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Abstract 

 

The arthropod class Chilopoda comprises about 3500 described species of centipedes 

distributed across five living orders. A synapomorphic character of the class is the 

modified first trunk segment bearing a pair of sharp claw-like appendages (the forcipules), 

each one of which encases a venom system used to subdue prey and deter predators. 

 

The forcipules of centipedes are the only example in the animal kingdom of an 

evolutionary transition from walking legs to venom-injecting appendages. In that sense, 

they represent a classic case of an evolutionary novelty. I propose here to investigate 

morphological, structural and behavioural aspects of this rather poorly known system. 

 

First, a shape analysis on 43 species of centipedes was performed in order to investigate 

gross morphological variation of the forcipular apparatus between and within the living 

orders of the class. Additional scanning electron microscopy observations permitted the 

comparison of micro-structures on the surface of the forcipules. 

 

Second, the venom system of four species of centipedes (one for each main order) was 

investigated using transmission electron microscopy. Then, the venom-production cycle 

was studied in more detail in the scolopendromorph Scolopendra subspinipes mutilans in 

order to confirm the merocrine nature of the venom gland. 

 

Third, fluorescent microscopy and traditional light microscopy were used to observe and 

stage the development of three species of centipedes. This revealed the morphological 

specialisation of the forcipular structures coupled with the post-hatching development of 

the venom gland. 

 

Finally, behavioural experiments on Scolopendra subspinipes mutilans demonstrated that 

the hunting behaviour of these centipedes is altered by the size of the prey and by the 

amount of venom available in the glands.
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 Et comme les astres penchants 

Nous quittent, mais au ciel demeurent, 

Les prunelles ont leurs couchants, 

Mais il n’est pas vrai qu’elles meurent. 

 

Bleus ou noirs, tous aimés, tous beaux, 

Ouverts à quelque immense aurore,  

De l’autre côté des tombeaux, 

Les yeux qu’on ferme voient encore. 

 

Sully Prudhomme, Les Yeux. 
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1.1 Evolutionary theory: from Lamarckism to the Modern Synthesis 

 

At the beginning of the 19
th

 century, Lamarckism and the concept of “transmutation of 

species” offered a first evolutionary theory resting on two main principles (Lamarck, 

1809). First, a mysterious and unexplained ‘nervous (internal) fluid’ which would drive 

parents to produce more specialised offspring, thus accumulating minute changes over 

many generations. Second, ‘the inheritance of acquired characters’, where environmental 

factors would increase particular fitness traits in a species over generations. As a result of 

these two elements, the shape and attributes of a Linnaean species could change into 

another one through the course of time.  

 

While the first insight of an evolutionary theory can be felt in the Lamarckian thoughts, it 

is only in 1858 that the Life Sciences started their revolution with the first publications of 

Wallace and Darwin on natural selection. This theory was fully articulated in 1859, with 

the publication of On the origin of species by means of natural selection, or the 

preservation of favoured races in the struggle for life by Charles Darwin.  

 

Despite being well received by much of the scientific community in the years following 

its publication, On the origin of species did not get full acceptance until the early 1900s 

with the demonstration that natural selection was consistent with Mendelian genetics 

(Fisher, 1930; Ford, 1931; Dobzhansky, 1937; see Edwards, 2000 for a review). The 

product of several theoretical pieces of work were compiled and synthesised by Huxley 

as the “Neo-Darwinian approach” or the “Modern Synthesis” in the eponymous 1942 

publication Evolution: the Modern Synthesis. The synthesis placed natural selection at the 

centre of evolution to the exclusion of any other major principle. It concentrated on 

population genetics and on a gradualist approach to evolutionary events in these 

populations. This rather reductionist view was later broadened by including the process 

of random genetic drift originally supported by Wright (1929), later downgraded by 

many, then rehabilitated and expanded by Kimura (1983). However, and despite its 

success, the Modern Synthesis failed to address “the origins of organismal form in 

mechanistic terms” (Müller, 2007a). The integration of a long lost ally, developmental 
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biology, added a new dimension to evolutionary theories in the 1980s and soon opened 

the path to a new synthetic scientific field, Evolutionary Developmental Biology. 

 

 

1.2 Evolutionary Developmental Biology 

 

In 1979, Gould and Lewontin pointed out and criticised the narrowness of the Modern 

Synthesis and advocated a more integrated view, in which “organisms must be analysed 

as integrated wholes, with Baupläne so constrained by phyletic heritage, pathways of 

development and general architecture that the constraints themselves become more 

interesting and more important in delimiting pathways of change than the selective force 

that may mediate change when it occurs”. They concluded their article beautifully: 

 

“We feel that the potential rewards of abandoning exclusive focus on the adaptationist 

programme are very great indeed. (…)We welcome the richness that a pluralistic 

approach, so akin to Darwin’s spirit, can provide. Under the adaptationist programme, 

the great historic themes of developmental morphology and Bauplan were largely 

abandoned; for if selection can break any correlation and optimize parts separately, 

then an organism’s integration counts for little. Too often, the adaptationist 

programme gave us an evolutionary biology of parts and genes, but not of organisms. 

It assumed that all transitions could occur step by step and underrated the importance 

of integrated developmental blocks and pervasive constraints of history and 

architecture. A pluralistic view could put organisms, with all their recalcitrant, yet 

intelligible, complexity, back into evolutionary theory.” 

 

The past 30 years saw the rise of two crucial elements in our field of interest. First, the 

integrative approach, as advocated above, strengthened research on developmental 

mechanisms that control body shapes and forms. Second, the development of molecular 

methods permitted the partial uncovering of how developmental genes act during 

ontogenesis. These two fields were largely convergent and they soon overlapped, giving 
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birth to the new discipline of Evolutionary Developmental Biology, or Evo-Devo (for a 

review, see Arthur, 1997). 

 

Since the discovery of the homeobox (Scott et al., 1984; McGinnis et al., 1984) and the 

observation of gene conservation across large groups of animals, the field developed 

rapidly. Since, Evo-Devo has been trying to define its fundamentals (Arthur, 2000, 2002; 

Minelli and Fusco, 2004; Müller, 2007b), its leading fields and limits (Hall, 2000; 

Richardson, 2003; Hoekstra and Coyne, 2007, Carroll, 2008) and its ethos (Gilbert, 2003; 

Jenner, 2006, Jenner and Wills, 2007) while claiming a historical heritage in the 

comparative embryology of Von Baer (1828) and Haeckel (1866) (Arthur, 2002; 

Hossfeld and Olsson, 2003). Hall (1999) defined Evo-Devo in the following terms: 

 

“For evolutionary developmental biology (EDB or ‘evo-devo’) is not merely a fusion of 

the fields of developmental and evolutionary biology, the grafting of a developmental 

perspective onto evolutionary biology, or the incorporation of an evolutionary 

perspective into developmental biology. EDB strives to forge a unification of genomic, 

developmental, organismal, population, and natural selection approaches to evolutionary 

change. It draws from development, evolution, paleontology, molecular and systematic 

biology, but has its own set of questions, approaches and methods.” 

 

The integrative approach of evolutionary developmental biology resulted in the ontogenic 

understanding of many patternings and structures, such as eye development (Pignoni et 

al., 1997), butterfly wing eyespots (Brakefield et al., 1996), beetle horns (Moczek, 2009) 

or fang formation in snakes (Vonk et al., 2008). Today, Evo-Devo is dividing into a 

variety of specialist fields, ranging from ecological developmental biology (Eco-Devo) to 

ethological (behavioural) subjects (Toth and Robinson, 2007; Matsunuga and Okanoya, 

2009). Evo-Devo focuses on answering several fundamental questions, including the 

origin and evolution of segmentation; the quest for the ancestor of all the bilaterian 

animals, the Urbilateria (see review by De Robertis, 2008); Baupläne, and the origin of 

evolutionary novelties. 
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1.3 Evolutionary novelties 

 

“I have sometimes felt much difficulty in understanding the origin of simple parts, of 

which the importance does not seem sufficient to cause the preservation of 

successively varying individuals. I have sometimes felt as much difficulty, though of 

a very different kind, on this head, as in the case of an organ as perfect and complex 

as the eye.” 

Charles Darwin, 1859 

 

To explain the origin of new features throughout the course of evolution has been a 

central goal of Evo-Devo. The question has been debated since the earliest times of 

Darwinism (Nitecki, 1990; Müller and Wagner, 1991). The first difficulty is both 

semantic and conceptual: what is an evolutionary novelty?  

 

Several definitions have been proposed over the decades. Many (Müller and Wagner, 

1991; Moczek, 2008; Piggliucci, 2008) would consider the definition of Mayr (1963) as a 

milestone, and representative of the Modern Synthesis: “any newly acquired structure or 

property that permits the performance of a new function, which, in turn, will open a new 

adaptive zone”. Here, the concept of novelty is centered on adaptation. However, Mayr 

does not offer any defining elements regarding the means of acquisition of a novelty. It is 

unclear if the novelty should arise de novo or if a novelty is homologous to pre-existing 

structures. If we agree that a novelty is homologous to a pre-existing attribute, another 

question comes to mind: what degree of change of a structure would qualify as an 

evolutionary novelty?  

 

On the developmental side, we could first consider two parts of a particular historical 

definition, built in opposition to the Modern Synthesis. Müller and Wagner (1991), 

defined a novelty as “a structure that is neither homologous to any structure in the 

ancestral species nor homonomous to any other structure of the same organism.” On this 

basis, Müller and Newman (2005) later separated the concept of novelty from the one of 

adaptation, so as to separate quantitative changes (variation of already existing structures) 



Chapter 1 – General introduction 

 

 6 

from qualitative changes (innovation, non-homology to existing structures). The implicit 

goal here was maybe to include development in the Modern Synthesis conceptualization 

of novelty. By excluding functionality, trait radiation and ecology, the authors may have 

wished to emphasize the possibility of gene redeployment without pre-selection or 

ecological pressure on a morphological, functional or behavioral trait. The point is 

partially valid: the genetic cascade precedes the physical or behavioral alteration of a 

phenotype. However, the authors fall short on a major point. There is always a degree of 

homology between a novel structure and what precedes it, at the phenotypic and at the 

molecular levels. 

 

On a phenotypic level, multiple variations of transitional forms are necessary before a 

trait becomes fixed in a population. There is therefore a temporal and phenotypic 

continuity in this process, and a degree of homology between the original and the newly 

fixed structure (Brigandt and Love, 2010). The sole alternative would be to call upon 

Goldschmidt’s (1940) “hopeful monster”, with all the problems that concept entails. On a 

genetic level, ancient regulatory networks can be modified to assume a new organ-

specific function. This could be considered as a “redirection” or rewiring of a pre-existing 

network, still functioning on a similar basis in its new attributions as it did in the old ones. 

