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Abstract
The planktonic Oikopleura dioica belongs to Tunicata, the probable sister taxon to Craniota, and might show plesiomorphic 
characters, conserved from the common lineage of Tunicata and Craniota. In O. dioica a pericardium in a position similar to 
other chordates but also to the heart and pericardium of craniates is found. Surprisingly, little is known about the ultrastructure 
of the pericardium in O. dioica. Here, we show based on electron microscopy that the pericardium is completely lined by 
a single layer of 16 epithelial cells: 6 epithelial myocardial cells on the left side of the pericardium and 10 peritoneal cells 
constituting the right side. One of the peritoneal cells, situated at the ventral border between peritoneal cells and myocardial 
cells has an extension that anchors the pericardium to the basal lamina beneath the latero-ventral epidermis. The primary 
body cavity of O. dioica appears quite uniformly clear in electron microscopic aspect but several sheets, resembling the basal 
lamina of the pericardium cross the larger spaces of the body cavity and connect to the pericardial basal lamina. This is the 
first detailed description of two distinct cell types in the epithelial lining of the pericardium of O. dioica. In comparison with 
other chordates, we conclude that two cell types can be reconstructed for the last common ancestor of Chordata at least. The 
position of the pericardium at the intersection of trunk and tail in combination with the basal-lamina like sheets spanning 
the hemocoel is probably of importance for the function of the circulation of the hemocoelic fluid. Similar to the tail, the 
axis of the pericardium is shifted through 90 degrees to the left as compared to the main body axis of the trunk and we infer 
that this shift is an apomorphic character of Appendicularia.

Keywords Heart · Pericardium · Coelom · Larvacea · Urochordata

Introduction

Oikopleura dioica Fol, 1872 is a planktonic chordate belong-
ing to a small group of marine animals, the so-called appen-
dicularians and it has recently been developed into a model 
organism for molecular biological studies (e.g., Bouquet 
et al. 2009; Glover 2020; Ferrández-Roldán et al. 2021). 
Besides utilizing an elaborate, extracorporal filtering device 
to feed, having an extremely short generation span of merely 
5 days, O. dioica attracted the interest of researchers because 
of its phylogenetic position. It belongs to Tunicata, the prob-
able sister taxon to Craniota (sensu Lambertz 2016), the 
vertebrates (see e.g., Delsuc et al. 2006, 2018; Kocot et al. 
2018), and within Tunicata, Appendicularia is considered 
to be the sister taxon to all remaining tunicates (see e.g., 
Delsuc et al. 2006, 2018; Kocot et al. 2018; Braun et al. 
2020). This phylogenetic position attracts interest, because 
in comparative studies with other tunicates, vertebrates, 
and cephalochordates, O. dioica might show plesiomorphic 
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characters that have been conserved from the common line-
age of Tunicata and Craniota.

Oikopleura dioica is by far the best studied species of the 
approximately 69 appendicularian species and many mor-
phological details such as the fine anatomy of the nervous 
system and the sensory organs (e.g., Holmberg 1984, 1986; 
Olsson et al 1990; Canestro et al. 2005), the ultrastructure of 
the epidermis (Burighel et al 1989; Nakashima et al. 2011), 
the digestive tract (Burighel et al. 2001), the morphoge-
netic patterning of the oikoplastic epithelium (Kishi et al. 
2017), or the detailed cell lineage (Stach et al. 2008) are 
only known in this appendicularian model species. Recently, 
Nishida et al. (2021) have complimented the earlier studies 
with a detailed morphological description of a hatchling and 
a juvenile of O. dioica based on serial block face scanning 
electron microscopy (SBF-SEM), a technique that allows for 
the three-dimensional visualization of anatomical features at 
near ultrastructural level.

