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Abstract: The colonial ascidian Botryllus schlosseri possesses an innate immunity, which plays funda-
mental roles in its survival, adaptability, worldwide spread and ecological success. Three lines of dif-
ferentiation pathways of circulating haemocytes are known to be present in the haemolymph, starting
from undifferentiated haemoblasts: (i) the phagocytic line (hyaline amoebocytes and macrophage-like
cells), (ii) the cytotoxic line (granular amoebocytes and morula cells) and (iii) the storage cell line
(pigment cells and nephrocytes). Many questions remain about their origin, and thus, observations
during various stages of development were undertaken in this study. Haemocytes were detected
beginning from the early tailbud embryo stage. Haemoblasts were always present and morula cells
were the first differentiated haemocytes detected. In both the next stage, just before hatching, and
the swimming tadpole larva stage, hyaline amoebocytes and pigment cells were also recognisable.
Some morula cells containing active phenoloxidase migrated from the haemolymph into the tunic
after having crossed the epidermis, and this behaviour could be related to the preparation of a
defensive function for spatial competition. During larval metamorphosis, macrophage-like cells
appeared with their phagosomes positive to acid phosphatase activity and containing apoptotic cells
from tail tissue degeneration. After metamorphosis, in the filter-feeding oozoid stage, nephrocytes
involved in nitrogen catabolism finally appeared. In both the subendostylar sinus and the peripheral
blind-sac vessels (ampullae), clusters of haemoblasts were recognisable, some of which showed incip-
ient specialisations, considering the hypothesis of the presence of putative niches of haemolymph
stem cells.

Keywords: ascidians; Botryllus schlosseri; development; enzyme histochemistry; haematopoiesis;
haemocytes; metamorphosis; tunicates; ultrastructure

1. Introduction

The haemocytes of many ascidian species that are protagonists of soft fouling—such
as the cosmopolitan colonial species Botryllus schlosseri [1,2]—have long been studied and
characterised, from a functional point of view, as being responsible for the defence responses
of innate immunity, from which the survival of individuals and the ability to compete for
the substratum after settlement derive [3,4]. In ascidians, which are the closest relatives to
vertebrates [5,6], haemocytes are responsible for all vital activities because they are involved
in nutrition [7], excretion [8], asexual reproduction [9–13] and part of tunic formation [14].
In defence responses [15], haemocytes are able to phagocytise foreign materials [16–20];
release opsonins [21], cytokines [22–24], agglutinins [25,26], complement factors [27,28] and
antimicrobial peptides [29]; actively participate with cytotoxic substances in inflammatory
reactions [30]; and are involved in allorecognition between contacting colonies that are
genetically incompatible [31–35].

The haemocytes of ascidians, due to their high polymorphism, have led to a very
complex and uncertain classification by various authors. However, in the case of B. schlosseri,
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the numerous cell types have finally been grouped into differentiation pathways on the
basis of their ultrastructural features [36,37] and cytochemical and morpho-functional
properties [38]. On this basis, three haemocyte lines have been defined, the origin of which
has been hypothesised from undifferentiated cells (Figure 1). The first two are involved
in defence responses (‘immunocytes’), and the latter is involved in catabolite storage
and excretion: (i) phagocytic cell lines, represented by hyaline amoebocytes (previously
known as ‘microgranular amoebocytes’ [36]) and macrophage-like cells; (ii) cytotoxic
cell lines, represented by granular amoebocytes (previously known as ‘macrogranular
amoebocytes’ [36]) and morula cells; and (iii) storage cell lines, represented by pigment
cells and nephrocytes.

Figure 1. Classification of circulating morphotypes in the haemolymph of adult individuals
(i.e., zooids) of the colonial ascidian Botryllus schlosseri. Representative living haemocytes shown
with their size range.

The hypotheses concerning the origin of the various differentiation pathways in ascid-
ians, B. schlosseri included, are currently still controversial [8,39–42], especially regarding
both the moment of appearance of the various cell types during embryo and larva devel-
opment and the search for stem cells. The most likely candidate of the haemocyte stem
cell seems to be represented by the haemoblast (Figure 1), a circulating undifferentiated
cell recognised in B. schlosseri by the anti-CD34 antibody, which has been employed as
a marker because CD34 is a transmembrane phosphoglycoprotein of the haematopoietic
stem and progenitor cells of vertebrates [38]. During ascidian embryogenesis, haemocytes
originate from trunk mesenchymal cells derived from the A7.6 blastomere [43], and the
differentiation of haemocytes begins from the developmental stage of the early tailbud
embryo. For example, in Clavelina picta [44] and Ecteinascidia turbinate [45] haemocytes have
been observed migrating and distributing around the coelom in contact with the endoderm.
Starting from the late tailbud embryo stage, before the hatching of the tadpole larva, the
real differentiation of haemocytes begins, which is completed during the period of free life
and metamorphosis. The activation of many innate immunity genes during metamorpho-
sis, and trans-epidermal haemocyte migrations into the tunic during both the swimming
larval period and the settlement, have been previously reported in Boltenia villosa [46,47].
These events were probably related to (i) the programmed maturation of the adult immune
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system, (ii) the high phagocytosis activity during tissue remodelling at metamorphosis,
and (iii) the potential inflammatory response to environmental settlement cues. The latter
are mainly due to the influence of the surface characteristics, e.g., the microbial film or
biofilm, as observed in ascidians and other fouling invertebrates during settlement on the
substratum [48–51].

