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9.1

Cellular Processes in Segmentation

BACKGROUND

Earthworms and millipedes are made of a dazzling series of repeated body parts
known as segments. This nearly mathematical body architecture has driven dozens of biologists throughout the last centuries to investigate how segments are built
during embryogenesis and how they evolved in the first place—a longstanding and
highly debated topic in biology (Sedgwick 1884; Masterman 1899; Hyman 1951a;
Clark 1963; Beklemishev 1969c; Willmer 1990). Although arthropods, annelids,
and vertebrates are the only groups typically considered to be fully segmented (see
caveats in Budd 2001), meticulous studies on comparative morphology have long
recognized that repetitive traits are present in many other bilaterians—the group of
animals with bilateral symmetry.
The rise of developmental genetics, and with it, the discovery of genes and signaling pathways that regulate segment formation, gave the topic a new breadth. The
field revealed that common molecular players can be involved in the segmentation
of animals as dissimilar as fruit flies and mice, fueling a debate about the segmental
nature of the last common ancestor of bilaterians, and inspiring new perspectives
on the homology and co-option of segmentation mechanisms (Kimmel 1996; De
Robertis 1997, 2008; Davis and Patel 1999; Scholtz 2002; Balavoine and Adoutte
2003; Seaver 2003; Minelli and Fusco 2004; Tautz 2004; Blair 2008; Couso 2009;
Chipman 2010; Arendt 2018).
These discussions, however, have largely revolved around the segmentation mechanisms uncovered in laboratory species such as the fruit fly, zebrafish, and mouse,
where tools to unravel genetic and developmental details were available. Although
we now comprehend these mechanisms with unprecedented detail, the sole comparison between such distantly related species is not sufficient to understand how
segments evolved or how the body of the bilaterian ancestor was organized, because
it is hard to distinguish inheritance from convergent evolution over long distance
phylogenetic comparisons (Sanger and Rajakumar 2018). Therefore, it is crucial to
investigate other related bilaterian groups and their repeated traits to better reconstruct the evolutionary steps that gave rise to the segmented body patterns of today
(Budd 2001; Scholtz 2002; Minelli and Fusco 2004).
Fortunately, molecular tools as well as sequencing and imaging technologies are
becoming more widely applicable to many groups traditionally outside the range of
laboratory species. In addition, improved phylogenies of animal relationships are
providing better grounds to map and infer character evolution (Dunn et al. 2014).
These advancements lay the foundations to investigate the evolution of segmentation mechanisms in greater depth and in a wider diversity of groups. Nevertheless, a
comprehensive overview about the diversity of repeated structures across bilaterians
is still lacking.
Even though only a few groups have a segmental organization comparable to that
of annelids, arthropods, and vertebrates, the vast majority of bilaterians shows some
kind of segmental trait (Figure 9.1).
The most notable examples are tapeworms (i.e., parasitic flatworms) and mud
dragons (i.e., kinorhynchs), whose adult bodies are not only subdivided into welldefined external segments, but their internal structures also follow a repetitive
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FIGURE 9.1 Examples of segmental traits in bilaterians. Phylogenetic relationships based
on recent data sets (Dunn et al. 2014; Kocot et al. 2017). Groups typically considered to be
segmented (vertebrates, arthropods, and annelids) are depicted in the tree by a representative
drawing. Groups highlighted in bold are illustrated on the right side in featured boxes.

organization. Other groups have a variable set of individual segmental traits—from
the dorsal shells of chitons, to the cuticle annulation of nematodes, to the ovaries of
nemerteans—which can occur in every organ system, such as the body wall, nervous
system, musculature, gonads, or excretory system (Beklemishev 1969c; Willmer
1990; Scholtz 2002; Minelli and Fusco 2004; Schmidt-Rhaesa 2007; Blair 2008;
Couso 2009; Hannibal and Patel 2013).
In this chapter, I review the segmental traits of non-segmented bilaterians—
namely, every bilaterian group other than arthropods, annelids, and vertebrates—
describing their morphology, the developmental processes that give rise to the
segmental pattern at the cellular level, and, when available, the genetic interactions patterning these traits. Non-bilaterians are beyond the scope of this chapter even though they also exhibit serially repeated structures (see examples in
Beklemishev 1969c).

9.2

WHAT IS SEGMENTAL?

The definition of “segmentation” in biology is not straightforward, but its conceptual grounds have been thoroughly discussed in the literature (Beklemishev 1969c;
Newman 1993; Budd 2001; Scholtz 2002, 2010; Minelli and Fusco 2004; Tautz 2004;
Fusco 2008; Couso 2009; Hannibal and Patel 2013; also see Chapter 1). Because
of the historical load and ambiguity of the word “segmentation,” I favor the term
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“segmental” and adopt a definition that is strictly based on the structure of individual
traits rather than whole organisms (Budd 2001; Scholtz 2002, 2010). Thus, throughout this chapter, I use “segmental trait” to refer to any repetitive structures or organs
that are arranged in a regular series along the anteroposterior body axis.
To fit this definition, two main conditions must be satisfied: the structures should
have a repetitive morphology and be evenly distributed (i.e., in a regular series). For
example, a series of transverse commissures between longitudinal nerve cords are
segmental when their arrangement and orientation are the same, and they are equidistant to each other. This approach is flexible enough to be applied to individual
cells (e.g., neurons), cell bundles (e.g., muscles), tissue boundaries (e.g., epithelial
folds), or even to full organs (e.g., nephridia), and each structure or organ system can
be accessed individually.
Putting the focus on individual traits bypasses the need to define what a “segment” is and the juggling between what is “true” or “pseudo” segmentation. In this
manner, it is more straightforward to identify and compare segmental traits across
bilaterians without running into various conceptual dilemmas.
It is also important to note that a trait is “segmental” regardless of how the structures became arranged in a segmental manner during ontogeny. This focus on the
structure avoids conflating pattern and process (Scholtz 2010), and helps to explicitly
recognize that a segmental organization can be achieved by different cellular and
developmental processes even within the same organism.
As a final disclaimer, the presence of a segmental trait is not, by any means, evidence for a hypothetical fully “segmented” ancestor. Evolutionary hypotheses are
only discussed trait-by-trait when sufficient comparative and phylogenetic data are
available.

9.3

XENACOELOMORPHA

Xenacoelomorphs are small free-living bilaterian worms without a through-gut, coeloms, or excretory system, which might hold a key position in the animal tree of life
as the sister group to the remaining bilaterians (Ruiz-Trillo et al. 1999; Jondelius
et al. 2002; Hejnol et al. 2009; Rouse et al. 2016; Cannon et al. 2016; Giribet 2016;
Laumer et al. 2019); but see Marlétaz et al. (2019) and Philippe et al. (2019) for an
alternative view. For this reason, the presence or absence of specific traits in these
worms can be highly informative to understand the evolution of bilaterian morphology (Hejnol and Pang 2016) and to what concerns the contents of this chapter, the
evolution of segmental traits.
Xenacoelomorpha is comprised of xenoturbellids, nemertodermatids, and acoels.
Even though some species are elongated, there are no obvious repetitive structures in
the body wall or internal organs in either of these groups. Nevertheless, some aspects
about the organization of the nervous system and musculature are worth mentioning.
The nervous system of xenacoelomorphs is greatly variable (Martínez,
Hartenstein, and Sprecher 2017), usually consisting of a nerve net, but some lineages
independently evolved longitudinal nerve condensations and cords (Hejnol and Pang
2016). In one of these lineages, the acoels, the longitudinal nerve cords are intercepted by transverse commissures along the anteroposterior axis (Semmler et al.
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2010; Bery et al. 2010; Hejnol and Martindale 2008). Such commissures, however,
are neither symmetric nor regularly spaced, and are restricted to the anterior portion
of the body (Bery et al. 2010).
The musculature of xenacoelomorphs is organized in an orthogonal grid with
circular (transverse), longitudinal, and often diagonal fibers (Tyler and Hyra 1998;
Hooge and Tyler 1999; Ladurner and Rieger 2000; Hooge 2001; Meyer-Wachsmuth,
Raikova, and Jondelius 2013; Børve and Hejnol 2014). The circular muscles are usually evenly spaced (Hooge and Tyler 1999), but the density of fibers can change
according to the body region (Gschwentner et al. 2003).
Interestingly, the developmental processes that result in a gridlike musculature
differ between the Xenacoelomorpha groups. In acoels, muscle progenitors develop
progressively from the animal to the vegetal pole, and the emerging fibers are
already polarized transversely forming a regular series of circular muscles along the
anteroposterior axis (Figure 9.2A) (Ladurner and Rieger 2000; Semmler, Bailly, and
Wanninger 2008).
In contrast, muscle progenitors in nemertodermatids appear all around the body,
and their projections are irregular, not following a specific orientation in relation to
the body axes (Børve and Hejnol 2014). Nevertheless, the nemertodermatid juveniles exhibit a neatly organized series of circular muscles (Børve and Hejnol 2014).
Presumably, the musculature grid in nemertodermatids emerges secondarily from
the cellular interactions between progenitors, while in acoels a patterning mechanism must impose the polarity of embryonic cells during early development. Which
mode reflects the ancestral condition for the group remains to be determined.

