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i. Introduction.

THERE is no aspect of invertebrate physiology which has been 
more neglected in recent years than that of digestion. The 
attempt has been made in this paper, the first, it is hoped, of
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C. M. Yonge
a series on the subject of digestion, to give as complete an 
account as possible of the course and disposal of food particles 
taken in through the inhalant siphon of Mya arenaria, and 
of the organs with which they come in contact. Previous 
workers on the Lamellibranchia have, without exception, 
confined their attention to particular aspects of the problem. 
Thus we have the work of Stenta, Wallengren, Orton, 
Kellogg, on the ciliary currents; of Coupin, Mitra, Nelson, 
Edmondson and others on the crystalline style; of Fredericq 
and Roaf on the other digestive enzymes; of Gutheil, 
Matthias, Thiele, and Siebert on the histology of the food 
collecting organs and alimentary canal; of Peck, Ridewood, 
and others on the gills; and finally, of particular interest 
in this research, the careful monograph of Vies on the 
anatomy of Mya arenaria itself. The literature bearing 
on each of these points will be reviewed in detail at the 
appropriate place.

Mya arenaria has been chosen for this research for a 
variety of reasons. It is of common occurrence along our 
coasts and is one of the largest of British Lamellibranchia. 
It is extremely hardy and can, if kept in a cool place, be 
maintained alive and healthy out of water for a fortnight or 
longer. As already stated it has been ably monographed 
by Vies, 4* while Edmondson, 18 working in the United States, 
employed it in his experiments on the regeneration of the 
crystalline style. It has been found exceptionally suitable for 
the application of experimental methods.

The investigation has been carried out under the super 
vision of Professor J. H. Ash worth. The greater part of the 
work on the enzymes was carried out in Dr Crew's laboratory 
at the Animal Breeding Research Department, under the 
direction of Dr L. T. Hogben, Lecturer in Experimental 
Zoology, to whom the author is also indebted for many 
suggestions on other sections of the work. The expenses of 
the research were defrayed by a grant from the Earl of 
Moray Fund, and the micrographic illustrations are due to 
Mr J. M. A. Chisholm, Artist to the Animal Breeding 
Research Department.
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Comparative Physiology of Digestion

2. Description and Habits.
In My a arenaria, the Clam, the two shell valves are practically 

equal in size, the right valve being slightly the larger of the two. 
In shape it is irregularly ellipsoidal, the anterior end being 
blunter and more smoothly rounded than the posterior end 
which is drawn out a little more. A good average specimen 
is 6 in. in length from end to end and $\ in. wide at the 
umbal region. The umbo is only slightly prominent and 
points anteriorly. When the valves are adducted to the 
utmost extent there is still a large gape at the posterior end 
in which lie the retracted siphons. When fully extended the 
siphons, over which the periostracum of the shell is continued, 
may reach a length of 50 cm. (Vies). The mantle edges are 
fused except for a short extent on the antero-ventral surface 
where the pedal opening is found. The small wedge-shaped 
foot, which can be protruded through this opening, is situated, as 
in all burrowing forms, on the anterior edge of the visceral mass.

Mya arenaria has a wide distribution throughout the 
Northern Hemisphere. It occurs usually at the mouths 
of rivers and is not to be found on open sea beaches. 
Weymouth 49 states in explanation that, as it increases in 
size, Mya loses the ability to move quickly and hence to care 
for itself when exposed. Storms are thus fatal to the larger 
specimens. Moreover, it is incapable of renewing communica 
tion with the surface of the ground when its siphons have 
been choked by shifting sand ; it needs protection and a firm 
substratum in which a hole is semi-permanent. At the same 
time the water from which it strains its food must not be 
stagnant but moving, and contain a supply of micro-organisms 
sufficient for the needs of the animal. Provided the above 
conditions are fulfilled, Mya will thrive in water that is 
brackish even although the temperature falls below o° C.

It is obvious that these ideal conditions will be found in 
the tidal mud of a river estuary, and it is here that Mya occurs 
as one of the characteristic members of the brackish water 
fauna. The specimens on which this work has been performed 
were obtained from the estuary of the River Esk at Mussel- 
burgh, near Edinburgh.

VOL. I.—NO. I. 17 B



C. M. Yonge
During life the animal lies entirely buried, anterior end 

downward, in the mud, with only the tip of its siphons flush 
with the surface (fig. i).

Alder and Hancock 1 have described it as it occurs at the 
mouth of the River Tyne. " Mya . . . buries itself to a depth 
of 6 or 8 in. in a stiffish clay mixed with shingle; and, in

shallow pools left by the tide, the 
siphonal tubes may be seen just 
level with the surface of the 
muddy bottom in full action. 
The mud lies closely packed 
against the walls of the tubes, 
so that nothing is to be seen 
but the internal surface of the 
expanded lips of the siphonal

FlG. I. Mya arenaria, in natural habitat.  £ f   j   i
l.,vM left shell valve j m.b, muddy OnficeS frl»ged With numerOUS
bottom; s., siphon; s.a., siphonal tentacles. When it happens that
rr^lT"55'10 6 '"''"'0" the surface of the water is only

a little above the orifices, a
strong current can be distinctly seen to boil up from the anal 
siphon, and another, with a constant steady flow, to set into 
the branchial one. These currents were quite visible to the 
naked eye without the aid of a glass, so long as the mollusc 
remained undisturbed."

3. Feeding.
a. Literature. The literature dealing with the ciliary food 

currents of the Lamellibranchia is extensive, but comparatively 
little of it is of any great importance. The presence of inhalant 
and exhalant currents and of food currents on the gills and 
palps in Mya was demonstrated by Alder and Hancock 1 in 
1851. M'Alpine, 27 in 1888, published a paper on "the 
movements of the entire detached animal, and of detached 
ciliated parts of bivalve molluscs," in which he described 
numerous experiments which revealed the presence of cilia 
on all free surfaces in the mantle chamber. He was erroneous 
in his views that " the palps act as guards and not guides to 
the mouth," and that food is not passed on from the gills to 
the mouth. Coupin, 9 in 1893, gave an account of the
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Comparative Physiology of Digestion
removal of foreign matter from the mantle chamber of certain 
Lamellibranchs. In 1886 Thiele 42 described the labial 
palps of certain Lamellibranchs and gave his views on their 
physiology, but he regarded them not only as food conducting 
organs, but also as " Nebenkiemen," i.e. partly respiratory 
in function. List, 26 in his classic work on the Mytilidae, 
showed that the palps in these forms are food conducting 
organs. Stenta 40' 41 has described the backwardly directed 
currents present in the mantle chamber in certain 
species.

The most important contributions on the subject are, 
however, those of Kellogg, 23 - 24 Wallengren, 47- 48 and Orton. 31 
The first, in a series of papers, has described with great 
detail the ciliary mechanisms present in a large number of 
species. It has been found impossible to agree with his views 
as to the direction of food currents on the palps. Wallengren's 
papers on "Die Wasserstromungen" and "Die Nahrungs- 
aufnahme" in certain Lamellibranchs (including Mya) are of 
the utmost importance. It is a great misfortune that his 
work is so little known ; both Kellogg and Orton, who worked 
to a large extent after the publication of his papers (1905), 
appear to have been unaware of them. He has described and 
figured the ciliary currents, and in particular those of the 
palps, with the greatest care. Orton has worked upon the 
ciliary currents in a number of species, and has also given 
an account of the functions of the different groups of cilia 
borne upon the gill filaments. Siebert, 39 in a paper on the 
histology of the body epithelium of Anodonta cellensis, records 
his observations on the physiology of the gills and palps. 
Alien 2 has given an account of the food and feeding habits 
of freshwater mussels. With regard to the gills, the only 
observer (apart from Vies) who has figured the gill of Mya 
is Posner, 83 whose paper is of little value owing to his 
belief that the gill filaments arise as a result of the splitting 
up of flat lamellae the exact converse of the true explana 
tion. The work of Peck 82 and Ridewood 84 is of great 
importance, furnishing as it does the basis of our present 
understanding of the structure and origin of the gills among 
the Lamellibranchia.

19
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b. Methods. The structure of the gills and palps has been 

studied in the organs in situ, while pinned out for more careful 
observation, and in microscopic sections. They have been 
examined carefully in the living condition under the binocular, 
and under medium powers of the compound microscope, in 
order to discover the nature and direction of beat of the cilia. 
Carmine, and in certain cases sand, grains have been employed 
whenever necessary in order to demonstrate the course of the 
currents. It is of great importance when using   carmine to 
allow the particles to settle and, best of all, get entangled in 
the mucus, which is freely secreted on irritation by all free 
surfaces, before beginning to take note of the direction in which 
they are carried. Sections fixed in Bouin's fluid and stained 
with Delafield's hsematoxylin and erythrosin, or with picro- 
indigo-carmine, have been employed for the histological 
examination of these tissues. The latter stain is the better for 
demonstrating the presence of cilia and of the chitinous rods 
in the gill filaments. The ciliary currents on the mantle folds 
and visceral mass are easily observed by the naked eye after 
a little carmine has been added to the water.

c. Circulation of Water through the Mantle Chamber.  
The mantle chamber communicates with the exterior by 
three openings: the inhalant (branchial) and exhalant (anal) 
siphonal apertures, and the pedal opening (see fig. 2). 
When the animal is living under natural conditions the pedal 
opening is of no apparent use, but if a specimen be placed 
in water a slight current is observed to pass in through 
this aperture, while on removal from the water, the contraction 
of the shell adductors and of the siphons causes a powerful 
stream of water to be expelled through it.

The presence of currents passing in and out of the siphonal 
openings has already been commented upon. Water passes 
in through the inhalant or ventral siphon. The orifice is 
edged with a ring of short inwardly directed tentacles. The 
tentacles of freshwater mussels have been referred to by 
Alien 2 as possessing tactile and gustatory functions. "Upon 
being disturbed mechanically they are withdrawn into the shell, 
while a continued teasing or a strong chemical stimulus results 
in the closing of the shell, or perhaps only the siphons." That
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Comparative Physiology of Digestion
they do possess a tactile sense, causing the aperture to become 
closed on the application of mechanical stimulus, or whenever 
the water becomes too heavily laden with particles, would 
appear to be the case, but the presence of anything in the 
nature of a sense of taste is far from proved.

The water, laden with food particles, passes into the 
infrabranchial cavity where it is strained through the gills, 
leaving all foreign particles behind. It then passes dorsally 
into the suprabranchial cavity, which lies between the gills 
and the dorsal region of the mantle, and finally makes its

'•*'• ^/

FlG. 2. Mya arenaria, right shell valve and mantle fold removed. x \. a.ad., anterior 
adductor ; a.p.m., anterior palp margin ; b., bay ; d.o.g., distal oral groove ; ex.ap., exhalant 
aperture ; f., foot; i.b.c., infrabranchial cavity; i.d., inner demibranch ; in.ap., inhalant 
aperture ; i.s.p., inner surface of palp ; lig., ligament; l.o.g., lateral oral groove ; m., mouth ; 
m.e., mantle edge ; m.f., mantle fold ; m.p.b., mantle pinned back ; o.d., outer demibranch ; 
p.ad., post, adductor ; p.o., pedal opening ; s., siphon ; u., umbo ; v., vortex ; v.c.t., ventral 
ciliated tract; v.m., visceral mass. Plain arrows denote direction of ingoing currents ; 
feathered arrows denote direction of outgoing currents.

way out through the exhalant siphon. The mechanism which 
induces this water current is to be found in the ciliation of 
the gill filaments and will be dealt with later.

When a specimen of Mya is strongly stimulated, or removed 
from the water in which it has been lying with expanded 
and freely functioning siphons, violent contraction takes place. 
The shell valves are forced together and the siphonal tubes 
withdrawn within the pallial sinus. At the same time the 
exhalant aperture is closed so that water is expelled through 
the inhalant siphon a reversal of the normal procedure.

VOL. I.—NO. I. 21 B 2
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There is a communication between the infrabranchial and 
suprabranchial cavities, the upper surface of the inner demi- 
branchs on either side being unattached to the visceral mass 
for a short distance about midway in their course^ thus leaving 
a slit-like opening. Normally the free upper surface is closely 
applied to the visceral mass, so that no water passes through 
the opening except under the exceptional circumstances just 
related.

d. Food. The stomach contents consist of very finely 
divided particles of organic debris, sand, and micro-organisms, 
e.g. diatoms, singly and in chains; Foraminifera; minute, 
probably larval, bivalves; ostracods and other microscopic 
Crustacea, with parts of larger specimens; spores and eggs 
of various kinds; sponge spicules, and spines of all sizes. 
The great mass of material consists of small sand grains. 
The largest particles present are thin filamentous strips of 
alga up to i mm. in length, the largest solid particles being 
not more than \ mm. in diameter, while the majority do not 
exceed TV mm. in diameter. This fine division is the result 
of the very beautiful sorting mechanism present on the palps.

e. Gills (i) Structure.—The gills of My a arenaria have 
been figured by Posner, 83 but neither his figure nor his 
observations are of any value. Ridewood 84 figures the gills 
of Lutraria, a closely allied genus, and makes .a few comments 
on those of Mya. Vies 44 gives an account of the morphology 
of the gills, but makes no reference to the ciliary currents. 
Their structure is that of a typical eulamellibranch gill. 
Four demibranchs are present, two on either side of the visceral 
mass, and are attached at the junction of the visceral mass 
and mantle. Posteriorly they arise immediately ventral to the 
exhalant siphon (fig. 2), and for some distance the gills of 
either side are united by the upper surfaces of their inner 
demibranchs. They are parted by the visceral mass for the 
rest of their extent. Ventrally they stretch over two-thirds 
of the visceral surface. The outer demibranchs (o.d.) extend 
anteriorly to the posterior edge of the labial palps, but the 
inner demibranchs (i.d.) are continued forward between the 
palps for half the distance of their united edges.

A cross section of the gill lamellae (fig. 6) exhibits the
22
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following structure. The individual filaments are extremely 
small and are frequently fused by lateral interfilamentary 
junctions (i.f.j.), thus forming a firm lamella. The plication 
is well marked, the ascending and descending lamellae of each 
demibranch being united by interlamellar junctions about every 
thirty-three filaments.

The individual filaments (fig. 3) when highly magnified 
exhibit an interesting structure. Frontal and large latero- 
frontal cilia are present and can easily be seen in well-fixed 
sections. The lateral cilia are smaller and more difficult to 
distinguish. There are no abfrontal cilia developed on the 
interlamellar end of the filament. A striking feature of the 
gill structure is the occur-
^"^ ' 7

rence of two stout curved * '" 
rods lying one on either 
side of the frontal ends of 
the filament. They stain 
a bright green with picro- 
indigo-carmine and show

*     n FIG. 3. Mya. Transverse section of single filament.
up much more vividly x 330. bLsp>) blood space . c-s* chitinous
than the internal chitinOUS skeleton; f.c., frontal cilia ; i.Le., interlamellar 

, * ^ /-r>i ij end: I.e., lateral cilia: l.f.c., latero-frontal cilia;
skeleton. They would s r-) ;trengthening rods.
appear to be formed of
fused cilia, but no reference to similar structures in any
previously described gill has been found. The interlamellar
end of the filament may be greatly enlarged and extend for
some distance into the cavity (see fig. 6).

The free ventral edges of the demibranchs are characterised 
by the presence of food grooves. If the gill be examined in 
the living condition the groove is found to be wide open, but 
the sides are invariably drawn together during fixation. The 
transverse section of the edge of the demibranch (fig. 4) 
demonstrates the interesting fact that the groove is not 
situated precisely at the junction of the ascending and 
descending lamellae, but a little to one side. In the outer 
demibranch the groove is a little to the outer side, and in 
the inner demibranch a little to the inner side. The large 
cilia characteristic of this region are not shown in the

section.
23
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(2) Physiology.—The lateral cilia of the gill filaments are 

 esponsible for the water currents which pass through the 
nantle chamber. Beating inwardly, they produce a streaming 
)f the water into the interlamellar cavity, whence it passes 
jp between the lamellae into the suprabranchial cavity. 
Particles of any kind present in the water are caught by the

large latero-frontal cilia of
„,____„,...,,.,. __.,,•__———————.. ... ^..._ . .. „..._. ...__, Q

adjacent filaments, which 
interlock and form a sieve. 
The presence of the current 
can be demonstrated by 
pinning out a strip of gill 
under water and extending 
the lamellae so that the 
latero-frontal cilia no longer 
meet. If carmine grains be 
added to the water they will 
be seen to be carried past 
the latero-frontal cilia into 
the groove between the two 
filaments, and to accumulate 
there in masses. Moreover, 
in many cases when ex 
amining animals that had 
been kept in the laboratory 
for some time, it was found 
that the gills were black in 
parts. This was due to the 
presence of particles of mud 
in the interlamellar cavities 
owing to the atrophy of the

atero-frontal cilia, which apparently are more easily affected 
>y adverse conditions than the lateral cilia.

The movement of the latero-frontal cilia (l.f.c., fig. 5) 
ends to throw the particles caught among them towards the 
niddle of the frontal edge of the filament where they are 
:aught in the current created by the frontal cilia (f.c.). In 
tfya this current is everywhere directed towards the free 
rentral edges of the demibranchs. The food particles, entangled

24
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in mucus, are carried down until they reach the margin, where 
they come under the influence of the powerful anteriorly directed 
current created by special large cilia (I.e., fig. 5) present on 
the crests and in the trough of the marginal groove.

A third anteriorly directed current is found on either side 
along the gill axis at the base of the two demibranchs. 
Fig. 7 shows very clearly the large cilia (cirri of Wallengren) 
which appear to be A 
characteristically pre 
sent on all powerful 
anteriorly directed 
ciliary tracts.

The currents on the 
margin of the outer 
demibranch and the gill 
axis deposit their con 
tents at the posterior 
end of a groove formed
by the Union Of the FIG. g. Mya. Food currents on gills, diagrammatic.

edges of the inner
demibranch and the
outer labial palp. This
has been named by
Kellogg the distal oral groove (d.o.g., fig. 2). A forwardly
directed current carries the particles along this groove to the
anterior edge of the inner demibranch, where they are joined
by the material collected by that organ. The groove, now
bounded by the inner and outer palps, continues to the mouth,
and this stretch has been named by Kellogg the lateral oral

groove (l.o.g., fig. 2).
f. The Labial Palps (i) Structure.  The most important 

and most highly developed organs concerned in the selection 
of food material and its transmission to the mouth are the 
labial palps. These consist of triangular flaps (fig. 2) attached 
one pair on either side of the mouth, the bases of each pair 
being united, while the anterior basal corners of the outer 
and inner palps of either side are united respectively above 
and below the m9uth opening. Normally, the two palps 
composing a pair lie facing one another, but in fig. 2 the

2 5

A., anterior; d.w., direction of water current (shown 
by curved arrows); f.c., frontal cilia; g.f., gill 
filament; I.e., large cilia along ventral edge of demi- 
branch; l.f.c., latero-frontal cilia. Food currents 
denoted by straight arrows.
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outer palp of the right side has been turned back so as to 
expose the inner face.

The outer faces appear smooth on naked eye examination; 
in transverse sections, however, the epithelium (o.ep., fig. 8) 
is seen to be puckered into numerous minute folds. The inner 
or apposed faces are much more complicated (i.s.p., fig. 2). 
The posterior basal corner and thin strips lying along the 
anterior and posterior margin possess a smooth surface, but 
the remaining surface is crossed by a series of folds having 
a characteristic structure. They arise near the posterior 
margin as low ridges, coming off at an acute angle (see fig. 
10) and pass diagonally across the palp face, increasing in 
size as they go, until they reach the anterior margin in the 
form of high folds which overlap one another in the direction 
of the mouth. They lie practically at right angles to the 
anterior margin. In section the epithelium of the margins and 
the posterior basal corner is seen to be smooth and thickly 
ciliated. A cross section through the folds (i.e. longitudinal 
section through the palp as a whole) near the anterior margin, 
where they are best developed, shows the structure as in fig. 8.

The epithelium consists of thickly ciliated columnar cells, 
which are distinctly taller on the distal than on the proximal 
slope, though the structure is the same. The shortest epithelial 
cells are to be found at the bottom of the furrows (f.). The 
nuclei, oval in the longer cells and almost circular in the more 
cubical ones, contain granules of chromatin and a distinct 
nucleolus. Mucus glands (m.g.) are numerous on the distal, 
but extremely rare on the proximal, slopes. Siebert 89 found a 
similar distribution of gland cells in Anodonta cellensis, and 
he also states that they become fewer in number as the mouth 
is approached. Cilia are present on the free surfaces of all the 
epithelial cells (except where mucus is being secreted); but 
although there is seen to be a distinct difference in the size 
and inclination of the cilia on the various regions when the 
palp folds are examined in the living condition, it is extremely 
difficult to make out these differences in sections. It is only 
possible to distinguish the large cilia present on the summit 
of the folds (l.c.s.). There is a well-marked basement membrane 
(b.m.) between the epithelium and the underlying tissue. This

26
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i.e.

d.