As this redeployment works on the basis of a pre-existing system, we can argue that a 

degree of homology is present here as well. Wagner and Lynch (2010) however, maintain 

a belief in the existence of an evolutionary novelty arising “de novo”, arguing that, in the 

example of the turtle carapace morphogenesis, no pre-existing gene redeployment has 

been identified. Time and efforts might prove them wrong. In that sense, we could 

oppose them by using the concept of “deep homology” (Shubin et al., 2009), where 

“structures arose by the modification of a pre-existing genetic or regulatory circuits 

established in early metazoans”. 

 

Probably, pre-existing structures (phenotypic or genetic) are always involved to some 

extent in evolutionary novelties. Forgetting the selective importance of ecological factors 

is also probably misleading. Developmental and ecological factors are two sides of the 

same coin in the rise of evolutionary novelties. For these reasons, in the perspective of 
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the subject taken in this thesis, I would give a preference to the definition proposed by 

Piggliucci (2008): 

“Evolutionary novelties are new traits or behaviors, or novel combinations of 

previously existing traits or behaviors, arising during the evolution of a lineage, and 

that perform a new function within the ecology of that lineage.” 

 

 

1.4 The Phylum Arthropoda: intra-relationships and Baupläne 

 

The Phylum Arthropoda comprises by far the largest number of described species among 

the Metazoans. The phylum is divided into five subphyla (one extinct: Trilobitomorpha, 

and four living: Chelicerata, Myriapoda, Crustacea and Hexapoda) and 13 classes, 

reflecting a great diversity of body plans (Fig. 1.1). The phylogenetic relationship 

between the subphyla is problematic and is still heavily debated, with morphological and 

genetic data often providing conflicting results (Wheeler et al., 1993; Cook et al., 2001; 

Giribet et al., 2001; Strausfeld et al., 2006; Hwang et al., 2001; Edgecombe, 2010; Regier 

et al., 2010; Rota-Stabelli et al., 2010). The Paradoxopoda, or Myriochelata, hypothesis 

(Mallat et al., 2004; Pisani et al., 2004) groups Chelicerata and Myriapoda into a 

Myriochelata clade, sister group to the Pancrustacea clade ((Chelicerata + Myriapoda) + 

(Crustacea + Hexapoda))  The alternative (and favoured by many biologists) model, 

however, treats Chelicerata as an outgroup of the Mandibulata ((Chelicerata) + 

(Myriapoda + Crustacea + Hexapoda)). Myriapoda is then a sister group of the 

Pancrustacea clade (Myriapoda+ (Crustacea + Hexapoda)).  

 

Arthropods are characterised by resilin-based joints providing flexibility to a hard 

exoskeleton which is regularly shed (ecdysis), the presence of a hemocoel (blood 

chamber in which the organs bathe directly in body fluid), and a segmented body divided 

in two (Myriapoda: head and trunk; chelicerata: cephalothorax and abdomen) or three 

(Crustacea and Hexapoda: cephalum, thorax and abdomen) tagmata (Brusca and Brusca, 

2003). Each tagma can then be subdivided in a variable number of segments. 
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 Segmentation has been traditionally defined as “the repetition along an antero-posterior 

axis of a structural unit that comprises a suite of characters involving the entire body.” 

(Davis and Patel, 1999). However this definition can be debated on the ground of 

organisms presenting an asymmetric segmentation on a dorso-ventral axis, such as in the 

centipede order Scutigeromorpha (Fusco, 2005). Chipman (2010) proposed an alternative 

definition: “In a segmentally organized animal, several types of units at the cell, tissue or 

organ level are repeated along the anterior-posterior (A/P) axis and units of different 

types are grouped together in individual segments. These units can include muscles, 

skeletal units (internal or external), clusters of nerve cells (ganglia), excretory organs, 

sensory organs, and locomotory organs (legs, wings, or paddles).” 

 

Segmentation is a property shared by arthropods, annelids and chordates, but it is unclear 

if it evolved independently in the three lineages or if segmentation already existed in a 

common ancestor, and was then secondarily lost in unsegmented phyla. Knowing if 

Urbilateria was segmented or not is a “hot topic” of Evo-Devo and is still debated 

(Kimmel, 1996; Balavoine and Adoutte, 2003; De Robertis, 2008b). The genetic and  

developmental mechanisms involved in the segmentation of the hexapod Drosophila 

melanogaster have been investigated in depth and are now fairly well understood  

(Nusslein-Volhard et al., 1980, 1987; St. Johnston and Nusslein-Volhard, 1992; Rivera-

Pomar et al., 1996). More recently, segment formation in other arthropodan subphyla has 

been investigated, for example in: Chelicerata (Damen et al., 2000 Damen, 2002), 

Chilopoda (Hughes and Kaufman, 2002a; Chipman et al., 2004; Chipman and Akam, 

2008) and in Crustacea (Manzanares et al., 1996, Hou et al., 2004). Segment formation is 

under the control of a complex gene network involving, to various degrees, and 

depending on the organism, pair rule gene homologues, the Notch/Delta signalling, FGFs, 

the wnt signalling pathway and the Hox gene complex (Damen 2007, Chipman, 2010). 
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Fig. 1.1: Arthropod body plan and segments. Tagmatisation appears as grey lines and overheads in 

capital letters. Small overheads emphasize particular features of a body plan: the forcipules of 

centipedes (maxilipedes, mxpds) for the myriapod and the maxilipedes of the crustaceans (non 

homologous structures). The total number of segments is variable and not depicted accurately. The 

position of the stomadeum (anterior end of the digestive system) is indicated as a smiling mouth. 

Segment abbreviation: Oc, ocular; Ch, chelicerae; Pp, pedipalp; L1–L8, leg segments; Op1–Op9, 

opisthosomal segments, Ant, antennal; Int, intercalary; Mn, mandibular; Mx1, maxillary I; Mx2, 

maxillary II; Mxpd, maxillipedes; Te, telson; Ant1, antennal I; Ant2, antennal II; T1–T14 (in 

crustacean), trunk 1–trunk 14; Mx, maxillary; Lb, labium; T1–T3 (in insect), first thoracic–third 

thoracic; A1–A10, abdominal 1–abdominal 10. (Figures and parts of the legend: Hughes and Kaufman, 

2002b). 
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1.5 The sub-phylum Myriapoda 

 

The subphylum Myriapoda is composed of four classes (Diplopoda, Chilopoda, 

Pauropoda and Symphyla). The two major clades are fairly speciose (Diplopoda, c. 

12000 species described in 16 orders; Chilopoda, c. 3500 species described in 5 orders). 

The two minor classes contain far less described species (Pauropoda, c. 780 species in 12 

families; Symphyla, c. 195 species in 2 families) and are largely understudied. Diplopods, 

pauropods and symphylans (except a predatory Symphyllela sp.) are mainly saprophagous 

while all chilopods are predators. Most myriapods are ground dwellers, living in the leaf-

litter, and are prone to desiccation. However, a few species of centipedes and diplopods 

are specialised in particular habitats (e.g intertidal zone, caves and desert habitats).  

 

The Myriapoda share the following characteristics: 

 - The body is divided in two tagmata (head and multisegmented trunk).  

- The head bears four pairs of appendages (antennae, mandibles, first maxillae and 

second maxillae) 

- The number of trunk segments and related appendages is highly variable (12 trunk 

segments in Pauropoda and up to several hundreds in some Diplopoda).  

- The gas exchange system is composed of a tight network of tracheae and spiracles 

(absent in most Pauropoda).  

- When present, the eyes are usually composed of a variable number of simple ocelli.  

 

Because of deep morphological divergences (diplosegments vs simple segments; position 

of gonopods; asymmetrical segmentation, anamorphic vs epimorphic development), the 

monophyly of the Myriapoda and the internal relationships between classes have been 

debated for decades, resulting in almost as many hypotheses as studies (Snodgrass, 1938, 

1952; Tiegs, 1947; Eason 1964; Dohle, 1980; Boudreaux, 1979; Brusca and Brusca, 

1990). The consensus reached in the past decades goes in favour of the monophyly of the 

group ((Chilopoda) + (Progoneata: Symphyla + Pauropoda + Diplopoda)) (for a review, 

see Edgecombe and Giribet, 2002). 
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 1.6 The class Chilopoda 

 

The class Chilopoda contains approximately 3500 described species with a high 

possibility that many species remain unidentified. Chilopods are classified into five 

extant orders: Geophilomorpha, Scutigeromorpha, Lithobiomorpha, 

Craterostigmomorpha, Scolopendromorpha and one extinct order, Devonobiomorpha 

(Edgecombe and Giribet, 2007). Centipedes are characterised by a dorsoventrally 

flattened body protected by a series of rigid sclerites (ventral sternites and dorsal tergites) 

and flexible arthrodial membranes (soft cuticle). Upon maturation, they bear from 15 to 

191 pairs of legs, one pair per trunk segment (Minelli et al., 2000). Most specimens from 

temperate areas have moderate size, from one to ten centimeters, with the larger species 

of tropical Scolopendromorpha attaining lengths of up to 30 cm (Lewis, 1981). 

 

The phylogenetic relationship among the five living orders has been the subject of several 

studies, involving both molecular and morphological data, often with conflicting results 

(Giribet et al, 1999; Edgecombe and Giribet, 2002; Edgecombe and Giribet, 2004). The 

consensus reached about five years ago presents the Scutigeromorpha (Subclass 

Notostigmophora, with dorsal respiratory openings) as the sister group of the four other 

orders (Pleurostigmophora, with lateral paired spiracles). However, the relationship 

among the orders is still debated, particularly the position of the order Lithobiomorpha. 

Both Lithobiomorpha and Scutigeromorpha share the trait of anamorphic development, 

the absence of maternal care and a fixed number of 15 leg-bearing segments upon 

maturation (the paraphyletic group Anamorpha), while Scolopendromorpha and 

Geophilomorpha have epimorphic development, provide intensive maternal care to their 

broods (Subclass Epimorpha, monophyletic) and show segment number variability either 

between families (Scolopendromorpha: 21 or 23 leg-bearing segments, with the 

exception of Scolopendropsis duplicata), or between and within families and species 

(Geophilomorpha: 27 to 191 leg-bearing segments, with variation observed between 

individuals of the same species and the same sex in all but one family). To add to the 

confusion, a recent study (Murienne et al., 2010) suggests the possibility of a clade 

Lithobiomorpha-Scolopendromorpha, sister to the Geophilomorpha. The position of the 
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Craterostigmomorpha is generally unsettled, as they share anamorphic (12 leg-bearing 

segments when hatching, reaching the final number of 15 leg-bearing segments after the 

first molt) and epimorphic (maternal care) characters.  

