut.

1v. Discussion or REsuLTs,

Soluble matter, such as iron saccharate, is absorbed exclusively in the
cells of the digestive diverticula in larva, spat, and adult, being invariably
taken into large vacuoles and carried away by leucocytes. Presumably,
therefore, the products of extracellular digestion in the stomach due to
the action of the digestive enzymes from the style are here absorbed.
Fine particles, such as carmine grains or Indian ink (List and Vonk), are
ingested: by the cells of the digestive diverticula, being also taken into



354 C. M. YONGE.

large vacuoles and being expelled later if of no food value. It may be
assumed that the contents of the green or brown vacuoles, seen in the
digestive diverticula of freshly fed animals (see Fig. 11), consist of
finely divided vegetable matter which has been ingested by the cells
and is in process of being digested intracellularly within the vacuoles.
The presence of bright yellow or brown concretions, which alone remain
in the diverticula after prolonged starvation, and which are also found
in the lumen of the ducts and of the hinder portions of the gut represents
in all probability the indigestible remnants of this intracellular digestion
which is expelled in the same manner as the Indian ink. These concretions
are best seen in Pecten (Yonge (1926)). It has already been shown that
there is a mechanism for ensuring a circulation of particles in the tubules
of the digestive diverticula. The presence of the enterochlorophyll
described by MacMunn in the cells of the tubules and in the leucocytes
in the connective tissue round about them, and in other parts will be
the result of the decomposition of the ingested chlorophyll.

All larger particles, such as droplets of oil, blood corpuscles, or even
such small diatoms as Nitzschia closterium forma minutissima, are in-
gested by the phagocytes, which abound everywhere in the mantle
cavity and gut, but particularly in the stomach, ducts of the digestive
diverticula and mid-gut. They very rarely pass into the tubules of
the digestive diverticula, those that enter the ducts being there seized
by phagocytes. Ingested matter is rapidly digested by the phagocytes, part
of the products of digestion being passed into the cells of the epithelium,
including that of the gastric shield area, and the remainder carried to the
vesicular connective tissue cells, or Langer’s vesicles, and there stored.
No evidence of any absorption in the epithelium of the gut or of any free
surface in the mantle cavity, other than by the agency of phagocytes.was found,
and previous accounts of direct absorption by the ciliated epithelium on
further investigation will probably be found to be the result of the action
of phagocytes and the transference of material from them to the cells.

5. THE DIGESTIVE ENZYMES.

Digestive enzymes are present in the style and in the tissue of the
digestive diverticula, the former are released into the stomach when
the style dissolves and the latter remain in the tissues, where they act
intracellularly. It is clear from the results of the experiments deseribed
in the last section that the phagocytes must also possess powerful digestive
enzymes of various kinds. The enzymes were obtained by grinding
up the styles or the excised tissue of the digestive diverticula with sand,
and then extracting for two or three days with distilled water (the extracts
being as efficacious as those prepared in sea-water and being easier to
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deal with), toluol being used as antiseptic. IExcept when otherwise
stated, extracts of the style were always of a strength of 19; and extracts
of the digestive diverticula 109, and incubation took place at about
30° (. Rigorous controls consisting of boiled extracts were invariably set
up. All experiments were confined to adult oysters.

1. THE STYLE.

The presence of digestive enzymes in the style was first discovered
by Coupin (1900), who found an amylase and a weak invertase in the
style of Cardium ; this has been confirmed, amongst others, by Mitra
(1901), who found amylase and glycogenase in Anodonta, Van Rynberk
(1908), who found amylase and invertase in Mytilus, Nelson (1918),
who found similar enzymes in Anodonta, and Yonge (1923), who
found amylase and glycogenase in the style of Mya, and showed that the
amylase had all the properties of a typical enzyme. DMore recently
Berkeley (1923) has found an oxidase in the styles of several Lamelli-
branchs. Barrois (1889) gives a detailed chemical analysis of the styles
of Cardium made for him by Lambling, who found that they consisted
of 87-119; water, 12:039, solid organic matter, and 0-869, solid inorganic
matter. The mass of the organic matter consisted of a globulin, though
traces of a muein or chondrin like substance were found. List also found
the latter in the styles of Mytilus. Mitra (1901), in ignorance of the work
of Barrois, made a thorough examination of the styles of Anodonta,
with almost identical results. Mackintosh (1925) finds that the style
of Crepidula consists largely of globulin with some mucus. Mitra thought
that the style represented a mass of enzyme, but Nelson (1918) advances
the more probable view that the enzymes are adsorbed on the surface of
globules of albuminoid substance.

In view of the complete agreement of previous workers, I have not
carried out a chemical examination of the style of Ostrea, there being
no reason to doubt that it differs in any important degree from those
which have been analysed.

(a) Specificity.

In common with previous workers, I have failed to find any trace of
proteoclastic or lipoclastic enzymes in the style, experiments with calcified
milk, methyl acetate, and phenol red milk, all giving negative results.
No action was found on the glucosides, amygdalin and salicin, on pectin
or on lactose, maltose, raffinose, cellulose, or sucrose (in spite of the con-
trary assertions of Coupin and Mitra with regard to the latter). Starch
and glycogen, as in Mya, were the only substances acted on by the enzymes
of the style, both being rapidly converted into reducing sugars, as shown
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by their action on Fehling’s and Benedict’s reagents. The properties
of the amylase have been studied in detail.

(b) Influence of Temperature on Amylase.

The experiments shown in Table I were carried out to determine the
optimum temperature for the working of the style amylase. The enzyme
was destroyed after incubation, the contents of each tube filtered and
made up to the original volume.

TasrLe 1.
OprivuM TEMPERATURE OF STYLE AMYLASE.

10 e.c. of extract with 10 c.c. of 19 starch solution in each experiment.

1. Extract of 1-14 gms. of style made 2. Extract of 0-93 gms. of style made
in 70 c.c. toluol water. Experiments in 50 c.c. toluol water. Incubated for
incubated for 4 hours. 3 hours.

Titrated with Titrated with

Temperature. 10 c.c. Benediet. Temperature. 10 c.c. Benedict.

16° C. 9-95 c.c. needed. 40° C. 15:05 c.c. needed.
25° C. 97 5 43° C. 1435 o
30°C. 92 " 46°C. 147 ;
35° C. 9-05 - 49° C. 15-45 "
40° C. 89 . 52° C. 16-25 5
480 C. 89 3

55° C. 10:0 3

These two experiments demonstrate that the optimum temperature
lies at, or a little below, 43° C. The pH was 59 in both experiments.

Experiments were carried out to determine the temperature of destruc-
tion. The heating of 5 c.c. of enzyme extract for fifteen minutes at eight
temperatures between 100° C. and 56° C. resulted in complete destruction
of the enzyme, as shown by subsequent incubation for twenty hours at
30° C. with 19, starch solution. Heating at 55° C. and all lower tempera-
tures resulted in some of the enzyme remaining active.

It appears that the enzyme is destroyed at 56° C. There was practically
no action on starch at 0° C., the enzyme being inactivated, not destroyed.
It is interesting to compare the above optimum temperature and tem-
perature of destruction with those found for the style enzyme of Mya
(1923), which were 32° C. and 51° C. respectively. The difference between
the optima is very striking, and may reflect differences in the habitat of
the two animals ; itis known that the oyster will breed and flourish in
the Norwegian pools, where the temperature may rise as high as 90° F.
(32° (.), but in neither animal does the optimum temperature represent
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anything approaching the temperature at which digestion must normally
proceed.

(¢) Influence of pH.

Table IT shows the results of an experiment to determine the optimum
pH for the working of the amylase.

TasLe II.

Oprivum PH oF STYLE AMYLASE.

Extract of 1-36 gms. of style made in 90 c.c. toluol water. 10 c.c. of extract and 10 c.c.
of 19 starch solution in each experiment with acid or alkali, volume made up to
25 e.e. with wafer. All incubated for 6 hours at 32° C.; pH determined by Clark
and Lubs’ indicators.

Titrated with

01N HCI. ‘0OIN NaOH. Initial pH. 10 c.c. Benedict.
A, 3leec. — 34 No reduction.
B. 05ce. — 49 554 e.c. needed.
. 03coe, — 5-2 135 5
D, — — 59 91 i
B — 01 c.c. 6-2 9.7 o
| SR— 02 c.c. 6-6 10-15 i
G. — 0-5 e.c. 73 116 =
H — 0-7 e.c. 76 13-05 "
I - 1:0 c.e. 9:3 210 .

The optimum is very sharply defined, and lies at about 59, i.e. at
the pH produced by the dissolution of the style in water, on either side
of this point, and particularly on the acid side, the efficiency of the enzyme
being rapidly reduced.

(d) Influence of Salts.

In view of the fact that if the pancreatic amylase is dialysed it loses
its power to act upon starch, as shown by Bierry, Giaja, and Henri (1906),
and that the amylase from the liver is inactivated in the same manner
(Starkenstein (1910, 1910a)), action being restored in the former case by
the addition of the electro-negative chloride or bromide ions, and in the
latter by the addition of sodium chloride, experiments were carried out
to determine whether the amylase of the style is similarly dependent for
its efficacy on the presence of electrolytes.
~ An extract of 0-75 gms. of style was made in 40 c.c. of toluol water.
After three days the enzyme was precipitated by the addition of 200 c.c.
of absolute alcohol, the precipitate being filtered off, thoroughly washed
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with absolute alecohol, dried, and then dissolved in 40 c.c. of glass-distilled
water. The experiments in Table III were then carried out. the sea-
water used in experiments B and C being made acid until the pH approxi-
mated to the optimum.

TasLe III.

AcTioN oF PURIFIED ENZYME WITH AND WITHOUT SALTS FROM SEA-WATER.

10 c.c. extract with 10 e.c 19 starch solution in each experiment. Incubated for 5 hours
at 32° C., enzyme destroyed and titrated.

Added. pH. Titrated with 10 ¢.c. Benedict.*
A. 20 c.c. distilled water 5-8 175 c.c. needed
B. 20 c.c. 1009, sea-water 57 28:05 £
C. 20 c.c. 2009, sea-water 55 256 i
D. 20 c.e. dis. water and
1 drop sea-water 5-8 72:75

In the absence of the salts present in sea-water the enzyme is almost
inactivated (A), action is restored to some extent by the addition of a
trace of sea-water (D), and fully restored in a medium of 509 (B) or 1009,
(C) sea-water, action being slightly less in the former.

A series of dialysis experiments were then carried out, details of which
are given in Tables TV, V, and VI.

TasLe IV.

Action oF DiaLysep EXTRACT.

0-75 gms. style extracted in 80 c.c. toluol water for 3 days, divided into two parts, A
and B, each of 40 c.c. These dialysed in separate parchments for 3 days, surrounding
fuid being changed daily, contents of each finally made up to 40 c.c. 10 c.c. extract
with 10 e.c. 19, starch solution in each experiment. Incubated for 5 hours at 32° C.,
enzyme destroyed and titrated.

Added. pH. Titrated with 10 c.c. Benedict.*

A. 1. 10 c.c. distilled water 5-8 275  e.c. needed.

2. 10 c.c. acidified sea-water 5-8 24-05

3. 10 c.c. surrounding fluid  5-8 230 »

4. 10 c.c. 19,NaCl 58 28-75 i
B. 1. 10 c.c. distilled water 58 290 %

2. 10 c.c. 19;Na,S0, 5-8 290 55

3. 10 c.c. 19 NaBr 58 50 =

4. 10 c.c. 19,KC1 58 40-1 -

* Or suitable aliquot part.



FEEDING AND DIGESTION IN OSTREA EDULIS, 359

TarLe V.
Action oF DiaLvseEp KXTrRACT.

0-45 gms. style extracted in 40 c.c. toluol water, dialysed 3 days. water changed 4 times.
Experiments conducted as in Table IV.

Added. pH.  Titrated with 10 c.c. Benedict.®
(. 1. 10 c.c. distilled water G4 2415 c.c. needed.
2. 10 c.c. 19(Na,CO, 9-8 186-5
3. 10 c.e. 19,K1 6-6 965
4. 10 c.c. 195CaCl, 57 230
TasLe VI,

Acrtion or DiaLysep EXTRaCT.

064 gms. style extracted in 60 c.c. toluol water, dialysed 4 days, water changed 4 times.
Experiments conducted as in Table TV.

Added. pH. Titrated with 10 e.c. Benedict.*
D. 1. 10 c.c. distilled water 66 270 c.c. needed.
2. 10 c.e. 19;MgCl 5-8 46-5 5»
3. 10 c.e. 19NaF (-0 270 .
4. 10 e.c. 19,NaNO, 6-2 1235 5
5. 10 e.e. 195K,80, 6.1 300 i
6. 10 c.c. 19;BaCl 58 40 i

An examination of the results of these four sets of experiments shows
that the dialysed extract is almost without action on starch, but that
action is restored to a slight degree on the addition of 10 c.c. of the water
into which the salts had passed from out of the parchment (A3), while
action was completely restored as before on the addition of sea-water
(A2). Action was also restored in the presence of the chlorides of sodium
(A4), potassium (B4), calcium (C4), magnesium (D2), and barium (D6),
and in that of sodium bromide (B3). To a less extent it was restored in
the presence of the iodide of potassium (C3), the nitrate of sodium (D4)
and the carbonate of sodium (C2), in spite of the high pH in the last case.
There was no increase in activity in the presence of the sulphates of
sodium (B2) or potassium (D5), or in that of sodium fluoride (D3). The
amylase of the style appears, therefore, to need for its action the presence
of electro-negative ions—preferably those of chlorine or bromine—the
identity of the electro-positive ion being immaterial. Conditions are the
same as in the case of the amylase of the pancreas or of the liver in Verte-
brates. Since the extracts of the style made up in distilled water have
the same efficacy as those prepared in sea-water it appears that these
ions are present in sufficient quantity in the substance of the style.

* Or suitable aliquot part.
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1. THE DIGESTIVE DIVERTICULA.

The presence of digestive enzymes in extracts of the digestive diverticula
has been shown by Frederieq (1878), who found protease in Mya and
Mytilus ; Mitra (1901), who found amylase and invertase in Anodonta ;
Van Rynberk (1908), who found amylase in Mytilus ; Dakin (1909), who
found amylase, protease and lipase in Pecten; Heymann (1914), who
found protease, lipase and a variety of sucroclastic enzymes in Ostrea ;
and Yonge (1923), who found in Mya sucroclastic enzymes which acted
on starch, glycogen, sucrose, maltose, and lactose, also a protease acting
in acid media and a lipase. Most of these workers eonsidered that the

TasLe VII.

Action or 109, Extract oF Digestive DIvERTICULA ON CARBO-
HYDRATES, ETC.

10 c.c. extract with 10 c.c. of substrate, controls of boiled extract, incubated at 30° C.

No. Substrate. Time. Experiment. Control.
Titrated with 10 c.c. Benedict.
1. 19 starch 2 hrs. 4-3 c.c. 9:0 c.c.
2. 059, glycogen 1 day 59 c.c. 90 c.c.
3. 59, sucrose . 4-8 c.c. 90 c.c.
4. 19, raffinose 3 days 6-8 c.c. 9:0 c.c.
5. 19 inulin - 82 c.c. 82 c.c.
6, 19, salicin i 4-2 c.c. 83 c.c.
7. 19, amygdalin - 42 c.c.* 81 e
1 c.c. boiled with 5 c.c. Barfoed’s sol. 10 min.
8. 29, maltose 1 day Reduction No reduction.
9. 29, lactose " Reduction No reduetion.

# Smell of ON.

digestive diverticula were secretory, and that these enzymes were dis-
charged into the stomach. As shown in detail in a previous paper (1926)
there is no evidence, histological or physiological, of any secretion in the
diverticula which are organs of absorption and of intracellular digestion,
the digestive enzymes acting on material ingested.

(@) Sucroclastic Enzymes.

Specificity—Owing to the presence of reducing sugars in the extract
of the digestive diverticula, it is necessary to estimate the sugar in both
experiments and controls. In Table VII are shown the results of experi-
ments on the simpler carbohydrates and glucosides. Starch, glycogen,
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sucrose, raffinose (to a slight degree), maltose, and lactose were all digested
by the enzymes in the extract and also the two glucosides, salicin and
amygdalin. Inulin was not digested. A series of longer experiments was
set up to determine whether cellulose or pentosans are digested. Both of
these are of great importance since cellulose must bulk large in the food

TasLe VIIL

Actiox oF 109, ExTracT oF DIVERTICULA ON CELLULOSE, PENTOSANS,
AND INULIN.

No. Experiment. Temp. Time. Titrated with
10 c.c. Benedict.

1. A. 20 c.c. with 0-5 gm. sawdust. 32°C. 3 whks. A. 32c.e.
B. Ditto boiled. . - B. 52 c.c.

(. 20 c.c. extract alone. . i C. 32¢ec.
2. A. 20 c.c. with 0-5 gm. sawdust. i 2 wks, A. 2:55 c.c.
B. Ditto boiled. . B. 32c.c.
. 20 c.c. extract alone. . . C. 2-55 c.c.

3. A. 10 c.c. with 10 c.c. 19, pectin. i3 15 days. A. 5Bcc.
B. Ditto boiled. - - B. T0cec.

C. 10 c.c. with 10 c.c. water. 0 i C. 50c.c.
4. A. 20 c.c. with 10 c.c. 19 pectin. i 16 days. A, 445 c.c.
B. Ditto boiled. iz = B. 7:30 c.c.

C. 20 c.c. with 10 c.c. water. . ., C. 45¢.c.

5. A. 20 c.c. with 10 ¢c.c. 59, gum arabic. ,, 2 wks, A 24 ce.
B. Ditto boiled. i i B. 2:92 c.c.

C. 20 c.c. with 10 c.c. water. 5 i C. 24ce.

6. A. 20 c.c. with 10 c.c. 59, gum arabic.  ,, 3 wks. A. 22ce.
B. Ditto boiled. - - B. 45 e.c.

C. 20 e.c. with 10 c.e. water. . " C. 26 c.c.
7. A. 10 c.c. with 10 c.c. 29, inulin 5 2 wks. A. 585 e.c.
B. Ditto boiled. i - B. 9Rc.c.

C. 10 c.c. with 10 c.e. water. 5 5 C. 60 c.c.

8. A. 20 c.e. with Ulva 3" < 1" % 3 wks. A. Ulva
unchanged
B. Ditto boiled. " . B. Ulva

unchanged.

of the ovster, while Petersen (1911), in his work on the food of oysters
in the Limfjord, maintained that detritus was the principal source of
food, and Boysen Jensen (1914) has shown that the main constituent of
this detritus consists of pentosans. No experiments were made by him on
the digestion of pentosans, although Heymann (1914), by somewhat
questionable methods, found that pectin was digested by extracts of the
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“liver ” of the oyster. The same author also maintaining that inulin
is digested, a longer experiment was set up in order to confirm the results
of the experiment in Table VII. In view of the autolysis which proceeds
if tissue extracts are left for any long period, resulting in the formation
of additional quantities of reducing sugars, two controls were necessary
for these experiments, one with boiled extract and substrate and the
other with unboiled extract without substrate. Sawdust was used for the
experiments on cellulose, owing to the presence in it of hemicelluloses,
which do not oceur in filter paper. Table VIII gives the result of these
experiments.

None of these substances were digested, the only increase in reducing
sugar being due to autolysis. Cellulose in the form of sawdust or as the
green alga, Ulva, was not digested even after three weeks incubation.
It would have been surprising if it had since the power of digesting cellu-
lose by means of an enzyme is rare, being confined, in the Mollusea, to
certain of the herbivorous Pulmonates and Tectibranchs, which secrete
an extracellular cellulase and, in the Lamellibranchs, to the specialised
Teredinidee, which digest wood intracellularly (for résumé of work on this
subject see Yonge (1925a)). After incubations of two and three weeks
there was no indication of the digestion of the pentosans, pectin and
gum arabie. It is impossible to confirm the findings of Heymann, nor
is confidence in his work strengthened by the negative results of the
experiments here performed on imulin. The implications of these results
on the theories of Petersen and Boysen Jensen will be discussed later.

Influence of Temperature on Amylase— Similar experiments to those
carried out on the style amylase were done on the amylase from the
digestive diverticula. The experiments in Table IX were performed to
determine the optimum temperature.

TasLe IX.
OprivuMm TEMPERATURE OF AMYLASE.

10 c.e. 1095 extract with 10 c.c. 19} starch solution, digests in left column incubated
2 hours, in right column 3 hours.

Titrated with

Temperature, 10 c.c. Benedict.  Temperature. 10 e.c. Benedict.
18:5°C.  T-75¢c.c. needed. 40° C. 52 c.c. needed.
28°C. 68 . 43°C. 50
35° C. 6-4 5 467 C. 50 .
10°C. 63 . 49°C. 52 .
45° C. 6:25 - 52° C. 54
50° C. 6-8 "
55° C. 80 »

60° C. 9-45 &
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These experiments show that, at pH 5-5, the optimum temperature is
44-5° C., ie. slightly higher than that of the style amylase, where the
pH, however, was 5:9.

Experiments to determine the temperature of destruction showed
that the heating of 5 c.c. of enzyme extract for fifteen minutes at four
temperatures between 100° C. and 67° C. resulted in complete destruc-
tion of the enzyme as shown by subsequent incubation for
twenty hours at 30°C. with 19 starch. The enzyme remained
active after heating at 64° C. and all lower temperatures. The tempera-
ture of destruction therefore, at pH 5-5, lies between 64° C. and 67° C.
This is considerably higher than that of the style amylase (56°C.);
there, however, the pH was 59, and as Compton (1921 and previous
papers therein quoted) has shown that temperature optima of enzyme
actions are dependent, amongst other things, on pH, there is not rigorous
proof that the two enzymes are distinet in their properties. The action
of the amylase from the diverticula is practically inhibited at 0° C.

Influence of pH.—The experiment in Table X was carried out to
determine the optimum pH for the action of the amylase.

TaBLE X.
Oprivum PH or AMYLASE FROM DIVERTICULA.

10 e.c. 109, extract and 10 e.c. 19 starch solution with acid or alkali, volume made
up to 25 c.e. with water. Incubated for 2 hours at 30° C.

HCL NaOH. Initial pH. Titrated with 10 c.c.
Benedict.

A. Hee 1IN N 24 108 e.c. needed.
B. 3c.e ' IN - - 32 96 b
C. lewc 1IN — 36 84 .
D. 3ec.e 0IN — 40 745 55
E. 2ce 0IN - 4-6 662 i
F. 1c.c 0IN - 5-0 6-1 5
Gr. — — 55 58 5
H. — 1 ec.c. OIN 58 6-0 .
L — 2 c.c. ‘01N 6-2 6-03 ’
J. — 3 c.e. 0IN 6-6 6-1 .
K. — 5e.c. OIN 70 645 w5
L. — 0-8 c.c. "IN 7-8 73 5
M. — 1lece "IN 36 80 i
N. — 2 c.c. "IN 9-6 9.4 "

The optimum lies at about pH 5-5, i.e. somewhat lower than that of
the style (5-9). The optimum is not so sharply defined as in the case of
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the style enzyme, the efficacy of the enzyme not decreasing so rapidly
on either side of that point.

Influence of Salts—A number of experiments were conducted to
determine the action of salts on the activity of the amylase, the results
being given in Tables XI and XII.

TABLE XI.

AcrtioN oF PuriFiep ENzZYME WITH AND WITHOUT SALTS
FROM SEA-WATER.

15 gms. diverticula extracted in 60 c.c. toluol water, enzyme precipitated with alcohol
and purified as in expts. on style. Ppt. dissolved in 40 c.c. glass distilled water.
10 c.c. extract with 10 c.c. 19 starch in each experiment, incubated for 5 hours

at 32°(C.
Added. pH. Titrated with 10 c.c.
Benedict.
A. 20 c.c. distilled water. 64, 29-0 c.c. needed.
B. 20 c.c. 1009 sea-water.* 58 174 i
C. 20 c.c. 2009, sea-water.* 5-6 17-3 &
D. 20 c.c. dis. water and 64 244

22

1 drop sea-water.

Tasre XII.
Action oF Diavysep EXTRACT.

50 c.e. 1094 extract dialysed for 3 days, water changed 4 times. Experiments conducted
as in Table XI.

Added. pH. Titrated with 10 c.c.
Benedict.
A. 10 e.c. distilled water. 6-6 38:8 c.c. needed.
B. 10 c.c. 19, NaCl 5-8 2325 .
C. 10 c.c. 19, NaBr. 9-6 282
D. 10 ec.c. 19, CaCl,. 5-8 2265
E. 10 c.c. 19, KI. 6-0 3175 W

Here again the enzyme requires for its working the presence of the salts
in sea-water, only a trace of which has a considerable effect (Table XI, D).
The action of the enzyme is definitely inhibited after dialysis. It is more
difficult to purify the enzyme from the tissue extract than from the
style and hence the greater activity of the dialysed enzyme in this case.
Action was restored in the presence of the chlorides of sodium and calcium
(Table XII, B and D) and of the bromide of sodium (C)—the reduced
action in the last case being due to the high pH, owing to the presence

* Acidified.



FEEDING AND DIGESTION IN 0STREA EDULIS, 365
of impurities in the salt—and to a slighter extent in the presence of
potassium iodide (1).

(b) Lipoclastic Enzymes.

The results of a series of experiments on the lipase in the digestive
diverticula are shown in Table XTII.

TasLe XIII.

Actiox oF 109; Exrtract oF Dicestive Diverricuna ox FATs AND
EstERS.
Controls of boiled extraet, incubation at 32° C.

Acidity in terms
of 1N NaOH.

No. Extract. Substrate. Time. Experiment. Control.
1. 15 c.e. 30 drops olive oil emulsion 7 days 32 c.e. 25 c.c.
2. 25 c.c. 30 drops 2 . 14, 2:5 e.c. 2-1 c.c.
3 20 c.e. 30 drops i e 21 4 1-:05 e.c. 0-85c.c.
4. 10 ce. 10 ec.c. 59, methyl acetate 7 9:0 ce. 2:5 c.c.
b 10 c.c. 10 c.e. 10 9% , o 14 ,, 17:35c.c. 515 c.c.
6. b G:0: 5 c.c. boiled milk with 17 hrs.  Yellow. Remains
3 ¢.c. 2 9, Na, CO, and Red.
phenol red.
7. 5 c.c. ditto with 1 e.c. Na, CO, 19 ,, Yellow. Remains
Red.

The action on olive oil is very slight even after three weeks incubation ;
but there is comsiderable action on methyl acetate, and experiments
with phenol red milk were all positive. Since fat is taken in freely by
the phagocytes and there digested, very little appearing in the digestive
diverticula, there is probably no necessity for the presence of a powerful
lipase in the latter. Indeed, the slight lipolytic action of the extract may
be due, in part at any rate, to the phagocytes in the tissue extracted and
not to enzymes from the actual absorptive tubules.

(¢) Proteoclastic Enzyimes.

It is very difficult to test for the presence of proteoclastic enzymes in
extracts of the diverticula on account of the weakness of their action.
No digestive activity on coagulated egg albumen or congo red fibrin could
be demonstrated. Satisfactory results were obtained by the method of
Dernby (quoted by Bodansky and Rose). A 109 solution of gelatin
was prepared and a series of experiments performed with extracts of the
diverticula at different hydrogen ion concentrations. At stated intervals
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5 c.c. of the digests were removed and the process of digestion determined
by placing them in ice for fifteen minutes, and then observing the degree
of liquefaction. The gelatin is liquefied as digestion proceeds, and fails
to solidify to a greater or less extent dependent upon the degree to which
digestion has proceeded. Dernby used the following scale of numbers
to denote the approximate degree of digestion :—

0 =Completely solid.

1 =Solid, but small pieces may be torn oft by strong shaking.

2 =Solid, but the surface moves somewhat when tubes are shaken.
3

4 =Halt liquid.
5 =Almost liquid.
6 =Entirely liquid.

Table XIV shows the result of an experiment of this nature which
confirmed the results of a previous experiment. There appear to be
two optima, one at a pH of about 3-7 and the other at and above pH 9-0.
There is no action at the normal pH of the tissue extract, while optimum
conditions prevail at a degree of alkalinity which cannot be present

TasLe XIV.

Digestion oF GErLaTiN BY EXTRACT OF THE DIVERTICULA.

10 ¢.c. 159, extract with HCl or NaOH with 15 c.e. 109, gelatin with water=30 c.c.

Initial Degree of liquefaction after incubation

No. HCL NaOH. pH. at 32°C. for :—
2 days. 3days. 4days. 5 days.
1 25¢cc. N — 22 1-2 12 2 3
2 10cec. N -— 37 5 6 6 6
3 50c.c - IN - - 42 2 3 4 6
4 2:5cc. "IN — 4-8 1-2 2 2 2
5 50 c.c. -0IN - 54 1 1 1 1
6 - - - 58 0 0 0 0
7 — 0-7 c.e. "IN 6-0 0 0 0 0
8 - - 1-0 c.c. 'IN 6-4 0 0 0 0
9 e 2-0 c.c. -IN 73 0-1 1 1-2 3
10 - 3-0ce. - 1IN 86 2 2 ) 6
11 — 40 c.c. "IN 92 2-3 3 6 6
12 — 50 cc. "IN 9-8 3 3 6 6
13 —- 10 ce. N 10-2 3 3-4 6 6
14 — 2:0 c.c. N 10-8 6 6 6
15 — 3:0¢c. N 11-3 6 6 6 6



FEEDING AND DIGESTION IN OSTREL EDULIS, 367

normally in the tissues. It may be that we are dealing here with two
enzymes, as Bodansky and Rose (1922) believe to be the explanation of
similar double optima obtained in experiments of the same nature on
certain Coelenterates. In the case of the oyster, one enzyme may come
from the digestive diverticula and the other from the phagocytes ; Hey-
mann, indeed, states that there are three proteases in the oyster: a
trypsin, a * liver 7’ pepsin, and a blood pepsin. He knew nothing, how-
ever, of the digestive powers of the phagoeytes. It is useless to call one
pepsin and the other trypsin, as it is possible at the optimum of either
for the extract to act on peptone with the formation of amino acids, as
proved by positive results of tests for tryptophane eighteen hours after
the commencement of experiments. On the other hand, after three weeks
digestion with gelatin there 1s no indication of the presence of amino acids
in any medium. The extract coagulates caleified milk in four or five
hours.

The important point in connection with this work is not whether
there are two enzymes or one, but the weakness of the proteoclastic
enzyme. Although albumenoses are split up with formation of amino
acids, gelatin is not, while albumen and fibrin are not attacked. It
takes two days for the digestion of gelatin to proceed to the stage it
attained in one or two hours in the experiments of Bodansky and Rose
on the Coelenterates, Physalia and Stomolophus. These animals are by
nature carnivorous, whereas the oyster is not, and it is an interesting
fact: that in the Ascidian, Ciona intestinalis, which also feeds by ciliary
currents and has a similar diet to the oyster, it was found (1925) that
there is a similar weakness of proteoclastic enzymes, though in this case
digestion is exclusively extracellular. Apparently there is a correlation
between the nature of the food and the variety and strength of the
digestive enzymes in animals. In Ciona, as in the Lamellibranchs, the
sucroclastic enzymes are very powerful. In the omnivorous Crustacea
both sucroclastic and proteoclastic enzymes are highly developed (Yonge
(1924)).

11, SToMACH CONTENTS.

Digests with the stomach fluid show the presence of enzymes, pre-
sumably derived from the style, capable of quickly digesting starch and
glycogen. Slight traces of reducing sugars were found after three days
incubation with sucrose, maltose and amygdalin, but none after five
days incubation with lactose. This action is far slighter than that of
the extract of the digestive diverticula and can safely be attributed to
the phagocytes, great numbers of which are always present in the stomach.
To the same origin, no doubt, can be attributed the traces of lipase and
protease. Phenol red milk made alkaline with 2 c.c. of 29; Na,CO, is

NEW SERIES,—VOL, XIV, Xo0. 2, AveUST, 1926, 2
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turned yellow in two hours by the action of stomach fluids and calcified
milk is coagulated in the same time. These experiments were repeated
with filtered and unfiltered fluid, since in the former the phagocytes
would be absent. The experiments were otherwise identical in all respects
and controls were set up. In the test for lipases the phenol red milk was
turned yellow in two hours by the unfiltered fluid and in twelve hours
by the filtered fluid ; in the test for protease the calcified milk was
coagulated in twelve hours by the unfiltered and in forty hours by the
filtered fluid, the control also coagulating after forty hours in the latter
case. As we have seen there is no action on olive vil by enzymes free in
the stomach, only by phagocytes. There is thus no evidence that the
digestive diverticula secrete enzymes into the stomach, since the only
enzymes of any power proceed from the style, the traces of other enzymes
having their origin in the phagocytes. The lack of powerful digestive
enzymes in the digestive tract is confirmed by the presence—noted by
many workers—of living and apparently unprotected organisms, both
plant and animal, in the mid-gut, rectum and feces of the oyster and
other Lamellibranchs. No naked organism, unless protected chemically
like intestinal parasites, could survive the action of powerful enzymes.

. Gin Mucus.

Gorka (1916), in a paper which I have been unable to see, but which
is quoted by Vonk, states that he found enzymes in the gill mucus of
Anodonta and Unio capable of digesting polysaccharides, glucosides and
fat, and in the mucus of the palps he also found a protease. A series of
experiments on the gill mucus of Ostrea were carried out, the mucus
being obtained by covering the gills with fine carborundum and collecting
the mucus laden strings and extracting them in toluol water, later filtering
off the carborundum. After four days incubation no trace of action on
any carbohydrate or glucoside was found, nor did digests with phenol red
milk or olive oil give positive results, although there was a slight increase
in acidity after two weeks incubation with methyl acetate. Traces
of tryptophane were found after two weeks incubation with peptone,
while calcified milk was coagulated after three days. In both cases
controls gave negative results. There appear therefore to be traces of
lipase and protease in the mucus, but if that is examined under the
microscope many phagocytes are seen which wander freely on the surface
of the gill, as already described in the section on feeding with olive oil.
There seems no doubt that the slight development of enzymatic action
in these experiments, and probably in those of Gorka, is due to enzymes
from these phagocytes.
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V. OXIDASES.

It is most convenient here to refer to the presence of oxidases in the
tissues. Berkeley (1923) has shown that extracts of the styles of Saai-
domus giganteus, Paphia stanvinea, and Mya arenaria have a marked
oxidising action on gualacum, paraphenylendiamine, and pyrogallol in
the absence of H,0,, and in its presence after boiling, and further that
the oxidation of guaiacum takes place as rapidly in the absence of air.
He suggests, in connection with his theory that the style is concerned
with ansrobic respiration (to which reference will be made later), that
the substance is a complex of an oxidising agent and an enzyme which
can convey oxygen to the tissues. He also found a slight action on
guaiacum by extracts of the palps and traces by those of the mantie
and “ digestive gland,” but none by those of the gills, gonad, or siphons.

In the oyster, extracts were made of the mantle, gills, palps, digestive
diverticula, style, gonad, and muscle. Catalase was tested for by adding
2 c.c. of H,0, to 5 c.c. of the extracts. There was a great evolution of
oxygen, showing the presence of catalase, with the gonad and digestive
diverticula, a medium evolution with the palps, gills, and muscle, but
none with the style and mantle. Peroxidases were tested for with tincture
of guaiacum, hydroquinone, and pyrogallol, in every case 5 c.c. of extract
being used, and to it added 2 c.c. of H,0, and twelve drops of freshly
prepared guaiacum, 29 hydroquinone or 19, pyrogallol. With guaiacum
oxidation was very slow, and after a day slight traces of activity were
found only with the style, palps, and gills. After five hours hydroquinone
was turned a decided green-brown colour with the style extract, a light
yellowish brown with the gills, palps, mantle, and digestive diverticula,
and pale yellow with the muscle and gonad. Pyrogallol after five minutes
was turned dark red-brown with the style extract, a medium brown with
the digestive diverticula and muscle and a light yellow with the other
tissues. The action of minced tissue was also tested with the indophenol
reagent in the absence of H,0,, the results, which are striking, being
given below :—

1. Style—deep purple almost immediately.

. Gill—deep purple in a few minutes.

. Mantle—purple in four to five minutes.

. Palps—light purple in ten minutes.

. Dig. diverticula—light purple in fifteen minutes.
. Gonad—Ilight purple in fifteen minutes.

. Muscle—light purple in twenty minutes.

Sy Ot = 0 bo

~1

The different reagents all give different results with the various tissue
extracts, except in the case of the style which in all cases gives the most
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decided reaction, and clearly contains, since it can act in the absence
of H,0,, a complete oxidase system. It is strange that action on guaiacum
should be so much less with the styles of Ostrea than with those of Saxi-
cdomus in Berkeley’s experiments. Time has not permitted further work
on this subject, but the presence of this enzyme in the style may be of
great importance in the metabolism of the Lamellibranchs.

6. HYDROGEN ION CONCENTRATION IN THE GUT AND
PERMANENCE OF THE STYLE.
1. HvproGgEN IoN CONCENTRATION.

Table XV shows the pH of the fluid in the mantle cavity and in all
regions of the gut, and of the substance of the digestive diverticula and

TapLe XV

rH 1 I'rEsn OYSTERS.

Mantle (Eso-
No. cavity.  phagus. Stomach. Style.  Dig.div. Mid-gut. Rectum.

1. 70 6-0 55 52 5-8 56 6:0

2. 71 59 54 52 58  5b 6-0

3. 6-8 58 56 52 57 56 59

4. 72 59 55 52 59 58 59

3. 6-8 58 56 52 5-8 58 58

6. 6-8 56 56 52 58 58 5-8

T 6-8 59 5B 52 57 5-8 6-0

8. 7-0 6:0 54 5-2 58 58 63

9. 6-8 58 54 52 56 59 5-8

10. 71 56 54 5-2 5-7 60 5-8

11. 70 58 56 5-2 5-8 57 59

12. 6-9 58 54 5-2 5-8 58 6-0
Range  6-8-7-2 5:6-60 54-56 52 56-59 5560 B58-63

Mid-point
of range T7-0 58 55 52 575 575 6-05
Average 694 5-83 55 52 577 576 5:93

style. Clarke and Lubs’ indicators were used for the estimations, drops
of fluid, or fragments of tissue being mixed with the indicators on a white
plate and the colours compared with those of the same indicators added
to drops of standard buffer solutions ; the usual corrections for salt error
were made. The pH in twelve healthy animals all with firm. well-
developed styles was determined, the range, mid-point of range and
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average of each set of values being given. The results agree with those
recorded (Yonge (1925b)) for Pecten, Mya, and Ensis, the style, which
had in all cases a pH of 5-2, being the most acid substance in the gut,
while of the fluids that of the stomach with an average pH of 53 is the
most acid, followed by that of the mid-gut, cesophagus, rectum, and
mantle cavity in the order named. The tissue of the digestive diverti-
cula had an average pH of 5:77. Similar results were obtained with
oysters starved for twelve weeks, as shown in Table XVI, the figures

TasLE XVI.

rH 1x STarvED OYSTERS.

Mantle @Eso-
No. cavity,  phagus. Stomach.  Style. Dig. div. Mid-gut. Rectum.

1, 70 57 55 54 58 58 60
2. 70 5-8 56 54 57 59 6-1
3. 6-8 5-8 565 54 5-8 5-8 59
4. 70 57 57 5 57 5-8 58
5. 70 58 5-6 54 59 5-8 6:0
6. 70 6-0 59 = 59 59 6-0
Average 697 58 566 54 5-8 -84 595

being slightly higher, i.e. conditions less acid, in all cases. The style
was present in five out of the six oysters. The digestive diverticula
were in all cases very pale, but the pH remained practically the same
as in the fresh oysters.

It was shown in the paper cited above that the origin of the acidity
of the gut lay in the style and not, as previously thought, in a secretion
from the “liver.” This provides, incidently, yet further evidence that
the digestive diverticula do not secrete. By removing the style from
Mya or inducing it to disappear from Mytilus by keeping animals out of
water for four days or by placing them in boiled or deoxygenated water
for six days, it was found that the pH of the stomach rose even though
that of the mantle cavity fell on account of the accumulation of CO,.
Similar results were obtained with Crepidula kept out of water for two
days, and with Tapes whose shell valves had been clamped together for
seven days.

The last method has been found the most satisfactory, and in Table
XVII are shown the results of a series of experiments with oysters which
had been clamped for one, two, three, four, five, and six days. Twelve
animals were used for each experiment, each, after clamping, being
replaced in the tanks and so kept at normal temperature. In all case
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the style was absent, and, as a result of the accumulation of CO,, the average
pH in the mantle cavity fell from the normal average value of 6:94 to
6:7, 6:06, 6:53, 6:51, 6-44, and, finally, 6-41 respectively after from one
to six days clamping, while during the same periods the pH of the stomach
rose from a normal of 5-5 to 5:67, 5-7, 5-84, 59, 6-:02, and 6:14. Thus
while the pH in the mantle cavity dropped by 0-53, the pH in the stomach

TasLe XVII.

PH 1w Cravpep OYSTERS.

No. 1 2 3 4 5 6 7 8 9 10 11 12 Average
Clamped 1 day.

pH in mantle cavity . .67 66 66 68 68 68 67 6:6 66 67 67 68 67
pH in stomach .57 57 56 57 56 57 56 57 58 56 57 57 567
Clamped 2 days.

pH in mantle cavity . .66 67 66 66 65 66 66 64 64 66 66 65 656
pH in stomach ; .56 57 58 57 56 57 58 56 58 57 57 56 57
Clamped 3 days.

pH in mantle cavity . .66 84 65 66 65 64 66 65 66 67 65 65 653
pH in stomach . .60 58 59 58 58 58 60 58 56 59 59 58 584
Clamped 4 days.

pH in mantle cavity . .66 64 66 65 64 66 65 66 66 65 64 64 651
pH in stomach 6-1 58 59 58 57 60 58 60 59 60 59 59 5¢
Clamped 5 days.

pH in mantle cavity . .65 63 66 65 63 66 63 64 64 65 64 65 644
pH in stomach . -6:1 58 60 59 60 61 6:0 60 6:0 6:0 61 62 602
Clamped 6 days.

pH in mantle cavity . .65 64 66 65 67 63 63 64 64 61 65 62 G-41
pH in stomach L .63 62 64 61 62 62 61 61 60 60 61 G0 614

rose, on account of the absence of the style, due to decrease in the rate
of secretion, by 0-64, so that it came near to that of the mantle cavity.
This experiment, together with those cited above, leaves no doubt that
the acidity of the gut is due to the dissolution in it of the style. It is
important to note that the pH thus produced in the stomach approxi-
mates to the optimum pH for the working of the amylase of the style (5:9).

11. PERMANENCE OF THE STYLE.

The view was advanced (1925b) and has recently been reasserted
(1926a) that the style is dissolved by the fluid in the stomach, and is only
maintained as a result of a balance between the rate of secretion and the
rate of dissolution. The view that its presence is correlated with the
presence of food has been disproved by the work of Orton (1923), Martin
(1923), Berkeley (1923), and Yonge (1925b), all of whom showed that
Lamellibranchs retain the style after long periods of starvation, provided
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thev are kept perfectly healthy, whereas in the presence of abundant
food the style may be absent in unhealthy animals. As shown in Table
XVI. five of the six oysters starved for twelve weeks retained the style.

The style is dissolved and reformed at very different rates in different
animals. After artificial extraction of the style of Mya, Edmondson
(1920) found that it took seventy-four days completely to regenerate
(though this may have heen due in part to the injury caused by the
operation), while in Ostrea virginica Nelson (1925) states that it is alter-
nately formed and dissolved in a rhythmical fashion. The style is large
and firm at flood tide when the animals are feeding actively, but at late
ebb tide when “ most of the sand has been sorted out and removed from
the stomach and digestion is well under way the style may be reduced
to a soft amorphous mass of jelly.” A similar rhythm is shown in the
production of other forms of digestive secretion, such as that of the
salivary glands of Gastropods (Hirsch (1914), Krijgsman (1925)).

In Ostrea edulis the style 1s usually present as shown in Table XVIII.
Out of fifteen healthy animals examined, all of which had been in the

Tasre XVIII.

CoxpITioN 0F STYLE AND DIGESTIVE DIVERTICULA 1IN FRESH OYSTERS.

No. . Condition of Style. Condition of Dig. Div.

I Large, firm. Pale.
9 . . Dark.

. 3 Absent.

4. Large, firm.

5] Medium. soft.

5. Large, firm. 3

T - - -
3. - . Pale.
9. 55 " Dark.
10, 5 i "
11. Absent. 5
12. Large, firm. -
13. . " Pale.
14, . . Dark.
15. 5 .

tanks for a week so as to provide time for recovery from the effects of
the journey from the beds, in only two cases was the style absent, and
this was not correlated with the colour of the digestive diverticula, paleness
of which Orton (1923) thought might be connected with absence of the
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style. All the animals appeared in good condition ; in those obviously in
bad condition, with flabby watery tissues, the style is frequently absent
or much reduced.

The style invariably disappears when oysters are kept out of water for
any length of time. Table XIX shows the results of a series of experi-
ments to test the speed at which the style was dissolved, thirty-six healthy
oysters being kept out of water and opened six at a time at one-hour

TasLE XIX,

('ONDITIONS OF STYLE AFTER REMOVAL OF OYSTERS FROM W ATER.

Oysters out of water for :—

1 hour, 2 hours. 3 hours.
No. Condition of style. Condition of style. Condition of style.
1. Soft, § size. Firm, § size. Absent.
2. Absent. Soft, 1 size. .
3.  Practically intact.  Absent. Soft, § size.
4. Intact. Soft, } size. Absent.
b s Practically intact. ;
6. Firm, § size. ” - Practically intact.
4 hours, 5 hours. 6 hours.
No. Condition of Style. Condition of Style. Condition of Style.
1. Absent. Absent. Absent.
2u 5 .
3‘ e ]
4. » 2 :
b. . ,
6.

13 33 T

intervals. After one hour in only one case was the style absent, and the
same conditions were found after two hours, although the styles were
much reduced. After three hours only two animals possessed styles,
while after four, five, and six hours in no case was a style present.

It was found in the previous work on the subject (1925b) that styles were
dissolved rapidly in alkaline or slightly acid media, but increasingly
slowly as the pH was reduced until at a certain critical pH-—probably
corresponding to the isoelectric point of the globulin of the style—it
ceased to be dissolved. This critical pH varied for the styles of different
animals, being 4+4 for Ensis, 42 for Mya, and 36 for Pecten, Mytilus, and
Crepidula. It was suggested that the differences might be due to the
fact that in the former cases the style is lodged in a separate ceecum, and
is a much firmer and more resistant body than in the other three in
which it lies in free communication with the gut.
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In Table XX are shown a similar series of experiments carried out on
the styles of Ostrea, large, firm styles being placed in tubes containing
10 c.c. of standard buffer solutions, a little toluol being added to prevent
decomposition. The styles were dissolved rapidly in pH between 10

TapLe XX,
D1ssoLuTioN OF STYLE IN DIFFERENT PH,

Time to

pH  Length of style. Time to dissolve. pH. Length of style.  dissolve.
10-0 25 em, 56 min, 2-6 26 cm. 90 min.

9:0 2-5 em. 70 min. 2-3 3+0 em. 22 hrs.
80 2:5 em. 70 min. 1-9 2'5 cm. 15 days.
70 2+6 cm. 61 min. 1-65 2+4 em. 15 days.
6-0 24 em. 75 min. 1-42 2-8 em. 13 days.
5:0 25 em. 87 min. 125 2+4 cm. 9 days.
4-0 2:3 e 90 min. 1-14 3-1 em. 7 days.
30 2-8 em. 88 min. 1:04 2-6 em. 7 days.

and 2-6, more slowly at pH 2-3 and extremely slowly—it took fifteen days
for a style 25 em. long to be dissolved—in pH 1-9. Below this point
dissolution was also very slow, though gradually increasing in speed down
to pH 1:04, in which a style of 2:6 em. took seven days to dissolve.

Unlike the other styles that of Ostrea is dissolved in all media, although
the difference between the fifteen days needed for the process at pH 1-9
and the fifty-six minutes needed at pH 10 is very striking. Repeated
experiments have confirmed these figures. The isoelectric point, 1-9,
is much lower than the lowest, 3:6, recorded for the other molluses
examined, and as the style in Ostrea iz exceptionally unstable. this gives
additional evidence of the connection between the isoelectric point and the
site of formation, and consequent firmness, of the style.

It is elear from the above experiments that the style must speedily be
dissolved by the fluid in the stomach. It has been shown definitely that
the presence of food is not necessary for the formation of the style, while
Berkeley’s theory that the style is a reserve of oxygen which is used in
anmrobic respiration cannot be substantiated in view of the fact that
there is no correlation between the size of the style in different species
and the nature of the habitat; a eriticism which has also been made
by Nelson (1925). Moreover, in such animals as Siliqua, Schizotheerus,
Macoma (Edmondson (1920)), and Mya (Edmondson, Yonge (1923)). in
which the style lies in a separate caeum and so is protected from the
action of the fluid in the gut, the style never dissolves even after death
from starvation or from lack of oxygen. The style is continually being
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dissolved, and is only maintained by the continual secretion of new sub-
stance in the style-sac ; any lowering of the vital or metabolic activities
of the animals is at once reflected in a reduction or stoppage in the rate
of secretion, but the rate of dissolution remains constant and the style
disappears. This is a purely physical reaction which cannot take place
if the style is protected in a ceecum. The gradual reduction in secretion
is indicated by the gradual rise in pH in the clamped animals. Absence
of a style is, therefore, an indication of lowered metabolism, and it is
noteworthy that Allen (1921) has found that the style is formed less
readily in autumn and winter than in summer, and has proved by experi-
ment that this is the direct result of the difference of temperature.
Edmondson also states that the style of Mya is reformed more rapidly
after excision in summer than in winter. Allen further notes that there
is no rhythmical loss and renewal of the style in fresh-water Lamelli-
branchs as there is in marine, tidal species ; the result, clearly, of the
equable conditions under which the former species live. Spérck (1925)
considers ““ that absence of the crystalline style must be interpreted as
an indication of something not quite normal, as regards the state of
metabolism or nutrition.” Adverse conditions of any kind will cause
a lowering of metabolism, and this, in Lamellibranchs such as the oyster,
will result in the partial or total dissolution of the style, the state of
which presents a valuable index of the condition of the animal.