FlG. 6. Mya. Cross section through two demibranchs. x 55. 
d., dernibranch ; i.e., interlamellar cavity; i.f.j., interfila- 
mentary junction ; i.l.j., interlamellar junction; p., plica of 
33 filaments.

FlG. 7. Mya. Transverse section through gill axis. x 65. 
b.g., beginning of gill filaments ; g.a., gill axis ; I.e., large 
cilia on axis epithelium.
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atter consists of connective tissue fibres (c.t.s.) running in all 
irections, together with round, deeply staining nuclei (c.t.n.).

fuVro fibreS ^ m-f^ are Present beneath the level of the 
Ine epithelium of the outer face (o.ep.) is puckered

nute folds and papillae, and consists of more or less 
cubical cells containing round, deeply staining nuclei. Cilia are 
present but they are much smaller than those of the inner face, 
and are seen with extreme difficulty in sections. Immediately 
beneath this outer epithelium is a layer of clear tissue (c.l.), 
and below that again a thin layer of longitudinal fibres (l.c.t.).

l.C.f.

FlG. 8. Mya. Transverse section through single palp fold, x 90. b.m., basement 
membrane ; c., cilia ; c.l., clear layer of tissue ; c.t.n., connective tissue nuclei; 
c.t.s., connective tissue strands ; P., proximal side ; D., distal side (in relation 
to palp base) ; f., furrow between two folds ; i.ep., epithelium of inner face ; 
l.c.s., large cilia of summit of fold ; l.c.t., longitudinal connective tissue strands ; 
ra.f., muscle fibres ; m.g., mucus glands ; o.ep., epithelium of outer face.

The folds do not extend to the basal edge of the palp 
(see i.s.p., fig. 2), the area on either side of the oral groove 
possessing an irregularly wrinkled, though, as elsewhere, 
thickly ciliated surface.

(2) Physiology.—-Food particles collected by the inner demi- 
branchs are transferred from the marginal grooves directly on 
to the inner palp faces. Material from the outer demibranchs 
and gill axis passes into the distal oral groove, but little of 
it proceeds directly to the mouth, the greater portion being 
caught by outwardly directed ciliary currents present on the 
posterior basal corner of the palps and carried on to the
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inner faces. Particles present in the water surrounding the 
palps are collected on both inner and outer faces.

The direction of the ciliary currents present on the outer 
palp face is shown in fig. 9. They pass diagonally across 
from the anterior to the posterior margin, except at the extreme 
distal region where they are directed towards the tip. On 
reaching the posterior margin, particles are carried over the 
edge into the distally directed current that runs along that 
margin on the inner face. A strongly marked distally directed 
current flows along the anterior margin ; but this does not affect

FlG. 9. Mya. Direction of ciliary 
currents on outer palp face. 
a.m., anterior margin; b.m., 
basal (attached) margin ; p.m., 
posterior margin; t., tip of 
palp.

FlG. 10.   Mya. Posterior 
margin of inner palp 
face, diagrammatic. D., 
distal ; P., proximal ; 
p.f., palp folds; p.m., 
posterior margin.

particles collected by the outer face, practically all of which 
being carried on to the inner face, there to be selected or 
rejected as the case may be.

A general examination of the inner face results in the 
detection of the following well-marked currents. There are 
distally directed streams running along the two margins (fig. 2) 
and on the surface generally a basally directed current passing 
at right angles over the palp folds. But, whereas the current 
in the anterior margin carries particles directly to the tip of the 
palp, from whence they are deposited on the mantle or visceral 
surfaces in the case of the outer and inner palps respectively, 
particles caught in the posterior marginal current have a
different fate. As they pass backward sooner or later they are

28



Comparative Physiology of Digestion

caught in the forward currents of the palp folds which, as 
already noted, come off at an acute angle to this margin, and, 
following the direction of the curved arrows in fig. 10, they 
pass over on to the folded surface and are carried towards the 
base of the palp. This fate befalls all particles brought over 
from the outer face.

The course of the currents on the folded surface is 
extremely complicated. It has been worked out in full only by 
Wallengren. 47 ' 48 Kellogg's observations are unsatisfactory, and

FlG. II. Mya. Anterior margin of inner palp face, palp folds pulled apart, diagrammatic. 
a.m., anterior margin ; D., distal ; d.s., distal side of palp fold ; f., furrow ; l.sl., lower region 
of palp slopes ; m.sl., middle region of palp slopes ; P., proximal; p.s., proximal side of 
palp fold ; s., summit of fold ; u.sl., upper region of palp slopes.

his conclusions were disproved by the present writer before he 
became acquainted with the work of Wallengren.

Fig. 11 gives a diagrammatic representation of the anterior 
margin with two folds arranged so that the more proximal of 
the two is inclined forward, exposing its distal slope, while the 
other is inclined backward, showing its proximal slope. There 
is a strong distally directed current created by small cilia 
present along the marginal tract (a.m.). The folds may con 
veniently be divided into the following regions for descriptive 
purposes the summit, upper, middle, and lower slopes, and the 
furrow between adjacent slopes. The summit (s.) is occupied
by a tract of conspicuously large anteriorly directed cilia, while
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a similarly directed tract composed of much smaller cilia is 
present in the furrows (f.). Siebert,89 working on Anodonta, 
states that this latter current flows in the opposite direction, 
but Wallengren, working on the same species, obtains contrary 
results. The upper slope on the distal side is covered by a 
broad band of large cilia, the beat of which is directed towards 
the base of the palp, though with a slight tendency posteriorly. 
The middle slope bears a tract of small posteriorly directed 
cilia. The lower slope ciliation on this side consists of a very 
narrow band of large cilia which beat downwards and carry 
particles into the furrow currents. On the proximal side the 
upper slope tract is narrower but contains similar large cilia, 
which beat in the same direction as those on the corresponding 
distal area. The middle slope on this side also is occupied by 
a tract of small posteriorly directed cilia. The lower slope is 
broad and possesses small anteriorly directed cilia which serve 
as an extension of the furrow tract.

These diverse currents work together in a strikingly 
efficient manner. Under normal conditions there is always 
an overlap, the folds being directed forward as shown in 
fig. 8, and covering all but the summit and distal upper slope 
of the preceding folds. Accordingly, the proximally directed 
cilia on the distal upper slopes lie on the functional summit of 
the folds, and it is they that give rise to the powerful current 
so well marked on the inner face of the palps. They are 
assisted to some extent by the narrow tract of similarly 
directed cilia on the proximal upper slopes, while the slight 
posterior tendency of the currents helps to counteract the 
influence of the anteriorly directed streams on the true summit. 
If a palp be removed and pinned out under sea-water and sand 
grains be placed upon its inner face, these are immediately 
conveyed by the action of the summit tracts to the anterior 
surface and so to the tip. According to Wallengren, under 
these conditions the folds contract down, so that they no longer 
overlap one another but stand upright with only their true 
summits exposed, the anteriorly directed current of which being 
brought into play to the exclusion of all others. Alien 2 
states that the removal of objectionable matter is accomplished 
by the folds turning back and overlapping in the opposite
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direction, thus bringing into play distally directed cilia which 
he considers to be present on the proximal upper slopes (he 
quotes the authority of Wallengren for this, though the views 
of that author are totally different). Kellogg, 24 speaking of 
Schizotherus, says that a similar contraction of the palp folds 
occurs but, in his opinion, so as to expose the furrow tracts 
and allow their ciliary currents to come into operation. 
(Kellogg appears to be unaware of the anteriorly directed 
summit tracts.)

As a matter of fact, however, if both sand and carmine 
grains are placed on the palp surface at the same time, the 
former are carried off to the anterior margin, while the latter 
are borne to the mouth. Obviously, none of the preceding 
explanations can account for this, all of them postulating the 
action of one current to the exclusion of all others. No 
contraction of the palp folds has been observed in Mya under 
any conditions, and the explanation of the selection and 
rejection of particles would appear to be as follows. All 
heavy particles which make their way on to the palp face will 
naturally tend to settle down, and, if they are more than a 
certain weight, they will, in spite of the proximal currents, come 
to rest in the grooves formed between the upper distal slope of 
the one fold and the summit of the preceding one. In this 
position they will come under the influence of the powerful 
summit current and be rolled along to the anterior margin. 
On the other hand, the lighter particles, such as carmine 
grains, will be, as it were, thrown over these grooves from 
upper distal slope to upper distal slope until they reach the oral 
groove. This current is decidedly swifter than that directed 
towards the margin.

In the same way, if particles are carried down between the 
folds lighter particles will be caught in the posteriorly directed 
currents on the middle slopes, and so finally make their way 
via the posterior margin, if not sooner, on to the palp face 
again ; whereas heavier particles will fall on to the lower slopes 
or furrow and be carried to the anterior margin. The whole 
palp mechanism tends to separate small from large particles, 
the criterion of size being weight. Thus, as we have seen, the 
only particles of any size found in the stomach are filamentous

31



C. M. Yonge
shreds of algae which are extremely light. The largest solid 
particles are £ mm. in diameter and the majority only T* mm., 
while an average sand grain is at least ^ mm. across.

The reaction to chemically poisonous or irritable substances 
is different, and they might quite conceivably cause abnormal 
contraction of the palps and folds.

Kellogg states that, in Schizotherus, the anterior edge of 
the palp may curl over and remove, by means of its current, 
any excess of material present on the surface; this has not 
been observed in My a.

From the palps the selected food particles make their way 
into the lateral oral groove and so round to the mouth. 
Wallengren considers that they may be accepted or rejected 
here, the mouth opening or closing as the case may be. His 
evidence is questionable. The mouth region is covered by 
dense but very short cilia on which particles move extremely 
slowly. So long as the amount of material passed on from the 
palps and gills is not too great, it proceeds eventually into the 
oesophagus; but if it is in excess a large deposit forms round 
the mouth, and the outlying portions of this mass become 
caught in the anterior marginal currents of the four palps and 
so removed.

g. Removal of Material from the Mantle Chamber. It is of 
the utmost importance that the mantle chamber should be 
maintained free from any accumulation of foreign matter which 
might impede and finally destroy the free flow of water. 
Larger particles brought in by the inhalant current will speedily 
find their way, owing to their greater weight, on to the surface 
of the mantle or visceral mass. Moreover, larger particles 
present in the marginal food currents of the outer and inner 
demibranchs will be transferred to the mantle and visceral 
surfaces respectively, an operation made easier by the morpho 
logical position of these grooves. Matter rejected by the palps 
is, as we have seen, carried to the tip and from there deposited 
on the visceral surface, in the case of the outer palp, or the 
mantle surface, in the case of the inner palp.

Strong ciliary currents (denoted by feathered arrows in 
fig. 2) lead away the rejected matter. The visceral epithelium 
is covered with cilia which give rise to currents that converge
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at a point on the postero-ventral border, where a vortex 

(Kellogg) is formed (v., fig. 2). Particles entangled in mucus 

are here rolled into balls which, after reaching a certain size, 

fall over by their own weight on to the mantle surface. This 

is also ciliated throughout, the currents being directed towards 

the mid ventral region where they merge into two anteriorly 

directed streams, one on either side of the fused mantle edges. 

Particles are carried forward in these currents until they reach 

a position just posterior to the pedal opening. Here a vortex 

(v.) is formed into which lead other currents from the anterior 

regions of the mantle chamber.
The mass formed at the vortex is caught by cilia, which 

carry it over into the trough formed by the fused mantle edges 

in which is situated the ventral ciliated tract (v.c.t., fig. 2). 

This is a powerful backwardly directed current which has 

been carefully studied by Stenta 40' 41 and named by him the 

"untere Riickenstrom." It terminates in a bay (b.) beneath 

the internal opening of the inhalant siphon. When a con 

siderable quantity of material has accumulated here the animal 

makes a movement of sudden contraction and, closing the 

exhalant siphon, forces a current of water out through the 

inhalant opening, carrying with it the deposit of rejected 

matter.
The anus opens at the end of a short papilla immediately 

behind the posterior adductor. The faecal matter is thus 

deposited in the suprabranchial cavity, caught in the water 

currents, and carried out through the exhalant siphon.

4. Anatomy, Histology and Ciliary Currents of the
Alimentary Canal.

a. General Description. A semi-diagrammatic sketch of the 

alimentary system viewed from the left side is given on page 34. 

The mouth opening is continued by an oesophagus which 

leads into a large flask-shaped stomach lying at the base of 

the visceral mass. The brown mass of the hepatopancreas 

surrounds the oesophagus and all but the postero-dorsal aspect 

of the stomach. This gland has a racemose structure, being 

composed of an immense number of tubules uniting into ducts 

which open into the stomach by three asymmetrically placed
VOL. I.—NO. I. 33 C
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apertures. The remainder of the visceral mass is occupied by 
the gonad. The openings of the style-sac and intestine lie side 
by side on the postero-ventral region of the stomach. During 
life the crystalline style occupies the lumen of the style-sac, 
while its head bears against a gelatinous structure the gastric 
shield secreted by the left antero-dorsal wall of the stomach. 
The style-sac passes directly downward through the substance 
of the gonad and then bends anteriorly, its distal end being

externally visible behind 
the hinder margin of 
the foot. The intestine 
passes antero-ventrally 
into the visceral mass 
and, after describing a 
series of four spiral 
curves, turns abruptly 
backward and, proceed 
ing to the right of the 
style-sac, passes into 
the rectum. This pro 
ceeds directly upward 
until it attains the same 

height as the roof of the stomach, when it turns posteriorly, 
passes through the ventricles of the heart and, after running 
dorsally to the posterior adductor muscle, bends ventrally to 
open at the anus, which is situated on a small papilla just 
posterior to the muscle.

Material for histological examination was fixed in Bouin's 
fluid which gave much better results than Flemming's solution. 
Sections were stained with Delafield's hsematoxylin and ery- 
throsin for general examination, with picro-indigo-carmine for 
a closer study of the connective tissue and cilia (incidentally 
this is an excellent stain for hepatopancreatic tissue), with 
Heidenhain's iron haematoxylin for the nuclei, and with muci- 
carmine for the detection of mucus.

The histological examination of the alimentary tract has 
brought out three features of importance, (a) The universal 
presence of cilia throughout the alimentary tract, with the 
exception of that region of the stomach which secretes the
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a., anus ; f., foot; hp., hepatopancreas ; m., mouth ; 
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ductor ; r., rectum; s.s., style-sac; st., stomach; 
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gastric shield. This would seem to be correlated with an 
almost complete absence of muscular tissue in the gut wall. 
Gutheil 17 has already pointed out that in Lamellibranchs 
ciliary action has replaced peristalsis as the means of the 
propulsion of food along the gut, and an examination of the 
ciliary currents present in the alimentary canal confirms the 
histological evidence. It is possible that a slight peristaltic 
contraction may occur in the rectum and may aid defsecation, 
but this is the only part of the gut where it is possible, (b) 
Mucus glands are everywhere numerous, particularly in the 
oesophagus and rectum, (c) There is a great abundance of 
phagocytes. These occur throughout the alimentary tract 
and hepatopancreatic ducts, both in the epithelium and the 
connective tissue. They are small round cells with a central 
darkly staining nucleus in which individual chromatin granules 
are difficult to distinguish. A vacuole is present but is not 
easily seen except when occupied by foreign matter. This 
typically takes the form of brownish masses several times the 
size of the cells which are ingesting them. These masses 
usually stain darkly with osmic acid and appear to be of fatty 
nature. This supports the evidence of Gutheil who studied 
the masses in Anodonta and regarded them as nutrient 
material. Dakin 11 considers the phagocytes to be excretory 
in function owing to their resemblance to the excretory cells 
found in the pericardial gland. In Mya although common in 
the connective tissue they rarely contain ingested matter in 
that area and, moreover, there is a certain area in the stomach 
in which phagocytic action is intense, the material ingested 
consisting of small sand grains, diatom tests and other in 
digestible matter. It is thus extremely difficult to say whether 
the phagocytes are primarily nutritive or excretory, and the 
probability is that they perform both functions.

b. (Esophagus. In cross section (fig. 16) the oesophagus 
is seen to be dorso-ventrally compressed and to possess well- 
marked longitudinal grooves, the two lateral ones being more 
pronounced than the others. If the cesophagus be cut open 
along the mid-dorsal line, pinned out under water and the 
ciliary currents examined, particles, entangled in mucus, are 
seen to pass slowly towards the stomach. Owing to the
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small size of the cilia only minute particles can be carried 
in the currents. A transverse fold (fig. 14), interrupted 
opposite the two lateral grooves, separates the cesophagus from 
the stomach, and particles may be observed to pass rapidly 
over this on to the gastric epithelium.

The epithelium of the oesophagus is composed of tall 
narrow cells, possessing abundant short cilia on their free

borders, and bounded internally by 
a basement membrane. Connective 
tissue lies external to this, and beyond 
that again are circular and longi 
tudinal muscle fibres (m.st.).

The epithelial cells (fig. 13) possess 
oval nuclei (n.) which contain numer 
ous chromatin granules and a large 
nucleolus, and are situated usually 

  .,,. near the middle of the cell. Mucus
FlG. 13. — Mya. Portion of the .

epithelium of the oesophagus, glands (m.g.) are especially abundant 
x 315. b.m., basement mem- occurring even under the basement
brane; c., cilia; ep.c., epithelial . . .... ..
ceil; i.m., ingested matter in membrane, their nuclei being dis-
phagocyte; m.g., mucus gland; tinctly TOUttder than tllOSC of the

epithelial cells. Phagocytes are pre 
sent in large numbers, both in the 

epithelium and in the connective tissue, and are frequently 
to be seen in the epithelial region ingesting large masses of 
brownish matter.

c. Stomach (i) Anatomy.—The anatomy of the stomach is 
somewhat complicated and may best be explained by reference 
to fig. 14. The cesophagus is separated from the stomach, 
as we have seen, by a transverse fold of epithelium (t.f.). 
Posterior to this the epithelium is raised into a series of ridges 
running antero-posteriorly and possessing a wavy outline; 
beyond this it is comparatively smooth for a short distance. 
The most conspicuous anatomical feature consists of a broad 
fold which lies along the floor of the stomach, and which does 
not maintain itself erect but has a permanent inclination to the 
right. In its origin it is connected with the crenated folds 
which line the opening of the principal hepatopancreatic duct 
(h1), while it is greatly enlarged in the posterior region of the
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stomach over the apertures of the mid-gut (m.g.) and style-sac 
(s.s.), which lie respectively to the right and left of it. It finally 
passes down the mid-gut as a broad typhlosole. A second series 
of ridges and folds is present in the left anterior region of the 
stomach and bounds the aperture of the second of the hepato- 
pancreatic ducts (h2 ). To the left of this, on the wall of the 
stomach, is situated the third of the ducts (h3), the dorsal lip of

&S.

FlG. 14. Mya. Stomach cut open along the left dorsal border and pinned out. x 2\. 
g.a., grooved area ; g.s., gastric shield ; h.', h.", h.'", apertures of hepatopancreatic ducts ; 
L., left; m.g., mid-gut; ces., oesophagus ; R., right; s.s., style-sac ; t.f., transverse fold ; 
v.f., ventral fold.

which is bordered by the gastric shield (g.s.). This shield is 
spread over the left wall and roof of the anterior portion of the 
stomach. Edmondson 13 describes the gastric shield of Mya 
as consisting of "a cartilage-like layer applied to the epithelium 
of the stomach wall growing thicker from the posterior region 
forward, where it develops into an irregular structure with three 
curved processes which clasp prominent folds of the dorso- 
lateral wall of the stomach." It is secreted by an epithelium 
having a characteristic structure and consists of stratified 
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layers; it is extremely resistant and Nelson, 80 who examined 
it, considers it to be in the nature of chondrin.

The most interesting structure in the stomach, however, 
consists of a grooved area (g.a.) which, commencing as a broad 
strip to the right of the anterior end of the ventral fold, passes 
up the right anterior wall, becoming narrower and turning 
upon itself as it does so, crosses over the cesophageal opening 
on the upper surface of a ledge of tissue which divides the 
stomach into two in this region, and ends at a point in the 
middle of the left wall, immediately anterior to the gastric 
shield. It consists of a series of narrow ridges arranged at 
right angles to its long axis. It is not flat but V-shaped in 
cross section, one arm of the V being much longer than 
the other owing to the presence of a longitudinal furrow near 
the posterior border. The remainder of the stomach is 
bounded by smooth ciliated epithelium.

(2) Ciliary Currents. — Food particles pass down the 
oesophagus, over the transverse fold, and so on to the floor 
of the stomach. Here they may be carried in one of two 
directions. If they are deposited on the left side they are 
caught in currents which lead towards the gastric shield. If, 
on the other hand, they are deposited on the right side a 
strong current leads them directly along the right border of 
the ventral fold to the opening of the mid-gut. It is only 
the heavier particles, however, which are carried directly to the 
gut. Smaller particles are caught in side currents present on 
the grooved area and on the exposed left side of the ventral 
fold. Particles caught by the latter currents are carried into 
the middle of the stomach and thence in an anterior direction, 
between the openings of the first and second hepatopancreatic 
ducts, on to the left anterior surface of the floor of the stomach, 
and finally to the base of the gastric shield and the opening 
of the third hepatopancreatic duct.

