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Abstract

Cardiosporidium cionae (Apicomplexa), from the ascidian Ciona intestinalis L., is redescribed with novel
ultrastructural, phylogenetic and prevalence data. Ultrastructural analysis of specimens of C. intestinalis collected
from the Gulf of Naples showed sporonts and plasmodia of C. cionae within the host pericardial body. Several
merogonic stages and free merozoites were found in the pericardial body, together with sexual stages. All stages
showed typical apicomplexan cell organelles, i.e. apicoplasts, rhoptries and subpellicular microtubules. Merogonic
stages of C. cionae were also produced inside haemocytes. A fragment of the rSSU gene of C. cionae was amplified by
PCR using DNA extracted from the pericardial bodies. The amplified product showed closest affinity with other
apicomplexan representatives and a 66 bp unique insertion, specific for C. cionae, at position 1644. Neighbour-joining
phylogenetic analysis placed C. cionae in a clade with other piroplasm genera, including Cytauxzoon, Babesia and
Theileria spp. The parasite was found in different populations of C. intestinalis with highest prevalence in
October–November. Ultrastructural and DNA data showed that the organism, described in 1907 from the same host
but not illustrated in detail, is a member of a novel marine apicomplexan radiation of tunicate parasites.
r 2008 Elsevier GmbH. All rights reserved.
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Introduction

A species of eukaryotic parasite, Cardiosporidium

cionae Van Gaver and Stephan, was described in 1907 as
e front matter r 2008 Elsevier GmbH. All rights reserved.
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a ‘‘sporozoan’’ infecting the ascidian Ciona intestinalis

L. (Van Gaver and Stephan 1907). In the original short
report, the parasite was described as a plasmodial
sporozoan present in juveniles of C. intestinalis, in
which non-motile, fusiform bodies were found within
the host pericardial cavity. These bodies yielded, in
mature C. intestinalis, round structures of different size,
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embedded within granular masses. They were thought to
originate in a mobile mucilaginous mass, known as the
pericardial body (Fernandez 1906; Kalk 1970; Roule
1884; Scippa and Izzo 1996). The parasite showed a
vacuolar cytoplasm provided with a single, central dark
area or surrounded by a series of smaller units, giving
rise to a sort of plasmodium. Plasmodia were covered by
a membrane with protruding elements (supposed to be
spines) and showed several round cells internally, in
peripheral areas. The parasite life-cycle appeared
asynchronous, as plasmodia were observed at different
developmental stages in the pericardial cavity. Two
types of reproductive cells were also reported: the first
one with a round shape, bearing an elongated self-
replicated cell provided with a small ‘‘plaque’’ on its
convex side, whereas the second type was a mobile,
pyriform cell provided with two flagella (Van Gaver and
Stephan 1907).

The parasite was associated with the ascidian
pericardial body, a globular formation occurring inside
the empty space surrounding the heart, known as the
pericardial cavity. The nature and origins of this
structure were investigated in C. intestinalis and other
species of ascidians (Fernandez 1906; Kalk 1970; Roule
1884; Scippa and Izzo 1996). It appears as a fibrous,
amorphous matrix, subject to continuous oscillations
due to pulsations of the heart. Cells of different size and
origins (i.e. degenerated blood cells and, in lower
numbers, lymphocyte-like blood cells or degenerated
cardiac fibers), derived from the blood or the pericardial
epithelium, were observed inside this matrix (Fernandez
1906; Kalk 1970; Millar 1953; Roule 1884). In a
transmission electron microscopy (TEM) study of
C. intestinalis, all blood cell types were found within
this formation (Scippa and Izzo 1996).

The original description of C. cionae by Van Gaver
and Stephan was based on direct observations of fresh
squashes of pericardial bodies and on Giemsa- or
hematoxylin-stained material. However, the description
was far from complete, since, although reporting some
life-stages, it was not integrated by any detailed
illustrations. Considering that modern criteria for
species assignation among Apicomplexa (the modern
Phylum including some of the former ‘‘sporozoans’’)
require evidence from DNA and/or ultrastructural data,
we considered it necessary to enlarge and revise the
original description of C. cionae. No reference to this
organism or emended description was made in the years
after its description, apart from a citation by Ormières
(1964). In a recent study of this species, caused by its re-
discovery in specimens during ultrastructural studies of
C. intestinalis haemocytes, some ultrastructural data
were presented. The organism was partially illustrated
with TEM and a first discussion about its putative
taxonomic position was also provided (Scippa et al.
2000). TEM data showed its eukaryotic position, some
stages of a complex life-cycle, including plasmodial or
sporogonic stages and merozoites, sporozoites and/or
sexual stages, proposing a possible link with the
Hemosporina, the order including Plasmodium spp.
and other blood parasites (Scippa et al. 2000). C. cionae

was later observed from specimens of C. intestinalis

collected in other coastal areas of Naples, and always
appeared in squashes of their pericardial bodies.