 

The most conspicuous morphological feature shared by all centipedes is probably the 

post-cephalic segment bearing a pair of strong venom claws. These claws, also known as 

forcipules due to their forceps-like appearance, curve anteromedially under the head 

capsule. As centipedes are primarily predators that use venom to subdue prey, their 

forcipules play a major role in capturing, killing and manipulating prey, prior to feeding 

(Ernst and Rosenberg, 2003). A stabbing forcipular movement restrains the prey and 

prevents any escape. While feeding, centipedes hold their prey firmly to the mouth while 

dissecting it with the mandibles and maxillae (Menez et al., 1990). Forcipules are also 

used as defensive tools to deter predators. The sting of large tropical species can be 

medically significant in humans: systemic reactions and secondary infections, although 

rare, can lead to serious clinical sequelae and even death (Serinken et al., 2005; Yldiz et 

al., 2008). The structure, function and development of the forcipular apparatus is the 

focus of this thesis. 
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1.7 Venom systems 

 

There is a recurrent confusion in the literature between the terms “poison” and “venom”. 

I would like to clarify the use of both terms and justify the consistent choice of the terms 

“venom” and “venomous” when I refer to centipedes. While the subject has been debated 

numerous times (Smith and Wheeler, 2006; Brodie III, 2009; Brodie III, 2010), I would 

like to propose here two definitions. A venom is a toxic substance produced in a 

particular organ or gland of an animal. It is stored and then delivered into another animal 

Fig. 1.2: A Scolopendra sp. from Hubei, China cleaning an antenna using the maxillae. The 4 ocelli (eyes) 

are clearly visible on the head capsule, just posterior to the first antennal segment. The forcipules protrude 

from the first post-cephalic (forcipular) segment, and curve inwards under the cephalum. Notice the sharp 

and sclerotised end of the forcipule (tarsungulum), which is used to seize prey and inject venom. Five leg 

bearing segments are visible directly posterior to the forcipular segment. Bright colour contrasts between the 

sclerites and the legs are frequent among Scolopendromorphs. 
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via a sharp or piercing device such as a tooth, a fang, a maxilipede, a barb or a sting. A 

poison is a toxic substance, usually produced by single cells scattered on the whole –or 

on large parts– of a living organism. A poison is not injected; it acts through simple 

surface contact (skin, digestive system or mucous membranes). In certain cases, the 

boundary between venom and poison is particularly unclear. Thus, some snakes can spit 

their venom at a distance into their opponent’s eyes, where it will work as a poison on the 

mucous membranes. Or, in some cnidarians, the stinging apparatus (toxin-storing vacuole 

included) is encased each time in a single independent cell. However, there is no 

questioning the nature of the centipede system, as we are dealing with a venom gland, a 

duct, and a toxic substance injected via sharp device (the apical claw of a forcipule).  

 

As noted by Fry et al. (2009a), venom systems are key evolutionary innovations, present 

in a broad range of animal lineages. Venom systems have evolved independently in 

cnidarians, arachnids, reptiles, gastropods, cephalopods, chilopods, fishes, insects and in 

some mammals, such as the slow loris (genus Nycticebus) or several shrew species 

(family Soricidae). While the fundamental parts of a venom system are always similar in 

their function, they come in a variety of shapes and kinds. This is because they are 

usually based on pre-existing structures (e.g. walking legs, ovipositor, fin-bones, teeth) 

which have been redeployed to assume a new venom-related function. The basal 

functional units of any venom system can be described thus: a gland produces a toxic 

substance, the venom. Upon contraction of the muscles surrounding the gland, a duct 

collects and carries the venom to an opening usually situated on the subterminal part of a 

sharp device, where it will be passed hypodermically into the prey or opponent. The 

“sharp device” can refer to fangs, teeth, harpoons, nematocysts, forcipules, proboscises, 

beaks, spines, stingers or spurs (Fry et al., 2009a). Venom-delivery systems can present a 

very wide variety of shapes within the same lineage (as in the class Arachnida), and a 

similar apparatus can be observed in a multitude of variations (as in snakes).  

 

The origin of the venom gland and venom components has been recently investigated in a 

few model animals (Fry et al., 2006; 2009a; 2009b; 2009c). So far, the studies seem to 

have been largely concentrated on the reptilian venom system. This model is relatively 
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accessible, considering the homogeneity of the (albeit paraphyletic) class, the well-known 

life history and ecology of many of its representatives. Aside from the current two major 

model taxa (reptilians and cephalopods), traditional toxicology has produced several 

studies on the venom of various creatures, but without any comparative work within large 

clades. However, we can form some very general ideas on the subject of venom evolution. 

Venoms are combinations of proteins, salts, organic compounds, amino acids and 

neurotransmitters. These elements target a broad range of physiological pathways, tissues 

and organs that are accessible via the bloodstream (Fry et al., 2009a). Venom proteins 

result from the recruitment, duplication and redeployment of ‘ordinary’ genes/protein. 

Whole groups of proteins have been convergently recruited to be used as venom toxin in 

multiple animal lineages (Fry et al., 2009a). Originally, the recruited proteins all shared 

“a biochemistry that would produce toxic effects when delivered as an overdose” (Fry, 

2009c). Through over-expression of the original bioactivity, the new venom protein 

acquires an immediate toxicity, which in turn can evolve and acquire new specific 

properties (Fry, 2005).  

 

 

1.8 Fossil records of centipedes with special reference to the forcipules 

 

The fossil record of myriapods is sparse and very incomplete. However, several major 

discoveries have been made in the last three decades, providing an insight into the deep 

phylogenetic nodes of the subphylum. Most of these discoveries have been compiled and 

discussed in four major reviews (Almond, 1985; Shear, 1997; Shear and Edgecombe, 

2010; Edgecombe, 2011) which, when read in chronological order, offer an interesting 

view of the large progress made in reconstructing the history of the myriapods. The 

absence of calcium carbonate in the cuticle of Chilopods is the main reason for the low 

number of fossilised remains (Shear and Edgecombe, 2010). No stem-group Myriapod 

fossils have been definitely assigned so far. The earliest confirmed myriapod records 

have been dated to the early and mid-Silurian, and described as primitive diplopods 

(Almond, 1985). However, speculations on a Cambrian-Ordovician myriapod have not 

been dismissed and are sometimes debated (Shear, 1997, Wilson, 2006). Using the fossil 
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record, combined with morphological features and molecular data, Murienne et al. (2010) 

were the first to propose a chronogram for the centipede tree of life.  

 

The oldest confirmed Chilopod fossils belong to the genus Crussolum, a Scutigeromorph-

like creature recovered from the Scottish Rhynie Chert, a hot-spring vent location dated 

from the Early Devonian (407 MYA) (Anderson and Trewin, 2003) and from the Gilboa 

site in New-York State (Shear et al., 1998) . The Scottish specimen presents perfectly 

preserved forcipular coxal plates and partially preserved forcipules (Fig. 1.4). Crussolum 

has forcipular attributes that are very similar to the extant Scutigeromorpha: separated 

coxal plates, insertion point of the elongated trochantero-prefemur, long setae on the 

distal end of the coxal plates, absence on the posterior end of the coxae of apodemal 

insertions into the first trunk segment.  

 

Later Scutigeromorpha fossils were identified in the Mazon Creek deposits of Illinois 

(Upper Carboniferous), USA (Latzelia Scudder, 1890, mentioned by Shear and 

Edgecombe, 2010) and in the Crato Formation of North-East Brazil (Fulmenocursor 

tenax Wilson, 2001). Fulmenocursor tenax (Lower Cretaceous) has been assigned to the 

family Scutigeridae on the base of the possession of antenomeres that are longer than 

wide. Other characteristics defining the Scutigeridae could not be retrieved or observed 

from the specimen. Because of the orientation of the specimen, only part of the left 

forcipular basal article is visible. The fossil is uninformative about the general structure 

of the forcipular system.  

 

Devonobius delta (Chilopoda: Devonobiomorpha: Devonobiidae), a member of an extinct 

order of centipede from the Middle Devonian, has been described from the Giboa 

deposits (Shear and Bonamo, 1988). Upon examination, the authors phylogenetically 

placed Devonobius between the Craterostigmomorpha and the Epimorpha 

(Scolopendromorpha + Geophilomorpha). This central position is interesting, as some 

transitional morphological features may be present in the specimens. Shear and Bonamo 

(1988) argue that the order Devonobiomorpha should be sister of the Epimorpha 
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(Scolopendromorpha and Geophilomorpha), while Craterostigmomorpha becomes a 

sister group of the clade (Devonobiomorpha + Epimorpha).  

 

The forcipules of the specimen of Devonobius examined by the authors are relatively 

well conserved. The coxosternite is in one block (while all the previous centipede fossils 

presented two separated coxal plates as in Scutigeromorpha), with a ridge visible where 

the fusion between the two coxae occurred. The coxal tooth-plates project forward in a 

manner similar to some Scolopendromorpha. The forcipules are long and project far 

distally. The general shape and organisation is very close to that of Craterostigmus 

tasmanianus, a parallel noted by Shear and Edgecombe (2010). The forcipules possess a 

long trochantero-prefemur and a long tarsungulum, but a much reduced femur and tibia. 

However, and unlike the Epimorpha, the trochantero-prefemur and the tarsus do not share 

an articulation point. Each forcipular article forms a complete ring around the limb.  

 

Scolopendromorpha representatives have been found in the Crato Formation of Brazil 

and the Mazon Creek of Illinois, with three named species: Mazoscolopendra richardsoni 

(Mundel, 1979) Cratoraricus oberlii, (Wilson, 2003) and Velocipede betimari (Martill 

and Barker, 1998) and another unnamed specimen (Menon et al., 2003). Families should 

not be attributed, as the whole Scolopendromorpha order needs revision (Wilson, 2003). 

The forcipules of the four specimens present the typical form of scolopendromorph 

forcipules: enlarged trochantero-prefemur, reduced and incomplete femur and tibia, with 

a stout tarsungulum (Fig. 1.3). The tarsungulum and trochantero-prefemur touch each 

other on the external lateral part of the forcipule, a synapomorphic character of the 

epimorphs. 

 

According to Shear and Edgecombe (2010) the fossil records of both Lithobiomorpha and 

Geophilomorpha are very limited. Regarding Lithobiomorpha representatives, the authors 

mention that the “fossil record is confined to the Cenozoic, with several taxa having been 

named from Baltic amber, though none has received modern study”. Considering the 

rather “young” age of such specimens, it is unlikely that the forcipular system looked any 

different from the one existing today in Lithobiomorpha.  
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As for the Geophilomorpha, the earliest fossil is a single specimen from the upper 

Jurassic, Eogeophilus jurassicus (Schweigert and Dietl, 1997). The minute size of the 

specimen and the rather bad preservation make the photographic material that is available 

difficult to interpret in terms of forcipule shape. The authors described the forcipules as 

having four complete ring articles, thus going against the general idea that reduced femur 

and tibia were synapomorphic traits of Epimorpha. However, this was clearly dismissed 

later as a misinterpretation of badly preserved features (Edgecombe et al., 2009) 

 

Another single specimen of geophilomorph from French amber, Buziniphilus antiquus 

(Fig. 1.3) (Edgecombe et al., 2009), was dated from the early Cenomanian (Upper 

Cretaceous, 93 to 100 MY). This specimen is interesting for the very clear view it offers 

on an undamaged forcipule. From the photographic material published by the authors, it 

appears clearly that the trochantero-prefemur and the tarsungulum are linked by a joint in 

a fashion expected in all known living Geophilomorpha. The pleurites seem very 

developed. Interestingly, the embedment in amber permits distinguishing the venom duct 

and the porous proximal extremity, the calyx. The calyx appears very developed and 

large in comparison to all of the living species I examined. However, the calyx does not 

run deep into the forcipule, and it is mostly confined to the femur/tarsungulum part of the 

claw, a common occurrence in living geophilomorphs. The specimen was placed into the 

suborder Adesmata, and belongs to either of the families Geophilidae or Schendylidae. 

