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Abstract. The tunic of colonial ascidians of the genus Cystodytes is a dynamic and complex
system where a variety of cell types and microsymbionts are found. The tunic is also the site
where pyridoacridine alkaloids involved in chemical defense are found. We wanted to explore
the composition of symbionts and tunic cell types and their relationship with localization of
alkaloids in three color morphs (usually attributed to the species Cystodytes dellechiajei).
Tunic morphology was studied by means of transmission electron microscopy, and energy-
dispersive X-ray microanalysis was performed for indirect localization of the bioactive alka-
loids produced by these morphotypes. The main cell types identified are bladder cells, pig-
ment cells, amebocytes, phagocytes, and morula cells. Amebocytes include several subtypes
that may correspond to a sequence of ontogenetic stages; these cells also seem to give rise
to other cell types. In the three morphotypes, the morphology of the tunic and tunic cells
is basically the same. The alkaloids are localized in the pigment cells. At least three types of
bacteria are present in the tunic, but they are scarce and do not store the targeted bioactive
alkaloids. Our results indicate that, although pyridoacridine alkaloids are present in these
ascidians, as in a variety of animal phyla, their wide taxonomic range is not necessarily the
result of production by common microsymbionts, but rather of the convergent evolution of a
successful biosynthetic pathway.
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The ascidian tunic is a biologically active compart-
ment that mediates many of the interactions between
the animal and the environment. In particular, most
defense interactions occur in the tunic; such inter-
actions are either physically (toughness, spicules) or
chemically (acidity, secondary chemistry) mediated.
The tunic is analogous to a mesenchymal tissue
formed by a matrix of variable consistency and di-
verse cellular components (Hirose et al. 1991; Hirose
2001). The tunic matrix contains fibers of cellulose-
like polysaccharides associated with collagen and
elastin-like proteins (De Leo et al. 1977; Patricolo &
De Leo 1979; Van Daele & Goffinet 1987). Also in
the matrix are a variety of free cells that perform
multiple functions, such as pigmentation, acid stor-
age, impulse conduction, contraction, and allorecog-
nition (Mackie & Singla 1987; Hirose et al. 1997;

Hirose 1999, 2001). All these cell types arise from
blood cells that migrate into the tunic (Godeaux
1964; Cloney & Grimm 1970; Hirose et al. 2003).
The tunic is also the site in which microsymbiont
populations are found in many species (e.g., De Leo
& Patricolo 1980; Lewin 1984; Hirose & Saito 1992;
Hirose et al. 1996; Groepler & Schuett 2003). We
studied the composition and abundance of cell types
and microsymbionts in a genus of colonial ascidian
known to produce bioactive chemicals. Our intent
was to obtain new information about tunic features
and function, as well as about the localization of the
active chemicals within the tunic. The study of with-
in-specimen localization of bioactive compounds in
marine organisms is important for ascertaining eco-
logical roles of the compounds, their biosynthetic or-
igin (host or symbionts), and for potential production
(cell cultures) for biotechnological applications.

One focus of this report is the ultrastructure of the
tunic of colonies in the genus Cystodytes DRASCHE

1884. The tunic material, which makes up B95% of
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the total dry weight of the colony in this genus (Tar-
juelo & Turon 2004), is a cell-rich covering (Lambert
1979; Rottmayr et al. 2001) that encases the zooids to
form encrusting sheets up to several hundred cm2 in
area. The tunic of species of Cystodytes is responsible
for the various, apparently redundant, defense mech-
anisms described for colonies (Tarjuelo et al. 2002;
López-Legentil 2005). These mechanisms include
acidity, calcium carbonate spicules that shield the
zooids, and bioactive alkaloids (Kobayashi et al.
1988; Carroll & Scheuer 1990; López-Legentil et al.
2005a,b). In the western Mediterranean, colonies of
the genus Cystodytes have usually been assigned
to the circumtropical species C. dellechiajei DELLA

VALLE 1877 (Turon 1987; Brunetti 1994), in spite of a
noticeable variability in terms of colony color, sec-
ondary metabolites, and spicule composition. Previ-
ous studies based on genetic data (López-Legentil
2005; López-Legentil & Turon 2005), secondary
metabolite characterization (López-Legentil et al.
2005a), and life cycles (López-Legentil et al.
2005a,b) show that there are at least two different
species in the Mediterranean (and probably more).
One of them comprises the purple color morph,
which contains sulfur-containing pyridoacridines
Shermilamine B and Kuanoniamine D (and their
deacetylated forms), whereas the blue and green
morphs, which feature the C9-unsubstituted
pyridoacridines Ascididemin and 11-Hydroxyasci-
didemin, are attributable to a different species
(López-Legentil 2005; López-Legentil & Turon 2005;
López-Legentil et al. 2005a,b).

