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of the appendicularian, Oikopleura dioica: an SEM study
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Abstract The appendicularian,Oikopleura dioica, is a plank-
tonic tunicate that retains a swimming tadpole shape through-
out its life. It has relatively few cells and exhibits fast devel-
opment, yet it has a basic chordate body plan. In this study, the
morphology of adults was investigated using scanning elec-
tron microscopy (SEM) and fine 3D images of most organs
were taken. The trunk epidermis is organized into bilateral
territories secreting the house that includes the food-trapping
filter. The pharynx extends ventrally and posteriorly to the gill
openings and esophagus, respectively. The endostyle, with a
morphologically distinct ciliated band, is embedded in the
pharynx. The digestive tract showed left–right asymmetry as
the connection between the pharynx and esophagus tilts left-
ward. The heart is located ventrally between the left stomach
and the intestine and consists of a left muscular sheet and a
right thin, non-muscular sheet. The brain is connected to the
oral and ventral sensory organs, ciliary funnels and sensory
vesicles and axons descend from it that eventually innervate
the caudal ganglion. In the tail, a nerve cord with sporadically
distributed neuronal somata runs along the left side of the
notochord. The gonad is a single syncytium of thousands of
gametes. In the ovary, an abundance of cortical membrane
invaginate into the cytoplasm during oogenesis and the grow-
ing oocytes are interconnected via common cytoplasm

through a ring canal. Spermatogenesis progresses synchro-
nously within the common cytoplasm. These descriptions pro-
vide a valuable anatomical atlas for studying development and
physiology using this simple organism with a chordate body
plan.
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Introduction

Appendicularians are marine planktonic tunicates that retain a
swimming tadpole shape throughout their life (Fenaux 1998;
Nishida 2008). Together with the ascidians and thaliaceans,
they comprise a sister group to vertebrates (Delsuc et al. 2006;
Nishida 2008). The appendicularian, Oikopleura dioica, rep-
resents a relatively simplified body plan for the chordates,
which is characterized by a muscular tail with a notochord
and neural tube and a trunk with an endostyle and gill open-
ings on the ventral side (Fig. 1a). It has been proposed as a
model organism for studies on chordate development for sev-
eral reasons (Nishida 2008): (1) it has a short life cycle of
5 days at 20 °C; (2) its development is rapid and organ for-
mation is complete within 10 h after fertilization, forming a
functional body; (3) its morphogenesis and cell lineages be-
fore hatching are well described (Fujii et al. 2008; Nishida
2008; Stach et al. 2008; Nishida and Stach 2014; Stach and
Anselmi 2015); (4) its body is transparent and live imaging is
feasible (Clarke et al. 2007; Kishi et al. 2014); (5) its genome
is compact at 70 Mb and its genome and transcriptome infor-
mation are available (Seo et al. 2001; Denoeud et al. 2010;
Danks et al. 2013; Wang et al. 2015); and (6) knockdown
methods via the introduction of morpholino oligonucleotide
or double-stranded RNA and DNA have been established
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Fig. 1 Epidermis and external
morphology. a DIC image of live
specimen. The trunk region is
shown from the right side. The
tail is skewed 90° to show the
structures. Asterisk represents the
mouth. b–h Oikoplastic
epidermis of the trunk. b Right
view. The oikoplastic regions
were color-mapped. Each color
corresponds to regions validated
with DAPI staining of opened and
flattened epidermis (c). The
dotted white line in (c) represents
the dorsal midline that passes
through the mouth (asterisk) and
the anterior and posterior rosette
regions (blue and light blue,
respectively). d Dorsal view. e
Anterior ventral view. f, g
Oikoplastic layers covered with
house rudiments (HR). f Right
view. g Ventral view. h Inside
view. The oikoplastic epidermis is
thicker than the epidermis that
covers the gonad (red
arrowheads). i, j Cutting planes
of the tail. The tail epidermis (red
arrowheads) is lined with a single
flattened muscle cell. Scale bars
(b, d–g) 100 μm, (h–j) 20 μm. a
anus; En endostyle; Epi
epidermis; Eso esophagus; g
gonad;GO gill opening; LL lower
lip;mumuscle;Nc nerve cord;No
notochord; Ph pharynx; r rectum;
SC1 1st subchordal cell; SC2 2nd
subchordal cell; si sinus; t tail;UL
upper lip
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(Sagane et al. 2010; Omotezako et al. 2013, 2015). In the
present study, we describe the morphological features of
Oikopleura dioica to provide baseline knowledge about this
species.