After metamorphosis, a true haematopoietic tissue is less clear in ascidian adults.
Regions with clusters of haemogenic cells (‘lymphatic nodules’) have been recognised
both in the crossbars of the branchial and connective tissue surrounding the intestine
of Ciona intestinalis and Styela clava and in the blood vessels in Polyclinum planum and
Pyura austor [52–54]. A lymphatic or haematopoietic nodule is formed of undifferenti-
ated cells in the centre, represented by haemoblasts, which are externally surrounded by
differentiating blood cells [52].

The question of the origin of differentiation pathways during embryo-larval develop-
ment was the main purpose of the present paper. It was dealt with using the cosmopolitan
colonial ascidian B. schlosseri, and was concerned with the embryo, larva and oozoid, with
the latter considered the result of metamorphosis and the founding individual of the colony.
The choice of this species was made because it is ovoviviparous and easily reared in the
laboratory. Entire embryonic development can be studied within parental individuals after
obtaining colonies with embryos at well-determined stages of development [55–57]. More-
over, the metamorphosis stages of the hatched tadpole larva can be easily recognised [58].
In particular, the following stages of embryo–larval development have been considered:
(i) early tailbud embryo, with the tail forming an initial turn around the cephalenteron;
(ii) late tailbud embryo, with the tail at its maximum extension (1.5 turns around the cepha-
lenteron); (iii) newly hatched tadpole larva (early metamorphosis); (iv) late metamorphosis
larva; and (v) oozoid. The occurrence of various types of haemocytes was studied by means
of ultrastructural observations, including characterisation of the enzymatic content, taking
into account the functional peculiarities of the differentiation pathways of the immunocytes.
The activity of lysosomal acid phosphatase has been assayed as a marker of the phagocytic
line, and that of phenoloxidase has been assayed as a marker of the cytotoxic line. Finally,
since the adult of B. schlosseri, despite belonging to the family Styelidae, does not possess
haematopoietic or lymphatic nodules, the presence and localisation of the accumulation
and differentiation zones of haemoblasts have been investigated inside the oozoid.

2. Materials and Methods
2.1. Animals

The animals used in this study were colonies and larvae of B. schlosseri from our
laboratory cultures and wild colonies from the Lagoon of Venice. Colonies were kept in
aerated aquaria attached to 5 × 5 cm glass slides filled with filtered sea water (salinity of
35 ± 1 psu, temperature of 19 ± 0.5 ◦C, pH of 8.1), which was renewed every other day.
They were fed with microalgae mixtures. Stages of embryonic development from frag-
mented colonies and larvae were easily identified under a dissecting binocular stereomicro-
scope (Wild Heerbrugg Ltd., Heerbrugg, Switzerland) with 50× maximum magnification.

2.2. Transmission Electron Microscopy

Selected colonies and larvae were fixed for 2 h at 4 ◦C in 1% glutaraldehyde, buffered
with 0.2 M sodium cacodylate buffer (CAB) containing 1.7% NaCl at a pH of 7.4 plus 1%
caffeine to prevent the leakage of phenols contained inside morula cell vacuoles [59]. Since
single zooids are 1–2 mm long in the colony, after washing in buffer with 1.7% NaCl, small
fragments (approximately 5–6 mm) of the colonies were cut and inserted into glass vials,
whereas entire larvae were inserted inside tubes with a plankton filter at the bottom. After
postfixation in 1% OsO4 in CAB, all specimens were dehydrated and embedded in Epon
812 (Fluka Chemie, Buchs, Switzerland). Thick sections (1 µm), obtained using an LKB
ultrotome, were counterstained with 1% toluidine blue and observed under an Olympus
CX31 light microscope equipped with a DV Lumenera Infinity 2 and Infinity Capture
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Application software version 5.0.0 (Lumenera Co. 2002–2009, Ottawa, ON, Canada) for
image capturing. Thin sections (80 nm) were briefly stained with uranyl acetate and lead
citrate. Micrographs were taken with an FEI Tecnai G2 transmission electron microscope
operating at 75 kV.

2.3. Histoenzymatic Assays

Both intact larvae and lacerated colonies were preincubated in 0.1% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) in CAB for 10 min. For each enzymatic assay, control
specimens were prepared by omitting the specific enzyme substrate. The following assays
are reported in brief according to the methods described in detail by Cima [60].

2.3.1. Assay for Acid Phosphatase

Among the hydrolytic enzymes, acid phosphatase was chosen for its presence in the
lysosomes and phagosomes of the phagocytic line. Fixed specimens were incubated for
15 h at 30 ◦C in the following reaction mixture [61]: 5 mg of naphtol AS-BI phosphate
(Sigma-Aldrich) previously dissolved in 200 µL of dimethylformamide (DMF); 200 µL of
solution A (0.4 g of hexazonium p-rosanilin, Fluka dissolved in 2 mL of 36% HCl and 8 mL
of distilled water); 200 µL of solution B (4% NaNO2 in distilled water); and 10 mL of 0.1 M
sodium acetate buffer plus 1.7% NaCl and 1% saccharose at a pH of 5.2. Positive sites were
stained red under light microscopy and revealed an electron-dense granular precipitate
under electron microscopy.

2.3.2. Assay for Phenoloxidase

Among the oxidative enzyme activities, phenoloxidase was chosen as the enzyme
typical of the cytotoxic line. The enzyme substrate was β-(3,4-dihydroxyphenyl)-L-alanine
(L-DOPA), purchased from Sigma-Aldrich. Fixed specimens were incubated for 15 h at
4 ◦C with L-DOPA-saturated 0.01 M CAB plus 5 mM CaCl2 (CAB-Ca) at a pH of 7.0 [62],
and then for 1 h at 37 ◦C in the same renewed medium before dehydration and embedding.
In this case, postfixation in OsO4 was omitted because of the high reducing activity inside
morula cell vacuoles, which causes osmium precipitation and impedes the detection of
electron-dense positive sites under electron microscopy.

