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Summary
Chaetognaths are a fascinating taxon with unique features and a great impact on marine
food webs as primary predators of zooplankton. Their phylogenetic position has been
subject to many speculations ever since their discovery and even contemporary
phylogenomic methods have not yet been able to suggest a stable hypothesis on their
phylogenetic position within the Bilateria. Neuroanatomical studies may contribute new
aspects to this discussion. This study aims to provide new insights into the chaetognath
nervous system using a fresh set of methods to determine characters for a phylogenetic
discussion. The method of choice in this case was immunohistochemistry combined with
confocal microscopy. Experiments were conducted with a host of antibodies. The most
effective target antigenes were RFamides (a family of neuropeptides), synapsins (synaptic
proteins), tyrosinated tubulin (a cytoskeletal element, especially in neurites) and BrdU
(bromodeoxyuridin, a proliferation marker). Each of those markers was of great use in
highlighting certain aspects of the nervous system.
A fresh look at the development of juvenile chaetognaths shortly after hatching revealed
that the ventral nerve center (VNC) is developing earlier than the brain and that the
production of neurotransmitters has already started at hatching. Specifically, some neurons
exhibit RFmide-like immunoreactivity (ir). Neurogenesis continues for about five days after
hatching and the mode of division in the neuronal stemcells is asymmetrical. In adult
chaetognaths, the brain is divided into a stomatogastric anterior and a sensory posterior
neuropil domain. It contains a set of individually identifiable neurons that exhibit RFamidelike ir. The study highlights the interspecific variation of brain architecture between
representatives of spadellids and sagittids. The VNC consists of two lateral bands of somata
that flank a central neuropil. Within the VNC exists a serial arrangement of neurons with
RFamide-like ir. A variety of other neurotransmitters and related substances are also present
in both, the brain and the VNC. More interspecific differences and similarities were explored
in another part of the study, comparing even more different chaetognath species and
focusing on the VNC and its internal structure. The two species of Krohnitta have an unusual
distribution of nuclei that is not clearly separated into two lateral bands like in other species.
Many of the sagittid species exhibit a striation pattern of the neuropil that is mostly absent
in other groups and some of their nerve nets show varying degrees of order as opposed to
the rather disorganized nerve net in other groups.
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In addition, immunohistochemical methods were applied to several specimens of
Gnathostomula sp. in order to test one of the many hypotheses about the chaetognaths
phylogenetic position, a sister-group relationship to gnathostomulids. A comparison
between the two taxa, taking into account also other gnathifera and platyhelminthes, makes
a sistergroup relationship between chaetognaths and gnathostomulids very unlikely. In
conclusion, chaetognaths remain in an enigmatic phylogenetic position and likely branched
off close to the deuterostome/protostome split.
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Zusammenfassung
Die Chaetognathen sind ein faszinierendes Taxon mit einzigartigen Eigenschaften. Da sie zu
den primären Predatoren von Zooplankton gehören, haben sie großen Einfluss auf marine
Nahrungsnetzte. Ihre phylogenetische Position ist seit ihrer Entdeckung die Ursache
verschiedenster Spekulationen. Sogar mit phylogenomischen Methoden ist es bisher nicht
möglich ihre phylogenetische Position innerhalb der Bilateria zu klären. Neuroanatomische
Untersuchungen könnten ein Weg sein diese Fragestellung zu lösen. Die vorliegende Studie
hat zum Ziel neue Einblicke ins Nervensystem der Chaetognathen zu ermöglichen und daraus
Charakteristika für eine phylogenetische Diskussion zu ziehen. Die Methode der Wahl war in
diesem Fall die Immunhistochemie in Kombination mit konfokaler Mikroskopie. Es wurden
Experimente mit einer ganzen Reihe von primären Antikörpern durchgeführt, aber die
besten Ergebnisse erzielten Antikörper gegen RFamide (eine Familie von Neuropeptiden),
Synapsine (synaptische Proteine), tyrosiniertes Tubulin (ein Cytoskelettbaustein vor allem in
Neuriten) und BrdU (Bromodeoxyuridin, ein Proliferationsmarker). Diese Marker waren sehr
hilfreich bei dem Versuch verschiedene Aspekte des Nervensystems zu ergründen.
Eine neue Analyse der Entwicklung von juvenilen Chaetognathen kurz nach dem Schlupf
zeigte, dass sich das ventrale Nervenzentrum (ventral nerve center, VNC) früher entwickelt
als das Gehirn. Die Produktion von Neurotransmittern hat beim Schlüpfen bereits begonnen,
was sich durch einige Neurone mit RFamide-artiger Immunreaktivität zeigt. Die Neurogenese
geht noch etwa fünf Tage nach dem Schlüpfen weiter und die Art der Teilung bei neuronalen
Stammzellen ist asymmetrisch.
In erwachsenen Chaetognathen ist das Gehirn in eine stomatogastrische anteriore und eine
sensorische posteriore Neuropildomäne getrennt. Es enthält eine Anzahl von individuell
identifizierbaren Neuronen mit RFamid-artiger Immunreaktivität. Die Studie geht auch
besonders auf die interspezifischen Variationen der Gehirnarchitektur zwischen Spadelliden
und Sagittiden ein. Das VNC besteht aus zwei lateralen Clustern von Somata die ein zentrales
Neuropil begrenzen. Im VNC selbst finden sich seriell angeordnete Neurone mit RFamideartiger Immunreaktivität. Zusätzlich finden sich sowohl im Gehirn als auch im VNC eine Reihe
von zusätzlichen Neurotransmittern und anderen neuronalen Markern.
In einem weiteren Teil der Studie wurden noch mehr verschiedene Arten von
Chaetognathen auf interspezifische Unterschiede und Gemeinsamkeiten untersucht, wobei
der Fokus auf dem VNC und seinen internen Strukturen liegt. Die zwei untersuchten Arten
von Krohnitta haben eine ungewöhnliche Verteilung von Zellkernen, da diese nicht klar in
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zwei laterale Cluster aufgeteilt sind, wie das in anderen Arten der Fall ist. Viele Vertreter der
Sagittiden verfügen über eine Streifung des Neuropils das in anderen Arten zum größten Teil
fehlt. Einige ihrer Nervennetze weisen unterschiedliche Grade von Organisation auf, im
Gegensatz zu anderen Gruppen, deren Nervennetze ziemlich desorganisiert erscheinen.
Zusätzlich wurden mehrere Vertreter von Gnathostomula sp. mit immunhistochemischen
Methoden untersucht. Ziel war es eine bestimmte Hypothese zur phylogenetischen
Zugehörigkeit der Chaetognathen, die mögliche Verwandtschaft zu den Gnathostomuliden,
zu untersuchen. Ein Vergleich zwischen den beiden Taxa, unter Berücksichtigung anderer
Vertreter der Gnathifera sowie der Platyhelminthes, führt zu der Schussfolgerung, dass ein
Schwesterngruppenverhältnis zwischen Chaetognathen und Gnathostomuliden sehr
unwahrscheinlich ist. Alles in allem bleibt die genau phylogenetische Position der
Chaetognathen weiterhin unbestimmt, vermutlich aber haben sie sich in etwa zur Zeit der
Trennung von Proto- und Deuterostomiern von den restlichen Taxa abgespaltet.
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1. General Introduction
1.1 Introduction to a taxon: the Chaetognatha
Chaetognaths are predatory, marine animals that are present in great abundance in all
marine habitats. The scientific name Chaetognatha is based on the characteristic grasping
spines of the head (Fig. 1A). It is derived from the Greek words ‘khaitē‘, translating to bristle
or seta, and ’gnathos’, meaning jaw. The commonly used name arrowworms (dt.
Pfeilwürmer) refers to the shape of a chaetognath body, which resembles an arrow with its
slightly triangular head, elongated trunk and tail and posterior fins that remind of the
feathers on an arrows shaft. The number and size of the fins as well as the relative
proportions of trunk and tail vary depending on the species. Chaetognaths are bilaterally
symmetrical and mostly translucent. The taxon Chaetognatha comprises several genera with
over 120 different species. The actual number of species, however, is very likely higher than
that, and descriptions of newly discovered species are published frequently, e.g. Spadella
interstitialis (KAPP & GIERE, 2005) and Spadella valsalinae (WINKELMANN ET AL, 2012).

Fig. 1: (A) Live specimen of Spadella cephaloptera; (B,C) Sagitta bipunctata, immunoreactivity against
tyrosinated tubulin (red), counterstained against nuclei (blue, HOECHST), (B) ventral view of the trunk, (C)
dorsal view of the head; (D) Possible phylogenetic relationships of the chaetognaths proposed by molecular
studies. 1: Zrzavý et al. (1998); 2:Halanych (1996), Peterson & Eernisse (2001); 3: Paps et al. (2009); 4: Mallatt &
Winchell (2002); 5: Littlewood et al. (1998); 6: Matus et al. (2006), Papillon et al. (2004), Dunn et al. (2008), and
Philippe et al. (2011); 7: Giribet et al. (2000), Helfenbein et al. (2004), and Marlétaz et al. (2006); 8: Telford &
Holland (1993) and Papillon et al. (2003). (from Rieger et al. 2011, modified from Harzsch & Müller 2007); (E)
General nervous system architecture of a chaetognath (modified from Kapp 2007). Abbreviations: cc, corona
ciliata; cn, caudal nerve; con, coronal nerve; e, eye; fc, frontal connective; fr, fence receptor; gs, grasping
spines; int, intestine; lf, lateral fin; mc, main connectives; on, optical nerve; rs, receptaculum seminis; sv,
seminal vesicle; tf, tail fin; vg, vestibular ganglion; VNC, ventral nerve center. Scale bars: A: 100µm, B: 500µm,
C: 200µm.
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1.2 Chaetognath history and phylogeny
Animals that can be clearly recognized as chaetognaths can be found in the fossil record,
dating back about 500 million years (Chen & Huang 2002; Szaniawski 2005). Furthermore
what was originally described as a species called 'protochonodonts' was recently reevaluated
and is now believed to be evidence for the presence of chaetognaths (Szaniawski 2002).
There is a striking similarity of the so called protochonodonts to the grasping spines of
recent chaetognaths. On this basis, the author suggests that the chitinous grasping spines
were fossilized while the soft body tissue of the chaetognaths was not preserved and
subsequently the fossilized parts appeared as a different, unrelated, taxon. The first recent
chaetognath was described by Slabber in 1778. Since then, a variety of chaetognath species
has been described and studied. However, to this day their phylogenetic relationship with
other taxa remains controversial (Fig. 1D). Many of the early theories, like a close relation to
molluscs or arthropods (reviewed for example by Ghirardelli 1968), have since been
discredited. But even with modern methods, molecular as well as morphological, the
position of the chaetognaths is still an enigma. A recent review by Perez et al. (submitted)
summarizes the current state of knowledge on this topic. Molecular studies have proposed
several possible positions for the Chaetognatha (Fig. 1D, reviewed in Rieger et al. 2011)
dependent on a variety of different approaches. Among the different approaches were
several analyzes of ribosomal genes, for example most recently by Papillon et al. (2006) and
Mallatt et al. (2012), other single genes (Erber et al. 1998, Matus et al. 2006) or a integrated
approach containing sequences of several genes (recently e.g. Dunn et al., 2008, Marletaz et
al. 2008, Marletaz and Le Parco 2008, Philippe et al. 2011) or even larger amount of
sequenced data like for example complete mitochondrial genomes (Helfenbein et al. 2004,
Papillon et al. 2004, Miyamoto et al. 2010).The most recent inclusion in a phylogenetic
analysis places them within the Ecdysozoa, although the authors themselves expressed
serious doubts about the validity of this position (Mallatt et al. 2012). However, the majority
of these studies link the chaetognaths to the protostomes (compare Fig. 1D) as opposed to
the previously prevalent assumption that chaetognaths are deuterostomes, which was
mainly based on their mode of development (reviewed e.g. by Rieger et al. 2011).
Chaetognath morphology has also been responsible for a number of different hypotheses
since it is unique in several aspects like their overall appearance, their grasping spines,
musculature, epidermis, and of course their nervous system (see Ghirardelli 1968, Nielsen
2012). All of these factors point to a long history of independent development that set them
apart from other known species and obscure their phylogenetic affinities. Currently,
chaetognaths are presumed to have a close affiliation with the Protostomia, either as an
early offshoot or as a sister-group to the Ecdysozoa or the Lophotrochozoa (Rieger et al.
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2011, Nielsen 2012). The internal phylogeny of the Chaetognatha is disputed, as summed up
by Papillion et al. (2006) who tackled this problem with an extensive molecular study
(Papillon et al. 2006). However, there is a broad consensus that chaetognaths can be divided
into the Aphragmophora and the Phragmophora depending on the absence or presence of
transverse musculature.
1.3 Chaetognath behavior
Despite the number of described chaetognath species, behavioral studies have focused on
only a few of them, mainly due to a lack of accessibility and difficulties in rearing.
Most chaetognath species are pelagic, often migrating within the water column (PierrotBults & Nair 1991). Some spadellids however are epibenthic, like Spadella cephaloptera
(BUSCH, 1851), or even interstitial, like the recently discovered Spadella interstitialis (Kapp &
Giere 2005). Chaetognaths are a major component of marine plankton communities and
primary predators of zooplankton. An examination of the stomach contents of several
species sheds light on their feeding preferences. The favorite prey is copepods, various
larvae, and other small, planctonic animals. Many species also exhibit cannibalistic behavior
(Feigenbaum 1991). To observe the hunting behavior, it is necessary to keep live animals in
the lab which can be difficult for the pelagic deep sea species, and has mostly been done
with more accessible species. S. cephaloptera, for example, is an ambush predator, waiting
attached to a piece of seaweed for a prey organism to swim by in close distance. S.
cephaloptera then attacks with a short but very fast forward movement, simultaneously
spreading the hook-like grasping spines on its head. These spines grab the prey and are then
used to shove it down the pharynx and into the gut (Feigenbaum 1991). The pelagic species
Ferosagitta hispida (CONANT, 1895) has a similar approach, passively sinking through the
water column, waiting for prey, although this species periodically uses directed swimming to
regain height as described by Feigenbaum and Reeve (1977). Also, these authors report that
some pelagic species have been seen swimming forward towards a prey organism for about
20mm but this could not be reproduced in controlled experiments. No other form of a more
active hunting behavior has been reported so far. For most chaetognath species, mating has
not been observed or described and it is therefore unclear whether these species exhibit a
specific mating behavior or not. However, a rather elaborate mating ritual has been
described for Paraspadella schizoptera (CONANT, 1895; Goto & Yoshida 1985). A sperm
packet is positioned on the mating partner’s body and the sperm migrates towards the
female reproductive organs. Fertilized eggs are either released freely into the water, like in
most species of Sagitta, or they are attached to a surface, like done by for example S.
11