The anatomy of appendicularians has been reviewed in
detail (Fenaux 1998; Nishida 2008) and many studies have
described the cellular organization of the trunk epidermis
(Ganot and Thompson 2002), digestive tract (Burighel and
Brena 2001), endostyle (Olsson 1965; Fredriksson et al.
1985; Troedsson et al. 2007; Cañestro et al. 2008), nervous
system (Cañestro et al. 2005; Søviknes et al. 2005, 2007),
sensory organs (Bassham and Poslethwait 2005), ovary
(Nishino and Morisawa 1998; Ganot et al. 2006, 2007) and
testis (Flood 1978; Martinucci et al. 2005). These studies have
been based on planar images collected by confocal microsco-
py or transmission electron microscopy (TEM). Scanning
electron microscopy (SEM) is a powerful way to obtain
high-resolution stereoscopic images (de Souza et al. 2008).
In appendicularians, however, only a few studies have con-
ducted SEM observations (Flood 1975; Fredriksson and
Olsson 1991; Bassham and Poslethwait 2005; Nakashima
et al. 2011). These studies have specifically focused on struc-
tures of the mouth and tail. SEM analysis of the whole body
would not only provide a stereoscopic atlas but would also aid
in gaining insight into the functional anatomy of this chordate.

In this study, external and internal morphologies of adult
O. dioicawere investigated using SEM. Several kinds of sam-
ple preparation techniques revealed fine structures of nearly
all the organs, such as the trunk epidermis, pharynx, digestive
tract, heart, brain, nerve cord, ovary and testis. These results
basically support previous knowledge and also complement it
with novel discoveries, such as a left–right asymmetry in the
passage from pharynx to the esophagus and gill openings,
connections of the brain with various organs and internal
structure of the sensory vesicle. Furthermore, our observations
have clarified that the coenocytic ovary possesses a number of
plasma membrane invaginations during oogenesis.

Materials and methods

Sample collection and laboratory culture

Live wild animals were collected at Sakoshi Bay and Tossaki
Port in Hyogo, Japan, by scooping surface seawater with a
bucket. No specific permissions were required. Oikopleura
dioica were sorted and cultured in the laboratory over gener-
ations as described previously (Bouquet et al. 2009;
Omotezako et al. 2013). In brief, animals were reared in 10-
L containers in a mixture of two kinds of artificial seawater
(REI-SEA Marine, REI-SEA, Tokyo, Japan, and MARINE
ART BR, Tomita Pharmaceutical, Tokushima, Japan) stirred
with a paddle (15 rpm) at 20 °C and fed with the flagellates

Isochrysis galbana and Rhinomonas reticulata, the diatom
Chaetoceros calc i trans and the cyanobacter ium
Synechococcus sp. In this condition, O. dioica become sexu-
ally mature and usually spawn on the fifth day post-
fertilization.

Oikopleura dioica completes organogenesis and formation
of a fully functional body by 10 h after fertilization at 20 °C
(Nishida 2008) and the body organization of juveniles and
adults is constant throughout its lifetime. The only exception
is the gonad, which undergoes gametogenesis on day 5. In this
study, we thus used adults at days 4–5.

Sample preparation and SEM

Animals were fixed overnight in 2.5% glutaraldehyde and 1%
paraformaldehyde in the artificial seawater at 4 °C. Samples
were then washed three times in distilled water, dehydrated in
a graded ethanol series (50, 70, 90, 95 and 100 % for 5 min
each) and subjected to critical point drying in a SAMDRI®-
PVD-3D Critical Point Dryer (Tousimis, Rockville, MD,
USA). The dried specimens were transferred to an adhesive
tape on a specimen stub, coated with gold by an ION
Sputtering Device JFC-1500 (JEOL, Tokyo, Japan) and then
observed with a field emission SEM SU660 (Hitachi High-
Technologies, Tokyo, Japan) operated at 15 kV accelerating
voltage and 3.185 kVextraction voltage.

For SEM observations of the various organs, samples were
prepared in different ways. To observe the trunk epidermis,
inflated houses were removed by gentle pipetting of living
animals. This treatment was repeated twice, immediately after
the inflation of new houses, as the trunk epidermis is covered
with a few layers of uninflated house rudiments. This enabled
observation of the surface of the epithelial cells without house
rudiments in less than 10% of animals. The internal structures
of the body were exposed in three different ways: (1) fixed
samples were cut with a small razor blade; (2) the trunk epi-
dermis of fixed animals was manually removed with tungsten
needles; and (3) critical point dried specimens were fractured,
which is a modification of the method described by Flood
(1975). In brief, a piece of double-sided tape was pressed
gently down on the dried animals that were taped on a spec-
imen stub in various orientations. When the entire length of
the trunk or tail adhered, the tape was carefully lifted away to
peel off the epidermis and attached tissues to expose internal
structures. The piece of tape was then turned upside down and
placed beside the rest of the animal. To observe spermatids
and spermatozoon, mature adults were transferred to a fixative
solution, which induced the animals to immediately release all
semen. The semen was left on glass slides coated with 0.1%
poly-L-lysine for several hours for sperm cells to adhere to it.