3. Results
3.1. Early Tailbud Embryo

This stage immediately follows that of the neurula with the closure of the neuropore.
The embryo appears elongated, and the cephalenteron region and tail can be distinguished,
the latter appearing short and bending at 90◦ to the right side (Figure 2A). The chordame-
sodermal cells differentiate into cells of the notochord, whereas those of the mesoderm
differentiate into myocytes in the tail and into a group of mesenchymal cells that will later
give rise to the pericardium, heart and mantle mesenchyme. The archenteron cavity is also
recognisable [56,63].

This is the first stage of embryonic development in which differentiating haemocytes
are detected and distinguished with respect to the germ layers. They are mainly observed
in the haemocoel, the space between the epidermis and the organ primordia (Figure 2B,C),
and they are represented by haemoblasts and putative precursors of morula cells.

Haemoblasts appear as small cells (2–5 µm in diameter) resembling undifferentiated
cells. The large nucleus occupies almost the entire volume of the cell and is placed in a
central position, with chromatin mainly scattered or organised in small clusters close to the
nuclear envelope. Within the nucleus, a nucleolus is recognisable with a granular structure.
The plasmalemma shows an irregular contour, and the cytoplasm, which is represented by
a thin peripheral layer, has no details of differentiation. Only some granules of the yolk,
mitochondria and ribosomes, the latter both organised into polysomes and adherent to
small cisternae of the rough endoplasmic reticulum (RER), can be found (Figure 2D).
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Figure 2. Early tailbud embryos: (A) embryos collected from parental zooids of the colony and
viewed in toto; (B) longitudinal thick section of an embryo stained with toluidine blue; (C) detail
of (B) showing numerous haemocytes in the haemocoel; (D) haemoblast showing scant cisternae of
RER (arrowheads), mitochondria and yolk granules in the cytoplasm; and (E,F) putative precursors
of morula cells with small vacuoles containing electron-dense aggregates. mt—mitochondrion,
N—nucleus, n—nucleolus, v—vacuole, and y—yolk granule. Bar length: 150 µm in (A); 30 µm in (B);
10 µm in (C); 1.4 µm in (D–F); and 2 µm in (E).

Morula cells appear as vacuolated cells and have shared features with haemoblasts,
such as a large spherical nucleus with a nucleolus (Figure 2E) and yolk granules in the
cytoplasm. Vacuoles are small and scant and contain the typical material of this cell type,
and form strongly electron-dense aggregates due to their high osmiophilicity (Figure 2F).
In addition, long RER profiles and mitochondria with parallel cristae are present.

3.2. Late Tailbud Embryo

The tail is completely turned around the cephalenteron of the embryo. The first
muscular movements of the tail begin [56,63]. Both the larval organs (such as the larval
nervous system and photolith) and primordia of future organs of the adult (such as the
great expansion of the peribranchial chambers that converge medially and an evident
intestine) can be recognised (Figure 3A,B). Haemocytes are very numerous in the defined
spaces of the haemocoel (Figure 3C). At this stage, haemoblasts, morula cells (Figure 3D)
and, for the first time, hyaline amoebocytes and storage cells can be found.
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Figure 3. Late tailbud embryos: (A) embryo collected from a parental zooid of the colony and
viewed in toto; (B) longitudinal thick section of an embryo showing both larval and adult organ
primordia; (C) detail of (B) showing various types of haemocytes (arrowheads) in the haemocoel;
(D) haemoblast (in the centre) and morula cell (on the top); (E) morula cell with a few vacuoles
containing electron-dense aggregates occasionally clustered and merged (inset); and (F) morula
cell (dotted circle) migrating from the haemocoel across the epidermis towards the definitive tu-
nic, which can be distinguished from the embryonic tunic above for the presence of an electron-
dense papillose cuticle. amp—ampulla, br—branchial chamber primordium, c—tunic cuticle,
dT—definitive tunic, end—endostyle primordium, ep—epidermis, eT—embryonic tunic, gp—gut pri-
mordium, mt—mitochondrion, N—nucleus, n—nucleolus, pbr—peribranchial chamber primordium,
SV—sensory vesicle, v—vacuole, VG—visceral ganglion, and y—yolk granule. Bar length: 60 µm in
(A) and (B); 12 µm in (C); 1.7 µm in (D,E); 0.3 µm in inset of (E); and 2.7 µm in (F).

Morula cells occur with their typical features, i.e., large vacuoles containing strongly
electron-dense granules (Figure 3E). The cytoplasm and nucleus are displaced into the
spaces among the vacuoles. However, as a feature of young cells, the nucleus is still large
and has a nucleolus; moreover, in the cytoplasm, mitochondria and cisternae of the RER, as
well as some granules of yolk can still be observed. Beginning from this developmental
stage, some morula cells are observed to cross the epidermis and migrate into the definitive
tunic. The latter is secreted by the epidermis and is placed below the embryonic tunic,
which is secreted by the egg envelopes. Moreover, the definitive tunic displays a cuticle,
which is densely covered by small electron-dense spherical papillae (Figure 3F).

Hyaline amoebocytes are cells characterised by a large nucleus, occasionally reniform
with clustered chromatin (Figure 4A). The cytoplasm contains scant granules of yolk and
small granules of approximately 0.3–0.7 µm in diameter bound by an undulated membrane,



J. Mar. Sci. Eng. 2022, 10, 987 7 of 20

as well as containing homogeneous and moderately electron-dense material (inset in
Figure 4A). Small, clear vesicles of approximately 0.2 µm in diameter and many parallel
cisternae of the RER, mitochondria and some multivesicular bodies are also present.