cephaloptera (Pearre Jr 1991). The chaetognath embryonic development is direct (Kapp
2000). Hatchlings already resemble the adult and just grow in size during maturation,
although some organ systems are not yet functional at hatching. More information on the
development is summarized in Rieger et al. (2011).
1.4 Chaetognath morphology
Several authors have reviewed the state of knowledge on the basic chaetognath anatomy
(Kapp 1991; Shinn 1997; Kapp 2004). The elongated chaetognath body has three discernible
regions: head, trunk and tail (Fig. 1A). The tail is separated from the trunk by the transversal
septum. One or two pairs of rayed fins are positioned laterally along trunk and tail and a
rayed tailfin is present at the posterior end of the animal. The epidermis on the fins is single
layered like it is on the ventral part of the head and few other places. Otherwise,
chaetognaths have a multilayered epidermis. In some species, the epidermis of the neck
region contains alveolar tissue, what is sometimes referred to as 'colarette'. A part of the
epidermis, the hood, covers the grasping spines to reduce water drag when the animal is
resting or swimming. The hood gets pulled back rapidly when the animal attacks a prey
organism. Throughout the trunk four prominent longitudinal muscles enable the movement
required for the attack movements and swimming. Transverse muscles are only present in a
part of the taxon, the Phragmophora. A complex system of muscles is present in the head
that operates the hood, grasping spines, and mouth. The grasping spines are one of the most
notable characteristics of the chaetognath body. They are arranged laterally on both sides of
the head and are spread during an attack. In addition, the animals possess one or two paired
rows of teeth. They are probably used to puncture the cuticle or epidermis of prey
organisms to enable paralyzing venom to enter the prey's bodies. It is known that some
chaetognaths use tetrodotoxin to paralyze their prey, which is produced by associated
bacteria (Thuesen 1991). The mouth opens to the pharynx which connects to the intestine.
The gut is a straight tube positioned centrally within the body and extends along the entire
trunk. The anus is positioned medially on the ventral surface, just anterior to the transversal
septum. All chaetognaths are protandric hermaphrodites (Pearre Jr. 1991). The ovaries are
located in the trunk on either side of the gut. The receptaculum seminis, through which
sperm enters the female reproductive tract and through which the eggs are released, are
located laterally on either side of the body close to the transversal septum. The testes are
located in the tail. Spermatocytes are produced and mature inside the tail cavity. Mature
sperm is released through the seminal vesicles, which are positioned laterally in between the
lateral fins and the tailfin.
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1.5 Chaetognath sensory organs and nervous system
The nervous system (Fig. 1B,C,E) was the main focus point of my study and there are more
detailed descriptions available in the enclosed publications or in the publications of e.g. Goto
and Yoshida (1987), Bone and Goto (1991), or Shinn (1997).
Chaetognaths have two major centralized nervous system structures: The brain, located in
the dorsal part of the head with an associated chain of smaller ganglia that encircle the
esophagus (Fig. 1C,E), and the ventral nerve center (VNC), located ventrally on the trunk(Fig.
1B,E) . These two are linked by the main connectives (Fig. 1B,C,E). The posterior part of the
trunk and the tail contain the paired lateral caudal nerves which are directly linked to the
VNC (Fig. 1B,E). Several lateral nerves connect these centralized parts to other organ systems
either through directly, like the eyes or corona ciliata, or via the nerve net (Fig. 1C,E), a
plexus of neurites that covers the body. It can be separated into two portions, the
subepidermal plexus, that is located at the basis of the epidermis, and the intraepidermal
plexus, that is distributed throughout the multilayered epidermis. Chaetognaths possess a
variety of organs, which are known or speculated to be sensory. A pair of eyes on the dorsal
side of the head allow for phototaxis (Fig. 1A,C,E). The two biggest ciliary sensory organs are
the mechanosensory ciliary fence receptors (Fig. 1 A) and the corona ciliata (Fig. 1A,E), for
which several functions have been proposed including chemo- and mechanoreception, a
secretory function, and a nephridium-like function (reviewed by Ghirardelli 1968). The
retrocerebral organ, also with an unknown function, is located at the posterior end of the
brain, and there are putative sensory organs in the mouth region.
1.6 Research topic, motivation, and scope of this study
My project focused on several aspects of the nervous system in order to derive new
morphological characteristics that may help to narrow down the range of possible
phylogenetic positions proposed for the Chaetognatha. This approach is known as
neurophylogeny as explained by e.g. Harzsch and Müller (2007). The nervous system is
especially suited for morphological comparisons, since its complex interactions require a
high degree of evolutionary conservation. In addition to the traditional morphological
studies, immunohistochemical methods have previously been shown to provide interesting
new characters, like individually identifiable neurons (Harzsch & Müller 2007). This study
tries to further assess the value of neuronal characteristics in a broader spectrum by
including various other mayor metazoan taxa.
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I used mainly immunohistochemical techniques combined with modern microscopic
methods. During the course of my thesis I applied a variety of antibodies, mainly against
neuronal structures. Some markers proved especially useful: anti-RFamide labels single
neurons that contain neuropeptides that belong to the family of the RFamides, a group of
peptides that are structurally similar. RFamides have already been detected and examined in
a broad range of metazoan taxa (reviewed by Walker 2009), making them uniquely suited
for the task at hand. Anti-synapsin labels entire neuropils and anti-tyrosin-tubulin proved to
be an excellent marker for neurites and thus both are very useful to explore for the overall
structure of the nervous system, from mayor components like the VNC to the single neurites
found in the nerve net. BrdU gives a picture of prolific activity in hatchlings and as a result
also of the mode of division of neuroblasts during development.
The following thesis covers a variety of topics, starting with the development of the nervous
system of Spadella cephaloptera after hatching. The two main aspects in this chapter are the
onset and development of neurotransmitter expression (Chapter 2.1 Tubulin & RFamide;
Rieger et al. 2011) and the mitotic activity that results in the great number of cells in the
nervous system, especially the ventral nerve center (Chapter 2.2 BrdU; Perez et al. 2013).
The next mayor topic is the adult nervous, mainly of Spadella cephaloptera. I focused on the
cephalic nervous system (Chapter 3.1 The cephalic nervous system; Rieger et al. 2010), the
VNC (Chapter 3.2 The ventral nervous system; Harzsch et al. 2009), and tried to identify
transmitter systems other than RFamides (Chapter 3.3 Additional immunohistochemical
tests). I also revisited two of the most prominent sensory structures, the corona ciliata and
the ciliary fence receptors, with immunohistochemical methods (Chapter 3.4 Ciliary
receptors; Müller et al. submitted)
The third section is dedicated to interspecific variation of the main components of the
nervous system by broadening the range of studied species (Chapter 4 Interspecific
variances of chaetognath nervous systems).
Finally, I broaden the scope of the study and discuss the impact of my findings when
compared to other metazoan taxa that are candidates for a close phylogenetic relationship.
This section also includes data on one further group, the gnathostomulids, to test a specific
phylogenetic hypothesis proposed by Nielsen (2001), who once suggested a close
relationship of gnathostomulids and chaetognaths (Chapter 5 Outgroup comparisons with an
emphasis on Gnathostomulida).
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2. The development of the nervous system in Spadella cephaloptera
2.1 Tubulin & RFamide
“Chaetognaths (arrow worms) play an important role as predators in planktonic food webs.
Their phylogenetic position is unresolved, and among the numerous hypotheses, affinities to
both protostomes and deuterostomes have been suggested. Many aspects of their life
history, including ontogenesis, are poorly understood and, though some aspects of their
embryonic and postembryonic development have been described, knowledge of early neural
development is still limited. This study sets out to provide new insights into neurogenesis of
newly hatched Spadella cephaloptera and their development during the following days, with
attention to the two main nervous centers, the brain and the ventral nerve center. These
were examined with immunohistological methods and confocal laser-scan microscopic
analysis, using antibodies against tubulin, FMRFamide, and synapsin to trace the emergence
of neuropils and the establishment of specific peptidergic subsystems. At hatching, the
neuronal architecture of the ventral nerve center is already well established, whereas the
brain and the associated vestibular ganglia are still rudimentary. The development of the
brain proceeds rapidly over the next 6 days to a state that resembles the adult pattern.
These data are discussed in relation to the larval life style and behaviors such as feeding. In
addition, we compare the larval chaetognath nervous system and that of other bilaterian
taxa in order to extract information with phylogenetic value. We conclude that larval
neurogenesis in chaetognaths does not suggest an especially close relationship to either
deuterostomes or protostomes, but instead displays many apomorphic features.” (Rieger et
al. 2011).
For more information on this topic see Rieger et al. (2011), page 121.
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2.2 BrdU
“Emerging evidence suggests that Chaetognatha represent an evolutionary lineage that is
the sister group to all other Protostomia thus promoting these animals as a pivotal model for
our understanding of bilaterian evolutionary history. We have analyzed the proliferation of
neuronal stem cells in the developing ventral nerve centre of Spadella cephaloptera
hatchlings by in vivo incorporation of the s-phase specific mitosis marker bromodeoxyuridine
(BrdU). Our experiments provide evidence for a high level of mitotic activity in the ventral
nerve centre for ca. 3 days after hatching. Neurogenesis is carried by asymmetrically dividing
neuronal stem cells that cycle rapidly (ca. 1.5 h), and are arranged in a distinct grid-like
geometrical pattern including about 35 transverse rows. Considering chaetognaths to be an
early offshoot of the protostome lineage we conclude that the presence of stem cells with
asymmetric division seems to be a feature that is rooted deeply in the Metazoa. In the light
of previous evidence indicating the presence of serially iterated peptidergic neurons with
individual identities in the chaetognath ventral nerve centre we discuss if these neuronal
stem cells give rise to distinct lineages. Furthermore, we evaluate the serially iterated
arrangement of the stem cells in the light of evolution of segmentation.” (Perez et al. 2013)
For more information on this topic see Perez et al. 2013), page 143.
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3. The nervous system of adult Spadella cephaloptera
3.1 The cephalic nervous system
“We examined the brain architecture in different species of Chaetognatha using
immunofluorescence methods with a set of nervous system markers and confocal laser-scan
microscopic analysis. These markers include antibodies against synaptic proteins, RFamiderelated peptides, and tyrosinated tubulin, as well as a marker of cell nuclei. Furthermore, we
present a 3D reconstruction based on histological section series. Our results expand the
previous knowledge on neuroanatomy in Chaetognatha. We suggest a structural and
functional subdivision of the rather complex chaetognath brain into two domains, a
posterior domain that may be primarily involved in the integration of sensory input, and an
anterior domain that may be involved in the control of the mouthparts and the anterior part
of the digestive system. Immunolocalization of a neuropeptide suggests the presence of an
identifiable group of neurons associated with the brain of all species examined here.
However, our data also reveal a certain degree of interspecific variation and divergence
within the Chaetognatha concerning, for example, the pattern of nerves branching off the
brain and the proportional sizes of the various neuropil compartments. We compare our
data to brain architecture in various other representatives of Protostomia and
Deuterostomia. The chaetognath brain fits within the range of structural variation
encountered in protostomian brains, and we cannot find any brain characteristics that would
argue in favor of placing chaetognaths outside of the Protostomia. Rather, we see the
circumoral arrangement of their cephalic nervous system as an argument that suggests
protostome affinities.” (Rieger et al. 2010)
For more information on this topic see Rieger et al. (2010), page 91.
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3.2 The ventral nervous system
“The enigmatic arrow worms (Chaetognatha) are marine carnivores and among the most
abundant planktonic organisms. Their phylogenetic position has been heavily debated for a
long time. Most recent molecular studies still provide a diverging picture and suggest arrow
worms to be some kind of basal protostomes. In an effort to understand the organization of
the nervous system in this clade for a broad comparison with other Metazoa we analysed
the ultrastructure of the ventral nerve centre in Spadella cephaloptera by transmission
electron microscopy. We were able to identify six different types of neurons in the bilateral
somata clusters by means of the cytoplasmic composition (regarding the structure of the
neurite and soma including the shape and eu-/heterochromatin ratio within the nucleus) as
well as the size and position of these neurons. Furthermore, our study provides new insights
into the neuropil composition of the ventral nerve centre and several other fine structural
features. Our second goal was to examine if individually identifiable neurons are present in
the ventral nerve centres of four chaetognath species, Sagitta setosa, Sagitta enflata,
Pterosagitta draco, and Spadella cephaloptera. For that purpose, we processed whole mount
specimens of these species for immunolocalization of RFamide-related neuropeptides and
analysed them with confocal laser-scanning microscopy. Our experiments provide evidence
for the interspecific homology of individual neurons in the ventral nerve centres of these
four chaetognath species suggesting that the potential to generate serially arranged neurons
with individual identities is part of their ground pattern.” (Harzsch et al. 2009)
For more information on this topic see Harzsch et al. (2009), page 67.
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3.3 Additional immunohistochemical tests
A variety of antibodies was applied against neurotransmitters in an attempt to identify some
of the numerous neurons in the VNC, and a fluorescent probe (phalloidin) was used to
detect actin, all in adult Spadella cephaloptera. Although most antibodies reacted, only a
small number of somata were labeled and sometimes only non-neuronal structures showed
a signal. For this reason these experiments were not repeated or continued. The following
results should therefore be taken with caution, since sometimes the quality of the staining
was far from ideal.
3.3.1 Primary antibodies and phalloidin
Several of the tested antibodies did not produce any detectable signal, namely antibodies
against Gamma-AminoButyric Acid (GABA), Glutamate, Octopamine, small cardiac peptide B
(SCPb), and Substance P (SubP) (For details, see page 217, table 3). Anti-histamine
immunohistochemistry did not work either, and further experiments were not possible,
since the animals reacted very negatively to the necessary prefixative EDAC. The use of
phalloidin and the following antibodies resulted in a detectable signal:
anti-Allatostatin (ASTA)
The use of anti-allatostatin produces a faint labeling in the VNC. One pair of somata is
located bilaterally in the anterior part of the VNC, projecting towards the midline, maybe to
the contralateral site. Several longitudinal neurites are distinguishable. One neurite to either
side of the midline extends along the whole VNC and a median pair of neurites extends a
little less far posteriorly. All longitudinal neurites are crossed anteriorly by the transversal
projections (Fig. 3G). No immunoreactivity (ir) is observed in the main connectives or the
brain. In addition ASTA-like ir is detected on the adhesive papillae, which are mostly
distributed along the ventral side of the tail. The signal appears like a cap on the tip of the
single papillae (Fig. 2C).
anti-Aspartate
Next to the signal in the sensory organs described in Rieger et al. (submitted) aspartate-like
ir is present in the VNC. There are two bilateral pairs of somata, one in the median and one
in the posterior part of the VNC. Their neurites extend primarily in an anterior direction,
although the posterior pair has a small branch that extends posteriorly. The main anterior
projection leaves the VNC laterally at about the level of the second pair of somata. The
projections from this more anterior pair can not be traced beyond the borders of the VNC
(Fig. 3F).
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anti-CCAP (crustacean cardioactive peptide)
The use of an antibody against CCAP results in an unexpected pattern seen in the epidermis.
Very small ring-shaped patterns are associated with the cell nuclei of the epidermis, about
two or three of the rings with each nucleus (Fig. 2B).
anti-GLWamids
GLWamids-like immunoreactivity is visible in the brain and VNC of S. cephaloptera. However,
the experiment results in a very weak signal. It has not been repeated, since the results did
not look promising. A mass of neuropil in the brain is weakly labeled. In the VNC, two
longitudinal neurites are positioned bilaterally of and very close to the midline in the
neuropil part of the VNC (Fig. 3H).
anti-PSK (Perisulfakinin)
Antibodies against perisulfakinin produce extensive labeling in the brain (Fig. 2E) and the
VNC (Fig. 3B). The pattern in parts resembles the one found with anti-RFamide antibodies as
described by Harzsch and Müller (2007). However, it has not been analyzed whether any of
the cells labeled with anti-perisulfakinin would also have co-labeled with anti-RFamide. In
the brain, one pair of somata is located posterior, and slightly lateral, to the core neuropil. A
