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INTRODUCTION
Chelicerate Phylogenetics

Chelicerata is a subphylum of arthropods that
includes terrestrial as well as marine animals.
Both the fossil record and molecular data place
the origin of the chelicerates over 500 million
years ago in the Cambrian (e.g., see Dunlop 2010;
Rota-Stabelli et al. 2013). It has been shown that
the chelicerates are a monophyletic group, and
although they have previously been grouped
together with the myriapods as Myriochelata, it
is generally accepted that chelicerates represent
the sister group of Mandibulata (pancrustaceans
and myriapods) (Friedrich and Tautz 1995; Cook
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et al. 2001; Giribet et al. 2001; Hwang et al. 2001;
Pisani et al. 2004; Dunn et al. 2008; Meusemann
et al. 2010; Regier et al. 2010; Rota-Stabelli et al.
2011).
The chelicerates constitute two sister groups,
the euchelicerates (Weygoldt and Paulus 1979)
and the pycnogonids (sea spiders) (Fig. 5.1), which
are united morphologically by the anterior-most
pair of chelate appendages: the cheliceres of the
former and the chelifores of the latter (reviewed
by Dunlop and Arango 2005; Edgecombe 2010).
This conclusion is supported by both neuroanatomy and Hox gene expression (Jager et al. 2006;
Manuel et al. 2006; Brenneis et al. 2008).
There are more than 100,000 described species of chelicerates (Dunlop 2010) that can be
subdivided into 14 recognised orders (Fig. 5.1;
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Fig. 5.1 Chelicerate phylogenies. (A) Phylogeny based
on analysis of morphological characters by Shultz (2007).
Note that pycnogonids were not included in this study. (B)
Phylogeny based on the phylogenomic approach of
Sharma et al. (2014a) using transcriptomic and genomic
data. Filled circles indicate nodes that were supported
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only by subsets of the slowest-evolving loci used by
Sharma et al. (2014a). The broken lines indicate two alternative relationships of Pseudoscorpiones to Scorpiones
suggested by Sharma et al. (2014a) (© Prashant P. Sharma,
2015. All Rights Reserved)
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reviewed by Dunlop 2010). The monophyly of
the euchelicerates is very well supported by both
molecular and morphological data (Fig. 5.1;
Weygoldt and Paulus 1979; Dunlop 2010). While
the consensus is that Arachnida (all terrestrial
chelicerates) is also monophyletic, mainly based
on morphological data (Wheeler and Hayashi
1998; Shultz 2007; Dunlop 2010; but see Giribet
et al. 2002), molecular sequence data infrequently
recover the monophyly of arachnids (Regier et al.
2010; Börner et al. 2014; Sharma et al. 2014a). A
recent phylogenomic study by Sharma et al.
(2014a), which used extensive molecular data,
including transcriptomes and whole genomes,
recovered a nested position of Xiphosura (horseshoe crabs) within arachnids, due to the placement of Pseudoscorpiones, Parasitiformes, and
Acariformes. Indeed, the position of the
Xiphosura was also found to be inconsistent with
the monophyly of the arachnids by Roeding et al.
(2009), Meusemann et al. (2010), and Börner
et al. (2014). However, upon analysing only a
subset of the most slowly evolving genes, Sharma
et al. recovered maximal phylogenetic support
for arachnid monophyly, suggesting that arachnid
non-monophyly is attributable to systematic bias
resulting from accelerated rates of evolution in
certain “problematic” chelicerate orders (Fig. 5.1;
Sharma et al. 2014a).
Among arachnids, the clades Tetrapulmonata,
Pedipalpi, and Uropygi are strongly and consistently supported by both morphological and
molecular data (Fig. 5.1; Wheeler and Hayashi
1998; Giribet et al. 2002; Shultz 2007; Dunlop
2010; Edgecombe 2010; Regier et al. 2010;
Börner et al. 2014; Sharma et al. 2014a).
However, the precise phylogenetic relationships
of other arachnid orders have been much debated
(Dunlop 2010). For example, there are conflicting views on whether Acari (Acariformes [mites]
+ Parasitiformes [ticks]) is monophyletic,
although the most recent evidence supports the
view that it is paraphyletic (Dunlop and Arango
2005; Pepato et al. 2010; Sharma et al. 2014a).
The position of Opiliones (harvestmen) in the
chelicerate tree has also proven to be enigmatic,
but recent molecular data suggest that harvestmen form a group with Ricinulei (hooded tick
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spiders) and Solifugae (camel spiders) (Fig. 5.1B;
Sharma et al. 2014a), although this relationship
has not emerged from any previous studies
(Fig. 5.1A; Wheeler and Hayashi 1998; Giribet
et al. 2002; Shultz 2007; Dunlop 2010; Regier
et al. 2010).
Resolving chelicerate and arachnid relationships is critical to our understanding of key evolutionary transitions, including many important
open questions in evolutionary developmental
biology. In this respect the continual expansion
of chelicerate genomic resources holds great
promise for resolving outstanding issues in the
phylogeny of these animals, a necessary
framework to explore their evolution and
development.

Chelicerate Genome Biology
As with other organisms, the development of new
sequencing technologies has allowed transcriptome and whole-genome sequencing of chelicerates that build on classical studies, mainly among
spiders, of genome size and cytogenetics
(Tsurusaki and Cokendolpher 1990; Chen 1999;
Gregory and Shorthouse 2003).
The first chelicerate genome to be published
was that of the two-spotted spider mite,
Tetranychus urticae (Grbic et al. 2011). This was
soon followed by the scorpion, Mesobuthus martensii (Cao et al. 2013), and two spiders (the
social velvet spider, Stegodyphus mimosarum,
and the Brazilian white-knee tarantula,
Acanthoscurria geniculata) (Sanggaard et al.
2014) and the Atlantic horseshoe crab Limulus
polyphemus (Nossa et al. 2014). In addition, the
genome of the tick Ixodes scapularis has also
been sequenced (www.vectorbase.org). Together,
these genome sequencing projects corroborate
the great variation in genome size among chelicerates and show that there are large differences in
the predicted numbers of genes among these animals (Table 5.1). These genomes are only the tip
of the iceberg, with several other chelicerate
genomes likely to be available soon through initiatives such as i5K (http://www.arthropodgenomes.org/wiki/i5K).
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Table 5.1 Chelicerate genome sizes
Order
Xiphosura
Acariformes
Parasitiformes
Scorpiones
Araneae
Araneae
Araneae

Species
Limulus polyphemus
Tetranychus urticae
Ixodes scapularis
Mesobuthus martensii
Acanthoscurria geniculata
Stegodyphus mimosarum
Parasteatoda tepidariorum

Genome size (Mb)
2,740
90
2,100
1,323
6,500
2,550
1,200

Predicted gene number
>34,000
18,414
24,925
32,016
73,821a
27,235
up to 40,000

Reference
Nossa et al. (2014)
Grbic et al. (2011)
www.vectorbase.org
Cao et al. (2013)
Sanggaard et al. (2014)
Sanggaard et al. (2014)
Posnien et al. (2014)

a

For Acanthoscurria geniculate this is the predicted number of transcripts rather than genes

As well as whole-genome sequencing, there is
already a large and growing number of transcriptome projects in various chelicerates to describe
the general expression profiles of genes or to
decipher tissue- or stage-specific expression
(e.g., Croucher et al. 2013; Clarke et al. 2014;
Posnien et al. 2014). Transcriptomics can tell us
much about the gene content and expression
profiles of the genomes of chelicerates, even for
species for which the whole genome has not yet
been sequenced.
Genomic sequencing of chelicerates has
already provided considerable insights into the
evolution of many important genes and gene families, from developmental genes to silk and
venom genes. Intriguingly, it appears that there
have been at least one and perhaps two wholegenome duplications in a horseshoe crab (Nossa
et al. 2014). Even excluding the horseshoe crab,
chelicerate genomes exhibit marked variability in
genome size and content, with miniaturised
genomes associated with gene loss in mites
(Tetranychus urticae; Grbic et al. 2011) and
genomes bearing among the largest known
numbers of genes in arthropods (Table 5.1).
Pinpointing gene family expansion and/or wholegenome duplication events has immediate downstream implications for understanding both the
evolution of genomic architecture and gene regulatory networks in these animals.
The rapidly emerging genomic resources for
chelicerates therefore represent new and exciting
opportunities for the analysis of genome biology,
gene expression, gene function, and gene regula-

tory evolution in existing chelicerate models and
have great potential to empower investigation of
evolutionary developmental biology in more
enigmatic, understudied chelicerate lineages with
interesting embryological and morphological
features.

The Chelicerate Orders
and Evolutionary Developmental
Biology
The embryology of chelicerates has been studied
for over 150 years (see below). Although some
chelicerate models have made an important contribution to understanding animal evolution and
development over the past 20 years, others remain
very much understudied, as highlighted previously by Harvey (2002). Below, a short overview
of the biology of each chelicerate order is given,
together with a brief summary of their contribution and/or potential contribution to the field of
evolution and development.
Pycnogonida (Sea Spiders)
Sea spiders are marine chelicerates that can live
deep in the ocean and feed on sponges, cnidarians, and mollusks (Cobb 2010; Barreto and
Avise 2011). These animals are characterised by
their narrow cephalosoma, which carries the four
sets of their appendages: the chelifores, palps,
ovigers, and walking legs (typically four pairs;
up to six pairs occur in a few lineages) (Figs. 5.1
and 5.2; Cobb 2010). The ovigers of pycnogonids
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Fig. 5.2 Body plans and known Hox gene
expression in chelicerate orders. The number of
prosomal segments is conserved in
Euchelicerata; variation in segment number of
Pycnogonida is not shown. The euchelicerate
prosoma consists of six appendage-bearing
segments: a pair of cheliceres, a pair of
pedipalps, and four pairs of walking legs. There
is considerable innovation in the function of
these limbs, such as the long-range tactile first
legs of Amblypygi or the muscular pedipalps of
Scorpiones. In contrast to the prosoma,
opisthosomal segment number is variable both
between and within orders. The respiratory
organs that are found in chelicerates differ in
morphology as well as number and position.
For instance, Xiphosura has book gills rather
than the book lungs that are found in many
other chelicerates. A tracheal respiratory system
occurs in several arachnid orders as well as in
derived spiders. The position of these is variable
and can occur within the prosoma and/or
opisthosoma (simplified to show typical
positions of spiracles in Acariformes and
Parasitiformes). Palpigrade opisthosomal “sacs”
are of dubitable homology and are not shown
here. Appendages shown that are specific to
certain orders include pectines (scorpions),
ovigers (pycnogonids), and chilaria (horseshoe
crabs). In conjunction with morphological
studies, expression of Hox genes in chelicerates
has been characterised in Pycnogonida (Jager
et al. 2006), Xiphosura (Popadic and Nagy
2001), Acariformes (Telford and Thomas
1998b; Barnett and Thomas 2013a), Opiliones
(Sharma et al. 2012b), Scorpiones (Sharma
et al. 2014b), and Araneae (Damen et al. 1998;
Damen and Tautz 1999; Schwager et al. 2007).
The variable anterior expression boundaries of
posterior Hox genes are strongly consistent with
involvement in patterning opisthosomal
segment identity. Note that abd-A has been lost
in mites. The conserved expression domains of
lab, pb, and Dfd in the prosoma of Pycnogonida
has contributed significantly to understanding
segmental homology of arthropod head
segments. In both Araneae and Scorpiones, Hox
paralogs have been observed to have both
spatial and temporal expression differences. Oc
ocular segment, Ch cheliceres, Pp pedipalps,
L1–L4 walking legs, O1–O14 opisthosomal
segments (© Alistar P. McGregor 2015. All
Rights Reserved)
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are unique to this group and in many species are
typically used by males to carry masses of eggs
deposited by females. Interestingly, given the
narrow cephalosoma (anterior tagma) of sea spiders and the loss of the opisthosoma (“abdomen”
or posterior tagma), the gonads and other organs
are found in their appendages (Cobb 2010).
However, the fossil record of pycnogonids, which
extends to the Cambrian (Waloszek and Dunlop
2002), includes an extinct lineage with a long,
completely segmented, limbless posterior region,
indicating that stem pycnogonids once bore an
opisthosoma (Bergström et al. 1980).
Since sea spiders are widely regarded as the
sister group to the euchelicerates (Fig. 5.1; see
above), knowledge of their development has
great potential to inform our understanding of
chelicerate evolution and development more generally. To date, many studies of sea spiders have
had a phylogenetic focus, informed by characterisation of their neuroanatomy and Hox gene
expression (see above; Arango 2002; Jager et al.
2006; Manuel et al. 2006; Arango and Wheeler
2007; Brenneis et al. 2008). Classical descriptions of pycnogonid development are rare and
incomplete (Brenneis et al. 2011a, b). However,
modern methodological approaches have recently
been applied to describe the embryonic and postembryonic development of sea spiders and to
generate staging systems for Pseudopallene sp.
and Pycnogonum litorale (Vilpoux and Waloszek
2003; Ungerer and Scholtz 2009; Machner and
Scholtz 2010; Brenneis et al. 2011a, b). This
work can serve as a platform for further studies of
gene expression and possibly gene function in
these animals and to help resolve questions
regarding the evolution and development of
chelicerates.
Xiphosura (Horseshoe Crabs)
Horseshoe crabs are the largest existing euchelicerates, although there are only four extant species
(Obst et al. 2012). These chelicerates are marine
and feed on other invertebrates and algae on the
bed of shallow coastal waters (Ruppert et al.
2004).
Horseshoe crabs have a distinctive carapace
that covers the dorsum of the cephalothorax and

E.E. Schwager et al.

is joined by a hinge to the dorsal exoskeleton that
covers the abdomen (Fig. 5.1). Posterior to the
three-segmented cheliceres, horseshoe crabs
have a sexually dimorphic pair of pedipalps and
four pairs of walking legs (Fig. 5.2). Whereas in
female horseshoe crabs the pedipalp is nearly
identical to a walking leg, the pedipalps of mature
males are modified to form terminally swollen,
non-chelate “claspers” used to grasp females during mating. The last pair of walking legs, which
is used for pushing on the substrate, is argued to
be biramous because it exhibits a putative exopod
called a flabellum that is sensory (Fig. 5.2;
Snodgrass 1938). This putative homology is supported by the discovery of fossil synziphosurines
with bona fide exopods on the pedipalps and all
walking leg segments, suggesting that the flabellum is a vestige of the posterior-most exopod pair
(Briggs et al. 2012). Other sensory organs include
two ocelli on the carapace and two lateral compound eyes. Horseshoe crabs respire through five
pairs of book gills located on abdominal segments three to seven (Fig. 5.2).
Female horseshoe crabs can lay thousands of
eggs on beaches at high tide that are then fertilised
by the males and covered in sand. Upon hatching
the larvae then enter the sea. This has allowed
researchers access to the embryos of these animals and their development has been described in
some detail, as well as studied through embryonic
manipulations (Kingsley 1892; Kishinouye 1893;
Iwanoff 1933; Itow and Sekiguchi 1979, 1980;
Sekiguchi et al. 1982; Itow 1990, 2005; Itow et al.
1991). Furthermore, there is a growing number of
studies that have examined gene or protein expression during horseshoe crab embryogenesis and
other aspects of development that have provided
some valuable insights into evolutionary developmental biology (Popadic and Nagy 2001; Damen
et al. 2002; Mittmann 2002; Blackburn et al.
2008). In addition, the recent sequencing of the
genome of Limulus polyphemus (Table 5.1; Nossa
et al. 2014) is anticipated to fuel further studies of
gene expression in this species.
Scorpiones (Scorpions)
Scorpions are found in a range of habitats, from
deserts to tropical rainforests. There are nearly
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2,000 described species of scorpions. These chelicerates exhibit a familiar body plan that includes
the characteristic pincers of the pedipalpal segment and the aculeus, or stinger, that harbours a
barb coupled to a pair of venom-producing glands
at the posterior end of the segmented metasoma
(post-abdomen or tail) (Fig. 5.2; Beccaloni
2009). These structures are used in combination
by these predators for defence and subduing
their prey.
The cephalothorax of scorpions has a pair of
median eyes and a variable number of lateral eyes
(one to five pairs; Gromov 1998; Yang et al.
2013). Scorpions respire through four pairs of
book lungs found on abdominal segments three
to six (Fig. 5.2; Hjelle 1990), which correspond
to embryonic abdominal segments four to seven
(the first opisthosomal segment disappears during development). The second abdominal segment (or third embryonic abdominal segment)
bears a pair of sensory pectines that is involved in
chemoreception and detecting the substrate
(Fig. 5.2; Hjelle 1990).
Scorpions are viviparous with embryogenesis
taking place inside the females, which subsequently give birth to juveniles. Two distinct
modes of development occur in scorpions.
Apoikogenic development is characterised by
large yolky eggs, surrounded by extra-embryonic
membranes, and development occurs in the oviduct. In katoikogenic development, the eggs bear
little or no yolk, and the embryos are nourished
through connections of the ovariuterus that facilitate trophic exchange from the female’s hepatopancreas (Hjelle 1990; Lourenço 2000);
development occurs in modified, blind outgrowths of the ovariuterus. Development in either
case can be prolonged, with a gestation period
lasting 2–18 months in various species.
Despite the ensuing issue with access to
embryos, protein and mRNA expressions have
been studied during embryogenesis in species
such as Smeringurus mesaensis, Euscorpius
flavicaudis, and Centruroides sculpturatus
(Table 5.2; Popadic and Nagy 2001; Simonnet
et al. 2004, 2006; Sharma et al. 2014b, c). This
means that it is possible to study the development
of several aspects of scorpion morphology to pro-
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vide new evolutionary insights due to the probable phylogenetic placement of these chelicerates
as sister group to Tetrapulmonata (Regier et al.
2010; Sharma et al. 2014a). This includes the
developmental patterning of the arachnid book
lungs in spiders and scorpions, the serial homology of opisthosomal appendage types, and the
sub- or neofunctionalisation of paralogous genes
in both spider and scorpion genomes (Schwager
et al. 2007; Cao et al. 2013; Sharma et al. 2014b).
Opiliones (Harvestmen)
Harvestmen live in a wide variety of temperate
and tropical habitats worldwide, and they can be
predators, scavengers, or even herbivores. More
than 6,500 species of harvestmen have already
been described, and there are estimated to be
10,000 extant species (Machado et al. 2007).
These chelicerates are readily recognisable from
the four pairs of elongated walking appendages
of most species and are hence commonly known
as “daddy longlegs” in some parts of the world.
The long pedipalps of some harvestmen resemble
legs, but in the suborder Laniatores, the pedipalps
are raptorial and used to seize prey (Shultz and
Pinto-da-Rocha 2007). The second pair of legs is
usually longer than the other three pairs in phalangid (i.e., non-Cyphophthalmi) harvestmen,
whereas the first pair is generally the longest in
the primitive suborder Cyphophthalmi; the
longest pair of legs is tactile and/or chemoreceptive throughout the order (Willemart et al. 2009).
Harvestmen respire through tracheal tubes
with the spiracles (openings) located on the
second opisthosomal segment (Fig. 5.2). These
chelicerates do not synthesise silk or venom, but
have evolved repugnatorial glands, which secrete
acrid compounds including phenols (Raspotnig
et al. 2012). The cephalothorax of phalangid
harvestmen bears a pair of median eyes, but lacks
lateral eyes. By contrast, cyphophthalmid
harvestmen bear a single pair of eyes on the sides
of the cephalothorax that are believed to be
homologous to lateral eyes (Garwood et al. 2014).
Like some mites, male and female Phalangida
have a penis and ovipositor, respectively, on the
ventral cephalothorax, and thus, fertilisation is
internal in these chelicerates; the plesiomorphic