7. RESERVE FOOD MATERIALS.

It is fitting that some reference should be made to the nature and
distribution of the reserve food materials. So much work has already
been carried out on this subject (the most recent investigation is that
by Russell (1923), which contains a summary and bibliography of previous
work) that further research was considered unnecessary. As already
noted, fat is stored in the oyster particularly in the vesicular connective
tissue cells, or Langer’s vesicles, and is also present in the epithelium
of the gut and of the digestive diverticula. Traces were found in the
connective tissue after three months starvation. Material fixed in Carnoy’s
fluid and treated with iodine shows the presence of masses of glycogen
in the vesicular connective tissue, but never in the epithelium of the
digestive diverticula or of the gut. These results are in complete accord-
ance with those of previous workers both on the oyster and on other
Lamellibranchs.

Quantitative estimations of the fat and glycogen in oysters made by
the Government Chemist (Russell) and by previous workers show that
the latter is much the more abundant (ranging between 21:34 and 40-049,
according to the analyses of the Government Chemist), while * fattening ”
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of oysters is to be attributed, as pointed out by Mitchell (1916a), ** to the
accumulation of glycogen, which must be regarded as the chief storage
substance for oysters.” The same author (1916) has further found that
oysters kept in a weak solution of glucose show an increase in the amount
of glycogen in the tissues. There is a seasonal variation in the quantity
of glycogen, which in the oyster, according to the estimations of the
Government Chemist, is constantly high from July to January, the total
carbohydrate and glycogen approximating closely, showing that practi-
cally all the carbohydrate is in the form of glycogen. It is to be assumed,
as Russell points out, that *“ during this period the oyster accumulates
reserve food substance in the form of glycogen.” From February to
April there is a fall in the glycogen content, although the total amount
of earbohydrate remains constant, the former being presumably © broken
down into an assimilative form which is then, in May and June (when
the total carbohydrates fall), utilised in the formation of the sexual
produets 7 (Russell). There can be no doubt as to the primary import-
ance of glycogen in the physiology of the oyster and all Lamellibranchs in
which it seems to play the same part as does fat in the vertebrates. This
throwing of the balance of metabolism on to the carbohydrate side is
in close accordance with the results recorded on the nature of the
digestive processes.

8. GENERAL DISCUSSION.

In the oyster the organs of feeding and digestion are specialised for
dealing with small particles exclusively. The elaborate ciliary mechanisms
in the mantle cavity with the accompanying secretion of mucus ensure
the capture of fine particles in suspension, of which the selective mechan-
isms reject the larger particles or mucus laden masses and allow only the
smaller ones to pass to the mouth. There is a reduction in the individual
size and general bulk of the particles swallowed, but no indication of any
selection of particles having definite food value. In the gut, cilia and
mucus glands are also universally distributed, ciliary activity, either
directly or by the ageney of the style, having taken the place of the
muscular peristalysis necessary for the passage of large particles through
the gut. The style is clearly correlated, here as elsewhere, with the
presence of cilia, mucus glands, and a finely divided, and principally
vegetable food.

The purely mechanical process of feeding is confirmed by the results
of investigations into the stomach contents of oysters and other Lamelli-
branchs. Thus Savage (1925) states that ** the oyster appears to ingest
anything suitable that it can capture, and no evidence was found to
show that selection takes place.” The work of Savage and previous
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investigators (quoted in detail by him) shows that in the stomach are
found samples of all matter in suspension in the water in which the
oysters live, and it is not surprising, therefore, to find that in the Limfjord,
where there is a great development of Zostera and of detritus formed by
its decomposition, the stomach contents of oysters should consist largely
of detritus. This has led the Danish workers, notably Petersen (1911),
Boysen Jensen (1914), Blegvad (1914), and Spéarck (1925), to maintain
that oysters are by nature detritus eaters. Recent American workers
such as Nelson (1921), Churchill (1920), and Martin (1923) all consider
that animate matter, and particularly diatoms, is of primary importance
in the food of the oyster. Savage found that at Orford inanimate material
provided the bulk of the stomach contents, animate matter never exceed-
ing 109;. Hunt (1925), in his account of the stomach contents of Lamelli-
branchs, states that they consist of a mixture of micro-organisms and
detritus, He is at variance with Blegvad in the latter’s classification
of Lamellibranchs as detritus feeders, adding, very aptly, that “ When
sand-grains are numerous in a stomach the proportion of detritus is
correspondingly great, and the organisms present are largely bottom-
living forms, but there is no reason to suppose that this preponderance
of detritus signifies its value as food any more than the abundance of
sand suggests the nutritive value of silica.” Reviewing these results
it is seen that the majority of workers have accepted the presence of
material in the stomach of oysters or other Lamellibranchs as proof that
it has been deliberately swallowed and can be digested. The Danish
workers, in particular, do not appear to have studied either the
mechanism of feeding or of digestion in Lamellibranchs.

Digestion is largely intracellular either in the tubules of the digestive
diverticula or in the phagocytes. This is clearly correlated with the
finely divided nature of the food, which is again sorted in the food escum
in the stomach only the most minute particles entering the ducts and
tubules of the digestive diverticula, the ramifications of the latter pro-
viding the large ingesting surface typical of the gut of animals which
digest intracellularly. The larger particles in the gut are taken in directly
by phagocytes. The only extracellular enzymes are those of the style
which act exclusively on carbohydrates. This feeble development of
extracellular digestion and particularly the complete absence of extra-
cellular protease and lipase accounts for the passage of living organisms
undamaged through the gut, their presence in the rectum and faces
having been noted by many authors, including Blegvad (1914), Coker, -
ete. (1921), Allen (1921), and Churchill and Lewis (1924). The two first
of these, however, have drawn from the presence in the feeces of living
diatoms, green alge and other plankton organisms the quite erroneous
conclusion that these are either useless or of secondary importance as
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food. Attention to this error has also been drawn by Nelson (1925).
Sherwood (statement in Savage’s paper) and Nelson (1921) have
both noted the presence of living oyster larvee in the feeces of the
adults.

An examination of the enzymes shows that oysters are unable to digest
everything which enters the stomach, whereas the contrary has been
too often assumed. Thus there is no indication of digestive action on cellu-
lose or pentosans by the enzymes of either the style or the digestive
diverticula. Boysen Jensen (1914) found that pentosans were the only
non-nitrogenous substances present in estimable quantities in the detritus
of the Limfjord, but the only evidence he could produce as to digestion
was that pentosans are digested by herbivorous mammals and that
cellulose is digested by Helix, finally stating that, *“ We may then perhaps
conclude that also bivalves are able to digest pentosan, and that the con-
siderable amount of pentosan present in the sea bottom—besides other
possible substances (hemicelluloses generally) plays an important part
as non-nitrogenous nourishment for a great portion of the bottom fauna.”
The known facts of the comparative physiology of digestion indicate that
conditions in Mammals and Gastropods have no bearing whatever on
conditions in Lamellibranchs, in which the digestive processes are particu-
larly characteristic, and of which the only members capable of digesting
cellulose (and there is no evidence as yet that they can digest pentosans)
are the highly specialised wood-boring Teredinidee.

Like all Lamellibranchs, oysters are particularly adapted for the
digestion of carbohydrates. The only extracellular enzymes are those
which digest starch and glycogen, while extracts of the digestive diverti-
cula reveal the presence of powerful sucroclastic enzymes capable of
digesting a variety of carbohydrates. On the other hand, lipoclastic and
proteoclastic enzymes are very weak, and fats and proteins are probably
digested largely in the phagocytes. In close connection with this concen-
tration on the digestion of carbohydrates is the storage of great quantities
of glycogen which represent the principal reserve food material. There
is a close parallel to these eonditions in Ciona (Yonge (1925)), in which
digestion is also concentrated on carbohydrates, and there are large
reserves of glycogen particularly in large cells in the epithelium of the
mid-gut. It is clearly this dependence on carbohydrates which has
enabled the Teredinide to live on a diet consisting almost exclusively of
the carbohydrates in wood.

It follows that the food of the oyster must consist of small organisms
rich in carbohydrates, i.e. of microscopic plant life. The following table
taken from the paper of Brandt (1900) shows the relative amounts of
protein, chitin, fat, and carbohydrates in the ash-free dried substance of
diatoms, peridinians, and copepods.
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Diatoms Peridinians Copepods
% % %:
Protein 28-7 13-7 65-1
Chitin — — 51
Fat 30 1-37 T
Carbohydrate 63-2 849 221

There is a much greater proportion of carhohydrates in the two former.
Russell considers that growth is due to an increase in protein and
“ fattening "’ to an accumulation of carbohydrates ; and the connection
between “ fattening ”* and the presence of large numbers of diatoms in
the food has been noted by many workers, including Nelson (1921) and
Savage. No doubt, in the spring, the abundance of algal spores provides
ideal food, with their high carbohydrate content and delicate structure
which renders them easy to assimilate. Martin (1923) has drawn atten-
tion to the importance of nannoplankton, especially small flagellates and
peridinians, in the food of the oyster, and the structure and physiology
of the digestive system supports this, since it is only organisms of this
size which are ingested entire in the digestive diverticula. Only frag-
ments of diatoms seem to be so ingested—whole diatoms are digested by
the phagocytes—and it is only ““ detritus ** of ¢his nature, i.e. fragments
of vegetable matter containing assimilative carbohydrates, which can be
of use to the oyster.

It is clear from the results of this research that ideal conditions for
“ fattening,” and incidently reproduction, in the oyster are found in the
presence of abundant supplies of diatoms, peridinians, algal spores, and
other microscopic vegetable matter. It is the quantity of carbohydrate
which is important, the protein matter necessary for growth is probably
always present in excess of the demands and powers of digestion of the
oysters. Such conditions are provided artificially in the  claires ” at
Marennes and other places along the French coast. Immense numbers
of diatoms and other microscopic organisms accumulate in them, and
the speed with which the oysters ““ fatten * is proof positive of the fitness
of the environment.

9. SUMMARY.

1. The anatomy and histology of the food collecting and alimentary
organs of the adult oyster are described.

2. The anatomy of the stomach is investigated with the aid of gelatin
casts and attention drawn to the food ceecum, the ventral groove, and
the two ducts of the digestive diverticula.



FEEDING AND DIGESTION IN OSTREA EDULIS, 381

3. (ilia and mucus glands are universal throughout the food collecting
and alimentary organs.

4. There is evidence that the gastric shield is composed of fused cilia.

5. There is no evidence of secretion in the digestive diverticula.

6. The histology of the style-sac resembles that described by Mackin-
tosh for Crepidula. There is evidence that secretion of the style takes
place in the groove.

7. Phagocytes are everywhere numerous in the blood vessels, con-
nective tissue and epithelia, and free in the gut and mantle cavity.

8. The alimentary organs of the larva are described.

9. The anatomy and histology of these organs in the *““spat ™ is
described, the palps are relatively large and the gills asymmetrical. The
style-sac 1s distinet from the mid-gut.

10.  The course of the ciliary currents on the gills and palps is described
and the importance of the various selective mechanisms emphasized.
Selection appears to be purely quantitative, large particles or mucus
masses being rejected and smaller ones accepted.

11. Muscular activity is of great importance in the functioning of
both gills and palps. Reversal of cilia has never been seen.

12. Rejected matter is removed from the mantle cavity.

13. Material is sorted in the food cmeum in the stomach, larger
particles passing into the mid-gut and smaller ones towards the gastric
shield and duets of the digestive diverticula, within the tubules of which
there is a constant circulation.

14. The rotation of the style assists in the stirring of matter in the
stomach.

15. In the style-sac are cilia, which rotate the style and others which
push it into the stomach.

16. In the larva the velum acts as a food collecting organ ; the style
lies in an extension of the stomach and rotates rapidly. Material passes
freely into the digestive diverticula.

17. In the spat rejective mechanisms are highly developed. The style
revolves at a speed of between sixty and seventy revolutions per minute.

18. The tubules of the digestive diverticula are the only place where
soluble matter is absorbed, in adult, larvee, or spat.

19. TFine particles are ingested and digested intracellularly in the
tubules of the digestive diverticula, the products of digestion carried
. away by amcebocytes, and useless matter rejected into the lumen.

20. Larger particles are ingested and digested by phagocytes in all
parts, the products of digestion being carried to the vesicular connective
tissue cells and there stored.

21. Enzymes in the style digest starch and glycogen. The amylase,
at pH 59, has an optimum temperature of 43° C., and is destroyed at

€



382 C. M. YONGE.

56° C. The optimum medium is pH 5-9. It is inactivated by purifica-
tion with absolute aleohol or by dialysis, but action is restored on the
addition of chlorides or bromides and to a less extent iodides, nitrates,
and carbonates, but not with sulphates or fluorides.

22. Sucroclastic enzymes in the digestive divertieula act on starch,
glycogen, sucrose, raffinose, maltose, lactose, salicin, and amygdalin, but
not on inulin, cellulose, or pentosans.

23, The amylase, at pH 5-5, has an optimum temperature of 44-5° C.,
and is destroyed at between 64 and 67° C. It has an optimum pH of
5-5, and is inactivated after purification or dialysis, action being restored
in the presence of chlorides or bromides.

24. There is a weak lipase and protease, the latter has two optima at
pH 3-T and at or above 9-0 ; its action is very slow.

25. The only enzymes free in the stomach are those from the
style.

26. There is no evidence of any enzymes free in the gill mucus.

27. There is a powerful complete oxidase system in the style, and a
catalase in the digestive diverticula and gonad, and traces in the palps,
gills, and muscle.

28. The style is the most acid substance in the gut and the cause of
the acidity of the gut.

29. The style is dissolved rapidly in fluid of pH 2-3 and above, but
very slowly below that point. It is readily dissolved and reformed in
the oyster, its presence depending on the maintenance of the balance
between the rate of secretion and the rate of dissolution. Its condition
is a valuable indication of the state of metabolism.

30. Glycogen and fat are stored, particularly in the vesicular con-
nective tissue cells, the former furnishing the principal reserve food
material.

31. The presence of abundant supplies of microscopic plant life rich in
carbohydrates provides ideal food for the oyster, and represents optimum
conditions for “ fattening " and reproduction.
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1. INTRODUCTION.

Avrnmovan it has long heen known, as a result of the investigations of
Gegenbaur (1855). Boas (1885), Pelseneer (1888), Tesch (1904, 1913), and,
“above all, Meisenheimer (1903) that the Thecosomatous Pteropods feed by
means of ciliary currenis, yet the actual process of feeding has never been
described and figured in detail, largely, I think, because the majority of the
observations hitherto have been made on preserved material. During a
short visit to the Station Zoologique Russe at Villefranche in February 1926,
I took the opportunity presented by the great numbers of Pteropods then
occurring in the plankton, of tracing out the exact course of the ciliary
currents in four selected species. I also carried out a series of feeding
experiments the results of which will be described in a later paper. No
observations were made on the feeding processes of the Gymnosomatous
Pteropods, which do not possess ciliary feeding mechanisms.

I wish to express my gratitude to I"mfecsm Davidoff and Dr. G. 'lregou-
boff and their Assistants of the Laboratory at Villefranche for their great
kindness and help, and also to the Carnegie Trust of the Universities of
Scotland for providing me with a grant of money to delray the expenses
of my visit to Villefranche.
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2. CrLiary MECHANISMS,

The four species chosen for examination were: Carvolinia infleva, Creseis
acicula, Cymbulia peronii, and Gleba (Tiedemannia) cordata. They were
selected as showing different stages in the development of the eiliary
mechanisms. Although the genus Creseis is considered by the systematists
to be more primitive than Cavolinia, yet in the disposition of the ciliary
mechanisms, which are very similar in the two genera, Creseis appears the
more specialized, and accordingly Cavolinia is here described first.

The course of the ciliary currents was followed under the low powers of
the microscope by placing the animals in shallow glass dishes containing
sea-water, and adding drops of suspensions in sea-water of carmine, Indian
ink, or fine carborundum powder.

Fic. 1.

Cavolinia inflexa.
Whole animal from ventral aspect, showing ciliary currents leading to the mouth. x 7.

»r

a. Cavolinia infleza. (Fig. 1.)
The ciliary mechanism in this species is the simplest and least specialized
of the four species here described. There is a ciliated field (Wimperfeld)
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attached to the posterior margin of each of the wings, and approximately
equal to them in size. There are numerous unicellular muens glands
between the ciliated cells. The beating of the cilia drives particles towards
the mouth, which is enclosed in a triangle formed by three ridges repre-
seniing, as Meisenheimer has shown, the unpaired middle lobe (m.l.) and
two side lobes (s.l.) of the foet. Meisenheimer has further shown that the
ciliated field is to be regarded as a lateral extension of the middle lIobe of
the foot; its epithelium is quite distinet from that of the wings, while, in
common with the middle and side lobes, it is innervated from the pedal
ganglion. The three ridges are all ciliated, and food particles pass on from
them to the mouth, as shown by the direction of the arrows in fig. 1.
They are contractile, and may be drawn together sothat the mouth is covered
and the particles gather info a ball at the summit of the contracted ridges,
being later shaken off by the flapping of the wings. Iiven when they are
not contracted, however, not all the particles necessarily pass into the mouth.
If too much material is brought by the ciliary currents, it accumulates about
the mouth and is then carried off by a tract of cilia (o.t.) which lies above
the mouth in the groove between the side lobes. Particles which are passed
on to the mouth do not proceed withount interruption into the cesophagus, but
are admitted first into the buecal mass, which contains a pair of jaws, a small
radula and salivary glands, and are taken into the wsophagus by a series of
definite swallowing actions.

b. Creseis acicula. (Fig. 2.)

This species, while resembling Cavolinia in all essentials, possesses a ciliary
feeding mechanism which is somewhat more restricted in area. Since the
body is transparent, it is possible to follow the course of the food, not only
on its way to the mouth, but also throughout the entire length of the gut.
IFood is collected on clearly defined ciliated fields (¢./.) which lie super-
imposed upon the wings and are relatively much smaller than in Cavolinia.
They are more obviously extensions of the middle lobe on the foot than
in Cavolinia, as is shown clearly in fig. 2. The middle lobe is large and
obscures the mouth when the animal is laid with the ventral side upwards.
FFood is passed from the ciliated fields to the mouth, which is bounded by the
two side lobes. The three lobes do not contract together as in Cavolinia,
but there is a well-defined outgoing tract in the same position as in that
species for the rejection of surplus matter. Any abnormal surplusis removed
by a violent flapping of the wings.

From the mouth the food passes into the globular buceal mass (b.m.), into
which opens a pair of small salivary glands (s.g.), and which is furnished
above with a pair of chitinous jaws (j.) and below, and more ventrally, with
a radula sac (r.s.) containing a small radula which is made up of about ten
transverse rows each consisting of three teeth (Meisenheimer).  Food
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Creseis acicula.

Anterior half of body from ventral aspect, showing ciliary cwrrents leading to the
mouth and the course of the food through the alimentary canal, Only the alimentary
organs are shown. X 20.
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proceeds into the cesophagus (oes.) as a result of a definite swallowing act, and
there comes under the action of the cilia with which all parts of the gut
(with the exception of the gizzard) arve lined. Tt streams down the long
csophagus into the so-called stomach, a pear-shaped organ which, as
Pelsencer (1888) has observed, is in reality, in this as in all other Thecoso-
mata, “a masticatory gizzard with muscular walls, and exhibits four large
symmetrical plates, a fifth posterior plate, and generally eight small anterior
plates.” The teeth (£.) are well developed, but since the food particles are
invariably minute as a result of the mode of collection the mastication which
they undergo appears quite unnecessary, and the invariable presence of these
gastric teeth in the Thecosomata may be attributed to their descent from
- Tectibranchs such as Seaphander, with which, according to the classification
proposed by Felseneer (1888, 1906), they are closely allied. Scaphander
swallows its prey—which usunally consists of small bivalves—whole, “to be
broken up by the calcareous plates of its powerful gizzard ” (Hunt (1925)).

Behind the gizzard is a chamber into which open side by side the mid-gut
and the digestive gland (*liver ”); and into either of these openings food
may pass. The digestive gland in Creseis is greatly modified owing to the
needle-like shape of the body. It is slightly lobed immediately behind
the gizzard, and it extends to the extreme tip of the long body as a single
straight tube. It is usually yellow or brown in colour and composed of a
single layer of large cells, the whole organ being so trzinsparent that food
particles can be seen within it being passed rapidly np and down as a result
of rhythmical peristaltic movements. Although difficult to observe with
certainty, cilia are probably present, but they are certainly not so regularly
arranged or s0 numerous as in the remainder of the gut. When the digestive
gland of a freshly caught animal is examined, the contained food appears as
greenish-brown masses, ohviously of a predominantly vegetable nature. It
is known that in many Gastropods food particles pass into the cavity of the
digestive gland where they are ingested and digested intracellularly, by
absorptive cells (e. g., the observations of Enriques (1901) on Aplysia, of
von Bruel (1904) on Caliphylla, of Jordan (1918) on /[leliz, ete.). I do not
intend to discuss the question of absorption in this paper, but observations
on the movement of food in the gut of Creseis showed that particles are
passed into the digestive gland, presented to the large—presumably
ingesting—surface and then, if not taken in, passed back to the opening
and into the mid-gut.

Opening into the alimentary canal about the junction of the digestive
gland and the posterior end of the gizzard there is a small finger-ghaped
diverticulum (d.), which is ciliated but into which food does not pass. The
nature and function of this organ will be discussed later. Particles which
enter the mid-gut, either directly from the gizzard or by way of the digestive
gland, pass rapidly to the exterior, coming under the combined influence of

LINN. JOURN,— ZOOLOGY, VOL. XXXVI. 33
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ciliary and peristaltic action. The mid-gut and rectum form a twisted loop
so that the anus (a.) is situated at the left side of the stomach and points
anteriorly. The fwces are discharged into the mantle cavity where, under
the influence of the cilia which maintain a constant stream of water in the
cavity, they are carried away (see the direction of the arrows in fig. 2).

An attempt was made to obtain some indication of the pH in the gut of
Creseis by placing living animals in sea-water lightly coloured with neutral
red or brom thymol blue. No clear results were obtained with the former,
but with brom thymol blue the wsophagus, gizzard and digestive gland all
coloured yellow (pH probably about 6-0), and the latter part of the mid-gut
and the rectum deep blue (pH between 7'5 and 8'0). This agrees very
closely with the results obtained (Yonge (1925)) for Aplysia, a benthic
Tectibranch, in which the fore- and mid-gut are acid having a pH between
58 and 68, and the rectum is alkaline having a pH of 83,

c. Cymbulia peronii. (Fig. 3.)

The ciliary mechanism is here greatly reduced, being formed exclusively
by the middle and side lobes of the foot with no ciliated field extending from
the former. The mouth (m.) lies in the middle line while on either side of
it there extends a ciliated groove, the raised sides of which represent the
lobes of the foot, the unpaired middle lobe forming the posterior side, and
the two side lobes the anterior side. The grooves begin midway along the
anterior margin of the wings as narrow ciliated tracts which widen and
become raised up laterally as the mouth is approached. Particles which fall
upon them are conducted to the bottom of the groove, where they come under
the influence of a strong ciliary current leading straight to the mouth.
This lies at the bottom of a funnel-shaped depression, the walls of which
(like the alimentary tract within) are deeply pigmented. TFood streams down
into the mouth by way of the ciliary currents which line this depression, but
whether it passes directly into the cesopbagus or has to be swallowed it is
impossible to say. There is a buccal mass in Cymbulia possessing jaws,
radula, and salivary glands, but all of these are much less developed than in
the two species already described.

Any excess of food is removed as before by an outgoing tract of cilia (o.t.)
situated on the lobe which overlies the mouth anteriorly, separating the two
side lobes of the foot, i. e., occupying the same relative position asin Cavolinia
and Creseis. Particles caught in this tract are led away from the mouth,
rolled into a ball and, when large enough, shaken free. The greater part of
the surface of the wings is, as usual, not ciliuted, the surface being kept clean
by continual flapping. There are, however, tracts of slowly moving cilia
(t.w.) on either side of the middle line (i. e., where flapping will have no
effect) which lead foreign particles to the posterior margin of the wings,
where cilia occur along the two short stretches on each side as delimited by
the two sets of arrows shown in fig. 3.
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Cymbulia peronit.

Whole animal from oral aspect, showing ciliary currents leading to mouth and on the
wings, X 24
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d. Gleba cordata. (Figs.4 & 5.)

In Gleba, although conditions are essentially the same as in Cymbulia, the
rudimentary triangular proboscis developed in the latter has become drawn
out into a long proboscis (fig. 4), attached by a broad base and ex-
tending backwards parallel to the surface of the wings. This is flattened
from above downwards and has a pair of lateral rounded lobes at the tip.

Fie, 4.

pe
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Gleba cordata.

Whole animal from oral aspect, showing ciliary currents leading up the side of the
proboscis to the mouth, and the course of food down the cesophagus. X 24.

Narrow ciliary tracts (¢.s.) begin where the edges of the broad base are
attached to the wings and run, one up either side of the proboscis, leading
into grooves which bound the outer margin of the terminal lobes. Asin
Cymbulia, these grooves are formed by the lobes of the foot, the two side
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lobes (s.l., fig. 5) forming the upper ridge, and the unpaired middle lobe
(m.L.) the lower ridge. The mouth (m.) lies in a depression at the tip, and
in the middle line, of the proboscis. Particles enter it from the grooves
and then pass without interruption into the csophagus, which can easily be
seen through the transparent tissue of the proboscis. There is no buccal mass,
and hence no jaws, radula or salivary glands. Material passes down the
csophagus under the combined influence of cilia and peristalsis, the particles
often massing together into balls which extend the walls of the cesophagus
(sec /. in fig. 4), From the cesophagus, it proceeds to the gizzard and
remainder of the alimentary canal which lie within the visceral mass (v.mu).

Fia. 5.

Gleba cordata.

Tip of proboscis, under surface. X 6. g¢. Grooveformed by middle and
side lobes of foot: m.l. middle lobe of foot; o.f. oufgoing ciliated
tracts on triangular area between side lobes ; oes. cesophagus; p. pro-
boscis; s.l. side lobes of foot: t.s. cilinted tract on side of proboseis.

The outgoing tracts for the removal of surplus matter are situated, as in the
preceding species, on the lobe which lies between the side lobes of the foot.
This can be seen in fig. 5, which represents the under surface of the proboscis.
The middle lobe dips in the middle line exposing the triangular area lying
between the side lobes. Particles pass down the grooves into the mouth,
the two streams not uniting until they have passed a little way down the
cesophagus (as shown by the union of the dotted arrows in the figure). The
grooves are very narrow at the entrance to the mouth, so that if any large
quantity of material passes along them it will overflow on to the triangular
area, and so come under the influence of the outgoing tracts and be carried
away. All rejected matter is rolled into a ball in the region between the
two arrows at the tip of the proboseis in fig. 4, and finally shaken off.
No cilia can be distinguished on any part of the wings in Gleba.
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3. Discussiox,

The species examined show four stages in the adaptation of the Thecoso-
matous Pteropods to ciliary feeding. In each case the ciliary feeding
mechanism is more localized and more efficient—because it is more compact
and interferes less with the movement of the wings—than in the one
preceding. This is brought about by the increased specialization of the
middle and side lobes of the foot, out of which the ciliary mechanisms are in
all cases formed. At the same time, the buceal mass and its associated
structures, radula, upper jaws and salivary glands, which the Thecosomata
have inherited from their benthic, and probably carnivorous, ancestors,
gradually diminish, being represented by slight vestiges, of doubtful func-
tional value, in Cymbulia, and being entirely absent in Gleba (and also in
the allied genus, Corolla (Cymbuliopsis) as noted by Pelseneer (1888) and
later investigators). The gizzard, probably another structure handed down
from carnivorous ancestors and clearly of little use to an animal which feeds
by ciliary mechanisms, is retained throughout.

A further and most interesting point is the presence of a blind appendage
opening into the stomach at or near the opening of the digestive gland, and
shown in the figure of Creseis (it was originally described in this genus by
Gegenbaur). Meisenheimer states that a similar organ is present in all the
Thecosomata, and that it is lined by a ciliated epithelium and contains a
hyaline, structureless secretion which completely fills the hinder portion of the
sac but decreases in- circumference as it approaches the opening, beyond
which, however, it may project. The diverticulum is too small for the con-
tained secretion to be large enough to be seen except in sections, but in
Meisenheimer’s figures it bears a close resemblance to the crystalline style of
the Lamellibranchs and primitive Gastropods. Meisenheimer has noted this
resemblance and, discussing the probable function, states: * Seiner physio-
logischen Function nach hat dieser Blindsack, der nach Johannes Miiller
peristaltische Bewegungen ausfiihren soll, unzweilelhaft eine Rolle bei der
Verdauung zu spielen, dafiir spricht schon der auffallende Verbrauch seines
Sekretes nach der Miindung hin . ... .. Ob diese Function in der Erzeug-
ung eines besonderen verdauenden Sekretes besteht, oder ob auch hier das
Sekret dazu dient, Fremdkirper und unverdauliche Hartteile der Nahrungs-
organismen mit einer Hiille zum Schutze der zarten Darmwiinde zu
umgeben, wie man es neuerdings fiir die Lamellibranchiaten angenommen
hat, ist wohl schwer zu entscheiden.” He rejects the older theory that it
represents a hile secretion. The presence of a style—which contains an
amylolytic enzyme and serves to whirl round food particles in the stomach
{for review of recent work on the subject see Nelsen (1925))—is always
associated with a predominantly vegetable diet and, except in certain of the
Gastropods, with ciliary feeding mechanisms (e. g., in all the Lamellibranchs
and in such Gastropods as Crepidula in which it is better developed than in
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any other members of that class ; see Orton (1912) and Mackintosh (1925)).
Tt is very striking that a similar structure should have arisen in the only
group among the higher Gastropods which has developed ciliary feeding
mechanisms and is to a large extent vegetarian. Boas has given an account
of the stomach contents of the Thecosomata. In species from the warmer
seas, he found Flobigerina and other Foraminifera and also Radiolarians ; in
those from the colder seas many Dinoflagellates, while in both he found
Diatoms, Coccospheres and Tintinnids.

In the Gymnosomatous Pteropods, which are carnivorous—their food
consisting, according to Massy (1917), largely of Thecozomata—and do not
possess ciliary feading mechanisms, there is no development of a blind sac,
while radula, jaws and salivary glands (all associated with a carnivorous diet)
are retained thronghout. TIn the Thecosomata, as in the Lamellibranchs, the
secretion of the blind sac may quite possibly contain an amylolytic enzyme
for the extracellular digestion of the starch present in the vegetable food ;
the older theory that it serves vo coat hard particles lias been abandoned as a
result of recent work. The Mollusca are a very homogeneous phylum, and
its members tend to produce similar structures in response to similar stimuli.
The peculiar nature and form of the style are probably to be attributed, as 1
have already pointed out (1923), to the universal presence of mucus glands
and cilia in the alimentary tract of the Mollusca (with the exception of the
Cephalopoda), the former assisting in the formation of the substance of the
secretion and the latter rolling it into shape.

4, SUMMARY.

L. The ciliary feeding mechanisms of four species of Thecosomatous
Pteropods, Carvolinia inflexa, Creseis acicula, Cymbula peronii, and Gleba
cordata, have been studied.

2. The cilinry mechanism is in all cases formed by the unpaired middle
loba, and the two side lobes, of the foot, with the addition of tracts leading
to them in the case of Gleba ; all food particles are conducted to the mouth.

3. There is a progressive reduction in the area occupied by the ciliary
mechanism in the four species examined. In Cavolinia and Creseis the
middle lobe is extended as a ciliated field, in Cymbulia the ciliary mechanism
is composed of grooves leading to the mouth, one from the anterior margin
of each of the wings, while in Gleba the mouth lies at the end of a pro-
boscis, up the sides of' which lead ciliated tracts, the grooves formed out of
the lobes of the foot being confined to the rounded margin near the tip of the
proboscis.

4. In all cases there is an outgoing tract of cilia for the rejection of
surplus food situated on the small lobe which overhangs the mouth anteriorly
and lies between the side lobes of the foot.
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5. The restriction in area and increased specialization of the ciliary
mechanisms is accompanied by a diminution and final disappearance (in
Gleba) of the buccal mass and its associated structures, jaws, radula and
salivary glands.

6. The course of the food throngh the alimantary canal has been followed
in Creseis. The food, apparently mainly vegetable, is passed through by
ciliary and peristaltic activity, being ftriturated in the gizzard and passed
into the cavity of the digestive gland before being rejected by way of the
mid-gut and rectum.

7. As a vesult of intra vitam staining with brom thymol blue in Creseis,
the cesophagus, gizzard and digestive gland show a pH of about 60 and
the latter part of the mid-gut and the rectum one of between 7'5 and 8:0,

8. A ciliated diverticulum is present in all species and opens about the
junction of the digestive gland and gizzard. It contains a hyaline secretion
strongly reminiscent of the crystalline style of the Lamellibranchs and
certain Grastropods. It is suggested that in the Thecosomata, as in those
animals, the style-like secretion may be correlated with the presence of
ciliary feeding mechanisms which collect food principally of a vegetable
nature, and may contain an amylolytic enzyme for the extracellular digestion
of starch.
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1. INTRCDUCTION,

Previous work on the gtructure and function of the
%7n

alimenbtary system in the Lamellibranchs (YONGE (1923,/1926s,
1926b)) showed that the many neeuliarities which they exhibit
apnear to be correlated with the highly developed ciliary feed-
ing mechsnisms on the gills and palns, as a result of the actiowu
of which only the smallest particles are.ﬁassed into the oesoph-
azus and stomach, This latter organ is concérned chiefly with
sorting the particles, the larger ones beins passed directly
into the mid-gut and the smaller ones entering the ducts of the
digestive diverticula ("liver"™ or "hepatopancreas"™) where they
gre digested intraseellularly. The food is largely of a veget-
able nature and the digestive mrocezses are concerned especially
with the disposal of carbohydrates. There are present, free
in the lumen of the gut, in the epithelium and in the surround-
ing tissues, great numbers of phagocytes which actively ingest
food particles. Their presence, also, apnears to be correlated
with the finely divided nature of the food and the fact that,
but for the digestive actioaiof these phagocytes, Tthese food
particles, unless sufficiently fine to enter the ducts of the
digestive diverticula, can only be digested if commosed of starch
or glycogen, The only extracellular digestive enzymes in the
zut of the Lamellibranchs, nomely those set free by the dissol-
ution in the stomach of the head of the cerystalline style, act

execlusively on these two carbohydrates.

Owing to their deep water habitat, the Septibranchs



have been little studied but PELSENEER (1891, 1911) and PLATE
(1897) have reported, on the evidence of thed® stomach contents,
that they are carnivorous, while all investigators who have
worked upon them have showvm fthat the struchture of both the Ffood
collecting and digestive organs in the Septibranchs are quite
distinet from those of the other Lamellibranchs. Gills are
absent, their »lace being taken by the muscular septum, the
lsbial mnalps are very small_an& the gut is provided with g
muscﬁlar coating of a thickness unkmown in the other Lamelli-

el
L

branchs where the finely divided food is carried through the

gut exclusively by ciliary activity.

Clearly, therefore, a gtudy of the structure and
funetion of the organs of feeding and dizestion in the Septi-
branchs would have two valuable resulits; not only would it
go far vowards completing our knowledge of this aspect of the
structure and vhysiology of the Lameilibranchia, but it might
be expected - should the carnivorous habit be definitely est-
ablished - to provide important confirmatory evidence that the
neculiar nature of the gut and the digestive processes in those
Lamellibranchs which feed by means of ciliary currents ig due

to the size and nsture of the food particles.

For the purpose of observing living Septibranchs,
cartying:out feeding  experiments and collecting material for
histological examination, a period of four weeks was spent at
the Biologisks Station, Trondhjem, Norway, and of one week at

=

the Xristinebergs Zoologiska Station, Sweden. As a result
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entirely of the kindness and labours of Dr, 0. NORDGAARD at
Trondhjem and of Dr, M, AURIVILLIUS at Xristineberg, a number
of living specimens of these rare animsls was obtained, and

I wish to record my gratitude to these gentlemen without whose
help this research would have hesn impossible. I also desire
to thank the Council of the lMarine Biological Associstion of
the United Kingdom,and the Development Commission for grantiag
me the necessary leave of absence from the Plymouth Laboratory.
Thé work has been completed at Plymouth and I have to thank the
Director,Dr. E, J. ALLEN, F.R.S.,for his unfailing interest in
it, and other members of the Staff for their sssistance on msny

points.

2. MATERIAT.
(1%bserecer)

The Order Septibranchia{is'ﬁivided into three famillies,

Poronyidae (Dall), Cetoconchidae (Ridewocod), and Cuspidariidae
(Fischer). o representatives of the second of these have
ever been examined in the living condition; they are abyssal
and have only been taken on deep-sea expeditions such as the

" " mEee. & L, o

Challenger (see PELSENEER (18883)) and the Siboga (see PHL-

SENEER (1911)). O0f the Poromyidae, I obtained two living

specimens of Poromya granulata which were dredged in the

Trondhjem Fjord at denths of 150 and 200 metres. Since
returning to Plymouth, I have received three further spec-
imens of this species preserved in alcohol which were collect-

ed by Dr. M. AURIVILLIUS on an expedition to the Koster Lslands
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in the Skager Rack and were seat on to me by Dr., W. Hj. ODHNER

of the Hiksnmuseum, otockholm,for whose kiundness I am extremely

gratelul.

Living specimens of three smecies of Cusgpidaria were

obtained., Twelve Cusmidearis ohesa were dredzed at denths of

between 100 and 30C metres in the Trondhjem Tjord. mfortunately

this species is so small that it ig difficult %o

f:‘.l
l‘.‘.
i
o0
::‘_:
0]
H
D

observe, and most of my observationg on liviag Cuspi

made on one smecimen of Cuspidaria rostrata which was dredzed

at a depth of 250 metres at Trondhjen, snd three specimens of

ct

Cuspidaria cuspidsats dredged in the Gullmars Fjord in Sweden

at depths of between 40 and 60 metres. I also received from

0. NORDGAARD two® preserved specimens of Cuspidaria rostrata,

and since my return Dr., M., AURIVILLIUS has kindly sent me =

number of nreserved Cuspidaris rostrata, and several C. obess.and

9]

C. cuspidata, and one C, costellata. This preserved material

has proved of great value in the histological and anatomical

portions of the research,

3. ANATOMY AND HISTOLOGY OF THE ORGANS .OF FEEDING AND DIGESTION,

‘ Throughout this paper, for the sske of convenience, the
conditions in the genus Cusnidaria, whose menmbers represent the
highest development of the Septibranchs, will be described before
thdée in Poromysa. It must not be forzotten, however, that, as

shown by PELSIENEER (1888, 1888g, 1891, 1911) and as further emphas-
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ized in this paper, Poronmya should logically be treated first
as it represents a somewhat more primitive condition and shows
more affinities to tThe typical Lamellibranchs - especlally to
the Anatinacea from which, according to PELSINEER, fthe Septi-
branche probhably sprang - than does the more highly specialized

Cuspidaria.

(1). ANATOMY.

A. CUSPIDARTA,

Literature. - Although the absence of gills in Cuspidaria

(Weasra) was first noted by DALL (1806p) and this suthor has
described the shel}ngd external characters of many species of
the Cuspidariidae 18§9a, 1889b, 1693), the first adequate des-
eription of Cuspidaris was furnished by PELSENEER (1888b) who

gave an account of C, curta, C., fragilissima and C, platensis

d o ot
from the Challenger material and C, rostrata obtained from

Naples, later (1691) giving a more detailed description of

the last species. . He has since (1911) desgcribed the Cuspid-
an ~

ariidae taken by the"Siboga expedition. GROBBEN (1692) in

his memoir on Cuspidaxria cuspidata has provided the most detailed

acocount of the morphology of the Cuspidariidac. A short des-

ecription of the morphology of Cuspidarig obesa (unfortunately

without figures) has been given by PLATE (1897).  Finally
RIDEWOOD (1903) in his work on the gills of Lamellibranchs gave

some account of the septum end palps of Cuspidaria glacialis.




General Anastomy. = The observations here recorded on the anatomy

of the Cuspidariidae are based largely on examinations of living
end preserved specimens of the comparatively lerge sSpecies,

Cuspidairia rostrata and C, cuspidatsa. The general anatomy can

best be desecribed by reference to text-fig. 1 which represents

s lateral wview of CubBpidaxria rostrata. The animal-dis- flask

(Insert texbt-figs 1.)
shaped, the sgiphons (1.&'e) lying in a long posterior extension
of the shell. - The inhalent siphon (i) is the larger and possesses
four club-shaped tentaeles which are attached on the ventral side
to the base of the siphonal opening,which is' large and muscular.

The exhalent siphon (e) has a mueh narrower opening and im shorter,

~three tentaeles, similar in structure to thosgse of the inhalent

siphon, are attached to its dorssl surface. In-life, the siphons
normally project from the shell but on stimulation, or after
fixatioﬁ;;théf.&re withdrawa within the siphonal sheath (sh), as
ﬂhawn in the flgure. -~ They are abttached 4o this about half
wa:\,r'alonb the smphonal extension, along the line marked 1.
Anterior to th%s the siphonsg are ﬁlVlded by a stout partition

which termlnates at its junculon w1th the muscu]ar septum (s)

which dlvldes the mantle cavity 1nto ventral (V) end dorsal

(D) cnambers. At their base, the 51ﬂhons are attached to the
shell by a widely vnveadlnﬁ Serles of muscle sbfands (rsi which,
by their conurqctlon W1thdrnw the 81nhons. ”he inhalent
51phon is senarated from the ventra] mantle chamber by a sheet

of tlssue perforated by a round va1ve (v) near the centre.

: The mantle 13 ex08381vely tnln - T‘esembllnD fine tissue paper
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_@n consistency -~ which is characteristic of the Septibranchs.
genbrﬂllJ the mantle lobes are bounded by thickened ridges which
;are.unlued in the vosterior half of the mantle cavity, the
:ﬁjpoint of attachment being indicated in the Ffigure by the letter p.
Projecting in the middle line throuzh the anterior half of the
1 geptum is the foot (£) which is Jonz and narrow and nossesses &
pyssus groove on’ its nosterior surface (see text-fisg.b6,b) assoe-
‘tigted with a g2land in the body of the foot. The foot is cavable
of great extension and is withdrawn by tlie action of two retraector
muscles whieh are attached to the mid dorsal region of the shell,
an snterior retractor (ar) immedi 1y nosterior to the larsze
anterior adductor muscle of the shell (as) and a posterior retrect-
' or {pr) above the anterior vart of the posterior adductor of the
shell (pa). Of the sdductor muscles the anterior is the larger
gnd lies in the extreme anterior region of the body with its
HAiarelean .
greatest Tesemdwy verticel, while the posterior adductor is situated
dorsal to the anterior region of the exhalent siphon, is more
' h Crosc S ec/_*:fo-t_/
| oval)endishorizontally extended.

Anterior to the foot and projecting ventrally from-the
under surface of the septum are the labial palps. These con~
sist of an anterior (ap) and a nosterior (pp) naif, the latter
being slightly the lafger. The anterior nalys are attached for
the greater part of their surface to the nosteriorventral surface
of the anterior adductéor muscle, and form a veill round the ant-

erior side of the mouth (m); +the posterior pair are wedge-shaped

and free, they extend posteriorly on either side of the foote



‘The palps are not ridsged as in the other Lamellibranchs and this,
;aﬂd especislly their smsll size, has aroused comment from most
@ohservers, DALL {1666b) originally stating that they were com-
jgpletely absent,ﬂhis material, foomwe=, was in bad condition.
“*oiIn loter work (1888) he refers to the palps of the Cuspidariidae

a8 obsolete, and in a‘ﬁfther paper (1889b) states that the palps

"l gre absent in Myonera paucistriata ( & member of the Cuspidariidae).
PELSENEER (1888b, 1891) states that the posterior palvns of

Cusnidaria curta and C. frazilissima are absent. GROBBIEN noted

the small size of the palns in Cuspidsaris cuspidata, and PLATE

gtated that palps are absent in C. obesa , my own observabions
‘I on this species, however, have shown that, though the posterior

palps are reduced to mere ciliated tracts, as described by

PLATE, +the anterior palps, though greatly reduced, are present.

| In Uyoners dubia, PELSENEER (1911) states that the posterior

palps project very little, but that in Cuspidaria (Pseudneaera)

thaumasia they are large and extend for a considerable distance.
I have found both pairs of palps comparatively well developed

in Cuspidaria rostrats and C. cuspidata (see text-fig.6), but

in both they caﬁﬁ%cted considerably after fixation -~ probably
owing to their posses3ion of relatively powerful‘muscles -

and it is not impnossible that they may be present in species
in which they have been recorded as absent. That they retein

some importance in feeding will be shown in a leter section.

Septum. = The septum consists of an extremely thick muscular

partition which divides the mentle cavity into two chambers, in
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‘“Ithe uoper of which lies the visceral mass. it is sluns long-
' is

| : .
itudinelly across the mantle cavity mﬁattac}led at either end

A by & pair of stout muscles to the dorsal region of the shell.

| The anterior sepkal muscles (as) are attached to %he shell im-
E:mediatey posterior to the anterior adductor and on either side
Ioa‘_' the anterior retractor muscle of the foot, and the posterior
 pair (ps) s].ig?;\liu,r enterior to the posterior adductor. These
mugcles are called septal retractors by PTILSHIT‘EF’ but both DALL
_f ond GROBBEN nrefer to call them simply septal muscles and, in
lvﬁ.ew of the peculiar functioning of the septum which will be

| deseribed subgecuently, I vrefer the latter nsme, The septum
1 (. poshata SD

'fifs_‘ﬁéi"fora‘beﬁ by four pairs of norehwhich are symetricslly

- [ . - fal b . . - :
arranged on either side of the middle 1ine in the anterior two

Ethirds of the exposed septal surface. The most anterior pair

| are slightly posterior to the mouth, and the hindermost pair

8 little distance behind the Base of the foot. They lie nearer

o to the base of the foot than to the mantle, as is shown in
text-fig., 2. Egeh congists of a narrow slit-like opening

laterally extended and bounded by low livs. They provide the

sole means of communication between the ventral and dorsal chamb-
ers of the mantle cavity (or infra- and supra-septal cavities

as they will hereafter be called).

The arrangement of the muscles in the septum has beeu
deseribed by DALL (1889b) and in more detail by GROBBIAN ,and will
(Insert text-fig. 2.)

most easily be described by reference to text-fig. 2 which shows
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the arrangement of the septal museles as seen from the dorsal
gspect after the sepbtun has been dissected out., At the attach-

ment of the septum to the mantle on the outer, and to the sides

| of the foot on the inner, side, the tissues are thin snd some-

what membraneous,but the body of the septum consists of thick

muscular strands, In the oGter regions these ruan longitudinally,

i pundles of fibres from the anterior septal muscle (as) passing

packwards and meeting bundles from the posterior septal muscle (ps).

Smaller bundles of longitudinally dirested fibres (i) separate
from the anterior septal muscles, pass downwards and then poster-
iorly along the side of the foot on the inner side of the pores,

£ Ce

finally crossing ow snother posterior to the foot and hecoming

. merged into the general mass of the septum. These fibres have

o gseparate insertion nearer to the middle line than the main

snterior septal muscle in Cuspidaria cu._‘nidat;a.,a.s descrived by

GROBBEN, and slso in GWmodesta, C. convexa, C. (Myonera) dubia
and in two other unidentifiel species f:{:'t:rm“th'e“Sibogé,” co-llwections
(PELSENBER (1911)). Besides the longitudinally directed fibres,
there are others which pass diagonelly across the septum from

P

the main longitudinal bundles, and the sonfwhat thinner region

=6

1wk

between the pores is largely composed of such muscles which

have their origin in the anterior sephal mugcle, while poster-
ior to the foot similar muscles nass across the centre of the
septum and meet discgonally directed fibres from the posterior
septal muscles, The two sets of muscles from sach side unite
and, together with the fibres ofsesm the inmer longitudinal bandsg

Tfrom the anterior septal muscle, form a thick myscular sheet
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" leomposed of closely interwoven fibres, as shown in text-fig, 2.

opening (0) is left between the posterior septal muscles

‘Emereby the supra-septal cavity is-conrnected with the exhalent

' ngphon 3

The septum is also conuected wbth the shell by means

lof numerous thin muscular sirands which extend dorsally through
e
?the tissue of the mantle and are attached to the shell near the

\ Eid—dor.sal lines These lateral septal muscles (text-fig.1l, 1s)

lare arrenged in two pairs in Cusgpidaria rostrata, a smaller
axl

i.-gnterior pair (text-fig.,2, sl) =nd a larger posterior pair (pl).