The ciliation of the grooved area is more complicated. 
Light particles are carried along the longitudinal groove and 
deposited with the other particles at the edge of the gastric 
shield. This current is due to the presence of cilia beating in 
this direction on the summit of the ridges. Heavier particles 
are caught in strings of mucus freely secreted in this region
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and are carried by other cilia, present in the furrows between 
the grooves, to the anterior margin of the grooved area. 
Currents running along this margin carry particles back to 
the anterior end of the ventral fold and so to the opening of 
the mid-gut. There are similar currents along the posterior 
border.

Ciliary currents present in the posterior region of the 
stomach tend to carry particles round to the gastric shield ; 
but here again heavier particles which drop down are caught 
in an anteriorly directed current which runs above the opening 
of the mid-gut, and which carries them forward and then round 
and into the intestinal aperture.

It will be observed that the ultimate fate of the great 
majority of particles is to be deposited in the region of the 
gastric shield. Only the larger particles are carried directly 
into the mid-gut, while there is present in the grooved area 
a beautiful mechanism, having many resemblances to that of 
the palps, for the separation of large and small particles. 
Nelson 30 has described a food-sorting mechanism of a 
different pattern in the stomach of Modiolus. The crystalline 
style normally projects from its sac and bears against the 
gastric shield, which serves at the same time as a protection to 
the stomach epithelium and as a grinding surface for the head 
of the style. It has been shown by Nelson 80 that the style 
revolves, and as it does so it entangles the food particles which 
congregate round the gastric shield in the soft, sticky mucus of 
its head. The whole mass is thus set in motion, and the food 
is brought thoroughly into contact with the enzyme contained 
in the style while, at the same time, it is bathed in the hepato- 
pancreatic secretion which is discharged from the three ducts. 
Digestion having been effected in this manner, the food is 
ready to pass down the mid-gut.

(3) Histology.—The general epithelium of the stomach 
is ciliated except in the area of the gastric shield, mucus 
glands are rare, but phagocytes are everywhere abundant. 
There is a complete absence of muscle, the epithelium 
being separated from the underlying gonad or hepato- 
pancreas by a layer of connective tissue through which run 
blood vessels.
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The gastric shield ig secreted by an epithelium (fig. 15) 

composed of exceptionally long and narrow cells containing 
small oval nuclei which are situated about one-third of the way 
up the cells. The free border of the cells is bounded, not by 
cilia, but by a thin hyaline layer which stains deeply with 
erythrosin ; it is this secretion which gives rise to the gastric 
shield. A distinct basement membrane borders the inner edge 
of the cells, and beneath it is a broad layer of connective tissue. 
Fig. 15 shows the edge of the gastric shield area, and the 
great reduction in depth, together with the presence of cilia, 
will be noted as characteristic of the ordinary gastric epithelium.

The epithelium running along the summit of the ridges in 
the grooved area is seen to be grey in colour when examined

FlG. 15. Mya. Section through edge of the gastric shield epithelium, x 55. c., cilia ; 
c.t., connective tissue; g.s.ep., gastric shield epithelium; s., hyaline secretion; step., 
stomach epithelium.

under the binocular microscope. On sectioning this is found 
to be the result of intense phagocytic action. Fig. 17 shows 
the typical condition of the epithelium in this region. The 
ingested matter consists, for the greater part, of small sand 
grains, empty diatom tests, and other inorganic material which 
is obviously quite indigestible. The particles are enclosed, as 
usual, within the limits of a cell vacuole at one side of which, 
on careful focussing, can be distinguished the small deeply- 
staining nucleus of the phagocyte. The ultimate fate of the 
particles is doubtful. They cannot be carried away through 
the tissue, and, if discharged again from the epithelium, nothing 
will have been gained; for the careful selection of indigestible 
particles for ingestion would seem to imply that this is but 
another aspect of the sorting mechanism known to be present 
in the grooved area, since in no other part of the alimentary tract
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FlG. 16. Mya. Transverse section through oesophagus, x 40. 
b.m., basement membrane ; c., cilia; c.t., connective tissue; 
ep., epithelium ; l.g., lateral groove ; m.st., circular and longi 

tudinal muscle strands.

c.t.

m.st.

FlG. 17. Mya. Section through the grooved area showing the nature of 
the ingested matter, x 200. b.m., basement membrane ; c., cilia ; 
c.t., connective tissue ; i.p., ingested particles ; m.st., mucus string.
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are indigestible particles ingested by the phagocytes. It is just 
possible that the phagocytes have no selective action one way 
or the other, but that they are especially numerous in this 
region and ingest both digestible and indigestible particles 
indiscriminately, in which case the grooved area may serve 
the double purpose of a sorting mechanism and a special 
absorptive area. Matthias 28 has described a channel in 
the "ventral fundus" of the 
stomach of Area barbata into 
the epithelium of which phago 
cytes enter, probably for the 
purpose of absorbing food 
material.

The cells have the typical 
structure, possessing well- 
developed cilia throughout and 
abundant mucus glands in
the furrOWS. The presence Of FIG. IB.—Mya. Cross section through small

blood vessels in the connective Part of the
tissue is additional evidence
in favour of the view that the
grooved area is an absorptive
region.

d. Hepatopancreas. In transverse section (fig. 18) the 
gland is seen to be composed of a great number of tubules 
and ducts bound together by strands of connective tissue. 
The tubules are oval in cross section and are enclosed by 
a darkly staining basement membrane. The cells are 
distinguished into two categories : those opposite the narrow 
ends of the lumen (g.c.) which are short and narrow and 
contain a mass of darkly staining granules, and those bordering 
the rest of lumen (v.c.) which are larger in every way and 
contain no granules but only vacuolated cytoplasm. The 
nuclei, which lie near the base, are large and round and possess 
a darkly staining chromatin mass in the middle. There are 
no cilia on the cells, which are often to be observed in the 
process of being shed into the lumen. The probability is that 
the smaller darkly staining cells are gradually transformed into 
the larger ones which are the functional secretory cells.
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Gutheil 17 has observed mitosis and the formation of new 
cells in the crypts of the hepatopancreatic tubules in 
Anodonta. List 26 has shown that the secretory cells of 
the digestive gland of Mytilus possess the power of 
absorbing particles of colouring matter such as Indian 
ink, and this has been confirmed by the work of Dastre 
and Floresco, 12 on Anodonta, and Carazzi, 7 on Ostrea, but 
has not been observed in Mya. Phagocytes, though 
plentiful elsewhere, are never to be found in the cells of the 
tubules.

The ducts have a different structure. A basement membrane 
and strands of circular muscle (m.sh.) surround the epithelium, 
which is composed of narrow cells of varying length. Thus, 
though the ducts are usually circular in cross section, the 
lumen is irregular in outline. Short cilia cover the free surface 
of the epithelium, while oval nuclei occur at varying heights 
in the cells, the cytoplasm of which (unlike that of the tubules) 
stains deeply with erythrosin. Phagocytes, often laden with 
granules, are present in large numbers in the epithelium, 
muscular sheath, and connective tissue. The latter occurs 
everywhere between the ducts and tubules, and Sabatier, 88 
working on Mytilus, has described the presence of blood 
lacunae in its substance.

e. Style-Sac with Contained Crystalline Style (i) Histology 
of the Style-Sac.—Edmondson has described the anatomy and 
histology of the style-sac in Mya arenaria, and his observations 
have been entirely confirmed. The sac is united with the 
mid-gut for a short distance below the floor of the stomach 
(fig. 19), the latter structure being anterior, and the two 
cavities being all but separated by two prominent folds which 
have been named the right and left typhlosoles. This union 
resembles in every way the condition which prevails throughout 
the entire length of the style-sac in these species in which 
it is not separated from the intestine. After the separation 
of the two tubes the original area of union remains in the 
form of a groove (G), which runs down between the two 
typhlosoles on the antero-lateral border of the sac. It is lined 
by cells having the same histological character as those of 
the mid-gut, and everything points to its being a remnant of
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the mid-gut carried away by the style-sac when the two 

structures separated. The two typhlosoles maintain their 

identity throughout, the right one remaining the more 
prominent.

The histological character of the epithelium of the style-sac 

is important. The cells of the right typhlosole (Rt.) are excep 
tionally long and narrow, 
their nuclei being com 
pressed and irregularly 
arranged. Thick cilia, a 
little shorter than those 
on the remainder of the 
surface, cover the free 
edges. The left typhlosole 
(Lt.) may possess a small 
group of similar cells, or 
they may be absent. The 
epithelium of the greater 
part of the lining consists 
of strikingly regular cells 
possessing oval nuclei 
with a distinct nucleolus, 
which are situated in every 
case near the middle of 
the cells. Dense cilia, half 
the length of the cells, 
clothe the free surface. 
There is a basement mem 
brane and, beneath that, 
connective tissue. Phago 
cytes are absent, being confined to that part of the alimentary 

tract through which food passes.
The characteristic cells of the right typhlosole become fewer 

in number as they pass away from the stomach (compare 

figs. 19 and 20). Finally, both groove and typhlosoles are 

lost among the complex folding of the distal region (fig. 21). 

Longitudinal sections through the style-sac reveal the presence 

of transverse folds, which begin as low indulations proximally 

but become pronounced irregular ridges in the distal region.
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FIG. 20. FIG. 21.

FlGS. 19, 20, 21 (Edmondson). Mya. Transverse 
sections through proximal, middle, and distal 
regions of the style-sac, x 19, 12^, \z\. G., 
groove; Int., intestine; Lt., left typhlosole; 
Rt., right typhlosole ; Ss., style-sac.
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These folds do not extend on to the groove or typhlosoles, 
which remain throughout perfectly smooth.

(2) The Crystalline Style. — Throughout life the style-sac is 
invariably occupied by the firm gelatinous crystalline style, 
(fig. 22) which in Mya is extremely resistant, varying in 
size only in accordance with the size of the animal possessing 

_____________ it. Edmondson, by com-
paring the lengths of the 
styles in a number of in-

FIG. 22 -Mya. Crystalline style showing softened dividua]s j th the 
substance with entangled particles at proximal
end. x i. found that the length of

the style was equal on the
average to 72 per cent, of the length of the shell. A medium- 
sized style is about 3 mm. in diameter at the proximal end 
and a little less at the distal end. In cross section it is seen to 
be made up of 80 to 100 concentric layers of varying thickness.

(3) Composition of the Style. — The chemical analyses of 
Barrois, 8 List, 26 and Mitra 29 agree in showing the fresh style 
to have roughly the following composition :  

Water. .... about 87 per cent.

Solid matter f °r8anic . , ' , ' ' ' » " « 
I Inorganic (salts, etc.) . .   i  

The organic matter exists largely in the form of a globulin.
(4) Function of the Style. — There is an extensive literature 

dealing with the crystalline style in the Lamellibranchs and 
this which has been fully reviewed by Barrois, 3 List, and more 
recently (918) by Nelson, 30 who has summarised the whole 
under the seven chief theories regarding its functions which 
have been held by various authors. It may now be regarded 
as fully established that the style is an albuminoid mass 
saturated with an amylolytic enzyme. It is interesting to note 
that Anton de Heide, 20 the discoverer of the style in 1686, 
also made the suggestion that it might be of the nature of 
a digestive fluid, though this was not based on any definite 
evidence.

Coupin, 10 in 1900, first demonstrated the presence of an 
amylolytic ferment in the style of Cardium edule, though the 
credit for the discovery is usually given to Mitra, 29 who
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worked on the style of Anodonta in 1901 and gave an account 
of its physical, chemical, and physiological properties. Since 
that date their work has been completely confirmed by List, 
Van Rynberk, 48 Gutheil, Matthias, 28 Nelson, and others.

Barrois, 3 in his exhaustive work on the style (in which 
he did everything except discover its true function), states as 
his opinion that the style is pushed forward into the stomach, 
at the same time revolving on its long axis. List, judging 
from the histological character of the style-sac, expressed the 
view that the style must be turned round by the cilia present. 
Nelson quotes Hoffman 21 as stating that the style of Tagelus 
is rotated by the cilia of the style-sac. None of these authors 
actually observed the movement, and it was left to Nelson to 
describe the revolutions of the style in Anodonta and Modiolus, 
the movement being in a clockwise direction when observed 
from the anterior aspect.

The style-sac of Mya was carefully dissected out and the 
ciliary currents examined. A strong current in the direction 
of the stomach, accompanied by a copious secretion of 
mucus, was observed along the groove and typhlosoles. On 
the rest of the surface the ciliary currents were slow and 
difficult to detect, but a movement of particles transversely 
from right to left was finally observed. The style presumably 
is pushed forward into the stomach by the first current and 
revolved by the second.

As we have already seen, the head of the style is worn 
down against the gastric shield.

(5) Origin of the Style.—Mitra 29 was of the opinion that 
the style substance was secreted by the hepatopancreas and 
only stored in the style-sac. This view has since been 
disproved and it has been definitely established, as a result 
of the work of Edmondson, that the style is secreted by the 
style-sac itself. By means of a neat cut near the distal end 
of the style-sac, where it lies exposed on the ventral edge 
of the visceral mass, Edmondson removed the style from a 
series of animals and then replaced them in their natural 
habitat. About 50 per cent, of them survived the operation. 
At the end of about four days a new style began to appear, 
lying on one of the typhlosoles, usually the right one. More- 
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over, the short distal portion of the style-sac, which closed 
up after the operation and had thus no connection with the 
rest of the alimentary system, also secreted a short style 
when conditions were favourable, and thus afforded conclusive 
proof of the site of formation of the style. In sections of the 
style-sac stained with muci-carmine a certain amount of mucus 
can be detected in the cells lining the groove, and as a dense 
mass of secretion in the long cells of the typhlosoles, while 
no sign of mucus is to be seen in the remaining cells. There 
is every reason to believe that it is the cells of the typhlosoles 
which secrete the substance of the style-sac.

Mitra also believed the style to be a mass of pure enzyme, 
but the probability is that the style consists of globules of 
a colloid substance upon the surface of which the enzyme is 
borne (an adsorption phenomenon). This substance is secreted 
and pushed forward by the cells of the typhlosoles, while the 
cilia on the remainder of the epithelium beat it round and 
determine the concentric structure of the mature style.

(6) Permanence of the Style.—It is a striking fact that, 
whereas in certain species of Lamellibranchs (e.g. Ostrea 
virginica) the style is dissolved and reformed twice daily, 
in Mya it is a permanent structure, never absent in the 
living animal, while, after an artificial extraction, Edmondson 
found that it took seventy-four days under the most favourable 
conditions before the style was completely regenerated.

It was observed so long ago as 1829 by Meckel (quoted 
by Nelson) that the style disappeared in a number of species 
after they had been kept out of water for a short time. The 
view of Hazay 19 and Haseloff 18 that the style was of the 
nature of reserve food material was based upon the observa 
tions that the style disappeared from specimens of Mytilus 
after they had been kept in filtered sea-water, and was re 
formed when the same animals were fed. Alien, 2 who worked 
on Anodonta, states that the style is invariably present when 
the animals have plenty of food, and is only absent when they 
are starved. Dakin u states that the style of Pecten reappears 
and disappears under similar conditions.

It will be noted that all these experiments have been 
performed on animals possessing a style which lies free in the
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intestine. In Mya the style is removed from the influence of 
the intestinal contents, and this explains its greater persistence, 
for, after fourteen days' starvation, there is little sign of any 
dissolution, except for a slight softening at the gastral end.

Experiments were made with a view to testing the influence 
of the hepatopancreatic secretion upon the style.

An extract of six hepatopancreases was made in 90 c.c. of 
toluol water, and the following experiments performed :—

A. 15 c.c. extract + i c.c. H2O+ i style (0.30 gm.).
B. ditto boiled + i style (0.28 gm.).
C. 15 c.c. extract + i c.c. o.iN HC1+ i style (0.35 gm.).
D. ditto boiled +1 style (0.40 gm.).
E. 15 c.c. extract + i c.c. o.iN Na2CO3 + i style (0.355 gm-)-
F. ditto boiled +1 style (0.34 gm.).

These were incubated at a temperature of 32° C. for two 
days and then examined, with the following result:—

A. Weight of style . . . . o.o gm.
B. „ .... 0.28 „
C. „ . ... 0.15 „
D. „ .... 0.40 „
E. „ .... o.o „
F. „ .... 0.12 „

The style is dissolved by the unboiled hepatopancreatic 
secretion, particularly in neutral and alkaline media. To 
attempt to account for the partial dissolution of the style in 
the sixth (control) experiment, the following additional experi 
ment was performed:—

A. i style (0.43 gm.)+ 10 c.c. sea-water + i c.c. H2O
B- „ (o.33gm.) + „ „ +i c.c. o.iN HC1
C. „ (o.37gm.) + „ „ +i c.c. o.iN Na2CO3

These were maintained at 32°C. and the time required for 
complete dissolution noted. Thus :—

A. Style dissolved in 20 hours.
B. Style only partially dissolved after 18 days.
C. Style dissolved in 6 hours.

i.e. the style dissolves in sea-water with an alkaline reaction 
(ordinary sea-water was slightly alkaline to litmus), but exists 
for length'y periods in an acid medium. Since the "liver"
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secretion has a decided acid reaction this will tend to preserve 
the style from the influence of the sea-water, and only under 
the exceptional conditions of natural or artificial starvation, 
where there are no food particles to the stomach for the 
secretion to act upon, will the style substance be severely 
attacked. It is probably always attacked to a slight degree 
as an aid to the normal wearing down of its tip. In such 
animals as Mya, however, the style is completely protected 
against the destructive powers of the stomach juices, and is 
naturally a much more substantial and permanent structure 
than in those in which it is liable to be dissolved whenever 
conditions are unfavourable.

(7) General Remarks.—The crystalline style is invariably 
present in Lamellibranchs, and from the small semi-permanent 
rod, flying free in the intestine of the Prosobranchs, has evolved 
the firm permanent style, enclosed in its own caecum, character 
istic of the higher Eulamellibranchs. It should be noted that 
the graduation in the complexity and separation of the style- 
caecum in the various genera does not follow the modern 
classification of the Lamellibranchs based on the gill structure. 
Matthias 28 has pointed this out, and he has distinguished 
three groups in which are found a progressive separation of 
the intestinal and style-secreting tracts. It would seem as 
though either the taxonomy of the Lamellibranchs is defective, 
or else that independent evolution has occurred within the 
class, giving rise to many striking cases of convergence. This 
aspect of the matter has been dwelt upon by Robson, 87 who 
has also summarised the extensive literature dealing with 
the presence of a style and style-caecum in the Prosobranch 
Gastropoda. Here again there is a graduated series from 
species possessing a style which lies free in the pyloric region 
of the stomach to those in which it lies encased in a 
caecum. This parallel development in the two classes of 
the Mollusca is striking and, as Robson remarks, is another 
instance of the fundamental unity that characterises that 
phylum.

The greater development of the style in the Lamellibranchs 
is doubtless due to the absence of salivary glands, and the 
need for some accessory supply of a starch-splitting ferment.
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t. b.m.

f.st.

m.f.

FlG. 23.—Mya. Cross section through mid-gut. x 36. b.m., basement membrane ; 
c., cilia on epithelium ; c.t., connective tissue ; f.st., food stream ; g.j gonad ; 
m.f., muscular fibres ; t., typhlosole.

c.t.

m.gf.

m.l.c

FlG. 24.—Mya. Transverse section through rectum near 
anus. x 70. c.t, connective tissue ; m.g., mucus glands ; 
m.l.g., main longitudinal groove ; m.sh., muscular sheath ; 
p., phagocytes in epithelium.
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That it should have taken the form of the crystalline style, 
strange though it may appear at first sight, is readily under 
stood in a class which is characterised by a universal presence 
of cilia and of mucus-secreting glands.

f. Mid-Gut.—The mid-gut (fig. 23) possesses a large 
typhlosole (t.) which almost fills the lumen, and thus an 
ample absorptive surface is provided. Two main ciliary 
currents (f.st.) pass along the grooves on either side of the 
base of the typhlosole. The epithelium is thrown into a series 
of longitudinal folds and is everywhere ciliated. Comparing 
it with that of the oesophagus, the cells are only two-thirds 
as high, the nuclei are rounder, while the cilia are practically 
twice the length. Mucus glands occur, but in smaller numbers, 
and phagocytes, either empty or with ingested brownish 
particles, are present everywhere in the epithelium. The 
basement membrane (b.m.) is unusually thick and is surrounded 
by a few fine strands of circular muscle tissue (m.f.), and outside 
that by a little connective tissue. Similar connective tissue 
fills the interior of the typhlosole. A blood vessel (not shown 
in the figure) is present in the connective tissue just beneath 
the base of the typhlosole.

g. Rectum.—The rectum (fig. 24), unlike the rest of the 
alimentary canal, is surrounded by a thick muscular sheath 
composed of intermingled circular and longitudinal strands, 
the former predominating. A layer of connective tissue, in 
which lie many phagocytes, and a basement membrane separate 
the muscular sheath from the epithelium. This resembles the 
epithelium of the mid-gut in histological character but varies 
considerably in height. It possesses abundant cilia of about 
the same length as those of the mid-gut. Phagocytes are 
exceptionally numerous and can be distinguished as small 
black spots (p.) in the epithelium shown in the figure. There 
is no typhlosole but the epithelium is thrown into longitudinal 
grooves, one of the grooves (m.l.g.) being much more pro 
nounced than the rest, and being bounded by especially long 
epithelial cells whose contents give a dense red colour with 
mucicarmine. There are no mucus glands in the remainder 
of the epithelium and the assumption, from the histological 
evidence, is that the greater part of the food passes down the
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channel provided by this groove. The cilia beat in the direction 
of the anus, and food particles are carried slowly in that 
direction.