Several pyridoacridine alkaloids have been isolat-
ed from sponges, ascidians, molluscs, and cnidarians
(Molinski 1993; Salomon et al. 2001), and potential
biotransformation relationships have been hypothe-
sized among them (Skyler &Heathcock 2002;Wenzel
& Crews 2003). The pyridoacridine alkaloids have
strong biological activities and may represent a pow-
erful defense mechanism for organisms that produce
them (Marshall & Barrows 2004). The wide taxono-
mic range of these alkaloids suggests the possibility
that symbiotic bacteria might produce these com-
pounds. Alternatively, they may constitute a clear
instance of convergent evolution of an efficient bio-
synthetic pathway (Salomon et al. 2001). Although
the dichotomy between production of bioactive met-
abolites by the host or by prokaryote symbionts is a
long-standing issue in sponge studies (e.g., Elyakov
et al. 1991; Unson & Faulkner 1993; Faulkner et al.
1994; Uriz et al. 1996b), it has received much less
attention in ascidians (e.g., Salomon & Faulkner
2002; Moss et al. 2003), and sometimes contrasting
results have been reported (Degnan et al. 1987; Biard

et al. 2004). A comprehensive description of the cell
types and microsymbionts present in the tunic and
the cellular localization of bioactive compounds
could, therefore, yield important information about
the source and biological roles of secondary met-
abolites in ascidians. To our knowledge, the only
previous study of tunic morphology in C. dellechiajei
was undertaken by Rottmayr et al. (2001) using light
and confocal laser microscopy. Here, we provide in-
formation on the ultrastructure of the tunic and tunic
cells, and the distribution of alkaloids within-organ-
ism by comparing the spectra obtained from energy-
dispersive X-ray microanalysis (ED-XRMA) of
semithin sections (targeting the sulfur element of
the purple morph alkaloids), a technique successful-
ly used in sponges (Thompson et al. 1983; Turon
et al. 2000).

The goals of this paper are fourfold. First, we aim
to characterize the ultrastructure of the main cell
types present in the most abundant color morphs of
the genus Cystodytes in the western Mediterranean
(purple, blue, and green). Second, we assess whether
differences exist between color morphs to further
evaluate the likelihood of the presence of several dis-
tinct species in the area. Third, we study the presence
and abundance of prokaryote symbionts in the tunic.
Finally, we apply the X-ray microanalysis method to
secondary metabolite localization for the first time in
ascidians.

Methods

Sampling and preparation procedures

Specimens of the three color morphs of Cystodytes
spp. were sampled from the following sites on the
Spanish Mediterranean coast: purple morph from
Illes Medes (42102.50, 3113.30E), blue morph from
Palamós (41150.40N, 3107.60E), and green morph
from Aguamarga, Cabo de Gata (36153.50N,
1157.90W). Five colonies of each morphotype were
collected using SCUBA and fixed immediately for
microscopy. In addition, some unfixed colonies were
cut into slices and observed in vivo with stereo and
light microscopes. Ultrastructural observations were
carried out for each of the three morphotypes, and
microanalysis techniques were applied to the purple
and blue forms.

Small fragments (B1 mm3) were cut from the di-
stal and basal regions of the colonies and were fixed
in 2.5% glutaraldehyde in cacodylate buffer (pH 7.2;
osmolarity adjusted to 980 mOsm with sucrose) for
B6 h at 41C. Samples were then postfixed with OsO4

(1% in the same buffer) for 2 h at 41C. To avoid
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problems in sectioning because of the presence of
calcareous spicules, some of the samples were decal-
cified for 2 h in 1% acetic acid in cacodylate buffer
(pH 7.2). Several washes in the buffer were per-
formed at each step of the fixation procedure. The
samples were then dehydrated in a graded ethanol
series and embedded in Spurr resin at room temper-
ature. Semithin (0.3mm) and ultrathin sections (ca.
60 nm) were cut with a Reichert Ultracut microtome.
Ultrathin sections were stained with uranyl acetate
and lead citrate (Reynolds 1963). Semithin sections
were stained with methylene blue for light micros-
copy, while others were left unstained for use in
X-ray microanalysis. The latter were mounted on
Cu grids and carbon coated to reduce specimen
charging. Microanalysis and ultrastructural examina-
tions were done using Hitachi H800 MT and Hitachi
H600 microscopes, respectively (Hitachi Ltd., Tokyo,
Japan), at the Microscopy Unit of the Scientific and
Technical Services of the University of Barcelona.

Energy-dispersive X-ray microanalysis

For microanalysis, an acceleration of 100kV was
used in STEM mode. Electron beam excitation was
detected with a thin window (10mm2) Kevex detector
(Kevex Corporation, CA, USA) connected to a
Kevex 8000 analytical system with Quantex 6.13
software. The gain rate was adjusted to 1500–
2000 counts s�1 and acquisition time was set to 100 s.

The presence of signals corresponding to sulfur
was examined in the spectra obtained. Because a cer-
tain amount of sulfur is present in all organic tissues,
we looked specifically for structures giving a clear
sulfur signal in the purple morph but not in the blue
morph. Our rationale was that these structures are
likely to represent storage sites of the alkaloid com-
pounds, as the pyridoacridines of the two morpho-
types differ in the presence of sulfur in the
compounds of the purple morph. The energy peak
corresponding to the signals Ka (peak at 2.3 keV)
emanating from sulfur was easily discernible and did
not overlap with other peaks in the samples. There-
fore, the presence of this peak was preferentially used
as a qualitative marker of the presence of sulfur. A
second, quantitative measure used was the height
ratio of the S Ka peak to the Cl Ka peak at 2.6 keV.
Because virtually all the chloride signal was contrib-
uted by the embedding Spurr resin, this signal was
used as internal standard to control for differences
in the area scanned, magnification, and count rate
(following Thompson et al. 1983; Turon et al. 2000).
The use of the S/Cl ratio allowed formal statistical

comparison (ANOVA) between morphotypes and
between the compartments examined.

