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1An Introduction to the Biology
and Evolution of Arthropods

Alessandro Minelli, Geoffrey Boxshall and Giuseppe Fusco

In a recent paper in the journal Arthropod
Structure and Development, Polilov (2012) has
shown that 95% of the ca. 4,600 neurons form-
ing the brain of a tiny parasitoid wasp are anu-
cleate. This amazing correlate of miniaturization
is just one of the latest unexpected discoveries in
arthropod biology, one of those whose relevance
goes far beyond the limits of the largest of living
phyla. Such discoveries are of the highest gen-
eral interest for biology and serve to remind us
that arthropods are, indeed, an unparalleled
source of facts and inspiration for biologists of
every brand.

In terms of sheer numbers of species, the
Arthropoda is by far the largest living phylum,
comprising in excess of 1.2 million extant species
including just over 1 million hexapods, nearly
112,000 chelicerates, about 67,000 crustaceans,
and some 12,000 myriapods. In addition, although
the number is hard to estimate, considerably more
than 100,000 fossil arthropod species have also

been described, about half of which are ostracod
microfossils. It is clear that the arthropods have
been megadiverse for at least 520 million years,
since the Early Cambrian.

The unique evolutionary success of arthro-
pods deserves an up-to-date comprehensive
analysis from the perspective of comparative
morphology of extant as well as fossil repre-
sentatives of the phylum, and developmental
biology, including developmental genetics and
endocrinology. Indeed, these discoveries have
prompted us to extend coverage even more
widely to encompass additional topics from
comparative genomics to endosymbiosis. This is
the ambitious target of this book. Ambitious,
especially because the increasing specialization
of both descriptive and experimental research
has forced the vast majority of researchers to
focus not only on a selected set of problems, but
also on a restricted range of taxa. In this respect,
even the four main arthropod groups of tradi-
tional classifications (chelicerates, crustaceans,
insects and myriapods) are already too numerous
and diverse to be adequately covered by one
scientist’s expertise. This is amply illustrated by
the titles and scope of major treatises of the
recent past, dealing with more or less diverse
aspects of the biology of either insects or crus-
taceans, or more rarely of arachnids or myria-
pods. Contrary to this largely unavoidable trend
towards increased specialization, we have tried
to produce an updated overview of arthropod
biology and evolution articulated in a series of

A. Minelli (&) � G. Fusco
Department of Biology, University of Padova,
Via U. Bassi 58 B, I 35131, Padova, Italy
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chapters devoted to morphology, palaeontology
and developmental biology, together with
selected aspects of physiology and molecular
biology, from a cross-phylum comparative
viewpoint. Based on this phylum-wide perspec-
tive, it will be possible to appreciate the most
advanced levels of knowledge in arthropod
biology and evolution thus far attained, with
respect to all the main arthropod lineages, and to
identify less thoroughly investigated areas to be
prioritized in future research.

Arthropod phylogeny has been repeatedly and
profoundly revised during the last quarter of
century, eventually providing an increasingly
robust, although far from definitive, background
against which to read the diversity, and to recon-
struct the history, of arthropod morphology,
developmental biology and physiology in their
different expressions. In Chap. 2, Giribet and
Edgecombe set the Arthropoda in its phylogenetic
context, by examining their relationships with
other protostome phyla and by reviewing the
competing hypotheses of the Articulata (com-
prising the arthropods and annelids) versus the
Ecdysozoa (which unites arthropods, onycho-
phorans and tardigrades with a group of mostly
pseudocoelomate animals with which they share a
cuticle that is moulted). Their conclusions on the
monophyly of Ecdysozoa, Panarthropoda and an
Onychophora plus Arthropoda clade provide the
context for an evaluation of the internal phylog-
eny within the Arthropoda, which is now nearly
universally accepted as monophyletic.

Giribet and Edgecombe examine relation-
ships between the major arthropod lineages—
Pycnogonida, Euchelicerata, Myriapoda and
Tetraconata (or Pancrustacea) (see Table 1.1 for
a summary of major taxon composition).
Reviewing the broad sweep of evidence, they
focus on the emerging picture of the Pycno-
gonida and Euchelicerata as forming a clade, the
Chelicerata, with the Mandibulata as its most
likely sister group. Within the Mandibulata, a
monophyletic Myriapoda constitutes the sister
group to the Tetraconata, which comprises a
paraphyletic ‘Crustacea’ from within which a
monophyletic Hexapoda arose. While the
arthropod tree of life is considerably more stable

than twenty years ago, uncertainty remains
particularly concerning the interrelationships
between arachnid orders and crustacean classes.
The sister group of hexapods appears to be the
remipedes, but key questions remain: do the
cephalocaridans group with remipedes, and are
either branchiopods or malacostracans more
closely related to remipedes and hexapods, or to
each other?

Modern molecular estimates of the diver-
gence events between the deep arthropod clades,
such as Chelicerata versus Mandibulata, date
these events to the Ediacaran Period. However,
Giribet and Edgecombe (and Edgecombe and
Legg in Chap. 15) note that the Ediacaran has
not yet yielded credible body fossils, or trace
fossils of arthropods. The dating of arthropod
diversification needs further refinement based on
improved clock methods and careful integration
of fossil constraints.

Arthropod comparative genomics is in its
infancy but is growing fast. Pisani et al. (Chap. 3)
present an overview of arthropod mitochondrial
and nuclear genomic resources, before exploiting
the available genomic information to investigate
the evolutionary origin of novel proteins (orphan
gene families) in the arthropod proteome. The
inclusion of the first genomic-scale data set for
the Onychophora gave them an unprecedented
opportunity to identify the orphan protein fami-
lies that arose in the stem arthropod lineage of the
Arthropoda. Pisani et al. found more than 300
complete arthropod mitochondrial genomes
available, but taxonomic sampling is extremely
biased towards economically relevant species,
even though most major orders and classes are
now represented. The majority of the currently
available arthropod genomes are from closely
related species (mostly insects). Overall, they
conclude that the current genomic-scale infor-
mation available across the Arthropoda is still
too fragmentary to allow the development of a
coherent view of arthropod genome evolution.

The most surprising result to emerge from
Pisani et al.’s analysis was that the deepest
nodes in the ecdysozoan phylogeny are not
characterized by above average acquisitions of
new gene families. All internodes within
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Ecdysozoa (on the path leading to Arthropoda
and within Arthropoda as well) exhibit roughly
the same rate of new protein acquisition per
million years. Constancy of the rate of protein

family acquisition through time (from the Pre-
cambrian to the Jurassic) suggests that this rate
might represent the neutral background rate of
new protein family origination in Ecdysozoa.

Table 1.1 A list of high-level arthropod taxa, with their composition and important synonyms

Taxon Composition Synonyms

Cormogonida Arthropoda excl. Pycnogonida

Paradoxopoda Euchelicerata ? Myriapoda
or Chelicerata ? Myriapoda

=Myriochelata

Chelicerata Pycnogonida ? Euchelicerata =Chelicerophora
=Cheliceriformes

Euchelicerata Xiphosura ? Arachnida =Chelicerata

Stomothecata Scorpiones ? Opiliones

Haplocnemata Solifugae ? Pseudoscorpiones

Myriapoda Chilopoda ? Symphyla ? Pauropoda ? Diplopoda

Dignatha Pauropoda ? Diplopoda

Schizoramia Chelicerata ? Crustaceaa

Mandibulata Myriapoda ? Crustaceab ? Hexapoda

Tetraconata Crustaceac ? Hexapoda =Pancrustacea

‘Altocrustacea’ All Tetraconata to the exclusion of Oligostraca

Atelocerata Myriapoda ? Hexapoda =Tracheata

Crustaceac Mystacocarida ? Ostracoda ? Ichthyostraca ? Branchiopoda
? Thecostraca ? Tantulocarida ? Malacostraca
? Copepoda ? Remipedia ? Cephalocarida

Ichthyostraca Branchiura ? Pentastomida

Oligostraca Ostracoda ? Ichthyostraca

Branchiopoda Anostraca ? Phyllopoda

Multicrustacea Malacostraca ? Copepoda ? Thecostraca

Thecostraca Facetotecta ? Ascothoracida + Cirripedia

Miracrustacea Remipedia ? Cephalocarida ? Hexapoda

Xenocarida Remipedia ? Cephalocarida

Hexapoda Entognatha ? Insecta

Entognatha Collembola ? Protura ? Diplura

Nonoculata Protura ? Diplura

Ellipura Protura ? Collembola =Parainsecta

Insecta Archeognatha ? Dicondylia

Dicondylia Zygentoma ? Pterygota

Pterygota Odonata ? Ephemeroptera ? Neoptera

Palaeoptera Odonata ? Ephemeroptera

Metapterygota Odonata ? Neoptera

Chiastomyaria Ephemeroptera ? Neoptera

Neoptera Polyneoptera ? Paraneoptera ? Holometabola

Some of them represent conflicting phylogenetic hypotheses. Names of major taxa in bold are used recurrently
throughout this volume
a Regarded in this hypothesis as monophyletic
b Regarded in this hypothesis as either monophyletic or paraphyletic
c Regarded in this hypothesis as paraphyletic

1 An Introduction to the Biology and Evolution of Arthropods 3



This neutral rate is modified only at one inter-
node, representing the stem lineage of a large
group of insects. Along this lineage, the rate
significantly increased, suggesting that orphan
gene family acquisition was an important phe-
nomenon in the evolution of this group.

The spectacular diversity of arthropod mor-
phology and lifestyles is matched by an impres-
sive variety of developmental trajectories.
Ontogenetic differences may involve all embry-
onic stages and levels from gene expression,
cleavage and gastrulation, germ band formation
and growth, to segmentation and morphogenesis.
In Chap. 4, Scholtz and Wolff review arthropod
embryology focusing their comparative treatment
on early arthropod development, encompassing
the cleavage process, germ band formation and
differentiation.

The two main cleavage modes, superficial
and total, occur in arthropods, but the variation
within arthropods spans the entire spectrum of
superficial, total and mixed cleavages, as well as
determinate and indeterminate cleavage modes.
These are distributed across arthropod taxa in a
complex pattern that does not allow for unam-
biguous reconstruction of the ancestral cleavage
mode for the Arthropoda. Scholtz and Wolff
conclude, for example, that if pycnogonids are
the sister group to the remaining chelicerates,
the cleavage type of the chelicerate stem species
is ambiguous. In contrast, current views of tet-
raconate phylogeny led them to infer that the
stem species of the Tetraconata underwent total
cleavage. Scholtz and Wolff suggest a different
perspective focusing on the pattern of arrange-
ment of blastomeres at the four-cell stage which,
they consider, might be a good starting point for
a re-evaluation of arthropod cleavage patterns in
general.

One of the characteristic features of arthro-
pod development is the germ band, which is an
elongate field of blastoderm cells lying at the
surface on one side of the yolky egg. It is mostly
formed by cell migration and aggregation and
represents the embryo proper. The germ band
stretches along the longitudinal axis of the
embryo and marks the future ventral side, where
structures such as segmental furrows and limbs

are first formed. A germ band is formed in the
ontogeny of representatives of every large
arthropod subgroup, and it has been considered
as part of the arthropod ground pattern. Scholtz
and Wolff review exceptions where a germ band
is not formed and conclude that the occurrence
of a germ band is related to the amount of yolk.
As such, they consider that the presence or
absence of a germ band might be prone to
convergence.

Finally, Scholtz and Wolff examine the
assumption that the posterior growth zone of
arthropods buds or produces segments. They
conclude that, as a general mode, arthropod
segments are formed one by one in a general
anteroposterior sequence. However, they regard
as problematic the view that growth and pat-
terning are initiated simultaneously by a pos-
terior growth zone.

In Chap. 5, Minelli and Fusco review the
complex and multifaceted topic of post-embry-
onic development in arthropods. They consider
that this aspect of arthropod biology is in need of a
new conceptual framework. Arthropod post-
embryonic development involves two aspects of
segmental organization: the production schedule
of segments and the differentiation of these seg-
ments resulting in the patterning of the main body
axis. Neither process is necessarily completed at
the beginning of post-embryonic life. Minelli and
Fusco tease apart arthropod post-embryonic
development into concurrent processes and
describe them based on the standard periodization
provided by the succession of moults. However,
they stress that the ‘cuticular view’ imposed by
the moult-based periodization of arthropod
development is not always the best framework for
analysing the interactions between underlying
developmental processes.

Segment production schedules are discussed
in detail, moving on from the basic anamor-
phosis and epimorphosis modes to introduce
more subtle patterns. Minelli and Fusco provide
a wealth of examples from extant and fossil taxa,
often selected to remind the reader of the
diversity across the phylum. Their review of the
relationship between segment production and
segment articulation in trilobites supports the
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conclusion that fixation of tagmosis was inde-
pendent from segment production in this taxon.

They examine the relationship between adult-
hood and the onset of maturity and conclude that
we should distinguish between mature stages,
characterized by reproductive maturity, and adult
stages, characterized by a morphologically
invariant final condition. The uncoupling of these
two classes of developmental phenomena is a key
evolutionary feature of heterochronic change.
They briefly look at growth and modes of growth
in arthropods, addressing topics such as size
increment (including a look at Dyar’s rule),
growth compensation, the general concept of
target ontogenetic trajectory and allometric
growth.

Another major theme explored is the number
of moults in the arthropod life cycle. The num-
ber of post-embryonic stages varies conspicu-
ously across the arthropods and often also within
more basal clades. Minelli and Fusco note that
there are generally fewer than 15 moults and
provide a tabular comparison of data from across
the major taxa. They also highlight the existence
of sexual dimorphism in number of moults, as
well as individual variation in some taxa.
Minelli and Fusco address the homology of
stages between different arthropod lineages.
They observe that terms used for the different
post-embryonic stages of arthropods are con-
fused and confusing and were often based on
poorly supported homology. They look at the
importance of larvae and metamorphosis in
arthropod life histories. First asking what is a
larva and what criteria can we use to define the
term? Here, as throughout this chapter, numer-
ous examples of larval types are discussed and
terminological problems exposed. Minelli and
Fusco end with a short account of the evolu-
tionary patterns of arthropod post-embryonic
development. They identify main trends, from
the reduction in post-embryonic stages to
increasing complexity and hypermetamorphosis.

Moving from understanding patterns of moults
to the process of moulting itself, Nijhout (Chap. 6)
reviews recent developments in our understand-
ing of the control of growth and moulting in
arthropods. In contrast to embryonic

development, which appears to be largely con-
trolled by gene regulatory cascades and networks,
and gene products that move by diffusion, post-
embryonic growth and differentiation in arthro-
pods are controlled almost entirely by circulating
hormones and secreted growth factors. Only a
handful of developmental hormones control an
extraordinarily diverse array of post-embryonic
developmental processes, from growth to moult-
ing and metamorphosis, including the develop-
ment of alternative phenotypes in response to
environmental signals (polyphenism).

Growth of arthropods has two components:
episodic growth of the exoskeleton and more or
less continuous growth of biomass. Somatic
growth is controlled by hormones and secreted
growth factors that regulate the onset, rate and
duration of growth. The developmental regula-
tion of growth and size can be partitioned into
five questions which Nijhout addresses in turn:
(1) How is moulting controlled? (2) What con-
trols the size increment at each moult? (3) What
controls the growth rate between moults? (4)
What controls the timing of a moult? (5) What
controls the cessation of moulting when the final
size is reached?

Three classes of hormones appear to domi-
nate in arthropods: the insulins, the ecdysteroids
and the juvenoids. Some hormones, such as
ecdysone, are universal across the Arthropoda,
whereas others are taxon specific, such as juve-
nile hormone which is found in insects and
androgenic hormone which is found in decapod
crustaceans. Even though their function has been
studied in relatively few arthropods, Nijhout
considers it safe to assume that insulins play a
general role in the regulation of growth while
noting that if both insulin and ecdysone are
required for normal growth, then variation in
either could control growth.

The control process is briefly reviewed: pro-
thoracicotropic hormone stimulates ecdysone
biosynthesis and secretion, but ecdysone can
have a broad diversity of effects depending on
stage in the life cycle and on target tissue. In
addition to inducing moulting, ecdysone stimu-
lates context-dependent gene transcription and
controls cell division, tissue growth, the switch
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in commitment prior to metamorphosis and the
development of some seasonal polyphenisms.
Nijhout concludes that growth of integument is
an ecdysone-triggered episodic event, but that
growth of internal organs is more or less con-
tinuous and nutrition dependent. Growth of
internal organs thus requires cell growth and
proliferation that is independent of the ecdy-
sone-induced round of cell division of the epi-
dermal cells.

Maruzzo and Bortolin consider regeneration
in arthropods, and the focus of Chap. 7 is pri-
marily limb regeneration. Only a few arthropod
species are able to regenerate parts of the trunk,
and even then to a limited extent; however, most
arthropods are capable of regenerating organs
and tissues to some degree. Limb regenerative
potential fluctuates across the different arthropod
groups, and many factors influence the outcome
of a regeneration process, such as developmental
stage, limb type and amputation level. Limb
regeneration typically involves only limited cell
dedifferentiation, and it is likely that slightly
dedifferentiated cells produce only cells of the
same type. Arthropods show good tissue regen-
erative potential, and regeneration can be
experimentally induced in many tissues, but
Maruzzo and Bortolin necessarily focus their
review on the most studied models. They note
that the relationship between moulting and
regeneration is not yet clear, and while moulting
is necessary for proper limb regeneration, at
least for some insects there is no evidence of loss
of regenerative potential after the final moult. In
insects, it has been shown that the presence of
high levels of ecdysteroids inhibits the initiation
of regeneration. The observation that regenerat-
ing insects show a longer intermoult period may
be correlated with a delay in the appearance of
the ecdysteroid peaks, but the mechanism by
which regeneration influences hormone levels is
as yet unknown.

Reports of limited trunk regeneration are
reviewed in this chapter and include regenera-
tion of the telson of horseshoe crabs and mala-
costracan crustaceans and of the caudal
appendage of a beetle larva. There are also
reports of complete regeneration of one or more

posterior trunk segments; however, there was
high mortality in most of these studies, sug-
gesting that both wound healing and intrinsic
developmental factors might explain the limited
arthropod trunk regenerative potential.

Maruzzo and Bortolin focus their discussion
on the phylogenetic diversity of limb regenera-
tive potential and on the main developmental
and physiological aspects. Many arthropods
have mechanisms facilitating limb loss through
limb breakage at specific points along the limb.
The variation in mechanisms facilitating limb
loss, autotomy, is explored, and other forms of
autotomy, such as autospasy and autotilly, are
briefly reviewed. They conclude that our
knowledge of developmental events connected
to limb regeneration is based on relatively few
studies and that better comparative data are
needed before the variation in regenerative
potential can be fully understood.

In Chap. 8, Moussian reviews the state of
knowledge on the structure and function of
arthropod cuticle. Cuticle is a multifunctional
coat, an exoskeleton, which defines and stabilizes
body shape both inside and out. It prevents
dehydration and infection and protects against
predators. The physical properties of cuticle may
be stage specific, as in insect larvae where the
body cuticle is soft and elastic serving as a
hydrostatic jacket, while the head capsule com-
prises hard cuticle allowing for effective muscle
attachment. Hard cuticle is typical of adult
arthropods, and sclerites of hard cuticle are joined
by soft cuticle rendering the exoskeleton pliable.

Virtually all types of cuticle are organized in
three ultrastructurally distinct horizontal layers.
In this chapter, Moussian uses the latest unifying
nomenclature for these layers: the surface
envelope, the epicuticle and the procuticle. The
characteristics of each of these layers are con-
sidered, and the epithelial cells that produce
cuticle plus the plasma membrane underlying
this epithelium are examined in detail.

Commonly, cuticles are composed of the
polysaccharide chitin, glycosylated and ungly-
cosylated proteins, catecholamines, and lipids
and waxes. The latter are mainly coating the
surface and are implicated in preventing water
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loss. Additionally, minerals such as calcite may
be incorporated. Species-, stage- and tissue-
specific differences mainly rely on lipid and wax
composition, differences in proteins, the
amounts of chitin and the degree of covalent
cross-links by catecholamines, for example.
Moussian also reviews the secretion of cuticle
material and emphasises the importance of pro-
cesses such as cross-linking of cuticle compo-
nents, sclerotization and melanization and the
role of specialized components such as resilin.
Finally, tracheal cuticle is described and its
unique features highlighted. This provides
Moussian with an opportunity to review mech-
anisms controlling cuticle differentiation.

In Chap. 9, Fusco and Minelli discuss
arthropod segmentation and tagmosis patterns in
a wide range of contexts, from developmental
biology to phylogeny. Throughout, they address
the disparity and inconsistencies in the use of
morphological terminology related to segmen-
tation and tagmosis across the diversity of
arthropod taxa. However, the meaning and usage
of the terms ‘segmentation’ and ‘tagmosis’ are
analysed here with respect to the adult, and the
focus is primarily on the post-cephalic section of
the body, since head segmentation is discussed
in Chap. 10.

Fusco and Minelli stress that an improved
understanding of arthropod body organization
can be obtained by dissociating the serial
homology of individual periodic structures
(segmentation) from the concept of the segment
as a body module. They define segmental
structures and segmental elements within the
trunk and examine the significance of the telson.
They then look at tagmosis which represents a
form of higher-level modularity along the main
body axis. However, they note that there is little
agreement on how tagmata should be defined
and their boundaries characterized, and they
recognize that the concept of tagma is to a large
extent arbitrary.

Fusco and Minelli survey arthropod diversity
comparing various aspects of their morphological
patterning including interspecific and intraspecific
variation in the number of post-cephalic body
segments. They review the forms of segmental

mismatch, focusing on cases where the mismatch
involves comparable segmental structures, for
example between dorsal and ventral serial scle-
rites. They note other types of discordance, such
as that between segmental structures of the inter-
nal anatomy and serial structures of the exoskel-
eton. In arthropods, there are widespread forms of
periodic body pattern that are in register with the
segmental organization of major structures.
However, Fusco and Minelli also note cases of
structures and processes that show forms of peri-
odic pattern with a less strict connection to the
more obvious external segmental organization.
They end their consideration of segmentation by
discussing the difficulties in answering apparently
simple questions concerning the homology of
trunk segments with the same ordinal post-
cephalic position in series that exhibit different
numbers of elements.

Turning their attention to tagmosis, Fusco
and Minelli employ the same principles to
examine examples of dorsoventral mismatch
between tagmata and the homology of tagmata.
Finally, they explore segmental pervasivity—
how much of the anatomy of a given domain of
the body exhibits segmental organization, irre-
spective of whether the different segmental
structures are in register or not, as well as tag-
matic pervasivity—the level of integration of the
segmental elements of a given tagma. The need
for greater precision in use of terms and con-
cepts related to segmentation and tagmosis is
very apparent from this chapter.

One might have assumed, wrongly it
appears, that the exact composition and origin
of the ‘arthropod head’ were well understood,
but Richter et al. (Chap. 10) consider this to be
an enduring problem in arthropod phylogenetic
reconstruction. The ‘head’ is widely used for
mandibulatan arthropods, and its use is linked
to the presence of a dorsal cephalic shield or
head capsule. Applying the concept of this head
to chelicerates is particularly challenging,
although the availability of gene expression
data has greatly facilitated comparisons across
the Arthropoda as a whole. Richter et al. also
consider the importance of internal anatomical
systems such as the endoskeleton and the brain,
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in outlining recent developments concerning
the concept of the arthropod head. They then
expand the discussion to take in the ony-
chophoran head: in the mandibulatan head,
there are three additional posterior segments
fused with the anterior part of the head com-
pared with the onychophoran head.

Another unresolved problem reviewed by
Richter et al. is the fate of the onychophoran
antenna. The segmental affinities of the labrum
have been debated intensively, but the once-
favoured tritocerebral origin has been more or
less discounted in recent years. Evidence rele-
vant to the potential transformation of the ony-
chophoran antenna into the arthropod labrum is
reviewed here.

Richter et al. finally focus on the fossil record
and consider the possible nature of the so-called
great appendage of megacheirans, as well as
evidence relating to the number of appendage-
bearing segments incorporated into the anterior-
most unit covered by a single dorsal shield, and
to the constancy of this number in different
Cambrian panarthropod taxa. In their summary,
they conclude that there is fossil evidence that
the last common ancestor of Chelicerata and
Mandibulata possessed a head comprising the
ocular region and at least three, probably four,
appendage-bearing segments. The anterior
appendage inserts laterally to the hypostome/
labrum and probably represents the deutocere-
bral appendage, but a smaller appendage-like
structure might have been present anterior to it.
Post-antennular appendages display little differ-
entiation other than a gradual shift anteriorly
towards limbs increasingly adapted to feeding.

In Chap. 11, Boxshall takes a closer look at
arthropod limbs and aims to integrate the wealth
of new data emerging from morphological and
embryological studies, from developmental
genetics and from novel fossils. The distinction
between segments and annuli has been high-
lighted in the past and is based primarily on
musculature. In limbs that possess a mix of seg-
ments and annuli, the segments tend to appear
before the annuli, but Boxshall asks whether there
is evidence from developmental genetics to sup-
port this distinction. The early establishment of

the proximo-distal (P-D) axis by the leg gap genes
is a general feature of limb patterning during
development in all arthropods and, downstream
the Notch signalling pathway, plays a central role
in segmentation along the P-D axis of the leg. The
mechanisms controlling the formation of true
segments and of annuli along the P-D axis of the
limb are compared. Evidence from knockdown
studies indicates that certain genes are known to
affect tarsal subdivision but not basic leg seg-
mentation, so the patterning mechanisms for leg
segments and leg annuli, while similar, exhibit
important differences in detail. Muscle patterns
may be the key criterion for anatomists, but
Boxshall points out that relatively little is known
about the mechanisms governing adult leg myo-
genesis in the Drosophila leg model, but also that
this is not a good model here since both segments
and annuli are everted simultaneously from the
imaginal disc.

Boxshall briefly reviews the two basic limb
types of arthropods, the single-axis antennule
originating on the deutocerebral segment and the
fundamentally biramous limb present on post-
antennulary segments. He focuses on the appar-
ently profound morphological gap between an
elongate sensory antennule and a short feeding
chelicera, summarizing evidence supporting the
hypothesized transition from the great appendage
of megacheirans to the chelicera of chelicerates.
The discovery of a new Silurian fossil, with long
flexible antenniform chelicerae, is highly relevant
to this debate. After comparing antenna and leg
development in Drosophila, Boxshall notes that
shared features indicate that despite some signif-
icant differences, the antennules and post-an-
tennulary limbs of arthropods can be viewed as
serial homologues. However, specification of the
anterior-most limb as the antennule ensures that it
develops as a single axis rather than biramous
limb.

The morphological characteristics of the
major structures of the arthropod limb are briefly
examined. Comparative data from across the
arthropods show that homologous patterning
domains do not necessarily mark homologous
morphological domains. It seems unlikely
therefore that gene expression patterns will
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provide reference points allowing the identifi-
cation of homologies, for example, between the
component segments of chelicerate and man-
dibulatan walking limbs. However, a possible
exception might be limb components with very
specific functional attributes that are reflected in
cellular physiology. The epipodites of the
branchiopodan trunk limb and malacostracan
pereopod, for example, express several genes
that are not expressed elsewhere and which are
presumably linked to specific cellular functions.

A close look at the early fossil record of
insects was vital for Engel et al. (Chap. 12) as
they reviewed the timing of the origin of insect
flight. They stress that insect wings evolved only
once, that is, the Pterygota is monophyletic, and
in order to date this event, they consider in detail
the often controversial records of pre-Carbonif-
erous fossil hexapods. The first wings preserved
in the fossil record, from the transition period
between Early and Late Carboniferous (about
318 Mya), are much younger than any estimate
of the age of Pterygota, and younger than the
fragmentary remains of pterygotes from the
Devonian. While it was only by the time of the
Carboniferous coal measures that a truly diverse
fauna of winged insects began to appear, Engel
et al. consider that the timing of the origin of
wings can be pushed back from the Carbonif-
erous to the earliest Devonian. Engel et al.
conclude that remaining uncertainty regarding
the basal lineages of Pterygota renders it difficult
to distinguish between competing interpretations
of polarity relative to the form of the wing
articulation. However, they considered that the
principal lineages important for resolving basal
relationships can now be characterized and that
the pivotal phylogenetic uncertainties have at
least been identified.

Engel et al. point to a growing body of
developmental and morphological evidence in
support of the inference that the wing is largely a
paranotal extension which integrated append-
age-patterning modules to develop a functional
articulation incorporating elements of the upper
pleuron. After integrating palaeontological, ne-
ontological and developmental evidence, they
conclude that there is evidence for a

developmental ground plan in Hexapoda that
produced paranotal extensions of the thorax and
that, subsequently, through the integration of
appendage-patterning modules, such as those
present in gills, or legs, a functional articulation
developed incorporating dorsal elements of the
pleuron. This provided a functional wing and the
basis for further refinements of the pterygote
wing, such as in wing shape, venation and the
structure of the articulation of the wing to the
thorax. Interestingly, they note that definitive
prothoracic wing-like structures have been doc-
umented, although evidence for articulations is
lacking, and that nearly a full developmental
programme for wing formation has been dem-
onstrated in the prothorax of holometabolous
and hemimetabolous insects. They conclude that
it appears more likely that wings were part of the
ground plan for the hexapods only in the thorax
and that a wing is more likely an amalgamation
of tergal and pleural outgrowths which develop
according to the redeployment of limb-pattern-
ing genes and portions of their pathways, as
opposed to a modification of such structures as
gills, epipodites, styli or other limbs that share
similar developmental modules.

In Chap. 13, Loesel et al. focus on the central
nervous system of arthropods and identify key
common architectural principles of the arthro-
pod ventral nerve cord and brain and highlight
important evolutionary trends of these struc-
tures. They note that in arthropods, the basic
segmentation of the ventral nerve cord matches
body segmentation, in the form of segmental
ganglia connected by paired connectives. The
correspondence is closest for the more anterior
regions of the body, although the fusion pattern
of segmental ganglia does not always match the
expressed external body segmentation. Loesel
et al. compare the tract patterns of the central
nervous system across the major arthropod taxa
and identify the elements that are stereotypic
and tend to be conserved.

The arthropod nervous system provides a
wealth of information that can contribute both to
our understanding of the phylogeny of arthro-
pods and to the elucidation and description of
the evolutionary transformations that have
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occurred within the arthropod brain. In this
chapter, Loesel et al. highlight the important
contribution that the rapidly expanding disci-
pline of neurophylogeny is making to the current
debate on arthropod phylogeny.

Loesel et al. conclude by attempting to
reconstruct the ground pattern of the arthropod
central nervous system. The three preoral neu-
romeres of the arthropod brain are the protoce-
rebrum (ocular segment), deutocerebrum
(antennulary/chelicera segment) and tritocere-
brum. They note that the axons of bilaterally
symmetrical median eyes project into a proto-
cerebral neuropil and review variation across the
arthropods. They also consider the pattern of the
input of the lateral eyes into the protocerebrum
and how these lateral eyes develop. The com-
position of the preoral frontal commissure (the
stomatogastric bridge) is analysed and provides
further detail of the innervation of the oesoph-
agus and anterior part of the gut. This ground
pattern can now be defined in impressive
detail—to include information such as the
number of serotonergic neurons present in each
hemiganglion of the ventral nerve cord.

Wirkner et al. (Chap. 14) begin by describing
the essential features of the arthropod circulatory
system. The exoskeleton encloses a liquid-filled
body cavity, the haemocoel, containing haemo-
lymph which bathes all organs and tissues. Cir-
culation of haemolymph is actively forced by
pumping hearts, which are typically strongly
muscularized sections of the vascular system.
Wirkner et al. focus their review on the functional
and evolutionary morphology of these organs, to
provide a comprehensive picture of their diversity
and evolutionary transformations undergone in
the context of major environmental transitions.
The arthropod vascular system exhibits clear
segmental organization with individual elements
reflecting an iterative configuration in a number of
segments, even in unrelated lineages. Wirkner
et al. explore the features of the segmental set of
circulatory organ structures that might be attrib-
utable to the ground pattern of arthropods.

The vascular system of arthropods exhibits a
broad spectrum of complexity. Some arthropods
have a compact heart, and others have an

extensive vascular system with peripheral cap-
illarization. Fundamentally, however, it is an
open system since no vessels lead directly back
into the heart. In all arthropods, the haemolymph
is collected in the pericardial sinus before it
enters the heart via the ostia. The degree of
variation in structural and functional complexity
in the circulatory system is striking. The car-
diovascular parts can be highly sophisticated, as
in most chelicerates and malacostracan crusta-
ceans, while in other groups, such as copepods
and insects, it comprises only the dorsal vessel.
The greatest variation is found in the arterial
systems: reductions are apparent in many lin-
eages, and a decrease in arterial complexity is
often correlated with decreasing body size.
Reduction in complexity of, and loss of, lateral
cardiac arteries is common in spiders and mal-
acostracans and is often accompanied by the loss
of the posterior aorta. The anterior aorta is rarely
reduced, probably due to its functional signifi-
cance in supplying the cephalic region. In con-
trast, in some other lineages, such as the
pulmonate arachnids, there is an increase in
structural complexity of the vascular system.

The circulatory system fulfils an enormous
range of physiological functions in arthropods,
but the most important driver behind the evo-
lution of an effective circulation system was
probably the improvement of oxygen transport.
The degree of concentration of the respiratory
organs, together with the constraint for the
shortest possible pathway to the heart, resulted
in the greatest architectural transformations. In
arthropods with tracheal systems, the circula-
tory system lost the function of oxygen trans-
portation and such terrestrial forms are
generally characterized by relatively simple
vascular systems. Wirkner et al. note that the
circulatory system acquired completely new
tasks and features in connection with the evo-
lution of flight in insects, such as tracheal
ventilation and thermoregulation.

In their focus on fossils, Edgecombe and
Legg (Chap. 15) stress that fossils provide
glimpses of extinct morphologies which can
contribute unique character combinations to
phylogenetic analyses. In addition, the temporal
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information provided by fossils is vital for
inferring divergence dates, fossils being the
usual source of minimal divergence dates for
calibrating nodes in molecular trees. Modern
methods of molecular dating use relaxed clocks
and probabilistic calibrations that can incorpo-
rate uncertainties in the fossil record.

Edgecombe and Legg provide brief over-
views of pivotal Lagerstätte, describing the
nature of the fossilization as well as highlighting
some of the key taxa known from each. They
review Burgess Shale-type biota (preservation of
non-biomineralized fossils as more or less two-
dimensional carbonaceous compressions) from
the Chengjiang Lagerstätte and the Burgess
Shale itself. Their taxon coverage focuses on the
naraoiids, fuxianhuiids, bradoriids, various other
bivalved arthropods (such as Canadaspis and
Isoxys), marrellomorphs, megacheirans, ano-
malocaridids and Sanctacaris. The significance
of each is briefly highlighted, and any current
controversy is set into context, such as the
current classification of Anomalocaris in the
Radiodonta and the affinities of the Radiodonta
with the Arthropoda. Other similar Lagerstätte,
such as Sirius Passet in Greenland and the
Emu Bay shale in Australia, are less familiar
to zoologists, but also provide important
insights into the evolutionary history of
arthropods. Sirius Passet, for example, is rich
in the so-called ‘gilled lobopodians’ which
have featured prominently in the debate on
character origins in arthropods and on affinities
with anomalocaridids.

Orsten-type preservation refers to small fos-
sils preserved by calcium phosphate replacement
of cuticle. Edgecombe and Legg briefly mention
individual taxa, such as Agnostus and Rehba-
chiella, but consider the most significant con-
tribution of Swedish Orsten fossils to be the
insights they have provided into the early evo-
lution of Tetraconata, because a series of Orsten
taxa can be arranged in progressively more
crownward positions in the crustacean stem
group. The Silurian Herefordshire Lagerstätte
(525 Mya) of western England involves three-
dimensional soft tissue preservation of small
fossils in concretions. Reconstruction as virtual

3D fossils has allowed reconstruction of the
detailed morphology of several arthropods,
including phylogenetically important taxa such
as Tanazios, Haliestes and Offacolus. Edge-
combe and Legg close by considering the Early
Devonian Rhynie chert, Upper Carboniferous
coal deposits and fossiliferous amber from
deposits ranging as far back as the Lower
Cretaceous.

The fossil theme is picked up again by
Dunlop et al. (in Chap. 16) who examine the
water-to-land transitions of arthropods—and
begin by stressing that in terms of number of
extant species, terrestrial arthropod lineages
massively outnumber primarily aquatic lineages.
They estimate the minimum number of inde-
pendent colonization events that must have
taken place, but unresolved questions concern-
ing the sister group of the hexapods and uncer-
tainty about relationships between orders of
arachnids make it difficult to infer the route
taken in some of these events.

The concept of ‘terrestrial’ is discussed at
length. Dunlop et al. support the view that for an
arthropod to be considered as fully terrestrial, it
should not need to return to water to complete its
life cycle. They consider the time frame for the
transition onto land—drawing inferences after
integrating data from body fossils, from trace
fossils (trackways) and from molecular clock
data. By the Silurian, myriapods and arachnids
were unequivocally living on land and hexapods
appear soon afterwards in the Early Devonian.
However, the oldest putative record of an
arthropod walking across land comes from the
Cambrian–Ordovician (around 488 Mya) in
Canada. These trackways were interpreted as
having been made in a near-shore environment
and possibly by members of the Euthycarcinoi-
dea, but in the absence of unequivocal respira-
tory organs in euthycarcinoids, it is unclear
whether they were aquatic, amphibious or
terrestrial.

Dunlop et al. note the preponderance of
arachnid and myriapod fossils in the Silurian–
Devonian terrestrial assemblages, as compared
to the relative paucity of hexapods/insects and
the complete absence of any demonstrably
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terrestrial crustaceans. The hexapods, in partic-
ular the winged insects, only really seem to
come into their own from the Carboniferous
onwards by which time land-based communities
of plants and animals were already well estab-
lished. Molecular clock data often suggest older
dates for life on land, as compared to the direct
evidence of the fossil record, but improvements
in methods are beginning to generate new dates
that are more consistent with the fossil record.

Finally, they explore the challenges of ter-
restrial life and briefly review solutions found
across the various arthropod groups. They con-
sider body size, locomotion, osmoregulation,
reproductive biology, egg type, development
and gaseous exchange in turn, as factors in the
colonization of the land. Terrestrial arthropods,
faced with options to adapt or innovate, often
adapted as, for example, in the internalization of
an existing system to form the book lungs of the
pulmonate arachnids. Hexapods represent the
first and by far the most successful colonization
of the land by crustaceans. The fossil record
suggests that their transition onto land may have
begun slightly later than arachnids and myria-
pods, but they were present both as collembolans
and as early jawed insects by at least 410 Mya.

In Chap. 17, White et al. provide a compre-
hensive overview of knowledge about the
interactions between insects and endosymbiotic
bacteria and viruses and highlight the impact of
endosymbiosis on the evolution of arthropods.
These interactions have been studied in more
detail in insects, but wider comparisons are
made where possible. They discuss the range of
beneficial endosymbiotic associations that have
evolved between insects and bacteria and the
role of intracellular bacteria in manipulating the
reproduction of their arthropod hosts. The role of
viruses as beneficial symbionts of parasitoid
wasps and other insects is also surveyed.

Bacteria, particularly a- and c-Proteobacteria,
often establish tight interactions with arthropod
tissues, either as pathogens or as mutualists.
Obligate microbial symbionts are common
among arthropods that have nutritionally poor or
imbalanced diets. While the microbial partners
are highly diverse, representing a wide array of

bacterial and fungal lineages, the majority of
research has been focused on bacterial partners.
Facultative endosymbionts maintain themselves
in host populations through reproductive manip-
ulation or mutualism. Bacteria that manipulate
host reproduction to promote their own spread
and maintenance in the host population are par-
asites, whereas mutualistic bacteria provide their
host with fitness benefits, resulting in a selective
advantage for infected hosts. Fitness benefits
including defence against natural enemies, inter-
action with host plants and environmental toler-
ances are discussed. These bacteria can drive
rapid evolutionary shifts in their hosts.

White et al. examine the diversity and trans-
mission of reproductive parasites of arthropods.
Most are heritable, maternally transmitted
intracellular bacteria that alter the reproduction
of their hosts in ways that promote their own
fitness. An astonishing 66% of insect species are
estimated to be infected by the endosymbiotic
Wolbachia, and its prevalence in isopods has
been estimated at 47%. Reproductive manipu-
lators have evolved mechanisms that favour a
female-biased host sex ratio and are detrimental
to the non-transmitting sex (the male), including
thelytokous parthenogenesis, feminization and
male-killing. These are reviewed and shown to
help to ensure vertical transmission to host
progeny. By inducing cytoplasmic incompati-
bility, they inhibit the reproduction of uninfected
or differently infected individuals and can spread
without skewing the sex ratio of the host popu-
lation. White et al. cover a wide range of topics
here, including the evolution of host resistance
genes, sex-determination mechanisms and gene
acquisition from reproductive parasites.

The current state of knowledge on viruses as
beneficial symbionts of insects is also reviewed.
White et al. take a look at Polydnaviruses, En-
tomopoxviruses and Ascoviruses as beneficial
symbionts and consider the role of Cypoviruses
as modulators of Ascovirus function in parasit-
oids. Finally, they briefly summarize research on
viruses that manipulate parasitoid behaviour,
that impact aphid polyphenism, that serve as
vectors of plant viruses and even that help
mosquitoes take their blood meals.
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In Chap. 18, Stansbury and Moczek provide
an interesting and thought provoking examina-
tion of the evolvability, that is, the potential for
evolutionary change and diversification, of
arthropods. They explore two axes of diversifi-
cation: evolvability in developmental space and
in developmental time, and their contributions to
facilitating evolutionary radiation within the
Arthropoda. They begin by identifying anatom-
ical and developmental qualities of arthropods
that make them particularly amenable to mor-
phological change. They consider that the
potential to explore morphological space was
enhanced by compartmentalization of repeating
morphological units and by the redundancy
inherent in such a body plan. This potential was
realized in the extraordinary range of arthropod
morphologies, and Stansbury and Moczek con-
clude that such diversification relied critically
upon the degree of spatial decoupling present in
the underlying genetic architecture. Thus, the
modular nature of gene networks under rela-
tively simple regulatory control enabled their
transfer across a flexible regulatory scaffold by
means of modest developmental genetic
modifications.

Arthropods exhibit a similar potential for
diversification along the axis of developmental
time, through the life cycle. Immature and
mature stages, with or without distinct transi-
tional forms, have evolved to varying degrees in
different groups, and this is dependent upon the
developmental decoupling of different life
stages. The expression of distinct life stages
requires mechanisms that specify life-stage
identity and their order. Endocrine mechanisms
play a key role in communicating throughout the
body of a developing arthropod what kind of
stage in the life cycle to express and when to
transition to the next stage (see also Chap. 6).
Stage-specific modularity in gene expression
and pathway activation facilitates niche-
specific adaptation while reducing pleiotropic
constraints. Stage-specific development does not
require the evolution of new genes or pathways:
instead, only patterns of activation, inhibition
and integration must be stage specific, whereas
the genes and their products themselves remain

conserved. Diversification is facilitated through
changes in assembly, rather than changes in
components. The authors emphasize that truly
novel traits may originate when a formerly
stage-restricted trait becomes expressed at a
different stage.

Finally, Stansbury and Moczek look in detail
at developmental plasticity—a universal prop-
erty of development—and its contribution to
arthropod evolvability. They explore the genetic,
developmental and ecological mechanisms that
may have allowed arthropods to diversify so
successfully, the interactions among these
mechanisms and the emergent properties of
these interactions. They highlight key questions
for future research and point to opportunities
stemming from increased integration of evolu-
tion and ecology with developmental biology
and genomics.

Our current awareness of arthropod biology
and evolution, as summarized in the chapters of
this volume, has expanded to a large extent due
to the recent and rapidly improving use of new
methods. Some of these methods are based on
new sophisticated techniques applied in effec-
tively customized way to replace the much less
effective approaches used thus far. In several
respects, however, these technical improvements
have opened completely new dimensions in the
investigation of extant and fossil arthropods.

Evidence summarized in Edgecombe and
Legg’s chapter on arthropod fossils rests to a
large extent on new methods of extracting and
studying fossils. Organic preservation in the
form of cuticle fragments extracted from shales
and mudstones by dissolution in hydrofluoric
acid has proved to be especially informative for
understanding the early history of crustaceans
and has provided a wealth of data about terres-
trial arthropods from the Middle Devonian at
Gilboa, for example. Similarly, the extraction of
Orsten fossils has revealed much about the
early origins of the crustacean lineages. Small
carbonaceous fossils obtained in this way are
proving to be especially informative for under-
standing the early history of crustaceans. Frag-
ments, such as mandibular gnathal edges,
indicate that crustaceans such as Copepoda and
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Ostracoda had evolved by the Cambrian. The
Silurian Herefordshire Lagerstätte of western
England involves three-dimensional soft tissue
preservation of small fossils in concretions. The
specimens are a sparry calcite fill of the void
space left after decay of the animal. The sample
is serially ground and then reconstructed as a
virtual 3D fossil. This technique has allowed the
detailed morphology of several important Pal-
aeozoic arthropods to be reconstructed.

A whole set of new techniques is offering
advanced methods to analyse developmental and
anatomical data. New non-invasive, non-
destructive techniques for anatomical analysis
and imaging have been developed and are con-
tinually being refined. These include laser
scanning confocal microscopy, micro-computed
tomography and magnetic resonance imaging.
Other new techniques have been developed to
focus on particular organ systems, such as the
application of micro-CT techniques and 3D
reconstruction with corrosion casting, to the
study of the arthropod circulatory system.

Non-invasive imaging by micro-computed
tomography also permits three-dimensional
models of fossil arthropods to be reconstructed,
including body parts that are otherwise concealed
in the rock, such as the distal parts of appendages.
This technique has been successfully applied, for
example, to otherwise much less informative
fossil remains of Carboniferous arachnids.

Any comparative statement in biology requires
a phylogenetic context. Almost every chapter in
this volume demonstrates the need for phyloge-
nies against which the evolutionary history
responsible for generating the observed embryo-
logical, anatomical, behavioural and other pat-
terns can be interpreted. Less visually spectacular
than the applications of new techniques for
reconstructing and presenting morphological
evidence, but arguably more popular among
researchers, are the daily improvements in
molecular phylogenetics, whose application
generates an unceasing production of trees, within
which some important areas of consensus finally
seem to be emerging.

Early molecular phylogenies relied on the
target-gene approach—the direct sequencing of

selected genes that were amplified with specific
primers. But developments in sequencing tech-
nology and shotgun approaches ushered in a new
era in the production of DNA sequence data.
Next-generation sequencing uses random
sequencing strategies and automated processes
to collect hundreds or thousands of genes. The
genes are processed automatically in phyloge-
nomic analyses that are based on a sizeable
fraction of the genome or transcriptome. High-
throughput sequencing together with next-gen-
eration sequence technologies, such as Solexa
Illumina, can produce millions of sequences per
sample at a fraction of the cost of the earlier
Sanger technology sequencing.

In addition to new hardware for molecular
analysis, the methods in bioinformatics are
constantly advancing. Analysis of arthropod
mitogenomes presents particular challenges as
indicated by Pisani et al. in their chapter. The
problem is compositional heterogeneity, and the
main source of such compositional heterogene-
ity in mtDNA is mutational pressure, which is
correlated with a deficiency in the mtDNA repair
system and with a consequent inefficiency in
replacing erroneous insertions of A nucleotides.
In addition, strand asymmetry also affects
mtDNA, and in arthropods, most mtDNA coding
genes are characterized by a negative GC-skew.
Sophisticated evolutionary models which
account for among site and among branch het-
erogeneity are useful tools for lessening the
effects of mitochondrial compositional bias.

In the face of the huge number of named
species of extant and extinct arthropods, the
continuing description of new taxa might be
perceived as simply adding minor, if abundant,
detail to an already established picture. This
perception, however, would be grossly off the
mark. Even considering only examples from
extant arthropods, the last three decades have
witnessed the discovery and first description of
representatives of previously unknown higher
taxa, especially among the crustaceans (e.g.
Remipedia, Tantulocarida, Mictacea) and even
among the insects, with the totally unexpected
discovery of the Mantophasmatodea, a taxon
formally described with the rank of order. The
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continuing discovery of new fossil taxa such as
the Silurian synziphosurine Dibasterium durgae,
with its long flexible antenniform chelicerae,
provides an elegant link between the typical
sensory antennule and a short feeding chelicera.

In the field of molecular phylogenetics, recent
progress only makes us more hungry for more
extensive, but also taxonomically denser taxon
sampling, together with further refining of the
bioinformatics tools applicable to phylogenetic
reconstructions, which had become increasingly
demanding, following the exponential increase
in the volume of available data. Increased taxon
sampling, however, is badly needed in all
aspects of descriptive and experimental biology.
Too limited still, in particular, is the range of
arthropods thus far investigated from the per-
spective of developmental genetics and endo-
crinology, and even for morphological evidence
about critical aspects of phases of ontogeny,
such as cleavage and germ band formation, or—
for the holometabolous insects—the contribu-
tion of imaginal discs in giving shape to the
adult are very inadequately known. Our in-depth
knowledge remains too restricted to a very small
number of model species.

We hope that the concise factual summaries
and the questions articulated with this book,
despite the obvious limitations of any attempt to
summarize arthropod biology, will help increase

the general appreciation of both the highlights
and the darker recesses of our current knowledge
on arthropod biology and evolution and stimu-
late younger researchers to address these prob-
lems from the vantage point of a phylum-wide
comparative perspective.
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helmsen and Paul Whitington for their precious
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2.1 Introduction

Arthropoda, the best-known member of the clade
Ecdysozoa, is a phylum of protostome animals,
its closest relatives being Onychophora (velvet
worms) and Tardigrada (water bears). Arthro-
pods are not only the largest living phylum in
terms of species diversity, with 1,214,295 extant
species, including 1,023,559 Hexapoda, 111,937
Chelicerata, 66,914 Crustacea and 11,885
Myriapoda (Zhang 2011), but they have probably
been so since the Cambrian. The number of fossil
arthropods is even harder to estimate; the
EDNA fossil insect database lists ca. 25,000
species (http://edna/palass-hosting.org/); 1,952
valid species of fossil chelicerates were reported
by Dunlop et al. (2008), and the decapod crus-
taceans include 2,979 fossil species (De Grave
et al. 2009). Trilobites (19,606 species fide
Adrain 2011) and ostracods ([50,000 species)
are two of the best-represented arthropod groups
in the fossil record.

Arthropods are also, together with Mollusca
and Annelida, among the animal phyla with the
greatest body plan disparity. This astonishing
diversity and disparity of extant and extinct
lineages have inspired hundreds of published
research articles discussing different aspects of
their phylogenetic framework, first focusing on
anatomy and embryology, and later being
strongly influenced by functional morphology.
The advent of cladistic techniques in the mid-
twentieth century and the widespread use of
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molecular data in the last 25 years—the first
molecular approach to arthropod phylogeny was
published in 1991 by Turbeville et al. (1991)—
have revolutionized our understanding of the
Arthropod Tree of Life. Given the amount of
effort revisiting and reviewing arthropod phy-
logenetics, this chapter will touch upon some of
the most fundamental questions: (a) the rela-
tionship of arthropods with other key protostome
phyla and (b) the relationships between the
major arthropod lineages (often referred to as
classes, superclasses or subphyla: Pycnogonida,
Euchelicerata, Myriapoda and Tetraconata—
Tetraconata or Pancrustacea is widely accepted
as a clade of arthropods that include the tradi-
tional classes Crustacea and Hexapoda, the for-
mer often found to be paraphyletic with respect
to the latter). Finally, this chapter will provide a
roadmap for future focus in arthropod phyloge-
netic and evolutionary research.

2.2 Arthropods in the Animal
Tree of Life

Arthropods are protostome animals, and like
other protostomes, they have an apical dorsal
brain with a ventral longitudinal paired nerve
cord and a mouth that typically originates from
the embryonic blastopore. They have been tra-
ditionally considered to have a primary body
cavity, or coelom, that has been restricted to the
pericardium, gonoducts and nephridial structures
(coxal glands, antennal/maxillary glands)
(Brusca and Brusca 2003), but the true coelomic
nature of arthropods has been recently called
into question. The only putative coelomic cavi-
ties in Artemia salina, one of the species that
underpinned former ideas about arthropods
having a coelom, are the nephridial sacculus in
the second antennal and second maxillary seg-
ments. However, these have been shown not to
be remnants of any primarily large coelomic
cavity (Bartolomaeus et al. 2009). Similarly,
although many authors at one time considered
arthropods to have a modified spiral cleavage
(Anderson 1969)—as found in annelids,
molluscs, nemerteans and platyhelminths

(Maslakova et al. 2004)—this idea is now
rejected (Scholtz 1998).

The systematic position of arthropods has
changed radically in the past two decades as a
result of refinements in numerical phylogenetic
analysis and even more so by the introduction of
molecular data. Traditionally, arthropods, ony-
chophorans and tardigrades—the three collec-
tively known as Panarthropoda or Aiolopoda—
were grouped with annelids in a clade named
Articulata (Cuvier 1817), in reference to the
segmental body plan in these phyla (Scholtz
2002). The competing Ecdysozoa hypothesis
(Schmidt-Rhaesa et al. 1998; Giribet 2003)
unites arthropods, onychophorans and tardi-
grades with a group of mostly pseudocoelomate
animals with which they share a cuticle that is
moulted at least once during the life cycle and
lacks epidermal ciliation. Ecdysozoa was pro-
posed originally on the basis of 18S rRNA
sequence data (Aguinaldo et al. 1997; Giribet
1997; Giribet and Ribera 1998) but has subse-
quently been shown to have support from
diverse kinds of molecular information (Edge-
combe 2009) (see examples listed below).
Concurrently, support has waned for the putative
clade once thought to unite arthropods with
annelids, despite various morphological phy-
logenies that retrieved Articulata (e.g. Nielsen
et al. 1996; Sørensen et al. 2000; Nielsen 2001;
Brusca and Brusca 2003). Contradictory support
for Articulata was also found early based on
morphological data analyses that explained the
similarities of annelids to molluscs and other
spiral-cleaving phyla without having to force
arthropods to have ‘‘lost’’ spiral cleavage and a
trochophore larva to salvage Articulata and
recovered effectively Ecdysozoa (Eernisse et al.
1992), or has been shown to depend on the
interpretation of certain morphological charac-
ters (Jenner and Scholtz 2005). In some cases,
authors attempted to reconcile both hypotheses
by making Ecdysozoa the sister group of
Annelida, nested within Spiralia (Nielsen 2003),
or by making Annelida paraphyletic to the
inclusion of Ecdysozoa and Enterocoela
(Almeida et al. 2003). Even before the molecular
support for Ecdysozoa was proposed, some
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visionary zoologists had already proposed a
relationship of arthropods with the then known
‘‘aschelminth’’ phyla (Rauther 1909; Colosi
1967), and others had questioned the homology
of segmentation in arthropods and annelids
(Minelli and Bortoletto 1988). Kristensen (1991,
p. 352), discussing the phylogenetic relation-
ships of Loricifera, wrote

Annulation of the flexible buccal tube, telescopic
mouth cone, and the three rows of placoids are
found only in Tardigrada and Loricifera (Kris-
tensen, 1987). Because tardigrades exhibit several
arthropod characters (see Kristensen, 1976, 1978,
1981), this last finding supports a theory about a
relationship between some aschelminth groups
and arthropods (Higgins, 1961). That theory has
recently gained support derived primarily from
new ultrastructural data, e.g., the fine structure of
the chitinous cuticular layer, molting cycle, sense
organs, and muscle attachments.

Combined parsimony or Bayesian analyses of
morphology and molecules have consistently
retrieved Ecdysozoa rather than Articulata
(Zrzavý et al. 1998b; Giribet et al. 2000; Peter-
son and Eernisse 2001; Zrzavý et al. 2001;
Zrzavý 2003; Glenner et al. 2004). Likewise,
molecular analyses of metazoan relationships
have repeatedly recovered ecdysozoan mono-
phyly, whether using just a few genes (e.g.
Aguinaldo et al. 1997; Giribet and Ribera 1998;
Giribet and Wheeler 1999; Giribet et al. 2000;
Mallatt and Winchell 2002; Ruiz-Trillo et al.
2002; Mallatt et al. 2004; Telford et al. 2005;
Mallatt and Giribet 2006; Bourlat et al. 2008;
Paps et al. 2009a, b; Mallatt et al. 2010), or large
collections of genes in phylogenomic analyses
(e.g. Dunn et al. 2008; Hejnol et al. 2009; Holton
and Pisani 2010; Philippe et al. 2011). When
Ecdysozoa was rejected in molecular analyses,
as happened in some early genome-scale anal-
yses with depauperate taxonomic sampling, the
rival group was Coelomata (nematodes falling
outside a group that included arthropods and
vertebrates) (Blair et al. 2002; Dopazo et al.
2004; Wolf et al. 2004; Philip et al. 2005), but
Articulata was never tested because no annelid
was represented in those analyses. Further
analyses of these initial whole eukaryotic
genomes, whether using intron conservation

patterns, rare genomic changes or standard
sequence data, rejected Coelomata (Roy and
Gilbert 2005; Irimia et al. 2007; Holton and
Pisani 2010). Nowadays, even authors who once
argued fervently for Articulata have accepted
Ecdysozoa (e.g. Nielsen 2012).

Thus, an alliance between Panarthropoda and
five moulting phyla with collar-shaped, circum-
esophageal brains (i.e. Nematoda, Nematomor-
pha, Kinorhyncha, Priapulida and Loricifera) is
the strongest available hypothesis. The latter five
phyla are collectively named Cycloneuralia
(some authors also include Gastrotricha in this
group) or Introverta. The exact position of the
three panarthropod phyla within this clade has
remained unsettled, often because authors
questioned the monophyly of Panarthropoda.
The jointed appendages of arthropods have been
homologized with the lobopods of onychopho-
rans, a view strengthened by similar genetic
patterning of the proximo-distal axes of both
kinds of appendages (Janssen et al. 2010), as
well as with the limbs of tardigrades. The
homology of these paired ventrolateral seg-
mental appendages, which also share segmen-
tally arranged leg nerves, provides the most
conspicuous apomorphy for Panarthropoda.
Earlier, the appendages were also considered
possible homologues of the annelid parapodia.
Although some arguments from gene expression
have been made in defence of this homology
(Panganiban et al. 1997), they mostly pertain to
general characters of lateral outgrowths of bod-
ies, and even authors arguing in defence of
Articulata have observed that the complexity of
the similarities between panarthropod legs and
parapodia is not great (Scholtz 2002). Their
homology is not generally accepted now.

Under the Panarthropoda hypothesis, each of
the three competing resolutions for the interre-
lationships between the three groups has been
defended in recent studies, that is, either Ony-
chophora, or Tardigrada, or a clade composed of
them both is the candidate sister group of
arthropods (reviewed by Edgecombe et al. 2011;
Giribet and Edgecombe 2012). Phylogenomic
data have repeatedly endorsed the first option, an
onychophoran–arthropod clade (Giribet and
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Edgecombe 2012), but the position of tardi-
grades has been less clear. Two placements for
tardigrades recur in broadly sampled molecular
analyses, being either sister group of Onycho-
phora ? Arthropoda or Nematoda, and in fact
both of these alternatives are resolved for the
same EST (expressed sequence tag) datasets
(Roeding et al. 2007; Dunn et al. 2008; Hejnol
et al. 2009; Meusemann et al. 2010; Campbell
et al. 2011; Rehm et al. 2011) or mitogenomic
data (Rota-Stabelli et al. 2010) under different
analytical conditions. In the latter case, condi-
tions intended to counter certain kinds of sys-
tematic error strengthen the support for
tardigrades grouping with arthropods and ony-
chophorans rather than with nematodes, and the
same pattern has also been found for EST-based
analyses (Campbell et al. 2011). Tardigrades,
onychophorans and arthropods have also been
united as a clade based on a uniquely shared
micro-RNA (non-coding regulatory genes)
(Campbell et al. 2011), with another micro-RNA
grouping onychophorans and arthropods to the
exclusion of tardigrades.

Thus, current evidence favours panarthropod
monophyly with the subgroups (Tardigrada
(Onychophora ? Arthropoda)), but better sam-
pling is required within Ecdysozoa before this
issue is definitely resolved, as ESTs are absent
for loriciferans and scarce for kinorhynchs, ne-
matomorphs and priapulans. A rival clade that
includes Tardigrada, Nematoda and Nemato-
morpha, and even Loricifera, has some mor-
phological (Kristensen 1991) and limited
molecular (Sørensen et al. 2008) support. In
contrast, the alliance of tardigrades with ony-
chophorans and arthropods, along with the fossil
lobopodians and anomalocaridid-like taxa
(‘‘gilled lobopodians’’), is consistent with a
single origin of paired, segmental ventrolateral
appendages in a unique common ancestor (Liu
et al. 2011; Giribet and Edgecombe 2012).

Arthropod monophyly (Lankester 1904;
Snodgrass 1938) is now nearly universally
accepted based on morphological, developmen-
tal and molecular evidence, but this has not
always been the case. The Manton School
strongly advocated for arthropod polyphyly

(Tiegs and Manton 1958; Anderson 1973;
Manton 1973, 1977; Willmer 1990), but this
reasoning was based on differences between
groups and conjectures about whether or not
intermediate forms could be functionally viable;
it did not provide characters that supported
alternative sister group hypotheses with non-
arthropod phyla. In the absence of explicit rival
hypotheses, arthropod monophyly remains
unchallenged and is supported by a suite of
synapomorphies. These include a sclerotized
exoskeleton, and legs that are composed of
sclerotized podomeres separated by arthrodial
membranes, two characters absent in onycho-
phorans and tardigrades (some authors use the
term Arthropoda to include Onychophora and
Tardigrada, but we reject this nomenclature, as
the members of those phyla have not undergone
the arthropodization process). In all arthropods
except pycnogonids, muscles attach at interseg-
mental tendons. Compound eyes across the
Arthropoda share a similar developmental mode,
with new eye elements being added in a
peripheral proliferation zone of the eye field
(Harzsch and Hafner 2006), and the presence of
two optic neuropils in the inferred ancestor is
apomorphic for arthropods as a whole (Harzsch
2006). Segmentation gene characters, such as a
pair-rule function of the Pax protein (Angelini
and Kaufman 2005; Gabriel and Goldstein
2007), and a conserved pattern of how neural
precursors segregate (Eriksson and Stollewerk
2010a) map onto the tree as autapomorphies of
Arthropoda compared with the states in Ony-
chophora and Tardigrada. Under the criterion of
monophyly, the parasitic Pentastomida are
arthropods. This group had a long history of
classification as ‘‘prot(o)arthropods’’ in its own
phylum (Brusca and Brusca 1990), and an early
divergence from the arthropod stem lineage is
still endorsed by some morphologists (Castellani
et al. 2011). The molecular arguments for a
placement as ingroup crustaceans, grouped with
branchiuran fish lice according to the Ichthyo-
straca hypothesis, are strong (Abele et al. 1989;
Giribet et al. 2005; Møller et al. 2008; Regier
et al. 2010; Sanders and Lee 2010), if in con-
flict with some morphological interpretations
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(Waloszek et al. 2006), and are congruent with
synapomorphies from sperm ultrastructure
(reviewed by Giribet et al. 2005).

2.3 The Arthropod Tree of Life

The diversity of arthropods traditionally has
included the classes (or comparatively higher-
rank taxa) Chelicerata, Myriapoda, Hexapoda
and Crustacea, with Pycnogonida sometimes
considered part of Chelicerata (hence divided
into Pycnogonida, Xiphosura and Arachnida), or
their own class, due to their unique morphology
and uncertain phylogenetic affinities. Recent
developments have provided strong endorsement
for paraphyly of Crustacea with respect to
Hexapoda, and hence, we consider the extant
arthropod phylogenetic conundrum as a four-
taxon problem—Pycnogonida, Euchelicerata
(=Xiphosura ? Arachnida), Myriapoda and
Tetraconata (=Pancrustacea)—with three alter-
native rootings (Fig. 2.1a–c).

Relationships between these groups have
been debated for decades. Through much of the
twentieth century, the only nearly universally
accepted result was the monophyly of Ateloc-
erata (also known as Tracheata)—a clade com-
posed of hexapods and myriapods (e.g.
Snodgrass 1938; Wheeler et al. 1993)
(Fig. 2.1d). However, the addition of molecular
and novel anatomical and developmental data
has helped to reinterpret arthropod relationships,
with the result that Atelocerata has been over-
turned. In most contemporary studies, hexapods
are associated with crustaceans instead of with
myriapods (e.g. Friedrich and Tautz 1995;
Giribet et al. 1996, 2001, 2005; Regier and
Shultz 1997; Giribet and Ribera 1998, 2000;
Zrzavý et al. 1998a; Hwang et al. 2001; Regier
et al. 2005a, 2008, 2010; Mallatt and Giribet
2006; Meusemann et al. 2010; von Reumont and
Burmester 2010; Campbell et al. 2011; Regier
and Zwick 2011; Rota-Stabelli et al. 2011; von
Reumont et al. 2012) in a clade named Tetrac-
onata in reference to the shared presence of four
crystalline cone cells in the compound eye
ommatidia in both groups (Richter 2002). A few

groups of morphologists still argue in support of
Atelocerata (Bitsch and Bitsch 2004; Bäcker
et al. 2008), though this follows as a conse-
quence of either examining a single character
system (e.g. pleurites around the leg base in the
case of Bäcker et al. 2008) or not including the
rival characters for Tetraconata in the analysis.
Morphologists who recognize Tetraconata have
reinterpreted the putative apomorphies of Ate-
locerata as likely being convergences due to
terrestrial habits (Harzsch 2006), and numerical
cladistic analyses that incorporate the neuro-
anatomical evidence for Tetraconata retrieve
that group in favour of Atelocerata (Giribet et al.
2005; Rota-Stabelli et al. 2011). Perhaps, the
only novel argument in support of Atelocerata in
modern times is a similar expression pattern of
the Drosophila collier gene (col) in the limbless
intercalary segment of the head in a few studied
myriapods and insects (Janssen et al. 2011). This
conserved function of col in insects and myria-
pods as a putative synapomorphy is
overwhelmed by a much larger body of neuro-
anatomical and molecular data that speak in
favour of a crustacean–hexapod clade. Thus, the
col function could have been lost in early head
development in crustaceans or may indeed have
evolved convergently in insects and myriapods.

A perfectly resolved Arthropod Tree of Life is
still elusive, but the notion that arthropod phy-
logeny can be depicted as ‘‘chaos’’ (Bäcker et al.
2008) is obsolete. Several patterns, including a
basic unrooted topology, are congruent among
nearly all new sources of data, and today, most
authors interpret the arthropod phylogeny prob-
lem as a rooting problem (Giribet et al. 2005;
Caravas and Friedrich 2010; Giribet and Edge-
combe 2012) and not as alternative conflicting
topologies. These three alternative rootings
result in (a) Pycnogonida as sister to all other
arthropods (=Cormogonida) (Zrzavý et al.
1998a; Giribet et al. 2001); (b) Chelicerata
monophyletic and sister group to Mandibulata
(Regier et al. 2008, 2010; Rota-Stabelli and
Telford 2008; Regier and Zwick 2011; Rota-
Stabelli et al. 2011), or those arthropods with
true mandibles (Edgecombe et al. 2003), as
opposed to cheliceres or chelifores; and (c) a
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clade named Paradoxopoda (=Myriochelata) that
joins myriapods with the chelicerate groups
(Friedrich and Tautz 1995; Hwang et al. 2001;
Mallatt et al. 2004; Pisani et al. 2004; Mallatt
and Giribet 2006; Dunn et al. 2008; von
Reumont et al. 2009; Rehm et al. 2011)
(Fig. 2.1a–c). Whereas the choice between these
hypotheses involves the placement of the root, a
few traditional morphological hypotheses pres-
ent more fundamental topological conflict.
Among the conflicting hypotheses are

Atelocerata and Schizoramia (Fig. 2.1d), the
latter uniting Crustaceomorpha and Arachno-
morpha (Bergström 1979; Hessler 1992).

In this chapter, we focus on developments in
two key areas, comparative anatomy and novel
molecular approaches, each of which has
advanced greatly since the publication of the
first arthropod phylogenies combining mor-
phology and multiple molecular markers
(Wheeler et al. 1993; Zrzavý et al. 1998a;
Giribet et al. 2001). Since then, the quantity of

Fig. 2.1 Alternative hypotheses of arthropod relation-
ships, including the three currently recognized rooting
options. a Cormogonida. b Chelicerata versus Mandibulata.

c Paradoxopoda/Myriochelata. d A traditional view of
arthropod relationships with the putative clades Schizor-
amia and Atelocerata/Tracheata
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molecular data devoted to this problem has
increased exponentially with recent genomic
approaches. The techniques used to analyse
developmental and anatomical data have also
improved considerably as a result of new tech-
nological advances. For example, a classical
technique for studying internal anatomy, histo-
logical sectioning, is now aided by computer
reconstruction (e.g. Stegner and Richter 2011 for
cephalocarids). Non-invasive, non-destructive
techniques for anatomical imaging are continu-
ally being refined. Among these are confocal
laser microscopy, micro-computed tomography
and magnetic resonance imaging (Hörnsche-
meyer et al. 2002; Friedrich and Beutel 2010).
Other new techniques have been developed to
focus on particular organ systems, for example,
studies on the circulatory system that apply
micro-CT techniques and 3D reconstruction
with corrosion casting are a source of new
characters for several arthropod groups (Wirkner
and Richter 2004; Wirkner and Prendini 2007;
Huckstorf and Wirkner 2011). While these
techniques have had an impact, they have still
been applied to a limited (yet valuable) number
of taxa, both fossil and extant.

2.3.1 Neural Cladistics

Comparative anatomy was the traditional source
of data for inferring arthropod phylogeny, cou-
pled with evidence from embryonic and post-
embryonic development (Anderson 1973).
Among anatomical systems that are currently
receiving intensive study for their phylogenetic
signal, the nervous system is perhaps prevalent,
an approach that has come to be called neuro-
phylogeny (Richter et al. 2010) or neural cla-
distics (Strausfeld and Andrew 2011). Nervous
system characters had already played an
important role in arthropod phylogenetics in the
early twentieth century (Strausfeld 2012).
Indeed, one of the major insights of this early
neuroanatomical research was the ancestry of
hexapods from crustaceans rather than from
myriapods, a hypothesis that drew its support
from characters that have returned to the

forefront of debate, such as eye ultrastructure
and configurations of the optic neuropils (Han-
ström 1926). A crustacean ancestry of hexapods
laid dormant through the decades in which
myriapods were upheld as the closest relatives of
hexapods, until the mid-1990s. Since then,
neuroanatomists have provided compelling cor-
roboration for crustacean paraphyly as well as
many other key nodes in the arthropod tree by
applying new staining/immunoreactivity and
imaging techniques, coupled with analysis of the
data by cladistic methods.

Character matrices based on the nervous
system (Harzsch 2006; Strausfeld 2009; Straus-
feld and Andrew 2011) consistently resolve
Malacostraca and Hexapoda as more closely
related to each other than either is to Branchio-
poda or is to Maxillopoda, as upheld earlier by
Hanström. Character support for a malacostra-
can–hexapod clade to the exclusion of branchi-
opods is provided by such shared features as
optic neuropils that have a nesting of the lamina,
medulla, lobula and lobula plate and their con-
nections by crossed axons (chiasmata). To
explain the distribution of character states on a
tree in which cephalocarids and remipedes are
positioned stemward of branchiopods within
Tetraconata, branchiopod brains have been
interpreted as secondarily simplified from an
ancestor that shared traits seen in the brains of
malacostracans and remipedes (Strausfeld and
Andrew 2011). Character polarities are, how-
ever, very much dependent upon the exact pat-
tern of relationships between these crustacean
groups and Hexapoda, an area that is subject to
instability between different analyses (notably
for the relationship between remipedes and
cephalocarids).

The mode of development of neural tissue
has played a major role in recent discussion
about where the root should be placed between
the main extant arthropod groups, which corre-
sponds to the controversy over Mandibulata
versus Paradoxopoda. Detailed similarities in
chelicerate and myriapod neurogenesis have
been recognized for nearly a decade (Dove and
Stollewerk 2003; Kadner and Stollewerk 2004;
Mayer and Whitington 2009) and present a
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contrast with the stem cell–like division of
neural precursors in insects and crustaceans
(Ungerer et al. 2011). The question becomes one
of polarity—whether the chelicerate–myriapod
characters are symplesiomorphies, inherited
from the ancestor of all arthropods, or are
potential synapomorphies that provide anatomi-
cal support for Paradoxopoda. To resolve this
matter, neurogenesis in the arthropod sister
group, Onychophora, has been examined using
immunohistochemistry and confocal laser
microscopy (Mayer and Whitington 2009;
Whitington and Mayer 2011), supplemented by
new data from gene expression of Delta, Notch
and ASH (Eriksson and Stollewerk 2010a, b).
The results remain open to interpretation, the
onychophorans being argued to share characters
with insects and crustaceans, being thus a ple-
siomorphic state, which would make the condi-
tion in myriapods and chelicerates apomorphic,
providing positive support for Paradoxopoda
(Mayer and Whitington 2009; Whitington and
Mayer 2011). Other authors instead suggest that
onychophorans possess unique and divergent
character states that cannot be homologized with
those of insects and crustaceans and that myri-
apods have characters of neural precursor cells
that are consistent with Mandibulata rather than
with Paradoxopoda (Eriksson and Stollewerk
2010a). Knowledge on the neurogenesis of
pycnogonids at this level is entirely lacking, but
would constitute an obvious starting point to
look into in order to possibly settle this debate.

The most recent neural cladistic analysis
(Strausfeld and Andrew 2011) has retrieved
Mandibulata as a monophyletic group, but it has
also exposed the ongoing problem of correctly
rooting Arthropoda, for example, Onychophora
unite with Chelicerata as a putative clade for the
same data. The latter grouping is contradicted by
many other kinds of data and signals an incorrect
root position, possibly resulting from a distant
outgroup (annelids were used as an outgroup
rather than as tardigrades and/or cycloneura-
lians). Though Mandibulata is depicted as the
‘‘state of play’’ in some recent studies (as in
Regier et al. 2010; Rota-Stabelli et al. 2011), it
need be cautioned that anatomical and gene

expression data supporting Paradoxopoda con-
tinue to emerge. As an example, we note
expression patterns along the proximo-distal axis
of the limb, specifically the expression domains
of homothorax (hth) and extradenticle (exd).
These are comparable with chelicerates (spiders
and harvestmen) and millipedes (Abzhanov and
Kaufman 2000; Prpic et al. 2003; Prpic and
Damen 2004; Pechmann and Prpic 2009; Sharma
et al. 2012). hth is expressed broadly in much of
the developing appendage, whereas exd is
restricted to the proximal podomeres. Taken
together with the inverse spatial relationship
between hth and exd in onychophorans and
pancrustaceans (Prpic et al. 2003; Prpic and
Telford 2008; Janssen et al. 2010), the expression
data are consistent with a sister group relation-
ship between chelicerates and myriapods.

2.3.2 Novel Molecular Approaches

Understanding of arthropod relationships has
been transformed by molecular data, with vast
refinements in both sampling and techniques
since an initial wave of analyses was conducted
in the early 1990s (Abele et al. 1989; Wheeler
1989; Kim and Abele 1990; Turbeville et al.
1991; Carmean et al. 1992; Spears et al. 1992;
Pashley et al. 1993; Wheeler et al. 1993). Until
the past few years, molecular phylogenies relied
on direct sequencing of a few selected genes that
were amplified with specific primers—an
approach now called a ‘‘target-gene approach’’.
Arthropod phylogenies were often inferred from
nuclear ribosomal genes (Friedrich and Tautz
1995; Giribet et al. 1996; Giribet and Ribera
2000; Mallatt and Giribet 2006; von Reumont
et al. 2009), nuclear protein-encoding genes
(Regier and Shultz 1997; Shultz and Regier
2000; Regier and Shultz 2001; Regier et al.
2004, 2005a), or a combination of these with
mitochondrial genes (Giribet et al. 2001, 2005;
Giribet and Edgecombe 2006). These studies
typically used just a few genes to build trees.
Other analyses instead focused on mitogenomics
(Boore et al. 1995; Hwang et al. 2001; Lavrov
et al. 2002; Masta and Boore 2008; Rota-Stabelli

24 G. Giribet and G. D. Edgecombe



et al. 2010), the analysis of complete mito-
chondrial genomes. Although the early analyses
of mitochondrial genes from the 1990s some-
times yielded contradictory and/or morphologi-
cally anomalous results (Ballard et al. 1992),
many of these problems have now been identi-
fied as resulting from a deficient taxon sampling,
too few molecular data, systematic error or
combinations of these defects.

The target-gene approach still forms the basis
for some modern work on arthropod phyloge-
netics. The number of markers has substantially
increased, drawing on as many as 62 nuclear
protein-encoding genes (Regier et al. 2008; Re-
gier and Zwick 2011), as has the taxon sampling,
up to 75 taxa (Regier et al. 2010). The use of
large numbers of markers obtained through
standard PCR approaches has been an important
advance, and in the case of the arthropod dataset,
it permits a clear choice of Mandibulata over
Paradoxopoda and injects new hypotheses for
crustacean interrelationships (though some of
these have been questioned because they do not
account for serine codon usage bias and are
contradicted under alternative analytical condi-
tions: Rota-Stabelli et al. 2013). The downsides
of this method are that it is time-consuming, it is
difficult to consistently amplify large numbers of
genes for many taxa, and many of the selected
genes may present problems of paralogy that are
difficult to detect by PCR approaches alone
(Clouse et al. submitted).

Developments in sequencing technology and
shotgun approaches following the sequencing of
the first complete eukaryotic genomes of Cae-
norhabditis elegans, Drosophila melanogaster
and Homo sapiens ushered in a new era in the
production of DNA sequence data. ‘‘Next-gen-
eration sequencing’’ uses random sequencing
strategies and automated processes to collect
hundreds or thousands of genes from cDNA
libraries obtained from mRNA, for a fraction of
the effort required to amplify multiple markers.
The genes are processed automatically in phy-
logenetic analyses (Dunn et al. 2008; Edge-
combe et al. 2011) that have come to be known
as ‘‘phylogenomic’’—based on a sizeable frac-
tion of a transcriptome or a genome (Morozova

et al. 2009). The random sequencing of clones
from a cDNA library generates large numbers of
ESTs, and soon, studies combined the data from
full genomes with novel ESTs generated for a
diverse sampling of protostomes (Dunn et al.
2008; Hejnol et al. 2009) or arthropods in par-
ticular (Roeding et al. 2009; Meusemann et al.
2010; Campbell et al. 2011; Rehm et al. 2011;
Rota-Stabelli et al. 2011; von Reumont et al.
2012).

With respect to the basal split in Arthropoda,
EST-based studies to date have come down in
favour of either Paradoxopoda (Fig. 2.1b) or
Mandibulata (Fig. 2.1c), generally observing the
choice between the two to be sensitive to taxon
sampling, but also to gene sampling. The first
EST analyses supported the Paradoxopoda
hypothesis (Dunn et al. 2008; Hejnol et al. 2009;
Roeding et al. 2009; Meusemann et al. 2010),
whereas others support a split between Chelic-
erata and Mandibulata (Campbell et al. 2011;
Rota-Stabelli et al. 2011). The most densely
sampled analysis, which added some crustacean
lineages missing from earlier studies (von Reu-
mont et al. 2012), retrieved Mandibulata when
their entire taxon/character sample was used, but
support shifted to Paradoxopoda when the
matrix was reduced according to criteria that the
authors believed would lessen ‘‘noise’’. The two
hypotheses were likewise found to be variably
supported for different taxonomic samples in
EST analyses by Andrew (2011).

Most EST libraries until 2010 were obtained
using standard Sanger capillary sequencers.
High-throughput sequencing with next-genera-
tion sequence technologies such as Roche 454
(Margulies et al. 2005) and more recently Solexa
Illumina (Illumina_Inc 2007) can produce up to
hundreds of thousands or millions of sequences
per sample, at a fraction of the cost of the earlier
Sanger technology sequencing. These techno-
logical developments will radically increase the
amount of data available for analysis, especially
for non-model organisms (Riesgo et al. 2012).

Molecular data have also made an important
contribution towards producing reliable chron-
ograms of arthropod cladogenesis and diversifi-
cation (Murienne et al. 2010; Sanders and Lee
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2010; Rehm et al. 2011). Palaeontology contin-
ues contributing most of the data to the age of
lineages because minimum ages from fossils
(Fig. 2.2) calibrate the molecular estimates for
divergences. Modern molecular estimates of the
splits between the deep arthropod clades such as
Chelicerata versus Mandibulata (or the rival split
of Paradoxopoda versus Tetraconata) date these
events to the Ediacaran Period (635–542 My)
(Pisani 2009; Erwin et al. 2011; Rehm et al.
2011). This is more consistent with the fossil

record than were earlier analyses that used more
immature clock models, which retrieved diver-
gences between onychophorans and arthropods
and basal splits in Arthropoda dating to the
Cryogenian (reviewed by Pisani 2009). Even so,
the Ediacaran has not yet yielded credible body
or trace fossils of arthropods, and an Ediacaran
‘‘fuse’’ of some tens of millions of years sepa-
rates the latest molecular divergence of arthro-
pods from the first appearance of arthropod
trackways in the early Cambrian.

Fig. 2.2 Relationships between living arthropod lin-
eages with palaeontological calibration. Solid bars indi-
cate the presence of unambiguous fossils assigned to the
crown group, and empty bars indicate the presence of
fossils assigned to the stem group. Fossil data obtained
from original sources and reviews, including Dunlop

(2010) for Chelicerata, Edgecombe (2010) and Rehm
et al. (2011). Relationships within Tetraconata mostly
based on Regier et al. (2010). As a convention, diver-
gences are depicted as shallow as warranted by fossils;
deeper divergences are inferred from molecular dating;
see Sanders and Lee (2010) and Rehm et al. (2011)
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2.4 Advancing Arthropod
Phylogenetics

While many of the new developments discussed
above have contributed to stabilize the arthropod
tree (Fig. 2.2), there are several areas in need of
refinement. In this section, we navigate the main
arthropod clades and suggest possible areas of
inquiry.

The persistent controversy over whether the
root of the arthropod tree identifies Mandibulata
or Paradoxopoda as clades would best be tested
by additional genomic data on Pycnogonida, the
currently unsampled orders of Arachnida, and
Myriapoda. Taxon sampling in those groups is
sparse (e.g. only one myriapod was used in the
currently best-sampled EST analyses; von Reu-
mont et al. 2012), and the EST libraries avail-
able to date for these groups are shallow when
compared to those of other arthropod groups, for
which whole genomes or extensive genetic
resources are at hand (Clark et al. 2007). The
recent sequencing of several pancrustacean
genomes, as well as the first myriapod genome
for the centipede Strigamia maritima and the
genome of the horseshoe crab Limulus poly-
phemus, should be key in resolving some of the
most fundamental questions about deep arthro-
pod phylogeny. Fossil data are also important for
establishing an accurate position of the root
(Edgecombe 2010), but the methodological dif-
ficulties in combining morphology with geno-
mic-level data remain largely unexplored
(Giribet 2010). New kinds of molecular char-
acters should also be more broadly sampled to
include arthropod lineages that have thus far
been unexplored. For example, the hypothesis
that myriapods share two novel micro-RNAs
with crustaceans and hexapods that are not
shared with chelicerates (Campbell et al. 2011;
Rota-Stabelli et al. 2011) has been tabled as a
new argument in favour of a monophyletic
Mandibulata. The presence of these micro-
RNAs should be determined in more myriapods
(e.g. symphylans and pauropods), crustaceans
and arachnids.

2.4.1 Chelicerata

Euchelicerata is nearly always identified as
monophyletic, apart from in some mitogenomic
analyses (e.g. Masta et al. 2009), which have
repeatedly placed pycnogonids within Arach-
nida, often attracted to Acari, and in some trees
that were not based on explicit data analysis
(Simonetta 2004). Beyond the relatively
straightforward question of euchelicerate
monophyly, though, molecular datasets to date
(Wheeler and Hayashi 1998; Giribet et al. 2002;
Masta et al. 2009; Pepato et al. 2010; Regier
et al. 2010) have mostly conflicted with mor-
phology (Shultz 1990; Wheeler and Hayashi
1998; Giribet et al. 2002; Shultz 2007), apart
from identifying the clade Tetrapulmonata (and
in some cases recovering its internal phylogeny
congruently with morphology; Regier et al.
2010). In many analyses, the molecules have not
even recovered the basal dichotomy between
Xiphosura (horseshoe crabs) and Arachnida.
Possible causes for the difficulty in recovering
these relationships are the old history of the
group, the extinction of key lineages (arachnids
include several high-ranking extinct groups such
as the orders Trigonotarbida, Haptopoda and
Phalangiotarbida, as well as stem-group arach-
nid taxa such as Eurypterida and Chasmataspi-
dida; Dunlop 2010) or intrinsic problems of the
molecular data. The monophyly and phyloge-
netic affinities of Acari (Dunlop and Alberti
2008; Pepato et al. 2010) and the precise posi-
tion of Palpigradi and Ricinulei remain as some
of the most puzzling issues. Likewise, chal-
lenging are the relationships between a set of
arachnid orders that have been regarded as sol-
idly placed from the perspective of morphol-
ogy—Scorpiones, Opiliones, Pseudoscorpiones
and Solifugae. The currently favoured morpho-
logical hypothesis in which scorpions and
harvestmen form the clade Stomothecata (Shultz
2007) conflicts with the largest available
molecular datasets for arachnids (Regier et al.
2010). The latter unite scorpions with the tetra-
pulmonates, but that group (Pulmonata in Regier
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et al. 2010) is not strongly supported. A similar
situation pertains to pseudoscorpions and soli-
fuges. Their grouping as a clade, Haplocnemata,
is widely endorsed by arachnologists because of
numerous shared derived morphological char-
acters (Weygoldt and Paulus 1979; Shultz 2007).
Alternative sister groups based on nuclear genes
(Solifugae ? Ricinulei; Pseudoscorpiones ?

parasitiform Acari) have weak support (Regier
et al. 2010). Figure 2.2 depicts the relationships
between these groups as resolved by
morphology.

A sister group relationship between Pycno-
gonida and Euchelicerata has a long tradition
among morphologists, though few strong syna-
pomorphies have been identified (Dunlop and
Arango 2005). The main alternative placement
for Pycnogonida, as sister group to all other
arthropods according to the Cormogonida
hypothesis (Fig. 2.1a), has been based on
absences of certain morphological characters
shared by other arthropods, such as interseg-
mental tendons and a labrum or labral anlagen,
being interpreted as primitively absent. Recent
electron microscopic study of pycnogonid
embryos in search of potential labral homo-
logues has failed to identify a plausibly homol-
ogous structure (Machner and Scholtz 2010),
which is consistent with a position of Pycno-
gonida outside Euchelicerata ? Mandibulata.
Additional characters that have been tabled as
potentially plesiomorphic in pycnogonids refer to
the presence of a terminal mouth at the end of a
proboscis and a Y-shaped pharynx (Miyazaki
2002), both characters widely found in the in-
trovertan ecdysozoans and in some tardigrades
(Schmidt-Rhaesa et al. 1998; Giribet 2003). The
choice between Chelicerata (i.e. Pycnogon-
ida ? Euchelicerata) and Cormogonida is not
decisively settled with current molecular data-
sets, although the former seems to be preferred.
The sister group relationship between pycnogo-
nids and euchelicerates was retrieved by Regier
et al. (2010) in their analyses of nuclear coding
genes, though they observed a ‘‘more basal
placement of Pycnogonida’’ (i.e. Cormogonida)
to provide only a marginally poorer fit to the data.

2.4.2 Myriapoda

The rediscovery of myriapod monophyly has
been identified as one of the successes of
arthropod molecular phylogenetics (Regier et al.
2008). A long tradition of postulating that
Myriapoda was non-monophyletic resulted from
the Atelocerata hypothesis. In that framework,
myriapods were identified as a grade from which
hexapods evolved (Dohle 1980; Kraus and
Kraus 1994, 1996). From the mid-1960s through
the mid-1990s, myriapod paraphyly often took
the form of Progoneata (symphylans, pauropods
and diplopods) being sister group of Hexapoda
in a putative clade called Labiophora, with
Chilopoda being sister group to that assemblage.
Intriguingly, key proponents of arthropod poly-
phyly through that era were strong defenders of
the monophyly of Myriapoda (e.g. Anderson
1973). Sidnie Manton (1964) perceptively
observed that myriapods share a unique structure
of the tentorial endoskeleton which has come to
be known as the ‘‘swinging tentorium’’.
Throughout Myriapoda, the posterior process of
the tentorium is fused to a transverse bar that
extends to the lateral cranial wall (Koch 2003a);
downward and outward movements of these
tentorial apodemes provide the abductor force
that opens the mandibles. This character system
remains an autapomorphy of Myriapoda.

The rediscovery of Myriapoda is linked to the
demise of Atelocerata. The unambiguous
molecular and very strong neuroanatomical
support for a hexapod–crustacean clade that
excludes Myriapoda effectively solves the
question of myriapod paraphyly; if the shared
characters of Myriapoda no longer have to be
seen as atelocerate symplesiomorphies, then the
only parsimonious solution is to identify them as
myriapod autapomorphies (Shear and Edge-
combe 2010). Recent analyses that used a broad
sampling of genes and taxa (Regier et al. 2010;
Regier and Zwick 2011) have resolved Myria-
poda as monophyletic, with strong support,
corroborating previous molecular phylogenetic
analyses.

28 G. Giribet and G. D. Edgecombe



A challenge to myriapod monophyly had
been raised in neural cladistic analyses, specifi-
cally a possibility that Diplopoda could be
basally positioned in Arthropoda, falling outside
a group that united other myriapods with Tetr-
aconata and that ‘‘partial Mandibulata’’ clade
with Chelicerata (Loesel et al. 2002; Strausfeld
et al. 2006). This hypothesis is derived from the
absence of a specific midline neuropil in the
brain in spirostreptid millipedes that is shared by
other arthropods (as well as onychophorans).
Expanded character and taxonomic sampling in
neural cladistic datasets have corrected this
anomalous placement of millipedes: Diplopoda
and Chilopoda are sister groups in current
cladograms (Strausfeld and Andrew 2011). The
addition of comparable data for Symphyla and
Pauropoda is an obvious target for future work.

Shifting attention from myriapod monophyly
to the basal split within the group, the 75-taxon,
62-gene dataset (Regier et al. 2010; Regier and
Zwick 2011) yielded a division that corresponds
to the standard morphological tree, that is, Chi-
lopoda as sister group to Progoneata. Within
Progoneata, however, conflict with morphology
emerges, and this presents the most pressing
issue in Myriapoda as a whole. The union of
diplopods and pauropods as a clade named
Dignatha has not been seriously challenged from
the perspectives of morphology and develop-
ment (Dohle 1980; Shear and Edgecombe 2010).
These putative sister groups share many detailed
characters, including a limbless post-maxillary
segment, the vas deferens opening on conical
penes on the same trunk segment, spiracles at
the bases of the walking legs that open to tra-
cheal pouches, a motionless post-hatching
(‘‘pupoid’’) stage and three leg pairs in the first
free-living stage. Because of the strength of
support for Dignatha from these similarities, it
was unexpected when sequence-based analyses
instead retrieved a grouping of Pauropoda with
Symphyla rather than with Diplopoda (Regier
et al. 2005b; Gai et al. 2008; Regier et al. 2010;
Dong et al. 2012). However, pauropods and
symphylans have been seen to attract in anom-
alous positions (sometimes even falling outside
Arthropoda) in analyses of nuclear ribosomal

genes (Giribet and Ribera 2000; von Reumont
et al. 2009). Their grouping with nuclear coding
genes thus needs to be critically evaluated as a
possible artefact of systematic error.

2.4.3 Tetraconata

Monophyly of Tetraconata has long been rec-
ognized from diverse molecular datasets (see
citations above) and indeed has never been
challenged by Atelocerata in any sequence-
based analysis. Tetraconata is in no sense a
‘‘molecular grouping’’, though, as explained
above, it reflects a hypothesis put forward by
neurobiologists in the early twentieth century,
and in its contemporary form, it is reinforced by
important morphological characters of eye
ultrastructure (Richter 2002), brain and optic
lobe anatomy (Harzsch and Hafner 2006;
Strausfeld 2009; Strausfeld and Andrew 2011),
serotonin reactivity in the nerve cord (Harzsch
2004) and similarities in neurogenesis (Ungerer
and Scholtz 2008).

Whether crustaceans are monophyletic or pa-
raphyletic with respect to hexapods (Schram and
Koenemann 2004; Giribet et al. 2005; Richter
et al. 2009) and if the latter, precisely which
crustacean lineage constitutes the sister group of
hexapods, remain labile (Grimaldi 2010). The
case for crustacean paraphyly has mostly come
from molecular datasets, but morphologists have
been far from universal in endorsing the tradi-
tional hypothesis of a monophyletic Crustacea.
Schram and Koenemann (2004) and Richter et al.
(2009) evaluated most of the traditionally diag-
nostic or putatively autapomorphic characters of
Crustacea and found that they are often ambigu-
ous or likely symplesiomorphic. Cladistic
analyses of neural characters, either manually
computed (Harzsch 2006) or analysed using
parsimony programs (Strausfeld et al. 2006;
Strausfeld and Andrew 2011), resolve Crustacea
as paraphyletic with respect to Hexapoda.

The alternative sister group hypotheses for
each major crustacean clade have been summa-
rized (Jenner 2010), so we focus on develop-
ments in the latest molecular analyses using
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large numbers of genes. Among these are some
new hypotheses not anticipated based on other
data sources. For example, an analysis of 62
markers suggests that a putative clade composed
of Cephalocarida ? Remipedia (named as
Xenocarida) is sister to Hexapoda, while Bran-
chiopoda forms a clade with Malacostraca,
Thecostraca and Copepoda (Regier et al. 2010).
The latter grouping, named Multicrustacea by
Regier et al. (2010), has also been retrieved
using different kinds of molecular data, notably
the EST analyses of Meusemann et al. (2010)
and Andrew (2011) and compilations of molec-
ular and morphological data by Oakley et al.
(2013). The branchiopod–malacostracan–hexa-
pod three-taxon statement lies at the heart of
current conflict between various datasets and
analyses. Rather than grouping branchiopods
and malacostracans together (as in Regier et al.
2010), neural cladistics instead identifies Mala-
costraca as the likely sister group of hexapods
(Strausfeld 2009; Strausfeld and Andrew 2011).
In contrast to both of these resolutions, larger
gene samples in EST analyses repeatedly resolve
Branchiopoda as sister group to Hexapoda
(Roeding et al. 2009; Meusemann et al. 2010;
Campbell et al. 2011; Rota-Stabelli et al. 2011),
although Cephalocarida and Remipedia were not
sampled in those studies. The first ESTs of
remipedes suggest that they are indeed the sister
group of Hexapoda (von Reumont et al. 2012),
but an alliance with Cephalocarida has not yet
been tested, and these data reflect the signal of
earlier EST analyses in resolving branchiopods
as more closely related to remipedes and hexa-
pods than are malacostracans. A comparable
clade composed of branchiopods ? cephalocar-
ids and remipedes ? hexapods was named Al-
lotriocarida by Oakley et al. (2013). Denser
taxon sampling of key crustacean lineages (e.g.
Mystacocarida) is still needed in phylogenomic
analyses before a definitive solution can be
proposed. In particular, the attraction of remi-
pedes and cephalocarids warrants close scrutiny
because this relationship has not been antici-
pated from the perspective of morphology,
though it has been detected for some time in

molecular datasets (Giribet et al. 2001; Regier
et al. 2005a). Reanalysis of the Regier et al.
(2010) 62-gene dataset by Rota-Stabelli et al.
(2013) found the remipede–cephalocarid
grouping to be model dependent and sensitive to
the analysis of either nucleotides or amino acids.
Irrespective of the eventual placement of
Cephalocarida, the congruent signal from large
samples of nuclear coding genes (Regier et al.
2010) and ESTs (von Reumont et al. 2012),
together with the discovery of hexapod-type
haemocyanins in remipedes (Ertas et al. 2009),
makes a strong case for Remipedia being closely
allied to hexapods.

The issue of hexapod monophyly was for a
few years disputed in some mitogenomic anal-
yses (Carapelli et al. 2007), but has since been
resolved in favour of a single origin using larger
molecular datasets (Timmermans et al. 2008;
Meusemann et al. 2010; Regier et al. 2010; von
Reumont et al. 2012; Oakley et al. 2013). At the
base of Hexapoda, the status of Entognatha as a
clade or a grade remains sensitive to taxon
sampling and methods of molecular data analy-
sis (Giribet et al. 2004). Morphologists had, over
the past 20 years, largely abandoned Entog-
natha, arguing that enthognathy in collembolans
and proturans did not have a common origin
with that in diplurans (Koch 1997, 2000), and
the latter instead shared derived characters with
Ectognatha, that is, ‘‘Entognatha’’ was a para-
phyletic group (Bitsch and Bitsch 2004; Giribet
et al. 2005, among others, from numerical cla-
distic analyses; Machida 2006 from embryo-
logical data; Dallai et al. 2011 from sperm
ultrastructure). The resurrection of Entognatha
as a possible clade is a recurring theme in
molecular analyses, which also produced a novel
hypothesis within that group—Nonoculata. The
Nonoculata hypothesis advocates a sister group
relationship between Protura and Diplura to the
exclusion of Collembola. It was originally pro-
posed based on nuclear ribosomal genes (Giribet
et al. 2004; Luan et al. 2005; Gao et al. 2008;
von Reumont et al. 2009), but has found further
support in some phylogenomic analyses (Me-
usemann et al. 2010). Nonoculata was a novel
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solution because it conflicted with the standard
morphological hypothesis of a sister group
relationship between Protura and Collembola, a
group named Ellipura. Morphologists have,
however, observed that Nonoculata is able to
accommodate some anatomical features shared
by proturans and diplurans but not collembolans
(Koch 2009). The situation remains contentious
because denser taxon sampling in EST analyses
yields trees that unite Protura and Collembola as
Ellipura, rather than giving support for Non-
oculata (von Reumont et al. 2012).

A few phylogenetic problems remain unre-
solved at the base of the insect tree. Among
them is the position of the relictual silverfish
Tricholepidion relative to remaining Zygentoma
(Wygodzinsky 1961). In some analyses,
Tricholepidion appears as sister group to
Dicondylia (Zygentoma ? Pterygota) (Beutel
and Gorb 2001; Giribet et al. 2004), whereas
other data speak in favour of it being sister group
to other Zygentoma or within that group (Koch
2003b; Dallai et al. 2004).

Monophyly of the winged insects (Pterygota)
has been recognized since the earliest studies of
insect phylogeny, but the resolution of the basal-
most lineages of winged insects, Odonata and
Ephemeroptera, remains contentious to this date.
Current datasets support either their grouping as
a clade named Palaeoptera or that they comprise
a grade leading to Neoptera in either of the two
possible arrangements, which represent the
Metapterygota and Chiastomyaria hypotheses
(Hovmöller et al. 2002; Ogden and Whiting
2003; Whitfield and Kjer 2008; Simon et al.
2009; Trautwein et al. 2012). This conundrum
has been called ‘‘the Palaeoptera problem’’ and
qualified as presently ‘‘intractable’’ (Trautwein
et al. 2012), although recent morphological work
based on head structure adds support to Palae-
optera (Blanke et al. 2012). Neopteran mono-
phyly is widely accepted, but two of the three
putative lineages nested within it, Polyneoptera
and Paraneoptera (= Acercaria), lack robust
support, and the cladistic structure of the tree
remains poorly understood (Trautwein et al.
2012). Exciting developments within Polyneop-
tera are the discovery and systematic placement

of the order Mantophasmatodea (Klass et al.
2002; Terry and Whiting 2005; Cameron et al.
2006; Eberhard et al. 2011), the inclusion of
Isoptera as a family of Blattodea (Terry and
Whiting 2005; Inward et al. 2007) and the pos-
sible resolution of Zoraptera as the sister group
to the dictyopteran orders (Ishiwata et al. 2011).

Resolution within Holometabola is now
comparatively stable, including the acceptance
that fleas are members of the scorpionfly order
Mecoptera (Whiting 2002; Wiegmann et al.
2009; Friedrich and Beutel 2010). Recent anal-
yses have resolved ‘‘the Strepsiptera problem’’
(Whiting et al. 1997) towards the Coleoptera
side, placing them as the sister group of beetles
(Niehuis et al. 2012). The early divergence of
Hymenoptera, which comprises the sister group
to all other Holometabola, has found recent
support in analyses of both single-copy nuclear
genes (Wiegmann et al. 2009) and morphology
(Friedrich and Beutel 2010).

2.5 Final Remarks

New approaches to studying anatomy and
molecular analyses that are increasingly
becoming phylogenomic in scope have con-
verged on many of the main issues in arthropod
phylogeny. Monophyly of Ecdysozoa, Panar-
thropoda and an Onychophora ? Arthropoda
clade provides a context for evaluating the
internal phylogeny of Arthropoda, which is itself
unambiguously monophyletic. Pycnogonida and
Euchelicerata probably form a clade, Chelicer-
ata, and its most likely sister group is Mandib-
ulata, though various lines of evidence still
signal an alternative alliance between chelicer-
ates and myriapods, or Paradoxopoda. Myria-
poda is monophyletic and in the context of
Mandibulata constitutes the sister group to
Tetraconata, composed of a paraphyletic Crus-
tacea from which a monophyletic Hexapoda
arose, most probably from a shared ancestor
with Remipedia (and doubtfully Cephalocarida).
Key outstanding issues are the interrelationships
between arachnid orders and crustacean classes,
notably whether cephalocarids group with
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remipedes and whether branchiopods or malac-
ostracans are more closely related to remipedes
and hexapods or to each other. The dating of
arthropod diversification needs to be refined by
improved clock methods and careful integration
of fossil constraints. Geologically, Chelicerata
(at least Pycnogonida) have a Cambrian origin,
while Arachnida started diversifying by the
Early Silurian, probably concurrently with
Myriapoda. The deepest splits within Tetraco-
nata demonstrably date to no younger than the
Cambrian, as shown by spectacularly preserved
Late Cambrian fossils that can be identified as
branchiopods, copepods and ostracods (Harvey
et al. 2012), and early Cambrian maxillopodan-
type metanauplius larvae (Zhang et al. 2010; see
Chap. 15). Though molecular dating and pala-
eontologically inferred ghost lineages date the
origins of Hexapoda to the Cambrian, the
clade’s diversification is probably Silurian–
Devonian and has been correlated with the
origin of vascular plants (Kenrick et al. 2012).
We expect that with the current availability and
facilities for generating genomic data of a
diverse selection of arthropods, a broad con-
sensus will be found for the most diverse group
of animals, a group with more than 500 million
years of evolutionary history.
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3.1 Introduction

Arthropods represent the largest majority of
animal biodiversity and include organisms of
economic interest and key model species. It is
thus unsurprising that the genome of an arthro-
pod, the fruit fly Drosophila melanogaster, was
among the very first to be sequenced (Adams
et al. 2000) and that to date, about 21 Drosophila
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genomes as well as a variety of other arthropod
genomes have been sequenced. Despite this
promising start, current sampling is biased
towards economically relevant species, and a
suitable close outgroup to the arthropods, which
is necessary to polarise genomic studies, is still
missing. Among the suitable outgroups to the
Arthropoda, the Nematoda represent one of the
largest components of the extant animal
biomass, and their economic importance is
comparable to that of the more biodiverse
arthropods. As with the Arthropoda, the impor-
tance of the nematodes is reflected in the fact
that the very first animal genome to be
sequenced was that of the nematode Caeno-
rhabditis elegans (The C. elegans genome con-
sortium 1998). Despite the nematodes being
phylogenetically close to the arthropods
(Aguinaldo et al. 1997; Copley et al. 2004;
Dopazo and Dopazo 2005; Philippe et al. 2005;
Irimia et al. 2007; Roy and Irimia 2008; Dunn
et al. 2008; Belinky et al. 2010; Hejnol et al.
2009; Holton and Pisani 2010), this group is
composed of highly derived species, both
genetically and morphologically. Accordingly,
their genomes are unlikely to be of great utility
in understanding arthropod genome evolution.
Some genomic data (mostly in the form of
transcriptomes) are now available for other
smaller ecdysozoan phyla, and some genomes
(Priapulida and Tardigrada) are on the horizon.
Nonetheless, enough genomic information is
now available for the Arthropoda (Table 3.1) to
justify an investigation into the evolution of their
genome. Such an analysis, however, is inti-
mately dependent on the availability of a robust
phylogenetic background, and to a lesser extent,
robust divergence times for the nodes in the
background phylogeny.

In this chapter, we present an overview of
arthropod mitochondrial genomics (Sect. 3.2)
and nuclear genomics (Sect. 3.3). We then
exploit the available genomic information to
investigate the evolutionary origin of novel
proteins (orphan gene families) in the arthropod
proteome (Sect. 3.4). We notably present the
first genomic-scale data set for the Onychophora
and include it in our analyses to be able to

consider the closest sister group of the
Arthropoda (see Campbell et al. 2011) when
identifying orphan gene families. Inclusion of
new data for the Onychophora is key to this
study as it allows the correct identification of the
orphan protein families that arose in the stem
arthropod lineage.

3.2 Arthropod Mitogenomes:
Useful, but Hazardous Small
Genomes

Each cell contains up to hundreds of mitochon-
dria, and each mitochondrion possesses many
copies of their own small, typically circular,
genome (mitogenome or mtDNA). Therefore,
mitochondrial genes largely outnumber the
nuclear ones in terms of their copy number by
several orders of magnitude, making mitochon-
drial genes easy to extract and amplify.
Accordingly, there has been an exceptional
amount of articles published that attempted (not
always successfully) to resolve the phylogenetic
relationships within Arthropoda (and more
broadly Metazoa) using mtDNA. Other reasons
behind the fortunes of mtDNA are as follows: a
relatively conserved gene set, the unambiguous
orthology of genes, the presence of rare genetic
changes, and the availability of universal prim-
ers for many lineages. Other characteristics of
the mitogenome, however, make it a doubled-
edged sword. These are accelerated mutation
rate due to uniparental inheritance, and severe
biases in the composition of nucleotides that are
often responsible for the dilution of the phylo-
genetic signal in mtDNA (Bernt et al. 2012).
In this section, we review some of these aspects.

3.2.1 Mitogenomic Studies

Mitogenomic studies have helped throughout the
1990s and 2000s to elucidate some arthropod
affinities. For example, one of the earliest studies
providing robust, non-rRNA based, evidence in
support of the Pancrustacea used mtDNA gene
order comparisons (Boore et al. 1998) and
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mtDNA sequence phylogeny (Hwang et al.
2001). However, in some cases, mitogenomic
studies have pointed towards likely incorrect
topologies, for example, suggesting a Myriapoda
plus Chelicerata grouping (Hwang et al. 2001;
Negrisolo et al. 2004; Pisani et al. 2004), which
has also been uncovered by some analyses of
nuclear coding genes (e.g. Pisani et al. 2004;
Dunn et al. 2008; Roeding et al. 2009; Hejnol
et al. 2009; Meusemann et al. 2010) and that
most likely represent a long-branch attraction
artefact (Pisani 2004; Rota-Stabelli and Telford
2008; Rota-Stabelli et al. 2010; Campbell et al.
2011; Rota-Stabelli et al. 2011). This topology
was most likely the result (in the case of the
mtDNA analyses) of a systematic error caused
by the use of distant outgroups and composi-
tionally biased taxa (Rota-Stabelli and Telford
2008). Such features of the mitochondrial

genomes may seriously affect phylogenetic
reconstruction unless they are taken into account
when inferring phylogenies (Rota-Stabelli et al.
2010).

Utility of the mitochondrial genomes is not
restricted to phylogeny. The most widely used
arthropod barcode is a region of approximately
650 nucleotides of the subunit I of the cytochrome
oxidase complex (COX1)—a mitochondrial
gene. Other mitochondrial genes (NADH4, for
example) are occasionally added to COX1 to
improve resolution. A possible risk with mtDNA-
based barcoding is the amplification of pseudo-
genes numts (nuclear copies of mitochondrial
genes), which may disrupt barcoding studies.
In addition, single gene barcoding has been
shown to fail occasionally and the advent of NGS
makes it an obsolete approach (Taylor and Harris
2012). Nevertheless, barcoding remains the

Table 3.1 The most important of the available Arthropod genomes

Species Genome size
(Mb)

GC
(%)

Chromosomes Genes Transcripts

Chelicerata Acari-
Acariformes

Tetranychus
urticae

89.6 32.3 N/A N/A 18,414

Chelicerata Acari-
Parasitiformes

Ixodes scapularis 1,896.32 45.5 15 7,112 5,867

Myriapoda Chilopoda Strigamia
maritima

173.61 35.7 N/A N/A N/A

Crustacea
Branchiopoda

Daphnia pulex 158.62 40.8 N/A 30,613 30,611

Hexapoda
Phthiraptera

Pediculus
humanus

108.37 27.5 N/A 10,993 10,775

Hexapoda
Coleoptera

Tribolium
castaneum

210.27 38.4 10 10,132 9,833

Hexapoda
Hemiptera

Acyrthosiphon
pisum

464 29.6 4 N/A 11,089

Hexapoda
Hymenoptera

Apis mellifera 250.29 16 N/A N/A

Hexapoda
Lepidoptera

Bombyx mori 431.75 37.7 28 N/A N/A

Hexapoda
Lepidoptera

Heliconius
melpomene

269 21 12,669 N/A

Hexapoda
Diptera

Drosophila
melanogaster

139.73 42.2 6 15,431 24,113

Hexapoda
Diptera

Aedes aegypti 1,310.11 38.3 3 16,684 16,785

Hexapoda
Diptera

Anopheles
gambiae

265.03 44.5 5 13,240 14,099

N/A not available. All the values in the table were obtained either from the NCBI website or from the original genome
paper
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method of choice for biodiversity studies (likely
because its simplicity and low cost makes it
appealing to founding agencies).

To date, there are more than 300 complete
arthropod mitochondrial genomes, and partial
sequences are in excess of a million. The taxo-
nomic sampling is, however, extremely biased
towards economically relevant species: 47 cheli-
cerates (mostly ticks and mites), 53 crustaceans
(mostly malacostracans), 198 insects (mostly
beetles, dipterans, and hemipterans), and only 9
myriapods. Still, most major orders and classes
are now represented, thus providing an invaluable
starting point for comparative analyses.

3.2.2 The Structure of the Arthropod
Mitochondrial Genome

Arthropod mtDNA varies in size from less than
14,000 bp in the spider Ornithoctonus huwena
to more than 19,000 bp in D. melanogaster. This
difference is almost entirely due to non-coding
intergenic regions, particularly the major non-
coding region commonly called control region.
Due to its low structural constraints and high
tendency to accumulate A and T nucleotides,
this region is also called the AT-rich region. The
AT-rich region is involved in both replicative
and transcriptional processes and typically con-
tains structural elements like hairpin loops and
thymidine stretches (Zhang and Hewitt 1997),
elements that do not seem to be conserved
throughout the arthropods.

The gene content of the arthropod mtDNA is
the same as in most other bilaterians; it typically
consists of 13 coding genes, 2 ribosomal RNA
subunits, and 20 tRNAs (Boore 1999). This gene
set is highly conserved throughout the phylum,
although a few exceptions can be found.
Examples include a tRNA-Ser duplication in
Thrips imaginis (Hexapoda: Thysanoptera)
(Shao and Barker 2003), a tRNA-His duplication
in Speleonectes tulumensis (‘Crustacea’: Remi-
pedia) (Lavrov et al. 2004), and a tRNA-Cys
triplication in Pollicipes polymerus (‘Crustacea’:
Cirripedia) (Lavrov et al. 2004). Many arthropod
mitochondrial coding genes lack a stop codon

(TAA or TAG) and possess a single T or TA at
the 3-terminal end. The correct stop codon is
then assembled by the polyadenylation of an
excised, presumably polycistronic, transcript.
Although most arthropod mitogenomes use the
invertebrate genetic code, it has been shown that
some lineages use a slightly different code
(Abascal et al. 2006). Remarkably, this new
genetic code is scattered throughout the arthro-
pod tree.

Although the gene content is conserved
throughout the arthropods, the gene order may
vary significantly (Lavrov et al. 2004). Com-
parative studies have determined an arthropod
ancestral gene order, which is represented
(retained) by Limulus polyphemus, while the
pancrustacean gene order differs from that of all
the other arthropods by the position of one of the
two leucine tRNAs. tRNAs in general are mostly
responsible for variation in gene order as they
are hot spots of recombination. Less often,
coding genes change their position or swap
strand, allowing for variation in gene-specific
strand asymmetry, as detailed below.

3.2.3 Arthropod Mitogenomes:
A Composition Nightmare

The main source of compositional heterogeneity
in mtDNA is mutational pressure, which is
correlated with a deficiency in the mtDNA repair
system and with a consequent inefficiency at
replacing erroneous insertions of A nucleotides
(Reyes et al. 1998). Compared to other meta-
zoans, arthropod lineages are typically enriched
in A and T. In the absence of strong purifying
selection, this mutational pressure affects also
encoded proteins, which are enriched in amino
acids encoded by A+T-rich codons (Foster et al.
1997; Foster and Hickey 1999; Rota-Stabelli
et al. 2010). The effect of this mutational pres-
sure depends on structural constraints acting on
the genes: more conserved genes such as COX1
accumulate fewer A+T mutations than poorly
constrained genes such as ATP8. In addition, not
all positions of a gene are affected in a similar
way: while the 1st and 2nd codon positions are
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more constrained by the genetic code, the 3rd
codon positions are more prone to accumulate
A+T mutations and experience saturation of
replacement events (Fig. 3.1a). Interestingly,
1st codon positions show a different A+T
replacement pattern from the 2nd. This advo-
cates the employment of different models of
evolution for the 1st and 2nd codon positions
and the exclusion of the 3rd codon positions
when performing phylogenetic reconstruction
from nucleotide sequences. This would, at least
partially, compensate for possible artefactual
attraction in the case that unrelated species have
a similarly increased A+T content.

The A+T content is not homogenously dis-
tributed throughout the arthropods: some groups
such as Pycnogonida, Acari, and some insects
are more A+T rich than other lineages
(Fig. 3.1b). This uneven distribution of nucleo-
tide content may have been responsible for the

artefactual attraction of, for example, Acari and
Pycnogonida in published phylogenetic studies
(Podsiadlowski and Braband 2006). In some
species such as the bees Apis mellifera and
Melipona bicolor and the hemipterans Schiza-
phis graminum and Aleurodicus dugesii (grey
dots in Fig. 3.1b), the A+T content reaches
extremely high values, the highest ever reported
for eukaryotic coding genes.

Strand asymmetry is another type of compo-
sitional heterogeneity affecting mtDNA. This
bias is related to the origin and direction of
mtDNA replication (Reyes et al. 1998) and leads
one strand to become enriched in G (and to a
lesser extent in T), while the other strand
become enriched in C (and less in A). Strand
asymmetry is generally expressed in terms of
GC-skew. Although all genes in a mitochondrial
genome usually have a similar A+T content,
homologous genes from different organisms may

Fig. 3.1 Compositional heterogeneity in arthropod
mitogenomes. a A+T % content of the three codon
positions plotted against that calculated on the whole
mtDNA. Second codon position is the most constrained,

while 3rd codon position changes so dramatically that
reaches plateau in some species. b A+T % calculated on
the whole mtDNA in different arthropod lineages.
Nucleotide content varies between and within classes
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have extremely different, sometimes opposite,
GC (and AT)-skew: this depends on the strand
on which the gene is located, and on its position
relative to the origin of replication (Lavrov et al.
2000). Therefore, there is a link between strand
asymmetry and gene order.

In arthropods, most mtDNA coding genes are
characterised by a negative GC-skew (they have
more C than G), while four genes that lie on the
opposite strand are characterised by a positive
GC-skew. This situation is characteristic, in
particular, of species characterised by the
arthropod ancestral gene order (as in Fig. 3.2a).
In some species, the GC-skew is opposite for all
the genes, although the gene order is substan-
tially identical to that of the ancestral arthropods
(Fig. 3.2b). In such cases, it is the origin of
replication (the control region) that underwent a
modification, for example, a duplication or an
inversion of strand. In other cases, all genes may
have been translocated on the same strand, so
that all the genes possess either a positive or a
negative GC-skew (Fig. 3.2c).

3.2.4 The Hazards of Using Arthropod
Mitochondrial Genomes
for Phylogenetics

It has been shown that both sources of compo-
sitional heterogeneity (A+T mutational pressure
and strand asymmetry) may play strong roles in
generating artefactual mitogenomic phylogenies
(Hassanin et al. 2005; Rota-Stabelli et al. 2010).
Compositional problems are worsened by the
accelerated rate of evolution of mitogenomic
sequences, which is related to the uniparental
inheritance characterising mitochondria. An
effective approach to deal with these problems is
to improve models of mitochondrial sequence
evolution both at the nucleotide (Hassanin et al.
2005) and protein level (Abascal et al. 2007;
Rota-Stabelli et al. 2009). However, if the biases
are too strong to be accounted for using models,
one might have to try to highlight potentially
incorrect topologies by experimenting with
character exclusion strategies targeting more
affected genes or codon positions (e.g.

Rota-Stabelli et al. 2010). Sophisticated evolu-
tionary models which account for among site
and among branch heterogeneity (Foster 2004;
Blanquart and Lartillot 2008) are useful to lessen
the effects of these mitochondrial compositional
biases. Another obvious approach is to enlarge
or modify taxonomic sampling. More taxa may
break problematic branches and reduce the
number of homoplasies responsible for long-
branch (or compositional) attractions. In some
conditions, when addition of more taxa does not
seem to be breaking long branches, it might be
useful to carry out experiments in which taxon
sampling is modified (by taxon removal) and the
effect of these taxonomic reductions on the
analyses is monitored (e.g. Rota-Stabelli et al.
2012; Campbell et al. 2011). More generally, it
is advisable to conduct an exploratory compo-
sitional analysis of the properties of the mito-
chondrial genomes under consideration prior to
phylogenetic inference. This is particularly true
for the arthropods, which include some highly
derived lineages, parasites, for example, whose
particular lifestyle is responsible for bottleneck
events and therefore extreme acceleration of
substitution rates or divergent nucleotide
compositions.

Compositional biases (and related phyloge-
netic artefacts) have been primarily studied
using mitogenomic data sets (Foster et al. 1997).
The advent of the phylogenomic-type (nuclear)
data sets has been initially seen as a relief in
terms of compositionally related biases. This
may, however, not be the case: the community is
just noticing that even large genomic data sets
are not free from compositional problems that
can cause serious phylogenetic artefacts (Nab-
holz et al. 2012; Rota-Stabelli et al. 2012). Still,
the origins of such biases in nuclear genomic
data are largely not known.

3.3 Arthropod Comparative
Genomics

The study of arthropod genomics started with
the sequencing of the genome of the fruit fly D.
melanogaster (Adams et al. 2000). Currently,
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Fig. 3.2 Strand asymmetry in arthropod mitogenomes.
Each gene in the mtDNA is characterised by a different
propensity to accumulate mutations towards G or C. This
is because different genes lie on different strands and
each strand has his own mutational pressure, described
here by the GC-skew statistics. a In most arthropods, the
majority of genes are on the same strand and possess a
negative GC-skew; the ORF of NADH4, NADH5

NADH4L and NADH1 is on the opposite strand; as a
consequence, these genes accumulate more G and have a
positive GC-skew. b Some phylogenetically unrelated
arthropods experienced an inversion of the replicative
system, which leads to a complete inversion of GC-skew
for each of the genes. c Some taxa underwent genomic
rearrangement, so that all genes are on the same strand
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genomic data are available for a relatively large
number of arthropods allowing the first attempts
at performing comparative genomic analyses of
the Arthropoda (Vieira and Rozas 2011). How-
ever, the majority of the currently available
arthropod genomes are from closely related
species (mostly insects), and a coherent set of
conclusions about the arthropod nuclear gen-
omes (as presented for the mitochondrial gen-
omes above) is still lacking.

3.3.1 Uneven Taxonomic Sampling

The biased taxonomic distribution of the avail-
able arthropod genomes is a persistent problem.
This is because it does not allow detailed
investigations into key questions in arthropod
evolution, like the origin of the arthropod sub-
phyla. Initiatives exist that aim at increasing the
amount of available genomic information for the
Arthropoda. Paramount among these projects are
the 1KITE project—1,000 Insects Transcrip-
tome Evolution project (http://1kite.org/), and
the i5K (http://www.arthropodgenomes.org/
wiki/i5K) project which plans to sequence the
complete genomes of 5,000 insects and related
arthropod species. Unfortunately, as commend-
able as these projects are, they fall short of
adequately capturing the breadth of the evolu-
tionary diversity within the Arthropoda. The
1KITE project will not even attempt to generate
data for non-hexapod species, while about 87 %
of the species currently nominated for sequenc-
ing as part of the i5K project are hexapods. Only
0.7 % belongs to Myriapoda and only 2.8 % to
Crustacea. This is an important issue with the
current initiatives, as this heterogeneous species
sampling, even if reflective of species diversity,
does not reflect arthropod disparity. As such, it
might bias future comparative analyses and
might not allow a clear understanding of the
genomic factors underlying the great morpho-
logical and physiological variation observed in
Arthropoda. Disparity (e.g. the morphological
diversities observed between a tick and a milli-
pede) is underlined by variation in the genomes
of the considered organisms, and the way these

genomes are wired. To understand arthropod
disparity, therefore, genomic data as well as
protein–protein interaction networks (e.g. Giot
et al. 2003) and gene regulatory networks
(Davidson and Erwin 2006) would be necessary
for representatives of each major lineage within
each subphylum. Even though hundreds of
insect genomes will be a welcomed resource, it
can be expected that, while they will allow to a
significant increase in our understanding of
adaptations, they will not be particularly useful
to explain the origin of arthropod disparity, of
the arthropod subphyla and of the main lineages
within these subphyla.

An important aspect to which current large-
scale genome sequencing projects are not given
sufficient attention is that of the arthropod out-
groups. To increase the power of comparative
analyses, adequate outgroups should also be
sequenced, but large-scale sampling initiatives
are not considering the outgroups of the
Arthropoda. Indeed, to date, the only arthropod
outgroups available with at the least one fully
sequenced genome are the nematodes. Yet,
species belonging to this phylum are too dis-
tantly related and too divergent from the
Arthropoda (see also above) to be of significant
utility in arthropod comparative genomics. Other
more closely related genomes (those of the
Onychophora and the Tardigrada) should be
sequenced and used instead. As part of this
chapter, to obviate the lack of genomic-scale
data sets for the arthropod outgroups, we shall
present a genome-wide transcriptomic data set
obtained using next generation sequencing.

The 1KITE and i5K projects have not pro-
duced data yet. However, a relative abundance of
arthropod genomes has been accumulating in
recent years, albeit with a biased taxonomic dis-
tribution. The genomes of 21 Drosophila species
have been sequenced and made publicly avail-
able. Transcriptomic, proteomic, and genomic
data, as well as abundant functional annotations,
for 12 of these species can be found in the spec-
ialised database Flybase (http://flybase.org/).
Other key insects for which genomic information
is available include the mosquitoes Aedes aegypti
(Nene et al. 2007) and Anopheles gambiae (Holt
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et al. 2002), the honeybee A. mellifera (The
honeybee genome consortium 2006), the beetle
Tribolium castaneum (Richards et al. 2008), the
body louse Pediculus humanus (Kirkness et al.
2010), the pea aphid Acyrthosiphon pisum (The
pea aphid genome consortium 2010), and the silk
moth Bombyx mori (The silkworm genome
consortium 2008). A variety of other insects, for
example, ants and other butterflies, have also
been sequenced (Suen et al. 2011; The Heliconius
genome consortium 2012). Results from these
more recent studies (which generally used next
generation sequencing strategies) allowed some
truly surprising conclusions to be reached. For
example, the Heliconius genome consortium was
able to demonstrate the repeated exchange of
large (*100-kb) adaptive regions among multi-
ple butterfly species in a recent radiation. In this
way, they were also able to uncover the perva-
siveness and importance of introgressive adapta-
tion and its role in hybrid speciation. For many of
these more recently sequenced species, taxon-
specific databases exist (e.g. Butterflybase—
http://butterflybase.ice.mpg.de/). Differently
from Flybase, which is a mature database pro-
viding, for example, a genome browser, and
allowing complex searches (using Gene Ontol-
ogy—GO terms and developmental stages), most
of these species-specific databases are still quite
immature. In any case, they represent an impor-
tant resource and their utility is bound to increase
with time.

While hexapod genomes are relatively abun-
dant, the situation changes drastically when
moving to other arthropod subphyla. Only one
complete crustacean genome (that of the water
flea Daphnia pulex—Colbourne et al. 2011), and
one complete chelicerate genome, that of the
two-spotted spider mite Tetranychus urticae
(Grbic et al. 2011) have been released. Finally,
the complete genome of one myriapod, the
centipede Strigamia maritima (GenBank access
id: GCA_000239455.1), and that of a second
chelicerate Ixodes scapularis (GenBank access
id: GCA_000208615.1) are now publicly avail-
able, although they have not yet been released.

Apart from standard genomic studies, a
variety of large-scale transcriptome-wide

sequencing studies have been performed, and
EST data are thus available for other taxa. Even
though these studies do not provide information
about untranslated genomic regions, a large
amount of useful data has been provided using
these approaches. One of the earliest studies that
employed EST generated using next generation
sequencing (in that specific case it was 454
sequencing) to gain a complete snapshot of an
arthropod genome was the transcriptome
sequencing of the emperor scorpion Pandinus
imperator (Roeding et al. 2009). More recently,
Illumina and other sequencing techniques have
been applied to other important groups for which
genomic data are not available, like the har-
vestmen (Opiliones; Hedin et al. 2012), and the
amphipod crustacean Parhyale hawaiensis
(Zeng et al. 2011; Blythe et al. 2012). Similar
approaches have started to generate extremely
interesting insights into chelicerate venoms,
allowing the development of the new science of
venomics (Rendon-Anaya et al. 2012) and
arthropod developmental biology (Ewen-
Campen et al. 2011).

3.3.2 Heterogeneity of Genome Sizes
and Shortage of microRNA

Important aspects of the key, publicly available,
arthropod genomes are reported in Table 3.1.
From this table, it is clear that the arthropod
genomes are fairly variable. Their lengths in MB
vary substantially with one of the chelicerate
genomes being the smallest, while the other is
the biggest overall. Similarly, GC content is
quite variable with Ixodes having the highest GC
content and the pea aphid the lowest. Also, the
number of predicted protein coding genes varies
substantially between genomes, with Daphnia
having 30,613 and Ixodes only 7,112. A notable
aspect of Table 3.1 is the difference in the
number of protein coding genes and known,
corresponding transcripts, for D. melanogaster.
The fruit fly is the only species in Table 3.1 for
which the number of known transcripts largely
exceeds the number of predicted protein coding
genes. The difference between the number of
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genes and the number of transcripts is most
likely caused by alternative splicing. It is in fact
known that approximately 40 % of the protein
coding genes in D. melanogaster correspond to
more than one transcript (Hartmann et al. 2009).
The lack of knowledge of alternatively spliced
genes for other taxa in Table 3.1 is likely to
reflect our ignorance rather than biology. For D.
melanogaster, deep sequencing of specimens in
specific developmental stages, specific tissues,
and organs allowed identification of a larger
number of transcripts. It is to be expected that as
knowledge of the transcriptomes of the other
species in Table 3.1 will increase, the number of
their known transcripts will also increase. An
obvious observation emerging from an analysis
of Table 3.1 is that the sequenced chelicerate
taxa cannot be particularly good resources for
evolutionary biologists. Ixodes and Tetranychus
are highly specialised species unlikely to reflect
what the analysis of more standard chelicerate
genomes will uncover.

Next generation sequencing approaches have
also allowed our understanding of regulatory
(non-coding) microRNA to increase substan-
tially. Genome-wide screening performed for
taxa belonging to all arthropod subphyla and to
the arthropod outgroups (Campbell et al. 2011;
Rota-Stabelli et al. 2011) allowed identification
of several arthropod-specific microRNA
(miR-275 and iab-4), mandibulate-specific
ones (miR-965 and miR-282), and chelicerate-
specific ones (miR-3931). These studies also
showed that arthropods, in contrast to other
lineages (such as the mammals or annelids),
have significantly less lineage specific microR-
NAs, suggesting that arthropod genomes, from
this point of view, evolve quite differently from
those of other animal lineages.

Overall, current genomic-scale information
available across the Arthropoda is still too
fragmentary to allow the development of a
coherent view of arthropod genome evolution.
However, in the last section of this chapter, we
shall attempt to start obviating this problem, by
presenting an evolutionary analysis of the
arthropod proteomes that exploits the transcrip-
tomic data we generated for the Onychophora.

3.4 A Genomic Phylostratigraphic
Analysis of the Arthropod
Proteomes

An interesting aspect of the arthropod genome
evolution that availability of current metazoan
and arthropod genomes allows us to address
(given also the data we generated for the Ony-
chophora) is that of the origin of the arthropod-
specific protein coding genes (i.e. genes found
only within Arthropoda). Studies of this type
have been named genomic phylostratigraphic
analyses by Domazet-Loso et al. (2007). To
complete such studies (in addition to genomic
information), one needs information about phy-
logeny and divergence times. The relationships
between the arthropods and divergence times
used are summarised below.

3.4.1 A Robust Phylogenetic
Framework for Genomic Studies

Comparative genomics must be anchored on a
phylogenetic tree. Significant progress in our
understanding of the ecdysozoan relationships
has been made (Dunn et al. 2008; Hejnol et al.
2009; Campbell et al. 2011). Similarly, some
agreement on the phylogenetic relationships
within the Arthropoda has recently emerged
(Regier et al. 2010; Rota-Stabelli et al. 2011), but
see Rota-Stabelli et al. (2012). For this study, it is
important that the tree used to anchor our analyses
is resolved. However, some level of incongruence
still exists among the various phylogenetic studies
addressing the relationships within Ecdysozoa.
With reference to the current study, we shall
consider the Lobopodia (Arthropoda plus Ony-
chophora) to be the sister group of the Tardigrada
within a monophyletic Panarthropoda. We shall
further assume Nematoida (Nematoda plus
Nematomorpha) to be the sister group of Panar-
thropoda, with the Scalidophora (here Priapulida
and Kinorhyncha) representing the sister group of
Nematoida plus Panarthropoda. That is, we shall
assume the ecdysozoan relationships of Campbell
et al. (2011) and Rota-Stabelli et al. (2011)
to represent our working hypothesis. These
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relationships differ from those of Dunn et al.
(2008) with reference to the placement of Ne-
matoida that the study of Dunn and co-workers
was found to be a member of Cycloneuralia, that
is, more closely related to the Scalidophora than to
the Arthropoda. However, because Campbell
et al. (2011) only performed a Bayesian analysis
of their data set and did not present bootstrap
support for their results. Given that they did not
find particularly strong support (low posterior
probabilities) for some key contested nodes (Ne-
matoida ? Panarthropoda and Mandibulata—
which are not supported in other studies, for
example, Dunn et al. 2008), and given that there
are few other studies (e.g. Meusemann et al. 2010)
whose results contradict those of Campbell et al.
(2011) and Rota-Stabelli et al. (2011) with refer-
ence to the placement of Tardigrada and the
monophyly of Mandibulata, we present here a
novel statistical analysis—nonparametric boot-
strapping—of the data set used in Campbell et al.
(2011). A detailed explanation of the methods
used in this analysis is presented in the Appendix
to this chapter.

Results of the bootstrap analysis that con-
siders all the taxa in Campbell et al. (2011) are
in agreement with the Bayesian analyses in that
paper. This analysis shows a lack of support for
many important nodes, including Nematoida
(which was not recovered), Nematoda plus
Panarthropoda (BP = 41), Panarthropoda
(BP = 66), Lobopodia (BP = 61), and Man-
dibulata (BP = 64), see Fig. 3.3. We performed
a leaf stability analysis (results not shown—but
see Appendix) illustrating that Nematomorpha is
the most unstable taxon in the data set. The
nematomorph in Campbell et al. (2011) emerged
as the sister group of the Nematoda in agreement
with Dunn et al. (2008) and Hejnol et al. (2009).
Yet, in Fig. 3.3, Nematomorpha is not the sister
group of the Nematoda. Instead, it emerges as
the sister of a Nematoda ? Arthropoda clade.
This is an artefact caused by high volume of
missing data in the Nematomorpha (which is the
most incomplete taxon in Campbell et al. 2011)
and that is unstable in bootstrapped data sets.

Upon removal of the unstable Nematomorpha,
the bootstrap support for all the other nodes
increases significantly. Arthropoda plus Nema-
toda reaches 100 %, Panarthropoda increases to
76 %, and Lobopodia to 70 %. In conclusion,
when accounting for unstable taxa, Arthropoda
has a bootstrap support of 100 % and Mandib-
ulata of 76 %. This confirms that there is a good
level of support for the clades in Fig. 3.3 and
those in Campbell et al. (2011).

3.4.2 Expanding Our Understanding
of the Arthropod Comparative
Genomics

Given our poor understanding of the processes
through which the arthropod (nuclear) genomes
evolved, we shall here present a genomic
phylostratigraphic analysis (Domazet-Loso et al.
2007) of their genome. The aim of this analysis
is to gain some information on the evolutionary
processes responsible for the origin and evolu-
tion of the Arthropoda. Domazet-Loso et al.
(2007) performed a similar analysis, but various
new genomes have been published since their
study, allowing for a much greater precision in
the identification of orphan genes along the ec-
dysozoan and arthropod phylogeny. To better
identify proteins that are arthropod specific, we
extended our analyses to include a variety of
ecdysozoans and non-ecdysozoan genomes.
Particularly, we included representatives of the
Lophotrochozoa, of the Deuterostomia and two
non-bilaterian metazoans (a sponge, Amphime-
don queenslandica, and a cnidarian, Hydra
magnipapillata)—see Fig. 3.4. In addition, and
most importantly, here we added data for an
onychophoran transcriptome, which allowed
pinpointing protein families that are specific to
the Arthropoda (i.e. that originated after the
Onychophora–Arthropoda split). Finally, more
reliable molecular clock divergence times
(Erwin et al. 2011) are now available and they
have been used here to define rates of orphan
gene acquisitions through time allowing for
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better estimation of rates of new protein family
acquisitions in Ecdysozoa and Arthropoda.

3.4.3 The Evolution of Orphan Gene
Families in Arthropoda

We used the MCL algorithm (Enright et al.
2002) to identify protein families in the set of
considered genomes, and identified, for each
internal node in Fig. 3.4, all the proteins uni-
versally distributed in the taxa descending from
each given node. These are orphan families that
evolved in the branch underlying the considered

node. The average number of new families
acquired across all the internodes of the con-
sidered phylogeny is 1,025. When this value is
normalised (dividing by the total number of
proteins in the considered set of genomes
(79,052 protein coding genes)), the 1,025 protein
families that are gained as novel orphan genes
correspond to *1.2 %.

Within Arthropoda, and more broadly Panar-
thropoda, only the origin of the Diptera (with
2.05 % of new protein families being acquired)
shows a statistically significantly higher rate of
novel gene families acquisition (Figs. 3.4 and
3.5). Genomic data were not available for the

Fig. 3.3 A phylogeny of the Ecdysozoa. The tree
represents a Bayesian bootstrap analysis performed under
CAT+G of the data set of Campbell et al. (2011). Values
at the nodes represent bootstrap proportions. Aster-
isk = 100 % support. The leftmost value represents the

bootstrap proportion obtained for a data set including all
the sequences in Campbell et al. (2011). The rightmost
value represents the bootstrap proportion obtained when
the most unstable taxon in the data set (the nematomorph
Spinochordodes) was excluded

52 D. Pisani et al.



Myriapoda when we assembled our data set, but
it is clear, given the low level of proteins that
originated in the branch separating Arthropoda
and Pancrustacea (1.49 %) that also the origin of
Mandibulata cannot be marked by a spike in the
origin of new protein families (Figs. 3.4 and 3.5).

The most surprising result emerging from this
analysis is that the deepest nodes in the Ec-
dysozoan phylogeny (origin of Nematoida plus
Arthropoda, origin of Lobopodia, and origin of
Arthropoda) are not characterised by above
average acquisitions of new gene families

(Fig. 3.5). When the number of orphan families
(N-orph) acquired along a branch is divided by
the length (in millions of years) of the branch
along which the N-orph accumulated, the pattern
in Fig. 3.5a changes quite significantly: even the
mild, but somewhat continuous, increment in the
rate of N-orph acquisition disappears
(Fig. 3.5b). All internodes within Ecdysozoa (on
the path leading to Arthropoda and within
Arthropoda) roughly exhibit the same rate of
new protein acquisition per million of years.
Constancy of the rate of protein family

Fig. 3.4 Orphan protein gains in Arthropoda. The
number below each node quantifies the orphan families
that evolved along the branch subtending the considered
node. The number in black above each node represents
the number of protein coding genes inferred to have
existed (using squared parsimony) in the common
ancestor represented by the considered node. The red
value above the node represents the rate of orphan gene
acquisition along the branch subtending the considered
node. These values are normalised (calculated as the
number of orphans divided by the total number of
proteins in the collection of considered proteomes). The

numbers reported for each terminal taxon are the number
of orphan families that originated along the terminal
branch and the number of genes in the genome of the
corresponding organism (in bold). Note that the numbers
of orphans for the terminal taxa are misleading and
should not be considered to represent the number of new
genes that emerged in the species at the tip of the tree.
Instead, they represent the number of orphan in the group
the species represent. For example, the number of
orphans in Hydra represents the orphans that were
acquired by the Cnidaria (to which Hydra belong and
that Hydra represents) rather than by Hydra itself
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acquisition through time (from the Precambrian
to the Jurassic—see Fig. 3.5b) suggests that this
rate (identified with a red line in Fig. 3.5b)
might represent the neutral background rate of
new protein family origination in Ecdysozoa.
The only internode where this neutral rate is
modified is represented by the stem dipteran
lineage. Along this lineage (Fig. 3.5b), the rate
is significantly increased, suggesting that orphan

gene family acquisition was an important phe-
nomenon in the evolution of this group.

A functional analysis of the orphan proteins
that originated along the stem dipteran lineage
(see Appendix for methodological details) pro-
vides a view of what kind of gene families are
acquired along this branch (Fig. 3.6). When
comparing the average trend estimated across all
the considered stem lineages but the dipteran,

Fig. 3.5 Protein gains through time. a Normalised rates
of orphan acquisition (red values in Fig. 3.4). This panel
illustrates that the normalised rates are quite variable
across all the considered nodes. Note that the values were
ordered from oldest to youngest to make the figure more
readable. b Rates of orphan acquisition per millions of
years. This chart was derived dividing the values in
Fig. 3.5a by the length (in million years) of the branch
along which the considered orphans originated. This

figure clearly illustrates how the row rates and the rates
per million years are substantially different, and that
normalising for the time of duration of the considered
internodes is key to obtain values that are biologically
meaningful. The red line represents the average rate
across the considered lineages (but excluding the
Diptera). This was done to estimate the average rate of
orphan protein acquisition (i.e. the neutral rate)
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with the trend observed in the dipteran, two
conclusions can be reached. The first is that the
trends observed are comparable in shape (i.e.
there is a proportionality in the number of new
genes acquired on average across the Arthrop-
oda and specifically in Diptera). The second is
that when the numbers of genes in each Gene
Ontology (GO) category is analysed, it is clear
that for two GO terms (metabolic processes and
cellular processes), the increase observed in
Diptera is significantly higher (greater than the
limiting values of a 99 % confidence interval
calculated across all the other internodes;
Fig. 3.6). A further significantly increased cate-
gory (exceeding the 95 % confidence interval
calculated across all the other non-dipteran in-
ternodes) is the localisation proteins category.
Finally, other GO categories for which new
proteins are accumulated in Diptera to levels
that are above average (but not significantly so)
are as follows: biological regulation, response to
stimulus, multicellular organismal processes,
signalling, developmental processes, and cellu-
lar component organisation.

3.4.4 Conserved Rate of Gene Gain
with Some Surprises

It is fairly obvious from the above results that, at
least within Ecdysozoa, the origin of new protein
families (orphan gene accumulation) did not play
a particularly significant role in the evolution of
what we recognise as high-level taxonomic
groups (phyla and assemblages of phyla). In
particular, we have shown here that the origin of
the arthropod body plan was not characterised by
an unusual rate of new protein families acquisi-
tion. One can thus argue that other processes, like
the re-wiring of developmental networks (and
more generally protein-protein interaction net-
works), might have been much more important
(see also Erwin et al. 2011). Yet, these hypoth-
eses need to be tested and will be tested in the
future when more data become available.

On the other hand, the origin of the Diptera is
marked by a substantial increase in the origin of
orphan families. This is interesting because it
suggests that (1) if increases in rate existed
somewhere else in the ecdysozoan tree, we

Fig. 3.6 The function of the newly acquired families.
This graph displays the average number of orphans
(across all the internodes but the Diptera) for each GO
(Gene Ontology) category. We also reported the values
representing, respectively, the limits of the 95 and 99 %
confidence intervals. Values observed for the dipteran

stem lineage are reported. This figure shows that for two
GO categories, the number of orphans acquired in
Diptera is higher than the value bounding the 99 %
confidence interval over all the other internodes, and that
various other GO categories are overrepresented with
reference to the other internal branches considered
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should have been able to identify them (i.e. our
results do not seem to represent a methodolog-
ical artefact), and (2) orphan gene acquisition is
not always an unimportant process in animal
evolution: hence, the need to investigate it. With
reference to the Diptera, it is clear that the strong
acceleration in rate of acquisition of new fami-
lies observed implies that new functionalities
emerged in this part of the ecdysozoan tree, and
it is clear that these protein families played a
role in the origin of this group. Our current GO
analyses did not allow us to obtain a detailed
description of what the newly acquired dipteran
functions are. However, as more precise func-
tional annotations will become available, it will
become possible to pinpoint the functions of the
orphan genes originating along the dipteran
branch much more precisely.

One can only conjecture, given also the
unimpressive amount of orphan families being
fixed on the stem lineage of the Holometabola,
that the origin of key innovations affecting the
emergence of novel life cycles or substantially
modified morphological features is generally
fuelled by re-wiring of the developmental net-
works and by differential expressions of genes,
while origin of novel protein families probably
has a greater impact on adaptations to novel
environmental challenges.

3.5 Conclusions

Here, we have tried to summarise mitogenomic
and nuclear genomic information currently
available for the Arthropoda. There are a large
number of mitochondrial genomes available to
date, but it is unclear if something that will be of
any utility will be gained from the analyses of
these genomes. They might have some limited
utility in phylogenetics compositional bias
studies, and DNA barcoding, but probably not
much utility in understanding large-scale evo-
lutionary patterns in Arthropoda.

Arthropod genomics, on the other end, is still
in its infancy, very few genomes are available at
this stage but within five years, we will probably
have thousands of genes available (particularly

thanks to large-scale efforts like the i5k). One
wonders what will be gained from having so
many genomes. Perhaps a lot, but their biased
taxonomic distribution might prove to be a
limitation of these data sets. Data analysis will
be prohibitively complex, and serious bioinfor-
matic resources will be necessary for these data
to be of any utility. In any case, the initial
analysis we present in this chapter suggests that,
if adequate bioinformatic resources are avail-
able, a multitude of arthropod genomes will
allow us to gain detailed information on the
origin and evolution of this important phylum.
Yet, sequencing projects should not forget that
arthropod outgroups are necessary and important
to increase the power of comparative analyses.

No matter what the future will hold, it is clear
that arthropod comparative genomics is still in
its infancy. We are just at the dawn of what will
be a laborious and complex research task which
will involve the continuous effort of many
research groups, from all around the world for,
probably, several research cycles.
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Appendix: Methods for the Analyses
Presented in this Chapter

A. Generation of the Onychophoran
Transcriptome

Total RNA was extracted from three individuals
of ‘‘Peripatoides novaezealandiae complex’’
(Trewick 1998), which were commercially pur-
chased, using TriZol�. A transcriptome-wide
cDNA library was generated and sequenced
using two IlluminaHiseqII lanes at TrinSeq
(Trinity College Dublin, Institute of Molecular
Medicine, Genome Sequencing Laboratory) to
an estimated coverage of \100, using 100-bp
paired end reads. Row data were inspected for
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its quality and assembled using Abyss (Simpson
et al. 2009) with k-mer of 45. This resulted in
*27,000 assembled transcripts (with lengths
variable between *70 and 1,750 base pairs).
Approximately 17,000 of these transcripts had a
significant blast hit against an annotated gene,
while *5,000 hit a known gene of unknown
function. This set of *22,000 genes was used to
investigate the origin of orphan genes in
Arthropoda. However, the 5,000 non-annotated
genes were not considered for the Blast2go
analysis (see below).

B. Mitogenomic Compositional
Analyses

We downloaded a set of mitochondrial genomes
of 90 arthropods in order to represent the whole
phylum as homogenously as possible. Coding
genes were extracted and processed with
DAMBE (Xia and Xie 2001) to obtain compo-
sition for each codon position.

C. Phylogenetic Analyses

We investigated whether the low posterior
probabilities observed for some nodes by
Campbell et al. (2011) were caused by the
presence of unstable taxa. We estimated leaf
stability indices (Thorley and Wilkinson 1999)
using P4 (Foster 2004) and performed Bayesian
bootstrap analysis under CAT+G—the same
model used by Campbell et al. (2011)—using
the entire data set of Campbell et al. (2011). To
perform the Bayesian bootstrap analyses, 100
bootstrapped data sets were generated starting
from the alignment of Campbell et al. (2011).
For each bootstrapped data set, a Bayesian
analysis (2 independent runs) was performed
under CAT+G (using Phylobayes; Lartillot et al.
2009). Results from each Bayesian analysis were
summarised to generate a Bayesian majority rule
consensus tree, and the resulting 100 trees were
then summarised to generate a bootstrap
majority rule consensus (results in Fig. 3.3).

Identification of Novel Gene Families
We downloaded the entire proteomes for the
taxa in Fig. 3.4 and used MCL (Enright et al.
2002) to define protein families. A Perl script
written by LC was used to partition these gene
families with reference to their taxon coverage.
This allowed the identification of protein fami-
lies that are exclusive and universally distributed
within each one of the clades in Fig. 3.4. These
protein families must have been present in the
clade’s last common ancestor (LCA) and must
have been gained along the stem lineage of the
considered clade. Because different genomes
have different numbers of protein coding genes,
the absolute numbers of newly acquired protein
coding families for each internode can be mis-
leading. We thus normalised numbers of orphan
families by dividing these numbers by the total
number of protein coding genes in the set of
considered genomes (sum of the values in bold
at the tips of Fig. 3.4). The normalised orphan
counts (N-orph) can be interpreted as the frac-
tion of some, abstract, pan-metazoan genome
that was acquired at each internode of Fig. 3.4.
Finally, we calculated rates of new orphan
acquisition per million of years, dividing the N-
orph values by the length of the internode along
which the N-orph was acquired. As above, this
allows the amount of orphan families gained
each million year, along each internode in
Fig. 3.4, to be expressed as proportions of a
reference (abstract) ‘‘pan-metazoan’’ genome.
The estimates of divergence times of Erwin et al.
(2011) were used to calculate branch durations
in million of years. For each internal node in our
phylogeny, we also estimated (using squared
parsimony—as implemented in Mesquite—
http://mesquiteproject.org) the expected size of
the genome of the corresponding LCA. This was
done to allow evaluation of what proportion of
each LCA genome was gained via new orphan
family acquisition, along the corresponding stem
lineage. Because squared parsimony is unlikely
to be a particularly robust estimator of ancestral
size, we suggest these numbers should be con-
sidered with caution, and only to represent a
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rough approximation of the true LCA-genomes
dimensions.

Once the orphan gene families were identi-
fied for every internode of Fig. 3.4, BLAST2Go
(www.blast2go.com) was used to obtain func-
tional information for each of these families. For
each protein family, the BLAST2Go analysis
was performed for one protein family member
only, and we assumed, by homology implication
that all the other proteins in the same orphan
family had the same (or similar) function.
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4.1 Developmental Diversity
in Arthropods

The overwhelming diversity of arthropod mor-
phology and lifestyles finds it correspondence in
a comparatively impressive variety of develop-
mental trajectories. These ontogenetic differ-
ences concern all embryonic stages, steps, and
levels from gene expression, cleavage and gas-
trulation, germ band formation and growth, to
segmentation and morphogenesis (Weygoldt
1960a, 1963; Anderson 1973; Scholtz 1997;
Akam 2000; Hughes and Kaufman 2002a).
Likewise, postembryonic development reveals
all sorts of growth patterns, direct and indirect
development and within the latter a great variety
of larval types with a wide spectrum of lifestyles
comparable to those of the adult forms (see
Chap. 5). However, it has to be stressed that
variation in development is not necessarily
directly correlated or even causally linked to
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adult diversity. Similar adult body organization
and shapes can result from very different on-
togenies, whereas similar ontogenies can result
in highly diverse adults (Scholtz 2005).

This enormous variation in arthropod ontog-
enies has led to the formulation of numerous
concepts in order to discriminate between dif-
ferent types of processes and ontogenetic struc-
ture and events. These relate to superficial versus
total cleavage, various modes of gastrulation,
short and long germ development, holometabo-
lous versus hemimetabolous development, ana-
morphic versus epimorphic development, to
name just a few. In addition, ontogenetic patterns
have been considered in a phylogenetic context
and the question has been addressed, how to use
ontogenies for the reconstruction of arthropod
phylogenetic relationships and the evolution of
development itself.

Here, we restrict our comparative treatment
to early arthropod development, namely the
cleavage process and germ band formation and
differentiation.

4.2 Cutting Continuous Processes
into Slices: The Subdivision
of Development

Development in metazoan animals is tradition-
ally conceptualized as a series of characteristic
stages or phases which subdivide the process of
ontogeny: the early cleavage leads to a blastula
which is the starting point for the subsequent
gastrulation, etc. However, in many instances, in
particular in arthropods, these stages are not so
clearly separated, which hampers a strict defini-
tion and comparison of these stages between
different animal ontogenies. Hence, for the pur-
pose of this account of early development in
arthropods, we have to use somewhat loose def-
initions of the corresponding embryogenetic
processes. Here, we conceptualize cleavage in
arthropods as the period of development between
the zygote and blastoderm formation. During this
period, the egg is subdivided into structural and
functional compartments (blastomeres, energ-
ids). In several cases, however, the boundary

between the early cleavage and blastula/blasto-
derm stage is not so obvious. Moreover, in many
arthropods gastrulation, here interpreted as ‘sep-
aration of germ layers’, is not just a single process
but it comprises a number of various steps and
processes which take place over a certain period
of early development, sometimes including the
phase of early cleavage divisions (Weygoldt
1960a, 1979; Fioroni 1970).

4.3 Cleavage Modes: Superficial,
Total, and Mixed

The textbook example for arthropod cleavage is
a meroblastic cleavage mode described as
superficial cleavage or intralecithal cleavage
(Fioroni 1987; Gilbert and Raunio 1997)
(Fig. 4.1). This mode of cleavage is character-
ized by the absence of cytokinesis, which leads
to the lack of cell membranes between the
cleavage products, the energids. Hence, these
energids lie embedded in the yolk and with the
cleavage process they form a polynuclear cell
(plasmodium). After a certain number of divi-
sions, the energids migrate to the periphery of
the egg and form an acellular blastoderm (peri-
blastula), which is cellularized in a second step
by membrane formation and surrounds the cen-
tral yolk mass. Like most researchers, we use
superficial cleavage and intralecithal cleavage
synonymously. This stands in contrast to a
recent article by Eriksson and Tait (2012) on
onychophoran development. These authors
make a distinction between intralecithal cleav-
age with the early energids lying in the yolk
centre and superficial cleavage with a peripheral
position of the energids from the onset. How-
ever, the latter situation is traditionally called
discoidal cleavage, representing another kind of
meroblastic cleavage (Fioroni 1987; Gilbert and
Raunio 1997). Among arthropods, a discoidal
cleavage mode is found, for instance, in scor-
pions (Anderson 1973).

The meroblastic (superficial) cleavage mode
stands in contrast to a holoblastic or total cleav-
age with proper blastomeres which are separated
by membranes from the onset (Fioroni 1987;
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Gilbert and Raunio 1997) (Fig. 4.1b). Eventually,
the blastomeres form a central cavity, the liquid-
filled blastocoel, and the whole stage is called a
blastula. Total cleavage is found in animals as
diverse as, for example, echinoderms, chordates,
molluscs, annelids, ctenophores, and cnidarians
and is considered as the ancestral cleavage type of
metazoans (Siewing 1979).

Both cleavage modes, superficial cleavage and
total cleavage, occur in arthropods (Anderson
1973; Scholtz 1997). However, these generalized
terms do not appropriately describe the variations
within these modes. For instance, the nuclei of a
superficial cleavage can form a cellularized blas-
toderm at the 32–64 cell stages as in the spider
Achaearanea tepidariorum (Kanayama et al.
2010) or after 13 rounds of divisions (8192 cells) as
in Drosophila melanogaster (Campos-Ortega and
Hartenstein 1985). Indeed, this difference raises
the question whether the early cellularization in the
spider species should be considered as part of
cleavage or as early blastoderm formation. Like-
wise, there are differences concerning the structure
of the central yolk mass. It might be either cellular
or acellular, it can be a homogeneous mass or

contain compartments (Fioroni 1970). In some
cases of superficial cleavage, the membranes of the
blastomeres, at least in some stages, do not reach
the centre of the yolk and subdivide the egg only
partly (Fig. 4.2e). This has been described for
crustaceans (e.g. Weldon 1892; Vollmer 1912; von
Baldass 1941; Scheidegger 1976).

In addition to these variations of superficial
and total cleavage modes, very often aspects of
both modes are found in combination. For this
phenomenon, the term mixed cleavage was
introduced by Dawydoff (1928) as segmentation
mixte (see Fioroni 1970). However, mixed
cleavage can mean quite different things. For
instance, the term mixed cleavage is used if some
stages show energids embedded in a yolk mass,
whereas other stages are characterized by proper
blastomeres separated by membranes. The shift
between these modes can occur at any stage.
There are ontogenies which begin with superficial
cleavage and switch to total cleavage (e.g. Kühn
1912), or they begin with superficial cleavage,
then switch to total and back to superficial
cleavage (e.g. Jura 1965). Furthermore, a set of
early total cleavages that nevertheless lead to a

Fig. 4.1 Schematic representation of cleavage modes.
a A generalized meroblastic cleavage of the superficial
mode with the undivided zygote, the four-energid stage,
an advanced cleavage stage, an early blastoderm stage
after the energids have migrated to the periphery but did
not yet form cell membranes (sometimes some energids
remain in the yolk), and a cellularized blastoderm
surrounding a central yolk mass (the yolk mass may or
may not contain some nuclei) (from left to right)

(compare with Fig. 4.5). b A generalized holoblastic or
total cleavage with the undivided zygote, the four-cell-
stage, an advanced cleavage stage, and a blastula with
liquid-filled hollow central space (from left to right). In
the last picture a blastoderm surrounding a central yolk
mass is shown (the yolk mass may or may not contain
some nuclei). This stage, which is characteristic for
superficial cleavage occurs in some arthropods despite an
early total cleavage (compare with a)
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blastoderm stage with a central yolk mass are
considered as mixed cleavage (Fioroni 1970)
(Fig. 4.1). In addition, the incomplete penetration
of yolk by cleavage membranes has been sub-
sumed under the same term (Fioroni 1970)
(Fig. 4.2e). Hence, the concept of mixed cleavage
is somewhat vague and should be used with care
in a comparative approach. Here, we restrict the
term mixed cleavage to cases in which the early
cleavage divisions are characterized by one or
some total cleavages combined with one or some
intralecithal cleavage divisions. We classify

cases with incomplete cleavage furrows as mixed
cleavages only when they occur in combination
with total cleavage stages as is the case in many
cladocerans (Kühn 1912). Furthermore, cases in
which the total cleavage mode is given up during
blastoderm formation (which we do not consider
as part of cleavage) (examples are among others
Progoneata, Amphipoda, Acari, and some
Collembola) (Claypole 1898; Tiegs 1940, 1947;
Dohle 1964; Scholtz and Wolff 2002; Laumann
et al. 2010a) (Fig. 4.1) are not classified by us as
mixed cleavage.

Fig. 4.2 Various concepts of yolk pyramids. a,
b Primary yolk pyramids as found in crayfish and other
decapods. a Early stage after the energids have reached
the egg’s periphery. Each energid is forming a yolk
pyramid probably by cell membranes growing towards
the egg’s centre. The apex of the yolk pyramids points to
the centre of the egg. There is an undivided central yolk
mass. b Advanced stage in which the blastoderm cells
were separated from the yolk pyramids which do not
contain nuclei. Shortly after this stage, the yolk pyramids
disappear. c Yolk pyramids as observed in spider and
other chelicerate embryos. The yolk is forming com-
partments during early cleavage. The latter takes place in
the centre of the egg. It is unlikely that the boundaries of
the yolk pyramids are formed by membranes. Rather
they are plasmatic strands, along which the energids
migrate to the periphery at a later stage. d The centipede
yolk pyramids following the interpretation of the older

studies. As in the chelicerate example, the pyramids
occur during early cleavage and are thought to not be
directly related to the cleavage process, which takes
place in the egg’s centre. It is not clear whether the
pyramid boundaries are formed by cell membranes.
According to Brena and Akam (2012), the yolk pyramids
in the geophilomorph Strigamia maritima reach to the
egg centre and they are the early blastomeres (as in f).
Furthermore, Brena and Akam claim (2012) that the
central cleavage products are cells and not just energids.
e Superficial cleavage with membranes that cleave the
yolk mass only partly. This has been observed in many
crustaceans. Sometimes, it is considered as mixed
cleavage. This situation is clearly different from what
occurs in chilopods. f Total cleavage with large yolk
containing blastomeres. This situation occurs in Pro-
goneata and other arthropods and Tiegs (1940) called the
blastomeres yolk pyramids
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4.4 Dealing with a Yolk Mass:
Yolk Pyramids

The term yolk pyramids has been applied to a
number of different phenomena (Fig. 4.2). The
original meaning deals with the pyramid-shaped
yolk compartments that are formed after intra-
lecithal cleavage and during blastoderm and gut
differentiation in crayfish and other malacostra-
can crustaceans (Fig. 4.2a). These were first
described by Rathke (1829), named by Lere-
bouillet (1862), elaborated by Reichenbach
(1886), and classified by Fioroni (1970). In this
case, membranes (this has in fact never been
really tested) grow from each energid that has
reached the egg margin towards the egg centre
leaving a central compact undivided yolk mass.
It is obvious that these yolk pyramids have
nothing to do with cleavage divisions as such,
although they have been interpreted as indica-
tion of a former total cleavage. In a second step,
the blastoderm cells separate from the yolk
pyramids (Fig. 4.2b), and with the formation of
the germ disc, these yolk pyramids disappear
(Reichenbach 1886). After gastrulation, ‘sec-
ondary to quaternary yolk pyramids’ are formed
from the presumptive midgut cells (Reichenbach
1886; Fioroni 1970). These secondary to qua-
ternary yolk pyramids form compartments sub-
dividing the yolk situated in the crustacean
embryonic gut.

A further instance of yolk pyramids has been
described for Lithobiomorpha, Scolopendro-
morpha, and Geophilomorpha among the Chi-
lopoda (Fig. 4.2d). Here, the intralecithal
cleavage with its formation of energids in the
egg centre is accompanied by putative mem-
branes which reach from outer parts of the egg
into the yolk for a certain distance. However, in
contrast to superficial or mixed cleavage in
crustacean eggs with partial cleavage furrows
such as cladocerans or malacostracans (Vollmer
1912; Scheidegger 1976) (Fig. 4.2e), these par-
tial yolk compartments do not appear to be
related to the cleavage process. The figures in
Heymons (1901), Hertzel (1985), and in Chip-
man et al. (2004) suggest that the number of

energids in the central yolk mass does not cor-
respond to that of the yolk pyramids and that it
increases more quickly than the number of yolk
pyramids. Whether the boundaries between the
yolk compartments are at all cell membranes
needs a clarification; at least they contain actin
filaments (Brena and Akam 2012). Furthermore,
it has been documented that these compartment
boundaries are used by energids for their
migration towards the egg periphery during the
formation of the blastoderm (Heymons 1901;
Hertzel 1985; Chipman et al. 2004; Brena and
Akam 2012). In contrast to older descriptions of
centipede embryonic development, Brena and
Akam (2012) suggested that the yolk pyramids
in the geophilomorph Strigamia maritima reach
to the egg centre and that they are in fact blas-
tomeres indicating total cleavage as in pauro-
pods and symphylans (see below). Moreover,
these authors found evidence that the central
cleavage products are cells rather than energids.
These results are interesting because a central
position of small blastomeres encircled by large
yolky cells with apically situated nuclei is
unique among arthropods.

Tiegs (1940, 1947) applied the term yolk
pyramids again differently. He used it simply as
a descriptive term for the pointed yolk-rich
blastomeres of the total cleavages of pauropods
and symphylans (Fig. 4.2f).

Another meaning of yolk pyramids is related
to the yolk compartments which occur during
the early development of spiders (e.g. Schi-
mkewitsch and Schimkewitsch 1911; Anderson
1973; Wolff and Hilbrant 2011) (Fig. 4.2c).
These yolk pyramids are apparently not sepa-
rated by membranes but by plasmatic strands
and are not related to early cleavage, but during
blastoderm formation, they are associated with
the energids that migrate along the plasmatic
strands to the egg periphery (Seitz 1966).

These different meanings of yolk pyramids
led to some confusion concerning the interpre-
tation of embryo fossils of the early Cambrian.
Chen et al. (2004) hypothesized that the struc-
tures found in these putative metazoan eggs are
yolk pyramids which would suggest a much
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earlier indication of arthropod origins. In con-
trast to this, Donoghue et al. (2006) claimed that
the same structures have to be interpreted as
blastomeres of a total cleavage embryo, which
according to their interpretation would preclude
arthropod affinities. Neither suggestion is fully
correct. Chen et al. (2004) used the derived
chilopod example of yolk pyramids, but inter-
preted these as equivalent to the yolk pyramids
of crustaceans. Irrespective of this confusion, the
inference that yolk pyramids are indicative of
arthropod affinities is problematic as such. There
are cnidarians, in particular some anthozoan
species, which possess yolky eggs with superfi-
cial cleavage and a blastoderm stage with pyr-
amid-shaped blastoderm cells in combination
with an undivided central yolk mass (Tardent
1978, Fig. 77), a pattern that is highly reminis-
cent to what we find in numerous arthropod
embryos.

The conclusions of Donoghue et al. (2006)
are also problematic, because total cleavage with
proper blastomeres (sometimes even with low
amounts of yolk) occurs in arthropods and might
be even ancestral for the group (see below).
Moreover, these authors argue with the instance
of centipede type of yolk pyramids but the shape
and, in particular, the pointed apex of the
observed structures allow for the possibility that
they are primary yolk pyramids as in crustaceans
(Reichenbach 1886) or the yolk pyramids that
correspond to blastomeres as in pauropods and
symphylans (Tiegs 1940, 1947).

4.5 Determinate Versus
Indeterminate Cleavage

Another perspective on classifying cleavages is
dealing with the question of whether cleavage
divisions reveal a stereotyped pattern of spindle
orientations, blastomere sizes, blastomere posi-
tions, and blastomere fates or whether the blas-
tomeres are irregularly arranged with no
reproducible pattern of some sort. This is the
discrimination between determinate and inde-
terminate cleavages (Fioroni 1987; Gilbert and
Raunio 1997). The most obvious examples for

determinate cleavages are spiral cleavage, the
cleavage of Tunicata, and that of a number of
nematodes including Caenorhabditis elegans
(Fioroni 1987; Gilbert and Raunio 1997).
However, as with most categorizations in biol-
ogy, the distinction between determinate and
indeterminate cleavages is not straightforward,
and numerous ambiguous cases occur in which
reproducible patterns are combined with more
irregular stages and processes. As with respect to
the alternative superficial versus total cleavage,
we find determinate and indeterminate cleavages
and forms that show aspects of both among
arthropods (see Figs. 4.4 and 4.5). At first sight,
it appears that a determinate cleavage, i.e., a
stereotyped arrangement of blastomeres with a
traceable fate is restricted to total cleaving eggs.
However, some indications suggest that even in
superficial or mixed cleavage modes a deter-
mined position of energids occurs (Samter 1900;
von Baldass 1941; Dohle 1970; Gerberding
1994; Wolff 2009) (see Figs. 4.4 and 4.5). Per-
haps, the lack of suitable landmarks such as cell
size and relative cell orientation, which help
identifying individual cells in total cleaving
eggs, is due to the concealment of the regular
arrangement of cleavage products. Hence, it
might just be a matter of perception if determi-
nate cleavage is not recognized in superficial or
mixed cleavage modes.

It has to be stressed that determinate cleavage
as such cannot be used as a character for phy-
logenetic or evolutionary analyses (see e.g.
Peterson and Eernisse 2001). Total or superficial
cleavage modes are clearly characterized by
structural features such as presence or absence
of membranes. In contrast to this, determinate
cleavage can only be homologized, when the
specific patterns of cell divisions and cell fates
are also taken into account.

Within arthropods superficial, total, and
mixed cleavages, as well as those of determinate
and indeterminate cleavage modes occur in a
pattern that does not allow for an easy and
entirely unambiguous possibility to reconstruct
the ancestral mode for arthropods. There is
apparently an opportunistic back and forth evo-
lution between superficial and total as well as
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between determinate and indeterminate cleavage
modes related to life style and reproduction.
Yolk content is generally considered as a major
aspect related to the cleavage mode. According
to this view, a large amount of yolk prevents the
membranes from penetrating the yolk mass and
leads to meroblastic cleavage. However, there
are examples in which heritage overrules the
putative mechanistic effects of egg size and yolk
mass (see Fioroni 1987, p. 173f.). Fioroni dem-
onstrates that there are eggs of prosobranch
gastropods that are much larger than those of
some cephalopods. Nevertheless, the proso-
branch eggs follow the mode of total spiral
cleavage and those of cephalopods show mero-
blastic discoidal cleavage. Among arthropods,
this is exemplified by the constant pattern of
total cleavage among amphipod crustaceans
despite a great amount of yolk and huge size
differences (see Scholtz and Wolff 2002).

4.6 Early Arthropod Cleavage:
Superficial or Total or a Mix
of Both?

4.6.1 Chelicerata

Among Arachnida, there are several cases of
total cleavage, most clearly within scorpions
(see Anderson 1973; Moritz 1993), pseudoscor-
pions (Weygoldt 1964), and in Acari (Anderson
1973; Dearden et al. 2002; Laumann et al.
2010a, b). In contrast to older views, Laumann
et al. (2010a, b) considered total cleavage as a
general character of Acari. The yolky eggs of
Xiphosura (e.g. Kingsley 1892; Ivanov 1933;
Kimble et al. 2002) and most Arachnida (as far
as known) undergo a superficial cleavage (e.g.
Thelyphonidae: Schimkewitsch 1903; Ambly-
pygi: Weygoldt 1975; Araneae: Schimkewitsch
and Schimkewitsch 1911; Wolff and Hilbrant
2011; Mittmann and Wolff 2012; Opiliones:
Moritz 1957). Data about the early development
are lacking for groups such as Schizomida,
Ricinulei, Solifugae, and Palpigradi. Neverthe-
less, irrespective of the detailed topology of

phylogenetic interrelationships within Euchelic-
erata (e.g. Weygoldt and Paulus 1979; Shultz
2007; Regier et al. 2010), the distribution of total
versus superficial cleavage modes makes it
likely that the cases of total cleavage within
Euchelicerata are secondary. This is quite evi-
dent for scorpions, since total cleavage is related
here to yolk reduction due to the placental
nutrition of embryos and evolved most likely
within the group showing a shift from mero-
blastic (in this case discoidal) cleavage
(Anderson 1973; Moritz 1993). Given the phy-
logenetic position of Acari within arachnids, a
transition from superficial to total cleavage
seems likely as well. In summary, the last
common ancestor of Xiphosura and Arachnida
showed a superficial cleavage.

The situation in Pycnogonida is different.
Total cleavage has been described in Pycno-
gonida without known exception (e.g. Morgan
1891; Dogiel 1913; Ungerer and Scholtz 2009).
Sanchez’s (1959) interpretation of callipallenid
cleavage as being superficial contradicts the
images in her own study (Sanchez 1959, Plate 4)
and the results of Morgan (1891) which indicate
a total cleavage mode. In any case, the large
yolky eggs of nymphonids and callipallenids are
apparently apomorphic within Pycnogonida
(Ungerer and Scholtz 2009). Hence, all known
cases show total cleavage and this permits the
conclusion that total cleavage occurred in the
pycnogonid stem species (e.g. Morgan 1891;
Dogiel 1913; Ungerer and Scholtz 2009).

If pycnogonids are interpreted as being the
sister group to the remaining chelicerates
(Euchelicerata), the cleavage type of the cheli-
cerate stem species remains ambiguous
(Fig. 4.3).

4.6.2 Myriapoda

Among the myriapod groups, both total and
superficial cleavages were described. An early
total cleavage mode occurs in Pauropoda,
Symphyla, and Diplopoda (Tiegs 1940, 1947;
Dohle 1964), which suggest total cleavage in the
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stem species of Progoneata. In Chilopoda, in-
tralecithal cleavage has been reported for repre-
sentatives of Scutigeromorpha (Knoll 1974),
Lithobiomorpha (Hertzel 1985), Scolopendro-
morpha (Heymons 1901), and Geophilomorpha
(Sograff 1883; Chipman et al. 2004). A putative
apomorphic condition of the Pleurostigmophora
(the centipedes to the exclusion of Scutigero-
morpha) is the early subdivision of yolk into so-
called yolk pyramids as described above. The
cleavage of energids takes place in a central
undivided yolk mass (Sograff 1883; Heymons
1901; Hertzel 1985; Chipman et al. 2004). Scu-
tigeromorpha does not show these characteristic
early yolk compartments (see Knoll 1974). In
contrast to older descriptions (e.g. Sograff 1883),
Brena and Akam (2012) suggested that the yolk
pyramids observed in Strigamia maritima might
indicate that geophilomorph cleavage is total and
that total cleavage occurs in all other Myriapoda.
However, the conclusion that all myriapods show
total cleavage is premature. In particular, the

study of Knoll (1974) suggests that scut-
igeromorphs undergo a classical superficial
cleavage lacking yolk pyramids. Given that the
previous studies on the early development of all
major chilopod taxa reported superficial cleav-
age, and in the light of the current consensus on
the phylogeny of Chilopoda with geo-
philomorphs nested within Pleurostigmophora
(see Edgecombe and Giribet 2004), there is some
indication for the conclusion that the ancestral
cleavage mode of Chilopoda was superficial.

It is quite evident that monophyletic Pro-
goneata and Chilopoda are sister groups (Regier
et al. 2010; Shear and Edgecombe 2010). Hence,
the reconstruction of the ancestral cleavage
condition in Myriapoda is ambiguous (Fig. 4.3).

4.6.3 Pancrustacea/Tetraconata

Among Hexapoda, total cleavage or mixed
cleavage has been reported from Collembola,

Fig. 4.3 Cleavage modes of the various arthropod
groups mapped on the consensus of arthropod phyloge-
netic relationships (adopted from Chap. 2). Taxa for
which we found no data are flagged with a question mark.
Ambiguous situations are indicated by the two alternative
symbols. Irrespective of the alternative Paradoxopoda or

Mandibulata, we gain total cleavage for the arthropod
stem species (the lowest symbol). The putative Para-
doxopoda stem species would be ambiguous, that of
Mandibulata would show total cleavage (shown left and
right of the slash under the lowest horizontal line)
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Protura, and Machilidae (Claypole 1898; Jura
1965; Machida et al. 1990; Machida 2006). In
contrast to this, Diplura, Lepismatidae, and
Pterygota show intralecithal cleavage (e.g.
Heider 1889; Anderson 1973; Campos-Ortega
and Hartenstein 1985; Tojo and Machida 1998).
Among Pterygota, only a few groups such as
Stylops, aphids, or parasitoid wasps display total
cleavage, certainly a secondary feature related to
the derived reproduction mode in these groups
(e.g. Pflugfelder 1962; Grbic 2003).

With respect to the paraphyly of the aptery-
gote hexapods, in particular the paraphyletic
arrangement of bristletails and zygentomans in

relation to the Pterygota (Kristensen 1997;
Giribet et al. 2004; Meusemann et al. 2010; von
Reumont et al. 2012), the distribution allows for
a reconstruction of the ancestral hexapod
cleavage as total or at least as mixed cleavage
(Fig. 4.3).