Gene name
Species
Expression domain
Orthologs of Drosophila segmentation cascade genes
Expression in segmental stripes at the anterior border of each parasegment (posterior border of each
engrailed
Cupiennius salei
segment), six prosomal stripes, and 12 opisthosomal stripes; additional ocular spots in the precheliceral lobe and expression anterior to the labrum
Segmental stripe expression appears in nonsequential order in prosomal segments; subsequently,
Parasteatoda
stripes in opisthosomal segments are sequentially added
tepidariorum
Phalangium opilio Segmental stripes at the posterior border of each segment, seven opisthosomal stripes
Segmental stripes at the posterior border of each segment, cheliceral, pedipalpal and L1–L3 appear
Archegozetes
first, then O1, then L4 and lastly O2
longisetosus
Expression in pedipalp and four walking leg segments and two opisthosomal segments
Tetranychus
urticae
Early: anteriorly moving stripes in the SAZ
runt
Cupiennius salei
Late: neuroectoderm, head, and legs
Five pairs of ventral ring-shaped expression domains that later form stripes, segmental expression in
Tetranychus
the nervous system, later in the head lobes, legs
urticae
Early: expression at the rim of the germ disc that then forms a posteriorly moving stripe that will
hedgehog
Parasteatoda
eventually split into three stripes in the pre-cheliceral region, the cheliceral and pedipalpal segment
tepidariorum
Late: segmental stripes (all segments, including a stripe in cheliceral lobe), SAZ
Posterior borders of segments, stripes in the SAZ before segment formation, labrum
Euscorpius
flavicaudis
Stripes at the posterior borders of segments, Ch, Pp, L1–L3 form first, then O1, then L4, and lastly
Archegozetes
O2. Expression is also found in stomodeum and proctodeum
longisetosus
Groups of cells in the ventral neural ectoderm extending from the posterior portion of the first
fushi tarazu
Cupiennius salei
walking leg to the border between the fourth walking leg and the first opisthosomal segment,
ring-shaped expression domains in the distal tips of the developing 3rd and 4th walking leg and
weakly in the 2nd walking leg
Phalangium opilio Distal tips of 3rd and 4th walking legs, ventral ectoderm expression expanding from the 2nd walking
leg to the SAZ, later extending only to O4

Table 5.2 Expression of key developmental genes in chelicerates

Sharma et al. (2012b)

Damen et al. (2005)

Barnett and Thomas (2012)

Pechmann et al. (2009),
Akiyama-Oda and Oda (2010),
Kanayama et al. (2011)
Simonnet et al. (2004)

Dearden et al. (2002)

Damen et al. (2000)

Sharma et al. (2012b)
Telford and Thomas (1998a),
Barnett and Thomas (2012)
Grbic et al. (2011)

Schwager et al. (2009)

Damen et al. (1998), Damen
(2002)

Reference
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Cupiennius salei
Parasteatoda
tepidariorum

Archegozetes
longisetosus

Limulus
polyphemus
Parasteatoda
tepidariorum

Cupiennius salei

Tetranychus
urticae

Early: ring around edge of germ disc, migrating wave of expression in the future head region
Late: pre-cheliceral lobes and ventral midline
Stripe in pre-cheliceral lobes, anterior to limb buds on O2–O5
Early: pre-cheliceral stripe
Late: pre-cheliceral lobes, ventral midline, lateral expression anterior to opisthosomal limb buds, and
lateral dots in all metasomal segments
Pre-cheliceral lobes, ventral midline, possibly in labrum

Pax 3/7:
Initially three ventral stripes are expressed (Pp, L2, L4), a fourth stripe emerges between the two most
anterior stripes (L1), and a fifth stripe (L3) appears between the two most posterior stripes, one small
opisthosomal stripe
Pax 3/7 protein expression:
Segmental stripes in Ch, Pp, L1–L4, O1, O2. Pre-cheliceral CNS
pairberry 1–3:
Dynamic SAZ expression, segmental expression in prosomal and opisthosomal segments
Pax 3/7 protein expression:
Ventral segmental stripes at the posterior segmental borders. O1 stripe is extended dorsally. Precheliceral CNS, segmental neural cell clusters
Pax 3/7 protein expression:
Expressed as concentric rings from the posterior that form into stripes. Segmental neural cell clusters
Early: circular expression domain in the blastopore area, which expands to ubiquitous expression in
the entire germ disc epithelium; followed by a reduction of expression to the rim of the germ disc
Late: expression in the SAZ and in a stripe at the anterior border of the germband
Early: expression commences as double stripes in prosomal segments corresponding to L1, L2,
chelicerae, and pedipalps and in a broad expression domain in the growth zone
Late: pronounced expression of a medial stripe in prosomal segments (excluding L3), followed by
expression in a broad stripe in O1 and subsequently O3 and O4, which also eventually split into
double stripes, in the two latter segments
Dynamic stripe formation in the SAZ before morphologically visible segmentation
Ring at the rim of the germ disc that will form a broad anterior stripe, which will later form stripes
in the Ch and Pp segments. Circular expression in the centre of the germ disc that will clear from the
centre to form a broad stripe that will later split into stripes in L2–L4. Opisthosomal stripes are
sequentially added from the SAZ

Archegozetes
longisetosus
Phalangium opilio Eye fields, pre-cheliceral lobes, ventral midline, labrum

Head patterning genes
orthodenticle
Parasteatoda
tepidariorum
Tegenaria saeva
Euscorpius
flavicaudis

hairy

patched

Pax group III

Garwood et al. (2014)
(continued)

Telford and Thomas (1998)

Akiyama-Oda and Oda (2003),
Pechmann et al. (2009)
Simonnet et al. (2006)
Simonnet et al. (2006)

Damen et al. (2000)
Pechmann et al. (2009)

Akiyama-Oda and Oda (2010),
Barnett and Thomas (2013a)

Davis et al. (2005)

Schoppmeier and Damen
(2005), Damen et al. (2005),
Davis et al. (2005)

Dearden et al. (2002), Davis
et al. (2005)
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Euscorpius
flavicaudis
Phalangium opilio
Phalangium opilio
Centruroides
sculpturatus
Limulus
polyphemus
Phalangium opilio

Species
Tegenaria saeva

Garwood et al. (2014)
Sharma et al. (2014c)
Sharma et al. (2014c)

Posterior pre-cheliceral region, lateral segmental stripes in all segments, prosomal appendages
Weak ubiquitous expression
Weak ubiquitous expression

Head lobes and developing brain, paired clusters of cells in the ventral neuroectoderm and developing Blackburn et al. (2008)
nervous system
Head lobes, paired stripes in all prosomal and opisthosomal segments
Garwood et al. (2014)

Simonnet et al. (2006)

Reference
Simonnet et al. (2006)

Expression domain
Posterior pre-cheliceral region, segmental patches neuroectoderm, walking legs, lateral stripes in
O2–O5
Posterior pre-cheliceral region, lateral segmental stripes in all segments, prosomal appendages

Expression patterns of genes characterised in at least one chelicerate other than spiders, with the exception of Hox gene expression patterns and leg patterning genes, which are
treated in Figs. 5.2 and 5.8, respectively

Pax6

cap-n-collar

Gene name
empty
spiracles

Table 5.2 (continued)

108
E.E. Schwager et al.

5 Chelicerata

condition of fertilisation by spermatophores
(indirect sperm transfer) occurs in Cyphophthalmi
(Karaman 2005). Fertilised eggs are deposited
singly or in batches that can number into the hundreds (Juberthie 1964). This means that some
species of harvestmen can readily provide large
numbers of embryos that can be collected at different stages to study the embryogenesis of these
animals (Moritz 1957; Juberthie 1964; MuñozCuevas 1971; Gnaspini and Lerche 2010).
Indeed, RNA in situ hybridisation to visualise
gene expression patterns (e.g., see Table 5.2) and
RNAi to characterise gene function have already
been established in Phalangium opilio. This has
facilitated studying the regulation of development in this species compared to other animals,
including analysis of Hox and leg gap genes
(Fig. 5.2; Sharma et al. 2012a, b, 2013, 2014c;
Garwood et al. 2014).
Solifugae (Camel Spiders)
Solifuges or camel spiders predominantly inhabit
arid environments where they mainly predate on
other arthropods, taking advantage of their speed
and large powerful cheliceres (Punzo 1998).
Anatomically, these arachnids are distinguished
from others by their malleoli (sometimes called
racquet organs). These are fan-shaped chemoreceptory organs that detect changes in the substrate, analogously to the pectines of scorpions
(Brownell and Farley 1974). Being apulmonate
arachnids, camel spiders lack book lungs, but
have among the most densely branching tracheal
system for respiration among arachnids (Fig. 5.2;
Lighton and Fielden 1996). Although recent
work has been carried out on the functional morphology of these arachnids (van der Meijden
et al. 2012), camel spiders represent a rather
understudied order of chelicerates, and there is a
dearth of EvoDevo studies on the group. Although
solifuges are difficult to collect and produce only
one brood per year, culturing camel spiders in the
laboratory is possible, albeit challenging, and
females can lay clutches of up to 200 embryos
(Punzo 1998). Therefore, there is potential that
gene expression and gene function could be studied in camel spiders. The development of the
malleoli and the genetic basis for lateral eye loss
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in many species of solifuges are opportune targets for evolutionary developmental study, particularly with reference to phalangid harvestmen,
which also lack lateral eyes (Garwood et al.
2014).
Pseudoscorpiones (False or Book
Scorpions)
There are over 3,200 species of pseudoscorpions,
which occupy a wide range of habitats worldwide (Harvey 2011). These chelicerates prey on
other invertebrates or are scavengers, and some
have even adopted a commensal or phoretic
(hitchhiking) strategy, living on and being dispersed by mammals, birds, and larger arthropods
(Weygoldt 1970; Harvey 2002, 2011).
Pseudoscorpions have long modified pedipalps that terminate with chelae like scorpions,
but they are distinguished from the latter in lacking the characteristic tail and stinger of scorpions, as well as median ocelli and pectines
(Figs. 5.1 and 5.2). Like camel spiders and harvestmen, pseudoscorpions also lack book lungs
and instead use spiracles and a tracheal system
for respiration (Fig. 5.2; Weygoldt 1970; Lighton
and Joos 2002; Harvey 2011). Like other chelicerates, most notably spiders, pseudoscorpions
can also make silk, which is produced from prosomal glands and used for a variety of purposes,
including sperm transfer and burrowing
(Weygoldt 1970; Harvey 2011). Members of the
suborder Iocheirata also synthesise venoms
(Weygoldt 1970; Harvey 1992).
A multilocus phylogeny, which remains rare
for several minor arachnid orders (Harvey 2002),
has been proposed for pseudoscorpions and indicates that it is likely that venom only evolved once
within this group and independently of scorpion
and spider venom (Murienne et al. 2008). Although
the morphology of these animals has been characterised in some detail for taxonomic purposes and
aspects of their courtship behaviour described,
these chelicerates have only recently been studied
in the context of EvoDevo research (Jędrzejowska
et al. 2013). Elucidating the genetic mechanism
whereby chelate pedipalps are patterned in pseudoscorpions and scorpions may shed much needed
light on how these groups are related (Fig. 5.1).

110

Acariformes (Mites)
To date nearly 50,000 species of mites have been
described, although it is thought that there could
be over a million species, and they therefore represent the most diverse group of chelicerates.
These miniaturised arachnids can be free-living
or parasitic and live in a wide range of habitats
including aquatic environments (Beccaloni 2009).
The cephalothorax and truncated abdomen of
mites are fused, but the body is divided into two
autapomorphic tagmata—the anterior gnathosoma and the posterior idiosoma (Fig. 5.2)—
although these can be covered by a single
carapace in some species. The cheliceres and
pedipalps of mites can vary in morphology
between species and they have four pairs of walking legs as adults (Fig. 5.2). Most mites respire
using a tracheal system and have up to four pairs
of anteriorly positioned spiracles (Fig. 5.2).
Sperm transfer is indirect in most mites with the
males producing a spermatophore manipulated
with their appendages. Females usually lay their
eggs in soil or humus from which the larvae hatch
up to 6 weeks later (Ruppert et al. 2004).
Research on mites has provided several important insights into evolutionary developmental
biology (see below) through studying gene
expression and gene function in species such as
Tetranychus urticae and Archegozetes longisetosus (Table 5.2; Telford and Thomas 1998a, b;
Dearden et al. 2000, 2002, 2003; Grbic et al.
2007; Khila and Grbic 2007; Barnett and Thomas
2012, 2013a). Furthermore, the genome of T.
urticae has also been sequenced (Table 5.1; Grbic
et al. 2011), which greatly complements the other
tools and resources available for this species.
Parasitiformes (Ticks)
Ticks are highly speciose parasitic chelicerates
that live on a range of hosts, including humans
and domestic animals (Beccaloni 2009). The
body plan of ticks is similar to that of mites
(Fig. 5.2), although these two chelicerate lineages may not form a clade (the traditionally
defined Acari; Fig. 5.1). The biology of ticks is
highly relevant to health-related and agricultural
interests, and the genome of Ixodes scapularis
has thus been sequenced (Table 5.1). This has
allowed comparisons of the sequences of impor-
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tant developmental genes to be made between
this tick and other metazoans (e.g., Janssen et al.
2010). Furthermore, embryonic development has
been described for Rhipicephalus (Boophilus)
microplus, which involved using antibody stainings (Santos et al. 2013b). However, gene expression and function during tick development has
not been studied to the best of our knowledge,
although reports of the successful application of
parental RNAi (e.g., la Fuente et al. 2007) might
change this in the future.
Ricinulei (Hooded Tick Spiders)
Ricinulei represent a small (3 genera and only
about 60 recognised species) and understudied
order of chelicerates (Fig. 5.1; Harvey 2002;
Botero-Trujillo 2014). These animals are small
arachnids that live in leaf litter and caves, and
most species lack eyes, although some species
have basic lateral eyes (Beccaloni 2009).
Ricinulei exhibit two tagmata and also respire
via a tracheal system (Fig. 5.2). Ricinulei are distinguished by a cucullus or cuticular hood that can
be used to cover the cheliceres and mouthparts
(Beccaloni 2009). The second pair of walking legs
is longer than the others and is also sensory
(Beccaloni 2009). The third walking legs of male
Ricinulei are used for sperm transfer and exhibit
species-specific modifications like the pedipalps
of spiders (Legg 1977; Harvey 2002). Although
several aspects of the morphology of Ricinulei
have recently been described in great detail
(Talarico et al. 2006, 2008a, b, 2011), there are no
embryological or EvoDevo studies of these animals of which we are aware. Opportune targets
for study of EvoDevo in this group include the differentiation of the sexually dimorphic third leg
pair in males. In addition, a potential shared
mechanism for the inhibition of L4 limb bud
growth in first instars of Ricinulei, mites, and ticks
may shed light on the phylogenetic affinities of
the “acaromorph orders” (Fig. 5.1; Shultz 2007).
Palpigradi (Microwhip Scorpions)
There are approximately 80 species of microwhip
scorpions (Fig. 5.1; Harvey 2002). These arachnids are widespread in tropical and subtropical
regions and live in caves and damp soils (e.g.,
Smrz et al. 2013 and references therein).
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Microwhip scorpions are very small (at most
3 mm in length), are eyeless, and exhibit a segmented flagellum at the end of their abdomen
(Fig. 5.2; Beccaloni 2009). It was recently found
that the species Eukoenenia spelaea feeds on
cyanobacteria in caves, although very little else is
known about the natural history of microwhip
scorpions (Smrz et al. 2013). To the best of our
knowledge, these rather enigmatic chelicerates
have not been the subject of any embryological
research. Microwhip scorpions only lay a few
(one to three) embryos at a given time, and ovules
of different developmental stages have been
observed within the opisthosoma (Condé 1996).
Amblypygi (Whip Spiders)
Whip spiders are mostly found in tropical rainforests, and there are many cave-dwelling species. Only about 150 species of whip spiders have
been described (Harvey 2003), and what is
known of their biology has been previously
reviewed in detail by Weygoldt (2000).
Whip spiders are similar in appearance to spiders, but are somewhat flattened in comparison.
Furthermore, the cheliceres of whip spiders do
not produce venom and they use modified pedipalps to capture prey (Fig. 5.2). These chelicerates can also be distinguished by their first pair of
walking legs, which is elongated and tactile, and
therefore considered to be antenniform (Weygoldt
2000). Whip spiders also have two sets of opisthosomal book lungs, but they do not have any
other appendages on this tagma (Fig. 5.2) and
they lack the ability to make silk. Like scorpions
and thelyphonids (see below), parental care in
this order consists of a female carrying hatchlings on her back until they reach a certain developmental stage and disperse. Unlike scorpions,
only in amplypygids, thelyphonids, and pseudoscorpions do females carry eggs on the underside
of the opisthosoma until hatching.
The embryology and morphology of whip spiders has been described in detail, although very
little contemporary EvoDevo research has been
carried out on these animals (Weygoldt 2000).
However, such research would offer an interesting comparison to spiders due to the phylogenetic
proximity of these two orders. The regulation of
the development of the large, raptorial pedipalps
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and the elongate, antenniform first walking
legs—in contrast to their shorter counterparts in
spiders—constitute promising areas of future
study (Weygoldt 2000; Harvey 2002).
Thelyphonida (Whip Scorpions)
There are over 100 described species of whip
scorpions (Harvey 2002). These predators live in
tropical climates and employ their enlarged raptorial pedipalps to grab prey (Fig. 5.2; Ruppert et al.
2004). To a lesser degree than in whip spiders, the
first pair of legs of whip scorpions is elongated
and tactile (Fig. 5.2). Whip scorpions also have a
segmented opisthosoma that ends in an annulated
flagellum, superficially resembling scorpions and
conferring their common name (Ruppert et al.
2004). The abdomen of whip scorpions also carries two pairs of book lungs (Fig. 5.2) and two
anal glands that are used to repel predators by
spraying them with a mixture of acetic acid,
caprylic acid, and other substances (hence, these
animals are sometimes referred to as vinegaroons)
(Eisner et al. 1961; Haupt and Müller 2004).
To date, whip scorpions have not been the subject of EvoDevo research. Like in Amblypygi,
the embryos are carried in an external sac by the
females, meaning that embryos of different
developmental stages can be collected for analysis of gene expression and gene function (Ruppert
et al. 2004). The miniaturisation of particular
opisthosomal sternites in thelyphonids is of
particular interest from the perspective of segmentation (Shultz 2007).
Schizomida (Short-Tailed Whip
Scorpions, Microwhip Scorpions)
Short-tailed whip scorpions are close relatives of
whip scorpions (Figs. 5.1 and 5.2) that live in tropical leaf litter (Santos et al. 2013a). Harvey (2002)
estimated that there are over 500 extant species
worldwide. Short-tailed whip scorpions resemble
miniaturized whip scorpions. However, they are
much smaller and have only one pair of book lungs
(Fig. 5.2; Ruppert et al. 2004). The flagellum of
short-tailed whip scorpions is also shorter than that
of whip scorpions and confers their common name
(Fig. 5.2). Interestingly, the flagellum is sexually
dimorphic and is used during courtship, and it has
been suggested that this structure may be involved
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Fig. 5.3 The development and morphology of the spider
Parasteatoda tepidariorum. (A) Stages of embryonic and
postembryonic development: stage 2, cellularisation is
complete, blastoderm formation; stage 4, germ disc
including the primary thickening (pt) in the centre; stage
8, early germband with the segment addition zone (SAZ);
stage 10, elongated germband with limbs; stage 13, end of
inversion; stage 14, with distinct prosoma (Pro) and opis-

thosoma (Op) with constriction between them (arrowhead); postembryo; 1st instar, which exits the cocoon; 3rd
instar, a free-foraging instar stage; female adult. Staging
after Mittmann and Wolff (2012). In all images anterior is
to the left. Scale bar is given with respect to the stage 2–14
embryos. (B) Adult female (top) and male (bottom).
Anterior is to the top (Figure slightly modified and reproduced with permission from Hilbrant et al. (2012))

in species recognition (Harvey 2002). Like whip
scorpions, the evolution and development of shorttailed whip scorpions is understudied, but the parallel evolution of a single pair of book lungs in
schizomids and derived spiders from the ancestral
condition of two pairs in Tetrapulmonata would be
very interesting to explore further.