roughly V-shaped band of projections within the core neuropil exhibits PSK-like ir, and parts
of these neurites extend past the borders of the posterior neuropil domain into the main
connectives and probably the VNC. There appears to be no labeling in the anterior neuropil
domain (Fig. 2E). The pattern in the VNC consists of several bilateral pairs of somata that
projected medially and several longitudinal neurite bundles. The most anterior pair of
somata is labeled very weakly and it is also the most laterally positioned PSK-like ir pair. It is
followed slightly more posterior by a pair of large and intensely labeled somata and then
again by a smaller pair. Next follow five pairs of small somata that are distributed evenly
along the longitudinal axis, just lateral to the most lateral fibers. A sixth pair of similar size is
located even more medially. Most posterior there is a group of three brightly labeled somata
on each side. The longitudinal neurites are grouped into one median and a pair of more
lateral bundles, with intensive PSK-like ir. At the lateral edges of the VNC's neuropil extends
another bilateral pair of single neurites. The three neurite bundles are interconnected at
several points, most notably anterior, at the level of the third pair of somata, and posterior,
at the level of the last pair of somata. The median bundle fans out at the posterior end of the
VNC (Fig. 3B). It is not possible to detect whether any neurites left the VNC either anteriorly
or posteriorly, due to an extreme, unspecific signal that occurred sometimes during staining
(see section Secondary antibodies).
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Fig. 3: Immunoreactivity against various antibodies in the VNC of S. cephaloptera. The corresponding
antigenes are indicated in the images, nuclei were labeled with HOECHST. All scale bars: 50µm.
‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
⊳ Fig. 2: Immunoreactivity of S. cephaloptera against various antibodies on the body (A,B) the adhesive papillae
(C), in the brain (E-H), and the corona ciliata(I). The corresponding antigenes are indicated in the images. Actin
(D) was detected in a hatchling using phalloidin conjugated with a fluorochrome, nuclei were labeled with
HOECHST. Abbreviations: ap, adhesive papillae; bnp, bridge neuropil; cc, corona ciliata; cn, central neuropil;
cnp, core neuropil; fh, frontal horn; fr, fence receptor; lh, lateral horn; mc, main connectives. Scale bars: A-E,
G,I: 50µm; F: 20µm; H: 10µm.
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anti-Serotonin
The serotonergic system in chaetognaths is not very elaborate. It consists of a single cell
located medially in the brain posterior to the central core neuropil. It projects anteriorly into
the core neuropil and branches out heavily (Fig. 2F). Within the VNC, no labeled somata are
found and only one pair of labeled neurites is visible within the neuropil portion of the VNC.
These neurites are positioned longitudinally and can be traced into the main connectives at
the anterior end, while posteriorly they end at the border of the VNC (Fig. 3C). It can not be
determined, if the fibers in the VNC are connected to the cell located in the brain.
anti-Taurine
Taurine-like ir is found in the VNC only. A single bilateral pair of somata is located very
anteriorly and laterally, projecting in a median-posterior direction. Several other somata
might be present: Three pairs of somata in the posterior half and a single soma pair at the
posterior end. However, these supposed somata are labeled very faintly and they cannot be
identified without a doubt due to a heavy background staining. Several longitudinal neurite
bundles are present in the VNC. One very prominent bundle is located along the midline. On
both sides, two single neurites run parallel along the VNC. The longitudinal neurites are
connected anteriorly by a single transverse link, which is formed by the most lateral pair of
neurites. On the level of the possible group of posterior somata, scattered Taurine-like ir
labeling is visible in the neuropil part (Fig. 3D).
anti-Tyramine
The only structure labeled by anti-tyramine is the corona ciliata. Tyramine-like ir is found
only in the inner circle of elongated somata (Fig. 2I).
anti-Tyrosine Hydroxylase
Tyrosine-hydroxylase-like ir is present in the head and the VNC. Two bilateral pairs of somata
are located in the posterior cell-cluster of the brain. Their projections run medio-ventral,
leaving the brain and joining at the midline (Fig. 2G). In the VNC only two longitudinal
neurites show a signal. They extend along the complete VNC and curve laterally at the
posterior end (Fig. 3E).
anti-Ubiquitin
Immunoreactivity to ubiquitin-like substances is found ubiquitous in the epidermis. It
appears to be present in every cell within the cytoplasm (Fig. 2A).
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Actin (Phalloidin)
The phalloidin staining does not work in adult specimens of Spadella cephaloptera. Some
hatchlings, however, are labeled and phalloidin stains the fibrous parts of the central
nervous system. At this young age, this means the neuropil part of the VNC, the main
connectives and the loop in the head that will give rise to the brain. Actin is also present in
the adhesive papillae on the ventral surface of the animal (Fig. 2D).
3.3.2 Secondary antibodies and nuclear staining
The secondary antibodies Alexa 488 goat anti-rabbit and Cy3 goat anti mouse were the most
frequently applied secondary antibodies. They were applied together with a nuclear marker.
During one experiment the primary antibodies were switched with PBS-TX secondary
antibodies to test specificity. The concentrations, especially of the nuclear markers were
adjusted when necessary, based on experience from prior experiments.
Secondary antibodies
Without primary antibodies, the secondary antibodies label neither somata nor neurites. The
camera still picks up a background level of emissions and the adhesive papillae on the body
surface seem labeled (Fig. 3A). Sometimes, both secondary antibodies produce heavy signals
anterior and posterior to the VNC. This is not visible in the blue channel, which detects the
nuclear marker, so this signal is not caused by auto-fluorescence but is clearly an unspecific
signal of the secondary antibodies (Fig. 3A,B,G).
Nuclear marker
Both nuclear markers, HOCHST and YOYO-1 reliably label nuclei. The signal emitted by the
nuclear marker HOECHST is sometimes still detected when using the filters that are meant to
detect the emitted spectra of Alexa 488 (see Fig. 13). In this case, the nuclear staining is
regarded as background staining, but in extreme cases this effect can partly obscure the
actually labeled structures, e.g. in the case of Allatostatin (Fig. 3G).
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3.3.3 Discussion
Most of the antigenes that were tested for are present in S. cephaloptera, but most of them
only in very few cells. Some of the substances are restricted to the central nervous system.
With the exception of the single serotonergic neuron in the brain, all neural structures are
bilateral symmetrical. Unexpected results like for anti-CCAP beg the question, whether the
immunoreactive components are actually related to CCAP-like peptides or just somewhat
structurally similar. Chaetognaths and crustaceans are not closely related and a western blot
or HPLC (High-performance liquid chromatography) would be needed to determine the
similarity of the labeled peptides.
Replacing the primary antibody with PBS-TX and applying only secondary antibodies
demonstrates that somata and neurites visible in other experiments are, in fact, specific
signals. It also shows that a slight amount of background fluorescence is to be expected and
that the adhesive papillae on the ventral surface of the body are prone to unspecific
staining. However, the level of background staining is, under most circumstances, not
problematic and specifically labeled structures are easy to discern. In some cases, the
nuclear staining with Hoechst is showing in the green channel, most likely because the
nuclear staining is too intense and fluorescence is still detectable using the green filter due
to the bisbenzimide emission spectra and the properties of the filter (cross-talk between the
channels; see Fig. 13). This phenomenon is especially problematic when the antibodyspecific labeling is weak and requires a long camera exposure-time, like in the case of
taurine, tyrosin-hydroxylase and allatostatin. The heavy fluorescence observed at either end
of the VNC is also unspecific and has only been observed in S. cephaloptera. It is mostly
visible in experiments with very fresh material, prolonged fixation seems to weaken or
eliminate this staining. The location is the same as for the small brownish structures
observed in live animals of S. cephaloptera (see Fig. 1A). The contents of this structure are
not known, and require a closer examination, e.g. by ultrastructural methods.
Extensive testing still resulted in very little knowledge of the transmitters used by the
majority of the VNC’s large number of neurons. It might be a yet untested or unsuccessfully
tested for transmitter, or maybe even a transmitter unique to chaetognaths. Ultimately, this
question can only be resolved with further experiments.
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3.4 Ciliary receptors
“This study sets out to explore details of structure and innervation of multicellular ciliary
sense organs in Chaetognatha, highly abundant marine predators which effectively prey on
zooplankton in various depths and habitats. We examined the epibenthic species Spadella
cephaloptera and Spadella valsalinae as well as the pelagic species Parasagitta setosa by
immunohistofluorescence with confocal laser-scan microscopy to detect tubulin and cell
nuclei in whole mount preparations. Furthermore, we used scanning and transmission
electron microscopy to analyse ultrastructural details of multicellular ciliary sense organs
(including a further pelagic species, Sagitta bipunctata) and a mitosis marker to detect
proliferating cells. Chaetognaths, and in particular the examined species, are equipped with
several epidermal sensory organs including the three types of ciliary sense organs that are
the focus of the present study: the transversally oriented ciliary fence organs (1), the
longitudinally (parallel to the anterior-posterior axis) oriented ciliary tuft organs (2) and a
ciliary loop, the corona ciliata (3). The outer shape of those sense organs, especially the
corona ciliata, may vary widely among Chaetognatha. Shape, number and distribution of the
ciliary fence organs and the corona ciliata are species-specific and can be easily highlighted
by immunohistochemical techniques making these a useful tool for taxonomic studies. Two
different types of multilayered and partly pooled receptor cells constitute the ciliary fence
and ciliary tuft organs. Each receptor cell extends a single, non-locomotory cilium from the
narrow apex so that multiple rows of highly ordered cilia are formed. The ciliary fence and
ciliary tuft organs are distributed in large numbers along the entire body. They are known to
have a mechanosensory function, detecting hydrodynamic stimuli to initiate attack or escape
movements. Their axons project in bundles towards the ventral nerve centre. The corona
ciliata consists of numerous ciliary cells forming a loop on the animal’s dorsal neck region
and shows an extensive and intricate pattern of innervation. Many of the cells in the corona
ciliata of adult specimens of S. cephaloptera show mitotic activity suggesting a turnover of
cells. In S. cephaloptera and S. valsalinae, the corona ciliate shares a nearly identical cellular
architecture. The outer cellular population of the corona ciliata comprises epithelial cells
with a single motile cilium, whereas the larger inner cell population contains two types of
epithelial cells: absorptive cells extending two or several cilia and sensory cells with a single
cilium. TEM studies show that the two latter ciliary cell types surround an annular
extracellular cavity which is, although almost completely enclosed, accessible by water from
outside.
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The axons of the sensory cells become bundled to the centre of the corona ciliata, where
they pass into the dorsomedian coronal nerves that house approximately 400 neurites and
project into the posterior area of the brain. Synapses are found throughout the coronal
nerves, close to the ECM and the subjacent longitudinal dorsomedian musculature of the
trunk. The function of the corona ciliata is not yet known, but the new insights into the
microscopic architecture strengthens speculations of a sensory function, and suggest that it
is most likely a chemosensory organ.” (Müller et al. submitted)
For more information on this topic see Müller et al. (submitted), page 161.
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4. Interspecific variances of chaetognath nervous systems
Antibodies against RFamide were previously applied to several species and results were
published in Rieger et al. (2010). Several other species were obtained other during various
trips (see chapter 12.1 Material & Methods). However, for reasons unknown, the reaction
with anti-RFamide did not produce a specific signal and this approach was abandoned in
favor of the more stable anti-tyrosinated tubulin staining combined with a marker for nuclei
(Fig. 4). Most descriptions and measurements given below are based on either one or two
specimens of one species only, and may therefore be not be completely representative of
the respective species.
4.1 Results
Brain
The brain architecture of several species was discussed in Rieger et al. (2010). Tyrosintubulin-ir did not work on the brain in the additional species. Therefore, no new data is
presented here.
VNC
The properties of the ventral nerve center (VNC) in different species are summarized in table
5. The most striking observations are addressed below.
Nuclei
The distribution of nuclei in the VNC of examined members of the krohnittids differs from
those of other chaetognath species. In spadellids and sagittids the nuclei are clearly divided
into two masses on either side of the central neuropil with few nuclei spread out in small
clusters along the midline. However, in the krohnittids, Krohnitta subtilis (GRASSI, 1881) and
Krohnitta pacifica (AIDA, 1897), this distinction is not as prominent. Although most nuclei are
located in the lateral bands, there is also a continuous layer of nuclei in between them (Fig.
5C,D). The same is probably true for Eukrohnittids as indicated by a single damaged
individual of Eukrohnia fowleri (RITTER-ZÁHONY, 1909) (data not shown). In this specimen
only the anterior tip of the VNC was still present, but it contained a continuous layer of
nuclei.
Anti-tyrosine-tubulin
As described by Harzsch & Müller (2007), a very clear horizontal striation is visible in the core
neuropil of the VNC in Parasagitta setosa (MÜLLER, 1847) when using synapsin antibodies.
Similar patterns could be detected in various other sagittids with tyrosin-tubulin-ir.
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However, this striation was less clear or almost nonexistent in the examined species of
Spadella and in the krohnittids. Spadella valsalinae shows slight striation within the neuropil,
with fine horizontal and longitudinal bundles of neurites embedded in a rather
homogeneous neuropil (Fig. 6B). The horizontal elements are even less pronounced in the
VNC of Spadella cephaloptera, K. pacifica and K. subtilis (Fig. 6A,C,D). They have no visible
striation in the middle of the neuropil, although at the border of the core neuropil and the
lateral portion of the nuclei, a slight striation can be found in S. cephaloptera and K. subtilis.
In comparison, Pseudosagitta lyra (KROHN, 1853), Flaccisagitta enflata (GRASSI, 1881), and
Serratosagitta tasmanica (THOMPSON, 1947; Fig. 6E,F,I) have well defined bundles of
horizontal neurites and the surrounding tissue is structured into longitudinal stripes. In other
Sagittids the structures are less pronounced, but still present (Fig. 6). Unfortunately, no data
on the VNC is available for any species of Eukrohnia due to tissue damage in the available
Eukrohnia specimens. The main connectives, the lateral and the caudal nerves were also
heavily damaged. The overall structure of the VNC in most species is very symmetrical, not
only between the two sides, but also concerning the anterior and posterior halves (Fig. 5).
This is especially the case when the main connectives and the caudal nerves have a very
similar look, to the point where it is impossible to discern the anterior or posterior end when
only the VNC and its immediate surroundings are visible. The lateral nerves are more or less
condensed neurite bundles that connect to the nerve net surrounding the VNC (Fig. 5). They
often appear rather short, but since the nerve net is intraepidermal, and the epidermis is
often damaged during processing, the appearance might have been altered. The caudal
nerves are usually broad, condensed neurite bundles that run laterally along the body
between the VNC and the tip of the tail. They split into a ventral and a dorsal part. Portions
of the caudal nerves branch off diagonally to innervate the nerve net in the tail. The nerve
net or plexus, as mentioned above, is often damaged and data is only present for part of the
species (Fig. 7). There are great differences in the organization of the nerve net: In S.
cephaloptera, K. subtilis and S. tasmanica the plexus is chaotic, without any obvious
arrangement (Fig. 7A,B,G), whereas in some species like Flaccisagitta hexaptera (D'ORBIGNY,
1836) and Serratosagitta serratodentata (KROHN, 1853) the neurites of the nerve net are
arranged in straight horizontal and longitudinal rows and columns (Fig. 7E,H). In other
species an ordered arrangement is partly present, but not as clear (Fig. 7C,D).
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Fig. 4: Overviews of all species that successfully showed immunoreactivity against tyrosinated tubulin (red),
counterstained against nuclei (blue, HOECHST). The species is indicated in the images. All scale bars: 1000µm.
‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
Fig. 5: VNC of the species that successfully showed immunoreactivity against tyrosinated tubulin (red),
counterstained against nuclei (blue, HOECHST). Species as indicated in the images. All scale bars: 100µm.
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Fig. 7: Nerve net of some species with immunoreactivity against tyrosinated tubulin. The species is
indicated in the images. Scale bars: A, C, G-I: 100µm; B, D-F: 200µm.
‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
⊳ Fig. 6: Details of the VNC structure in some species with immunoreactivity against tyrosinated tubulin. The
species is indicated in the images. All scale bars: 50µm.
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Tab. 1: Neuronal characters of the chaetognath VNC.
Species