Anatomical terms and abbreviations follow those used in
previous publications (Fenaux 1998; Burighel and Brena
2001; Cañestro et al. 2005, 2008).
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Fig. 2 Digestive tract. a, b
Dorsal views. a DIC image.
Asterisk marks the mouth. Red
and blue arrows depict flows of
food and seawater, respectively.
Seawater exits from a pair of gill
openings (GO).See also
Supplemental Movie S1. b An
isolated digestive tract. Red
arrowhead indicates connection
point of the esophagus and left
stomach. c–f Serial cutting planes
from anterior to posterior levels
viewed from the anterior (c–e)
and posterior (f) sides.
Corresponding level of each
cutting plane is shown as dotted
lines in (a). c’, d’, e’, e”, f’ Close-
up views of the square areas
indicated in (c–f). Scale bars (b,
c, c’, d, d’, e, f, f’) 100 μm, (e’,
e”) 20 μm. *mouth; ci cilium; En
endostyle; Epi epidermis; Eso
esophagus; g gonad; GO gill
opening; i intestine; ls left
stomach; No notochord; Og oral
gland; Ph pharynx; r rectum; rs
right stomach; si sinus; t tail; TNC
trunk nerve cord
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Light and fluorescent microscopy and video recording

Nomarski (DIC) microscopy images of living animals were
captured using an Olympus BX61 microscope. Animals were
anesthetized using 0.015 % MS222 and mounted on a hollow
glass slide. Movies were acquired using the DP2-BSW cam-
era software (Olympus). DAPI staining of the trunk epidermis
followed the methods of a previous study (Ganot and
Thompson 2002) and serial sections of specimens that were
embedded in resin (Technovit®) were stained with toluidine
blue.

Results and discussion

Epidermis

The SEM images of the epidermis (Fig. 1) supported
those of previous studies: the entire epidermis consists
of a single layer of epithelial tissue and it has no meso-
dermal cells below (Nishida 2008). The trunk epithelial
cells are highly patterned to secrete the house that in-
cludes the food-trapping filter and constitute the
oikoplastic epithelium (Fenaux 1998). The epidermis is
subdivided into bilateral symmetric territories (Fig. 1c),
which are characterized by an invariant number of cells,
cell sizes and cell shapes and specific gene expression
(Ganot and Thompson 2002; Hosp et al. 2012). As shown
in Fig. 1b, each territory has unique cell shapes. For in-
stance, the anterior and giant Fol form a bump on the
apical surface. Further, epithelial cell boundaries are ob-
vious in the anterior portion of the trunk, except in the
upper and lower lips (Fig. 1d, e).

The oikoplastic epithelium differs from other epidermal
tissue in two ways. First, it is covered with the house
rudiment (HR) (Fig. 1f, g). In the trunk, the dorsal epi-
dermis is entirely covered with the HR (Fig. 1f).
Likewise, the HR covers the anterior and ventral epider-
mis (Fig. 1g), reaching just behind the gill openings and
anus. The HR does not exist on the posterior epidermis
that covers the gonadal region (Fig. 1f, h, arrowheads)
and tail epidermis (Fig. 1i, j). Second, the oikoplastic
epithelium is much thicker than the other epidermises.
The thickness of the oikoplastic epithelium is more than
10 μm (Fig. 1h), whereas that of the gonadal epidermis
and tail epidermis is less than 1 μm (Fig. 1h, 1j). In a
cross-section of the tail, the epidermis is recognized only
as a very thin layer on the muscle (Fig. 1j, arrowheads).
These results show that the oikoplastic epithelium and
other epidermises have distinct structures reflecting differ-
ent physiological roles as previously implicated by TEM
observation (Burighel et al. 1989).

Pharyngeal region and digestive tract

At the beginning of the digestive tract (Fig. 2), food and sea-
water enter the mouth and pass through the pharynx (Fig. 2a).
Within the pharynx, food particles are trapped by mucus se-
creted from the endostyle and transported to the esophagus
(Fig. 2a, b, red arrows). From here, the food progresses in
sequence to the left stomach and right stomach before being
delivered to the intestine, rectum and anus. Conversely, the
seawater moves ventrally toward a pair of gill openings
(Fig. 2a, b, blue arrows). In the gill openings, cilia beat to
generate a water current into the body to draw food into the
pharynx. This ciliary beating is readily visible in living ani-
mals (Supplemental Movie 1).

