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Summary

With approximately 21,000 described species, Annelida represent one of the largest and best
studied group of marine invertebrates. Their anatomy is characterized by a metameric
organization, which covers potential for an extraordinarily diverse morphology and, therefore,
the adaptation to basically every habitat and ecological niche. Each segment of their body bears
equivalent structures, which comprise a pair of coelomic cavities, a pair of metanephridia and
two pairs of parapodia. These parapodia are equipped with the most representative
morphological structure of annelids, the chaetae.

Chaetae are chitinous, extracellular structures, which are formed within a follicle of
invaginated epidermal cells. The basalmost cell of this follicle, the chaetoblast, secretes chitin,
which accumulates between the cell’s microvilli brush border. With ongoing secretion, the
chitinous mass is pushed apically through the follicle until it eventually pierces the cuticle, thus
forming the chaeta. Hollow canals are left inside the chaetae, where the microvilli of the
chaetoblast were during chaetal formation. That way, a typical transverse-sectional honey-
comb like pattern is generated, which guarantees mechanical stability and flexibility at the same
time. The highly dynamic nature of the chaetoblast’s microvilli pattern during the chaetogenesis
facilitates the formation of numerous different shapes of chaetae. Chaetae often fulfil essential
functions for the lifestyle of the respective species, which eminently influences their exact
shape. Several chaetal follicles form a chaetal sac, in most cases one per parapodial ramus.
Within a chaetal sac, new chaetae are formed at distinct formative sites. The number and
positions of these formative sites determine the eventual arrangement pattern of the chaetae.
Formation, diversity and arrangement of chaetae represent relevant characters for identification
and description of species as well as phylogenetic and evolutionary analyses.

The vast morphological diversity of annelids always made it difficult to properly resolve
their inner systematics. During the last decade, however, phylotranscriptomic studies revealed
an updated and stable phylogenetic tree. This “new” annelid phylogeny demands a re-
evaluation of morphological characters in order to understand their evolution and test
established homology-hypotheses. In the course of three studies presented in this thesis, |
investigated chaetal characteristics of several, predominantly basally branching annelid taxa.
The first two studies examined the formation and arrangement of chaetae in Magelonidae and
Oweniidae, together constituting the sister group to all remaining annelids. The third study
focussed on the understudied family of Euphrosinidae, the sister group to Amphinomidae,

which are notorious for their calcified, defensive stinging bristles. Additional unpublished



Summary

results covered insights into chaetal properties of the two largest annelid groups including data
on Sternaspidae (Sedentaria) and Nephtyidae as well as Glyceridae (both Errantia).

All presented results support the hypothesis that chaetae are primarily arranged in one
transverse row per parapodial ramus with a single formative site, which is located ventrally in
the notopodium and dorsally in the neuropodium. More complex arrangement patterns like
staggered rows (Magelonidae), bundles (Oweniidae, Euphrosinidae) or huge patches
(Oweniidae) of chaetae are the result of a shift or multiplication of formative sites or constitute
a modified, spirally curled up row. Moreover, comparisons of several internal, supportive
chaetae in different annelid groups substantiate that this type of chaetae, often referred to as
“aciculae”, evolved several times independently. Aciculae of Errantia and Amphinomida differ
regarding their shape, arrangement and composition and the arcuate chaetae in abdominal
segments of Magelonidae actually constitute internal hooded hooks. Furthermore, it could be
shown that chaetae of Euphrosinidae feature incorporated calcium compounds just like those
of Amphinomidae. Combined with the findings concerning ultrastructure and arrangement, this
third study sheds light on the chaetal properties found in the ground pattern of Amphinomida.

Altogether, the here presented results demonstrate the vast variability of chaetae,
support the phylogenetic significance of their arrangement and help understanding the evolution

of these characteristic structures.
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Introduction 1

1.1 Background

Except for a few familiar but rather unusual representatives like earthworms and leeches,
annelids may not constitute the best-known - not to mention most popular - animal clade among
non-biologists. Nonetheless, they always played a prominent role in natural history, which led
to an extensive research catalogue underlining the interest and fascination for these segmented
worms among scientists (Read, 2019).

With roughly 21,000 described species, Annelida represent the second largest group of
the Lophotrochozoa after Mollusca (Read & Fauchald, 2022). Compared to larger metazoan
taxa like Nematoda, Arthropoda or Vertebrata, Annelida constitute a rather medium-sized clade
regarding species numbers, but they are extraordinarily rich in individuals (Hutchings, 1998).
Annelids have conquered basically every possible habitat and ecological niche (Rouse &
Pleijel, 2001; Diaz-Castafieda & Reish, 2009). The majority of annelid species occur in marine
benthic environments covering plenty of different substrates like soft sediment (Labrune et al.,
2007), hydrothermal vents (Shank et al., 1998), cold seeps (Levin et al., 2006) and even shells
or skeletons of other marine animals (Blake, 1969; Glover et al., 2005). Besides the benthos,
also pelagic and tidal zones serve as habitats for numerous annelids (Robbins, 1965;
Gouveneaux et al., 2018; Zanol et al., 2021) and even fresh water (Glasby & Timm, 2008) as
well as terrestrial terrains (Rousset et al., 2008) have been colonized by these originally marine
creatures (Martinez-Acosta & Zoran, 2015).

It comes with their extensive distribution and abundance that annelids adopted a broad
variety of lifestyles and ecological roles. While many annelids are predatory, like the venomous
Glyceridae (Reumont et al., 2014) or representatives of the Eunicida, which are equipped with
massive jaws (Paxton, 2000, 2009), some have a parasitic (dresland & Pleijel, 1991), symbiotic
(Jennings & Gelder, 1976) or commensal lifestyle (Zimmermann et al., 2011). The major part
of annelids, however, are deposit or suspension feeders, which is also hypothesized to constitute
the ancestral state in this group (Weigert et al., 2014). This feeding habit often correlates with
a burrowing lifestyle so that the animals are hidden within the sediment and only display their
retractable feeding structures like palps or tentacles (Lewis, 1968; Weigert et al., 2014). In the
course of this sediment dwelling way of life, some annelids evolved the ability to build tubes
supported by cement-like substances secreted to enhance the stability of their burrows (Barnes,
1965; Stewart et al., 2004; Noffke et al., 2009). Some annelids literally dig even deeper and
developed an infaunal lifestyle, feeding on sediment (Shelley et al., 2008). Due to this
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bioturbation, they fulfil a decisive role in the ecological system by significantly influencing the
constitution of the sediment (Krantzberg, 1985; Levin et al., 2003; VVolkenborn et al., 2007).

1.2 Annelid morphology

The key to the vast variety of lifestyles and habitats found in annelids lies in their highly flexible
morphology. The most significant characteristic of annelids is their metameric body plan, which
means that they are subdivided into numerous segments along the anterior-posterior-axis. All
of these segments share the same composition and bear equivalent structures (Purschke, 2002;
Fig. 1.2.1A). Each segment contains one pair of metanephridia (Bartolomaeus, 1999), one pair
of coelomic cavities (Bartolomaeus, 1994; Rieger & Purschke, 2005) and two pairs of laterally
protruding appendages called parapodia (Fauchald, 1977; Fig. 1.2.1B). These parapodia are
biramous, being subdivided into a dorsal notopodium and a ventral neuropodium (Grzimek,
1971). Both parapodial rami possess a complex system of musculature and are often equipped
with branchiae serving as respirational structures (Tzetlin & Filippova, 2005; Struck, 2011).
Furthermore, they carry various taxon-specific appendages like cirri, lobes or lamellae so that
their appearance can be extraordinarily diverse among different taxa (Fauchald, 1977). Finally,
each parapodial ramus bears one bundle of chitinous chaetae, one of the most representative
annelid characters (Fauchald, 1977; Hausen, 2005a). Apart from in the parapodia, musculature
is present throughout the whole body organized as outer circular and inner longitudinal muscles
(Tzetlin & Filippova, 2005). The annelid integument is composed of a monolayered and
occasionally multi- or monociliated epidermis that is covered by a thin and flexible collagenous
cuticle and contains numerous secretory and sensory cells, (Welsch et al., 1984; Bartolomaeus,
1995a; Hausen, 2005b).

The only constant deviations from the repetitive, segmental body plan can be found in
the first (prostomium) segment with the main sensory organs and the brain and the last segment
(pygidium) with the anus (Westheide, 1997). The second segment, the peristomium,
additionally carries the mouth. New segments are produced during the entire lifespan of the
animals at the meristematic zone, which is located immediately anteriorly to the pygidium
(Balavoine, 2014). This formation of new segments already starts in the early ontogenetic stage
as a trochophore larva (Balavoine, 2014; Fig. 1.2.1C). Thus, the successive growth of new
segments could be described as an additional, “doubled” ontogenesis, which continues even

after the juveniles performed the change from a pelagic to a benthic lifestyle (Fig. 1.2.1C).
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Fig. 1.2.1 Annelid morphology and development. A Schematic drawing of a typical segmented annelid
from a dorsal view. A section of four segments is shown more detailed four times, illustrating the
location of varying internal structures. Modified after Balavoine (2014). B Exemplary schematic
transverse section through an annelid segment showing typical structures and organs, appearing in all
segments. Modified after Grzimek (1971). C Schematic depiction of the annelid development including
the spiral cleavage, the pelagic trochophore larva and the juvenile benthic, already segmented worm.
From Balavoine (2014). bv blood vessel, ch chaetae, ci cirrus, cm circular muscles, co coelomic cavity,
gu gut, Im longitudinal muscles, mn metanephridium, mz meristematic zone, nc nerve cord, ne
neuropodium, no notopodium, pa parapodium, pe peristomium, pr prostomium, py pygidium.

The segmented body plan of annelids, and therefore the possibility of individual
variation or fusion of single segments, holds great potential in terms of fast and effective
evolutionary adaptation and eventually resulted in an extraordinary morphological diversity
(Purschke, 2002). Accordingly, it is hypothesized that the annelid ground pattern comprised a
homogeneously segmented marine worm of simple organization, lacking any appendages along
the whole body (Fauchald, 1974a, 1977). Deviating from this presumed common ancestor,
many annelids developed specialized segments and even functionally and morphologically
differentiated tagmata. Analog to arthropods, this can often be observed as a subdivision into
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thorax and abdomen, but with varying appearances and numbers of segments (Jones, 1968;
Nilsen & Holthe, 1985). The most peculiar form of tagmatization may be found in the
Chaetopteridae with three distinct body regions, which again contain anatomically varying
segments (Barnes, 1964; Irvine & Martindale, 2000). Some annelid groups like Echiura,
Sipuncula, Siboglinidae or Sternaspidae convergently deviate from the ground pattern by the
secondary loss of inner segmentation (Vejdovsky, 1882; McHugh, 2000; Purschke, 2002;
Dordel et al., 2010).

The exceptionally high diversity in relation to their species number always made
annelids particularly interesting for morphological studies in order to comprehend the evolution
of key structures and to draw phylogenetic implications (e.g. Rouse & Fauchald, 1997;
Westheide et al., 1999). In that regard, the here presented thesis focusses on examining various

morphological aspects of the annelid chaetae.

1.3 Chaetae

Chaetogenesis
Chaetae are extracellular structures that are formed within a follicle of invaginated epidermal
cells (O'Clair & Cloney, 1974). A specialized epidermal cell, the chaetoblast, which is equipped
with a distinct microvilli pattern, constitutes the basal end of the follicle (O'Clair & Cloney,
1974). The chaetoblast secretes -chitin, cross-linked by proteins, that accumulates between the
microvilli and polymerizes (Lotmar & Picken, 1950; George & Southward, 1973). In some
cases the chaetal material contains additional inorganic substances like calcium carbonate
(Mclntosh, 1876) or iron (Bartolomaeus, 1992) incorporated within the chitinous mass. By
constant secretion the thus forming chaeta is permanently pushed apically through the follicular
space, eventually breaking through the cuticle (Fig. 1.3.1A). This way, hollow canals arise at
the positions of the microvilli, leaving a typical honeycomb-like pattern in transverse sections
of the chaeta (Bouligand, 1967). In most cases, this canal meshwork consists of larger, thin-
walled canals in the centre of the chaeta and smaller ones with thick lamellae in its periphery,
which guarantees an extraordinary flexibility as well as stability (Kryvi & Sgrvig, 1990; Merz
& Woodin, 1991; Hausen, 2005a; Fig. 1.3.1B).

The follicle cells participate in chaetogenesis as well by releasing additional chaetal
material, producing an outer enamel layer (Hausen & Bartolomaeus, 1998; Hausen, 2005a).
This enamel layer surrounds the whole chaeta, providing a strengthened periphery with a

smooth surface and is adhered by hemidesmosomes to the follicle cell’s microvilli filled with
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intermediate filaments (Bartolomaeus, 1995b). Furthermore, modification of the enamel or the
contribution of additional chitin by the follicle cells can lead to the creation of fine external
ornamentations (Tilic, Geratz, et al., 2021; Tilic, Neunzig, & Bartolomaeus, 2021). Due to the
dynamic nature of the chaetoblast’s microvilli brush border during chaetogenesis and distinct
modifications by the follicle cells, numerous variations in terms of size and shape can be found

among annelid chaetae (Fig. 1.3.1C-N).