The following picture emerges for the various
‘crustacean’ groups. Nothing is known about the
embryology of Remipedia, Cephalocarida, and
Mystacocarida. Within Malacostraca, total
cleavage has been described in Amphipoda
(Bregazzi 1973; Gerberding et al. 2002; Scholtz
and Wolff 2002), a number of Decapoda (e.g.
Gorham 1895; Hertzler and Clark 1992; Biffis
et al. 2009), Euphausiacea (Taube 1909; George
and Strömberg 1985; Alwes and Scholtz 2004;
Montuy-Gómez et al. 2012), Anaspidacea
(Hickman 1937), and some parasitic Isopoda
(Strömberg 1971). Mixed cleavage occurs in
some decapods ( e.g. Weldon 1892; Scheideg-
ger1976; Müller 1984) and Thermosbaenacea
(Zilch 1974). In all other cases (Leptostraca,
Stomatopoda, most Peracarida, most Decapoda),
a clear superficial cleavage mode has been
observed (Manton 1928, 1934; Zehnder 1934;
Shiino 1942; Scholl 1963; Dohle 1970; Wolff
2009). Most phylogenetic analyses resolve the
taxa with total cleavage as being deeply nested
within the malacostracan tree (see Richter and
Scholtz 2001) suggesting superficial cleavage as
plesiomorphic condition. In Cirripedia, we find
total cleavage throughout (Bigelow 1902; Dels-
man 1917; Anderson 1965, 1969; Turquier
1967; Scholtz et al. 2009a). The same is true for
Copepoda (Schimkewitsch 1896, Amma 1911;
Fuchs 1914; Kohler 1976). There is only limited
knowledge about early development in Bran-
chiopoda. This is, in particular, true for Not-
ostraca and the paraphyletic conchostracans. The
detailed study of Benesch (1969) on Artemia
describes total cleavage. With some exceptions
showing superficial cleavage (Samter 1900;
Cannon 1921; Gerberding 1994), Cladocera
exhibit the mixed cleavage mode with some
early superficial stages switching to total cleav-
ing stages (Kühn 1912; Vollmer 1912; von
Baldass 1941; Kaudewitz 1950). With respect to
the increasing agreement about branchiopod

Fig. 4.4 Examples for determinate cleavage in Crusta-
cea. a Amphipoda, b Euphausiacea, c Decapoda. The
colour code for the amphipod is arbitrary and does not
imply homology between a and b/c. The pattern found in
dendrobranchiate decapods and euphausiaceans is char-
acterized by a specific arrangement of the blastomeres at
the four-cell-stage with two cross-furrows and two
interlocking cell bands. At the end of one of the cell
bands, gastrulation is initiated by immigration of two
large cells (blue).The amphipod pattern shows a smaller
quadrant at the four-cell-stage (yellow) and macromeres
and micromeres at the eight-cell-stage with a particular
fate. [After Wolff and Scholtz 2002 (a); Alwes and
Scholtz 2004 (b); Hertzler and Clark 1992 (c)]
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phylogeny (Braband et al. 2002; Richter et al.
2007; Olesen 2009), it seems reasonable to
assume a total or at least a mixed cleavage for
the branchiopod stem species. If a clade com-
prising Malacostraca, Cirripedia, Copepoda, and
Branchiopoda is accepted, as has been suggested
in recent analyses (Regier et al. 2010; see Jenner
2010 for discussion), then the last common

ancestor of this group underwent a total cleavage
during early development. The cleavage of
Branchiura is not known, but their putative sister
group, the Pentastomida (see Møller et al. 2008;
Regier et al. 2010; Sanders and Lee 2010; see
also Castellani et al. 2011 for a different view),
undergoes total cleavage (Osche 1963). The
same is true for Ostracoda (Müller-Calé 1913;

Fig. 4.5 Cleavage and blastoderm stage. a An example
of superficial cleavage. The second cleavage (four-
energid-stage) of the egg of the isopod crustacean
Porcellio scaber (unstained egg). Despite the fact that
this is a superficial cleavage mode, the energids (arrow-
heads) occupy a stereotyped position. b Total cleavage.
The four-cell-stage of the pycnogonid Endeis spinosa
with the characteristic arrangement of blastomeres and
the cross-furrow (compare with c and Fig. 4.4) (Sytox
nuclear staining) (photograph by Petra Ungerer). c Total
cleavage. The four-cell-stage of the euphausiacean

crustacean Meganyctiphanes norvegica with the charac-
teristic arrangement of blastomeres and the cross-furrow
(compare with b and Fig. 4.4) (Sytox nuclear staining)
(photograph by Frederike Alwes). d Blastoderm stage of
the euphausiacean crustacean Meganyctiphanes norveg-
ica (Sytox nuclear staining) (photograph by Frederike
Alwes). e Superficial cleavage in Drosophila melano-
gaster (about 128 nuclei) (Sytox nuclear staining). f The
blastoderm stage of the spider Cupiennius salei (compare
with Fig. 4.1) (Sytox nuclear staining)

72 G. Scholtz and C. Wolff



Weygoldt 1960b), which equips the putative
ancestor of Branchiura, Pentastomida, and Os-
tracoda with a total cleaving embryo.

The analysis of the distribution of cleavage
modes based on the current views of tetraconate
phylogenetic relationships (e.g. Edgecombe
2010; Regier et al. 2010; von Reumont et al.
2012) leads clearly to the inference that the stem
species of Tetraconata underwent total cleavage
(Fig. 4.3).

4.7 Total Cleavage
in the Arthropod Stem Species

If the Mandibulata hypothesis is correct and
Myriapoda is the sister group to Tetraconata
(Edgecombe 2010; see also Chap. 2), then we
must assume that the last common ancestor of
mandibulates showed total cleavage. As a logi-
cal consequence, if we accept a sister-group
relationship between Mandibulata and Chelic-
erata, a total cleavage mode would have been
present in the ancestral arthropod as well. Under
the assumption of the Paradoxopoda hypothesis
(Mallatt et al. 2004; Pisani et al. 2004), the sister
taxa Myriapoda and Chelicerata would both be
ambiguous with respect to their ancestral
cleavage mode, which in turn would result in an
open situation for the putative paradoxopodan
stem species. Nevertheless, the reconstruction of
the common ancestor of all arthropods would
then still show total cleavage as the most likely
pattern. The same would be the case under the
assumption of a sister-group relationship
between Pycnogonida and remaining Arthrop-
oda (Cormogonida) (Zrzavý et al. 1998; Giribet
et al. 2001).

In general, a very plausible assumption is that
the ancestral cleavage mode was total (compare
with Scholtz 1997, who came to a more
ambiguous conclusion) and this inference is
independent of the current controversies about
the topology of the arthropod tree. However, this
does not allow for any statement on whether a
certain pattern was present in the early devel-
opment of the ancestral arthropod (Fig. 4.3).

4.7.1 Determinate Cleavage
or Irregular Blastomere
Arrangement

Among Arthropoda, a stereotyped arrangement
of blastomeres is mainly a feature of crusta-
ceans (Figs. 4.4 and 4.5). In Chelicerata with
total or mixed cleavage (e.g. Weygoldt 1964;
Dearden et al. 2002; Laumann et al. 2010a, b),
Myriapoda (Tiegs 1940, 1947; Dohle 1964), a
number of crustaceans (e.g. Benesch 1969;
Strömberg 1971; Scheidegger 1976), and Hex-
apoda (e.g. Jura et al. 1987; Claypole 1898),
the first cleavage divisions result sometimes in
a characteristic pattern of blastomere positions
and size differences, but this cannot be
observed in subsequent stages (whether there is
no determination or whether this is a matter of
perception is not clear). The early development
of Pycnogonida is difficult to classify. Two
different modes have been described. One is
characterized by a more or less equal cleavage
with no recognizable defined blastomere
arrangement and division sequence (see
Ungerer and Scholtz 2009). The other mode is
unequal, forming micromeres and macromeres
after the third or even after the first cleavage
division (Morgan 1891; Dogiel 1913; Sanchez
1959). Nevertheless, no regularity has been
found in later stages. However, this issue needs
to be re-investigated. It is evident from all
phylogenetic analyses that the unequal cleavage
pattern, which is restricted to nymphonids and
callipallenids, is representing the derived con-
dition within pycnogonids, whereas the equal
cleaving mode is likely ancestral (Ungerer and
Scholtz 2009). In contrast to this, various
degrees of stereotyped cleavage patterns have
been described for cirripedes (Bigelow 1902;
Delsman 1917; Anderson 1969), copepods
(Fuchs 1914), cladocerans (Kühn 1912; von
Baldass 1941), ostracods, and decapods
(Gorham 1895; Hertzler and Clark 1992; Biffis
et al. 2009), euphausiaceans (Taube 1909;
Alwes and Scholtz 2004), amphipods (Gerber-
ding et al. 2002; Wolff and Scholtz 2002)
among Malacostraca (Fig. 4.4). This is perhaps
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also true for Anaspidacea (Hickman 1937), but
needs to be re-investigated.

There are good reasons to assume that the
cleavage patterns within some of the monophy-
letic taxa are homologous or even apomorphic.
The latter is likely for Amphipoda (Scholtz and
Wolff 2002) (Fig. 4.4). It is also quite straight-
forward to homologize the cleavage patterns
within some arthropodan groups. For instance,
there seems to be a cladoceran pattern shared by
most subtaxa (von Baldass 1941). Also, the
cleavage described in several copepods follows
a stereotyped pattern (Fuchs 1914). Furthermore,
there is a cirripede pattern (Bigelow1902;
Anderson 1969) which nevertheless became
considerably altered within a clade including
Iblomorpha and Rhizocephala (either separately
or in a common stem lineage) (see Scholtz et al.
2009a). Likewise, the patterns of early cleavages
of dendrobranchiate decapods and euphausia-
ceans seem homologous, although it is ambigu-
ous as to whether it is a synapomorphy of
Decapoda and Euphausiacea or a plesiomorphic
character within Malacostraca (Alwes and
Scholtz 2004; Biffis et al. 2009; Scholtz et al.
2009b) (Fig. 4.4).

However, the attempts to homologize these
various early developmental patterns at a
broader scale or even with those of malacostra-
cans were so far not convincing (Taube 1909;
Kühn 1912; von Baldass 1941; Anderson 1973).
This is partly due to the underlying assumption
of many of these authors that crustacean devel-
opment is related to spiral cleavage (Taube
1909; von Baldass 1941; Anderson 1973). Thus,
an unbiased and detailed comparison of the data
at hand is urgently required.

4.7.2 Determinate Cleavage
in the Arthropod Stem Species?

The distribution of the various determinate
cleavage patterns does not allow formulating an
unambiguous answer to the question of whether
the arthropod stem species showed a stereotyped
arrangement and fate of blastomeres. However,
with the data at hand it is more likely that this

was not the case if we consider determinate
cleavage in the strict sense of annelid spiral
cleavage or the early development of Caeno-
rhabditis elegans. However, with a more relaxed
approach, we arrive at a different perspective.
There is a certain arrangement of the blasto-
meres at the 4-cell stage which is widespread
among arthropods. It occurs in a number of
crustaceans (Müller-Calé 1913; Fuchs 1914;
Hertzler and Clark 1992; Alwes and Scholtz
2004), in myriapods (Tiegs 1940), hexapods
(Claypole 1898), and pycnogonids (Dogiel
1913; Ungerer and Scholtz 2009) (Fig. 4.5).
This pattern is characterized by a more or less
equal blastomere size and by cross-furrows
between the two non-sister cells of both poles
(Figs. 4.4 and 4.5). It has been shown in some
crustaceans that this blastomere arrangement
leads to a characteristic pattern of two inter-
locking cell bands and that gastrulation is initi-
ated at the end of one of these cell bands
(Müller-Calé 1913; Fuchs 1914; Hertzler and
Clark 1992; Alwes and Scholtz 2004) (Fig. 4.4).

4.8 The Arthropod Sister Group

There is a continuous debate about the identity
of the arthropod sister group. Tardigrada, Ony-
chophora or both taxa together have been pro-
posed as candidates (reviewed in Zantke et al.
2008; Campbell et al. 2011). Hence, the cleav-
age modes described for these groups are of
crucial interest for the question of the ancestral
cleavage in arthropods. There are not many data
on early cleavage in tardigrades. All described
cases show total cleavage and a blastoderm with
a cellular central yolk mass (Marcus 1929;
Hejnol and Schnabel 2005; Gabriel et al. 2007).
According to Hejnol and Schnabel (2005), the
cleavage in Thulinia stephaniae is irregular and
indeterminate. In contrast to this, Gabriel et al.
(2007) state that the cleavage of Hypsibius du-
jardini has a stereotyped cleavage pattern.
However, the proposed stereotypy is not based
on a cell-by-cell basis but is rather related to
equivalence groups. All we can deduce from this
is that perhaps the ancestral cleavage pattern of
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Tardigrada was total, but no more detail can be
added. Concerning Onychophora, superficial
cleavage resembling that in arthropods is found
in a number of cases, in particular in ovovivip-
arous forms (Sheldon 1887; Anderson 1966,
1973; Eriksson and Tait 2012). However, there
is contradictory evidence as to whether the en-
ergids are situated in the egg’s centre (Anderson
1966) or at the margin of the egg (Eriksson and
Tait 2012), the latter being rather a kind of
discoidal cleavage as in scorpions (see above).
Moreover, apart from the fact that the eggs are
yolky, nothing is known about the early devel-
opment of the eggs of oviparous onychophorans.
Total cleavage occurs as well but is restricted to
those species with vivipary, of which some
evolved placenta-type nutrition of yolk-free eggs
and embryos in their uterus (Manton 1949;
Pflugfelder 1962; Anderson 1973). The general
opinion is that superficial cleavage is plesio-
morphic within Onychophora, because ovipa-
rous or ovoviviparous reproduction is considered
as plesiomorphic (Anderson 1973; Reid 1996;
Nielsen 2001). There is no indication for deter-
minate cleavage in onychophorans. Given that
Onychophora is most probably the sister group
of Arthropoda, the cleavage mode of the last
common ancestor would be ambiguous, either
superficial or total. However, in any case, a
determinate cleavage is unlikely. If one accepts
that Tardigrada is the sister group to a clade of
Onychophora and Arthropoda, the ancestor of
this assemblage would have had a total cleavage.

4.9 Once More, the Question
of Spiral Cleavage

Despite the view that superficial cleavage might
be the characteristic, typical (Paulus 2007) or
even apomorphic (for Onychophora plus
Arthropoda, Weygoldt 1986) developmental
mode of Arthropoda, there have been frequent
attempts to relate arthropod cleavage patterns to
that of spiral cleavage as is found in Annelida or
Mollusca (e.g. Anderson 1973; Nielsen 2001,
but see the new edition, Nielsen 2012). In

particular, the total cleavage that occurs in a
number of crustacean groups such as Cirripedia,
Malacostraca, or Branchiopoda has been inter-
preted as closely related to spiral cleavage (e.g.
Taube 1909; Anderson 1973). This interpreta-
tion is based on the traditional view that panar-
thropods are the sister group or at least close
relatives of Annelida within the Articulata (see
Scholtz 2002) and thus that arthropods are dee-
ply nested within Spiralia. Nevertheless, despite
the past general acceptance of the Articulata,
there were critical voices which expressed seri-
ous doubts on the spiralian affinities of crusta-
cean cleavages (e.g. Dohle 1979; Siewing 1979;
Zilch 1979; Scholtz 1997; Wolff and Scholtz
2002; Alwes and Scholtz 2004). This view is
based on the lack of correspondence between the
determinate cleavage patterns observed in
arthropods, crustaceans in particular, and spiral
cleavage. Even if these arthropod cleavage
modes were derived from a plesiomorphic spiral
pattern, they would be so greatly altered that no
resemblance to spiral cleavage would have been
left.

The currently dominating perspective of
metazoan phylogeny puts panarthropods in close
relationship to cycloneuralians with both groups
together forming the Ecdysozoa (see Edge-
combe et al. 2011, Chap. 2). This renders any
interpretation of arthropod cleavage as following
the spiral mode obsolete. None of the cyclone-
uralian taxa show spiral cleavage (e.g. Malakhov
and Spiridonov 1984; Kozloff 2007; Wennberg
et al. 2008; Schulze and Schierenberg 2011) and
hence, there is no indication for spiral cleavage
in the ecdysozoan stem species. Finally, if the
reconstruction is correct that the arthropod (or
even panarthropod) stem species did not show a
determinate cleavage, this automatically
excludes the occurrence of spiral cleavage as
well.

In general, it is not sufficient to show that
arthropod and panarthropod cleavage may not be
of the spiral mode. More important is to relate
characteristics of arthropod cleavage to those of
other metazoan groups, in this case cycloneura-
lians. This requires a more detailed comparison
of ontogenetic patterns in arthropods and those
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of priapulans, kinorhynchs, loriciferans, nema-
todes, and nematomorphs. The perspective is to
arrive eventually at an (ancestral) ecdysozoan
cleavage pattern.

4.10 The Germ Band

One of the characteristic features of arthropod
development is the so-called germ band (see
Krause 1939; Anderson 1973; Sander 1983;
Scholtz 1997). A germ band is a concentrated
elongate field of blastoderm cells lying at the
surface of one side of the yolky egg representing
the embryo proper (Fig. 4.6). The rest of the egg
is formed by extra-embryonic tissue sometimes
containing specializations such as dorsal organs
(Anderson 1973; Meschenmoser 1996) or a
serosa (Anderson 1973). In arthropods, a germ
band is mostly formed by cell migration and
aggregation at one side of the yolky egg (e.g.
Scholtz and Wolff 2002). Initially, this aggre-
gation is called germ disc, but with longitudinal
growth, it turns into the germ band (Fig. 4.6).
The germ band stretches along the longitudinal
axis of the embryo and marks the future ventral
side. Accordingly, ventral ectodermal aspects of
segments such as segmental furrows, limbs,
central nervous system, and ventral mesoderm
structures are first formed (Fig. 4.6).

Germ bands comprise the ectoderm and the
mesoderm germ layers. Both germ layers form
metamerically arranged structures which con-
tribute to the segments. There is a long-standing
question of whether there is a certain hierarchy
between ecto- and mesoderm with respect to
segmentation, i.e., whether mesodermal seg-
mentation is intrinsic and induces ectodermal
segmental structures or vice versa. Molecular
and cell ablation experiments in insects and
crustaceans suggest that segmentation is an
intrinsic property of the ectoderm, whereas
metameric structures in the mesoderm are
induced by the ectoderm (Bock 1942; Haget
1953; Frasch 1999; Hannibal et al. 2012).
Whether this holds true for arthropods in general
remains to be seen.

The germ band lies on the the surface of the
yolk mass in most arthropods. In contrast to this,
it is covered by an amnion throughout its
development in dicondylian hexapods. The
amnion is formed by folds of the lateral part of
the germ band (Anderson 1973). With advanced
development, the lateral sides grow towards the
dorsal side and begin with the differentiation of
lateral and dorsal structures and eventually
leading to the dorsal closure. This way the yolk
is internalized and the embryo achieves its 3-
dimensional shape.

Since the occurrence of a germ band is
widespread among all arthropod groups, it has
been considered as apomorphy for arthropods
(plus onychophorans) (Scholtz 1997) or as the
arthropod ‘phylotypic stage’, i.e., the embryonic
stage in which the basics of the arthropod body
plan is set up and which is somehow buffered
against evolutionary change (Sander 1983; Peel
et al. 2005).

4.11 Short Germ Versus Long Germ
Development

Based on his comparative studies in insect
embryology, Krause (1939) developed the con-
cept of long germ (Langkeim) versus short germ
(Kurzkeim) development. Short germ develop-
ment in its extreme expression is characterized
by a germ band comprising only the material for
the head lobes, and the rest is successively
budded by a posterior growth zone. The seg-
ments are differentiated in a general antero-
posterior sequence (Figs. 4.6, 4.7). Short germ
development is found in beetles such as Tribo-
lium castaneum and in grass hoppers such as
Schistocerca americana (Patel et al. 1994). In
contrast to this, in the extreme long germ, the
material for the whole length of the embryo
appears from the onset of germ band formation
and segments are formed almost simultaneously
along the whole germ band (see Scholtz 1997;
Liu and Kaufman 2005). The honey bee Apis
mellifera and the fruit fly Drosophila melano-
gaster are the best known examples for long
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germ development (Fleig 1990; Patel et al.
1994) (Fig. 4.6). Between these extremes, all
sorts of transitions are found, called intermediate
or semi-long germ bands (Fig. 4.6). Although
Krause described these phenomena in insects,
the concept of long and short germs can be
applied to other arthropods as well. For instance,
the germ band of freshwater crayfish is a short to

intermediate germ band (Scholtz 1992; Alwes
and Scholtz 2006). The same holds true for
isopods (Wolff 2009) (Fig. 4.6), whereas the
development of Gammarus pulex and other
amphipods is characterized by an intermediate to
long germ (Scholtz 1990). The germ band of
Daphnia and other water fleas is considered as
representing the long germ type (Schwartz

Fig. 4.6 Germ bands in arthropods (Sytox staining). a–
c Short to intermediate germ band development of the
isopod crustacean Porcellio scaber. a Germ disc. b Early
germ band with the anterior head lobes (top) and a
posterior growth zone formed by a horizontal row of
large teloblasts (arrow). c Advanced elongated germ
band with segmental structures such as intersegmental
furrows, limb buds, and ganglion anlagen (ventral view,
anterior is on top). d–f Intermediate germ band devel-
opment of the spider Parasteatoda tepidariorum. d Germ
disc. e Early germ band with the anterior head lobes (left)
and a posterior growth zone (arrowhead). f Advanced

elongated germ band with segmental structures such as
intersegmental furrows, limb buds, and ganglion anlagen
(lateral view, anterior is left). The growth zone is marked
by an arrowhead. g, h Long germ band development in
the insect Drosophila melanogaster. g Blastoderm stage
(lateral view, anterior on the left). h Elongated germ band
stage with visible segmentation (lateral view, anterior on
the left). i Metanauplius stage of the euphausiid crusta-
cean Meganyctiphanes norvegica. There is no ventral
germ band, but the whole larva develops three-dimen-
sionally (ventral view, anterior is on top) (photograph by
Frederike Alwes)
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Fig. 4.7 Semi-schematic camera lucida drawing of the
nuclei of the ectoderm of the post-naupliar germ band of
the mysid crustacean Neomysis integer (after Scholtz
1984). Anterior is on top showing the limb buds of the
mandibles). The arrow marks the ectoteloblasts that are
relatively large and form a transverse row. Red the
complete progeny of one ectoteloblast formed by eleven
asymmetric divisions of the ectoteloblast cell and
subsequent divisions of the ectoteloblast daughter cells.
The cells anterior to the cells marked in red are not
descendants of the ectoteloblasts. Nevertheless, most of
them show the same behaviour (transverse row forma-
tion via two waves of division with longitudinal
orientation and differential cleavages). ie the region of
intercalary germ band elongation by divisions in longi-
tudinal direction of the ectoteloblast daughter cells.
Yellow cells budded by an ectoteloblast; blue ectotelo-
blast descendants, which underwent their first division
with a longitudinally oriented spindle; green ectotelo-
blast descendants which underwent their second division
with a longitudinally oriented spindle; orange ectotelo-
blast descendants starting the phase of differential

cleavage which are oriented in various directions and
contribute only partly to germ band elongation. All
ectoteloblast descendants show the same pattern in an
anteroposterior gradient, i.e., in the next division cycle,
the yellow cells would show the same pattern as the blue
cells, and the blue cells would show the same pattern as
the green cells, and these would enter the stage of the
orange cells. This reveals that in fact most of the germ
band elongation is caused by the intercalary divisions
and not by the budding of the ectoteloblasts. gb
genealogical boundaries marking the polyclones (= para-
segments) formed by the ectoteloblast descendants (only
some anterior boundaries are designated, showing that
non-ectoteloblastic cells and teloblastic cells show a
corresponding pattern). sb segmental boundaries as
indicated by the forming intersegmental furrows. It is
obvious that the segmental boundaries do not match the
genealogical boundaries and that the descendants of two
ectoderm rows contribute to one morphological segment.
th1 the first thoracic segment. This is composed by non-
ectoteloblastic cells (anterior part) and ectoteloblast
descendants (posterior part)
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1973). In Chelicerata, we find a short to inter-
mediate germ development in xiphosurans and
scorpions starting with a germ band comprising
the head lobes and three segments (Kingsley
1892; Brauer 1895). In spiders, the whole area of
the prosoma is formed by the germ disc and only
the opisthosoma is generated by an elongation
process (Wolff and Hilbrant 2011; Mittmann and
Wolff 2012) (Fig. 4.6). A similar pattern occurs
in mites (with a delay of the fourth walking limb
segment, which develops subsequently together
with the anlagen of two opisthosoma segments)
(Barnett and Thomas 2012). Likewise, the germ
band of some pycnogonid species comprises the
cellular material of all prosomal segments from
the onset, but the remaining segments are
formed during post-embryonic growth (Brenneis
et al. 2011). Hence, this has to be considered as
intermediate to long germ development. The
myriapods show a short to intermediate or an
intermediate germ development. Centipedes and
diplopods show a short to intermediate type of
development (Dohle 1964; Hertzel 1985;
Hughes and Kaufman 2002b; Chipman et al.
2004; Brena and Akam 2012; Janssen 2012),
symphylans and pauropods differentiate a germ
band which comprises the anlagen of all seg-
ments that are formed during embryogenesis
(Tiegs 1940, 1947). However, there is also a
post-embryonic addition of segments and, as in
mites, pycnogonids and in many crustacean
nauplii, this mode of development has to be
considered as an intermediate growth but strictly
speaking as a long germ band, if a germ band is
not involved in post-embryonic growth. More-
over, growth and elongation of the embryo is not
restricted to the occurrence of a proper germ
band. In crustacean nauplii, only the anterior-
most three segments are formed and hence, they
show a longitudinal growth (although in this
case a post-embryonic growth) despite the lack
of a germ band (Fig. 4.6).

One would expect that long and short germ
developments involve very different molecular
mechanisms related to growth and segmentation.
Indeed, it has been found that the expression and
function of several genes related to segmentation
such as a number of pair-rule genes differ

between long and short germ insects (see Liu
and Kaufman 2005). On the other hand, how-
ever, surprising correspondences in gene
expression and function occur and in some
aspects, such as the expression of the pair-rule
gene even-skipped differences among short germ
insects are even greater than between some short
germ and the long germ developments (Patel
et al. 1994). This suggests that the morphologi-
cal mode of germ band growth is not strictly
correlated with a specific molecular mechanism.
Based on morphological data, it has been sug-
gested that there is no necessary fundamental
difference between long germ and short germ
band development. Rather a heterochronic shift
between germ band growth and the onset of
segmentation may cause the shift from a short
(intermediate) germ to a long germ, i.e., a long
germ is formed if there is a delayed beginning of
the segmentation process with respect to germ
band growth (Scholtz 1992). Even if it can be
shown that there are some specific molecular
mechanisms involved in the various germ band
types, the hypothesis of a heterochronic shift
between germ band growth and the segmenta-
tion process could explain the evolutionary
change from short- to long germ bands and its
frequent independent occurrence. The above-
mentioned inconsistencies between the mor-
phological modes of germ band development
and the molecular level underpin this view (see
Liu and Kaufman 2005).

4.12 What is a Growth Zone?

It is an almost generally accepted view that germ
band elongation or growth is caused by a pos-
terior pre-anal proliferation or growth zone.
Despite this view, it is not clear what the term
growth zone actually implies (see Davis and
Patel 2002; Liu and Kaufman 2005). Often, it
has been defined as a region in the posterior of
the germ band with a high cell division activity.
However, investigations dealing with cell divi-
sion markers could not resolve a subterminal
region with high mitotic activity and exemplified
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in Onychophora, the existence of a subterminal
proliferation zone has even been denied (Mayer
et al. 2010). Moreover, biological elongation
processes do not necessarily imply cell division;
cell migration, cell rearrangements, and changes
in cell shape have also been described as
mechanism for growth in animal embryos (see
Scholtz 2002, Fig. 5; Keller 2006) including
arthropods (Liu and Kaufman 2005; Chipman
2008). Finally, many authors conceptualize the
growth zone as a subterminal region that is
adding segments by a combination of cell pro-
liferation and pattern formation (e.g. Martin and
Kimelman 2009). In the following, we discuss
these problems from an analytical morphologi-
cal perspective.

The clearest expression of a growth zone is
apparently seen in germ bands with teloblasts
(Fig. 4.7). Teloblasts are relatively large stem
cells, which divide asymmetrically and only in
anterior direction, i.e., the budded smaller
daughter cells lie anterior to the teloblasts (Do-
hle et al. 2004). This way teloblasts produce
chains of cells along the longitudinal axis of the
germ band (Fig. 4.7). Teloblasts have been
described in the ectoderm and the mesoderm
layers. Among arthropods, the occurrence of
ectoteloblasts and mesoteloblasts seems restric-
ted to malacostracan crustaceans. Reports on
teloblasts in other crustaceans are either based
on the view that every growth of germ bands is
called teloblastic, even in the absence of spe-
cialized teloblast cells, or the putative existence
of teloblast cells requires confirmation (Dohle
et al. 2004). Hence, it is most likely that telo-
blasts are an apomorphy of Malacostraca
(Fischer et al. 2010). In the course of malacos-
tracan evolution, number and arrangement of
ectoteloblasts underwent some changes from a
circular arrangement of 19 to a circular
arrangement of about 40 or a linear arrangement
of variable numbers up to an apomorphic loss of
ectoteloblasts in Amphipoda (Dohle and Scholtz
1988; Scholtz and Dohle 1996; Dohle et al.
2004). In contrast to this, mesoteloblasts are
more conservative. Despite the change from a
plesiomorphic circular to a linear arrangement,
their number is always eight. Since the post-

naupliar germ band of malacostracans is also
characterized by a stereotyped cell division
pattern and a grid-like arrangement of cells,
malacostracan embryos offer a high resolution of
the processes related to germ band growth. It is
clear that at the cellular level two processes are
involved in germ band elongation (Dohle and
Scholtz 1988; Scholtz and Dohle 1996). One is
the proliferation of cells from the posteriorly
situated teloblast cells; the other is a kind of
intercalary growth within each of the transverse
cell rows. This intercalary elongation is
achieved by two rounds of longitudinally ori-
ented cell division cycles of the daughter cells of
the ectodermal teloblasts (Bergh 1893;
McMurrich 1895; Manton 1928; Dohle and
Scholtz 1988; Scholtz and Dohle 1996; Fischer
et al. 2010) (Fig. 4.7). Hence, the contribution of
these intercalary cell divisions to longitudinal
germ band growth is three times larger than that
of the ectoteloblasts, if cell numbers are con-
sidered. Even during the subsequent differential
cleavage, which leads to the formation of seg-
mental structures, some elongation takes place.
Similar processes have been described for the
cells in annelid germ bands (Shankland 1999;
Shimizu and Nakamoto 2001). Hence, there is
no known germ band elongation involving only
posterior growth. It is always a combination of
posterior proliferation and intercalary divisions.

If these findings are extrapolated to short
germ development in other arthropods, which do
not differentiate teloblasts of some sort, then the
posterior growth zone, even if present, would be
difficult to identify with the application of
markers of cell division because the intercalary
division would be marked as well, resulting in a
more or less homogeneous distribution. A way
to recognize the existence of a posterior growth
zone would be to analyze the size and distribu-
tion of clones produced by single cells in the
posterior region of the early germ band. If these
clones are found along a larger portion of the
length of the germ band, then one can possibly
speak of a growth zone. This approach requires
single cell labelling, 4D microscopy, or similar
techniques. If a scattered distribution of clones is
found, then there is no regionalized growth zone.
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It might well be the result of this kind of
investigations that the concept of a subterminal
growth zone has to be restricted to teloblastic
growth. However, given the large amount of
intercalary elongation, the teloblastic prolifera-
tion is just one (although a special one) of sev-
eral areas of cell division activity involved in
longitudinal germ band growth. Hence, this
weakens the concept of a subterminal growth or
proliferation zone even more. Nevertheless, the
term ‘growth zone’ can perhaps be rescued if it
is meant to characterize the embryonic region
from which the cells originate (encompassing
some growth) that subsequently are involved in
elongation and segment formation.

4.13 Germ Band Formation
and Differentiation

It is often stated that the posterior growth zone
buds or produces segments, i.e., growth and
patterning is initiated simultaneously by the
growth zone. However, for several reasons this
view is problematic. First, it is evident that
longitudinal growth of the embryo is phyloge-
netically older than segmentation. It is likely that
longitudinal growth evolved together with the
adult bilaterian body organization (Jacobs et al.
2005), whereas an arthropod-like segmentation
appeared only later in evolution. Second, it is by
no means obvious to what degree information
for segmental patterning, if at all, is imple-
mented in the growth zone. This is not a trivial
problem. Experiments affecting the growth zone
by cell ablation (Price et al. 2010) or suppression
of gene expression (Copf et al. 2004) necessarily
have an impact on segmentation as well. If there
are no cells that can form segments, segmental
structures cannot be formed either. Third, as
mentioned above, it is not at all clear whether in
most arthropods there is a posterior growth zone.

Based on comparative morphological analy-
ses in malacostracan crustaceans, it appears
rather that the growth zone or longitudinal
growth in general generates competent cell
material, which eventually becomes segmented
(Dohle 1972; Scholtz 1992). Indications for this

are found in the heterochronies between cell
proliferation and molecular and morphological
segmentation within the germ band of a species
or between those of different species (Scholtz
1992; Scholtz and Dohle 1996). Hence, mor-
phologically, two processes can be discriminated
that are involved in germ band development.
One is the formation and growth of the germ
band. The other is germ band differentiation into
metamerically arranged structures, which in
combination lead to what is called segmentation.
This postulated dissociation of the growth and
segmentation processes finds support by recent
studies in anostracan crustacean larvae (Wil-
liams et al. 2012). An experimental disruption of
Notch signalling leads to suppression of seg-
mentation, but longitudinal growth is largely
unaffected (Williams et al. 2012). Furthermore,
not all metamerically formed structures are sit-
uated in a strictly registered position. There are
some examples for so-called segmental mis-
match such as the polypody in notostracan
crustaceans and the diplopody in diplopod
myriapods (Linder 1952; Dohle 1964; Janssen
et al. 2006; see also Chap. 9). In both cases,
there is more than one leg pair and other ventral
structures such ganglia and muscles associated
with one tergite; up to ten in the notostracan
post-genital region and two in most of the dip-
lopod trunk segments. If posterior growth was
inextricably linked to segmental patterning,
segmental mismatch would be difficult to
achieve.

The posterior growth zone produces cells
towards anterior. In contrast, differentiation
follows a general anterior-posterior direction,
i.e., the anterior segmental structures differenti-
ate before more posterior ones. However, it is
not necessarily the anteriormost head segment
the one in which differentiation starts; some-
times it is the mandibular, maxillary or first
thoracic segment (Patel et al. 1989; Fleig 1990;
Scholtz et al. 1994; Manzanares et al. 1996;
Chipman et al. 2004; Janssen 2012). These dif-
ferences suggest again that longitudinal growth
and segmentation show a certain degree of
independence. Otherwise, one would expect that
differentiation begins in relation to the timing of
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the cells budded by the growth zone, i.e., the
earliest cells that originated from the growth
zone are the first to differentiate into segmental
structures.

4.14 Segment Precursors

As a general mode, arthropod segments are
formed one by one in a general anteroposterior
sequence. This is congruently indicated by the
expression of segment polarity genes, cell divi-
sion patterns, and morphogenesis. An antero-
posterior gradient is even found in Drosophila
with its almost simultaneous segmentation of its
long germ band (DiNardo et al. 1985). Seg-
ments, however, are not the first signs of a
metameric subdivision of the germ band. Based
on clonal analyses, morphogenesis, and gene
expression data in Drosophila, the concept of the
parasegment as the primary metameric unit has
been developed (see Lawrence 1992). The
parasegment does not match the segment but
contributes to parts of two adjacent segments,
the posterior compartment of the anterior seg-
ment and the anterior compartment of the pos-
terior segment (Lawrence 1992). The row
formation and the clonal situation in malacos-
tracan germ bands resemble the Drosophila
parasegment (Fig. 4.7) and investigations on the
expression patterns of a variety of segmental
genes in a spider indicate that the parasegment
might be a general arthropod feature (Damen
2002). In contrast, ideas about merosegmenta-
tion, i.e., the subdivision of primary segments
into secondary segments (Minelli 2001, 2005)
suffer from a lack of developmental evidence
and depend very much on what we define as a
segment. For instance, if the expression of pair-
rule genes with their characteristic two-seg-
mented periodicity is considered as segmenta-
tion, then the subsequent subdivision into the
final number of morphological segments can be
seen as merosegmentation. Likewise, if the
external cuticle between two moults does not
correspond to the underlying segment anlagen at
the cellular level, then the impression occurs that
one segment is suddenly subdivided into two or

more secondary segments, although the segment
anlagen were formed one by one. It is the
question whether this shift between different
levels (molecular-cellular and cellular-cuticular)
is meaningful in terms of explanatory power and
whether any of these subdivisions should be
called segment. For instance, the mismatch
between tergites and ventral structures in Dip-
lopoda can be explained with an independent
ventral and dorsal patterning system (Janssen
et al. 2006) and does not require the assumption
of underlying merosegmentation. Malacostracan
crustacean development with teloblastic germ
band growth and the stereotyped cell division
pattern shows that the assumption of a general
field subdivided by merosegmentation is unli-
kely. It would mean that a field extending over
15 segments (segments of 2nd maxilla to uro-
pods) would be condensed within each ectotel-
oblast cell. This is unlikely and ablation
experiments with intra-germ layer compensation
of ablated tissue contradict this view (Price et al.
2010).

4.15 Embryonic and Post-
Embryonic Growth

Longitudinal growth and the addition of seg-
ments occur either during embryogenesis, in a
post-embryonic phase, or as a mixture of both.
All these modes are found in arthropods (see
also Chap. 9). Species with epimorphic devel-
opment hatch with the complete number of
segments. This is the case in most hexapods
(with the notable exception of the Protura), in
direct developing crustaceans such as amphi-
pods, isopods, freshwater crayfish, and cladoc-
erans, in geophilomorph and scolopendromorph
centipedes among myriapods, and in most
arachnid groups. In contrast to this, anamorphic
development is characterized by hatchlings,
which lack some or most of the segments.
Anamorphosis is found in all crustaceans with
larval development including Euphausiacea and
Dendrobranchiata among the malacostracans, in
xiphosurans, in mites, and most myriapods.
There seems to be no fundamental difference
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between embryonic and post-embryonic growth
and segment formation (see Hughes and Kauf-
man 2002c), neither at the level of gene
expression, nor concerning morphogenesis (e.g.
compare Scholtz et al. 1994 and Manzanares
et al. 1996). Furthermore, it has been shown in
some cases that the anlagen of those segments
that occur during post-embryonic anamorphic
growth are already formed and differentiated to
some degree in the embryo (e.g. Barnett and
Thomas 2012). This renders the difference
between embryonic and post-embryonic seg-
mentation, at least partly, an issue of different
resolution. On the one hand, we have the cellular
and morphogenetic level, on the other hand,
there is the observation of segment addition
correlated to moulting. It appears that the major
difference is the timing of hatching and the
differentiation of structures which allow the
free-living mode.

4.16 A Germ Band in the Ground
Pattern of Arthropods?

Since a germ band is found in the ontogeny of
representatives of every large arthropod sub-
group, it has been considered as part of the
arthropod ground pattern (Scholtz 1997). How-
ever, there are a number of cases, in particular
among crustaceans such as Dendrobranchiata
and Euphausiacea where after total cleavage of
yolk-free eggs the larvae form directly and
three-dimensionally. Hence, a germ band in a
strict sense is not formed (Fig. 4.6). A corre-
sponding phenomenon occurs in annelids in
which the three-dimensional trochophore
development has been switched to germ bands in
yolky eggs, for example, in clitellates or among
polychaetes (von Wistinghausen 1891; Seaver
et al. 2005; Mayer et al. 2010). Based on these
examples, one can conclude that the occurrence
of a germ band is related to a certain amount of
yolk. Hence, the occurrence or absence of a
germ band is prone to convergence and in
arthropods, there is a back and forth change
between yolky and less yolky eggs. If we assume
that the pattern shared by larval crustaceans and

pycnogonids might be ancestral within arthro-
pods (see Waloszek and Maas 2005), then a
germ band is not part of the arthropod ground
pattern (see Scholtz 1997). In any case, the
extreme short germ development as observed in
Schistocerca and relatives seems to be derived
within arthropods. The plesiomorphic condition
appears to be the intermediate growth mode with
the anlagen of a few anterior segments, irre-
spective of the existence of a true germ band
(Scholtz 1997). Apart from the fact that the
phylotypic stage is a problematic typological
concept (see Scholtz 2005), the putative absence
of a germ band in the arthropod stem species
renders the concept of the germ band as phylo-
typic stage even more problematic.
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5.1 A Neglected Developmental
Time and Its Periodization

The study of arthropod post-embryonic devel-
opment is a chapter of biology that requires a
new conceptual framework. Some of the reasons
behind the inadequacy of the prevailing
approach are common to the study of post-
embryonic development of all, or most, animals
groups; others are specific to the Arthropoda.

Despite tremendous progress in developmental
biology, in comparative developmental genetics
especially, over the last three decades, the study of
post-embryonic development still remains some-
how neglected compared to the two segments of
ontogeny on which attention is preferentially
focussed: one is embryonic development, an
increasingly obvious target of research, as a con-
sequence of the increasing appreciation of the early
developmental stage at which many body features
are essentially determined, including those that
will be eventually expressed at a much later date,
sometimes in the adult phase only; and the other is
the adult phase, too often acritically selected as the
vantage point from which to read the whole course
of development, thus reducing the embryonic and
post-embryonic development to a sequence of
preparatory stages. This perspective is encapsu-
lated by the widespread use of the term ‘imago’—
to conceptualize the real, legitimate or ultimate
expression of the species’ essence—for the last
developmental stage of insects and, less frequently,
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for the last developmental stage of arachnids
(cf. Canard and Stockmann 1993).

Up to now, a justified focus on the develop-
mentally earliest expression patterns and control
cascades of genes responsible for different aspects
of body patterning has resulted in unjustified
neglect for the expression patterns and control
cascades of developmental genes along the post-
embryonic segment of life, with few exceptions,
as for instance the studies on the metamorphosis
of model species among the holometabolous
insects (Diptera: Drosophila melanogaster;
Lepidoptera: Manduca sexta, Bombyx mori and
Helicoverpa armigera) (Arbeitman et al. 2002;
Li and White 2003; Riddiford et al. 2003; Dong
et al. 2007; Tanaka and Truman 2007; Ando et al.
2011) and a few pioneering studies on the
expression of Sex combs reduced in the post-
embryonic development of hemimetabolous
insects (Chesebro et al. 2009; Hrycaj et al. 2010).

Another major problem with the study of
arthropod post-embryonic development is the
acritical adoption of a standard periodization
based on the succession of moults (Minelli et al.
2006). To be sure, moults subdivide arthropod
development into a variable number of stages,
whose number can be—nearly always—unam-
biguously determined. Stages seem therefore
obvious units to be compared (in terms of
number, body organization, etc.) between dif-
ferent arthropod species, but this is not always
the case, as we will see in this chapter.

To contribute to a better systematization of
studies in the post-embryonic developmental
biology of the Arthropoda, we start by ‘dissect-
ing’ arthropod post-embryonic development into
a few concurrent processes, whose description
will be based on the standard periodization pro-
vided by the succession of moults. Then, we will
provide examples of the mutual independence of
these concurrent processes. This will show that
the ‘cuticular view’ imposed by the moult-based
periodization of arthropod development is not
always the best framework for analysing the
interactions between different developmental
processes and their evolution. We will end with a
short account of the evolutionary patterns of
arthropod post-embryonic development.

5.2 Dissecting Arthropod Post-
embryonic Development

Arthropod post-embryonic development is cus-
tomarily described with reference to the suc-
cession of stages, rather than with reference to
absolute time, as frequently done in non-moult-
ing animals.

A stage is any segment of the post-embryonic
development of an arthropod between two mo-
ults, or following the last moult, in the life of an
individual. More precisely, a stage is delimited by
ecdysis. Although some authors (e.g. Snodgrass
1935) have suggested that a stage should be
considered as the period in between two apolyses,
this choice is quite unpractical and is applied very
rarely. The last part of a stage, when apolysis has
occurred and a new cuticle is visible underneath
the old one, is called the pharate phase of that
stage. Instead of stage, many authors prefer to use
the terms instar (especially in insects) or stadium
(in millipedes), although Snodgrass (1935) dis-
tinguishes between stage, as temporal segment of
life, and instar, to denote an animal in a given
developmental stage. A uniform nomenclature
would be preferable in principle, but these dif-
ferences in terminology are more or less deeply
entrenched in tradition for each major arthropod
subtaxon.

Quite different definitions of stage have been
suggested, often of limited application. Very
recently, Fritsch and Richter (2012), following
von Lieven’s (2005) proposal for nematodes,
have advocated a concept of stage based on any
subjectively relevant, recognizable difference in
external and/or internal morphological structures,
independent of moults (see also Anger 2001).

5.2.1 Development of Segmentation

Arthropod post-embryonic development involves
two aspects of these animals’ segmental organi-
zation: the production schedule of segments, here
intended as sets of serial elements of different
segmental structures (see Chap. 9), and the dif-
ferentiation of these segments whose result is the
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patterning of the main body axis. Neither of these
processes is necessarily completed at the begin-
ning of post-embryonic life, and the different
arthropod clades exhibit diverse modes of
development in this respect. This is illustrative of
very divergent, sometimes opposing, evolution-
ary trends in arthropod segmentation. In the fol-
lowing sections, we will mainly discuss segment
production schedules, as the patterning of the
main body axis is so diverse as to escape easy
classification and cannot be summarized here.
For these aspects of the development of seg-
mentation, we refer to zoology treatises and
taxon-specific literature, although the discussion
in this chapter may help to critically revise the
evidence therein.

5.2.1.1 Anamorphosis
and Epimorphosis

In some holometabolous insects, the number of
segments recognizable in the adult is lower than
the number present at the beginning of post-
embryonic development. To our knowledge,
there is no technical term to indicate this mode
of segmentation, where the number of body
segments decreases during ontogeny. In fact, in
most arthropods, the number of body segments
recognizable at the beginning of the post-
embryonic development is either lower or
identical to the number eventually found in the
adult. Development by anamorphosis (with
segment number increasing moult after moult) is
thus distinguished from development by epi-
morphosis (no post-embryonic increment in
segment number) (Minelli and Fusco 2004;
Fusco 2005). In anamorphic development, the
new segments appear sequentially in an antero-
posterior progression from a subterminal region,
often referred to as the proliferative zone (also,
generative zone; see Fusco 2005), but informa-
tion about morphogenesis and gene expression
associated with anamorphosis is scarce. Evi-
dence of a conserved role of the segment
polarity gene engrailed across the embryonic/
post-embryonic boundary was found in the
crustaceans Artemia (Manzanares et al. 1993)

and Sacculina (Gibert et al. 2000) and in the
centipede Lithobius (Bortolin et al. 2011).

The diversity of developmental schedules
found among anamorphic arthropods has sug-
gested a further subdivision, first proposed by
Enghoff et al. (1993) for the Diplopoda (Fig. 5.1).
In euanamorphosis, segment number increases at
each moult throughout the whole post-embryonic
life to terminate only with the death of the animal,
thus both segment number and the number of
moults are not fixed at the species level, or within
each sex. Intraspecific variation in the number of
segments added at each moult contributes further
to the total variation in segment numbers at later
stages. In teloanamorphosis, segment number
also increases throughout the animal’s life, but
both the number of moults and the schedule of
segment addition at each moult are fixed, thus
there is a final number of segments, which is
constant for a given species and sex (often also at
family level, or even above). Finally, in hemi-
anamorphosis, the post-embryonic development
includes a first anamorphic phase, comprising a
first batch of moults, followed by an epimorphic
phase where moults take place without further
increase in the number of body segments. Thus, a
final number of segments is obtained at the end of
the anamorphic phase, the number of anamorphic
moults and the per-moult schedule of segment
addition being generally, but not always, strictly
fixed for a given species and sex. All three kinds
of anamorphosis are found among the Diplopoda.
Hemianamorphic are Polyxenida, Glomerida,
Sphaerotheriida, Glomeridesmida and most of the
Spirobolida: the number of anamorphic stages is
quite different in the different clades, for example,
five in Glomeris and seven in Polyxenus. The
Polydesmida, Chordeumatida and most of
the Callipodida are teloanamorphic, while the
Stemmiulida, Julida, Epinannolenidea, Cambal-
ida (with one possible exception), and also
probably the Polyzoniida and Platydesmida are
euanamorphic.

Hemianamorphic development is also charac-
teristic for three of the five major clades of Chilo-
poda, that is, Scutigeromorpha, Lithobiomorpha
and Craterostigmomorpha; of Symphyla and
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Pauropoda; of many Crustacea [Cephalocarida
(Sanders 1963; Addis et al. 2007), the Upper
Cambrian branchiopod Rehbachiella (Walossek
1993), Anostraca (Benesch 1969), Copepoda
(Ferrari and Dahms 2007), Euphausiacea and
Decapoda Dendrobranchiata (Scholtz 2000)]; of
the Protura among the Hexapoda; of Pycnogonida,
Trilobita and some extinct Chelicerata.

Epimorphosis is characteristic of sco-
lopendromorph and geophilomorph centipedes,
of hexapods to the exception of the Protura, of
many crustaceans, and the Arachnida to the
exception of the actinotrichid mites, which show
(likely secondary) anamorphosis, adding up to 3
opisthosomal segments during post-larval devel-
opment (Evans 1992; Alberti and Coons 1999).

The phylogenetic distribution of these dif-
ferent modes of segment addition during post-
embryonic development suggests that hemiana-
morphosis may represent the ancestral condition
of post-embryonic development in Euarthropoda
(Hughes et al. 2006).

5.2.1.2 A Law of Anamorphosis?
With reference to polydesmidans, Fabre (1855)
suggested a ‘law of anamorphosis’ according to

which all apodous rings of a given stage are fated
to become pedigerous in the following stage.
Halkka (1958) and Sahli (1969) found that this
rule applies also to the Julida. The rule, however,
has no universal application within the Diplo-
poda—indeed, it is limited to two major derived
clades, the Polydesmida and the Julida + Spiro-
bolida + Spirostreptida (Enghoff et al. 1993).

Interestingly, all three types of anamorphosis
(hemi-, telo- and eu-) are represented both
within the clades whose post-embryonic sche-
dule of segmental increase follows Fabre’s rule,
and those that do not follow it. A further dem-
onstration of the basic independence of the
temporal deployment of different aspects of
post-embryonic development is given by the
frequent independence of the formation of new
tergites versus the production of new sternites
and new pairs of legs. This has been observed,
for instance, in representatives of the Platydes-
mida, Glomeridesmida, Sphaerotheriida and
Glomerida (Mauriès 1980; Enghoff et al. 1993).
This is in accord with the evidence from
developmental genetics for independent mecha-
nisms of segmentation of the dorsal and the
ventral aspects of the Glomeris embryo (Janssen
et al. 2004).

Fig. 5.1 Schematic representation of segmentation post-
embryonic schedules in arthropods. Along each ontogeny,
a line is a stage. There is no intended alignment among the

stages in the four schedules, but for the first and last
stages. The penultimate and the last stage in teloanamor-
phosis are connected by an arrow
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The starting phase of the post-embryonic
development of most millipedes is broadly
equivalent, irrespective of the schedule of addi-
tion of new segments over the following moults:
characteristic of stage I is the presence of three
pairs of legs (a condition that in the past has
invited speculation about the possible origin of
hexapods from neotenic millipede-like ancestors;
cf. Dohle 1988). However, species with a dif-
ferent number of leg pairs in stage I have been
recorded in a few species: four pairs in Polyzo-
nium germanicum (Polyzoniida) (Enghoff et al.
1993) and Brachycybe nodulosa (Platydesmida)
(Murakami 1962), 27 pairs in Pachyiulus flavipes
(Julida) (Dirsh 1937), 41 pairs in Dolistenus savii
(Platydesmida) (Silvestri 1949).

No rule comparable to the ‘law of anamor-
phosis’ of millipedes is recognized in anamor-
phic crustaceans. Schedules of addition of
segments and appendages may differ even
between closest relatives, as between different
species of Derocheilocaris (Mystacocarida)
(summarized in Schram 1986).

5.2.1.3 Segment Production Versus
Segment Articulation
in Trilobites

Trilobites developed by hemianamorphosis over
a series of juvenile and mature stages. New seg-
ments appeared progressively from a subterminal
posterior region and become morphologically
recognizable before becoming fully articulated
units of the trunk. Traditional descriptions of
ontogenetic phases of trilobites are based on the
presence and number of dorsally fully articulated
segments, the set of which is called the thorax.
The set of more posterior, dorsally conjoined
segments is called the pygidium. Three phases of
post-embryonic development are thus distin-
guished: (1) protaspid, with no dorsal articula-
tions and no thoracic segments, (2) meraspid,
with a number of articulations and thoracic seg-
ments smaller than the final number, and (3)
holaspid, with the final number of thoracic seg-
ments (N) and dorsal trunk articulations (N ? 1).
But anamorphosis in the proper sense, that is, the

emergence of new, distinct although still dorsally
non-articulated segments in the pygidium, did not
necessarily proceed in pace with the release of
new fully articulated segments from the pygid-
ium into the thorax. Thus, Hughes et al. (2006)
distinguished three kinds of segmentation
schedules in trilobites: protarthrous when the
onset of the holaspid phase precedes the onset of
the epimorphic phase, synarthromeric when both
phases have synchronous onset, and protomeric
when the onset of the epimorphic phase precedes
the onset of the holaspid phase. In other words, in
trilobites, the fixation of tagmosis was indepen-
dent from segment production (Dai and Zhang
2011).

5.2.2 Development of Reproductive
Maturity

It is common knowledge that the correlation
between somatic development to obtain an adult
phenotypic condition (or adulthood) and
achievement of reproductive maturity is not
necessarily strict. Indeed, the uncoupling of
these two classes of developmental phenomena
is usually a main evolutionary issue in terms of
heterochronic change. In the case of arthropods,
it is thus sensible to distinguish between mature
stages, characterized by reproductive maturity,
from adult stages, characterized by a morpho-
logically invariant final condition. Adulthood
can in general precede maturity, but the two
typically co-occur in the clades where the adult/
mature animal cannot undergo additional mo-
ults, as in all insects with the exception of the
Ephemeroptera. Otherwise, maturity can pre-
cede adulthood in those derived taxa where the
reproductive faculty is achieved at a stage that in
their closest relatives corresponds to an imma-
ture larva or juvenile.

5.2.2.1 Onset of Maturity
Conceptual and terminological problems are not
necessarily solved just by keeping the two issues
distinct, achieving adult morphology versus
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onset of sexual maturity, because defining the
latter is also not necessarily straightforward.
Should we equate it with the first availability of
mature gametes or, alternatively, restrict the
concept to the time at which ripe gonads are
present in an individual that is morphologically,
physiologically and behaviourally ready to start
reproductive activity? This conceptual conun-
drum, however, is perhaps less disturbing than
the limited data thus far collected on the actual
progress in gamete maturation and differentia-
tion with respect to other developmental events,
in particular, the moult to (first or only) adult
stage. We will therefore only go through some
of the more conspicuous patterns of the rela-
tionship between morphological (somatic)
adulthood and onset of reproductive maturity
(Fig. 5.2). The first aspect worth mentioning is
that there is not necessarily a correlation
between the stage at which the adult number of
segments is obtained and the stage of the onset
of maturity, as well as the number of stages
through which it extends.

Reproduction, indeed, is limited to one stage
in the teloanamorphic Diplopoda, Pauropoda and
Crustacea (Copepoda, podocopan Ostracoda) and
in the Protura, but also in many epimorphic
Arthropoda (the majority of the Arachnida
including Scorpiones, Uropygi, Palpigradi,
Pseudoscorpiones, Solifugae, Ricinulei and most
but not all representatives of Araneae, Acari and
Opiliones) and the vast majority of the Pterygota.

Mature-to-mature moults occur (not neces-
sarily in all species) in the Pantopoda, in the
hemianamorphic and euanamorphic Diplopoda,
but also in epimorphic clades: among the
Arachnida in the Amblypygi, in the basal clades
of the Araneae (Mygalomorphae, Filistatidae,
perhaps also the Mesothelae), in at least some
Grassatores among the Opiliones (Gnaspini et al.
2004; Gnaspini 2007), in some Prostigmata
(Michener 1946; Immamura 1952) and possibly
also in the Notostigmata (Coineau and Legendre
1975) among the Acari, in some at least of the
epimorphic Chilopoda (Scolopendromorpha and
Geophilomorpha), in the Symphyla, in many
anomopodans and Malacostraca among the

crustaceans, as well as in the Collembola,
Diplura, Archaeognatha, Zygentoma and
(limited to the subimago-to-imago moult) in the
Ephemeroptera among the Hexapoda.

The number of mature stages in hemianamor-
phic and euanamorphic millipedes is variable. In
the hemianamorphic Polyxenus lagurus, there are
at least five stages (Schömann 1956), among the
euanamorphic Julida their number ranges from
three (Ophyiulus pilosus, Julus scandinavius) to
at least eight or nine (e.g. Proteroiulus fuscus)
(more data in Enghoff et al. 1993).

In most representatives of the Polydesmida,
sexual maturity is reached in both sexes at stage
VIII (with 18 leg-bearing segments); in others, at
stage VII (with 17 leg-bearing segments), a few
species are sexually dimorphic, with males
having 17 leg-bearing segments and females 18.
The post-embryonic development of represen-
tatives of the polydesmidan genus Devillea
(Xystodesmidae) is not known, but in this case,
maturity is very likely reached through a longer
series of immature stages, and adult-to-adult
moults (otherwise unknown in Polydesmida)
cannot be ruled out (Enghoff et al. 1993).
However, a few individuals of species of Poly-
desmida undergoing a supplementary moult to
stage IX have been recorded in laboratory
cultures of Polydesmus complanatus (in both
males and females) (Verhoeff 1916, 1928) and
P. angustus (David and Geoffroy 2011). Intra-
specific variability in the number of segments of
adult males has been also recorded in nature
for another polydesmidan, the pyrgodesmid
Muyudesmus obliteratus (Adis et al. 2000).

Millipedes provide good examples of the
fundamental uncoupling between the progres-
sion in the production of body segments and the
achievement of sexual maturity. In the hemi-
anamorphic species, the end of the anamorphic
phase of post-embryonic development does not
correspond with maturity, which is only attained
a few moults later. The same happens in the
hemianamorphic Chilopoda (Scutigeromorpha,
Lithobiomorpha, Craterostigmomorpha). On the
other hand, euanamorphic millipedes continue
adding segments after attaining sexual maturity.
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Extending reproductive activity over two or
more stages does not necessarily mean than the
mature stages form a continuous series in the
advanced part of the animal’s post-embryonic
development. In some arthropods, subsequent
mature stages are actually separated by interca-
lary stages which are unable to reproduce and
often show different degrees of reduction of their
sexual appendages. This phenomenon has been
recorded in certain Collembola (Cassagnau
1985), but is better known for female isopods
and male millipedes, although under different
names. In female isopods, there is a regular
alternation between mating-ready stages with
fully developed oostegites and intervening
stages with reduced oostegites, ending with
intercalary and parturial moults, respectively.

In millipedes, the presence of intercalary
stages along the mature phase of a male’s post-
embryonic life has been described for a few
species of Julidae (Allajulus nitidus, Cylindroi-
ulus caeruleocinctus, Ommatoiulus sabulosus,
Tachypodoiulus niger) and Blaniulidae (Proter-
oiulus fuscus, Nopoiulus kochii, Blaniulus
guttulatus, B. lorifer consoranensis: in the latter
subspecies, intercalary stages have been found in
the female too). This phenomenon is known as
periodomorphosis. The number of intercalary
stages between two reproductive stages is usu-
ally one or two, but in the blaniulid Proteroiulus

fuscus Rantala (1974) described as many as six
consecutive intercalaries. As many as four
mature stages separated by single intercalary
stages have been recorded in julids (Verhoeff
1916, 1923, 1933, 1934, 1939; Sahli 1985, 1989,
1990).

5.2.2.2 Changes Accompanying
the Moult to the Only or First
Reproductive Stage

In arthropods with only one (final) reproductive
stage, the physiological onset of maturity may
broadly coincide with the last moult, but some-
times precedes it or, on the contrary, will be
reached only at a later time, following adequate
feeding, as in female mosquitoes. Independence
of maturity from adult feeding is often associ-
ated with a very short adult life, as in the case of
Ephemeroptera and Plecoptera. Non-feeding
adults are probably more widespread than gen-
erally perceived, examples being found in dif-
ferent groups such as wind scorpions or
Solifugae (male Othoes saharae; Junqua 1966),
gnathiid Isopoda (Monod 1926), aphids (the
gynoparae of Rhopalosiphum padi; Walters et al.
1984) and also many Lepidoptera (Miller 1996).

The actual transition to maturity is accom-
panied by physiological processes that may
translate into conspicuous changes, both internal

Fig. 5.2 Schematic representation of the observed
relationships between segmentation post-embryonic
schedule and the onset of reproductive maturity in
arthropods. The four rows of boxes represent the four
segmentation modes, Epimorphosis (Ep), Teloanamor-
phosis (T), Hemianamorphosis (H) and Euanamorphosis

(Eu). Each box is a stage. Empty boxes are anamorphic
stages, grey boxes are epimorphic stages. Thin purple
lines go over immature stages, thick purple lines go over
mature stages. For each combination of segmentation and
maturity schedule, a taxon is indicated by way of an
example
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and external, during the adult stage. This is the
case of those insects, such as many ant queens,
where flight muscles undergo histolysis after the
mating flight, or the occasional changes in the
colour of the cuticle only manifested several
days after complete hardening of the latter. This
phenomenon has been studied in adult males of
the desert locust Schistocerca gregaria where, in
crowded conditions, a redistribution of b-caro-
tene mediated by a protein carrier (Goodwin and
Srikukh 1949) determines the conspicuous col-
our changes characteristic of the gregarious
morph, ca. 10 days after the last moult (De Loof
et al. 2010).

5.2.3 Moulting

5.2.3.1 Number of Moults: An Overview
The number of post-embryonic stages varies
very conspicuously among the arthropods and
often also among close relatives, but it is gen-
erally less than 15. But counting moults is not
always easy, for two reasons at least. First, in a
few arthropods with extremely abbreviated
development, for example, some bathysciine
leiodid beetles and termitoxeniine phorid flies
(cf. Sect. 5.4.1) one or more ‘virtual stages’ may
be recognized just because of the simultaneous
shedding of multiple cuticles. Second, moulting
may begin during the embryonic phase of
development, with two or three embryonic
cuticles being shed before hatching (Konopová
and Zrzavý 2005), so the first moult undergone
after hatching by many arthropods could corre-
spond to the last embryonic moult of others. In
many arthropod groups, the hatchling is more or
less inactive and ‘embryoid’. This stage is
sometimes termed as a pronymph (cf. Sect.
5.3.1), which moults into the first active nymph
or larva. Here, we will consider the series of
stages following the pronymph, if present, and
preceding the adult.

Within the Chelicerata, two different kinds of
post-embryonic development can be distin-
guished. In what is arguably the more primitive
condition, the animal goes through a series of
moults whose number is variable even between

closely related taxa, separating nymphal stages of
increasing size, which progressively display
differentiation of adult (and sexual) characters.
The number of moults is 4–7 in Scorpiones, 8 or
more in Amblypygi, mostly 5–14 in Araneae,
ca. 10 in Solifugae, and 6 or more in Opiliones.
Strong reduction in the number of moults
accompanies miniaturization: for example, the
male of Glyptocranium cornigerum (Araneidae)
is only 1.5–2 mm long and develops through only
two moults (Gertsch 1955). The flexibility of this
moulting schedule is further demonstrated by the
occasional occurrence of intraspecific variation in
the number of post-embryonic moults, as recor-
ded in the spider Thomisus onustus (Thomisidae)
(Levy 1970).

In contrast, a very stereotypic series of stages
is found in arachnids belonging to other clades.
There are 4 nymphal stages (proto-, deuto-, trito-
and tetranymph) in Thelyphonida and Schizo-
mida, 3 in Pseudoscorpiones and a larval plus 3
nymphal stages (pro-, deuto- and tritonymph) in
Ricinulei and Acari. This at least is the primitive
scheme, although one or more stages can be
suppressed in different clades of Acari (André
and Van Impe 2012).

Comparative data on the number of post-
embryonic stages in non-hexapod crustaceans
and in hexapods are summarized in Tables 5.1
and 5.2, respectively.

Fixation of stage number varies from the
condition of species where even siblings,
hatching from eggs laid by the same mother,
pass through differing numbers of post-embry-
onic moults (21–30 in Cloeon simile; Degrange
1959), to the condition of many large clades
throughout which the number is fixed. More
common is the intermediate condition, where a
large clade generally exhibits a fixed number of
stages, but with a small number of exceptions.
A few examples follow.

In Coleoptera, there are 3 or 4 larval stages in
most families, but the number can be unstable
even within a genus and may be as low as 1 or
more than 10. In particular, there are generally 3
larval stages in Adephaga, Staphylinidae,
Hydrophilidae and Scarabaeidae, but in the larg-
est adephagan family (Carabidae), a few species
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have only 2 larval stages (some species of Amara,
some species of Harpalus, Thermophilum sex-
maculatum), while others have four (Eurycoleus

macularis) or five (Brachinus spp.). In the
hyperspecialized troglobitic genus Aphaenops,
there is probably only one larval stage, and a

Table 5.1 Number and kinds of post-embryonic (pre-adult) stages in crustaceans

Cephalocarida 18 (in Hutchinsoniella) Metanauplius (13), juvenile (5)

Anostraca 17+ (in Artemia) Nauplius (in Artemia and Branchinecta, not
in Tanymastix and Siphonophanes);
metanauplius; juvenile

Notostraca Up to 40 (in Triops cancriformis) Metanauplius; juvenile

‘Conchostraca’ Ca. 12 Nauplius ? metanauplius (4–5); juvenile (7)

Cladocera 2-6 Metanauplius (only in Leptodora kindtii);
juvenile

Podocopa 8 Nauplius (atypical); metanauplius; juvenile

Myodocopa 5 Metanauplius; juvenile

Mystacocarida 7–10 Metanauplius; juvenile

Copepoda Typically 11 Nauplius (6); copepodid (5)

Tantulocarida 1 Tantulus (equivalent to copepodid)

Branchiura 9 Copepodid

Ascothoracida Several Nauplius; ascothoracid stadium

Cirripedia Various Nauplius (6); cypris (1); juvenile

Leptostraca Juvenile

Stomatopoda 6–13+ Gonodactyloidea, Squilloidea: pseudozoea
(3); alima (9); post-larva
Lysiosquilloidea: antizoea

Anaspidacea Post-larva

Bathynellacea 7–8 Parazoea (3); bathynellid (4–5)

Mysidacea 12–13 ‘nauplius’ (1); ‘post-nauplius’ (1); juvenile
(10–11)

Amphipoda Various, for example, 7 (post-manca) juveniles
in Hyalella spp., 5–6 in Caprella grandimana

Manca; juvenile

Cumacea 4–8 Manca (2), juvenile (2–6)

Tanaidacea 6+ Manca (2); neutrum (2); female: preparatory
(2) – male: juvenile (several)

Adult females become secondary male in
Neotanaidae

Isopodaa Various, for example, 12 (post-manca)
juveniles in Porcellio scaber, 5–7 in Idotea
viridis, 9 in Janaira gracilis

Manca; juvenile

Euphausiacea About 10–15 Nauplius (2); metanauplius (1); calyptopis
(3); furcilia (2–5); cyrtopia; juvenile

Amphionidacea Probably 11 Amphion

Decapoda 3–16 Nauplius (only in Dendrobranchiata); zoea or
equivalent (0–15); megalopa or equivalent
(0-many); juvenile

a Diverging developmental schedules in some subgroups, especially in the parasitic Bopyridae, where the post-
embryonic development runs through three unique larval stages, the epicaridium, microniscium and cryptoniscium, in
the order
References: mainly after Gruner 1993; data on Peracarida partly after Howes 1939; Michel and Manning 1972; Soares
Moreira and Setubal Pires 1977; Zimmer 2002; da Silva Castiglioni et al. 2007; Baeza-Rojano et al. 2011
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parallel reduction is found in some taxa, also hy-
perspecialized troglobionts, belonging to the
Bathysciinae subfamily of the staphyliniform
family Leiodidae. Other leiodids have 2 larval
stages, as have the Histeridae (also belonging to
the Staphyliniformia) and some staphylinine and
paederine Staphylinidae, but other staphylinids,

such as the Aleocharinae and Oxytelinae, have
instead 4 and 5 larval stages, respectively. Num-
bers greater than three are the rule in other clades,
for example, the fireflies (Lampyridae) with 4 or 5
larval stages, and the ladybirds (Coccinellidae)
with 4 (but only three in Hyperaspis lateralis;
Mckenzie 1932); while 8–10 larval stages are
probably the rule in Cantharis and Rhagonycha
(Cantharidae).

Within the Diptera, most of the paraphyletic
‘Nematocera’ have 4 larval stages, but black flies
(Simuliidae) have 6–8; most of the Orthorrhapha
have 5–8 (but up to 11 in Tabanidae), whereas the
Cyclorrhapha only 3. Clades with variable num-
bers of larval stages are also known from the
Hymenoptera, most members of the Vespidae, for
example, have 5 larval stages, but in the Steno-
gastrinae, the number is reduced to 4.

5.2.3.2 Number of Moults: Male
Versus Female

Differences between the sexes in the number of
post-embryonic moults are not rare and com-
monly translate into size differences in the adult
(Esperk et al. 2007b).

In insects, a higher number of moults in the
female have been recorded for instance in
representatives of the Blattodea, Coleoptera
(several Dermestidae), Diptera (Tabanus lineo-
la), Hymenoptera (Arge spp.) and Lepidoptera
(Arctiidae: Apantesis vittata; Crambidae: Diat-
raea spp.; Lasiocampidae: Streblote panda;
Lymantriidae; Cossidae: Prionoxystus robiniae;
Tortricidae: Choristoneura retiniana, Ctenop-
seustis obliquana, Platynota stultana) (Esperk
et al. 2007a). In contrast, in the earwig Labidura
riparia, the number of moults to maturity is
higher in the male (6 versus 5–6) (Esperk et al.
2007a). In a sample of 40 species of acridomorph
Orthoptera studied by Dirsh (1967), 19 species
did not show any sex-related differences in the
number of stages, while in the remaining 21
species, the females had either one or two stages
more than conspecific males. Similarly, in the
Xiphosura, the normal number of moults to
maturity is identical in one species (Carcino-
scorpius rotundicauda), but slightly higher in the

Table 5.2 Number of post-embryonic moults before the
achievement of the adult condition in hexapods, extreme
exceptional values in brackets

Protura 5–6

Collembola 4–11

Diplura (Campodea) 8–11

Archaeognatha 8–10

Zygaentoma 9–13

Ephemeroptera (12)15–30(52)

Odonata 10–16

Orthoptera 4–12

Phasmatodea 4–12

Grylloblattodea 8

Mantophasmatodea 5

Dermaptera 4–9

Isoptera 5–11

Blattodea 3–14

Mantodea 4–9

Zoraptera 5

Plecoptera 13–34

Embioptera 4

Thysanoptera 4–5

Hemiptera (3)5(8)

Psocoptera 6

Phthiraptera 3

Coleoptera 3–24

Strepsiptera 5

Neuroptera 3–5

Megaloptera 11–13

Raphidioptera 11–16

Hymenoptera 2–7

Trichoptera 6–8

Lepidoptera (3)5–6(31)

Mecoptera 5

Siphonaptera 3–4

Diptera 4–5(11)

References: mainly after Heming 2003; with additional
data from Stehr 1987, 1991; Jarjees and Merritt 2002;
Dunger 2003; Groll and Günther 2003; Esperk et al.
2007a; Hockman et al. 2009; Shimizu and Machida 2011
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females in the other three species (Sekiguchi
et al. 1988).

5.2.3.3 Number of Moults: Within-Sex
Intraspecific Variation

In several arthropod groups, no intraspecific
variation has been ever recorded in the number
of larval/juvenile stages of the same sex. This is
more common when this number is low (tenta-
tively, up to 5) and often extends to whole
families and orders (e.g. nearly always 5 in
Heteroptera; Štys and Davidova-Vilimova
1989). No variation in the number of larval
stages has been reported for Drosophila spp.
(N = 3) and the Colorado beetle Leptinotarsa
decemlineata (N = 4) (Esperk et al. 2007a), two
insects where these developmental traits have
been very extensively studied.

Intraspecific variation in the number of post-
embryonic moults (developmental polymor-
phism; Schmidt and Lauer 1977) is common in
some other groups, for example, Orthoptera
(especially, some families of the Ensifera) (Cal-
vert 1929; Uvarov 1966) and Odonata (Wig-
glesworth 1972; Corbet 1999). Extreme variation
(from 8 to 31 larval stages) has been recorded in
the cossid moth Prionoxystus robiniae (Solomon
1973). In some groups, starvation may release an
undetermined number of additional moults (Beck
1971), and the same effect has been observed in
larvae reared in groups (Quennedey et al. 1995),
or on poor-quality diet (Titschack 1926), or under
conditions inducing larval diapause (Chippendale
and Yin 1973; Kfir 1991).

In insects, intraspecific variation in the
number of post-embryonic stages has been
shown to depend on a variety of external influ-
ences: a short summary is given in Table 5.3,
mainly based on the detailed survey of Esperk
et al. (2007a).

5.2.3.4 Duration of Stages
Data on the average duration of individual stages
of post-embryonic development, and on its
dependence on food availability and diversity of
environmental conditions, are available for many

species, especially for a substantial number of
those of economic importance. We cannot deal
with this topic in detail here, but we report on
one observation from the perspective of evolu-
tionary developmental biology. As a rule of
thumb, the length of individual post-embryonic
stages increases through ontogeny. However,
this is only true of the active stages preceding
maturity, whereas the length of the mature, not
necessarily feeding stage(s) is not generally
correlated with the length of the preceding
stages, especially when there is just one mature/
adult stage. The same is true for the resting (e.g.
pupal) phase. One can speculate that the pro-
gressive length increase of juvenile stages is, by
default, simply a ‘mechanical’ correlate of size
increase (see Sect. 5.2.4), whereas the extreme
diversity in length of the mature stage(s) requires
group-by-group, if not species-by-species
explanations in terms of reproductive strategies.

5.2.3.5 Homology of Stages
Terms used for the different post-embryonic
stages of arthropods are confused and confusing,
not only because traditions were often estab-
lished without any regard for homology of
stages across related clades. Hastily determined
or poorly supported homology often provided
the basis for the terminology. In this respect, the
most fundamental question is, whether the
individual stages can be legitimately regarded
(1) as units of homology, that is, as indepen-
dently evolving units that can be added, deleted
or modified (Scholtz 2008), or (2) as a more or
less integrated set of character state combina-
tions, related to developmental processes that do
not necessarily progress as a unit in develop-
ment, but that can be temporally and function-
ally associated together in evolution (thus
becoming a modular target of selection) and that
can possibly become dissociated again. The
latter view informs the arguments of the whole
chapter (cf. Sect. 5.3).

Particularly well-researched is the question of
the equivalence between the pre-adult stages in
the post-embryonic development of hemimetab-
olous and holometabolous insects. An exhaustive
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Table 5.3 Factors determining an increase in the number of post-embryonic moults, and exemplary insect taxa in
which the effect has been recorded, based on data compiled by Esperk et al. (2007a)

Diet
Heteroptera: Miridae: Cyrtorhinus lividipennis
Orthoptera: Acrididae: Chorthippus brunneus, Melanoplus sanguinipes
Lepidoptera: Arctiidae: Hyphantria cunea; Bombycidae: Bombyx mori; Lasiocampidae; Lymantriidae: Orgyia
antiqua; Noctuidae; Pyralidae: Galleria mellonella, Samea multiplicalis; Tineidae: Tineola bisselliella;
Tortricidae

Temporary starvation (in some species, only the first stage is sensitive to this condition)
Coleoptera: Dermestidae: Trogoderma glabrum
Lepidoptera: Bombycidae: Bombyx mori; Crambidae: Chilo partellus; Lymantriidae: Lymantria dispar, Orgyia
antiqua; Noctuidae: Spodoptera littoralis; Notodontidae: Syntypistis punctatella; Sphingidae: Manduca sexta

Lower population density
Orthoptera: Acrididae: Melanoplus differentialis, Nomadacris septemfasciata, Ornithacris turbida, Schistocerca
gregaria

Higher population density
Coleoptera: Tenebrionidae: Zophobas atratus
Hymenoptera: Argidae: Arge spp.
Lepidoptera: Lymantriidae: Lymantria dispar

Low temperature
Orthoptera: Gryllidae: Pteronemobius nitidus (under short daylength)
Odonata: Libellulidae: Brachythemis contaminata
Coleoptera: Cerambycidae: Psacothea hilaris
Lepidoptera: Cossidae: Prionoxystus robiniae; Crambidae: Diatraea grandiosella; Lycaenidae: Lycaena spp.;
Noctuidae: Spodoptera frugiperda; Pieridae: Pieris brassicae; Pyralidae: Herpetogramma licarsisalis;
Zygaenidae: Harrisina brillians; Tortricidae: Adoxophyes orana

High temperature
Odonata: Libellulidae: Orthetrum sabina
Orthoptera: Acrididae: Chorthippus brunneus, Melanoplus ferrumrubrum; Gryllidae: Gryllus bimaculatus,
Pteronemobius nitidus (under long daylength)
Coleoptera: Cerambycidae: Monochamus carolinensis; Tenebrionidae: Tenebrio molitor
Lepidoptera: Notodontidae: Syntypistis punctatella

Both low and high temperature
Homoptera Aphididae: Nasanovia ribisnigri
Coleoptera: Dermestidae: Attagenus sarnicus, Dermestes lardarius; Silvanidae: Oryzaephilus surinamensis
Hymenoptera: Tenthredinidae: Nematus oligospilus
Lepidoptera: Crambidae: Diatraea lineolata; Noctuidae: Agrotis ipsilon, Copitarsia decolora; Tortricidae:
Acleris minuta, Platynota stultana

Shorter day-length
Blattodea: Blaberidae: Opisthoplatia orientalis (female)
Orthoptera: Gryllidae: Modicogryllus siamensis, Pteronemobius nitidus (at low temperatures)
Coleoptera: Cerambycidae: Psocothes hilaris
Lepidoptera: Crambidae: Diatraea grandiosella; Geometridae: Selenia tetralunaria; Lycaenidae: Lycaena
phlaeas; Noctuidae: Sesamia nonagrioides, Xestia c-nigrum; Nymphalidae: Coenonympha pamphilus, Sasakia
charonda; Tortricidae: Platynota idaeusalis

Longer day-length
Blattodea: Blaberidae: Opisthoplatia orientalis (male)
Orthoptera: Gryllidae: Allonemobius fasciatus, Pteronemobius nitidus (at normal temperatures)
Lepidoptera: Arctiidae: Pyrrarctia isabella

Low humidity
Coleoptera: Dryophthoridae: Sitophilus oryzae; Dermestidae: Dermestes lardarius, Trogoderma glabrum,
T. variabile; Tenebrionidae: Tenebrio molitor

Extreme high humidity
Coleoptera: Dermestidae: Attagenus sarnicus
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survey of the many interpretations advanced thus
far was provided by Heming (2003). Among those
disparate views, a sensible evolutionary scenario
is provided by Berlese’s (1913) model, as revived
and perfected by Truman and Riddiford (1999),
according to which the active (larval) stages of
holometabolans would collectively correspond to
the ‘embryoid’ pronymph of hemimetabolans.

Ultimately, with regard to homologies
between developmental stages, it is advisable to
adopt a factorial approach, as suggested for
homology of the morphological traits (Minelli
1998; Minelli and Fusco 2013). For example,
stage A in arthropod X and stage B in arthropod
Y can be homologous with respect to certain
developmental or morphological features, but
not necessarily to others. An interesting example
is provided by spiders: araneoideans build sticky
webs from the second stage onwards, whereas
cribellates only show this ability from the third
stage on (Szlep 1961; Yu and Coddington 1990):
in such a case, homology of stages in terms of
ordinal position in the sequence of stages does
not match what we know about functional
homology, in terms of silk gland activity.

5.2.4 Growth

Growth, like other aspects of arthropod post-
embryonic development, is generally described
with reference to the ontogenetic succession of
stages. Indeed, the moult cycle has observable
effects on the growth dynamics of several tissues
and organs: in particular, size increase of
external structures occurs mainly in stepwise
manner, in accord with the occurrence of ecdy-
ses (see also Chap. 6). Basically, while tissue
growth and nutrient reserve accumulation occur
throughout the intermoult period, only limited
parts of the animal exoskeleton can stretch and
extend between successive moults. In contrast,
the sclerotized parts, which usually cover most
of the body, can grow only during a short
interval preceding the ecdysis itself. In conse-
quence, size growth is to a large extent discon-
tinuous, while growth in biomass is nearly

continuous, punctuated by stasis, when the ani-
mal stops feeding during the moult, or even
loses weight, when the old cuticle is shed at the
ecdysis (Nijhout 1994).

Not all body parts of all arthropods are pro-
vided with strongly sclerotized cuticle. Arthro-
dial membranes remain flexible and, to some
extent, extensible, as for example, most of the
cuticle of the so-called soft-bodied holometab-
olous insect larvae (Nijhout 1994) and of the
adults of many parasitic copepods. Size increase
during the intermoult period can be generated in
different ways: (1) through simple stretching of
the cuticle (isovolumetric cuticle expansion), or
through a real growth of the cuticle, either (2) by
intussception, that is, by diffuse incorporation of
new protein and chitin molecules into the
already deposited cuticle, or (3) by appositional
growth, that is, addition of new cuticle layers
underneath the older layers, while these become
thinner as a consequence of stretching (Nijhout
1994). However, for such species, ontogenetic
stages or body parts for which the exoskeleton is
essentially inextensible after the post-ecdysial
hardening, intermoult growth is in practice
ignored (Hartnoll 1982).

As a consequence of the stage-based
description of growth, time is often treated as an
independent variable of the process, in the form
of stage duration (or length of the intermoult
interval), as if this were an additional property
of each stage. Both size increase and intermoult
interval duration at each stage are discrete ele-
ments of growth, often with very different
responses to intrinsic and extrinsic changes
(Hartnoll 1982); however, they can also combine
in different ways, in particular in the regulation
of growth (see Sect. 5.2.4.2).

5.2.4.1 Growth Modes
In arthropods, several growth modes (or formats)
can be distinguished, which are combinations of
the modalities of three growth mode variables, as
proposed by Hartnoll (1982) for crustaceans: (1)
the presence, or not, of a terminal moult (deter-
minate versus indeterminate growth); (2) in
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determinate growth, the number of stages (fixed or
variable); and (3) in determinate growth, the onset
of reproductive maturity (at the last stage or
before). Four basic growth modes are observed in
arthropods: (1) indeterminate growth (e.g. euana-
morphic millipedes and many crustaceans); (2)
determinate growth, with a variable number of
stages, and maturity occurring before the terminal
stage (e.g. many hemianamorphic myriapods and
many decapod crustaceans); (3) determinate
growth with a variable number of stages, and
maturity obtained at the terminal stage (e.g. some
Odonata and Blattodea among the insects and
Majidae (spider crabs) among the decapod crus-
taceans); (4) determinate growth with a fixed
number of stages, and maturity attained at the ter-
minal stage (e.g. teloanamorphic millipedes, most
pterygote insects, most spiders and many crusta-
ceans). It is not certain whether there are arthro-
pods with determinate growth, constant stage
number and maturity obtained before the terminal
stage. Mature gametes indeed are often available,
in the males especially, before the moult to adult, as
in the males of the cellar spider Pholcus phalan-
gioides (Michalik and Uhl 2005) as well as in the
males and females of mayflies, stoneflies and many
lepidopterans. But in a majority of these taxa, the
number of post-embryonic stages shows some
variability within the species.

While in some clades (e.g. holometabolous
insects) the growth mode is the same for all species,
in others, different modes can be observed among
related taxa, as for instance in brachyuran Deca-
poda and Isopoda (Hartnoll 1982).

5.2.4.2 Absolute Growth
Absolute growth is the stage-by-stage progres-
sion in size of the body, or of a part of it, through
the ontogenetic sequence of stages. The ratio
between post-moult and pre-moult size is called
per-moult growth rate, while the average per-
moult growth rate over a given section of
ontogeny (a set of successive stages) is calcu-
lated as the geometric mean of the post-moult/
pre-moult size ratios among the given stages.

Size Increment

Of several models formulated for describing
discrete size increment, the so-called Dyar’s rule
(Dyar 1890) is considered a ‘null model’ of
arthropod growth (Klingenberg and Zimmer-
mann 1992). Dyar’s rule assumes a constant rate
of size increase between moults. Accordingly,
by numbering developmental stages in their
temporal sequence, the growth progression
assumes the form of a geometric progression
(the discrete counterpart of an exponential
function): as a formula, Xi+1=rXi, where Xi is the
value of a linear size variable at the ith stage,
Xi+1 is the value of the same variable at the
following stage, and r is the growth rate. For a
linear size variable (e.g. the distance between
two landmarks), this growth rate is called Dyar’s
coefficient. Differential growth rates in distinct
body parts of the same animal (allometric
growth) produce ontogenetic changes in body
shape (see Sect. 5.2.4.3).

Comparisons of Dyar’s coefficients, or aver-
age per-moult growth rates, across the Arthrop-
oda should be handled with caution because
observed values depend on several factors, such
as the segment of ontogeny considered, the size
characters measured, and the environmental
condition under which growth has occurred. As
an indication of the range of magnitude of growth
rates for specific body parts and specific moults in
normal development, values vary from 1.00,
denoting zero growth (something observable, for
example, on occasional supernumerary moults),
to more that 2.00 (more than doubling in size per
moult). However, modal values for overall size
growth are generally within the interval
1.15–1.50 for most taxa: around 1.50 for the lar-
vae of holometabolous insects (Cole 1980), 1.25
for hemimetabolous insects (Cole 1980), 1.20 for
decapod larvae (Rice 1968), spiders (Enders
1976) and trilobites (Fusco et al. 2012), and 1.15
for lithobiomorph centipedes (Albert 1982).

Among arthropods, several instances of
deviation from Dyar’s rule have been recorded
(e.g. Albert 1982). Sometimes the departure
from Dyar’s rule is simply a tendency for growth
ratios to decrease progressively with stage
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(Hartnoll 1982). A metric able to quantify the fit
of ontogeny to growth progression at a constant
rate (index of conformity to Dyar’s rule) has
recently been devised by Fusco et al. (2012).

Several explanations for growth at a constant
rate and for specific values of Dyar’s coefficient
have been suggested. Some of these appeal to
‘external causes’ based on interactions of the
organism with its environment, such as com-
petitive exclusion (Horn and May 1977; Maior-
ana 1978), food-finding strategy (Enders 1976),
habitat stability (Cole 1980) and maximization
of growth efficiency (Hutchinson and Tongrid
1984). In such instances, a constant growth rate
(eventually with a definite value) would be
promoted and actively maintained by natural
selection. Other explanations appeal to ‘internal
causes’ related to the organism’s developmental
system, anatomy and physiology, such as the
mechanism of intermoult hypodermal growth
(Bennet-Clark 1971; Freeman 1991) and cell
proliferation (Przibram and Megušar 1912;
Bodenheimer 1933). In such instances, a con-
stant or specific growth rate would result from
effective developmental constraints.

Growth Compensation

An individual target phenotype is the phenotype
that would be specified by the individual genetic
make-up and environmental conditions in the
absence of perturbing factors of any kind (Nijhout
and Davidowitz 2003). We think it is useful to
expand the concept of target phenotype, which
refers to a combination of character states at a
given developmental stage, into a more general
concept of target ontogenetic trajectory—the
series of target character states through all the
developmental stages of an individual.

During post-embryonic development, body
growth (or the growth of specific body parts)
tends to depart from the target trajectory as a
result of variation in the external factors that are
known to influence growth rates (such as tem-
perature, nutrition or parasitism; reviewed in
Hartnoll 1982), or because of developmental
instability (Nijhout and Davidowitz 2003).
However, arthropod developmental systems

generally incorporate compensating mechanisms
that can buffer, to some extent, the effects of
perturbing factors. There are two main ways in
which a target trajectory can be followed, or a
target final size eventually attained, via a com-
pensation system: (1) by altering the number of
stages, or (2) through a stage-by-stage feedback
mechanism that continuously corrects the
increments in size. Combinations of the two are
also possible, and both could involve correlated
variation in the duration of stages.

Regulation of the number of moults is possibly
related to one or more ‘size check-points’ along
the ontogeny. Typically, the tobacco hawkmoth
Manduca sexta develops through five larval
stages, but if a larva grows poorly and does not
reach a threshold size by the fifth stage, it will
moult to a sixth larval stage before pupating
(Nijhout 1975). Females of the German cock-
roach Blattella germanica reach the adult stage
after either five or six nymphal stages, and this
developmental pattern is determined at the end of
the third nymphal stage (Tanaka 1981). In the
damselfly Enallagma vernale, the size of the last
nymph does not depend on the number of nym-
phal stages, either 13 or 14 (Corbet 1999).

Compensatory growth (also termed targeted
growth or convergent growth) is accomplished
when individuals adjust their growth trajectories
stage-by-stage, thus keeping their ontogenetic
size trajectory close to the target trajectory,
eventually reaching a target final body size.
Exceedingly large specimens tend to grow less
than average, while those whose size is smaller
than expected, tend to grow more (Klingenberg
1996). Compensatory growth, eventually limited
to a subset of ontogenetic stages, has been
reported for many arthropod taxa, in particular
among insects (e.g. Tanaka 1981; Klingenberg
1996) and crustaceans (e.g. Hartnoll and Dalley
1981; West and Costlow 1987; Freeman 1991;
Twombly and Tisch 2000), but also in a trilobite
species (Fusco et al. 2004). However, as some
(but not all) statistical procedures applied for
detecting compensatory growth in morphometric
data can produce false positives, the supposed
prevalence of targeted growth in arthropod
development has been questioned (Lytle 2001).
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In species with determinate growth, the level
of compensation is reflected in the magnitude of
size variation at the terminal reproductive stage,
as in the insect imago. In some taxa, adults
present limited size variation, obtained through
either a variable or a fixed number of immature
stages, in the latter case only regulating stage
duration. In other taxa, for instance in many
beetles whose larvae feed on wood (e.g. Ce-
rambycidae and Lucanidae), the size of the adult
shows great individual variation, reflecting the
variable quality of food resources, thus display-
ing an ineffective regulation of stage duration.

Irrespective of the effectiveness of arthropod
growth compensation and of its taxonomic dis-
tribution, with the exception of a few systems
(e.g. Drosophila, Manduca and Rhodnius,
among the insects), the underlying develop-
mental mechanism are poorly understood (see
Nijhout 2003; Stern 2003; Nijhout et al. 2010;
Grewal 2012).

5.2.4.3 Relative Growth
Relative growth (or allometric growth, or onto-
genetic allometry) is the change in proportional
size of one body part with respect to another, or
to the whole body, with growth. In other words,
relative growth is about change of shape with
growth. This is generally expressed by means of
the scaling function known as the allometric
equation; X1 ¼ bX2

k, a power law where X1 and
X2 are measures of two body parts at the same
stage, while b and k are constant parameters. If
k = 1 (and the measures of the two parts have
the same geometric dimension, for example, two
surfaces), the relation is said to be isometric and
the two parts do not change in relative propor-
tions during ontogeny. If k = 1, the relation is
allometric and the proportions between the two
parts change as these grow in size.

There is a relationship between allometry and
Dyar’s rule. The relationships between two body
parts, X1 and X2, both growing according a
geometric progression with rates r1 and r2,
respectively, can be expressed as a power law
with exponent k = log(r1)/log(r2) (Huxley
1932). For a deeper discussion on the

dependence of allometric relations from growth
kinetics of different body parts, see Nijhout
(2011).

Shape change can occur gradually over a
series of moults, or abruptly, even at a single
moult. Different allometric relationships
between the same body parts can characterize
different sections of ontogeny of the same ani-
mal, thus subdividing post-embryonic develop-
ment into a small number of growth phases,
each comprising a given number of contiguous
stages (Hartnoll 1982). Allometric relationships
typically change at specific events during
ontogeny, such as the onset of reproductive
maturity (sometimes differentially in the two
sexes, to produce sexual dimorphism, for
example, in Metacancer magister; Hartnoll
1982), the transition from the anamorphic to the
epimorphic developmental phase in hemiana-
morphic arthropods (e.g. Lithobius mutabilis;
Albert 1982), or the passage from the larval to
the post-larval phase (e.g. Corystes cassivela-
unus; Hartnoll 1982).

Different patterns of relative growth are
responsible for different forms of polymorphism
(e.g. sexual dimorphism) and polyphenism (e.g.
differences among horned beetle morphs; Tom-
kins and Moczek 2009). Allometric growth can
also affect homologous body parts on either side
of the body, producing different forms of bilat-
eral asymmetry. This is for instance the case of
heterochely of decapod crustaceans, where the
left and the right claws of the first pair of legs
differ in size and shape, sometimes conspicu-
ously (Hartnoll 1982).

Beyond general and theoretical works on
allometry (see Nijhout 2011 and references
therein), the literature on arthropod ontogenetic
allometry is vast and scattered. Comprehensive
accounts for major groups include Hartnoll
(1982) for crustaceans and Heming (2003) for
insects.

5.2.4.4 Meristic Growth
Meristic growth is the variation in the number of
serially homologous features with growth.
Post-embryonic development is generally
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accompanied by changes in the numbers of
‘body units’ of different kinds, from simple
structures consisting of one or a few cells (or-
ganules, sensu Lawrence 1966) to complex
anatomical modules. These units can be seg-
mental structures whose number changes
through anamorphosis (see Sect. 5.2.1.1), but
also limb pairs, articles of appendages, sensory
bristles, epidermal glands or units of superficial
structural or pigment patterns. Such features
occurring in multiple copies may represent
independent developmental units, or unitary
targets of selection, or both (Minelli et al. 2010).

Certain body features, comprising only one
cell or a fixed set of very few cells, tend to vary,
during ontogeny, exclusively in number, rather
than in size. This is, for instance, the case for the
ommatidia of Tetraconata, which at each moult
are added in rows at the margin of the growing
compound eye (Harzsch et al. 2007), or of the
sparse sensory setae found on most body scle-
rites. In contrast, other features, consisting of an
indeterminate number of cells, can in principle
change with growth in number and in size.
Besides the obvious cases of body segments and
appendage articles, a lesser known example is
provided by the ocelli of lithobiomorph centi-
pedes and eye-bearing millipedes. On each side
of the head, there is a field of photoreceptive
units whose number increases regularly at each
moult, thus providing a quantitative meristic
trait useful for identification of an individual’s
developmental stage (e.g. Andersson 1981;
Enghoff et al. 1993). However, in these animals,
also the size of at least some ocelli increases
with stage (Minelli et al. 2010).

5.2.4.5 Degrowth and Anti-Growth
Occasionally, moults occurring under stressful
condition are accompanied by reduction in body
size, as observed in some crustaceans and
insects. This phenomenon has been described as
degrowth. For instance, the dermestid beetle
Trogoderma glabrum normally develops
through five or six larval stages, but prolonged

lack of water and food may induce the larva to
go through extra moults, with a progressive
decrease in body size (Beck 1971).

Degrowth should not to be confounded with
anti-growth (Kluge 2004), which is the mor-
phological regression of specific structures
accompanying a moult. Examples are provided
by the mouthparts of Ephemeroptera, which
regress from the last nymphal stage to the
subimago, and by several kinds of trunk
appendages that experience a morphological
(sometimes reversible) regression during ontog-
eny (see Sects. 5.2.5.1 and 5.2.5.3).

5.2.5 Larvae and Metamorphosis

A butterfly’s life cycle is a textbook example of
development marked by metamorphosis. Mor-
phological and functional changes separating the
mature caterpillar larva from the pupa and the
pupa from the adult are indeed enormous,
although the actual reorganization depending on
histolysis of larval structures and building up of
adult structures out of imaginal discs and his-
toblasts is less dramatic than in other insects
such as Drosophila (Held 2002).

In a life cycle marked by metamorphosis, the
post-embryonic stages preceding the event are
generally called larvae. However, there is a huge
disparity in the use of this term across the
arthropods. The reasons are not merely the dif-
ferent taxonomic traditions of the main taxa, but
they often reflect actual disparity in the mode by
which key developmental transitions occur. This
is the subject of the following sections.

5.2.5.1 Arthropod Larvae
What is a larva? Criteria for the use of the term in
many different metazoan clades, and warnings
about its abuse, have been extensively discussed
(e.g. Hall and Wake 1999; Minelli 2009). Focus-
sing on the Arthropoda, we will discuss here four
different, partly but not necessarily overlapping
criteria that would justify the use of the term with
respect to a given post-embryonic stage.
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Larva as a Stage with Incomplete Segment

Number

The presence of a number of segments lower than
in the adult is commonly assumed (e.g. in crus-
taceans and Chilopoda but not in Diplopoda) as a
criterion to distinguish a larval from a post-larval
(juvenile to adult) stage. However, there are
several reasons to regard this as inadequate. First,
in hemianamorphic centipedes and millipedes,
morphological differences—other than number
of segments and leg pairs—between anamorphic
and post-anamorphic stages are minor if any.
Second, the anamorphic phase in the develop-
ment of some hemianamorphic arthropods is
inconspicuous, as in Protura and Craterostigmo-
morpha. In these arthropods, should we use larva
for an early juvenile simply because it has one or
two segments less than the adult?

Third, nothing but tradition explains why
‘larva’ is in use for the anamorphic stages of
Scutigeromorpha and Lithobiomorpha, but not
for Diplopoda.

Fourth, as a consequence of this use, ‘post-
larva’ is used for the juvenile (epimorphic) stages
with full complement of segments in the ana-
morphic Chilopoda, a term otherwise used only in
certain lineages of crustaceans, where the use of
larva for the earliest stages is arguably better
justified than in the hemianamorphic centipedes.

Larva as a Stage Lacking Some Pairs of Adult

Appendages

In the absence of differences in the number of
body segments, an early stage lacking one or
more pairs of appendages eventually found in
the adult is also called a larva. This is the case of
the hexapod ‘larva’ of Ricinulei and anactino-
trichid mites, or the manca larva of peracaridan
Malacostraca.

From a comparative developmental perspec-
tive, however, this choice is disputable. In mites,
the fourth pair of legs is in fact present in the
embryo and temporarily disappears in the so-
called larval stage, only to re-appear (in many
mites) in the nymphal and adult stages. Tem-
porarily disappearing ‘Lazarus appendages’
(Minelli 2003) are also found in some decapod

crustaceans (Balss et al. 1940–1961; Schram
1986). For example, in the mastigopus stage of
Sergestes, the appendages of the pereion, pre-
viously full-developed in the mysis stage, loose
their exopodites and the last two pairs of loco-
motory legs regress completely, only to reappear
at later stages. In several pycnogonids, the three
first pairs of appendages present in the earliest
stages are completely lost in stage VII, but later
the second and third pair of larval appendages
grow again, with new form and function (Dogiel
1913).

We should also mention here the fact that the
larvae of some holometabolous insects are
polypodous, that is, possess abdominal append-
ages of which no trace remains in the adult (e.g.
Sialis among the Megaloptera; the majority of
lepidopteran caterpillars and of sawflies larvae).

Similar to the difficulty in establishing a lar-
val/post-larval divide based on incomplete ver-
sus complete segment number, distinguishing
larvae from post-larvae is often arbitrary, and
also based on the lack versus presence of
appendages typical of the adult. This problem is
quite serious in the case of decapod crustaceans
(Rabalais and Gore 1985). One reason for con-
cern, with respect to the traditional scheme, is
that the number of larval (zoeal) stages varies
even among congeners, and the zoea even dis-
appears in some species, as in Pinnotheres (0–5
zoeas, according to species) (Rabalais and Gore
1985). Secondly, ‘typically larval’ traits are
often found in otherwise post-larval stages or
vice versa. Gore (1985) introduced the concept
of a continuum of developmental types to com-
prehensively describe the diversity of post-
embryonic developmental schedules in deca-
pods, with abbreviated development resulting,
other than by reduction of larval stages, by
variation in the post-larval stages, for example,
by suppression of the megalopa. Remarkably,
individual traits are affected by such reductions
independently, for example, in Upogebia sav-
ignyi, there is only a very short larval stage
(Gurney 1937), a kind of ‘advanced zoea’ whose
appendages, except for the antenna, antennule
and the first three pairs of pereopods, are like
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those of the adult. The reasons for classifying a
developmental stage (or phase) as larval or post-
larval are sometimes completely arbitrary. For
example, in the shrimp Macrobrachium (Palae-
monidae), Shokita (1977) distinguished a
‘megalopal phase’ from a second ‘zoeal phase’
despite the fact that the ‘megalopa’ exhibits
some zoeal characters such as an incompletely
formed telson, combined with many more post-
larval characters such as the presence of uropods
and functional pleopods.

Larva as a Stage Preceding Major

Metamorphic Change

In the absence of differences in the number of
body segments and in the number of append-
ages, a larva is recognized whenever there are
‘major differences’ between the early and the
adult stages, so that the morphological change
associated with the moult to adult is described as
a metamorphosis. This is more sensible when
larval organs are discarded, reduced or remod-
elled during the metamorphosis. But remodel-
ling associated with the presence and activation
at metamorphosis of specialized sets of ‘set-
aside’ cells (imaginal discs, histoblasts) is not
universal in these cases of conspicuous to dra-
matic metamorphosis. One might thus question
the validity of classifying under the same name
of larva a fly maggot little of which will go
unmodified into the adult, and the aquatic juve-
nile (sometimes admittedly called a nymph, or a
najad, rather than a larva) of a damselfly (Od-
onata Zygoptera), irrespective of the fact that
with the moult to adult the latter will eventually
abandon its leaf-like trachaeobronchial append-
ages and turn the mask into a much more con-
ventional labium. Also within the holometabolan
clade, the role of imaginal discs in generating
the adult epidermis is very diverse, and often
much less conspicuous than in Lepidoptera or
Diptera (Grimaldi and Engel 2005).

Adult organs of holometabolans often have a
mixed origin, with various contributions from
more or less modified, or respecified, surviving
larval components, plus newly formed compo-
nents deriving from the proliferation and

differentiation of the set-aside cells forming the
imaginal discs. For example, the adult central
nervous system derives from both larval neuro-
blasts that differentiate into adult neurons and
from respecified larval neurons (Truman et al.
1993; Truman and Reis 1995; Tissot and Stocker
2000; Knittel and Kent 2005; Williams and
Truman 2005), while the peripheral nervous
system of the adult is derived entirely from
imaginal disc cells (Tissot and Stocker 2000).

Larva as an Active Stage Preceding

a Resting One

Larvae are also recognized when a morphological
discontinuity between the pre-adult post-embry-
onic stages and the adult is accompanied by the
presence of an intercalary resting stage, as in the
Holometabola, where the resting stage is gener-
ally known as the pupa. But it is not that easy to
generalize or, especially, to extend this descrip-
tion outside the Holometabola. Two difficulties
arise even within the latter clade. First, a resting,
non-feeding stage is not necessarily followed by
the adult. In the blister beetles (Meloidae), a
resting, non-feeding ‘coarctate larva’, or
hypnotheca, is intercalated between two active
larval phases. Second, the pupae of several ho-
lometabolan clades are far from being totally
immobile and some of them (decticous pupae)
possess well-articulated, movable mandibles.

More controversial is the categorization of the
post-embryonic developmental stages of the
Thysanoptera. The first two stages, both of them
active, feeding and devoid of external wing pads,
are generally known as larvae; these are followed
by two (Terebrantia) or three (Tubulifera) resting
stages, with increasingly longer wing pads, of
which the first is called a pronymph and the last
(or last two) nymph(s). As a rule, these resting
stages take no food, except for Caliothrips indi-
cus (Wilson 1975). Clearly, there are both simi-
larities and differences between the
developmental phases of thysanopterans and
those of holometabolans, and this helps to explain
the somehow confusing stage terminology
adopted in the former taxon. Thysanopterans and
holometabolans share the presence of resting
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stages between the earliest, actively moving and
feeding post-embryonic stages and the final adult
stage, but only in thysanopterans does the resting
phase comprise multiple stages separated by
moults. Second, the use of the terms larva and
nymph in thysanopterans is in principle ques-
tionable if we require some degree of homology
to underpin the choice of terms. It is not our aim in
this chapter to suggest a new terminology, but to
invite further thought and eventual future stabil-
ization of a better terminology. Nymph, anyway,
is currently used in a quite consistent way for the
pre-adult stages (at least for those with visible
wing pads; for example, Sehnal 1985) of several
hemimetabolous insect taxa, for example,
Orthoptera, but less frequently for those of other
taxa, such as Heteroptera or Odonata, which are
often called larvae instead. We do not see any
morphological or developmental reason for this
inconsistency. Eventually, if we accept usage of
the term larva for the pre-metamorphic stages of
holometabolans, it seems sensible to use a dif-
ferent term—nymph—for the juvenile stages of
hemimetabolans, including all those of the thy-
sanopterans, then perhaps distinguishing the
active (currently, ‘larval’) ones from the resting
(‘pronymphal’ and ‘nymphal) ones could be
achieved through the adoption of a prefix or an
adjective. This choice would eventually leave the
term pronymph for unambiguous usage as the
name of the embryoid hatchlings of many
arthropod groups as mentioned above (see Sect.
5.2.3.1). We must admit that even if this were
done, we would still be some distance from a
completely satisfactory categorization of thy-
sanopteran stages. Morphologically, their resting
stages, with their external wing pads, are not that
different from advanced nymphs of typical
hemimetabolans, but they are affected by massive
histolytic and histogenetic processes that are
much more profound than those found in most
other hemimetabolans. Last but not least, female
thysanopterans are often fertilized during their
‘nymphal’ phase (Zur Strassen and Göllner-
Scheiding 2003), thus further blurring the
boundaries between conventional developmental
phases.

5.2.5.2 Larval Kinds Across
the Arthropoda (and their Too
Many Names)

The difficult problem of providing a consistent
approach to the diversity of arthropod larvae is
the compound result of their divergent evolu-
tionary pathways and of the heterogeneity of
criteria by which these post-embryonic stages
have been characterized and named.

The number of terms currently in use for the
different kinds of arthropod post-embryonic
stages is enormous, in crustaceans especially. For
the Decapoda only, Williamson (1969, 1982)
listed some 140 names that have been proposed
for their larvae and post-larvae. Names used for
decapod larvae include nauplius (Penaeida only),
elaphocaris (Sergestidae), prezoea, protozoea,
zoea, naupliosoma, phyllosoma (Palinuridae and
Scyllaridae); names used for post-larvae are
megalopa, acanthosoma (Sergestidae), decapo-
did, eryoneicus (Polychelidae), glaucothoe,
grimothea, mastigopus (Sergestidae), mysis
(Dendrobranchiata; also in the Euphausiacea),
nisto (Scyllaridae), parva, pseudibacus (Scyllar-
idae), puerulus (Palinuridae), and there are many
others.

Characteristic of Tanaidacea and Isopoda is
the manca stage lacking the last pair of pereo-
pods, whereas specific to the parasitic bopyrid
isopods are the stages called cryptoniscium,
epicaridium and microniscium. The Stomato-
poda have their alima, antizoea, erichthus and
pseudozoea. Several clades of ‘entomostracan’
crustaceans (in addition to the penaeid deca-
pods) have a nauplius (orthonauplius, meta-
nauplius), followed in the copepods by post-
larval juveniles called the copepodids. Cirripeds
have nauplius and cyprid larvae, rhizocephalans
also the male larva trichogon and the female
larva kentrogon; facetotectans have Y larvae,
whose adult is still unknown despite the recent
success in inducing these larvae to metamor-
phosis (Glenner et al. 2008).

Despite their huge diversity, the number of
terms available for the active stages of holo-
metabolous insects is quite limited. For most of
them, the single term larva is the technical
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equivalent of many vernacular names, such as
maggot, caterpillar, grub. A few main kinds of
insect larvae are simply distinguished by
descriptive adjectives pointing to the number of
leg pairs (apodous, oligopodous, polypodous),
the conspicuousness of the cephalic capsule
(eucephale, acephale), or the general shape (e.g.
campodeiform, eruciform, scarabaeiform or
melolonthoid, onisciform, vermiform). More
specific terms, such as triungulin and planidium,
are limited to characteristic stages of some hy-
permetabolous insects (cf. Sect. 5.4.2.1). Post-
embryonic stages or phases are also distin-
guished in termites, for example, male minor
worker or presoldier.

5.2.5.3 Non-systemic Metamorphosis
The development of male gonopods, the spe-
cialized appendages involved in sperm transfer
in julid millipedes, is an extreme case of com-
plex and highly species-specific structures dif-
ferentiating in a very advanced phase of an
arthropod’s post-embryonic development (Dra-
go et al. 2008, 2011). These appendages develop
through a kind of metamorphosis with dramatic
effects on the external morphology and internal
anatomy of the trunk diplosegment (or ring)
bearing the eighth and ninth pair of legs, but
leave the sections of the trunk that both precede
and follow it completely unaffected. We intro-
duced the term non-systemic metamorphosis for
this kind of significant post-embryonic trans-
formation confined to a circumscribed body
district (Drago et al. 2008).

Millipede gonopods replace, in the adult, one
or two pairs of normal walking legs, whose place
is first taken, following a moult, by rudimentary
(squamiform) appendages and eventually, fol-
lowing one or more additional moults, by the
fully formed gonopods, whose shape is often
highly complex and totally unlike an articulated
arthropod leg. The segmental position of the
gonopods along the main body axis is virtually
the same in all helminthomorph millipedes and
is very likely marked at an early developmental
stage, several moults (i.e. a few to many moults)
before the gonopods are actually formed.

Identifying the genes specifically involved in
this process, and revealing their spatial and
temporal patterns of expression would be an
interesting model for the comparative develop-
mental biology of arthropods.

5.3 Combining Developmental
Events

The usual periodization of arthropod post-
embryonic development in terms of stages sep-
arated by moults is based on a ‘cuticular view’
(Minelli et al. 2006), that is, on a comparison of
periodically frozen morphological features, with
total disregard for the morphogenesis of internal
organs, which is mostly continuous, or follows a
periodization other than that suggested by mo-
ults, and major physiological events, such as the
achievement of reproductive maturity.

There are two reasons why the moult-based
stages should not be taken unquestioned as
temporal units of development.

One reason is that the moults that an indi-
vidual arthropod undergoes throughout its life
are not equivalent. As it is most obvious in the
case of holometabolous insects, some moults are
little more than punctuations during growth,
whereas other moults mark a true metamorpho-
sis, consisting of more or less extensive histo-
lytic and morphogenetic events. At a closer
inspection, we realize that moults marking major
structural changes are not limited to the larva to
pupa, or the pupa to adult transitions. For
example, in many Coleoptera, there are sys-
tematic differences between first and later larval
stages (Lawrence 1991), for instance in general
body shape and in the tergal pigmentation and
armature (Sphaerosomatidae, some Bothrideri-
dae), in the form of the tergum IX (Lymexyli-
dae, Tenebrionidae), or in the number of
antennal articles (Cupedidae, Dytiscidae, He-
lodidae). Another example is provided by the
nymphs of locusts (Acrididae), whose wing pads
change orientation with the third moult (Brusven
1987). Important physiological transitions dur-
ing post-embryonic development are like to
remain unnoticed unless gene expression studies
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are performed. Thus, during the third larval
stage of Drosophila, a ‘mid-3rd transition’
(Andres and Cherbas 1992; Andres et al. 1993)
occurs, which has no morphological or behav-
ioural correlates, but is flagged by marked
changes (increase or decrease by at least a factor
10) in the expression level of over 1,500 genes
(Graveley et al. 2011).

The other reason is that throughout the post-
embryonic development of all arthropods dif-
ferent processes occur, which may or may not be
associated, and whose association can differ both
between clades and through ontogeny. Most of
these processes are independent from the moult
cycle, running in an essentially continuous way,
or beginning and/or ending at times not corre-
lated with any moult cycle event.

To be sure, association of events referable to
two or more processes is mechanistically likely
(e.g. the temporal coupling of moults and mitotic
waves in the epidermis), or functionally advan-
tageous (e.g. the association between feeding
phases and intermoult periods), and the occa-
sional convergence of many different events
within a short time span, as in the pupal phase of
holometabolans, fully justifies singling out cer-
tain stages as significant temporal modules in an
arthropod’s life. However, generalizing to all
stages, as developmental segments comprised
between two subsequent moults, would be
unwarranted, as the examples in the following
sections will illustrate. Accordingly, the evolu-
tion and evolvability of arthropod post-embry-
onic development do not rest on an evolutionary
independence of developmental stages (Scholtz
2008), but rather on the association and disso-
ciation of concurring processes throughout
arthropod phylogeny (cf. Minelli et al. 2006).

5.3.1 The Embryonic/Post-embryonic
Divide

Invariant features of the hatching event belong
more to the eggshell than to the little arthropod
that until then was encased within it. Minelli
et al. (2006) remarked that there is no reliable

phylum-wide correlation between hatching and
(1) moulting (variable number of moults pre-
ceding hatching), (2) degree of morphological
differentiation of the hatchling (from embryoid
to adult-like), and (3) body segmentation (from
anamorphic to epimorphic). Thus, hatching fails
to be an unequivocal reference point for the
comparison of ontogenetic schedules.

The animal emerging from a freshly opened
eggshell can either be embryoid, with incom-
pletely articulated appendages and thus incapa-
ble of motion, or have all the features of an
active animal in its post-embryonic life, soon
leaving what remains of the eggshell. An
embryoid newborn generally undergoes a moult
(in some groups two moults) following which it
becomes an active, evidently post-embryonic
animal. Embryoid hatchlings are often called
pronymphs or prenymphs or prelarvae, accord-
ing to the different traditions for the individual
groups; even more specific terms have been
coined for some groups (for a summary see
Minelli et al. 2006).

Within the Chelicerata, still embryoid hatch-
lings with incompletely articulated appendages—
variously known as larva, pronymph or (Solifu-
gae only) post-embryo—occur is many clades of
Chelicerata—Scorpiones, Thelyphonida, Am-
blypygi, Araneae (but not all of them), Solifugae,
Ricinulei, Acari, cyphophthalm Opiliones.
However, a corresponding stage does not exist in
the Pseudoscorpiones and in the majority of Op-
iliones. More or less embryoid pronymphs are
found also in millipedes (a pupoid with unartic-
ulated anlagen of antennae and legs), pauropods
(one (Pauropus) or two (Gravieripus) pupoid
stages), symphylans (usually called a prelarva,
with non-functional mouthparts), epimorphic
centipedes (a pupoid and a peripatoid stage),
several branchiopods (Fritsch and Richter 2012)
(especially the ‘embryonized larva’ of anomopod
cladocerans; Kotov and Boikova 1998; Boikova
2008), several decapods (a non-feeding and non-
swimming prezoea) and also insects such as
dragonflies, grasshoppers (a prelarva) and may-
flies in which the prolarva lacks the external gills
found in the next stage.
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The presence or absence of pronymphs is
often characteristic of higher taxa, but there are
exceptions. For example, pronymphs occur in
many spiders, but not in all; in many pycnogo-
nids, but not in all. Even among the holome-
tabolous insects, which as a rule hatch at a
similar stage of development, there are a few
exceptions, as among the endoparasitoid hy-
menopterans (Sehnal et al. 1996).

5.3.2 Hatching Versus Change
of Internal Structure

Little is known of the changes in internal anat-
omy that accompany hatching, but these are
likely to vary from minor, in many cases, to
relatively conspicuous, in others, as in the ver-
miform pronymph of the grasshopper Schistoc-
erca gregaria. This earliest post-embryonic
stage uses a number of muscles in opening the
chorion, digging up through the soil to reach the
surface, and finally in shedding the last embry-
onic cuticle. Of these muscles, a majority will be
preserved throughout the nymphal stages,
although only few of them will be retained in the
adult, with others degenerating following the
moult to nymph I (Bernays 1972).

5.3.3 Mitosis Versus Moulting
and Shape Change

Moulting is generally accompanied by a burst of
mitotic activity in the epidermis, but this rule is
not universal. In several mites, for example,
tetranychids, no post-larval mitosis has been
reported (Evans 1992).

Size and shape changes can occur between
moults or after the last moult, most probably in
the absence of mitosis, although, to the best of
our knowledge, firm evidence about the pres-
ence/absence of mitoses is lacking. Examples
are provided by the enormous, physogastric
abdomen of several social insect queens, among
the termites especially, about which there are
ultrastructural and histochemical studies
(Bordereau 1982).

The opposite is also true, with mitoses not
correlated with ontogenetic growth through the
moult cycle, but with physiological growth
responses. The underlying epidermis of the
abdominal cuticle of ticks and blood-feeding
reduviid bugs undergoes cell division during
feeding, accompanied by secretion of new cuti-
cle, to sustain the very rapid expansion of the
body wall (see Hackman 1975, 1982; Sehnal
1985) produced by the abundant liquid meal.

5.3.4 Moulting Versus Change
of Internal Structure

‘The use of ecdyses for staging insect develop-
ment should not detract attention from the con-
tinuity of insect ontogeny’ (Sehnal 1985,
pp. 21). This is all too often overlooked, but it is
certainly true for arthropods generally.

In the centipede Lithobius, production and
differentiation of new neuromeres precede the
external appearance of the corresponding seg-
ments, and essentially proceed continuously,
irrespective of the moult cycle (Minelli et al.
2006). In some insects, neurogenesis continues
well into the adult stage. This has been docu-
mented in Agrotis ipsilon (Lepidoptera: Noc-
tuidae) (Dufour and Gadenne 2006), Aleochara
curtula (Coleoptera: Staphylinidae) (Bieber and
Fuldner 1979), Acheta domesticus (Orthoptera:
Gryllidae) (Cayre et al. 1994) and in the cock-
roach Diploptera punctata (Gu et al. 1999), but
there is no adult neurogenesis in the honeybee
(Malun et al. 2003) or in grasshoppers
(Orthoptera Acrididae) (Cayre et al. 1996).

5.4 Evolutionary Patterns
in Post-embryonic
Development

The evolution of post-embryonic developmental
schedules deserves detailed analysis in the con-
text of phylogeny (arguably available for many
interesting nodes) and developmental genetics
(about which current knowledge is still too
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fragmentary), but this is beyond the scope of this
chapter. Instead, as a hint on to the evolvability
of arthropod post-embryonic development, we
will present two examples of opposite trends,
towards reduction of the ‘normal’ sequence of
post-embryonic stages and towards increasing
complexity of this schedule.

5.4.1 Reduction of Post-embryonic
Stages

The number of post-embryonic stages is high
and variable in many plesiotypic, or ‘basal’
arthropod clades, and low and fixed in many
apotypic, or ‘derived’ clades. However, it is not
possible to trace a consistent trend towards
reduction and fixation of the number of post-
embryonic moults—right as we cannot describe
the morphological evolution of arthropods as
dominated by a consistent trend towards a
reduction in number and number variation
accompanied by an increase in individual dif-
ferentiation of body segments (‘Williston’s law’;
for a discussion, see Minelli 2003).

However, within individual clades, the evo-
lution of very specialized life styles has been
repeatedly accompanied by extreme reduction in
the number of post-embryonic stages. For
example, the termitophilous beetle Corotoca
(Staphylinidae: Aleocharinae) is ovoviviparous
and deposits larvae that are already so advanced
in development that they are almost ready to
pupate (Seevers 1957). Other insects retain
oviparity, but lay enormous eggs which develop
into larvae that undergo a reduced number of
moults. In the most specialized members of the
Bathysciinae (Coleoptera: Leiodidae) (Deleu-
rance-Glaçon 1963a) and Trechinae (Coleop-
tera: Carabidae) (Deleurance-Glaçon 1963b), the
larva does not feed, and in some species there is
no larval moult. A parallel behaviour has been
recorded in four Western Australian bolbocera-
tine beetles (Geotrupidae), Blackburnium reic-
hei, Blackbolbus frontalis, Bolborhachium
inclinatum and B. trituberculatum, which lay
one gigantic egg at a time. In Bl. reichei, the egg

is up to 56 % of the female weight. Larval
feeding can be ruled out at least in some of these
species (Houston 2010).

Extreme reduction of the larval stage is also
observed in some Termitoxeniinae, a very spe-
cialized clade within the diverse dipteran family
Phoridae (Disney 1994). The larvae of Cli-
telloxenia hemicyclia, for example, do not feed
at all (Franssen 1933, 1936) during their extre-
mely short existence, a few minutes only. In this
species, the hatching larva has a double skin
(Bridarolli 1937) but it is not clear whether these
correspond to the I and II stages, with suppres-
sion of the III, or to the II and III, with the first
stage either suppressed or passed when still in
the egg, the second alternative being favoured
by Ferrar (1987) and Disney (1994).

One larval stage only is also present in the
tiny parasitoid wasp Trichogramma australicum
(Jarjees and Merritt 2002).

5.4.2 Increasing Complexity

In evolutionary terms, there have been several
distinct routes towards increasing complexity of
arthropod life cycles, including (1) increasing
differentiation between pre-adult and adult
stages, as with the transitions to pterygote
insects; (2) increasing differentiation within the
series of pre-adult stages, as in many crusta-
ceans; (3) specialization of a (the) pre-adult
stage as a resting stage allowing body reorga-
nization through extensive histolysis and histo-
genesis, as, most conspicuously, in the
holometabolous insects; (4) evolution of a mul-
tigeneration life cycle (Minelli and Fusco 2010)
with the regular alternation between amphigonic
and parthenogenic generations (heterogony)
(e.g. many aphids).

Widespread, and often very conspicuous, also
is increasing complexity through polyphenism,
that is, the development of alternative pheno-
types in response to specific environmental
physical, chemical or biological cues (West-
Eberhard 2003). The most popular examples
among arthropods are the solitary and gregarious
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phases of some locusts and the castes of social
insects. In a few instances, the animal’s repro-
ductive mode also falls within the scope of po-
lyphenism, as in several heteropezine midges
(Nikolei 1961; Wyatt 1961, 1964) and the beetle
Micromalthus debilis (Pollock and Normark
2002). In these insects, external cues induce a
larva to complete metamorphosis into a con-
ventional adult, or, alternatively, to lay, paedo-
genetically, mature eggs and/or larvae. Far from
being simple expression of environmental sen-
sitivity of development, the effects of polyphe-
nism can eventually turn into a genetically
controlled polymorphism. If this transition
affects different developmental stages differen-
tially, this can possibly contribute to the evolu-
tion of more complex life cycles (Minelli and
Fusco 2010).

5.4.2.1 Hypermetamorphosis
A sequence of post-embryonic stages is con-
ventionally regarded as ‘normal’ if the only
phases recognizable along the sequence of
stages correspond to one of the following
divides: (1) early morphologically simple stages
versus late morphologically complex stages
(arthropods whose life cycle includes a meta-
morphosis); (2) early active (feeding) stages
versus late resting (non-feeding) stages (gener-
ally, one) (e.g. holometabolous insects); (3)
anamorphic stages versus epimorphic stages
(hemianamorphic arthropods); (4) segment
articulation forming stages versus post-segment
articulation forming stages (trilobites). But sev-
eral arthropods, among the holometabolous
insects especially, have more complex schedules
of post-embryonic development, whose sequen-
ces deserve the name of hypermetamorphosis.

Hypermetamorphosis has evolved not less
than a dozen times, that is, in the Strepsiptera
and in a number of representatives of Coleoptera
(Micromalthidae, Meloidae and Rhipiphoridae,
plus a few genera in other families), Neuroptera
(Mantispidae), Hymenoptera (Chalcidoidea),
Lepidoptera (Gracillariidae) and Diptera
(Bombyliidae, Acroceridae, Nemestrinidae).

This phenomenon has been most intensively
studied in meloid beetles. Here, a common type
of hypermetamorphosis involves a campodei-
form first larval stage, which is involved in
active or passive dispersal; this larva, usually
called a triungulin, is generally followed by a
grub-like larva (four stages), followed in turn by
a resting coarctate larva, which is not to be
compared to a pupa: it does not metamorphose
into an adult, but it gives rive to one more grub-
like stage, which is the last (relatively) active
stage preceding the pupa and, at last, the adult.
Variations on this theme are, however, common.
For example, in response to high temperature,
some Epicauta develop from the last stage of the
first grub phase directly into the pupa, whereas
in response to adverse conditions, the larvae of
some Lyttini may revert to a coarctate phase
after reaching the second grub phase.

Similarly complex, but less easy to interpret, is
the hypermetamorphic developmental schedule
of the Strepsiptera. Here, in the male, we recog-
nize a free-living primary larva (similar to the
blister beetles’ triungulin), an endoparasitic sec-
ondary larva (a phase punctuated by several
moults), a tertiary larva, a prepupa, a pupa and
finally the winged adult. Less clear is the devel-
opment of the eventually sac-like female, where it
is uncertain if a pupation really happens—it does
not according to Kinzelbach (1971).

Interestingly, a strong morphological contrast
between the first larval stage (usually, more
active and even with an exploratory behaviour)
and the following stages is found also in the
bombyliid flies and in the Perilampidae and Eu-
charitidae among the tiny chalcidoid wasps. It is
easy to suggest an interpretation in terms of par-
allel adaptive scenarios: mobility and exploratory
behaviour of the first larva are of vital importance
in host location, whereas the following stages can
quietly feed on it without needing to move.
However, one wonders whether this parallelism
between the ontogenies of independently derived
examples of hypermetamorphosis may rest upon
shared patterns of evolvability. To shed light onto
such aspects of this peculiar kind of post-
embryonic development, transcriptomic data for
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the individual developmental stages would be
very useful.

5.4.2.2 Morphological Complexity
Versus Developmental
Complexity

Minelli (1996, 2003) remarked that some
arthropods with unusually complex life cycle are
also characterized by the presence of more com-
plex patterning along their main body axis or,
more frequently, along the longitudinal axis of
some of their appendages. For example, in mul-
tisegmented appendages like insect antennae, the
most proximal and also the most distal segments
are often of unique shape (some terminal articles
building, for example, a club), but uniquely spe-
cialized articles occur very seldom at mid-length,
to be followed by non-descript distal articles
similar to those preceding the few specialized
ones. A most conspicuous example of antenna
with unique intermediate articles is found in the
males of many meloine blister beetles—interest-
ingly, members of a hypermetabolous insect
clade. Whether developmental and morphologi-
cal complexity evolved based on shared genetic
or genomic conditions for evolvability is, at the
moment, only matter for speculation.

5.5 Final Remarks

The huge diversity of both patterns and pro-
cesses in arthropod post-embryonic development
is still largely known only from descriptive,
comparative evidence. Only a few scattered
studies go beyond this level of investigation, and
for a handful of model species. These results do
not allow generalizations about the expression of
developmental genes at nymphal, larval or pupal
stages. In most instances, we do not know how
much a morphological feature characteristic of a
given post-embryonic stage, the adult included,
depends on persistent (or renewed) expression of
developmental genes of which we know the
patterns of embryonic expression, or on more or
less remote downstream effects of embryoni-
cally expressed genes whose transcription and

translation products are long disappeared at the
time a new feature is expressed in post-embry-
onic development. A comparative study of post-
embryonic development at the cellular and
genetic level would be a precious target for
future research.

Acknowledgments We are grateful to Fred Schram for
comments on a draft of this chapter.

References

Addis A, Biagi F, Floris A, Puddu E, Carcupino M
(2007) Larval development of Lightiella magdalenina
(Crustacea Cephalocarida). Mar Biol 152:733–743

Adis J, Golovatch SI, Wilck L, Hansen B (2000) On the
identities of Muyudesmus obliteratus Kraus, 1960
versus Poratia digitata (Porat, 1889), with first
biological observations on parthenogenetic and bisex-
ual populations (Diplopoda: Polydesmida: Pyrgode-
smidae). Fragmenta Faunistica (Warszawa) Suppl
43:149–170

Albert AM (1982) Deviation from Dyar’s rule in
Lithobiidae. Zool Anz 208:192–207

Alberti G, Coons LB (1999) Acari: mites. In: Harrison
FW (ed) Microscopic anatomy of invertebrates, Vol
8c. Wiley-Liss, New York, pp 515–1265

Andersson G (1981) Taxonomical studies on the post-
embryonic development in Swedish Lithobiomorpha
(Chilopoda). Ent Scand 16(Suppl):105–124

Ando T, Kojima T, Fujiwara H (2011) Dramatic changes
in patterning gene expression during metamorphosis
are associated with the formation of a feather-like
antenna by the silk moth, Bombyx mori. Dev Biol
357:53–63

André HM, Van Impe G (2012) The missing stase in
spider mites (Acari: Tetranychidae): when the adult is
not the imago. Acarologia 52:3–16

Andres AJ, Cherbas P (1992) Tissue-specific ecdysone
responses: regulation of the Drosophila genes Eip28/
29 and Eip40 during larval development. Dev
116:865–876

Andres AJ, Fletcher JC, Karim FD, Thummel CS (1993)
Molecular analysis of the initiation of insect meta-
morphosis: a comparative study of Drosophila ecdy-
steroid-regulated transcription. Dev Biol 160:388–404

Anger K (2001) The biology of the decapod crustacean
larvae (Crustacean Issues 14). Balkema, Rotterdam

Arbeitman MN, Furlong EE, Imam F, Johnson E, Null
BH, Baker BS, Krasnow MA, Scott MP (2002) Gene
expression during the life cycle of Drosophila
melanogaster. Science 297:2270–2275

Baeza-Rojano E, Guerra-García M, Pilar Cabezas M,
Pacios I (2011) Life history of Caprella grandimana
(Crustacea: Amphipoda) reared under laboratory
conditions. Mar Biol Res 7:85–92

116 A. Minelli and G. Fusco



Balss HV, Buddenbrock W, Gruner H-E, Korschelt E
(1940–1961) Decapoda. In: Bronn’s Klassen und
Ordnungen des Tierreichs, vol 5(1). Akademische
Verlagsgesellschaft Geest and Portig, Leipzig

Beck SD (1971) Growth and retrogression in larvae of
Trogoderma glabrum (Coleoptera Dermestidae). 1.
Characteristics under feeding and starvation condi-
tions. Ann Entomol Soc Am 64:149–155

Benesch R (1969) Zur Ontogenie und Morphologie von
Artemia salina L. Zool Jahrb Anat 86:307–458

Bennet-Clark HC (1971) The cuticle as a template for
growth in Rhodnius prolixus. J Insect Physiol
17:2421–2434

Berlese A (1913) Intorno alle metamorfosi degli insetti.
Redia 9:121–136

Bernays EA (1972) The muscles of newly hatched
Schistocerca gregaria larvae and their possible func-
tions in hatching, digging and ecdysial movements
(Insecta: Acrididae). J Zool 166:141–158

Bieber M, Fuldner D (1979) Brain growth during the
adult stage of a holometabolous insect. Naturwis-
senschaften 66:426

Bodenheimer FS (1933) The progression factor in insect
growth. Quart Rev Biol 8:92–95

Boikova OS (2008) Comparative investigation of the
later embryogenesis of Leptodora kindtii (Focke,
1844) (Crustacea: Branchiopoda), with notes on types
of embryonic development and larvae in Cladocera.
J Nat Hist 42:2389–2416

Bordereau C (1982) Ultrastructure and formation of the
physogastric termite queen cuticle. Tissue Cell
14:371–396

Bortolin F, Benna C, Fusco G (2011) Gene expression
during post-embryonic segmentation in the centipede
Lithobius peregrinus (Chilopoda, Lithobiomorpha).
Dev Genes Evol 221:105–111

Bridarolli A (1937) Los termitoxenidos y los estadios de
su periodo larval. Estudios, Buenos Aires 56:121–138

Brusven MA (1987) Superfamily Acridoidea. In: Stehr
FW (ed) Immature insects, vol 1. Kendall/Hunt,
Dubuque, IA, pp 162–166

Calvert PP (1929) Different rates of growth among
animals with special reference to the Odonata. Proc
Am Philos Soc 68:227–274

Canard A, Stockmann R (1993) Comparative post-
embryonic development of arachnids. Mem Queens-
land Mus 33:61–468

Cassagnau P (1985) Le polymorphisme des femelles
d’Hydroisotoma schaefferi (Krausbauer): un nouveau
cas d’épitoquie chez les collemboles. Ann Soc Entom
France NS 21:287–296

Cayre M, Strambi C, Charpin P, Augier R, Meyer MR,
Edwards JS, Strambi A (1996) Neurogenesis in adult
insect mushroom bodies. J Comp Neurol 371:300–310

Cayre M, Strambi C, Strambi A (1994) Neurogenesis in
an adult insect brain and its hormonal control. Nature
368:57–59

Chesebro J, Hrycaj S, Mahfooz N, Popadic A (2009)
Diverging functions of Scr between embryonic and

post-embryonic development in a hemimetabolous
insect, Oncopeltus fasciatus. Dev Biol 329:142–151

Chippendale GM, Yin C-M (1973) Endocrine activity
retained in diapause insect larvae. Nature 246:511–513

Coineau Y, Legendre R (1975) Sur un mode de
régénération appendiculaire inédit chez les arthro-
podes: la régénération des pattes marcheuses chez les
opilioacariens (Acari: Notostigmata). CR Hebd
Séances Acad Sci, Paris 280D, pp 41–43

Cole BJ (1980) Growth ratios in holometabolous and
hemimetabolous insects. Ann Entom Soc Am
73:489–491

Corbet PS (1999) Dragonflies. Harley Books, Colchester
Dai T, Zhang X (2011) Ontogeny of the eodiscoid

trilobite Tsunyidiscus acutus from the lower Cam-
brian of South China. Palaeontol 54:1279–1288

da Castiglioni DS, Garcia-Schroeder D, Barcelos DF,
Bond-Buckup G (2007) Intermolt duration and post-
embryonic growth of two sympatric species of
Hyalella (Amphipoda, Dogielinotidae) in laboratory
conditions. Nauplius 15:57–64

David J-F, Geoffroy J-J (2011) Additional moults into
‘elongatus’ males in laboratory-reared Polydesmus
angustus Latzel, 1884 (Diplopoda, Polydesmida,
Polydesmidae): implications for taxonomy. ZooKeys
156:41–48

Degrange C (1959) Nombre de mues et organe de Palmén
de Cloeon simile Etn. (Ephéméroptères), vol 249. C R
Hebd Seances Acad Sci, Paris, pp 2118–2119

Deleurance-Glaçon S (1963a) Recherches sur les colé-
optères troglobies de la sous-famille des Bathyscii-
nae. Ann Sci Nat Zool 12:1–173

Deleurance-Glaçon S (1963b) Contribution à l’étude des
coléoptères cavernicoles de la sous-famille des Tre-
chines. Ann Spéléol 18:227–265

De Loof A, Huybrechts J, Geens M, Vandermissen T,
Boerjan B, Schoofs L (2010) Sexual differentiation in
adult insects: male-specific cuticular yellowing in
Schistocerca gregaria as a model for evaluating some
current (neuro)endocrine concepts. J Insect Physiol
56:919–925

Dirsh VM (1937) Postembryonic growth in the Pachyi-
ulus flavipes C. L. Koch (Diplopoda). Zool Zh
16:324–335 (in Russian)

Dirsh VM (1967) The post-embryonic ontogeny of
Acridomorpha (Orthoptera). Eos, Madrid 43:413–514

Disney RHL (1994) Scuttle flies: the Phoridae. Chapman
and Hall, London

Dogiel V (1913) Embryologische Studien an Pantopoden.
Ztsch wiss Zool 107:575–741

Dohle W (1988) Myriapoda and the ancestry of insects.
Manchester Polytechnic, Manchester

Dong D-J, He H-J, Chai L-Q, Jiang X-J, Wang J-X, Zhao
X-F (2007) Identification of genes differentially
expressed during larval molting and metamorphosis
of Helicoverpa armigera. BMC Dev Biol 7:73; doi:
10.1186/1471-213X-7-73

Drago L, Fusco G, Garollo E, Minelli A (2011) Structural
aspects of leg-to-gonopod metamorphosis in male

5 Arthropod Post-embryonic Development 117

http://dx.doi.org/10.1186/1471-213X-7-73


helminthomorph millipedes (Diplopoda). Front Zool
8: 19; doi:10.1186/1742-9994-8-19

Drago L, Fusco G, Minelli A (2008) Non-systemic
metamorphosis in male millipede appendages: long
delayed, reversible effect of an early localized
positional marker? Front Zool 5: 5; doi:
10.1186/1742-9994-5-5

Dufour MC, Gadenne C (2006) Adult neurogenesis in a
moth brain. J Comp Neurol 495:635–643

Dunger W (2003) Ordnung Diplura, Doppelschwänze. In:
Dathe HH (ed) Lehrbuch der speziellen Zoologie.
Band I: Wirbellose Tiere, 5. Teil: Insecta. Spektrum,
Heidelberg, pp 87–96

Dyar HG (1890) The number of molts of lepidopterous
larvae. Psyche 5:420–422

Enders F (1976) Size, food-finding, and Dyar’s constant.
Envir Entomol 5:1–10

Enghoff H, Dohle W, Blower JG (1993) Anamorphosis in
millipedes (Diplopoda)—the present state of knowl-
edge with some developmental and phylogenetic
considerations. Zool J Linn Soc 109:103–234

Esperk T, Tammaru T, Nylin S (2007a) Intraspecific
variability in number of larval instars in insects.
J Econ Entomol 100:627–645

Esperk T, Tammaru T, Nylin S, Teder T (2007b)
Achieving high sexual size dimorphism in insects:
females add instars. Ecol Entomol 32:243–256

Evans GO (1992) Principles of acarology. CAB Interna-
tional, Wallingford

Fabre JL (1855) Recherches sur l’anatomie des organes
reproducteurs et sur le développement des Myria-
podes. Ann Sc nat Zool 4:257–316

Ferrar P (1987) A guide to the breeding habits and
immature stages of Diptera Cyclorrhapha. (Ento-
monograph vol 8). Brill and Scandinavian Science
Press, Leiden-Copenhagen

Ferrari FD, Dahms HU (2007) Postembryonic develop-
ment of the Copepoda. Crust Issues 8:1–232

Franssen CJH (1933) Biologische Untersuchungen an
Termitoxenia hemicyclia Schmitz, Termitoxenia
punctiventris Schmitz und Odontoxenia brevirostris
Schmitz. Biol Zbl 53:337–358

Franssen CJH (1936) Aanteekeningen over de on-
twikkelingscyclus der Termitoxeniidae (Dipt.). Ent
Meded Nederlandsch-Indië 2:62–65

Freeman JA (1991) Growth and morphogenesis in
crustacean larvae. Mem Queensland Mus 31:
309–319

Fritsch M, Richter S (2012) Nervous system development
in Spinicaudata and Cyclestherida (Crustacea, Bran-
chiopoda): comparing two different modes of indirect
development by using an event pairing approach.
J Morphol 273:672–695

Fusco G (2005) Trunk segment numbers and sequential
segmentation in myriapods. Evol Dev 7:608–617

Fusco G, Garland T Jr, Hunt G, Hughes NC (2012)
Developmental trait evolution in trilobites. Evolution
66:314–329

Fusco G, Hughes NC, Webster M, Minelli A (2004)
Exploring developmental modes in a fossil arthropod:

growth and trunk segmentation of the trilobite
Aulacopleura konincki. Am Nat 163:167–183

Gertsch WJ (1955) The north American bolas spiders of
the genera Mastophora and Agatostichus. Bull Amer
Mus Nat Hist 106:225–254

Gibert J-M, Mouchel-Vielh E, Quéinnec E, Deutsch JS
(2000) Barnacle duplicate engrailed genes: divergent
expression patterns and evidence for a vestigial
abdomen. Evol Dev 2:1–9

Glenner H, Hoeg JT, Grygier MJ, Fujita Y (2008)
Induced metamorphosis in crustacean y-larvae:
towards a solution to a 100 years-old riddle. BMC
Biology 6:21; doi:10.1186/1741-7007-6-21

Gnaspini P (2007) Development. In: Pinto-da-Rocha R,
Machado G, Giribet G (eds) Harvestmen: the biology
of Opiliones. Harvard University Press, Cambridge,
pp 455–472

Gnaspini P, Da Silva MB, Pioker FC (2004) The
occurrence of two adult instars among Grassatores
(Arachnida: Opiliones): a new type of life-cycle in
arachnids. Invert Repr Dev 45:29–39

Goodwin TW, Srikukh S (1949) The biochemistry of
locusts I. The carotenoids of the integument of two
locust species [Locusta migratoria migratorioides R
and F, and Schistocerca gregaria (Forsk.)]. Biochem
J 45:263–268

Gore RH (1985) Molting and growth in decapod larvae.
In: Wenner AM (ed) Larval growth (Crustacean
Issues 2). Balkema, Rotterdam, pp 1–65

Graveley BR, Brooks AN, Carlson JW, Duff MO,
Landolin JM, Yang L, Artieri CG, Van Baren MJ,
Boley N, Booth BW, Brown JB, Cherbas L, Davis
CA, Dobin A, Li R, Lin W, Malone JH, Mattiuzzo
NR, Miller D, Sturgill D, Tuch BB, Zaleski C, Zhang
D, Blanchette M, Dudoit S, Eads B, Green RE,
Hammonds A, Jiang L, Kapranov P, Langton L,
Perrimon N, Sandler JE, Wan KH, Willingham A,
Zhang Y, Zou Y, Andrews J, Bickel PJ, Brenner SE,
Brent MR, Cherbas P, Gingeras TR, Hoskins RA,
Kaufman TC, Oliver B, Celniker SE (2011) The
developmental transcriptome of Drosophila melano-
gaster. Nature 471:473–479

Grewal SS (2012) Controlling animal growth and body
size: does fruit fly physiology point the way? F1000
Biol Rep 4:12; doi: 10.3410/B4-12

Grimaldi D, Engel MS (2005) Evolution of the insects.
Cambridge University Press, Cambridge

Groll EK, Günther KK (2003) Ordnung Saltatoria
(Orthoptera), Heuschrecken, Springschrecken. In:
Dathe HH (ed) Lehrbuch der speziellen Zoologie.
Band I: Wirbellose Tiere, 5. Teil: Insecta. Spektrum,
Heidelberg, 17:261–290

Gruner H-E (1993) Klasse Crustacea. In: Gruner H-E,
Moritz M, Dunger W (eds) Lehrbuch der speziellen
Zoologie. Band I: Wirbellose Tiere, 4. Teil: Arthrop-
oda (ohne Insecta). Fischer, Jena, 1:448–1030

Gu SH, Tsia WH, Chiang AS, Chow YS (1999)
Mitogenic effect of 20-hydroxyecdysone on neuro-
genesis in adult mushroom bodies of the cockroach
Diploptera punctata. J Neurobiol 39:264–274

118 A. Minelli and G. Fusco

http://dx.doi.org/10.1186/1742-9994-8-19
http://dx.doi.org/10.1186/1742-9994-5-5
http://dx.doi.org/10.1186/1741-7007-6-21
http://dx.doi.org/10.3410/B4-12


Gurney R (1937) Notes on some decapod Crustacea from
the Red Sea I. The genus Processa. II. The larvae of
Upogebia savignyi Strahl. Proc Zool Soc London
1937:85–101

Hackman RH (1975) Expanding abdominal cuticle in the
bug Rhodnius and the tick Boophilus. J Insect Physiol
21:1613–1623

Hackman RH (1982) Structure and function in tick
cuticle. Annu Rev Entomol 27:75–95

Halkka R (1958) Life history of Schizophyllum sabulo-
sum (L.) (Diplopoda, Iulidae). Anns Zool Soc Zool
Bot Fenn Vanamo 19(4):1–72

Hall BK, Wake MH (1999) The origin and evolution of
larval forms. Academic Press, San Diego

Hartnoll RG, Dalley R (1981) The control of size
variation withininstars of a crustacean. J Exp Mar
Biol Ecol 53:235–239

Hartnoll RG (1982) Growth. In: Bliss DE (ed) The
biology of Crustacea, vol 2. Academic Press, New
York, pp 111–196

Harzsch S, Melzer RR, Müller CHG (2007) Mechanisms
of eye development and evolution of the arthropod
visual system: the lateral eyes of myriapoda are not
modified insect ommatidia. Org Divers Evol 7:
20–32

Held LI Jr (2002) Imaginal discs: the genetic and cellular
logic of pattern formation. Cambridge University
Press, Cambridge

Heming BS (2003) Insect development and evolution.
Comstock, Ithaca-London

Hockman D, Picker MD, Klass K-D, Pretorius L (2009)
Postembryonic development of the unique antenna of
Mantophasmatodea (Insecta). Arthropod Struct Dev
38:125–133

Horn HS, May RM (1977) Limits to similarity among
coexisting competitors. Nature 270:660–661

Houston TF (2010) Egg gigantism in some Australian
earth-borer beetles (Coleoptera: Geotrupidae: Bol-
boceratinae) and its apparent association with reduc-
tion or elimination of larval feeding. Austral J
Entomol 50:164–173

Howes NH (1939) Observations on the biology and post-
embryonic development of Idotea viridis (Slabber)
(Isopoda, Valvifera) from New England Creek,
South-east Essex. J mar biol Ass UK 23:279–310

Hrycaj S, Chesebro J, Popadic A (2010) Functional
analysis of Scr during embryonic and post-embryonic
development in the cockroach, Periplaneta ameri-
cana. Dev Biol 341:324–334

Hughes NC, Minelli A, Fusco G (2006) The ontogeny of
trilobite segmentation: a comparative approach.
Paleobiology 32:602–627

Hutchinson GE, Tongrid N (1984) The possible adaptive
significance of the Brooks-Dyar rule. J Theor Biol
106:437–439

Immamura T (1952) Notes on the moulting of the adult
of the water mite, Arrenurus uchidai n. sp. Annotat
Zool Jap 25:447–451

Janssen R, Prpic N-M, Damen WGM (2004) Gene
expression suggests decoupled dorsal and ventral

segmentation in the millipede Glomeris marginata
(Myriapoda: Diplopoda). Dev Biol 268:89–104

Jarjees EA, Merritt DJ (2002) Development of Tricho-
gramma australicum Girault (Hymenoptera: Tricho-
grammatidae) in Helicoverpa (Lepidoptera:
Noctuidae) host eggs. Austral J Entomol 41:310–315

Junqua C (1966) Recherches biologiques et histophysi-
ologiques sur un solifuge saharien Othoes saharae
Panouse. Mém Mus Natn Hist Nat A 43:1–124

Kfir R (1991) Effect of diapause on development and
reproduction of the stem borers Busseola fusca
(Lepidoptera: Noctuidae) and Chilo partellus (Lepi-
doptera: Pyralidae). J Econ Entomol 84:1677–1680

Kinzelbach R (1971) Strepsiptera (Fächerflügler). Hand-
buch der Zoologie 4 (2, 2/24). de Gruyter, Berlin

Klingenberg CP (1996) Individual variation of ontoge-
nies: a longitudinal study of growth and timing. Evol
50:2412–2428

Klingenberg CP, Zimmermann M (1992) Dyar’s rule and
multivariate allometric growth in nine species of
waterstriders (Heteroptera: Gerridae). J Zool (Lond)
227:453–464

Kluge NJ (2004) Larval/pupal leg transformation and a
new diagnosis for the taxon Metabola Burmeister,
1832 = Oligoneoptera Martynov, 1923. Russian
Entomol J 13:189–229

Knittel LM, Kent KS (2005) Remodeling of an identified
motoneuron during metamorphosis: hormonal influ-
ences on the growth of dendrites and axon terminals.
J Neurobiol 63:106–125
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6.1 Introduction

Embryonic development in arthropods appears
to be largely controlled by gene regulatory cas-
cades and networks, and gene products that

move by diffusion. By contrast, postembryonic
growth and differentiation are controlled almost
entirely by circulating hormones and secreted
growth factors. Also, in contrast to the dozens
and perhaps hundreds of genes that control early
stages of embryonic specification and differen-
tiation, only a very small handful of develop-
mental hormones control an extraordinarily
diverse array of postembryonic developmental
processes ranging from growth, to moulting,
metamorphosis, and the development of alter-
native phenotypes in response to environmental
signals. Hormones such as ecdysone and JH can
have many categorically different effects,
depending on the species, stage of the life cycle
and target tissue. Some hormones, such as
ecdysone, appear to be used universally across
the Arthropoda whereas others such as JH and
androgenic hormone are taxon restricted (to the
Insecta and decapod Crustacea, respectively).

The developmental endocrinology of arthro-
pods is concerned with the control of growth and
the control of form. Growth can be partitioned
into two somewhat independent processes:
growth that occurs at each moult, which is
concerned primarily with growth of the exo-
skeleton, and growth during the intermoult,
which is mostly concerned with the growth of
internal tissues. These two forms of growth are
interrelated in that the amount of growth that
occurs at a moult depends on the mass accu-
mulated during the intermoult period, and both
growth processes are stimulated by the same

H. Frederik Nijhout (&)
Department of Biology, Duke University,
125 Science Drive, Duke University, Durham,
NC 27708, USA
e-mail: hfn@duke.edu

A. Minelli et al. (eds.), Arthropod Biology and Evolution,
DOI: 10.1007/978-3-642-36160-9_6, � Springer-Verlag Berlin Heidelberg 2013

123



hormones, though under different control
mechanisms. The regulation of growth is also
intimately involved with regulation of size, both
body size and the relative sizes of body parts.
Size regulation is a matter of when to stop
growing, and different species have found dif-
ferent solutions. When arthropods moult, they
not only become larger but they can also change
form, either gradually with small morphometric
changes from moult to moult, or dramatically,
with profound changes in morphology during
metamorphosis. In addition, many species have
the ability to moult into one of the two or more
alternative morphologies, depending on envi-
ronmental signals they receive, a kind of phe-
notypic plasticity called polyphenism. In this
chapter, I will deal with the endocrine regulation
of each of these developmental processes in
turn.

6.2 Growth and Moulting

Insects and arachnids grow to a species-charac-
teristic final adult size, but many crustaceans and
myriapods continue to grow as adults. In species
with determinate growth sexually mature adults
do not moult, whereas in species with indeter-
minate growth sexually mature adults continue
to moult and often grow larger at each moult.
Lobsters and spider crabs can grow to gigantic
size simply because they continue to moult and
grow as adults. Among the insects, only the
Thysanura and Collembola are known to moult
as adults (Christiansen 1964; Watson 1964;
Joosse and Veltkamp 1969). In Thermobia
domestica, moulting cycles and reproductive
cycles alternate (Watson 1964; Rohdendorf and
Watson 1969; de la Paz et al. 1983; Bitsch et al.
1985), but there is little or no growth during the
moult. All Arthropoda have a non-living exter-
nal skeleton made primarily of chitin (a carbo-
hydrate polymer: poly-N-acetylglucosamine)
and proteins (Andersen 1979; Hopkins and
Kramer 1992), generally called the cuticle. This
cuticle is hardened or sclerotized by crosslinking
and chemical transformation of its components
and/or by mineralization (e.g. calcification, as in

diplopods and decapods),and cannot grow so
that somatic growth requires occasional shed-
ding of the cuticle and the manufacture of a new
larger exoskeleton. In soft-bodied larvae of
holometabolous insects, the soft cuticle can
grow by intercalation of protein and chitin
(Wolfgang and Riddiford 1981), and such larvae
need not moult in order to grow.

6.2.1 The Moulting Process

The body wall of arthropods is made up of a
single cell layer, the epidermis (called hypo-
dermis or epithelium in some of the non-insectan
literature), that secretes an extracellular cuticle.
The cuticle is made up of several layers. From
the epidermis outward, there is a thick endocu-
ticle, a somewhat thinner exocuticle and a very
thin epicuticle. Although only a few microns
thick, the epicuticle has a complex chemical
makeup including lipoproteins, glycoproteins
and waxes and its primary function appears to be
to limit water and chemical permeability of the
cuticle. The exocuticle is made up of a mixture
of chitin and protein, which can become cross-
linked and sclerotized to different degrees
depending on the location. Where the protein is
only lightly cross-linked, the cuticle is resilient
and flexible (for instance at the joints, or the
body wall of soft-bodied arthropods). Highly
cross-linked and sclerotized exocuticles are stiff
and hard. The endocuticle is typically the
thickest layer and is also composed of a mixture
of chitin and protein, but there is generally little
sclerotization, and the endocuticle is typically
tough and flexible. When the cuticle is pig-
mented, the pigment typically is deposited in the
exocuticle; the endocuticle is, with few excep-
tions, colourless. In the decapod Crustacea and
Diplopoda, the cuticle becomes calcified by
incorporation of calcium carbonate mostly in the
form of crystalline and amorphous calcite
inserted between the protein and chitin fibres
(Roer and Dillaman 1984).

Because of sclerotization and calcification,
the hard cuticle of arthropods cannot grow and
must occasionally be shed in order to build a
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new larger cuticle. The shedding of an old
cuticle and synthesis of a new larger cuticle is
referred to as the moulting process. The first step
in the moulting cycle is apolysis: the separation
of the epidermis from the cuticle. In the space,
the epidermis then secretes a gelatinous mate-
rial, the moulting gel, that contains inactive
enzymes that will later digest the old cuticle.
The epidermis then undergoes a round of cell
division, which enlarges its surface area and the
epidermis becomes finely folded or corrugated
within the old cuticle. Next, the epidermis
secretes the new epicuticle, which is followed by
activation of the enzymes in the moulting gel.
The enzymes now begin to digest the old en-
docuticle (the epidermis is protected from
digestion by the new epicuticle), and the epi-
dermis begins to secrete the new exocuticle. The
breakdown products of the old cuticle are
resorbed and stored and will be used for the
synthesis of the new cuticle. Only the endocu-
ticle is digested, and it is the exocuticle that will
be shed and lost. In Decapoda, the calcium salts
from both the endocuticle and exocuticle are
resorbed and stored in the hepatopancreas
(Waterman 1960). Ecdysis, shedding of the old
cuticle, begins by swallowing air or water to
increase the internal volume, and peristaltic
movements that break and shed the old exocu-
ticle. The old exocuticle breaks along specific
lines of weakness where the exocuticle is very
thin, called ecdysial sutures. Immediately after
ecdysis, the new expanded exocuticle undergoes
sclerotization (and, in Decapoda, calcification)
and hardens. The epidermis then begins to
secrete the new endocuticle, and endocuticle
deposition continues throughout the intermoult
period.

6.2.2 Growth

Because of the need to moult, the growth of
arthropods appears to be discontinuous, with a
discrete increase in size of the exoskeleton at
each ecdysis. Body mass, however, increases
steadily during the intermoult period, in part by
filling out the space occupied by air and water

during ecdysis, and in part by expanding folds in
articulating membranes. The unsclerotized cuti-
cle of soft-bodied insects (such as the larvae of
Lepidoptera) can actually grow by intercalation
of chitin and protein during the intermoult per-
iod (Wolfgang and Riddiford 1986).

Growth of arthropods thus has two compo-
nents: episodic growth of the exoskeleton, and
more or less continuous growth of biomass.
There is a great deal of diversity in the amount
of growth that occurs by each of these mecha-
nisms. Some species grow by small increments
and need many moults to reach adult size,
whereas others grow by large increments and
reach the same size in few moults (Cole 1980).
Species also differ in the rate of growth between
moults: some grow rapidly and moult frequently
whereas others grow slowly and have a much
longer interval between moults. There appears to
be no systematic relationship between adult size
and the number of moults required to reach adult
size: some of the largest insects, the African
Goliath beetles (Coleoptera: Scarabaeidae),
undergo only two larval moults whereas flour
beetles of the genus Tribolium (Coleoptera:
Tenebrionidae) that are only a few millimetres
long undergo 5–7 larval moults.

Somatic growth is controlled by hormones
and secreted growth factors that regulate the
onset, rate and duration of growth. The devel-
opmental regulation of growth and size can be
partitioned into several semi-independent ques-
tions: (1) how is moulting controlled; (2) what
controls the size increment at each moult;
(3) what controls the growth rate between mo-
ults; (4) what controls the timing of a moult; (5)
what controls the cessation of moulting when the
final size is reached (or, alternatively, why does
growth and moulting stop when a species-char-
acteristic adult size is reached)? We treat each of
these control mechanisms in the sections below.

6.2.3 Control of Moulting

In all arthropods, the moulting cycle is con-
trolled by the steroid hormone, ecdysone.
Ecdysone is secreted by the prothoracic glands
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in insects and by the X organ in Decapoda (see
below). The ecdysteroid secreted by these glands
is actually a relatively inactive prohormone
(formerly referred to as a-ecdysone, now simply
called ecdysone). This prohormone is activated
in peripheral tissues by hydroxylation at the C20

location to form the active 20-hydroxyecdysone
(20E, formerly called b-ecdysone and ecdyster-
one). Many other variants of ecdysone, collec-
tively called ecdysteroids, have been detected in
arthropods, such as makisterone A in insects and
Decapoda, ponasterone A in some decapods,
bombykosterol in the silkworm Bombyx mori
and many differently hydroxylated forms of
ecdysone in many insects, including Drosophila
(Dinan and Hormann 2005). To date, several
hundred ecdysteroids have been isolated from
animals, plants and fungi (an exhaustive data-
base can be found at http://ecdybase.org/).

The biological functions of the multiplicity of
arthropod ecdysteroids are not at all clear. Their
biological activity is often assayed in tissue or
cell cultures (Dinan et al. 1990; Smagghe and
Degheele 1995; Harmatha and Dinan 1997) or
by their ability to induce a moult (Krishna-
kumaran and Schneiderman 1969; Karlson and
Koolman 1973; Hoffmann et al. 1974; Berghiche
et al. 2007), but these tests provide no infor-
mation about the natural roles of the different
ecdysteroids. Most ecdysteroids can induce
moulting, but ecdysteroids have many other
functions, particularly in insect reproduction,
and it is possible that different tissues have dif-
ferent sensitivities to different ecdysteroids
during metamorphosis (see below).

In regard to the moulting cycle, it is clear,
however, that in all Arthropoda, the entire pro-
cess from apolysis through cell division and
deposition of the new cuticle is controlled by a
single more or less prolonged pulse of 20-
hydroxyecdysone. The most direct evidence
comes from tissue culture studies in which a
piece of integument (epidermis plus cuticle) can
be induced to undergo the entire sequence of
moulting events when exposed to an ecdysteroid
(Locke 1970; Mitsui and Riddiford 1976;
Freeman and Costlow 1979). Thus, the proxi-
mate control of moulting is entirely attributable

to ecdysone, and it does not matter whether it is
a larval moult or a metamorphic moult (insect
larva to pupa, pupa to adult, larva to adult), or a
stationary adult moult as happens in many
Crustacea and in Thysanura (Watson 1964;
Chang 1985). Embryonic moults in insects and
Crustacea also appear to be controlled by
ecdysone (Beydon et al. 1989; Charmantier and
Charmantier-Daures 1998; Erezyilmaz et al.
2004).

Although ecdysone is the sole proximate
cause for moulting, the secretion of ecdysone is
regulated by higher centres, typically associated
with the central nervous system, via tropic
neurohormones with some evidences for direct
nervous control as well (Yamanaka et al. 2006).
The regulation of ecdysone release has been best
studied in the decapod Crustacea and Hexapoda,
each of which appears to have evolved a very
different mechanism of neuroendocrine
regulation.

6.2.3.1 Moulting: Crustacea
More than a century ago, Zeleny (1905) showed
that ablating the eyestalks of the fiddler crab Uca
pugilator could induce a premature moult. This
finding was confirmed by many investigators
over the years and led to the eventual discovery
in the eyestalks of decapod crustaceans of the Y
Organ, a cluster of neurosecretory cells that
release their product into the blood via a neu-
rohaemal organ called the Sinus Gland (Bruce
and Chang 1984; Chang 1985; Hopkins 2012).
The Y organ produces the moult-inhibiting
hormone (MIH), a polypeptide that acts on the X
organ, a compact organ anterior in the cephalo-
thorax usually in the antennal or maxillary seg-
ments (Nakatsuji and Sonobe 2004; Nakatsuji
et al. 2006, 2009). The X organ may be the
homologue of the insect prothoracic gland and
secretes ecdysone. As in insects, ecdysone is a
relatively inactive prohormone that is hydrox-
ylated in peripheral tissues into the active
20-hydroxyecdysone.

The control of ecdysone secretion and mo-
ulting in Decapoda appear to be negative, that is,
via the inhibition of ecdysone secretion by MIH.
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When inhibition by MIH disappears, ecdysone
secretion begins and initiates apolysis and the
moult. Studies have shown a reasonable though
not perfect inverse correlation between MIH and
ecdysone titres (Chang and Mykles 2011), which
suggests that additional levels of control perhaps
by variation in sensitivity of the X organ to MIH
or another endocrine regulator.

In a variety of Crustacea, moulting is inhib-
ited by stressful environmental factors including
extreme temperature and crowding (Chang and
Mykles 2011). In Gecarcinus, moulting can be
induced by autotomy of legs. Although there has
been no direct demonstration of positive control
over ecdysone secretion in Crustacea, when a
moult is induced by eyestalk ablation, the
ecdysone titres decline after the moult has
occurred, even though MIH is absent, which
indicates that additional stimulatory or permis-
sive regulators must exist.

6.2.3.2 Moulting: Insects
In insects, ecdysone is secreted by the protho-
racic glands. As their name implies, in most
insects, this gland is located in the first thoracic
segment. In the Suborder Cyclorrhapha (the so-
called ‘‘higher’’ Diptera, that include Drosoph-
ila), the prothoracic glands are fused with the
corpora allata and c. cardiaca in a compact
structure called the ring gland that encircles the
anterior part of the dorsal vessel (Redfern 1983).

The earliest experiments that revealed a
control over moulting were carried out by Kopec
who showed (Kopec 1917, 1922) that placing a
blood-tight ligature at mid-body of caterpillars
of Lymantria dispar inhibited moulting in the
posterior part, and moulting could be entirely
inhibited by a blood-tight ligature at the neck
(because insects have a distributed respiratory
system, such ligations are perfectly survivable;
they do prevent feeding, however, and that
restricts long-term survival). Wigglesworth
(1934, 1940) subsequently demonstrated by
parabiosis and brain transplant experiments that
the brain exerted its effect via the blood and not
through its connection to the nervous system.
The fact that two factors were actually required

for moulting was discovered by Williams (1947,
1948), who showed, that isolated abdomens of
pupae of Hyalophora cecropia, could not be
stimulated to moult by a brain implant alone, but
also required simultaneous implantation of a
fragment of the prothoracic gland. Subsequent
experimental work revealed that the brain
secretes a tropic hormone, initially called the
‘‘brain hormone’’, and today the prothoracico-
tropic hormone (PTTH) that stimulates the pro-
thoracic glands to secrete ecdysone. PTTH is a
neurosecretory hormone synthesized in neuro-
secretory cells of the brain and released by
neurohaemal organs: the c. cardiaca (and in
Lepidoptera by the c. allata; Nijhout 1975a).

PTTH is a peptide hormone whose only
known molecular function is to stimulate
ecdysone secretion by the prothoracic glands.
The PTTH receptor is a receptor tyrosine
kinase of the Torso family (Rewitz et al. 2009;
Smith and Rybczynski 2012) that acts via the
Ras-Raf-ERK pathway to stimulate ecdysteroi-
dogenesis. In addition, there is some evidence
that PTTH may also stimulate G-protein-cou-
pled receptor (Rybczynski and Gilbert 2003),
and calcium and cAMP signalling, and signal-
ling via the insulin pathway (Gu et al. 2010,
2011), but the relative roles of these signalling
systems in the regulation of ecdysteroid syn-
thesis or release are not yet clear (Smith and
Rybczynski 2012). It is possible that different
portions of the ecdysteroid biosynthesis path-
way are controlled independently, or that
secretion of ecdysone is controlled indepen-
dently from its synthesis. Alternatively, it is
possible that several intracellular signalling
pathways need to be activated that then act
additively or synergistically in the control of
ecdysone biosynthesis and release (Gu et al.
2011; Smith and Rybczynski 2012). Unlike the
situation in decapod Crustacea, there is no
evidence of negative control over the secretion
of ecdysone in insects, with the exception that
in the last larval instar PTTH and ecdysone
secretion are inhibited by JH (Nijhout and
Williams 1974; Rountree and Bollenbacher
1984, 1986; Gu et al. 1997; Nijhout et al.
2006).
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Role and Control of PTTH

Although the function of PTTH is restricted to
the stimulation of ecdysone biosynthesis and
secretion, the secretion of PTTH itself is regu-
lated by many different physiological factors at
different points in the life cycle and in different
groups of insects. The immediate cause of PTTH
secretion is cholinergic signalling in the brain
(Lester and Gilbert 1987; Agui 1989; Smith and
Rybczynski 2012). A possible involvement of
serotonin and dopamine in the positive and
negative regulation of PTTH secretion has been
suggested (Agui 1989; Shirai et al. 1995).

The control over stimulated release of PTTH
resides at higher levels and is quite diverse
because the regulation of when to moult is often
an adaptation for a particular life cycle strategy.
In many insects, moults are stimulated when the
larva reaches a particular size. In those cases,
moult is tightly linked to some measure of body
size and is independent of time since previous
moult or the growth rate. The exact way in
which this ‘‘size’’ is measured is known for a
few insects. In bloodsucking reduviid bugs like
Rhodnius prolixus and Dipetalogaster maximus,
the moult is triggered by a single large blood
meal that activates abdominal stretch receptors
which send neural signals to the brain to initiate
secretion of PTTH (Nijhout 1984; Chiang and
Davey 1988). In the bug Oncopeltus fasciatus, a
similar abdominal stretch is achieved gradually
by progressive feeding. A moult can be triggered
artificially by simply inflating the abdomen by
an injection of saline or air (Nijhout 1979).
Caterpillars of the tobacco hornworm, Manduca
sexta, measure size by a completely different
mechanism. In Manduca, as in all insects, the
tracheal system does not grow during the in-
termoult period, but only increases periodically
each time the larva moults. As the larva grows,
the rate of oxygen supply by the tracheal system
cannot keep up with the increasing demand of
the growing body, and when a larva reaches a
particular critical weight (4.8 times the initial
mass of the instar, which is the time at which the
size of the tracheal system is established), the
maximum delivery capacity is reached and the

endocrine events that lead to a moult (see also
Sect. 6.2.4 below) are triggered (Callier and
Nijhout 2011). In the dung beetle, Onthophagus
taurus, it is not body size but exhaustion of the
food supply that triggers the metamorphic
moult. Onthophagus larvae are buried with a
small ball of dung, and when they have eaten
that there is no chance of obtaining more. In the
laboratory, simply removing a larva from its
food triggers the moult two days later (Shafiei
et al. 2001). Larvae of Drosophila, which live in
an unstable habitat, likewise slightly accelerate
the timing of pupariation when starved, relative
to larvae of the same age that are allowed to
continue feeding (Mirth et al. 2005). In these
species, starvation stimulates a premature moult
and this is presumably an adaption to a larval
environment where food is limiting and the larva
is unable to move to a new food source (Tobler
and Nijhout 2010).

There is one circumstance in which there is a
well-known negative control over PTTH secre-
tion and moulting. This occurs in the last larval
instar in Lepidoptera and Coleoptera (and
probably most insects) where the JH inhibits
PTTH secretion and moulting (Nijhout and
Williams 1974; Quennedey et al. 1995; Connat
et al. 1984; Rountree and Bollenbacher 1984,
1986; Gu et al. 1997; Emlen and Nijhout 1999).
This also appears to be an adaptation to prevent
the metamorphic moult from occurring whilst
there is still some JH circulating, because a
moult in the presence of a small amount of JH
results in a partial metamorphosis and a mon-
strous non-viable mosaic of larval and pupal
structures (Williams 1961). In some insects, the
last larval instar can be prolonged by application
of exogenous JH or a JH-analogue. Exogenous
JH does not inhibit PTTH secretion or ecdysone
secretion in earlier larval instars, when JH is
normally high and maintains the larval status
quo (see Sect. 6.3.2 below). Interestingly, JH
does not have this inhibitory effect in the
cyclorrhaphan Diptera, including Drosophila,
nor does exogenous JH have any morphogenetic
effects in larvae of this group (Riddiford and
Ashburner 1991; Srivastava and Gilbert 1969).
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A final mechanism of regulation of PTTH
secretion is by means of biological clocks. In
many insects, moults are initiated at particular
times of day, often during the dark phase of the
photoperiod. Presumably, this is an adaptation
for the fact that after apolysis, arthropods are
immobile and defenceless because muscle
attachment to the cuticle is lost. In M. sexta and
other Lepidoptera, PTTH secretion is ‘‘gated’’
by the photoperiod, which means that it only
occurs during a relatively brief window of time
that is controlled by a photoperiodic clock
(Truman 1972; Truman and Riddiford 1974;
Fujishita and Ishizaki 1982; Mizoguchi and
Ishizaki 1984).

Role of Ecdysone

The only function of PTTH is to stimulate
ecdysone secretion, but ecdysone can have a
broad diversity of effects that depend on the
stage of the life cycle and target tissue. In
addition to inducing moulting, ecdysone stimu-
lates context-dependent gene transcription and
controls cell division, tissue growth, the switch
in commitment prior to metamorphosis and the
development of several seasonal polyphenisms.

One of the earliest known effects of ecdysone
is the induction of chromosomal puffs in the
polytene salivary gland chromosomes of
Drosophila (Ashburner 1972, 1973). Puffing in
polytene chromosomes is associated with gene
transcription, and the location of chromosomal
puffs indicates which genes are being tran-
scribed. Exposure to ecdysone elicits a charac-
teristic sequence of early and late genes
(Fig. 6.1) that reflect a complex combination of
sensitivities to ecdysone, transcription rates,
differential responses to rising and falling
ecdysone concentrations and hierarchical gene
activation (Huet et al. 1995). Although the genes
in the ecdysone-activated hierarchy have been
extensively described, their specific functions
are still poorly understood.

The ecdysteroid receptor is a member of the
nuclear hormone receptor superfamily that acts
as transcriptional regulators upon binding to a
ligand. The insect ecdysone receptor is a

heterodimer of two gene products: one from the
EcR gene and the other from the USP (Ult-
raspiracle) gene. USP is a member of the ver-
tebrate retinoid X receptor (RXR) family of
nuclear receptors that bind retinoic acid. Reti-
noids have been implicated in the regulation of
regeneration in Drosophila and may be involved
in the regulation of PTTH expression (Mansfield
et al. 1998; Halme et al. 2010), though the
functional relationships are not yet clear. There
are at least three isoforms of the EcR protein
each with a different function that is presumably
due to differences in specificity of the genes they
activate (Talbot et al. 1993; Truman et al. 1994;
Thummel 1995; Schubiger et al. 2003).
Expression of EcR is sometimes upregulated in
response to ecdysteroids so that the amount of
receptor increases with exposure to the hormone
(Jindra et al. 1996; Hegstrom et al. 1998).
However, the EcR expression pattern does not
always closely follow the pattern of ecdysone
titres in the blood (Jindra et al. 1996, 1997;

Fig. 6.1 Juvenile hormone and ecdysone levels in late
larval development of Manduca sexta (Lepidoptera:
Sphingidae). Major elevations in ecdysone titres stimu-
late moults. The functions of the minor fluctuations are
not understood, although some may be associated with
the timing of juvenile hormone-sensitive periods. Juve-
nile hormone titres likewise fluctuate substantially.
Juvenile hormone-sensitive periods are indicated by grey
regions; labels indicate the relevant developmental
switch with the fate of each tissue shown as the
consequence high/low levels of juvenile hormone during
the sensitive period. Different tissues and responses, such
as epidermis, imaginal discs and pigmentation have
distinct sensitive periods (after Nijhout 1994)
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Hiruma and Riddiford 2010). In Manduca, the
EcR isoforms and USP isoforms are expressed in
complex tissue-specific temporal patterns
(Fujiwara et al. 1995; Jindra et al. 1996, 1997).
Different tissues can express different temporal
patterns of ecdysteroid receptor (Fig. 6.2), and
in this way, a complex profile of ecdysone pulses
during the intermoult period can target some
tissues whilst leaving others unaffected. As we
will see below (Sect. 6.3.2), the USP component
of the ecdysone receptor also appears to be a
receptor for JH that may enable JH to modify the
action of ecdysone by retargeting the receptor
complex to different genes.

6.2.3.3 Growth at the Moult
A pulse of ecdysteroids induces the episodic
growth and stepwise increase in surface area of
the exoskeleton during the moulting cycle. The
increase in area is due to enlargement of the
epidermal cell layer by ecdysone-stimulated cell

division (Kato and Riddiford 1987). If ecdysone
induces a round of cell division in every epi-
dermal cell one would expect a doubling of the
surface area at each moult.

If surface area doubles at each moult then
growth from moult to moult would be expo-
nential with an exponent (for surface area) of 2;
linear measures, such as the length of a leg
segment or width of a carapace, would increase
from moult to moult with an exponent of H2
(=1.41). In larval arthropods, there is often a
regular exponential increase in size from moult
to moult (Cole 1980; Freeman 1980; Anger
1985; Klingenberg and Zimmermann 1992;
Cnaani and Hefetz 2001; Nijhout et al. 2006;
Fusco et al. 2012). Indeed, the phenomenon is so
common that it has acquired a name: Dyar’s rule
(Dyar 1890; Hutchinson et al. 1997). Many
authors have noted that strict adherence to
Dyar’s rule occurs only in arthropods growing
under ideal conditions. In nature, and in animals
growing under suboptimal or variable condi-
tions, growth ratios tend to deviate from the
ideal (Enders 1976; Klingenberg and Zimmer-
mann 1992; Hutchinson et al. 1997). In Crusta-
cea, which have indeterminate growth and
continue to moult as adults, there is a gradual
decrease in the size increment at each successive
moult (Hankin et al. 1989).

Size increments at moulting are seldom per-
fect doublings in surface area (or 1.41 times in
linear measures). In many arthropods, shape
changes as the animal becomes larger (Huxley
1932; Thompson 1942), which means that
growth ratios of different body parts change with
successive moults. This implies that not all cells
in the epidermis respond to ecdysone the same
way. If the increase in area is less than implied
by cell doubling, then either not all cells divide,
or some cells change shape (e.g. by becoming
columnar). In Drosophila (and perhaps all cy-
clorrhaphan Diptera), epidermal cells do not
divide but undergo endomitosis and become
progressively more polyploid, and larger, with
each moult (Edgar and Nijhout 2004). In
Manduca, the epidermis in the last larval instar
is a mixture of diploid and polyploid cells (Kato
and Riddiford 1987; Kato et al. 1987; Wielgus

Fig. 6.2 Ecdysone levels and expression levels of
various isoforms of the ecdysone receptor in different
tissues of Manduca sexta (Lepidoptera: Sphingidae).
Different ecdysone isoforms in the epidermis are believed
to target expression of different gene sets. Each isoform
has a different temporal expression pattern, and epider-
mis and wing discs each have characteristic patterns of
ecdysone receptor expression (after Jindra et al. 1997,
1996; Riddiford et al. 2000)
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et al. 1979), so ecdysone must stimulate both
cell division and endomitosis.

Thus, growth at each moult can be due to a
combination of cell division, endomitosis and
change in cell shape (and possibly patterned cell
death). This spatial diversity of responses is
additional evidence that not all cells respond the
same way to the pulse of ecdysone that stimu-
lates a moult. The response to ecdysone is
location- and stage-specific, suggesting that
ecdysone acts as a general systemic stimulus,
and that other factors control whether and how
epidermal cells will respond locally to ecdysone.