In the ventral part of the trunk of appendicularians, 
immediately posterior to the pharynx is a pulsating coelomic 
compartment that was discovered by Lankester (1874) in 
Fritillaria pellucida (Busch 1851) (Lankester used the junior 
synonym Appendicularia furcata). This is the comparable 
position not only of the pericard/heart complex in ascidians 
(e.g., Hoshino 1969; Davidson 2007; Evans and Christiaen 
2016; Konrad 2016), but also of a major blood vessel in 
cephalochordates (also known as lancelets) associated with 
a coelomic compartment (e.g., Rähr 1979; Stach 2000), and 
of the heart and pericardium in vertebrate fishes (e.g., Farrell 
2007; Kokubo et al. 2010; Ghadam et al. 2016). Compared 
to the ascidians, the pericard/heart complex in O. dioica is 
a genuinely simple structure, constituting a small coelomic 
sac. Surprisingly, very little is known about the ultrastruc-
ture of the pericardium in O. dioica. Stach (2009) investi-
gated the general anatomy of the mesoderm in tunicates and 
concerning the pericardium of O. dioica only briefly men-
tions that “the internal lumen … is completely lined by flat 
mesodermal cells” (p. 101) and that “the major part of their 
cytoplasm is occupied by myofilaments” (p. 102). Nishida 
et al. (2021) reconstruct the three-dimensional anatomy of 
the pericardium of a juvenile. These authors were able to 
determine the number of nuclei, and thus the number of cells 
that make up the pericardium. They also confirmed a differ-
ence between the thickness of the right and left sides of the 
pericardium that had been noticed by Onuma et al. (2017) 
before. Nishida et al. (2021) concluded that the left side 
consisted of six long muscle cells (here termed myocardial 
cells), whereas the right side was built by ten pericardial 
epithelium cells (here termed peritoneal pericardial cells). 
The authors state that with the SBF-SEM method they used 
“it was difficult to recognize muscle fibers in the SBF-SEM 
images.” At the same time, Savelieva and Temereva (2020) 
have recently described the ultrastructure of two different 

cell types, myoepithelial cells and peritoneal cells, in the 
pericardium of another appendicularian species Oikopleura 
gracilis Lohmann 1896. Thus, it seems convincing to expect 
two different cell types to be present in the pericardium of 
O. dioica as well, but this has not been demonstrated so far 
and the detailed ultrastructure of these cells remains to be 
investigated. In order to fill this gap in our knowledge, we 
examine the subcellular anatomy of the pericardial cells of 
the phylogenetically important model organism O. dioica.

Materials and methods

We analyzed three specimens of Oikopleura dioica: two 
were prepared in the Laboratory for Comparative Electron 
Microscopy at Humboldt-University, Berlin.

The two specimens, used for investigating cellular ultra-
structure were prepared as follows:

Living specimens of O. dioica were provided from Sars 
International Centre for Marine Molecular Biology (SIC-
MMB) and cultured at Humboldt-University zu Berlin (HU) 
through numerous generations following culturing methods 
detailed in Bouquet et al. (2009).

Individual juvenile animals (day 3–4) were immersed 
for 1 h in a cold solution of Karnovsky’s primary fixative 
(Karnovsky 1965) consisting of 2% glutaraldehyde, 2% para-
formaldehyde, 1.52% NaOH, and 1.2 g d-glucose, dissolved 
in 2.25% sodium hydrogen phosphate buffer (pH 7.4). Speci-
mens were subsequently rinsed in three changes of buffer 
and post-fixed for 2 h in 1%  OsO4 solution in 2.25% sodium 
hydrogen phosphate buffer (pH 7.4) at room temperature, 
dehydrated through a graded series of ethanol, and embed-
ded in epoxy resin (Araldite; Fluka).

One specimen was serially sectioned alternating between 
16 semithin Sects. (0.5 µm) and approximately 25 ultrathin 
Sects. (60 nm), another specimen was serially sectioned 
completely for transmission electron microscopy microscopy 
(60 nm). Sectioning was performed on a Leica Ultracut S. 
Semithin sections were stained using 1% toluidine blue in a 
solution of 1% sodium tetraborate (borax). Ultrathin sections 
were stained with 2% uranylacetate and 2.5% lead citrate in 
an automatic stainer (courtesy of Dr. Björn Quast, Univer-
sität Bonn and Dr. Alexander Gruhl, MPI Bremen).

Stained ultrathin sections were examined under a Zeiss 
EM9 transmission electron microscope, operated at 50 kV.