The X-ray analyses were performed at high mag-
nification, producing spectra for small windows that
covered one single cell, organelle, or bacterium. The
electron beam covered the area studied in a raster
pattern. For each of the main cell types, bacteria, and
tunic ground substance, 5–10 replicates were ob-
tained from different sections. Spectra were also ob-
tained from the Spurr resin outside the specimens to
control for possible contamination.

Results

The tunic organization and cell types in the three
color varieties of Cystodytes spp. studied were basi-
cally the same, with slight differences in the relative
abundance and in ultrastructural details of some cell
types. We, therefore, present the results according to
cell type and indicate differences between morpho-
types where applicable. Different names have been
given in the literature to the same tunic cell types in
ascidians, many of them being derived from names
applied to presumably equivalent cell types in the
blood. We have chosen to use the names generally
accepted by recent workers and, where possible, have
kept the same names that were used by Rottmayr
et al. (2001).

General structure of the colony and tunic

The general structure of a colony is depicted in
Fig. 1. The results of our observations showed that a
colony was delineated by a thin sheet of tunic 5–9
mm thick. Zooids were located in cavities within the
tunic. We refer to these cavities as the zooid spaces.
The basal part of each zooid space was surrounded
by a layer of overlapping discoidal spicules (Fig. 1).
In living specimens, the abdomen was situated within
this capsule of spicules, with the thoraces expanded in
the distal, unprotected half of the zooid space and
reaching the apical surface of the tunic where the two
siphons opened to the exterior. When disturbed, the
thorax retracted and both thorax and abdomen were
pulled within the spicular capsule. The tunic sections
had a reticulated appearance because of the abun-
dance of bladder cells (see below) that restricted tunic
material and other cell types to the interstices among
them (Fig. 2A,B). These interstices were somewhat
larger in the basal portions of the tunic (Fig. 2C). The
spicules were marked by empty spaces in the decal-
cified specimens (Fig. 2D).

The tunic material consisted of a clear matrix tra-
versed by bundles of fibrils. These fibrils are more
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abundant in the distal-most region of the tunic, and
they coalesced to form a thick cuticular layer over
the surface of the colony (Fig. 2E). Cyanobacteria,
diatoms, and other microscopic epibionts were
commonly found on the surface of the colonies
(Fig. 2E), which lacked macroscopic epibionts. A less
defined cuticular layer also lined the upper half of
the zooid spaces (where they lacked the spicular
envelope).

Cell types

We have classified the main cell types into five dis-
tinct categories on the basis of morphology; however,
the relationships between these categories are com-
plex, with intermediate forms and subtypes occurring
in some of them.

Bladder cells (Figs. 2F; 3A–C). This was by far the
most abundant and conspicuous cell type. Bladder
cells occupied most of the space in the tunic. The
diameter of fully developed bladder cells ranged
30–50mm. They were spherical or polygonal when
closely packed together (Fig. 2A–D). They contained
a single, giant vacuole with translucent contents that
forced the cytoplasm to occupy a narrow peripheral
band that was almost indiscernible in the majority of
cells. The nucleus bulged out of this peripheral band,
which was also accompanied by a small area of
the cytoplasm in which a vesicle with heterogeneous
contents was often visible (Fig. 2F). Developing
bladder cells had smaller vacuoles in the periphery
of the central one (Fig. 3A); eventually, the nucleus
seemed to constrict (Fig. 3B) and disappear in fully
formed bladder cells. The wall of the fully developed
bladder cell was made up of two closely adjoining

Fig. 1. Schematic drawing of a

colony section showing two

zooids. The zooids occupy empty

spaces within the tunic (T) and

consist of a thoracic (TH) and an

abdominal (AB) region. The buccal

(BS) and atrial (AS) siphons of the

zooids open at the colony surface.

The basal portion of the zooid

spaces, lodging the abdomens, is

shielded by a layer of discoidal

calcareous spicules (SP). The spicu-

lar layer is depicted in section in the

zooid on the left, and whole in the

zooid on the right. A schematic

enlargement of the distal portion

of the tunic is shown, featuring

bladder cells (BC), pigment cells

(PC), and other tunic cells (TC).

-

Fig. 2. Light (A–D) and electron (E,F) micrographs of the tunic ofCystodytes spp. A. Purple morph. Section of the distal

part of a colony. The vacuoles correspond to bladder cells (BC); some pigment cells are indicated by asterisks. Other cell

types are visible in the interstices left by the bladder cell. B. Blue morph. Section of the wall of the thoracic part of a zooid

space (ZS). Note the presence of pigment cells (arrows) in the lining of the cavity. Inset shows another area of the same

zooid space wall where pigment cells are outside the tunic material.C. Purple morph. Section of the basal part of a colony.

The interstices between bladder cells (BC) are occupied by abundant phagocytes (Ph). Pigment cells (arrowheads) are

scarce. D. Blue morph. Section of the wall of the abdominal part of a zooid space (ZS). The lens-shaped empty spaces

(asterisks) correspond to the position of dissolved spicules. Remnants of zooid tissue (ZT) are visible in the space. E. Blue

morph. Image of the distal zone of tunic (T), showing the cuticular layer (CL) and the presence of several microepibionts

(cyanobacteria, asterisks). Inset: detail of the cuticular layer of the tunic and the concentration of fibrillar material in it.