Shapes and functions
The simplest form of annelid chaetae are capillary chaetae, representing long and slender hair-
like bristles (Fig. 1.3.1C). By flattening or stretching of parts of the chaeta, more definite shapes

Fig. 1.3.1 Chaetogenesis and chaetal shapes of annelids. A Schematic drawing of the chaetogenesis of
a bearded hook in four steps. Note the enamel layer and how every barbule is formed by one single
microvillus each. Modified after Tilic et al. (2015). B Schematic drawing of the typical appearance of a
transverse section through a chaeta with the thickness of the chitinous lamellae differing between centre
and periphery. Based on personal data. C-N Schematic drawings of various types of annelid chaetae,
not to scale. Modified after Gardiner (1992). C Capillary chaeta. D Spatulate chaeta. E Limbate chaeta.
F Forked chaeta. G Featherlike chaeta. H Stout chaeta with terminal hairs. | Bearded hook. J Hooded
hook. K Small uncinus. L Large uncinus. M Compound chaeta. N Compound chaeta with toothed blade.
aj adhaerens junction, ba barbule, bl basal lamina, cb chaetoblast, ch chaeta, en enamel, fc follicle cell,
fs follicular space, mv microvilli, nu nucleus.
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like spatulate (Fig. 1.3.1D) or limbate chaetae (Fig. 1.3.1E) may develop. More derived forms
would be forked chaetae (Fig. 1.3.1F). Some carry fine substructures, which are formed by
single microvilli of the chaetoblast (Fig. 1.3.1A, G-I). Extraordinarily widespread among
annelids are hooks or uncini, which are equipped with varying numbers of distinct teeth (Fig.
1.3.11-L). A very specialized form, emphasizing the great potential of the chaetogenetic process
to create complex shapes, can be found in compound chaetae (Fig. 1.3.1M, N). Those consist
of two variably designed parts, which are connected via a flexible joint (Gustus & Cloney,
1973). Additionally, several annelid taxa possess enlarged, stout chaetae, which do not stand
out by a specialized shape but differ from other chaetae in being embedded within the tissue
and not piercing the cuticle. These so-called aciculae act as supportive skeletal elements and
serve as muscle attachment points (Hausen, 2005a; Tilic et al., 2016).

The shape of chaetae is directly influenced by ecological factors, which is the cause for
their vast diversity and makes them fulfil plenty of different functions (Merz & Woodin, 2006).
Jointed chaetae, for example, support the locomotion by increasing the traction with the
substrate and enhancing the swimming stroke (Merz & Edwards, 1998). In Amphinomidae, on
the other hand, calcareous chaetae serve as defensive tools (Eckert, 1985; Schulze et al., 2017).
Numerous studies deal with the variety of hooked chaetae and their connection to a tubiculous
lifestyle by functioning as anchors within the worm’s tube (e.g. Knight-Jones, 1981; Woodin
& Merz, 1987; Merz & Woodin, 2000). Simple capillary chaetae are generally thought to
improve the animals’ perception of the environment, acting as mechano-receptors (\Woodin et
al., 2003; Merz & Woodin, 2006). They have also been recognized to support the irrigation of
tubes by stabilizing the worm’s position within the tube during peristaltic movement (Sendall
etal., 1995; Merz & Woodin, 2006).

The diversity of chaetae is not restricted to different species, but various chaetal types
can even be formed within single individuals. They potentially differ between noto- and
neuropodia of the same segment as well as, if present in the respective species, between
different tagmata (Jones, 1968; Meyer & Bartolomaeus, 1996; Britayev & Martin, 2019). In
many of such cases, one parapodial ramus bears hooked chaetae, and the other one capillary
ones, but different chaetal types can also be found within one ramus (Bartolomaeus, 1995b;
Bartolomaeus & Meyer, 1997; Bartolomaeus, 2002; Tilic et al., 2014; Tilic, Déhren, et al.,
2015).
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Arrangement of chaetae

Independently from the exact chaetal type, the number of chaetae found in each segment is
immensely variable among species. Representatives of the Tomopteridae, for example, carry
only one large acicula per parapodium in the second segment, while some Oweniidae bear up
to over 7,000 uncini per segment (Fauchald, 1977; Capa et al., 2019). Irrespective of the final
number, chaetae are not formed all at once, but successively and in a certain order (Pilgrim,
1977). This consecutive formation takes place in chaetal sacs, which constitute an aggregation
of chaetal follicles and, thus, consist of epidermal tissue embedded in the mesoderm and
underlined by a common basal lamina (Bouligand, 1967; Bartolomaeus, 2002). In the vast
majority of annelids each parapodial ramus bears one chaetal sac, containing all chaetae of that
ramus, even if there are various types (Hausen, 2005a; Tilic et al., 2014). Within these chaetal
sacs, chaetae are formed at distinct formative sites. Constant formation of new chaetae at the
same spot leads to a shift of older chaetae in a certain direction, eventually reaching the
degeneration site, which often lies at the formative site’s opposite end of the chaetal sac
(Bartolomaeus, 1998; Fig. 1.3.2A). New chaetae are formed and degenerated during the entire

lifespan of the animals (Bartolomaeus, 1998; Kolbasova et al., 2014).

formative site degenerative site \ S

Fig. 1.3.2 Arrangement of annelid chaetae. A Schematic longitudinal section through a chaetal sac with
one formative site. Due to the constant generation of new chaetae, older ones shift towards the opposite
end of the sac, where they degenerate. Modified after Bartolomaeus (1998). B Schematic drawing of the
formation of a neuropodial patch of oweniid uncini with a dorso-caudal formative site and a ventro-
frontal degenerative site. Modified after Meyer & Bartolomaeus (1996).

Combined with the size and dimension of the chaetal sac, the direction of chaetal

formation terminates in a definite arrangement of a group of chaetae (Fig. 1.3.2B). Additional
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formative sites result in additional groups and, potentially, further types of chaetae in a chaetal
sac (Tilic et al., 2014; Tilic et al., 2019). In most taxa that have been investigated in this regard,
chaetae are arranged in transverse rows, with a single ventral formative site in the notopodium
and a dorsal one in the neuropodium (Hausen & Bartolomaeus, 1998; Schweigkofler et al.,
1998; Hausen, 2005a; Kolbasova et al., 2014). Other arrangement patterns include doubled
rows, fascicles, bundles or patches of chaetae (Meyer & Bartolomaeus, 1996; Hausen &
Bartolomaeus, 1998; Hausen & Bleidorn, 2006; Tilic et al., 2017). The formation processes and
involvement of formative sites in such patterns are still not fully understood and further
investigations on this characteristic are needed in order to comprehend the evolution of chaetal

arrangement in annelids.

Phylogenetic significance

Due to their unique development and immense diversity, chaetae have been playing a major
role in annelid research for over a century by now (Vejdovsky, 1882; Schepotieff, 1903, 1904;
Gustafson, 1930; Bobin, 1944; Lippert & Gentil, 1963; O'Clair & Cloney, 1974). Since their
shape and structure are taxon-specific, they have become the best investigated morphological
characters in annelids and acquired enormous relevance for species identification as well as
phylogenetic and evolutionary analyses (e.g. George & Southward, 1973; Fauchald, 1977,
Fitzhugh, 1989; Bartolomaeus, 1995b; Fauchald & Rouse, 1997; Rouse & Fauchald, 1997;
Hausen, 2005a). However, due to the enormous flexibility of the chaetogenetic process and the
fact that the appearances of chaetae are strongly driven by ecological restraints, several shape-
based homology hypotheses are questionable and, in some cases, contradict more recent
phylogenomic data (Bartolomaeus, 1995b; Meyer & Bartolomaeus, 1996; Bartolomaeus &
Meyer, 1997; Bartolomaeus, 1998; Merz & Woodin, 2000; Hausen, 2005a).

The arrangement of chaetae, including positions and numbers of formative and
degenerative sites, though, have been proved to be of high phylogenetic significance (Meyer &
Bartolomaeus, 1996; Bartolomaeus et al., 2005; Hausen, 2005a; Hoffmann & Hausen, 2007;
Kieselbach & Hausen, 2008; Tilic, Dohren, et al., 2015). This is supported by the fact that
extracellular, ectodermal chitinous structures describable as chaetae or something
complementary are not solely found in annelids, but only their specific arrangement counts as
an annelid apomorphy (Bartolomaeus, 1998). Aside from few ultrastructural differences,
chaetae are also present in brachiopods and similar structures a reported from cephalopods
(Gustus & Cloney, 1972; Brocco et al., 1974). Additionally, Gordon (1975) discussed some
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correlations to bryozoan gizzard teeth. This morphological resemblance of annelid chaetae to
other lophotrochozoan group’s structures still complicates the phylogenetic placement of

Annelida.

1.4 Phylogenetic placement of Annelida

As their most remarkable morphological trait, the metameric organization of annelids was the
basis for their primary phylogenetic placement as sister group to the arthropods, both
summarized as Articulata (Cuvier, 1817). This long-lasting idea of a clade including all
segmented animals was challenged and, consequently, falsified at the end of the last millennium
by the re-evaluation of morphological characters and the advent of molecular data (Eernisse et
al., 1992; Giribet & Ribera, 1998; Irvine & Martindale, 2000). Since then, it is widely accepted
that protostomes comprise Ecdysozoa (including arthropods) and Lophotrochozoa (including
annelids) as two large sister groups (Halanych et al., 1995; Aguinaldo et al., 1997; Bourlat et
al., 2008).

The inner phylogeny of the Lophotrochozoa has been under constant discussion ever
since this fundamental change in protostome systematics (Bleidorn, 2019). Therefore, the
position of annelids within lophotrochozoans has changed multiple times. Over the past two
decades, they have been placed into a sister group relationship with Nemertea (Kocot et al.,
2017), clades consisting of Phoronida plus Bryozoa (Helmkampf et al., 2008a), Brachiozoa plus
Mollusca (Paps et al., 2009) respectively Nemertea (Dunn et al., 2008; Hausdorf et al., 2010)
and even a group comprising Polyplacophora, Cephalopoda and Phoronida (Bourlat et al.,
2008). In contrast to their placement within the lophotrochozoan phylogeny, the monophyly
and inner systematics of annelids are well supported by morphological data and, since the
inclusion of rather unusual groups like Echiura, Sipuncula, Pogonophora or Myzostomida, also
based on molecular data (e.g. Purschke, 2002; Bleidorn et al., 2003; Bleidorn et al., 2007; Struck
et al., 2007; Pleijel et al., 2009; Dordel et al., 2010; Struck et al., 2011; Weigert et al., 2014;
Andrade et al., 2015; Weigert & Bleidorn, 2016; Bleidorn, 2019; Struck, 2019).

1.5 Annelid systematics and examined groups

The relevance of chaetae as a diagnostic character in the history of annelid research is reflected
in their traditional systematics based on morphological characters, which differentiates between
Polychaeta and Clitellata as two sister groups (Rouse & Fauchald, 1997). The nomenclature
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of Polychaeta (“many chaetae”) and Oligochaeta (“few chaetae”) that comprise the majority of
Clitellata is based on the number and diversity of chaetae found in representatives of both
groups. With the Canalipalpata and the Aciculata, the two largest and most diverse groups of
the Polychaeta were differentiated by the presence of aciculae and, thus, again by chaetal
characters (Rouse & Fauchald, 1997). More recent transcriptomic approaches, however,
yielded a new stable and widely accepted annelid phylogenetic tree, differing significantly from
the former state of knowledge (Weigert et al., 2014; Andrade et al., 2015; Weigert & Bleidorn,
2016; Struck, 2019; Fig. 1.5.1).

Clitellata ———— Errantia
Sedentarla ——
Terebelliformia — Glyceriformia
Arenicolidae 5_ Tomopteridae
Maldanidae e Phyllodocidae
_ Errantia
Echiura —————— _: Nereididae
Capitellidae . — Nephtyidae
Slpuncula Syllidae
Spionidae
I— Polynoidae
Sabellariidae —|
— Sigalionidae
Serpulidae — A hi iise
mphinomi a o
Fabric“dae 3_ EunICIdae
Sabellidae — |: Onuphidae
Cirratuliformia — —————— Lumbrineridae
|_ L——— Chaetopteridae
Siboglinidae '————— Dorvilleidae
Orbiniidae _: Protodriloidae
Parergodrilidae —————— Magelonidae Protodrilidae
Diurodrilidae e
Saccocirridae
Dinophilidae |

Polygordiidae

Nerillidae P
Oweniidae ;
i -~ Myzostomid.
Sedentaria 5 ) yzostomida

Fig. 1.5.1 The phylogenetic tree of Annelida according to the current state of knowledge based on
phylogenomic analyses. From Weigert & Bleidorn (2016).

In this updated annelid systematics, Oweniidae and Magelonidae, summarized as
Paleoannelida, represent the sister group to all remaining annelids. Sipuncula, formerly
excluded from Annelida because of their lack of any segmentation and chaetae, turned out to
be the sister group of the Amphinomida, which were primarily placed within the Aciculata
(Rouse & Fauchald, 1997; Rouse & Pleijel, 2001). Errantia comprise — for the most part - the
remaining aciculate groups, forming one of the two largest and most diverse groups in the new

phylogeny. The second dominating group is their sister group, Sedentaria, including Clitellata
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besides numerous further taxa. Those annelid groups that were examined in more detail in the

course of this thesis will be presented shortly in the following.