5. The Digestive Processes.
a. Literature and General Remarks.— Little satisfactory work 

has been done on the digestive enzymes of Lamellibranchs 
apart from the style ferment. C. Bernard 5 demonstrated the 
presence of a lipase and an amylase in the acid stomach 
juices of Ostrea. Fredericq 14 described a protease in Mya 
and Mytilus which acted in acid media. Mitra showed the 
presence of an amylase and invertase in Anodonta. Van 
Rynberk 43 found a reduction of starch but no action upon 
cellulose or egg albumen by the hepatopancreatic extract of 
Mytilus. Krukenberg 25 observed the presence of a pepsin- 
like enzyme in Ostrea which he called " Conchopepsin," and 
declared to be characterised by its being destroyed by 2 per 
cent, oxalic acid, a statement which Biedermann 6 has denied. 
Dakin 11 states that an amylase, a protease, and a lipase 
are present in Pecten. In view of the paucity of evidence, 
Jordan 22 considered that the hepatopancreas was an absorptive, 
and not a secreting, organ, basing his views on the work of 
List and Carazzi.

The hepatopancreatic secretion is a brown fluid with a 
decided acid reaction to litmus. The stomach contents, 
however, do not always give an acid reaction in Mya (as 
Krukenberg also observed in Ostrea). Feeding would appear 
to be a steady process in the Lamellibranchs but, as Alien 2 
has pointed out, digestion fluctuates; he states that "at times 
nearly all the intestinal contents are found to be at least 
partially digested; while again much material is found, even 
in the rectum, in perfect preservation, and often the faeces 
themselves contain forms which are apparently unaffected." 
Nelson has shown that the motion of the style in Modiolus 
and Anodonta is not continuous but is " interrupted by periods 
of inactivity, preceded by a gradual slowing down. . . . The 
presence or absence of food in the stomach itself seems to be 
of no consequence so far as this activity is concerned." It is 
an interesting speculation whether or no there is any connection
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between the periodic outpourings of acid digestive secretion 
and the irregular movements of the style. The work of 
Gray 15 on the effect of ions upon ciliary activity suggests 
the possibility that the acidity of the hepatopancreatic secretion 
may serve as a stimulus to the cilia of the style sac, the 
stimulus being effected at the proximal end and then extending 
throughout the length of the sac.

Vogt and Yung 45 state that "il est probable que c'est 
surtout dans 1'estomac que la digestion s'effectue." Alien fed 
a number of starved mussels on a culture of Parama^cium, 
but found few living specimens beyond the stomach. Extracts 
of the mid-gut of Mya fail to show any enzymatic properties, 
and the probability is that digestion takes place in the stomach 
and absorption in the stomach, mid-gut, and rectum.

b. The Hepatopancreatic Secretion.—Extracts of the hepato- 
pancreas were made by grinding up the tissue and then 
extracting it with distilled water. Toluol was employed as an 
antiseptic in the case of carbohydrate, and HCN in the case 
of fat and protein, digests. Incubation was carried out at a 
temperature of 32° C. The methods of Roaf 85 were largely 
employed. Benedict's solution was used for the estimation 
of reducing sugars and Barfoed's solution for detecting the 
reduction of disaccharides. The biuret test was employed for 
the detection of albumenoses, bromine water for typhophane, 
and Millon's reagent for tyrosine. Experiments with olive 
oil emulsion for the detection of lipase were unsuccessful, so 
recourse had to be made to the less satisfactory methods of 
milk and methyl acetate. Rigorous control experiments were 
set up.

The table on page 52 provides a summary of the more 
important experiments.

The hepatopancreatic enzymes can reduce starch (optimum 
medium acid), glycogen, sucrose, maltose, and lactose among 
carbohydrates. It is improbable that a separate enzyme is 
responsible for each of these reactions for, as Roaf 86 has 
pointed out, the enzymes of the invertebrates would not appear 
to have evolved to the same degree of specificity as those of 
the vertebrates. The most prolonged digests failed to reveal 
the presence of a cytase such as Biedermann found in Helix.

51



C. M. Yonge

No. of 
Glands.

3

3

4

2

5

4

6

4

4

10

10

6

Experiment.

A. 10 c.c. + 5 c.c. i per cent, starch . 
B. ditto, boiled

A. 10 c.c. + 10 c.c. starch + I c.c. H2O 
B. ditto + I c.c. o-iNHCl 
C. ditto + i c.c. o-iN Na2CO3 .

A. 10 c.c. + 10 c.c. i per cent, sucrose 
B. ditto, boiled 
C. 10 c.c. + 10 c.c. i per cent, glycogen 
D. ditto, boiled

A. 10 c.c. + 10 c.c. i per cent, inulin . 
B. ditto, boiled

A. 10 c.c. + 10 c.c. i per cent, cellulose 
B. ditto, boiled

A. 10 c.c. + 10 c.c. 2 per cent, maltose 
B. ditto, boiled 
C. 10 c.c. + 10 c.c. 2 per cent, lactose . 
D. ditto, boiled

A. 15 c.c + 5 c.c. boiled milk + phenol 
red + i c.c. o-iN Na2CO3 

B. ditto, boiled

A. 10 c.c. + 5 c.c. 5 percent. M. acetate 
B. ditto, boiled

A. 10 c.c. + 5 c.c. calcified milk . 
B. ditto, boiled

A. 10 c.c. + 0-4 gm. fibrin + 5 c.c. H 2O 
B. ditto + 5 c.c. o-iN HC1 
C. ditto + 5 c.c. o-iN Na2 CO3 .

A. 10 c.c. + 5 c.c. 2 per cent, peptone . 
B. ditto + 5 c.c. o-iN HC1 
C. ditto + 5 c.c. o-iN Na2CO 3 . 
D. 10 c.c. boiled +5 c.c. H2O+ peptone

A. 10 c.c. + 5 c.c. o-iN Na2CO3 . 
B. ditto + 0-2 gm. fibrin . 
C. 10 c.c. alone ..... 

All left for 1 8 hours. A and B then 
neutralised and 5 c.c. o-iN HC1 
added to each and 0-2 gm. fibrin.

Time.

3 hours
»

4 hours 
» 
»

3 hours
» 
» 
»

3 hours
»

8 days 
j<

2 days 
»
5) 

»

24 hrs. 

»

2 days 
»>

i day 
»

3 days 
»>
»

3 days
j» 
)> 
»

3 days
55 

55

Results.

Titrated into 10 c.c. Benedict.
A. 5-5 c.c. 
B. 10-35 c<c-

A. 5-1 c.c. 
B. 4-2 c.c. 
C. 6-5 c.c.

A. 4-8 c.c.
B. 20-2 C.C.
C. 13-7 c.c. 
D. 20-0 c.c.

A. 11-5 c.c. 
B. 1 1-8 c.c.

A. 1 1 -8 c.c.
B. 12 C.C.

I c.c. + 5 c.c. Barfoed for 10 min.
A. Reduction. 
B. No reduction. 
C. Reduction. 
D. No reduction.

A. Bright yellow. 

B. Remained pink.

o-iN Na2CO3 titrated in.
A. 16-7 c.c. to neutralise. 
B. 3-8 c.c.

A. Coagulated. 
B. Not coagulated.

Fibrin. Biuret. Bromine. Millon.
A. 0-235 Sm- f&ir mod. no 
B. o . good good good 
C. 0-4 gm, . poor mod. no

Biuret. Bromine. Millon.
A. yes no yes 
B. yes yes yes 
C. yes no yes 
D. yes no yes

Fibrin. Bromine. Millon.
A. 0-2 gm. no no 
B. 0-2 gm. no no 
C. o gm. yes yes
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A strong protease is present which acts in an acid medium 
almost exclusively, being destroyed by alkali even in the 
presence of fibrin. It might be described as a pepsin were it 
not for the fact that it reduces globulins to amino acids instead 
of merely to peptones as is the case with vertebrate pepsin. 
It also coagulates milk in the presence of calcium chloride. 
A lipase is present.

A portion of carefully separated, minced gland was extracted 
several times with absolute alcohol. The extract had a rich 
brown colour and turned green on the addition of concentrated 
H 2SO4 or HC1, showing that the pigment is in the nature of 
a lipochrome. The alcohol was then evaporated and the solid 
residue extracted with water. The fluid obtained had a light 
brown colour. The following tests were applied :—Oliver's and 
Gmelin's tests, negative; Jaffe's test, negative ; Biuret, Millon's 
and bromine water tests, all negative; Fehling's test, positive. 
There would appear, therefore, to be no bile salts or pigments 
present, no creatinine, and no evidence of the products of 
protein digestion although traces of reducing sugars were 
found. The brown residue left after the watery extract had 
been removed was immediately taken up by absolute alcohol 
and is probably pure lipochrome pigment.

c. The Style Enzyme.— Experiments were made with the 
style extract in order to determine the properties of the enzyme 
it contains. It is seldom that a supply of enzyme of so pure 
a quality can be obtained and, though the amount of enzyme 
present in each style is small, very satisfactory results can be 
obtained if the experiments and final estimations are carefully 
carried out.

(i) Specificity.—Careful experiments failed to reveal the 
presence of a lipase. When it is remembered that the 
style substance is rapidly dissolved by the protease of 
the hepatopancreas, and that the style will remain intact 
in distilled water for a practically indefinite period, the 
presence of a protease in its substance is obviously im 
possible.

The following experiments were performed in order to test 
for the presence of carbohydrate-splitting enzymes. Toluol 
was employed as antiseptic and the digests were maintained at 
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a temperature of 32.° C. Reducing sugars were tested for with 
Fehling's solution :—

Styles. Experiment. Time. Results.

8

6

A. 10 c.c. + 10 c.c. i per cent, starch .
B. ditto, boiled

A. 10 c.c. + 10 c.c. I per cent, inulin .
B. ditto, boiled
C. 10 c.c. + 10 c.c. i per cent, glycogen
D. ditto, boiled
A. 10 c.c. + 10 c.c. i percent, cellulose

	suspension 
B. ditto, boiled
A. 10 c.c. + 10 c.c. i per cent, sucrose
B. ditto, boiled

A. 10 c.c. + 10 c.c. 2 per cent, maltose
B. ditto, boiled
C. 10 c.c. + 10 c.c. 2 per cent, lactose
D. ditto, boiled

3 hours 
»

2i hrs.

)) 

))

8 days

4 hours

2 days

A. Strong reduction. 
B. No reduction.
A. No reduction. 
B. „
C. .Strong reduction. 
D. No reduction.

A. No reduction.

B. » »
A. No reduction. 
B. „

+ Barfoed so], for ig min.

Very slight reduction 
in all.

The style enzyme reduces starch and glycogen but, despite 
the contrary evidence of Coupin and Mitra who worked on 
Cardium and Anodonta, not sucrose. Both these animals, 
however, possess styles which lie free in the intestine, and 
which become contaminated by the powerful invertase dis 
charged from the hepatopancreas.

Starch is rapidly reduced by the enzyme and does not give 
the characteristic blue colour with iodine within half an hour 
of the beginning of an experiment. An intermediate compound 
of the nature of dextrin is formed but this speedily disappears, 
the final product of reaction being, on the evidence of the 
osazone crystals, glucose. At the same time the enzyme will 
not reduce commercial maltose to glucose.

(2) Optimum Medium.—An extract of six styles in 30 c.c. 
of water was prepared, and the following experiment per 
formed :—

A. 10 c.c. + 10 c.c. i per cent, starch + i c.c. H2O
B. „ + „ „ + i c.c. o.iN HC1
C. „ + „ „ +1 c.c. o.iN Na2CO3
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Incubated for three hours at 32° C, then titrated into 5 c.c. 

Benedict solution.
A- 7-95 c.c. re/duced Benedict.
B. about 20 c.c. „
C. about 20 c.c. ,,

i.e. the enzyme acts very much better in neutral than in acid 
or alkaline media. This is interesting in view of the fact that 
the amylase and protease of the hepatopancreas both have their 
optimum in an acid medium.

(3) Influence of Temperature.—A series of preliminary 
experiments demonstrated the fact that the optimum tempera-

Cf-. ••
/3-J • ,•••*"" """'"*•-..

/»••*... ....-••"" "-•-...
/J-.T e"' '""-.. '"*

—<————t———I———\——t———*———»———>———I———»———'———'—————ox.

^6 J/ J-3 Jff ^

FIG. 25.—Temperature curve.

ture for the action of the style enzyme lay somewhere 
between 31° and 33° C. The following final experiment was 
made.

An extract of sixteen styles made in 40 c.c. of toluol water.

A. 10 c.c. + 10 c.c. i per cent, starch solution at 26° C.
-D. ,, + )j jj j) 31 *~"

C 4- -11° C
^-" 5) ~ » » 5» OJ v>>

D. „ + „ „ „ 38° C.

Left for three hours and then boiled. Each made up to 
25 c.c. and titrated into 20 c.c. Benedict solution.

A. 13.5 c.c. needed
B. 13-3 ,, »
C. 13.3 ,,
D. 13.55 »

The optimum temperature is seen to lie at about 32° C. 
Further experiments were carried out to determine the 

temperature of destruction.
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An extract of twelve styles in 60 c.c. of toluol water 

prepared.
A. 10 cc. + 10 cc. i per cent, starch at 48° C. for 15 mins.
**• >» ~r i> » » 49 ^" »
C. „ + „ „ „ 50° C. 
D. „ + „ „ „ 51° C.
E . _ o f-* 

'•> ~r » » >> 5 Z ^" >»
F. „ + „ „ „ 53° C. „

All six digests were incubated for four hours at 32° C. 
and then tested with Fehling's solution, with the following 
results :—

A. Big reduction.
B. Reduction.
C. Very slight reduction.
D'l
E. J- No reduction.
F.J

i.e. the enzyme is entirely destroyed at a temperature of 51° C.
(4) Variation of Concentration.-—The following experiment 

was carried out in order to ascertain the influence of varying 
concentrations of enzyme upon the rate of activity.

An extract of eighteen styles made in 72 c.c. of toluol water.

A. 16 c.c. + 10 c.c. i per cent, starch—i.e. cone, of i
B. 14 c.c. + 2 c.c. H2O + 10 c.c. i per cent, starch—i.e. cone, of f
C. 12 c.c.+ 4 c.c. „ + „ „ |
D. 10 c.c. + 6 c.c. „ + „ ,, §
E. 8c.c. + 8c.c. „ + I
F. 6 c.c. + 10 c.c. ,, +
G. 4 c.c. + 12 c.c. „ +

„ „ 
„ „

All maintained at 32° C. for two and a half hours, then 
boiled, made up to 30 c.c. and titrated into 5 c.c. Benedict.

A. 6.0 c.c. E. 15.3 c.c.
B. 6.3 „ F. 32.6 „
C. 6.6 „ G. 62.5 „
D. 8.8 „

The velocity of the reaction is not in direct linear proportion 
to the quantity of enzyme present, i.e. high concentrations are 
relatively less active than lower. This agrees with the known 
laws of enzyme action. As Bayliss * says, " Where the enzyme
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is in considerably smaller concentration than the substrate, the 
velocity of the reaction is in direct linear proportion to the 
quantity of enzyme present, owing to the whole of it being 
able to enter into effectual combination with the substrate" 
(see results cones. 5/8-^). "As the concentration of the 
substrate diminishes, another law begins to make its appear 
ance, so that greater quantities of enzyme have relatively less 
effect" (results cones, i — f).

cc.

;....*

,......-*••'

18

/Z 

6,

FlG. 26.—Concentratio* of enzyme curve.

A second experiment was performed in order to determine 
what influence the variation of the concentration of the 
substrate had upon the action of the enzyme.

An extract of fourteen styles was made in 70 c.c. toluol
water:—

10 c.c. + 10 c.c. i per cent, starch—i.e. cone, of i
» + » 7-5 "

A. 
B. 
C. 
D. 
E. 
F. 
G.

»

2-5

1.25
0.625
o-3 I2 5

\

iTo"
1

All incubated at 32°C. for two and a half hours, boiled,
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made up to 25 c.c., and titrated into 10 c.c. of Benedict's 
solution with the following results :—

A. 
B. 
C. 
D.

1.66 c.c.
2-35 »
3-2 „
6.8 „

E. 11.2 C.C.

F. 19.0 „
G. 33-8 „

The curve approximates very nearly to what would have 
been obtained had the velocity of reaction increased exactly

cc.

Jo .

/? •

/2

6 -

......*••

cone.o
FlG. 27.—Concentration of substrate curve.

with the increase of concentration of the substrate. This is 
exceptional, the only cases in which it occurs being due to 
the concentration of the substrate being very low as compared 
with that of the enzyme (Bayliss, p. 105).

The results of these two concentration experiments prove 
that the style ferment, when employed in the quantities used 
in these digests, is a powerful enzyme having the characteristic 
properties of such a substance.

d. Mid-Gut.—Repeated experiments have failed to show 
the presence of lipolytic or proteolytic enzymes in the mid-gut,
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digests with peptone failing to reveal the presence of even an 
erepsin-like ferment. It is difficult to test for the presence 
of an amylolytic ferment owing to the invariable presence of 
a certain quantity of gonad tissue which gives a strong 
reduction after standing, presumably owing to the autolysis 
of glycogen. If there is any carbohydrate-splitting ferment 
in the mid-gut it is in minute quantities.

6. Reserve Food Materials.
Food material is stored in Mya in the form of glycogen 

and of fat. It has already been noted that the gonad extract 
(male or female) after a short incubation gives a strong 
reduction with Fehling's solution. This does not occur if 
the extract has been previously boiled, but the style enzyme 
will act upon the boiled extract which will then give a well- 
marked reduction. There is thus reason for thinking that 
glycogen is present in quantity in the gonad and with it an 
enzyme capable of converting it into sugar. No appreciable 
increase in the amount of reducing sugar normally present 
in the hepatopancreas was obtained after an extract had been 
incubated for several hours at 32° C, and the assumption is 
that little or no glycogen is present in that gland (which 
might safely be described as a simple digestive gland). This 
is supported by the evidence of the majority of workers on 
the subject, Griffiths 16 failing to find glycogen in the hepato 
pancreas of Mya arenaria itself. Creighton (quoted by List) 
found glycogen among Lamellibranchs in the plasma cells of 
the submucosa of the alimentary tract and in other places. 
Collip 8 states that the glycogen content of perfectly fresh 
Mya arenaria, calculated as percentage of wet drained tissue, 
may be as high as 11 per cent. This falls to 2 per cent, 
after the animals have been kept for two weeks, and again 
to 0.25 per cent, after they have been sealed up for six days 
(i.e. living as anaerobic organisms).

Sections stained with osmic acid show the almost universal 
presence of fat, but especially in the gonad. Voit, 46 working 
on the pearl oyster, found that the fat content of the hepato 
pancreas is always higher than that of other organs. His
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figures are : hepatopancreas, 9.7 per cent.; ovary, 7.9 per cent.; 
foot muscle, 4.3 per cent. ; mantle, 3.8 per cent. ; and gills, 
1.3 per cent.

7. Summary.
The observations recorded in this paper on the feeding, the 

alimentary organs, and the digestive processes in Mya arenaria> 
may be epitomised as follows :—

1. The food consists of organic debris, sand particles, and 
micro-organisms suspended in food currents, which are created 
by the ciliary action of the gills, and conveyed to the mouth 
by ciliary currents on the surface of the gills and labial palps.

2. Particles are carried towards the ventral margin of the 
demibranchs, where they are caught in the currents created by 
the large cilia present in the region of the marginal food 
groove, and carried towards the mouth. A third anterior 
current, also created by large cilia, runs along the gill axis.

3. The direction of the ciliary currents on the labial palps has 
been described in detail, and the view expressed that the ciliary 
mechanism present on the inner face of the palps is devoted 
entirely to the separation of the food into large and small 
particles, the former being despatched to the tip of the palp, 
and the latter carried forward to the mouth.

4. Coarser particles which do not reach the gills, and other 
particles rejected by the gills and palps, are carried away by 
ciliary currents present on the visceral mass and mantle, and 
are finally expelled from the mantle chamber.

5. The anatomy and histology of the alimentary canal and 
the hepatopancreas have been described.

6. The presence of muscle fibres in the wall of the gut 
is practically restricted to the oesophagus and rectum, but the 
entire alimentary tract, with the exception of the area of the 
gastric shield, is ciliated and abundantly provided with mucus- 
secreting glands.