9.4 DEUTEROSTOMIA
9.4.1 HEMICHORDATA (ACORN WORMS)
Hemichordates are relatively large vermiform marine invertebrates with a body
divided into three unequal regions along the anteroposterior axis—the proboscis
(or mouth shield), the collar, and a long unsegmented trunk (Hyman 1959b; KaulStrehlow and Rö ttinger 2015). Nonetheless acorn worms according to Beklemishev
(1969d) have “a tendency to multiplication of the organs repeated along its longitudinal axis, and these organs show a tendency to metameric arrangement.” The most
conspicuous segmental trait of hemichordates are the gills located at the anterior part
of the trunk (Bateson 1884).
The gills are arranged in a regular series up to hundreds of pairs with openings
to the exterior of the body (Figure 9.2B) (Horst 1930; Hyman 1959b). Gill slits are
intercalated by pharyngeal arches that are supported by a series of trident-like acellular collagenous endoskeleton (Gillis, Fritzenwanker, and Lowe 2012). Repeated
dorsal outgrowths named tongue bars develop between pharyngeal arches (Hyman
1959b; Gillis, Fritzenwanker, and Lowe 2012). Pharyngeal arches and tongue bars
have a single blood vessel each (Pardos and Benito 1988), and thus the arrangement
of the circulatory system closely matches that of the gills (Horst 1930). The gonads,
which are also serially paired structures in some species, are intercalated with the
gills with the genital pores located between gill slits (Horst 1930).
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FIGURE 9.2 Selected segmental traits in Xenacoelomorpha, Deuterostomia (Hemichordata
and Echinodermata), and Ecdysozoa (Nematoda, Nematomorpha, Kinorhyncha, and
Priapulida). Arrowheads indicate serially repeated structures unless otherwise noted.
A. Developing musculature in early (left) and late embryo (right) of the acoel Isodiametra
pulchra. Asterisk and surrounding arrows mark the forming mouth. Scale bars = 20 µm.
Images reprinted from Ladurner and Rieger (2000) with permission from Elsevier. B. Gill
pores (gp) in the hemichordate Saccoglossus kowalevskii. Whole body image (left) reprinted
from Dunn (2015) with permission from Springer Nature. Close up image (right) courtesy of
Casey Dunn. C. Hepatic saccules (hp) in the hemichordate Balanoglossus simodensis. Scale
bar = 1 mm. Image reprinted from Miyamoto and Saito (2007) with permission from The
Zoological Society of Japan. D. Adult specimen (left) and regenerating arm with skeletal and
podial serial elements in the brittle star Amphiura filiformis. Scale bar = 100 µm. Images
courtesy of Anna Czarkwiani. E. Segmental stalk (s) in the pentacrinoid larva of the feather
star Aporometra wilsoni. Scale bar = 200 µm. Image reprinted from Haig and Rouse (2008)
with permission from John Wiley & Sons. F. Cuticular annulation in the nematode
Caenorhabditis elegans. Scale bar = 3.8 µm. Image reprinted from Costa, Draper, and Priess
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FIGURE 9.2 (CONTINUED)
(1997) with permission from Elsevier. G. Concretion rings (cr) in the nematode Desmoscolex
cosmopolites. Scale bar = 50 µm. Image reprinted from Lim and Chang (2006) with permission from Taylor & Francis. H. Cuticular annulation in the criconematid nematode Criconema
sp. Scale bar = 50 µm. Image courtesy of Tom Powers from Powers (2015) and used with
permission. I. Cuticular annulation in the larva of the nematomorph Chordodes janovyi with
terminal anterior (as) and posterior spines (ps). Scale bar = 2 µm. Image reprinted from Bolek
et al. (2010) with permission from Magnolia Press. J. Profile of the cuticle annulations in the
larva of the nematomorph Neochordodes occidentalis. Reprinted from Poinar (2010) with
permission from Elsevier. K. Trunk segments in the kinorhynch Echinoderes hispanicus.
Scale bar = 30 µm. Image by Herranz et al. (2014) licensed under CC-BY. L. Segmental musculature in the kinorhynch Echinoderes horni showing dorsal (dom), dorsoventral (dvm), and
diagonal (dim) bundles. Scale bar = 20 µm. Image by Herranz et al. (2014) licensed under
CC-BY. M. Segmental paired neuronal somata in the nervous system of the kinorhynch
Echinoderes spinifurca. Scale bar = 20 µm. Image reprinted from Herranz, Pardos, and Boyle
(2013) with permission from John Wiley and Sons. N. Cuticular annulation in the priapulid
Priapulus caudatus. Scale bar = 1 cm. Own work. O. Longitudinal section of the body wall
in the priapulid Halicryptus spinulosus showing the circular musculature (cm), apodemes (a),
and inner longitudinal muscle (lm). Scale bar = 10 µm. Image reprinted from Oeschger and
Janssen (1991) with permission from Springer Nature. P. Development of the circular musculature in the priapulid Priapulus caudatus. Scale bars = 50 µm. Image by Martín-Durán and
Hejnol (2015) licensed under CC-BY. Q. Grid pattern in the abdomen nervous system of the
priapulid Tubiluchus troglodytes showing serotonin immunoreactive fibers in the ventral longitudinal cord (vlc), circular fibers (cf), longitudinal fibers (lf), and gut bundle (mvb) and
somata (s). Scale bar = 75 µm. Image reprinted from Rothe and Schmidt-Rhaesa (2010) with
permission from John Wiley & Sons.

More posterior in the trunk, some species exhibit a series of paired dorsal
outgrowths named hepatic saccules (Figure 9.2C) (Horst 1930; Hyman 1959b;
Beklemishev 1969d). These repeated diverticula of the dorsal gut epithelium deform
the adjacent body wall epidermis becoming visible externally (Benito, Fernández,
and Pardos 1993; Miyamoto and Saito 2007). Other hemichordate structures such as
muscles or neurons have no evident segmental organization—the circular muscles
are not evenly spaced, the longitudinal muscles are continuous from end to end, the
coelomic cavities are undivided, and the nervous system is a net with no repetitive
pattern (Hyman 1959b; Beklemishev 1969d; Kaul-Strehlow et al. 2015).
During development the first pairs of gills can already be formed in the swimming larval stages (Agassiz 1873; Bateson 1884; Morgan 1894; Kaul-Strehlow and
Rö ttinger 2015). They appear progressively from anterior to posterior when endodermal evaginations fuse to the overlying ectoderm creating the gill pores (Hyman
1959b). Each gill follows a stereotypic developmental sequence, first as a small
round pore that elongates along the anteroposterior axis and subsequently becomes
U-shaped due to the growing dorsal tongue bars (Gillis, Fritzenwanker, and Lowe
2012). The number of gill slits continues to increase during adult life (Hyman 1959b;
Kaul-Strehlow and Rö ttinger 2015).
Gene expression studies suggest the molecules patterning the pharyngeal arches
of hemichordates, cephalochordates, and vertebrates are largely conserved, further
supporting the homology of deuterostome gills (Ogasawara et al. 1999; Rychel and
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Swalla 2007; Gillis, Fritzenwanker, and Lowe 2012; Fritzenwanker et al. 2014; Lowe
et al. 2015). Pharyngeal arches are thus a rather ancient deuterostome feature and
were probably the first segmental traits to evolve in the vertebrate lineage—before
the trunk somites or the hindbrain rhombomeres (Graham et al. 2014).

9.4.2

ECHINODERMATA (SEA URCHINS, SEA STARS, AND OTHERS)

Echinoderms are well-known marine invertebrates that evolved a unique body pattern organized into five symmetrical parts (Hyman 1955). Because of this unorthodox
pentamerous body symmetry and the difficulty to identify the position of the ancestral anteroposterior axis (reviewed in Mooi and David 2008), echinoderms are rarely
mentioned or often categorized as non-segmented in previous discussions about the
evolution of segmentation (Sedgwick 1884; Masterman 1899; Hyman 1955; Minelli
and Fusco 2004; Tautz 2004; Couso 2009)—with a few exceptions (Beklemishev
1969a; Balavoine and Adoutte 2003). But echinoderms indeed exhibit a conspicuous
set of repetitive serial elements, not along the anteroposterior axis, which is obscured,
but through the main axis of each of the five individual rays that make the echinoderm
body (Mooi, David, and Wray 2005). Despite not being arranged along the anteroposterior axis, and thus a clear exception to the definition of “segmental” used in this
chapter, these traits are worth mentioning given their clear segmental nature.
Adult echinoderms have five growth zones, one at the distal tip of each ray, where
new skeletal plates are deposited in a regular series by terminal addition (Mooi,
David, and Marchand 1994; Mooi and David 1998). Different than other segmental
structures described in this chapter, the skeletal elements are not paired but have
an alternating biserial distribution resulting in a zigzag pattern (Mooi, David, and
Marchand 1994; Mooi and David 1998; Mooi, David, and Wray 2005). This segmental arrangement is evident by the skeletal plates and is also reflected in the circulatory system, the podia, neurons, and muscles (Beklemishev 1969a). Interestingly,
the alternating growth pattern has changed in brittle stars and sea stars, and the
elements have lined up side by side forming paired serial structures along the ray
(Figure 9.2D) (Mooi and David 2000).
Although genetic interactions have been extensively studied in echinoderm
embryos and larvae (Cary and Hinman 2017), the genes involved in axial terminal
growth remain less known mainly due to the challenges of obtaining and raising
juvenile stages (Byrne et al. 2015). Of the few investigated candidates, the gene
Engrailed, known to pattern arthropod segments, is expressed in a segmental manner
in the arms of juvenile brittle stars and sea stars (Lowe and Wray 1997; Byrne et al.
2005). However, the gene is likely associated to neurogenesis rather than the generation of repetitive structures (Wray and Lowe 2000; Byrne et al. 2005). Fortunately,
a complementary approach to investigate echinoderm terminal growth through arm
regeneration experiments is gaining traction, and the molecular and cellular processes patterning these segmental elements are being unraveled in brittle stars and
sea stars (Bannister et al. 2005; Czarkwiani, Dylus, and Oliveri 2013; Czarkwiani et
al. 2016; Ben Khadra et al. 2017; Ferrario et al. 2018).
Finally, echinoderms have also evolved segmental traits outside the five terminal growth zones. A notable example is the stalk of crinoids, which is built on a
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repetitive series of internal skeletal elements that can reach 50 cm in extant species
(Figure 9.2E) (Hyman 1955). The ossicles that give rise to the stalk appear during
larval metamorphosis as five sequential elements (Haig and Rouse 2008; Amemiya
et al. 2016), but unlike the pattern of terminal growth in the rays (Mooi, David,
and Wray 2005), these elements grow at the proximal region near the main body
(Thomson 1865; Lahaye and Jangoux 1987) or by the intercalation of skeletal elements (Amemiya et al. 2016).

9.4.3

CEPHALOCHORDATA (LANCELETS OR AMPHIOXI)

Cephalochordates are swift, fishlike chordates that burrow in sand and filter suspended food particles in the seawater (Ruppert, Fox, and Barnes 2004a). Known
as lancelets or amphioxi due to their elongated body with pointy ends, they exhibit
several repeated traits along the anteroposterior axis, such as paired coelomic sacs,
muscle bundles, gill slits, and gonads (Beklemishev 1969d).
Directly visible through the transparent adult body are the V-shaped muscle
bundles arranged in a segmental manner along the anteroposterior axis and the
repeated series of gonads located more ventrally (Bertrand and Escriva 2011).
Curiously the left and right somites are out of register to each other (Ruppert, Fox,
and Barnes 2004a). Underneath lies a pharynx with a series of gill slits separated
by cartilaginous bars (Bertrand and Escriva 2011). Associated with the gills there
are the paired nephridia also organized in a segmental manner (Goodrich 1902;
Holland 2017).
There are no visible segmental traits in the nervous system except for serially repeated dorsal serotonergic neurons (Yasui et al. 1998; Candiani et al. 2001;
Wicht and Lacalli 2005) which follow the out-of-register arrangement of the musculature (Wicht and Lacalli 2005). In addition, there are inner cholinergic and
GABAergic/glycinergic neurons that are segmentally arranged in the hindbrain
(Candiani et al. 2012).
The first segmental structures in the amphioxus embryo are mesodermal constrictions that mark the somite boundaries (Conklin 1932). These evaginations progressively pinch off from anterior to posterior forming 8–12 pairs of somites (Conklin
1932; Holland 2015), while subsequent somites arise instead from the tail bud
(Holland 2015). The somites are further regionalized into three populations under
distinct regulatory landscapes (Aldea et al. 2019), revealing a hidden complexity of
molecular interactions and developmental processes that act in concert to generate a
uniform series of repeated structures.