Spiders have a prosoma and an opisthosoma
with the former bearing the cheliceres, pedipalps,
and four pairs of walking legs and the latter housing structures including the respiratory organs,
genitalia, and spinnerets (Fig. 5.2). The group is
distinguished from all other chelicerates in bearing spinnerets, modified appendages that constitute the web-spinning apparatus of spiders. The
spinnerets and the webs of spiders have been
argued to constitute key innovations that enabled
considerable diversification in this group.
Spiders have also constituted the main model
chelicerates used to address questions in evolutionary developmental biology. In particular, two
Entelegynae, the central American wandering
spider Cupiennius salei and the common house
spider Parasteatoda tepidariorum (formerly
Achaearanea tepidariorum; Fig. 5.3 and see
boxed text), have provided great insights into

Araneae (Spiders)
Spiders have been intensively studied and they are
the best-understood chelicerates in terms of their
general biology, physiology, behaviour, development, and evolution (Fig. 5.1; Foelix 2010).
Spiders are a speciose order of arachnids (over
40,000 described species) that exhibit a wide
range of physiological and morphological adaptations, including silk and venom production, and
morphological diversity of such appendages as
the cheliceres and pedipalps (Foelix 2010).
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chelicerate, arthropod, and metazoan evolution
and development (McGregor et al. 2008a;
Hilbrant et al. 2012). More recently, the
Haplogynae Pholcus phalangioides has been
employed as a satellite model to provide a comparative perspective in spider EvoDevo within
Araneomorphae (Pechmann et al. 2011), and
there has also been one comparative gene expression study in a mygalomorph (Pechmann and
Prpic 2009). The contribution of studies of gene
expression (e.g., see Table 5.2) and gene function
in spiders to our understanding of evolution and
development is discussed in detail below.

The Common House Spider Parasteatoda
tepidariorum as a Model for Evolutionary
Developmental Biology

The common house spider, Parasteatoda
tepidariorum (Koch 1841), native to South
America, is synanthropic and presently distributed worldwide. P. tepidariorum hides
in cobwebs in secluded areas. Due to the
phylogenetic significance of chelicerates in
arthropod phylogeny and the operational
flexibility of this species, P. tepidariorum
has become a powerful model organism in
the field of evolutionary developmental
biology. Females lay up to 400 embryos in
silken egg sacs (cocoons) about every
5 days all year around under laboratory
conditions. Due to the short fertilisation
process, which takes about three minutes,
embryos develop synchronously within one
cocoon, which is particularly advantageous
for developmental studies.
In embryos the first nuclear divisions
take place in the centre of the spherical egg
and cellularise when the cells start to migrate
towards the periphery after about five divisions. Later, cells divide and aggregate to
deploy the blastoderm at one hemisphere,
where the blastopore forms in the centre
upon gastrulation and invagination processes occur. After blastopore closure, the
cumulus, an aggregation of mesenchymal
cells in the centre of the germ disc, migrates
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underneath the ectodermal cell layer towards
the periphery. This process specifies the DV
axis and initiates the transformation from a
germ disc to a germband (Fig. 5.3). The
sequential addition of opisthosomal segments from the posterior segment addition
zone follows, and the nervous system and
appendages begin to form along the AP axis.
At late stages of embryonic development,
inversion processes occur where the embryo
encloses the yolk and internal organs like
the heart, digestive tract, and brain develop.
The whole developmental process until
hatching lasts approximately 8 days and
another 12 weeks for the spiderlings to
develop to adulthood, including five molts
for males and up to seven molts for females
at 25 °C (see Fig. 5.3). Embryos of all
embryonic stages can be fixed and used for
in situ hybridisation and antibody staining
to study mRNA and protein expression,
respectively. Furthermore, gene function
can be studied in P. tepidariorum with
RNA interference: double-stranded RNA
(dsRNA) injected into adult females results
in several cocoons exhibiting a knockdown
effect. Injecting a single cell of an embryo
at the 16- or 32-cell stages with dsRNA
generates clones of cells lacking gene function. The availability of transcriptomic
sequences and, in the future, whole-genome
sequence data will potentially allow
genome-editing tools to be applied in P.
tepidariorum to study the genetic regulation of the development of this spider in
even greater detail.

In the following, a summary of the classic
literature describing key aspects of the early
and late development of the chelicerates is provided. Subsequently, studies that have focused
on characterising gene expression and gene
function in chelicerates are reviewed to highlight important insights into the evolution and
development of these animals, other arthropods,
and other metazoans.

114

EARLY DEVELOPMENT
The study of chelicerate embryos dates back to
the very beginnings of invertebrate developmental biology. In 1824, Moritz Herold delivered
what he claimed were the first studies of invertebrate development (Herold 1824)—and his first
study subject were embryos of the European garden spider, Araneus diadematus. Most classical
literature from the mid-late nineteenth century
onwards has been extensively reviewed by
Anderson (1973) and Yoshikura (1975), and to
avoid duplicating these efforts, the reader may
refer to their exhaustive listing of chelicerate
embryological studies prior to 1975. In the following section, the focus is on describing key
steps of chelicerate development that have been
the focus of modern evolutionary developmental
biology.

Cleavage
Most chelicerate eggs (with the exception of
mites, ticks, and viviparous scorpions as well as
sea spiders) are round or ovoid in shape, fairly
large (0.5–3.5 mm), and rich in yolk. These types
of eggs predominantly show superficial early
cleavages (i.e., without cytokinesis/formation of
membranes between the cleavage energids) that
occur in the centre of the egg within the yolk
(intralecithal) (Schimkewitsch 1887, 1898, 1906;
Kingsley 1892; Iwanoff 1933; Moritz 1957;
Juberthie 1964; Kondo 1969; Yoshikura 1969;
Anderson 1973; Weygoldt 1975; Suzuki and
Kondo 1995, 1994; Kimble et al. 2002; Kanayama
et al. 2010).
The best-described examples of this cleavage
mode are found in spiders, owing to the application of more sophisticated imaging techniques
such as transmission electron microscopy (TEM)
and, more recently, single-cell injection. In a
close relative of Parasteatoda tepidariorum,
P. japonica, the first four cleavages are synchronous and syncytial. The perinuclear cytoplasm is
connected with the periplasm at the egg surface
by thin strands that form along yolk columns, and
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the cell membrane invaginates from the surface,
also along these yolk columns. At the 16-cell
stage, cell membranes fuse and form the blastomeres, which then migrate to the embryo’s surface (Suzuki and Kondo 1995, 1994). Kanayama
et al. (2010) have confirmed these findings in
P. tepidariorum by showing that fluorescent dyes
injected into the surface periplasm at the 16-cell
stage do not diffuse into neighbouring areas and
subsequently will only be found in daughter cells
of the injected cell. It has been argued that this
type of superficial cleavage might be the ancestral cleavage mode in Chelicerata and that the
cases of total cleavage seen in some mites, some
ticks, pseudoscorpions, and viviparous scorpions
are possibly derived and linked to the production
of smaller, less yolky eggs (Anderson 1973;
Wolff and Scholtz 2013).
In the case of mites and ticks, Laumann et al.
(2010b) have argued that classical studies of their
embryos might have wrongly attested to these
chelicerates possessing superficial cleavage due
to the techniques used to examine the embryos.
Laumann et al. (2010b) base this judgment on the
re-examination of the cleavage mode of
Archegozetes longisetosus by traditional light
microscopy techniques that failed to detect the
total cleavage mode of this oribatid mite, which
the authors previously had determined using
TEM (Laumann et al. 2010a, b). The authors then
conclude that since no modern studies in either
ticks (Fagotto et al. 1988) or mites (Dearden
et al. 2002; Walzl et al. 2004; Laumann et al.
2010a, b) have confirmed superficial cleavage,
the ancestral cleavage mode within ticks as well
as mites must have been total (Laumann et al.
2010a).
Most pycnogonids display total and equal
cleavages that are irregular. This cleavage mode
is therefore thought to be the ground pattern in
pycnogonids (Ungerer and Scholtz 2009).
However, there are certain groups of pycnogonids with larger, more yolk-rich eggs that display
unequal, yet still total cleavages (Ungerer and
Scholtz 2009). In some of these pycnogonids
(Callipallene and Propallene) even the first
cleavage is unequal, which is suggestive of an
early cell fate determination that would make
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Fig. 5.4 Axis specification and formation of segments in
spiders. (A) During early development blastomeres collect
at one pole of the embryo to form a germ disc. At the centre of this is decapentaplegic (dpp) expression (red) from
the mesenchymal cells of the cumulus. Surrounding the
dpp expression is a circular domain of Delta (Dl) (hatched),
then short gastrulation (sog) (yellow), with a co-expressed
domain of orthodenticle (otd) (light blue), and a weak Dl
signal around the periphery of the germ disc. As the dppexpressing cumulus migrates, the radial symmetry is broken. (B) dpp expression then disappears when the dorsal
field (D) starts to form. This dorsal region extends around
the periphery of the germ disc forming the extra-embryonic (Ex) and dorsal tissues with the sog domain forming

the ventral tissue (V). (C) Expression of otd and Dl in the
periphery of the germ disc is later localised to the anterior
prosomal region of the germband, with the opened central
ring of Dl (hatched) moving to the approximate area
where the prosoma/opisthosoma boundary develops. As
the dorsal field opens up, the centre of the germ disc loses
Dl expression and begins to express caudal (cad) in the
forming caudal lobe (B). As the germband elongates,
dynamic expression of Dl and cad in the segment addition
zone (SAZ) buds off stripes associated with nascent opisthosomal segments (C). The exact spatial relationship of
these genes’ expression and which segments they form are
still unclear. In (B, C), A anterior and P posterior (©
Alistar P. McGregor, 2015. All Rights Reserved)

these embryos the only example of chelicerates
showing determinate cleavage. Other chelicerates
are not thought to specify cell lines early in
development. However, cell lineage studies have
so far only been attempted in spiders (Holm
1952; Kanayama et al. 2010) and a mite
(Dearden et al. 2002).

cells and thereby represses ventralising short
gastrulation (sog) expression (see below;
Akiyama-Oda and Oda 2003, 2006).
The nomenclature of the cumulus has been
confusing in classical chelicerate literature, since
both the blastopore and the distinct, migrating
cell group that originates from the blastopore
form white, slightly elevated “cumulus-like”
structures (from Latin, cumulus, meaning “heap”
or “pile”). Therefore, classical literature has to be
carefully judged for mislabeling the blastopore as
a true cumulus. The cumulus’ function as an
organiser was first determined by Holm (1952)
through cauterising and transplantation of cumulus material in embryos of the spider Agelena
labyrinthica. Similar experiments as well as
interspecific grafts have been performed on
horseshoe crab embryos (Itow and Sekiguchi
1979; Itow 1990; Itow et al. 1991). Curiously,
grafts of horseshoe crab “centre cells” from the
blastopore region (but before actual cumulus

Germ Rudiment Formation
and Axis Formation
The Cumulus
The cumulus is a mesenchymal cell cluster that,
in spiders, migrates from the centre of the germ
disc to the rim of the germ disc and thereby
breaks the radial symmetry of the embryo, establishing its dorsoventral (DV) axis (Fig. 5.4A).
The cumulus has recently been shown to express
decapentaplegic (dpp), and it is thought that Dpp
protein is then received by germ disc epithelial
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Fig. 5.5 Segmentation in spiders. Stripe appearance of
the segmentation marker gene engrailed (en) in the spider
Parasteatoda tepidariorum. The prosomal en stripes form
nearly simultaneously, in a stereotyped order. (A) The first
en stripe forms in L1. (B) Soon thereafter, stripes appear
in L4 and the pedipalpal segment. (C) Subsequently
stripes develop in L2, L3, and the cheliceral segment.

(D–F) en stripes in the opisthosoma appear in a strict anterior to posterior order; only the first 3 of eventually 12
opisthosomal stripes are shown here. Ch cheliceral segment, Pp pedipalpal segment, L walking leg segments,
1, 2 and 3 opisthosomal segments (Figure slightly modified and reprinted from Current Biology, Schwager et al.
(2009), with permission from Elsevier)

formation) are also capable of inducing a second
embryonic axis in embryos of the frog Xenopus
laevis (Itow 2005). However, Itow et al. claim
that the posterior cumulus (i.e., the structure most
likely homologous to the spider cumulus) has no
effect on axis formation in the horseshoe crab
(Itow 1990; Itow et al. 1991).
Migrating cumuli have also been noted in
Amblypygi (Weygoldt 1975), Opiliones (Holm
1947; Juberthie 1964), possibly in a solifuge
(Heymons 1904; Holm 1947) and most recently
in a tick (Santos et al. 2013b). The cumulus has
therefore been suggested as belonging to the
ground pattern in Chelicerata (Hilbrant et al.
2012). However, the tick cumulus seems not to
express Dpp, but instead, it appears to receive
Dpp (Santos et al. 2013a, b). Accordingly, more
evidence, especially molecular data, is required
from chelicerate orders in which cumuli have not

been described so far, to address the origin of the
cumulus (with reference to the dpp-expressing
structure observed in spiders) and perhaps ultimately to define this structure with respect to
form, migration, developmental function, and
gene interactions.
Segmentation
Most chelicerate embryos are of the short germ
type, where a number of anterior segments is patterned by subdivision of the initial germ anlage
and posterior segments are added sequentially
from a posterior segment addition zone (SAZ).
The initial germ anlage commonly forms all prosomal segments (pre-cheliceral lobe, cheliceral,
pedipalpal, and the four walking leg segments—
Pl, Ch, Pp, L1–L4), and a differing number of
opisthosomal segments are added sequentially
(Figs. 5.2, 5.3, and 5.5). This generalised form of
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segmentation is found in spiders, harvestmen
(Juberthie 1964), whip scorpions (Anderson
1973), Amblypygi (Weygoldt 1975), ticks
(Anderson 1973; Santos et al. 2013b), and pseudoscorpions (Yoshikura 1975).
However, horseshoe crabs, scorpions and
pycnogonids form only pre-cheliceral lobes and
cheliceral and pedipalpal segments as well as a
SAZ from their embryonic primordium, while
walking leg segments and opisthosomal segments are then sequentially added from the SAZ
(Anderson 1973; Itow and Sekiguchi 1980;
Farley 2001; Brenneis et al. 2011b).
It is interesting to note that the anterior segments do not appear simultaneously, but instead
are formed in a specific order that varies between
groups. Where the timing of segment appearance
has been observed (such as in spiders, Amblypygi
and Xiphosura), the first segment to appear and
the first segmental border to be established is
usually the L1 segment or the Pp/L1 border
(Anderson 1973; Weygoldt 1975; Itow and
Sekiguchi 1980), and the last segment to be
defined is most commonly the cheliceral segment. For example, in the spider Parasteatoda
tepidariorum, engrailed (en) stripes appear first
in L1, then Pp and L4 stripes emerge, then L2 and
L3, and lastly Ch (Fig. 5.5; Schwager et al. 2009).
In contrast to the other chelicerates, the L4
segment of mites, ticks, and Ricinulei also derives
from the SAZ. In case of the mite Archegozetes
longisetosus, the remaining segments do not
appear in sequential order from the SAZ, but, as
evidenced by appearance of en and hedgehog
(hh) stripes, first O1 is segmented, then L4, and
finally O2 (Barnett and Thomas 2012).
As stated above, in almost all other chelicerates, opisthosomal segments are added sequentially from a SAZ. Despite the recent advances in
our understanding of the genetic pathways
involved in segmentation in spiders (McGregor
et al. 2009; Hilbrant et al. 2012), we still lack
insight into how exactly the SAZ of spiders and
other chelicerates is organised, especially as cell
division patterns have not been studied in detail,
nor have cell movements been characterised.
Generally, about 12 opisthosomal segments are
formed from the SAZ. The first of these is later
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reduced to form the pedicel, linking the prosoma
and opisthosoma in spiders and their close
relatives. In other orders, O1 becomes greatly
diminished (e.g., Opiliones) or almost completely
removed (e.g., scorpions) in the course of embryonic development. In a few groups, such as opisthothele (non-mesothele) spiders, ticks, and
mites, external opisthosomal segmentation is lost
after embryogenesis (Anderson 1973; Yoshikura
1975).
Mites can also display a severe reduction in
the number of opisthosomal segments: while
most chelicerates develop around 12 embryonic
opisthosomal segments (Fig. 5.2; Yoshikura
1975), in embryos of both Tetranychus urticae
and Archegozetes longisetosus, only two en
stripes are formed in the opisthosomal region
(Grbic et al. 2011; Barnett and Thomas 2012).
Ticks can show reduced opisthosomal segment
numbers, but segments are clearly visible in
embryos (Anderson 1973; Santos et al. 2013a, b).
In addition, derived groups of mites (e.g., the gall
mite family Eriophyidae) are even more segmentally aberrant, bearing only two legs and a wormlike body as adults.
Two groups that diverge from the general chelicerate segmentation pattern are (1) the katoikogenic scorpions, in which the mesosoma (the first
eight embryonic segments of the opisthosoma in
scorpions) is precociously segmented, with each
segment bearing a pair of dorsolateral protrusions that supplement exchange surfaces with the
mother, whereas the prosoma is segmented much
later, and (2) the pycnogonids, which form a freeswimming larva that usually only possesses the
cheliforal and two larval appendages (Vilpoux
and Waloszek 2003; Machner and Scholtz 2010;
Brenneis et al. 2013).

Development of the Nervous System
While the development of the nervous system in
most Chelicerata has been described in classical
literature (Anderson 1973), recent advances in
imaging techniques as well as the use of molecular markers have allowed a more detailed look at
chelicerate neurogenesis. However, these detailed
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Fig. 5.6 Neurogenesis in euchelicerates and pycnogonids. (A) Confocal images of germbands of spiders and
pycnogonids stained for tubulin and counterstained with a
nuclear dye to illustrate cell internalisation sites (CIS) that
are organised in a grid-like pattern in each hemisegment.
From left to right: Cupiennius salei (left half of prosoma
only), Parasteatoda tepidariorum, Callipallene sp. (top
right), and Pseudopallene sp. (bottom right). (B–E)
Apical horizontal sections of the ventral neuroectoderm
(VNE) of a walking leg segment of (B) C. salei and (C) P.
tepidariorum. Mitotic cells (stained by Phosphorylated
Histone 3 antibody) are not found near CIS but are scattered throughout the hemi-neuromere. In the two pycnogonids (D) Callipallene and (E) Pseudopallene, the
hemi-neuromeres are much smaller than found in the spiders. (F, G) Schematic sagittal sections through single
hemi-neuromeres. Colours indicate different neuronal
precursor (NP) cell types. In Euchelicerata (G, based
mainly on C. salei), CIS form sequentially in the VNE,
which shows unordered, mostly tangential cell divisions.

Immature ganglion cells (GCs) delaminate and start differentiating basally to the CIS. CIS can also form cell-rich
units, enclosed by glial-like sheath cells. Close to the
forming neuropil, scattered symmetrically dividing intermediate neural precursors (INPs) can be found. Apically,
the epidermis overgrows the hemi-neuromeres. In
Pycnogonida (F, based mainly on Pseudopallene sp.),
only few CIS and unordered, tangential cell divisions are
found in the VNE. Basally, single GCs and INPs detach
from the VNE and form a loose layer, in which neurons
start differentiating. Apically, a central invagination forms
and continues to deepen. Neural stem cells (NSCs), large,
spindle-shaped cells, become discernible and start dividing tangentially or slightly obliquely, forming smaller
daughter cells that invaginate independently. INPs also
divide sub-apically. Epidermis overgrows the invagination
site. ch cheliceral/cheliforal segment, EPC epidermis cell,
pp pedipalpal segment, wl walking leg segment (Figure
slightly modified and reproduced with permission from
Brenneis et al. (2013))

studies of neurogenesis have only been performed on spiders, a horseshoe crab, and some
pycnogonids.
Neurogenesis in spiders and horseshoe crabs
takes place in the central ventral ectoderm. In
each hemisegment about 30 groups of bottleshaped neuronal precursors are specified and
form cell internalisation sites (previously termed
invagination sites). These sites are organised in a
grid-like pattern and subsequently simultaneously delaminate from the neuroectoderm when
early neurogenesis is complete (Fig. 5.6;
Stollewerk et al. 2001; Mittmann 2002;
Stollewerk and Chipman 2006; Doeffinger et al.