Figure 4. Late tailbud embryos: (A) hyaline amoebocyte with a large, reniform or horseshoe-shaped
nucleus. Membrane-bound granules contain homogeneous and electron-dense material (inset).
Numerous small, clear vesicles (arrowheads) are present in the cytoplasm; (B) pigment cell with large
vacuoles containing few stratified pigment granules of ‘blue phenotype’ [1,37] (inset); (C) putative
precursor of hyaline amoebocyte for the occurrence of scant, membrane-bound granules in the
cytoplasm of a small cell (see text for details); and (D) putative precursor of morula cell, in which
small vacuoles with highly electron-dense aggregates are forming. g—membrane-bound granule,
G—Golgi apparatus, mb—multivesicular body, mt—mitochondrion, N—nucleus, RER—cisternae of
rough endoplasmic reticulum, v—vacuole, and y—yolk granule. Bar length: 1 µm in (A,C,D); 1.7 µm
in (B); 0.3 µm in inset of (A); 0.5 µm in inset of (B); and 0.2 µm in inset of (C).

Storage cells (Figure 4B) are only represented by pigment cells. They have large
vacuoles of 3.5 µm in diameter containing small pigment crystals (approximately 180 nm in
length) formed of overlapping electron-dense layers (inset in Figure 4B). In the cytoplasm,
numerous mitochondria, free ribosomes and scant yolk granules are present.

Various putative precursors of hyaline amoebocytes (Figure 4C) and morula cells
(Figure 4D) are also frequent. Both have characteristics similar to haemoblasts, that is, 5 µm
in size, a high ratio of nucleus/cytoplasm, and the presence of a nucleolus in the nucleus.
Moreover, the putative precursors of hyaline amoebocytes show, in the cytoplasm, small
electron-dense membrane-bound granules and scattered clear vesicles, the latter budding
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from the Golgi apparatus (inset in Figure 4C). The putative precursors of morula cells have
vacuoles with strongly electron-dense material inside (Figure 4D).

3.3. Newly Hatched Tadpole Larva (Early Metamorphosis)

The swimming larva represents the dispersal phase of the species (Figure 5A). It is
anteriorly equipped with three transient sensory adhesive organs, namely ‘papillae’, for
substratum detection and larval settlement, before the beginning of metamorphosis to the
filter-feeding adult, i.e., the ‘oozoid’. In the anterior part of cephalenteron, the larva has
eight compacted ampullae, i.e., the primordium of the colonial vascular network. Ampullae
are blind-sac structures that are, afterwards, involved both in the process of settlement and
in the formation of the circulatory system of the colony [64–66]. They arise, before larval
hatching, from a haemocoelic lacuna ventrally placed with respect to the branchial basket
primordium. Subsequently, the ampullae spread into the newly formed definitive tunic
and, during metamorphosis, protrude away from the area of origin, remaining connected to
it through thin vascular peduncles. At the end of metamorphosis, the peduncles merge into
a single vessel that is arranged to form an arch around the oozoid, namely, the marginal
vessel, which communicates with the eight peripheral ampullae that are spreading onto
the substratum [64]. As a clear sign of the beginning of metamorphosis, the epidermis
thickens, and the cells of the notochord and musculature of the proximal area of the tail,
are disrupted and begin to accumulate into the cephalenteron [67].

At this stage, haemoblasts, morula cells, hyaline amoebocytes and pigment cells con-
tinue to be present (Figure 5B). In the cytoplasm of these cells, the yolk granules are small
and very scarce. Morula cells still have extensive RER and many mitochondria in the
cytoplasm. Beginning from this stage, intense enzymatic activity of phenoloxidase in the
vacuoles of some morula cells is revealed (Figure 5C). The specific histochemical labelling
highlights the strong electron-density of the material inside the vacuoles. In the tunic, in
addition to morula cells (Figure 5D), some granulocytes are detected (Figure 5E). The latter
are large cells with a spherical nucleus in the peripheral position. In the cytoplasm, numer-
ous large membrane-bound granules of 1.5 µm in diameter are recognised, the content of
which shows various degrees of homogeneity and electron-density, occasionally with a
more dense core. The salient feature of this cell type is the presence of a Golgi apparatus,
which is enormously developed and displaced in the central area of the cytoplasm. Numer-
ous cisternae of the RER and scant small mitochondria are also visible. This cell strongly
resembles the cuboidal cells of the apical epithelium of the ampullae (Figure 5F).

3.4. Late Larval Metamorphosis

Tail resorption occurs for two thirds of its length, involving dismantlement of the
notochord, posterior neural tube and musculature. Anteriorly, ampullae begin to expand
on the substratum, contributing to the formation of a bell-shaped cephalenteron (Figure 6A).
At this stage, heart contractions and haemolymph circulation begin. Almost all cell types
of the haemolymph characteristic of the species are present and have a more advanced
degree of differentiation in comparison with the previous stages. For example, morula
cells (Figure 6B) show numerous large vacuoles with electron-dense content; however, a
nucleolus is still present, and storage cells (Figure 6C)—still represented only by pigment
cells—become remarkable in size (10 µm in diameter), although they are still smaller than
the pigment cells observed in adults (maximum 20 µm in diameter). The nucleus is pushed
to the periphery because the cell volume is almost entirely occupied by vacuoles variable
in size, which often protrude towards the plasmalemma, deform the surface of the cell and
contain small, multilayered granules.

