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Abstract Enteropneusts or acorn worms are marine deuterostomes that have retained many plesiomorphic characters.
Thus, enteropneusts are of prime interest in evolutionary comparisons between deuterostomes and protostomes. In the present study, the larval eyes of Glossobalanus marginatus were
reconstructed and described based on serial sectioning for
transmission electron microscopy. The everse eyes of the late
Metschnikoff/early Krohn-stage tornaria larvae of
G. marginatus are epidermal structures consisting of two rows
of in total 13 shading pigment cells and another two rows of
13 photoreceptor cells. The pigment cells form a shallow cup
with a relatively wide opening, making the cup-shaped eye
optically unsuitable for picture generation. We demonstrate
that the photosensitive cells possess numerous enlarged microvilli and an unmodified apical cilium. Our ultrastructural
studies thus corroborate the photoreceptor cells in the eye of
G. marginatus to be of a clearly rhabdomeric type. Preliminary immunohistochemical experiments support those findings by demonstrating immunopositive reaction of the
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tornarian eye photoreceptors with an antibody designed
against rhabdomeric sea urchin photopigment (Sp-Opsin4).
Observations of living animals indicate that Late
Metschnikoff/early Krohn-stage tornaria larvae are negatively
phototactic, probably concordant with im minent
metamorphosis.
Keywords Deuterostome . Enteropneust . Hemichordate .
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Introduction
The technical complexities and intricacies of optical instruments and their resemblance to animal eyes astonished and
continue to interest researchers, who marvel at the diversity of
eyes found in the animal kingdom and who try to elucidate the
evolutionary history of these structures (Arendt and Wittbrodt
2001; Cronin and Porter 2014; Darwin 1859; Ullrich-Lüter
et al. 2013). Molecular methods have been added to the toolkit
of evolutionary biologists, yet structural investigations remain
essential, if evolutionary transformations of structures are to
be documented and understood. Eakin (1979) was most influential in emphasizing the hypothesis that photosensitive structures in the animal kingdom had a single evolutionary origin
and diverged into two major lineages, rhabdomeric and ciliary
respectively, based on the structure of the photosensory cells.
The two types of photoreceptors were thought to broadly correspond to one of the major subdivisions of the animal kingdom, the one between Protostomia and Deuterostomia.
Rhabdomeric eyes were thought to be predominant in
Protostomia, whereas ciliary eyes were thought to be mainly
confined to Deuterostomia. This hypothesis found considerable support with the application of molecular techniques that
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revealed two families of photopigments co-occurring with the
two structural types and that were named c-opsins (for ciliary
opsins) or r-opsins (for rhabdommeric opsins), respectively
(Gehring 2014; Passamaneck et al. 2011; Ullrich-Lüter et al.
2013).
Enteropneust acorn worms are marine deuterostomes that
retain many characters that are arguably plesiomorphic for
Deuterostomia, such as a basiepithelial nerve plexus, a biphasic life cycle with a planktonic larval stage, or a tripartite body
organization with an according partition of the coelomic cavities (Stach 2014). Thus, enteropneusts are of prime interest in
evolutionary comparisons between deuterostomes and
protostomes. In a detailed study of the larval eyes of the
ptychoderid enteropneust Ptychodera flava Eschscholtz,
1825, Brandenburger et al. (1973) argued that the photoreceptor cells were intermediate between the ciliary and
rhabdomeric type, including microvilli as well as a modified
ciliary membrane. Citing this very same study, Arendt and
Wittbrodt (2001) on the other hand designated the photoreceptor cell of P. flava tornaria larvae as purely rhabdomeric. In
order to supply new arguments to decide this discussion and
potentially add functional insight into the optical capacities of
enteropneusts, we investigated the larval eyes of another
ptychoderid enteropneust species Glossobalanus marginatus
Meek, 1922 using mainly transmission electron microscopy
and compu ter-ass iste d digital thre e-dimen sional
reconstruction.