If arthropod preadult stages are undernour-
ished, then they increase little in size when they
moult. Indeed, some insects can undergo
regressive moults, becoming smaller in size after
the moult, when they are starved of nutrition
(Beck 1971, 1973). The way in which nutrition
during the intermoult period controls the amount
of ecdysone-induced epidermal cell growth
during the moult is not understood.

6.2.3.4 Intermoult Growth
Growth of the integument is an ecdysone-trig-
gered episodic event, but growth of internal
organs is more or less continuous and nutrition
dependent. Growth of internal organs thus
requires cell growth and proliferation that is
independent of the ecdysone-induced round of
cell division of the epidermal cells.

The hormonal control of intermoult growth
has been studied primarily in insects, where the
focus has been on whole body growth and the
regulation of final body size and on the growth
of imaginal discs in the Holometabola. Body
growth, obviously, depends on nutrition, but
nutrients do not have a direct effect on cell and
tissue growth. Rather, their effect is indirect,
mediated by hormones. The primary hormones
involved in regulation of growth are the ecdys-
teroids and insulin-like hormones. Much of the
focus in the past decade has been on the role of
insulin in insect growth. This work emerged
from the discovery that mutations in the insulin
receptor signalling pathway, or defects in
the expression of insulin-like peptides in

Drosophila, greatly reduced adult body size, and
that this reduction resembled that obtained by
starvation in the larval stage (Bohni et al. 1999;
Ikeya et al. 2002; Oldham et al. 2002).

The best demonstration that tissue growth is
not simply a response to nutrient availability
comes from tissue culture experiments with
imaginal discs. When wing imaginal discs are
taken from a feeding and growing larva of
Precis coenia or M. sexta, and placed in a
nutrient-rich culture medium, their growth cea-
ses instantly. Such cultured discs can be induced
to grow at a normal rate by adding 20-hydrox-
yecdysone plus insulin (either as bombyxin: the
lepidopteran insulin; or as human insulin) to the
culture medium (Nijhout and Grunert 2002;
Nijhout et al. 2007). Studies with Bombyx mori
have shown that nutrition regulates the secretion
of bombyxin: starvation causes a decline in the
level of circulating bombyxin and injection of
glucose raises the level of bombyxin (Satake
et al. 1997; Masumura et al. 2000). Insulin and
ecdysone appear to act synergistically: either
hormone alone stimulates little or no growth, but
together they can support a normal rate of
growth. The relative roles of the two hormones
are not understood. Ecdysone is known to act as
a mitogen in the epidermis (Kato and Riddiford
1987), and insulin is known to stimulate protein
synthesis and cytoplasmic growth. A simple
possibility is that insulin controls cell enlarge-
ment and ecdysone controls cell division. In
M. sexta, there is a low and slightly fluctuating
level of ecdysone in the blood throughout the
intermoult period (Wolfgang and Riddiford
1986), well below the level required to induce a
moult but exactly at the level that tissue culture
studies have shown ecdysone is required to
support normal growth of imaginal discs
(Kawasaki 1988; Champlin and Truman 2000;
Nijhout and Grunert 2002; Nijhout et al. 2007).

Insulin stimulates growth via PI3K signalling
pathway leading to uptake of glucose and certain
amino acids into cells (Escher and Rasmuson-
Lestander 1999; Colombani et al. 2003; Reynolds
et al. 2007). It appears that both glucose and
amino acids stimulate cellular growth by regu-
lating protein synthesis, and studies on a broad
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diversity of animals, from arthropods to verte-
brates, have revealed that the protein kinase, tar-
get of rapamycin (TOR), is an important waypoint
in the pathway that connects insulin and amino
acid signalling to protein synthesis and cell
growth (Oldham and Hafen 2003; Guertin et al.
2004). TOR can be stimulated by insulin signal-
ling pathway via activation of TSC and Rheb
GTPase (Avruch et al. 2006). But amino acids can
also act in an insulin-independent effect on Rheb
activation of TOR, and by controlling S6K acti-
vation (Kozma and Thomas 2002). Therefore,
both insulin-dependent and insulin-independent
pathways lead to enhanced protein synthesis and
growth. In Drosophila, most internal tissues
except the imaginal discs and histoblasts are
polyploid and grow by cell enlargement and
endomitosis. Growth of polyploid cells is con-
trolled by insulin, and endomitoses appear to be a
direct consequence of this growth and require no
additional stimulation. The degree of cell
enlargement and polyploidization during in-
termoult growth is tissue-specific (Britton and
Edgar 1998; Johnston et al. 1999; Edgar and
Nijhout 2004).

Insects express many different kinds of
insulin-like proteins, most are neurosecretory
hormones produced in the central nervous sys-
tem, and some are produced in peripheral tissues
such as the gut and imaginal discs. Some insu-
lins circulate as endocrines whereas others act
locally via paracrine and autocrine signalling.
Bombyx mori has more than 30 different insulin-
like proteins, called bombyxins (Kondo et al.
1996; Aslam et al. 2011), whose evolution has
been elucidated by Kondo et al. (1996). The
sphingid moth Agrius cingulatus has six insulin-
like proteins (Iwami et al. 1996), and Drosophila
has seven insulin-like proteins (Brogiolo et al.
2001; Ikeya et al. 2002; Rulifson et al. 2002). In
spite of this overabundance and diversity of
insulin-like ligands, there is only a single gene
for the insulin receptor in these species, and
presumably only a single form of the receptor.
The functional significance of the diversity of
insulin-like ligands is not entirely clear.

Thus, intermoult growth of internal tissues
requires nutrition, which stimulates growth via

insulin and TOR signalling. Imaginal discs also
require low levels of ecdysone for normal
growth, but whether ecdysone is also required
for the growth of other tissues is not clear. The
rate and amount of growth is modulated by
nutrition, presumably via the modulation of
insulin or ecdysone levels. As we will see in the
next section, modulation of ecdysone secretion
plays a significant role in regulating the pro-
portional growth of body parts.

6.2.4 Body Size

Final body size and the relative sizes of body
parts are the arguably the most distinguishing
characteristics of a species, yet the develop-
mental mechanisms by which a particular body
size is achieved, and those that regulate the
proportional sizes of body parts are still poorly
understood. In Crustacea with indeterminate
growth, the growth increment at each moult and
moult frequency gradually decline (Pratten
1980; Hankin et al. 1989; Comeau and Savoie
2001). In arthropods with determinate growth,
such as insects and most arachnids, adults do not
grow and the size at which an immature larva
moults to the pupa or to the adult reproductive
form defines the final body size of the individ-
ual. Adult body size is determined by an inter-
play of both genetic and environmental factors.
Nutrition affects growth rate and can have a
profound effect on adult size, as can mutations
that affect the insulin signalling pathway or the
cell cycle.

The developmental regulation of adult size is
basically the regulation of when to stop growing.
In arthropods, growth stops when ecdysteroids
are secreted that induce a moult. In larval
moults, growth resumes again after the moult, of
course, but at the metamorphic moults of insects
and other arthropods with determinate growth,
growth stops entirely. In insects, because of
metabolic and tissue losses during metamor-
phosis, the mass of the adult is usually less than
the mass of the larva when it stopped feeding
and growing. Thus in an important sense, the
mechanism that controls the secretion of
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ecdysone is also the mechanism that controls
size, since growth stops when ecdysone secre-
tion stimulates a moult. The triggers insects use
to initiate ecdysone secretion were discussed
above under the control of PTTH secretion
(Sect. 6.2.3.2). These involve a diversity of size-
sensing and nutrient-sensing mechanisms and
illustrate that the mechanisms that control of
body size have undergone a great deal of evo-
lution and many may be adaptations to particular
ecological conditions and modes of life.

What distinguishes an insect’s larval moult
(after which growth continues) from a meta-
morphic moult (which perpetually stops growth)
is the juvenile hormone (JH) (see Sect. 6.3.2
below). JH is secreted throughout larval life, and
whilst JH is being secreted and present in the
blood, ecdysone induces a larval moult. At the
end of larval life, JH secretion stops and the
secretion of ecdysone in the absence of JH ini-
tiates metamorphosis. The mechanism that con-
trols the cessation of JH secretion at the end of
larval life remains one of the great puzzles in the
developmental endocrinology of insects. It is
associated with the attainment of a particular
narrowly defined absolute size called the
‘‘threshold size’’ (Nijhout 1975b). Larvae of
Manduca can be made to undergo 4–6 moults by
manipulating diet and nutrition in early larval
life and will continue larval moults as long as
the size at the moult (measured as mass) is
below the threshold size, independent of how
many moults have preceded (Nijhout 1975b).
Larvae whose size at a moult is below this
threshold size will moult to another larval instar
when next they moult, whereas those that are
above that threshold are now in the last larval
instar and will metamorphose when they next
moult. A threshold size for metamorphosis has
also been demonstrated in Tribolium castaneum
(Preuss and Nijhout 2009). It is still not clear
exactly what physiological process in the animal
corresponds to what we can detect as threshold
size in the laboratory.

At the beginning of the last larval instar in
Manduca, the level of JH is still high, but the
secretion of JH stops when the larva reaches
the critical weight (Nijhout and Williams

1974). The critical weight (not to be confused
with the threshold size) is a discrete multiple
(4.8 times) of the initial weight of the instar
and is sensed when the non-growing tracheal
system is unable to maintain an adequate
oxygen supply for the growing larva (Nijhout
et al. 2006; Callier and Nijhout 2011). Whilst
JH is still high, it inhibits PTTH and ecdysone
secretion and the moult can be delayed
indefinitely by exogenous JH (Nijhout and
Williams 1974; Rountree and Bollenbacher
1986; Nijhout et al. 2006). Once JH has been
cleared, the brain is disinhibited from secreting
PTTH, and PTTH secretion will occur at the
next photoperiodic gate (Truman 1972; Nijhout
and Williams 1974; Truman and Riddiford
1974). The inactivation of JH secretion at the
critical weight and the inhibition of PTTH and
ecdysone secretion by JH are endocrine events
that are unique to the last larval instar. In
earlier larval instars, JH is continuously pres-
ent and exogenous JH has no effect on the
secretion of PTTH or ecdysone or the timing
of the moult. These premetamorphosis endo-
crine events appear to be a physiological
property seen only in larvae that have passed
the threshold size for metamorphosis. Thus in
Manduca, body size is regulated by the critical
weight in the last larval instar, coupled with a
complex cascade of endocrine events that
involve the decay of JH and photoperiodic
gating of PTTH and ecdysone secretion
(Nijhout et al. 2006).

In Drosophila, body size is affected by both
insulin signalling and ecdysone. Increasing
insulin signalling in the prothoracic gland
increases its size and increases expression of
genes involved in ecdysone biosynthesis
(Caldwell et al. 2005; Mirth et al. 2005), and this
results in an accelerated metamorphic moult and
a smaller adult body size, presumably because
enhanced ecdysone synthesis caused a pre-
mature elevation of the ecdysone titre (Riddiford
2011). Ecdysone production by the prothoracic
glands also requires an intact nutrient-sensing
system that involves TOR. When TOR activity
is reduced, the moult is delayed and this results
in larger adults (Layalle et al. 2008). Thus, the
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rate and timing of ecdysone synthesis and
secretion are sensitive to the direct effects of
nutrition on the prothoracic glands via both the
insulin and TOR pathways. The direct regulation
of prothoracic gland size and activity provides
an additional route by which nutrition can affect
body size.

6.2.5 Relative Sizes of Appendages

Appendages need to develop in the correct
proportion to body size. The regulation of pro-
portional growth is complicated by the fact that
in holometabolous insects, and other arthropods
with complex metamorphoses, the appendages
do not grow in simple proportion to the body as
a whole throughout ontogeny. In holometabo-
lous insects whose appendages develop from
imaginal discs, the appendages undergo most of
their growth during the prepupal and pupal
stages, after feeding has ceased and the body has
stopped growing.

Although body size is often thought of as
being genetically determined, it is actually a
highly plastic character that is affected by
nutrition and temperature. In Manduca, as in
many other insects, it is possible to obtain more
than a two-fold variation in adult size by envi-
ronmental manipulation alone. Yet, during the
prepupal and pupal stages, the appendages
develop in the correct proportion to the body, so
there must exist a mechanism that regulates their
growth to be in the proper proportion to a plas-
tically variable body.

The developmental control of this mechanism
has been studied in the context of wing-body
scaling in Manduca. In this species, the propor-
tional growth of the wing is regulated by varia-
tion in ecdysone secretion during the prepupal
stage, after somatic growth has stopped but
before pupation (Nijhout and Grunert 2010).
Both the duration and level of ecdysone secretion
are different in individuals of different sizes.
Ecdysone controls cell division in the developing
wing, and in small individuals, ecdysone secre-
tion and cell division stop earlier than they do in
larger individuals. Thus, the duration of wing

growth is shorter in smaller individuals. In
addition, in small individuals, the wing also
grows at a slower rate that is controlled by the
concentration of ecdysone. Cell division and
growth of the developing wing are stimulated by
an optimal concentration of ecdysone and are
inhibited at levels below and above this opti-
mum. In small individuals, ecdysone titres rise to
a higher level than they do in large individuals,
and this elevated level of ecdysone has an
inhibitory effect on the rate of cell division
(Nijhout and Grunert 2010). Thus, ecdysone
controls both the duration and rate of growth, and
both are modulated to ensure wings grow in the
correct proportion to a variable body size. The
control over this modulated pattern of ecdysone
secretion lies in the central nervous system and is
exercised via the secretion of PTTH. The
mechanism by which the brain becomes ‘‘aware’’
of body size during the prepupal stage is not
understood.

6.3 Metamorphosis

Metamorphosis is one of the most profound
developmental transformations in nature. During
metamorphosis, a well-developed highly spe-
cialized form rapidly transforms into a very
different-looking form specialized for a different
mode of life. Metamorphosis occurs during
postembryonic development, when the body
plan is already complex and fully developed.
Metamorphosis requires massive changes in
gene expression that controls the breakdown of
larva-specific tissues and the development and
growth and morphogenesis of adult-specific
traits. The transformations are often profound,
such as that of a caterpillar into a butterfly, a
maggot into a fly or a planktonic zoea larva into
a benthic crab.

The metamorphosis of arthropods is func-
tionally tied to the moulting cycle, since that is
the only time when an exoskeleton with a new
morphology can be made. Ecdysone is univer-
sally used to stimulate moulting, but the mor-
phology of the new exoskeleton that is made
depends on many other factors. In insects, JHs
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play an important (but not universal) role in
controlling metamorphosis, and in decapod
Crustacea, it is methyl farnesoate, a terpenoid
hormone that is structurally similar to JH.

6.3.1 Crustacea and Insects

When an arthropod moults, it can moult to a
larger version of the current form, as happens
during larval–larval moulting insects (e.g. when
a small caterpillar moults to a larger one).
Alternatively, the moult can be progressive/
transformative to a form with very different
morphology. The larvae of crabs and lobsters
moult to a successive series of distinctive form
(in crabs called zoea, metazoea and megalopa,
which are all small planktonic larval stages)
(Gurney 1942). Some insects also have a series
of distinctive larval stages, for example, those
with hyper-metamorphosis go from an active
long-legged triungulin to a poorly mobile grub-
like form; a less extreme form is the progressive
alteration in pigmentation and morphometrics in
successive larval stages of many larval insects.

Little is known about how the progression
through morphologically distinctive larval
stages is controlled. In larvae of swallowtail
butterflies (Papilionidae), small larvae in the first
two instars have a black and white pattern that
acts as bird-drop mimicry, and larger larvae are
bright green. This progression of larval form and
pigment pattern is controlled by JH (Futahashi
and Fujiwara 2008). In larvae of silk moths
(Saturniidae), by contrast, exogenous JH does
not inhibit or alter this progression (Willis 1969,
1974).

In insects, the term metamorphosis is usually
reserved for the moults that transform the non-
reproductive larva to the final reproductive adult
form. In insects, the moult to the adult is the last
moult, and with the exception of Thysanura and
Collembola, adult insects do not moult or grow.
In decapod crustaceans, by contrast, there is a
succession of morphologically distinct plank-
tonic larval forms, and metamorphosis to the
adult morphology occurs at a very small body

size, after settlement of the planktonic larvae.
The small adults are still sexually immature but
continue to grow and moult, eventually reaching
sexual maturity. Many species of lobster, crab
and shrimp continue to grow and moult after
reaching sexual maturity, some apparently
indefinitely.

6.3.2 Insects and Juvenile Hormone

The hormonal control of metamorphosis was
discovered by Wigglesworth in his studies
(Wigglesworth 1936, 1940, 1948) on the control
of moulting in R. prolixus. When he joined a 4th
(penultimate)-instar larva and a 5th (final)-instar
larva in parabiosis and induced them to moult,
he found that the 4th-instar larva moulted to a
normal 5th instar, but the 5th-instar larva that
would have moulted to an adult instead moulted
to a supernumerary 6th larval instar. Evidently,
the 4th-instar larva inhibited metamorphosis of
its parabiotic partner and caused it to moult to a
never-before-seen 6th larval instar. Because the
two larvae were joined only by their circulatory
systems, the implication was that the inhibitor
was a blood borne factor. The source of the
active factor was eventually traced to a small
pair of glands in the neck called the c. allata and
identified as an epoxidized sesquiterpenoid ester
(Röller et al. 1967) that came to be called the JH
because it seemed to cause larvae to retain their
immature or juvenile morphology.

The c. allata are attached to the c. cardiaca
and the brain via conventional and neurosecre-
tory neurons. Secretion of JH is controlled by
neurosecretory hormones called allatostatins and
allatotropins (Kataoka et al. 1989; Pratt et al.
1989; Kramer et al. 1991; Nijhout 1994;
Audsley et al. 2000). At least five molecular
forms of JH have been described that differ in
the pattern of side-chain substitutions (Nijhout
1994). Most species make more than one of
these forms, and many insect taxa have charac-
teristic mixes of JHs. There is, however, no
evidence that the different forms of JH have
different functions.
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The developmental effect of JH is to maintain
the current developmental state, not to make
insects ‘‘juvenile’’ as the name might imply.
This interpretation comes from the finding that
when JH is injected into a pupa, it causes the
synthesis of pupal cuticle at the next moult and
thus produces a second pupal stage, not an adult
(Williams 1959; Zhou and Riddiford 2002).
Accordingly, JH is often referred to as a status
quo hormone (Willis 1981; Riddiford 1996;). In
addition to its developmental effects during lar-
val life and metamorphosis, JH is also deployed
in adult insects as a reproductive hormone that,
depending on the species, controls the ovarian
maturation, yolk uptake and the synthesis of
yolk proteins by the fat body (Nijhout 1994).

As a developmental hormone, JH controls
tissue-level switches between alternative devel-
opmental pathways during metamorphosis. JH
does not act in a concentration-dependent man-
ner, as was once thought (Willams 1961;
Schneiderman and Gilbert 1964), but acts during
tissue-specific and stage-specific JH-sensitive
periods (Nijhout and Wheeler 1982; Nijhout
1994). If JH is present during a particular sen-
sitive period, then that tissue maintains its
developmental state, and if JH is absent during
that sensitive period, the pattern of gene
expression changes and the tissue is set on a new
developmental path.

JH has no overt developmental effect by
itself, but typically requires ecdysone to express
or reveal its effects. This is in part due to the fact
that a moult is required to express the new fate
of a tissue, and in part because in some cases,
the JH-sensitive periods (Fig. 6.3) are associated
with pulses of ecdysone secretion (Nijhout 1994,
2003). A decline in JH during the last larval
stage causes a change in commitment of tissues
to pupal development (Riddiford 1978, 1981;
Kremen and Nijhout 1989, 1998). This change
in commitment can be revealed by an injection
or infusion of ecdysone, or by implanting a tis-
sue into a larva undergoing a moult, which
provokes a moult. Such an induced moult pro-
duces an individual with a mosaic mix of pupal
and larval characters that reveals the state of
commitment of different tissues (Kremen 1989;

Koyama et al. 2008). Such studies have shown
that in the Lepidoptera, the imaginal discs
switch to pupal commitment very early in the
last larval instar. Within a disc, there is a pro-
gressive spatial pattern of commitment, and
different discs initiate and terminate this pro-
gression at different times (Kremen 1989;
Kremen and Nijhout 1998). In Manduca, the
commitment switch of the imaginal discs
requires the absence of JH and appears to be
stimulated by insulin signalling that is initiated
when the larva begins to feed in the last larval
instar (Koyama et al. 2008). The general
epidermis of Manduca switches to pupal com-
mitment much later in the last larval instar, and
this switch is caused by a slight elevation of
ecdysone that also causes the larva to stop
feeding and enter the ‘‘wandering’’ stage in
preparation for pupation (Riddiford 1978, 1981).

The succession from larva to pupa to adult in
holometabolous insects was once thought to
require progressively lower levels of JH (Will-
ams 1961; Schneiderman and Gilbert 1964), but

Fig. 6.3 Cascade of ecdysone-activated genes in
Drosophila melanogaster (Diptera; Drosophilidae). Two
pulses of ecdysone successively induce puparium forma-
tion and pupation. Ecdysone binds to the ecdysone
receptor (EcR/USP dimer), which stimulates a cascade of
transcription factors, the early ecdysone-response genes.
The early response genes repress their own function, thus
terminating the response to ecdysone, and also stimulate
a set of late-response genes, which are believed to be the
effectors of the various physiological responses to
ecdysone. The names of some of the transcription factors
are derived from the bands or puffs in polytene salivary
gland chromosomes (after Thummel 2001; King-Jones
et al. 2005)
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it now appears that this progression unfolds
automatically in the absence of JH without
requiring specific endocrine control of each
successive stage (Nijhout 1994). This is in
keeping with the status quo action of JH
(Willis 1981; Riddiford 1996), which implies
that the function of JH is to maintain the current
state of differentiation, and not to direct the
progressive differentiation of metamorphosis.
A critical molecular event associated with the
disappearance of JH is the expression of Broad
Complex (BR–C) transcriptional regulators
(Zhou et al. 1998; Zhou and Riddiford 2002).
Broad expression is stimulated by ecdysone and
only occurs when ecdysone acts in the absence
of JH and then only in the epidermis of the pupa
stage, not in that of the larva or adult (Zhou and
Riddiford 2002). Broad expression appears to be
the first step in the specification of pupal traits
(Fig. 6.4).

JH has many other developmental functions
besides its status quo effect in the control of
metamorphosis. JH also regulates the develop-
ment of alternative morphologies after a moult,
that include the control of caste determination in
social insects, horn development in scarab bee-
tles, seasonal forms in butterflies and colour
development in caterpillars (see Sect. 6.4 on
polyphenisms below). After metamorphosis, JH
plays a diversity of roles in the regulation of
adult reproduction, migration and diapause
(Rankin and Riddiford 1977; Chang 1993;
Nijhout 1994; Denlinger 2002). It has been dif-
ficult to explain this diversity of developmental
and physiological effects of a single hormone, a
problem that is made even more challenging by
the fact that JH does not appear to act as a
classical hormone. JH does not seem to belong
to the class of hormones that have either mem-
brane receptors or nuclear receptors. Indeed, it
has been difficult to find any receptor at all. JH
binds with moderate affinity to a broad range of
proteins, and this binding has generally been
assumed to be non-functional. One of those
proteins is USP, part of the ecdysteroid receptor
(Jones and Sharp 1997). The binding affinity is
rather low, with a Kd in the 0.5–1 lM range
which is well above the normal concentration of

JH. Nevertheless, it is possible that JH binding
could alter the ecdysone receptor’s affinity for its
gene targets and change expression of the genes
controlled by ecdysone. More recently, JH has
been found to bind rather more strongly to the
product of the methoprene-tolerant (Met) gene.
Methoprene is a JH mimic, and mutations in Met
make Drosophila insensitive to the deleterious
effects of high doses of methoprene. The Met
protein is a transcription factor that could be
activated or retargeted by JH. JH binds to the
Met protein with a Kd in the 4–5 nM range
(Miura et al. 2005; Charles et al. 2011); the
range expected for classical hormone binding.
JH also binds with moderate affinity to the reti-
noid receptor and to a variety of proteins in
intracellular signalling pathways (Wheeler and
Nijhout 2003). Even though the binding affinity
to these various proteins is lower than expected
for a classical hormone, it is possible that JH
interaction with proteins in signalling pathways
could modulate or retarget those pathways to
produce JH-specific responses (Wheeler and
Nijhout 2003).

Fig. 6.4 The role of juvenile hormone (JH) and Broad
Complex (BR–C) in the regulation of gene switching
during metamorphosis. During the larva to pupa moult,
ecdysone (via the EcR/USP complex; see Fig. 6.1)
induces expression of the BR–C transcriptional regulator,
which controls activation of pupal genes and inhibition of
larval gene expression. In the presence of JH, transcrip-
tion of BR–C is inhibited and a larva to larva moult
ensues. In the pupal stage, ecdysone inhibits expression
of BR–C, which results in the inhibition of pupal genes
and the activation (inhibition of an inhibition) of adult
genes. JH in the pupal stage maintains BR–C and causes
a moult to another pupal stage (after Zhou and Riddiford
2002)
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6.3.3 Crustacea and Methyl
Farnesoate

Ablation of eyestalks in crab larvae not only
accelerates the next moult by removing the
source of MIH, but also inhibits metamorphic
progression (Costlow 1968; Hinsch 1972; Laufer
et al. 1987; Laufer and Biggers 2001). In adult
crabs and shrimp, removal of the eyestalk
accelerates ovarian maturation (Laufer et al.
1987; Laufer and Biggers 2001). Thus, the
endocrine centres in the eyestalk appear to have
an inhibitory effect on metamorphosis and
ovarian maturation. In insects, both metamor-
phosis and ovarian maturation are regulated by
JH. Treatment with JH or with JH analogues like
methoprene can delay early larval development
in crabs and shrimp, but interestingly, acceler-
ates metamorphosis in the later, premetamor-
phic, developmental stages of shrimp, and in
barnacles (Laufer and Biggers 2001). Hinsch
(1980) discovered that implantation of mandib-
ular organs into young adult female crabs stim-
ulated ovarian maturation. This finding led to the
discovery that the mandibular organs secrete an
analogue of JH, called methyl farnesoate (MF)
(Laufer et al. 1987; Ding and Tobe 1991).

The secretory activity of the mandibular
organ is regulated by inhibitory neurosecretory
hormones produced in the eyestalk, the man-
dibular organ inhibitory hormones (MOIHs)
which belong to the CHH family of neuropep-
tides (Borst et al. 1987, 2001, 2002; Laufer et al.
1987; Tsukimura and Borst 1992; Wainwright
et al. 1996, 1999). MOIH has been shown to
inhibit the activity of farnesoic acid O-methyl-
transferase, the last enzyme in the MF biosyn-
thetic pathway (Borst et al. 2001, 2002).

MF has been detected in many species of
decapod crustaceans, as well as in insects, where
it is a biosynthetic precursor for JH-III but is
itself without normal physiological function.
Treatment of crustacean larvae with MF has
revealed similar effects to those found with
exogenous JH (except that JH treatment also
induces developmental abnormalities that are
not typically seen with MF). Exogenous MF

appears to have different effects in early and
later larval stages. There appears to be a critical
period, before which MF retards developmental
progression to a subsequent larval stage, and
after which MF accelerates metamorphosis
(Laufer and Biggers 2001). In addition, MF has
been shown to have a moult-accelerating effect
in crabs and shrimp (Homola and Chang 1997).

Like ecdysone secretion, the secretion of MF
appears to be largely under negative (inhibitory)
control in the decapod Crustacea. Because MF
can have a diversity of developmental and
physiological effects, many of which appear to
be dependent on the developmental stage, it is
likely that additional levels of control exist. MF
secretion as well as the developmental effects of
MF may be co-regulated by one or more of the
many neuroendocrine factors discovered in
Decapoda (Christie 2011) whose functions are
as yet unknown.

6.4 Polyphenism

Developmental hormones of arthropods are
intimately involved in the regulation of adaptive
phenotypic plasticity. Phenotypic plasticity is a
developmental response to an environmental
variable that results in a change in morphology,
physiology and/or behaviour. Arthropods are
able to change form when they moult, which is
the basis of metamorphosis and of progressive
changes in shape during the growth phase. In
addition, many arthropods can moult into one of
the several alternative morphologies, depending
on environmental cues received during the pre-
ceding stage. The development of alternative
phenotypes in response to environmental signals
is called polyphenism and is especially wide-
spread among the arthropods. The alternative
phenotypes are often adaptations to a contingent
and variable environment or are forms with
specialized functions in a social context as we
see in the castes of social insects. In all cases
investigated so far, the switch between alterna-
tive developmental pathways is controlled by
hormones (Nijhout 1999, 2003).
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6.4.1 Crustacea

Water fleas of the genus Daphnia have a well-
known adaptive polyphenism. In the presence of
potential predators, Daphnia develop an elon-
gated helmet-shaped spine on the head and a
more elongated caudal spine that serve as
predator deterrents (Woltereck 1909; Grant and
Bayly 1981; Dodson 1989). Exposure of neonate
Daphnia to MF, the crustacean analogue of JH,
induces development and enlargement of the
helmet in a concentration-dependent manner
(Oda et al. 2011). The length of the tail spine, by
contrast, decreases after exposure to MF.
Decrease of the tail spine is also seen under
crowding conditions, and an increase in helmet
size can be induced by a variety of environ-
mental stressors, such as pesticides (Oda et al.
2011), so it is not entirely clear whether the
effects of MF are physiological.

Males of the crayfish Procambarus clarkii
have two adult morphotypes: a reproductive
morph that has large spiny chelae and spines on
some of its walking legs, and a non-reproductive
morph with smaller chelae and no spines (Laufer
et al. 2005). Males can switch back and forth
between these two morphs in successive moults.
Eyestalk ablation inhibits the transformation of
the non-reproductive morph into the reproduc-
tive morph, and exogenous MF inhibits trans-
formation of the non-reproductive morph into
the reproductive morph. Assay of blood levels of
MF revealed that reproductive morph develop-
ment was associated with low levels of MF,
whereas non-reproductive morph development
was associated with high blood levels of MF
(Laufer et al. 2005).

6.4.2 Social Insects

The social wasps, bees, ants and termites all
have castes that are specialized for certain tasks.
All social insects have at least a reproductive
caste and a more or less non-reproductive
worker caste, and the worker caste can be further
subdivided into forms that are specialized for
brood rearing and foraging or defence (Wilson

1971). The reproductive, worker and soldier
castes differ in body size, body proportions,
physiology and behaviour, yet this diversity is
not due to a genetic polymorphism. Any larva
can develop into any of the castes depending
entirely on the nutrients and pheromones to
which it is exposed.

In all cases that have been studied, the
developmental switch that sets a larva onto the
developmental pathway that leads to one or
another caste is mediated by JH. In the ant
Pheidole bicarinata, there is a brief JH-sensitive
period in the last larval instar during which
exogenous JH can induce a larva of whatever
body size to develop into a soldier (Wheeler and
Nijhout 1981, 1983; Wheeler 1991). It is
believed that JH is elevated at that time in larvae
receiving high-nutrient food, and this causes a
developmental switch that raises the critical
weight of the larva and also reprogrammes the
development of the imaginal disc of the head to
produce a large-bodied soldier with a dispro-
portionally large head. Adult soldiers produce a
soldier-inhibiting pheromone that raises the
threshold of sensitivity of larvae to JH and pre-
vents too many soldiers from being produced
even under good nutrition (Wheeler and Nijhout
1984). In honeybees, Apis mellifera, there is a
JH-sensitive period during the 4th and early 5th
larval instars when exogenous JH can induce
queen traits in any larva, and during which lar-
vae that have been fed royal jelly have a natu-
rally elevated JH titre that induces them to
develop into queens (Wirtz and Beetsma 1972;
Rachinsky and Hartfelder 1990). After larvae
pass the JH-sensitive period, there is a massive
change in the pattern of gene expression with
very different patterns in larvae that will become
queens from those that will become workers
(Evans and Wheeler 1999, 2000). Thus, a dif-
ferent sequence of gene expression ensues
depending on whether JH is above or below the
threshold for queen induction during a brief JH-
sensitive period. Insulin signalling is also dif-
ferent in presumptive worker and queen larvae
(Wheeler et al. 2006; de Azevedo and Hartfelder
2008), indicating that insulin signalling mediates
the nutritional cues that trigger the endocrine
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switch between the queen and worker castes. In
the adult stage, worker honeybees have a pro-
gressive division of labour, called age polyeth-
ism, that progresses from cleaning, to nursing to
comb building and to foraging, as they get older
(Wilson 1971). This progression is controlled by
a changing titre of JH in worker bees and can be
altered and accelerated with exogenous JH
(Robinson 1987). Insulin and nutrition can also
alter the rate of this behavioural progression
(Ament et al. 2008). JH has also been shown to
control caste development in social wasps (Gi-
ray et al. 2005; Shorter and Tibbetts 2009) and
bumblebees (Cnaani et al. 2000; Bortolotti et al.
2001). In termites, caste determination is also
controlled by JH with different JH-sensitive
periods for the development of soldier and
reproductive characters (Luscher 1972; Nijhout
and Wheeler 1982; Mao et al. 2005; Cornette
et al. 2008).

6.4.3 Seasonal Polyphenisms

Insect species that have many generations per
year often develop distinctive season-specific
morphologies and behaviours. Sometimes, the
alternative forms are so divergent that they have
been initially described as different species.
Aphids can have a seasonal alternation between
winged and wingless forms and between sexual
and parthenogenetic forms depending on nutri-
tion, crowding and photoperiod (Hardie 2010).
The switch between some of these forms can be
induced with exogenous JH (Mittler et al. 1976;
Hardie 1980; Corbitt and Hardie 1985). In
addition, there are differences in the expression
of neuroendocrine hormones that may also be
required for the specification of alternative sets
of traits (Hardie 2010). Species of aphids differ
considerably in life cycle and the kinds of
alternative morphologies they express, but
overall it appears that the switch between vari-
ous forms is controlled by the endocrine and
neuroendocrine system.

Many species of butterflies have distinctive
seasonal forms, and here, it is not JH but ecdy-
sone that controls the switch. In P. coenia and

Araschnia levana, there is an ecdysone-sensitive
period early in the pupal stage that determines
the colour pattern of the adult butterfly. The
presence or absence of ecdysone during that
sensitive window determines the colour form of
the adult. In nature, the timing of ecdysone
secretion in the early pupal stage depends on the
photoperiod and temperature experienced by the
caterpillar (Koch and Bückmann 1987; Smith
1991; Rountree and Nijhout 1995).

6.5 Concluding Remarks

Hormones control almost every aspect of post-
embryonic development in arthropods, from
growth, moulting and metamorphosis, to the
development of alternative adaptive phenotypes
in response to environmental signals. Three
classes of hormones appear to dominate: the
insulins, the ecdysteroids and the juvenoids (JH
and MF). Little is known about the mechanisms
that control the secretion of insulins, but the
secretion of ecdysteroids and juvenoids is regu-
lated by the central nervous system via the
secretion of tropic neurohormones. This in effect
puts the CNS in control of growth and devel-
opment. Control by higher integrative centres
makes it possible to coordinate growth and
development with variation in the environment
and to use environmental signals to cue alter-
native developmental pathways.

Much of what is known about the develop-
mental endocrinology of arthropods has been
learned using only a small handful of species.
There are large taxonomic groups, even among
the insects, that have not been studied at all, and
so, it is difficult to tell which aspects of devel-
opmental endocrinology are general, and which
represent the adaptations and specializations of a
particular taxon. The most generally applicable
feature is that ecdysone is probably universally
used to control the moulting cycle. Even though
their function has been studied in only a few
arthropods, it is also probably safe to assume
that insulins play a general role in the regulation
of growth, based on their universal role in ani-
mals outside the arthropods. That said, it still
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remains to be explicitly demonstrated that this
assumption is correct. If both insulin and ecdy-
sone are required for normal growth, then vari-
ation in either of these hormones could be used
to control growth, and there could be much
taxonomic diversity and specialization in which
hormone plays the major role.

One of the main difficulties in developing a
general and taxonomically broad-based under-
standing of arthropod endocrinology is that most
species are small, and many are difficult to rear
in the laboratory. Small size makes it difficult or
impossible to get the volume of haemolymph
(typically several microlitres) required for hor-
mone assays. Difficulty in laboratory culture
makes it hard to obtain developmentally syn-
chronized animals, which are essential for elu-
cidating the control of developmental processes
and developmental transitions. One area where a
comparative approach is highly feasible, though
as yet little exploited, is the molecular biology of
developmental endocrinology. Studies of hor-
mone receptors, intracellular signalling path-
ways and gene expression patterns during
development can take advantage of tools and
technologies developed in model systems that
are now widely applicable to non-model organ-
isms (Zera et al. 2007).

There is much we do not yet know about the
developmental endocrinology of arthropods.
There is every reason to believe that in this great
and ancient evolutionary radiation, there have
evolved many special and unique developmental
control mechanisms that remain to be discov-
ered. This expectation is strengthened by the fact
that much of developmental endocrinology is
concerned with the regulation of postembryonic
development, which has been little studied.
Morphological and life-history evolution has
occurred almost entirely by changes in postem-
bryonic development, and this evolution must
have been accompanied by the evolution of the
processes that control postembryonic develop-
ment. These processes, in turn, are mainly con-
trolled by hormones.
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7.1 Introduction

Regeneration or restoration of a lost body part
may occur at different levels: it can involve a
part of the trunk, a specific organ or structure
(such as a limb), tissues (such as the gut lining)

or cells (such as axons or muscle fibres) (Bely
and Nyberg 2009).The vast majority of studies
on arthropod regeneration are about limbs.
Usually, arthropods do not regenerate parts of
the trunk (but see Sect. 7.2), and specific
accounts on regeneration of organs other than
limbs (e.g. eyes; see Pastre 1960; Joly and
Herbaut 1968), tissues and cells are restricted to
few arthropod subgroups. This chapter will thus
be mainly about arthropod limb regeneration,
with a less detailed discussion on regeneration of
arthropod trunk and tissues.

Regeneration is mostly intended as the res-
toration of a body part lost by some kind of
external damage (e.g. amputations performed by
researchers or following a predatory attack), but
some physiological events may also involve
regeneration. Indeed, many arthropods exhibit
regular degeneration and regeneration of body
parts during development; this is the case, for
example, of limbs that are physiologically lost
and formed again later in development (called
‘Lazarus appendages’ by Minelli 2003), of the
male reproductive system of balanomorph cirr-
ipedes which normally degenerates at the end of
a reproductive season to be regenerated before
the following one (e.g. Klepal et al. 2008), and
of the insect midgut epithelium which is more or
less continuously lost and regenerated (see Sect.
7.4.2). This review will consider not only
regeneration following external damage, subse-
quently called reparative regeneration, (e.g.
Vorontsova and Liosner 1960; Seifert et al.
2012), but also the physiological regeneration
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(e.g. Morgan 1901; Seifert et al. 2012) that fol-
lows programmed degeneration or loss of a body
part to produce a duplicate of it.

In all cases of reparative regeneration and in
some cases of physiological regeneration, the
process follows a breaking of the epidermis
(with its cuticle) that separates the internal
environment from the external one. A complete
and functional regeneration will thus require (1)
a proper wound healing and (2) one or more
moults. There are many studies on arthropod
wound healing (see, e.g. Adiyodi 1972; Truby
1983, 1985; Clare et al. 1990; Hopkins et al.
1999; Galko and Krasnow 2004; Theopold et al.
2004; Vafopoulou 2009; Belacortu and Paricio
2011; Repiso et al. 2011; and references
therein), but we will not deal with this process
here. Much has also been written about the
relationship between moulting and regeneration
in arthropods, and we will briefly treat this
aspect.

There are many accounts on putative regen-
eration in fossil taxa, especially trilobites (e.g.
McNamara and Tuura 2011; and references
therein). While many of these descriptions are
most likely based on regenerating specimens,
the information that can be obtained from them
is not comparable with evidence from living taxa
that have been mostly studied experimentally.
Thus, this review will consider only regeneration
in extant species.

Finally, it must be acknowledged that
arthropod regeneration is a topic that has
received considerable attention, although not in
the last decades, and many interesting reviews
covering all arthropods or major subgroups are
available; to our knowledge, the most informa-
tive are those of Korschelt (1907), Przibram
(1909), Bodenstein (1953), Bliss (1960), Vor-
ontsova and Liosner (1960), Needham (1965),
Goss (1969), Bullière and Bullière (1985),
Skinner (1985), Vernet and Charmantier-Daures
(1994), and Maruzzo et al. (2005).

7.2 Trunk Regeneration

It is usually acknowledged that arthropods do
not regenerate parts of the trunk (e.g. Minelli
2003; Bely and Nyberg 2009; Bely 2010). Some
authors consider this not possible for intrinsic
developmental reasons; for example, Minelli
(2003) proposed that arthropods are not able to
express the molecular markers needed to estab-
lish the anterior and posterior end of the trunk
axis except in early embryonic development. It
must be noted, however, that a few reports of
limited arthropod trunk regeneration do exist.

Regeneration of the post-anal trunk part has
been reported for the telson of horseshoe crabs
(Clare et al. 1990) and malacostracan crusta-
ceans (e.g. Needham 1952; Kraus and Weis
1988; Kahn et al. 1993; Mees et al. 1995) and for
the ‘caudal appendage’ of the beetle Scraptia
fuscula (Švácha 1995). Furthermore, many
insects can regenerate small parts of the last
segment, and some reports of complete regen-
eration of one or more posterior segment(s)
(Fig. 7.1a–d) are available (see Abeloos 1932;
Vorontsova and Liosner 1960; and references
therein). Abnormal trunk regeneration, with
something more similar to a trunk limb replacing
an ablated trunk part, has been reported in pan-
topods (Fig. 7.1 e-g; Loeb 1905) and brachyu-
rans (Kocian 1930). Most of these works
(apparently, except those on pantopods) experi-
enced high mortality, and this clearly suggests
that both wound healing and intrinsic develop-
mental reasons must be considered as explana-
tions of the very limited, but not absolutely nil,
arthropod trunk regenerative potential.

7.3 Limb Regeneration

Arthropod limb regeneration has been studied
with many different purposes and focusing on a
number of different aspects. Here, we will try to
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limit the discussion to the phylogenetic diversity
of limb regenerative potential and to the relevant
developmental and physiological aspects. The
main topics we will not discuss are regeneration
following experimental grafting (often per-
formed with the purpose of studying limb pat-
tern formation) and abnormal regeneration.

Many arthropods have specific mechanisms
facilitating limb loss through limb breakage at
specific points along the limb. Processes of
limb loss involving such mechanisms are usu-
ally referred to as autotomy, and the specific
breakage point is called the autotomy plane.
However, there is conspicuous variation in
the mechanisms facilitating limb loss. ‘True

autotomy’, that is, limb loss by means of a
specific nervous reflex activating a specific
muscle, has been observed only in malacostra-
cans and hexapods. Other forms of autotomy
are autospasy, that is, limb loss by the action of
an outside agent against resistance provided by
the animal, and autotilly, when limb loss is
obtained with the assistance of other limbs of
the same animal (Bliss 1960; Maruzzo et al.
2005). For some taxa, there is no evidence of
any mechanism facilitating limb loss (Maruzzo
et al. 2005). More specific information about
autotomy and its phylogenetic distribution can
be found in Bliss (1960), Maruzzo et al. (2005),
and Fleming et al. (2007)

Fig. 7.1 Examples of arthropod trunk regeneration. a–
d Stages of regeneration of the last trunk segment in
mayfly (redrawn from Abeloos 1932). e–g Trunk

regeneration in pantopod. e Whole undamaged body with
the subsequently ablated trunk part in grey. f–g Successive
stages of regeneration (redrawn from Loeb 1905)
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7.3.1 Limb Reparative Regeneration

Many arthropod species, but not all, can regen-
erate a lost limb, and many factors (including
developmental stage, limb type and amputation
level) have been shown to influence the outcome
of the regeneration process (Maruzzo et al.
2005). For descriptive reasons, we recognize
here four levels of regenerative potential: absent
(no regeneration), poor (regeneration fails to
produce a structurally normal limb, or only a
small portion of the limb is regenerated), good
(regeneration produces a structurally normal
limb under some specific conditions) and very
good (regeneration produces a structurally nor-
mal limb under most conditions). A structurally
normal regenerated limb is defined here as a
limb that can perform most of the functions of
an undamaged one. A review of the phyloge-
netic distribution of arthropod limb regenerative
potential is provided in Table 7.1 for pre-oral
and trunk limbs; the mouth parts are not con-
sidered here only because these have not been
the object of specific studies and even general
observations are very rare (Maruzzo et al. 2005).

7.3.1.1 Lack of Regenerative Potential
A complete absence of regeneration is found in
some arthropod taxa, including some mites and
geophilomorph centipedes (Table 7.1). Here, the
remaining limb stump can assume different
morphologies after moulting (some examples in
Fig. 7.2).

Explaining why some species cannot regen-
erate at all is an interesting evolutionary prob-
lem, and both wound healing and developmental
reasons should be considered. For example,
mortality following leg amputation is very high
in species of mites that do not regenerate
(reaching more than 90 % and even 100 % in
some species; Rockett and Woodring 1972), but
there can be also a developmental reason for the
different regenerative potential exhibited by
different mite species. For example, Rockett and
Woodring (1972) noted that the only species for
which post-larval cell divisions have been

observed are those that can regenerate, while
those that cannot regenerate apparently do not
have any post-larval cell division.

7.3.1.2 Poor Regenerative Potential
Several arthropod taxa, for instance scorpions
and springtails (Table 7.1), are unable to
regenerate a structurally normal limb and
regenerate only one or few segments of the limb
or a small abnormal one (Fig. 7.3).

Factors such as developmental stage and
amputation level usually have some influence.
Scorpion can usually regenerate only the termi-
nal segment (pre-tarsus) of the legs (Fig. 7.3a;
Rosin 1964), and the only report of a specimen
regenerating two segments (tarsus and pre-
tarsus) is from a specimen that had these two
segments removed during the first post-
embryonic (‘pre-nymphal’) stage (Vachon
1957). Heteropterans have a poor regenerative
potential, but amputation level has some influ-
ence: amputations performed in the proximal
part of the leg produce at most one regenerated
segment (the terminal one), but amputations
distal to the tibia can produce up to three
regenerated tarsal segments (Lüscher 1948;
Shaw and Bryant 1974). Limb type can also be
another factor explaining poor regenerative
potential; the jumping legs of several tettigoni-
ids, acridids and gryllids never regenerate except
for the tarsus, while the first two pairs of legs
have better regeneration ability (Bordage 1905).

7.3.1.3 Good Regenerative Potential
Many arthropod species are able to regenerate a
structurally normal limb only under specific
conditions (Table 7.1) the most critical factor
usually being the level of the amputation. In the
black widow spider Latrodectus variolus, for
example, regeneration occurs always following
amputations at or distal to the femur–patella
joint; amputations at the femur mid-point lead to
regeneration only in 70 % of the cases, while in
30 % of the cases and for amputations proximal
to the femur mid-point, there is only wound
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Table 7.1 Regenerative potential of arthropod limbs

Taxa Regeneration Notes

Pre-oral
limbs

Trunk
limbs

Chelicerata Acari Absent to very good Regenerative potential differs according to
subgroup

Amblypygi No
information

Good No regeneration following breakage
proximal to the patella–tibia joint of the leg

Araneae No
information

Poor to
good

Regenerative potential differs according to
subgroup

Opiliones Absent –

Pycnogonida Absent? Very good? Only old observations available; no specific
studies, but some species lose their
chelicerae in the last pre-adult instar and do
not regenerate them

Scorpiones Poor? Poor Following leg amputation only the pre-
tarsus (distal leg article) is usually
regenerated; unclear if also the distal part of
chelicerae regenerates

Xiphosura No
information

Good? Trunk limbs regenerate during larval stage
only?

Other taxa No information –

Myriapoda Diplopoda Good Very good? Proximal antennal amputation leads to a
regenerate with reduced segmentation; only
old observations available for leg
regeneration

Geophilomorpha Absent –

Lithobiomorpha Very good No regeneration following breakage
proximal to the coxa–trochanter joint of the
leg?

Scolopendromorpha Absent to
good?

Absent Antennal regeneration depending on
subgroup; questionable indirect evidence for
leg regeneration in some species

Scutigeromorpha No
information

Very good No regeneration following breakage
proximal to the coxa–trochanter joint of the
leg?

Other taxa No information –

Crustacea Amphipoda Very good –

Branchiopoda Absent? Absent to
very good?

Antennal regeneration absent in Cladocera
but no information for other groups; trunk
limb regenerative potential differs according
to subgroup

Cirripedia – Very good No pre-oral limbs in juvenile and adults

Copepoda Absent? Some old indirect evidence suggestive of
regeneration

Decapoda Very good –

Isopoda Very good –

Phyllocarida Very good? No
information

Only old observations available on antennal
regeneration

Other taxa No information
(continued)
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healing but no regeneration (Fig. 7.4; Randall
1981).

7.3.1.4 Very Good Regenerative
Potential

Most studies on arthropod limb regeneration
have been performed on species that are able to
regenerate a structurally normal limb under most

conditions, such as decapod crustaceans and
cockroaches (Table 7.1).

A structurally normal limb, however, is not
necessarily a perfect duplicate of an undamaged
one. Cockroaches are a good example of this.
These insects are famous for their high regen-
erative potential and have been extensively
studied in this respect (reviewed in Bullière and
Bullière 1985; Maruzzo et al. 2005). However, a

Table 7.1 (continued)

Taxa Regeneration Notes

Pre-oral
limbs

Trunk
limbs

Hexapoda Archaeognatha Very good? Only general observations available

Blattodea Very good –

Collembola Poor No
information

–

Dermaptera Very good? No
information

Only general observations available for the
antennae

Diplura Poor? Good? Only general observations available

Endopterygota Very good? Absent to
good

Leg regenerative potential differs according
to subgroup

Ephemeroptera No
information

Good Often only a leg of reduced size regenerated

Hemiptera Poor Absent to
poor

Leg regenerative potential differs according
to subgroup

Isoptera No
information

Very good –

Mantodea No
information

Very good Unknown if the raptorial legs also
regenerate

Odonata No
information

Very good –

Orthoptera Good Absent to
good

Abnormalities if antenna amputated
proximally; leg regenerative potential differs
according to subgroup but also within a
given species according to leg type

Phasmatodea Poor Very good Proper antennal regeneration depends on
amputation level

Zygentoma Very good? Very good Only general observations available for the
antennae

Other taxa No information

The regenerative potential for each taxon is rated as explained in the text. Pre-oral limbs are chelicerae in chelicerates,
first and second antennae in crustaceans and antennae in myriapods and hexapods; trunk limbs are legs, thoracopods,
pleopods, etc. In many instances, only old or fragmentary observations are available and the quality of the available
observations for different taxa is very uneven; thus, we have not been able to completely avoid some arbitrary
evaluation. More detail and specific references in Maruzzo et al. (2005); useful references not included in Maruzzo
et al. (2005) are Nguyen Duy-Jacquemin (1972) and Petit (1974) for diplopod antennae, Jegla (1982) for xiphosuran
legs, Buck and Edwards (1990) for zygentoman legs, Harvey et al. (2003) for cirripede cirri, Maruzzo et al. (2007),
(2008) for isopod second antennae and Lüdke and Lakes-Harlan (2008) for orthopteran legs (one species with poor
regenerative potential)
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regenerated cockroach leg is usually not a per-
fect duplicate of an undamaged one. The tarsus
is often composed of a different number of
segments (see below), and there are also differ-
ences in internal anatomy. Kaars et al. (1984)
observed that in the regenerated femur, one
small muscle is missing and there are differences
in the arrangement and branching pattern of
nerves and tracheae (Fig. 7.5). These authors
suggested that these differences are most likely
due to different tissue-level interactions during
regeneration, compared with normal develop-
ment (Kaars et al. 1984). Among the anatomical
differences noted by Kaars et al. (1984), the
missing muscle may appear as an important one
for the limb functional morphology; however,
the very careful study of Alsop (1978; see the
muscle named ‘‘5(fe)ung’’) showed that (1) the
main function of this muscle is to flex the pre-
tarsal claws (i.e. the leg can probably walk
normally without it) and (2) there are other
muscles originating from more distal points

along the leg that concur to perform the same
function (i.e. without the muscle, the function is
not entirely lost). Thus, while even species with
high regenerative potential may not be able to
regenerate a perfect duplicate of a missing limb,
the functional morphology of the regenerated
limb is usually not compromised. Since com-
parable fine anatomical studies are not available
for other arthropod species, it is currently not
possible to determine whether a perfect dupli-
cate can be regenerated at all.

As noted above, limb reparative regeneration
can also produce a structurally normal limb with
an abnormal number of segments. These cases
involve limb parts which do not exhibit auton-
omous movements; thus, a different segment
number does not deeply affect limb function.
Examples are the multisegmented tarsus of
insect legs and the multisegmented tibia and
tarsus of the foreleg of whip spiders (Ambly-
pygi). In several insects, a leg with a reduced
number of tarsal segments is not uncommonly
regenerated (Maruzzo et al. 2005; and references
therein). This has been more carefully studied in
cockroaches (e.g. Bullière and Bullière 1985;
Tanaka et al. 1992; Tanaka and Ross 1996), but
a possible developmental explanation of this
occurrence has been provided by a study on
Drosophila leg imaginal disc regeneration which
provided evidence that this could be the result of
molecular interactions occurring during regen-
eration, but not during normal development, in
the establishment of the limb proximo-distal axis
(Bosch et al. 2010).

Tibia and tarsus of the foreleg of whip spi-
ders, which do not increase in segment number
after the nymphal stage during normal devel-
opment, always regenerate with a higher num-
ber of segments. Igelmund (1987) noted that
regenerated forelegs of older (and thus larger)
specimens have more segments than those of
younger (and thus smaller) ones. Analysing data
for 52 whip spider species, Minelli et al. (2010)
found a positive correlation between the species’
adult body size and the number of tibial and
tarsal segments of undamaged foreleg. These
observations suggest that this seemingly puz-
zling case of hyper-segmentation during

Fig. 7.2 Absence of limb regeneration in some mite
taxa. a Generalized mite leg with the subsequently
ablated part in grey. b–d The remaining leg after one
moult following the amputation in Gamasina (b), Astig-
mata (c) and Prostigmata (d), (redrawn from Rockett and
Woodring 1972)
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regeneration can be easily explained as a result
of size-related tibial and tarsal segmentation;
that is, the specimen producing tibial and tarsal
segmentation during regeneration is larger than
the juvenile where tibial and tarsal segmentation
was originally established during normal
development.

7.3.2 Physiological Limb
Regeneration

There are several examples of arthropod species
where a limb or a limb part is physiologically
lost or degenerated and subsequently regener-
ated. Minelli (2003) named ‘Lazarus append-
ages’ those limbs that are lost at a given
developmental stage but are subsequently
regrown after one or more developmental
stage(s) lacking those limbs. Examples are from
mite legs, copepod first antennae, various limbs
of decapod crustaceans, second and third pair of
pantopod larval limbs and millipede gonopods
(Minelli 2003).

Fig. 7.3 Examples of poor regenerative potential.
a Regeneration in scorpion leg (drawn from photograph
in Rosin 1964). b-d Poor regenerative potential in some
mite taxa. b Generalized mite leg with the subsequently
ablated part in grey. c–d The regenerated leg after one
moult following the amputation in Uropodida (c) and

Cryptostigmata (d) (redrawn from Rockett and Woodring
1972). e–f Poor regenerative potential in the antennae of
collembolans. e Anterior part of the head with two
undamaged antennae with the subsequently ablated part
in grey. f Subsequent regeneration (redrawn from Ern-
sting and Fokkema 1983)

Fig. 7.4 Regenerative potential in the black widow
spider leg. The picture shows the levels along the leg
where amputations are followed by regeneration or only
by wound healing (redrawn from Randall 1981)
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A different example of physiological limb
regeneration is provided by the antennal flagel-
lum of some malacostracan crustaceans and
insects. In crayfish, lobster and cockroach, for
example, the flagellum of the antennae from a
given developmental stage onwards regularly
loses some of its more distal segments (usually
called annuli), while new ones are produced in
the proximal part (Campbell and Priestley 1970;
Schafer 1973; Sandeman and Sandeman 1996;
Steuellet et al. 2000).

7.3.3 Development
of the Regenerating Limb

7.3.3.1 Morphological Aspects
In most cases of limb reparative regeneration,
the process takes place within the limb stub

(Fig. 7.6a). The only exceptions are found in
decapod crustaceans and, possibly, in horseshoe
crabs (see Jegla 1982) where the regenerating
limb grows outside the limb stub, within a thin
and transparent cuticular sac (or cuticular
sheath); this outgrowing structure is usually
referred to as a papilla (Fig. 7.6b). Different
decapod species exhibit different morphology
and development of the papilla (Bliss 1960;
Goss 1969) and regeneration following ampu-
tations in the distal part of a limb are accom-
plished within the limb stub, as in all other
arthropods (Bliss 1960). As the regenerate
grows, either within the limb stub or within an
‘external’ cuticular sac, it may become folded
(e.g. Bliss 1960; Needham 1965; Goss 1969;
Bullière and Bullière 1985). In decapod crusta-
ceans, growth of the regenerate before its
appearance after a moult is not a continuous
process, but happens in phases separated by
periods of stasis (Bliss 1960; Adiyodi 1972;
Skinner 1985). Tissue and segment differentia-
tion are usually completed within the first
growing period, the so-called basal growth (e.g.
Adiyodi 1972).

In most arthropods, limb regeneration follows
an all-or-nothing principle, that is, after the first
moult following damage or amputation, the
regenerate is either not present at all or struc-
turally in its final form (although it may be not
functional and of reduced size, it may require
several additional moults to reach the size of an
undamaged limb). The former case is usually
found when damage or amputation happens too
close to the next moult, and thus, only wound
healing happens, while the full regeneration
process will occur after that moult (e.g. Truby
1985). The ‘critical time’ in the intermoult per-
iod, after which an amputation does not lead
immediately to a regenerate at the following
moult, is species specific; for example, in the
house centipede Scutigera coleoptrata, it is at
about three-quarters of the intermoult period,
while in the isopod Asellus aquaticus is at about
half and in both the shrimp Palaemon serratus
and the cockroach Blattella germanica is at
about two-thirds of the period (Goss 1969).
There are exceptions, however. The kissing bug

Fig. 7.5 Anatomical differences between normal and
regenerated cockroach legs. Cross section at about one-
third of the femur from its proximal end of a leg
produced during normal development (a) and during
regeneration following amputation at the trochanter–
femur joint (b). Note that the anatomy shown in (b) is
consistently reproduced following amputations at the
trochanter–femur joint (modified from Kaars et al. 1984)
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Rhodnius prolixus, which has poor limb regen-
erative potential, does not follow the all-or-
nothing principle. This species has a critical
point after which leg amputation leads only to
wound healing after the next moult, but ampu-
tation before the critical point leads to different
results (in terms of both length and segmentation
of the regenerate) according to how many days
before the moult the amputation was performed
(Lüscher 1948).

When the regenerated limb first appears, it is
usually composed of its final number of seg-
ments. There are very few cases where the
regenerate first appears as a limb bud and, after a
further moult, as a segmented limb, or where
there is an increase in segment number with new
moults (Maruzzo et al. 2005). A limb part that
regularly increases in segment number in sub-
sequent moults during both normal development
and regeneration is the antennal flagellum of
several malacostracan crustaceans and insects;
in these cases, new segments are produced in the
proximal part of the flagellum, in the so-called
growth zone (Maruzzo and Minelli 2011). In
some species (i.e. shrimps and cockroaches),
during normal development, the flagellum
becomes very long and, from a given develop-
mental stage onwards, regularly loses some of

its more distal segments; these cases should be
considered as physiological limb regeneration
(see Sect. 7.3.2), but this does not happen in
all species and throughout post-embryonic
development. In the few cases where the
segmentation during regeneration has been
studied, it was found that the mechanism pro-
ducing new segments during normal develop-
ment is simply accelerated during regeneration
(Schafer 1973; Maruzzo et al. 2007, 2008; but,
apparently, no acceleration following distal
amputation).

7.3.3.2 Histological Aspects
Histological aspects of arthropod limb regener-
ation have been studied in some depth only in
regenerating legs of malacostracans and insects.
After amputation of a limb, wound healing
(which involves extensive cell migration and
differentiation) is the first histological process
that takes place, but the very beginning of the
regeneration process is the formation of the
blastema, the mass of cells responsible for pro-
ducing the regenerate.

Separating cellular events involved in wound
healing from those involved in blastema for-
mation is not so obvious (e.g. Truby 1985), and

Fig. 7.6 Different types of limb regeneration. a Regen-
eration within the limb stub in the cockroach leg (redrawn
from Goss 1969). b Regeneration within an ‘outgrowing’

cuticular sac in the fiddler crab leg (redrawn from
Hopkins et al. 1999). In both cases, folding of the
regenerating tissue due to growth is common
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in our opinion, this has caused much confusion
and conflicting interpretations of the histology of
regenerating arthropod limbs (see e.g. Needham
1965; Adiyodi 1972; Truby 1983, 1985; Lumb
et al. 1991; Read and Govind 1998; Hopkins
et al. 1999; and references therein). Truby
(1983, 1985) demonstrated that in the cockroach
leg, the blastema is mainly formed by dediffer-
entiation of the epidermis and subsequent pro-
liferation at and close to the wound site. Instead,
other authors (e.g. Adiyodi 1972; Read and
Govind 1998) gave more attention to the role of
inner mesenchymal cells in the development of
the regenerate. Regardless of the different cell
types present and their role, there is no evidence
of any dedifferentiation to a pluripotent cell
stage. Most likely, in the formation and devel-
opment of the blastema, cells undergo limited
dedifferentiation and produce only cells of the
same type. While there has never been a ques-
tion that the epidermis and epidermal-derived
structures of the regenerate are produced by
blastema epidermis, contrasting opinions have
been put forward for the origin of muscles. We
agree with Goss (1969; and see also Needham
1965) that evidence for an epidermal origin of
muscle cells is not convincing, but it is currently
unclear whether they derive from former mus-
cles that have undergone histolysis or from
immigrant blastocytes of unknown origin (e.g.
Needham 1965; Lumb et al. 1991; Read and
Govind 1998). Nerves are regenerated from
nervous tissues from the stump (e.g. Lumb et al.
1991; Cooper 1998; and references therein for
decapods).

There is both direct and indirect evidence that
a remarkable proportion of the limb stub tissue
close to the amputation dedifferentiates and/or
degenerates and becomes involved in the
regeneration process. The best observations on
this are from regenerating cockroach legs where,
for example, Bodenstein (1955) provided evi-
dence for muscle degeneration in the limb stub
proximal to the amputation and Truby (1985)
showed that for amputations between trochanter
and femur, the formation of the blastema
involves epidermal cells in the whole trochanter
and the distal part of the coxa (this is the

segment proximal to the trochanter; thus, even
the joint between coxa and trochanter is lost and
formed again during regeneration). Indirect
evidence for similar processes in other arthro-
pods is widespread. For example, in scorpion
legs, the segment proximal to the amputation
site changes setal pattern after regeneration
(Rosin 1964). Interestingly, even in decapods,
where the regenerating limb develops within the
outgrowing cuticular sac (Sect. 7.3.1.1), unin-
jured muscles proximal to the amputation level
atrophy after amputation (Moffett 1987;
Schmiege et al. 1992).

All data discussed so far for the histological
aspects of arthropod limb regeneration are from
malacostracan and insect legs. Clearly, there
may be differences in other taxa and/or for other
limb types. The antennal flagellum of malacos-
tracans and insects discussed above is an
example; from morphological observations, it
was shown that amputations in the flagellum of
the isopod Asellus aquaticus induced only a
rearrangement in the amputation site, possibly
corresponding to wound healing at the histo-
logical level, and the regeneration is accom-
plished by acceleration of the normal post-
embryonic development (activity of the growth
zone) of this limb part (Maruzzo et al. 2008).

7.3.3.3 Developmental Genetic Aspects
There are currently very few data concerning the
developmental genetics of arthropod limb
regeneration. Indeed, only three models have
been studied in this respect: the leg imaginal
disc of Drosophila, the legs of Gryllus bima-
culatus nymphs and the legs of Tribolium cas-
taneum larvae. Strictly speaking, limb imaginal
discs are not limbs, they are just a tissue.
However, it has been demonstrated that, at the
molecular level, the legs of Drosophila are
already essentially patterned in the imaginal
discs, thus they have been extensively used in
studies on arthropod limb development (Nagy
and Williams 2001; Williams 2004; Angelini
and Kaufman 2005b; Giorgianni and Patel 2005;
Prpic and Damen 2008). In this section, we will
discuss some data on imaginal discs that we
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consider relevant for limb regeneration (see
Sect. 7.4.1 for imaginal disc regeneration as a
form of tissue regeneration).

Several growth-controlling proteins and sig-
nalling pathways have been shown to regulate
tissue growth not only during normal develop-
ment, but also during regeneration. During nor-
mal development of insect legs, at least four
kinds of morphogens, Hedgehog (Hh), the TGF-
b family member Decapentaplegic (Dpp), the
Wnt family member Wingless (Wg) and
ligand(s) for epidermal growth factor receptor
(EGFR), are involved in regulating cell fate (e.g.
Kojima 2004). These cell–cell signalling pro-
teins are linked to a pathway involved in cell
proliferation, the Fat–Warts signalling network
(reviewed in Bando et al. 2011).

During cricket leg regeneration, hh, wg and
dpp are expressed in the blastema of a leg
amputated at a distal tibia level in a pattern
comparable with that of normal development
observed in both cricket embryo leg buds and
Drosophila leg imaginal discs (Mito et al. 2002;
Nakamura et al. 2007). During normal devel-
opment, these genes function in setting up the
presumptive proximo-distal axis in the leg
imaginal disc of Drosophila, and their expres-
sion in the cricket embryo leg buds suggests a
similar role in hemimetabolous insects (Niwa
et al. 2000; although the only functional analysis
available on wg in an hemimetabolous insect
[Oncopeltus fasciatus; Angelini and Kaufman
2005a] showed that the silencing of this gene did
not lead to complete loss of limb, as shown in
Drosophila [Angelini and Kaufman 2005b] and
Tribolium [Ober and Jockusch 2006]). Thus, it
seems likely that the mechanism initiating
proximo-distal patterning in the regenerating leg
is similar to the corresponding process in normal
development. In addition, Mito et al. (2002)
suggested that during cricket leg regeneration,
the region where wg-expressing cells abut dpp-
expressing cells is established as the distal tip of
the regenerate, as in the Drosophila leg imaginal
disc during normal development. A functional
analysis in the cricket revealed that the EGFR
pathway, induced by the peak of activity of wg
and dpp at the distal tip of the regeneration

blastema, is then required for the regeneration of
the distal leg structures, the tarsus and the claws,
as in normal development (Nakamura et al.
2008).

The b-catenin Armadillo is one of the key
effectors of the canonical Wnt pathway involved
in several processes during normal development.
No leg regeneration occurs in the cricket when
armadillo is knocked down by RNAi, and this
result indicates that the canonical Wnt signalling
pathway is involved in the regeneration process
(Nakamura et al. 2007). The role of Wnt sig-
nalling in regenerating limbs was also shown in
the Drosophila leg imaginal discs (Smith-Bolton
et al. 2009; Schubiger et al. 2010) and in the legs
of T. castaneum larvae (Shah et al. 2011). In the
leg imaginal disc of Drosophila, however, the
mechanism of proximo-distal patterning during
regeneration (following amputation of the pre-
sumptive distal leg part) shows some differences
compared with normal development (Bosch
et al. 2010). In this case, normal development
and regeneration are served by a set of identical
genes, but the way their proximo-distal patterns
are eventually obtained is different; this is pos-
sibly due to specific requirement to develop
distal fates in the presence of pre-existing
proximal ones during regeneration (Bosch et al.
2010).

The Salvador–Warts–Hippo (SWH) signal-
ling pathway has recently emerged as a key
modulator of tissue growth during normal
development by regulating key proteins
involved in cell proliferation (Tapon et al. 2002).
The core SWH pathway proteins are regulated
by inputs from several upstream regulatory
branches, including the protocadherins Fat and
Dachsous (Ft–Ds). All these proteins have a role
within interconnected signalling pathways, the
principal function of which is the control of
growth and polarity of developing tissues
(Reddy and Irvine 2008). Recently, the Ds–Ft
and Wts–Hpo signalling pathways were dem-
onstrated to be involved in cricket leg regener-
ation, regulating size and shape (Bando et al.
2009). The important role of Wts–Hpo in the
specification of organ size during development
involves an ability to control proliferation in
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response to tissue damage, as also shown during
Drosophila imaginal disc regeneration (Grusche
et al. 2011).

7.3.4 Nervous Control of Limb
Regeneration

In many animals, the regeneration process is
dependent on intact nerve supply (e.g. Seifert
et al. 2012; and references therein). The role of
nerves in arthropod limb regeneration used to be
a highly controversial topic with many con-
flicting results (see Bodenstein 1953, 1955;
Needham 1965; Nüesch 1968; Goss 1969;
Bullière and Bullière 1985); however, it has not
been investigated in recent decades. In general, a
denervated arthropod limb is not prevented from
regenerating, but usually it does not regenerate
normally (Goss 1969).

7.3.5 Moulting, Hormones and Limb
Regeneration

7.3.5.1 Moulting and Regeneration
As noted above, arthropod limbs cannot regen-
erate without undergoing one or more moults;
this means that arthropods that do not moult
throughout their whole adult life (see Chap. 5)
inevitably lose their regenerative capabilities
after the last moult. However, this does not mean
that the regenerative potential is completely lost,
but, rather, that the production of a functional
regenerate is not possible anymore. Bodenstein
(1955) demonstrated that an adult cockroach leg,
when amputated, is still able to regenerate if a
moult can be induced, and a small regenerate
within the leg stub has been observed in adult
embiopterans and cockroaches (Vorontsova and
Liosner 1960; and references therein).

Regeneration of lost limbs can affect timing
and number of moults depending on the species,
on the time of injury within the intermoult per-
iod and on the number of damaged limbs
(Bullière and Bullière 1985; Skinner 1985).
Limb regeneration delays moulting in several

insects (Maleville and De Reggi 1981; Bullière
and Bullière 1985), but leg amputation imme-
diately following a moult shortens the intermoult
period in adult silverfish (Buck and Edwards,
1990; note that silverfish regularly moults
throughout their life). In cockroaches, limb
amputation during the first larval stages leads to
an increase in the number of moults, which in
Blattella germanica seems approximately pro-
portional to the severity of the damage (Bullière
and Bullière 1985). Amputations of several legs
induce precocious moults in the house centipede
Scutigera (Cameron 1926) and in various deca-
pod crustacean species (reviewed in Skinner
1985), although not in all (e.g. spider crabs,
Skinner and Graham 1972). In the silverfish
Thermobia domestica and in some crabs, the loss
of increasing numbers of limbs accelerates the
next moult incrementally (Hopkins 1982; Buck
and Edwards 1990), while in the crab Gecarci-
nus lateralis, the autotomy of five legs triggers a
precocious moult, but the loss of additional
limbs does not shorten the cycle further (Skinner
and Graham 1972). Goss (1969) proposed that
the influence of limb regeneration on moulting
has been largely shaped by natural selection: the
moulting cycle is accelerated when the most
important thing is to regenerate as soon as pos-
sible (as is the case when many limbs are
missing), and it is delayed when it is not critical
to have a regenerate immediately, and longer
time may allow proper regeneration.

7.3.5.2 Ecdysteroids and Other Signals
Involved in Regeneration

Current knowledge about hormones and regen-
eration in arthropods is from decapods and
insects, whereas information about other taxa is
missing. Moulting and limb regeneration are
tightly coupled processes, both of which are
regulated by ecdysteroid hormone synthesized
and secreted by the Y-organ in decapods and by
prothoracic gland in insects (see Chap. 6).
Usually, only limbs amputated before a critical
point in the intermoult period are able to
regenerate at the subsequent moult (Bullière and
Bullière 1985; Skinner 1985; see also Sect.
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7.3.3.1). In crickets, quantitative hormonal
analyses performed in parallel with regeneration
have demonstrated that the first ecdysteroid peak
during the 10th stage coincides with the critical
point. Furthermore, after an amputation at the
beginning of the cycle, the first and the second
hormone peaks (that triggers the moult) are
delayed and their amplitude is reduced (Male-
ville and De Reggi 1981). Similar perturbations
in ecdysteroid level have been also observed in
Blattella germanica (Roberts et al. 1983) and
Rhodnius prolixus (Knobloch and Steel 1988),
although with species-specific differences.

In insects, it has been shown that the presence
of high levels of ecdysteroids inhibits the initi-
ation of regeneration (Bullière and Bullière
1985). The hypothesis is that the low ecdysteroid
levels observed following limb lost facilitate the
initial phases of regeneration delaying the pro-
cess of cellular activation in the epidermis nor-
mally associated with the beginning of the moult
(Knobloch and Steel 1988). The longer in-
termoult period observed in regenerating insects
seems to be related to the delay in the appear-
ance of ecdysteroid peaks, but the mechanism by
which regeneration influences hormone titre is
unknown (Maleville and De Reggi 1981; Bull-
ière and Bullière 1985; Knobloch and Steel
1988).

In decapod crustaceans, significant research
has been performed by removing regenerating
limbs still enclosed in the cuticular sac (limb
buds). Primary limb buds are those produced
after amputation of a limb; secondary limb buds
are those produced after amputation of a primary
limb bud. In decapods, circulating ecdysteroid
drops in response to primary limb bud autotomy
and remains low during the subsequent basal
growth; hormone titres begin to increase during
the subsequent growth of the secondary limb
buds (McCarthy and Skinner 1977). Primary
limb buds removed after the critical point are not
regenerated at the following moult, and haemo-
lymph ecdysteroid levels remain elevated (Hol-
land and Skinner 1976).

Ecdysteroids affect their target tissues by
interacting with nuclear receptors. The ecdysone
receptor EcR and retinoid X receptor RXR have

been indentified and sequenced in several insects
and crustaceans, but studies on gene expression
during regeneration have been performed only in
the crab Uca pugilator (Hopkins 2001; Durica
et al. 2002, 2006; Wu et al. 2004). In limb buds,
levels of EcR and RXR transcripts remain very
low during early basal growth, correlating with
lower ecdysteroid titres in the haemolymph. The
transition to proecdysial growth (the intense
tissue growth restricted to the pre-moult period
and characterized by an intense muscle protein
synthesis and water uptake) requires a transitory
pulse of ecdysteroids, and levels of EcR and
RXR rise. During the end of proecdysial growth,
there is a significant increase in both transcripts,
and subsequently, a series of large pulses of
circulating ecdysteroids are necessary for a
successful ecdysis (review in Hopkins 2001).

In decapods, primary and secondary limb
buds respond differently to the same concentra-
tion of ecdysteroid, which suggests that limb
regeneration is not regulated only by ecdysteroid
levels. It has been suggested that it probably
involves interactions between ecdysteroid and
peptide factors on tissues that may have different
sensitivities to these molecules; the identity of
these peptides, however, remains unknown (Yu
et al. 2002). Autotomy of one or more limb buds
before the critical point delays proecdysis until
secondary limb buds differentiate and grow to
the approximate size of the primary buds (Hol-
land and Skinner 1976). On the basis of these
observations, it has been proposed (Skinner
1985) that limb buds produce two factors that
control proecdysial events: limb autotomy fac-
tor–anecdysis (LAFan) and limb autotomy fac-
tor–proecdysis (or LAFpro). The LAFan
(produced by primary limb buds when at least
five legs are autotomized) stimulates anecdysial
animals to enter proecdysis, thus initiating a
precocious moult. The LAFpro (produced by
secondary limb buds when at least one primary
limb bud is autotomized) inhibits the proecdysial
processes. To date, there is no evidence on the
identity of the stimulatory factor LAFan,
whereas a putative LAFpro has been isolated
from extracts of secondary buds in Gecarcinus
lateralis. It seems to be a small peptide, related
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to the moult-inhibiting hormone, that inhibits
primary limb bud growth by lowering haemo-
lymph ecdysteroid level (Yu et al. 2002), but a
more detailed characterization is necessary to
understand its role in regeneration.

7.4 Tissue Regeneration

Usually, arthropods show good tissue regenera-
tive potential and exhibit both reparative and
physiological tissue regeneration. Moreover,
regeneration can be experimentally induced in
many tissues that, under natural conditions,
would never have the need to regenerate, such as
imaginal discs. We cannot provide a compre-
hensive review of arthropod tissue regeneration
here; however, we will discuss some examples
focusing on the most studied models.

7.4.1 Reparative and Experimentally
Induced Tissue Regeneration

Although only scattered observations are avail-
able, it seems that many external, single-tissue
structures may break off and regenerate in sev-
eral arthropod species. This is found, for exam-
ple, in the spines of decapod crustacean larvae
(Freeman 1983) and in wing buds of several
hemimetabolous insects (e.g. Vorontsova and
Liosner 1960). Even species with poor limb
regenerative potential are able to regenerate
these structures (e.g. spines and denticles in
scorpions, Rosin 1964; sensory setae in cladoc-
erans, Agar 1930). Clearly, the regeneration of
these structures requires at least one moult.

While many works are available on nerve
regeneration following experimental damage
(see Pearse and Govind 2002; Krüger et al.
2011; Stern et al. 2012; and references therein),
the most studied arthropod model for experi-
mentally damaged inner tissues is Drosophila
imaginal discs. The regeneration of experimen-
tally damaged imaginal discs has long been
known for different holometabolous insects (e.g.
Vorontsova and Liosner 1960), although it does

not happen in all (Njihout and Grunert 1988);
however, studies have been limited until
recently, when Drosophila imaginal discs also
became a model for regenerative studies (e.g.
Bergantiños et al. 2010b; Belacortu and Paricio
2011; Repiso et al. 2011). Drosophila imaginal
discs regenerate missing cells by proliferation of
cells close to the wound edge (Smith-Bolton
et al. 2009; Bosch et al. 2010; Bergantiños et al.
2010a), and many molecules involved or nec-
essary for regeneration are now known (e.g.
McClure and Schubiger 2008; Bergantiños et al.
2010b; Belacortu and Paricio 2011; Repiso et al.
2011). Unfortunately, there are no comparable
observations for any other holometabolous
insect, and thus, nothing can be said about the
phylogenetic diversity of this process.

7.4.2 Physiological Regeneration

Arthropods provide a large number of cases of
physiological loss or degeneration and sub-
sequent regeneration of different tissues. How-
ever, most of these cases are taxon specific, such
as the decapod claw muscles that partially
degenerate and regenerate with the moulting
cycle (e.g. El Haj 1999; Mykles 1999; and ref-
erences therein). To some extent, even the
extensive tissue degeneration and regrowth
observed during metamorphosis in, for example,
holometabolous insects and cirripede crusta-
ceans could be described as physiological
regeneration. The main difference between these
events and conventional physiological regener-
ation lies in the fact that during metamorphosis,
the regrown organs and tissues are not duplicates
of the initial ones, but are more or less mor-
phologically different. Clearly, physiological
regeneration and metamorphosis may not be
completely unrelated processes after all, espe-
cially considering that during, for example, limb
regeneration, in most cases, a perfect duplicate is
never obtained (see Sect. 7.3).

A model that received considerable attention
in recent time is the insect midgut. The insect
midgut is usually composed of at least two cell
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types, digestive cells and regenerative cells
(stem cells); additionally, endocrine cells and
goblet cells have also been described in some
taxa (e.g. Rost-Roszkowska 2008; and refer-
ences therein). During the insect’s life, digestive
cells (as well as endocrine and goblet cells if
present) regularly degenerate and new ones are
produced from regenerating cells. Midgut mor-
phology, degeneration and regeneration have
been described for a number of taxa, and
regenerative midgut cells have been known and
described since long (as far as 1897 by Rengel
according to Nardi et al. 2010). However, these
cells have recently received much greater
attention after they were carefully described in
lepidopterans and Drosophila, and their name
was changed to that of midgut stem cells (Corley
and Lavine 2006; Micchelli and Perrimon 2006;
Ohlstein and Spradling 2006; Jiang and Edgar
2012).

There is phylogenetic variation in several
aspects of the morphology and development of
regenerating cells. For example, regenerating
cells can occur as single cells among digestive
cells (e.g. Rost 2006a) or in groups; if in group,
they can be found among digestive cells (e.g.
Rost-Roszkowska et al. 2010a, c) or partially
among digestive cells and partially protruding
into the haemocoel (e.g. Rost-Roszkowska 2008;
Nardi et al. 2010; Nardi and Bee 2012), but there
are even examples where regenerating cells can
be found both singly or in groups in the same
species. For example, after metamorphosis in the
beetle Epilachna, regenerating cells are initially
isolated; they then proliferate to form a group all
cells of which, afterwards, differentiate to
digestive cells except a single cell that can start
the cycle again (Rost-Roszkowska et al. 2010b).

There are even exceptions to the presence or
activity of these regenerating cells. In some
springtail species (but not in all), regenerating
cells are missing and it has been suggested that
the regeneration is accomplished by divisions of
digestive cells (Rost-Roszkowska et al. 2007;
Rost-Roszkowska and Undrul 2008). In Dro-
sophila larvae, regenerating cells proliferate but
do not differentiate into digestive cells (Jiang
and Edgar 2009); however, from metamorphosis

onwards, they both proliferate and differentiate
(Micchelli and Perrimon 2006; Ohlstein and
Spradling 2006; Jiang and Edgar 2009; Strand
and Micchelli 2011).

The degenerative and regenerative events of
the midgut may be cyclical, usually linked to the
moult cycle, or more or less continuous. There is
no apparent phylogenetic trend as even closely
related species may behave differently; for
example, among the Zygentoma, the midgut is
regenerated cyclically in Lepisma saccarina, but
continuously in Thermobia domestica (Rost
2006b).

The molecular control of midgut regeneration
has been investigated only in some holometab-
olous insects (reviewed in Hakim et al. 2010;
and see also Strand and Micchelli 2011; Jiang
and Edgar 2012), but since different studies
focused on different aspects in different taxa, it
is hard to compare the evidence. It is also hard to
make comparisons with other arthropods where
less is known. Regenerating cells have been
described in several crustaceans (although with
some specific exceptions; see Rost-Roszkowska
et al. 2012; and references therein), in myriapods
(de Godoy and Fontanetti 2010; Chajec et al.
2012), in a few chelicerates (e.g. Becker and
Peters 1985; Šobotník et al. 2008; Filimonova
2009) and, among the close arthropod relatives,
in some tardigrades but not in all (Greven 1976;
Rost-Roszkowska et al. 2011; and references
therein).

7.5 Conclusions

Many questions regarding arthropod regenera-
tion are still unanswered. While only a few
arthropod species are able to regenerate parts of
the trunk, and to a very limited extent, most
arthropods are able to regenerate organs and
tissues to some degree. Limb regenerative
potential fluctuates across the Arthropoda. Why
some taxa regenerate well and others do not is
clearly an important evolutionary question; more
comparative data are needed, and a simple
explanation may be unlikely.
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Many factors, not only phylogeny, influence
the outcome of a regeneration process. Devel-
opmental stage, limb type and amputation level
are very often critical for limb regeneration.
However, our knowledge of the developmental
events connected to limb regeneration is based
on relatively few studies, and this is not only
true for developmental genetics, but also for
histological studies. Limb regeneration seems to
involve only limited cell dedifferentiation, and
most likely, slightly dedifferentiated cells pro-
duce only cells of the same type. In other cases,
however, specific regenerative (or stem) cells
are present, as in the case of insect midgut.

Moulting influences regeneration, and in
many instances, regeneration influences moult-
ing. However, the relationship between moulting
and regeneration is not yet clear, and while
moulting is necessary for proper limb regener-
ation, at least for some insects there is no evi-
dence of any loss of regenerative potential after
the final moult.

Acknowledgments In our effort to keep the reference
list within a reasonable length, we often preferred to cite
reviews or research articles that include references to
previous useful works, instead of citing all original works
directly. We apologize with all the authors whose origi-
nal, valuable work was not directly cited here. Frank D.
Ferrari, Giuseppe Fusco, Alessandro Minelli and H.
Frederik Nijhout provided useful comments on earlier
drafts of this chapter.

References

Abeloos M (1932) La régénération et les problèmes de la
morphogenèse. Gauthier-Villars, Paris

Adiyodi RG (1972) Wound healing and regeneration in
the crab Paratelphusa hydrodromus. Int Rev Cytol
32:257–289

Agar WE (1930) A statistical study of regeneration in
two species of Crustacea. J Exp Biol 7:349–369

Alsop DW (1978) Comparative analysis of the intrinsic
leg musculature of the American cockroach, Peripla-
neta americana (L.). J Morph 158:199–242

Angelini DR, Kaufman TC (2005a) Functional analyses
in the milkweed bug Oncopeltus fasciatus (Hemip-
tera) support a role for Wnt signaling in body
segmentation but not appendage development. Dev
Biol 283:409–423

Angelini DR, Kaufman TC (2005b) Insect appendages
and comparative ontogenetics. Dev Biol 286:57–77

Bando T, Mito T, Maeda Y, Nakamura T, Ito F,
Watanabe T, Ohuchi H, Noji S (2009) Regulation
of leg size and shape by the Dachsous/Fat signalling
pathway during regeneration. Development
136:2235–2245

Bando T, Mito T, Nakamura T, Ohuchi H, Noji S (2011)
Regulation of leg size and shape: involvement of the
Dachsous-Fat signalling pathway. Dev Dyn
240:1028–1041

Becker A, Peters W (1985) Fine structure of the midgut
gland of Phalangium opilio (Chelicerata, Phalangida).
Zoomorphol 105:317–325

Belacortu Y, Paricio N (2011) Drosophila as a model of
wound healing and tissue regeneration in vertebrates.
Dev Dyn 240:2379–2404

Bely AE (2010) Evolutionary loss of animal regenera-
tion: pattern and process. Integr Comp Biol
50:515–527

Bely AE, Nyberg KG (2009) Evolution of animal
regeneration: Re-emerging of a field. Trends Ecol
Evol 25:161–170

Bergantiños C, Corominas M, Serras F (2010a) Cell
death-induced regeneration in wing imaginal discs
requires JNK signalling. Development
137:1169–1179

Bergantiños C, Vilana X, Corominas M, Serras F (2010b)
Imaginal discs: renaissance of a model for regener-
ative biology. BioEssays 32:207–217

Bliss DE (1960) Autotomy and regeneration. In: Water-
man TH (ed) The physiology of Crustacea, vol 1.
Academy Press, New York, pp 561–589

Bodenstein D (1953) Regeneration. In: Roeder KD (ed)
Insect physiology. Wiley, New York, pp 866–878

Bodenstein D (1955) Contributions to the problem of
regeneration in insects. J Exp Zool 129:209–224

Bordage E (1905) Recherches anatomiques et biologi-
ques sur l’anatomie et régénération chez diverses
arthropodes. Bull scient Fr Belg 39:307–454

Bosch M, Bishop S-A, Baguñà J, Couso J-P (2010) Leg
regeneration in Drosophila abridges the normal
developmental program. Int J Dev Biol 54:1241–1250

Buck C, Edwards JS (1990) The effect of appendage and
scale loss on instar duration in adult firebrats,
Thermobia domestica (Thysanura). J Exp Biol
151:341–347

Bullière D, Bullière F (1985) Regeneration. In: Kerkut
GA, Gilbert LI (eds) Comprehensive insect physiol-
ogy, biochemistry and pharmacology, vol 2. Perg-
amon Press, Oxford, pp 371–424

Cameron JA (1926) Regeneration in Scutigera forceps.
J Exp Zool 46:169–179

Campbell FL, Priestley JD (1970) Flagellar annuli of
Blattella germanica (Dictyoptera: Blattellidae)—
changes in their number and dimensions during
postembryonic development. Ann Entomol Soc Am
63:81–88

7 Arthropod Regeneration 165



Chajec Ł, Rost-Roszkowska MM, Vilimova J, Sosinka A
(2012) Ultrastructure and regeneration of midgut
epithelial cells in Lithobius forficatus (Chilopoda,
Lithobiidae). Invertebr Biol 131:119–132

Clare AS, Lumb G, Clare PA, Costolow JD Jr (1990) A
morphological study of wound response and telson
regeneration in postlarval Limulus polyphemus (L.).
Invertebr Reprod Dev 17:77–87

Cooper RL (1998) Development of sensory processes
during limb regeneration in adult crayfish. J Exp Biol
201:1745–1752

Corley LS, Lavine MD (2006) A review of insect stem
cell types. Semin Cell Dev Biol 17:510–517

de Godoy JAP, Fontanetti CS (2010) Diplopods as
bioindicators of soils: analysis of midgut of individ-
uals maintained in substract [sic] containing sewage
sludge. Water Air Soil Pollut 210:389–398

Durica DS, Wu X, Anilkumar G, Hopkins PM, Chung
AC (2002) Characterization of crab EcR and RXR
homologs and expression during limb regeneration
and oocyte maturation. Mol Cell Endocrinol
189:59–76

Durica DS, Kupfer D, Najar F, Lai H, Tang Y, Griffin K,
Hopkins PM, Roe B (2006) EST library sequencing
of genes expressed during early limb regeneration in
the fiddler crab and transcriptional responses to
ecdysteroid exposure in limb bud explants. Integr
Comp Biol 46:948–964

El Haj AJ (1999) Regulation of muscle growth and
sarcomeric protein gene expression over the intermolt
cycle. Am Zool 39:570–579

Ernsting G, Fokkema DS (1983) Antennal damage and
regeneration in springtails (Collembola) in relation to
predation. Neth J Zool 33:476–484

Filimonova SA (2009) The ultrastructure investigation of
the midgut in the quill mite Syringophilopsis fringilla
(Acari, Trombidiformes: Syringophilidae). Arthropod
Struct Dev 38:303–313

Fleming PA, Muller D, Bateman PW (2007) Leave it all
behind: a taxonomic perspective of autotomy in
invertebrates. Biol Rev 82:481–510

Freeman JA (1983) Spine regeneration in the larvae of
the crab, Rhithropanopeus harrisii. J Exp Zool
225:443–448

Galko MJ, Krasnow MA (2004) Cellular and genetic
analysis of wound healing in Drosophila larvae. PLoS
Biol 2:e239. doi:10.1371/journal.pbio.0020239

Giorgianni M, Patel NH (2005) Conquering land, air and
water: the evolution and development of arthropod
appendages. In: Briggs DEG (ed) Evolving form and
function: fossils and development, Peabody Museum
of natural history. Yale University, New Haven,
pp 159–180

Goss RJ (1969) Principles of regeneration. Academic
Press, New York and London

Greven H (1976) Some ultrastructural observations on
the midgut epithelium of Isohypsibius augusti (Mur-
ray, 1907) (Eutardigrada). Cell Tiss Res 166:339–351

Grusche FA, Degoutin JL, Richardson HE, Harvey KF
(2011) The Salvador/Warts/Hippo pathway controls

regenerative tissue growth in Drosophila melanogas-
ter. Dev Biol 350:255–266

Hakim RS, Baldwin K, Smagghe G (2010) Regulation of
midgut growth, development, and metamorphosis.
Annu Rev Entomol 55:593–608

Harvey R, Burrows MT, Speirs R (2003) Cirral regen-
eration following non-lethal predation in two inter-
tidal barnacle species. J Mar Biol Ass UK
83:1229–1231

Holland CA, Skinner DM (1976) Interactions between
molting and regeneration in the land crab. Biol Bull
150:222–240

Hopkins PM (1982) Growth and regeneration patterns in
the fiddler crab, Uca pugilator. Biol Bull
163:301–319

Hopkins PM (2001) Limb regeneration in the fiddler
crab, Uca pugilator: hormonal and growth factor
control. Am Zool 41:389–398

Hopkins PM, Chung AC-K, Durica DS (1999) Limb
regeneration in the fiddler crab, Uca pugilator:
histological, physiological and molecular consider-
ation. Am Zool 39:513–526

Igelmund P (1987) Morphology, sense organs, and
regeneration of the forelegs (whips) of the whip
spider Heterophrynus elaphus (Arachnida, Ambly-
pygi). J Morph 193:75–89

Jegla TC (1982) A review of the molting physiology of
the trilobite larva of Limulus. In: Bonaventura J,
Bonaventura C, Tesh S (eds) Physiology and biology
of horseshoe crabs: Studies on normal and environ-
mentally stressed animals. Alan R Liss, New York,
pp 83–101

Jiang H, Edgar BA (2009) EGFR signaling regulates the
proliferation of Drosophila adult midgut progenitors.
Development 136:483–493

Jiang H, Edgar BA (2012) Intestinal stem cell function in
Drosophila and mice. Curr Opin Gen Dev
22:354–360

Joly R, Herbaut C (1968) Sur la régénération oculaire
chez Lithobius forficatus L. (Myriapode Chilopode).
Arch Zool Exp Gén 109:591–612

Kaars C, Greenblatt S, Fourtner CR (1984) Patterned
regeneration of internal femoral structures in the
cockroach, Periplaneta americana L. J Exp Biol
230:141–144

Kahn AT, Weis JS, Saharig CE, Polo AE (1993) Effect of
tributylin on mortality and telson regeneration of
grass shrimp, Palaemonetes pugio. Bull Environ
Contam Toxicol 50:152–157

Klepal W, Gruber D, Pflugfelder B (2008) Natural cyclic
degeneration by a sequence of programmed cell death
modes in Semibalanus balanoides (Linnaeus, 1767)
(Crustacea, Cirripedia, Thoracica). Zoomorphol
127:49–58

Knobloch CA, Steel CGH (1988) Interactions between
limb regeneration and ecdysteroid titres in last larval
instar Rhodnius prolixus (Hemiptera). J Insect Physiol
34:507–514

Kocian V (1930) Un cas d’hétéromorphose chez Argulus
foliaceus L. Arch Zool Exp Gen 70:23–27

166 D. Maruzzo and F. Bortolin

http://dx.doi.org/10.1371/journal.pbio.0020239


Kojima T (2004) The mechanism of Drosophila leg
development along the proximodistal axis. Dev
Growth Differ 46:115–129

Korschelt E (1907) Regeneration und Transplantation.
Fischer, Jena

Kraus ML, Weis JS (1988) Differences in the effects of
mercury on telson regeneration in two populations of
the grass shrimp Palaemonetes pugio. Bull Environ
Contam Toxicol 17:115–120

Krüger S, Haller B, Lakes-Harlan R (2011) Regeneration
in the auditory system of nymphal and adult bush
crickets Tettigonia viridissima. 36:235–246

Loeb J (1905) Studies in general physiology. The
University of Chicago Press, Chicago

Lüdke J, Lakes-Harlan R (2008) Regeneration of the tibia
and somatotopy of regenerated hair sensilla in
Schistocerca gregaria (Forskål). Arthropod Struct
Dev 37:210–220

Lumb G, Clare AS, Costlow JD (1991) Cheliped
regeneration in the megalopa of the mud crab,
Rhithropanopeus harrisii (Gould). Invertebr Reprod
Dev 20:87–96

Lüscher M (1948) The regeneration of legs in Rhodnius
prolixus (Hemiptera). J Exp Biol 25:334–343

Maleville A, De Reggi M (1981) Influence of leg
regeneration on ecdysteroid titres in Acheta larvae.
J Insect Physiol 27:35–40

Maruzzo D, Minelli A (2011) Post-embryonic develop-
ment of amphipod crustacean pleopods and the
patterning of arthropod limbs. Zool Anz 250:32–45

Maruzzo D, Bonato L, Brena C, Fusco G, Minelli A
(2005) Appendage loss and regeneration in arthro-
pods: a comparative view. In: Koenemann S, Jenner
R (eds) Crustacea and arthropod relationships, Crus-
tacean issues 16. CRC Press, Boca Raton, pp 215–245

Maruzzo D, Minelli A, Ronco M, Fusco G (2007)
Growth and regeneration of the second antennae of
Asellus aquaticus (Isopoda) in the context of arthro-
pod antennal segmentation. J Crust Biol 27:184–196

Maruzzo D, Egredzija M, Minelli A, Fusco G (2008)
Segmental pattern formation following amputations
in the flagellum of the second antennae of Asellus
aquaticus (Crustacea, Isopoda). Ital J Zool
75:225–231

McCarthy JF, Skinner DM (1977) Interruption of
proecdysis by autotomy of partially regenerated limbs
in the land crab, Gecarcinus lateralis. Dev Biol
61:299–310

McClure KD, Schubiger G (2008) A screen for genes that
function in leg disc regeneration in Drosophila
melanogaster. Mech Dev 125:67–80

McNamara KJ, Tuura ME (2011) Evidence for segment
polarity during regeneration in the Devonian astero-
pygine trilobite Greenops widderensis. J Paleontol
85:106–110

Mees J, Fockedy N, Dewicke A, Janssen CR, Sorbe J-C
(1995) Aberrant individuals of Neomysis integer and
other Mysidacea: intersexuality and variable telson
morphology. Neth J Aquat Ecol 29:161–166

Micchelli CA, Perrimon N (2006) Evidence that stem
cells reside in the adult Drosophila midgut epithe-
lium. Nature 439:475–479

Minelli A (2003) The development of animal form.
Cambridge University Press, Cambridge

Minelli A, Maruzzo D, Fusco G (2010) Multi-scale
relationships between number and size in the evolu-
tion of arthropod body features. Arthropod Struct Dev
39:468–477

Mito T, Inoue Y, Kimura S, Miyawaki K, Niwa N,
Shinmyo Y, Ohuchi H, Noji S (2002) Involvement of
hedgehog, wingless, and dpp in the initiation of
proximodistal axis formation during the regeneration
of insect legs, a verification of the modified boundary
model. Mech Dev 114:27–35

Moffett S (1987) Muscles proximal to the fracture plane
atrophy after limb autotomy in decapod crustaceans.
J Exp Zool 244:485–490

Morgan TH (1901) Regeneration. Macmillan, New York
Mykles DL (1999) Proteolytic processes underlying

molt-induced claw muscle atrophy in decapod crus-
taceans. Am Zool 39:541–551

Nagy LM, Williams TA (2001) Comparative limb
development as a tool for understanding the evolu-
tionary diversification of limbs in arthropods: chal-
lenging the modularity paradigm. In: Wagner GP (ed)
The character concept in evolutionary biology. Aca-
demic Press, San Diego, pp 455–488

Nakamura T, Mito T, Tanaka Y, Bando T, Ohuchi H,
Noji S (2007) Involvement of the canonical Wnt/
Wingless signaling in determination of the proximo-
distal positional values within the leg segment of the
cricket Gryllus bimaculatus. Dev Growth Differ
49:79–88

Nakamura T, Mito T, Bando T, Ohuchi H, Noji S (2008)
Dissecting insect leg regeneration through RNA
interference. Cell Mol Life Sci 65:64–72

Nardi JB, Bee CM (2012) Regenerative cells and the
architecture of beetle midgut epithelia. J Morph
273:1010–1020

Nardi JB, Bee CM, Miller LA (2010) Stem cells of the
beetle midgut epithelium. J Insect Physiol 56:
296–303

Needham AE (1952) Regeneration and wound healing.
Methuen, London

Needham AE (1965) Regeneration in the Arthropoda and
its endocrine control. In: Kiortsis V, Trampusch HAL
(eds) Regeneration in animals and related problems.
North-Holland, Amsterdam, pp 283–323

Nguyen Duy-Jacquemin M (1972) Régénération chez les
larves et les adultes de Polyxenus lagurus (Diplopode,
Pénicillate). C R Hebdo Séances Acad Sci Paris D
274:1323–1326

Niwa N, Inoue Y, Nozawa A, Saito M, Misumi Y,
Ohuchi H, Yoshioka H, Noji S (2000) Correlation of
diversity of leg morphology in Gryllus bimaculatus
(cricket) with divergence in dpp expression pattern
during leg development. Development 127:
4373–4381

7 Arthropod Regeneration 167



Njihout HF, Grunert LW (1988) Color pattern regulation
after surgery on the wing disks of Precis coenia
(Lepidoptera: Nymphalidae). Development 102:
377–385

Nüesch H (1968) Role of nervous system in insect
morphogenesis and regeneration. Annu Rev Entomol
13:27–44

Ober KA, Jockusch EL (2006) The roles of wingless and
decapentaplegic in axis and appendage development
in the red flour beetle, Tribolium castaneum. Dev Biol
294:391–405

Ohlstein B, Spradling A (2006) The adult Drosophila
posterior midgut is maintained by pluripotent stem
cells. Nature 439:470–474

Pastre S (1960) Sur la régénération de l’œil de l’Isopode
Idotea baltica (Aud.). C R Acad Sci Fr 250:
3738–3739

Pearse J, Govind CK (2002) Remodeling of the proximal
segment of crayfish motor nerves following transac-
tion. J Comp Neurol 450:61–72

Petit G (1974) Sur les modalités de la croissance et la
régénération des antennes de larves de Polydesmus
angustus Latzel. Symp Zool Soc London 32:301–315

Prpic N-M, Damen WGM (2008) Arthropod appendages:
a prime example for the evolution of morphological
diversity and innovation. In: Minelli A, Fusco G (eds)
Evolving pathways. Cambridge University Press,
Cambridge, pp 381–398

Przibram H (1909) Regeneration. Deuticke, Leipzig
Randall JB (1981) Regeneration and autotomy exhibited

by the black widow spider, Latrodectus variolus
Walckenaer. Wilhelm Roux’ Arch Dev Biol 190:
230–232

Read AT, Govind CK (1998) Cell types in regenerating
claws of the snapping shrimp, Alpheus heterochelis.
Can J Zool 76:1080–1090

Reddy BV, Irvine KD (2008) The Fat and Warts
signaling pathways: new insights into their regulation,
mechanism and conservation. Development
135:2827–2838

Repiso A, Bergantiños C, Corominas M, Serras F (2011)
Tissue repair and regeneration in Drosophila imaginal
discs. Dev Growth Differ 53:177–185

Roberts B, Wentworth SL, Kotzman M (1983) The levels
of ecdysteroids in uninjured and leg-autotomized
nymphs of Blattella germanica (L.). J Insect Physiol
29:679–685

Rockett CL, Woodring JP (1972) Comparative studies of
acarine limb regeneration, apolysis, and ecdysis.
J Insect Physiol 18:2319–2336

Rosin R (1964) On regeneration in scorpions. Isr J Zool
13:177–183

Rost MM (2006a) Ultrastructural changes in the midgut
epithelium in Podura aquatica L. (Insecta, Collem-
bola, Arthropleona) during regeneration. Arthropod
Struct Dev 35:69–76

Rost MM (2006b) Comparative studies on regeneration
of the midgut epithelium in Lepisma saccarina and
Thermobia domestica. Ann Entomol Soc Am
99:910–916

Rost-Roszkowska MM (2008) Ultrastructural changes in
the midgut epithelium of Acheta domesticus (Orthop-
tera: Gryllidae) during degeneration and regeneration.
Ann Entomol Soc Am 101:151–158

Rost-Roszkowska MM, Undrul A (2008) Fine structure
and differentiation of the midgut epithelium of
Allacma fusca (Insecta, Collembola, Symphypleona).
Zool Stud 47:200–206

Rost-Roszkowska MM, Poprawa I, Swiatek P (2007)
Ultrastructural changes in the midgut epithelium of
the first larva of Allacma fusca (Insecta, Collembola,
Symphypleona). Invertebr Biol 126:366–372

Rost-Roszkowska MM, Jansta P, Vilimova J (2010a)
Fine structure of the midgut epithelium in two
Archaeognatha, Lepismachilis notata and Machilis
hrabei (Insecta), in relation to its degeneration and
regeneration. Protoplasma 247:91–101

Rost-Roszkowska MM, Poprawa I, Klag J, Migula P,
Mesjasz-Przybyłowicz J, Przybyłowicz W (2010b)
Differentiation and regenerative cells in the midgut
epithelium of Epilachna cf. nylanderi (Mulsant 1850)
(Insecta, Coleoptera, Coccinellidae). Folia Biol
58:209–216

Rost-Roszkowska MM, Vilimova J, Chajec Ł (2010c)
Fine structure of the midgut epithelium of Atelura
formicaria (Hexapoda: Zygentoma: Ateluridae), with
special reference to its regeneration and degeneration.
Zool Stud 49:10–18

Rost-Roszkowska MM, Poprawa I, Wójtowicz M, Kacz-
marek Ł (2011) Ultrastructural changes of the midgut
epithelium in Isohypsibius granulifer granulifer Thu-
lin, 1928 (Tardigrada: Eutardigrada) during oogene-
sis. Protoplasma 248:405–414

Rost-Roszkowska MM, Vilimova J, Sosinka A, Skudlik
J, Franzetti E (2012) The role of autophagy in the
midgut epithelium of Eubranchipus grubii (Crusta-
cea, Branchiopoda, Anostraca). Arthropod Struct Dev
41:271–279

Sandeman RE, Sandeman DC (1996) Pre- and postem-
bryonic development, growth and turnover of olfac-
tory receptor neurons in crayfish antennules. J Exp
Biol 199:2409–2418

Schafer R (1973) Postembryonic development in the
antenna of the cockroach, Leucophaea maderae:
Growth, regeneration and the development of the
adult pattern of sense organs. J Exp Zool 183:
353–364

Schmiege DL, Ridgway RL, Moffett SB (1992)
Ultrastructure of autotomy-induced atrophy of mus-
cles in the crab Carcinus maenas. Can J Zool
70:841–851

Schubiger M, Sustar A, Schubiger G (2010) Regenera-
tion and transdetermination: the role of wingless and
its regulation. Dev Biol 347:315–324

Seifert AW, Monaghan JR, Smith MD, Pasch B, Stier
AC, Michonneau F, Maden M (2012) The influence
of fundamental traits on mechanisms controlling
appendage regeneration. Biol Rev 87:330–345

Shah MV, Namigai EKO, Suzuki Y (2011) The role of
canonical Wnt signaling in leg regeneration and

168 D. Maruzzo and F. Bortolin



metamorphosis in the red flour beetle Tribolium
castaneum. Mech Dev 128:342–358

Shaw VK, Bryant PJ (1974) Regeneration of appendages
in the large milkweed bag, Oncopeltus fasciatus.
J Insect Physiol 20:1849–1857

Skinner DM (1985) Molting and regeneration. In: Bliss
DE (ed) The biology of Crustacea, vol 9. Academic
Press, New York, pp 43–146

Skinner DM, Graham DE (1972) Loss of limbs as a
stimulus to ecdysis in Brachyura (true crabs). Biol
Bull 143:222–233

Smith-Bolton R, Worley M, Kanda H, Hariharan I (2009)
Regenerative growth in Drosophila imaginal discs is
regulated by Wingless and Myc. Dev Cell
16:797–809

Šobotník J, Alberti G, Weyda F, Hubert J (2008)
Ultrastructure of the digestive tract in Acarus siro
(Acari: Acaridida). J Morph 269:54–71

Stern M, Scheiblich H, Eickhoff R, Didwischus N, Bicker
G (2012) Regeneration of olfactory afferent axons in
the locust brain. J Comp Neurol 520:679–693

Steuellet P, Cate HS, Derby CD (2000) A spatiotemporal
wave of turnover and functional maturation of
olfactory receptor neurons in the spiny lobster
Panulirus argus. J Neurosci 20:3282–3294

Strand M, Micchelli CA (2011) Quiescent gastric stem
cells maintain the adult Drosophila stomach. Proc
Natl Acad Sci USA 108:17696–17701

Švácha P (1995) The larva of Scraptia fuscula (P.W.J.
Müller) (Coleoptera: Scraptiidae): autotomy and
regeneration of the caudal appendage. In: Pkaluk J,
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8.1 Introduction

What accounts for the beauty and singularity of
arthropods is the cuticle that enables them to
compete in their small world. What we see is the
surface but what does it look like inside? In the
past two centuries, starting with the discovery of
chitin as a major component of the arthropod
cuticle by Odier (1823), a vast number of pub-
lications contributed to the understanding of
cuticle architecture and composition (reviewed
in Locke 2001; Moussian 2010). The arthropod
cuticle is a multifunctional coat that defines and
stabilises the shape of the body, appendages and
internal organs including the hindgut, the foregut
and, in insects, the tracheae, preventing dehydra-
tion and infection, and protecting against preda-
tors of the same scale. As an exoskeleton,
additionally, it allows locomotion and flight.
Witnessing the ecological success and relevance
of arthropods, the cuticle is a highly versatile
device facilitating formation of many different
body shapes that reflect habitat adaptation, and
indeed, arthropods populate a broad range of
ecological habitats ranging from oceans to deserts.

In a given species, environmental constraints
may also dictate stage- and tissue-specific dif-
ferences in the physical properties of the cuticle.
Usually, for instance, in caterpillars and other
insect larvae, the body cuticle is soft and elastic
serving as a hydrostatic jacket withstanding the
internal pressure of the haemolymph, thereby
allowing locomotion (Fig. 8.1). In the same
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animal, the head skeleton consists of hard cuticle
required for mastication and probably to shield
the brain. Hard body cuticle, by contrast, is the
prevalent cuticle type of mainly adult animals,
especially covering their dorsal side that is usu-
ally more exposed to the environment than the
ventral side. Sclerites of hard cuticle are joined
by soft cuticle rendering the exoskeleton pliable.

Along with its relative advantages, the cuticle
makes an arthropod’s life also more complicated:
to accommodate possible habitat changes during
the life cycle of an organism and to allow growth
from one developmental stage to the next, the
cuticle has to be detached from the epithelial
surface, shed and replaced by a new one (see
Chap. 6). This implies stage-specific composi-
tion reflecting the required physical properties.

Commonly, cuticles are composed of lipids
and waxes, glycosylated and unglycosylated
proteins, the polysaccharide chitin and cate-
cholamines. Additionally, especially in crusta-
ceans, minerals such as calcite may be
incorporated. Species-, stage- and tissue-specific
differences mainly rely on lipid and wax com-
position, different albeit related proteins, the
amounts of chitin and the degree of covalent
cross-links by, for example, catecholamines.
Analogous to the vertebrate skin, lipids and
waxes are implicated in preventing water loss
and are mainly coating the surface of the animal.
Whereas vertebrates employ sphingolipids such
as ceramides (Madison 2003; Harding 2004;
Jensen and Proksch 2009), insects apply neutral
lipids (n-alkanes and n-alkenes) and wax esters

Fig. 8.1 Cuticle architecture. Upper image The typical
arthropod cuticle is a layered extracellular structure
produced by a monolayer of epithelial cells at their apical
side. The polarity of these cells is illustrated by the
presence of adherens junctions (AJ) at apicolateral posi-
tions of the lateral membrane and the septate junctions (SJ)
underneath. The outermost layer is the envelope (env), a
relatively new term for this structure. In the literature, it has
been described as the lipid-bearing outer epicuticle or the

cement layer. The epicuticle (epi), formerly called inner
epicuticle, is an ultrastructurally distinct layer beneath the
envelope, and also contains lipids and proteins, but is
devoid of chitin. The innermost procuticle (pro) is a chitin–
protein matrix attached to the surface of the epithelial cell.
Lower image Different types of cuticles are present within
one animal, for example, in the Panorpa vulgaris (mecop-
tera) first instar larva with abdominal soft cuticle and a
coloured and hard thoracic and head cuticle
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as water repellents. The genomic sequences of
many arthropods, mainly insects, have led to the
discovery and bioinformatics characterisation of
several classes of putative structural cuticle
proteins, many of which harbour chitin-binding
domains. These classes have been excellently
described recently by Willis (2010). Concerning
chitin, the second most abundant polysaccharide
on earth, molecular biology of arthropod cuticle
chitin synthesis has been inspired by advances in
research on fungal chitin (Merzendorfer 2006).
However, since chitin is highly organised in
arthropods, while it seems not to be particularly
organised in fungal cell walls, insights from this
side are rather limited. Ordered packing of
cuticle components involves covalent and non-
covalent interactions between them. Major
covalent linkages are mediated by catechola-
mines that eventually also cause cuticle tanning.

Looking at the literature published in the last
century or so cuticle organisation is, in spite of
the variety of components, basically pretty well
conserved between distantly related arthropod
species. This observation in turn implies that the
molecular mechanisms of cuticle formation are
largely conserved as well, permitting the possi-
bility of using model arthropods to answer this
fundamental biological problem. In the last few
years, molecular and genetic approaches in the
insects Drosophila melanogaster and Tribolium
castaneum have indeed boosted our under-
standing about cuticle differentiation. Classic
histology paired with recent molecular data
together draw an exciting scheme of cuticle
differentiation that is summarised in this chapter.

8.2 Architecture and Composition
of the Cuticle

The common denominator of virtually all cuticles
is, with very few exceptions, their stereotypic
organisation in three ultrastructurally distinct
horizontal layers (Fig. 8.2). There are numerous
terms for the different cuticle layers, and in this
chapter, the newest unifying nomenclature pro-
posed by Locke (2001) is used.

8.2.1 The Surface Envelope

The outermost layer composed of neutral lipids,
wax esters and proteins is the envelope, which is
a composite structure with a thickness of around
25 nm consisting of several alternating electron-
dense and electron-lucid sheets. Lipids and
waxes predominantly localise to the body sur-
face. Some lipids seem to be free molecules and
are easily washed out by organic solvents such as
hexane. This has allowed the identification of the
molecules in various insects by gas chromatog-
raphy and mass spectrometry (Nelson et al. 2001,
2002, 2003, 2004; Patel et al. 2001; Nelson and
Charlet 2003; Everaerts et al. 2010). The
majority of molecules at the insect surface are
neutral lipids like long-chain alkanes and
alkenes, long-chain alcohol and fatty acid esters.
For instance, the most abundant neutral lipids in
D. melanogaster imagines are 7-tricosene (male)
and 7,11-heptacosadiene (female). The obvious
role of lipids and waxes is to protect the animal
against dehydration and soaking (Gibbs 1998,
2011). In addition, they are reported to act as
pheromones in various insects (Tillman et al.
1999; Howard and Blomquist 2005). In an
exciting work using matrix-assisted laser
desorption/ionisation (MALDI) imaging, that
combines mass spectrometric identification of
molecules with their localisation in the tissue,
lipids (e.g. heptacosane and nonacosane) were
identified on the surface of insect wings (Vrko-
slav et al. 2010).

In 1933, Wigglesworth named the major
component at the surface of Rhodnius prolixus
cuticulin, which he proposes to be composed of
lipids and sclerotin, a protein–quinone complex
(Wigglesworth 1933, 1990). In his earlier work,
Locke termed the outermost layer cuticulin
(Locke 1966). Sclerotin can be visualised by silver
precipitation after harsh chloroform extraction of
masking surface lipids (Wigglesworth 1985). This
argentaffin staining method reveals that in addi-
tion to a surface localisation, sclerotin is also
present between the lamellae of the procuticle and
in pore canals, nano-scaled tubes that run through
the entire cuticle from the apical surface of the cell
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to the surface of the cuticle (Wigglesworth 1990).
Hence, lipids seem not only to form a sheet-like
barrier at the surface of the animal but also to

impregnate the entire cuticle either to prevent
water loss or to contribute to cuticle architecture
(Wigglesworth 1975). The wall of pore canals also

Fig. 8.2 Chitin arrangement. The procuticle is the cuti-
cle layer harbouring chitin that associates with proteins,
which are necessary both as structural and as functional
co-factors. In electron micrographs, chitin microfibrils
that consist of around 18 chitin fibres appear as grey
parabolic fibres although chitin itself is not contrasted by
lead or uranium, suggesting that electron density of these
fibres is due to associated proteins (Neville 1975; Neville
et al. 1976). In the procuticle, chitin fibres are bundled as
microfibrils, which in turn are arranged in parallel to each
other forming horizontal chitin sheets, the so-called
laminae (a). Often, laminae are stacked helicoidally,

probably conferring elasticity and flexibility to the
procuticle. Oblique sections of such procuticles give the
impression that chitin microfibrils are oriented as para-
bolic arches (b, compare to a). This architecture of the
procuticle was first described by Yves Bouligand in 1965
in crustaceans. In 1969, Neville and Luke ascribed chitin
organisation in the insect procuticle to Bouligand’s model
(Neville and Luke 1969a, b). Helicoidal arrangement of
chitin laminae is not a paradigm. In some hard cuticle,
chitin–protein complexes are organised as bricks probably
making the cuticle stiff (c, c0 shows a magnification of the
framed region in c). Scale bars are 500 nm
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displays esterase activity that probably contrib-
utes to wax synthesis (Locke 1961). Taken toge-
ther, production of lipids and waxes is
conceivably initiated in the cytoplasm, followed
by deposition into the pore canals by an unknown
mechanism. Some of these lipids and waxes
interact with proteins like sclerotin, others persist
as free molecules. Both are subsequently modified
and travel through the pore canals to their final
site. One should be aware that these conclusions
are based on fixed material; hence, for a dynamic
view on cuticle, lipid biochemistry, molecular and
genetic data are important to confirm or reject the
working model presented in Fig. 8.3.

The molecular and biochemical pathways of
cuticular hydrocarbon synthesis and transport
have been studied in some insects, and the
enzymes responsible have been identified in a
few model species. For instance, biosynthesis of
bombykol from Bombyx mori, a twice desatu-
rated C16 alcohol which was the first lipid
pheromone isolated by Butenandt (Butenandt
et al. 1961a, b) branches out from the canonical
fatty acid biosynthesis pathway (Matsumoto
2010). In brief, palmitic acid (C16) is desatu-
rated at C10 and C12 by the specific acyl-CoA
desaturase Bmpgdesat1, and the carboxyl group
is reduced to an alcohol by the reductase

Fig. 8.3 Cuticle production pathways. Cellular and
molecular mechanisms of cuticle production can be
subsumed in three pathways. Cuticle lipid biology (1).
Lipids are either provided by lipid droplets or synthesised
in mitochondria and the smooth endoplasmic reticulum
(sER) by elongases and desaturases. Lipid deposition and
organisation involve transfer by as yet unidentified
transporters into extracellular pore canals (pc) that
transport lipids to their destination (1a). For lipid
organisation, lipid-binding proteins (sclerotin) are
secreted through the canonical secretory pathway (1b).
Sclerotin, through a yet unidentified reaction, forms a
complex with polyphenols and lipids to form a water-
proof barrier (1c). Free long-chain alkanes and alkenes
are also present at the surface of the animal. Cuticle
protein biology (2). Proteins are delivered to the

extracellular space via the canonical secretory pathway
(2a). Here, during sclerotisation and melanisation, they
react with catecholamines (NADA and NBAD, 2b) that
are transported to the extracellular space by yet unknown
transporters. Synthesis of catecholamines starts in the
cytoplasm, where dopamine and L-Dopa are formed by
the tyrosine hydroxylase (TH) and Ddc (2c). Protein
cross-linking comprises as yet unidentified membrane-
bound or extracellular peroxidases (2d) that catalyse
dityrosine formation between proteins (2e). Chitin biol-
ogy (3). The canonical secretory pathway localises the
chitin synthase to plaques at the tip of membrane
corrugations and proteins assisting chitin synthesis and
organisation to the membrane or the extracellular space
(3a). Chitin organisation occurs in the extracellular space
(3b). Secretory vesicles are depicted as grey circles

8 The Arthropod Cuticle 175



pgFAR. This is a rather simple pathway that also
seems to be present in other lepidopterans. Other
fatty acid derivatives may require more complex
modifications such as chain shortening. Never-
theless, it is possible, in principle, that the
biosynthesis of many, if not all, cuticular
hydrocarbons may follow this scheme (Fig. 8.3).

Lipid production occurs predominantly in sub-
epidermal oenocytes, which are considered to be
hepatocyte-like cells involved in lipid homoeo-
stasis (Gutierrez et al. 2007). In D. melanogaster,
these cells are organised as paired clusters of five
cells each in every abdominal segment (Wig-
glesworth 1970; Gutierrez et al. 2007). Their
activity as secretory organs correlates with cuticle
moulting (Wigglesworth 1970). In the frame of
their systemic function as lipid relays, they sup-
ply epidermal cells with cuticle lipid precursors.
How are lipids that are produced and stored in
oenocytes delivered to epidermal cells? In a
simple yet unproven scenario depicted in
Fig. 8.4, cuticle lipid precursors are produced and
stored in oenocytes (and the fat body), as lipid
droplets and crystal-like inclusions, and released
into the haemolymph as lipophorin complexes,
that are taken up by epidermal cells at their basal
side by lipophorin receptors (LpR), through an
endocytosis-independent pathway, as described
for D. melanogaster nurse cells (Parra-Peralbo
and Culi 2011). The lipid precursors are modified
and processed accordingly within the epidermis
and transported to the differentiating cuticle by

unknown transporters. Pore canals that connect
the epidermal apical plasma membrane with the
cuticle surface are involved in further lipid
modification and delivery, mainly to the cuticle
surface. Hence, oenocytes systemically partici-
pate at cuticle differentiation.

8.2.2 The Epicuticle

Underneath the envelope, there is the epicuticle,
which is mainly composed of largely unidenti-
fied proteins and lipids, probably covalently
cross-linked. The interaction between the com-
ponents of this layer does not result in a con-
spicuous texture, as indicated by electron
micrographs of the epicuticle, which rather dis-
plays an amorphous ultrastructure. Deposition of
the epicuticle in D. melanogaster depends on the
activity of the steroid hormone ecdysone, since
ecdysone-deficient larvae do not produce an
epicuticle (Gangishetti et al. 2012). Obviously,
expression of epicuticle producing enzymes and
structural proteins is triggered by the ecdysone-
signalling pathway. Candidate proteins are those
that do not contain a chitin-binding domain
directing them to the procuticle (see below). For
instance, there are glycine-rich proteins with
GGYGG or GGxGG repeats, called ‘‘cuticle
protein glycine-rich’’ (CPG) in lepidopterans
(Futahashi et al. 2008a), alanine-rich cuticle
proteins (CPLCA) confined to dipterans, and

Fig. 8.4 Lipids and cuticle formation. Many cuticle
lipid precursors are produced in sub-epidermal clusters of
oenocytes. Lipids are bound to lipophorin and trans-
ported through the haemolymph to the basal side of
cuticle producing epithelial cells. Here, they are

internalised via the lipophorin receptor (LpR). In these
cells, they may be modified (lipids*) and transported to
the cuticle by a yet unidentified mechanism involving
pore canals (pc) to form the protein–lipid complex
cuticulin
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apidermins in hymenopterans (Kucharski et al.
2007), that do not have obvious chitin-binding
domains. Remarkably, many of these proteins
are specific to single arthropod orders. Despite
this specificity, they share several common fea-
tures. First, they are relatively small proteins of
around 10 kDa. Second, despite some conserved
sequences, they are characterised by low struc-
tural complexity, that is, they probably do not
adopt a complex tertiary structure (Andersen
2011). To verify whether these proteins are
indeed components of the epicuticle, immuno-
detection on thin sections should be performed,
along with genetic and RNA interference
(RNAi) analyses to elucidate their role.

8.2.3 The Procuticle

The procuticle is the innermost cuticle layer and
harbours the N-acetylglucosamine (GlcNAc)
polymer chitin in association with proteins.
Usually, chitin orientation in the procuticle is
not random as in fungi, but crystalline (Neville
1965a; Neville et al. 1976). The core molecule
of chitin crystals is a bundle of on average 20
chitin fibres arranged antiparallel to each other
(Vincent and Wegst 2004), an arrangement that
is named a-chitin. These nanofibers, which have
a diameter of around 30 Å, associate with pro-
teins to form microfibrils with a diameter of
around 100 nm. These microfibrils are arranged
in parallel, to form two-dimensional sheets
called laminae, which are stacked, with each
lamina twisted by a small angle with respect to
the lamina below. This helicoid pattern
(Fig. 8.2) was described for the first time by
Bouligand in 1965 through extensive ultra-
structural analyses of crustacean cuticles
(Bouligand 1965). Subsequently, Luke and
Neville found that chitin in insect cuticles adopts
the Bouligand arrangement as well (Neville and
Luke 1969a, b). An interesting tissue with a
specialised procuticle is the eye lens of insects.
It consists of twisted chitin laminae that are

arranged as a spherical extracellular matrix
(Yoon et al. 1997). The lens cuticle serves as a
protective structure, especially for digging
insects, but may also be a light collector.
Alternatively, in some cases, laminae may also
be arranged like plywood (Neville and Luke
1969a, b; Neville et al. 1976; Cheng et al. 2009).
For instance, the elytral cuticle of the red flour
beetle T. castaneum is characterised by tightly
packed protein–chitin brick-like units that do not
display a helicoidal organisation (Fig. 8.2). In
cockroaches and water bugs, Neville has found
that chitin orientation changes from lamellate to
non-lamellate following a circadian rhythm of
light and dark (Neville 1965b). In crustaceans,
nanofibrils do not run straight but meander,
creating a honeycomb-like structure when
viewed from above (Raabe et al. 2005). This
structure is thought to prevent crack progression.
Whether this pattern is present in other arthro-
pods, including insects, remains to be investi-
gated. Occasionally, pore canals, which are
probably useful for cuticle repair, interrupt the
crystalline organisation of the chitin–protein
matrix.

What are the cellular and molecular require-
ments of chitin assembly? Ordered chitin syn-
thesis at the apical plasma membrane of epithelia
certainly has an important impact on chitin
organisation. Indeed, the chitin synthase com-
plex, visible as electron-dense plaques in electron
micrographs, resides at the crest of repetitive
plasma membrane corrugations. In D. melano-
gaster, these corrugations, called apical undulae,
are longitudinal structures that are stabilised by
microtubules (Moussian et al. 2006). In other
arthropods, these structures have not been
described, and rather microvilli-like units are
regarded as the sites of chitin synthesis (Locke
2001, 2003). Elimination or reduction of chitin
synthase activity are lethal in D. melanogaster
and T. castaneum and cause cuticle disorganisa-
tion and collapse (Arakane et al. 2004, 2005b,
2008; Moussian et al. 2005a, b; Tonning et al.
2006). Cuticular proteins coagulate and are
unable to ensure the formation of a uniform
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cuticle. Hence, the presence of chitin is essential
for uniform thickness of the cuticle.

Arthropods possess more than one chitin
synthase, but these enzymes do not have
redundant functions (Merzendorfer 2006, 2011).
The epidermal and tracheal chitin synthase 1 or
A (CS-1 or CHS-A) is required for cuticle pro-
duction, whereas the midgut chitin synthase 2 or
B (CS-2 or CHS-B) contributes to the formation
of the midgut peritrophic matrix that protects the
midgut epithelial cells from pathogens and
digestive enzymes (Lehane and Billingsley
1996). It should also be pointed out that partner
proteins of chitin synthase itself, that is, other
constituents of the plaques have not been iden-
tified to date.

Fusion of vesicles carrying cuticle proteins
occurs in the valleys between microvilli-like
membrane corrugations. Thus, chitin synthesis
and secretion of chitin-binding proteins are spa-
tially separated processes, and probably, some
extracellular self-assembly mechanisms are nee-
ded for a stereotypic association of chitin with its
partners. Recent genetic data underline that along
with structural proteins, secreted enzymes and
membrane-inserted factors are required for chitin
organisation. Four chitin organising proteins,
Knickkopf (Knk), Retroactive (Rtv), Serpentine
(Serp) and Vermiform (Verm) have been identi-
fied and to some extent characterised in the last
few years in D. melanogaster and T. castaneum
(Moussian et al. 2005a, b, 2006a, b; Luschnig
et al. 2006; Tonning et al. 2006; Arakane et al.
2009; Chaudhari et al. 2011). Collectively,
respective mutations in the genes coding for these
factors provoke an unordered mass of chitin in the
procuticle. Serp and Verm contain a chitin-
binding domain and have significant similarity
with chitin deacetylases from bacteria, suggest-
ing that deacetylation of chitin to chitosan is a
central trimming reaction modifying chitin.
However, biochemical proof for this function of
Serp and Verm is lacking. Assuming that they
may truly deacetylate chitin, their enzymatic
activity argues that deacetylated chitin is essen-
tial for chitin organisation. Indeed, partially

deacetylated chitin has been proposed to raise
accessibility of chitin to proteins (Neville 1975).
Serp and Verm have another domain that may be
crucial for their function in organising the proc-
uticle. N-terminal to the chitin deacetylase sig-
nature is a low-density lipoprotein (LDL) domain
that presumably enables these enzymes to bind to
lipids, including cholesterol. Does this point to a
connection between Wigglesworth’s cuticulin
and chitin organisation? In summary, it is obvious
that the (pro)cuticle has a certain capacity for
self-assembly, that is, it is not a simple structure
deposited by the epithelial cell as a finished and
ready to function product.

Knk and Rtv are membrane-associated fac-
tors of unknown biochemical function. Knk is
inserted into the apical plasma membrane via a
C-terminal Glycosylphosphatidylinositol (GPI)
anchor, while Rtv has a C-terminal transmem-
brane domain (Moussian et al. 2005a, b, 2006a,
b). Knk has three conserved domains: at the
N-terminus, just after the signal peptide, there is
a tandem of DM13 motifs, followed by a middle
DOMON domain (Aravind 2001; Iyer et al.
2007). These domains have been proposed to
transport electrons to a yet unidentified sub-
strate. Since chitin organisation is severely dis-
rupted in knk mutant D. melanogaster larvae, it
is possible that chitin may be the substrate of
Knk. However, a requirement for chitin as an
electron receiver has not been reported. Experi-
mental evidence for these hypotheses is still
missing. In T. castaneum, besides its implication
in chitin organisation, Knk has a second function
which is to protect chitin from degradation by
chitinases (Chaudhari et al. 2011). This finding
as illustrated in Fig. 8.5 indicates that organi-
sation of chitin may be the result of balanced
chitin production, degradation, that is, shorten-
ing and modification by deacetylases, while
structural proteins eventually stabilise and con-
serve an optimal status. Rtv is a small protein
(151 aa), which is conserved in arthropods
(Moussian et al. 2005b; Havemann et al. 2008).
It belongs to the Ly6-type protein family and is
characterised by three loops exposing highly
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conserved aromatic amino acids that are
hypothesised to bind to partners. Other Ly6-type
proteins appear to be important for sorting
events during secretion of proteins of the lateral
plasma membrane (Hijazi et al. 2009; Nilton
et al. 2010). Based on these findings, one may
speculate that Rtv is needed for trafficking of
chitin organising factors to the apical plasma
membrane. Indeed, this has recently been
demonstrated to be the case in T. castaneum
(Chaudhari et al. 2013).

The crystalline configuration of chitin sug-
gests a non-random association of chitin with
proteins at each level of organisation. In the past,
an arsenal of peptide sequences of cuticle pro-
teins was identified biochemically and through
intensive efforts of localised genome sequencing
(Chihara et al. 1982; Snyder et al. 1982; Silvert
et al. 1984; Doctor et al. 1985; Fristrom et al.
1986; Wolfgang et al. 1986; Andersen et al.
1995). Today, using sequence information
retrieved by classical biochemical work,
sequenced insect genomes are being consulted to
identify the whole complement of cuticle pro-
teins. Among these, over 100 chitin-binding
proteins are classified in two groups: cuticle

proteins with Riddiford and Rebers motif (cuti-
cle protein R&R, CPR) and Tweedle proteins
(Tang et al. 2010; Willis 2010). CPRs constitute
the group with most members. In addition to an
N-terminal signal peptide, which directs their
deposition to the extracellular space via the
canonical secretory pathway, they contain at
least one R&R domain that has been shown to
bind chitin in vitro (Rebers and Willis 2001;
Togawa et al. 2004; Tang et al. 2010). D. mel-
anogaster has 102, Anopheles gambiae 156 and
Aedes aegypti 240 CPR coding genes that are
organised in distinct clusters. In general, CPR
proteins are small, and besides their R&R
domain, their sequences are very diverse. This
indicates that they play a structural rather than
an enzymatic role in chitin organisation. One
may also argue that structural diversity of CPR
proteins ensures non-perfect, but flexible chitin
organisation. The large number of CPRs may
also suggest tissue- and stage-dependent
expression of different clusters. The Tweedle
group of cuticle proteins is less diverse and
comprises 27 members in D. melanogaster, and
only 12 and 9 in An. gambiae and Ae. aegypti,
respectively. They share a domain of unknown
function (DUF243) preceded by a signal peptide
underscoring that they are extracellular proteins.
In contrast to CPR proteins, and although they
may bind to chitin in vitro (Tang et al. 2010),
Tweedle proteins lack a known chitin-binding
domain. Some insight into their function comes
from D. melanogaster genetic approaches.
Dominant mutations in some Tweedle genes in
D. melanogaster cause a tubby phenotype,
indicating that these proteins are involved in
cuticle structuring that has an impact on body
shape (Guan et al. 2006). Tweedle proteins do
not participate in basic cuticle organisation as
they are insect specific and seem to be absent in
crustaceans such as Daphnia pulex. Tweedle
genes are expressed in a tissue and stage-specific
manner, suggesting that they are key compo-
nents in different cuticle types. In a recent bio-
informatics approach, Cornman defined two
motifs, GYR and YLP with exposed tyrosine
residues that are present in members of CPRs

Fig. 8.5 Knickkopf function. Knickkopf (Knk) has two
functions during cuticle formation (a). Knk is a GPI-
anchored protein that assists in chitin organisation (1).
Ordered chitin is protected from degradation through
chitinase-5 by free Knk (2). During moulting, Knk is
removed from the cuticle allowing chitinases to degrade
chitin (b)
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and Tweedle proteins (Cornman 2010). These
motifs are also present in other cuticle proteins
such as CPLCGs and CPF/CPFLs. Corman
proposes that these motifs are involved in pro-
tein–protein interaction. Extensive interaction
between cuticle proteins, via their GYR and
YLP motifs, and association with chitin is
indeed an attractive model for a chitin-cuticular
network where all components are linked toge-
ther. In Sect. 8.4, we will encounter types of
cross-linking of cuticular components that clas-
sically has been viewed as a stabilising element
of cuticle structure.

8.2.4 Cuticle Irregularities

The naked cuticle is an extracellular matrix with
uniform thickness. Cuticular protrusions like
scutes, denticles and bristles disrupt cuticle uni-
formity, affecting the texture or thickness of dis-
tinct cuticle layers. Scutes in centipedes, for
instance, are ridges in the epicuticle coinciding
with the outline of hypodermal cells, suggesting
that cells dictate epicuticle irregularity (Fusco
et al. 2000). In D. melanogaster, chitin in larval
ventral denticles and adult sensory bristles is not
textured as in the naked cuticle, but is unorgan-
ised (Uv and Moussian 2010; Nagaraj and Adler
2012). Most cuticle irregularities probably arise
from different cell identities that were determined
during early pattern formation and from cell-
immanent planar polarity. Cell- and tissue-posi-
tion-specific programs may instruct efficiency
and duration of chitin synthesis and deposition of
specific proteins and lipids in cuticle protrusions.
During bristle formation in the thorax of D.
melanogaster, for instance, correct localisation of
the bristle-specific membrane-bound zona pellu-
cida (ZP) protein Dusky-like (Dyl) depends on
the small GTPase Rab11 that functions in all
epidermal cells (Nagaraj and Adler 2012). In this
work, it was also proposed that Dyl is the effector
of Rab11 in chitin synthesis and cuticle deposi-
tion. Since Dyl is not expressed in non-bristle
cells, these findings imply that another Rab11
effector acts in these cells to mediate Rab11’s role
in cuticle formation.

8.3 Cuticle Producing Epithelial
Cells

What are the cellular programs that bring about the
3D architecture fundamental for cuticle function
as a protective and supporting extracellular tunic?
Evidently, molecular pathways of cuticle differ-
entiation are deployed in the cytoplasm and
organelles of polarised epithelial cells, producing
cuticle components or precursors that travel
through the active apical plasma membrane to the
extracellular space where they are eventually
modified and assembled.

8.3.1 Properties of Cuticle Producing
Epithelial Cells

The cuticle is an extracellular matrix produced
by most ectodermal tissues, comprising the
epidermis, the fore- and hindgut epithelia, and
respiratory organs (i.e. tracheae and book lungs)
at their apical side. At stage transitions, to
accommodate growth, these cells either divide
or expand their apical areas in order to enlarge
the surface of the respective tissue. Concomi-
tantly, they shed their cuticle (apolysis) and
produce a new one underneath that replaces the
old one (ecdysis). The regulation of these pro-
cesses is reviewed in Chap. 6. Besides the per-
sistent ectodermal tissues, the extraembryonic
serosal cells also produce a cuticle, called the
serosal cuticle during embryogenesis that tran-
siently prevents embryo desiccation and allows
survival during periods of drought (Rezende
et al. 2008).

Cuticle producing epithelial cells display the
standard polar organisation in apical, lateral and
basal domains (Fig. 8.1). At their basal side,
they are covered by the basal lamina, an extra-
cellular matrix consisting of a network of col-
lagens and laminins, which are contributed by
haemocytes. Studies using the fruit fly D. mel-
anogaster have revealed that the integrity of the
basal lamina is a prerequisite for an intact cuti-
cle. Interference with basal lamina assembly
through mutations in sparc, for instance, coding
for a collagen-binding protein that is provided
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by haemocytes and stabilises collagen IV in the
basal lamina, causes fragmentation of the cuticle
(Martinek et al. 2008). A functional basal lamina
may indirectly support cuticle production by
ensuring cell vitality. A functional basal lamina
could also directly influence cuticle production
by mediating interaction between the basal
plasma membrane of cuticle producing cells and
free-floating haemocytes which deliver cuticle
proteins and enzymes (Sass et al. 1993, 1994).

The lateral membrane of cuticle producing
epithelial cells is decorated by three kinds of
junctions. The apicalmost adherens junctions
contact neighbouring cells and interact with the
actin cytoskeleton, stabilising the tissue. The
main players of these structures are the mem-
brane-inserted E-cadherin and the cytoplasmic
b-catenin. The extracellular domains of clus-
tered E-cadherin molecules in neighbouring
cells bind to each other, while their intracellular
parts of the protein, via associated factors, serve
as anchors to span a panel of stabilising actin
cytoskeleton. Mutations in the D. melanogaster
genes coding for E-cadherin shotgun (shg) and
b-catenin armadillo (arm) do not affect cuticle
differentiation. Ruptures in the cuticle are not
due to defective cuticle formation but to the
failure to renew cell contact after delamination
of neuroblasts from the epidermal primordium
(Tepass et al. 1996). However, a possible
requirement may be masked by maternally pro-
vided proteins. Hence, genetic analyses of the
function of adherens junctions during cuticle
differentiation is difficult and have not been
conducted.

Basal to these junctions, there are the septate
junctions that seal the paracellular space, thus
preventing free diffusion of water and solutes
between the two separated milieus. The assem-
bly of septate junctions seems to be modular. At
least two complexes—the Gliotactin–Discs large
(Dlg) complex and the core complex including
Coracle, Neurexin IV and Nervana 2—come
together for full establishment of septate junc-
tions (Schulte et al. 2006; Laprise et al. 2009;
Oshima and Fehon 2011). At the septate junction
domains, the plasma membrane meanders,
enlarging the contact zone and enforcing the belt

like character of the epithelium. It is, however,
not known whether the septate junction proteins
themselves are responsible for membrane cur-
vature. Work in D. melanogaster demonstrates
that apical secretion may be compromised in
cells with disrupted septate junctions. For
instance, Knk, an apical membrane-inserted
protein fails to be delivered quantitatively to the
apical plasma membrane of tracheal cells in
embryos mutant for Fas2 and sinuous that code
for septate junction components. Secretion con-
trol at the septate junctions and their function as
paracellular diffusion barriers and cell shape
determinants seems to be independent from each
other (Laprise et al. 2010).

The septate junctions are occasionally inter-
rupted by gap junctions that are required for cell–
cell communication. In invertebrates, innexins
are the major constituents of gap junctions
(Bauer et al. 2005). The role of innexins and gap
junctions in epidermal differentiation during
cuticle production has not been investigated.

Epithelial cell polarity is, as expected, a
prerequisite for correct deposition of the cuticle
at the apical side of the cell. Cells that fail to
polarise do not produce cuticle at random sides,
but mostly undergo apoptosis. This is best
exemplified by the phenotype of crumbs (crb)
mutant larvae in D. melanogaster, which is
characterised by patches of cuticle produced by
surviving epidermal cells (Tepass et al. 1990).
Genetic analyses have revealed that cell polarity
is not a stable state but needs maintenance dur-
ing cuticle differentiation. Abrogation of ER-
born vesicle formation through mutations in
sec23 and sec24 encoding respective COPII
components, for instance, results in cuboidal
cells that gradually lose their polarity (Norum
et al. 2010). Thus, the canonical secretory
pathway is necessary for sustaining polarity.

8.3.2 The Plasma Membrane
of Cuticle Producing Cells

During differentiation, cuticle material is
deposited into the extracellular space across the
apical plasma membrane. However, the apical
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plasma membrane does not serve simply as an
interface, but seems to actively contribute to
cuticle assembly. In the D. melanogaster
embryo, the envelope, which is the first layer to
be formed, is produced as fragments at the tips
of irregular protrusions of the apical plasma
membrane (Moussian et al. 2006a). Deposition
of the envelope is effectuated by the canonical
secretory pathway (Norum et al. 2010). Enve-
lope fragments eventually fuse together to give
rise to a continuous layer consisting of parallel
electron-dense and electron-lucid sheets. The
parallel course of the envelope sheets suggests
an invariant structural coupling of the
components.

Classically, later during pro- and epicuticle
production, regular microvilli-like protrusions of
the plasma membrane are formed during depo-
sition of the pro- and epicuticle (Fig. 8.6). These
structures are somewhat different from midgut
cell microvilli. A midgut cell microvillus in
arthropods is a cylindrical membraneous struc-
ture which is stabilised by a core of actin and
associated proteins that are homologous to actin-
binding proteins in vertebrates. Indeed, the major
microvillar actin-binding and actin-organising
proteins such as Espin, Fascin, Villin, Myosin 1A
and calmodulin are present in D. melanogaster
(Bartles 2000; Tilney et al. 2004; Hegan et al.
2007). Epidermal microvilli are stunted and carry
electron-dense plaques at their tips that harbour
the chitin synthesis and probably organisation
factors. Microvilli formation has been studied
especially at the site of bristle formation. The
D. melanogaster Espin Forked, for instance,
determines the number of microvilli during
bristle formation in the pupa by regulating the
thickness of actin bundles (Tilney et al. 1998,
2000, 2004). In forked mutant animals, actin
bundle number at the plasma membrane is
increased and more microvilli are formed,
although actin bundle diameter is reduced.
Interestingly, mutations in forked and the other
microvillus factors are not lethal indicating either
functional redundancy between them or
involvement of yet unidentified factors.

At the cytoplasmic side the microvillar pla-
ques are nourished by chitin monomers GlcNAc

that are synthesised from glucose through the
Leloir pathway comprising six cytoplasmic
enzymes (Moussian 2008). One may speculate
that extensive chitin synthesis may necessitate
concentration of GlcNAc production at the
membrane protrusions. An isoform of the last
enzyme of the Leloir pathway in D. melano-
gaster, UDP-N-acetylglucosamine pyrophos-
phorylase, has a 37 amino acid N-terminal
domain that could mediate its localisation to the
apical plasma membrane (Tonning et al. 2006).
Mutations in the gene coding for this enzyme are
lethal and cause a chitin-less and collapsed
cuticle.

Secretion of cuticle proteins occurs at the
depression between microvilli. The physical
separation of chitin synthesis and protein
secretion implies firstly that cuticle assembly
takes place in the extracellular space. Secondly,
coordination of chitin synthesis and protein
secretion is not simply effectuated by direct
physical contact between the effectors, but that
communication is required at some other as yet
unknown hub.

At sites of denticles of the D. melanogaster
embryo, the apical plasma membrane forms
large protrusions at the posterior half of the cell
(Fig. 8.6). The formation of these protrusions
obeys cues from planar polarity defined by the
asymmetric distribution of Strabismus, Dishev-
elled, Diego, Prickle and Frizzled at cell junc-
tions (Goodrich and Strutt 2011). The denticle
forming protrusion is stabilised by an actin core
that involves several factors important for
microvilli formation, as well. The apical plasma
membrane of denticle forming protrusions is
decorated by several membrane-inserted zona
pellucida (ZP) proteins that specify distinct
domains of the future denticle (Chanut-
Delalande et al. 2006; Fernandes et al. 2010).
Zye (Zye) and Trynity (Tyn) mark the basis of a
denticle, and Miniature (M) separates the apical
part of the denticle occupied by Dusky-like
(Dyl).

At the end of larval cuticle production during
embryogenesis, the apical plasma membrane
smoothens. This process is a critical step in
differentiation. Mutations in wollknäuel (wol)
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that codes for the D. melanogaster ALG5 (UDP-
glucose:dolichyl-phosphate glucosyltransferase)
cause uncontrolled protrusions of the apical
plasma membrane at the end of cuticle differ-
entiation (Shaik et al. 2011). This phenotype is

associated with persistent apical localisation of
Crb, that is, a determinant of the apical plasma
membrane identity (Assemat et al. 2008). Thus,
removal of Crb from its apical position may be a
prerequisite for plasma membrane smoothening.

Fig. 8.6 The plasma membrane of cuticle producing
epithelial cells. Classical microvilli (mv) are cylindrical
extensions of the apical plasma membrane that have an
inner skeleton consisting of actin bundles (a). Organisa-
tion of actin involves several actin-binding proteins. At
the tip of microvilli-like structures that are protruded
during cuticle deposition in various arthropods, an
electron-dense plaque harbours the chitin synthesis
apparatus. Apical undulae have been demonstrated to
form during cuticle deposition in the D. melanogaster
embryo (b). These longitudinal protrusions are traced by

microtubule filaments at their basis. Actin has not been
observed within the undulae, and their supporting inner
cytoskeleton is unknown, but does not seem to contain
high amounts of Fodrin also known as Spectrin, which
accumulates rather at the lateral membrane (Thomas and
Kiehart 1994; Das et al. 2008). The taenidia (tae) of
insect tracheae follow the spiral extrusion of the apical
plasma membrane of tracheal cells (c). The plasma
membrane (mem) is stabilised by actin cables that run in
parallel to the taenidia. They prevent collapse of the
tracheal tube lumen (lum). Scale bar 500 nm
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8.3.3 Secretion of Cuticle Material

The cuticle is an extracellular matrix and is natu-
rally the product of secretion and deposition of its
components. Some components are secreted
directly via the canonical secretory pathway from
the ER tubules, via the Golgi apparatus and
secretory vesicles to the plasma membrane, where
they are released to the extracellular space. Most if
not all proteins such as Verm, Serp and cuticle
proteins follow this route. Some other components
are produced at or transferred across the apical
plasma membrane through membrane-localised
enzymes, such as the chitin synthase, that links
GlcNAc monomers together and extrudes the
polymer chitin probably through a pore formed by
the enzyme itself. The apical plasma membrane
also harbours those factors required for chitin
organisation such as Knk and Rtv (Moussian et al.
2005a, b, 2006b). Like bona fide secreted proteins,
the membrane-inserted factors are also positioned
within the membrane by the secretory pathway.
Hence, many different components and enzymes
travel through the secretory pathway at the same
time with the same destination, the apical plasma
membrane. The topology of the apical plasma
membrane argues that at some point, these factors
have to be sorted. Where does this take place? In
D. melanogaster, we are beginning to understand
this process. The Maclura pomifera agglutinin
(MPA) recognises some epitopes at the envelope
and some within the procuticle of the D. melano-
gaster larva (Moussian et al. 2007). In larvae
mutant for the plasma membrane t-SNARE Syn-
taxin 1A (Syx1A), some secretory vesicles that
erroneously accumulate beneath the apical plasma
membrane are MPA positive, but others are not.
This indicates that some factors are separated at
the exit of the Golgi apparatus.

One enzyme that may define a class of
secretory vesicles is the chitin synthase. In fungi,
chitin synthases localise to specialised intracel-
lular vesicles of 40–70 nm diameter, the chito-
somes that deliver the chitin synthesis complex
to the site where this is required during cell
division (e.g. Bartnicki-Garcia 2006). Several
specific factors are associated with chitosomes

and are required for ordered positioning of the
chitin synthesis complex. Fungal chitin synthases
are, however, not active within chitosomes,
suggesting that activation has to be triggered. It
seems that localisation to the plasma membrane
is mandatory for chitin synthase activity. In
yeast, the CaaX protease Ste24 facilitates the
localisation of Chs3, the major chitin synthase in
yeast, to the plasma membrane through trimming
of the Chs3 partner Chs4, which is absent in
arthropods (Meissner et al. 2010).

Do Arthropods have chitosomes? In the moth
Manduca sexta, it was found that a chitin syn-
thase–specific antibody recognises an epitope at
the apical surface but also within the midgut cell
(Zimoch and Merzendorfer 2002). Obviously, as
membrane-inserted enzymes, chitin synthases
travel through the secretory pathway to reach the
plasma membrane. Therefore, sorting at some
level is imperative. The central question is
whether plasma membrane plaques of chitin
synthesis are preformed within vesicles, or
whether they travel to the plasma membrane
where they are assembled. In the D. melano-
gaster embryo, the plasma membrane t-SNARE
Syx1A is dispensable for delivery of chitin syn-
thases and chitin organising factors, such as Knk,
to the plasma membrane (Moussian et al. 2007).
This finding suggests that another t-SNARE may
mediate localisation of plaques to the plasma
membrane, in turn arguing (and confirming the
MPA data) that different Golgi-born vesicles
deliver distinct factors to decorate the apical
plasma membrane and to produce the cuticle. In
other words, the Golgi apparatus is the main
compartment where sorting of cuticle structural
and production components takes place.

8.4 Cross-Linking of Cuticle
Components

8.4.1 A Dityrosine Transcellular
Barrier

Soft body cuticle of caterpillars and larvae has to
withstand the internal hydrostatic pressure in
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order to serve as an exoskeleton. Indeed, in D.
melanogaster, mutations in the chitin synthase
gene or in knk and rtv that are needed for chitin
organisation result in loss of body shape and
inability to move, suggesting that chitin is an
essential element of the soft exoskeleton
(Moussian et al. 2005a, b, 2006a, b). In view of
the elaborate interaction between chitin and
chitin-binding proteins, one may assume that
chitin on its own is not the barrier component
opposing water pressure at the cuticle. Indeed, it
seems that a network of proteins at the basal side
of the procuticle covalently bind to each other
via tyrosine residues, probably constructing a
network adjacent to the plasma membrane that
confers elasticity and stiffness to resist the
internal hydrostatic pressure (Shaik et al. 2012).
The establishment of this dityrosine network
depends on a haem-dependent enzyme, which is
yet unknown. Likewise, the sequence of the
linked proteins is unknown, as well. Candidate
cuticle proteins may be those low complex
proteins with GYR- and YLP-like motifs that are
characterised by invariant tyrosine (Y) residues
(Cornman 2010). The membrane-inserted dual
oxidase Duox could be considered as a good
candidate for being the haem-dependent enzyme
involved in dityrosine formation. It has an
intracellular flavoprotein domain that accepts
electrons from NADPH, which are transferred
across the membrane to the extracellular per-
oxidase domain that catalyses H2O2 production
(Donko et al. 2005). Tyrosines are oxidised and
spontaneously react with each other to link
neighbouring proteins. It is difficult to assume
that this last reaction of dityrosine formation is
ordered and specific. Rather, within the range of
H2O2 production, tyrosines from all proteins
present are potential targets. Indeed, Duox
stimulates the production of a dityrosine-based
barrier that protects the midgut epithelium in
mosquitoes against pathogen entry (Kumar et al.
2010). Consistently, reduction of Duox activity
by RNAi in the D. melanogaster wing results in
pale wings, suggesting that melanisation and
probably sclerotisation are impaired in this tis-
sue (Anh et al. 2011). Arguing against an

involvement of Duox in barrier formation,
however, reduced Duox activity does not give
rise to a respective haem-deficient phenotype. In
fungi, a cytochrome 56 protein has been shown
to drive extracellular dityrosine formation
required to render the cell wall impermeable
against loss of proteins. Hence, one cannot
exclude that functional redundant enzymes may
catalyse tyrosine oxidation in arthropods.

8.4.2 Resilin

In 1960, Weis-Fogh published his discovery that
the long-range elastic behaviour of parts of the
thoracic cuticle in the locust and dragonfly
depends on the presence of a glycine-rich rub-
ber-like protein he named resilin (Weis-Fogh
1960). Other cuticles with extreme extensibility
like the cuticle covering the alloscutum of ticks,
such as Ixodes ricinus, also contain large
amounts of resilin. Resilin visualisation is
comparably simple as resilin fluoresces upon
excitation with UV light by conventional fluo-
rescence or confocal laser scanning microscopy
(Michels and Gorb 2012). This characteristic of
resilin is due to the presence of di- and trityro-
sines (Andersen 1964, 1966; Malencik and
Anderson 2003). In the following decades, the
in vivo physical properties of resilin were
investigated in detail mainly by Weis-Fogh
himself, Andersen, Edwards, Bennet-Clark,
Neville and others (Bennet-Clark 2007). Finally,
in the genomic era of insect biology, the full
sequence of resilin was uncovered in different
insect species (Andersen 2010b; Lyons et al.
2011). Presence of resilin has been reported in
crustaceans, as well (Burrows 2009). It was
Andersen who first identified the sequence of the
resilin monomer, proresilin, encoded by the gene
CG15920 in the D. melanogaster genome, by
using the amino acid sequence of three tryptic
peptides he had obtained from the elastic cuticle
of the wing hinges and prealar arms from the
desert locust Schistocerca gregaria (Ardell and
Andersen 2001). D. melanogaster proresilin has
an N-terminal signal peptide that directs it to the
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apical extracellular space (Fig. 8.7). In addition,
the protein is composed of 18 repeats of a 15
residue motif (type A repeat) and 11 repeats of a
13 residue motif (type B repeat), which flank a
type 2 Riddiford and Rebers chitin-binding
domain (R&R-2) of 62 amino acids. Prolines
and glycines occupy distinct positions within
both repeats, probably forming b-turns separated
by irregular loops, overall yielding a b-spiral
conformation, which accounts for protein elas-
ticity. Proresilin’s type A repeats from D. mel-
anogaster and An. gambiae in synthetic
polypeptides have elastic and resilient properties
comparable to those of recombinant full-length
proresilin, underscoring the significance of
sequences with low complexity for protein
elasticity and resilience (Lyons et al. 2009).
Proresilin sequence information allows us to
model resilin function within the cuticle: pro-
resilin monomers are polymerised to resilin via
di- and trityrosine bridges that were discovered
some decades ago, tyrosine residues being
present, especially in the N-terminal type A
repeats, and associate with chitin via their chitin-
binding domain of the R&R-2 type, which in D.
melanogaster is indeed able to bind to chitin
in vitro (Qin et al. 2009). D. melanogaster
possesses one gene coding for two alternatively
spliced proresilin isoforms (620 and 575 amino

acids). The implication of two isoforms is
unclear, as it is not known whether they are
expressed in different tissues or stages. The
proresilin isoform from the shorter mRNA lacks
the R&R-2 domain, suggesting that it may be
present in cuticle types with low, or no chitin
(Andersen 2010b). Association and non-associ-
ation with chitin may confer specific elastic
properties to the respective cuticle. Low com-
plexity of the proresilin sequence suggests that
other low complex cuticle proteins may have
similar physical properties. Indeed, another
protein encoded by the CG9036 locus in the
D. melanogaster genome may constitute a pro-
resilin paralog (Ardell and Andersen 2001).

Resilin as a biomaterial has been extensively
investigated since the identification of its
sequence. Similarly, resilin’s function in whole
organisms and tissues is well understood. By
contrast, resilin cell biology including regulation
of its cell-specific expression and extracellular
polymerisation is less well analysed. To advance
in these problems, a genetic approach in D.
melanogaster would be helpful. During D. mel-
anogaster embryogenesis, proresilin is expres-
sed in segmental clusters of epidermal cells and
in stretch receptors (Wong et al. 2012). Later, as
expected, proresilin expression is detectable in
cells at the base of the wing. Mutations in D.

Fig. 8.7 Resilin. Proresilin has an N-terminal signal
peptide (SP) that allows the protein to be secreted to the
extracellular space through the canonical secretory path-
way. It harbours two types of repeats, the type A and the
type B repeat with the consensus sequences GGRPSDSY-
GAPGGGN and GYSGGRPGGQDLG, respectively, that

flank an R&R chitin-binding motif. Tyrosine residues in
the repeat sequences may covalently link to tyrosines of
neighbouring proteins. Resilin is a polymer of proresilins
that are linked to each other via dityrosine bridges. Upon
illumination with ultraviolet light (maximum 315 nm),
dityrosines emit blue light (409 nm maximum)
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melanogaster proresilin should reveal the
importance of resilin function in these cells.

8.4.3 Transglutaminase

Another type of protein covalent cross-links in
the cuticle, the e-(c-glutamyl) lysine bonds, is
catalysed by extracellular transglutaminases.
Generally, expression and activity of transglu-
taminases are known to be induced upon injury
in both vertebrates and invertebrates. In
D. melanogaster, transglutaminase is also
robustly expressed during late developmental
stages, that is, in L3 larvae, in pupae and the
adult flies (Shibata et al. 2010). Abrogation of
transglutaminase translation by RNAi causes
deformation and tanning failure of the adult
abdominal cuticle and wrinkling of the wing. In
contrast to the dityrosine network, the transglu-
taminase cross-links do not constitute a water
barrier. Several cuticle proteins have been
identified as targets of transglutaminase activity.
Fondue, for example, an unknown extracellular
protein is deposited into the cuticle during clot
formation after wounding (Lindgren et al. 2008).
Moreover, extractability of the cuticle proteins
Cpr47Ef, Cpr64Ac, Cpr76Bd and Cpr97Eb
depends on transglutaminase activity, suggesting
that these proteins are normally fixed within the
cuticle by e-(c-glutamyl) lysine bonds (Shibata
et al. 2010). Interestingly, the wing phenotype of
transglutaminase depleted animals can at least
partially be attributed to the function of
Cpr97Eb, as knock-down of this factor causes a
similar phenotype. Taken together, transgluta-
minase-based cross-linking of cuticle compo-
nents seems to be needed for cuticle
pigmentation and stiffness.

8.4.4 Sclerotisation and Melanisation

Since Pryor’s work in the 1940s, hardening
(sclerotisation) of the cuticle is known to depend
on cross-linking of proteins with phenolic sub-
stances (Pryor 1940; Pryor et al. 1946, 1947).
Recent advances in the field are excellently

summarised by Andersen (2010a, 2012). The
basic feature of the sclerotised cuticle is
the covalent linkage of cuticle components by the
acyldopamines N-acetyldopamine (NADA) and
N-b-alanyldopamine (NBAD). Production of
phenolic substances starts in the cytoplasm
where tyrosine is converted to Dopa by tyrosine
dehydroxylase (Pale in D. melanogaster), which
is subsequently used to produce dopamine by
Dopa-decarboxylase (Ddc). Dopamine is the
substrate of the dopamine N-acetyl-transferase
and NBAD synthase (Ebony in D. melanogaster)
that catalyse the formation of NADA and NBAD,
respectively. The catecholamines NADA and
NBAD are transported to the extracellular space
through as yet unknown transporters. In the dif-
ferentiating extracellular matrix, they are oxi-
dised to their ortho-quinones that may react with
free amino groups of proteins and possibly also
deacetylated chitin. The incorporation of these
ortho-quinones results in brown cuticle, whereas
usage of the oxidation intermediate dehydro-
NADA as preferred by insects only lightly col-
ours the cuticle. The extracellular sclerotisation
reactions are catalysed by extracellular laccases
and tyrosinases (Suderman et al. 2006). Multi-
copper-containing Laccase 2 in the beetles
T. castaneum and Monochamus alternatus has
been reported to affect cuticle integrity, and this
can be attributed to sclerotisation defects under-
lining the importance of these modifications
(Arakane et al. 2005a; Niu et al. 2008). Only few
cuticle proteins have been experimentally shown
to be cross-linked via catecholamines. Pioneer-
ing work has been performed in Manduca sexta:
lysyl groups of the cuticle protein MsCP36
contribute to protein oligomerisation (Suderman
et al. 2010). Interestingly, dityrosine bounds
were also found to be involved in MsCP36 cross-
linking.

Animals suffering Laccase 2 reduction are also
pale compared to siblings with normal laccase 2
activity. This nicely underlines that sclerotisation
(hardening) and melanisation (pigmentation,
tanning) share extracellular enzymes. However,
there are also melanisation-specific enzymes
(Sugumaran 2009). The extracellular Yellow
protein represents a prominent class of
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melanisation enzymes. Mutations in the D. mel-
anogaster yellow gene are not lethal, but provoke
a yellow body colour. The two members of Yel-
low protein family Yellow-f1 and Yellow-f2 have
been shown to be dopachrome-conversion
enzymes (Han et al. 2002). Dopachrome, the
intramolecular cyclisation product of dopa, is
converted to 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) that is subsequently used for
polymerisation of melanin. An interesting mech-
anism of melanisation control has been analysed
in the D. melanogaster wing (Riedel et al. 2011).
Melanin is usually produced at the distal region of
the wing procuticle. Confinement of melanisation
reactions to this region necessitates timed
removal of Yellow from the cuticle by endocy-
tosis regulated by Rab5 and Megalin. Failure to
clear the procuticle from Yellow results in
extension of melanisation to proximal regions of
the procuticle.

Taken together, defects in the melanisation
pathway, if they do not impair sclerotisation, are
not lethal but cause body colour changes.
Indeed, the differential activity of melanising
enzymes can be used by nature to create colour
patterns. The antagonistic functioning of Yellow
and Ebony, for example, generates the striped
pattern in the abdomen of adult fruit flies
(Wittkopp et al. 2002). Not only in D. melano-
gaster but also in other insects, Yellow and
Ebony are involved in pigmentation patterns
(Futahashi et al. 2008b; Arakane et al. 2010).

8.4.5 Calcite Deposition in Crustacean
Cuticle

The cuticle of crustaceans is stiffened through
internal deposition of calcite. The molecular
mechanisms of calcification are being inten-
sively studied in terrestrial isopods by Ziegler
and his group. Storage of calcite in the extra-
cellular space and its resorption are highly reg-
ulated during moulting in Porcellio saber
(Ziegler et al. 2004). A central enzyme of this
process is the smooth endoplasmic reticulum
Ca2+-ATPase (SERCA), the expression of which

is up-regulated at late pre-moult and intermoult
stages (Ziegler et al. 2002; Hagedorn et al.
2003). Before the synthesis of the new cuticle,
Ca2+ and HCO3

- ions are reabsorbed from the
posterior half of the cuticle, that moults first, and
are transported through the haemolymph and
across the epithelium to the apical extracellular
space of anterior sternites, where storage calcite
is formed. Concomitantly, protons produced
during CaCO3 formation are pumped into the
haemolymph through the V-type H+-ATPase
(VHA) that localises to the basolateral plasma
membrane of these cells at this stage. Abun-
dance of the enzyme is regulated at the tran-
scriptional level. To mobilise Ca2+ and HCO3

-

for cuticle remineralisation, the extracellular
space is acidified by the VHA that now localises
to the apical plasma membrane. Hence, induc-
tion of vha and serca transcription and sorting of
VHA are the major mechanisms for calcite
storage and recycling and cuticle calcification in
these animals.

8.5 Tracheal Cuticle

The epidermal cuticle is an even structure and
produces protrusions only at distinct sites where
trichomes are formed. By contrast, the tracheal
cuticle in insects and myriapods, that consists of
an envelope, a thin epicuticle and a conspicuous
procuticle, is uneven, following regular protru-
sions of the apical plasma membrane of tracheal
epithelial cells (Fig. 8.6) (Lewis 1981; Uv and
Moussian 2010). These protrusions, the taenidia,
are supported by actin cables that, as spirals, run
perpendicularly to the length of the tracheal tube.
The formin dDAAM, that organises the poly-
merisation of actin bundles, has been shown to be
required for this pattern in Drosophila (Matusek
et al. 2006). In ddaam mutant embryos, the tae-
nidia are disordered but present, suggesting that
dDAAM is not directing taenidia formation per
se but their orientation. Likewise, mutations in
polished rice (pri), a polycistronic gene coding
for several short peptides, dramatically impair
actin organisation in epidermal and tracheal cells
(Kondo et al. 2007). In consequence, epidermal
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denticles and taenidia are not formed. Thus, the
Pri peptides can be considered as master regu-
lators of actin-based membrane protrusions in
cuticle producing epithelial cells.

These genes required for epidermal cuticle
formation are evidently also acting during tra-
cheal cuticle formation. What then makes the
difference between these two types of cuticles?
Possibly, chitin organisation dictates the shape
of the cuticle. In the epidermal procuticle, chitin
preferably adopts the Bouligand pattern,
whereas in the taenidial procuticle chitin is
rather amorphous. This difference may be due to
cuticle-specific chitin-binding proteins that pack
chitin in distinct cuticle-typical ways. It is also
imaginable that chitin fibre length has an influ-
ence on cuticle shape. Consistently, the length of
chitin fibres varies in the epidermis and the
trachea. In the epidermal cuticle, chitin fibres are
rather long, whereas in the taenidia, they are
comparably short and therefore indiscernible.
Length differences in turn may reflect tissue-
specific differences in chitin synthase proces-
sivity, which implies tissue-specific co-factors of
chitin synthesis.

Tracheael chitin synthesis is subdivided into
two phases. First, a luminal chitin rod is pro-
duced that is needed for tube diameter adjust-
ment (Devine et al. 2005; Tonning et al. 2005;
Moussian et al. 2006a, b). Abrogation of chitin
synthesis or organisation results in irregular and
cystic tracheal lumen. The cellular mechanisms,
that is, the localisation of the chitin synthesis
machinery during this process has not been
investigated. Second, ordered activity of chitin
synthase complexes at the crests of spiral cor-
rugations of the apical plasma membrane pro-
duces the tracheal cuticle chitin.

Less is known about the thin cuticle lining
book lungs in arachnids and the epithelial cells
that produce these organs. Like insect and
myriapod tracheae, book lungs are ectodermal
and have a lumen interspersed with lamellae that
are partially stabilised by cellular structures
(pillars) and cuticular trabeculae (Kamenz et al.
2005; Scholtz and Kamenz 2006). A thorough
molecular and histological description of book
lung development in different arachnids would

teach us about the importance of the cuticle for
the stability and function of internal structures.

8.6 Control of Cuticle
Differentiation

Cuticle differentiation during embryogenesis is
the last process to occur before hatching. Con-
struction of the layers presupposes controlled
expression of the components. Expression anal-
yses of 6003 genes in D. melanogaster (44 % of
all genes) by in situ hybridisation and microarray
time-course data revealed that epidermal differ-
entiation at the end of embryogenesis, that is,
cuticle formation does not require maternal
input, but is largely accomplished by zygotic
factors (Tomancak et al. 2007). Several tran-
scription factors cooperate in this mission as
shown in Fig. 8.8. The evolutionary conserved
CP2-type transcription factor Grainyhead (Grh),
for instance, transcribes a subset of cuticle genes
including knk in D. melanogaster (Gangishetti
et al. 2012). The expression of another subset of
cuticle genes including serp and verm is regu-
lated by ecdysone-induced transcription factors
such as bFtzF1 (Gangishetti et al. 2012). These
two transcription factors cooperate in regulating
the expression of a third subset of genes like
dsc73. The relatively mild mutant phenotype of
bFtzF1 mutant larvae compared to the rather
strong mutant phenotype of ecdysone-deficient
larvae indicates that other ecdysone-induced
transcription regulators act together with bFtzF1
to drive cuticle differentiation. Indeed, bFtzF1
and DHR3 have overlapping functions during
late D. melanogaster embryonic development
(Ruaud et al. 2010). Expression of serp and verm
also depends on Ribbon (Rib), a BTB/POZ
domain nuclear factor with a broad range of
functions during embryogenesis (Luschnig et al.
2006). Interestingly, Rib also controls the
expression of crb, which codes the membrane-
inserted determinant of apical plasma membrane,
thereby indirectly influencing cuticle formation
(Kerman et al. 2008). Tramtrack (Ttk), a zinc-
finger transcription factor, is essential for correct
cuticle architecture, as demonstrated in a
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microarray experiment by its regulatory activity
on several cuticle genes, including cpr78Cb,
which codes for an R&R protein (Araujo et al.
2007; Rotstein et al. 2012). It is clear from this
short summary that a master regulator of cuticle
differentiation does not seem to exist.

Post-embryonic cuticle formation during
moulting is more complicated. Generally,
ecdysone is a central regulator of cuticle renewal
(Charles 2010). In fruit flies, the ecdysone
inducible transcription factor DHR38 is essential
for adult cuticle formation, by regulating the
transcription of cuticle genes, such as Acp65A,
which is also regulated by the Broad complex
transcription factor isoform BR–C Z1, and Ddc,
which is essential for cuticle sclerotisation and
melanisation (Cui et al. 2009; Kozlova et al.
2009). Interestingly, DHR38 also regulates the
formation of glycogen (Ruaud et al. 2011),
which may be the source of the chitin monomer
GlcNAc. It remains to be shown whether chitin
synthesis relies on DHR38 activity. In imaginal
discs of B. mori, bFtzF1 and the ecdysone-
induced Broad complex transcription factor
isoform BR–C Z4 together regulate the expres-
sion of BMWCP5, which codes for a cuticle

protein (Wang et al. 2009). Another Broad
complex transcription factor isoform, BR–C Z2,
has been proposed to regulate the expression of
another cuticle gene, BmorCPG11 in B. mori
that is probably not under the control of bFtzF1
(Ali et al. 2012). In summary, ecdysone-signal-
ling induces the expression of cuticle genes in a
locus-specific manner. Moreover, impact of
ecdysone on cuticle differentiation is stage spe-
cific. For example, mutations in dhr38 do not
affect larval cuticle formation, but impair adult
cuticle integrity. Moreover, mutations in the
Broad complex genes in D. melanogaster are not
larval lethal, and therefore, the respective tran-
scription factors are not essential for cuticle
formation in the larvae. Overall, regulation of
cuticle differentiation is obviously a stage-spe-
cific phenomenon.
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9.1 Basic Features of Arthropod
Body Architecture

According to a well-consolidated tradition, the
body of arthropods is described in terms of
segments and tagmata. Even the oldest names
for these animals, Aristotle’s e9msola (entoma,
internally (sub)divided) and Linnaeus’ Latin
equivalent Insecta, now restricted to one of the
major arthropod subgroups, already referred to
the modular organization of the body. In the
idealistic perspective of the past, this trait, more
than the presence of articulated appendages to
which the current name of arthropods refers, was
considered the defining attribute for the body
plan of these animals.

Accordingly, the arthropod body is tradi-
tionally interpreted as comprising an antero-
posterior array of potentially articulated mod-
ules, the segments, with blocks of contiguous
segments, morphologically or functional inte-
grated, forming a smaller number of body
regions, or tagmata (singular, tagma). Equiva-
lent, at least in terms of descriptive morphology,
is the alternative view of the arthropod body as
divided into a few regions along its main axis,
each region being further divided into a number
of segments. Departures from this scheme are
reckoned to be evolutionarily derived.
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This basic architecture has been often cred-
ited with being at the heart of the evolutionary
success (however measured) of the arthropods.
The modular organization of their body is
reputedly highly evolvable through a mechanism
of ‘multiplication and change’ of modules that
allows acquisition of new functions without
losing the original ones. This generic evolu-
tionary mechanism, that also applies at other
levels of biological organization (e.g., at the
level of genes and genomes), would open doors
to an apparently unbounded increase in mor-
phological complexity and functional special-
ization. This view of arthropod morphology and
morphological evolution is well captured by the
metaphor of ‘the arthropods as Swiss Army
knives,’ where each species is equipped with a
unique set of specialized tools, corresponding to
the series of its functional body modules (e.g.,
Ruppert et al. 2004, or, for an educational
animation, see http://shapeoflife.org/video/
animation/arthropod-animation-swiss-army-knife).
This view can be roughly classified among the
‘internalist’ explanations for arthropod evolution
and diversification, that is, among those based
on intrinsic qualities of arthropod biology,
including body organization, rather than those
based on the interaction with other components
of the ecosystems of which they are part.

This commonplace scenario of arthropod
body architecture and morphological evolution
has evident limitations. First, the apparently
obvious evolutionary potential of a modular
organization of the body rests on patterns of
morphological integration and developmental
modularity (Klingenberg 2008) that allow the
expression of such a potential. Thus, beyond
considerations on the ‘technologically clever’
body organization of arthropods, modern dis-
cussion around this theme tends to be less
superficial and more based on the properties of
the developmental systems in generating phe-
notypic variation or on the character of the
genotype-phenotype map in this group (see
Chap. 18). Second, most of the discussion on
arthropod morphological evolvability and evo-
lution rests on an implicit but unnecessary

assumption: that the wide spectrum of complex
and diverse arthropod forms evolved from the
body structure of a homonomously segmented
legless worm-like ancestor (e.g., Snodgrass
1935; Raff and Kaufman 1983). This is in part
the result of an outdated phylogenetic view of
arthropods and annelids as close relatives within
a superphylum Articulata, but has also its roots
in a more basic unwarranted prejudice, namely
that evolution always, or preferentially, moves
from the simple to the complex, for example,
according to the so-called Williston’s rule
(critically discussed, for example, in Minelli
2003). Irrespective of the phylogenetic scenario,
the hypothesis of a protostome-grade arthropod
ancestor that was segmented but completely
unpatterned along its antero-posterior (A-P)
body axis conflicts with evidence from com-
parative morphology and developmental genet-
ics alike, as A-P trunk patterning controlled by
Hox gene expression is older than arthropod
origins (Minelli and Fusco 2005).

Aside from specific phylogenetic hypotheses
and post hoc evolutionary interpretations, this
chapter will illustrate different ‘dimensions’ of
the ‘space’ of arthropod segmentation and tag-
mosis, beyond simplifying idealizations and with
special focus on the points where textbook sim-
plifications (e.g., insects have eleven abdominal
segments) conflict with factual diversity (many
holometabolous insects have ten or less abdom-
inal segments) and where too superficial notions
of segment and tagma conflict with observed
morphology, as in the instances of segmental
mismatch (see Sect. 9.3.3).

Uncritical use of a descriptive framework
easily obscures homologies and phylogenetic
relationships and can be an obstacle to under-
standing the evolution of phenotypes and
developmental processes. As a general rule, a
descriptive model for a given form cannot be
used to address questions on the generative
processes producing the same form (Fusco
2008). On the contrary, a less idealized view of
arthropod morphology can help framing more
insightful questions about arthropod develop-
ment and evolution.
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9.2 Subject Circumscription
and Operational Definitions

Arthropod segmentation and tagmosis are cur-
rently discussed in a wide range of contexts,
from developmental biology to phylogeny and
taxonomy, that tangibly affect even the most
fundamental concepts of segment and tagma.
Also, arthropod species richness and diversity
have prompted the development of different
independent traditions of study targeted on
individual subtaxa, conspicuously reflected in
the disparity of morphological nomenclature
related to segmentation and tagmosis in the
different groups. Some preliminary remarks are
thus in order.