In addition, the first occurrence of macrophage-like cells can be detected. They are
large scavenger cells (about 13 µm in diameter) mainly involved in tail resorption by
engulfing the dead cells detaching from the tissues. In this cell type, the large phagosomes
displace the nucleus at the cell periphery and appear to mainly contain both necrotic
masses and membrane systems, arranged to form myelin figures. In these heterophagic
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vacuoles, an intense activity of acid phosphatase is found inside their content, which
appears to be labelled by an electron-dense product of the reaction (Figure 6D). Moreover,
numerous cells with intermediated characteristics between those of hyaline amoebocytes
and macrophage-like cells are observed (Figure 6E). They are represented by a medium-
sized cell type (about 6 µm in diameter) and are variable in shape for their amoeboid
activity and phagocytic function. The features shared with hyaline amoebocytes are a
central nucleus, scattered clear vesicles, cisternae of the RER and moderately electron-dense
membrane-bound granules in the cytoplasm (inset in Figure 6E). The features shared with
macrophage-like cells are the presence of many digestive vacuoles with heterogeneous
content (phagosomes) in the cytoplasm, which are positive to acid phosphatase activity
(data not shown) and smaller than those of the macrophage-like cells.

Figure 5. Larvae at early metamorphosis: (A) swimming larva viewed in toto. Note the presence of
the anterior papillae, i.e., the organs involved in the settlement on the substratum; (B) haemoblasts (H),
hyaline amoebocytes (HA) and pigment cells (PC) crowding in the haemocoel. Scant yolk granules are
still recognisable in their cytoplasm; (C) two morula cells after the histochemical assay for phenoloxidase
activity. The one on the left shows clear, i.e., not labelled, floccular granules and the one on the
right reveals the vacuolar content positive to enzyme activity, which appears as highly electron-dense
aggregates; (D) morula cell resident in the definitive tunic; and (E,F) granulocyte resident in the
tunic (E) and cuboidal cells of the apical epithelium of the ampullae (F). Both share numerous large,
membrane-bound granules showing a content with various degrees of homogeneity and electron-
density, occasionally with a denser core, a well-developed Golgi apparatus and widened RER cisternae
(arrowheads). BL—basal lamina, c—tunic cuticle, dT—definitive tunic, eT—embryonic tunic, g—granule,
G—Golgi apparatus, mv—microvilli, N—nucleus, RER—cisternae of rough endoplasmic reticulum,
v—vacuole, and y—yolk granule. Bar length: 350 µm in (A); 2.5 µm in (B); 1.5 µm (C) and (D); 1.6 µm in
(E); and 1 µm in (F).
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Figure 6. Late larval metamorphosis; (A) metamorphosing bell-shaped larva viewed in toto, show-
ing partial resorption of the tail and protrusion of the ampullae; (B) morula cell; (C) pigment cell
with evident pigment crystals of ‘blue phenotype’ inside vacuoles (inset); (D) macrophage-like
cell. Phagosomes contain heterogeneous engulfed material and cell debris, and are labelled by the
histochemical assay for the hydrolytic enzyme, acid phosphatase; and (E) two cells with interme-
diate characteristics between hyaline amoebocyte and macrophage-like cell (see text for details).
g—membrane-bound granule, N—nucleus, n—nucleolus, ph—phagosome, RER—cisternae of rough
endoplasmic reticulum, and v—vacuole. Bar length: 200 µm in (A); 1.2 µm in (B); 1 µm in (C) and (E);
1.7 µm in (D); 0.1 µm in inset of (C); and 0.2 µm in inset of (E).

3.5. Oozoid

The tail is not yet recognisable due to its complete resorption. The eight ampullae con-
tinue to protrude onto the substratum with the formation of the marginal vessel (Figure 7A).
A blastogenetic bud is already visible on the right side that will later form a new zooid.
On the left side, only a primordium of a bud appears, which will be reabsorbed. Siphons
open, and the activity of filtration begins. The oozoid is the founding individual of the new
colony and possesses all cell types of the adult tissues, as well as those of the haemolymph.

In particular, haemoblasts tend to accumulate in some areas at the level of the suben-
dostylar sinus (Figure 7B,C) and along the lateral epithelium (i.e., the epidermis) of the
peripheral ampullae (Figure 7D). Inside the ampullae, haemoblasts appear to closely adhere
to each other (Figure 7E,F) and to the basal lamina of the epithelium (Figure 7F), forming
small clusters. Some haemoblasts facing the lumen show specialisations, such as minute
electron-dense granules in the cytoplasm and short pseudopodia (inset in Figure 7G). In
the lumen of the ampullae, various free cells can be recognised. They are young cell types
(Figure 8A) that include hyaline amoebocytes, small morula cells with vacuolar material in
the process of aggregation, and small pigment cells. In the latter, the nucleus still shows
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organised chromatin and is not pycnotic as in the large forms of pigment cells at the end
differentiation.

Figure 7. Oozoid: (A) individual at the end of metamorphosis viewed in toto, showing the maximum
protrusion of the eight ampullae onto the substratum. Ampullae join with the vessels of the colonial
circulatory system that are growing and arranging in the tunic; (B) transversal thick section at the level
of the endostyle stained with toluidine blue. Note clusters of haemocytes in the subendostylar sinus;
(C) ultrastructural detail of the selected area in (B) showing the presence of crowding haemoblasts;
(D) longitudinal thick section at the level of ampullae; (E) detail of the selected area in (D) showing
clusters of haemoblasts (arrowheads); and (F,G) ultrastructural images of these areas confirm the
presence of groups of haemoblasts along the lateral epithelium of the ampullae (F), in which these
cells adhere tightly to each other and with the basal lamina of the epithelium (arrow in inset). Speciali-
sations such as granules and pseudopodia (arrowheads) are recognisable in haemoblasts facing the
ampullar lumen (G). AE—ampullar epithelium, g—membrane-bound granule, mt—mitochondrion,
N—nucleus, and n—nucleolus. Bar length: 65 µm in (A); 130 µm in (B); 5 µm in (C); 120 µm in (D);
8 µm in (E); 1.7 µm in (F); 0.7 µm in (G); and 0.3 µm in inset of (F).