In the dorsal view, the pharynx forms a trigeminal passage
consisting in the esophagus and a pair of gill openings
(Fig. 2b). A ciliated ring locates ventrally to pass seawater
toward the gill opening (Fig. 2c’, d’). The esophagus is tube-
shaped and situated along the anterior-posterior axis (Fig. 2b),
lying between the oikoplastic epithelium and the dorsal sur-
face of the stomach (Fig. 2e). It eventually curves to the left
and is connected with the left stomach (Fig. 2b, arrowhead)
and the passage to the esophagus tilts leftward to the midline
(Fig. 2d’) revealing the left-right asymmetry. In contrast, the
two ciliated rings in the gill openings are located symmetri-
cally on both sides (Fig. 2a, d’).

Each region of the digestive tract has distinct internal mor-
phology. In the esophagus, many cilia cover the internal wall
(Fig. 2e’). In living animals, they beat continuously to draw
food into the left stomach (Supplemental Movie 2) and cilia of
distinct lengths also exist in the stomach (Fig. 4c), intestine
(Fig. 2f’) and rectum (Fig. 2e^). These cilia are considered to
facilitate the propulsion of food particles (Burighel and Brena
2001). In the left stomach, roundish cells with short cilia are
located in the inner wall (Fig. 4c) but they were not found in
the right stomach. They are interpreted to be the globular cells,
which have pinocytotic features and are proposed to absorb
macromolecules (Burighel and Brena 2001). The intestine and
rectum often contain fecal pellets (Fig. 2f’) and a trace of
diatoms (Fig. 2e^), respectively. The rectum extends ventrally
and thus the anus opened ventrally and anterior to a pair of the
gill openings (Figs. 1b, g, 2d’).

The endostyle (Fig. 3) is situated in the ventral part of the
pharynx (Fig. 3a). It begins immediately behind the mouth
and continues along the midline (Fig. 3a, b). In cross-sections,
it is bilaterally symmetric and U-shaped (Fig. 3c–e). A re-
markable feature is a pair of a single row of granular cells
(GLC) that terminate posteriorly at the gill openings
(Fig. 3b’, e). On the apical surface, the pharynx floor plate
cells (PFC) and numerous giant cilia (GC) are located on the
GLC layer (Fig. 3c–e). The GC are dense in the anterior region
but sparse or not found in the posterior region (Fig. 3b’). The
PFC form a ciliated band that continues beyond the posterior
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Fig. 3 Endostyle and oral glands.
a DIC image. Right view. b–g
Endostyle. b Dorsal view of
horizontal cutting plane. Close-up
view of the square area is shown
in (b’). c–e Serial cutting planes
from anterior to posterior viewed
from the anterior side. The
corresponding level of each
cutting plane is shown by the
dotted lines in (a). Arrowheads in
(b’) and (e) represent the posterior
end of the glandular cell regions. f
Ventral view of specimens from
which the ventral epidermis is
removed. g A cross resin section
stained with toluidine blue.
Glandular cell (GLC), pharynx
floor plate cell (PFC), giant cilia
(GC) and ventromedial cell
(VMC) are labeled with red,
green, yellow and light blue
letters, respectively. h, i Oral
glands (arrowheads). Dorsal view
(h) and left view (i) of specimens
from which the dorsal epidermis
or left epidermis is removed,
respectively. Detailed view of
square area is shown in (i’). Oral
gland connection with the
epidermis (arrow). Scale bars (b,
h, i) 100 μm, (b’, c, d, e, f, g, i’)
20 μm. *mouth; a anus; CIC
ciliated cell, COC corridor cell;
En endostyle; Epi epidermis; Eso
esophagus; g gonad; GC giant
cilia; GLC glandular cell; GO gill
opening; HR house rudiments; i
intestine; L lumen; ls left stomach;
Og oral gland; PFC pharynx floor
plate cell; Ph pharynx; r rectum; t
tail; TNC trunk nerve cord; VMC
ventromedial cell
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end of the GLC, reaching the esophagus (Fig. 3b’, e). On the
basal side, thin ventromedial cells (VMC) form a ventral sup-
port structure and lumen (Fig. 3c–e). From the ventral view,
the lumen is recognized as a groove (Fig. 3f). These structures
are shown in different colors (see legend of Fig. 3) and coin-
cide well with the serial resin section (Fig. 3g). In the vicinity
of the mouth, the oral gland is present as a pair of large cells
that are present between the endostyle and epidermis (Fig. 3h–
i). The oral gland cells possess a round shape and smooth
surface architecture (Fig. 3i’) and the edge of the cells is at-
tached to the epidermis (Fig. 3i’).