F.Blue morph. Small bladder cell with a large vacuole (V) containing translucent material, and a nucleus (N) in a peripheral

position. The small amount of cytoplasm surrounding the nucleus has a vacuole of heterogeneous contents (arrow).
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membranes, the cell membrane and the vacuole
membrane, with virtually no intervening cytoplasm
in most of the cell perimeter (Fig. 3C).
Pigment cells (Fig. 3D–F). Scattered among the

bladder cells were smaller cells that also featured a
large vacuole, which contained granules of electron-

dense material in its inner part. These cells were
present throughout the tunic, but they appeared to
be more abundant in the distal region of the colonies,
near the superficial layer. In some cases they were
also seen lining the tunic region that surrounded the
zooid spaces (Fig. 2B), and some images suggested
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that these cells can be released to these spaces (inset
Fig. 2B).

Pigment cells, as seen by examination of in vivo
material, were chiefly responsible for colony colora-
tion. They formed a mass of reddish pigment made
up of minute granulations in the purple morph,

whereas those of the blue and green morphs were
visible as dark, more compact spots.

The pigment cells were 10–30mm in diameter and,
like the bladder cells, their cytoplasm was confined to
a narrow peripheral band from which the nuclear
region bulged (Fig. 3D). In fully formed cells, the
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nucleus disintegrated (Fig. 3E). The inner zone of the
vacuole featured a variable number of dark granules
0.2–2 mm in diameter and dark filaments (50nm
thick) that formed a network, within which the pig-
ment granules were entangled. The granules were not
bound by membrane and seemed to be continuous
with the material in the filament network (Fig. 3F). A
layer of intensely electron-dense material with a
beaded appearance and continuous with the fila-
ments of the network lined the inner side of the mem-
brane that surrounded the internal vacuole (Fig. 3C).
As in the bladder cells, the wall of developed pigment
cells was made up of the cell membrane and the vac-
uole membrane with almost no cytoplasm in between
(Fig. 3C).

There were differences between color morphs in
the amount of dark material concentrated inside the
vacuole, as seen using transmission electron micros-
copy. The granules were bigger in the purple morph
than in the equivalent cells of the blue and green
morphs. Moreover, in the purple morph, besides
larger granules, there was usually a more or less com-
pact mass of smaller granules.
Amebocytes (Figs. 3G–I; 4A–E). A variety of cell

types of ameboid appearance occupied the interstices
between the large bladder and pigment cells. These
cells were different in general appearance and, most
likely, in function, but we were unable to make clear
distinctions between them. Consequently, we will
refer to all of them as ameboid cells and note their
possible relationships.

The simplest type of ameboid cell was a pseudo-
podial cell, 10–15mm in size, whose cytoplasm was
filled with minute vesicles of electron-translucent
material and abundant mitochondria; these cells
occasionally featured some inclusions (1–2mm in
diameter) with granular or uniform contents of mod-
erate to intense electron density (Fig. 3G). This kind

of inclusion occupied most of the cytoplasm of other
elongated (r30mm across) ameboid cells (Fig. 3H).
Ameboid cells varying only in the abundance of in-
clusions were found side by side (Fig. 3I), and we
hypothesized that they may represent different stages
of a single cell type. Cells rich in inclusions were often
associated with rod-like bacteria (see below) adhering
to their membranes, some of which were actively
phagocytosed (Figs. 3H; 4A). A fibrillar material
bound the bacteria to the cell membrane (inset
Fig. 4A).

In some cases, the ameboid cells also contained
inclusions with lamellate bodies (Fig. 4A,B). Other
cellular inclusions had membranes and dark spots of
material (Fig. 4C). Perhaps deriving from these, some
cells had a vacuole with the electron-dense material
concentrated close to the walls (Fig. 4D), as hap-
pened in the big vacuole of the pigment cells (Fig.
3C). Ameboid cells at this stage were interpreted as
precursors of the pigment cells.

Other ameboid cells had phagosomes in their cy-
toplasm (Fig. 4E) and, through an increase in size of
the phagosomes, these cells possibly become the
phagocytes described below. Still another type of am-
eboid cell, that was rarely found, featured a cyto-
plasm filled with fibrils oriented in parallel that may
play a role in tunic contraction (see Fig. 4H). Near
the surface layer of the colony, amebocytes and other
cell types appeared to be disintegrating, leaving only
cellular ‘‘ghosts’’ in the tunic.
Phagocytes (Fig. 4F). This cell type was particular-

ly abundant in the basal region of the tunic, where
they clustered together in large interstices of the tunic
among the bladder cells (Fig. 2C). The phagocytes
are usually spherical cells 10–20mm in diameter, with
their cytoplasm occupied by one or several large
phagocytic vacuoles (Fig. 4F). This cell type, as
said above, was likely derived from amebocytes.