! P w ; 5 s . s
Mhe 'same condition is Found in Cuspideria mitis, C. stricbir-

bstris, C. corrugata and a further uunamed species from the

FSibog; ¢ollections (PELSENEER (1911)). In C, cuspidata, howewer,

: S
_Ft_he lateral septal nnkéles are continuous (see figures 1 and 2

in GROBBEN) and also in C, modesta (PELSENEER (1911)). 1In

Eother species different conditions are found, there may be oue

[ L
If_p.a'i-r of lateral muscles as In an unnamed species Trom the Siboga,
I:

four pairs as in C. fragilissima, or none as in C. (Myoners)

————

ldubia (PELSENEER (1911)). The fine .isolated bundles forming

these muscles extend down through the mantle until they reach

—————

ithe septum when they are continued transversely across its dorsal

isurface, and cen be disbtinguised in sections as & thin layer
t_-in'r::m-efl-i.-:a.-‘cely‘ ‘beneath the epithelium, As will be shown later,

rﬁhe"ir structure is distinct from that of the main septal muscles.

- =~
) .L _ Although the majority of the known species of the Cusp~

i iidariida;_e possess, like C. rogtrate, four pairs of septal pores

L=
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oo
Chials

or

o species), C. cuspidata

w1}

{see PELSINEER (1911) For detail

‘wmﬁgm, C. convexa and C. arctics var gleeislis all -

have five pairs. If reference be made to text-fiz. 6 which

“represents C. cuspidata as seen from the ventral aspect with

the mantle lobes drawm apart, the five pairs of pores will be
geen, The size of the palps, which were drawm from life, is

hlso clearly shown in the same figure,

~Alimentary system, - Referf#ing egain to text-fig., 1, the moutbi

-%(m) lies in the middle line between the two pairs of palps and
7548 a laterally extended opfening of relatively large size, as
:’_1_3 best seen in text-Tig. ©. It leads into a short oesophagus
I(0) with folded walls which extends almost direetly dorsally to
“ jbopen into the stomach (st), This latter organ is, for a Lemelli-
i {-‘nra:nch, of unusual size and shape, It is long and cylindrical,
%ex‘a_ending almost from end to end of the visceral mass in g loung-
%itudinal direction.,. ts walls are thrown into a series of

i 73
‘prominent folds (see figure(?)}, the entire inner surface being

meovered with a thick cuticular lining. Surrounding it on all
A2
L md A4 G : ld 1 x -M
‘sides except the extreme dorsal surface are the brmﬁmlsh)‘tub—
caules of the digestive diverticula (so-called liver or hepato-
 pancreas), the whole sonsisting of somewhat asymetrical halves
- 1ying on sither side of the stomach into which each opens by a
_ ‘
separate duet.(df. Both of these open into the ventral region
__r..\of the stomach,near the anterior end, the one on the right (aTl)
I
A 5 . & i N 3 '
| being ‘smaller and slightly anterior to the one on the left (A'7)

‘vwhich opens ofra line with the beginning of the mid-gut,
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Both the style-sac (ss) and the mid-gut (g) open into

i tthe stomach near its anterior end and e 1little to the right of

Ithe nid-ventral line, the mid-gut being the more anterior of the
W0 The style~sac is a short oval cavity and contains a small
cy}_inﬁrical style as indicated by the broken line in text-fig.l.

ne style removed from a living svecimen of Cuspidaria cuspidats

i

Jwas only 1.9 mm long end .74 mm broad, and projected but slightly
Ento the lumen of the stomach, The lumina of the style-sac

= and the mid-gut e;re separated by & well-develoned fold but remain
iconuec’r.eﬂ by a nerrow longitudinal slit,. The mid-gut is bhoth
ie_short and straisht; after extending venitrally as far as the

I.:“'-base of the style-sac, it is then directed vposteriorly lying
'_réameng the .tubules of the digestive diverticuls.,. Posterior to
;‘1':}13 Staﬁla.ch'? it turns abruptly upwards and leaves The viseeral

=

mags in the region below the umbo. It becomes merged here
i

linto the rectum () which at the beginning of its course traverses

rﬁ-:the heart (h) and later passes between the nosterior septal muscles,

over the posterior adductor anf then turns downward to dpen at
|the anus (a) into the base of the exhalent sivhon.

.-"|

B., POROMYA.,

0 li_,Literature.' - The anatomy of Poromya granulats and P, tornsta

+aWas first deseribed snd figured by PELSENEER (1888b) who later
--;;:-L-(1891) gave a-more detsiled account of the former species, In

il 1911 the same author described eight species of Poromya from the
([ u . - .
4| Piboga collections, DALL (1886a, 1889a, 1669b) has described

I
|
i
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ne shell and external anatomy of the body in & number of svectes
7 the Poromyidae.  RIDIOOD (1903) has orovided =n account of
he structure of the septum and the branchisl sieves in Poromya

orezonensis.

A latersl view of Poromya granulata is repre-

ented in text-fig. 3. The shell (sh) has no vposterior siphonal

brol-ongation as in the Cuspidariidae, the posterior margin bveing

(Insert text-fig.3)

%ubtﬂmca'be and slightly gening. The siphons are short - almost

_aassﬂe - and the inhalent opening is nuch larger than the exhal-

?n‘c (see text-fig.4, i & e), both beinz surrounded by a common

d
gging of long, slichtly bapering tenta c]eo (‘I'ef“r Pigs.5 & # /z)
sonsisting of en unpaired dorsal ‘tentac{'/: seven pairs of
L - - -
hbentaeles rounﬁ. the lateral and ventral sides of the inhalent
i F

'iphbn.. THe ovening of the inhalent siphon into the infra-

'-_ep_ta,l cavity (V) is gusrded by a large muscular valve (v).

The _su;éa.ce; of the mantle is excessively thin as in the Cuspid-

ariidae, the ventral margins (me) slone are thick and are free

ifron one enother for the entire length of the body from the

enterior sdductor (aa) to the siphons. The foot () is long

|_and thin and possesses a byssus groove on the posterdor surface

",_'_(see text=Ffig.7, b). It has two retractor muscles, an enterier

© (ar) and & posterior retractor (pr) vhich are attached to the

80ell in the . same relative positions as in Cuspidaris rostrata.

j'f'jhe valps are broader end larger than those of the Cuspidariidae,

12 fact.which has been noted by all observers, the anterior vair
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ap) being especially long and, ualike the anterior palps of
ne Cuspideriidae, being free from the anterior adductor (see
150 text-fig.7).  The posterior pair (pp) are wnited to one
lgnother in the middle line and 4o not extend back oun either

side of the foot as in Cuspidaria. The degree to which the

Fouth (m) is guarded and obseured by the palps is seen best in

text-fige T which was drawnm from life, The adductor muscles

:-[aa& pa) oceupy the same rewlative positions as in Cuspidaria
rostrate but are smaller, and the posterior adductor is round
;,nd not oval in cross section. The visceral mass occupiles the
bulk of the supra-septal cavity (D), the dorsally situated overy
*_fov-) and the more vosterior and ventral testis (te) being both
._,-."?Fell..ﬁeveiope;é_ (1ike all the SBptibranchs, Poromys 18 hermaph-
"_rodite). Lying shove the oesophagus (o) are the cerebral

; }-gan‘glia (eg).

“iSeptumn, - The sepbum in Poromya is a much smaller and more

“Fdelicate organ than in the Cuspidariidae. It is attached %o
22k the mantle on-its outer sides, the right side being attached
glong the line marked sm in text-fig. 5. The two sides are

“funited posterior to the foot but are closely apposed,and not

wited,to the base of the foot along the line marked s. The
| septal muscles are very much smaller then those of the Cusp-
'.I ideriidae and consist of two pairs, one anterior (as) and the

other posterior (ps),which are attached to the shell a little
distence posterior +to the snterior esswetotr ond irmediately

posterior to the visceral mass respectively. The muscles run

;
|
|
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4nrough the tissue of the mantle before becoming attached %o tie

"“Wghells o :There is no indication of lateral septal muscles but,

Bas-willobe discussed later, there is evidence that the septal

“fmseles in Poromya may corresnond to the latersl sental muscles,

. '*‘aﬂﬁ not to the septal muscles, of the Cuspidariidae,

There are no pores like those in the septum of the

k

Lcuspidariidae; instead there are a pair of anterior, and a pair

of posterior, branchial sieves (ab, pb) which probably renresent

lyestiges of the Lemellibranch gill, HEach of these, in the

¥ supra-septal cavities, for the edge of the septum, though not

lwords of RIDEWCOD (p, 272), "has the form of a shallow couvex

hisigve, with the convexity directed dowmward and outward into

fthe pallisl cavity, and is attached all round its edge to the
tbranchial septum by & thickened Dborder"™, The anterior pair

__fere.on a level with the anterior border of the foot and each

possesses five filaments, the posterior pair are situasted

opposite the hind end of the foot md have each six Ffilaments.

irs
: Ba;ﬁare much nearer ?éuhe foot than/the mantle and lie somewhat

[ obliquely, The slit-like openings betwsen the filaments repre-

-

“igsent the sole means of communication between the infra- snd the

L

<

l_l-
<l

attached %o the gside of the foot, is too closel¥ applied %o
' to permit the pas': age of water . Thongh all 'movm species of

‘-:he.POromyidae possess Ikmsw two palrs of branchial sieves,

i

these vary in size and in the number of filaments in different

'?Svecies. PELSENEEZR (1911) has tabulated the different eonditions

¥
I o

*Wﬂﬁ 131 the eight species collected by the Siboga and has showm
: o

i

L

e .
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Bot the number of filaments in the anterior lhranchial sieve

T,.‘-'y yary in number between five and eight, and in the nosterior

"I58, petween five and eleven,

The conditions in the Cetoconchidese, according to PIL-
;-“ (1’-368‘::) and RIDEWOOD, approximate more closely to
_um't in the Poromyidae than in fthe Cuspidariidae, the septum
‘leing thin end possessing three paired sets of openings con-

sting, in Cetoconcha sarsi (see RIDEWOOD fig. 60), of an anterior

“iferies of five pores, a secound series of five pores, and a post-
“pior of threes In eross section, as shown by RIBEWOOD, the
Touwndaries between the pores apnear as shortened gill filaments
in the Poromyidae. Both fthe wvalve guarding the entrance to
‘e infra-septal cavity and the palps of the Cetoconchhdae are
“lerge and reSemble those of the Poromyidae and PELSENEER (1211),
god reason, regards the Cetoconchidae, though somewhat
-:'_f?_termediats betweenn the Poromyidae and the Cuspidariidse, as
ch more nearly related to the former family, concluding (p. 70)
s né’cessite/ d'une famille Cetoconchidae n'est nullement

7
¥ /
‘éemon‘sre e,

linentary System - The widely-open mouth (m) leads into e short

i broad oesophagus (o) which is directed antero-dorsally, turru';g
osteriorly to open into the large cylindriecal stomach (st).

18 is not quite so long nor so regularly cylindrical as the

) -tﬂm&ﬁh of the Cuspidariidae but resembles the{:.-sﬂs in the possession

' e thick cuticuler lining. It is surrounded, except in the

Posterior Tegion by the brownish tubules of the digestive diverticula

e

1}
"
£




() which extend further forwerds than in Cuspideria snd open

e ducts near the anterior end of the stonach,

finere is an even smaller style-sa {ss) than in Cuspidaris snd
4he contained style does not project far into the lumen of tiwe
: tcﬁ_&ch- The sac 1s in communication oa"its anterior side with
i -i“ﬁhe mid-gut (g) by mesns of a fine longitudinal slit. The
i';iﬁ.é@t is short; after passing beneath the style-sac, it

i

';exf;_ends posteriorly to the end of the visceral mass and then

it ) ’ ) 4‘,.-/_' ":A
ldisgonally upwards merging into the narrower rectum (r) =edews

Y passes over the posterior adductor to open at the anus (a)
r P o€

The clesred

lspecimen of Poromys granulata from which text-fig. 3 was drawm

(ii)., HISTOLOGY.

! : A. CUSPIDARIA.

s

‘lUantle and Foot. - The thin mantle is baunded on both surfaces

1y a delicate pavement epithelium, as described in debail by
2 :GROBBM.,:_. - The thickened ventral edgzes possess on either side
~—pot epithelium of high, narrow cells, those on %the outer and

 ventral surfaces being concerned, presumably, With the formation

: wiof the shell, . The epithelium on the inner side is the only

region of the mantle which is ciliated while there are present

: t 2Rl Ty

i_




_eneath the eplithelium for the anterior two thirds of
:arge goblet—ghaﬂed micus glands, These glands, w
rﬂlY mth mucnaem atein, oeeur in such numbers as to form a

ath the enitheliunm. ‘I‘he},r discherge their con-

ents by way of marrow extensions which pass between the cells

%7 the epithelium.,  GROBBEN has described them in C. cuspid

and PIATE in C. obesa, in my own sections I have found them in

2

“Brasa two Species and 2lso in C. rostrats The elliated
these i

regions extend posteriorly to the region of the valve at the

i -
nosterlor enﬁ of the mentle cavity.

Wl 5

g i / The surface of the foot is thrown into a series of fine

ridges which are bounded by a columnar epithelium which, except

._.:ear the base of the foot, is ciliated, mueus glands occuring
11 the tissue beneath, The interior of the foot is composed
\ ~

of plain musie fibres passing in all directions amongst which
ramify the extensions of the byssus gland, the ciliated duct

of yhich opens on the vnosterior surface of the foot near the base.

BRIl -~ ’. o .
Pepium, - GROBBEN is the only worker who has described the

fine histqlogy of the septum in detail though his findings

have Deen confirmed to some mxtent by PLATE, As shown inffig.l,
[both dorsal and ventral surfaces are covered with a low pavement
o (LIS \(d.g,.'\s—v:e)

. jePl’Gheliuzn/ especially thin on the former, no cilias can be dis-

‘I:-'t'f{liguished in sections (though their presence on the dorsal sur-

_:E"f'ace was noted in Iivihg C. rostrate and C. cuspidata) only a fine
border Cutibm nuclei are infrequent and irresularly distributed.

Mha 3 .
the interior of the septum is composed of a mass of interwoven

Fy-v- =

i
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o]

.'uscle fibres which, as already noted aud figured by GRODBEN
]

/s

¢, cuspidata and o firmed by PLATE in C. obesa, have & char-

Loteristic and unique structure, As shewn in fig. 5, they

eptun of O rostrata, are about 15/~wi&e and less than 2/11,

ik, After s('ls;%ininr; teazed out fibres with iron haemetoxylin,
ross striations /c'u be seenr ag darix baunds scmewnal narrower
than the intervening lighter powriions a,nc“;- about 1.5/0:3.“9&1%.
”,'e fibres are of great length and nultinucleate, the nuclei, as
i n.s ing
shorn in fig. 3 oceuring at intervals aﬁﬁsituated in the centre
of the fibres. They are long snd narrow - sbout 11 /b}_cOllf_; and

-
__/L_wide - and eppear to lie in & lightly steining strip/ in the
] "_eptre of the fibre, this area extending down the middle of
‘f'}le.._fibre for some distance beyond the extremities of the nuclei.
~ “fme fibres are usually wavey and their linear appearance in
“loross section is shown in fig. 1 (the cross siriations do not
'-"-‘Qpear in this section which was steined with D&lafield's
Fioenatoxylin and eosin), and in longitudinal section, wita the
in figs 2, There is an almost complete

tissue strands, but there are many wand-

ot functioning of the septum, vparticulars of which will be

e e e



o
L)

The lateral muscle fibresg which run across the dorsal
urface of the gsentum immedistely beneath fthe eni
_st- of pléin muscle,; roundish in cross section and are show

in fig. 1. The striated muscle fibres are not present in

, _--__enarrow membraneous strips which comnect the septum to the
‘Bantle and to the foot, only a-litéle unsgtrived muscle - probably
e g2 derived from the lateral septal muscles & being found bet

feen the epithelia in these areas. The septal pores are best
tudied in cross section (i.e. in longitudinal sections of the
_ptum];’- They have been described by PELSENEER (1691) in C.

"",osi'.-rata but not in any histological detail, GROBBEN studied the

found similar conditions in C, obesa, RIDEWOOD'S material was
koo badly preserved for him to determine the structure of the
'_6'1-'jes;-‘ In my own sections, I have found essentially similar

: oniltlons in all three species examined. The conditions in
rostra’ca will be '1103310651 in detail, figs. 1 and 2 respectively
pepresenting longitudinal and horizontal sections through the
’eljti_un of this species in the neighbourhood of pores. Near

' e pores the epithelium is raised, becoming colunnar wifh

‘el defined cells containing regularly arranged and prominent
“lucleiy o A8 already noted by PELSENEER (1691) and GROSBIN, the
-fltlel' or dorsal region of the vores is drawn oubt into the form
Pt a valve (v) with raised, dorsally directed lips, the whole.
Fe*, being sunk considersbly below the dorsal surface of the

[5eobun (a8 shown clearly in fig. 1) in both i rostrata and 8.

L P S ——



ool ﬁ_e"nt ified in both transverse and horizontal

(23)

;sﬁawa,in C. obesa, however, the valve is

b sk with the surface of the septum, The 1

. two regions on their inner, opnosed surfac

ninent eilia, at least as long as the cell

b

fnthe extreme dorsal regiomn (de) as shown in

gimtthmu%@per, ciliated region, and below
oond set of cilie (ve), which extend as far
ppening of the pores. These eciliz are much
+ fn the dorsal region and are difficult to see

'l rostrato. They are more easily distingui

"{ﬁﬁkfﬂmBBEﬁ has noted and figured them in C

uifsﬂﬂr&ﬂ.extremity lies on a Tevel with

relatively larger
the upper surface
vee of the pores is
ores are ciliated
ese There are

s that bear them,

Beneath this there is an unciliated area, rather greater in

as the veq&al
shorter than those
, esnecially in
shed in C, obess,

-

. cuspidata.

.:aun& the pores, and particularly in the wal

vular region,

-

-":-well developed sphineter of plain muscle fibres is present

--r.-_e?leath the epithelium (figs. & 2, sp), and

ffibres being quite distinet from those of the

o fBd resembl ing those of the lateral muscles.

s [Bhis sphincter has not hitherto been deseri

can easily be
gections, the
gental musculatulte

The presence of

hed but is of some

short distmance

round eithel_'- edge of the palp. There are none of the promineant



P T

- Bliges and furrows present on the wmore compex valps of the
2l ial Lemellibranchs (see YONGE (1926b) which contains refer-
- fnces 10 previous liveraturel. The outer surface (oe) bears

Brdefined cell boundaries and few nuclei, There is a com-
* Blete absence of muecus glands in both epithelia. Within the
p thére is 2 considerable develovment of plain muscle (m,)

_'~-;'in'g both Iransversely an? longitudinelly, *he latter being

most consnicuous

=
U

ulest shovm in longitudinel sections, and bein

H

.,;f. the base and extending towards the tivn of the palp under

“Both epithelia. There are also cornective tissue strands snd

= 7

fouth and Oesophagus. = The wide meuth is lined whth a eiliated

e] -

Bpithelinm resembling that of the palps of which it forms a con-

bimation, It is surrounded by a moderately thick layer of

o

bircilar muscle fibres. The oesophagus, as shown in fig. b5,

gorughly“circular’ in,cross section, with its walls, especially

e Scdes
on the anterior and posterio:c;,, much folded longitudinally, many

of the ridgey heing of considerable

fone distance into the lumen. The columnar epithelium which

i3]

nd profecting for

lines the lumen is ciliated for the most part, eilia, however,
e 10t present on the lateral walls in the distal region of

fHe oesophagus, as indicated in fig. 5, the epithelium th
emg bounded sol by the thin border cuticle whien is also

Mresent on the ciliated cells. Surrounding the oesophagus



--':thmughoutﬁvery wealtly Geveloped. “here are also, here and
"‘1"9' msele strands (xm) which rediate out from the interior
BTG,y R

B tne ridges and pass through the circular muscle layer,

asraii
e

boach, - Longitudingl and frensverse sections of the stomacns

P 0, rostrata and C, cuspidata resnectively are shown in figs,

ond 7, The epithelium consists of extemely Jmmmy naorrow
~ Hiswhich vary greatly in length so as to form g series of
i, longitudinal ridees (?I,J:;) 3 Fuelei are small and wander-~
fig,phegocytic cells are only very rarely found in the epithels

The gells are filled with fine yellowish brown granules,

[t

ok

rfi'ygciall&f'ill the upper regions. There are no cilia in the I

1ifKmach, At the junetion with the oesophagus a thick JLamellat-
“fationlar layer is formed by the stomach epithelium end this
'ﬂgﬁglll‘_’ginued over the entire surface of the stomach as shown

“Bitig, 6 (cu)., The presence of this cubicle has been noted

b7 both PELSENEER (1891) and GLOBBRN, and it appesrs to be
ateristic of the Septibranchs and 4o represent, very probadbly,
B eftension over the whole strface of the shomach of the Emaller
"Z?Istrj_c:.'i,_' o, - . i s . e

. shield (fleche tricuspide) which is found in all Fili-
et and Bulamgllibranchs where it iz situated on the wall of
“Ope Stomach directly opmosite to the opening of the style-sac,

P *tTes o provide a firm surface agoinst which the head of

e crystalline style can bear as it revolves (see NELSON(1916)).



- [ e formed of T

%

.;"_" te stoma.ch 18

fel

Byer of girculaxr

5 previously noted

A

htiole; 15718 certainly not seecreted in
_,i_c_uspiﬁaria also there is
econposed
o175 and there ig no evidence of secretion.

oo fine )
_fere)irensverse ST

Probably, theref

P musclis

The presence
fie stomach in Cuspidaria is
‘Mssues provide furiher imvoriant

'-"th‘e_ Septibranchs and those of

rietions embtending

sresTT fAcC fa daTa ~ N
(YONGE (1926b)), the r~ostric shisld annenrs
saeme maverisl ag the ecilis or the border

ususl

maniier.

thet the epitheliunm

ne evideaace

of anytling but modified

ciliated
As in Ostres,
througn the cutiele about
whichh nave certainly the

ore, Ttae

e Septibranchs is merely anm extension of the gastric shield
the ofher Lamellibromehs,
Surprounding the epithelium there is & well-develoned

fibres (am),
enitheli um ,esp

of these muscles, and the fact that

.

practical free from the su 1’1‘00;1(1{:-:;

A
o<

distinetions between the stomach
the other Lamelllbranchs,.

The ovnening of and smell-

duct of the digestive diver

by cal Lamellibrenech
(1912)) or Ostres (YONGE

icula in C, cuspidata.is shown in

2

crL &

_—

tilus (LIST (1902)), Anodonta

(1926D)),

such as My

execeptionally short

B i
1 ; ride approximating most nearly to the conditions found in

e Yrelinidae (SIGERFOOS (1908), POTTS (1923), YONGE (1926a))
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g%

qhere, on account of the elongated shape of the snimals, the

digestive diverticula are spread out in a thin sheet round tne

L3

- Byentral shPface of the stomach and their ducts, as a result, are

dort and wide., In the Cuspidariidee, as in the other Lam-

Jlibranchs, the duets are Eined by atciliated epitheliun; &

peither phagoeytes nor mucus glands arc, ===, t0 be seen

in this epitheliume The diverticula (%) themselves are
noteble for their widely open lumina and the extent Lo which,
¢specially in the regions nearest the ducts, they unite with
'one another to form a more compact structure than the separate
geini charscteristic of the majority of the Lamellibranchs,

'ﬁ-ﬁﬁ endg more to the condition Ffound in some of ©the more highly

Jorganized Gastronods, such as Doris, where the digestive "gland"

pssesses a learge central chember into which secoundary cavities
open on all sSides. In sirueture,the cells of the tubules of

the digestive diverticula do not vary essenticlly from the con-~
iitions found in the other Lamellibranchs (for full details and
literature on this subject see YONGE (1926a)). One type of

tell only is »resent, groups of large, vacuolated cells which

frequehtly contain inclusions of verious sizes sud uwsually of

8 brown or yellowish celour, being separated from one anoiier

‘oy-_crypts of smaller, lesg vacuolated and darkly staining, cells,
(fig.‘TB,o,c, &-ep) but the latier, as previously shown (1926a),

represent nests of young cells destined to replsce the older

cells which in time are-destroyed and cast into the lumen.
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shere ig no evidence of secretion by any of these cells, The

melel are of the chalacteristvic shave, namely large, round snd

7ith a prominen® nucleolus, and are most numerdus in the crypits

of young cells, o evidence of the »nresence of ciia was found
Riither in fresh materdal or in sections)nor any sign of a border
‘faticles It is not impossible, however, that, as in other
lamellibranchs, long retractile cilia may be borne ou these

06118 in the livinz condition (see POTTS and YONGE (1926a)).
jromd the tubules there is a thin bounding membrame but uo
Imsele such as surrounds the ducts (see Ffigs T)e The area
«lhetween the tubules is conspicuous for the almost compete abs-
-'Jlap*euee of connective tissue strands, there are oceasional muscle
_ﬁbres and a certain number of wendering cells, This is wvery
Viifferent from the conditions found in the majority of the other

=ilamellibrenchs where the digestive diverticuls are embedded in

“fa. firm matrix of connective tissue.

Style-sac., - The lonsitudinal section throusgh the stomach

of 0, rostrata represented in fig. b, shows the position and

rlative size of the style-soc.(sgs) with its contained style &s).
The opening of the mid-gut anterior to it is only just indicated

in the section (@g) and, owing to the S-shaped form of tlie sep-

arating ridge ), there is the emne"*?.me in longitudinal section
ng d-g % ? - _t/('.;‘,‘

of three cavities; +he narrow cavitys shown on the left of the
in reality - .
style-sac in Fig, © ix) & portion of the connecting slit between

e style~sac and the sutb. The extreme basal region of the

style-sac, as showm by horizomtal sectionsg, is senarate from the




oWbe cuticular lining on the opposite wall of %

(29)

“

‘d—gﬂt- The style-sac ig lined with an epi‘slle]_iwn of large,
“fpical cells (eg) with well-defined cell boundaries and large
yound. nuclel which occupy thie centre of the cells, The latter
-_-_:-covered 2 dense and very even coating of sironsg, bristle-

ke cilia, on the edges ol Gthils epithelium yihere 1t passes

®

“ilgto the typhlosoles which separate the lumina of the Btyle-sac
i the HMid=-gut, there are groups of tall, narrow cells. Tr
fevery particular, the;ii‘ore, the structure of the style~sac

lin Cuspidaria resembles that of the other Lamellibranchs which

los been described in detail by NELSOH (1915), EDMONDSON (1920 )
ol YONGE (1923, 1926b) and other authors therkin quoted.,  The

‘fepithelium of the separating ridge is ciliated and resembles that

ko the mid~-gut,

o

The style itself is of the usual gtructure but is
etcepbionally short, t ddes not protrude far into the stomach,

I
g3 i3 shown clearly in fig. 6, and clearly camnot act against

f the stomach in

e same way that the style in the typieal Lamellibranchs acts
fiainst the gastric shield. The probable reasons for this
Aull be discussed later, it may be mentioned herey however, that
there is strong evidence that the style in the Septibranchs is

1largely a vestigial orgam.

]

pld-gut and Rectum. - For a short distance after its sen-

aration from the style-sac, the mid-gut possesses a prominent
typilosole (fig. 8, ty) which repre;ﬁs the continuation of

the ridge separating it from the style-sac. The snithelium
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“Papsists of tall cylindrical cells with long cilia and ovael,

; ""asall'}’ situated, nuclei. Illere and there are groups of nar-

(yc) .
oy, darkly staining, and nrogbably young, cells;/ Around the ;
F ’ A
" - L - L L3 {'"'k') ma -
Rpithelivm is & Shin cireular muscle layens There is a com=

. 3

“fete absence of mucus glands in the epithelium and phagoeyiic 5
“Egiering cells ore gimmm exbeemely rare. The typhlosole

foes not extend very far nosteriorly and, for the greater part |
it its course, the mid-gut is a thin-walled, oval tube. In

%

fie region of the heary, as indicated in

lo]

ext~fig. 1, it nmerges
futo the rectum and the junetion bétween the two is showm in

3 bounded by a

|

Kizs 9. The mid-gut is here nmuch wider and
i G I
fiin, ciliated epithelium which contains o%asional nuecus glands '
’-m&), The circular muscle layer is extremely thin in tiuis region.

C
emid-gut As united on its dorsal side to the rectum ()

bhich has = characteristic structure, It is bounded by tall,
narrow cells Dearing long cilia and interspersed with many
s glands (mg)e . It is surrounded by a comparatively thick |
__i_zi'raular muscle layer. After separating off from the mid-gut,

_Ricontinues as a straight tube, circular in cross section

il with & narrow lumen.

Ta

It is worthy of note that, with the exception of the

feculiar mode of union between the mid-gut =nd rectum, and the

jehsence of phagsocytes Ffrom the epithelium, both mid-gut and rectum

luspidaria have essentaally the same structure as in the
_ fo%ther Tamel1ihranchs (e.g, Anodonta (GUTHEIL (1912)), Mya or

.| Usirea (YONGE (1923, 1926b)). |_

ol
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The structure of the gut in the three species o

Hy

mugpidaria examined is, in all essential details, identical.

Be POROMYA.

With the exception of the septum, the structure of

ihe feeding and alimentary organs in Poromys sranulastba is

1ittle different from that found in Cuspidaria. The mantle
is thin and in structure resembles that of Cuspidaria, the
thickened ventrsl margins are bounded on their imner sufaces
by & columnay epithelium which is ciliated but contains few
meous glands beneath it. The surface of the foot 1s covered
yith & ciliated epithelium except in the basal area, The

septum, & portion of which is shown in longitudinal section

in fige 10, i8 bounded on either side by well-defined epithel:s

(o.e, ¥ e.)

of cubical ellsﬁ neither of which show the presence of cilia
in sections but nossess a border cuticle H==——c). The sentum

ig mueh thirmer than in Cuspidaris and the musculature is much

Lo 1

slighter, The fibres run mainly longitudinally and are unstriped
and roundish in cross section, in no part of the sentum is there

any indiegtion of the presence of the striped musele =0 char-

acteristic of the septum of the Cuspidariidae.. As noted by

RIDEWOOD in P. malespinae, the septum is thicker and more mus-

cular in the region behind the posterior branchial sieve.

The structure of the branchisl sieves in Poromys

malés’pinae and P, oreconensis has been described by RIDEWOQD,

and that of P, granulsta in less detail by PELSENE=ZR (1891).

iR

1
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| transverse section throuzh ome of the posterior branchial
sieves 1s shown in fig, 10, The filaments show essentially
Lthe same sStructure as the gill filaments of the other Lamelli-
wanchs,  Thiclk rods of "ehitin" (ch) are present beneath the
pithelium on the sides of the filsments, the interior of which
ig filled with strands of "chitin" and also other connective
(k)

L tiesue,anrl wandering cells/are present both here and 9 in
the meshes of the somewhat vacuolated "chitinous" sunporting
rnds, In the dorsal region of the filaments (i.e. the morph-
logically interlamellar resion) there are thick bands of
lngitudinal muscle (Im). There is no evidence of any inter-

Milamenter junctions in Poromya granulata, nor were they found

: N 3 g '7[;“7‘} T A 1 s
by RIDEWOOD in P. oregonens:.s,‘--t.als author noted their oresence

i1 P, melespninae as did PELSENEER (18881b) in P. tornata.

laterally the filaments are bounded by tall epithelial cells

fitich carry long cilia (1,c) which correspond to the laterasl cilis

of the tynical filament. No frontel cilia can be distinguished

L2, granulgta, RIDEWOOD found them in P, malespinae butb not

B, oregonensisg, but small latero-frontal wilia may be present.

If g0 they are guite different from the larse straining latero-
ifrontals found in the typical filament. Thz reasons Tor this

mdification of the ciliation of the filaments comvnosing the

Jtranchial sieve will be discussed lster.

A Jongitudinal section through the labisl palps, mouth,

Oesophagus snd stomach of P, granulata is shown in Fig. 11, As

Will:be observed, they do not differ essentt@lly from those of
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m

mspidaria. The comparatively larse pmelns (an & pn) are cil-
ipted on their inner surfaces only and contain numerous muscle

grands, the mouth (m) is large and leads into a wide, ciliated

fesophagus (9.3 which is surrounded by a thick layer of nmuscle
:(-m')-, The stomach (st) is larze and its ridged walls are
Yuvered with a high, colwmar epithelium which contains nun-

seferous fine, yellowish, refractile inclusions, A thiek cutic-

fiez layer (ew) 1lines all regions of the stomach, which it

Isurrounrled by a thick 1a:y‘er of mrcalmar—_cs.j The

ftyle~sac is small and contains a small rounded style which

liogs not projeect far into the stomach; the r;zj.\%"f;ut is connected
frith the style-sac in the same manner, and has the same structure
fiiroughout, as in Cusnidaria, being ciliated, round in cross
:sect.ion in the region of the stomach and becoming oval before

- Hipasses into the rectum. The rectum is narrow, ciliated and

-fonfains many mucus glands,

(i), MODE OF LIFE,

Both Cuspidaria and Poromya live in nmud into which

they burrow. This nrocess was followed in the laboratory by

Macing freshly causht animsls in vessels containing sea water

deneath which was o layer of mud. All three species of Cusp~

lﬂarig_,_,and Poromys granulata behaved in essentially the same manner,

| 3 Drevhous observations appear to have been made on living

aict ceck ﬁéﬁemymm Sreenbon Kin yf Cfliirad
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whits and feeding mechanisms of the Lamellibranchia.

Burrowing is nperforned largely by mes of the £«

dich can be protruded from between the shell valves as a

=

wige which, when fully extended, is about the same length

L S

the shorter axis of the shell. It can be divested either

Shettrally or anteriorly. The burrowing of C., obesa was c¢

ally followed at Trondhjer, APter being vlaced on its =
m e layer of mud about ome inch thick, the snimal worked
wy dovawards until the anterior half of the body region (

s apart from the siphonal extension) of the shell was bur

it the same time the siphons with their surrounding tentac

sviolent contraction of the shell valves was observed, a

oy

mutraction which wasg apparently connected with movements
e entire animal whereby it was rotated slightly and at ©
sme time pushed deeper into the mud., This movement was

tveys accompanied by 2 sudden ejection of water through ©

b

ithalent siphon - a necessary ssfesuard i

hurrowed dis gonally dovnwards and with considerable rapidid

Taised 0 an almost vertical position and was then lowered

the aimgl at the same time sinking deeper into the mud.

ro‘uahl.?' represent an extension Lo our knowledge comcerning

| geptidranchs so that the obszervations recoried in this section

the

06
thin

a8

are-
ide
168
1e€o
ied.

les

(011 tinged red in life) were protruded. About once a minute

of

he

he

the septum is nowb

fo be seve%y strained or perhsps rupbured. The animals usually

(i

& ] - o - b -~ - - -
though in a series of jerks with avpreciable intervals between

them, At each movement +the nosterior end of the snimal was

again,
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sipally 1t buirowed so deeply that the end of the siphonal

(e =

stension of the shell was flush with the surface of the mud

pve which only the siphons projected, and, had not the DIreT-
s movements of the animal been followed, it would have been
i7ficult to distinguish these, The animals did not usually

remaln long in this position, but moved about on the surface of
\and pitted~
tie mud which soon became cnamelleul a8 a result of their

gvements- and burrowings, However deeply the animals bur-

gred the siphons were never covered, Similar habits were
E

piserved in the czse of C. cuspidate at Kristineberg.

Poromys protrudes its sivhons and their surrounding

intacles more readily then does Cuspidaria. As alreesdy noted
and ,
fite:latter are very long mmmuiimi vwhen extended, they lie bacik-

wrdly directed over the posterior region of the shell covering
Spsme quarter of its surface, they may, nowever, erect themselves
fo that they stend out at right engles to the surface. They
giere-6ften observed in movement, When placed on mnd Poromya
grrows into it in much the seme monner zs C. C. obess, using

fits long, extensile foo%k. Water appears to be foreced out of

" fthe shell snteriorly, a proceedure vhich may assist burrowing

5

88 the animal was observed in this menner +o forece away mud from
i front of its shell, During burrowing, the animal was

bserved 4o erect 1itself ﬁor‘”'erlo't' end upwards in the mud and

ihen ‘aurn slowly round, sinking inte the mud as it 4id so,

ok

fm&ll? resuming a horizontal position: It then »roceeded to

move

ﬁl'Oilg and downwards in the channal it hed made, A1l the



Lrnents, as in Cuspidaria, were sudden with aporeciaple inter-

-1 T T o P o

ks between Them, As a result of this process, first the

“hyterior end and finmally the entire shell becomes buried bsneath
mud. Graduelly the animal asgsumes a vertical position,
'_r:.oi' end dowawards,with only %the siphons exposed which lie
tbish with the surface of the mud, the two siphonal openings
(Insert text-fig.4)

'T-’::."s-'f-qﬂinting directly upwards (text-fig.4, i,& e) and the tentacles

t) lying flat on the surfsce oFf the mud ss shova in texit-fig. 4.

(1i), FUNCTION OF THER SIPTUM.

The movements of the sephum were very carefully fol-

"'-Fo'we& with a view to determining the true function of this

‘breen which has been & matter of dispute.

-

In the Septibranchs, unlike the other TLamellibranchs,

lere is no continuous current of water passing in through the

ielent, snd out by way of the exhalent, siphon, even when
ef ? B b

it5e are fully extbtended and obviousgly funchioning. Instead
1 s
i flerelan occasgional widening of the opening of the inhalent

fihon followed by & sudden inbake of water while at the same
tine the exhalent siphon opens bto its fullest extent, water

Lo g

Jleing expelled through the ovening with considerable force, a

% 8 =1 I3 - - -
et which cam be Fforeibly demomstrated by introdueing a suspens-

ln 0f carmine grains into the water around the exhalent siphon.

| ‘m'el_fha,-lent sivhédn in the septibrenchs has an excepuionally
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ak o L

Tigorow opening, the 1lipa of which are normelly dravm together -
Riecessary precaution in view of the danger of small particles
htering the siphon in the absence of a steady outilowing current,
o ichalent and exhalent movements take place perfectly reg-

"By in animals which are functioning normally with siphons

by extended. In Cu...;'l') daria obesa they were observed to

—

bie place about six times per minute, and in @. cuspidals some

Hrae times & minute,

By carefully removing the shell valves from the two
ager species of Cuspidaria, these sudden movements were Tfound
ho te cavsed by the movements of the sepbum, the sction of whicn

ii 10t appear Lo be interfered with when the shell was removed.

fatery to what has hitherto been assumed from an examination

tits enatony, the septum when at rest, l.e. between the per-
plic movements, does not lie stretched to its Tullest extent
trally. On the contary, it is drawn up @dorsally to the
fimm degree, as shown in temt-fiz. 5 A. During rest the
(Insert text-fig.)h)

0tes are open and the cilia with which they are lined beatb
lerds 80 9.'3 to camse a small,but perceptible,current unwards
Fron the infre~ into the supra-sental cavity, as indicated by
e arrows in fhe disgram. With the pores still onen, %the
Jentum is lowered to its fulles’t extent when the pores are shub
-ﬁghtly;presuma‘:J]-y by means of the snhincter of plain muscle,
i o

Thig condition is indicated diagramatically in text-fig.5B.

&’he'.?alve whigh guards the entrance to the infra-septal cavity
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Ty

obabLy prevents water from be=ing expelled by way of the inhal-
Rt giphon during the downward movement of the septum, while

e opening of the exhalent sivhon remains shut so that water

- ot be drawn through in the wrone direction. As a result,
..:efore, of the dovmward movement of the septum, water is

Bensfered from the infra-septel cavity by way of the openings

Ly

furided by the nores into the supra-septal cavitye. The

botin. then drawat sherply upwards in. the direction indicated
lrthe arrows in text-Tfig. 5B with the pores still tighily shut,=-—
beipressure 0f the water ageing

eventing them from being forced ownen - watil it regains its

.qu, g8 indicated in tehu*fig. 5C. Tinslly the nores reonen
i the slow f£low of water throuzh them is renewed. Iixactls;

B B
i

10 seme proceedilre was obsf

] The movements of the septum are invariably accompanied
i extensl 011
1 of the siphons as already deseribed, this taking

glice during the upward movement of the sentum. The result of
e septal movements is clearly 4o draw water and food matier

\&Ghe po /ejy

throuy, & 'L,

"y
[t

to the infra-septal cavity, the water beins later passe
Plovly when the sepbum is at rest but quickly and in great guani-
iiies during its downward movements, and being expelled through
Hleexhal ent siphony Thus, whatever the origin of the sevtunm,

S fwetion fis analogous with wssd==f the Tamellibranch gill,

k: __broductug

Sen—d) MEnmaiedm o current of water through the mantle cavity

ol g draw%in food. But, owing to the more powerful, thousgh
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Beinot - and does not

Bied in suspension
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Bl animals wihich ==
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dlibrenchs, but includes comvaratively larsze particles

G
sucked in unawares

e

id not funection after

tter observation. T

in

o

Ox

ial sieves were

inwa zas, lize those

P
L Fa

0 cause
tal cavity.
by the oon%;ction of

the Ffilaments. T™e

o
g

the she

‘x.'ﬂﬂ

wli s

importance in view

observed

surrounding

current of water

Aisplayed by

roduced by the septum, the food dreawn in
- consist solely of fine particles
y the water as in the lisry feeding

In Poromya the action of the sevtum does not appear
)le S0 regulal. Ocecasionally - not at perfectly regular inter-
) .ﬂﬁdm not more thasn once a minute o gudden shary expulsion
liwter was observed from the exhalent siphon, so powerful,
ieed, that if carmine grains were nlaced in the water they were
'idmﬁy to a distance of about four or five centimetres.
fortunately, probably owinz to the weakness of its musculature,

gll valves

3

proved impossible,

rm

[ e o B v £ i
Wl Y

Dol

wne dif-

of
two

R B
Lokip,

in Tthe 1livi

tiie nores

L, o Wty |
LI0OM TG

e

The onenings of the sieve
the longitudinsl

septum of Poromya is

that of



ulgiieria; in strueture it is too delicate while the branch-
not adaprted to svend “he same nressure of weter

§i sieves are

i of its existence.

'iilwesivle with the limitefl mate

ful - are needed to
fidaria is actually relaxed,
Bul misele would undoubtedly
AL C S ) gis
pihing only is elear, that

).
Cu

By sudden movements -

E&t a conglusion as to

Physiological experiments

stete o

‘fitrenchs, in the adductors of Pecten and Hhe

the funcition of

Fs fairly closely with my observations

stimulation they straighten out
g appears a more probable explan~
in a state of tonus for the greater

in what state the septum of

winile the physiology of the

i ] aar 4 ot T4 - e el 1 -
enay furtller 1OVestiZgtlon,

Bdevelopment of striped musele in ftwo other grouns of Lam-

-
s e
LEC e

From morphologicel comsiderations, PELSINEER (1691)

e
WL Gl

[

the sentunm

on the living animal,

i Stefes (p, 225) "Cette cloison, avec ses orifices, entretient

-
LS80 " . - .. 7 .
SWenent wne potive circulation d'eau sur la naroi interieure
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——

tean (dorsalenent au septum, comse chez Poromye): le

ol €0 € contractant, ferme ses orifices et chasse 1lTeau

; N -
1 siphon anal; lorsqu'elle se relache,le siphon anal

.t;erme': les orifices du septum sTouvrent et 1'eam entre dans
qnbre SUDTE septale, la valwule du siphon branchiel pouvant

i hher qu'elle sorte par ce dernier”,

o Fe }%'

/
GROBBEN = ‘,ﬁree@'"’ltu the above statement con-

brine that so muscular an orgsh as the septum could 10T be

bemed with respiration but would be of great imvortance
1L

danging the water in the mantle cavity,as it is clearly

fted for powerful movements, while in view of tTihe cross

bistion of the muscle he thought it probable that very strong
bioctions could be asccomplished., He goes on to state (p. 13)
M, "Doch mBehte ich glauben , dass nur von Zeit zu Zeit ein

th avsgiebiger, durch Gontractiog&es Septums bewirkter
hiervechsel stattfindet, dass im Uebrigen, wenn sich das

’ _Ql‘iin Ruhe befindet, Jie wenngleich geringe Verbreitung von
foern an den Spaltem, sowie im lantel und am Fuss fiir einen

3 T

Mzsanen Vasserwechsel sich &ls ausreichend erweist, nderseits
de/n

P aber die geringe Ausdehnung von Wimperepithelien q\? e

i

utelhthle beg renzenden FlHchen wieder auf einen zeitwellig

L o " " o - - s> foas -
Wimendigen susgiepigeren Wasserwechsels durch Contraction des
itms hinweisen™, In view of his lack of observations on

Ry . ; - . :
g anima] s this statment is remarkably accurate.

PLATE did not think it probable that the movements

"¢ sevtun could be intermittent with so ‘eﬁo'rm}aly developed

e A o e
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histologicaﬂ-w so highly differentiated, a musculature.
iought, MOTEOTVEL, that the cilia on the pores did not serve
1055 gater throush but merely acted as o sieving avvaratus
ating the passase of food narticles into the upner cavity.

R opinions have not stood the test of exrerimental verification.

DALL had s very different oninion as to the funcivion
e sephume He considered (1889b, p.443) that the septa

qﬂ_es, "if not honologous with, at least perform the funetions

',t}.ze giphonal retractors of ordinary Pelycopods, and in forms

e Doromys. mectroides, where the usual retractore are present,

siphonal septum is destitute of musculature or possesses it
I fyto an inferior degree¥, Later (p.445), refering to tae
tal pores in~Cuspidaria, he stated, "I sunpose thal they

“Be to admit fresh water to the upper chamber, which I believe
Breutilized in some, if not 2ll, instances as a marsupium.

iis probable that, by suitable muscular contractions, the

pam will operate somewhat like the washer of a pump-valve,

B that the upper chamber can be filled or emvptied of its con-

fined water at wille.o... I do not resard it (the sentum) as
Py vay homologous with the normal ctenidia™. He supnorts
- Betheory that the supra-septal ceviity is s marsupium where the

ef

Jtevclop (as quite possibly - thoush quite incidentally -
btey do, for the eggs are large and yolky and the developing
o will not require food for some time after hatching) by
tating that in youwng specvimens of various species of Cuspidarie

o fRthtonya the septal pores or sieves are partislly or comnletely
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ol only ppening completely when %the animals attain sexual
§ ALE

it It is clear, however, that if they were comnletely

. R enimals could neither feed nor respire since a through

Rt of weber colld not be mainteined. There appears to
o ustification for DALL'S views as to the function of the

b, his views with regard td its origin will be discussed

RIDEWOOD malkes no comment on the function of the septum.

E {iii). THE INTAKE OF TOOD,

In the Cuspidariidae, particles or small animals are

g in through the inhalent siphon as a result of the water

-t caused by the sudden upward movement of the septum.

g fowr club-ghaped tentaéles which surround the inhalent siphon
Jfrerhaps assist in this, for they are freely movable and

4l invards, in a claw-like fashion, arocund the opening, of the
@ion beyond which they extend; but this was never experiment-
lproved,  Food pesses throusgh the valve leadinz into the
fia-septal cavity, as indieated by the large arrow in text-fig.
(Insert text-fig,6)

jand, a5 the snimals 2lways lie with the anterior end downwards,
il then fall ddm towerds the mouth region, There are no

- #llia to guide it the;gligs‘: are present on the gills of the

- Jiltery feeding Lamellibranchs.

The palps probably serve to push tihe Tood into the
4y & _
pouth [th°u£h this was never experimentally demonstrated as it

Ty . . .
1t Boromys ) , Though they are small, especislly the posterior
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i iich are absent in C. obesa, freguent movements were

" ki1-developed musculature. In the mejority of the Lam-

Joipranchs, the two palrs of palns are closely anplied to

b, snother S0 that the mouth is obscured, but in Cus»i
. 3 L) = mgy = . =

ki large mouth is Fully exposed and)extenfq considerably

ko 7000 is swallowedy and ®s passed into the muscular oesophasus.

The eilia on the inner sur
o) w ) = ] _ . )
1g\%beat in the directions indicated by the arrows in text-Iig.

There is an outer Jlateral erea on which the cilia beat

g1 ]
2
2]
o

13
4]
H
]
=
&
s
bt
e
=
44}
H
o
L]
37
i

L1

fprds the tip of the palp, the eilie

rface beating across it and cerrying paticles into this

== L . &
jardly-directed stream, On the anterior palps (ap), the
Hlia on the inner surfaces beat towards the tips of the npalnps.

£

wer

#e cilia on the basal regzion of the palps, verheps bet
[seribed as the lips of the mouth, beat inwards as do those
(ihin the mouth and lining the ocesophagus. As a result of the

figiion of the cilia on the palvs, small marticles are cerried

By

I f00t beat posteriorly and particles are carried %o the

ilder end where they appear to be dravm throush the posterior
Birof pores, As we have seen, there is = complete absehce
dilia on the majority of the surface of the mentle, only bthe

AR
]

Ultkened margingl ridges (me) possessing them., The

w0

e gilisa



i~

. _tpos.,erlorlJ and cerry fine particeles to the hind end of

e rentle cavity in the region beneath the valve, This
Koy current corresponds to the "untere MekstrBmung™ orig-
Ay described by STENTA (1903) and which has been shovm to

present invariably in the ventral region of the mantle in

" bamelllbl‘anch (see especially KELIOGGE (1915))., This
s kent is always concerned with the cleansing of the mantle

pr . 3

ity and the rejection of useless particles and it is note-

bty that it is the only ciliary current in the mantle cavity
! the Septibranchs which clearly corresponds o a2 current Tfound
hihe other Lamellibranchs,. Particles are massed
i the posterior end of the mantle cavity as the result of its
fiion and, as in other siphonate Lamellibranchs, are probably
. '."'s];osed of by sudden contractions of the shell valves which

fiee out water and suspended matter throuzh the inhslent siphon.