9.4.4

TUNICATA (SEA SQUIRTS AND SALPS)

Tunicates are suspension-feeding, solitary or colonial, marine invertebrates with sessile (e.g., sea squirts) or planktonic habit (e.g., salps). The body is compact like a barrel and covered by a gelatinous tunic (Ruppert, Fox, and Barnes 2004a). Although
individuals have no evident segmental traits, a few structures in the adult pharynx,
in the larval notochord, and in the circular musculature of some planktonic forms
show a segmental arrangement.
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In adults, the pharynx is basket-shaped with perforated walls whose function is
central for nutrition, gas exchange, and excretion. These openings are often arranged
in transverse rows along the main axis of the pharynx (Garstang 1892) and are intercalated by transverse circulatory vessels (Shimazaki, Sakai, and Ogasawara 2006),
as well as transverse nerves (Burighel et al. 2001; Zaniolo et al. 2002). Adult zooids
of some colonial species can also reproduce asexually by forming segmental epidermal constrictions in the abdomen (Brown and Swalla 2012).
In larval stages we find the notochord, a highly ordered stack of cylindrical cells
that support the tail (Miyamoto and Crowther 1985) where each cell shows repeated
morphology and anteroposterior polarity (Jiang, Munro, and Smith 2005; Hannibal
and Patel 2013). Ascidian larvae also have a series of dorsal and ventral epidermal
sensory neurons in the tail, but their arrangement is barely regular (Crowther and
Whittaker 1994; Pasini et al. 2006). In general there are no segmental traits in the
central or peripheral nervous system of ascidian larvae (Imai and Meinertzhagen
2007a, 2007b).
During development, the notochord is not formed progressively by terminal
growth but by the rearrangement of forty progenitor cells that interdigitate and selforganize into an ordered single column (Miyamoto and Crowther 1985; Jeffery and
Swalla 1997). This segmental arrangement, however, is transient; it disappears once
the intercellular spaces between notochord cells fuse and form a hollow tube (Jeffery
and Swalla 1997).
The formation of the first gill slits during development also involves a series of
cellular rearrangements at the site of contact between ectodermal and endodermal
epithelial sheets (Willey 1893; Manni et al. 2002). These primary gills elongate and
subdivide increasing the number of openings per row, and entire rows can also subdivide generating the multiple transverse rows present in adult animals (Willey 1893;
Berrill 1947; Shimazaki, Sakai, and Ogasawara 2006).
Additionally, in planktonic tunicates such as doliolids and salps (Thaliacea) the
body is marked by a series of evenly spaced bands of circular muscles distributed
along the anteroposterior axis. This hooplike musculature pumps water through the
pharynx creating a jet thrust used for locomotion and filter-feeding (Ruppert, Fox,
and Barnes 2004a). The regular arrangement of these muscle bands is gradually
established during asexual budding, a common reproduction mode in thaliaceans.
Bud primordia exhibit a dorsolateral mass of muscle tissue that—in concert with bud
growth—extend ventrally, separate into initially misaligned individual bands, and
finally reach the regular arrangement found in mature zooids (Berrill 1950).

9.5

ECDYSOZOA

9.5.1 NEMATODA (ROUND WORMS)
Nematoda is a speciose group of elongated and cylindrical worms with a characteristic unsegmented external appearance (Hyman 1951e). It is not uncommon, however, for nematodes to exhibit regularly spaced circumferential indentations in their
cuticle along the anteroposterior axis, which are known as annuli (Lee 1967). The
nematode Caenorhabditis elegans has a consistent pattern of cuticular annulation
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throughout its life cycle (Figure 9.2F) (Cox, Staprans, and Edgar 1981; Costa,
Draper, and Priess 1997). However, these cuticular rings are more pronounced in
two other nematode groups, the Desmoscolecida (Decraemer and Rho 2013) and the
Tylenchida (Subbotin 2013).
Desmoscolecida are diminutive and mostly marine nematodes that are characterized by a strongly annulated cuticle ornamented by outer rings of aggregated material (Figure 9.2G) (Decraemer and Rho 2013). These so-called concretion rings are
formed by the accumulation of grains, clay, and even bacteria, which are caught up
by the differential secretion of mucus between annuli and probably shaped by the
body movement (Riemann and Riemann 2010). The cuticle of juveniles is annulated, but it does not exhibit concretion rings; these form during adult life (Lorenzen
1971; Decraemer 1978; Riemann and Riemann 2010). Within Tylenchida, a group
of plant-parasitic nematodes of great economic importance (Subbotin 2013), some
species show an even more striking pattern of cuticle annulation (Figure 9.2H).
These worms often exhibit annuli with crenated margins or scales with evident
regularity (Powers et al. 2016). In both Desmoscolecida and Tylenchida, the presence of a strong cuticular annulation might be an adaptation to interstitial sand and
soil environments.
The origin of the cuticular annulation is directly associated with the arrangement and differentiation of the hypodermal cells during the early development of
the nematode C. elegans. Prior to elongation, the embryos secrete an extracellular
layer that remains attached to the dorsal and ventral hypodermal cells in regular
intervals, forming circumferential ridges along the anteroposterior axis (Priess and
Hirsh 1986). There are numerous ridges per hypodermal cell, and each ridge corresponds to the position of a submembranous filamentous actin bundle (Priess and
Hirsh 1986). The arrangement is maintained throughout development and the pattern of circumferential actin bundles coincides with the localization of each cuticular
annulation in larval and adult stages (Costa, Draper, and Priess 1997; Francis and
Waterston 1991; Hardin and Lockwood 2004). The attachment, mediated by catenin
and cadherin proteins (Costa et al. 1998), is essential for the changes in cell shape
that elongate the embryo and for the mechanical coupling between the hypodermis
and the adult cuticle (Priess and Hirsh 1986; Costa, Draper, and Priess 1997; Hardin
and Lockwood 2004).
The cuticle annulation of nematodes is a fine example on how an external trait is
inherently linked and derived from the segmental organization of intracellular components. In this case, the basis for establishing a repetitive arrangement lies within
the realm of protein localization and polarity in the cytoplasm. Many of these cell
adhesion proteins have already been identified (Hardin and Lockwood 2004) and
may play a role in organizing the circumferential filamentous actin bundles in C.
elegans (Ding et al. 2003). Nevertheless, the key factors regulating the spacing of
these intracellular structures remain unknown.
Another nematode trait exhibiting a certain degree of repetition is the postembryonic locomotory neurons (White et al. 1976; Sulston and Horvitz 1977; Walthall
1995). The ganglia of each class of motoneurons become serially arranged in a
repeated manner along the body axis of C. elegans during the larval stages (White
et al. 1976; Sulston and Horvitz 1977; Walthall 1995). The embryo of C. elegans
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does not show such arrangement (Sulston et al. 1983). The organization of locomotory neurons in segmental pattern also occurs in Ascaris and might be a widespread
feature of nematodes (Stretton et al. 1978; Johnson and Stretton 1987).

9.5.2

NEMATOMORPHA (HORSEHAIR WORMS)

Horsehair worms are filiform bilaterians with a complex life cycle, where the adult
stages are free-living inhabiting water streams, and the larval stages are parasitic on
arthropod hosts (Hyman 1951e). The body of adult nematomorphs is covered by a
thick cuticle ornamented by areole structures, but there are no annulations (see Bolek
et al. 2010).
In contrast, the cuticle of the parasitic larva is markedly annulated (Figure 9.2I)
(Montgomery 1904; May 1919; Marchiori, Pereira, and Castro 2009; Bolek et al.
2010; Szmygiel et al. 2014). Similar to nematodes, the annulation encompasses the
cuticle and the hypodermal cell layer beneath. However, the rings in nematomorph
larvae are somewhat irregular, and the number of folds in each side does not correspond exactly (Figure 9.2J) (Montgomery 1904; Zapotosky 1975). It is also unlikely
that these cuticle rings are anchored to actin bundles since no circumferential fibers
are visible in the larva (Mü ller, Jochmann, and Schmidt-Rhaesa 2004).
Overall, the annulation of larval nematomorphs is incipient compared to the cuticular rings of nematodes, but the group is still lacking developmental data (Hejnol
2015a), and earlier embryonic stages need to be investigated further to clarify the
morphogenesis of these annulations.

9.5.3 PRIAPULIDA (PENIS WORMS)
Priapulids are marine mud-dwelling scavengers fittingly known as penis worms
due to their body shape. Adult priapulids have three well-defined body regions, an
anterior proboscis (introvert), an elongated trunk, and a posterior region with caudal appendages (Hyman 1951e). The trunk has a characteristic annulation pattern
formed by a series of transverse cuticular rings—between 40 and 180, depending on
the species (Figure 9.2N) (McCoy 1845; Hyman 1951e; Sanders and Hessler 1962;
Hammond 1970; Morse 1981; Shirley and Storch 1999).
The trunk cuticle in adults consists of a thin outer layer and a thick inner layer
with regularly spaced circumferential projections named apodemes (Figure 9.2O).
These structures delve deep into the tissue and are tightly intercalated with the rings
of circular muscles around the body wall (Oeschger and Janssen 1991). Each cuticular ring corresponds to the position of a circular muscle, which appears to bulge the
inner cuticle layer (Oeschger and Janssen 1991). Therefore, the cuticle annulation of
priapulids is likely the result of a tight association between the circular musculature
and the cuticle of the trunk.
The circular muscles first appear in the embryos of Priapulus caudatus during
gastrulation with a few transversely oriented fibers located at the introvert–trunk
boundary (Figure 9.2P) (Martín-Durán and Hejnol 2015). Additional circular muscle
cells get distributed along the whole trunk region, and form a grid pattern with the
longitudinal musculature (Figure 9.2P). The circular musculature is well developed
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in the hatching larvae (Figure 9.2P) (Martín-Durán and Hejnol 2015), but no obvious annulation is visible in this first larval stage and, unfortunately, the trunk is hidden beneath a lorica in later stages (Higgins, Storch, and Shirley 1993; Wennberg,
Janssen, and Budd 2009). Nevertheless, juvenile stages can already display cuticular
rings (Sørensen et al. 2012), and further developmental studies might corroborate the
idea that priapulid trunk annulation emerges from the tight association between the
circular musculature and the cuticle.
In addition, the peripheral nervous system of adult priapulids displays circular
neurite bundles arranged regularly along the anteroposterior axis (Figure 9.2Q)
(Rothe and Schmidt-Rhaesa 2010). However, this orthogonal pattern must develop
during postembryonic stages and juvenile growth, since it is not present in the larval
stages (Martín-Durán et al. 2016).