2010). In contrast to insects (Vol. 5) and crustaceans (Vol. 4), no neuroblasts (neural stem cells)
are involved in neurogenesis in these chelicerates. Due to these differences with respect to
Tetraconata and marked similarities with
Myriapoda, it has been suggested that this mode
of neurogenesis might be ancestral within
arthropods (reviewed by Stollewerk and
Chipman 2006).
Conversely, it has recently been shown that
neurogenesis in pycnogonids surprisingly does
involve neural stem cells (Fig. 5.6; Brenneis
et al. 2013). Like the euchelicerates, neurogenesis in pycnogonids is initiated by formation of
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post-mitotic neuronal precursor groups that
form cell internalisation sites. In a second step,
in pycnogonids, however, larger neural stem
cells with high mitotic activity differentiate
from the precursor groups and form ganglion
cells by asymmetric cell divisions (Fig. 5.6;
Brenneis et al. 2013).
Whether the pycnogonid neural stem cells
have evolved convergently or, alternatively, chelicerates and myriapods have lost this cell type
will, according to Brenneis et al. (2013), require
studies of the molecular mechanisms of neurogenesis in pycnogonids, as well as detailed reinvestigation of neurogenesis in other arthropod
groups. It is interesting to note that some authors
of classical literature have noted the existence of
neural stem cells within a few chelicerates
(Anderson 1973). Because the study of neurogenesis with modern techniques is limited to just
two chelicerate orders, re-examination of neurogenetic processes with advanced techniques is
imperative in non-spider arachnids.
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the anterior and posterior ends, move dorsally
around the yolk, widening the ventral sulcus, until
their dorsal sides converge at the dorsal midline.
Only after dorsal closure do the two halves of the
germband reconnect ventrally for ventral closure.
During this process, most of the yolk is transferred into the opisthosoma (Anderson 1973).
The amount by which the ventral sulcus widens differs across spiders, and as mentioned
before, is less pronounced in more basally branching groups. However, other chelicerates display
inversion processes similar to spiders, most notably in Thelyphonida, Amblypygi (Weygoldt
1975), and possibly Solifugae, and others such as
Opiliones and some mites show only a very slight
widening of the ventral sulcus during the dorsal
closure process (Anderson 1973). The process of
inversion inherently has consequences for the
behaviour of the midline and also for neurogenesis in spiders (Linne et al. 2012).

Development of Germ Cells

LATE DEVELOPMENT
Inversion
In most chelicerates the germband forms on the
surface of the round or ovoid yolky egg. Hence,
at some point during the development of the chelicerate embryo, the yolk has to be transferred
into the embryo proper, specifically into the opisthosoma, where it will later be ingested by the
hatchlings via the midgut. This problem is solved
in two distinctive ways among the different chelicerate orders. The embryo either simply grows
around the yolk dorsally until dorsal closure
commences, or it undergoes a process termed
“inversion”. This process is most pronounced in
entelegyne spiders, less so in more basally
branching groups such as mygalomorph and haplogyne spiders, and is almost absent in mesothele
spiders (Yoshikura 1975).
During inversion, the germband splits in half
along the ventral midline and forms the ventral
sulcus, which is only covered by a single layer of
cells. The two halves, still connected at least at

Characterisation of the developmental origin of
germ cells of chelicerates is limited to classical,
mainly histological, studies of only a few groups
(spiders, scorpions, mites, ticks, harvestmen, and
solifuges) (Anderson 1973).
In these studies, germ cells have mostly been
reported to originate from the mesoderm later in
embryogenesis, for example, at the posterior end
of the germband in ticks (Aeschlimann 1958) or
in spiders, where germ cells appear as segmental
clusters close to the coelomic pouches in the
opisthosoma (Kautzsch 1909; Strand 1906). In
the early embryos of some spiders, harvestmen
and solifuges primordial germ cells (PGCs) have
also been described to originate in or near the
blastopore (Faussek 1891; Brauer 1894; Heymons
1904; Montgomery 1909). Recently however, by
assaying the mRNA and protein expression of
two molecular germ cell markers, piwi and vasa,
Schwager et al. (2014) did not find any evidence
of germ cells near the blastopore in early spider
embryos. Instead, in Parasteatoda, PGCs arise as
segmental clusters in opisthosomal segments
O2–O6.
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Interestingly, none of the previous studies that
found PGCs in or near the blastopore in harvestmen, scorpions, and solifuges were able to trace
these cells to the gonads at later stages (Faussek
1889, 1891; Brauer 1894). Therefore, to determine the germ cell origin in these three groups, it
will be essential to re-examine their embryos
using molecular tools where possible.
In the only other modern study of chelicerate
germ cells, in the spider mite Tetranychus urticae, the germ cell marker gene vasa has been
used to identify a group of dispersed cells deep in
the yolk as PGCs that later are thought to migrate
towards the posterior of the embryo to form a
cluster of germ cells near the prosomal/opisthosomal boundary (Dearden et al. 2003). This mode
of germ cell specification from non-blastodermal
cells does not match any of the modes described
for the other chelicerates. Indeed, since vasa has
also been found to be expressed in numerous
other tissues, including stem cell-like cells, the
cells described in T. urticae might not actually be
PGCs. Examining PGC specification in the spider mite using more germ cell markers might
help to shed further light on this issue (Schwager
et al. 2014).

Development of Respiratory Organs
Among chelicerates, three main types of respiratory organs can be found: book gills, book lungs,
and tracheae (Fig. 5.2). Book lungs and tracheae
appear alone or in combination across the chelicerate orders (Fig. 5.2). Some miniaturised species
(e.g., microwhip scorpions and some mites) lack
specialised respiratory organs entirely, with gas
exchange occurring through the cuticle (Ax 2000;
Zhang 2003; Foelix 2010). Similarly, respiration
in pycnogonids occurs through direct diffusion.
Book Gills and Book Lungs
The book gills of Xiphosura are thought to represent the most ancestral respiratory organ among
euchelicerates, but their relationship to scorpion
and spider book lungs is not well understood.
Recent phylogenomic efforts suggest a single origin of the arachnid book lung, consistent with the
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anatomy of these organs in spiders, amblypygids,
uropygids, and scorpions (Scholtz and Kamenz
2006; Regier et al. 2010; Sharma et al. 2014b). In
Limulus polyphemus, book gill development
commences with the formation of bilateral ridges
on the opisthosoma, the primordia of the genital
operculum, and the branchial appendage, which
will later become the gill-bearing segment
(Yamasaki et al. 1988). The genital operculum
and the first branchial appendage further develop
into a large lateral and a small medial lobe on the
ventral side of the opisthosoma (Farley 2010).
Trabeculae then become apparent on these opisthosomal segments, which will later function as
space holders in the haemolymph channels of the
book gills (Kingsley 1892). The surface of the
operculum and the branchial appendage form
small pores and invaginations, which may facilitate gas exchange. Cross sections of the operculum and branchial appendage have revealed that
trabeculae bridge the lumen of these lobes and
seem to be connected with the invaginations on
the surface of these appendages (Farley 2010). At
the stage of the swimming and burrowing first
instar, the first branchial segment appears as a
broad but thin appendage, which carries four gill
lamellae. The book gills are therefore surface
outgrowths of the first branchial appendage. The
lamellar structures of the book gills provide the
surface for gas exchange between water and haemolymph in horseshoe crabs. The invaginations
at the surface of the operculum and the branchial
segment are connected to the gill lamellae
through the trabeculae (Farley 2010).
Arachnopulmonata (scorpions + tetrapulmonates) exhibit variable numbers of paired book
lungs (Fig. 5.2). The “primitive” spiders (mesotheles, mygalomorphs, and most paleocribellates) exhibit two pairs of book lungs, but in
labidognathous spiders (i.e., derived araneomorphs), the posterior pair has been modified
into tubular tracheae (Kästner 1929; Yoshikura
1975). Scorpions exhibit four pairs of book lungs,
while whip scorpions and whip spiders have two
pairs, and microwhip scorpions only have one
pair (Fig. 5.2; Levi 1967).
The development of scorpion and spider book
lungs is uniform and first becomes apparent as an
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ectodermal invagination at the posterior margin
of an opisthosomal segment (Laurie 1890; Purcell
1909; Farley 2008). This invagination then
increases in size, forming a pulmonary sac, while
the limb bud itself ingresses into the ectoderm of
the segment (Farley 2011). The anterior wall of
the pulmonary sac develops projecting lamellae,
which extend into the pulmonary sac (Anderson
1973; Farley 2010, 2011).
The fully developed book lungs in scorpions
and spiders open as stigmata on the ventral side
of the opisthosoma into the atrium, which
enlarges into a cuticle-lined cavity (Kamenz
et al. 2005). Cuticular invaginations filled with
haemolymph, interspersed by air pockets, extend
horizontally from the lung sinus opposite the
atrium into the cavity. The name “book lungs” is
derived from the stacked structure of the lamellae, where the oxygenation of the haemolymph
occurs (Reisinger et al. 1991; Kamenz et al.
2005; Foelix 2010).
Tracheae
A tracheal respiratory system is found in mites,
ticks, pseudoscorpions, camel spiders, harvestmen, hooded tick spiders, and, in conjunction
with one pair of book lungs, most araneomorph
spiders (Fig. 5.2). Tracheae can vary in structure
and are either tubular (camel spiders, harvestmen, and some spiders) or sieve tracheae (pseudoscorpions, hooded tick spiders, some spiders)
(Kamenz et al. 2005; Foelix 2010). The latter are
composed of a bundle of tubes, which look like a
perforated membrane in cross section, hence the
name. It has been proposed that the sieve tracheae are derived from lung lamellae (Foelix
2010; Nentwig 2013).
In spiders the tubular tracheae are located on
the third opisthosomal segment, behind the anterior pair of book lungs, and are visible as stigmata (openings), in close vicinity to the spinnerets
(Fig. 5.2). Generally, a stigma leads into an
atrium whence two lateral and two median tubes
arise. The lateral tubes are connected to the second pair of book lungs and the median tubes
originate from muscular insertions, which
become hollow and function as breathing organs
(Foelix 2010). Tracheae in spiders exhibit open
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ends, which are in direct contact with haemolymph that transports the oxygen to the organs.
The localisation and expansion of the tubular tracheae, however, is not as uniform as for book
lungs and can vary significantly between species
ranging from a restriction to the opisthosoma to
extensive branching up to the prosoma (Foelix
2010). Within spiders, tubular tracheae are
regarded as more derived than book lungs, as
they are not found in basally branching spiders or
non-spider tetrapulmonates, which employ only
book lungs (Höfer et al. 2000; Foelix 2010). The
simultaneous knockdown of multiple posterior
Hox genes results in homeotic transformation of
book lungs (and possibly the tubular tracheae as
well) to leg-like outgrowths in the spider
Parasteatoda tepidariorum, corroborating the
serial homology of paired respiratory organs and
prosomal appendages in a tetrapulmonate arachnid (Khadjeh et al. 2012). The relationship
between the tubular tracheae of spiders and those
of apulmonate arachnids is not understood in the
context of developmental genetics.

THE GENETIC REGULATION
OF CHELICERATE DEVELOPMENT
Axis Formation
In chelicerates, the regulation of the formation of
the anterior-posterior (AP) and dorsoventral
(DV) axes are best understood in the spider
Parasteatoda tepidariorum. During the formation of the germ disc in this spider (Fig. 5.3; see
boxed text), the cumulus develops as a cluster of
mesenchymal cells under the main epithelial disc
(Fig. 5.4A). Gene expression and functional analyses of orthologous genes that pattern the body
axes of other arthropods have highlighted the
importance of the cumulus as a key signalling
centre for embryonic organisation in the spider
(see above; Oda and Akiyama-Oda 2008).
During the initial formation of the germ disc,
Hh signalling plays a crucial role in coordinating
the cumulus and controlling its movement
(Akiyama-Oda and Oda 2010). Hh ligands from
around the rim of the germ disc are received by
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patched (ptc) and smoothened (smo). It has been
suggested that Hh forms a positional value gradient and thereby high levels promote the presumptive anterior, while low levels at the centre of the
disc designate the posterior region where the
cumulus forms (Fig. 5.4A; Akiyama-Oda and
Oda 2010). The movement of the cumulus to the
periphery also relies on Hh signalling because
parental RNAi against ptc and smo can perturb
cumulus migration (Fig. 5.4A; Akiyama-Oda and
Oda 2010).
As mentioned above, the migration of the
cumulus from the centre to the periphery of the
germ disc breaks the radial symmetry and forms
the DV axis (Fig. 5.4; Akiyama-Oda and Oda
2003). While the basal mesenchymal cells of the
cumulus migrate under the germ disc, they
express dpp, which activates the phosphorylation
of mothers against dpp (pMad) in the epithelium,
possibly via cytonemes (Fig. 5.4A; AkiyamaOda and Oda 2003). When the dpp expression
reaches the rim of the germ disc, it represses part
of the circular expression domain of sog
(Fig. 5.4B; Akiyama-Oda and Oda 2006). This
event is concomitant with the opening of the dorsal field and the loss of dpp expression as the
cumulus disappears (Fig. 5.4B). The expression
of sog retracts ventrally between the anterior
expression of orthodenticle (otd) and caudal
(cad) expression in the caudal lobe (Fig. 5.4B, C;
Akiyama-Oda and Oda 2003; Pechmann et al.
2009). sog expression progressively narrows to
the ectoderm of the ventral midline, surrounded
by pMad in the dorsal region (Fig. 5.4C;
Akiyama-Oda and Oda 2006).

Segmentation
Formation of the Caudal Lobe
and Posterior Segmentation
Studying the genetic regulation of segmentation
in chelicerates, especially spiders, has provided
key insights into the evolution of segment formation among arthropods and even other metazoans
with segmented bodies (Damen 2007; McGregor
et al. 2008a, 2009; Oda and Akiyama-Oda 2008;
Hilbrant et al. 2012). Before the appearance of
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segments, the DV and AP axes are defined, as
well as the first regulatory steps that specify the
germ layers (see above). The genetic regulation of
these processes, again, has been most fully characterised in Parasteatoda tepidariorum. During
early embryogenesis in this spider, the DeltaNotch pathway is involved in allocating cells to
the ectoderm, mesoderm, and endoderm as well
as specifying the caudal lobe that gives rise to the
SAZ, from which subsequently the posterior segments are generated (Oda et al. 2007).
Concurrent with the formation of the cumulus,
the centre of the germ disc begins to express
Delta (Dl) (Fig. 5.4). Cells that express forkhead
and twist (twi) near these Dl-expressing cells
internalise beneath the epithelia and become
endoderm and mesoderm cells, respectively (Oda
et al. 2007). Subsequently, expression of Dl and
twi clears from the centre of the germ disc and
cad is expressed in the caudal lobe (Fig. 5.4B;
Oda et al. 2007). Furthermore, these dynamic
changes in gene expression that specify the caudal lobe and subsequently the SAZ all require
Wnt8 (McGregor et al. 2008b).
During the formation of the germband from
the germ disc (Figs. 5.3 and 5.4), the posterior
domain of Dl expression forms a stripe.
Expression of Dl then reappears in the SAZ and
subsequently dynamic stripes of Dl expression
in the SAZ are associated with the formation of
nascent segments from this tissue. Previously, it
was also shown that such stripes of Dl expression in the SAZ are required for segmentation
in Cupiennius salei, another spider (Stollewerk
et al. 2003). Since Dl is also necessary for segmentation in the cockroach Periplaneta
americana (Pueyo et al. 2008), this suggests
that Delta-Notch, Wnt, and Cad organiser was
used ancestrally for segmentation at least in
arthropods and was subsequently lost in some
lineages (McGregor et al. 2009; Wilson et al.
2010; Kainz et al. 2011; Chesebro et al. 2013).
This work has also contributed to the debate
about the evolution of segmentation in metazoans more generally (Couso 2009; Chipman
2010).
After the initial cues from Delta-Notch
and Wnt have activated segmentation from the
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posterior SAZ, it has been shown in both
Cupiennius salei and Parasteatoda tepidariorum
that the orthologs of the pair rule genes are then
differentially activated across the AP axis. In P.
tepidariorum, Wnt8 may help to regulate the
transcription of the primary pair rule gene hairy
in the SAZ (McGregor et al. 2008b). In C. salei,
dynamic stripes of even skipped and runt-1 progress from the SAZ during the formation of
nascent posterior segments (Damen et al. 2005).
The secondary pair rule gene pairberry-3 also
exhibits dynamic expression in the SAZ but
forms stable stripes in nascent segments (Damen
et al. 2005). However, the other secondary pair
rule genes, odd-skipped-related-1, odd-paired
(opa), and sloppy paired, are not expressed in
the SAZ but are observed in stripes anterior to
this structure in the nascent segments (Damen
et al. 2005). The primary pair rule genes therefore appear to initially define segments from the
SAZ and then the secondary pair rule gene
orthologs maintain segment positioning.
Subsequently, the parasegmental boundaries are
defined by Wnt and en expression (Damen 2002),
which is now known to be a conserved feature of
arthropod segmentation (Vols. 4, 5; Damen
2007).
Prosomal Segmentation
It has been shown in spiders that the mechanism
and underlying genetic regulation of prosomal
segmentation differ from that described above for
the opisthosomal segments. In the presumptive
prosoma, segmentation is achieved by subdividing a pre-existing field of cells into segments, and
engrailed stripes do not appear sequentially in
this region (see above and Fig. 5.5). This prosomal segmentation mechanism is similar to
Drosophila melanogaster segmentation. Indeed,
in Parasteatoda tepidariorum this process
requires the ortholog of the D. melanogaster gap
gene hunchback, and knockdown of this gene in
P. tepidariorum also produces a gap gene phenotype with multiple missing adjacent segments
(Schwager et al. 2009). Interestingly, in both P.
tepidariorum and the haplogyne spider Pholcus
phalangioides, Distal-less (Dll), a gene normally
known for its involvement in appendage pattern-
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ing (see below), is expressed in the presumptive
prosoma (Pechmann et al. 2011). Even more
surprisingly, Dll is required for formation of
prosomal segments because inhibition of Dll
expression in P. tepidariorum results in a gap-like
phenotype (Pechmann et al. 2011).
In Parasteatoda tepidariorum embryos, the
most anterior prosomal region, however, yet
again uses a different segmentation mechanism
that Kanayama et al. (2011) have termed “splittype segmentation”. Here, first a wave of otd
expression, in conjunction with a travelling wave
of hh expression, is thought to specify the head
segments (Pechmann et al. 2009; Kanayama
et al. 2011). Then, the hh stripe splits to generate
the cheliceral and pedipalpal segments, which
also involves convergent extension movements
and depends on an autoregulatory signalling
network of otd, hh, opa, and cubitus interruptus
(ci) (Kanayama et al. 2011).