Such cilia as are vnresent in the infra-septal cavity,
M the mentle edges, on the foot, on the nalps and round the
jifiss, are therefore all concerned, not with feeding,but with
e removal of fine particles from the mantle cavity. This
Jeansing is obviousgly of great imvortance o animels which
fire in mud and are consequently in —conste'ﬁ: danger of being

: 'll.ﬂgged with fine particles. Feeding is the result, exclusively,

In the supra~sepntal wavity there are, on the surface
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5
1
1

5 the vigeeral mass, cilia which beat posteriorly and cerry
L ticles towards the exhalent sivhon. In living svpecimens
1 mepidaria rogtrate and C, cuspidata, moreover, a sparse

I"iation was observed on the dorsal surface of the septum

El

“Rer on the ventral surface), as a result of the ac
“fi particles were carried backward

[

b e mantle surfeace. All eilig in the supra-septal cavity,
ﬁFgre, serve to carry away particles and slso, no doubt,

kst the eilia of the septal pores in mainteining a slight
ralation through the mantle cavity when the septum is at

In Poromya., as shown in text-fig.7, conditions sre

(Insert text~fig.7)

opentially the same. Owing to the faet thet the inhalent

o (see text-fig.4) has a wider opening, larger particles

pirem in than in Cuspidarie. When the animgl is sunk in
o

pmud and the siphons are funetioning, the inhalent siphon is

1

st sessile and its dorso-ventrally compressed aperture is
mally shut owing to the closing tozether of the rounded

"_iljs. The exhalent siphon is much smaller, is round and

trudes slightly as a roundish papilla,, about 1 mm in diameter,
;'eees of the gonad of Pecten about a nillemetre across were

| AI et on the inhalent siphon of a living Poromys. AL first

ey vere refused and pushed away by the surrounding tentacles,

g on 8 g .
b0l the second attempt they were drawn in slowly through the

tohona] opening, being seized by the lips end slowly passed into

s 3
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b mfra-septal cavitye A Tew monents later the inhalent
ahon. opened. to its fullest extent and no sign of the food
i1 _

i1l be seen. A piece of coagulated blood, some 2 to-3 mm

gnd 1 mm wide, from Iyxine was later fed to the same

It was observed that food was taken into the inhalent
Moion by & series of movenfffss clearly related to the contract-

ms of the septum, or, if the food was not too large, by one

iien inrush. Both siphons were opened to thedlr fullest extent,

L

ere was a sudden ejection of water throush the exhalent siphon
'siwwing thet the sepbtum had contracted) and at the same tinme
dier wag #xmwm into the inhalent sivhon, After & series of
hese movements the larger food masses were finelly talken com-
“opetely into the mantle cavity. Durins the process of food
fifeke, the lips of the inhalent siphonsl ovening were fully

“ gneanded and raised to = height of some two or three mille-

fires, i.e. above the exhalent ziphon.

-

If too much Ffood was btaken in, then the surplus was

uently ejected - ag a result of sudden contractions of the

el valves - but only if the food was still, at any rate nari-

lly, in the inhalent sivhon and had not passed the valve

_ Wding into the infra-septal cavity.

As in the Cuspidariidae, the food falls down towards

e nouth, There it is at once pushed into ths mouth by the

08 vt eh are both larger and more active then those of Cuspidaria.



o placing pieces oi the gonad of

hWESiﬂmédiately eurled inward,

a

Pecten upon them, both pairs

s indicated by fthe arrows

-ﬁﬂ#fu%q, and” quickly nushed the food into the large mouth

L opened wide To receive and swaellow it.

£
[V

" J the sligh

b palps in Poromyaa

There is thus

est doubt concerning the muscular function of

The only cilia whose presence could be identified
tiie branchial sieves.

the living animal were those on

Estions show the prosence of eilia on the palps,en the menile

biir action too feecble to be easily

gmine upon them, The observations

w5 and on the foot but these are evidently +too small and

identified by placing

s, moreover, had to be

\Bie on one specimen only and without the aid of a bimocular

o5
[

" Reroscope, In view of Tthe similar

o

i the structure of the

‘®1be 1ittle reason to doubt that
‘-'Poromya, servée the same function =

facly o clear the mantle R cavity

{iv).

ity in
feeding organs in

"
I

PASSAGE OF FOOD THR

1.1

the feeding habits

g5

b
L

=
ke

s those of Cuspidaria,

of small narticles.

YT -

GH T

QU 132 GUT,

Food is carried throush th

e peristaltic movemfgflts of its thi

onya, food was occasionally rejec

In the stomach the food isg

e oesophagus largely by
ck muscular layer. In

d through the mouth

broken up into small

1e two genera, there

1e c¢ilia in the mantle cavity
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ents. 2 The B'IJO’-'QE.CI" hi_.l’l -i 1e Be—r: ulnjnm(}h% lg a8 or usflj__l -

grd a8 168 structure (see figs.b & 7) plainly indicates,

, poverful muscilature serves to contract its wells violently

b the ridges with their thick cuticke come
ki up the large food masses which 1lie bhetween them, It often
et di-ffi’bﬁlt"to section the stomach of both Poromya and

pideria owing 4o the mags of chitinous fragments an? some-

G |
LIlE ) .
bisand grains which filled ¥&e) lumen., Occasionally, as

fpinstext-fig.3, whole Crudtaces were found in the stomach.

ck

'_grusheft up fragments must elther be pusged in
__;_ated ducts of the digesgtive diverticula (Fiz. T
[ opening of the mid~gut, It is necessary that particles
food#alue .should be passed into the former opening

I_ ._in the digestive cliver_ticula alone can they be digested,

the useless frogments of chitin,smmX sand and the like

-l need to be pacsecl into the mid-gub, In the sbtomach of
fciliary feeding Lamellibranchs there fis o highly efficient

,_.zi;ing mechanism which disnoses of the food particites, the

el

kller ones passing into the ducts of the digestive diverticula
flovards the gastric shield, shd the larger ones beins con-

Wied straight into the mid-gut (see NELSON (1918), YONGE

@

g r i SR B | T T, = -
1723, 192611)_. In the stomech of the Sepbibranchs there is no

mecham.sm and it is not easy to see how such a separation

| a
Wes place and exactly how food is separﬁeﬂ. from faecal matter.
g lth111 ’Gﬁe tu.bu.leu of the digestive diverticula it is quite poss-

i : ' . . .
hle ’ﬁhat as in n‘;ther Lamellibranchs, a circulation is meintained
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e e gotion of long, retractile eilia which cannot be distingmish-
s fixation and may be withdrawn when fresh materpfill is press-

- kot wmder & coverslip for examination, The pre\%ce of these

- Jiig 15 rendered the more probable owing to the lack of a

. kmiar network round the tubules such as iz Pféund in the

lnstacen (see YONGE (1924) for details and literature) and

- lves, by its alternate contractions and relaxations, to prod-

wo oiroulation through the tubules of the "hepatopancreas”.

Material will be passed through the short mid-gut

' biofly by eiliary action, for there is very little musele and

i1ia are abundent (see fige, 8); the same is probably true for
lls rootum, though the more powerful encireling museles in this

on mey aid in defaecation, Both of these regions of the

a
nt, therefore, posseshsimﬂ.ir func$ion, as well as a similar

meture, to that found in the other Lamellibranchs, The
floces are diseharged into the pesterior region of the supra-

_5; THE NATURE OF THE FOOD,

Alone amongst the Lamellibranchia, the Septibranchis
| emivorous, PELSENEER (1891) originally came %o this
3 Wiclusion, stating (p;219) that, "Poromya est carnivore; la
| lgor de 1%ouverture :pall‘ale anté’ri.eure, la largeur de la
Wuhe ot qe 1l'cesophage, et la brievete de 1'intestin s‘accordent

L
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08 4y e 00 regine."  Later (po224) he writes, "Cuspidarias est franche-
.i!!H! re; Dans 1'estomae de C, rostrate, j'ai trouve

'Il,.,nt uwn @nimal dfaspeect déje un peu defigure, mais ocule et
ttenent de spicules, C'est 1\3, aveo E_Q_m une except-

. ngutsleo Les mouvements du septum musculaire aident pro-
fiment & attirer la proie morte dans le manteau (qui est assez
[iit), ot 1a largeur de 1'oesophsge en facilite 1'ingestion,

PLATE found the remains of Copejlods and Anmelids in

1 stomech of C,obesa, but continues by stating, "glaube aber
Jit, dess die Cuspidarien sieh hinsichtlich der Ernfhrung

» phfinivie von den #brigen Muscheln, dfe kurz als Planktonfresser
i jpeicmet werden k¥nnen, unterseheiden.” Neither the extent
rtanfATE'S investigations (seetions through a single speeimen of
ssoufobesa) nor his kmowledge of the feeding of the Cuspidariidae,
Lot of suffieient signifieance for muech weight to be attached

Jcofithe above statement.

PELSENEER (1911) in his account of the Cetoconchs
llenia) in the ”Sibogs;,' collections =~ the only complete specimens
tis rare genus as yet exsmined - states (p.79) that the

mch sontains "des de/'briu de Cmtaeo{!", adding that Ceto-
ke i thus, l1ike the other Septibranchs, a cernivore.

sosn! My own investigations bear out fully PELSENEER'S

el ["lionsy - The stomach contents of two living specimens of

&
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were
b i!ﬂm}ﬁlozamined at Kristigneberg, One consisted of a

tsosen (probebly, in the opimion of Dr. M. V. Lebour, en
gtage of a parastic Copepod) in almost perfeet eondition,
)m long end with a carapace 1 mm wide, and also of the
imylte shell of an Ostraced | mm long and 0.36 mm breads The

Wiute the stomach contents of the eiliary feeding Lamelli-~

|tmach contents of Pesten opercularis and Ostrea edulis respect-
_ ivelyle.

The menner in which the sand g‘raj_ns were embedded
il the food indieated the power of the gizzard and also suggests

lsinilar suggestion has been made in the case of the eiliary
|iniing Tamellibranehs which teke in gand grains, but the

tost eomplete absehee of musele in the gut, and the high dev-
. iloment of the eiliary sorting mechanism in the stomach, of
i fose animals provide conslusive evidence sgainst this theory,
3 th velding together of the food and the send grains may be
bl

.| "ptel by the substance of the style (for there are mo mueus

fluds in the oesophegus or stomeeh) - indeed, in view of the
st total absence of finely divided or starehy foods, this
S s to be the only funetion which the style cen have,

'Y
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%% In Poromya also, as shown in text-fig.3, Crustacea

saoggmw*lm‘ whole into the stomach., In seétions of both Poromya
i the three species of Cuspidaris, the stomach was frequently

To what extent the Septibranchs depend on living or

{inl prey must remain uneertain, PELSENEER, as quoted above,
Inests that the latter form the prineipal food, and, in view

i the sluggish habits of the Septibranchs, this is quibe

i.rss'i‘ulo. An setive animal could doubtless easily esecape

lim, especially since the Septibranchs have no means of activelys
oii fuizing their prey, unless they chanced to swim too near to
2 #fle aperture of the inhalent siphon and so were drawm in by
tgs it sudden and unexpeeted current, For the most part, keowews=s
st can imegine the Septibranchs moving about slowly through the
#goafid and ﬁzking in the small dead or dying animals whieh they
omqolt Hrf’aepor watérs they will not have the opportunity,

azafd lﬂneither there nor in shallower waters the m, %o

yw of “H!,( e diatoms, peridiniens and other fine phytoplankton
ol Witisms which form the food of the great majority of the Lam-
il m"m@!;

panlt

a9(1!
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6, ASSIMITATION,

A number of feeding experiments were carried out,
mm of, Gas;:i.kdacfé: bewlaaed in wa.te:.;o oonﬁaﬁi:ing,
'.nsien, iron aaaoharata) lndian ink or the’plood corpusecles
':mrious fish, Poromya was fed direectly with pieces of
wagulated blood of Myxine end with pieeea of the gonad
hneten, a seéond speeimen being placed in a suspension

hiron saecharate in sea water, After suitable periods the

nls were fixed in appropriate ways,

After feeding C, obess with iron saecharate and

'_tlng in the usual menner (for details see YONGE (1926a))

._ur periods of 6, 9 and 12 hours and ome day, and subseguent

ptioning, iren was found t0: be presend in the mantle eavity

ire 1t was attached to all the eiliated areas, especially

foot and the margins of the mantle - i.e. ¢learly im pro-

#s of being removed from the mantle cavity, It was also

] sent in the lumen of the stomeeh, the mid-gut and the reetum,

_'t it was never found in the epithelial eells of these regions.

gbsorbed solely by the eells lining the tubules of the

liintive divertieula, in the mamner shown in £ig.12 whieh

Mresents the condition foumd subsequent to feeding for six hours.

gt W {ron sa;eh:::ge is taken into large vacuoles (L) within the

1l Wiy and never)in a diffuse or finely granular condition.
*’"“!'17 the same state of affairs was found in Fueula, Mya,

s (YONGE (1926a)) and in Ostrea (YONGE (1926b)) and, as
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puinfed out in the former paper, there is reason to suppose
.t this meghod of ingestion in large vacuoles is an indieation
i t1s presence of intracellular digestion. Iron saceharate

| psorbed in a diffuse or finely granujar condition in animals

ynantle edgesy; on the foot, on the palps and passing through
Ui hranchial sieves into the supra-septal eavitys (_.svidenoe that
"Wio oilia serve the same funetion as those in Cuspidaria).

fims also found free in the lumen of the stomach and of the

Specimens of C, obess whieh had been placed in a

ension bt Indian ink and later fixed in Bouin, showed,in

sorftte fownd in the stomaeh l¥ing against the eutiele, but none
ot offtthe digestive diverticula.

aitu]
\ood

fons!

Previous feeding experiments using the blood corpuscles
J“ﬁ!h (YONGE (1926a, 1926b)) have shown that these are taken in
fuely vy Lamellibranehs and are ingested. With the exception
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i obyreio, however, im-all the Lamellibranshs studied they were
il gted by the phagoeytes whieh abound in the epithelium, the
qmding tissue end the lumen, of the gut; especially were

l 0 ingested in the stomaeh, the duets of the digestive
fyrtionla and the mid-gut, They were seized while still inm
ik ymen by these phagoeytes whieh ingested them and then

ol them through the epithelium and into the connective

s, Within the phagosytes theygkre slowly digested.  Only
Jthe case of Teredo where, a8 we have seen, the ducta of the
In_eutiu diverticula are exeeptionally short and wide, did

Iy vlood eorpuseles succeed in passing into the tubules of the
lpstive divertieula where they are ingested by the cells,

In the Septibrenchs, the histologieal examination

inaled the almos® complete a‘-g;nee“er these wandering phag-

niiec cells and the fate of the/Blood corpuseles with whieh they
1 fed was, therefore, of the greatest interest, Speeimens

'_' thesa removed and fixed inm Bc\fu—:ﬁ::eln hours of sueh feed-

. [ showed the presenece, after sectioning and staining with

il the cells of the tubules of the digestive diverticula and
._,Elﬂno other region, The same conditions were found in C,
tirate after similar treatment. In both of these experiments

1o bood of eod was used,

(1o Fig. 13 shows the appearence in cross section of a
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Loy tubule from the digestive diverticula of a C, euspidata

.-.mes stai(.nir)lg a bright red while the eytoplasm eolours
o5
f the nuelel\are blue except for the prominent nuecleols

{nstain reds Great numbers of the blood eorpuscles are

, - Although some of the ingested eorpuseles lay against

Ilasement mambrane (bm) of the tubules, in none of the seet-

44 vas there any evidence of their being carried away by

: phagoeytic eells, as was observed in Teredo (YONGE (1926a)).
s this oceurs later in digestion but laeck of material and

Jhﬂcer of the animals dying if they were left for too long
on it

{irinents from being undertaken.

Mol after feeding, prevented any mere prolonged feeding

{ off

Blood corpusecles were found in small numbers in the

W of RiPrerent regions of the gut, but never ingested in
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Similar results were obtained _fm Poromya, blood corp-
1ea from the blood of Myxine being ingested exclusively in
hmoaf.‘afftthe digestive divertieula. In this case, more-
g r gvallowed blood corpuseles were obtained from the stomach
& llzmu.'s after feeding as a result of antiperistaltie regurg-
iali"n' from the stomach, They were examined and found to
mismaged = showing the lack of proteases and lipases in

ith, stomaeh - and were in no ease being ingested by phegoeytes

“lyres Lound to oeeur in the stomaeh lumen of Ostrea edulis

liree hours after the beginning of feeding (YONGE (1926b)).
TR 'ere were no phageeytes in the regurgitased fiuid,

It will be observed that, while matter in colloidal

* Wiion, sueh as iron Saccharate, or in coagulated mas

ses,
o5 blood, is ¢ thin th ioledl
1 88 b pciw . 4 f@ua.kgl wi *n?“t e alimenfary canal, the finely duwn
“Roles of‘\liuan 1n§4

though they are drawn into the mantie

iy by the aetion of the septum, are almost entirely removed

it by the cleansing eilig and very little enters the gut,

"Bémparatively large particles, like blood éorpuscres;—EBre—
Wi\lisaﬁted..the latter being, presumably, digested intraeellularly.

pfithe eiliary feeding Lamellibranehs this loealization of the
boif;; ﬁﬂﬂl‘ptire sur:ra’ee is eompensated for by the presence of the
srinMgooytes in the lumen amd epithelium of all regioms of the

| M hut this is not the case in the Septibranchs,

" The reasons why sueh comparatively large partieles as
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Similar results were obtained in Poromys&, blood corp-
iy yles from the blood of Myxine being inéesteﬂ. exelusively in

v emm.atfof?:‘ahe digestive divertieula. In this case, more-
", swallowed blood corpusecles were obtained from the stomach

el nours after feeding as a result of antiperistaltic regurg-

s

iytions from the stomach, They were examined and found te

‘i mas found to occur in the stomaech lumen of Ostrea edulis

liree hours after the beginning of feeding (YONGE (1926b)).
"' nre were no phageeytes in the regurgitaded fluid.

As a result of these feeding experiments - though it

f of the Septibranehs, as in the other Lamellibranchs, is
vided by the tubules of the digestive divertieula, There

hth soluble matter, such as iron saccharate, is absorbed,

(ah 1t the eiliary feeding Lemellibranehs this loealization of the
o |0rptive surface is compensated for by the presence of the
rino{Mgooytes in the lumen amd epithelium of all regioms of the
M, but this is not the case in the Septibranehs,

=

" The reasons why suech comparatively large partieles as

B
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e Glcenteeela
"l gl eorpusles pass into the digestive)of the Septibranchs

410t into those of the other Lamellibranchs (with the ex-
gtion of Teredo) is elearly due to the absenee of phagoeytes
lithe gut and in the duets of the divertieula whieh could

west them prior to their entrance inte the tubules, amd’to

| exceptionally short and wide duets whieh lead from the
pach into the digestive divebticula.

As is well-known, the tissues of the Lamellibranchs
p normelly exeeptionally rich in glycogen, a faet whieh has
" iy recorded by many investigators (see especially RUSSELL

s reserve food substanee in the metabolism of these animals,
fijrevious work om Ostrea (1926b) attention was drawn to this
it and to the striking degree to whieh the digestive processes
b specialized for dealing with carbohyirate food. In the

2 lptibianeha, however, the food is mot predominently carbo-
Wirate, on the contary it must be la.r?ely protein, and the
Iwoial digestive mechanism for dealing with earbohydrates pro-
fed in the style is mueh reduced, It would therefore appear
:mlable that glyeogen is not stored to any great extent in

_‘ihe Septibranchs, In order to obtain some evidence on this

“ Mnt, one freshly caught speeimen of C, obesa was fixed in
Mnoy*a fluid and seetioms prepared whieh were treated with the
¢ W!hms Iodene Method, No indication of the presence of glycogen
Rt found in any of the sections, Thus we have evidence of an

Uteration in the metabolism of the Septibranchs consequent on

lilr assumption of a carmivorous diet.
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LR
e 7. GENERAL DISCUSSION OF RESULTS,

: This research is particularly interesting in its

. Lvings on the general problems of feeding and digestion in
2y Jemellibranechs., This elass of the Mollusea possesses, on
o%o s gllls and the palps and in the stomach, the most elaborate
doamdi most efficient eiliary feeding mechamism found in the
fire animal kingdem., Associated with this are the many
mli.ﬁ.ritiea. both morphologieal and physiologieal, of the
ki, to which reference was made in the introduetory seetion,
thaz been shoewn, I think eonelusively, in the foregoing
Lot that the Septibranchs are carnivorous and that feeding
shenisms have been evolved for dealing with large food masses.
jare dealing, therefore, with a striking example of the
olution of funetion and the adaptation of feeding mechanisms,
‘ tl alimentary system and of digestive processes all spec-
liized for desling with excessively fine food particles largely
|ls vegetable nature, for dealing with large masses of food

fusisting ehiefly of animal matter,

Iﬁ place of the gills has evolved the muscular septum.

ter through the mantle cavity, being assisted in this by the
'gontil|wtiges of the gill eiliation in the lateral cilia on the
wiysl|ilments of the branchial sieve in Poromya and in the eilia
rot e jnd the pores in Cuspidaria. But it also, by its sudden

el {Wrments draws in large masses of food which the ceontinuous

gl
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¢ glowly moving eurrent created by the gill eilia could never
The large food masses introduced inte the infra-septal

ity in this manner are pushed inte the mouth by the small,
il yory museular, labial palps. The exceptionally highly

o el on to it from the gills, rejecting the larger partieles
*1tifl jassing the smaller omes into the mouth (for details see
SHMymGREN (1905) and YONGE (1923, 1926b) has been lost, the
liremaining cilie being coneerned exclusively with the reject-
iof fine partieles which might impede the working of the gut.
it this eiliation is of importance is shown by the faet that

Yity, on the foot and on the ventral marging of the mantle.
prurvival of these eilia and mo others is elearly correlated
fh the denger whieh both the Septibranchs and the other
“Wllivrenehs face in commen, that of being silted up by fine
fticles of mud or sand. Muecus glands, as universal as cilia
ithe other Lamellibranchs, are confined to the eiliated regions

s aim
 sotaf e Septibranchs,

el The foregut of the Septibranchs is totally unlike that

omllg It Lamellibranehs which feed on fine particles., Although
m"“hugggy} 8 possesses eilia, these are elearly of little import-



fhiek sarrounding musele, so conspieuocusly absent in the

yr Lemellibranchs, The stomach is even more highly spee-
,_ued and aets as a erushing gizzard, for whieh funetion its
I. lped walls, cutieular lining, surrounding museles and freedom
a the surrounding tissues, all combine to f£it it. Clearly
ey different strueture from the complex eiliated organ of
” other Lamellibranehs, whieh is almost devoid of musele and
s to sort out the finely divided foed particles,

The erystalline style in the Septibranchs has no long-

oiid iifmeh, the style ean no longer projeet freely across the stom-
diflsnd bear against the gastrie shield on the opposite wall,
0l0lil§the gomtary it barely prejeets eut of the shert style-sac in
o oif Bk it 18 seereted; it would clearly be worng away by the

& il Mirction of the stomaeh were it to preject sny further,
loficular lining of the stemach probably represents an

u futsion over the entire stomaech of the gastrie shield whieh

s only e smell aree in the stomachs of the other Lamellibzanchs,



The shortness and exeeptional width of the ducts

¢ into the tubules of the digestive divertioula is cor-
'tad, no doubt, m:ith the comparatively large fragments whieh
I1 ve forced into them by the squeezing action of the stomach.
Y ride lumina of the tubules, especially in the neighbour-

iof the duets, are to be attributed to the same cause.

The only regions of the gut which perform essentially
ysame function as in the other Lamellibranchs, the mid-gut

| the reetum, shew no struetural modifiecations.

The absence of the wandering phagoeytes whisch form so

Miover, where the epithelium of the stomach is eevered with
#Milok layer of eutiele, there is clearly no need for these
Moytes, F&f:l\:hermore. the widely open duets of the digestive
».ertieula allow food partieles of the order of magnitude nor-
seized by phagoeytes (e.g. red bloed corpuscles) to enter
Utihles where they are ingested,
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It is a striking faet that the digestive processes,
il from the loss of the phagoeytes, do met appear to have
';,“?__,}3{ ynodified in the Septibranchs., There is ne evidence of
: of ,,|1alora.tion of extracellular enzymes other than those in
8.5.’!".’.q style, and these, on account of the earniverous habit,
%0 ;;..in of very 1little use to the animal, Indeed there is
ise eerrelation, born eut still further by the comditions
il in the Septibranchs, between the degree of develogefint
19 s style and & Pinely divided and largely vegetable food.
548 i!m the Gastropeds the style is best developed in sueh
fuls as Crepidula (MACKINTOSH (1925)) which feed by eil-
o ifjneshanisms (ORTON (1912)) amd is lost in the earmivorous
- sisufiles, to be regained in the Thecosomatous Pteropods whieh,
wab ofieding from carniverous abcestors, hawe taken te a pelagjec
g frnd developed eiliary feeding mechanisms (YONGE (1926e)).

B The tubules of the digestive divertieula resemble

I

© %" Vimoture these of the other Lamellibranchs, which were

iy

(4 £ 11o8 Wlogieal evidence of seeretion, nor did the examination:
Lekig lood eorpuscles whieh had been in the stomach for four

% ot i --%ﬁnf@dieation of the action of digestive enzymes.
upears, therefore, that, though eapable of modifying their

g mechanisms and the strueture of their alimentary eanal,

a3l

© Aokdh
177008 3
Sti‘nranahs have been ineapable of modifying their digestive

'C_’d"iﬂT i "
Russes, The Lamellibranehs have retained the power of

o TR
%8 " Hwliuler digestion to a far greater extent than the other

it o
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L}

o groups of the Mollusca, s=#sef which is clearly correlated
il the Pact that, in the Lemellibranechs alone, are fulfilled

Ebon i tno essential conditions of intracellular digestion, namely

W oximum of ingestiéng surface (provided by the ramifieations

ollagly, tubules of the digestive divertieuwla) and the presentation

0 of lilyig surface of fine particles capable of direct ingestion.

|1atter is ensured by the rigorous sorting action of the

- A by mechanisms on the gills and the palps and in the stomaeh.

d2 edilys Septibranchs, the second of these comditions is absent
‘1 is only by the orude method of breaking up the large

41 in the stomach that small particles can be obtained for

" e Coelenterates, though disestion is largely intracellulsr,

9 i8 izvariably a preliminary breaking down of the prey by

1s of proteases into particles of a size suitable for direet

.. ution, In the Turbellarians (see WESTBLAD (1923), WILLIER,
l1§25)), the gut cells (except in certain of the Rhabdocoels

¢ extragellular digestion probably oceurs) are amoeboid and

.mll out so that they surround the food which is usually
Geesr
auaked in by the museular probosis, In this

.0 offilelized manner is the large prey taken/i nto the eells) im-

-— .

1r$a.nd digested intrasellularly. In tHe Septibranchs,

.f_gsws ﬁfﬂ' ire no modifications other than the erushing aetion of
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' gerved the Lamellibranchs whieh possess highly developed
y feeding mechanisms, It seems probable that they must,
ntracellular
wst, have developed a more powerful)protease in the digest-
. (iverticula than is found, for example, in Ostrea in whieh,
] i probably 21l similar Lamellibranchs, digestion is prim-

y soncerned whth carbohydrates,

8c ot The Septibranchs are a small group and show no signs
8l ililreasing. It seems probablé that this is due te their

Pk ire to develop methods of digestion suitable to a earnivore,

iforming & feeding mechanism and correlated alimentary
and digestive processes, whieh together represent the

10 eifigaling with finely divided food largely of a vegetable nat-
w0i/24 inte mechanisms for dealing with large food masses of

)l origine It is not surprising, therefore, that the re-
70 99 %ihes been largely in the nature of a makeshift.

The question of the origin of the Septibranchs is

u ' the greatest inderest, From the radieally inferior nat-
‘; i their feeding and digestive mechanisms, they cannot have
Ml in the face of keen eompetition., All the evidenee we

yurg o180l g points to their having evelved in deep water, All
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Aoy il mown Septibranchs are marine and inhabit considerable depths,
seoslifytosonchidee, in partieglar, being abyssal enimsls, The
7108 qyeoimens of Cetocomcha (Silenis) sarsi teken by the Challen-
',;u from depths of 1950 and 2650 Pathoms, and the single

+Jess dimen of Poromys (Vertieordia) tornata frem 1850 fathoms,

{iie unless it chanced that feeding mechanisms ceapable of
ine with comparatively large animal prey, either living or

st onfl ,fere evelved., In the case of the Septibranchs this

m ¥
iigestion, As they became more specialized and so more

ob Jeol or food

xirsspfis Of Bolding their own in the keen cem;imwﬁoh

in the shallower seas, they worked their way back

shellower water, It is noteworthy that the mest highly

lilized of the three families of the Septibranchia, the

llsriidee, are found in the shallowest waters, The three
gng of (-3,' cuspidata obtained in the Gullmars Fjord were

a4t 50 Wiven 1n aepthg of about 50 metres slong with other Lamelli-
branchs,

The supposition that the Septibranchs are a compar-
o el |!'1! recent group is born out by the paleontologieal evidence;
Ui mm_m.'s text -book (1913) it is stated that the Cuspid-




MWoml yilipe remge back to the Jurasic and the Poromyacidae émly

1l e Gretaceous;i The smallmess of the group at the present
r

Yy points to the eomparative failure, the probable reasons for

Wy have been outlined above.

The drigin of the septum has been a matter of dispuﬁ.
(1888, 18891, 1894, 1895) maintaining that it is pallial in
fiin or else an anterior prolongation of the septum divilling
mhalent and exhalent siphons, while PELSENEER (1888g, 1889,
§i, 1911) considers it to be branchial. In support of thiés
he states that the nervous supply comes from the branchial
e and not from the siphonal or pallial nerve, and concludes
the septum represents the inner demibranch only, PELSENEER
Ireoeivad the support of GROBBEN whoe regards the anterior

It of the septum, at least, as of branchiasl origin, but

i agrees with DALL sinee he found that the septum of Co

i, was innervated by a nerve leaving the cereliral ganglion

o by side with the viseeral commissure,and not by a branchial
i of the viseceral ner;f; PELSENEER (1911) thinks he is
ffeken in this, mnmoon/iﬁi’raez with DALL that the
fnlerity of the septum is any reaéon against its being of
Iwhial origin, but finds it hard to understand how it
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L T i'.'_’-th DALL; +the septum certainly performs the same funection

‘ikoy yilggllls = a faet whieh DALL failed to realize - and it is
wal dyyienlt to see how it could have evolved except as a directd

g g@ﬂf from the gills.

The validity of the separate order Septibranchis

il by PELSENETLE has been questioned by DALL, GROBBEN and
f '____\'O_D, the last named swmarizing the conflicting evidence
aﬂding (p.183), "The reduetion of the branchial organs is
n}.y very remarkable, but there are greater differences

Mwen the three genera included in the Septibranchias than

As PELSENEER (1911) points out, the taxonomic divisions
;- ?ﬁt&blish are of relaﬁtva value only since continuity is the
fusture, and in his opinion the establisiment of the order
; fillranchia, is justified for they represent, "le stade final

7/ " 4
“longue gvolution dens un sens determine,”
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On the other hand, the vergiifferent structure of the
g in Poromys and Cuspidaria, particularly the development
i striated musculature in the latter, does rather support
jinion of RIDEWOOD thet they may have evelved independently
| that f.he structural resemblences may therefore be due to
pgence, the result of similar habitats and the necessity
iuling with similar food, Like the Teredinidse, the
iranchs appear to be highly specislized animels adapted
I,;nli.sr eonditions, rather then the apex of the evolution
-mLanollibranchs; But we need %her evidence, especial}y
logical, before these gquestions can be satisfactorily

rede For the time being, however, the order Septibranchia
b conveniently employed te denote the three families

A o if, as PELSENEER suggests, the Cetoeconchidae are %o
Yiluded under the Poromyidse) of earnivorous Lamellibranchs
eed by :2%5; of a muscular septum and whose alimentary
h;s bemn greatly modified as a result of their change
lits end food.,
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8,  SUMMARY,
e @WJ}

Ak iing end preserved specimens of/ Cuspidaria rostrata,

| nidata, and C, obesa, and =«f Poromys granulata, have ¥

{ip siphons of Cuspidaria are long and are contained in a

ash el extension of the shell; +the inhelent siphon has faeur

"y 200t is long and extensile and is eiliated except near

lase, it possesses a byssus gland,

chamber
fe septum divides the mantle /eesbdy into infra-septal and

f-septal cavities.

fh(uspidaria it is exceptionally thick, and is attached to

ihell by large anterior and posterior septal muscles and by
lwte lateral muscles the arrangement of whieh varies in the
‘it species, The mass of the septum consists of longit-

W ndles of flat, striated, multinucleate muscle fibres



Ly cross over one another posterior to the foot, The
yel muscles are smooth and pass transversely across the

lul surface of the septum,

ite igme septum of Poromys is more delicate. It is attached to
i ghell by a pair of anterior and a pair of posferior septal

" ies, and is composed of plain musele fibres,

“lidwg, either four or five according to the species, whiech
jp dorsally directed valves., They are bounded by a eolumnar
_ ffhelium whieh is eiliated in two regions, and are surrounded

| u%ﬁ.neter of plain musele,

4 The septum of Peremya is perforated by a pair of anterior

I! e U pair of posterior branchial sieves, the former possessing
 fread the latter six filsments, These resemble ordinary
fMlements , lateral, but not frontal, cilia being present
|l granulate; longitudinal museles oceur at their bases,

'The palps are small in Cuspidaria, the posterior pair being
P %% hmt in C, obesa, but are larger in Péromyas, They are cilisted

€ Qteir inmer surfaces, are smooth and very museular,

“#ihe mouth and the oesophagus are large, both are citiated
“ Myrrounded by a thick layer of musele.

hhe stomach is large and eylindrical, the walls are ridged
et lwvered throughout with a thiek cuticle which probadly re-
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dyaynts an extensjon of the gastric shield, It is surrounded

Ime ciliated duets of the digestive divertieuls are except-
ot fily short and wide. The tubules have the same strueture

s ofln the digestive diverticula of the other Lamellibranchs,

{ne style-sac is short and conteins a small, oval style
' 4 does not projeet far into the stomach,

e short mid-gut is eiliated and possesses little musele,

R a7y _

petum is narrow, eiliated, contains mucus glands and is
:5“
¢ fomded by muscle. The anus opens at the base of the

flent siphon.

Sl o Aleort the
lhere is an/complete absence of/é.ndering phagoeytic cells

il in the gut of the eiliary feeding Lamellibranchs,

[Hhe eonditions in Cetoconeha appear to resemble those in

fhe septum in Cuspidaria mekes regular movemmnts, first des-
t i and then drawing sharply upwards, Between mova%ts

LU -9:1&:11:5 shortest cendition; As a result of the movements
“Hire drawn into the mantle cavity. In Poromya the septum
i t0 aet in a similar manner 4though less frequently.

00 /50l 01112 on the septal pores and branchial sieves and ia
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Impra-septal cavity serve to maintain a slow current of

. g through the mantle cavity when the septum is at rest,

dmhe eilia in the infra-septal eavity - on the palps, the
11l gnd on the mantle edges - serve to remove fine particles

ji the mantle cavity.
food is pushed into the mouth by the muscular palps.

M 10d 15 passed through the oesophagus by peristalsis largely,
* dis crushed up in the gizzard-like stomach, the fragments being
« Ml either into the duets of the digestive divertiecula or

y the mid=gut through which they are passed by eiliary aetion,

The Septibranchs are ecarmivorous, feeding off small animals,

lor dead or alive, usually Crustacea or Annelids,

“ " me tubules of the digestive divertieula provide the only
Aiming surfaee in the gut, they are prgans of absorption
ool lntracellular digestion, There is no evidenee that they

rotee

fine particles, such as Indian ink, if taken into the mantle
| _ iy are almost all removed by the cleansing aetion of the
" Yaend do mot enter the gut.



e absence in the food of particles small enough for them to
yit, and also to the efgfle with which particles can enter the
wtive diverticula,

lite digestive processes do not otherwise appear to differ
o

lithose of the m?/LJellihmahs. Although earnivores,

{intibranchs have developed noe prelimdmary extracellular

ition of protein,

e Septibranchs are a small and unsucecessful group which
" ly evolved in deep water where the majority of them still live,

1 'f'ﬁhe digestive 'grooeases in the other Lamellibrenchs are 4=®
the finely divided food collected by their elaborate eiliary
feeding mechanisms,

f
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GART\ 10. DESCRIPTION OF PLATES,

List of Reference Letters,

) anterior palp.
“H1,= ingested blooed corpuscles.

l1,- blood coupusele in lumen,
2.= blood corpusele in process of being ingested.
= beginning of mid-gut.
= basement membrane.
ii= clear area in whieh lies nucleus off striated fibre.
_- conneetin.g groove between style-sac and mid-gut.
“4 = pircular musele.
'= orystalline style.
yTghitinous” supperting rod in filament of branchial sieve.
i grﬁtg of young eells in tubules of digestive diverticula.
4: pUTL0LCe
fivet of digestive diverticula.
1= dorsel eiliated tract round septal pore,
‘4= dorsal epithelium of septum.
4= epithelium of style-sac.
iron in vacuoles in tubule eells,
lid-gut.
o infra-septal cavity.

W= epithelium of inner surface of palps,
s gvide lumina off digestivo diverticula,

= lateral ecilia.
Iz longitudinal museles,
1= longitudinal ridges in sjomach,
i. la.toral septal muscles.

i;o'.'- nueleus of ingested blood corpuscle.
i nuoleus of striated fibre.

~ Yoesophagus,

e older, vacuolated cells of tubules,

® epithelium of outer surface of palps,
i posterior palpf.

il rectum,,

e radiating musele fibres.

A longitudinal ridges in.oesophagus,
'pra-septal ocavity,.

A= septal muscle,

I' ltﬂﬁ-ﬂaec

{¢sphineter of plain musele round septal pore.
tstriation in musele fibre.
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Jﬁ',s stomach,

s tubule of digestive diverticula.

%ﬁl tnhlﬂsoleo

s 7elve on dorsal side of septal pore.

e ventral ciliated tract round septal pore.
e ventral epithelium of septum,

.= veouole in tubule cell,

©20y,= wandering ecell.

"’“‘""-.uu' young, darkly staining cells in mid-gut.

i 1 Cuspidaria rostrata. - Longitudinal section through the

00 fm cutting a septal pore trans¢versely, Fixed Bouin, staimed

3'. n r'-"

“lafield’s heematoxylin and eesin., o fo. X /5O
A, 2, Cuspidaria restrata. - Horizontal section through the
“ntum passing somewhat obliquely through a septal pore in

89, dorsal region. Fixed Bouin, stained iron haematoxylin and |
. il fuehsin, ¢ 4c. X /5o 1

A5 3, Cuspidaria rostrata. - Portion of e teazed out muscle

Yire from the septum, Fixed aleohol, stained iron haematoxylin,
X Joo

serior palp, about the middle, Fixed Bouin, steined
“"fie1d's haematoxylin and eosin, ¢/ X /3

. Do Cuapidaria cuspidata, - Transveise section through the
fophegus immediately anterior to the stomach, Fixed Bouin,
jilned iron haematoxylin and aeid fuchsin, 6/‘- X 0.

g b, Cuspidarie rostrata. - Longitudinal section through the
imch end mtyle-sae, showing also the begimning of the mid-gut
, fithe connecting groove between it and the style-sae. Fixed

Mt steined Delafield's haematoxylin and eosin, ¢/4<. X 40.
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1o Cuspidaria cuspidata. - Transverse section through tne
‘ﬁj\"‘- ;
2,3 ‘rugh passing through the opening of the anterior and smaller
“ﬂ.:f]'

=7 rt of the digestive diverticula, The shortness of the duet
j the wide lumina of the tubules into which it opens are both

im, Fixed Boui:n, stained iron haematoxylin and acid

Z g % X “4o. e
& flale 11

|, 8, Cuspidaria cuspidata. - Transverse section through the
gut immediately posterior to its separation from the style-
, showing the presence of the typhlosele. Fixed Bouin,

el iron haematoxylin and acid fuolsin, 6/ = i

y 9o Cuspidaria cuspidata. - Transverse section through the mid-
in the region of its junetion with the rectum to which it

mited dorsally, Fixed Bouin, stained Manmn's methyl blue
eosin, é/. X /rO.

n 10, Poromys granulata. - Longitudinal section through the
ghm cutting one of the posterior branchisl sieves at right
jles; The filaments are shown in transverse section and

ur resemblence to %i%ilaments of the other Lamellibranchs

dthown, Fixed alcohol, stained Delafield's haematoxylin

02208 onin. 6/0- % ?60.

11, Poromya granulata. - Longitudinal seetion through the

% ), mouth, oesophagus and stomach, showing their mutual relat-
" Mhips and the wide lumina of the oesophagus and stomach,
: Bouin, stained Mann's methyl blue and eosin, é/c x 33,
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l

|

J b

1?15, 12, Cuspidarie obesa. - Seotion through four cells from a
im'lule of the digestive divertiocula fixed after 12 hours of feed-
ing with a suspension of iromn seccharate, Fixed equal parts

' |pouin and 5% ammonium sulphide in absolute aleohol, iron treated

jy Prussian blue method, sections stained with alum carmine,
b A srao.

_ |Mg. 13, Cuspidaria cuspidata. - Transverse section through a
|

single tubule 6f the digestive diverticula fixed after 10 hours
i |
_ |if feeding with blood from a Wrasse, The strueture of the tub-

fle is shown, alse the presence of blood corpuscles, one free

in the lumen, others in process of being ingested and many
wetually ingested within the cells, Fixed Bouin, stained
l : .
laan's methyl blue and eosin, G . X 3FO.
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1. INTRODUCTION.

Previous work on the structure and function of the alimentary system in the Lamelli-
branchs (YonaE (1923, 1925, 19264, 19268) ) showed that the many peculiarities which
they exhibit appear to be correlated with the highly developed ciliary feeding mechanisms
on the gills and palps, as a result of the action of which only the smallest particles are
passed into the cesophagus and stomach. This latter organ is concerned chiefly with
sorting the particles, the larger ones being passed directly into the mid-gut and the
smaller ones entering the ducts of the digestive diverticula (““liver” or * hepato-
pancreas '), where they are digested intracellularly. The food is largely of a vegetable
nature and the digestive processes are concerned especially with the disposal of carbo-
hydrates. There are present, free in the lumen of the gut, in the epithelium and in

* This paper formed part of a thesis submitted for the degree of Doctor of Science at the University of
Edinburgh.

VOL. CCXVI.—B 434 | %@P\“Q\ [Published February 7, 1928,
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the surrounding tissues, great numbers of phagocytes which actively ingest food particles.
Their presence, also, appears to be correlated with the finely divided nature of the food
and the fact that, but for the digestive action of these phagocytes, particles of food,
unless sufficiently fine to enter the ducts of the digestive diverticula, can only be digested
if composed of starch or glycogen. The only extracellular digestive enzymes in the gut
of the Lamellibranchs, namely, those set free by the dissolution in the stomach of the
head of the crystalline style, act exclusively on these two carbohydrates.

Owing to their deep water habitat, the Septibranchs have been little studied, but
PrLSENEER (1891, 1911) and Prate (1897) have reported, on the evidence of the stomach
contents, that they are carnivorous, while all investigators who have worked upon them
have shown that in structure both the food collecting and digestive organs of the
Septibranchs are quite distinct from those of the other Lamellibranchs. Gills are absent,
their place being taken by the muscular septum, the labial palps are very small and
the gut is provided with a muscular coating of a thickness unknown in the other Lamelli-
branchs, where the finely divided food is carried through the gut exclusively by ciliary
activity, and so muscle for peristalsis is unnecessary.

Clearly, therefore, a study of the structure and function of the organs of feeding and
digestion in the Septibranchs would have two valuable results ; not only would it go far
towards completing our knowledge of this aspect of the structure and physiology of the
Lamellibranchia, but it might be expected—should the carnivorous habit be definitely
established—to provide important confirmatory evidence that the peculiar nature of the
gut and the digestive processes in those Lamellibranchs which feed by means of ciliary
currents ¢s due to the size and nature of the food particles.

For the purpose of observing living Septibranchs, carrying out feeding experiments
and collecting material for histological examination, a period of four weeks was spent
at the Biologiska Station, Trondhjem, Norway, and of one week at the Kristinebergs
Zoologiska Station, Sweden. As a result entirely of the kindness and labours of Dr. O.
Norpcaarp at Trondhjem and of Dr. M. Avurivitnius at Kristineberg, a number of
living specimens of these rare animals was obtained, and I wish to record my gratitude
to these gentlemen, without whose help this research would have been impossible. I also
desire to thank the Council of the Marine Biological Association of the United Kingdom
and the Development Commission for granting me the necessary leave of absence from
the Plymouth Laboratory.

The work was completed at. the Plymouth Laboratory while I was Temporary Assistant
Naturalist, and I have to thank the Director, Dr. E. J. ALLEN, F.R.S., for his unfailing
interest in it, and other members of the staff for their assistance on many points.

2. MATERIAL.
The Order Septibranchia (PrELSENEER) is divided into three families, Poromyide
(DArL), Cetoconchidee (RipEwoon), and Cuspidariide (Fiscuer). No representatives of
the second of these have ever been examined in the living condition ; they are abyssal
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and have only been taken on deep-sea expeditions, such as the “ Challenger ” (see
PrrseNerr (18888) ) and the ““ Siboga ™ (see PrrLseNEER (1911) ). Of the Poromyidze,
I obtained two living specimens of Poromya gramulate which were dredged in the
Trondhjem Fjord at depths of 150 and 200 metres. After returning to Plymouth, I
received three further specimens of this species preserved in alcohol which were collected
by Dr. M. AuriviLrivus on an expedition to the Koster Islands in the Skager Rack, and
were sent on to me by Dr. N. Hs. OpaNER of the Riksmuseum, Stockholm, for whose
kindness I am extremely grateful.

Living specimens of three species of Cuspidaria were obtained. T welve Cuspidaria
obesa were dredged at depths of between 100 and 300 metres in the Trondhjem Fjord.
Unfortunately this species is so small that it is difficult to handle and observe, and most
of my observations on living Cuspidaria were made on one specimen of Cuspidaria rostrata,
which was dredged at a depth of 250 metres at Trondhjem, and three specimens of
Cusprdaria cuspidata, dredged in the Gullmars Fjord in Sweden at depths of between 40
and 60 metres. I also received from Dr. O. NorDGAARD two preserved specimens of
Cuspidaria rostrata, and since my return Dr. M. AurivirLIus has kindly sent me a number
of preserved Cuspidaria rostratw, and several C. obesa and C. cuspidata, and one C.
costellata. This preserved material has proved of great value in the histological and
anatomical portions of the research. ‘

3. Avatomy AnD Historogy or THE ORGANS OF FEEDING AND DIGESTION.

Throughout this paper, for the sake of convenience, the conditions in the genus
Cuspidaria, whose members represent the highest development of the Septibranchs,
will be described before those in Poromya. It must not be forgotten, however, that, as
shown by PELSENEER (18884, 1888B, 1891, 1911) and as further emphasised in this paper,
Poromya should logically be treated first as it represents a somewhat more primitive
condition and shows more affinities to the typical Lamellibranchs—especially to the
Anatinacea, from which, according to PELSENEER, the Septibranchs probably spra.ng—
than does the more highly specialised Cuspidaria.

(1) Anatomy. A.—Cuspidaria.

Literature—Although the absence of gills in Cuspidaria (Nesera) was first noted by
Darn (18868) and this author has described the shell and external characters of many
species of the Cuspidariidee (18894, 18898, 1894), the first adequate description of Cuspi-
daria was furnished by PeLseNEEr (18888), who gave an account of C. curta, C. fragilis-
syma and C. platensis from the “ Challenger ” material and C. rostrata obtained from
Naples, later (1891) giving a more detailed description of the last species. He has since
(1911) described the Cuspidariide taken by the ““ Siboga ** expedition. GROBBEN (1892)
in his memoir on Cuspidaria cuspidata has provided the most detailed account of the
morphology of the Cuspidariide. A short description of the morphology of Cuspidaria

262
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obesa (unfortunately without figures) has been given by Prate (1897). Finally, RipE-
wooD (1903) in his work on the gills of Lamellibranchs gave some account of the septum
and palps of Cuspidaria glacialis.

General Anatomy.—The observations here recorded on the anatomy of the Cuspidariidee
are based largely on examinations of living and preserved specimens of the comparatively
large species, Cuspidaria rostrata and C. cuspidata. The general anatomy can best be
described by reference to text-fig. 1, which represents a lateral view of Cuspidaria rostrata.