9.5.4

KINORHYNCHA (MUD DRAGONS)

Mud dragons are minute and elongated marine invertebrates with a spiny appearance (Hyman 1951e). Different than other groups covered in this chapter, kinorhynchs have an evident segmental organization with the trunk divided into eleven
segments, known as zonites (Figure 9.2K) (Zelinka 1908; Hyman 1951e). These are
demarcated by a series of overlapping cuticular plates connected by thin transverse
joints repeated along the anteroposterior axis (Hyman 1951e; Neuhaus and Higgins
2002). This segmental arrangement is not only external but also occurs internally in
the musculature and the nervous system.
For instance, the dorsoventral and diagonal muscles are arranged in a series of
pairs along the body that match the subdivisions of the body wall (Figure 9.2L)
(Mü ller and Schmidt-Rhaesa 2003; Schmidt-Rhaesa and Rothe 2006; Herranz
et al. 2014; Altenburger 2016). Similarly, the nervous system exhibits two transverse
commissures per segment between the longitudinal nerve cords (Nebelsick 1993;
Neuhaus and Higgins 2002; Herranz et al. 2019) and a series of paired ventral neuronal somata is present in some species (Figure 9.2M) (Herranz, Pardos, and Boyle
2013; Herranz et al. 2019). Thus, in adult kinorhynchs the segmental traits of distinct
organ systems are well correlated to a degree comparable with annelids or arthropods, at least in the species studied so far. Nevertheless, additional data is needed to
corroborate if this integrated segmental organization is a feature shared by the entire
group (Herranz et al. 2019).
The ontogeny of kinorhynch segmental structures remains elusive due to limited developmental data (Hejnol 2015a)—most observations are restricted to the
heroic efforts of E.N. Kozloff (1972, 2007) in a species of the Pacific Northwest:
Echinoderes kozloffi. What we know about kinorhynch embryogenesis is that the
trunk segments of E. kozloffi first become visible midway through development after
the embryo elongates in the anteroposterior axis (Kozloff 2007). The developmental
processes involved in the elongation (e.g., cellular rearrangements or growth zone)
are not known. Development is direct and the juvenile hatches with at least eight of
the future eleven adult segments (Kozloff 1972; Neuhaus and Higgins 2002; SchmidtRhaesa and Rothe 2006). Additional segments are added at the posterior end during
postembryonic development, suggesting the presence of a subcaudal growth zone in
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kinorhynchs (Neuhaus 1995; Lemburg 2002; Neuhaus and Higgins 2002; Sørensen,
Accogli, and Hansen 2010).
An interesting aspect revealed by kinorhynch developmental studies is that the
correspondence between the number of dorsoventral muscles and trunk segments
present in adults is not observed in juveniles. At their earliest stage, juveniles have
only eight trunk segments but already display their final number of ten pairs of
dorsoventral muscles (Schmidt-Rhaesa and Rothe 2006). This suggests that kinorhynch segmental traits might develop with a certain degree of independence during
embryogenesis before becoming well integrated in the adult stage.

9.5.5

LORICIFERA (GIRDLE WEARERS)

Loriciferans are microscopic interstitial bilaterians related to priapulids and kinorhynchs that were only discovered in the 1980s (Kristensen 1983). Their body is
divided into an introvert, thorax, and abdomen, and partially enclosed by a sclerotized cuticle—the lorica (Kristensen 1983).
The adult thorax is divided into two segments, one anterior portion with appendages and a posterior portion without which are covered by accordion-like rows of
plates in the larval stages (Kristensen 1983; Higgins and Kristensen 1986). There
are no internal structures that match the arrangement of these external thorax traits.
In the abdomen, however, a variable number of transverse circular or paired lateral muscle bundles are serially arranged in different species (Gad 2005; Kristensen,
Neves, and Gad 2013; Neves et al. 2013), even though the morphology of these transverse muscle bands is not perfectly repeated (Neves et al. 2013). There is no evidence
so far of segmental traits in the nervous system of loriciferans (e.g., serial ganglia),
but their neural structures have not yet been studied by immunohistochemistry
(Herranz et al. 2019).
The development of loriciferans is barely known (Hejnol 2015a). Embryos have
only been observed in one aberrant species with a viviparous paedogenetic life cycle
and develop inside a cystlike mega-larva (Heiner and Kristensen 2009). Nevertheless,
it is interesting to note that the transverse musculature present in adult loriciferans is
not present in the larval stages (Neves et al. 2013).

9.5.6

TARDIGRADA (WATER BEARS)

Tardigrades are common dwellers in aquatic and moist terrestrial habitats, widely
recognized for their bearlike appearance and for the ability to survive harsh conditions (Ruppert, Fox, and Barnes 2004c; Møbjerg et al. 2011). The body has a segmented appearance with a defined head and four trunk segments, each bearing a pair
of jointless legs.
A cuticle secreted by the epidermis covers the whole body and can exhibit transverse folds, which correspond to the flexion zones of the body where the cuticle is
thinner (Greven 1984). The cuticle folding does not correspond to the trunk segments
(Ruppert, Fox, and Barnes 2004c). Due to the reduced body size, tardigrades lack
coelomic cavities, respiratory or excretory organs, and thus show no obvious internal
segmental organs (Beklemishev 1969b).
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For instance, the musculature of tardigrades is rather complex (e.g., Marchioro
et al. 2013) but only a few muscle sets have a segmental pattern (Schmidt-Rhaesa
and Kulessa 2007; Halberg et al. 2009; Smith and Jockusch 2014). Leg muscles in
segments two and three can be nearly identical (Smith and Jockusch 2014; Smith and
Goldstein 2017) but the morphology is usually distinct for each pair of legs (SchmidtRhaesa and Kulessa 2007; Halberg et al. 2009). In addition, even though the muscle
attachment points are conserved among tardigrades (Marchioro et al. 2013) they do
not correspond to segment borders (Schmidt-Rhaesa and Kulessa 2007).
On the other hand, the ventral nervous system of tardigrades has a rope ladder
organization with a series of four trunk ganglia linked by a longitudinal pair of connectives (Zantke, Wolff, and Scholtz 2008; Persson et al. 2012; Mayer, Kauschke,
et al. 2013a; Mayer, Martin, et al. 2013b; Schulze and Schmidt-Rhaesa 2013; Schulze,
Neves, and Schmidt-Rhaesa 2014; Smith and Jockusch 2014; Smith and Goldstein
2017). Upon a closer inspection, however, it is evident that each ventral ganglion
has a unique (non-repeated) morphology (Mayer, Kauschke, et al. 2013; Smith and
Jockusch 2014; Smith and Goldstein 2017).
During embryogenesis, the trunk ganglia differentiate already at their final adult
positions relative to the anteroposterior axis from individual clusters of four neural progenitors (Hejnol and Schnabel 2005). Depending on the species, these four
ganglia develop either simultaneously (Hejnol and Schnabel 2005) or following an
anteroposterior progression (Gross and Mayer 2015). The longitudinal connectives
are only established later in development (Gross and Mayer 2015).
The mesoderm of developing tardigrade embryos is subdivided into repeated
somites that correspond to the trunk segments (Gross, Treffkorn, and Mayer 2015).
Interestingly, the developmental processes generating the segmental organization in
the mesoderm differ between species. In one species, after mesodermal progenitors
enter the blastocoel, they migrate and proliferate with no apparent anteroposterior
polarity or growth zone, and the resulting mesodermal bands later subdivide into
four paired groups of cells composing each somite (Hejnol and Schnabel 2005). In
contrast, somites can form by sequentially pinching off the presumptive endomesodermal tube (Gabriel et al. 2007).
At the molecular level, Engrailed protein is expressed in rows of dorsolateral
ectodermal cells before any morphological boundary is visible on the ectoderm, but
after somite boundaries have been established (Gabriel and Goldstein 2007). The
expression matches the posterior border of each somite suggesting that engrailed
could be involved in setting up these ectodermal boundaries (Gabriel and Goldstein
2007). In addition, anterior Hox genes have been shown to be expressed in a segment-specific manner and could have a role in establishing the segment identities
(Smith et al. 2016). Nevertheless, gene expression data on tardigrade development
remains limited (Gross, Treffkorn, and Mayer 2015).