Heart

The heart is present ventrally between the left stomach and
intestine (Fig. 4a–b) and is continuously beating
(Supplemental Movies 1, 2, 3). The left and right walls are
recognizable in the cross-section (Fig. 4a) and in the ventral
view (Fig. 4b’). The left wall is composed of muscle fibers,

whereas the right wall is a non-muscular thin membrane and
the surface architecture of the left wall is wavy, whereas that of
the right wall is smooth (Fig. 4b’, c). This coincides with the
previous report that in two species, O. rufescens and O.
vanhoeffeni, the left wall is composed of muscular cells
(reviewed by Fenaux 1998). To our knowledge, the present
study provides the first SEM images of the Oikopleura heart.

Nervous system

The brain is present in the anterodorsal region adjacent to the
pharynx (Fig. 5a) and consists in approximately 70 cells
(Olsson et al. 1990; Søviknes et al. 2005, 2007; Cañestro
et al. 2005). It links to the caudal ganglion (CG) of the tail
through the trunk nerve cord (TNC) (Fig. 5a), which curves
slightly right along the esophagus (Fig. 3a) and runs behind
the bridge of the right and left stomachs (Fig. 2b) to enter the
base of the tail (Fig. 5a). The brain is also connected to organs
via various nerves (Figs. 5b’, 6a). Paired nerves with sensory

Fig. 4 Heart. a Cross resin section stained with toluidine blue. Arrows
indicate muscle fibers in the left wall. b Ventral view of specimens from
which a portion of the ventral epidermis is removed. Asterisk the mouth.
b’ Detailed view of the square area in (b). c Dorsal view of horizontal

cutting plane. The left wall has a wavy architecture (arrowhead). Scale
bar 100 μm. a anus; ci cilium; g gonad; gc globular cell; i intestine; ls left
stomach
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or motor functions have been described as n1-n3 (Bollner
et al. 1986; Olsson et al. 1990; Cañestro et al. 2005) and these
are seen in the images from this study (Fig. 6). The brain sends
two thick axon fascicles anteriorly to the ventral sensory or-
gans as the n1 nerve, bilaterally to the gill openings as the n3
nerve and posteriorly as the single TNC (Fig. 5b’). On the
right side of the brain, the ciliary funnel (CF) forms a connec-
tion with the pharynx (Fig. 5c). The CF is a ciliated duct that
secretes mucosa (Holmberg 1982). Accordingly, beating of
the cilia in the CF is easily visible in a living animal
(Supplemental Movie 3). The n1 nerves comprise a pair of
thick fascicles (Fig. 6b), originating from the anterior tip of
the brain (Fig. 6b). The fascicles connect with the ventral
sensory organs embedded in the ventral epidermis (Fig. 6c,
arrow), which were suggestive of an olfactory organ (Bollner
et al. 1986; Bassham and Poslethwait 2005). The n2 nerves
elongate from the middle part of the brain (Fig. 6a) and con-
nect to the upper lip cells, lower lip cells and pharynx cells
(Olsson et al. 1990). In this study, however, we could not
confidently identify the n2 nerves in the SEM images. The
n3 nerves are derived from the posterior portion of the brain
(Fig. 6d–e). The descending axons run along the pharynx
(Fig. 5b’) toward the gill openings (Fig. 6e) and the axon

terminus of the n3 branch (n3br) form varicosities on the sur-
face of the gill opening (Fig. 6e) suggesting involvement of
the beating cilia (Supplemental Movie 1). Overall, these re-
sults support the plausibility of the intracerebral neural circuit-
ry that has been established by TEM images (Bollner et al.
1986; Olsson et al. 1990).

The sensory vesicle (SV) is located on the left side of the
brain (Fig. 6a). It contains a statolith (Fig. 6a) that is connected
to the brain wall via a connecting shaft (Fig. 6a’), a sensory
cell on the left side (Fig. 6a’ arrow) and some sensory cilia
(Fig. 6a’, arrowheads) and thus is considered a gravity sensor,
which coincides with previous studies (Holmberg 1984). In
the present study, we obtained a few SEM images of the inner
and outer regions of the SV that showed that the outer surface
consists of a thin-membrane (Fig. 6f–g), the ventral surface
adheres to the pharynx (Fig. 6h) and the inner side contains
several bundles in the membrane (Fig. 6h’). These bundles are
thought to be sensory cilia (Fig. 6h’, arrowhead) and sensory
cells (Fig. 6h’, arrow).