Materials and methods
Tornaria larvae of G. marginatus Meek, 1922 were collected
using a plankton net with a mesh size of 200 μm from 7 to
20 m deep water near the Sven Lovén Centre for Marine
Sciences in Tjärnö (Sweden) in September 2010 (58°53′N,
11°05′O) utilizing a row boat. Five individuals were investigated, four in late Metschnikoff/early Krohn stage. One specimen in an early Agassiz stage was used for additional live
observations.
For transmission electron microscopy (TEM) and light microscopy, two late Metschnikoff/early Krohn-stage larvae
were placed into ice-cold primary fixative containing 2.5 %
glutaraldehyde in 0.2 mol sodium cacodylate buffer (pH 7.2),
adjusted to an osmolarity of approximately 800 mosm with
the addition of NaCl. Primary fixation was stopped after
45 min with three buffer rinses for 10, 15, and 20 min. Primary
fixation was followed by 30 min of postfixation with 2 %
OsO4 in sodium cacodylate buffer. Postfixation was stopped
with three buffer rinses (15, 30, 30 min) followed by two
rinses with ddH2O (15, 30 min). After dehydration through a
graded series of ethanol, specimens were embedded in Epon
812 for TEM and light microscopy.
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Complete transverse serial semi-thin sections 0.5 μm in
thickness for light microscopy were sectioned on a Leica
Ultracut S. In addition, complete transverse and longitudinal
series of sections in thickness of about 60 nm for TEM were
cut. Semi-thin sections were stained with toluidine blue. Ultrathin sections were stained with 2 % uranyl acetate and
2.5 % lead citrate in an automatic stainer (NanoWlm
Technologie GmbH, Göttingen). Light microscopic images
were recorded with a digital camera (Olympus BX-UCB)
mounted on an OlympusBX51 compound microscope. Every
fifth section was recorded (distance, 2.5 μm). TEM pictures
were documented with a Philips EM 208 electron microscope
at 60 kV on Ditabis Digital Imaging Plates and subsequently
were read by a Ditabis Micron IP-Scanner. Images were
aligned using Adobe Photoshop CS3 Software. Based on the
resulting stack of images, three-dimensional (3D) models of a
complete larva showing the anatomy all organ systems and of
the right eye of another individual was created in Amira 3.0
software (Mercury Computer Systems, Berlin).

Results
The tornaria larva of G. marginatus Meek, 1922 at the late
Metschnikoff/early Krohn stage is characterized by the possession of three ciliary bands: the circumoral neotroch (often
called perioral band), a perianal telotroch, and the short ventral
ciliary band (Fig. 1a, b). Internally, the digestive tract of the
larva is partitioned into an esophagus, stomach, and a rectum
that opens in a terminal anus. The mesoderm consists of a
protocoel that opens to the exterior through a dorsal protocoel
pore. Next to the short canal that connects the protocoel to the
exterior, the prospective pericardium is situated as a small
vesicle on the right side (Fig. 1c). A conspicuous muscular
strand connects the protocoel with the apical plate. On the left
and right sides of the posterior part of the stomach, the
primordia of the remaining coelomic cavities can be found
(Fig. 1b).
Between the apical loops of the neotroch, a pair of darkly
pigmented eyes is visible as part of the apical plate (Fig. 1;
supplementary material SM3, SM4). The eyes are approximately ovoid, cup-shaped, with the openings directed laterally, slightly obliquely, and apically. Along their long axis, the
eyes measure approximately 20 μm externally, their short axis
is about 12 μm in width, and the eye is around 10–12 μm in
height (Figs. 2, 3). These measurements circumscribe the outer periphery of the eye that is constituted by the pigment cells.
The opening into the chamber that contains the photosensitive
parts of the photoreceptor cells is oval and measures 7–8 μm
along the longer axis and about 3 μm along the shorter axis.
The chamber containing the photosensitive parts of the photoreceptor cells is again ovoid and measures 10 μm along the
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Fig. 1 Tornaria larva of G. marginatus. a Picture of living tornaria in late
Metschnikoff/early Krohn stage, about 2 mm in length. Ventral view,
posterior is at the bottom. White arrows show eyes, which can be distinguished as dark spots, lying apical. b–d 3D reconstruction of anatomy of
tornaria in late Metschnikoff/early Krohn stage. b Ventral view, posterior
is at the bottom. The ciliary band of the neotroch runs along the grooves of
the oral field (of) around the mouth opening. The protocoel (pc) attaches
to the basal side of the apical organ (ao) by a muscular buccal band (bb). c
Apical view onto the eyes in the apical organ (ao). The protocoel opening,
i.e., the hydropore (hp) is seen next to the pericardium (pe). The arrows
point to the eye, enlarged in d. d 3D reconstruction of eyecup. Dark
mauve-colored cells are pigment cells (ec), forming the eyecup, creamcolored cells are processes of photoreceptor cells (ppc). Dashed orange
lines indicate maximum reconstructed light cone, restricted by pigment
cells, entering the eye: af, aboral field; ao, apical organ; bb, buccal band;
ec, pigment cells forming the eye cup; hp, hydropore; in, intestine; mo,
mouth opening; ms, mesoderm; oe, esophagus; of, oral field; pe, pericardium; pob, postoral ciliary band; ppc, processes of photoreceptor cells;
prb, preoral ciliary band; st, stomach; tt, telotroch; vb, ventral ciliary band