Data of the third specimen, used for the digital 3D-recon-
structions, were kindly provided by Prof. Hiroki Nishida 
(Department of Biological Sciences, Graduate School of 
Science, Osaka University). These data were compiled using 
serial block face scanning electron microscopy. For further 
details see Nishida et al. (2021). The resulting image stacks 
were used for segmentation and 3D-reconstruction using the 
Amira software package (version 6.4.0).
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Results

General anatomy of the pericardium and heart

The pericardium is a fluid-filled, sac-like compartment 
that is continuously lined by epithelial cells. Thus, the 
pericardium is a true coelom. It is situated within the 
hemocoel of the trunk and anteriorly wedged between 
the stomach lobes at the base of the tail and more pos-
teriorly bordered by the gonad and ventrally by the epi-
dermis (Fig. 1). The pericardium in a juvenile specimen 
10 h after fertilization measures approximately 140 µm in 
length and is laterally compressed, so the width measures 
merely about 30–40 µm (Fig. 1). In height the pericar-
dium reaches approximately 80 µm. It is slightly pointed 
anteriorly, while rounded at the posterior end. A dorsal 

view reveals that the flat, sac-like pericardium is some-
what spoon-shaped with a concave side towards the left 
lobe of the stomach and the convex facet towards the right 
stomach lobe.

A distinct heart is not present in Oikopleura dioica. 
Usually, the heart houses the hemocoelic fluid or blood 
and is the central site of propulsion of this fluid. In most 
invertebrates therefore, the heart is a distinct vessel sur-
rounded by a coelomic compartment that on its extracel-
lular side contains the hemocoelic fluid or blood. While in 
O. dioica the coelomic compartment, i.e., the pericardium, 
that agitates the hemocoelic fluid, exists, no distinct vessel 
can be discerned (Fig. 1a). On the left side of the pericar-
dium, where the pericardial epithelium is made up of epi-
thelial myocardial cells, several more or less shallow folds 
are seen running longitudinally along the pericardium.

Fig. 1  General anatomy of the pericardium (pc) of Oikopleura dioica. 
a Exemplary image from the series of serial block face scanning elec-
tron micrographs showing a cross section through the pericardium 
of O. dioica with a selected myocardial cell (myc) and the perito-
neal cell (ptc) labeled by colors. myc–light red, ptc–blue. (b) Digital 
3D-reconstruction of the trunk and parts of the tail of a juvenile of 
O. dioica seen from the left. Organ systems transparent with excep-
tion of the pericardium. c–e Digital 3D-reconstruction of the peri-
cardium with the two cells highlighted in (a) reconstructed in more 

detail. Position of nuclei of all cells in the pericardium with exception 
of the two cells reconstructed in detail indicated by black spheres. c 
Pericardium seen from left side, anterior to left of image (all nuclei 
highlighted by dashed white circles for visibility). d Pericardium seen 
from dorsal, anterior to left of image. e Pericardium seen from ante-
rior, left side of pericardium is right in the image. an anus, br brain, 
nu(m) nucleus of myocardial cell, nc tip of notochord, ne nerve, oe 
esophagus, ph pharynx, st(l) left stomach lobe, ta tail
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The pericardial cells–general appearance

The pericardium is completely lined by a single layer of 16 
epithelial cells in total (Fig. 1a). The cells rest on a distinct 

basal lamina that measures only 20–50 nm and is of a floc-
cular appearance (Figs. 2, 3, 4). Occasionally, the basal 
lamina beneath pericardial cells appears to consist of fibers 
(Fig. 4c). All pericardial cells are flat and therefore appear 
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thin in sections. The cells are connected to their neighboring 
cells via continuous, belt-like cell junctions (Figs. 2e, 3a). 
Apically, the pericardial cells are in contact with the coe-
lomic fluid inside the pericardium. No apical differentiations 
were observed. There are two distinct different type of cells 
that make up the pericardium. These are the myocardial cells 
and the peritoneal pericardial cells (Figs. 2, 3, 4).

Ultrastructure of the myocardial cells

The six epithelial myocardial cells are elongated cells that 
measure approximately 150 µm in length and only around 
12 µm in width (Fig. 2a–c). Over the most part the cells 
are rather flat, measuring some 2 µm in height. Only, at 
the vicinity of the nucleus this height increases to around 
5–6 µm (Figs. 2b, 3b). The myocardial cells constitute the 
left, concave side of the pericardium.