Further literature reports from other ascidian species
also provided convincing evidence about the occurrence
of unknown microparasites in blood cells of Tunicata
(Choi et al. 2006). Tunicate blood may hence represent a
specific trophic niche for cryptic parasites, and observa-
tions suggest the putative occurrence of new evolu-
tionary radiations of apicomplexans. This view is also
supported by the recent reappraisal of a darwinian
hypothesis considering Tunicata as simplified chordates,
rather than as the organisms closest to chordate
ancestors (Chourrout et al. 2006). The location of
plasmodial stages, the infective propagative stages and
the life-cycle of C. cionae within the host tissues are still
unknown, as are its mode of transmission and the route
of invasion. In this paper we provide more data on C.

cionae and, on the basis of further observations on the
ultrastructure of plasmodial stages, on ribosomal DNA
sequence data and prevalence, we revise the status of
this organism as a piroplasm member of Apicomplexa.
Materials and methods

Light microscopy and prevalence studies

Specimens of C. intestinalis were collected in shallow
waters at Castellammare di Stabia (Naples) and Lago
Fusaro, a close coastal marsh. For light microscopy
(LM), the pericardial bodies were removed after incision
of the hearts and after squashing were observed with
interference contrast microscopy (Polivar Reichert).
Other pericardial bodies were pre-fixed in 4% glutar-
aldehyde, 0.2M Na cacodylate (pH 7.2), 5mM CaCl2,
0.35M sucrose, 0.05% OsO4 for 10min at 4 1C, washed
in the same buffer and fixed in the same medium as used
for pre-fixing, but without OsO4, for 1 h at room
temperature, according to the method of Eisenman
and Alfert (1982) and McDonald (1984). These samples
were then washed again in the same buffer, and post-
fixed in 1% OsO4, 0.8% K3Fe(CN)6, and Na cacodylate
(pH 7.2) for 1 h in the dark. Following this treatment,
the specimens were washed in the same buffer and then
in bidistilled water and 1% aqueous uranyl acetate for
1 h in the dark. The specimens were then dehydrated in a
graded ethanol series followed by treatment with
propylene oxide and embedding in Epon. Semi-thin
sections (2 mm) were stained with toluidine blue as
described by Scippa et al. (2000).
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A simple staining method, aiming at the detection and
identification of C. cionae nuclear material in plasmodial
and/or other sporogonic stages, was devised. Several
pericardial bodies were fixed for 5min in pure methanol
or in an ether–methanol series (95–40%) for 5min at
each step. Two different stains were used. The first was
not specific and based on Giemsa (Kawamoto 1991;
Mpoke and Wolfe 1997; Payne 1988), whereas the
second, more specific, was based on acridine orange
(AO). The latter is a DNA-selective stain, fluorescing at
525 nm when intercalated, and is useful in cell cycle
studies discriminating between quiescent, active and
proliferating cells (Darzynkiewicz 1990; Darzynkiewicz
and Kapuscinski 1990).

For Giemsa staining, the smears of the pericardial
bodies were stained on a slide for 15–60min after
fixation, by adding a few drops of a 5% (v/v) diluted
Giemsa solution in sterile distilled water (SDW, pH 7.2).
Alternatively, the pericardial bodies were stained by
immersion for 30–45min in 3% Giemsa solution in
SDW and smeared. The slides were then washed, air
dried and observed with light microscopy at 40� or
at 100� with an oil immersion objective, for identifica-
tion of plasmodial stages. Staining with AO was
performed after fixing the smears for 15min in 95%
methanol–ether solution (50:50, v/v), followed by
hydration through a graded ethanol series. The samples
were then rinsed in SDW, immersed in 1% acetic acid,
rinsed again in SDW and stained for 3min in a 10%
AO solution in phosphate buffer (PB). The samples
were cleared for 1min in PB and then differentiated for
30 s in CaCl2, washed again in PB and mounted for
examination by epifluorescence with a fluorescence
microscope (Nikon Eclipse E 1000) equipped with a
FITC (fluorescein isothiocyanate) filter (excitation:
465–495 nm; DM: 505 nm; BA: 515–555 nm). Smears
of untreated pericardial bodies were also used as
controls through examination in light transmission
mode.

For prevalence estimation, pericardial bodies were
extracted from samples of C. intestinalis, each of 4–13
specimens, collected at 1- to 2-week intervals during
October and November. The pericardial bodies were
stained and examined as described with LM, in order to
identify one or more life-stages of the parasite.
Ultrastructure

For TEM, the pericardial bodies were fixed by the
methods of Eisenman and Alfert (1982) and McDonald
(1984), stained and embedded in Epon, as described
above. Ultra-thin sections were cut with a diamond
knife. The sections were stained with uranyl acetate
and lead citrate and examined using a Siemens Elmiskop
101 TEM.
DNA extraction and amplification

Pericardial bodies were collected from specimens
dissected under a stereoscope and stored at 4 1C until
used. For DNA extraction, the pericardial bodies were
disaggregated using a lysis solution (100mM Tris, pH
8.5; 100mM NaCl; 50mM EDTA; 1% SDS; 1%
b-mercaptoethanol; 100 mg/ml Proteinase K). The pellet
was then suspended in 500 ml of lysis solution, frozen at
�80 1C for 30min and then incubated for 30–60min at
55–65 1C with occasional agitation, transferring the
solution to new tubes to release larger debris. To clean
up nucleic acids, the solution (500 ml) was extracted with
an equal volume of phenol/chloroform, before subse-
quent chloroform extraction. The DNA was precipi-
tated by adding 2.5 vol. ethanol to the final aqueous
phase, pelletting the nucleic acids by centrifugation for
10min at 16,000g, washing the pellet with 70% ethanol
twice and resuspending the DNA in 50–100 ml Tris/
EDTA (10:1).