9.5.7

ONYCHOPHORA (VELVET WORMS)

Onychophorans are multilegged predators with velvety skin and nocturnal habit that
live in humid forest soil (Ruppert, Fox, and Barnes 2004c). Because they exhibit
segmental traits in several organ systems—with noteworthy exceptions—and are the
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sister group to arthropods (Giribet and Edgecombe 2017), velvet worms are a key
group for understanding the evolution of the canonical arthropod segmental traits
(Mayer and Whitington 2009; Whitington and Mayer 2011; Martin, Gross, Hering,
et al. 2017a; Martin, Gross, Pflü ger, et al. 2017b; Smith and Goldstein 2017).
There are no folds demarcating external trunk boundaries and, even though minute segmental papillae can be present in the cuticle (Franke and Mayer 2014), the
trunk segments are only evident from the series of paired appendages used for locomotion (Ruppert, Fox, and Barnes 2004c). Internally, onychophorans exhibit a mix
of segmental and non-segmental traits in the nervous, circulatory, and muscle systems (Franke and Mayer 2014; Martin, Gross, Pflü ger, et al. 2017).
In the peripheral nervous system, for example, the leg and nephridial nerves
branching from the ventrolateral nerve cords are distributed in a segmental manner in register with the pair of appendages per segment (Mayer 2015). However,
the nerve cords themselves lack segmental ganglia (i.e., the neuronal bodies are
distributed along the cord) and the numerous ring and median commissures are
neither evenly spaced nor match the leg innervations (Mayer and Harzsch 2007,
2008; Whitington and Mayer 2011; Mayer, Martin, et al. 2013; Mayer 2015; Martin,
Gross, Hering, et al. 2017; Martin, Gross, Pflü ger, et al. 2017). In the same manner,
the musculature does not show any obvious segmental arrangement, except for the
muscles associated with the legs (Hoyle and Williams 1980; Mayer, Franke, et al.
2015) and gonads are paired non-segmental structures (Storch and Ruhberg 1990;
Brockmann et al. 1999). Additional segmental traits include one pair of nephridia
per trunk segment (Mayer 2006) and serially repeated valves (i.e., ostia) in the
circulatory system through which the blood enters the heart (Ruppert, Fox, and
Barnes 2004c).
During embryonic development onychophorans also produce somites in the
mesoderm (Mayer, Franke, et al. 2015). They are formed after gastrulation from
bilateral bands of mesoderm that elongate and subdivide into segmental blocks
of solid tissue, which progressively hollow out (Mayer, Franke, et al. 2015). The
somitogenesis process occurs without a posterior growth zone (Mayer et al. 2010).
The nervous system also develops from head to tail, but without any sign of segmental organization. First, the neuronal precursors giving rise to the ventrolateral
nerve cords delaminate from the ectoderm, and only later in development the leg
nerves and commissures are established (Mayer and Whitington 2009; Mayer,
Franke, et al. 2015; Martin, Gross, Hering, et al. 2017). Onychophoran embryos
have in addition a conspicuous but transient segmental trait made from thickenings of the ventral ectoderm, known as the ventral organs (Whitington and Mayer
2011), which serve as attachment points for the developing leg muscles (Oliveira
et al. 2013).
The molecular patterning of onychophoran embryos has been extensively investigated, particularly regarding the expression of known arthropod segmentation genes
(Mayer, Franke, et al. 2015). The segment polarity genes engrailed, wingless, and
hedgehog are expressed in a segmental manner with a pattern similar to arthropods,
but are only detected after the morphological furrows have formed (Eriksson et al.
2009; Janssen and Budd 2013; Franke and Mayer 2014). The upstream factors regulating onychophoran somitogenesis remain unclear (Janssen 2017).
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SPIRALIA
CHAETOGNATHA (ARROW WORMS)

Chaetognaths are small torpedo-like marine predators, known as arrow worms, with
a well-defined head region and a slender trunk showing no marked subdivisions
(Hyman 1959a). Even so, some traits of the chaetognath nervous system are organized in a segmental manner. For example, the central neuropil—a dense synaptic
area of the ventral ganglion of chaetognaths—comprises an ordered series of transverse fibers that form around 80 microcompartments along the anteroposterior axis
(Figure 9.3A) (Bone and Pulsford 1984; Harzsch and Mü ller 2007). At the flanks
of the neuropil, there are neuronal cell bodies, which are also organized in a serial
manner, forming a highly organized grid pattern (Perez et al. 2013). Experimental
data from cell proliferation assays suggest the organized pattern emerges from the
iterated asymmetric divisions of neuronal progenitors (Perez et al. 2013).
Alongside the neuropil lies another distinct segmental trait of chaetognaths: a
repetitive series of paired neurons with RFamide-like immunoreactive somata
(Figure 9.3B) (Bone et al. 1987; Goto et al. 1992; Harzsch and Mü ller 2007; Harzsch
et al. 2009; Rieger et al. 2011). The arrangement is widely conserved to the point
that these neurons can be homologized between the different species, indicating that
such a segmental trait is likely part of the chaetognath ground pattern (Harzsch et al.
2009). It is unclear, however, how they become arranged in a segmental manner during embryonic development. Hatchlings already exhibit the four anteriormost pairs
of neurons (Rieger et al. 2011), suggesting that the differentiation progresses from
anterior to posterior. But the embryonic origin of these neurons and the cellular processes responsible for their segmental arrangement remain unknown.

9.6.2 ROTIFERA (WHEEL WORMS)
Wheel worms are aquatic bilaterians characterized by a prominent ciliary organ,
hence their common name, and a highly specialized masticatory apparatus known
as the mastax (Hyman 1951e). The body is divided into head, trunk, and foot, all of
which can be segmented along the anteroposterior axis by skeletal plates and folds in
the tegument body wall (Segers 2004; Fontaneto and Smet 2014). The plates are often
articulated forming conspicuous telescopic rings that can be retracted–extended at
will by the animals (Figure 9.3C) (Fontaneto and Smet 2014). Unlike kinorhynchs,
the skeletal plates of rotifers are intracytoplasmic and formed by a dense lamina
within the syncytial integument layer (Fontaneto and Smet 2014).
Rotifers also exhibit a transverse series of circular muscles along the anteroposterior axis (Figure 9.3D) (Hochberg and Litvaitis 2000; Sørensen 2005; Leasi and
Ricci 2010; Fontaneto and Smet 2014). The number, width, and configuration of
these muscles—which are often incomplete, forming semicircular paired lateral
bands—varies between species, although the circular arrangement is considered the
ancestral condition (Leasi and Ricci 2010). Regardless, the number and position of
these circular muscles do not seem to correspond with the organization of the skeletal plates, when present (e.g., Sørensen 2005; Hochberg and Lilley 2010; Leasi and
Ricci 2010). The ontogeny of the circular musculature has not yet been described
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FIGURE 9.3 Selected segmental traits in Spiralia (Chaetognatha, Rotifera, Micrognathozoa,
Gastrotricha, and Platyhelminthes). Arrows indicate serially repeated structures unless otherwise noted. A. The ventral nervous center (vnc) in the chaetognath Spadella cephaloptera
(left) and the segmental microcompartments in the central neuropil of Sagitta setosa revealed
by synapsin (right). Scale bars = 100 µm (left) and 50 µm (right). Left image reprinted from
Rieger et al. (2011) with permission from John Wiley & Sons. Right image by Harzsch and
Mü ller (2007) licensed under CC-BY. B. Repetitive series of paired neurons with RFamidepositive somata (D1-5) in the chaetognath Sagitta enflata. Scale bar = 25 µm. Image reprinted
from Harzsch et al. (2009) with permission from Springer Nature. C. Telescopic rings in the
foot (f) of the bdelloid rotifer Rotaria macrura. Scale bar = 20 µm. Image by Diego Fontaneto
from Gross (2007) licensed under CC-BY. D. Circular musculature in the rotifer Philodina
sp. Magnified ×630. Image reprinted from Hochberg and Litvaitis (2000) with permission
from Springer Nature. E. Body wall annulations in the acanthocephalan Mediorhynchus africanus. Scale bars = 500 µm. Image reprinted from Amin et al. (2013) with permission from
Springer Nature. F. The accordion-like thorax in the micrognathozoan Limnognathia maerski. Scale bar = 20 µm. Image reprinted from Giribet et al. (2004) with permission from John
Wiley & Sons. G. Serially repeated dorsoventral musculature in L. maerski. Scale bar = 10
µm. Image by Bekkouche et al. (2014) licensed under CC-BY. H. Series of lateral spines in the
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FIGURE 9.3 (CONTINUED)
gastrotrich Xenodasys riedli. Scale bar = 50 µm. Image reprinted from Schuster et al. (2018)
with permission from Springer Nature. I. Transverse commissures (arrows) intercepting the
dorsal nerve cords in the catenulid flatworm Promonotus schultzei. Scale bar = 10 µm. Image
reprinted from Reuter et al. (1995) with permission from Springer Nature. J. Lattice-like
musculature in the proseriate flatworm Monocelis sp. (left) and in the polyclad flatworm
Melloplana ferruginea (right) showing the circular muscles (cm), diagonal muscles (dm), longitudinal muscles (lm), oral muscles (om), and rhabdite glands (rg). Scale bars = 100 µm (left)
and 25 µm (right). Left image by Girstmair et al. (2014) licensed under CC-BY. Right image
reprinted from Bolañ os and Litvaitis (2009) with permission from John Wiley & Sons. K.
Early circular myoblast processes in the polyclad flatworm embryos Maritigrella crozieri
with few developing longitudinal fibers (lm). Scale bar = 50 µm. Image reprinted from
Bolañ os and Litvaitis (2009) with permission from John Wiley & Sons. L. Anterior region
(left) and body wall infoldings (right) in the tapeworm Taenia taeniaeformis and Hymenolepis
nana showing the proglottids (p) and their overlapping margins (ol), neck region (n), scolex
(sc), suckers (s), and the rostellum (r). Magnified ×120 and ×80, respectively. Images reprinted
from Mehlhorn et al. (1981) with permission from Springer Nature. M. Longitudinal section
of the body wall in the tapeworm H. nana showing the infoldings (if) in the syncytial tegument layer (tg) of the proglottids (p) with transverse canals of the excretory system (e).
Magnified ×200. Image reprinted from Mehlhorn et al. (1981) with permission from Springer
Nature. N. Transverse commissures (trc) intercepting the lateral nerve cords (lnc) and median
nerves (mn) in the nervous system of the tapeworm Hymenolepis diminuta. Scale bar = 100
µm. Image reprinted from Rozario and Newmark (2015) with permission from Elsevier. O.
Transverse muscle fibers (arrowheads) and terminal genitalia (asterisks) in the proglottids of
tapeworm H. diminuta. Scale bar = 100 µm. Image reprinted from Rozario and Newmark
(2015) with permission from Elsevier. P. Transverse (tv) and longitudinal (lg) excretory canals
in the tapeworm H. diminuta. Scale bar = 100 µm. Image reprinted from Rozario and
Newmark (2015) with permission from Elsevier.

in detail. Muscle bands are visible in the embryo before hatching (Boschetti et al.
2005), but the mechanisms and processes that lead to the serial arrangement of these
circular muscle cells in rotifers still need to be elucidated.
Acanthocephalans are parasitic worms affiliated to rotifers (Hejnol 2015c). They
have a hooked proboscis and no gut (Hyman 1951d; Nicholas 1967). Several species
have a trunk segmented by regular annular constrictions (Figure 9.3E) (Southwell
and Macfie 1925; Amin et al. 2013). The epidermis at each constriction is attached
to the longitudinal muscles isolating the outer circular muscles into rings, which correspond to the annuli (Hyman 1951d). The trunk can also exhibit circular girdles of
spines along the body. Internally, a fluid-filled lacunar system can be organized in an
orthogonal pattern with a series of circular channels along the anteroposterior axis
of the body (Hyman 1951d).