Hox Genes and the Regulation
of Segment Identity in Chelicerates
Hox genes are responsible for specifying segmental identity along the AP axis in bilaterian
animals (reviewed in Carroll et al. 2005). In chelicerates, the evolution of particular Hox genes
is correlated with differences among chelicerate
body plans and compared to other arthropods.
Generally, the spatial expression patterns of the
prosomal Hox genes are well conserved, whereas
those that are expressed in the opisthosoma are
more divergent (Figs. 5.2 and 5.7; Abzhanov and
Kaufman 1999; Schoppmeier and Damen 2001;
Khila and Grbic 2007; Pechmann et al. 2011).
This may correlate with the evolutionary conservation of the prosoma compared to the more variable opisthosoma.
In all chelicerate lineages studied to date
(apart from mites), as well as mandibulate arthropods (Chapter 6; Vols. 4, 5) and Onychophora
(Chapter 4), at least ten Hox genes have been
identified (Fig. 5.2; Janssen and Damen 2006;
Sharma et al. 2012a, 2013, 2014b; Barnett and
Thomas 2013a; Janssen et al. 2014), which suggests that this was the ancestral number of Hox
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Fig. 5.7 Expression of Ubx in chelicerate embryos. (A)
In the horseshoe crab Limulus polyphemus, Ubx/abd-A
antibody staining is initially observed in O2 and all segments more posterior. In the later stage shown, it extends
more anteriorly into the medial portion of O1 (the chilarial segment) (Slightly modified and reproduced from
Popadic and Nagy (2001) with permission from John
Wiley and Sons). (B) Expression of Ubx-1 in the spider
Parasteatoda tepidariorum extends ventrally into the posterior half of O1; otherwise, Ubx-1 is expressed in O2 and
all more posterior segments. (C) Ubx expression in the
mite Archegozetes longisetosus (top, brightfield image;
bottom, nuclear staining) is only found in O2 (Image

slightly modified reproduced with permission of the
authors of Barnett and Thomas (2013a)). (D) Ubx-2
expression in the scorpion Centruroides sculpturatus is
found in the ventral part of O2 and all segments more posterior. (E) In the harvestman Phalangium opilio, Ubx is
expressed in O2 (arrowheads indicate the genital pores on
O2, dotted line demarcates the prosomal/opisthosomal
boundary) and all segments posterior to it. All embryos
are oriented with anterior to the left. Embryos in (B, D, E)
have also been stained with a nuclear dye. ch chilaria, Ch
cheliceral segment, Pp pedipalpal segment, L walking leg
segments, O opisthosomal segments

genes in arthropods. However, in Cupiennius
salei, proboscipedia, Deformed, Sex combs
reduced, and Ultrabithorax (Ubx) have all been
found to be duplicated (Damen et al. 1998;
Schwager et al. 2007). Furthermore, the paralogs
have different spatiotemporal expression patterns, which suggests that there could have been
significant duplication and divergence of Hox
genes during the evolution of chelicerate body
plans (Figs. 5.2; Schwager et al. 2007). Similarly,
19 Hox genes have been reported in the scorpion
Centruroides sculpturatus, with two copies of
each gene except for Hox3 (Sharma et al. 2014b).
Furthermore, different spatiotemporal gene

expression patterns were observed for all four
paralogous pairs of the opisthosomal Hox genes
(Antennapedia (Antp), Ubx, abdominal-A (abdA), and Abdominal-B (Abd-B)) (Figs. 5.2 and 5.7;
Sharma et al. 2014b). Intriguingly, shifts in anterior boundaries of opisthosomal Hox group paralogs are tightly correlated with shifts in segmental
identity in the scorpion mesosoma and metasoma, consistent with the involvement of the
paralogs in canonical Hox patterning (Sharma
et al. 2014b).
Evolutionary changes to the Hox cluster are
also found in the mite Tetranychus urticae (Grbic
et al. 2011). This species has lost abd-A from its
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genome (Grbic et al. 2011), which appears to be
correlated with drastic reduction of the opisthosoma to only two segments (Fig. 5.2). This possible role of abd-A in defining opisthosomal
segment number may also be consistent with the
finding of a highly divergent abd-A in the sea spider and the reduction in size of this tagma in
these animals (Manuel et al. 2006).
The expression domains of Ubx, abd-A, and
Abd-B have also been found to be important in
determining the identity of opisthosomal segments among chelicerates (Fig. 5.2; Damen and
Tautz 1999; Popadic and Nagy 2001; Sharma
et al. 2012b, 2014c; Barnett and Thomas 2013a).
The different anterior expression domains of
these Hox genes in harvestmen, scorpions, and
spiders are correlated with the position of different segment types, such as book lungs, spinnerets, and the posterior-most undifferentiated
segments (Fig. 5.2; Sharma et al. 2012a, 2014b).
It therefore appears that the evolution of Hox
gene expression is a likely mechanism for the
diversification of chelicerates via the modification of posterior segment identity, a hypothesis
that is beginning to be tested with functional
tools in spiders (Khadjeh et al. 2012).
In addition, analysis of Hox gene expression
has played a major role in solving the question of
the evolution of arthropod head segments and
their associated appendages (Telford and Thomas
1998a; Budd 2002; Maxmen et al. 2005; Scholtz
and Edgecombe 2006; Brenneis et al. 2008;
Damen 2010). Cheliceres and pedipalps (Fig. 5.2)
were thought to be analogous to the intercalary
and mandible segments in insects, respectively,
due to their supposed innervation from particular
regions of the ganglia. It has been further postulated that the segment in chelicerates that is analogous to the first antennal segment in myriapods,
crustaceans, and insects has been lost during the
course of evolution (Weygoldt 1985; Bitsch and
Bitsch 2007). However, studies of Hox gene
expression suggest that the segments bearing the
cheliceres (and chelifores of pycnogoids) and
pedipalps are homologous to the first antennal
and intercalary (or second antennal) segments of
mandibulates, respectively. Independent corroboration of this hypothesis is provided by the
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segmental organisation of the tripartite arthropod
brain; both the first antennal segment and cheliceral (or cheliforal) segment are innervated by the
deutocerebral ganglia (Telford and Thomas
1998a; Jager et al. 2006; Brenneis et al. 2008).

Appendage Development
The prosoma of euchelicerates comprises an evolutionarily conserved tagma, as inferred from
segmental distribution of appendage types
(Fig. 5.2). In other arthropod subphyla, genes
including Dll, homothorax (hth), extradenticle
(exd), and dachshund (dac) are required for
appendage development, and it has been shown
that these genes are also necessary for appendage
development in chelicerates (Fig. 5.8; Prpic et al.
2001, 2003; Prpic and Damen 2004; Pechmann
and Prpic 2009; Barnett and Thomas 2013b;
Sharma et al. 2013).
The development of all the appendages
requires Dll; knockdown of the expression of this
gene inhibits outgrowth from limb primordia in,
for example, spiders, mites, and harvestmen
(Schoppmeier and Damen 2001; Khila and Grbic
2007; Pechmann et al. 2011; Sharma et al. 2013).
During the evolution of cheliceres, it appears
that there has been a shift from primitive threesegmented cheliceres in orders like harvestmen,
horseshoe crabs, and pycnogonids to the more
derived two-segmented cheliceres of lineages
like spiders (Sharma et al. 2012a, 2013; Barnett
and Thomas 2013a; Brenneis et al. 2013;
Brenneis and Scholtz 2014). Interestingly, an
expression domain of dac in the proximal region
of the harvestman Phalangium opilio is not found
in arachnids that have cheliceres composed of
two segments (Fig. 5.8; Sharma et al. 2012a),
suggesting a role for this gene in the transition
from three- to two-segmented cheliceres.
Consistent with this hypothesis, knockdown of
the expression of dac in P. opilio indicates that
this gene is required for the development of the
proximal cheliceral segment (Sharma et al.
2013). Further corroborating this mechanism, the
proximal-most part of the cheliceres of the mite
Archegozetes longisetosus transiently expresses
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Fig. 5.8 Gene expression during appendage development. Comparative expression patterns of leg gap genes in
three chelicerates. From left to right: Opiliones,
Acariformes, and Araneae. Appendage types from top to
bottom are chelicera, pedipalp, and walking leg. Coloured
bars indicate expression domains of homothorax (green),
extradenticle (blue), dachshund (orange), and Distal-less

(red). Hashed bars in Acariformes indicate uncertainty of
expression boundaries with respect to podomeres. 2nd
secondary article, bs basis, bt basitarsus, cx coxa, fe femur,
fg fang, gn genu, ma mobile article, mt metatarsus, pa
patella, px proximal segment, ta tarsus, ti tibia, tr trochanter, tt telotarsus (© Prashant P. Sharma, 2015. All Rights
Reserved)

dac (Fig. 5.8; Barnett and Thomas 2013b).
Accordingly, adults of many Acariformes form a
sclerite in this region whose segmental nature
had been debated, and dac expression in mite
embryos suggests that this sclerite is a vestige of
the fully formed proximal segment of groups like
Opiliones and Xiphosura (Sharma et al. 2012a,
2013; Barnett and Thomas 2013b).
A separate aspect of the appendages that is
evolutionarily labile and functionally significant
to feeding in chelicerates is the gnathobases
(endites), a separate ramus of the chelicerate
appendage (Boxshall 2004). A variable number
of gnathobases occurs across Chelicerata, and
these structures have played a key role in morphological phylogenetic hypotheses of the group

(Shultz 2007). For example, outgrowths of a single appendage pair, the pedipalpal gnathobases,
form the “maxilla” of spiders (not homologous to
the maxillae of mandibulates). Gnathobases of
the same appendage pair form part of the subcapitulum of mites and ticks and putatively unite
these as “Acari”. In groups like Opiliones and
scorpions, additional gnathobases occur on the
walking leg segments; these fuse to form the preoral chamber, a structure that has putatively united
harvestmen and scorpions in morphological phylogenies (Shultz 1990, 2007). In spiders (both
araneomorphs and mygalomorphs), mites, and
harvestmen, all outgrown gnathobases strongly
express Dll, and knockdown of Dll expression
results in the loss of these structures, together
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with the distal telopod segments (Schoppmeier
and Damen 2001; Khila and Grbic 2007; Sharma
et al. 2013). These data suggest a common, but
unknown, developmental patterning mechanism
underlying morphogenesis of feeding structures
derived from gnathobasis outgrowths.

Neurogenesis
Research on gene expression during neurogenesis in chelicerates has made an important contribution to our understanding of the evolution and
development of arthropods more generally
(Stollewerk and Chipman 2006). In arthropods
the achaete-scute complex is important in the
early stages of neurogenesis. It has been shown
that the spider homolog ASH1 has a similar function during the formation of neural precursor
cells to that of crustaceans and insects (Doeffinger
et al. 2010). High levels of ASH1 expression
induce the later invagination of regions to form
the optic lobes, mushroom bodies, and arcuate
body (Doeffinger et al. 2010).
Furthermore, Delta-Notch signalling determines neuronal precursor number through lateral
inhibition across arthropod lineages (Stollewerk
2002), and the genes that are responsible for patterning neural fates are also somewhat conserved.
For example, en (Doeffinger et al. 2010) and
gooseberry (Jarvis et al. 2012) are involved in
organising the neuroectoderm in chelicerates and
mandibulates. Interestingly, alterations in Hox
expression in the developing nervous system are
also correlated with changes in Hox expression
across the AP axis. These changes in both neurology and segment morphology due to Hox genes
may help appendages to evolve sensory functionality (Jarvis et al. 2012).
Although some genes have conserved roles
during neurogenesis, the function of others has
diverged. For example, in the spiders Cupiennius
salei and Parasteatoda tepidariorum, Netrins
have been shown to have elements of conserved
function in commissural axon guidance in the
ventral midline with respect to insects and crustaceans (Linne and Stollewerk 2011). However,
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in C. salei, Netrins may also contribute to the
correct differentiation of the axonal scaffold
through maintaining short-range adhesive interactions between sheath cells and neural precursor cells (Linne and Stollewerk 2011).
Another gene that has diverged in function is
single-minded (sim). In crustaceans and insects,
sim functions as an important regulator of ventral
midline development (Nambu et al. 1990, 1991;
Vargas-Vila et al. 2010). This is in contrast to chelicerates, where sim is expressed in the median
region of the ventral neuroectoderm and is not
required for ventral midline development (Linne
et al. 2012). It has been hypothesised that the midline precursors seen in crustaceans and insects
evolved from an ancestral median area of ventral
neuroectoderm. The modification of sim expression from the median to the midline tissue could
be responsible for this change (Linne et al. 2012).
Therefore, while considerable progress has
been made on understanding the evolution and
regulation of neurogenesis in chelicerates, it is
clear that further insights into the evolution of
neurogenesis will be gained through investigation of gene expression and function in nonarachnid chelicerates like pycnogonids and
horseshoe crabs (Brenneis et al. 2013; Brenneis
and Scholtz 2014).

FUTURE RESEARCH FOCI
FOR CHELICERATE EVODEVO
Many important questions in evolutionary biology can be uniquely addressed through evolutionary developmental study of Chelicerata, both
via comparisons within chelicerates and between
Chelicerata and other metazoans. Key processes
that can only be deciphered through studies of
chelicerates include the genetic basis for the synthesis of diverse and potent venoms (e.g., scorpion and spider venoms), the diversification of
silk genes, and the evolution of terrestrialisation.
Newly sequenced genomes of nondevelopmental models have provided much
needed insights as to genomic architecture and
gene family diversification in notable chelicerate
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groups (Table 5.1). Developmental studies using
established chelicerate models, such as the spider
Parasteatoda tepidariorum, can be expanded by
availability of genomic resources (Posnien et al.
2014). This is complemented by the rapid dissemination of developmental transcriptomes and
modern developmental techniques for satellite
models such as the harvestman Phalangium
opilio (Sharma et al. 2012a, 2013) and the scorpion Centruroides sculpturatus (Sharma et al.
2014b, c), coupled with refined understanding of
phylogenetic relationships (Regier et al. 2010;
Sharma et al. 2014a).
However, establishing laboratory cultures in
concert with further development of gene
expression and functional techniques in exemplars of other chelicerate orders would be
insightful for a number of questions. For example, understanding the evolution and development of the specialised appendages (e.g., chelate
pedipalps of pseudoscorpions and scorpions;
antenniform legs of whip scorpions and whip
spiders; sexually dimorphic appendages for
sperm transfer in spiders and Ricinulei) could
have a great impact on our understanding of origins of morphological novelties and diversity in
arthropod appendages.
In the following, two examples of important
evolutionary processes whose investigation
requires the study of chelicerates are highlighted.

Terrestrialisation
Numerous selective pressures are proposed to
have driven the ancestrally aquatic arthropods to
adapt to terrestrial habitats (Little 2009). Modern
phylogenomic assessments of arthropod relationships indicate multiple terrestrialisation events in
the arthropod tree of life, particularly in
Mandibulata (e.g., Hexapoda, Myriapoda, some
lineages of malacostracan crustaceans). In
Chelicerata, the earliest records of marine lineages are Cambrian fossil Pycnogonida, whereas
horseshoe crabs and other extinct marine orders
(Eurypterida and Chasmataspidida) were present
by the Ordovician (Dunlop 2010). Nearly all
arachnid orders are present in the fossil record by
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the Carboniferous (Petrunkevitch 1955; Selden
et al. 1991; Dunlop 2010).
A scenario for chelicerate terrestrialisation is
contentious. Some researchers have supported a
single terrestrialisation event in the ancestor of a
monophyletic Arachnida, based on morphology
and/or the inferred improbability of terrestrialisation events (Scholtz and Kamenz 2006; Shultz
2007). Others have proposed an independent
colonisation of land by scorpions, based on the
interpretation of a marine (or at least aquatic)
habitat of Palaeozoic scorpion fossils (Jeram
1997; Dunlop and Braddy 2001). At the core of
the dispute is marked character conflict within
both morphological and molecular phylogenetic
datasets and the ensuing elusiveness of a robust
chelicerate tree of life (Shultz 2007; Regier et al.
2010). However, there is now strong support for a
single origin of the arachnid book lung due to the
phylogenetic placement of scorpions as sister
group to tetrapulmonates (Sharma et al. 2014a).
Separately, the inference of multiple terrestrialisation events in mandibulate arthropods and concomitantly, of morphological convergence driven
by terrestrial habitat (e.g., independent origins of
tubular tracheae and Malpighian tubules in
insects and myriapods), is now robustly supported by phylogenomic analyses. These discoveries discredit an argument for a single
terrestrialisation event in the arachnid ancestor
grounded on the assumption that terrestrialisation
(and ensuing convergence in arthropods) is a historically rare or improbable event (reviewed by
Shultz 2007; Sharma et al. 2014a).
Morphological and developmental comparison of book gills in Xiphosura and book lungs in
Tetrapulmonata underlie the widespread view
that book lungs developed from book gills via
internalisation (Lankester 1881; Purcell 1909;
Kamenz et al. 2005; Scholtz and Kamenz 2006;
Farley 2010). The serial homology of the two
appendage types is compelling (but see Dunlop
1997), but has yet not been demonstrated in the
context of developmental genetics. Intriguingly,
one previous study has suggested that book gills,
both respiratory organ types of derived spiders
(book lungs and tubular tracheae), as well as spider spinnerets and insect wings were all serial
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homologs of crustacean gills, inasmuch as all of
these originated from epipods (Damen et al.
2002). This argument, first made in support of a
serial homology of insect wings and crustacean
gills, was based on the differential expression of
pdm/nubbin and apterous (ap); a solid expression
domain of both genes is observed in the epipods
of a fruit fly and a crustacean (wings and gills,
respectively), whereas one or more rings of weak
expression are observed in the distal endopods
(legs) of the corresponding appendages (Averof
and Cohen 1997). The similarity of expression
patterns was the basis of the homology statement.
Subsequently, Damen et al. (2002) showed that
strong expression of pdm/nub and ap is observed
in the book gills of Limulus polyphemus, as well
as in the respiratory organs and spinnerets of the
spider Cupiennius salei.
However, the inference that the respiratory
organs of spiders originated as epipods is inconsistent with the recent functional work of
Khadjeh et al. (2012), which demonstrated
homeotic transformation of the book lungs to
walking leg-like limb buds upon Hox gene
knockdown, suggesting that book lungs (and
possibly tubular tracheae) are derived from
endopods. While no functional work has been
conducted on spinneret development, the spinnerets of many basally branching spiders are
also directly comparable to chelicerate endopods (e.g., walking legs) in that they can be segmented and leg-like in adults, and express all leg
gap genes embryonically (Pechmann and Prpic
2009). One possible explanation is that pdm/nub
is not a reliable and/or conserved marker for distinguishing endopods and epipods in chelicerates. Indeed, Damen et al. (2002) observed
stronger expression of pdm/nub throughout the
developing legs (endopods) of Cupiennius salei
than had been observed in insect or crustacean
legs, which questions the utility of this marker
for discerning appendage rami in arachnids
based on strength of expression level alone.
While expression of one of the two spider ap
paralogs seems to be consistent with the position
of vestigial epipods (ap-1 is expressed dorsally
to the walking legs in later stages of Cupiennius
salei), the fossil record of chelicerates reveals
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that biramous chelicerates bore exopods in this
part of the body, not epipods (Boxshall 2004;
Briggs et al. 2012). Together with documented
homoplasy of certain genes’ expression patterns
(Janssen et al. 2011; Sharma et al. 2014c), these
results indicate that the exact serial homology
between the respiratory organs and prosomal
appendages of chelicerates is not sufficiently
clear at present.
Beyond these studies, essentially nothing is
known about the genetic patterning of the book
gills and book lungs, the development of chelicerate tubular tracheae, or the relationship between
the tracheae of apulmonate arachnids and derived
spiders. Therefore, two key experiments must be
conducted towards understanding the evolution
of respiratory systems in Chelicerata with existing EvoDevo resources. First, a double knockdown of the Hox genes abd-A and abd-B must be
conducted in a spider and in an apulmonate
arachnid (e.g., Phalangium opilio) to test the
serial homology of the respiratory organs and the
prosomal endopods (i.e., legs) of these groups,
with the prediction that both respiratory organ
types of these arachnids should be homeotically
transformed to legs if they are serially homologous to prosomal endopods and to each other.
Second, the function of pdm/nub and ap must be
characterised in the spider, to assess the alternative hypothesis of an epipodal origin of respiratory organs and spinnerets. If this hypothesised
homology statement was true (sensu Damen et al.
2002), then knockdown of pdm/nub should
severely affect the development of the book
lungs, tubular tracheae, and spinnerets, but only
the segmentation of the prosomal appendages.
This result would support the proposed homology to epipods, given that loss-of-function mutations of pdm/nub in Drosophila melanogaster
result in loss of wing structures (Ng et al. 1995).

Evolution of the Spider Spinning
Apparatus and Silk
Two minor orders of chelicerates produce silk,
namely, some mites and pseudoscorpions, which
utilise silks for tasks such as dispersal, protecting
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eggs, and lining burrows (Beccaloni 2009).
However, the most familiar silk-producing chelicerates are of course the spiders. Spiders produce diverse types of silk, which has greatly
contributed to their successful adaption to different environments (Brunetta and Craig 2010).
Spiders use silk to make cocoons to encase eggs
and to build different types of webs (e.g., tube-,
orb-, or wheel-shaped webs) as hiding places, to
capture prey, and even as support for their respiration under water, as in the case of air bells of
aquatic spiders (Brunetta and Craig 2010; Foelix
2010).
In the course of adapting to different environments, spiders have evolved morphological differences in their spinning apparatus and a great
diversity in silk proteins within and between species (Marples 1967; Gatesy et al. 2001; Challis
et al. 2006). The silk-producing organ of all spiders consists of the internal silk glands and the
exterior spinnerets, but varies in number and
composition between species.
Spider silk consists of fibrous proteins, which
is stored in the silk glands in its liquid form and
becomes solid through shearing upon excretion
(Craig 1997). For various purposes, spiders can
produce silks with distinct characteristics from
different types of silk glands, which differ in
morphology and function (Brunetta and Craig
2010). The simplest silk glands can be found in
Orthognatha, whereas at least four different gland
types occur in Ctenidae and up to eight distinctive types are present in Orbiculariae (Peters
1955; Mullen 1969; Palmer et al. 1982).
In most spiders, the spinnerets are located at
the posterior end of the ventral side of the opisthosoma and consist of a varying number of spinneret pairs with various spatial arrangements
(Marples 1967; Shultz 1987). Mesothelae exhibit
four pairs of spinnerets, which is considered the
“primitive” state. The more derived Orthognatha
bear two to three pairs and some labidognathous
spiders have two pairs of spinnerets, but additionally exhibit a specialised spinning structure, the
cribellum (Shultz 1987). The spinnerets are covered with hairlike structures, the spigots, which
are openings to the ducts that connect with the
silk glands in the abdomen (Marples 1967).