In the haemolymph, circulating macrophage-like cells (Figure 8B) become larger
(15 µm in diameter). Phagosomes appear of various sizes, some of which are so large that
the nucleus is not always visible because it is pushed to the periphery by their presence.
They contain entire cells, cell fragments, heterogenous and electron-dense material and lipid
droplets. In the scant cytoplasm, RER, free ribosomes, some mitochondria and scattered
clear vesicles are still present.
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Figure 8. Oozoid: (A) young haemocyte types free in the lumen of the ampullae; (B) macrophage-like
cell with a large phagosome containing digested cell debris and lipid droplets; (C) pigment cell with
prismatic granules of ‘blue phenotype’ showing electron-dense layers (inset); and (D) nephrocyte
showing the typical hourglass-shaped granules of uric acid in the large vacuoles. L—lipid droplet,
N—nucleus, n—nucleolus, ph—phagosome, and v—vacuole. Bar length: 4 µm in (A); 3 µm in (B);
1.5 µm in (C); 1.6 µm in (D); 0.2 µm in inset of (C); and 0.3 µm in inset of (D).

Storage cells are represented by pigment cells and a new cell type, the nephrocyte,
the latter appearing from this stage for the first time. Pigment cells (Figure 8C) become
large (average size of 15 µm in diameter), with a few vacuoles containing a large number of
crystalline granules, which reveal a prismatic structure (approximately 500 nm in length)
with electron-dense layers (inset of Figure 8C). The nucleus is peripheral and often has a
nucleolus. The cytoplasm is scarce and confined around the nucleus and vacuoles. The
morphology of the nephrocyte is very similar to that of the pigment cell (Figure 8D). The
most important difference lies in the structure of the crystalline granule (inset of Figure 8D),
which appears with a typical hourglass shape and is transparent to electrons because it is
composed of uric acid crystals.

4. Discussion

The problem of the origin of haemocytes in B. schlosseri still presents important ques-
tions, as specific haematopoietic tissues are unknown in adults of this species. During
embryonic development, haemocytes become identifiable when the tail begins to form
in the embryo, that is, at an advanced stage of organogenesis. They appear among the
embryonic germ layers, and contain large yolk granules in the cytoplasm. The origin of the
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yolk is mainly exogenous and occurs during the vitellogenesis stage of the oocyte. Before
ovulation, the outer follicle cells of the egg envelopes are engaged in the intense synthesis
of proteins, which may be transferred and taken, via endocytosis, into the oocyte for yolk
formation. The oocyte can also receive a protein contribution from the haemolymph via
an intercellular pathway, overcoming the egg envelopes [68]. For the whole period of
the embryo-larval development, the yolk granules inside the cytoplasm of all cell tissues,
haemocytes included, progressively decrease in number and volume until they disappear
for total consumption during metamorphosis.

As summarised in Table 1, the various haemocyte morphotypes appear progressively
in the various stages of development, and at each stage, are always recognisable putative
precursors, i.e., cell types with intermediate characteristics between the haemoblast and
other cell types belonging to the three haemocyte lines.

Table 1. Occurrence of the various haemocyte types and enzymatic activities of phenoloxidase (PO)
and acid phosphatase (AP) during embryonic development and metamorphosis.

Early
Tailbud Embryo

Late
Tailbud Embryo

Early
Metamorphosis

Late
Metamorphosis Oozoid

Haemoblasts

Morula cells PO PO PO

Hyaline amoebocytes AP AP

Pigment cells

Macrophage-like cells AP AP

Nephrocytes

The haemoblast can be considered a stem cell, a multipotent, self-renewing entity
that generates one or more differentiated daughter cell types and is able to contribute to
the germline and various somatic tissues of the zooid, the haemolymph included [69–71].
It possesses the typical characteristics of an undifferentiated cell with a large nucleus
occupying the entire cytoplasm, the latter always showing scant organelles represented
by a few cisternae of the RER and small mitochondria. In deuterostomes, this cell type
differentiates into other haemocytes, as has been demonstrated in echinoderms [72,73] and
has been hypothesised to occur in ascidians by various authors [8,36,38,39,74–77]. Differen-
tiation towards other cell types is characterised by the development of long cisternae of
the RER, elongated mitochondria, large Golgi apparatus, and the occurrence of granules,
vacuoles and small vesicles, the latter appearing optically empty or filled with variously
electron-dense material.