 

 In term of forcipular structure, the fossil record allows us to draw a few conclusions: 

 

- The external structure of the forcipular apparatus was already possessed by the genus 

Crussolum during the Late Silurian (418 MY), and the predatory habits of the genus seem 

confirmed by the general morphology of the specimens. 

- The ancestral form of the forcipules was most probably very similar to the one 

observable today in Scutigeromorpha.   

- Devonobiomorpha had four ring articles on each forcipule, as seen in anamorphic 

centipedes. However, the two median articles (femur and tibia) are greatly reduced, 
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which may be a transitional form between the Anamorpha (four articles forming full 

rings around the forcipule) and the Epimorpha (incomplete rings for the femur and tibia, 

the trochantero-prefemur and the tarsungulum share a hinge on the external part of the 

forcipule) 

- The hinge shared by the trochantero-prefemur and the tarsungulum is a synapomorphic 

character of Epimorpha. 

- It would be extremely interesting to gather elements to assign with confidence the origin 

of the venom system to a particular period of the centipede tree of life. Because the 

characteristic is shared by all chilopods, it is very likely that the venom gland existed 

already during the early Silurian and perhaps even in the Ordovician. 
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Fig. 1.3: Phylogeny of Chilopoda with minimal divergence dates calibrated by Silurian-Carboniferous 

occurrences. The numbers refer to records as follow: 1-3: Crussolum spp. (Shear et al., 1998; Anderson 

and Trewin, 2003); 4: Devonobius delta (Shear and Bonamo, 1988); 5: Mazoscolopendra (Mundel, 1979). 

No fossil record for Lithobiomorpha, Craterostigmomorpha and Geophilomorpha before the Mesozoic. 

Original chronogram (here modified) by Shear and Edgecombe (2010). Timescale is in MYA units. 
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Fig. 1.4: Some Chilopoda fossils. Micrograph (A) and camera lucida drawing (B) of the forcipular system 

of Crussolum sp., ventral view. The coxosternal plates (cox) are clearly divided. Scale bar = 0.5 mm. 

(Micrograph and drawing from Anderson and Trewin, 2003). (C): Anterior dorsal view of the Lower 

Cretaceous Scolopendromorph Cratoraricrus oberlii from the Crato Formation, northeast Brazil. Scale 

bar = 2 mm (Wilson, 2003) (D): General ventral view of the late Cretaceous Geophilomorph Buziniphilus 

antiquus, preserved in amber. Scale bar = 0.5 mm (Edgecombe et al., 2009). Cox = coxosternal plates; Trp 

= trochantero-prefemur; Sen = sensillum; Tag = tarsungulum; Lbs1 = leg bearing segment 1; Fte = 

forcipular tergite; Hca = head capsule. 

A B 

C D 
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1.9 From myths to science: centipedes in early oral tradition and literature 

 

“For because Minos cohabited with many women, Pasiphae bewitched him, and 

whenever he took another woman to his bed, he discharged scorpions, serpents and 

centipedes at her joints, and so the women perished.” 

 

Pseudo-Apollodorus 3. 15. 1, Bibliotheca 

 

Since ancient times, centipedes have been revered as deities and animals with 

supernatural powers. Their capacity to inflict painful bites to the unwary person getting 

too close to them is probably at the origin of several myths and tales found throughout the 

world. In ancient Egypt, the Goddess Sepa had the shape of a centipede and was implored 

by prayers to cure snake bites and increase fertility. Her cult developed particularly in 

Heliopolis and later merged with the cult of Osiris (Lurker, 2004). Several thousand 

kilometres away, the Chinese centipede (Wu-Gong, probably based on a 

Scolopendromorpha) was linked to tales of dragons and thunder as a symbol of strength 

and power (Hammond, 1994). Several local tales detail the fight between the Wu-Gong 

and the serpent. In the Indo-Malay world, “batu mustika lipan” (allegedly centipede 

bezoars, sometimes said to be worn as a crown by the animal) are still considered 

powerful mystical attributes for its holder, and are sold at extravagant prices. A temple 

has been built on the site of the Wu-Gong San, in the state of Seramban in Peninsular 

Malaysia, for devotees to pray to the spirit of a giant centipede roaming the local hills. 

 

In Western literature, centipedes are probably first presented as venomous creatures by 

Pseudo-Apollodorus in the encyclopaedic Bibliotheca, a text attributed to the first or 

second century AD. However, the myth of Minos’ infidelities to his wife Pasiphae is 

much older and brings us back deep into the mythical roots of the Hellenist Era and the 

Minoan culture (Borgeaud, 1974).  

 

One and half millennia later, Leeuwenhoek (1719) was the first scientist to write about 

the venom claw of centipedes. In a surprisingly successful attempt, Leeuwenhoek 
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provides us with a rather precise account of forcipule morphology, taking much care in 

locating the venom duct opening on the subterminal end of the claw. The illustration 

provided with his description leaves little doubt about the order of centipede he described: 

the long tarsungulum, four distinct and full articles, as well as the thickness of the femur 

and tibia are reminiscent of Lithobiomorpha. Leeuwenhoek’s description appears under 

the term “Millepaeda”. The distinction between millipedes and centipedes was to be 

clarified by Linnaeus four decades later (1758), with the description of Scolopendra 

morsitans, still valid to this day. 

 

Further workers recognised the subterminal duct opening and described the general shape 

of the forcipules. Müller (1829) dedicated a couple of drawings to the morphology of 

Scolopendra morsitans, including the gut, tracheal system and forcipules. Some other 

authors failed to identify the duct opening, but give some interesting accounts on the 

general shape and function of the forcipular apparatus, like De Geer (1778) who gives a 

detailed account of a Scolopendridae, attributing it the very appropriate French name of 

“scolopendre mordante” (biting centipede). He insists on how painful the bite of such 

large centipedes can be. Despite several accounts, observations and other descriptions, 

the existence of a venom apparatus linked to the forcipule was debated until the 

ultrastructural description of the venom gland by MacLeod (1878) and Duboscq (1898). 

The two latter authors are recognised as the pioneers in the study of the forcipules, and 

both their publications are landmarks and starting points for all following studies. This 

thesis makes no exception, as the ultrastructural work on the forcipules and the venom 

glands finds its roots in the work of these two authors. 
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1.10 The aims of this thesis 

 

“It is still too early to say what Evo-Devo will or will not be able to accomplish, but 

some things are clear enough to illuminate this discussion. First, much Evo-Devo 

research so far is more about “devo” than about “evo” and has little at all to do with 

ecology.” (Piggliucci, 2008) 

 

Through this work, I aim to provide an accurate account of the forcipular apparatus of 

centipedes from a variety of angles. For this reason, my work is multi-disciplinary and 

“holistic” in nature. The subject is in the general frame of venom apparatus studies. 

However, venom production and delivery systems are usually seen from a toxicological, 

pharmaceutical, medical, or economical angle. I propose here to gain a better 

understanding of a venom apparatus using an evolutionary developmental approach, in its 

broader sense, including the “evo” as well as the “devo”, and also the “eco”. 

 

Through comparative work based on one representative each from the four main existing 

lineages of centipedes (Scutigeromorpha, Lithobiomorpha, Scolopendromorpha and 

Geophilomorpha), I propose to further existing knowledge on the histology, structure, 

evolution, development, function and use of the forcipular venom system. In so doing, I 

also aim to lay down the basis for a better understanding of what is clearly an under-

studied evolutionary novelty. 
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Chapter 2 

 

The model species, field sites and general methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scutigera coleoptrata, frontal view. 

I concentrate here on describing the model species, the field sites, the general husbandry 

and the imaging methods used throughout the course of the Ph.D. Specific methods 

relevant to only a set of experiments or a particular topic are detailed in the part 

‘Material and Methods’ of each corresponding chapter. 



Chapter 2 – The model species, field sites and general methods 

 26 

2.1 Model species 

 

2.1.1 Choosing a model 

 

The choice of model species (Fig. 2.1) was a basic yet critical point of my work. 

Considering the broad range of methods and observations to be made (ultrastructure, 

ecology, development, etc), the model species, ideally, had to: 

 

- be easily available in large number. 

- be easy to maintain in captivity. 

- breed / lay eggs in captivity. 

- develop in captivity. 

- be inexpensive if they had to be purchased or collected in the wild. 

 

The choice of the Scutigeromorpha representative was simple: Scutigera coleoptrata is a 

cosmopolitan inhabitant of temperate and warm areas. The range of other 

Scutigeromorpha is either limited to the inter-tropical belt or limited to extremely specific 

micro-habitats, and they are therefore difficult to obtain. Furthermore, Scutigeromorpha 

easily autotomise their legs, and must be handled and transported with great care.  

 

Several Lithobiomorpha species occur in Ireland. Two are relatively common in Western 

Ireland: Lithobius variegatus, and Lithobius forficatus. In the early days of my Ph.D., 

maintenance and captive breeding have been tried with both species. I never managed to 

obtain viable embryos of Lithobius variegatus. Lithobius forficatus however laid eggs 

readily after a few weeks in captivity, and thus became our Lithobiomorpha model.  

 

The choice of the Scolopendromorpha model was trickier, as only a small number of taxa 

are available either locally or commercially. Having previous experience with large 

centipedes of the Scolopendra subspinipes species-complex, I had a preference for 

working with them rather than on the small Cryptopidae found in Ireland. The particular 

subspecies Scolopendra subspinipes mutilans is bred in large quantities in South-East 
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Asia for human consumption. Being captive bred in large communal set-ups, the animals 

are more tolerant of each other (Scolopendromorpha generally have cannibalistic 

tendencies). Once in the lab, these specimens are also less prone to stress, as they were 

not removed from their natural habitat. Finally, they are less likely to bear large number 

of parasites (mites and nematodes mostly), as many wild-caught specimens do. 

 

 As for the Geophilomorpha, Strigamia maritima was an obvious choice, as it is readily 

available on Irish coasts and has been used as a model for Evo-Devo research for over a 

decade (Arthur, 1999).  