7. The presence of ciliary currents in all parts of the gut 
has been demonstrated.

8. The ciliary currents present in the stomach have been 
described, and the definite separation of the food into larger 
and smaller particles, particularly by the mechanism of the
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grooved area, has been shown. The larger particles are 
carried straight into the intestine and the smaller particles to 
the base of the gastric shield, where they are caught in the 
substance of the tip of the style.

9. The universal presence of phagocytes or wandering 
cells throughout the gut has been noted, and their special 
activity in the grooved area of the stomach described. The 
balance of evidence has been shown to be in favour of the 
view that they are nutritive in function, although they may 
also have an excretory function, as they have been shown to 
be capable of ingesting matter of absolutely no food value.

10. The histology of the style-sac, the origin of the style, 
and the ciliary currents present in the sac have been described.

11. The mature style has been described and evidence 
brought forward to prove that it is an albuminoid mass 
saturated with an amylolytic enzyme, which is revolved, and, 
at the same time, pushed forward into the stomach by the 
action of the various cilia present on the epithelium of the 
style-sac. The tip bears against the gastric shield and is 
gradually worn down against this surface and through the 
action of the hepatopancreatic secretion.

12. The permanence of the style in Mya has been shown 
to be due to its protection from the corroding effects of the 
protease present in the hepatopancreatic secretion owing to the 
possession of a separate style-caecum.

13. The importance of the style as a factor in the evolution 
of the higher Lamellibranchs, the presence of an homologous 
structure in certain of the Gastropods, and the question of 
its taxonomic importance have been touched upon.

14. The periodicity of digestion, as contrasted with the 
mechanical regularity of feeding, has been discussed.

15. The absence of digestive enzymes in the intestine, 
together with the evidence of previous workers, has been 
advanced in favour of the assertion that digestion takes 
place in the stomach only, and absorption in the stomach, 
mid-gut, and rectum.

16. The hepatopancreatic secretion has been shown to 
possess amylolytic, proteolytic, and lipolytic enzymes, and the
action of these has been examined.
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17. The style enzyme has been examined and found to 

reduce starch and glycogen but not sucrose. The optimum 
medium has been shown to be neutral, the optimum temperature 
to lie near 32° C., and the temperature of destruction at 
51° C. Experiments in which the concentration of the enzyme 
and substrate were varied gave results which prove that the 
style enzyme has the typical properties of such a substance.

18. The presence of reserve supplies of glycogen and fat 
has been shown.
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i. Introduction.
Nephrops norvegicus, the Norway lobster, has been selected 
as an example for the study of digestion in the Crustacea. 
It is an animal concerning which surprisingly little appears to 
have been undertaken, either upon its morphology or on its 
habits and life history. It is easy to obtain and is, indeed, 
frequently employed instead of Astacus for examination by 
junior students. As will be shown later, however, despite 
external resemblances it differs in many respects from Astacus.

* Received January 26th, 1924. 
343



C. M. Yonge
It is a deep water animal (10 to 60 fathoms usually) and does 
not readily adapt itself to life in an aquarium, which renders 
prolonged experimental work somewhat difficult.

The literature on the various aspects of digestion among 
the Crustacea is so extensive that reference can only be made 
to the more important papers. Complete bibliographies are 
to be found in the extensive works of Biedermann* and 
Jordan. 18

This research has been carried out under the supervision 
of Professor J. H. Ashworth, F.R.S., and the author wishes 
to express his gratitude to him for much technical advice, and 
also to Mr B. Storrow and all other members of the staff at 
the Dove Marine Laboratory, Cullercoats, for their kindness 
and help during the two periods spent at that Laboratory. 
Dr L. T. Hogben, who encouraged the author to undertake 
work upon the comparative physiology of digestion, has given 
valuable advice on certain physiological points. The expenses 
of the investigation have been defrayed by grants from the Earl 
of Moray Fund of the University of Edinburgh and from the 
Government Grant Committee of the Royal Society.

2. Description and Habits of Nephrops norvegicus.

Nephrops norvegicus (Leach) belongs to the Class 
Crustacea, Order Decapoda, Sub-order Reptantia, Section 
Astacura, Tribe Nephropsidea, and Family Nephropsidae, 
which includes the three genera Nephrops, Nephropsis, 
and Homarus.

Living specimens are orange in colour with red and white 
markings. Storrow, 39 who examined large numbers at North 
Shields, states that males are found up to 22 cm. in length 
with an average of 15.6 cm., and females up to 17 cm. with 
an average of 12.4 cm. M'lntosh 24- 25' 26 also notes the greater 
size of the males as does Selbie, 37 who states that the largest 
specimen (a male) obtained off the Irish Coast was 24 cm. long, 
the average length of the males being from 16.5 to 18 cm. 
and of the females 12 to 14 cm. They have a wide distribu 
tion in Northern seas being found in various localities 
from Iceland (where they form the chief food of the cod) to 
the Mediterranean, particularly off the coast of Norway,
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in the North Sea, in the Irish Sea, and in the Adriatic. 
Nephrops norvegicus is the only species of its genus found 
in temperate seas, the only other known species, Nephrops 
andamanicMS, occurring in the Indian Ocean at a depth of 
between 150 and 400 fathoms.

Unlike the common lobster, Nephrops never comes inshore. 
Storrow reports that in the North Sea it is caught mainly 
between 35 and 42 fathoms and never inside of 33 fathoms, 
while Selbie 37 says it occurs between 10 and 40 fathoms in 
the Irish Sea but down to 300 fathoms off the west coast of 
Ireland (with a maximum recorded depth of 337 fathoms). 
Specimens have been dredged from between 416 and 450 
fathoms off the west of Sicily. Under these circumstances 
it is not surprising that so little is known of its life history 
and habits. Caiman 6 states that the development is similar 
to that of Homarus, i.e. it is hatched in the Schizopod-stage 
with natatory exopodites on all the thoracic limbs but with 
no abdominal appendages, the uropods being the last 
appendages to be developed. The larvae of Nephrops are 
distinguished, however, by the presence of characteristic long 
spines on the abdominal somites and telson.

Storrow found that out of 7686 specimens landed at 
N. Shields only 26.5 per cent, were females, and of these 
but 5.8 per cent, were berried. The proportions varied, the 
females being much more numerous in winter although 
they never exceeded the males ; but at this season the per 
centage of berried specimens was least although, from evidence 
obtained from animals kept in captivity, it is known that eggs 
are carried during the winter. Marshall 22 and M'lntosh 24 ' 25 - 26 
both note this disproportion in the relative numbers of the 
sexes. Storrow thinks the females may possibly exceed the 
males, but that habits of which we have no knowledge lead 
to the small percentage of females in the catches. Marshall 
thinks the females migrate farther from land. M'lntosh states 
that the females may exceed the males if a small trawl is used, 
but that they escape through the meshes of the larger trawls 
owing to their small size. Storrow found berried females with 
young leaving, or ready to leave, the egg from May to 
September, but particularly in June ; while the greatest number 
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of females carrying recently spawned eggs were found between 
July and October with the highest percentage in September, 
so that the period of incubation would appear to be about 
nine months. From the high percentage of non-berried 
females found during the winter it is evident that breeding 
does not occur annually.

The males cast their cuticle chiefly in March and April, 
while females which have recently cast have been found in 
every month of the year but especially from June to September, 
i.e. after hatching of the eggs.

3. Feeding and Mastication.
a. Mouth Parts and Seizure of Food.—The appendages 

of Nephrops are those of a typical Decapod Crustacean and 
correspond very closely to those of Astacus, which are well 
known. It may be noted, however, that in Nephrops the first 
maxillipede possesses a basipodite which is about three times 
as long as the coxopodite, the two being about the same size 
in Astacus ; and that in the first maxilla the endopodite is 
much larger than in Astacus and consists of two pieces instead 
of one.

Food is seized by the great chelae and passed to the small 
chelae of the fourth walking legs, or else it is seized directly, 
either by the latter or by the third pair of walking legs. It is 
then passed on to the third pair of maxillipedes which lie, bent at 
the fourth joint and folded upon themselves, covering over the 
more anterior mouth parts. A row of sharp pointed teeth is 
borne on the inner surfaces of their long ischiopodites, which 
are closely applied to one another. The food is gripped firmly 
between these surfaces and pushed in towards the mouth, the 
teeth at the same time tearing it up. It is difficult to see what 
part the remaining maxillipedes and the two maxillae can play 
beyond passing on the food from the third maxillipedes to the 
mandibles, as they none of them possess sharp cutting edges 
or teeth. Herrick, 12 indeed, describing the feeding of the 
American lobster, states that meat is finely divided by these 
mouth parts and is passed on to the mouth, after being 
submitted to the action of the mandibles, in the form of a fine 
stream of particles. As Jordan 18 points out, this is in
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opposition to the well-established fact that in the Decapods 
the mandibles play the chief part in mastication. He quotes 
the evidence of Stamati, who found that flesh was torn into 
thin strips by the mandibles of Astacus. Herrick's account 
of the movements of various mouth parts is as follows : 
"... the plates of the first pair of maxillae come together 
over the lower posterior half of the mandibles. The move 
ments of the masticatory parts of the second maxillae are 
synchronous with the beating of the scaphognathite. These 
project somewhat obliquely over the convex surface of the 
appendages in front, inward and slightly upward. The large 
plates of the first maxillipedes work up and down, and at the 
same time inward toward the middle line, describing an ellipse. 
The second pair of maxillipedes move alternately or together, 
inward and outward, with slight up-and-down movement. 
The large maxillipedes move together, the toothed margins 
meeting like the edges of a nut-cracker, while the three 
terminal joints are bent inward and somewhat downward, as 
in the case of the second maxillipedes, so as to meet on 
the middle line below and hold the food up to the 
mouth."

The mandibles (fig. i) lie one on either side of the mouth 
and largely obscure the opening. Each is attached diagonally 
by its anterior border (A.M.), the inner end being considerably 
anterior to the outer end. The inner, or oral, end possesses 
a semicircular masticatory surface which is divided into two 
ridges by a longitudinal groove, the outer ridge being provided 
with a sharp curved cutting edge and projecting over the inner 
ridge, which is straight and obtusely tuberculated and is 
continued anteriorly into a process which articulates with the 
epistoma (E.). A three-jointed palp (P.) is borne on the anterior 
margin, while a stout tendon is inserted internally into the 
middle of the posterior margin, providing the connection 
between it and the large, much branched, mandibular muscle 
which arises in the dorsolateral wall of the carapace. The 
contractions of the two muscles pull the mandibles inward 
and upward, the masticatory surfaces being brought to bear 
against one another over the mouth and grinding up the food 
which, at the same time, is pressed into the mouth.
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b. Food.—The only means of forming any idea of the food 

of Nephrops is by an examination of the contents of the 
gut. The cardiac fore-gut is usually found either partially or 
completely filled but, owing to the effective masticatory action 
of the great chelae and mouth parts, it is often difficult or 
impossible to identify the fragments. As far as can. be 
ascertained these consist chiefly of the following: Torn pieces 
of muscle, crustacean appendages and parts of carapaces, 
vertebrae and bones of small fish, hydroid stems, spines, long 
filamentous strips of algae, and other organic fragments. 
Nephrops may be considered as primarily carnivorous, with a 
strong preference for animals possessing calcareous shells. If 
one of several specimens kept in the same tank dies, the 
survivors immediately proceed to nip off and devour its 
appendages from the antennae to the last pleopods, with the 
exception of the great chelae and some of the smaller mouth 
parts. If these animals are examined a day or two later the 
fore-gut is found full of broken fragments of appendages and 
the mid-gut and hind-gut filled with a pink coloured mass.

With the exception of the algal matter, which may be of 
considerable length, the largest solid particles are usually about 
20 mm. long and 4 mm. wide or roundish masses of some 
10 mm. diameter. The grinding action of the "gastric mill" 
results eventually in the breaking down of these pieces into 
a fine amorphous powder, the particles of which, by the sifting 
action of the pyloric fore-gut, are passed into the intestine.

4. Anatomy and Histology of the Alimentary Canal.
The alimentary canal consists, as in all Arthropods, of three 

sections, fore-gut, mid-gut (including hepatopancreas), and 
hind-gut. Of these the first and third are lined throughout 
with chitin and arise from the embryonic stomodaeum and 
proctodaeum respectively. The fore-gut is further subdivided, 
being composed of an oesophagus, a cardiac fore-gut, and a 
pyloric fore-gut (using Pearson's 33 terms), the latter two com 
posing the so-called " stomach " ; but, as they do not correspond 
either anatomically or physiologically to the structures commonly 
denoted by that term, it is not proposed to describe them as 
such. Huxley 15 has pointed out that the pyloric fore-gut in
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the Crustacea is nearer the heart than the cardiac fore-gut, but 
these terms have been so extensively employed that it has been 
considered best to retain them. In an animal 16.25 cm. in 
length from rostrum to telson, the oesophagus was i cm. long, 
the remaining fore-gut 2.6 cm., the mid-gut 9 cm., and the 
hind-gut 1.8 cm. The mid-gut in Nephrops is the longest 
portion of the alimentary canal instead of the shortest. 
Frenzel 9 stated that, with the exception of Paguristes, the 
mid-gut among the Decapods was invariably short, and this 
view has been largely accepted, although Wallengren 41 has 
already demonstrated the great length of the mid-gut in 
Homarus, a closely allied genus, whose alimentary system 
corresponds closely to that of Nephrops.

Material was fixed in Bouin's fluid which gave excellent 
results in the majority of cases. Flemming's solution was 
used to demonstrate the presence of fat, and corrosive 
sublimate gave a good fixation of the hepatopancreas, although 
the best results were obtained by fixing small pieces of the 
gland in 30 per cent, alcohol containing 5 per cent, of corrosive 
sublimate and then transferring to higher strengths of alcohol, 
each of which contained a similar proportion of corrosive 
sublimate. In order to obtain good sections of heavily 
chitinised regions such as the oesophagus, the pyloric fore-gut, 
and the anus, the tissues were decalcified for two days in 
70 per cent, alcohol containing 3 per cent, of HNO3 , then 
softened in a 10 per cent, solution of soft soap in 70 per 
cent, alcohol for three days, and embedded in paraffin wax 
in the usual way. The pyloric fore-gut, an extremely heavily 
chitinised region, was cut without difficulty after this treat 
ment. Sections were stained with Delafield's hsematoxylin 
and erythrosin, with Heidenhain's iron-hsematoxylin, and with 
picro-indigo-carmine or Van Gieson.

a. Mouth.—The mouth (fig. i) consists of a longitudinal 
opening (M.) situated on the ventral aspect of the head. 
Normally it lies hidden behind the mandibles (Mn.) and can 
only be seen clearly after either or both of these have been 
removed. The chitinous plate immediately anterior to, and on 
either side of, the mouth is known as the epistoma (E.), and 
this is raised on its middle posterior margin into a transverse
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thickened ridge which gives attachment to the labrum (L.) or 
upper lip. This is a shield-shaped structure which overhangs 
the anterior half of the mouth and which is continued up 
the oesophagus as a well-pronounced ridge (fig. 2, L.R.). 
Posteriorly, the mouth is bounded by a pair of winged 
membranous projections which lie external to the mandibles 
and unite in the middle line to form the metastoma (Mt.) or 
lower lip. This is also continued, but as a low ridge, in the 
oesophagus, and so are the two lateral lips (L.L.).

b. (Esophagus.—The mouth leads into a short thick 
cesophagus (fig. 4, O.) which passes almost directly upwards 
and opens into the capacious cardiac fore-gut from which it is

FlG. I.—Nephrops. Mouth, left mandible and edge of carapace removed, x 2. A.M., line of 
articulation of mandible ; E., epistoma ; L., labrum ; L.L., lateral lip ; M., mouth opening ; 
Mn., mandible ; Mt., metastoma ; P., palp.

separated by a ring of valvular flaps. In transverse section 
(fig. 2) the lumen is almost obliterated by the presence of 
the four longitudinal ridges (L.R., M.R., Lt.R.) which are 
separated by deep furrows. The labral ridge is much the 
most prominent of these.

The epithelium (E.) consists of a layer of narrow cells about 
60 M in length, which are bounded externally by a thick layer 
of chitin 50/* thick and consisting of two distinct layers, an 
outer deeply staining layer about 4^ thick, and a thick 
hyaline inner layer. Beneath the epithelium is a thick layer 
of connective tissue (C.T.) composed of a network of reticulate 
fibres with numerous small nuclei. External to this lies a 
thick ring of circular muscle fibres (C.M.), the constrictor 
muscles, and both internal and particularly external to this are
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broad bands of longitudinal muscles (L.M.). There are 
also fibres which pass across the connective tissue and 
between the epithelial cells to become attached to the 
inner surface of the chitin, and are known as the dilator 
muscles (D.M.). Blood sinuses (B.S.) are present, especially 
outside the circular muscle layer.

A7.R.

L.R:

L.M.

FlG. 2.—Nephrops. Transverse section through oesophagus near mouth, x 14. B.S., blood 
sinuses ; C., chitin ; C.M., circular muscle ; C.T., connective tissue ; D.M., dilator muscles ; 
E., epithelium ; L., lumen ; L.M., long, muscles ; L.R., labral ridge ; Lt.R., lateral ridge ; 
M.R., metastomal ridge ; T.G., tegumental gland with duct; T.G'., tegumental glands 
opening on outer surface of metastoma.

Embedded in the connective tissue just beneath the 
epithelium lie great numbers of round glands—the tegumental 
or so-called cesophageal or salivary glands (T.G.). These con 
sist of a rosette of conical cells (fig. 3, G.C.) their narrow ends 
pointing inward, and each with a large nucleus (N.) near the 
base. There is a small cavity (C.) in the centre, and this is 
continued into an intracellular duct (D.) which passes between 
the epithelial cells and through the chitinous layer to open into
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the lumen. The whole gland is invested by a capsule of 
connective tissue cells (C.C.). The gland cells are found in 
three states. They may be vacuolated, or may contain a mass 
of darkly staining, probably zymogen, granules, which again 
may be present in a diffused condition throughout the cells, 
particularly near the base, or as a dark ring round the apex 
of the cells (as in fig. 3). The first probably represents the 
resting condition, and the second and third respectively the

elaboration and discharge of the 
glandular secretion.

Concerning the function of 
these glands little is known. 
Similar glands have been shown 
to be present in many Decapods 
over the entire surface of the 
body. Those present on the 
pleopods of the females have 
been named cement glands by 
Herrick 12 and others, and con 
sidered responsible for the 
sticky secretion which binds the 
developing eggs to these ap 
pendages. They have been 
found in the oesophagus in all 

Decapods that have been examined—notably by Vitzou 40 and 
Wallengren. 41 They have also been found in the hind-gut of 
these animals, although Frenzel 9 denies that they are present 
in the hind-gut of Scyllarus.

The' majority of authors have described those present in 
the oesophagus as salivary glands, although Huet 14 is the only 
author who advances any physiological evidence ; he found that 
an extract of the oesophagus reduced starch. Other workers 
have called them intestinal glands, Lang 21 thought they 
possessed an excretory function, while Herrick considers that, 
although primarily of a glandular nature, they may have a 
secondary sensory function, and that their presence in the 
mouth and oesophagus, which are undoubtedly highly sensitive 
regions, provides the animal with a sense of taste.

In Nephrops both labrum and metastoma are packed full of
352

FIG. 3.—Nephrops. Transverse section 
through tegumental gland. x 100. 
C., cavity of gland ; C.C., cells of lining 
capsule ; D., duct; G.C., gland cell; 
N., nucleus of gland cell; Z., zymogen 
granules round cavity, second stage of 
activity.
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the glands, which are continued in decreasing numbers along 
the oesophagus for the proximal two-thirds of its length. They 
are also present in great numbers in the hind-gut (see fig. 15). 
An extract of the oesophagus or of the hind-gut gives a strong 
reduction of starch, but so do extracts of the cardiac fore-gut 
and the mid-gut, which contain no glands. Moreover, the 
hepatopancreas discharges a powerful amylolytic enzyme which 
passes forward into the cardiac fore-gut, and renders any 
accessory supply of ferment unnecessary. It is difficult to 
accept Herrick's view that organs of this typically glandular 
type can have a sensory function. Previous writers who have 
regarded them as salivary or intestinal glands have overlooked 
the important fact that in the alimentary canal they are found 
only in the fore-gut and hind-gut, i.e. always in association 
with chitin. They have probably nothing whatever to do with 
digestion, but they may discharge a sticky secretion which 
entangles the food (although they contain no mucin) or may 
possibly have some function connected either with the secretion 
or preservation of the chitinous lining.

c. Cardiac Fore-gut.—The cardiac fore-gut (fig. 4) is a large 
sac-shaped structure having an average capacity of about 5 c.c., 
and occupying the greater part of the anterior cephalothoracic 
cavity. It possesses a thick chitinous lining consisting of two 
layers, an outer darkly staining layer of an average thickness 
of IIOM, and an inner light coloured layer of io/x. This is 
secreted by an epithelium consisting of narrow cells some 55^ 
deep. Beneath this there is a layer of connective tissue 
containing circular and longitudinal muscles. The chitinous 
lining is calcified in certain regions, thus giving rise to a 
series of ossicles which serve for support, and also form the 
masticatory apparatus or gastric mill. The complete series 
of ossicles present in the fore-gut of the Decapods and the 
groups of muscles attached to them have been described by 
Parker, 80 Mocquard, 27 Albert, 1 Williams,43 and others, and no 
attempt will be made in this paper to do more than describe 
the mechanism of mastication, Huxley's 15 nomenclature being 
followed.