Text-F1e. 1.—Lateral view of Cuspidaria rostrata showing the anatomy of the feeding and digestive organs.
X 6. ., anus; a.c., anterior adductor ; @.p., anterior labial palps; a.r., anterior retractor of foot ;
@.s., anterior septal muscle ; d'., anterior, right duct of digestive diverticula ; d'’., posterior, left duct
of same ; D., dorsal or supra-septal compartment of the mantle cavity ; d.d., digestive diverticula ;
e., exhalant siphon ; f., foot; g., mid-gut; A., heart; 1., inhalant siphon ; k., kidney ; [, line of
attachment of siphons ; Ls., lateral septal muscles ; ., mouth ; m.e., mantle edge ; 0., cesophagus ;
p., point where mantle lobes unite ; p.¢., posterior adductor ; p.p., posterior palps; p.r., posterior
retractor of foot; p.s., posterior septal muscle; r., rectum; 7.s., retractor muscle of siphons; s.,
septum ; sh., siphonal sheath ; s.p., septal pore; s.s., style-sac (style indicated by broken line) ; st.,
stomach ; »., valve at junction of the inhalant siphon and the mantle cavity ; V., ventral or infra-septal
cavity ; z., posterior end of visceral mass. Arrows indicate direction of water current and food intake.

The animal is flask-shaped, the siphons (3. and e.) lying in a long posterior extension of the
shell. The inhalant siphon (7.) is the larger and possesses four club-shaped tentacles
which are attached on the ventral side to the base of the siphonal opening, which is large
and muscular. The exhalant siphon (e.) has a much narrower opening and is shorter,
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three tentacles, similar in structure to those of the inhalant siphon, are attached to its
dorsal surface. In life, the siphons normally project from the shell, but on stimulation,
or after fixation, they are withdrawn within the siphonal sheath (s%.), as shown in the
figure. They are attached to this about half-way along the siphonal extension, along the
line marked /. Anterior to this the siphons are divided by a stout partition, which
terminates at its junction with the muscular septum (s.) which divides the mantle cavity
into ventral (V.) and dorsal (D.) chambers. At their base, the siphons are attached
to the shell by a widely spreading series of muscle strands (r.s.) which, by their con-
traction, withdraw the siphons. The inhalant siphon is separated from the ventral mantle
chamber by a sheet of tissue perforated by a round valve (v.) near the centre. The
mantle is excessively thin—resembling fine tissue paper in consistency—which is character-
istic of the Septibranchs. Ventrally the mantle lobes are bounded by thickened ridges
which are united in the posterior half of the mantle cavity, the point of attachment being
indicated in the figure by the letter p. Projecting in the middle line through the
anterior half of the septum is the foot (f.), which is long and narrow and possesses a byssus
groove on its posterior surface (see text-fig. 6, b) associated with a gland in the body of
the foot. The foot is capable of great extension and is withdrawn by the action of two
retractor muscles which are attached to the mid-dorsal region of the shell, an anterior
retractor (a.r.) immediately posterior to the large anterior adductor muscle of the shell
(@.@.), and a posterior retractor (p.r.) above the anterior part of the posterior adductor
- of the shell (p.a.). Of the adductor muscles the anterior is the larger and lies in the
extreme anterior region of the body with its greatest diameter vertical, while the posterior
adductor is situated dorsal to the anterior region of the exhalant siphon, is more oval
in cross-section, and is horizontally extended.

Anterior to the foot and projecting ventrally from the under surface of the septum
are the labial palps. These consist of an anterior (a.p.) and a posterior (p.p.) pair, the
latter being slightly the larger. The anterior palps are attached for the greater part of
their surface to the posterior ventral surface of the anterior adductor muscle, and form
a veil in front of the mouth (m.) ; the posterior pair are wedge-shaped and free, they
extend posteriorly on either side of the foot. The palps are not ridged as in the other
Lamellibranchs, and this, and especially their small size, has aroused comment from most
observers, Darr (1886B) originally stating that they were completely absent, but his
material was in bad condition. In later work (1888) he refers to the palps of the Cus-
pidariidee as obsolete, and in a further paper (1889B) states that the palps are absent in
Myonera paucistriate (a member of the Cuspidariide). PrLSENEER (18888, 1891) states
that the posterior palps of Cuspidaria curte and C. fragilissima are absent. GROBBEN
noted the small size of the palps in Cuspidaria cuspidata, and PraTE stated that palps
are absent in C. obese. My own observations on this species, however, have shown that,
though the posterior palps are reduced to mere ciliated tracts, as described by PrLaTE,
the anterior palps, though greatly reduced, are present. In Myonera dubia, PELSENEER
(1911) states that the posterior palps project very little, but that in Cuspidaria
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(Pseudnewra) thaumasia they are large and extend for a considerable distance. I have
found both pairs of palps comparatively well developed in Cuspidaria rostrate and
C. cuspidata (see text-fig. 6), but in both they contracted considerably after fixation—
probably owing to their possession of relatively powerful muscles—and it is not impossible
that they may be present in species in which they have been recorded as absent. That
they retain some importance in feeding will be shown in a later section.

Septum.—The septum consists of an extremely thick muscular partition which divides
the mantle cavity into two chambers, in the upper of which lies the visceral mass. It is
slung longitudinally across the mantle cavity and is attached at either end by a pair of
stout muscles to the dorsal region of the shell. The anterior septal muscles (a.s.) are
attached to the shell immediately posterior to the anterior adductor and on either side
of the anterior retractor muscle of the foot, and the posterior pair (p.s.) slightly anterior
to the posterior adductor. These muscles are called septal retractors by PELSENEER,
but both DALL and GroBBEN prefer to call them simply septal muscles, and, in view of the
peculiar functioning of the septum, which will be described subsequently, I prefer the
latter name. The septum of C. rostrata is perforated by four pairs of pores (s.p.) which
are symmetrically arranged on either side of the middle line in the anterior two-thirds of
the exposed septal surface. The most anterior pair are slightly posterior to the mouth,
and the hindermost pair a little distance behind the base of the foot. They lie nearer
to the base of the foot than to the mantle, as is shown in text-fig. 2. Each consists of a
narrow slit-like opening, laterally extended and bounded by low lips. They provide the
sole means of communication between the ventral and dorsal chambers of the mantle
cavity (or infra- and supra-septal cavities, as they will hereafter be called).

The arrangement of the muscles in the septum has been described by DaLL (1889B)
and in more detail by GrRoBBEN, and will most easily be understood by reference to text-
fig. 2, which shows the arrangement of the septal muscles as seen from the dorsal aspect
after the septum has been dissected out. At the attachment of the septum to the mantle
on the outer, and. to the sides of the foot on the inner, side, the tissues are thin and some-
what membranous, but the body of the septum consists of thick muscular strands. In
the outer regions these run longitudinally, bundles of fibres from the anterior septal
muscle (@.s.) passing backwards and meeting bundles from the posterior septal muscle
(p.s.). Smaller bundles of longitudinally directed fibres (i.) separate from the anterior
septal muscles, pass downwards and then posteriorly along the side of the foot on the
inner side of the pores, finally crossing one another posterior to the foot and becoming
merged into the general mass of the septum. These fibres have a separate insertion nearer
to the middle line than the main anterior septal muscle in Cuspidaria cuspidata as deseribed
by GroBBEN, and also in C. modesta, C. conveza, C. (Myonera) dubia, and in two other
unidentified species from the ““ Siboga > collections (PELSENEER (1911)). Besides the
longitudinally directed fibres, there are others which pass diagonally across the septum
from the main longitudinal bundles, and the somewhat thinner region between the
pores is largely composed of such muscles, which have their origin in the anterior septal
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muscle, while posterior to the foot similar muscles pass across the centre of the septum
and meet diagonally directed fibres from the posterior septal muscles. The two sets of
muscles from each side unite and, together with the fibres of the inner longitudinal
bands from the anterior septal muscle, form a thick muscular sheet composed of closely
interwoven fibres, as shown in text-fig. 2. An opening (0.) is left between the posterior
septal muscles whereby the supra-septal cavity is connected with the cavity of the
exhalant siphon.

The septum is also connected with the shell by means of numerous thin muscular strands
which extend dorsally through the tissue of the mantle and are attached to the shell near
the mid-dorsal line. These lateral septal muscles (text-fig. 1, l.s.) are arranged in two
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Texr-Fie. 2.—Septum of Cuspidarie rostrata dissected out and viewed from the dorsal aspect. X 10.
a., anterior adduetor ; a.l., anterior lateral septal muscle ; a.s., anterior septal muscle ; f., foot ;
1., inner longitudinal muscles from anterior septal muscle ; 0., opening leading fo exhalant siphon ;
., posterior adductor ; p.l., posterior lateral septal muscle ; p.s., posterior septal muscle ; s.p., septal
pore.

pairs in Cuspidaria rostrata, a smaller anterior pair (text-fig. 2, «.l.) and a larger posterior
pair (p.l.). The same condition is found in Cuspidaria maitis, C. strictirostris, C. corrugata,
and a further unnamed species from the “ Siboga > collections (PELsENEER (1911) ).
In C. cuspidata, however, the lateral septal muscles are continuous (see figs. 1 and 2 in
GroBBEN) and also in C. modests (PELSENEER (1911) ). In other species different con-
ditions are found ; there may be one pair of lateral muscles as in an unnamed species from
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the ““ Siboga,” four pairs as in C. fragilissima, or none as in C. (Myonera) dubia (PEL-
SENEER (1911) ). The fine isolated bundles forming these muscles extend down through
the mantle until they reach the septum, when they are continued transversely across its
dorsal surface, and can be distinguished in sections as a thin layer immediately beneath
the epithelium. As will be shown later, their structure is distinct from that of the main
septal muscles.

Although the majority of the known species of the Cuspidariidee possess, like C. rostrata,
four pairs of septal pores (see PELSENEER (1911) for details as to species), C. cuspidata,
C. conveza and C. arctica var. glacialis all have five pairs. If reference be made to text-
fig. 6, which represents C. cuspidata as seen from the ventral aspect with the mantle lobes
drawn apart, the five pairs of pores will be seen. The size of the palps, which were drawn
from life, is also clearly shown in the same figure.

Alimentary System.—Referring again to text-fig. 1, the mouth (m.) lies in the middle
line between the two pairs of palps and is a laterally extended opening of relatively large
size, as is best seen in text-fig. 6. It leads into a short cesophagus (0.) with folded walls
which extends almost directly dorsally to open into the stomach (s¢.). This latter organ
is, for a Lamellibranch, of unusual size and shape. It is long and cylindrical, extending
almost from end to end of the visceral mass in a longitudinal direction. Its walls are
thrown into a series of prominent folds (see fig. 7), the entire inner surface being covered
with a thick cuticular lining. Surrounding it on all sides except the extreme dorsal
surface are the brownish, blind-ended tubules of the digestive diverticula (so-called
liver or hepatopancreas), the whole consisting of somewhat asymmetrical halves lying on
either side of the stomach, into which each opens by a separate duct (d'., d"’.). Both of
these open into the ventral region of the stomach near the anterior end, that on the
right (d'.) being smaller and slightly anterior to that on the left (¢”.), which opens on a
line with the beginning of the mid-gut.

Both the style-sac (s.s.) and the mid-gut (¢.) open into the stomach near its anterior
end and a little to the right of the mid-ventral line, the mid-gut being the more
anterior of the two. The style-sac is a short oval cavity and contains a small
cylindrical style indicated by the broken line in text-fig. 1. The style removed
from a living specimen of Cuspidaria cuspidate was only 1-9 mm. long and 0:74 mm.
broad, and projected but slightly into the lumen of the stomach. The lumina of the
style-sac and the mid-gut are separated by a well-developed fold, but remain con-
nected by a narrow longitudinal slit. The mid-gut is both short and straight ; after
extending ventrally as far as the base of the style-sac, it is then directed posteriorly,
lying among the tubules of the digestive diverticula. Posterior to the stomach it
turns abruptly upwards and leaves the visceral mass in the region below the umbo.
It becomes merged here into the rectum (r.), which at the beginning of its course
traverses the heart (4.) and later passes between the posterior septal muscles, over the
posterior adductor, and then turns downward to open at the anus («.) into the base of
the exhalant siphon.
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B.—Poromya.

Literature.—The anatomy of Poromya granulate and P. tornata was first described and
figured by PELSENEER (1888B), who later (1891) gave a more detailed account of the
former species. In 1911 the same author described eight species of Poromya from the
“ Siboga ” collections. DaLw (18864, 18894, 18898) has described the shell and external
anatomy of the body in a number of species of the Poromyide. Riprwoop (1903)
has provided an account of the structure of the septum and the branchial sieves in
Poromya malespine and P. oregonensis.

General Anatomy.—A lateral view of Poromya granulate is represented in text-fig. 3.
The shell (s%.) has no posterior siphonal prolongation as in the Cuspidariidee, the posterior
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Text-Fie. 3.—Lateral view of Poromya granulata, showing the anatomy of feeding and digestive organs,
% 10. a., anus; a.a., anterior adductor ; a.b., anterior branchial sieve ; a.p., anterior palps; a.r.,
anterior retractor of foot; a.s., anterior septal muscle ; e¢., crustacean in stomach : c.g., cerebral
ganglion ; D., dorsal or supra-septal cavity ; d.d., digestive diverticula ; f., foot; g., mid-gut; m.,
mouth ; m.e., mantle edge; o., cesophagus; ov., ovary; p.a., posterior adductor; p.b., posterior
branchial sieve ; p.p., posterior palps; p.i., posterior retractor of foot ; p.s., posterior septal muscle ;
r., rectum ; s., septum ; sh., outline of shell ; s.m., line of attachment of septum and mantle ; s.s.,
style-sac (style indicated by broken line) ; st., stomach ; t., tentacles ; fe., testis; v., valve between
inhalant siphon and infra-septal cavity ; V., ventral or infra-septal cavity ; ., sand grains between
palps and in cesophagus.
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margin being subtruncate and slightly gaping. The siphons are short—almost sessile—
and the inhalant opening is much larger than the exhalant (see text-fig. 4, 7. and e.), both
being surrounded by a common ring of long, slightly tapering tentacles (text-figs. 3 and
4, d. and t.) consisting of an unpaired dorsal tentacle (text-fig. 4, d.) and seven pairs of
tentacles round the lateral and ventral margins of the inhalant siphon. The opening
of the inhalant siphon into the infra-septal cavity (V.) is guarded by a large muscular
valve (v.). The surface of the mantle is excessively thin as in the Cuspidariidee, the ventral
margins (me.) alone are thick and are free from one another for the entire length of the
body from the anterior adductor (¢.a.) to the siphons. The foot (f.) is long and thin and
possesses a byssus groove on the posterior surface (see text-fig. 7, b.). It has two retractor
muscles, an anterior (@.r.) and a posterior retractor (p.r.) which are attached to the shell
in the same relative positions as in Cuspidaria rostrata. The palps are broader and
larger than those of the Cuspidariide, a fact which has been noted by all observers, the
anterior pair (¢.p.) being especially long and, unlike the anterior palps of the Cuspidariidee,
being free from the anterior adductor (see also text-fig. 7). The posterior pair (p.p.)
are united to one another in the middle line and do not extend back on either side of the
foot as in Cuspidaria. The degree to which the mouth (7.) is guarded and obscured by
the palps is seen best in text-fig. 7 which was drawn from life. The adductor muscles
(@.a. and p.a.) occupy the same relative positions as in Cuspidaria rostrata but are smaller,
and the posterior adductor is round and not oval in cross-section. The visceral mass
occupies the bulk of the supra-septal cavity (D.), the dorsally situated ovary (ov.) and
the more posterior and ventral testis (fe.) being both well developed (like all the Septi-
branchs, Poromya is hermaphrodite). Lying above the cesophagus (0.) are the cerebral
ganglia (e.g.).

Septum.—The septum in Poromya is a much smaller and more delicate organ than in
the Cuspidariidee. It is attached to the mantle on its outer sides, the right side being
attached along the line marked s.m. in text-fig. 3. The two sides are united posterior to
the foot, but are closely apposed, and not united, to the base of the foot along the line
marked s. The septal muscles are very much smaller than those of the Cuspidariidee
and consist of two pairs, one anterior (a.s.) and the other posterior(p.s.), which are attached
to the shell a little distance posterior to the anterior retractor and immediately posterior
to the visceral mass respectively. The muscles run through the tissue of the mantle
before becoming attached to the shell. There isno indication of lateral septal muscles,
but, as will be discussed later, there is evidence that the septal muscles in Poromya may
correspond to the lateral septal muscles, and not to the septal muscles, of the Cuspidariidee.

There are no pores like those in the septum of the Cuspidariide ; instead there are a
pair of anterior, and a pair of posterior, branchial sieves (a.b., p.b.) which probably
represent vestiges of the Lamellibranch gill. Each of these, in the words of Ripewoon
(p. 272), ““ has the form of a shallow convex sieve, with the convexity directed downward
and outward into the pallial cavity, and is attached all round its edge to the branchial
septum by a thickened border.” The anterior pair are on a level with the anterior border
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of the foot and each possesses five filaments, the posterior pair are situated opposite
the hind end of the foot and have each six filaments. Both pairs are much nearer
to the foot than to the mantle and lie somewhat obliquely. The slit-like openings
between the filaments represent the sole means of communication between the infra-
and the supra-septal cavities, for the edge of the septum, though not attached to
the side of the foot, is too closely applied to it to permit the passage of water.
Though all known species of the Poromyidse possess two pairs of branchial sieves,
these vary in size and in the number of filaments in different species. PELSENEER (1911)
has tabulated the different conditions found in the eight species collected by the
“Siboga ” and has shown that the number of filaments in the anterior branchial
sieve may vary in number between five and eight, and in the posterior one between
five and eleven.

The conditions in the Cetoconchide, according to PeLseNeEr (18888) and Ripewoob,
approximate more closely to those found in the Poromyidee than in the Cuspidariidee,
the septum being thin and possessing three paired sets of openings, consisting, in Celo-
concha sarsi (see RIpEwooD, fig. 60), of an anterior series of five pores, a second series of
five pores, and a posterior of three. In cross-section, as shown by Ripewoop, the
boundaries between the pores appear as shortened gill filaments as in the Poromyidze.
Both the valve guarding the entrance to the infra-septal cavity and the palps of the
Cetoconchidae are large and resemble those of the Poromyide, and PELSENEER (1911),
apparently with good reason, regards the Cetoconchidz, though somewhat intermediate
between the Poromyide and the Cuspidariide, as much more nearly related to the

former family, concluding (p. 78) *la nécessité d'une famille Cetoconchidee n’est
nullement démontrée.”

Alimentary System.—The widely open mouth (m.) leads into a short and broad ceso-
phagus (0.), which is directed antero-dorsally, turning posteriorly to open into the large
cylindrical stomach (st.). This is not quite so long nor so regularly cylindrical as the
stomach of the Cuspidariidee, but resembles that in the possession of ridged walls with a
thick cuticular lining. Tt is surrounded except in the posterior region by the brownish
tubules of the digestive diverticula (d.d.) which extend farther forwards than in Cuspidaria
and open by two short, wide ducts near the anterior end of the stomach. There is an
even smaller style-sac (s.s.) than in Cuspidaria and the contained style does not project
far into the lumen of the stomach. The sac is in communication anteriorly with the
mid-gut (¢.) by means of a fine longitudinal slit. The mid-gut is short ; after passing
beneath the style-sac, it extends posteriorly to the end of the visceral mass and then
diagonally upwards, merging into the narrower rectum (r.), which passes over the posterior
adductor to open at the anus («.) which lies at the base of the exhalant siphon.
The cleared specimen of Poromya granulate from which text-fig. 3 was drawn
contained between its posterior palps and in the cesophagus large sand grains (z.),
and in the stomach a relatively large crustacean (c.), which occupied the centre of
the lumen.
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(1) Histology. A.—Cuspidaria.

Manile and Foot—The thin mantle is bounded on both surfaces by a delicate pavement
epithelium, as described in detail by GroBBEN. The thickened ventral edges possess
on either side an epithelium of high narrow cells, those on the outer and ventral surfaces
being concerned, presumably, with the formation of the shell. The epithelium on the
inner side is the only region of the mantle which is ciliated, while there are present beneath
the epithelium for the anterior two-thirds of its course large goblet-shaped mucous glands.
These glands, which stain darkly with much@matein, occur in such numbers as to form a
thick layer beneath the epithelium. They discharge their contents by way of fine
extensions, which pass between the cells of the epithelium. GrosBEN has described
them in C. cuspidata, and PraTe in C. obesa ; in my own sections I have found them in
these two species and also in C. rostrate. The ciliated regions extend posteriorly to the
region of the valve at the posterior end of the mantle cavity.

The surface of the foot is thrown into a series of fine ridges which are bounded by a
columnar epithelium which, except near the base of the foot, is ciliated, mucous glands
occurring in the tissue beneath. The interior of the foot is composed of plain muscle
fibres passing in all directions, amongst which ramify the extensions of the byssus gland,
the ciliated duct of which opens on the posterior surface of the foot near the base.

Septum.—GROBBEN 1s the only worker who has described the fine histology of the
septum in detail, though his findings have been confirmed to some extent by PLaTe. As
shown in fig. 1, both dorsal and ventral surfaces are covered with a low pavement epithe-
lium (d.e. and v.¢.), especially thin on the former ; no cilia can be distinguished in sections
(though their presence on the dorsal surface was noted in living C. rostrata and C. cus-
pidata), but a fine border cuticle is present. Nuclei are infrequent and irregularly dis-
tributed. The interior of the septum is composed of a mass of interwoven muscle fibres
which, as already noted and figured by GroBBEN in C. cuspidata and confirmed by PraTe
in C. obesa, have a characteristic and unique structure. As shown in fig. 3, they consist
of flat fibres which, in the case of fibres from the septum of C. rostraie, are about 13 p
wide and less than 2 p. thick. After staining teazed-out fibres with iron hematoxylin,
cross striations (sr.) can be seen, as dark bands somewhat narrower than the inber-
vening lighter portions and about 15 p. apart. The fibres are of great length, the nuclei,
as shown in fig. 3 (n.s.), being situated in the centre of the fibres. They are long and
narrow—about 11 p long and 3 p wide—and appear to lie in a lightly staining strip («.)
in the centre of the fibre, this area extending down the middle of the fibre for some
distance beyond the extremities of the nuclei. The fibres are usually wavy and their
linear appearance in cross-section is shown in fig. 1 (the cross striations do not appear
in this section, which was stained with Delafield’s heematoxylin and eosin), and in
horizontal section, with the striations indicated, in fig. 2. There is an almost complete
absence of connective-tissue strands, but there are many wandering cells (w.c.) amongst
the muscle fibres. This type of muscle appears to be unique in the animal kingdom ; it
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1s certainly unique so far as the Lamellibranchs are concerned, and its peculiar structure
may be correlated with the remarkable mode of functioning of the septum, particulars
of which will be given later.

The lateral muscle fibres which run across the dorsal surface of the septum, immediately
beneath the epithelium, consist of plain muscle, roundish in cross-section and are shown
(l.s.m.) in fig. 1. The striated muscle fibres are not present in the narrow membranous
strips which connect the septum to the mantle and to the foot, only a little unstriped
muscle—probably derived from the lateral septal muscles—being found between the
epithelia in these areas. The septal pores are best studied in cross-section (z.e., In longi-
tudinal sections of the septum). They have been described by PrrsENeer (1891) in
C. rostrata, but not in any histological detail. GrossEN studied the pores of C. cuspidata
very carefully and PraTk stated that he found similar conditions in C. obese. RipEwoon’s
material was too badly preserved for him to determine the structure of the pores. In
my own sections [ have found essentially similar conditions in all three species examined.
The conditions in C. rostrate will be described in detail, figs. 1 and 2 respectively, repre-
senting longitudinal and horizontal sections through the septum of this species in the
neighbourhood of pores. Near the pores the epithelium is raised, becoming columnar
with well-defined cells containing regularly arranged and prominent nuclei. As already
noted by PrLseNEEr (1891) and GROBBEN, the inner or dorsal region of the pores is
drawn out into the form of a valve (v.) with raised dorsally directed lips, the whole being
sunk considerably below the dorsal surface of the septum (as shown clearly in fig. 1) in
both C. rostrata and C. cuspidata. In C. obesa, however, the valve is relatively larger and
its dorsal extremity lies on a level with the upper surface of the septum. In all cases
the under surface of the pores is flush with the surface of the septum. The pores are
ciliated in two regions on their inner apposed surfaces. There are prominent cilia, at
least as long as the cells that bear them, in the extreme dorsal region (d.c.), as shown in
figs. 1 and 2. Beneath this there is an unciliated area, rather greater in extent than the
upper ciliated region, and below this again a second set of cilia (v.c.), which extend as
far as the central opening of the pores. These cilia are much shorter than those in the
dorsal region and are difficult to see, especially in C. rostrata. They are more easily
distinguished in C. obese, while GrROBBEN has noted and figured them in C. cuspidata.
Around the pores, and particularly in the valvular region, a well-developed sphincter of
plain muscle fibres is present beneath the epithelium (figs. 1 and 2, sp.), and can easily
be identified in both transverse and horizontal sections, the fibres being quite distinet
from those of the septal musculature and resembling those of the lateral muscles. The
presence of this sphincter has not hitherto been noted but i1s of some importance, as
will be emphasised later. '

Palps.—A transverse section through one of the posterior palps of C. rostrata is shown
m fig. 4. The inner surface (i.e.) is lined with a columnar epithelium possessing a uniform
coating of cilia, and this is continued for a short distance round either edge of the palp.
There are none of the prominent ridges and furrows present on the more complex palps
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of the typical Lamellibranchs (see YonGE (19268), which contains references to previous
literature). The outer surface (0.e.) bears no cilia and is bounded by a thin pavement
epithelium with ill-defined cell boundaries and few nuclei. There is a complete absence
of mucous glands in both epithelia. Within the palp there is a considerable development
of plain muscle (#22.) running both transversely and longitudinally, the latter being best
shown in longitudinal sections, and being most conspicuous near the base and extending
towards the tip of the palp under both epithelia. There are also connective-tissue
strands and many wandering cells («.c.), but the latter are never found in the epithelium.
as is the case, for example. in Ostrea (YonNGE (19268) ).

Mouth and @sophagus.—The wide mouth is lined with a ciliated epithelium resembling
that of the palps of which it forms a continuation. It is surrounded by a moderately
thick layer of circular muscle fibres. The cesophagus, as shown in fig. 5, is roughly
circular in cross-section, with its walls, especially on the anterior and posterior walls,
much folded longitudinally, many of the ridges (r.0.) being of considerable height and
projecting for some distance into the lumen. The columnar epithelium which lines the
lumen is ciliated for the most part. Cilia, however, are not present on the lateral walls in
the distal region of the cesophagus, as indicated in fig. 5, the epithelium there being
bounded solely by the thin border cuticle, which is also present on the ciliated cells.
Surrounding the cesophagus is an extremely thick layer of circular muscle (c.m.), as
already observed by PELSENEER (1891), GrRoBBEN and PrLATE, a condition never found
in the typical Lamellibranchs, where the musculature of the gut throughout is very poorly
developed. There are also, here and there, muscle strands (r.».) which radiate out from
the interior of the ridges and pass through the circular muscle layer.

Stomach.—Longitudinal and transverse sections of the stomachs of C. rostrate and C.
cuspidata respectively are shown in figs. 6 and 7. The epithelium consists of extremely
narrow cells which vary greatly in length so as to form a series of high, longitudinal
ridges (l.r.). Nuclei are small, and wandering, phagocytic cells are only very rarely
found in the epithelium. The cells are filled with fine yellowish-brown granules, especially
in the upper regions. There are no cilia in the stomach. At the junction with the
cesophagus a thick, lamellated, cuticular layer is formed by the stomach epithelium
and this is continued over the surface entire of the stomach, as shown in fig. 6 (cu.). The
presence of this cuticle has been noted by both PrLSENEER (1891) and GROBBEN, and it
appears to be characteristic of the Septibranchs and to represent, very probably, an
extension over the whole surface of the stomach of the smaller gastric shield (fleche tri-
cuspide), which is found in all Filibranchs and Eulamellibranchs, where it is situated
on the wall of the stomach directly opposite the opening of the style-sac. It
provides a firm surface against which the head of the crystalline style can bear as it
revolves (see NELSON (1918) ). As previously noted (YoncE (19268) ), the gastric shield
appears to be formed of the same material as the cilia or the border cuticle ; it is certainly
not secreted in the usual manner. In Cuspidaria also there is no evidence that the
epithelium of the stomach is composed of anything but modified ciliated cells, and there
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is no evidence of secretion, while, as in Ostrea, there are fine transverse striations having
the appearance of cilia extending through the cuticle about its junction with the
epithellum. Probably, therefore, the stomach cuticle of the Septibranchs is merely an
extension of the gastric shield of the other Lamellibranchs.

Surrounding the epithelium there is a well-developed layer of circular muscle
fibres (c.m.), and fine fibres also pass between the cells of the epithelium, especially
m the centre of the ridges. The presence of these muscles, and the fact that the
stomach in Cuspidaria is practically free from the surrounding tissues, provide further
important distinctions between the stomach of the Septibranchs and those of the other
Lamellibranchs.

Drgestive Dwverticula.—The opening of the anterior and smaller duct of the digestive
diverticula in C. cuspidata is shown in fig. 7 (d.). The actual duct is, when compared with
that of a typical Lamellibranch such as Mytilus (List (1902) ), Anodonta (GUTHEIL
(1912) ), Mya or Ostrea (Yonge (1923, 1926B) ), exceptionally short and wide, approxi-
mating most nearly to the conditions found in the Teredinidee (StcErFoOs (1908), PorTs
(1923), YonGE (19264) ), where, on account of the elongated shape of the animals,
the digestive diverticula are spread out in a thin sheet round the ventral surface of the
stomach, and their ducts, as a result, are short and wide. In the Cuspidariide, as in the
other Lamellibranchs, the ducts are lined by a ciliated epithelium ; but neither phago-
cytes nor mucous glands are to be seen in this epithelium. The diverticula (¢.) themselves
are notable for their widely open lumina (/.) and the extent to which, especially in the
regions nearest the ducts, they unite with one another to form a more compact structure
than the separate acini characteristic of the majority of the Lamellibranchs. They tend
more to the condition found in some of the more highly organised Gastropods, such as
Doris, where the digestive ““ gland " possesses a large central chamber into which secondary
cavities open on all sides. In structure, the cells of the tubules of the digestive diver-
ticula do not vary essentially from the conditions found in the other Lamellibranchs
(for full details and literature on this subject, see YongE (19264) ). One kind of cell
only is present, groups of large vacuolated cells, which frequently contain brown or
yellowish-coloured inclusions of various sizes, being separated from one another by
crypts of smaller, less vacuolated and darkly staining, cells (fig. 13, o.c. and ¢p.),
but the latter, as previously shown (19264), represent nests of young cells destined
to replace the older cells which in time are destroyed and cast into the lumen. Asin the
digestive diverticula of the other Lamellibranchs, there is no evidence of secretion by
any of these cells. The nuclei are of the characteristic shape, namely large, round and
with a prominent nucleolus, and are most numerous in the crypts of young cells. No
evidence of the presence of cilia was found either in fresh material or in sections, nor any
sign of a border cuticle. It is not impossible, however, that, as in other Lamellibranchs,
long retractile cilia may be borne on these cells in the living condition (see Ports (loc. ¢it.)
and Yonce (19264) ). Around the tubules there isa thin bounding membrane, but no
muscle such as surrounds the ducts (see fig. 7). The area between the tubules is
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conspicuous for the almost complete absence of connective-tissue strands, although there
are occasional muscle fibres and a certain number of wandering cells. This is very different
from the conditions found in the majority of the Lamellibranchs, where the digestive
diverticula are embedded in a firm matrix of connective tissue.

Style-Sac.—The longitudinal section through the stomach of C. rostrata, represented in
fig. 6, shows the position and relative size of the style-sac (s.s.) with its contained style
(c.s.). The opening of the mid-gut anterior to it is only just indicated in the section
(b.g.), and, owing to the S-shaped form of the separating ridge, there is the appearance
in longitudinal section of three cavities ; the narrow cavity (c.g.) shown on the left of
the style-sac in fig. 6 is in reality a portion of the connecting slit between the style-sac
and the gut. The extreme basal region of the style-sac, as shown by horizontal
sections, is separate from the mid-gut. The style-sac is lined with an epithelium of
large, cubical cells (e.s.) with well-defined cell boundaries and large round nuclei
which occupy the centre of the cells. The latter are covered by a dense and very
even coating of strong, bristle-like cilia; on the edges of this epithelium, where it
passes into the typhlosoles which separate the lumina of the style-sac and the mid-gut,
there are groups of tall narrow cells. In every particular, therefore, the structure of
the style-sac in Cuspidaria resembles that of the other Lamellibranchs, which has been
described in detail by Nerson (1918), EpmMoNDsoN (1920) and YoneE (1923, 1926B)
and other authors therein quoted. The epithelium of the separating ridge is ciliated
and resembles that of the mid-gut.

The style itself is of the usual structure but is exceptionally short. It does not pro-
trude far into the stomach, as is shown clearly in fig. 6, and clearly cannot act against the
cuticular lining on the opposite wall of the stomach in the same way that the style in the
typical Lamellibranchs acts against the gastric shield. The probable reasons for this
will be discussed later ; it may be mentioned here, however, that there is strong evidence
that the style in the Septibranchs is a vestigial organ.

Mid-Gut and Rectum.—For a short distance after its separation from the style-sac,
the mid-gut possesses a prominent typhlosole (fig. 8, #y.). The epithelium consists of tall
cylindrical cells with long cilia and oval, basally situated, nuclei. Here and there are
groups of narrow, darkly staining, and probably young, cells (y.c.). Around the epithelium
is a thin circular muscle layer (c.m.). There is a complete absence of mucous glands in the
epithelium, and phagocytic wandering cells are extremely rare. The typhlosole does not
extend very far posteriorly and, for the greater part of its course, the mid-gut is a thin-
walled oval tube. In the region of the heart, as indicated in text-fig. 1, it merges into
the rectum, and the junction between the two is shown in fig. 9. The mid-gut is here
much wider and is bounded by a thin ciliated epithelium which contains occasional mucous
glands (m.g.). The circular muscle layer is extremely thin in this region. The mid-gut
(9.) is united on its dorsal side to the rectum (r.), which has a characteristic structure,
being bounded by tall, narrow cells bearing long cilia and interspersed with many mucous
glands (m.g.), and surrounded by a comparatively thick circular muscle layer. After
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separating off from the mid-gut, it continues as a straight tube, circular in cross-section
and with a narrow lumen.

It is worthy of note that, with the exception of the peculiar mode of union between the
mid-gut and rectum, and the absence of phagocytes from the epithelium, both mid-gut
and rectum in Cuspidaria have essentially the same structure as in the other Lamelli-
branchs—e.¢., Anodonta (GurHEIL (1912)), Arca (MarTHIAS (1914)), Mya or Ostrea
(YongE (1923, 1926B) ).

The structure of the gut in the three species of Cuspidaria examined is, in all essential
details, identical.

B.—Poromya.

With the exception of the septum, the structure of the feeding and alimentary organs
in Poromya granulate is little different from that found in Cuspidaria. The mantle is
thin and in structure resembles that of Cuspidaria, the thickened ventral margins are
bounded on their inner surfaces by a columnar epithelium which is ciliated but contains
few mucous glands beneath it. The surface of the foot is covered with a ciliated epithelium
except in the basal area. The septum, a portion of which is shown in longitudinal
section in fig. 10, is bounded on either side by well-defined epithelia of cubical cells (d.e.
and v.e.), neither of which show the presence of cilia in sections but possess a border
cuticle. The septum is much thinner than in Cuspidaria and the musculature is much
slighter. The fibres run mainly longitudinally and are unstriped and roundish in cross-
section ; in no part of the septum is there any indication of the presence of the striped
muscle so characteristic of the septum of the Cuspidariidee. Although it is impossible
to be certain without embryological evidence, it may be that the septal muscles in Poro-
mya are homologous with the lateral septal muscles in Cuspidaria, and that the septal
muscles in the latter represent a separate development. As noted by RipEwoop in P.
malespine, the septum is thicker and more muscular in the region behind the posterior
branchial sieve.

The structure of the branchial sieves in Poromys malespine and P. oregonensis has
been described by Ripewoop, and that of P. granulata in less detail by PELSENEER (1891).
A transverse section through one of the posterior branchial sieves is shown in fig. 10.
The filaments show essentially the same structure as the gill filaments of the other
Lamellibranchs. Thick rods of ““ chitin ** (ck.) are present beneath the epithelium on the
sides of the filaments, the interior of which is filled with strands of “ chitin ” and also
other connective tissue, and wandering cells (w.c.) are present both here and in the
meshes of the somewhat vacuolated “ chitinous ~* supporting rods. In the dorsal region
of the filaments (i.e., morphologically the interlamellar region) there are thick bands of
longitudinal muscle (Im.). There is no evidence of any interfilamentar junctions in
Poromya granulata, nor were they found by Ripewoop in P. oregonensis, though this
author noted their presence in P. malespine, as did PELsENEER (18888) in P. lornata.
Laterally the filaments are bounded by tall epithelial cells which carry long cilia (/.c.)
which correspond to the lateral cilia of the typical filament. No frontal cilia can be
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distinguished in P. granulata. RipEwooD found them in P. malespine but not in P.
oregonensis, but small latero-frontal cilia may be present. If so, they are quite different
from the large straining latero-frontals found in the typical filament. The reasons for
this modification of the ciliation of the filaments composing the branchial sieve will be
discussed later.

A longitudinal section through the labial palps, mouth, cesophagus and stomach of
P. granulata is shown in fig. 11.  As will be observed, they do not differ essentially from
those of Cuspidaria. The comparatively large palps (a.p. and p.p.) are ciliated on their
inner surfaces only and contain numerous muscle strands ; the mouth (m.) is large and
leads into a wide ciliated cesophagus (0.), which is surrounded by a thick layer of muscle
(c.m.). The stomach (st.) is large and its ridged walls are covered with a high columnar
epithelium, which contains numerous fine, yellowish, refractile inclusions. A thick
cuticular layer (cu.) lines all regions of the stomach, which is surrounded by a thick layer
of circular muscle fibres. The structure of both ducts and tubules of the digestive
diverticula resembles that of Cuspidaria. The style-sac is small and contains a small
rounded style which does not project far into the stomach ; the mid-gut is connected
with the style-sac in the same manner, and has throughout the same structure as in
Cuspidaria, being ciliated, round in cross-section in the region of the stomach, and becoming
oval before it passes into the rectum. The rectum is narrow, ciliated and contains many
mucous glands.

4. Tae Process or FrEDING.
(1) Mode of Life.

Both Cuspidaria and Poromya live in mud into which they burrow. This process
was followed in the laboratory by placing freshly caught animals in vessels containing
sea water beneath which was a layer of mud. All three species of Cuspidaria and Poromya
granulata. behaved in essentially the same manner. No previous observations appear
to have been made on lwing Septibranchs, so that the observations recorded in this
section probably represent an extension to our knowledge concerning the habits and
feeding mechanisms of the Lamellibranchia.

Burrowing is performed largely by means of the foot, which can be protruded from
between the shell valves as a thin wedge which, when fully extended, is about the same
length as the shorter axis of the shell. It can be directed either ventrally or anteriorly.
The burrowing of C. obesa was carefully followed at Trondhjem. After being placed on
its side on a layer of mud about 1 inch thick, the animal worked its way downwards until
the anterior half of the body region (z.e., as apart from the siphonal extension) of the shell
was buried. At the same time the siphons with their surrounding tentacles (all tinged
red in life) were protruded. About once a minute a violent contraction of the shell valves
was observed, a contraction which was apparently connected with movements of the
entire animal, whereby it was rotated slightly and at the same time pushed deeper into the
mud, This movement was always accompanied by a sudden ejection of water through
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the wnhalant siphon—a necessary safeguard if the septum is not to be severely strained
or perhaps ruptured. The animals usually burrowed diagonally downwards and with
considerable rapidity, though in a series of jerks with appreciable intervals between them.
At each movement the posterior end of the animal was raised to an almost vertical
position and was then lowered again, the animal at the same time sinking deeper into
the mud.

Finally, it burrowed so deeply that the end of the siphonal extension of the shell was
flush with the surface of the mud, above which only the siphons projected, and, had not
the previous movements of the animal been followed, it would have been difficult to dis-
tinguish these. The animals did not usually remain long in this position, but moved
about on the surface of the mud, which soon became channelled and pitted as a result
of their movements and burrowings. However deeply the animals burrowed the siphons
were never covered. Similar habits were observed in the case of C. cuspidata at
Kristineberg.

Poromya protrudes its siphons and their surrounding tentacles more readily than does
Cuspidaria. As already noted, the latter are very long and, when extended, they lie
backwardly directed over the posterior region of the shell covering some quarter of its
surface ; they may, however, erect themselves so that they stand out at right angles to
the surface. They were often observed in movement. When placed on mud, Poromya
burrows into it in much the same manner as C. obesa, using its long, extensile foot. Water
appears to be forced out of the shell anteriorly, a procedure which may assist burrowing,
as the animal was observed in this manner to force away mud from in front of its shell.
During burrowing, the animal was observed to erect itself, posterior end upwards, in the
mud and then turn slowly round, sinking into the mud as it did so, finally resuming a
horizontal position. It then proceeded to move along and downwards in the channel it
had made. All the movements, as in Cuspidaria, were sudden with appreciable intervals
between them. As a result of this process, first the anterior end and finally the entire
shell became buried beneath the mud. Gradually the animal assumed a vertical position,
anterior end downwards, with only the siphons exposed, which lay flush with the surface
of the mud, the two siphonal openings pointing directly upwards (text-fig. 4, ¢. and e.)
and the tentacles (¢.) lying flat on the surface of the mud, as shown in text-fig. 4.

(1) Function of the Septum.

The movements of the septum were carefully followed with a view to determining the
true function of this organ, which has been a matter of dispute.

In the Septibranchs, unlike the other Lamellibranchs, there is no continuous current
of water passing in through the inhalant, and out by way of the exhalant, siphon, even
when these are fully extended and obviously functioning. Instead, there is an occasional
widening of the opening of the inhalant siphon followed by a sudden intake of water, while
at the same time the exhalant siphon opens to its fullest extent, water being expelled
through the opening with considerable force, a fact which can be clearly demonstrated

212



240 C. M. YONGE: STRUCTURE AND FUNCTION OF ORGANS OF

" by introducing a suspension of carmine grains into the water around the exhalant siphon.
The exhalant siphon in the Septibranchs has an exceptionally narrow opening, the lips

t

d

Texr-Fie. 4.—Poromya granulate, siphons and surrounding tentacles fully extended, drawn from life.
x 14, d., dorsal, unpaired tentacle ; e., exhalant siphon ; 7., inhalant siphon ; ¢., one of the fourteen
paired tentacles.

of which are normally drawn together—a necessary precaution in view of the danger of
small particles entering the siphon in the absence of a steady outflowing current. The
inhalant and exhalant movements take place perfectly regularly in animals which are
functioning normally with siphons fully extended. In Cuspidaria obesa they were
observed to take place about six times per minute, and in C. cuspidaie some four times a
minute.

By carefully removing the shell valves from the two larger species of Cuspidaria, these
sudden movements were found to be caused by the movements of the septum, the action
of which did not appear to be interfered with when the shell was removed. Contrary to
what has hitherto been assumed from an examination of its anatomy, the septum when
at rest, 7.e., between the periodic movements, does not lie stretched to its fullest extent
ventrally. On the contrary, it is drawn up dorsally to the maximum degree, as shown
in text-fig. 5, A. During rest the pores are open and the cilia with which they are lined
beat inwards so as to cause a small, but perceptible, current upwards from the infra-
into the supra-septal cavity, as indicated by the arrows in the diagram. With the pores
still open, the septum is lowered to its fullest extent, when the pores are shut tightly,
presumably by means of the sphincter of plain muscle. This condition is indicated
diagrammatically in text-fig. 5, B. The valve which guards the entrance to the infra-
septal cavity probably prevents water and food from being expelled by way of the inhalant
siphon during the downward movement of the septum, while the opening of the exhalant
siphon remains shut so that water cannot be drawn through in the wrong direction. As
a result, therefore, of the downward movement of the septum, water is transferred from
the infra-septal cavity by way of the openings provided by the pores into the supra-septal
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cavity. The septum is then drawn sharply upwards in the direction indicated by the
arrows in text-fig. 5, B, with the pores still tightly shut—the pressure of the water against
the dorsally directed valves preventing them from being forced open—until it regains its
original position, when it comes to rest, with the pores still shut, as indicated in text-fig. 5, C.
Finally, the pores reopen and the slow flow of water through them is renewed. Kxactly
the same procedure was observed in both C. rostrata and C. cuspidata.

The movements of the septum are invariably accompanied by the opening and exten-
sion of the siphons as already described, this taking place during the upward movement
of the septum. The result of the septal movements is clearly to draw water and food
matter into the infra-septal cavity, the water being later passed through the pores,
slowly when the septum is at rest but quickly and in great quantities during its downward
movements, and being expelled through the exhalant siphon. Thus, whatever the origin

A B C

Texr-Fie. 5—Diagram showing movements of septum. A, position of septum when at rest and pre-
liminary to descending, current of water through pores indicated by upward directed arrows, downward
movement of septum indicated by arrows; B, position of septum at end of downward movement,
pores closed ; septum now moves upward as indicated by arrows : C, position at completion of upward
movement, pores still shut.

of the septum, in function it is analogous with the Lamellibranch gill, producing a current
of water through the mantle cavity and drawing in food. But, owing to the more
powerful, though intermittent, current produced by the septum, the food drawn in need
not—and does not—consist solely of fine particles carried in suspension by the water,
as in the ciliary feeding Lamellibranchs, but includes comparatively large particles or
small animals which may be sucked in unawares as they pass the inconspicuous siphons,
which are all that is exposed of the buried Septibranch. -

InPoromya the action of the septum does not appear to be so regular. Occasionally—
not at perfectly regular intervals and not more than once a minute—a sudden sharp
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expulsion of water from the exhalant siphon was observed, so powerful, indeed, that if
carmine grains were placed i the water they were shot away to a distance of about
4 or 5 cm. Unfortunately, probably owing to the weakness of its musculature, the
septum of Poromya did not function after the shell valves had been removed for better
observation. It proved impossible, therefore, to determine whether it acts in the same
way as the septum of Cuspidaria, a matter of importance in view of the different types of
musculature in the septa of the two families. The cilia of the branchial sieves were
observed in the living state and seen to beat inwards, like those surrounding the pores
of the Cuspidariidee, and so cause a current of water from the infra- to the supra-septal
cavity. The openings of the sieve can probably be closed by the contraction of the
longitudinal muscles at the base of the filaments. The septum of Poromya is clearly
unfitted for the powerful and frequent movements displayed by that of Cuspidaria ; in
structure it is too delicate, while the branchial sieves are not adapted to stand the same
pressure of water as the pores with their dorsally directed valves.

The peculiar state of affairs in the Cuspidariidee, whereby the septum between its periods
of activity is in its shortest condition, may be connected with the peculiar type of muscle
of which it is composed. The flat fibres are very long and wavy, and it may be that on
stimulation they straighten out and so extend the septum. This appears a more probable
explanation than that the septum is in a state of tonus for the greater part of its existence.
Physiological experiments—unfortunately impossible with the limited material and
apparatus at my disposal—are needed to determine in what state the septum of
Cuspidaria is actually relaxed, while the physiology of the septal muscle would
undoubtedly repay further investigation. One thing only is clear, that the development
of striped muscle is correlated with the need for a continuous series of comparatively
sudden movements—a state of affairs which has led to the development of striped
muscle in the adductors of members of the Pectinacea and the Ostraeacea, which
constantly close the shell valves for the rejection of foreign particles or for swimming.

From morphological considerations, PELSENEER (1891) came to a conclusion as to the
function of the septum which agrees fairly closely with my observations on the living
animal. He states (p. 225), “ Cette cloison, avec ses orifices, entretient assurément une
active circulation d’eau sur la paroi intérieure du manteau (dorsalement au septum,comme
chez Poromya) : la cloison, en se contractant, ferme ses orifices et chasse I'eau par le
siphon anal ; lorsqu’elle se relache, le siphon anal étant fermé, les orifices du septum
s'ouvrent et 'eau entre dans la chambre supraseptale, la valvule du siphon branchial
pouvant empécher qu’elle sorte par ce dernier.”

GrOBBEN agreed in the main with the above statement, considering that so muscular
an organ as the septum could not be concerned with respiration, but would be of great
importance in changing the water in the mantle cavity, as it is clearly adapted for powerful
movements, while in view of the cross striation of the muscle he thought it probable that
very strong contractions could be accomplished. He goes on to state (p. 113) that, “ Doch
mochte ich glauben, dass nur von Zeit zu Zeit ein solch ausgiebiger, durch Contraction
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des Septums bewirkter Wasserwechsel stattfindet, dass im Uebrigen, wenn sich das Thier
in Ruhe befindet, die wenngleich geringe Verbreitung von Wimpern an den Spalten,
sowie im Mantel und am Fuss fiir einen langsamen Wasserwechsel sich als ausreichend
erweist. Anderseits wird aber die geringe Ausdehnung von Wimperepithelien an den
die Mantelhohle begrenzenden Fléchen wieder auf einen zeitweilig nothwendigen ausgieb-
igeren Wasserwechsel durch Contraction des Septums hinweisen.” In view of his lack
of observations on living animals this statement is remarkably accurate.