For PCR amplification, the cycles were run on a
thermal cycler in 50 ml buffer mixture using 5 ml of the
template DNA suspensions. The PCR buffer was: Taq
buffer 1� , MgCl2 1.5mM, primers 0.5 pmol/ml, dNTP
0.2mM each, 2.5 units of Taq polymerase (Roche). The
amplification cycles included initial denaturing at 95 1C
(2min) and then 35 cycles of denaturing at 92 1C (45 s),
annealing at 45 1C (45 s) and extension at 72 1C
(1.5min). The cycles were followed by a last extension
step at 72 1C (5min). Controls included the same
mixtures without template with SDW only.

The universal eukaryotic primers used for amplifica-
tion of the nuclear small ribosomal subunit (rSSU)
were 50-CGAATTCAACCTGGTTGATCCTGCCAGT-30

(forward) and 50-CCGGATCCTGATCCTTCTGCAG
GTTCACCTAC-30 (reverse), yielding a total amplified
product of approximately 1800 bp (Leander et al.
2003a). For cloning, the amplified fragment was inserted
in pGemT and used to transform DH5a competent
cells. The recombinant plasmids were sequenced with
SP6 and T7 primers through an available commercial
service (MWG, Germany). To complete the sequence,
the primer 50-GCTGTACTTCATTGTTACGGTA-30

(forward) was also used.
Phylogenetic analysis

The programs Bioedit (Hall 1999) and Clustal W
(Thompson et al. 1994) were used to align the amplified
product to the nearest sequences identified through
BLAST analysis (fragment nucleotide identity higher
than 90%) that are available in the GenBank NCBI
database. To avoid biased taxon sampling, the alignment
was integrated with sequences representative of other
Apicomplexa or taxa closely related to this phylum, and
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listed in the phylogenetic studies of Leander et al. (2003c)
and Kopečná et al. (2006). The species and accessions
used in this study are given in Fig. 10, and included
accessions AF238264, AF238265 and AF238266, derived
from uncultured coral reef endosymbionts. The 70-entry
Fig. 1. Light microscope images of Cardiosporidium cionae. Plasmo

Ciona intestinalis in an aggregated cluster (A) and plasmodia free a

sections of pericardial bodies showing large numbers of C. cionae m

B ¼ 20 mm; C, D ¼ 15 mm.

Fig. 2. Pericardial body (A) of the ascidian Ciona intestinalis; cells of

stained with acridine orange in transmitted light microscopy (C) an

fluorescence and cleaving merozoites surrounding the plasmodial co
alignment was used to infer the phylogenetic position of
the sequenced product, using the Neighbour-joining
method (Saitou and Nei 1987) with the Kimura or the
Jukes and Cantor substitution per site calculations (Jukes
and Cantor 1969; Kimura 1980). The distance data
dial stages from squashes of pericardial bodies of the tunicate

mong cell debris (B, arrows). Toluidine blue stained semi-thin

erogonic stages (C) and fusiform plasmodia (D). Scale bars: A,

Cardiosporidium cionae stained with Giemsa in (B); plasmodia

d in epifluorescence (D, same field as C), showing plasmodial

re (D, inset). Scale bars: A ¼ 1mm; B–D ¼ 20mm.
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matrix was bootstrap resampled 100 times (Felsenstein
1985), with sequence AF368524 (Zoophthora anglica)
used as outgroup. The software Treecon (Van de Peer
and De Wachter 1997) was used to construct and display
the corresponding tree.
Results

Light microscopy

Several plasmodia were observed with LM by
interference contrast in fresh squashes (Fig. 1A and B)
and in semi-thin sections of the pericardial bodies of C.

intestinalis (Fig. 1C and D). The plasmodia measured
Fig. 3. TEM images of early plasmodial stages of Cardiosporidium

show elongated and variable fusiform shapes, and possess a centr

textures (A–C). At a later stage plasmodia show budding of the

organization with elongated protrusions (D). A proliferation of put

D, E. Scale bars: A ¼ 3.7mm; B ¼ 5.8mm; C ¼ 10 mm; E, D ¼ 5 mm
13.573.8 mm (mean7S.D.) in diameter and were
recognized by their morphology; they were present in
large numbers in densely packed clusters (Fig. 1A) or
free in the pericardial body squash (Fig. 1B). In some
plasmodia, clusters of merozoites were visible within the
pansporoblastic membrane. Merozoites ranged in num-
ber from 9 to 55 per plasmodium and appeared
uniformly disposed around a homogeneous central
cleaving sporont. Single merozoites free from plasmodia
could not be recognized in unstained material or were
visible but scarcely distinguishable from the surrounding
matrix of cells and debris.