Magelonidae

With 72 recognized species, Magelonidae constitute a rather small annelid group of burrowing
suspension feeders, which are well-studied in terms of systematics, behaviour and anatomy
(Jones, 1968; Fiege et al., 2000; Filippova et al., 2005; Mills & Mortimer, 2019; Mortimer et
al., 2021; Parapar et al., 2021). Anatomically, they are characterized by a tagmatization into a
thorax, that comprises the prostomium, peristomium, one segment without chaetae and the
following 8-9 chaetigers, and an abdomen with all subsequent segments (Jones, 1968; Parapar
et al., 2021). Their appearance is defined by the shovel-shaped prostomium bearing two long,
papillated palps (Mortimer et al., 2020). Except for the highly variable ninth chaetiger,
magelonids possess a uniform morphology, which complicates the identification of species
(Jones, 1968). Therefore, parapodial details and their chaetae have been subject of detailed
analyses in numerous species descriptions (Mortimer & Mackie, 2003, 2009; Clarke et al.,
2010; Mortimer et al., 2012; Shakouri et al., 2017; Mills & Mortimer, 2018; Mortimer et al.,
2020). Despite this focus on chaetal characteristics in magelonid literature, the arrangement and
positions of formative sites are still poorly studied. Additionally, some magelonid species bear
internal support chaetae in abdominal segments (Brasil, 2003). Reports on these chaetae are
scarce and studies on their exact shape or ultrastructure are missing completely (Mortimer et
al., 2021).

Oweniidae

Oweniidae represent an unusual annelid taxon that is characterized by several unique attributes
like the lack of an elaborate cuticle, ontogenesis via a mitraria larva and an intraepidermal
nervous system (Rieger & Rieger, 1976; Gardiner, 1978; Gardiner & Rieger, 1980; Smith et
al., 1987; Westheide, 1997; Smart & Von Dassow, 2009). With Magelonidae they share some
common features like the lack of nuchal organs or the presence of a monociliated epidermis,
which support their sister group relationship (Capa et al., 2012; Parapar et al., 2021). Further
similarities to magelonids, which evolved most probably convergently, are a specialized head
consisting of the fused prostomium and peristomium and the subdivision into a thorax and
abdomen (Nilsen & Holthe, 1985; Smart & Von Dassow, 2009). Oweniids are likewise

burrowing suspension feeders, but, as opposed to magelonids, they build peculiar tubes
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consisting of sand grains and shell fragments (Dales, 1957). In most oweniids, the thorax
consists of three fused segments with reduced neuropodia, while numerous long, internally
separated segments form the abdomen (Capa et al., 2019). While the abdominal notopodia bear
bundles of long capillary chaetae, their neuropodia are equipped with huge patches of up
numerous uncini, arranged in several rows (Meyer & Bartolomaeus, 1996; Capa et al., 2019).
Besides the well-studied chaetogenesis of these uncini, it has been shown that they are formed
at the dorsal end of the patches and degenerated at the ventral end (Meyer & Bartolomaeus,
1996). This makes them one of the very few cases of documented chaetal degeneration
(Kolbasova et al., 2014). Respective data on the notochaetae of Oweniidae are still missing and
would be especially interesting to improve our understanding of the formation of chaetal

bundles.

Euphrosinidae

Amphinomidae and Euphrosinidae represent sister groups, together forming the clade
Amphinomida (Wiklund et al., 2008). This relationship is well supported by molecular as well
as morphological data (Gustafson, 1930; Borda et al., 2012; Borda et al., 2015). Amphinomida
are predatory, benthic annelids with a uniform segmentation and a dorsal side covered by gills
and chaetae (Hutchings, 2000a, 2000b). One of their most distinctive morphological characters
is the presence of aciculae in all parapodia, which led to their former placement within Errantia,
Eunicida or as an individual clade within Aciculata (Rouse & Fauchald, 1997; Rouse & Pleijel,
2001). Amphinomidae are far more diverse, species rich and, therefore, better studied than
Euphrosinidae (Wiklund et al., 2008; Borda et al., 2012; Tilic et al., 2017). Amphinomidae, like
the fireworm Eurythoe complanata (PALLAS, 1766), are notorious for carrying calcified
stinging chaetae, causing skin inflammations after contact (Eckert, 1985; Schulze et al., 2017,
Tilic et al., 2017). They have been proofed to be able to produce venomous substances, which,
in combination with the hollow nature of their chaetae, gave rise to the hypothesis that their
capillary chaetae act as venom-injecting, needle-like structures (Nakamura et al., 2008; Verdes
et al., 2018; Righi et al., 2021; Simonini et al., 2021). Investigations on the chaetogenesis and
ultrastructure of the chaetae, however, pointed out the artificial character of the chaetal cavities
and, thus, falsified this idea (Eckert, 1985; Tilic et al., 2017; Tilic & Bartolomaeus, 2021). Due
to this popularity of fire worms, substantial information on the chaetal arrangement,
ultrastructure and composition of Amphinomidae are available. Equivalent investigations on

Euphrosinidae could shed light on the ancestral condition of amphinomidan chaetae.
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Sternaspidae

The sedentary, sediment-feeding Sternaspidae are characterized by a peculiar appearance,
which differs from other annelids by derived anatomical aspects like a subdivision of the body
in three distinct parts and the lack of internal segmentation (Sendall & Salazar-Vallejo, 2013).
The ventral side of the posterior part of the body is covered by a cuticular shield, which contains
ferric phosphate (Lowenstam, 1972). The animal’s chactae seem to contain iron components as
well (Bartolomaeus, 1992). Only certain body parts bear chaetae and their identification as
noto- respectively neurochaetae and especially the position of their formative sites remains
unresolved to date (Sendall & Salazar-Vallejo, 2013). At the anterior body part, the retractable
introvert, three segments bear two transverse rows of massive, spine-like chaetae each
(Petersen, 2000). The shield is surrounded by numerous fascicles of thin capillary chaetae and
two stout peg chaetae, which have been shown to actually consist of plentiful extraordinarily
thin and short chaetae (Zhadan et al., 2017). The exact formation and composition of these peg

chaetae is still unknown.

Nephtyidae & Glyceridae

Nephtyidae as well as Glyceridae, both belonging to the Phyllodocida, are free-living burrowers
and active predators equipped with eversible pharynges (Fauchald & Jumars, 1979; Rouse &
Fauchald, 1997). In glycerids, this pharynx is armed with four distinct jaws, which inject venom
into their prey (Reumont et al., 2014). As members of the Phyllodocida, which are part of
Aciculata, both nephtyids and glycerids possess aciculae (Rouse & Fauchald, 1997). Besides
that, they bear capillary chaetae and, in the case of glycerids, compound chaetae as well (Rouse
& Fauchald, 1997). Even though the chaetal type diversity is well studied for Phyllodocida,

information on the chaetal arrangement or number and positions of formative sites are scarce.

1.6 Aims of the study

The newly established annelid phylogeny demands a re-evaluation of morphological characters
in order to comprehend their evolution, determine potential convergences and evaluate their
phylogenetic relevance (Tilic, Lehrke, & Bartolomaeus, 2015; Tilic et al., 2016; Helm et al.,
2018; Beckers, Helm, & Bartolomaeus, 2019; Beckers, Helm, Purschke, et al., 2019). In the
course of six chapters including three studies published in or submitted to scientific journals,

chaetal characters of representatives of the annelid taxa presented above were investigated in
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order to draw the before-mentioned conclusions. Altogether, the here presented results allow a
broader comparison of repeatedly examined chaetal properties like formation process and
ultrastructure. One of the main aspects is the analysis of different arrangement patterns
including number and position of formative sites in order to enhance the understanding of their
formation and to determine the ancestral state of chaetal arrangement in annelids. Furthermore,
internal supportive chaetae, which are found in most of the investigated groups, will be
compared regarding structure, shape, function and formation to discuss potential homologies.
Due to their newly confirmed sister group relationship to all other annelids, magelonids
and oweniids have attracted increased attention in the past couple of years, resulting in
numerous studies on the evolution of phylogenetically relevant morphological characters in
both groups (Helm et al., 2016; Beckers, Helm, & Bartolomaeus, 2019; Beckers, Helm,
Purschke, et al., 2019; Rimskaya-Korsakova et al., 2020; Carrillo-Baltodano et al., 2021,
Parapar et al., 2021). The first study aims to contribute to this topic by investigating the
arrangement of chaetae in Magelona mirabilis (JOHNSTON, 1865) and provides first
ultrastructural details of the abdominal internal support chaetae of Magelonidae, which were
only mentioned superficially in literature so far. The second study focusses on the poorly
studied notochaetae of Owenia fusiformis DELLE CHIAJE, 1844 in terms of arrangement and
chaetogenesis. In the course of the third study, the chaetal properties of Euphrosine foliosa
AUDOUIN & MILNE EDWARDS 1833 and Euphrosine sp. were investigated with regard to their
arrangement, composition and chaetogenesis and compared to equivalent data of
Amphinomidae in order to shed light on the primary state of amphinomidan chaetae. Additional
unpublished results concerning chaetal properties of sedentary and errant representatives are
presented to cover further parts of the annelid tree. Unpublished results and supportive data
include investigations on Sternaspis scutata (RANzANI, 1817), Glycera fallax QUATREFAGES,
1850, Nephtys hombergii SAVIGNY IN LAMARCK, 1818, Chloeia euglochis EHLERS, 1887,
Hermodice carunculata PALLAS, 1766, Archinome levinae BORDA ET AL., 2013 and Archinome

jasoni BORDAET AL., 2013.
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Materials & Methods 2

2.1 Specimens

Specimens of Magelona mirabilis have been collected during low tide in Wimereux (Hauts-de-
France, France, 2012), Pouldohan (Brittany, France, 2015) and Morgat (Brittany, France,
2021). All specimens from Owenia fusiformis were collected in Pouldohan during low tide and
have been kept in the aquarium of the Institute for Evolutionary Biology and Ecology at the
University of Bonn. One specimen of Euphrosine sp. has been collected in the lagoon of
Manatee Cay (Belize, 2006), two specimens of Euphrosine foliosa in Le Cabellou (Brittany,
France, 2019). Specimens of Sternaspis scutata, provided by the Center of Marine Research,
Ruder Boskovi¢ Institute in Zagreb, were collected in Rovinj (Istria, Croatia, 2015), while one
young specimen was collected in Banyuls-sur-Mer (Occitany, France, 1991). All specimens of
Nephtys hombergii and Glycera fallax were collected in Concarneau (Brittany, France, 2016)
during low tide. Further evaluated specimens comprise Chloeia euglochis, collected in the
Florida Straits, south-southwest of Dry Tortugas Keys (Florida, USA, 2006); Hermodice
carunculata, collected in Bocas del Toro (Panama, 2009); Archinome levinae, collected in the
Guaymas Basin (Gulf of California, Mexico, 2003); and Archinome jasoni, collected in Kilo
Moana, Lau Back-arc Basin (2005).

Prior to examination, all animals were relaxed in a 7% MgCl> solution (1:1 mixed with
seawater). Additionally, the oweniid specimens were carefully removed from their sediment
tubes. Fixation of specimens was obtained either with a 5% Formol solution at 4°C overnight,
4% paraformaldehyde at 4°C for 1h, Bouin’s fluid (80 ml stock solution (1 g Picrid acid solved
in 100 ml Ethanol) + 20 ml 35% Formol + 2 ml of Acetic acid) at room temperature overnight
or 2.5% glutaraldehyde buffered in 0.05 M phosphate 0.3 M NaCl saline (PBS) at room
temperature for 1h. Regardless of the respective fixation method, specimens were washed with

and transferred to 70% ethanol after fixation.

2.2 Micro-computed tomography (UCT)

One whole specimen of M. mirabilis (from Morgat) and E. foliosa each was fixed with Bouin’s
fluid, while one specimen of O. fusiformis was fixed with glutaraldehyde and S. scutata with
Formol. All animals were stained with 0.3% phosphotungstic acid (PTA) in 70% ethanol for at
least one week. Using a SkyScan 1272 uCT system (Bruker) the specimens were scanned in
70% ethanol at resolutions of 3 um (M. mirabilis), 8 um (E. foliosa), 2.7 um (O. fusiformis)
and 7um (S. scutata). The scan data were reconstructed with Nrecon (Bruker), the image stacks
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were processed with ImageJ (Schindelin et al., 2012). Surface renderings of all specimens were
generated using Drishti 2.6.5 (Limaye, 2012).

2.3 Scanning electron microscopy (SEM)

Specimens of M. mirabilis (from Pouldohan) were fixed with Bouin’s fluid, those of O.
fusiformis, N. hombergii and G. fallax with glutaraldehyde. In the case of E. foliosa, the same
specimen that was used for uCT was examined. All specimens were dissected and then
dehydrated in an ascending ethanol respectively acetone series. Afterwards, the samples were
critically point dried with CO (CPD 030, BAL-TEC) and placed on metal plates. Finally, they
were coated with gold (SCD 005, BAL-TEC) and studied with a scanning electron microscope
(SEM; FEI Verios 460L).

2.4 Azan-stained histology

The M. mirabilis specimen was fixed with Bouin’s fluid and dehydrated via an ascending
ethanol series, butanol-ethanol and butanol. Afterwards, the specimen was preincubated in
Histoplast (Thermo Scientific) at 60°C. During the following three days, the medium was
changed several times. Then, the specimen was embedded in Paraplast (McCormick Scientific)
and serial transverse sections of 5 um thickness were generated using a microtome (Autocut
2050, Reichert-Jung, Leica). After transferring the sections to albumen-glycerin-coated glass

slides, they were stained with Azan.

2.5 Masson-Goldner’s trichrome stained histology

The young S. scutata specimen from Banyuls-sur-Mer, fixed with Bouin’s fluid, was
dehydrated via an ethanol series and embedded in Malinol. Serial transverse sections of 10 um
thickness were produced using a microtome (Autocut 2050) and transferred to glass slides. The

sections were stained with a Masson-Goldner’s trichrome stain.