Nuclei lateral bands (Fig.
5)

Nuclei midline
(Fig. 5)

horizontal striation
(Fig. 6)

vertical stripes
(Fig. 6)

Eukrohnia sp.

presumably continuous
layer

___

___

___

Spadella
cephaloptera

2 separate bands

few, slightly
clustered

no visible striation

no visible stripes

Spadella
valsalinae

2 separate bands

few, slightly
clustered nuclei

slight striation

no visible stripes

Krohnitta pacifica

continuous layer,
majority of nuclei
positioned lateral

___

no visible striation

no visible stripes

continuous layer,
majority of nuclei
positioned lateral, fine
gap along the midline

___

no visible striation

no visible stripes

Pseudosagitta
gazellae

___

___

___

___

Pseudosagitta
lyra

2 separate bands,
narrow gap in between

several tight
clusters

clear striation
present

stripes present

Flaccisagitta
enflata

2 separate bands

few scattered
nuclei

clear striation
present

no visible stripes

Flaccisagitta
hexaptera

2 separate bands

several clusters

striation present

slight stripes
present

Mesosagitta
decipiens

2 separate bands

few scattered
nuclei

faint striation
present

stripes present

Mesosagitta
minima

2 separate bands

continuous row of
nuclei, 1-2 nuclei
wide

clear striation
present

stripes present

Krohnitta subtilis
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Serratosagitta
tasmanica