E.E. Schwager et al.

Both the complexity of the spinning apparatus
and the diverse composition of silks prompt
questions regarding the evolutionary origins of
the morphological and molecular apparatus
underlying web spinning, with the corollary of
the basis for spider web diversity. Different scenarios for the evolution of spigots and silk glands
in spiders have been proposed. Some have argued
that the silk glands evolved from a secretory
organ, the coxal gland, on a modified leg segment
and that the spigots derived from simple hair
structures (Bristowe 1932; Butt and Taylor 1991).
Another hypothesis proposes that spigots are
modified sensory hairs, rather than simple hairs
(Palmer 1991). Independently, it has been suggested that silk glands developed from epidermal
invagination events, comparable to the male genital glands (epiandrous glands) (Palmer 1991;
Craig 1997). Hypotheses grounded in such morphological studies are anticipated to be greatly
informed by the advent of molecular and developmental genetic approaches. At present, comparatively little is understood about the genetic
basis for spinneret and spigot development,
whereas recent and redoubled efforts are shedding light on the characterisation of spider silk
genes (Hayashi and Lewis 1998, 2000; Hayashi
et al. 1999; Ayoub et al. 2007, 2013; Garb et al.
2010; Clarke et al. 2014; Sanggaard et al. 2014).
To elucidate the evolutionary rise of spinneret,
silk gland, and silk protein diversity, these efforts
should be complemented by comparative morphological, phylogenetic, and developmental
studies, in tandem with comparative genetic and
biochemical analysis of silk proteins. Such an
integrative and cross-disciplinary pursuit is anticipated to inform understanding of spider diversification, as well as key innovations in evolution,
more broadly.
In addition to the examples of terrestrialisation and silk production outlined above, there are
several important open questions that can be
addressed by future studies of chelicerates in
comparison to those of other metazoans to provide new insights into evolutionary developmental biology. Some of these open questions are
highlighted below, but this list is by no means
exhaustive.
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OPEN QUESTIONS
• How are book lungs, book gills, and tracheae
patterned in the different chelicerate orders?
• What is the genetic basis for appendage diversity across Chelicerata and how is each
appendage type specified?
• What is the genetic basis for sexual dimorphism in Chelicerata, and is this mechanism
homologous to its mandibulate equivalent?
• How does the visual system develop, and what
is the developmental genetic relationship
between faceted eyes (Xiphosura only), lateral
eyes (most arachnids), and median ocelli (all
Chelicerata)?
• How is the development of the digestive system regulated in chelicerates?
• When during their development do chelicerates other than spiders and mites specify germ
cells and which molecular mechanisms do
they employ?
• How is the formation of the SAZ regulated
and how are new segments generated from
this tissue?
• Besides hb and Dll, which other factors are
required for segmentation of the prosoma?
Acknowledgments We thank Niko Prpic-Schäper and
Andreas Wanninger for helpful comments on the manuscript.

References
Abzhanov A, Kaufman TC (1999) Embryonic expression
patterns of the Hox genes of the crayfish Procambarus
clarkii (Crustacea, Decapoda). Evol Dev 2:271–283
Aeschlimann A (1958) Développement embryonnaire
d’Ornithodorus moubata (Murray) et transmission
transovarienne de Borrelia duttoni. Acta Trop
15:15–64
Akiyama-Oda Y, Oda H (2003) Early patterning of the
spider embryo: a cluster of mesenchymal cells at the
cumulus produces Dpp signals received by germ disc
epithelial cells. Development 130:1735–1747
Akiyama-Oda Y, Oda H (2006) Axis specification in the
spider embryo: dpp is required for radial-to-axial symmetry transformation and sog for ventral patterning.
Development 133:2347–2357. doi:10.1242/dev.02400
Akiyama-Oda Y, Oda H (2010) Cell migration that orients
the dorsoventral axis is coordinated with anteroposterior patterning mediated by Hedgehog signaling in the

131
early spider embryo. Development 137:1263–1273.
doi:10.1242/dev.045625
Anderson DT (1973) Embryology and phylogeny in annelids and arthropods. Pergamon, Oxford
Arango CP (2002) Morphological and molecular phylogenetic analysis of the sea spiders (Arthropoda,
Pycnogonida) and taxonomic study of tropical
Australian forms. PhD Thesis, James Cook University
Arango CP, Wheeler WC (2007) Phylogeny of the sea spiders (Arthropoda, Pycnogonida) based on direct optimization of six loci and morphology. Cladistics
23:255–293. doi:10.1111/j.1096-0031.2007.00143.x
Averof M, Cohen SM (1997) Evolutionary origin of insect
wings from ancestral gills. Nature 385:627–630
Ax P (2000) Multicellular animals, vol II, The phylogenetic system of the metazoa. Springer, Berlin
Ayoub NA, Garb JE, Tinghitella RM, Collin MA, Hayashi
CY (2007) Blueprint for a high-performance biomaterial: full-length spider dragline silk genes. PLoS ONE
2:e514. doi:10.1371/journal.pone.0000514
Ayoub NA, Garb JE, Kuelbs A, Hayashi CY (2013)
Ancient properties of spider silks revealed by the complete gene sequence of the prey-wrapping silk protein
(AcSp1). Mol Biol Evol 30:589–601. doi:10.1093/
molbev/mss254
Barnett AA, Thomas RH (2012) The delineation of the
fourth walking leg segment is temporally linked to posterior segmentation in the mite Archegozetes longisetosus (Acari: Oribatida, Trhypochthoniidae). Evol Dev
14:383–392. doi:10.1111/j.1525-142X.2012.00556.x
Barnett AA, Thomas RH (2013a) Posterior Hox gene
reduction in an arthropod: Ultrabithorax and
Abdominal-B are expressed in a single segment in the
mite Archegozetes longisetosus. Evodevo 4:23.
doi:10.1186/2041-9139-4-23
Barnett AA, Thomas RH (2013b) The expression of limb
gap genes in the mite Archegozetes longisetosus
reveals differential patterning mechanisms in chelicerates. Evol Dev 15:280–292. doi:10.1111/ede.12038
Barreto FS, Avise JC (2011) The genetic mating system of
a sea spider with male-biased sexual size dimorphism:
evidence for paternity skew despite random mating
success. Behav Ecol Sociobiol 65:1595–1604.
doi:10.1007/s00265-011-1170-x
Beccaloni J (2009) Arachnids. Natural History Museum,
London
Bergström J, Stürmer W, Winter G (1980) Palaeoisopus,
Palaeopantopus and Palaeothea, pycnogonid arthropods from the Lower Devonian Hunsrück Slate, West
Germany. Paläontol Z 54:7–54. doi:10.1007/
BF02985882
Bitsch J, Bitsch C (2007) The segmental organization of
the head region in Chelicerata: a critical review of
recent studies and hypotheses. Acta Zool 88:
317–335
Blackburn DC, Conley KW, Plachetzki DC, Kempler K,
Battelle B-A, Brown NL (2008) Isolation and expression of Pax6 and atonal homologues in the American
horseshoe crab, Limulus polyphemus. Dev Dyn
237:2209–2219. doi:10.1002/dvdy.21634

132
Börner J, Rehm P, Schill RO, Ebersberger I, Burmester T
(2014) A transcriptome approach to ecdysozoan
phylogeny. Mol Phylogenet Evol. doi:10.1016/j.
ympev.2014.08.001
Botero-Trujillo R (2014) A new Colombian species of
Cryptocellus (Arachnida, Ricinulei), with notes on the
taxonomy of the genus. Zootaxa 3814:121–132.
doi:10.11646/zootaxa.3814.1.7
Boxshall GA (2004) The evolution of arthropod limbs.
Biol Rev Camb Philos Soc 79:253–300
Brauer A (1894) Beiträge zur Kenntnis der
Entwicklungsgeschichte des Skorpions. II. Z Wiss
Zool 59:351–433
Brenneis G, Scholtz G (2014) The “ventral organs” of
Pycnogonida (Arthropoda) are neurogenic niches of
late embryonic and post-embryonic nervous system
development. PLoS ONE 9:e95435. doi:10.1371/
journal.pone.0095435
Brenneis G, Ungerer P, Scholtz G (2008) The chelifores of
sea spiders (Arthropoda, Pycnogonida) are the
appendages of the deutocerebral segment. Evol Dev
10:717–724. doi:10.1111/j.1525-142X.2008.00285.x
Brenneis G, Arango CP, Scholtz G (2011a) Morphogenesis
of Pseudopallene sp. (Pycnogonida, Callipallenidae)
II: postembryonic development. Dev Genes Evol
221:329–350. doi:10.1007/s00427-011-0381-5
Brenneis G, Arango CP, Scholtz G (2011b) Morphogenesis
of Pseudopallene sp. (Pycnogonida, Callipallenidae)
I: embryonic development. Dev Genes Evol 221:309–
328. doi:10.1007/s00427-011-0382-4
Brenneis G, Stollewerk A, Scholtz G (2013) Embryonic
neurogenesis in Pseudopallene sp. (Arthropoda,
Pycnogonida) includes two subsequent phases with
similarities to different arthropod groups. Evodevo
4:32, 10.1186/2041-9139-4-32
Briggs DEG, Siveter DJ, Siveter DJ, Sutton MD, Garwood
RJ, Legg D (2012) Silurian horseshoe crab illuminates
the evolution of arthropod limbs. Proc Natl Acad Sci U
S A 109:15702–15705. doi:10.1073/pnas.1205875109
Bristowe WS (1932) The liphistiid spiders. Proc Zool Soc
Lond 102:1015–1057
Brownell PH, Farley RD (1974) The organization of the
malleolar sensory system in the solpugid, Chanbria
sp. Tissue Cell 6:471–485
Brunetta L, Craig CL (2010) Spider silk: evolution and
400 million years of spinning, waiting, snagging, and
mating. Yale University Press, New Haven
Budd GE (2002) A palaeontological solution to the arthropod
head
problem.
Nature
417:271–275.
doi:10.1038/417271a
Butt AG, Taylor HH (1991) The function of spider coxal
organs: effects of feeding and salt-loading on
Porrhothele
antipodiana
(Mygalomorpha:
Dipluridae). J Exp Biol 158:439–461
Cao Z, Yu Y, Wu Y, Hao P, Di Z, He Y, Chen Z, Yang W,
Shen Z, He X, Sheng J, Xu X, Pan B, Feng J, Yang X,
Hong W, Zhao W, Li Z, Huang K, Li T, Kong Y, Liu H,
Jiang D, Zhang B, Hu J, Hu Y, Wang B, Dai J, Yuan B,
Feng Y, Huang W, Xing X, Zhao G, Li X, Li Y, Li W
(2013) The genome of Mesobuthus martensii reveals a

E.E. Schwager et al.
unique adaptation model of arthropods. Nat Commun
4:2602. doi:10.1038/ncomms3602
Carroll SB, Grenier JK, Weatherbee SD (2005) From
DNA to diversity, molecular genetics and the evolution of animal design, 2nd edn. Blackwell Publishing,
Malden
Challis RJ, Goodacre SL, Hewitt GM (2006) Evolution of
spider silks: conservation and diversification of the
C-terminus.
Insect
Mol
Biol
15:45–56.
doi:10.1111/j.1365-2583.2005.00606.x
Chen S-H (1999) Cytological studies on six species of
spiders from Taiwan (Araneae: Theridiidae,
Psechridae, Uloboridae, Oxyopidae, and Ctenidae).
Zool Stud 38:423–434
Chesebro JE, Pueyo JI, Couso JP (2013) Interplay
between a Wnt-dependent organiser and the Notch
segmentation clock regulates posterior development in
Periplaneta americana. Biol Open 2:227–237.
doi:10.1242/bio.20123699
Chipman AD (2010) Parallel evolution of segmentation
by co-option of ancestral gene regulatory networks.
Bioessays 32:60–70. doi:10.1002/bies.200900130
Clarke TH, Garb JE, Hayashi CY, Haney RA, Lancaster
AK, Corbett S, Ayoub NA (2014) Multi-tissue transcriptomics of the black widow spider reveals expansions, co-options, and functional processes of the silk
gland gene toolkit. BMC Genomics 15:365.
doi:10.1186/1471-2164-15-365
Cobb M (2010) Pycnogonids. Curr Biol 20:R591–R593.
doi:10.1016/j.cub.2010.05.034
Condé B (1996) Les Palpigrades, 1885–1995: acquisitions et lacunes. Rev Suisse Zool 1:87–106, hors série
Cook CE, Smith ML, Telford MJ, Bastianello A, Akam M
(2001) Hox genes and the phylogeny of the arthropods. Curr Biol 11:759–763
Couso JP (2009) Segmentation, metamerism and the
Cambrian explosion. Int J Dev Biol 53:1305–1316.
doi:10.1387/ijdb.072425jc
Craig CL (1997) Evolution of arthropod silks. Annu Rev
Entomol
42:231–267.
doi:10.1146/annurev.
ento.42.1.231
Croucher PJ, Brewer MS, Winchell CJ, Oxford GS,
Gillespie RG (2013) De novo characterization of the
gene-rich transcriptomes of two color-polymorphic
spiders, Theridion grallator and T. californicum
(Araneae: Theridiidae), with special reference to pigment
genes.
BMC
Genomics
14:862.
doi:10.1186/1471-2164-14-862
Damen WGM (2002) Parasegmental organization of the
spider embryo implies that the parasegment is an evolutionary conserved entity in arthropod embryogenesis. Development 129:1239–1250
Damen WGM (2007) Evolutionary conservation and
divergence of the segmentation process in arthropods.
Dev Dyn 236:1379–1391. doi:10.1002/dvdy.21157
Damen WGM (2010) Hox genes and the body plans of
chelicerates and pycnogonids. Adv Exp Med Biol
689:125–132
Damen WGM, Tautz D (1999) Abdominal-B expression in
a spider suggests a general role for Abdominal-B in

5 Chelicerata
specifying the genital structure. J Exp Zool
285:85–91
Damen WGM, Hausdorf M, Seyfarth EA, Tautz D (1998)
A conserved mode of head segmentation in arthropods
revealed by the expression pattern of Hox genes in a
spider. Proc Natl Acad Sci U S A 95:10665–10670
Damen WG, Weller M, Tautz D (2000) Expression patterns of hairy, even-skipped, and runt in the spider
Cupiennius salei imply that these genes were segmentation genes in a basal arthropod. Proc Natl Acad Sci
U S A 97:4515–4519
Damen WGM, Saridaki T, Averof M (2002) Diverse adaptations of an ancestral gill: a common evolutionary
origin for wings, breathing organs, and spinnerets.
Curr Biol 12:1711–1716
Damen WGM, Janssen R, Prpic N-M (2005) Pair rule
gene orthologs in spider segmentation. Evol Dev
7:618–628. doi:10.1111/j.1525-142X.2005.05065.x
Davis GK, D’Alessio JA, Patel NH (2005) Pax3/7 genes
reveal conservation and divergence in the arthropod
segmentation hierarchy. Dev Biol 285(1):169–184
de la Fuente J, Kocan KM, Almazán C, Blouin EF (2007)
RNA interference for the study and genetic manipulation of ticks. Trends Parasitol 23:427–433
Dearden P, Grbic M, Falciani F, Akam M (2000) Maternal
expression and early zygotic regulation of the
Hox3/zen gene in the grasshopper Schistocerca
gregaria. Evol Dev 2:261–270
Dearden PK, Donly C, Grbic M (2002) Expression of
pair-rule gene homologues in a chelicerate: early patterning of the two-spotted spider mite Tetranychus
urticae. Development 129:5461–5472
Dearden P, Grbic M, Donly C (2003) Vasa expression and
germ-cell specification in the spider mite Tetranychus
urticae. Dev Genes Evol 212:599–603. doi:10.1007/
s00427-002-0280-x
Doeffinger C, Hartenstein V, Stollewerk A (2010)
Compartmentalization of the precheliceral neuroectoderm in the spider Cupiennius salei: development of the
arcuate body, optic ganglia, and mushroom body.
J Comp Neurol 518:2612–2632. doi:10.1002/cne.22355
Dunlop JA (1997) The origins of tetrapulmonate book
lungs and their significance for chelicerate phylogeny.
In: Selden PA (ed) Presented at the proceedings of the
17th European Colloquium of Arachnology,
Edinburgh, pp 9–16
Dunlop JA (2010) Geological history and phylogeny of
Chelicerata. Arthropod Struct Dev 39:124–142.
doi:10.1016/j.asd.2010.01.003
Dunlop JA, Arango CP (2005) Pycnogonid affinities: a
review. J Zool Syst 43:8–21
Dunlop JA, Braddy SJ (2001) Scorpions and their sistergroup relationships. In: Fet V, Selden PA (eds)
Scorpions 2001: in Memoriam Gary a. Polis. British
Arachnological Society, London, pp 1–24
Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE,
Smith SA, Seaver E, Rouse GW, Obst M, Edgecombe
GD, Sørensen MV, Haddock SHD, Schmidt-Rhaesa
A, Okusu A, Kristensen RM, Wheeler WC, Martindale
MQ, Giribet G (2008) Broad phylogenomic sampling

133
improves resolution of the animal tree of life. Nature
452:745–749. doi:10.1038/nature06614
Edgecombe GD (2010) Arthropod phylogeny: an overview from the perspectives of morphology, molecular
data and the fossil record. Arthropod Struct Dev
39:74–87. doi:10.1016/j.asd.2009.10.002
Eisner T, Meinwald J, Monro A, Ghent R (1961) Defence
mechanisms of arthropods—I the composition and
function of the spray of the whipscorpion,
Mastigoproctus giganteus (Lucas) (Arachnida,
Pedipalpida). J Insect Physiol 6:272–298.
doi:10.1016/0022-1910(61)90054-3
Fagotto F, Hess E, Aeschlimann A (1988) The early
embryonic development of the argasid tick
Ornithodorus
moubata
(Acarina:
Ixodoidea:
Argasidae).
Entomologia
Generalis
13:1–8.
doi:10.1127/entom.gen/13/1988/1
Farley RD (2001) Development of segments and appendages in embryos of the desert scorpion Paruroctonus
mesaensis (Scorpiones: Vaejovidae). J Morphol
250:70–88. doi:10.1002/jmor.1060
Farley RD (2008) Development of respiratory structures
in embryos and first and second instars of the bark
scorpion,
Centruroides
gracilis
(Scorpiones:
Buthidae). J Morphol 269:1134–1156. doi:10.1002/
jmor.10653
Farley RD (2010) Book gill development in embryos and
first and second instars of the horseshoe crab Limulus
polyphemus L. (Chelicerata, Xiphosura). Arthropod
Struct Dev 39:369–381. doi:10.1016/j.asd.2010.04.001
Farley RD (2011) The ultrastructure of book lung development in the bark scorpion Centruroides gracilis
(Scorpiones:
Buthidae).
Front
Zool
8:18.
doi:10.1186/1742-9994-8-18
Faussek V (1889) Über die embryonale Entwicklung der
Geschlechtsorgane bei der Afterspinne (Phalangium).
Biol Zentralbl 8:359–363
Faussek V (1891) Zur Anatomie und Embryologie der
Phalangiden. Trav Soc Nat St. Petersbourg Zool
Physiol. p 22
Foelix RF (2010) Biology of spiders, 3rd edn. Oxford
University Press, New York
Friedrich M, Tautz D (1995) Ribosomal DNA phylogeny
of the major extant arthropod classes and the evolution
of myriapods. Nature 376:165–167. doi:10.1038/
376165a0
Garb JE, Ayoub NA, Hayashi CY (2010) Untangling spider
silk evolution with spidroin terminal domains. BMC
Evol Biol 10:243. doi:10.1186/1471-2148-10-243
Garwood RJ, Sharma PP, Dunlop JA, Giribet G (2014) A
Paleozoic stem group to mite harvestmen revealed
through integration of phylogenetics and development. Curr Biol 24:1017–1023. doi:10.1016/j.
cub.2014.03.039
Gatesy J, Hayashi C, Motriuk D, Woods J, Lewis R (2001)
Extreme diversity, conservation, and convergence of
spider silk fibroin sequences. Science 291:2603–2605.
doi:10.1126/science.1057561
Giribet G, Edgecombe GD, Wheeler WC (2001)
Arthropod phylogeny based on eight molecular loci