2.6 Semi-thin sections and transmission electron microscopy (TEM)

Specimens of M. mirabilis (from Pouldohan), O. fusiformis, E. foliosa, N. hombergii and G.
fallax were dissected and fixed with glutaraldehyde with the addition of some ruthenium red.
Then, postfixation was carried out for 30 min with 1% OsO4 buffered in PBS at 4 °C, followed
by dehydration in an ethanol series. Afterwards, the samples were embedded in araldite and

serial semi-thin sections of 0.5-1.0 um thickness were obtained using an ultramicrotome
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(Ultracut S, Leica). The sections were placed on object slides and stained with toluidine blue.
Ultra-thin sections of 70 nm were transferred to Formvar-covered, singer-slot copper grids and
stained with 2% uranyl acetate and 2.6% lead citrate in an automated TEM stainer (QG-3100,
Boeckeler Instruments). They were examined using a transmission electron microscope (TEM;
EM 10CR, ZEISS) and recorded with phosphor imaging plates (Ditabis).

2.7 Confocal laser scanning microscopy (CLSM)

After fixation in paraformaldehyde, one specimen of O. fusiformis, N. hombergii and G. fallax
each was stored in 0.1 M PBS containing 0.01% NaNs. Single segments, separated from each
other by dissection, were permeabilized in four 5-min changes of PBS with 0.1 % Triton X-100
(Fisher Scientific). The samples were stained overnight in 4 °C with TRITC phalloidin at a
dilution of 1:100 and rinsed in several changes of PBS with 0.1 % Triton of up to 10 min and
one 10 min rinse in pure PBS. After dehydration in an ascending series of isopropanol and
clearing in three 15 min changes of Murray’s Clear (BABB, benzyl alcohol, benzyl benzoate),
the samples were investigated using the confocal laser scanning microscope system (CLSM;
TCS SPE, Leica).

2.8 Energy Dispersive Spectrometry (EDS)

Specimens of Euphrosine sp., Archinome levinae, Archinome jasoni, Chloeia euglochis and
Hermodice carunculata were either fixed in Formol or fixed and preserved in 95% ethanol.
After transitioning bundles of chaetae or whole specimens to 100% ethanol followed by air-
drying, the samples were placed on aluminium pin stubs and coated with carbon. The elemental
composition was analysed using an FEI Quanta 600 SEM installed with an energy dispersive

spectrometer at the University of California San Diego with a beam current of 15 kV.

2.9 Processing of data and modelling

All histological and semi-thin sections were studied and photographed using a microscope (BX-
51, Olympus) equipped with a camera (CC12, Olympus) and a dot.slide 2.2 scanning system.
Digitized serial histological and semi-thin sections were aligned using Imod (Kremer et al.,
1996) and Imod align (https://www.q-terra.de/biowelt/3drekon/guides/imod_first_aid. pdf).
Aligned image stacks were analysed and confocal Z-projections were obtained using ImageJ.
Photographs have been processed with Affinity Photo 1.7 (Serif) and schematic drawings as

well as figure plates have been prepared with Affinity Designer 1.7 (Serif). In order to
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reconstruct the chaetal arrangement as a three-dimensional model, the aligned image stacks
were analysed and certain sections marking the beginning and end of each chaeta were selected.
Based on these sections, set into distances according to their respective position within the
stack, cylindrical models were placed and oriented in the three-dimensional room simulating

the arrangement of chaetae using 3ds-Max (Autodesk 3ds Max 2018).

2.10 Sample deposition

The samples and voucher specimens used for EDS analyses are deposited at the Scripps
Institution of Oceanography Benthic Invertebrate Collection (SIO-BIC, see supplementary
material Fig. A.1.2). All other specimens, samples or histological, semi-thin and ultra-thin
sections are deposited at the Institute for Evolutionary Biology and Ecology of the University

of Bonn. The reconstructed uCT datasets are accessible via the following links:

M. mirabilis: https://doi.org/10.5281/zenodo.5705611
O. fusiformis: https://doi.org/10.5281/zenodo.5222921
E. foliosa: https://doi.org/10.5281/zenodo0.5205841
S. scutata: https://doi.org/10.5281/zenodo.6275179
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3.1 Magelona mirabilis

Mdller, J. & Bartolomaeus, T. (in Revision). Chaetal arrangement and type diversity in
Magelona mirabilis (Magelonidae, Annelida) with ultrastructural details of the internal
support chaetae. Journal of Morphology.

The appearance of Magelonidae is characterized by the shovel-shaped head with two long palps
(Fig. 3.1.1A). The body is subdivided into an anterior thorax and a posterior abdomen (Fig
3.1.1A). Altogether, the thorax comprises ten segments, but the first segment after the
peristomium lacks any chaetae (Fig. 3.1.1A). Therefore, chaetae-bearing thoracic segments are
designated as chaetigers in the following. The first eight thoracic chaetigers are shaped
uniformly with a medium length and barely visible separation (Fig. 3.1.1A). In Magelona
mirabilis, the ninth chaetiger stands out by being distinctly shorter (Fig. 3.1.1A). The abdominal
segments are approximately half as long as the first eight thoracic chaetigers (Fig. 3.1.1A).
Along the trunk, segmentation is recognizable by serially arranged parapodia (Fig. 3.1.1A). All
parapodia protrude slightly from the body surface and carry different types of chaetae (Fig.
3.1.1B). Noto- and neuropodia of each segment, however, show the same chaetal forms.

In the thorax, parapodia of the first eight chaetigers are oriented laterally and bear one
transverse row of long, slender capillary chaetae per ramus (Fig. 3.1.1B, C). The parapodia of
the ninth chaetiger are larger, with the notopodium pointing dorsally and the neuropodium
ventrally (Fig. 3.1.1B). Here, far more chaetae than in the first eight chaetigers are present,
forming a broader, staggered transverse row in each parapodial ramus (Fig. 3.1.1D). Chaetae in
this segment are likewise long and slender, but, as opposed to the capillary chaetae of the first
eight chaetigers, these mucronate chaetae terminate in a thickened, bulbous end (Fig. 3.1.1D,
E). Towards the ventral end of the notopodium (and the dorsal end in the neuropodium),
however, the chaetal tips are straight and slender, only characterized by some crinkled
appearance (Fig. 3.1.1F). The notopodium of the ninth chaetiger examined via SEM, shows
three newly formed chaetae dorsally, medially and ventrally along the posterior axis of the row
(Fig. 3.1.1D). The dorsal and the medial new chaetae already show the bulb end, while the
ventral one has a straight, crinkled tip equivalent to the fully-grown chaetae at this region.

In all investigated segments, noto- and neuropodium revealed corresponding results

regarding chaetal type diversity as well as their number, arrangement and the position of the
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Fig. 3.1.1 Shape and arrangement of thoracic chaetae in Magelona mirabilis. A Surface rendering of a
HCT-scan of a whole specimen showing the subdivision of the body into thorax and abdomen. The left
palp has been dissected digitally to allow the view on all parapodia. B SEM showing the parapodia of
the eighth and ninth thoracic chaetiger and the first two abdominal segments. C SEM of the
thoracic noto- and neuropodium with transverse rows of capillary chaetae. D SEM notopodium of
the ninth segment, bearing mucronate chaetae in a multi-layered row. (Continued on next page).
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<« Note the three newly formed chaetae at the posterior margin of the chaetal bundle. Rectangle marks
section shown in F. (Continued on next page). E SEM close-up of several mucronate chaetae with
specialized bulb tips. F SEM close-up of the tips of the ventral-most notopodial chaetae of the ninth
chaetiger, lacking the specialized mucronate ending. G & H Transverse semi-thin sections through noto-
and neuropodium of the eighth thoracic chaetiger at different levels. 1 3D model of the arrangement of
notopodial capillary chaetae. Chaetae are represented by coloured cylinders. Semi-thin sections from G
and H are included for orientation. View from posterior. J Chaetal model from | shown from lateral. K
Schematic drawing of the chaetal arrangement of the thoracic notopodial capillary chaetae. L & M
Transverse semi-thin sections through noto- and neuropodium of the ninth thoracic chaetiger at different
levels. N 3D model of the arrangement of neuropodial mucronate chaetae. Semi-thin sections from L
and M are included for orientation. View from posterior. O Chaetal model from N shown from lateral.
P Schematic drawing of the chaetal arrangement of the neuropodial mucronate chaetae. ab abdomen,
ane abdominal neuropodium, ano abdominal notopodium, be bulbous ends, cc capillary chaetae, la
lamellae, lo lateral organ, mc mucronate chaetae, nc newly formed chaetae, ne neuropodium, necs
neuropodial chaetal sac, nne neuropodium of ninth chaetiger, nno notopodium of ninth chaetiger, no
notopodium, nocs notopodial chaetal sac, ns ninth chaetiger, pl palps, sh shovel-shaped head, th thorax,
tne thoracic neuropodium, tno thoracic notopodium, a anterior, d dorsal, | lateral, m medial, p posterior,
v ventral, legend to schematic drawings: green dashed line chaetal sac, red fully grown chaetae, yellow
new chaetae, yellow arrow movement of new chaetae during growth. Figure modified after Muller and
Bartolomaeus (in revision).

formative sites. All thoracic chaetae arise from one single chaetal sac per parapodial ramus.
More proximally, the chaetae of the first eight chaetigers are arranged in a doubled, staggered
transverse row (Fig. 3.1.1G, H). Newly formed chaetae are located all along the ventro-posterior
margin of that row in the notopodium and dorso-posteriorly in the neuropodium (Fig. 3.1.1G-
J). The highest number of new chaetae found in the notopodium was four, and three in the
neuropodium. Thus, several chaetae are formed simultaneously or shortly one after another as
a row and move anteriorly during growth, being added to the more compact, staggered row of
fully-grown chaetae (Fig. 3.1.1K). An equivalent arrangement pattern is present in the ninth
chaetiger, but here the chaetal row is much broader, constituting almost a bundle of oval shape
(Fig. 3.1.1L, M). The number and posterior position of newly formed chaetae and their
movement during growth is comparable to the situation in the first eight chaetigers as well (Fig.
3.1.1M-P).

In contrast to the thorax, the abdominal parapodia bear transverse rows of tridentate,
hooded hooks (Fig. 3.1.2A). The openings of the hoods point towards the large lamellae of the
parapodia, which lie ventrally in the notopodium and dorsally in the neuropodium (Figs. 3.1.1A,
3.1.2A). The shortest hook is always closest to the lamella. The hooks are slightly curved like
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Fig. 3.1.2 Shape, arrangement and ultrastructure of abdominal chaetae in Magelona mirabilis. A SEM
row of hooded hooks in an abdominal notopodium. The openings of the hoods face ventrally. B Azan
stained histological transverse section through a notopodium of an abdominal segment showing
hooded hooks and (C) internal support chaetae. D & E Transverse semi-thin sections through noto-
and neuropodium of the first abdominal segment at different levels. (Continued on next page).
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<« F 3D model showing the arrangement of abdominal notochaetae. Chaetae are represented by coloured
arcs. Semi-thin sections from D and E are included for orientation. View from posterior. G Chaetal
model shown from lateral. H Schematic drawing of the chaetal arrangement of the abdominal
notochaetae. | TEM transverse section through the basal part of a newly formed hooded hook surrounded
by a follicle cell, which is closely attached to the chaeta via hemidesmosomes at the end of its microvilli.
J Several obliquely sectioned support chaetae. K Basal part of the follicle of a support chaeta, showing
the chaetoblast’s microvilli reaching into the chaetal canals. L Detailed view on the border between
follicle cell and support chaeta. The follicle cell’s microvilli are attached to the chaeta via
hemidesmosomes. M Apical part of a support chaeta with hood and equipped with three teeth. ca canal,
cb chaetoblast, ct chaetal tip, en enamel, fc follicle cell, fo follicle, hd hemidesmosome, hh hooded hook,
ho hood, mu muscle, mvc microvilli of chaetoblast, mvf microvilli of follicle cell containing intermediate
filaments, necs neuropodial chaetal sac, nhh newly formed hooded hook, nocs notopodial chaetal sac,
nocs* second cut through the notochaetal sac due to its arcuate shape, nsc newly formed support chaeta,
nu nucleus, sc support chaeta, thh tip of hook with offset hood, to tooth, a anterior, d dorsal, | lateral, m
medial, p posterior, v ventral, legend to schematic drawings: green dashed line chaetal sac, red fully
grown hooded hooks, grey fully grown support chaetae, yellow new chaetae, yellow arrow movement
of new chaetae during growth. Figure modified after Mdiller and Bartolomaeus (in revision).

arcs with their bases reaching deep into the tissue (Fig. 3.1.2B). In histological sections, the
hood appears as a thin, transparent structure, surrounding the narrow tip of the intensely
coloured chaetal core (Fig. 3.1.2B, C). Besides the externally visible hooks, all abdominal
segments contain more delicate, lighter coloured chaetae, which are embedded within the tissue
and do not protrude externally (Fig. 3.1.2C). With their tips, they reach into the respective
lamella of the parapodial ramus, acting as supportive structure. Because these chaetae are
curved as well, but bent away from the hooks, the bases of both chaetal types are located at
different positions within the tissue (Fig. 3.1.2D-F). Nonetheless, all chaetae of each parapodial
ramus originate from a single chaetal sac (Fig. 3.1.2D, E). Hooks as well as support chaetae
form a transverse row with corresponding numbers of 6-8 chaetae. Newly formed chaetae of
both chaetal types are found most centrally in the chaetal sac and, thus, closest to the respective
other type (Fig. 3.1.2D-G). Therefore, new chaetae are most probably formed simultaneously
for each chaetal type. During growth, they shift dorsally in the case of notopodial hooks, while
respective support chaetae move ventrally (Fig. 3.1.2H). In the neuropodium, it is the other way
around.