The myocardial cells contain a single nucleus, numer-
ous mitochondria, and several (2–4) myofibrillae. The 
myofibrillae are oriented along the longitudinal axis of 
the myocardial cells. In cross section, the myofibrillae 
measure around 2 µm in diameter and feature a regular 
arrangement of myosin fibers (Fig. 3). Unfortunately, we 
did not prepare longitudinal sections, but the bending of 
the concavity of the pericardium allowed us to document 
oblique sections of the myocardial cells. In these oblique 
sections, we could document profiles of a cross striation 
pattern with clearly discernible A-band (myosin and actin 
fibers), I-band (actin fibers), and the dark Z-disc separating 
sarcomeres (Fig. 3c, e). The mitochondria appear oval to 
round in cross section. They are of approximately 1.5 µm 
diameter and feature tubular sectional aspects of the inner 
mitochondrial membranes (Fig. 3). The single nucleus 
is round with a diameter of around 5 µm (Figs. 2b, 3b). 
The apical cell membrane does not feature modifications. 
At the cell junctions connecting neighboring myocardial 
cells the cell membranes appear electron darker. The 
membranes of the neighboring cells are apically closely 
apposed—less than 10 nm apart—and the intercellular 

cleft is filled with electron dark material (Fig. 3a, d, f). On 
the respective intracellular sides of the cell junctions elec-
tron denser plaques of about 50 nm by 120 nm are found. 
In these plaques some denser striation, emanating from 
the membrane are seen. A short distance (ca. 60 nm) more 
basally a darker density in both membranes is found with 
some darker striation connecting the membranes and being 
perpendicular in orientation to the membrane (Fig. 3d). 
Here, the two cells are 15–20 nm apart.

Ultrastructure of the peritoneal pericardial cells

The ten peritoneal pericardial cells are extremely flat-
tened epithelial cells, that measure approximately 100 µm 
in length, about 40 µm in width, and only around 0.2 µm 
in height (Fig. 2D). The height only changes around the 
nucleus, which is round and has a diameter of about 3 µm 
(Fig. 2e). These peritoneal cells possess a clear cytosol, few 
mitochondria and few organelles. Neighboring cells are con-
nected by electron dense cell junctions (Fig. 2e). One of the 
pericardial cells, situated at the ventral border between peri-
toneal cells and myocardial cells, is similar to the peritoneal 
cells but has a slightly different shape (Fig. 2f). While the 
cytoplasm appears comparable to the remaining peritoneal 
cells, this specific cell has a projection that connects the 
pericardium to the basal lamina beneath the latero-ventral 
epidermis.

Organization of body cavity and basal lamina

The body cavity of O. dioica appears quite uniformly clear 
in electron microscopic aspect, with little signs of floccular 
precipitations (Figs. 1, 2, 3, 4; especially Fig. 4). The basal 
lamina beneath the epithelially organized cells, on the other 
hand, appears as a continuous line of floccular precipitation 
of medium electron density, constituting a sheet-like basal 
lamina. The basal lamina underlying the epidermis (Fig. 2f) 
is approximately 30 nm thick and closely follows the basal 
sides of the epidermal cells. The basal lamina underneath 
the pericardium (Figs. 2b, c, e, 3a, b, c, e, f, 4) is between 30 
and 70 nm thick and pericardial cells do not follow the basal 
lamina closely, leaving a cleft-like space. The pericardial 
basal lamina is loosely organized and occasionally shows 
short fibers (Figs. 3b, 4c). The basal lamina underneath the 
stomach is again directly situated underneath the cell mem-
branes of the basal sides of the stomach cells (Figs. 2b, 4a, 
b). It is more uniformly around 30 nm in thickness and elec-
tron darker than the basal laminae described before.

Sheets, resembling the basal lamina of the pericardium 
cross the larger spaces of the body cavity and are connected 
to the pericardial basal lamina (Fig. 4a).