Prate did not think it probable that the movements of the septum could be inter-
mittent, with a musculature so enormously developed and histologically so highly
differentiated. He thought, moreover, that the cilia on the pores did not serve to pass
water through, but merely acted as a sieving apparatus preventing the passage of food
particles into the upper cavity. These opinions have not stood the test of experimental
verification.

Darn had a very different opinion as to the function of the septum. He considered
(18898, p. 443) that the septal muscles, “ if not homologous with, at least perform the
functions of, the siphonal retractors of ordinary Pelecypods, and in forms like Poromya
mactroides, where the usual retractors are present, the siphonal septum is destitute of
muscularity, or possesses it only to an inferior degree.” Later (p. 445), referring to the
septal pores in Cuspidaria, he stated, “ I suppose that they serve to admit fresh water to
the upper chamber, which I believe to be utilised in some, if not all, instances as a mar-
supium. It is probable that, by suitable muscular contractions, the septum will operate
somewhat like the washer of a pump-valve, and that the upper chamber can be filled or
emptied of its contained water at will. . . . I donot regard it (the septum) as in any
way homologous with the normal ctenidia.” He supports his theory that the supra-
septal cavity is a marsupium where the ova develop (as quite possibly—though quite
mcidentally—they do, for the eggs are large and yolky and the developing embryo will
not require food for some time after hatching) by stating that in young specimens of
various species of Cuspidaria and Poromya the septal pores or sieves are partially or
completely shut, only opening completely when the animals attain sexual maturity.
It is clear, however, that if they were completely shut the animals could neither feed nor
respire, since a through current of water could not be maintained. There appears to be no
justification for DALL’S views as to the function of the septum ; his views with regard to
its origin will be discussed later. RipEwooD makes no comment on the function of the
septum.

(iil) T'he Intake of Food.

In the Cuspidariidee, particles or small animals are drawn in through the inhalant siphon
as a result of the water current caused by the sudden upward movement of the septum.
The four club-shaped tentacles which surround the inhalant siphon may perhaps assist
in this, for they are freely movable and bend inwards, in a claw-like fashion, around the
opening of the siphon beyond which they extend ; but this was never experimentally
proved. Food passes through the valve leading into the infra-septal cavity, as indicated
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by the large arrow in text-fig. 6, and, as the animals always lie with the anterior end
downwards, it will then fall down towards the mouth region. There are no cilia to guide
it there such as are present on the gills of the ciliary feeding Lamellibranchs.

The palps probably serve to push the food into the mouth (though this was never
experimentally demonstrated as it was in Poromya). Though they are small, especially
the posterior pair which are absent in C. obesa, frequent movements were observed, as
would be expected in view of their relatively well-developed musculature. In the
majority of the Lamellibranchs, the two pairs of palps are closely applied to one another

Texr-Fic. 6.—Ventral view of Cuspidaria cuspidate with mantle lobes drawn back to expose septum, drawn
from life. X 15. a.p., anterior palps; b, byssus groove; e.s., posterior end of septum ; f., foot ;
m., mouth ; m.e., mantle edge ; p., septal pore ; p.p., posterior palps ; s., ventral surface of septum ;
s.s., siphonal sheath ; »., valve between inhalant siphon and infra-septal cavity. Targe arrowindicates
direction of main food and respiratory current, smaller arrows indicate direction of ciliary currents.

so that the mouth is obscured, but in Cuspidaria the large mouth is fully exposed and
may extend considerably when food is swallowed and passed into the muscular cesophagus.

The cilia on the inner surfaces of the posterior palps (p.p.) beat in the directions indi-
cated by the arrows in text-fig. 6. There is an outer lateral area on which the cilia beat
towards the tip of the palp, the cilia on the remainder of the surface beating across it
and carrying particles into this backwardly directed stream. On the anterior palps
(a.p.), the cilia on the inner surfaces beat towards the tips of the palps. The cilia on the
basal region of the palps, perhaps better described as the lips of the mouth, beat inwards,
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as do those within the mouth and lining the cesophagus. As a result of the action of the
cilia on the palps, small particles are carried away from the mouth, being passed from the
palps through the septal pores (as shown in text-fig. 6) or else in the case of the posterior
palps, posteriorly by way of the foot. The cilia on the foot beat posteriorly and particles
are carried to the hinder end, where they appear to be drawn through the posterior pair
of pores. As we have seen, cilia are absent on the greater part of the surface of the
mantle, only the thickened marginal ridges (m.e.) possessing them. These cilia beat
posteriorly and carry fine particles to the hind end of the mantle cavity in the region
beneath the valve. This ciliary current corresponds to the * untere Riickstrémung ™
originally described by StenTa (1903) and which has been shown invariably to be present
in the ventral region of the mantle in all Lamellibranchs (see especially Kerroca (1915) ).
This current is always concerned with the cleansing of the mantle cavity and the rejection
of useless particles, and it is noteworthy that it is the only ciliary current in the mantle
cavity of the Septibranchs which clearly corresponds to a current found in the other
Lamellibranchs. Particles are massed together at the posterior end of the mantle cavity
as the result of its action and, as in other siphonate Lamellibranchs, are probably dis-
posed of by sudden contractions of the shell valves, which force out water and suspended
matter through the wnhalant siphon.

Such cilia as are present in the infra-septal cavity, 7.e., on the mantle edges, on the
foot, on the palps and round the pores, are therefore all concerned, not with feeding, but
with the removal of fine particles from the mantle cavity. This cleansing is obviously
of great importance to animals which live in mud and are consequently in constant danger
of being clogged with fine particles. Feeding is the result, exclusively, of the muscular
action of the siphons, the septum, the palps and the anterior region of the gut (aided
perhaps by cilia to a slight degree in the last instance).

In the supra-septal cavity there are, on the surface of the visceral mass, cilia which beat
posteriorly and carry particles towards the exhalant siphon. In living specimens of
Cuspidaria rostrata and C. cuspidata, moreover, a sparse ciliation was observed on the
dorsal surface of the septum (never on the ventral surface), as a result of the action of
which particles were carried backwards. There are no cilia on the mantle surface. All
cilia in the supra-septal cavity, therefore, serve to carry away particles and also, no
doubt, assist the cilia of the septal pores in maintaining a slight circulation through the
mantle cavity when the septum is at rest.

In Poromya, as shown in text-fig. 7, conditions are essentially the same. Owing to
the fact that the inhalant siphon (see text-fig. 4) has a wider opening, larger particles are
drawn in than in Cuspidaria. When the animal is sunk in the mud and the siphons are
functioning, the inhalant siphon does not project above the surface and its dorso-ventrally
compressed aperture is normally shut, owing to the coming together of the rounded lips.
The exhalant siphon is much smaller, is round and protrudes slightly as a roundish paypilla,
about 1 mm. in diameter. Pieces of the gonad of Pecten about a millimetre across were
placed on the inhalant siphon of a living Poromya. At first they were refused and pushed
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away by the surrounding tentacles, but on the second attempt they were drawn in slowly
through the siphonal opening, being seized by the lips and slowly passed into the infra-
septal cavity. A few moments later the inhalant siphon opened to its fullest extent and no
sign of the food could be seen. A piece of coagulated blood, some 2 to 3 mm. long and
1 mm. wide, from Myxine was later fed to the same animal and was similarly taken in.

It was observed that food was taken into the inhalant siphon by a series of movements
clearly related to the movements of the septum, or, if the food was not too large, by one
sudden inrush. Both siphons were opened to their fullest extent, there was a sudden
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Text-Fia. 7.—Ventral view of Poromya granulata with mantle lobes drawn back to expose septum, drawn
from life. X 20. a.b., anterior branchial sieve ; a.p., anterior palps; b., byssus groove ; f., foot;
m., mouth ; m.e., mantle edge; p.b., posterior branchial sieve ; p.p., posterior palps; s., septum ;
t., tentacles surrounding siphonal openings ; v., valve between inhalant siphon and infra-septal cavity.

Large arrows indicate direction of food intake, small arrows the passage of the water current through
the branchial sieves.

ejection of water through the exhalant siphon (showing that the septum had contracted)
and at the same time matter was pulled into the inhalant siphon. After a series of these
movements the larger food masses were finally taken completely into the mantle cavity.
During the process of food intake, the lips of the inhalant siphonal opening were fully
expanded and raised to a height of some 2 or 3 mm., s.e., above the exhalant siphon.
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If too much food was taken in, then the surplus was frequently ejected—as a result
of sudden contractions of the shell valves—but only if the food was still, at any rate
partially, in the inhalant siphon and had not passed the valve leading into the infra-
septal cavity.

As in the Cuspidariidee, the food falls down towards the mouth. There it is at once
pushed into the mouth by the palps, which are both larger and more active than those of
Cuspidaria. After placing pieces of the gonad of Pecten upon them, both pairs of palps
mmmediately curled inward, as indicated by the arrows in text-fig. 7, and quickly pushed
the food into the large mouth, which opened wide to receive and swallow it. There is
thus not the slightest doubt concerning the muscular function of the palps in Poromya.

The only cilia whose presence could be identified in the /iving animal were those on
the branchial sieves, and it is significant that the frontal cilia, concerned with food
collection in the other Lamellibranchs, have been lost, while the lateral cilia, concerned
with the creation of the water current, are alone retained. Sectionsshow the presence of
cilia on the palps, on the mantle edges and on the foot, but these are evidently too small
and their action too feeble to be easily identified by placing carmine upon them. The
observations, moreover, had to be made on one specimen only and without the aid of a
binocular microscope. In view of the similarity in the feeding habits and the structure
of the feeding organs in the two genera, there can be little reason to doubt that the cilia
in the mantle cavity of Poromya serve the same function as those of Cuspidaria, namely,
to clear the mantle cavity of small particles, and to maintain a slight water current
when the septum is at rest.

(iv) Passage of Food through the Gut.

Food is carried through the cesophagus largely by the peristaltic movements of its
thick muscular layer. In Poromya, food was occasionally rejected through the mouth,
apparently by antiperistaltic movements.

In the stomach the food is broken up into small fragments. The stomach in the Septi-
branchs is a crushing gizzard, as its structure (see figs. 6 and 7) plainly indicates. The
powerful musculature serves to contract its walls violently so that the ridges with their
thick cuticle come together and crush up the large food masses which lie between them.
It often proved difficult to section the stomach of both Poromya and Cuspidaria owing to
the mass of chitinous fragments and sometimes sand grains which filled the lumen.
Occasionally, as shown in text-fig. 3, whole Crustacea were found in the stomach. The
crushed-up fragments must either be pushed into the wide ciliated ducts of the digestive
diverticula (fig. 7) or into the opening of the mid-gut. [t is necessary that particles having
food value should be passed into the former opening, for in the digestive diverticula alone
can they be digested, whereas the useless fragments of chitin, sand, and the like will need
to be passed into the mid-gut. In the stomach of the ciliary feeding Lamellibranchs
there is a highly efficient sorting mechanism (see NuLsoN (1918), YONGE (1923, 1926B) ),
but in the stomach of the Septibranchs there is no such mechanism, and it is not easy to

2K 32



248 C. M. YONGE: STRUCTURE AND FUNCTION OF ORGANS OF

see how such a separation takes place and exactly how food is separated from feecal
matter. Within the tubules of the digestive diverticula it is quite possible that, as in
other Lamellibranchs, a circulation is maintained by the action of long, retractile cilia
which cannot be distinguished after fixation and may be withdrawn when fresh material
1s pressed out under a coverslip for examination. The presence of these cilia is rendered
the more probable owing to the lack of a muscular network round the tubules, such as 1s
found in the Crustacea (see YoncE (1924) for details and literature), and serves, by its
alternate contractions and relaxations, to produce a circulation through the tubules of
the “ hepatopancreas.”

Material is probably passed through the short mid-gut chiefly by ciliary action, for there
is very little muscle and cilia are abundant (see fig. 8) ; the same is probably true for
the rectum, though the more powerful encircling muscles in this region may aid in
defaecation. Both of these regions of the gut, therefore, possess a similar function, as
well as a similar structure, to that found in the other Lamellibranchs. The feces are
discharged into the posterior region of the supra-septal cavity and will be quickly ejected
through the exhalant siphon. '

5. Tar Narure or taHE Foob.

Alone amongst the Lamellibranchia, the Septibranchia are carnivorous. PELSENEER
(1891) originally came to this conclusion, stating (p. 219) that ““ Poromya est carnivore ;
la longueur de I'ouverture palléale antérieure, la largeur de la bouche et de 1'eesophage, et
la brieveté de I'intestin s’accordent avec ce régime.” Later (p. 224) he writes, * Cus-
pidaria est franchement carnivore. Dans 'estomac de C. rostrata, j’ai trouvé seulement
un animal d’aspect déja un peu défiguré, mais oculé et a revétement de spicules. C'est
la, avec Poromya, une exception parmi les Lamellibranches ; ce régime s’explique par
I’habitat de ces deux genres dans des eaux profondes ou ne s’étend pas la vie végétale.
Les mouvements du septum musculaire aident probablement & attirer la proie morte
dans le manteau (qui est assex ouvert), et la largeur de ’cesophage en facilite I'ingestion.”

Prare found the remains of Copepods and Annelids in the stomach of C. obesa, but
continues by stating “Ich . . . glaube aber nicht, dass die Cuspidarien sich hinsicht-
lich der Ernéhrung irgendwie von den iibrigen Muscheln, die kurz als Planktonfresser
bezeichnet werden kénnen, unterscheiden.” Neither the extent of PrLATE’s investiga-
tions (sections through a single specimen of C. obesa) nor his knowledge of the feeding of
the Cuspidariidee are of sufficient significance for much weight to be attached to the above
statement.

PrLsENEER (1911) in his account of the Cetoconcha (Silenia) in the ** Siboga ™ collections
—the only complete specimens of this rare genus as yet examined—states (p. 79) that
the stomach contains ““ des débris de Crustacés ”” adding that Cetoconcha is thus, like
the other Septibranchs, a carnivore.

My own investigations bear out fully PELSENEER’S conclusions. The stomach contents
of two living specimens of C. cuspidata were examined at Kristineberg. One consisted of
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a Crustacean (probably, in the opinion of Dr. M. V. LeBour, an early stage of a parasitic
Copepod) in almost perfect condition, 2-2 mm. long and with a carapace 1 mm. wide,
and also of the empty shell of an Ostracod 1 mm. long and 0-36 mm. broad. The other
consisted chiefly of the remains of a Crustacean embedded in a mass of sand grains, the
whole measuring some 0 -9 mm. in length and 0-45 mm. in breadth. In neither stomach
was there the slightest indication of that suspension of fine particles and plankton which
invariably constitute the stomach contents of the ciliary feeding Lamellibranchs (see
Hunr (1925) and Savace (1925) for accounts of the stomach contents of Pecten oper-
cularis and Ostrea edulis Tespectively).

The manner in which the sand grains were embedded in the food indicates the power
of the gizzard and also suggests that the presence of sand grains may assist in the breaking
up of the food. A similar suggestion has been made in the case of the ciliary feeding
Lamellibranchs, which take in sand grains, but the almost complete absence of muscle in
the gut, and the high development of the ciliary sorting mechanism in the stomach, of
these animals provide conclusive evidence against this theory. The welding together
of the food and the sand grains may be assisted by the substance of the style (for there
are no mucous glands in the cesophagus or stomach)—indeed, in view of the almost total
absence of finely divided or starchy foods, this appears to be the only function which
the style can perform.

In Poromya also, as shown in text-fig. 3, Crustacea are taken whole into the stomach.
In sections of both Poromya and the three species of Cuspidaria, the stomach was
frequently found packed with fragments of animals, usually Crustacea, while the mid-
gut contained fragments of chitin, spines, limbs, etc., all clearly of either Crustacean or
Annelid origin. There was never any evidence of the presence of vegetable matter or
fine plankton organisms in any part of the alimentary canal.

To what extent the Septibranchs depend on living or dead prey must remain uncertain.
PELSENEER, as quoted above, suggests that the latter form the principal food, and, in
view of the sluggish habits of the Septibranchs, this is quite possible. An active animal
could doubtless easily escape them, especially since the Septibranchs have no means of
actively seizing their prey, unless it chanced to swim too near to the aperture of the
inhalant siphon and so was drawn in by the sudden and unexpected current. For the
most part we can imagine the Septibranchs moving about slowly through the mud and
sucking in the small dead or dying animals which they encounter. In deeper waters
they will not have the opportunity, and neither there nor in shallower waters the power,
of swallowing the diatoms, peridinians and other fine phytoplankton organisms which
form the food of the great majority of the Lamellibranchs.

6. ASSIMILATION.

A number of feeding experiments were carried out, specimens of Cuspidaria being
placed in water containing, in suspension, iron saccharate (some of which passes into
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colloidal solution), Indian ink or the coagulated blood of various fish. Poromya was fed
directly with pieces of the coagulated blood of Myxine and with pieces of the gonad of
Pecten, a second specimen being placed in a suspension of iron saccharate in sea water.
After suitable periods the animals were fixed in appropriate ways.

After feeding C. obesa with iron saccharate and treating in the usual manner (for
details see YoNGE (19264) ) after periods of 6, 9 and 12 hours and one day, and subse-
quent sectioning, iron was found to be present in the mantle cavity, where it was attached
to all the ciliated areas, especially the foot and the margins of the mantle, 4.e., clearly in
process of being removed from the mantle cavity. It was also present in the lumen of
the stomach, the mid-gut and the rectum, but it was never found in the epithelial cells of
these regions. It was absorbed solely by the cells lining the tubules of the digestive
diverticula, in the manner shown in fig. 12, which represents the condition found subse-
quent to feeding for 6 hours. The iron saccharate is taken into large vacuoles (f.) within
the cells and never appears in a diffuse or finely granular condition. Precisely the same
state of affairs was found in Nucula, Mya, Teredo (YonGE (19264) ) and in Ostrea (YOoNGE
(19268)), and, as was pointed out in the former paper, there is reason to suppose that this
method of ingestion in large vacuoles is an indication of the presence of wntracellular
digestion. Iron saccharate is absorbed in a diffuse or finely granular condition in
animals—Annelida or Arthropoda, for example—in which digestion is exclusively
extracellular.

The same conditions were found in Poromya, an animal fixed 9 hours after it had been
placed in a suspension of iron saccharate showing the presence of iron lying on the cilia,
on the mantle edges, on the foot, on the palps, and passing through the branchial sieves
into the supra-septal cavity (evidence that these cilia serve the same function as those
in Cuspidaria). It was also found free in the lumen of the stomach and of the gut, but it
was absorbed exclusively in the cells of the tubules of the digestive diverticula, and there
only in large vacuoles.

Specimens of C. obese which had been placed in a suspension of Indian ink and later
fixed in Bouin, showed, in sections, the presence of small quantities of Indian ink lying
on the cilia in the mantle cavity, and also being passed into the supra-septal cavity by
way of the pores. A few particles were found in the stomach lying against the cuticle,
but none in the digestive diverticula.

Previous feeding experiments using the blood corpuscles of fish (Yonex (19264, 19268) )
have shown that these are taken in freely by Lamellibranchs and are ingested. With the
exception of Teredo, however, in all the Lamellibranchs studied they were ingested by
the phagocytes which abound in the epithelium, the surrounding tissue and the lumen
of the gut ; especially were they so ingested in the stomach, the ducts of the digestive
diverticula and the mid-gut. They were seized while still in the lumen by these phago-
cytes, which ingested them and then carried them through the epithelium and into the
connective tissue. Within the phagocytes they are slowly digested. Only in the case
of Teredo, where, as we have seen, the ducts of the digestive diverticula are exceptionally
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short and wide, did the blood corpuscles succeed in passing into the tubules of the
digestive diverticula, where they are ingested by the cells.

In the Septibranchs, histological examination revealed the almost complete absence
of these wandering phagocytic cells, and the fate of the coagulated blood corpuscles with
which they were fed was, therefore, of the greatest interest. Specimens of all three
species of Cuspidaria were treated in this manner. C'. obesa removed and fixed in Bouin
after 12 hours of such feeding showed the presence, after sectioning and staining with
_iron hsematoxylin and acid fuchsin, of blood corpuscles ingested in the cells of the
tubules of the digestive diverticula and in no other region. The same conditions were
found in C. rostrata after similar treatment. In both of these experiments the blood of
cod was used.

Fig. 13 shows the appearance in cross-section of a single tubule from the digestive
diverticula of a C. cuspidata which had been in a suspension in sea water of the coagulated
blood of a wrasse for 10 hours. The animal was fixed in Bouin and the section figured
was stained with Mann’s methyl-blue eosin combination. The effect is very striking,
the ingested blood corpuscles staining a bright red while the cytoplasm colours blue ;
the nuclei (n.t.) are blue except for the prominent nucleoli, which stain red. Great numbers
of the blood corpuscles are ingested, the great majority (b.c.i.) having already been
carried towards the base of the cells ; one, however, remains free in the lumen (b.c.l.)
while several others are in process of ingestion (b.c.p.), apparently sinking into the proto-
plasm of the cells rather than being actively enclosed by it. Ingestion takes place in the
older, vacuolated cells (0.c.) and not in the crypts of young, darkly staining cells (cp.).
In many cases the ingested blood corpuscles can be seen lying within clearly defined
vacuoles. Although some of the ingested corpuscles lay against the basement membrane
(b.m.) of the tubules, in none of the sections was there any evidence of their being carried
away by wandering phagocytic cells, as was observed in Teredo (Yonee (19264) ).
Perhaps this occurs later in digestion, but lack of material and the danger of the animals
dying if they were left for too long a period after feeding, prevented any more prolonged
feeding experiments from being undertaken.

Blood corpuscles were found in small numbers in the lumina of different regions of the
gut, but never ingested in phagocytes.

Similar results were obtained in Poromya, blood corpuscles from the blood of Myxine
being ingested exclusively in the tubules of the digestive diverticula. In this case,
moreover, swallowed blood corpuscles were obtained from the stomach 4 hours after
feeding, as a result of antiperistaltic regurgitations from the stomach. They were
examined and found to be undamaged—showing the lack of proteases and lipases in the
stomach—and were in no case being ingested by phagocytes, as was found to occur in the
stomach lumen of Ostres edults 3 hours after the beginning of feeding (YoNGE (19268) ).
There were no phagocytes in the regurgitated fluid.

It will be observed that, while matter in colloidal solution, such as iron saccharate,
or in coagulated masses, such as blood, is taken within the alimentary canal, the finely
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divided particles of Indian ink, or of iron saccharate in suspension, though they are drawn
into the mantle cavity by the action of the septum, are almost entirely removed from it
by the cleansing cilia and very little enters the gut.

As a result of these feeding experiments—though it is to be regretted that more could
not be carried out—it can be stated definitely that the only absorptive surface in the gut
of the Septibranchs, as in the other Lamellibranchs, is provided by the tubules of the
digestive diverticula. There both soluble matter, such as iron saccharate, is absorbed,
and comparatively large particles, like blood corpuscles, are ingested, the latter being,
presumably, digested intracellularly. In the ciliary feeding Lamellibranchs this localisa-
tion of the absorptive surface is compensated for by the presence of the phagocytes in the
lumen and epithelium of all regions of the gut, but this is not the case in the Septibranchs.

The reason why such comparatively large particles as blood corpuscles pass into the
digestive diverticula of the Septibranchs but not into those of the other Lamellibranchs
(with the exception of Teredo) is clearly due to the absence of phagocytes in the gut and
in the ducts of the diverticula, which could ingest them prior to their entrance into the
tubules, and to the exceptionally short and wide ducts which lead from the stomach
into the digestive diverticula.

As is well known, the tissues of the Lamellibranchs are normally exceptionally rich in
glycogen, a fact which has been recorded by many investigators (see especially RUSSELL
(1923) ), and there is no doubt as to the primary importance of this reserve food sub-
stance in the metabolism of these animals. In previous work on Ostrea (19268) attention
was drawn to this fact and to the striking degree to which the digestive processes are
specialised for dealing with carbohydrate food. In the Septibranchs, however, the food
is not predominantly carbohydrate ; on the contrary, it must be largely protein, and the
special digestive mechanism for dealing with carbohydrates provided in the style is much
reduced. It would, therefore, appear probable that glycogen is not stored to any great
extent in the Septibranchs. In order to obtain some evidence on this point, one freshly
caught specimen of C. obesa was fixed in Carnoy’s fluid and sections prepared which were
treated with the Langhan’s iodine method. No indication of the presence of glycogen
was found in any of the sections. Thus we have evidence of an alteration in the
metabolism of the Septibranchs consequent on their assumption of a carnivorous diet.

7. GENERAL DiscussioN orF RESULTS.

This research is particularly interesting in its bearings on the general problems of
feeding and digestion in the Lamellibranchia. This class of the Mollusca possesses, on
the gills and the palps and in the stomach, the most elaborate and most efficient ciliary
feeding mechanism found in the entire animal kingdom. Associated with this are the
many peculiarities, both morphological and physiological, of the gut, to which reference
was made in the introductory section. It has been shown, I think conclusively, in the
foregoing account that the Septibranchs are carnivorous and that feeding mechanisms,
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an alimentary system and digestive processes, have been evolved for dealing with large
food masses, thus providing a striking example of the evolution of function.

- In place of the gills has evolved the muscular septum. This performs the same function
in maintaining a circulation of water through the mantle cavity, being assisted in this
by the vestiges of the gill ciliation in the lateral cilia, on the filaments of the branchial
sieve in Poromya, and in the cilia around the pores in Cuspidaria. But it also, by its
sudden movements, draws in large masses of food, which the continuous, but slowly
‘moving, current created by the gill cilia could never do. The large food masses introduced
mnto the infra-septal cavity in this manner are pushed into the mouth by the small, but
very muscular, labial palps. The exceptionally highly developed ciliary mechanism
on the ridged palps of the other Lamellibranchs, which acts by rigorously sorting the
particles passed on to it from the gills, rejecting the larger particles and passing the
smaller ones into the mouth (for details see WaALLENGREN (1905) and Yonce (1923,
19268) ), has been lost, the few remaining cilia being concerned exclusively with the
rejection of fine particles which might impede the working of the gut. That this ciliation
is of importance is shown by the fact that these ciliated tracts are retained, even though
the palps, as in the case of the posterior pair in C. obesa, have been lost. A similar
réle is played by the remaining cilia in the mantle cavity, on the foot and on the ventral
margins of the mantle. The survival of these cilia and no others is clearly correlated
with the danger which both the Septibranchs and the other Lamellibranchs face in
common, that of being silted up by fine particles of mud or sand. Mucous glands, as
universal as cilia in the other Lamellibranchs, are confined to the ciliated regions in the
Septibranchs.

The foregut of the Septibranchs is totally unlike that of the Lamellibranchs which feed
on fine particles. Although the cesophagus possesses cilia, these are clearly of little
importance, food being carried along by the peristaltic movements of the thick surround-
ing muscle, so conspicuously absent in the other Lamellibranchs. The stomach is even
more highly specialised and acts as a crushing gizzard, for which function its ridged walls,
cuticular lining, surrounding muscles and freedom from the surrounding tissues, all
combine to fit it—clearly a very different structure from the complex ciliated organ of
the other Lamellibranchs, which is almost devoid of muscle.

The crystalline style in the Septibranchs has no longer the great importance that it
possesses in the other Lamellibranchs. In the latter, by its rotation it assists in the
movement of the fine particles through the gut, and by the dissolution of the head in the
stomach it sets free carbohydate-splitting enzymes (NELson (1918, 1925)), and also
maintains the fluid in the stomach near the optimum hydrogen-ion concentration for
the action of the enzymes (YoneE (1925, 19268) ). In the Septibranchs, owing to the
contractions of the gizzard-like stomach, the style can no longer project freely across the
stomach and bear against the gastric shield on the opposite wall ; on the contrary, it barely
projects out of the short style-sac in which it is secreted ; it would clearly he worn away
by the contraction of the stomach were it to project any farther. The cuticular lining
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of the stomach probably represents an extension over the entire stomach of the gastric
shield, which covers only a small area in the stomachs of the other Lamellibranchs.

The shortness and exceptional width of the ducts leading into the tubules of the
digestive diverticula are correlated, no doubt, with the comparatively large fragments
forced into them by the squeezing action of the stomach. The wide lumina of the tubules,
especially in the neighbourhood of the ducts, are to be attributed to the same cause.

The only regions of the gut which perform essentially the same function as in the
other Lamellibranchs, the mid-gut and the rectum, show no structural modifications.

The absence of the wandering phagocytes which form so conspicuous a feature in the
gut of the ciliary feeding Lamellibranchs is very striking, and there can be no doubt that
these have developed owing to the necessity of dealing with food particles too large to
enter the ducts of the digestive diverticula, and which cannot, owing to their nature, be
digested by the amylase or the glycogenase from the style, which represent the only
extracellular enzymes present in the gut of the Lamellibranchs. In the Septibranchs,
where there are no particles of this size to be dealt with (the blood corpuscles were
swallowed in the form of coagulated masses, and not individually), and, moreover, where
the epithelium of the stomach is covered with a thick layer of cuticle, there is clearly no
scope for the action of these phagocytes. Furthermore, the widely open ducts of the
digestive diverticula allow food particles of the order of magnitude normally seized by
phagocytes (e.g., red blood corpuscles) to enter the tubules where they are ingested.

There is no evidence of any elaboration ef extracellular enzymes other than those in
the style, and these, on account of the carnivorous habit, must be of very little use to the
animal. Indeed, there is a close correlation, borne out still further by the conditions
found in the Septibranchs, between the degree of development of the style and a finely
divided and largely vegetable food. Thus in the Gastropods the style is best developed
in such animals as Crepidula (MackINTOSH (1925) ), which feed by ciliary mechanisms
(OrTON (1912) ), and is lost in the carnivorous species, to be regained in the Thecosomatous
Pteropods which, descending from carnivorous ancestors, have taken to a pelagic life
and developed ciliary feeding mechanisms (Yonce (1926¢) ).

The tubules of the digestive diverticula, like those of the other Lamellibranchs (YoneE
(19264) ), show no histological evidence of secretion, nor did the examination of blood
corpuscles which had been in the stomach for four hours indicate any action by digestive
enzymes. 1t appears, therefore, that, though capable of modifying their feeding
mechanisms and the structure of their alimentary canal, the Septibranchs have been in-
capable of modifying their digestive processes. The Lamellibranchs have retained the
power of intracellular digestion to a far greater extent than the other large groups of the
Mollusca, which is clearly correlated with the fact that in the Lamellibranchs alone are
fulfilled the two essential conditions of intracellular digestion, namely, the maximum
of ingesting surface (in the ramifications of the tubules of the digestive diverticula) and
the presentation to this of fine particles which can be directly ingested, the latter being
ensured by the rigorous sorting action of the ciliary mechanisms on the gills and the palps
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and in the stomach. In the Septibranchs the second of these conditions is absent,
and it is only by the crude method of breaking up the large prey in the stomach that
small particles for passage into the diverticula can be obtained. In no other metazoan
carnivore, with the exception of certain of the Turbellarians (see WEsTBLAD (1923),
WILLIER, etc. (1925) ), where the gut cells are amoeeboid and unite to form syncytia during
absorption, when they take in water and swell out so that they surround the soft food
which they ingest intracellularly, is there this complete lack of a preliminary protein
-digestion. In the Ceoclenterates, though digestion is largely intracellular, there is invari-
ably a preliminary breaking down of the prey by means of an extracellular protease.
In the Septibranchs, there are no modifications other than the crushing action of the
stomach, and they must still rely upon exactly the same methods of digestion (less the
digestive action of the phagocytes) which have served the Lamellibranchs, which possess
highly developed ciliary feeding mechanisms. It seems probable that they must, at
least, have developed a more powerful intracellular protease in the digestive diverticula
than is found, for example, in Ostrea, in which, as in probably all similar Lamellibranchs,
digestion is primarily concerned with carbohydrates. -

The Septibranchs are a small group. It seems probable that this is due to their failure
to develop methods of digestion switable to a carnivore, and to the comparative failure
of their extremely interesting feeding mechanism. They have achieved the remarkable
feat of transforming a feeding mechanism and correlated alimentary system and digestive
processes, which together represent the highest developments of their kind in the animal
kingdom for dealing with finely divided food, largely of a vegetable nature, into mechanisms
for dealing with large food masses of animal origin. It is not surprising, therefore, that
the result has been largely in the nature of a makeshift.

The question of the origin of the Septibranchs is one of the greatest interest. It follows
from the preceding statements that they cannot have evolved in the face of keen
competition. The evidence we possess points to their having evolved in deep water.
All the known Septibranchs are marine and inhabit considerable depths, the Cetoconchidee,
in particular, being abyssal animals. The two specimens of Cetoconcha (Silenia) sarst
taken by the “ Challenger ” came from depths of 1,950 and 2,650 fathoms, and the
single specimen of Poromya (Verticordia) tornate from 1,850 fathoms. It seems not
improbable that in the greatest depths the ciliary feeding Lamellibranchs cannot exist
owing to the lack of phytoplankton. Animals which happened to pass into these deep
waters would die, unless it chanced that feeding mechanisms capable of dealing with
comparatively large animal prey, either living or dead, were evolved. In the case of the
Septibranchs this happened, and, as a result, they spread downwards into the abyssal
regions where the sparseness of the animal population and the consequent lack of serious
competition allowed them to survive in spite of the inadequate nature of their organs of
feeding and digestion. As they became more specialised and so more capable of surviving
the keen competition for food which exists in the shallower seas, they worked their way
back into shallower water. It is noteworthy that the most highly specialised of the three

2 L2
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families of the Septibranchia, the Cuspidariide, are found in the shallowest waters. The
three specimens of C. cuspidata obtained in the Gullmars Fjord were all taken in depths
of about 50 metres along with many other Lamellibranchs.

The supposition that the Septibranchs are a comparatively recent group is borne out
by the paleontological evidence ; thus in ZITTEL’S text-book (1913) it is stated that the
Cuspidariidee range back to the Jurassic and the Poromyacide only to the Cretaceous.
The smallness of the group at the present time points to their comparative failure.

The origin of the septum has been a matter of dispute, DALL (1888, 1889B, 1894,
1895) maintaining that it is pallial in origin or else an anterior prolongation of the septum
dividing the inhalant and exhalant siphons, while PELSENEER (18884, 1889, 1891, 1911)
considers it to be branchial. In support of this view he states that the nervous supply
comes from the branchial nerve and not from the siphonal or pallial nerve, and concludes
that the septum represents the inner demibranch only. PrLsENEER has received the
support of GROBBEN, who regards the anterior part of the septum, at least, as of branchial
origin; but PLATE agrees with DALL, since he found that the septum of C. obesa was
innervated by a nerve leaving the cerebral ganglion side by side with the visceral com-
missure and not by a branchial branch of the visceral nerve. PrELSENEER (1911) thinks
he is mistaken in this. RipEwoob does not agree with DALL that the muscularity of the
septum is evidence against its being of branchial origin, but finds it difficult to understand
how it could have developed such important attachments to the shell. I do not intend
to engage in this controversy, which is not likely to be definitely settled until the
embryology of the Septibranchs has been studied. There do, however, appear to be
substantial reasons for agreeing with PELsENEER rather than with DarL ; the septum
certainly performs the same function in creating a current of water through the mantle
cavity as do the gills—a fact which DALL failed to realise—and it is difficult to see how
it could have evolved except as a direct development from the gills.

The validity of the separate order Septibranchia formed by PrLsENEER has been
questioned by Darr, GroBBEN and RipEwooD, the last-named summarising the con-
flicting evidence and adding (p. 183), “ The reduction of the branchial organs is certainly
very remarkable, but there are greater differences between the three genera included in
the Septibranchia than between a form like Poromya malespine, on the one hand,
and Verticordia on the other. The conditions found in Poromya, Cetoconcha, and Cus-
pidaria may be considered to have evolved independently, although following the same
general trend. The relations between these forms and the Verticordiidee being obvious,
it is proposed, in the absence of more accurate information as to general anatomy, to
place the three families, Poromyide, Cetoconchidee and Cuspidariidee after the Verti-
cordiidee, in a terminal sub-order (Poromyacea) of the Synaptorhabda.”

As PeLSENEER (1911) points out, the taxonomic divisions we establish are of relative
value only, since continuity is the law of nature, and in his opinion the establishment of
the order Septibranchia is justified, for they represent, “le stade final d’une longue
évolution dans un sens déterminé.”
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On the other hand, the very different structure of the septum in Poromya and Cus-
pidaria, particularly the development of the striated musculature in the latter, does
rather support the opinion of RmpEwoop that they may have evolved independently
and that the structural resemblances may therefore be due to convergence, the result
of similar habitats and the necessity for dealing with similar food. Like the Teredinidze,
the Septibranchs appear to be highly specialised animals, adapted to peculiar conditions,
rather than the apex of the evolution of the Lamellibranchs. But we need further
evidence, especially embryological, before these questions can be satisfactorily answered.
For the time being, however, the order Septibranchia may be conveniently employed to
denote the three families (or two, if, as PELSENEER suggests, the Cetoconchidee are to
be included under the Poromyids) of carnivorous Lamellibranchs which draw in water and
food by means of a muscular septum, and whose alimentary system has been greatly
modified as a result of their change of habits and food.

8. SUMMARY.

1. Living and preserved specimens of the Septibranchs, Cuspidaria rostrata,
C. ocuspidata, and C. obesa, and Poromya granulate, have been studied for the
purpose of investigating the structure and functions of the organs of feeding and
digestion.

2. In Cuspidaria the septum is extremely thick, and is attached to the shell by large
anterior and posterior septal muscles and by delicate lateral muscles the arrangement of
which varies in the different species. The mass of the septum consists of longitudinal
bundles of flat, striated, muscle fibres which cross over one another posterior to the
foot. The lateral muscles are smooth and pass transversely across the dorsal surface
of the septum. The septum is perforated by narrow, slit-like pores, either four or
five according to the species, which have dorsally directed valves. They are bounded
by a columnar epithelium which is ciliated in two regions, and are surrounded by a
sphincter of plain muscle.

3. The septum of Poromya is more delicate. It is attached to the shell by a pair of
anterior and a pair of posterior septal muscles, and is composed of plain muscle fibres.
It is perforated by a pair of anterior, and a pair of posterior, branchial sieves. In P.
granulata the former possess five and the latter six filaments. These resemble ordinary
gill filaments, lateral, but not frontal, cilia being present in P. granulate ; longitudinal
muscles occur at their bases.

4. The palps are small in Cuspidaria, the posterior pair being absent in C. obesa, but
are larger in Poromya. They are ciliated on their inner surfaces, are smooth and very

muscular.
5. The mouth and the cesophagus are large, both are ciliated and surrounded by a

thick layer of muscle.
6. The stomach is large and cylindrical, the walls are ridged and covered throughout
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with a thick cuticle which probably represents an extension of the gastric shield. It is
surrounded by a thick layer of muscle and is free from the surrounding tissues.

7. The ciliated ducts of the digestive diverticula are exceptionally short and wide.
The tubules have the same structure as in the digestive diverticula of the other Lamelli-
branchs. The style-sac is short and contains a small oval style which does not project
far into the stomach. '

8. The short mid-gut is ciliated and possesses little muscle. The rectum is narrow,
ciliated, contains mucous glands and is surrounded by muscle. The anus opens at the
base of the exhalant siphon.

9. Thereis an almost complete absence of the wandering phagocytic cells found in the
gut of the ciliary feeding Lamellibranchs.

10. Both Cuspidaria and Poromya live in mud into which they burrow.

11. The septum in Cuspidaria makes regular movements, first descending and then
drawing sharply upwards. Between movements it is in its shortest condition. As a
result of the movements, water and food are drawn into the mantle cavity. In Poromya
the septum appears to act in a similar manner, though less frequently.

12. The cilia on the septal pores and branchial sieves and in the supra-septal cavity
serve to maintain a slow current of water through the mantle cavity when the septum is
at rest. The cilia in the infra-septal cavity—on the palps, the foot and on the mantle
edges—remove fine particles from the mantle cavity.

13. Food is pushed into the mouth by the muscular palps, being then passed through
the cesophagus, largely by peristalsis, and crushed up in the gizzard-like stomach, the
fragments being passed either into the ducts of the digestive diverticula or into the mid-
gut, through which they are passed by ciliary action.

14. The Septibranchs are carnivorous, feeding on small animals either dead or alive,
usually Crustacea or Annelida.

15. The tubules of the digestive diverticula provide the only absorbing surface in the
gut, they are organs of absorption and intracellular digestion. There is no evidence that
they secrete.

16. Fine particles, such as Indian ink, if taken into the mantle cavity are almost all
removed by the cleansing action of the cilia and few enter the gut.

17. There is no evidence of any storage of glycogen in C. obesa.

18. The Septibranchs have converted feeding mechanisms, and an alimentary system
specialised for dealing with fine particles, into an apparatus for the disposal of large
food masses.

19. The crystalline style in the Septibranchs is small and, since in the other Lamelli-
branchs it is concerned essentially with the movement through the gut of fine particles
and with the digestion of carbohydrates, is probably vestigial.

20. The absence of wandering phagocytic cells is to be attributed to the absence in
the food of particles small enough for them to ingest, and also to the ease with which
particles can enter the digestive diverticula.



FEEDING AND DIGESTION IN SEPTIBRANCHS, CUSPIDARIA AND POROMYA. 259

21. The digestive processes do not otherwise appear to differ from those of the remaining
Lamellibranchs. Although carnivores, the Septibranchs have not developed a preliminary
extracellular digestion of protein.

22. The Septibranchs are a small and unsuccessful group, which probably evolved in
deep water where the majority of them still live. The origin of the septum is disputed,
but the balance of the evidence is in favour of its being branchial.

23. The order Septibranchia, established by Prrsenzrr, is probably valid, though
Cuspidaria and Poromya may resemble each other as the result of convergence and not of
a common origin.

24. The conditions found in the carnivorous Septibranchs provide valuable con-
firmatory evidence that the peculiar nature of the gut and of the digestive processes in
the other Lamellibranchs is due to the finely divided food collected by their elaborate
ciliary feeding mechanisms.
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10. DEBSCRIPTION OF PLATES.
List of Reference Letters.
@. = clear area in which lies nucleus of striated fibre.
a.p. = anterior palp.
b.e.i. = ingested blood corpuscles,
b.c.l. = blood corpuscle in lumen.
b.c.p. = blood corpuscle in process of being ingested.
b.g. = beginning of mid-gut.
ban. = basement membrane.
c.g. = connecting groove bhetween style-sac and mid-gut.
e.m. = circular muscle.
c.s. = crystalline style.
ch. = " chitinous ” supporting rod in filament of branchial sieve.
ep. = crypts of young cells in tubules of digestive diverticula.
cu. = cuticle.
d. = duct of digestive diverticula.
d.c. = dorsal ciliated tract round septal pore.
d.e. = dorsal epithelium of septum.
es. = epithelium of style-sac.
I = iron in vacuoles in tubule cells.
g. = mid-gut.
I. = infra-septal cavity.
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.. = epithelium of inner surface of palps.
wide lumina of digestive diverticula.

Il

le. = lateral cilia.

l.m. = longitudinal muscles.

L. = longitudinal ridges in stomach.
l.san. = lateral septal muscles.

m. = mouth.

m.g. = mucous gland.

mu. = muscle strands.

#.b.c. = nucleus of ingested blood corpuscle.
n.s. = nucleus of striated fibre.

n.t. = mnucleus of tubule cell.

0. = cesophagus.

o.c. = older, vacuolated cells of tubules.
o.e. = epithelium of outer surface of palps.
p.p. = posterior palp.

r. = rectum.

r.am. = radiating muscle fibres.

r.0. = longitudinal ridges in cesophagus.
8. = supra-septal cavity.

san. = septal muscle.

s.s. = style-sac.

sp. = sphincter of plain muscle round septal pore.
sr. = striation in muscle fibre.

st. = stomach.

L = tubule of digestive diverticula.

ty. = typhlosole.

2. = valve on dorsal side of septal pore.
v.c. = ventral ciliated tract round septal pore.
v.e. = ventral epithelium of septum.

va. = vacuole in tubule cell.

w.c. = wandering cell.

y.c. = voung, darkly staining cells in mid-gut.

Prare 12.
Fic. 1. Cuspidaria rostrata.—Longitudinal section through the septum cutting a septal pore transversely,
Fixed Bouin, stained Delafield’s heematoxylin and eosin. 6 p < 200.

Fie. 2. Cuspidaria rostrata—Horizontal section through the septum passing somewhat obliquely through
a septal pore in the dorsal region. Fixed Bouin, stained iron hmmatoxylin and acid fuchsin.
6 X 200.

Fic. 3. Cuspidaria rostrata—Portion of a teazed-out muscle fibre from the septum. Fixed alcohol.
stained iron hematoxylin. X 666.

Fic. 4. Cuspidaria rostrata—Transverse section through a posterior palp, about the middle. Fixed
Bouin, stained Delafield’s heematoxylin and eosin. 6 p X 200.
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Prate 13.

Fre. 5. Cuspidaria cuspidato—Transverse section through the cesophagus immediately anterior to the
stomach. Fixed Bouin, stained iron hematoxylin and acid fuchsin., 6 p x 76.

Fia. 6. Cuspidaria rostrate.—Longitudinal section through the stomach and style-sac, showing also the
beginning of the mid-gut and the connecting groove between it and the style-sac. Fixed Bouin,
stained Delafield’s heematoxylin and eosin. 6 p x 76.

I'1e. 7.—Cuspidaria cuspidata—Transverse section through the stomach passing through the opening of
the anterior and smaller duct of the digestive diverticula. The shortness of the duct and the wide
lumina of the tubules into which it opens are both shown. Fixed Bouin, stained iron hematoxylin
and acid fuchsin. 6 p. x 76.

Fie. 8. Cuspidaria cuspidata.—Transverse section through the mid-gut immediately posterior to its
separation from the style-sac, showing the presence of the typhlosole. Fixed Bouin, stained iron
heematoxylin and acid fuchsin. 6 p x 112.

Fia. 9. Cuspidaria cuspidata.—Transverse section through the mid-gut in the region of its junction with
the rectum to which it is united dorsally. Fixed Bouin, stained Mann’s methyl blue and eosin.
6u x 112.

Prate 4.

Fre. 10. Poromya granulala—Longitudinal section through the septum cutting one of the posterior
branchial sieves at right angles. The filaments are shown in transverse section and their resemblance
to the gill filaments of the other Lamellibranchs is shown. Fixed alcohol, stained Delafield’s
heematoxylin and eosin. 6 p 3 100.

Fre. 11.  Poromya granulaia.—Longitudinal section through the palps, mouth, cesophagus and stomach,
showing their mutual relationships and the wide lumen of the cesophagus and stomach. Fixed Bouin,
stained Mann’s methyl blue and eosin. 6 p x 34.

Fia. 12. Cuspidaria obesa.—Section through four cells from a tubule of the digestive diverticula fixed
after 12 hours of feeding with a suspension of iron saccharate. Fixed equal parts Bouin and 5 per cent.
ammonium sulphide in absolute alcohol, iron treated with the Prussian blue method, sections stained
with alum carmine. 6 p x 865.

Fre. 13, Cuspidaiia cuspidate.—Transverse section through a single tubule of the digestive diverticula
fixed after 10 hours of feeding with blood from a Wrasse. The structure of the tubule is shown, also
the presence of blood corpuseles, free in the lumen, in process of ingestion and actually ingested within
the cells.  Fixed Bouin, stained Mann’s methyl blue and eosin. 6 p. x 572.
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. INTRODUCTION.

Because of the superficial resemblance of the digestive diverticula of the Lamelli-
branchs, and of many other Invertebrates, to the liver of the Vertebrates, and the discovery
in them of glycogen by BErNarD (1855), they became known as the “liver.” WEBER (1880)
later introduced the name hepatopancreas as a result of his discovery of the secretory powers
of the diverticula in the Crustacea. In spite of the fact that none of the constituents of
bile has ever been discovered in the Invertebrates, and that the digestive diverticula are
in no way analogous to the liver of the Vertebrates, as Jorpax (1912) has shown in his
review of the subject, the terms “liver” and ‘ hepatopancreas,” as well as the less
uestionable designation “ digestive gland,” are still generally used. Moreover, no attempt
is made to distinguish between these organs in the different groups of Invertebrates
although both their structure and function in, for example, the Lamellibranchs, Gastropods,
Cephalopods, and Crustacea are totally different. In some cases they constitute a digestive
gland; in others, including the TLamellibranchs, as I hope to show in this paper, their
function is that of assimilation, and so they are most suitably designated digestive diverticula.

It is necessary, in order properly to determine the nature of any organ, to study both
structure and physiology, since it is to the physiological assumptions of the morphologist
and the morphological assumptions of the physiologist that the misconceptions of the past
are due. In this research, therefore, I have not only examined the structure of the
diverticula in a large number of species, but I have studied their physiology from as many
aspects as possible, in the hope of determining definitely their nature.

This research was carried out at the Plymouth Laboratory during the winter of 1924-25,
while I was holding a Carnegie Research Scholarship in Zoology of the University of Hdin-
burgh. [ wish to acknowledge my indebtedness to the British Association, the University
of London, and the Royal Microscopical Society for granting me the use of their tables for
various periods, to the Director and the Staff of the Laboratory for their kindness and help,
and to Professor AsuworTH for help in the preparation of this paper for publication.

# The Carnegie Trust for the Universities of Scotland has made a grant to the author towards the cost of the plates, which

is gratefully acknowledged.
TRANS. ROY. SOC. EDIN,, VOL. LIV, PART III (NO. 15). %
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2. MrrHODS AND LiIsT oF Srrcins I0XAMINED.