2 separate bands

some scattered
nuclei

clear striation
present

stripes present

Serratosagitta
serratodentata

2 separate bands

several clusters

faint striation
present

no visible stripes

Caecosagitta
macrocephala

2 separate bands,
narrow gap in between

several clusters

faint striation
present

no visible stripes

Pterosagitta
draco

2 separate bands

several small
clusters

faint striation
present

no visible stripes

Sagitta
bipunctata

2 separate bands

few, slightly
clustered nuclei

striation present

no visible stripes
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Tab. 2: Further neuronal characters of the chaetognath nervous system.
Species

Main connectives,
width [µm]
(Fig. 4, 5)

Lateral nerves,
width [µm]
(Fig. 5)

Caudal nerves,
width [µm]
(Fig. 4, 5)

___

___

Nerve Net
(Fig. 7)

Eukrohnia sp.

join behind head,
run along the
midline almost as a
single bundle

Spadella
cephaloptera

run lateral, about
20µm

Spadella
valsalinae

split behind head,
long, hard to
one bigger part runs distinguish, about
lateral, one smaller 2µm
part runs closer to
the midline, about
15µm

about 20µm

Krohnitta pacifica

run lateral, about
25µm

about 15-20µm one ventral neurite bundle
runs along the midline, two
finer ones run parallel,
horizontal neurites in their
vicinity, less order in the tail
region, specimen heavily
damaged

Krohnitta subtilis

run lateral, broader short and fast
and less condensed branching, about
near the VNC, about 2-6µm
90µm

Pseudosagitta
gazellae
Pseudosagitta
lyra

___

several, not clearly about 20µm
separated, about
3-6µm

short and
numerous , about
2µm

___

join behind head,
long, about 1,5run along the
3µm
midline almost as a
single bundle, about
30µm
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mostly 90° from caudal
nerves, diagonal neurites

unordered

___

less condensed unordered, with many
near the VNC, longitudinal neurite bundles
about 80-90µm

___

___

broader near
prominent horizontal
the VNC, get
neurites, several
more
longitudinal neurite bundles
condensed fast,
about 40µm

Flaccisagitta
enflata

run lateral, barely
condensed, about
100µm

many nerves, long, barely
smooth transition condensed,
to the main
about 160µm
connectives and
caudal nerves,
about 3µm

Flaccisagitta
hexaptera

run lateral, about
40µm

Mesosagitta
decipiens

run lateral, frayed
about 3-5µm
edges, about 100µm

frayed edges,
about 160µm

slightly ordered longitudinal
and horizontal neurites

Mesosagitta
minima

run lateral, about
50µm

about 3µm

about 35µm

___

Serratosagitta
tasmanica

run lateral, about
60µm

long, about 2µm

about 70µm

Serratosagitta
serratodentata

run lateral, about
90µm

long, about 1-4µm about 80µm

Caecosagitta
macrocephala

run lateral, about
70µm

about 6-15µm

about 90100µm

almost only longitudinal,
possibly due to damage

Pterosagitta
draco

run lateral, about
60µm

about 3-13µm

about 80µm

behind head: unordered,
too damaged in other
places

Sagitta
bipunctata

run lateral , about
80µm

about 5-15µm

about 80µm

___

___

ordered, longitudinal
neurite bundles, horizontal
neurites

ordered, longitudinal and
horizontal neurites

few, ordered longitudinal
neurite bundles, chaotic
horizontal and diagonal
neurites
ordered, longitudinal and
horizontal neurite bundles

___

The largest chaetognath within the present sample was a specimen of F. hexaptera (about
2,3cm long) the smallest one was of the newly discovered species of Spadella valsalinae
(about 2,4mm long). These two species are shown in figure 8A at the same scale. Figure 8B
shows Spadella valsalinae in relation to a gnathostomulid, which was also studied as
described below (Chapter 5.1 New data of the Gnathostomulid nervous system).
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4.2 Discussion
Characters of the nervous system
The attempted RFamide staining failed in
most species. This was most likely
caused by problems with the fixation
process. Either the fixative, which had to
be freshly prepared aboard the research
vessels, was of insufficient quality or the
prolonged storage in the chemical that
occurred
unfavorable

during

transportation

temperatures

at
was

responsible. Comparisons of RFamidelike ir will therefore be restricted to the
results of only a few studies (Harzsch &
Müller 2007; Harzsch et al. 2009; Rieger
et al. 2011; Goto et al. 1992) on the
topic. Another important factor that has
to be addressed is tissue damage. During
their capture chaetognaths are subjected
to mechanical forces and the most
delicate parts of the body may suffer.
Especially the VNC often detaches
partially or completely from the body,
also severing the lateral nerves and
sometimes the main connectives and
caudal nerves. In addition, the outer
layer of the epidermis along of body is
often slightly damaged as well, which
impacts the data on the nerve net.

Fig. 8: Comparison of the sizes of the largest, (A)
Flaccisagitta hexaptera, and smallest, (inset in A,B)
Spadella valsalinae , chaetognath studied and a
gnathostomulid, (inset in B) Gnathostomula sp. (red:
tyrosinated tubulin, blue: nuclei, magenta: synapsin,
green: RFamide). Scale bars: A: 1000µm; B: 100µm.
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Main connectives
The appearance of the main connectives has some unique features in a few species: Spadella
valsalinae is the only species in this analysis that has split main connectives, most likely an
autapomorphy of this species. Eukrohnia sp. and Pseudosagitta lyra share a very interesting
feature with main connectives that converge behind the head. P. lyra was described by
Papillon et al. (2006) as having ‘[w]ithin the Sagittidae, the most obscure affinities’ of the
species included in the study. This morphological detail might hint to a position of P. lyra
close to the Phragmophora/Aphragmophora split. However, no other species showed a
similar arrangement and it might be wise to verify this result when more individuals are
available for testing. The nervous system of the body is vulnerable to mechanical damage
due to its exposed position, which often results in damage to the VNC but also might apply
to the main connectives. Flaccisagitta enflata has the least condensed main connectives, and
lateral nerves, of all species studied. This might be explained by its shape. F. enflata, as
indicated by its name, has a very bloated trunk in comparison to other species. Maybe the
main connectives have to spread out wider than normal to be able to innervate the entire
body.
VNC
The VNC is about the same size in all examined species, with means that it takes up a bigger
proportion of the trunk in small species and seems rather small in large species. The degree
of condensation of the lateral neurites into lateral nerves varies.
The extent of condensation in the lateral nerves corresponds with the main connectives.
Sagitta bipunctata (QUOY & GAIMARD, 1828) for example possesses condensed main
connectives and lateral nerves, whereas in Flaccisagitta enflata both structures are spread
out to the point that the main connectives, lateral nerves and caudal nerves almost merge.
The length of the lateral nerves varies, but this is a very weak character state, since, as
mentioned above, quite often the lateral nerves are damaged and might appear much
shorter than they actually are.
Nuclei
Rather surprising was the lack of a distinct division of the nuclei in the VNC into two clusters
in the krohnittid species and possibly Eukrohnia. The continuous layer is less massive in the
middle and a narrow gap exists between the two sides. There are two possible explanations
for this phenomenon: Either the lateral cell clusters extended ventrally to fully enclose the
neuropil core, or the last common chaetognath ancestor was equipped with a continuous
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layer of neuronal somata, which became separated in most following subtaxa. The latter
hypothesis might also explain why all species with distinct lateral clusters also have a small
number of relatively isolated somata spread ventrally along the midline. These cells along
the midline, clustered or not, are present in all other species and seem to be of little use in
determining phylogenetic relationships.
Serial arrangement of the VNC
A distinct striation of the VNC was first described by Harzsch and Müller (2007) for Sagitta
setosa with synapsin-ir. Anti-tyrosine tubulin produces a similar pattern, which is found
almost exclusively in the sagittid species. The differences in striation, horizontally as well as
vertically, can appear rather different in closely related species: the horizontal striation
ranges from well pronounced bundles (e.g. F. enflata), to neurite bundles, that are not
continuously stained, but still clearly discernible (e.g. S. bipunctata). The vertical stripes are
defined by the intensity of the staining in the gaps between the horizontal bundles and
range from clear light and darker bands (e.g. P. lyra) to an almost uniform coloration (e.g. S.
bipunctata). Spadella valsalinae shows a slight horizontal striation, but it is much less
condensed than the thick bundles observed in some of the sagittids. No striation is visible in
the Krohnitta species or S. cephaloptera. Yet, BrdU experiments on hatchlings of S.
cephaloptera, demonstrate that there is a serial arrangement of sorts in place (Fig. 2C,E, 3A).
This is further underpinned by the serial arrangement of cells that express RFamide-like and
perisulfakinin-like ir. So the absence of striation in the tyrosine-tubulin experiments does not
mean that there is no serial component to the VNC itself. Pterosagitta draco (KROHN, 1853)
exhibits a striation that most closely resembles S. bipunctata. However, more experiments,
especially on the sagittid and krohnittid species are necessary to verify these results, since
many are based on only one or two specimens and, as mentioned above, the VNC is prone to
be damaged.
Nerve nets
In krohnittids and spadellids the nerve net does not follow any obvious order, whereas in
some of the sagittid species display a varying degree of order. Especially the transversal
neurites run at a 90° angle to the longitudinal axis.
This might be at least partially a result of the increased size of the animal like for example F.
enflata. The body is relatively big, compared to the VNC, so an organized nerve net would be
more cost and energy efficient.
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Phylogenetic impact
The phylogenetic position of the Chaetognatha within the bilaterians is still unclear. This
problem is complicated further by the fact that the phylogeny within the chaetognaths is
also still up for debate. The neuroanatomy of the species studied might be a useful tool to
further the understanding of both issues.
Internal chaetognath phylogeny
The earliest hypothesis in the discussion on the internal chaetognath phylogeny proposed a
split into Phragmophora and Aphragmophora (Tokioka 1965), a theory that is still valid
(Papillon et al. 2006), but faces a problem with P. draco as discussed below. The data
presented here supports the spadellids, krohnittids and sagittids as monophyla, however it
does not reveal the relationship between these taxa: the krohnittids share a lack of visible
segmentation and an unordered nerve net with the spadellids, but are set apart by their
rather unusual distribution of cells in the VNC, which would favor the hypotheses that
Papillon et al. (2006) referred to as 'Tokioka'. However, the evidence is by no means strong
enough to state this as a definite result. Regarding this topic, it would be necessary to
include specimens of Eukrohnia into the analysis, which was not possible yet. The nervous
systems of sagittids are set apart from the other species by being more organized (Bieri
1991).
The position of P. draco
Most recently, Papillon et al. (2006) reviewed prior theories and presented their own
phylogeny based on ribosomal 18S DNA sequences. According to their analysis the spadellids
are paraphyletic as are the Phragmophora/Aphragmophora since the aphragmophore
Pterosagitta draco groups with the Phragmophora. A comparison of the neuronal
architecture among the various species provides some new insights on P. dracos relations.
As demonstrated in Rieger et al. (2010), the brain architecture of P. draco has some unique
characteristics, but it is closer to the sagittid pattern, with a clearly separate core neuropil.
The same goes for the RFamide-like ir in the brain. Unfortunately, the RFamide-like ir in the
VNC could not be examined, but it is possible to compare the tyrosine tubulin-ir. Here the
similarities are clearly with the sagittids, as discussed above. In conclusion, the neuronal
characters of P. draco clearly group this species with the sagittids, rather than the spadellids.
Further studies into other organ systems, as well as a more extensive molecular analysis in
addition to the one by Papillon et al. (2006) are warranted to resolve the position of P.
draco.
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5. Outgroup comparisons with an emphasis on Gnathostomulida
5.1 New data of the Gnathostomulid nervous system
Since one of the various hypotheses on chaetognath phylogenetic relationships groups them
with the Gnathostomulida (Fig. 1D), the main markers used on chaetognaths were also
applied to gnathostomulids.
Results Gnathostomulida
The species found in samples from Sylt (see Material & Methods) were determined to be
members of the genus Gnathostomula by the form of jaw and teeth, their size, and their
body index (length of animal/max. body width, compare Sterrer 1972), most likely
Gnathostomula paradoxa (AX, 1956), since this is the only species of this genus described for
the region (Reise 1981).
Tyrosinated tubulin, RFamide-like peptides and synapsins are present in the examined
specimens(Fig. 9A,D). Gnathostomulids have a brain in the anterior part of the body (Fig. 9AC,F), from which several longitudinal neurite bundles extend along the animal (Fig. 9A,B) and
recombine posterior in a much smaller neuronal center (Fig. 9A, 12). The stomatogastric
innervation of the jaws also derives from the brain (Fig. 9B,C,F).
Synapsin and tyrosinated tubulin highlight the main centralized structures (Fig. 9A,D).
However tyrosinated tubulin stains not only the nervous system, but also the ciliary
structures of the epidermis, which obscure some of the finer nervous structures from
observation (Fig. 9D). In addition the borders of the neuropil are not clearly visible, which is
why the description of the general nervous system architecture is mainly based on synapsinir (Fig. 9B, 10).
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Fig. 9: Gnathostomulid immunoreactivity against several antigenes (magenta: synapsin, green: RFamide, red:
tyrosinated tubulin). Scale bars: A,D: 50µm; B,C,E,F: 20µm; G,H: 10µm.
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Fig. 10: Brain of a
gnathostomulid,
immunoreactivity
against synapsin. (A)
Maximum projection of
a cLSM Z-stack, (B-F)
Maximum projections of
parts of the stack from
(A) from dorsal (B) to
ventral (F). Scale bar:
10µm.
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Anti-Synapsin
Synapsin-ir is present in most centralized structures, namely in the brain, the longitudinal
neurite bundles, and the penial 'connective' (Lammert 1986) also known as terminal
'commissure' (Müller & Sterrer 2004). Neither of these names is in accordance to the
nomenclature suggested by Richter et al. (2010) but some terms from these publications will
nevertheless be used here to avoid confusion.
The brain exhibits intensive synapsin-ir, and appears to consist of several connected neuropil
regions (Fig. 10). However, the structure of the brain as described below could only be
properly observed for a single specimen and may vary in other individuals. Most dorsal, two
dense unpaired midline neuropils are visible (Fig. 10B). One is located at the anterior margin
of the brain, the other is slightly more posterior. Between the two extends less dense
neuropil (Fig. 10C). More ventrally they form the anterior neuropil part of the brain (Fig.
10D). Lateral they are flanked by bands of neuropil, which extend posterio-lateral and give
rise to one part of the main longitudinal neurite bundles (termed by Lammert 1986 the
‘lateral nerves’). Posterior, a larger mass of neuropil branches lateral in an even more
posterior direction (Fig. 10D,E). These branches are connected to the unpaired buccal
ganglion as well as the main longitudinal neurite bundles. This main longitudinal neurite
bundles are two of six longitudinal neurite bundles that exhibit synapsin-ir (Fig. 9B), but are
stained more intensely than all other bundles. The origin of the other four neurite bundles is
less clear, but lies within the head (Fig. 9B). Two of them run along the midline, one of them
dorsal, one ventral. They both seem to originate from the stomatogastric nervous system
(Fig. 9B). The main neurite bundles, as well as the additional pairs of longitudinal neurite
bundles, that emerge in the head region, extend more posterior than the penial connective
and converge at the tip of the tail in what Lammert (1986) termed the caudal connective.
The penial connective contains a band of neuropil unlike the caudal connective (Fig. 12A,B).
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Fig. 11: Brain of a
gnathostomulid,
immunoreactivity
against RFamide. (A)
Maximum projection of
a cLSM Z-stack, (B-F)
Maximum projections
of parts of the stack
from (A) from dorsal (B)
to ventral (F). Scale bar:
10µm.
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Anti- RFamide
RFamide-like ir is present in the brain, the stomatogastric innervation and in a varying
number of the longitudinal neurite bundles (Fig. 9A,C, 11). Mostly four of the longitudinal
neurite bundles exhibit RFamide-like ir although in some specimens the more lateral neurite
bundles were labeled much stronger than the other two and in a single specimen only two
bundles with RFamide-like ir could be observed. Several large somata, that Müller and
Sterrer (2004) referred to as ‘bipolar perikarya’, are located in the periphery of the head (Fig.
9E,H 11C,D). About 12-14 of them exhibit RFamide-like ir. Consistently, the most anterior
one was particularly strongly labeled. The bipolar perikarya send neurites towards the
anterior part of the brain. Two smaller RFamide-like ir somata are located posterior to the
neuropil and project anteriorly (Fig. 9G). The brain neuropil contains RFamide-like ir
processes in the anterior part. Two bands of RFamide-like ir neuropil transverse the brain
(Fig. 9H, 11B,C). There are lateral connections between those two bands and to the main
longitudinal neurite bundles (Fig. 11C,D). These bundles run along the body to the posterior
end, where an interconnection exists at the penial connective (Fig. 12A,B) and where two
RFamide-like ir somata and very little neuropil are also labeled (Fig. 12A). In some
specimens, a pair of lateral somata is visible at the posterior end, which is connected to one
of the additional longitudinal neurite bundles (Fig. 12C) as described by Müller and Sterrer
(2004) for Gnathostomula peregrina.

