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Abstract 

Understanding the origin and evolution of arthropods requires examining their closest 

outgroups, the tardigrades (water bears) and onychophorans (velvet worms). Despite the rise 

of molecular techniques, the phylogenetic positions of tardigrades and onychophorans in the 

panarthropod tree (onychophorans + tardigrades + arthropods) remain unresolved. Hence, 

these methods alone are currently insufficient for clarifying the panarthropod topology. 

Therefore, the evolution of different morphological traits, such as one of the most intriguing 

features of panarthropods — their nervous system — becomes essential for shedding light on 

the origin and evolution of arthropods and their relatives within the Panarthropoda. In this 

review, we summarise current knowledge of the evolution of panarthropod nervous and visual 

systems. In particular, we focus on the evolution of segmental ganglia, the segmental identity 

of brain regions, and the visual system from morphological and developmental perspectives. 

In so doing, we address some of the many controversies surrounding these topics, such as the 

homology of the onychophoran eyes to those of arthropods as well as the segmentation of the 

tardigrade brain. Finally, we attempt to reconstruct the most likely state of these systems in 

the last common ancestors of arthropods and panarthropods based on what is currently known 

about tardigrades and onychophorans. 
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Background 

Arthropods (chelicerates, myriapods, crustaceans and hexapods) comprise the most abundant 

and diverse animal group worldwide (Zhang 2011, 2013). Accordingly, they attract attention 

from countless researchers seeking to unlock the secrets behind their evolutionary success. 

The complex organisation of their bodies, with different levels of segmentation and 

tagmatisation, is considered to have greatly contributed to their successful speciation. 

However, despite concerted efforts from several researchers (e.g., Fortey and Thomas 1998; 

Minelli et al. 2013), many gaps remain in our understanding of their evolution. For example, 

it remains unclear how the arthropod nervous system, which reflects to a great extent the 

organisation of the body, arose and how such a complex system might have evolved over 

time. However, learning about evolution, irrespective of whether molecular or morphological, 

always requires comparative analyses (Harzsch 2006; Richter et al. 2010). It is, therefore, 

crucial to first have a closer look at the arthropods' closest relatives: the tardigrades (water 

bears) and onychophorans (velvet worms). 

Arthropods, tardigrades and onychophorans have commonly been classified within a 

major group named Panarthropoda, which together with the Cycloneuralia comprises the 

Ecdysozoa (moulting animals; Fig. 1a–d). Nevertheless, relationships within each of these 

two major ecdysozoan clades remain unresolved. Several competing hypotheses have been 

suggested attempting to describe firstly the interrelationships among the three panarthropod 

groups (Fig. 1d) and second the phylogenetic placement of the remaining ecdysozoan lineages 

(Rota-Stabelli et al. 2013; Borner et al. 2014). The main hypotheses surrounding the 

panarthropod tree differ mainly in that they consider either the tardigrades as the sister group 

of a clade formed by onychophorans + arthropods (Rota-Stabelli et al. 2013) or the 

onychophorans as the sister group of tardigrades + arthropods (Fig. 1d; Campbell et al. 2011; 

Mayer et al. 2013a). Other, less-supported hypotheses (Fig. 1d) place tardigrades + 

onychophorans as the sister group to arthropods (Mallatt et al. 2004; Mallatt and Giribet 2006; 
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Rota-Stabelli et al. 2010) or even recover Panarthropoda as a paraphyletic group, with 

tardigrades falling within the Cycloneuralia (Dunn et al. 2008; Hejnol et al. 2009; Rehm et al. 

2011). Since the paraphyly of Panarthropoda is presumably a phylogenetic artefact caused by 

long-branch attraction, this hypothesis has commonly been ruled out (Edgecombe 2010; Rota-

Stabelli et al. 2010). Despite the controversies surrounding the topology of ecdysozoans and 

panarthropods, tardigrades and onychophorans still remain the best candidates for shedding 

light on the evolution of arthropods and their organ systems. 

Tardigrades are microscopic invertebrates rarely, exceeding 1 mm in length that 

inhabit diverse aquatic and semi-terrestrial localities (Dewel et al. 1993; Kinchin 1994; 

Nielsen 2012; Nelson et al. 2015). To date, more than 1300 tardigrade species have been 

described and subdivided into two major subgroups: Eutardigrada and Heterotardigrada 

(Guidetti and Bertolani 2005; Degma and Guidetti 2007; Degma et al. 2014). These animals 

have garnered interest due to their ability to tolerate extreme conditions, such as freezing 

(Hering et al. 2016; Tsuijimoto et al. 2016), osmotic stress (Heidemann et al. 2016), high 

radiation levels (Fernandez et al. 2016) and exposure to outer space (Jönsson 2001; Møbjerg 

et al. 2011; Rebecchi et al. 2011), yet the mechanisms behind this resistance are only 

beginning to be understood (Ramløv and Westh 2001; Hengherr et al. 2008; Schokraie et al. 

2011; Halberg et al. 2013; Hashimoto et al. 2016). The body of tardigrades consists of only 

five segments: an anterior head with a subterminal or ventral mouth and four subsequent leg-

bearing segments (Fig. 2a; Dewel et al. 1993; Nielsen 2012; Smith et al. 2016). As opposed to 

arthropods, tardigrades possess non-articulated, lobopodous appendages. Furthermore, due to 

their miniaturised body size, tardigrades might have lost several characters secondarily, 

namely those associated with respiratory and circulatory systems such as tracheae/gills or a 

heart, respectively (Dewel and Dewel 1997; Schmidt-Rhaesa 2001). 

Onychophorans are soft-bodied, exclusively terrestrial invertebrates that inhabit 

tropical and temperate forests of the southern hemisphere (Brinck 1957; Allwood et al. 2010; 
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Ruhberg and Mayer 2013). Currently, the >200 onychophoran species described are 

subdivided into two major subgroups, which most likely diverged from each other more than 

374 million years ago: the Peripatidae and the Peripatosidae (Mayer and Oliveira 2011, 2013; 

Oliveira et al. 2012, 2016; Murienne et al. 2014). The elongated onychophoran body consists 

of an anterior head with a ventral mouth, a multilegged trunk and a posterior anal cone (Fig. 

3a; Ruhberg and Mayer 2013). The head comprises the three anterior-most body segments, 

each of which is equipped with a pair of specialised appendages: the antennae, the jaws, and 

the slime papillae, respectively (Mayer and Koch 2005; Mayer et al. 2010, 2015a; Ou et al. 

2012). The latter are a unique feature of onychophorans and are used for ejecting a sticky 

slime to catch their prey and as a defence mechanism (Baer and Mayer 2012; Mayer et al. 

2015a). The number of leg-bearing segments in onychophorans varies in different species 

between 13–43, and even intraspecific variation is known in many taxa (Oliveira et al. 2011; 

Oliveira and Mayer 2013). As in tardigrades, each trunk segment is equipped with a pair of 

non-articulated, lobopodous limbs used for walking. The posterior-most anal cone is the sole 

segment that lacks any appendages or their derivatives, although it is still considered a true 

segment based on the occurrence of embryonic coelomic cavities, nephridial derivatives and 

the expression of segmentation genes (Mayer and Koch 2005; Mayer et al. 2005; Franke and 

Mayer 2015). 

The open question of the phylogenetic relationships within Panarthropoda underlines 

the importance of understanding the evolution of both tardigrades and onychophorans. 

Previous attempts to resolve this were based on a wide range of experimental approaches 

ranging from molecular phylogenetics to comparative morphology of living and fossil 

specimens (e.g., Poinar 2000; Hou et al. 2004; Strausfeld et al. 2006a, 2016; Mayer and 

Harzsch 2007, 2008; Zantke et al. 2008; Campbell et al. 2011; Legg et al. 2012; Ou et al. 

2012; Persson et al. 2012, 2014; Mayer et al. 2013a, 2013b, 2015b; Rota-Stabelli et al. 2013; 

Cong et al. 2014; Smith and Ortega-Hernández 2014; Boothby et al. 2015; Arakawa 2016; 
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Bemm et al. 2016; Hashimoto et al. 2016; Hering et al. 2016; Koutsovoulos et al. 2016; 

Oliveira et al. 2016; Martin et al. 2017; Ortega-Hernández et al. in press). Nevertheless, even 

despite the recent surge in molecular phylogenetic analyses on many animal groups, thus far 

these methods have retrieved inconclusive results for clarifying the affinities among 

panarthropods. Hence understanding transformation of morphological characters becomes 

essential for elucidating the evolutionary history of these lineages (Harzsch et al. 2006; 

Richter et al. 2010; Hejnol and Lowe 2015). 

 In this respect, the central nervous system together with the sensory systems 

associated with it, such as the visual system, has been one of the most important 

morphological features for clarifying the evolution of many animal groups (Strausfeld et al. 