9.2.1 Subject Circumscription

The terms ‘segmentation’ and ‘tagmosis’ are
used to describe morphological features (a form
of body symmetry and a form of body organi-
zation, respectively) as well as the develop-
mental processes that generate them. These
different concepts are obviously related, but
should not be confused (Fusco 2008).

As developmental processes, segmentation
and tagmosis are not restricted to embryogene-
sis, as these aspects of body organization can
also change through post-embryonic life. In
pycnogonids, in most actinotrichid mites, in
myriapods to the exclusion of geophilomorph
and scolopendromorph centipedes, in most
crustaceans and in proturans, the final segmental
composition of the body is attained during post-
embryonic life through a series of moults. In
some cases, as in many millipedes and perhaps
in remipedes among the crustaceans, new trunk
segments are added throughout life. In many
holometabolous insects, there is a reduction in
the number of abdominal segments from the
larva to the adult. Similarly, body regionaliza-
tion can vary during ontogeny, especially when
this includes metamorphosis. This chapter is
restricted to patterns of segmentation and tag-
mosis in adult forms, while some developmental
aspects are discussed in Chaps. 4 and 5.

Assuming the homology of the most anterior
six body segments in all extant arthropods, as
suggested by Hox genes expression domains
(Manuel et al. 2006; Eriksson et al. 2010), the
anterior border of the following ‘post-cephalic’
region coincides with that of the trunk, thorax or
pereion in mandibulates, and with the region
posterior to the second or third leg-bearing
segment in pycnogonids and chelicerates,
respectively. This chapter is mainly focused on
the post-cephalic section of the body, while head
segmentation, including segmentation of the
cephalic region of pycnogonid and chelicerate
prosoma, is discussed in Chap. 10 in the context
of head organization.

Finally, highly derived morphologies, often
associated with parasitic or sessile life styles, are
considered here only marginally. The different
forms of deviation from the organization of their
free-living (or non-sessile) ancestors are so
diverse and complexly varied that they simply
cannot be summarized here. For these groups,
we refer to zoology treatises and taxon-specific
literature, although the topics discussed in this
chapter can provide a critical background to
revisit the evidence therein. A list of morpho-
logically highly derived arthropods includes
pentastomids, branchiurans, rhizocephalans, ca-
prellid amphipods, parasitic copepods, endo-
parasitic ascothoracidans, parasitic isopods,
parthenogenetic female tantulocarids, female
scale insects and many mites.

9.2.2 Segment: Definition and Use
of the Term

In many bilaterians, including the arthropods,
the body has the appearance of a series of more
or less differentiated, repeated anatomical units
(Minelli and Fusco 2004). In arthropods, these
units are called segments or, less frequently,
metameres or somites. However, although for
many descriptive purposes it is useful to con-
sider the arthropod body as series of modules,
under more accurate scrutiny this is possible
only up to a point, and that point is not the same
for all arthropod taxa. Not all putatively
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segmental structures (especially those of internal
anatomy) are in register, as they can have dif-
ferent period, phase or domain of extent along
the main body axis, or even more complex
arrangements.

A more realistic and accurate depiction of
arthropod body organization is obtained by dis-
sociating the serial homology of individual
periodic structures, or segmentation, from the
concept of the segment as a body module (e.g.,
Budd 2001; Minelli and Fusco 2004; Fusco
2005, 2008). A segmental pattern can be defined
as the occurrence of serially homologous struc-
tures along a specified body axis or direction
(Fusco 2005). Accordingly, we will indicate a
structure (e.g., the ventral nerve cord) with a
periodic organization as a segmental structure
and each repetitive element (e.g., a neuromere)
as a segmental (or serial) element.

That said, we will take a pragmatic approach
here (Minelli et al. 2010). When not otherwise
specified, segments are intended as reference
body landmarks, coinciding with the body units
traditionally recognized by descriptive mor-
phology within each taxon. These are generally
defined on the basis of a small number of
‘leading’ segmental structures with concordant
period (e.g., tergites and sternites) or on the
basis of the assumed primitive segmental
arrangement of the body. This is exactly how to
read a sentence such as ‘in most polydesmidan
millipedes, there is one ozopore on each side of
trunk segments V, VII, IX, X, XII, XIII and XV–
XVIII, while genital openings are on trunk
segment III.’ The main trunk sclerites provide a
positional grid for locating segmental structures
with a different periodicity, as well as for non-
segmental structures. In this framework, seg-
mental boundaries are conventionally estab-
lished by the actual or putative position of the
arthrodial membranes between the main dorsal
and/or ventral sclerites. Thus, periodic structures
developing within such borders are said to be
segmental (e.g., the nerves originating from the
ventral ganglia of a given trunk segment that
innervate structures of the same segment), while
those developing across them are said interseg-
mental (e.g., the nerves originating from the

ventral ganglia of a given trunk segment that
innervate structures in other segments). How-
ever, it must be remarked that while anatomical
elements (e.g., sclerites) or gene expression
domains can have objective boundaries, seg-
ments, that is, the sections into which the main
body axis would ideally be subdivided, can have
only conventionally stipulated boundaries, since,
geometrically, the number of alternative
repeating motifs for one and the same periodic
pattern is actually infinite (Fusco 2008).

To further complicate the picture, beyond
these basic questions, there are different tradi-
tions in the way the segmental composition of
the trunk is described and interpreted in different
taxonomic groups. For instance, in centipedes,
the segmental composition of the trunk is gen-
erally reported in terms of the number of leg-
bearing segments (LBS), excluding one anterior
segment that bears a pair of maxillipedes, and a
posterior ano-genital region of uncertain seg-
mental composition (possibly, 2–3 segments
plus the telson; Minelli and Koch 2011). In
groups with marked segmental mismatch (see
Sect. 9.3.3), the term segment is often carefully
avoided. In their review of millipede post-
embryonic segmentation, Enghoff et al. (1993)
decided to ‘avoid the term ‘‘segment’’ as far as
possible,’ preferring more precise, although less
comparable, terms for specific serial structures,
such as those of tergite (T), pleurotergite (PT),
ring (R) (depending on the taxon-specific orga-
nization of the main trunk sclerites) and leg pair
(LP). Analogously, for a proper description of
segmentation in notostracans, Linder (1952)
explicitly replaced the term ‘segment’ with
‘ring’ for the units of the dorsal segmental series
and ‘leg pair’ for the ventral ones.

Finally, a remark about the terminal trunk
piece, the telson: the telson is generally defined
as the most posterior piece of the body that,
however, does not count as a ‘true’ segment. The
non-segmental nature of the telson (and even-
tually also of the acron, the most anterior piece
of the head) would be supported by the
previously mentioned presumed close relation-
ship between arthropods and annelids. In that
framework, acron and telson in arthropods

200 G. Fusco and A. Minelli



would be homologous to prostomium and
pygidium in annelids, respectively, which, in
contrast to ‘true’ segments, would not have a
teloblastic origin. Irrespective of the question
whether annelids and arthropods evolved seg-
mentation independently or not, certainly a te-
loblastic mode of segmentation does not apply to
the majority of arthropods (see Chap. 4), thus the
special status of the telson, beyond being the
posteriormost piece of the trunk, is doubtful at
least. Actually, the telson can be post-anal (e.g.,
xiphosurans, scorpions, palpigrads, thelypho-
nids, schizomids) or peri-anal (most arthropods),
conspicuous (e.g., many chelicerates, many
malacostracans), inconspicuous (e.g., myria-
pods) or absent (e.g., insects). It can also take
different names in different taxa: ‘anal somite’ in
crustaceans (Brusca and Brusca 2002) and
‘pygidium’ in pauropods (Scheller 2011). The
latter is an unfortunate choice, given that
pygidium is also used for the terminal multi-
segmented body region of trilobites (see Hughes
et al. 2006) and for the last visible tergite of the
beetle abdomen (especially in the cases where
this is not covered by the elytra).

9.2.3 Tagma: Definition and Use
of the Term

The body of many bilaterian taxa is traditionally
described as divided into a small number of
regions, or tagmata, along the main axis. This
applies to segmented and non-segmented bila-
terians alike; however, in the case of segmented
animals, as in the arthropods, tagmata are
defined as extending over a certain range of
body segments, so that their boundaries are
generally coincident with the boundary between
two contiguous segments. In other words, a
tagma corresponds to a specific set of contiguous
segments, and, for a given scheme of tagmosis, a
segment exclusively belongs to one tagma or
another. This mode of body regionalization is
clearly based on the concept of segments as
fundamental body modules (see Sect. 9.2.2), and
tagmosis represents a form of higher-level
modularity along the main body axis.

There is little agreement on how tagmata
should be defined and their boundaries charac-
terized. Tagmata should in some way capture the
articulation of the main body axis into main
morpho-functional units. However, more often
than not, units of descriptive morphology (e.g.,
the head in a crayfish) do not exactly overlap
with those of functional biology (e.g., a cray-
fish’s cephalothorax), not to say with observed
or inferred developmental units (e.g., a cray-
fish’s ‘naupliar head’ region in the embryonic
germ-band) (Minelli and Fusco 1995).

Instead of representing actual body struc-
tures, tagmata, similar to segments, are more
often used as units of description. Thus, sacri-
ficing the appreciation of diversity to the benefit
of ease of comparison, it is common practice to
recognize a ‘typical’ tagmatic organization for
each of the main arthropod taxa in traditional
classifications, to eventually specify with further
detail the nature and composition of each tagma,
or to single out the exceptional body organiza-
tion of clades with derived tagmosis. For
instance, the insect thorax is defined as a three-
segment leg-bearing tagma following the head
and preceding the abdomen. However, in apoc-
ritan hymenopterans, this region incorporates
four segmental units in front of the typical ‘wasp
waist,’ despite the fact that it bears no more than
the usual three pairs of legs. Rather than saying
that the thorax of these insects comprises four
segments, the standard description of this body
region is that the first segment of the abdomen
(here called the propodeum) has been added to
the thoracic segments, to form the so-called
mesosoma, an apocritan taxon-specific tagma.

Taxon-specific tagmata, often downgraded to
pseudotagmata to save the accepted primacy of
the ‘true tagmata’, provide ad hoc compromise
solutions, adopted by arthropod comparative
anatomists to account for a disparity of body
architectures that cannot be shoehorned into the
too rigid categories of classical tagmata. This is
the case for the gnathosoma and idiosoma in
mites and ricinuleans, the proterosoma and
hysterosoma in actinotrichid mites, and the
prosoma and urosoma in copepods. Parallel
solutions are offered by the identification of
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taxon-specific subtagmata, like scorpions’ mes-
osoma and metasoma (parts of the opisthosoma),
many holometabolans’ preabdomen and post-
abdomen (parts of the abdomen), or amphipods’
pleosoma and urosoma (parts of the pleon).
However, it must remarked that these terms,
used for descriptive purposes in groups with
different traditions of study, provide a way of
avoiding problems in tracing homologies, rather
than a way to address them (Minelli 2003).

Admittedly, the concept of tagma is to a large
extent arbitrary, and this is clearly reflected in
the uncertainty of the morphological nomencla-
ture in certain animal groups, where some
zoologists recognize a smaller, others a larger
number of body regions. For example, in milli-
pedes, most authors recognize only one post-
cephalic tagma, the trunk, but some (e.g., Ver-
hoeff 1926) recognize a ‘thorax’ that comprises
the first few segments with no more than one
pair of legs each, and an ‘abdomen’ for the
remaining set of ‘diplosegments’ with two pair
of legs each, but eventually disregarding the
presence of one or more apodous units at the
posterior end. Another example is the notostr-
acan ‘trunk’ of some authors, that others would
divide into a ‘thorax’ of 11 segments with one
pair of appendages each, followed by an
‘abdomen’ with a number of segments that
varies both between and within species and is
affected by marked dorsoventral segmental
mismatch (Linder 1952). In copepods, two
overlapping tagmatic subdivisions of the trunk
are acknowledged in the specialist literature: one
is based on the presence of limbs, which sepa-
rates a limb-bearing thorax (including a poster-
ior genital segment) from an abdomen without
appendages to the exclusion of the terminal
caudal furca; the other is based on the position
of a conspicuous dorsal hinge joint, posterior to
thoracic segment V (podoplean position, most
taxa) or posterior to thoracic segment VI
(gymnoplean position, Platycopioida and
Calanoida), which separates the prosoma from
the urosoma (Huys and Boxshall 1991). Other
inconsistencies emerge when different authors
locate differently the border between the same
two tagmata in the same taxon, as in the case of

anostracans (abdomen of 6 vs. 8 segments; see
McLaughlin 1980; Westheide and Rieger 2007),
mystacocarids (abdomen of 3 vs. 5 segments;
see Brenneis and Richter 2010) and cephalo-
carids (abdomen of 10 vs. 11 segments; see
Olesen et al. 2011).

Pragmatically, as in the case of segments, we
will follow the common practice of using the
‘typical’ tagmatic organization for each main
arthropod taxon of the traditional classifications
as a descriptive reference basis for discussion,
without any implication for homology (but see
Sect. 9.4.3). The body is divided into prosoma
and opisthosoma in most chelicerates; head and
trunk in myriapods and some crustaceans; head,
pereion and pleon in malacostracans; head,
thorax and abdomen in the remaining crusta-
ceans and in the hexapods. In the latter two
assemblages, the term trunk is used to indicate
the ‘supertagma’ formed by all post-cephalic
segments (thorax/pereion plus abdomen/pleon).

9.3 The Space of Variation
of Arthropod Segmentation

With some caution about what to count as a
segment and how to compare segments between
distantly related arthropods, and recalling that
segments in the same (ordinal) post-cephalic
position in two different individuals of two dif-
ferent species (or in some cases even of the same
species) are not necessarily homologous, we can
attempt a survey of arthropod diversity regard-
ing this aspect of their morphology. When not
otherwise specified, the telson, if present, is
excluded from the count.

9.3.1 Interspecific Variation
in the Number of Post-cephalic
Segments

The number of adult post-cephalic segments is
highly diverse within the Arthropoda
(Table 9.1), ranging from 6 in acrothoracican
cirripeds (Westheide and Rieger 2007) to more
than 380 in the siphonophorid millipede Illacme
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plenipes (Hoffman 1982). The number of post-
cephalic segments in the common ancestor of
crown-group arthropods is difficult to estimate,
but on the basis of the very rough observation
that the most basal groups of all the main
arthropod assemblages have a number of post-
cephalic segments in the range of 11–18, and
disregarding the very derived morphology of
pycnogonids, irrespectively of their phyloge-
netic relationship with the other arthropods (see
Chap. 2), this range can also be tentatively
considered to represent a primitive state for the
whole group.

The number of segments is generally stable or
shows little variability within high-rank clades,
with the notable exceptions of (1) millipedes,
which, varying between 14 and 380 trunk seg-
ments (counting their ventral segmental units)
almost span the full range of post-cephalic seg-
ment numbers for the entire Arthropoda (Enghoff
et al. 1993), (2) centipedes, where the number of
segments in the leg-bearing trunk spans the odd
values between 15 and 191 (Minelli and Koch
2011), with only a few aberrant specimens with
an even number of leg pairs recorded from a
single population of the geophilomorph Haplo-
philus subterraneus (Leśniewska et al. 2009), (3)
remipedes, with 16–43 trunk segments (Koene-
mann et al. 2006) and (4) branchiopods, with
10–44 trunk segments (in notostracans, in this
case counting their dorsal segmental units)
(Westheide and Rieger 2007). Subclades of these
four clades are also illustrative of a general
association between interspecific variation in
segment numbers among closely related species
and intraspecific variation in the same character
(see below). In geophilomorph centipedes and
helminthomorph millipedes, this variation is also
associated with significantly higher numbers of
segments in comparison with relatively more
basal clades (Fusco 2005).

9.3.2 Intraspecific Variation
in the Number of Segments

Intraspecific sex differences in segment numbers
are scattered across the arthropods. In some

species of polydesmidan millipedes, females
have two segments more than males, while the
situation is reversed in glomerid and sphaer-
otheriid millipedes, where males have two seg-
ments more than females (Enghoff et al. 1993).
Among branchiopods, females have one seg-
ment more than males in Laevicaudata (12 vs.
10) and Cyclestherida (16 vs. 15) (Westheide
and Rieger 2007). The most posterior abdominal
segments (post-abdomen) of several holome-
tabolous insect taxa are variably reduced in
number in the two sexes in relation to the
structures of the genitalia (CSIRO 1991). For
instance, males in Coleoptera generally have a
higher number of abdominal segments than
females (10 vs. 9).

In species with intra-sex variation in segment
number (see below), sex differences are apparent
as a phase shift between the distributions of
segment numbers of the two sexes. In the
Adesmata, one of the two major clades of geo-
philomorph centipedes, females generally have
two segments more than the conspecific males,
but in a few species, there is no sexual dimor-
phism and in other species, the phase shift is a
multiple of two (recalling that segment number
variation in centipedes is discrete, with a module
of two), up to 16 segments (Minelli and Borto-
letto 1988; Berto et al. 1997). An exception is
the oryid geophilomorph Orphnaeus heteropo-
dus, where, according to an old record, females
possess about twice as many trunk segments as
males (*120 vs. *60; Lawrence 1963). Con-
versely, in notostracans, it is usual for males to
have a few more trunk segments than the
females of the same species, but there are
exceptions (Linder 1952).

Within the same sex, intraspecific variation in
segment number can have different origins that
should not be confused. In species with epi-
morphic, hemianamorphic and teloanamorphic
development (see Chap. 5), where adults are
credited with a ‘developmentally targeted’ seg-
mental composition of the trunk, it is possible to
take apart static adult variation from ontogenetic
variation. However, in euanamorphic species,
the ‘open’ ontogenetic accumulation of new
segments, which often does not follow an
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Table 9.1 Adult tagmosis and segment numbers in extant Arthropoda (taxa are not necessarily monophyletic)

Taxon Tagmata with number of segments Notes References

Prosoma Opisthosoma

Pycnogonida 8 n.s. 1, 2 a

Xiphosura 7 10 3 b

Opiliones 7 9 4 b

Scorpiones 7 12 4, 5 a

Solifugae 7 11 4 b

Pseudoscorpiones 7 12 4 b

Palpigradi 7 11 4 b

Ricinulei 7 10 4, 6 a

Araneae 7 12 4, 7 b

Amblypygi 7 12 4 b

Thelyphonida 7 12 4, 8 b

Schizomida 7 12 4, 8 b

Gnathosoma Idiosoma

Acari Anactinotrichida 3 17 9, 10, 11 c

Acari Actinotrichida 3 14 9, 10, 12 c

Head Trunk

Chilopoda Scutigeromorpha 6 18 13, 14, 15 d

Chilopoda Lithobiomorpha 6 18 13, 14 d

Chilopoda Craterostigmomorpha 6 18 13, 14, 15 d

Chilopoda Scolopendromorpha 6 24–46 13, 14, 16 d

Chilopoda Geophilomorpha 6 30–194 13, 14, 15, 17 d

Symphyla 6 14 13, 15 e

Pauropoda 6 12 15, 18 f

Diplopoda Polyxenida 6 14–18 15, 18, 19 g

Diplopoda Glomeridesmida 6 36-37 15, 18, 20 h

Diplopoda Sphaerotheriida 6 $ 22, # 24 15, 18, 20 h

Diplopoda Glomerida 6 $ 18, # 20 15, 18, 20 h

Diplopoda Platydesmida 6 66–216 15, 18, 21, 22 i, j

Diplopoda Siphonophorida 6 68–380 15, 18, 19, 22 i

Diplopoda Polyzoniida 6 36–166 15, 18, 19, 22 j, k

Diplopoda Stemmiulida 6 66–104 15, 18, 21, 22 h

Diplopoda Callipodida 6 70–122 15, 18, 21, 23 h

Diplopoda Chordeumatida 6 46–58 15, 18, 21 h

Diplopoda Polydesmida 6 30–52 15, 18, 24 h

Diplopoda Julida 6 44–198 15, 18, 22, 24 h

Diplopoda Spirostreptida 6 32–182 15, 18, 23, 25 h

Diplopoda Spirobolida 6 57–151 15, 18, 23, 25 h

Ostracoda 6 unc. 26, 27 l

Remipedia 6 16–43 22, 26, 28 m

Tantulocarida 6 $ 6, # 7 26, 29 n

Branchiopoda Notostraca 6 25–44 26, 30 a

Branchiopoda Laevicaudata 6 $ 12, # 10 26 o

Branchiopoda Spinicaudata 6 16–32 26 o

Branchiopoda Cyclestherida 6 $ 16, # 15 26 o
(continued)
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Table 9.1 (continued)

Taxon Tagmata with number of segments Notes References

Head Thorax Abdomen

Branchiopoda Cladocera 6 4–6 n.s./unc. 26, 31 a

Branchiopoda Anostraca 6 11–19 8 26, 32, 33 p

Mystacocarida 6 5 5 26, 34 q

Ichthyostraca Branchiura 6 4 n.s. 26, 35 a

Ichthyostraca Pentastomida n.s. n.s. n.s. 36 a

Thecostraca Facetotecta – – – 37 a

Thecostraca Ascothoracida 6 6 4–5 26, 38 r

Thecostraca Acrothoracica 6 6 – 26, 39 a

Thecostraca Thoracica 6 6 n.s./unc. 26, 40 a

Thecostraca Rhizocephala n.s. n.s. n.s. 41 a

Copepoda 6 7 3 26, 42, 43 s

Cephalocarida 6 8 11 26, 44 p

Head Pereion Pleon

Malacostraca Phyllocarida 6 8 7 26 p

Malacostraca Eumalacostraca 6 8 6 26, 45 p

Head Thorax Abdomen

Collembola 6 3 6 46, 47 a

Protura 6 3 11 46, 48 a

Diplura 6 3 10 46, 49 a

Insecta 6 3 9–11 46, 49, 50, 51 t

Notes. These numbers should be taken with some caution, as (1) authors often disagree on interpreting body segmental
composition, (2) segmental mismatch can severely invalidate the meaning of the count, (3) variation at lower
taxonomic level can easily be overlooked and (4) some taxa are little known in this respect. The substantial list of
notes accompanying the table is a consequence of these facts. Variation referable to cases interpreted as ‘loss of
articulation’ between two or more contiguous segments (or sclerites), very common among several taxa across
the Arthropoda, is not accounted for here. Segment counts do not include the telson, where recognizable
n.s. non-segmented
unc. uncertain
1. Prosoma includes an ocular segment followed by 7 segments, respectively bearing chelifores, pedipalps, ovigers and
4 leg pairs
2. Some species with 5 or 6 leg-bearing segments
3. Prosoma includes an ocular segment followed by 6 segments, respectively bearing chelicerae and 5 leg pairs
4. Prosoma includes an ocular segment followed by 6 segments, respectively bearing chelicerae, pedipalps and 4 leg
pairs
5. Traditional interpretation of segmentation of the opisthosoma, comprising a mesosoma of 7 segments and a
metasoma of 5 segments, but other interpretations have been suggested (see Shultz 2007)
6. Traditional interpretation of segmentation of the opisthosoma, comprising a mesosoma of 7 segments and metasoma
of 3 segments, but other interpretations have been suggested (see Shultz 2007)
7. Putative primitive opisthosoma segment number, but in general segmentation is lost or segment number is reduced
(6–8 tergites and sternites in the opisthosoma in Mesothelae)
8. Opisthosoma comprising a mesosoma of 9 segments and a metasoma of 3 segments
9. Gnathosoma includes an ocular segment followed by two segments, respectively bearing chelicerae and pedipalps
10. Putative primitive hysterosoma segment number, but the actual number of segments is problematic for most taxa
due to extensive simplification or loss of segmental structures
11. A different scheme of tagmosis is also in use: prosoma (7 segments)/opisthosoma (13 segments)
12. Different schemes of tagmosis are also in use: prosoma (7 segments)/opisthosoma (10 segments) and proterosoma
(5 segments)/hysterosoma (12 segments)
13. Head includes 6 segments, generally termed ocular, antennal, intercalary, mandibular, first maxillary, second
maxillary
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Table 9.1 (continued)

14. Number of trunk segments is roughly calculated as #LBS ? 3 (one anterior trunk segment bearing a pair of
poisonous maxillipedes (forcipular segment) and two terminal apodous segments of the ano-genital region (telson
excluded), but the segmental composition of post-pedal trunk is uncertain)
15. Dorsoventral mismatch: the number of trunk segments is based on the number of ventral segmental units
16. 21, 23, 39 or 43 LBS
17. 27–191 LBS, odd values only
18. Head includes 6 segments, generally termed ocular, antennal, intercalary, mandibular, first maxillary (with
gnathochilarium), second maxillary (without appendages)
19. Number of trunk segments roughly calculated as 2(#T)-4 (the apodous collum and 3 tergites corresponding to one
LP each)
20. Number of trunk segments roughly calculated as #LP ? 1 (the apodous collum)
21. Number of trunk segments roughly calculated as 2(#PT)-4 (the apodous collum and 3 pleurotergites corresponding
to one LP each)
22. Euanamorphosis
23. Euanamorphosis in some taxa
24. Number of trunk segments roughly calculated as 2(#R)-4 (the apodous collum and 3 rings corresponding to one LP
each)
25. Number of trunk segments roughly calculated as 2(#R)-5 (the apodous collum and 4 rings corresponding to one LP
each)
26. Head includes 6 segments, generally termed ocular, first antennal, second antennal, mandibular, first maxillary,
second maxillary
27. Trunk generally non-segmented or with faint traces of segmentation; up to 11 segments recognizable in Podocopa,
up to 7 in Myodocopa
28. Trunk includes one anterior segment bearing a pair of maxillipedes (fused to the head)
29. Parthenogenetic females are ectoparasites with a non-segmented trunk
30. Dorsoventral mismatch: the number of trunk segments is based on the number of dorsal segmental units
31. Abdomen with 3 segments in Leptodora (Haplopoda)
32. Most species have 11 thoracic segments, while species in the family Polyartemiidae have 17 or 19
33. For some authors (e.g., Westheide & Rieger 2007), the border between thorax and abdomen is two segments more
posterior
34. For some authors (e.g., Huys 1991), the border between thorax and abdomen is two segments more posterior
35. Ectoparasites with partial loss of segmentation
36. Parasites with loss of segmentation
37. Adults unknown
38. Loss of segmentation in endoparasitic species
39. Abdomen absent
40. Sessile adults with partial loss of segmentation
41. Parasites with loss of segmentation as adults
42. Primitive condition, observable in most free-living species; trunk includes one anterior segment bearing a pair of
maxillipedes (fused to the head to form a cephalosome)
43. An alternative tagmatic subdivision of the trunk sees a division between metasoma (from thoracic segment II to V
or VI, depending on the subtaxa) and urosoma
44. For some authors (e.g., Olesen et al. 2011), the border between thorax and abdomen is one segment more posterior
45. Some species of Lophogastrida with 7 pleonites (telson excluded)
46. Head includes 6 segments, generally termed ocular, antennal, intercalary, mandibular, maxillary, labial
47. Telson present only in the embryo
48. A twelfth abdominal segment is interpreted as a telson
49. A telson is present only in the embryo, or in vestigial form in some taxa
50. In many taxa, the first 4–6 abdominal segments (depending on the taxon) are identified as preabdomen, which is
followed by a telescopically retractile post-abdomen; abdominal segments from VIII or IX (occasionally more
anteriorly) to the end of the abdomen form an ano-genital subtagma called terminalia
51. Fusions, reductions or loss of abdominal segments are not infrequent among the more anterior and the more
posterior segments of the tagma
References: (a) Westheide and Rieger (2007); (b) Shultz (2007); (c) van der Hammen (1989); (d) Minelli and Koch
(2011); (e) Szucsich and Scheller (2011); (f) Scheller (2011); (g) Nguyen Duy–Jacquemin et al. (2011); (h) Enghoff
et al. (1993); (i) Hoffman (1982); (j) Brolemann (1935); (k) Mauriès (1964); (l) Horne et al. (2005); (m) Koenemann
et al. (2006); (n) Huys et al. (1993); (o) Martin (1992); (p) McLaughlin (1980); (q) Brenneis and Richter (2010); (r)
Schram (1986); (s) Huys and Boxshall (1991); (t) CSIRO (1991)
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invariant scheme of addition, does not allow us
to completely disentangle variation in adult
segment number from variation in post-embry-
onic segmentation schedule. Although ranges of
variation are often reported in taxonomic liter-
ature, these are not directly comparable to those
in species with targeted segmentation and will
not be discussed further.

Within-sex intraspecific variation in the
number of trunk segments has evolved inde-
pendently several times within arthropods. In
chilopods, (1) at least three times within the
major geophilomorph clade Placodesmata
(93–101 LBS in Mecistocephalus microporus,
Bonato et al. 2003; 57–59 LBS in M. diversist-
ernus and 63–65 LBS in M. japonicus, Uliana
et al. 2007), (2) at the base of its sister clade
Adesmata, recorded in almost all of the 1,100 or
so species, with a range of variation between 2
LBS (e.g., Hyphydrophilus adisi, # 39–41, $

41–43, Pereira et al. 1994) to more than 80 LBS
(Himantarium gabrielis, # 87–171, $ 95–179
LBS, Simaiakis 2009) and (3) in the two sco-
lopendromorph sister species Scolopendropsis
bahiensis (21–23 LBS, Schileyko 2006) and S.
duplicata (39 or 43 LBS, Chagas et al. 2008).
Among non-euanamorphic Diplopoda, within-
sex intraspecific variation is recorded in (1) one
species of hemianamorphic Glomeridesmida
(19–20 T), (2) several teloanamorphic species of
Callipodida (range up to 3 PT), (3) several
species of hemianamorphic Spirostreptida
(range up to 18 R) and (4) several hemiana-
morphic species of Spirobolida (range up to 10
R) (Enghoff et al. 1993).

Within-sex intraspecific variation in the
number of trunk segments is recorded also in
notostracan crustaceans, both as the number of
trunk rings (e.g., Triops longicaudatus, # 38–44,
$ 34–43, Linder 1952), as well as the number of
ventral segmental units of the leg-bearing trunk.

9.3.3 Forms of Segmental Mismatch

Under the label of ‘segmental mismatch,’ one
could list any case of discordance between dif-
ferent segmental series within the same animal.

In general, however, the use of this term is
restricted to those cases where the mismatch is
between ‘comparable’ segmental structures, for
example, dorsal vs. ventral serial sclerites. Other
cases of mismatch, which for instance involve
discordance between segmental structures of the
internal anatomy and serial structures of
the exoskeleton, are discussed in Sects. 9.3.4
and 9.5.

A dorsoventral mismatch between sclerites in
the opisthosoma is very common among the
Opiliones, where the two series variably differ in
number and alignment in different taxa (van der
Hammen 1985; Fig. 9.1a). Most myriapods
exhibit some form of dorsoventral mismatch
along the trunk, the series of tergites failing to
match the two generally concordant series of
sternites and leg pairs (reviewed in Fusco 2005).
In symphylans, there are more tergites than
sternites (15, 17, 21 or 24 vs. 14, depending on
the species, Fig. 9.1b), the same in crater-
ostigmomorph (21 vs. 15) and geophilomorph
centipedes (in the latter, the number of tergites is
twice that of leg pairs). On the contrary, in
scutigeromorph centipedes, the number of leg-
bearing trunk tergites is smaller than the number
of sternites (8 vs.15), as in the trunk of tetra-
merocerate pauropods (6, 9, or 10 vs. 12,
depending on species, Fig. 9.1c). In millipedes,
for most of the trunk, there are two leg pairs for
each tergal plate, but the first post-cephalic ter-
gite apparently does not correspond to any
ventral structure and the following three (in the
Spirobolida, four) tergal plates correspond to
one leg pair each. Moreover, in most millipedes
with ‘free sternites,’ that is, sternites that are not
fused to pleural and dorsal sclerites to form
exoskeletal rings, the correlation between ster-
nite and tergite numbers does not follow any
consistent rule, so that the number of dorsal
sclerites is not predictive of the number of
ventral segmental units, and vice versa (Enghoff
et al. 1993).

In notostracans, dorsal and ventral structures
of the posterior part of the trunk (also called
abdomen, from the twelfth trunk segment on)
present marked differences in periodicity, length
of the series and post-embryonic segmentation
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schedule (Linder 1952; Minelli and Fusco 2004).
The series of leg pairs and the series of skeletal
rings are quite independent of each other. The
series of legs is shorter than the series of rings,
and there is no strict correlation between the
cardinality of the two series. The series of legs
can end posteriorly at any place within the lon-
gitudinal extent of a given body ring, and a
given pair of legs in the posterior part of the leg
series can be found under a different ring in
different individuals of the same population.
Longitudinal dorsal and lateral muscles have the
same periodicity as the rings, whereas ventral
longitudinal muscles have the same periodicity
as leg pairs.

In the posterior body segments (genital
region) of many hexapod orders, it is not
uncommon that during embryonic or post-
embryonic development, some body segments
apparently disappear, at least from the dorsal (or
ventral) aspect (Minelli 2003). Remarkably, in
the entomobryomorph Collembola, it is the
dorsal sclerite of the first thoracic segment
(pronotum) which disappears completely during
embryonic development, so that the first dorsal
sclerite behind the head is the mesonotum
(Matsuda 1979).

Traditional descriptions tend to interpret
these discordances with the occurrence of fusion,
splitting or loss of segmental elements (espe-
cially, sclerites) putatively belonging to primi-
tive segmental units (modules), each
characterized by a full allocation of segmental
elements: one tergite, one sternite, one pair of
appendages, etc. Not only is this not always
possible, for example, in the more radical cases
of mismatch in millipedes described above, but
in general, the search for a primitive (in evolu-
tion) or an early (in development) correspon-
dence between elements of discordant segmental
series can be of limited meaning because of the
ways different segmental series in the same
animal develop and potentially evolve (Fusco
2008). For instance, expression studies of seg-
mentation genes in the pill millipede Glomeris
showed that dorsal and ventral serial structures
are independently established in the embryo, and
that the A-P boundaries of the prospective dorsal

sclerites do not correlate with the A-P bound-
aries of the anlagen of either ventral or dorsal
structures (Janssen et al. 2004). Expression pat-
terns of segmentation genes in the prospective
ventral and dorsal tissues are different as well
(Janssen et al. 2008). Regrettably, nothing is
known about the expression of segmentation
genes during millipede anamorphosis (see
Chap. 5), when the majority of segmental ele-
ments is formed.

A concept of segmentation independent from
the concept of segment also helps to account for
other forms of mismatch, in particular those that
do not involve any difference in the number of
segmental elements between discordant seg-
mental series. For instance, in many tanaid and
isopod crustaceans, the series of legs displays a
different period with respect to both dorsal and
ventral trunk sclerites. Leg insertion is relatively
anterior with respect to the corresponding trunk
sclerites in the more anterior elements of the
series, but shifts progressively more posteriorly
with respect to the trunk sclerites toward the
posterior part of the trunk (Fig. 9.1d). More
extreme shifts between segmental elements
belonging to different series are possible, as in
the case of sphecid wasps of the genus Ammo-
phila, where the long peduncle of the usual wasp
waist is formed entirely by the second segment
of the abdomen, despite the fact that it seems to
comprise two segmental units, rather than one.
This is because the dorsal and ventral sclerites of
this segment are longitudinally displaced in such
a way that the anterior part of the peduncle is
formed by the sternite only, closed along the
dorsal midline, while the posterior part is formed
by the tergite only, closed along the ventral
midline (Fig. 9.1e). Another example of marked
reciprocal sliding of segmental elements is pro-
vided by the thorax of dragonflies, where the two
wing-bearing segments (meso- and metathorax)
are strongly associated to form a complex called
the pterothorax. Tergites of these two segments
are quite small and do not extend over the whole
dorsal surface of the pterothorax. Instead, the
anterior half of this complex is occupied dorsally
by the pleurites of the mesothorax, which make
contact along the midline. In this way, the dorsal
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sclerite of the first thoracic segment (pronotum)
is widely separated from the corresponding
mesothoracic sclerite (Minelli 2003) (Fig. 9.1f).

9.3.4 Periodic Patterns

Body patterns in segmented animals can be
independent of any segmental arrangement of
the structures over which they extend. However,
it is quite common to observe that the segmental
framework of a given structure provides the

basis for a concordant segmental pattern. For
instance, different kinds of ‘minor order’ struc-
tures (e.g., microsculptures) or colour patterns
often show a periodic pattern along the trunk
which is in register with the segmental series of
sclerites or legs on which they develop.

In arthropods, beyond these widespread
forms of body pattern, there are also less com-
mon cases of structures and processes that show
forms of periodic pattern with a less strict con-
nection to segmental organization.

Fig. 9.1 Forms of segmental mismatch. a In harvestmen
(here Paroligolophus agrestis, side view, legs cut), the
series of dorsal (light gray) and ventral sclerites of the
opisthosoma differ in number and alignment (redrawn
from van der Hammen 1985); b in symphylans (here
Symphylella sp., dorsal view), there are more trunk
tergites (17 in this species, light gray) than ventral
segmental units (12, of which 11 leg bearing in this
species; redrawn from Scheller and Adis 2002); c in
tetramerocerate pauropods (here Pauropus amicus, dor-
sal view), the number of trunk tergites (6 in this species,
light gray) is smaller than the number of ventral
segmental units (12, of which 9 leg bearing in this
species; redrawn from Harrison 1914); d in many tanaid
crustaceans (here Paranarthrura tenuimanus, female,
side view), the series of legs (light gray) displays a
different period with respect to both dorsal and ventral

sclerites, as apparent by the variable position of leg
insertions with respect to the corresponding trunk
sclerites along the pereion (redrawn from Larsen 2005);
e in some sphecid wasps (here Ammophila sabulosa, side
view of the waist, tergites in light gray, abdominal
segments with Roman numbers), the long peduncle is
entirely formed by the second segment of the abdomen:
the anterior part of the peduncle is formed by the sternite,
closed along the dorsal midline, while the posterior part
is formed by the tergite closed along the ventral midline
(redrawn from Minelli 2003); f in dragonflies (here
Acanthaeschna parvistigma, dorsal view of the anterior
trunk, thoracic tergites in light gray), the tergite of the
first thoracic segment is widely separated from the
corresponding mesothoracic sclerites by the conspicuous
pleurites of the mesothorax which make contact along the
midline (redrawn from Watson and O’Farrell 1991)

9 Arthropod Segmentation and Tagmosis 209



In the leg-bearing trunk of lithobiomorph and
scolopendromorph centipedes, segments with
long and with short tergites alternate until seg-
ment VII, which has a long tergite but is fol-
lowed by segment VIII also with a long tergite,
after which alternation resumes until the end of
the leg-bearing trunk. This irregularity in an
otherwise periodic pattern (known as the VII–
VIII discontinuity) is mimicked by the tracheal
system, whose openings (spiracles) are generally
present on segments with long tergites only, to
the exclusion of segments I and VII. However,
there are exceptions. In Henicopini litho-
biomorphs, there is a pair of spiracles also on
LBS I; and in a few other lithobiomorph species,
some spiracle pairs are lacking (up to four, out
of the normal six pairs) (Hilken et al. 2011). In
some or all species of eight scolopendromorph
genera, indicative of at least four independent
origins, there is also a pair of spiracles on LBS
VII, and in the scolopendromorph Plutonium
zwierleini spiracles are present from the second
to the penultimate leg-bearing trunk segment
(II–XX) (Bonato et al. 2011). Among the Hex-
apoda, in japygid diplurans, the three-segment
thorax bears four pairs of spiracles (the extra
pair is in the metathorax).

Most scolopendromorphs are more or less
uniform in colour along the trunk (segmental
organization ignored). However, (1) some spe-
cies (e.g., Scolopendra heros) display different
colours in different portions of the body (regio-
nal pattern), (2) other species (e.g., S.cingulata)
have colour bands in each segment, in a specific
position on a given sclerite (segmental pattern)
and (3) S. hardwickei shows alternation between
red-coloured segments (those with a long ter-
gite) and melanic segments (those with a short
tergite) which respects the VII–VIII anomaly
and is concordant with the segmental distribu-
tion of spiracles (non-segmental periodic pat-
tern; Fig. 9.2a).

Similar periodic patterns are observed in
polydesmidan millipedes, whose trunk counts 19
rings in the adults of most species. Although in
one species (Prosopodesmus panporus) the
openings of the repugnatory glands, the

ozopores, are present on all rings from V to the
last one (a ‘diplosegmental’ pattern, as in all
Helminthomorpha to the exclusion of Chordeu-
matida), in most species the ozopores are present
only on rings V, VII, IX, X, XII, XIII, XV–XIX.
This pattern with 11 pairs of ozopores is possi-
bly the primitive condition for the Polydesmida,
from which more derived conditions, with either
loss or gain of ozopore pairs, have evolved
(Hoffman 2005). Interestingly, the rings without
ozopores are those that represent the most pos-
terior ring in each batch of rings (when this is
not composed of one ring only) added at each
moult during anamorphosis. In some species, the
ozopore pattern is correlated to cuticle colour
pattern in rings V–XIX. In Polydesmus collaris,
the lateral tergal expansions (paranota) of body
rings which do not carry ozopores are markedly
yellow in contrast to the dark background
(Fig. 9.2b), while in Prepodesmus ornatus con-
trasting light spots are found instead on the
paranota of the body rings with ozopores
(Enghoff 2011).

Cases of ‘trans-segmental colour patterning,’
again possibly related to anamorphic develop-
ment, have been recorded in other millipedes.
For instance, in the ‘var. sexfasciatus’ of the
spirobolid Centrobolus vastus, there are six
transverse black bands on a bright red back-
ground, each transverse band covering two
successive body rings, formed in connection
with anamorphic moults and extending over the
first two of the newly formed leg-bearing body
rings (Fig. 9.2c) (Enghoff 2011). As in the case
of the two polydesmidans, a periodicity in space
(the main body axis) is related to a periodicity in
developmental time (the periodic addition of
segments during anamorphosis). Such an accre-
tive-growth-related colour pattern is analogous
to those observable in the shells of many mol-
lusks, where colour patterns depend on local
dynamics in the mantle along the growing
margin of the shell itself (Meinhardt 1994).
However, there are also cases of trans-segmental
colour patterning in millipedes where this
explanation probably does not apply (Enghoff
2011).
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9.3.5 Homology of Segments

There is no single answer to the question of
whether it is possible to homologize trunk seg-
ments with the same ordinal post-cephalic
position in series that exhibit different numbers
of elements. When a segmental framework is
used as a grid for evaluating positional homol-
ogy, conflicts with special homology can easily
emerge.

If serial homology between segments can to
some extent apply both within the same indi-
vidual and between individuals of distantly
related species (although a more accurate state-
ment would be to consider the elements of

specific serial structures, rather than those of the
‘series of segments’), the precise identity of a
given segment, qualified as the ith of a seg-
mental series, in general does not go beyond the
limits of a restricted clade, and is lost completely
in the case of species with intraspecific variation
in segment numbers. For instance, special
homology of the terminal genital segments of
centipedes is not in question, despite the fact that
these can be separated from the last cephalic
segment by a number of trunk segments varying
between 16 and 192. On the other hand, treating
the long segmental series of leg-bearing
segments as a variable partition of a homolo-
gous domain cannot apply either, since in

Fig. 9.2 Periodic patterns with non-segmental periodic-
ity. a In Scolopendra hardwickei, red-coloured segments
(those with a long tergite) alternate with melanic
segments (those with a short tergite) while still respecting
the VII-VIII anomaly mentioned in the text (courtesy
Damien Teo); b in Polydesmus collaris, the paranota of
body rings IV, VI, VIII, XI and XIV (rings which do not

carry ozopores) are yellow in contrast to the brown
background (courtesy Dragiša Savić); c in the ‘var.
sexfasciatus’ of Centrobolus vastus, there are six trans-
verse black bands on a bright red background, formed in
connection with posterior segment addition throughout
the anamorphic phase of development (courtesy Guido
Coza)
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lithobiomorph and scolopendromorph centi-
pedes, the VII–VIII discontinuity has the same
segmental position irrespective of the length of
the series of leg-bearing trunk segments (15–43).
Restricting homology assessment to the seg-
ments of a limited part of the trunk, as a tagma,
cannot provide a general solution to the problem
also because this excludes the possibility of an
evolutionary change through variation in the
expression domain of the determinants of the
key features that characterize the morphological
and/or functional specificity of the given body
region.

Homology needs to be evaluated case by
case, clarifying the kind of relationship to be
assessed (e.g., positional vs. special homology)
and possibly adopting a combinatorial concept
of homology, where the relationship is not of the
all-or-nothing kind, but one that can account for
more complex developmental and evolutionary
correlations between the structures under scru-
tiny (Minelli 1998; Minelli and Fusco in press).

9.4 The Space of Variation
of Arthropod Tagmosis

Recalling the multifaceted (or vague) nature of the
concept of tagma, we will develop our discussion
starting from a classical view (Table 9.1).

9.4.1 Delimitation of Tagmata

Although used to encapsulate the main features
that characterize body architecture, the tagmata
of a given animal often have boundaries whose
positions are somehow disputable, depending on
the definition of tagma adopted and on the
interpretation of the body structures present in
proximity to the putative boundaries themselves,
in the context of the animal life history, mor-
phology, development and evolution.

Conflicting delimitations of tagmata are often
associated with the distinction between head and
trunk (or the most anterior trunk tagma, for
example, thorax, or pereion, if more post-cephalic
tagmata are recognized). This is the case for the

numerous arthropods where one or more pairs of
appendages, belonging to segments posterior to
those that bear the conventional mouthparts, are
morphologically and functionally transformed
into feeding tools (maxillipedes). Such are the
poisonous fangs of centipedes, the toothed rap-
torial appendages of mantids, mantispid neur-
opterans and mantid shrimps used to capture
prey, or the simpler maxilla-like appendages of
many crustaceans, used to select, clean, tear apart
or otherwise manipulate the food. Thus, from the
point of view of the specialization of the
appendages, one could say that the head of these
arthropods comprises one or a few additional
segments compared with their relatives that lack
maxillipedes.

Segments with maxillipedes may retain their
original articulations, as for instance, the for-
cipular segment of centipedes and the prothorax
of mantids. In many crustaceans, however, the
integration into the cephalic tagma of one or
more segments with maxillipedes is much more
pronounced, and a ‘pseudotagma’ called ceph-
alothorax is often recognized. For instance, in
isopods, there is a single-dorsal sclerite corre-
sponding to the cephalic shield plus the tergite of
the maxillipede-bearing segment. In some
groups (e.g., Mystacocarida), the term thoraco-
abdomen is used to indicate the portion of the
trunk posterior to the segment with the pair of
maxillipedes. On the other hand, the incorpora-
tion of post-cephalic segments in the head does
not necessarily require a functional integration
of their appendages with the mouthparts. For
instance, in the leptostracans, the first thoracic
segment is fused to the cephalon, but its
appendages do not differ from the other thoracic
appendages. This is also the case for copepods,
where the anterior region that includes the first
thoracic segment is called cephalosoma, while
the term cephalothorax is used when additional
leg-bearing thoracic segments are incorporated
in the most anterior region of the body (Huys
and Boxshall 1991). In the euphausiaceans, there
is a cephalothorax comprising the head and all
eight segments of the pereion (as in crabs, lob-
sters and shrimps) but none of these segments
bears food-processing maxillipedes.
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Conflicting delimitations of tagmata can
occur also at the boundary between two post-
cephalic regions, thorax vs. abdomen, or pereion
vs. pleon. Traditional descriptions assign a fixed
number of segments to non-terminal tagmata
(prosoma, head or head ? thorax/pereion) at the
level of the four classes of traditional classifi-
cation, but for the crustaceans, where segmental
composition of the middle tagma, thorax or
pereion, can vary between different subgroups
(e.g., 7 in mystacocarids, 8 in malacostracans, 9
in cephalocarids). Within each of these taxa,
segments of one tagma which are lost to become
incorporated into the adjacent tagma are quali-
fied as ‘migrants’ that can contribute to func-
tional units, or pseudotagmata, without
invalidating the original ‘true’ regionalization.
This is, for instance, the situation of the afore-
mentioned mesosoma of wasps. Another is
provided by the last pereion segment of gnathiid
isopods that is limb-less and functionally asso-
ciated to the adjoining pleon.

9.4.2 Dorsoventral Mismatch Between
Tagmata

It is quite common that dorsal and ventral
aspects of the same animal suggest a different
tagmosis, that is, that domains of functional and/
or morphological integration of dorsal structures
do not correspond to those one would recognize
on the ventral side.

Integration of dorsal segmental units often
takes the form of a lack of articulation between
contiguous segments. Depending on taxon-spe-
cific tradition, such a ‘compound sclerite’ is
variably named shield, plate or carapace,
although in crustaceans—but not in chelicer-
ates—the latter term tends to be restricted to the
cases where a marginal fold is present, which
covers the exoskeleton of flanking, either ante-
rior, pleural or posterior, structures (for the
debate about the crustacean carapace, see for
example, Newman and Knight 1984; Dahl 1991;
Olesen in press). However, the borders of these
dorsal structures, that can also extend to the
pleural area, do not necessarily match with the

borders of integrated sets of ventral structures,
such as the appendages. This is a very common
feature of arthropod body organization and a few
examples will suffice to illustrate the point.

Limulus has only two dorsal articulations, one
in the middle of the second segment of the
opisthosoma and one in front of the telson, while
the border between leg-like and plate-like
appendages marks the boundary between pro-
soma and opisthosoma. In Solifugae, Palpigradi
and Schizomida, the posterior border of the most
anterior dorsal sclerite of the prosoma, the pro-
peltidium, corresponds to a location within the
homonomous series of legs. In several mites,
there is only one dorsal sclerite for the whole
body. In pill millipedes (Glomerida), the anterior
border of the terminal dorsal sclerite, the anal
shield, corresponds to a ventral position among
the last leg pairs. In the females of some gnathiid
isopods (Fig. 9.3a), a single dorsal sclerite
extends over the leg-bearing pereion segments
V–VII, while the leg-bearing pereion segments
III–IV are fully articulated.

Beyond non-coincident dorsal and ventral
boundaries, another kind of mismatch between
dorsal and ventral body organization is found
when a homonomous segmental series on one
side is associated with more or less heterono-
mous segmental structures on the other side. For
instance, in gammarid amphipods, the relatively
homonomous series of pereion tergites contrasts
with the serially diversified series of appendages
(pereiopods, Fig. 9.3b). Another example, but
with inverted roles for the ventral and dorsal
sides, is provided by the leg-bearing trunk of
lithobiomorph centipedes, where the alternation
of long and short tergites, accompanied by
alternating presence/absence of lateral spiracles
(see Sect. 9.3.4), has no equivalent in the
homonomous series of sternites and leg pairs.

9.4.3 Homology of Tagmata

Terms such as ‘head,’ ‘thorax’ and ‘abdomen’
are used for the body regions of the most diverse
animals, from vertebrates to polychaetes to
arthropods. Although tracing homologies
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between body regions across the whole of Bi-
lateria seems to be a hopeless enterprise,
homology of tagmata at the level of lower rank
taxa is generally more or less tacitly assumed.
This is the case of arthropods in textbooks,
where tagmata are implicitly considered
homologous at least within each of the classes of
the traditional classification. However, as it is
often the case with homology arguments, things
are not as simple as description-aimed idealiza-
tions would suggest. The crustacean trunk will
illustrate the point.

In most crustaceans, three main body regions
are recognized: a head and two post-cephalic
tagmata. However, in malacostracans, both post-
cephalic regions are typically provided with
appendages, while in most non-malacostracan
crustaceans, appendages are present in the most
anterior post-cephalic region only. The latter
condition has been traditionally regarded as
equivalent to that of the Hexapoda, which have a
three-segment leg-bearing thorax and a nearly
appendage-less abdomen. Accordingly, the two
terms used for the two post-cephalic tagmata of
the hexapods, ‘thorax’ and ‘abdomen,’ are also
used for most non-malacostracan crustaceans,
like copepods, cephalocarids, mystacocarids and
others, but not for the malacostracans, where the
two post-cephalic regions are termed instead

‘pereion’ and ‘pleon.’ According to some
authors (e.g., Lauterbach 1975; Walossek and
Müller 1997; Schram and Koenemann 2004), the
whole trunk of the malacostracans, pereion and
pleon together, would be homologous to the
thorax of the other crustaceans, and the primitive
abdomen would have disappeared or nearly so.

Beyond morphology (presence of append-
ages), arguments in favor of this hypothesis have
been based on a different kind of evidence.
Comparing post-cephalic Hox genes expression
patterns in malacostracans and non-malacostra-
cans, it appears that in Artemia franciscana (a
non-malacostracan, branchiopod crustacean),
the genes Antennapedia, Ultrabithorax and
abdominal-A are expressed in largely overlap-
ping domains in the thorax, which is followed by
two genital segments expressing Abdominal-
B (Averof and Akam 1995), while in malacos-
tracans like Procambarus clarkii and Porcellio
scaber (and in insects), the less extensively
overlapping expression domains of the same
genes specify distinct segment types over most
of the trunk (Abzhanov and Kaufman 2000a, b).
Thus, the thorax of Artemia, whose body orga-
nization is regarded as an example of a more
primitive condition, would correspond to the
entirety of the pregenital segments of the mala-
costracan pereion and pleon, or the insect thorax
and abdomen. In this scenario, the leg-bearing
insect thorax would not correspond to the leg-
bearing anostracan thorax either. Schram and
Koeneman (2004) arrive at defining a crustacean
abdomen as a posterior region which (1) lacks
limbs, (2) is posterior to the expression domain
of Abdominal-B and (3) does not express Hox
genes. However, other authors (e.g., Angelini
and Kaufman 2005) have cast doubts on the
reliability of patterns of Hox genes expression as
providing a ‘molecular definition of tagmata.’
There are many instances where domains of Hox
gene expression cross tagmatic boundaries, often
at later stages of development, when they mod-
ify the fate of individual segments within a
tagma (Angelini and Kaufman 2005). Also, gene
expression studies across the Arthropoda have
shown that variation in individual Hox gene
domains is not the only way trunk tagmosis can

Fig. 9.3 Forms of tagmatic mismatch. a In the females
of some gnathiid isopods (here Gnathia dentata, redrawn
from Kaestner 1970), a single-dorsal sclerite (light gray)
extends over a subset of the pereion segments; b in many
gammarid amphipods, the homonomous segmental series
of pereion tergites is associated with a heteronomous
series of appendages (pereiopods in light gray; redrawn
from McLaughlin 1980)
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evolve, as conspicuous transformations of body
organization can also result through changes in
the downstream target genes, for instance via
modifications of the regulatory regions of the
latter (Carroll et al. 2005).

Deutsch and Mouchel-Vielh (2003) sug-
gested that the proper definition of an abdomen
depends not only on the absence of limbs, but
also on the absence of local ventral nerve cord
ganglia, in consideration of the fact that the
abdominal segments of non-malacostracan
crustaceans with a limbless abdomen, for
example, copepods and anostracans, are inner-
vated from ganglionic masses localized in the
immediately anterior region. Brenneis and
Richter (2010) cast doubt on this criterion as an
infallible guide to homologize body regions
across crustacean taxa, as, for instance, in mys-
tacocarids, the posterior end of the series of
appendages (post-cephalic segment V) does not
coincide with the posterior end of the series of
ventral nerve cord ganglia (post-cephalic seg-
ment VIII).

It is generally assumed that two body regions
in two different animals can be homologous
irrespective of the number of segments of which
they are composed, if this is not the result of an
evident ‘migration’ from flanking regions. But
what should be expected for the segmental pat-
terns within each tagma? Are they based on a
‘grid’ of absolute segmental positions within the
tagma, or on a grid of relative segmental positions
within the tagma? To undermine even the possi-
bility of a general answer to this question, con-
flicting evidence emerges from the leg-bearing
trunk of two sister taxa of centipedes, the geo-
philomorphs and the scolopendromorphs. In the
geophilomorph Clinopodes flavidus, comparing
the segmental trend of metric traits on tergites and
sternites along the trunk between specimens with
different numbers of trunk segments, it appears
that the segmental pattern is largely independent
of the number of segments on which it develops
(Berto et al. 1997; Fusco and Minelli 2000).
Features of the segmental pattern appear not to be
based the absolute ordinal position of a given
trunk segment but rather to depend on its relative
position within the trunk. In contrast, as

mentioned above, in scolopendromorphs, the VII-
VIII discontinuity always has the same absolute
position within the leg-bearing trunk, despite
variation in the total number of leg-bearing seg-
ments (21, 23, 39 or 43).

An argument in favor of an actual identity of
tagmata, irrespective of the number of segments
on which they develop, is the higher evolvability
of the segments at the extremities of the series
forming a given tagma. Indeed, one of the
‘general laws of arthropod metamerism’ for-
mulated by Lankester (1902) states that the most
anterior and most posterior segments of a tagma
are particularly liable to regressive evolution.
This rule appears as a special case of a more
general principle formulated by Bateson (1894),
according to which taxonomic variation among
the elements of a serial structure, not necessarily
the segments of an arthropod tagma, is very
often concentrated at one extremity of the series,
or both. This is often true of the most anterior
abdominal segments of insects, of the most
anterior opisthosomal segments of arachnids
and, in general, of the most posterior segments
of the arthropod trunk. It is not uncommon for
the regressive transformations of terminal seg-
mental elements (e.g., sclerites) to occur differ-
entially on the dorsal and ventral sides.

As in the case of segments (see Sect. 9.3.5),
the question of homology of tagmata finds a
more suitable setting for investigation and dis-
cussion by adopting a concept of homology that
is not of the all-or-nothing kind, but instead
proceeds through a factorial disentangling of the
diverse pathways of evolutionary change
involved in different body structures of the same
animal (Minelli 1998; Minelli and Fusco in
press).

9.5 Limits to Segmental
and Tagmatic Organization

Segmentation and tagmosis can account for
arthropod body architecture only up to a point.
The archetypical model of a trunk formed by a
series of body modules that despite
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specialization preserve a common structure is
observable only in a few trunk portions of a few
arthropod subtaxa. There are indeed many dif-
ferent ways in which this scheme is subverted.

Limits to segmentation and tagmosis are both
very common, so much as to paradoxically risk
being overlooked, and very diverse, so that a
complete list or a detailed classification is
beyond the scope of this chapter. Instead, we
propose to sort them here on the basis of two
coarse-grain qualities: pervasivity, which applies
to both segmentation and tagmosis, and exten-
sion of segmental domain. These two qualities
are not completely independent of each other,
and although defined in a way to reduce overlap
with segmental and tagmatic mismatches, they
are to some extent related to them. These qual-
ities apply independently to specific body
domains or body structures, rather than to the
whole body, although similar qualities of dif-
ferent body domains can contribute to the gen-
eral appearance (more or less clearly segmented,
more or less clearly regionalized) of the body.

9.5.1 Pervasivity of Segmentation

Segmental pervasivity is how much of the
anatomy of a given domain of the body, not
necessarily coincident with a tagma, presents
segmental organization, irrespective of whether
the different segmental structures are in register
or not.

At one extreme of a continuum of morpho-
logical expression, there is the leg-bearing trunk
of geophilomorph centipedes, with the segmen-
tal series of tergites, sternites, pleurites, legs,
tracheae, ostia, ganglia, body wall and locomo-
tory muscles (Fig. 9.4a). On the other extreme,
there is the almost unpatterned opisthosoma of
pycnogonids, or the trunk of many parasitic
arthropods (Fig. 9.4b). Obviously, this scale
captures only a very superficial aspect of the
question, as each potential segmental series can
be present or absent, well developed or reduced,
independent of other series. In the males of
the hymenopteran families Orussidae and
Stephanidae, the number of abdominal spiracles

is reduced to one functional pair, located in the
most anterior segment (Vilhelmsen 2003), while
in the same region, the central nervous system is
formed by nine distinct ganglia. In contrast, the
abdominal tracheal system is well developed in
most Muscoidea dipterans, while all ventral
ganglia (both thoracic and abdominal) are fused
into a single mass (synganglion; Yeates et al.
2002).

Concentration of the central nervous system
into a number of gangliar masses smaller than
the number of the credited segmental units is
very common, although the segmental organi-
zation is in general maintained at the level of
lateral nerves, and it could be hardly otherwise if
the structures that are innervated are segmental.
For instance, Yeates et al. (2002) identify six
different patterns of thoracic (T) and abdominal
(A) ganglion fusion in dipterans, most of which
have evolved several times independently: (1)
fusion of T1 ? T2 (some Nemestrinidae and
Asiloidea), (2) fusion of T3 ? A1 (some
Nemestrinidae and Asiloidea), (3) fusion of
T1 ? T2 and T3 ? A1 (some Xylophagomor-
pha, Stratiomyomorpha, Tabanomorpha and
Cyclorrhapha), (4) anterior incorporation of
neuromeres in one-terminal abdominal ganglion
(some Eremoneura), (5) fusion of anterior
abdominal neuromeres (some Cyclorrhapha) and
(6) complete fusion of thoracic and abdominal
neuromeres into a synganglion (evolved at least
four times in the Eremoneura).

In the idealized concept of an arthropod
ancestor with a ‘perfectly’ segmented body, the
dominant evolutionary trend cannot be other than
one of decreasing pervasivity with time. However,
this is not necessarily so. For instance, certain
derived aspects of segmentation have evolved
independently, such as the paired gut diverticula
in pycnogonids (where these diverticula project
into the appendages), pseudoscorpions, acari,
amblypygi and schizomids. Also, ‘secondary
segmentation,’ in the form of body wall annula-
tions independent of ‘true’ segmentation, has
evolved in a few taxa, as for instance in pentas-
tomids and in demodicid and eriophyid mites.
Finally, the possibility of the evolutionary regain-
ing of pleon segmentation in caprogammarid
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amphipods, after the reduction in size and seg-
mentation at the basis of the more inclusive
crown-group clade Caprellidea, has recently
found some empirical support (Ito et al. 2011).

9.5.2 Segmental Domain

Segmental domain is the extent of a given seg-
mental series within one or more tagmata. Seg-
mental series of different body features can have
different A-P domains of extent along the post-
cephalic region. This is a very common and
widespread situation. The most obvious case is
the series of trunk appendages, that often extend
over a limited portion of the post-cephalic
region, either anterior (e.g., many crustaceans
and all chelicerates and hexapods), or interme-
diate, with anterior and posterior appendage-less
segments (e.g., symphylans and pauropods). But

virtually all serial structures can extend over a
limited A-P segmental domain, and examples
can be found in all main arthropod taxa. To cite
only a few examples involving the respiratory
system: scorpion book lungs are only on opis-
thosoma segments III to VI, spiracles of geo-
philomorph centipedes are only present from the
second leg-bearing segment to the penultimate
one, there are no more than five pairs of pleu-
robranchs (side gills) in the pereion of decapod
crustaceans and syrphid dipterans have only two
pairs of spiracles, both of which are on the
thorax and none on the abdomen.

9.5.3 Pervasivity of Tagmosis

Tagmatic pervasivity is the level of integration
of the segmental elements of a given tagma.
Structural and/or functional homogeneity of the

Fig. 9.4 Segmental and tagmatic pervasivity. a High
degree of segmental pervasivity in the leg-bearing trunk
of a geophilomorph centipede (here, Haplophilus sub-
terraneus, side view, legs cut; redrawn from Manton
1965); b low segmental pervasivity in the periodically
unpatterned body of a parasitic copepod (here, Lernae-
ocera branchialis, female, redrawn from Kabata 1979);

c high degree of tagmatic pervasivity in the morpholog-
ically highly integrated thorax of a tipulid dipteran (side
view, legs and wing cut; h, halter; redrawn from Colless
and McAlpine 1991); d low degree of tagmatic perva-
sivity in a stomatopod pereion with multifunctional
appendages (pereiopods in light gray; redrawn from
Westheide and Rieger 2007)
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segmental structures (e.g., appendages) and
mechanical interlocking of structures within the
tagma plus marked differentiation from flanking
regions are all in accord to give a highly per-
vasive meaning to tagma identity. This is for
instance the case of the thorax of many pterygote
insects, especially in relation to flight perfor-
mance (Fig. 9.4c). Otherwise, regional mis-
match of different segmental series and/or low
degrees of functional integration between seg-
mental elements can almost nullify the signifi-
cance of a given tagma, beyond its traditional
designation. The latter is the case, for instance,
of the stomatopod pereion, with the first pair of
appendages used for cleaning, the second pair
with raptorial function, followed by three pairs
of chelate appendages for food manipulation and
finally by three pairs of walking legs (Fig. 9.4d).
Also the functional heterogeneity of segmental
structures can somehow downgrade the signifi-
cance of a tagma. This is true, for instance, of
the thorax of dragonflies, mantids and beetles,
where the prothorax is morphologically and
functionally very divergent from the other two
segments, and of the abdomen of many holo-
metabolous insects, where the most anterior
segments form a more or less globular subregion
(preabdomen), while the most posterior tubular
ano-genital subtagma (the terminalia complex)
is telescopically retracted within the more ante-
rior section of the abdomen at rest, to be evag-
inated during insemination or oviposition.

9.6 Final Remarks

As any zoologist knows, the actual body orga-
nization of arthropods is quite different from the
archetypical model of a series of segmental
modules organized in specialized groups that
form the tagmata. The obviousness of this
observation, however, can make it easy to over-
look, to the point that idealized conceptions can
subliminally creep into current investigations.

Segments, as modular partitions of the main
body axis, are not inescapable products of the
segmental organization of many different mor-
phological structures, and tagmata are not
unavoidable products of regional specializations
of segmental structures. Segments and tagmata
are to some extent epiphenomenal, emerging
when particular, although not infrequent, con-
ditions for segmentation and serial specialization
are met. For instance, in cases of periodic con-
cordance between several segmental structures
(e.g., the series of leg pairs, tergites, sternites,
spiracles, neuromers), the body can quite real-
istically be described as comprised of a certain
number of segments, that is, modular partitions
of the main body axis (Minelli and Fusco 2004).
Otherwise, when many different segmental
structures show discordant arrangement,
segment delimitation and count should be
acknowledged as at least arbitrary, if not ques-
tionably meaningful.

Segments and tagmata certainly have a fun-
damental role in descriptions and comparisons,
but their value as developmental units or units of
evolutionary change should not be uncritically
assumed. With some attention, it is possible to
exploit the undisputable descriptive value of
segments and tagmata without falling in the trap
of envisaging constraints to arthropod pheno-
typic evolution based on the limits posed by the
evolution of these modules. In such a case, a
morphological description of body units would
be mistaken for a sort of ‘internal description’
(e.g., Lawrence 1992) of the animal capable of
constraining evolutionary changes of body
organization. Even conceding the existence of
such units of internal description (see Fusco
2008 for an argument against), these do not
necessarily match with the units we can detect
by inspecting external morphology, internal
anatomy or gene expression.
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The anterior region of arthropods is profoundly
influenced by effects of condensation and inte-
gration that has taken place in various character
complexes. Prominent examples are the cereb-
ralization of the central nervous system, the
integration of anterior appendages to encompass
sensory function and food uptake, the integration
of anterior segments covered by a continuous
dorsal shield, and a condensation of the endo-
skeleton which has resulted in the partial
obscuring of the segmental organization. The
borders between these different complexes,
however, do not necessarily correspond. The
exact composition and origin of the ‘arthropod
head’ is an enduring problem in arthropod evo-
lution. The discussion is heavily theory-laden,
and any new account needs to consider a huge
number of older theories and models (see
Scholtz and Edgecombe 2005; 2006 for the most
recent and detailed reviews). Although our
understanding of and ideas about arthropod
relationships have changed significantly over the
last decade, the historical burden remains.

10.1 What is a Head?

In a recent debate, it has been suggested that
morphological descriptions and terminology
should be free of homology assumptions (Vogt
2008; Vogt et al. 2010). This approach is par-
ticularly challenging when it comes to a topic
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like the ‘arthropod head problem’ where almost
every statement implies something about
homology and evolutionary transformation
polarity. The idea that homology statements
should be avoided is not intended to deny the
existence of homology; however, it simply seeks
to separate the various steps in (evolutionary)
morphology. A purely descriptive first step is
properly followed by an evolutionary approach
which encompasses the conceptualization of
evolutionary characters (Wirkner and Richter
2010). In this context, it is important to point out
that not only should the terminology used for
description be free of homology assumptions,
but also the underlying concepts themselves
should be based on ‘pure’ description. This does
not necessarily imply that the situation in adults
should be considered in isolation because
developmental data are at least as important, and
gene expression data also play an obvious role.
Even more crucial, gene expression data are
primarily descriptive (although they certainly
have a functional role) and become evolution-
arily interpretative only in the framework of
evolutionary developmental biology, as part of
the new extended evolutionary synthesis (Pig-
liucci and Müller 2010).

Following on from Johann Wolfgang von
Goethe’s description of an insect head,1 let us
start with a concept of the arthropod head: the
head (or cephalon) is always an anterior struc-
ture which should include primarily sensorial
appendages and a brain which processes the
sensory input. We also consider it important that
the head be somehow separated from the trunk
(otherwise, any imposed boundary would be
based on non-descriptive concepts) and note that
it may include appendages for feeding.

In segmented organisms like arthropods, the
most conspicuous boundaries are constituted by
segment boundaries (for a discussion of the
segment problem, see Scholtz (2002) and
Chap. 9). In the anterior part of the body of
arthropods, traces of segmental organization are
often restricted to some internal anatomical sys-
tems and the appendages. The dorsal surface
usually fails to reflect segmental organization
and is formed by a continuous sclerotization
which covers a number of anterior segments. The
exact number of segments involved differs. If this
dorsal shield spans the regions/segments of
proto-, deuto-, trito-cerebrum and the three fol-
lowing segments, it is usually referred to as the
head (for stem lineage arthropods see below). In
myriapods and hexapods, the term head capsule
is usually used and refers to the entire cuticular
envelope of the head. The posterior part of the
head is often referred to as the gnathocephalon
and comprises the mandibular and two maxillary
segments (i.e., the segments of the maxillula and
maxilla). We find it difficult to draw a clear
distinction between the concept of the head
capsule and that of the dorsal shield. The pattern,
in any case, is obscured by the high level of
disparity in the number of segments subsumed
under a common dorsal shield/head capsule in
crustaceans. This phenomenon is well known,
and carcinologists differentiate between the
cephalon and cephalothorax to describe the dif-
ferent conditions (Gruner and Scholtz 2004).
Nevertheless, following the same concept as that
applicable in insects and myriapods, a head
would be present, for example, in Cephalocarida,
Branchiopoda and Mystacocarida, and within
Malacostraca at least in Bathynellacea. In other
taxa, developmental data show the anterior tag-
ma, or cephalothorax, to additionally incorporate
one or more thoracic segments (Casanova 1991).
In some cases—the Amphipoda, for example—a
purely descriptive concept of a head, however,
might well be applicable to a cephalothorax
including the first thoracic segment with its
maxilliped, which is clearly separated from the
remaining thorax (Gruner 1993). In the Cepha-
locarida, a particularly interesting case, a dorsal
head shield covers the segments of the

1 Man betrachte die vollendeten Insecten! … Das Haupt
ist seinem Platze nach immer vorn, ist der Versamm-
lungsort der abgesonderten Sinne und enthält die regier-
enden Sinneswerkzeuge, in einem oder mehreren
Nervenknoten, die wir Gehirn zu nennen pflegen,
verbunden. J.W. von Goethe—Erster Entwurf einer
allgemeinen Einleitung in die vergleichende Anatomie
ausgehend von der Osteologie. WA II, Bd 8, S. 13.

224 S. Richter et al.

http://dx.doi.org/10.1007/978-3-642-36160-9_9


antennules, antennae, mandibles, maxillules and
maxillae and clearly defines the border between
the head and the trunk, although the maxillae and
the first trunk limbs closely resemble each other
(Fig. 10.1a). In the central nervous system, a
well-demarcated brain can be distinguished from
a subesophageal ganglion and the latter from the
first thoracic ganglion (Stegner and Richter 2011;
Fig. 10.1b). The sensorial appendages mentioned
above as factors for inclusion in a concept of
‘head’ are the insect and myriapod antenna, and
the crustacean antennules and antenna (Straus-
feld 2012). Additional appendages are present
(mandible, maxillule, maxilla/labium), though
these are not primarily sense organs but rather
are feeding organs.

Applying the concept of a head to chelicer-
ates is most challenging. A prosomal shield
covers eight regions/segments, including all the
segments of the locomotory limbs (but note that
in Xiphosura, the opisthosomal legs are used for

locomotion as well), and no head capsule as
such is present. To complicate matters further,
the appendages of the prosoma, such as the
chelicerae, pedipalps and walking legs, are not
primarily sensorial (although this concept itself
is weak because almost all arthropod append-
ages possess some kind of sensilla or sensory
organs). Therefore, as most arachnologists
would agree, the anterior tagma is not being
considered as a head (but see below).

10.2 Endoskeleton

In addition to the exoskeleton, a number of
endoskeletal structures in all arthropods both
reinforce the head and serve as attachment sites
for the cephalic musculature. Some of these
structures are ingrowths from the cuticular
invagination, whereas others are made up of
connective tissue.

Fig. 10.1 a Head of Lightiella incisa (Cephalocarida).
Note the distinct border between dorsal shield and thorax
(white arrow heads), CLSM image. b Brain and ventral
nerve cord of Hutchinsoniella macracantha. The brain
clearly includes the tritocerebrum (tc); a subesophageal

ganglion (sg) is present. Three-dimensional reconstruc-
tions of somata (gray) and neuropil (yellow) in relation to
body contours (semitransparent) and the gut (green),
based on semi-thin sections; modified after Stegner and
Richter (2011)
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In most chelicerates, the main endoskeletal
structures are made up of connective tissue, and
segmental organization is retained to a high
degree. A horizontal tendinous plate known as
the endosternum is stabilized by more or less
segmentally arranged dorsal, lateral and ventral
suspensors (Firstman 1973; Shultz 1999, 2000,
2007).

The cephalic endoskeleton of myriapods is
usually referred to as the swinging tentorium
(Manton 1964; Koch 2003; Edgecombe 2004,
2010). As it is not fused to the head capsule, the
tentorium has some degree of freedom of
movement against it. Mandibular abduction is
guided by the movements of the tentorium. In
most Myriapoda, the tentorium is formed by a
pair of internal cuticular processes (or tentorial
arms) which are continuous with a number of
exoskeletal bars integrated into membranous
regions of the hypopharynx and the ventral head
surface (Koch 2003; Szucsich et al. 2011). Most
of the cuticular endoskeletal processes are
associated with components made up of con-
nective tissue. These tendinous structures either
form bridges which link the cuticular processes
or make up a horizontal framework suspended
by muscles and tendons from the dorsal and
lateral head capsule (Fig. 10.2).

In crustaceans, the cephalic endoskeleton is
formed entirely of connective tissue. The seg-
mental arrangement of components, which is
easiest to follow in the trunk, is often still reflected
in the cephalic endoskeleton (Fanenbruck 2003).

Although it displays some variation, the
cephalic endoskeleton among groups of Hexa-
poda Ectognatha is always made up of a com-
mon set of components. This insect tentorium
consists mainly of two pairs of cuticular invag-
inations. The anterior tentorial arms invaginate
at the subgenal or epistomal ridges of the head
exoskeleton and usually converge gradually in a
caudal direction before merging to form the
tentorial bridge. The tentorial bridge is formed
by the fusion of the posterior tentorial arms,
which invaginate at the ventral ends of the
postoccipital ridge. In some groups, the central
part of the resulting tentorium is enlarged,
forming a plate-like structure known as the

corpotentorium. In many groups of insects,
additional cuticular components are present. A
pair of dorsal arms often extends from the
anterior arms to the dorsal head capsule.
Reconstructing the hexapod ground pattern
remains problematic, since the basally branching
lineages display great disparity with regard to
the cephalic endoskeleton. While all structures
in Diplura and Collembola are made entirely of
connective tissue, Protura exhibit cuticularized
components, though these can hardly be
homologized with structures of the ectognathan
tentorium (Denis and Bitsch 1973; Koch 2000;
Bitsch and Bitsch 2002).

Scenarios which address the evolution of the
endoskeleton in the head and the trunk of
arthropods usually proceed on the assumption
that structures in postoral segments are homon-
omous. Among extant arthropods, the prosomal
endoskeleton of chelicerates is usually judged to
most closely reflect the plesiomorphic state for

Fig. 10.2 Cephalic endoskeleton of Scutigerella im-
maculata (Symphyla) in dorsolateral view (3D recon-
struction). The cephalic endoskeleton encompasses
cuticular components (green), components made up of
connective tissue (pink) and muscular components (red).
A pair of cuticular tentorial arms has a continuous
connection to three strongly sclerotized bars of the
exoskeleton, all of them lying at the anterior end of the
tentorium. All three exoskeletal bars (epipharyngeal,
hypopharyngeal and mandibular bar) are surrounded by
weakly sclerotized regions. Thus, the tentorium can be
moved against the head capsule (transparent brown) and
is usually referred to as ‘‘swinging tentorium.’’ Mandib-
ular abduction is guided by movements of the tentorium

226 S. Richter et al.



arthropods (Shultz 2007). Comparative investi-
gations into extant and fossil groups indicate that
a structure which Shultz (2001) termed the box-
truss axial muscle system, which encompasses
both muscular components and components
made up of connective tissue, might be plesio-
morphic for arthropods (Cisne 1974; Boudreaux
1979; Shultz 2001, 2007; Fanenbruck 2003).
This structure is made up of a pair of longitu-
dinal connectives situated dorsally of the ner-
vous system. At the border of two segments,
these longitudinal connectives are linked to each
other by a transverse connective and connected
to the dorsal and ventral cuticle by a pair of
dorsal and ventral suspensors, respectively. The
longitudinal connectives are additionally
attached to the dorsal exoskeleton of the ante-
cedent segment by a pair of anterior oblique
suspensors and to the dorsal exoskeleton of the
successive segment by a pair of posterior obli-
que suspensors. Objections to the scenario of a
plesiomorphic box-truss axial muscle system
mainly pertain to its underlying assumption that
postoral structures are strictly homonomous, as
mentioned above. In many arthropod groups in
which the segmental organization of the endo-
skeleton is still clear, the anteriormost region of
the postoral endoskeleton is far from being
strictly homonomous, usually featuring an
additional unpaired median component which is
not present in more posterior segments (e.g.,
Hessler 1964; Fanenbruck 2003; Domínguez
Camacho 2011). Most authors deem polarization
to be unambiguous in only a few phylogenetic
characters of the cephalic endoskeleton. An
example is the presence of a ‘swinging tento-
rium’ in myriapods, frequently mentioned as one
of the few synapomorphies supporting the
monophyly of Myriapoda (Manton 1964; Koch
2003; Edgecombe 2004, 2010).

10.3 Brain

Arthropods possess a brain, known as the
syncerebrum, which is generally interpreted to
be the result of cephalization, that is, the struc-
tural and functional transformation of postoral

neuromeres (usually considered to be ganglia)
which are more or less fused to the pre-oral
ancestral brain (Richter et al. 2010). A process
of condensation can also be observed during
development (e.g., Fritsch and Richter 2010),
but the exact number of components involved is
under dispute. A syncerebrum consisting of a
protocerebrum, deutocerebrum and tritocere-
brum can be identified in most adult mandibulate
arthropods, though the borders between the three
components are not always unambiguously rec-
ognizable. It could even be argued that a purely
descriptive approach should omit the three
terms. Generally, the three components are
defined by the input of eyes, that is, compound
eyes, median eyes, frontal eyes (protocerebrum),
the input of the antennules (in crustaceans, but in
the following, we include myriapod and insect
antenna under the term antennule) (deutocere-
brum) and the input of the (crustacean second)
antenna (tritocerebrum).

Whether or not the tritocerebrum actually
belongs to the arthropod brain is a matter of
debate. Whereas Scholtz and Edgecombe (2006,
p. 399) (see also Harzsch 2004) emphasize that
‘its status as a brain neuromere’ is evident,
Mayer et al. (2010) suggest that the tritocere-
brum (as a component of the syncerebrum)
evolved in arthropod subgroups. Both views,
obviously, are based on assumptions regarding
the evolution of the syncerebrum and the
arthropod ground pattern rather than simply
describing an existing condition. Kirsch and
Richter (2007), on the other hand, took a purely
descriptive approach when considering the brain
of the raptorial water flea Leptodora kindtii and
concluded that it consists of a proto- and deut-
ocerebrum only, because the tritocerebrum (or
more precisely the ganglia which correspond to
the tritocerebrum in taxa with a tripartite brain)
is so far posterior in the head. Making the con-
cept of the head independent from the concept of
the syncerebrum affords a higher degree of
freedom in discussions of possible evolutionary
scenarios which involve both coupled and
independent evolutionary events of cephaliza-
tion and cerebralization. Whether or not the
tritocerebrum is part of the brain varies among
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arthropods, and descriptions should not be con-
cerned with whether or not the composition of
the brain is plesiomorphic or derived.

The separation of the protocerebrum into an
archicerebrum (comprising the mushroom bodies
and the optic lobes) and a prosocerebrum (com-
prising the central complex)—one belonging to
the acron, the other to a pre-antennal segment—
appears to be hypothetical (Siewing 1969); on the
basis of segmental gene expression data at least,
there is no indication of an additional segment
between the eyes and the antennules/chelicerae
(reviewed by Scholtz and Edgecombe 2006).
However, recent Six3+ and Otx gene expression
data support the notion that the protocerebrum is
made up of two different portions, though the
authors explicitly avoid calling them the archi-
and prosocerebrum (Steinmetz et al. 2010). Even
if the presence of a bipartite protocerebrum were
to find support as an evolutionary concept (e.g.,
Strausfeld 2012), there is no unambiguous evi-
dence that the two portions of the protocerebrum
can be separated in adult arthropods (see also the
discussion by Scholtz and Edgecombe 2006). We
suggest that only the term protocerebrum has a
place in a purely descriptive approach (or even
better, as outlined above, more functionally
defined subunits such as central complex, optic
lobes, etc., should be used).

In chelicerates, no syncerebrum is present
following the standard definitions. The prosoma
instead contains a ‘prosomal ganglion’ which is
usually separated into a supra- and subesopha-
geal ganglion, though this distinction is pre-
dominantly a conceptual one because the entire
ganglion is surrounded by somata which are not
separated into somata clusters (Klussmann-
Fricke and Wirkner, in progress). As a whole,
the prosomal ganglion fits in with the concept of
a brain as the most anterior condensation of
neurites (see Richter et al. 2010).

To conclude, while it is plausible to assume
the presence of a syncerebrum in the last com-
mon ancestor of all arthropods, the exact com-
position of the ground pattern in terms of the
number of neuromeres it included remains, in
our view, uncertain.

10.4 Gene Expression Data

Gene expression data provide important support
for theories regarding the composition of
arthropod heads (e.g., Scholtz 1997; Telford and
Thomas 1998). That the arthropod head is
composed of several units, generally considered
to be segments, is beyond doubt. This is clearly
recognizable in development and supported by
gene expression data. Segment polarity genes
such as engrailed and wingless in particular
reveal the presence of six units in the head of
most mandibulates (e.g., Scholtz 1997). The
three anterior units are the protocerebral region
(leaving it open whether this region is composed
of two units or not) plus the segments of the
antennules and antennae in crustaceans, or the
antennal and intercalary segments in myriapods
and insects. Schaeper et al. (2010) and Janssen
et al. (2011) have recently detected collier
expression in the intercalary segment of insects
and myriapods, which the latter authors interpret
as potential support for the traditional Ateloc-
erata concept. The mandible, maxillule and
maxilla (or labium) segments are distinguished
by the expression of segment polarity genes
(Scholtz 1997). In addition, certain segments are
identifiable by the expression of Hox genes, a
good indicator of homology of segments and
their appendages. The proposed homology of the
segments of the chelicera and antennule is based
on the expression of Hox genes (Telford and
Thomas 1998) and on evidence from axogenesis
(Mittmann and Scholtz 2003). Moreover, the
exact match in the anterior expression bound-
aries of the Hox genes labial, proboscipedia and
Deformed supports the notion that the chelifore
segment in Pycnogonida and the chelicera seg-
ment in the remaining euchelicerates are
homologous (Manuel et al. 2006), making the
hypothesis that the chelifore is innervated by the
protocerebrum (Maxmen et al. 2005) improbable
(see also Brenneis et al. 2008 for additional
contradictory evidence based on axogenesis).

A comparison of all the Hox genes expressed
in the head of mandibulates with the expression
pattern in a spider led Averof (1998) to conclude
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that the spider prosoma indeed corresponds to
the mandibulate head. On the basis of these data,
the presence of a clear boundary between the
prosoma and the opisthosoma coupled with the
presence of a brain (i.e., the ‘prosomal gan-
glion’) might convince us to consider a head to
be present in chelicerates too, despite the fact
that this head is also used for walking and
includes one more segment than the mandibulate
head. This short summary shows that the gap
between describing Hox gene expression and
making assumptions about evolution is smaller
than it may at first appear. Gene expression data
certainly provide helpful arguments when it
comes to establishing the homology of seg-
ments, but it must be borne in mind that the
expression range of Hox genes might be subject
to change, as in the case of crustacean maxilli-
peds (Averof and Patel 1997; Abzhanov and
Kaufman 1999, 2000) to name but one example.
Shared gene expression is not proof of segment
homology. On the contrary, because Hox gene
expression is responsible for certain aspects of,
say, limb morphology, as in the case of the
maxillipeds vs. non-specialized thoracopods
(Liubicich et al. 2009; Pavlopoulos et al. 2009),
Hox gene expression and the morphology of the
limb cannot be used independently as support
for homology hypotheses. We should also be
aware that the developmental pathways of dorsal
and ventral character systems may be decoupled
(e.g., Janssen et al. 2006), an effect which might
be especially pronounced in the anteriormost
part of the body. This may account for at least
some of the mismatches between the boundaries
of different character systems.

10.5 Origin of the Arthropod Head

If a head is present in most arthropods and its
components can reasonably be deemed to be
homologous across all major taxa, the obvious
question is how it evolved. Evolutionary sce-
narios need a starting point. The discussion of
the origin of the arthropod head was once
heavily influenced by the Articulata concept and

the idea of an annelid-like ancestor developing
from a trochophoran larva with epi- and hy-
posphera. The Ecdysozoa concept (Aguinaldo
et al. 1997; Giribet 2003) initially appeared to
make the discussion obsolete, but aspects such
as the presence of potentially homologous
mushroom bodies in arthropods, annelids and
other lophotrochozoans (Heuer and Loesel 2009;
Heuer et al. 2010) and the similarities in the
development of the anteriormost brain region in
all bilaterian animals (Steinmetz et al. 2010)
show that the debate is by no means at an end
(see also Strausfeld 2012). Whatever the case,
we take a less inclusive approach and start at the
evolutionary level (i.e., the ground pattern) of
Panarthropoda: the arthropods, onychophorans
and tardigrades. Onychophorans in particular are
a good starting point for understanding the
evolution of the arthropod head (bearing in mind
that they too display heterobathmy, a mixture of
plesiomorphic and apomorphic characters).
Although we have no doubt that the Tardigrada
belong to the Panarthropoda as well (Dunn et al.
2008; Campbell et al. 2011), the current lack of
consensus regarding the tardigrade head and the
composition of the tardigrade brain lead us to
exclude them from this discussion (Dewel and
Dewel 1996; Zantke et al. 2008; Persson et al.
2012).

Although there is no distinct border on the
surface of the body in Onychophora which
would support a division into head and trunk, the
differentiated appendages of the anterior body
may indicate just this. The anterior body bears a
pair of antennae, a pair of eyes, a mouth with a
pair of jaws, and a pair of slime papillae. A head,
then, is apparently present. On the basis of the
expression of the anterior Hox genes labial,
proboscipedia, Hox3 and Deformed, the ony-
chophoran jaws can be aligned with the chelic-
erae and the antennules, and the slime papillae
with the pedipalps and the crustacean antennae
(Eriksson et al. 2010). The slime papilla seg-
ment, therefore, corresponds to the intercalary
segment in myriapods and insects (Eriksson
et al. 2010; Mayer et al. 2010). This supports
previous suggestions based on neuroanatomical
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data (Eriksson et al. 2003). Although the eyes
might not correspond to the compound eyes but
to the arthropod median eyes (Mayer 2006; but
see Ma et al. 2012a supporting the idea that
some fossil lobopodians possessed precursors of
compound eyes), they belong to the corre-
sponding region of the arthropod protocerebral
region. However, it should be noted that
Strausfeld (2012) suggests that the compound
eyes are the structures which correspond to the
segment associated with the onychophoran jaw,
implying that the slime papilla corresponds in
position to the chelicerae/antennules, which we
do not hold to be very likely. Whatever the case,
the onychophoran antenna is innervated by the
anteriormost portion of the onychophoran brain
(Eriksson et al. 2003). It has been suggested that
the onychophoran brain is tripartite, as in
arthropods, and that it features what Strausfeld
et al. (2006) consider to be a protocerebrum,
deutocerebrum and tritocerebrum. However,
Mayer et al. (2010) performed backfills of
cephalic segmental nerves in adult onychopho-
rans and found that the somata of the neurons
innervating the jaws and the slime papillae lie
adjacent to the base of their nerves. While the
neuron of the nerve innervating the jaws is sit-
uated in the posteriormost part of the brain (i.e.,
the deutocerebrum), the neurons innervating the
slime papillae lie clearly separate from the brain
in the ventral nerve cord. Following the defini-
tion of the brain in Richter et al. (2010), then, the
onychophoran brain is clearly bipartite. Inter-
estingly, while the onychophoran head consists
of three units (protocerebral region and two
segments), the brain encompasses two neuro-
meres only. However, we do not see any con-
ceptual need for a strict correlation of these
systems, that is, transformation of appendages
and brain composition. Mayer and Harzsch
(2008) considered the absence of ganglia in the
ventral nerve cord of onychophorans to be the
plesiomorphic condition, which could imply that
the onychophoran brain is formed not by fused
ganglia but by non-ganglionized neuromeres. In
evolutionary terms, this assumption might imply
that the cephalization of segmental units

preceded the formation of ganglia in the lineage
leading to the arthropods. The syncerebrum
could well represent a fusion of neuromeres but
not of ganglia, potentially explaining why no
clearly separated ganglia (corresponding to the
proto-, deuto-, tritocerebrum) can be identified
in the arthropod brain (see Richter et al. 2010 for
more details, and Strausfeld (2012) for a differ-
ent scenario). In an alternative scenario, the
absence of distinct ganglia is interpreted as a
secondary feature that is coupled with the
probably secondary loss of the clear segmental
organization of the body surface (something
which in the main can now only be deduced
from the distribution of the appendages).

Taking the onychophoran head as a starting
point, the mandibulate head has three additional
more posterior segments which are fused with
the anterior part of the head. The question of
when and how often the tritocerebrum became
part of the brain remains open. The condition in
the raptorial water flea Leptodora (Kirsch and
Richter 2007) is certainly a secondary one. In
Mystacocarida, for example, the tritocerebrum is
only slightly separated from the proto–deutoce-
rebral complex (Brenneis and Richter 2010).
The presence of a brain featuring an incorpo-
rated tritocerebrum in myriapods seems to pro-
vide some support for the hypothesis that the
mandibulate tripartite brain evolved only once
(Sombke et al. 2012).

One remarkable transformation is that
involving onychophoran jaws and mandibulate
antennules. Taking into account the presence of
the chelicerate chelicerae on the corresponding
segment, a jaw-like structure might indeed
represent the original condition. This would
imply a major transformation in the stem line-
age of Mandibulata from some kind of feeding
structure to a ‘secondary antenna’ sensu
Scholtz and Edgecombe (2005). On the basis of
fossil lobopodians and arthropods, however, it
seems more likely that the feeding structures
evolved independently in onychophorans and
chelicerates, with a non-specialized appendage
as starting point (see Ou et al. 2012 and
below).
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10.6 The Fate of the Onychophoran
Antenna

Another fascinating but problematic potential
transformation is that from the onychophoran
antenna (or any lobopodian antenniform
appendage, see Ou et al. 2012) into the arthro-
pod labrum. The homology of the labrum
throughout arthropods appears to be strongly
supported, particularly by the fact that its
development is strikingly similar in chelicerates
and mandibulates (Kimm and Prpic 2006). In
many cases, the labrum anlage appears as a pair
of structures at the front of the embryo, which
later move backwards and fuse into a single
organ (e.g., Ungerer and Wolff 2005; Mittmann
and Wolff 2012). A comparable structure, how-
ever, is absent in Pycnogonida (Brenneis et al.
2011). There is some debate concerning the term
‘labrum.’ According to Maas et al. (2003) a
‘fleshy labrum’ evolved only in a taxon called
Labrophora, which includes the extinct Phos-
phatocopina and a taxon which the authors call
Eucrustacea, including all recent crustaceans
and probably also all the hexapods (on the basis
of molecular data; Regier et al. 2010; von Reu-
mont et al. 2012). Non-Labrophora (particularly
chelicerates and trilobites), then, are assumed to
possess a structure called a hypostome, a scler-
otized plate. Because of the detailed correspon-
dences—as mentioned above—in the
development of the ‘upper lip’ in chelicerates
and crustaceans, a hypostome would also have to
be present in crustaceans and the labrophoran
labrum would have to be interpreted as a struc-
ture which evolved as part of the hypostome
(Waloszek et al. 2007).

The segmental affinities of the labrum (or
hypostome/labrum) have been debated inten-
sively (see Scholtz and Edgecombe 2006 for a
detailed discussion of labrum homology and
segmental affinities). Recently, Posnien et al.
(2009) showed that the labrum is formed by an
appendage regulatory gene network and con-
cluded as a result that the labrum is an
appendage-like structure. Steinmetz et al. (2010)
found Six3 expression anterior to Otx expression

in the anteriormost region of the developing
brain in both arthropods (the area where the
antenna originates) and onychophorans (the area
which innervates the antenna). Interestingly, this
comes close to the test suggested by Scholtz and
Edgecombe (2006) for obtaining direct support
for the homology of the onychophoran antenna
and the arthropod labrum. On the basis of these
findings and the alignment of the onychophoran
jaw segment with the mandibulate antennule
segment using lab, pb, Hox3 and Dfd expression,
Eriksson et al. (2010) suggested that the ony-
chophoran antenna is indeed homologous to the
labrum. This view is supported by Strausfeld
(2012) who hypothesized a complex scenario for
the evolutionary transformation from the loca-
tion of the frontal appendage into the more
posterior position of the labrum.

Although we might not be able to solve the
labrum problem, we do have some evidence to
support the alternative hypothesis for the fate of
the (onychophoran) primary antenna discussed
by Scholtz and Edgecombe (2006), according to
which the frontal filaments on the anterior part
of the head in Remipedia and cirripedian nau-
plius larvae represent remnants of the primary
antenna. In branchiopods, Fritsch et al. (2013)
distinguish between the filamentous external
‘frontal filament’ and an internal region beneath
the frontal filaments which they term the ‘frontal
filament organ’ (also known as organ of Bel-
onci). Although the two structures undoubtedly
form one functional unit, we support this dis-
tinction, which reflects the history of discovery
of the two structures (see Fritsch et al. 2013). A
pair of frontal filaments is present in Notostraca,
and other Phyllopoda.

In addition frontal filaments are also be
present in certain copepods (Elofsson 1971) and
certain ostracodes (Andersson 1977). They are
apparently absent in the chelicerates, but Cam-
bropycnogon (probably a representative of the
stem lineage of Pycnogonida) possesses struc-
tures very similar to those of Notostraca (see
Waloszek and Dunlop 2002). Frase and Richter
(2013) show that nerves of the frontal filament
organs (also known as cavity receptor organ,
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Elofsson and Lake 1971) in Anostraca appear at
the same time as the anlagen of the protocere-
brum in the embryonic stages, when no evidence
of functionality exists so early on (i.e., seroto-
nergic immunoreactivity starts later). These
neurite bundles are still present in the larval
stages, but as the protocerebrum, the compound
eyes and their nerves grow, and they cover the
frontal filament organs and cause them to lose
their prominence. In adults, the external part of
the frontal filament organs are recognizable only
as small cavities (Møller et al. 2004 for Eu-
branchipus). The correspondences between the
nerves of the frontal filament organs and those of
the onychophoran antenna are remarkable. Both
originate in the anterolateral region of the prot-
ocerebrum and appear at the same time as the
protocerebrum early on in development (Eriks-
son and Budd 2000; Mayer et al. 2010). If our
suggestion of homology of the onychophoran
antenna and the crustacean frontal filaments
(Fig. 10.3) is correct, the labrum problem would
remain unsolved but the need for a complicated
scenario of transformation of the primary
antenna into the labrum in the ancestral lineage

of arthropods would be obsolete (see Frase and
Richter, 2013).

10.7 A Fossil Perspective
on the Evolution
of the Arthropod Head

Our view of the evolution of the arthropod head
has been dominated by neontological data, but
the rich fossil record of (pan)arthropods cannot
be left unconsidered. Over the last two decades,
fossils have played an increasingly central role in
hypotheses concerning the evolution of the
arthropod head (e.g., Chen et al. 1995; Budd
2002; Scholtz and Edgecombe 2005; Waloszek
et al. 2005). Data retrieved from the fossil record
are mostly limited to external morphology
though internal structures have been reported in
rare instances. Relatively common are segmental
mid-gut diverticula (Butterfield 2002; Vannier
and Chen 2002), which have been used to infer
head segment numbers (Zhang et al. 2007; Stein
and Selden 2012). Rarely, and sometimes con-
troversially, other internal anatomical features

Fig. 10.3 Schematic comparison of the onychophoran and a crustacean head. The onychophoran antenna is
suggested as being homologous to the crustacean frontal filaments
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are preserved which could be informative about
the evolution of the arthropod head. These
include putative elements of the endoskeletal
system (Cisne 1975; Whittington 1993; Stein
2010), the musculature (Eriksson et al. 2012) and
the nervous system (Bergström et al. 2008; Ma
et al. 2012b). Just as the interpretation of mor-
phological structures, in particular internal, is
problematic in fossils so is the phylogenetic
position of the taxa in question. In fact, the two
problems are often linked, as our interpretation
of morphological features can be influenced by
expectations derived from the assumed phylo-
genetic position of the taxon studied (see the
debate about the presence of lobopodous limbs in
Opabinia regalis; Budd 1996; Zhang and Briggs
2007; Budd and Daley 2011). This phenomenon
arises even when every attempt is made—as is
desirable—to describe morphological structures
independently of phylogenetic position.

An important aspect of any discussion
involving both fossil and recent arthropods is the
distinction between crown group Arthropoda
(the last common ancestor of Chelicerata and
Mandibulata and all its descendants) and stem
group arthropods, that is, all representatives of
the pan-Arthropoda (see Lauterbach 1989, sensu
Meier and Richter 1992) which do not belong to
the crown group Arthropoda (see Edgecombe
2010). The exact composition of the stem group
of arthropods depends on the position of the
Onychophora and Tardigrada, which to date
remains unresolved. There are a number of fossil
taxa, collectively referred to as lobopodians,
which have a tubular body and unjointed tubular
appendages. These taxa include possible stem
group representatives of Panarthropoda, Ony-
chophora, Tardigrada and part of the stem group
of Arthropoda. Lobopodia is sometimes con-
sidered a paraphyletic assemblage which also
includes the crown group of Onychophora (e.g.,
Liu et al. 2011) or those of both Onychophora
and Tardigrada (e.g., Ma et al. 2009) but not the
crown group of Arthropoda. The more crown-
ward representatives of the arthropod stem, the
Arthropoda sensu stricto of Waloszek et al.
(2005), have pivot-jointed appendages and
sclerotized segmental tergites. There is

consensus on the placement of some prominent
fossil taxa, such as Trilobita or the more inclu-
sive Artiopoda (Trilobita and closely related,
non-biomineralizing forms; Stein and Selden
2012) in the crown group Arthropoda, and some
taxa, such as Fuxianhuia protensa and similar
forms from the Early Cambrian of Chengjiang,
in the arthropod stem group (e.g., Budd 2002;
Waloszek et al. 2005; Edgecombe 2010). How-
ever, there are still taxa which are subject of
debate with regard to their phylogenetic posi-
tion, one being the ‘great appendage arthro-
pods,’ or Megacheira, which are considered to
be either stem group Arthropoda (e.g., Budd
2002, 2008; Legg et al. 2012) or stem group
Chelicerata (e.g., Chen et al. 2004; Haug et al.
2012a) (Fig. 10.4). The first cephalic appendage
in the megacheirans is a large, ostensibly rap-
torial appendage termed the great appendage or
multi-chela (Haug et al. 2012b). Another con-
troversial taxon is Canadaspis, which is con-
sidered to belong to either the stem group
Arthropoda (e.g., Budd 2002; Waloszek et al.
2007) or Mandibulata (e.g., Briggs et al. 2008).
This is an important problem since the advocates
of a stem group position afford these taxa a
pivotal role in hypotheses regarding the early
evolution of the arthropod head (Budd 2002,
2008). Regardless of the phylogenetic position
of these taxa, the fossils do permit some infer-
ences to be made about cephalization in the stem
species of Arthropoda.

In all unambiguous fossil members of the
arthropod crown group, and in the megachei-
rans, a single dorsal shield is present which
covers a number of segments which are fused
into one unit (comparable to the condition in
Cephalocarida; see Fig. 10.1a). The number of
appendage-bearing segments incorporated into
this unit in the arthropod ground pattern and the
constancy of this number among the fossil taxa
is still a matter of debate. In the Megacheira,
three appendage-bearing segments have been
suggested for a number of species and four for
others (see e.g., Edgecombe et al. 2011). A key
taxon for the presence of only three is Lean-
choilia superlata, but a recent revision revealed
a small, specialized appendage posterior to the
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great appendage, increasing the segment count
to four (Haug et al. 2012b). This is the number
found in Trilobita as well as the early repre-
sentatives of Cambrian Crustacea sensu Stein
et al. (2005) (presumably stem lineage repre-
sentatives of Tetraconata). The number of seg-
ments in the head of Artiopoda has been claimed
to be highly unstable (e.g., Zhang et al. 2007),
but a number other than four can only be sub-
stantiated for Naraoiidae, at least some of which
have five (Zhang et al. 2007), and Xandarellida,
which have five to seven (Ramsköld et al. 1997).
Stein and Selden (2012), for instance, found that
only four segments are present in Emeraldella
brocki, one of the key taxa cited for deviating
segment counts. Megacheirans and artiopodans
display a lesser degree of cephalic limb spe-
cialization than the extant mandibulatan subtaxa,
although recent restudies show evidence of a
gradual differentiation across the head–trunk
boundary in some representatives, with the
appendages of the head and anterior trunk more
adapted to feeding than the mid- to posterior
trunk appendages (Stein and Selden 2012).
Regardless of the degree of appendage differ-
entiation in the head, the head would, with its
cohesive shield, still act as a single unit distinct
from the free tergite-bearing segments of the
trunk and thus be separate from the trunk (see

above). It is also true that this head bears
important sensory structures in the form of the
eyes as well as sensory appendages (antennae in
artiopodans, long flagella on the great append-
ages of some megacheirans) and appendages
suited to nutrition (albeit often coupled with a
locomotory function).

To which segments the appendages observed
in the anterior and cephalic region of some fossil
arthropods belong is another point of contention,
in particular with regards to the great append-
ages of megacheirans and the so-called frontal
appendages of some lobopodians and of taxa
such as Kerygmachela kierkegaardi (Fig. 10.5)
and possibly the anomalocaridids. The latter
taxa are situated on either side of the lobopod-
arthropod transition (a character-based distinc-
tion within the arthropod stem lineage). Because
of its ostensible position as the most anterior
appendage flanking the mouth, the frontal
appendage of Kerygmachela is considered to be
protocerebral and homologized with the ony-
chophoran antenna (e.g., Budd 2002). Going
even further, the frontal appendage of the puta-
tive anomalocaridid Parapeytoia yunnanensis
has been homologized with the megacheiran
great appendage, with the latter consequently
also interpreted as being protocerebral (e.g.,
Budd 2002; Daley et al. 2009). The

Fig. 10.4 Two alternative phylogenetic placements of
the Megacheira and consequences for the occurrence of a
head shield incorporating more than two appendage-
bearing segments. Left Megacheira as stem group
arthropods; the head shield, an autapomorphy (A) of
crown group Arthropoda ? Megacheira, is retained as a

plesiomorphy (P) in the ground pattern of Arthropoda.
Right Megacheira as stem group chelicerates; the head
shield is an autapomorphy (A) of crown group Arthrop-
oda. Solid lines: crown group Arthropoda; halftone fill:
head shield incorporating more than two appendage-
bearing segments
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anomalocaridid affinities of Parapeytoia, how-
ever, are questionable, and the taxon could
represent a bona fide megacheiran (Stein 2010).
The alternative interpretation of the megacheiran
great appendage as deutocerebral has gained
support and wider acceptance recently (Stein
2010; Haug et al. 2012a). An argument for the
deutocerebral interpretation comes from the
position of the great appendage; it inserts later-
ally to the hypostome/labrum (e.g., Haug et al.
2012b) and not directly anteriorly. If, however,
we accept that the megacheiran great appendage
is homologous with the frontal appendages of
Kerygmachela and anomalocaridids (Stein
2010), the latter would need to be reinterpreted
as deutocerebral appendages as well. In this
regard, it is interesting that the onychophoran
antenna and the crustacean frontal filaments are
sensorial organs (see above). Among the species
considered to be important in the lobopod-
arthropod transition (Liu et al. 2006, 2007; Dzik
2011), only Megadictyon cf. haikouensis,
Jianshanopodia decora and Siberion lenaicus
have prominent frontal appendages comparable
to those in Kerygmachela. The anterior
appendages of most other lobopodians are
commonly interpreted as sensory (e.g., Rams-
köld and Chen 1998), while the frontal
appendages of Kerygmachela and anomaloc-
aridids are usually regarded as feeding append-
ages. On the other hand, structures comparable
to the onychophoran antenna might be present in

Kerygmachela in the form of the ‘rostral spines’
dorsal to the mouth (Budd 1998). Like the
onychophoran antenna, these spines are associ-
ated with structures which Budd (1998) inter-
prets as eyes, and they are annulated or
‘segmentally divided’ (Budd 1998). They are in
a similar position to the onychophoran antennae,
while the frontal appendages flanking the mouth
would be positionally homologous to the de-
utocerebral onychophoran jaws. Little informa-
tion is available about the anterior regions of
Megadictyon, Jianshanopodia, and Siberion. A
new, alternative interpretation, therefore, could
be that the frontal appendages of some lobopo-
dians and anomalocaridids indeed represent the
homologous appendage to the megacheiran great
appendage but are deutocerebral rather than
protocerebral.

Recently, a specimen of the stem group
arthropod F. protensa has been reported in
which the nervous system is said to be preserved
(Ma et al. 2012b), and it has been suggested that
the syncerebrum already present in the ground
pattern of (crown group) Arthropoda was tri-
partite, that is, that the tritocerebral part was
fused to the proto- and deutocerebrum. There
has been a contentious debate whether the first,
antenna-like appendage of Fuxianhuia, was a
sensory protocerebral ‘primary’ antenna (e.g.,
Scholtz and Edgecombe 2005) or a deutocere-
bral appendage that was largely unspecialized
and served both in nutrition and as a sensory
organ (e.g., Waloszek et al. 2005; Bergström
et al. 2008). The new material seems to lend
further support for the appendage being deuto-
cerebral. The primary function (if any) remains
unclear, but it is possible that a sensory ‘sec-
ondary’ antenna was already present in the
arthropod ground pattern and not only in the
mandibulate lineage. We hold the interpretation
of this single specimen to be somewhat prob-
lematic, however, and would hesitate for the
moment to reach such general conclusions on
the basis of this specimen alone.

In summary, there is fossil evidence that the
last common ancestor of Chelicerata and Man-
dibulata (i.e., crown group Arthropoda) had a
head comprising the ocular region and at least

Fig. 10.5 Kerygmachela kierkegaardi with prominent
frontal appendages, rostral spines and bulbous structures
that could represent the eyes
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three, but more likely four appendage-bearing
segments. The anterior appendage inserts later-
ally to the hypostome/labrum and probably
represents the deutocerebral appendage, but a
smaller appendage-like structure might have
been present anteriorly of this appendage. The
postantennular appendages display little differ-
entiation other than a gradual shift anteriorly
toward limbs more adapted to feeding.
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11.1 Introduction

Arthropods are characterized by bodies that are
segmented and by the possession of paired
ventral limbs carried on all, most or some of
these body segments. These paired limbs are
primitively segmented—and the name of the
taxon Arthropoda refers to the jointed limbs of
its members. While the origin of arthropods is
not the focus of this chapter, it is relevant to note
that the recent discovery of a Cambrian lobo-
podian, Diania cactiformis, possessing robust
and probably sclerotized appendages with what
Liu et al. (2011) interpret as articulating ele-
ments, led them to speculate whether arthropo-
dization (sclerotization of limbs) preceded
arthrodization (sclerotization of the body). In
such a scenario, the acquisition of jointed limbs
assumes centre stage as the key driver of
arthropod evolution.

Historically, the intellectually intriguing task
of reconstructing the evolutionary history of the
arthropods has revolved around advances in
understanding of structural diversity along two
morphological axes: the tagmatization or func-
tional division of the body along the antero-
posterior (A-P) axis, and the segmentation and
specialization of the jointed limbs along their
proximo-distal (P-D) axis. Evolutionary trends
along these two axes were separated by Boxshall
(2004) in order to facilitate a morphological
comparison of limbs between taxa exhibiting
different tagmosis. However, limb specialization
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reflects a developmental process that com-
mences with specification of segmental identity
along the A-P axis and is intimately bound up
with the major developmental pathways that
regulate tagmatization (Averof and Patel 1997;
Mahfooz et al. 2007).

The spectacular diversity of limb morphology
has long been regarded as a key component of
the amazing adaptive radiation of the Arthrop-
oda and our knowledge of the developmental
patterning mechanisms that generate this diver-
sity is expanding rapidly (see Pechmann et al.
2010; Angelini et al. 2011). The task of inte-
grating data from developmental genetics and
morphology is guided by our understanding of
phylogenetic relationships and the iterative
process of estimating phylogenies has been
reinvigorated by the flood of molecular data
from next generation sequencing. The avail-
ability of sequence data on a massive scale is not
only transforming the phylogenomics of arthro-
pods (Regier et al. 2010), but has also facilitated
the application of some of the powerful new
tools of developmental genetics. In particular,
‘‘knock-down’’ methods using RNA interference
(RNAi) have allowed us to test the roles of
specific genes more directly. No longer is it
necessary to set up cultures and endlessly screen
progeny for mutants of particular genes: now,
we can directly interfere with the expression of a
specific gene and observe the consequences (e.g.
Liubicich et al. 2009; Mito et al. 2011). In
addition, the discovery of important new fossil
arthropods has continued (Siveter et al. 2007a, b;
Zhang et al. 2007; Briggs et al. 2012) and the
application of novel techniques for extracting
fragmentary microfossils (Harvey and Butter-
field 2008; Harvey et al. 2012) has widened our
understanding of the morphological diversity of
early Palaeozoic arthropods.

The primary goal of this chapter is to inte-
grate the wealth of new data emerging from
morphological and embryological studies, from
novel fossils, and from developmental genetics,
in order to address questions of interest to the
communities of scientists involved in the study
of arthropod morphology and phylogenetics.
Answers to these questions will help us to begin

to formulate a new understanding of the spec-
tacular diversity in limb diversity structure that
has been the key to their success.

11.2 The Distinction Between
Segments and Annuli

Arthropod limbs are subdivided along the P-D axis
into smaller units, either segments or annuli. The
anatomical distinction between segments and
annuli in arthropod limbs was emphasized by
Boxshall (2004): true segments are characterized
by the presence of intrinsic muscles that originate,
insert or attach within the segment whereas annuli
lack intrinsic muscle origins, intermediate attach-
ments or insertions. Intrinsic muscles or their
tendonous extensions may, however, pass through
annuli to an insertion site in a more distally located
segment (Fig. 11.1). Each articulation is typically

Fig. 11.1 Schematic representation of adult Drosophila
leg, showing intrinsic muscles and tendons, including
tibia levator muscle (tilm), tibia depressor muscle (tidm)
and the long tendon (lt) passing through the tarsal annuli
(based on data from Soler et al. 2004)
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provided with a hoop of arthrodial membrane
which allows telescoping of the proximal rim of the
more distal segment within the distal part of the
more proximal segment. The appropriate termi-
nology for the subdivisions of the main P-D axis of
an arthropod limb is dependent upon their anat-
omy: subdivisions may be referred to variously as
segments or articles, annuli or annulations, and the
neutral term podomeres is often used when ana-
tomical information about musculature is lacking,
as in the case of the majority of fossils. Both seg-
ments and annuli can sometimes be incompletely
expressed, particularly during larval development.

Maruzzo et al. (2009) examined segmental
mismatch in the naupliar antennal exopodite of
the branchiopod crustacean Artemia. The exo-
podite carries a series of natatory setae along its
posterior-ventral side with each, apart from the
apical seta, located on a transverse cuticular
fold. Along the anterior side of the ramus is a P-
D series of incomplete ringlets or sclerites sep-
arated by joint-like cuticular folds. The two
series are not in register and there were, on
average, more ringlets than setae. This phe-
nomenon was also noted in the naupliar exopo-
dites of the antenna and mandible of
representatives of a few other taxa, including
some fossil branchiopods, some phosphatoco-
pines, and an extant thecostracan. However,

Maruzzo et al. (2009) showed that three exo-
podal muscles extend the length of the ramus
and make intermediate attachments on both
sides—in the ringlets (the anterior muscle) and
in the setal-bearing cuticular folds (the two
posterior muscles). Using the presence of
intrinsic musculature as a rigid criterion, these
naupliar rami could be regarded as multi-seg-
mented, although the segments are incompletely
expressed due to a decoupling of development in
the two sides of the ramus analogous to the
dorso-ventral decoupling in the development of
diplopod body segments (see Damen et al.
2009).

Expressed segmentation can change signifi-
cantly during development. In dendrobranchiate
decapods, for example, the antenna of the
naupliar and protozoeal phases initially has a
multi-segmented exopodite (Fig. 11.2a). The
exopodite gradually loses external segmentation
until it has transformed into the characteristic,
unsegmented antennal scale at the megalopa
stage (Fig. 11.2b). The transition from seg-
mented naupliar ramus to unsegmented antennal
scale is unique to the caridoid malacostracans
and is accompanied by a change in form of the
endopodite, from a two-segmented ramus
(Fig. 11.2a) to an annulate flagellum
(Fig. 11.2c).

Fig. 11.2 The antenna of Pleoticus muelleri (Deca-
poda). a Protozoea III stage. b Mysis I stage. c Megalopa
stage. Showing transition of exopodite (exp) from multi-
segmented ramus to unsegmented antennal scale (exp sc),

and of endopodite (enp) from two-segmented ramus to
endopodal flagellum (enp flag) (redrawn from de Calaz-
ans 1992)
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11.2.1 How are Segments Formed?

The early establishment of the P-D axis by the
leg gap genes is a general feature of limb pat-
terning during development in all arthropods
(Angelini and Kaufman 2005; Williams 2008;
Pechmann et al. 2010). However, the Drosophila
leg is a useful comparative model since it com-
prises true segments proximally and tarsal annuli
distally (Fig. 11.1). Leg formation in Drosophila
depends upon the subdivision of the P-D axis into
broad domains by leg gap genes: the early limb
bud is subdivided into a distal domain expressing
Distal-less (Dll) and a proximal domain
expressing extradenticle (exd) and its co-factor
homothorax (hth) (see Kojima 2004, for review).
This proximal domain maintains expression of
hth and exd and corresponds to the coxa and
trochanter of the leg. Further differentiation
along the P-D axis is mediated by the morpho-
gens Decapentaplegic (Dpp) and Wingless (wg)
which cooperate to induce the expression of
dachshund (dac) in the intermediate region of the

limb, between proximal and distal domains
(Lecuit and Cohen 1997; Abu-Shaar and Mann
1998). These leg gap genes hth, dac and Dll
control the formation of the proximal, middle
and distal domains along the P-D axis, respec-
tively (Fig. 11.3).

Downstream of the leg gap genes, the Notch
signalling pathway plays a central role in seg-
mentation along the P-D axis of the leg (de Celis
et al. 1998; Bishop et al. 1999). The process of
formation of true segments along the P-D axis of
the limb of Drosophila takes place within the
three leg gap gene domains, and the genes Ser-
rate (Ser), Delta (Dl) and fringe are essential for
joint formation (Rauskolb 2001; Mito et al.
2011). Fringe modulates Notch-ligand interac-
tions (Panin et al. 1997). These induce expres-
sion of a set of transcriptional regulators that
mediate joint morphogenesis and leg segment
growth: lines and bowl act as a binary switch to
generate a stable Notch signalling interface
between Dl-expressing cells and adjacent distal
cells (Greenberg and Hatini 2009).

Fig. 11.3 Schematic showing expression domains of
genes along P-D axis of Drosophila leg, compiled from
various sources. Proximal end on left commencing with
coxa (cx), trochanter (tr), femur and tibia, and with first

to fifth tarsal annuli (ta1–5) on right. Names of genes
given on vertical axis, and coloured shading shows
expression domains
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A number of other genes are also known to be
involved downstream of Notch signalling,
including nubbin (pdm) (Rauskolb and Irvine
1999), odd-related genes (Hao et al. 2003), h/
Enhancer of split-related genes (Bishop et al.
1999) and Activator Protein-2 (Kerber et al.
2001). Although all originally discovered in
Drosophila, a mandibulate, orthologues of these
genes have also been found in chelicerates and
Prpic and Damen (2009) concluded that, despite
minor differences, the mechanisms regulating leg
segmentation are likely to have been conserved
from the common ancestor of the Arthropoda.

11.2.2 How are Annuli Formed?

Intercalary annulation of the endopodite is
widespread in arthropods, most commonly in the
tarsal region (Boxshall 2004). In the chelicerates,
extreme tarsal annulation is found in the an-
tenniform first walking legs of amblypygids,
which may comprise as many as 28 tibial and 54
tarsal annuli (Weygoldt 1996), and tri-annulate
femurs and bi-annulate trochanters are also
known. Some pycnogonids also have distally
annulate pedipalps and first walking legs. Ste-
nopodoidean and caridean crustaceans such as
processed shrimps can have a multi-annulate
carpus on the fourth pereopod which has a nor-
mal chela at its tip. The trunk limbs of scut-
igeromorph centipedes exhibit extensive
annulation of the tarsal region, interpreted by
Manton (1977) as an adaptation for rapid run-
ning. Most insects exhibit some annulation in the
tarsal region, with the number of tarsal annuli
varying from one to five as in Drosophila
(Fig. 11.1). Bitsch (2001) considered the penta-
meric tarsus a possible apomorphy for the dic-
ondylian hexapods, with secondary reductions
responsible for the variation, as found in the
Zygentoma, for example. In arthropod locomo-
tory limbs, annulations are typically intercalary,
although there are examples of terminal annula-
tion, such as the flagellate swimming exopodites
of the Mysidacea or Anaspidacea (Fig. 11.8c).
Most examples of terminal annulation in

arthropods involve sensory appendages, such as
antennules and antennae (Fig. 11.2c).

In the Drosophila leg, there are five tarsal
annuli and the patterning mechanism resulting in
subdivision of the tarsus differs from that gov-
erning basic segmentation (Fig. 11.3). In the
distal half of the leg is a zone of decreasing dac
expression and increasing Dll expression
extending from middle to tip of the leg. The
genes dpp and wg together establish a secondary
organizing centre towards the distal tip. Ligands
from this centre activate the epidermal growth
factor receptor pathway which controls the
expression of the genes responsible for tarsal
subdivision (Campbell 2002; Galindo et al.
2002). These tarsal genes, bric-a-brac, apterous
and BarH1, act in combination with dac and Dll,
to fine-pattern tarsal subdivision (see Greenberg
and Hatini 2009). According to Greenberg and
Hatini (2009), lines modulates the opposing
expression landscapes of dac and the tarsal
genes. Sharp boundaries in Dpp signalling trig-
ger an episode of apoptosis that takes place
during morphogenesis of tarsal joints in Dro-
sophila (Manjón et al. 2007). Tarsal genes
appear to be specific to the insects but little
comparative research has been undertaken to
either confirm their presence or determine the
role of any orthologues in other arthropod taxa.

11.2.3 Is There a Difference in Timing
of Appearance of Segments
and Annuli During
Development?

The distinction between limb segments and
annuli is based on musculature. In the seg-
mented antennules of copepods and ostracods,
development follows a distal-to-proximal pat-
tern with the articulations separating more distal
segments typically appearing earlier than those
separating the more proximal ones (Boxshall
and Huys 1998; Smith and Tsukagoshi 2005).
The adult antennules of copepods can possess up
to 27 segments, and these are derived by a
sequence of subdivisions of the three original
segments present in the nauplius (Boxshall and
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Huys 1998). The metamorphic moult from the
sixth naupliar stage to the first copepodid stage
was marked by the subdivision of the apical
segment of the nauplius to form the distal eight
segments of the adult antennule. No further
subdivisions occur in this distal section
throughout the subsequent moults. During the
copepodid phase, the two proximal antennulary
segments of the nauplius undergo a sequence of
subdivisions to form segments 1 to 20 of the
adult. Antennules with fewer expressed seg-
ments are envisaged as being generated by early
cessation of the process of subdivision (Boxshall
and Huys 1998; Schutze et al. 2000).

In limbs that possess a mix of segments and
annuli, the segments tend to appear before the
annuli. Unfortunately, Drosophila is not a good
model here since both segments and annuli are
everted simultaneously from the imaginal disc. In
more basal hexapods such as symphypleone
collembolans, Nayrolles (1991) showed that four
true segments are initially expressed on the
antennule; subsequently the distal segment
undergoes annulation to generate the terminal
flagellum (see Boxshall 2004: Fig. 1f–g). Minelli
et al. (2000) showed that eosegments appear
before merosegments in chilopod development
and Boxshall (2004) considered this as analogous
to the appearance of segments before annuli in
other arthropods. In the decapod malacostracans,
Panulirus and Cherax, the primary antennulary
flagellum develops by the production of new
annuli in a meristematic zone at the base of the
flagellum (Sandeman and Sandeman 1996;
Steullet et al. 2000). Subdivision takes place in
annuli distal to the basal meristematic annulus
and the process seems generally similar to that
described for the endopodal flagellum of the
antenna (i.e. the second antenna) of the isopod
Asellus, which consists of a single segment divi-
ded into annuli devoid of intrinsic musculature
(Wege 1911). The antennal flagellum comprises a
proximal meristematic region, a central region
composed of quartets (sets of 4 annuli each hav-
ing a specific arrangement of setae), and an apical
complex consisting of the apical annulus plus the
four preceding annuli with specific setal patterns.
The number of quartets in the central region is

variable in Asellus since this isopod never ceases
moulting and adds annuli throughout life (Mar-
uzzo et al. 2007). The proximal meristematic
annulus divides into a copy of itself (the meri-
stem) and a distal annulus which is effectively an
incomplete quartet,and divides following a set
pattern each time, to produce the complete
quartet. Maruzzo and Minelli (2011) found
proximal growth zones on each of the elongate
rami of the pleopods in amphipods. In these
zones, new arthrodial membrane, separating
newly differentiated annuli, and new setae were
added during post-embryonic moults.

Proximal annulation is expressed transiently
during the naupliar phase of some copepods but
is lost by the first copepodid stage (Dahms
1992). Protozoeal larvae of some penaeid deca-
pods similarly exhibit transient annulations in
the proximal part of the antennule (Boxshall
2004: Fig. 2a-c), which are lost by the end of the
zoeal phase. The proximal annulated part of the
antennule of the fossil crustaceans Rehbachiella
and Bredocaris may be interpreted as additional
evidence of their larval status, but may also
indicate that a proximal annulated zone is ple-
siomorphic for the Crustacea.

11.2.4 Are Segments Fundamentally
Different from Annuli?

The patterning mechanisms generating segments
and annuli are similar: knock-down of Notch in
the cricket Gryllus resulted in a marked reduc-
tion in leg length and loss of joints along the P-D
axis (Mito et al. 2011). The loss of joints is
referred to as ‘‘fusion’’ by Mito et al. (2011) but
is derived by failure of the joint to form and
create a subdivision, rather than by fusion of
subdivisions. Mito et al. (2011) found that the
femur and tibia failed to separate and the tarsal
annuli failed to subdivide normally, so Notch
clearly plays a role in the formation of both
segments and annuli. In contrast, Dl mutants of
Drosophila showed shortened legs but only tar-
sal segments 2–4 of the wild type were not
separated (Bishop et al. 1999). Similarly, knock-
down of certain other genes is known to affect
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tarsal subdivision but not basic leg segmenta-
tion, so the patterning mechanisms for leg seg-
ments and leg annuli, while similar, exhibit
important differences in detail (Fig. 11.3).

During normal development differentiation of
a typical ‘‘ball-and-socket’’ joint between tarsal
annuli in Drosophila is dependent upon levels of
Notch activity. High Notch signalling levels
promote ball production whereas low levels are
required for socket production (Fig. 11.4). Cells
that produce the ball express big brain (bib)
whereas socket cells express neur and tend to
produce the more uniform, thinner cuticle of the
socket. Elongation of the ball lip and the socket
coincides with the migration of the cells that
form them. Notch activity is also required for
this cell motility, but it is probably under the
control of an independent Notch-mediated
pathway (Tajiri et al. 2011). Interestingly, dis-
ruption of the Notch signalling pathway during
pupal development in Drosophila suppressed
production of the normal ball-and-socket joint in
the legs and resulted in the formation of a more
uniform type of joint like that found in more
basal hexapods such as Ephemeroptera accord-
ing to Tajiri et al. (2011).

Morphologically, the key difference between
segments and annuli is the presence of intrinsic
musculature in segments. A huge body of liter-
ature is available describing limb musculature
patterns in a wide range of arthropods (see
Manton 1977 and references therein), and the
precise sites of muscle origins and insertions
have been considered as phylogenetically

informative (e.g. Boxshall 1997). However, the
key challenge is to integrate knowledge of the
anatomy with what is known about the genetic
mechanisms regulating myogenesis in arthro-
pods. Unfortunately, most studies on myogene-
sis in Drosophila have focused on larval and
flight muscles, so relatively little is known about
the mechanisms governing adult leg myogenesis
in the Drosophila leg model. Soler et al. (2004)
summarized the stages of myogenesis: com-
mencing in the leg imaginal discs of the third
instar: myoblasts expressing twist (twi) and
located in the vicinity of tendon precursors start
to express the muscle founder cell marker
dumbfounded (duf). Subsequently, epithelial
tendon precursors invaginate within the devel-
oping leg segments, giving rise to the tendons.
Tendon associated duf-expressing muscle foun-
der cells become distributed along these devel-
oping tendons and fuse with surrounding
myoblasts forming syncytial myotubes. Finally,
these myotubes grow towards their epithelial
insertion sites (the apodemes) and complete the
link between internally located tendons and the
leg epithelium. However, the process is under-
stood only in outline.

Leg muscle patterning involves genes such as
ladybird early, which is expressed in a subset of
the twi-expressing myoblasts located dorsally
and ventrally in the femur and giving rise to the
tibia levator and depressor muscles (Fig. 11.1),
respectively (Maqbool et al. 2006). Only frag-
mentary data on mechanisms responsible for
P-D patterning of leg musculature are available

Fig. 11.4 Schematic showing morphogenesis of ball-
and-socket tarsal joint in Drosophila leg. a Undifferenti-
ated epithelial cells (yellow) of leg prior to formation of
joint. b Initiation of joint formation by invagination of
epithelium. c Epithelial cells differentiate into those with

low Notch activity (pink) that will produce the socket and
those with high Notch activity (green) that will produce
the ball. d Migration of socket-producing epithelial cells
begins. e Cell migration continues and lip-like projection
develops on ball (adapted from Tajiri et al. 2011)
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for other arthropods. Recent work on muscle
precursors in the developing limbs of isopod and
decapod crustaceans showed that intrinsic limb
muscles originate from single precursor cells
which subsequently form multi-nucleate pre-
cursors, and this suggests fundamental similari-
ties with the insects (Kreissl et al. 2008; Harzsch
and Kreissl 2010).

These outlines of the sequence of events
involved in myogenesis shed little light on how
significant spatial aspects (i.e. the precise location
of muscle origins and insertions) of myogenesis
are determined. However, Park et al. (1998)
showed that muscle founder cells arise from
progenitor cells which are singled out by a lateral
inhibition process mediated by the Notch–Delta
signalling pathway. Given the central role of the
Notch pathway in segmentation along the P-D
axis of the arthropod leg, it seems probable that
spatial regulation of muscle attachments is also
linked to the existing framework of domains
along the P-D axis of the limb.

11.3 Arthropod Limb Types

In a review, Boxshall (2004) concluded that
there are two basic limb types in crown-group
arthropods: a single-axis first cephalic append-
age (the antennules/chelicerae) and biramous
post-antennulary limbs. In the terminology of
Scholtz and Edgecombe (2005), the first cepha-
lic appendages of euarthropods represent the
‘‘secondary antennae’’, with innervation derived
from the deutocerebrum, as distinct from the
‘‘primary antennae’’ associated with the prot-
ocerebrum and found in onychophorans (see
Chap. 10). Scholtz and Edgecombe (2006) dis-
cuss possible fates for the missing ‘‘primary
antennae’’ in euarthropods, but these are not of
concern here. I am considering the first cephalic
limb of arthropods, which is derived from the
deutocerebral segment and is known as the
antennule or first antenna in crustaceans, the
antenna in insects, myriapods and trilobites,
chelicera in crown-group chelicerates and the
‘‘great appendage’’ in megacheirans.

11.3.1 The First Cephalic Limb

Interpretations of antennules as possessing ves-
tiges of an ‘‘exopodite’’ still crop up occasion-
ally in crustacean taxa such as the podocope
ostracods (Karanovic 2005; Marmonier et al.
2005) but lack credible supporting evidence
according to Boxshall et al. (2010) who also
concluded that the Remipedia, with an antennule
comprising a single primary axis composed of
segments (defined by the possession of intrinsic
musculature), plus a proximally located ventral
flagellum, and the Malacostraca, with a short
segmented primary axis bearing two, occasion-
ally three, distally located flagella, provide no
evidence that contradicts the inference that the
antennules of the Mandibulata are primitively
single-axis limbs. This single axis may be either
segmented, flagellate or a mix of segments and
annuli but is essentially modular in construction,
and this modularity confers important functional
attributes, permitting, for example, the
enhancement of a sensory array by the addition
of modules or by the specialization of individual
modules independent of others.

The first prosomal appendages of crown-
group chelicerates are the paired chelicerae. The
comparison of expression patterns of Hox genes
in chelicerates and mandibulates has demon-
strated that chelicerae are positional homologues
of the antennules (Damen et al. 1998; Telford
and Thomas 1998; Abzhanov et al. 1999), and
the immunohistochemical analysis of neuro-
anatomy and neurogenesis has confirmed the
deutocerebral derivation of the chelifores of
pycnogonids (Brenneis et al. 2008).

The morphological gulf between an elongate
sensory antennule and a short feeding chelicera
seems profound, but recent analyses of chel-
iceromorph fossils have hypothesized how such
transitions might have occurred (Fig. 11.5b–e).
These analyses involve the Megacheira, the so-
called short great appendage fossils, which are
possible stem-group chelicerates (e.g. Chen et al.
2004; Cotton and Braddy 2004). The antennules
of the megacheiran Leanchoilia (Fig. 11.5b)
were considered as effectively triflagellate by
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Boxshall (2004), but each flagellum is borne on a
rigid spinous projection of the antennulomere
(Bruton and Whittington 1983). In the evolu-
tionary scenario constructed by Haug et al.
(2012), the megacheirans, Parapeytoia, Forti-
forceps, Yohoia (Fig. 11.5a) Leanchoilia and
Haikoucaris (Fig. 11.5c), are all considered to be
derivatives of the stem lineage of the Chelicerata,
and a transition from triflagellate great append-
age to chelicera is hypothesized as involving
reduction and loss of the flagella, reduction and
loss of segments, shortening of the spinous pro-
jections and the development of a special ‘‘elbow
joint’’ between the two-segmented peduncle and
the distal segments (Fig. 11.5a–e). However, this
scenario needs further testing firstly because it
was not supported by the phylogenetic analysis
of Edgecombe et al. (2011), which recovered a
monophyletic Megacheira as the sister-group of a
poorly resolved group comprising chelicerates,
aglaspids and other fossil cheliceromorph taxa
such as Cheloniellon and Sidneyia. Secondly, the
Silurian synziphosurine Dibasterium durgae has
long flexible antenniform chelicerae (Briggs

et al. 2012) providing an elegant link between
typical sensory antennule and feeding chelicerae.

Although bi-, tri- or multi-flagellate limbs are
known in malacostracan crustaceans and in basal
megacheirans, a truly biramous first limb (with
two-segmented axes) is unknown in the
Arthropoda. The only possible exception might
be the Pauropoda which have two-branched an-
tennules, but each branch is unsegmented and
provided with musculature that inserts only
around its proximal rim (Boxshall 2004: Fig. 2g)
and so does not comprise a segmented axis.

The first cephalic limb of euarthropods has a
single P-D axis and thus differs from post-an-
tennulary limbs which are primitively biramous.
How fundamental is this distinction, given that
well-known homeotic mutations, such as the
Antennapedia mutant of Drosophila, indicate that
antennules and post-antennulary limbs can be
viewed as serial homologues? Indeed, numerous
homeotic mutations are now known that can
transform maxillary palps, labial palps and gen-
italia into antennae or thoracic legs in a variety of
insects, not just Drosophila (Angelini et al. 2011).

Less is known about patterning mechanisms
in the developing arthropod antennule than in
legs, but it is clear that early development is
regulated by the activity of field-specific selector
genes. The Drosophila antenna comprises only
three segments and a terminal flagellate section,
the arista. On the basis of gene expression
domains, Postlethwait and Schneiderman (1971)
concluded that the first antennal segment was
‘‘homologous’’ with the coxa of the leg; the
second segment with the trochanter; and the
third with the femur, tibia and first tarsal seg-
ment, and the arista with the second to fifth
tarsal segments plus the tarsal claw. However,
the homology is at the level of the shared early
leg gap gene patterning mechanism, common to
all arthropod limbs, and does not support an
inference of homology between the segments
themselves.

The basic patterning mechanism of the
antenna is very similar to that of the leg, but
differs in the extensive co-expression of the
proximal and distal leg gap genes, hth and Dll,
respectively, and in the absence of a functional

Fig. 11.5 Schematic showing possible transition
between raptorial great appendage and chelicera.
a Great appendage of Yohoia. b Great appendage of
Leanchoilia. c Great appendage of Haikoucaris. d Che-
licera of Limulus. e Chelicera of pycnogonid (a, c,
redrawn from Haug et al. (2012), b, redrawn from
Edgecombe et al. (2011), d,e, drawn from photographs in
Haug et al. (2012)
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intermediate domain specified by dac (Dong
et al. 2001) (the dac expression domain lies
completely within the Dll domain in the insect
antenna). Downstream of the leg gap genes, the
Notch pathway involving Dl has been reported
for the antenna of the cricket Gryllus (Mito et al.
2011). Fine-scale mechanisms are also some-
what similar: the gene lines, for example, plays
analogous roles in the subdivision of the flagel-
late arista of the antenna and of the annulate
tarsal region on the leg, but again there are also
some significant differences (Greenberg and
Hatini 2009). In particular, in the antenna, Dll
and hth cooperate in a secondary role, to impose
identity on the antenna by activating antenna-
specific genes in a cascade leading to distal
antenna, a selector gene for antennal fate
(Emerald et al. 2003).

There is no evidence from gene expression
data to suggest that antennules (or chelicerae)
are primitively anything other than single-axis
limbs. So, for example, in the early embryo of
the extant xiphosuran Limulus, the developing
limb buds of the chelicerae do not develop a
second lateral point of Dll expression even
though transient laterally located expression
points are shown by the developing buds of all
the post-antennulary limbs on the prosoma,
including pedipalps and walking legs (Mittmann
and Scholtz 2001). There is a difference of
interpretation concerning the homology of these
transient Dll-expressing points (see Boxshall
2004) but the evidence relevant here is that the
chelicerae lack such a point.

The shared common features between antenna
and leg development in Drosophila indicate that,
despite some significant differences, the antenn-
ules and post-antennulary limbs of all arthropods
can be viewed as serial homologues, but speci-
fication of the anterior-most limb as the anten-
nule ensures that it develops as a single axis
rather than biramous limb.

11.3.2 The Post-antennulary Limbs

Boxshall (2004) concluded that the basic post-
antennulary limb of crown-group arthropods

comprises an undivided protopodite (also called
the basipod), an endopodite of cylindrical seg-
ments and a more flattened exopodite probably
of two segments.

11.3.2.1 Protopodite
The protopodite is the proximal part of the
biramous limb and carries the rami. It is easy to
recognize in biramous limbs, as found in crus-
taceans, trilobites and many other fossils such as
the marrellomorph Xylokorys, but when limbs
are uniramous, it can be difficult to identify the
boundary between the protopodite and the
endopodite (see Boxshall 2004).

The protopodite of all post-antennulary limbs
of trilobites and most fossil and recent chelic-
eromorphans is entire and undivided, although a
small, mobile proximal endite is present in
xiphosurans, eurypterids and the Cambrian Sid-
neyia (a relative of Aglaspis according to the
scheme in Edgecombe et al. 2011). In trilobites,
the entire medial margin of the undivided pro-
topodite was convex and provided with spines,
forming a gnathobase. Similar undivided gna-
thobases are also retained on the pedipalps and
walking limbs of Limulus, the pedipalps of spi-
ders, in the first and second walking legs of
scorpions and some harvestmen. The retention
of protopodal endites (often referred to as gna-
thendites) in these taxa was a plesiomorphic
character state in the analysis of Shultz (1990).
The protopodite of chelicerates and chel-
iceromorphs in general appears to be short but
very broad. However, the discovery of the
cheliceromorph Dibasterium has revealed a
biramous prosomal limb type in which the
endopodite is carried on a recognizable proto-
podite but the well-developed and multi-seg-
mented exopodite appears to originate separately
on the adjacent ventral surface of the prosome
(Briggs et al. 2012). The limbs of Offacolus were
reinterpreted as similar to those of Dibasterium
by Briggs et al. (2012).

In crustaceans, as representatives of basal
mandibulates, the protopodites are more elon-
gate in the P-D axis and retain gnathobases or
endites in many members of the limb series: for
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example, in mandibles, in the post-mandibular
limbs of crustaceans such as cephalocaridans
and branchiopods and in the maxillule of hexa-
pods, chilopods and symphylans. Endites may
also be transient features: the enditic process on
the coxa of the antenna of planktotrophic crus-
tacean nauplii is secondarily lost after the
naupliar phase of development. In crustaceans,
the medial surface of the enlarged protopodite
typically carries a linear series of endites. The
number of endites on the protopodite of post-
mandibular limbs varies: in Cambrian crusta-
ceans such as Rehbachiella and Dala, it can be
up to eight or nine (Walossek 1993; Walossek
and Müller 1998). Only five or six endites are
retained on the protopodal part of the trunk
limbs of Lepidocaris and five endites has often
been regarded as typical for extant branchio-
pods. However, Pabst and Scholtz (2009)
regarded only three of the inner lobes as proto-
podal in origin, reinterpreting the two distal
lobes as endopodal. The enditic margin only
forms weak lobes in cephalocaridans rather than
well-defined endites. The archaeostracan

Cinerocaris retains a series of endites on the
undivided protopodite of the pereopods
(Fig. 11.6b) and has endite-like expansions of
the medial margin of the proximal endopodal
segments (Briggs et al. 2004). Retention of an
endite series along the protopodite was regarded
by Walossek (1999) as characteristic of his En-
tomostraca, but is plesiomorphic for malacos-
tracans also. The endites are lost in modern
leptostracans (Fig. 11.6a).

Outside the crown-group crustaceans, only
one endite per segment is typical. The lacinia
and galea of the maxilla (first post-mandibular
limb) in the basal hexapod Thermobia have been
interpreted as representing the endites of two
protopodal segments (Chaudonneret 1950).
However, in Tribolium, two enditic lobes are
present transiently in the early embryo but fuse
before hatching to form the single endite present
in the larva. This larval endite is presumed to
give rise to the lacinia and galea of the adult
(Jockusch et al. 2004), however, fusion and
subsequent separation of endites derived from
different protopodal segments seems unlikely.

Fig. 11.6 Trunk limbs of
leptostracan and
archaeostracan
Malacostraca. a Trunk
limb of Nebalia showing
absence of endites in
protopodal part (coxa and
basis), musculature in
exopodite (exp) and
endopodite (enp) but none
in the foliaceous epipodite
(epi). b Trunk limb of
Cinerocaris showing
enditic margin of
protopodite (prp) and array
of foliaceous outer lobes
(a, from Boxshall and
Jaume (2009); b, redrawn
from Briggs et al. (2004))
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Chaudonneret (1950) studied Thermobia but no
relevant detailed genetic studies have yet been
carried out on this species. Most hexapods and
myriapods lack functional endites on their limbs.

The proximal endite on the protopodite of
crustaceans has been regarded as of particular
significance by Waloszek and co-authors (e.g.
Maas et al. 2003; Waloszek 2003; Waloszek
et al. 2007). As summarized by Waloszek et al.
(2007, p. 284), the ‘‘proximal endite’’ is a
‘‘novelty of the ground pattern of the Crustacea’’
and is a ‘‘separately moveable’’ setose lobe
‘‘nested within the ample joint membrane
medially below the basipod of the post-anten-
nular limb’’. The proximal endite is clearly vis-
ible on the post-antennulary limb series in
Martinssonia (Müller and Walossek 1986) and
in the phosphatocopines (Maas et al. 2003) but is
presented only in the mandible in Oelandocaris
(Stein et al. 2005). The significance of this
proximal endite in the phylogenetic debate is
that it ‘‘is considered as a phylogenetic precursor
of another limb portion developed in the Crus-
tacea’’—the coxa (Waloszek et al. 2007).

An alternative hypothesis, as summarized by
Boxshall (2004), is that the protopodite (Wal-
oszek’s basipod) subdivided by the formation of
a transverse articulation to form the proximal
coxa and distal basis. This must have occurred in
the stem lineage of the mandibulates at least in
the antenna (first post-antennulary limb) and
mandible (second), as well as in the maxillule
(third) of crown-group Crustacea according to
Boxshall (1997). In the maxilla and post-
cephalic trunk limbs, the proximal endite is
simply the proximal-most of the series of endites
expressed along the medial margin of the pro-
topodite. It may be capable of performing
motions independent of the main promotor-re-
motor swing of the whole limb at the body-coxa
articulation, but such multi-functionality is the
hallmark of the crustacean limb.

Do gene expression data shed any light on the
debate over the origin of the separate coxa and
basis? Endites can express Dll. In the developing
uniramous limbs of chelicerates and insects, a
proximal zone of expression of Dll is found. It is
localized in the gnathendite on the undivided

protopodite (the coxa) of the developing pedi-
palps of the mygalomorph spider Acanthoscur-
ria, although not in the rudimentary
gnathendites of the walking legs (Pechmann and
Prpic 2009). Similar expression in the gnathen-
dite of the pedipalps has also been observed in
more derived spiders (Schoppmeier and Damen
2001; Prpic and Damen 2004). In insects, Dll is
expressed on the maxilla of Tribolium in a dis-
tinct proximal domain that corresponds with the
developing endite (Beermann et al. 2001) and in
Acheta, in two domains corresponding with
lacinia and galea (Angelini and Kaufman 2004).
Interestingly, RNAi depletion of Dll did not
affect the formation of the endites (the galea and
lacinia) on the maxilla of another beetle, Onth-
ophagus, although the palp became unseg-
mented (Simonnet and Moczek 2011).

In the phyllopodial limbs of anostracans,
Williams (2008) demonstrated early Dll
expression in the proximal regions of the limb in
the series of endites carried on the medial mar-
gin, around the margins of both endopodite and
exopodite, and in the pre-epipodite. Transient
expression only was noted for the epipodite
(which lacks setae in the adult anostracan).
Williams (2008) noted that proximal Dll
expression was found initially in general epi-
thelial cells but subsequently became localized
to setal-forming cells, irrespective of whether
the setae were sensory or had a passive
mechanical role as in the majority of enditic
setae.

In the notostracan Triops, there is medially
reiterated expression of dac in the very early
limb bud that resolves to the endites. Each of the
five endites carried along the medial margin of
the Triops trunk limb (Fig. 11.7c) expresses dac
in a zone along its lower (ventral) margin (Se-
well et al. 2008). Localized dac expression was
also noted in each endite on the trunk limbs of
an anostracan branchiopod (Sewell et al. 2008).
Four zones of dac expression were observed
along the margin of the maxilla of the myriapod
Glomeris (Prpic and Tautz 2003) and dac was
also expressed in both endites present on the
maxilla of the hexapod Tribolium (Prpic et al.
2001). Interestingly, the gnathendite of the
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pedipalps of the model chelicerate Cupiennius
lacks dac expression. Sewell et al. (2008) con-
sidered this as evidence consistent with the
inference that the proximal endites of mandi-
bulates and cheliceromorphs are non-homolo-
gous (Boxshall 2004).

These expression data can help us understand
the derivation of the coxa and basis from an
undivided ancestral protopodite in two respects.
Firstly, the P-D subdivision of limbs is regulated
by a patterning mechanism involving the leg gap
genes, the Notch signalling pathway, and a
downstream cascade of other genes, which is
common to all arthropods. All subdivisions of
the P-D axis appear to be regulated by this
mechanism, and there is no evidence to suggest
that the coxa-basis articulation in the mandibu-
late protopodite is different. I infer that the coxa
and basis differentiate by a process of subdivi-
sion, as for every other segment and annulus
along the limb, and that there is no special role
for the proximal endite. Secondly, the proximal
endite is one of a P-D series of protopodal

endites, all of which share a common expression
pattern for the few genes (e.g. dac and exd) that
have thus far been investigated. No unique
expression pattern has yet been noted for the
proximal endite: again there is nothing to sug-
gest that the patterning mechanism responsible
for the formation of this endite is different from
that of the more distal endites in the series.

The enlarged proximal endite of the second
post-antennulary limb in the Mandibulata is
modified as a gnathobase. Indeed, possession of
the second post-antennulary limb modified as a
mandible has been used to characterize the
Mandibulata, comprising the Crustacea, Hexa-
poda and Myriapoda (Snodgrass 1938). The limb
carried on the homologous body segment in
chelicerates is a walking leg (Damen et al. 1998;
Telford and Thomas 1998)—the first walking leg
in arachnids and the second in Xiphosura and
Eurypterida. In trilobites and other fossils with
homonomous post-antennulary limbs, this limb
exhibits no unique morphological specializa-
tions—resembling all other members of the series.

Fig. 11.7 Development of trunk limb of Notostraca.
a Schematic showing limb forming as transverse ridge
with developing endites and rami as defined as lobes.
b Later stage of limb development with epipodite lobe
now present. c Adult limb of Lepidurus showing endites,

rami and epipodite. Endite 4 (en 4) and endite 5 (en 5)
plus endopodite (enp) of Sewell et al. (2008) were all
interpreted as representing a tripartite endopodite in the
scheme of Pabst and Scholtz (2009) (a, b, adapted from
Sewell et al. (2008); c, redrawn from Sars (1896))
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The mandibles of hexapods, myriapods and
adult malacostracan and branchiopod crusta-
ceans are gnathobasic and protopodal in origin
(Popadić et al. 1996; Prpic et al. 2001), lacking a
palp. The protopodal origin of the mandible in
hexapods is confirmed by lack of Dll expression,
and in myriapods by transient Dll expression
(Popadić et al. 1996). The gnathobasic origin of
the mandible in branchiopods, cephalocaridans,
remipedes and malacostracans is not in question
because they all possess a distal palp earlier in
development. Most other crustacean taxa either
retain a mandibular palp as an adult or lose the
palp after the naupliar phase. Loss of the man-
dibular palp is shared with the Hexapoda and
Myriapoda.

The mandibular gnathobase in Crustacea is
formed from the proximal segment only (i.e. the
coxa) of the two protopodal segments. The
ostracod mandible with a basal endite as well as
the coxal gnathobase is an exception (Boxshall
2004: Fig. 9b). When present, the palp com-
prises the distal protopodal segment (the basis)
plus the rami. The mandible is homologous to all
members of the Mandibulata, so the mandibular
gnathobase is formed by the coxa only in
hexapods and myriapods as well. In chelicerates
and trilobites, the second post-antennulary limb
has an undivided protopodite. The coxal gna-
thobase of the mandibulate mandible is not
homologous with the gnathobase of the second
post-antennulary limb of cheliceromorphs which
is derived from the medial margin of the entire
protopodite (as pointed out by many authors, see
Boxshall 2004).

11.3.2.2 Endopodite (= Telopodite)
There has been considerable confusion and
debate concerning the number of endopodal
segments in the phenotypic ground plan of each
major arthropodan taxon, and numerous
schemes have been proposed to establish
homologous landmarks along the P-D axis of the
various limbs. Manton (1966) referred to the
‘‘welter of assumptions’’ underpinning such
schemes, and the key problem is that within
every major arthropodan class, there is marked

variation in number of endopodal segments
expressed in the phenotype, so uncertainty
remains despite the considerable attention
devoted to this topic.

Numbers of apparent segments can be larger
than a hypothesized ground plan due to subdi-
vision of segments. In the diplopods, for exam-
ple, the trunk legs were described by Manton
(1954, 1958) as having a seven-segmented
endopodite consisting of trochanter, pre-femur,
femur, post-femur, tibia, tarsus and claw (pre-
tarsus); however, the coxa and trochanter of
Manton represent two annuli of a subdivided
segment, and the femur and post-femur of
Manton similarly represent a subdivided seg-
ment. Similarly, in some mysid malacostracans,
for example, pereopodal endopodites have been
described as having a total of six segments, with
a pre-ischium located between the basis and
ischium (e.g. Hansen 1925). This is also a sec-
ondary increase.

Oligomerization—the reduction in number of
expressed limb segments in the phenotype—also
seems to have been a common evolutionary
trend in limb segmentation within taxa. The loss
of segments typically results from failure of
expression of articulations during development
rather than from actual fusion (Boxshall and
Huys 1998). These are different processes
although both result in a compound segment
originating from two or more ancestral seg-
ments. Articulations between true segments may
fail to be expressed and in such cases, the plane
of the ancestral articulation may be marked
externally by a suture line in the integument,
and/or internally by a muscle insertion or by the
retention of a transverse tendonous section
within a muscle (Boxshall 1985), or may be lost
entirely.

The endopodite of branchiopod trunk limbs
has often been interpreted as secondarily
unsegmented, but new data on the development
of Limnadopsis led Pabst and Scholtz (2009) to
suggest that the endopodite is fundamentally
three-segmented. They consider there to be good
evidence supporting the view that a tri-partitite
endopodite (either three-lobed or three-seg-
mented) is the general pattern for the
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Branchiopoda, as proposed earlier by Hansen
(1925). By analogy with such an interpretation,
the trunk limb of Triops would also have a tri-
partite endopodite (Fig. 11.7c).

It would be convenient if the wealth of
emerging data on gene expression patterns were
to provide any marker that could be used to
unequivocally identify specific joints along the
P-D axis to serve as landmarks for comparison
between taxa. However, this seems unlikely
since the comparative data that are available
show homologous patterning domains do not
necessarily mark homologous morphological
domains (Abzhanov and Kaufman 2000; Sewell
et al. 2008). There are, however, markers for
very specific cellular functions which may be
localized in particular limb parts, such as the
epipodites.

In the biramous post-cephalic trunk limbs of
barnacles (Crustacea: Thecostraca), the rami are
transformed into cirri that form the food capture
apparatus of the sessile adult. These cirri extend
hydraulically and but flex using their intrinsic
musculature (Cannon 1947). The intrinsic mus-
cles form an intermediate attachment in each
segment of the cirrus, indicating that these sub-
divisions are true segments rather than annuli.
Similarly, both rami of the antenna of conc-
hostracan crustaceans comprise multiple podo-
meres and appear flagellate, but both comprise
segments defined by the presence of intrinsic
muscles (Boxshall 2004: Fig. 8g). Such exam-
ples of secondary increases in true segmentation
are relatively rare. Where both rami of a limb
are similar and secondarily multi-segmented, as
in the antennae of conchostracan branchiopods
and the thoracopodal cirri of barnacles, the P-D
patterning mechanism is presumably the same
for both rami. In the pleopods of amphipod
crustaceans, for example, both rami continue to
add articulations in a proximal growth zone, at
each post-embryonic moult (Maruzzo and Mi-
nelli 2011). In such cases, it can be inferred that
the secondary segmentation would be controlled
by a single, specialized patterning mechanism
common to both rami.

11.3.2.3 Exopodite
Exopodites on post-antennulary limbs are a
feature of the arthropod ground plan (Walossek
1999). The exopodite is the outer ramus and has
a distal origin on the protopodite, lateral to the
endopodite. It is typically provided with muscles
originating in the protopodite and inserting
within the ramus itself and when the exopodite is
often two-segmented, the intrinsic musculature
can move the segments relative to one another.
Boxshall and Jaume (2009) looked at the
diversity of exopodites, noting the prevalence of
subdivided exopodites in branchiopods, bran-
chiurans and cephalocaridans, but considered
that the basic euarthropodan exopodite was two-
segmented. However, multi-segmented exopo-
dites are found in crustacean naupliar limbs
(antennae and mandibles), in trunk limbs of
copepods, thecostracans and remipedes, in cer-
tain phosphatocopines, and in Agnostus.

Foliaceous exopodites are present on the
trunk limbs of branchiopods (Fig. 11.8b) and of
most Palaeozoic fossil arthropods for which the
limbs are known, including mandibulates such
as Bredocaris, Cinerocaris, Dala, Rehbachiella
and Tanazios; trilobites such as Burgessia,
Eoredlichia, Misszhouia and Olenoides; and
fossils of uncertain affinity such Sapeiron (see
references in Boxshall 2004 and Boxshall and
Jaume 2009). Indeed, arthropods with a series of
uniramous post-antennulary limbs lacking exo-
podites, such as the Silurian pycnogonid Ha-
liestes (Siveter et al. 2004), are the exception in
the early to mid-Palaeozoic. The rare case of the
fossil arthropod Sarotrocercus which apparently
retains the exopodite only (see Boxshall 2004)
may be better interpreted as lacking information
on the endopodite (Haug et al. 2011). Within the
extant Crustacea, each post-antennulary limb
from the antenna to the uropod is biramous
somewhere in crustacean morphospace. The
exopodite is often lost from particular adult
limbs, although larvae may retain an exopodite
even if the adults secondarily lack one. In the
Eumalacostraca, the distal segment of the
pereopodal exopodite has been regarded as
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primitively annulated (Fig. 11.8c) (Boxshall and
Jaume 2009); however, the presence of muscles
extending the length of the flagellate exopodite
in larval decapods (Harzsch and Kreissl 2010)
highlights the importance of obtaining better
data for basal taxa such as the syncarids, the
development of which is poorly documented.
The exopodite is not expressed in extant hexa-
pods and myriapods, so inferences on the form
of the exopodite in the Mandibulata necessarily
depend on evidence from the Crustacea and
related fossils. The Silurian Tanazios has been
interpreted as a probable stem-lineage crusta-
cean (Siveter et al. 2007b) and as a labrophoran
(Boxshall 2007), and it has slender type of

segmented exopodite on its trunk limbs
(Fig. 11.8a).

The Silurian marrellomorph Xylokorys is of
particular interest: it has a well-developed, sin-
gle-axis antennule, followed by the first to fourth
post-antennulary limbs each of which has a well-
developed multi-segmented exopodite. The first
and second post-antennulary limbs have exopo-
dites comprising a basal part of two or three
podomeres and a distal section of four or five
podomeres carrying a conspicuous setal fan
(Siveter et al. 2007a). In the third post-antenn-
ulary limb, the endopodite is reduced and the
exopodite is very large with a distal section of
up to 7 podomeres, each bearing a setal tuft
(Fig. 11.9a).

This distinctive type of exopodite closely
resembles that found in the Silurian chel-
iceromorph Offacolus, the second to fifth post-
antennulary limbs of which each have a six-
segmented exopodite (Fig. 11.9b) terminating in
a setal fan (Sutton et al. 2002). Dibasterium also
has a robust multi-segmented exopodite on the
same prosomal limbs and Briggs et al. (2012)
concluded that the exopodite of both Offacolus
and Dibasterium inserts on the body surface
separate from the endopodite-bearing
protopodite.

The enigmatic Cambrian arthropod Ercaia
has a very similar first post-antennulary limb,
with an exopodite comprising a segmented
cylindrical proximal part plus a flattened distal
part bearing a conspicuous setal array (Chen
et al. 2001). The presence of a well-developed,
articulated cylindrical exopodite in these taxa
suggests that this may represent a second basic
exopodite type in Palaeozoic arthropods, in
addition to the foliaceous type of exopodite.

Foliaceous exopodites are retained on the
more posterior trunk limbs in these taxa and in
other cheliceromorphs such as Sanctacaris and
Limulus (Boxshall 2004: Fig. 4c), and other
marrellomorphs such as Marrella and Mimetas-
ter. Interestingly, Xylokorys, Offacolus and Di-
basterium have the endopodites of the first few
pairs of post-antennulary limbs terminating in a
subchela. There appears to be a similar structure
of the anteriormost pairs of limbs between these

Fig. 11.8 Diversity of biramous trunk limbs bearing
epipodites. a Tanazios showing blade-like epipodite (epi)
and pre-epipodite (pr epi) and cylindrical endopodite
(enp) and exopodite (exp). b Polyartemia showing
epipodite (epi), two pre-epipodites (pr epi) and folia-
ceous exopodite. c Anaspides showing double epipodite
(epi) plus flagellate exopodite (exp flag). d schematic
showing arthrobranch (arth), and pleurobranch (plr) gills,
and epipodite-podobranch complex of dendrobranchiate
decapod (a, simplified drawing from reconstruction in
Siveter et al. (2007b), with enditic membranes omitted;
b, redrawn from Sars (1896); c, adapted from Boxshall
(2004); d, adapted from Boxshall and Jaume (2009))
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two taxa, and, interestingly, both exhibit the
biphasic arrangement of post-antennulary limbs
into anterior and posterior homonomous blocks
(Boxshall 2004).

Dll expression can be used to distinguish
exopodites from lateral outgrowths, such as
epipodites, which result from the establishment
of new lateral axes. These usually do not express
Dll. For example, the exopodal nature of the
scaphognathite on the decapod maxilla (in the
freshwater crayfish, Astacida) was confirmed by
Scholtz et al. (2008) on the basis of such evi-
dence. The earliest expression of Dll is in the tip
of a crustacean limb bud irrespective of the form
of the adult limb, that is, whether it is biramous
or uniramous, stenopodial or phyllopodial
(Olesen et al. 2001; Williams 2004; Wolff and
Scholtz 2008). The endopodite and exopodite
are formed by a secondary subdivision of the
primary growth zone at the tip of the developing
P-D limb axis (Wolff and Scholtz 2008). The
subdivision of the primary limb axis is reflected
by the transformation of the initially undivided
Dll expression at the tip of the limb bud into two
separate Dll domains representing the tips of the

rami (Williams 2004; Wolff and Scholtz 2008).
The mechanism producing this subdivision is
unknown but likely scenarios are the suppres-
sion of Dll expression in the area between exo-
podal and endopodal domains, or apoptosis
(Wolff and Scholtz 2008).

The loss of the exopodite from the thoraco-
pods of the haplopodan branchiopod Leptodora
resulted from suppression of the bifurcation of
the early limb bud (Olesen et al. 2001). Wolff
and Scholtz (2008) showed that uniramous
pereopods of the amphipod Orchestia are
formed by the suppression of the split into ex-
opodite and endopodite of the primary growth
zone of the main limb axis. Comparing the
clonal composition of the embryonic pereopods
and pleopods, Wolff and Scholtz (2008) dem-
onstrated that a population of cells with the
identical genealogical background to that which
forms the exopodite in the biramous pleopods
contributes to the outer part of the endopodite of
the uniramous pereopods along most of the P-D
axis but not to the tip. Boxshall and Jaume
(2009) interpreted the failure of expression of
the exopodite in development as resulting in the

Fig. 11.9 Anterior post-antennulary limbs from Silurian
arthropods with well-developed exopodites. a Third post-
antennulary limb of the marrellomorphan Xylokorys,
showing well-developed cylindrical exopodite (exp) with
distal part bearing setal array, and segmented endopodite
with subchelate apex. b Post-antennulary limb of

cheliceromorphan Offacolous, showing two multi-seg-
mented rami, with setal tuft on apex of exopodite (exp)
(a, drawn from reconstructions in Siveter et al. (2007a);
b, redrawn from Sutton et al. (2002)). The form of the
protopodite is uncertain (see Briggs et al. (2012))
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cells that would have comprised the exopodite
anlage being conscripted to contribute to the
endopodite.

11.3.2.4 Epipodites and Pre-epipodites
The crustacean epipodite is a lateral outgrowth
from the coxal part of the limb protopodite.
Epipodites are found on the post-maxillary trunk
limbs in branchiopods (Figs. 11.7c, 11.8b) and
on the thoracopods (maxillipeds and pereopods)
in the Malacostraca (Figs. 11.6a, 11.8c,d).
Epipodites are characterized by the lack of
musculature (Boxshall and Jaume 2009). Tran-
sient rudiments of epipodites were also reported
during the development of the anterior pleopods
of the Leptostraca by Pabst and Scholtz (2009).
Epipodites are rarely found on cephalic limbs
within the extant crustaceans: exceptions include
the presence of a setose lobate epipodite on the
maxillule of copepods (Huys and Boxshall
1991) and the well-developed setose epipodite
on the maxilla of the myodocopan ostracods.
Myodocopans are the only crustaceans that
possess an epipodite on the maxilla (Boxshall
and Jaume 2009: Fig. 16).

In addition to the epipodite, a more proxi-
mally located pre-epipodite is also present in
most anostracan Branchiopoda (Fig. 11.8b) and
within the Malacostraca—in Leptostraca
(Fig. 11.6a) and the Silurian archaeostracan
Cinerocaris (Fig. 11.6b). Two pre-epipodites are
present in chirocephalid Anostraca (Fig. 11.8b),
and in other anostracans, the pre-epipodite
shows clear evidence of a double origin (Wil-
liams 2007). Adult Anaspides has two very
similar epipodites originating immediately
adjacent to each other on the pereopodal coxa
(Fig. 11.8c). Although neither shows any evi-
dence of a double origin, one could represent the
pre-epipodite. However, the presence of a single
coxal epipodite in the Carboniferous Palaeoc-
aris and in the bathynellaceans suggests the
possibility that the presence of two lobes in
Anaspides is a secondarily derived state within
the Syncarida (Boxshall and Jaume 2009).

The epipodite typically appears very early in
development as an unarmed, rounded lobate

bud, and in the Branchiopoda (Fig. 11.7a–c),
where post-maxillary limbs initially appear as
transverse ridges, the epipodite bud appears just
prior to the limbs commencing their swing down
to the vertical, adult orientation (Møller et al.
2004). This pattern is common to anostracan and
notostracan branchiopods. In leptostracan mal-
acostracans, the epipodite on the pereopods
appears somewhat later in development of the
limbs, as the swing to vertical is taking place
(Pabst and Scholtz 2009).

Ungerer and Wolff (2005) showed that the
coxal plate and epipodite of amphipod pereo-
pods arise from a common anlage in early
development and considered it possible that the
coxal plate of amphipods might be homologous
with the pre-epipodite. Boxshall and Jaume
(2009) questioned the widely assumed homol-
ogy of the peracaridan oostegite with the pre-
epipodite. Oostegites and pre-epipodites have
different sites of origin on the protopodite, differ
structurally, functionally and in orientation.
More importantly, Boxshall and Jaume (2009)
highlighted that oostegites are secondary sexual
structures, often undergoing cyclical change in
concert with the hormonally controlled, repro-
ductive cycle of the female and hypothesized
that their underlying genetic control mechanisms
would also differ. Oostegites may well be a
novel structure, apomorphic to the Peracarida.

The epipodite is characterized by distinctive
gene expression patterns: strongly expressing
nubbin (pdm), apterous (ap) (Averof and Cohen
1997), trachealess (Mitchell and Crews 2002)
and ventral veinless (Franch-Marro et al. 2006),
but only weakly expressing Dll in a transient
manner (Williams 1998; Williams et al. 2002).
Richter (2002) regarded the specific expression
pattern of pdm and ap in the distal epipodite of
Artemia and in the epipodite of Pacifastacus as a
strong argument for homology of these two
structures. Irrespective of shared ancestry, the
expression of numerous genes by the epipodites
of malacostracans and branchiopods probably
reflects common functionality as osmoregula-
tory-gaseous exchange organ. Currently, there is
little evidence available to suggest whether two
pre-epipodites of chirocephalids or the double
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pre-epipodite of other anostracans are homolo-
gous with the pre-epipodite of anaspidacean
malacostracans.

Boxshall (2004) concluded that epipodites on
limb protopodites appeared relatively late in the
Palaeozoic and were not present in the crusta-
cean ground plan. The discovery of new fossils
has challenged this conclusion: Zhang et al.
(2007) reported ‘‘epipodites’’ on the trunk limbs
of the Cambrian Yicaris, which they classified as
a crown-group crustacean, and Siveter et al.
(2007b) described the Silurian Tanazios which
they interpreted as a stem-lineage crustacean.
All post-mandibular limbs of Tanazios are
biramous with two slender, blade-like, tapering
exites on the outer margin of the protopodite
(Fig. 11.8a), which were identified as epipodites
by Siveter et al. (2007b). Boxshall (2007) con-
sidered that Tanazios should probably be clas-
sified as a member of the Labrophora but noted
that the presence of two epipodites could be
interpreted as evidence that such a state was
basic to the Eucrustacea ground plan.

In Yicaris, three exites are present along the
lateral margin of the protopodal part of the post-
mandibular limbs. They were homologized with
the epipodite plus pre-epipodite of anostracan
Branchiopoda, and a ground plan of three
epipodites per limb was suggested for the Eu-
crustacea (Zhang et al. 2007) or the Eubran-
chiopoda (Maas et al. 2009). Boxshall (2007)
considered that the pattern of development in
Yicaris (Fig. 11.10a–c) was significantly differ-
ent from that of branchiopodan epipodites and
regarded the evidence supporting the inference
that these structures were homologues of the
crustacean epipodite plus two pre-epipodites as
weak. Boxshall and Jaume (2009) subsequently
pointed to differences in form and in the timing
of the appearance of the epipodite and pre-
epipodite anlagen in anostracan embryos
(Møller et al. 2004) and of the exites in Yicaris
and inferred that the structures in the latter
represent an independently derived exite series.
Maas et al. (2009) reconsidered the evidence
from the Cambrian fossils and concluded that
the three exites were present in the ground

pattern of their Entomostraca and that these were
retained in Yicaris and in the Branchiopoda.

The timing of appearance of these structures
during development is very different (cf.
Figs. 11.7, 11.10). In Branchiopoda, the epipo-
dite (and pre-epipodite) appears very early when
the limb primordium comprises a simple trans-
verse ridge of tissue subdivided by slight
indentations on the free margin (Fig. 11.7a). As
this limb develops, the lobes (presumptive en-
dites, rami, epipodite and pre-epipodite) become
better defined (Fig. 11.7b), so by the time the
developing limb swings from a transverse to a
dorsoventral orientation, the epipodite is already
clearly differentiated. In contrast, in Yicaris
(Fig. 11.10a–c), the bilobate limb bud has a
dorsoventral orientation (Fig. 11.10a) before any
rudiment of any outer lobe appears
(Fig. 11.10b). Assuming the posterior to anterior
limb series serves as a surrogate for the devel-
opment process in Yicaris, the three exites
appear sequentially, together with the setation
elements of the rami and the endites. The
development of these exites on the outer margin
of the protopodite of Yicaris has much in com-
mon with the sequential appearance of setation
elements and raises doubts as to their homology
with the epipodite and two pre-epipodites of the
Branchiopoda.

11.4 Heteronomy of Post-
antennulary Limbs

A corollary of the hypothesis that the arthropodan
ground plan included only two limb types (a
multi-segmented single-axis antennule and a
biramous post-antennulary limb) is that the post-
antennulary limbs formed an essentially homon-
omous series with little or no differentiation along
the A-P axis except in relative size. This describes
the trilobite condition: Phacops, for example, has
paired antennules followed by a homonomous
series of post-antennulary limbs (Bruton and
Haas 1999). Other Cambrian arthropods, such as
the xandarellid Cindarella, similarly show a
homonomous series of post-antennulary limbs
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without significant A-P differentiation (Rams-
köld et al. 1997).

Most arthropods exhibit some degree of
cephalization in which one or more pairs of post-
antennulary limbs are modified as specialized
feeding appendages. A few Palaeozoic arthro-
pods, such as Marrella and Ercaia, have just one
pair of post-antennulary limbs differentiated
from the posterior members of the series
(Whittington 1971; Chen et al. 2001). Other
fossil arthropods have the anterior two, three or
more pairs of post-antennulary limbs differenti-
ated. Mandibulates exhibit heteronomy of the
post-antennulary limbs, as exemplified by the
naupliar and the post-naupliar limbs in crusta-
ceans. The naupliar limb series comprises the
uniramous antennules plus the biramous anten-
nae and mandibles: they differ markedly from
the post-naupliar limbs (maxillules, maxillae
and trunk limbs) which form a basically
homonomous series. This progressive cephali-
zation is the dominant processes underlying the
trend towards increasing diversity of arthropo-
dan limb types in the Palaeozoic (see Boxshall
2004). However, Boxshall (2004) also recog-
nized that a basic biphasic arrangement of the

post-antennulary limbs into two homonomous
series (anterior and posterior) is clearly expres-
sed in early cheliceromorphs. In Palaeozoic
forms, it is little modified by specialization
within either block. The differences between this
biphasic model and the cephalization model
presumably reflect differences between the Hox
genes control mechanisms of the chel-
iceromorphs and the mandibulates.

Specialization in limb structure along the A-P
axis commences with the first post-antennulary
limb. The subsequent process of cephalization is
progressive, involving the differentiation of
increasing numbers of limb pairs in different
lineages. Cephalization in all extant arthropod
lineages is under the control of Hox genes which
specify the identity of segments along the A-P
axis of arthropods and, thus, play a major role in
determining limb morphology. The basic set of
Hox genes common to extant members of the
four major groups of Arthropoda comprises the
following genes (orthologues of the Drosophila
genes): labial (lab), proboscipedia (pb), Hox3,
Deformed (Dfd), Sex combs reduced (Scr), An-
tennapedia (Antp), Ultrabithorax (Ubx),
abdominal A (abdA) and Abdominal B (AbdB)

Fig. 11.10 Simplified schematic showing development
of exites on trunk limbs of Yicaris. a Early biramous limb
bud in dorsoventral orientation showing endopodite (enp)
and exopodite (exp). b More anterior limb with

distalmost exite present on protopodite of limb. c More
anterior limb with three exites present on protopodite
(redrawn from data in Zhang et al. (2007) and Maas et al.
(2009))
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(Averof et al. 2010). The different Hox genes are
expressed in different regions along the A-P axis
of the body and comparative analysis of these
expression patterns suggests that changes in
regulation of Hox gene expression are correlated
with segmental specialization and tagmosis in all
arthropods (Akam et al. 1988; Damen et al.
1998; Telford and Thomas 1998; Abzhanov
et al. 1999; Hughes and Kaufman 2002). The
differences between limbs along the A-P axis
reflect the functioning of Hox genes acting as
selectors. For example, in Drosophila, specifi-
cation of the antenna corresponds to the absence
of Hox gene input; and thoracic leg identities
reflect the action of a single gene: Scr for the
first legs, Antp for the second legs and Ubx for
the third (Struhl 1982).

Differences in fine-tuning of expression pat-
terns can also occur within, as well as between,
major arthropod taxa. Changes in expression of
pb in the hemipteran Oncopeltus fasciatus,
together with changes in function of the genes
Dfd, Dll and cap ‘‘n’’ collar (cnc), correlated
strongly with the evolutionary transformation of
the haustellate or sucking type of labium from
the more plesiomorphic limb found in orthopt-
erans (Rogers et al. 2002). This transformation is
slightly different in Drosophila where specifi-
cation of the development of the labial imaginal
disc yielding the adult proboscis involves the
joint action of both pb and Scr (Percival-Smith
et al. 1997; Joulia et al. 2006).

Changes in the function of Hox genes are
correlated with changes in segmental organiza-
tion or tagmosis (Averof and Patel 1997) and
have probably played a key role in generating
the diversity of arthropod limbs (Liubicich et al.
2009). Ubx provides one of the clearest exam-
ples. Shifts in the anterior boundary of Ubx
expression are correlated with functional shifts
in morphology within crustaceans (Averof and
Patel 1997; Scholtz et al. 2008; Averof et al.
2010). The correlation between the anterior
expression boundary of Ubx and the position and
number of pairs of maxillipeds in crustaceans is
striking, and knock-down methods have now
been used to reduce Ubx expression in the model
amphipod Parhyale resulting in transformation

of walking legs to a maxilliped-like identity
(Liubicich et al. 2009).

In insects, the anterior boundary of Ubx
expression lies in the third thoracic segment and
expression extends back through most of the
abdomen. Ubx expression is instrumental in
specifying the boundary between thorax and
abdomen, regulating segmental identities and
repressing leg development on abdominal seg-
ments by repressing Dll (Angelini et al. 2005).
In addition to this role in A-P axis patterning,
Ubx also regulates other aspects of development
of the third leg, such as the size of the enlarged
jumping legs of orthopterans (Mahfooz et al.
2007). In myriapods UbdA (combined Ultrabi-
thorax and abdominal A), expression starts in the
second trunk segment and correlates with the
morphological differences between the first and
second trunk limbs (Grenier et al. 1997). The
anterior boundary of Ubx expression starts in the
second opisthosomal segment in chelicerates
(Popadić and Nagy 2001) irrespective of the
differences in the morphology of the anterior
opisthosoma between spiders, scorpions and the
xiphosuran Limulus. However, later in develop-
ment, the anterior boundary of expression of
UbdA in Limulus moves forward one segment to
the first opisthosomal segment bearing the chi-
laria. In chelicerates, therefore, changes in
morphology of the first opisthosomal segment
are either not associated with changes in UbdA
expression or correlate only with later changes
in UbdA expression.