When examined under UV or in LM, the whole
pericardial bodies (Fig. 2A) did not show any endogenous
fluorescence in untreated controls. Treatment with
cionae from pericardial bodies of Ciona intestinalis. Plasmodia

al core region containing electron-dense material of differing

central electron-dense core and a more complex structural

ative endosymbiotic bacteria is visible in peripheral areas in B,

.
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Giemsa stained plasmodia red, allowing their identifica-
tion, but single merozoites were difficult to identify
(Fig. 2B). Merozoites and sporozoites were, however,
made visible by AO staining, in a reproducible way
(Fig. 2C and D). Stages of different diameters were easily
Fig. 4. TEM images of plasmodial stages of Cardiosporidium cion

plasmodia (A, B, arrowheads) show internal divisions (B), elongat

Early merogonic stages within haemocytes are also visible (B, paired

show differentiation of early merozoites in peripheral areas (C, aste

(C, p; D, p) bacterial cells (C, b; D, b). The areas of merozoite differe

Mature merogonic stages within the pansporoblastic membrane d

plasmodium (E). The merozoites show electron-dense nuclei (N),

mitochondria, migrating from the merogonic plasmodium (arrowhea

E ¼ 0.5mm.
counted and distinguished for dimensions, morphology
and staining intensity. AO staining showed an intense
fluorescence, associated with stages including merozoites,
sporozoites and plasmodia. The emission was sufficient to
distinguish single merozoites or their crown around
ae from the pericardial body of Ciona intestinalis. Maturing

ed protrusions and endosymbiotic bacterial cells (B, arrows).

arrows at bottom right). At a more advanced stage plasmodia

risks), vesiculated mitochondria (D, arrowheads), apicoplasts

ntiation are delimited by a double membrane (D, larger arrow).

ifferentiate as merozoites, separated by an isthmus from the

endosymbiotic bacterial cells (small arrows) and vesiculated

d). Scale bars: A ¼ 5 mm; B ¼ 3.6mm; C ¼ 2.5mm; D ¼ 1.0mm;
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sporonts, with a sufficient background contrast. The
staining was specific, since only the cells of C. cionae were
visible in epifluorescence on the background (Fig. 1D),
improving detection efficiency when compared to trans-
mitted light alone (Fig. 1C).
Ultrastructure

TEM sections revealed a correspondence of C. cionae

ultrastructure with details of plasmodial stages visible in
LM and epifluorescence. Further developmental details
Fig. 5. Merogony of Cardiosporidium cionae in a more advanced

sporogonial plasmodia within the pericardial body of Ciona intes

haemocyte still retains a laterally compressed nucleus (HN). Mero

double membrane (A, arrows). Merozoites of C. cionae enclosed wi

bending process, a vesiculated single mitochondrion, rhoptries, and

show a lateral compression of the cell nucleus and mitochondria dur

A–D ¼ 1 mm.
were observed for plasmodia, which were also found in
sections of C. intestinalis haemocytes (Fig. 5B–D). TEM
also showed the occurrence of an apicoplast and an
electron-dense organelle, considered as a putative
bacterial endosymbiont, both inside cleaving merozoites
(Fig. 6A and B) and within the plasmodial cores
(Fig. 5A). They appeared as elongated, electron-dense
bodies 0.2–0.3 mm wide, often found in the peripheral
regions in more differentiated stages (Figs 3–5).

Immature plasmodia were free in the pericardial cavity,
with uniform and poorly differentiated electron-dense
nuclear areas. Free plasmodia varied from fusiform to
differentiation phase, showing cleavage of merozoites from

tinalis (A) or in haemocytes of the same host (B). The host

zoites around the sporogonial plasmodium are enclosed by a

thin haemocytes of C. intestinalis (B, arrowheads) show a self-

a nucleus (N). Haemocyte cells parasitized by C. cionae also

ing the early stages of plasmodium division (C, D). Scale bars:
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irregular in shape (Fig. 3A–D) and showed a central area
of varying electron density. Large numbers of putative
endosymbiotic rods were observed at this stage (Figs 3E
and 4B, D). A progressive reduction of the electron-dense
material was observed among plasmodia at different
maturing stages. In some sections the electron-dense
central cores also showed internal budding (Fig. 3C
and D). In stages considered as more advanced, this area
was delimited by a membrane and embedded in more
electron-transparent material, free of the putative en-
dosymbionts, which clustered at the plasmodium periph-
ery (Figs 3E and 4A, D).
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The merozoites cleaved in the outer sporont periphery
(Figs 4E, 5A, B and 6C). Budding merozoites showed
irregular and elongated mitochondria, rich in vesicles,
frequently observed at the periphery of early differ-
entiating sporonts (Figs 4D, E and 5A). The merozoites
were encircled within an apparent double outer mem-
brane distinct from the pansporoblastic membrane
(Figs 4E and 5A, B).

Plasmodia and merogonic stages with differentiating
merozoites were also observed inside C. intestinalis

haemocytes (Fig. 5B–D). The haemocyte appeared
almost destroyed by the parasite, as shown by the
presence of residual degenerating material, including the
nucleus, laterally compressed at the cell periphery,
whereas the plasmodia showed a central residual body
with degenerating material and merozoites (Fig. 5B).
Two distinct membrane layers separated the merozoites
from the host cell. Self-folding cells provided with
electron-dense rhoptries were also observed at this stage
within plasmodia (Fig. 5B). The self-folding process was
observed also in advanced merogonic stages formed at
the periphery of plasmodia free in the pericardial body,
and appeared consistent with a structural reorganization
of the merozoite cell (Figs 6C, E, F and 7A–D).