9.6.3 MICROGNATHOZOA (JAW ANIMALS)
Limnognathia maerski—the sole representative species of the Micrognathozoa—is a
small bilaterian inhabiting mossy environments in Greenland with morphological features that resemble rotifers and other gnathiferans (Kristensen and Funch 2000). The
adult body is regionalized into a head, an accordion-like thorax, and an ovoid abdomen
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(Figure 9.3F). The thorax is subdivided into five flexible annulations supported by dorsal and lateral plates, which are composed of an intracellular matrix layer (Kristensen
and Funch 2000). L. maerski exhibits 13 pairs of serially repeated dorsoventral muscles along the anteroposterior axis (Figure 9.3G) (Bekkouche et al. 2014). The muscle
bundles occur in the thorax and abdomen, but their position does not correspond to the
arrangement of the thorax annulations (see Bekkouche et al. 2014). There are two pairs
of lateral protonephridia in the trunk (Kristensen and Funch 2000) and no segmental
traits in the nervous system (Bekkouche and Worsaae 2016b).

9.6.4 GASTROTRICHA (HAIRYBACKS)
The minute hairybacks are elongated free-living bilaterians covered with scales,
spines, and bristles (Hyman 1951e). The arrangement of the gastrotrich scales on the
body surface is highly ordered, but a segmental organization is more evident in the
distribution of spines, bristles, and adhesive tube pairs along the lateral of the body
(Figure 9.3H) (Hyman 1951e). Internally, there are no obvious segmental structures
in the gastrotrich nervous (Rothe and Schmidt-Rhaesa 2009; Rothe, Schmidt-Rhaesa,
and Kieneke 2011; Bekkouche and Worsaae 2016a) or muscular systems (Kieneke,
Martínez Arbizu, and Riemann 2008b; Bekkouche and Worsaae 2016a). The only
exception is the excretory system, where some species can have between two and
eleven pairs of protonephridia along the body (Teuchert 1967; Bekkouche and Worsaae
2016a). Nonetheless, because many gastrotrich species have only a single pair of protonephridia, it is not yet resolved if the segmental organization of the excretory system
is an ancestral feature (Kieneke, Arbizu, and Ahlrichs 2007; Kieneke et al. 2008a).
One other segmental trait that is likely part of the ground pattern of Gastrotricha is the
lateral pairs of adhesive tubes (Kieneke, Riemann, and Ahlrichs 2008c).
Developmental studies on gastrotrichs are scarce (Hejnol 2015b). However,
Teuchert (1968) provides important insights about the ontogeny of the aforementioned
segmental traits. Adults of Turbanella cornuta have several pairs of lateral adhesive
tubes and tactile bristles, and four pairs of protonephridia that are serially arranged
and evenly spaced along the anteroposterior axis of the animal (Teuchert 1967, 1968).
The tactile bristles and adhesive tubes develop at the same locations and almost in
concert during embryogenesis, and the juveniles hatch with four lateral pairs of each
(Teuchert 1968). Additional pairs of bristles and adhesive tubes are added during
postembryonic development by intercalation between the initial four pairs, and not
at the posterior end as one might expect (Teuchert 1968). In contrast, the formation
of new protonephridia pairs follows an anterior-to-posterior progression. T. cornuta
juveniles only have a single protonephridia pair located anteriorly, and additional
pairs are sequentially added until the fourth pair is formed near the posterior end
(Teuchert 1968). This suggests once more that the segmental organization of different
traits is achieved by distinct, partly independent developmental mechanisms.

9.6.5

PLATYHELMINTHES (FLATWORMS)

Platyhelminthes is a diverse group of dorsoventrally flat bilaterians with complicated
life history strategies and unusual morphologies in parasitic species (Hyman 1951b).
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Flatworms also have segmental traits of different kinds and degrees, such as an
orthogonal nervous system or the proglottids in tapeworms.
In free-living flatworms, the longitudinal nerve cords—which vary from a single
pair to multiple pairs—are intercepted by ladder-like transverse commissures forming an orthogonal grid pattern historically referred to as the orthogon (Figure 9.3I)
(Reisinger 1925; Reuter and Gustafsson 1995; Halton and Gustafsson 1996; Reuter,
Mäntylä, and Gustafsson 1998). The arrangement was initially identified in classical
platyhelminth works (e.g., Lang 1881; Wheeler 1894; Wilhelmi 1909), but as more
species were analyzed, a whole range of variation within the orthogon basic pattern was revealed, from dense and regular to sparse and uneven grids (Reuter and
Gustafsson 1995; Reuter, Mäntylä, and Gustafsson 1998). Notably, the arrangement
is also absent in planktonic larval stages (Rawlinson 2010).
The orthogon is formed during embryonic development with the longitudinal
nerve cords usually developing first, and the transverse commissures appearing
later (Younossi-Hartenstein, Jones, and Hartenstein 2001; Cardona, Hartenstein,
and Romero 2005; Monjo and Romero 2015). However, it remains unclear if these
commissures are formed progressively from anterior to posterior, and which cellular
processes involved. One hypothesis is that neurons migrate from the brain while the
longitudinal connectives are extending, and periodically settle to form the transverse projections. A second possibility is that totipotent stem cells present in the
mesenchyme (i.e., neoblasts) differentiate into neurons at regularly spaced loci, perhaps guided by the longitudinal nerve cords, to produce the commissures (YounossiHartenstein, Jones, and Hartenstein 2001). The latter—also known as “interstitial
neural progenitor mode” (Hartenstein and Stollewerk 2015)—has been shown to
occur during the regeneration of the planarian nervous system (e.g., Nishimura et al.
2011), but both mechanisms likely play a role in the patterning of these commissures.
Another featured trait of flatworms is the lattice-like musculature with serially
arranged circular muscles (Figure 9.3J) (Rieger et al. 1991, 1994; Reiter et al. 1996;
Cardona, Hartenstein, and Romero 2005; Bolañ os and Litvaitis 2009; Rawlinson
2010; Semmler and Wanninger 2010; Krupenko and Dobrovolskij 2015). This organization originates during early embryogenesis, from an irregular network of cells
projecting myofilaments in random orientation, until the first transverse circular
muscles are formed (Reiter et al. 1996; Cardona, Hartenstein, and Romero 2005;
Bolañ os and Litvaitis 2009; Rawlinson 2010; Semmler and Wanninger 2010). The
position of the first circular muscles varies between species. In some cases, a primary fiber is present (e.g., Rawlinson 2010), but in general, they do not form progressively from the anterior to the posterior end (Figure 9.3K). During ontogeny, circular
muscles can be added via two different cellular processes—by duplication of the
whole muscle resulting in double stranded fibers or by the branching off of one end
of the fiber (Bolañ os and Litvaitis 2009; Semmler and Wanninger 2010). The putative mechanisms in place to control the even distribution of these dynamic populations of circular muscles remain unknown, but it is hypothesized that interactions
with the nervous system might play an important role (Rawlinson 2010).
Free-living flatworms also display some less common segmental traits, such
as paired series of lateral gut diverticula alternating with gonads (Lang 1881). But
perhaps one of the most striking examples of segmental organization in flatworms
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occurs in some of the parasitic forms—the tapeworms. Their adult body is notably
divided into serially repeated morphological units delimited by external constrictions of the body wall (Figure 9.3L), which contain serially arranged internal structures, such as neurons, muscles, and gonads (Hyman 1951b; Mehlhorn et al. 1981).
These segments, or proglottids, are demarcated by annular infoldings of the syncytial tegument layer that form the tapeworm body wall (Figure 9.3M) (Mehlhorn
et al. 1981). The folds are superficial and there are no internal membranous structures separating the proglottids (Mehlhorn et al. 1981; Koziol 2017). Unlike the
typical segmented animals, the tapeworm segments form at a germinative zone
behind the “head” (Rozario and Newmark 2015), so that the oldest proglottids
are located toward the posterior end of the animal (Hyman 1951b; Mehlhorn et al.
1981). This growth zone likely undergoes a periodic accumulation of proliferative
cells during segmentation (Koziol et al. 2010). Pioneering work on a tapeworm
provided initial evidence that the annular infoldings of the tegument are under
tight genetic control (Holy et al. 1991). The processes that establish the proglottid boundaries and how they compare to the segmentation mechanisms in other
animals remain elusive, but are currently under active investigation (Koziol et al.
2016; Koziol 2017; Olson et al. 2018).
In addition to the body wall segmentation, tapeworms also display internal segmental traits that in most cases are in register with external segmental features.
For example, the nervous system arrangement is stereotypic with three transverse
commissures per proglottid intercepting the longitudinal nerve cords (Figure 9.3N);
the circular musculature is evenly spaced along the anteroposterior axis and inner
transverse cortical fibers can be present at each proglottid boundary (Figure 9.3O);
the excretory canals of the osmoregulatory system have a ladder-like organization
(Figure 9.3P); and finally, each proglottid contains a stereotypical set of reproductive
organs and a single genital pore (Rozario and Newmark 2015).
In fact, some tapeworm lineages have no proglottid boundaries and only exhibit
internal segmental traits. Strikingly, the phylogeny of tapeworms suggests the segmental arrangement of internal traits evolved before the external annular infoldings
in the clade (Olson et al. 2001). This indicates that the segmental organization of
tapeworms was established stepwise, possibly involving independent developmental
mechanisms. If and how the patterning of internal traits might have influenced the
evolution of the external morphology remains an open question, and more detailed
data about the development of these internal structures is needed (Koziol 2017).
Given that tapeworms evolved de novo a complex segmental organization (Olson
et al. 2001), the group can provide interesting insights about molecular evolution,
for example, how known molecular pathways might have been coopted to pattern
tapeworm segmental traits, or potentially reveal novel developmental mechanisms
involved in generating repeated structures.