FreExzeEL (1885, 1886, 1893) is the only investigator who has carried out a comparative
study of the digestive diverticula in the Lamellibranchs, but, as he was unable in the majority
of cases to fix his material satisfactorily, most of his observations were made on isolated

cells from fresh material.
be tried before satisfactory results were obtained.

Fixation is in some cases very difficult, and many fixatives had to
I have indicated, therefore, the fixative

employed after the names of the 34 species examined in the list given below.
Sections were stained with Delafield’s hematoxylin and erythrosin, or with iron haema-

toxylin, sometimes with acid fuchsin as counterstain.

The structure of the digestive diverticula has been examined in the following species :—

Order

Order

Ozrder

I have been unable, unfortunately, to obtain good material of the Septibranchs in which

ProToBrANCHIA.
Nucula nitida (Bouin).
Nucula radiata (Bouin).

FIriBrANCHIA,

Anomaa ephippiuwm (corr. sublimate
in sea water).

Arca tetragona (corr. sublimate in
sea water).

Barbatia lactea (corr. sublimate in
sea water).

Cilycimerts glycimeris (corr. sublimate
in sea water).

Mytilus  edulis (equal parts Bouin
and absolute alcohol).

Modiolas modiolus (equal parts Bouin
and absolute alcohol).

Modiolaria marmorata (Bouin-Du-
boseq).

Pecten maximus (corr. sublimate in
sea water).

Pecten opercularis (corr. sublimate in
sea water).

KULAMELLIBRANCHIA.

Lama loscombr (Bouin).
Ostrea edulis (Bouin).

Astarte sulcata (Bouin).

Kellya  suborbicularts  (corr. sub-
limate in sea water).

Tellina crassa (Bouin-Duboseq).

Donaxr wvittatus (corr. sublimate in
sea water).

Spisula solida (Bouin).

Venus fasciata (Bouin-Duboseq).

Dosinia exoleta (Bouin).

Tapes pullastra (corr. sublimate in
sea water).

Cardium edule (equal parts Bouin
and absolute alcohol).

Cardium norvegicum (207, formalin).

Gari tellinella (Bouin).

Mya arenaric (Bouin).

Lutraria oblonga (Bouin).

Solecurtus antiquatus (Bouin).

Ensis siligua (Bouin).

Saxicava rugosa (Bouin).

Gastrochana dubia (Bouin).

Pholas dactylus (corr. sublimate in
sea-water).

Pholadidea loscombiana (Bouin-Du-
boseq).

Xylophaga dorsalis (Bouin-Duboseq).

Teredonorvegica(Bouin or Flemming).

H

since alone amongst the Lamellibranchs they are carnivorous, different conditions may prevail.
Owing to the kinduess of Mr G. C. Rossox, I was able to section a species of Cuspidaria from
the British Museum, but, though the remainder of the alimentary canal was well preserved,
the structure of the digestive diverticula could not be determined.
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3. STRUCTURE.

The digestive diverticula form a darkly-coloured mass which surrounds the greater
part of the stomach. They consist of blind tubules which unite with one another, and are
in free communication with the stomach by way of ducts whose structure is distinet from
that of the tubules.

The ducts are usually circular in cross section, although the outline of the lumen is
undulating owing to variation in the height of the epithelium (see figs. 1 and 2). This
epithelium resembles that of the stomach, of which it is a prolongation, and consists of tall,
ciliated cells containing oval nuclei. It is surrounded by a thin layer of circular muscle.
The protoplasm is not vacuolated, but in some species contains numerous highly refractile
green, brown, or yellow granules near the free surface of the cells. This is particularly the
case in Nucula, and I have also observed it in Arca, Glycimeris, Modiola, and Saxicava.
The nature of these granules is not clear, but as these cells neither absorb nor secrete they
are probably an excretion which accumulates in the same way as Marennin in green oysters.
As in the gut, mucus cells may occur between the cells of the epithelium, and so may phago-
cytes, which are sometimes present in great numbers.

The junction between the epithelium of the ducts and that of the tubules may be
sharply defined, as in Nucula and all the Eulamellibranchs examined, or may be gradual as
in Mytilus (as described and figured by List (1902)) and the other Filibranchs examined,
where the junctions in cross section often consist of two portions, the epithelium of the one
being that typical of the ducts, while the other resembles that of the tubules.

The tubules are either round or oval in cross section (compare figs. 7 and 10), and are
not surrounded by muscle, but at most by a few strands of connective tissue. They may
be so numerous that they are packed tightly together with very little connective tissue
between them, while in other species they may be spaced out with a corresponding increase
in the amount of connective tissue, which may be “ vesicular,” as noted by MacMusy (1900)
in Ostrea, and is exceptionally well developed in Gastrocheena. In this tissue lie blood lacunz
and many wandering cells ; strands of muscle are sometimes present, especially in Arca. The
epithelium of the tubules is variable in height; the nuclei are very characteristic, being
round, with a prominent nucleolus in the centre.

In sections, cilia can never be distinguished in the tubules, although in Nucula and
all the Filibranchs examined the free edge of the cells is bounded by a fine cuticle (see
figs. 4 and 6). This is particularly well marked in Glycimeris, where it has sometimes the
appearance of very fine cilia. List has described and figured it in the Mytilidee. I have
never observed it in my sections of any of the Eulamellibranchs, while Carazzi (1896,
1897) and Voxk (1924) failed to find it in Ostrea, and GuTHEIL (1912) in Anodonta. In
fresh material, on the other hand, FrexzeL (1886) states that the cells are covered
with a “gleichmiissig iiberziehenden Saum, welcher . . . einen niedrigen Deckel bildenden
Hirchen . . . zusammengesetzt sind.” Porrs (1923) found in Teredo that the cells of the
tubules specialised for the ingestion of wood had long cilia ““beating with a rather languid
motion, and easily retractile, so that, when ordinary reagents are used for fixation of
material, it is impossible to demonstrate them in sections.” On the projections which occur
in this epithelium he found slender pseudopodia but no cilia. In the unspecialised region
(which resembles that found exclusively in the other Lamellibranchs) he states that the cells
have a border of retractile cilia, which he also observed in Pholas and Xylophaga.

I have examined tubules from the majority of the species sectioned, pressing them out
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under cover-slips, and observing them under high power. In most cases it was impossible
to determine whether cilia were present or mot, but in addition to the three cases in
which Porrs observed them, I have seen them in Spisula truncata, Spisula solida, Dosinia
exoleta, Cardium echinatum, Gari tellinella, and Pholadidea loscombiana. In Spisula the
cilia can be distinguished with exceptional ease, and can be seen beating actively in all
the tubules. The beat is usually very languid, varying as a rule between fifty and one
hundred and fifty to the minute. Although it is difficult to decide the length of the cilia,
some idea of it can be obtained from the fact that the length of beat may be about 15pu.
As will be shown later, particles both enter and leave the tubules in all cases, which
implies the presence of cilia, although in some species they may be retracted more readily
than in others, especially when pressed out for examination.

According to the character of its protoplasm—the nuclei are identical in all the cells—
the epithelium of the tubules may be divided into two regions, in one of which the proto-
plasm is extremely vacuolated and lightly-staining, and in the other less vacuolated and
darkly-staining. The vacuolated cells are the more numerous and are always larger, although
they vary greatly according to the size and contents of their vacuoles. These, particularly
if the tissue has been fixed shortly after the animal has been taken from the sea, are often
filled with green, brown, or yellow masses of varying size and shape. In Pecten maximus and
Pecten opercularis the vacuoles and inclusions, which consist of a great number of minute
brown spheres, are both exceptionally large, as shown in fig. 4. FrenzeL has described
the colour, size, and properties of these inclusions, and figured them in colour, for all the
species of Lamellibranchs which he examined, regarding them as characteristic of the
different species. List disagrees with him, and points out that they cannot be a character-
istic sign of a species since they are not constant, their nature depending wholly upon the
food of the animal. In animals which have been starved the cells have few or no inclusions.
At the same time, the size of the vacuoles certainly varies in different species, being much
larger, for instance, in Pecten, Gari, Solecurtus, and Saxicava—where whole tubules may
consist of a bounding membrane surrounding a number of great vacuoles (with or without
contents), both nuclei and cell outlines being absent—than in the other species I have
examined.

In the Mollusca generally, FrENzer (1885, 1886, 1893) found three kinds of cell
in the digestive diverticula—granule-cells (Kornerzellen), ferment-cells (Keulenzellen), and
lime-cells (Kalkzellen). The last of these he never found in the Lamellibranchs he
examined, the granule-cells in every case but one, and with them ferment-cells in the
following genera only: Pecten, Mactra, Capsa, Donax, Solecurtug, Lima, Cardium, Cyprina,
Petricola, Tellina, Scrobicularia, Mya, and Gastrocheena, and also in Venus gallina and Venus
verrucosa, although in Venus decussata he found ferment-cells exclusively. He admits that
the morphological development of the ferment-cells in the Lamellibranchs is “insignificant,”
and his sole criteria as to their presence seems to have been the size and intensity of
colour of the included masses. I have examined species of ten out of the fourteen genera
in which he found two kinds of cell, and I can find no evidence whatever of their
presence ; there is one type of cell only. In the Opisthobranch or Pulmonate Gastropods,
where both granule- and ferment-cells are present, there is mever any doubt as to their
identity, for in each both nucleus and protoplasm are characteristic. In the Lamelli-
branchs the only variation is in the quantity of matter included in the cells.

The smaller, darkly-staining cells are always present. They are found scattered
irregularly in small groups round the lumen in Nucula and all the Filibranchs examined
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(see figs. 4 and 5). They are often low, and lie between large vacuolated cells which meet
above them and shut them off from the lumen. In the remaining Lamellibranchs the
lumen of the tubules is not regular, as in the species just considered, but is elliptical,
tripartite, or in the form of a cross, with crypts (using the term employed by GureEIL)
at the extremities of the two, three, or four arms respectively, in which lie groups
of these dark cells. The arrangement in Mya, in which there are two erypts, and in
Teredo, in which there are three or four, are shown in figs. 7 and 10. The same regular
arrangement has been described and figured in Anodonta by GurTHEIL.

These cells have been considered ferment-cells by some workers—for no other reason,
apparently, than that they ave slightly different from the other cells—but all the evidence
points to their being young cells. They are most numerous at the blind end of the
tubules, decreasing in number as these widen. This is conspicuously the case in Nucula,
where they are often absent in the wider tubules (fig. 6), though the same condition may
be found in many species. FrENzEL thought that the older cells might be replaced by a
multiplication of young cells, while LONNBERG (quoted by TList) found that the cells
of the tubules in Mytilus edulrs divide mitotically. TList, who describes and figures these
cells in the Mytilidee with great care, found division stages in them occasionally, and also
noted the ejection of parts of the older cells and the degenerate appearance of their nuclei,
and so came to the conclusion that the dark cells (Ersatzzellen as he called them) were
nests of young cells. GurHEIL found mitosis not infrequently in the crypts in Anodonta,
and observed that it was commonest when signs of degeneration were most pronounced.
I have examined sections of the digestive diverticula in Mya arenaria stained with iron
hematoxylin, in order to determine whether division takes place in the erypts. I have found
it frequently in sections of animals which had been starved by keeping them in filtered
sea water for a month. In these the older cells are often to be seen either free in
the lumen or in the process of being expelled from the epithelium, many cells coming
together in spherical masses, and then passing into the lumen in that condition. Mitotic
figures are frequent and always in the crypts. TFigs. 8 and 9 represent two such cases,
one during division and the other immediately after it. In all cases (as was also observed
by GurreiL) the nuclei come near the lumen before dividing, and the chromosomes are
large and granular. I have never seen mitosis in sections of animals which had recently
been fed, but it is quite common to find either the whole or parts of the old cells
being cast off.

From the histological character, the distribution, and the behaviour of these small
dark cells there seems, theréfore, every justification for considering them young cells
which, by dividing, arve able to make good the loss resulting from the casting off of the
old cells. A similar process goes on in the gut of the Crustacea and Insecta.

The epithelium of the digestive diverticula in all the Lamellibranchs examined, with
the exception of Zeredo norvegica, consists of one type of cell only. In the Teredinide,
as SIGERFO0S (1908) and Porrs have shown, the digestive diverticula are of two kinds, the
one resembling in every respect that found in the other Lamellibranchs, and the other
consisting of wide, excessively thin-walled tubules, the epithelium of which is made
up of a single layer of cells whose boundaries are either absent or very indefinite.

4. FuxcrioN.
(«) Historical Summary.—The earlier investigators (for full details and bibliography,
see List) all considered the digestive diverticula formed a *liver” which secreted bile and
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digestive enzymes. FRENzZEL (1886) states, with regard to the Mollusca generally (he failed
to realise the different conditions that prevail in the various classes), “ dass die Mitteldarm-
driise derselben, gerade wie die der Crustaceen, eine Verdauungsdriise ist, d. h. dass sie ein
Secret bildet und ausscheidet, welches zur Verdauung der in den Darmcanal aufgenommenen
Speisen verwendet wird.,” Saint-Hirare (18938) was the first to show that the digestive
diverticula in the Mollusca serve as organs of absorption. He found that the vacuolated or
granule cells in the Prosobranchs, Opisthobranchs, and Pteropods among the Gastropods, and
in the Cephalopods, are not ferment-cells but absorptive cells. Carazzi (1896, 1897), work-
ing on the green oysters of Marennes, and later on oysters fed with iron sulphate, came to
the conclusion that the “liver” in the Lamellibranchs is an organ concerned with assimila-
tion. According to him, Marennin and iron are taken up by the epithelial cells of the
gills, palps, and gut, and then transported by ameebocytes to the “liver,” where they are
assimilated and stored, some of the iron being later passed on to the gonad. Ie did noft,
however, exclude the possibility of the tubules being also to some extent secretory,
although he considered the ducts the chief source of digestive enzymes.

As List has pointed out, the value of Carazzr's results is greatly lessened by his
experimental methods. He kept oysters for four months in three litres of sea water,
to which had been added 20 grams of a 10 per cent. solution of iron sulphate in distilled
water, and then placed them in clean sea water for one or two weeks before fixing them.
The animals had time to get thoroughly permeated with iron, which was found both in
the epithelium of the gills, palps, and gut, and also in the “liver”; but there was no more
reason for assuming that it had been absorbed by the former and passed on to the latter
than that the reverse had occurred. ‘

No such objection can be made to the experiments of List. Ie added Indian ink to the
water in which a number of Mytilus were kept, and found that after a short time, sometimes
only two hours, the particles were taken in by the granule-cells in the digestive diverticula.
In sections, he found ink in the lumen of the ducts and tubules, and particles passing through
the ““ Cuticularsaum " into the granule-cells, where they become concentrated in vacuoles, at
first a few dotted round the wall of the vacuole, and later in such numbers as to form a solid
black mass. When the animals ceased to be fed, the ink was quickly cast out, entire
“ Kornerballen ” being ejected into the lumen and passing through the gut to the exterior.
List also found that carmine was taken in in the same manner, though, as he notes, this is
always dissolved to some extent, together with powdered litmus (which indicated by its colour
that some of the vacuoles were acid and others alkaline) and iron. He concludes finally that
the colour of the “liver” at any time depends entirely upon the food, and that it is primarily
an organ of assimilation.

Exriques (1901), who worked at the same time as List, agreed with FrExzeL that the
cells in the tubules of Ostrea were of only one type, but he considered them to be ferment-
cells, not granule-cells, since he was unable to identify within them ingested chloroplasts such
as he had found in the granule-cells in many Gastropods, and since the spectroscopic
examination of a solution in alecohol of the brown inclusions gave no indication of chlorophyll
He admitted, however, that his oysters had been out of the sea for two or three days. He did
not agree with Carazzi that secretion takes place in the ducts, considering the mucus cells
their only secreting elements, the function of the ducts being purely that of transport.
Although the cells of the tubules may absorb, their main function, according to ENRIQUES, is
the secretion of digestive enzymes.

In Anodonta cellensis, GUTHEIL states that the tubules are composed of one type of cell,
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which he regards as secretory. Like ENrIQUES, he noted the presence of great numbers of
yellow or brown balls in the cells, from which they could be pressed out in teased material.
He made no physiological experiments, but noted that the brown spheres remained at the basal
end of the cells until they attained a certain size, when they moved to the surface of the cell
and passed out—as enzymes, in his opinion. e could not follow in any detail the process of
secretion, and attributed the loss of colour after the animals had been starved to a shrinkage
in the amount of secretion. Ie also decided that the same cells could absorb since he found
within them fine droplets of fat.

Porrs found that of the two regions of the “liver” in Teredo, the one with the wide
thin-walled tubules, which he calls “ digestive,” is specialised for the intracellular digestion of
wood, fragments of which are taken in both by the cells of the epithelium and by free cells in
the lumen; and the other, described as “excretory,” and which resembles the digestive
diverticula of the other Lamellibranchs, contains *‘large quantities of highly refringent,
resistant granules whose chemical nature is not known but which are probably excretory.”
He found that particles of Indian ink were taken in by the cells of these tubules.

In my own work on Mya arenaria (1923) I was unable to carry out feeding experiments,
and accepted the presence of digestive enzymes in extracts of the “hepatopancreas,” as I
called it, as evidence that it is an organ of secretion (a safe assumption in many groups of
animals but not in the Mollusca). Enzymes capable of digesting the carbohydrates—starch,
glycogen, sucrose, maltose and lactose—were found, also a protease acting in acid media, and
a lipase. Digestive enzymes have also been found in extracts of the digestive diverticula
by, amongst others, FrEDERICQ (1878), who found a protease in Mya and Mytilus; Mrrra
(1901), who found amylase and invertase in Anodonta; Vax RvyBErK (1908), who found
amylase in Mytilus; Dakix (1909), who found amylase, protease, and lipase in Pecten ; and
HeyMaNN (1914), who found protease, lipase, and a number of carbohydrate-splitting enzymes
in Ostrea.

Finally, Voxk (1924) fed Ostrea edulis with Indian ink and carmine, and found that these
were taken in as round masses in the cells of the tubules—exactly as LisT had found in Mytilus.
Only very occasionally could he see a distinet membrane round the vacuoles, and he never
observed particles being passed on to the amoehocytes as deseribed by Carazzi. He also fed
oysters on plankton for three to five days, and compared them with oysters which had been
starved for two or three weeks. In the former, diatoms were numerous throughout the gut, while
“Im Gegensatz zu ungefiitterten oder mit Farbstofl genihrten Tieren
zeigten nun die Leberzellen dieser Austern zahlreiche griine Kinschliisse
von sehr unregelmidssiger Form.” He never found whole diatoms in the cells of
the tubules, though some green algee appeared to be taken in whole. The green colour of the
inclusions in sections he accounts for by quoting Morisca to the effect that the brown
pigment of diatoms is extracted by cold alecohol, leaving a green pigment. VoNK concludes
that the oyster most probably assimilates food by phagoeytosis in the cells of the tubules,
adding that this agrees with the complete lack of protease in the stomach.

(b) Feeding Expertments.—I have carried out feeding experiments so as to determine
where and how absorption takes places. For this purpose I used suspensions in sea water of
iron saccharate (Ferrum Oxydatum Saccharatum) and of blood corpuscles of the dogfish.
Animals were placed in these suspensions (which were quickly cleared by their ciliary activities)
and fixed after definite periods; those fed on the iron compound in a mixture of 5 per cent.
ammonium sulphide in 95 per cent. alcohol to which was added, immediately before use, an
equal quantity of Bouin’s fluid. This use of Bouin is my own modification of the usual method
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of fixing for iron; I find that it gives a much better fixation, while iron can be demonstrated
just as well. Animals fed on blood corpuscles were fixed in Flemming, or in any fixative which
had previously been found suitable. Sections were cut 6u or 8p thick. Iron was demonstrated
by placing the slides for a few minutes in 10 per cent. potassium ferrocyanide and then in
very dilute HCI, which converts it into Prussian blue; alum carmine was used to stain the
sections and gives very beautiful results. Sections of animals fed with blood were stained with
iron heematoxylin and acid fuchsin or by Arnold’s method (for details see Aich. Zellforsch.,
I1I, 1909, p. 434) after fixation in Flemming, or with Delafield’s heematoxylin and erythrosin
after other fixatives.

A number of animals were fed with iron, the best results being obtained in Nucula, Mya,
and Teredo, an account of which will be given. The animals were starved previous to feeding,
—Nucula for two weeks, Mya for a month, and Teredo for one or two days (if kept long out
of wood Teredo dies).

In Nucula iron-feeding gives most striking results. Iron is taken into the lumen of the
gut in great quantity—so that the lumen appears as a solid sheet of blue in the sections—but
it isabsorbed exclusively in the cells of the tubules, the junction of which with the ducts being
vividly marked by the entire absence of blue in the epithelium of the ducts. Fig. 5 represents
a portion of the epithelium of a tubule fixed six hours after feeding. Iron is already being
absorbed in large quantities. The border cuticle cannot be seen and the free edges of the cells
are very irregular, being extended in the form of pseudopodia (in some cases these extensions
attain great length and arve very attenuated). The iron is taken up in small vacuoles, those
near the lumen being only partially filled with iron and having a lightly-coloured and granular
appearance, while those in the more basal region of the cells are larger, and so packed with iron
that they exhibit a uniform deep blue. Absorption takes place almost exclusively in the older
cells and always in diserete round vacuoles; there is never any general absorption of tiny
granules of iron throughout the cytoplasm, nor any diffuse blueness in 1t. A certain amount
of absorption takes place in the young cells, but the vacuoles are more irregular. Fig. 6
represents an entire transverse section of a tubule two days after feeding. In this case all
the vacuoles are packed with iron, and are uniformly blue. The vacuoles are extremely
plentiful, the majority being crowded in the basal end of the cells, where they seem to be
embedded in the cytoplasm, those nearer the lumen lying in open spaces in the protoplasmic
network. The free edge of the cells, the absorption of iron having ceased, is regular in outline,
and the border cuticle can easily be distinguished. Sections of the digestive diverticula three
to five days after feeding show much the same conditions, but a certain amount of iron is being
taken over by the ameebocytes, which are numerous between the tubules, although they are
not so plentiful in the walls and lumen of the gut as in the higher Lamellibranchs. There is
no sign of any rejection of iron into the lumen of the tubules. No attempt has been made to
follow the course of the iron further.

A tubule of the digestive diverticula in Mya, one day after feeding with iron, is repre-
sented in fig. 7. The stomach of the animal was full of a thick brown suspension of the iron
compound, and a certain amount of this can also be seen in the lumen of the tubule. Itis
also being ingested by one of the cells, which projects beyond the others, not, apparently,
either as fine particles or in solution, but as a solid mass which is enclosed directly by the
protoplasm. It is difficult, however, to be absolutely certain on this point. Further within
the cells it is present in vacuoles, neither so large and so numerous nor so regular in shape
as in Nucula, but never as scattered particles or diffuse. Where the vacuoles are not quite full
the iron is massed round the margin in the same way as the Indian ink in List’s experiments
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on Mytilus. Amceebocytes have entered two of the cells which contain iron, but none are
present in any of the cells free from iron. I have never found iron in the young cells. In
no other part of the gut was iron assimilated.

In Teredo, one day after feeding, iron was present in the lumen of the gut and of both
portions of the digestive diverticula; but to a much greater extent in the unspecialised
portion. As shown in fig. 10, it is taken in by the cells of these tubules, appearing as some-
what irregular masses within large vacuoles. It is found very occasionally in the cells of the
specialised portion, and in the free cells which are present in the lumen, and always in a rather
diffuse condition. Most iron is present in the amcebocytes—which ocecur in very great
pumbers between the tubules of the unspecialised region, and are usually laden with fat
globules and other food—to which it is apparently almost immediately passed by the cells of
the tubules. In the figure the amcebocytes represented are so full of iron that only the
nuclens—and that with difficulty—ecan be distinguished from the mass of blue.

Cardium edule, Mya arenaria, and Teredo norvegica gave the clearest results after
feeding with blood corpuscles. The corpuscles were taken into the gut freely, so that the
stomach was full of them within a short time. In the case of Cardium and Mya, however,
they were all ingested by the amcebocytes, which are everywhere present in and beneath the
epithelium of the gut (including, of course, the ducts of the diverticula), and also free in the
lumen. The corpuscles entered the ducts in large numbers, but were there seized by these
phagocytes and taken into the wall of the ducts, passing between the cells of the epithelium.
Sections of a specimen of Cardium, which had been fixed two days after feeding, and stained
with Delafield’s hematoxylin and with just enough erythrosin to colour the corpuscles and
nothing else, showed the presence of great mumbers of corpuscles all within phagocytes,
sometimes in the connective tissue, but usually between the cells of the ducts, which could
everywhere be readily distinguished on account of the red colour of the corpuscles. Never,
however, did they succeed in reaching the tubules.

Exactly the same condition is found in Mya. Figs. 1, 2, and 3 represent three stages in
the transport of the ingested corpuscles, the animal having been fixed six hours after feeding.
In fig. 1 two corpuscles are shown ingested by phagocytes lying between the cells in the
epithelium of one of the ducts. Fig. 2 represents a phagocyte containing a corpuscle in the
act of passing through the circular muscle which surrounds the duct, while in fig. 3 is shown a
corpuscle ingested by a phagocyte, which was lying in the connective tissue between the ducts
and tubules. Animals fixed with Flemming’s strong fluid from four to six days after feeding
showed later stages in the digestion of corpuscles by phagocytes, the corpuscles being irregular
and entirely without structure, and surrounded by numbers of fat globules.

Characteristic of the Lamellibranchs are the large numbers and great activities of these
phagocytes, and this has been commented on by the majority of the investigators of this class.
[ have given an account (1923) of the presence of these phagocytes in Mya, and have shown
that they often contain large hard particles, such as sand grains and the tests of diatoms, so
that the surface of the gut is often difficult to cut in sections, and has a dark grey colour.
The gut of Ensis, and other Lamellibranchs in which the sorting mechanism on the gills and
palps allows relatively large hard particles to enter the gut, has the same appearance.

In Teredo, as shown in fig. 11, which is drawn from a specimen three days after feeding
with blood, corpuscles were actually ingested by the cells of the tubules. The digestive
diverticula in the Tercdinide are spread out in a thin sheet round the ventral surface of the
stomach, and the ducts are short and wide. As already noted, the phagocytes are most

numerous between the tubules of the unspecialised portion, and they were often found with
TRANS. ROY, SOC. EDIN., VOL, LIV, PART II1 (NO. 15). 100
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contained corpuscles (amongst other things), a typical case being shown in fig. 12. The
corpuscles are taken in by the cells of the unspecialised tubules (see fig. 11), and lie in
vacuoles within them, but they are often seized by phagocytes which remove them from the
cells. I have never found corpuscles in the diverticula specialised for wood ingestion.

[t is interesting, at this point, to note that in the Nudibranch Archidoris tuberculata 1
have observed that blood corpuscles are taken in by the absorptive cells in the digestive gland
(which in the Nudibranchs contains both secretory and absorptive cells) in very great numbers
and there digested. There is a wide opening from the stomach into this organ, while phago-
cytes are not found in the epithelium or in the lumen of the gut in the Gastropods, so that the
corpuscles were never prevented from entering the digestive gland.

From the results of the experiments here described, and of those of Carazzi, List,
Porrs, and Vonk, there can be no doubt that the cells of the digestive diverticula in the
Lamellibranchs absorb. The epithelium of the gut, and of the ducts leading into the
diverticula, despite the contrary assertions of Carazzi, has no power of absorption (although
the phagocytes everywhere present between its cells take in solid particles), but is concerned
purely with transport, as is shown by the universal presence of cilia (with the solitary
exception of the area which secretes the gastric shield in the stomach) and mucus glands.

All the evidence points to the intracellular digestion of food particles in the cells of
the diverticula. Insoluble particles of Indian ink are ingested, while in the case of Teredo, entire
blood corpuscles are taken in by the cells of the unspecialised tubules, and fragments of wood
by the cells of the tubules specialised for that purpose. The cells of the tubules in Mya and
Cardium have no opportunity to absorb corpuscles, owing to the prior seizure of the latter
by phagocytes. The presence of vast numbers of green and brown globules in the cells of the
tubules in the case of animals taken directly from the sea, which disappear when the animals
have been starved for some weeks (as 1 have observed in many cases), so that the tissue
becomes finally almost colourless, with only a few orange or yellow concretions here and
there—the indigestible remnants of intracellular digestion in all probability—is additional
evidence. I have been able to confirm the statement of Vonk that the globules reappear
when starved animals are fed on diatoms, their natural food. The manner in which iron is
absorbed is also strongly indicative of intracellular digestion ; instead of being taken in a
more or less diffuse state, or in numerous, very minute vacuoles, as in true absorption—for
example, in the gut of insects, as described by STEUDEL (1913), or in the salivary glands of
Murex, as shown by Hirscm (1924), in both of which intracellular digestion does not take
place—it is always found within large discrete vacuoles. Whether it is taken into the cells in
solution or as solid matter (and in Mya, as figured, it appears to be ingested as a solid mass),
the fact that, like the Indian ink in List’s experiments on Mytilus, it invariably becomes
aggregated in these large vacuoles is, I think, an indication of intracellular digestion. More-
over, the free surface of the cells which absorb the liquid products of digestion is never
extended or drawn out into pseudopodia, as in the digestive diverticula of the Lamellibranchs.

Lastly, there is the question of the presence of a great number of digestive enzymes (to
which reference has already been made) in extracts of the diverticula. If it can be proved
that the cells do not secrete, then the presence in them of these enzymes can only be
accounted for on the assumption that they constitute an organ of intracellular digestion.
There is obviously no need for digestive enzymes in a tissue which absorbs the soluble products
of extracellular digestion—glucose, amino-acids, fatty acids and glycerol.

(¢) The Question of Secretion.—Since there is only one type of cell in the diverticuls,
and this certainly absorbs, it must perform a double function if secretion occurs. This, of

e e T . e - |
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course, is not impossible ; thus Hirsch (1924) has shown that the salivary glands of Murex
both secrete and absorb. TIistological examination of the cells gives no support to the view
that they secrete ; Exr1QUES and GurHEIL, both of whom thought that secretion takes place,
described and figured typical digestive vacuoles, and the same is true of FRENZEL. GUTHEIL'S
explanation of the loss of colour in a starved Anodonta as being due to a reduction in secretion
is unsatisfactory; both Hirscu (1915) and Krisesman (1925) have demonstrated that in the
Gastropods the secretory cells contain secretion during periods of starvation.

If it could be proved that certain enzymes were present in the tissue of the diverticula
and were never found in the stomach, that would provide conclusive evidence that secretion
does not take place. There are, however, complications. In the first place, amylase and
glycogenase are always present in the stomach as a result of the dissolution of the head of the
style and the release of the contained enzymes, while the invariable presence of great numbers
of phagocytes in the lumen of the stomach complicates tests for lipase and protease. The
phagocytes must contain both these enzymes, since they will take in and digest blood
corpuscles on which the animal has been fed, and also droplets of neutral olive oil stained red
with Nile-blue sulphate, which turn blue shortly after ingestion owing to the digestion of the
fat and the consequent formation of fatty acids which give a blue colour with the stain.
Experiments carried out with the stomach fluid from the larger Lamellibranchs, Pecten
mazimus, Cardium norvegicum, Dosinia exoleta, Ostrea edulis and Mya arenaria, showed that,
though fibrin and egg albumen stained with carmine or Congo red were not digested, and quanti-
tative tests for lipase with olive oil and methyl acetate gave inconclusive results, yet positive
results were given by the most delicate tests for protease—the coagulation of calcified milk,
and for lipase—the turning yellow of milk which had been made alkaline with sodium
carbonate and coloured pink with phenol red. Control experiments invariably gave negative
results. This slight activity is probably due entirely to the enzymes from the phagocytes, and
it is not necessary to postulate the presence of a secretion from the digestive diverticula.
HeyManN (1914) found protease in the blood of Ostrea, probably from the same source.

The acidity of the stomach contents has usually been regarded as the result of a secretion
from the “liver.” I have shown in a recent paper (1925), however, that this acidity is pro-
duced by the dissolution of the crystalline style, which is invariably the most acid substance
n the alimentary system. If the style is extracted or induced in various ways to disappear,
the hydrogen-ion concentration in the stomach falls considerably, until it approximates to that
of the mantle cavity, and is much lower than that of the tissue of the diverticula. I have
recently confirmed and extended these experiments on Ostrea edulis. IHere again there is no
evidence of any secretion from the diverticula.

By injecting into the tissues some form of iron solution or colouring matter which
can later be identified in sections, it is possible in many Invertebrates to detect these
substances later in the secreting cells of the digestive glands. This has been shown to be
the case in Crustacea by Cukinor (1895), Jorpan (1904), and myself (1924); in Insecta by
STEUDEL (1913), and in Gastropoda by Cukxor (1892, 1900), and myself (unpublished work).
CukNor considered the cells in which these substances were found to be invariably ex-
cretory (they are, of course, also found in the true excretory organs), but JorDAN has
shown that this is not the case. Substances in solution in the blood-stream pass into the
secreting cells, together with the material needed for the elaboration of ferments, and so
far from being quickly excreted, Jorpan found iron in the secretory cells of Astacus
thirty-six days after it had been injected. Moreover, the “excreted” material is immedi-
ately taken up by the absorptive cells which surround the secretory cells in the digestive
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gland of the Crustacea and higher Gastropoda, such as the Tectibranchs and Nudibranchs!
as I also have observed in many cases. CuNor (1900) injected various colouring matters int,
fifteen species of Lamellibranchs, but found no ““excretory ” cells in the * liver™; excretig
took place exclusively in the nephridia and pericardial glands. I have injected a 05 py
cent, suspension of iron saccharate in sea water by way of the foot, muscle, or edge o
the mantle (afterwards washing the animals thoroughly to prevent any of the fluid entey.
ing the mouth), into Glycimeris glycimeris, Mytilus edulis, Pecten maxvmus, Ostrea edulis
Cardium norvegicum and Mya arenaria, fixing the digestive diverticula in the usuai
manner from two to six hours later. In no case was there any trace of iron in the
cells, although it was often found in the blood lacunz and in the amcebocytes. Yet whey
Gastropods such as Doris or Scaphander were treated in the same way the secretory cells |
were coloured blue. Similarly, when pilocarpine was injected there was no change in the
activity of the cells such as might be expected if they secreted.

On the other hand, iron was found in the epithelium of the style-sac four hours afte
injection in the case of Mytilus, as shown in fig. 13. Extremely minute granules wer
present immediately above the nuclei and also nearer the surface of the cells and in the
lumen. In Pecten, although iron was never identified in the style-sac with certainty,
there was a great increase in the number of fine colourless granules after pilocarpine hal
been injected.

There is thus no evidence of any secretion of digestive enzymes save in the epithelium
of the style-sac.

5. (GENERAL DIscUssioN.

Histological examination has revealed the presence of one type of cell only in the
digestive diverticula of the Lamellibranchs. The results of feeding experiments by previous
workers and by myself show that these cells are capable of assimilating both soluble
and insoluble particles, both of which are taken into large wvacuoles, which probably
contain digestive enzymes, where they are digested intracellularly. There is no evidence
that any of the cells can secrete.

Among the Metazoa, intracellular digestion is known to occur in the Porifen,
Ceelenterata, Turbellaria, to some extent in the HKchinoidea, and in the Mollusca (for full
details and bibliography see Hirscr (1925)).* In the latter it is not found in the highly
evolved Cephalopods, while in the Gastropods (as I hope to show in a later paper) there
is a transformation of the digestive diverticula from purely absorptive to absorptive and
secretory organs.

In the Lamellibranchs there is no such development in the function of the diverticul,
the explanation for this lying in the similarity of food and feeding mechanisms throughout the

# Although in the Arthropoda generally ‘digestion is exclusively extracellular, there are two interesting cases of intracellular
digestion in parasitic species. In the tick, Ornithodores, according to CHRIsTOPHERS (1906), blood corpuscles sucked from the hos
are digested intracellularly both in the large epithelial cells of the alimentary sac and in free cells, the origin of which he was wr
able to determine. RercHExow (1918) found that in the mite, Liponyssus, the large cells of the gut are amceboid and ingest
corpuscles from the blood of the host, digesting them intracellularly. After becoming gorged with food, these cells are detached
and fall into the lumen of the gut. }

In the Brachiopods, the feeding processes of which are closely analogous to those of the Lamellibranchs, intracellular digestion
probably occurs. AsuworrH (1915) deseribes the structure of the “liver” in the larvee of Lingula and Pelagodiscus as being quié
distinet from that of the remainder of the gut, no cilia are to be seen in sections of the *liver,” while the cells are highly vacuolated
and occasionally contain, in Lingula, ingested unicellular alge. Other observers (for details, see Jorpax (1913)) have also noted
the passage of food into the cavity of the “liver.” Professor AsuworTH has kindly permitted me to examine his sections, and

certainly from the presence of the ingested algz and the general structure of the “liver,” I think there is good evidence that it
cellnlar digestion takes place in the Brachiopods in much the same manner as in the Lamellibranchs,
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Jass; the fact that, in the face of this similarity, FrRENzEL found different conditions in the
diverticula of two species of the same genus, Venus, is suflicient to throw doubt on his
conclusions.  All the Lamellibranchis—with the exception of the carnivorous Septibranchs,
which must be excluded from any generalisation here made, and to some extent the Teredinidee,
which will be discussed later —obtain their food by means of ciliary currents on the gills and
palps, which select only the smallest particles for subsequent entrance into the gut. In the
stomach there is a second selection, large particles being passed directly into the mid-gut and
smaller particles being conducted to the opening of the ducts leading into the digestive
Jiverticula. NELsON (1918) has described the selective mechanism in the stomach of Modiola
modiolus, and T have described a similar one in Mya arenariae, and have observed its presence
in many other species. There is at the same time a certain extracellular digestion of
carbohydrates in the stomach by the enzymes of the style.

For intracellular digestion, it is essential that only very small particles should be
presented to the ingesting surface, which should be as extensive as possible (e.¢., the increase
in surface provided by the mesenteries in Actinians, by the ramifications of the gut in many
Turbellarians, and by the large number of flagellated chambers in the sponges). Both of these
conditions are fulfilled in the Lamellibranchs; none but the very finest particles survive the
rigorous selection of the various sorting mechanisms, and the action of the enzymes from the
style, and pass into the digestive diverticula, which are composed of a great number of
ramifying tubules which present a large surface. A continuous circulation is maintained in
these tubules by the action of the long retractile cilia, so that food particles are brought in and
the indigestible remnants of intracellular digestion removed. The fact that the two operations
take place (as L1sT experimentally demonstrated) implies the presence of cilia, even though
they can never be seen in sections, and only in certain cases in fresh material. There is no
system of longitudinal and circular muscles such as ensures a similar circulation in the
Crustacea (for details and literature on this point see my paper on Nephrops (1924)). The
presence of retractile cilia in cells which digest intracellularly has also been observed in the
Ceelenterata by GrEENwoop (1888) and others. The glucose formed by the action of the
style enzymes on carbohydrates in the food will also be absorbed by the cells of the tubules.

The process of digestion would seem to be as follows: Particles are taken into the
vacuoles and there acted upon by enzymes. Material which is of use to the animal, such as
iron, is then passed on to ambocytes or stored (the connective tissue round the tubules
is often rich in glycogen), while indigestible substances, like Indian ink, which is never
passed on to the amwbocytes, are expelled. In Pecten (fig. 4) yellow or brown globules of
excretion are massed together in large cavities in the older cells, and are found in the same
condition after expulsion from the cells in the lumen of the tubules, ducts, mid-gut and
rectum. The brown colour of this exeretion is due to the presence of ingested chlorophyll and
the products of its decomposition, which accounts for the “entero-chlorophyll” found by
MacMuny (1900) and others.

The Teredinidze, besides possessing the usual ciliary mechanisms, though to a reduced
extent, feed by swallowing the fragments of wood seraped off by the specialised shell valves,
and it is very significant that the adaptation which enables them to digest the wood takes the
form of tubules specialised for its intracellalar digestion, and not the elaboration of an
extracellular cellulase, as in such Gastropods as Helix or Aplysia which are also able to digest
cellulose,

Correlated, no doubt, with the retention of intracellular digestion throughout the
Lamellibranchs, is the utilisation of phagocytes for the direct ihgcstion of larger particles than
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those which can enter the digestive diverticula (whole diatoms are never found in the latte
but are frequently to be seen in phaﬁocytes) They are certainly less numerous in Nuey)y ‘
than in the higher Lamellibranchs, while in the Gastropods, where extracellular dlgegtmnl
better developed, phagocytes do not occur in the gut. ‘

6. SUMMARY.

1. The structure of the digestive diverticula in thirty-four species of marine Lamej
branchs has been studied.

2. The diverticula consist of blind tubules which open into the stomach by way
ciliated ducts, the epithelium of which resembles in structure and function that of ¢,
remainder of the gut.

8. There is only one type of cell in the tubules. There are darkly-staining young cel,
the nuclei of which divide mitotically, but when older the cells are very vacuolated ay
contain great numbers of coloured granules which disappear after starvation.

4. In the Teredinide there are tubules specialised for the digestion of wood ; the conditin
in the carnivorous Septibranchs has not been examined.

5. A border cuticle can be seen in sections of the tubules in Nucula and the Filibranchs
but not in the Eulamellibranchs. In fresh material long retractile cilia can be distinguishe]
in a number of species and are probably present in all cases.

6. After feeding with iron saccharate in suspension, this is found later lying within larg
vacuoles in the cells of the tubules, being afterwards passed on to the amcebocytes.

7. Blood corpuscles from the dogfish are taken into the gut freely, but are ingested by
phagocytes before they reach the tubules, except in the case of Teredo, where they are taken
in by the cells of the unspecialised tubules.

8. The manner in which particles are taken in, and the presence of digestive enzymes in
extracts of the diverticula point to the presence of intracellular digestion.

9. There is no histological evidence that the cells of the tubules secrete. The presenc
of enzymes in the stomach can be accounted for by the dissolution of the erystalline style and
the occurrence of great numbers of phagocytes free in the lumen; the acidity of the gutis
due to the dissolution of the style ; injections of iron and pilocarpine fail to demonstrate the
presence of secretory cells elsewhere than in the epithelium of the style-sac.

10. The diverticula provide the extensive surface characteristic of the alimentary systems
of animals which possess intracellular digestion, while, as a result of the action of the various
sorting mechanisms, only the very smallest particles are presented to the ingesting surface.

11. The digestive diverticula of the Lamellibranchs possess none of the functions ofa
liver or of a pancreas, but are organs of absorption and of intracellular digestion.
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8. DESCRIPTION OF THE PLATES.

List or RErFERENCE LETTERS.

BLC. Border cuticle. C.M, Circular muscle,
BAL Basement membrane, Cp. Crypt of young cells,
BP. Boundary of phagocyte. .1, Connective tissue.

C. Cila. D.N. Dividing nucleus of young cell.
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IP.I. Tron in process of ingestion. ] N.D. Nucleus of epithelial cell of duct.
F.L. Tron in lumen of tubule. N.P. Nucleus of phagocyte.
F.V. Iron in vacuoles. N.S. Nucleus of epithelial cell of stylesac,
F.V.P. Vacuoles partially full of iron. N.T. Nucleus of cell of tubule.
Ft. Fat globules. Nu. Large nucleolus of nucleus of tubule el
1.B.C. Ingested blood corpuscles. 0.C. 0Old, vacuolated cells of tubules,
I.M. Ingested matter in vacuoles. P. Phagocyte.
LM.P. Ingested matter in phagocytes. P.F. Phagoeyte containing ingested iron,
L. Lumen. S. Secretion of style-sac epithelium containiy,
N.A.D. Nuclei of young cells immediately after injected iron. :
division. Y.C. Young, darkly-staining cells of tubules
N.B. Nucleus of ingested blood corpuscle. Y. M. Yellow conerctions.
Prare I,

Tig. 1. Mya arenaria.—Transverse section through a portion of a duct leading into the digestive tubules
hours after feeding with blood from a dog-fish. Two blood corpuscles are shown lying within phagocytes et
the epithelial cells. The nucleus of one of the phagocytes does not appear in the section. Fixed Bouin, sty
Delafield’s heematoxylin and erythrosin. 6u. (x 1200.)

Fig. 2. Mya arvenaria.—Another section in which a phagocyte with an ingested corpuscle is shown passyy |

out of the epithelium through the circular muscle which surrounds the duct. 6p. (= 1200).

Fig. 3. Mya arenaria.—-Same as above. A phagocyte with an ingested blood corpuscle observed in the g
nective tissue between the ducts and tubules. (x 1200,)

Fig. 4. Pecten opercularis—Transverse section through a portion of a digestive tubule from a fresh anim]
showing the border cuticle, the irregular arrangement of the nests of young cells, and the accumulation of yellr
concretions in old cells without nuclei. Iixed corr. sublimate in sea water, stained Delafield’s hmmatoxylin i
erythrosin. 6up. (% 1200.) .

Fig. 5. Nucula sp.—Transverse section through part of a tubule six hours after feeding with iren sacchante
This is being absorbed, vacuoles near the base being full of it, while those near the lumen are only partially full
The free surface of the cells is irregular and there is no sign of the border cuticle. Fixed and stained by the
methods described in the text, p. 710. 8u. (> 1200.)

Fig. 6. Nucula sp.—Transverse section through an entire tubule two days after feeding with iron. Absorptin
has ceased, all the vacuoles are full of iron, the free surface of the cells is regular, and the border cuticle can bt
seen. Technique as on p. 710, 8u. (x 1200.)

Prare II.

Yig. 7. Mya arenaria.—Transverse section through an entire tubule one day after feeding with iron. Thi
can be seen in the lumen, in the process of being taken into the cells, and lying in vacuoles within them, Th
crypts of young, darkly-staining cells with numerous nuclei are shown. Technique as on p. 710. 6p. (x 1200)

Fig. 8. Mya arenaria.—Transverse section through a crypt of young cells from an animal which had ben
starved for five weeks. One of the nuclei has migrated near the lumen and is dividing. Fixed strong Flemming
stained iron hematoxylin and acid fuchsin, Gp. (x 1800.)

Fig. 9. Mya arenaria.—A similar section, showing the last stage in the division of a nucleus in a orjpt
Fixed strong Flemming, stained iron hsmatoxylin. 6p. (% 1200.)

Fig. 10. Teredo norvegica.—Transverse section through an unspecialised tubule one day after feeding wifh
iron, which is lying in large vacuoles in the older cells and within the phagocytes which lie between the fubules
There are three crypts of young cells. 6u. (x 1200.)

Fig. 11. Teredo norvegice.—Two cells from a digestive tubule three days after feeding with blood. &
ingested corpuscle is shown lying within a vacuole in one of the cells. Fixed strong Flemming, stained Amolds
method, 6p. (x 1200.)

Fig. 12. Teredo norvegica.—-Phagocyte from between the tubules three days after feeding with blood; i
contains a large quantity of ingested matter, including a blood corpuscle. Technique as above. (x 1200.)

Fig. 13. Mytilus edulis.— Transverse section through the epithelium in the middle of the groove which beat\
the style, four hours after injection with a suspension of iron saccharate. Minute droplets of secretion contaiing
iron in solution are being produced and passed out of the cells. 6. (x 1200.)
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1. INTRODUCTION.

Because of the superficial resemblance of the digestive diverticula of the Lamelli-
branchs, and of many other Invertebrates, to the liver of the Vertebrates, and the discovery
in them of glycogen by BERNARD (1835), they became known as the “liver.” WEBER (1880)
later introduced the name hepatopancreas as a result of his discovery of the secretory powers
of the diverticula in the Crustacea. In spite of the fact that none of the constituents of
bile has ever been discovered in the Invertebrates, and that the digestive diverticula are
in 0o way analogous to the liver of the Vertebrates, as Jorpax (1912) has shown in his
review of the subject, the terms ““liver” and “hepatopancreas,” as well as the less
(uestionable designation ““digestive gland,” are still generally used. Moreover, no attempt
is made to distinguish between these organs in the different groups of Invertebrates
although both their structure and function in, for example, the Lamellibranchs, Gastropods,
Uephalopods, and Crustacea are totally different. In some cases they constitute a digestive
gand; in others, including the Lamellibranchs, as I hope to show in this paper, their
fanction is that of assimilation, and so they are most suitably designated digestive diverticula.

It is necessary, in order properly to determine the nature of any organ, to study both
sirtucture and physiology, since it is to the physiological assumptions of the morphologist
and the morphological assumptions of the physiologist that the misconceptions of the past
e due. In this research, therefore, I have not only examined the structure of the
diverticula in a large number of species, but I have studied their physiology from as many
aspects as possible, in the hope of determining definitely their nature.

. This research was carried out at the Plymouth Laboratory during the winter of 1924-25,
while I was holding a Carnegie Research Scholarship in Zoology of the University of Hdin-
bugh. [ wish to acknowledge my indebtedness to the British Association, the University
of I_JUHdOD, and the Royal Microscopical Society for granting me the unse of their tables for
Various periods, to the Director and the Staff of the Laboratory for their kindness and help,
md to Professor Asaworri for help in the preparation of this paper for publication.

isgr:te?ﬁ Garll:]igie Trust for the Universities of Scotland has made a grant to the author towards the cost of the plates, which
ully acknowledged.
TRANS. ROY. SOC. EDIN,, VOL. LIV, PART I1I (NO. 15). 99
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2. MerHODS AND LIsT OoF Srrcins HXAMINED.