134
and morphology. Nature 413:157–161. doi:10.1038/
35093097
Giribet G, Edgecombe GD, Wheeler WC, Babbitt C
(2002) Phylogeny and systematic position of
Opiliones: a combined analysis of chelicerate relationships using morphological and molecular data.
Cladistics 18:5–70
Gnaspini P, Lerche CF (2010) Embryonic development
of Ampheres leucopheus and Iporangaia pustulosa (Arachnida: Opiliones: Gonyleptidae). J Exp
Zool B Mol Dev Evol 314:489–502. doi:10.1002/
jez.b.21355
Grbic M, Khila A, Lee K-Z, Bjelica A, Grbic V,
Whistlecraft J, Verdon L, Navajas M, Nagy L (2007)
Mity model: Tetranychus urticae, a candidate for chelicerate model organism. Bioessays 29:489–496.
doi:10.1002/bies.20564
Grbic M, Van Leeuwen T, Clark RM, Rombauts S, Rouzé
P, Grbic V, Osborne EJ, Dermauw W, Ngoc PCT,
Ortego F, Hernández-Crespo P, Diaz I, Martinez M,
Navajas M, Sucena É, Magalhães S, Nagy L, Pace
RM, Djuranović S, Smagghe G, Iga M, Christiaens
O, Veenstra JA, Ewer J, Villalobos RM, Hutter JL,
Hudson SD, Velez M, Yi SV, Zeng J, Pires-daSilva A,
Roch F, Cazaux M, Navarro M, Zhurov V, Acevedo
G, Bjelica A, Fawcett JA, Bonnet E, Martens C,
Baele G, Wissler L, Sanchez-Rodriguez A, Tirry L,
Blais C, Demeestere K, Henz SR, Gregory TR,
Mathieu J, Verdon L, Farinelli L, Schmutz J,
Lindquist E, Feyereisen R, Van de Peer Y (2011) The
genome of Tetranychus urticae reveals herbivorous
pest adaptations. Nature 479:487–492. doi:10.1038/
nature10640
Gregory TR, Shorthouse DP (2003) Genome sizes of
spiders. J Hered 94:285–290
Gromov AV (1998) New family, genus and species of
scorpions (Arachnida, Scorpiones) from southern
central Asia. Zool Zh 77:1003–1008
Harvey MS (1992) The phylogeny and classification of
the Pseudoscorpionida (Chelicerata: Arachnida).
Invertebr Syst 6:1373–1435. doi:10.1071/IT9921373
Harvey MS (2002) The neglected cousins: what do we
know about the smaller arachnid orders? J Arachnol
30:357–372
Harvey MS (2003) Catalogue of the smaller arachnid
orders of the world: Amblypygi, Uropygi, Schizomida,
Palpigradi, Ricinulei and Solifugae. CSIRO
Publishing, Collingwood
Harvey MS (2011) Pseudoscorpions of the world [WWW
Document]. Western Australian Museum, Perth. URL
http://www.museum.wa.gov.au/catalogues/pseudoscorpions. Accessed 18 Aug 2014
Haupt J, Müller F (2004) New products of defense secretion in south east Asian whip scorpions (Arachnida:
Uropygi: Thelyphonida). Z Naturforsch C 59:
579–581, Journal of Biosciences
Hayashi CY, Lewis RV (1998) Evidence from flagelliform
silk cDNA for the structural basis of elasticity and
modular nature of spider silks. J Mol Biol 275:
773–784. doi:10.1006/jmbi.1997.1478

E.E. Schwager et al.
Hayashi CY, Lewis RV (2000) Molecular architecture and
evolution of a modular spider silk protein gene.
Science 287:1477–1479
Hayashi CY, Shipley NH, Lewis RV (1999) Hypotheses
that correlate the sequence, structure, and mechanical
properties of spider silk proteins. Int J Biol Macromol
24:271–275
Herold M (1824) Von der Erzeugung der Spinnen im Eie.
Joh. Christ. Kriegern und Comp. academischen
Buchhändlern, Marbrug
Heymons R (1904) Sur les premières phases du développement de Galeodes caspius. In: Bedot M (ed)
Presented at the Sixième Congrès International de
Zoologie, Geneva, pp 713–719
Hilbrant M, Damen WGM, McGregor AP (2012)
Evolutionary crossroads in developmental biology:
the spider Parasteatoda tepidariorum. Development
139:2655–2662. doi:10.1242/dev.078204
Hjelle JT (1990) Anatomy and morphology. In: Polis GA
(ed) The biology of scorpions. Stanford University
Press, Stanford, pp 5–30
Höfer AM, Perry SF, Schmitz A (2000) Respiratory system of arachnids II: morphology of the tracheal system
of Leiobunum rotundum and Nemastoma lugubre
(Arachnida, Opiliones). Arthropod Struct Dev
29:13–21
Holm A (1947) On the development of Opilio parietinus
Deg. Zool Bidr Upps 29:409–422
Holm A (1952) Experimentelle Untersuchungen über die
Entwicklung und Entwicklungsphysiologie des
Spinnenembryos. Zool Bidrag 29:293–422
Hwang UW, Friedrich M, Tautz D, Park CJ, Kim W
(2001) Mitochondrial protein phylogeny joins myriapods with chelicerates. Nature 413:154–157.
doi:10.1038/35093090
Itow T (1990) An experimental study on the formation of
body axes in embryos of the horseshoe crab,
Tachypleus tridentatus. Bulletin of the Education
Faculty, Shizuoka University. Nat Sci Ser 40:1–11
Itow T (2005) Invitation to experimental evolution:
changes of morphogenesis of horseshoe crabs. Bulletin
of the Education Faculty, Shizuoka University. Nat Sci
Ser 55:13–28
Itow T, Sekiguchi K (1979) Induction of multiple embryos
with NaHCO3 or calcium free sea water in the horseshoe crab. Wilhelm Roux’s Arch Dev Biol 187:245–
254. doi:10.1007/BF00848620
Itow T, Sekiguchi K (1980) Morphogenic movement and
experimentally induced decrease in number of embryonic segments in the Japanese horseshoe crab,
Tachypleus tridentatus. Biol Bull 158:324–338
Itow T, Kenmochi S, Mochizuki T (1991) Induction of
secondary embryos by intra- and interspecific grafts of
center cells under the blastopore in horseshoe crabs.
Dev Growth Differ 33:251–258
Iwanoff PP (1933) Die embryonale Entwicklung von
Limulus molluccanus. Zool Jahrb Abt Anat Ontog
Tiere 56:163–348
Jager M, Murienne J, Clabaut C, Deutsch J, Le Guyader
H, Manuel M (2006) Homology of arthropod ante-

5 Chelicerata
rior appendages revealed by Hox gene expression
in a sea spider. Nature 441:506–508. doi:10.1038/
nature04591
Janssen R, Damen WGM (2006) The ten Hox genes of the
millipede Glomeris marginata. Dev Genes Evol
216:451–465. doi:10.1007/s00427-006-0092-5
Janssen R, Le Gouar M, Pechmann M, Poulin F, Bolognesi
R, Schwager EE, Hopfen C, Colbourne JK, Budd GE,
Brown SJ, Prpic N-M, Kosiol C, Vervoort M, Damen
WGM, Balavoine G, McGregor AP (2010)
Conservation, loss, and redeployment of Wnt ligands
in protostomes: implications for understanding the
evolution of segment formation. BMC Evol Biol
10:374. doi:10.1186/1471-2148-10-374
Janssen R, Damen WG, Budd GE (2011) Expression of
collier in the premandibular segment of myriapods:
support for the traditional Atelocerata concept or a
case of convergence? BMC Evol Biol 11:50.
doi:10.1186/1471-2148-11-50
Janssen R, Eriksson BJ, Tait NN, Budd GE (2014)
Onychophoran Hox genes and the evolution of arthropod Hox gene expression. Front Zool 11:22.
doi:10.1186/1742-9994-11-22
Jarvis E, Bruce HS, Patel NH (2012) Evolving specialization of the arthropod nervous system. Proc Natl Acad
Sci U S A 109(Suppl 1):10634–10639. doi:10.1073/
pnas.1201876109
Jędrzejowska I, Mazurkiewicz-Kania M, Garbiec A,
Kubrakiewicz J (2013) Differentiation and function of
the ovarian somatic cells in the pseudoscorpion,
Chelifer cancroides (Linnaeus, 1761) (Chelicerata:
Arachnida: Pseudoscorpionida). Arthropod Struct Dev
42:27–36. doi:10.1016/j.asd.2012.09.004
Jeram AJ (1997) Phylogeny, classification and evolution
of Silurian and Devonian scorpions. In: Proceedings
of the 17th European Colloquium of Arachnology
1998, Edinburgh. pp 17–31
Juberthie C (1964) Recherches sur la biologie des opilions. Ann Spéliol 19:1–238
Kainz F, Ewen-Campen B, Akam M, Extavour CG (2011)
Notch/Delta signalling is not required for segment
generation in the basally branching insect Gryllus
bimaculatus.
Development
138:5015–5026.
doi:10.1242/dev.073395
Kamenz C, Dunlop JA, Scholtz G (2005) Characters in
the book lungs of Scorpiones (Chelicerata, Arachnida)
revealed by scanning electron microscopy.
Zoomorphology 124:101–109. doi:10.1007/s00435005-0115-1
Kanayama M, Akiyama-Oda Y, Oda H (2010) Early
embryonic development in the spider Achaearanea
tepidariorum: microinjection verifies that cellularization is complete before the blastoderm stage.
Arthropod Struct Dev 39:436–445. doi:10.1016/j.
asd.2010.05.009
Kanayama M, Akiyama-Oda Y, Nishimura O, Tarui H,
Agata K, Oda H (2011) Travelling and splitting of a
wave of hedgehog expression involved in spider-head
segmentation. Nat Commun 2:500. doi:10.1038/
ncomms1510

135
Karaman IM (2005) Evidence of spermatophores in
Cyphophthalmi (Arachnida, Opiliones). Rev Suisse
Zool 112:3–11
Kästner A (1929) Bau und Funktion der Fächertracheen
einiger Spinnen. Z Morphol Okol Tiere 13:463–557
Kautzsch G (1909) Über die Entwicklung von Agelena
labyrinthica Clerck. I Teil. Zool Jahrb Abt Anat Ontog
Tiere 30:535–602
Khadjeh SS, Turetzek NN, Pechmann MM, Schwager
EEE, Wimmer EAE, Damen WGMW, Prpic N-MN
(2012) Divergent role of the Hox gene Antennapedia
in spiders is responsible for the convergent
evolution of abdominal limb repression. Proc Natl
Acad Sci U S A 109:4921–4926. doi:10.1073/
pnas.1116421109
Khila A, Grbic M (2007) Gene silencing in the spider
mite Tetranychus urticae: dsRNA and siRNA parental silencing of the Distal-less gene. Dev Genes Evol
217:241–251. doi:10.1007/s00427-007-0132-9
Kimble M, Coursey Y, Ahmad N, Hinsch GW (2002)
Behavior of the yolk nuclei during embryogenesis, and
development of the midgut diverticulum in the horseshoe crab Limulus polyphemus. Invertebr Biol 121:365–
377. doi:10.1111/j.1744-7410.2002.tb00137.x
Kingsley JS (1892) The embryology of Limulus.
J Morphol 7:36–66
Kishinouye K (1893) On the development of Limulus longispina. J Coll Sci Imp Univ Jpn 5:53–100
Kondo A (1969) The fine structures of the early spider
embryo. Sci Rep Tokyo Kyoiku Daigaku Sec B
207:47–67
Lankester ER (1881) Limulus an arachnid. Q J Microsc
Sci 21(504–548):609–649
Laumann M, Bergmann P, Norton RA, Heethoff M
(2010a) First cleavages, preblastula and blastula in the
parthenogenetic mite Archegozetes longisetosus
(Acari, Oribatida) indicate holoblastic rather than
superficial cleavage. Arthropod Struct Dev 39:276–
286. doi:10.1016/j.asd.2010.02.003
Laumann M, Norton RA, Heethoff M (2010b) Acarine
embryology: inconsistencies, artificial results and misinterpretations. Soil Org 82:217–235
Laurie M (1890) The embryology of a scorpion
(Euscorpius italicus). J Cell Sci 2:105–142
Legg G (1977) Sperm transfer and mating in Ricinoides
hanseni (Ricinulei: Arachnida). J Zool 182:51–61.
doi:10.1111/j.1469-7998.1977.tb04140.x
Levi HW (1967) Adaptations of respiratory systems of
spiders. Evolution 21:571–583
Lighton JRB, Fielden LJ (1996) Gas exchange in wind
spiders (Arachnida, Solphugidae): independent evolution of convergent control strategies in solphugids and
insects. J Insect Physiol 42:347–357. doi:10.1016/
0022-1910(95)00112-3
Lighton JR, Joos B (2002) Discontinuous gas exchange in
a tracheate arthropod, the pseudoscorpion Garypus
californicus: occurrence, characteristics and temperature dependence. J Insect Sci 2:23 (Online)
Linne V, Stollewerk A (2011) Conserved and novel
functions for Netrin in the formation of the axonal

136
scaffold and glial sheath cells in spiders. Dev Biol
353:134–146. doi:10.1016/j.ydbio.2011.02.006
Linne V, Eriksson BJ, Stollewerk A (2012) Single-minded
and the evolution of the ventral midline in arthropods. Dev Biol 364:66–76. doi:10.1016/j.ydbio.2012.
01.019
Little C (2009) The colonisation of land: origins and adaptations of terrestrial animals. Cambridge University
Press, Cambridge
Lourenço WR (2000) Reproduction in scorpions, with
special reference to parthenogenesis. In: Toft S,
Scharff N (eds) European arachnology 2000. Aarhus
University Press, Aarhus, pp 71–85
Machado G, Pinto-da-Rocha R, Giribet G (2007) What
are harvestmen? In: Pinto-da-Rocha R, Machado G,
Giribet G (eds) Harvestmen: the biology of Opiliones.
Harvard University Press, Cambridge, MA, pp 1–13
Machner J, Scholtz G (2010) A scanning electron microscopy study of the embryonic development of
Pycnogonum litorale (Arthropoda, Pycnogonida). J
Morphol 271:1306–1318. doi:10.1002/jmor.10871
Manuel M, Jager M, Murienne J, Clabaut C, Le Guyader
H (2006) Hox genes in sea spiders (Pycnogonida) and
the homology of arthropod head segments. Dev Genes
Evol 216:481–491. doi:10.1007/s00427-006-0095-2
Marples BJ (1967) The spinnerets and epiandrous glands
of spiders. Zool J Linn Soc 46:209–222
Maxmen A, Browne WE, Martindale MQ, Giribet G
(2005) Neuroanatomy of sea spiders implies an appendicular origin of the protocerebral segment. Nature
437:1144–1148. doi:10.1038/nature03984
McGregor AP, Hilbrant M, Pechmann M, Schwager EE,
Prpic N-M, Damen WGM (2008a) Cupiennius salei
and Achaearanea tepidariorum: spider models for
investigating evolution and development. Bioessays
30:487–498. doi:10.1002/bies.20744
McGregor AP, Pechmann M, Schwager EE, Feitosa NM,
Kruck S, Aranda M, Damen WGM (2008b) Wnt8 is
required for growth-zone establishment and development of opisthosomal segments in a spider. Curr Biol
18:1619–1623. doi:10.1016/j.cub.2008.08.045
McGregor AP, Pechmann M, Schwager EE, Damen WG
(2009) An ancestral regulatory network for posterior
development in arthropods. Commun Integr Biol
2:174–176
Meusemann K, von Reumont BM, Simon S, Roeding F,
Strauss S, Kück P, Ebersberger I, Walzl M, Pass G,
Breuers S, Achter V, von Haeseler A, Burmester T,
Hadrys H, Wägele JW, Misof B (2010) A
phylogenomic approach to resolve the arthropod tree
of life. Mol Biol Evol 27:2451–2464. doi:10.1093/
molbev/msq130
Mittmann B (2002) Early neurogenesis in the horseshoe
crab Limulus polyphemus and its implication for
arthropod relationships. Biol Bull 203:221–222
Mittmann B, Wolff C (2012) Embryonic development and
staging of the cobweb spider Parasteatoda tepidariorum C. L. Koch, 1841 (syn.: Achaearanea tepidariorum; Araneomorphae; Theridiidae). Dev Genes Evol
222:189–216. doi:10.1007/s00427-012-0401-0

E.E. Schwager et al.
Montgomery T (1909) The development of theridium, an
aranead, up to the stage of reversion. J Morphol
20:297–352. doi:10.1002/jmor.1050200205
Moritz M (1957) Zur Embryonalentwicklung der
Phalangiiden (Opiliones, Palpatores) unter besonderer
Berücksichtigung der äusseren Morphologie, der
Bildung des Mitteldarmes und der Genitalanlage. Zool
Jb Anat Ont 76:331–370
Mullen GR (1969) Morphology and histology of the silk
glands in Araneus sericatus Cl. Trans Am Microsc
Soc 88:232–240
Muñoz-Cuevas A (1971) Étude du développment
embryonnaire de Pachylus quinamavidensis. Bull Mus
Natl Hist Nat 2:1238–1250
Murienne J, Harvey MS, Giribet G (2008) First molecular
phylogeny of the major clades of Pseudoscorpiones
(Arthropoda: Chelicerata). Mol Phylogenet Evol
49:170–184. doi:10.1016/j.ympev.2008.06.002
Nambu JR, Franks RG, Hu S, Crews ST (1990) The
single-minded gene of Drosophila is required for the
expression of genes important for the development of
CNS midline cells. Cell 63:63–75
Nambu JR, Lewis JO, Wharton KA, Crews ST (1991) The
Drosophila single-minded gene encodes a helix-loophelix protein that acts as a master regulator of CNS
midline development. Cell 67:1157–1167
Nentwig W (2013) Spider ecophysiology. Springer,
Heidelberg
Ng M, Diaz-Benjumea FJ, Cohen SM (1995) Nubbin
encodes a POU-domain protein required for proximaldistal patterning in the Drosophila wing. Development
121:589–599
Nossa CW, Havlak P, Yue J-X, Lv J, Vincent KY,
Brockmann HJ, Putnam NH (2014) Joint assembly
and genetic mapping of the Atlantic horseshoe crab
genome reveals ancient whole genome duplication.
GigaScience 3:9. doi:10.1186/2047-217X-3-9
Obst M, Faurby S, Bussarawit S, Funch P (2012)
Molecular phylogeny of extant horseshoe crabs
(Xiphosura, Limulidae) indicates Paleogene diversification of Asian species. Mol Phylogenet Evol 62:
21–26. doi:10.1016/j.ympev.2011.08.025
Oda H, Akiyama-Oda Y (2008) Differing strategies for
forming the arthropod body plan: lessons from Dpp,
Sog and Delta in the fly Drosophila and spider
Achaearanea. Dev Growth Differ 50:203–214.
doi:10.1111/j.1440-169X.2008.00998.x
Oda H, Nishimura O, Hirao Y, Tarui H, Agata K, AkiyamaOda Y (2007) Progressive activation of Delta-Notch
signaling from around the blastopore is required to set
up
a
functional
caudal
lobe
in
the
spider Achaearanea tepidariorum. Development 134:
2195–2205. doi:10.1242/dev.004598
Palmer JM (1991) Comparative morphology of the external silk production apparatus of “primitive” spiders.
PhD Thesis, Harvard University, Cambridge, MA
Palmer JM, Coyle FA, Harrison FW (1982) Structure and
cytochemistry of the silk glands of the mygalomorph
spider
Antrodiaetus
unicolor
(Araneae,
Antrodiaetidae). J Morphol 174:269–274