The ultrastructure of both hooks and support chaetae is characterized by a typical
honeycomb-like pattern, consisting of numerous evenly sized round canals forming a circular
framework (Fig. 3.1.21, J). Basally, these canals are filled by the chaetoblast’s microvilli, which
leads to their hollow nature more distally (Fig. 3.1.2K). At the proximal region, both chaetal

-23-



Results

types lack some coating enamel layer, but are connected to microvilli of the follicle cells
directly via hemidesmosomes (Fig. 3.1.21, L). The tips of the support chaetae are characterized
by three distinct teeth and here the canal framework is covered by an electron dense enamel
layer (Fig. 3.1.2M). Some amorphous chitinous mass, lacking the typical hollow canals,
surrounds this apical part and is connected to the follicle cells. This mass is equivalent to the
hood of the externally visible hooks.
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3.2 Owenia fusiformis

Mdller, J., Bartolomaeus, T., & Tilic, E. (2022). Formation and degeneration of scaled
capillary notochaetae in Owenia fusiformis Delle Chiaje, 1844 (Oweniidae,
Annelida). Zoomorphology, 141(1), 43-56. https://doi.org/10.1007/s00435-021-00547-z.

The thorax of Owenia fusiformis bears three pairs of laterally arranged bundles of capillary
chaetae (Fig. 3.2.1A). The abdominal segments are long and uniform with only the anterior
edges carrying chaetae (Fig. 3.2.1A). Here, almost the entire circumference of each segment is
covered by patches of uncini so that notochaetae are only found at the very dorsal part (Fig.
3.2.1A, B). Noto- as well as neurochaetae emerge directly from the body wall without any kind
of parapodial protrusion (Fig. 3.2.1A, B). The notopodia bear long and slender capillary
chaetae, which are arranged in a compact, dorsally oriented and spirally twisted bundle of 40-
60 chaetae each (Fig. 3.2.1B).

All chaetae in these bundles are formed within one single chaetal sac.
Immunohistochemical approaches indicate ongoing formation processes of new chaetae by an
increased phalloidin signal caused by the highly active f-actin in the chaetoblast’s microvilli
(Fig. 3.2.1C). Moreover, the bases of new chaetae are located more apically in the chaetal sac
than those of fully-grown chaetae and their tips do not pierce the cuticle yet (Fig. 3.2.1C, G).
All investigated notopodial chaetal sacs show newly formed chaetae of differing numbers from
0-7 in the periphery of the bundles (Fig. 3.2.1C-G). The exact positions of these new chaetae
within the bundles’ periphery are variable and topologically unspecific. Number and positions
of new chaetae are independent from the size of the chaetal sacs and the segment’s position
within the animal. In contrast to formation processes, degenerating chaetae are found more
centrally in the chaetal bundles (Fig. 3.2.1F, G). Even though the notopodial bundles lack a
definite formative site, the relative positions of newly formed and degenerated chaetae indicate
that chaetae are formed in one curled up row (Fig. 3.2.1H). New chaetae push older ones
towards the centre of the bundle along this row, where they degenerate.

Regarding their shape, the notochaetae of O. fusiformis are subdivided into a distal part,
which is densely covered by scales, and a proximal part with an almost smooth surface, only
characterized by slight longitudinal grooves (Fig. 3.2.2A). Each scale emerges from the ridge
between two of these grooves (Fig. 3.2.2A). The blade-shaped scales are approximately 2-3 um
long and 1 um wide and arise spirally around the chaeta, being oriented distally (Fig. 3.2.2B).

Along the scaled part, the diameter of the chaeta decreases constantly (Fig. 3.2.2A). The interior
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Figure 3.2.1 Arrangement of capillary chaetae in Owenia fusiformis. A pCT-based 3D rendering of O.
fusiformis, showing the distinct body parts and indicating the positions of the respective chaetae. B SEM
bundle of notopodial capillary chaetae with a spiral twist. C-E Immunohistochemistry. Longitudinal
sections through a phalloidin-stained bundle of capillary chaetae, each showing newly formed chaetae.
F Semi-thin, toluidine blue stained transverse section through a notopodial bundle with two newly
formed chaetae in the periphery and one degeneration process. G TEM transverse
section through a notopodial bundle with one young and one degenerating chaeta. H Schematic
drawing illustrating the chaetal arrangement in the notopodium. ab abdomen, cc capillary
chaeta, dc degenerating chaeta, ep epidermis, mu musculature, nc newly formed -chaeta,
tc tentacle crown, th thorax, thc thoracic chaetae, un uncini, za zonula adhaerens, a anterior,
d dorsal, p posterior, v ventral, arrowheads chaetal formation processes, legend to schematic
drawings: green dashed line chaetal sac, red capillary chaetae, (Continued on next page)
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<« shaded red degenerating chaetae, yellow new chaetae, yellow arrow movement of new chaetae during
growth. Figure modified after Mller et al. (2022).

of the scales is dominated by a cavity without an apical pore, which proceeds proximally as part
of the chaetal meshwork (Fig. 3.2.2C). The formation process, which leads to this subdivision
into a scaled and smooth part, can be comprehended by analysing the chaetogenesis. Early
during the chaetogenetic process, new microvilli are generated in successive order radially at
the outer margin of the chaetoblast's microvilli brush border (Fig. 3.2.2D-F). That way, more
and more constantly growing, hollow canals are added to the chaetal meshwork with lengths
decreasing from the centre of the chaeta to its periphery. This procedure results in the cone-like
tip of the chaetae (Fig. 3.2.2A).

At the distal part of a chaeta, which did not pierce the cuticle yet, flat canals are attached
to the chaeta's periphery (Fig. 3.2.2G-1). A few micrometres more distally, the tips of the
outermost canals lose contact to the chaeta (Fig. 3.2.2H). With their size decreasing rapidly, the
canals approach the surrounding follicle cell, which eventually envelops the very end of the tips
(Fig. 3.2.21). This process continues radially with every canal. These terminal ends of chaetal
canals are equivalent to one scale each, which explains their exteriorly visible spiral pattern.

At some point during chaetogenesis, the chaetoblast stops adding further peripheral
microvilli, which marks the transition point from the scaled part to the smooth one. Regarding
the ultrastructure, the smooth part is characterized by a circular arrangement of evenly sized,
round canals with chitinous lamellae of uniform thickness (Fig. 3.2.2J). Due to the round aspect
of the canals, the periphery of the chaeta is slightly undulated, which corresponds to the
longitudinal grooves visible in the SEM images (Fig. 3.2.2A, J). The follicle cells surround the
chaeta closely, following its shape precisely (Fig. 3.2.2J). Neither at the scaled part, nor at the
smooth one, any chitinous enamel layer coats the chaetal surface (Fig. 3.2.2G-1, J).

Ultrastructural data provide insights into the degeneration process of the capillary
chaetae in O. fusiformis (Fig. 3.2.2K). Each chaeta is degenerated from proximal to distal so
that it becomes shorter and the distance of its bases to the cuticle decreases constantly. The spot
of the chaeta, which is undergoing degeneration is characterized by an extraordinarily thin,
hexagonal chitinous framework, which is partially dissolved, especially at the periphery (Fig.
3.2.2K). The follicular space is widened and filled with some amorphous mass. Protrusions of
the subjacent cell, which contains lysosomes fill out some of the chaetal canals (Fig. 3.2.2K).

This cell probably constitutes the former chaetoblast of the degenerated chaeta.
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Figure 3.2.2 Shape and ultrastructure of capillary chaetae in Owenia fusiformis. A SEM notopodial
chaetae with focus on the transition between smooth and scaled part, which is located at the same
respective length of each chaeta. Note the slight grooves in the surface of the smooth part, with each
ridge culminating in one scale. B Close-up of the scaled part of several chaetae, highlighting the blade-
like shape of the scales. C TEM longitudinal section through the scaled part of a capillary chaeta,
highlighting the hollow character of the scales. D-F TEM sections through a microvilli brush border of
a growing chaetoblast at three different levels 0.5 um apart from each other. (Continued on next page).
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<« Note the addition of a new microvillus in the periphery, which is significantly shorter than the others.
G-1 TEM Transverse sections of the scaled part of a chaeta within the follicle at three different levels
0.5 um apart from each other. The scales are wrapped by the follicle cell at their tips. J TEM Transverse
section through the smooth part of a capillary chaeta with thick chitinous lamellae and equally sized
canals. The follicle cell closely envelops the chaeta. K TEM detailed view on the degeneration process
of a capillary chaeta. Note the wide follicular space and the thin chitinous lamellae. The degenerating
cell, which is filled with lysosomes, protrudes into the canals and breaks through the dissolving chaetal
meshwork. ca canal, cb chaetoblast, ch chaeta, de degenerating cell, fc follicle cell, fs follicular space,
la lamellae, ly lysosome, mv microvillus, nmv new microvillus, sc scale, scp scaled part, smp smooth
part, arrows marking the same two scales in all images to comprehend the interaction between follicle
cell and scales of the chaeta. Figure modified after Miller et al. (2022).
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3.3 Euphrosine foliosa & Euphrosine sp.

Miiller, J., Schumacher, A., Borda, E., Rouse, G. W., Bartolomaeus, T., & Tilic, E. (2021).
“Brittleworms™:  Ultrastructure and arrangement of the calcified chaetae of
Euphrosine  (Amphinomida, Annelida). Invertebrate Biology, 140(4), e12353.
https://doi.org/10.1111/ivb.12353.

Euphrosine foliosa is a uniformly segmented annelid with a convex dorsal and a flat ventral
side (Fig. 3.3.1A). Segments are short and each parapodial ramus bears one large bundle of
long capillary chaetae (Fig. 3.3.1A, B). The parapodia do not protrude from the body surface.
(Fig. 3.3.1B). Neurochaetae are oriented laterally, while notochaetae point dorsally so that
almost the entire exposed surface of the animal is covered with chaetae (Fig. 3.3.1A, B).
Additionally, segments bear long cirri and branched gills. Besides capillary chaetae, both
parapodial rami bear several aciculae, which pierce the cuticle (Fig. 3.3.1C, D).

All chaetae of each ramus arise from a single chaetal sac, containing numerous chaetae,
which are arranged in a grid-like, crescent-shaped bundle (Fig. 3.3.1C, D). These bundles
consist of several transverse arc-shaped rows with their convex side oriented anteriorly (Fig.
3.3.1H). In the notopodium, the posteriormost row comprises all aciculae of the chaetal sac,
while in the neuropodium they form the anterior row (Fig. 3.3.1C, D, F-H). In both cases, the
bases of the aciculae are located much deeper within the tissue than those of the capillary
chaetae (Fig. 3.3.1E). In return, they pierce the cuticle only with their very tip. The notopodia
contain an average of 9 aciculae, while the neuropodia bear 12 of them. Regarding the capillary
chaetae, the neuropodia carry notably more chaetae as well. Newly formed chaetae can be found
at the dorsal end of the transverse rows in both parapodial rami (Fig. 3.3.1F, G). Each row,
including that of the aciculae, is therefore simultaneously elongated by one new chaeta (Fig.
3.3.1H). Due to the crescent shape of the bundle, the new chaetae extend ventrally along the
posterior side of the sac (Fig. 3.3.1D, H).

Two different types of capillary chaetae can be distinguished in E. foliosa. The
neuropodium bears bifurcate chaetae with two straight prongs (Fig. 3.3.2A). In these chaetae,
the larger prong is approximately 4 times longer than the shorter one. The aciculae of both
parapodial rami terminate in an equivalent bifurcation. In addition to chaetae with this straight

bifurcation, the notopodium shows specialized bifurcate chaetae with curved prongs (Fig.
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Notochaetae Neurochaetae

Figure 3.3.1 Chaetal arrangement in Euphrosine foliosa. A Surface rendering of a uCT scan of a whole
specimen. B SEM cross-sectional view of the left half of a segment from posterior. C Sagittal semithin
section of the notopodium. D Sagittal semithin section of the neuropodium. E 3D model of all chaetae
of one parapodium, with a uCT cross section of the animal for orientation. Chaetae are represented by
coloured cylinders. View from anterior. F, G Distal views of notopodial (F) and neuropodial 3D models
(G). With shared orientation plane. H A uCT transverse section, with schematic drawings of the chaetae
within the chaetal sacs and transverse-sectional schemes of one notopodial and one neuropodial chaetal
sac. ci cirri, cr caruncle, gi gills, ne neuropodium, no notopodium, a anterior, d dorsal, | lateral, m medial,
p posterior, v ventral, orientation plane from D valid for C, arrowheads newly formed chaetae, asterisks
aciculae, legend to schematic drawings and models: green dashed line chaetal sac, red capillary chaetae,
grey aciculae, yellow new chaetae, yellow arrows movement of new chaetae during growth, blue dashed
arrows position of the schematic transverse sections. Figure modified after Maller et al. (2021).
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3.3.2B). Here, the longer prong measures 2 times the length of the shorter one and their
oppositely lying sides are characterized by numerous transverse ridges. Both chaetal types are
covered by some additional brittle, mantle-like layer, which partially flakes off the chaetal core
(Fig. 3.3.2A, B). Before newly formed curved bifurcate chaetae pierce the cuticle, these ridges
are mirrored by the follicle cells but not yet present on the chaetae themselves (Fig. 3.3.2C).