’

Fig. 3. Electron micrographs of tunic cells. A.Green morph. A developing bladder cell. Note the vesicle (arrow) that will

presumably fuse with the big central vacuole (V). B. Blue morph. At later states of development, the nucleus of a bladder

cell (BC) is constricted from the remnants of cytoplasm and will eventually disappear. C. Green morph. A bladder cell

(BC) and a pigment cell (PC) separated by a thin strand of tunic (T). The wall of both cells is formed by the cell membrane

and the vacuole membrane with virtually no intervening cytoplasm (a small amount of cytoplasm is left in the area

indicated by the arrow). Note also the dark material coating the vacuole membrane in the pigment cell from which dark

filaments extend. D. Blue morph. Pigment cell (PC) with a big vacuole and a peripheral nucleus (N). Note the small

pigment granules and disperse filamentous material. E. Purple morph. Pigment cell showing the putative degenerating

nucleus (N) about to be shed from the peripheral cytoplasm. Cytoplasmic remnants and vesicles are indicated by arrows.

Note also that the size of the granules is bigger than in Fig. 2D. F. Green morph. Detail of the granules of a pigment cell

and the filamentous material that entangles them.G. Blue morph. Amebocyte with pseudopodia (arrows). The cytoplasm

is filled with small vesicles, mitochondria, and some larger inclusions (asterisk). H. Purple morph. Elongated amebocyte

with the cytoplasm filled with inclusions of varying density to electrons. I. Purple morph. Two amebocytes. The one on the

left has few inclusions and no bacterium appears associated with it. The one on the right has more inclusions of granular

or uniform material and bacteria (arrows) appear attached to the cell membrane or engulfed in vacuoles.
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Remnants of other cells and cellular debris were vis-
ible within the phagosomes, but in some cases
they appeared filled with membranous, myelin-like
bodies, in what we interpret as being final stages of
digestion of the phagocytosed materials.
Morula cells (Fig. 4G,H).Morula cells were readily

distinguished by the presence of a few large (3–7mm
in diameter) vesicles containing granular or uniform
material with variable electron density (from light to

intense density, Fig. 4G). These vesicles apparently
forced the nucleus into a polygonal shape at the
periphery of the cell. The cells were spherical or
elongated (10–20mm in size) and were scattered
throughout the tunic, although they seemed to be
more abundant around the lining of the zooid spaces,
often in the outermost layer of the tunic (Fig. 4I). In
the basal half (with spicules) of the zooid spaces,
morula cells were found between the spicular layer
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and the limit of the tunic. This type of cell was more
abundant in the purple than in the blue or green
morphs.
Spicules. The spicules were abundant around

the basal portion of the zooidal spaces, forming
a shield that surrounded the zooid abdominal
region. In our decalcified material, they left lens-
shaped empty spaces in the tunic r200mm in length
(Fig. 2D). The spicule wall was formed by a mem-
brane with minute, T-shaped, dense bodies that were
organized perpendicularly around it (Fig. 4I). Occa-
sionally, some amorphous material was observed
within the decalcified spicular spaces. Although there
were always many cell types in proximity to the
spicules, we did not see any cells directly associated
with them.
Bacteria. Three types of bacteria were present in

the tunic of Cystodytes spp., but in low numbers.
They generally accumulated near the limits of the zo-
oidal spaces, either outside or inside the tunic (with
no appreciable differences between them). The main
type was rod-like bacteria (r0.5mm in diameter and
3mm in length) that often appeared ‘‘docked’’ in the
ameboid cells, and some of them were progressively
engulfed (Figs. 3I; 4A). Much less abundant was a
second type of bacterium, also rod-like, surrounded
by a digitiform extracellular material that gave them
a star-shaped appearance in transverse sections (Fig.
4I). Although they were similar in shape, the extra-
cellular material was always absent in bacteria of the
first type, so we kept these two morphologies as sep-
arate types for the present. Finally, a third bacterial
type was elongated, screw-like bacteria that were
found only rarely in the tunic. These bacteria fea-
tured a small crest that followed the coils (Fig. 4J).
The two latter types were not seen engulfed by am-
ebocytes. There were no apparent differences in bac-
terial composition among the three morphotypes
examined.

Microanalysis

The localization of the pyridoacridines was at-
tempted by comparing X-ray spectra of different
cell types, organelles, and symbionts. Figure 5 shows
a sample of spectra found for some of the structures
and cell types that were present in the tunic of the
purple and blue morphs. The clarity of the images
depicted was affected by the thickness (0.3mm) of the
sections required for microanalysis and the lack of
chemical contrast.

In terms of the localization of sulfur in the sec-
tions, some counts were obtained in the zone corre-
sponding to the S Ka peak in several cell types
(particularly the ameboid and the morula cells), but
the sulfur peak was only prominent in the granules of
the pigment cells of the purple morph. The same
granules in the blue morph scarcely gave any signal
for sulfur above the background level.

Quantitative analysis based on the ratio of the sul-
fur peak to the ubiquitous chloride peak showed that
sulfur levels were highest in the pigment cells of the
purple morph, moderate in ameboid and morula cells,
and lowest in pigment cells of the blue morph, bladder
cells, bacteria, and tunic. The only structures in which
sulfur was statistically more abundant (t-test) in the
purple morph than in the blue morph were the pig-
ment cells (Fig. 6). A two-way ANOVA analysis with
color moprh and cell type as factors showed that the
interaction between them was significant, and post hoc
SNK tests at the 0.05 p-level revealed that the pigment
cells of the purple morph had significantly higher lev-
els of sulfur than any of the remaining compartments.