 

The last living order, Craterostigmomorpha, is only represented by two species from New 

Zealand and Tasmania respectively. The export of live animals from both countries is 

under very strict control and virtually impossible. For these reasons, I had to dismiss the 

order from the study.  

 

 

Fig. 2.1: The four model species. Top left: Scutigera coleoptrata feeding on an Acheta domesticus. Top 

right: Lithobius forficatus. Bottom left: Scolopendra subspinipes mutilans, yellow-leg form. Bottom 

right: Strigamia maritima. 
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2.1.2 Scutigeromorpha (Scutigera coleoptrata, L.) 

 

2.1.2.1 Description 

 

Scutigera coleoptrata belongs to the family Scutigeridae, one of the three extant families 

of the order Scutigeromorpha. This family comprises about 100 valid species worldwide 

(Stoev and Geoffroy, 2004). Because of their short body, long legs and prominent eyes, 

Scutigeromorpha are easy to identify in the field. The segmentation is asymmetric on the 

dorso-ventral axis: tergite 1 corresponds to segment 1, the second tergite to the segment 2 

and 3, the third tergite to 4 and 5, tergite 4 to segments 6, 7 and 8, tergite 5 to 9 and 10, 

tergite 6 to 11 and 12, tergite 7 to segments 13 and 14, while a tergite is absent from the 

last segment (Eason, 1964).  

 

The taxonomic diagnostic for Scutigera coleoptrata is based on the number of leg 

tarsomeres, and the distribution of setae and spines on the body. Because Scutigera 

coleoptrata is the only representative of the order in the areas sampled, specimens could 

be easily identified with the naked eye.  

 

Eason (1964) provided the following taxonomic diagnosis: up to 30 mm long, and 5 mm 

broad. Dull yellow with 3 dorsal, longitudinal, violet stripes on the trunk and violet bands 

on the last 3 or 4 pairs of legs. Antennae flagellum with up to 300 annulations and one or 

two nodes. Second maxillary telopodite with 3, 4 and 2 distal spines on 1
st
, 2

nd
 and 3

rd
 

article respectively. Leg prefemur with 2 dorsal and 1 ventral spinulations, femur with 3 

dorsal, and tibia with 1 dorsal and 2 ventral distal spines. Tarsometatarsi of the last legs 

with 500 to 600 annulations.  

 

Female and male are easily distinguishable one from the other, even with the naked eye, 

because of the characteristic shape of the gonopodes observable on the last trunk segment 

(Fig. 2.2) 
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2.1.2.2 Development 

 

The embryological development of Scutigera coleoptrata has been described by Dohle 

(1970) and Knoll (1974). The development is anamorphic. Once the egg is laid, it is held 

in the gonopods, where they get covered with sticky mucus. The mother will coat the egg 

with debris, dust and earth before abandoning it under a small layer of substrate. Eggs 

hatch after 3 to 4 weeks, depending on environmental conditions. The hatchlings have 4 

pairs of legs. They are fully mobile and independent. A series of 6 larval stadia follows. 

Each stage is defined by a moult and a progressive increase in leg bearing segments (lbs) 

(larva I: 4 lbs; larva II: 5 lbs; larva III: 7 lbs; larva IV: 9 lbs; larva V: 11 lbs; larva VI: 13 

lbs). Another 5 stages are necessary after the final larval stage to reach the maturus stage 

(agenitalis: 15 lbs; no more increase in lbs number in the following stadia: immaturus, 

praematurus, pseudomaturus and maturus). These post-larval stages are characterised by 

the development of the eyes and the sub-segmentation and spinulation of the walking legs 

(Lewis, 1981).  

 

 

2.1.2.3 Ecology 

 

Scutigera coleoptrata are opportunistic ambush predators which subdue their prey using 

their long legs to ‘cage’ the prey before stabbing it with a motion of the forcipules. The 

diet of Scutigera coleoptrata seems to be composed of a large variety of terrestrial insects, 

as well as spiders and small centipedes (Lewis, 1981). Cannibalism is frequent, and adult 

females have a particular liking for freshly moulted males (Verhoeff, 1938; Lewis, 1981; 

Acosta, 2003).  The species demonstrates territorial habits, with spatial segregation 

between males and females (Lewis, 1981). In captivity, individuals of the same sex do 

not aggregate but tolerate each other to a certain extent. Despite being mostly nocturnal, 

specimens hunt occasionally during the day. In their natural habitat, they don’t seem to 

mind the heat and sun, and in the evening, they are likely to be found close to a source of 

light, where prey is plenty. Scutigera coleoptrata seems also less prone to desiccation 

than the other centipedes I have worked with. Unfortunately, no data are available on this 
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subject. The full life-span of Scutigera coleoptrata is not known, but it is expected to be 

around three years (Acosta, 2003). Grooming has been described as an important and 

recurrent behaviour in the order (Lewis, 1981; Acosta, 2003; Rosenberg et al., 2004).  

 

 

2.1.2.4 Distribution 

 

Scutigera coleoptrata is thought to originate from the Mediterranean area. It is found in 

large numbers under stones on the dry coastal hills of Campania, South of Naples, Italy. 

However, the species is now cosmopolitan. The species is reported from South and North 

America, South East Asia, Africa and the Middle East (Lewis, 1981; Acosta, 2003). In 

the northernmost part of its range, Scutigera coleoptrata is strongly synanthropic, living 

in and around heated buildings. It has colonised the big urban centres of Canada (Acosta, 

2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Ventral view of the terminal segment of Scutigera coleoptrata. The red arrows point to the 

terminal claw-like appendages (gonopods). Left: Male. Right: Female. The gonopods extend beyond the 

posterior end of the segment in females. Drawings from Eason (1964). 
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2.1.3 Lithobiomorpha (Lithobius forficatus, L.) 

 

2.1.3.1 Description 

 

The order Lithobiomorpha is divided in two large families and comprises about 1100 

valid species. The family Lithobiidae is mostly Laurasian and includes our model species 

Lithobius forficatus, while the family Henicopidae is principally Gondwanan and consists 

mostly of exotic species in the Northern Hemisphere (Eason, 1964; Edgecombe and 

Giribet, 2007). Lithobiomorpha have 15 lbs upon maturation and have an anamorphic 

development similar to the one of Scutigeromorpha. The trunk has long tergites on lbs 1, 

3, 5, 7, 8, 10, 12 and 14, with a short tergite on the alternating segments (Edgecombe and 

Giribet, 2007). Eyes are sometimes absent, but usually present in the form of a cluster of 

ocelli in Lithobiidae versus a single ocellus in Henicopidae. 

 

The taxonomic diagnostic of Lithobius forficatus is as follows (Eason, 1964): 18 to 30 

mm long, 2.4 to 3.8 mm broad and chestnut-brown in colour. Integument sparsely 

punctuated with small pits on head, anterior tergites, forcipular coxosternite and 

forcipular femora. Setae of moderate length. The head is broader than long, usually as 

broad as the third tergite. Marginal ridge with a slight median thickening; paired posterior 

depressions faint or absent; posterior border straight or slightly concave. Antennae up to 

one third of the body length, with 35 to 43 articles. 20 to 30 ocelli on each side of the 

head capsule. Posterior ocelli much larger than the largest of the others, which are 

arranged in about 5 or 6 irregular rows. Forcipular coxosternite with 5+5, 6+6 or 6+7 

teeth. Number of coxal pores varies from 5 to 9 on each coxa. Female genitalia are 

composed of two conical spurs on each gonopod.  (Fig. 2.3) 
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2.1.3.2 Development 

 

The development of Lithobius forficatus is somewhat similar to that of Scutigera 

coleoptrata. The eggs are laid and covered with mucus. They are then rolled in the 

substrate and left under a thin layer of earth. The eggs are deposited singly or in a cluster. 

The eggs hatch within 5 to 6 weeks at room temperature. The emerging centipede has 7 

lbs (stage larva I). The number of leg-bearing segments increases at each following moult: 

larva II: 7 + 1 half developed, larva III: 10 lbs, larva IV: 12 lbs, larva V: 12 or 13 lbs. 

Seven post-larval stadia with the final number of 15 lbs have been described by Verhoeff 

(1902-1925, reported by Lewis, 1981): agenitalis, immaturus, praematurus, 

pseudomaturus primus, pseudomaturus secundus, maturus junior and maturus senior. 

Each stage corresponds to a moult and is characterised by a change in the number of 

coxopleural teeth, antennal segments, ocelli, coxal pores and setae on the genital sternite. 

Each larval and post larval stage may last between 3 and 55 days, depending on the 

maturation stage and the environmental conditions (Lewis, 1981).  

 

Fig. 2.3: Ventral view of the terminal segment of Lithobius forficatus. The red arrows point to the 

gonopods. Left: Male. The gonopods are highly reduced. Right: Female. The presence of the claw-like 

gonopods in females provides an easy way to sex the specimens. Drawings from Eason (1964). 
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2.1.3.3 Ecology 

 

Lithobius forficatus is an opportunistic predator, hunting a variety of prey under the cover 

of stones and logs or in the leaf-litter. It is strongly negatively phototactic. In British 

woodlands, insects, arachnids and earthworms seem to constitute the diet of Lithobius 

forficatus (Lewis, 1981). The species is by no means communal in the wild. While 2 or 3 

immature specimens may share the same ‘hide’ (e.g. a single stone, a small piece of bark), 

this does not seem to be the case with mature adults. Cannibalism has been observed in 

captivity, with large females feeding on males. This can be largely avoided by providing 

sufficient food items. The life expectancy of Lithobius forficatus has been estimated at 5 

to 6 years (Verhoeff, 1902-1925). 

 

 

2.1.3.4 Distribution 

 

Lithobius forficatus originates from Western continental Europe. It has been introduced 

in the British Isles and in North America (Eason, 1964). Lithobius forficatus inhabits 

virtually any habitat providing enough suitable hides and humidity, from woodlands to 

buildings. It can be considered as a partially synanthropic species. 

 

 

2.1.4 Scolopendromorpha (S. subspinipes mutilans L. Koch, 1878) 

 

2.1.4.1 Description 

 

The order Scolopendromorpha is divided into five families. The division is based on the 

number of trunk segments and the presence or absence of ocelli. Scolopendra subspinipes 

mutilans belongs to the Scolopendridae (the others being the Cryptopidae, the 

Scolopocryptopidae, the Plutoniomidae and the Mimopidae). The order comprises the 

largest and most voracious of all centipedes, with the largest representative, the neo-

tropical Scolopendra gigantea, reaching up to 30 cm.              
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Scolopendra subspinipes mutilans has been taxonomically described by Attems (1930). 

The species can reach 160 mm long, the head and the first tergite are red, with the rest of 

the trunk dark green to black. Two colour forms exist: yellow legs or red legs. 