1993; Harzsch et al. 2006; Homberg 2008; Loesel et al. 2013; Hejnol and Lowe 2015; 

Schmidt-Rhaesa et al. 2016). In arthropods, the central nervous system consists of an anterior 

brain composed of fused segmental neuromeres and segmental trunk ganglia, each of which 

can, in turn, show further fusions into functional units (Osorio et al. 1995; Loesel et al. 2013). 

While much is known about these ganglia regarding their structure and function (e.g., Pflüger 

and Stevenson 2005; Schmidt-Rhaesa 2007; Richter et al. 2010; Loesel et al. 2013), our 

understanding of their origin and evolution is rather vague. Again, this is partly due to the 

unclear panarthropod phylogeny and depends largely on which outgroup is most closely 

related to arthropods (Hejnol and Lowe 2015). On the other hand, recent approaches that 

integrate morphological and molecular techniques, such as evolutionary developmental 

biology (EvoDevo), have already offered new insights into previously highly controversial 

topics, such as clarifying the presence of a deutocerebrum in chelicerates (Damen et al. 1998; 

Telford and Thomas 1998), and promise to continue doing so. Therefore, combining 

comparative morphological and developmental analyses of anatomical features, like those of 

the nervous system, are likely to be pivotal for understanding the evolution of panarthropods 

and reconstructing their last common ancestor. 
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In this review, we summarise current knowledge of morphological and developmental 

characters of the tardigrade and onychophoran nervous systems. In doing so, we highlight 

outstanding issues surrounding panarthropod nervous systems and their evolution, including 

age-old controversies such as the segmental composition of the onychophoran and tardigrade 

brains. Additionally, we give a short overview of the visual system and its evolution in these 

animal groups, as it also plays an important role in our interpretation of the last common 

ancestor of panarthropods. 

 

Ventral and peripheral nervous system in tardigrades 

Despite their diminutive size (Fig. 2a), tardigrades have been studied since the 18th century 

(reviewed in Nelson et al. 2015), yet one of the earliest detailed descriptions of their nervous 

system was first published in 1840 (Doyère 1840). Since that time, further studies on the 

nervous system of tardigrades have been published (Greeff 1865; Basse 1905; Marcus 1929; 

Greven and Kuhlmann 1972; Dewel et al. 1993, 1999; Castano et al. 1996; Dewel and Dewel 

1996; Wiederhöft and Greven 1999; Zantke et al. 2008; Persson et al. 2012, 2014; Mayer et 

al. 2013a, 2013b; Schulze et al. 2014; Smith and Jockusch 2014; Gross and Mayer 2015; 

Gross et al. 2015), but large gaps in knowledge still remain, partly due to methodological 

difficulties. 

The tardigrade nervous system consists of an anterior dorsal brain and a subsequent 

chain of four segmentally arranged ventral trunk ganglia with minor variation in morphology 

(Fig. 2b–d), a situation also seen in arthropods (Harrison et al. 1995; Osorio et al. 1995; 

Harzsch 2004a). Furthermore, as in arthropods, the ganglia are shifted to an anterior position 

with respect to the legs of the corresponding segment (Deutsch 2004; Mayer et al. 2013a). 

This shift is less evident in the first trunk ganglion but becomes more pronounced in the 

subsequent three ganglia (Fig. 2d). The shifted condition, referred to as parasegmental in 

arthropods, represents the initial type of segmentation that is present during embryonic 
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development and differs from the segmental arrangement of metameric units in adult 

arthropods (Deutsch 2004; Damen 2007). The parasegmental arrangement in tardigrades is, so 

far, only indicated by position of the ganglia relative to the legs (Mayer et al. 2013a) and thus 

requires additional molecular investigations, such as expression patterns of the segment 

polarity genes engrailed, Wnt/wingless, hedgehog and cubitus interruptus, which are known 

to be expressed at the parasegmental boundaries in arthropods (Ingham and Martinez Arias 

1992; Damen 2002; Simonnet et al. 2004; Carroll et al. 2005; Damen 2007), but show no 

evidence for parasegments in onychophorans (Franke and Mayer 2014). 

Comparable to arthropods, the ganglia of tardigrades are connected to each other via a 

pair of somata-free connectives (Fig. 2c, d; Harrison et al. 1995; Osorio et al. 1995; Harzsch 

2004a; Richter et al. 2010; Mayer et al. 2013a), whereas two pairs of connectives are present 

between the first trunk ganglion and the brain (inner and outer connectives in Fig. 2b, d; 

Mayer et al. 2013b; Gross and Mayer 2015). Each ventral ganglion consists of two 

hemiganglia, which are connected to each other via a commissural fibre mass (Fig. 2c), unlike 

arthropods, which exhibit two or more clearly distinguishable commissures (Whitington and 

Bacon 1997; Harzsch 2003; Mittmann and Scholtz 2003; Harzsch 2004a). In the first 

description of the tardigrade nervous system, Doyère (1840) also described the presence of 

two distinguishable commissures connecting the hemiganglia of one segment, but this was not 

evident in subsequent analyses using confocal and transmission electron microscopy in adults 

and embryos, which rather revealed individual fibres and bundles of neurites projecting 

contralaterally within the commissural fibre mass (Mayer et al. 2013a; Gross and Mayer 

2015). 

Interestingly, the tardigrade nervous system shows additional commissures in front of 

the second, third, and fourth ganglia, which were mentioned already in 1865 (referred to as 

“Quercommissuren” by Greeff 1865) but subsequently neglected until an 

immunohistochemical study by Mayer and colleagues (2013a) drew attention to them again. 
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Additional nerves arise laterally from each ganglion (i.e., peripheral nerves) and project 

dorsally (Mayer et al. 2013a). They are interconnected by a laterally paired longitudinal nerve 

spanning through the whole animal from anterior to posterior (Fig. 2c, d). Within the first 

trunk segment this peripheral nerve seems to arise from the outer connectives linking the 

brain with the first ganglion. However, developmental studies show that this nerve actually 

originates from the first trunk ganglion (Gross and Mayer 2015). Other prominent nerves 

arising laterally from the ganglia are the two nerve pairs (i.e., an anterior and a posterior pair), 

which innervate the legs of the corresponding segment (Zantke et al. 2008; Mayer et al. 

2013a). Additionally, each anterior pair of leg nerves projects to a peripheral ganglion, which 

is situated within the leg itself (Mayer et al. 2013a; Gross and Mayer 2015). 

 

Ventral and peripheral nervous system in onychophorans 

Although first mentioned in the 19th century (Guilding 1826), onychophorans aroused the 

interest of evolutionary biologists partly due to their status as one of the closest relatives of 

arthropods. Their far larger body size compared to tardigrades facilitates their examination, 

thus leading to many more studies, including detailed investigations of their nervous system 

(Balfour 1883; Sedgwick 1885; von Kennel 1888; Evans 1901; Holmgren 1916; Hanström 

1928; Fedorow 1929; Hanström 1935; Henry 1948; Pflugfelder 1948; Schürmann and 

Sandeman 1976; Schürmann 1987, 1995; Eriksson and Budd 2000; Eriksson et al. 2003; 

Strausfeld et al. 2006a, 2006b; Mayer and Harzsch 2007, 2008; Whitington 2007; Mayer and 

Whitington 2008; Mayer et al. 2010, 2013a, 2014, 2015b; Whitington and Mayer 2011; 

Martin and Mayer 2014, 2015; Mayer et al. 2015b; Mayer 2016; Schumann et al. 2016; 

Martin et al. 2017). The onychophoran nervous system consists of an anterior dorsal brain that 

proceeds into a paired ventral nerve cord (Fig. 3b–d; Holmgren 1916; Hanström 1928; Mayer 

and Harzsch 2007). The two widely separated nerve cords span fairly uniformly throughout 

the length of the body. Thus a division into ganglia and somata-free connectives is completely 
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lacking, as both neuropil and a perikaryal layer are present throughout the entire nerve cords 

(Mayer and Harzsch 2007; Mayer 2016; Martin et al. 2017). 

Nonetheless, the nerve cords show slight swellings that are segmentally arranged and 

occur at the same level as the leg pairs (Balfour 1883; Sedgwick 1895; Schürmann 1995; 

Mayer and Harzsch 2007; Martin et al. 2017), in contrast to the anterior shift exhibited by the 

ganglia of tardigrades and arthropods. These swellings bear the most prominent, segmentally 

arranged nerves — the paired leg nerves. Together with the nephridial nerves, these are the 

sole segmentally arranged nerves of the onychophoran ventral nervous system (Mayer and 

Harzsch 2008). In addition, the nerve cords are connected via numerous median commissures 

on the ventral side and by ring commissures that arise laterally but run dorsally along the 

body wall (Fig. 3c, d). Both median commissures and ring commissures are serially repeated 

but in a non-segmental fashion, i.e., the occurrence of these commissures differs slightly in 

number and position per leg-bearing segment (Balfour 1883; Fedorow 1929; Mayer and 

Harzsch 2008; Mayer and Whitington 2009a). The only nerve occurring in the trunk that does 

not show a bilaterally paired arrangement is the heart nerve (Fig. 3c), which instead lies 

dorso-medially and runs from anterior to posterior through the onychophoran trunk (Mayer 

and Harzsch 2008; Mayer and Whitington 2009a; Whitington and Mayer 2011; Mayer 2016). 