Discussion

The tunic of colonies of Cystodytes spp. harbors a
high diversity of cell types, as reported for other
ascidians (De Leo et al. 1981; Hirose et al. 1991,

’

Fig. 4. Electron micrographs of tunic cells and bacteria. A. Purple morph. Amebocyte with granular inclusions and

surrounded by bacteria bound to its surface by a fibrillar material (inset). A lamellate body (LB) is found inside the cell.

B. Lamellate body in Fig. 3A. C. Purple morph. Amebocyte with granular inclusions, a lamellate body (LB) with some

dense granulations, and an inclusion with dark granules and vesicular membranes (arrows).D. Purple morph. Amebocyte

displaying a lamellate body (LB) in which vesicular membranes and dark granules appear to be forming, and a big vacuole

with the membrane lined by dark material (an enlargement of the membrane is shown in the inset).

E. Blue morph. An amebocyte with a phagocytic vacuole (asterisk) where an engulfed cell can be seen. F. Purple morph.

A phagocyte found in the basal region of the colony. The nucleus (N) and the large phagocytic vacuole (PhV) are visible.

Another phagocyte appears in the lower left corner and a morula cell (MC) lies close to the phagocyte. G. Purple morph.

Morula cells with large vacuoles of different electron density. H. Blue morph. Lining of the thoracic part of a zooid space

(ZS) showing morula cells in the tunic (T) surrounding the cavity. Elongated, fibrillar amebocytes (FA) are also visible.

Their microfibrils are oriented in parallel with the cavity wall. I.Greenmorph. Bacteria with dense, radiating coatings in the

vicinity of a spicule (seen as an empty space because of decalcification). Note the dense, T-shaped formations (arrows)

surrounding the spicular wall (SW). J. Purple morph. A spiral bacterium. Note the single crest marked by arrowheads.
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Fig. 5. Selected X-ray spectra from the purple morph (A) and the blue morph (B); morula cell (A-1), amebocyte

(A-2), pigment cell (A-3), pigment cell (B-1), bacterium (B-2). In spectrumA-1 the main peaks obtained are labeled. In the

remaining spectra only the peak corresponding to the S Ka signal is indicated.
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1994b; Hirose 1992; Di Bella et al. 1998). Hirose et al.
(1994b) pointed out that colonial ascidians with an
interzooidal vascular system, such as botryllids, have
fewer (2–3) types of tunic cells than aplousobranch
species lacking a common vascular system, as in our
case. In the former type of colony, hemocytes can
quickly reach any zone of the tunic where cell-medi-
ated interactions occur, whereas this is not possible in
the latter type of colony, and hence the need for a
more complex complement of tunic cells (Hirose
et al. 1994b). In addition, from our images, we infer
that the tunic is a dynamic system in which the dif-
ferent cell populations are in equilibrium and trans-
formation processes from one cell type to another
occur continuously.

Our results show little difference between the three
color morphs examined. Tunic morphology may be
notably uniform in the genus Cystodytes, as was
found for zooid morphology (Kott 1990; López-
Legentil & Turon 2005). The main differences relate
to the pigment cells, which have more and bigger gran-
ules, and the morula cells, which are more abundant in
the purple morph than in the other two morphs.

The tunic cell types found in the present study
agree with the observations using light and confocal
microscopy of Rottmayr et al. (2001) for C. dell-
echiajei. However, the higher resolution afforded by
electron microscopic techniques in our study allowed
a more detailed morphological description. Rottm-
ayr et al. (2001) distinguished six cell types: bladder
cells, pigment cells, granular filopodial cells, vacuo-
lated filopodial cells, granular cells, and morula cells.
We have introduced some modifications in this clas-

sification. First, we have grouped the filopodial cell
types, together with other ameboid cell types found
in our study, into a single group that we call am-
ebocytes, as we consider that they may correspond to
different stages of a single cell type, judging from the
presence of intermediate morphologies. Second, their
granular cells are most likely to be macrophagic cells
(Rottmayr et al. 2001: fig. 17), which correspond to
our phagocytes. Our results point to the amebocytes
as a key cell type, evolving from true ameboid cells to
phagocytes as they become laden with vesicles and
phagosomes. Some amebocytes seem to give rise to
pigment cells, and amebocytes may also be the origin
of the bladder cells.

Bladder cells are known in ascidians to be acid
containers (Hirose 1999, 2001) and this is most
likely to be their function in Cystodytes spp. Al-
though sulfuric acid is most frequently reported, the
tunic of Cystodytes spp. may also contain hydrochlo-
ric acid (Lambert 1979; Rottmayr et al. 2001). The
slightest rupture of the tunic results in the release of
strongly acidic fluids (pH 1; Tarjuelo et al. 2002).
Bladder cells are found in some groups of aplouso-
branch and phlebobranch ascidians (Hirose 2001).
However, these cells tend to form a layer at the pe-
riphery of the tunic in other species, whereas in our
case they are present everywhere from the base to the
distal region of the colonies. The production of
acidic substances is a widespread defense mechanism
in marine invertebrates (Thompson 1988) and as-
cidians in particular (Stoecker 1978, 1980), although
its effectiveness in ascidians has been disputed (Parry
1984; Davis & Wright 1989). Another potential role
of acidity is the enhancement of the activity of sec-
ondary metabolites, as shown by Lee et al. (2002) in
another ascidian species. It can be noted here that
Maruyama et al. (2003) reported still another possi-
ble role for bladder cells in some species: they contain
in the cytoplasm a UV-absorbing substance that may
protect zooids and photosynthetic symbionts.