Extending over the roof of the cardiac fore-gut there is a 
broad median cardiac ossicle (figs. 4 and 5, C.) to the middle of
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the posterior margin of which is attached a narrow bar, the 
urocardiac process (U.). This passes backward and downward 
and its posterior end is strongly calcified forming the brown 
recurved median tooth (M.T.). Articulating with the dorsal 
surface of this tooth is the prepyloric ossicle (fig. 5, Pr.P.) 
which passes forward above the urocardiac process to articulate 
with the pyloric ossicle (P.), which forms the roof of the anterior 
region of the pyloric fore-gut. Attached to either side of the 
posterior margin of the cardiac ossicle is a stout curved rod,

C.Pn
ACr.M.

FlG. 4.—Nephrops. Cephalothorax with left side of carapace and left hepatopancreas removed, 
x i. A., abdomen ; A.G.M., ant. gastric muscle (rt. side) ; C., cardiac ossicle; C.F., 
cardiac fore-gut; C.P.V., cardio-pyloric valve; C.P.M., cardio-pyloric muscle; D.C., 
dorsal caecum ; G.F., gland filter ; H.P., hepatopancreas ; H.P.D., hepatopancreatic ducts ; 
L.T., lateral tooth (left); M., left mandible ; M.G., mid-gut; M.T., median tooth; O., 
oesophagus ; P., pyloric ossicle ; P.P., pyloric fore-gut; P.G.M., post, gastric muscle (rt. 
side) ; P.P., post-pectineal ossicle ; Pt., pterocardiac ossicle ; R., rostrum; U., urocardiac 
process ; Z., zygocardiac ossicle.

the pterocardiac ossicle (Pt.), while extending from the ventral 
end of this to the anterior lateral margin of the pyloric ossicle 
is the zygocardiac ossicle (Z.). Medially, the zygocardiac 
ossicles are produced into a pair of brown strongly calcified 
lateral teeth (L.T.) possessing elongated grinding surfaces 
(fig- 5) characterised by transverse ridges—the whole giving 
the appearance, as Huxley has aptly observed, of an elephant's 
molar.

Two sets of muscles are primarily responsible for the
354



Comparative Physiology of Digestion
working of the gastric mill, a pair of anterior gastric muscles 
(A.G.M.) which arise in the extreme anterior dorsal region of 
the cephalothorax, and are inserted in the anterior surface 
of the cardiac ossicle, and two pairs of posterior gastric muscles 
(P.G.M.) which arise just anterior to the cervical groove and 
are inserted in the sides of the pyloric ossicle.

FIG. 5.—Nephrops. Median view of fore-gut. x 2. A.P.C., ant. pyloric chamber; C., 
cardiac ossicle ; C.F., cardiac fore-gut; C.P.V., cardio-pyloric valve ; D.C., dorsal caecum ; 
D.F., dorsal fold ; D.V., dorsal valve ; G.F., gland filter ; H.P.D., hepatopancreatic duct; 
L., labrum ; L.S., lateral food stream (left side) ; L.T., lateral tooth ; L.V., lateral valve ; 
L.V.V., lower ventral valve; M.G., mid-gut; M.G.F., mid-gut filter; M.T., median 
tooth ; O., oesophagus ; P., pyloric ossicle ; P.P., post-pectineal ossicle ; Pa., pads ; Pr., 
press ; Pr.P., prepyloric ossicle ; Ft., pterocardiac ossicle ; R., ridge of gland filter; U., 
urocardiac process ; V.G., ventral groove ; V.V., ventral valve ; Z., zygocardiac ossicle.

Huxley states that the movement of the gastric mill is 
brought about by the combined effect of these two sets of 
muscles, the median tooth being forced downward and forward, 
the articulation between the prepyloric and pyloric ossicles 
acting as a hinge, and the two lateral teeth forced inward and 
forward as a result of the forward pull of the pterocardiac 
ossicle and backward pull of the pyloric ossicle, which between
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them force the zygocardiac ossicle into a more horizontal position 
(fig. 5). The three teeth are thus brought sharply in contact 
with one another breaking up anything that may be lying 
between them. Mocquard, 27 however, observed the movements 
through the transparent carapace of a living Stenorhyncus, and 
states that the movement is produced almost entirely by the 
movement of the anterior gastric muscles. On the relaxation 
of the muscles the teeth resume their normal position owing 
to the elasticity of their joints, and also to the contraction of 
the cardio-pyloric muscle (C.P.M.), which stretches from the 
posterior margin of the cardiac ossicle to the upper edge of 
the prepyloric ossicle.

There are many other series of muscles present, both 
extrinsic, which serve to dilate the oesophagus and fore-gut, 
and intrinsic (like the cardio-pyloric muscle), which run between 
the various ossicles and act as constrictors. All these muscles 
are innervated by stomatogastric nerve which is formed by 
the union of two branches, one from each of the cesophageal 
commissures.

Just beneath the lateral teeth are small teeth, one on either 
side, and posterior and ventrally pairs of hairy pads (Pa.), which 
serve to guard the entrance to the pyloric fore-gut. Running 
along the floor of the cavity, from the opening of the oesophagus 
to that of the pyloric fore-gut, is a ventral groove (V.G.), 
supported by a pair of post-pectineal ossicles (P.P.), the 
entrance being guarded by two rows of stout setse. It is by 
means of this groove that communication is maintained 
between the fore-gut and the hepatopancreas, the hepato- 
pancreatic secretion passing forward, and dissolved matter 
backward, through this channel. On either side of the groove 
are lateral pads covered with setse which incline towards the 
pyloric opening.

d. Pyloric Fore-gut.—Passing backwards and downwards 
from the posterior dorsal aspect of the cardiac fore-gut is the 
curved pyloric fore-gut. Externally its two most prominent 
features are the dorsal caecum (D.C.), which comes off as a 
diverticulum from the anterior end of the mid-gut and passes 
forward over the roof of the pyloric fore-gut, dividing into two 
portions distally; and two rounded lateral pouches (G.F.)—
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the ampoules pyloriques of Mocquard 27—which project from the 
ventral surface, one on either side, and contain the gland filter.

Internally the structure is very complicated and to under 
stand the relations of the various parts reference should be 
made to fig. 5. It has long been known that this region 
serves as a filtering apparatus, but Jordan, 10 working on 
Astacus, was the first to demonstrate the significance of the 
various parts, and since then Williams 43 has given an excellent 
description of the anatomy and physiology of the "stomach" 
of the lobster. The cardio-pyloric opening is almost obliterated 
by the presence of a massive ventral fold—the cardio-pyloric 
valve (C.P.V.)—and two smaller dorsal folds (D.F.), all of 
which are thickly covered with forward directed setse, 
particularly at the edges. Posteriorly these three surfaces 
meet (although for purposes of clearness the figures shows 
them drawn apart), but anterior to this outpouchings of the 
pyloric wall form an anterior pyloric chamber (A.P.C.). There 
are three channels along which finely divided particles can pass, 
a mid-dorsal channel (consisting really of two dorsolateral 
channels) commencing behind the median tooth and passing 
between the dorsal folds and named the mid-gut filter (M.G.F.) 
by Jordan, and two lateral channels (L.S.), one on either side 
of the cardio-pyloric valve, commencing near the anterior end 
of the lateral teeth and formed by the longitudinal folding of 
the outer walls of the pylorus immediately below the anterior 
pyloric chamber. There are also a pair of ventral channels, 
one on either side of the base of the cardio-pyloric valve, 
which form the continuation of the ventral groove, lead 
into the gland filter (G.F.), and contain the hepatopancreatic 
secretion together with food matter either in solution or in 
the form of exceedingly fine particles.

The mid-gut filter runs backward and downward to open 
into the mid-gut at the base of the dorsal caecum and on either 
side of the dorsal valve or Trichter (D.V.), a chitinous pro 
jection which runs backward into the mid-gut. The two 
lateral streams, after passing the cardio-pyloric valve, unite 
and pass between two muscular plates, this region being 
termed, by Jordan, the press (Pr.). The chitinous walls of 
these plates are drawn out posteriorly into lateral valves 
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(L.V.), each possessing two terminal teeth; these also pass 
for a short distance into the mid-gut, although not so far 
as the dorsal valve.

Ventral to the press lies the gland filter (G.F.). This is a 
chitinous structure consisting of two semicircular plates (fig. 6),

A.

L.W.
FlG. 6.—Nephrops. Gland filter, x 12. A., anterior; C.P., chitinous plate bearing rods; 

C.P'., chit, plate, under surface ; F., free ends of rods showing inward directed setae ; L.A., 
line of attachment of rods to chitinous plate; L.V.V., lower ventral valve; R., ridge ; 
V.V., ventral valve.

R..

Q

FIG. 7.—Nephrops. Filter apparatus ; I., inner surface; O., outer surface ; 
R., chitinous rods ; S., setae.

concave on their dorsal surfaces, which unite in the middle line 
to form a prominent ridge (R.). This ridge is prolonged 
posteriorly into a ventral valve (V.V.), and an even longer 
posterior prolongation of the chitinous plates below forms a 
lower ventral valve (L.V.V.). Arising along the anterior 
border, and passing transversely across the surface of the
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chitinous plates are a series of chitinous rods each of which 
bears a row of fine setae on its inner edge (fig. 7), the whole 
forming a most effective filtering apparatus. The rods are 
attached for the first third (L.A.) of their extent and are then 
free from the underlying plate; thus, owing to the curved 
shape of the plates, a section taken through the middle (fig. 8)

D.C.

C.

Cr.F.C.

C.P C.P

FlG. 8.—Nephrops. Trans. section through middle of pyloric fore-gut, x 12. C., chitinous 
ridge on roof of filter chamber ; C.P., chitinous plate bearing rods ; C.R., chitinous rods 
free from underlying chitinous plate ; D.C., dorsal caecum ; F., food in mid-gut filter and 
press ; G.F.C., gland filter chamber ; L.M., lateral muscles of press ; M.G.F., mid-gut 
filter ; P., walls of press ; R., ridge of filter apparatus ; S., setae of filter.

shows the rods attached to the ridge and also to the outer 
end of the plates but free between.

The relation between the various structures in this region 
is shown in fig. 8. The walls of the press are seen to consist 
of thick pads containing lateral muscles (L.M.), which run 
from the under surface of the mid-gut filter (M.G.F.) to the 
upper surface of the filter chamber (G.F.C.). The contractions 
of these muscles drives the chitinous walls together and forces

359



C. M. Yonge
the particles of food or faeces backward, possibly at the same time 
squeezing liquid or fine particles downward through the filter. 
The mid-gut filter consists of two lateral pouches lying saddle- 
like over the top of the press, and practically cut off from the 
cavity of the latter by the close approximation of the chitinous 
edges lining the entrance. Dorsal to this lies the cavity of 
the dorsal caecum (D.C.). The filter apparatus lies beneath 
the press, the ridge (R.) rising in the middle and preventing 
large particles from passing into the filter chamber. The 
dorsal walls of the two sickle-shaped filter chambers (G.F.C.)

L.v.y
G.E.

FlG. 9.—Nephrops. Trans. section at entrance of hepatopancreatic ducts into mid-gut, x 12. 
D.V., dorsal valve ; F., food channel; F.G.E., fore-gut epithelium ; G., groove for passage 
of hepatopancreatic secretion; H.P.D., hepatopancreatic duct; H.P.E., hepatopancreatic 
epithelium; L.V., lateral valves; L.V.V., lower ventral valve (attached to epithelium) ; 
M.G.E., mid-gut epithelium.

secrete a thick semicircular ridge of chitin covered with 
numerous large setae.

All particles which are not pressed through the filter are 
forced gradually backward along the mid-gut filter and 
press and so into the mid-gut, being guided free of the 
openings of the hepatopancreas by the dorsal, lateral, and 
lower ventral valves (the ventral valve does not extend so far 
as the openings, as shown in fig. 9).

Communication is maintained between the ventral groove 
of the cardiac fore-gut and the hepatopancreas by means of 
the two ventral channels, one on either side of the cardio-
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pyloric valve, which pass into the filter chambers, the 
contained fluid passing over the anterior fixed end of the 
rods and setae but having to filter through their posterior free 
border into channels (fig. 9, G.) which pass backward on 
either side of the lower ventral valve up to the openings of 
the two hepatopancreatic ducts. As we have seen, the solid 
particles in the channel above (F.) are prevented from passing 
down and blocking the passage by the presence of the valves. 
Huxley thought these valves were to prevent the regurgitation 
of food into the fore-gut, while Cuenot 8 thought the 
Trichter passed the rough particles directly from the fore-gut 
into the hind-gut in those Decapods where the mid-gut is 
short, thus preventing injury of the short and delicate mid- 
gut—a function which it obviously could not fulfil in Nephrops. 
As will be seen later, the hepatopancreas, besides being a 
secreting, is also an absorbing, organ, and the presence of the 
valves and of the beautiful filter apparatus prevents anything 
but dissolved or exceedingly fine matter from passing into it— 
a most necessary condition, since the presence of even small 
particles would suffice to obstruct the fine ducts.

e. Hepatopancreas.—Behind'the cardiac fore-gut the greater 
part of the cavity of the cephalothorax is occupied by the paired 
hepatopancreas (fig. 4). This is a brown multilobular gland, 
each half of which is arranged in three main lobes, anterior, 
posterior, and dorsal, and is made up of a mass of fine blind 
tubules which open into three chief ducts—one from each of 
the three main lobes—these in turn uniting in a common 
hepatopancreatic duct which opens into the anterior end of the 
mid-gut.

The lobules are surrounded by a thin layer of connective 
tissue inside which lie the tubules and interstitial cells which 
form the mass of the gland. In transverse section (fig. 10), 
each tubule is seen to be composed of the following elements : 
a surrounding coat or tunica propria (T.P.), a basement 
membrane (B.M.), an epithelium consisting of two distinct 
types of cells and varying in height from 20 to 100 A*, and an 
inner striated border (consisting of the " Stabchen " of Frenzel 9). 
The epithelium consists of ferment cells (F.C.) and absorption 
cells (A.C.) (the liver or fat cells of Weber 42 and earlier
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authors). The former contain small vacuoles and a darkly 
staining secretion.

The secretion may or may not occupy the entire cell, but is 
invariably present around the large nucleus which contains a 
prominent nucleolus. After fixation with Carnoy's fluid the 
secretion assumes a fibrillar appearance. Particularly near the 
distal end of the tubules these cells contain large clear vacuoles 
(C.V.) with a slight granular content near the centre, and these 
have been described by Schneider, 86 Frenzel, 9 and others as 
"ripe" ferment cells (Blasenzellen). It must be pointed out,

B.M- B.S.

FlG. 10.—Nephrops. Trans. section through hepatopancreas. x 275. A.C., absorption cells 
containing fat globules ; B.M., basement membrane ; B.S., blood sinus ; C.V., clear vacuole 
in ferment cell; F.C., ferment cells ; L., lumen of tubule ; S.B., striated border of cells ; 
T.P., tunica propria.

however, that the darkly staining secretion is frequently to be 
found being discharged into the lumen (see ferment cell on 
left of fig. 10), and that the clear vacuoles are by no means so 
common in Nephrops as in Astacus. The absorption cells are 
more numerous and usually longer than the ferment cells. A 
small round nucleus without any very prominent nucleolus is 
situated about the middle of the cells which, when fixed in 
Flemming's solution, are found to contain a great number of 
small fat globules. As will be shown later, there is ample 
evidence to prove that these cells are absorptive in function.

The tunica propria is a structureless membrane in which 
lie embedded a network of muscle fibres. Pump 34 has studied
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the nature of the muscle net in the hepatopancreas of the 
higher Crustacea with great care, and has shown it to be 
composed of a series of simple or branched circular fibres 
(Ringfasern), which pass round the tubule parallel to one 
another, and are connected to each other by longitudinal 
connections. The longitudinal fibres are of three types, thin 
unstriated fibres (Bindefaden) which come off at all angles to 
the circular fibres, broader striated fibres coming off at right 
angles to the circular fibres (Bindefasern), and similar fibres 
coming off at other angles (Spaltfasern). In Nephrops all 
these elements can be distinguished although there is no 
branching of the circular fibres, and the two types of striated 
longitudinal fibres are (as is usual) few in number compared 
with the unstriated fibres.

Triangular blood sinuses (B.S.), containing masses of cells, 
are present between the tubules. It is easy to demonstrate 
their nature by the method employed by Jordan 16 and earlier 
workers. Two c.c. of a saturated solution of ferrous lactate in 
sea-water are injected into the abdomen of a living animal 
which is then replaced in water for twenty-four hours. 
Portions of the hepatopancreas are then removed and fixed in 
95 per cent, alcohol containing 5 per cent, of a solution of 
ammonium sulphide. Paraffin sections are prepared and 
treated with a 10 per cent, solution of potassium ferrocyanide 
for ten minutes, with a very dilute solution of HC1 for one 
hour and then with borax carmine. The mass of the sections 
is stained red, but the cells of the blood sinuses stand out a 
vivid blue— i.e. the iron solution has been caught up in the 
blood stream and carried into the blood sinuses including those 
of the hepatopancreas.

The hepatopancreatic ducts do not differ in their structure 
from the tubules.

f. Mid-gut.—The mid-gut runs directly backward through 
the posterior half of the cephalothorax and the abdomen until 
it meets the hind-gut, a short distance from the anus. Besides 
the hepatopancreas, it possesses two diverticula, anteriorly the 
dorsal caecum which passes over the roof of the pyloric fore- 
gut, and posteriorly a dorsal diverticulum (fig. 13) which comes 
off at the junction of the mid-gut and hind-gut, and passes
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backwards along the roof of the hind-gut for half its distance, 
then turns downward, sometimes on the right side', sometimes 
on the left, to the ventral surface, where it passes forward for a 
short distance before turning back and ending blindly on the 
dorsal wall of the hind-gut. Food passes freely into both 
diverticula which have the same histological structure as the 
mid-gut, and furnish additional absorptive surfaces.

The mid-gut (fig. n) is a narrow thin walled tube plenti-

B.C;

L.M.

FIG. ii.—Nephrops. Trans. section through mid-gut, x 75- B.C., basal cells ; B.M., base 
ment membrane ; B.S., blood sinus ; C.M., circular muscle; E., epithelium ; L.M., longit. 
muscle ; S.B., striated border of epithelium.

fully supplied with blood-vessels from the abdominal artery. 
It is lined by epithelial cells about 40M deep, and possessing 
a striated border (S.B.) and elliptical nuclei. Other round, 
more deeply staining, nuclei (B.C.) surrounded by a thin layer 
of cytoplasm are also present—usually near the base of the 
epithelium. These are the basal cells of Frenzel, 10 and in his 
opinion are young cells which give rise to new cells to replace 
any that have been destroyed. This is the most probable 
explanation of their presence. They are frequently to be 
observed in various stages of division. Frenzel thought that 
division took place amitotically, and this would certainly seem
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to be the case very often; but in one case a definite mitotic 
figure (fig. 12) has been observed, although the spindle fibres 
could not be distinguished.

Beneath the epithelium (E.) lies a thick undulating base 
ment membrane (B.M.), under that a layer of circular muscle 
fibres (C.M.) about 20 M thick, and outside that a layer of 
longitudinal fibres (L.M.) among which lie many blood sinuses 
(B.S.), the whole being from 60 to 80 /x, thick. At both ends 
of the mid-gut (fig. 9) the epithelium is thrown into a series 
of longitudinal folds which are continued into the caecum and 
into the diverticulum (figs. 8 and 14).

g. Hind-gut.—The hind-gut (fig. 13) is a short stout tube 
which curves down from the end of the mid-gut to open to the

D.

FIG. 12.—Nephrops. Nucleus of FIG. 13.—Nephrops. Hind-gut, x 2. A., anus ;
basal cell of mid-gut in division. D., mid-gut diverticulum ; G.S., glandular
x 2500. swelling ; H.G., hind-gut; M.G., mid-gut.

exterior by the anus (A.) which lies on the ventral surface of 
the telson. Immediately behind its union with the mid-gut it 
is raised into a well-marked swelling (G.S.), formed by a great 
accumulation of tegumental glands.

Transverse sections (fig. 14) through the hind-gut show the 
following structure: The epithelium is raised into a series of 
six longitudinal ridges (L.R.) bounded by cells (E.) about 
55/x deep which possess basal nuclei and secrete a thin layer 
of deeply staining chitin (C.). Bundles of longitudinal fibres 
(L.M.) occur, but only within these longitudinal ridges, and 
branches can be seen passing from them between the epithelial 
cells to be inserted into the chitin. The remainder of the 
ridge is filled in with connective tissue, and contains occasional 
blood sinuses. Around the whole there is a broad band of 
circular muscle fibres (C.M.) about 80 y. thick, and outside that
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a thin layer of connective tissue containing blood sinuses and 
a few longitudinal muscle fibres (O.L.M.).