The basic Hox gene set is shared by all
arthropods and was present in the common
lobopodian/arthropodan ancestor, yet the ances-
tor of the arthropods is hypothesized as pos-
sessing a homonomous series of post-
antennulary trunk limbs. The original role of
some of these Hox genes seems obscure with
respect to limb differentiation, in an ancestral
form with an undifferentiated, homonomous
limb series behind the antennules. Given the
primitive lack of differentiation along the limb
series and the different pathways towards tag-
mosis exhibited across the Arthropoda, it seems
likely that this will be reflected in a diversity of
roles for Hox genes across arthropod lineages.
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11.5 Conclusions

Modern arthropod phenotypes display an amaz-
ing diversity of limb types and their limbs are
carried on segmented bodies that are patterned
along their A-P axis by a basic set of Hox genes
common to all four major groups of extant
Arthropoda. These Hox genes play a pivotal role
in specifying limb identity, regulating the cas-
cade of genes that are responsible for patterning
the limb itself. The early establishment of the P-
D axis by the leg gap genes is also a general
feature of limb patterning in the development of
all arthropods, as is the Notch signalling path-
way which is pivotal in the process of subdivi-
sion along the P-D axis. The mechanisms
responsible for regulating subdivision of the P-D
axis into segments or into annuli seem to diverge
downstream of the Notch signalling pathway.
Levels of Notch activity are central to the fine-
scale regulation of joint production and the
Notch signalling pathway is also involved in the
specification of muscle founder cells. The
domains established by the leg gap genes and the
operation of the Notch signalling pathway
within those domains appears to provide the
basic P-D location information for all down-
stream processes that take place within the limb,
including joint formation, muscle and tendon
formation and attachment, endite formation and
setal patterning.

Less is known about the patterning of the
arthropod exopodite, but it seems likely that the
same basic mechanism will regulate the P-D
subdivision of both rami. New data emerging
from fossil marrellomorphs and cheliceromorphs
demonstrate that exopodal form was much more
variable in early Palaeozoic arthropods than
hitherto realized. The arthropodan exopodite
exhibits significant morphological variation
from multi-segmented to flagellate, and from
cylindrical to foliaceous and it would benefit
from more focused study.

Comparative data from different arthropod
taxa show that homologous patterning domains
do not necessarily mark homologous morpho-
logical domains. At present, it seems unlikely

therefore that gene expression patterns will
provide us with reference points allowing the
identification of homologies between the com-
ponent segments of chelicerate, insect, myriapod
and crustacean walking limbs. However, a pos-
sible exception might be limb components with
very specific functional attributes that are
reflected in cellular physiology. The epipodites
of the branchiopodan trunk limb and malacos-
tracan pereopod, for example, express several
genes that are not expressed elsewhere; pre-
sumably, these are linked to specific cellular
functions related to osmoregulation and gaseous
exchange roles of the epipodite epithelial cells.

There remains a major gap in our knowl-
edge—the gap between the new paradigm
emerging from developmental genetics and the
morphological study of phenotypes. In time, this
gap will be filled by cell fate studies and clonal
composition analysis and should transform our
ability to understand the development of
arthropod limbs through the entire timeline from
specification to adult phenotype.
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12.1 Introduction

Powered flight is one of the more spectacular
evolutionary novelties to have come about dur-
ing the 4-billion-year history of life on Earth.
Flight bestows upon the flyer another dimension
in which to experience life. Suddenly, new
avenues are available for dispersal, escape and
avoidance, locating a suitable mate, and reach-
ing once unobtainable resources. Moreover,
wings can be so much more than merely a means
to fly. Properly adapted the wings themselves
may play a role in courtship, camouflage and
mimicry, thermoregulation, and protection and
defence. Despite the profound significance of
flight, it is a challenging feat to achieve and
control. Powered flight has evolved indepen-
dently at least four times, three of which occur
among the Amniota, while the last is far flung
across the branches of the animal tree of life. It
is this last lineage that was also the first to
evolve this singularly successful means of
locomotion, rivalling in numbers of species all
other forms of life combined. Insects took to the
skies perhaps as long as 400 million years ago,
and some 170, 250, and 350 million years before
pterosaurs, birds, and bats, respectively (Engel
and Grimaldi 2004). The pterygote insects
(Insecta: Pterygota), Nature’s first flyers, have
dominated the Earth’s skies since the dawn of
terrestrial animal life, and their origins are so
remotely removed from our world today that it is
their evolution that remains one of the more
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abominable mysteries in insect evolutionary
biology.

Unlike the flight of vertebrates in which the
homology of the wing with forelimbs is easily
recognized and supported, the wings of insects
are not merely a wholesale co-option of one or
more legs. Indeed, the full complement of hex-
apodan legs is present and often unmodified, at
least for purposes of flight, in all pterygotes just
as it is in the primitively wingless insects. Thus,
the question of wing origins in insects is more
confounded than that of vertebrates. In addition
to discovering for what purposes were wings or
wing-like structures first employed or how they
operated, we must also reveal from what mor-
phological elements they were composed. The
former questions regarding functional ancestry
are seemingly simplistic to answer, but they are
wholly dependent on first knowing from what
wings were derived, yet this nature of critical
reliance has evaded many in their quest for wing
ancestry. Indeed, replies to these questions, both
brilliant and ill-conceived, have abounded for
more than a century, and the answers remain
elusive. No satisfactory answer to the mechani-
cal, behavioural, and physiological origins of
insect flight will ever be produced until a con-
clusive answer is discovered regarding the
morphological homology of the wing. It is in
this context that the rise of evolutionary devel-
opmental biology offers one of the greatest
opportunities to elucidate the homology of insect
wings and, in turn, will permit a well-founded
account of flight origins.

Wings arose once in insects, that is, the
Pterygota are monophyletic and supported as
such by abundant morphological and molecular
evidence (Grimaldi and Engel 2005). This real-
ity certainly simplifies the investigation of their
origins, focusing our attention at a specific node
representing the common ancestor of pterygotes
as well as the associated transitional branch
between that ancestor and its shared predecessor
with the silverfish (Zygentoma). While wings
have evolved a single time among insects, they
have repeatedly been lost or become vestigial.
Indeed, wings have been reduced or lost an
innumerable number of times, even among close

relatives within a single genus. In some lineages,
the genetic architecture for developing wings
has been turned off and on, resulting in a
seemingly cyclical ‘reevolution’ of wings across
the clade (e.g. among Phasmatodea). In all such
instances, however, wings reappear wholesale
with the same morphology, same arrangement of
veins and crossveins (including the same
arrangement of venational synapomorphies for
the clade! and even in Phasmatodea when they
are not well organized the same homologies can
be recognized), and associated thoracic modifi-
cations belying the fact that these have not
independently reevolved but instead have
remained ‘dormant’ until such time as the entire
genetic machinery has been reinitiated.

It is beyond the purposes of this review to pro-
vide a detailed account of pterygote comparative
morphology and flight biomechanics and physiol-
ogy in insects. For suitable reviews of these sub-
jects, we refer the reader to Dudley (2000);
Alexander (2002); Vigoreaux (2005); and
Grimaldi and Engel (2005). Herein, we provide
brief overviews of current developmental and pal-
aeontological evidence for insect wing origins and
diversity attempting to emphasize where present
research has brought us and in what directions this
field of inquiry might proceed to maximal benefit.

12.1.1 A General Word of Caution
and Plea for Phylogeny

Given that wings have a single evolutionary
origin among insects and that this event took
place early in the hexapodan tree of life, wings,
and their entire genetic architecture, are abun-
dantly ancient. It is therefore all the more critical
that any study be cognizant of phylogeny. The
greatest insights will come from investigations
as close to the base of the pterygote tree as is
permissible with today’s tools. Indeed, the most
could be gleaned from suitably basal clades of
the earliest extant winged insects, namely the
mayflies (Ephemeroptera), and the dragonflies
and damselflies (Odonata) (Grimaldi and
Engel 2005). Of even greater interest are those
stem-group Ephemeroptera from the Palaeozoic
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although they are unavailable for vital genetic
and developmental work. Unfortunately, stem-
group Pterygota remain unknown. Much fanfare
and bravado have come from the study of
stoneflies (Plecoptera), and yet these are by no
means ‘primitive’ flyers and certainly not even
close to being ‘primitive’ insects. Plecoptera
may be relatively basal among extant lineages of
Neoptera, but most evidence indicates that they
are nested at the base of a subordinate clade
within a monophyletic Polyneoptera or orth-
opterid group of orders (e.g. Haas and
Kukalová-Peck 2001; Kjer et al. 2006; Ishiwata
et al. 2011; Yoshizawa 2011; Trautwein
et al. 2012). Even a cursory examination of
hexapod phylogeny reveals the evolutionary
distance between the extant Plecoptera and the
stem of the pterygote node (Grimaldi and En-
gel 2005; Trautwein et al. 2012). All the more
concerning it is then that virtually all of the
model systems from which our knowledge of the
developmental and genetic architecture of insect
wings is derived are among the Neoptera and
even derived species among highly derived
families in highly derived orders of the holo-
metabolan insects, themselves an apomorphic
lineage of neopterans. Certainly, the homology
of genetic systems for insect wing development
is greatly conserved, but this architecture
(genetic and morphological) still stems from a
common ancestor nearly 400 million years
removed from the extant species which we
study. Deep insight into the developmental
mechanisms of wings can be obtained, but we
must temper our findings against phylogeny and,
where possible, rely most heavily on truly
comparative data, particularly those that come
from independent comparisons with basal
pterygote lineages. Naturally, model systems are
used given the ease of working with them, and
developing suitable models among mayflies,
dragonflies, and the like is exceedingly difficult.
Nonetheless, we must recognize that in terms of
genetic systems, we are working with ‘quaint’
tools on less than ideal target organisms and
should proceed cautiously and conservatively in
our interpretations. In reviewing the develop-
mental evidence for the origin of wings, it is

important to remain neutral to any previous
hypotheses which may bias interpretation of
these data. As is often the case in discussions of
the origins of developmental features, such as
wings, if such data are not scrutinized under an
unbiased approach, it is easy to reach conclu-
sions that unfurl beyond context and overlook
direct evolutionary implications. As many
authors have stated and reiterated, and since we
are working in the bounds of comparative evo-
lutionary biology, it is crucial not to dismiss key
concepts of homology and phylogeny, particu-
larly when synthesizing diverse forms of data as
morphology and developmental genetics over
long periods of evolutionary time.

12.2 Development of Insect Wings

Of the contending hypotheses put forward
regarding wing origins, the most influential in
driving relevant research have been renditions of
the paranotal (Crampton 1916), gill/exite, and
‘epipodite’ theories. The former hypothesis, in
the strict sense, regards wings as a novel feature
derived from extensions of the thoracic tergites.
The latter hypothesis, which also appears to be
given greater support from developmental stud-
ies, suggests that winged insects have evolved
from a common ancestor that possessed dorsal
limb precursors of wings, likely in the form of
some exite from the coxopodite (i.e. an epipo-
dite, such as a crustacean gill). Any comparison
of the wing with a coxal endite can be excluded;
however, given its podite of derivation, the coxa
is a distinctive part of the hexapod telopodite.
The styli found in Zygentoma and Archaeog-
natha can also be disregarded as precursors to
wings, as the thoracic styli originate from the
coxae and the abdominal styli are hypothesized
telopodites. Furthermore, while such structures
are present in extant (derived) taxa of these
orders, it is unknown whether they were plesi-
omorphic for hexapods or derived features
within those lineages.

From an anatomical viewpoint, wings are
essentially appendages. They develop as out-
growths from the body and articulate with the
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body at their bases. Unlike traditional append-
ages such as legs, however, (yet similar to gills,
exites, and other outgrowths from the pleural
wall, itself originating from a basal appendage
podite), muscles attach only to the base (axillary
sclerites) and do not extend into the wing cavity.
Genetically, wings are also definable as
appendages, developing as a result of the
expression of a basic set of gene networks
involved in general appendage formation, while
various other genes and gene networks are co-
opted/induced to form the specific features that
differentiate the wing from other appendages.
Therefore, while it is clear that the wing is some
rendition of an appendage, the nature of its
development and genetic patterning has com-
plicated attempts in formulating hypotheses of
homology. However, in collating the evolution-
ary developmental data gathered thus far, it
appears that a combination of the paranotal and
exite theories may be most plausible for
explaining the origin and evolution of the
hexapod wing. In order to elucidate such a
complex topic, it is necessary to examine how
wings develop, determine what genetic mecha-
nisms are responsible for wing formation, and
make comparisons with other insect appendages.

12.2.1 Embryology and Tissue
Development

It has been known since Malpighi (1687) that the
wings of adult pterygotes can be observed in the
larval stages; however, it was not really until
Weismann’s work (1864) on muscid fly meta-
morphosis that greater attention was devoted to
studying wing development. In the late nineteenth
century, it already had been discovered by many
that the early wing primordium is already present
in embryonic stages (Pratt 1900; Tower 1903).
The cells of embryonic wing discs, in fact, are
found occupying a very similar space to those of
the meso- and metathoracic leg discs, as well as
found among the epidermal cells that will form
the main trunk of the longitudinal tracheae
(Madhavan and Schneiderman 1977; Cohen
et al. 1991; Williams and Carroll 1993;

Held 2002). This close association between the
early wing and leg primordia, though, appears to
be a derived feature only of some groups that
possess true imaginal discs (Jockusch and
Ober 2004). By the end of the embryonic stages,
however, the leg and wing rudiments are well
differentiated. The early developing wing is most
frequently characterized as dorso-lateral in origin
during tissue differentiation, in which the epi-
dermal cells of the disc begin to thicken
(Tower 1903; Powell 1904; Murray and
Tiegs 1935). It must be noted, however, that this
position is purely a description of relative location
on the body trunk and not a definitive statement of
tissue origin. This position is also always just
lateral to or slightly dorso-lateral to the longitu-
dinal thoracic tracheal trunk. Following differ-
entiation and during proliferation of the disc cells,
the slight dorsal migration of the disc appears to
be an artefact of the reorganization of the adult
trunk, including expansion of the pleural region.
Although most recent works highlight the prom-
inent invaginated form of Drosophila wing discs,
at least five distinct forms of wing discs (or fields/
bodies of proliferating wing tissue) have been
described from the Holometabola (Tower 1903).
These types range from completely evaginated
(such as the form of beetle horn tissue prolifera-
tion) to fully invaginated and stalked, including
various intermediate forms of partially invagi-
nated discs. In Coleoptera alone, several types of
wing growth can be observed, from the invagi-
nated to the fully evaginated (Fig. 12.1d–h) types
(Powell 1904, 1905; Quennedey and Quenn-
edey 1990). While the term imaginal disc is
sometimes specifically applied to such invagi-
nated pockets of ectoderm in the Holometabola
from which certain imaginal structures are formed
(mostly in regard to the observations made on
Drosophila), this type of disc is apomorphic and
appears to have evolved independently in several
holometabolous lineages (e.g. Švácha 1992). In
the broad sense, imaginal tissues (in this case,
wings) that explicitly form as evaginations in
holometabolous insects, therefore, should also be
termed imaginal discs, though this terminology is
avoided due to transparent ambiguities in delin-
eation of wing growth types (Švácha 1992;
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Jockusch and Ober 2004). Thus, although it is
unknown how many groups actually possess
imaginal discs outside of Diptera (Pratt 1900;
Waddington 1941; Wehman 1969; Bryant 1975;
Fristrom and Rickoll 1982; Cohen 1993), Lepi-
doptera (Mercer 1900; Tannreuther 1910; Dix-
ey 1931; Nardi et al. 1985; Niitsu 2003; Niitsu
and Kobayashi 2008; Niitsu and Lobbia 2010),
and some Coleoptera (Tower 1903), imaginal
discs only include the invaginated Drosophila
type, composed of columnar epithelial cells on

one side and a peripodial membrane on the other
(Milner et al. 1984). All other late-developing
tissues that evaginate in the Holometabola, in
addition to all hemimetabolous pterygotes, should
be categorized otherwise, as Anlagen, which has
been used in the past, or in reference to wing
Anlagen, possibly as wing buds or wing fields. A
functional explanation for the development of
diverse forms of wing discs is unclear, though it
has been hypothesized that the form of disc
growth most likely is related to the life histories of

Fig. 12.1 Hypothesized pathway illustrating the origin
of hexapod wings based on current knowledge of
palaeontological, neontological, and development data.
a–c Left side, cross-sectional views of mesothorax,
illustrating wing development. Right side, dorsal views
of mesothoracic wing development corresponding to
cross-sectional views on left side. Colours highlight gene
expression as follows: yellow = ap, expressed in tergum
and paranotal margin; blue = vg, expressed along paran-
otal margin; red = wg, expressed along paranotal mar-
gin; together, ap, vg, and wg allow for paranotal
extension and development of paranotal lobe/primitive
wing; green = hth and exd (as well as possibly many
other genes), expressed along paranotal margin and base

of paranotal lobe to produce primitive joint/articulation;
orange = hth and exd, as well as induction of other
elements, giving rise to more derived wing articulations.
d–h Growth of wing tissue in Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae), showing an evag-
inated type of wing growth. d Mesothoracic wing bud of
last larval instar. e Mesothoracic wing of mid-prepupa
(‘pharate pupa’). f Metathoracic wing of late prepupa.
g Last larval instar, showing metathoracic wing bud and
differentiating leg tissue. h Late prepupa, showing
metathoracic wing and leg. Arrows indicate developing
wing, as well as developing leg (g, h). Photomicrographs
are of semi-thin sections (6 lm) embedded in LR White
and stained with toluidine blue
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the larval stages (Tower 1903; Švácha 1992;
Truman and Riddiford 1999). Since it is clear,
then, that invaginated imaginal discs evolved far
after the origin of wings, it can be hypothesized
that the close developmental association between
leg and wing primordia is a derived feature. Also,
as wing discs (as well as other appendage discs)
have evolved independently numerous times
throughout Holometabola, it can be expected that
differences exist in their development and gene
expression patterns.

Comparisons of wing disc development have
been made to that of gill development in
Ephemeroptera, despite the derived phylogenetic
position of this group in the Insecta. Arguments
here lay mainly with comparisons of similar
tergal positions with larval gills (and even gill
covers) on the thorax and abdomen of this group
and wings, as well as some similarities in muscle
arrangements (Wigglesworth 1972; Matsu-
da 1981). While it might be desired to make
such associations, any recognition of absolute
homology between wings and ephemeropteran
gills stops at these observed similarities and the
appendage patterning genes co-opted to form
such appendicular outgrowths. Also, because of
such associations between similarity in position
and misinterpreted morphological features of
fossil taxa, an observed ancestral presence of
wings on all trunk segments has been dubiously
postulated and propagated in the developmental
literature (Carroll et al. 1995). It should also be
noted that the thoracic wing-like structures of
primitive aquatic immatures are in fact the
developing wing buds, and those on the abdo-
men are the gills. Although gills may utilize
similar appendage patterning genes and path-
ways as wings, with notable exceptions (Niwa
et al. 2010), since they are features only of
immature aquatic pterygotes, they are indepen-
dent features from wings. It is unwise, therefore,
to hypothesize that wings first evolved in the
aquatic immature stages of pterygotes, such as
paleodictyopteran nymphs (Carroll et al. 1995),
some of which may not have been aquatic at all.
It may still be possible to hypothesize that wings
and gills share some degree of serial and/or
developmental homology (Jockusch et al. 2004),

due to their sharing of similar developmental
programmes; however, there is no evidence for
gills and wings evolving together or during
similar time periods, and it is more probable that
gills arose independently, particularly consider-
ing that the earliest ephemeropteran immatures
appear to lack gills (e.g. immature Protereis-
matidae: Grimaldi and Engel 2005).

12.2.2 Genes and Genetic Pathways

While traditional embryological studies have
been able to determine that wing primordia first
form in the embryo and that these ectodermal
cells of the early wing disc are associated with
the leg primordia, it was uncertain whether any
of these cells are actually derived from the early
leg disc. Together with developmental genetic
techniques, it has become evident that in Dro-
sophila, as revealed by early vestigial (vg)
expression, the wing discs originate as a part of
the leg discs and subsequently separate to
migrate dorsally (Cohen et al. 1991, 1993;
Williams and Carroll 1993). These data were
used as further evidence that wings may be
homologous to extensions from the coxal base
(coxopodite/basicoxa), such as an epipodite or
gill. Further studies outside of Diptera (in
Hymenoptera) have shown, however, that this
association between leg and wing primordia may
yet be another derived feature in Diptera
(Jockusch and Ober 2004), perhaps associated
with the evolution of imaginal discs. Thus, as
shared leg and wing primordia appear to not be
the plesiomorphic state for Holometabola, they
likely are not plesiomorphic for Pterygota.
Although similar studies have yet to determine
whether these primordia are also separate out-
side of Holometabola, it is intriguing that at least
one holometabolous order (Coleoptera) shows
such a pattern. Further support for this hypoth-
esis of derived leg ? wing primordia stems
from observations in Tribolium, indicating that
while there is anterior to posterior migration of
early snail (sna) expressing wing primordia,
dorsal migration of the wing primordia does not
occur outside of Diptera (or perhaps outside of
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some other groups sharing wing disc develop-
ment from a common ancestor) (Jockusch and
Ober 2004). The hypothesis of the wing evolv-
ing specifically from a crustacean epipodite was
first given evidential support by Averof and
Cohen (1997), in which they demonstrated that
nubbin (pdm/nub) and apterous (ap) appear to
have similar expression patterns in insect wings
as in the epipodite of Artemia. As Jockusch and
Nagy (1997) explained in detail, such observa-
tions do not provide the evidence for such a
precise conclusion (which explicitly excludes
other hypotheses). It certainly demonstrates that
appendages appear to require similar modes of
development, but does not elucidate any differ-
ences in the targets that may be present down-
stream which differentiate various types of
appendages.

It has been found that Scr is expressed in the
first thoracic segment (T1) not only in derived
pterygote groups, but also in basal insects
(Rogers et al. 1997; Angelini and
Kaufman 2005). It is uncertain whether it is
expressed in non-insect apterygotes (i.e. Entog-
natha); however, because it appears to be present
in basal Hexapoda (which lack wings), it is quite
possible that Scr may have been exapted for the
repression of prothoracic wings (Hughes and
Kaufman 2002), possibly in several different
ways and to varying extents, particularly as large
‘winglets’ (or ‘paranotal lobes’ as many were not
articulating, or the evidence for their articulation
is lacking) have been found throughout the
extinct Odonatoptera, Palaeodictyopterida, and
many other groups (e.g. Wootton 1972; Car-
penter 1992; Grimaldi and Engel 2005). This
hypothesis is further supported in Coleoptera
(Tribolium: Tomoyasu et al. 2005 and
Onthophagus: Wasik et al. 2010), whereby
RNAi scr- mutants essentially develop meso-
thoracic wings on the prothorax. Orthoptera
(Gryllus: Zhang et al. 2005) also show a similar
expression pattern of Scr, probably indicating
that Scr functions to repress wing formation in
T1 in Orthoptera as well. In Hemiptera (Onco-
peltus: Chesebro et al. 2009), while RNAi Scr-

mutants also develop some aspect of ectopic
mesothoracic wings on the prothorax, there

appears to be no indication of an articulation. A
fascinating apomorphic derivation of this T1
pathway appears to have evolved in a different
lineage of hemipterans (Membracidae). Here,
Scr continues to be expressed in the ectoderm
despite the formation of a dorsally derived
appendage (Prud’homme et al. 2011). While this
appendage likely is not homologous with meso-
and metathoracic wings (Yoshizawa 2012), it is
clear that it has co-opted portions of the wing/
appendage patterning pathways as has similarly
occurred in many other insect groups. Because of
such observations in similar expression patterns,
it certainly is possible that similar genes have
acquired different functions, mainly through
changes in the regulation of downstream targets.
Such data may also indicate that Scr, or likely
downstream targets of Scr, has changed since the
origin of basal hexapods and, particularly so,
since the origin of pterygotes. These changes
appear to differentially affect wing development,
such as eliminating points of articulation, elimi-
nating or reducing the laminate (paranotal)
extension, or various degrees of both. As many
studies are beginning to conclude, it may not be so
much that differences in expression domains give
rise to morphological novelties; rather, it is the
differences in regulation and deployment of these
genes that produce change (Averof 1997; Grenier
et al. 1997). Such differentiation is difficult to
detect with gene expression data for several rea-
sons, such as topological conservation in expres-
sion (Bolker and Raff 1996). It also is equally
likely that other undiscovered genes may play
large roles in such seemingly conserved pathways.
Since developmental studies have progressed lar-
gely in the light of candidate-gene approaches,
including comparing expression patterns and
functions of similar genes, it is quite possible that
unstudied genetic architectures or features may
have significant effects in producing the different
outcomes we see in similarly expressed genes.
Such genes might represent cascades of targets,
downstream of conserved networks such as Hox
genes, and could be influential in morphogenesis
(Hughes and Kaufman 2002).

It is possible that the potential to develop
embryonic wing primordia may be in every
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thoracic and abdominal segment; however, as
defined by snail expression, since no definitive
wings (or wing precursors) have been found on
the abdomen of hexapods, it is incorrect to state
that insects lost abdominal wings. This state-
ment is at least consistent with the fossil record,
because ancestrally, as said above, hexapods
never had definitive wings on the abdomen. It is
now evident that Bithorax complex (BX-C)
genes have evolved the ability to regulate
imaginal disc and imaginal tissue formation in
segments, likely through various suites of target
genes (Hughes and Kaufman 2002). Interest-
ingly, while it appears that Ubx and abd-A have
evolved the ability to repress abdominal wing
(and leg) primordial development (i.e. to desig-
nate abdominal identity) (Simcox et al. 1991;
Carroll et al. 1995), it has been demonstrated
that Ubx- and abd-A- mutants of Oncopeltus
(Hemiptera, hemimetabolous), although forming
abdominal legs and dorsal pigmentation sug-
gestive of early wing-pad development, have not
been shown to form any definitive abdominal
wing buds in the nymphs (Angelini et al. 2005).
It is unknown in this case, however, whether
embryonic wing primordia form. While RNAi
studies have yet to be done in Gryllus (Orthop-
tera), the expression patterns of Ubx and abd-
A are quite different from those in Drosophila,
particularly with regard to abd-A during early
and middle embryonic stages (Zhang
et al. 2005). Interestingly, similar results are
seen in Tribolium (Coleoptera) Ubx-/abd-A-

RNAi mutants as with those of Drosophila
(Tomoyasu et al. 2005). In wild-type Tribolium,
patches of cells expressing sna are observed not
only in the thoracic segments, but also in nearly
every abdominal segment (Jockusch and
Ober 2004). Furthermore, as in Tribolium, it is
fascinating that Ubx and abd-A knockouts of
Tenebrio molitor have survived to the adult
stage and demonstrate a homeotic transforma-
tion giving rise to the presence of wings (fore- or
hindwing identity could not be confirmed) on all
abdominal segments (Takahiro Ohde and Ter-
uyuki Niimi, pers. comm.), though lacking signs
of abdominal leg development. It should be
noted, though, that Ubx/abd-A parental RNAi

induces abdominal leg formation in the larva of
Tribolium. These fascinating results demonstrate
that the genetic network and potential to form
fully developed wings, though of questionable
function, can be deployed in most (if not all)
abdominal segments. Such findings, perhaps,
should not be considered too extraordinary given
the serially homologous ground plan of insect
segmentation. Indeed, in addition to the results
of Tomoyasu et al. (2005), this extant ability to
produce wing-like structures on the abdomen is
quite interesting, but is far beyond providing
conclusive statements for early wing evolution
and origins. As already mentioned, while the
abdominal segments appear to also have a
capacity for various types of dorsal appendage
development and short tergal extensions or lobes
(in addition to ventral appendage development
in immatures and ancestral ventral leg develop-
ment), wings have thus far not been found to
have occurred naturally on these segments. It
must be emphasized that, given current under-
standing of the functions of Ubx and abd-A,
while they appear to remain broadly expressed
in the abdomen throughout Hexapoda, several
forms of appendages have evolved (mainly in
immatures) on the abdomen in different hexapod
orders; (Fig. 12.2). Such diversity in develop-
ment suggests mechanisms of developmental
drift, changes in downstream targets, and/or
changes in expression patterns (e.g. Warren
et al. 1994), modes of development which could
utilize various components of an underlying
appendage (though not necessarily and specifi-
cally a wing) formation programme. In addition,
while such expression patterns could indicate
possible serial homology of dorsal appendages
in the thorax and abdomen in hexapods, early
appendage patterning markers, such as dpp, sna,
vg, and wg, do not necessarily dictate down-
stream processes such as wing formation.
Therefore, such data may support observations
contrary to Kukalová-Peck (1978) (e.g.
Boxshall 2004; Grimaldi and Engel 2005) that
wings may not have been a ground plan of the
pterygote abdomen and, similar to the case of
Scr, may represent a derived feature in these
advanced holometabolous groups. As indicated
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by expression patterns of BX-C genes in some
crustaceans, while superficially similar expres-
sion patterns may exist in distantly related taxa,
such as is seen in various Hox genes, such
expression patterns may likely serve divergent
functions (Abzhanov and Kaufman 2000a, b).
More data outside of Holometabola are direly
needed to create an improved comparative
framework.

While gills and wings may share similar
patterning genes (given that they are both, at
least in part, appendicular) and require similar
pathways to define their antero-posterior (A/P),
dorso-ventral (D/V), and proximo-distal (P/D)
axes, this observation does not necessarily define
them to be serially homologous (Jockusch
et al. 2004). In other words, while similar
expression patterns may be present in taxa that
share a common ancestor, the morphological
features that develop in those groups are not
homologous unless they evolved through modi-
fication of the same structures present in the
common ancestor (Hall 1994). Thus, similarity
in patterns of gene expression may reflect con-
servation of gene function from a distant com-
mon ancestor, but it does not equate to
homology of the derived structures in which the
expression is seen (Bolker and Raff 1996). Fur-
thermore, as there are gills of immatures that
arise from ventral, pleural, and tergal regions in
pterygotes, it is quite likely that such appendic-
ular structures are independent, as hypothesized
for many of the epipods and polyramous struc-
ture of crustacean limbs (Boxshall 2004). It is
understandable that the general gestalt of such
nymphal gills resemble wings; however, not
only are their articulations completely different
(Dürken 1907, 1923), early patterning genes,
such as apterous (ap), show different expression
patterns (Niwa et al. 2010). If we were to con-
tinue to be motivated by similarities of gene
recruitment and co-option in forming our
hypotheses of homology, then beetle horns,
aside from their different form and location on
the body, could also be hypothesized as deriva-
tives of epipodites, styli, or gills and in some
regards appear to show more similar expression
patterns to wings than do styli or epipodites.

Appendage patterning genes, such as dac, hth,
and Dll, show similar expression patterns in
beetle horns to truly segmented appendages
(Moczek and Rose 2009). Major signalling
proteins for P/D patterning, such as decapenta-
plegic (dpp), which is required for leg outgrowth
in most (but apparently not all; Jockusch and
Ober 2004) hexapods, are also involved in horn
formation, demonstrating recruitment of similar
genes and pathways for apparently novel fea-
tures (Wasik and Moczek 2011). In other words,
aside from minor differences in gene expression
and downstream targets, the main difference
between ventral, lateral, and dorsal appendages
is the site at which gene co-option/recruitment
occurs.

12.2.3 Homologous Versus Novel:
‘Epipodite’ Versus
Amalgamation

Although many structures that are said to be
non-homologous to structures in ancestors may
appear to be new, their formation and evolution
typically originated from preexisting develop-
mental architectures (Bowsher and
Nijhout 2007; Prud’homme et al. 2007). For
arthropods, this statement is now based on a
wealth of developmental data on segmentation
and appendage patterning. As already mentioned
though, while expression of genetic pathways
may be conserved (and the genes within them
homologous), the deployment and functioning of
these genes may be different and they may be
expressed in non-homologous structures (Bolker
and Raff 1996). Such differences in gene func-
tion serve only to further distort definitions of
homology (Hall 2007), as may be the case in
insect wing development.

Unlike the case for abdominal wings, the
presence of definitive prothoracic wing-like
structures has been documented (Cramp-
ton 1916; Ross 1964; Kukalová-Peck 1978;
Grimaldi and Engel 2005), although evidence
for articulations is lacking. As it has been
demonstrated that nearly a full developmental
programme for wing formation is present in the
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prothorax of holometabolous and hemimetabo-
lous insects, only it has been repressed at least
by Scr, it appears more likely, at least given the
results of developmental research thus far, that
wings were a ground plan for the hexapods only
in the thorax. Such a hypothesis is supported by
expression patterns of the early limb induction
module including the transcription factors ap,
wg, and vg in taxa that are more representative
of early pterygotes and hexapods (Niwa
et al. 2010). These data also indicate that, con-
trary to popular citation, a wing is more likely an
amalgamation of tergal and pleural outgrowths
which develop according to the redeployment of
limb patterning genes and portions of their
pathways, as opposed to a modification of such
structures as gills, epipodites, styli, or other
limbs that share similar developmental modules.
Contrasting expression patterns of these genes,
while ap is expressed in a large dorsal area of
the pterygote wing, it does not appear in
ephemeropteran gills nor in archaeognathan
styli. On the other hand, wg and vg were
expressed in the gills and styli of the afore-
mentioned taxa, as well as at their bases (as in
wings), indicating regions of articulation
(Buratovich and Wilder 2001; Niwa et al. 2010).
From such investigations in early hexapod lin-
eages, it is apparent that the interaction of at
least ap, wg, and vg, as revealed through their

expression at the tergal–pleural (coxopodite)
boundary, functions as a module for paranotal
extension (Ng et al. 1996; Niwa et al. 2010).
Recent studies have also confirmed through
RNAi that vg is involved in paranotal extension,
in which adult vg knockdowns of Tenebrio
molitor show paranotal extensions on all
abdominal segments (Takahiro Ohde and Ter-
uyuki Niimi, pers. comm.). Other major regu-
lators of this outgrowth of the tergal margin may
include dpp and hedgehog (hh) signalling, which
are also important in later patterning of the veins
(Celis 2003; de Celis and Diaz-Benjumea 2003),
and possibly scalloped (sd). Subsequently,
through the incorporation of existing appendage
patterning genes (such as dachshund [dac], exd,
Distal-less [Dll]), an articulating appendage
(wing) is formed while also providing more
refined patterning along the D/V, A/P, and P/D
axes. As in legs, the complex of homothorax
(hth) and exd, among their many functions,
appears to play a role in defining the region of
articulation (González-Crespo and Morata 1996;
Azpiazu and Morata 2000; Casares and
Mann 2000; Morata 2001) and patterning of the
axillary sclerites, similar to the coxopodite of
legs (Jockusch and Nagy 1997). It may be
interesting, then, to hypothesize that the complex
region forming the articulation of the wing may,
in fact, involve a highly derived coxopodite (i.e.

Fig. 12.2 Phylogenetic hypothesis of insect relation-
ships and wing development. Abbreviated phylogeny of
Hexapoda, focusing on basal orders to illustrate the
distribution of various morphological features (paranotal
lobes, gills, styli, and wings) in representative immatures
and adults. Representative taxa are as follows: Archae-
ognatha (Meinertellidae); Zygentoma (Lepismatidae);
Ephemeroptera (Protereismatidae); Palaeodictyopterida
(Megasecoptera); Odonatoptera (Eugeropteridae); Poly-
neoptera (Lemmatophoridae); Eumetabola (Sialidae).
Colours represent gene expression as follows: orange/
red = Scr, expressed in the prothorax; blue = Ubx,
expressed primarily in the metathorax and first abdom-
inal segment, but also in A2–8; green = abd-A, gener-
ally expressed in abdominal segments 2–8 (and partially
in A1). Significance of numbers at nodes is as follows: 1
Origin of Hexapoda, loss of abdominal appendages
through Ubx/abd-A regulation (although styli develop to
various degrees on thorax and abdomen in Archaeog-
natha and Zygentoma), and expression of Scr along

lateral margins of prothorax. 2 Appearance of wings on
meso- and metathorax (Pterygota), broader expression of
Scr in prothorax, and repression of wing formation on
prothorax by Scr (though paranotal lobes begin to
appear, indicating diverging functions of Scr; although
Ubx/abd-A remains expressed in similar patterns
throughout adult insects, gills, legs, and other such
appendages develop on the abdomen in immatures of
several orders. 3 Paranotal lobes remain in some lineages
of Polyneoptera; however, they are lost in many other
lineages, indicating diverging functions of Scr or induc-
tion of other genes/pathways. 4 While various abdominal
gills (appendages) are present throughout pterygotes in
the immature stages, more diversity appears in Eumeta-
bola, including segmented gills and other abdominal
appendages; diverging functions of Scr, and likely
induction of other genes/pathways, also appear in
Eumetabola, as modifications of the prothorax develop
in various orders (e.g. wing-like appendages in
Hemiptera)

b
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the basal part of the appendage). Similar to how
the ancestral basicoxa fragmented to form the
areas of the insect pleuron, it may be possible
that through recruitment of such coxopodite
patterning genes, the primitive sclerotization
surrounding the wing base in basal pterygotes
also fragmented/fused to form the wing pteralia.
While hth and exd are expressed at the margin of
the base of the wing and extend onto the wing
blade, pdm expression also extends into the area
of the wing hinge, approximately covering its
entire dorsal surface (Jockusch and Nagy 1997),
as does the Iroquois complex (Iro-C) (Cavode-
assi et al. 2002), teashirt (tsh) transcription fac-
tor, and wg signalling pathway (Klein and
Martinez Arias 1998; Peterson et al. 1999; Klein
2001) and therefore also seem to function in
axillary patterning (Ng et al. 1995), in addition to
a number of other known and undescribed genes
(Butler et al. 2003; Cho and Irvine 2004). This
expression of pdm and the resulting mutant
phenotype (which begins to resemble a paranotal
lobe due to the near obliteration of the axillary
sclerites), as well as its expression at leg joints,
seems to provide further evidence that it may
have been influential in providing the paranotal
extension the needed articulation to produce a
functional wing. Interestingly, extreme pdm
mutants also lack nearly all venation (Ng
et al. 1995).

As it has been observed in morphological
studies, the wing not only is a paranotal exten-
sion, but it also appears to incorporate elements
of the pleuron (coxopodite/basicoxa) (Grimaldi
and Engel 2005; Hasenfuss 2008). While this
observation has not been acknowledged with
developmental data outside of Holometabola, it
appears to be supported at least by Drosophila in
the structure of the wing disc (Bryant 1975;
Cohen 1993; Klein 2001). Since the dorsal ele-
ments of the pleuron are part of the wing disc, it
is evident that some part of the coxopodite was
integrated into the paratergal extension to give
rise to the wing articulation. This observation
provides support for the hypothesis put forward
by Niwa et al. (2010), in which they postulated
that the pterygote wing was formed through the
intersection of two developmental modules, one

which produced a dorsal limb-like process and
the other which created a planar extension of
tergite at the tergal–pleural boundary
(Šulc 1927, Kukalová-Peck 1983). Kukalová-
Peck’s (1983) assertion that wings ‘may repre-
sent a fusion between the epicoxal segment’ and
zygentoman paranotal lobes are perhaps not far
from accurate in essence, although the above
demonstrates that ad hoc exites are superfluous.
Interestingly enough, as the wing disc also
includes tissue for the adult tergum, this asso-
ciation likely indicates an inseparable develop-
mental module (as indicated by the early,
uniform expression of ap; Jockusch and
Nagy 1997; Klein and Martinez Arias 1998). If
we accept the hypothesis that the wing is largely
a paranotal extension, separating the two early
developing tissues (that of the notum from that
of the upper pleuron) would therefore abolish
formation of the wing. While this is interesting
from Drosophila, one wonders what differences
might be found if such a study were to be
undertaken in a basal, living mayfly where the
sclerotized pleural surface is dramatically
dissimilar.

12.2.4 Developmental Implications
for Wing Origins?

We must keep in mind that while much excellent
work has been accomplished in developmental
genetics, much of the progress has been made in
Drosophila, a highly apomorphic taxon in Dip-
tera. Since much developmental evidence for
wing origins stems from literature on Drosoph-
ila, while it certainly demonstrates many inter-
esting developmental features, it is still difficult
to separate gene expression features that may
suggest deep homology and be indicative of
ancestral wing origins from highly derived fea-
tures in a lineage that is far removed from basal
hexapods and certainly from ancestral Arthrop-
oda. Straightforward conclusions drawn from
such developmental data, then, must certainly be
analysed in great detail and in a much broader
comparative framework. Also, as it is becoming
more evident that, while expression patterns of
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complexes such as HOM-C are thought to be
largely conserved in diverse lineages such as
crustaceans and hexapods (Hughes and
Kaufman 2002), the functions of these genes
may have shifted, likely through changes in
downstream targets/pathways or upstream regu-
lators (Prud’homme et al. 2007) and develop-
mental drift (Angelini and Kaufman 2005), to
give rise to the morphological diversity we see
today. If such is the case, then even greater stress
is placed on sampling diverse lineages, as well
as examining expression patterns and perform-
ing functional assays. In compiling all palaeon-
tological, neontological, and developmental
evidence thus far (Fig. 12.2), and following the
results of Niwa et al. (2010) and building upon
their hypothesis, it appears that there is evidence
for a developmental ground plan in Hexapoda
that produced paranotal extensions of the thorax
(Fig. 12.1a, b). Subsequently, through the inte-
gration of appendage patterning modules (e.g.
those present in gills, exites, legs, and c.), a
functional articulation (hinge) developed inte-
grating the dorsal elements of the pleuron, pro-
viding a functional wing and providing a basis
for which further refinements of the pterygote
wing could be made, such as in wing shape,
venation, structure of the articulation (axillary
sclerites), and c (Fig. 12.1c).

Important avenues for understanding the
intricacies of morphological change (and wing
origins and evolution) will include emerging
tools of genomics and methods for examining
specific developing tissue subsets, such as in
transcriptomics and proteomics (e.g. Alonso and
Santarén 2005). As many of the more general
patterning pathways are being elucidated, as
Angelini and Kaufman (2005) note, it will be of
great significance to focus closer on under-
standing the genetics behind the plethora of
subtle morphological changes that occur through
signalling of downstream targets of major
appendage patterning pathways for example
(e.g. Butler et al. 2003). More attention should
also be devoted to understanding the genetic
control of tergal outgrowths, as well as the for-
mation of the axillary sclerites. It may be of
great utility if future research also includes

examination of protein structure, which may
provide insight into regulatory and functional
changes that have occurred in such develop-
mental genes.

12.3 Palaeontology of Insect Wings

We have purposely belaboured the point con-
cerning phylogeny, and it is therefore of great
interest to consider those taxa that are as close to
the common ancestor of Pterygota as is possible.
Naturally, any species living today is separated
from this ancestral taxon by nearly 400 million
years, and this creates several challenges. Pal-
aeontological evidence is unique in its ability to
bridge this gap, at least partially, and the
investigation of phylogenetically relevant taxa
from Palaeozoic deposits is of considerable
interest in regard to the origins of flight. As
critical as Palaeozoic insect fossils are, it must
be admitted from the start that no fossil species
of a stem-group pterygote with or without pro-
towings has yet been recovered. Indeed, the pre-
Late Carboniferous record of insects is amaz-
ingly sparse, and it is from the Devonian or
earlier in which wings originated, meaning that
the hunt continues for abundant, mid-Palaeozoic
outcrops of completely preserved hexapods.

Insect wings are the most common source of
data in palaeoentomology owing to their solidity
and resistance to subsequent transportation and
taphonomic processes. Generally, insect wings
should be considered in conjunction with the
remainder of the body for a reconstruction of the
entire animal and comprehensive taxonomic and
morphological treatment. However, in some
cases, particularly for Palaeozoic taxa, isolated
wings preserved as compressions or impressions
provide the only evidence for past species rich-
ness [refer to Carpenter (1992) for the most
recent comprehensive catalogue], and here, there
is often a bias for well-sclerotized forewings
modified for protection in certain clades, these
being particularly durable for preservation. The
use of these data in insect systematics varies
dramatically by taxonomic group due to vari-
ous adaptations, functional modifications, and
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polymorphisms and therefore must be reason-
ably evaluated by taxonomists and in a cladistic
framework. Well-preserved insect fossils with
complete body appendages and tiny morpho-
logical structures are known from amber inclu-
sions, but such resin-entombed specimens are
unfortunately unavailable prior to the Creta-
ceous except for a few fragmentary remains
reported in Late Triassic amber from Italy
(Schmidt et al. 2012). Admittedly, the fossil
record of insects pales in comparison with the
enormous numbers of Recent species, but the
available evidence does highlight the dramatic
number of lineages present in different epochs,
serves as a reasonable proxy for diversity during
these time periods, and gives a unique perspec-
tive on taxa with unique characters or character
combinations, together reconstructing a pro-
found understanding of insect evolution during
its early phases. Grimaldi and Engel (2005)
provide a cladistically framed overview of insect
evolution and diversity, reflecting the available
palaeontological evidence up to that date.

12.3.1 First Appearance of Winged
Insects

The earliest hexapod fossils are known from the
Early Devonian of Rhynie, Scotland, and pre-
served in chert formed in a silica-rich, volcanic
spring and of Pragian age (ca. 407 million years
old). Two definitive hexapods are known from the
Rhynie chert, the first and most widely known
being the collembolan Rhyniella praecursor, a
species for which there is generally good knowl-
edge of its overall morphology (Whalley and
Jarzembowski 1981). The second, representing a
true insect, is known only from the fragmentary
remains of a head capsule and was dubbed
Rhyniognatha hirsti (Tillyard 1928; Engel and
Grimaldi 2004). The mandibles of R. hirsti were
dicondylic, a synapomorphic trait placing them as
more derived than the most basal order of wing-
less insects. Furthermore, the mandibles were of
the typical metapterygotan organization, an apo-
morphic suite of traits found only among ptery-
gote insects and in the Metapterygota (all winged

insects exclusive of Ephemeroptera) in particular
(Engel and Grimaldi 2004). This cladistic place-
ment indicated not only that R. hirsti was assu-
redly an insect but that the species belonged to the
winged insects and was from a lineage that
diverged subsequent to the divergence of the
mayflies, implying that wing origins and diversi-
fication took place sometime prior to the Pragian.
This revelation pushed back the presumed origins
of wings by nearly 80 million years and also the
origin of insects as a whole, highlighting that
insects perhaps stemmed from the Silurian and
were among the earliest forms of terrestrial ani-
mal life (Engel and Grimaldi 2004). Unfortu-
nately, R. hirsti was fragmentary and no wings
were preserved with the fossil, leaving open
numerous questions regarding the putative wings
of the species. Remarkably, the age and phylo-
genetic placement of R. hirsti are roughly in
accord with estimates of divergence based on
molecular data alone, which suggested an origin
of pterygote insects anywhere from the latest
Ordovician to the Silurian, and a later origin of the
more derived neopteran insects, perhaps as early
as the Early to mid-Devonian (Gaunt and
Miles 2002; Rehm et al. 2011). Fossil evidence
of a metapterygotan insect from the Early Devo-
nian implies the acquisition of wings at least in the
earliest Devonian (Lochkovian) or latest Silurian
corresponds with the formation of the first trophic
relationships between terrestrial arthropods and
vascular plants, the latter having invaded land
slightly earlier (Edwards et al. 1995).

Subsequent to R. hirsti, there are only a couple
of definitive insect remains from the Devonian,
the first being a relatively complete compression
from Famennian strata near Strud, Belgium
(Garrouste et al. 2012). Like R. hirsti, Strudiella
devonica possessed metapterygotan mandibles
and emphasized that the origination and diversi-
fication of pterygotes, at least into the most basal
lineages, had already occurred. Again, similar to
R. hirsti, S. devonica also lacked wings, either
because it was a nymph and did not yet possess
them because it was secondarily apterous or per-
haps as a result of preservation. The sole specimen
is too poorly preserved to permit analysis of fine
details of the thorax to determine whether minute
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sclerites representing a point of articulation might
have existed, and again critical questions regard-
ing the form of wings in the earliest fossils
assignable to Pterygota were left unresolved. The
only other Devonian evidence for insects is the
mid-Devonian (Givetian) bristletail fragments
(Archaeognatha) from Gilboa, New York (Shear
et al. 1984). Putative Eifelian remains of a
remarkably modern-looking bristletail from
Gaspé Bay in Quebec, Canada (Labandeira
et al. 1988) have been revealed to be a modern
contaminant (Jeram et al. 1990). No other records
of hexapods are known from the Devonian, a scant
record at best and the greatest hindrance to
understanding early insect evolution.

The first wings preserved in the fossil record
are much younger than any estimate of the age
of Pterygota as well as than the fragmentary
remains of pterygotes from the Devonian.
Indeed, the earliest wings are known from the
transition period between the Early and Late
Carboniferous, approximately 318 million years
ago and nearly 90 million years younger than
the very incomplete remains of R. hirsti. This
considerable gap is partly the result of a scarcity
of Early Carboniferous freshwater deposits
worldwide. These earliest Late Carboniferous
insects have been attributed to the orthopterid
lineage and thereby clearly derived from the
Neoptera (Prokop et al. 2005). The Namurian is
the earliest stage of the Late Carboniferous with
a sudden occurrence of diverse winged insects
comprising stem groups of the major lineages,
highlighting that the extensive diversification of
Pterygota had already taken place; those clades
became well established and radiated themselves
(Hennig 1981; Kukalová-Peck 1991; Grimaldi
and Engel 2005; Prokop and Nel 2007). In terms
of the fossil record, the Late Carboniferous
reveals a world in which winged insects and
flight were already ancient and this lineage had
radiated into all of the higher (superordinal)
clades which would persist to the present day, as
well as a few which would not last beyond the
end-Permian Event at the close of the Palaeozoic
(ca. 251 million years ago). From the Palaeo-
zoic, the fossil record currently provides two
perspectives—one that is too scant to permit

much clarity (Devonian–Early Carboniferous) or
one that is too late in regard to the window of
time in which wings and flight originated (Late
Carboniferous-Permian), a maddening situation
for entomology and evolutionary biology.

12.3.2 Wing Flexion and Palaeoptery
Versus Neoptery as Crucial
Innovations

As mentioned previously, today’s phylogenetic
evidence universally supports a single origin for
insect wings (e.g. Kukalová-Peck 1978, 1983,
1991; Boudreaux 1979; Hennig 1981;
Kristensen 1991; Grimaldi and Engel 2005;
Trautwein et al. 2012). At about the same
time, Lameere (1922); Crampton (1924), and
Martynov (1925) independently noted two fun-
damentally different means of wing flexion, this
giving rise to the classificatory division between
palaeopterous (those incapable of flexing the
wing back over the abdomen) and neopterous
(those capable of such flexion) insects. Those
lineages with the palaeopterous condition were
classified as the formal group Palaeoptera, the
remainder in the Neoptera, and thus was born
the debate over relationships between the basal
orders of winged insects and whether or not the
Palaeoptera are monophyletic and, if not, then
which of its constituent groups were basal and
which were more closely allied to the neopteran
insects. In addition, the arrangement and form of
the basal sclerites forming the wing base differ
between the lineages in question. Indeed, the
Odonatoptera differ notably from other pteryg-
otes, something which led Matsuda (1970, 1981)
and La Greca (1980) to reconsider pterygote
monophyly. Despite the differences between
odonates and other winged insects, the basal
sclerites can be successfully homologized with
those of Ephemeroptera and Neoptera (Nin-
omiya and Yoshizawa 2009). Furthermore, the
thoracic musculature of the primitively wingless
Lepisma (Zygentoma) and Pterygota was first
established by Matsuda (1970) and again by
Hasenfuss (2002). Hasenfuss (2002) provided a
detailed comparative morphological study of the
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mesothorax of Lepisma, demonstrating the
details of homology and transformation with the
pterygote ground plan. The corresponding scle-
rites and muscles of three subcoxal leg elements
present in lepismatids are recognizable in the
pterygotan pterothorax (Hasenfuss 2008).

The fundamental debate has been over Pal-
aeoptera monophyly. Palaeoptera was largely
deconstructed for a long while. Börner (1904)
arranged the basal winged orders with
Ephemeroptera diverging from Metapterygota
(all other winged insects), a position supported
by morphology and molecular data sets (e.g.
Staniczek 2000; Beutel and Gorb 2006;
Cameron et al. 2006; Zhang et al. 2008).
Schwanwitsch (1943) reversed this, with Odo-
nata diverging first, establishing the Chiasto-
myaria hypothesis based on muscle arrangement
(=Opisthoptera of Lemche 1940) and supported
by initial phylogenomic data sets, albeit with
understandingly limited taxon sampling (Simon
et al. 2009). Palaeoptera monophyly was argued
for by Kukalová-Peck (e.g. Kukalová-Peck and
Brauckmann 1990; Kukalová-Peck 2009) in an
expanded and revised system of Pterygota
(although see Béthoux et al. 2008 for a discus-
sion of some of her methods of character anal-
ysis). Palaeoptera has also been supported by
limited molecular analyses (Kjer et al. 2006;
Regier et al. 2010; Ishiwata et al. 2011) and by
some morphological character systems (e.g.
Blanke et al. 2012), although the most honest
description of the available evidence is that there
is ambiguity over relationships (e.g. Hovmöller
et al. 2002; Ogden and Whiting 2003; Kjer et al.
2006; Whitfield and Kjer 2008). Kukalová-Peck
(1997) proposed a strong convex brace
‘cup-aa1’ or a contact between AA and CuP
(vein abbreviations used in text outlined in
Table 12.1) as a putative synapomorphy of
Ephemeroptera and Odonatoptera and subse-
quently proposed division of these groups into
the ‘Hydropalaeoptera’ (=Ephemeroptera ?

Odonatoptera) and ‘Rostropalaeoptera’ (=Pal-
aeodictyopterida) (Wootton and Kukalová-Peck
2000). Bechly (1996) proposed that the Ax0 in
Odonatoptera was homologous to the subcostal
brace ScA in Ephemeroptera, implying that it

was another potential synapomorphy supporting
the same arrangement of orders. Haas and Ku-
kalová-Peck (2001) purportedly identified 65
differences between Palaeoptera and Neoptera
based on wing characters traceable in extant
species, although the homology of some of these
is tenuous. Later, Kukalová-Peck (2009), when
describing the first Carboniferous protodonate
immature, reviewed what she interpreted as
synapomorphies of Ephemeroptera and Odona-
toptera based on wing articulation and venation.
Assuming Palaeoptera monophyly, it has been
argued that the neopterous condition is plesio-
morphic and that the palaeopterous condition is
derived (Hasenfuss 2008; Kukalová-Peck 2009)
and that the wing bases of Ephemeroptera and
Odonata are secondarily stiffened (Willkommen
2009). In addition, it has been argued that wing
development of Palaeozoic Palaeoptera proceeds
gradually through numerous moults of nymphal
instars to several subimaginal instars bearing
articulated wings in comparison with Recent
members (Kukalová-Peck 1978); although as
noted by Béthoux et al. (2008), the evidence for
moulting subimagos in the fossil record is ten-
uous. During the course of development, the
wings of young nymphs of these fossil taxa
apparently arch backward (Fig. 12.3a, f) and
gradually become straightened in each

Table 12.1 Abbreviations for major wing veins dis-
cussed in text

AA Anal anterior

AP Anal posterior

CP Costa posterior

Cu Cubitus

CuA Cubitus anterior

CuP Cubitus posterior

IN Intercalary

M Media

MA Media anterior

MP Media posterior

R Radius

RA Radius anterior

RP Radius posterior

ScA Subcosta anterior

ScP Subcosta posterior
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subsequent instar until the wings are fully out-
stretched, this putatively suggesting that palae-
optery in the adult was secondarily derived
(Kukalová-Peck 1978; Hubbard and Kukalová-
Peck 1980). Relationships between Ephemer-
opterida, Odonatoptera, Palaeodictyopterida,
and Neoptera remain controversial and consti-
tute a debate of lasting significance. Metaptery-
gota (=Odonata ? Neoptera) and Palaeoptera
(Odonata ? Ephemeroptera) are the most widely
recovered suite of relationships, although many
data are in conflict. Future work may well sup-
port a monophyletic Palaeoptera, and it must
remain a viable alternative solution to the
arrangement of the basal winged lineages.

As mentioned, Palaeoptera are known for
their inability to flex their wings back over the
abdomen. Insects exhibiting the palaeopterous
morphological condition were remarkably
diverse and abundant in Late Palaeozoic eco-
systems, indicating to some that they were the
first of the flying insects (i.e. that neoptery is
derived relative to palaeoptery), and these
insects were decimated by the Permian/Triassic
mass extinction (Labandeira and Sepkoski
1993). There is a single exception to the rule of
permanently outstretched wings among Palae-
optera, namely the extinct order Diaphano-
pterodea whose species were capable of wing
flexion in a roof-like position (Fig. 12.3h) owing
to a unique arrangement of eight rows of
movable sclerites at the wing base (Kukalová-
Peck and Brauckmann 1990; Kukalová-Peck
et al. 2009). Based on other characters, the
Diaphanopterodea clearly belong within a
monophyletic Palaeodictyopterida and their
wing flexion is not only independent from that
observed in Neoptera but also not indicative of
the basal condition for the Palaeodictyopterida
as they are not a primitive grade of this super-
ordinal complex (Kukalová-Peck 1978).

Of course, critical to the aforementioned
discussions of relationships are the Palaeo-
dictyopterida, a diverse lineage of Palaeozoic
palaeopterous insects. Obviously, no molecular
study has included representatives of this lineage
(or for that matter, any of the extensive stem-
group representatives of the Ephemeroptera and

Odonatoptera known from the same time per-
iod), and it remains unclear what influence the
inclusion of palaeodictyopterids might have on
modern phylogenetic interpretations. The only
means of ascertaining the influence of Palaeo-
dictyopterida on cladistic studies of basal lin-
eages is the combination of molecular data with
an extensive morphological data set coded for a
suitably rich number of extinct species. Such a
study would require direct observation from the
fossils as there appears to be some misinterpre-
tation of these Palaeozoic taxa in the literature
(e.g. Béthoux and Briggs 2008; Béthoux et al.
2008; Kukalová-Peck and Beutel 2012; Shcher-
bakov 2011), and data mining from such papers
may conflate problems. The establishment of a
robust phylogeny for basal pterygotes including
all of the fossil taxa is one of the ripest chal-
lenges for future research.

Another challenge resides in the assumption
that the basal condition observed for extant
members of a lineage holds true for stem groups.
For example, coding the earwigs as having
trimerous tarsi, the same as stick insects and
webspinners, fails to consider palaeontological
evidence that the trimerous condition is not
homologous between these orders. Stem-group
earwigs share abundant synapomorphies with
crown-group Dermaptera but have fully pen-
tamerous tarsi, the presumed plesiomorphic
condition for Neoptera, if not all Insecta (Grim-
aldi and Engel 2005). Similar evidence exists
from stem-group stick insects that they inde-
pendently arrived at the trimerous condition, and
thus, any analysis treating these orders as pos-
sessing the same character state in their ground
plans is based on faulty data. Such is also a
challenge for the basal winged lineages. For
example, there is a widespread assumption that
all basal and extinct groups of winged insects are
aquatic in their immature stages based on crown-
group Ephemeroptera and Odonata. The puta-
tively plesiomorphic appearance of stoneflies
among the Neoptera has led some to postulate
that the ground plan condition for this clade is
similarly aquatic. Yet, there remains no con-
vincing evidence that this is the case. Indeed,
stem-group Odonata lack a clear indication of the
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life history for their immatures, and quite inter-
estingly, nymphs of stem-group Ephemeroptera
of the family Protereismatidae (Fig. 12.3f) do not
possess abdominal gills (or gills of any kind!),
suggesting that they were not aquatic (Grimaldi
and Engel 2005). The same can be said for
putative stem-group stoneflies among families
such as Lemmatophoridae (Fig. 12.3m). Imma-
tures of Palaeodictyopterida are widely known
(Fig. 12.3a), but again no obvious gill structures
are present, and the morphology of many is
convergent with immature beetles living in moist
detritus layers on tropical forest floors. There is
no overwhelming evidence that any of these
lineages have aquatic nymphs in their ground
plans when fossils are considered. This does not
rule out the possibility that they could have been
aquatic but merely emphasizes that the underly-
ing assumption that they must have been is
entirely ad hoc. We desperately require a mod-
ern, revised understanding of the immature
stages of Palaeozoic insect clades.

Obviously, the resolution of these relation-
ships and early life histories has significant con-
sequences for the interpretation of wing and flight
origins and the ground plan reconstruction of
basal wing structure and articulation. The devel-
opmental studies outlined above seem to be con-
verging on a consistent picture of wing formation
and homology but cannot resolve which form of
articulation and flexion (or lack thereof) is basal.
Such a polarization of the alternative differences
in articulation requires the integration of such
comparative developmental evidence with a
robust phylogeny for early Pterygota. Thus, any
changes in reconstruction for the base of

Pterygota will have profound influences on how
we interpret the stages in wing origins as well as
the associated scenarios proposed for the pro-
duction of early powered flight. The phylogeny
infused with palaeontological evidence will also
permit a more precise timing for flight origins, the
life history of those stem-group taxa involved, and
those abiotic factors of the ancient ecosystem (one
profoundly different from the world in which we
live!) that influenced the evolutionary develop-
ment of wings.

12.3.3 Principal Lineages of Palaeozoic
Pterygota

The attribution of particular fossils to higher-rank
taxa has been challenging, particularly given the
apparent presence of convergent characters in
wing venation across unrelated clades. For
example, the Syntonopteridae (Fig. 12.3i) were
first attributed to the Palaeodictyoptera and later
considered as Ephemeroptera based on the pres-
ence of Y-shaped intercalary veins (Edmunds and
Traver 1954; Edmunds 1972; Wootton 1981;
Kukalová-Peck 1985; Carpenter 1992; Willmann
1999; Prokop et al. 2010). However, the presence
or absence of intercalary veins cannot be consid-
ered a unique autapomorphy of the so-called
Hydropalaeoptera since this also occurs in Pala-
eodictyoptera such as the families Calvertiellidae
and Namuroningxiidae (Béthoux et al. 2007;
Prokop and Ren 2007). In addition to many con-
vergences, the wings across these lineages are
clearly plesiomorphic. The wing venation of
palaeopterous insects has a prominent alternation

Fig. 12.3 A Palaeozoic bestiary of early winged
insects. a Nymph of Idoptilus onisciformis Wootton
(Palaeodictyoptera). b Prothoracic articulated winglets
of Lithomantis carbonarius Woodward (Palaeodictyop-
tera: Lithomanteidae). c Prothoracic articulated winglets
of Stenodictya pygmaea Meunier (Palaeodictyoptera:
Dictyoneuridae). d Arctotypus sylvaensis Martynov
(Protodonata: Meganeuridae). e Nygmata in wing mem-
brane of Lithomantis bohemica Novák (Palaeodictyop-
tera: Lithomanteidae). f Nymph of Protereisma
americana Demoulin (Ephemeroptera: Protereismati-
dae). g Wing venation of Protereisma permianum
Sellards (Ephemeroptera: Protereismatidae). h Habitus

of Permuralia maculata Kukalová-Peck and Sinitshenk-
ova (Diaphanopterodea: Parelmoidae). i Wing venation
of the stem-group mayfly relative Lithoneura lameeri
Carpenter (Ephemeropterida: Syntonopterodea). j Habi-
tus of Permohymen schucherti Tillyard (Megasecoptera:
Permohymenidae). k Habitus of Kemperala hagenensis
Brauckmann (Neoptera: Paoliidae). l Wing venation of
Diathemidia monstruosa Sinitshenkova (Dicliptera: Di-
athemidae). m Paranotal extensions of the prothorax of
Lemmatophora typa Sellards (Lemmatophoridae).
Images a, b � The Natural History Museum, London;
images f, g, i, j, m � Museum of Comparative Zoology,
Harvard University.

b
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between convex and concave longitudinal veins
including prominently developed convex MA and
stem of M always present. Further putative ples-
iomophies in venation are veins ScP and RA ter-
minating at the wing apex and RA and RP
beginning as separate stems (Lameere 1922;
Kukalová-Peck 1991). Thus, there are significant
challenges to properly placing particular fossils,
exacerbated by the abundance of isolated wings
which must be interpreted in the absence of body
characters. Here, we outline the principal lineages
as they are presently understood in the hope that
this characterization will fuel future cladistic
treatments of both molecular and morphological
(including palaeontological!) data.

The mayflies (Ephemeroptera) are considered
a basal lineage of winged insects with wings
bearing a full set of deeply corrugated main
veins, intercalary veins universally present, and
a prominent arched subcostal brace ScA at the
wing base as synapomorphies. Several stem
groups are allied to the Ephemeroptera to form
the superorder Ephemeropterida. The fore- and
hindwings of Palaeozoic species were nearly
homonomous in comparison with most Meso-
zoic, Tertiary, and modern taxa whose hind-
wings are much smaller or completely reduced
(as with the exception of the Jurassic families
Mesephemeridae and Mickoleitiidae). Nymphs
of Permian taxa attributable to the Protereis-
matidae exhibit wings freely articulated with the
thorax and a venation pattern similar to adults
(Fig. 12.3f, g) (Kukalová 1968; Hubbard and
Kukalová-Peck 1980). Syntonopterodea are the
oldest and most plesiomorphic members of the
Ephemeropterida and are known from the Late
Carboniferous to the Middle Permian. Syntono-
pterodea share with other mayflies the presence
of a distinct anterior curve or ‘zigzag’ of
AA1 ? 2, constituting a potential synapomor-
phy for the clade (Kukalová-Peck 1985, 1997;
Willmann 1999). The systematic position of this
group is critical for the resolution of phyloge-
netic relationships between major pterygote
lineages (e.g. Edmunds and Travers 1954,
Kukalová-Peck 1985; Willmann 1999; Grimaldi
and Engel 2005; Prokop et al. 2010). The
most prominent diagnostic features are the

constriction of the area between AA1 ? 2 and
AA3 ? 4 in the hindwing, the presence of a
concave longitudinal vein IN (intercalary)
between them, and a constriction of the area
between AA3 ? 4 and the first branch of the
concave AP at the same point (Prokop et al.
2010). Unfortunately, most syntonopterids are
based on isolated wings, but Lithoneura lameeri
(Fig. 12.3i), known from a siderite nodule from
Mazon Creek, Illinois, is an exceptionally pre-
served fossil with exquisite details also of body
structures in addition to wing venation (Car-
penter 1938, 1987; Kukalová-Peck 1985; Will-
mann 1999). Another ‘keystone’ fossil that has
at times been included here is Triplosoba pul-
chella from the Late Carboniferous of Comm-
entry, France. Triplosoba had an unusual wing
venation for mayflies such as the basal connec-
tion of MA with R and RP in the forewing, and
MA remote from RP and basally fused with MP
in the hindwing. Prokop and Nel (2009) trans-
ferred this taxon to Palaeodictyopterida as sug-
gested by earlier authors (Forbes 1943;
Willmann 1999). Nevertheless, doubt remains
about the inclusion of Triplosoba in Palaeo-
dictyopterida (Staniczek et al. 2011). Becke-
meyer and Engel (2011) followed Prokop and
Nel (2009) and excluded the Triplosobidae (their
Triplosoboptera) from what they considered to
represent a monophyletic Ephemeropterida,
admitting that the former might be a stem group
to Palaeodictyopterida or Metapterygota.

Odonatoptera, comprising the Recent drag-
onflies and damselflies along with the extinct
griffenflies and others, are one of the most
peculiar groups owing to their strikingly differ-
ent wing articulation relative to other pterygotes.
Odonatopterans are readily recognized by the
presence of two large plates (costal plate and
radio-anal plate), rather than an arrangement of
multiple axillary sclerites, the former repre-
senting a unique synapomorphy for the clade.
The lineage was abundant and diverse and their
morphology stable over evolutionary time, with
the earliest species known from the earliest Late
Carboniferous (Namurian) (Riek and Kukalová-
Peck 1984; Bechly et al. 2001; Ren et al. 2008).
Wings of Odonatoptera have a strongly reduced
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anal area, especially in the forewings; ScP
reaching the costal margin well before the wing
apex, and an anal brace with a Z-like kink in
CuP at the point of fusion with AA. Prothoracic
winglets present in Eugeropteridae were proba-
bly articulated and movable, whereas in Era-
sipteridae, the articulation is not apparent
(Bechly et al. 2001). Both of the latter groups
represent the most basal lineages known from
the Late Carboniferous. Geroptera, with the
single family Eugeropteridae, is known only
from Argentina and possess a rather coarse
meshwork of simple crossveins and a short ScP
reaching the costal margin at about wing mid-
length, this being convergent with Erasipteridae,
Paralogidae, and Odonatoclada (Riek and
Kukalová-Peck 1984). Erasipteridae are known
from the early Late Carboniferous of central
Europe and retained a partially dense pattern of
crossveins (the so-called archeodictyon) and a
long median stem lacking the arculus and nodus
(Pruvost 1933; Bechly 1996; Bechly et al. 2001).
The Palaeozoic griffenflies of the Protodonata
(Fig. 12.3d), also widely known as the Megan-
isoptera (a name which implicates their former
common name as ‘giant dragonflies’ despite the
fact that they are in no way ‘dragonflies’), are
famous for having given rise to the largest
wingspans among insects. Meganeuropsis
permiana from the Early Permian Wellington
Formation of central Kansas and northcentral
Oklahoma had a wing span around 710 mm,
well exceeding that of any living insect (Car-
penter 1939, 1947). Insect gigantism, known
particularly from the Late Carboniferous,
occurred also in other groups such as the stem-
group mayfly Bojophlebia prokopi, with a
wingspan reaching almost 500 mm (Kukalová-
Peck 1985). One of the favoured hypotheses for
the presence of such giant insects (and other
massive arthropods) at this time is the corre-
sponding hyperoxic atmospheres, thereby per-
mitting the passive transfer of more oxygen via
tracheae to metabolically active tissues (Graham
et al. 1995). However, these insect giants coex-
isted together with even more diverse normal- to
small-sized relatives (Nel et al. 2009). Another
explanation of Palaeozoic insect gigantism

assumes that the increase in body size of some
insects was a result of an evolutionary race in
body size between aerial predators such as
griffenflies and their putative prey among the
Palaeodictyopterida (Hasenfuss 2008). While
the latter is an enticing hypothesis, it is entirely
ad hoc as there is no evidence for what griffen-
flies fed upon nor any phylogenetic evaluation of
relationships for these lineages which demon-
strate such an arms race. Similarly, Nel et al.
(2008) also considered other factors such as the
absence of flying vertebrate predators at this
time, but again it is not immediately clear why
this alone should lead to such a dramatic
increase in size. A comprehensive and conclu-
sive explanation for Palaeozoic insect gigantism
remains to be seen.

The Protodonata, or Meganisoptera, are
known entirely from the Late Palezoic and are
currently considered as a stem group to true
Odonata, differing mainly in wing venation by
the absence of a nodus, discoidal cells, and a
pterostigma (Nel et al. 2009). Wings of these
species consist of hundreds to thousands of
small polygonal cells, especially numerous in
the Meganeuridae (Fig. 12.3d). A true odonatoid
nodus with more or less oblique nodal and
subnodal veinlets at about wing mid-length first
appears in Nodialata, a clade comprising Pro-
tanisoptera and Discoidalia (Bechly 1996). The
Upper Permian family Lapeyriidae has been
considered to be the most basal group of No-
dialata (Nel et al. 1999). The Protanisoptera
were a widely distributed group of Permian
Nodialata that had a partly developed nodus, the
hindwings as long or even slightly longer than
forewings, the brace formed by ScA uniquely
oblique, and a special form of pterostigma
crossed by RA, the latter considered as conver-
gent with Dicliptera (Fig. 12.3l) (Palaeodicty-
opterida) and among modern Diptera.

The extinct superorder Palaeodictyopterida
(=Dictyoneuridea) represents a widely diverse
group of Palaeozoic insects ranging from the ear-
liest Late Carboniferous to the Late Permian, with a
peak in abundance in the Late Carboniferous
(Sinitshenkova 2002). Triassic records of Thurin-
gopteryx gimmi and Paratitan reliquia putatively
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suggesting the existence of palaeodictyopteridans
after the Permian/Triassic mass extinction have
been revised and unambiguously excluded from
the superorder (Willmann 2008; Shcherbakov
2011). Palaeodictyopterida have a number of wing
venation symplesiomorphies for pterygotes such as
a pronounced CP and ScA and a convex ridge
formed by stiffened membrane in conjunction with
basal portions of AA (homologous to the anal brace
in Ephemeroptera and Odonatoptera) (Kukalová-
Peck 1991, 1997). Kukalová-Peck (2009) sup-
posed palaeoptery as derived based on fusions
between basivenalia and fulcalaria in the subcostal
to jugal rows putatively visible in various palaeo-
dictyopterid groups, but this requires confirmation.
The Palaeodictyopterida were most remarkable for
their haustellate mouthparts (Fig. 12.3b), their
sucking beaks making them among the earliest of
specialized herbivores. The classical divisions of
Palaeodictyopterida recognize four main orders
Diaphanopterodea, Palaeodictyoptera, Megase-
coptera, and Dicliptera (Grimaldi and Engel 2005).

Palaeodictyoptera are the largest and most
diverse group and are known from the earliest
Late Carboniferous to the Late Permian, with a
few giant species like Mazothairos enormis
attributed to Homoiopteridae (Kukalová-Peck
and Richardson 1983; Prokop et al. 2006). The
fore- and hindwings were either similar in form,
or in some families, the hindwings were dis-
tinctly broader, for example as in Spilapteridae.
The wing venation had a complete set of main
veins including MA and MP, a prominent cor-
rugation of convex and concave veins, and
usually lacked fusion between these systems.
Intercalary veins were sometimes present, as in
the families Calvertiellidae and Namuroningxia-
niidae (Prokop and Ren 2007), while the main
longitudinal veins were frequently connected by
numerous crossveins forming a dense pattern of
irregular networks (=‘archeodictyon’) and were
well developed in families such as Dictyoneu-
ridae. Articulated prothoracic winglets were
putatively present in some members of Pala-
eodictyoptera such as in Lithomantis carbona-
rius (Lithomanteidae) and Stenodictya pygmaea
(Dictyoneuridae) (Fig. 12.3b, c) (Kukalová-Peck

1978). However, most of the known lateral
prothoracic extensions lacked any observable
articulation with the prothorax, much like those
in neopteran insects such as Lemmatophoridae
(Fig. 12.3m) from the same deposits (Kukalová-
Peck 1978, 1991). Nygmata-like structures were
present in the wing membrane (Fig. 12.3e),
observable as circular spots or punctures in
distinctive positions principally alongside RP
and the medial veins of various groups (e.g.
Novák 1880, Carpenter 1963). However, the
homology of these with similarly named struc-
tures present in different holometabolan orders
like Neuroptera, Mecoptera, and Hymenoptera
has never been elaborated (Forbes 1924, 1943),
and they are assuredly of different evolutionary
origins. Palaeodictyoptera are likely paraphy-
letic with respect to other palaeodictyopterid
orders, lacking any distinctive synapomorphies
and principally recognized by their exclusion
from the other groups.

The Megasecoptera had homonomous wings
that were typically slender and petiolate
(Fig. 12.3j), with a complete set of main longi-
tudinal veins and frequent coalescence of MA and
MP (e.g. Mischopteridae), or more rarely fusion
to partial connections between MA and RP and
MP with CuA (e.g. Sphecopteridae or Corydalo-
ididae). The costal margin was usually straight
with closely parallel veins ScP and R and had a
generally denser pattern of crossveins relative to
the remaining orders. Overall, the wing venation
was considerably similar to Palaeodictyoptera
(Carpenter 1962; Sinitshenkova 1980), although
these similarities are largely symplesiomorphic. It
is not entirely clear what subgroup or families of
the paraphyletic Palaeodictyoptera might be more
closely allied to Megasecoptera.

As mentioned above, Diaphanopterodea had
homonomous wings that could be held roof-like
over the abdomen when at rest (Fig. 12.3h). In
addition, species had markedly curved stems of
R and M running closely parallel, with the stem
of R subsequently diverging from the separation
of MA and MP; otherwise, the pattern of wing
venation frequently resembled that of Megase-
coptera, likely symplesiomorphically.
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The last clade of Palaeodicyopterida is the
Dicliptera. This was a small group known
strictly from the Permian, with the hindwings
strongly reduced in Diathemidae or completely
lost in Permothemistidae (Fig. 12.3l). The fore-
wing had a well-developed and sclerotized
pterostigma, a strong reduction in the crossveins
to a single rs-m vein, a large anal area, and
fusion near the wing base between M ? Cu and
AA ? Cu ? CuP as a double anal brace
(Kukalová-Peck 1991; Grimaldi and Engel 2005).

Wootton and Kukalová-Peck (2000) utilized
available morphological data from palaeopter-
ous Palaeozoic insects to interpret the flight
abilities and techniques for various groups. Their
interpretations indicated that there existed
marked differences in flight abilities among
Carboniferous and Permian ephemeropteridans
by comparison with Recent taxa, while Palaeo-
zoic odonatopterans exhibited a similar wing
construction and shape to modern dragonflies
and damselflies as well as an apparent early
adaptation to aerial predation. The palaeodicty-
opterid groups exhibited a broad spectrum of
flight techniques and patterns, indicative of the
diversity and various peculiar specializations
within the lineage.

Lastly, the Neoptera are, of course, well known
for their ability to fold the wings over the abdo-
men due to a unique organization of the axillary
sclerites, particularly the Y-shaped third axillary,
this suite representing one of the strongest syna-
pomorphies. The Neoptera comprise the vast
majority of all pterygote insects in the Recent
fauna as well as the fossil record. The wings of
neopterans are characterized by the separation of
the anterior remigium from a posterior vannus by
the claval furrow and the subsequent subdivision
of the neala (jugum) from the vannus by the jugal
furrow, particularly visible in the hindwing. The
wing venation of Neoptera has lost the strong
pattern of corrugation; the stem of M is basally
concave; vein MA is not clearly convex and fre-
quently hardly identifiable when fused with RP or
completely suppressed. The course of MA and
MP is the most controversial issue among authors.
Forbes (1943) supposed that MA is connected to
R or RP, and there is a free MP in all Neoptera,

while Sharov (1968) and others considered that
MP was fused with CuA and only the basal part is
retained as crossvein m-cua (=‘arculus’). The
course of the medial and cubital veins close to the
wing base and the orientation of the arculus play a
role in the elasticity and function of the wing and
have been utilized for phylogenetic interpreta-
tions of larger groupings among Pterygota.
Neoptera is traditionally subdivided into three
units: Polyneoptera, Paraneoptera, and Holo-
metabola, the latter two united as the Eumetabola
(Grimaldi and Engel 2005). Haas and Kukalová-
Peck (2001) proposed a split between two major
neopteran clades ‘Pleconeoptera’ ? ‘Ortho-
neoptera’, both with a full anojugal lobe and
‘Blattoneoptera’ ? (Paraneoptera ? Holometa-
bola) (although using the names Hemineoptera
and Endopterygota for the latter two) with a par-
tial anojugal lobe and reduced anterior anal sector
(AA) as putative apomorphies. These divisions
have not received support from more extensive
morphological and molecular studies on insect
relationships (e.g. Trautwein et al. 2012). The
Neoptera are abundantly represented in the Pal-
aeozoic, many of which were historically dumped
into a wastebasket group called the ‘Protorthop-
tera’. Handlirsch (1906) established the group for
insects with orthopteroid affinities and ‘Protob-
lattodea’ for insects with blattoid affinities,
although even he was unable to attribute several
genera to either group (e.g. Distasis), and the
groups overlapped in their characters as recog-
nized. Martynov (1938), followed by Sharov
(1961), attempted to separate Protoblattodea,
Protorthoptera, and Paraplecoptera as stem
groups to Blattaria, Orthoptera, and Plecoptera,
respectively. Hennig (1981) supported the notion
of a close relationship between Protorthoptera and
Protoblattodea with the modern orders Orthoptera
and Blattodea, respectively. By contrast, he noted
difficulties with Paraplecoptera as it had been
conceived, noting that it appeared to be based
strictly on plesiomorphies. Carpenter (1966,
1992) took a conservative position and, in a ret-
rograde classificatory scheme, merged Paraple-
coptera and Protoblattodea with Protorthoptera
pending future study. Sharov (1968) agreed
that Protoblattodea and Paraplecoptera were

12 The Evolutionary Development of Nature’s First Flyers 291



inseparable and should be combined into one
order. There are distinctive groups among these
early Neoptera, such as the Paoliida (Fig. 12.3k)
(a.k.a., Protoptera) and Caloneurodea, but reten-
tion of the remainder in ‘Protorthoptera’ obscures
phylogenetic relationships, thereby serving no
good purpose and is assuredly polyphyletic as
constituted by Carpenter (1992) (e.g. Béthoux and
Nel 2005; Béthoux 2007; Prokop and Nel 2007).
While it is beyond the scope of the present work to
summarize the entire geological history of
insects, these taxa are of interest for wing origins
as they factor into the reconstruction of basal
character states for Neoptera. As such, a clarifi-
cation of their relationships relative to extant
neopteran orders, their implications for under-
standing the living clades, and certainly whether
any may represent stem groups to Neoptera as a
whole, is of vital importance to insect phyloge-
netics. For the moment, there is no robust phy-
logeny that comprehensively treats all
‘protorthopteran’ families alongside the full
diversity of non-Eumetabolan insect orders, and
this hinders any meaningful interpretation of
primitive character states for Neoptera.

12.4 Conclusions

Mounting evolutionary developmental data is
giving us a robust and greatly revised perspective
on the homology of insect wings, thereby pro-
viding an immense leap towards answering the
first of those questions posed in the introduction.
There is a growing body of developmental evi-
dence that the wing is largely a paranotal exten-
sion that integrated appendage patterning
modules to develop a functional articulation
incorporating portions of the upper pleuron.
Unfortunately, there remains significant debate
regarding the basal lineages of Pterygota, ren-
dering it difficult to distinguish between compet-
ing interpretations of polarity relative to the form
of the wing articulation. Palaeontological studies
have advanced significantly during the last
25 years, particularly with a large number of

critical reevaluations of taxa in a cladistic
framework and by pushing back the timing of
wing origins from the Early Carboniferous into
the earliest Devonian, perhaps latest Silurian.
Coupled with this has been the steady accumula-
tion of new taxa from diverse time periods and
deposits throughout the globe. While the recovery
of an abundance of interpretable remains from the
Devonian has not been forthcoming, work on
clarifying the identity and relationships between
Late Palaeozoic taxa has continued at a significant
pace such that the principal lineages important for
resolving basal relationships can be characterized
and difficulties with particular taxa recognized
(e.g. placement of Triplosoba, monophyly of
Palaeodictyoptera). The currently expanding
body of developmental work must unite with a
newly invigorated study of insect palaeontology
(including the reconstruction of life histories for
immature Palaeozoic insects) and phylogeny.
Once these elements are resolved and meaning-
fully united into a comprehensive picture of the
early stages and ecologies of wing evolution, only
then will we have a solid stance from which to
build a consistent model for the origins of pow-
ered flight.

What we do know is that the ancestral
pterygote lived in a seemingly barren world,
quite foreign to anything we are familiar with
today, and in which plant life was never far from
a shoreline and the climate was generally warm
with a moderately high O2 level. Arborescence
had not yet developed, and flight may have been
a significant aid to reach nutritious sporangia at
the apices of branches in early plants and/or for
dispersal. Wings originated as paranotal exten-
sions much like those observed in silverfish,
suggesting that gliding may have been the initial
stage in developing flight. This would have been
followed by the integration of a hinge at the base
and some early form of controlled flight. Beyond
these few, overly simplified statements, we can
say little else with certainty, and to speculate on
elaborate adaptive scenarios is fruitless. Any-
thing else about Nature’s first flyer remains, for
the moment, up in the air.
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This is an exciting time for arthropod neuro-
anatomists! A wealth of reviews, special issues,
book chapters, and entire book volumes pub-
lished during the last 10 years shows the
unbroken interest in and enthusiasm for the
arthropod nervous system and for gaining
insights into its architecture, physiology, and
aspects of neuroethology (Barth and Schmid
2001; Wiese 2001, 2002; Barth 2002; North and
Greenspan 2007; Breithaupt and Thiel 2011;
Galizia et al. 2012; Land and Nilsson 2012;
Strausfeld 2012). Numerous review articles and
book chapters witness that neurobiology is one
of the most active fields of arthropod research.
Recently featured topics are, for example, the
crustacean central nervous system (Schmidt and
Mellon 2011; Harzsch et al. 2012; Sandeman
et al. in press), structure and function of crus-
tacean chemosensory sensilla (e.g. Hallberg and
Skog 2011; Mellon and Reidenbach 2011),
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chelicerate strain detection systems (Barth
2012), and insect olfaction (Galizia and Szyska
2008; Hansson and Stensmyr 2011; Hansson
et al. 2011; Sachse and Krieger 2011). More-
over, the central nervous system and visual
organs of neglected taxa such as Myriapoda
(Sombke et al. 2011a, 2012), Onychophora
(Mayer 2006; Strausfeld et al. 2006a, b; Eriks-
son and Stollewerk 2010; Whitington and Mayer
2011), Trilobita (Clarkson et al. 2006), and
Xiphosura (Battelle 2006) have been analyzed
with contemporary techniques. Furthermore,
detailed reviews have been provided on specific
substructures of the arthropod brain such as the
central complex (Loesel et al. 2002; Homberg
2008), mushroom bodies (MBs) (e.g. Farris
2005, 2011; Strausfeld et al. 2009; Loesel and
Heuer 2010; Heuer et al. 2012), and the
peripheral and central olfactory pathways (e.g.
Sandeman and Mellon 2002; Schachtner et al.
2005; Mellon 2007; Masse et al. 2009; Galizia
and Rössler 2010; Hansson and Stensmyr 2011;
Rössler and Zube 2011). Functional anatomy,
physiology, and development of arthropod eyes
and the optic neuropils seem to be endlessly
appealing for arthropod neurobiologists (e.g. E-
gelhaaf et al. 2009; Borst et al. 2010; Borst and
Euler 2011).
The past decade has also seen the emergence of
the discipline of ‘neurophylogeny’ that is the
synthesis of neurobiological questions and evo-
lutionary aspects (e.g. Harzsch et al. 2005a, b;
Harzsch 2006, 2007; Loesel 2006, 2011;
Strausfeld 2009; Strausfeld and Andrews 2011).
Methods such as immunohistochemistry com-
bined with confocal laser scan microscopy have
facilitated the analysis of neuroanatomy of non-
model arthropods. These comparative data have
yielded new insights into arthropod phylogeny.
Within the limitations, a book chapter imposes
the following: (i) we will focus on the central
nervous system only and for all aspects of sen-
sory systems refer the reader to some of the
literature mentioned above; (ii) as a systematic
overview touching all anatomical structures of
the nervous system in all major taxa is impos-
sible, we will try to extract some common
architectural principles of the arthropod ventral

nerve cord and brain and will highlight evolu-
tionary trends of these structures.

13.1 The Ventral Nerve Cord

13.1.1 The Arthropod Ventral Nerve
Cord is Segmentally Organized

As a basic scheme, segmentation of the ventral
nerve cord matches body segmentation, in the
form of segmental ganglia connected by a pair of
connectives. This holds for tagmata such as head
and thorax, although the fusion of the segmental
ganglia does not always follow the fusion pattern
of the visible cuticle segments. Often, ganglia
shift along the longitudinal body axis to join other
ganglia, thus lengthening the nerves attached to
them. This may be the result of actual morpho-
genetic movements in the embryonic nervous
system. The segmental ganglia receive sensory
input from the corresponding body segment, and
the motoneurons in that ganglion supply the seg-
mental muscles (Fig. 13.1a). There are, however,
many exceptions, for instance, as far as interseg-
mental muscles are concerned. These muscles
may be supplied from motoneurons in either of the
adjacent segmental ganglia. Sensory neurons
often do not branch just in the segmental ganglion
but ascend further, sometimes up to the brain.
Commissures connect the two sides of the body, in
many Mandibulata via two sets of pathways: the
anterior and posterior commissures. The com-
missures consist primarily of axons, whereas
dendrites do not usually cross the ganglion mid-
line (anatomical details, e.g., in Tyrer and Greg-
ory 1982; Elson 1996) (Fig. 13.2).

In annelids, on each side of a body segment,
separate ganglia which are connected by distinct
axon bundles as commissures are formed by
neuronal somata and neuropil center (Denes
et al. 2007). The latter is defined as a network of
dendrites and axons where synapses are present
and in which somata do not occur (Richter et al.
2010). In Arthropoda, these two ganglia are
usually fused across the body midline (excep-
tions include many Branchiopoda), thus forming
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just a single segmental ganglion which consists
of two hemiganglia, connected by the anterior
and posterior commissures. The ganglia of
adjacent body segments communicate via the
connectives. Anastomoses of peripheral nerves
are common and allow innervation across seg-
ment borders. The axons running in the con-
nectives often do not terminate in the ganglia
joined by the latter, but may extend along the
ventral nerve cord for several neuromeres, or
even the whole length. The latter is true for brain
neurons descending all the way to the terminal
ganglion and, vice versa, neurons from the ter-
minal ganglion or from any of the more anteri-
orly located segmental ganglia that send axons
into the brain. The axons in the connectives thus
usually pass through the ganglia, giving off a
few branches, and are joined by axons origi-
nating in the particular ganglion. The connec-
tives do not pass the ganglion as a solid bundle
but are arranged in separate longitudinal axon
bundles that proceed through the ganglion’s
neuropil (Fig. 13.2).

In the arthropods, and actually in many
invertebrates including molluscs and annelids,
the somata of neurons are arranged around the
periphery of the segmental ganglia. The soma
layer may form a continuous rind, or cortex,
coating the whole ganglion, particularly where
the ganglion neuropil is relatively small and
does not bulge and displace the soma cortex. A
much larger number of somata and accordingly a
thicker soma cortex invariably occur on the
ventral side of the segmental ganglia, with a few
soma groups extending towards the lateral and
dorsal ganglion surfaces. Bundles of primary
neurites extend from soma groups into the neu-
ropil where they split up into dendritic and
axonal fibers (Fig. 13.2b, d). Primary neurites of
motoneurons perforate the ventral neuropil to
reach the dorsal side of the ganglion where the
motor neuropils are located.

Examples for neurons that occur near the
dorsal midline of the ganglion are the so-called
dorsal unpaired median neurons, or DUMs
(Fig. 13.1a, light green). In Hexapoda, this
group of neurons originates in development
from special unpaired neuroblasts and forms

important neurosecretory cells that release
octopamine (review in Pflüger and Stevenson
2005). This neuron type or its precursors may
represent an apomorphy of Mandibulata (Linne
et al. 2012). It is also suggested that unpaired
midline precursors evolved from the bilateral
median domain of the ventral neuroectoderm.

13.1.2 The Segmental Ganglia
are Highly Structured

The pattern of the connectives branching into the
tracts is quite stereotypic, at least within a given
arthropod subtaxon but probably beyond. It
appears that corresponding tract patterns are
present even across the different arthropod
groups, such as hexapods, malacostracan crus-
taceans (Fig. 13.2a, c) (Skinner 1985a, b;
Leise et al. 1986, 1987; Elson 1996), and
chelicerates (Wolf and Harzsch 2002a). The
conservation of fasciculation patterns in the
development of axon pathways in the arthropods
examined so far (reviews Whitington 1996;
2004, 2006; Whitington and Bacon 1997; Whi-
tington and Mayer 2011) lends support to such
an idea as far as hexapods and malacostracan
crustaceans are concerned. Similarly, the pres-
ence of an anterior and a posterior commissure
per segmental ganglion is consistent across the
Tetraconata at least (compare Fig. 13.3). The
segmental neuropils, too, exhibit structural
properties that are common amongst the
arthropods, and beyond. Motor neuropils are
located in the dorsal half of the segmental gan-
glion, and sensory neuropils in the ventral half
(Fig. 13.2). Besides this general pattern, sensory
projections are also present in intermediate
areas, between the dorsal and ventral neuropils
proper, and some afferents even synapse in
dorsal and medial neuropil areas. In the latter
cases, there are usually monosynaptic connec-
tions from sensory afferents to motoneurons that
support fast reflexes, for instance, in the context
of locomotor control (Burrows 1996).

Within the neuropil, different sensory
modalities often segregate to different regions
(compare sensory projections in the brain, Sect.
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13.2 ff.), although exceptions exist. One such
exception is the parallel projection of me-
chanosensory and gustatory input from the
locust tarsus. In their target region within the
central nervous system, the input from me-
chanosensory versus gustatory sensilla of the
same region of the tarsus does not segregate into
separate neuropil regions according to the two
sensory modalites but rather project into largely
overlapping areas in a topologically organized
pattern (Newland et al. 2000). In the thoracic
ganglia of hexapods, mechanoafferent neurites
project mainly to three regions of the neuropil:
the most ventral and dorsolateral regions, and
the medioventral level of the neuropil. Me-
chanosensory receptors from the legs exhibit
mostly local projections, while receptors from
sternites and chordotonal organs form interseg-
mental projections in addition to local ones
(Bräuning et al. 1983). Within a given sensory
modality, an ordered structure of neuropil areas
is usually observed, in the form of arrangement
of sensory projections along gradient axes. For
example, mechanosensory input from append-
ages is usually arranged in a topologically
organized pattern (Fig. 13.1a, lower ganglion).
That is, the neighboring relationships of sensory
input from the body surface are preserved, thus
producing a topographic representation of body
surface within the ganglion (Burrows 1996).
Input from more distal areas, for instance, on an
appendage, typically projects to more distal
areas in the segmental ganglion. Similarly, the
anterior–posterior axis is preserved in the
central nervous projections, although distortions
occur as a result of differential growth in
development.

Further sensorimotor processing is brought
about by different groups of interneurons with
specific properties (Fig. 13.1b). A coarse outline
is as follows: worked out primarily in hexapods
(Burrows 1996) such as locust, stick insect or
cockroach, and in crustaceans such as crayfish
and lobster. The ordered projections of sensory
afferents facilitate the generation of receptive
fields in the first group of interneurons, the local
spiking interneurons (LSIs). The receptive fields
may have the shape of particular small regions
of body surface and may possess an inhibitory
surrounding area that supports contrast
enhancement (e.g. von Békésy 1967). The sen-
sory afferents may make contacts to all other
neuron groups downstream of the LSIs, how-
ever, including the motoneurons as mentioned
above. This downstream connectivity holds for
all the other groups of interneurons, in principle,
although it is dependent on a neurons’ function
in detail. One important function of the LSIs is
transport of sensory information from the ventral
primary projection areas to the dorsal motor
areas. Consequently, LSIs typically have axons
that extend from ventral dendrites to dorsal
axonal processes. The LSIs make connections to
local non-spiking interneurons (NSIs). A major
function of this group of interneurons is the
organization of a coordinated motor output. This
is achieved by connections to the appropriate
sets of motoneurons and by inhibitory connec-
tions amongst the NSIs that prevent co-
contraction of antagonistic muscles, for exam-
ple. This is illustrated by the fact that intracel-
lular stimulation of a particular NSI will often
result in the execution of a well coordinated
movement, such as leg extension or leg flexion

Fig. 13.1 Architecture of the ventral nerve cord in an
insect or malacostracan crustacean. a Two adjacent
segmental ganglia are shown to illustrate major features
and anatomical terms (top ganglion) and properties of
selected neuron groups (bottom ganglion) of the ventral
nerve cord; note color coding of topological sensory
projections. Modified after Richter et al. (2010) and
Burrows and Newland (1993). b Basic wiring diagram of
the sensorimotor pathways in leg motor control. Mod-
ified after Burrows (1996). c Inhibitory motoneurons in

four sample arthropods: hexapod top left, malacostracan
top right, scorpion bottom left, chilopod bottom right.
The three different, and probably homologous, types of
common inhibitors are marked by different shading
(grey: hexapod ci1, black: hexapod ci2, white: hexapod
ci3). No homologization is possible yet for chilopods.
Modified after Wiens and Wolf (1993), Harzsch et al.
(2005a). ci common inhibitor, si stretcher-closer inhib-
itor, oi opener inhibitor

b
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involving all the appropriate joints and muscles
(Burrows 1996). Signal propagation and trans-
mitter release in the NSIs is via graded poten-
tials, a mechanism that is possible due to the
small length of the processes which are restric-
ted to the particular ganglion or even hemigan-
glion (hence the term local interneurons).
Intersegmental interneurons receive input from

all the upstream neurons and convey signals into
neighboring ganglia, and sometimes up to the
brain or down to the terminal ganglion. These
are spiking neurons, of course, since they have
to transfer signals across large distances to
support the coordination of movement across the
different body segments. The motoneurons,
finally, convey excitation to the muscles to

Fig. 13.2 Anatomical features of ventral ganglia, exem-
plified in a crayfish. Modified after Elson 1996. a Histo-
logical cross section and b parasagittal section illustrate
the main features of the segmental ganglion, indicated by

dotted outlines. The drawings in c and d provide the
corresponding labeling. Lateral and medial giant axons
are particularities of crayfish used in reflex escape
(review in Reichert 1988). Note dorsal DUM somata in d
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produce muscle contraction and movement. In
hexapods, motoneurons appear to be primarily
output elements that do not usually make output
connections within the central nervous system.
In crustaceans, by contrast, motoneurons are
often integral parts of motor control circuitry
and thus make synapses to other motoneurons
and interneurons. It should be noted, however,
that the neural basis for sensorimotor processing
in two other major arthropod groups—myria-
pods and chelicerates—has not been defined in

anywhere near the same detail as in hexapods
and crustaceans.

Interesting examples with respect to the
ordered arrangement of sensory projections are
auditory receptor neurons that originate in tym-
panal organs. These have been studied in much
detail in several hexapod groups (e.g. Oldfield
1988; Römer et al. 1988). Auditory input is
usually represented in a tonotopic, or frequency-
dependent manner. This tonotopic organization
appears to be derived from the somatotopic

Fig. 13.3 Serotonin immunoreactivity in the ventral
nerve cord. The situation in the fused ganglion complex
of Limulus polyphemus (a), is compared to that in
unfused segmental ganglia of Lithobius forficatus (b),
and Triops cancriformis (c). Note posterior groups of
serotonergic cell bodies with primary neurites extending
contralaterally through the posterior commissures. A
similar, anterior soma group with neurites extending
contralaterally through the anterior commissure is present

in Triops. Selected soma groups are indicated by dotted
circles. Further note larger number of somata per group
in Limulus. Modified after Harzsch (2004a), Harzsch and
Waloszek (2000). aco anterior commissure, asc anterior
soma cluster, op1 opisthosomal neuromere, p1–p4 pros-
omal neuromeres, pco posterior commissure, pp pedipalp
neuromere, psc posterior soma cluster. Anterior is to the
top. Scale bars: 50 lm
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organization of mechanosensory input. Different
sound frequencies are received by different
though adjacent groups of sensory cells within
the tympanal organs. In this way, map-like
representations of mechanosensory input in the
central nervous system translate into tonotopic
representations in auditory neuropils (e.g.
Kämper and Murphey 1987) (compare ordered
mechanosensory projections indicated in
Fig. 13.1a, lower half).

Chemosensory inputs, by contrast, are typi-
cally organized according to the molecular
identity of the chemosensory neurons. That is,
chemosensory cells responding to a particular
group of chemicals—odorants or gustatory sub-
stances—project to particular small delineated
areas of neuropil (details see Sect. 13.2.6). These
neuropil areas are typically organized as circular
glomeruli, ensheathed by glia and the axons of
interneurons. The glomeruli formed by all the
different groups of chemosensory receptor neu-
rons form the chemosensory neuropil in the
ganglion. The pectine neuropils of scorpions are
segmental chemosensory and mechanosensory
neuropils with glomerular organization (Wolf
and Harzsch 2002b, 2012; Wolf 2008). Such
organization appears to be a common feature in
chelicerate arthropods, although their primary
chemosensors are located on very different
appendages (Strausfeld 2012). Again, exceptions
exist and chemosensory inputs may project in
parallel with the mechanosensory inputs from
the respective body regions, for instance, in the
bimodal chemo- and mechanosensory sensilla of
the locust leg (Newland et al. 2000).

A similar segregation as outlined for the
sensory neuropils may exist in the motor neu-
ropils. For example, the arborizations of flight
motoneurons in pterygote hexapods occupy the
dorsalmost layer of the motor neuropil, while leg
motoneurons occupy the ventrally adjacent
neuropil areas with their dendritic arborizations
(e.g. Robertson et al. 1982; Tyrer and Gregory
1982). Study of a possible segregation of motor
neuropils is, unfortunately, more difficult than
for sensory neuropils and has received much less
attention.

13.1.3 Common Features in Arthropod
Ventral Nerve Cord Structure
are Based on Developmental
and Genetic Similarities

The similarities of ventral nerve cord organiza-
tion amongst the arthropod groups extend to
individually identified neurons. This is true in
particular for pioneer neurons that lay down the
basic scaffold of axonal pathways in the devel-
oping peripheral and central nervous systems.
There are apparent homologies of pioneer neu-
rons and other individually identified nerve cells
in hexapods and malacostracan crustaceans
(Patel et al. 1989a, b; Whitington and Bacon
1997; Whitington 1996, 2004, 2006; Duman-
Scheel and Patel 1999). It is not surprising, thus,
that some individually identifiable neurons,
especially motoneurons, can be homologized
across a number of arthropod groups, with
hexapods and malacostracan crustaceans having
received particular attention in this respect
(Wiens and Wolf 1993; Kutsch and Breidbach
1994).

The soma cortex consists of sometimes rather
distinct groups of somata which in some cases
may not immediately be obvious in histology
(Fig. 13.2) but which have an ontogenetic basis.
It is thought that during development of hexa-
pods, neurons are generated by stereotyped
patterns of cell divisions of neuronal stem cells
that are the progeny of the neuroectoderm. Each
of these stem cells—neuroblasts in hexapods
and malacostracan crustaceans—generates a
group of neurons, the somata of which are
located in close proximity in the soma cortex,
due to their common origin from a particular
neuroblast (reviews Harzsch 2003; Whitington
2004, 2006; Stollewerk and Simpson 2005;
Stollewerk and Chipman 2006; Stollewerk
2008). In Myriapoda, stem cells apparently of
the hexapod/malacostracan neuroblast type do
not exist (Whitington et al. 1991; Whitington
2004, 2006). The identity and location of neu-
ronal progenitor cells in myriapods and cheli-
cerates have been discussed by Whitington and
Mayer (2011) who also reviewed the possible
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homologies between neuron progenitor cells in
the various arthropod groups.

For some insect neuroblasts, there is evidence
that the progeny of one particular stem cell share
physiological properties, for example, transmitter
phenotype, and thus excitatory or inhibitory
action on postsynaptic neurons. Or the progeny
may be motoneurons or particular types of inter-
neurons. However, in many cases, mixed lineages
occur with the progeny even including glia cells
(Bossing et al. 1996; Schmidt et al. 1997).

An obvious commonality across all arthropod
groups is the arrangement of motoneuron somata
which supply the leg muscles into two charac-
teristic groups. These soma groups are located
on the ventral side of the ganglion, one just
anterior and the other just posterior to the
entrance of the segmental leg nerve into the
ganglion (Fig. 13.1a, dark green somata in lower
ganglion). The respective motoneurons tend to
innervate leg muscles that are located in the
more anterior or the more posterior half of the
appendage, respectively (Tyrer and Gregory
1982). By the same token, inhibitory interneu-
rons occur in stereotyped groups that exhibit
morphological and functional correspondences
amongst the different arthropod groups (Watson
1986; Wolf and Harzsch 2002b) suggesting at
least partial homology (Fig. 13.2c).

The structural properties outlined above for
individual ganglia are maintained where several
ganglia are fused. A typical example is the
so-called subesophageal ganglia of scorpions—
which comprises the neuromeres of the chelic-
erae, the pedipalp, and the four walking leg
segments and two more posterior segments
including that of the pectines (Wolf and Harzsch
2002a). Another example is the subesophageal
ganglion of higher dipterans that represents
the fusion product of all segmental ganglia
posterior to the esophagus. These fused ganglia
with their distinctly segmented structure exhibit
almost all the characteristics outlined above for
the individual ganglia within the respective
neuromeres. The same is true for crustaceans,
namely, the highly fused ventral nervous system
of the crab, or the chelicerate Limulus polyphe-
mus (shown in Fig. 13.3a, and compared to the

situation in Triops cancriformis and Lithobius
forficatus).

13.1.4 Homologies Across
the Arthropod Taxa

Considering the features outlined above, it is not
surprising that several neurons, or groups of
neurons, occur in more or less stereotyped
fashion in most or all arthropods. Such neurons
or neuron groups would appear to be homolo-
gous (Kutsch and Breidbach 1994). Correspon-
dences occur not just between different
arthropod groups but also in the ganglia along
the ventral nerve cord of a given species. These
so-called homonomies (serial homology) will
vary, of course, depending on the segmental
identity and the functional properties of that
particular segment (e.g. Kutsch and Heckmann
1995a, b). For example, neurons relevant for the
control of appendages, such as legs and wings,
will be absent in neuromeres where the
appendages have been reduced and are missing,
or in species that lack the structures altogether.
This is certainly true for the motoneurons sup-
plying the appendage muscles, while the inter-
neurons may be conserved and function in
different contexts (e.g. Robertson et al. 1982).

Typical examples for homology across
arthropods are the inhibitory motoneurons char-
acteristic of arthropod motor control (Belanger
2005) (Fig. 13.1c). In hexapods and malacostra-
can crustaceans, the musculature of each walking
leg is supplied by a set of three inhibitory moto-
neurons that adjust muscle performance in the
time/velocity domain (Rathmayer 1990; Wolf
1990). It is not just the number of motoneurons
but also soma location, anatomical characteris-
tics, and muscle innervation patterns that support
homology of the inhibitory leg motoneurons in
the Tetraconata. Intriguingly, two of these
inhibitory motoneurons serve different functions
in hexapods and malacostracans. In hexapods, all
three are common inhibitors, supplying partially
different sets of muscles (the term common
inhibitor alludes to the fact that it is common to
several leg muscles). This function is fulfilled in
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the malacostracans by just one of the inhibitors
innervating all leg muscles. The other inhibitors
are used to uncouple two distal leg muscles that
are innervated by a single (common) excitatory
motoneuron (Wiens 1989). Inhibitory motoneu-
rons or groups of inhibitory motoneurons that
possess intriguingly similar characteristics con-
cerning soma location, certain anatomical fea-
tures, and innervation patterns of leg muscles also
occur in scorpions and centipedes (Harzsch et al.
2005a) (Fig. 13.1c). Apparent similarities are
that, (i) these neurons use gamma-aminobutyric
acid (GABA) as neurotransmitter, (ii) physio-
logical activity of the inhibitors induces hyper-
polarization in the muscles that they target, (iii)
the number of inhibitory leg motoneurons within
one hemiganglion is always three, (iv) the somata
share corresponding positions within the gangli-
onic framework, and (v) their axons show a spe-
cific pattern of exiting the ganglia via the anterior
or posterior nerve roots.

Kutsch and Heckmann (1995a, b) analyzed
the innervation of a group of body wall muscles,
the dorsal longitudinal muscles (DLMs) in
Lithobius forficatus (Chilopoda) and compared it
with that in Hexapoda. Their study indicated that
the set of motoneurons that innervate the DLMs
of one segment is composed of two subgroups,
the somata of which are arranged in two adjacent
neuromeres. Kutsch and Heckmann (1995a, b)
suggest that this situation is a plesiomorphic
character state of Mandibulata. Considering
morphological characteristics, several of the
DLM motoneurons may be homologized across
the hexapods. Further, the number of motoneu-
rons that supply the DLMs in L. forficatus is
close to that in the hexapods. However, the
authors point out that the motoneurons’ mor-
phologies are dissimilar in hexapods and chilo-
pods, a fact that argues against a homology of
hexapodan and chilopodan longitudinal muscle
motoneurons. The same appears to apply to the
motoneurons supplying the intersegmental dor-
soventral musculature (Kutsch and Heckmann
1995a, b). Not only the architecture of the
motoneurons differs between hexapods and
chilopods but also the pattern of axon exit
through the ganglionic nerve roots. Once again,

these patterns share considerable similarities
between malacostracan crustaceans and hexa-
pods. Similar to the inhibitory leg motoneurons,
more detailed analyzes of longitudinal muscle
motoneuron architecture in a wider range of taxa
will be necessary to fully appreciate and exploit
the neurophylogenetic potential of these
structures.

So far, similarities have been emphasized that
unite the different arthropod taxa—suggesting
homology—and similarities of the different
segmental ganglia in any given species
(‘homonomy’ sensu Kutsch and Heckmann
1995a, b). However, the partly different func-
tions of inhibitory motoneurons in hexapods and
malacostracans illustrate that idiosyncratic spe-
cializations may in fact be more interesting
under physiological and evolutionary perspec-
tives than the commonalities in basic structure.
These differences are important since they may
be used to delimit crown groups if they represent
apomorphies. Moreover, such specializations
may be of particular interest if they can be
related to functional properties in physiology
and ecology.

This holds true for serotonin-immunoreactive
(5HT-ir) neuron groups in the different arthro-
pod taxa. The segmental ganglia of virtually all
arthropods investigated so far are characterized
by the presence of a set of 5HT-ir cell bodies or
small soma groups that possess a number of
common features. This pattern is maintained if
the segmental ganglia fuse into a larger complex
(illustrated for Limulus, and compared with
Lithobius and Triops in Fig. 13.3). A posterior
group of 5HT-ir cell bodies with primary neu-
rites that extend contralaterally through the
posterior commissure is one such characteristic
(indicated as orange neuron group in Fig. 13.1a).
A similar, anterior soma group with neurites
extending contralaterally through the anterior
commissure is present in hexapods and mala-
costracan and other crustaceans, while it is
absent in the chilopods. The situation in diplo-
pods and chelicerates is less clear, although
anterior and posterior 5HT-ir soma groups exist.
The cell bodies are more numerous in the
chelicerates, as appears to be typical of most or
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even all neuron types investigated so far,
including the inhibitory motoneurons mentioned
above (Wolf and Harzsch 2002a, b). The fea-
tures of 5HT-ir soma groups have actually been
used to reconstruct arthropod phylogeny by
exploiting both common features to be inter-
preted as plesiomorphies and consistent differ-
ences amongst the groups that have to be
interpreted as apomorphies (Harzsch 2004a).

13.2 The Brain

The arthropod brain is a syncerebrum formed by
the close association and structural and func-
tional transformation of segmental cephalic
ganglia (Richter et al. 2010). It is considered to
be composed of three neuromeres, the protoce-
rebrum, deutocerebrum, and tritocerebrum
(Scholtz and Edgecombe 2006; Bitsch and
Bitsch 2007, 2010; see Scholz and Richter in
this book (arthropod head)) and hence has been
termed a tripartite brain (Lichtneckert and Re-
ichert 2005) although it needs to be critically
evaluated where the posterior limit is of what we
term ‘brain’ (Harzsch 2004b). Each neuromere
is usually compartmentalized to some degree
into definable clusters of neurons in the periph-
ery that surround central neuropils (Strausfeld
1976; Sandeman et al. 1993; Doeffinger et al.
2010; Richter et al. 2010). A neuropil is defined
as a network of dendrites and axons where
synapses are present but neural somata do not
occur. However, glial cell somata, tracts,
hemolymph vessels, and tracheae may be
embedded within a neuropil. A neuropil itself
can also be compartmentalized into units which
are also termed neuropils (Richter et al. 2010).
However, these compartments usually are given
specific names such as, for example, olfactory
glomeruli (OG) (Fig. 13.4). In some Mandibu-
lata, for example, Scutigera coleoptrata (Chilo-
poda) or Apis mellifera (Hexapoda), the axis of
brain neuromeres (neuraxis) is bent out of the
anterior–posterior body axis resulting in, for
example, a dorsal or even posteriodorsal loca-
tion of the protocerebrum with regard to body
axis (Sandeman et al. 1993; Burrows 1996).

Therefore, the ventral surface of the brain can
face forward in the head (compare Fig. 13.4d).

The chelicerate brain has been described in
few species, most detailed in Cupiennius salei
(Fig. 13.4a). Here, the nervous system is supra-
esophageal into two fused masses: the dorsal
supraoesophageal ganglion (brain) and the ven-
tral subesophageal ganglion (VNC). The divi-
sion of the three brain neuromeres in Chelicerata
is, however, not easily identifiable. Tradition-
ally, the neuromere associated with the chelic-
erae was considered to be homologous with the
tritocerebrum of Mandibulata resulting in the
absence of a deutocerebrum (Bitsch and Bitsch
2007). However, Mittmann and Scholtz (2003)
and Harzsch et al. (2005b) showed similarities in
the larval nervous system of L. polyphemus to
that of Mandibulata which confirmed the
assumption of a tripartite brain in Arthropoda.
Recent comparisons of expression domains of
the head Hox genes corroborate the assumption
that a deutocerebrum is indeed present support-
ing the existence of a tripartite brain in the
Chelicerata (Damen et al. 1998; Telford and
Thomas 1998; Abzhanov and Kaufman 2004;
Scholtz and Edgecombe 2006).

The protocerebrum is the anteriormost neu-
romere according to the neuraxis and receives
input from the eyes (lateral compound eyes and/
or median eyes) if present. Thus, the protoce-
rebrum contains the optic neuropils and forms a
prominent part of the brain (compare Fig. 13.4c,
d, Birgus latro and A. mellifera). In C. salei, four
pairs of optic nerves innervate the four first-
order optic neuropils (anterior median, posterior
median, posterior lateral, and anterior lateral;
compare Fig. 13.4a). Besides the optic neuro-
pils, the protocerebrum houses the mushroom
bodies and the central body (see Sects. 13.2.8
and 13.2.9). In the Arthropoda, neurosecretory
cells often form clusters whose axons leave the
neuropil and project to neurohemal release sites
and non-neuronal endocrine glands (Hartenstein
2006). The majority of neurosecretory cells are
associated with the protocerebrum (pars inter-
cerebralis and lateralis). Axons of neurosecre-
tory cells project to neuroendocrine (or
neurohemal) glands. In the brain of Arthropoda,
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they have different names like the Schneider’s
organ in Chelicerata, the protocerebral gland in
Chilopoda (Fig. 13.4b), the corpora cardiaca and
allata in Hexapoda, or the sinus gland in Crus-
tacea (Tsuneki 1992; Hartenstein 2006; Sombke
et al. 2011a).

In Chelicerata, the deutocerebrum is associ-
ated with the chelicerae while in the Mandibu-
lata, it is associated with the first antennae. In
the latter, it houses the olfactory lobes and the
mechanosensory neuropils (see below). The
antennal nerve contains axons of sensory
receptor neurons (chemo- and/or mechanosens-
oric) and motor neurons innervating the antennal
muscles. In hexapods, a tegumentary nerve
(innervating parts of the head capsule) is de-
utocerebral while in Crustacea, this nerve is
tritocerebral and innervates an associated neu-
ropil (Fig. 13.4c).

The tritocerebrum, flanking the esophagus,
links the brain with the subesophageal ganglia.
Both hemispheres are connected by tritocerebral
commissures that are always located postorally.
It is assumed that the possession of two trito-
cerebral commissures (like in the trunk ganglia)
is a plesiomorphic feature of arthropods (Har-
zsch 2004b). In Chelicerata, the tritocerebrum is
associated with the pedipalps, yet it is not clearly

demarcated in the adult brain. In Crustacea, the
second antenna innervates the prominent
antenna 2 neuropil which processes mostly me-
chanosensory information. The reduction of the
second antenna in Myriapoda and Hexapoda
(intercalary, postantennal, or premandibular
segment) results in the absence of primary pro-
cessing neuropils.

In addition, the tritocerebrum links the brain
with the stomatogastric nervous system which
consists of ganglia and nerves supplying the
foregut and the clypeolabral region of the head
(Bullock and Horridge 1965; Harzsch and
Glötzner 2002; Bitsch and Bitsch 2010; Sombke
et al. 2012). The frontal ganglion is connected via
a pair of frontal connectives with the tritocere-
brum (the stomatogastric bridge) and gives rise to
the posteriorly projecting unpaired nervus recur-
rens (Fig. 13.4b: nr). In Chelicerata, a loop-
shaped stomatogastric bridge innervates also a
so–called labrum in Xiphosura and Scorpiones
(Barth 2001; Harzsch et al. 2005b). However, it is
assumed that in the ground pattern of Arthropoda,
the stomatogastric bridge is formed by fibers of
the deuto- and tritocerebrum (Harzsch 2007).

In the Onychophora, the sister group to
Arthropoda, the number of brain neuromeres is
under debate (Mayer et al. 2010; Whitington and

Fig. 13.4 Schematic representation of selected arthro-
pod brains (a–c dorsal, d frontal view). Compiled after
Barth (2001), Galizia and Rössler (2010), Krieger et al.
(2010), Sombke et al. (2012). a Cupiennius salei
(Chelicerata). The first-order optic neuropils (red) are
associated with a group of optic glomeruli (blue). The
optic tracts (transparent blue) project to the central body.
The nerves of the chelicerae are obscured by the optic
nerves. b Scolopendra oraniensis (Myriapoda). The
protocerebrum is bent dorsoposteriorly, thus resulting
in a dorsal position with regard to body axis. The
protocerebral glands (pcg) are located posteriorly. The
antennal nerve (aNv) innervates the olfactory lobe and
the mechanosensory neuropil. The nervus recurrens (nr)
projects caudally on top of the esophagus. c Birgus
latro (Crustacea). The optic neuropils as well as the
hemiellipsoid body with the medulla terminalis are
located in the anteriormost lateral protocerebrum. The
central body is embedded in the median protocerebrum
(e, left). The accessory neuropil as well as the projection
neuron tract neuropil (PNT neuropil) are located in the
median deutocerebrum (e, left). Besides the antenna 2

nerve (a2Nv), the tegumentary nerve (tNv) innervates the
tritocerebrum. d Apis mellifera (Hexapoda). The pedun-
culus of the mushroom body houses the lateral horn and
extends into the a and b lobes. The mechanosensory
neuropil is located posteriorly of the olfactory lobe. The
labral nerves (lNv) project ventrally (e, right). In all
mandibulate taxa, the esophageal connectives (ec) link
the tritocerebrum with the mandibular ganglion.
e Detailed description of the proto- and deutocerebral
neuropils of Birgus latro (left) and Apis mellifera (right)
as well as the color code for all given structures.
a$p anterior$posterior, a1Nv and aNv antenna 1 nerve,
a2Nv antenna 2 nerve, aloN anterior lateral optic
neuropil, aloNv anterior lateral optic nerve, amoN
anterior median optic neuropil, amoNv anterior median
optic nerve, d$v dorsal$ventral, ec esophageal con-
nective, lNv labral nerve, nr nervus recurrens, pcg
protocerebral gland, PdNv pedipalp nerve, ploN poster-
ior lateral optic neuropil, ploNv posterior lateral optic
nerve, pmoN posterior median optic neuropil, pmoNv
posterior median optic nerve, tNv tegumentary nerve

b
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Mayer 2011). Strausfeld et al. (2006b) proposed
that the onychophoran brain is tripartite. How-
ever, what appears as a tritocerebrum could be
part of the proto- or deutocerebrum or even the
ventral nerve cord (Mayer et al. 2010; Whitington
and Mayer 2011). The protocerebrum is inner-
vated by the lateral eyes and antenna-like
appendages that are regarded to be convergent to
the mandibulate antennae (Mayer and Koch 2005;
Scholtz and Edgecombe 2006). Within the prot-
ocerebrum, a distinct midline neuropil, antennal
glomeruli, and MBs have been identified
(Strausfeld et al. 2006a, b). The deutocerebrum is
associated with the jaws. Backfills of the papillae
suggest that the neural region supplying the
appendages is part of the ventral nerve cord
(Mayer et al. 2010). In conclusion, the brain
architecture of Onychophora may represent ple-
siomorphic characters compared with arthropods,
and the tritocerebrum represents an arthropod
apomorphy (Whitington and Mayer 2011).

13.2.1 The Compound Eyes and Visual
Neuropils

The facetted eyes of arthropods have fascinated
arthropod neurobiologists for more than
100 years. Numerous book contributions were
devoted to this topic and amongst the first and
most important ones is probably Sigmund Ex-
ner’s (1891) treatise on Die Physiologie der
facettierten Augen von Krebsen und Insekten
which was translated into English some
100 years later (Exner and Hardie 1989). Addi-
tional book volumes that are either exclusively
devoted to arthropod eyes or contain significant
chapters on arthropod visual systems are those
by Wehner (1972), Horridge (1975), Autrum
(1979), Eguchi and Tominaga (1999), as well as
Stavenga and Hardie’s (1989) Facets of vision
and Warrant and Nilsson’s (2006) Invertebrate
vision. Evolutionary aspects of arthropod visual
systems were dealt with in two special issues of
Arthropod Structure and Development (Sta-
venga et al. 2006, 2007). The latest addition to
this body of literature is the new edition of Land

and Nilsson’s (2012) Animal eyes. Because the
present chapter focuses on the central nervous
system, sensory systems will not be treated here
in any depth so that the reader who wants to
newly engage in arthropod vision research is
referred to the sources listed above.

It has long been known that the cellular
architecture of the compound eye’s ommatidia
shows a strong correspondence between Crus-
tacea and Insecta (Melzer et al. 1997, 2000;
Paulus 2000; Dohle 2001; Richter 2002; Har-
zsch et al. 2005a) but the evolutionary relation-
ships between the eyes of other Arthropoda is
matter of debate (Nilsson and Osorio 1997; Pa-
ulus 2000; Müller et al. 2003; Spreitzer and
Melzer 2003; Bitsch and Bitsch 2005; Harzsch
et al. 2005a, b, 2007; Harzsch and Hafner 2006;
Nilsson and Kelber 2007). Research on the
architecture of the visual neuropils that process
the retinal input has strongly focused on flies
(Pterygota, Diptera; reviews Strausfeld et al.
2006c, Strausfeld 2012) and crayfish (Mala-
costraca, Decapoda; Nässel 1976, 1977; Nässel
and Waterman 1977; Strausfeld and Nässel
1981) whereas the Chelicerata and Myriapoda
have been unjustifiably neglected.

As for the ommatidial structure, a strong cor-
respondence of the cellular components of the
visual neuropils of crayfish and flies is obvious
(Strausfeld and Nässel 1981; Nilsson and Osorio
1997; Strausfeld 2012). In most decapod crusta-
ceans and pterygote insects, the visual input from
the compound eyes is mapped onto four columnar
optic neuropils, the lamina, medulla, and the lo-
bula/lobula plate complex which are connected by
two successive chiasms (Figs. 13.5a, 13.7a). The
hexapod medulla is divided into two distinct
layers that are transversed by an axonal projection
called the Cuccati bundle or serpentine layer
(Strausfeld and Nässel 1981). In the visual neu-
ropils, typically a columnar arrangement of neu-
ronal elements interacts with the neurites of
interneurons arranged in a stratified or tangential
pattern. One ommatidium of both insects and
malacostracan crustaceans contains a group of
eight photoreceptors R1–R8 with the same optic
axis. Developmental data indicate a homology of
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the insect and crustacean photoreceptor cells
(Melzer et al. 1997, 2000; Hafner and Tokarski
2001; Harzsch and Waloszek 2001). These pho-
toreceptors together constitute the rhabdom
where light is absorbed by the visual pigments
(reviews Paulus 2000; Osorio 2007; Friedrich
et al. 2011). The photoreceptor axons project the
retinal mosaic topically onto the first optic neu-
ropil, the lamina (Fig. 13.5a, b), and histamine
seems to be the neurotransmitter of these photo-
receptors (review Hardie 1989; Callaway and
Stuart 1999). Ontogenetically, the R1–R6
develop in three pairs, R1/R6, R2/R5, R3/R4, both
in crustaceans and flies (Melzer et al. 1997;
Friedrich et al. 2011), and the axons from R1 to R6
(‘short’ photoreceptor axons) innervate distinct
underlying columnar modules in the lamina and
retain their neighborhood relationship amongst
themselves between the retina and lamina
(Strausfeld and Nässel 1981; Sanes and Zipursky
2010; Strausfeld 2012). This architecture gives
rise to retinotopic processing units in the lamina,
the ‘optic cartridges’ with an almost crystalline
regularity (Fig. 13.5b). The projection pattern of
the dipteran photoreceptors is more complex;
these animals have an open rhabdom and use the
neural apposition mechanism (Nilsson 1989). In
these animals, seven rhabdomeres of each
ommatidium have divergent optical axes but
single receptors (of the R1–R6 type) in six
neighboring ommatidia project into one com-
mon cartridge in the lamina (Fig. 13.5a; Straus-
feld and Nässel 1981 and references therein).
Hence, in taxa with neural superposition, a com-
plex sorting of the retina-lamina projections takes
place which is not the case in the taxa with
apposition and optic superposition designs
(Nilsson 1989). In these, the photoreceptor axons
project into the lamina cartridge directly beneath
their parent ommatidium. In flies, R1–R6 are
achromatic and most sensitive to green light
whereas in crayfish, they are characterized as
yellow–green sensitive. R7 and R8 develop as
single units, and in flies, their axons project
through the lamina (‘long’ photoreceptor axons)
to terminate in the second optic neuropil, the
medulla (Fig. 13.5a, b). They have a narrow

spectral sensitivity with R7 being a UV receptor
and R8 being sensitive for blue light. In crayfish,
however, only the axons of the blue/violet
receptor R8 project through the lamina to termi-
nate in the medulla (Nässel 1976, 1977) whereas
R7 has a short axon to the lamina only. The evo-
lutionary correspondence of insect and crustacean
R7 and R8 cells needs further clarification.

13.2.2 The Lamina

Within the crayfish lamina, which is subdivided
into two horizontal strata, the centripetal input
provided from the photoreceptor axons diverges
greatly and is relayed to visual interneurons. Of
these, ten distinct classes have been identified
according to their characteristic dendritic or
axonal domains as well as their cell body loca-
tions, and more cell classes await discovery: five
types of monopolar cells (M1–M5), two types of
tangential T-neurons, one type of small-field
T-neuron, one type of centrifugal cell, and one
type of amacrine (anaxonal) cell (Strausfeld and
Nässel 1981; Meinertzhagen 1991). All these
neurons, except the anaxonal amacrine cells,
connect the lamina with the medulla via the
outer optic chiasm that also contains the ‘long’
photoreceptor axons. In the outer optic chiasm,
the linear order of the columns is reversed but
their spatial relationships are retained. The
crayfish lamina monopolar cells as well as the
transmedullary cells associated with the medulla
constitute the retinotopic columnar pathway
whereas amacrine (anaxonal) neurons, wide-
field, and tangential elements possess neurites
arranged in horizontal layers and modulate the
excitability of the columnar projections
(Strausfeld and Nässel 1981). The somata of the
lamina monopolar neurons are located distally to
the neuropil whereas the amacrine cells and the
T-neurons have their cell bodies proximal to the
lamina neuropil.

There is a strong correspondence between
crayfish and fly laminae not only concerning the
general arrangement of neuronal elements but
also at the level of single classes of visual
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interneurons (Strausfeld and Nässel 1981; Me-
inertzhagen 1991; Nilsson and Osorio 1997;
Sinakevitch et al. 2003; Strausfeld et al. 2006c).
Flies, like crayfish, possess five types of mono-
polar cells, termed L1–L5 (Fig. 13.5a, b). Three
of these, the large monopolars (LMCs) L1–L3
are non-spiking neurons and directly postsyn-
aptic to the R1–R6 afferents. L1 and L2 provide
color-independent information by signaling
changes of luminance. The L3 axons extend to
the medulla alongside the long visual fibers of
R7 and R8, together providing a trichromatic
input to the medulla (Fig. 13.5a, b; Strausfeld
1989; Douglas and Strausfeld 2003; Strausfeld
2012). L4 and L5 are smaller cells that receive
inputs from the LMCs. Based on physiological
properties and architectural features, Strausfeld
and Nässel (1981) and Nilsson and Osorio

(1997) suggested the fly LMCs to be equivalent
to the crayfish monopolar neurons M1–M4
which are small-field elements, with their den-
dritic arbors restricted to the parent cartridge.
The crayfish M5 represents a class of wide-field
neurons the neurites of which spread through
several (six or eight) cartridges and may corre-
spond to the fly L4 or L5 monopolars. The
lamina monopolar cells M1–M4 (crayfish) and
L1–L3 (fly) in both cases are characteristically
wired up to specific receptor terminal combina-
tions by synapses arranged in triads (see
Strausfeld and Nässel 1981).

The small-field T-neuron (T1) with dendritic
fields in the lamina and a cell body located close to
the medulla is another columnar neuron that is
part of the optic cartridges (Fig. 13.5a, b). Fly and
crayfish small-field T-neurons were suggested to

Fig. 13.5 a Schematic overview of the dipteran visual
system with neural superposition showing some of the
known classes of neuronal elements (compiled from
Strausfeld and Nässel 1981; Strausfeld 1989; Douglas
and Strausfeld 2003). The left box shows the complex
sorting pattern of the R1–R6 photoreceptor axons (grey)
from four rhabdoms of the retina that project to several
neighboring lamina cartridges (circles). The axons of R7
and R8 (blue and violet) are not distributed to several
cartridges but extend in tandem to pierce the lamina
below their parent cartridge and to terminate in the
medulla, which is divided into an inner and outer
portion. Several types of lamina monopolar cells (L) are
postsynaptic to the R1–R6 input and relay information to
the medulla. Small-field T1-neurons also connect lamina
and medulla. Transmedullary neurons (Tm) and T4
bushy T cells associated with the medulla relay infor-
mation to the lobula and lobula plate, respectively.
Wide-field lobula plate tangential cells (LPTCs) have
dendrites in direction-specific layers of the lobula plate.
Transmedullary neurons supply information about
motion to directionally selective motion-sensitive neu-
rons such as the male specific giant neurons (MLG) in
the lobula. Small-field neurons associated with the lobula
plate and lobula provide axonal outputs to the medial
brain, and dendrites have their distalmost processes
either in the lobula plate (LPL) or in the lobula.
b Schematic representation of some identified neurons
serving the achromatic photoreceptors in the fly visual
system and successive levels of synaptic connections in
the lamina, medulla, lobula, and lobula plate (figure and
legend reproduced with modifications from Strausfeld
et al. 2006a, b, c). Several known cell types are omitted
for clarity. The axons of the color-sensitive R7 and R8
photoreceptors are also shown to pass through the lamina
and terminate in the medulla. The inner and outer

chiasms (iCh, oCh) are indicated schematically. R1–R6
photoreceptors (grey) that use histamine as their trans-
mitter provide inputs to type l amacrines (am1, yellow)
and lamina monopolar cells Ll and L2 neurons (green;
glutamatergic). The glutamate-immunoreactive type l
amacrines are shown serially connected via NMDARl-
immunopositive type 2 amacrines (am2). The basket
dendrites of Tl cells (brown) interact with type l
amacrines. Tl cells, accompanied by L2 of the same
optic cartridge, terminate at the dendrites of ChAT-
positive paired transmedullary neurons (Tm1, yellow),
the dendrites of which are coincident with those of the
GABA-immunoreactive Tm9 neurons (orange). The
Tm9 axon from the neighboring retinotopic medulla
column converges with terminals of Tml neurons at the
aspartate immunopositive T5 layer (red) in the lobula.
A GABA-immunoreactive local interneuron (LN GABA,
blue) provides arborizations within the T5 ensemble. T5
neurons terminate on glutamate-immunoreactive direc-
tionally selective tangential neurons in the lobula plate.
c Evolution of optic neuropils associated with the lateral
eyes of Euarthropoda. Modified from Strausfeld (2005).
Red: outer plexiform layer (lamina), yellow: visual
tectum (lobula plate), dark orange: outer medulla, light
orange: lobula Col columnar neurons, iCh outer chiasm,
L lamina monopolar cells, L1, L2 lamina monopolar cells
type one and two, LLP Lobula-lobula plate neurons, LPL
Lobula plate-lobula neurons, LNGABA GABA-immuno-
reactive local interneuron of the lobula, LPTCs wide-
field lobula plate tangential cells, MLG male specific
giant neurons, oCh outer chiasm, R1–R8 axons of
photoreceptors R1–R8, T1 small-field T-neuron, T4
bushy T cell, T5 aspartate immunopositive bushy T cell,
Tm transmedullary neurons, Tm1 and Tm9 transmedul-
lary neurons types one and nine

b
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be homologous (Nilsson and Osorio 1997). Tan-
gential cells (Tan 1) of both crayfish and flies have
dendritic fields whose arborizations invade both
lamina strata and are not restricted to one optic
cartridge but spread across several of these. The
crayfish lamina has a second type of tangential
neuron (Tan 2) with large vertically arranged
branches beneath the lamina from which fibers
ascend distally into the lamina’s plexiform layer.
Tan 2 lacks an obvious counterpart in the fly
lamina. The axons of both types of tangential
neurons project towards the medulla. The cell
bodies of centrifugal neurons (C cells) are located
between the medulla and lobula, and their axons
project distally to invade the lamina and arborize
diffusely over several cartridges. The architecture
of these GABAergic centrifugal feedback neu-
rons is very similar between insects and a mala-
costracan crustacean, an isopod in this case
(Sinakevitch et al. 2003). Finally, anaxonal or
amacrine neurons are associated with the lamina
(Fig. 13.5a, b). Physiological and anatomical
studies suggest a close correspondence of insect
and crayfish amacrine cells (Nilsson and Osorio
1997). Their somata are located at the lamina’s
proximal surface and give rise to tangential
branches from which numerous processes project
through the plexiform layer, finally giving rise to
lateral branchlets at the distal surface of the lam-
ina. The amacrine neurons exert a presynaptic
inhibitory action on the photoreceptor terminals
and are thought to be part of the pathway that
mediates lateral inhibition in the lamina (Glantz
et al. 2000). All the aforementioned wide-field
and tangential elements do not seem to be directly
postsynaptic to receptor terminals but most
probably interact with sets of other relay neurons
in the lamina (Strausfeld and Nässel 1981).

13.2.3 The Medulla

As mentioned above, in crayfish and flies, the
axons of M1–M5/L1–L5 and Tan1, Tan 2 travel
towards the medulla via the first (outer) optic

chiasm in which the fibers cross but retain the
retinotopic organization. The chiasm also com-
prises the axons of the R8 (crayfish) or R7 and
R8 (fly), T1, and centrifugal neurons (Strausfeld
and Nässel 1981). The fly medulla is divided
into an outer and an inner neuropil by a layer of
thick tangential axons, the serpentine layer or
Cuccati bundle, but such a bundle does not seem
to be present in malacostracan crustaceans
(Sinakevitch et al. 2003). However, fly and
crayfish show strong correspondence in their
medullae in that the distal three-quarters (outer
layer) contain the terminals of the M2–M4
lamina monopolar cells, the endings of the long
visual fibers (R8) and the arborizations of the
lamina tangentials, Tan 1 and 2 (Fig. 13.5a, b).
In addition, the dendrites of medulla columnar
neurons (the transmedullary neurons), as well as
amacrine arbors, are arranged within the outer
layers of this region (Strausfeld and Nässel
1981). In flies (but not necessarily other insects),
this input to the medulla comprises at least four
information channels: two color-insensitive
channels, one polychromatic channel, and one
channel relaying information about the E-vector
of polarized light. In both taxa, small-field
transmedullary neurons (Tm1-6) are arranged
periodically in association with the long visual
fibers (R7/8) and the incoming axons from the
lamina monopolar cells. These transmedullay
neurons relay the incoming retinotopic picture
through the medulla and project to the lobula via
the second (inner) optic chiasma. In addition,
three classes of amacrine cells (Am) are present
in the medulla, the neurites of which are either
restricted to a single column or a specific domain
of medulla columns and project to different
depths of the neuropil (Strausfeld and Nässel
1981). Once again, the amacrine cells are
involved in processes of lateral inhibition
(Glantz and Miller 2002). The neurochemical
architecture of both lamina and medulla is
diverse and covered in the following reviews:
Hardie 1989; Homberg 1994; Sinakevitch et al.
2003; Harzsch et al. 2012.
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13.2.4 The Deeper Neuropils
and Image Analysis

Whereas in the crayfish and fly, the lamina and
medulla receive a direct photoreceptor input,
visual interneurons relay information from the
lamina and medulla to the deeper neuropils, lo-
bula, and lobula plate (Fig. 13.5a, b). The
structure of these two secondary neuropils can-
not be described in any depth in this section
which focusses on primary processing units.
Nevertheless, structural properties of lobula and
lobula plate are quite well understood (e.g.
Strausfeld and Nässel 1981; Strausfeld 1989,
2012; Strausfeld et al. 2006c). The functions of
lobula and lobula plate have been primarily
discussed so far in the context of motion
detection and these neuropils in Tetraconata are
considered to play an integral part in processing
optokinetic information (Sztarker et al. 2005).
The entire field of how the visual input is pro-
cessed to extract meaningful information about
the image is a research field of its own that
cannot be touched here (reviews, e.g., Wiersma
et al. 1982; Franceschini et al. 1989; Glantz and
Miller 2002; Zeil and Layne 2002; Douglas and
Strausfeld 2003; Egelhaaf 2006; Egelhaaf et al.
2009; Borst et al. 2010; Borst and Euler 2011).

In general, it appears that the visual systems
of insects and malacostracan crustaceans are
organized into parallel processor channels that
encode information about contrast and intensity
separately from information about color and
shape (Douglas and Strausfeld 2003; Strausfeld
2012). Most of the visual field is simultaneously
analyzed in a sophisticated parallel-distributed
information pathway by multiple classes of
interneurons associated with the optic neuropils.
Contrast, polarity, polarization angle, and local
and global motion are assessed across the visual
space at multiple loci defined by the visual
receptive field (Glantz and Miller 2002). These
aspects are best understood in the fly visual
system (Douglas and Strausfeld 2003) and
identified parallel retinotopic pathways through
the dipteran nervous system include an achro-
matic pathway with information about the

orientation and direction of motion, three par-
allel channels that are achromatic and non-
directional-sensitive, and a fifth channel that
serves color vision.

13.2.5 Evolution of Visual Neuropils

There is little doubt about the homology of the
ommatidia of insects and crustaceans (Melzer
et al. 1997, 2000; Nilsson and Osorio 1997;
Paulus 2000; Dohle 2001; Hafner and Tokarski
2001; Richter 2002; Bitsch and Bitsch 2005;
Harzsch et al. 2005b, Harzsch and Hafner 2006;
Nilsson and Kelber 2007), and the strong
architectural correspondence of crayfish and fly
laminae and medullae is unquestionable
(Strausfeld and Nässel 1981; Meinertzhagen
1991; Nilsson and Osorio 1997; Harzsch 2002;
Sinakevitch et al. 2003; Strausfeld et al. 2006c).
However, it has long been noted that the visual
neuropils of non-malacostracan crustaceans,
especially studied in the branchiopod genera
Artemia, Triops, Branchinecta, and Daphnia do
not fit into this pattern because these taxa have
only two visual neuropils, commonly termed
lamina and medulla (reviewed in Strausfeld and
Nässel 1981) that are linked by straight fibers
without any chiasm. Whereas the neuroarchi-
tecture of the branchiopod lamina resembles that
of Malacostraca and Hexapoda even at the level
of single cell types (Nässel et al. 1978; Elofsson
and Hagberg 1986), the linking fibers take a
different course in the two groups. More
importantly, it is impossible to reconcile the
neuroarchitecture of the branchiopod medulla
with that of the other two taxa. Since the influ-
ential review by Elofsson and Dahl (1970) on
this topic, several studies have readdressed this
issue, either by collecting ontogenetic data on
branchiopod taxa (Harzsch and Waloszek 2001;
Harzsch 2002; Wildt and Harzsch 2002;
reviewed in Harzsch and Hafner 2006) or by
analysing the connectivity of the adult vision
system of the taxa in question (Sinakevitch et al.
2003; Strausfeld 2005). This issue is far from
settled and further complicated by the fact that
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we do not have a robust scenario about the
evolutionary position of Branchiopoda with
regard to Hexapoda and Malacostraca. Cur-
rently, three hypotheses have been put forward
to account for the fundamental differences of the
malacostracan/hexapod lamina on one side and
that of Branchiopoda on the other:
(i) There has been convergent evolution of the

visual pathways associated with the com-
pound eyes in Branchiopoda versus Mala-
costraca/Hexapoda (Nilsson and Osorio
1997).

(ii) Evolutionary changes concerning the pro-
liferative activity of stem cells that give
rise to the optic anlagen are responsible for
an axonal rewiring of the fibers between
lamina and medulla (Elofsson and Dahl
1970; Harzsch 2002).

(iii) The branchiopod medulla does not corre-
spond to the malacostracan/hexapod
medulla but to a deeper optic neuropil
(Strausfeld 2005).

In the light of the cellular similarities of the
compound eyes and laminae in these three taxa,
the first hypothesis seems unlikely. Strausfeld
(2005) combined hypotheses (ii) and (iii) into a
new scenario of optic neuropil evolution in
Tetraconata with the fundamentally new idea
that a mandibulate ancestor possessed only two
visual neuropils, the plexiform layer and the
visual tectum which correspond to the hexapod/
malacostracan lamina and lobula plate, respec-
tively (Fig. 13.5c). Both neuropils are connected
by uncrossed fibers, an arrangement that char-
acterizes Branchiopoda and Myriapoda (Melzer
et al. 1996; Harzsch and Waloszek 2001; Har-
zsch 2002; Wildt and Harzsch 2002; Strausfeld
2005; Sombke et al. 2011a). The subsequent
evolutionary scenario proposed by Strausfeld
(2005) relies on the idea that Branchiopoda and
Myriapoda represent a plesiomorphic character
state from which the situation in Malacostraca
and Hexapoda evolved. However, considering
the unstable position of Branchiopoda in recent
phylogenetic studies (Regier et al. 2010; Rota-
Stabelli et al. 2011; Trautwein et al. 2012), we
need to take into account that the architecture of
the branchiopod visual system is derived and a

simplification from a more complex pattern.
Furthermore, we know very little about the cel-
lular architecture of the myriapod visual system
beyond the simple facts that they have two
visual neuropils and straight fibers, and there-
fore, we cannot claim that both share a similar
neuroarchitecture representing an ancestral
mandibulatan state.

Strausfeld (2005) proposed the following
scenario for the evolution of the optic neuropils
in the Tetraconata (Fig. 13.5c):
Step1: The malacostracan and hexapod medullae

initially arose by a duplication of the outer
optic anlagen, the proliferation zone of the
lamina. This duplication led to a division
of the ancestral plexiform layer into an
outer and an inner stratum—the lamina
and the nascent medulla, respectively.
Due to the developmental organization of
both layers, they are connected by means
of a chiasm. The visual tectum now
receives uncrossed projections from the
inner layer.

Step2: The third optic neuropil, the lobula, is a
protocerebral derivate and originated in a
duplication event of the inner prolifera-
tion zone. It has been shown that this inner
zone is separate from the outer one that
generates the lamina (Nässel and Geiger
1983; Harzsch et al. 1999; Harzsch and
Waloszek 2001). The lobula formed as an
outgrowth of the lateral protocerebrum, as
seen during development in some species.
It is connected to the medulla via a chi-
asm, while the visual tectum is still linked
by straight fibers. Based on structural
similarities, the latter is regarded as the
progenitor of the hexapodan and mala-
costracan lobula plate.

Step3: Within the hexapods, a reduplication of
the inner optic anlagen gave rise to the
proximal layer of the medulla.

In conclusion, Branchiopoda, Malacostraca,
and Hexapoda are characterized by deep homol-
ogies of the cellular architecture of their com-
pound eyes and laminae whereas strong
differences of the deeper visual neuropils separate
the Branchiopoda on the one side from
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Malacostraca and Hexapoda on the other. It is
very difficult to frame a simple evolutionary sce-
nario that could transform the cellular architec-
ture of the deeper branchiopod optic neuropil into
that of Malacostraca/Hexapoda. This difficulty
persists regardless of whether the branchiopod
condition is plesiomorphic for Mandibulata or an
apomorphy of Branchiopoda.

13.2.6 Olfactory Lobes

In the arthropod brain, the primary processing
neuropils for chemosensory qualities are the
olfactory lobes. In most bilaterians, olfactory
receptor cells terminate in glomerular neuropils
which are the subunits of the olfactory lobe (or
olfactory bulb in Mammalia). In principle, a
glomerulus is a spheroid synaptic complex that
may be ensheathed by glia. Given their wide-
spread phylogenetic distribution, glomeruli have
either evolved once in a common ancestor or are
a case of evolutionary convergence. The latter
assumption points to a functional adaption
related to processing olfactory information or a
space-efficient architecture bringing together
axons of similarly tuned receptor neurons
(reviewed in Eisthen 2002). Olfactory glomeruli
(OG) are also known in Mollusca (Wertz et al.
2006), Annelida (Heuer and Loesel 2009),
Onychophora (Strausfeld et al. 2006b), and
several Chelicerata (Brownell 1989) as well as
Mammalia (Strotmann 2001). In general, olfac-
tory receptor neurons (ORNs) are bipolar and
project into a fluid medium within olfactory
sensilla. In detail, however, there are striking
differences between arthropod and vertebrate
olfactory systems: (1) odorant binding proteins
(OBPs) that mediate the transfer of ligands to
receptors on the ORNs do not show any struc-
tural similarity in Hexapoda vs. Mammalia
(Bianchet et al. 1996) and (2) odorant receptors
(ORs) known from Hexapoda show no homol-
ogy to the OR families of Mammalia and
Nematoda (Hansson and Stensmyr 2011). This
clearly points to a convergent evolution of
olfactory systems in bilaterians (Strausfeld and
Hildebrand 1999). Ionotropic receptors (IRs),

which occur in ORNs proposed to be the
ancestral chemosensory receptor, are found only
in protostomes and are absent in vertebrates
(Croset et al. 2010). IRs are specifically divided
into antennal IRs and divergent IRs which are
expressed in peripheral and internal gustatory
neurons.

Not all chemosensory input from antennae,
walking appendages, and even wings is pro-
cessed in the olfactory lobes of the brain. As a
consequence, in arthropods the processing of
chemosensory input is achieved in any neuro-
mere that innervates chemosensory appendages.
However, usually only specialized appendages
lead to distinct olfactory lobes. In Mandibulata,
these specialized appendages are the antennae
associated with the deutocerebrum. Within sev-
eral taxa of Chelicerata, olfactory lobes com-
posed of OG are known in parts of the nervous
system other than the deutocerebrum (Brownell
1989; Szlendak and Oliver 1992; van Wijk et al.
2006a, b; Wolf 2008; Strausfeld and Reisenman
2009). Here, OG occur, for example, in associ-
ation with chemosensory walking appendages,
like the first leg pair in Acari (Szlendak and
Oliver 1992) or Solifugae (Strausfeld and Rei-
senman 2009) or the pectines in scorpions (see
Sect. 13.1.2). In Onychophora, the antenna-like
appendages supply chemosensory centers in the
protocerebrum which are also composed of
glomerular neuropils (Strausfeld et al. 2006b).
However, the onychophoran antennae are not
homologous to the mandibulate antennae
(Scholtz and Edgecombe 2006).

The sensory deutocerebral antenna is an
apomorphic character of Mandibulata (Scholtz
and Edgecombe 2006). Grounded in a consistent
architecture, the olfactory lobes within the
deutocerebrum of Mandibulata have been sug-
gested to be homologous structures (e.g.
Schachtner et al. 2005; Strausfeld 2009; Sombke
et al. 2012). The paired olfactory lobes of Man-
dibulata are usually located in the anterior or
ventral deutocerebrum (Fig. 13.4). The array of
OG in Hexapoda is thought to represent a
chemotopic map, which forms the basis of the
olfactory code (Galizia and Menzel 2000; 2001;
Ignell and Hansson 2005; Galizia and Szyska
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2008). The olfactory lobes or rather the OG are
innervated by axons of ORNs from antennal
olfactory and/or gustatory sensilla (Keil and
Steinbrecht 1984; Tichy and Barth 1992;
Hallberg and Skog 2011; Schmidt and Mellon
2011; Sombke et al. 2011b; Keil 2012). The
fllowing architectural characteristics apply to
both the olfactory system of insects and mala-
costracan crustaceans. Within the clearly
demarcated dense OG, antennal ORNs terminate
and form first synapses (Fig. 13.6). The input is
integrated by local interneurons and then relayed
to protocerebral neuropils via projection neurons
(Schachtner et al. 2005). Local interneurons
branch unilaterally within one, two, or even all
OG resulting in connections of specific glome-
ruli. In addition, subclasses of interneurons can
innervate certain regions of the OG (rim and core
interneurons in Fig. 13.6a). Projection neurons
connect single or several glomeruli with sec-
ondary processing centers such as the mushroom
bodies via the projection neuron tract (PNT), also
called antennocerebral tract in Hexapoda. In
Malacostraca, the PNT (also called olfactory
globular tract) targets the hemiellipsoid bodies
(Galizia and Rössler 2010; Schmidt and Mellon
2011; Sandeman et al. in press; Strausfeld 2012;
compare Fig. 13.6). In Tetraconata, the inter-
connection of primary and secondary processing
centers is achieved by different pathways. While
an ipsilateral connection is suggested to be ple-
siomorphic, in malacostracan Crustacea and
Remipedia, a subset of neurons of the projection
neuron tract projects to the contralateral he-
miellipsoid body/medulla terminalis-complex
(Fanenbruck and Harzsch 2005; Fig. 13.6a). In
hexapods, several projection neuron tracts occur,
the median, mediolateral, and lateral tracts
(Galizia and Rössler 2010; compare Fig. 13.6b).
In the honeybee, three different mediolateral
tracts which target the lateral horn also branch in
the lateral network (consisting of ring neuropil,
triangle, and lateral bridge; compare Kirschner
et al. 2006). The median and lateral tracts project
either firstly into the MBs (lip- and basal ring
region of the calyces) and secondly into the lat-
eral horn, or vice versa (compare pathways in
Fig. 13.6b).

Strausfeld (2012) listed a number of differ-
ences between hexapod and malacostracan OG.
In most hexapods, each olfactory glomerulus
gives rise to two or more uniglomerular pro-
jection neurons (with arborizations in only one
glomerulus) whereas in malacostracan
Crustacea, projection neurons are multiglomer-
ular (with arborizations in several glomeruli).
These multiglomerular projections might result
in a higher discrimination capacity. Although in
several tetraconate taxa (Crustacea ? Hexa-
poda) olfactory lobes may be absent and struc-
tural differences occur, several shared characters
are present that have been modified in many
taxon-specific ways (Schachtner et al. 2005).
The olfactory lobes of malacostracan Crustacea
and neopteran Hexapoda share the following
synapomorphies: (1) the OG are embedded in
coarse neuropil, (2) ORNs are cholinergic, pos-
sess uniglomerular terminals, and penetrate the
olfactory lobes in a radial manner from the
periphery, (3) local interneurons are inhibitory,
GABAergic or histaminergic, and contain neu-
ropeptides as cotransmitters, (4) the olfactory
lobe is innervated by at least one prominent
serotonergic neuron (or dorsal giant neuron)
with multiglomerular arborizations, (5) projec-
tion neurons (forming the projection neuron
tract) pass the central body posteriorly and link
the olfactory lobe with neuropils in the prot-
ocerebrum. Most of these characters are also
present in representatives of the Myriapoda
although projection neuron tracts linking the
olfactory lobes with the MBs have not been
demonstrated conclusively, most likely due to
their diffuse arrangement of axons (Strausfeld
et al. 1995). In this view, the absence of olfac-
tory lobes in various Crustacea (for example in
certain Branchipoda, Branchiura, and Thecost-
raca) and Hexapoda (Odonata, certain Hemip-
tera, and Coleoptera) can be interpreted as
reductions (Sombke et al. 2012) within
Tetraconata.

The shape and arrangement of OG are prob-
ably rather subjected to functional and/or phys-
iological aspects than to phylogenetic
constraints (Schachtner et al. 2005). Structural
and physiological changes that lead to improved
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function drive phylogenetic change. This means
that the shape of olfactory neuropils does not
provide a stable phylogenetic signal as far as
large-scale phylogeny of arthropods is con-
cerned. However, a trend in transforming the

shape of OG can be observed in interordinal
relationships and thus could provide phyloge-
netically informative characters. This is for
example the case when looking at decapod
crustaceans. While a spheroid shape is present in

Fig. 13.6 Overview of the central olfactory pathway in
a malacostracan crustacean and a hexapod. The ORNs
(orange) are the primary sensory input and innervate the
cap of the olfactory glomeruli. Local interneurons
(purple) and dorsal giant neurons (serotonergic, tur-
quoise) are associated with the olfactory and the acces-
sory lobe (in malacostracan crustaceans). Processed
information is relayed from the olfactory lobe to the
secondary computational centers via projection neuron
tracts (blue). a Cherax destructor (Crustacea). Modified
after Sandeman et al. in press. The olfactory glomeruli
are compartmentalized into the cap, subcap, and base as
well as the central rod (red). Local interneurons innervate
specific compartments of the olfactory glomeruli, for
example, the rim local interneurons. Core local interneu-
rons relay information from the subcap to the cortex of
the accessory lobe. The dorsal giant neuron (DGN)
innervates the olfactory glomeruli as well as the acces-
sory lobe. Olfactory information from the olfactory and
accessory lobe is then relayed to the protocerebral
medulla terminalis and the cap region of the hemiellip-
soid body. In addition, the accessory lobe and the

hemiellipsoid body’s core region receive mechanosenso-
ry and visual input via interneurons. Furthermore,
information from the accessory lobe and the core region
of the hemiellipsoid body converges in the medulla
terminalis. b Apis mellifera (Hexapoda). Compiled after
Kirschner et al. (2006), Galizia and Szyska (2008). ORNs
(orange) innervate the cap of the olfactory glomeruli
from the periphery though they enter the core of the
olfactory lobe and resurface between the glomeruli (as
indicated). Local interneurons (purple) innervate the cap
and base of the olfactory glomeruli. The dorsal giant
neuron (serotonergic, turquoise) innervates multiple
olfactory glomeruli. Different projection neuron popula-
tions (blue) relay information from the olfactory lobe to
the mushroom body and the lateral horn. The lateral tract
(multiglomerular) projects through the lateral horn into
the calyces (with arborizations in the lip and basal ring).
The median tract (uniglomerular) projects through the
calyces (with arborizations in the lip and basal ring) into
the lateral horn. The mediolateral tracts project into the
lateral horn either through the lateral protocerebrum or
with arborizations in the lateral network (not shown)
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Onychophora and Chelicerata, tremendous
diversity in shape and arrangements occurs
within the Mandibulata. In Myriapoda, for
example, the shape of OG ranges from elongated
cylindrical in the Scutigeromorpha through
drop-shaped to spheroid in the Geophilomorpha
(Sombke et al. 2012). In centipedes, the
glomeruli are arranged in a parallel or grape-like
pattern (Fig. 13.4b). As in scutigeromorph
Chilopoda, the olfactory lobe in Archaeognatha
(Hexapoda) and Cephalocarida (Crustacea) is
composed of elongated cylindrical glomeruli
(Mißbach et al. 2011; Stegner and Richter 2011).
In many pterygote hexapod species, the OG are
spheroid and surround a coarse neuropil, for
example, in Dictyoptera (Boeckh and Tolbert
1993), Hymenoptera (Galizia et al. 1999),
Lepidoptera, and Diptera (reviewed in Schacht-
ner et al. 2005) (Fig. 13.4d). In malacostracan
Crustacea, the OG are arranged radially around
the periphery of a loose core of neuronal pro-
cesses. Interestingly, the trend of transforming
OG seen in Chilopoda (elongated to spheroid) is
found in the malacostracans as well, but
according to the phylogenetic relationships in
this taxon, it is reversed (spheroid to elongated).
The shape ranges from spheroid in the Leptost-
raca (Strausfeld 2012), marine Isopoda, and
Euphausiacea (Johansson and Hallberg 1992;
Harzsch et al. 2011) across wedge-shaped in
several reptantian Decapoda (Sandeman et al.
1992, 1993; Schmidt and Ache 1996a;
Schachtner et al. 2005; Krieger et al. 2012) to
markedly elongated columns which are aligned
in parallel in eureptant Anomura (Harzsch and
Hansson 2008; Krieger et al. 2010) (Fig. 13.4c).
Moreover, in hermit crabs, the olfactory lobes
can be enlarged by the presence of sublobes
(Krieger et al. 2010). In Remipedia, the olfac-
tory lobes are also divided into several sublobes,
however, the shape of OG is roughly spheroid
(Fanenbruck and Harzsch 2005).

Sexual dimorphism of olfactory lobes and
OG is known in several neopteran Hexapoda, for
example, cockroaches (Rospars 1988), moths
(Rospars and Hildebrand 2000), or honeybees
(Galizia et al. 1999) and have most likely
occurred convergently (Schachtner et al. 2005).

Macroglomeruli (or macroglomerular com-
plexes) are present in males and are innervated
by specific sex-pheromone receptors on the
antennae. The OG themselves can be compart-
mentalized. In honeybees (Hexapoda), OG have
a layered organization (Pareto 1972; Arnold
et al. 1985; Fonta et al. 1993; Sun et al. 1993;
Galizia et al. 1999) where only the periphery (or
cap) is innervated by sensory afferents
(Fig. 13.6). Different populations of projection
neurons and local interneurons innervate the
central and peripheral areas (Fig. 13.6b). A
longitudinal subdivision of the OG into cap,
subcap, and base has been well documented in
malacostracan crustaceans such as crayfish,
clawed and clawless lobsters, hermit crabs, and
brachyuran crabs (Sandeman and Luff 1973;
Sandeman and Sandeman 1994; Langworthy
et al. 1997; Schmidt and Ache 1997; Wa-
chowiak et al. 1997; Harzsch and Hansson 2008;
Krieger et al. 2010; 2012; compare Fig. 13.6a).
In Archaeognatha and Chilopoda, the OG are not
compartmentalized (Mißbach et al. 2011; Som-
bke et al. 2011c). The number of OG is thought
to be species specific. In Chilopoda, the number
per olfactory lobe ranges from 34 to 97 (Sombke
et al. 2012), in Hexapoda from about 20 in
Collembola to approx. 250 in ants (reviewed in
Schachtner et al. 2005; Kollmann et al. 2011)
and seems to be invariant within species
(Chambille and Rospars 1981; Rospars 1983;
Rospars and Hildebrand 1992; Galizia et al.
1999; Laissue et al. 1999; Berg et al. 2002;
Huetteroth and Schachter 2005; Kirschner et al.
2006; Ghaninia et al. 2007; Zube et al. 2008;
Dreyer et al. 2010). In Crustacea, the number of
OG varies from approx. 150 to 1,300 (reviewed
in Beltz et al. 2003; Schachtner et al. 2005;
Krieger et al. 2010). It should be noted that
crustaceans probably do not feature a species-
specific constant number of OG (compare
Blaustein et al. 1988; Beltz et al. 2003).

In addition to the olfactory lobes, several
deutocerebral accessory neuropils occur in some
tetraconate taxa. In eureptant Crustacea (e.g.
Homarida, Brachyura and Achelata), large and
complex accessory lobes occur (Figs. 13.4,
13.6a). In spiny lobsters, the accessory lobe
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(AcL) is composed of three neuropilar layers
(Blaustein et al. 1988). The AcL receives input
from the olfactory lobe via local interneurons
(Sullivan and Beltz 2005). In Cherax destructor
(Decapoda), it has been shown that the accessory
lobe receives unilateral input from the proto- and
deutocerebrum and bilateral input from the trit-
ocerebrum. In addition, bilateral output to the

contralateral olfactory and accessory lobe via the
deutocerebral commissure occurs (Sandeman
et al. 1995). Therefore, it is suggested that the
AcL integrates mechano- and chemosensory
information. In certain hemimetabolous Hexa-
poda, gustatory and probably olfactory input
from the mouthparts is processed in the lobus
glomerulatus (LG). The output is transferred via

Fig. 13.7 a Lateral protocerebrum of Carcinus maenas
(Crustacea: Decapoda) and optic neuropils (red: synap-
sin-like immunoreactivity, green: serotonin-like immu-
noreactivity, blue: nuclear stain). b Structural
composition of the tritocerebral antenna 2 neuropil of
Idotea baltica (Crustacea: Isopoda). The AnN is trans-
versely divided into segment-like synaptic fields. The
olfactory lobe is composed of spheroid olfactory glome-
ruli (3D reconstruction, RFamid-like immunoreactivity).
c Antennal neurobiotin backfill of Lithobius forficatus

(Myriapoda: Chilopoda) showing the structural compo-
sition in distinct lamellae of the deutocerebral c. lamello-
sum. Antennal afferents innervate the olfactory lobe as
well as the subesophageal ganglia via antennal neurite
projections (3D reconstruction). AnN antenna 2 neuropil,
aNv antennal nerve, CL c. lamellosum, HE hemiellipsoid
body, iCh inner optic chiasm, La lamina, Lo lobula, LoP
lobula plate, Me medulla, MT medulla terminalis, NP
neurite projections, OL olfactory lobe. Scale bars:
100 lm
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the tritocerebral tract to the mushroom bodies. In
holometabolous hexapods, the LG is not present
as a distinct neuropil but instead appears to be
fused with the olfactory lobe (Farris 2008).

13.2.7 Mechanosensory Neuropils

Apart from their presence in the ventral nerve
cord of Arthropoda (see above), mechanosen-
sory neuropils are known from the brains of
Mandibulata. The deutocerebrum is character-
ized by (at least) one bilaterally paired neuropil
processing mechanosensory input from the first
antennae (Fig. 13.4a–c). The deutocerebral me-
chanosensory neuropils have been called dorsal
lobe in Hexapoda, lateral antennular neuropil in
malacostracan Crustacea, and corpus lamello-
sum in Myriapoda. The general organization of
the lateral antennular neuropil and the c. lam-
ellosum in many respects matches the innerva-
tion and connections of the hexapod dorsal lobe.
Therefore, these paired neuropils have been
unified under the term deutocerebral mechano-
sensory neuropil (Sombke et al. 2012). In some
mandibulate taxa, mechanosensory neuropils
with a general striate or palisade shape are
known, for example, in Zygentoma and Chilo-
poda (Tautz and Müller-Tautz 1983; Strausfeld
1998; Sombke et al. 2011a, 2012). In contrast to
ORNs, mechanosensory neurons appear much
thicker and possess several side branches.

In Chilopoda, the c. lamellosum is innervated
by the posterior partition of the antennal nerve.
The neuropil is composed of parallel neuropilar
lamellae (Sombke et al. 2011a, b, 2012)
including a contralateral connection. In mala-
costracan Crustacea, mechanosensory and
non-olfactory input from the first antennae is
processed in the lateral antennular neuropil
(LAN) (Schmidt and Ache 1993, 1996b; Har-
zsch and Hansson 2008) which contains synaptic
fields of the motor neurons that control the
movements of the ipsilateral antennule (Sand-
eman et al. 1992; Schmidt et al. 1992). In
Decapoda, contralateral connections between the
LANs occur. In malacostracan Crustacea and
Remipedia, an additional median antennular

neuropil (MAN) processes mechanosensory
input (Sandeman et al. 1992, 1993; Schmidt and
Ache 1996b, Fanenbruck and Harzsch 2005;
Harzsch and Hansson 2008). In crabs and cray-
fish, it receives branches of interneurons related
to input from the statocysts and mechanorecep-
tive input from the base of the antennae
(Schmidt and Ache 1993; Schmidt et al. 1992).
Whether the MAN of Malacostraca and Remi-
pedia are homologous neuropils, is still debated.
In pterygote Hexapoda, mechanosensory affer-
ents from the scapus and pedicellus of the
antennae project into the dorsal lobe (or
AMMC = antennal mechanosensory and motor
center). The dorsal lobe is also innervated by
neurites of antennomuscular motoneurons. The
flagellar sensilla whose neurons project into the
olfactory lobe are mostly specialized for che-
moreception (Rospars 1988; Homberg et al.
1989). Usually, the mechanosensory neuropil is
located in the posterior region of the deutoce-
rebrum, for example, in Periplaneta americana
(Burdohan and Comer 1996; Nishino et al.
2005), A. mellifera (Kloppenburg 1995), Gryllus
bimaculatus (Staudacher 1998; Staudacher and
Schildberger 1999), and Aedes aegypti (Ignell
and Hansson 2005; Ignell et al. 2005). In these
organisms, presumptive tactile antennal afferents
provide two pairs of long and several short
branches which are orientated laterally and form
a multilayered arrangement medially in the
dorsal lobe.

In malacostracan Crustacea, the tritocerebral
neuromere is characterized by the bilaterally
paired antenna 2 neuropil (AnN), stretching
posterolaterally to either side of the esophageal
foramen (Fig 13.4c). Afferents ascending from
the second antenna project into this neuropil
which may have a specialized chemosensory
function (reviewed in Schmalfuss 1998) in
addition to its role in processing mechanosen-
sory information (Sandeman and Luff 1973;
Hoese 1989; Sandeman et al. 1992; Schmidt and
Ache 1992; Schachtner et al. 2005). Moreover
the tritocerebrum of Malacostraca and Remipe-
dia is innervated by the tegumentary nerve
which carries mechanosensory information from
the carapace, and projects into the tegumentary
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neuropil, located within the complex of the AnN
(Sandeman et al. 1992). In some representatives
of Decapoda and Isopoda, the AnN is trans-
versely divided into repetitive synaptic fields
(Tautz and Müller-Tautz 1983; Harzsch et al.
2011; Sandeman et al. in press; see Fig. 13.7). It
has been suggested that this organization might
be a somato- or spatiotopic representation of the
mechanoreceptors along the length of the second
antenna. Evidence for this comes from behav-
ioral studies on blinded crayfish, which precisely

touch the point of the antenna where they have
been stimulated (Zeil et al. 1985; Sandeman and
Varju 1988). For Remipedia, not much is known
about the tritocerebral morphology, although in
two species two pairs of tritocerebral nerves
have been identified (i.e. tegumentary nerves
and antenna 2 nerves; Fanenbruck and Harzsch
2005) suggesting the presence of associated
neuropils (antenna 2 neuropil and tegumentary
neuropil). Tritocerebral neuropils that are asso-
ciated with the antenna 2 and tegumentary

Fig. 13.8 Sections through the brains of a the cock-
roach Rhyparobia maderae (allatostatin-like immunore-
activity) from Loesel and Heuer (2010), b Birgus latro
modified from Krieger et al. (2010) (red: synapsin
immunoreactivity, green: allatostatin-like immunoreac-
tivity, blue: nuclear stain), c the desert locust Locusta

migratoria (red: HRP-like immunoreactivity, blue:
nuclear stain), and d the ant Camponotus floridanus
(allatostatin-like immunoreactivity). Ca calyx of mush-
room body, CB central body, OL olfactory lobe, Pe
peduncle of mushroom body. Scale bars: a, c 200 lm,
d 100 lm, b 500 lm
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nerves, suggestive of a tegumentary neuropil,
have also been reported for Branchiopoda
(Fritsch and Richter 2010) and Cephalocarida
(Stegner and Richter 2011).

In Hexapoda and Myriapoda, the tritocere-
brum lacks tritocerebral appendages and conse-
quently associated neuropils. In Onychophora
and Chelicerata, distinct mechanosensory neu-
ropils associated with antennae (Onychophora)
and cheliceres/pedipalps (Chelicerata) have not
been described satisfactorily. Whereas the ped-
ipalp provides mechanosensory input into what
can be regarded as the chelicerate tritocerebrum,
nothing is known about the corresponding brain
regions in Onychophora that are connected to
the jaws (see Sect. 13.2).

13.2.8 The Mushroom Bodies

The mushroom bodies (MB) are the most prom-
inent and conspicuous neuropils in the central
brain of arthropods, onychophorans, and vagile
polychaete annelids but have not been described
in any other animal group with complex brain
architecture. Due to a number of unique neuro-
anatomical characters, MBs can easily be identi-
fied and distinguished from other brain centers.

A good starting point for a morphological
comparison of MB structures is the insects,
where the literature on brain architecture and
function is vast. In this group, the MBs are
located in the protocerebrum (Figs. 13.4d, e,
13.6b, 13.8a, c, d). They act as centers for sen-
sory integration (Gronenberg 2001), memory
formation (Heisenberg 2003), and represent the
neuronal basis for associative and flexible
behaviors (Farris and Roberts 2005). With the
exception of the archaeognathans (see below),
the remaining insect taxa share a common
ground plan in terms of mushroom body cellular
architecture and connectivity. MBs consist of
several thousand parallel fibers of intrinsic
neurons, called Kenyon cells. Their perikarya
are densely packed and surround the calyces
which contain the dendritic arborizations of the
Kenyon cells. The calyces represent the major
synaptic input region to the MBs. The most

prominent inputs to the calyces originate in the
antennal lobes through collaterals of olfactory
interneurons that connect the antennal lobe with
the protocerebrum via an projection neuron
tract. MBs, however, are not merely higher order
olfactory neuropils, but are present even in
anosmic insects (Strausfeld et al. 1998). In a
variety of social hymenopterans and in the
cockroach Periplaneta americana, additional
inputs originate in the optic lobes.

The axons of Kenyon cells project from the
calyx into the peduncle. They then bifurcate and
form the lobes (usually an a- and a b-lobe), the
major output regions of the MBs (Laurent and
Naraghi 1994). This basic neuroanatomical
motif is highly conserved and has been descri-
bed in all insect representatives investigated so
far (Strausfeld 1998; Farris and Sinakevitch
2003; Strausfeld 2012).

Brain centers that adhere to the architectural
designs of insect MBs are found in other
arthropod groups (albeit not analyzed in as much
detail) including myriapods (Holmgren 1916;
Hanström 1928; Strausfeld et al. 1995; Loesel
et al. 2002) and chelicerates (in the older liter-
ature referred to as ‘corpora pedunculata’;
Holmgren 1916; Hanström 1928; Strausfeld and
Barth 1993; Wegerhoff and Breidbach 1995;
Strausfeld et al. 2006a, b). In crustaceans, on the
other hand, second-order olfactory neuropils
connected to the antennal lobes differ in mor-
phology from the insect MBs. Since crustaceans
are the sister taxon to the hexapods, or even the
group containing the hexapods (Dohle 2001;
Giribet et al. 2001; Loesel et al. 2002; Regier
et al. 2005; Ungerer and Scholtz 2008), these
apparent differences have resulted in conflicting
views on the evolutionary origin of insect MBs
and their possible homology to their namesakes
in myriapods and chelicerates.

In the Malacostraca (higher crustaceans) and
in the homonomously segmented Remipedia,
interneurons originating in the olfactory lobes
innervate the so-called hemiellipsoid bodies
(Figs. 13.4c, e, 13.6a, 13.8b) that either reside in
the eyestalks or in the protocerebrum as dem-
onstrated for several crab species. The hemiel-
lipsoid bodies are associated with thousands of
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densely packed perikarya of globuli cells
(the equivalent of Kenyon cells in insects), the
ramifications of which contribute to the internal
matrix of the hemiellipsoid bodies. This neuro-
pil, however, does not comprise a peduncle and
elongated lobes, thus being dissimilar to the
external shape of the hexapod MB (Hanström
1928; Sandeman and Scholtz 1995; Strausfeld
et al. 1995; Fanenbruck and Harzsch 2005).
Since the neuronal organization of the hemiel-
lipsoid body, however, is similar to the cellular
architecture of the hexapod MB, hemiellipsoid
bodies are today being interpreted by most
specialists as modified MBs (Wolff et al. 2012).
This view is supported by the fact that the brain
of a basal hexapod taxon, the Archaeognatha,
contains second-order olfactory neuropils which
resemble hemiellipsoid bodies rather than MBs
(Strausfeld 2012).

Investigations into myriapod brain anatomy
(Fig. 13.4b) are scarce, and descriptions of MB
neuropils are available only for a limited number
of species. Diplopods (Orthoporus ornatus, Ju-
lus scandinavius) and chilopods (Lithobius var-
iegatus) exhibit clusters of small-diameter
globuli cells that supply ramifications to MBs
which comprise a pedunculus and lobes and
which are connected to the antennal lobes via a
tract of interneurons (Hanström 1928; Strausfeld
et al. 1995). These commonalities suggest close
affinities with the insect MB. In Lithobius var-
iegatus, the lobes have been described to rep-
resent spherical outswellings, a motif similar to
the MB organization of the apterygote hexapod
Lepisma saccharina, where the pedunculus
provides several outswellings as well (Böttger
1910; Strausfeld et al. 1995).

Amongst the chelicerate taxa, the neuronal
architecture of the MBs has probably been most
thoroughly investigated in the xiphosuran
L. polyphemus (Hanström 1926; Fahrenbach
1977, 1979; Chamberlain and Wyse 1986;
Fahrenbach and Chamberlain 1987). Dwarfing
the MBs of other arthropod and non-arthropod
species alike, the MBs in adult horseshoe crabs
are composed of an estimated 100 Mio globuli
(=Kenyon) cells (Fahrenbach 1979) and account
for approximately 80 % of the total brain

volume (Hanström 1926). The aggregated
somata of the globuli cells form a ventral
hemisphere which enfolds the elaborately lobed
neuropil in a fashion that has been likened to a
cauliflower. The orientation of the MBs in
L. polyphemus is clearly ventral—a unique
condition that has not been observed in any other
MBs investigate so far. Despite their highly
deviant morphology, the xiphosuran MBs seem
to be involved in the same tasks as their hexapod
counterparts. Lacking antennae, the input to the
MBs is provided by glomeruli that receive ter-
minals from chemoreceptors located in the legs
and gills (Fahrenbach 1979). In other chelicer-
ates, chemoreceptors are located in specialized
organs (pectines in scorpions, malleoli in sol-
pugids) or modified walking limbs (uropygids
and amblypygids). Similar to the condition
observed in L. polyphemus, the OG in these taxa
are not situated within the brain but in the seg-
mental neuromeres associated with the olfactory
appendages (Strausfeld et al. 1998; Wolf 2008;
and Sect. 13.1.2). Ascending axons of projection
neurons relay the information to the protocere-
bral MBs. In derived araneans such as the
wandering spider C. salei (Fig. 13.4a), evidence
for an association of the MBs with chemosen-
sory pathways is lacking. The neuropils receive,
however, direct input from a second-order visual
neuropil (Strausfeld and Barth 1993). The
changed connectivity suggests that the MBs in
this group might have undergone major evolu-
tionary changes with regard to their function.