Electron-dense rhoptries were visible, at more advanced
developmental stages, in the apical merozoite regions,
showing a spherical body 125–240nm wide, narrowing to
give rise to a duct (Fig. 7A and D). Rhoptries were flanked
by 60–100nm wide electron-dense granules (Fig. 7B–D
and H) and micronemes (Fig. 7E and F).

Different stages of the C. cionae life-cycle were
observed within the same pericardial bodies, and the
parasite development appeared asynchronous. Apart
from developing plasmodial stages and merozoites,
TEM sections also showed secondary merogonic stages
of C. cionae in division, characterized by a high density
of ribosomes, nuclei with nucleoli surrounded by
vesiculated mitochondria and other spherical, electron-
dense refractile bodies (Fig. 6A).

Apicoplasts, 540–850nm in diameter and characterized
by four concentric membrane layers, were observed
in plasmodial (Figs 6B and 7I) and merogonic stages
(Fig. 7G). They appeared as elongated electron lucent rods
(Fig. 6C) or as organelles provided with a series of four
Fig. 6. Secondary merogonic stage of Cardiosporidium cionae in a

separated nuclei (N) with nucleoli surrounded by vesiculated mitoch

plasmodial stage (B arrowheads) showing the four membrane organiz

a more advanced stage of merozoite differentiation (C), showing fo

(gr), electron-dense bacterial endosymbionts (b) and electron-lucent a

the nuclear area (N), the arrangement of the subpellicular and flagella

endosymbionts. Maturing merozoite (E) showing subpellicular mic

apical microtubules (inset, arrowheads) and a simple polar ring wit

arrow). The cell folding process gives rise to an empty space (arr

subpellicular microtubules (s). Longitudinal section of maturing me

sexual stages found free in the pericardic space (G) showing the

subpellicular microtubules (arrow). Scale bars: A, B ¼ 1 mm; C–H ¼
concentric layers (Fig. 6B, insets) or whorls (Fig. 7G and I).
The elongated apicoplasts were distinguished from the
putative endosymbiotic bacteria because of a lower
electron density and staining intensity (Figs 4D and 6C).

Mature merozoitic stages also showed subpellicular
microtubules 20–30 nm in diameter, arranged long-
itudinally within the cell, spanning from the nuclear
area and converging towards the apical region, located
on the opposite side (Fig. 6E). Subpellicular micro-
tubules were also present in maturing sexual stages
(Fig. 6D–H), as well as in sporocysts (Fig. 7H) and
appeared to be involved in the cell organization and
bending process. Merozoites showed the presence of an
apical prominence of the plasma membrane with a
central darker zone and a simple polar ring, towards
which the microtubules converged (Fig. 6E, inset).
Flagellated sexual stages were observed to develop
within plasmodia as well as free in the pericardial space
(Fig. 6D and G–H). The flagella of male microgametes
displayed in section the typical 9+2 structure (Fig. 7G).
The sporocyst showed the occurrence, in transverse and
longitudinal sections, of an external trilaminar wall
(Fig. 7G and H). Peripheral subpellicular microtubules
were also visible in longitudinal section in the sporocyst
cell periphery, as well as in an internal region, as a result
of the coming together of the cell tips, due to the self-
bending process. In this area, an internal loop was also
visible, derived from replication of the cell membrane
and flanked by parallel subpellicular microtubules.
Rhoptries and granules were also present in the
sporocyst in an area distinct from that of the nucleus
and the vesiculated mitochondrion (Fig. 7H).
Prevalence

C. cionae was observed for more than a decade in
C. intestinalis specimens collected in different areas
of the Gulf of Naples. It was found in 2 consecutive
years in specimens collected at Castellammare di
Stabia, with highest prevalence levels observed in
October–November (Fig. 8). By the end of the sampling
period almost all specimens showed pericardial bodies
with plasmodial stages. Similar parasitism levels were
dividing process (A) showing abundance of ribosomes, two

ondria (mi), and spherical refractile bodies. Apicoplasts in the

ation in transverse and diagonal sections (insets). Plasmodia in

lding merozoitic cells provided with rhoptries (r) and granules

picoplast (asterisk). Sections of microgamonts (D, H) showing

r microtubules (arrowheads), as well as electron-dense putative

rotubules (s) converging towards the apical region with two

h an apical prominence of the plasma membrane (inset, bold

ow) adjacent to the nuclear region, which is flanked by the

rozoites showing the ‘‘C’’ self-bending process (F). Flagellated

flagellar 9+2 microtubule organization (arrowheads), and

0.5mm.
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Fig. 7. Maturing merogonic stages of Cardiosporidium cionae showing organelles and the cell self-bending process (A–F). Rhoptries

(r) and micronemes (m) are visible at this stage, opposite to the nuclear region (N) and surrounded by subpellicular microtubules (s)

converging towards the cell apex (E, F). Bacteria-like cells (b) were observed both within and in proximity to maturing merozoites

cleaving from the plasmodia (E). Bacterial cells were also found within the plasmodium (I), flanking concentric apicoplast-like

structures (a). The sporocysts show, in transverse (G) and longitudinal sections (H), an external trilaminar wall (arrowheads).