In the tail, the nerve cord from the tail ganglion (CG) runs
along the left side of the notochord (Figs. 1i, 7a). The CG is
located at the proximal end of the tail (Fig. 7c) and possesses a
thick fascicle that elongates anteriorly (Fig. 7c’). This supports

Fig. 5 a Nervous system DIC
image of living specimens. Right
view. The brain, caudal ganglion
(GC) and nerve cords are labeled
with yellow. Asterisk the mouth. b
Right view of specimens from
which epidermis was removed. b’
Close-up view of the square in
(b). c Detailed view of the ciliary
funnel (CF). Arrowhead indicates
the connection between the CF
and the right side of the brain.
Scale bars (b) 100 μm, (b’, c)
20 μm. CF ciliary funnel; En
endostyle; Epi epidermis; Eso
esophagus; GO gill opening; n1
and n3 paired nerve; Ph pharynx;
rs right stomach; SV sensory
vesicle; TNC trunk nerve cord
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Fig. 6 a Brain nerves and
sensory vesicle DIC images of
living specimens. Dorsal view.
Asterisk the mouth. a’ A merged
DIC image of two different focal
planes of the sensory vesicle (SV).
Dorsal view. Arrow and
arrowheads indicate the sensory
cell and sensory cilia,
respectively, which are in contact
with the surface of the SV. b, c
The pair of n1 nerves. b Dorsal
view. Arrowhead represents the
junction of the n1 nerve pair. c
Anterior dorsal view. Arrow
indicates the connection of the n1
nerve and the ventral sensory
organ. d Dorsal view of the brain.
The SV is detached at the left side
(arrowhead). eA branch of the n3
nerve (n3br) near the gill opening
(GO). Arrowheads indicate
varicosities. f–h SV. f Dorsal
view. The surface of the SV has
shrunk. g Right view. h Anterior
view of cutting plane in which an
internal portion of the SV surface
is exposed. h’ Enlarged view of
the square area in (h). Arrow
represents a potential structure of
the sensory cell in (a’).
Arrowheads indicate cilia that
have penetrated the surface of the
SV. Scale bar (f, h) 100 μm, (b–e,
g, h’) 20μm.CF ciliary funnel; cs
connecting shaft; En endostyle;
Epi epidermis; Eso esophagus;
GO gill opening; LL lower lip; n1,
n2 and n3 paired brain nerves;
n3br, a branch of the n3 nerve
toward the GO; Ph pharynx; St
statolith; SV sensory vesicle; TNC
trunk nerve cord; UL upper lip
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the notion that the CGmakes neural connections with a pair of
epidermal sensory bristles in the trunk: the Langerhans recep-
tors (Holmberg 1986). Sporadic distributions of neuronal cell

bodies are observed at intervals (Fig. 7d–f) and are recognized
as clusters of a few cells (Fig. 7a, d’–f’, g) and interpreted as
ganglia. Multiple neural processes branched off the ganglia
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(Fig. 7d’, g, h) from neuronal somata (Fig. 7d’, g) or from the
fascicle of the nerve cord (Fig. 7h).

Subchordal cells in the tail

Two subchordal cells (SCs) are situated on the right side of the
notochord (Fig. 7i). They have a flattened shape but have a
number of protrusions on the surface (Fig. 7j, k). Surface
structures are variable between the first and second SCs and
among observations. It is possible that the plasma membranes
or intracellular compartments reshape in living animals.
Indeed, live imaging of SC precursors in newly hatched larvae
has shown the presence of lamellapodium-like protrusions
(Kishi et al. 2014). In appendicularians, SCs exist only in
the generaOikopleura, Stegosoma and Folia, which also pos-
sess oral gland cells in the trunk (Fredriksson and Olsson
1991). Species lacking the oral gland do not have SCs. The
subchordal cells have been proposed to have a relationship
with the oral gland. Our results, however, showed that these
cells are distinct in terms of morphology. The oral gland has a
roundish shape and smooth surface (Fig. 3i’), whereas the SCs
have a flattened shape and many protrusions on the surface.
These results are in accordance with the DIC microscopic
observation of larvae (Kishi et al. 2014). The relationship
between ontogenetic origins and morphological aspects of
SCs and the oral gland is an open question and awaits future
clarification.