FrexzeL (1885, 1886, 1893) is the only investigator who has carried out a comparggiy,

study of the digestive diverticula in the Lamellibranchs, but, as he was unable in the
of cases to fix his material satisfactorily, most of his observations were made o g
cells from fresh material. Fixation is in some cases very difficult, and many fixatives |
be tried before satisfactory results were obtained. I have indicated, therefore, the fixative

mﬂf}'UPiiy
olated
ad fy

employed after the names of the 34 species examined in the list given below.
Sections were stained with Delafield’s h@matoxylin and erythrosin, or with iron heemg-

toxylin, sometimes with acid fuchsin as counterstain.

The structure of the digestive diverticula has been examined in the following species —

Order

Order

Order

ProroBrANCHIA.
Nucula nitida (Bouin).
Nucula radiate (Bouin).

FILiBrRANCHIA.

Anomaa ephippium (corr. sublimate
in sea water).

Arca tetragona (corr. sublimate in
sea water).

Barbatia lactea (corr. sublimate in
sea water).

Glycimerts glycimeris (corr. sublimate
in sea water).

Mytilus  edulvs (equal parts Bouin
and absolute alcohol).

Modiola, modiolus (equal parts Bouin
and absolute aleohol).

Modrolaria  marmorata (Bouin-Du-
boseq).

Pecten maximus (corr. sublimate in
sea water).

Pecten opercularis (corr. sublimate in
sea water).

EULAMELLIBRANCHIA.

Lima loscombr (Bouin).
Ostrea edulis (Bouin).

Astarte sulcata (Bouin).

Kellya  suborbicularis  (corr, g
limate in sea water).

Telline crassa (Bouin-Duboscq),

Donax  wvittatus (corr. sublimate iy
sea water).

Spisula solida (Bouin),

Venus fasciata (Bouin-Duboseq)

Dosinia exoleta (Bouin),

Tapes pullastra (corr. sublimate i
sea water).

Cardium edule (equal parts Bou
and absolute alcohol).

Cardium norvegicum (207, formalin)

Glart tellinella (Bouin).

Mya arenaria (Bouin).

Lutraric oblonga (Bouin).

Solecurtus antiquatus (Bouin).

Ensis siligua (Bouin).

Saxicava rugosa (Bouin).

Gastrochaena dubia (Bouin).

Pholas dactylus (corr. sublimate i
sea-water).

Pholadidea loscombiana (Bouin-Di
boseq).

Xylophagea dorsalis (Bouin-Duboscfi)-

Teredonorvegica (Bouin or Flemming)

I have been unable, unfortunately, to obtain good material of the Septibranchs in wl]ic}l,
since alone amongst the Lamellibranchs they are carnivorous, different conditions may prevall
Owing to the kindness of Mr G. . Rosson, I was able to section a species of Cuspidaria from
the British Museum, but, though the remainder of the alimentary canal was well preserved,
the structure of the digestive diverticula could not be determined.
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3. STRUCTURE.

The digestive diverticula form a darkly-coloured mass which surrounds the greater
part of the stomach. Th‘ey consist of blind tubules which unite with one another, and are
in free communication with the stomach by way of ducts whose structure is distinet from
that of the tubules. ‘

The ducts are usually circular in cross section, although the outline of the lumen is

udulating owing to variation in the height of the epithelium (see figs. 1 and 2). This
gpithelium resembles that of the stomach, of which it is a prolongation, and consists of tall,
dinted cells containing oval nuclei. It is surrounded by a thin layer of circular muscle.
The protoplasm is 10t vacuolated, but in some species contains numerous highly refractile
green, brown, O yellow granules near the free surface of the cells. This is particularly the
:ase in Nucula, and I have also observed it in Arca, Glycimeris, Modiola, and Saxicava.
The nature of these granules is not clear, but as these cells neither absorb nor secrete they
are probably an excretion which accumulates in the same way as Marennin in green oysters.
isin the gut, mucus cells may occur between the cells of the epithelinm, and so may phago-
ovtes, which are sometimes present in great numbers.
.I The junction between the epithelium of the ducts and that of the tubules may be
darply defined, as in Nucula and all the Eulamellibranchs examined, or may be gradual as
in Mytilus (as described and figured by Lisr (1902)) and the other Filibranchs examined,
where the junctions In cross section often consist of two portions, the epithelium of the one
heing that typical of the ducts, while the other resembles that of the tubules.

The tubules are either round or oval in cross section (compare figs. 7 and 10), and are
1ot surrounded by musele, but at most by a few strands of connective tissue. They may
be so numerous that they are packed tightly together with very little connective tissue
between them, while in other species they may be spaced out with a corresponding inerease
in the amount of connective tissue, which may be “ vesicular,” as noted by MacMunN (1900)
in Ostrea, and is exceptionally well developed in Gastrocheena. In this tissue lie blood lacunee
and many wandering cells ; strands of muscle are sometimes present, especially in Arca. The
epithelium of the tubules is variable in height; the nuclei are very characteristic, being
wound, with a prominent nucleolus in the centre.

Insections, cilia can never be distinguished in the tubules, although in Nucula and
l the Filibranchs examined the free edge of the cells is bounded by a fine cuticle (see
fi. 4 and 6). This is particularly well marked in Glycimeris, where it has sometimes the
appearance of very fine cilia. List has described and figured it in the Mytilidee. I have
never observed it in my sections of any of the Iulamellibranchs, while Carazzi (1896,
1897) and Voxk (1924) failed to find it in Ostrea, and GuTHEIL (1912) in Anodonta. In
fresh material, on the other hand, FrExziL (1886) states that the cells are covered
with a gleichmiissie {iberziehenden Saum, welcher . . . einen niedrigen Deckel bildenden
Hirehen . . . zusammengesetzt sind.” Porrs (1923) found in Teredo that the cells of the
twbules specialised for the ingestion of wood had long cilia * beating with a rather languid
notion, and easily retractile, so that, when ordinary reagents are used for fixation of
material, it is impossible to demonstrate them in sections.” On the projections which occur
I this epithelium he found slender pseudopodia but no cilia. In the unspecialised region
(vhich resembles that found exclusively in the other Lamellibranchs) he states that the cells
bave a border of retractile cilia, which he also observed in Pholas and Xylophaga.

Lhave examined tubules from the majority of the species sectioned, pressing them out
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under cover-slips, and observing them under high power. In most cases it wasg mpogsih,
to determine whether cilia were present or not, but in addition to the three cases in.
which Ports observed them, I have seen them in Spusula truncata, Spisula solida, Dosiniy
exoleta, Cardium echinatum, Gare tellinella, and Pholadidea loscombiana. In Spisula )
cilia can be distinguished with exceptional ease, and can be seen beating actively i 4|
the tubules. The beat is usually very languid, varying as a rule between fifty and ot
hundred and fifty to the minute. Although it is difficult to decide the length of the g
some idea of it can be obtained from the fact that the length of beat may be aboyt 15|u:.
As will be shown later, particles both enter and leave the tubules in all cases, whic
implies the presence of cilia, although in some species they may be retracted more regj
than in others, especially when pressed out for examination.

According to the character of its protoplasm—the nuclei are identical in all the eells—
the epithelium of the tubules may be divided into two regions, in one of which the proto-
plasm is extremely vacuolated and lightly-staining, and in the other less vacuolated uy
darkly-staining. The vacuolated cells are the more numerous and are always larger, although
they vary greatly according to the size and contents of their vacuoles. These, particululy
if the tissue has been fixed shortly after the animal has been taken from the sea, are ofte
filled with green, brown, or yellow masses of varying size and shape. In Pecten mawimys u
Pecten opercularis the vacuoles and inclusions, which consist of a great number of minge
brown spheres, are both exceptionally large, as shown in fig. 4. FrENzEL has deseribe
the colour, size, and properties of these inclusions, and figured them in colour, for all th
species of Lamellibranchs which he examined, regarding them as characteristic of the
different species. List disagrees with him, and points out that they cannot be a character
istic sign of a species since they are not constant, their nature depending wholly upon the
food of the animal. In animals which have been starved the cells have few or no inclusions
At the same time, the size of the vacuoles certainly varies in different species, being much
larger, for instance, in Pecten, Gari, Solecurtus, and Saxicava—where whole tubules may
consist of a bounding membrane surrounding a number of great vacuoles (with or without
contents), both nuclei and cell outlines being absent—than in the other species I hav
examined.

In the Mollusca generally, Frexzer (1885, 1886, 1893) found three kinds of el
in the digestive diverticula—granule-cells (Kornerzellen), ferment-cells (Keulenzellen), and
lime-cells (Kalkzellen). The last of these he never found in the Lamellibranchs be
examined, the granule-cells in every case but one, and with them ferment-cells in the
following genera only: Pecten, Mactra, Capsa, Donax, Solecurtus, Lima, Cardium, Cyprin,
Petricola, Tellina, Scrobicularia, Mya, and Gastrochzena, and also in Venus gallina and Veus
verrucosa, although in Venus decussata he found ferment-cells exclusively. He admits that
the morphological development of the ferment-cells in the Lamellibranchs is “ insignificant;
and his sole criteria as to their presence seems to have been the size and intensity of
colour of the included masses. I have examined species of ten out of the fourteen gener
in which he found two kinds of cell, and I can find no evidence whatever of thelr
presence ; there is one type of cell only. In the Opisthobranch or Pulmonate Gastl’ﬂpodf,
where both granule- and ferment-cells are present, there is never any doubt as fo t-he{f
identity, for in each both nucleus and protoplasm are characteristic. In the Lamell
branchs the only variation is in the quantity of matter included in the cells.

The smaller, darkly-staining cells are always present. They are found scatt?rt‘d
irregularly in small groups round the lumen in Nucula and all the Filibranchs examined

J
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oo figs. 4 and 5). They arve o.f.'te.n low, and lie between large va'cvfolated ce]ls. which meet
dhove them and shut‘them off from the lumen. In the remaining Lamelh?oranchs the
qmen of the tubules is not regular, as in the species just considered, but is elliptical,
tripartite, O in. .the form of a cross, with crypts (using the term en'nploye{ll by .GU'l‘HEIL)
it the extremities of the two, three, or four arms respectively, in which lie groups
f these dark cells. The arrangement in Mya, in which there are two erypts, and in
Teredo, in which there are three or four, are shown in figs. 7 and 10. The same regular
arangement has been described and figured in Anodonta by GuTHEIL.

These cells have been considered ferment-cells by some workers—for no other reason,
apparently, than that they are slightly different from the other cells—but (:111 the evidence
punts £0 their being young cells. They are most numerous at the blind end of the
iubules, decreasing In number as these widen. This is conspicuously the case in Nucula,
vhere they are often absent in the wider tubules (fig. 6), though the same condition may
be found in many species. FrENzEL thought that the older cells might be replaced by a
mitiplieation of young cells, while LonNBERG (quoted by List) found that the cells
of the tubules in Mytilus edulis divide mitotically. List, who describes and figures these
wlls in the Mytilidee with great care, found division stages in them occasionally, and also
noted the ejection of parts of the older cells and the degenerate appearance of their nuclei,
ad o came to the conclusion that the dark cells (Ersatzzellen as he called them) were
wests of young cells. GUTHEIL found mitosis not infrequently in the crypts in Anodonta,
and observed that it was commonest when signs of degeneration were most pronounced.
[ have examined sections of the digestive diverticula in Mya arenaria stained with iron
hematoxylin, in order to determine whether division takes place in the erypts. I have found
it frequently in sections of animals which had been starved by keeping them in filtered
s water for a month. In these the older cells are often to be seen either free in
the lumen or in the process of being expelled from the epithelium, many cells coming
together in spherical masses, and then passing into the lumen in that condition. Mitotic
figures are frequent and always in the crypts. Figs. 8 and 9 represent two such cases,
oe dwring division and the other immediately after it. In all cases (as was also observed
by Gureer) the nuclei come near the lumen before dividing, and the chromosomes are
lwge and granular. I have never seen mitosis in sections of animals which had recently
been fed, but it is quite common to find either the whole or parts of the old cells
being cast off,

from the histological character, the distribution, and the behaviour of these small
luk cells there seems, therefore, every justification for considering them young cells
which, by dividing, are able to make good the loss resulting from the casting off of the
o cells. A similar process goes on in the gut of the Crustacea and Insecta.

The epithelium of the digestive diverticula in all the Lamellibranchs examined, with
the'exception of Teredo norvegica, consists of one type of cell only. In the Teredinide,
 DIGERF00S (1908) and Porrs have shown, the digestive diverticula are of two kinds, the
¢ resembling in every respect that found in the other Lamellibranchs, and the other
“isisting o wide, excessively thin-walled tubules, the epithelium of which is made
W of a single layer of cells whose boundaries are either absent or very indefinite.

4. Funcrion.
: £f¢) Historical Swmmary.—The earlier investigators (for full details and bibliography,
% List) all considered the digestive diverticula formed a *liver” which secreted bile and
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digestive enzymes. FrrNzEL (1886) states, with regard to the Mollusca generally (he filg
to realise the different conditions that prevail in the various classes), “ dass die Mittelday,
driise derselben, gerade wie die der Crustaceen, eine Verdauungsdriise ist, d. L. dass ge eia;
Secret bildet und ausscheidet, welches zur Verdauung der in den Darmcanal aufgenommeg,,
Speisen verwendet wird.” Sainrt-Hirare (1893) was the first to show that the digest.i\,.e
diverticula in the Mollusca serve as organs of absorption. IHe found that the vacuolated g
granule cells in the Prosobranchs, Opisthobranchs, and Pteropods among the Gastropods, and
in the Cephalopods, are not ferment-cells but absorptive cells. Carazz (1896, 1897), work.
ing on the green oysters of Mavennes, and later on oysters fed with iron sulphate, camg i,
the conclusion that the “liver” in the Lamellibranchs is an organ concerned with assimil. -
tion. According to him, Marennin and iron are taken up by the epithelial cells of the
gills, palps, and gut, and then transported by amceebocytes to the ““liver,” where they a
assimilated and stored, some of the iron being later passed on to the gonad. He diq ot
however, exclude the possibility of the tubules being also to some extent secretory,
although he considered the ducts the chief source of digestive enzymes.

As List has pointed out, the value of Carazzr's results is greatly lessened by his
experimental methods. He kept oysters for four months in three litres of sea water,
to which had been added 20 grams of a 10 per cent. solution of iron sulphate in distill
water, and then placed them in clean sea water for one or two weeks before fixing then,
The animals had time to get thoroughly permeated with iron, which was found hoth i
the epithelium of the gills, palps, and gut, and also in the “liver”™; but there was nomox
reason for assuming that it had been absorbed by the former and passed on to the latte
than that the reverse had occurred. :

No such objection can be made to the experiments of List. He added Indian ink to the
water in which a number of Mytilus were kept, and found that after a short time, sometimes
only two hours, the particles were taken in by the granule-cells in the digestive diverticul
In sections, he found ink in the lumen of the ducts and tubules, and particles passing throug)
the ““Cuticularsaum ” into the granule-cells, where they become concentrated in vacuoles, ot
first a few dotted round the wall of the vacuole, and later in such numbers as to form a solid
black mass. When the animals ceased to be fed, the ink was quickly cast out, entir
“ Kornerballen” being ejected into the lumen and passing through the gut to the exterior
List also found that carmine was taken in in the same manner, though, as he notes, thiss
always dissolved to some extent, together with powdered litmus (which indicated by its colou
that some of the vacuoles were acid and others alkaline) and iron. e concludes finally tht
the colour of the “liver” at any time depends entirely upon the food, and that it is primarly
an organ of assimilation.

ENrIQuEs (1901), who worked at the same time as List, agreed with FrENzEL that the
cells in the tubules of Ostrea were of only one type, but he considered them to be fermen
cells, not granule-cells, since he was unable to identify within them ingested chloroplasts suﬂﬁ
as he had found in the granule-cells in many Gastropods, and since the spectrostopt
examination of a solution in alcohol of the brown inclusions gave no indication of chIol'Uth]ll'
He admitted, however, that his oysters had been out of the sea for two or three days. He d@
not agree with Carazz1 that secretion takes place in the ducts, considering the mueus ceH}
their only secreting elements, the function of the ducts being purely that of transpBTE
Although the cells of the tubules may absorb, their main function, according to IINRIQUES, B
the secretion of digestive enzymes.

. . ' o,
In Anodonta cellensis, GurHEIL states that the tubules are composed of one type of et
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hich he regards as secretory. Like IENRIQUES, he noted the presence Df. great numhers_ of
Jlow or brown balls in the ce‘lls, from which they could be pressed out in teased material.
fle made 10 physiological experiments, but_noted that the brown spheres remained at the basal
ud of the cells until they att’aineld a certain size, when they moved to the su}'fa-ce of the cell
ud passed out—as enzymes, in his opinion. He could not follow in any detail the process of
goretion, and attributed the loss of colour after the animals had been starved to a shrinkage
o the amount of secretion. He also decided that the same cells could absorb since he found
sithin them fine droplets of fat.

Porrs found that of the two regions of the “liver” in Teredo, the one with the wide
gin-walled tubules, which he calls * digestive,” is specialised for the intracellular digestion of
sood, fragments of which are taken in both by the cells of the epithelium and by free cells in
the lumen; and the other, described as *excretory,” and which resembles the digestive
fiverticula of the other Lamellibranchs, contains “large quantities of highly refringent,
wistant granules whose chemical nature is not known but which are probably excretory.”
le found that particles of Indian ink were taken in by the cells of these tubules.

Tn my own work on My« arenaria (1923) 1 was unable to carry out feeding experiments,
ad accepted the presence of digestive enzymes in extracts of the * hepatopancreas,” as I
alled it, as evidence that it is an organ of secretion (a safe assumption in many groups of
aimals but not in the Mollusca). Enzymes capable of digesting the carbohydrates—starch,
dlycogen, sucrose, maltose and lactose—were found, also a protease acting in acid media, and
a lipase.  Digestive enzymes have also been found in extracts of the digestive diverticula
by, amongst others, FrEDERICQ (1878), who found a protease in Mya and Mytilus; MrTrA
(iﬂ{]l), vho found amylase and invertase in Anodonta; Vanx RvyNBeErk (1908), who found
mylase in Mytilus ; DaRIN (1909), who found amylase, protease, and lipase in Pecten ; and
Henvany (1914), who found protease, lipase, and a number of carbohydrate-splitting enzymes
in Ostrea. '

Finally, Vonk (1924) fed Ostrea edulis with Indian ink and carmine, and found that these
vere faken in as round masses in the cells of the tubules—exactly as List had found in Mytilus.
Oly very occasionally could he see a distinet membrane round the vacuoles, and he never
observed particles being passed on to the ameebocytes as deseribed by Carazzi. He also fed
oysters on plankton for three to five days, and compared them with oysters which had been
starved for two or three weeks. In the former, diatoms were numerous throughout the gut, while
‘In Gegensatz zu ungefiitterten oder mit Farbstoff geniihrten Tieren
seigten nun die Leberzellen dieser Austern zahlreiche griine Hinschliisse
von sehr unregelmissiger Form.” Ile never found whole diatoms in the cells of
F-he tubules, though some green algse appeared to be taken in whole, The green colour of the
m.clusiuns in sections he accounts for by quoting Mouiscu to the effect that the brown
pgment of diatoms is extracted by cold aleohol, leaving a green pigment. VoNk concludes
that the oyster most probably assimilates food by phagocytosis in the cells of the tubules,
lding that this agrees with the complete lack of protease in the stomach.

b) Feeding Experiments.—I have carried out feeding experiments so as to determine
?Vhere and how absorption takes places. For this purpose I used suspensions in sea water of
mon saccharate (Ferrum Oxydatum Saccharatum) and of blood corpuscles of the dogfish.
Animals were placed in these suspensions (which were quickly cleared by their ciliary activities)
nd ﬁXElfl after definite periods ; those fed on the iron compound in a mixture of 5 per cent.
Ammontum Pfiﬂphide in 95 per cent. alcohol to which was added, immediately before use, an
“ul quantity of Bouin’s fluid. This use of Bouin is my own modification of the usnal method
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of fixing for iron ; I find that it gives a much better fixation, while iron can be demongtyygy
just as well. Animals fed on blood corpuscles were fixed in Flemming, or in any fixatiye whig)
had previously been found suitable. Sections were cut 6x or 8u thick. Iron was demonstrated
by placing the slides for a few minutes in 10 per cent. potassium ferrocyanide and they i
very dilute HCI, which converts it into Prussian blue ; alum carmine was used to st the
sections and gives very beautiful results. Sections of animals fed with blood were staineg Witk
iron heematoxylin and acid fuchsin or by Arnold’s method (for details see Areh. Zellforsy),
III, 1909, p. 434) after fixation in Flemming, or with Delafield’s heematoxylin and er}'thmsil;
after other fixatives.

A number of animals were fed with iron, the best results being obtained in Nucula, )y, -
and Teredo, an account of which will be given. The animals were starved previous to feediy
—Nucula for two weeks, Mya for a month, and Teredo for one or two days (if kept long m?t
of wood Teredo dies).

In Nucula iron-feeding gives most striking results. Iron is taken into the lumen of th
gut in great quantity—so that the lumen appears as a solid sheet of blue in the sections—b
it isabsorbed exclusively in the cells of the tubules, the junction of which with the ducts being
vividly marked by the entire absence of blue in the epithelium of the ducts. Fig. 5 1'epresent;
a portion of the epithelium of a tubule fixed six hours after feeding. Iron is already being
absorbed in large quantities. The border cuticle cannot be seen and the free edges of the eels
are very irregular, being extended in the form of pseudopodia (in some cases these extensions
attain great length and ave very attenuated). The iron is taken up in small vacuoles, thos
near the lumen being only partially filled with iron and having a lightly-coloured and granls
appearance, while those in the more basal region of the cells are larger, and so packed with i
that they exhibit a uniform deep blue. Absorption takes place almost exclusively in the older
cells and always in discrete round vacuoles; there is never any general absorption of tiny
granules of iron throughout the cytoplasm, nor any diffuse blueness in it. A certain amomt
of absorption takes place in the young cells, but the vacuoles are more irregular. Fig §
represents an entire transverse section of a tubule two days after feeding. In this caseall
the vacuoles are packed with iron, and are uniformly blue. The vacuoles are extremely
plentiful, the majority being crowded in the basal end of the cells, where they seem fo be
embedded in the cytoplasm, those nearer the lumen lying in open spaces in the protoplasni
network. The free edge of the cells, the absorption of iron having ceased, is regular in outlin,
and the border cuticle can easily be distinguished. Sections of the digestive diverticula thre
to five days after feeding show much the same conditions, but a certain amount of iron is being
taken over by the amebocytes, which are numerous between the tubules, although they a
not so plentiful in the walls and lumen of the gut as in the higher Lamellibranchs. There s
no sign of any rejection of iron into the lumen of the tubules. No attempt has been made t
follow the course of the iron further.

A tubule of the digestive diverticula in Mya, one day after feeding with iron, Is Tepre
sented in fig. 7. The stomach of the animal was full of a thick brown suspension of the ot
compound, and a certain amount of this can also be seen in the lumen of the tubule. [t
also being ingested by one of the cells, which projects beyond the others, not, apparentl
either as fine particles or in solution, but as a solid mass which is enclosed directly by th
protoplasm. It is difficult, however, to be absolutely certain on this point. Further with
the cells it is present in vacuoles, neither so large and so numerous nor so regular 1“‘51”11]5
as in Nucula, but never as scattered particles or diffuse. Where the vacuoles are notqu}tef“.
the iron is massed round the margin in the same way as the Indian ink in List's experinelt
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o Mytilus. Amaebocytes have entt.ared two of the cells which contain iron, but none are
sesent in any of the cells fl':ee from.lrc_m. [ have never found iron in the young cells. In
10 other part of the gut was iron asmm{lated.

[ Teredo, one day after feeding, iron was present in the lumen of the gut and of both

tions of the digestive diverticula; but to a much greater extent in the unspecialised
portion. As shown in fig. 10, it is taken in by the cells of these tubules, appearing as some-
yhat irregular masses within large vacuoles. It is found very occasionally in the cells of the
specialised portion, and in the free cells which are present in the lumen, and always in a rather
{iffuse condition. Most iron is present in the amcebocytes—which occur in very great
umbers between the tubules of the unspecialised region, and are usually laden with fat
Jobules and other food—to which it is apparently almost immediately passed by the cells of
o tubules. In the figure the amcebocytes represented are so full of iron that only the
uclens—and that with difficulty—can be distinguished from the mass of blue.

Cardium edule, Mya arenaria, and Teredo norvegica gave the clearest results after
feeding with blood corpuscles. The corpuscles were taken into the gut freely, so that the
¢omach was full of them within a short time. In the case of Cardium and Mya, however,
they were all ingested by the ameebocytes, which are everywhere present in and beneath the
epithelium of the gut (including, of course, the ducts of the diverticula), and also free in the
lmen. The corpuscles entered the ducts in large numbers, but were there seized by these
phagocytes and taken into the wall of the ducts, passing between the cells of the epithelium.
Sctions of a specimen of Cardium, which had been fixed two days after feeding, and stained
sith Delafield’s haematoxylin and with just enough erythrosin to colour the corpuscles and
wthing else, showed the presence of great numbers of corpuscles all within phagocytes,
wmetimes in the connective tissue, but usually between the cells of the ducts, which could
werywhere be readily distinguished on account of the red colour of the corpuscles. Never,
lovever, did they succeed in reaching the tubules,

Exactly the same condition is found in Mya. Figs. 1, 2, and 3 represent three stages in
the transport of the ingested corpuscles, the animal having been fixed six hours after feeding.
hhfig. 1 two corpuscles are shown ingested by phagocytes lying between the cells in the
githelium of one of the ducts. Fig. 2 represents a phagocyte containing a corpuscle in the
uf of passing through the cirecular muscle which surrounds the duct, while in fig. 3 is shown a
wrpuscle ingested by a phagocyte, which waslying in the connective tissue between the ducts
ud tubules.  Animals fixed with Flemming’s strong fluid from four to six days after feeding
foved later stages in the digestion of corpuscles by phagocytes, the corpuscles being irregular
id entirely without structure, and surrounded by numbers of fat globules.

Characteristic of the Lamellibranchs are the large numbers and great activities of these
thagocytes, and this has been commented on by the majority of the investigators of this class.
[kave given an account (1923) of the presence of these phagocytes in Mya, and have shown
that they often contain large hard particles, such as sand grains and the tests of diatoms, so
tiat the surface of the gut is often difficult to cut in sections, and has a dark grey colour.
The gut of Ensis, and other Lamellibranchs in which the sorting mechanism on the gills and
lps allows relatively large hard particles to enter the gut, has the same appearance.

. I Teredo, as shown in fig. 11, which is drawn from a specimen three days after feeding
u:at.h m%d, corpuscles were actually ingested by the cells of the tubules. The digestive
ivertienla in the Teredinide are spread out in a thin sheet round the ventral surface of the
“mich, and the ducts are short and wide. As already noted, the phagocytes are most

Du‘?};l‘ous between the tubules of the unspecialised portion, and they were often found with
ANS. ROY. SOC. EDIN., VOL. LIV, PART III (NO. 15). 100
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contained corpuscles (amongst other things), a typical case being shown in fig. 12, The
corpuscles are taken in by the cells of the unspecialised tubules (see fig. 11), anq Jj, n
vacuoles within them, but they are often seized by phagocytes which remove them fyop the
cells. I have never found corpuscles in the diverticula specialised for wood ingestion.

It is interesting, at this point, to note that in the Nudibranch Archidoris tuberculaty |
have observed that blood corpuscles are taken in by the absorptive cells in the digestive gy
(which in the Nudibranchs contains both secretory and absorptive cells) in very great ﬂu;l‘ﬂers
and there digested. There is a wide opening from the stomach into this organ, while phags.
cytes are not found in the epithelium or in the lumen of the gut in the Gastropods, so that the
corpuscles were never prevented from entering the digestive gland.

From the results of the experiments here described, and of those of Carazzr, List
Porrs, and Vonk, there can be no doubt that the cells of the digestive diverticula in thé
Lamellibranchs absorb. The epithelium of the gut, and of the ducts leading into the
diverticula, despite the contrary assertions of CaRAzzrI, has no power of absorption (although
the phagocytes everywhere present between its cells take in solid particles), but is concerned
purely with transport, as is shown by the universal presence of cilia (with the solitary
exception of the area which secretes the gastric shield in the stomach) and mucus glands.

All the evidence points to the intracellular digestion of food particles in the cells of
the diverticula. Insoluble particles of Indian ink are ingested, while in the case of Teredo, entire
blood corpuscles are taken in by the cells of the unspecialised tubules, and fragments of wool
by the cells of the tubules specialised for that purpose. The cells of the tubules in Mya ad
(ardium have no opportunity to absorb corpuscles, owing to the prior seizure of the latter
by phagocytes. The presence of vast numbers of green and brown globules in the cells of the
tubules in the case of animals taken directly from the sea, which disappear when the animals
have been starved for some weeks (as I have observed in many cases), so that the tisse
becomes finally almost colourless, with only a few orange or yellow concretions here and
there—the indigestible remnants of intracellular digestion in all probability—is additionl
evidence. I have been able to confirm the statement of Vonk that the globules reappear
when starved animals are fed on diatoms, their natural food. The manner in which iron is
absorbed is also strongly indicative of intracellular digestion ; instead of being taken ina
more or less diffuse state, or in numerous, very minute vacuoles, as in true absorption—ior
example, in the gut of insects, as described by STEUDEL (1913), or in the salivary glands of
Murex, as shown by Hirscu (1924), in both of which intracellular digestion does not take
place—it is always found within large discrete vacuoles. Whether it is taken into the cells in
solution or as solid matter (and in Mya, as figured, it appears to be ingested as a solid mass),
the fact that, like the Indian ink in List’s experiments on Mytilus, it invariably hecomes
aggregated in these large vacuoles is, I think, an indication of intracellular digestion. More:
over, the free surface of the cells which absorb the liquid products of digestion is nevet
extended or drawn out into pseudopodia, as in the digestive diverticula of the Lamellibranchs

Lastly, there is the question of the presence of a great number of digestive enzyues {to
which reference has already been made) in extracts of the diverticula. If 1t can be proved
that the cells do not secrete, then the presence in them of these enzymes can oﬁlftbg
accounted for on the assumption that they constitute an organ of intracellular digestion.
There is obviously no need for digestive enzymes in a tissue which absorbs the soluble products
of extracellular digestion—glucose, amino-acids, fatty acids and glycerol. _

(¢) The Question of Secretion.—Since there is only one type of cell in the (liverﬁlf:ﬂlﬂr
and this certainly absorbs, it must perform a double function if secretion occurs. This, o
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qurse, 18 mob impossible ; thus Hirscr (1924) has shown that the salivary glands of Murex
boih secrete and absorb.  Histological examination of the cells gives no support to the view
ilat they secrete ; ENRIQ.UES a!u:] G.U’I‘HEIL, both of whom thought that seeretion takes place,
jesribed and figured typical dlg.estl\«"e vacuoles, and the same is true of FRENZEL. GUTHEIL'S
sxplanation of the loss of colour in a starved Anodonta as being due to a reduction in secretion
s msatisfactory ; both Hirscr (1915) and Krisasman (1925) have demonstrated that in the
(ustropods the secretory cells contain secretion during periods of starvation.

If it could be proved that certain enzymes were present in the tissue of the diverticula
ol were never found in the stomach, that would provide conclusive evidence that secretion
ies not take place. There are, however, complications. In the first place, amylase and
dyeogenase are always present in the stomach as a result of the dissolution of the head of the
grle and the release of the contained enzymes, while the invariable presence of great numbers
Of phagocytes in the lumen of the stomach complicates tests for lipase and protease. The
phagocytes must contain both these enzymes, since they will take in and digest blood
mrpuscles on which the animal has been fed, and also droplets of neutral olive oil stained red
sith Nile-blue sulphate, which turn blue shortly after ingestion owing to the digestion of the
it and the consequent formation of fatty acids which give a blue colour with the stain.
Experiments carried out with the stomach fluid from the larger Lamellibranchs, Pecten
nazimus, Cardium norvegieum, Dosinia exoleta, Ostrea edulis and Mya arenaria, showed that,
though fibrin and egg albumen stained with carmine or Congo red were not digested, and quanti-
tative tests for lipase with olive oil and methyl acetate gave inconclusive results, yet positive
rstlts were given by the most delicate tests for protease—the coagulation of calcified milk,
ad for lipase—the turning yellow of milk which had been made alkaline with sodium
atbonate and coloured pink with phenol red. Control experiments invariably gave negative
wailts.  This slight activity is probably due entirely to the enzymes from the phagocytes, and
it iy not necessary to postulate the presence of a secretion from the digestive diverticula.
flevwaxy (1914) found protease in the blood of Ostrea, probably from the same source.

The acidity of the stomach contents has usually been regarded as the result of a secretion
iom the “liver.” I have shown in a recent paper (1925), however, that this acidity is pro-
ieed by the dissolution of the crystalline style, which is invariably the most acid substance
nthe alimentary system. If the style is extracted or induced in various ways to disappear,
tle hydrogen-ion concentration in the stomach falls considerably, until it approximates to that
if the mantle cavity, and is much lower than that of the tissue of the diverticula. I have
wantly confirmed and extended these experiments on Ostrea edulis. Here again there is no
edence of any secretion from the diverticula.

By injecting into the tissues some form of iron solution or colouring matter which
an liter be identified in sections, it is possible in many Invertebrates to detect these
bstances later in the secreting cells of the digestive glands. This has been shown to be
tlhe wse in Crustacea by Cukinor (1895), JorpaN (1904), and myself (1924); in Insecta by
STB.UDEL (1918), and in Gastropoda by Cukxor (1892, 1900), and myself (unpublished work).
nixor considered the cells in which these substances were found to be invariably ex-
oy (they are, of course, also found in the true excretory organs), but Jorpax has
5]10“’11. that this is not the case. Substances in solution in the blood-stream pass into the
wreing cells, together with the material needed for the elaboration of ferments, and so
fa‘_ fl'm.ll being quickly excreted, Jorpan found iron in the secretory cells of Astacus
;]tllll't-r}*-sm days after it had been injected. Moreover, the ““excreted” material is imme.di—

4 taken up by the absorptive cells which surround the secretory cells in the digestive
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gland of the Crustacea and higher Gastropoda, such as the Tectibranchs and Nudibranchg
as I also have observed in many cases. Cukxsor (1900) injected various colouring matters intc,;
fifteen species of Lamellibranchs, but found no “excretory ™ cells in the * liver i exXeretioy
took place exclusively in the nephridia and pericardial glands. I have injected a ¢ per
cent. suspension of iron saccharate in sea water by way of the foot, muscle, or edge of
the mantle (afterwards washing the animals thoroughly to prevent any of the flyiq enter-
ing the mouth), into Glycimeris glycimeris, Mytilus edulis, Pecten maximus, Ostrea, odyls
Cardium norvegicum and Mya arenara, fixing the digestive diverticula in the usuai
manner from two to six hours later. In no case was there any trace of iron in t,
cells, although it was often found in the blood lacune and in the amcebocytes. Yet whey
Gastropods such as Doris or Scaphander were treated in the same way the secretory cells
were coloured blue. Similarly, when pilocarpine was injected there was no change in
activity of the cells such as might be expected if they secreted.

On the other hand, iron was found in the epithelium of the style-sac four hours afte
injection in the case of Mytilus, as shown in fig. 13. Extremely minute granules wep
present immediately above the nuclei and also nearer the surface of the cells and i the
lumen. In Pecten, although iron was never identified in the style-sac with certainty,
there was a great increase in the number of fine colourless granules after pilocarpine had
been injected.

There is thus no evidence of any secretion of digestive enzymes save in the epitheliun

of the style-sac.

5. GENERAL DiscUssIoN.

Histological examination has revealed the presence of one type of cell only in the
digestive diverticula of the Lamellibranchs. The results of feeding experiments by previous
workers and by myself show that these cells are capable of assimilating both soluble
and insoluble particles, both of which are taken into large wvacuoles, which probably
contain digestive enzymes, where they are digested intracellularly. There is no evidence
that any of the cells can secrete.

Among the Metazoa, intracellular digestion is known to occur in the Porifers,
Ceelenterata, Turbellaria, to some extent in the Echinoidea, and in the Mollusca (for fal
details and bibliography see Hirscu (1925)).* In the latter it is not found in the highly
evolved Cephalopods, while in the Gastropods (as I hope to show in a later paper) there
is a transformation of the digestive diverticula from purely absorptive to absorptive and
secretory organs.

In the Lamellibranchs there is no such development in the function of the diverticul,
the explanation for this lying in the similarity of food and feeding mechanisms throughout the

# Although in the Arthropoda generally digestion is exclusively extracellular, there are two interesting cases of intracellular
digestion in parasitic species. In the tick, Ornithodoros, according to CaRisTOPHERS (1906), blood corpuscles sucked from the host
are digested intracellularly both in the large epithelial cells of the alimentary sac and in free cells, the origin of which he was UJT'
able to determine. RercHENow (1918) found that in the mite, Liponyssus, the large cells of the gut are ameehoid and ingsst

corpuscles from the blood of the host, digesting them intracellularly. After becoming gorged with food, these cells ave detached
and fall into the lumen of the gut. 5

In the Brachiopods, the feeding processes of which are closely analogous to those of the Lamellibranchs, ilit}'awllulal‘fllg&-h'f::
probably occurs. AsuworTH (1915) describes the structure of the “liver” in the larve of Lingula and Pelagodiscus as being gl]lw
distinet from that of the remainder of the gut, no cilia ave to be seen in sections of the **liver,” while the cellsare highly vactoi
and occasionally contain, in Lingula, ingested unicellular algae, Other observers (for details, see JoRDAN (1913)) hf“’e al_so nos
the passage of food into the cavity of the “liver.” Professor Asmworra has kindly permitted me to examine his secnf:‘“?’ i
certainly from the presence of the ingested algwe and the general structure of the “liver,” I think there is good evidence that It
cellular digestion takes place in the Brachiopods in much the same manner as in the Lamellibranchs.
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aiqgrt-icula of two species of the same genus, Venus, is suflicient to throw doubt on his
qnclusions. All the Lamellibranchs—with the exception of the carnivorous Septibranchs,
shich must be excluded from any generalisation here made, and to some extent the Teredinidze,
shich will be discussed later —obtain their food by means of ciliary currents on the gills and
lps, which select only the smallest particles for subsequent entrance into the gut. In the
qomach there is a second selection, large particles being passed directly into the mid-gut and
auler particles being conducted to the opening of the ducts leading into the digestive
jiverticula. NELsoN (1918) has deseribed the selective mechanism in the stomach of Modiola
adiolus, and I have described a similar one in My« arenaria, and have observed its presence
o many other species. There is at the same time a certain extracellular digestion of
aohydrates in the stomach by the enzymes of the style.

For intracellular digestion, it is essential that only very small particles should be
wsented to the ingesting surface, which should be as extensive as possible (e.g., the increase
psurface provided by the mesenteries in Actinians, by the ramifications of the gut in many
Tubellarians, and by the large number of flagellated chambers in the sponges). Both of these
wditions are fulfilled in the Lamellibranchs; none but the very finest particles survive the
1igorous selection of the various sorting mechanisms, and the action of the enzymes from the
syle, and pass into the digestive diverticula, which are composed of a great number of
nifying tubules which present a large surface. A continuous circulation is maintained in
tlese tubules by the action of the long retractile cilia, so that food particles are brought in and
the indigestible remnants of intracellular digestion removed. The fact that the two operations
uke place (as L1sT experimentally demonstrated) implies the presence of cilia, even though
they can never be seen in sections, and only in certain cases in fresh material. There is no
sstem of longitudinal and circular muscles such as ensures a similar circulation in the
(nstacea (for details and literature on this point see my paper on Nephrops (1924)). The
mesence of retractile cilia in cells which digest intracellularly has also been observed in the
(elenterata by GrEENWoOD (1888) and others. The glucose formed by the action of the
style enzymes on carbohydrates in the food will also be absorbed by the cells of the tubules.

The process of digestion would seem to be as follows: Particles are taken into the
newoles and there acted upon by enzymes. Material which is of use to the animal, such as
m, is then passed on to amcebocytes or stored (the connective tissue round the tubules
Noften rich in glycogen), while indigestible substances, like Indian ink, which is never
mssed on to the ameebocytes, are expelled. In Pecten (fig. 4) yellow or brown globules of
tetetion are massed together in large cavities in the older cells, and are found in the same
wndition after expulsion from the cells in the lumen of the tubules, ducts, mid-gut and
telum. - The brown colour of this excretion is due to the presence of ingested chlorophyll and
the products of its decomposition, which accounts for the ““entero-chlorophyll” found by
LacMuny (1900) and others.

The Teredinidze, besides possessing the usual ciliary mechanisms, though to a reduced
Efit&!_lt, feed by swallowing the fragments of wood seraped off by the specialised shell valves,
udit s very significant that the adaptation which enables them to digest the wood takes the
im of tubules specialised for its intracellular digestion, and not the elaboration of an
:3}t1rfllcellnlar cellulase, as in such Gastropods as Helix or Aplysia which are also able to digest
#lnlose,

Uorrelated, no doubt, with the retention of intracellular digestion throughout the
L“mellibl'imchs, 1s the utilisation of phagocytes for the direct ingestion of larger particles than

uss; the fact that, in the face of this similarity, FreENzEL found different conditions in the

!
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those which can enter the digestive diverticula (whole diatoms are never found in the latte
but are frequently to be seen in phagocytes). They are certainly less numerous iy Nuculy
than in the higher Lamellibranchs, while in the Gastropods, where extracellular digestion i
better developed, phagocytes do not occur in the gut.

6. SUMMARY.

1. The structure of the digestive diverticula in thirty-four species of marine Tame).
branchs has been studied.

2. The diverticula consist of blind tubules which open into the stomach by way of
ciliated ducts, the epithelium of which resembles in structure and function that of
remainder of the gut.

3. There is only one type of cell in the tubules. There are darkly-staining young cell;,
the nuclei of which divide mitotically, but when older the cells are very vacuolated ang
contain great numbers of coloured granules which disappear after starvation.

4. In the Teredinide there are tubules specialised for the digestion of wood ; the condition
in the carnivorous Septibranchs has not been examined.

5. A border cuticle can be seen in sections of the tubules in Nucula and the Filibranchs,
but not in the Eulamellibranchs. In fresh material long retractile cilia can be distinguished
in a number of species and are probably present in all cases.

6. After feeding with iron saccharate in suspension, this is found later lying within lage
vacuoles in the cells of the tubules, being afterwards passed on to the ameebocytes.

7. Blood corpuscles from the dogfish are taken into the gut freely, but are ingested by
phagocytes before they reach the tubules, except in the case of Teredo, where they are taken
in by the cells of the unspecialised tubules.

8. The manner in which particles are taken in, and the presence of digestive enzymes in
extracts of the diverticula point to the presence of intracellular digestion.

9. There is no histological evidence that the cells of the tubules secrete. The presence
of enzymes in the stomach can be accounted for by the dissolution of the crystalline style and
the occurrence of great numbers of phagocytes free in the lumen; the acidity of the gut is
due to the dissolution of the style ; injections of iron and pilocarpine fail to demonstrate the
presence of secretory cells elsewhere than in the epithelium of the style-sac.

10. The diverticula provide the extensive surface characteristic of the alimentary systems
of animals which possess intracellular digestion, while, as a result of the action of the Varions
sorting mechanisms, only the very smallest particles ave presented to the ingesting surface.

11. The digestive diverticula of the Lamellibranchs possess none of the functions ofa
liver or of a pancreas, but are organs of absorption and of intracellular digestion.
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8. DESCRIPTION OF THE PLATES.

List or REFERENCE LETTERS.

BC. Border cuticle, C. M. Circular muscle,
8. Basement membrane, Cp. Crypt of young cells,
Etg. Boundary of phagocyte. C.T. Connective tissue.

. Cilia,

D.N. Dividing nucleus of young cell.
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F.I. Tron in process of ingestion. N.D. Nucleus of epithelial cell of duct.
F.L. Iron in lumen of tubule. N.P. Nucleus of phagocyte.
F.V. Iron in vacuoles. N.S. Nucleus of epithelial cell of stylesac,
F.V.P. Vacuoles partially full of iron. N.T. Nucleus of cell of tubule.
Ft. Fat globules. Nu. Large nucleolus of nucleus of tubule coll
1.B.C. Ingested blood corpuscles. 0.C. 0ld, vacuolated cells of tubules,
LM. Ingested matter in vacuoles. P. Phagocyte.
LM.P. Ingested matter in phagocytes. P.F. Phagocyte containing ingested iron,
L. Lumen. S. Secretion of style-sac epithelium containing
N.A.D. Nuclei of young cells immediately after injected iron.
division. J Y.C. Young, darkly-staining cells of tubules
N.B. Nucleus of ingested blood corpuscle. ' Y.M. Yellow coneretions.
Prare I

Fig. 1. Mya avenaria.—Transverse section through a portion of a duct leading into the digestive tubules, siy
hours after feeding with blood from a dog-fish. Two blood corpuscles are shown lying within phagoeytes between
the epithelial cells. The nucleus of one of the phagocytes does not appear in the section. Fixed Bouin, stained
Delafield’s haematoxylin and erythrosin. 6p. (x 1200.)

Tig. 2. Mya arenaria.—Another section in which a phagocyte with an ingested corpuscle is shown Passing
out of the epithelium through the circular muscle which surrounds the duct. 6p.  (x 1200)

Fig. 3. Mya arenaria.—Same as above. A phagocyte with an ingested blood corpuscle observed in the con-
nective tissue between the ducts and tubules. (x 1200.)

Tig. 4. Pecten opercularis—Transverse section through a portion of a digestive tubule from a fresh animal,
showing the border cuticle, the irregular arrangement of the nests of young cells, and the aceumulation of yellow
concretions in old cells without nuclei. Fixed corr. sublimate in sea water, stained Delafield’s haematoxylin and
erythrosin. 6u. (x 1200.) .

Fig. 5. Nucula sp.—Transverse section through part of a tubule six hours after feeding with iron saccharate
This is being absorbed, vacuoles near the base being full of it, while those near the lumen are only partially full
The free surface of the cells is irregular and there is no sign of the border cuticle. TIixed and stained by the
methods described in the text, p. 710. 8u. (= 1200.) :

Fig. 6. Nuecula sp.—Transverse section through an entire tubule two days after feeding with iron. Absorption
has ceased, all the vacuoles are full of iron, the free surface of the cells is regular, and the border cuticle can be
seen. Technique as on p. 710, Sp. (x 1200.)

Prare 1L

Fig, 7. Mya avenaria.—Transverse section through an entire tubule one day after feeding with iron. This
can be seen in the lumen, in the process of being taken into the cells, and lying in vacuoles within them. The
erypts of young, darkly-staining cells with nuwmerous nuclei are shown. Technique as on p. 710. 6a (x 1200.)

Fig. 8. Mya arenaria.—Transverse section through a erypt of young cells from an animal which had been
starved for five weeks. One of the nuclei has migrated near the lumen and is dividing. Fixed strong Flemming,
stained iron hematoxylin and acid fuchsin, 6ux. (x 1800.)

Fig. 9. Mya arenaria.—A similar section, showing the last stage in the division of a nucleus in a orypt.
Fixed strong Flemming, stained iron hwmatoxylin. 6g. (= 1200.)

Fig. 10. Teredo norvegica.—Transverse section through an unspecialised tubule one day after feeding with
iron, which is lying in large vacuoles in the older cells and within the phagocytes which lie between the tubules.
There are three crypts of young cells. 6u (x 1200.)

Fig. 11. Teredo norvegica.—Two cells from a digestive tubule three days after feeding with blood. An
ingested corpuscle is shown lying within a vacuole in one of the cells. Fixed strong Flemming, stained Amolds
method. 6p. (x 1200.) )

Fig. 12. Teredo norvegica.—-Phagocyte from between the tubules three days after feeding with blood; 1t
contains a large quantity of ingested matter, including a blood corpuscle. Technique as above. (X 1200.)

Fig. 13. Mytilus edulis.—Transverse section through the epithelium in the middle of the groove which %)e.ars
the style, four hours after injection with a suspension of iron saccharate. Minute droplets of secretion contalnig
iron in solution are being produced and passed out of the cells. 6p. (x 1200.)
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a complete Paper.
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tublie. Fellows or others who may specially desire to obtain them must apply direct to the Society. The prices of
perts in the above list, up to and including Vol. XXX, are raised fifty per cent. The absolute correctness of this list
tannot be guaranteed beyond this date.
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11. The Anatomy of the Head of a Feztal African Elephant, Elephas africanus (Loxodonta africana). By
NeLue B. Eaums, B.Sc., Ph.D.Lond., Lecturer in Zoology, University College, Reading. Com-
municated by Professor J. H. Asaworrs, D.Se., F.R.S. (With Twelve Plates.) Price: to
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With an Account of The Fossil Fishes of the Old Red Sandstone of the Shetland Islands. By Sir
ArraUR SmirE Woopwarp, LL.D., F.R.S., and Error Ivor Waite, (With Three Plates and
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13. A Study of the Hokien and, the Tamil Skull. By Gorpox Harrower, M.B., Ch.B., D.Sc., Professor of
Anatomy, King Edward VIL Medical College, Singapore. Communicated by Professor T. H. Brycg,
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14. Magnetic. Quality in Crystals. Part I.—Discrimination of, and Stability in, Magnetic Lattices.
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M.A.,, D.Sc., Carnegie Teaching Fellow, University College, Dundee. Communicated by Professor
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