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Summary

Previous X-ray diffraction studies have established the crystallographic identity of tunicin
with cellulose from plant cell walls. Enzymatic degradation of the tunicin results in the
isolation of microfibrils 120-130 A in width (which appear to consist of two sub-units). Using
staining and freeze-etching techniques it has been demonstrated that the microfibrils occur
in the test as aggregates measuring 2000-4000 A in diameter. In this respect the physical
texture of the cellulose of Pyura resembles that of collagen in animal connective tissue and
does not resemble the texture of cellulose in either the primary or secondary cell walls of
plants.

Examination of fixed and frozen etched specimens showed that ferrocytes of the test and
vesicles derived from them are closely associated with the cellulose microfibril bundles.
However, at the optical level, autoradiographs of animals treated with C* glucose showed
greatest radioactivity to be in the epidermal cells of the mantle and of the blood vessels, but
not in the ferrocytes. These cells also showed a considerable development of rough ER and
of Golgi bodies. On the evidence obtained it is considered that the sites of cellulose synthesis
are the epidermal cells of the mantle and of the blood vessels. The function of the test cells
is unknown. The migration of ferrocytes to areas of wounding in the test suggests that they
may have some lytic function associated with wound repair.

1. Introduction

Although cellulose has been reported to occur in a number of animal struc-
tures (ENDEAN 1961, Harr and Saxr 1961), it is in the tests of the Tunicata
that it occurs in greatest abundance. References to earlier literature are
given by BerrIiLL (1950) and ENDEAN (1955 a—c, 1961). Summarizing earlier
literature, BERRILL (1950) states that the test contains approximately 60 per
cent cellulose, 27 per cent nitrogen-containing components and, in the fresh
condition, ca. 90 per cent water. The nature of the protein in the test has
been discussed by Harr and Saxr (1961). In different groups of the Tunicata
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the extent of development of the test varies greatly. In colonial forms it may
be thin and translucent or highly coloured, whereas in the Pyuridae it reaches
its greatest development and contains numerous test cells originating in the
epidermis or from the blood vessels which ramify through it.

The crystallographic identity of tunicin with cellulose I of plants was estab-
lished by the studies of Marx and Susicu (1929), HErzoc and GonerL (1924),
and later by RAnBY (1952). It was also demonstrated by Sutra (1932) and
by RANBY (1952) that tunicin may be mercerized to yield cellulose II iden-
tical with that obtained from plant cellulose. That tunicin is aggregated in
the form of microfibrils similar to those of plant cellulose was shown by the
electron microscopic studies of Frey-Wyssting and Frey (1950) and of
RANBY 1952. RANBY estimated the microfibrils to be 120 + 20 A in width.
Other investigations of the test have been directed to the study of the manner
of aggregation of the microfibrils and to determine their orientation in
relation to the shape of the animal. EnpEan noted the presence of a network
of fibres in the test of Pyura (1955 b) and of Phallusia (1961). He observed
further that the microfibrils were often oriented parallel to the length of the
blood vessels. In Boltenia and Molgula Misnra and CoLvin (1969) demon-
strated bands of microfibrils randomly arranged in the plane of the test
surface, and in transverse section no lamellation of the test was observed.
These investigators concluded that the organization of cellulose in the test
differed from that in plant cell walls in that the microfibrils are not arranged
in lamellae, but there was some analogy with the randomly arranged micro-
fibrils of the primary walls of plant cells. Deck er al. (1966) also noted
some similarities between the texture of cellulose in the tunic of Perophora
and that of plant cell walls.

The site of formation of cellulose has generally been accepted as being in the
epidermal cells (Berrirr 1950, DECK et al. 1966). On the other hand, ENpEaN
(1955 a), while admitting this possibility, has noted the identity of blood cells
in the test vessels with the amoeboid cells of the test and concluded that these
amoebocyte (ferrocytes) cells may be involved in the formation of cellulose.
The purpose of the present study was, first, to study the texture of the test
of Pyura stolonifera and, secondly, to attempt to detect any cytological
phenomena which may indicate the role of the amoebocyte cells in the for-
mation of the test.

2. Material and Methods

Specimens of Pyura stolonifera were collected from San Remo Western Port Bay, Victoria.
Under laboratory conditions, in aerated sea water, the specimens could be kept alive for
3—4 weeks.

2.1. Optical Microscopy

Slices were removed from the test and frozen using the “Frigistor” equipment of the de la
Rue Company, Cambridge and mounted in glycerol for examination berween crossed nicols.
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22. Electron Microscopy

Fixation. Slices ca. 1 mm thick were cut from the test with a scalpel; any adhering sand
grains were cut off, and the remaining test cut into pieces not greater than 1 mm? The
specimens were fixed in potassium permanganate (2 per cent at room temperature for 2 hours)
or glutaraldehyde (6 per cent in 0.1 M phosphate buffer for 2 hours).