Coxosternal toothplate with 5 teeth on each side sometimes arranged as 2+3. Lateral 

ridges starting on sternite 4 to 9, very subtle first, more voluminous on the posterior 

segments. Sternites 2 to 19 with two faded paramedian lines. Legs with one tarsal spine. 

Coxopleural process with 2, sometimes 1 or 3 spines. Spines on each prefemur of 

terminal legs: 2 on the ventral-lateral, 1 on the lateral and 1 dorsal, 2 to 5 spines on the 

ventral side.  

 

No external morphological features permit clear sex identification. 

 

 

2.1.4.2 Development 

 

Scolopendromorpha and Geophilomorpha develop epimorphically. The female 

Scolopendra subspinipes mutilans digs a brooding chamber in which she lays a clutch of 

eggs (about 10 to 30, sometimes up to 50). The eggs are coated with a sticky secretion 

and adhere together in the form of a roughly spherical mass. The female coils around the 

mass of eggs with her ventral surface in contact with them, holding them off the ground. 

She also regularly grooms the eggs with her mouth-parts (Lewis, 1981). During the 

whole development, the female does not abandon the brood, even temporarily. Heymons 

(1901) was the first to document the embryological development of the genus 

Scolopendra (Scolopendra cingulata and Scolopendra dalmatica). The eggs hatch after 4 

to 5 weeks. The larval development of Scolopendra cingulata and Scolopendra morsitans 

has been divided in 3 embryonic and 3 adolescens stadia, before reaching the maturus 

stage (Lewis, 1967). The freshly hatched larva has no functional appendages. The ocelli 

and limbs develop gradually through the six stages. The mother takes care of the 

developing larvae until they reach the first adolescens stage, at which point the young 

leave the brooding chamber. The duration of the whole developmental process is not 

known, but probably takes 6 months to three years, depending on the species and the 
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environmental conditions. Scolopendra subspinipes mutilans can live for several years 

after reaching the maturus stage. An adult female which laid eggs in the lab in spring 

2009 was still alive in February 2011. 

 

 

2.1.4.3 Ecology 

 

Scolopendra subspinipes mutilans prey mainly upon arthropods. Large specimens may 

also take small vertebrates, as has been reported in other species of Scolopendromorpha 

(bats: Molinari et al., 2005; toads: Carpenter and Gillingham, 1984; rodents: Clark, 1979; 

snakes and lizards: personal observations). This species is “farmed” in Southern China, 

Korea and Taiwan where it is sold for human consumption and as food for large 

ornamental fishes. There is no report of this species being communal in the wild, 

however, captive bred specimens live easily in large groups, and show aggregation 

behaviour. Cannibalism may occur when the group is under stress or when food items are 

lacking. This behaviour however remains uncommon.  

 

 

2.1.4.4 Distribution 

 

Attems (1930) assigned this species to Japan and China. Scolopendra subspinipes 

mutilans has also been reported from the lowlands and hills of Taiwan, the Ryukyu 

Islands, Saipan (Chao, 2002) and from Korea, where it is an ingredient of the traditional 

pharmacopeia (Noda et al., 2001).  Not much is known of the precise distribution of the 

species, and the farming projects may well have spread the species out of its original 

range. The Scolopendra subspinipes species-complex needs to be reviewed and 

Scolopendra subspinipes mutilans may well be elevated to the rank of species in the 

future, on the base of sympatric distribution with other Scolopendra subspinipes 

subspecies, molecular data, and morphological features (Chao, 2002; Dugon, 2007).  
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2.1.5 Geophilomorpha (Strigamia maritima, Leach) 

 

2.1.5.1 Description 

 

The order Geophilomorpha is the most diverse of the Chilopoda orders, with 

approximately 1260 valid species distributed in 14 families (Edgecombe and Giribet, 

2007). Strigamia maritima belongs to the family Linotaeniidae.  

 

As Strigamia maritima is present in the British Isles, a taxonomical diagnosis is provided 

by Eason (1964). Here are some distinctive elements: 40 mm long and 1.5 mm broad but 

usually smaller. Males usually with 47 or 49 trunk segments, females usually with 49 or 

51 trunk segments. Body red in colour, about 27 times longer than broad. Forcipular 

segment with tergite barely broader than head, and about as broad as the first tergite.  

 

The gender of a specimen can be easily identified by looking at the posterior end of the 

animal. The terminal legs are thick in males and thin in females (Fig. 2.4).  

 

 

2.1.5.2 Development 

 

The development of Geophilomorpha is very similar to that of Scolopendromorpha. The 

female excavates a brooding chamber, lays a clutch of eggs and coils around it, with the 

ventral side out. The eggs hatch about a month later. The full development of Strigamia 

maritima has been previously investigated (Lewis, 1960; Chipman et al., 2004; Kettle et 

al., 2003; Vedel and Arthur, 2010). Embryonic development has been divided into 7 

stages by Chipman et al. (2004): I, cleavage; II, Blastoderm; III, early germ-band 

formation; IV, mid-segmentation; V, late segmentation; VI, lateral migration and germ-

band sinking; VII, late development. The post-hatching stages have been recently defined 

by Vedel and Arthur (2010) on the base of Lewis’ work (1960): I, hatching; II, last 

embryonic stage; III, peripatoid I; IV, peripatoid II; V, foetus I; VI, foetus II; VII, foetus 

III; VIII, adolescens I; IX, adolescens II; X, adolescens III; XI: maturus junior; XII: 
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maturus senior. The two maturus stages can reproduce. The lifespan of Strigamia 

maritima is unknown but has been estimated to reach at least 6 years (Lewis, 1961). 

 

 

2.1.5.3 Ecology 

 

Strigamia maritima is a littoral species which occupies a very particular habitat, limited 

to the upper intertidal and supra-tidal fringes. They can be found in large colonies of 

several hundred specimens under stones stuck in muddy substrate, a few centimetres 

below the surface of shingle beaches. This zone is rich in organic matter and small 

saprophagous arthropods, which constitute the staple food of Strigamia maritima. 

Captive specimens have been observed feeding on natural prey such as amphipods and 

woodlice but also on non natural prey like pre-killed Tenebrio molitor larvae (mealworms) 

and pre-killed Achetas domesticus (common house cricket). The prey were often attacked 

by a group of centipedes, cutting the cuticle with their forcipules, and eating the soft 

internal parts (personal observations). Contrary to most other centipedes, cannibalism has 

not been reported from Strigamia maritima. Migrations up and down the shore have been 

reported, probably to avoid long immersion periods (Vedel, 2008). 

 

 

2.1.5.4 Distribution 

  

The general distribution of Strigamia maritima is limited to the Atlantic coasts of Europe, 

including the North Sea, the Irish Sea and the English Channel. The species has been 

sampled from France, Norway, Sweden, Denmark, Germany, Ireland and the United 

Kingdom (Vedel, 2008). 
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2.2 Sampling locations and methods 

 

2.2.1 Rusheen Bay, Ireland (53°15’N 9°07’W)  

 

Rusheen Bay (Fig. 2.5) is a small, 1 km-wide, sandy and shallow tidal lake located 5 km 

West of Galway. It is sheltered on its western side by a small sedimentary promontory. 

The eastern side is formed by the small Gentian Hill, prolonged on its eastern end by an 

800 metre-long narrow granitic and sedimentary bank (Blake’s Rock). Adult Strigamia 

maritima specimens were sampled on the proximal Eastern side of Blake’s Rock, on a 

granitic shingle beach orientated North-South. This side is facing the interior part of 

Galway Bay, and is therefore very well protected from the prevailing western winds and 

waves. The slope of the shore is gentle, and the whole intertidal zone extends on 50 to 70 

meters of granitic bedrock, boulders and mud. The high-tide mark is clearly delimited by 

brown seaweed deposits. Strigamia maritima were found under rocks and stones 

embedded in the muddy substrate, 10 to 30 cm below the shingle surface, and in the two 

metres above and below the seaweed line.  

 

Fig. 2.4: Ventral view of the terminal legs of Strigamia maritima. Left: Male. Right: Female. Drawings 

from Eason (1964). 
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Shingle and larger stones were removed by hand, and specimens were captured using 

small blunt tweezers, and collected into a clear plastic container filled with the local 

substrate of mud, coarse sand and broken shells. Care was taken to maintain the humidity 

level high enough and to protect the box from the direct heat of the sun. Several dozens 

of specimens can be temporarily stored and transported this way in a single box. 

Sampling took place throughout the year whenever fresh specimens were needed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Brora, Scotland (57°98’N 3°91’W) 

 

Despite being a model organism for Evo-Devo research for over a decade, Strigamia 

maritima has never been bred successfully in captivity (Vedel et al., 2010). Traditionally, 

egg clutches of Strigamia maritima are collected in late May or early June on a large 

stretch of shingle beach on the eastern coast of northern Scotland (Fig. 2.6), between the 

villages of Golspie to the South and Brora to the North. While the shingle area extends 

over several kilometres, it is a 600 m to 800 m South-facing stretch that yielded the most 

Fig. 2.5: Rusheen Bay sampling location for Strigamia maritima. Left: Satellite image of the eastern end 

of Rusheen Bay. The red arrow points to the sampling location (elevation: 0 m). Right: Digital photograph 

of Blake’s rocks at low tide, looking South-West. Strigamia maritima can be found under the rocks and 

shingle, just at the upper limit of the seaweed deposits. (Satellite image from Google Earth. Imagery date: 

May 3
rd

, 2007. Accessed on February 10
th

, 2011). 
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clutches. The location is easily recognised through the presence of archaeological 

remains (the “Broch”) at the Eastern entrance of the sampling site.  

 

To reach the clutches, one must remove the 20 cm to 50 cm-thick layer of shingle in the 

supra-tidal zone of the beach, until sedimentary deposits are reached. Fertilised females 

of Strigamia maritima excavate a brooding chamber in this substrate composed of coarse 

sand, shell debris, mud and small stones. The chamber measures 10 to 20 mm in diameter 

and is roughly circular. The mother is found coiled around a clutch of 2 to 20, 1mm-wide 

yellowish (older) or whitish (younger) eggs (Fig. 2.10).  

 

The collection was made with a small spoon-spatula to gather the egg ball which was 

then deposited in a small petri dish. The eggs were sandwiched between two layers of 

filter paper sprayed with locust embryo solution (LES) in order to keep the eggs moist 

and to limit damage during transport. The petri dishes were then tightly stacked in groups 

of 24 in a clear plastic tub containing wet paper. The boxes were stored in a cooling box 

to keep the eggs at a temperature close that of the original substrate. An alternative to this 

storage method is to drop the eggs into a 1.5 ml tube filled with mineral oil (Sigma-

Aldrich
TM

 mineral oil, embryo culture tested) and then to store them in a cooling box as 

mentioned above. Both collection and storage methods permit keeping the embryos alive 

and developing throughout the whole process. 300 to 500 clutches could be collected by 

three people over a day and a half of work. 
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2.2.3 Lower Barna Wood, Ireland (53°25’N 9°12’W) 

 

Barna Woods (Fig. 2.7) are small mixed deciduous woodlands, occupying the coastal and 

higher grounds located at the deepest and most sheltered part of Rusheen Bay (see Fig. 