long axis and around 6 μm along the shorter axis, and 3–4 μm
in height.
The eye in G. marginatus is composed of two different cell
types: photoreceptor cells and pigment cells. Thirteen cells of
each type constitute one eye. The eyecup is formed by 13
pigment cells. These cells are part of the epidermis and
epithelially organized with a single apical cilium, some microvilli, and apical adherens junctions (Fig. 2). The cilium shows
the familiar 9*2+2 arrangement of microtubules, an accessory
centriole, and a short striated rootlet fiber. The pigment cells
are roughly cuboidal and measure about 7 μm in height. The
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nucleus is situated in the basal third of the pigment cells and
mitochondria are found predominantly in the cytoplasm surrounding the nucleus. The most characteristic feature of the
pigment cells are the numerous clear pigment vesicles. These
vesicles are bound by a single membrane, are around 0.2 μm
in diameter, and appear electron lucent in transmission electron microscopic aspect. The pigment vesicles are situated
above the nucleus. The area of neighboring pigment cells
containing the pigment vesicles forms an almost continuous
sheet that is only perforated by the narrow neck-like connection between the perikaryon area of the photoreceptor cells
and the photosensitive apical parts of the photoreceptor cells
inside the photosensitive chamber of the eye.
The photoreceptor cells are clearly divided into two parts
that are connected by a narrow, waist-like neck (see Figs. 2,
3). The basal part of the photoreceptor cell contains the
conspicuous nucleus and measures approximately 4 μm in
diameter. A single axon projects from the basal part of the
photoreceptor cells into the nervous system. The narrow
neck, barely measuring 0.5 μm, connects this basal part of
the cell with the apical part. The apical part of the photoreceptor cells is roughly pear shaped to a more narrow
horseradish shape with the widest part measuring approximately 2–4 μm in diameter. All along the lateral sides of
the Bpears,^ numerous microvilli project into the photosensitive chamber, filling it up entirely. At the apical narrow
pole of the photoreceptor cells, a single cilium projects into
the exterior through the opening of the cup-shaped eye
(Fig. 3d). This cilium has a straight membrane without
modifications and shows the regular 9*2+2 pattern of microtubules. It possesses an accessory centriole and a long
rootlet fiber that anchors the cilium in the basal perikaryon
area of the photoreceptor cells. The photoreceptor cells are
arranged in two rows: one row comprising six photoreceptor cells, the other seven.
When freely swimming, the late Metschnikoff/early Krohn
stage larvae are mainly oriented horizontally with the apical
pole pointing forwards in the direction of movement but occasionally the apical pole is directed towards the water surface
(see supplementary materials: movies SM3 & SM4). The larvae are propelled by the telotroch. They are usually swimming
without rotating along their longitudinal axis, although occasionally a slow rotation occurs. Preliminary experiments demonstrate that in the majority of cases the larvae were found in
the dark half of the petri dish (see supplementary material
SM5). The early Agassiz-stage larva still utilized the telotroch
cilia for locomotion, yet the behavior drastically differed from
the late Metschnikoff/early Krohn stage larvae (see supplementary materials: movies SM3 & SM4). The Agassiz-stage
larva moved over the substrate, with the ventral side down and
frequently probing the substrate with the anterior tip of the
highly movable proboscis. At the tip of the proboscis, the
two pigment spots of the eye were still visible.
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Fig. 2 Transmission electron micrographs of longitudinal sections of the
tornarian eye of G. marginatus. a Ultrastructure of a pigment cell. The
apical cilium (ci) is surrounded by few microvilli (mv). Note the
numerous pigment vesicles (pv). Arrowhead points to the short ciliary
rootlet. b Ultrastructure of a photoreceptor cell (prc). A thin neck (np)
connects the cell body with the apical process (apc). Note the ciliary
rootlet (cr), which runs through the thin neck region into the basal cell
region. Arrowheads demarcate apical adherens junctions. c Higher
magnification of apical photoreceptor cell region. Arrowheads apical

adherens junctions interconnect receptor cells and pigment cells. d
Cilium (ci) of a photoreceptor cell (prc) without modifications of cell
membrane along the cilium. e Processes of photoreceptor cells are
closely adjoined in the photosensitive chamber of the eyecup. Note the
long microvilli (mv) oriented perpendicularly to incoming light. apc,
apical process of photoreceptor cell; bb, basal body; ci, cilium; cr,
ciliary rootlet; (mi) mitochondria; mv, microvilli; np, neck region of
photoreceptor cell; nu, nucleus; pc, pigment cell; prc, photoreceptor
cell; pv, pigment vesicle