Embedding. Permanganate fixed material was embedded in a mixture of methyl and butyl
methacrylate (1 :4) after dehydration in ethanol or acetone. Glutaraldehyde fixed matetial
was similarly dehydrated and embedded in Araldite using the method of GrauerT and
GLAUERT (1958).

Sectioning. Sections were cut using either an LKB or Reichert ultramicrotome and examined
in a Siemens Elmiskop 1 A electron microscope. Some sections, after Araldite embedding,
were shadowcast using Pt.-Pd. following the method of Maser ez al. (1967).

Freeze-etching. Freeze-etching of specimens was carried out using the method of Moor (1964)
employing the apparatus of Balzers. Specimens were impregnated with glycerol (20 per cent)
before the etching process.

23. Autoradiography

Autoradiography studies were carried out only at the optical level. Small whole animals
(ca. 1cm tall) were immersed in sea water to which C!¢ labelled glucose had been added
(0.05 mc per 10 cc). The specimens were dissected after 2, 16, or 24 hours treatment. Alter-
natively, a solution of C labelled glucose (0.05 mc per 5cc) was placed in a hypodermic
syringe and the needle was inserted into the test of mature animals (10-20 cm tall) which
were dissected after 2, 16, or 24 hours. From dissected pieces of the tunic slices were cut,
fixed and dehydrated in ethanol and embedded in paraffin. From the embedded slices sections
ca. 20 microns thick were cut, mounted on glass slides and covered with Kodak AR. 10
stripping film or with NTB.2 (Kodak emulsion). The preparations were developed after
7-20 days using D. 19 Kodak developer, dried, and examined microscopically.

3. Results
31. The Texture of the Test

Electron micrographs of microfibrils isolated by digestion first with pepsin
and then by cellulase, showed these structures to have the form of flat ribbons,
120-130 A in width (Fig. 1). In some instances the microfibrils appeared to
consist of two sub-units (arrow, Fig. 1).

In sections embedded in Araldite and post-stained with lead citrate the indi-
vidual microfibrils could be resolved measuring 120130 A in width (Fig. 2).
These structures thus appear similar to those isolated by enzymatic digestion
(Fig. 1).

Evidence that the microfibrils were aggregated into bundles was obtained by
the examination of sections of fixed material (Fig. 2), of Araldite embedded
sections after shadowcasting (Fig. 13), and by the examination of specimens
subjected to freeze-etching (Fig. 3). Near the surface of blood vessels the
microfibril bundles tended to be aligned parallel to the vessel length. This
could be seen both in electron micrographs and in sections when examined
between crossed nicols (Fig. 14). In agreement with ENDEAN (1955 b), there
was no other evidence of any preferred alignment of microfibrils in the test.
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Thus, it is apparent that the microfibrils in the test of Pyura occur in aggre-
gates resembling aggregates of collagen fibrils occurring in connective tissue
of other animals. This is in marked contrast to the woven texture of primary
walls and to the lamellate texture of secondary walls of plant cells.

32. The Cytology of the Test Cells

ENDEAN (1955 a) recognized seven types of cells in the blood of Pyura
stolonifera. Of these, ca. 70 per cent consisted of lymphocytes and the so-

Fig. 1. Microfibrils of the test iso-
lated by digestion with pepsin (1 per
cent aqueous for 16 hours) followed
by cellulase (1 per cent aqueous for
16 hours) and negatively stained
with P.T.A. The arrow points to
regions where there appear to be
two sub-units

Fig. 2. A section of the test fixed in
glutaraldehyde and stained with lead
citrate and uranyl acetate; showing
microfibril bundles

called “morula” cells or of cells intermediate between these types. The
Iymphocytes are characterized by a large nucleus and granular cytoplasm.
The morula cells are ca. 8 microns in diameter and have a small nucleus and
numerous cytoplasmic vesicles. In the present study the different cell types
noted by EnpeEan were found in the test as well as in the blood vessels. The
cells observed in the test were either lymphocytes, morula cells or cells of
intermediate characteristics. The cells of intermediate structure were between
5 and 16 « in length and were characterized by a very large nucleus and
numerous vacuoles (Figs., 4-7).