Fig. 12: Posterior end of a gnathostomulid, immunoreactivity against RFamide (green) and (magenta). Scale
bars: B, C: 20µm; A: 10µm.
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5.2 Discussion
Outgroup comparison
The chaetognath nervous system provides a wealth of characters that can be used for a
comparison with other metazoan taxa. These include e.g. the nerve net, the arrangement of
the brain and components of the cephalic nervous system, the ventral nerve centre with its
connections to the brain and its posterior extension as well as individually identified
RFamide-like ir neurons in the VNC. However, this comparison is complicated by the fact that
Chaetognatha appear to be rather far removed from other bilaterian species. Given the data
presented above, the most promising approach of the topic is to take a look at the general
nervous system architecture and the distribution of RFamides in several major phyla. The
focus is on the Gnathifera and Platyhelminthes, since one part of this project consisted of
testing the hypothesis of a chaetognath/gnathostomulid relationship by analyzing the
gnathostomulid nervous system.
Cnidaria
The nervous system of the various cnidarians is diverse in architectural aspects as pointed
out in recent reviews by Schmidt-Rhaesa (2007), Watanabe et al. (2009) or Galliot and
Quiquand (2011). The nervous system architecture in cnidarians consists of a nerve net,
sometimes in combination with nerve rings or neurite bundles. Galliot and Quiquand (2011)
speculate that the first common cnidarian ancestor likely had a nerve net and nerve rings.
Like the rest of the cnidarian body, the nerve ring is circular and may be divided into
functional subsystems (Watanabe et al. 2009). The nerve rings are the main condensation in
the cnidarian nervous system. There is speculation about whether these nerve rings are an
evolutionary precursor to the bilaterian central nervous system (Koizumi 2007). Koizumi
(2007) describes the nerve ring of hydra as a concentration of neurons that show static
developmental dynamics and are arranged around the pharynx, traits similar to the nerve
rings in starfish and nematodes. In contrast, Schmidt-Rhaesa (2007) concludes that the many
different types of nervous system, with or without condensed structures, only constitute a
'broad trend towards a diversification' instead of an evolutionary sequence. RFamides are
present in Cnidarians and are found in all or at least many parts of their body in the
ectodermal part of the nerve net, depending on the species (Watanabe et al. 2009).
Gnathifera
Recent molecular studies on the phylogenetic relationships of gnathostomulids supports
grouping them together with Rotifera and Micrognathozoa, a group that is referred to as
Gnathifera (Witek et al. 2009; Edgecombe et al. 2011; Nielsen 2012). A relation of
chaetognaths and gnathostomulids was proposed based on molecular (Littlewood et al.
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1998) and morphological data (Nielsen 2001), although Nielsen revised his opinion in the
latest edition of his book (Nielsen 2012). Nonetheless, this hypothesis warrants a closer
comparison between the nervous systems of these taxa, even though in some groups
knowledge is limited.
Micrognathozoa is a taxon only recently described by Kristensen et al. (2000). According to
the authors the nervous system consists of a slightly bilobate brain connected to the paired
ventral nerve cords. They also found a stomatogastric innervation, a thoracal double
ganglion and a caudal ganglion. However, it is unclear whether this stomatogastric nervous
system is connected to the brain and whether the thoracal double ganglion and the caudal
ganglion are associated with the nerve cords. There is no mention of a nerve net or plexus.
Whether the nervous system is intra- or subepithelial could not be determined with
certainty. Developmental or immunohistochemical data on the nervous system has not been
presented so far.
The Rotifera (Syndermata) consist of acanthocephalans and the ‘classic’ rotifers. There is an
ongoing debate about the relationships between these taxa. The originally proposed
sistergroup relationship resulted in the name Syndermata for the combined taxa, however
many recent studies conclude that the ‘classic’ rotifers are paraphyletic and should include
acanthocephalans, although their exact position within the taxon is still unclear. Therefore,
the term Syndermata became redundant (Witek et al. 2008; Fussmann 2011). The nervous
system consists of a dorsal brain and a pair of longitudinal nerve cords in a ventro-lateral or
lateral (in acanthocephalans) position. In addition several peripheral nerves and a varying
number of smaller ganglia are described, including the stomatogastric mastax ganglion and
the posterior pedal ganglion, (Sievert 2004a; Sievert 2004b; Nielsen 2012). Only one pair of
ganglia is present in the posterior region of male acanthocephalans, which is missing in
females (Sievert 2004a). Immunohistochemical studies have been conducted for several
‘classic’ rotifers, especially for RFamides and serotonin (Kotikova et al. 2005; Hochberg 2006;
Hochberg 2007). RFamides are found in most parts of the central nervous system including
the brain, nerve cords, penal ganglion and stomatogastric innervation. The few neurons are
individual identifiable and in most cases paired (Kotikova et al. 2005; Hochberg 2007). The
distribution of serotonin is similar, but a little less extensive, mainly missing in the penal
ganglion (Kotikova et al. 2005; Hochberg 2006; Hochberg 2007).
Gnathostomulida have a brain and several longitudinal neurite bundles as described by
Lammert (1986). The longitudinal bundles converge at the posterior end of the body and
form what Lammert (1986) termed penial connective and caudal connective. The
stomatogastric innervation mainly consists of the unpaired buccal ganglion that is connected
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to the brain via a pair of connectives. For Gnathostomula paradoxa, the author also shortly
describes a subepithelial nerve net, which is formed by subepithelial neurons which seem to
have no connection to the intraepidermal central nervous system. The ganglia are positioned
intraepidermal, as are most sensory cells. The longitudinal neurite bundles are partly
subepithelial (Lammert 1986). So far, very few immunohistochemical studies have been
conducted. Next to the present study on G. paradoxa, only one other study exists. Müller
and Sterrer (2004) used immunohistochemistry on Gnathostomula peregrina. Both species
are members of the Bursovaginoidea. No immunohistochemical experiments have been
performed on representatives of the Filospermoidea yet. Although Müller and Sterrer (2004)
used antibodies against serotonin and RFamides they only got clear results for RFamides.
They report eight longitudinal fiber bundles, two of them described as the main ones, which
fuse at the posterior end of the animal in a ‘terminal commissure’. One is called the ventromedian nerve that ends blind.
Platyzoa
In order to determine possible autapomorphies of the nervous system shared by
chaetognaths and gnathifers it is necessary to include outgroups into the analysis. Two
groups often associated with the Gnathifera are the Gastrotricha and Platyhelminthes. This
group is referred to as Platyzoa. The Platyzoa were supported by recent molecular studies
(Dunn et al. 2008; Edgecombe et al. 2011).
Gastrotricha are the topic of a recent paper by Rothe et al. (2011) that reviews the available
data on the nervous system of several gastrotrich species. The authors attempted to
reconstruct the nervous system of the Gastrotrich ancestor by comparing 40 different
neuronal characters of both gastrotrichs and related outgroup species. Based on these
characters, they propose a possible nervous system architecture of the gastrotrich ancestor
that incorporates features found in recent species: Gastrotrichs have a dumb-bell shaped
brain with lateral clusters of somata, a “belt-like” neuropil, also referred to as dorsal
commissure, and a ventral commissure. Together, the dorsal and ventral commissures form
a ring around the foregut. The nervous system also comprises an unknown number of pairs
of anterior projections, but only one pair of ventro-lateral neurite bundles that fuses at the
posterior end. The central nervous system is located basiepithelial. Several pairs of
serotonin-ir and RFamide-like ir somata were detected in the brains of several species. The
inference for the proposed ancestral pattern only considers five pairs of serotonin-ir somata,
which may be individual identifiable. Part of the proposed ancestral pattern might also be a
number of cells with RFamide-like ir, which are arranged serially and connect to the
longitudinal nerve cords. However, the authors expressed some doubt about the initial
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experiment that prompted this hypothesis, suggesting it might be a case of
pseudofluorescence.
Platyhelminthes have an orthogonal nervous system. It consists of an anterior, bilobed
brain, two main longitudinal nerve cords, a varying number of minor longitudinal nerve
cords, and transverse commissures along the body connecting the longitudinal nerve cords.
The peripheral nervous system can consist of several nerve plexuses (subepidermal,
submuscular, stomatogastric and genital; Halton & Gustafsson 1996; Reuter et al. 1998;
Schmidt-Rhaesa 2007). The platyhelminthes are a well studied group. There is ample data on
transmitter systems and this data was reviewed several times (Fairweather & Halton 1991;
Halton & Gustafsson 1996; Gustafsson et al. 2002). RFamide is very abundant in all parts of
the nervous system. Serotonin is also very abundant primarily in the brain, nerve cords and
commissures, but also in parts of the nerve net and sensory structures.
Centralized structures of the nervous system - a comparison
The differences between the cnidarian nervous system and that of the bilaterian species
mentioned here is obvious. The cnidarian nerve ring, structurally closest to what can be
considered a brain, is not bilateral symmetrical and less condensed than the brains
mentioned above, and while cnidarian neurite bundles may be similar to the longitudinal
cords of the other species, neither they nor the nerve rings are a consistent part of the
cnidarian nervous system architecture.
A first glance some similarities between the various bilaterian nervous systems mentioned
above are apparent. Chaetognaths share the basic design consisting of a bilateral
symmetrical brain, stomatogastric innervation, and longitudinal neurite bundles along the
body with most other taxa that were analyzed here. However, that is also where
comparisons begin to fall short.
Overall, the gnathiferan nervous systems have more features in common with the
platyhelminth than with the chaetognath nervous system. When comparing the chaetognath
and gnathostomulid brain, both have several neuropil domains, but while chaetognaths have
two clearly separate neuropils, the neuropils of gnathostomulids do not have clearly
distinguishable borders. The stomatogastric ganglia in chaetognaths are connected to the
anterior brain domain versus a single buccal ganglion in gnathostomulids which links it to the
posterior domain of the brain.
Both have a rather simple brain and several longitudinal neurite bundles. The presence of
transversal commissures as found in platyhelminthes could not be demonstrated in
gnathostomulids with the current set of methods. Neither of them has any ganglionic
53