Gametogenesis in the ovary and testis

The ovary and testis were investigated with reference to ga-
metogenesis (Figs. 8, 9). Formation of the oocyte or sperm is
rapid, taking only several hours (Nishino and Morisawa
1998). The whole ovary is a single syncytium (called a coe-
nocyte) and contains a substantial numbers of meiotic and
nurse nuclei (Fig. 8b). Oogenesis has been proposed to occur
in a rather unusual manner (Ganot et al. 2006, 2007) in that

nuclei are enclosed in growing oocytes that are interconnected
to the common cytoplasm via a pole, called the ring canal.
Some meiotic nuclei are selected as pro-oocytes and most of
the ovarian common cytoplasm is introduced into them over
several hours of oogenesis. Non-selected nuclei and nurse
nuclei then undergo apoptosis (Ganot et al. 2007). Based on
this background, we investigated the internal structures. In the
early stage of oogenesis as seen in this study, the ovary is
relatively thin and thus forms a central cavity adjacent to the
intestine (Fig. 8a, b). It is enclosed within a thin monolayer of
follicular epithelium surrounding the central region of the
germline (Fig. 8b). In the cut surfaces, many pro-oocytes
(Fig. 8c, e) and spherical holes, from which the pro-oocytes
are removed, are visible (Fig. 8d, f) in the central but not
peripheral, regions of the cutting planes. In the late stage of
oogenesis, growing oocytes are clearly visible in the ovary
(Fig. 8g, h) and they are surrounded with small and unselected
pro-oocytes (Fig. 8i) and aggregations of sphere materials
(Fig. 8i, j). These materials are likely to contain unselected
pro-oocytes and/or nurse nuclei. It is less likely that growing
oocytes are surrounded by smaller pro-oocytes, because oo-
cytes grow in a synchronous manner and females spawn all
eggs only once in lifetime. This notion is also supported by
confocal microscopic observation of the ovary (Ganot et al.
2006, 2007). Traces of ring canal are visible in the hollows
where growing oocytes were located (Fig. 8j) and each grow-
ing oocyte has a single junction with the common cytoplasm
(Fig. 8k, l). Nurse nuclei are interconnected forming a large
aggregation (Fig. 8).

A novel observation was made of column-like structures
that occupy a majority of the subcortical regions of the ovary
in the early stage of oogenesis (Fig. 8e, f, arrows). The super-
ficial end of the column is adjacent to either the ovarian cavity
or follicular epithelium (Fig. 8e). In contrast, the deeper end of
the column is unclear because it appeared to fuse with the
common cytoplasm (Fig. 8f). These results not only support
but also complement the abovementioned model of oogenesis
(Ganot et al. 2007). In the model, the cortical membrane in-
vaginates into the common cytoplasm to form the oocyte
membrane (Ganot et al. 2007). Confocal microscopic obser-
vations have revealed that plasmamembrane and F-actin form
networks in the cortical areas (Ganot et al. 2006; 2007). The
density and orientation of the invagination are unclear and not
mentioned in these studies; however, in the present study, it
was clearly demonstrated that the invagination occurs in a
direction almost orthogonal to the ovarian surface. However,
it is also noted that the number of invaginations is too many
provided that all of them connected to oocyte membranes.
Oikopleura dioica usually spawn less than 300 eggs; however,
10–20 invaginations occurred per 10 μm of the cutting plane
(Fig. 8e, f), implying the formation of thousands of oocytes.
At present, we do not have a clear explanation for this
discrepancy.

�Fig. 7 Caudal nerves and subchordal cells in the tail. a DIC image of
living specimens. Lateral view. Arrowheads indicate clusters of neural
somata. b–h Caudal nerve system. b An overview of specimens from
which the epidermis and a part of the muscle were fractured and
removed. c–f Close-up views of square areas in (b). Images were
serially collected from anterior to posterior. Portions of nerve cells (in
the dotted squares) are enlarged and shown in (c’–f’). Cell bodies and
nerve fibers are indicated by arrowhead and arrow, respectively. g, h
Nerve processes from ganglion cells. These processes are derived from
both somata (g) and nerve cord (h). i–k Subchordal cells (SC). iAview of
the opposite (peeled off) side of (b). j, k Enlarged views of the square area
in (i). Two SCs in the anterior and posterior positions are referred to as
SC1 and SC2, respectively. Arrowheads indicate the protrusions. Note
that the notochord is somewhat caved in due to sample preparation. Scale
bars (b) 200 μm, (c–k) 20 μm. CG caudal ganglion; Epi epidermis; mu,
muscle; nc nerve cord; no, notochord; r rectum; SC1 anterior subchordal
cell; SC2 posterior subchordal cell; TNC trunk nerve cord
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The testis is recognized as a single syncytium that in-
terconnects a substantial number of gamete nuclei
(Fig. 9a–c). Spermatogenesis occurs in a rather

synchronized way (Fig. 9). Here, it was categorized as
the early, intermediate and late stage, each separated by
approximately 4-hour periods (Fig. 9a–c). In the early