In the oozoid, which represents the first adult individual of the colony, we observed
and documented, for the first time, the occurrence of clusters of undifferentiated cells of the
haemoblast type, leaning against the flattened cells of the lateral epithelium of the ampullae,
the basal lamina of which acquires close relationships through the intercalation of extracel-
lular material. Mitotic figures that could demonstrate haematopoietic activities were not
observed in the present study, although they could not be excluded. The presence of some
haemoblasts showing incipient specialisations would indicate a centrifugal differentiation
from the clusters of haemoblasts towards the ampullar lumen, where numerous young
cell types represented by putative precursors of the main haemocyte cell lines (phagocytic,
cytotoxic and storage lines) are recognisable. Beside the heart contractions, which give rise
to haemolymph oscillating (advisceral and abvisceral) circulation, the ampullae play a role
in the circulatory flow. They are associated with the colonial vascular network and exhibit
coordinated swelling and contraction in regular cycles. Bundles of microfilaments in the
ampullar cells are involved in contraction of the epithelium. During swelling, a decrease in
blood pressure occurs in the lumen of the ampullae, causing haemolymph stagnation inside
it, whereas during contraction, the blood pressure increases and haemolymph flows from
the lumen of the ampullae within the connecting vessels [78]. The swelling phase could be
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useful for the storage of haemocytes inside the ampullae, and the contraction phase could
cause the inflow of haemocytes in the bloodstream, modulating the release of newly formed
haemocytes. From these preliminary observations, it is evident that further experimental
and molecular data are required to support the hypothesis that ampullae could host a
microenvironment of stem cells of the haemolymph. The origin of haemoblasts could be
elsewhere, for example, in the endostylar niche. A ‘niche’ is a local tissue microenvironment
that maintains and regulates stem cells in their ability to self-renew and to generate differ-
entiated cell populations. In B. schlosseri, a highly coordinated asexual budding process,
which occurs every week, generates new zooids. In this cyclic process, adult stem cells
are involved in the generation of all somatic organs and the germline. In particular, the
anterior subendostylar sinus, as reported for this species by Voskoboynik et al. [79], would
represent a niche of populations of somatic stem cells, in which cells morphologically
similar to haemoblasts would be able to proliferate and migrate to regenerate organs in
the growing buds. Recently, molecular studies demonstrated the expression of genes of
haematopoietic stem cells in the endostylar niche [70]. Moreover, it cannot be excluded
that haemoblasts could also proliferate and differentiate towards functional immunocytes
in the bloodstream after an immune stimulus, as has been shown for other invertebrates
lacking haematopoietic organs, such as the bivalve mollusc Ruditapes philippinarum [80,81].

Morula cells, which belong to the cytotoxic line and are the most frequent circulating
cells, occur very early during embryonic development, i.e., soon after the neurula stage.
However, these precursors are different from the typical ones in the haemolymph of the
adult called ‘granular amoebocytes’. The latter have numerous cytoplasmic vacuoles with
strongly electron-dense content and a central ovoidal nucleus without a nucleolus. As an
important difference from the adult, the embryonic differentiation of this cell type probably
starts very early, directly from the haemoblast. In the stages that precede the completion
of larval formation, numerous transitional forms of haemoblasts were observed showing
small vacuoles containing strongly electron-dense granules. Subsequently, in the swim-
ming larva, morula cells lost yolk granules, and some revealed an intense activity of the
enzyme phenoloxidase within their vacuoles. This enzyme is involved in the inflammatory
responses of many invertebrates [82] and, with regard to ascidians, has been shown in
the haemocytes of many species, such as Goniocarpa rustica and Halocynthia aurantium [83],
C. intestinalis [84] and B. schlosseri [85]. In B. schlosseri, morula cells are the first cells to
sense nonself molecules. As a consequence of recognition, they produce and release, via
degranulation, the following: (i) cytokines able to recruit and activate phagocytes and
(ii) the enzyme phenoloxidase and its polyphenol substrates, which are responsible for the
formation of quinones and reactive oxygen species. The latter cause cytotoxicity against
bacteria and nonfusion (rejection) reactions with melanin formation between two contacting
colonies that are genetically incompatible [15,86–89].

At the late tailbud embryo stage, both embryonic and definitive tunics wrap the
embryo. The definitive tunic is progressively populated by peculiar cells, some of which
migrate from the haemocoel [90,91]. The classification of this cell population is even more
difficult than that of circulating haemocytes because, once settled in the matrix, the cells
significantly change their morphology and often appear at a more-or-less advanced stage
of degeneration. Therefore, some tunic cells are very different from any haemocyte, and
they most likely differentiate within the tunic [92]. They may also originate from epidermal
cells [93,94] or from the mantle epithelium [95]. In B. schlosseri, according to the observations
of histological sections stained via several methods, tunic cells have been classified into
three types: (i) the ‘vacuolated cell’ [91] or ‘vacuo-granular tunic cell’ [92], which has many
vacuoles each containing a round granule and long filopodia radiating from the cell body;
(ii) the ‘fibrocyte’ [91] or ‘amoeboid tunic cell’ [92], which has small pseudopodia and
a large nucleus with a nucleolus; and the ‘fusiform cell’ [91], which is found along the
vessel wall of the colonial haemolymph circulation. In the present paper, morula cells
were observed to cross the epidermis. This behaviour has been observed throughout the
colonial life cycle. In adults, morula cells continuously undergo transmigration from the
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haemolymph to the tunic, where they play a role in immune defence as sentinel cells [96–98]
responding to some reactions, such as lesions, bacterial invasion or allorecognition, after
contacting genetically incompatible colonies of the same species [99–102]. The consequent
rejection reaction is preceded by partial fusion of the contacting tunics, in front of the
opposite, facing marginal ampullae, after the local disappearance of the respective cuticles.
This enables the diffusion of soluble factors from the circulation of one colony to the other,
which triggers the following events: (i) the selective crowding of morula cells inside the
facing ampullae; (ii) the morula cell-crossing of the ampullar epithelium; and (iii) the
degranulation of morula cells and release of their vacuolar contents, which are directly
responsible for the formation of the cytotoxic foci (points of rejection) and consequent tissue
necrosis in front of opposite contacting ampullae [31,32,103,104]. The early transmigrating
activity observed in the present study could be related to the preparation of a defensive
function for spatial competition in the larva during contact, exploration and settlement
on the substratum. A mobilisation of phenoloxidase-containing morula cells via spatial
competition by heterospecifics was demonstrated as a defensive mechanism, involving the
recruitment of these sentinel cells in the tunic near competitor contact zones in colonies of
the ascidian Didemnum perlucidum [96].