The pigment cells closely resemble the blood cell
type with the same name described in botryllid as-
cidians (Hirose et al. 1998, 2003; these cells have also
been called nephrocytes, Milanesi & Burighel 1978).
They have a large cytoplasmic vacuole as in our case,
with electron-dense granules in it. Some of these cells
also feature a filamentous material similar to that
found in this work. However, the presence of this cell
type in the tunic seems to be peculiar to Cystodytes.
As in our case, this cell type determines colony color
in botryllids (Burighel et al. 1983; Hirose et al. 1998).
Besides pigmentation, these cells seem to play a role
in chemical defense in Cystodytes (see below). The
pigment cells found in this study differ from those

Fig. 6. Values of the ratio between the peaks S Ka and Cl

Ka in the main compartments analyzed in the purple and

the blue morphs. AC, amebocytes; B, bacteria; BC, bladder

cells; MC, morula cells; PC, pigment cells; T, tunic. Bars

are standard errors.
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cells reported with the same name in the tunic of
Phallusia nigra SAVIGNY 1816 (Hirose 1999), the latter
being ameboid cells with pigmented vesicles.

Amebocytes of many different kinds have been re-
ported (under different names) for both the blood
and the tunic of ascidians. They are probably undif-
ferentiated cells that can give rise to many other
types. In addition, they may play an important role
in non-neural impulse conduction (Mackie & Singla
1987), have contractile fibrils that allow tunic con-
traction (Izzard 1974; Hirose 2001), phagocytose par-
ticles (Hirose et al. 1994a), and contain a variety
of secretion granules. The length and width of the
pseudopodia are highly variable in our sections.
Therefore, it is possible that the more elongated am-
ebocytes form a network, as described by Hirose
(2001) for other species of the same group (Poly-
citoridae). The amebocytes found in the basal region
of the tunic may have become the large phagocytes
that engulf other cell types.

Finally, we have used the name morula cell to em-
phasize their similarity to the cells with the same
name found ubiquitously in the blood of ascidians
(Hirose et al. 2003), from where they may migrate
into the tunic. Morula cells are known to play a role
in allorecognition reactions in botryllid ascidians
(Ballarin et al. 1995; Rinkevich et al. 1998), and
they produce cytotoxic substances that contribute
to the rejection reaction (Hirose et al. 1997; Ballarin
et al. 1998; Shirae et al. 2002). They have also been
reported to contain vanadium and/or iron (hence the
names vanadocytes and ferrocytes sometimes given
to these cell types; see Milanesi & Burighel 1978), but
this view has recently been questioned (Ueki et al.
2002). Cystodytes is not a vanadium-rich ascidian ge-
nus, as shown by trace-metal analysis (Stoecker 1980;
López-Legentil 2005) and confirmed in our X-ray
study (no distinct vanadium signal was found).
Therefore, the role of morula cells of Cystodytes
spp. remains unknown.

We have not been able to observe the formation of
spicules in the tunic of Cystodytes spp. Spicules are
formed in association with cells in special thoracic
organs of didemnid ascidians (Lafargue & Kniprath
1978), whereas spicules in solitary ascidians are
formed extracellularly by sclerocytes (Lambert
1992; Lambert & Lambert 1997). Lambert (1979)
found that spicule formation in colonies of C.
lobatus RITTER 1900 begins at the junction between
thorax and abdomen. Specific observations in this
zone will be necessary to ascertain the mode of
spicule formation in colonies of Cystodytes spp.

Although bacteria are consistently present in the
tunic of the three morphotypes, they are not abun-

dant and their number is never comparable, for in-
stance, to that found in some sponges (e.g., Uriz et al.
1996b; Turon et al. 2000). The finding that some bac-
teria are phagocytosed by amebocytes may indicate
some contribution of the bacterial population to the
maintenance of the tunic cells. However, at present
the nature of the association of bacteria with the as-
cidian (either mutualistic or otherwise) is not known.
Furthermore, no sulfur signal corresponding to She-
rmilamine B, Kuanoniamine D, or their deacetylated
forms was detected in bacteria from the purple
morph, suggesting that it is the host organism, and
not the symbionts, that produces these pyridoacri-
dines. Salomon et al. (2001) also found that the
related alkaloid Dercitamide (Kuanoniamine C) is
produced by cells of the sponge Oceanapia sagitaria
SOLLAS 1902, and not by symbiotic organisms. These
findings support the idea that the biosynthetic path-
way of these products has been selected convergently
in a variety of phyla (Salomon et al. 2001).