However, its origin and the question of whether or not it is associated with the brain remain to 

be clarified. Lateral to the heart nerve, a pair of dorsolateral nerves also proceeds through the 

length of the animal, thereby interconnecting the ring commissures (Fig. 3d). 

 

Evolution of the peripheral nervous system and nerve cords in panarthropods 

Despite all their differences, both the onychophoran and tardigrade nervous systems show an 

orthogonal arrangement — i.e., longitudinal nerve cords interconnected regularly by 

transverse commissures at right angles (sensu Reisinger 1925, 1972) — although this pattern 

is partially incomplete in tardigrades. Therefore, the question arises of whether or not an 
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orthogonal pattern of the nervous system is an ancestral feature of all panarthropods, albeit 

reduced in several recent arthropod lineages. Interestingly, “intersegmental nerves” similar to 

the commissures observed in onychophorans and tardigrades have also been reported from 

many crustacean species such as the mystacocarid Derocheilocaris remanei (Brenneis and 

Richter 2010), the phyllocarid Nebalia bipes (Harzsch and Wasloszek 2000), the cephalocarid 

Hutchinsoniella macracantha (Stegner et al. 2014) and the anostracan Branchinella sp. (Frase 

and Richter 2013). Each of these intersegmental nerves splits off from the connective between 

two consecutive ganglia and projects dorsally, where it branches further. At least in D. 

remanei, the posterior-most branch of these nerves shows a dorsal closure, thus resembling an 

orthogonal-like nervous system in these animals (Brenneis and Richter 2010). Additionally, 

the hypothesis suggesting an orthogonal-like nervous system as a ground pattern of 

panarthropods (Mayer and Harzsch 2008), or even ecdysozoans (Yang et al. 2016), receives 

further support from comparisons with the closest panarthropod relatives, the Cycloneuralia, 

which also exhibit an orthogonal-like pattern of the nervous system (Schmidt-Rhaesa and 

Henne 2016). 

More recently, Yang and colleagues (2016) described an exceptionally well preserved 

early Cambrian fossil, the fuxianhuiid †Chengjiangocaris kunmingensis belonging to the 

stem-group arthropods with a fossilised nervous system. In their work, they discovered, in 

contrast to extant arthropods, that the ventral nervous system of †C. kunmingensis exhibited 

incomplete ring commissures as observed in tardigrades, only more numerous (Mayer et al. 

2013a; Yang et al. 2016). Considering that all cycloneuralians, onychophorans, tardigrades 

and several crustaceans (to some extent), and at least one known example of a stem-group 

arthropod exhibit an orthogonal-like nervous system, it is reasonable to assume that this 

feature was already present in the last common ancestor of ecdysozoans. The presence of an 

orthogonal nervous system in several other distantly related protostomes, including 

Platyhelminthes, Rotifera, Gastrotricha and Annelida suggests that this arrangement may even 
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represent the ancestral state at least of protostomes (Reisinger 1972; Kotikova 1995; Reuter et 

al. 1998; Mayer and Harzsch 2008; Whitington and Mayer 2011, Müller and Westheide 2002; 

Hochberg and Litvaitis 2003; Purschke 2016). If this hypothesis holds true, then it is likely 

that the median and ring commissures, observed in onychophorans, were reduced within the 

tardigrade/arthropod lineage (Fig. 4a). Alternatively, if tardigrades represent the basal-most 

panarthropod group, one would have to assume that ring and median commissures have 

independently been reduced to one incomplete ring-like commissure per segment, as seen in 

extant tardigrades and many extant crustaceans and most likely completely lost in the majority 

of other arthropods, while they persisted in onychophorans (Fig. 4b). At present, it is 

reasonably clear that two pairs of nerves innervating each leg most likely represent the 

panarthropod ground pattern, but whether the leg nerves underwent a fusion or a loss within 

the lineage leading to arthropods remains to be resolved. 

One of the most controversial topics concerning the panarthropod nervous system 

surrounds the evolution of segmental ganglia. Ganglia — i.e. discrete concentrations of 

neuronal cell bodies — are present in various animal groups, including both subclades of 

protostomes: the Spiralia and the Ecdysozoa (Hejnol and Lowe 2015; Schmidt-Rhaesa et al. 

2016). A previous study even suggested the presence of ganglionated ventral nerve cords in 

the lobopodian fossil †Paucipodia inermis (Hou et al. 2004), but this interpretation has since 

been viewed critically (Edgecombe et al. 2015; Yang et al. 2016). Even so, this finding further 

fuelled the view that segmental ganglia were lost within the onychophoran lineage and that 

the swellings in the leg-bearing regions of the nerve cords represent remnants of those ganglia 

(Eriksson et al. 2005a; Campbell et al. 2011). However, recent morphological evidence 

speaks against this previous assumption. First, the position of these swellings corresponds to 

the position of the legs and their nerve pairs, which arise laterally from these swellings and 

are supplied by a number of motor neurons, which is, in fact, over 10 times greater than the 

number of neurons supplying an adjacent ring commissure (Martin et al. 2017). Second, the 
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vesicle-binding protein synapsin, a marker of presynaptic endings of nerve fibres, is 

distributed ubiquitously along the entire onychophoran nerve cord neuropil and, in addition 

shows slight peaks in signal intensity at the basis of each leg nerve (Fig. 5a). In contrast, 

synapsin in tardigrades and arthropods is localized almost exclusively within the neuropil of 

segmental ganglia (Fig. 5b, c). These findings, combined with the higher number of neurons 

supplying the legs, therefore favour the hypothesis that the swellings within the onychophoran 

nerve cord are actually a secondary product of their function rather than remnants of ganglia. 

Based on current understanding of the nervous systems of living representatives, the 

last common ancestor of panarthropods most likely had a pair of medullary rather than 

ganglionated nerve cords (Yang et al. 2016). However, whether the paired condition is 

apomorphic for Panarthropoda or Ecdysozoa as a whole is difficult to answer as long as the 

monophyly and relationships of Cycloneuralia remain unresolved (Hejnol and Lowe 2015). 

Irrespective of that, this hypothesis contradicts the assumption that segmental ganglia evolved 

only once within the protostomes (Scholtz 2002; Northcutt 2012) but were lost in some 

lineages, including onychophorans. Instead, it favours multiple ganglionisation events of the 

ventral nerve cords occurring independently during evolution of bilaterians, such as in 

annelids and arthropods (Mayer and Whitington 2009a; Hejnol and Lowe 2015). Within 

Panarthropoda, for example, two possible hypotheses emerge regarding the evolution of 

ganglia, depending on the assumed position of tardigrades in the tree (Fig. 4a, b). If 

tardigrades are regarded as the basal-most group within panarthropods, a ganglionated 

nervous system would have evolved twice within Panarthropoda (Fig. 4b). On the other hand, 

if tardigrades represent the closest relatives to arthropods, segmental ganglia most likely 

evolved only once in the tardigrade/arthropod lineage (Fig. 4a) and is, therefore, the most 

parsimonious hypothesis. 

 

Structure of the tardigrade brain 
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Water bears possess a dorsal ganglionic brain with a shape resembling a set of three lobes: 

inner, outer, and median (Fig. 6a; Smith and Goldstein, in press, reviewed by Schulze and 

Persson 2016). The outer and inner lobes are paired while the median lobe, lying ventral to 

the former two, has been alternatively described as either paired (Persson et al. 2012, 2014) or 

unpaired (Mayer et al. 2013b; Smith and Jockusch 2014). Although the brain consists of a 

relatively small number of cells (~200; Mayer et al. 2013b), the distribution of various 

neuronal markers is complex and specialised (Fig. 6b–e; Mayer et al. 2013b). Strong 

serotonin-like immunoreactivity is concentrated in the structures surrounding the mouth 

opening and the region surrounding the central brain neuropil (Fig. 6b), the latter also shows 

vivid labelling with markers against RFamide, perisulfakinin and allatostatin (Fig. 6c–d). 

Markers against serotonin, RFamide and allatostatin also weakly label the outer connectives 

that connect the lateral brain to the first trunk ganglion and represent an autapomorphy of the 

group (Fig. 6b, c; Mayer et al. 2013a). 