structure that resembles the Chaetognath ventral nerve center (VNC) in position or size.
And, although “main connectives” were identified in all three taxa, the main connectives in
chaetognaths do not extend to the end of the body unless one might consider they are
continued in the caudal nerves. The main connectives in chaetognaths are broader and more
prominent than the ones in either platyhelminthes or gnathostomulids. Also, the position of
the chaetognath main connectives is somewhat different, since they unlike in the other taxa,
do not remain in one dorsal or ventral plane, since they link the dorsal brain and the ventral
VNC. Most chaetognaths lack any further longitudinal neurite bundles, although the nerve
net may include single longitudinally positioned neurites or even small neurite bundles. In
contrast platyhelminthes and gnathostomulids have additional, minor nerve cords. The
transversal commissures of the platyhelminth orthogon somewhat resemble the transversal
arrangement of single neurites in the nerve net of some sagittid species.
One can speculate, that the serial arrangement of the neurites within the VNC as observed
for the sagittid species is a condensation of many single transversal commissures. This is
certainly a valid assumption. However, it still does not increase the similarity to either of the
species discussed above: it is also not very similar to the platyhelminth orthogon, since the
neurite bundles do not form a ring, and transversal commissures in gnathostomulids likely
do not exist. Most of the lateral nerves in chaetognaths, that are a prolongation of the VNC's
neurite bundles, are not positioned at a 90° angle to the longitudinal axis, but rather spread
at varying degrees.
When comparing immunohistochemical results, it is very apparent that serotonin is an
unsuited marker for this specific phylogenetic discussion, since only one soma and few
neurites were observed in chaetognaths. Of greater interest is the distribution of RFamides.
In chaetognaths, RFamides are expressed only in the main central nervous system
structures, the brain and VNC and, connecting the two, also the main connectives. Also, in S.
cephaloptera (Harzsch et al. 2009) a postanal loop and a single neurite along the tail were
detected. There is no known direct connection to sensory organs or any other organ system,
although it is possible that the aforementioned loop and neurite, that are outside of the
ganglionic parts, are part of a direct innervation. In gnathostomulids, RFamides are
expressed mainly in the brain, the nerve cords and the stomatogastric innervation, but it is
also present in the large bipolar somata, that are presumed to be associated with the
sensory bristles of the head. In platyhelminthes however, RFamides are found in all
components of the NS, even including the nerve net.
In platyhelminthes and gnathostomulids RFamide is abundant in the stomatogastric system,
while adult chaetognaths have no RFamidergic structures visible within the stomatogastric
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ganglia. However, in developmental stages, neurites with RFamide-like ir are present in the
vestibular ganglia and while they might still be present in adults they certainly are not as
heavily involved in regulating stomatogastric processes as in other species. In conclusion,
RFamidergic neurons seem to serve mostly as interneurons in chaetognaths and are almost
exclusively restricted to the two main neural centers as opposed to other species, where
they are used more widely and appear to serve a broader array of functions. However, it
should be noted, that there are a wide variety of RFamides (Walker et al., 2010) and their
identity cannot be determined by immunohistochemistry. It is likely, that the labeled
neurons on the various taxa do not express the same type of RFamide which is an additional
obstacle in finding homologies.
The chaetognath nerve net and the platyhelminth orthogon
Since some chaetognath species have an unexpectedly well organized nerve net, a
comparison with one of the more ordered types of nerve net, the orthogon of the
platyhelminthes, appears promising. An orthogon is defined by Richter et al. (2010) as “... [A]
cluster of neurons. It is part of a nervous system and consists of at least two pairs of
longitudinal neurite bundles, which are connected at regular intervals by transverse neurite
bundles running at right angles to them (i.e., orthogonally). The transverse bundles may
form a closed circle (circular bundles or ring commissures), or at least connect all the
longitudinal bundles present. The thickness of the longitudinal neurite bundles can vary,
usually with the ventral one being thicker than the others. An orthogon is not differentiated
into ganglia linked by connectives.” The central nervous system of the chaetognaths is vastly
different to an orthogon, but the nerve net calls for a closer comparison. At least some of
the sagittid species have a rather orthogon-like arrangement with prominent longitudinal
and horizontal components. The longitudinal neurites are only loosely arranged in
condensed bundles. However, it is unclear, if the horizontal neurites are in contact with all
longitudinal bundles present. There are also frequent diagonal neurites in every species that
link the nerve net to the main connectives or caudal nerves, a feature that naturally is not
present in the orthogon. Also, many chaetognath species do not have as clear a pattern.
Though it is possible to distinguish roughly horizontal and vertical neurites they tend to
branch and curve at random places and angles. Without a definitive internal phylogeny of
the chaetognaths it is difficult to tell which of these two configurations might be the original
one. Another important question is, if the nerve net can be singled out for comparison at all,
since it is not independent from the central structures, most notably the VNC. It is possible
that the positive effects of an ordered nerve net are a sufficient driving force, to produce a
somewhat similar architecture in only distantly related species.
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The chaetognath VNC and the platyhelminth orthogon
The striation of the VNC is another character that merits a closer look in this discussion. The
organization of the nervous system of the last common bilaterian ancestor is relevant for
any hypothesis on the origin of the VNC. This topic has been discussed extensively by
Harzsch and Wanninger (2010). Is the VNC an apomorphy of the Chaetognatha, possibly by a
condensation of an orthogon-like plexus? It might explain the highly ordered configuration
of neurites within the VNC as demonstrated by the vertical striation visible in many species.
However, the number of somata and neurites associated with the VNC are much higher that
the corresponding cells in platyhelminthes, but the number of cells, that contribute to a
single transmitter system, in this case RFamide might not be that different. It would be very
interesting to revisit this particular aspect once more data is available for the vast majority of
cells in the VNC, which could not be linked to any transmitter system yet.
A comparison with additional taxa
Other hypotheses, like a close relation to the Arthropoda, Nematoda or somewhere else
within the Ecdysozoa is already unlikely, since chaetognaths do not share defining
morphological features with this group, like the fact that they are not molting. This led
Mallatt et al. (2012) to the conclusion that their results, which placed a chaetognath species
within the ecdysozoans, were not reliable. The architecture of the arthropod nervous system
comprises a dorsal brain and paired ventral structures (see e.g. Schmidt-Rhaesa 2007). The
best known example is the rope-ladder-like nervous system of insects and crustaceans. It
may appear similar to the chaetognath nervous system, but there are some differences. The
brain in these groups is a fusion of several segments, which correspond to a respective
sensory structure. In chaetognaths the posterior domain receives input from several sensory
organs, while the anterior domain is the connection to the stomatogastric innervation, which
is connected anteriorly and loops around the esophagus, wholly unlike the stomatogastric
innervation in arthropods (Harzsch 2006). The VNC, however, seems to have some
similarities to the serially build nervous system of arthropods. It is a structure with a
somewhat serial arrangement within the central neuropil, visible both in the distribution of
neurons with RFamide-like immunoreactivity and sometimes in its striation pattern. But
since a chaetognath's body does not show signs of segmentation beyond the split between
trunk and tail, it is not possible to know whether the VNC has undergone a fusion, which can
occur in some arthropod taxa. And while in arthropods single nerves innervate specific
structures, all lateral nerves of the VNC only feed into the diffuse nerve net.
A close relation with the Nematoda seems just as unlikely. Nematodes have a rather simple
nervous system. It consists of a brain that forms a ring around the pharynx, an unpaired
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nerve cord and 5 or more additional longitudinal neurite bundles that are connected by
commissures, which are not distributed in a bilateral symmetrical fashion (Schmidt-Rhaesa
2007). The differences to the chaetognath system are evident: Chaetognaths have a dorsal
brain which is part of two 'rings' around the esophagus: a chain of associated ganglia that is
connected to the frontal part of the brain and forms the first, loose 'ring' around the
esophagus while the main connectives, that leave the brain laterally and connect to the VNC,
form a second, much more drawn out 'ring' around the gut. Both chaetognath 'rings' are
structurally different from what is found in nematodes. Unlike the single nematode nerve
cord, chaetognaths possess paired main connectives and nematodes also miss a ventral
ganglionic structure like the VNC. In addition the chaetognath nervous system has a rather
symmetrical build, especially in the central structures, which does not compare well to the
nematode system of commissures.
Conclusion
Chaetognath phylogenetic relationships remain a mystery, with no proof for any closer
affiliation to the taxa that were discussed. Although certain similarities are present, they are
of no help to pin down the phylogenetic position beyond what was already presented in
previous papers, but some interesting questions were raised that might profit from further
investigation, like the presence of neuronal precursors or similarities that might be found in
other transmitter systems. However, one conclusion, that seems justified from a neuroanatomical point of view, is to discourage the hypothesis of a close affiliation or even
inclusion of the chaetognaths within the Gnathifera. This might also be true for all
Lophotrochozoa, since they all share a somewhat similar neuronal architecture that may
have derived from an ancestral orthogonal nervous system (Schmidt-Rhaesa 2007). A close
connection to the Ecdysozoa, especially to the Nematoda and Arthropoda as discussed
above, is also unlikely. The conclusion drawn in the most recent previous publications, that
chaetognaths are most likely a rather early bilaterian offshoot which diverged either at
around the same time as the protostome/deuterostome split or early within the protostome
line, is still the most likely hypothesis. Maybe in the future, the present results will help in
furthering the understanding of chaetognath relationships, like, for example, through an
ongoing joint effort of several groups of the Deep Metazoan Phylogeny network to assemble
a phylogenetic tree based on neuronal character states.
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11. Appendix:
11.1 Material & Methods
Material
Chaetognatha
Spadella cephaloptera was obtained during the summers of 2006-2008 by Yvan Perez
(University of Provence, Marseille) at Sormiou near Marseille. They were collected by
dragging a plankton-net over a meadow of Posidonia and were kept in seawater tanks at the
laboratory. A more detailed description is available in (Rieger et al., 2010, 2011). The
sampling of hatchlings took place in 2007 and 2008 as described in Rieger et al. (2011). For
BrdU (Bromodeoxyuridine) experiments, hatchlings and adult specimens were incubated in
BrdU-saline prior to fixation (see below), which was mainly done in July 2008.
A new species of Spadella, Spadella valsalinae, was discovered in the Mediterranean Sea
near Pula, Croatia by Dr. C. Müller. Specimens were provided by Dr. C. Müller and Dipl.-Biol.
Charlotte Winkelmann.
Some specimens of Sagitta bipunctata, Pterosagitta draco, Flaccisagitta enflata, and
Flaccisagitta hexaptera were provided by several cooperation partners as detailed in Rieger
et al. (2010). Several other specimens and species were collected during sampling trips in the
Atlantic Ocean and the Mediterranean Sea.
The first trip was in May 2009 near the island of Madeira. Sampling took place as part of
cruise 384 of the “R.V. Poseidon”. Samples were taken by Dr. Florian Peine (Universität
Rostock).
The second trip took place between July and August 2009 in the south Atlantic. The cruise
number was M79/1 of the “R.V. Meteor”. Samples were taken by PD Dr. Andreas Bick
(Universität Rostock).
The third trip took place between September and October 2009 close to Cape Verde. The
cruise number was M79/3 of the “R.V. Meteor”. Samples were taken by me.
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The fourth trip took place between July and October 2009 close to Cyprus. The cruise
number was MSM 14/1 of the “R.V. Maria S. Merian”. Samples were taken by Dipl.-Biol.
Anneke Denda (Universität Hamburg).
All of the specimens obtained during the sampling trips were stored in 4% PFA. Information
on sampling sites and methods was provided by Dipl.-Biol. Franziska Glück in Glück
(2010).They were sorted and identified by Dipl.-Biol. F. Glück and Dipl.-Biol. Helga Kapp as
described in greater detail in Glück (2010).
Gnathostomulida
Gnathostomulids were obtained on the island of Sylt during a stay at the
“Wattenmeerstation” in List with the help and supervision of PD Dr. A. Schmidt-Rhaesa
(Zoologisches Museum Hamburg) and the assistance of his students. Sand samples were
taken from the tidal zone of the intertidal mudflats north of the Wattenmeerstation and
gnathostomulids were discovered in a patch of sand at the edge of a colony of Spionidae
(Polychaeta). The sand samples were taken with a shovel and consisted of the upper 1520cm of substrate. The samples were processed by the seawater-ice method (Uhlig, 1964).
Gnathostomulids in the extract were found using a stereomicroscope and extracted with a
glass pipette. They were immobilized in a solution of 7% magnesium chloride (MgCl2) before
fixation in 4 % PFA and stored in PBS with sodium-azide.
Methods
Immunohistochemistry
Immunohistochemical experiments were conducted using the following standard protocol
unless specified otherwise. Details on the antibodies and dilutions used are provided in
tables 3-6. Details on the composition of the buffers and other solutions are also provided
on page 220. All specimens were processed as whole mounts.
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The samples were processed using the following protocol:
(1) Fix specimens in 4% paraformaldehyde (PFA) for at least 4 hours at room temperature
(2) Store specimens in the fixative or PBS (phosphate buffered saline) with added sodiumazide at 4°C
(3) Wash in several changes of PBS at room temperature
(4) Pre-incubate in PBS-TX (PBS with TritonX-100) for 45-60 minutes at room temperature
(5) Incubate in primary antibody (single staining) or a mix of two primary antibodies (double
staining) diluted in PBS-TX overnight at room temperature
(6) Wash for at least 4 x 30 minutes in several changes of PBS at room temperature
(7) Incubate in a secondary antibody (single staining) or a mix of two secondary antibodies
(double staining) and, if required, a nuclear marker for 4 hours at room temperature
(8) Wash for at least 4 x 30 minutes in several changes of PBS at room temperature
(9) Mount between two cover-slips in Mowiol