2.7). The area is divided into two parts by a single-carriageway (R336): Lower Barna 

Wood is located on 7 hectares of land on the South side of the road and extends to the 

high tide line of the bay. The canopy is composed of oaks (Quercus robur), alders (Alnus 

glutinosa), ashes (Fraxinus excelsior) and elms (Ulmus glabra). The understorey is 

largely dominated by the European holly (Ilex aquifolium) in shaded areas, and 

hawthorns (Crataegus monogyna) on the brighter edges of the woodland. The 

undergrowth is poor, with little light reaching the ground. Shaded areas are covered 

mostly with ramifications of common ivy (Hedera helix) and mosses, with few grasses.  

Fig. 2.6: Brora/Golspie sampling location for Strigamia maritima broods. Left: Satellite image of the 

sampling beach. Entrance point of the site is located left of the eye-like structure on the upper right corner 

(the “Broch”). Sampling took place on the whole stretch of beach presented here (elevation: 0 m).  Right: 

Digital photograph of the shingle beach, looking East. The broods can be found under the shingle layer, 

just above the upper limit of the seaweed deposits. (Satellite image from Google Earth. Imagery date: 

January 1st, 2007. Accessed on February 10
th

, 2011). 
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A small dirt track flanked with partially collapsed dry stone walls passes through the 

woods. The collapsed stones offer a perfect habitat for Lithobius forficatus.  

 

The stones were turned over manually, often uncovering an adult specimen. The 

individuals were seized using a blunt pair of forceps and temporarily housed (each 

separately) in 50 ml falcon tubes containing moist and light substrate (moss or leaf-litter). 

Lithobius forficatus and Lithobius variegatus both occur in the woods. However, 

Lithobius variegatus seems to prefer less disturbed habitats, and is more likely to be 

found under logs, pieces of bark or stones hidden in the leaf-litter. Specimens could be 

caught throughout the year. A single person could catch 30 to 40 adult specimens of 

Lithobius forficatus in 5 to 6 hours. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7: Lower Barna Wood sampling location for Lithobius forficatus. Left: Satellite image of the woods. 

Barna Woods extend from the upper left corner down to the centre right. The sampling area (Lower Barna 

Wood, elevation: 2 m) is marked in red. The red arrow points to the location of the digital photograph 

(right). (Satellite image from Google Earth. Imagery date: May 3rd, 2007. Accessed on February 10
th

, 

2011). 
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2.2.4 Moncley, France (47°18’N 5°53’E) 

 

Moncley is a small village (Fig. 2.8) situated 10 km North-West of Besancon, a major 

town of the North-Eastern region of Franche-Comté. At these latitudes, Scutigera 

coleoptrata is found only in the direct vicinity of human habitations during late spring 

and summer. Specimens were caught in late June 2009 on the outside walls of a privately 

owned house. Scutigera coleoptrata leave their hides after dawn to hunt preferably on 

vertical surfaces (walls, stones) warmed by the sun during the day.  

 

Because Scutigeromorpha are fast runners, flee away at the slightest threat and 

autotomise their legs, trapping specimens can be a delicate procedure. I used a head-

mounted lamp to screen the walls. When a specimen was spotted, it had to be carefully 

approached until a large transparent plastic box could be applied on the wall, trapping the 

animal. A strong sheet of paper was then slid between the wall and the box. Using a 

plastic funnel, the animal was transferred into a 50ml falcon tube containing wet filter 

paper to maintain an adequate level of humidity. 25 adult specimens were caught in two 

nocturnal sessions of 3 to 4 hours each.  

 

 

 

 

Fig. 2.8: Moncley sampling location for Scutigera coleoptrata. Left: Satellite image of the village of 

Moncley (elevation: 230 m). The red arrow points to the house where the sampling took place. Right: 

Digital photograph of a Scutigera coleoptrata being captured on a wall of the house. The use of paper and a 

clear box is necessary so as not to damage the fragile specimen. (Satellite image from Google Earth. 

Imagery date: January 1
st
, 2008. Accessed on February 10

th
, 2011). 
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2.2.5 Punta Licosa, Italy (40°25’N 14°91’E) 

 

Punta Licosa is the name given to a small coastal hill massif and its surroundings (Fig. 

2.9), in the region of Campania, about 130 km South of Naples, on the coast of the 

Tyrrhenian Sea. I visited the area twice, in early April 2010 and late March 2011, as it 

seems to be the best period to catch gravid females. Sampling took place during the day, 

between 10 am and 6 pm. The hills rise to just 300 metres. The base of the slopes is 

planted with orange, lemon, and olive trees, with a few scattered habitations. The higher 

ground presents a typical Mediterranean flora, composed of small and scattered oaks, 

pines and shrubs, with thick undergrowth and grasses. The hill tops are bare and arid with 

little vegetation and steep slopes. It is in this environment that Scutigera coleoptrata 

thrives. Most specimens were found under dry stones on the South and South-West flanks 

of the hills. The animals were caught by placing the falcon tube in front of it while it ran 

for cover. While the success rate may have been quite low, the high density of animals 

permitted the capture of over 50 large specimens in two half-days of work in April 2010. 

All young or smallish specimens were discarded. Once caught, the animals were treated 

as they were in Moncley (2.2.3).  

 

 

 

 

Fig. 2.9: Punta Licosa sampling location for Scutigera coleoptrata. Left: Satellite image of sampling 

location and surroundings. Sampling occurred on the crest line between the two arrows (elevation 

between 150 m and 308 m). Right: Digital photograph of the crest line where the animals were sampled, 

looking South. (Satellite image from Google Earth. Imagery date: October 11
th

, 2003. Accessed on 

February 10
th

, 2011). 
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2.2.6 Hong Kong, China 

 

I do not provide any coordinates for this location, because the specimens of Scolopendra 

subspinipes mutilans were ordered from a wildlife trader based in Hong Kong, and 

because the animals were not sampled in the wild but captive bred in farms. A first order 

of 150 specimens was placed with Zoological Connections (http://www.zoocon.com) in 

April 2009. Another order of 200 specimens was placed in May 2010 with Mr Leong Kee 

Lim, based in Selangor, Malaysia. The animals were sent via the EMS courier service, 

handled by the British postal services (Parcel Force) and delivered by the national Irish 

postal services (An Post). The transport and delivery of live arthropods to and from 

official institutions is explicitly authorised by the British postal services (“General 

prohibitions and restrictions” section of the official website: http://www.parcelforce.com), 

while the Irish postal services (An Post) do not have any restrictive regulation on the 

subject.   

 

The animals were packed in groups of ten specimens in plastic tubs bearing several 

aeration holes and filled with moist sphagnum moss. The clipped lids were kept tightly 

closed with duct tape. The tubs were placed in a cardboard box insulated with Styrofoam 

panels on all asides. Upon arrival, the box was opened in a large and high plastic 

container. The animals were swiftly checked, rehydrated, and housed each separately in a 

plastic box. All manipulations involving Scolopendra specimens were made in large and 

high plastic containers using 30 cm-long tweezers to avoid any risk of bite or escape. 

 

  

2.3 Animal maintenance in captivity 

 

2.3.1 Live specimens 

 

Upon arrival in the laboratory, collected animals were rehydrated, sexed (when possible) 

and each housed separately (except in the case of Strigamia maritima) in a container. 

Each container was labelled with general information: sex, date and site of collection, 



Chapter 2 – The model species, field sites and general methods 

 46 

number of eggs laid and date of egg collection. The containers were then placed in 

incubators at an appropriate temperature (Table 2.1). Because of the potential health 

hazard presented by their venom, special safety measures were taken with Scolopendra 

subspinipes mutilans.  I used containers with clipped lids; the incubator was key-locked; 

and a safety procedure with bite treatment and emergency contacts was kept on the front 

door of the incubator. Animals were never handled with bare hands, but only using 

appropriate steel tweezers.  

 

Animals were checked at least once a week. Usual maintenance would include the 

removal of old food debris, hydration of the substrate and refilling of the water bowls, 

feeding, egg collection and general health inspection.  

 

Food items consisted of brown or black crickets (Acheta domesticus or Gryllus 

bimaculatus). For small specimens (Strigamia maritima and immature stages of other 

species), prey were usually pre-killed to avoid any risk of injury. The number and the size 

of prey depended on the size of the centipede. Crickets were ordered over the internet 

from Livefood UK (http://www.livefoods.co.uk). A bulk bag of about 1000 mixed-size 

specimens was ordered every month. Crickets were stored in large plastic containers 

filled with cardboard (for cover), with a shallow water bowl, and were fed with dry cat-

food pellets to increase their nutritional value (“gut-loading” technique).  

 

Except for Scutigera coleoptrata, all species were prone to mite and nematode infections. 

Nematodes are internal parasites, and I am not aware of any method to treat such 

infections in arthropods. Mite populations can be controlled by diminishing the humidity 

level of the substrate and by providing wet filter paper in a small dish. Mites tend to 

migrate towards the humid substrate. The wet paper loaded with mites can be easily 

discarded and replaced. The housing conditions for all four species are summarised in 

Table 2.1. 
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 Scutigera 

coleoptrata 

Lithobius 

forficatus 

Scolopendra 

subspinipes 

mutilans 

Strigamia 

maritima 

Box size (L x 

W x H) in mm 

 

175 x 116  x 60  

 

175 x 116  x 60 

 

175 x 116  x 60 

 

175 x 116  x 60 

Substrate 2 sheets of 

polyethylene 

foam. 1 petri dish 

with potting soil 

for egg 

deposition. 

2 sheets of 

polyethylene 

foam. 1 petri dish 

with potting soil 

for egg 

deposition. 

4 to 5 cm of 

potting soil 

Natural substrate: 

coarse sand, 

decaying matter, 

shell debris, 

pebble and mud 

Feeding  Weekly: Acheta 

domesticus or 

Gryllus 

bimaculatus 

Weekly: Acheta 

domesticus or 

Gryllus 

bimaculatus 

Weekly: Acheta 

domesticus or 

Gryllus 

bimaculatus 

Episodic. 

Temperature Room temp. 

18°C to 25°C 

15°C to 18°C 27 °C 12°C to 15°C 

Humidity Moderate. 1 wet 

sponge in falcon 

tube. 1 light 

spray per week 

High. 1 wet 

sponge in falcon 

tube. 1 heavy 

spray per week 

Moderate to 

high. Substrate 

moist but not 

wet. 1 water 

bowl. 