Although a lobate organisation is widely accepted as a feature of all tardigrade brains 

investigated to date, the lobes themselves remain a topic of discussion in terms of brain 

segmentation. In fact, the segmentation of the tardigrade brain and head in general has been 

perhaps the most widely discussed issue in tardigrade evolutionary biology (reviewed by 

Smith and Goldstein, in press). The inner, outer and median brain lobes have been 

homologised with the arthropod proto-, deuto-, and tritocerebrum, respectively (Kristensen 

1983), following the argument that each lobe is a modified ganglion itself as evidenced by the 

presence of commissures within each lobe (Persson et al. 2012, 2014). However, this 

observation is insufficient for addressing the question of segmentation (Zantke et al. 2008), as 

the number of brain commissures does not correspond to the number of brain segments, for 

example in onychophorans either (Mayer et al. 2010). Instead, most recent studies report the 

tardigrade head to be derived from a single segment with the strongest evidence based on the 

position of the stomatogastric ganglion (Mayer et al. 2013b) and Hox gene expression 
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patterns (Smith et al. 2016). Thus, the entire tardigrade brain likewise consists of one 

segmental region that has been homologised with the arthropod protocerebrum (Mayer et al. 

2013b; Gross and Mayer 2015). 

In addition to the brain, early studies of the tardigrade nervous system (e.g., Marcus 

1929) also depicted a subpharyngeal ganglion located ventrally in the head. However, despite 

a few recent reports of a subpharyngeal ganglion (Persson et al. 2012, 2014), most studies 

find no evidence for this structure neither in adults (Mayer et al. 2013b; Schulze et al. 2014; 

Smith and Jockusch 2014) nor in embryos (Hejnol and Schnabel 2005; Gross and Mayer 

2015). Instead, the structure identified as a subpharyngeal ganglion by Persson et al. (2012, 

2014) is probably an extension of the brain itself (Hejnol and Schnabel 2005), possibly 

representing the ventral-most region of the horseshoe-shaped median lobe (Smith and 

Jockusch 2014). Studies detailing the interconnections of the neuronal processes in the head 

as well as markers against proneural and neurogenic genes during embryonic development 

would go a long way towards resolving these issues. 

The small body size of tardigrades should be taken into account when considering the 

evolution of the nervous system. In fact, the miniaturisation of tardigrades cannot be achieved 

without consequences for the construction and function of their nervous system (see Niven 

and Farris 2012 for a general appraisal). To put in perspective, an entire tardigrade brain 

would easily fit in the soma of an insect (e.g., locust) neuron of 50 µm diameter. However, 

compared to arthropods, their brains contain far fewer neurons, totalling approximately 200 as 

judged from counting stained nuclei (Mayer et al. 2013). Clearly, reduction in cell number 

must go in hand with increased specialisation if functional integrity is to be maintained, and 

indeed there is some evidence for this in tardigrades. As is typical for many arthropods (Hoyle 

1983; Kutsch and Breidbach 1994; Bullock, 2000; Brenneis and Richter 2010; Brenneis and 

Scholtz 2015), immunohistochemical staining for neurotransmitters indicates that tardigrade 

neurons are uniquely identifiable with respect to their position, shape, and function (Mayer et 
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al. 2013; Gross and Mayer 2015). The size of their somata, however, does not appear to be 

exceptionally small as seen, e.g., in confocal microscopy images. They reveal single neuronal 

cell bodies of around 3–5 µm in diameter (Fig. 6a; Mayer et al. 2013; Gross & Mayer 2015), 

which almost approaches the size of motor neurons in the onychophoran nerve cords (~8 µm 

in diameter, Martin et al. 2017) as well as some of the smallest neurons in insects (e.g., 

Kenyon cells associated with the mushroom bodies, which are 6–20 µm in diameter; 

Mizunami et al. 1998). The main concession of single neurons to size limitations appears to 

be a reduction in the expanse of their dendritic trees. Immunohistochemical staining for an 

RFamide-like neuropeptide, indicates that individual neurons in tardigrades seem to have 

exceptionally few terminals within any given ganglion, possibly even as few as only two in 

some cases (Mayer et al. 2013). These putative synaptic boutons, with diameters of ~2.5 µm 

are slightly smaller than their parent soma, but in fact in the same size range as glutamatergic 

synaptic terminals in the mammalian brain, for example (~2 µm in diameter; Petrof and 

Sherman, 2013). Thus, miniaturisation of the tardigrade nervous system is achieved largely by 

reducing cell numbers, neuropil branches and the number of synaptic connections, while, at 

the same time, increasing functional specificity. Nonetheless, given the proximity of synaptic 

neighbours, these adaptations are unlikely to compromise functionality to any great degree. 

 

Structure of the onychophoran brain 

Like the tardigrade brain, the onychophoran brain has been an important focus for research 

(e.g., Balfour 1883; von Kennel 1888; Holmgren 1916; Hanström 1928, 1935; Fedorow 1929; 

Henry 1948; Pflugfelder 1948; Schürmann 1987, 1995; Eriksson and Budd 2000; Eriksson et 

al. 2003; Strausfeld et al. 2006a, 2006b; Mayer et al. 2010, 2014, 2015b; Whitington and 

Mayer 2011; Martin and Mayer 2014, 2015; Mayer 2016). The anterior ganglionic brain of 

onychophorans is connected to the nerve cords via the “connecting cords”, a part of the 

nervous system greatly resembling the ventral nerve cords except for the lack of ring and 
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median commissures (Fig. 3b, d; Martin and Mayer 2015). The brain itself consists of two 

bilateral hemispheres comprising the major neuropils: the anterior, central and lateral 

neuropils, the dorsal midline central body (“arcuate body” sensu Strausfeld et al. 2006a), as 

well as the paired ventro-lateral mushroom bodies (Fig. 7b; Holmgren 1916; Hanström 1928; 

Fedorow 1929; Schürmann 1987; Strausfeld et al. 2006a; Mayer 2016). The mushroom bodies 

consist primarily of three lobes that project anteriorly to calyces. They are connected to each 

other via an additional lobe and to the central body via a pair of pedunculi (Fig. 7b; Strausfeld 

et al. 2006a). The central body consists of an anterior and a posterior lamina and its lateral 

portions receive input from the optic tract (Fig. 7b; Mayer 2006; Strausfeld et al. 2006a, 

2006b). Surrounding the central body are the anterior brain neuropil, paired lateral neuropils, 

and a central neuropil (Mayer 2016). Additionally, the onychophoran brain exhibits a 

prominent cortex (perikaryal rind): an accumulation of more or less uniform neuronal cell 

bodies encompassing the brain neuropils, with a thin dorsal layer and a thicker ventral layer 

(Mayer 2016). Finally, the brain is associated ventrally with a pair of hypocerebral organs — 

structures with a putative neurosecretory function (Fig. 3d; Sanchez 1958; Eriksson et al. 

2005b). 

Obvious boundaries delineating specific segments of the onychophoran nervous 

system are absent, thus leading to difficulties assigning each region to corresponding body 

segments (Holmgren 1916; Hanström 1928; Schürmann 1987; Mayer et al. 2010; Martin and 

Mayer 2015). Based on various methods (e.g., homologising appendages with those of 

arthropods or using the presence of hypocerebral and “ventral organs” as landmarks), the 

initial assumption was a tripartite division of the onychophoran brain — a hypothesis that 

was, for a long time, well accepted by researchers (see discussion by Pflugfelder 1948). 

Eventually, this idea was revisited using more recent methods, such as immunohistochemistry 

in conjunction with confocal microscopy (Mayer et al. 2010). Due to the lack of well-defined 

segments, appendages with determined segmental identity have been used as unambiguous 
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landmarks for understanding the segmental organisation of the onychophoran brain. For 

example, the tracts supplying the onychophoran antennae, which represent the appendages of 

the first body segment, are associated with the segment homologous to the protocerebral 

segment in arthropods; the nerves supplying the onychophoran jaws, which belong to the 

second body segment, are supplied by the segment homologous to the deutocerebral segment; 

and the nerve pair supplying the appendages of third onychophoran body segment, the slime 

papillae, innervate the segment homologous to the tritocerebral segment in arthropods. 

Moreover, neuronal tracing experiments exposing the position of somata associated with each 

head appendage revealed that only the somata of the two anterior-most head appendages (i.e. 

the antennae and jaws) are located within the brain (Fig. 7a; Mayer et al. 2010). On the other 

hand, the neuronal cell bodies of the third segmental appendages (slime papillae) are located 

outside the brain within the connecting and nerve cords (Fig. 7a; Mayer et al. 2010), thus 

rendering the onychophoran brain as a bipartite structure. Interestingly, this assumption had 

already been suggested by Holmgren (1916) and Hanström (1935) in the early 20th century. 

 

Evolution of the panarthropod brain and segmental identity of the frontal appendages 

The segmental composition of brains varies among panarthropods, with two segments being 

present in the onychophoran brain (Mayer et al. 2010), one in tardigrades (Mayer et al. 2013b; 

Smith et al. 2016) and at least three in most arthropods (Harzsch 2004b; but see Kirsch and 

Richter 2007 for an exception in branchiopod crustaceans). The tripartite compound brain of 

arthropods most likely evolved by a fusion of initially separate ganglia (Richter et al. 2010). 