Fig. 8 Ovary and oogenesis. a–f
Early stage of oogenesis. a DIC
image of living specimens.
Lateral view. Asterisk the mouth.
b–f Cut surfaces. b A low-
resolution overview. c, d
Enlarged views of the square area
in (b). e, f Detailed internal
structures. Arrowheads indicate
growing oocytes (c, e) or their
traces (d, f). Arrows represent the
column-like structures in both
sides of the peripheral ovary. g–l
Late stage of oogenesis. g DIC
image of living specimens.
Lateral view. Asterisk the mouth.
h–l Cut surfaces. h A low-
resolution overview. i, j Enlarged
views of the square area in (h). k,
l Detailed views of growing
oocytes. Unselected and not
growing oocyte is labeled with a
double asterisk. Arrowheads
indicate aggregations of
unselected oocytes and/or nurse
nuclei. Arrows indicate ring
canals connecting growing oocyte
and ovarian common cytoplasm.
Scale bars (b, h) 100 μm, (c–f, i–
l) 20 μm. a anus; Epi epidermis;
Eso esophagus; i intestine; ls left
stomach; ov ovary; r rectum; t tail
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stage, the testis is composed of sinuous and interconnect-
ed lobes (Fig. 9a’) with a relatively smooth surface. A
por t ion of the lobes is swol len on the surface
(Fig. 9a’, b). This result is reminiscent of TEM observa-
tions of meiotic spermatocytes, which are characteristic of
nuclei and centriole protrusions (Martinucci et al. 2005).
In the intermediate stage of spermatogenesis, the forma-
tion of sperm tails is observed in each lobe (Fig. 9b). The
tails contain flagella on the surface and swollen areas
indicate that the meiotic nuclei/centrioles are still evident
on the surface (Fig. 9b). In the late stage, the whole testis
comprises clusters of spermatids (Fig. 9c) and each cell
body contains long flagella (Fig. 9c). These observations
support the claim that all nuclei are transferred into

spermatozoa and that no nurse nuclei exist in males of
the family Oikoleuridae (Martinucci et al. 2005).

Spermatozoa are approximately 20 μm in length from
head to tail (Fig. 9d, e). Two types of sperm cells are
found in the nearly mature testis: spermatids (Fig. 9d)
and spermatozoa (Fig. 9e). In spermatids, the tail is bent
along the anterior-posterior axis of the head (Fig. 9d). In
contrast, spermatozoa have a stereotypical sperm shape
(Fig. 9e). In spermatids, the anterior tip of the head is
depressed (Fig. 9d) and this part is considered to be the
gap between the acrosome and basal body as implicated
by TEM and SEM observations (Flood 1975). This study,
however, could not observe acrosomes or basal bodies
with SEM. This discrepancy is explained by the fact that

Fig. 9 Testis and
spermatogenesis. a–c Inside
views of the testis at the early
stage (a), intermediate stage (b)
and late stage (c) of
spermatogenesis. a’ Detailed
view of the square area in (b).
Arrowheads indicate processes
corresponding to the tail of
spermatids. Arrows represent
characteristic swellings on the
surface. d, e Maturing (d) and
matured spermatozoa (e). (d’, e’)
Head regions are shown.
Arrowheads indicate anterior tip
where the acrosome exists. Scale
bars (a) 50 μm, (a’, b, c, d, e) 5
μm, (d’, e’) 1 μm. Epi epidermis;
i intestine
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they used air-dried specimens for SEM observation,
whereas we processed specimens via critical point drying.
The depressed part of the spermatid head is no longer
observed in the spermatozoa (Fig. 9e’).

Summary

In summary, an SEM atlas of adult Oikopleura dioica was
generated. It covers nearly all internal organs and external
morphology including (1) the epidermis, (2) the pharynx and
digestive tract, (3) the heart, (4) the nervous system and (5)
gametogenesis in the ovary and testis. Our results not only
complement previous knowledge but also reveal novel aspects
of the functional anatomy of adults of this species. For in-
stance, observation of the digestive tract unraveled a left–right
asymmetry in the trigeminal passage toward the esophagus
and gill openings and morphologically distinct endostyle with
a ciliated band spanning the ventro-anterior to posterior re-
gion. This study provides clear SEM images showing that
the brain connects to various organs and also the internal
structure of the SV. Furthermore, SEM observations revealed
that an excess number of membrane invaginations are formed
in the cortical parts of the ovary during the early phases of
oogenesis. The comprehensive 3D atlas outlined here will
provide a valuable reference for studying development and
physiology using this simple organism with a chordate body
plan.
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