It will be noted that the arrangement of the circular and 
longitudinal muscles is different in the mid-gut and hind-gut. 
The relation between the two regions is most clearly shown in 
a longitudinal section through their junction (fig. 15). The 
junction between the two sets of epithelial cells occurs at the 
base of a forwardly projecting ridge (R.) of the hind-gut. The

L.M.

CM

L.R

O.L.M;
FIG. 14.—Nephrops. Trans. section through hind-gut and mid-gut diverticulum. x 46. 

B.S., blood sinus; C., chitin; C.M., circular muscle; D., mid-gut diverticulum; E.f 
epithelium of hind-gut; L.M., longitudinal muscle in longit. ridge; L.R., longit. ridge; 
O.L.M., outer longit. muscles.

thin circular muscle layer (C.M.) of the mid-gut is continued, 
but becomes greatly enlarged in the hind-gut, while the 
longitudinal muscles (L.M.) pass over and through the mass 
of glands (T.G.), which make up the glandular swelling, and 
are continued as a thin external layer round the hind-gut. 
The inner longitudinal muscles (I.L.M.) (the section passes 
through two longitudinal grooves) are seen to arise directly 
from the chitin of the hind-gut and to pass back as a broad 
band, with occasional connecting fibres passing between them 
and the outer muscle layer.

Besides those present in the swelling, tegumental glands
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are found in small numbers in the longitudinal ridges and, 
owing to their position in the hind region of the gut, it has 
been suggested that they secrete a substance which binds the 
faeces together. They are identical with the glands already 
described in the oesophagus, and there seems little doubt that 
their function, be what it may, is the same.

TC7

C.M
L.M.

FIG. 15.—Nephrops. Long, section through junction of mid-gut and hind-gut, x 52. C., 
chitin ; C.M., circular muscle ; D., lumen of mid-gut diverticulum; E., epithelium of mid- 
gut ; E'., epithelium of hind-gut; H.G., lumen of hind-gut; I.L.M., inner long, muscles 
of hind-gut; L.M., long, muscles ; M.G., lumen of mid-gut; R., ridge at junction of two 
sections of gut; T.G., tegumental glands.

h. Anus.—The anus (fig. 16) is a longitudinal opening on 
the ventral surface of the telson. It is lined by long epithelial 
cells which secrete a thin layer of chitin. Beneath the under 
lying basement membrane are situated a few tegumental glands 
(T.G.), and bundles of longitudinal muscle fibres (L.M.), 
which are the continuation of the inner longitudinal fibres of 
the hind-gut, and become attached to the chitin lining the 
margin of the aperture as soon as they come in contact with 
it, i.e. the ventral bundles becoming attached first and the
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dorsal bundles last. The six longitudinal grooves of the 
hind-gut give place to an irregular undulation, and at the 
same time the longitudinal muscles have lost their regular 
arrangement. The circular muscle layer is absent. Miller 28 
states that circular arching fibres are present in the anus 
of Cambarus while longitudinal fibres are absent. This is 
certainly not the case in Nephrops. There are series of radial

L.M. v.R.n.
FIG. 16.—Nephrops. Trans. section through anus. x 22. A., anal opening ; B.S., blood 

sinuses; C., chitin; C.T., connective tissue; D.R.M., dorsal radial muscles; L.M., 
longitudinal muscles ; M.S., muscles attached to sulcus; M.T., muscles of telson ; S., 
sulcus ; T.G., tegumental glands ; V.R.M., ventral radial muscles.

muscles which stretch between the anus and the dorsal and 
ventral body walls, being attached to the chitin at each end. 
There are only a few thin dorsolateral fibres (D.R.M.), but 
the ventrolateral fibres (V.R.M.) are both numerous and thick. 
On either side of the anus lie longitudinal areas formed of 
especially flexible chitin, to which are attached muscles from 
the anus and, apparently, from the ventral body chitin (M.S.). 
When the anus is open (as in the figure) these areas are 
thrown into deep grooves or sulci (S.), owing to the con 
traction of the various fibres attached to their apices. At
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other times they take the form of shallow troughs. There is 
nothing in the nature of a sphincter muscle, and the probability 
is that the anus is opened by the contraction of the radial 
fibres, which tend to pull out the anal walls and pull up the 
sulci, the folding of which allows the lips of the anus to come 
apart. As soon as the muscles relax the natural elasticity of 
the chitin will cause the lips to come together again and so 
close the opening.

5. Movement of the Food through the Gut.
Food is pressed into the mouth by the mouth parts and 

then passed up the oesophagus, and into the cardiac fore-gut by 
the action of the constrictors and dilators of the oesophagus. 
It is retained in the cardiac fore-gut by the presence of the 
valves at the opening of the oesophagus, and it is passed 
upwards and backwards between the lateral pads towards the 
gastric mill. This movement is brought about by the action 
of the muscles of the cardiac fore-gut, and helped by the fact 
(pointed out by Williams 43) that the setae of the cardiac fore- 
gut all point towards the gastric mill. Mastication takes place 
and the fragments become mixed with the hepatopancreatic 
secretion which passes up from the ventral groove. Digested 
matter and minute fragments are carried back by the same 
channel into the pylorus where the fluid is strained through 
the gland filter, liquid and minute particles passing through it 
and so into the hepatopancreas, while larger particles are carried 
up into the cavity of the press and finally into the mid-gut. 
The passage of dissolved matter into the hepatopancreas can 
be demonstrated by feeding animals on methylene blue or 
carmine and examining them twenty-four hours later when the 
interior of the hepatopancreas is found deeply stained. The 
forcing out of the secretion and taking in of the dissolved 
matter is brought about by a rhythmical contraction and 
expansion of the hepatopancreatic tubules. The circular 
muscle fibres cause contraction, and the relaxation of these 
together with the contraction of the striped longitudinal fibres 
cause expansion. Meanwhile, all undissolved particles in the 
fore-gut are ground up until they become small enough to pass 
the cardio-pyloric valve by way of the mid-gut filter or lateral
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channels. In the pylorus the action of the press forces them 
backwards into the mid-gut.

Definite peristaltic and antiperistaltic waves can be detected 
in the mid-gut, especially after the gut has been excised and 
placed in a flat dish of sea-water for observation. Owing to 
the slender character of the longitudinal muscles the movements 
are not very pronounced, but they are unmistakable and occur 
both spontaneously and after suitable stimulation. Both Miller 28 
and Alexandrowicz 2 have demonstrated the presence of an 
extensive nerve plexus, somewhat resembling Auerbach's 
plexus in the vertebrates, in both mid-gut and hind-gut in 
other Decapods, and it is this, presumably, which controls 
peristalsis. By this means matter is forced into the hind- 
gut. Peristaltic movements are much more pronounced in 
this region. Spontaneous convulsive movements, apparently 
quite independent of those of the mid-gut, occur more or less 
periodically, the contractions taking place from three to five 
times per minute, each one being followed by an opening 
of the anus. Similar movements can be caused as a result 
of mechanical or electrical stimulation. These pronounced 
peristaltic movements are obviously caused by the contraction 
of the inner longitudinal muscles of the hind-gut, which extend 
in the longitudinal ridges from the anterior end of the hind- 
gut to the chitin lining the anal aperture. This will account 
for their independence of the movements of the mid-gut. 
Alexandrowicz 2 has noted the independent contraction of the 
separate longitudinal ridges in Astacus and Palinurus, and 
also the fact that the presence of a large bolus of faeces 
stimulates the circular muscles which contract suddenly and 
drive the mass towards the anus.

The hind-gut is innervated from the last abdominal 
ganglion (fig. 17) by means of the nervus intestinalis posterior. 
This divides up into branches to the middle (P.B.) and anterior 
(A.B.) regions of the hind-gut. There are also a pair of anal 
nerves (A.N.). These nerves end in the muscle fibres, though 
neither Miller nor Alexandrowicz were able to determine the 
exact type of nerve ending. The latter author has described 
the nerve plexus with great care, and has also recorded the 
presence of receptor organs consisting of bipolar cells with
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one process passing into the epithelium of the hind-gut and the 
other coming into connection with the effector nerve plexus. 
Electrical stimulation of the last abdominal ganglion causes 
the usual contraction of the hind-gut; but as these movements 
occur spontaneously long after the nerve has been cut, it may 
be supposed that the peristaltic movement is partially regulated

AN.
RB

FIG. 17-—Nephrops. Hind-gut with nerves, x 2. A., anus; A.B., ant. branches of nervus 
intestinalis posterior ; A.N., anal nerves ; D., diverticulum cut short; G., last abdominal 
ganglion ; H.G., hind-gut; N.C., nerve cord ; P.B., post, branches'of nervus int. post.

by, but is not dependent upon, the central nervous system. 
The movements speedily dispose of the faeces which are 
passed out through the anus.

6. The Digestive Enzymes.

The ferment cells of the hepatopancreas furnish the 
digestive enzymes of the Crustacea. Although it is often 
possible to reduce starch, coagulate calcified milk, and split 
butyrin by means of extracts from all parts of the alimentary 
canal in Nephrops, thus revealing the presence, intracellularly, 
of amylolytic, proteolytic, and lipolytic enzymes, yet there is 
no evidence that any extracellular enzyme is produced in any 
part but the hepatopancreas. The secretion makes its way 
into the cardiac fore-gut and consists of a thick brown fluid 
containing many fine orange coloured globules, which can be 
identified in all parts of the gut and are, presumably, droplets 
of secretion which have not lost the investing membrane within 
which they were elaborated. The secretion is faintly acid 
to litmus paper but gives no trace of free acids when tested 
with Gunzberg's reagent.

Jordan 16 obtained the secretion from living specimens of
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Astacus by pushing a glass tube up the oesophagus and 
drawing off the fluid contained in the cardiac fore-gut. He 
was thus able to employ the same animals many times. This 
would be quite possible in the case of Nephrops if it could be 
kept alive as easily as Astacus. Unfortunately this is not the 
case; hence water or glycerine extracts of the hepatopancreas 
have been employed in order to determine the nature and 
properties of the enzymes, but the presence of these enzymes 
in the cardiac fluid has in all cases been confirmed. Hoppe- 
Seyler 13 was the first to demonstrate the fact that the 
hepatopancreas of the Crustacea was a digestive organ, and 
since that time abundant evidence has been brought forward 
to prove the presence of carbohydrate-, protein-, and fat- 
splitting enzymes in that organ. Biedermann 4 and Jordan 18 
have each given an exhaustive summary of the previous work 
on this subject, and reference should be made to them for 
the complete literature ; the present account is confined to a 
description of the enzymes found in Nephrops. The glands 
were ground up with sand and extracts of an average 
strength of 20 per cent, prepared for experimental purposes. 
Rigorous controls consisting of boiled extracts were set 
up. Toluene was employed as an antiseptic and, unless 
otherwise stated, all digests were incubated at a temperature 
of 38° C.

a. The Digestion of Carbohydrates. — Table I. shows the 
principal results of a series of experiments on the specificity 
of the carbohydrate-splitting ferments. Owing to the 
presence of traces of reducing sugar in the extracts, the 
results had to be determined quantitatively by means of 
Benedict's solution, the reduction of disaccharides being 
determined by means of Barfoed's solution. It will be seen 
that the enzymes digest starch, glycogen, sucrose, maltose, 
and lactose, but not inulin or raffinose. Starch was digested 
much better in neutral, than in acid or alkaline, media. There 
is no trace of a cytase such as Biedermann and Moritz 5 found 
in Astacus ; there being not only no sign of any action on pure 
cellulose (which is never attacked by any cytase), but also no 
sign of any action on the hemicelluloses which are contained 
in wood.
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TABLE I.

i.

Experiment.

A. 10 c.c. + 10 c.c. i per cent, starch
medium, neutral 

B. ditto, medium, 0-2 N HC1 
C. ditto, medium, 0-2 N Na2 CO3

A. 10 c.c. +10 c.c. 0-5 per cent, glycogen 
B. ditto, boiled

A. 10 c.c. + 10 c.c. 2 per cent, sucrose
B. ditto, boiled

A. 10 c.c. + 10 c.c. i per cent, inulin .
B. ditto, boiled

A. 10 c.c. + 10 c.c. i per cent, raffinose
B. ditto, boiled

A. 10 c.c. + 10 c.c. 2 per cent, maltose
B. ditto, boiled

A. 10 c.c. + 10 c.c. 2 per cent, lactose. 
B. ditto, boiled

A. 15 c.c. + i gm. sawdust . 
B. ditto, boiled

Time.

3 hours

3 days

3 days

3 days

3 days

2 days

4 days

8 days

Result.

Titrated into 10 c.c. Benedict's solution. 
A. 15-2 c.c.

B. 33 
C. 40

c.c. 
c.c.

Titrated into 4 c.c. Benedict. 
A. 7-1 c.c. 
B. 15-6 c.c.

Titrated into 4 c.c. Benedict. 
A. 5 c.c. 
B. 16 c.c.

Titrated into 4 c.c. Benedict. 
A. 13 c.c. 
B. 12-8 c.c.

Titrated into 4 c.c. Benedict. 
A. 16 c.c. 
B. 16 c.c.

Boiled with Barfoed's solution for 5 min. 
A. Strong reduction. 
B. No reduction.

Boiled with Barfoed's solution for 5 min. 
A. Strong reduction. 
B. No reduction.

Titrated into 4 c.c. Benedict. 
A. 15-1 c.c. 
B. 15 c.c.

Further experiments were carried out in order to determine 
the optimum temperature and temperature of destruction of 
the amylolytic enzyme. Preliminary experiments revealed the 
interesting fact that the optimum temperature was high—at 
or above 50° C. The following experiment was then set up :—

A. 10 c.c. extract + 10 c.c. 2 per cent, starch at 38° C. for 4 hours

B. 
C. 
D. 
E. 
F. 
G.

+
JJ 

)) 

JJ

5) 

J) 

)) 

» 

JJ

JJ 

JJ 

JJ 

JJ 

JJ 

JJ

JJ 

JJ

»

>J 

JJ

JJ

JJ 

JJ 

JJ 

)J

42° C. 
46° C.
5°°C- 
54° C. 
58° C. 
62° C.

JJ 

JJ

JJ 

JJ 

J)

At the end of the four hours each digest was boiled, 
filtered, made up to exactly 20 c.c. again, and titrated 
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results :—
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c.c. of Benedict's solution, with the following

A. needed 7.2 c.c.
B. „ 7.0 c.c.
C. „ 6.8 c.c.
D. „ 6.6 c.c.

E. needed 6.4 c.c.
F. „ 6.4 c.c.
G. „ 7.0 c.c.

This result is expressed in the form of a graph in fig. 18, 
and the optimum temperature is seen to lie at about 57° C.

c.c

38 40 42 44 46 48 50 52 54 56 58

FIG. 18.—Temperature curve of the amylolytic enzyme.

60 62

Preliminary experiments revealed the fact that the tempera 
ture of destruction was also high, and the following final 
experiment was then carried out:—

A. 10 c.c. extract at 68° C. for 15 mins.
B. 
C. 
D. 
E. 
F. 
G. 
H.

» »

70° C.
72-5° c.

75° C. 
78° C. 
8i°C. 
84° C. 

100° C

J>

Ten c.c. of a i per cent, starch solution was then added 
to each and all incubated at 38° C. for two days. They 
were then boiled, filtered, made up to 20 c.c. each, and
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titrated into 10 c.c. of Benedict's solution, with the following 
results :—

A. needed 5.2 c.c. C. needed 7.6 c.c.
B. ,, 5-2 c.c. D. „ 9.3 c.c.

E, F, G, H, needed about 21 c.c. each.

i.e. the enzyme is destroyed at a temperature of between 76° 
and 78° C.

These results are remarkable. Nephrops is a cold-blooded 
animal living in comparatively deep water, where the tempera 
ture is never very high, and yet the optimum temperature for 
the action of the amylolytic enzyme is considerably higher 
than that of the hot-blooded mammals which live in a much 
warmer environment. The optimum temperature of the 
amylolytic enzyme present in the crystalline style of Mya 
arenaria was shown in a previous paper (Yonge 44) to lie at 
32° C. and the temperature of destruction at 51° C., and yet Mya 
is a shore dwelling animal living under distinctly warmer 
conditions than Nephrops.

b. The Digestion of Fat.—The presence of a fat-splitting 
enzyme has been demonstrated in a variety of ways. An 
emulsion of olive oil is split up, the presence of oleic acid being 
detected by titrating in N/io NaOH, phenolphthalein being 
used as indicator. Boiled milk, to which phenol red has been 
added, and which has been rendered alkaline with 4 c.c. of 
N/io Na2COs, is turned yellow within eighteen hours through 
the enzyme converting the butyrin into butyric acid. The 
following esters have also been split up by the hepatopancreatic 
secretion: methyl acetate, amyl acetate, butyl acetate, and 
ethyl acetate. The range of action of this enzyme is apparently 
very wide.

c. The Digestion of Protein.—A powerful proteolytic enzyme 
is present in the secretion. This works best in alkaline 
media, slightly in neutral, and is practically inhibited in acid 
media. Krukenberg (quoted by Biedermann 4) maintained that 
there are two proteolytic enzymes, a "tryptic" one and a 
" peptic " one, but there is no evidence for the presence of the 
latter. Fibrin is readily dissolved by the extract after it has 
been made alkaline with Na2CO3. After four days' incubation
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at 38° C., the digest was acidified with acetic acid which gave 
a slight precipitation of undigested globulin matter. The 
precipitate was then filtered off and the following tests applied 
to the filtrate: biuret reaction, almost negative; Millon's 
reagent, deep red coloration; bromine water, deep pink 
coloration— i.e. albuminoses are almost absent but the amino- 
acids tryptophane and tyrosin are present in large quantities. 
After the remaining filtrate had been evaporated almost to 
dryness leucin crystallised out in the form of round masses.

The extract also digested casein and peptone with the same 
production of amino-acids, and coagulated calcified milk.

In order to determine the optimum degree of alkalinity, 
digests were set up in media possessing varying degrees of 
alkalinity, each containing 0.5 gm. of fibrin. A control was set 
up in each medium. After two days' incubation at 38° C., the 
digests were boiled, filtered, and all made up to the same 
volume. The amino-acids which had been formed were then 
estimated by Sorensen's method, 20 c.c. of 10 per cent, neutral 
formaldehyde being added to each, and the acidity estimated by 
titrating in N/io Na2CO3 , phenolphthalein being employed as 
the indicator. The figures obtained from the control experi 
ments were deducted from the figures obtained from the 
corresponding experiments, in order to obtain the quantities of 
amino-acids formed. The results were as follows: neutral, 
4.7 c.c. ; N/8o Na2COs, 6.1 c.c.; N/4O Na2CO8 , 5.8 c.c. ; 
N/25 Na2CO8 , 6.1 c.c.; N/2O Na2 CO8 , 7.5 c.c.; N/io Na2CO8 , 
7.5 c.c. These results agree with those of Roaf, 35 who found 
that in Carcinus the optimum lay in a medium of N/2O 
Na2CO3.

d. Other Enzymes.—Giaja u has demonstrated the presence 
of enzymes hydrolysing glucosides among the Decapod 
Crustacea. He worked on Astacus, Portunus, Maja, Platy- 
caranus, Homarus, Palinurus, and Carcinus, and found that 
the hepatopancreatic secretion from these animals digested 
amygdalin, salicin, arbutin, coniferin, and phloridzin, with 
the exceptions that the secretion of Palinurus did not digest 
salicin, and that of Portunus, Maja, and Platycarcinus did 
not digest phloridzin. Extracts from the hepatopancreas of 
Nephrops were incubated with 2 per cent, solutions of salicin
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and amygdalin for ten days. It was found that salicin 
was not digested, but that amygdalin was split up with a 
formation of glucose and hydrocyanic acid. It seems highly 
improbable that this digestive power can be of any use to 
the animal.

e. Other Functions of the Hepatopancreas.—Assimilation 
and storage in the hepatopancreas will be considered in later 
sections; but other functions have been ascribed to this 
organ, and a short reference to these will not be out of place. 
Weber 42 considered that the hepatopancreas secreted bile, 
but Hoppe-Seyler 13 has shown that there is no trace of bile 
constituents throughout the Invertebrates. The usual tests 
for bile salts and pigments all give negative results when 
applied to the hepatopancreas of Nephrops. The brown 
pigment which is present can be extracted with absolute 
alcohol or ether, and Newbigin, 29 who worked on Nephrops, 
amongst other Crustacea, found that this pigment gave none 
of the reactions of a lipochrome. This has been confirmed 
and the pigment is apparently a lutein with no trace of the 
red lipochrome, tetronerythrin, found in the shell, although 
this is probably formed from it.^

Cuenot 8 considered that the gland possessed the three 
additional functions of excretion, elimination, and regulation. 
That foreign matter injected into the abdomen of a Decapod 
is passed into the gut by way of the ferment cells of the 
hepatopancreas has been known for a considerable time. 
This can most easily be demonstrated by injecting methylene 
blue into the abdomen and examining the animal after a day. 
The fore-gut and mid-gut are found full of the pigment and 
the hepatopancreas stained a deep blue. Fragments of the 
gland examined in glycerine show that the pigment has been 
taken up in discrete round globules, which correspond in 
number and size to the ferment cells, which cells can easily 
be distinguished as deeply staining masses after whole tubules 
have been stained with Delafield's haematoxylin. Moreover, 
after injecting iron lactate and proceeding as described in a 
previous section, iron was detected in the ferment cells as well

* For a full account of these pigments, see J. R. Fulton (1922), "Animal 
Chlorophyll ..." Q.J.M.S., 66.
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as in the blood sinuses. Jordan, 17 who has investigated this 
matter very carefully, has shown that the presence of iron in 
these cells can be demonstrated up to thirty-six days after 
injection. He points out, however, that, since the taking up 
of foreign matter is performed by glandular secreting cells, 
this cannot be considered a primary function of the gland. 
Moreover, he considers the amount which is " excreted" too 
small to be of any practical advantage, while a proportion of 
what is passed into the lumen of the gland is reabsorbed by 
the absorption cells, so that the process cannot even be 
considered an accessory function, but only, like the occasional 
presence of constituents of urine and other foreign matter 
in the milk of mammals, as an "accessory appearance" 
(Nebenerscheinung).