In onychophorans, however, an analysis of post-oral commissures (Fig. 8c) suggests that their 

bipartite brain rather evolved by a successive anterior movement of non-ganglionised 

neuronal cell bodies of the second segment, indicating independent evolution of their 

composite brain (Martin and Mayer 2015). This hypothesis contradicts the assumption that a 

bipartite brain was already present in the last common ancestor of onychophorans and 
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arthropods (Mayer et al. 2010; see discussion by Scholtz 2016). Depending on the position of 

tardigrades and onychophorans in the panarthropod tree, this would suggest either a loss of 

one brain segment in tardigrades (if onychophorans are sister to tardigrades plus arthropods) 

or a convergent evolution of segmental ganglia in tardigrades and arthropods (if tardigrades 

branch off from the bottom of the panarthropod tree). Nonetheless, taking into account that 

the onychophoran and arthropod brains probably evolved by different mechanisms, the 

presence of a bipartite brain in the last common ancestor of onychophorans and arthropods 

appears to be questionable. 

Unfortunately, immunohistochemical and neuronal tracing analyses of the 

onychophoran brain are scarce compared to arthropods (Eriksson and Budd 2000; Eriksson et 

al. 2003; Strausfeld et al. 2006a; Mayer et al. 2010, 2014, 2015b, 2015c; Martin and Mayer 

2015; Schumann et al. 2016) and therefore still leave many questions unanswered. For 

example, there is so far no evidence for individually identifiable neurons within the 

onychophoran brain, in contrast to arthropods and tardigrades. However, Gaffron (1884) 

mentioned the presence of approximately eight giant cell bodies (“Riesenganglienzellen” 

sensu Gaffron, 1884), which are 6–10 times larger than the remaining neuronal cell bodies. 

Although Holmgren (1916) and Schürmann (1987) also observed giant neurons associated 

with giant nerve fibres projecting into the ventral nerve cords, their exact number, pathways, 

and functions remain unknown. 

We believe that future immunohistochemical investigations will foster a better 

understanding of the nature of the major brain neuropils, including their origin, exact 

pathways, and functions. For instance, a recent study on the non-visual opsin arthropsin in 

onychophorans revealed a strong signal only within the median lobes of the protocerebral 

mushroom bodies (Schumann et al. 2016), suggesting a putative functional partition of the 

separate lobes. Additionally, little is known, for example about the so-called “olfactory lobes” 

of onychophorans, which are situated antero-laterally within each brain hemisphere and 
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consist of ~30 glomeruli each (Fig. 7a, b; Hanström 1928; Schürmann 1987). Although their 

appearance greatly resembles the arthropod glomeruli, they differ from the latter in that those 

of onychophorans occur within the protocerebrum, whereas in arthropods they appear in 

different segments of the nervous system. For example, myriapods, crustaceans and hexapods 

possess glomeruli in the deutocerebrum (Richter et al. 2010), while in chelicerates these 

structures are located either within the segment bearing the olfactory appendages (Strausfeld 

et al. 2006) or within each trunk ganglion as in pycnogonids (Brenneis 2016). Therefore, the 

homology between the onychophoran and arthropod olfactory glomeruli has not yet been 

demonstrated, but the fact that these structures occur in non-homologous segments of the 

central nervous system and are mainly associated with non-homologous structures, i.e., the 

antennae in  onychophorans and most arthropod groups (Mayer et al. 2010), may suggest 

convergent evolution of these structures. The morphological similarities between olfactory 

glomeruli in these groups, therefore, most likely resulted from functional constraints. 

The onychophoran brain is equipped with several nerves and nerve tracts, almost all of 

which are paired; a single medial dorsal nerve is the only exception (Hanström 1928; 

Fedorow 1929; Henry 1948; Eriksson and Budd 2000; Mayer 2016). The most prominent 

tracts originating from the brain supply the appendages of the first body segment (i.e., the 

antenna) and differ from all other cephalic nerves/tracts due to their medullary structure 

(Eriksson and Budd 2000). Additionally, the brain is associated with several other 

protocerebral nerves and tracts, including the tracts supplying the eyes and the tongue nerves, 

the latter originating lateral to the hypocerebral organs. As stated above, a pair of nerves 

originating from the deutocerebral region innervates the appendages of the second body 

segment, the jaws (Fig. 7a; Hanström 1928; Fedorow 1929; Henry 1948; Mayer et al. 2010). 

Moreover, two of the three nerve pairs supplying the lip papillae originate from the brain —

one from the protocerebral and other from the deutocerebral segment. In contrast, the third 

pair arises from the connecting cords, anterior to the slime papilla nerves (Fig. 7a; Eriksson 
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and Budd 2000; Martin and Mayer 2014). Indeed, the fact that the onychophoran lip papillae 

are supplied by three different parts of the central nervous system led to the previous 

assumption of a circumoral brain similar to that of cycloneuralians as being present in 

onychophorans (Eriksson and Budd 2000). 

More recently, phylogenetic analyses recovered cycloneuralians as paraphyletic, with 

either Nematoda or Nematoida being closer related to panarthropods than to other 

cycloneuralians (Campbell et al. 2011; Rota-Stabelli et al. 2013; Borner et al. 2014), 

suggesting that a ring-shaped brain is an ancestral feature of all ecdysozoans (Hejnol and 

Lowe 2015). However, neuroanatomical tracing experiments of all three lip papillae nerves in 

the onychophoran Euperipatoides rowelli did not reveal a circumoral arrangement of these 

nerves or their supplying somata (Fig. 8a). This firmly opposes the hypothesis of a 

cycloneuralian-type brain being an ancestral condition for panarthropods (Martin and Mayer 

2014). Evidence for such a structure is not present in arthropods or tardigrades either. 

Although the lip nerves do show an association with the three anterior-most segments of the 

onychophoran nervous system, their great majority is supplied by the deutocerebrum (Fig. 

8a). Interestingly, neuronal tracing experiments further revealed that the two pairs of nerves 

innervating the pharynx in onychophorans are also supplied by the deutocerebrum (Martin 

and Mayer 2015). The fact that the jaw nerves are also associated with the deutocerebrum 

leads to an indication of this region of the brain being the main integration centre controlling 

feeding functions in Onychophora, while the tritocerebrum plays this role in arthropods. 

Despite previous studies, many aspects of the onychophoran nervous system are still 

poorly understood. For example, a putative prefrontal ganglion identified in a recently 

discovered Cambrian stem-arthropod fossil, the anomalocaridid †Lyrarapax unguispinus, was 

homologised with a prefrontal part of the nervous system in onychophorans (Cong et al. 

2014). With that, the authors suggested a pre-protocerebral affinity of the so-called great 

appendages — a view that is not supported by any current hypotheses, which rather indicate 
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either a protocerebral (Budd 2002; Legg and Vannier 2013; Legg et al. 2013; Ortega-

Hernández et al. in press) or deutocerebral (Chen et al. 2004; Waloszek et al. 2005; Scholtz 

and Edgecombe 2005, 2006; Stein 2010; Haug et al. 2012) identity of these structures in the 

stem-group arthropods. Additionally, the authors claimed the presence of a hitherto unknown 

structure in onychophorans — a frontal, pre-protocerebral ganglion. However, further 

investigations based on several immunohistochemical markers as well as histology in both 

embryos and adult specimens of different species (including that studied by Cong and 

colleagues) do not show any evidence of an additional ganglion associated with the 

onychophoran antenna (Fig. 7c–i; Mayer et al. 2014 contra Cong et al. 2014). 

Due to their phylogenetic position, onychophorans are often used as an outgroup for 

clarifying the ancestral arthropod body plan. The evolution of the arthropod head — its 

composition, nervous system, and homology of appendages — has been part of a major 

debate for many years (e.g., Budd 2002; Waloszek et al. 2005; Scholtz and Edgecombe 2006; 

Bitsch and Bitsch 2010; Ou et al. 2012; Richter et al. 2013; Janssen 2017). Although many 

homologies have been established, several structures remain with an unresolved origin, the 

arthropod labrum being one of most enigmatic and controversially discussed structures. At the 

centre of the debate is whether or not the labrum is appendicular, i.e. derived from the pair of 

limbs of the first segment and consequently, serially homologous to the remaining limbs. Its 

appendicular origin is mainly supported by developmental investigations, showing that the 

unpaired labrum develops in most arthropods from a paired bud-like anlage (see, e.g., Ungerer 

and Wolff 2005; Mittmann and Wolff 2012 for labrum development), a situation also seen 

during the development of appendages like antennae or walking legs, and by expression data 

of genes associated with limb development, such as Distal-less (dll) or dachshund (Rogers 

and Kaufman 1997; Prpic et al. 2001; Kimm and Prpic 2006), which show signal in the 

labrum and in subsequent appendages in arthropods. Boyan and colleagues (Boyan et al. 
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2003) further found neuroanatomical similarities between the labrum and the hind leg in the 

locust Shistocerca gregaria. 