Direct connections to a second-order visual
neuropil are also evident in onychophoran MBs
(Strausfeld et al. 2006a, b). As in arthropod taxa,
onychophoran MBs are composed of a peduncle
and several output lobes formed through parallel
axons of a dense cluster of small-diameter
perikarya of intrinsic neurons (globuli cells).
One characteristic the MBs of onychophorans
share with those of chelicerates but with no other
arthropod group is the presence of a commissure
that renders the MBs into one confluent
structure.

Although architectural differences in the MBs
of hexapods, myriapods, chelicerates, onycho-
phorans, and the hemiellipsoid bodies of
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crustaceans still stimulate discussions about the
homology of these brain centers, the assumption
of a common phylogenetic origin nevertheless
seems a plausible working hypothesis due to the
many commonalities that have been described.
Hence, we suggest that in the ground pattern of
the common ancestor of arthopods, a basal
computational circuit was present that included
olfactory afferents, local olfactory interneurons,
second-order olfactory projection neurons, and
intrinsic MB cells (Kenyon- or globuli cells).
This ancestral circuitry has been retained in all
osmic panarthropods and was elaborated in
different functional directions at least within
Tetraconata, as the difference in the structure
between the olfactory system in hexapods and
crustaceans suggest.

This implies the possibility that arthropod
MBs are symplesiomorphic and may be of a more
ancient evolutionary origin than the arthropods
themselves. This idea has recently been supported
by the finding that the neuronal architecture of
MB-like neuropils described in vagile polych-
eates is almost identical to that of insects (Heuer
and Loesel 2008) and that insect and annelid MBs
express the same specific set of genes that
orchestrate MB development (Tomer et al. 2010).
Taken together these findings suggest a deep-time
origin of MBs possibly dating back to the last
common ancestor of protostomes, or beyond.

13.2.9 The Central Body

All major arthropod groups possess a brain
midline neuropil called the central body. Several
lines of evidence from behavioral and compar-
ative studies suggest that the central body serves
as a motor control centers that is involved in
orchestrating limb actions. Based on its neuronal
architecture, the central body of various arthro-
pod groups is characterized by several distinct
features that will be summarized below.

Again, the most thoroughly investigated taxa
are insects and crustaceans. Here, the so-called
‘central complex’ is an assemblage of unpaired
midline neuropils that comprises the central body
and the protocerebral bridge (Figs. 13.4d, e,

13.8a–c). The central body itself is subdivided
into several layers and columns. Connections of
the central body to the protocerebral bridge are
provided via columnar neurons that form a
complicated but highly conserved pattern of chi-
asmata. The entire complex receives and provides
axons from and to other protocerebral neuropils.
The most prominent of these satellite neuropils
are the paired noduli and the lateral accessory
lobes. Presumably, the lateral accessory lobes are
the sites where the central body connects to
ascending and descending fibers from and to the
thoracic ganglia. These features are common in
all investigated neopteran insects and have been
demonstrated in several decapod crustaceans.
(For a synopsis of literature on central complex
neuroarchitecture of individual species see Loesel
et al. 2002). Especially in flies and locusts, the
neuroarchitecture of the central complex has been
analyzed to an extent that made it possible to
construct a wiring diagram of this brain region.
While the number and arrangement of columns is
identical in insects and decapods (Utting et al.
2000), there are differences in the number and
shape of layers of the central body which, espe-
cially in decapods, differs even between closely
related species (Loesel et al. 2002). It will be an
interesting challenge for future research to
homologize individual layers between different
species and correlate the findings with the
behavioral repertoire of the animals.

Immunohistochemical studies demonstrated
the presence of a wide variety of neuroactive
substances in different parts of the central
complex (Homberg 1994). In addition to bio-
genic amines such as octopamine, serotonin,
dopamine, and allatostatin, to name just a few,
neurotransmitters like histamine (Loesel and
Homberg 1999) and GABA (Homberg et al.
1999) have been found. Immunocytochemistry
proved to be a powerful phylogenetic tool that
has helped to establish homologies between
subcompartments of the central complex in dif-
ferent species. GABA, for example, has been
shown to be present only in one central body
layer, the so-called ellipsoid body (also termed
lower division) in all investigated insect species
(Homberg et al. 1999).
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Despite our detailed knowledge about the
central complex neuroarchitecture, its role in
controlling the animal’s behavior is only par-
tially understood, especially when it comes to
assigning certain functions to individual sub-
units of the central complex. In intracellular
recordings from locusts and bees, a subset of
neurons of the central body respond to multi-
modal stimuli and the e-vector of polarized light
(Homberg 1985; Milde 1988; Vitzthum et al.
2002; Heinze and Homberg 2007). The central
body of flies incorporated radioactive-labeled
deoxyglucose during visual stimulation, indi-
cating that the metabolic rate of central body
neurons was elevated at this time (Bausenwein
et al. 1994). Such studies suggest that the central
complex receives visual input. It is, however,
unlikely that its main function is visual infor-
mation processing since eyeless workers of the
ant Mystrium sp. (Gronenberg, personal com-
munication) and the blind cave beetle Neap-
haenops tellkampfii (Ghaffar et al. 1984) possess
a well-developed central complex.

Functions ascribed to the central complex
come mainly from studies of behavioral mutants
of Drosophila, where specific deficits in limb
coordination relate to structural defects in the
central complex. Especially, the fly’s ability to
execute asymmetrical limb movements (e.g. in
turning) is severely impaired in animals with a
damaged central complex (Strauss and Heisen-
berg 1990, 1993; Strauss et al. 1992; reviewed
by Strauss 2002). In these mutants, the overall
locomotor activity and the ability to retain
direction towards a landmark, which becomes
invisible during approach, are also diminished
(Strauss 2003). Comparative studies further
support the notion that the central complex
relates to leg coordination. In cell-building
social insects that can perform complicated and
heterolaterally independent limb movements,
the cellular organization of the individual sub-
units of the central complex is elaborate. In
nocturnal Lepidoptera, which mainly use their
legs for grasping but not for walking, central
body layers and the protocerebral bridge are
reduced (Strausfeld 1999). In aquatic Hemiptera,
which primarily perform bilaterally coupled

swimming strokes, central complex elaboration
is significantly impoverished (Strausfeld 1999).

Similar studies have been carried out in
decapod crustaceans. Fiddler crabs of the genus
Uca exhibit strong sexual dimorphism in the size
of their claws. Male fiddler crabs have one large
front claw and one small one, while females
have two small claws. The male fiddler crab
waves this claw and wrestles other males to
mark his territory and attract mates. The small
claw is needed for gathering food. Since males
use their front claws for two different tasks, they
have a higher ability to uncouple the movements
of right and left front claws as compared to
females. This difference in locomotor abilities
possibly correlates with a pronounced dimor-
phism in the relative size and shape of the cen-
tral body (Loesel 2004). Such a dimorphism has
not been observed in any of the other investi-
gated crustacean genera. Together, the available
data suggest that the central complex is a higher
brain center of insects and malacostracan crus-
taceans for navigational control and limb coor-
dination that is especially involved in locomotor
patterns that require heterolaterally independent
leg movements.

In all investigated species of the Chelicerata
(spiders, scorpions, horseshoe crabs), the central
body (for historical reasons often referred to as
‘arcuate body’) is a crescent-shaped, unpaired
neuropil extending across the entire width of the
brain (Fig. 13.4a). In each representative, the
central body was found to be the posterior-most
cerebral neuropil. A protocerebral bridge and
satellite neuropils such as noduli or ventral
bodies have not been found. A variety of stain-
ing techniques reveal that the neuroarchitecture
of the central body of chelicerates is character-
ized by a palisade-like arrangement of a large
number of columnar fibers that project through
consecutive layers. These layers are demarcated
by successive strata of tangential neurons and by
the density of presynaptic terminals. Unlike in
insects and decapods, columnar neurons of
chelicerates are not bundled into discrete col-
umns but innervate the central body uniformly
across its entire lateral extension. Immunocyto-
chemical studies revealed that a large number of
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neuroactive substances such as allatostatin,
proctolin, crustacean-cardioactive peptide, and
GABA that have been detected in the insect
central body are likewise present in the central
body of spiders (Loesel et al. 2002, 2011). While
the spider0s central body receives direct visual
input from second-order optic neuropils
(Strausfeld et al. 1993), its main function seems
to be locomotor control, too. The evidence is
somewhat anecdotal, but comparative studies
have demonstrated that chelicerate central body
elaboration and relative size correlate to the
animal’s motoric repertoire (Strausfeld 2012).
Besides striking similarities in neuroarchitecture
and transmitter content, a further argument for a
common origin of the central bodies in cheli-
cerates and in the hexapod–crustacean clade is
the presence of a central body in even the most
basal chelicerate representatives such as the
horseshoe crab L. polyphemus and the seg-
mented spider Heptathela kimurai.

Onychophorans which are the sister group to
arthropods have a well-developed central body,
as well. A thorough analysis of the brain of
Euperipatoides rowellii revealed that the basic
neuroarchitecture of the central body of this
velvet worm is practically indistinguishable
from that of chelicerates. As is the case in spi-
ders, allatostatin is a major neurotransmitter in
certain layers of the central body in this ony-
chophoran species, too (Strausfeld et al. 2006a,
b, c).

From the morphological point of view, the
central body of chilopods (Fig. 13.4b) is an
intermediate between the central bodies of the
Tetraconata and the Chelicerata/Onychophora.
In several representatives of the Chilopoda the
central body is a roughly hemiellipsoid midline
neuropil that is situated between the proximal
tips of the mushroom body0s medial lobe. It
consists of several horizontal layers and is
innervated by columnar fibers. Two classes of
columnar neurons can be distinguished. One
(allatostatin-immunoreactive) class innervates
the central body without crossing the trajectory
of another allatostatin-ir fiber. The second subset
of columnar neurons forms a system of inter-
weaving fibers across the entire lateral extension

of the central body. A protocerebral bridge or
any other satellite neuropils have not been
identified. Columnar neurons of the chilopod
central body, however, are in close spatial con-
tact to commissures that connect both hemi-
spheres of the brain and might retrieve
information from there (Loesel et al. 2002). The
anatomy of the central body of centipedes bears
resemblance to the central bodies of chelicerates
as well as of that of insects. The position,
external shape, and relative size of the centipede
central body are comparable to the conditions
found in insects. On the other hand, the way the
columnar neurons innervate consecutive layers
of the central body is reminiscent of the situation
found in chelicerates. A shared feature in all
these taxa is the presence of allatostatin-immu-
noreactive columnar fibers.

Several staining techniques failed to identify a
midline neuropil in the brain of the second major
myriapod clade, the Diplopoda (Loesel et al.
2002). Here, the entire midbrain consists of
numerous commissural tracts that connect both
hemispheres. This would require a secondary loss
of the central body in the diplopod brain. The
hypothesis is at least plausible since diplopods do
not change the locomotor pattern of their many
legs when turning, as is the case in chilopods.
Diplopods rather bend their body, presumably by
contracting their lateral body muscles, and their
legs just follow this curve. Hence, necessity for a
brain control center that uncouples bilateral limb
movements would not be there.

Taking all the available data together, it seems
highly unlikely that the central body has evolved
several times during arthropod evolution. Beside
striking similarities in its neuroanatomical Leit-
motif, the shared neurotransmitter equipment
(e.g. allatostatin is always found in columnar
fibers) argues for a one-time evolutionary event
that brought about the progenitor of the central
body. Another strong argument is the fact that a
central body has been found even in the most basal
representatives of crustaceans, hexapods, and
chelicerates. In crustaceans, the central body
neuroarchitecture of basal groups is not well
investigated. However, in the branchiopod Triops
longicaudatus, a central body is certainly present
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(Loesel 2004) and it contains allatostatin and
tachykinin-related peptide as is also the case in
decapods and hexapods.

What did the ancestral central body look like?
Many basal features may have been retained in the
central body of chilopods. Its palisade-like
arrangement of columnar neurons that possibly
retrieve information form commissural fibers and
subsequently innervate a small and layered mid-
line neuropil may initially have served to compare
neuronal information from both sides of the brain.
To enable this, a subset of columnar neurons
evolved into a chiasmatic pattern of interweaving
fibers that has finally been organized into discrete
columns. In the Tetraconata, the protocerebral
bridge and satellite neuropils have been added. In
chelicerates and onychophorans, the ground pat-
tern that has been retained in the chilopod central
body may have been conserved but elaborated
with respect to the neuropil0s relative size, width,
and stratification.

The available data suggest that the neuro-
anatomical Leitmotif of the central body has
been highly conserved during arthropod evolu-
tion and originated at least 600 million years
ago, well before the first terrestrial arthropods
emerged. Small central midline neuropils that
are in some respects reminiscent of the arthro-
pod central body have recently been described in
predatory polychaetes that use their parapodia
for rapid locomotion during hunting (Heuer
et al. 2010). This might be another piece of
evidence that the central body evolved together
with the ability to coordinate limb movements.

13.3 Phylogenetic Overview
and Outlook

Despite three decades of molecular phylogenetic
analyzes of arthropod relationships using con-
stantly increasing data sets and analysis methods
(recent examples are Koenemann et al. 2010;
Regier et al. 2010; Rota-Stabelli et al. 2011;
Trautwein et al. 2012; von Reumont et al. 2012),
we are still far from a reliable and robust
hypothesis on arthropod main clade phylogeny
(see Chap. 2). Arthropod neuroanatomists

realized early that the arthropod nervous system
includes a wealth of structures that can be used
both for analysing the phylogeny of arthropods
and for describing evolutionary transformations
within the arthropod brain (Holmgren 1916;
Hanström 1928). In the past 25 years, structure
and development of the arthropod nervous sys-
tem have made a major contribution to the rag-
ing debate on arthropod phylogeny and the
discipline of ‘neurophylogeny’ attempts to syn-
thesize neurobiological questions and evolu-
tionary aspects (e.g. Arbas et al. 1991;
Breidbach and Kutsch 1995; Whitington 1996;
Nilsson and Osorio 1997; Strausfeld 1998;
Loesel 2004; Harzsch and Hafner 2006; Harzsch
2006, 2007; Loesel 2006, 2011; Strausfeld 2009;
Strausfeld and Andrews 2011; Strausfeld 2012).
In the following, we summarize architectural
features of the nervous system that we consider
to be part of the ground pattern of Arthropoda.

13.3.1 Ground pattern
of the Arthropod Nervous
System

(i) The three preoral neuromeres of the
arthropod brain are the protocerebrum
(ocular segment), deutocerebrum (che-
licera segment in Chelicerata, first
antennal segment in Mandibulata), and
tritocerebrum (pedipalp segment in
Chelicerata, second antennal segment in
Crustacea, intercalary segment in Hexa-
poda and Myriapoda)

(ii) The axons of bilaterally symmetric
median eyes project into a protocerebral
neuropil (the median eye center). The
median eyes can be paired or unpaired
(ocellar ganglia in Xiphosura, nauplius
eye center in Branchiopoda, ocellar
plexus in Pterygota). The median eye
center is innervated by interneurons with
somata located anteriorly (dorsal median
group in Xiphosura, cluster 6 in Crusta-
cea, pars intercerebralis in Hexapoda)

(iii) The lateral eyes are associated with two
optic neuropils which are linked by
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straight fibers and provide input to the
protocerebrum

(iv) During growth of the lateral eye, new
elements are added to the side of the
existing eye field and elongate the rows
of earlier generated units

(v) Photoreceptors of both median and lateral
eyes use histamine as neurotransmitter

(vi) The central body is enwrapped by layers
of neuronal somata and is also innervated
by columnar neurons with somata loca-
ted in the anterior soma cluster (see
median eye center somata)

(vii) A preoral frontal commissure (e.g.
stomatogastric bridge) is present which is
composed of deuto- and tritocerebral
fibers and gives rise to nerves innervating
the hypostome, esophagus, and the
anterior part of the gut

(viii) In the ventral nerve cord, an anterior and
posterior group of serotonergic neurons
with variable number is present in each
hemiganglion, which is connected by
transversely linked fibers to its contra-
lateral unit

(ix) Excitatory motoneurons supplying
appendages are arranged in an anterior and
a posterior soma cluster (according to the
muscles they innervate)

(x) In addition to excitatory motoneurons,
single or small groups of inhibitory
motoneurons are present that also
innervate the appendage muscles.

A number of character complexes related to
the nervous system promise to contribute
meaningful data for future in-depth phylogenetic
analyzes. Studying mechanisms of neurogenesis
such as stem cell proliferation and growth of
pioneer neurons has already provided important
insights into arthropod relationships. At the
cellular level, individually identifiable neurons
in the ventral nerve cord and the brain which can
be identified by their transmitter expression and
the morphology of which can be mapped by
confocal laser scan analysis have a high poten-
tial to unravel homologies between arthropod

taxa. At the level of brain neuropils and asso-
ciated sensory systems, structures that are in the
focus of comparative analyzes are the optic
neuropils and optic chiasmata, the architecture
and connectivity of the central complex, olfac-
tory, and mechanosensory systems as well as the
mushroom and hemiellipsoid bodies. It will be
vital in the future to analyze these structures in
more and more non-model organisms.

References

Abzhanov A, Kaufman TC (2004) Hox genes and
tagmatization of the higher Crustacea (Malacostraca).
In: Scholtz G (ed) Evolutionary developmental biol-
ogy of Crustacea (Crustacen issues 15). Balkema,
Lisse, pp 41–74

Arbas EA, Meinertzhagen IA, Shaw SR (1991) Evolution
in nervous systems. Annu Rev Neurosci 14:9–38

Arnold G, Masson C, Budharugsa S (1985) Comparative
study of the antennal lobes and their afferent pathway
in the worker bee and the drone (Apis mellifera). Cell
Tiss Res 242:593–605

Autrum H (1979) Comparative physiology and evolution
of vision in invertebrates. A: Invertebrate photore-
ceptors. Springer, Berlin

Barth FG (2001) Sinne und Verhalten—Aus dem Leben
einer Spinne. Springer, Berlin

Barth FG (2002) A spider’s world: senses and behavior.
Springer, Berlin

Barth FG (2012) Spider strain detection. In: Barth FG,
Humphrey JAC (eds) Frontiers in sensing. Springer,
Wien, pp 251–273

Barth FG, Schmid A (2001) Ecology of sensing.
Springer, Berlin

Battelle B-A (2006) The eyes of Limulus polyphemus
(Xiphosura, Chelicerata) and their afferent and effer-
ent projections. Arthropod Struct Dev 35:261–274

Bausenwein B, Müller NR, Heisenberg M (1994)
Behavior-dependent activity labeling in the central
complex of Drosophila during controlled visual
stimulation. J Comp Neurol 340:255–268

Belanger JH (2005) Contrasting tactics in motor control
by vertebrates and arthropods. Integr Comp Biol
45:672–678

Beltz BS, Kordas K, Lee MM, Long JB, Benton JL,
Sandeman DC (2003) Ecological, evolutionary, and
functional correlates of sensilla number and glomer-
ular density in the olfactory system of decapod
crustaceans. J Comp Neurol 455:260–269

Berg BG, Galizia CG, Brandt R, Mustaparta H (2002)
Digital atlases of the antennal lobe in two species of
tobacco budworm moths, the oriental Helicoverpa

332 R. Loesel et al.



assulta (male) and the American Heliothis virescens
(male and female). J Comp Neurol 446:123–134

Bianchet MA, Bains G, Pelosi P, Pevsner J, Snyder SH,
Monaco HL, Amzel LM (1996) The three-dimen-
sional structure of bovine odorant binding protein and
its mechanism of odor recognition. Nature Struct Mol
Biol 3:934–939

Bitsch C, Bitsch J (2005) Evolution of eye structure and
arthropod phylogeny. In: Koenemann S, Jenner RA
(eds) Crustacea and arthropod relationships. Taylor &
Francis, New York, pp 81–111

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

Bitsch J, Bitsch C (2010) The tritocerebrum and the
clypeolabrum in mandibulate arthropods: segmental
interpretations. Acta Zool 91:249–266

Blaustein DN, Derby CD, Simmons RB, Beall AC (1988)
Structure of the brain and medulla terminals of the
spiny lobster Panulirus argus and the crayfish
Procambarus clarkii with an emphasis on olfactory
centers. J Crustac Biol 8:493–519

Boeckh J, Tolbert LP (1993) Synaptic organization and
development of the antennal lobe in insects. Microsc
Res Tech 24:260–280

Borst A, Euler T (2011) Seeing things in motion: models
circuits, and mechanisms. Neuron 71:974–994

Borst A, Haag J, Reiff DF (2010) Fly motion vision.
Annu Rev Neurosci 33:49–70

Bossing T, Udolph G, Doe CQ, Technau GM (1996) The
embryonic central nervous system lineages of Dro-
sophila melanogaster. I. Neuroblast lineages derived
from the ventral half of the neuroectoderm. Dev Biol
179:41–64

Böttger O (1910) Das Gehirn eines niederen Insektes
(Lepisma saccharina L.). Jenaer Ztschr Naturwiss
46:801–844

Bräuning P, Pflüger H-J, Hustert R (1983) The specificity
of central nervous projections of locust mechanore-
ceptors. J Comp Neurol 218:197–207

Breidbach O, Kutsch W (1995) The nervous systems of
invertebrates: an evolutionary and comparative
approach. Birkhäuser Verlag, Basel

Breithaupt T, Thiel M (2011) Chemical communication
in crustaceans. Springer, New York

Brownell PH (1989) Glomerular cytoarchitectures in
chemosensory systems of Archnids. Ann N Y Acad
Sci 855:502–507

Bullock TH, Horridge GA (1965) Structure and function
in the nervous system of invertebrates, vol II.
Freeman, San Francisco

Burdohan JA, Comer CM (1996) Cellular organization
of an antennal mechanosensory pathway in the
cockroach Periplaneta americana. J Neurosci 16:
5830–5843

Burrows M (1996) Neurobiology of an insect brain.
Oxford University Press, Oxford

Burrows M, Newland PL (1993) Correlation between the
receptive fields of locust interneurons, their dendritic

morphology, and the central projections of mechano-
sensory neurons. J Comp Neurol 329:412–426

Callaway JC, Stuart AE (1999) The distribution of
histamine and serotonin in the barnacle’s nervous
system. Microsc Res Tech 44:94–104

Chamberlain SC, Wyse GA (1986) An atlas of the brain
of the horseshoe crab Limulus polyphemus. J Morphol
187:363–386

Chambille I, Rospars JP (1981) Le deutocerebron de la
blatte Blaberus craniifer Burm. (Dictyoptera: Bla-
beridae). Étude qualitative et identification visuelle
des glomerules. Int J Insect Morphol Embryol
10:141–165

Clarkson ENK, Levi-Setti R, Horváth G (2006) The eyes
of trilobites; the oldest preserved visual system.
Arthropod Struct Dev 35:247–259

Croset V, Rytz R, Cummins SF, Budd A, Brawand D,
Kaessmann H, Gibson TJ, Benton R (2010) Ancient
protostome origin of chemosensory ionotropic gluta-
mate receptors and the evolution of insect taste and
olfaction. PLoS Genet 6(8):e1001064. doi:
10.1371/journal.pgen.1001064

Damen WGM, Hausdorf M, Seyfarth E-A, 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

Denes AS, Jékely G, Steinmetz PRH, Raible F, Snyman
H, Prud’homme B, Ferrier DEK, Balavoine G, Arendt
D (2007) Molecular architecture of annelid nerve
cord supports common origin of nervous system
centralization in Bilateria. Cell 129:277–288

Doeffinger C, Hartenstein V, Stollewerk A (2010)
Compartmentalization of the precheliceral neuroec-
toderm in the spider Cupiennius salei: development
of the arcuate body, optic ganglia, and mushroom
body. J Comp Neurol 518:2612–2632

Dohle W (2001) Are the insects terrestrial crustaceans? a
discussion of some new facts and arguments and the
proposal of the proper name ‘Tetraconata’ for the
monophyletic unit Crustacea ? Hexapoda. Ann Soc
Entom France (NS) 37:85–103

Douglas JK, Strausfeld NJ (2003) Anatomical organiza-
tion of retinotopic motion-sensitive pathways in the
optic lobes of flies. Microsc Res Tech 62:132–150

Dreyer D, Vitt H, Dippel S, Goetz B, el Jundi B,
Kollmann M, Huetteroth W, Schachtner J (2010) 3D
standard brain of the red flour beetle Tribolium
castaneum: a tool to study metamorphic development
and adult plasticity. Front Syst Neurosci 4:3. doi:
10.3389/neuro.06.003.2010

Duman-Scheel M, Patel NH (1999) Analysis of molec-
ular marker expression reveals neuronal homology in
distantly related arthropods. Development
126:2327–2334

Egelhaaf M (2006) The neural computation of visual
motion information. In: Warrant E, Nilsson D-E (eds)
Invertebrate vision. Cambridge University Press,
Cambridge, pp 399–462

13 Architecture and Evolution of the Arthropod Nervous System 333

http://dx.doi.org/10.1371/journal.pgen.1001064
http://dx.doi.org/10.3389/neuro.06.003.2010


Egelhaaf M, Kern R, Lindemann J, Braun E, Geurten B
(2009) Active vision in blowflies: strategies and
mechanisms of spatial orientation. In: Floreano D,
Zufferey J-C, Srinivasan MV, Ellington C (eds) Flying
insects and robots. Springer, Heidelberg, pp 51–61

Eguchi E, Tominaga Y (1999) Atlas of arthropod sensory
receptors: dynamic morphology in relation to func-
tion. Springer, Berlin

Eisthen HL (2002) Why are olfactory systems of different
animals so similar? Brain Behav Evol 59:273–293

Elofsson R, Dahl E (1970) The optic neuropils and
chiasmata of Crustacea. Z Zellforsch mikrosk Anat
107:343–360

Elofsson R, Hagberg M (1986) Evolutionary aspects on
the construction of the first optic neuropil (lamina) in
Crustacea. Zoomorphol 106:174–178

Elson RC (1996) Neuroanatomy of a crayfish thoracic
ganglion: sensory and motor roots of the walking-leg
nerves and possible homologies with insects. J Comp
Neurol 365:1–17

Eriksson BJ, Stollewerk A (2010) The morphological and
molecular processes of onychophoran brain develop-
ment show unique features that are neither compara-
ble to insects nor to chelicerates. Arthropod Struct
Dev 39:478–490

Exner S (1891) Die Physiologie der facettirten Augen
von Krebsen und Insekten. Deuticke, Leipzig

Exner S, Hardie RC (1989) The physiology of the
compound eyes in insects and crustaceans. Springer,
Berlin

Fahrenbach WH (1977) The brain of the horseshoe crab
(Limulus polyphemus) II. Architecture of the corpora
pedunculata. Tissue Cell 9:157–166

Fahrenbach WH (1979) The brain of the horseshoe crab
(Limulus polyphemus) III. Cellular and synaptic
organization of the corpora pedunculata. Tissue Cell
11:163–200

Fahrenbach WH, Chamberlain SC (1987) The brain of
the horseshoe crab, Limulus polyphemus. In: Gupta
AP (ed) Arthropod brain: its evolution, development,
structure, and functions. Wiley, New York, pp 63–93

Fanenbruck M, Harzsch S (2005) A brain atlas of
Godzilliognomus frondosus Yager, 1989 (Remipedia,
Godzilliidae) and comparison with the brain of
Speleonectes tulumensis Yager, 1987 (Remipedia,
Speleonectidae): implications for arthropod relation-
ships. Arthropod Struct Dev 34:343–378

Farris SM, Sinakevitch I (2003) Development and
evolution of the insect mushroom bodies: towards
the understanding of conserved developmental mech-
anisms in a higher brain center. Arthropod Struct Dev
32:79–101

Farris SM (2005) Evolution of insect mushroom bodies:
old clues, new insights. Arthropod Struct Dev
34:211–234

Farris SM (2008) Tritocerebral tract input to the insect
mushroom bodies. Arthropod Struct Dev 37:492–503

Farris SM (2011) Are mushroom bodies cerebellum-like
structures? Arthropod Struct Dev 40:368–379

Farris SM, Roberts NS (2005) Coevolution of generalist
feeding ecologies and gyrencephalic mushroom
bodies in insects. Proc Natl Acad Sci U S A
102:17394–17399

Fonta C, Sun X-J, Masson C (1993) Morphology and
spatial distribution of bee antennal lobe interneurons
responsive to odours. Chemi Senses 18:101–119

Franceschini N, Riehle A, Le Nestour A (1989) Direc-
tional selective motion detection by insect neurons.
In: Stavenga DG, Hardie RC (eds) Facets of vision.
Springer, Berlin, pp 360–390

Friedrich M, Wood EJ, Wu M (2011) Developmental
evolution of the insect retina: Insights from standard-
ized numbering of homologous photoreceptors. J Ex-
ptl Zool 316:484–499

Fritsch M, Richter S (2010) The formation of the nervous
system during larval development in Triops cancri-
formis (Bosc) (Crustacea, Branchiopoda): an immu-
nohistochemical survey. J Morphol 271:1457–1481

Galizia CG, Eisenhardt D, Giurfa M (2012) Honeybee
neurobiology and behavior: a tribute to Randolf
Menzel. Springer, New York

Galizia CG, McIlwrath SL, Menzel R (1999) A digital
three-dimensional atlas of the honey-bee antennal
lobe based on optical sections acquired by confocal
microscopy. Cell Tissue Res 395:383–394

Galizia CG, Menzel R (2000) Odour perception in
honeybees: coding information in glomerular pat-
terns. Curr Opin Neurobiol 10:504–510

Galizia CG, Menzel R (2001) The role of glomeruli in
the neural representation of odours: results from
optical recording studies. J Insect Physiol 47:
115–129

Galizia CG, Rössler W (2010) Parallel olfactory systems
in insects: anatomy and function. Annu Rev Entomol
55:399–420

Galizia CG, Szyska P (2008) Olfactory coding in the
insect brain: molecular receptive ranges, spatial and
temporal coding. Entom Exp Appl 128:81–92

Ghaffar H, Larsen JR, Booth GM, Perkes R (1984)
General morphology of the brain of the blind cave
beetle, Neaphaenops tellkampfii Erichson (Coleop-
tera: Carabidae). Int J Insect Morphol Embryol
13:357–371

Ghaninia M, Hansson BS, Ignell R (2007) The antennal
lobe of the African malaria mosquito, Anopheles
gambiae—innervations and three dimensional recon-
struction. Arthropod Struct Dev 36:23–39

Giribet G, Edgecombe GD, Wheeler WC (2001) Arthro-
pod phylogeny based on eight molecular loci and
morphology. Nature 413:157–161

Glantz RM, Miller CS (2002) Signal processing in the
crayfish optic lobe: contrast, motion and polarization
vision. In: Wiese K (ed) The crustacean nervous
system. Springer, Berlin, pp 486–498

Glantz RM, Miller CS, Nässel DR (2000) Tachykinin-
related peptide and GABA-mediated presynaptic
inhibition of crayfish photoreceptors. J Neurosci
20:1780–1790

334 R. Loesel et al.



Gronenberg W (2001) Subdivisions of hymenopteran
mushroom body calyces by their afferent supply.
J Comp Neurol 436:474–489

Hafner GS, Tokarski TR (2001) Retinal development in
the lobster Homarus americanus: comparison with
compound eyes of insects and other crustaceans. Cell
Tissue Res 305:147–158

Hallberg E, Skog M (2011) Chemosensory sensilla in
crustaceans. In: Breithaupt T, Thiel M (eds) Chemical
communication in crustaceans. Springer, New York,
pp 103–121

Hansson BS, Harzsch S, Knaden M, Stensmyr MC
(2011) The neural and behavioral basis of chemical
communication in terrestrial crustaceans. In: Bre-
ithaupt T, Thiel M (eds) Chemical communication in
crustaceans. Springer, New York, pp 149–173

Hansson BS, Stensmyr MC (2011) Evolution of insect
olfaction. Neuron 72:698–711

Hanström B (1926) Das Nervensystem und die Sinne-
sorgane von Limulus polyphemus. Lunds Univ Årsskr
NF 22:1–79

Hanström B (1928) Vergleichende Anatomie des
Nervensystems der wirbellosen Tiere unter Berü-
cksichtigung seiner Funktion. Springer, Berlin

Hardie RC (1989) Neurotransmitters in compound eyes.
In: Stavenga DG, Hardie RC (eds) Facets of vision.
Springer, Berlin, pp 235–256

Hartenstein V (2006) The neuroendocrine system of
invertebrates: a developmental and evolutionary per-
spective. J Endocrinol 190:555–570

Harzsch S (2002) The phylogenetic significance of
crustacean optic neuropils and chiasmata: a re-
examination. J Comp Neurol 453:10–21

Harzsch S (2003) Ontogeny of the ventral nerve cord in
malacostracan crustaceans: a common plan for neu-
ronal development in Crustacea and Hexapoda?
Arthropod Struct Dev 32:17–38

Harzsch S (2004a) Phylogenetic comparison of seroto-
nin-immunoreactive neurons in representatives of the
Chilopoda, Diplopoda, and Chelicerata: implications
for arthropod relationships. J Morphol 259:198–213

Harzsch S (2004b) The tritocerebrum of Euarthropoda: a
‘‘non-drosophilocentric’’ perspective. Evol Dev
6:303–309

Harzsch S (2006) Neurophylogeny: architecture of the
nervous system and a fresh view on arthropod
phylogeny. Integr Comp Biol 46:162–194

Harzsch S (2007) Architecture of the nervous system as a
character for phylogenetic reconstructions: examples
from the Arthropoda. Species Phylog Evol 1:33–57

Harzsch S, Benton J, Darwirs RR, Beltz B (1999) A new
look at embryonic development of the visual system
in decapod crustaceans: neuropil formation, neuro-
genesis and apoptotic cell death. J Neurobiol
39:294–306

Harzsch S, Glötzner J (2002) An immunhistochemical
study of structure and development of the nervous
system in the brine shrimp Artemia salina Linnaeus,
1758 (Branchiopoda, Anostraca) with remarks on the

evolution of the arthropod brain. Arthropod Struct
Dev 30:251–270

Harzsch S, Hafner G (2006) Evolution of eye develop-
ment in arthropods: phylogenetic aspects. Arthropod
Struct Dev 35:319–340

Harzsch S, Hansson BS (2008) Brain architecture in the
terrestrial hermit crab Coenobita clypeatus (Anom-
ura, Coenobitidae): neuroanatomical evidence for a
superb aerial sense of smell. BMC Neurosci 9:1–35

Harzsch S, Melzer RR, Müller CHG (2007) Mechanisms
of eye development and evolution of the arthropod
visual systems: the lateral eyes of myriapoda are not
modified insect ommatidia. Org Divers Evol 7:20–32

Harzsch S, Müller CHG, Wolf H (2005a) From variable
to constant cell numbers: cellular characteristics of
the arthropod nervous system argue against a sister-
group relationship of Chelicerata and ‘‘Myriapoda’’
but favour the Mandibulata concept. Dev Gen Evol
215:53–68

Harzsch S, Rieger V, Krieger J, Seefluth F, Strausfeld NJ,
Hansson BS (2011) Transition from marine to
terrestrial ecologies: changes in olfactory and trito-
cerebral neuropils in land-living isopods. Arthropod
Struct Dev 40:244–257

Harzsch S, Sandeman D, Chaigneau J (2012) Morphol-
ogy and development of the central nervous system.
In: Forest J, von Vaupel Klein JC (eds) Treatise on
zoology—anatomy, taxonomy, biology. The Crusta-
cea, vol. 3. Brill, Leiden, pp 9–236

Harzsch S, Waloszek D (2000) Serotonin-immunoreac-
tive neurons in the ventral nerve cord of Crustacea: a
character to study aspects of arthropod phylogeny.
Arthropod Struct Dev 29:307–322

Harzsch S, Waloszek D (2001) Neurogenesis in the
developing visual system of the branchiopod crusta-
cean Triops longicaudatus (LeConte, 1846): corre-
sponding patterns of compound-eye formation in
Crustacea and Insecta? Dev Genes Evol 211:37–43

Harzsch S, Wildt M, Battelle B, Waloszek D (2005b)
Immunohistochemical localization of neurotransmit-
ters in the nervous system of larval Limulus polyphe-
mus (Chelicerata, Xiphosura): evidence for a
conserved protocerebral architecture in Euarthropoda.
Arthropod Struct Dev 34:327–342

Heinze S, Homberg U (2007) Map-like representation of
celestial E-vector orientations in the brain of an
insect. Science 315:995–997

Heisenberg M (2003) Mushroom body memoir: from
maps to models. Nature Rev Neurosci 4:266–275

Heuer CM, Kollmann M, Binzer M, Schachtner J (2012)
Neuropeptides in insect mushroom bodies. Arthropod
Struct Dev 41:199–226

Heuer CM, Loesel R (2008) Immunofluorescence anal-
ysis of the internal brain anatomy of Nereis diversi-
color (Polychaeta, Annelida). Cell Tissue Res
331:713–724

Heuer CM, Loesel R (2009) Three-dimensional recon-
struction of mushroom body neuropils in the poly-
chaete species Nereis diversicolor and Harmothoe

13 Architecture and Evolution of the Arthropod Nervous System 335



areolata (Phyllodocida, Annelida). Zoomorphol
128:219–226

Heuer CM, Müller CHG, Loesel R (2010) Comparative
neuroanatomy suggests repeated reduction of neuro-
architectural complexity in Annelida. Front Zool
7:13. doi:10.1186/1742-9994-7-13

Hoese B (1989) Morphological and comparative studies
on the second antennae of terrestrial isopods. Mon-
itore Zoologico Italiano (N.S.) Monografia 4:127–152

Holmgren N (1916) Zur vergleichenden Anatomie des
Gehirns von Polychaeten, Onychophoren, Xiphosu-
ren, Arachniden, Crustaceen, Myriapoden und Insek-
ten. Kongl Svensk Vetenskap Akad Handl 56:1–303

Homberg U (1985) Interneurons in the central complex in
the bee brain (Apis mellifera, L.). J Insect Physiol
31:251–264

Homberg U (1994) Distribution of neurotransmitters in
the insect brain. Fischer, Stuttgart

Homberg U (2008) Evolution of the central complex in
the arthropod brain with respect to the visual system.
Arthropod Struct Dev 37:347–362

Homberg U, Christensen TA, Hildebrand JG (1989)
Structure and function of the deutocerebrum in
insects. Annu Rev Entomol 34:477–501

Homberg U, Vitzthum H, Müller M, Binkle U (1999)
Immunocytochemistry of GABA in the central com-
plex of the locust Schistocerca gregaria: identifica-
tion of immunoreactive neurons and colocalization
with neuropeptides. J Comp Neurol 409:495–507

Horridge GA (1975) The compound eye and vision of
insects. Clarendon Press, Oxford

Huetteroth W, Schachter J (2005) Standard three-dimen-
sional glomeruli of the Manduca sexta antennal lobe:
a tool to study both developmental and adult neuronal
plasticity. Cell Tissue Res 319:513–524

Ignell R, Dekker T, Ghaninia M, Hansson BS (2005)
Neuronal architecture of the mosquito deutocere-
brum. J Comp Neurol 493:207–240

Ignell R, Hansson BS (2005) Projection patterns of
gustatory neurons in the suboesophageal ganglion and
tritocerebrum of mosquitoes. J Comp Neurol
492:214–233

Johansson KUI, Hallberg E (1992) The organization of
the olfactory lobes in Euphausiacea and Mysidacea
(Crustacea, Malacostraca). Zoomorphol 112:81–90

Kämper G, Murphey RK (1987) Synapse formation by
sensory neurons after cross-species transplantation in
crickets: the role of positional information. Dev Biol
122:492–502

Keil TA, Steinbrecht RA (1984) Mechanosensitive and
olfactory sensilla of insects. In: King RC, Akai H
(eds) Insect ultrastructure, vol 1. Plenum, New York,
pp 402–433

Keil TA (2012) Sensory cilia in arthropods. ASD
41:515–534

Kirschner S, Kleineidam CJ, Zube C, Rybak J, Grüne-
wald B, Rössler W (2006) Dual olfactory pathway in
the honeybee, Apis mellifera. J Comp Neurol
499:933–952

Kloppenburg P (1995) Anatomy of the antennal motor
neurons in the brain of the honeybee (Apis mellifera).
J Comp Neurol 363:333–343

Koenemann S, Hoenemann M, Stemme T, Jenner RA, v
Reumont BM (2010) Arthropod phylogeny revisited,
with a focus on crustacean relationships. Arthropod
Struct Dev 39:88–110

Kollmann M, Huetteroth W, Schachtner J (2011) Brain
organization in Collembola (springtails). Arthropod
Struct Dev 40:304–316

Krieger J, Sandeman RE, Sandeman DC, Hansson BS,
Harzsch S (2010) Brain architecture of the largest
living land arthropod, the giant robber crab Birgus
latro (Crustacea, Anomura, Coenobitidae): evidence
for a prominent central olfactory pathway? Front Zool
7:25. doi:10.1186/1742-9994-7-25

Krieger J, Sombke A, Seefluth F, Kenning M, Hansson
BS, Harzsch S (2012) Comparative brain architecture
of the European shore crab Carcinus maenas
(Brachyura) and the common hermit crab Pagurus
bernhardus (Anomura). Cell Tissue Res 348:47–69

Kutsch W, Breidbach O (1994) Homologous structures in
the nervous system of Arthropoda. Adv Insect Physiol
24:1–113

Kutsch W, Heckmann R (1995a) Motor supply of the
dorsal longitudinal muscles I: homonomy and ontog-
eny of the motoneurones in locusts (Insecta, Caelif-
era). Zoomorphol 115:179–195

Kutsch W, Heckmann R (1995b) Motor supply of the
dorsal longitudinal muscles II: comparison of moto-
neurone sets in Tracheata. Zoomorphol 115:197–211

Laissue PP, Reiter C, Hiesinger PR, Halter S, Fischbach
KF, Stocker RF (1999) Three-dimensional recon-
struction of the antennal lobe in Drosophila melano-
gaster. J Comp Neurol 405:543–552

Land MF, Nilsson D-E (2012) Animal eyes. Oxford
University Press, Oxford

Langworthy K, Helluy S, Benton J, Beltz B (1997)
Amines and peptides in the brain of the American
lobster: immunocytochemical localization patterns
and implications for brain function. Cell Tissue Res
288:191–206

Laurent G, Naraghi M (1994) Odorant-induced oscilla-
tions in the mushroom bodies of the locust. J Neurosci
14:2993–3004

Leise EM, Hall W, Mulloney B (1986) Functional
organization of crayfish abdominal ganglia: I. The
flexor systems. J Comp Neurol 253:25–45

Leise EM, Hall WM, Mulloney B (1987) Functional
organization of crayfish abdominal ganglia. II: sen-
sory afferents and extensor motor neurons. J Comp
Neurol 266:495–518

Lichtneckert R, Reichert H (2005) Insights into the
urbilaterian brain: conserved genetic patterning
mechanisms in insect and vertebrate brain develop-
ment. Heredity 94:465–477

Linne V, Eriksson BJ, Stollewerk A (2012) Single-
minded and the evolution of the ventral midline in
arthropods. Dev Biol 364:66–76

336 R. Loesel et al.

http://dx.doi.org/10.1186/1742-9994-7-13
http://dx.doi.org/10.1186/1742-9994-7-25


Loesel R (2004) Comparative morphology of central
neuropils in the brain of arthropods and its evolu-
tionary and functional implications. Acta Biol Hung
55:39–51

Loesel R (2006) Can brain structures help to resolve
interordinal relationships in insects? Arthropod Syst
Phylog 64:101–106

Loesel R (2011) Neurophylogeny—retracing early meta-
zoan brain evolution. In: Pontarotti P (ed) Evolution-
ary biology: concepts, biodiversity, macroevolution,
and genome evolution. Springer, Heidelberg,
pp 169–191

Loesel R, Heuer CM (2010) The mushroom bodies—
prominent brain centers of arthropods and annelids
with enigmatic evolutionary origin. Acta Zool
91:29–34

Loesel R, Homberg U (1999) Histamine-immunoreactive
neurons in the brain of the cockroach Leucophaea
maderae. Brain Res 842:408–418

Loesel R, Nässel DR, Strausfeld NJ (2002) Common
design in a unique midline neuropil in the brains of
arthropods. Arthropod Struct Dev 31:77–91

Loesel R, Seyfarth EA, Bräunig P, Agricola HJ (2011)
Neuroarchitecture of the arcuate body in the brain of
the spider Cupiennius salei (Araneae, Chelicerata)
revealed by allatostatin-, proctolin-, and CCAP-
immunocytochemistry. Arthropod Struct Dev
40:210–220

Masse NY, Turner GC, Jefferis GS (2009) Olfactory
information processing in Drosophila. Curr Biol
19:R700–R713

Mayer G (2006) Structure and development of ony-
chophoran eyes—what is the ancestral visual organ in
arthropods? Arthropod Struct Dev 35:231–245

Mayer G, Koch M (2005) Ultrastructure and fate of the
nephridial anlagen in the antennal segment of Epipe-
ripatus biolleyi (Onychophora, Peripatidae)—evi-
dence for the onychophoran antennae being
modified legs. Arthropod Struct Dev 34:471–480

Mayer G, Whitington PM, Sunnucks P, Pflüger H-J
(2010) A revision of brain composition in Onycho-
phora (velvet worms) suggests that the tritocerebrum
evolved in arthropods. BMC Evol Biol 10:255. doi:
10.1186/1471-2148-10-255

Meinertzhagen IA (1991) Evolution of the cellular
organization of the arthropod compound eye and
optic lobe. In: Cronly-Dillon JR, Gregory RL (eds)
Vision and visual dysfunction, vol 2., Evolution of the
eye and visual systemMacmillan, London,
pp 341–363

Mellon Jr DeF (2007) Combining dissimilar senses:
central processing of hydrodynamic and chemosen-
sory inputs in aquatic crustaceans. Biol Bull 213:1–11

DeF Mellon Jr, Reidenbach MA (2011) Fluid mechanical
problems in crustacean active chemoreception. In:
Barth F, Humphrey JAC, Srinivasan M (eds) Fron-
tiers in sensing. Springer, New York, pp 159–170

Melzer RR, Diersch R, Nicastro D, Smola U (1997)
Compound eye evolution: highly conserved retinula
and cone cell patterns indicate a common origin of the

insect and crustacean ommatidium. Naturwiss
84:542–544

Melzer R, Michalke C, Smola U (2000) Walking on
insect paths: early ommatidial development in the
compound eye of the ancestral crustacean Triops
cancriformis. Naturwiss 87:308–311

Melzer RR, Petyko Z, Smola U (1996) Photoreceptor
axons and optic neuropils in Lithobius forficatus
(Linnaeus, 1758) (Chilopoda, Lithobiidae). Zool Anz
235:177–182

Milde JJ (1988) Visual responses of interneurons in the
posterior median protocerebrum and the central
complex of the honeybee Apis mellifera. J Insect
Physiol 34:427–436

Mißbach C, Harzsch S, Hansson B (2011) New insights
into an ancient insect nose: the olfactory pathway of
Lepismachilis y-signata (Archaeognatha: Machili-
dae). Arthropod Struct Dev 40:317–333

Mittmann B, Scholtz G (2003) Development of the
nervous system in the ‘head’ of Limulus polyphemus
(Chelicerata: Xiphosura): morphological evidence for
a correspondence between the segments of the
chelicerae and of the (first) antennae of Mandibulata.
Dev Genes Evol 213:9–17

Müller CHG, Rosenberg J, Richter S, Meyer-Rochow VB
(2003) The compound eye of Scutigera coleoptrata
(Linnaeus, 1758) (Chilopoda: Notostigmophora): an
ultrastructural reinvestigation that adds support to the
mandibulata concept. Zoomorphol 122:191–209

Nässel DR (1976) The retina and retinal projection on the
lamina ganglionaris of the crayfish Pacifastacus
leniusculus (Dana). J Comp Neurol 167:341–360

Nässel DR (1977) Types and arrangement of neurons in
the crayfish optic lamina. Cell Tissue Res 179:45–75

Nässel DR, Elofsson R, Odselius R (1978) Neuronal
connectivity patterns in the compound eyes of
Artemia salina and Daphnia magna (Crustacea:
Branchiopoda). Cell Tissue Res 190:435–457

Nässel DR, Geiger G (1983) Neuronal organization in fly
optic lobes altered by laser ablations early in devel-
opment or by mutations of the eye. J Comp Neurol
217:86–102

Nässel DR, Waterman TH (1977) Massive diurnally
modulated photoreceptor membrane turnover in crab
light and dark adaptation. J Comp Physiol A
131:205–216

Newland PL, Rogers SM, Gaaboub I, Matheson T (2000)
Parallel somatotopic maps of gustatory and mechano-
sensory neurons in the central nervous system of an
insect. J Comp Neurol 425:82–96

Nilsson D-E (1989) Optics and evolution of the com-
pound eye. In: Stavenga DG, Hardie RC (eds) Facets
of vision. Springer, Berlin, pp 30–73

Nilsson D-E, Kelber A (2007) A functional analysis of
compound eye evolution. Arthropod Struct Dev
36:373–385

Nilsson D-E, Osorio D (1997) Homology and parallelism
in arthropod sensory processing. In: Fortey RA,
Thomas RH (eds) Arthropod relationships. Chapman
and Hall, London, pp 333–347

13 Architecture and Evolution of the Arthropod Nervous System 337

http://dx.doi.org/10.1186/1471-2148-10-255


Nishino H, Nishikawa M, Yokohari F, Mizunami M
(2005) Dual, multilayered somatosensory maps
formed by antennal tactile and contact chemosensory
afferents in an insect brain. J Comp Neurol
493:291–308

North G, Greenspan RJ (2007) Invertebrate neurobiol-
ogy. Cold Spring Harbor Laboratory Press, New York

Oldfield BP (1988) Tonotopic organization of the insect
auditory pathway. Trends Neurosci 11:267–270

Osorio D (2007) Spam and the evolution of the fly’s eye.
BioEssays 29:111–115

Pareto A (1972) Die zentrale Verteilung der Fühleraffer-
enz bei Arbeiterinnen der Honigbiene, Apis mellifera,
L. Ztschr Zellforsch mikr Anat 131:109–140

Patel NH, Kornberg TB, Goodman CS (1989a) Expres-
sion of engrailed during segmentation in grasshopper
and crayfish. Development 107:201–212

Patel NH, Martin-Blanco E, Coleman KG, Poole SJ, Ellis
MC, Kornberg TB, Goodman CS (1989b) Expression
of engrailed proteins in arthropods, annelids, and
chordates. Cell 58:955–968

Paulus HF (2000) Phylogeny of the Myriapoda—Crus-
tacea—Insecta: a new attempt using photoreceptor
structure. J Zool Syst Evol Res 38:189–208

Pflüger HJ, Stevenson P (2005) Evolutionary aspects of
octopaminergic systems with emphasis on arthropods.
Arthropod Struct Dev 34:379–396

Rathmayer W (1990) Inhibition through neurons of the
common inhibitory type (CI-neurons) in crab mus-
cles. In: Wiese K (ed) Frontiers in crustacean
neurobiology. Birkhäuser, Basel, pp 271–278

Regier JC, Shultz JW, Kambic RE (2005) Pancrustacean
phylogeny: hexapods are terrestrial crustaceans and
maxillopods are not monophyletic. Proc R Soc B
272:395–401

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

Reichert H (1988) Control of sequences of movements in
crayfish escape behavior. Experientia 44:395–401

Richter S (2002) The Tetraconata concept: hexapod-
crustacean relationships and the phylogeny of Crus-
tacea. Org Divers Evol 2:217–237

Richter S, Loesel R, Purschke G, Schmidt-Rhaesa A,
Scholtz G, Stach T, Vogt L, Wanninger A, Brenneis
G, Doring C, Faller S, Fritsch M, Grobe P, Heuer CM,
Kaul S, Moeller OS, Müller CHG, Rieger V, Rothe
BG, Stegner MEJ, Harzsch S (2010) Invertebrate
neurophylogeny: suggested terms and definitions for a
neuroanatomical glossary. Front Zool 7:29. doi:
10.1186/1742-9994-7-29

Roberston RM, Pearson KG, Reichert H (1982) Flight
interneurons in the locust and the origin of insect
wings. Science 217:177–179

Römer H, Marquart V, Hardt M (1988) Organization of a
sensory neuropile in the auditory pathway of two
groups of orthoptera. J Comp Neurol 275:201–215

Rospars JP (1983) Invariance and sex-specific variations
of the glomerular organization in the antennal lobes
of a moth, Mamestra brassicae and a butterfly, Pieris
brassicae. J Comp Neurol 220:80–96

Rospars JP (1988) Structure and development of the
insect antennodeutocerebral system. Int J Insect
Morphol Embryol 17:243–294

Rospars JP, Hildebrand JG (1992) Anatomical identifi-
cation of glomeruli in the antennal lobes of the male
sphinx moth Manduca sexta. Cell Tissue Res 270:
205–227

Rospars JP, Hildebrand JG (2000) Sexually dimorphic
and isomorphic glomeruli in the antennal lobes of the
sphinx moth Manduca sexta. Chem Senses 25:
119–129

Rössler W, Zube C (2011) Dual olfactory pathway in
Hymenoptera: evolutionary insights from compara-
tive studies. Arthropod Struct Dev 40:349–357

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 mor-
phology support monophyletic Mandibulata. Proc R
Soc B 278:298–306

Sachse S, Krieger J (2011) Olfaction in insects—the
primary processes of odor recognition and coding. E-
Neuroforum 2:49–60

Sandeman D, Kenning M, Harzsch S (in press) Adaptive
trends in malacostracan brain form and function
related to behaviour. In: Derby C, Thiel M (eds)
Crustacean nervous system and their control of
behaviour. The natural history of the Crustacea,
vol. 3

Sandeman DC, Luff SE (1973) The structural organiza-
tion of glomerular neuropile in the olfactory and
accessory lobes of an australian freshwater crayfish,
Cherax destructor. Ztschr Zellforsch mikr Anat
142:37–61

Sandeman DC, Beltz BS, Sandeman RE (1995) Crayfish
brain interneurons that converge with serotonin giant
cells in accessory lobe glomeruli. J Comp Neurol
352:263–279

Sandeman D, DeF Mellon Jr (2002) Olfactory centers in
the brain of freshwater crayfish. In: Wiese K (ed) The
crustacean nervous system. Springer, Berlin,
pp 386–404

Sandeman DC, Sandeman RE (1994) Electrical responses
and synaptic connections of giant serotonin-immuno-
reactive neurons in crayfish olfactory and accessory
lobes. J Comp Neurol 341:130–144

Sandeman DC, Sandeman RE, Derby C, Schmidt M
(1992) Morphology of the brain of crayfish, crabs,
and spiny lobsters: a common nomenclature for
homologous structures. Biol Bull 183:304–326

Sandeman DC, Scholtz G (1995) Ground plans, evolu-
tionary changes and homologies in decapod crusta-
cean brains. In: Breidbach O, Kutsch W (eds) The
nervous systems of invertebrates: an evolutionary and
comparative approach. Birkhäuser, Basel, pp 329–347

338 R. Loesel et al.

http://dx.doi.org/10.1186/1742-9994-7-29


Sandeman DC, Scholtz G, Sandeman RE (1993) Brain
evolution in decapod crustacea. J Exptl Zool
265:112–133

Sandeman DC, Varju D (1988) A behavioral study of
tactile localization in the crayfish Cherax destructor.
J Comp Physiol A 163:525–536

Sanes JR, Zipursky SL (2010) Design principles of insect
and vertebrate visual systems. Neuron 66:15–36

Schachtner J, Schmidt M, Homberg U (2005) Organiza-
tion and evolutionary trends of primary olfactory
brain centers in Tetraconata (Crustacea ? Hexa-
poda). Arthropod Struct Dev 35:257–299

Schmalfuss H (1998) Evolutionary strategies of the
antennae in terrestrial isopods. J Crustac Biol
18:10–24

Schmidt H, Rickert C, Bossing T, Vef O, Urban J,
Technau GM (1997) The embryonic central nervous
system lineages of Drosophila melanogaster. II.
Neuroblast lineages derived from the dorsal part of
the neuroectoderm. Dev Biol 189:186–204

Schmidt M, Ache BW (1992) Antennular projections to
the midbrain of the spiny lobster. II. Sensory inner-
vation of the olfactory lobe. J Comp Neurol
318:291–303

Schmidt M, Ache BW (1993) Antennular projections to
the midbrain of the spiny lobster. III. Central
arborizations of motoneurons. J Comp Neurol
336:583–594

Schmidt M, Ache BW (1996a) Processing of antennular
input in the brain of the spiny lobster, Panulirus
argus. II. The olfactory pathway. J Comp Physiol A
178:605–628

Schmidt M, Ache BW (1996b) Processing of antennular
input in the brain of the spiny lobster, Panulirus
argus. I. Non-olfactory chemosensory and mechano-
sensory pathway of the lateral and median antennular
neuropils. J Comp Physiol A 178:579–604

Schmidt M, Ache BW (1997) Immunocytochemical
analysis of glomerular regionalization and neuronal
diversity in the olfactory deutocerebrum of the spiny
lobster. Cell Tissue Res 287:541–563

Schmidt M, DeF Mellon Jr (2011) Neuronal processing
of chemical information in crustaceans. In: Breithaupt
T, Thiel M (eds) Chemical communication in crus-
taceans. Springer, New York, pp 123–147

Schmidt M, van Ekeris L, Ache BW (1992) Antennular
projections to the midbrain of the spiny lobster.
I. Sensory innervation of the lateral and medial
antennular neuropils. J Comp Neurol 318:277–290

Scholtz G, Edgecombe GD (2006) The evolution of
arthropod heads: reconciling morphological, devel-
opmental and palaeontological evidence. Dev Genes
Evol 216:395–415

Sinakevitch I, Douglass JK, Scholtz G, Loesel R,
Strausfeld NJ (2003) Conserved and convergent
organization in the optic lobes of insects and isopods,
with reference to other crustacean taxa. J Comp
Neurol 467:150–172

Skinner K (1985a) The structure of the fourth abdominal
ganglion of the crayfish, Procambarus clarki (Girad).

I. Tracts in the ganglionic core. J Comp Neurol
234:168–181

Skinner K (1985b) The structure of the fourth abdominal
ganglion of the crayfish, Procambarus clarki (Girad).
II. Synaptic neuropils. J Comp Neurol 234:182–191

Sombke A, Harzsch S, Hansson BS (2011a) Organization
of deutocerebral neuropils and olfactory behavior in
the centipede Scutigera coleoptrata (Linnaeus, 1758)
(Myriapoda: Chilopoda). Chem Senses 36:43–61

Sombke A, Lipke E, Kenning M, Müller CHG, Hansson
BS, Harzsch S (2012) Comparative analysis of
deutocerebral neuropils in Chilopoda (Myriapoda):
implications for the evolution of the arthropod
olfactory system and support for the Mandibulata
concept. BMC Neurosci 13:1. doi:
10.1186/1471-2202-13-1

Sombke A, Rosenberg J, Hilken G (2011b) Chilopoda—
the nervous system. In: Minelli A (ed) Treatise on
zoology—anatomy, taxonomy, biology—the Myria-
poda, vol I. Brill, Leiden, pp 217–234

Sombke A, Rosenberg J, Hilken G, Westermann M, Ernst
A (2011c) The source of chilopod sensory informa-
tion: external structure and distribution of antennal
sensilla in Scutigera coleoptrata (Chilopoda, Scuti-
geromorpha). J Morphol 272:1376–1387

Spreitzer A, Melzer RR (2003) The nymphal eyes of
Parabuthus transvaalicus Purcell, 1899 (Buthidae): an
accessory lateral eye in a scorpion. Zool Anz
242:137–143

Staudacher E (1998) Distribution and morphology of
descending brain neurons in the cricket. Cell Tissue
Res 294:187–202

Staudacher E, Schildberger K (1999) A newly described
neuropile in the deutocerebrum of the cricket: anten-
nal afferents and descending interneurons. Zoology
102:212–226

Stavenga DG, Hardie RC (1989) Facets of vision.
Springer, Berlin

Stavenga DG, Melzer RR, Harzsch S (eds) (2006, 2007)
Origin and evolution of arthropod visual systems.
Arthropod Struct Dev 35(4) (2006), 36(4) (2007)

Stegner MEJ, Richter S (2011) Morphology of the brain
in Hutchinsoniella macracantha (Cephalocarida,
Crustacea). Arthropod Struct Dev 40:221–243

Stollewerk A (2008) Evolution of neurogenesis in
arthropods. In: Minelli A, Fusco G (eds) Evolving
pathways. Cambridge University Press, Cambridge,
pp 359–380

Stollewerk A, Chipman AD (2006) Neurogenesis in
myriapods and chelicerates and its importance for
understanding arthropod relationships. Integr Comp
Biol 46:195–206

Stollewerk A, Simpson P (2005) Evolution of early
development of the nervous system: a comparison
between arthropods. BioEssays 27:874–883

Strausfeld NJ (1976) Atlas of an insect brain. Springer,
Berlin

Strausfeld NJ (1989) Beneath the compound eye: neuro-
anatomical analysis and physiological correlates in
the study of insect vision. In: Stavenga DG, Hardie

13 Architecture and Evolution of the Arthropod Nervous System 339

http://dx.doi.org/10.1186/1471-2202-13-1


RC (eds) Facets of vision. Springer, Berlin,
pp 317–359

Strausfeld NJ (1998) Crustacean–insect relationships: the
use of brain characters to derive phylogeny amongst
segmented invertebrates. Brain Behav Evol
52:186–206

Strausfeld NJ (1999) A brain region in insects that
supervises walking. Progr Brain Res 123:273–284

Strausfeld NJ (2005) The evolution of crustacean and
insect optic lobes and the origins of chiasmata.
Arthropod Struct Dev 34:235–256

Strausfeld NJ (2009) Brain organization and the origin of
insects: an assessment. Proc R Soc B 276:1929–1937

Strausfeld NJ (2012) Arthropod brains. Evolution, func-
tional elegance, and historical significance. The
Belknap Press of Harvard University Press, Cam-
bridge, MA

Strausfeld NJ, Andrews DR (2011) A new view of
insect–crustacean relationships I. Inferences from
neural cladistics and comparative neuroanatomy.
Arthropod Struct Dev 40:276–288

Strausfeld NJ, Barth FG (1993) Two visual systems in
one brain: neuropils serving the secondary eyes of the
spider—Cupiennius salei. J Comp Neurol 328:
43–62

Strausfeld NJ, Buschbeck E, Gomez RS (1995) The
arthropod mushroom body: its functional roles, evo-
lutionary enigmas and mistaken identities. In: Breid-
bach O, Kutsch W (eds) The nervous system of
invertebrates—an evolutionary and comparative
approach. Birkhäuser, Basel, pp 349–381

Strausfeld NJ, Douglas J, Campbell H, Higgins C (2006a)
Parallel processing in the optic lobes of flies and the
occurence of motion computing circuits. In: Warrant
E, Nilsson D-E (eds) Invertebrate vision. Cambridge
University Press, Cambridge, pp 349–399

Strausfeld NJ, Hansen L, Li Y, Gomez RS, Ito K (1998)
Evolution, discovery, and interpretation of arthropod
mushroom bodies. Learn Mem 5:11–37

Strausfeld NJ, Hildebrand JG (1999) Olfactory systems:
common design, uncommon origins? Curr Opin
Neurobiol 9:634–939

Strausfeld NJ, Nässel DR (1981) Neuroarchitecture of
brain regions that subserve the compound eyes of
Crustacea and insects. In: Autrum H (ed) Handbook
of sensory physiology, vol VII/6B. Invertebrate visual
center and behaviors I. Springer, Berlin, pp 1–132

Strausfeld NJ, Reisenman CE (2009) Dimorphic olfac-
tory lobes in the Arthropoda. Ann NY Acad Sci
1170:487–496

Strausfeld NJ, Sinakevitch I, Brown SM, Farris SM
(2009) Ground plan of the insect mushroom body:
functional and evolutionary implications. J Comp
Neurol 513:265–291

Strausfeld NJ, Strausfeld CM, Loesel R, Rowell D,
Stowe S (2006b) Arthropod phylogeny: onychopho-
ran brain organization suggests an archaic relation-
ship with a chelicerate stem linage. Proc R Soc B
273:1857–1866

Strausfeld NJ, Strausfeld CM, Stowe S, Rowell D, Loesel
R (2006c) The organization and evolutionary impli-
cations of neuropils and their neurons in the brain of
the onychophoran Euperipatoides rowelli. Arthropod
Struct Dev 35:169–196

Strausfeld NJ, Weltzien P, Barth FG (1993) Two visual
systems in one brain: neuropils serving the principal
eyes of the spider Cupiennius salei. J Comp Neurol
328:63–75

Strauss R (2002) The central complex and the genetic
dissection of locomotor behaviour. Curr Opini Neu-
robiol 12:633–638

Strauss R (2003) Control of Drosophila walking and
orientation behavior by functional subunits localized
in different neuropils in the central brain. In: Elsner
N, Zimmermann H (eds) Proceedings of the 29th
Göttingen neurobiology conference. Thieme, Stutt-
gart, p 206

Strauss R, Hanesch U, Kinkelin M, Wolf R, Heisenberg
M (1992) No-bridge of Drosophila melanogaster—
portrait of a structural mutant of the central complex.
J Neurogenet 8:125–155

Strauss R, Heisenberg M (1990) Coordination of legs
during straight walk and turning in Drosophila
melanogaster. J Comp Physiol A 167:403–412

Strauss R, Heisenberg M (1993) Higher control center of
locomotor behavior in the Drosophila brain. J Neuro-
sci 13:1852–1861

Strotmann J (2001) Targeting of olfactory neurons. Cell
Mol Life Sci 58:531–537

Sullivan JM, Beltz BS (2005) Integration and segregation
of inputs to higher-order neuropils of the crayfish
brain. J Comp Neurol 481:118–126

Sun X-J, Fonta C, Masson C (1993) Odour quality
processing by bee antennal lobe interneurons. Chem
Senses 18:355–377

Szlendak E, Oliver JH (1992) Anatomy of synganglia,
including their neurosecretory regions, in unfed,
virgin female Ixodes scapularis Say (Acari: Ixodi-
dae). J Morphol 213:349–364

Sztarker J, Strausfeld NJ, Tomsic D (2005) Organization
of optic lobes that support motion detection in a
semiterrestrial crab. J Comp Neurol 493:396–411

Tautz J, Müller-Tautz R (1983) Antennal neuropile in the
brain of the crayfish: morphology of neurons. J Comp
Neurol 218:415–425

Telford MJ, Thomas RH (1998) Expression of homeobox
genes shows chelicerate arthropods retain their
deutocerebral segment. Proc Natl Acad Sci U S A
95:10671–10675

Tichy H, Barth FG (1992) Fine structure of olfactory
sensilla in myriapods and arachnids. Microsc Res
Tech 22:372–391

Tomer R, Denes A, Tessmar-Raible K, Arendt D (2010)
Profiling by image registration reveals common origin
of annelid mushroom bodies and vertebrate pallium.
Cell 241:800–809

Trautwein MD, Wiegmann BM, Beutel R, Kjer KM,
Yeates DK (2012) Advances in insect phylogeny at

340 R. Loesel et al.



the dawn of the postgenomic era. Annu Rev Entomol
57:449–468

Tsuneki K (1992) Endocrine System of arthropods other
than crustaceans and insects. In: Matsumoto A, Ishii S
(eds) Atlas of endocrine organs. Springer, Berlin,
pp 227–229

Tyrer NM, Gregory GE (1982) A guide to the neuro-
anatomy of locust suboesophageal and thoracic
ganglia. Phil Trans R Soc B 297:91–123

Ungerer P, Scholtz G (2008) Filling the gap between
identified neuroblasts and neurons in crustaceans adds
new support for Tetraconata. Proc R Soc B 275:
369–376

Utting M, Agricola H, Sandeman RE, Sandeman DC
(2000) Central complex in the brain of crayfish and its
possible homology with that of insects. J Comp
Neurol 416:245–261

van Wijk M, Wadman WJ, Sabelis MW (2006a) Gross
morphology of the central nervous system of a
phytoseiid mite. Exptl Appl Acarol 40:205–216

van Wijk M, Wadman WJ, Sabelis MW (2006b)
Morphology of the olfactory system in the predatory
mite Phytoseiulus persimilis. Exptl Appl Acarol
40:217–229

Vitzthum H, Müller M, Homberg U (2002) Neurons of
the central complex of the locust Schistocerca
gregaria are sensitive to polarized light. J Neurosci
22:1114–1125

von Békésy G (1967) Sensory inhibition. Princeton
University Press, Princeton, NJ

von Reumont BM, Jenner RA, Wills MA, Dell0Ampio E,
Pass G, Ebersberger I, Meusemann K, Meyer B,
Koenemann S, Iliffe TM, Stamatakis A, Niehuis O,
Misof B (2012) Pancrustacean phylogeny in the light
of new phylogenomic data: support for Remipedia as
the possible sister group of Hexapoda. Mol Biol Evol
29:1031–1045

Wachowiak M, Diebel CE, Ache BW (1997) Local
interneurons define functionally distinct regions
within olfactory glomeruli. J Exptl Biol 200:
989–1001

Warrant E, Nilsson D-E (2006) Invertebrate vision.
Cambridge University Press, Cambridge

Watson AHD (1986) The distribution of GABA-like
immunoreactivity in the thoracic nervous system of
the locust Schistocerca gregaria. Cell Tissue Res
246:331–341

Wegerhoff R, Breidbach O (1995) Comparative aspects
of the chelicerate nervous system. In: Breidbach O,
Kutsch W (eds) The nervous systems of invertebrates:
an evolutionary and comparative approach. Birkhä-
user, Basel, pp 159–179

Wehner R (1972) Information processing in the visual
system of arthropods. Springer, Berlin

Wertz A, Rössler W, Obermayer M, Bickmeyer U (2006)
Functional anatomy of the rhinophore of Aplysia
punctata. Front Zool 3:11. doi:10.1186/
1742-9994-3-6

Whitington PM (1996) Evolution of neuronal develop-
ment in arthropods. Semin Cell Dev Biol 7:605–614

Whitington PM (2004) The development of the crusta-
cean nervous system. In: Scholts G (ed) Evolutionary
developmental biology of Crustacea, Crustacean
Issues, vol 15. Balkema, Lisse, pp 135–167

Whitington PM (2006) The evolution of arthropod
nervous systems: insights from neural development
in the Onychophora and Myriapoda. In: Striedler GF,
Rubenstein JLR, Kaas JH (eds) Theories, develop-
ment, invertebrates. Academic, Oxford, pp 317–336

Whitington PM, Bacon JP (1997) The organization and
development of the arthropod ventral nerve cord:
insights into arthropod relationships. In: Fortey RA,
Thomas RH (eds) Arthropod relationships. Chapman
and Hall, London, pp 295–304

Whitington PM, Mayer G (2011) The origins of the
arthropod nervous system: Insights from the Onycho-
phora. Arthropod Struct Dev 40:193–209

Whitington PM, Meier T, King P (1991) Segmentation,
neurogenesis and formation of early axonal pathways
in the centipede, Ethmostigmus rubipes (Brandt).
Roux’s Arch Dev Biol 199:349–363

Wiens TJ (1989) Common and specific inhibition in leg
muscles of decapods: sharpened distinctions. J Neu-
robiol 20:458–469

Wiens TJ, Wolf H (1993) The inhibitory motoneurons of
crayfish thoracic limbs: structures and phylogenetic
comparisons. J Comp Neurol 336:61–278

Wiersma CAG, Roach J, Glantz RM (1982) Neuronal
integration in the optic system. In: Sandeman DC,
Atwood HL (eds) The biology of Crustacea, vol 4.,
Neuronal integration and behavior. Academic Press,
New York, pp 1–31

Wiese K (2001) The crustacean nervous system.
Springer, Berlin

Wiese K (2002) Crustacean experimental systems in
neurobiology. Springer, Berlin

Wildt M, Harzsch S (2002) A new look at an old visual
system: structure and development of the compound
eyes and optic ganglia of the brine shrimp Artemia
salina Linnaeus, 1758 (Branchiopoda, Anostraca).
J Neurobiol 52:117–132

Wolf H (1990) Activity patterns of inhibitory motoneu-
rons and their impact on leg movement in tethered
walking locusts. J Exptl Biol 152:281–304

Wolf H (2008) The pectine organs of the scorpion,
Vaejovis spinigerus: structure and central (glomeru-
lar) projections. Arthropod Struct Dev 37:67–80

Wolf H, Harzsch S (2002a) The neuromuscular system in
the walking legs of a scorpion. 1. Arrangement of
muscles and innervation in the walking legs of a
scorpion: Vaejovis spinigerus (Wood, 1863) Vaejo-
vidae, Scorpiones, Arachnida. Arthropod Struct Dev
31:185–202

Wolf H, Harzsch S (2002b) The neuromuscular system in
the walking legs of a scorpion. 2. Inhibitory innerva-
tion of the walking legs of a scorpion: Vaejovis
spinigerus (Wood, 1863), Vaejovidae, Scorpiones,
Arachnida. Arthropod Struct Dev 31:203–215

Wolf H, Harzsch S (2012) Serotonin-immunoreactive
neurons in the scorpions’ pectine neuropils:

13 Architecture and Evolution of the Arthropod Nervous System 341

http://dx.doi.org/10.1186/1742-9994-3-6
http://dx.doi.org/10.1186/1742-9994-3-6


similarities to insect and crustacean olfactory centers?
Zoology 115:151–159

Wolff G, Harzsch S, Hansson BS, Brown S, Strausfeld NJ
(2012) Neuronal organization of the hemiellipsoid
body of the land hermit crab Coenobita clypeatus:
correspondence with the mushroom body ground
pattern. J Comp Neurol 520:2824–2846

Zeil J, Layne J (2002) Path integration in fiddler crabs
and its relation to habitat and social life. In: Wiese K
(ed) Crustacean experimental systems in neurobiol-
ogy. Springer, Heidelberg, pp 227–246

Zeil J, Sandeman RE, Sandeman DC (1985) Tactile
localisation: the function of active antennal move-
ments in the crayfish Cherax destructor. J Comp
Physiology A 157:607–617

Zube C, Kleineidam CJ, Kirschner S, Neef J, Rössler W
(2008) Organization of the olfactory pathway and
odor processing in the antennal lobe of the ant
Camponotus floridanus. J Comp Neurol 506:425–441

342 R. Loesel et al.



14The Arthropod Circulatory System

Christian S. Wirkner, Markus Tögel and Günther Pass
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14.1 Introduction

Arthropods have a genuine circulatory system.
Their exoskeleton encloses a liquid-filled body
cavity, the haemocoel. Thereby all organs and
tissues are permanently exposed to a liquid
medium, the haemolymph, which consists of
plasma and suspended haemocytes. The circu-
lation of haemolymph is actively forced by
special pumping organs referred to as hearts.
The flow of haemolymph may additionally be
facilitated by movements of other organs and
body parts. Emanating from the hearts, arteries
deliver the haemolymph to the various body
regions and compartments. These arterial sys-
tems are developed to differing extents in
arthropods and together with the heart constitute
the cardiovascular system or haemolymph
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vascular system. As haemolymph leaves the
vascular system, it empties into the lacunar
system, where it follows distinct routes that are
determined by the anatomy of the internal
organs and by channels or diaphragms formed of
connective tissue.

The physiological functions of the circulatory
system of arthropods are astoundingly diverse and
can be assigned to four main areas: (1) homeo-
stasis, (2) transport, (3) hydraulics and (4) pro-
tection (Fig. 14.1). (1) Maintaining the internal
organs in a state of homeostatic equilibrium is the
most basic function of haemolymph. This com-
prises the regulation of pH and inorganic ion
values, as well as maintaining proper levels of
amino acids, proteins, nucleic acids, carbohy-
drates and lipids. In terrestrial arthropods, it is
crucial in the storage of water for use by tissues in
case of desiccation. (2) Another main task of the
circulatory system is the transport and circulation
of nutrients, metabolites and wastes, as well as
neuroactive substances and hormones. Oxygen is
primarily transported in haemolymph by means of
the respiratory pigment haemocyanin. This
function was lost in some arthropod lineages in
the course of the evolution of tracheae, which
supply oxygen directly to the tissues. In insects

capable of thermoregulation, the circulatory
system is responsible for the transport of thermal
energy. (3) In arthropods with a soft cuticle, such
as many insect larvae, haemolymph is the sup-
porting medium for the hydroskeleton. Moreover,
haemolymph pressure is responsible for the
extension of appendages and legs in various
arthropods. Pressure changes also play an
important role in supporting tracheal ventilation
in high-performance fliers. (4) Finally, haemo-
lymph has numerous protective functions. It
contains cryoprotective agents which are
responsible for cold-hardiness and carries the
various components of the immune system.
Attacks by pathogens and parasites can be
defended against by means of humoral factors, as
well as by phagocytosis and encapsulation. In
some species, haemolymph contains toxic sub-
stances which fend off predators. Finally, hae-
molymph seals injuries and contributes to wound
healing through the clotting of haemocytes.

This review focuses on the structure and evo-
lution of the cardiovascular system in arthropods.
Although this organ system has been reviewed for
all major subgroups separately (see below), no
detailed and comparative overview of arthropods
as a whole has been carried out so far. The aim of

Fig. 14.1 The circulatory
system of arthropods is
involved in a wide
spectrum of functional
areas

Fig. 14.2 Schematic representations of the circulatory
organs in various arthropods. a Generalised spider. The
cardiovascular system consists of a well-developed
heart, which extends through the opisthosoma and a
complex arterial system. Pulmo-pericardial sinuses
channel oxygenated haemolymph (coloured in light blue
in the diagram) from the book lungs into the pericard
from where it enters the cardiovascular system to be
distributed throughout the body. b Generalised crayfish.

Complex cardiovascular system as found in most
malacostracans. Branchio-pericardial sinuses channel
oxygenated haemolymph from the gills into the pericard
from where it enters the cardiovascular system to be
distributed throughout the body. c Generalised insect.
The cardiovascular system consists of only a tubular
dorsal vessel. Appendages are supplied by accessory
circulatory organs

c
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this contribution is to provide a comprehensive
picture of the functional and evolutionary mor-
phology of the circulatory organs, their disparity
and evolutionary transformations. Particular
attention will be paid to the changes this organ
system has undergone in the context of major
environmental transitions, to the demands asso-
ciated with such transitions and to the evolu-
tionary novelties which appeared as a result.

14.2 General Anatomy
of the Circulatory Organs

The circulatory system of arthropods can be
divided into a vascular part and a lacunar part.
The central element of the vascular system is the
heart, which together with the anterior and
posterior aorta is often referred to as the dorsal
vessel (Figs. 14.2, 14.3). It is situated in the
midline just beneath the tergal cuticle. Addi-
tionally, arthropods may have a varying number
of so-called accessory pulsatile organs. Some
are understood to facilitate a rise in haemolymph

pressure in different body parts, and others are
clearly associated with vascular structures and
reinforce the pumping action of the main heart.
Moreover, some accessory pulsatile organs are
completely independent of the vascular system
and operate as autonomous organs, particularly
to supply haemolymph to body appendages. In
many arthropods, a number of vessels emanate
from the heart which can collectively be con-
sidered peripheral vessels. In analogy to verte-
brates, they are termed arteries since they
channel haemolymph away from the heart.
Distally, they have terminal openings through
which haemolymph empties into the haemocoel.
True veins, that is, vessels that channel haemo-
lymph back in to the heart are absent in arthro-
pods. Instead, after passage through the lacunar
system, the haemolymph flows directly from the
haemocoel into the dorsal vessel through ostia.

In many arthropods, the body cavity is divi-
ded by septa of connective tissue into various
compartments, that is, the sinuses, which mainly
serve to channel haemolymph. In almost all
arthropods, one sinus encloses the dorsal vessel

Fig. 14.3 Anatomy of arthropod hearts. a Schematic
representation of a section of the heart with incurrent
ostia. The wall consists of a thick myocard, which is
covered on the outside by a layer of connective tissue and
on the luminal side by a layer of extracellular matrix.
Dorsal diaphragm and alary muscles attach to the heart

(modified after Weber 1954). b Fluorescence micrograph
of a dissected whole mount of the mosquito Anopheles
gambiae showing heart and alary muscles; note spirally
arranged cardiomyocytes. Pericardial cells (red) flank the
heart (from King and Hillyer 2012)
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and is therefore designated the pericardial sinus.
Sometimes a ventral sinus is also present: the
perineural sinus, which accommodates the ven-
tral nerve cord. The intermediate compartment is
termed the perivisceral sinus. It represents the
most voluminous compartment containing all
other internal organs. Further, there are sinuses
limited by delicate septa which form wide
channels, such as those which guide haemo-
lymph from the respiratory organs to the peri-
cardial sinus (in the literature sometimes
confusingly referred to as veins, Fig. 14.2a, b).
The narrow spaces between the various internal
organs and muscles are termed lacunae. They
form a highly complex system of spaces through
which the haemolymph circulates along distinct
routes. Movements of organs, such as the gut or
muscles, may enhance the flow generated by
pumping of the heart. In general, haemolymph
flows through the body of most arthropods in
much more strictly defined pathways than
commonly conceived for an open circulatory
system, a fallacy that has been propagated by the
extremely simplified diagrams of textbooks.

14.2.1 Hearts

Xavier-Neto et al. (2010) propose that the term
‘heart’ should be restricted to the chambered
heart of molluscs and vertebrates, but we do not
follow this view (cf. also the critical discussion
in McMahon 2012) and use it in the broad sense
for any discrete pumping organ that promotes
the circulation of blood or haemolymph
throughout the body of an animal. A heart is
present in almost all arthropods lacking only in
minute forms of mites and insects, as well as
pauropods and some small crustaceans. Hearts
are usually the section of the dorsal vessel which
are particularly well developed and which are
responsible for the major pumping action;
moreover, they bear mostly segmentally organ-
ised, paired openings with valves referred to as
ostia. The shape and performance of hearts
varies extensively in the various groups and can
be in general correlated with the functional type

of the respiratory system. For example, arthro-
pods that use the circulatory system for oxygen
transport generally have hearts that are robust
and well developed.
Histology
The anatomy of arthropod hearts follows a
general scheme. They consist of a muscular
layer, the myocard, and an outer covering of
connective tissue, as well as an inner lining with
an extracellular matrix (Fig. 14.3a). In many
arthropods, the myocard consists of a single
layer of cardiomyocytes; however, in large
species with a robust heart, it is formed by
several thick layers. Generally, the arrangement
of myofibrils in the myocard is described as
circular or spiral (Fig. 14.3b). In this manner, the
myofibrils form a narrow tube which enables
contractions (Fig. 14.3). In some cases, the
cardiomyocytes form quite different arrange-
ments, for example irregular meshworks (e.g.
Fig. 14.11e; compare also Fig. 14.11b). The
cardiomyocytes resemble vertebrate cardiac
muscle cells in their ultrastructure and dimen-
sions. Their sarcomeres are very short (about
2 lm), and intercalated discs have been reported
in a number of arthropods (Leyton and
Sonnenblick 1971; Tjønneland et al. 1985a, b;
Midttun 1977; Økland et al. 1982). The mito-
chondria are relatively small but numerous and
located mainly in peripheral pockets of the
cardiomyocytes.

The outer covering of hearts consists of a
layer of connective tissue which may vary in
thickness. In fully developed hearts, the fibro-
cytes are often reduced, and the outer layer
consists only of extracellular material that con-
tains bundles of collagenous fibrils. These fibrils
provide the organ with both stiffness and elas-
ticity. In the literature, the outer layer is often
called adventitia, but since it does not form a
true epithelium, this term should be avoided (see
Seifert and Rosenberg 1978). The inner side of
the heart is lined with an extracellular matrix
(sometimes misleadingly called endocard). It is
exceptionally thick and presumably renders the
inner surface a smoothness that reduces fric-
tional forces caused by the passing haemolymph
stream, a condition also found in vertebrates

14 The Arthropod Circulatory System 347



(Wagenseil and Mecham 2009). The parts of the
heart, which are made of connective tissue, work
together as antagonists to achieve the dilation of
the dorsal vessel after relaxation of the cardio-
myocytes. Dilation is supported by elastic sus-
pensory strands and, in some cases, additionally
by muscles associated with the dorsal diaphragm
i.e. alary muscles. In the diastolic phase, the
haemolymph enters the lumen of the heart
through the ostia. In the succeeding systolic
phase, haemolymph is further transported due to
the contraction of the myocard.
Ostia and Valves
Hearts of arthropods are equipped with pairs of
incurrent ostia that are mostly segmentally
arranged. The ostia are slit-like openings (Fig.
14.3a) in the lateral wall of the heart and are ori-
ented either vertically or obliquely (Fig. 14.5b).
Often, they have a pair of lips which form a fun-
nel, allowing haemolymph to enter the lumen of
the heart. The lips consist of special cells which
differ in their development from ordinary
cardiomyocytes. In some cases, the lips are
elongated to join those on the opposing side of the
lumen; together, they form a valve, which pre-
vents backflow into the lumen of the heart during
diastole. In addition, internal valves may be
present which are independent of the ostia. Aside
from such incurrent ostia, some hexapods and
crustaceans exhibit excurrent ostia with sphinc-
ter-like muscular valves. In some hexapods which
perform heartbeat reversal, two-way ostia are
found enabling both inflow and outflow depend-
ing on the flow direction within the dorsal vessel.

14.2.2 Arterial Systems

As stated above, dorsal vessels are usually not
uniform along their longitudinal extension but
differentiated into distinct sections. The anterior
part of the dorsal vessel is referred to as the
anterior aorta, and in some arthropods, there is
additionally a posterior aorta. In chelicerates,
myriapods and crustaceans, the border of these
sections is marked by valves; however, in
hexapods, it cannot be always clearly delineated.
In contrast to most other peripheral vessels, the

walls of the aortae can contain myocytes and
may thus be contractile to some extent. The
number of arteries which emanate from the heart
varies considerably. Four major arterial systems
occur: (1) anterior aorta, (2) posterior aorta, (3)
cardiac arteries and (4) ventral vessels. (1) The
anterior aorta is in many groups the only artery.
It is either a simple, unbranched tube or has a
high number of secondary branches which sup-
ply various appendages, organs and tissues in the
anterior body region. (2) The posterior aorta is
likewise either a simple tube or shows more or
less complex branching patterns which supply
musculature and other organs along their course.
(3) In many arthropods, there are pairs of seg-
mentally arranged lateral cardiac arteries
branching off from the heart in close vicinity to
the ostia. At their origin, they have sphincter-
like muscular valves which ensure a one-way
flow of haemolymph out of the heart. These
valves are innervated and can be induced by
neural and/or neurohormonal stimulation to
contract progressively to restrict cardiac outflow
into a particular vessel (Alexandrowicz 1932;
Kihara and Kuwasawa 1984; Kuramoto and
Ebara 1984). Since the valves of the different
arterial systems are innervated separately, this
provides a mechanism by which the outflow of
the heart can be diverted into particular arterial
systems and thus to particular body regions
(McMahon 2001). (4) In addition, some arthro-
pods possess a longitudinal ventral vessel, which
may lie dorsal or ventral of the ventral nerve
cord (supraneural or subneural vessel). Ventral
vessels are connected to the dorsal vessel by a
vessel ring, a number of segmental vessels or by
a so-called descending artery. Frequently,
peripheral arteries branch off the longitudinal
vessels and extend into various body append-
ages. In most cases, the walls of the peripheral
vessels contain no contractile elements.

14.2.3 Pericardial Sinuses
and Associated Structures

The pericardial sinus harbours the dorsal vessel,
or at least the heart, and is more or less separated
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from the remaining body cavity by the pericardial
septum which consists of connective tissue. The
pericardial sinus is dorsally confined by the
cuticle. Especially in arthropods which transport
oxygen by means of haemolymph, the pericardial
sinus is closed except for channel-like connec-
tions to the respiratory organs. This enclosure
allows for a direct and rapid transport of oxy-
genated haemolymph to the heart. Evidently, the
pericardial septum has a high elasticity, and some
muscles are associated with the septum. Con-
traction of these muscles leads to enlargement of
the lumen of the pericardial sinus, and thereby,
haemolymph is drawn from the general body
cavity into the pericardial sinus. Following mus-
cle relaxation, the pericardial septum returns to its
original state due to its elasticity. The increase in
pressure of the haemolymph inside the pericard
supports the influx of haemolymph into the lumen
of the dorsal vessel through the ostia. The peri-
cardial sinus can thus be functionally considered
as an additional heart chamber analogous to the
atrium of vertebrates. It is the receiving chamber,
while the heart itself represents the discharging
chamber.

In some arthropods, the pericardial sinus is not
strictly separated from the remaining body cavity.
In these cases, the pericardial septum may be
fenestrated and is traditionally termed the dorsal
diaphragm. Associated muscle cells may be
integrated into the septum and span over the entire
width of the body. Sometimes they are directly
attached to the dorsal vessel and extend as trian-
gular plates of muscles from both sides of the
dorsal vessel to the lateral body wall (Fig. 14.3b).
They are denoted alary muscles, because they
evoked the far-fetched notion that wings are
attached to the dorsal vessel. Especially in small
arthropods, the dorsal diaphragm is commonly
extremely small and may even be entirely absent.

14.2.4 Heart Function and Circulation

The haemolymph flow in the dorsal vessel is
generated in the various arthropods by three dif-
ferent modes. (1) Unidirectional flow: the myo-
card contracts metachronously such that the

contraction waves begin at the posterior end and
press haemolymph through the dorsal vessel in the
anterior direction. (2) Bidirectional flow: the
contraction wave begins at a particular point in the
dorsal vessel and proceeds along both directions.
(3) Heartbeat reversals: anterograde pumping
phases alternate with retrograde phases.

The contractions of the dorsal vessel may
occur quite differently. Thus, in some species,
the whole tube contracts more or less simulta-
neously, while in others, there are distinct waves
of contraction which run along the organ. The
heartbeat rates cover an enormous range. In
insects, for example, the highest measured rates
are 7 Hz in Drosophila larvae and about 3 Hz in
the adults (Sláma and Farkas 2005). The hearts
of larger insects beat much more slowly, for
example, about 1 Hz in resting locusts and
cockroaches (up to 3 Hz during periods of high
activity: Miller 1997) and only 4–9 beats per
min in adults of the aquatic moth Acentropus
niveus (Nigmann 1908).

Heartbeat control is achieved in arthropods
by a wide range of physiological modes. Gen-
erally, cardiac cycles are triggered by pacemaker
cells which spontaneously depolarise slowly.
When a certain threshold potential is reached, an
action potential occurs which causes the whole
myocard to contract. In many arthropods, the
pacemaker cells are special cardiomyocytes; this
kind of heart control is termed myogenic
automatism. It stands in contrast to hearts with a
neurogenic automatism in which the pacemakers
are special cardiac neurons. These two kinds of
heart control, however, represent only the
extremes. Myogenic hearts are often intensely
innervated, and the heartbeat may be modulated
by neuronal activity or hormones. This cardi-
oregulatory system can be both excitatory, as
well as inhibitory, and both the heartbeat rate
and the amplitude can be affected. Regulatory
neurons may be located in the ventral nerve cord
or the stomatogastric nervous system. Intrinsic
cardiac neurons also exist, which in some spe-
cies are concentrated to form their own cardiac
ganglion. In many instances, neurosecretory
cells are associated with the heart. They often
form extensive neurohaemal sites, which release
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hormones directly into the lumen of the pumping
organ, thereby reaching their destinations very
quickly and efficiently. Furthermore, numerous
studies have dealt with the impact of cardioac-
tive substances, in particular, neurotransmitters.
The overall picture, however, presents no uni-
form condition for all arthropods.

The pattern and velocity of circulation through
the body of arthropods is still a largely unexplored
field due to methodological problems. Detailed
analyses of the dynamics and flow patterns first
became available with the implementation of new
methods, such as ultrasonic Doppler velocimetry
(Hetz et al. 1999) and synchrotron X-ray phase-
contrast imaging (Lee and Socha 2009) in com-
bination with tracer particles. Further and com-
parative investigations with these new methods
are required to allow for a holistic approach to the
entire circulation process in arthropods.

14.3 Circulatory Systems in Major
Arthropod Groups

The following section gives an overview of the
variation in structure and function of the circu-
latory system among arthropods. It is organised
along the four major groups, chelicerates, myr-
iapods, crustaceans and hexapods. Some of these
taxa may be paraphyletic assemblages (for a
discussion of arthropod phylogeny, see Chap. 2);
however, the traditional subdivision of arthro-
pods was chosen as a manageable framework for
this synopsis. The terminology used follows
functional and descriptive comparative anatomy.
It should be evident that the terms do not always
imply homology of structures.

14.3.1 Chelicerates

The chelicerates is a diverse group of arthro-
pods; it contains some of the largest arthropods
(horseshoe crabs) and some of the smallest
(mites). Since size has a major impact on the
design of circulatory organs, it should be clear
that large chelicerates have some of the most
complex vascular systems (Fig. 14.4a), while

the small and minute species usually rely
exclusively on diffusion and organ movement
for the transport of necessary substances.

The Arachnida is the largest group within the
chelicerates and may be divided into two major
groups with regard to respiratory organs, i.e.
pulmonates (Fig. 14.4b) and apulmonates
(Fig. 14.4c). Each group has largely the same
circulatory organ equipment respectively, prob-
ably due to the functional linkage between res-
piration and circulation (see Sect. 14.6.1).

Most comparative investigations of the
chelicerate circulatory system date back several
decades. A gross overview was given by First-
man (1973) for all chelicerates and by Gerhardt
& Kästner (1938) for the major subgroups.

14.3.1.1 Hearts
Hearts in chelicerates are located mainly in the
opisthosoma (Fig. 14.5); however, they extend
into the prosoma in pycnogonids, xiphosurans
and certain arachnids (solipugids and uropyg-
ids). Some small mites are devoid of any heart.
The thickness of the hearts and the arrangement
of cardiomyocytes vary considerably. They are
extraordinarily thin, and only their lateral parts
contain cardiomyocytes in pycnogonids
(Tjønneland et al. 1985a), while in Limulus
polyphemus, the myocard is a thick meshwork of
cardiomyocytes giving it a sponge-like appear-
ance (Meek 1909). Nonetheless, in all chelicer-
ates except pycnogonids, we can speak of
tubular hearts since the myocard concentrically
surrounds the lumen (Fig. 14.5). In spiders,
scorpions, amblypygids and uropygids, the
cardiomyocytes are arranged in parallel and
form semilunar lamellae that protrude into the
lumen of the heart (Fig. 14.5a). Apart from the
transversely arranged cardiomyocytes, longitu-
dinal ones occur, at least, in Xiphosura, Araneae
and Scorpiones.

Hearts are suspended in the body cavity by
partly muscular ligaments (Fig. 14.5d,e). Pre-
sumably, these function as antagonists to expand
the lumen of the myocard after relaxation. By
this action, haemolymph is sucked into the heart
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through the paired incurrent ostia. Whether the
ligaments or parts of them are homologous to
alary muscles awaits clarification.

Heartbeat in chelicerates is triggered by a
neurogenic automatism and has been investi-
gated in xiphosurans (e.g. Watson and Groome
1989), scorpions (e.g. Farley 1985, 1987) and
spiders (e.g. Sherman et al. 1969; Sherman
1985). According to McMahon et al. (1997), the
discovery of a myogenic automatism in juvenile
Limulus would be an exception and needs fur-
ther verification. In chelicerates, hearts are
innervated by a dorsal cardiac ganglion running
the length of the heart tube. Two different neu-
rons were described for Limulus: pacemaker
neurons and follower neurons. The former gen-
erate action potentials which are distributed
throughout the myocard by the latter (Watson
and Groome 1989).

14.3.1.2 Arterial Systems
A wide range of arterial systems are present in
chelicerates. All taxa possessing a heart exhibit
an anterior aorta. It is the only artery in pyc-
nogonids, palpigrads and pseudoscorpions.
Where the anterior aorta merges into the heart,
there is an internal valve. In Xiphosura, Pycno-
gonida and apulmonate arachnids, the anterior
aorta is a rather short vessel that connects to the
perineural sinus (see below).

In pulmonate arachnids, the anterior aorta
runs to the posterior end of the dorsal part of the
prosomal ganglion where it splits into two
trunks-often referred to as sinuses-which bend
ventrally and run backwards (Fig. 14.4c). At the
posterior part of the prosomal ganglion, the two
aortic trunks merge in the body midline and
continue as an unpaired ventral vessel in pos-
terior direction. The arteries for all six pairs of
prosomal appendages emanate successively
from the two aortic trunks. The arteries which
supply the chelicerae are usually the largest.
They also supply the brain, eyes and further
tissues of the prosoma via a number of side
branches. The other arteries supply muscles and
tissues in the respective limb and likewise have
numerous small side branches. All major

prosomal arteries (aortic trunks and arteries for
appendages) are closely associated with the
prosomal ganglion since they lie directly on the
nervous tissue. In spiders and scorpions, the
nerves for the legs show a longitudinal groove in
which the leg arteries are embedded.

Many small arteries emerge from the major
prosomal arteries and run directly into the
prosomal ganglion penetrating the thick peri-
neurium (Fig. 14.6b, c; Huckstorf et al. 2013;
Klussmann-Fricke et al. 2013). They are true
vessels, in possessing a wall made of connective
tissue and therefore represent a true blood–brain
barrier (Lane et al. 1981). The vessels inside the
nervous tissue form networks to supply those
regions having high physiological capacities
(Huckstorf et al. 2013). The networks surround
the surface of these areas and send vessel loops
directly into the dense neuropile. The major
vessels which emerge from the anterior aorta
resemble afferent vessels based on studies of the
networks in scorpions (Klussmann-Fricke et al.
2013). Other vessels collect the haemolymph out
of the network and channel it out of the nervous
tissue. It is thus justifiable to speak of a capil-
larisation between an afferent and an efferent
system of vessels.

In most arachnids, hearts are extended rear-
ward by a posterior aorta. In Xiphosura, Py-
cnogonida, Pseudoscorpiones and Palpigradi, the
heart terminates blindly. Posterior aortae run to
the rear of the opisthosoma; in spiders they split
and supplies the region of the spinnerets. Apart
from these two unpaired extensions of the heart
i.e. anterior and posterior aortae, pairs of lateral
cardiac arteries can be present. In spiders, a
reduction from five pairs (Mesothelae) to three
occurred in different lineages and, like the
reduction in pairs of ostia, is probably linked to
the development of tracheal respiratory systems.
Cardiac arteries emanate from the heart latero-
ventrally to the ostia (Fig. 14.5b) and supply the
viscera in the opisthosoma. They may exhibit a
complex branching pattern and have been well
studied in spiders, particularly Cupiennius salei
(Fig. 14.6a; Huckstorf et al. 2013). In that spe-
cies, three pairs of cardiac arteries are present
which supply the anterior, middle and posterior
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parts of the opisthosoma, respectively
(Fig. 14.6a). In Xiphosura, the lateral cardiac
arteries merge shortly after their origin into a
lateral artery running parallel to the heart (Fig.

14.4a; Milne-Edwards 1872; Redmond et al.
1982). This represents one of the many special
features of the circulatory system in
xiphosurans.
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Fig. 14.5 Hearts in chelicerates. a Tomographic radio-
graph of the heart in the spider Cupiennius salei. Dorsal
part omitted to allow view of the semilunar cardiomyo-
cytes protruding into the heart’s lumen. Upper side is
anterior (from Huckstorf et al. 2013, with permission
from Urban & Fischer Verlag). b Ostia in the scorpions
Uroctonus mordax (right) and Centruroides sculpturatus
(left) representing two different orientations of ostia in
scorpions. White areas underneath ostia represent origins
of cardiac arteries (modified after Randall 1966).
c Schematic diagram of the functional linkage of heart
and pericard acting as suction-pressure pump (explana-
tion in the text). Black arrows represent haemolymph

flow, and grey arrows represent movements of heart wall
and pericard. Note that during both diastole and systole,
haemolymph is sucked out of the pulmo-pericardial
sinuses (modified after Paul et al. 1994). d Cross semi-
thin section through the heart in the scorpion Buthacus
arenicola showing the well-developed myocard and
ventral ligaments (from Wirkner and Prendini 2007,
with permission from Wiley and Sons). e Schematic
representation of a spider heart in cross section depicting
arrangement of ligaments which act as antagonists to the
myocard (modified after Gerhardt and Kästner 1938)

Fig. 14.4 Schematic representations of circulatory
organs in chelicerates. Only major vessels are shown.
a Horseshoe crab (Limulus polyphemus) with a highly
complex cardiovascular system. Four pairs of lateral
cardiac arteries connect to an artery running parallel to
the heart on each side. From the anterior part of the heart,
a pair of arteries arches ventrally and connects to the
perineural sinus, enveloping the entire central nervous
system up to the distal endings of the peripheral nerves.
b Generalised diagram of the circulatory organs in

apulmonate chelicerates. The anterior aorta merges into
the perineural sinus which envelopes the complete
nervous system. Lateral cardiac arteries are absent
(modified after Firstman 1973). c Generalised scorpion
representing the cardiovascular condition in pulmonate
arachnid groups. A complex vascular system branches
off from the anterior aorta with numerous secondary
arteries that supply the whole prosoma (details shown in
Fig. 14.6b, c) (modified after Wirkner and Prendini
2007)

b
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14.3.1.3 Diaphragms and Sinuses
The lacunar system in chelicerates seems to be
highly organised, yet detailed investigations are
scarce. In xiphosurans, the route of the haemo-
lymph follows an astoundingly distinct pattern
and has been made visible by injection methods.
The so-called sinuses have the shape of vessels
and lead haemolymph towards the book gills
(Fig. 14.7a). In scorpions, two ventral, longitu-
dinal sinuses lead haemolymph towards the
book lungs (partly visible in Fig. 14.7b). Bran-
chio- or pulmo-pericardial sinuses lead from the
centralised respiratory organs directly into the
pericard. These sinuses have often been termed
‘veins’ although they only connect to the peri-
card and not to the heart. The pericard itself
encloses the heart (Figs. 14.5c, e, 14.7b). Heart
and pericardial sinus have been described to act

together as a suction-pressure pump (Paul et al.
1994; Paul and Bihlmayer 1995). After this
model, the contraction of the myocard (systole),
results in a change in volume not only in the
heart but also in the pericardial sinus where it
produces a negative pressure (Fig. 14.5c). The
negative pressure in turn causes haemolymph to
be sucked out of the pulmo-pericardial sinuses at
the same time as it is pumped through the heart.
Even during diastole of the heart, the pressure
remains negative in the pericardial sinus
(Fig. 14.5c) since the pericardial septum is
widened by action of the ligaments. This means
that haemolymph continues to be sucked out of
the pulmo-pericardial sinuses even when it is
being sucked into the heart.

In xiphosurans, pycnogonids and apulmonate
chelicerates, the central nervous system is

Fig. 14.6 Arterial systems in chelicerates. a Tomo-
graphic radiograph of a corrosion cast of the cardiovas-
cular system in the spider Cupiennius salei, showing
complexity of the cardiac arteries. Three pairs of cardiac
arteries branch off the heart and ramify between the
extensive midgut gland and other organs in the opistho-
soma (from Huckstorf et al. 2013, with permission from
Urban & Fischer Verlag). b Tomographic radiograph of a
cast of the complete anterior aorta system in the scorpion

Brotheas granulatus. Note complex arterial network
supplying the prosomal ganglion (courtesy Bastian-
Jesper Klussmann-Fricke). c Scanning electron micro-
graph of an incomplete cast of the anterior aorta system
in the scorpion Centruroides exilicauda. Main vessels
supply the prosomal ganglion. Asterisks mark trans-
ganglionic arteries channelling haemolymph through
midline of the prosomal ganglion (from Wirkner and
Prendini 2007, with permission from Wiley and Sons)
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embedded into a vascular septum which is con-
nected to the vascular system via the anterior
aorta (Fig. 14.4a, b). The haemolymph space
enclosed by this septum is called perineural sinus.
In the studied taxa, the anterior aorta widens close
to the posterior dorsal wall of the prosomal
ganglion to surround this organ completely.
Nerves that emanate from the prosomal ganglion
are also surrounded by this septum (Dumont et al.
1965). The sinuses surrounding the nerves
apparently become thinner distally and finally
disappear near the terminations of the nerves
(Milne-Edwards 1872). In xiphosurans and pyc-
nogonids, the intestine is likewise surrounded by
a sinus which branches off the perineural sinus.

14.3.1.4 Hydraulic Functions
A special function of the circulatory system is
the production of hydraulic pressure for the
movement of limbs or more precisely particular
joints (Fig. 14.1). This has been best studied in

spiders which heavily depend on hydraulics for
the movement of different appendages. Some of
their leg joints are not provided with extensor
muscles, and leg extension is accomplished by
hydraulic pressure (Ellis 1944; Frank 1957;
Parry and Brown 1959). Pedipalps that serve as
secondary copulatory structures in male spiders
are also moved by changes in hydraulic pressure
(Grasshoff 1968, 1973; Lamoral 1973; Huber
1993; Eberhard and Huber 1998; Huber 2004).
The pressure that is functionally responsible for
the hydraulic movement of prosomal append-
ages is generated by contraction of dorso-ventral
muscles in the prosoma (Kropf 2013).

14.3.2 Myriapods

Myriapods show relatively uniform circulatory
systems with few small branched arteries. Apart
from the minute Pauropoda, which lack any cir-
culatory organs, we find a tubular heart extending

Fig. 14.7 Lacunar systems in chelicerates. a X-ray
photograph of the ventral lacunar system in the horseshoe
crab Limulus polyphemus. Complex sinuses channel
haemolymph out of the prosoma towards the book gills
(from Makioka 1988, permission from Science House
pending). b Electron micrograph showing a cast of

lacunar system in the scorpion Centruroides exilicauda.
Ventral aspect. Four pairs of pulmo-pericardial sinuses
connect to the book lungs (top left two book lungs not
completely filled with resin). The entire pericard filled
with resin (compare Fig. 14.5d, e; from Wirkner and
Prendini 2007, with permission from Wiley and Sons)
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more or less through the length of the trunk. In
Diplopoda (Fig. 14.8c), a heart together with
lateral cardiac arteries and an anterior aorta con-
stitutes the entire vascular system. In Chilopoda
and Symphyla (Fig. 14.8a, b), we additionally
find a ventral vessel system which supplies the
ventral nerve cord and, in chilopods, also the legs.

A comparative account of all myriapod taxa
has yet to be written. Only a handful of papers
deal with Symphyla (Tiegs 1940, 1945) and
Diplopoda (Seifert 1932; Leiber 1935). More
attention has been dedicated to centipedes
(Herbst 1891; Fahlander 1938; Wirkner and Pass
2002; Wirkner et al. 2011).

14.3.2.1 Hearts
Aside from Pauropoda, all studied myriapod
species have tubular hearts which extend along
the greater part of the trunk. The myocard is
single-layered with circularly arranged cardio-
myocytes and segmental pairs of incurrent ostia
(Seifert and Rosenberg 1978; Økland et al.
1982). Outer and inner sides of the hearts are
covered by a thick layer of extracellular matrix.
Hearts are attached to the dorsal integument by a
number of irregularly arranged suspending
strands and laterally by alary muscles which are
embedded into a horizontal, dorsal diaphragm
(Wirkner and Pass 2002).

In Chilopoda, Scutigera coleoptrata the
myocard is considerably thicker (Fig. 14.9b) than
in other chilopods, since it consists of extraordi-
narily large cardiomyocytes which extend shin-
gle-like into the lumen of the heart (Wirkner and
Pass 2002). In many species, the lips of the ostia
project deeply into the heart lumen, thus forming
valves which prevent the backflow of haemo-
lymph into the heart. In most myriapods, the
posterior end of the heart is closed. Only in some
centipedes, hearts are extended posteriorly by one
or two arteries. In Diplopoda, each diplosegment

has two pairs of ostia, two pairs of cardiac arteries
and two pairs of alary muscles (Fig. 14.9c; Seifert
1932; Leiber 1935).

Few studies have focused on the cardiac
physiology in myriapods. In Chilopoda, heart-
beat is triggered by a neurogenic automatism
which is superimposed over a basic myogenic
rhythm, occurring under experimental condi-
tions (Hertel et al. 2002). In Diplopoda, how-
ever, it seems that heartbeat generation is
achieved by a myogenic automatism (Rajulu
1967; Hertel 2009).

14.3.2.2 Arterial Systems
An anterior aorta extends the hearts in all myr-
iapod species. In centipedes and symphylans,
two pairs of arteries branch off the anterior aorta.
In centipedes, there is a pair of arteries supplying
the mandibles and a further pair running into the
antennae. In Lithobiomorpha, the two mandibu-
lar arteries unite to form the so-called mandibu-
lar arch. In Symphyla, the transition of the heart
into the anterior aorta lies relatively posteriorly
in the third trunk segment (Fig. 14.8b; Tiegs
1940). Shortly before this transition, a pair of
arteries branches off the aorta and runs into the
head where the open ends envelop the sacculi of
the maxillary glands (Juberthie-Jupeau 1971;
Haupt 1976). In the head, a pair of antennal
arteries branches off. The anterior aorta in Dip-
lopoda fuses with the dorsal wall of the oesoph-
agus, and antennal arteries emanate from this
widening (Fig. 14.8c; Pass 1991).

All chilopod species studied so far possess a
pair of cardiac arteries which emanates from the
anterior part of the heart and connects to a ventral
vessel, thus forming a further vessel arch termed
maxilliped or forcipular arch. The part of the
ventral vessel anterior to the maxilliped arch runs
into the head and supplies the mouthparts. The
posterior part, the supraneural vessel, runs above

Fig. 14.8 Schematic representations in circulatory
organs in myriapods. a Generalised lithobiomorph
representing the condition in centipedes with two central
longitudinal vessels extending along the entire body
which are interconnected by the maxilliped arch (mod-
ified after Wirkner and Pass 2002). b Generalised

symphylan. Both a dorsal vessel and a supraneural
ventral vessel are present. c Generalised juliform repre-
senting the condition in diplopods. Dorsal vessel extends
along the entire body. Each diplosegment of the heart is
equipped with two pairs of ostia and two pairs of cardiac
arteries (modified after Hertel 2009)

b
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the ventral nerve cord and gives rise to a pair of
arteries for each pair of walking legs. A pair of
arteries also branches off the maxilliped arch to
supply the maxillipeds. In Chilopoda, a complete
reduction in the remaining lateral cardiac arteries
has taken place in two lineages, i.e. Cratero-
stigmomorpha and Geophilomorpha. In Scuti-
geromorpha and Scolopendromorpha, a pair of
cardiac arteries can be assigned to each leg-
bearing segment, while in Lithobiomorpha, only
two pairs occur at the 11th and 12th pair of ostia
(Rilling 1968; Wirkner and Pass 2002). In
Symphyla, an unpaired artery runs laterally
around the gut and eventually in a posterior
direction. As in chilopods, this supraneural ves-
sel continues in a posterior direction above the
ventral nerve cord (Fig. 14.8b). Further, cardiac
arteries are absent, while Diplopoda have two
pairs in each diplosegment.

14.3.2.3 Accessory Pulsatile Organs
(Aortic Diverticles)

In Scutigeromorpha, a short unpaired artery
branches off the anterior aorta ventrally at the
level of the mandibles. This vessel divides, and
each branch widens into a blind-ending sack
termed aortic diverticle (Fig. 14.9a; Hilken and
Rosenberg 2005; Hilken et al. 2006). The div-
erticles are made of a single-layered myoepi-
thelium (thickness *15–20 lm) covered on
both sides by a layer of extracellular matrix.
The myofibrils are circularly and longitudinally
arranged. With regard to the function of this
enigmatic structure, only speculations can be
made. The fact that the aortic diverticles pos-
sess a myoepithelium clearly speaks in favour
of some sort of pumping capacity, as proposed
by Herbst (1891) and Wirkner and Pass (2002).
For this to occur, some sort of antagonist, such
as elastic connective tissue, would be neces-
sary. However, no such structures were
observed in a detailed ultrastructural study
(Hilken et al. 2006).

Fig. 14.9 a Schematic drawing of head of the centiped
Scutigera coleoptrata showing position of aortic diver-
ticles. b Horizontal section through the heart in the
centiped Scutigera coleoptrata. Thickness of myocard
and close vicinity of ostia to tracheal lungs are
interpreted as adaptations to linkage of circulatory and
respiratory systems. Arrows mark route of oxygenated
haemolymph into heart. c Schematic drawing of the
heart, cardiac arteries and alary muscles in the diplopod
Strongylosoma pallipes (from Seifert 1932)
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14.3.3 Crustaceans

Due to the great disparity of crustaceans, we find a
great variety of circulatory organ equipment. It
ranges from only short sack-like hearts to com-
plex arrays of structures, such as in decapods
which exhibit the most complex circulatory sys-
tems within arthropods from both morphological
and functional points of view. With respect to the
major subgroups, only Malacostraca show a rich
evolution of arterial systems, while in the
remaining crustaceans, mostly an unbranched
dorsal vessel prevails. In cirripeds, a secondary
circulatory system has evolved consisting mainly
of channels between the organs and a pumping

structure that enables a distinct haemolymph
circulation together with the movement of vari-
ous other organs, such as cirri and penis (Cannon
1947; Burnett 1972; Walker 1991).

A number of reviews exist that provide a
detailed physiological and morphological over-
view on the circulatory system in crustaceans
(e.g. Maynard 1960; Mayrat et al. 2006; Wirkner
and Richter 2013). With respect to major groups,
malacostracans are the best studied from mor-
phological (e.g. Siewing 1956; Wirkner and
Richter 2003, 2004, 2007a, b, c, 2008, 2009,
2010) and physiological (e.g. Wilkens et al.
1997a, b; McMahon 2001) points of view.

Fig. 14.10 Schematic representations of circulatory
organs in crustaceans. a Generalised water flea (Daphnia
pulex) representing the condition with a completely
reduced arterial system (Compare Fig. 14.11d; modified
after Pirow et al. 1999). b Generalised lophogastrid
malacostracan (Lophogaster typicus) representing the
condition with a complex cardiovascular system. The

tubular heart (compare Fig. 14.2b) is connected to a
complex vascular system (modified after Wirkner and
Richter 2007a). c Generalised thermosbaenacean mala-
costracan (Tethysbaena argentarii) representing the con-
dition of a tubular heart extended by an anterior aorta to
supply the anterior cephalothorax (modified after
Wirkner and Richter 2009)

14 The Arthropod Circulatory System 359



14.3.3.1 Hearts
In crustaceans, some groups, such as most
copepods, lack a heart completely. In those taxa
exhibiting a heart, however, the form and
structure vary immensely. Two distinct heart
forms are observable. In most taxa, a contractile
tube is formed by a spiral or circular

arrangement of the myocard. These hearts are
therefore termed tubular hearts (Figs. 14.10,
14.11a–d, 14.12a). In Decapoda and Euphausi-
acea, the myocard is compact and composed of a
meshwork of muscular strands that run in dif-
ferent directions through the heart (Fig. 14.11e;
Balss et al. 1940–61; Huckstorf and Wirkner

Fig. 14.11 Hearts in crustaceans. a 3D reconstruction of
heart in the tanaidacean Tanais dulongii from a serial
thin-section series. View into heart from posterior.
Anterior part of heart omitted (black central area).
Cardiomyocytes are arranged circularly to form tubular
heart (from Wirkner and Richter 2008, with permission
from Pergamon Press). b 3D reconstruction from a
semithin-section series of heart in the cumacean Leucon
nasica. The tubular myocard formed by cardiomyocytes
not arranged strictly circularly but running into different
directions (from Wirkner and Richter 2008, with permis-
sion from Pergamon Press). c Schematic drawing of heart
in the mantis shrimp Squilla mantis representing the
ancestral condition in malacostracans with a tubular heart

extending the entire trunk, a posterior and an anterior
aorta, segmentally arranged pairs of ostia and paired
cardiac arteries. Broken line marks plane of section
depicted in Fig. 14.12a (modified after Alexandrowicz
1932). d Schematic drawing of heart in the copepod
Calanus finmarchicus with a short tubular heart; in
contrast to the hearts in decapod (Fig. 14.11e) and
euphausiacean malacostracans in which the myocard
is arranged in a complex fashion (modified after
Lowe 1935). e Schematic drawing of heart in the
crayfish Astacus astacus representing the derived condi-
tion of a globular heart made up of a complex three-
dimensional and multilayered myocard (modified after
Baumann 1921)
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2011). Theses hearts are therefore termed glob-
ular hearts. In addition to these different
arrangements of the cardiomyocytes, hearts can
vary in thickness and distinctness of the myo-
card and connective tissue covering; further-
more, they may vary in length, number of pairs
of ostia and pairs of cardiac arteries.

The length of tubular hearts ranges from
spanning one or few segments to extending
through most of the body (Fig. 14.10a, b, c).
Globular hearts in euphausiaceans and decapods
lie in the posterior thorax and have an extension
of just few segments. The sack-like hearts in
copepods and cladocerans are sometimes erro-
neously termed globular hearts (Figs. 14.10a,
14.11d, 14.13a; e.g. Mayrat et al. 2006). How-
ever, while the decapod and euphausicean hearts
consist of complex myocards (Fig. 14.11e) with
a complex physiology, the short tubular hearts in
cladocerans and copepods resemble reduced and
simple remains of a cardiovascular system.

Haemolymph enters the heart through a
number of mostly paired incurrent ostia.
Arrangement, size and shape of ostia vary
immensely in the different groups.

Haemolymph flow generation is also not
uniform. Though empirical data on crustaceans

are scarce, hearts with both ends open necessi-
tate a bidirectional flow, as seen at least in lo-
phogastrids (Belman and Childress 1976), where
contractions start in the middle of the heart and
proceed in both directions. A similar flow is
generated through a simultaneous contraction of
the complete myocard in branchiopods. In
globular hearts, myocardial contraction forces
haemolymph centrifugally into the various
arterial systems.

While the heart in branchiopods seems to be
myogenic (Yamagishi et al. 1997), it is neuro-
genic at least in adult isopods and decapods
(Mayrat et al. 2006). In the latter, cardiac
physiology is studied in detail at least for some
species of lobsters and crayfish (detailed reviews
by Cooke 2002, McMahon 2012). In malacos-
tracans, three components of the nervous system
are associated with the vascular system (Mayrat
et al. 2006): (1) the cardiac ganglion, (2) nerves
regulating the cardiac ganglion and (3) nerves
innervating the cardioarterial valves and the
pericard. The cardiac ganglion initiates the
contraction of the heart and innervates the entire
myocard, as well as the lips of the ostia. As in
xiphosurans (see above), pacemaker and
follower neurons can be distinguished.

Fig. 14.12 Arterial systems in crustaceans. a Cross
section through heart and pair of cardiac arteries in the
mantis shrimp Gonodactylaceus falcatus. Arteries are
equipped with valve preventing haemolymph backflow
during diastole (from Wirkner and Richter 2013, with

permission from Oxford University Press). b Corrosion
cast of cardiovascular system of the king crab Paralomis
granulosa showing the complexity of arterial systems in
decapods (from Wirkner and Richter 2013, with per-
mission from Oxford University Press)
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The regulatory nerves act either to accelerate
and decelerate heartbeat or to modulate the
strength of heartbeat (Wilkens and Walker
1992). The third component is more or less
segmentally arranged and affects the distribution
of haemolymph into different arterial systems by
control of the arterial valves.

14.3.3.2 Arterial Systems
Generally, at least one artery, the anterior aorta,
emanates from the heart. In ostracods and some
cladocerans, however, there is only an anterior
excurrent ostium (Fig. 14.10a). Only, malacos-
tracans have extensive arterial systems, some of
which reach levels of complexity comparable

with those in vertebrates. Arterial ultrastructure
has rarely been studied. Three layers are descri-
bed for decapod arteries. Both external and
internal layers are made of connective tissue,
while the middle layer consists of an aggregation
of cells which contain actin, myosin and tropo-
myosin; this gives the arteries an unexpected
elasticity and contractibility (Chan et al. 2006;
Wilkens et al. 2008). The posterior aorta is the
only artery containing myocytes (Burnett 1984;
Chan et al. 2006). This and the fact that all lateral
arteries emanating from the posterior aorta have
innervated valves at their origins lead to the
hypothesis that the posterior aorta in Decapoda
resembles a transformed part of a formerly
tubular heart (see Wilkens et al. 1997a).

Fig. 14.13 Lacunar systems in crustaceans. a General-
ised water flea (Leptodora kindtii) depicting complex
flow currents in the haemocoel. As in most cladocerans,
L. kindtii is equipped with a short tubular heart and a
short unbranched anterior aorta (modified after Saalfeld
1936). b Horizontal section through cephalothorax in the
amphipod Caprella mutica showing the vast cephalic

haemolymph spaces between organs (from Wirkner and
Richter 2007a, with permission from Blackwell Publish-
ing). c Schematic representation of a thoracic segment in
the anaspidacean Anaspides tasmaniae. Dorsal dia-
phragm is extended laterally into the legs, thus dividing
the leg haemocoel in an afferent and an efferent sinus
(modified after Siewing 1959)
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The anterior aorta is unbranched, for exam-
ple, in branchiopods (Fig. 14.13a), while in
malacostracans, it always shows a number of
secondary branches that supply at least antennae
and the brain (Fig. 14.10b, c). In some cases,
these branches form vessel rings around the brain.
In euphausiaceans and decapods, complex net-
works of arteries branch off the anterior aorta to
supply the brain and optic lobes. In most malac-
ostracans, various visceral muscles are interna-
lised in the aorta and are thought to supplement
the pumping action of the heart, thus resembling
accessory pulsatile organs (see below).

Again, a posterior aorta occurs only in
Malacostraca. In most cases, the posterior aorta
is an unpaired artery, although in krill (Eup-
hausiacea) two posterior aortae are present
(Huckstorf and Wirkner 2011). In the remaining
groups, it is either an unbranched tube running
to the posterior body segments, or it has seg-
mentally arranged side branches to supply the
tissues and appendages in the pleon.

Lateral cardiac arteries are only present in
Malacostraca. The complexity of these arterial
systems varies greatly. Some taxa lack lateral
cardiac arteries entirely (Fig. 14.10c), and others
possess few slightly branched pairs of arteries
(e.g. Amphipoda and Tanaidacea). Decapoda
have few pairs of arteries that display highly
complex branching patterns reminiscent of ver-
tebrate vascular systems (Fig. 14.12b). Sto-
matopoda, Leptostraca and Anaspidacea exhibit
to some extent the plesiomorphic condition of
one pair of cardiac arteries per trunk segment.
The cardiac arteries lead to two main destina-
tions. They either supply visceral organs, such as
the gut and the gonads, or the main stems of
these arteries run into the thoracopods. How-
ever, in the latter instance, branches also supply
the viscera. A special case has been described
for the Anaspidacea, in which few anterior car-
diac arteries supply viscera, while a greater
number of posterior cardiac arteries supply the
pleopods (Siewing 1954). In Tanaidacea, Cum-
acea and Isopoda, the last pair of cardiac arteries
runs into the pleon, most probably compensating
for the lack of a posterior aorta.

A descending artery (often confusingly
referred to as a sternal artery) is described in
Decapoda, Euphausiacea, Anaspidacea and
Mysidacea. Although some details vary intra-
and/or interspecifically (Vogt et al. 2009;
Wirkner and Richter 2013), it can be described
as a mostly unpaired artery connecting the heart
with the ventral vessel. Despite the variation, it
is likely that the descending artery is homolo-
gous within Malacostraca.

A longitudinal ventral vessel is described for
several malacostracan taxa. In Stomatopoda,
Decapoda, Euphausiacea, Lophogastrida
(Fig. 14.10b), Mysida and some Isopoda, it runs
along the ventral side of the nerve cord (sub-
neural vessel), while in Anaspidacea, the ante-
rior part extends above the nerve cord
(supraneural vessel). In contrast to taxa pos-
sessing a descending artery (see above), the
stomatopod ventral vessel is connected to the
dorsal vessel via a number of shunts (rami
communicantes) branching off from the lateral
cardiac arteries. They function to supply the
ventral nerve cord (Siewing 1956). The ventral
vessel described for some isopods (Silen 1954)
shows some similarities to that of stomatopods
but is a structure acquired independently within
Isopoda (see Wirkner and Richter 2003). In the
remaining taxa, the ventral vessel supplies the
thoracopods (and mouthparts) through lateral
branches. The part which extends anteriorly
from the descending artery is termed the sternal
artery, while the part which extends posteriorly
is termed the caudal artery.

14.3.3.3 Accessory Pulsatile Organs
(Myoarterial Formations)

In some crustaceans, parts of somatic muscles
such as oesophageal dilators lie within the lumen
in sections of the anterior aorta. Such so-called
myoarterial formations have been described in
Ostracoda, Copepoda and Malacostraca (cf.
Maynard 1960), although data on the first two
taxa are scarce (Wirkner and Richter 2013).
These units are functionally interpreted as
accessory pulsatile organs or frontal hearts since
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associated muscles rhythmically dilate the vessel
wall, thereby reinforcing the haemolymph flow
(Steinacker 1978, 1979; Huber 1992; Wirkner
and Richter 2007a). According to the anatomy
of the associated muscles, three different forms
of myoarterial formations have been described
(Wirkner and Richter 2010).

14.3.3.4 Lacunar Systems
In crustaceans, the most definitively enclosed
sinuses are the pericardial sinus, the branchio-
pericardial and/or the podo-pericardial sinuses
(often wrongly referred to as veins). The peri-
cardial sinus is confined by the dorsal diaphragm
(or pericardial septum) and the dorsal cuticle.
Using the analogy of the vertebrate heart, it has
been interpreted as a second heart chamber (e.g.
McMahon and Burnett 1990). The podo- and
branchio-pericardial sinuses channel haemo-
lymph out of the legs (and gills) into the peri-
cardial sinus and therefore play a major role in
respiration (Wirkner and Richter 2013). They
are confined by a connective tissue septum that
is attached to the lateral cuticle. In the cirripeds,
a complex channel system is often developed,
but these spaces are nevertheless usually con-
sidered to be haemolymph sinuses rather than
vessels. Their walls are apparently formed from
parenchymatous connective tissue cells and
interlacing fibres (Cannon 1947).

Generally, lacunae are complex three-
dimensional systems of haemolymph spaces, but
they are often divided by septa for a greater or
lesser portion of their length. Such septa can be
found in trunk appendages (legs or gills). They
run most of the length of these appendages and
thus divide the haemolymph space of the limb
into two channels (Fig. 14.13c). They receive
haemolymph from the ventral lacunae which are
connected to the limbs. Only in a few taxa are
they additionally supplied by arteries (Fig.
14.13c). One of the channels usually opens into
the lower-pressure region of the pericardial sinus
and the other into the ventral sinus, while the
pressure drop in the limb ensures the flow of

fluids. In certain amphipods, the appendage
septum may be a direct continuation of the
pericardial septum, and in decapod malacostra-
can gills can become quite complex. In flattened
gill plates, the essentially continuous septum is
replaced by a lacunar network in which oxy-
genation of haemolymph takes place.

14.3.4 Hexapods

The circulatory system of hexapods is often
portrayed as uniform and simply organised. This
is largely due to the fact that the vascular system
appears greatly reduced and is restricted in
almost all species to the dorsal vessel. However,
insects have numerous supplementary circula-
tory organs, such as the dorsal and ventral dia-
phragms as well as great number of so-called
accessory pulsatile organs (Fig. 14.14b). The
latter are evolutionary novelties of pterygote
insects and present an astounding diversity of
functional construction, a fact which has become
appreciated only in the recent decades. Since
insects have undergone immense radiation, it
may not be surprising to find all sorts of special
adaptations of the circulatory system, particu-
larly in context with the evolution of flight (see
Sect. 14.6.2.).

The literature on the structure and function of
the circulatory system of hexapods was thor-
oughly collected and treated in detail in a book
by Jones (1977). More recent reviews are given
in Miller (1985, 1997), Chapman (1998), Hertel
and Pass (2002), Wasserthal (2003a), Pass et al.
(2006) and Miller and Pass (2009).

14.3.4.1 Dorsal Vessel
The dorsal vessel is a more or less uniform tube
in some basal hexapods only. In the remaining
groups, it is differentiated into an anterior aorta
and a posterior part, the heart. The heart section
bears the ostia and has a much thicker muscu-
lature since it does most of the pumping. In the
plesiomorphic condition, the entire dorsal vessel
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lies directly under the tergal cuticle, whereas in
many pterygotes, the aorta is often detached,
looped or coiled, and in some species, it runs in
a straight line through the middle of the thorax
(Hessel 1969; Krenn and Pass 1994, 1995).

The anterior end of the dorsal vessel differs
among hexapods. The plesiomorphic condition
is characterised by antennal arteries which occur
only in Diplura (Gereben-Krenn and Pass 1999;
Fig. 14.14a). In most other insects, the dorsal
vessel terminates in the head just behind the
brain where it is fused with the connective tissue
sheath of the brain. Haemolymph passes further
to the frontal region of the head through the
channel-like sinus between the brain and
oesophagus. The posterior end of the dorsal
vessel, likewise, differs in anatomy. In Diplura,
it continues into a caudal chamber that has
emanating arteries which extend into the cercal
appendages (Gereben-Krenn and Pass 1999).
Remarkably, the flow of haemolymph in the
dorsal vessel of these animals is bidirectional
and regulated by intracardiac valves. Haemo-
lymph thus flows constantly not only in the
anterior direction but also posteriorly. This
bidirectional flow apparently represents the
plesiomorphic condition in hexapods and is
essential for the supply of haemolymph to long
abdominal appendages (Gereben-Krenn and
Pass 2000). In most exopterygotes and larvae of
endopterygotes, the posterior end of the dorsal
vessel is closed and a peristaltic wave of con-
traction is possible only in the forward direction
(unidirectional anterograde flow) (Fig. 14.14b).
In the adults of Coleoptera, Lepidoptera, Diptera
and probably many other insects, a periodic
reversal of the flow takes place in the dorsal
vessel that is referred to as heartbeat reversal
(Gerould 1933; Jones 1977; Wasserthal 1980,
2007, 2012; Angioy and Pietra 1995; Dulcis and
Levine 2005; Sláma and Farkás 2005; Glenn
et al. 2010; Sláma 2010). Several special ana-
tomical adaptations are related to this and have
been well studied in some higher Diptera (An-
gioy et al. 1999; Curtis et al. 1999; Wasserthal
1999, 2007; Glenn et al. 2010; Lehmacher et al.
2012) (Fig. 14.15a, b) and Lepidoptera (Was-
serthal 1980, 2003c). The physiological function

of heartbeat reversal can be manifold: on the one
hand, it supports a proper mixing of molecules
throughout the insect body; on the other hand, it
may be involved in thermoregulation and tra-
cheal ventilation (see Sect. 14.6.2).

The ostia exist in a broad variety among the
various hexapods, and different kinds of ostia
may even occur in the same animal (Fig. 14.15c;
see Pass et al. 2006 for a summary). Most
common are incurrent ostia. In addition, excur-
rent ostia with sphincter-like valves occur in
some exopterygotes (Nutting 1951; Pass et al.
2006). In insects known to undergo heartbeat
reversal, paired or unpaired excurrent ostia
occur at the caudal end of the dorsal vessel. In
Lepidoptera, two-way ostia are also present
(Wasserthal 1980, 2003c). They have only a
singular valve and allow in- or outflow
depending on the flow direction.

Dorsal vessel contractions are based on myo-
genic pacemakers which are modulated by neu-
ronal activities and eventually by hormonal
factors. The innervation can attain quite a com-
plexity, but no consistent pattern has been found
that holds true for all insects. It may be comprised
of several components, such as segmental nerves
from the ventral nerve cord, nerves coming from
the stomatogastric nervous system or even
peripheral cardiac neurones (reviews: Miller
1985, 1997). Of special interest is the innervation
of the dorsal vessel in insects with heartbeat
reversal. In some larvae, the dorsal vessel has no
obvious innervation, and the anterograde pump-
ing is driven myogenically. The innervation
develops later in the pupal stage together with the
beginning of heartbeat reversal (Davis et al. 2001;
Dulcis and Levine 2003). Both the anterior and
the posterior myogenic pacemakers in their dorsal
vessel are subject to a complex neuronal control
which is still poorly understood (Ai and Kuwas-
awa 1995; Kuwasawa et al. 1999; Dulcis et al.
2001; Dulcis and Levine 2003, 2005).

14.3.4.2 Other Vessels
A so-called circum-oesophageal vessel ring
occurs only in some basal hexapods. It arises
from the dorsal vessel just behind the brain,
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encompasses the oesophagus and has a large
ventral opening that is anteriorly directed
(Gereben-Krenn and Pass 1999; Pass et al. 2006)
(Fig. 14.14a). Additional vessel structures are
the lateral segmental arteries in some mantids
and cockroaches (Nutting 1951) (Fig. 14.15d).
At the vessel base are sphincter-like muscular
valves which only permit an outflow of haemo-
lymph from the dorsal vessel (Fig. 14.15e). In
the cockroach Periplaneta, the valves open and
close independently from each other, whereby
their physiological control has not yet been
elucidated (Miller 1997). From an evolutionary
point of view, it is remarkable that these seg-
mental arteries resemble those of other arthro-
pods. However, since they are absent in all
ancestral groups of hexapods, they are mostly
considered as evolutionary novelties (e.g. Kris-
tensen 1975). Finally, it should be noted that no
hexapod has a ventral longitudinal vessel.

14.3.4.3 Diaphragms and Sinuses
Hexapods have up to two diaphragms, which
extend horizontally in the body cavity. The
dorsal diaphragm is formed in most species by a
fenestrated septum of connective tissue and
associated alary muscles. These muscle plates
are limited to the abdominal section, and their
number varies (e.g. 12 in Periplaneta, 4 in Apis).
In most cases, their myocytes join together
beneath the heart. When they contract, the dor-
sally arched diaphragm is flattened, thereby
causing haemolymph to be sucked from the
central body cavity into the pericardial sinus.
However, the dorsal diaphragm may have an
entirely different organisation, for example, in
Lepidoptera, it is completely flat and the

muscles are arranged in a loose network (Was-
serthal 2003b), or in the fly Calliphora, the
muscle fibres run in the longitudinal direction
and surround the dorsal vessel like a basket
meshwork (Wasserthal 1999). The functional
significance of these arrangements is not clear.
The ventral diaphragm is differently formed in
the various insects and often completely absent
as in basal hexapods (Richards 1963). It appar-
ently plays an important role in the perfusion of
the ventral nerve cord in that it enforces the
haemolymph flow with undulating movements.

14.3.4.4 Accessory Pulsatile Organs
The pumping activity of the dorsal vessel and
the diaphragms results in the circulation of
haemolymph in the central body cavity but is
insufficient for circulation to outlying dead-end
structures, such as long body appendages.
Arteries, which fulfil this task, are common in
many other arthropods, but in hexapods, they are
only found in few basal taxa. In the pterygotes,
special circulation pumps exist for this task
which are independent of the dorsal vessel. They
are autonomous pumping organs with their own
beat rates and are therefore appropriately refer-
red to as auxiliary hearts. Such organs may be
associated with the antennae, some mouthparts,
legs, wings and long abdominal appendages,
such as cerci and ovipositors (Fig. 14.14b;
reviews: Pass 1998, 2000).
Antennal Circulatory Organs
Aside from the Diplura, which possess antennal
arteries, almost all other insects have autonomous
pulsatile organs (Pass 1991, 1998). Of these, the
best investigated with respect to both morphology
and physiology is the antenna-heart of the

Fig. 14.14 Schematic representations in the circulatory
organs in hexapods. a Dipluran Campodea representing
an ancestral condition in hexapods having antennal and
cercal arteries, circum-oesophageal vessel ring in head
and bidirectional flow in the dorsal vessel (modified after
Gereben-Krenn and Pass 1999). b Generalised pterygote
insect representing a derived condition with all

potentially occurring accessory pulsatile organs and an
unidirectional anterograde flow in the dorsal vessel.
Accessory pulsatile organs evolved with functional
mechanisms differing among insects even for a given
appendage. Vessels in solid black, diaphragms and
pumping muscles in grey; arrows indicate direction of
haemolymph flow (modified after Pass 2000)

b
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Fig. 14.15 a–b Haemolymph circulation in Drosophila
during forward (a) and backward (b) heartbeats. Over-
view in upper diagrams; magnified details in lower
diagrams showing enlarged anterior part of abdominal
heart and connection to venous thoracic channels.
Haemolymph from lateral thorax flows through these
channels directly to first ostia pair. Note that lateral flow
is maintained independently of heartbeat direction (mod-
ified after Wasserthal 2007). c Various kinds of ostia in
hexapods. Left incurrent ostia with paired lips; middle:
incurrent ostia plus excurrent ostia with sphincter-like
valves; Right two-way ostia with a single lip, left half
showing incurrent flow during anterograde phase, right
half showing excurrent flow during retrograde phase

(modified after Pass et al. 2006). d Cardiovascular system
in the cockroach Blaberus. Dorsal vessel with two short
thoracic and four long abdominal segmental arteries.
Haemolymph flow from posterior wing veins into
thoracic aorta indicated by broken lines. In right half of
diagram, dorsal diaphragm and alary muscles omitted for
reasons of clarity (modified after Nutting 1951). e Portion
of dorsal vessel with branching of segmental vessels in
the cockroach Periplaneta. At the base of segmental
vessels, sphincter-like valve controlling outflow into
segmental vessels (valves shown open) (modified after
Pass et al. 2006). Coloured arrows in the various
diagrams indicate direction of haemolymph flow: anter-
ograde in blue and retrograde in red
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Fig. 14.16 Accessory pulsatile organs of antennae and
wings of insects. a Antenna-heart of the cockroach
Periplaneta americana consisting of an ampulla at the
base of each antennal vessel and associated dilator
muscles (right half of brain removed). Diastole in upper
scheme: lowered pressure in widened ampulla enables
haemolymph to enter and causes constriction of the
antennal vessel base hindering backflow. Systole in lower
scheme: ampulla flattened due to elasticity of wall and of
an associated tendon (modified after Pass 1985). b–d
Wing circulatory organs of insects. b SEM of dorsal
thorax in the scorpionfly Panorpa communis. Wing-
hearts are located below the scutellum elevation; small
lumen beneath connected by cuticular tubes to posterior
wing veins (from Krenn and Pass 1993, with permission
from Pergamon Press). c Semi-thin cross section through

dorsal metathorax of the scorpionfly Nannochorista
neotropica showing pulsatile diaphragm and haemo-
lymph pathway (arrows) from wings to scutellum (from
Krenn and Pass 1993, with permission from Pergamon
Press). d Schemes of different wing circulatory organs.
Winged thorax segment with scutellum elevation and
associated pulsatile structures (left and middle diagram
viewed from an angle behind, right in cross section).
Contraction of the muscular parts induce haemolymph
flow from posterior wing veins to scutellum and further
into dorsal vessel or thoracic cavity. Left: aortic diver-
ticle with thickened dorsal wall and paired incurrent
ostia. Middle and right: separate dorsal diaphragm with
anterior valve allowing haemolymph flow directly into
thorax (modified after Pass 1998)
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cockroach Periplaneta americana (Hertel et al.
1985, 1997, 2012; Pass 1985; Pass et al. 1988a, b)
(Fig. 14.16a). Remarkably, it also functions as a
neurohaemal organ which probably releases hor-
mones that may be involved in the control of the
antennal sensory system of the cockroach (Pass
et al. 1988a, b). An endocrine function is also
assumed for a tissue mass associated with the
antennal circulatory organs in some Lepidoptera
(Schneider and Kaissling 1959; Raina et al. 2003).
The pumping muscles associated with the
antenna-hearts exhibit a widely different anatomy
and function either as dilators or as compressors;
the antagonists to these muscles are the elastic
wall of the ampullae or associated elastic sus-
pensory structures (Clements 1956; Selman 1965;
Pass 1980, 1988, 1991; Sun and Schmidt 1997;
Matus and Pass 1999; Wasserthal 2003b; Baum
et al. 2007).

Wing Circulatory Organs
The wings of insects are not simply dead cuticular
structures. Their veins are hollow tubes filled with
haemolymph to supply living cells, such as nerves
which innervate sensilla on the wing surfaces. The
haemolymph circulates in most insects according
to a typical pattern: efferent in the anterior veins
and afferent in the posterior (Arnold 1964). In
some Lepidoptera, an exchange of the haemo-
lymph occurs simultaneously in all wing veins by
an oscillatory mode (Wasserthal 1980). The
motor for haemolymph movement is located in
the thorax just below the scutellum which is evi-
dent as a small elevation of the tergal cuticle
(Fig. 14.16b–d). The scutellum is the pump
housing and is connected to the posterior wings
via cuticular tubes (Krenn and Pass 1993). The
anatomy of the pump differs (Fig. 14.16d); it may
consist of specially modified parts of the dorsal

Fig. 14.17 a Leg-heart in the waterbug Ranatra. The
leg haemocoel is divided by a thin septum into two
sinuses. Contraction of the associated muscle narrows the
dorsal sinus and forces haemolymph towards the thorax.
At the same time, haemolymph is sucked from the thorax
into the ventral sinus. The diaphragm is lacking at the
apex, enabling turn of flow (modified after Brocher
1909). b Cross section of the tibia in the hawkmoth
Deilephila. Pupal leg (left diagram): haemocoel divided
by a thin septum into two sinuses with counter-current
haemolymph flow. Adult leg (middle and right diagram):
haemocoel divided into two sinuses by a large tracheal
sac whose volume changes in correlation with heartbeat
reversal; during retrograde beating phases (right

diagram), haemolymph is removed, and the elastic
tracheal sac compensatorily expands (modified after
Wasserthal 1998). c Cercus-heart in Plecoptera. Cercal
vessels are separate from the dorsal vessel and originate
at a transverse septum at the cercus base. Pulsatile part in
anal lobe depicted in different phases of action. Left
body half contraction of the pumping muscle compresses
the anal lobe and forces haemolymph through a slit valve
into body cavity. Right body half relaxation of muscle
allows the anal lobe to return to its original shape;
thereby, haemolymph is drawn from cercus haemocoel
into anal lobe and from body cavity into cercal vessel
(modified after Pass 1987)
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vessel (aortic diverticles) or organs completely
independent of the dorsal vessel which may thus
be labelled wing-hearts (Whedon 1938; Selman
1965; Krenn and Pass 1994, 1995). All wing cir-
culatory organs function according to the same
principle: haemolymph is sucked out of the pos-
terior wing veins into the dorsal vessel or directly
into the thoracic haemocoel (Fig. 14.16d).
Leg Circulatory Organs
The legs of hexapods contain no vessels for cir-
culation. Their haemocoel is usually divided by a
longitudinal septum of connective tissue into two
sinuses (Fig. 14.17a, b). Only at the tip of the
appendage is the septum lacking, allowing for a
counter-current flow of haemolymph. How this
flow is generated remains unclear in most cases
and may be different among species (Pass et al.
2006). It can be induced by periodic abdominal
pressure pulses (Ichikawa 2009). In some species
of Heteroptera, however, a rhythmically con-
tracting muscle is associated with the leg septum.
Thereby, haemolymph is actively forced through
the appendages, and these organs can thus be
designated as leg-hearts (Debaisieux 1936; Han-
tschk 1991) (Fig. 14.17a). A leg-heart with a
completely different functional morphology was
described in the locust (Hustert 1999).The anat-
omy of the leg circulatory organs may even
change during development, as in the hawkmoth
Deilephila, where a thin septum is replaced by a
large elastic tracheal sac during metamorphosis
(Wasserthal 2003b) (Fig. 14.17b).
Circulatory Organs of Abdominal Appendages
Some basal hexapods, such as Archaeognatha,
Zygentoma and Ephemeroptera, exhibit a long
terminal filum and long cerci. These insects are
characterised by a bidirectional flow in their
dorsal vessel, whereby the caudal end forms a
strong muscular chamber with a vessel extending
into the terminal filum. Curiously, the chamber
contracts with a different frequency from that of
the anterior part of the dorsal vessel (Meyer 1931;
Gereben-Krenn and Pass 2000). Autonomous
cercus-hearts have been detected in Plecoptera
(Pass 1987) (Fig. 14.17c). In most other insects,
longitudinal septa are present in the cerci, but no
specific pulsatile apparatus has been found
(Murray 1967; Pass et al. 2006). Recently, in the

cricket Acheta, autonomous ovipositor-hearts
were discovered (Hustert and Pass in prep).

Finally, it should be noted that accessory
hearts may also contribute to the hydraulic-
based movements of body appendages. For
example, the long proboscis of Lepidoptera is
uncoiled by special pumping organs in the head
at the base of the proboscis (reviewed in Krenn
2010), and the lamellate antennae in scarabaeid
beetles are spread out by increased haemolymph
pressure produced by action of the antenna-heart
(Pass 1980).

14.3.4.5 Extracardiac Pressure Pulses
In addition to the action of the dorsal vessel,
various regular abdominal pressure pulses occur
which clearly influence flow conditions, for
example, the very pronounced abdominal
breathing movements. Beyond that, there are
pressure pulses which are barely discernible
from the outside. The functional significance of
these extracardiac pulses, sometimes called
coelopulses, is hotly debated (Kuusik et al.
1996; Sláma 1999, 2008; Tartes et al. 2002). In
the mosquito Anopheles, it was conclusively
demonstrated that there are slight but regular
ventral abdominal contractions which are cor-
related with heartbeat reversal. The contractions
obviously promote extracardiac haemolymph
propulsion in the abdominal haemocoel during
periods of anterograde heart flow (Andereck
et al. 2010).

14.4 Development
of the Circulatory System

14.4.1 General Development
of the Circulatory Organs

All major components of the circulatory system
such as vessels and muscles arise as derivatives
of the mesoderm [reviewed in Johannsen and
Butt (1941), Siewing (1969), Anderson (1973)].
The heart arises from the cardiac primordium
which is located at the dorsal-most edge of the
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somites. Formation of the tubular vessel is
accomplished by the upward migration of the
mesoderm and the subsequent joining of oppo-
site cardioblasts in the dorsal midline
(Fig. 14.18b, f). This occurs mostly in conjunc-
tion with a process called dorsal closure during
which the lateral margins of the embryo extend
dorsally and enclose the yolk. The dorsal
mesoderm adjacent to the heart primordium
gives rise to the pericardial septum and to the

alary muscles. While the formation of the heart
appears similar among arthropods, the formation
of the vessels varies greatly.

The anterior aorta develops independently of
the heart in many arthropods either from the
precheliceral, antennal, preantennulary or an-
tennulary somite. The initial gap between ante-
rior aorta and heart is spanned in these species
later during development by a posterior exten-
sion of the anterior aorta (Manton 1928, 1934;
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Hickman 1936; Johannsen and Butt 1941; Nair
1956; Weygoldt 1961, 1975; Scholl 1963, 1977;
Anderson 1973; Janssen and Damen 2008). In
many other arthropods, for example, in Scolo-
pendra (Anderson 1973) or in Drosophila (e.g.
Bodmer and Frasch 2010), the anterior aorta and
heart forms en bloc from the mesoderm of suc-
cessive segments.

The development of the lateral arteries dif-
fers among arthropods. In chelicerates and
myriapods, they are formed similarly to the heart
by joining of cells from the lateral margins of
adjacent somites (Johannsen and Butt 1941;
Weygoldt 1975; Scholl 1977), while in mala-
costracan crustaceans, it is described that they
grow out from the heart. Initially, all crustacean
lateral arteries arise as pairs including the aorta
descendens of which one artery later degenerates
(Weygoldt 1961; Vogt et al. 2009).

The ventral vessel of myriapods can be
formed in two different ways. In the chilopod
Scolopendra, it resembles the formation of the
heart as it develops by the joining of the ventral
edges of the somites in the ventral midline (Jo-
hannsen and Butt 1941; Anderson 1973). In
contrast, in the symphylan Hanseniella, it arises
from cells of the median mesoderm anlage
(Anderson 1973). The subneural artery of
decapod crustaceans is assumed to originate
from the aorta descendens (Weygoldt 1961).
Similarly, the neural artery of Limulus poly-
phemus is formed by the outgrowth of the aortal
trunks which extend posteriorly as two separate

tubes above the nerve cord. During later stages
in development, these arteries wrap around the
nerve cord and fuse to form the perineural sinus
(Kingsley 1893).

The origin of the arteries supplying the
appendages was studied in a whip spider
(Weygoldt 1975). Initially, the mesoderm
extending into the appendages forms only one-
half of the blood channel. The completion of the
artery occurs later during development, pre-
sumably by cells from the mesodermal sheath of
the accompanying nerve. The formation of the
fine peripheral vascular system, especially the
highly branched vessels in malacostracans and
arachnids, is poorly investigated. In the shrimp
Metapenaeus ensis, it was shown that the com-
plexity of the vascular system increases with
each larval stage. Starting with a bulbous heart,
one pair of ostia and a single anterior aorta in the
protozoëa, the vascular system progressively
changes until the juvenile stage to a heart with
three pairs of ostia, a posterior aorta, lateral
branched arteries and loss of the anterior aorta
anterior to the first pair of lateral arteries
(McMahon et al. 2002).

14.4.2 Genetic Control of Mesoderm
and Dorsal Vessel Formation

With respect to developmental genetics, Dro-
sophila melanogaster is by far the most inten-
sively studied arthropod, and almost our entire

Fig. 14.18 Genes involved in heart development.
a Schematic representation of twist expression at early
stages in different arthropods (modified after Price and
Patel 2008). b Drosophila melanogaster, left panel
shows lateral views of stage 11 embryos: ectodermal
wg (turquoise) and dpp (purple) expressions (upper left
panel) restrict tin to dorsal mesoderm (lower left panel;
from Bodmer and Frasch 2010, with permission from
Academic Press). Right panel shows heart formation
from opposite rows of cardioblasts visualised by H15
expression in heart precursors (dorsal view, numerals
indicate stages; from Griffin et al. 2000, with permission
from Academic Press). c Mysidium columbiae, ventral
view: wg expressed in patches at the dorsal margin of the
embryo (from Duman-Scheel et al. 2002, with permis-
sion from Springer Verlag). d Tribolium castaneum,
ventral views of germ band, retraction stage embryos: tin

and H15 are expressed in the dorsal mesoderm, while
dpp and wg (in patches) are found in the overlying dorsal
ectoderm (from Janssen and Damen 2008, with permis-
sion from Blackwell Publishing). e Glomeris marginata,
ventral views of stage five embryos: expressions of dpp,
Wnt5, Wnt7 and H15-1 in heart primordium (from Prpic
2004, with permission from BioMed Central; Janssen
et al. 2004, with permission from Academic Press; Prpic
et al. 2005, with permission from Blackwell Publishing).
f Cupiennius salei: formation of heart from opposite
rows of tin-positive cardioblasts (lower panel). Note that
the anterior part is formed from a separate population of
tin-positive cells (asterisks). tin, dpp, Wnt5 and H15-1
are expressed at the dorso-lateral margin of the germ
band, which will give rise to the heart (upper panel; from
Janssen and Damen 2008, with permission from Black-
well Publishing)

b
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knowledge of heart formation is derived from
research on this model organism. To date, a
large number of transcription factors and sig-
nalling pathways are known which play crucial
roles in cardiogenesis and have been extensively
reviewed (e.g. Bodmer and Frasch 2010; Cripps
and Olson 2002; Zaffran and Frasch 2002; Tao
and Schulz 2007; Bryantsev and Cripps 2009;
Reim and Frasch 2010 and references therein).
In Drosophila, the ventral third of the blasto-
derm is specified as presumptive mesoderm by
activation of the transcription factor twist
(Fig. 14.18a). Twist is a master regulator of
mesoderm development and subsequently acti-
vates genes required for gastrulation, patterning
and differentiation of the mesoderm. One of its
target genes is the transcription factor tinman
which is initially expressed throughout the
whole mesoderm. Following invagination, the
mesoderm spreads out dorsally along the ecto-
derm, forming a monolayer on either side of the
embryo. This migration brings the dorsal region
of the mesoderm into close contact with ecto-
dermal cells that express decapentaplegic (dpp).
Dpp signalling maintains tinman expression only
in the dorsal mesoderm which subsequently
differentiates into cardiac and visceral meso-
derm. A second signal encoded by the segment
polarity gene wingless (a member of the Wnt
family) which is primarily expressed in the
ectoderm in transverse stripes perpendicular to
the dpp domain leads to the restriction of tinman
expression to the cardiac precursors
(Fig. 14.18b). Activation of GATA and T-box
genes (e.g. H15) within these precursors results
in the functional diversification of the cardio-
blasts into cardiomyocytes and ostia cells. While
cardiomyocytes remain tinman positive, ostia
cells express the transcription factor seven-up
which probably acts as a repressor of tinman in
these cells. The subdivision of the dorsal vessel
into a thin aorta and a muscular heart is estab-
lished by the intrinsic and partly overlapping
expression of homeotic selector (Hox) genes
(Lovato et al. 2002; Ponzielli et al. 2002; Perrin
et al. 2004; Monier et al. 2005; Ryan et al. 2005;
Monier et al. 2007).

Cloning of orthologs and subsequent in situ
hybridisation showed that some of the genes
known to play a role in mesoderm and dorsal
vessel development in Drosophila are also
expressed in other arthropods (Fig. 14.18c–f).
Twist: in the beetle Tribolium castaneum (Han-
del et al. 2005) and the spider Achaearanea
tepidariorum (Yamazaki et al. 2005), twist
expression starts in the presumptive mesoderm
before gastrulation as in Drosophila. In contrast,
in the amphipod Parhyale hawaiensis, twist is
first activated in the mesoderm after gastrula-
tion, indicating that the role of twist in meso-
derm specification is not conserved among
arthropods. However, its expression during the
subsequent development suggests a conserved
role in mesoderm patterning and differentiation
(Price and Patel 2008). Dpp: like in Drosophila,
dpp is expressed in the ectoderm overlying the
heart precursors in Tribolium (Janssen and
Damen 2008). In the millipede Glomeris mar-
ginata (Prpic 2004) and the spider Cupiennius
salei (Janssen and Damen 2008), expression was
detected at the dorso-lateral edge of the germ
band where the heart precursors form. Wnts:
wingless was found in the ectoderm in segmental
spots at the dorsal edge of the embryo in
Tribolium (Janssen and Damen 2008) and in a
similar position in the mesoderm of the crusta-
cean Mysidium columbiae (Duman-Scheel et al.
2002). In Glomeris, Wnt5 and Wnt7 are
expressed in the heart primordium (Janssen et al.
2004), and in Cupiennius, Wnt5-1 was detected
in the dorsal edge of the embryo (Janssen and
Damen 2008). A recent study in Drosophila
showed that Wnt4 also plays a role in heart
formation, indicating that various Wnt family
members are involved in cardiogenesis within
arthropods (Tauc et al. 2012). Tinman: in
Tribolium and Cupiennius, tinman is expressed
in the cardiac mesoderm and later in the dorsal
vessel (Janssen and Damen 2008). In the spider,
tinman expression showed that the anterior part
of the dorsal vessel is formed by a separate
population of tinman-positive cells, which were
reported to originate from the ridge of the dorsal
cephalic lobe (Janssen and Damen 2008) and
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may correspond to the anterior aorta described
as developing separately from the heart
(Fig. 14.18f). H15: in Tribolium, H15 expres-
sion was detected in heart precursors (Janssen
and Damen 2008). In Glomeris, H15-1 but not
H15-2 is expressed in the developing dorsal
vessel (Prpic et al. 2005; Janssen et al. 2006,
2008), whereas both were found in the dorsal
vessel in Cupiennius (Janssen and Damen 2008).

Although remarkable differences in the tem-
poral onset and expression pattern of some of the
genes exist, the occurrence of tinman expression
in the dorsal vessel of so distantly related groups
as flies and spiders suggests a largely conserved
regulatory network of dorsal vessel formation in
arthropods. In this hypothetical pathway, twist
activates tinman in the mesoderm, whose
expression is then maintained by dpp. Wnt genes
specify heart precursors, and T-box genes like
H15 maintain tinman in the heart precursors
after dpp expression has ceased, leading to the
functional diversification of cells within the
dorsal vessel.

14.4.3 Accessory Pulsatile Organs

These organs deserve special interest from the
developmental point of view since they are
clearly evolutionary novelties. In the decapod
crustacean Palaemonetes varians, the pumping
muscles associated with the aortic wall that
constitute the frontal heart are derived from
adjacent parts of the mesoderm and not from the
cardiac mesoderm (Weygoldt 1961). Reports on
the development of wing circulatory organs of
insects are known from two species. While in
Locusta migratoria, a modified part of the heart
forms the pulsatile apparatus during postem-
bryonic development (Krenn 1993), in Dro-
sophila, there are heart-independent progenitors
which give rise to the wing-hearts (Tögel et al.
2008). The progenitors develop close to the
heart during embryogenesis and are specified by
downregulation of tinman expression. Remark-
ably, during their development, they express

several genes typical for cardiomyogenesis. The
mature wing-heart muscles, nonetheless,
resemble adult somatic muscles (Lehmacher
et al. 2009).

14.5 Major Evolutionary Trends

14.5.1 Ancestral Condition

The vascular system of all arthropods is organ-
ised in a way which is clearly segmental. The
individual elements are found in serial configu-
ration in a number of segments. Even in unre-
lated lineages, the same vascular elements occur
in a similar arrangement. It is therefore plausible
that a distinct segmental set of circulatory organ
structures are part of the ground pattern of
arthropods. This set may comprise a portion of
the dorsal vessel plus one pair of ostia, one pair
of cardiac arteries and possibly also a portion of
the ventral vessel.

How is the circulatory system organised in
groups related to the arthropods? Conditions
vary significantly in the two other taxa of the
panarthropod clade. Tardigrades have no circu-
latory organs, while onychophorans, in contrast,
have a dorsal vessel with paired ostia, a dorsal
diaphragm and antennal arteries (Pass 1991;
Storch and Ruhberg 1993). We may, then, ten-
tatively conclude that the dorsal vessel and the
dorsal diaphragm at least belong to the ground
pattern of the panarthropods, while the condition
found in tardigrades may be due to their minute
body size and therefore represent a derived
condition.

Evolutionary scenarios for the circulatory
system in the sister group to the Panarthropoda
differ according to phylogenetic hypothesis. In
the traditional Articulata hypothesis, the open
circulatory system of arthropods is hypothesised
to be derived from the closed circulatory system
of annelids. The differences in the body cavities
of these two groups are held to be a plausible
explanation for the evolutionary changes that are
thought to have occurred. In annelids, the
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vascular system bridges a metameric arrange-
ment of separate coelomic cavities. In arthro-
pods, in contrast, a single body cavity, i.e. the
mixocoel, developed in the context of the evo-
lution of the cuticular exoskeleton. In this
manner, the closed system could have trans-
formed into an open one. Although the origin of
the mixocoel is still a matter of debate, transitory
coelomic cavities occur at least in Onychophora
(Mayer et al. 2004) and according to Bartholo-
maeus et al. (2009) in some arthropods too. In the
light of the now widely accepted Ecdysozoa
hypothesis, however, completely different sce-
narios must be developed. All closely related
ecdysozoan sister groups of panarthropods are
completely devoid of circulatory organs. That
leaves two possible explanations: either the cir-
culatory system as seen in arthropods is a com-
pletely new acquisition, or circulatory organs
were lost several times. Although the second
possibility is not parsimonious, deep homology
(sensu Shubin et al. 2009) of circulatory organ
developmental pathways between arthropods and
other bilaterian taxa (Harvey 1996; Xavier-Neto
et al. 2010) possessing circulatory systems
nonetheless speaks in favour of the latter scenario.

14.5.2 Evolutionary Trends and Factors

When we look at arthropods from the viewpoint
of the circulatory system, the degree of variation
in structural and functional complexity is strik-
ing. Parts of the cardiovascular system in some
of the major taxa are highly sophisticated, as is
the case in most chelicerates and malacostracan
crustaceans, while in other groups, such as
copepods, branchiopods and—last but not
least—insects, the cardiovascular system is
confined to the dorsal vessel. This structural and
functional diversity contrasts starkly with that of
other major organ systems such as the central
nervous system and the digestive system.
Respiratory systems, on the other hand, also
display great variation between air and water
breathing organs, and this seems, at least in

some cases, to be correlated with evolutionary
changes in circulatory organ design (see below).

It seems appropriate in a first step, to describe
what actually changed during the evolution of
circulatory organs in arthropods, before in a
second step, we address the potential causes of
these changes.

The greatest changes took place in arterial
systems. On the one hand, reductions are apparent
in a number of lineages. First, we see a reduction
in the complexity of the branching patterns of
lateral cardiac arteries (e.g. within malacostra-
cans), and secondly, a reduction in the number of
pairs of cardiac arteries (e.g. in spiders and mal-
acostracans). This was often accompanied by the
loss of a posterior aorta. The anterior aorta, in
contrast, is reduced only in very few taxa (e.g.
copepods), probably due to its functional signifi-
cance in supplying the cephalic region.

On the other hand, an increase in the struc-
tural complexity of the vascular system also
occurred in different lineages independently. In
pulmonate arachnids, the arterial supply of the
central nervous system reached a degree of
complexity (Fig. 14.6b, c) that is not seen in
other chelicerates (Wirkner and Prendini 2007;
Klussmann-Fricke et al. 2013). The same is true
of the supply of the central nervous system in
decapods (e.g. Sandeman 1967). In the latter
taxon, the degree of complexity of the lateral
cardiac arteries also increased (Fig. 14.12b).

The hearts, too, were subject to both reduc-
tions and increases in complexity. In branchio-
pods, the plesiomorphic state of a tubular heart
extending right the way through the trunk
(anostracans) was reduced in a more or less
stepwise manner to a simple, short tubular heart
with no arteries in some cladocerans. In deca-
pods and euphausiaceans, on the other hand, we
find high-performance globular hearts made up
of a multilayered myocard and a complicated
regulatory system which evolved from the
tubular hearts found in other malacostracans
(e.g. Wilkens et al. 1997a).

Can some of the major factors be identified
that triggered this range of changes? Here, two
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processes are suggested to have affected each
other reciprocally: changes in body size and
changes in respiratory modes. In various groups,
a decrease in body size is clearly correlated with
a decrease in arterial complexity. Changes in
respiratory modes will be dealt with in detail
later, but it is obvious that body size had a
greater effect since even in groups with coupled
respiratory and circulatory systems (e.g. various
crustaceans), small species exhibit a reduced
vascular system. Another factor shaping changes
in the circulatory system has been the need to
supply haemolymph to the central nervous sys-
tem. In the majority of species, the brain (in
mandibulates) or prosomal ganglion (in cheli-
cerates) is supplied indirectly via the anterior
aorta, though a system of direct supply via a
complex arrangement of arteries has evolved at
least twice, that is, in pulmonate arachnids and
decapods. In a number of malacostracans,
chilopods, symphylans and various arachnids,
the ventral nerve cord is supplied via a ventral
vessel, and this mode of supply too has evolved
several times. An alternative way of supplying
haemolymph to the central nervous system,
namely via a perineural sinus, has also evolved
at least twice, in chelicerates and diplopods. The
central nervous system is on the one hand the
most consumptive tissue found in arthropods but
on the other hand also the most dense, which
may go some way to explaining why the need to
supply it with haemolymph has had such a
central influence on the evolution of the circu-
latory system. There are also various develop-
mental constraints which may have affected
circulatory design. It is known from vertebrates
that the tubulogenesis of arteries proceeds along
oxygen gradients (e.g. Fraisl et al. 2009). Similar
processes are imaginable in the brain of deca-
pods or the prosomal ganglion of pulmonate
arachnids. Furthermore, in chelicerate taxa,
main arteries to appendages are found directly
on top of the nerves, supplying the same
appendages (Huckstorf et al. 2013; Klussmann-
Fricke et al. 2013). A developmental correlation
between the nerves and the arteries similar to
that between oxygen gradients and arteries is
therefore feasible.

14.5.3 Transformations
and Evolutionary Novelties

The combination of moderate complexity and
high variability makes the arthropod circulatory
system eminently suitable for the study of evo-
lutionary transformations and novelties. A
comprehensible and well-studied example is
haemolymph supply to body appendages. While
most arthropods have arteries for this task,
pterygote insects evolved autonomous circula-
tory organs which are independent of the vas-
cular system (reviews: Pass 1998, 2000). These
auxiliary hearts cannot be homologised with any
organ in their ancestors and are therefore con-
sidered evolutionary novelties (see West-
Eberhard 2003; Pigliucci and Müller 2010;
Brigandt and Love 2012). The basic elements
needed for the formation of a new accessory
heart are pumping muscles and an elastic
antagonist of connective tissue or cuticle. These
elements were recruited from various organ
systems by decoupling, individualisation and
local displacement to form a novel functional
unit. Comparative analyses and developmental
studies of the pumping muscles in several
accessory hearts have led to the conclusion that
they are derived from various nearby muscle
systems (Pass 2000; Tögel et al. 2008). Results
pertaining to the development of the muscles
associated with the frontal heart in decapods fit
well with this hypothesis (Weygoldt 1961; see
also Sect. 14.4.3).

14.6 Adaptations to Major
Environmental Transitions

14.6.1 From Water to Land: New Modes
of Respiration and the Effects
on the Cardiovascular System

When we think about the most influential envi-
ronmental changes and transitions that occurred
during evolution, those involving the change
between the two major habitats water and land
come to mind. Although this transition can be
interpreted to have occurred in both directions,
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the one of interest here is terrestrialisation: the
change from an aquatic life style to a terrestrial
one. For an overview of these key events in the
evolution of arthropods, see Chap. 16.

Terrestrialisation processes have had a major
influence on the structure and function of almost
all organ systems. A main challenge for the
circulatory system in this regard was maintain-
ing water balance and homeostatic conditions in
the haemolymph. Even more important, how-
ever, was the switch between the two respiratory
media water and air. But did the major changes
in respiratory modes in the different groups also
have a strong impact on the cardiovascular
system?

The question of how often terrestrialisation
took place within arachnids is currently under
debate (see e.g. Scholtz and Kamenz 2006). This
means that it is still unclear how often book
lungs and tracheal systems developed in this
clade. Regardless of the answer, it has been
suggested that the xiphosuran book gills were
the prerequisite in the evolution of book lungs
(Lankester 1881; Kingsley 1885; Farley 2010).
In our context, it is unimportant whether book
lungs evolved once or twice. The point is that
the haemolymph supply to book gills (Xipho-
sura) and book lungs (Tetrapulmonata, Scorpi-
ones, i.e. pulmonate arachnids) is more or less
the same, since they both represent centralised
respiratory organs. Centralised respiratory
organs must be irrigated with haemolymph and
require an oxygen transporter (haemocyanin in
the arthropods) to maintain a constant supply of
oxygen to the organs and tissues. This is
reflected in the circulatory design in xiphosurans
and pulmonate arachnids (see above). Book gills
and lungs are well connected to the pericardial
sinus via sinuses which channel oxygenated
haemolymph towards the heart, from where it is
distributed to the tissues via highly complex
arterial systems.

All apulmonate arachnids display a reduction
in their arterial systems, following a transition
from centralised to decentralised respiratory
organs: they breathe through a system of tubular
tracheae which directly supply the tissues with

oxygen (Gruner 1993). In these groups, a dorsal
tubular heart is connected via an anterior aorta to
an extensive perineural and in some cases also
perivisceral sinus (Firstman 1973; Gruner 1993).
It is interesting to note that the xiphosuran cir-
culatory system (see above) can probably be
seen as a prerequisite for that found in both
pulmonate and apulmonate arachnids since
xiphosurans possess both a well-defined arterial
system and a system of perineural and perivis-
ceral sinuses (see Fig. 14.4; Milne-Edwards
1872; Redmond et al. 1982).

A similar example of terrestrialisation is
found in myriapods. All recent representatives
are obligate air breathers, that is, they all possess
tracheal systems, but when it comes to oxygen
transport, there are distinct differences. Within
chilopods, scutigeromorphs possess centralised
tracheal lungs (Dubuisson 1928; Dohle 1985;
Hilken 1997, 1998) and haemocyanin serves as
the oxygen transporter (Rajulu 1969; Mangum
et al. 1985). Wirkner and Pass (2002) therefore
interpreted some distinctive features of the cir-
culatory organs in scutigeromorphs as being
related to this coupling of the respiratory and
circulatory systems. These features include a
voluminous heart with an unusually thick myo-
card for high-performance haemolymph circu-
lation, the close proximity of the tracheal lungs
to the heart (Fig. 14.9b), which shortens the
transport route of oxygen-enriched haemo-
lymph, sinuses which channel a centripetal
haemolymph flow towards the heart via the
tracheal lung sinus, and lastly, aortic diverticles
in the head which act as accessory pulsatile
organs (Fig. 14.9a). In all other chilopods, which
have tracheal systems that bring the oxygen
directly to the tissues, none of these specialised
circulatory system features are found.

In decapod crustaceans, structures in the gill
chamber were recruited for air breathing pur-
poses, meaning that the respiratory organs
remained centralised. As a result, the arterial
systems in this group did not undergo any major
changes, though the lacunar system found in the
respiratory organs either altered slightly or
became more extensively developed.
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In Isopoda, we find all sorts of degrees of
terrestrialisation, from amphibious species to
species that are completely independent of water
as a habitat. The pleopods act as gills in all
species, but in the terrestrial species, the pleo-
podal gills are kept wet through a sophisticated
system of water canals that channel the products
of the maxillary glands to the pleopods (Wägele
1992). On the way back, ammoniac evaporates
and oxygen is taken up. In strictly terrestrial
species, the gills are supplemented by pleopodal
lungs (see Chap. 16). Silen (1954) states that the
arterial system in terrestrial isopods is somewhat
reduced in comparison with that in aquatic
forms. However, this relates to one pair of car-
diac arteries and only some species. Apart
from the shift of the margins of the heart into
the pleon (see Wirkner and Richter 2003), no
drastic rearrangement of the arterial system took
place.

The simple vascular system of hexapods has
also often been interpreted to be the result of a
reduction caused by the evolution of the tracheal
system. This interpretation implies that the
hexapod ancestor had a complex vascular sys-
tem. However, according to the now widely
accepted Tetraconata/Pancrustacea hypothesis,
the potential sister groups of hexapods are
aquatic crustaceans such as Branchiopoda,
Cephalocarida and/or Remipedia which are all
relatively small in terms of body size and pos-
sess a very simple cardiovascular system, com-
prising only a tubular heart with an anterior
aorta. In this scenario, it seems obvious to
assume that the last common ancestor of hexa-
pods and their crustacean sister group already
had this simple cardiovascular system.

This morphological analysis of the cardio-
vascular system shows that it was not primarily
terrestrialisation that affected the restructuring of
circulatory organs but rather the transition from
centralised to decentralised air breathing sys-
tems. Once the cardiovascular system was no
longer needed for oxygen transport, it underwent
a reduction in both extent and performance.

14.6.2 From Land to Air: Lightweight
Body Construction and New
Tasks for the Circulatory System

The acquisition of the ability to fly was a key
event in the evolution of insects, requiring not
only the development of flight organs but
affecting nearly all the other body parts and
organ systems (reviews: Brodsky 1994; Dudley
2000). The circulatory system played an impor-
tant role in facilitating flight, but most reviewers
have paid little attention to this fact. The ways in
which the circulatory system contributed to flight
are wide-ranging and include aspects such as
wing formation, body-weight reduction, tracheal
ventilation and thermoregulation.

The importance of the circulatory system for
the development and maintenance of the wings is
vital (Fig. 14.19a). Increased haemolymph
pressure in the thorax is necessary for eclosion
and wing inflation and is achieved through
muscular contractions, especially in the abdo-
men (Moreau 1974; Moreau and Lavenseau
1975). Heartbeat reversal may also contribute to
the required pressure changes (Wasserthal 1975,
2003c). In wing maturation, the accessory wing
circulatory organs play an important role by
sucking out dissolved epidermal cells to enable
the dorsal and ventral cuticular lamellae of the
wing to merge together (Tögel et al. 2008).
Proper haemolymph circulation through the
veins of mature wings is then necessary to
maintain them in a healthy and functional state.
Wings deprived of circulating haemolymph by
the elimination of the wing circulatory organs
become dry, brittle and tear easily.

An important selective factor in the evolution
of flight is the reduction in body weight. The
greatest contribution to weight loss is achieved
by a radical reduction in the amount of haemo-
lymph in the body. About 50 % of the body
weight of lepidopteran caterpillars, for instance,
is haemolymph, while in adults, it is only
12–18 % (Wasserthal 1996, 2003c). The reduc-
tion occurs immediately after the moult to adult,

14 The Arthropod Circulatory System 379

http://dx.doi.org/10.1007/978-3-642-36160-9_16


with haemolymph becoming highly concen-
trated via diuresis and excess water being
excreted through the anus (Nicolson 1976). To
compensate for this loss of haemolymph vol-
ume, the tracheal air sacs inflate to extend
throughout the body.

A further vital functional area in which the
circulatory system plays an important role in
winged insects is breathing. Generally, the cir-
culatory system in insects is not considered to be
used to deliver respiratory gases to the various
tissues since this is usually accomplished by the
tracheal system. However, there are numerous
reports that the circulatory system actually plays
an active role in the ventilation of the

respiratory gases, or at least, it does when
metabolic needs are high. During flight, the
demand for oxygen increases enormously,
sometimes up to 200 times the resting metabolic
rate (Harrison and Roberts 2000). This means
that fresh air must be delivered to the flight
muscles quickly, which is only possible if the
tracheal system is efficiently ventilated (reviews:
Dudley 2000; Harrison et al. 2012). The tracheal
system of winged insects is particularly well
developed and contains, beside tubular compo-
nents, large air sacs which can be inflated or
compressed. The ventilation of these voluminous
structures occurs in connection with changes in
hydraulic pressure, for which there are several
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mechanisms. The most common is abdominal
pumping, which is effected by the contraction of
segmental muscles. Another is heartbeat rever-
sal, which in addition requires the insect body to
be separated into an anterior and an abdominal
compartment by a narrow waist and/or by inter-
nal organs which function as valves. Haemo-
lymph can then be periodically shifted between
the two body parts, resulting in alternating
pressure changes which effect discontinuous
tracheal ventilation (Wasserthal 1996). The rate
at which haemolymph oscillates between the two
compartments may be quite high. In a Calliphora
fly, for example, the pumping direction of the
heart is regularly reversed, with a sequence of
forward and backward pulses lasting approxi-
mately 30s (Wasserthal 2012) (Fig. 14.19b).
Extracardiac pressure pulses, which cannot be
detected from the outside, are considered to act
as an additional ventilation mechanism. At least
in the pupal stage of some endopterygotes,
periodically repeated extracardiac pressure pul-
ses are clearly coordinated with brief openings of
the spiracle valves to expel carbon dioxide and
draw in fresh, well-oxygenated respiratory air
(Sláma et al. 1979; Sláma 2000; Sláma and

Neven 2001). The abdomen functions in these
events as a superordinate pressure pump (Tartes
et al. 2002). To summarise, there are complicated
interactions between the pumping of the circu-
latory organs and extracardiac pressure changes
on the one hand, and between the tracheal system
and its regulatory spiracles on the other, which
together guarantee efficient ventilation distribu-
tion of respiratory air.