All different types of chaetae in E. foliosa are characterized by a large, inner cavity,
measuring approximately half of the chaeta's diameter and even extending into their prongs
(Fig. 3.3.2C, D). This cavity lacks an apical as well as a basal pore (Fig. 3.3.2D). It is filled
with some amorphous, coarse-grained substance and demarcated from the chaetal material by
an electron-dense, thin layer (Fig. 3.3.2D, E). The ultrastructure of the chaetae is defined by the
typical hollow canals, which are largest close to the cavity and decrease in size towards the
chaeta's periphery (Fig. 3.3.2E). The outermost part of the chaeta consists of a dense chitinous
mass, the enamel, which lacks any canals. This enamel is overlain by an additional, thin enamel
layer of a differing electron density, which remains undamaged even in a disrupted follicle (Fig.
3.3.2E). This additional layer probably contains calcium, since it disappeared under acidic
conditions.

The chaetoblast’s microvilli brush border constitutes a compact, circular pattern without
any gaps between the evenly sized microvilli (Fig. 3.3.2F). This is represented in ultrastructural
transverse sections of some chaetae, which do not show a fully pronounced cavity, but a more
or less complete canal pattern in its centre (Fig. 3.3.2G). This chitinous framework, however,
is characterized by a brittle and partially damaged nature, especially towards the chaeta’s centre,
where the lamellae are thinnest (Fig. 3.3.2G). These chaetae’s enamel is surrounded by an
additional narrow enamel layer as well, which is connected to the follicle cells via
hemidesmosomes (Fig. 3.3.2.G).

An energy-dispersive X-ray spectrometry (EDS) of a chaetal shaft of Euphrosine sp.
showed exceptionally high levels of calcium, carbon and oxygen as well as increased amounts
of magnesium and phosphorus (Fig. 3.3.2H). Similar results have been obtained by analysing

chaetae of other amphinomidan taxa (see supplementary material Fig. A.1.2).
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Figure 3.3.2 Details on chaetae of Euphrosine foliosa and an EDS-analysis of Euphrosine sp. A SEM
close-up of the tips of bifurcate capillary chaetae, which are present in both parapodial rami. B SEM
close-up of the tips of curved bifurcate chaetae, only found in the notopodium. Note the ridges on the
prongs. C Semithin section showing curved bifurcate chaetae within the tissue, with the ridges being
formed by the follicle cells. D Semithin section through a notopodium with longitudinally cut chaetae,
with a cavity inside filled with some coarse-grained substance. (Continued on next page).

-33-



Results

<« Note the chaetal base at the lower edge of the section with a dense stria of microvilli reaching into
the chaeta. E TEM cross section of a capillary chaeta with cavity, which is filled with an electron-dense
substance. Arrows indicate external layer enveloping the chaetae. F TEM stria of microvilli of a
chaetoblast. G TEM cross section through a chaeta showing a clear difference in the thickness of the
canals in the inner and outer part, but missing any cavity. H EDS results of a chaetal shaft (carbon
coated) of Euphrosine sp. The left-most peak combines signals from carbon and calcium. cb chaetoblast,
cc capillary chaeta, chm chaetal material, cv cavity, fc follicle cell, fi filling, mi microvilli, ml mantle-
like layer, ri ridges, arrows external layer enveloping the chaetae, arrowheads hemidesmosomes
connecting chaeta and follicle cell. Figure modified after Muller et al. (2021).
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4.1 Sternaspis scutata

Sternaspis scutata has a peculiar appearance, characterized by a short and thick body
subdivided into three parts and lacking any serially arranged parapodia (Fig. 4.1.1A). The
anterior introvert is composed of the indistinct prostomium and peristomium as well as three
segments bearing one transverse row of large, spine-like chaetae on each side (Fig. 4.1.1A, B).
These chaetae decrease in size towards the ventral end of the rows (Fig. 4.1.1B). The following
trunk represents the largest part of the animal, bearing one pair of genital papillae, but lacking
any recognizable chaetae (Fig. 4.1.1A). The posterior region is characterized by the most
prominent structure of the animals, a flat, hardened ventro-caudal shield (Fig. 4.1.1A, C). This
nearly rectangular shield is framed by small fascicles of slender capillary chaetae protruding
laterally and posteriorly (Fig. 4.1.1C). On each edge of the posterior margin of the shield, one
horn-like peg chaeta can be found, which are shorter, but much broader than the surrounding
capillary chaetae (Fig. 4.1.1C).

In the introvert, all spine-like chaetae of one row are formed in one chaetal sac with a
dorsally located formative site (Fig. 4.1.1D). Thus, the smaller ventral chaetae are the oldest in
each row, which means that the size of new chaetae increases during growth of the animal.
Regarding the shield chaetae, all chaetae of one fascicle are formed within a single chaetal sac
(Fig. 4.1.1E). They are arranged in an alternating pattern of 3-4 larger and 3-4 smaller chaetae,
both of which decrease in size towards the ventral end of the sac (Fig. 4.1.1E). New chaetae of
both magnitudes within these fascicles are formed simultaneously at the dorsal end of the
chaetal sac (Fig. 4.1.1E). Histological sections reveal that the peg chaetae are not large, singular
chaetae like the spine-like chaetae, but actually consist of numerous thin and short capillary
chaetae (Fig. 4.1.1F). These chaetae do not ultimately pierce the body surface, but stay
embedded in and wrapped by cuticular material as a densely packed bundle, resulting in their
appearance as a singular structure. This bundle is composed of six distinct rows of 5-6 capillary
chaetae, which belong to a separate chaetal sac each (Fig. 4.1.1G & H). These chaetal sacs

respectively possess a dorsal formative site (Fig. 4.1.11).
4.2 Nephtys hombergii

Nephtys hombergii has large parapodia with separated noto- and neuropodial protrusions,

covering the whole lateral surface of the animal (Fig, 4.2.1A). The notopodium can be identified
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Fig. 4.1.1 Chaetal arrangement and details on peg chaetae of Sternaspis scutata. A Surface rendering
of a pCT scan of the whole animal from a lateral view. B Detailed view of the anterior part of the
animal with the three transverse rows of large spine-like chaetae. C Ventral view of the
posterior part with the cuticular shield framed by lateral and posterior fascicles of capillary chaetae.
Both posterior edges of the shield bear a single cone-shaped peg chaeta. (Continued on next page).
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<« D Transverse section through the anterior part, including all chaetae of one of the left rows and parts
of all three right rows. Newly formed chaetae are found at the dorsal end of two rows. E Transverse
section through the shield region with several fascicles of posterior shield chaetae with likewise dorsally
located formative sites. Note the greenish shield embedded in the cuticle. F-1 Transverse sections
through a peg chaeta at different levels. F Peg chaeta consisting of numerous capillary chaetae being
wrapped by cuticular material. G The capillary chaetae are arranged in six distinct rows. H Every row
is formed within its own chaetal sac. | Each chaetal sac has one dorsally located formative site. cm
chaetal musculature, cs chaetal sac, cu cuticle, ep epidermis, fa fascicle, gp genital papilla, Isc lateral
shield chaetae, nc newly formed chaetae, pc peg chaetae, ph pharynx, psc posterior shield chaetae, rsc
row of spine-like chaetae, sh shield, spc spine-like chaetae, a anterior, d dorsal, p posterior, v ventral,
arrow heads distinct rows of capillary chaetae forming a peg chaeta, coordinate arrow of D valid for E-
l.

by the presence of a cirrus, while the neuropodium carries a lamella (Fig. 4.2.1A). Notopodia
as well as neuropodia bear two distinct transverse rows of capillary chaetae with the anterior
row consisting of far less chaetae than the posterior one (Fig. 4.2.1A).

Both parapodial rami are equipped with one massive acicula each with a much wider
diameter than the capillary chaetae and a stout ending (Fig. 4.2.1B). These aciculae are large
enough to observe their composition of large canals in the centre and thicker chitinous lamellae
in its periphery plus an outer enamel layer even via light microscopy (Fig. 4.2.1D). The bases
of the aciculae are located much more proximally than those of the capillary chaetae and
attached to a strong muscular system. Their follicles are apically open and connected to the
outer medium with the tip of the notopodial acicula even piercing the cuticle (Fig. 4.2.1B).

Transverse sections through parapodia show that all chaetae of each parapodial ramus
including the aciculae are formed within one chaetal sac, but two spatially separated groups of
capillary chaetae can be distinguished within this sac respectively. In the neuropodium, a
smaller group is located dorsally and a larger one ventrally to the acicula (Fig. 4.2.1C, D). In
the notopodium, the small group lies ventrally and the large one dorsally (Fig. 4.2.1E). The
small group is arranged as a simple row, while the large one constitutes a bundle formed by
multiple rows (Fig. 4.2.1C-E). Due to a spiral twist of the chaetal sac, the smaller chaetal groups
turn out as the anteriorly located small rows, which are exteriorly visible. Correspondingly, the
large groups represent the posterior rows when piercing the cuticle. One to three newly formed
chaetae are found in the distal region of each chaetal group in both parapodial rami (Fig. 4.2.1C-
E). Thus, new chaetae are added simultaneously to both chaetal groups in each chaetal sac and

shift closer to the acicula during growth.
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Fig. 4.2.1 Nephtys hombergii. A SEM showing three parapodia with each ramus carrying one large and
one small row of long, slender capillary chaetae. B Confocal z-projection of a phalloidin-stained
parapodium. C-E Semi-thin toluidine blue stained sections through a neuropodium (C-D) and a
notopodium (E). ac acicula, cc capillary chaetae, ci cirrus, la lamella, mu musculature, nc newly formed
chaeta, ne neuropodium, no notopodium, a anterior, d dorsal, p posterior, v ventral.

4.3 Glycera fallax

Parapodia of Glycera fallax are relatively small and indistinct. They constitute short, flat
protrusions, folding around a few chaetae (Fig. 4.3.1A). Noto- and neuropodium are fused
together forming one protrusion, but both are distinguishable by each carrying one large bulge.

Both parapodial rami bear two spatially separated rows of chaetae (Fig. 4.3.1A). In both cases,
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with joints. C Confocal z-projection of a phalloidin-stained parapodium. D Semi-thin toluidine blue
stained section through a parapodium. ac acicula, bu bulge, cc capillary chaetae, co compound chaetae,
jtjoint, mu musculature, ne neuropodium, nenc newly formed neurochaetae, no notopodium, nonc newly
formed notochaetae, a anterior, p posterior.

the smaller row lies closest to the respective other parapodial ramus. While the notopodium
bears capillary chaetae, the neuropodium carries compound chaetae (Fig. 4.3.1A). The joint of
these compound chaetae is characterized by a widened, serrated margin, marking the transition
point from a proximal part with a smooth surface to a distal part, which is densely covered by
numerous tiny nodules, creating a rough surface (Fig. 4.3.1B).

Besides capillary or compound chaetae, each parapodial ramus is equipped with one
large acicula, which lies between both chaetal rows of the respective ramus (Fig. 4.3.1C). The
bases of these aciculae are located much deeper within the tissue than those of the other chaetae
(Fig. 4.3.1C). Distally, the aciculae reach into the bulges, but do not pierce the cuticle. Both
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aciculae represent simple chaetae with a stout end. All chaetae are embedded into a complex
system of parapodial musculature (Fig. 4.3.1C, D). Transverse sections through the parapodium
show that all notochaetae and all neurochaetae are formed within on chaetal sac each. The
chaetae accumulate closely around the aciculae in a crescent form (Fig. 4.3.1D). More
proximally, the arrangement of the capillary respectively compound chaetae into two rows
becomes increasingly indistinct. Nonetheless, in the neuropodium new chaetae are formed in
two clearly separated sites, one being located dorsally and the other one ventrally in the chaetal
sac (Fig. 4.3.1D). Both formative sites show two newly formed chaetae of correspondingly
differing lengths. In the notopodium, however, three newly formed chaetae can be found at the

dorsal margin of the chaetal sac with equivalent distances to each other.
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Chaetae are probably the best studied and most representative morphological character of
annelids (Hausen, 2005a). Their huge diversity and the possibility to study them easily via fast
methods like SEM or photography established chaetae as a highly significant trait in terms of
phylogenetic analyses and species descriptions (Fauchald, 1977; Fitzhugh, 1989; Fauchald &
Rouse, 1997; Rouse & Fauchald, 1997; Bartolomaeus et al., 2005). In the course of this thesis,
chaetal properties of different annelid taxa have been investigated. The main aspects were the
arrangement with number and positions of formative sites and the ultrastructure of chaetae.
Moreover, chaetal type diversity, chaetogenesis and chemical composition were examined. In
the following, these results will be discussed with the aim to help comprehending the evolution
of chaetal traits and to draw conclusions about their primary state found in the annelid ground

pattern.

5.1 Formation, composition and degeneration of annelid chaetae

Chaetogenesis and ultrastructure

During chaetogenesis, the chaetoblast secretes polymerized B-chitin, which is complexed with
proteins resulting in the peculiar hard but elastic structure of the chaetal material (George &
Southward, 1973; O'Clair & Cloney, 1974). This chitinous mass accumulates between the
microvilli of the chaetoblast and is pushed apically through the follicular space by constant
secretion (O'Clair & Cloney, 1974). As soon as this substance reaches the terminal end of the
microvilli, longitudinal, hollow canals arise at the microvilli’s positions, which draw through
the entire length of the chaeta. Their diameters are equivalent to those of the microvilli. That
way, the typical honeycomb-like pattern is formed, which is even visible in light microscopy
(Chapter 3.2, 4.2). The canal meshwork of the chaetae is highly variable and depends on the
shapes and sizes of the chaetoblast’s microvilli during chitin secretion (O'Clair & Cloney,
1974).