Golgi bodies, endoplasmic reticulum and mitochondria could be recognized
(Figs. 5 and 6). Also many cells such as those in Fig. 6 appeared to be at
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various stages of degeneration. In some cells few organelles other than mito-
chondria could be seen, and the vacuoles were either filled or appeared empty
(A, Fig. 6). Other cells appeared to be at a more advanced stage of degen-
eration (cell B, Fig.6) and fragments of them could often be recognized
among the test fibrils (Fig. 2). In Fig. 4 the similarity in appearance of
vacuoles within the cell and vesicles external to it, can be seen. A cell at
a similar stage of development is shown in the shadowcast section of fixed
test shown in Fig. 13.
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Fig. 3. A frozen-etched preparation of the test showing bundles of cellulose micro-

fibrils

Cells of the morula type or at an advanced stage of differentiation towards
this type of cell were characterized by the presence of numerous vacuoles
and few other organelles could be recognized. With glutaraldehyde fixation
fibrils could be seen closely associated with the plasmalemma (Fig. 7). This
was also seen in frozen-etched preparations (Fig. 8). The vacuoles of the
morula cells had thick walls (Figs. 9 and 11) which appeared in some instances
to be lamellated. At one point (arrows, inset Fig. 9) the plasmalemma was
cut almost normal to its surface and at higher magnification could be seen
to consist of two layers separated by a depression. Vesicles similar to the
vacuoles of the morula cells could be seen lying free in the test (Fig. 4) and
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in some specimens, such as that shown in Fig. 10, it appeared that the vacuoles
had passed through the surface of the plasmalemma. Evidence of vesicle
secretion by both the developing cell and mature morula cells was also ob-
tained by the examination of shadowcast glutaraldehyde fixed sections
(Fig. 13) in which the ends of microfibril bundles in the test can be seen.
Within the cell numerous vacuoles and the large nucleus were apparent. Some
vesicle structures, some distance from the cell surface (arrows, Fig. 13),
appeared similar to the vacuoles of the cell.

The vesicles lying free in the test in some instances appeared to be associated
with microfibrils (Figs. 11 and 12). However, instances of this association
were rarely seen and the possibility that they represent some artefact in prep-
aration cannot be excluded. It was considered, however, sufficiently relevant
to the discussion in this paper to include the observation.

33. The Cytology of the Epidermis
and of the Epidermal Cells of Blood Vessels

The epidermal cells of the mantle contained extended areas of endoplasmic
reticulum with associated ribosomes, Golgi bodies, and numerous vesicles
possibly derived from either of these structures (Fig. 16). The epidermal
cells of the blood vessels, so far as could be judged, contained fewer Golgi
bodies than the epidermal cells of the mantle, but greatly inflated profiles of
rough endoplasmic reticulum with granular contents were present (Fig. 17).
At the margin of the test and the epidermal cells vesicles appeared to undergo
dissolution (arrow, Fig. 17).

34. Autoradiography

As described, autoradiographs were prepared from young animals living in
sea water to which C'" labelled glucose had been added and from mature
specimens into the test of which hypodermic needles containing C'* glucose
were inserted. In all specimens the epidermis and test vessels were heavily
labelled and the test adjacent to the vessels was also labelled. The cells of
the test did not show any radioactivity (Fig. 15).

4. Discussion

From observations on preparations of enzymatically degraded tunicin it is
apparent that the cellulose occurs in the test as microfibrils 120130 A in

Fig. 4. A frozen-etched preparation of a ferrocyte in the test. The similarity of the vesicles
within the cell to those lying free in the test is apparent

Fig. 5. A section of a cell similar to that in Fig. 5. The cell is characterized by its large
nucleus (N), and numerous vacuoles. Mitochondria and Golgi bodies can also be seen (per-
manganate fixation)

Fig. 6. A section of a degenerating ferrocyte with mitochondria and numerous vacuoles, some
of which appear to possess dense contents (glutaraldehyde fixation)
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Fig. 7. A section of a ferrocyte showing numerous vacuoles and associated test microfibrils
(glutaraldehyde fixation)

Fig. 8. A frozen-etched preparation of a ferrocyte showing numerous vacuoles (V), the
plasmalemma (P), and associated microfibril bundles (arrows)



Fig. 9. A frozen-etched test cell at the “morula” stage showing numerous vacuoles, some
microfibrils (double arrow). Inset = enlargement of the area between the single arrows,
showing the structure of the plasmalemma in section

Fig. 10. Part of a preparation similar to Fig. 9 where a vesicle gives the appearance of
having emerged through the plasmalemma

Figs. 11 and 12. Test vesicles similar to that shown in Fig. 10 and associated microfibrils
{frozen-etched preparation)
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Fig. 13. A test ferrocyte, shadowcast after glutaraldehyde fixation, showing microfibril

bundles in section and vesicles apparently derived from ferrocytes (arrow)

Fig. 14. A longitudinal section of test vessel photographed between crossed nicols, with
the vessel at 45° to the plane of polarization. Note the patches of birefringence cor-
responding to regions of parallel microfibrils