An additional adaptation to flight in many
advanced flying insects is the capacity for ther-
moregulation, which has emancipated the spe-
cies in question from ambient temperatures and
provided them with advantages in several
important aspects of their lives, including the
search for food, mates and the avoidance of
predators (reviews: Heinrich 1993, 1996). To
achieve the physiological feat of thermoregula-
tion, a great number of sophisticated mecha-
nisms have evolved in which the circulatory
system is often an essential component. Body
temperature is the result of a balance between
the rates of heat gain and heat loss. Heat gain
can be achieved by two different means: the
utilisation of external heat, for example, basking
in the sun, or the internal production of heat

Fig. 14.19 From land to air: newly acquired functions
of circulatory systems. a Wing expansion and wing blade
formation in giant silkmoth Attacus. Upper row of
diagrams: different phases of wing expansion; lower row
of diagrams: small portion of wing with a vein in cross
section. The voluminous space between dorsal and
ventral lamella of freshly expanded wings is strongly
reduced by sucking out haemolymph and remnants of
autolytically resolved epidermis through action of wing-
hearts and backward pumping of the dorsal vessel. At
completion of this process, dorsal and ventral cuticles
merge together leaving only wing vein tubes, which
contain a small amount of haemolymph, and a distended
trachea. Arrows indicate direction of haemolymph flow
(from Wasserthal 1996, permission from Elsevier
pending). b Discontinuous tracheal ventilation associ-
ated with heartbeat reversal in the fly Calliphora. Upper
diagram: during forward periods, haemolymph is drawn
from the abdomen and pushed into thorax and head.
Thereby abdominal parts of the tracheal system
expanded and those in head and thorax compressed. In
return air is drawn through the abdominal spiracles and
forced out through the thoracic spiracles. Lower dia-
gram: during backward periods, the events in thorax and
abdomen are reversed. Coloured arrows indicate

direction of haemolymph flow: anterograde in blue and
retrograde in red. Black arrows indicate air flow through
spiracles (modified after Wasserthal 1996). c Thermoreg-
ulation and relevant anatomy of two moths living under
different temperature conditions. Upper diagram: winter-
active noctuid moth Eupsilia. Thorax thermally insulated
by numerous cuticular hairs and large tracheal sacs; two
counter-current heat exchangers help to keep thermal
energy in the thorax: the anterior portion of the heart
runs downward into an area where warm haemolymph
flows back into the abdomen; in the thorax, the aorta
itself functions as heat exchanger by forming a loop in
which ascending and descending portions are placed
tightly together. Lower diagram: summer-active hawk-
moth Manduca. Aorta seen in loops whereby ascending
and descending portions are far from each other; the
aorta takes up excessive thermal energy on the way
through thorax to head where it is dissipated; another site
for heat radiation is the naked ventral abdomen. During
flight, thoracic temperature is kept largely constant by
modulation of heartbeat frequency and intensity which
affects speed of haemolymph circulation in the thorax.
Red arrows indicate heat radiation (modified after
Heinrich 1987b)

b
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through muscle contraction. In the latter method,
known as endothermy, heat is produced by the
more or less synchronous contractions of the
flight muscles, as observable as shivering of the
thorax and wings. Prior to flight, and when
temperatures are low, insects first warm them-
selves to the operating temperature of the flight
apparatus. During extended flight, however,
excessive amounts of heat are produced by the
contraction of the flight muscles, and a cooling
mechanism is necessary to prevent the thorax
from overheating. The circulatory system con-
trols thermoregulation in that haemolymph is the
carrier of the thermal energy, and the circulatory
pumps regulate its flow by modulating both the
frequency and the amplitude of the heartbeats.

The role of the circulatory system in endo-
thermic thermoregulation was convincingly
demonstrated in nocturnally active hawkmoths
(Heinrich 1971; Heinrich and Bartolomew 1971)
and winter-flying endothermic moths (Heinrich
1987a) (Fig. 14.19c). A precondition for effec-
tive thermoregulation in these species is the
thermal insulation of the thorax by a thick cov-
ering of hairs which form a kind of fur and the
thermal isolation of the thorax from the abdo-
men via a narrow waist or specific valves.
During the warm-up phase, a temporary reduc-
tion or pause in heartbeat slows down heat loss
from the thorax, while during flight the thorax is
kept cool by two means. On the one hand, cold
haemolymph is pumped by the heart from the
abdomen into the thorax where the aorta loops
between the heated flight muscles serve as
cooling coils, and on the other hand, warm blood
is forced out of the thorax into the ventral area of
the abdomen. There are large areas of cuticle,
which lack thermal insulation by hairs or tra-
cheal sacs functioning as heat radiators. In this
manner, the temperature in the thorax of these
insects can be kept constant during flight.

A more subtle mechanism of thermoregula-
tion by the circulatory system is found in certain
hymenopterans. In honeybee workers, the aorta
in the petiole, the narrow waist between thorax
and abdomen, is convoluted into loops. The
function of this construction was puzzling to
early anatomists (Freudenstein 1928) but

becomes understandable when viewed in con-
nection with thermoregulation. The coiling and
lengthening of the aorta in the petiole are alleged
to permit heat exchange between the counter-
current haemolymph flows (Heinrich 1979).
Within this structure, the cold haemolymph of
the abdomen absorbs heat, allowing warm hae-
molymph to pass into the thorax. Curiously, the
radiation of excessive heat in these animals
occurs through the head and can be further
increased by evaporative cooling by using
regurgitated nectar (Heinrich 1979, 1980a, b;
Heinrich and Esch 1994).

In some insects, thermoregulation may serve
other purposes than flight. In bumblebees, for
example, heat produced in the thorax by shiv-
ering is used to warm the brood (Heinrich 1976).
Warm haemolymph from the thorax passes
through the perineural sinus into the abdomen,
which is ventrally not well insulated. Bumble-
bees transfers heat from the body to the brood
cells by pressing their abdomen against them.
Perhaps, the most spectacular use of thermo-
regulation is the ‘thermo-execution’ of hornets
by Japanese honeybees (Apis cerana japonica).
Intruding hornets are engulfed by hundreds of
bees that heat their thoraces up to 47 �C. The
resulting heat coat formed around the hornet’s
body exceeds the upper lethal temperature of the
hornet, which dies within minutes (Ono et al.
1995). The heat is probably released from the
haemolymph in distinct areas of the body, but
this has not yet been investigated.

14.7 Concluding Remarks

The vascular system of arthropods spans a broad
spectrum of complexity. In some groups, it is
confined to a compact heart, and in others, it is
an extensive system of vessels and peripheral
capillarisation which has been described as
‘partially closed’ (McGaw 2005; Reiber and
McGaw 2009). However, even in this latter case,
the fundamental difference between closed cir-
culatory systems, such as those in vertebrates,
and the open system in arthropods is not
obscured: in an open system, no vessels lead
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directly back into the heart. In all arthropods,
haemolymph is collected in the pericardial sinus
before it enters the heart via the ostia. The
functional morphology of the pericardial sinus
may differ from species to species. In many
arthropods, the separation of the pericardial
sinus from the rest of body haemocoel is
incomplete, and in others, there is a sack-like
pericard which rhythmically dilates. From a
functional point of view, the latter arrangement,
which comprises an inflow and an outflow
chamber, is comparable with the more devel-
oped hearts of molluscs and vertebrates (cf.
Xavier-Neto et al. 2010).

The range of physiological functions fulfilled
by the circulatory system in arthropods are
enormous. There is hardly a functional area in
which this organ system is not involved in some
form. The most important factors behind the
evolution of an effective circulation system are
probably body size and the improvement of
oxygen transport. Within the latter process, the
regional concentration of the respiratory organs
combined with the needs to follow the shortest
possible pathway to the heart required the
greatest architectural transformations. This can
be seen clearly in the circulatory organs of
xiphosurans and pulmonate arachnids and those
of malacostracan crustaceans. In arthropods with
tracheal systems, the circulatory system has lost
the function of oxygen transportation. These
groups are characterised in general by relatively
simple vascular systems. The reduction in the
vascular system, however, may have occurred
prior to the acquisition of the tracheal system,
for example, in hexapods, which are probably
derived from relatively small-sized aquatic
ancestors. In insects, the circulatory system
acquired completely new tasks and features,
such as tracheal ventilation and thermoregula-
tion, in connection with the ability to fly.

The ancestral design of arthropods is proba-
bly relatively complex, and the vascular system
is based on a segmental arrangement (but see
Chap. 9 for a different perspective). The indi-
vidual modules consist of a portion of the dorsal
longitudinal vessel plus a pair of ostia and

segmental arteries. These elements were even-
tually joined by a ventral longitudinal vessel
with segmental arteries extending into the
appendages and by vessels connecting the dorsal
and the ventral vessels. Many examples of vessel
reduction can be found in arthropods, but so too
can lineages which possess complex cardiovas-
cular systems, even though they were com-
pletely lost in many of their close relatives.
Novelties which appeared in insects include the
numerous auxiliary hearts which facilitate the
supply of haemolymph to the various body
appendages. Their evolutionary origin can be
traced to the recruitment of construction ele-
ments from other organs systems.

Studies of the embryonic development of the
vascular system in the various arthropods have
shown that despite the formation of the heart
being relatively conserved, there is astounding
variation in the development of the arterial
system. The discovery of strikingly similar gene
networks and signalling pathways in the devel-
opment of the hearts of arthropods and verte-
brates indicates extensive deep homologies
inbetween the circulatory organs of bilaterians
(Hartenstein and Mandal 2006; Xavier-Neto
et al. 2010; Grigorian et al. 2011). This fact has
become the basis for an applied approach in
research into arthropod circulatory systems in
recent years. Due to its highly conserved
molecular and developmental features, Dro-
sophila has proved to be a powerful model in
unravelling the genetic mechanisms underlying
cardiac ageing and certain cardiac diseases in
humans (Bier and Bodmer 2004; Wolf et al.
2006; Ocorr et al. 2007; Nishimura et al. 2011;
Iliadi et al. 2012).
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15.1 Introduction

With respect to animal life, we inhabit a planet
dominated by arthropods. The Recent is not
geologically anomalous in this respect—arthro-
pods have been megadiverse for some 520 mil-
lion years, since the early Cambrian. The trace
fossil and body fossil records of Arthropoda
extend to the main burst of the Cambrian
explosion, alongside the earliest fossils of most
other animal phyla. Because their calcite exo-
skeleton confers a high fossilisation potential,
trilobites are the most species-rich fossil group
in the Cambrian, but even when the fossil record
is extended to non-biomineralised groups,
arthropods are the most numerically abundant
and diverse phylum in Early Palaeozoic sites of
exceptional preservation (Briggs et al. 1994;
Hou et al. 2004a; Van Roy et al. 2010; Zhao
et al. 2010).

Fossils afford glimpses of vanished (that is,
extinct) morphologies. These may reveal novel
patterns of morphospace occupation (e.g. gigan-
tism in groups that are now diminished in size) or
novel ecologies or physiology (e.g. the ability to
see the world through lenses composed of prisms
of calcite, as in trilobites). Fossils contribute
unique character combinations to phylogenetic
analysis and, when their temporal occurrence lies
near to the time of splitting events, they can alter
the inferred relationships between extant taxa
(Edgecombe 2010). Even when fossils do not
change the relationships of living groups,
they can still provide otherwise inaccessible
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information about the sequence of character
evolution in stem groups (sensu Hennig 1966),
and they can increase the accuracy of root posi-
tions for a tree by breaking up long branches that
separate extant taxa from each other. Arthropod
origins provide an obvious example. The sister
group relationship between Onychophora and
Arthropoda indicated by anatomy and phyloge-
nomics (Campbell et al. 2011) may withstand the
addition of fossils to datasets, but fossils are
critical to understanding that arthropods evolved
from a grade of lobopodian animals, some of
which possessed character states now lost (e.g.
the armoured frontal appendages of Megadictyon
or the defensive spines of Hallucigenia) (Ma
et al. 2009).

The temporal information provided by fossils
is vital for inferring divergence dates, fossils
being the usual source of minimal divergence
dates for calibrating nodes in molecular trees,
and modern methods of molecular dating use
relaxed clocks and probabilistic calibrations that
incorporate uncertainties in the fossil record.
The deepest splits between the extant lineages of
Arthropoda are inferred to have occurred in the
late Neoproterozoic, in the Ediacaran Period.
Although this predates palaeontological esti-
mates based on fossils (no Ediacaran organisms
are convincingly attributed to Arthropoda),
molecular dating of arthropod phylogeny is
increasingly compatible with the fossil record
(Sanders and Lee 2010; Rehm et al. 2011).

This chapter highlights some styles of fossil
preservation that have provided the most ana-
tomically informative arthropod material in the
fossil record. Because of the enormity of literature
on fossil arthropods, citations are weighted in
favour of the most recent descriptions or revisions
of species named in earlier studies.

15.2 Burgess Shale-Type Faunas
and Cambrian Stem Groups

The term ‘‘Burgess Shale-type’’ biota (abbrevi-
ated as BST) refers to preservation of non-bi-
omineralised fossils as more or less two-
dimensional carbonaceous compressions

(Fig. 15.1). In the Cambrian, dozens of such sites
are now known across an expanding geographic
range. Rapid burial and inhibited microbial decay
due to oxidant starvation, thereby allowing
organic tissues to preserve, are the signatures of
BSTs (Gaines et al. 2012). Some taxa are shared
between several of the better known BSTs,
despite occurrences in different palaeogeographic
settings and a range of time. For example, the
arthropods Isoxys, Naraoia, Leanchoilia, Cana-
daspis, and Tuzoia, and the anomalocaridids
Anomalocaris and Amplectobelua, among others,
occur in both the Burgess Shale in Cambrian
Stage 5 in Canada (on the palaeocontinent Laur-
entia) and in the Chengjiang biota in Cambrian
Stage 3 in China (South China Plate).

15.2.1 The Chengjiang Lagerstätte

The discovery in 1984 of naraoiids—non-
biomineralised trilobite relatives known from
the Burgess Shale (Whittington 1977; Zhang
et al. 2007b)—at Maotianshan in Yunnan
Province, China, initiated a burst of intense
taxonomic description. Hou et al. (2004a, b)
summarised knowledge of arthropods from the
Chengjiang Lagerstätte to that time, and several
species have since been redescribed and new
taxa documented. Of the 228 species known
from Chengjiang by 2010, 37 % were arthro-
pods (this increases when stem-group arthropods
such as anomalocaridids are added) and they
make up about 52 % of the individuals collected
(Zhao et al. 2010). The importance of the
Chengjiang Lagerstätte results from its diversity
and quality of preservation, but also its age,
being some 10–15 million years older than the
Burgess Shale, and thus closer to deep diver-
gences during the Cambrian Explosion.

15.2.1.1 Naraoiids
The first arthropods to be described from
Chengjiang were two species of naraoiid
(Lamellipedia: Artiopoda: Nektaspida), assigned
to Naraoia, a genus previously documented
from the Burgess Shale and coeval sites in Utah.
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Fig. 15.1 Arthropods from Cambrian Burgess Shale-
type biotas (BSTs). a-d, g Chengjiang fauna (Cambrian
Stage 3), Yunnan Province, China: a the naraoiid Naraoia
spinosa, showing gut (gt) and gut diverticula (gd) in
cephalon; b the naraoiid Misszhouia longicaudata, show-
ing an exopod (ex) bearing lamellar setae (lm); c the
fuxianhuiid Liangwangshania biloba (photo courtesy of
Chen Ai-lin); d the bradoriid Kunmingella douvillei with
left (lv) and right (rv) valves agape, exposing posterior-
most appendages (a9, a10) (photo courtesy of Derek
Siveter); g, the trilobite Eoredlichia intermedia, ventral
view showing antennae (an) emerging from sides of

hypostome (photo courtesy of Xiaoya Ma). e, f, h, i,
Burgess Shale (Cambrian Stage 5), British Columbia,
Canada: e the bivalved arthropod Perspicaris dictynna
(image courtesy of Allison Daley); f the marrellomorph
Marrella splendens (image courtesy of Diego García-
Bellido); h the megacheiran Leanchoilia superlata (image
courtesy of Allison Daley). Cephalon in lateral view,
showing ‘‘great appendages’’ with spinose projections
bearing flagellae (fg); i the possible stem-group chelicerate
Sanctacaris uncata, cephalic appendages in dorsal view.
Other abbreviations: (as) anterior eye-bearing sclerite;
(cp) carapace; (gs) genal spine: (le) left eye; (st) sternite
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Subsequent documentation of ‘‘soft’’ (i.e. non-
biomineralised) anatomy of the Chengjiang
species led to a proposal that two genera were
represented (Naraoia and Misszhouia: Chen
et al. 1997), and recent monographic revision
has clarified their morphology and systematics
(Zhang et al. 2007b).

The naraoiid exoskeleton (Fig. 15.1a) consists
of a head shield and a single trunk tergite (i.e.
lacking articulated thoracic segments). The head
covers the antennae and four biramous appendage
pairs (Zhang et al. 2007b) that resemble those on
the trunk. The morphology of head and trunk
appendages is similar to those of trilobites. The
endopod consists of seven articles distal to the
protopodite, and the exopod is subdivided into
two parts, the proximal of which bears long,
imbricated setae (‘‘lamellar setae’’: Hou and
Bergström 1997) and the distal of which bears
short setae (Fig. 15.1b). Different naraoiids show
substantial differences in the extent of the gut
diverticula (Fig. 15.1a), but a consensus has
emerged that they were epibenthic predators and
scavengers (Vannier and Chen 2002).

15.2.1.2 Fuxianhuiids
Fuxianhuiids [Class Yunnanata Hou and
Bergström (1997): Order Fuxianhuiida Bousfield
(1995)] are known from five species—
Fuxianhuia protensa, Chengjiangocaris longi-
formis, Shankouia zhenghei, Liangwangshania
biloba (Fig. 15.1c), and Guangweicaris spina-
tus—all from Chengjiang and the early Cam-
brian Guanshan Lagerstätte in Yunnan. An
additional undescribed species occurs in the
slightly younger Kaili Biota in Guizhou (Zhu
et al. 2004). Investigations of the head compo-
sition and appendage structure of Fuxianhuia led
to a hypothesis that this taxon occupied a piv-
otal, early-diverging position in the arthropod
stem group (Chen et al. 1995; Hou and Bergs-
tröm 1997). Anatomical data have since been
added for Shankouia (Waloszek et al. 2005), and
Fuxianhuia has been revised based on new col-
lections (Bergström et al. 2008), including
specimens that preserve a tripartite brain and
neural tissue in the optic lobes (Ma et al. 2012).

Fuxianhuiids have a pair of stalked, moveable
eyes associated with an anterior head sclerite
(Fig. 15.1c). The head bears one pair of anten-
nae and curved structures that have variously
been identified as gut diverticula (Waloszek
et al. 2005; Bergström et al. 2008) or a unira-
mous appendage pair (Budd 2008). The trunk
consists of numerous tergites; in some members
it is differentiated into a thoracic tagma with
wide paratergal folds and a narrower abdominal
tagma. In at least some taxa (such as
Fuxianhuia) the trunk appendages are decoupled
from the tergites, the appendages being more
numerous. The limb stem is pediform, composed
of ca 20 articles, with a blunt distal tip, and the
exopods are simple rounded flaps. Although
fuxianhuiids had been interpreted as deposit
feeders on the basis of a sediment-filled gut
(Bergström and Hou 2005), at least some taxa
are observed to have trilobite fragments in the
gut and must have been durophagous predators
(Zhu et al. 2004).

15.2.1.3 Bradoriida
Bradoriids are bivalved arthropods ranging from
early Cambrian to the Early Ordovician, long
considered to be members of the Ostracoda
based on their shell form. The ostracod affinities
of bradoriids have been refuted by several
investigations of the softpart morphology of
these fossils (Shu et al. 1999; Hou et al. 2010).
The best preserved appendage morphology
comes from Kunmingella douvillei (=K. mao-
tianshensis of earlier descriptions), from Chen-
gjiang (Fig. 15.1d). The body consists of 10
limb-bearing segments, apparently five of them
in the head and five in the trunk. The antenna is
long and uniramous, limbs 2–8 are biramous,
and limbs 9–10 are again uniramous. The bira-
mous limbs form a homonomous series, all
having a leaf-shaped exopod and a five-seg-
mented endopod. The number of head segments
may vary within the group, a species of
Kunyangella apparently having four segments
rather than five (Hou et al. 2010). Though
arguments have been made that bradoriids are
stem-group crustaceans (Shu et al. 1999; Hou
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et al. 2010), few strong characters place them
there or indeed within Mandibulata.

15.2.1.4 Bivalved Miscellanea
The lesson from bradoriids described above
(misleading resemblance of the bivalved cara-
pace to that of ostracods) is reinforced by many
other bivalved arthropods from Chengjiang and
other BSTs (Fig. 15.1e). Many of these groups
had been assigned to crustacean clades that have
bivalved carapaces (e.g. Phyllocarida or some
Branchiopoda) but discovery of soft-parts has
negated membership of the crustacean crown-
group or, in other cases, even the euarthropod
crown group.

Canadaspis perfecta is a bivalved arthropod
from the Burgess Shale (Briggs 1978), but a
Chengjiang species, C. laevigata (Hou and
Bergström 1997), has also been referred to the
genus. The interpretation of paired antennae,
mandibles and a five-segmented head, and more
particularly the number of somites in its trunk
tagmata, led to Canadaspis being identified as a
malacostracan crustacean (Briggs 1978, 1992).
This identification was contested by carcinolo-
gists (Dahl 1984; Boxshall 1997) based on its limb
structure, and the Chengjiang C. laevigata pos-
sesses just a single pair of antennae, followed by
uniform biramous post-antennal limbs, without
clear head-trunk tagmosis (Hou and Bergström
1997). Canadaspis has accordingly been viewed
as a stem-group arthropod (Budd 2002; Legg et al.
2012b) or at least being outside the pancrustacean
crown-group (Bergström and Hou 2005) rather
than being a phyllocarid malacostracan.

Another bivalved arthropod, Isoxys, is repre-
sented by three species from Chengjiang
(Vannier et al. 2009) and other Lagerstätten in
South China, two from each of the Burgess
Shale (García-Bellido et al. 2009b) and the Emu
Bay Shale, Australia (García-Bellido et al.
2009a), and others are distributed in the western
USA, Greenland, Spain, France and Siberia. Is-
oxys has a large pair of eyes, a spiniferous,
prehensile anterior appendage pair, and a

uniform series of biramous limbs on the
remaining segments. The body was largely
covered by the paired valves, terminating in a
flap-like telson. The form of the anterior
appendage has been used as evidence that Isoxys
is related to ‘‘great appendage’’ arthropods or to
anomalocaridids (Vannier et al. 2009), though
the homologies have not been strongly estab-
lished; it is likely that raptorial frontal append-
ages have multiple origins in Cambrian
arthropods (Fu et al. 2011).

The bivalved Chengjiang species Pectocaris
spatiosa has been identified as a crustacean for
having two pairs of antennae and mandibles, and
more specifically as a branchiopod based on
trunk limbs with a blade-like exopod and
numerous (ca. 40) spinose endites on the endo-
pod (Hou et al. 2004b). The gnathal edge of its
purported mandible does not show the charac-
teristic differentiation of a crown-group pan-
crustacean, and it has alternatively been
relegated to the arthropod stem-group (Harvey
and Butterfield 2008). A recently documented
Chengjiang arthropod, Jugatacaris agilis,
resembles Pectocaris in having a highly po-
lypodous trunk (55–65 segments), a comparably
large number of podomeres in the legs, and
paddle-like furcal rami. It too has been called a
‘‘crustaceanomorph’’ (Fu and Zhang 2011), a
rather vaguely-delimited assemblage for which
resemblance to Crustacea may be superficial.
Phylogentic analyses resolve Pectocaris, Juga-
tocaris, Canadaspis and several other Cambrian
bivalved forms as a grade at the base of the
arthropod stem group (Legg et al. 2012b).

15.2.2 The Burgess Shale

Charles Walcott’s discovery of the Burgess Shale
in what is now Yoho National Park in British
Columbia, Canada, in 1909, provided the first
insights into the composition of a predominantly
non-biomineralised Cambrian marine community
(Briggs et al. 1994). The initial descriptions of
arthropods were made by Walcott himself, but a
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concerted program of investigation was not
resumed until the late 1960s, when Harry
Whittington led the Geological Survey of Canada
Burgess Shale project (Whittington 1985).

Several arthropod taxa from the Burgess
Shale that were described by Whittington’s
group in the 1970s and 1980s have been revis-
ited, applying new techniques of study or using
new collections. These include new works on
Marrella (García-Bellido and Collins 2006),
Leanchoilia (García-Bellido and Collins 2007;
Haug et al. 2012a), Sarotrocercus (Haug et al.
2011), Emeraldella (Stein and Selden 2012), and
Yohoia (Haug et al. 2012b).

15.2.2.1 Soft Anatomy of Trilobites
Trilobita is a monophyletic group that persisted
through some 270 million years, from the early
Cambrian to the end of the Permian. The known
diversity of the clade consists of more than
19,000 species (Adrain in Zhang 2011), render-
ing trilobites perhaps the most familiar of all
invertebrate fossils. In spite of their ubiquity,
appendages are preserved in just 20 species, and
of the dozen or so trilobite species in the Burgess
Shale, only three preserve their soft parts. By far
the most informative of these is Olenoides ser-
ratus, for which the anatomy and functional
morphology were treated in detail by Whitting-
ton (1975, 1980).

Olenoides serratus has a pair of antennae and
three pairs of biramous head appendages, the
latter all similar in detail to the trunk appendages
(a situation that, as far as is known, pertains to
all trilobites). The trunk has an appendage pair
under each of its seven thoracic segments and
four to six pairs under the pygidium. Endopods
of both the head and trunk limbs have seven
podomeres; these and the protopodite are
strongly spinose. The exopods are divided into a
proximal and distal lobe, the former with
lamellar setae (as in naraoiids and other ‘‘lam-
ellipedians’’). Olenoides is the only trilobite
known to have a pair of long, antenniform, ter-
minal cerci that project far behind the pygidium.
The appendage morphology of Olenoides cor-
responds closely to that of another Cambrian

trilobite, Eoredlichia intermedia (Hou et al.
2009) from Chengjiang (Fig. 15.1g), the two
belonging to different orders that diverged from
each other near the root of Trilobita and thus
providing a reasonable estimate for plesiomor-
phic characters for all trilobites.

Since the mid-20th century, trilobites have
generally been regarded as part of an ‘‘arach-
nomorph’’ assemblage (Bergström 1992; Cotton
and Braddy 2004) that includes chelicerates and
their stem group. The status of the putative
apomorphies of Arachnomorpha/Arachnata has
been challenged (Scholtz and Edgecombe 2005),
and an assignment of Trilobita to the mandibu-
late stem group has advanced as an alternative.

15.2.2.2 Marrellomorpha
Marrella splendens is the most abundant Burgess
Shale arthropod (Fig. 15.1f), known from tens of
thousands of specimens, and was the first to be
revised in the modern era (Whittington 1971).
Marrella’s most distinguishing feature is its head
shield, which is dominated by two pairs of spines,
one lateral and one medial (Fig. 15.1f). The head
appendages are a pair of elongate antennae and a
more robust second appendage that has been
ascribed a natatory role (García-Bellido and
Collins 2006). The body has 26 post-cephalic
segments in the largest individuals (García-Bel-
lido and Collins 2006). The trunk segments are
ring-like, without pleurae, and each bears a pair of
biramous appendages in which the exopods bear
slender filaments. Marrella belongs to a clade
named Marrellomorpha [reviewed by Rak et al.
(2013)] that persisted until at least the Early
Devonian. Its best known members include the
Ordovician Furca from Bohemia and Morocco
(Van Roy et al. 2010; Rak et al. 2013), the British
Silurian Xylokorys chledophilia (Siveter et al.
2007a) (Fig. 15.5c), and the German Devonian
Mimetaster hexagonalis (Kühl and Rust 2010).

15.2.2.3 Megacheira: ‘‘Great Appendage
Arthropods’’

The Burgess Shale and the other main BSTs
preserve the remains of arthropods popularly
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known as great appendage arthropods. The
proper name Megacheira has been applied to this
assemblage (Hou and Bergström 1997), but
whether megacheirans are monophyletic or are
paraphyletic is debated. If paraphyletic, they are
variously regarded as either stem-group Chelic-
erata based on a hypothesis that the frontal
appendage is a precursor of a chelifore or che-
licera (Chen et al. 2004; Cotton and Braddy
2004), or stem-group Euarthropoda (Budd 2002;
Legg et al. 2012b). The most anatomically
complete megacheiran is Leanchoilia
(Fig. 15.1h), a genus best known from two
species in the Burgess Shale (García-Bellido and
Collins 2007; Haug et al. 2012a) and another
from Chengjiang (Liu et al. 2007b). The frontal
(‘‘great’’) appendage of Leanchoilia consists of a
two-segmented peduncle and four distal articles,
three of which have a long spinose projection
bearing a flagellum. The head shield covers
three pairs of biramous appendages (the first
reduced in size) that are similar to those of the
11 trunk segments. The endopods of L. superlata
are composed of no more than seven podomeres
(Haug et al. 2012a), fewer than in previous
descriptions of the genus (García-Bellido and
Collins 2007; Liu et al. 2007a, b). The exopods
are two-segmented flaps fringed with spines.
The telson is triangular, bearing a fringe of
marginal spines. Gut diverticula are preserved as
a series of paired reniform organs in the head
and anterior part of the trunk (Butterfield 2002;
García-Bellido and Collins 2007).

Other megacheirans from the Burgess Shale
Shale are Alalcomenaeus (Briggs and Collins
1999), a genus that is closely allied to Lean-
choilia, and Yohoia (Haug et al. 2012b).
Chengjiang is a source of additional megachei-
ran diversity, including Jianfengia and Hai-
koucaris (Chen et al. 2004), and the Emu Bay
Shale in Australia has another leanchoiliid,
Oestokerkus (Edgecombe et al. 2011).

15.2.2.4 Sanctacaris: A Chelicerate?
Nicknamed ‘‘Santa Claws’’ prior to its official
description (Briggs and Collins 1988), Sanctac-
aris uncata sports an impressive set of raptorial

claws under its cephalic shield (Fig. 15.1i). This
taxon was originally considered the oldest repre-
sentative of the chelicerates based on the sup-
posed presence of (1) six pairs of head
appendages, (2) a cardiac lobe resembling that of
extant horseshoe crabs, (3) the division of the
body into a prosoma and opisthosoma, and (4) the
location of the anus on the last trunk segment. It
does, however, lack a pivotal chelicerate syna-
pomorphy—chelicerae—and cladistic analyses
(e.g. Wills et al. 1998) have failed to resolve this
taxon close to chelicerates. Bousfield (1995)
suggested that chelicerae were definitely absent,
the limbs instead representing a single ‘‘great
appendage’’-like limb basket. This interpretation
was followed by Budd (2002), who resolved
Sanctacaris amongst the ‘‘great appendage’’
arthropods within the euarthropod stem-lineage.
Analyses that resolve ‘‘great appendage’’ arthro-
pods as stem-lineage chelicerates (Cotton and
Braddy 2004) reignite the hypothesis that Sanc-
tacaris may indeed be close to Chelicerata. Box-
shall’s (2004) interpretation, in which the
raptorial limbs correspond to those of a prosoma
(but are biramous, with a slender exite), is most
consistent with a chelicerate identity for
Sanctacaris.

15.2.2.5 Anomalocaris and Other
Radiodonta: Stem-, Crown-
or Non-Arthropods?

The history of the piecing together of Anomal-
ocaris has been told many times, the end result
being the largest known Cambrian animal
(Whittington and Briggs 1985; Collins 1996).
The diversity of anomalocaridids in the Burgess
Shale has increased as a result of new species
being discovered from their heavily sclerotised,
spinose frontal appendages (Daley and Budd
2010), as well as better understanding of the
articulated specimens that contribute the bulk of
data bearing on their systematic affinities.
Notably, a formerly unrecognised anomalocari-
did with a three-part carapace-like structure,
Hurdia, has been shown to be a common ele-
ment in the Burgess Shale (Daley et al. 2009),
the characteristic oral cone of the group is more
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variable than previously suspected (Daley and
Bergström 2012), and new genera have been
assigned to the group from the Chengjiang
Lagerstätte (Hou et al. 1995).

The anomalocaridid body (Fig. 15.2) can
attain a length of over 90 cm (Van Roy and
Briggs 2011). The mouth is situated ventrally on
the head, opening at the centre of a circlet of
overlapping plates. The only appendages are the
frontal appendages, attaching anterolaterally on
the head, their segmentation and spinosity pro-
viding many of the main taxonomic characters
within the group. Stalked compound eyes
(Paterson et al. 2011) attach dorsolaterally. The
trunk is composed of at least seven pairs of
imbricated lateral lobes [‘‘swimming flaps’’ fide
Hou and Bergström (2006)], each of which is
associated with blade-like lamellae. A posterior
tagma is variably developed as a three-
segmented tail fan, and some species have a pair
of elongate cerci.

Anomalocaridids have been united under the
proper name Radiodonta (Collins 1996), with
reference to the oral cone. Their affinities to
Arthropoda are controversial, the diversity of
current perspectives ranging from them being
stem-group arthropods (Budd 1997; Daley et al.
2009), part of the arthropod crown group (Chen
et al. 2004; Haug et al. 2012b), or part of a clade of
Early Palaeozoic predatory ecdysozoans with
convergent similarity to arthropods (Hou and

Bergström 2006). Perhaps the least plausible of
these alternatives is the crown group proposal, in
which anomalocaridids are viewed as a paraphy-
letic group from which chelicerates evolved via a
megacheiran grade. This hypothesis is based only
on a few characters of one appendage pair
(anomalocaridid frontal appendages, megachei-
ran ‘‘great appendages’’ and chelicerae), and it
employs character states for which no evidence
exists (e.g. a two-segmented peduncle in the
anomalocaridid frontal appendage).

15.2.3 Sirius Passet

Early Cambrian fossils from the Buen Formation
at Sirius Passet in North Greenland (Peel and
Ineson 2011) came to widespread attention in
the 1980s with the discovery of articulated
specimens of halkieriids, stem-group molluscs
with an elaborate scleritome. This biota is
approximately coeval with the Chengjiang biota
(‘‘early Cambrian’’/Cambrian Stage 3). To date,
some 40 species have been discovered, of which
nine arthropods and four lobopodians or stem-
group arthropods have been formally described.

Kiisortoqia soperi is a common arthropod
from Sirius Passet, reaching a body length in
excess of 50 cm (Stein 2010). The head is cov-
ered by a simple shield, and bears a pair of
elongate appendages composed of at least 15
articles, followed by three biramous limb pairs
that resemble those on the trunk. The trunk has 16
segments, each of which has a tergite with pa-
ratergal folds that covers a pair of biramous
appendages. The first appendage has been com-
pared to an anomalocaridid frontal appendage
(Stein 2010) and this has been claimed to solve
the segmental identity of the latter (by identifying
the Kiisortoqia appendage as an ‘‘antennule’’, i.e.
deutocerebral). The comparison with anomaloc-
aridids is not so clear-cut. Stein drew heavily on
Kiisortoqia and anomalocaridids having a shared
number of articles (‘‘about 15’’) in their frontal
appendages, but the variability in numbers of
articles in anomalocaridids [e.g. 9 in Hurdia, 11

Fig. 15.2 Reconstruction of the anomalocaridid (Ra-
diodonta) Amplectobelua [based on specimens figured by
Hou et al. (1995), Daley and Budd (2010)]
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in Peytoia; Daley et al. (2009)] weakens the
argument. As well, the spines on the antennule are
not rigid processes oriented perpendicular to the
axis of the appendage as in anomalocaridids but
rather resemble movable setae similar to those of
other arthropods.

Campanamuta mantonae is even more
abundant than Kiisortoqia, its 1,700 specimens
representing one-fifth of the known Sirius Passet
collections (Budd 2011). This taxon has tag-
mosis resembling that of many trilobitomorphs
(cephalon, a trilobed thorax of eight segments,
pygidum of similar size to the cephalon). The
cephalon bears antennae and possibly five
appendage pairs, but the post-antennal append-
ages are not at all well known, and its exact
position within Artiopoda [arthropods with
lamellar setae on their exopods and undifferen-
tiated biramous post-antennal limbs, like trilo-
bites: Hou and Bergström (1997)] is uncertain.

Sirius Passet is the source of Kerygmachela
kierkegaardi [revised by Budd (1999)] and
Pambdelurion whittingtoni (Budd 1997), ani-
mals that have been described as ‘‘gilled lobo-
podians’’ and which have played a major role in
discussions about the affinities of anomaloc-
aridids and character evolution in the arthropod
stem group. Both have a pair of large, spine-
bearing frontal appendages that are annulated
rather than arthropodised, and their bodies are
composed of 11 pairs of imbricated flaps (ho-
mologised with the ‘‘swimming flaps’’ of ano-
malocaridids) that are each associated with a
pair of lobopodial appendages. Pambdelurion at
least has a radial oral cone composed of plates
with dentate inner margins, situated on the
ventral side of the head as in anomalocaridids
(Budd 1997 and GDE pers. obs.). Debate con-
tinues about whether the similarities of the
‘‘gilled lobopodians’’ and anomalocaridids are
due to unique common ancestry (i.e. member-
ship in a clade of giant Cambrian predators
called Dinocaridida: Chen et al. 1994; Hou et al.
2006) or whether Kerygmachela, Pambdelurion
and anomalocaridids branched successively
from the arthropod stem lineage (Budd 1997,
1999; Liu et al. 2007a; Daley et al. 2009).

15.2.4 Emu Bay Shale

The early Cambrian (Stage 4) Emu Bay Shale
Konservat-Lagerstätte, Kangaroo Island, South
Australia, constitutes the only diverse BST known
from Australia (Gehling et al. 2011). This biota is
presently known from over 50 species, more than
half of which are stem- or crown-group arthro-
pods. It includes elements known from other
BSTs, such as the large bivalved arthropods Is-
oxys and Tuzoia (García-Bellido et al. 2009a), the
only Australian records of nektaspidids (Paterson
et al. 2010) and leanchoiliids (Edgecombe et al.
2011), and some genera otherwise known only
from Chengjiang, such as Squamacula (Paterson
et al. 2012). Compound eyes are well preserved by
phosphate replication, and demonstrate that
predatory arthropods had evolved visual spe-
cialisations such as a bright zone by 515 mya (Lee
et al. 2011).

15.2.5 Fezouata: An Ordovician BST

Early Ordovician faunas from the Lower and
Upper Fezouata Formations in Morocco (Van
Roy et al. 2010) demonstrate the survival of
several taxa otherwise known only from Cam-
brian BSTs into the Ordovician. Examples
include the only known Ordovician anomaloca-
ridid (Van Roy and Briggs 2011) and species
apparently related to the Burgess Shale arthro-
pods Thelxiope and Skania (Van Roy et al.
2010). These assemblages also provide the ear-
liest records of some lineages that proliferated
later in the Palaeozoic, such as Xiphosura.

15.3 Origins of Crown Groups

15.3.1 Orsten

The term ‘‘Orsten’’ refers to small fossils pre-
served by calcium phosphate replacement of
cuticle, concentrated in a temporal window from
the early Cambrian to the Early Ordovician. A
review of the taphonomy, occurrences and the
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most informative fossils from Orsten was pro-
vided by Maas et al. (2006). This material is
important because of the fidelity of preservation
of soft anatomy, especially appendages, its
undistorted three-dimensionality, and because it
is concentrated around a size fraction (the fossils
being no larger than 2 mm) that allows larval
stages to be documented. Even some internal
anatomical structures, such as muscles, tendons
and parts of the gut, can be imaged in Orsten
arthropods by microtomography (Eriksson et al.
2012).

Although Orsten fossils are known from
Poland, Siberia, the UK (Fig. 15.3), Canada,
Australia, and China (see below), the most
thoroughly documented material is that from the
Alum Shale in Sweden, where Orsten preserva-
tion spans the interval from Cambrian Stage 7
(ca 500 mya) to the terminal Cambrian stage,
the Furongian (ca 490 mya).

15.3.1.1 Rehbachiella: A Branchiopod
Rehbachiella kinnekullensis is one of the best
understood Cambrian arthropods in terms of its
morphology and ontogeny, owing to the detailed
description by Walossek (1993). This species is
known from 30 ontogenetic stages from the
nauplius through a long larval series. An
assignment of Rehbachiella to the branchiopod
crown-group emphasised characters of the filter

feeding apparatus, with a more precise alliance
to Anostraca (Walossek 1993). An alternative
position in the branchiopod stem-group rather
than in the anostracan lineage has subsequently
found favour (Schram and Koenemann 2001;
Olesen 2009).

15.3.1.2 Agnostus
Agnostids are small, blind Cambrian-Ordovician
arthropods that are often classified as trilobites
based on their similarity to a securely-placed
group of trilobites, the Eodiscina (Cotton and
Fortey 2005). In both cases the cephalic and
pygidial tagmata are of similar proportions, the
thorax bears two or three segments, and the
exoskeleton is trilobed. Appendage morphology
of an agnostid, Agnostus pisiformis, is magnifi-
cently preserved in Swedish Orsten (Müller and
Walossek 1987). This description underpins
arguments that the resemblance between ag-
nostids and eodiscids is superficial, and that
agnostids are instead an early diverging lineage
in the crustacean stem group (Bergström and
Hou 2005; Haug et al. 2010a). The limbs of
Agnostus have a hanging, rather laterally-
splayed stance, and the first three pairs of
appendages are structurally differentiated from
the posterior most head appendage and the trunk
appendages (as in the naupliar limbs of crusta-
ceans). The exopod setae have round sections,

Fig. 15.3 ‘‘Orsten’’ preservation of Klausmuelleria sa-
lopiensis, a phosphatocopid with soft parts from the
Lower Cambrian, Shropshire, UK (Siveter et al. 2001,
2003a, b). All in ventral view. a Open shield with soft

parts (see b for labels); b labrum (la), second antennae
(ant2), and medial tip of basipod of left mandible (md);
c proximal parts of left second antenna, bearing setulate
spines. SEM images courtesy of David Siveter
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and are not arranged in the comb-like pattern as
are the flattened setae of trilobites.

15.3.1.3 Cambropycnogon: A Pycnogonid
Pycnogonids (sea spiders) are rare in the fossil
record, limited to a handful of species from the
upper Cambrian, Silurian, Devonian and Jurassic
(Charbonnier et al. 2007). Cambropycnogon
klausmuelleri is the oldest unequivocal pycno-
gonid (Waloszek and Dunlop 2002). Known
exclusively from protonymphs resembling those
of extant pygnogonids, this fossil demonstrates
both how early the lineage diverged from other
arthropod groups and how little their morphol-
ogy has changed since this time. This taxon
differs from extant pygnogonids in the retention
of gnathobasic post-cheliceral limbs and the
possession of a pair of pre-cheliceral append-
ages. The exact identity of these appendages is
unknown but their position has been used as
evidence that primitive arthropods possessed an
appendage pair innervated from the protocere-
brum (Scholtz and Edgecombe 2006). These
appendages were originally described as deuto-
cerebral (Waloszek and Dunlop 2002), identified
as homologous with the antenna of other
arthropods, and used as evidence that the che-
licerae were innervated from the tritocerebrum,
as in the traditional view of brain morphology
(Bitsch and Bitsch 2007). This has been coun-
tered by neuroantomical and, especially, gene
expression studies that instead show the antenna
of mandibulates and the chelicera of chelicerates
to be homologous, both originating from the
deuterocerebral somite [reviewed by Scholtz and
Edgecombe (2006)]. The identity of the small
anterior appendages in Cambropycnogon
remains unsettled.

15.3.1.4 ‘‘Stem-Group Crustaceans’’
Perhaps the most significant contribution of
Swedish Orsten fossils has been the insights they
provide into the early evolution of Tetraconata
(=pancrustaceans). Walossek and Müller (1990)
first outlined a hypothesis in which a series of
Orsten taxa constitute a grade in the crustacean

stem group. Current understanding of this group
resolves the recently-revised Oelandocaris
(Stein et al. 2008) and Henningsmoenicaris
(Haug et al. 2010a ), Goticaris and Cambro-
pachycope (Haug et al. 2009), and Martinssonia
(Haug et al. 2010b) in progressively more
crownward positions in the crustacean stem
group. The stem group hypothesis draws heavily
on the development of a proximal endite on the
limb bases. At the base of Crustacea s.l. (Haug
et al. 2009; Zhang et al. 2012), this endite is
present only on the third appendage (the posi-
tional homologue of the mandible), as exempli-
fied by Oelandocaris. Species positioned more
crown ward have a proximal endite on at least
the second appendage as well.

Phosphatocopina consists of ca 30 known
species with a bivalved carapace that, like Bra-
doriida, were traditionally classified with
ostracods. The discovery of their soft-anatomy
in Swedish Orsten (Müller 1979) and subse-
quently in even older, early Cambrian rocks in
England (Siveter et al. 2001, 2003b) (Fig. 15.3),
provided evidence that they are neither ostracods
nor crown-group crustaceans. A monographic
treatment of Orsten Phosphatocopina (Maas
et al. 2003) elaborated a hypothesis that phos-
phatocopines are sister group to Eucrustacea in a
clade named Labrophora, the name deriving
from the shared presence of a labrum with se-
tulate sides and paragnath humps. They fall
outside Eucrustacea based on their unspecialised
post-mandibular appendages (lacking differenti-
ation of maxillae) and their four- (rather than
three) segmented larva.

The Labrophora scheme was developed in the
light of crustacean monophyly, i.e. inferring that
Eucrustacea is a clade than includes all extant
‘‘crustaceans’’ but not hexapods. Zhang et al.
(2007a, their Fig. 3) note that the group would
correspond to Mandibulata if hexapods and
myriapods were included. Accommodating the
morphologies of these fossils in light of the well-
supported hypothesis supported by neuroanat-
omy and molecular sequences—‘‘Eucrustacea’’
as a grade that includes hexapods rather than a
clade—remains to be undertaken.
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15.3.1.5 Chinese Orsten
Important Orsten fossils have recently been doc-
umented from sites in Hunan and Yunnan Prov-
inces, South China. Furongian strata in Hunan are
the source of Skara hunanensis (Liu and Dong
2007), a congener of the two Swedish Orsten
species that formed the basis for the maxillopodan
crustacean order Skaracarida (Müller and Wal-
ossek 1985). Late Cambrian Orsten from Hunan
has also yielded phosphatocopines assigned to
genera based on Swedish Orsten type species,
Hesslandona and Vestrogothia (Zhang and Dong
2009; Zhang et al. 2012).

Even older Orsten fossils from Yunnan pro-
vide evidence for crown-group crustaceans in the
early Cambrian, from strata that represent the
same trilobite zone as the Chengjiang Lagerstätte.
Yicaris dianensis Zhang et al. (2007a), was orig-
inally assigned to the Entomostraca (a grouping
that is consistently resolved in molecular phy-
logenies as paraphyletic: Regier et al. 2010; von
Reumont et al. 2012) and compared to branchio-
pods and cephalocarids based on similarities in
the endites on its protopodites (Zhang et al.
2007a). Yicaris prompted a debate over whether
outgrowths from its legs are (Maas et al. 2009) or
are not (Boxshall 2007; Boxshall and Jaume
2009) epipodites. Another Yunnan Orsten taxon,
Wujicaris muelleri, is based on metanauplius
larvae that are closely comparable to those of
copepods and barnacles (Zhang et al. 2010). The
presence of crown-group crustaceans in early
Cambrian Orsten is corroborated by another kind
of fossil preservation, discussed in the following
section.

15.3.2 Small Carbonaceous Fossils

Organic preservation in the form of cuticle frag-
ments extracted from shales by dissolution in
hydrofluoric acid (‘‘small carbonaceous fossils’’:
Butterfield and Harvey 2012) is proving to be
especially informative for understanding the early
history of crustaceans. Fragments of this kind

attributed to Crustacea were first illustrated by
Butterfield (1994) from rocks of late early Cam-
brian age in Canada. Subsequently, Harvey and
Butterfield (2008) documented mouthparts, in
particular mandibular gnathal edges, that indi-
cated the megascopic crustaceans had evolved by
Cambrian Stage 4. More recently investigated
material from the middle and late Cambrian
(Fig. 15.4) allows more precise systematic attri-
butions of some of these crustaceans (Harvey
et al. 2012), with the result that at least three
crustacean lineages are known to have originated
considerably earlier than previously known.
Mandibles indicate the presence of crown-group
Branchiopoda (based on distinctive asymmetries
characteristic of Anostraca; Fig. 15.4b, c), as well
as stem- or crown-group Copepoda (Fig. 15.4d–f)
and Ostracoda (Fig. 15.4g). In addition, distinc-
tive filter plates in these residues have details of
their setae that assign them to the Branchiopoda,
or at least its stem-group (Harvey et al. 2012).
This material (Fig. 15.4a) shows such detailed
similarity with the geologically older Mount Cap
filter plates described by Harvey and Butterfield
(2008) that the presence of total-group Bran-
chiopoda in the early Cambrian (Stage 4) can be
defended. This carries with it the important con-
sequence that the clades that include Branchio-
poda (e.g. Vericrustacea, Altocrustacea,
Pancrustacea and Mandibulata, in the phylogeny
and classification of Regier et al. 2010) had
evolved by at least Cambrian Stage 4.

15.3.3 Virtual Fossils

The Herefordshire Lagerstätte, from the Silurian
(Wenlock Series, 525 Mya) of western England,
involves three-dimensional soft tissue preserva-
tion of small fossils in concretions (Briggs et al.
2008). The specimens are sparry calcite fill of
the void space left after decay of the animal, the
sample being serially ground and then recon-
structed with computer software to generate a 3-
D model (Fig. 15.5). This technique has allowed
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the detailed morphology of many arthropods to
be reconstructed, including several phylogenet-
ically important species.

Offacolus kingi (Sutton et al. 2002) is a
chelicerate (Fig. 15.5a), its tagmosis in particu-
lar inspiring comparisons with Synziphosurina, a
probably paraphyletic assemblage of Palaeozoic
stem-group Xiphosura (Moore et al. 2011).
Unexpectedly, however, Offacolus is recon-
structed with five pairs of biramous prosomal
appendages (the chelicera alone being unira-
mous), in contrast to the restriction of biramy in
Xiphosura to walking leg 5 (the flabellum on
that limb being homologous with either an
exopod or an epipodite; see Boxshall 2004 for
evidence for each view). This character has been
used to argue that Offacolus may be sister to all
other chelicerates (Dunlop 2006).

Haliestes dasos (Siveter et al. 2004) is a
pycnogonid, the earliest known adult sea spider

(the older Cambropycnogon is known only from
larval stages). Even compared to species
described from the Early Devonian of Germany,
Haliestes is decidedly modern in its combination
of characters, and when included in morpho-
logical cladistic analyses of Pycnogonida, it is
resolved in the crown-group (Arango and
Wheeler 2007).

Ostracods are the most abundant arthropods
in the fossil record (in terms of both number of
specimens and number of species), but the
example of bradoriids recounted above exposes
the challenge of identifying and classifying
ostracods based on carapaces alone. The Here-
fordshire Lagerstätte provided the earliest well-
preserved appendages that allowed a Palaeozoic
ostracod to be classified with confidence in an
extant order (Siveter et al. 2003a) (Fig. 15.5b).
Subsequent discoveries of soft parts from
Herefordshire myodocopids, including eggs

Fig. 15.4 Small carbonaceous fossils of crustaceans
from the late Cambrian (Furongian Stage), Saskatche-
wan, Canada (Harvey and Butterfield 2012). a Branchio-
pod filter plate and associated setae; b, c anostracan-type

branchiopod mandibles; d–f copepod-type mandible;
g ostracod-type mandible. Photos courtesy of Tom
Harvey and Nick Butterfield
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brooded within the carapace have shown that the
carapace morphology alone is not a reliable
indicator of affinity (Siveter et al. 2007b).

Tanazios dokeron (Siveter et al. 2007c), has a
trunk composed of at least 64 segments with
some 60 appendage pairs (Fig. 15.5d). The head
is mandibulate, but the post-mandibular head
appendages resemble the trunk limbs rather than
being differentiated as maxillae. The pre-
mandibular head appendages were originally
interpreted as two pairs of antennae, and the
species assigned to the crustacean stem lineage
(Siveter et al. 2007c), but Boxshall (2007) pro-
posed an alternative in which the ‘‘first anten-
nae’’ are instead a pair of frontal filaments (as in
remipedes), such that the species has only one
pair of antennae. Applying Boxshall’s coding of
the head segments shifts Tanazios to the stem

lineage of Mandibulata rather than ‘‘Crustacea’’/
Tetraconata (Rota-Stabelli et al. 2011).

15.4 The Early Terrestrial Record

The terrestrial body fossil record of arthropods
dates to at least the mid Silurian (Wenlock
Series), constrained by the first appearance of
millipedes (Wilson and Anderson 2004; Wilson
2005) in rocks some 425 million years old in
Scotland. Although the older Silurian material is
preserved as moulds or compressions in shales,
knowledge of Silurian and Devonian terrestrial
arthropods is biased by a few sites in Euramerica
that have exceptional preservation, two of which
are treated below.

Fig. 15.5 Computer reconstructions of Silurian arthro-
pods from the Herefordshire Konservat-Lagerstätte, UK.
a The chelicerate Offacolus kingi, ventral view (from
Sutton et al. 2002); b the myodocopid ostracod Nym-
phatelina gravida, lateral view (from Siveter et al.

2007b); c the marrellomorph Xylokorys chledophilia,
ventral view (from Siveter et al. 2007a); d the stem group
mandibulate Tanazios dokeron, ventral view of head and
anterior part of trunk (from Siveter et al. 2007c)
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The body fossil record for terrestrial arthro-
pods is substantially preceded by trackways that
record subaerial locomotion by arthropods.
Trace fossils assigned to the ichnogenera Dip-
lopodichnus and Diplichnites in Upper Ordovi-
cian rocks in the English Lake District (Johnson
et al. 1994) are likely millipede-produced
(Wilson 2006). If this is correct, these trackways
pre-date the earliest body fossil record of milli-
pedes by some 25 million years. The subaerial
trackway record of arthropods extends back into
the Cambrian (Hagadorn et al. 2011), and in at
least some cases the taxonomic identify of the
tracemaker can be determined, such as traces
ascribed to euthycarcinoids by Collette and
Hagadorn (2010). This does not allow terrestri-
ality in extant lineages to be constrained because
the phylogenetic affinities of euthycarcinoids
within Mandibulata remain imprecisely deter-
mined (Racheboeuf et al. 2008), and the early
trackways likely reflect amphibious rather than
fully terrestrial habits.

Marine stem-group hexapods and myriapods
remain to be identified from the Palaeozoic
fossil record, even though these lineages are
predicted to have diverged from crustaceans by
the late Cambrian at the latest (Rehm et al.
2011). The proposal that the Lower Devonian
marine fossil Devonohexapodus was a stem-
group hexapod (Haas et al. 2003) has been dis-
missed; the fossil belongs to a previously doc-
umented species, Wingertshellicus backesi, and
lacks the diagnostic characters of Hexapoda, or
Tetraconata, or possibly even the mandibulate
crown group (Kühl and Rust 2009).

15.4.1 Rhynie

The Rhynie chert in Aberdeenshire, Scotland,
together with nearby sites known as the
Windyfield chert, is interpreted as sinters that
preserve a hot spring system of Early Devonian
age, the fossils being silicified in three dimen-
sions. Radiometric dating indicates an age of
411.5 ± 1.3 million years (Parry et al. 2011).

Rhynie includes the first records of several
major terrestrial arthropod lineages. These

include Acari, Opiliones (that exhibit preserva-
tion of the genitalia: Dunlop et al. 2004), and the
earliest Hexapoda, in the form of at least three
taxa that sample both Enthognatha and Insecta.
The springtail (Collembola) Rhyniella may
belong to an extant family (Greenslade and
Whalley 1986). The recently described Lever-
hulmia has been reinterpreted as a primitively-
flightless insect (Fayers and Trewin 2005), and
Rhyniognatha is known from a mandible that is
certainly a member of the insect clade Dicondylia
(i.e. having an anterior mandibular articulation)
and may even be a pterygote (Engel and Grimaldi
2004). Rhyniognatha (Fig. 15.6) extends the
range of winged insects downwards from the
Carboniferous. The detail of soft anatomical
preservation in the Rhynie chert is adequate for
resolution of, e.g. the book lung structure of
trigonotarbid arachnids (Kamenz et al. 2008),
showing microanatomy that is conserved in
arachnids over more than 400 million years.

15.4.2 Gilboa

Dissolution of mudstones in hydrofluoric acid to
liberate insoluble organic remains (as in
Sect. 3.2) provides a wealth of data about ter-
restrial arthropods from the Middle Devonian at

Fig. 15.6 Mandible of the earliest pterygote insect,
Rhyniognatha hirsti from the Lower Devonian. a Light
photograph of mandibles and apodemes (image copyright
The Natural History Museum); b reconstruction
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Gilboa and South Mountain (ca 386 mya and
374 mya, respectively), New York State.

Chelicerates from Gilboa include mites
(Norton et al. 1988), the earliest known pseu-
doscorpion (Judson 2012), several species of
trigonotarbids (Shear et al. 1987), and one of
two species assigned to the extinct arachnid
order Uraraneida (Selden et al. 2008). This last,
Attercopus fimbriunguis, was first identified as
a trigonotarbid but subsequently reinterpreted
as the earliest known spider (Selden et al.
1991). Reinvestigation of the material revealed
the presence of spigots arranged on the edges
of plates rather than on spinnerets (Selden et al.
2008), prompting its assignment to Uraraneida.

Myriapoda at Gilboa and South Mountain
include representatives of both Diplopoda and
Chilopoda. The arthropleurid-like Microdecem-
plex (Wilson and Shear 2000), assigned to an
extinct Order Microdecemplicida, is classified
either within Arthropleuridea (Wilson and Shear
2000) or is instead placed more closely to the
chilognathan millipedes (Kraus and Brauck-
mann 2003). In either case, arthropleurideans are
now regarded as ingroup Diplopoda, following a
long history of being treated simply as enigmatic
myriapods. The centipedes at Gilboa are the
stem-group scutigeromorph Crussolum (Shear
et al. 1998) and Devonobius delta (Shear and
Bonamo 1988), which is assigned to an extinct
monotypic order.

Organic preservation of terrestrial arthropods
extends back into the Silurian, the best example
being the Ludlow Bone Bed, of latest Silurian
age in western England (Jeram et al. 1990). This
deposit is the source of the earliest centipedes
(Scutigeromorpha: Shear et al. 1998) and trigo-
notarbids (Dunlop 1996).

15.4.3 Coal Measures Nodules

Numerous arthropod lineages, e.g. many orders of
insects, have their earliest records in Upper Car-
boniferous deposits that represent widespread
coal swamps in Euramerica. Fossils preserved in
siderite nodules in the Carboniferous Coal Mea-
sures of the UK, Montceau-les-Mines in France,

and the Mazon Creek area of Illinois, USA, often
preserve complete articulated exoskeletons,
including the appendages. Non-invasive imaging
of this material by micro-computer tomography
permits three-dimensional models of specimens
to be reconstructed, including body parts that are
otherwise concealed in the rock, such as the distal
parts of appendages. This technique has been
successfully applied to Carboniferous arachnids,
including opilionids, scorpions (Fig. 15.7a; Legg
et al. 2012a) and trigonotarbids (Garwood et al.
2009, 2011), as well as to insects (Garwood and
Sutton 2010).

The detailed knowledge provided by the
Upper Carboniferous sites contrasts with a gen-
erally patchy record for many groups in the
Early Carboniferous, a lacuna that is known as
Romer’s Gap (for the vertebrate palaeontologist
Romer, who detected it in fossil vertebrates).
Early Late Carboniferous (Namurian) strata
from Ningxia, China, extend the record of some
groups of insects back earlier than the apparent
evolutionary burst suggested by first appear-
ances in Coal Measures-equivalent strata.
Examples from Ningxia include recent discov-
eries of the earliest Dictyoptera (Zhang et al.
2013) and stem-group Orthoptera (Gu et al.
2011). Millipedes and scorpions are coming to
light from Early Carboniferous sites (Scottish
material in Smithson et al. 2012), suggesting that
the dearth of terrestrial fossils from this time
interval stems from collection failure rather than
requiring a biological explanation.

15.5 Amber Fossils

Fossilised tree resin—amber—provides enor-
mous insights into the origins of modern arthro-
pod diversity, not least because of the quality of
anatomical preservation. Fossiliferous amber is
known from hundreds of deposits that span the
world, ranging as far back as the Late Triassic
(Schmidt et al. 2012; see Penney 2010a for
accounts of all major amber deposits, including
comprehensive lists of all arthropods). New
techniques of microscopy and imaging, such as
phase contrast X-ray computed tomography
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(Dunlop et al. 2011) and X-ray synchrotron
imaging and microCT (Lak et al. 2008; Pohl et al.
2010), are being applied to amber-preserved fos-
sils and allowing even more anatomical detail to
be extracted and depicted (Fig. 15.7b). This can
include non-destructive documentation of soft
anatomy rarely tractable from the fossil record,
e.g. the brain, subesophageal ganglion, and flight
muscles of a Baltic amber strepsipteran insect
(Pohl et al. 2010).

Lebanese amber is the oldest major source,
with most collections dating to the Lower Creta-
ceous (Azar et al. 2010). It contains a greater
number of extinct insect families than does geo-
logically later amber, and provides the earliest
records of many extant families. Other major
Cretaceous arthropod faunas are known from
ambers from France, Spain, western Canada,
Burma, and Ethiopia. Owing to its vast geo-
graphic extent across northern Europe and an
especially long history of study, the Eocene
(44–49 mya) Baltic amber (Fig. 15.7c) is the
source of more species than any other. Over 3,000
arthropod species are known, with enormous
numbers in some insect orders (800 species of
Diptera); arthropods comprise 98 % of all Baltic
amber inclusions (Weitschat and Wichard 2010).

Especially pristine preservation is seen in the
Miocene (ca 16 mya) amber from the Dominican
Republic, from which more than 1,000 arthropod
species have been documented, including 100+
species of each of Diptera, Hymenoptera, Cole-
optera and Araneae (Penney 2010b).
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16.1 Introduction

Arthropods are, by a considerable margin, the
most species-rich group of animals alive today
and have long been a major component of the
Earth’s biodiversity. Exact counts of the total
number of species are not easy to come by, but
Zhang (2011) offered a recent summary. Toge-
ther the ca. 1,023,559 described living species of
hexapods, 11,885 myriapods and 110,615
arachnids—most of which live on land—mas-
sively outnumber the ca. 66,914 recorded crus-
taceans, 1,322 sea spiders and the four species of
horseshoe crab. Put bluntly, in terms of raw
species numbers the primarily terrestrial lin-
eages (Hexapoda, Myriapoda, Arachnida) out-
number the primarily aquatic ones (‘Crustacea’,
Pycnogonida, Xiphosura) by a factor of almost
seventeen to one. In fairness, there is a degree of
bias in these figures. Some arachnids, such as
water mites, are secondarily aquatic, but by the
same token, some crustaceans such as woodlice
and a number of crab species are also to a
greater or lesser extent terrestrial. Despite the
common opinion that terrestrial arthropods are
easier to collect than (deep) marine ones, which
may influence the total number of described
taxa, new species of terrestrial insects, arachnids
and myriapods are still being regularly descri-
bed, particularly from the tropics. Aquatic
arthropods seem unlikely to approach the
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diversity levels seen in megadiverse insect
orders such as beetles, butterflies, true flies, or
the bees, wasps and ants. This begs the questions
how, when, why and how often did arthropods
become successful in the terrestrial environment.
We should also consider whether they came onto
land via salt or fresh water.

16.1.1 The Significance of the Sister
Group

Phylogeny has a crucial impact on evolutionary
scenarios. If the sister group of a given terrestrial
arthropod taxon also lives on land, we can infer
that the last common ancestor of both groups
was already terrestrial too. For instance, the
traditional view of a close, or even a sister-
group, relationship between hexapods and myr-
iapods (the Antennata, Atelocerata or Tracheata
concept) implied that the shift onto land took
place in the common stem lineage of Antennata
(see Kraus and Kraus 1994). This in turn biased
the search for, and interpretation of, fossils as
putative stem-lineage representatives of Anten-
nata, further influencing hypotheses about the
water–land transition within this group (see
Haas et al. 2003; Kühl and Rust 2009). Today,
the prevailing view is that Hexapoda is deeply
nested within Crustacea (e.g. Regier et al. 2010;
Rehm et al. 2011), although the hexapod sister
group among the crustacean subgroups remains
ambiguous (Glenner et al. 2006; von Reumont
and Burmester 2010; von Reumont et al. 2012).
Depending on the analysis, Remipedia, Bran-
chiopoda or Malacostraca emerge as the closest
relatives of the hexapods. This leads to the next
problem. In contrast to remipedes and malacos-
tracans, recent branchiopods are—with a few
evidently derived exceptions—freshwater ani-
mals (e.g. fairy shrimps, tadpole shrimps, water
fleas). If their sister-group relationship to hexa-
pods were to be corroborated by further data,
then we have to consider that the water-to-land
transition in the hexapod lineage began in a
freshwater habitat. This scenario might change if
fossil branchiopods are included, since these
animals were most likely marine (Olesen 2009).

Where monophyletic taxa are exclusively
terrestrial, it is plausible to assume that the last
common ancestor of the clade was terrestrial
too. Nevertheless, given the frequent water-to-
land transitions among arthropods—and animals
in general—one has to ask whether parsimony
considerations alone are enough to make a clear
case for a single-terrestrialisation event, even in
monophyletic groups. The case becomes stron-
ger if structural apomorphies are also present as
adaptations to a terrestrial life style; the book
lungs of arachnids being a good example here
(Scholtz and Kamenz 2006). This may seem
trivial, but for the major terrestrial lineages of
arthropods, there are surprisingly few unambig-
uous examples of anatomical terrestrial adapta-
tions defining monophyletic groups. For
instance, the tracheae of myriapods are so
diverse in their position and structure that their
homology has been seriously doubted (Ripper
1931; Dohle 1988; Hilken 1997). The same
might apply to hexapod tracheae, and function-
ally similar tracheal tubes have also evolved
more than once in the arachnids; at least twice
just within the spiders where they can occur as
tube or sieve tracheae (cf. Levi 1967) whose
origins may be independent.

16.2 Secrets of Success

It seems self-evident from modern phylogenies
(e.g. Regier et al. 2010) that land-living clades
evolved independently within the overall
arthropod tree. On the face of it, there must have
been at least seven separate terrestrialisation
events, enacted by: hexapods, myriapods,
arachnids and at least four groups of crustaceans,
namely isopods, amphipods, ostracods and
decapods. Some authors have inferred multiple
events within the arachnids too, but see Scholtz
and Kamenz (2006) for counterarguments.
Recall as well that among the arthropods’ closest
relatives (see Chap. 2), both Onychophora
(velvet worms) and Tardigrada (water bears) are
also now wholly or partially terrestrial. What
these groups all share in common is a body plan
with legs. While terms such as ‘preadaptation’
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have fallen out of favour, it is fair to say that the
arthropod ground pattern—which presumably
originated in the early Palaeozoic seas (see
Chap. 15)—possessed much which would later
prove very useful in animals attempting to make
the transition onto land. In addition to their
jointed legs, which required only minimal
modifications for locomotion on land, arthro-
pods possess a tough external cuticle over the
whole body which could later be waterproofed
with a waxy epicuticle layer. In most of these
cases, the respiratory organs are essentially in-
vaginations of the body wall with thin cuticle.

16.2.1 Brave New Worlds?

We can only speculate about the evolutionary
pressures that drove arthropods to exploit terres-
trial ecosystems. Avoidance of predators would
be one possibility. Horseshoe crabs were present
by at least the early Ordovician (Van Roy et al.
2010), and it is conceivable that their modern
mating behaviour—emerging onto shorelines to
lay their eggs—is a relict of a distant time when
the land was a safe and predator-free environ-
ment. In general, it is hard to envisage a terrestrial
community of animals existing without at least
some degree of plant cover and/or soil habitat.
When this first became available remains a topic
of debate, but there are microfossils of tough,
desiccation-resistant spores as far back as the
mid-Cambrian (Strother et al. 2004). Whether
these indicate land plants is controversial (cf.
Kenrick et al. 2012). By the mid-Ordovician,
there are dispersed spores, often called cryp-
tospores, consistent with belonging to terrestrial
plants (Strother et al. 1996), and these presum-
ably evolved into the small, branching Cooksonia
type of vegetation recorded as body fossils by the
mid-Silurian. Once plants became established as
primary producers, there was clearly an oppor-
tunity for herbivores—or more likely at first the
decomposers and detritivores—to exploit this
new niche. Predators would then be able to follow
too. The sclerotised head limbs of arthropods may
also have played a role here, being easily

modified into a variety of mouthpart structures
suitable for different feeding ecologies.

Although the focus here is on crown-group
arthropods, we should not forget that soft-bodied
organisms, from protozoans to tardigrades to
various platyhelminth, nematode and oligo-
chaete worms, may also have played a role in the
earliest soil habitats (see also comments in Pi-
sani et al. 2004). The chance of such animals
being preserved as fossils is unfortunately very
small. There is a Devonian plant-associated
nematode (Poinar et al. 2008), and creatures like
this would have been a potential food source for
at least the smaller early terrestrial arthropods.

16.3 What is ‘Terrestrial’?

Before discussing the timing and mechanisms of
terrestrialisation further, we need to be clear
about what we mean by a terrestrial animal. At
what point does an arthropod become fully ter-
restrial? A water/land dichotomy is too sim-
plistic, since a whole range of intermediate
habitats can be envisaged. Examples would
include regularly inundated algal strandlines on
beaches. These are a typical feeding habitat
today for sandhoppers (Amphipoda: Talitridae).
Another would be the wet interstitial spaces
between soil or sand particles. Marine interstitial
environments play host to certain collembolans
(Thibaud 2007), halacarid and occasionally ori-
batid mites (Bartsch 1989; Bayartogtokh and
Chatterjee 2010) and to the rare palpigrade
arachnids (Condé 1965). We must caution
against assuming that such modern arthropods
are ‘primitive’, or relicts of the first semi-ter-
restrial fauna. Today, we may be looking at
secondary colonisations of beaches or river
banks. For example some water mites (Acari:
Hydrachnida) effectively live in a water/land
transition zone, but phylogenies do not recover
them as a particularly basal mite clade.

The marine interstitial route onto land has
been widely suggested for early arthropods
(Little 1990) and would have allowed a grad-
ual accumulation of terrestrial adaptations.
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However, in some cases, a transition from fresh
water to terrestrial habitats is more likely (De
Deckker 1983; Diesel et al. 2000). The typical
micro- and meiofauna of a sandy beach today
were summarised by Armonies and Reise
(2000), who recorded tiny arthropods such as
copepods, ostracods and mites, as well as the
arthropod relatives, the tardigrades. Microar-
thropods living in soil and/or sand can effec-
tively remain in an aquatic habitat by living in
water films around the sediment particles; see,
for example, Villani et al. (1999) for a review of
the implications of edaphic habitats for terres-
trialisation. As we will argue for crustaceans in
particular, there are gradations of increasingly
terrestrial habitats and lifestyles and corre-
sponding gradations of anatomical adaptations.
As is often the case in biology, the boundaries of
what can be defined as terrestrial are not very
sharp and we prefer to leave it somewhat fuzzy.
Is a crab terrestrial when it lives completely on
land and only larval spawning and development
take place in seawater? This means the crab
feeds on leaf litter, breathes air, excretes purine,
mates in the forests and carries the eggs on land
for a certain phase of development. If we define
terrestrial arthropods by their life history, then
reproduction and development (see also Canni-
cci et al. 2011) are among the strongest limiting
factors hindering transitions onto land. For the
purposes of this chapter, we consider an
arthropod to be fully terrestrial if it does not
need to return to water in order to complete its
life cycle.

16.4 A Time Framework
for the Transition

For a broad perspective on the origins of animal
biodiversity on land—and the associated key
events in Earth history—see Benton (2010). We
cannot say for certain which arthropod group(s)
first placed their feet on the shore, or exactly
when they achieved it. But we can make infer-
ences by combining direct evidence, in the form
of body fossils, with indirect evidence drawn

from trace fossils and molecular clock data.
Arthropod terrestrialisation has been reviewed in
its wider context by Størmer (1976), Rolfe
(1985), Selden and Edwards (1989), Shear and
Kukalová-Peck (1990), Shear (1991), Selden
(2001, 2012), Shear and Selden (2001),
Garwood and Edgecombe (2011) and Kenrick
et al. (2012). We refer to these studies for further
details and additional literature.

As outlined in Fig. 16.1, from the Cambrian–
Ordovician boundary onwards (ca. 488 Ma),
there are strong hints that arthropods of some
description were able to walk, if only briefly,
across terrestrial sediments. By the Silurian (ca.
416–443 Ma), myriapods and arachnids were
unequivocally living on land and hexapods
appear soon afterwards in the early Devonian
(ca. 398–416 Ma). Today’s land-living crusta-
ceans do not appear to have been part of this
early radiation. The oldest fossils implicit of
terrestrial crustacean clades are Mesozoic. It is
nevertheless important to remember that the
early terrestrial fossil record of arthropods
remains fragmentary. Much of our present
knowledge is based on only a handful of ‘win-
dows’ of opportunity. Key localities include the
Silurian of Ludford Lane in England (Jeram
et al. 1990), the Early Devonian Rhynie and
Windyfield cherts of Scotland (reviewed in
Anderson and Trewin 2003) and Alken an der
Mosel and some adjacent sites in Germany
(e.g. Størmer 1976), as well as the Middle
Devonian of Gilboa in the USA (Shear et al.
1984, 1987). The more important discoveries are
outlined below, and new fossils from even older
localities would undoubtedly change the overall
picture.

16.4.1 Trackways

Trace fossils (ichnofossils) cover a broad spec-
trum of fossilised animal activity, including
faeces, burrows and nests, as well as locomotion
traces from individual footprints through to fully
developed trackways left by animals walking
over the substrate. A review of the ichnological
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evidence for early life on land can be found in
Braddy (2004), and a recent comprehensive case
study based on the Siluro–Devonian Old Red
Sandstone of Britain was published by Morris-
sey et al. (2012). Ichnologists refer to trackways
made in a terrestrial environment (Fig. 16.2) as
‘subaerial’, differentiating them from those left
in sediments under water. Subaerial trackways
can be recognised by, for example, the footprints
of the animal crossing desiccation cracks, which
imply that the original animal (named the pro-
ducer) walked across mud which was already
exposed to the air and was in the process of
drying out. Other examples can involve animals
walking over ash falls. However, in both cases,
we must exclude the possibility that the track-
way (or ash fall) was made in water and was
later exposed as the mud or ash dried out.

The oldest putative record of an arthropod
walking across land comes from the Cambrian–
Ordovician Nepean Formation in Ontario,
Canada (MacNaughton et al. 2002). Dating to
around 488 Ma, these trackways assigned to the

ichnogenera Diplichnites and Protichnites were
interpreted as having been made in a near-shore
environment and as having possibly been pro-
duced by an enigmatic group of extinct arthro-
pods known as the Euthycarcinoidea (see also
Chap. 15). Collette et al. (2012) provided further
model-based experimental evidence that
Cambrian Protichnites traces could have been
made by euthycarcinoids. These extinct
(Cambrian–Triassic) mandibulate arthropods
have multiple pairs of uniramous trunk limbs,
but in the absence of unequivocal respiratory
organs, it is unclear whether euthycarcinoids
were aquatic, amphibious or terrestrial creatures.

Considerably younger trackways from the
Ordovician Borrowdale Volcanic Group of
England (Johnson et al. 1994) were again
assigned to Diplichnites, and to another ichno-
genus Diplopodichnus. These trackways were
interpreted as non-marine, with millipedes ten-
tatively suggested as a possible producer. Again,
it is unclear whether they were left by fully
terrestrial animals. Retallack and Feakes (1987)

Fig. 16.1 A time framework for terrestrialisation based
on trace fossils and the body fossil record of the four
major arthropod lineages. Note that, hexapods are now

conventionally regarded as having evolved from within
the crustaceans
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documented supposed terrestrial burrows in
fossil soils from late Ordovician Juniata For-
mation of central Pennsylvania, USA. Milli-
pedes were inferred as the possible producers of
these impressions, but this was disputed by
Wilson (2006) and others, and the terrestrial
palaeoenvironment of the Juniata Formation has
now been comprehensively disproved by sedi-
mentological analysis (Davies et al. 2010).

From the Silurian onwards, there are further
records of terrestrial (millipede?) trackways (e.g.
Wright et al. 1995; Morrissey et al. 2012). The
latter authors also noted examples of a putative
scorpion trace named Paleohelcura in the Old
Red Sandstone of South Wales. Both these
localities and the similarly aged Alken an der
Mosel in Germany yield another ichnogenus
called Palmichnium, recovered from sediments
probably lain down in the intertidal zone. These
impressions have been ascribed to the walking
activities of sea scorpions (Eurypterida). The
scenario implied here is that at least some eu-
rypterids might have been semi-terrestrial (see
also below) and perhaps clambered onto beaches
to mate in a similar fashion to the modern
horseshoe crabs (Poschmann and Braddy 2010).

Trackways unequivocally produced by insects
first appear rather later in the fossil record, first
being picked up in the Permo-Carboniferous
(e.g. Braddy and Briggs 2002). Trace fossils
assignable to terrestrial crustaceans are also very
rare and so far do not belong to the Cambrian–
Devonian phase of radiation either. Genise et al.
(2008) described putative terrestrial breeding
traces from the mid-Cretaceous (ca. 125 Ma?) of
Patagonia in Argentina which they believed to be
consistent with the activities of crayfish. Barely
counting as fossils, Walker et al. (2003) descri-
bed trackways from the Holocene (i.e. less than
12,000 years old) of the West Indies which they
interpreted as the activities of a terrestrial hermit
crab (Decapoda: Paguroidea).

There are two general problems with at least
the older trace fossil discoveries. First, we can-
not be exactly sure which arthropod produced a
given trackway. Inferences can be made, for
example three pairs of impressions would sug-
gest a hexapod, four an arachnid and multiple
pairs or groove-like furrows a myriapod. How-
ever, it is extremely rare to find a trackway with
the producer (quite literally) stopped dead in its
tracks at the end, such as in the aquatic ‘death

Fig. 16.2 Arthropod trackways can imply life on land.
a Diplichnites, a terrestrial trail probably made by a
millipede-like animal, from the Early Devonian of
Wales; b Palmnichnium, thought to be a semi-terrestrial

eurypterid trackway, from the late Silurian of Wales.
Scale bars equal 50 mm. Images courtesy of Rob Hillier
and Lance Morrissey
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marches’ of horseshoe crabs from the Jurassic of
Solnhofen (Malz 1964). PreSilurian trackways
have sometimes been ascribed to a myriapod-
like animal, but it would be premature to accept
them as explicit evidence for crown-group
Myriapoda. As with the euthycarcinoids men-
tioned above, it is conceivable that there were
other extinct arthropods around at this time with
multiple limbs capable of leaving such impres-
sions. Second, as discussed by Johnson et al.
(1994), we cannot be certain that an arthropod
walking across dry land in the mid-Palaeozoic
was habitually terrestrial. These may represent
(semi)-aquatic animals capable of brief excur-
sions onto land, but who were trying to cross
from one body of water to another, or were
trying to escape a drying pool.

To recap, from the end of the Cambrian
through to the Ordovician and Silurian, it appears
that some arthropods—possibly including myri-
apods and eventually also arachnids—could
walk across land, but it is unclear from the trace
fossils alone whether they lived in this environ-
ment on a long-term basis. Apart from some
possibly semi-aquatic crustacean burrows from
the Devonian (Morrissey et al. 2012), there is no
convincing trace fossil evidence for terrestrial
locomotion by insects or crustaceans prior to the
Carboniferous and Cretaceous, respectively.

16.4.2 Body Fossils

A general overview of the arthropod fossil
record can be found in Chap. 15. Although there
is a dubious record of an Ordovician mite, the
oldest arthropod fossil which can be assigned
with confidence to a terrestrial habitat is the
millipede (Diplopoda) Pneumodesmus newmani
from the Silurian (ca. 428 Ma) of Scotland
(Wilson and Anderson 2004). Significantly, this
fossil (Fig. 16.3d, arrow) reveals the putative
openings of spiracles which imply a tracheal
system (see also 16.5.5). There is also an enig-
matic group called Kampecarida—probably
millipedes of some description—known from a
range of Siluro–Devonian localities. They were

last reviewed by Almond (1985) and would
merit further study. A small number of scorpions
(Scorpiones) also occur in strata dating from the
mid-to-late Silurian. Laurie’s (1899) species
Dolichophonus loudonensis is stratigraphically
the oldest known arachnid and is approximately
the same age as the oldest terrestrial millipede
Pneumodesmus; both fossils incidentally coming
from Scotland. Note that there has been a long
debate about whether the early scorpions
(Fig. 16.3a) were terrestrial or aquatic, the latter
hypothesis championed by Kjellesvig-Waering
(1986) in particular. However, as critiqued by
Scholtz and Kamenz (2006) and Kühl et al.
(2012), these views have rarely been supported
by convincing morphological features. The trend
seems to be shifting towards interpreting all
fossil scorpions as potentially terrestrial animals.

16.4.2.1 Ludford Lane
Late Silurian fossils from the ca. 419 Ma
Ludford Lane consist of cuticle remains acid-
macerated out of the sediment. These include
fragments of the oldest centipede (Chilopoda),
which can be provisionally assigned to the
Scutigeromorpha (Jeram et al. 1990; Shear et al.
1998). Scutigeromorphs (Fig. 16.3e) are widely
perceived as sister group of all other centipedes.
There is also a millipede belonging to the extinct
Arthropleurida group (Shear and Selden 1995).
A further interesting Ludford Lane find is the
oldest non-scorpion arachnid which belongs to
an extinct spider-like order called Trigonotarb-
ida (Fig. 16.3b). Since younger trigonotarbids
are demonstrably terrestrial (see below), this
habitat has been assumed for the Ludford Lane
fossil too. Finally, there are also examples of
fossil faeces, or coprolites (Fig. 16.3c), which
may have been produced by a detritivore such as
a millipede (Edwards et al. 1995).

16.4.2.2 Rhynie
The next oldest localities are from the Early
Devonian. Prominent among these are the Rhy-
nie and adjacent Windyfield cherts of northwest
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Scotland which are dated to ca. 410 Ma and
preserve an entire terrestrial ecosystem of early
plants and animals with extraordinary three-
dimensional fidelity. Rhynie has yielded more
trigonotarbid arachnids (Hirst 1923), as well as
the oldest unequivocal mites (Acari), such as
Protacarus crani and some further species
named later from among Hirst’s original speci-
mens (Fig. 16.4a). From the same locality,
Dunlop et al. (2004) described the oldest har-
vestman (Opiliones) as Eophalangium sheari.
Further significant finds at Rhynie are the oldest
terrestrial hexapods. These include a springtail
(Collembola) Rhyniella praecursor described by
Hirst and Maulik (1926) and Scourfield (1940)
(Fig. 16.4b). Perhaps, even more significant is
Rhyniognatha hirsti, a fossil primarily known

from its mandibles (Tillyard 1928). It was later
reinterpreted as the oldest true insect (Engel and
Grimaldi 2004); the authors even speculating
that this animal may have borne wings. Other
Rhynie/Windyfield records include euthycarci-
noids, centipedes and an additional hexapod of
uncertain affinity (Anderson and Trewin 2003;
Fayers and Trewin 2005).

16.4.2.3 Alken and Other Sites
Marginally, younger than Rhynie are a number
of localities in the German Rhineland, the most
famous of which is Alken an der Mosel
(cf. Størmer 1970, 1976). As well as semi-ter-
restrial eurypterid trace fossils (see above), these
sites have yielded early terrestrial arthropods

Fig. 16.3 Terrestrial
arthopod life in the
Silurian. a the scorpion
Proscorpius osborni from
the ‘Bertie Waterlime’ of
the USA (note that, some
authors have interpreted
early scorpions as aquatic);
b the trigonotarbid
arachnid Palaeotarbus
jerami from Ludford Lane,
UK; c scanning electron
micrograph of a coprolite,
possibly from a myriapod,
from Ludford Lane, UK;
d the millipede
Pneumodesmus newmani
from Cowie Harbour,
Scotland with slit-like
spiracles arrowed (used
with permission by the
Paleontological Society);
e femur–tibia articulation
of a scutigeromorph
centipede, Crussolum sp.,
from Ludford Lane, UK

424 J. A. Dunlop et al.



such as trigonotarbids (Fig. 16.4c), scorpions
and arthropleurids, as well the oldest example of
another extinct arachnid order named Phalan-
giotarbida (Poschmann et al. 2005). More gen-
erally, a number of early Devonian sites have
yielded records of scorpions reviewed by
Kjellesvig-Waering (1986), but as noted above,
his interpretations must be treated with caution.
Kjellesvig-Waering assumed that almost all
Palaeozoic scorpions were aquatic and at least
one set of scorpion ‘gills’ later turned out to be
part of an arthropleurid millipede (Shear and
Selden 1995). In general, millipedes are also
quite well represented at this time. Numerous
Devonian examples belonging to the juliform
group—the classic, long-bodied millipedes
which burrow through soil and litter—were
critically reviewed by Wilson (2006).

16.4.2.4 Gilboa
The Middle Devonian, in particular the
ca. 390 Ma Gilboa locality near New York, has
produced more trigonotarbid arachnids, as well
as both oribatid and alicorhagiid mites (Norton
et al. 1988; Kethley et al. 1989). Other notable
finds at Gilboa include the oldest pseudoscor-
pion (Schawaller et al. 1991, revised as a stem-
group taxon by Judson 2012) (Fig. 16.4d). Also
significant is Attercopus fimbriunguis. This fos-
sil was first thought to be a trigonotarbid (Shear
et al. 1987), but was later reinterpreted as the
oldest spider (Araneae). More recently, it has
been shown to be an example of an extinct,
spider-like order called Uraraneida (Selden et al.
2008). These animals probably resembled spi-
ders, albeit with a flagelliform tail like that of a
whip scorpion (Uropygi). The well-preserved

Fig. 16.4 Terrestrial
arthropod life in the
Devonian. a a mite,
possibly
Protospeleorchestes
pseudoprotacarus, from
the Rhynie chert, Scotland;
b drawing of the
collembolan Rhyniella
praecursor (after
Scourfield 1940), also from
the Rhynie chert; c the
trigonotarbid arachnid
Alkenia mirabilis from
Alken an der Mosel,
Germany; d the oldest
pseudoscorpion
Dracochela deprehendor
from Gilboa, New York,
USA; e the centipede
Devonobius delta, also
from Gilboa
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cuticle fragments suggest that Attercopus could
produce silk, but lacked the discrete spinnerets
which define the true spiders. Gilboa also hosts
centipedes (Shear and Bonamo 1988; Shear
et al. 1998) including another scutigeromorph,
together with a further record assigned to an
extinct group (Fig. 16.4e).

16.4.2.5 Other Ancient Insects
and Crustaceans

A contemporary find (Labandeira et al. 1988)
from the mid-Devonian of Gaspé in Québec,
Canada, is a bristletail (Insecta: Archaeognatha).
After the Rhynie mandibles (see above), this
fossil would be only the second oldest example
of a true insect. However, the fossiliferous nat-
ure of this find was seriously questioned by
Jeram et al. (1990) shortly after its publication
and unless more specimens or evidence are
forthcoming, it would be unwise to accept this
as an unequivocal insect record. Recently,
Garrouste et al. (2012) reported the discovery of
a putative terrestrial insect from the Late
Devonian (ca. 365 Ma) of Belgium. Strudiella
devonica was assigned to the Dicondylia clade
and noted for having ‘orthopteroid’ mouthparts
suitable for an omnivorous diet.

What should by now be apparent is the pre-
ponderance of arachnid and myriapod fossils
making up these Siluro–Devonian terrestrial
assemblages, as compared to the relative paucity
of hexapods/insects and the complete absence of
any demonstrably terrestrial crustaceans. The
hexapods—and in particular the pterygote
(winged) insects—only really seem come into
their own from the Carboniferous onwards (e.g.
Prokop et al. 2005) by which time land-based
communities of plants and animals were already
well established.

Body fossils of unequivocally terrestrial
crustaceans are much younger. The oldest ter-
restrial woodlice (Isopoda: Oniscoidea) are
currently known as fossils from Eocene (ca.
49 Ma) Baltic amber (reviewed by Schmidt
2008), although the larger clade to which they
belong—the Scutocoxifera—can be traced back

to the Jurassic. The oldest known Amphipoda
referable to the (semi-)terrestrial family Talitri-
dae are even younger, being first recorded from
the Miocene (ca. 16 Ma) Chiapas or Mexican
amber (Bousfield and Poinar 1994). It has also
been suggested (Bousfield 1983) that since
modern Talitridae live in, and feed on, angio-
sperm litter then the group is unlikely to be older
than the flowering plants which themselves
radiated in the mid-Mesozoic.

Fossils of a number of land crabs (Decapoda,
Brachyura) can be found in the Quaternary
(ca 2–3 Ma). These include fossils assignable to
Gecarcinidae from the Caribbean (Donovan and
Dixon 1998), Potamidae from Japan (Naruse
et al. 2004) and Grapsidae from Hawaii (Paulay
and Starmer 2011). The last of these is an
interesting case study in which the species was
probably driven extinct by human activity.
However, for all these remains, we do not know
whether they are indicative for a fully terrestrial
lifestyle according to our definition. There is
currently no body fossil record of the terrestrial
hermit crabs (Coenobitidae), although a possible
trace fossil of this group was mentioned above.

16.4.3 Molecular Clocks

An alternative way to infer the age of terrestrial
crown-group clades is to use the molecular
clock. If we assume—and it is an assumption—
that arachnids, hexapods and myriapods each
had a common terrestrial ancestor, then deter-
mining when each of these groups separated off
from their nearest relatives (i.e. the time of
cladogenesis) would yield an approximate date
by which the clade may have come onto land.
The problem here comes if the split occurred far
back in time in an aquatic environment, and if
the crown-group terrestrial arthropods had a
stem group of aquatic ancestors which continued
living for millions of years in the water and
about which we know little or nothing from the
fossil record. In essence, how tightly is clado-
genesis coupled to terrestrialisation? How soon
did the last common ancestor make it onto land?
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The principal value of the fossils here is in
imposing constraints on these models. For
example, terrestrial millipedes must have
evolved by the mid-Silurian at the very latest
(Wilson and Anderson 2004). In another case
study, Dunlop and Selden (2009) pointed out
that, at 428 Ma, fossil scorpions are older than a
published estimate of 393 ± 23 Ma for the split
between spiders and scorpions based on a
mitochondrial phylogeny. In this particular
example, the fossil showed that the split based
on molecular data was an underestimate. In this
context, well-preserved fossils whose systematic
position is robust can act as calibration points,
helping to improve the overall reliability of
molecular-based phylogenies. Further discussion
of the strengths and limitations of molecular
dating—such as the risks of treating stem-group
fossils as calibration points for crown-group
organisms—can be found in Kenrick et al.
(2012).

More usually, molecular methods suggest
older dates (sometimes substantially so) for life
on land, as compared to the direct evidence of
the fossil record. This is unsurprising as it is
unlikely that we will ever find a fossil of the
very first terrestrial animal in a given clade.
Problems come when there is large discrepancy
between the fossil and molecular dates. A prime
example would be the study of Schaefer et al.
(2010) who calibrated their tree using data for
oribatid mites; a group with a reasonable fossil
record thanks to their often quite tough and
resilient bodies. Their data suggested that ori-
batid mites—and by inference interstitial soil
microarthropods in general—originated and
began moving onto land as early as the late
Precambrian (571 ± 37 Ma). By contrast, the
oldest fossil oribatids from the Gilboa locality
are considerably younger, being Devonian
(390 Ma) in age. Realistically, a Precambrian
date for land arthropods seems much too early.
As noted by Kenrick et al. (2012), most Pre-
cambrian fossils are barely recognisable as ani-
mals, let alone members of crown-group
arthropod clades, and these authors suggested
that the discrepancy in this case may be due to
an analysis which relied on only a single gene.

Authors such as Pisani et al. (2004) recovered
somewhat younger dates of 475 ± 53 Ma for
the split between xiphosurans and arachnids, and
442 ± 50 Ma for a split between millipedes and
centipedes. These dates (Fig. 16.5) are more
consistent with the fossil record since the oldest
arachnids and myriapods are Silurian (and thus
about 430 Ma). However, for the crustacean–
hexapod split, a very old (i.e. Precambrian) date
of 666 ± 58 Ma was recovered in this paper.
Alternatively, Regier et al. (2004) published a
younger date of ca. 488–461 Ma for crown-
group hexapods—this is still about 50 million
years before the first body fossil—while Sanders
and Lee (2010) found an older date of ca.
504 Ma. In another study, Rehm et al. (2011)
recovered a ca. 555 Ma split for myriapods and
chelicerates—with a ca. 500 Ma split for milli-
pedes and centipedes—and a ca. 480 Ma split
for spiders and horseshoe crabs; in their scheme,
mites were their sister clade coming off at ca.
495 Ma. The hexapods and crustaceans were
dated to a split of ca. 520 Ma (Rehm et al. 2011,
Fig. 16.1). As noted above, elucidating the sister
group of hexapods among the crustaceans is
crucial to dating their origins. Future develop-
ments in this field will hopefully refine the
methods further and reduce the gap between the
inferred (molecular) and observed (fossil) data.

16.5 Challenges and Solutions

As we have argued above, the major arthropod
groups almost certainly moved onto land inde-
pendent of one another, but once they did they
all faced an identical set of problems. These
animals developed similar, sometime even
identical, responses to these challenges. The
example of tracheae arising in parallel in insects,
myriapods and arachnids has already been dis-
cussed. It is a prime example of how moving
onto land automatically creates homoplastic
characters among different groups of arthropods
exposed to the same selective pressures. The
physiological challenges faced by animals
moving from an aquatic to a terrestrial envi-
ronment have been summarised in some detail
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by Little (1990). In brief, these relate primarily
to gas exchange, reproduction, osmoregulation
and exposure to ultraviolet radiation. Likewise,
sensory structures have to be modified for life on
land (e.g. Stensmyr et al. 2005). Changes in
locomotory biology would also have been
important and—on a related point—it is inter-
esting to speculate whether smaller or larger
arthropods were better able to make the initial
transition onto land?

16.5.1 Body Size

If terrestrialisation did take place via the inter-
stitial route, then tiny microarthropods would
have been better adapted to exploit such envi-
ronments. They could easily occupy wet spaces
between soil or sand particles and, like many
such organisms in modern soil ecosystems
(Villani et al. 1999), they could burrow deeper
into the substrate in search of moisture when the
upper layers dried out. However, minute organ-
isms are highly dependent on local conditions—
they are less able to walk far or fast—and if
there is a major change in the environment, they
run the risk of drying out more quickly. Larger
animals, with a lower surface area to body size
ratio, would have been more resilient against

such fluctuations in the environment, but would
presumably have been more exposed to such
changes.

Palaeontology does not, as yet, yield a clear
picture about which of these scenarios is correct.
Smaller, less strongly sclerotised arthropods are,
in principle, less likely to be preserved as fossils,
and so key components of the early land fauna
may simply not be visible. In any case, different
taxa may have adopted different strategies. The
oldest (Silurian) trigonotarbid arachnid is only
ca. 1.5 mm long, and most of the Rhynie
arachnids described so far have body lengths
from less than 1 mm (the mites) up to about
4 mm (trigonotarbids). By contrast, scorpions
seem to have been at least a few centimetres
long throughout their known geological history
(cf. Kjellesvig-Waering 1986). Indeed, in the
Devonian a few became huge, with body lengths
approaching a metre!

The known Silurian juliform millipedes pre-
serve body lengths in the 35–45 mm range
(Wilson and Anderson 2004), comparable to
modern temperate species found in soils today.
However, the Devonian also yields tiny arthro-
pleuridean millipedes less than 5 mm long
(Wilson and Shear 2000). This is interesting
given that Carboniferous arthropleurids
achieved enormous body lengths of two metres

Fig. 16.5 A fossil-calibrated timescale of arthropod
evolution based on two nuclear genes, reproduced from
(Pisani et al. 2004, Fig. 2). Numbers associated with
nodes are divergence times (Ma) and their standard

errors. Molecular clocks offer an alternative approach for
estimating when terrestrial arthropod clades first
appeared (see text for details)
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or more (Kraus and Brauckmann 2003). The
earliest hexapods also tend towards a small body
size, whereas (Shear et al. 1989) documented
some fairly large early terrestrial arachnids and
myriapods from the early Devonian of Canada.

An origin from small-sized aquatic ancestors
is also likely for terrestrial ostracods
(De Deckker 1983). The various malocostracan
terrestrial crustacean lineages reveal, however, a
different pattern of land colonisation. For
instance, it is obvious that among true land crabs
and the various ‘amphibious’ hermit crabs and
brachyurans, it was relatively large animals
which gave rise to terrestrial populations start-
ing from a variety of marine and freshwater
origins. In the case of the proper land
brachyurans, it seems apparent that they colon-
ised land from a freshwater habitat (Diesel
et al. 2000). In contrast to this, the monophy-
letic oniscoid isopods invaded land only once
and most likely from the sea, since the Ligia
species—which serve as model for the transi-
tion—mostly occur on sea shores (see Schmal-
fuss 1978; Carefoot and Taylor 1995; Schmidt
2008). Again, it is apparent that the first ter-
restrial isopods were animals in the centimetre
range (Schmidt 2008).

16.5.2 Locomotion

We have already argued that the presence of
jointed legs in ancestral arthropods was probably
an important factor in facilitating a smooth tran-
sition from water onto land. Many aquatic
arthropods live on (or in) the substrate, and it was
presumably fairly straightforward to adapt such a
body plan to a terrestrial environment. Although
quantitative data are lacking, when we compare
the walking legs of purely aquatic arthropods
with their (semi-)terrestrial relatives (insects,
spiders and certain crabs), there seems to have
been a tendency for the legs to become larger and
often thicker in proportion to the rest of the body.
Terrestrial animals are no longer supported by the
buoyancy of water, and larger, thicker legs can
accommodate a more extensive musculature to

support the animals and overcome the effects of
gravity on land; see, for example, discussion in
(Dalingwater 1985).

Related to this, authors such as Selden and
Jeram (1989)—based on the studies of Manton
(1977)—proposed the presence of a plantigrade
foot in scorpions as one of the criteria for rec-
ognising terrestrial animals. The idea here is that
marine animals, supported by the buoyancy of
water, can effectively walk on the tips of their
toes (digitigrade stance), but terrestrial animals
would have little purchase on the substrate, and
abrade their toes, without the larger surface area
of a foot on the ground. Manton (1977) showed
how rocking joints in the leg allowed the foot to
remain stable while the body and leg moved
forwards during locomotion. Terrestrial arthro-
pods hang from their legs, which have rocking
joints at the bases of the leg and the tarsus. Note
that this applies better to insects and arachnids,
which have relatively few legs, than to the multi-
limbed millipedes and centipedes who can still
use a digitigrade stance on land today as their
weight is distributed across many more indi-
vidual appendages. Another interesting point of
convergence between arachnids and insects is
the tendency (there are exceptions in both
groups) to have two large claws, or ungues, at
the end of the leg. In some arachnids, a smaller
third claw may be present and both insects and
arachnids may have a fleshy (adhesive) pad
between the claws. It is interesting to speculate
whether this two-clawed pattern evolved in
parallel as an advantageous feature for gripping
the substrate and/or clambering through the
early vegetation.

16.5.3 Osmoregulation

Water balance—and specifically water loss—is
one of the main challenges facing primarily
terrestrial animals. The presence of a cuticular
exoskeleton in arthropods (cf. Chap. 8) was
undoubtedly a major advantage here, and most
terrestrial groups have a waxy epicuticle layer
which reduces water loss directly over the
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cuticle. Behavioural adaptations should also be
mentioned here, and numerous arthropods avoid
desiccation by favouring damp, humid habitats
or by burrowing deeper into the substrate.
Another option is to avoid activity during day-
light; groups like scorpions are predominantly
nocturnal. In tracking the evolution of relevant
features, the fossil record is less helpful. Even
the best preservation (e.g. Rhynie) does not yield
structures such as Malphigian tubules. Other
osmoregulatory organs, such as coxal glands, are
also hard to detect in fossils.

Osmoregulation is also highly relevant to the
question about the route taken onto land, spe-
cifically did the ancestors of a given terrestrial
arthropod group come directly from a marine
environment or did they go first via fresh water?
Little (1990) concluded that because intertidal
animals could tolerate a greater range of salini-
ties—as well as being better adapted to variable
water supply, temperature, etc.—they were thus
better adapted to move onto land than those
which became highly adapted to freshwater or
interstitial habitats.

16.5.4 Reproduction and Development

As discussed above, we suggest here that the
ability to complete the life cycle without having
to return to water is a reasonable definition of a
fully terrestrial arthropod. Achieving this impo-
ses major constraints upon the organism. Sperm
can no longer simply be released over the eggs
as in an aquatic environment, but must be
delivered directly to the eggs or the female
genital opening. This can either be done directly,
for example, via an intromittent organ such as a
penis or the palpal organ of spiders, or indirectly
via a sperm package (Witte and Döring 1999).
These packages, or spermatophores, can either
be deposited on the substrate to be discovered
later by the female, or they can be deposited as
part of a controlled mating ritual in which the
female is usually led directly over the sperm
package by the male (Witte and Döring 1999).
Similarly, the eggs now have to be provided

with a protective layer to prevent them from
drying out (see below). A few groups such as
scorpions (reviewed by Warburg 2012) have
adopted live-birth strategies instead.

16.5.4.1 Mating Chelicerates
and Myriapods

Tracing the evolution of reproductive systems in
the fossil record can be challenging, but under
optimal conditions of preservation, key devel-
opments can still be identified. Kamenz et al.
(2011) argued that at least some Silurian eu-
rypterids had arachnid-like spermatophores, the
precursors of which are occasionally fossilised
as the eurypterid ‘horn-organs’ (Fig. 16.6a).
While eurypterids are thought to have been
primarily aquatic—with some speculation about
trends towards an amphibious mode of life (see
Sect.16.4.1)—the evolution of spermatophores
in the common ancestor of eurypterids and
arachnids would have provided a useful way for
the first arachnids to transfer their sperm on
land. It is tempting to speculate about eurypter-
ids practising some sort of scorpion-like mating
dance. Other arachnids have taken indirect
sperm transfer further and developed direct
techniques. The Rhynie chert harvestman pre-
serves both a male penis and female ovipositor
(Dunlop et al. 2004), which implies that by the
early Devonian, these animals had already
developed a mechanism for impregnating
females directly and then laying eggs
(Figs. 16.6b, c) without the need for water.

Among the myriapods, the oldest evidence
for direct copulation is the millipede Cowie-
desmus eroticopodus from the Silurian of Scot-
land (Wilson and Anderson 2004). Most modern
millipedes belong to the derived clade Helm-
inthomorpha, which is characterised by the
presence in the male of modified appendages a
short distance behind the head called gonopods.
These are actively used in sperm transfer, and
their presence in a Silurian fossil (Fig. 16.6d)
shows that the helminthomorph mating strategy
of direct insemination was already present in
some of the oldest millipede fossils.
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16.5.4.2 Brooding Crustaceans
Among crustaceans, there are no fossil data for
changes in reproductive strategies, but the
developmental biology and physiology of
today’s semi-terrestrial species offers some
interesting insights into a shift onto land which
is still in progress (e.g. Greenaway 2003). The
study by Cannicci et al. (2011) stressed the role
of the embryo and maternal care in the terres-
trialisation of crabs. In particular, they focussed
on the fact that developing embryos in
amphibious and shallow water species can be
bimodal in their respiration, with oxygen uptake
possible both from water and air. This can affect
brooding strategies since the relative ease of
extracting oxygen from air compared to water
can reduce the level of parental care required—
such as the mother having to create water cur-
rents to ventilate the eggs. The authors stressed

that these crab embryos are still not independent
of water, and parental effort is still needed to
maintain a suitable microhabitat. For example in
some genera, brooding mothers tend to remain
in their burrows, which limits their offspring’s
exposure to desiccation.

16.5.4.3 Arthropod Eggs
The major leap forward for vertebrates getting
onto land was the evolution of the amniote egg,
which freed previously amphibious tetrapods
from their reproductive link to the water by
providing a miniature pond (the amniotic cavity
and fluid) within the egg itself in which the
embryo develops. To protect the egg and
embryo from evaporation either leathery or
calcified shells enclose the egg, or as a second-
ary evolutionary step, the eggs develop inside

Fig. 16.6 Fossil
reproductive organs. a the
genital operculum of a
eurypterid (Eurypterus sp.
from the Silurian of
Sareema in Estonia) with
its genital appendage,
whereby the associated
horn organ was recently
interpreted as a precursor
of a (male) spermatophore;
b–c the penis and
ovipositor of male and
female harvestmen,
respectively, from the
Devonian Rhynie chert of
Scotland (after Dunlop
et al. 2004); d the
millipede Cowiedesmus
eroticopodus, which
preserves limbs modified
into gonopods, from Cowie
Harbour, Scotland (used
with permission by the
Paleontological Society)
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the mother. Similar solutions have been realised
in arthropods, as reviewed by Zeh et al. (1989)
who argued that adaptations for life on land
affecting the egg stage were key to freeing up a
wider range of niches for these animals to
exploit. In particular, in the fully terrestrial
arachnids, myriapods and hexapods, the eggs are
generally enclosed in thick outer envelopes, and
in some cases, such as scorpions, eggs undergo
development within the maternal uterus. Addi-
tional brood care devices such as silken cocoons
in spiders or maternal brood chambers (e.g.
pseudoscorpions, whip spiders) have also
evolved. The more derived centipedes enrol
themselves around their eggs and millipedes
produce a protective coat for the eggs, the
nematomorphans specifically using silk to build
a nesting chamber.

As in other aspects of their biology, terres-
trialisation in relation to egg protection in crus-
taceans took a different pathway. Most
‘terrestrial’ crustaceans, such as the decapod
land crabs and land hermit crabs including the
robber crab Birgus latro, are effectively still at
the ‘amphibian’ stage in that their larvae
develop in water (Türkay 1987). The only fully
terrestrial crustaceans are found among deca-
pods and peracarids, namely within brachyurans
and within isopods and amphipods. All these
taxa are characterised by complex maternal
brood care structures which already evolved
partly or completely in the marine environment.

In the pleocyematan decapods, the eggs are
attached to the maternal pleopods and, in par-
ticular, in brachyuran crabs, the ventrally folded
pleon forms a protecting structure which
encapsulates a tightly closed brood chamber.
This is the structural prerequisite for terrestri-
alisation, since only a slightly increased degree
of tightness between the pleon margin and the
sternites allows for the generation of a humid or
water-filled chamber for the embryos. In com-
bination with increasingly embryonised larval
stages—that is, a direct development, which
evolved in freshwater crabs—this leads to a
complete terrestrial life cycle in the few true
land crab species (see e.g. Diesel et al. 2000).

A comparable but convergent solution to the
problem of egg protection occurs within the
peracarid crustaceans. Terrestrial isopods and
amphipods maintain the eggs in a ventral brood
pouch—the marsupium (Fig. 16.7)—which
effectively acts as a mobile pond (Hoese and
Janssen 1989). This peracarid marsupium is
formed by a number of plates, the oostegites,
originating from the coxae of a number of tho-
racopods. Interestingly, the marsupium as such
is not an adaptation to a terrestrial life style, but
was already present in the marine peracarid stem
species (Richter and Scholtz 2001). Hence, ter-
restrial isopods and amphipods inherited this
structure form their marine ancestors. Likewise,
the direct development and the absence of dis-
tinct larval stages that we observe in terrestrial
isopods and amphipods were also already pres-
ent in their marine ancestor. Again, they cannot
be regarded as unique terrestrial adaptations.
Nevertheless, the marsupium of terrestrial iso-
pods in particular is a very effective structure for
brood protection and even allowed the coloni-
sation of desert habitats.

16.5.5 Gas Exchange

Terrestrial arthropods presumably evolved from
aquatic, gill-bearing forebears. In the standard
arthropod Bauplan, the trunk limbs originally
comprised a leg-like branch for locomotion and
a flap-like branch with numerous blade-like
lamellae for gas exchange and/or swimming.
External gills of this form are impractical in air,
where they would collapse under their own
weight and/or dry out far too quickly. Terrestrial
arthropods were thus faced with two options:
adapt or innovate. An example of adaptation
would be to internalise an existing system,
which appears to have been the case in the book
lungs of the pulmonate arachnids.

16.5.5.1 Book Lungs
Arachnid book lungs are widely regarded as
homologous with the book-gills of horseshoe
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crabs (e.g. Kingsley 1885). For a recent study,
comparing and contrasting lung and gill devel-
opment see Farley (2012). In essence, one can
argue that arachnids have largely retained the
leg branch in the prosoma for locomotion, but in
groups like spiders and scorpions, they have lost
the legs and retained the gill branch on the
opisthosoma for gas exchange. Fossil book lungs
(Fig. 16.8b) can be observed in the Devonian
Rhynie chert trigonotarbids (Claridge and Lyon
1961; Kamenz et al. 2008). The quality of
preservation even allows us to identify the small
cuticular struts keeping adjacent lung lamellae
apart. It is worth reiterating that these fossilised
respiratory systems are anatomically indistin-
guishable from the lungs and tracheae of living
arachnids. Shear et al. (1989) and Kühl et al.
(2012) also documented putative book lung
material preserved in Devonian scorpions from
Canada and Germany, respectively.

The Devonian also throws up some unusual
morphologies. Fossil scorpions in the genus
Waeringoscorpio from both Alken an der Mosel
and a nearby locality have unusual projections
from the sides of the opisthosoma (Størmer
1970; Poschmann et al. 2008). These are asso-
ciated with the lung-bearing body segments in
living scorpions. Poschmann et al. (2008)

likened these scorpion structures to the gills seen
today in some (secondarily) aquatic insect lar-
vae. It raises the intriguing possibility that these
early terrestrial faunas included animals with
unique respiratory systems, and perhaps even
animals which secondarily re-entered water.

16.5.5.2 Modified Branchial Chamber
Walls and Gills

As noted above, some authors have speculated
that the extinct eurypterids were to a certain
extent amphibious. One line of evidence in
favour of this is some well-preserved fossils
expressing paired structures on the opisthosoma
referred to as ‘gill tracts’ or Kiemenplatten
(Fig. 16.8a). These appear to have been modi-
fied areas of spongy tissue with a fine microor-
nament of conical projections occupying the
upper walls of the gill chambers (Selden 1985;
Manning and Dunlop 1995). In this scenario,
eurypterids are hypothesised to have relied on
these gill tracts during brief excursions onto
land. Analogies have been drawn with the
branchial lungs of certain (semi-) terrestrial
brachyuran crabs and hermit crabs, whereby a
folded gill chamber wall creates an increased
surface area for gas exchange (e.g. Farrelly and

Fig. 16.7 The marsupium of peracarid crustaceans.
a schematised isopod showing the position of the
marsupium (arrow) in the pereon region; b schematised
amphipod showing the position of the marsupium
(arrow) in the pereon region; c photograph of ventral

aspect of the marsupium of the (semi) terrestrial amphi-
pod Orchestia cavimana. The embryos are enclosed and
protected by plate-like coxal structures, the oostegites
(asterisk), which form the marsupium. Line drawings
modified from Dohle (1976)
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Greenaway 1993; 2005). This is often accom-
panied by adaptive modifications of gill struc-
tures such as stiffening and the presence of
nodules, which prevent the gill lamellae from
collapsing, and a functional shift from a pre-
dominant role in gas exchange to more ion-
regulation (Farrelly and Greenaway 1992).

Terrestrial oniscoid isopods still use their gills
for respiration. These are, uniquely in malacos-
tracans, formed by the pleopodal endopods
(Gruner 1993). The use of gills in a terrestrial
environment was made possible due to a complex
water-conducting system, which constantly sup-
plies the ventral side of the pleon with a water flow
(Hoese 1981). In addition, within some oniscoi-
dean groups, the anterior exopods are equipped
with invaginations forming lung-like structures
(Hoese 1981, 1983; Gruner 1993). These are
additional examples of animals modifying an
existing structure for terrestrial respiration.

16.5.5.3 Tracheae
Alternatively, arthropods could innovate and
evolve an entirely new respiratory system. The

best example here would be the branching tra-
cheae which evolved independently in multiple
arthropod groups (Hilken 1997) and supply the
tissues with oxygen directly. Both book lungs
and tracheae open through small rounded or slit-
like spiracles which reduce the amount of water
lost over the respiratory organs via evaporation.
The specific discontinuous gas exchange cycle
used by many tracheate arthropods—essentially
the cycle in which the spiracles are opened and
closed—was investigated by Klok et al. (2002),
who again concluded that this essentially iden-
tical physiological process must have evolved in
different groups simultaneously. The oldest
direct evidence for unequivocally terrestrial
respiration (Sect. 16.4.2) is the spiracle openings
preserved in a Silurian millipede (Fig. 16.3d).
The oldest example of the actual tracheal tubes
themselves (Fig. 16.8c) comes from the Devo-
nian Rhynie chert harvestman (Dunlop et al.
2004). The branching pattern observed here is
almost identical to that seen in modern har-
vestmen today. Thus, both lung-based and tra-
cheal systems for gas exchange were already
clearly established by the Devonian.

Fig. 16.8 Fossil respiratory organs. a scanning electron
micrograph of ‘gill tract’ tissue from a eurypterid (after
Manning and Dunlop 1995); modified regions of the gill
chamber wall interpreted as potentially analogous to the
branchial lungs of certain modern terrestrial crabs; b the

oldest book lungs (after Kamenz et al. 2008), from a
Devonian Rhynie chert trigonotarbid arachnid; c the
oldest tracheal tubes (after Dunlop et al. 2004), from a
Rhynie chert harvestman
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16.6 Concluding Remarks

If we step back and take a broad view of the
arthropod fossil record (see also Chap. 15), it is
notable that crustaceans appear quite early as a
recognisable group, alongside trilobites and
various other Cambrian marine arthropods. By
contrast, contemporary fossils assignable to
today’s primarily terrestrial groups (arachnids,
myriapods and hexapods) are unknown. A
major challenge has been to identify convincing
stem-group representatives of all three primarily
terrestrial clades back in their original marine
environment in the early to mid-Palaeozoic.
Arthropods called megacheirans may have
given rise to the chelicerates, but fossils pro-
posed as potential hexapod or myriapod
ancestors have invariably proved to be highly
controversial; see Haas et al.’s (2003) supposed
marine Devonian hexapod with its reinterpre-
tation by Kühl and Rust (2009). At this point, it
is worth remembering that, according to current
phylogenies, the hexapods were merely the
first—and by a considerable margin the most
successful—of a number of attempts by crus-
taceans throughout their geological history to
colonise the land.

Despite the success of the insects as a
megadiverse branch of now largely land-living
crustaceans, much of the focus in the present
chapter has instead been on early fossils of
myriapods and arachnids. Both groups were
likely to have been on land from about 430
million years ago and have been recorded, often
with quite modern-looking body plans, from an
increasing number of Siluro–Devonian fossil
assemblages. If the fossil record does reflect the
composition of the original ecosystem, it is
tempting to envisage them together as part of an
early detritivore/carnivore association. Arach-
nids and centipedes today do not commonly eat
millipedes and one could speculate whether
millipedes evolved defence mechanisms such as
calcified cuticle and noxious secretions in

response to predator attacks back in these early
terrestrial ecosystems.

Although hexapods are numerically the most
significant terrestrial arthropod group today, the
fossil record suggests that their transition onto
land may have begun slightly later. They were
present both as collembolans and as early jawed
insects by at least 410 million years ago, but their
early evolution is less well understood, being
based on only a handful of (sometimes contro-
versial) precarboniferous records. By the time of
the Carboniferous Coal Measures, about 300
million years ago, a truly diverse fauna of winged
insects begins to appear. Yet, the origins—or at
least the principal radiations—of the most diverse
modern clades among the holometabolus insects
(beetles, flies, wasps, etc.) did not take place until
the early part of the Mesozoic. Some authors (e.g.
Grimaldi 1999) point to the rise of the flowering
plants, as part of a so-called Cretaceous Terres-
trial Revolution about 100 million years ago. This
may have created new ecological niches (e.g. as
pollinators) which further facilitated insect
diversification. Thus, one hypothesis could be that
insects came late, but gradually came to dominate
terrestrial ecosystems from the end of the Palae-
ozoic onwards, supplanting the myriapods and
arachnids in both diversity and abundance.

Finally, the non-hexapod crustaceans have
also attempted to invade the land on more than
one occasion. Precise dates for the origins of
groups like land crabs and (terrestrial) woodlice
are unfortunately not well constrained, but we
should reiterate that there is no evidence for any
of these groups living on land during the Pal-
aeozoic. Physiologically, none of these terres-
trial crustaceans is as well adapted for life on
land as the insects, myriapods and arachnids.
Thus, it is tempting to see today’s amphibious
crustaceans as living models for the problems—
and solutions—faced by all terrestrial arthropods
having to evolve the mechanisms which they
need to free themselves completely from their
aquatic ancestry.
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17.1 Introduction

The association of ‘‘two species that live on or in
one another’’ was first described in the nine-
teenth century, and the word symbiosis was
proposed to denote this biological phenomenon
(Sapp 1994). The discovery that lichens are
organisms generated by the integration of a
fungus and blue-green algae, that is, cyanobac-
teria, was followed by a number of other studies
that have shown how the association of different
species is widespread in nature and character-
ized by different degrees of benefit-sharing.
Symbiosis encompasses both antagonistic rela-
tionships, in which one organism takes advan-
tage of the other, and mutualistic relationships,
where both partners gain advantage from their
association. There are also cases where no clear
benefit or harm is evident for both interacting
species, which are then, in some cases, consid-
ered commensals. The term symbiosis applies to
all these type of species associations, and not
only to mutualism, as is sometimes erroneously
done (Sapp 1994).
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The Darwinian model of gradual evolution,
based on competitive selection acting on random
mutations accumulated over time, was consid-
ered for a long time the major evolutionary
pattern driving the diversification of all living
organisms. However, gradualism does not
account for evident leaps revealed from fossil
records and molecular data. These evolutionary
leaps have stimulated two hypotheses, not
mutually exclusive (Ryan 2002). The punctuated
equilibrium theory states that evolutionary leaps,
denoted as saltations, are generated by drastic
changes in the selection scenario, for example,
the intense colonization of new ecological
niches becoming available after catastrophic
mass extinctions. The symbiosis theory provides
an alternative interpretation of these evolution-
ary leaps, which are considered the final result of
the fusion of different biological entities, to give
rise to a new taxon (Ryan 2002). Therefore,
symbiosis can be viewed not only as a peculiar
mode of life, but also as a biological phenome-
non that has important evolutionary implica-
tions, significantly contributing to the evolution
of life on Earth (Sagan 1967; Margulis 1993).
This possibility has been for a long time
underestimated, but an increasing amount of
molecular and functional data corroborate this
hypothesis (Margulis 2009).

The most species-rich taxon of multicellular
organisms is the arthropods, which have suc-
cessfully colonized virtually every habitat and
niche on Earth. Recent surveys reveal an equally
rich diversity of symbiotic associations between
different types of arthropods and micro-organ-
isms. A comprehensive overview of these
interactions is beyond the scope of a single
review chapter. Thus, the purpose of this con-
tribution is to summarize current knowledge
about the interactions between primarily insects
and certain groups of bacteria and viruses, which
have been studied in more detail and allow the
best appreciation of the considerable impact of
endosymbiosis on the evolution of arthropods. In
the first section of this chapter, we discuss the
range of beneficial endosymbiotic associations
that have evolved between insects and bacteria.
In the second, we discuss the role of intracellular

bacteria in manipulating the reproduction of
insects and other arthropods, while our third
section discusses the role selected taxa of viruses
play as beneficial symbionts of parasitoid wasps
and other insects.

17.2 Bacteria as Obligate
and Facultative Symbionts
of Insects

A comprehensive understanding of the microbial
diversity associated with arthropod populations
is far from being defined. The information cur-
rently available clearly indicates that bacteria, in
particular those in the groups of a- and c-Pro-
teobacteria, are among the major players, as they
are more prone to establish tight interactions
with arthropod tissues, either as pathogens or as
mutualists. The mechanistic bases of these latter
associations, and the details of how the inter-
acting symbionts share the emerging benefit,
have not always been fully elucidated. In some
cases, the symbionts are mutually obligate, due
to strong functional ties, such as nutritional
complementation of poor diets, which do not
allow them to live independently of one another.
There are many other forms of symbiosis that
are facultative associations, in which the
arthropod can survive in the absence of the
associated micro-organism. A large variety of
evolutionary novelties are generated by these
facultative symbioses, which are not always
obvious to interpret from a mechanistic point of
view and often have more than one function.
Currently, our best understanding of both obli-
gate and facultative symbioses is derived from
the study of aphids and other plant feeding
Hemiptera, which will offer the large majority of
the case studies presented hereafter.

17.2.1 Obligate Nutritional
Endosymbionts

Obligate microbial symbionts are a common
feature among arthropods that have nutritionally
poor or imbalanced diets (Buchner 1965; Douglas
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1989; Moran et al. 2008). The microbial partners
are highly diverse, representing a wide array of
bacterial and fungal lineages acquired indepen-
dently by a variety of ancestral arthropods (Moran
et al. 2008; Gibson and Hunter 2010). The vast
majority of research on these obligate associa-
tions has focused on bacterial partners; hence, our
discussion here will also centre upon bacteria.

Like most animals, arthropods including
insects are incapable of synthesizing essential
amino acids and are generally dependent on
gaining these protein building blocks through
consumption (Chapman 1998). In contrast, many
microbes are competent to synthesize all amino
acids. Likewise, many vitamins and cofactors
can be synthesized by microbes, but not by
arthropods (Chapman 1998). For arthropods that
feed upon diets that are deficient in amino acids
(plant sap) or vitamins (animal blood), the
inadequately available components must be
provided by other means. Through light micros-
copy, early researchers found that arthropods
feeding on such poor dietary sources often
housed microbes in specialized cells (inter-
changeably referred to as mycetocytes or bacte-
riocytes) sometimes grouped together in organ-
like structures (mycetomes or bacteriomes) and
that these microbes were transmitted vertically
from mother to offspring (reviewed in Buchner
1965). Early hypotheses that these mycetocyte-
associated microbes play vital nutritional roles
have now been validated by empirical, molecu-
lar, and genomic analyses (Buchner 1965; Moran
et al. 2008; Shigenobu and Wilson 2011).

The pea aphid, Acyrthosiphon pisum, and its
obligate bacterial symbiont, Buchnera aphidi-
cola, present a case study. Aphids feed exclu-
sively on plant phloem, which is carbohydrate
rich but very low in essential amino acids
(Gündüz and Douglas 2009 and references
therein). Analyses of the Buchnera genome have
found it to be highly reduced compared with
free-living bacterial relatives, having lost many
critical functions including synthetic pathways
for many non-essential amino acids (e.g. Shige-
nobu et al. 2000). However, despite the overall
genome erosion exhibited by the symbiont, the
essential amino acid synthetic pathways remain

largely intact, suggesting that the essential amino
acids are provided to the host by the bacterial
symbiont. Analyses of the recently published pea
aphid genome, along with expression studies,
have confirmed the perfect complementarity of
aphid and bacterial metabolisms; the aphid gen-
erally provides the non-essential amino acids,
and the bacterium synthesizes the essential
amino acids (Hansen and Moran 2011; Shige-
nobu and Wilson 2011). Furthermore, synthesis
of some amino acids (e.g. valine, leucine)
requires metabolites contributed by both part-
ners: neither host nor bacterium would be capa-
ble of synthesizing these amino acids on their
own (Hansen and Moran 2011).

These intricate metabolic interdependencies
reflect millions of years of coevolution between
aphids and bacteria. Almost all aphids contain
Buchnera symbionts, and phylogenetic analyses
have indicated parallel evolution between bac-
teria and host, with divergences among the
bacterial lineages corresponding to divergences
among the aphids (Baumann 2005). This pattern
of cocladogenesis is consistent with an initial
infection of the ancestor of all aphids, estimated
to have occurred more than 180 million years
ago (mya) (Moran et al. 2008).

Similar stories can be told with other arthro-
pod hosts and their obligate symbiotic lineages,
as summarized in Table 17.1. Many of these
symbioses are ancient in origin, although some
more recent associations have been identified
(e.g. Lamelas et al. 2008). Despite the diverse
origins of the microbes, some common themes
are evident in their evolutionary histories. First, it
is very common for the symbiont genome to be
extremely reduced, sometimes approaching an
order of magnitude smaller than free-living
bacterial relatives (Table 17.1; Moran et al.
2008; Toft and Anderson 2010). Factors con-
tributing to this process of genome shrinkage
include vertical transmission and insufficient
purifying selection of small populations leading
to fixation of deleterious alleles, high mutational
rates due to loss of DNA repair machinery, and/
or mutational bias towards adenine and thymine
leading to transcription slippage (Moran et al.
2008; Tamas et al. 2008; Allen et al. 2009;
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Moran et al. 2009). Genome shrinkage is an
ongoing process (Moran et al. 2009), but evi-
dence suggests that the rate of erosion decreases
with the age of the symbiotic association (Allen
et al. 2009). Second, the genomes of obligate
microbial symbionts are very stable, showing no
rearrangement over millions of years (Tamas
et al. 2002). This stability is partially explained
by a lack of mobile genetic elements (Shigenobu
et al. 2000; Moran et al. 2008) which, in com-
bination with the isolation of these symbionts,
also means there is little opportunity for gene
acquisition through horizontal transfer. Finally,
there is a correlation between the estimated age
of the host/microbe association and symbiont
genome size, with microbes in the oldest asso-
ciations (e.g. Sulcia) having the smallest and
least functional genomes. In many of these
ancient symbioses, additional symbionts (cos-
ymbionts) occur within the same host; however,
in some cases (e.g. Carsonella), essential sym-
biont metabolic functions have been lost without
compensation by other symbionts (Baumann
2005; Moran et al. 2005b; Nakabachi et al.
2006). Understanding the continued viability of
these puzzling minimalistic symbionts will likely
await detailed genomic analysis of their hosts.

Concurrent with all these evolutionary chan-
ges in symbiotic microbes, host arthropods have
also evolved in many ways to accommodate their
inhabitants. As previously indicated, many lin-
eages house their symbionts in host-derived
membranes, within specialized cells (bacterio-
cytes), which in turn may be clustered into epi-
thelial-bound bacteriomes (Table 17.1; Buchner
1965; Douglas 1989). Multiple symbionts within
the same host may occupy different bacteriomes,
the same bacteriome or even the same bacterio-
cytes (Buchner 1965). Ensuring transmission of
these obligate symbionts to subsequent genera-
tions is key to the continued existence of their
hosts. Because many obligate nutritional symbi-
onts are housed in bacteriomes that are physically
separated from the germline, quite complicated
and variable pathways of symbiont transmission
have evolved among host taxa (Buchner 1965;
Douglas 1989). To date, little is known regarding
the mechanistic bases for transmission.

Progress is being made in developing an
understanding of the general regulation of obli-
gate symbionts by the host, and how an immune
response by the host to the symbiont is avoided.
Among aphids, Buchnera has lost many regula-
tory genes and has static transcriptional dynam-
ics (Shigenobu and Wilson 2011 and references
therein). The pea aphid host, in contrast, has a
greater diversity of regulatory genes than any
arthropod sequenced thus far and is thought to be
largely responsible for regulation of its domes-
ticated microbe (Shigenobu and Wilson 2011).
With respect to immunity, aphids have lost many
immune genes and pathways that are highly
conserved among animals, including other
insects (Shigenobu et al. 2000). Whether such
loss occurred prior to initial colonization by
Buchnera (thus facilitating development of a
symbiotic interaction) or as an evolutionary
consequence of the obligate bacterial association
is unclear. Regardless, the absence of a strong
immune response by the aphid likely facilitates
further symbiotic interactions and probably
contributes to the plethora of facultative bacterial
symbioses that are also present in these hosts.

In Sitobion weevils, a different immune
dynamic is evident between host and symbiont.
The antibacterial host protein coleoptericin A
(ColA) is strongly expressed in symbiont-bear-
ing tissues and apparently contributes to the
characteristic bacterial gigantism of the symbi-
onts through inhibition of cytokinesis (Login
et al. 2011). Moreover, when transcription of
ColA was reduced using RNAi, the bacterial
symbiont was subsequently found to have
escaped from the bacteriome into other larval
tissues, indicating that ColA plays an important
role in controlling both symbiont location and
number (Login et al. 2011). Interestingly, the
genus Sitobion has undergone a relatively recent
symbiont replacement (Conord et al. 2008), but
ColA may have similar effects on the ancestral
weevil symbiont Nardonella (Login et al. 2011),
suggesting that regulatory mechanisms for one
symbiosis may indeed facilitate subsequent
symbiotic interactions.

These examples make it clear that arthropods
and their symbionts have had profound
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evolutionary effects upon one another. The critical
role these nutritional endosymbionts play in
allowing their hosts to use otherwise inadequate
diets suggests that initial symbiont acquisition was
an evolutionary novelty that allowed expansion
into un- or under-occupied ecological niches.
Thereafter, however, genetic variation between
obligate symbionts likely has not been directly
responsible for the radiation and diversification of
their host taxa (Clark et al. 2010). The evolutionary
processes experienced by these symbionts have
usually consisted of stable maintenance of genomic
content or genome shrinkage, rather than recom-
bination and innovation. In fact, loss of function in
endosymbionts may act as a constraint upon the
host. For example, at least some of the variation
between pea aphid clones in amino acid require-
ments can be traced to deleterious mutations in the
Buchnera genome (Vogel and Moran 2011). Such
limitations on the part of nutritional symbionts
would act as one (of presumably numerous) con-
straints on dietary breadth of their hosts.

In general, it is probably fair to conclude that
obligate nutritional endosymbionts are not an
ongoing source of evolutionary innovation for
their hosts. The evolutionary forces that result in
genome reduction, combined with a lack of
recombination, winnow the genetic complement
of obligate endosymbionts down to the bare
minimum, or even below (e.g. Carsonella;
Nakabachi et al. 2006). In such instances, com-
pensation is often provided by other endos-
ymbionts (Moran et al. 2008) that likely
originated as facultative ‘‘guests’’ (Buchner
1965) within the host. Facultatively mutualistic
endosymbionts have different genomic proper-
ties from their obligate counterparts (see below),
and it seems most plausible that symbiont-
derived evolutionary innovation among hosts is
associated with facultative, rather than obligate,
endosymbionts.

17.2.2 Facultative Endosymbionts

In contrast to obligate symbionts, ‘‘facultative’’
symbionts are not a requisite from the host’s
perspective: these bacteria often do not infect

every member of a host species and can be
experimentally removed (through heat or anti-
biotic curing) without ill effects on the host.
From the perspective of the bacteria, association
with an arthropod host is usually obligate.
Without considering pathogenic bacteria, we
focus on facultative endosymbionts that main-
tain themselves in host populations through one
of two routes: reproductive manipulation or
mutualism. Bacteria in the former category are
parasites that manipulate host reproduction to
promote their own spread and maintenance in
the host population, whereas bacteria in the lat-
ter category provide their host with fitness ben-
efits, resulting in a selective advantage for
infected hosts (Moran et al. 2008). Historically,
endosymbiont taxa were considered to fall
exclusively into one category or the other, but
this distinction has become blurred. A number of
examples now have been described, wherein
‘‘reproductive manipulators’’ have been found to
provide fitness benefits to their hosts under some
circumstances (summarized in White 2011).
Nevertheless, many of the evolutionary conse-
quences associated with facultative symbiont
infection are tied to the phenotypes elicited by
these symbionts, so it is appropriate to consider
the broad categories of reproductive manipula-
tors and facultative mutualists separately; it
should be recognized, however, that the two
categories are not mutually exclusive (Himler
et al. 2011) and that any particular bacterial
taxon (e.g. Wolbachia) might be acting as a
reproductive manipulator in some hosts, but as a
facultative (Weeks et al. 2007) or obligate
mutualist (Hosokawa et al. 2010) in others.

Facultative endosymbionts typically have
reduced genomes relative to free-living bacteria,
if not as massively reduced as obligate nutritional
symbionts (Toft and Anderson 2010). They have
usually lost some critical functions and are inca-
pable of resuming a host-independent lifestyle
(Degnan et al. 2009; Darby et al. 2010). Addi-
tionally, while transmission of facultative en-
dosymbionts is primarily vertical, they lack the
pattern of cocladogenesis that characterizes
obligate symbionts and their hosts, indicating that
horizontal transfer among host taxa has occurred
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over evolutionary time (Russell et al. 2003;
Werren et al. 2008). Indeed, the genomes of fac-
ultative symbionts are typically characterized by
evidence of genetic flexibility (e.g. mobile DNA;
Newton and Bordenstein 2011), suggesting that
these symbionts retain much greater capacity to
adapt to new host environments than obligate
nutritional symbionts that are irrevocably com-
mitted to a particular host lineage.

17.2.2.1 Facultative Symbionts
as Mutualists

Facultative mutualists tend to affect their hosts
in a manner that is conditionally, rather than
universally, beneficial (White 2011). This dis-
tinction is partially tautological: symbionts that
confer traits that are beneficial under all envi-
ronmental conditions would likely be catego-
rized as obligate rather than as facultative,
because they are probably fixed at 100 % prev-
alence in host populations and cause a decrease
in host fitness if removed. However, evolution-
ary pressures to ensure vertical transmission of
such beneficial associates would presumably
render these associations obligate in relatively
short order. In contrast, facultative mutualists
that provide conditional benefits will be selected
for in some environments and selected against in
others. These symbionts may, therefore, persist
at less than fixed levels due to balancing selec-
tion and can be large contributors to the phe-
notypic variability expressed by the host (White
2011). To date, the host phenotypes that have
been shown to be affected by facultative sym-
bionts include (1) defence against natural ene-
mies, (2) interaction with host plants, and (3)
environmental tolerances.

Facultative Symbionts and Defence

In aphids, the three most common facultative
symbionts are Hamiltonella defensa, Regiella
insecticola, and Serratia symbiotica. Each is
present in *15 % of aphid species (Russell
et al. 2003; Oliver et al. 2010), and all have been
implicated in defence of at least one host aphid
species. Hamiltonella and Serratia have both
been shown to protect the pea aphid from

parasitism by braconid parasitoids in the genus
Aphidius (Oliver et al. 2003), and Regiella has
been shown to have the same effect in the peach-
potato aphid, Myzus persicae (Vorburger et al.
2010). Regiella also defends the pea aphid
against the fungus Pandora (Scarborough et al.
2005). Outside of aphids, some symbionts pre-
viously considered to be solely reproductive
manipulators have also been shown to have
defensive properties. For example, Spiroplasma,
which is a male-killer in multiple host taxa
(Anbutsu and Fukatsu 2011), protects Drosoph-
ila neotestacea from Howardula nematodes
(Jaenike et al. 2010). Similarly, Wolbachia in
some populations of D. melanogaster protects
the host against viruses (e.g. Hedges et al. 2008).
The relative prevalence of mutualistic versus
manipulative strains of these symbionts remains
unclear, but given the widespread occurrence of
Wolbachia, it is certainly possible that many
more arthropods benefit from defensive bacterial
symbionts than previously realized.

Clearly, defensive symbionts are only bene-
ficial in environments in which the targeted
natural enemies are present. For example, in
laboratory population studies of the pea aphid,
Hamiltonella-infected aphids were selectively
favoured over uninfected aphids in the presence
of the parasitoid Aphidius ervi, but were at a
disadvantage and decreased in frequency when
the parasitoids were absent (Oliver et al. 2008).
This suggests that there is a fitness cost associ-
ated with maintaining Hamiltonella infection.
Furthermore, natural enemies are not necessarily
just passive victims of symbiotic defensive
measures, but can themselves evolve resistance
to host defence (Dion et al. 2011). The selective
pressures exerted on defensive symbionts in
natural populations are likely to depend on the
prevalence, identity, and coevolutionary history
of natural enemies that are present in a particular
locale. It is, therefore, little surprise that the
observed frequency of symbiont infection can be
highly variable among host populations (e.g.
Ferrari et al. 2012).

This dynamic selective environment is
matched by symbionts that apparently have a
much more dynamic and versatile genetic make-
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up than observed in obligate nutritional symbi-
onts. Of the facultative mutualistic symbionts
whose genome has received attention thus far,
most have ample mobile DNA, often exceeding
the amount found in free-living bacteria (New-
ton and Bordenstein 2011). For Hamiltonella in
the pea aphid, the mechanism for defence
appears to be directly mediated through a bac-
teriophage, known as APSE phage (Moran et al.
2005a; Oliver et al. 2009). Different variants of
this phage are present in different host popula-
tions (Degnan and Moran 2008) and encode
different toxins (Oliver et al. 2010), which pre-
sumably have a range of effectiveness against
different natural enemies. Other facultative
symbionts also have phages (e.g. Darby et al.
2010), suggesting the possibility of interspecific
exchange of genetic material among co-occur-
ring facultative mutualists (Degnan and Moran
2008), which can in turn be horizontally trans-
mitted within and among host taxa (Russell et al.
2003; Moran and Dunbar 2006). While inter-
specific horizontal gene transfer is rampant in
free-living bacteria (Ochman et al. 2000) and
may also be common among Wolbachia strains
(Klasson et al. 2009), evidence for phage
exchange among different lineages of facultative
mutualists remains elusive (Degnan et al. 2010).

Facultative Symbionts as Mediators of Host

Plant Specialization

One of the earliest patterns that became evident
with respect to facultative symbionts was that
for symbionts of polyphagous herbivores, sym-
biont prevalence could vary depending upon
host plant (Leonardo and Muiru 2003). In the
pea aphid, Regiella is much more common in
aphid clones that are specialized on clover,
whereas other symbionts (e.g. Hamiltonella,
Serratia) are less common in aphids on clover
(Ferrari et al. 2012). Likewise, a recent study of
facultative symbionts of the weevil Curculio
sikkimensis has also found host-associated dif-
ferences in symbiont community composition
(Toju and Fukatsu 2011).

Such correlative patterns are suggestive that
facultative symbionts may play a role in host
plant specialization or even the generation of

host races or subspecies (Tsuchida et al. 2004).
However, subsequent studies that have experi-
mentally manipulated symbiont composition
indicate that the relationship between symbiont
and host plant utilization may be complex.
Tsuchida et al. (2004) found that curing a pea
aphid clone of Regiella substantially decreased
the aphid’s performance on clover, whereas
Leonardo (2004) found no effect of Regiella
removal on the performance of multiple aphid
clones. Ferrari et al. (2007) found host genotype
by symbiont interactions in aphid performance
on clover, whereas McLean et al. (2011) found
that Regiella removal generally decreased aphid
fitness, regardless of host plant. The balance of
evidence therefore does not support a direct role
for Regiella in host plant specialization in pea
aphid (McLean et al. 2011). It remains to be
seen whether facultative symbionts of other
polyphagous herbivores are more directly
involved in host plant utilization.

Phytophagous arthropods may also benefit
from facultative symbionts that influence plant
physiology. Larvae of the leafminer Phyllon-
orycter blancardella that develop in senescent
apple leaves have a distinctive ‘‘green island
phenotype’’ in which the surrounding leaf
material remains photosynthetically active long
after the rest of the leaf, due to a high concen-
tration of cytokinins within the mine (Giron
et al. 2007). It was recently demonstrated that
this physiological effect is bacterially mediated,
presumably by the endosymbiont Wolbachia
(Kaiser et al. 2010). Endophagy is a widespread
feeding habit among phytophagous insects that
encourages intimate and specialized interactions
between the insect and the plant. While the
Wolbachia/Phyllonorycter/Malus interaction is
currently an isolated example, it seems likely
that bacterial endosymbionts might play a role in
other endophagous insect/plant interactions.

Facultative Symbionts and Environmental

Tolerance

Facultative symbionts can also modify the envi-
ronmental tolerances of their hosts. Once again
returning to the well-documented pea aphid
system, the facultative symbiont S. symbiotica
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protects infected hosts from heat shock (Russell
and Moran 2006). Survival of Serratia-infected
pea aphids was greater, following brief exposure
to high temperatures than aphids uninfected by
Serratia (Russell and Moran 2006). Correlative
evidence suggests that Rickettsia endosymbionts
in the whitefly Bemisia tabaci may play a similar
role (Brumin et al. 2011). Facultative symbionts
have also been tested for influence on frost
resistance in the aphid Sitobion avenae, but not
found to have an effect (Lukasik et al. 2011). It is
conceivable that facultative symbionts may
mediate many other stress responses for their
hosts (e.g. toxins such as insecticides, UV,
salinity), but to date, no evidence has been pre-
sented to support these possibilities.

The Role of Facultative Endosymbionts in

Host Evolution

Given the major phenotypes generated by fac-
ultative endosymbionts, and the variability in
symbiont prevalence among host populations, it
is perhaps unsurprising that these bacteria can
drive rapid evolutionary shifts in their hosts.
Himler et al. (2011) recently demonstrated that
the symbiont Rickettsia provides major fitness
benefits to the whitefly B. tabaci. This selective
advantage provided to symbiont-bearing white-
flies drove a ‘‘symbiont sweep’’ through whitefly
populations in the south-western US: the sym-
biont was virtually absent from host populations
prior to the year 2000, but was near fixation in
multiple populations over hundreds of miles by
2006. Similarly, Jaenike et al. (2010) have
shown a geographical gradient in Spiroplasma
infection of D. neotestacea across North Amer-
ica, suggesting that the symbiont is spreading
because symbiont-bearing flies enjoy protection
against invasive nematodes. In aphids, field-cage
studies have demonstrated that aphid popula-
tions can evolve quickly in response to altered
climate conditions, with increased frequency of
symbionts that protect against heat shock (Har-
mon et al. 2009). Latitudinal clines in facultative
symbiont prevalence (e.g. Tsuchida et al. 2002)
also suggest that symbionts are involved in the
climatic adaptation of their hosts. As climate
change and invasive species continue to modify

prevailing environmental conditions, facultative
symbionts may play an important role in the
resilience of their hosts.

Facultative symbionts may, on occasion, also
provide traits that lead their hosts to a new
evolutionary trajectory. For example, it is sug-
gestive that sharpshooters (leafhoppers in the
tribes Proconiini and Cicadellini within the
family Cicadellidae), one of the very few kinds
of insects to feed on xylem, have the necessary
vitamins provided to them by the cosymbiont
Baumannia (McCutcheon and Moran 2007).
Baumannia likely began its association with an
ancestral sharpshooter as a facultative symbiont
in conjunction with the more ancient obligate
symbiont Sulcia. Sulcia, which infects the larger
Auchenorryncha clade of hemipterans, does not
provide vitamins to the hosts in any lineages
examined thus far (McCutcheon and Moran
2007, 2010; McCutcheon et al. 2009). It is
therefore tempting to conclude that acquisition
of Baumannia by sharpshooters facilitated a
shift in host ecology and evolution. More recent
transitions from facultative to obligate symbiosis
have been documented in some systems (e.g.
Serratia in Cinara cedri; Lamelas et al. 2011)
and are suspected in others (e.g. Hamiltonella in
a group of Uroleucon aphids; Degnan and
Moran 2008). In the latter case, the functional
basis for the obligate nature of the symbiosis
remains unclear. Given that Hamiltonella in pea
aphid has lost much of its biosynthetic machin-
ery (Degnan et al. 2009), it will be interesting to
learn what role Hamiltonella might be playing in
this clade of aphids. The presence of phage and
other mobile DNA in facultative symbionts
suggests that acquisition of new traits through
horizontal gene transfer remains a possibility for
this versatile group of symbionts.

17.2.2.2 Bacteria as Reproductive
Parasites of Insects and Other
Arthropods

Most known reproductive parasites of arthro-
pods are heritable, maternally transmitted intra-
cellular bacteria that alter the reproduction of
their hosts in ways that promote their own

450 J. A. White et al.



fitness. To ensure their own vertical transmission
to the host progeny, reproductive manipulators
have evolved mechanisms that favour a female-
biased host sex ratio and are detrimental to the
non-transmitting sex (the male), including
thelytokous parthenogenesis, feminization, and
male-killing (MK) (Table 17.2). Alternatively,
by inducing cytoplasmic incompatibility, they
inhibit the reproduction of uninfected or differ-
ently infected individuals and can spread with-
out skewing the sex ratio of the host population.
Such manipulations can increase the number of
infected hosts within a population even where
they reduce the fitness of the host (Werren and
O’Neill 1997; Engelstädter and Hurst 2009).

Diversity and Transmission of Reproductive

Parasites

The ability to manipulate arthropod reproduction
has evolved frequently in phylogenetically
diverse bacterial taxa including Wolbachia and
Rickettsia (a-Proteobacteria), Arsenophonus (c-
Proteobacteria), Cardinium, and Flavobacterium
(Bacteroidetes), and Spiroplasma (Mollicutes)
(Duron et al. 2008). Wolbachia is the most
abundant endosymbiont of insects, with 66 % of
species estimated to be infected (Hilgenboeker
et al. 2008). Similarly, its prevalence in isopods
was estimated at 47 % (Bouchon et al. 2009). In
contrast, other bacteria are less pervasive (Duron
et al. 2008), with Cardinium species, for exam-
ple, being found in 6–7 % of the arthropod
species screened to date (Zchori-Fein and Perl-
man 2004), but reaching higher prevalence in
arachnids (Perlman et al. 2010). In addition, sex
ratio distortion phenotypes have also been found
in crustacean amphipods infected by represen-
tatives of the eukaryotic lineage of the Micro-
sporidia (Terry et al. 2004).

Bacterial reproductive parasites have evolved
sophisticated adaptations to move in the cellular
environment and infect host reproductive tis-
sues. Wolbachia, for example, relies on the host
cell cytoskeleton and molecular motors, like
dynein and kinesin-1, to move inside and
between host cells (Serbus et al. 2008). Repro-
ductive parasites in general are distributed in the
host’s ovary and infect the developing oocytes.

Within the egg, most symbionts localize to the
germ pole, a mechanism for increasing the
probability that bacteria persist in germ cells and
are transmitted to host progeny (Veneti et al.
2004; Giorgini et al. 2010). However, although
reproductive tissues of germline origin are the
main target tissue, reproductive parasites have
also been detected in different somatic tissues in
many hosts (Dobson et al. 1999; Ijichi et al.
2002) where they can diversely affect the host
biology. For example, a Wolbachia strain,
wMelPop, proliferates massively in adult
Drosophila’s brain, retina, and muscles, causing
tissue degeneration and early death of hosts
(Min and Benzer 1997). Further, Wolbachia
infect haemocytes in isopods and have been
implicated in reducing the host immunocompe-
tence and longevity of infected individuals
(Chevalier et al. 2012). From an evolutionary
perspective, Wolbachia’s ability to infect cells
of the immune system is very intriguing as
regulation of the host immune system can be
regarded as a strategy that reproductive parasites
use to form long-term symbiotic relationships
with their hosts (Siozios et al. 2008). Finally, in
some Drosophila species, Wolbachia are highly
abundant in the somatic stem cell niche in the
germarium and from there are able to reach the
germline, implying that infection of somatic
stem cell niche may contribute to efficient ver-
tical transmission (Frydman et al. 2006).

While most bacterial reproductive parasites
persist intracellularly, a few exceptions are
known. For example, Arsenophonus nasoniae,
the MK agent of the parasitoid wasp Nasonia
vitripennis, establishes a persistent intercellular
infection that is maternally inherited without
infecting the egg cytoplasm. Larval progeny
instead acquires A. nasoniae by feeding.
Because many wasp larvae develop in a single
fly pupa, horizontal transmission can also occur
between matrilines and different species of
Nasonia (Duron et al. 2010).

Studies indicate that strictly transovarially
transmitted reproductive manipulators must also
occasionally be transmitted horizontally as evi-
denced by the incongruence between reproduc-
tive symbionts and host phylogenies. That is,
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closely related bacterial strains infect evolu-
tionary distant host species, indicating that hor-
izontal transfer between host species has
occurred multiple times (Werren et al. 1995,
2009). Reproductive parasites with strong ability
to infect somatic tissues and circulate in the
haemolymph have been thought to be more
prone to horizontal transfer (Dobson et al. 1999;
Caspi-Fluger et al. 2012). At an ecological
timescale, possible mechanisms of horizontal
transmission in a given ecological community
include predation and parasitism (Huigens et al.
2004a; Dedeine et al. 2005; Jaenike et al. 2007),
plant-mediated transmission (Caspi-Fluger et al.
2012), and passage of haemolymph between
infected and uninfected individuals (Rigaud and
Juchault 1995). However, incongruence between
symbiont and host phylogenies suggests that the
interaction between symbiont and host is rarely
permanent and that arthropods often lose an
infection over time.

Cytoplasmic Incompatibility

The most common reproductive manipulation is
cytoplasmic incompatibility (CI). CI is induced
by both Wolbachia and Cardinium and has been
reported to occur in many taxa of insects, mites,
and isopods (Bourtzis et al. 2003; Ros and
Breeuwer 2009). CI occurs when uninfected
female hosts are reproductively incompatible
with infected males (unidirectional CI), while all
other crosses are compatible (Table 17.2).
Because uninfected females do not produce
offspring in incompatible crosses, they suffer a
fitness cost compared with infected females that
produce viable offspring. As a result, the infec-
tion will spread in the host population. In addi-
tion, for Wolbachia, bidirectional CI can occur
when males and females are infected by different
symbiont strains (O’Neill and Karr 1990). In
general, the expression of CI is the mortality of
the developing embryo due to the loss of the
paternal set of chromosomes, but in haplodiploid
Hymenoptera incompatible eggs may also
develop as normal males (Breeuwer and Werren
1990; Perrot-Minnot et al. 2002). Sometimes
Wolbachia and Cardinium stably infect a com-
mon host that expresses CI, but only one of the

two is the reproductive manipulator (Ros and
Breeuwer 2009; White et al. 2009).

Although not transmitted through the male
germline, Wolbachia are present in developing
sperm and are eliminated only during the final
stages of sperm maturation. CI is due to sperm
modification occurring during spermatogenesis
(Clark et al. 2008; Serbus et al. 2008), possibly
through changes in the expression of genes
associated with spermatogenesis (Zheng et al.
2011a, b). However, little is known about the
molecular mechanism of symbiont-induced CI.
A most striking hypothesis has been postulated
for Wolbachia and is based on a two-component
‘‘modification–rescue’’ model according to which
symbionts induce modifications of sperm during
spermatogenesis in infected males and rescue of
this modification happens if the egg is infected
with the same strain. If the modified sperm do not
meet the appropriate symbiont in the egg,
embryonic development will be arrested (Werren
1997; Poinsot et al. 2003; Bossan et al. 2011).

Evidence on the cytological mechanism of CI
for Wolbachia (nothing is yet known about
Cardinium) suggests that asynchronous devel-
opment of male and female pronuclei caused by
disruption of the cell cycle in early embryonic
mitosis prevents karyogamy in incompatible
crosses. While the female chromosomes separate
normally during anaphase, the paternal chro-
mosomes either fail to segregate or exhibit
extensive bridging and fragmentation during
segregation. This results in an embryo with a
complete maternal chromosome complement but
with a reduced or absent paternal chromosome
complement. In compatible crosses, Wolbachia
present in the female reproductive tissues restore
coordination between the male and female pro-
nuclei. For extensive description of cytological
mechanisms of Wolbachia-induced CI, see Tram
and Sullivan (2002), Serbus et al. (2008), and
Landmann et al. (2009).

Thelytokous Parthenogenesis

Thelytokous parthenogenesis is a form of
reproduction where unmated females produce
only female offspring through restoration of
diploidy in unfertilized eggs (Table 19.2).
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In haplodiploid arthropods, thelytokous repro-
duction is common and has evolved indepen-
dently in many different lineages. However, in
most cases, thelytoky is associated with the
occurrence of an endosymbiotic micro-organism
(Stouthamer 1997). Feeding females antibiotics
restores the production of males in a number of
thelytokous species, showing that micro-organ-
isms are the causal agents of the reproductive
phenotype. At least three intracellular bacteria,
including Cardinium, Rickettsia and Wolbachia,
induce thelytoky, especially in the Hymenoptera
(Huigens and Stouthamer 2003; Hunter and
Zchori-Fein 2006; Giorgini et al. 2010). Parthe-
nogenesis-inducing (PI) Wolbachia and Cardi-
nium also occur in other haplodiploid arthropods,
such as mites, scale insects, and thrips.

In hymenopterans infected by PI-Wolbachia,
thelytokous parthenogenesis is automictic and
occurs by disruption of the cell cycle during
early embryogenesis, followed by gamete
duplication (Gottlieb et al. 2002; Pannebakker
et al. 2004). The haploid nuclei fail to separate
and result in a single diploid nucleus containing
two identical sets of chromosomes. As this
mechanism produces completely homozygous
females, it should result in strong inbreeding
depression and should not be expected in out-
breeding species like most diploid organisms
(Stouthamer 1997). Indeed, gamete duplication
has only been found in hymenopteran species
that tolerate high rates of inbreeding. However,
in the parasitoid wasp Neochrysocharis formosa,
Rickettsia-induced parthenogenesis occurs by an

Table 17.2 Reproductive manipulations induced by microbial symbionts

Reproductive manipulations Micro-organisms
involved

Type of reproduction Offspring produced

Cytoplasmic incompatibility Wolbachia
Cardinium

Compatible crosses:

i$ 9 u#a i$ ? i#

u$ 9 u# u$ ? u#

i$ 9 i# i$ ? i#

Incompatible crosses: No offspring or i# in
haplodiploidsu$ 9 i# (unidirectional)

ia$ 9 ib# (bidirectional)b

ib$ 9 ia#

Male-killing Many bacteria Biparental reproduction:

Microsporidia
an RNA virus

i$ 9 u# i$

Parthenogenesis in
haplodiploid arthropods

Wolbachia Thelytokous reproduction:

Rickettsia i$ (2n) ? infected eggs
(n) ? i$ embryos (2n)c

i$ (2n)

Cardinium

Feminization in diploid
arthropods

Wolbachia Biparental reproduction:

Microsporidia i$ ZW 9 u# ZZ i$ ZW ? i$ ZZ

i$ ZZ 9 u# ZZ i$ ZZ

Feminization in haplodiploid
arthropods

Cardinium Thelytokous reproduction:

Brevipalpus phoenicis mites

i$(n) ? i# eggs (n) ? i$
embryo (n)

i$ (n)

Encarsia hispida wasps

i$ (2n) ? i# eggs (2n) ? i$
embryos (2n)

i$ (2n)

a i$ and u$, and i# and u# are infected and uninfected female, and infected and uninfected male, respectively
b ia and ib means infected by two different bacterial strains
c (n) and (2n) mean haploid and diploid, respectively
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apomictic cloning mechanism with the absence
of meiotic recombination and reduction, and
final development of heterozygous females
(Adachi-Hagimori et al. 2008). A functionally
apomictic parthenogenesis is also induced by
Wolbachia in the mite Bryobia pretiosa (Weeks
and Breeuwer 2001). Apomixis is the most
common form of parthenogenesis within diplo-
diploid arthropods (Suomalainen et al. 1987) and
occurs in some uninfected Hymenoptera (Vavre
et al. 2004). Parthenogenesis mechanisms that
maintain heterozygosity keep open the chance
that endosymbiotic bacteria could be involved in
the evolution of thelytokous reproduction in
outbreeding species as well (Adachi-Hagimori
et al. 2008; Rodriguero et al. 2010).

Feminization

Feminization is the development of genetic males
into functional females. A well-known example
occurs in isopods with female heterogametic sex
determination, where Wolbachia-infected ZZ
males are morphologically, anatomically, and
functionally identical to ZW females (Table 17.2).
In ZZ males, Wolbachia inhibits androgenic gland
differentiation and the synthesis of the androgenic
hormone, which promotes the differentiation of
male gonads and secondary characters (Bouchon
et al. 2009). Similarly, microsporidia induce
feminization in amphipods. In insects, however,
sexual differentiation is not under hormonal con-
trol; consequently, for the full expression of fem-
inization, symbionts have to infect all somatic
cells and interact with the genes involved in sex
determination. In diploid insects, feminizing
Wolbachia is known in a ZZ/ZW butterfly species
(Narita et al. 2007) and in a leafhopper with XX/
X0 sex determination system (Negri et al. 2006).
Within haplodiploid arthropods, feminization has
been reported only for Cardinium. It induces
obligate thelytokous reproduction in two host
species using different mechanisms (Table 17.2).
In the mite Brevipalpus, Cardinium feminizes
unfertilized haploid eggs that develop into func-
tional haploid females (Weeks et al. 2001). In the
parasitoid wasp Encarsia hispida, diploid males
are the by-product of diploidy restoration in

unfertilized eggs and Cardinium is required to
feminize diploid male embryos and guarantee
female offspring production (Giorgini et al. 2009).

Because thelytokous females can produce
progeny without males, PI and feminizing en-
dosymbionts can reach fixation in haplodiploid
species without causing population extinction
(Huigens and Stouthamer 2003; Giorgini et al.
2009). In some exceptional cases, infected
thelytokous females retain the ability to mate
and produce infected daughters from both fer-
tilized and unfertilized eggs. Consequently,
infected females can coexist in the field with
individuals of uninfected bisexual populations,
as in Wolbachia-infected populations of
Trichogramma wasps (Stouthamer et al. 2001).
However, most natural parthenogenetic popula-
tions have lost the ability to reproduce sexually,
and reproduction relies on infection by endo-
symbiotic bacteria that have now become obli-
gate symbionts (Huigens and Stouthamer 2003;
Russell and Stouthamer 2011).

Male-Killing

MK endosymbionts selectively kill male off-
spring of their arthropod hosts (Table 17.2).
A diversity of male-killers, from the bacterial
genera Wolbachia, Rickettsia, Spiroplasma, and
Arsenophonus, and undescribed Flavobacteria
and c-Proteobacteria has been reported in many
insect orders and in pseudoscorpions (Hurst
et al. 2003; Zeh and Zeh 2006; Majerus and
Majerus 2010). Infectious male-killers in insects
also include microsporidia and an RNA virus
(Hurst et al. 2003; Nakanishi et al. 2008). The
MK phenotype, because it favours the trans-
mitting female sex, is not selected against in the
bacteria and becomes an advantageous trait for
the symbionts if female offspring benefit from
the death of their brothers. Infected females gain
an advantage over uninfected females through
fitness compensation originating from reduced
competition between siblings, resource reallo-
cation obtained through the consumption of dead
males, or reduced rates of inbreeding. In general,
species that lay eggs in clutches, exhibit canni-
balism behaviour or aggregated distributions in
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breeding sites and use temporary resources may
be particularly susceptible to invasion by male-
killers (Jaenike et al. 2003; Majerus 2003).
Ladybird beetles are a classical example. MK
bacteria have to interact with components of the
sex determination system of their hosts to
express selectively their phenotype in the two
sexes, but the mechanism is not fully understood
(Bentley et al. 2007). As there is a diversity of
MK agents, different mechanisms are expected
(Veneti et al. 2005; Ferree et al. 2008; Riparbelli
et al. 2012).

All of the aforementioned forms of repro-
ductive manipulation depend on bacterial den-
sity within the reproductive tissues of the host.
Efficiency of symbiont transmission through the
host germline, penetrance of the reproductive
phenotype, and infection prevalence in the host
population are all strictly correlated with bacte-
rial density (Jaenike 2009). Bacterial density is
regulated by genetic factors of the host and the
symbiont itself and is strongly influenced by
environmental factors, like temperature, antibi-
otics, and host age (Jaenike 2009; Bordenstein
and Bordenstein 2011). The general variation in
bacterial density in response to temperatures
indicates that there can be large spatial, tempo-
ral, and seasonal differences in endosymbiont
densities and functions in natural populations.

Interactions Between Reproductive

Manipulators and the Host Immune System

To establish successful symbiotic associations
with diverse hosts and be able to infect both
reproductive and somatic tissues, reproductive
parasites must cope with the immune system of
their hosts (Siozios et al. 2008), but the mech-
anisms that endosymbionts use to escape the
cellular and humoral host defences are still
unclear. Regulation of the host immune system
can be regarded as a strategy that reproductive
parasites use to form long-term symbiotic rela-
tionships with their hosts. Wolbachia up-regu-
lation of the host immune genes leading to
symbiont-mediated protection against pathogens
or predators (Brennan et al. 2008; Moreira et al.
2009; Kambris et al. 2010) may be an effective
way by which vertically transmitted symbionts

can invade a host population, possibly explain-
ing the high prevalence of weak reproductive
parasites in field populations (Brownlie and
Johnson 2009). To date, however, the hypothesis
that Wolbachia interferes with pathogens by
preactivating the immune response of its host is
based only on studies of immune genes expres-
sion in transinfected hosts (naturally uninfected
hosts infected by Wolbachia in the laboratory).
In contrast, no differences in the up-regulation of
immune genes have been found between hosts
naturally infected by Wolbachia and uninfected
insects with identical genetic background
(Rancés et al. 2012; Wong et al. 2011). It has
been found, however, that in the case of viral
pathogens, Wolbachia reduces virus replication
in both naturally infected and transinfected hosts,
suggesting that immune priming by Wolbachia
might not be the only mechanism responsible for
viral interference (Rancés et al. 2012).

Wolbachia can also reduce the immunocom-
petence of hosts by reducing the efficiency of the
cellular immune response (for example, pre-
venting the encapsulation of parasitoid wasp
eggs; Fytrou et al. 2006) and by down-regulating
immune genes (Chevalier et al. 2012), leading to
a reduced lifespan of infected individuals
(Braquart-Varnier et al. 2008; Sicard et al.
2010). Stable infections of such costly symbi-
onts, like feminizing Wolbachia in isopods, can
be maintained in natural populations as a by-
product of the genomic conflict between sym-
bionts and their hosts. For example, in natural
populations of Armadillidium vulgare, the fre-
quencies of infected feminized individuals are
generally lower than what would be predicted
based on feminizing effects alone, possibly due
to the lower fitness of immunodepressed femi-
nized individuals (Braquart-Varnier et al. 2008).

Apoptosis of infected cells is an effective
immune barrier that intracellular bacteria have
to overcome in order to survive and to establish
stable associations with host tissues (Batut et al.
2004). To this end, Wolbachia shows antiapo-
ptotic pathways which, in the parasitoid wasp
Asobara tabida, appear to have also a positive
impact on host oogenesis by regulating the
apoptosis of nurse cells (Dedeine et al. 2001;
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Pannebakker et al. 2007). It is reasonable to
assume that, at least in Wolbachia, the immu-
nomodulating function of antiapoptotic factors
may significantly contribute to the regulation of
host reproduction, thus driving the evolutionary
shift from facultative parasitism towards obli-
gate mutualism (Miller et al. 2010).

Evolution of Host Resistance Genes, Sex

Determination Mechanisms, and Genetic

Systems

Reproductive parasites, and maternally inherited
symbionts in general, have conflicting interests
with their hosts. Within infected host popula-
tions, microbial genes are selected to favour a
female-biased host sex ratio, which increases the
prevalence of the symbionts, whereas host
genes, generally biparentally inherited, are
selected to prevent the action of the symbionts
and restore an unbiased sex ratio (Werren and
Beukeboom 1998; Caubet et al. 2000). As a
consequence of the genetic conflict occurring
between microbial genes and host nuclear genes,
changes in the host sex determination system
may evolve or resistance genes that prevent
transmission of the symbiont to host germline or
suppress the symbiont activity can be selected.

Occurrence of genetic conflict in response to
feminizing Wolbachia has been observed in the
isopod female heterogametic A. vulgare
(reviewed by Bouchon et al. 2009). In this spe-
cies, genetic ZZ males are converted to pheno-
typic functional females and the female-
determining W chromosome is lost in the
infected populations. However, a polygenic
system of resistance genes involved in reducing
the symbiont transmission rate compensates for
the absence of males in infected populations.
Furthermore, there are uninfected populations
with ZZ individuals reversed to females by a
feminizing (f) element thought to be a mobile
genetic element acquired by the host nuclear
genome via lateral transfer from Wolbachia. The
f element can also be stabilized on a Z male
chromosome, originating a new W-like chro-
mosome. An autosomal dominant masculinizing
(M) gene, which restores maleness in the pres-
ence of the f element but is ineffective for

feminizing Wolbachia, has been found in some
populations and interpreted as an effect of the
genomic conflict between the selfish f element
and the host genome. The autosome carrying the
M gene behaves as a new sex chromosome
originating a male heterogametic system of sex
determination. These findings have suggested a
dynamic evolution of sex determination in A.
vulgare driven by Wolbachia infections and by
the occurrence of intragenomic conflicts
between different sex ratio distorters and the
autosomal genes that promote the selection of
new autosomal masculinizing genes. This would
explain the low or null morphological differen-
tiation of sex chromosomes in isopods and the
occurrence of female and male heterogametic
systems in closely related species of isopods.

In a different example, the Wolbachia strain
wSca manipulates the sex of the moth Ostrinia
scapulalis by interfering with the sex-specific
splicing of Osdsx gene (Sugimoto and Ishikawa
2012), a homologue of doublesex (dsx) working
at the bottom of the sex determination cascade,
which is transcribed into either a male or female
isoform by sex-specific splicing and regulates
the sex-specific gene expression in somatic cells
of insects (Gempe and Beye 2011). wSca causes
feminization of ZZ genetic males early in
development (infected male embryos express the
female-type OsdsxFL) and subsequently kills the
same individuals. However, the male-type Os-
dsxM is expressed in all individuals cured from
infection irrespective of the genetic sex. This
indicates that elimination of wSca causes the
masculinization of ZW females, and conse-
quently, a factor in the female-determining
cascade is degraded in wSca-infected hosts
(Sugimoto and Ishikawa 2012).

Genes that suppress MK have been identified
in some insects (Majerus and Majerus 2010), and
their spread can occur very quickly in the field, for
example, taking only few generations to change
the 99 % female sex ratio of some infected pop-
ulations of the butterfly Hypolimnas bolina to a
sex ratio near parity (Charlat et al. 2007a).

In the case of CI bacteria, being infected is
beneficial for females as their eggs are saved
from the deleterious effect of CI and is
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detrimental for males as they suffer a fitness cost
in mating with uninfected females (Turelli 1994;
Snook et al. 2000). Even if selection would
favour infection to spread to fixation, it is
expected that uninfected individuals are always
produced due to inefficiency of endosymbiont
transmission. So, nuclear genes reducing levels
of CI can be selected for. CI-Wolbachia can
produce a physiological cost on infected males
by significantly reducing the production of
sperm (Snook et al. 2000; Lewis et al. 2011);
thus, it is expected that endosymbionts can
promote evolutionary changes in the functioning
of the male germline. Host resistance genes that
prevent the entry of Wolbachia into testes have
been suspected (Poinsot et al. 1998).

In addition to their role in the evolution of sex
determination systems, bacterial endosymbionts
have been hypothesized to be a driving factor in
the evolution of genetic systems (Ross et al.
2010). In particular, haplodiploidy could have
originated in diplodiploid arthropods, following
the spread of MK endosymbionts that caused the
destruction of the paternal chromosome set in
diploid males (Normark 2004). Under such cir-
cumstances, coevolutionary responses by the
host would be predicted and genes that save
viability and fertility of haploid males can be
selected. If this should be the case, models
predict the evolution of a paternal genome
elimination-based haplodiploid system if hapl-
odizing endosymbionts become beneficial for
female hosts and the infection fixed (Kuijper and
Pen 2010).

In the thelytokous parasitoid wasp E. hispida,
Cardinium is required to feminize diploid male
embryos and thus must interact with elements of
the host sex determination system (Giorgini
et al. 2009). Diploid males are produced by
antibiotic-fed females. These findings suggest a
possible route for the collapse of haplodiploidy
into a diplodiploid genetic system. Hosts may
contribute to or take over the process of asexual
diploidy restoration from symbionts if this
reduces mortality of parthenogenetic daughters.
Reversion to diplodiploidy from haplodiploidy
is quite rare, but in one of two examples of scale
insects highlighted by Normark (2004),

symbionts appear to play a role. Although rela-
tives are haplodiploid, Buchner (1965) noted
that female embryos in the family Stictococci-
dae are diploid and infected with a bacterium,
whereas males are also diploid, but free of
bacteria.

Host Population Genetics

Vertically inherited reproductive parasites
influence the evolutionary dynamics of host
population genetics dramatically. Symbionts and
mitochondria are simultaneously inherited
through the egg cytoplasm, and because infected
individuals have a reproductive advantage over
the uninfected ones, the spread of a reproductive
parasite will sweep from the infected host pop-
ulations the mitochondrial haplotypes not asso-
ciated with infection. The final result will be the
reduction in host mtDNA diversity (Johnstone
and Hurst 1996). Less frequently, reproductive
parasites can also alter the frequency of host
nuclear genes. Theoretical models suggest that
infections with early MK bacteria impede the
spread of beneficial alleles, facilitate the spread
of deleterious alleles, and reduce nuclear genetic
variation in infected host populations. The rea-
son for this is the strongly reduced fitness of
infected females combined with no or very
limited gene flow from infected females to
uninfected individuals. Most mutations origi-
nating in infected individuals are therefore lost,
and the effective population size for nuclear
genes is reduced almost to the number of unin-
fected individuals. The impact of reproductive
parasites on host population genetics is reviewed
by Engelstädter and Hurst (2009).

Reproductive Manipulators as Drivers of Host

Reproductive Isolation and Speciation

One effect of CI is the reproductive isolation
between differently infected hosts. As a result,
CI-inducing endosymbionts could have a role in
driving speciation processes in their hosts
(Werren 1998; Bordenstein 2003; Telschow
et al. 2007). However, because the penetrance of
CI is frequently incomplete, vertical transmis-
sion of symbionts is not always perfect, and gene
flow can occur in compatible cross-directions, it
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is unlikely that CI alone drives speciation.
Instead, theoretical and empirical works on
Wolbachia-induced CI suggest a complementary
role in species formation along with other
genetic and/or geographical mechanisms that
restrict gene flow between diverging populations
(Telschow et al. 2005). For example, between
two closely related parasitoid wasps, N. vitrip-
ennis and N. giraulti, reproductive isolation is
maintained both by complete bidirectional CI
and by nuclear incompatibilities, leading to
hybrid inviability and hybrid sterility (Breeuwer
and Werren 1995). However, bidirectional CI
was found to be the principal contributor to
reproductive isolation between the sibling spe-
cies N. giraulti and N. longicornis, each fixed for
infection by a specific Wolbachia strain; here,
Wolbachia-induced reproductive isolation has
occurred in the early stages of speciation,
because other postmating isolating mechanisms,
like hybrid inviability and hybrid sterility, are
still not present (Bordenstein et al. 2001).

CI causing bacteria can also promote specia-
tion by promoting premating isolation (Telschow
et al. 2005). For example, asymmetrical rein-
forcement has been observed in the field in
uninfected Drosophila. subquinaria as a conse-
quence of secondary contact with D. recens,
which is infected near fixation (98 % infection
prevalence) with Wolbachia causing strong
intraspecific and interspecific CI. However,
hybrid inviability is not manifested in matings
between infected D. recens females and unin-
fected D. subquinaria males. Females of D.
subquinaria from the zone of sympatry exhibit
stronger levels of mate discrimination against D.
recens males than do females from allopatric
populations. Furthermore, there was substantial
behavioural isolation within D. subquinaria,
because females sympatric with D. recens dis-
criminate against allopatric conspecific males,
whereas females allopatric with D. recens show
no discrimination against any conspecific males.
These findings show that interspecific CI may
contribute not only to postmating isolation but
also to reinforcement, particularly in the unin-
fected species. The resulting reproductive char-
acter displacement not only increases behavioural

isolation from the Wolbachia-infected species,
but may also lead to behavioural isolation
between populations of the uninfected species
(Jaenike et al. 2006).

Coevolution of reproductive parasites with
their host towards a mutualistic association may
also play a role in diversifying and separating
host populations and eventually driving specia-
tion (Miller et al. 2010). As an example, Wol-
bachia has been implicated in driving sexual
isolation between six semispecies of D. paulis-
torum that occur sympatrically in Middle and
South America. Each semispecies harbours a
specific Wolbachia strain that provides a fitness
benefit to its host, being essential for oogenesis
and development. Wolbachia are ancestrally
fixed, obligate mutualists of all D. paulistorum
semispecies, perfectly transmitted by the mother
and causing strong bidirectional CI and hybrid
male sterility in the laboratory. In nature, how-
ever, incompatible matings between semispecies
are avoided by female mating choice and
courtship behaviour. In their native D. paulis-
torum hosts, Wolbachia manipulate sexual
behaviour by triggering premating isolation via
selective mate avoidance, that is, avoiding mates
harbouring another, incompatible symbiont var-
iant. It was assumed that symbiont-directed mate
recognition could have evolved in order to pre-
vent strong bidirectional CI and reduced sexual
success of potential hybrids, thereby ensuring
continuing vertical transmission of the symbiont
(Miller et al. 2010).

In asexual populations of haplodiploid
arthropods, continuous thelytokous reproduction
caused by PI or feminizing symbionts can lead
to degradation of genes involved in sexual
reproduction, for example, in genes involved in
male mating behaviour and fertility or encoding
female sexual traits, because these gene are not
maintained by selection anymore (Pijls et al.
1996; Arakaki et al. 2000; Gottlieb and Zchori-
Fein 2001). Furthermore, such mutations may be
selected for if they improve the fitness of asexual
females. For example, degradation of costly
genes involved in female behaviour or sperm
usage could reallocate resources in favour of
oogenesis or other fitness traits. As infection by
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a PI symbiont spreads, degradation of sexual
traits would accumulate, leading to prezygotic
isolation between infected asexual populations
and uninfected sexual ones (Pannebaker et al.
2005). Sexual degradation will make thelytok-
ous reproduction irreversible in infected popu-
lations even if the symbiont is lost, eventually
resulting in a speciation event (Bordenstein
2003; Adachi-Hagimori et al. 2011). Conse-
quently, if the symbiont is lost and the host does
not come up with an alternative mechanism, this
will result in extinction of the infected host.