The simplest potential composition of this chaetal framework is a circular pattern of
evenly sized canals with a consistent thickness of the chitinous lamellae throughout the
transverse sectional level. A comparable ultrastructure has been presented in the first two
studies in the hooded hooks of Magelonidae and the notochaetae of Oweniidae (Chapters 3.1
& 3.2). It is more common, however, that the canal size varies within a chaeta. In most cases,
the centre of the chaeta is characterized by wide canals with thin chitinous lamellae. Towards

the periphery, the size of these canals decreases, while the lamellae increase in thickness so that
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the outermost region of the chaeta is basically composed of a compact and solid mass (George
& Southward, 1973; Hausen, 2005a; chapter 3.3). Depending on the lamellae’s thickness, this
honeycomb-like pattern ensures an enormous stability and sustains flexibility at the same time
(Kryvi & Sgrvig, 1990; Merz & Woodin, 1991).

Another peculiar ultrastructural characteristic of the oweniid notochaetae is the lack of
an enamel layer, coating the canal framework (Chapter 3.2). This leads to the grooved surface
of the smooth part and is a prerequisite for the formation of the apical scales. Each scale arises
from a single canal, which is set off the chaetal centre at its tip. With an outer enamel layer, the
canals, and therefore the scales, would be covered by chitin. A missing enamel layer has also
been reported by Kristensen and Ngrrevang (1982) for psammodrilid aciculae, which they
interpreted as a primitive trait. However, since all other studied annelid chaetae and even the
neurochaetae in Oweniidae possess an enamel, its lack has to be considered as a derived
condition (Meyer & Bartolomaeus, 1996). The enamel layer in annelid chaetae is generally
considered to be contributed by the follicle cells. Actually, several studies suppose that the
follicle cells secrete the largest part of chaetal chitin (O'Clair & Cloney, 1974; Zavarzin &
Sergovskaya, 1979; Bartolomaeus, 1998; Hausen & Bartolomaeus, 1998; Tilic, Dohren, et al.,
2015). In Owenia fusiformis, the complete lack of an enamel either questions this idea or at
least marks oweniid notochaetae as an exception from this concept. The mentioned oweniid
scales resemble fine hair-like structures or barbs found in chaetae of other annelids like
Aphrodita or Sthenelanella, but these have been shown to be part of the enamel and, therefore,
to be formed by the follicle cells as well (Tilic, Geratz, et al., 2021; Tilic, Neunzig, &
Bartolomaeus, 2021).

Adding inorganic components

In a few documented cases the organic chaetal mass consisting of chitin and proteins is modified
by the inclusion of inorganic substances, added during chaetogenesis by the chaetoblast and
follicle cells. Generally, mineralization of organic tissues often occurs in form of an
incorporation of iron or calcium compounds, which can be for example found in the shells and
radula of molluscs or the echinoderm skeleton (Towe & Lowenstam, 1967; Pearse & Pearse,
1975; Lowenstam, 1981; Weiss et al., 2002). In annelids, the most remarkable example of
incorporated minerals may be the ventro-caudal shield of Sternaspis scutata, which contains
iron in form of ferric phosphate (Lowenstam, 1972). Moreover, this species’ chaetae have been

shown to contain mineralized iron, probably also ferric phosphate, as well as calcium phosphate
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(Lowenstam, 1972; Bartolomaeus, 1992). Calcium is often incorporated in organic tissues in
association with either phosphate or carbonate (Lowenstam, 1972, 1981). Examples for other
calcium incorporations among annelids are the jaws of Eunicida, the opercular plates of
Serpulidae and the introvert plates in Sipuncula (Voss-Foucart et al., 1973; Bubel, 1983;
Paxton, 2009). Regarding chaetae, the only record of calcification besides S. scutata comes
from Amphinomidae. The first evidence of calcium compounds was obtained for Chloeia
species by treating the chaetae with acetic and oxalic acid (Mclntosh, 1876; Gustafson, 1930).
Furthermore, it was shown that carbonate is incorporated (Horst, 1912). The more modern
approach of an EDS revealed the inclusion of phosphorus in the chaetae of Hermodice
carunculata (Righi et al., 2021). Similar examinations have not been obtained for
Euphrosinidae yet, but the here presented results confirm that the chaetae of Euphrosine foliosa
show an elemental composition similar to that of Amphinomidae (Chapter 3.3). Additional EDS
analyses of four further amphinomid species, including H. carunculata and Chloeia euglochis,
confirm the results of the above-mentioned studies (Chapter Al.2). The corresponding
elemental composition of chaetae detected for representatives of Euphrosinidae and
Amphinomidae substantiates their sister group relationship and indicates that calcification of
chaetae constitutes an apomorphy of Amphinomida (Gustafson, 1930; Wiklund et al., 2008;
Borda et al., 2012; Borda et al., 2015).

The high values of carbon and phosphorus in the chaetae of Amphinomida support the
hypothesis that calcium is incorporated as compound of calcium carbonate (CaCO3) as well as
hydroxyapatite (Cas(PO4)3(OH)) (Righi et al., 2021). The peak of magnesium can be explained
by its role in the crystallization process of calcium carbonate (Wang et al., 1997). As a result of
the calcification the chaetae become rigid and brittle, which can be noticed in ultrastructural
data, showing an atypical, damaged and partially broken chitinous framework (Chapter 3.3).
Due to this, the chaetae break easier after contact, which possibly enhances their defensive
purpose by physically hurting potential predators (Schulze et al., 2017; Tilic et al., 2017). In
the centre of the chaetae, where the chitinous lamellae are thinnest, the calcification leads to a
degradation of the central framework resulting in the formation of the inner cavity, typical for
amphinomids. Moreover, an additional enamel layer of a lighter electron density as the chaetal
lamellae surrounds the chaetae (Chapter 3.3). It can also be seen in SEM images, flaking off
the chaetae and forming ornamentations such as the ridges of the curved bifurcate chaetae in E.

foliosa and serrations or barbs in other amphinomids. These ornamentations vanish completely
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after treatment with acid, which indicates that this additional enamel layer predominantly
consists of calcium compounds (Gustafson, 1930; Tilic et al., 2017).

Degeneration of chaetae

While the formation process of annelid chaetae is well investigated, data on their degeneration
are scarce (Kolbasova et al., 2014). Pilgrim (1977) reported that chaetae of Clymenella torquata
(LEIDY, 1855) are degraded by coelomocytes after deposition within the coelomic cavity.
Another form of degeneration has been observed in Pseudopotamilla reniformis (BRUGUIERE,
1789) and Capitella capitata (FABRICIUS, 1780) as well as for the neurochaetae of O. fusiformis.
In these species, the chaeta and the follicle are directly dissolved, which is associated with
numerous lysosomes in the follicle cells and the chaetoblast (Meyer & Bartolomaeus, 1996;
Schweigkofler et al., 1998; Kolbasova et al., 2014). In the course of the here presented second
study, the latter descriptions of chaetal degeneration could be confirmed by corresponding
observations for oweniid notochaetae (Chapter 3.2). Additionally, the results support the
hypothesis that the former chaetoblast participates in the disintegration process and show that
this form of degeneration includes a widened follicular space filled with an amorphous electron
light substance, possibly the dissolved chaetal mass.

5.2 Chaetal type diversity as a result of functional adaptation

The highly dynamic nature of the chaetoblast’s microvilli pattern during the chaetogenetic
process allows the precise and detailed formation of chaetae and, therefore, leads to a broad
variety of numerous different shapes (Bartolomaeus, 1995b; Bartolomaeus & Meyer, 1997;
Bartolomaeus, 1998; Hausam & Bartolomaeus, 2001; Merz & Woodin, 2006; Tilic, Dohren, et
al., 2015). Often, several chaetal shapes can even be found in single individuals (Chapters 3.1-
3.3, 4.3). Similar types of chaetae, however, are not necessarily homologous, which is well
illustrated by the evolution of hooked chaetae, especially those of Magelonidae and Oweniidae.
Despite being sister groups, the development of their hooks has to be considered the result of
convergent evolution, which is indicated by their dispersion along the animals’ bodies. In
Magelonidae, hooks are found in both parapodial rami of all abdominal segments (starting with
the 10" chaetiger), while in Oweniidae only the neuropodia of the abdomen (starting with the
4™ chaetiger) carry hooks and the notopodia are equipped with capillary chaetae (Chapters 3.1,
3.2). Additionally, the convergence of both species’ hooks is supported by their structure

differing in the presence (Magelonidae) and absence (Oweniidae) of a terminal hood. Besides
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Magelonidae, hooded hooks occur in several annelid taxa like Eunicida (Tilic et al., 2016),
Spionidae (Hausen & Bartolomaeus, 1998) or Capitellidae (Schweigkofler et al., 1998), but
based on the phylogenetic distances between these groups, it has to be assumed that hooded
hooks evolved several times independently. Therefore, the evolution of hooked chaetae, to stay
with this example, is strongly driven by the essential functional criterion of anchoring the worm
within its tube (Merz & Woodin, 2000). The concept of a function-driven evolution of different
chaetal types is applicable for annelid chaetae in general and facilitated by their dynamic
morphology and the fact that they constitute external structures, which stay in direct contact
with a rapidly changing environment (Merz & Woodin, 2006).

Interpreting the functional aspect of chaetae, however, remains highly speculative,
especially when statistical and experimental data are scarce or missing. Besides hooks, jointed
chaetae, for example, have been analysed with regard to their function. Merz and Edwards
(1998) showed that such chaetae in Oxydromus pugettensis (JOHNSON, 1901) support the
worm’s locomotion in terms of undulatory walking movements as well as swimming strokes.
A similar purpose can be expected for the compound chaetae of Glycera fallax, especially since
they occur, equivalent to O. pugettensis, only in the neuropodia (Chapter 4.3). In contrast to
this, capillary chaetae have been shown to fulfil diverse tasks in tube-building annelid taxa.
These include stabilization during peristaltic movements within a tube or serving as mechanical
sensor while building the tube. (Sendall et al., 1995; Woodin et al., 2003; Merz & Woodin,
2006). One of these functions would be imaginable for the capillary chaetae of the likewise
tube-building O. fusiformis, but experimental data are necessary to test this. The oweniid
capillary chaetae, however, differ significantly from other ones by the reduction of the enamel
layer and the presence of scales. A potential benefit of these scales could be that they act like
barbs on bird feathers, improving the connection between the chaetae and, thus, strengthening
the bundle’s statics (Sullivan et al., 2016).

As mentioned above, the calcification of the chaetae in E. foliosa makes them
extraordinarily brittle so that they break easily after physical contact (Gustafson, 1930).
Although Euphrosinidae are not notorious for their hurtful stinging chaetae as Amphinomidae,
it is quite possible that their chaetae act as defensive structures as well (Schulze et al., 2017;
Simonini et al., 2021). An exception from a defensive purpose would be the aciculae, which are
deeply embedded within the tissue and serve as skeletal supporting structures and attachment
point for musculature (Chapter 3.3). Chaetae of equivalent function are found in numerous

annelid taxa, mostly designated as aciculae as well. Different to Amphinomida, aciculae in
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Aciculata do not resemble the respective capillary chaetae of the parapodium, but are generally
characterized by their large size and simple appearance with a stout end (Gustus & Cloney,
1973; Fauchald, 1974b; Hausen, 2005a; chapters 4.2, 4.3). Psammodrilid aciculae, on the other
hand, constitute the only chaetae in the respective parapodium, but show a unique ultrastructure
with chitinous fibres that are not connected by chaetal material (Kristensen & Ngrrevang,
1982). They protrude into the thoracic cirri of the animals, similar to the magelonid abdominal
support chaetae, originally also called aciculae, which reach into the parapodial lamellae
(Hartmann, 1965; Jones, 1968). The magelonid support chaetae, however, represent internal
hooded hooks and, therefore, the same type as the exteriorly visible abdominal chaetae (Chapter
3.1). Furthermore, the support chaetae are not present in all magelonid species so that they have
to be considered as a derived characteristic, which evolved within Magelonidae, possibly even
several times independently (Brasil, 2003; Mortimer et al., 2021).

These differences in morphology and formation as well as the phylogenetic positions of
the respective taxa demonstrate that the term “aciculae” fulfils only a semantic purpose. Instead
of indicating a homologous structure, which could potentially be present in the common
ancestor of annelids, it merely describes chaetae with a specific function serving as supportive

structures (Hoffmann & Hausen, 2007).

5.3 Variations of chaetal arrangement

Phylogenetic significance
The shape of chaetae always served as a reliable phylogenetic indicator and is consistently
consulted as significant character in species descriptions (Jones, 1963, 1971; Koh et al., 2003;
Barroso et al., 2017; Silva & Lana, 2017). However, as described above, the chaetal shape is
highly dependent on functional aspects and extremely flexible due to the dynamic chaetogenetic
process so that the occurrence of almost identical forms by convergent evolution can hardly be
excluded hampering phylogenetic conclusions (Tilic et al., 2014; Tilic, Déhren, et al., 2015;
Tilic et al., 2016). In contrast to that, the arrangement of chaetae within a chaetal sac in
combination with the number and positions of formative and degenerative sites attracted
increasing attention over the past two decades when it comes to phylogenetic conclusions
(Hausen, 2005a; Hoffmann & Hausen, 2007; Kieselbach & Hausen, 2008; Tilic et al., 2014;
Tilic, Dohren, et al., 2015; Tilic et al., 2019).