Cuenot 8 and Guieysse (quoted by Jordan 18) thought that 
the hepatopancreas possessed the power of eliminating toxic 
products by arresting their passage and fixing them in the 
gland cells where they were inoffensive. The former found 
that out of a series of pigments on which they had been fed, 
only Bismark brown in the case of Astacus, and methyl green 
in the case of Carcinus were ever found in the blood-stream, 
the remainder being " arrested" by the hepatopancreas, 
Although a large number of pigments were injected into the 
fore-gut of Nephrops none were ever identified in the blood, 
though all were found in the lumen of the hepatopancreas. 
Jordan 17 considers that the rejection or taking up of various 
substances depends rather on the nature of the substances. 
Thus, the same cells which take up iron readily will absorb 
no copper, although the latter has been shown to be the more 
abundant in the blood and is far from toxic. Assimilated 
material is held back by the hepatopancreas but only because 
it serves as a store of reserve food material.

Cue"not also considered that the hepatopancreas regulated 
the composition of the blood. He states that small quantities 
of injected colouring matter were excreted by the antennary 
gland, but that if the same amount was diluted to three times 
its bulk a certain amount was abstracted by the hepato 
pancreas, passing through by osmosis without staining the 
cells. Similar experiments were performed on Nephrops but
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the results were negative, no sign of any coloration in the 
lumen of the gland being detected. In any case the experi 
ment is hardly a satisfactory proof of what may quite possibly 
form one of the functions of the gland.

7. Assimilation.
a. Absorption.—Two methods of experimental feeding have 

been employed in order to determine where assimilation is 
performed. In either case animals were starved for three or 
four days previously in order to empty the gut, and then either 
olive oil or a 2 per cent, solution of ferrous lactate or ferrum 
oxydatum saccharatum was injected into the cardiac fore-gut 
by means of a pipette. The animals were left for from one to 
three days and then removed from water and the tissues 
fixed; those fed with olive oil with Flemming's solution, and 
those fed with the iron solutions with 95 per cent, alcohol 
containing 5 per cent, ammonium sulphide. It is useless 
employing the former method to test for assimilation in the 
hepatopancreas owing to the great amount of fat already 
present, an amount which in Jordan's 16 experiments it took 
three weeks of starvation to remove from the hepatopancreas 
of Astacus. On the other hand, Flemming's solution gives 
the better fixation, so the oil method was employed to 
determine absorption in the gut and the iron method in the 
hepatopancreas.

No trace of any absorption by the cells lining the fore-gut 
and hind-gut was found. The cells of the mid-gut (including 
those of the dorsal caecum and the diverticulum) showed the 
presence of minute, darkly staining fat-globules, which began 
just beneath the striated border and were found throughout the 
cells. They were never found actually in the striated border. 
Murlin 28 has described the process of fat ingestion in the 
mid-gut of the terrestrial Isopods, ideal Crustaceans for the 
purpose. He can find no trace of fat either in the striated 
border or the basement membrane, and considers that it is split 
up into glycerol and fatty acid in order to pass through these 
membranes and is not, as is often maintained, reduced to a 
fine emulsion and passed through in that form. Cuenot 8 and 
Jordan 16' 18 both found that the mid-gut of the Decapods
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absorbs fat, and both considered that this region is specialised 
for fat absorption. There seems no reason to assume this, but 
what is undoubtedly true is that food which is easily soluble is 
passed immediately from the fore-gut into the hepatopancreas, 
and only less soluble substances, such as fat, which is not 
quickly split up, pass into the mid-gut, the contents of which 
usually consist of a fine amorphous powder containing little 
fluid.

Sections of the hepatopancreas of an animal fed for three 
days on an iron solution and prepared in the usual way reveal 
the presence of a great deal of iron in the lumen of the tubules, 
and also as round masses lying in small vacuoles in the 
absorption (never the ferment) cells. Jordan found exactly the 
same condition in Astacus.

In the majority of Decapods, such as Astacus, in which the 
mid-gut is extremely small the hepatopancreas is by far the 
most important organ of assimilation; while in Nephrops, 
although it does not supply so large a proportion of the 
assimilative surface, yet, owing to the structure and functioning 
of the pyloric fore-gut, the greater part of the soluble products 
of digestion are passed into it, and not into the mid-gut. It 
is certainly the most important organ of assimilation through 
out the Decapods.

b. Permeability of the Gut—The question of the permeability 
of the gut has been investigated, the methods of Jordan and 
Lam 19 being employed. The fore-gut and mid-gut were excised 
from living animals and carefully washed out with sea-water 
introduced by means of an injection syringe. They were then 
ligatured with cotton thread at one end (in the case of the 
fore-gut round the cardio-pyloric valve) and then filled with a 
series of solutions, coloured red with carmine, in order to detect 
any escape of liquid. The other end was then ligatured (round 
the oesophagus in the case of the fore-gut) and the whole 
placed in a small glass dish containing liquid of a known 
composition.

Table II. shows the results of six experiments on the 
fore-gut. In the first two the fluid contained in the fore-gut 
and the surrounding liquid were isotonic, in the third and fourth 
the fluid in the fore-gut was hypertonic to the surrounding
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fluid, and in the last two it was hypotonic. The weights of 
the fore-guts (previously carefully dried on filter papers) were 
taken before and after immersion in the dish of fluid. The 
experiments were all maintained for twenty hours. Comparison 
between the two columns of weights shows that there was 
practically no difference in weight when the solutions were 
isotonic, an average gain of 8.2 per cent, when the contained 
fluid was hypertonic, and an average loss of 9.8 per cent, when 
it was hypotonic.

TABLE II.

Concentration ol Solution.

Inside Fore-gut.

Sea-water
»

Sea-water 
»

60 % sea-water
5!

Outside Fore-gut.

Sea-water
5>

60 % sea-water
jj

Sea-water
>5

1st Weight 
in Grams.

5-353 3-94

6-272 
5-632
4-296 
4-725

2nd Weight 
in Grams.

5-355 
3-960
6-750 
6-130
3-820 
4-323

Difference in Weights.

Absolute.

+ O-O02 
+ O-02

+ 0-478 
+ 0-498
- 0-476
- 0-402

Percentage.

+ 0-04 
+ 0-5

+ 7-6 
+ 8-8
— ii-i
- 8-5

The results of other experiments in which solutions of 
glucose in various concentrations of sea-water were contained 
in the fore-gut which was immersed in ordinary sea-water and 
again under the reverse conditions, the sea-water (whether it 
was within or without) being tested with Fehling's solution after 
twenty-four hours, prove that there is no transference of glucose 
in either direction, even though the solution containing it is 
considerably hypotonic to sea-water.

The fore-gut is semi-permeable. It allows water to pass in 
or out according to the laws of osmosis until an isotonic 
condition has been established between the contained and 
surrounding fluids, but it will not allow dissolved substances 
to pass through it. The same results are recorded by Jordan 
and Lam 19 for both the fore-gut and hind-gut of Astacus. 
The hind-gut of Nephrops is too small for satisfactory experi 
ments to be performed upon it, but there is no reason to doubt 
that it would behave in the same way as the fore-gut, or as 
the hind-gut of Astacus.
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A different state of affairs is found in the mid-gut. 

Table III. shows the results of a similar series of experiments 
to those performed on the fore-gut, the duration being the 
same. The mid-gut does not behave as a semi-permeable 
membrane. There was an average loss in weight of 10 per 
cent, when the two fluids were isotonic, one of 6.5 per cent.

TABLE III.

Concentration of Solution.

Inside Mid-gut.

Sea-water
»
»

Sea-water
9)

»

60 % sea-water
»>
•>

Outside Mid-gut.

Sea-water
>»
>>

60 % sea-water
»
»

Sea-water
»
»

1st Weight
in Grams.

0-291
0-164
0-245

0-406
0-217
0-146

0.273
0-228
0-255

2nd Weight
in Grams.

0-257
0-144
0-238

0-422
0-197
0-125

0-170
0-180
0-168

Difference in Weights.

Absolute.

- 0-034
- O-O2O
- O-OO7

+ 0-016
- O-O2O
- 0-021

- 0-103
- 0-048
- 0-087

Percentage.

- n-7
- 12-2

- 7
+ 4- 9-2
- 14-4
-37
- 21
-34

when the contained fluid was hypertonic, and one of 
30.7 per cent, when it was hypotonic. In one experiment 
(No. 4) when the contained fluid was hypertonic there was 
a gain in weight of 4 per cent. A series of confirmatory 
experiments were carried out in which the contained fluid was 
again hypertonic, and in these the weight was taken after four 
hours and again after twenty-one hours. Table IV. shows the 
results of these experiments. After four hours two of the 
three showed an increase in weight, but after twenty-one hours 
only one of them, and that much reduced.

TABLE IV.

ist Weight.

0-384

0-162

0-324

Weight after 
4 Hours.

0-392

0-181

0-284

Difference in 
Grams.

+ 0-008

+ 0-019

— 0-040

Weight after 
21 Hours.

0-314

0-169

0-206

Difference in 
Grams.

- 0-070

+ 0-007

- 0-II8

382



Comparative Physiology of Digestion
Jordan and Lam found that the mid-gut of Helix, a non- 

absorbing organ, behaved as a semi-permeable membrane 
under these conditions, and Bottazzi and Enriques (quoted by 
them) found the same conditions in the mid-gut of Aphysia. 
The mid-gut of Nephrops, however, is an absorbing organ and 
this accounts for its behaviour. Where the two fluids are 
isotonic. the physiological action of the absorbing cells which 
line the gut causes fluid to pass out of the gut, and where the 
contained fluid is hypotonic the action of the cells is helped by 
osmosis, the fall in weight being very pronounced. Where the 
contained fluid is hypertonic, however, the physiological action 
of the absorbing epithelium may be temporarily overcome by 
the opposing osmotic pressure; but, after some degree of osmotic 
equilibrium has been established, the former regains the upper 
hand and liquid begins to flow out of the gut. If a number 
of mid-guts are filled with solutions of glucose, isotonic, 
hypertonic, or hypotonic to the sea-water in which the guts are 
placed, in all cases the presence of glucose can be detected 
within a few hours in the surrounding sea-water, and the 
reverse has also been found to be the case. Jordan and Lam 
found that glucose diffused in either direction through the 
non-absorbing gut of Helix, but they state that an absorbing 
gut is always characterised by a definite polarity, dissolved 
substances passing outward but never inward. In spite of 
repeated experiments, in some of which the surrounding fluid 
which contained the glucose had an osmotic pressure of twice 
that of the contained sea-water, in all cases definite signs of the 
presence of glucose within the gut were detected within three 
hours. These results are practically the same, however, as 
Cohnheim 7 obtained when working on the gut of the Holo- 
thurians. He found that dissolved salts passed in and out 
of the gut according to the laws of osmosis and independent 
of the cell activity, but that sea-water always passed through 
by physiological absorption, i.e. in the one direction only. A 
similar state of affairs would appear to exist in the mid-gut 
of Nephrops, since on those occasions in which the glucose 
appeared to pass inwards against osmotic pressure it has to 
be remembered that the physiological activity of the cells, 
assisted by osmotic pressure, would very soon reduce the
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osmotic pressure within the gut to the same or a lower level 
than that of the surrounding fluid. Enriques (quoted by 
Jordan and Lam) has criticised Cohnheim's experiments on the 
ground that he used solutions of too high osmotic pressure and 
kept the experiments up too long (forty-eight hours); but neither 
of these criticisms can be applied to the present experiments on 
Nephrops.

The conclusions which may be drawn from the above 
experiments are that the fore-gut (and probably the hind-gut) 
are semi-permeable membranes, but that the mid-gut is an 
absorbing membrane and contained fluid is passed out even 
against the action of osmosis, although osmotic pressure 
beyond a certain strength will temporarily overcome it. 
Dissolved substances can diffuse freely in and out of the gut, 
but normally they will be carried through in the fluid which is 
passed out by the absorbing epithelium, and so pass into the 
blood-stream and get carried away from the gut.

8. Reserve Food Materials.
The hepatopancreas is the principal storage organ for 

reserve food but the quantities present are intimately bound 
up with ecdysis, so that if quantitative estimations are to be 
of any value they must be made at all stages of growth, before, 
during, and after moulting, and the results compared. Though 
it has not been possible to keep Nephrops and make these 
comparative estimations yet this has already been done for so 
many Decapods, and the whole matter so satisfactorily worked 
out, that no new observations are really necessary. In Nephrops, 
glycogen is present in the hepatopancreas in great quantities, 
in lumps beneath the epidermis, and it has also been 
detected in the connective tissue round the gut and in the 
ovaries. C. Bernard 3 first showed the intimate relationship 
between the glycogenic content of the hepatopancreas and 
ecdysis. He found that in the crayfish glycogen begins to be 
accumulated in the hepatopancreas twenty to twenty-five days 
before moulting, and continues to increase up to the time of 
moulting when it rapidly declines in amount. Kirch 20 found 
that in the same animal the maximum glycogenic content 
(0.82 per cent, of the body weight) occurs actually at the time
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of moulting, but that four months earlier the content is only 
0.08 per cent., which rises to 0.4 per cent, shortly before the 
moult. He found the same conditions in Carcinus, Platy- 
carcinus, and Maja. At the time of moulting the glycogen is 
transferred by the blood-stream to the epidermis where it is 
employed to build up the new carapace. Kirch found that 
glycogen was most abundant near the blind end of the 
hepatopancreatic tubules, and that it was present in both 
absorption and ferment cells. Smith 88 found that the presence 
of Sacculina in Carcinus depressed the glycogenic function by 
making no demand for glycogen, but an excessive demand for 
fat, the result being that no moulting occurred ; just as 
prolonged starvation, by causing the transference of glycogen 
from the epidermis to the hepatopancreas, inhibits ecdysis.

Ether extracts obtained by means of a Soxhlet apparatus 
show the following fat content for the wet drained tissues of 
Nepkrops: Hepatopancreas, 6.975 Per cent.; muscle, 0.36 
per cent.; gonad $, 14.945 Per cent.; gonad £, 0.857 per 
cent. The hepatopancreas and ovary contain traces of 
lecithin. Paul and Sharpe, 31 ' 32 working on Carcinus, have 
shown that the total weight of fat in the hepatopancreas 
increases both in total quantity and relatively to the weight of 
the body and hepatopancreas as the animal approaches the 
moulting period. At the same time the quantity of lecithin 
is reduced in proportion, they think, as cell proliferation 
advances and the nuclei, though not the cell bodies, become 
larger, the probability being that some or all of the phospho- 
lipins of the nucleoprotein molecule is derived from this 
source. They find that immediately after moulting the fat 
content of the hepatopancreas drops to 25 per cent, of what 
it had been. Smith 38 found that the presence of Sacculina 
caused an increase of 35 per cent, in the fat content of the 
hepatopancreas.

There may also be a reserve of calcium, in the form of 
calcium phosphate, in the gland. Paul and Sharpe 31 found that 
in Cancer this is present to the extent of 23 per cent, of the 
dried weight of the gland at the time of moulting, but that 
immediately afterwards it drops to practically nothing. They 
found a small storage in Lithodes, but none in Homarus.
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Estimations of the calcium phosphate present in the hepato 
pancreas of Nephrops reveal a similar absence of any storage.

No cholesterol has been found in Nephrops although it has 
been found in many Decapods. Traces of tryptophane, leucin, 
and reducing sugars have been detected in the gland.

9. Summary.
1. Nephrops norvegicus is a marine Decapod Crustacean 

living at a depth, of between 10 and 60 fathoms and never 
coming inshore.

2. It lives principally upon a calcareous and carnivorous 
diet Food is seized by the great chelae or second and third 
walking legs and passed to the third maxillipedes, which grip 
and tear it with their teeth and transfer it to the preceding 
mouth parts. It finally passes to the mandibles which grind it 
up still finer, and pass it into the mouth.

3. The alimentary system consists of a chitinous fore-gut, 
comprising an oesophagus, a cardiac fore-gut, and a pyloric 
fore-gut, a mid-gut which is the longest part of the gut and 
possesses three outpouchings—the dorsal caecum, the posterior 
diverticulum, and the hepatopancreas which opens by a pair of 
lateral ducts into its anterior end—and a chitinous hind-gut 
which opens to the exterior at the anus.

4. Tegumental glands are found in great numbers in the 
mouth region, the oesophagus, and the hind-gut. There is no 
physiological evidence to show that they possess any digestive 
function ; they may possibly discharge a sticky secretion or be 
correlated with the presence of chitin in these regions.

5. The cardiac fore-gut consists of a spherical bag 
strengthened by calcified ossicles, a number of which form the 
gastric mill, a masticatory apparatus consisting of three teeth 
and worked by the gastric muscles.

6. The pyloric fore-gut is separated from the cardiac fore- 
gut by the cardio-pyloric valve. Finely divided particles pass 
into it by the mid-gut filter, and by the two lateral channels. 
Behind the valve the walls of the pyloric fore-gut are thickened 
to form the press and beneath this lies the gland filter, consisting 
of two chitinous plates, uniting in the middle line to form a 
ridge, and bearing transverse chitinous rods each of which is
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set with a row of setae on its inner side. Five chitinous valves 
pass backward into the mid-gut.

7. The hepatopancreatic secretion passes directly into the 
cardiac fore-gut by way of the gland filter and two ventral 
channels, one on either side of the cardio-pyloric valve, which 
open into a ventral groove in the cardiac fore-gut. Material 
dissolved by the secretion is passed back by the same route, 
being strained through the gland filter before entering the 
hepatopancreas.

8. The epithelium of the hepatopancreas is composed of 
glandular ferment cells and absorption cells which contain a 
mass of fat globules. The tubules are surrounded by a 
network of circular and longitudinal muscle fibres.

9. The mid-gut possesses a circular muscle coat and outside 
that a longitudinal one, but the hind-gut also possesses inner 
longitudinal fibres, which run within the six longitudinal ridges 
into which the hind-gut epithelium is raised.

10. The anus is a longitudinal slit on the under side of the 
telson. It possesses no sphincter but a series of radial muscles 
which pass to the dorsal and particularly the ventral body chitin.

11. Food is forced into the cardiac fore-gut by the action 
of the constrictor and dilator muscles of the oesophagus. 
There it is either ground up by the gastric mill and passed 
into the mid-gut, or dissolved by the digestive juices and passed 
into the hepatopancreas, the expansions and contractions of 
which are brought about by its muscular network. Peristaltic 
action forces particles backward in the mid-gut, and pronounced 
peristaltic contractions, due to the action of the inner longi 
tudinal muscles, force it out of the hind-gut, the anus opening 
by a contraction of the radial fibres.

12. The hind-gut is innervated from the last abdominal 
ganglion by the nervus intestinalis posterior, which probably 
regulates the peristaltic movements.

13. The hepatopancreas secretes the digestive enzymes. 
Starch, glycogen, sucrose, maltose, and lactose are digested, 
the amylolytic ferment finding its optimum in a neutral medium 
and at a temperature of 57° C., being destroyed between 76° 
and 78° C. Fat and esters are split up ; and protein is digested, 
especially in alkaline media, with the formation of ammo-acids.
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14. There is no bile, but a brown lutein pigment is present 

in the hepatopancreas. The accessory functions of excretion, 
elimination, and regulation are all of doubtful occurrence.

15. Absorption is carried on by the mid-gut and its 
appendages, and by the absorption cells of the hepatopancreas.

16. The fore-gut (and probably the hind-gut) is a semi- 
permeable membrane. The mid-gut allows dissolved matter 
to diffuse through it in either direction, but the action of the 
absorbing epithelium causes contained fluid to pass outward 
even against strong osmotic pressure.

17. Among the Crustacea the hepatopancreas is an important 
storage organ for glycogen, fat (including lecithin), and calcium, 
which vary in amount in accordance with the particular stage 
of growth. Nephrops stores fat and glycogen but not calcium.
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