5 Chelicerata
Pechmann M, Prpic N-M (2009) Appendage patterning in
the south American bird spider Acanthoscurria
geniculata (Araneae: Mygalomorphae). Dev Genes
Evol 219:189–198. doi:10.1007/s00427-009-0279-7
Pechmann M, McGregor AP, Schwager EE, Feitosa NM,
Damen WGM (2009) Dynamic gene expression is
required for anterior regionalization in a spider. Proc
Natl Acad Sci U S A 106:1468–1472. doi:10.1073/
pnas.0811150106
Pechmann M, Khadjeh S, Turetzek N, McGregor AP,
Damen WGM, Prpic N-M (2011) Novel function of
Distal-less as a gap gene during spider segmentation.
PLoS Genet 7:e1002342. doi:10.1371/journal.
pgen.1002342
Pepato AR, da Rocha CEF, Dunlop JA (2010) Phylogenetic
position of the acariform mites: sensitivity to homology assessment under total evidence. BMC Evol Biol
10:235. doi:10.1186/1471-2148-10-235
Peters HM (1955) Über den Spinnapparat von Nephila
madagascariensis. Z Naturforsch 10b:395–404
Petrunkevitch A (1955) Arachnida. In: Moore AC (ed)
Treatise on invertebrate paleontology, part 2.
University of Kansas Press, Lawrence, pp 42–162
Pisani D, Poling LL, Lyons-Weiler M, Hedges SB (2004)
The colonization of land by animals: molecular phylogeny and divergence times among arthropods. BMC
Biol 2:1. doi:10.1186/1741-7007-2-1
Popadic A, Nagy L (2001) Conservation and variation in
Ubx expression among chelicerates. Evol Dev
3:391–396
Posnien N, Zeng V, Schwager EE, Pechmann M, Hilbrant
M, Keefe JD, Damen WGM, Prpic N-M, McGregor
AP, Extavour CG (2014) A comprehensive reference
transcriptome resource for the common house spider
Parasteatoda tepidariorum. PLoS ONE 9:e104885.
doi:10.1371/journal.pone.0104885
Prpic N, Damen W (2004) Expression patterns of leg
genes in the mouthparts of the spider Cupiennius salei
(Chelicerata: Arachnida). Dev Genes Evol 214:
296–302. doi:10.1007/s00427-004-0393-5
Prpic N-M, Wigand B, Damen WGM, Klingler M (2001)
Expression of dachshund in wild-type and Distal-less
mutant Tribolium corroborates serial homologies in
insect appendages. Dev Genes Evol 211:467–477.
doi:10.1007/s004270100178
Prpic N-M, Janssen R, Wigand B, Klingler M, Damen
WGM (2003) Gene expression in spider appendages
reveals reversal of exd/hth spatial specificity, altered
leg gap gene dynamics, and suggests divergent distal
morphogen signaling. Dev Biol 264:119–140
Pueyo JI, Lanfear R, Couso JP (2008) Ancestral Notchmediated segmentation revealed in the cockroach
Periplaneta americana. Proc Natl Acad Sci U S A
105:16614–16619. doi:10.1073/pnas.0804093105
Punzo F (1998) The biology of camel-spiders (Arachnida,
Solifugae). Kluwer Academic Publishers, Boston
Purcell WF (1909) Development and origin of the respiratory organs in Araneæ. Q J Microsc Sci s2-54:1–110
Raspotnig G, Schwab J, Karaman I (2012) High
conservatism in the composition of scent gland secre-

137
tions in cyphophthalmid harvestmen: evidence from
Pettalidae. J Chem Ecol 38:437–440. doi:10.1007/
s10886-012-0108-8
Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, Wetzer
R, Martin JW, Cunningham CW (2010) Arthropod
relationships revealed by phylogenomic analysis of
nuclear protein-coding sequences. Nature 463:
1079–1083. doi:10.1038/nature08742
Reisinger PWM, Tutter I, Welsch U (1991) Fine structure
of the gills of the horseshoe crabs Limulus polyphemus
and Tachypleus tridentatus and of the book lungs of
the spider Eurypelma californicum. Zool Jahrb Abt
Anat Ontog Tiere 121:331–357
Roeding F, Börner J, Kube M, Klages S, Reinhardt R,
Burmester T (2009) A 454 sequencing approach for
large scale phylogenomic analysis of the common
emperor scorpion (Pandinus imperator). Mol
Phylogenet Evol 53:826–834. doi:10.1016/j.ympev.
2009.08.014
Rota-Stabelli O, Campbell L, Brinkmann H, Edgecombe
GD, Longhorn SJ, Peterson KJ, Pisani D, Philippe H,
Telford MJ (2011) A congruent solution to arthropod
phylogeny: phylogenomics, microRNAs and morphology support monophyletic Mandibulata. Proc
Biol Sci 278:298–306. doi:10.1098/rspb.2010.0590
Rota-Stabelli O, Daley AC, Pisani D (2013) Molecular
timetrees reveal a Cambrian colonization of land and a
new scenario for ecdysozoan evolution. Curr Biol
23:392–398. doi:10.1016/j.cub.2013.01.026
Ruppert EE, Fox RS, Barnes RD (2004) Invertebrate zoology. Brooks/Cole - Thompson Learning, Belmont
Sanggaard KW, Bechsgaard JS, Fang X, Duan J, Dyrlund
TF, Gupta V, Jiang X, Cheng L, Fan D, Feng Y, Han L,
Huang Z, Wu Z, Liao L, Settepani V, Thogersen IB,
Vanthournout B, Wang T, Zhu Y, Funch P, Enghild JJ,
Schauser L, Andersen SU, Villesen P, Schierup MH,
Bilde T, Wang J (2014) Spider genomes provide
insight into composition and evolution of venom and
silk. Nat Commun 5:3765. doi:10.1038/ncomms4765
Santos AJ, Ferreira RL, Buzatto BA (2013a) Two new
cave-dwelling species of the short-tailed Whipscorpion
genus
Rowlandius
(Arachnida:
Schizomida:
Hubbardiidae) from northeastern Brazil, with comments on male dimorphism. PLoS ONE 8:e63616.
doi:10.1371/journal.pone.0063616
Santos VT, Ribeiro L, Fraga A, de Barros CM, Campos E,
Moraes J, Fontenele MR, Araújo HM, Feitosa NM,
Logullo C, da Fonseca RN (2013b) The embryogenesis of the tick Rhipicephalus (Boophilus) microplus:
the establishment of a new chelicerate model system.
Genesis 51:803–818. doi:10.1002/dvg.22717
Schimkewitsch W (1887) Etude sur le développement des
araignées. Arch Biol 6:515–584
Schimkewitsch W (1898) Entwicklung des Darmcanals bei
Arachniden. Trav Soc Nat St Petersbourg 29:16–18
Schimkewitsch VM (1906) Über die Entwicklung von
Thelyphonus caudatus L. verglichen mit derjenigen
einiger andrer Arachniden. Z Wiss Zool 81:1–95
Scholtz G, Edgecombe GD (2006) The evolution of arthropod heads: reconciling morphological, developmental

138
and palaeontological evidence. Dev Genes Evol
216:395–415. doi:10.1007/s00427-006-0085-4
Scholtz G, Kamenz C (2006) The book lungs of Scorpiones
and Tetrapulmonata (Chelicerata, Arachnida): evidence for homology and a single terrestrialisation
event of a common arachnid ancestor. Zoology (Jena)
109:2–13. doi:10.1016/j.zool.2005.06.003
Schoppmeier M, Damen WGM (2001) Double-stranded
RNA interference in the spider Cupiennius salei: the
role of Distal-less is evolutionarily conserved in
arthropod appendage formation. Dev Genes Evol
211:76–82
Schoppmeier M, Damen WGM (2005) Expression of Pax
group III genes suggests a single-segmental periodicity for opisthosomal segment patterning in the spider
Cupiennius
salei.
Evol
Dev
7:160–169.
doi:10.1111/j.1525-142X.2005.05018.x
Schwager EE, Schoppmeier M, Pechmann M, Damen WGM
(2007) Duplicated Hox genes in the spider Cupiennius
salei. Front Zool 4:10. doi:10.1186/1742-9994-4-10
Schwager EE, Pechmann M, Feitosa NM, McGregor AP,
Damen WGM (2009) Hunchback functions as a segmentation gene in the spider Achaearanea tepidariorum. Curr Biol 19:1333–1340. doi:10.1016/j.
cub.2009.06.061
Schwager EE, Meng Y, Extavour CG (2015) Vasa and
piwi are required for mitotic integrity in early embryogenesis in the spider Parasteatoda tepidariorum.
Dev Biol 402:276–290
Sekiguchi K, Yamamichi Y, Costlow JD (1982) Horseshoe
crab developmental studies I. Normal embryonic
development of Limulus polyphemus compared with
Tachypleus tridentatus. Prog Clin Biol Res 81:53–73
Selden PA, Shear WA, Bonamo PM (1991) A spider and
other arachnids from the Devonian of New York, and
reinterpretations of Devonian Araneae. Palaeontology
34:241–281
Sharma PP, Schwager EE, Extavour CG, Giribet G
(2012a) Evolution of the chelicera: a dachshund
domain is retained in the deutocerebral appendage of
Opiliones (Arthropoda, Chelicerata). Evol Dev
14:522–533. doi:10.1111/ede.12005
Sharma PP, Schwager EE, Extavour CG, Giribet G
(2012b) Hox gene expression in the harvestman
Phalangium opilio reveals divergent patterning of the
chelicerate opisthosoma. Evol Dev 14:450–463.
doi:10.1111/j.1525-142X.2012.00565.x
Sharma PP, Schwager EE, Giribet G, Jockusch EL,
Extavour CG (2013) Distal-less and dachshund pattern both plesiomorphic and apomorphic structures in
chelicerates: RNA interference in the harvestman
Phalangium opilio (Opiliones). Evol Dev 15:228–242.
doi:10.1111/ede.12029
Sharma PP, Kaluziak ST, Pérez-Porro AR, González VL,
Hormiga G, Wheeler WC, Giribet G (2014a)
Phylogenomic interrogation of Arachnida reveals systemic conflicts in phylogenetic signal. Mol Biol Evol.
doi:10.1093/molbev/msu235
Sharma PP, Schwager EE, Extavour CG, Wheeler WC
(2014b) Hox gene duplications correlate with poste-

E.E. Schwager et al.
rior heteronomy in scorpions. Proc Biol Sci 281.
doi:10.1098/rspb.2014.0661
Sharma PP, Gupta T, Schwager EE, Wheeler WC,
Extavour CG (2014c) Subdivision of arthropod cap-ncollar expression domains is restricted to Mandibulata.
Evodevo 5:3. doi:10.1186/2041-9139-5-3
Shultz JW (1987) The origin of the spinning apparatus in
spiders. Biol Rev Camb Philos Soc 62:89–113.
doi:10.1111/j.1469-185X.1987.tb01263.x
Shultz JW (1990) Evolutionary morphology and
phylogeny of Arachnida. Cladistics 6:1–38.
doi:10.1111/j.1096-0031.1990.tb00523.x
Shultz JW (2007) A phylogenetic analysis of the arachnid
orders based on morphological characters. Zool J Linn
Soc 150:221–265. doi:10.1111/j.1096-3642.2007.
00284.x
Shultz JW, Pinto-da-Rocha R (2007) Morphology and
functional anatomy. In: Pinto-da-Rocha R, Machado
G, Giribet G (eds) Harvestmen: the biology of
Opiliones. Harvard University Press, Cambridge, MA,
pp 14–61
Simonnet F, Deutsch J, Quéinnec E (2004) Hedgehog is a
segment polarity gene in a crustacean and a chelicerate. Dev Genes Evol 214:537–545. doi:10.1007/
s00427-004-0435-z
Simonnet F, Célérier M-L, Quéinnec E (2006)
Orthodenticle and empty spiracles genes are expressed
in a segmental pattern in chelicerates. Dev Genes Evol
216:467–480. doi:10.1007/s00427-006-0093-4
Smrz J, Kovac L, Mikes J, Lukesova A (2013) Microwhip
scorpions (Palpigradi) feed on heterotrophic cyanobacteria in Slovak caves – a curiosity among
Arachnida. PLoS ONE 8:e75989. doi:10.1371/journal.pone.0075989
Snodgrass RE (1938) Evolution of the Annelida,
Onychophora and Arthropoda. Smithson Misc Collect
97:1–159
Stollewerk A (2002) Recruitment of cell groups through
Delta/Notch signalling during spider neurogenesis.
Development 129:5339–5348
Stollewerk A, Chipman AD (2006) Neurogenesis in myriapods and chelicerates and its importance for understanding arthropod relationships. Integr Comp Biol
46:195–206. doi:10.1093/icb/icj020
Stollewerk A, Weller M, Tautz D (2001) Neurogenesis in the
spider Cupiennius salei. Development 128:2673–2688
Stollewerk A, Schoppmeier M, Damen WGM (2003)
Involvement of Notch and Delta genes in spider segmentation. Nature 423:863–865. doi:10.1038/
nature01682
Strand E (1906) Studien über Bau und Entwicklung der
Spinnen. Z Wiss Zool 80:515–543
Suzuki H, Kondo A (1994) Changes at the egg surface
during the first maturation division in the spider
Achaearanea japonica (Bös. et Str.). Zool Sci
11:693–700
Suzuki H, Kondo A (1995) Early embryonic development,
including germ-disk stage, in the theridiid spider
Achaearanea japonica (Bös. et Str.). J Morphol
224:147–157. doi:10.1002/jmor.1052240204

5 Chelicerata
Talarico G, Palacios-Vargas JG, Fuentes Silva M, Alberti
G (2006) Ultrastructure of tarsal sensilla and other
integument structures of two Pseudocellus species
(Ricinulei, Arachnida). J Morphol 267:441–463.
doi:10.1002/jmor.10415
Talarico G, Garcia Hernandez LF, Michalik P (2008a) The
male genital system of the New World Ricinulei
(Arachnida): ultrastructure of spermatozoa and spermiogenesis with special emphasis on its phylogenetic
implications. Arthropod Struct Dev 37:396–409.
doi:10.1016/j.asd.2008.01.006
Talarico G, Palacios-Vargas JG, Alberti G (2008b) The
pedipalp of Pseudocellus pearsei (Ricinulei,
Arachnida) – ultrastructure of a multifunctional organ.
Arthropod Struct Dev 37:511–521. doi:10.1016/j.
asd.2008.02.001
Talarico G, Lipke E, Alberti G (2011) Gross morphology,
histology, and ultrastructure of the alimentary system
of Ricinulei (Arachnida) with emphasis on functional
and phylogenetic implications. J Morphol 272:89–
117. doi:10.1002/jmor.10897
Telford MJ, Thomas RH (1998a) Expression of homeobox genes shows chelicerate arthropods retain their
deutocerebral segment. Proc Natl Acad Sci U S A
95:10671–10675
Telford MJ, Thomas RH (1998b) Of mites and zen:
expression studies in a chelicerate arthropod confirm
zen is a divergent Hox gene. Dev Genes Evol
208:591–594
Tsurusaki N, Cokendolpher JC (1990) Chromosomes of
sixteen species of harvestmen (Arachnida, Opiliones,
Caddidae and Phalangiidae). J Arachnol 18:151–166
Ungerer P, Scholtz G (2009) Cleavage and gastrulation in
Pycnogonum litorale (Arthropoda, Pycnogonida):
morphological support for the Ecdysozoa?
Zoomorphology
128:263–274.
doi:10.1007/
s00435-009-0091-y
van der Meijden A, Langer F, Boistel R, Vagovic P,
Heethoff M (2012) Functional morphology and bite
performance of raptorial chelicerae of camel spiders
(Solifugae). J Exp Biol 215:3411–3418. doi:10.1242/
jeb.072926
Vargas-Vila MA, Hannibal RL, Parchem RJ, Liu PZ, Patel
NH (2010) A prominent requirement for singleminded and the ventral midline in patterning the
dorsoventral axis of the crustacean Parhyale
hawaiensis.
Development
137:3469–3476.
doi:10.1242/dev.055160
Vilpoux K, Waloszek D (2003) Larval development and
morphogenesis of the sea spider Pycnogonum litorale
(Ström, 1762) and the tagmosis of the body of
Pantopoda. Arthropod Struct Dev 32:349–383.
doi:10.1016/j.asd.2003.09.004
Waloszek D, Dunlop JA (2002) A larval sea spider
(Arthropoda: Pycnogonida) from the Upper Cambrian
“Orsten” of Sweden, and the phylogenetic position of

139
pycnogonids. Palaeontology 45:421–446. doi:10.1111/
1475-4983.00244
Walzl MG, Gutweniger A, Wernsdorf P (2004)
Embryology of mites: new techniques yield new findings. Phytophaga 14:163–181
Weygoldt P (1970) The biology of pseudoscorpions.
Harvard University Press, Cambridge
Weygoldt P (1975) Untersuchungen zur Embryologie und
Morphologie der Geißelspinne Tarantula marginemaculata CL Koch (Arachnida, Amblypygi,
Tarantulidae). Zoomorphologie 82:137–199
Weygoldt P (1985) Ontogeny of the arachnid central nervous system. In: neurobiology of arachnids. Springer,
Berlin/Heidelberg, p 20–37. doi:10.1007/978-3-64270348-5_2
Weygoldt P (2000) Whip spiders (Chelicerata:
Amblypygi): their biology, morphology and systematics, Whip spiders. Apollo Books {a}, Kirkeby Sand
19, DK-5771, Stenstrup
Weygoldt P, Paulus HF (1979) Untersuchungen zur
Morphologie, Taxonomie und Phylogenie der
Chelicerata. Z Zool Syst Evolution 17:177–200
Wheeler WC, Hayashi CY (1998) The phylogeny of the
extant chelicerate orders. Cladistics 14:173–192
Willemart RH, Farine J-P, Gnaspini P (2009) Sensory
biology of Phalangida harvestmen (Arachnida,
Opiliones): a review, with new morphological data
on 18 species. Acta Zool 90:209–227. doi:10.1111/j.
1463-6395.2008.00341.x
Wilson MJ, Mckelvey BH, Heide S, Dearden PK (2010)
Notch signaling does not regulate segmentation in the
honeybee, Apis mellifera. Dev Genes Evol 220(1–12):
179–190. doi:10.1007/s00427-010-0340-6
Wolff C, Hilbrant M (2011) The embryonic development of
the central American wandering spider Cupiennius salei.
Front Zool 8(1):15. doi:10.1186/1742-9994-8-15
Wolff C, Scholtz G (2013) Arthropod embryology: cleavage and germ band development. In: Minelli A,
Boxshall G, Fusco G (eds) Arthropod biology and
evolution. Springer, Berlin/Heidelberg, pp 63–90
Yamasaki T, Makioka T, Saito J (1988) Morphology. In:
Sekiguchi L (ed) Biology of horseshoe crabs. Science
House Co, Tokyo, pp 69–132
Yang XF, Yang X, Norma-Rashid Y, Lourenço WR, Zhu
MS, Zhu M (2013) True lateral eye numbers for extant
buthids: a new discovery on an old character. PLoS
ONE 8:e55125. doi:10.1371/journal.pone.0055125
Yoshikura M (1969) Effects of ultraviolet irradiation on
the embryonic development of a liphistiid spider,
Heptathela kimurai. Kumamoto J Sci Ser B (Biol
Geol) 9:57–108
Yoshikura M (1975) Comparative embryology and phylogeny of Arachnida. Kumamoto J Sci Ser B Sect 2
Biol 12:71–142
Zhang ZQ (2003) Mites of greenhouses: identification,
biology and control. CABI Publishing, Wallingford