9.6.6

NEMERTEA (RIBBON WORMS)

Nemerteans are slender hunters with a typical unsegmented external appearance,
but that can exhibit some internal segmental traits (Hyman 1951c). Examples of
nemertean segmental traits are serially arranged ovary pairs, lateral gut diverticula,
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transverse nerve commissures, and one single case of annular constrictions in the
trunk.
A few interstitial nemertean species have a conspicuous segmented appearance
where the external body wall is subdivided along the anteroposterior axis into trunk
segments (Berg 1985; Norenburg 1988; Chernyshev and Minichev 2004). Each segment is demarcated by epidermal constrictions that coincide with a rather unusual
trait for this group—a segmented digestive tract (Berg 1985). In these species, the
gut is divided into barrel-shaped segments delimited by an internal membrane with
a funnel aperture connecting the compartments (Berg 1985). Both the body wall and
gut segmental traits are apomorphies of this particular group of nemerteans, and possibly associated to their interstitial habit (Chernyshev and Minichev 2004; Sundberg
and Strand 2007). Given the predictable nature of these traits, a tight developmental
control must be involved in patterning these segmental tissue boundaries.
The presence of transverse commissures arranged in regular intervals between
the longitudinal nerve cords of nemerteans has been described in classical works
(e.g., Hubrecht 1887; Bü rger 1895). However, this ladder-like appearance varies
across species (Beckers, Faller, and Loesel 2011; Beckers, Loesel, and Bartolomaeus
2013; Chernyshev and Magarlamov 2013; Beckers, Krämer, and Bartolomaeus 2018).
Serially arranged circular nerves can also be present (Figure 9.4A) (Beckers, Loesel,
and Bartolomaeus 2013; Chernyshev and Magarlamov 2013). These neural structures probably develop either in adults or late juveniles, since they are not detected
in larval or early juvenile stages of nemerteans (Hay-Schmidt 1990; Chernyshev
and Magarlamov 2010; Maslakova 2010; Hindinger, Schwaha, and Wanninger 2013;
Dö hren 2016; Martín-Durán et al. 2018). Furthermore, the regular arrangement of
the nervous system is likely not part of the nemertean ground pattern, but a derived
feature associated with a pelagic habitat (Beckers, Krämer, and Bartolomaeus 2018).
Another and more widespread nemertean segmental trait is the serial arrangement
of ovary pairs along the body axis (Figure 9.4B) (Coe 1905; Stricker et al. 2002). The
number of pairs ranges from fewer than ten to several thousands, and each ovary
can be connected to a correspondent gonoduct and genital opening through the body
wall (Stricker et al. 2002). In addition, the ovaries are tightly intercalated by lateral
gut diverticula (Figure 9.4C), indicating a certain morphological integration between
these traits. Developmental mechanisms responsible for the segmental organization
of nemertean ovaries are still unknown.
Finally, nemerteans usually have a single anterior pair of protonephridia, but some
groups can have serially arranged protonephridia reaching up to 300 pairs—a condition that probably evolved secondarily (Bartolomaeus and Dö hren 2010). Along the
body wall and proboscis there are series of densely packed, but not so regularly distributed, circular muscles (Chernyshev 2015, 2010; Chernyshev and Kajihara 2019).

9.6.7

MOLLUSCA (SNAILS AND SQUIDS)

Mollusca is the group of bilaterians comprised of snails, oyster, squids, and other
animals with a great diversity of larval and adult body patterns (Ruppert, Fox,
and Barnes 2004b). Two particular mollusk groups, the Monoplacophora and the
Polyplacophora (e.g., chitons), show a rather notable set of segmental traits, such as
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FIGURE 9.4 Selected segmental traits in Spiralia (Nemertea, Mollusca, and Brachiopoda).
Arrows indicate serially repeated structures unless otherwise noted. A. Ring nerves (scn) in
the nemertean Procephalothrix filiformis. Scale bar = 100 µm. Image by Beckers, Loesel, and
Bartolomaeus (2013) licensed under CC-BY. B. Serially repeated ovaries in the nemertean
Carcinonemertes epialti. Scale bar = 100 µm. Image reprinted from Stricker et al. (2002) with
permission from John Wiley & Sons. C. Oocytes (oo) intercalated by gut diverticula (id) in the
nemertean Tetrastemma phyllospadicola showing the proboscis (pr) and body wall epidermis
(ep). Scale bar = 400 µm. Image reprinted from Stricker et al. (2002) with permission from John
Wiley & Sons. D. Series of dorsal shell plates in the chiton Tonicella lineata. Image by Jerry
Kirkhart from Kirkhart (2008) licensed under CC-BY. E. Cell types in the shell field epithelium
of the chiton Ischnochiton rissoa. The surface of each cell is color coded. Scale bar = 1 µm.
Image reprinted from Kniprath (1980) with permission from Springer Nature. F. Larva of the
chiton Mopalia muscosa with developing shell field (arrows), mantle fold (gi), apical tuft (at),
and foot (ft). Scale bar = 50 µm. Image reprinted from Wanninger and Wollesen (2015) with
permission from Springer Nature. G. Transverse body wall furrows in the trilobed larva of the
brachiopod Macandrevia cranium showing the apical lobe (al), the mantle lobe (ml) with ciliary
band (cb), and the pedicle lobe (pl). Scale bar = 10 µm. Image reprinted from Zakrzewski, Suh,
and Lü ter (2012) with permission from Elsevier. H. Segmental mesoderm (m) with partitions
numbered from 1 to 4 and dorsal chaetae sacs (cs) in the larva of the brachiopod Novocrania
anomala. Scale bar = 20 µm. Image by Vellutini and Hejnol (2016) licensed under CC-BY.
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serially arranged dorsal shells and repeated pairs of dorsoventral muscles (Lemche
and Wingstrand 1959; Wingstrand 1985; Willmer 1990). Compared to other groups
covered in this chapter, mollusks have been relatively well-studied in terms of cellular, developmental, and genetic mechanisms during the ontogeny of these segmental
traits.
Several mollusk groups exhibit a repeated sequence of paired dorsoventral muscles along the anteroposterior axis (Haszprunar and Wanninger 2000; Wanninger
and Wollesen 2015). In general, the numbers vary between seven pairs in larval
aplacophorans; seven to eight pairs in adult polyplacophorans; eight pairs in monoplacophorans; three to eight pairs in bivalves; and one to two pairs in gastropods,
scaphopods, and cephalopods (Wingstrand 1985; Haszprunar and Wanninger 2000;
Scherholz et al. 2013). In chitons, the first muscles appear in the embryo as a series
of transverse fibers that develop in an anteroposterior progression along the trunk,
but the dorsoventral muscles only become arranged in bundles after metamorphosis
(Wanninger and Haszprunar 2002).
Concerning other internal traits of mollusks, both mono- and polyplacophorans
have gills and nephridiopores arranged in series along the lateral sides of the body.
Not much is known about the development of these structures, but there is evidence
that their growth and differentiation is not paired, because the number of structures
between left and right sides is not symmetric (Hunter and Brown 1965; Wingstrand
1985; Russel-Hunter 1988). In the nervous system, while transverse commissures
can be present (Wingstrand 1985), they are not regularly spaced (Voronezhskaya,
Tyurin, and Nezlin 2002; Friedrich et al. 2002).
Chitons have a set of eight dorsal shell plates separated by transverse intersegmental ridges (Figure 9.4D). These structures originate from embryonic blastomeres in the second and third quartet micromeres (Heath 1899; Henry, Okusu, and
Martindale 2004), and are formed through the differential specialization of epithelial cells (Kowalevsky 1883a; Heath 1899). For instance, the intersegmental ridges
are created by a transverse row of mucus-producing cells (known as goblet cells
or type-1), while a nearby row of type-4 cells secrete the shell plates (Figure 9.4E)
(Kniprath 1980). The goblet cells are surrounded by cells with dense cytoplasm and
long microvilli (type-2), while type-4 shell-secreting cells are surrounded by another
cell kind (type-3) (Kniprath 1980). Thus, the shell field of chitons is the product of
a highly organized epithelium patterned during embryogenesis, and progressively
established during larval development (Figure 9.4F), or after metamorphosis in some
species (Leise 1984). Albeit gradual, the shell formation does not follow an anteroposterior progression—the central plates appear first and are shortly followed by
the first, sixth, and seventh plates, while the eighth plate is formed several days later
(Kniprath 1980).
Although we do not yet comprehend the developmental mechanisms regulating
the segmental organization of the chiton shell field, gene expression studies began to
uncover the molecular identities of these epithelial cells. For instance, the intersegmental cells type-1 and type-2 are known to express the gene engrailed (Jacobs et al.
2000), while the shell-secreting type-4 likely express the genes pax2/5/8 (Wollesen
et al. 2015) and gbx (Wollesen et al. 2017) (Figure 9.5A). These genes are usually
involved in establishing developmental boundaries (e.g., Raible and Brand 2004),
and thus might play a role in the patterning of the shell boundaries in mollusks
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FIGURE 9.5 Gene expression patterns in the segmental traits of Mollusca and Brachiopoda.
A. Expression of engrailed, pax2/5/8, and gbx in the developing dorsal shell field of the chiton
Lepidochitona caverna (left) and Acanthochitona crinita (center and right). Scale bars = 20
µm. Left image reprinted from Jacobs et al. (2000) with permission from John Wiley & Sons.
Center image by Wollesen et al. (2015) licensed under CC-BY. Right image by Wollesen
et al. (2017) licensed under CC-BY. B. Expression of engrailed, pax2/5/8, and gli in the
segmental larval mesoderm of the brachiopod Novocrania anomala. Scale bar = 20 µm.
Images by Vellutini and Hejnol (2016) licensed under CC-BY. C. Cell outlines (left) and
abutting domains of wnt1 (green) and engrailed (magenta) at the non-segmental boundaries
(arrows) in the larva of the brachiopod Terebratalia transversa. Scale bar = 20 µm. Images by
Vellutini and Hejnol (2016) licensed under CC-BY.

(Nederbragt, Loon, and Dictus 2002). This is supported by the observations that the
expression of engrailed, pax2/5/8, and gbx is also associated to shell development
in a wide range of mollusks (Moshel, Levine, and Collier 1998; Jacobs et al. 2000;
Wanninger and Haszprunar 2001; Nederbragt, Loon, and Dictus 2002; O’Brien
and Degnan 2003; Iijima et al. 2008; Kin, Kakoi, and Wada 2009; Hashimoto,
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Kurita, and Wada 2012; Wanninger and Wollesen 2015; Wollesen et al. 2015, 2017;
Scherholz et al. 2017). It remains to be determined if these genes could be involved
in the generation of the dorsal shell series in chitons, or if instead they have roles in
downstream processes such as boundary formation and cell differentiation.