Peripheral subpellicular microtubules (H, small arrows) are visible in longitudinal section. An internal loop (large arrow) is also

visible, originating from the bending of the cell membrane (bold arrow), and flanked by a set of parallel subpellicular microtubules.

Rhoptries (r) and granules (gr) are visible in sporocyst regions distinct from the area of the nucleus (N) and the vesiculated

mitochondrion (M). Scale bars: A–H ¼ 500 nm; I ¼ 250 nm.

A. Ciancio et al. / European Journal of Protistology 44 (2008) 181–196190
also found in the following year for specimens collected
from the same place, with prevalence ranging from
77.8% to 55.5% by the end of October. Specimens of C.
intestinalis collected at Lago Fusaro showed the
presence of pericardial bodies, but no plasmodia were
found within the material examined.
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Phylogenetic position

The primers used for PCR amplification yielded a
fragment of 1921 bp (GenBank accession: EU052685).
Fig. 8. Time series prevalence data for the plasmodial stages of

Cardiosporidium cionae in specimens of a population of Ciona

intestinalis collected from Castellammare di Stabia (Italy).

Fig. 9. Alignment of the PCR amplified product with the SSU rDNA

showing the nucleotide region specific for Cardiosporidium cionae (G

corresponding insertions found in Selenidium terebellae (AY196709)
Content in G+C was 43.47% (A: 27.69%; C: 18.22%;
G: 25.25% and T: 28.84%). BLAST search with the
sequence obtained showed highest nucleotide identities
with fragments of the rSSU sequences of Cytauxzoon

spp. (92–94%), Adelina dimidiata (93%), Babesia poelea

(93%) and Toxoplasma gondii (92%), as well as with
Cystoisospora spp. (92%) and Isospora (92%). Close
similarity levels (90–93%) were also scored for acces-
sions AF238264, AF238265 and AF238266 from other
unidentified marine organisms (Toller et al. 2001).
Alignment with closest known species showed a region
of 66 nucleotides located at position 1644 (Fig. 9),
characterized by higher T (42.4%) and lower C (10.6%)
content. The region appeared unique for C. cionae, since
no match was found in any other sequence available for
BLAST search.

Neighbour-joining phylogenetic trees, based on
either the Kimura three-parameter distance or the
Jukes and Cantor substitution per site calculations,
always located C. cionae within other apicomplexan
clades, placing the genus Cardiosporidium as a further
evolutionary radiation amid closest piroplasm parasites
of the genera Theileria, Cytauxzoon and Babesia

(Fig. 10).
accessions of representatives of Apicomplexa and related taxa,

enBank accession: EU052685; position 1644 of alignment) and

.
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Description

Genus Cardiosporidium Van Gaver and Stephan, 1907
(Apicomplexa: Piroplasmida)
(emended from Van Gaver and Stephan [1907] and

Scippa et al. [2000])
Fig. 10. Rooted Neighbour-joining tree showing the phylogenetic r

SSU product and the corresponding GenBank accessions of other Ap

species names). The tree was constructed using the Jukes and Cantor

nucleotide divergence, the numbers at nodes show the percent of bo

topology.
Diagnosis: Parasitic in ascidians. Plasmodial stages,
sporogonial merozoitic phases and free merozoites
present in the heart cavity and in the host pericardial
body. Plasmodial stages and merogonial phases also
within haemocytes. Merozoites differentiating with a
double membrane distinct from the resting plasmodial
elationship of Cardiosporidium cionae, based on the amplified

icomplexa and related taxa (accession numbers are shown after

distance values with 100 bootstraps. The bar shows the rate of

otstrap resamplings (higher than 50%), supporting the shown
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membrane, cleaving and then separated by an isthmus
from the sporont and finally free within its periphery.
Merozoites showing, during late merogonic stages, self-
bending to a ‘‘C’’ shape, rhoptries, subpellicular
microtubules and a polar ring. Sexual stages formed in
the same host, motile male microgametes provided with
two flagella. Mitochondria vesiculated. Apicoplast pre-
sent. Gamonts develop within the same host.

Type species: Cardiosporidium cionae (Figs 1–7)
Cardiosporidium cionae Van Gaver and Stephan, 1907
(Figs 1–7)
With characters of the genus. So far only found in C.

intestinalis L.
Plasmodial stages (Figs 1, 2B–D, 3 and 4A–D):

Fusiform, at a more mature stage provided with
extensions and filamentous protrusions, free in the
pericardial body and parasitic in the haemocytes of
the ascidian. Plasmodia yielding merogonic phases
with subsequent production and release of merozoites
in the heart cavity and in the host pericardial body.
Merogony phases also occurring within haemocytes of
C. intestinalis.

Merozoites (Figs 4E and 5B): Differentiating mer-
ozoites released within peripheral spaces of plasmodia
or in the host pericardial body. Merozoites character-
ized, during late merogonic stages, by an apical
prominence of the plasma membrane, with a central
electron-dense zone and a simple polar ring.

Type host: Ciona intestinalis L. (Tunicata).
Geographic locality: From specimens of the ascidian

Ciona intestinalis collected at Castellammare di Stabia,
Gulf of Naples, Italy.

Prevalence: 60–100% by October–November.
Sporulation: Merogonic stages in plasmodia free

within the pericardial cavity, in plasmodia within the
host pericardial body and within haemocytes.