For anti-histamine experiments, immunohistochemistry specimens were fixed for 4 hours in
a 4% EDAC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) solution prior to the fixation in
PFA.
For Bromodeoxyuridine (BrdU) experiments animals were first incubated in BrdU-saline
(seawater with added BrdU). The time of incubation (pulse) for the first set of experiments
was 4 hours. It included adult specimens as well as hatchlings, all of which were fixed
immediately after incubation. For the second set, the pulse/chase experiments, only
hatchlings were used. They ranged in age from 1-6 days after hatching. The time of
incubation was 10 minutes. Afterwards, a part of the hatchlings were fixed immediately
while others were raised in seawater without BrdU for additional 1, 2, 4, 8 or 24 hours
before fixation. During anti-BrdU immunohistochemistry, an additional step was required
compared to the standard protocol described above. The specimens were incubated in 2N
HCL for 20 minutes prior to the PBS-TX pre-incubation.
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Primary antibodies:
Tab. 3: Details of applied primary antibodies
Antigen

Host

Clonality

Provider

Acetylated
Tubulin

mouse

mono

Allatostatin 1

rabbit

poly

Prof. Dr. H. Agricola, University of Jena

Aspartate

rabbit

poly

MoBiTec

1011GE

1:2000

BrdU

mouse

mono

Amersham

RPN20

1:100

CCAP

rabbit

poly

Prof. Dr. H. Agricola, University of Jena

FMRF-amide

rabbit

poly

Immunostar

20091

1:2000

GABA

rabbit

poly

Sigma-Aldrich

A2052

1:2000

Glutamate

rabbit

poly

MoBiTec

1014GE

1:2000

GLWamids

rabbit

poly

Prof. Dr. T. Leitz, TU Kaiserslautern

Histamine

rabbit

poly

Progen

Octopamine

mouse

mono

Perisulfakinin

rabbit

poly

Prof. Dr. H. Agricola, University of Jena

1:2000

SCPb

rabbit

mono

Laboratories of the Zoology
Department, University of Washington

1:50

Serotonin

rabbit

poly

Immunostar

20080

1:1000

SubP

rabbit

poly

Immunostar

20064

1:5000

Synorf
(Synapsin)

mouse

mono

Taurine

rabbit

poly

Gemacbio

AP042

1:2000

Tyramine

rabbit

poly

Millipore

AB124

1:500

Tyrosin
Hydroxylase

mouse

mono

Immunostar

22941

1:1000

Tyrosinated
Tubulin

mouse

mono

Sigma-Aldrich

T9028

1:1000

Ubiquitin

rabbit

poly

AB1690

1:500

Sigma-Aldrich

Jena Bioscience

Product-No.
T6793
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1:2000

1:2000

1:2000

1:500
16043

1:1000

ABD-029

1:1000

Prof. Dr. E. Buchner, Universität
Würzburg

Chemicon(Millipore)

Dilution

1:30

Secondary antibodies:
Tab. 4: Details of applied secondary antibodies
Fluorochrome

Antigen

Host

Provider

Product-No.

Alexa Fluor 488

rabbit IgG

goat

Invitrogen

Cy3

mouse IgG

goat

Jackson Immuno Research

Dilution

A11008

1:500

115-165-003

1:500

Other labeling reagents
Tab. 5: Details of applied phallotoxin
Fluorochrome

Toxin

Provider

Product-No.

Alexa Fluor 546

Phallotoxin

Invitrogen

A22283

Dilution
1:51

Tab. 6: Details of applied nuclear dyes
Dye

Provider

Product-No.

Dilution

HOECHST (bisBenzimide)

Sigma-Aldrich

H 33258

0.5%

YOYO-1

Invitrogen

Y-3601

0.25%

Specificity of antibodies
The specificity of the most widely used antibodies is addressed in the attached publications
(Harzsch et al. 2009; Rieger et al. 2010, 2011).
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Microscopy
Overview images were obtained using a Zeiss Axioimager respective imaging software (see
Rieger et al., 2010) or a Nikon Eclipse 90i with a DS-2MBWc camera and the NIS-Elements AR
imaging software. Images of details were obtained with either a Zeiss LSM 410 with the
respective imaging software (see Rieger et al., 2010) or a Leica TCS SP5 with the LAS AF
imaging software (Version 2.3.1). The filter settings for the Nikon eclipse in respect to the
emission and absorption spectrums of the most commonly used fluorochromes are detailed
in figure 13 as an example.
Fig. 13: Excitation (Ex, dotted
line) and emission (Em, solid
line) of commonly used
fluorochromes. Blue: HOECHST
(nuclear marker); dark green:
Alexa 488 (conjugated to
secondary
antibody
or
phalloidin); light green: YOYO-1
(nuclear marker); red: Cy3
(conjugated to secondary
antibody or phalloidin). Boxes
indicate the wavelengths of
filters for excitation (lighter
color) and emission (darker
color) on the Nikon Eclipse 90i.

Image processing
Adobe Photoshop CS4 was used to adjust the brightness of the colors using the ‘levels’ tool.
In some cases images were black-white inverted. Figures were arranged using the Adobe
Illustrator CS4 software.
Neuroanatomical Terminology
Where possible the terminology as suggested in Richter et al. (2010) was applied.
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Buffers and solutions
Stock solutions for phosphate buffer:
Stock solution A: 33.9g Na2HPO4 * 2 H2O / 1000ml H2O
Stock solution B: 25.9g KH2PO4 / 1000ml H2O
PFA (paraformaldehyde) 4% in phosphate buffer:
Mix 4 g PFA in 50ml H2O, stir solution, and heat to a maximum temperature of 60 °C. Stop
heating and add a few drops of NaOH until the solution becomes clear. Add 40ml stock
solution A and 10ml stock solution B, filter and store at -20°C.
PBS (phosphate buffered saline; 0.1M, pH 7.4):
Mix 40ml stock solution A, 10ml stock solution B, and 50ml H2O. Add 580mg NaCl and 20µl
Triton X-100.
PBS-TX (0.3% Triton, Na-Azide, 1% BSA):
Dissolve 30µl Triton X-100, 100mg bovine serum albumin (BSA), and 100 µl sodium azide (of
a 5 % stock solution) in 10 ml PBS.
BrdU Saline (0.2mg/ml):
Dilute 350µl BrdU stock solution (from Amersham, RPN20 Proliferation Kit) in 5ml seawater.
4% EDAC solution
Dissolve 4g EDAC in 100ml PBS.
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11.2 List of abbreviations
Technical and physical terminology

Neuroanatomical terminology

HPLC high-performance liquid
chromatography

ap

adhesive papillae

bnp

bridge neuropil

cc

corona ciliata

cn

caudal nerve

cnp

core neuropil

con

coronal nerve

e

eye

fc

frontal connective

fh

frontal horn

fr

fence receptor

gs

grasping spines

int

intestine

-ir

immunoreactive, immunoreactivity

lf

lateral fin

Neurotransmitters

lh

lateral horn

ASTA allatostatin

mc

main connectives

CCAP crustacean cardioactive peptide

on

optical nerve

GABA gamma-aminobutyric acid

rs

receptaculum seminis

PSK

sv

seminal vesicle

SCPb small cardiac peptide B

tf

tail fin

SubP substance P

vg

vestibular ganglion

VNC

ventral nerve center

Em

emission

Ex

excitation

Chemical terminology
BrdU bromodeoxyuridin
BSA

bovine serum albumin

EDAC 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide
PBS

phosphate buffered saline

PBS-TX phosphate buffered saline with
TritonX-100
PFA

paraformaldehyde

perisulfakinin
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