Fig. 15. An autoradiograph of part of a test vessel from a specimen injected with C*
labelled glucose for 2 hours. Note the absence of radioactivity in the ferrocytes (arrows)
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thickness. Elementary fibrils 30-40 A in their lateral dimensions, such as
those demonstrated in plant cellulose by FreEy-WyssLing and MUHLETHALER
(1963) were not detected. Since elementary fibrils could be isolated from
Valonia microfibrils by the same method as that used in the present study
(Warpror and JurTe 1968) the query must be raised whether in fact tunicin
microfibrils are composed of elementary fibrils as sub-units. However, in
electron micrographs such as that in Fig. 1 there was some evidence that
microfibrils may be composed of two smaller sub-units. From Figs. 2 and 3
it is apparent that in the test the microfibrils are aggregated into bundles
2000-4000 A in width. Contrary to the conclusion of DEck et 4l. (1966) and
of Misura and CoLvin (1968), this type of microfibril aggregation constitutes
a texture quite different from the woven or lamellated textures of the walls
of plant cells, but does resemble the manner of aggregation of collagen fibrils
in connective tissue (PORTER 1959, Ross 1968). In a previous X-ray study
by Miss K. KeLsey (1963), in association with the author, it was shown by
the critical point drying method of Anprrson (1951) that the cellulose of
the tunic existed in crystalline state. These observations are in agreement
with the frozen-etched image shown in Fig. 3.

The question of the site of formation of the test has been reviewed by
BerriLL (1950) and the consensus of opinion particularly resulting from the
work of Hecut (1918) on Ascidia and of Brien (1930) on Clavelina is that
test substances are secreted next to the epidermis and are lost from the surface
of the test, so that this structure is in a state of dynamic equilibrium. Brien
concluded that the test cells arise in the mesenchyme and migrate through the
epidermis. In the Pyuridae the test contains numerous blood vessels which
end in ampullae through which test cells pass from the blood.

In contrast to the conclusion of Hecut and of Brien, ENDEAN (1955 a-—c)
concluded that the test cells are involved in the formation of test substances.
This conclusion was based on the observation that when wounded the test of
Pyura stolonifera rapidly regenerates and the process of wound repair is charac-
terized by the migration of numerous test cells to the site of test regeneration.
In the present study on the same species the test cells appeared to be closely
associated with the fibril bundles (Figs. 7 and 8) and indeed the vesicles formed
from the morula cells (Figs. 9-12) were seen to be scattered among the fibril
bundles (Fig. 13) so that it appeared possible that the cellulose microfibrils
could arise either from the plasmalemma of the test cells or from vesicles
secreted from them. Indeed, some secreted vesicles appeared to be involved
in fibril formation (Figs. 11 and 12). It may be noted that, in view of the
migratory behaviour of the test cells, either site of origin would provide a
ready explanation of the random, three-dimensional, distribution of the
microfibril bundles.

The evidence of autoradiography, however, does not give any indication
that cellulose may originate in the test cells or vesicles derived from them.
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At the optical level it could be seen that, irrespective of the manner of
administration of the C* labelled glucose, the radioactivity was confined
to the epidermis and the test immediately adjacent to it, or to the test vessels
and the test adjacent to them (Fig. 15). The lack of any obvious association
of the radioactivity and the test cells, even at the site of injection of the Ct¢
labelled glucose, suggests that the mantle epidermis and epidermis of the
vessels are the sites of cellulose synthesis. Evidence that the epidermis was
involved in cellulose synthesis was obtained by Drck et al. (1966) for the
colonial species Perophora viridis. It was further pointed out by these work-
ers that the epidermal cells were rich in Golgi bodies and rough endoplasmic
reticulum, but that the test cells generally lack these organelles. This was
also found to be so for Pyura (cf. Figs. 5-7 and Figs. 16 and 17) but, in
addition, the epidermal cells making up the walls of the blood vessels con-
tained many profiles of endoplasmic reticulum with numerous ribosomes and
was greatly inflated and contained granular contents (Fig. 17). Furthermore,
there was some evidence of vesicular secretion within the test at the test-
plasmalemma interface (arrow, Fig. 17). Thus, the autoradiographic evidence
and the cytological features of the epidermis support the observation of
Deck et al. (1966) that the epidermis is a site of the cellulose synthesis, but
in Pyura the cells making up the walls of the test vessels (Figs. 15 and 17)
are also involved.

Although there was no direct evidence as to what the function of the test
cells may be, their accumulation near wounds in the test suggests that they
may have some scavenging function by ingestion of wound debris or may
achieve this result by the release of hydrolytic enzymes by the secretion of
enzyme-containing vesicles.

Thus, generally, the observations made in the present study show that the
cellulose of the test of Pyura is aggregated in bundles 20004000 A in width,
which is a form af aggregation analogous to the physical texture of collagen
in connective tissue. Autoradiograph studies and cytological observations
are considered with the view that the site of formation of cellulose is the
epidermis of the animal or the epidermal cells of the test blood vessels.
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