Nonetheless, many researchers questioned the appendicular origin of the arthropod 

labrum (reviewed by Scholtz and Edgecombe 2006) as dll, for example, is not expressed 

solely in the segmental appendage anlagen, thus rendering this marker as rather non-

informative for this purpose. A recent gene expression study shows that, although a single 

gene (six3) is expressed in both the arthropod labrum and the onychophoran antennae 

(Eriksson et al. 2013a), another gene (FoxQ2) is expressed exclusively within the anlage of 

the labrum but not in the antennal anlagen of onychophorans (Janssen 2017). Therefore, it has 

been suggested that conclusions concerning labrum homology based on the expression of 

single genes should be considered carefully (Janssen 2017). An alternative hypothesis 

suggests that the labrum does not have an appendicular origin, but is instead homologous to 

the anterior-most pair of lip papillae of onychophorans, while the onychophoran antennae, in 

turn, might be homologous to the frontal filaments of some crustaceans (Frase and Richter 

2013, 2016; Richter et al. 2013). The latter assumption is based on the fact that the frontal 

filaments in the anostracan crustaceans Branchinella sp. and Artemia franciscana are believed 

to have a similar innervation pattern as the onychophoran antennae (Frase and Richter 2013, 

2016; Scholtz 2016). Nevertheless, more detailed investigations are still required in order to 

clarify which of these hypotheses holds true, whereas our current knowledge suggests that a 

homology of onychophoran antennae to the crustacean frontal filaments seems to be unlikely, 

as the crustacean frontal filaments are said to be rather simple evaginations of the body wall 

and most likely not homologous to the limbs (Ortega-Hernández and Budd 2016). 

Furthermore, a homology of the onychophoran frontal lip papillae to the arthropod labrum 

also seems unlikely as (i) the onychophoran mouth and its surrounding lip papillae are most 

likely a unique feature of Onychophora (Ou et al. 2012) and (ii) the labrum of arthropods is 

mainly innervated by the tritocerebrum (Boyan et al. 2002), whereas the anterior-most pair of 
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lip papillae in onychophorans is supplied by a different part of the brain, namely the 

protocerebrum (Martin and Mayer 2014). Meanwhile, it is still unclear whether the labrum 

represents a derived feature of arthropods or whether homologous structures occur in other 

animal groups. This underlines the importance of further studying the anatomy of outgroups, 

such as onychophorans and tardigrades. 

 

Neural development in tardigrades 

Although the development of the nervous system in tardigrades was first detailed during the 

early 20th century by Marcus (1929), our knowledge of this process on the whole remains in 

its infancy. According to Marcus's (1929) observations, the nervous system is formed from a 

single region represented by a thickening of the ectoderm along the entire ventral side of the 

embryo, from the tissue surrounding the stomodaeum to the anterior border of the 

proctodaeum. This thickening, i.e., the anlage of the entire central nervous system, gives rise 

to the brain and all four trunk ganglia simultaneously. Although Eibye-Jacobsen (1996/97) 

largely maintained Marcus's (1929) model — except for the precise timing of developmental 

events — later studies have not found support for this hypothesis. Instead, Hejnol and 

Schnabel (2005) show that each ganglion arises from a neural progenitor cell in the 

eutardigrade Thulinius stephaniae (Bertolani, 2003), and that these cells are never part of a 

unitary structure. Furthermore, the progenitor cells of the brain were shown to immigrate 

before those of the trunk ganglia, contradicting Marcus's (1929) hypothesis that all main parts 

of the central nervous system are formed simultaneously. Gabriel et al. (2007) make no 

mention of a unitary anlage in Hypsibius dujardini either, instead describing the appearance 

of the ganglia as aggregations of cells. 

A more recent immunohistochemical study using a marker against acetylated α-tubulin 

in H. dujardini revealed further details regarding the development of the central nervous 

system (Gross and Mayer 2015). In accordance with a previous study (Hejnol and Schnabel 
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2005), the brain and each trunk ganglion were found to develop individually as separate, 

bilaterally symmetric structures (Fig. 9e–h). The stomodaeal nervous system, associated with 

the sensory structures around the mouth, develops separately and, although it appears to 

consist of several rings, is also bilaterally symmetric (Fig. 9e; Gross and Mayer 2015). Like 

the buccopharyngeal apparatus it innervates, this structure probably represents an 

autapomorphy of tardigrades and is homologous neither to the circumpharyngeal brain of the 

cycloneuralians, which has a perikarya-neuropil-perikarya pattern arranged in rings (Rothe 

and Schmidt-Rhaesa 2010; Brenneis and Scholtz 2014), nor to the circumoral nerve ring of 

arthropods, which is formed by the three paired neuromeres of the brain (Harzsch 2006; 

Scholtz and Edgecombe 2006; Brenneis et al. 2008). The observation of a single developing 

central brain neuropil (Fig. 9e–g), together with the lack of any additional cerebral or 

subpharyngeal ganglia, suggests that the tardigrade brain consists of a single segment, as 

opposed to at least three in arthropods. Unfortunately, neural or proneural gene expression 

data are missing entirely from tardigrades but will be crucial for fully understanding neural 

development in these animals. 

 

Neural development in onychophorans 

In contrast to the large invaginations of cell clusters found in chelicerates/myriapods and the 

neuroblasts of hexapods/crustaceans, onychophorans form their nerve cords via individual 

neural precursor cells, which originate from the ventral neuroectoderm (Mayer and 

Whitington 2009b; Whitington and Mayer 2011). The ingression of a large number of these 

cells forms an additional basal layer of the ectoderm that then generates the neuropil dorsally. 

The axons of the neuropil arise in an anterior-to-posterior cascade but extend only in the 

anterior direction towards the axons that have already formed (Mayer and Whitington 2009a). 

The leg nerves as well as the median and ring commissures are generated after the 

longitudinal nerve cords have been established (Fig. 9a–d), with the ring commissures further 
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contributing to the heart and dorsolateral nerves (Mayer and Whitington 2009a). Three 

uncharacterised neuropils of the onychophoran brain have previously been homologised with 

the proto-, deuto-, and tritocerebrum of arthropods (Strausfeld et al. 2006a). Subsequent 

studies have since shown that these structures arise sequentially from a single central brain 

neuropil during development, thus excluding their putative origin from three separate 

segments and consequently their homology to the arthropod proto-, deuto-, and tritocerebrum 

(Fig. 9b–d; Mayer et al. 2010). 

In contrast to tardigrades, expression data from onychophorans are available for 

several genes involved in neural development. As in Drosophila melanogaster, the cells that 

will give rise to the neuropil express an achaete-scute homolog in onychophorans (Skeath et 

al. 1992; Eriksson and Stollewerk 2010a, 2010b). The genes Delta and Notch are likewise 

involved in the formation of the nervous system in arthropods (Chipman and Stollewerk 2006; 

Whitington and Mayer 2011) and were therefore proposed to have the same role in 

onychophorans (Eriksson and Stollewerk 2010a, 2010b; Eriksson et al. 2010). However, 

while this may hold true for the brain (Eriksson and Stollewerk 2010b), these two genes are 

probably involved in the development of segmental structures named ventral and preventral 

organs in the trunk instead (Oliveira et al. 2013). As opposed to several arthropods (e.g., 

chelicerates and myriapods), where homonymous albeit not homologous ventral organs play a 

role in neurogenesis as segmental anlagen of the nervous system (Heymons 1901; Tiegs 

1940a, 1940b; Brenneis and Scholtz 2014), the ventral and preventral organs in 

onychophorans arise after the formation of the nervous system and rather represent 

attachment sites for the ventral limb musculature (Mayer and Whitington 2009a; Oliveira et 

al. 2013). Despite the data available from onychophorans, additional comparative studies are 

still vital for functional inference of various genes during embryonic development of these 

animals. 
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Evolution of visual organs in panarthropods 

Vision — the ability to perceive light — is an essential sensory property of the vast majority 

of metazoan animals, which show a remarkable diversification of visual systems (Arendt and 

Wittbrodt 2001; Arendt et al. 2009; Land and Nilsson 2012; Nilsson 2013). Within 

arthropods, there are two main types of visual organs: the compound eyes and the median 

ocelli (Fig. 10c; Paulus 1979, 2000; Bitsch and Bitsch 2005), with the latter considered 

ancestral for panarthropods (Mayer 2006). The compound eyes are considered autapomorphic 

for the arthropods, as the radiodontans (stem-group arthropods) are the earliest fossil forms in 

which such eyes have been found (Paterson et al. 2011; Ortega-Hernández et al. in press). 