The structures that contain the highest amount of
sulfur in the purple morph are the granules of the
pigment cells. The same granules in the blue morph
do not contain appreciable levels. This evidence,
albeit indirect, strongly points to the pigment cells
as the storage organs of the sulfur-containing
pyridoacridine alkaloids characteristic of the purple
morph but not of the blue morph. These alkaloids are
reddish pigments (Steffan et al. 1993) and are the
main components of extracts of tunic of the purple
morph (Rottmayr et al. 2001; López-Legentil et al.
2005a, b), so it is unlikely that we are detecting some
other sulfur-containing substance absent in the blue
morph. Rottmayr et al. (2001) also concluded that
Shermilamine B and Kuanoniamine D are found in
the pigment cells, because they appear reddish or
purple in vivo (presumably under acidic conditions)
and yellow in fixed material (presumably as free bases
under neutral conditions), consistent with the be-
havior of these alkaloids in isolation. However, no
measure of the intracellular pH was made (staining
procedures show that acidic conditions are restricted
to the vacuolar lumen of bladder cells in ascidians;
Hirose 2001). Consequently, evidence based on color
alone is circumstantial. Our results provide inde-
pendent support for the idea that the pigment cells
accumulate the pyridoacridines, and their higher
abundance in the superficial zone of the tunic and
surrounding the zooid spaces is in agreement with a
defensive role of these substances. Indeed, chemical
extracts of the different color morphs contain
pyridoacridines (López-Legentil et al. 2005a,b) and
render artificial food highly unpalatable to fish
(López-Legentil 2005). Our observations indicate
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that pigment cells may be released through the wall of
the zooidal spaces. Such a release suggests a possible
allelopathic role of these cells, as described for
sponge cells with defensive chemical substances
(Uriz et al. 1996a). Hirose et al. (1994b) similarly
found release of granular cells through the tunic sur-
faces of a colonial ascidian.

López-Legentil et al. 2005a, b showed that while
Shermilamine B and Kuanoniamine D were found
only in the tunic, their deacetylated forms (potential
precursors) were present both in tunic and zooids, as
were Ascididemin and Hydroxyascididemin in the
blue morph. Therefore, even if we have correctly lo-
cated the storage compartment of these substances, it
is still necessary to find out where synthesis occurs,
where these molecules are located in the zooids, how
they reach the tunic, and whether there is a change
from a less active precursor to a more active mole-
cule. Clearly other cell types may be implicated in the
biosynthetic pathway of these substances, and fur-
ther research should address these points in order to
reach definitive conclusions about the pathways of
production of these substances inside the organisms.
This may be achieved through the use of cell separa-
tion and fractionation techniques for chemical anal-
yses of particular cell types or precise spectrometric
techniques for localization of substances in thin slices
of tissues (Todd et al. 2001).

We have characterized a highly diverse assemblage
of cell types in the tunic of the colonial ascidian Cys-
todytes spp. and identified potential sites of accumu-
lation of bioactive molecules in this genus. The lo-
calization of these substances in tunic cells in the
purple morph indicates that they are not produced by
symbionts, and their abundance near the colony sur-
faces is consistent with a defensive role. This work
should serve as the basis for more detailed studies to
link the biochemical pathways that produce chemical
defenses with their cellular substrata in this genus.

Acknowledgments. We acknowledge the help of the
staff of the Scientific and Technical Services of the
University of Barcelona with the electron microscopy
and microanalysis techniques. This research has been
funded by project CTM2004-05265 of the Spanish
Ministry of Science and Technology and by the Interreg
I3A-1-72-E project of the European Union.

References

Ballarin L, Cima F, & Sabbadin A 1995. Morula cells and

histocompatibility in the colonial ascidian Botryllus

schlosseri. Zool. Sci. 12: 757–764.

FFF 1998. Phenoloxidase and cytotoxicity in the

compound ascidian Botryllus schlosseri. Dev. Comp.

Immunol. 22: 479–492.

Biard JF, Grivois C, Verbist C-F, Debitus C, & Carre JB

2004. Origin of Bistramide A identified in Lissoclinum

bistratum (Urochordata): possible involvement of

symbiotic Prochlorophyta. J. Mar. Biol. Assoc. UK 70:

741–746.

Brunetti R 1994. Ascidians of the northern Adriatic Sea

(Aplousobranchia) I. Boll. Zool. 61: 89–96.

Burighel P, Milanesi C, & Sabbadin A 1983. Blood cell

ultrastructure of the ascidian Botryllus schlosseri L. II

Pigment cells. Acta Zool. (Stockh.) 64: 15–23.

Carroll AR & Scheuer PJ 1990. Kuanoniamines A, B, C

and D: Pentacyclic alkaloids from a tunicate and its

prosobranch mollusc predator Chelynotus semperi. J.

Org. Chem. 55: 4426–4431.

Cloney RA & Grimm L 1970. Transcellular emigration of

blood cells during ascidian metamorphosis. Z. Zell-

forsch. 107: 157–173.

Davis AR & Wright AE 1989. Interspecific differences in

fouling of two congeneric ascidians (Eudistoma oliva-

ceum and E. capsulatum): is surface acidity an effective

defense? Mar. Biol. 102: 491–497.

De Leo G & Patricolo E 1980. Blue-green algalike cells

associated with the tunic of Ciona intestinalis L. Cell

Tissue Res. 212: 91–98.

De Leo G, Patricolo E, & d’Ancona G 1977. Studies of the

fibrous components of the test of Ciona intestinalis

Linnaeus. I. Cellulose-like polysaccharide. Acta Zool.

(Stockh.) 58: 135–141.

De Leo G, Patricolo E, & Frittita G 1981. Fine structure of

the tunic of Ciona intestinalis L. II. Tunic morphology,

cell distribution and their functional importance. Acta

Zool. (Stockh.) 62: 259–271.

Degnan BM, Hawkins CF, Lavin MF, McCaffrey EJ,

Parry DL, & Watters DJ 1987. Novel cytotoxic com-

pounds from the ascidian Lissoclinum bistratum. J. Med.

Chem. 32: 1354–1359.
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