Etymology: Sporozoan from the heart of Ciona.
Remarks: Putative endosymbiotic rod-shaped bacteria

and apicoplasts present in plasmodia and merozoites.
Transmission: Need for or nature of vector unknown.
Type specimens: Holotype permanent slide n.

MCSNVR/Pr/1 deposited at Museo Civico di Storia
Naturale, Verona, Italy. Paratype slide n. MCSNVR/Pr/
2 deposited at Museo Civico di Storia Naturale, Verona,
Italy; second paratype slide deposited at Museo
Nacional de Ciencias Naturales (CSIC), Madrid, Spain.
Discussion

Nucleotide and ultrastructural data obtained herein
support the validation of the species C. cionae and its
placement among the Apicomplexa. Maximum nucleo-
tide identity scores observed for the BLAST sequences
closest to the product obtained from C. cionae were
never higher than 94%, supporting Cardiosporidium as a
genuine, valid genus, representative of a new phyloge-
netic radiation in Piroplasmida. Molecular methods
proved to be informative enough to identify cryptic
species and species divergence within piroplasms
(Conrad et al. 2006; Criado-Fornelio et al. 2004) and
the placement of the organism in question is reinforced
by TEM and LM observations. Ultrastructural data
showed that the multiplication of C. cionae is of
the schizogony type (Morrissette and Sibley 2002),
and that the parasite undergoes sexual and asexual
development in the same host. These observations fit
with those reported in the original description of
C. cionae, carried out by light microscopy (Van Gaver
and Stephan 1907).

The association with the pericardial body cells and the
development of merogonic stages inside haemocytes
showed that C. cionae is a blood parasite. The rSSU
sequence and the inferred phylogenetic position coher-
ently placed C. cionae with other piroplasms like
Cytauxzoon, Babesia and Theileria. In comparison to
other Apicomplexa (Dubey et al. 1998), TEM observa-
tions of C. cionae showed a reduced apical complex,
mainly organized in an apical central dark area, and a
polar ring. Although the apical complex is a distinctive
trait of Apicomplexa, its structural organization varies,
and in some cases it is reduced, e.g. in non-motile
Theileria sporozoites, in which both the conoid and
micronemes are absent (Shaw 2003). The merozoites of
C. cionae showed other typical apicomplexan organelles
like rhoptries and micronemes, electron-dense granules
and subpellicular microtubules (Preiser et al. 2000),
evident in transverse and longitudinal sections of
developing merozoites, or in sexual stages (Fig. 6D, E,
G and H).

Ultrastructural details of electron-lucent organelles in
C. cionae, including their elongated shape, their disper-
sion in multiplicative plasmodial stages and the electron-
transparent interior, support their identification as an
apicoplast. The organelle appeared to be of the
secondary type, as a multi-membrane compartment
with varying shapes representative of different sectors,
and shared similarities with apicoplasts observed in
TEM sections of other Apicomplexa, including the
occurrence of tubular whorls (Fig. 7I) (Köhler 2005;
Maréchal and Cesbron-Delauw 2001; Striepen et al.
2000; Van Dooren et al. 2005; Waller and McFadden
2005; Wilson and Williamson 1997). In Apicomplexa, an
elongated apicoplast organization is found in late
maturation of schizonts, giving rise, in connection with
mitochondria, to a spatially branched extranuclear
arrangement (Waller and McFadden 2005). The plastids
replicate before schizogony and the encoded genes have
a functional role (Wilson and Williamson 1997). In
TEM sections of C. cionae (Fig. 6B and insets) this
arrangement produced the appearance of clustered
plastids, which should be considered at this stage as
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part of an unique, elongated and multi-branched
organelle. Plastids in Toxoplasma gondii are involved
in the formation of the parasitophorous vacuole,
whereas in P. falciparum and P. berghei they are related
to the survival of the parasite blood stages or to the
development of both sexual and asexual forms, respec-
tively (Sullivan et al. 2000). During development of
sexual stages, the female macrogamete is the only parent
transmitting an apicoplast (Wilson and Williamson
1997). As preliminary evidence supporting the identifi-
cation of an apicoplast in C. cionae, a fragment of
approximately 964 bp was amplified during this study
by PCR. The sequenced product (data not shown)
was obtained from the same DNA as that which yielded
the SSU amplicon used for phylogenetic analysis,
through a set of primers constructed on the Toxoplasma

gondii plastid Tu elongation factor (NCBI sequence
NC_001799, complete apicoplast genome).

The electron-dense, elongated structures considered
as putative endosymbionts, recognized in schizonts of
C. cionae and distinct from the apicoplast because of
their higher electron density, have no homologues in the
closest apicomplexan genera, but are well known in
ciliates (Fokin et al. 1996; Görtz 1983, 2001; Vannini
et al. 2004). In C. cionae the structures were often
observed as electron-dense bacterium-like bodies in
budding schizonts (Figs 3B, D, E, 4C, D, 5A and 6C)
and also within merozoites and male sexual stages
(Fig. 6D and H). Further investigations are needed,
however, to identify these elements as endosymbiotic
bacteria of C. cionae. There are, however, suggestive
clues for a putative relationship of Apicomplexa with
some endosymbiotic bacteria. In Babesia bovis an
extrachromosomal rSSU was identified, showing only
a weak association with the mitochondrial and plastid
homologues. Several features of the amplified product of
B. bovis were consistent with an eubacterial origin and
appeared closely related to those of a similar organelle-
like rSSU, obtained from Plasmodium falciparum

(Gozar and Bagnara 1995). Cryptosporidium parvum is
also considered as the recipient of several genes of
eubacterial origin, which are expressed and develop-
mentally regulated during the parasite life-cycle (Huang
et al. 2004).