Tardigrades and onychophorans each possess a single type of eyes: the lateral eyes, which are 

comparatively simple in appearance (Figs 10a, b; 11a; Mayer 2006; Greven 2007). Several 

onychophoran species, such as the peripatopsids Tasmanipatus anophthalmus Ruhberg et al., 

1991 (Fig. 11b) and Peripatopsis alba Lawrence, 1931, and the peripatids Speleoperipatus 

spelaeus Peck, 1975 and Typhloperipatus williamsoni Kemp, 1913 completely lack eyes and 

are therefore thought to be blind. The absence of eyes in these species is presumably a result 

of independent losses, as simple structured eyes were already present in Cambrian 

lobopodians (~520 million years old), such as †Miraluolishania haikouensis and 

†Onychodictyon ferox (Liu et al. 2004; Schoenemann et al. 2009; Ou et al. 2012), as well as in 

the oldest fossil onychophoran preserved in amber — the ~100 million years old 

†Cretoperipatus burmiticus (Oliveira et al. 2016). Remarkably, cryosections labelled with a 

DNA marker as well as synchrotron radiation-based X-ray microtomography (SRµCT) data 

from the Australian species T. anophthalmus do not reveal a total lack of eyes, but instead 

confirm the presence of rudimentary structures corresponding in position to the eyes of other 

onychophoran species (Fig. 11c, d; see also Ruhberg et al. 2001). This raises the question of 

whether eyeless onychophorans are truly without visual capabilities or whether these 

remnants still allow light perception. 



28 
 

Nonetheless, the origin of the onychophoran and the tardigrade eyes and the evolution 

of their respective visual systems is a controversial topic that attracts the attention of 

researchers from many fields such as molecular, ultrastructural, and neuroanatomical research 

(Mayer 2006; Strausfeld et al. 2006a; Greven 2007; Hering et al. 2012; Hering and Mayer 

2014). For many years, researchers attempted to determine the origin of the onychophoran 

eye, hoping to reconstruct the anatomy of the ancestral eye within panarthropods. Due to an 

even array of straight cylindrical microvilli — a feature they share with the arthropod 

compound eye — the onychophoran eyes were thought to be homologous to the compound 

eyes rather than to the median ocelli of arthropods (Eakin and Westfall 1965; Hermans and 

Eakin 1974). However, further investigations into their ontogenetic origin and innervation 

patterns instead support a homology of onychophoran eyes with the median ocelli of 

arthropods (Mayer 2006). Both the onychophoran eyes and the arthropod median ocelli 

develop from an ectodermal groove (or pit), whereas the compound eyes of arthropods 

originate from a proliferation zone during ontogeny (Sedgwick 1887; von Kennel 1888; 

Paulus 2000; Eriksson et al. 2003; Walker and Tait 2004; Mayer et al. 2015c). Furthermore, 

although the onychophoran eyes are located laterally on the head, it is the median neuropil of 

the brain, i.e., the central body (“arcuate body” sensu Strausfeld et al. 2006a; Richter et al. 

2010), that receives input from the eyes (Mayer 2006; Strausfeld et al. 2006a), similar to the 

condition observed for the median ocelli at least in chelicerates (Calman et al. 1991; Harzsch 

et al. 2005; Lehmann et al. 2012). 

Another yet unresolved issue concerns the number of visual neuropils supplied by the 

onychophoran eyes. While it is accepted that a lateral neuropil is associated directly with the 

eye (Mayer 2006; Strausfeld et al. 2006a), the nature of the bifurcated optic tract that extends 

medially from the eye remains unresolved. Strausfeld et al. (2006a) describe both branches of 

the optic tract as two parts of an additional paired neuropil: the anterior ventral branch 

connects to the mushroom bodies while the posterior dorsal branch flanks the central body. 
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On the contrary, Mayer (2006) describes the posterior dorsal branch not as flanking the 

central body but rather entering it directly, thereby arguing against the optic tract being a 

separate neuropil. Therefore, the precise pathway and connections of the optic tract in 

onychophorans remain unresolved, with the visual neuropils numbering either one or two. 

Clarifying this issue may greatly contribute to our understanding of the evolution of the 

ancestral condition of the panarthropod eye. 

Even less is known about the optical system in tardigrades. Many eutardigrades 

possess lateral visual organs resembling an inverse pigment-cup ocellus (Marcus 1929; 

Kristensen 1978; Dewel et al. 1993; Greven 2007), but these do not show many similarities to 

the compound eyes or median ocelli of arthropods, thus leaving the question open of whether 

the tardigrade eyes are homologous to any type of arthropod eyes, or alternatively represent a 

a derived characteristic occurring exclusively within their own lineage. Tardigrade eyes are 

sometimes even referred to as cerebral eyes, suggesting that they are part of the brain (Greven 

2007), although Kristensen (1983) shows that they retain a connection to the epidermal layer. 

To clarify the origin of the tardigrade eye, therefore, the innervation pattern of the eyes needs 

to be resolved, for example by ultrastructural and immunohistochemical investigations. Due 

to their putative phylogenetic position as one of the closest relatives of arthropods, more 

information about the visual system in tardigrades would be crucial for elucidating the 

evolution of vision in panarthropods. 

Several recent phylogenetic analyses have focused on the evolution of opsins, the 

main metazoan photoreceptor proteins (e.g., Plachetzki et al. 2007; Shichida and Matsuyama 

2009; Feuda et al. 2012; Hering et al. 2012; Porter et al. 2012; Hering and Mayer 2014; 

Ramirez et al. 2016). The last common ancestor of Bilateria most likely possessed nine 

different opsins belonging to four major subclades (I-canonical visual opsins, II-chaopsins, 

III-xenopsins and IV-tetraopsins) two of which (i.e. II-chaopsins and III-xenopsins) were 

apparently lost in the ecdysozoan lineage (Ramirez et al. 2016). Transcriptomic data suggest 
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that the last common ancestor of Panarthropoda most likely possessed only five opsins in total 

belonging to the major opsin subclades I and IV (Fig. 10d; Hering and Mayer 2014; Ramirez 

et al. 2016). In arthropods, vision is mainly provided by the canonical rhabdomeric opsins 

(=r-opsins), in contrast to the canonical ciliary opsins (=c-opsins) in vertebrates (Arendt and 

Wittbrodt 2001; Arendt 2003; Plachetzki et al. 2007; Vopalensky and Kozmik 2009). 

However, further analyses revealed that only one of the two ancestral canonical r-opsins in 

panarthropods has a visual role, represented by onychopsin, in Onychophora (Hering et al. 

2012). The second canonical r-opsin in onychophorans, arthropsin, is expressed within the 

inner lobes of the mushroom bodies, thus suggesting its putative role in olfactory pathways 

(Schumann et al. 2016). In situ hybridisation experiments confirm the presence of onychopsin 

mRNA within the photoreceptor cells of the onychophoran eye (Fig. 10e; Beckmann et al. 

2015), thus contradicting earlier hypotheses of a potential influence of canonical c-opsins on 

vision in onychophorans (Eriksson et al. 2013b). The presence of one visual r-opsin in 

onychophorans and tardigrades (Hering et al. 2012; Hering and Mayer 2014) leads to the 

assumption that monochromatic vision is an ancestral feature of all panarthropods and that 

colour vision most likely evolved within the arthropod lineage, where the r-opsins are highly 

diverse (Fig. 10d; e.g., Briscoe 2000; Porter et al. 2007; Koyanagi et al. 2008; Kashiyama et 

al. 2009; Katti et al. 2010; Battelle et al. 2015; Henze and Oakley 2015). Indeed, 

electrophysiological and behavioural experiments on onychophorans confirm a single peak in 

the visible light spectrum around 480 nm (blue-green light) and therefore support the 

hypothesis of monochromatic vision in these animals (Beckmann et al. 2015). Interestingly, 

the two onychophoran subgroups show a similar spectral sensitivity, suggesting that this 

feature most likely evolved before the split of Peripatidae and Peripatopsidae over 374 million 

years ago (Murienne et al. 2014). Behavioural and gene expression studies in tardigrades 

might provide a more detailed picture of the evolution of vision in Panarthropoda. 
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Figure Legends 

Fig. 1 Representatives of the three major panarthropod groups and their current phylogenetic 

positions within the Ecdysozoa. a Macrograph of the onychophoran Principapillatus 

hitoyensis. b False-coloured scanning electron micrograph of the tardigrade Hypsibius 

dujardini. c Macrograph of the hexapod Acheta domesticus. d Phylogenetic tree of all 

ecdysozoan subclades with alternative hypotheses of the position of tardigrades (green) 

(modified from Mayer et al. 2013a) 

Fig. 2 Organisation of the tardigrade nervous system. Anterior is left in all images. a Light 

micrograph of the tardigrade Hypsibius dujardini. b, c Anti-α-tubulin immunolabelling 

showing the brain (b) and trunk ganglia 2 and 3 (c) of Macrobiotus cf. harmsworthi. d 

Simplified diagrams illustrating the organisation of the tardigrade nervous system (in ventral 

and lateral views) based on anti-α-tubulin immunolabelling (original data from Mayer et al. 