The simplest arrangement pattern is a transverse row with a single formative site. This

pattern can be found in several sedentary annelid taxa, often with a ventral formative site in the
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notopodium and a dorsal one in the neuropodium (Hausen & Bartolomaeus, 1998; Hausen,
2005a). The here presented results of S. scutata substantiate the phylogenetic relevance of the
chaetal arrangement by identifying a dorsal formative site in the transverse rows of the anterior
spine-like chaetae (Chapter 4.1). This is typical for the neurochaetae in Cirratuliformia, to
which Sternaspidae have been associated repeatedly (Rousset et al., 2007; Struck et al., 2007;
Andrade et al., 2015; Drennan et al., 2019). Correspondingly, Petersen (2000) found small,
rudimentary chaetae located dorsally to the spine-like chaetae of the introvert, which classifies
the latter ones as neurochaetae. The shield chaetae of S. scutata possess a dorsal formative site
as well so that it can be assumed that these also represent neurochaetae (Chapter 4.1). It remains
unclear, though, whether posterior notochaetae are either rudimentary like the anterior
notochaetae and have simply not been detected yet, or if they have been lost completely within
Sternaspidae.

Other possible arrangement patterns found in Sedentaria include transverse rows with
an inverted position of the formative site, small chaetal fascicles or an additional longitudinal
row per parapodial ramus with its own formative site (Bartolomaeus & Meyer, 1997; Hausen
& Bartolomaeus, 1998; Hausen, 2001, 2005a). In contrast to that, Errantia are quite
understudied regarding their chaetal arrangement. Similar to most Sedentaria, Chrysopetalidae
show a single formative site in the noto- as well as neuropodium (Tilic et al., 2019). In
Lumbrineridae, on the other hand, the exteriorly visible chaetae in the neuropodium are
arranged in two groups, one located dorsally, the other one ventrally to the aciculae and each
group contains its own formative site (Tilic et al., 2014). The notopodium, however, is often
rudimentary or completely reduced in Eunicida (Paxton, 2000; Tilic et al., 2016). The
lumbrinerid arrangement pattern resembles the state found in both parapodial rami in
Nephtyidae and Glyceridae (Chapters 4.2, 4.3). In Lumbrineridae and Glyceridae, it can be
recognized that the chaetae of both groups per chaetal sac are arranged in rows, even though
they have a crescent shape in the case of Glyceridae. Nephtyid chaetae, however, form a double
row in one group and larger patches in the other one. Similar arrangement patterns like this that
deviate from a simple row, are common among annelids, but the formation of such patterns is
more complicated to comprehend and far less studied than that of rows. A more detailed view
on this subject could help answering the question whether annelid chaetae were primarily

arranged in rows or bundles.
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From a row to a bundle

Basically, in the context of chaetal arrangement the term “bundle” can describe a variety of
differently shaped patterns. This starts with small fascicles of chaetae, which lack a distinct
order of formation (Bartolomaeus & Meyer, 1997; Bartolomaeus, 2002; Hausen, 2005a). This
is also true for the shield chaetae of S. scutata, which occur in groups of 6-8 chaetae
(Bartolomaeus, 1992; Zhadan et al., 2017). As histological sections show, these are actually
arranged in a double transverse row with a dorsal formative site (Chapter 4.1). The sternaspid
peg chaetae, likewise associated to the caudo-ventral shield, have been shown to constitute a
bundle of numerous small and thin capillary chaetae that are actually arranged in six rows and
embedded in a matrix so that they appear as a solid structure (Zhadan et al., 2017). The here
presented results confirm the reported number of exactly six rows forming one peg chaeta and
contribute the finding that each row possesses its own dorsally located formative site and arises
from its own chaetal sac (Chapter 4.1). These chaetal sacs are then summed up to one bundle
resulting in the peg chaeta. The results differ regarding the total number of included chaetae,
which probably means that peg chaetae grow constantly by adding new chaetae to each row
simultaneously. It remains unclear, though, if any degeneration process takes place.

Several rows, which are formed simultaneously and added up to a bundle can also arise
from a common chaetal sac. Such an arrangement pattern can be observed in E. foliosa (Chapter
3.3). Here, a single formative site regularly produces a whole new transverse row of chaetae,
which then shifts anteriorly, resulting in a large bundle. A similar but less structured mechanism
creates the staggered rows in the thorax of magelonids. Varying numbers of new chaetae appear
at differing positions all along the posterior margin of the chaetal sac and shift anteriorly
(Chapter 3.1). That way, the transverse row gets expanded successively by new chaetae, which
leads to a broadened bundle-like arrangement, especially in the ninth chaetiger. This
corresponds to the neuropodial patches in Apistobranchidae, which are of a more circular shape,
but new chaetae are formed at the posterior margin as well (Hausen, 2001).

An especially interesting clade regarding the arrangement of chaetae are Oweniidae.
While hooked chaetae are widely spread among annelids, the vast majority, such as Serpulidae,
Arenicolidae, Sabellidae, Maldanidae or Terebellidae, bears distinct transverse rows of hooks
(Woodin & Merz, 1987; Duchéne & Bhaud, 1988; Fitzhugh, 1991; Bartolomaeus, 1995b;
Bartolomaeus & Meyer, 1997; Hausen & Bartolomaeus, 1998; Schweigkofler et al., 1998;
Radashevsky & Fauchald, 2000; Bartolomaeus, 2002; Hausen, 2005a; Hausen & Bleidorn,
2006; Kieselbach & Hausen, 2008; Tilic, Dohren, et al., 2015; chapter 3.1). Oweniids, however,
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possess large patches of numerous hooks (Capa et al., 2019). No distinct transverse rows are
recognizable within these patches, but several formation processes can be noticed
simultaneously at their dorsal ends, while degeneration takes place ventrally (Meyer &
Bartolomaeus, 1996). Examining young individuals shortly after metamorphosis, though,
revealed that early during ontogenesis hooks are formed in single transverse rows with a dorsal
formative site (Chapter Al.1). Thus, it has to be assumed that the neurochaetal patches in
Oweniidae are formed by multiplication of this single row. The oweniid notochaetae show an
even more specialized and uncommon form of chaetal arrangement. The scaled capillary
chaetae form a densely packed circular bundle without any notable increase of the chaetae’s
size or age in a certain direction (Chapter 3.2). Indeed, histological approaches demonstrate that
new chaetae can be formed at any anatomical direction of the chaetal sac, but occur only in its
periphery. In contrast to that, degenerating chaetae are exclusively found in the centre of the
bundle. It can be concluded that notochaetae in Oweniidae are formed in a modified, curled-up
row with one formative and one degenerative site, leading to a spiral arrangement of chaetae.
The exteriorly visible spiral twist of the bundle may support this hypothesis. Spiral
arrangements of capillary chaetae based on modified rows have already been reported from
Sabellidae (Knight-Jones, 1981; Kieselbach & Hausen, 2008).

Altogether, it can be summarized that bundle-like arrangements of chaetae can often be
explained as a modification of one row with a single formative site. These modifications include
multiplication of formative sites, curling of rows or dense aggregation of several separate rows.
Therefore, it has to be concluded that one distinct transverse row with a single, laterally located
formative site per parapodial ramus represents the primary state of chaetal arrangement in

annelids.

5.4 Outlook to a broader comparison with other lophotrochozoan taxa

As mentioned previously, a distinct arrangement of chaetae is considered as an apomorphy of
annelids (Bartolomaeus, 1998). The focus on the arrangement as a restricting property is
necessary, because extracellular, epidermal, chitinous structures comparable to chaetae are
found in other lophotrochozoan taxa as well. Actually, before the advent of molecular methods
and our current understanding of the annelid systematics, chaetae-like structures have been
considered to be virtually widespread among lophotrochozoans. Remarkable similarities
between annelid chaetae and structures found in Pogonophora, Myzostomida and Echiura

concerning their development and ultrastructure led to well substantiated homology hypotheses
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(Gupta & Little, 1970; George & Southward, 1973; Specht, 1988). Such hypotheses were
confirmed when these groups were included into annelids (McHugh, 1997; Bleidorn et al.,
2007).

Today, similar homology hypotheses regarding annelid chaetae and equivalent
structures found in Barachiopoda are supported by molecular data as well as similarities in their
formation, ultrastructure and composition (Zakrzewski, 2011; Schiemann et al., 2017). These
brachiopod chaetae are composed of evenly sized, hollow chitinous canals arranged in a circular
pattern surrounded by an enamel layer and a surface covered with barbs (Gustus & Cloney,
1972; Orrhage, 1973; Liter & Bartolomaeus, 1997). In fact, they resemble the oweniid scaled
notochaetae, but the presence of an enamel layer in brachiopod chaetae and the fact that the
mentioned traits in oweniid chaetae are considered as derived within annelids contradicts a
homologous evolution of these exact shapes (Gustus & Cloney, 1972; Liter, 2001). Several
molecular as well as morphological studies, however, support a sister group relationship of
Brachiopoda and Phoronida (Dunn et al., 2008; Helmkampf et al., 2008b; Hausdorf et al., 2010;
Kocot et al., 2017). Thus, the assumption of a common origin of brachiopod and annelid chaetae
would imply that Phoronida lost their chaetae secondarily. A complete or partial secondary loss
of chaetae, however, is known from several annelid groups as well (Vejdovsky, 1882; Tzetlin
& Purschke, 2006; Sket & Trontelj, 2008; Tilic, Lehrke, & Bartolomaeus, 2015).

Other chaetae-like structures among Lophotrochozoa are the gizzard teeth in Bryozoa
and epidermal projections in juvenile octopods called Kélliker’s organs (Brocco et al., 1974;
Gordon, 1975). Both structures are formed by a single specialized epidermal cell that secretes
chitin, which accumulates between this cell’s microvilli. Therefore, they also show a framework
of hollow canals typical for annelid and brachiopod chaetae, but further ultrastructural and

molecular data of these structures are necessary to evaluate a potential homology.
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Conclusions 6

The formation of annelid chaetae constitutes a highly dynamic process, which facilitates the
development of a huge diversity of chaetal types. Since chaetae, as extracellular epidermal
structures, are in direct contact with the animal’s environment, their morphology is highly
driven by functional aspects, which can be of mechanical, sensory or defensive nature for
example. Detailed analyses of the exact formation process, ultrastructure and composition of
different chaetal types allow drawing conclusions about their homologous or convergent
evolution and explaining phylogenetic relationships of the respective taxa bearing these types.

The flexibility of the chaetogenetic process has been demonstrated in the second study
by explaining the formation process of the notochaetae of Owenia fusiformis (Chapter 3.2). The
lack of an enamel layer and the successive spiral addition of new microvilli during the chaetal
formation process is unique among annelids and leads to the delicate scaled surface of these
chaetae. The comparison with chaetae in their sister group, Magelonidae, shows that these
features of oweniid notochaetae constitute a derived condition. Furthermore, the first study
provides evidence that the magelonid abdominal support chaetae actually represent internal
hooded hooks and, therefore, evolved secondarily within Magelonidae (Chapter 3.1).
Comparisons of further supportive chaetae like those of Euphrosinidae and Errantia, highlight
the semantic nature of the term “aciculae”, describing chaetae fulfilling a skeletal function,
which evolved independently in several annelid taxa (Chapters 3.1, 3.3, 4.2, 4.3). The data on
euphrosinid chaetae presented in the third study also indicate that calcification of chaetae is
present in the ground pattern of Amphinomidae and must be considered as apomorphy
substantiating their monophyly (Chapter 3.3).

All results presented in the course of this thesis point out the phylogenetic significance
of the arrangement of chaetae and the number and positions of formative sites within a chaetal
sac. Altogether, it can be concluded that one transverse row per parapodial ramus with a single
formative site located ventrally in the notopodium and dorsally in the neuropodium constitutes
the ancestral state of chaetal arrangement in Annelida (Chapters 3.1, 4.1). Deviations from this
pattern include the formative site to extend (Chapters 3.1, 3.3), shift (Chapter 3.1) or multiply
(Chapters 3.2, 4.2, 4.3). Combined with a transformation of the shape of the chaetal sac, this
eventually leads to the formation of derived patterns like staggered rows, circular bundles or

large patches.
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Appendix

A.1 Supplementary material

A.1.1 Early arrangement of hooks in a juvenile specimen of Owenia fusiformis

Fig. A.1.1 TEM data of a juvenile specimen of Owenia fusiformis. A Transverse section, showing six
hooked chaetae during chaetogenesis, forming a row with a dorsal formative site. B Close-up of the
framed region in A. cc capillary chaeta, arrowheads hooked chaetae
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A.1.2 EDS-analyses of chaetae of various amphinomidan representatives

cts cts

Ca

300 600 —

Ca

Archinome jasoni Archinome levinae

200 400—

100 200

cts o] Ca cts

Chloeia euglochis Hermodice carunculata

200 200

100 100

1 2 3 4 5

Fig. A.1.2 EDS results of chaetae (carbon coated) of Archinome jasoni (SIO-BIC A2368), Archinome
levinae (SIO-BIC A2312), Chloeia euglochis (SIO-BIC A2760), Hermodice carunculata (SIO-BIC
A8558).
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