Discussion

described for P. flava. The enlarged numerous microvilli on
the other hand originate from the apical surface of the cells
adjacent to the central cilium. The membrane of the cilia is
unmodified. The microvilli are filling the chamber that is
enclosed by the pigment cells except for the apical opening
to the exterior. Despite the presence of an unmodified apical
cilium, we therefore conclude that the photoreceptor cells are
of the rhabdomeric type and not intermediary between a ciliary condition and a rhabdomeric condition. These structural
observations are supported by a preliminary immunohistochemical experiment that showed immunopositive reaction of an antibody designed against the rhabdomeric
photopigment Sp-Opsin 4 (supplementary material SM1).
Cases of rhabdomeric photoreceptor cells bearing an additional cilium are widespread in the animal kingdom and are, e.g.,

The photoreceptors of G. marginatus are of a rhabdomeric cell
type
The eye of G. marginatus as revealed in the present study is
similar to the one described from another ptychoderid larva,
P. flava by Brandenburger et al. (1973), although the larva of
G. marginatus is considerably older and larger. Like in P. flava,
the eye is simple and cup-shaped and consists of two different
cell types: pigment cells and photoreceptor cells. The cells are
also similarly arranged and of similar shape, appearance, and
structure. In the photoreceptor cells, however, we could not
detect modifications in the apical cilium, such as a ballooning
of the cilium or a ruffling of the ciliary membrane, as
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Fig. 3 a–c, e 3D reconstructions of the eye of the tornaria larva of
G. marginatus based on complete serial sectioning for transmission
electron microscopy (TEM). Microvilli of receptor cells are not shown.
a Oblique apical view of entire eyecup, ventral is to the right. Pigment
cells (pc) form the eyecup, into which receptor cells extend.
Section planes of schematic drawings in d and f are indicated. b Two
pigment cells (pc, dark mauve-colored) and two photoreceptor cells (prc,
light cream-colored) in detail. The cilia of photoreceptor cells pass
through the apical process (apc) and neck region of the photoreceptor
cells (np) and reach into the basal cell body (see arrowheads). In
contrast the cilia of the pigment cells are restricted to the apical areas of
the pigment cells (see respective arrowheads). Black arrow shows where
the neck of the receptor cell passes through pigment cells. Orange arrow

indicates the direction of incoming light. c Apical processes of
photoreceptor cells are closely adjoined in the photosensitive chamber
of the eyecup. d Interpretative schematic of a sagittal section through
the eyecup based on TEM sections. Two rows of pigment cells and two
rows of receptor cells can be distinguished. e Digitally isolated
photoreceptor cells (prc) of complete eye in detail; note ciliary rootlets.
f Interpretative schematic of a longitudinal section through the eyecup
based on TEM sections. Microvilli of receptor cells are orientated
perpendicularly to incoming light. apc, apical process of photoreceptor
cell; ax, axon emerging from base of photoreceptor cell; np, neck region
of photoreceptor cell; pc, pigment cell; prc, photoreceptor cell; pv,
pigment vesicle; orange arrow indicates direction of incoming light

known from deuterostomes such as amphioxus (Ruiz and
Anadón 1991) and protostomes such as polychaetes (Eakin
et al. 1977; Randel et al. 2013; Smith 1984) or insects
(Wachmann et al. 1983). The sites of cell surface magnification in G. marginatus where the photopigments are most probably located, however, are strictly microvilli and the
respective photoreceptor cell type should be classified as
microvillar or rhabdomeric as has been done by Arendt and

Wittbrodt (2001) and not intermediate between a ciliary and
microvillar type as proposed in Brandenburger et al. (1973).
Thus, the present study not only clarifies this question but also
reveals that the relegation of ciliary versus rhabdomeric
photoreceptors to the taxa Deuterostomia versus Protostomia
is obviously not as clear cut as assumed based on Eakin’s
hypothesis (Eakin 1979), thereby confirming previous studies
(Passamaneck et al. 2011; Wachmann et al. 1983).
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Tornaria larvae of G. marginatus do not see focused images
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Behavior changes from positive to negative phototaxis
The late Metschnikoff/early Krohn stage larvae investigated in
the current study were negatively phototactic. Previous studies
have argued that light plays only a minor role in the behavior
of tornaria larvae (Ritter and Davis 1904) but other studies
observed positively phototactic behavior in tornariae larvae
of the ptychoderid species P. flava (Brandenburger et al.
1973) and Balanoglossus clavigerus (Stiasny 1914). Considering the depictions of the respective larval stages, the positively phototactic period precedes the negatively phototactic
one. This is congruent with the observation that the early
Agassiz stage monitored in the present study crawled on the
surface of the petri dish, seemingly probing the substrate permanently. If given the opportunity, this animal readily buried
into the sand. In nature, this behavioral switch from positive to
negative phototaxis is probably co-occurring simultaneously
to the transition period between the planktonic phase to the
benthic phase.
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