On the other hand, the other cell type observed in the tunic, i.e., the granulocyte,
seems to derive from the cuboidal epithelial cells of the apical cap of the ampullae. This is
supported by the fact that during vascular formation in this species, some epidermal cells
detach from the apex of the tunic vessels and migrate into the tunic, possibly guiding vessel
growth [105]. In this process, each migrating epithelial cell protrudes towards the tunic,
but the basal lamina maintains its continuity. Tunic granulocytes, epithelial cells of both the
ampullae and growing vessels, share many ultrastructural features. These cells show a basal
nucleus, a developed rough endoplasmic reticulum (RER) and Golgi apparatus, and many
membrane-bound secretory granules with similar electron-dense content. They could play
an important role in the production of the constituents of the tunic since these ultrastructural
aspects support the hypothesis of protein synthesis and secretion. In Botryllus primigenus,
the granules in the ampullar epidermis were described as ‘adhesive vesicles’ and were
assumed to be involved in the attachment to the substratum [65]. Therefore, the content
of the granules will require further morpho-functional and molecular analyses to better
characterise this cell type and understand not only its origin, but also its function; the
latter concerns the immunity, formation and maintenance of the tunic, and adhesion to
the substratum.

Hyaline amoebocytes, belonging to the phagocytic line, have been recognised starting
from the late tailbud embryo. This cell type can be distinguished by the presence of a
few membrane-bound granules and numerous small, clear vesicles, both characteristics
observed even in adult individuals. The appearance of macrophage-like cells, derived
from activated hyaline amoebocytes [38], was observed during the metamorphosis of the
larva, confirming the observations in other ascidian species of the massive presence of
this type of cell as soon as resorption of the tail tissues begins [106,107]. These giant cells
also appear in the haemolymph when the regression of old zooids occurs in the colony.
The latter are periodically replaced altogether from the next generation of zooids. Dur-
ing colonial regression, namely take-over, as well as during larval metamorphosis, the
progressive phenomenon of apoptosis occurs, in which scavenger phagocytes infiltrate
between degenerating organs for tissue resorption [108,109]. During the colonial take-over,
the increase in macrophage-like cells is counterbalanced by a corresponding decrease in
hyaline amoebocytes, confirming the role of the latter as precursors within the phagocytic
line [110,111]. Hyaline amoebocytes can phagocytise various target particles in vitro. As
they engulf foreign material, they increase in size, withdraw pseudopodia and acquire a
spherical shape with large phagosomes containing hydrolytic enzymes [112]. To confirm
what has been previously observed in this cell type in the colonies [38], even the phago-
somes of the hyaline amoebocytes and macrophage-like cells of the larva in metamorphosis
are rich in hydrolases such as acid phosphatase, supporting early functional activity.
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Pigment cells are the first cells of the storage line to have been observed during
embryonic development, just before larval hatching. They can be identified by the presence
of giant vacuoles containing multi-layered, small granules of pigment, the phenotype of
which—red or blue—is genetically regulated by two alleles [113]. They are specialised
haemocytes, and the pigment contributes to the pigmentation of the colony and protects
it against radiation light [114]. The transitional forms from the haemoblast to pigment
cells are not easily identifiable. These young cells always show characteristics peculiar to
adults [37] but, as a difference, show a small volume of the entire cell and vacuoles, few
stratified pigment granules, and a nucleus that is still well-represented morphologically
and functionally. Nephrocytes appear only after metamorphosis in the oozoid, and their
occurrence is related to the metabolism change with the beginning of filter-feeding activity.
The granules have a typical hourglass shape with an electron-dense edge. Nephrocytes are
cells specialised in the storage of nitrogenous catabolites such as uric acid and purines [115],
and are localised in the connective tissue of the mantle lacunae and in the ampullae of
both the oozoid and the blastozoids [36]. Even in this case, transitional forms from the
haemoblast were not detected; there was only the occasional occurrence of circulating small,
vacuolated cells with optically empty vacuoles, in which the germs of the future granules
could be formed.

5. Conclusions

This study on the origin and differentiation of haemocytes by means of ultrastructural
observations in both the embryo and larva of B. schlosseri made it possible to establish a
timescale of the appearance of the various cell types. This approach represents a starting
point for future studies on haematopoiesis, which still remains to be clarified with regard
to many aspects, distinguishing the possible roles of the haemoblast. Many questions still
remain open about this stem cell, such as (i) the mode and time of separation of the somatic
line from the germline in the embryo and in blastogenetic generations; (ii) the reduction
of pluripotency in somatic stem cells towards the haemolymph stem cell line; (iii) the
niches in which the formation of various cell types of the haemolymph occur in both the
embryos and adults, with a particular focus on their locations inside the individuals during
the blastogenetic stages of the colonial life-cycle; (iv) the presence of differentiation sites
different from those of formation; and (v) the capacity of the haemoblasts to proliferate and
differentiate in the bloodstream after an immune stimulus. Therefore, further studies are
necessary to understand and characterise these aspects from a functional and molecular
point of view.

The early transcellular migration of certain cell types of both the haemolymph and
epidermis into the tunic for immune defence and tunic repair is another aspect that requires
in-depth analysis to understand the mechanism behind this behaviour, which appears to
be very similar to that of the motile cells of the connective tissues of vertebrates. Confocal
microscopy with fluorescent molecular probes specific to the various haemocyte morpho-
types, and 3D-reconstructions, could be useful to show the location of these cells in the
individuals during embryonic development, metamorphosis and blastogenesis.

Finally, the presence of immunocytes with active enzymes in the larva demonstrates
the great potential of innate immunity, beginning from the settlement on the substratum.
This is probably the basis of the ecological success of this species, which is competitive and
widespread along the coasts in all the world’s seas and is able to cope with the challenges
of climate change, pollutants and the settlement of other fouling competitors.
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