The divergence of Apicomplexa from dinoflagellates,
which pre-dates the appearance of vertebrates, is
estimated to have occurred during the Precambrian
(Escalante and Ayala 1995) through a transition of early
predators, probably archigregarines or predatory pro-
talveolate flagellates, towards intracellular parasitism
(Leander et al. 2003b; Cavalier-Smith and Chao 2004;
Kopečná et al. 2006). The Phylum Apicomplexa
includes obligate parasites of medical and veterinary
importance for man and higher vertebrates, and
ultrastructural or DNA data are available for several
haemoparasites. Little is known, however, about api-
complexan parasites of non-vertebrate species (Kopečná
et al. 2006). The clade of which C. cionae is a member
may prove informative not only as a new evolutionary
lineage of haemocyte parasites, but also because of the
phylogenetic position of tunicates which have been
recently re-considered as simplified chordates, rather
than as the closest organisms to chordate ancestors
(Chourrout et al. 2006). In this regard, the presence in
ascidian haemocytes of a piroplasm-like species may
support the hypothesis of a possible ‘‘retrograde’’
evolution of Tunicata (Chourrout et al. 2006).

The host group may represent a distinctive diagnostic
character for the genus Cardiosporidium. Considering
the paucity of data about apicomplexans parasitic in
non-vertebrate species and the position of tunicates, the
C. cionae rSSU data enlarge our knowledge about
putatively ‘‘missing’’ Apicomplexa or cryptic evolution-
ary radiations. It is possible that representatives of
closely related taxa, often difficult to identify or present
in low abundance or in specific environmental niches
(Toller et al. 2001), could prove more informative about
both the host range and the evolutionary paths of early
Apicomplexa, as well as on the emergence of parasitism
in Alveolata (Kopečná et al. 2006). In this regard, the
66 bp nucleotide region at position 1644, which appears
unique for the rSSU of C. cionae (Fig. 9), may have a
practical use in providing a suitable basis for the design
of molecular probes or specific PCR primers. This
insertion was mirrored only by an insertion of 64 bp
present in the same region of sequence AY196709
obtained from Selenidium terebellae (Leander et al.,
2003b), which is flanked by two further shorter
insertions which were absent in C. cionae (Fig. 9).
A low similarity (45.39%) was found, however, between
the two fragments. It is worth noting the utility of this
specific fragment, as molecular probes or PCR primers
specific for this region may be used for amplification and
detection of C. cionae or other closely related, cryptic
species from other ascidian hosts or populations (Choi
et al. 2006), as well as to study the parasite ecology or
life-cycle inside its host.

The nature and origin of the pericardial body in C.

intestinalis remains obscure. It was proposed that either
parasitism by C. cionae and factors related to cellular
degenerative processes were involved in a host inflam-
matory response occurring at the pericardial tissue level,
yielding cell remnants and debris, aggregating to form
the pericardial body (Scippa et al. 2000). However, lack
of detection of parasitic stages of C. cionae in specimens
of C. intestinalis derived from the Lago Fusaro
population, which do possess pericardial bodies, sug-
gests that further experimental data in controlled
conditions are required to determine the origin and
relationships of this structure in C. intestinalis.

The AO staining procedure appeared more specific
than other techniques (e.g. toluidine blue) previously
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used for examination of pericardial bodies (Scippa et al.
2000). The stain specificity was useful during the
prevalence studies, allowing fast identification and
assessment of prevalence in C. intestinalis and, in
general, in the study of parasitism. Coupled with PCR,
it may prove useful in identifying the parasite infection
entry route and sites of development in the host.

In conclusion, both phylogenetic and ultrastructural
analyses support the assignment of C. cionae to the
piroplasm clade of Apicomplexa. For a complete
understanding of its life-cycle, an experimental ap-
proach based on tests on healthy and artificially infected
hosts, carried out in controlled conditions, is required.
Since known piroplasms are vector-transmitted, the
identification of the infective stage of the parasite,
together with its putative transmission biology and the
occurrence of possible vectors should also be investi-
gated. No data are available thus far on the transmission
process of C. cionae. Possible entry routes are through
feeding (by ingestion of infective sporocysts), by trans-
epithelial infection, or by infection during the host larval
stage, due to the partial opening of the pericardial cavity
which occurs during this stage. A possible hypothesis is
that, as for isopods which are intermediate hosts of fish
hemogregarines (Davies and Nico 2001), transmission
could occur through some aquatic vector, e.g. copepods
which are frequently found in the branchial basket
tissues or externally on the tunic of ascidians (Ohishi
and O’Reilly 2004; Ohishi 2006).
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Köhler, S., 2005. Multi-membrane-bound structures of Api-

complexa: I. The architecture of the Toxoplasma gondii

apicoplast. Parasitol. Res. 96, 258–272.
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