2013a, creative common license of BMC Evol Biol). al, anterior leg nerve; as, anterolateral 

sensory field; br, brain; cn, connectives; dn, dorsal nerve; ey, eye; ga1–4, ganglia 1–4; gu, 

gut; ic, inner connective; ip, interpedal commissure; lg, leg ganglion; le1–4, legs 1–4; ln, 

lateral nerve; mo, mouth; ne, neurites supplying the peribuccal lamellae; np, central brain 

neuropil; nr, nerve ring; oc, outer connective; pg, peripheral ganglion; pl, posterior leg nerve; 

pn, peripheral nerve; ps, posterolateral sensory field. Scale bars a 25 µm, b, c 10 µm 

Fig. 3 Organisation of the onychophoran nervous system. Anterior is left in all images. a 

Macrograph of a walking specimen of the onychophoran Euperipatoides rowelli. b, c Anti-α-

tubulin immunolabelling in the brain (b) as well as the ventral and peripheral nervous system 

(c) of Principapillatus hitoyensis. Asterisks indicate regions of the leg nerves. d Simplified 

diagrams showing the organization of the onychophoran nervous system (in dorsal and lateral 

views; for the sake of clarity, only the brain and the ventral nervous system are illustrated in 

dorsal view; modified from Martin et al. 2017). an, antenna; at, antennal tract; br, brain; cc, 

connecting cords; dl, dorsolateral nerve; ey, eye; hn, heart nerve; ho, hypocerebral organ; jn, 

jaw nerve; le, leg; ln, leg nerves; mc, median commissure; mo, mouth; nc, nerve cords; np, 

central brain neuropil; ph, pharyngeal loop nerve; rc, ring commissure; sn, slime papilla 

nerves; sp, slime papilla. Scale bars b, c 100 µm 

Fig. 4 Two alternative hypotheses of the evolution of ganglia within Panarthropoda depending 

on the position of onychophorans as sister to tardigrades + arthropods (a) or sister to 

arthropods (b). Note that both the evolution of ganglia and the reduction of commissures 
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might have occurred convergently in arthropods and tardigrades in scenario a. grey dots, 

distribution patterns of generic neuronal cell bodies; orange dots, distribution of motor 

neurons supplying the legs. Note that two pairs of segmental leg nerves are present in 

onychophorans and tardigrades while only one pair occurs in arthropods. Ground patterns 

based on Yang et al. (2016) and Martin et al. (2017). Diagrams of the onychophoran and 

arthropod nervous systems based on Mayer and Harzsch (2007, 2008) and Richter et al. 

(2010), respectively 

Fig. 5 Anti-synapsin immunoreactivity in the panarthropod ventral nervous system. a 

Dissected ventral nerve cord of the onychophoran Euperipatoides rowelli. b Two consecutive 

trunk ganglia of the tardigrade Hypsibius dujardini; whole mount. C Two dissected, 

consecutive abdominal ganglia and connectives of the arthropod Schistocerca gregaria. 

Maximum projections of confocal micrographs. Anterior is up in all images. Note the 

ubiquitous labelling of synapsin immunoreactivity in the neuropil of the onychophoran nerve 

cord, whereas both tardigrades and arthropods show a strong immunoreactivity only within 

their ganglia. The weak signal in the connectives of S. gregaria is background due to synapsin 

transport between ganglia. ag abdominal ganglion; cn, connective; ga2, ga3, second and third 

trunk ganglia; ln, leg nerve; mc, median commissure; rc, ring commissure. Scale bars a, c 100 

µm, b 5 µm 

Fig. 6 Organisation of the tardigrade brain as revealed by different neuronal markers. Anterior 

is right in all images. Maximum projection confocal micrographs labelled with markers 

against a DNA (dashed line demarcates the brain), b serotonin and c RFamide in Macrobiotus 

cf. harmsworthi d perisulfakinin in Hypsibius dujardini and e allatostatin in	Paramacrobiotus 

richtersi (original data from Mayer et al. 2013a,	creative common license of BMC Evol Biol). 

ic, inner connectives; il, inner lobe of the brain; ml median lobe of the brain; oc, outer 

connectives; ol, outer lobe of the brain. Scale bars a, b, d, e 10 µm, c 5µm 

Fig. 7 Organisation of the onychophoran brain. Anterior is up in all images. a Diagram 

illustrating the segmental composition of the brain based on the position of somata of nerves 

supplying the three anterior-most pairs of segmental appendages, antennae (blue), jaws 

(purple), and slime papillae (yellow), respectively (indicated only on the left side). b Diagram 

of the onychophoran brain in dorsal view showing the major neuropils (blue) (modified from 

Martin and Mayer 2014; Mayer 2016 based on Schürmann 1987; Strausfeld et al. 2006a; 

Mayer et al. 2010). c–i Light micrographs of histological sections through the onychophoran 

brain labelled with the AZAN technique (Heidenhain 1915, modified by Geidies 1954). 
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Arrows point to the position of a putative frontal ganglion as suggested by Cong et al. (2014), 

which remains controversial (see critical discussion by Mayer et al. 2014). ag, antennal 

glomeruli; al, accessory lobe of the mushroom body; an, antenna; at, antennal tract; cb, 

central body; dc, deutocerebrum; ey, eye; jn, jaw nerve; L1–L3, lip papillae nerves 1 to 3; mb, 

mushroom body; mc, median commissure; np, major neuropil; pc, protocerebrum; ot, optic 

tract; pd, pedunculus; ph1, ph2, pharyngeal nerves 1 and 2; pl, perikaryal layer; sn; slime 

papilla nerves; sp, slime papilla; vn, visual neuropil. Scale bar c 100 µm 

Fig. 8 Simplified diagrams of neuronal fibres and cell bodies supplying the lip papillae nerves 

(green), pharyngeal nerves (blue) and the six anterior-most post-oral commissures (glow) as 

revealed by neuronal tracing experiments. Diagram of lip papillae nerves is modified from 

Martin and Mayer (2014), diagrams illustrating pharyngeal nerves as well as post-oral 

commissures are modified after Martin and Mayer (2015). cc, connecting cord; dc, 

deutocerebrum; ey, eye; jn, jaw nerve; L1–L3, lip papillae nerves 1–3; mc, median 

commissure; nc, nerve cord; pc, protocerebrum; ph1, ph2, pharyngeal nerves 1 and 2; sn, 

slime papilla nerves; #1–6, post-oral commissures 1 to 6 

Fig. 9 Development of the nervous system in onychophorans (a–d) and tardigrades (e–f). For 

the onychophoran, only the anterior 4 (in a, b) or 5 (in c, d) segments are shown. For the 

tardigrade, the entire body (five segments) is shown. Arrowheads (in c, d) represent 

developing brain neuropils. Black, central nervous system; blue, median/transverse 

commissures; green, leg nerves; orange, stomodaeal nervous system; red, ring 

commissures/peripheral nerves. Diagram of tardigrade development modified from Gross and 

Mayer (2015); onychophoran development based on Mayer and Whitington (2009a) and 

Mayer et al. (2010). an, antenna; av, anteroventral cells; c1, developing commissure of the 

first ganglion; cb, developing central brain neuropil; g1–g4, anlagen of ganglia 1 to 4; jw, jaw; 

l1, l2, legs 1 and 2; lg, developing leg ganglion; nc, developing neuropil of the nerve cord; oc, 

outer connective; pl, posterior leg nerve; sp, developing slime papilla 

Fig. 10 Visual organs and evolution of opsins in Panarthropoda. a Macrograph showing the 

position of the eye (orange arrow) in the onychophoran Euperipatoides rowelli. b Light 

micrograph showing the eyes (orange arrows) of the tardigrade Hypsibius dujardini. c 

Macrograph of the head of the arthropod Gryllus bimaculatus. Orange arrows point to ocelli, 

orange arrowheads indicate compound eyes. d Hypothesis of the evolution of opsins 

suggesting the presence of five opsin genes in the last common ancestor of Panarthropoda: 

two IV-tetraopsins (green) and three I-canonical visual opsins [two canonical r-opsins (blue) 
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and one canonical c-opsin (red)]. Three copies of c-opsins might have evolved within the 

tardigrade lineage, while one r-opsin copy may have been lost. Modified from Hering and 

Mayer (2014) and Ramirez et al. (2016) e Cryosection showing the expression of the visual r-

opsin Er-onychopsin exclusively in the photoreceptor layer (black arrowhead) in the eye of E. 

rowelli. ey, eye. Scale bar e 250 µm 

Fig. 11 Position of the eyes in two onychophoran species: Euperipatoides rowelli (a, c) and 

the eyeless, putatively blind species Tasmanipatus anophthalmus (b, d). Anterior is left in a, 

b and up in c, d. (a, b) Scanning electron micrographs of the cuticle covering the eyes in E. 

rowelli and T. anophthalmus (arrows). Note the absence of external eye structure in T. 

anophthalmus. (c, d) Artificially highlighted eyes (glow) of horizontal cryosections labelled 

with a DNA marker and µCT image (insets) showing the eye in E. rowelli and the remnants of 

the eye in T. anophthalmus (arrows). an, antenna; br, brain; co, cornea; pc, photoreceptor cell 

layer; vb, vitreous body. Scale bars 50 µm 
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