Gene Acquisition from Reproductive

Parasites

Reproductive parasites have also been a source
of new genes for hosts via lateral transfer
(Werren et al. 2008). It has been found that one-
third of sequenced invertebrate genomes contain
Wolbachia gene insertions and that 70 % of
Wolbachia-infected arthropod and nematode
hosts might have a nuclear insert (Dunning
Hotopp 2011). The largest lateral transfer has
been found in D. ananassae where almost the
entire genome of Wolbachia (*1.4 Mb) has
been integrated into an insect chromosome.
However, although some inserted Wolbachia
genes are transcribed, their biological functions
are still unknown. Recently, it was found that the
genome of N. vitripennis encodes 13 ankyrin
repeat proteins with a C-terminal domain
(PRANC), and these proteins are found in
diverse Wolbachia strains (Werren et al. 2010).
Phylogenetic analysis of the PRANC domain
reveals that Nasonia wasps acquired one or more
of these proteins from Wolbachia with sub-
sequent gene duplication and divergence. Most
of the genes are transcribed in both males and
females and in different life stages, suggesting
that in some cases, lateral gene transfer can be
an effective source of new functional genes.

The Role of Reproductive Parasites in

Altering Host Behaviour

Biases in the sex ratio of a population are
expected to alter which sex competes for mates
(Emlen and Oring 1977). Reproductive parasites
that skew sex ratio towards females and then

decrease the frequency of males in a population
are expected to reduce both the intensity of
male–male competition and the opportunity for
female choice between males. As a conse-
quence, alterations of the mating system and
reproductive strategy should occur in favour of
female–female competition and male choice
(Charlat et al. 2003). As an example, a sex-role
reversal has been reported in some populations
of the butterfly Acraea encedon characterized by
high frequency of MK-Wolbachia infection and
female-biased sex ratio (Jiggins et al. 2000).
However, in female-biased populations of the
butterfly H. bolina infected by a MK-Wolbachia,
contrary to expectation, female mating fre-
quency increases rather than decreases along
with infection prevalence, until male mating
capacity becomes limiting (Charlat et al. 2007b).
This increasing female promiscuity has been
explained as a facultative response to the
increasing fatigue and reduced mating resource
of males, which produce smaller spermatophores
as mating frequency increases. Reduced invest-
ment (sperm transfer) by males when paired
with infected individuals, potentially leading to
variation in host mate preferences, has also been
found in crustaceans infected by feminizing
Wolbachia (Rigaud and Moreau 2004) or
microsporidia (Dunn et al. 2006). This is
advantageous for males as they are severely
sperm limited, and feminized males have lower
fecundity than uninfected females.

Reproductive behaviours can also evolve in
arthropods infected by reproductive parasites to
limit the spread of costly infections. For exam-
ple, some infections have been found to nega-
tively influence host body size, fecundity,
survival, larval competitiveness, male fertility,
and sperm production (Snook et al. 2000; Hui-
gens et al. 2004b; Rigaud and Moreau 2004). In
the mite Tetranychus urticae, Wolbachia-asso-
ciated unidirectional CI can be avoided by
females at the premating level through both
precopulatory and ovipositional behaviours that
increase chances of successful compatible mat-
ings; infected females aggregate their offspring,
thereby promoting sib mating, while uninfected
females preferably mate with uninfected males
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and, in doing so, directly reduce opportunities
for CI expression (Vala et al. 2004). In D. mel-
anogaster, Wolbachia plays a role in mate dis-
crimination between infected and uninfected
populations with identical genetic background
and it has been suggested that Wolbachia might
have evolved the capacity to modulate host
pheromone expression and/or perception (Ko-
ukou et al. 2006). In a different study, however,
neither male nor female D. melanogaster nor D.
simulans exhibit significant Wolbachia-associ-
ated precopulatory mate preferences (Champion
de Crespigny and Wedell 2007).

CI-Wolbachia infection in D. simulans neg-
atively affects sperm competition in infected
males, suggesting that polyandrous females can
utilize differential sperm competitive ability to
bias the paternity of the progeny and reduce the
penetrance of reproductive manipulators
(Champion de Crespigny and Wedell 2006).
Reduced success in sperm competition associ-
ated with infection of CI-Wolbachia in Dro-
sophila could play a role in the evolution of host
reproductive strategies, like the selection for
polyandry in species with CI-inducing endos-
ymbionts, to avoid the fitness cost associated
with infections. However, this hypothesis has
not been supported by theoretical models
(Champion de Crespigny et al. 2008).

PI-bacteria can change the female’s host
selection behaviour to successfully invade a host
population. For example, PI-Cardinium manip-
ulates the oviposition choice of its parasitoid
host Encarsia pergandiella, causing the female
wasp to lay unfertilized infected eggs into hosts
that are competent for female but not male
development (Kenyon and Hunter 2007).

17.3 Viruses as Beneficial
Symbionts of Insects

In contrast to bacteria, which are well recog-
nized to form beneficial symbiotic associations,
viruses are almost always considered parasites
whose life cycles reduce host fitness while
benefiting their own (Villarreal 2005; Moreira
and Lopez-Garcia 2009). In the case of insects

and other arthropods, nearly all studies focus on
the role of viruses in causing severe or chronic
disease (Bonning 2005). However, recent studies
reveal that some viruses have evolved to become
obligate beneficial symbionts of parasitoid
wasps. The most elegant example of this is for
all members of the Polydnaviridae, which are
exclusively beneficial symbionts of parasitoid
wasps. However, selected poxviruses, ascovi-
ruses, and phages that infect bacterial symbionts
of insects also exhibit features that suggest they
too have evolved into obligate or facultative
beneficial symbionts.

17.3.1 Polydnaviruses as Beneficial
Symbionts

By far the best example of viruses evolving into
beneficial symbionts is the family Polydnaviri-
dae (reviewed in Webb and Strand 2005; Strand
2010). These large, double-stranded (ds) DNA
viruses are exclusively associated with approx-
imately 40,000 species of parasitoid wasps in the
families Braconidae and Ichneumonidae and are
divided into two genera called the Bracovirus
(BV) and Ichnovirus (IV). Most polydnavirus
(PDV)-carrying wasps parasitize larval-stage
hosts in the order Lepidoptera (moths and but-
terflies). Each wasp species carries a genetically
unique PDV that exists in two forms. The pro-
viral form is integrated into the genome of every
cell in wasps of both sexes, and transmission to
offspring is strictly vertical through the germline
(Fig. 17.1). The encapsidated form of the gen-
ome that is packaged into virions consists of
multiple, circular dsDNAs, which have aggre-
gate sizes that range from 190 to more than 600
kbp. This makes PDVs the only known dsDNA
viruses with multipartite genomes and also
underlies the naming of the family. PDVs only
replicate in pupal- and adult-stage female wasps
in specialized cells that form a region of the
ovary called the calyx (Fig. 17.1). Virions
accumulate to high density in the lumen of the
calyx to form ‘‘calyx fluid’’, and females inject a
quantity of calyx fluid together with eggs into
each host they parasitize. Virions rapidly infect

460 J. A. White et al.



host cells, but they never replicate. They do,
however, express a number of genes whose
products alter host physiology in ways that are
essential for survival of wasp offspring
(Fig. 17.1). PDVs are thus beneficial symbionts
because they fully depend on wasps for persis-
tence, while wasps fully depend on the virulence
genes that replication-defective PDV virions
deliver to caterpillar hosts.

17.3.1.1 BVs and IVs Have Different
Evolutionary Origins

BVs and IVs were originally placed into one
family because of their multipartite dsDNA
genomes, similar life cycles, and strict associa-
tion with parasitoid wasps. However, three lines
of evidence indicate that BVs and IVs have dif-
ferent evolutionary origins. First, phylogenetic
studies indicate that BV-carrying braconids form

Fig. 17.1 Polydnavirus
life cycle. The infection of
host tissues and expression
of virulence factors largely
contribute to the disruption
of the immune response
and the alteration of
development and
reproduction in parasitized
hosts
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a monophyletic assemblage called the micro-
gastroid complex. This group evolved an esti-
mated 100 mya and is relatively distant from the
taxon of Ichneumonidae that carry IVs (Whitfield
2002; Murphy et al. 2008). Since no PDVs are
known from a common ancestor of these wasp
lineages, these data strongly suggest the associ-
ation of BVs with braconids and IVs with ich-
neumonids arose independently. Second, partial
or complete sequencing of 11 encapsidated gen-
omes (6 BVs, 5 IVs) reveal that BVs from dif-
ferent wasps encode several homologous genes as
do IVs. However, BVs share few genes with IVs.
Third, morphological studies show that BV viri-
ons have barrel-shaped capsids surrounded by
one envelope, while IV virions have fusiform
capsids and two envelopes. Although each
assembles in the nuclei of calyx cells, BV virions
are released by cell lysis, while IV virions bud
through the plasma membrane. Overall, these
findings suggest that BVs evolved from a virus
that interacted with the common ancestor of mi-
crogastroids. Whether the IV-ichneumonid asso-
ciation also arose from a single virus and wasp
ancestor remains unclear, but these progenitors
differ from the ancestors of BV-carrying braco-
nids. Finally, the traits that BVs and IVs share
most likely arose through convergent evolution
and the similar roles each plays in parasitism.

BV and IV virions unquestionably look like
viruses, but their encapsidated genomes yielded
the surprising finding that no viral genes with
predicted roles in genome replication, tran-
scription, or virion formation are present (Burke
and Strand 2012; Drezen et al. 2012). The en-
capsidated genomes of PDVs also have eukary-
otic architectural features that include low
coding densities and many intron-containing
genes. These findings explain why PDVs do not
replicate in the hosts that wasps parasitize, but
also raise the spectre that PDVs are not of viral
origin but products of wasp genes that generate
virus-like structures. Recent studies from three
braconids, however, provide strong evidence
that BVs evolved from a viral ancestor (Bezier
et al. 2009; Wetterwald et al. 2010). Specifically,
analysis of transcripts expressed in ovaries

during BV replication identified homologues in
each wasp that are core genes of nudiviruses.
Nudiviruses themselves are relatively poorly
studied, but they are a sister taxon of the Bac-
uloviridae, which are well-known pathogens of
insects (Wang and Jehle 2009; Jehle 2010).

Nudiviruses and baculoviruses infect insects
or other arthropods, have large circular dsDNA
genomes ([100 kbp), and like BVs produce
single-enveloped virions. Most baculoviruses
are virulent pathogens whose life cycles are
distinguished by the coordinated expression of
several core genes, high-level replication of the
genome in host cell nuclei, and the release of
large numbers of virions by cell lysis. Many
nudiviruses also establish lytic infections, but
some selectively infect the reproductive organs
of their insect host (HzNV-2) and establish
persistent infections (HzNV-1) that are charac-
terized by a shutdown of most genes expressed
during a productive infection and maintenance
of the genome as both an episome and an inte-
grated provirus. One route for the evolution of
BVs, therefore, is that a nudivirus established a
latent infection in the reproductive tract of the
ancestral microgastroid. Studies of one ichne-
umonid also identify features that suggest a viral
origin for IVs. However, a lack of homology
with genes from other known viruses suggests
IVs either evolved from an undiscovered or
extinct virus group or have diverged, so greatly
that it is not possible to detect sequence simi-
larities with other viruses (Volkoff et al. 2010).

17.3.1.2 Roles of Polydnaviruses
in Parasitism of Hosts

PDVs are essential for wasp survival because
they deliver virulence genes to hosts that have
two broad functions: (1) they prevent the host’s
immune system from killing wasp offspring and
(2) they alter the growth, development, and
metabolism of hosts in ways that facilitate wasp
development while leading to host death. PDV-
carrying wasps are highly specialized organisms
with each species parasitizing only one or a few
species of host insects. The immunological and
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developmental interactions between wasps and
hosts also differ, with wasps from distantly
related taxa generally exhibiting greater differ-
ences than wasps from the same or closely
related genera. The encapsidated genomes of
PDVs are thus likely to change in response to the
selective pressures that act on each wasp in its
coevolutionary interactions with hosts. Strict
Mendelian inheritance, however, would also
suggest that PDV isolates from wasps in dis-
tantly related taxa are likely to differ more than
isolates from closely related wasps. Although
relatively few isolates have been sequenced,
current data strongly support these predictions
by showing that aggregate genome size, geno-
mic segment numbers, and gene content are
most similar among isolates from closely related
wasps (Webb and Strand 2005; Pennacchio and
Strand 2006; Strand 2010). The encapsidated
genomes of BVs from distantly related braco-
nids in the subfamilies Microgastrinae and
Cheloninae in contrast share no genes even
though their proviral genomes encode the same
nudivirus-like core gene set. The encapsidated
genomes of BVs and IVs also, as expected,
largely encode different genes.

Approximately half of the genes in PDV en-
capsidated genomes form multimember families
that often reside on multiple genomic segments
(Strand 2010). Several of these families show
signatures of evolving by duplication from a
single ancestral gene (Huguet et al. 2012).
Several families also show evidence of evolving
under diversifying or positive selection in
response to alterations in a given host or shifts in
the host range of a given wasp. The ankyrin
repeat (ank) and protein tyrosine phosphatase
(ptp) families of BVs, and cys-motif family of
IVs are present in isolates from diverse taxa,
suggesting that each have ancient origins and
produce products of broad importance in para-
sitism. Other gene families are only known in
isolates from a particular taxon of wasps, which
suggests they were acquired more recently and
have more specialized roles in parasitism.

Most of the genes in the encapsidated genomes
of PDVs are homologues of known genes from

eukaryotes, which in turn suggests that many
were acquired from wasps or the hosts they par-
asitize (Burke and Strand 2012; Drezen et al.
2012). This is clearly the case for some genes like
a family of predicted sugar transporters present in
BVs from the wasp genus Glyptapanteles. How-
ever, the high divergence rates of more conserved
gene families like anks and ptps make it impos-
sible to discern whether the ancestral gene was
acquired from an insect or another eukaryote.
Recent studies also suggest that the ank gene
family present in IVs was acquired by horizontal
gene transfer (HGT) from a BV. Lastly, a few
genes in the encapsidated genomes of PDVs are
not of eukaryotic origin and have also been
acquired by HGT through unknown mechanisms.

Understanding of PDV gene function in
subversion of host immune defences or growth
is restricted to a small number of BV isolates
(reviewed in Strand 2010, 2012). The primary
immune defence against parasitoids is encapsu-
lation, which occurs when pattern recognition
receptors bind to the surface of wasp eggs. This
stimulates particular types of immune cells
(haemocytes) to adhere to the parasitoid and
form a multicellular sheath. Several pattern
recognition receptors, cytokines, and adhesion
molecules regulate haemocyte adhesion, while
antimicrobial peptides (AMPs) and other genes
regulated by NF-kB transcription factors of the
Toll and/or Imd pathways are induced during the
early phases of capsule formation. Capsules also
often melanize due to activation of the pheno-
loxidase (PO) cascade. In turn, parasitoids die in
capsules from asphyxiation, cytotoxic molecules
generated by the PO cascade, and/or the activity
of AMPs and other effector molecules. Members
of the conserved members of viral ank family
function as inhibitor kB (IkB) mimics that neg-
atively regulate host NF-kBs, which are impli-
cated in disabling haemocyte adhesion and
phagocytosis. Two unique gene families (glc,
egf) from Microplitis demolitor bracovirus
(MdBV) have also been shown to block encap-
sulation and activation of the PO cascade, while
studies of Chelonus inanitus bracovirus (CiBV)
implicate three genes in altered host
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development. Physiological studies clearly show
that IVs also produce gene products that disable
encapsulation and host growth, but the specific
genes involved largely remain uncharacterized.

17.3.2 Entomopoxviruses as Beneficial
Symbionts

Whereas all members of the Polydnaviridae are
beneficial symbionts, a few isolates from other
virus families have also formed similar associ-
ations with parasitoid wasps. One such case is a
member of the Poxiviridae, which are also large
DNA viruses that have linear dsDNA genomes.
Members of the family that infect insects in
several orders are referred to as entomopoxvi-
ruses (Perera et al. 2010). However, one putative
entomopox isolate named DlEPV is associated
with the braconid wasp Diachasmimorpha lon-
gicaudata, which parasitizes the larval stage of
the Caribbean fruit fly, Anastrepha suspensa and
related tephritids (Lawrence 2005). Similar to
PDV-carrying wasps, D. longicaudata injects
DlEPV into its host when ovipositing. This wasp
also injects another virus named DlRhV,
because it morphologically resembles rhabd-
oviruses, which are negative-sense single-stran-
ded (ss) RNA viruses. DlEPV and DlRhV both
appear to replicate in the accessory glands of the
wasp, and both entities also appear to replicate
in parasitized hosts (Lawrence and Akin 1990;
Lawrence and Matos 2005). The function of
DlRhV remains unknown, but studies show that
DlEPV infects host haemocytes and induces
cytopathic effects that disable encapsulation, in
order to allow the wasp’s offspring survival
(Lawrence 2005). Unlike PDVs, however, rela-
tively little is known about the transmission and
replication of either DlEPV or DlRhV in the
wasp or its host. In turn, it is also unclear whe-
ther persistence of either virus totally depends
on the wasp or whether these viruses are capable
of persisting independently in tephritids or other
insects.

17.3.3 Ascoviruses as Parasitoid-
Vectored Pathogens
and Potential Beneficial
Symbionts

The Ascoviridae is a family whose members have
large, circular dsDNA genomes and whose hosts
are exclusively larval- and pupal-stage Lepidop-
tera in the family Noctuidae (Federici et al. 1991;
Bideshi et al. 2010). These viruses also appear to
be exclusively transmitted by parasitoids that
acquire ascoviruses when they insert their ovi-
positor into an infected host. Most ascoviruses are
then horizontally transmitted to a new host when
the wasp parasitizes another host (Stasiak et al.
2005). Most ascoviruses cause distinct pathology
that ultimately results in death of the host larva or
pupa and the progeny of the parasitoid (Stasiak
et al. 2005). However, one ascovirus isolate
associated with the ichneumonid wasp species
Diadromus pulchellus, DpAV4, has evolved to
become an essential immunosuppressive symbi-
ont, which persists without apparent replication
as an episome in all cells of wasps and which is
vertically transmitted to offspring (Bigot et al.
1997). However, DpAV4 replicates, asymptom-
atically, in the reproductive tract of female wasps,
and DpAV4 virions are injected along with the
egg at oviposition. Unlike most ascoviruses,
when the pupae of the lepidopteran species Ac-
rolepiopsis assectella are parasitized, DpAV4
replication does not immediately occur but is
instead synchronized with the development of
parasitoid juvenile offspring (Bigot et al. 1997).
When this virus is transmitted by other Diadro-
mus species, its mutualistic role remains unal-
tered, but it rapidly replicates and functions as a
pathogen when transmitted by other ichneumo-
nids (Bigot et al. 1997; Stasiak et al. 2005).
Therefore, it seems that the success of ascovirus/
wasp relationship is modulated by unknown
factors in wasps from the genus Diadromus that
control virus replication in the host. Thus, certain
ascoviruses can potentially have a pathogenic,
mutualistic, or non-pathogenic relationship with
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a specific wasp vector, depending upon the spe-
cies system in which the relationship evolved. In
particular, the presence of other interacting
viruses may play an important role in determining
the final outcome of this viral symbiosis, as
explained in detail in the next section.

17.3.4 Cypoviruses as Modulators
of Ascovirus Function
in Parasitoids

The Reoviridae are segmented dsRNA viruses
that infect a diversity of animals. One genus that
specifically infects insects is the genus Cypovi-
rus. Similar to ascoviruses like DpAV4, several
cypoviruses have been identified from Diodro-
mus ichneumonids (Renault et al. 2003, 2005).
The best studied forms are DpRV1 and DpRV2,
from D. puchellus. DpRV1 is always found in
association with DpAV4 and appears to play a
key role in modulating DpAV4 replication, so
that the parasitoid’s offspring develops before
the host dies. This regulatory process appears to
be controlled by an additional RNA of wasp
origin, which is packaged in the DpRV1 virions
(Renault et al. 2005; Stasiak et al. 2005). If true,
this represents an alternative way to deliver
wasp genetic material using viruses as vectors.
Other cypoviruses, as well as other RNA viruses
identified from parasitic wasps, have no known
role in disabling host immune defences or pro-
moting successful parasitism (Renault 2012).

17.3.5 Viruses that Manipulate
Parasitoid Behaviour

The association between viruses and parasitic
wasps goes beyond what is described above and
may have a considerable influence not only on
host physiological regulation and immune sup-
pression, but also on other phenotypic traits,
sometimes not very easy to define. For example,
the figitid wasp Leptopilina boulardi, which
parasitizes Drosophila spp., carries a virus,
named LbFV, which promotes superparasitism
(i.e. solitary parasitoids laying more than one

egg per host, which results in egg wastage as
only one individual will complete development),
a phenomenon that is rarely observed in unin-
fected L. boulardi wasps (Varaldi et al. 2005).
LbFV is a filamentous virus of unclear taxo-
nomic status that appears to be both maternally
and horizontally transmitted (Varaldi et al.
2009). Superparasitism favours horizontal
transmission of the virus but whether infection
benefits the wasp is not fully clear. A population
modelling approach suggests LbFV spread, and
prevalence could positively influence parasitism
rates of L. boulardi (Patot et al. 2010; Varaldi
et al. 2012). Empirical studies also indicate that
infected wasps have higher egg loads (i.e.
fecundity) due possibly to superparasitism cre-
ating selection pressure that favours increased
investment by wasps in egg production.

17.3.6 Viruses and Aphid Polyphenism

Aphids have complex life cycles, which usually
include a sexual generation that consists of
winged (alatae) adults, followed by a number of
parthenogenetic generations, comprised of
wingless (apterae) forms (Zera and Denno 1997).
Parthenogenesis promotes rapid colony expan-
sion when host plant resources are abundant and/
or environmental conditions are favourable,
while alatae formation promotes dispersal when
resources become scarce and/or poor as a con-
sequence of crowding. The cues involved in
formation of alatae are vary and include a num-
ber of environmental factors, such as tempera-
ture, population density, nutrition quality of the
plants, interactions with natural enemies and ants
(Dixon 1998; Muller et al. 2001).

Many factors have been implicated in regulat-
ing aphid development (Fereres and Moreno
2009). Very recently, however, studies with rosy
apple aphid, Dysaphis plantaginea, implicate
infection by a densovirus named D. plantaginea
densovirus (DplDNV) in alate and apterae devel-
opment. DplDNV infection also often co-occurs
with Rosy apple aphid virus (RAAV), a taxo-
nomically unassigned RNA virus (Ryabov et al.
2009). Densoviruses have very small (4–6 kb)
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ssDNA genomes, and many isolates have been
identified that infect insects. DplDNV-infected
aphids produce winged aphids in response to
crowding or poor plant quality, while uninfected
aphids or aphids infected by RAAV fail to produce
winged forms. DplDNV infection also reduces
aphid reproduction, but by promoting dispersal
through formation of winged forms, DplDNV is
thought to benefit aphid carriers, on balance.

17.3.7 Aphid Bacterial Symbionts
and their Viral Phages

As previously discussed, nearly all aphids
depend on primary symbionts like B. aphidicola
for survival and reproduction (Baumann 2005),
while some facultative symbionts (H. defensa, R.
insecticola, S. symbiotica) provide benefits to
aphids through enhanced defence against para-
sitoids (Oliver et al. 2010). In the case of the pea
aphid, A. pisum, resistance traits against para-
sitoids are associated with lysogenic lambdoid
bacteriophages that infect the facultative sym-
biont (Moran et al. 2005a; Oliver et al. 2009).
While not fully defined, some of these phage-
associated factors disrupt development of para-
sitoid eggs while others affect the development
of wasp larvae by possibly interfering with
function of specialized wasp cells called terato-
cytes (Li et al. 2002; Falabella et al. 2005,
2009). The precise role of phages in the asso-
ciation that exists between aphids and their
bacterial symbionts remains poorly understood.
However, it is possible that the phages infecting
symbionts may function as beneficial symbionts
of the bacteria, the aphid, or both.

17.3.8 Plant Viruses and Insect Vectors

Several studies also report interactions between
plant viruses and aphids, related homopterans, or
other insects that serve as vectors (Stout et al.
2006). The most detailed information is avail-
able on aphids, for which alterations attributed
to virus infection include increased attraction to
infected host plants and increased fecundity

when feeding on virus-infected plants and sub-
sequent increased production of alates which
promotes virus spread (reviewed in Kluth et al.
2002; Colvin et al. 2006; Stout et al. 2006). The
better performance of aphids on virus-infected
plants has been poorly investigated at functional
and molecular levels. Only recently, it has been
demonstrated that Cucumber mosaic virus
(CMV) encodes a protein that disrupts plant
antiviral mechanisms, by enhancing the effect of
salicylic acid (SA) on certain defence genes
against pathogens and, at the same time, by
inhibiting changes in the expression level of
90 % of the genes regulated by jasmonic acid
(JA) (Lewsey et al. 2010), notably active against
insects. Indeed, this reinforces the plant coloni-
zation strategy adopted by stylet feeders, such as
aphids and whiteflies, which promote SA-
induced gene expression, to down-regulate JA-
mediated defence responses against insects, via
JA/SA cross-talk (Thomma et al. 2001; Gate-
house 2002; De Vos et al. 2005; Zarate et al.
2007). The study of the salivary secretome of
aphids shows the occurrence in the saliva of
plant effector molecules similar to those used by
different plant pathogens (Carolan et al. 2011),
which may partly account for this interaction
strategy. Collectively, all this evidence indicates
that sucking insects may weaken plant barriers
against insects by activating, with the help of
plant pathogens, defence responses to which
they are not sensitive but that redirect in their
favour overall plant defence metabolism.

These complex tripartite interactions also may
have a profound impact on biological invasions by
alien species or populations, which may displace
the local ones with the help of associated plant
pathogens they transmit. The best studied case is
offered by the biotype B of the whitefly B. tabaci,
which has replaced the indigenous population
(biotype ZHJ1) with the help of two whitefly-
transmitted begomoviruses (Jiu et al. 2007). Host
plants infected by these viruses enhance the
fecundity and longevity of the biotype B individ-
uals while have a negligible effect on the indige-
nous ZHJ1 population. This is considered one of
the mechanisms accounting for the impressive
invasive ability of biotype B (Jiu et al. 2007).
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17.3.9 Viruses Helping Mosquitoes
in Taking Their Blood Meal

Mosquitoes feeding on their hosts must com-
plete their blood meal rapidly, to reduce the risk
of being killed by an annoyed host. Aedes ae-
gypti seems to do better in locating and using a
blood vessel when host hamsters are infected by
Rift Valley fever virus (RVFV), as this pathogen
is supposed to disrupt haemostasis and facilitate
mosquito feeding (Rossignol et al. 1985).
Therefore, RVFV may provide a benefit to the
vector insect, which enhances its own acquisi-
tion and transmission. The use of host pathogens
by ectoparasitic arthropods to facilitate their
feeding seems to be not an uncommon evolu-
tionary pathway. It has been recently observed
that Varroa destructor, a parasitic mite of hon-
eybees, actively transmits the Deformed wing
virus (DWV), which seem to disrupt host
immune response, with likely negative effects on
haemolymph clotting and melanization (Nazzi
et al. 2012); this is an important functional
requirement for feeding and successful devel-
opment of mites and other ectoparasitic arthro-
pods (Pennacchio and Strand 2006).

17.3.10
Evolutionary Patterns in Insect–Virus
Associations

The examples provided above indicate that
similar to bacteria, some viruses have evolved
obligate or facultatively beneficial associations
with insects. The most common theme is the
domestication of viral pathogens by parasitic
arthropods for suppressing the immune defences
of hosts. The adaptive value of these symbiotic
associations inextricably links life cycles and
allows the colonization of new ecological
niches. This generates fast evolution and speci-
ation rates, both for parasitic organisms and for
their viral symbionts, which effectively promote
the introduction of new genomic traits favouring
a rapid adaptation to new environments
(Roossinck 2005). Current data also suggest

such symbioses begin as a loose association with
a viral pathogen but can culminate, in the case of
polydnaviruses, with entities that can no longer
persist independently of one another.

The ‘‘alliance’’ of parasitic organisms with
viral pathogens of the host seems to be an
effective strategy also for insects attacking
plants. The tight association between stylet
feeding insects and viral plant pathogens pro-
vides a good example of how the latter can be
used for suppressing plant defence responses. If
and how some of the effector molecules present
in aphid saliva, resembling those of pathogenic
origin, may originate from HGT remains an
intriguing question, which is certainly worthy of
future research.

17.4 Conclusions

The study of symbiosis in arthropods demon-
strates how the microbial diversity associated
with these animals is an astonishing source of
evolutionary novelty, which goes far beyond the
simple complementation of nutritionally poor
diets, required for the exploitation of difficult
ecological niches. Even though our understand-
ing of the biological bases of many specific
symbiotic associations still remains incomplete,
it is evident that the many impacts micro-
organisms may have on host physiology, repro-
duction, and development promote the appear-
ance of novel variants exposed to natural
selection. Current molecular technologies offer
the opportunity to unravel the intimate func-
tional mechanisms underlying the establishment
and maintenance of symbiotic associations and
to shed light on some basic research issues, such
as how chronic mutualistic interactions are dis-
criminated by the host from pathogenic inva-
sions and how these different categories of
micro-organisms may be part of complex inter-
actions affecting host immunity. These studies in
arthropods offer new tools for investigating
important aspects across the related fields of
symbiosis and immunity, which have attracted
increasing attention in the last few years

17 Arthropod Endosymbiosis 467



(Silverman and Paquette 2008; Gross et al. 2009;
Ryu et al. 2010).

The Darwinian evolution model and that of
symbiotic evolution are both based on the con-
cept that evolution is driven by positive selection
of the more fit variants, even though they pro-
pose different theories on how these variants are
generated. In the Darwinian model, the gradual
changes are the final outcome of random muta-
tion and selection processes. The symbiogenic
theory builds upon this model, by stating that
genetic novelties and recombination occur
among different biological entities (i.e. inter-
acting symbionts) and not exclusively within the
same species (Margulis 1993; Sapp 2009; Car-
rapiço 2010). These changes generated by cross-
species association and recombination have the
potential to generate much faster evolutionary
rates, ultimately driven by natural selection. The
unparalleled number and variety of host–sym-
biont associations in arthropods can offer a
unique contribution to the active debate on the
model best accounting for the evolution of the
biological diversity we observe in nature. Based
on the limited number of case studies presented
in this chapter, we can reasonably conclude that
symbiosis is one of the major drivers of diver-
sification and evolution of natural populations of
arthropods; the in-depth molecular and func-
tional analysis of symbiotic interactions will
disclose new basic information in evolutionary
biology and will offer new tools for the devel-
opment of innovative technologies for pest
control. A cursory inspection of the available
literature on arthropod symbiosis convincingly
corroborates the model of symbiogenic evolu-
tion in multiple arthropod lineages. There is no
doubt that selection, acting on horizontal merg-
ers among different symbionts, has caused per-
manent and irreversible changes that result in
new taxonomic entities. This can be interpreted
as a consequence of a more general trend in
biology: alliance of coexisting forms of life and
integration of simpler functions generate new
emergent properties.
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18.1 Introduction

By many metrics, arthropods constitute one of
the most successful animal phyla on our planet,
manifest in extreme species richness, enormous
diversity in morphologies and developmental
modes, and successful radiation into nearly
every inhabitable ecological niche available to
multicellular organisms (Storch and Welch
1991; Brusca and Brusca 2002; Ødegaard 2000;
Valentine 2004; Gullan and Cranston 2004;
Grimaldi and Engel 2005). In this chapter, we
will explore some of the causes and mechanisms
that have enabled arthropod diversification. We
define evolvability broadly as a lineage’s
capacity to generate phenotypic diversity over
evolutionary time. We begin by exploring two
prominent axes of diversification in the arthro-
pods: evolvability in (1) developmental space
and in (2) developmental time, and their
respective contributions to facilitating innova-
tion, diversification, and radiation within the
Arthropoda. We end our chapter by examining
the role of (3) developmental plasticity in
arthropod evolution. In each context, we explore
the genetic, developmental, and ecological
mechanisms that may have allowed arthropods
to diversify more than any other group of ani-
mals, the interactions among these mechanisms,
and the emergent properties of these interac-
tions. Throughout, we highlight key questions
for future research, in particular as created by
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the increased integration of evolution and ecol-
ogy with developmental biology and genomics.

18.2 Evolvability in Developmental
Space

The first major axis of arthropod evolution
examined in this chapter concerns the diversifi-
cation of body regions, segments, appendages,
and other morphological ‘‘units’’. The early
Cambrian arthropods already exhibited the
characteristics that have come to define the
group (Conway Morris et al. 1987; Hou et al.
2004) among these being meristic subdivision of
the exoskeleton into distinct appendage-bearing
segments. Among the most important themes in
arthropod evolution is the specialization of these
individual segments and segment groups and of
the corresponding outgrowths they bear.

18.2.1 Redundancy in Arthropod Body
Architecture

The ancestral arthropod is often represented as
possessing a trunk composed of externally
homonomous segments, each bearing an undif-
ferentiated pair of appendages (Akam et al.
1988). The precise organization of the proto-
arthropod remains to be fully elucidated, but
what is clear is that it represented an evolu-
tionary ground state endowed with vast potential
for diversification (=evolvability), realized in
extraordinarily varied arthropod morphologies.
This potential appears rooted, at least in part, in
the compartmentalization of repeating morpho-
logical units and in the redundancy inherent in
such a body plan. Redundancy is integral to
diversification across levels of biological orga-
nization (reviewed in Galis and Metz 2007). For
instance, the evolution of new genes and gene
functions is thought to be greatly facilitated by
gene duplication events, which allow one copy
to undergo modification while the other retains
the ancestral function (Ohno 1970; Force et al.
1999). Similarly, an ancestral organism

composed of multiple morphological units of
similar function may be deconstrained evolu-
tionarily to a degree roughly proportional to the
level of redundancy present in the system pro-
vided one critical condition is met: that reiter-
ated units can be developmentally decoupled. In
such a system, individual segments are afforded
some measure of low-risk mutational and
developmental exploration because neighbour-
ing units continue to carry out crucial locomo-
tory or food manipulation functions. Arthropod
evolution is replete with examples of differential
segment evolution giving rise to dramatic divi-
sions of labour between neighbouring body
regions. Segmental redundancy may thus have
deconstrained the diversification of individual
segments at a functional/anatomical level,
facilitated by the genetic decoupling of segments
into quasi-independent developmental units.

18.2.2 Compartmentalization
of Arthropod Development:
Genetically Decoupled Units

The evolutionary independence of morphologi-
cal units is, of course, reliant upon a develop-
mental system that is subdivided and decoupled
in space. Because the diversification of segments
and the appendages they bear is perhaps the
most important theme of arthropod evolution,
we focus our attention initially on the Hox
genes. Hox genes encode highly conserved
transcription factors that regulate segment
identity along the anterior–posterior axis (Lewis
1978; Akam 1989). In other words, regions
expressing unique suites of Hox genes (and
other transcription factors) define quasi-inde-
pendent developmental/evolutionary units,
allowing downstream genetic programs to be
activated or deactivated differentially based on
spatial position.

Morphological units—in this case, segments
or segment groups and their corresponding out-
growths—can thus diverge to a level permitted by
the underlying genetic architecture (Fig. 18.1),
such as Hox gene expression (Angelini and
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Kaufman 2005a). For example, insects and myr-
iapods differ markedly in the degree to which they
have undergone morphological specialization of
locomotory appendages. While myriapod walk-
ing legs have remained essentially uniform
throughout their history, diverse insect orders
have independently recruited individual pairs of
thoracic legs for highly specialized roles such as
food acquisition (mantids), jumping (orthopter-
ans), digging (mole crickets), swimming (water
boatmen), etc. This discrepancy is likely

explained, in part, by the differing degrees of
developmental resolution imparted by Hox gene
expression in the two groups. Insects have three
segments that bear locomotory appendages, each
of which lies within the domain of a unique
combination of Hox genes—prothorax, Sex
combs reduced (Scr)/Antennapedia (Antp);
mesothorax, Antp; and metathorax, Antp/Ultra-
bithorax (Ubx) (reviewed in Hughes and Kauf-
man 2002a). This bestows a distinct
developmental identity and corresponding evo-
lutionary degree of freedom to each insect tho-
racic segment as expression of downstream
patterning genes can be activated, inhibited or
modified within a given segment without affect-
ing expression in other domains. In contrast, the
locomotory segments of myriapods are regulated
by a pair of broadly expressed Hox genes, Ubx and
abdominal-A (abd-A) (Hughes and Kaufman
2002b). This genetic unity may underlie an evo-
lutionary developmental indivisibility that pre-
cludes morphological and functional
differentiation among walking legs of the myria-
pod lineages relative to those of the insects.

As Hox genes define segment identities and
delineate domains of tagmatization, marked
evolution of arthropod body organization may
also be enabled through relatively simple shifts
in the domains of Hox expression. Averof and
Patel (1997) showed that, similar to myriapods,
the locomotory tagma in some crustaceans is
induced by the broad expression of posterior
Hox genes. In some lineages, a variable number
of the thoracic appendages have been modified
for feeding—termed maxillipeds. The research-
ers found that the anterior reach of the Ubx/abd-
A domain had shifted 1, 2, or 3 segments pos-
teriorly, corresponding to the number of maxil-
liped pairs displayed by each group,
respectively. This demonstrates the flexibility of
the arthropod body plan as abrupt changes in the
character of units—and therefore in the organi-
zation of the body plan and ecological strate-
gies—are possible through relatively simple
genetic modifications. These results may also
suggest that the character of morphological units
may be deconstrained when placed in a new
regulatory context.

Fig. 18.1 The principle of developmental decoupling
and resolution of segment identity mediated by three
Hox-like protein domains in three hypothetical arthro-
pod-like embryos (note that these examples are not meant
to represent actual species or hypothetical ancestral
states). In ‘‘Species a’’, all three proteins are expressed
over the entire length of the trunk defining this entire
region as a single morphological unit. Appendage
modifications are expected to affect all segments more
or less equally. ‘‘Species b’’ has undergone a shift in the
expression of ‘‘Hox 3’’, delineating two broad ‘‘tagmata’’
in the trunk. Note that homologous Hox expression
profiles need not specify similar phenotypic states across
lineages (overlapping domains of Hox1, 2, and 3 interact
to repress appendage formation in ‘‘Species b’’ in
contrast to ‘‘Species a’’ where they merely modify limb
identity). The Hox domains in ‘‘Species c’’ are maxi-
mally offset relative to each other and therefore allow the
greatest number of distinct segment-group identities
possible in a 3-gene system with continuous Hox
expression domains [2n - 1 distinct regions possible
where n = # of Hox genes (Angelini and Kaufman
2005a)]. Note that the Hox expression profile represented
in ‘‘Species c’’ is not common in nature and that real
arthropods generally exhibit far fewer distinct segment
identities than are theoretically allowed by simple Hox
combinatorics (Minelli 2003)
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18.2.3 Compartmentalization
of Arthropod Development:
Semi-Autonomy of Gene
Networks

It is important to point out that while Hox genes,
through segment-specific activation or repres-
sion of various effector genes, can modify the
character of the resultant appendage (or, in many
cases, interrupt its expression entirely), the
machinery associated with appendage induction
per se is independent of Hox control in arthro-
pods. This adds to the evolutionary flexibility of
the system because domain-specific develop-
ment does not require the evolution of novel
pathways or genes for each domain. Instead,
only patterns of activation, inhibition, and inte-
gration must be segment specific, whereas the
genes and their products whose expression is
modified in a domain-specific manner can
themselves remain conserved. As a conse-
quence, diversification is facilitated through
changes in assembly, rather than changes in
component parts.

The core components underlying the pattern-
ing of appendages are largely conserved in
arthropods (reviewed in Angelini and Kaufman
2005b) and, to a lesser degree, throughout the
animal kingdom (Panganiban et al. 1997). Much
research in appendage induction has focused on
the orthologs of the homeodomain-containing
transcription factor, Distal-less (Dll), which
activates the formation of the proximo-distal
appendage axis (Cohen et al. 1989). Dll, in turn, is
activated by signals that are present on each trunk
segment, while Hox-mediated signals act in par-
allel, transmitting instructions to modify the
appendage in a domain-specific manner
(reviewed in Morata 2001). In many arthropod
groups, Hox genes have evolved the capacity to
inhibit the expression of Dll entirely—such as
abd-A in insects (Vachon et al. 1992; Lewis et al.
2000) and Antp in arachnids (Khadjeh et al.
2012)—resulting in the characteristically legless
abdomen (or opisthosoma). However, because the
developmental machinery of appendage pattern-
ing is maintained independent of these repressive

signals, trait recurrence is possible in body
regions where the expression of that trait has
previously been dormant. This potential has been
demonstrated experimentally, where inhibiting
the repressive effects of a single gene results in the
ectopic recurrence of appendages on previously
limbless body regions (Lewis et al. 2000), and
also in nature, as in the case of caterpillar prolegs.
Lepidopteran caterpillars exhibit functional pairs
of appendages on five of their abdominal seg-
ments. Warren et al. (1994) showed that this feat is
accomplished developmentally through segment-
specific inactivation of the appendage-repressive
abd-A gene. This secondary lifting of inhibition
allows the ancestrally dormant yet conserved
appendage-patterning network to be reactivated,
resulting in the formation of abdominal limbs. In
some extreme cases, reappearance of traits may be
associated with such profound phenotypic modi-
fication that they may be considered true evolu-
tionary novelties. For example, Prud’homme
et al. (2011) presented intriguing developmental
and anatomical evidence that the pronotal helmets
of membracid treehoppers may be derived from
the long-repressed T1 wing homologue (but see
Miko et al. 2012; Kazunori 2012).

While the reactivation of conserved gene
networks within their ancestral context can
contribute to the reappearance of dormant phe-
notypes, the ‘‘reuse’’ of these signals outside of
the confines of strict homology has the potential
to create truly novel traits. Because the networks
underlying various traits are integrated, self-
contained units that may be induced by rela-
tively few signals, they can theoretically be
wired readily into other regulatory circuits and
thus expressed in novel developmental and
anatomical contexts. A well-known experimen-
tal example is the ectopic expression of the
Drosophila eyeless gene. The eyeless induction
in foreign domains such as legs or wings is
sufficient to result in the ectopic formation of
well-organized ommatidia in these body regions
(Halder et al. 1995), illustrating the potential
ease with which entire developmental-genetic
modules can, in principle, become functionally
co-opted into novel developmental contexts.
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Such co-option may underlie much innovation in
arthropod evolution. For instance, gene networks
traditionally associated with appendage forma-
tion appear to have been co-opted repeatedly
into novel contexts, facilitating for instance the
evolution of beetle horns (Moczek and Nagy
2005; Moczek and Rose 2009; Wasik et al.
2010), which, though not homologous to
appendages, at least share many of the same
properties, or the foci of butterfly wing eyespots,
whose similarities to conventional appendages
appear far more remote (Carroll et al. 1994). A
high degree of evolvability may thus be expec-
ted in biological systems that possess (a) traits
underlain by modular gene networks under rel-
atively simple regulatory control, and (b) a
flexible regulatory scaffold into which these
conserved networks can be wired in diverse
ways.

In summary, arthropods are endowed with
anatomical and developmental qualities that may
make them particularly amenable to morpho-
logical change. The early organization of the
arthropod body plan into a series of morpho-
logically similar and functionally redundant
units was likely a key step in predisposing the
Arthropoda to evolutionary malleability. The
extent to which exploration of morphological
space was possible within segments and segment
groups relied critically upon the degree of spatial
decoupling present in the underlying genetic
architecture. The flexibility of the system was
further facilitated by the modular nature of gene
networks under relatively simple regulatory
control, enabling their transfer across a flexible
regulatory scaffold by means of modest devel-
opmental-genetic modifications.

18.3 Evolvability in Developmental
Time

The second major axis of diversification we
examine concerns the evolvability of arthropods
in developmental time, along the life cycle of
individuals. Immature and mature stages, with or
without distinct transitional forms, have evolved
to varying degrees in different groups of

arthropods (Storch and Welch 1991; Mente
2008; Grimaldi and Engel 2005). In many ways,
these are best understood from studies on
hexapods (Nijhout 1994, 1999a). Here, devel-
opmental modes range from ametabolous (con-
tinued moulting throughout adult life with no
metamorphosis except for the addition of geni-
talia, e.g. silverfish) to hemimetabolous (termi-
nal adult moult; more or less gradual
transformation of immature into adult; meta-
morphic addition of wings and genitalia, e.g.
cockroaches and grasshoppers) to holometabo-
lous development (terminal adult moult; com-
plete transformation of immature into adult via
the intercalated pupal stage; e.g. beetles and
butterflies). A similar diversity of developmental
modes is also observed, though much less well
understood, in the crustaceans, ranging from
direct, largely ametamorphic development seen
in groups such as the ostracods or cladocerans to
highly disparate larval and transitional stages
found in the life cycles of many Eucarida
(Brusca and Brusca 2002; Mente 2008).

In all of these cases, parts of the life cycle
have evolved more or less distinct identities,
enabling them to diversify and specialize to
varying degrees independently from other parts.
Thus, like segments along the body axis, dif-
ferent stages in the life cycle have evolved
increased modularity, with important conse-
quences for the evolutionary and ecological
success of many arthropod lineages, such as the
origin of true larval stages with distinct ecolo-
gies and the evolution of metamorphosis in the
Holometabola. Below, we discuss some of the
mechanisms underlying this ontogenetic modu-
larity, their origins, interactions and emergent
properties, and their ability—by themselves, as
well as in interaction with the mechanisms
underlying spatial modularity discussed above—
to foster innovation and diversification.

Before doing so, however, we would like to
emphasize that the developmental decoupling of
different life stage as discussed below, just like the
developmental decoupling of adjacent segments
or groups thereof discussed above, is of course not
absolute, instead it is relative (for insightful dis-
cussions of these points see Minelli 2003, 2009;
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Scholz 2004; Minelli et al. 2006, and references
therein). Pleiotropic constraints may be reduced,
but certainly not eliminated. Rather than pearls on
a string that can be exchanged, added or lost,
stages and body regions remain complex pheno-
types whose development and existence enable,
and as such constrain, subsequent stages and
adjacent body regions, respectively. This is par-
ticularly important if we seek to homologise
temporal and spatial developmental modules in
phylogenetic studies (Minelli et al. 2006), or seek
to infer causes or consequences of developmental
evolution between associations and constellations
of modules (Scholz 2004). Lastly, where one
stage (or body region) ends and another begins is a
non-trivial issue to consider when studying,
comparing, and interpreting arthropod develop-
ment (Minelli et al. 2006). For example, while the
moulting cycle provides a convenient periodiza-
tion of arthropod development, developmental,
and physiological processes may vary greatly in
the degree to which this periodization matters to
their actions during each intermoult. Similarly,
much developmental disparity may occur within
traditional stages, as in late holometabolous lar-
vae entering the prepupal stage (Nijhout 1994) or
the induction of diapause during portions of larval
or pupal development (Denlinger 2002). As such,
boundaries between modules may or may not
coincide with our preconceived notions. With
these caveats in mind, however, we believe that
thinking of arthropod development as being
composed of, at least in part, temporal and spatial
modules that can develop to varying degrees
independent of each other, provides a valuable
starting point for investigating how spatial and
temporal modularity, by themselves and in inter-
action, may delineate the evolutionary degrees of
freedom exploitable by an evolving lineage.

18.3.1 Mechanisms

The expression of, and transition between, dis-
tinct life stages requires mechanisms that specify
life stage identity and order. Here, endocrine
mechanisms play a key role in communicating
throughout the body of a developing arthropod

what kind of stage in the life cycle to express,
and when to transition to the next stage. A
detailed presentation and discussion of arthro-
pod endocrine mechanisms is given in Chap. 6
of this volume (Nijhout 2013). Here, we would
like to briefly highlight and expand on a subset
of issues, best understood through the study of
insect development and metamorphosis.

In holometabolous insects, that is, insects that
possess a distinct larval stage that transforms
into the final adult via a larval-to-pupal and
pupal-to-adult moult, the interplay between ec-
dysteroids and juvenile hormone orchestrates
whether moults maintain the current develop-
mental status quo (as in a larval-to-larval moult)
or lead to the transition to a new stage (as in the
larval-to-pupal and pupal-to-adult moults;
reviewed in Nijhout 1994, 1999a; Truman and
Riddiford 2002; Wheeler and Nijhout 2003). As
such, the endocrine control of moulting and
metamorphosis effectively subdivides the
developing organisms into distinct temporal
domains free to utilize, inhibit, or differentially
integrate developmental pathways independent
of other temporal domains. As a consequence,
stage-specific gene expression and modulation
of pathway activity are ubiquitous, enabling the
promotion of larval-specific features during lar-
val development (such as abdominal prolegs or
feeding mandibles in caterpillars), their
destruction (prolegs) or transformation into adult
structures (feeding mandibles to proboscis)
during the pupal stage, as well as the origin of
adult-specific structures in late larval and pupal
development (e.g. wings and genitalia; Chapman
1998; Heming 2003). Similarly, stage-specific
activation of developmental and physiological
processes underlie many ontogenetic diet shifts
observed across holometabolous life stages, such
as in mosquitoes (which switch from detritus-
feeding in larvae to blood-(females) or pollen-
feeding (males) in adults; Marinotti et al. 2006;
Koutsos et al. 2007), or butterflies, (which
switch from leaf feeding in caterpillars to nectar
feeding in adults; Chapman 1998; Heming 2003;
see also Rabossi et al. 2000). Much like spatial
modularity discussed above enables adjacent
segments to express very different morphologies
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or produce highly disparate appendages, stage-
specific modularity in gene expression and
pathway activation facilitates niche-specific
adaptation while reducing pleiotropic con-
straints. Furthermore, as with segment-specific
development, stage-specific development does
not require the evolution of new genes or path-
ways: instead, only patterns of activation, inhi-
bition and integration must be stage-specific
whereas the genes and their products whose
expression is modified can themselves remain
conserved. Again, diversity is facilitated through
changes in assembly, rather than changes in
component parts.

18.3.2 Ontogenetic Modularity
and Speciation

If ontogenetic modularity facilitates diversifica-
tion, we would predict that lineages with rela-
tively more modular development should
diversify more readily. The most rigorous
examination of this basic hypothesis comes from
a study by Yang (2001), which compared rates
of diversification and extinction at the family
level across hemi- and holometabolous insect
orders. Insects represent as close to an ideal set
of taxa for this purpose as hemi- and holome-
tabolous insect orders differ predominantly in
developmental modes, that is, the absence/pres-
ence of an elaborate larval and distinct pupal
stage, but not in tagmatization or other con-
founding issues that may complicate compari-
sons among many other arthropod taxa. One
important complication nevertheless remains:
hemimetabolous insects constitute a paraphy-
letic group, with the hemimetabolous Eumeta-
bola (thrips, true bugs, lice, and book lice) being
more closely related to the Holometabola than to
the remaining Hemimetabola. Taking this factor
into account, Yang (2001) calculated family-
level rates of diversification from the fossil
record and found that Holometabola exhibited a
significantly and characteristically higher rate of
diversification compared to the less modular
Hemimetabola as a whole, or Eumetabola if

analysed separately. Importantly, analyses of
survivorship curves for families of the Hemi-
and Holometabola found no differences in
extinction rates, suggesting that differential
diversification, not extinction, underlies the rel-
ative taxonomic success of the Holometabola
(Yang 2001). Compatible analyses have yet to
be conducted in other arthropod lineages, though
similar patterns may emerge there as well. For
instance, crustacean lineages differ widely in
developmental modes, with the most extreme
degree of disparity among life stages seen in the
Malacostraca, which also happens to represent
one of the most species-rich crustacean lineages
(Mente 2008; Regier et al. 2010).

Taken together, existing data clearly support
the hypothesis that intrinsic differences in
ontogenetic modularity influence the long-term
diversification rates of lineages. Intriguingly, the
same hypothetical framework makes an addi-
tional prediction, namely that characters in more
ontogenetically modular clades should exhibit
greater levels of variation due to their enhanced
temporal independence. To date, this key pre-
diction remains untested.

18.3.3 Ontogenetic and Spatial
Modularity, Diversification
and Innovation

Stage-specific modularity interacts with spatial
modularity discussed above, allowing not only
different body regions to develop independently
of each other, but the ‘‘same’’ body region to
develop very differently during different stages
of the same life cycle. It is a characteristic fea-
ture of the holometabolous insects that hardly
any body region or appendage looks remotely
similar when larval (think maggot, caterpillar,
grub) and adult (think fly, butterfly, beetle)
stages of the same individual are compared. But
the contributions of spatial and ontogenetic
modularity to evolvability likely go even further,
for instance when a formerly stage-restricted
trait becomes expressed in a different stage in
the same or different location. When this occurs,
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truly novel traits may originate, but may do so at
least initially with modest developmental-
genetic modifications (Fig. 18.2).

For example, all pupae in the extremely
species-rich scarab beetle genus Onthophagus
express more or less conspicuous thoracic horns
(Fig. 18.2 top panel). A combination of histo-
logical and functional studies shows that these
horns function as moulting devices, enabling the
shedding of the highly sclerotized larval head
capsule during the larval-to-pupal moult (Moc-
zek et al. 2006). In the majority of species, these
thoracic horns are resorbed during the pupal
stage through programmed cell death (Moczek
2006; Kijimoto et al. 2010). Males of some
species, however, convert this pupal outgrowth
into a corresponding adult horn, which is then
used as a weapon in male combat over access to
females. Phylogenetic analyses strongly suggest
that the moulting function of pupal horns pre-
dates the weapon function of adult horns
(Moczek et al. 2006). This raises the possibility
that adult thoracic horns, a novel trait lacking
obvious homology to other insect structures,
may have originated through the simple failure
to remove a pupa-specific structure. Intriguingly,
similar resorption failures occur in natural pop-
ulations of thoracic-hornless species at a low but
detectable frequency (Moczek et al. 2006; Ki-
jimoto et al. 2010). More generally, this example
illustrates how ontogenetic modularity enabled
the evolution of an originally pupal-specific
trait, which, once transferred into a new devel-
opmental stage, facilitated the rapid evolution
and diversification of a novel trait and function,
in this case that of a weapon of sexual selection.

A second example is illustrated by the bio-
luminescent photic organs in fireflies (beetle
family Lampyridae, Fig. 18.2 bottom panel),
which are thought to have originally evolved as
a larval-specific trait (Branham and Wenzel
2003) likely used to generate aposematic signals
to predators (De Cock and Matthysen 1999).
While all known larval lampyrids develop photic
organs, only a subset of lampyrid lineages also
develops the more derived adult organ (Branham
and Wenzel 2003). Although adult organs are
similar to larval organs in the sense that both

emit light, they are not strictly homologous.
Adult organs are more intricately organized,
develop in different abdominal segments, and do
so even when the larval organ is ablated exper-
imentally (Harvey and Hall 1929). However,
both organs derive from the same cell popula-
tion, the fat body (Hess 1922), and utilize many
of the same biochemical processes. Here, onto-
genetic and spatial modularity appear to have
facilitated the partial carry-over of a larval-spe-
cific trait into a different developmental stage,
where it now functions in a completely different
and novel context, the attraction of mates and,
occasionally, of prey (Lloyd 1965).

In summary, ontogenetic modularity allows
different life stages of the same life cycle to
develop and evolve, partly independently of
each other, thereby elevating the long-term
diversification rates of lineages. Through its
interactions with spatial modularity, it enables
the ‘‘same’’ trait to develop very differently in
different stages of the same individual, adding
evolutionary degrees of freedom to evolving
lineages. Lastly, by itself as well as in combi-
nation with spatial modularity, ontogenetic
modularity can result in the transfer of stage-
specific traits to new stages within the same life
cycle, thereby creating complex novel traits with
modest developmental-genetic means.

18.4 Evolvability through
Developmental Plasticity

In this last section, we would like to step back
from the two major axes of diversification
examined above—developmental space and
time—and towards a more universal property of
all development—plasticity—and examine its
contribution to arthropod evolvability. Devel-
opmental plasticity can be defined as a single
individual’s ability to adjust patterns of pheno-
type expression in response to changes in envi-
ronmental conditions. Virtually all organisms as
well as biological processes exhibit some degree
of plasticity (West-Eberhard 2003; Whitman and
Ananthakrishnan 2009). On one extreme, such
effects may arise simply from the biochemical
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Fig. 18.2 Two examples of innovation and diversifica-
tion enabled through the interplay of spatial and
ontogenetic modularity. (Top panel) Thoracic horn in
the beetle genus Onthophagus. Shown are pupal and
adult morphologies of males and females of four species.
All pupae in the genus express conspicuous thoracic
horns (marked by arrow), which play a critical role in the
shedding of the highly sclerotized larval head capsule
during the larval-to-pupal moult (Moczek et al. 2006). In
the majority of species, these thoracic horns are resorbed
during the pupal stage through programmed cell death
(marked by asterisks) and regardless of sex, as exem-
plified by O. taurus (Moczek 2006a; Kijimoto et al.
2010). Males in a subset of species (shown here for

O. binodis and O. nigriventris), however, convert this
pupal outgrowth into a corresponding adult horn, which
is then used as a weapon in male combat over access to
females. In one highly unusual species (O. sagittarius),
these sex-roles are reversed. See text for further
description. (Bottom panel) Photic organs, or lanterns,
of two firefly genera in the beetle family Lampyridae.
Shown are (a) an adult Photinus firefly as well as close
ups of Photuris larval (b), pupal (c), and Photinus adult
(d) photic organs (note that larval/pupal lanterns are
located on abdominal segment VIII (A8) in most
lampyrids while the lanterns of adult males of both
Photinus (shown) and Photuris (not shown) occupy A6-
7). See text for further description
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and biophysical dependencies of developmental
processes, for example, the temperature depen-
dence of enzymatic reactions or the pH-depen-
dent folding of proteins (Schlichting and
Pigliucci 1995). On the other extreme are highly
choreographed responses to environmental
changes such as nutrition-dependent modifica-
tion of growth and reproduction, physiological
responses to temperature shock or oxygen
deprivation, caste formation, seasonal migration,
learning, and many more (Fig. 18.3). Here,
plasticity represents a complex, evolved
response that enables developing organisms to
maintain high fitness in the face of environ-
mental variability (Schlichting and Pigliucci
1998; Nijhout 1999b, 2003; West-Eberhard
2003). Lastly, plasticity also underlies many
homoeostatic responses and canalization in
development (Scharloo 1991), that is, processes
intended to achieve phenotypic constancy, at
least on specific levels of biological organiza-
tion. From minimizing fluctuations in blood
sugar levels in the face of nutritional variation to
the maintenance of proper scaling relationships
of body parts during growth, organisms flexibly
adjust a vast array of plastic processes on some
levels of biological organization to ensure phe-
notypic constancy on others (Moczek 2010). In

the next section, we would like to highlight the
means by which developmental plasticity in its
various manifestations contributes to evolvabil-
ity in general, and how it might have done so
specifically during the diversification of certain
arthropod lineages.

18.4.1 Contributions of Developmental
Plasticity to Diversification
and Innovation in Arthropods

Developmental plasticity is believed to contrib-
ute to organismal innovation and diversification
through a diversity of mechanisms operating on
a variety of levels of biological organization
(Pfennig et al. 2010; Moczek et al. 2011). For
instance, developmental plasticity is predicted to
facilitate colonization of novel environments,
thus increasing the likelihood of adaptive radi-
ations and speciation events. While studies on
fish and amphibians support this prediction
(Pfennig and McGee 2010), no complementary
studies have been conducted to date on any
arthropod lineages.

Developmental plasticity is also predicted to
facilitate diversification by providing additional
targets, such as the developmental, genetic, or

Fig. 18.3 Three examples of developmental plasticity
in which environmental conditions mediate extensive
reorganization of development. a When the water flea
Daphnia magna is confronted with poor oxygen concen-
trations, it increases haemoglobin concentration in the
haemolymph by a factor of 15–20, colouring the body
red (images by Dr. Shin-ichi Tokishita, Tokyo University
of Pharmacy and Life Sciences). b Good or poor larval
feeding conditions cause male horned beetles of many
species (here Onthophagus nigriventris) to develop into

distinct horned and hornless morphs, respectively, which
in turn employ distinct fighting and sneaking reproduc-
tive behaviours (images by Alex Wild). c The Gaudy
Commodore, Precis octavia, expresses alternative wing
colours and pattern arrangements depending on season.
Note that dorsal (c, left) and ventral (c’, right) wing
surfaces adjust their development to season completely
independent of each other, representing a striking
example of the interactions between spatial modularity
and developmental plasticity (images by Fred Nijhout)
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endocrine machinery underlying plastic respon-
ses, for evolutionary processes to act on. Here,
much evidence exists from studies on diverse
arthropods that illustrate that the nature of
plastic responses can evolve, diversify, and
mediate population divergences independent of
trait means in different environments (e.g. lace-
wings: Tauber and Tauber 1972; beetles: Moc-
zek and Nijhout 2002; pitcher-plant mosquitoes:
Bradshaw et al. 2003; cabbage-white butterflies:
Snell-Rood and Papaj 2009; water fleas: Scoville
and Pfrender 2010).

Similarly, developmental plasticity is pre-
dicted to enhance modularity of development by
providing reusable building blocks for the reg-
ulation of diverse development contexts. Several
interesting examples exist in insects that suggest
that much diversification, and in fact several key
innovations, may have been facilitated through
the repeated co-option of the same plastic reg-
ulatory processes into different contexts
(reviewed in Nijhout 1994, 1999a, b, 2003). For
instance, in holometabolous insects, the same
endocrine machinery coordinates alternative
reproductive decisions (whether to invest into
growth or reproduction), alternative develop-
mental decisions (moulting and metamorphosis),
as well as decisions between alternative pheno-
types (facultative diapause, host switch, caste,
and morph expression).

Intriguingly, certain types of developmental
plasticity may selectively enable the accumula-
tion of genetic variation during variable envi-
ronmental conditions, and the subsequent
conditional release of genetic variation under
periods of environmental stasis (reviewed in
Snell-Rood et al. 2010). For instance, in cases in
which gene expression is restricted to a subset of
alternative phenotypes or environments, and
individuals experience only one such environ-
ment during their lifetime, gene copies residing
in non-expressing individuals are not screened
by selection. Any mutations that may reside in
such copies are predicted to accumulate in a
population in proportion to the frequency of
individuals experiencing the non-inducing
environment (VanDyken and Wade 2010).
Studies on male-specific gene expression in

aphids (in which males are induced only every
10-20 generations; Brisson and Nuzhdin 2008)
and maternal effect genes in Drosophila (Cru-
ickshank and Wade 2008) support the prediction
of mutations accumulating as a consequence of
conditional gene expression. During periods of
environmental stasis of inducing environments,
the resulting accumulated variation could then
be confronted with the full strength of selection,
possibly enabling rapid evolutionary responses
and adaptive divergences between populations.
These predictions remain to be tested in natural
populations (Snell-Rood et al. 2010).

Empirical support, especially from studies on
insects, does exist for another form of develop-
mental plasticity-mediated accumulation and
release of genetic variation, namely under con-
ditions of stress. Recall that developmental plas-
ticity on some levels of biological organization
often enables phenotypic constancy on others.
Case in point is the facultative up-regulation of
heat shock proteins in the face of temperature
stress. Heath shock proteins act as chaperones and
correct the 3-dimensional folding of proteins,
which is increasingly prone to errors as tempera-
tures become more stressful (Morimoto et al.
1997). In so doing, heat shock proteins may also
act as buffers against genetic variants by corral-
ling diverse genotypes to converge onto a single
protein shape, that is, until the chaperoning
capacity of heat shock proteins is exceeded, as
might be the case during periods of prolonged
stress or in response to sensitizing mutations.
Laboratory studies on a diverse array of organ-
isms between plants and fungi to animals,
including insects, have highlighted the role of heat
shock proteins and temperature stress as a means
of accumulating and releasing selectable pheno-
typic diversity (Rutherford and Lindquist 1998;
Queitsch et al. 2002; Cowen and Lindquist 2005;
Suzuki and Nijhout 2006). In these studies,
environmental stress resulted in a remarkable
increase in the amount of selectable phenotypic
variation, enabling rapid responses to artificial
selection—including some reminiscent of natu-
rally evolved phenotypes (Suzuki and Nijhout
2006). It is likely, though clearly in need of
empirical confirmation, that many types of
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developmentally plastic processes other than heat
shock protein induction similarly function as
capacitors for dormant genetic variation that may
be released during periods of stress. What is
entirely unclear, however, are the roles such
accumulation and release may play in natural
populations and naturally evolved responses to
environmental variation, representing one of the
most exciting current frontiers at the interface of
evolutionary- and ecological-developmental
biology.

18.4.2 Developmental Plasticity,
Evolvability, and the Differential
Diversification of Arthropod
Lineages

Are there reasons to believe that the contribu-
tions of developmental plasticity to evolvability
highlighted above, which should be applicable
to a wide range of organisms including arthro-
pods, might have nevertheless disproportion-
ately contributed to diversification and
innovation of particular arthropod lineages? The
answer is likely yes, though thorough compari-
sons akin to Yang’s (2001) study introduced
above are clearly needed to better understand
this issue. For instance, it is very likely that the
high levels of spatial and temporal modularity
seen in certain arthropod taxa, such as the
holometabolous insects, potentiated the degree
to which developmental plasticity was able to
facilitate subsequent diversification and innova-
tion. For instance, developmental plasticity and
spatial and temporal modularity frequently
interact during insect development, enabling
body-region and stage-specific diversification of
conditional trait expression (see Fig. 18.3c for a
spectacular example). Vivid examples of this
can be seen during caste formation in social
insects (e.g. Wheeler 1986, 1991; Emlen and
Nijhout 2000) or the production of alternative
male phenotypes (Emlen et al. 2005; Snell-Rood
et al. 2011). In each case, facultative-, stage- and
segment-specific modulation of development
interact, allowing different body regions of the

same individual and stage to exhibit very dif-
ferent responses (from gene expression and
growth allometries to pattern formation) to the
same environmental changes (such as nutritional
or seasonal conditions). This in turn has allowed
taxa to diversify in the nature of body- and
stage-specific responses, an evolutionary flexi-
bility that likely contributed to the enormous
diversity of social castes seen in the Hymenop-
tera or the diversification of alternative male
morphologies observed in a wide range of insect
orders (Emlen and Nijhout 2000).

18.5 Final Remarks

In this chapter, we posited that arthropod
evolvability was differentially enabled in dif-
ferent lineages through spatial modularity,
ontogenetic modularity, developmental plastic-
ity, and the interactions among them. Combined,
this allowed segments, appendages, and their
developmental responses to environmental
changes to diversify in a stage-specific manner,
thereby elevating diversification rates and facil-
itating the evolution of complex novel traits.
Given the persistence and continued diversifi-
cation of many arthropod lineages into present
times, there is no reason to believe that this
process is somehow over. Instead, many oppor-
tunities exist, now perhaps more than ever, to
examine the interplay between ecology and
development in enabling and shaping arthropod
evolution in nature.
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Lazarus appendages, 108
limb regeneration, 153, 155
meiofauna, 420
number of nymphal stages, 98
olfactory glomeruli, 319
parthenogenesis induced by bacteria, 453
post-embryonic segment formation, 79
pronymph, 112
regeneration, 156
Rhynie fossil, 424
segment number, 204
tagmosis, 205
total cleavage, 69

Accessory pulsatile organs, 346, 358, 367, 369
Crustacea, 363
Hexapoda, 367

Acentropus niveus
heartbeat rate, 349

Acercaria, 31
Achaearanea tepidariorum

blastoderm, 65
expression of Twist, 374

Achelata
accessory olfactory lobes, 322

Acheta
maxilla, 252
ovipositor heart, 371

Acheta domesticus
neurogenesis in the adult, 113

Acleris minuta, 102
Acp65A, 190
Acraea encedon

behaviour affected byWolbachia, 459
Acrididae

lack of neurogenesis in the adult, 113
structural changes during nymphal phase, 111

Acroceridae
hypermetamorphosis, 115

Acrolepiopsis assectella, 464
Acron, 200, 228
Acrothoracica

segment number, 205
tagmosis, 205

Actin, 362
Actinotrichida

anamorphosis, 94
segment number, 199, 204
tagmosis, 205

Activator Protein-2, 245
Acyrtosiphon pisum (pea aphid)

association with lambdoid bacteriophage, 466
genome, 43, 49
symbiosis with Buchnera, 443
symbiosis with Hamiltonella, 448
symbiosis with Regiella, 448
symbiosis with Serratia, 448

Adephaga
number of larval stages, 98

Adesmata
sexual dimorphism in segment number, 203

Adherens junctions (AJ), 172
Adoxophyes orana, 102
Adult, 91, 95

non-feeding, 97
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Adventitia, 347
Aedes aegypti

CPR coding genes, 179
genome, 43, 48
host search and exploitation, 467
mechanosensory neuropil, 324
Tweedle group proteins, 179

Aglaspis, 250
Agnostus

exopodite, 255
Agnostus pisiformis, 402
Agrotis ipsilon, 102

neurogenesis in the adult, 113
Aiolopoda, 18
Alalcomenaeus, 399
Alanine-rich cuticle proteins, 176
Aleochara curtula

neurogenesis in the adult, 113
Aleocharinae

number of larval stages, 100
Aleurodicus dugesii

A ? T content in mtDNA, 45
Aleyrodoidea (whiteflies)

bacterial endosymbionts, 445
Alicorhagiidae

fossil, 425
Alima, 99, 110
Alken an der Mosel

fossils, 420, 424, 433
Alkenia mirabilis, 425
Allajulus nitidus

periodomorphosis, 97
Allatostatin, 135, 328, 330
Allatotropin, 135
Allometry, 104, 106

ontogenetic, 106
sexually dimorphic, 106

Allonemobius fasciatus, 102
Alloscutum

resilin, 185
Allotriocarida, 30
Altocrustacea, 3
Amara

number of larval stages, 99
Amber

Chiapas or Mexican, 426
fossils, 408, 409

Amblypygi (whip spiders)
antenniform tarsus, 245
brood chamber, 432
gut diverticula, 216
heart, 350
limb regeneration, 153, 155
multiple mature stages, 96
number of moults, 98
pronymph, 112
segment number, 204
superficial cleavage, 69
tagmosis, 205

Ametaboly, 483
Ammophila

split segment, 208
Ammophila sabulosa

segmental mismatch, 209
Amphion, 99
Amphionidacea

number of post-embryonic stages, 99
Amphipoda

cephalothorax, 224
determinate cleavage, 71
epimorphic development, 82
epipodite, 258
feminization induced by microsporidia, 454
fossil, 426
germ band, 77
lateral cardiac arteries, 363
limb regeneration, 153
marsupium, 432
number of post-embryonic stages, 99
teloblasts, 80
terrestrial, 432
total cleavage, 71

Amplectobelua, 394, 400
Anactinotrichida

segment number, 204
tagmosis, 205

Anal
shield, 213
somite, 201
wing vein, 284

Anamorphosis, 82, 93
Anaspidacea

cleavage, 71
descending artery, 363
haemocoel, 362
lateral cardiac arteries, 363
number of post-embryonic stages, 99
stereotyped cleavage pattern, 74
terminal limb annulation, 245
ventral vessel, 363

Anaspides
adult limb, 256
epipodite, 258

Anastrepha suspensa, 464
Annulation, 243
Annulus, 242

formation, 245
Anomalocaridida, 234, 397
Anomalocaris, 394, 399
Anomopoda

multiple mature stages, 96
Anomura

olfactory glomeruli, 322
Anopheles

heartbeat, 371
Anopheles gambiae

CPR coding genes, 179
dorsal vessel, 346
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genome, 43, 48
Tweedle group proteins, 179

Anostraca
dissociation between growth and segmentation, 81
epipodite, 258
frontal filament, 232
head, 232
hemianamorphosis, 94
number of post-embryonic stages, 99
segment number, 205
tagmosis, 205

Antenna, 225, 227, 252, 319
circulatory organ, 367
exopodite, 243
flagellum, 243
meristematic region of the flagellum, 246
Onychophora, 231
primary, 235
regeneration, 157
secondary, 230, 248
sex-pheromone receptors, 322

Antennapedia (Antp), 249, 260, 481
expression patterns, 214

Antennata, 418
Antennule, 225, 227, 248
Anterior aorta

development, 372
Anti-growth, 107
Antizoea, 99, 110
Ant. See Formicidae
Aorta

anterior, 348, 351, 357
posterior, 348, 351

ap, 279
Apantesis vittata

sexual difference in moult number, 100
Aphaenops

number of larval stages, 99
Aphid

bacterial symbionts, 466
polyphenism manipulated by virus, 465

Aphididae
sex-specific gene expression, 489

Aphidina
total cleavage, 71

Aphidius, 448
Aphidius ervi, 448
Aphidoidea

bacterial endosymbionts, 445
Apidermin, 177
Apis

alary muscles, 367
Apis cerana japonica (Japanese honeybee), 382
Apis mellifera, 309

A ? T content in mtDNA, 45
brain, 311
central olfactory pathway, 321

effect of JH on caste identity, 139
genome, 43, 49
long germ band, 76
mechanosensory neuropil, 324

Apolysis, 92, 125, 126, 180
Apoptosis, 181
Appendage

ectopic, 482
size control, 134

APSE-phage, 449
apterous (ap), 245, 258, 275, 277
Apterygota

paraphyly, 71
Arachnata, 398
Arachnida, 21

cleavage, 69
egg protection, 432
epimorphic development, 82, 94
fossil, 420
indirect sperm transfer, 430

Arachnomorpha, 22, 398
Araneae (spiders), 104

fossil, 425
growth, 104
heart, 350
limb regeneration, 153, 156
mature stages, 96
number of moults, 98
pronymph, 112
segment number, 204
silken cocoon, 432
superficial cleavage, 69
tagmosis, 205
yolk pyramids, 66, 67

Araschnia levana
seasonal polyphenism, 140

Archaeognatha (bristletails), 279
circulatory organ of abdominal appendages, 371
fossil, 283, 426
limb regeneration, 154
multiple mature stages, 96
number of post-embryonic moults, 100
olfactory glomeruli, 322
second-order olfactory neuropils, 327
styli, 271

Archicerebrum, 228
Arctotypus sylvaensis, 287
Arge, 102

sexual difference in moult number, 100
Armadillidium vulgare

feminized by Wolbachia, 455
heterogamety, 456

armadillo (arm), 160, 181
Armored scale. See Diaspididae
Arsenophonus

male-killers, 454
manipulating arthropod reproduction, 451
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Arsenophonus nasoniae, 451
Artemia, 99

expression of engrailed, 93
gene expression patterns in epipodite, 258, 275
segmental mismatch in antenna, 243
total cleavage, 71
visual neuropil, 317

Artemia franciscana
expression patterns of Hox genes, 214

Artemia salina
putative coelomic cavities, 18

Arterial system, 348
reduction, 376

Artery, 346
antennal, 365
cardiac, 348
descending, 363
lateral cardiac, 351, 363

Arthrobranch, 256
Arthrodial membrane, 243
Arthropleurida, 423, 425, 428
Arthropoda

absence of spiral cleavage, 18
advances in phylogeny, 27
coelom, 18
comparative genomics, 46
crown group, 233, 401
disparity, 17
diversity, 1, 17
embryonic development, 63
fossil, 17, 420
jointed appendages, 19
mitogenome, 42
monophyly, 20
phylogeny, 21
polyphyly, 20
proteome, 50
as protostomes, 18
segmentation, 19
stem group, 233, 394
water-to-land transition, 419

Arthropodisation, 20
Articulata, 18, 75, 229, 375
Artiopoda, 233, 394
Ascothoracid stadium, 99
Ascothoracida

number of post-embryonic stages, 99
segment number, 205
tagmosis, 205

Ascovirus, 464
Asellus

antennal flagellum, 246
Asellus aquaticus

critical time for limb regeneration, 157
regeneration of antennal flagellum, 159

Asiloidea
ganglion fusion, 216

Asobara tabida
effects of Wolbachia, 455

Astacida
scaphognathite, 257

Astacus astacus
heart, 360

Atelocerata, 3, 21, 22, 28, 228, 418
Attacus (giant silk moth)

wing blade formation, 381
Attagenus sarnicus, 102
Attercopus fimbriunguis, 408, 425
Autospasy, 151
Autotilly, 151
Autotomy, 151, 161

inducing moult, 127
Axillary sclerite, 272, 281, 288, 291
Axogenesis, 228

B
Bacteria

male-killers, 454
Bacterial symbionts

genome shrinkage, 443
Bacteriocyte, 443, 446
Bacteriophage

associated with symbiont of Acyrtosiphon, 466
Baculoviridae, 462
Balanomorpha

Lazarus appendages, 149
Baltic amber, 409
Barcoding, 43
BarH1, 245
Barnacle. See Thoracica
Basal lamina, 180
Basicoxa, 274
Basipod, 250, 252
Basis, 254
Bathynellacea

epipodite, 258
head, 224
number of post-embryonic stages, 99

Bathynellid, 99
Bathysciinae

abbreviated development, 98
number of larval stages, 100
reduction in the number of post-embryonic stages, 98,

114
Baumannia

symbiosis with Cicadellidae, 450
Baumannia cicadellinicola, 444
b-catenin, 181
Bed bug. See Cimicidae
Beetle horn, 483

tissue proliferation, 272
Begomovirus, 466
Bemisia tabaci, 450

association with begomovirus, 466
host of Rickettsia, 450

big brain (bib), 247
Biological clock
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controlling metamorphosis, 129
Birgus latro, 432

brain, 311, 325
Bithorax complex (BX-C), 276
Blaberus

cardiovascular system, 368
Blackbolbus frontalis

reduction in the number of post-embryonic
stages, 114

Blackburnium reichei
reduction in the number of post-embryonic

stages, 114
Blaniulidae

periodomorphosis, 97
Blaniulus guttulatus

periodomorphosis, 97
Blaniulus lorifer consoranensis

periodomorphosis, 97
Blastoderm, 65, 66

stage, 72
Blastomere arrangement, 73, 74
Blastula, 65
Blattabacterium, 444
Blattaria, 291
Blattella germanica

critical time for limb regeneration, 157
hormones in regeneration, 162
moults and regeneration, 161
regulation of moult number, 105

Blattidae
bacterial endosymbionts, 444

Blattodea (cockroaches), 31
growth, 104
limb regeneration, 154, 157, 158
number of post-embryonic moults, 100
sexual difference in moult number, 100

Blochmannia, 445
Body

architecture, 197, 480
developmental regulation of size, 132
region. See Tagma
size in relation to terrestrialization, 428

Bojophlebia prokopi, 289
Bolboceratinae

reduction in the number of post-embryonic
stages, 114

Bolborhachium inclinatum
reduction in the number of post-embryonic

stages, 114
Bolborhachium trituberculatum

reduction in the number of post-embryonic
stages, 114

Bombykol
biosynthesis, 175

Bombykosterol, 126
Bombyliidae

hypermetamorphosis, 115

Bombyx mori, 102
bFtzF1, 190
bombykol, 175
bombykosterol, 126
control of tissue growth, 131
gene expression along post-embryonic

development, 92
genome, 43, 49
insulin-like proteins, 132

Bombyxin, 131
Book gill, 432
Book lung, 432

cuticle, 189
fossil, 433, 434

Bopyridae
larval types, 110

Bothrideridae
structural changes during larval

phase, 111
Bouligand pattern, 189

bowl, 244
Box-truss axial muscle system, 227
Brachinus

number of larval stages, 99
Brachycybe nodulosa

leg pairs, 95
Brachythemis contaminata, 102
Brachyura, 150

accessory olfactory lobes, 322
fossil, 426
terrestrial, 432, 433

Braconidae
association with Polydnaviridae, 460

Bracovirus (BV), 460
Bradoriida, 396
Brain, 225, 227, 309, 311, 325

Onychophora, 230
Branchial chamber, 433
Branchial lung, 433
Branchinecta, 99

visual neuropil, 317
Branchiopoda, 3, 23, 30, 418

absence of olfactory lobes, 320
anterior aorta, 363
epipodite, 258
exopodite, 255
frontal filament, 231
gnathobasic mandible, 254
head, 224
independent ganglia in the segment, 300
limb regeneration, 153
naupliar antenna, 243
number of segments, 203
optic neuropil, 318
putative spiral cleavage, 75
segment number, 204
tagmosis, 205
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Branchiura
absence of olfactory lobes, 320
exopodite, 255
number of post-embryonic stages, 99
segment number, 205
tagmosis, 205

Bredocaris
antennule, 246
limbs, 255

Brevipalpus
feminized by Cardinium, 454

bric à brac, 245
Bristletail. See Archaeognatha
Broad Complex (BR–C), 137
Broad Complex transcription factor, 190
Brood chamber, 432
Brooding, 431
Brotheas granulatus

anterior aorta, 354
Brownia rhizoecola, 444
Bryobia pretiosa

parthenogenesis induced by Wolbachia, 454
Buchnera

genome, 446, 447
Buchnera aphidicola, 445, 466

symbiosis with Acyrtosiphon, 443
Burgess Shale fossils, 395, 397
Burgess Shale-type faunas, 394
Burgessia

limbs, 255
Buthacus arenicola

heart, 354

C
Calanoida

tagmosis, 202
Calanus finmarchicus

heart, 360
Calcite

deposition in cuticle, 188
Caliothrips indicus

feeding resting stages, 109
Callipallenidae

cleavage, 69
Calliphora

dorsal diaphragm, 367
heartbeat, 381
tracheal ventilation, 381

Callipodida
segment number, 204
tagmosis, 205
teloanamorphosis, 93

Calmodulin, 182
Caloneurodea, 292
Calvertiellidae, 287, 290
Calyptopis, 99
Cambalida

euanamorphosis, 93

Cambropachycope, 403
Cambropycnogon

frontal filament, 231
Cambropycnogon klausmuelleri, 403
CAMP signaling, 127
Campanamuta mantonae, 401
Campodea, 367

number of post-embryonic moults, 100
Camponotini (carpenter ants)

bacterial endosymbionts, 445
Camponotus floridanus

brain, 325
Canadaspis, 233, 394
Canadaspis laevigata, 397
Canadaspis perfecta, 397
Cantharidae

number of larval stages, 100
Cantharis

number of larval stages, 100
cap‘n’collar (cnc), 261
Capillarization, 351
Caprella mutica, 362
Caprellidea

reduced pleon segmentation, 217
Caprogammarida

reduced pleon segmentation, 216
Carabidae

number of larval stages, 98
Carapace, 213
Carboniferous

diversification of winged insects, 283
Carcinoscorpius rotundicauda

sexual difference in moult number, 100
Carcinus maenas

protocerebrum, 323
Cardinium, 451, 453

inducing cytoplasmic incompatibility, 452
inducing feminization, 454, 457
inducing ploidy modifications in Encarsia

hispida, 454
inducing thelytoky, 453
manipulating arthropod reproduction, 451
manipulating host oviposition, 460

Cardiomyocyte, 346, 347
Cardiovascular system, 343
b-Carotene, 98
Carpenter ant. See Camponotini
Carsonella, 446, 447
Carsonella ruddii, 444
Caste

developmental control, 139
Catecholamines, 173
Cavity receptor organ, 232
Cell

amacrine, 313, 315
Kenyon, 326
monopolar, 313, 314
neurosecretory, 309

Centipede. See Chilopoda
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Central body, 309, 328
Central complex, 228
Central nervous system, 9, 299

origin of neurons, 109
phylogeny, 331

Central olfactory pathway, 321
Centrobolus vastus

colour segmental pattern, 210
segmental pattern, 211

Centruroides exilicauda
anterior aorta, 354
lacunar system, 355

Centruroides sculpturatus
ostia, 354

Cephalization, 227, 260
Cephalocarida, 23, 30

exopodite, 255
gnathobasic mandible, 254
head, 224
hemianamorphosis, 94
number of post-embryonic stages, 99
olfactory glomeruli, 322
segment number, 205
segments in pereion, 213
tagmosis, 205

Cephalon, 224
Crustacea, 224

Cephalosoma
Copepoda, 213

Cephalothorax, 213
Amphipoda, 224
Crustacea, 224

Cercus-heart, 370
Cerebralization, 227
CG15920, 185
Chalcidoidea

hypermetamorphosis, 115
Chelicera, 228

homology, 248
Hox gene expression, 248
neuromere, 307

Chelicerata, 3, 21, 22
arterial systems, 354
blastomere arrangement, 73
brain neuromeres, 309
central body, 329
circulatory organs, 350, 353
cleavage, 69
heart, 350
hypostome, 231
lacunar systems, 355
mating, 430
midgut regeneration, 164
regeneration potential, 153
Schneider’s organ, 311
telson, 201

Cheliceriformes, 3
Chelicerophora, 3
Chelifore, 248

Cheloniellon, 249
Cheloninae

association with Polydnaviridae, 463
Chelonus inanitus

association with bracovirus, 463
Chengjiang Lagerstätte, 394

fossils, 395
Chengjiangocaris longiformis, 396
Cherax

antennulary flagellum, 246
Cherax destructor

central olfactory pathway, 321
olfactory input, 323

Chiasmata
phylogenetic signal, 23

Chiastomyaria, 3, 31, 284
Chilacis typhae

bacterial endosymbionts, 445
Chilo partellus, 102
Chilopoda (centipedes), 28

arterial system, 358
central body, 330
circulatory organs, 357
dorso-ventral segmental mismatch, 207
egg protection, 432
fossil, 423, 426
heart, 357
heartbeat, 357
intermediate germ, 79
intralecithal cleavage, 70
larval stage, 108
leg innervation, 308
mechanosensory neuropil, 324
number of segments, 203
peripatoid, 112
postlarva, 108
protocerebral gland, 311
pupoid, 112
segment homology, 212
segment number, 199, 204
segmental pattern, 210
tagmosis, 205
yolk pyramids, 66, 67

Chirocephalidae
pre-epipodite, 258

Chitin, 124, 172, 174, 177
a-Chitin, 177
Chitin synthase, 177, 184
Chordeumatida

segment number, 204
tagmosis, 205
teloanamorphosis, 93

Chordotonal organ, 303
Choristoneura retiniana

sexual difference in moult number, 100
Chorthippus brunneus, 102
Chromosome

puffs, 129
salivary gland, 129
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Cicadellidae (leefhoppers)
bacterial endosymbionts, 444
symbiosis with Baumannia, 450

Cicadidae
bacterial endosymbionts, 444

Cimicidae (bed bugs)
bacterial endosymbionts, 445

Cinara cedri
bacterial endosymbionts, 445
host of Serratia, 450

Cindarella
limbs, 259

Cinerocaris, 251
limbs, 251, 255
pre-epipodite, 258

Circulation, 344, 349
Circulatory organs, 344, 346, 353, 367

abdominal appendages, 371
accessory, 375

Circulatory system, 10, 343, 344
development, 371
evolution, 375
hydraulic function, 355
insect flight, 379
in terrestrialization, 378

Cirripedia
frontal filament of nauplius, 231
limb regeneration, 153
number of post-embryonic stages, 99
putative spiral cleavage, 75
total cleavage, 71

Cladocera
cleavage, 71, 74
epimorphic development, 82
heart, 360
number of post-embryonic stages, 99
segment number, 205
tagmosis, 205

Cladogenesis
concordant between aphid and bacterial symbiont,

443
Clastoptera arizonana

bacterial endosymbionts, 444
Claval furrow, 291
Cleavage, 64, 65, 70–73

determinate, 68
discoidal, 64
holoblastic, 64, 65
indeterminate, 68
intralecithal, 64, 70
meroblastic, 64, 65
mixed, 65, 68
modes, 70
spiral, 75
superficial, 64, 68
total, 64, 65, 69

Clinopodes flavidus
absolute vs. relative segmental position, 215

Clitelloxenia hemicyclia

reduction in the number of post-embryonic stages,
114

Cloeon simile
number of moults, 98

Coal Measures Nodules, 408
Coccinellidae

number of larval stages, 100
Coccoidea (scale insects)

parthenogenesis induced by bacteria, 453
Cockroach. See Blattodea
Cocoon, 432
Coelomata, 19
Coenobitidae

trace fossil, 426
Coenonympha pamphilus, 102
Coevolution

host symbiont and enemy, 448
Coleoptera, 31

absence of olfactory lobes, 320
haemolymph flow, 365
number of larval stages, 98
number of post-embryonic moults, 100
sexual dimorphism in segment number, 203
structural changes during larval phase, 111
wing growth types, 272

Coleoptericin-A (ColA), 446
Collembola (springtails), 30

cephalic endoskeleton, 226
cleavage, 70
fossil, 424
intercalary stage, 97
limb regeneration, 154
marine interstitial, 419
multiple mature stages, 96
number of post-embryonic moults, 100
olfactory glomeruli, 322
reduction of pronotum, 208
regeneration of antenna, 156
regenerative potential, 152
segment number, 205
segmentation of antennule, 246
tagmosis, 205

collier, 21, 228
Collum, 206
Colour

change in the adult of Schistocerca gregaria, 98
segmental pattern, 210

Commentry
fossil insects, 288

Commissure, 300, 301
tritocerebral, 311

Compsoscorpius buthiformis, 409
Conchostraca

number of post-embryonic stages, 99
Confocal laser microscopy, 23
Connective, 301
Convergence, 318, 319, 322

olfactory system, 319
Copepoda, 30, 213
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cephalosoma, 213
cleavage pattern, 74
exopodite, 255
frontal filament, 231
heart, 360
hemianamorphosis, 94
limb development, 245
limb regeneration, 153
meiofauna, 420
myoarterial formations, 363
number of post-embryonic stages, 99
reduction of anterior aort, 376
segment number, 205
single adult stage, 96
tagmosis, 202, 205
total cleavage, 71

Copepodid, 99, 110
Copitarsia decolora, 102
Coprolite, 423, 424
Corale, 181
Cormogonida, 3, 21, 22, 28, 73
Corotoca

reduction in the number of post-embryonic stages,
114

Corpora allata, 127, 135, 311
Corpora cardiaca, 127, 135, 311
Corpotentorium, 226
Corpus lamellosum, 324
Corydaloididae, 290
Corystes cassivelaunus

allometry, 106
Costa (wing vein), 284
Cotransmitter, 320
Cowiedesmus eroticopodus, 430, 431
COX1, 44
Coxa, 252
Coxopodite, 274
Cpr47Ef, 187
Cpr64Ac, 187
Cpr76Bd, 187
cpr78Cb, 190
Cpr97Eb, 187
Crab

fused ganglia, 307
Craterostigmomorpha

anamorphic phase, 108
cardiac arteries, 358
dorso-ventral segmental mismatch, 207
hemianamorphosis, 93
segment number, 204
tagmosis, 205

Crayfish
epimorphic development, 82
germ band,77
scaphognathite, 257

crumbs (crb), 181, 189
Crussolum, 408, 424
Crustacea, 3, 21, 29

accessory olfactory lobes, 322

arterial system, 361, 362
blastomere arrangement, 73
brooding, 431
cephalon, 224
cephalothorax, 224
circulatory organs, 359
control of metamorphosis, 138
determinate cleavage, 71
embryonic moults, 126
fossil, 420
growth coefficient, 130
heart, 360
heartbeat, 362
lacunar system, 362
mandible, 253
mandibular gnathobase, 254
metamorphosis, 135
midgut regeneration, 164
moulting, 126
number of head segments, 224
polyphenism, 139
post-embryonic segment addition, 79
regeneration potential, 153
segment number, 199
sinus gland, 311
stem group, 403

Crustacean-cardioactive peptide, 330
Crustaceomorpha, 22
Cryptoniscium, 110
Ctenopseustis obliquana

sexual difference in moult number, 100
Cubitus (wing vein), 284
Cuccati bundle, 312, 315
Cucumber mosaic virus (CMV), 466
Cumacea

lateral cardiac arteries, 363
number of post-embryonic stages, 99

Cupedidae
structural changes during larval phase, 111

Cupiennius
expression of dac, 253
expression of H15, 375
expression of tinman, 374
expression of Wnt5-1, 374

Cupiennius salei, 311
blastoderm stage, 72
brain, 309
cardiac arteries, 351
cardiovascular system, 354
expression of dpp, 373, 374
expression of H15-1, 373
expression of tinman, 373, 374
expression of Wnt5, 373
heart, 354
mushroom bodies, 327

Curculio
bacterial endosymbionts, 445

Curculio sikkimensis, 449
Curculioniphilus buchneri, 445
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Cuticle, 6, 124, 171, 174, 175
architecture, 172, 173
calcification, 124
chitin, 175
composition, 173
cross-linking of components, 184
differentiation, 189, 190
envelope, 172
epicuticle, 172, 176
formation, 176
lipid, 175
melanisation, 187
mineralisation, 124, 188
procuticle, 172, 177
production pathways, 175, 180
protein, 175
sclerotisation, 124, 187
scutes, 180
secretion, 184
serosa, 180
surface envelope, 173
surface irregularities, 180
trachea, 188

Cuticle-producing epithelial cells, 180, 183
Cuticle protein glycine-rich, 176
Cuticle protein R&R (CPR), 179
Cuticulin, 173, 178
Cyclestherida

segment number, 204
sexual dimorphism in segment number, 203
tagmosis, 205

Cycloneuralia, 19
Cyclorrhapha

ganglion fusion, 216
number of larval stages, 100
ring gland, 127

Cylindroiulus caeruleocinctus
periodomorphosis, 97

Cyphophthalmi
pronymph, 112

Cypovirus, 465
Cyprid, 110
Cypris, 99
Cyrtopia, 99
Cyrtorhinus lividipennis, 102
Cytoplasmic incompatibility (CI), 452

D
dachshund (dac), 244, 250, 252, 277, 279
Dachsous, 160
Dala, 251

limbs, 255
Daphnia

effects of methyl farnesoate, 139
polyphenism, 139
predicted protein coding genes, 49
visual neuropil, 317

Daphnia magna, 488

Daphnia pulex
arterial system, 359
genome, 43, 49

dDAAM, 188
decapentaplegic (dpp), 160, 244, 245, 276

expression, 373
Decapoda

androgenic hormone, 123
arteries, 363
calcification of cuticle, 124
cleavage, 71, 74
descending artery, 363
determinate cleavage, 71
fossil, 426
heart, 360
hormones in regeneration, 162
larval types, 110
lateral cardiac arteries, 363
limb regeneration, 153
neuroendocrine factors, 138
number of post-embryonic stages, 99
olfactory glomeruli, 322
posterior aorta, 362
prezoea, 112
terrestrial, 432
ventral vessel, 363
yolk pyramids, 66

Decapodid, 110
Deformed (Dfd), 228, 229, 231, 260, 261
Deformed wing virus (DWV), 467
Degrowth, 107
Deilephila

haemolymph circulation
in the leg, 371

leg circulatory system, 370
Delta (Dl), 244, 250
Dendrobranchiata, 99

anamorphic development, 82
antennal exopodite, 243
cleavage pattern, 74
gill-bearing limb, 256
hemianamorphosis, 94
lack of germ band, 83
larval types, 110

Densovirus, 465
Dermaptera (earwigs)

limb regeneration, 154
number of post-embryonic moults, 100
stem-group, 285

Dermestes lardarius, 102
Dermestidae

sexual difference in moult number, 100
Derocheilocaris

segment addition, 95
Desaturase, 175
Deutocerebrum, 224, 227, 230, 309, 311, 319
Development, 92

abbreviated, 98
compartmentalised, 480
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complexity compared to morphological
complexity, 116

continuum of types, 108
epimorphic, 82
evolvability, 112
homeostasis, 488
hormonal control, 5
long germ, 76
periodization, 92, 111
plasticity, 486, 488
post-embryonic, 91
protarthrous, 95
protomeric, 95
short germ, 76
synarthromeric, 95
terrestralization, 430

Developmental polymorphism, 101
Devillea

number of post-embryonic stages, 96
Devonobius delta, 408, 425
Devonohexapodus, 407
Dfd. See Deformed
DHR38, 190
Diachasmimorpha longicaudata

association with entomopoxvirus, 464
Diadromus pulchellus

association with ascovirus, 464
Diania cactiformis, 241
Diaphanopterodea, 285, 290
Diaphragm, 367

dorsal, 349
Diaspididae (armored scales)

bacterial endosymbionts, 444
Diathemidae, 291
Diathemidia monstruosa

wing venation, 287
Diatraea grandiosella, 102
Diatraea lineolata, 102
Dibasterium, 250

limbs, 256
Dibasterium durgae, 249
Dicliptera, 289–291
Dicondylia, 3, 31

fossil, 426
tarsal annulation, 245

Dictyoneuridae, 290
Dictyoneuridea, 289
Dictyoptera

fossil, 408
olfactory glomeruli, 322

Dignatha, 3, 29
Dipetalogaster maximus

control of moult by feeding, 128
Diplichnites, 421, 422
Diplopoda (millipedes), 29

anamorphosis, 93, 108
calcification of cuticle, 124
cardiac arteries, 358
circulatory organs, 357

cleavage, 69
diplopody, 81
dorso-ventral segmental mismatch, 81, 94, 207
early terrestrial, 427
egg protection, 432
evolution of defense mechanisms, 435
fossil, 422, 423, 434
gonopods, 111, 430
growth, 104
heartbeat, 357
intermediate germ band, 79
larval stage, 108
law of anamorphosis, 94
leg segments, 254
limb regeneration, 153
mature stages, 96
midbrain, 330
mushroom bodies, 327
number of segments, 203
periodomorphosis, 97
pupoid, 112
segment number, 204
segmental distribution of ozopores, 210
Silurian, 428
tagmosis, 205

Diplopodichnus, 421
Diploptera punctata

neurogenesis in the adult, 113
Diplura, 30

antennal arteries, 365
cephalic endoskeleton, 226
cleavage, 71
limb regeneration, 154
multiple mature stages, 96
number of post-embryonic moults, 100
segment number, 205
spiracles, 210
tagmosis, 205

Diptera, 289
ganglion fusion, 216
gene families acquisition, 52
haemolymph flow, 365
imaginal discs, 109
number of larval stages, 100
number of post-embryonic moults, 100
olfactory glomeruli, 322
suboesophageal ganglion, 307
visual system, 315

Discoidalia, 289
distal antenna, 250
Distal-less (Dll), 244, 250, 252, 257, 258, 261, 277, 279,

482
Distasis, 291
Dityrosine transcellular barrier, 184
Diversification, 488
Dl. See Delta
Dolichophonus loudonensis, 423
Dolistenus savii

leg pairs in stage I, 95
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Dopa-decarboxylase (Ddc), 187
Dopamine, 128, 328
Dorsal

closure, 76
lobe, 324
shield, 224
vessel, 346

doublesex (dsx), 456
Dpp. See decapentaplegic
Dracochela deprehendor, 425
Dragonfly. See Odonata
Drosophila, 126, 458

behaviour affected by Wolbachia, 460
behavioural mutants, 329
control of body size, 133
development of circulatory system, 373
expression of pb, 261
expression of Scr, 261
expression of Twist, 374
expression of Ubx-/Abd-A, 276
expression of wg, 160
expression of Wnt4, 374
fixed moult number, 101
gene expression domains in the leg, 244
gene expression in limb regeneration, 159
growth compensation, 106
haemolymph circulation, 368
heartbeat rate, 349
imaginal discs, 273
infection by Wolbachia, 451
insulin-like proteins, 132
leg, 242
maternal effect genes, 489
mid-3rd transition, 112
midgut regeneration, 164
morphogenesis of ball-and-socket

tarsal joint, 247
regeneration of imaginal discs, 163
ring gland, 127
segmentation, 82
tarsal annulation, 245
wing circulatory organ, 375
wing discs, 272
Wnt signaling in regenerating limbs leg, 160

Drosophila ananassae
gene transfer from Wolbachia, 459

Drosophila melanogaster
blastoderm, 65
bristle formation, 180
chitin organisation, 177
chitin synthesis, 184
CPR coding genes, 179
deposition of epicuticle, 176
Ebony, 187
ecdysone activated genes, 129
expression of dpp, 373
expression of H15, 373
expression of tin, 373
expression of wg, 373

gene expression along post-embryonic development,
92

genes involved in cuticle formation, 189
genome, 43, 46
germ band development, 76, 77
mtDNA, 44
oenocytes, 176
Pale, 187
protein coding genes, 49
superficial cleavage, 72
symbiosis with Wolbachia, 448
Tweedle group proteins, 179
wing melanisation, 188

Drosophila neotestacea
host of Spiroplasma, 450
symbiosis with Spiroplasma, 448

Dryophthoridae
bacterial endosymbionts, 445

dsc73, 189
dumbfounded (duf), 247
Duox, 185
Dusty-like (Dyl), 182
Dyar’s coefficient, 104
Dyar’s rule, 130

index of conformity, 105
Dynein, 451
Dysaphis plantaginea (rosy apple aphid)

infection by virus, 465
Dytiscidae

structural changes during larval phase, 111

E
Earwig. See Dermaptera
Ebony, 187
E-cadherin, 181
Ecdysial suture, 125
Ecdysis, 125, 180
Ecdysone, 125, 129, 130, 136

activation of transcription, 129
control of cell division, 131
hydroxylated, 126
receptor EcR, 130, 190

a-Ecdysone, 126
b-Ecdysone, 126
Ecdysozoa, 50, 75, 229

hypothesis, 18
phylogeny, 52

Ecdysteroidogenesis, 127
Ecdysteroid, 126

receptor (EcR), 129, 137, 162
role in regeneration, 161

Ecdysterone, 126
EcR protein

Isoforms, 129
EcR. See Ecdysteroid receptor
Ectoderm, 76
Ectognatha, 30

cephalic endoskeleton, 226
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Ectoteloblast, 78, 80
Egg

protection, 431
terrestrialization, 431

Elaphocaris, 110
Ellipsoid body, 328
Ellipura, 3, 31
Elongase, 175
Embioptera

number of post-embryonic moults, 100
Embryo

elongation, 79
Embryonic development, 4
Emeraldella, 398
Emeraldella brocki, 234
Emu Bay Shale Konservat-Lagerstätte, 401
Enallagma vernale

regulation of moult number, 105
Encarsia hispida

feminisation induced by Cardinium, 457
ploidy modifications due to Cardinium, 454

Encarsia pergandiella
behaviour affected by Wolbachia, 460

Endeis spinosa
four-cell stage embryo, 72

Endite, 251
Endocard, 347
Endocrinology

developmental, 123
Endocuticle, 124
Endomitosis, 130
Endopodite, 254
Endopterygota

limb regeneration, 154
Endoskeleton

cephalic, 226
Endosymbiosis, 12, 441

facultative, 447
male-killing, 454
manipulation of host reproduction, 455
obligate, 442

Endothermy, 382
Energid, 64
engrailed, 93, 228
Enhancer of split, 245
Entognatha, 3, 30
Entomobryomorpha

reduction of pronotum, 208
Entomopoxvirus, 464
Eodiscina, 402
Eophalangium sheari, 424
Eoredlichia

limbs, 255
Eoredlichia intermedia, 395, 398
Ephemeroptera (mayflies), 279

anti-growth, 107
circulatory organ of abdominal appendages, 371
gill development, 274
limb regeneration, 154

multiple mature stages, 96
number of post-embryonic moults, 100
phylogenetic position, 284
prolarva, 112
relationships, 31
trunk regeneration, 151
wing, 283

Ephemeropterida, 288
Epicaridium, 110
Epicauta

hypermetamorphosis, 115
Epicuticle, 124, 176
Epidermal cells

endomitosis, 130
Epidermal Growth Factor receptor pathway, 245
Epidermis, 124

cell division, 125
switch to pupal commitment, 136

Epilachna
midgut regeneration, 164

Epimorphosis, 82, 93, 94, 97
Epinannolenidea

euanamorphosis, 93
Epipodite, 258
Epithelium, 124
Erasipteridae, 289
Ercaia

limbs, 256, 260
Eremoneura

ganglion fusion, 216
Erichthus, 110
Eryoneicus, 110
Espin Forked, 182
Espin, 182
Euanamorphosis, 93, 94, 97, 206
Euarthropoda

exopodite, 255
Eucarida

life cycle, 483
Eucharitidae

hypermetamorphosis, 115
Euchelicerata, 3, 21, 28

monophyly, 27
Eucrustacea, 231, 403
Eugeropteridae, 279
Eumalacostraca

segment number, 205
tagmosis, 205

Eumetabola, 279, 291
Euperipatoides rowellii

central body, 330
Euphausiacea (krill)

anamorphic development, 82
arteries, 363
cleavage, 71, 74
descending artery, 363
heart, 360
hemianamorphosis, 94
lack of germ band, 83
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Euphausiacea (krill) (cont.)
larval types, 110
number of post-embryonic stages, 99
olfactory glomeruli, 322
ventral vessel, 363

Eupsilia
thermoregulation, 381

Eurycoleus macularis
number of larval stages, 99

Eurypterida (sea scorpions), 253, 422, 433
horn-organs, 430

Eurypterus, 431
Eusparassus crassipes, 409
Euthycarcinoidea, 421
even-skipped, 79
Evolutionary

innovation, 487
novelty, 277, 377

Evolvability, 13, 479
developmental plasticity, 486
mechanisms, 484
ontogenetic, 483

exd, 24, 253, 279
Exocuticle, 124
Extinction rate, 485
extradenticle (exd), 244
Eye

apposition, 313
compound, 227, 230, 312
ectopic, 482
frontal, 227
median, 227
superposition, 313

Eyeless insects
central body, 329

eyeless, 482
Eyestalk

effects of ablation, 139
endocrine centres, 138

F
Facetotecta

segment number, 205
tagmosis, 205

Farnesoic acid O-methyltransferase, 138
Fas2, 181
Fascin, 182
Fat, 160
Feminization, 454

induced by microsporidia, 454
Femur, 254
Fezouata Formations, 401
Fibrocyte, 347
Fiddler crab. See Uca
Filistatidae

multiple mature stages, 96
Firefly. See Photinus, Photuris
Flavobacteria

male-killers, 454
Flavobacterium

manipulating arthropod reproduction, 451
Flea. See Siphonaptera
Flight, 9, 269

origin, 287
forked, 182
Formicidae (ants), 322
Fortiforceps, 249
Fossil arthropods, 11, 393

computer reconstruction, 406
regeneration, 150

fringe, 244
Frontal filament, 231
bFtzF1, 189, 190
Furca, 398
Furcilia, 99
Fuxianhuia protensa, 233, 396

G
GABA, 328, 330
Galea, 252
Galleria mellonella, 102
Gamma-aminobutyric acid (GABA), 308
Gammarida

leg/tergite mismatch, 213
Gammaridae

heteronomous appendages, 214
Gammarus pulex

germ band, 77
Ganglion

cardiac, 360
cytoarchitecture, 301
frontal, 311
fusion, 216, 307
prosomal, 228, 229
segmental shift, 300
sub-esophageal, 225, 307, 309
ventral, 304

Gap junction, 181
Gas exchange

terrestralization, 432
Gaspé

fossil, 426
Gaudy Commodore. See Precis octavia
Gecarcinidae, 426
Gecarcinus

moulting, 127
Gecarcinus lateralis

regeneration, 161
Gene 482

abdominal-A (abd-A), 260, 276, 481
Abdominal-B (AbdB), 260
Acp65A, 190
acquisition of families, 52, 57
Activator Protein-2, 244
Antennapedia (Antp), 260, 481
apterous (ap), 245, 258, 275, 277, 279
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armadillo (arm), 160, 181
ASH, 24
BarH1, 245
big brain (bib), 246
Bithorax complex (BX-C), 276
bowl, 244
bric à brac, 245
cap‘n’collar (cnc), 261
CG15920, 185
collier (col), 21, 228
co-option, 277
cpr78Cb, 190
crumbs (crb), 181, 189
cuticle formation, 189
dachshund (dac), 244, 250, 252, 277, 279
ddaam, 188
decapentaplegic (dpp), 160, 245, 261, 276, 277, 374
Deformed (Dfd), 228, 229, 231, 260, 261
Delta (Dl), 24, 244, 250
distal antenna, 250
Distal-less (Dll), 244, 250, 252, 257, 258, 261, 277,

279
doublesex (dsx), 456
dsc73s, 189
dumbfounded (duf), 247
ecdysone activated, 129
EcR, 129
engrailed, 93, 228
Enhancer of split, 244
even-skipped, 79
expression along post-embryonic development, 91
extradenticle (exd), 24, 244, 253, 279
eyeless, 482
Fas2, 181
forked, 182
fringe, 244
bFtzF1, 189
gain, 55
H15, 374
hedgehog (hh), 160, 279
homothorax (hth), 24, 244, 250, 277, 279
Hox, 214, 228, 260, 309, 480
Hox3, 229, 231, 260
knk, 189
labial (lab), 228, 229, 231, 260
ladybird early, 247
lines, 244, 250
maternal effect, 489
modularity of networks, 483
network, 482
Notch, 24, 246
nubbin (pdm/nub), 244, 258, 275
number, 49
odd, 244
Ontology, 49, 55
order, 44
Otx, 228, 231
polished rice (pri), 188

proboscipedia (pb), 228, 229, 231, 260
proresilin, 186
scalloped (sd), 279
sec23, 181
sec24, 181
segmentation, 82
serca, 188
Serrate (Ser), 244
Sex combs reduced (Scr), 92, 260, 276, 279, 481
sex-specific expression, 489
shotgun (shg), 181
sinuous, 181
Six3, 231
Six3+, 228
snail, 276
sparc, 180
stage-specific expression, 484
teashirt (tsh), 280
tinman, 374
trachealess, 258
transfer from symbiont to host, 459
twist (twi), 247, 374
UbdA, 261
Ultrabithorax (Ubx), 260, 276, 481
Ultraspiracle (USP), 129
verm, 189
vestigial (vg), 274, 276, 279
vha, 188
wingless (wg), 160, 228, 245, 276, 279, 374
wollknäuel (wol), 182
yellow, 188

Generative zone, 93
Genome

phylostratigraphic analysis, 50
sequencing projects, 48
shrinkage in bacterial symbionts, 443

Genomics
comparative, 2, 51

Geogarypus, 409
Geophilomorpha

absolute vs. relative segmental position, 215
cardiac arteries, 358
dorso-ventral segmental mismatch, 207
epimorphosis, 82, 94
intralecithal cleavage, 70
limb regeneration 153
multiple mature stages, 96
number of segments, 203
olfactory glomeruli, 322
segment number, 199, 204
segmental position of spiracles, 217
sexual dimorphism in segment number, 203
tagmosis, 205

Germ
layers, 76
band, 76–78, 81, 83
disc, 76, 77

Giant silk moth. See Attacus
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Gilboa fossils, 408, 420, 425, 427
Gill

development in Ephemeroptera, 274
larval, 274
patterning genes, 277
tracts, 433

Gland
protocerebral, 311
sinus, 311

Glaucothoe 110
Gliotactin-Discs large (Dlg) complex, 181
Glomerida (pill millipedes)

anal shield, 213
dorsal vs. ventral segmentation, 94
hemianamorphosis, 93
segment number, 204
tagmosis, 205

Glomeridesmida
dorsal vs. ventral segmentation, 94
hemianamorphosis, 93
segment number, 204
tagmosis, 205

Glomeris
dac expression, 252
dorsal vs. ventral segmentation, 94
embryonic anlagen of dorsal and ventral structures,

208
expression of H15, 375
expression of Wnt5, 374
expression of Wnt7, 373, 374
hemianamorphosis, 93

Glomeris marginata
expression of dpp, 373
expression of H15-1, 373

Glomerulus, 306
Glossina (tsetse fly)

bacterial endosymbionts, 445
Glycoproteins, 124
Glyptapanteles

association with Polydnaviridae, 463
Glyptocranium cornigerum

number of moults, 98
Gnathia dentata

tagmatic mismatch, 214
Gnathiidae

non-feeding adult, 97
tagmatic mismatch, 213

Gnathobase, 254
Gnathobasic mandible, 254
Gnathochilarium, 206
Gnathosoma, 201
Goethe

description of insect head, 224
Goliath beetles

growth and larval moults, 125
Gonodactylaceus falcatus

arterial system, 361
Gonodactyloidea, 99
Gonopod, 111, 156, 430

Goticaris, 403
G-protein-coupled receptor, 127
Gracillariidae

hypermetamorphosis, 115
Grain weevil.See Sitophilus
Grainy head, 190
Grapsidae

fossil, 426
Grassatores

multiple mature stages, 96
Gravieripus

pupoid, 112
Great appendage, 248, 395

arthropods, 233, 397, 398
Grimothea, 110
Growth, 103, 125

absolute, 104, 106
appositional, 103
compensatory, 105
convergent, 105
determinate, 103, 124
embryonic, 82
hormonal regulation, 131
indeterminate, 103, 124
intercalary, 125
intermoult, 131, 132
internal organs, 131
internal tissues, 132
intussception, 103
isometric, 106
isovolumetric, 103
limb, 255
meristic, 106
mode, 103
moult-related, 130
phases, 106
post-embryonic, 82, 103
rate, 104
relative, 106
secreted factor, 123
soft cuticle, 124
targeted, 105
zone, 79, 81, 93

Grylloblattodea
number of post-embryonic moults, 100

Gryllus , 250
Scr- expression, 275

Gryllus bimaculatus, 102
gene expression in limb regeneration, 159
mechanosensory neuropil, 324

Guangweicaris spinatus, 396
Guanshan Lagerstätte, 396
Gut diverticula, 216

H
H15, 374

expression, 373
Haemocoel, 343
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flow current, 362
Haemocyanin

phylogenetic signal, 30
Haemocyte, 343, 451
Haemolymph, 343

circulation, 349, 368
flow, 365, 367

Haikoucaris, 249, 399
great appendage, 249

Halacarida
marine interstitial, 419

Haliestes
limbs, 255

Haliestes dasos, 405
Hallucigenia, 394
Hamiltonella, 449, 450
Hamiltonella defensa, 448, 466
Hanseniella

development of circulatory system, 373
Haplocnemata, 3
Haplodiploidy

affected by bacterial symbionts, 457
Haplophilus subterraneus

number of segments, 203
Haplopoda

body segmentation, 206
Harpalus

number of larval stages, 99
Harrisina brillians, 102
Harvestman. See Opiliones
Hatching, 113
Hawkmoth. See Sphingidae
Head, 7, 205, 224, 225

capsule, 224
endoskeleton, 225, 226
fossil evidence, 232
gene expression, 228
number of segments, 224
origin, 229

Heart, 346, 347, 354
development, 371
excurrent ostia, 348
frontal, 363, 375
function, 349
gene expression in development, 373
globular, 360
histology, 347
incurrent ostia, 348
myogenic, 360
neurogenic, 360
ovipositor, 371
tubular, 360
two-way ostia, 348

Heartbeat
control, 349, 365
Myriapoda, 357
rate, 349
reversal, 349, 365, 381

hedgehog (hh), 160, 279

Heliconius
genome, 49

Heliconius melpomene
genome, 43

Helicoverpa armigera
gene expression along post-embryonic development,

92
Helminthomorpha

gonopods, 430
number of segments, 203
segmental distribution of ozopores 210

Helodidae
structural changes during larval phase, 111

Hemianamorphosis, 93, 94, 97
Hemiellipsoid bodies, 320, 326
Hemimetaboly, 483
Hemiptera

absence of olfactory lobes, 320
limb regeneration, 154
number of post-embryonic moults, 100

Henicopini
segmental pattern, 210

Henningsmoenicaris, 403
Hepatopancreas, 125
7,11-Heptacosadiene, 173
Heptacosane, 173
Heptathela kimurai

central body, 330
Herefordshire Lagerstätte, 404
Hermit crab. See Paguroidea
Herpetogramma licarsisalis, 102
Hesslandona, 404
Heterochely, 106
Heterochrony

between cell proliferation and segmentation, 81
Heterogamety, 456
Heterogony, 114
Heteropezinae

polyphenism, 115
Heteroptera

haemolymph circulation in the leg, 371
poor regenerative potential, 152

Hexapoda, 3, 21, 23, 30, 418
accessory pulsatile organs, 367
blastomere arrangement, 73
circulatory organs, 367
circulatory system, 364
cleavage, 70
dorsal vessel, 364
egg protection, 432
epimorphic development, 82
fossils, 429
haemolymph flow, 365
heartbeat control, 365
loss of mandibular palp, 254
mandible, 253
monophyly, 30
nervous tract patterns, 301
neuroblasts, 306
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Hexapoda (cont.)
olfactory glomeruli, 319
ostia, 365
regeneration potential, 154

Himantarium gabrielis
segment number, 207

Histamine, 313, 328
Histeridae

number of larval stages, 100
Histoblast, 109
Hodgkinia cicadicola, 444
Holaspid, 95
Holometabola, 31, 273, 291

Dyar’s coefficient, 104
sexual dimorphism in segment number, 203

Holometaboly, 483
Homarida

accessory olfactory lobes, 322
Homeostatic equilibrium, 344
Homeotic mutation, 249
Homology, 224, 277

appendage, 229
combinatorial concept, 212
deep, 280, 376
developmental stage, 103
neuron, 307
partial, 307
positional, 212
segment, 211, 228
serial, 250, 307
special, 212

Homonomy, 308
homothorax (hth), 24, 244, 249, 277, 279
Honeybee

lack of neurogenesis in the adult, 113
Horizontal gene transfer

Wolbachia, 449
Horizontal symbiont transmission, 451
Hormone, 123

androgenic, 123
juvenile, 123, 137
role in regeneration, 161

Horn
Onthophagus, 486

Horseshoe crab. See Xiphosura
Howardula, 448
Hox genes, 198, 228, 260, 480

expression domain, 199
expression patterns, 214, 481
head, 309

Hox3, 229, 231, 260
hth. See homothorax
Human lice. See Pediculus
Hurdia, 399, 400
Hutchinsoniella macracantha

brain and ventral nerve cord, 225
head, 225

Hyalophora cecropia
control of moulting, 127

Hydrachnida
water-to-land transition, 419

Hydropalaeoptera, 284, 287
Hydrophilidae

number of larval stages, 98
20-Hydroxyecdysone, 126
Hydroxylated ecdysone, 126
Hymenoptera, 31, 290

effect of Wolbachia infection, 452
number of larval stages, 100
number of post-embryonic moults, 100
olfactory glomeruli, 322

Hypemetamorphosis, 135
Hyperaspis lateralis

number of larval stages, 100
Hypermetaboly, 111
Hypermetamorphosis, 115
Hyphantria cunea, 102
Hyphydrophilus adisi

segment number, 207
Hypnotheca, 109
Hypodermis, 124
Hypolimnas bolina

behaviour affected by Wolbachia, 459
sex ratio distortion by bacterial symbionts, 456

Hypostome, 231
Hysterosoma, 201, 205

I
Iblomorpha

cleavage pattern, 74
Ichneumonidae

association with Polydnaviridae, 460
Ichnofossils, 420
Ichnovirus (IV), 460
Ichthyostraca, 3, 20

segment number, 205
tagmosis, 205

Idiosoma, 201
Idoptilus onisciformis

nymph, 287
Idotea baltica

protocerebrum, 323
Illacme plenipes

number of segments, 203
Imaginal disc, 109, 131, 272, 273

regeneration, 163
switch to pupal commitment, 136

Imago, 91, 96
Immune system, 455
Immunity

aphids hosting Buchnera, 446
Sitobion, 446

Immunocompetence
reduced by Wolbachia, 451

Information
optokinetic, 317

Innervation
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dorsal muscles, 308
Innovation, 485, 488
Insecta, 3

central body, 329
embryonic moults, 126
flight, 9, 269
head, 224
juvenile, 123
metamorphosis, 135
moulting, 127
phylogeny, 270
polyphenism, 139
segment number, 205
tagmosis, 205
wings, 269

Instar, 92
Insulin

control of cell enlargement, 131
receptor signaling pathway, 127, 131
synergy with ecdysone, 131

Intercalary
male, 97
wing vein, 284

Intermediate germ band, 79
Interneuron

intersegmental, 304
local non-spiking, 303
local spiking (LSI), 303
visual, 314

Ischium, 254
Isopoda, 451

calcite deposition in cuticle, 188
cephalothorax, 213
cleavage, 71
epimorphic development, 82
feminized by Wolbachia, 455
fossil, 426
germ band, 77
lateral cardiac arteries, 363
limb regeneration, 153
manca, 110
marsupium, 432
neurogenic heart, 360
number of post-embryonic stages, 99
olfactory glomeruli, 322
terrestrial, 432
terrestrialization, 379, 429
ventral vessel, 363

Isoptera, 31
limb regeneration, 154
number of post-embryonic moults, 100

Isoxys, 394, 397, 401
Ixodes

predicted protein coding genes, 49
Ixodes ricinus

alloscutum, 185
Ixodes scapularis

genome, 43, 49
Ixodida (ticks)

cell division during feeding, 113

J
Japanese honeybee. See Apis cerana japonica
Japygidae

spiracles, 210
Jasmonic acid (JA)

effect on gene expression, 466
Jianfengia, 399
Jianshanopodia decora, 235
Jugatacaris agilis, 397
Jugum, 291
Julida

euanamorphosis, 93
law of anamorphosis, 94
periodomorphosis, 97
segment number, 204
tagmosis, 205

Juliformia
circulatory organs, 357
Silurian, 428

Julus scandinavius
mushroom bodies, 327
number of mature stages, 96

Junction
gap, 181
septate, 181

Juniata Formation fossils, 422
Juvenile hormone (JH), 127, 128, 133-136

control of larval form and colour, 135
effect of caste identity, 139

K
Kaili Biota, 396
Kampecarida, 423
Kemperala hagenensis, 287
Kentrogon, 110
Kerygmachela, 234
Kerygmachela kierkegaardi, 234, 235, 401
Kiemenplatten, 433
Kiisortoqia soperi, 400
Kinesin-1, 451
1KITE project - 1000 Insects Transcriptome Evolution

project, 48
Klausmuelleria salopiensis, 402
Kleidoceria schneideri, 445
Kleidocerys resedae

bacterial endosymbionts, 445
Knickkopf (Knk), 178, 179, 189
Krill. See Euphausiacea
Kunmingella douvillei, 395, 396
Kunmingella maotianshensis, 396
Kunyangella, 396
Kurzkeim, 76

L
labial (lab), 228, 229, 231, 260
Labidura riparia

sexual difference in moult number, 100
Labiophora, 28

Index 513



Labium, 225
Labrophora, 231, 259, 403
Labrum, 311

homology, 231
Laccase2, 187
Lacinia, 252
Lacuna, 347
Lacunar system, 344
ladybird early, 247
Laevicaudata

segment number, 204
sexual dimorphism in segment number, 203
tagmosis, 205

Lamellar setae, 396
Lamellipedia, 394
Lamina, 312, 313
Lampyridae

number of larval stages, 100
photic organs, 486

Land hermit crab, 432
Langkeim, 76
Lantern, 487
Lapeyriidae, 289
Larva, 107, 484

change to pupa, 136
coarctate, 109, 115
nervous system, 309
types, 110

Lateral inhibition, 315
Latrodectus variolus

limb regeneration, 152
Law of anamorphosis, 94
Lazarus appendage, 108, 149, 156
Leanchoilia, 394, 398

antennule, 248
great appendage, 249

Leanchoilia superlata, 233, 395, 399
Lebanese amber, 409
Leefhopper. See Cicadellidae
Leg

circulatory organ, 371
specialisation, 481

Leloir pathway, 182
Lemmatophora typa

prothoracic paranota, 287
Lemmatophoridae, 279, 287, 290
Lepidocaris, 251
Lepidoptera

dorsal diaphragm, 367
haemolymph circulation in the wing, 370
haemolymph flow, 365
imaginal discs, 109
non-feeding adult, 97
number of post-embryonic moults, 100
olfactory glomeruli, 322
proboscis heart, 371

Lepidurus
adult limb, 253

Lepisma

thoracic musculature, 283
Lepisma saccarina

midgut regeneration, 164
mushroom bodies, 327

Lepismatidae, 279
cleavage, 71

Leptinotarsa decemlineata
fixed moult number, 101

Leptodora
body segmentation, 206
brain, 230
thoracopod, 257

Leptodora kindtii, 99
brain, 227
flow current in the haemocoel, 362

Leptopilina boulardi
behaviour manipulated by virus, 465

Leptostraca
lateral cardiac arteries, 363
number of post-embryonic stages, 99
olfactory glomeruli, 322
pre-epipodite, 258
superficial cleavage, 71

Lernaeocera branchialis
segmental pervasivity, 217

Leucon nasica
heart, 360

Leverhulmia, 407
Liangwangshania biloba, 395, 396
Life cycle

complexity, 114
evolvability, 483

Ligia, 429
Limb autotomy factor-Anecdysis (LAFan), 162
Limb autotomy factor-Proecdysis (LAFpro), 162
Limb, 8

annulation, 242, 245
biramous, 250
first cephalic, 248
musculature, 245
phyllopodial, 252
postantennulary, 250
segment, 242
segmentation, 244, 254
types, 248

Limnadopsis
endopodite segmentation, 254

Limulus, 213, 250, 261
chelicera, 249
limb, 256
UbdA expression, 261

Limulus polyphemus
central body, 330
circulatory organs, 353
development of circulatory system, 373
fused ganglia, 307
gene order, 44
genome, 27
heart, 350
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larval nervous system, 309
mushroom bodies, 327
serotonin immunoreactivity, 305
ventral lacunar system, 355

lines, 244, 250
Lipid

homeostasis, 176
Lipophorin, 176

receptor, 176
Lipoproteins, 124
Lithobiomorpha, 357

cardiac arteries, 358
circulatory organs, 357
Dyar’s coefficient, 104
hemianamorphosis, 93
intralecithal cleavage, 70
larva, 108
leg/tergite mismatch, 213
limb regeneration, 153
segment homology, 212
segment number, 204
segmental pattern, 210
tagmosis, 205

Lithobius
continuous production of neuromeres, 113
expression of engrailed, 93

Lithobius forficatus
dorsal muscles innervation, 308
protocerebrum, 323
serotonin immunoreactivity, 305

Lithobius mutabilis
allometry, 106

Lithobius variegates
mushroom bodies, 327

Lithomantis bohemica
nygmata in wing membrane, 287

Lithomantis carbonarius
prothoracic articulated winglets, 287

Lithoneura lameeri, 288
wing venation, 287

Lobopodia, 50, 233, 234
fossil, 20, 230

Lobula, 312, 315
Lobula plate, 315
Lobus glomerulatus (LG), 323
Locomotion

digitigrade vs. plantigrade, 429
terrestrialization, 429

Locusta migratoria
brain, 325
wing circulatory organ, 375

Lophogastrida
body segments, 206
ventral vessel, 363

LpR, 176
Ludford Lane fossils, 420, 423
Ly6-type proteins, 178
Lycaena, 102

Lycaena phlaeas, 102
Lymantria dispar, 102

control of moulting, 127
Lymexylidae

structural changes during larval phase, 111

M
Machilidae

cleavage, 71
Maclura pomifera agglutinin (MPA), 184
Macrobrachium

megalopa, 109
zoea, 109

Magnetic resonance imaging, 23
Majidae

growth, 104
Makisterone A, 126
Malacostraca, 23, 30, 418

antennule, 248
anterior aorta, 363
cleavage pattern, 74
lateral cardiac arteries, 363
mature stages, 96
myoarterial formations, 363
nervous tract patterns, 301
neuroblasts, 306
neurogenic heart, 360
olfactory glomeruli, 322
posterior aorta, 363
putative spiral cleavage, 75
segment number, 205
segments in pereion, 213
tagmosis, 205
teloblasts, 80
telson, 201

Male minor worker, 111
Manca, 99, 108, 110
Mandible, 225, 252, 253

gnathobasic origin, 254
Mandibular arch, 357
Mandibular organ inhibitory hormones

(MOIHs), 138
Mandibular organs

secretory activity, 138
Mandibular palp

loss, 254
Mandibulata, 3, 22, 25, 51, 403

cleavage, 70
mandible, 253
monophyly, 24

Manduca
effects of diet on moult number, 133
growth compensation, 106
imaginal discs, 136
thermoregulation, 38
threshold size for metamorphosis, 133
wing-body size scaling, 134
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Manduca sexta, 102
chitin synthesis, 184
control of tissue growth, 131
cuticle sclerotisation, 187
ecdysone, 136
ecdysone receptor isoforms, 130
gene expression along post-embryonic development,

92
juvenile hormone, 136
mechanism triggering metamorphosis, 128
regulation of moult number, 105

Mantispidae
hypermetamorphosis, 115

Mantodea
limb regeneration, 154
number of post-embryonic moults, 100

Mantophasmatodea
number of post-embryonic moults, 100

Marrella, 398
limbs, 256, 260

Marrella splendens, 395, 398
Marrellomorpha, 398
Marsupium, 432, 433
Martinssonia, 403

postantennulary limb series, 252
Mass extinction

Permian/Triassic, 285
Mastigopus, 108, 110
Mastotermes darwinensis

bacterial endosymbionts, 444
Maternal care, 431
Mature stage, 95, 96
Maxilla, 225, 251, 252, 257
Maxilliped arch, 357
Maxillipede, 213

Amphipoda, 224
Maxillopoda, 23
Maxillule, 225, 252
Mayfly. See Ephemeroptera
Mazon Creek fossils, 288, 408
Mazothairos enormis, 290
Mechanosensory neuropil, 324
Mecistocephalus diversisternus

sexual dimorphism in segment number, 207
Mecistocephalus japonicus

sexual dimorphism in segment number, 207
Mecistocephalus microporus

sexual dimorphism in segment number, 207
Mecoptera, 31, 290

number of post-embryonic moults, 100
Media (wing vein), 284
Medulla, 312, 315
Megacheira, 233, 249, 398, 435

phylogenetic position, 234
Megadictyon, 394
Megadictyon cf. haikouensis, 235
Megalopa, 99, 110
Megaloptera

number of post-embryonic moults, 100

Meganeuropsis permiana, 289
Meganisoptera, 289
Meganyctiphanes norvegica

blastomere cross furrow, 72
metanauplius, 77

Megasecoptera, 279, 290
Meinertellidae, 279
Melanoplus differentialis, 102
Melanoplus ferrumrubrum, 102
Melanoplus sanguinipes, 102
Melipona bicolor

A+T content in mtDNA, 45
Meloidae

coarctate larva, 109
hypermetamorphosis, 115

Membracidae (treehoppers)
prothoracic helmet, 482
scr- expression, 275

Meraspid, 95
Merosegment, 246
Merosegmentation, 82
Mesenchyme

role in regeneration, 159
Mesephemeridae, 288
Mesoderm, 76
Mesosoma, 201, 202, 205, 213
Mesoteloblast, 80
Mesothelae

body segments, 205
multiple mature stages, 96

Metacancer magister
sexually dimorphic allometry, 106

Metamere, 199
Metamorphosis, 107, 124, 134

control, 129
non-systemic, 111

Metanauplius, 99, 110
Metapenaeus ensis

development of circulatory system, 373
Metapterygota, 3, 284, 285, 288
Metasoma, 202, 205, 206
Methoprene, 137, 138
Methyl farnesoate (MF), 135, 138

effects on Daphnia, 139
Mickoleitiidae, 288
Micro-computed tomography (MicroCT), 23, 409
Microdecemplex, 408
Microgastrinae

association with Polydnaviridae, 463
Micromalthidae

hypermetamorphosis, 115
Micromalthus debilis

polyphenism, 115
Microniscium, 110
Microplitis demolitor

association with bracovirus, 463
MicroRNA, 50

phylogenetic signal, 27
Microsporidia, 453
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inducing feminization, 454
male-killers, 454

Mictocaris halope
heart and anterior aorta, 359

Mid-3rd transition, 112
Midgut

regeneration, 163
MIH, 127
Millipede. See Diplopoda
Mimetaster

limbs, 256
Mimetaster hexagonalis, 398
Miniature (M), 182
Miniaturization, 98
Miracrustacea, 3
Mischopteridae, 290
Misszhouia, 396

limbs, 255
Misszhouia longicaudata, 395
Mite. See Acari
Mitochondrial genome (mitogenome), 42

barcoding, 43
composition, 44, 56
phylogenetic inference, 46
strand asymmetry, 47
structure, 44

Mixocoel, 376
Mobile genetic element, 456

lacking in bacterial symbionts, 446
Modicogryllus siamensis, 102
Modularity

stage-specific, 485
Molytinae

bacterial endosymbionts, 445
Monochamus alternatus

Laccase2, 187
Monochamus carolinensis, 102
Montceau-les-Mines fossils, 408
Moranella endobia, 444
Motoneuron, 301, 304

excitatory, 308
homology, 306
inhibitory, 303, 307
leg muscles, 307

Moult
control, 125
embryonic, 126
environmentally controlled number, 102
mitosis, 113
number, 98, 100, 101
regulation of the number, 105
role in regeneration, 161
supplementary, 96

Moulting cycle
control, 125

Moulting 124
gel, 125
process, 125

Moult-inhibiting hormone (MIH), 126

MtDNA
A+T content, 44
compositional heterogeneity, 45
GC-skew, 46
long branch attraction, 46
strand asymmetry, 45

Multi-chela, 233
Multicrustacea, 3, 30
Muscle

alary, 367
Muscoidea

synganglion, 216
Musculature

thoracic, 283
Mushroom bodies (MBs), 228, 309, 320, 326
Muyudesmus obliteratus

supplementary moult, 96
Mycetocyte, 443
Mygalomorphae

multiple mature stages, 96
Myoarterial formation, 363
Myocard, 346, 347
Myocyte, 362
Myodocopa

body segmentation, 206
number of post-embryonic stages, 99

Myogenesis, 247
Myosin, 362

1A, 182
Myriapoda, 3, 21

blastomere arrangement, 73
circulatory organs, 357
circulatory system, 355
cleavage, 69
dorso-ventral segmental

mismatch, 207
egg protection, 432
fossil, 420
germ band, 79
head, 224
loss of mandibular palp, 254
mandible, 253
mating, 430
midgut regeneration, 164
monophyly, 28
neuronal progenitor cells, 306
optic neuropil, 318
regeneration potential, 153
segment number, 199
tentorium, 226
terrestrialization, 378

Myriochelata, 3, 22
Mysida

pereopod, 254
ventral vessel, 363

Mysidacea
descending artery, 363
number of post-embryonic stages, 99
terminal limb annulation, 245
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Mysidium columbiae
expression of wg, 373, 374

Mysis, 110
Mystacocarida, 30

head, 224
number of post-embryonic stages, 99
segment number, 205
segments in pereion, 213
tagmosis, 205
thoraco-abdomen, 213
tritocerebrum, 230

Mystrium
central body, 329

Myzus persicae (peach-potato aphid), 448

N
N-acetyldopamine (NADA), 187
Najad, 109
N-alkans, 172
N-alkenes, 172
Namuroningxiidae, 287, 290
Nannochorista neotropica

pulsatile diaphragm, 369
Naraoia, 394
Naraoia spinosa, 395
Naraoiidae, 234
Nardonella, 445, 446
Nasanovia ribisnigri, 102
Nasonia

reproductive isolation by cytoplasmic incompatibil-
ity, 458

Nasonia vitripennis
gene transfer from Wolbachia, 459
parasitised by Arsenophonus nasoniae, 451

Naupliosoma, 110
Nauplius, 79, 99, 110
NBAD synthase, 187
Neala, 291
Neaphaenops tellkampfii

central body, 329
Nebalia

trunk limb, 251
Nektaspida, 394
‘Nematocera’

number of larval stages, 100
Nematophora

nesting chamber, 432
Nematus oligospilus, 102
Nemestrinidae

ganglion fusion, 216
hypermetamorphosis, 115

Neochrysocharis formosa
parthenogenesis induced by Rickettsia, 453

Neomysis integer
germ band, 78

Neoptera, 3, 283, 291
wing, 283

Neotanaidae, 99

Nervana 2, 181
Nerve

anastomosis, 301
antennal, 311
gustatory, 303
mechanosensory, 303
optic, 309
sensory afferent, 303

Nervous system, 10, 299
associated with vascular system, 360
groundpattern, 331
stomatogastric, 311, 365

Nervous tract patterns, 301
Nervus recurrens, 311
Neural cladistics, 23
Neuraxis, 309
Neurexin IV, 181
Neuroblast, 109, 301, 306
Neuroectoderm, 306
Neurogenesis

phylogenetic signal, 23
Neurohormone, 126
Neuron

anucleate, 1
centrifugal, 315
cholinergic, 320
GABAergic, 315, 320
histaminergic, 320
homology, 306, 307
olfactory receptor (ORN), 319
pioneer, 306
serotonin-immunoreactive (5HT-ir), 308
T, 313
tangential, 315
transmedullary, 315

Neuropeptide, 320
Neurophylogeny, 23, 300, 331
Neuropil, 300, 301, 324

antenna 2 (AnN), 324
auditory, 306
brain, 309
central body, 328
deutocerebral accessory, 322
glomerular, 319
lateral antennular, 324
median antennular (MAN), 324
optic, 309, 312
pectine, 306
tegumentary, 325
visual, 312, 317

Neuroptera, 290
number of post-embryonic moults, 100

Neurosecretion, 135, 301, 309
Neurotransmitter, 308
Neutrum, 99
Nisto, 110
Nocturnal insects

central body, 329
Nodialata, 289
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Nomadacris septemfasciata, 102
Nonacosane, 173
Nonoculata, 3, 30
Nopoiulus kochii

periodomorphosis, 97
Notch, 244, 246
Notostigmata

multiple mature stages, 96
Notostraca

dorso-ventral segmental mismatch, 207
epipodite, 258
frontal filament, 231
limb development, 253
number of post-embryonic stages, 99
polypody, 81
segment number, 204
segmental mismatch, 81
tagmosis, 205

nubbin (pdm), 245, 258, 275
Nudivirus, 462
Numt

disrupting effect on barcoding, 43
Nygma, 287, 290
Nymph, 109, 110
Nymphatelina gravida, 406
Nymphonidae

cleavage, 69
N-b-alanyldopamine (NBAD), 187

O
Octopamine, 301, 328
odd, 245
Odonata (dragonflies)

absence of olfactory lobes, 320
growth, 104
intraspecific variation in moult number, 101
limb regeneration, 154
number of post-embryonic moults, 100
phylogenetic position, 284
prelarva, 112
pterothorax, 208
relationships, 31
stem-group, 285

Odonatoclada, 289
Odonatoptera, 279, 283, 288

paranotal lobes, 275
Oelandocaris, 403

mandible, 252
Oenocyte, 176
Oestokerkus, 399
Offacolus, 250

limb, 256, 257
Offacolus kingi, 405, 406
Old world monkey louse. See Pedicinus

obtusus
Olenoides

limb, 255

Olenoides serratus
anatomy and functional

morphology, 398
Olfactory glomeruli, 322

macroglomerular complexes, 322
Olfactory lobes, 319

absence, 320
accessory, 322

Oligostraca, 3
Ommatidium, 312
Ommatoiulus sabulosus

periodomorphosis, 97
Oncopeltus

expression of Abd-A, 276
expression of scr-, 275
expression of Ubx, 276

Oncopeltus fasciatus
control of moult by feeding, 128
expression of pb, 261
expression of wg, 160

Oniscoidea
fossil, 426
gills, 434

Onthophagus
expression of scr-, 275
horns, 486
maxilla, 252

Onthophagus binodis
thoracic horns, 487

Onthophagus nigriventris
developmental plasticity, 488
thoracic horns, 487

Onthophagus sagittarius
thoracic horns, 487

Onthophagus taurus
mechanism triggering metamorphosis, 128
thoracic horns, 487

Ontogenetic trajectory
target, 105

Ontogeny
modularity, 485

Onychophora 20, 50
antenna, 231
brain, 230, 311
central body, 330
cleavage, 75
growth zone, 80
head, 229, 232
mixocoel, 376
stem group, 233
transcriptomes, 56
vivipary, 75

Oogenesis
effects of Wolbachia, 455

Oostegite, 258
Opabinia regalis, 233
Ophyiulus pilosus

number of mature stages, 96
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Opiliones (harvestmen), 27
dorso-ventral segmental mismatch, 207
fossil, 424, 434
limb regeneration, 153
mature stages, 96
number of moults, 98
segment number, 204
tagmosis, 205

Opisthoplatia orientalis, 102
Opisthosoma, 202, 225

gene expression, 482
Optic cartridge, 313, 314
Optic chiasm, 315
Optic lobes, 228
Optic neuropil

lamina, 313
lobula, 317
lobula plate, 317
medulla, 315
phylogenetic signal, 23

Orchestia
pereopods, 257

Orchestia cavimana, 433
Organule, 107
Orgyia antiqua, 102
Oribatida

fossil, 425, 427
Gilboa, 427
marine interstitial, 419

Ornithacris turbida, 102
Ornithoctonus huwena

mtDNA, 44
Orphan gene families, 52
Orphan proteins, 55

acquisition, 53, 54
Orphnaeus heteropodus

sexual dimorphism in segment number, 203
Orsten, 401

Chinese, 404
Orthetrum sabina, 102
Orthonauplius, 110
Orthoneoptera, 291
Orthoporus ornatus

mushroom bodies, 327
Orthoptera, 291

fossil, 408
intraspecific variation in moult number, 101
limb regeneration, 154
number of post-embryonic moults, 100
prelarva, 112
regenerative potential, 152

Orthorrhapha
number of larval stages, 100

Orussidae
number of abdominal spiracles, 216

Oryzaephilus surinamensis, 102
Osdsx

sex-specific splicing, 456
Osmoregulation

adaptations in terrestrialization, 429
Ostracoda

fossil, 405
limb development, 245
meiofauna, 420
myoarterial formations, 363
segment number, 204
tagmosis, 205
terrestrial, 429

Ostrinia scapulalis
sex manipulated by Wolbachia, 456

Othoes saharae
non-feeding adult, 97

otx, 228, 231
Oxytelinae

number of larval stages, 100
Ozopore

segmental distribution, 210

P
Pachyiulus flavipes

leg pairs in stage I, 95
Pacifastacus

gene expression patterns in epipodite, 258
Paguroidea (hermit crabs)

fossil, 422
Palaemon serratus

critical time for limb regeneration, 157
Palaemonetes varians

frontal heart, 375
Palaeocaris

epipodite, 258
Palaeodictyoptera, 287, 290
Palaeodictyopterida, 279, 285, 289

immature stages, 287
paranotal lobes, 275

Palaeoptera, 3, 31, 283
Palaeotarbus jerami, 424
Pale, 187
Paleodictyoptera

nymph, 274
Paleohelcura, 422
Palinuridae

larval types, 110
Palmichnium, 422
Palpigradi, 27, 419

arterial system, 351
propeltidium, 213
segment number, 204
single mature stage, 96
tagmosis, 205
telson, 201

Pambdelurion whittingtoni, 401
Panarthropoda, 18, 19, 50, 229, 375

stem group, 233
Pancrustacea, 3, 21, 403

cleavage, 70
Pandinus imperator
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genome, 49
Pandora, 448
Panorpa communis

wing-hearts, 369
Panorpa vulgaris

cuticle, 172
Pantopoda

multiple mature stages, 96
regeneration, 151
trunk regeneration, 150

Panulirus
antennulary flagellum, 246

Paoliida, 292
Parabiosis, 135
Paradoxopoda, 3, 22, 24, 25, 73

cleavage, 70
Parainsecta, 3
Paralogidae, 289
Paralomis granulosa

cardiovascular system, 361
Paranarthrura tenuimanus

segmental mismatch, 209
Paraneoptera, 31, 291
Paranota, 279, 280
Paranotal lobe, 275
Parapeytoia, 249
Parapeytoia yunnanensis, 234
Paraplecoptera, 291
Parasegment, 78, 82
Parasitoid, 465

behaviour manipulated by virus, 465
Parasitoid wasp

total cleavage, 71
Parasteatoda tepidariorum

germ band development, 77
Paratitan reliquia, 289
Parazoea, 99
Parhyale

expression of Ubx, 261
Parhyale hawaiensis, 374

genome, 49
Paroligolophus agrestis

segmental mismatch, 209
Parthenogenesis

thelytokous, 452
Parva, 110
Pauropoda, 29

cleavage, 69
dorso-ventral segmental mismatch, 207
heart, 357
hemianamorphosis, 94
pygidium, 201
segment number, 204
single mature stage, 96
tagmosis, 205

Pauropus
pupoid, 112

Pauropus amicus

segmental mismatch, 209
pb. See proboscipedia
Pea aphid. See Acyrtosiphon pisum

genome, 443
Peach-potato aphid. See Myzus persicae
Pectines, 307

olfactory glomeruli, 319
Pectocaris spatiosa, 397
Pedicinus obtusus (old world monkey louse)

bacterial endosymbionts, 444
Pediculus (human lice)

bacterial endosymbionts, 444
Pediculus humanus

genome, 43, 49
Pedipalp 229

neuromere, 307
Penaeida

larval types, 110
Pentastirini

bacterial endosymbionts, 444
Pentastomida

affinities, 20
segment number, 205
tagmosis, 205
total cleavage, 72

Peracarida
cleavage, 71
marsupium, 432
oostegites, 258
terrestrial, 432

Pereion, 202, 214
segments, 213

Periblastula, 64
Pericard, 354
Pericardial sinus, 349
Perilampidae

hypermetamorphosis, 115
Periodic non-segmental patterns, 211
Periodization, 92, 484
Periodomorphosis, 97
Peripatoides ’novaezealandiae complex’, 56
Periplaneta, 367

alary muscles, 367
segmental vessels, 368

Periplaneta americana
antenna-heart, 369, 370
mechanosensory neuropil, 324

Peritrophic matrix, 178
Permohymen schucherti, 287
Permothemistidae, 291
Permuralia maculata, 287
Perspicaris dictynna, 395
Peytoia, 401
PgFAR, 176
Phacops

limbs, 259
Phalangiotarbida, 425
Pharate phase, 92

Index 521



Phase contrast X-ray computed tomography, 408
Phasmatodea

limb regeneration, 154
number of post-embryonic moults, 100
‘re-evolution’ of wings, 270

Pheidole bicarinata
effect of JH on caste identity, 139

Phenotype
target, 105

Phenotypic plasticity, 138
Pholcus phalangioides

gamete maturation, 104
Phosphatocopina, 231, 403

exopodite, 255
naupliar antenna, 243
postantennulary limb series, 252

Photinus
photic organ, 487

Photoperiod, 129
effect on metamorphosis, 133

Photoreceptor, 312
development, 313
homology, 313

Photuris, 487
Phthiraptera

number of post-embryonic moults, 100
Phyllocarida

limb regeneration, 153
segment number, 205
tagmosis, 205

Phyllonorycter blancardella, 449
Phyllosoma, 110
Phylogenomics, 25
Phylogeny, 2, 57, 428

Arthropoda, 21
Chelicerata, 27
Hexapoda, 30
Metazoa, 18
mitochondrial genome evidence, 42
molecular approaches, 24
Myriapoda, 28
Tetraconata, 29

Phylostratigraphy, 50
Phylotypic stage, 76
PI3 K signaling pathway, 131
Pieris brassicae, 102
Pill millipede. See Glomerida
Pinnotheres

zoea, 108
Planidium, 111
Plant virus

transmitted by insects, 466
Plasma, 343
Plasma membrane, 183
Plasticity

development, 486
Platycopioida

tagmosis, 202
Platydesmida

dorsal vs. ventral segmentation, 94
euanamorphosis, 93
segment number, 204
tagmosis, 205

Platynota idaeusalis, 102
Platynota stultana, 102

sexual difference in moult number, 100
Pleconeoptera, 291
Plecoptera, 291

cercus-heart, 370, 371
number of post-embryonic moults, 100
phylogenetic position, 271

Pleocyemata
brood care, 432

Pleon 202, 214
reduced segmentation, 216

Pleopodal lung, 379
Pleosoma, 202
Pleoticus muelleri

antenna, 243
Pleurobranch (side gill), 217, 256
Pleuron, 280
Pleurostigmophora

yolk pyramids, 70
Pleurotergite, 206
Plutonium zwierleini

spiracles, 210
Pneumodesmus newmani, 423, 424
Podobranch, 256
Podocopa

body segmentation, 206
number of post-embryonic stages, 99
single mature stage, 96

Podomere, 243
polished rice (pri), 188
Pollicipes polymerus

tRNA-Cys triplication, 44
Polyartemia

adult limb, 256
Polyartemiidae

body segmentation, 206
Polychelidae

larval types, 110
Polydesmida

law of anamorphosis, 94
number of post-embryonic stages, 96
segment number, 204
tagmosis, 205
teloanamorphosis, 93

Polydesmus angustus
supplementary moult, 96

Polydesmus collaris
segmental distribution of ozopores, 210
segmental pattern, 211

Polydesmus complanatus
supplementary moult, 96

Polydnaviridae, 460
Polydnavirus

life cycle, 461
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Polyethism
age, 140

Polyneoptera, 31, 279, 291
paranota, 279

Polyphenism, 115, 138
manipulated by virus, 465
seasonal, 140

Polyploidy
epidermal cells, 130

Polyxenida
hemianamorphosis, 93

segment number, 204
tagmosis, 205

Polyxenus
hemianamorphosis, 93

Polyxenus lagurus
number of mature stages, 96

Polyzoniida
euanamorphosis, 93
segment number, 204
tagmosis, 205

Polyzonium germanicum
leg pairs in stage I, 95

Ponasterone A, 126
Porcellio scaber

calcite deposition in cuticle, 188
cleavage, 72
expression patterns of Hox genes, 214
germ band development, 77

Pore canal, 174, 175, 177
Portiera aleyrodidarum, 445
Postabdomen, 202, 203, 206
Post-embryo, 112
Post-embryonic development, 5, 91

cuticular view, 92
evolutionary patterns, 113
growth, 124
limbs, 241
number of moults, 99, 100
onset, 112
periodization, 111
stages, 99
trilobites, 95

Postfemur, 254
Postlarva, 99, 108
Potamidae

fossil, 426
Preabdomen, 202, 206, 218
Precis coenia

control of tissue growth, 131
seasonal polyphenism, 140

Precis octavia (Gaudy Commodore)
developmental plasticity, 488

Pre-epipodite, 258
Prefemur, 254
Preischium, 254
Prelarva, 112
Prenymph, 112
Prepupa, 115

Presoldier, 111
Pretarsus, 254
Prezoea, 110, 112
Prionoxystus robiniae, 102

intraspecific variation in moult number, 101
sexual difference in moult number, 100

proboscipedia (pb), 228, 229, 231, 260
Procambarus clarkii

expression patterns of Hox genes, 214
male polyphenism, 139

Processidae
multi-annulate corpus, 245

Proconiini
symbiosis with Baumannia, 450

Proctolin, 330
Procuticle, 174, 176, 177
Progoneata, 28, 29

yolk pyramids, 66
Programmed cell death, 486
Proliferative zone, 93
Pronymph, 98, 103, 109, 112
Propeltidium, 213
Proresilin, 185, 186
Proscorpius osborni, 424
Prosocerebrum, 228
Prosoma, 201, 202, 225
Prosopodesmus panporus

segmental distribution of ozopores, 210
Prostigmata

mature stages, 96
Protacarus crani, 424
Protanisoptera, 289
Protaspid, 95
Protein

gain, 54
heat shock, 489
odorant binding (OBP), 319

Proteobacteria
arthropod symbiont, 442

c-Proteobacteria
male-killers, 454

Proteome
phylogenetic signal, 50

Protereisma americana
nymph, 287

Protereisma permianum
wing venation, 287

Protereismatidae, 279, 287, 288
gills, 274

Proteroiulus fuscus
number of mature stages, 96
periodomorphosis, 97

Proterosoma, 201, 205
Prothoracic gland, 125–127
Prothoracic wing-like structures, 277
Prothoracicotropic hormone (PTTH), 127
Protichnites, 421
Protoblattodea, 291
Protocerebral bridge, 328
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Protocerebrum, 224, 227, 309
Protodonata, 289
Protopodite, 250
Protoptera, 292
Protorthoptera, 291
Protospeleorchestes pseudoprotacarus, 425
Protozoea, 110
Protura, 30

anamorphic development, 82, 108
cephalic endoskeleton, 226
cleavage, 71
hemianamorphosis, 94
number of post-embryonic moults, 100
segment number, 199, 205
single mature stage, 96
tagmosis, 205

Psacothea hilaris, 102
Pseudibacus, 110
Pseudococcidae

bacterial endosymbionts, 444
Pseudoscorpiones, 27

arterial system, 351
brood chamber, 432
fossil, 408, 425
gut diverticula, 216
number of nymphal stages, 98
segment number, 204
single mature stage, 96
tagmosis, 205
total cleavage, 69

Pseudotagma, 201
Pseudozoea, 99, 110
Psocoptera

number of post-embryonic moults, 100
Psocothes hilaris, 102
Psylloidea

bacterial endosymbionts, 444
Pteronemobius nitidus, 102
Pterothorax, 208
Pterygota, 3, 31, 269

circulatory organs, 367
cleavage, 71
monophyly, 31
Palaeozoic lineages, 287
thoracic musculature, 283
wings, 279

PTTH, 127
Puchtella pedicinophila, 444
Puerulus, 110
Pulmonata, 27
Pupa, 483, 484

change to adult, 136
decticous, 109

Pupoid
phylogenetic signal, 29

Purcelliella pentastirinorum, 444
Pycnogonida, 21, 28, 73

annulate appendages, 245
arterial system, 351

blastomere arrangement, 73
chelicera, 249
chelifore, 248
fossil, 403
germ disc, 79
gut diverticula, 216
heart, 350
hemianamorphosis, 94
Lazarus appendages, 108
limb regeneration, 153
post-embryonic segment addition, 79
segment homology, 228
segment number, 199, 204
tagmosis, 205
unpatterned opisthosoma, 216

Pygidium, 201
Pyrrarctia isabella, 102

R
Radiodonta, 400
Radius (wing vein), 284
Rami communicantes, 363
Ramus, 254
Ranatra

leg heart, 370
Raphidioptera

number of post-embryonic moults, 100
Ras-Raf-ERK pathway, 127
Receptor

auditory, 305
gustatory, 303
mechanosensory, 303
odorent (OR), 319

Reduviidae
cell division during feeding, 113

Regeneration, 6, 149
experimentally induced, 163
fossil arthropods, 150
gene expression, 159, 162
histology, 158
hormonal control, 161
limb, 150, 155, 158
midgut, 163
morphology, 157
muscle, 159
nerve, 159, 163
nervous control, 161
physiological, 149, 156, 163
potential, 152, 153, 154, 156
reparative, 149, 152
signalling, 161
timing in respect to moults, 161
tissue, 163
trunk, 150, 151

Regiella, 449
Regiella insecticola, 448, 466
Rehbachiella, 251

antennule, 246
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hemianamorphosis, 94
limbs, 255

Rehbachiella kinnekullensis, 402
Remigium, 291
Remipedia, 23, 30, 231, 248, 418

exopodite, 255
gnathobasic mandible, 254
olfactory glomeruli, 322
segment number, 204
tagmosis, 205

Reproduction
manipulation by symbionts, 447, 455
terrestrialization, 430

Reproductive
isolation by cytoplasmic incompatibility, 458
maturity, 95–97, 104
parasite, 450
stage, 97

Resilin, 185, 186
Respiratory organs

centralized, 378
decentralized, 378
fossil, 434

Resting stages
feeding, 109

Retina, 313
Retroactive (Rtv), 178
Rhagonycha

number of larval stages, 100
Rheb GTPase, 132
Rhipiphoridae

hypermetamorphosis, 115
Rhizocephala

cleavage pattern, 74
segment number, 205
tagmosis, 205

Rhizoecini
bacterial endosymbionts, 444

Rhodnius
growth compensation, 106

Rhodnius prolixus 173
control of moult by feeding, 128, 135
critical time for limb regeneration, 158
hormones in regeneration, 162

Rhopalosiphum padi
non-feeding adult, 97

Rhynie chert, 407
Arachnida, 428
fossils, 420, 424, 434

Rhyniella, 407
Rhyniella praecursor, 282, 424, 425
Rhyniognatha, 407
Rhyniognatha hirsti, 282, 407, 424
Rhyparobia maderae

brain, 325
Ribbon (Rib), 189, 190
Ricinulei, 27

number of nymphal stages, 98
pronymph, 112

segment number, 204
single mature stage, 96
tagmosis, 205

Rickettsia, 450
inducing parthenogenesis in Neochrysocharis for-

mosa, 453
inducing thelytoky, 453
male-killers, 454
manipulating arthropod reproduction, 451

Riddiford and Rebers motif, 179
Riesia pediculicola, 444
Rift valley fever virus (RVFV), 467
Ring gland, 127
Robber crab, 432
Rostropalaeoptera, 284
Rosy apple aphid. See Dysaphis plantaginea
Rosy apple aphid virus (RAAV), 465
RXR, 162

S
Sacculina

expression of engrailed, 93
Salivary gland chromosomes

puffs, 129
Salvador–Warts–Hippo (SWH) signaling pathway, 160
Samea multiplicalis, 102
Sanctacaris

limbs, 256
Sanctacaris uncata, 395, 399
Sandhoppers

intertidal, 419
Sapeiron

limbs, 255
Sarotrocercus, 398

limbs, 255
Sasakia charonda, 102
Scale insect. See Coccoidea
scalloped (sd), 279
Scaphognathite, 257
Scarabaeidae

number of larval stages, 98
Schistocerca

short germ band, 83
Schistocerca americana

short germ band, 76
Schistocerca gregaria, 102

colour change in the adult, 98
pronymph, 113

Schizaphis graminum
A ? T content in mtDNA, 45

Schizomida
gut diverticula, 216
number of nymphal stages, 98
propeltidium, 213
segment number, 204
tagmosis, 205
telson, 201

Schizoramia, 3, 22
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Schneider’s organ, 311
Sclerotin, 173, 175
Scolopendra

development of circulatory system, 373
Scolopendra hardwickei

colour segmental pattern, 210
segmental pattern, 211

Scolopendra heros
colour segmental pattern, 210

Scolopendra oraniensis
brain, 311

Scolopendromorpha
absolute vs. relative segmental position, 215
cardiac arteries, 358
epimorphosis, 82, 94
intralecithal cleavage, 70
limb regeneration, 153
multiple mature stages, 96
segment homology, 212
segment number, 199, 204
segmental pattern, 210
tagmosis, 205

Scolopendropsis bahiensis
segment number, 207

Scorpiones (scorpions), 27
total cleavage, 69
book lung, 433
Devonian, 428
fossil, 423, 425
heart, 350
leg innervation, 308
limb regeneration, 153, 156
number of moults, 98
olfactory glomeruli, 319
pectine neuropils, 306
plantigrade foot, 429
poor regenerative potential, 152
pronymph, 112
segment number, 204
segmental position of book lungs, 217
single mature stage, 96
suboesophageal ganglia, 307
tagmosis, 205
telson, 201
viviparity, 430, 432

Scr. See Sex combs reduced
Scraptia fuscula

regeneration of caudal appendage, 150
Scute, 180
Scutigera coleoptrata

aortic diverticles, 358
critical time for limb regeneration, 157
heart, 357, 358
neuraxis, 309
moults and regeneration, 161

Scutigerella immaculata
cephalic endoskeleton, 226

Scutigeromorpha
cardiac arteries, 358

dorso-ventral segmental mismatch, 207
fossil, 423, 426
hemianamorphosis, 93
intralecithal cleavage, 70
larva, 108
limb regeneration, 153
olfactory glomeruli, 322
segment number, 204
tagmosis, 205
tracheal lung, 378

Scutocoxifera, 426
Scyllaridae

larval types, 110
Sea scorpion. See Eurypterida
sec23, 181
sec24, 181
Segment, 76, 82, 199

antenna, 228
antennule, 228
articulation in trilobites, 95
boundaries, 224
chelicera, 228
chelifore, 228
definition, 199
dorsoventral mismatch, 206
embryonic production, 83
forcipular, 206
fusion, 208
homology, 211
identity, 481
intercalary, 228
interspecific variation in number, 202
intraspecific variation in number, 203
labium, 228
limb, 242
mandible, 228
maxilla, 228
maxillule, 228
mismatch, 200, 207, 209
number, 203, 204
pattern, 209
post-embryonic, 79
post-embryonic production, 83
primary, 82
production in trilobites, 95
secondary, 82
structural redundancy, 480

Segmental position
absolute, 215
relative, 215

Segmentation, 7, 79, 82, 199, 204
domain of extension, 217
evolution, 81
incomplete, 243
limb, 244
limits, 215
loss, 206, 243
pervasivity, 216, 217
polarity, 82
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post-embryonic, 92
post-embryonic schedules, 94, 97
regenerating appendages, 158
teloblastic, 201
timing, 82
ventral nerve cord, 300

Selenia tetralunaria, 102
Sensillum

bimodal, 306
Sensorimotor pathways, 303
Sensory input

chemosensory, 306
tonotopic, 305

Septate junction (SJ), 172, 181
serca, 188
Sergestes

Lazarus appendages, 108
Sergestidae

larval types, 110
Serosa

cuticle, 180
Serotonin, 128, 328

immunoreactivity, 305
Serpentine (Serp), 178, 189
Serpentine layer, 312, 315
Serrate (Ser), 244
Serratia, 449
Serratia symbiotica, 445, 448, 449, 466
Sesamia nonagrioides, 102
Sex combs reduced (Scr), 92, 260, 276, 279, 481

expression, 275, 279
Sex-ratio distortion, 451
Sexual dimorphism

moult number, 100
olfactory lobes, 322

Sexual maturity, 95
Shankouia zhenghei, 396
shotgun (shg), 181
Sialidae, 279
Sialis

abdominal appendages, 108
Siberion lenaicus, 235
Side gill. See Pleurobranch
Sidneyia, 249, 250
Silk, 432
Simuliidae

number of larval stages, 100
sinuous, 181
Sinus, 346

branchiopericardial, 354, 364
pericardial, 364
perineural, 355
podo-pericardial, 364
pulmopericardial, 354

Siphonaptera (fleas)
number of post-embryonic moults, 100
relationships, 31

Siphonophanes, 99

Siphonophorida
segment number, 204
tagmosis, 205

Sirius Passet, 400
Sitobion

endosymbiosis, 446
Sitobion avenae

facultative bacterial symbiosis, 450
Sitophilus (grain weevil)

bacterial endosymbionts, 445
Sitophilus oryzae, 102
Six3, 231
Six3+, 228
Size of appendages

control, 134
Skania, 401
Skara hunanensis, 404
Slime papilla, 229
Small carbonaceous fossils, 404, 405
snail (sna), 274, 276
Social insects

castes, 139
Solifugae (solpugids), 27

heart, 350
non-feeding adult, 97
number of moults, 98
olfactory glomeruli, 319
pronymph, 112
propeltidium, 213
segment number, 204
single adult stage, 96
tagmosis, 205

Solnhofen fossils, 423
Solpugid. See Solifugae
Somite, 199
South Mountain fossils, 408
sparc, 180
SPE, 445
Speciation

affected by bacterial symbionts, 457
rate, 485

Speleonectes tulumensis
tRNA-His duplication, 44

Sperm transfer
indirect, 430

Spermatophore, 430
Sphaerosomatidae

structural changes during larval phase, 111
Sphaerotheriida

dorsal vs. ventral segmentation, 94
hemianamorphosis, 93
segment number, 204
tagmosis, 205

Sphecopteridae, 290
Sphingidae (hawkmoths)

endothermic thermoregulation, 382
Spider. See Araneae
Spilapteridae, 290
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Spinicaudata
segment number, 204
tagmosis, 205

Spiracle, 434
number, 216
segmental pattern, 210

Spiralia, 75
Spirobolida

hemianamorphosis, 93
law of anamorphosis, 94
leg pairs, 207
segment number, 204
tagmosis, 205

Spiroplasma, 448, 450
male-killers, 454
manipulating arthropod reproduction, 451

Spirostreptida
law of anamorphosis, 94
segment number, 204
tagmosis, 205

Split segment
Ammophila, 208

Spodoptera frugiperda, 102
Spodoptera littoralis, 102
Springtail. See Collembola
Squamacula, 401
Squilla mantis

heart, 360
Squilloidea, 99
Stadium, 92
Stage, 92

duration, 101, 103
homology, 101
intercalary, 97
kinds, 99
number, 99
reduction in the number, 114

Staphylinidae
number of larval stages, 98

Starvation
effects on body size, 131

Ste24, 184
Stem group arthropods, 20, 42, 75, 83

cleavage, 73, 74
Stemmiulida

euanamorphosis, 93
segment number, 204
tagmosis, 205

Stenodictya pygmaea, 290
prothoracic articulated winglets, 287

Stenogastrinae
number of larval stages, 100

Stenopodoidea
multi-annulate carpus, 245

Stephanidae
number of abdominal spiracles, 216

Stictococcidae
effect of bacterial symbiont on ploidy, 457

Stigmatogaster subterraneus

segmental pervasivity, 217
Stomatogastric bridge, 311
Stomatopoda

larval types, 110
lateral cardiac arteries, 363
number of post-embryonic stages, 99
superficial cleavage, 71
tagmatic pervasivity, 217
ventral vessel, 363

Stomothecata, 3
Stratiomyomorpha

ganglion fusion, 216
Streblote panda

sexual difference in moult number, 100
Strepsiptera, 31

Baltic amber fossil, 409
hypermetamorphosis, 115
number of post-embryonic moults, 100

Strigamia maritima
cleavage, 70
genome, 27, 43, 49
yolk pyramids, 66, 67

Strongylosoma pallipes
heart, 358

Strudiella devonica, 282, 426
Stylops

total cleavage, 71
Stylus

homology, 271
Subcosta (wing vein), 284
Subimago, 96
Subtagma, 202
Sulcia, 444, 446, 450
Swallowtail

ontogenetic pigment change in caterpillars, 135
Symbiont

horizontal transfer, 448
maternally-transmitted, 450
bacteria and insects, 442

Symbiosis
beneficial, 460
mutualistic, 448
nutritional, 442
host population genetics, 457
virus, 460

Symphyla, 29
artery, 358
circulatory organs, 357
cleavage, 69
dorso-ventral segmental mismatch, 207
hemianamorphosis, 93
multiple mature stages, 96
segment number, 204
tagmosis, 205

Symphylella
segmental mismatch, 209

Syncerebrum, 227, 309
Synganglion

Muscoidea, 216
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Syntaxin 1A (Syx1A), 184
Syntonopterodea, 288
Syntypistis punctatella, 102
Syrphidae

number of spiracles, 217

T
Tabanidae

number of larval stages, 100
Tabanomorpha

ganglion fusion, 216
Tabanus lineola

sexual difference in moult number, 100
Tachykinin-related peptide, 331
Tachypodoiulus niger

periodomorphosis, 97
Taenidium, 183
Tagma (body region), 201

conflicting delimitations, 213, 214
definition, 201
dorsoventral mismatch, 213
homology, 213

Tagmosis, 7, 199, 204
limits, 215
pervasivity, 217

Talitridae
fossil, 426
intertidal, 419

Tanaidacea
lateral cardiac arteries, 363
manca, 110
number of post-embryonic stages, 99

Tanais dulongii
heart, 360

Tanazios
limbs, 255, 256, 259

Tanazios dokeron, 406
Tantulocarida

number of post-embryonic stages, 99
segment number, 204
tagmosis, 205

Tantulus, 99
Tanymastix, 99
Tardigrada, 20

cleavage, 75
head, 229
meiofauna, 420
stem group, 233

Target of rapamycin (TOR), 132
Target

ontogenetic trajectory, 105
phenotype, 105

Tarsus, 254
teashirt (tsh), 280
Techniques, 13
Teloanamorphosis, 93, 94, 97
Teloblast, 80
Telopodite, 254

Telson, 200, 206
Tenebrio molitor, 102

expression of Ubx-/Abd-A, 276
expression of vg, 279

Tenebrionidae
structural changes during larval phase, 111

Tentorium
bridge, 226
Myriapoda, 226
swinging, 226

Terminal limb annulation
intercalary, 245
terminal, 245

Terminalia, 206, 218
Termitoxeniinae

abbreviated development, 98
reduction in the number of post-embryonic

stages, 114
Terrestrialization, 11, 378, 417, 421, 429

body size, 428
brooding, 433
circulatory systems, 381
development, 430
fossil record, 406, 420
gas exchange, 432
locomotion, 429
molecular clock, 426
osmoregulation, 429
reproduction, 430, 431
respirarory organs, 434
timescale, 428

Terrestrial life
definition, 419

Tetraconata, 3, 21, 23, 73
cleavage, 70, 73
early evolution, 403
inhibitory leg motoneurons, 307
monophyly, 29
optic neuropil evolution, 318
stem-lineage, 234

Tetramerocerata
dorso-ventral segmental mismatch, 207

Tetranychidae
lack of post-larval mitosis, 113

Tetranychus urticae
genome, 43, 49

Tetrapulmonata, 27
Thecostraca, 3, 30

absence of olfactory lobes, 320
exopodite, 255
naupliar antenna, 243
segment number, 205
tagmosis, 205

Thelxiope, 401
Thelyphonida

number of nymphal stages, 98
pronymph, 112
segment number, 204
superficial cleavage, 69
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Thelyphonida (cont.)
tagmosis, 205
telson, 201

Thelytoky
induced by endosymbiotic bacteria, 453

Thermobia
maxilla, 251

Thermobia domestica
midgut regeneration, 164
moulting without growth, 124
moults and regeneration, 161

Thermophilum sexmaculatum
number of larval stages, 99

Thermoregulation, 344, 381
Thermosbaenacea

cleavage, 71
Thomisus onustus

number of moults, 98
Thoracic horn, 487
Thoracica (barnacles)

cirri, 255
segment number, 205
tagmosis, 205

Thoraco-abdomen, 213
Thoracopod, 229
Thorax, 202
Thrips imaginis

tRNA-Ser duplication, 44
Thrips. See Thysanoptera
Thuringopteryx gimmi, 289
Thysanoptera (thrips)

number of post-embryonic moults, 100
parthenogenesis induced by symbionts, 453
post-embryonic development, 109

Tibia, 254
Tick. See Ixodida
Tineola bisselliella, 102
tinman (tin), 374

expression, 373
Tipulidae

tagmatic pervasivity, 217
TOR, 133
Trace fossils, 420
Trachea, 434

cuticle, 183, 188
Tracheal lung, 378
trachealess, 258
Tracheata, 3, 21, 22, 418
Tramtrack (Ttk), 189, 190
Transglutaminase, 187
Trechinae

reduction in the number of post-embryonic
stages, 114

Treehopper. See Membracidae
Tremblaya, 444
Tribolium

expression of dac, 252
expression of dpp, 374
expression of H15, 375

expression of scr-, 275
expression of tinman, 374
expression of Ubx-/Abd-A, 276
expression of wg, 160, 374
gene expression in wing primordial, 274
growth and larval moults, 125
maxilla, 251, 252

Tribolium castaneum
elytral cuticle, 177
expression of dpp, 373
expression of H15, 373
expression of tin, 373
expression of Twist, 374
expression of wg, 373
gene expression in limb regeneration, 159
genome, 43, 49
growth of wing tissue, 273
Laccase2, 187
short germ band, 76
threshold size for metamorphosis, 133
Wnt signaling in regenerating limbs leg, 160

Trichogon, 110
Trichogramma

thelytoky induced by endosymbionts, 454
Trichogramma australicum

reduction in the number of post-embryonic
stages, 114

Tricholepidion, 31
Trichoptera

number of post-embryonic moults, 100
7-Tricosene, 173
Trigonotarbida, 408, 423, 425

book lung, 433
Silurian, 428

Trilobita, 233, 253, 435
Dyar’s coefficient, 104
hemianamorphosis, 94
hypostome, 231
limbs, 259
pygidium, 201
post-embryonic development, 95
soft anatomy, 398

Triops
expression of Dac, 252
endopodite segmentation, 255
visual neuropil, 317

Triops cancriformis
serotonin immunoreactivity in the ventral

nerve cord, 305
Triops longicaudatus

central body, 331
segment number, 207

Triplosoba, 288, 292
Triplosoba pulchella, 288
Triplosobidae, 288
Triplosoboptera, 288
Tritocerebrum, 224, 227, 309, 311
Triungulin, 111, 115
T-RNA
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duplication, 44
Trochanter, 254
Trogoderma glabrum, 102

degrowth, 107
Trogoderma variabile, 102
Tropomyosin, 362
Trunk regeneration, 150
Trynity (Tyn), 182
TSC, 132
Tsetse fly. See Glossina
Tuzoia, 394, 401
Tweedle proteins, 179
twist (twi), 247, 374

expression, 373
Tympanal organ, 305
Tyrosine dehydroxylase, 187

U
UbdA, 261
Uca (fiddler crab)

central body, 329
leg regeneration, 158

Uca pugilator
gene expression during regeneration, 162
moult, 126

UDP-N-acetylglucosamine pyrophosphorylase, 182
Ultrabithorax (Ubx), 260, 276, 481

expression patterns, 214, 279
Ultraspiracle (USP), 129
Upogebia savignyi

advanced zoea, 108
Uraraneida, 408, 425
Uroleucon

host of Hamiltoniella, 450
Uropygi

heart, 350
single mature stage, 96

Urosoma, 201, 202, 206
USP protein, 137

ostia, 354
Uzinura diaspidicola, 444

V
Vannus, 291
Varroa destructor

vector of virus, 467
Ventral nerve cord, 303

segmental organization, 300
vermiform (verm), 178, 189
Vespidae

number of larval stages, 100
Vessel

circumoesophageal ring, 365
genetic control of formation, 373
longitudinal ventral, 348
subneural, 348, 363
supraneural, 348, 363

ventral, 363
vestigial (vg), 274, 276, 279
Vestrogothia, 404
vha, 188
Villin, 182
Virus

effect on aphid polyphenism, 465
evolution of association with insects, 467
manipulation of parasitoid behaviour, 465
symbiosis with insects, 460
trichromatic, 314

Visual information processing, 329
Visual system, 315
Viviparity, 430, 432

W
Waeringoscorpio, 433
Wasp waist, 201
Water balance, 429
Wax, 124, 175

esters, 172
Weismann

wing development, 272
Wellington Formation

fossil insects, 289
wg. See wingless
Whip spider. See Amblypygi
Whitefly. See Aleyrodoidea
Wigglesworthia glossinidia, 445
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limb regeneration, 154
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