Fig. 2  Details of myocardial (myc) and peritoneal (ptc) pericar-
dial cells in Oikopleura dioica. a 3D-reconstruction of the myocar-
dial cell shown in Fig.  1. Cell membrane: transparent red; myofi-
brilla (mf): green; nucleus (nu): dark pink. b Transmission electron 
micrograph of a myocardial cell next to left stomach lobe in perinu-
clear region. c Transmission electron micrograph of a myocardial at 
cell periphery showing cell junction (cj) and mitochondrium (mi). d 
3D-reconstruction of the peritoneal cell shown in Fig. 1. Cell mem-
brane–transparent blue, nucleus (nu)– dark blue. e Transmission 
electron micrograph of peritoneal cell showing nucleus and cell junc-
tion. f Transmission electron micrograph at ventral border of pericar-
dium. Note the projection of a cell with similar appearance to perito-
neal cell extending to the ventro-lateral epidermis. bl(p) basal lamina 
(around pericardium), by basal labyrinth, epc epidermal cell, ex(ptc) projec-
tion (of peritoneal cell), gc coelomic lining of gonad, stc stomach cell

◂
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Fig. 3  Ultrastructural details of myocardial cells in the pericardium 
of Oikopleura dioica. a Note several myofibrillae (mf) in a single 
myocardial cell. b The round nucleus is clearly seen. c Each myofi-
brilla is associated with mitochondria (mi). d Detail of cell junction 
(magnification of area in (f)). e Cross striation pattern in a slightly 
obliquely sectioned myofibril shows a-band with myosin filaments 

(my), i-band with actin filaments (ac), and the dark z-band within the 
i-band. f Cross section of myofibrilla at higher magnification reveals 
the regular arrangement of myosin and actin filaments. Dotted square 
indicates magnified area in (d). bl basal lamina, cj cell junction, cm 
cell membrane, nu nucelus, stc stomach cell, z z-line
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Discussion

Due to its phylogenetic position within Tunicata (e.g., Del-
suc et al. 2018; Kocot et al. 2018; Braun et al. 2020) and 
its peculiar life history with extremely accelerated develop-
ment and short life cycle (e.g., Stach et al. 2008; Bouquet 
et al. 2009), Oikopleura dioica among appendicularians has 
been developed into a model organism for modern sophis-
ticated research (e.g., Danks et al. 2013; Ferrández-Roldán 
et al. 2021). The phylogenetic position of course is a pre-
requisite to elucidate evolution, but a final goal in evolu-
tionary research is a more complete understanding of the 
evolutionary changes that occur along the lineages. Such 
evolutionary changes naturally include molecular develop-
mental changes as well as changes in life-history, ecology, 
and last but not least also morphological changes. In order 
to elucidate morphological transformations in evolution, a 
detailed knowledge of morphological traits is desirable and 
model organisms are among other reasons chosen because 
much of their morphology is known. Because the ultrastruc-
tural morphology of the pericardium of this important model 
organism has been hardly analyzed, we filled this gap with 
the aim to draw functional and evolutionary conclusions.

Based on ultrastructural observations, we could une-
quivocally demonstrate that two cell types are present in the 

epithelial lining of the pericardium: six myocardial cells on 
the left side of the pericardium and ten peritoneal cells on its 
right. Although these had not been characterized in detail for 
O. dioica before, it was not an unexpected finding, because 
Onuma et al (2017) and Nishida et al. (2021) had already 
noticed a difference in thickness between the left and right 
sides of the pericardial epithelium. In addition, Savelieva 
and Temereva (2020) described the ultrastructure of myo-
cardial and peritoneal cells for the closely related species 
O. gracilis. Two similarly ultrastructurally different types 
of pericardial cells are also present in ascidans (see below) 
and can, therefore, plausibly be inferred to be homologous 
to the ones found in appendicularians. We, therefore, expect 
two cell types, myocardial and peritoneal cells, to be more 
wide-spread among appendicularians and indeed consti-
tute the plesiomorphic condition of the pericardium within 
Appendicularia. We also observed a specialized peritoneal 
cell in the posterior part of the pericardium. This cell was 
attached to the basal membrane of the epidermis via a cel-
lular projection. Such a cell had not been described before. 
Unfortunately, we were unable to characterize this special-
ized peritoneal cell further and additional investigations are 
necessary to substantiate this finding. Functional, such a cell 
would clearly serve as an anchoring cell, holding the peri-
cardium securely in position.