9.6.8 BRACHIOPODA (LAMP SHELLS)
Brachiopods are bivalved marine invertebrates of sessile habit that use an intricate
ciliated tentacular-crown known as the lophophore to capture food (Hyman 1959c).
Despite the enclosed adult body and reduced morphology, larval brachiopods exhibit
a combination of putative segmental traits in different germ layers, such as transverse
body wall folds, repeated coelomic pouches, and serially arranged chaetae sacs.
The body of brachiopod larvae can be subdivided into two, three, or four lobes
along the anteroposterior axis, each delimited by transverse epithelial furrows
(Figures 9.4G and 9.5C) (Morse 1873; Kowalevsky 1883b; Lacaze-Duthiers 1861).
Even though this segmented appearance has stirred much debate in the late 19th century (Balfour 1880; Shipley 1883; Masterman 1899; Conklin 1902), these ectodermal
boundaries are not in fact segmental and each furrow has a distinct morphology
(Vellutini and Hejnol 2016). Interestingly, the furrow at the head–trunk boundary
is delimited by abutting stripes of engrailed and wnt1 (Figure 9.5C) (Vellutini and
Hejnol 2016), a hallmark pattern of the segment polarity cascade in arthropods
(Ingham 1991).
On the other hand, the most prominent segmental trait of brachiopods occurs in
the mesoderm—a regular series of four paired coelomic pouches distributed along
the anteroposterior axis of a larval stage (Nielsen 1991). The three posterior pairs
are also associated with correspondent pairs of dorsal chaetae sacs (Figure 9.4H)
(Nielsen 1991).
These coelomic pouches are sequentially formed during gastrulation from evaginations of the archenteron (Nielsen 1991) with the exception of the anteriormost
pair, which might be formed by cell delamination (Freeman 2000). The partitioning, however, is incomplete, and the tissue remains unsegmented on its ventral side
(Figure 9.4H) (Vellutini and Hejnol 2016). In this region, a series of transverse muscle fibers aggregate and form three distinct transverse bundles connecting the pair
of mediolateral longitudinal muscles (Altenburger and Wanninger 2010). A segmental mesoderm, however, is not a widespread feature among larval brachiopods. The
mesoderm morphology varies considerably between species and the tissues can also
be unsegmented or simply split into anterior and posterior regions (Hyman 1959c),
suggesting the paired coelomic pouches is a derived trait.
Before the morphological boundaries are visible in the embryonic mesoderm,
engrailed transcripts are detected in two pairs of stripes at the posterior region of
the second and third coelomic pouches (Figure 9.5B) (Vellutini and Hejnol 2016).
After the mesodermal boundaries are established, the gene pax2/5/8 is detected in
paired stripes between the same pouches, while components of the Hedgehog pathway such as the transcription factor gli become expressed during pouch formation
(Figure 9.5B) (Vellutini and Hejnol 2016). However, neither gene exhibited a reiterated pattern throughout the four pairs of coeloms as one would expect of a typical
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segmental patterning, suggesting that genes relevant for segmenting the brachiopod
mesoderm have not yet been identified.
In adult brachiopods, the presence of two pairs of lateral mesenteries and two
nephridial pairs have been interpreted as evidence for segmentation in brachiopods
(Malakhov and Kuzmina 2006; Temereva and Malakhov 2011), however the segmental nature of these traits remains controversial.

9.6.9 PHORONIDA (HORSESHOE WORMS)
Phoronids are sessile marine invertebrates closely related to brachiopods (Kocot
et al. 2017). The adult body does not show any external segmental trait and there
are only a few internal traits with presumptive segmental organization. The ventral
nerve cord is intercepted by a series of transverse commissures (Temereva 2012;
Temereva and Wanninger 2012) and circular muscles are distributed along the body
(Santagata and Zimmer 2002; Santagata 2004; Temereva and Tsitrin 2013). However,
the spatial regularity is not completely evident and further work is required to verify
the segmental nature of these neurons and muscles. In addition, despite having a trimeric coelomic organization in adults (Masterman 1899; Siewing 1973) and larvae
(Temereva and Malakhov 2006, 2011), these compartments are not arranged in a
segmental manner along the anteroposterior axis.

9.6.10 BRYOZOA (MOSS ANIMALS)
Bryozoans are discrete but ubiquitous bilaterians in marine and freshwater environments that form colonies with complex and intricate arrangements (Hyman 1959d). A
colony is formed by functional units named zooids. Their body is reduced to a lophophore, gut, and spacious mesoderm accommodating the gonads. There is no trace of
segmental traits in individual zooids, but the colony of one abyssal Mediterranean
species shows a unique segmental trait. The colony has a root, a peduncle with modified zooids, and tip with regular zooids (d’Hondt 1976). The peduncle is composed
by a series of annular zooids forming a peculiar segmented stalk. This stacked
arrangement is not common in other bryozoan colonies and is an unusual case of
supraorganismal segmental organization in bilaterians.

9.7

DISCUSSION

The segmental traits covered in this chapter have diverse embryonic origins, molecular fingerprints, developmental mechanisms, and end morphologies. This diversity
indicates that a segmental organization can evolve in any germ layer or organ system of bilaterians and do so via various ontogenetic pathways. In most cases, however, these traits are often confined to a particular organ or developmental stage,
and are not in register with other repetitive structures present in the same organism
(Table 9.1).
For example, chaetognaths only have segmental traits in the nervous system,
nematomorphs only exhibit cuticular annulations in the larval stages, and the musculature of rotifers and chitons does not match the position of the skeletal plates
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Series of gill pairs intercalated by gonads. Paired series of gut diverticula
(hepatic saccules).
Repeated serial elements (ossicles, neurons, muscles, and vascular
channels) along body rays.
Somites and repeated muscle bundles. Series of gonads and nephridia.
Some dorsal neurons.
Regularly spaced pharynx structures (gill slits, neurons, and vessels).
Larval notochord. Circular muscles in planktonic forms. Asexual buds
formed by strobilation.
Cuticular annulation and corresponding series of circular F-actin bundles.
Series of concretion rings. Serially arranged locomotory neurons.
Annulated cuticle in the larva.
Cuticular annulation and corresponding circular muscles. Series of evenly
spaced circular neurite bundles.
Cuticular plates (zonites) in the trunk. Paired series of repeated muscle
bundles. Transverse commissures and paired ventral neuronal somata.
Thorax cuticle divided in two segments. Not so evenly spaced circular
muscle bundles in the abdomen.
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Circular muscles can be regularly distributed.
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and shells. In addition, some segmental traits are apomorphies of specific clades.
These likely evolved as adaptations to particular environments, such as the association between strong body wall annulation and the occupation of interstitial habitats
in nematodes and nemerteans. Given these observations, it seems reasonable to suggest that bilaterian structures with a segmental organization have diverse origins and
behave as independent evolutionary units (Scholtz 2010).
In spite of that, segmental traits can be integrated to various degrees in different
bilaterians. The cases range from a direct link between circular musculature and
cuticular annulation, as seen in priapulids, to the most-notable coordination between
external folds, musculature, nervous system, and other segmental structures present
in kinorhynchs or tapeworms. This level of integration, generally considered a landmark of the so-called true segmentation, is on par at least in qualitative terms with
that of arthropods and annelids. Even though kinorhynchs and tapeworms display
some mismatches between segmental traits, this also occurs in arthropods and annelids (Budd 2001; Fusco 2008), suggesting that these arrangements are rather plastic
in evolutionary terms.
The fact that one organism can have multiple segmental traits with different
evolutionary histories (e.g., Graham et al. 2014), and that these traits can be integrated or disassembled with relative evolutionary ease, dissolves the artificial division between the so-called segmented and non-segmented animals. The evolution of
tapeworm segmentation is an example of the gradual, organ-based attainment of an
integrated segmental body organization (Olson et al. 2001), which further supports
the hypothesis that the overt segmentation in the typical fully segmented animals
evolved “system by system” (Budd 2001; Chipman 2019).
Considering all the traits covered in this chapter, the most common organ systems
of bilaterians to exhibit a segmental organization are the body wall (e.g., annulations), the nervous system (e.g., transverse commissures), and the musculature (e.g.,
circular fibers).
The body wall is usually segmented by infoldings of the epidermis, such as the
ones found in tapeworms, or by the presence of extracellular or intracellular plates,
as seen in kinorhynchs and rotifers, respectively. For each case, the cellular processes that establish these boundaries are rather different. For instance, on the body
wall of kinorhynchs and chitons, segmentation is achieved by the differential secretion of cellular materials, which produce the skeletal plates/shells and the intersegmental cuticle that joins each segment. In contrast, to create a fold in a sheet of
epithelial cells, coordinated changes in cell shape (i.e., cytoskeleton remodeling)
and the modulation of cell–cell and cell–matrix adhesion are required (Schock and
Perrimon 2002).
The segmental traits in the nervous system consist mainly of serially repeated
transverse commissures, paired neurons, and nerve cord ganglia. The transverse
commissures are present in flatworms and nemerteans, but the regularity of the pattern varies considerably, and the architecture of the nervous system is likely correlated with the life habits of the species. In general, the processes that neuronal cells
undergo to form a grid pattern have not been investigated in depth.
The circular musculature is a seemingly ubiquitous and plastic trait of bilaterians,
but its arrangement can be strikingly regular, and in some cases, directly responsible
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for the segmental nature of adjacent traits. This is the case for the cuticular annulations of priapulids, which match the position of the circular musculature. An
analogous situation occurs in nematodes, which despite not having actual circular
muscles, the subcellular transverse f-actin fibers of the hypodermal cells are directly
associated with the cuticle annulations (Priess and Hirsh 1986).
The segmental organization of circular muscles can arise through different cellular processes. Often, the initial set of muscle cells is positioned irregularly during
embryonic development, and progressively self-organizes into an evenly spaced set
of circular bundles. In a few cases, however, these initial fibers are already oriented,
and the muscle cells differentiate from anterior to posterior (e.g., acoels). Because
the frequency of circular muscles is usually group- or species-specific and can vary
between different body regions (e.g., Tyler and Hyra 1998), there must be identifiable mechanisms, such as signaling molecules and cell-to-cell interactions, by which
these specific arrangements emerge. But what controls the spatial and temporal
information to orient and organize these muscle cells remains an open question.
Indeed the cascades of signal transduction-triggering effector molecules in these
tissues remain obscure, but some earlier steps during embryonic development, which
define the identity and polarity of the cells of each segmental domain, are beginning
to be uncovered. The groups that should bring further insights about these molecular
mechanisms are chitons and tapeworms (e.g., Wollesen et al. 2015; Koziol 2017) where
a combination of molecular techniques and live imaging of developing chiton shells or
tapeworm proglottids will provide crucial insights about the cellular processes involved.
The traits examined in this chapter provide only a glance into the diversity and
the multitude of ways that a segmental organization can be achieved in the different
bilaterian organ systems. Uncovering this rich repertoire of cellular and developmental processes will not only reveal novel segmental patterning mechanisms, but
perhaps enable unforeseen insights about the typical segmented groups and bring a
much needed comparative light into how these diverse segmental traits of bilaterians
have evolved.
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