Fig. 4  Ultrastructure of the basal lamina (bl) in different parts of the 
body of Oikopleura dioica. a The two sheets of bl of epidermis (ep) 
and stomach cells (stc) are clearly visible. Note that the sectioned bl-
sheet underlying the stc bifurcates at the left side of the image and 
that a dark, granulated bl line underlies the basal cell membrane 
(cm) of the stc. b The bl surrounding the pericardium has a floccular 

appearance of medium electron density. Note again the dark, granu-
lated bl underlying the basal cell membrane of the stc. c At higher 
magnification, short fibers are visible in this part of the bl surround-
ing the pericardium. d In other places the bl surrounding the pericar-
dium appears more floccular. by basal labyrinth, mf myofibrilla, mi 
mitochondria
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A tubular, blood-filled heart is missing in O. dioica, yet 
the function of the pericardium seems to be in agitating the 
hemocoelic fluid. The driving force of this agitation are the 
six myocardial cells situated on the left, concave side of the 
pericardium. The overall shape of the pericardium would 
facilitate this function as well. On contraction of the sar-
comeres in the longitudinally oriented myofibrillae within 
the myocardial cells, the fluid filled space within the con-
cavity of the right side of the pericardium becomes smaller. 
Upon relaxation a–presumably elastic–rebound would draw 
in hemocoelic fluid. The longitudinal folds along the right 
side of the pericardium might support this fluid dynamics, 
possibly resulting in an increase of flow velocity in the nar-
row space between the left side of the pericardium and the 
left lobe of the stomach.

Under functional considerations, the basal lamina-like 
structures in the extracellular matrix of the hemocoel are 
significant as well. These structures were for the first time 
observed in appendicularians by Savelieva and Temereva 
(2020) in the wide hemocoelic space of the tail in Oiko-
pleura gracilis. We also found these structures spanning the 
hemocoel in various places in O. dioica. We suspect that 
they are sheet-like, because they were found regularly and 
were traceable over some distance in consecutive sections. 
However, because we did not reconstruct 3D-details of these 
structures, this conclusion is also in need of further analy-
ses. We suspect that these basal lamina-like structures are 
the main structures channeling and directing fluid motion 
in the hemocoel. As Savel’eva et al. (2013) and Savelieva 
and Temereva (2020) have pointed out for O. gracilis, the 
hemocoelic cavity in O. gracilis is rather unbalanced, with 
a smaller volume in the trunk and a larger volume in the tail, 
although no formal 3D-reconstruction had been executed by 
these authors. This imbalance would make it hard to under-
stand, how the hemocoelic fluid in the tail could be included 
in the general fluid motion of the trunk, driven by the peri-
cardium. In this regard, the position of the pericardium at the 
junction of the trunk and tail is probably of significance and 

the basal lamina-like structures could serve a pivotal role in 
directing fluid motion and integrate fluid motion of tail and 
trunk compartments.

A pulsatile pericardial coelomic compartment is present 
in invertebrate deuterostomes, e.g., in echinoderms (e.g., 
Narasimhamurti 1932; Ruppert and Balser 1986), entero-
pneusts (e.g., Benito and Pardos 1997; Kaul-Strehlow and 
Stach 2011; Gonzalez et al. 2018), pterobranchs (e.g., Dilly 
et al. 1986; Merker et al. 2014), and invertebrate chordates 
(see review in Stach 2008). The similarities in position and 
functional context of the major ventral vessel and the pulsa-
tile coelomic compartment in cephalochordates (e.g., Rähr 
1979; Stach 1998) and ascidians (e.g., Corly 1995; Burighel 
and Cloney 1997; Konrad 2016) support the hypothesis that 
these structures are homologous to the heart in craniates 
(e.g., Hirakow 1989; Stach 2008; Xavier-Neto et al. 2010; 
see also Fig. 5). This hypothesis has been supported by 
additional similarities in gene regulatory networks during 
development as elucidated in the model organism Ciona 
robusta compared to the more intensely studied craniates 
(e.g., Davidson 2007; Anderson and Christiaen 2016).

In ascidians, the cytological situation seems more easily 
comparable to the situation in developing craniates (e.g., 
Hirakow 1989; see also Fig. 5). The myocytes of the pericar-
dial sac in ascidians are similar in organization and position 
to the myocardial cells developing from the splanchnic sheet 
of the lateral plate. The peritoneal cells of the pericardial 
compartment in ascidians corresponds to the somatic layer 
of the lateral plate that develop into the epicardial cell layer 
in craniates (e.g., Lemanski 1973; Fransen and Lemanski 
1990; Onimaru et al. 2011). In craniates, more precisely 
since the stem lineage of Craniota, an additional epithelial 
cell layer lines the blood vessels and thus the heart as well. 
This additional epithelial cell layer is the endothelium (e.g., 
Mickoleit 2004; Monahan-Earley et al. 2013), and it con-
stitutes an apomorphic trait of craniates. Thus, within the 
heart-pericardial complex we can distinguish several traits 
that evolved independently.

Fig. 5  Schematic cross-sections through the developing heart in the 
four higher chordate taxa as seen from anterior end. a Branchiostoma 
lanceolatum, after Stach (1998); b Oikopleura dioica (present study; 
arrow indicates inferred rotation through 90 degrees to the left of the 
animal); c Ciona intestinalis, after Oliphant and Cavey (1972); d not 

further specified craniate, after Hirakow (1989). bv blood vessel, coe 
pericardial coelom, ecm extracellular material, et endothelium, hc 
hemocoel, myc myocardial cells, ptc peritoneal cells, pcc pericardial 
cells
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The presence of two different cell types–peritoneal cells 
and myocardial cells–is clearly documented in tunicates 
(ascidians [e.g., Oliphant and Cloney 1972, Burighel 
and Cloney 1979) and appendicularians Savelieva and 
Temereva 2020, present study)] and craniates (e.g., 
Lemanski 1973; Fransen and Lemanski 1990; Onimaru 
et al. 2011). The organization in cephalochordates (see 
Fig. 5a) is not clear, but Stach (1998, 2000) reported the 
presence of two cell types in the ventral coelom that pro-
pels blood flow in early developmental stages of cephalo-
chordates at the exact position of the craniate heart (Stach 
1998). However, this author did not investigate the detailed 
arrangement of these cells. But already in pterobranchs 
and enteropneusts these two cell types can clearly be dis-
tinguished in the splanchnic and somatic portions of the 
pulsatile protocoel (e.g., Benito and Pardos 1997; Kaul-
Strehlow and Stach 2011; Merker et al. 2014). This com-
parative overview leads to the conclusion that the presence 
of two functionally differentiated cell types in the coe-
lomic compartment that serves as main driving force of the 
blood circulation is a plesiomorphic trait within Chordata, 
possibly already present in the last common ancestor of 
Deuterostomia.

It is noteworthy that the pericardium in craniates does 
not correlate in a one to one correspondence to the peri-
cardium in invertebrate chordates. In mature craniates, the 
myocardium is separated from the pericardium. Based on 
studies of the development of amphibians and fishes, Hira-
kow (1989) suggested that myocardial cells and perito-
neal cells separate from a rudimentary pericardium during 
ontogeny (Fig. 5d). Whereas the latter cells constitute the 
pericardium in the mature animal, the former intermin-
gle with endothelial cells and constitute the myocardium. 
According to this hypothesis, the pericardium in crani-
ates therefore comprises only a part of the cell population 
originally present in the pericardium of non-craniate chor-
dates: the cells we have termed peritoneal pericardial cells.

The juxtaposition of schematic representations of cross 
sections through heart-pericardial complexes of chordate 
representatives in Fig. 5, visualizes another trait associated 
with this complex the orientation of the mirror-image sym-
metry axis of the pericardium compared to the main body 
axis. While these two axes coincide in cephalochordates, 
ascidians, and craniates, the former is tilted by 90 degrees 
to the left in O. dioica. Thus, in this species the heart is 
oriented the same way as the tail, which rotates during 
early development (Stach et al. 2008). The rotation of the 
axis of the appendicularian heart is another apomorphic 
trait of appendicularians. Moreover, this morphological 
observation confirms the hypothesis of Davidson et al. 
(2005) that heart cell specification and morphogenetic 
movements of developing heart cells can be decoupled.
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