High. Regular 

addition of water 

into the substrate 

 

 

Table 2.1: General maintenance of centipedes in captivity. Alternate cycles of light and dark were tested 

but abandoned as centipedes are mostly light-avoiding animals spending most of their life in the dark. 
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2.3.2 Egg incubation and fixation 

 

2.3.2.1 Oviposition  

 

In captivity, Scutigera coleoptrata laid eggs from April until the end of June, which 

corresponds exactly to the egg-laying period mentioned by Acosta (2003). A single 

female could lay up to 18 eggs in one week. However, there was no consistent pattern, 

and under the same conditions, eggs could be laid in one week but not in another. 

Lithobius forficatus laid eggs throughout the year, with a peak in spring and summer 

when a single female could lay over 20 eggs in a week. Both species could lay eggs for 

several months without being re-fertilised. Strigamia maritima eggs were collected at 

various developing stages in late May or early June. Strigamia maritima are known to lay 

eggs only once a year. A single clutch has been laid in captivity, under a shell, in a box 

filled with natural substrate (as detailed in 2.2.1). Scolopendra subspinipes mutilans laid 

eggs in May and June. The largest brood laid in June 2011 contained 53 eggs. Egg 

deposition takes typically 2 to 4 hours (see Fig. 2.10) Lewis (1981) mentions that some 

Scolopendromorpha may have two broods per year. This has not been observed in our 

populations of Scolopendra subspinipes mutilans.  

 

 

2.3.2.2 Egg incubation 

 

Lithobius forficatus and Scutigera coleoptrata laid eggs in a petri dish filled with potting 

soil. The dishes were checked weekly under a light microscope. The eggs were collected 

with small tweezers and were cleared from their coat of soil before being processed for 

artificial incubation. For Scolopendra subspinipes mutilans and Strigamia maritima, the 

eggs were directly removed from the brooding chamber dug by the mother.  The eggs are 

prone to desiccation and can collapse within minutes. It is therefore important to process 

the eggs rapidly, in one of the ways described in Fig. 2.11.  
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In order to obtain a particular developmental stage, eggs had to be artificially incubated. 

The eggs of Scutigera coleoptrata and Scolopendra subspinipes mutilans were incubated 

at 23°C to 25°C, those of Strigamia maritima and Lithobius forficatus at 15°C to 18°C. 

Two incubation media have been tested:  

 

- Incubation on filter paper soaked in LES. 

- Incubation in embryo-tested mineral oil (Sigma). 

 

Incubation on LES consists of sandwiching eggs between two filter papers saturated with 

LES in a small petri dish. All dishes were arranged in a box in which wet towel paper has 

been laid to maintain a high humidity level. Because eggs incubated in that manner are 

prone to fungal infection, each clutch had to be checked at regular intervals (every 3 or 4 

days) and the filter papers had to be changed regularly.  

Eggs incubated in mineral oil present the advantage of being less prone to desiccation and 

fungal contamination. Trials with Strigamia maritima were successful, with clutches 

hatching in oil medium and embryos surviving for several days. However, trials with 

Scolopendra subspinipes mutilans, and Lithobius forficatus were unsuccessful, with eggs 

presenting morphological malformations or dying after a few days in the medium. Before 

fixation, all the remaining mineral oil has to be washed off the egg. This is done with 

successive washes in a heptane (Fig. 2.11). Embryos hatching in oil can’t be used for 

electronic microscopy, as the subsequent solvent washes shrivel their cuticle. I tried 

removing the eggs from the mineral oil in order to hatch them on LES impregnated filter 

papers. These tend to die within a few days, often having moulted several times in the 

chorion without hatching. 

 

 

2.3.2.3 Egg fixation, preservation and rehydration 

 

The protocol for egg fixation and preservation is detailed in Figure 2.11. After successive 

washes and a fixation step in 4% paraformaldehyde, the eggs are gradually dehydrated in 

methanol, and can be stored at -20°C in 100% methanol for several months. Before being 
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used for microscopy or specific staining protocols, the stored eggs need to be rehydrated 

through a series of gradual steps (100%, 75%, 50%, 30% methanol in PBS, 20 minutes 

per step) followed by 2 washes in 100% Phosphate Buffer Saline (PBS). 

 

Fig. 2.10: Top left: Looking for Strigamia maritima broods. A female coiled around an egg ball can be seen 

in each red circle. Notice the compact substrate. Top right: Female Scolopendra subspinipes mutilans laying 

eggs in captivity on a bed of pine wood chips. Bottom left: Female Scolopendra subspinipes mutilans coiled 

around her brood. Bottom right: Scolopendra subspinipes mutilans eggs being incubated in mineral oil.  
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24 to 72 hours 

LES incubation Oil incubation 

PBS wash 

1 x 10 mn 

Heptane wash 

2 x 1 hour 

Fixation in 4% paraformadehyde  

in 0.5 x PBS 

PBST wash 2 x 20 min 

Graded methanol dehydration 

 

30% methanol in PBST 1 x 20 min 

 

50% methanol in PBST 1 x 20 min 

 

75% methanol in PBST 1 x 20 min 

 

Storage in 100% methanol at -20° C.   
 

Fig. 2.11: Centipede egg fixation steps. When a clutch reached the desired stage, it was briefly washed in 1x 

PBS (Phosphate Buffered Saline) to remove any residue attached to the eggs. The clutch was then fixed in a 

1.5 ml Eppendorf containing 1 ml of 4% paraformaldehyde in 0.5x PBS for 24 hours (Strigamia maritima), 

48 hours (Lithobius forficatus) or 72 hours (Scolopendra subspinipes mutilans). The eggs were then 

dehydrated in graded methanol (30%, 50%, 75%, 100% methanol in Phophate Buffered Saline plus Tween -

PBST) and stored for further use at -20° Celsius. 
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2.4 Anaesthetisation and dissection 

 

Prior to microscope observation or dissection, specimens were anaesthetised using a 

carbon dioxide plate. The system is composed of a plate with a porous membrane linked 

to a CO2 cylinder by a flexible tube. The centipede was first introduced into a glass or 

metallic container, with the plate placed on top of it. The CO2 plate could also be placed 

directly under the lens of a stereomicroscope to keep the animal asleep for a longer 

period of time.  

 

Dissections were always performed on anaesthetised animals with thin forceps, micro-

scissors and a scalpel.  In order to dissect any part of the forcipular apparatus, the anterior 

end was cut at the level of the first segment, to avoid applying pressure on the muscles or 

apodemes controlling the contraction of the forcipules. The head capsule was then 

removed and the nerve cord running from the head through the forcipular segment and 

along the trunk was pulled out from the wound on the first segment. This is an important 

step in order to avoid any further contraction of the venom gland by the peripheral 

muscles, and to keep the venom gland intact and the forcipules relaxed. The parts of 

interest were then placed in a fixative or preservative of choice. The trunk can remain 

active for several hours or days after decapitation. Therefore, the unused parts of the 

centipede were frozen at -20°C before being disposed of in labelled plastic bags. 

 

 

2.5 Light microscopy, photography and image processing 

 

Photos of field sites, equipment and full centipede specimens were taken using a Canon 

400D digital camera equipped with 50mm EX Sigma (F2.8 DG MACRO) and 55mm 

Canon (+ Hama EF UV filter) lenses. 

 

Light microscopy was performed on an Olympus SZX 16 stereomicroscope attached to 

an Olympus DP25 camera, with lateral or back white lighting. Pictures were taken using 

the Olympus Cell D software package. 
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Fluorescence microscopy was performed on an Olympus SZX 16 stereomicroscope 

attached to an Olympus DP71 camera and equipped with fluorescence lighting and 

filtering systems. Pictures were taken using the Olympus Cell F software package. 

 

Images were edited for contrast settings, colour balance, size, composite pictures and file 

extensions using Adobe Photoshop software and Microsoft Office Publisher 2003.  
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Chapter 3 

 

Variation and specialisation of the forcipular apparatus of 

centipedes (Arthropoda: Chilopoda): a comparative 

morphometric and microscopic investigation of an 

evolutionary novelty  

 

 

 

This chapter is currently in revision for publication in the journal Arthropod 

Structure and Development. Because of this, the headings and subheadings here are 

given in the same form as in the manuscript and not decimalized in the same way as 

in those chapters that have not yet been submitted for publication. 

 

 
Sensillae on the forcipules of Scutigera coleoptrata.  

SEM micrograph by Alexander Black and Michel M. Dugon 
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ABSTRACT 

 

 

The forcipules of centipedes are the only known example in the animal kingdom of an 

evolutionary transition from walking legs to venom-injecting appendages. They are a 

classic case of an evolutionary novelty under most (but not all) definitions of that concept. 

Although there is a reasonable literature on forcipules and on the forcipular segment 

more generally, it is fragmentary and scattered. Also, many previous studies have been 

based on a single species and hence have no comparative component. Here, we build on 

this earlier literature by providing detailed qualitative and quantitative information on the 

forcipular segments of representatives of the five extant orders of centipedes. Our results 

reveal notable differences between the orders – as well as considerable variation within 

some of them. The pattern of inter-group differences can be used to infer, albeit 

cautiously, a major evolutionary trend from a presumed scutigeromorph-like last 

common ancestor (LCA), in which the forcipules were probably leg-like (as in present-

day scutigeromorphs) to a more specialized claw-like structure with movement restricted 

to the horizontal plane. This morphological trend may reflect an ecological trend from 

open-habitat ambush predation to leaf-litter and subterranean predatory opportunism.  
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1. INTRODUCTION 

 

The class Chilopoda (Arthropoda: Myriapoda) currently contains in the region of 3500 

described species (Edgecombe and Giribet, 2007), and it is probable that many species 

remain unidentified. Chilopods are classified into five extant orders: Scutigeromorpha, 

Lithobiomorpha, Craterostigmomorpha, Scolopendromorpha, Geophilomorpha and one 

extinct order, Devonobiomorpha (Shear and Bonamo, 1988; Edgecombe and Giribet, 

2007). Centipedes are characterised by a dorsoventrally flattened body protected by a 

series of rigid sclerites and arthrodial membranes. They bear from 15 to 191 pairs of legs, 

one pair per trunk segment (Minelli et al., 2000). The head is attached to the trunk, which 

is not divided into thorax and abdomen.  Most specimens from temperate areas are 

moderately sized, from one to ten centimeters, although the larger species of tropical 

Scolopendromorpha can attain lengths of up to 30 cm (Lewis, 1981). 

 

The phylogenetic relationship among the five living orders has been the subject of several 

studies, both molecular and morphological, often yielding conflicting results (Shultz and 

Regier, 1997; Giribet et al, 1999; Edgecombe and Giribet, 2002; Edgecombe and Giribet, 

2004). The current consensus presents the Scutigeromorpha (Subclass Notostigmophora, 

with dorsal respiratory openings called spiracles) as the outgroup of the four other orders 

(Pleurostigmophora, with pairs of lateral spiracles). However, the relationship among the 

orders is still debated, particularly the position of Lithobiomorpha. Both Lithobiomorpha 

and Scutigeromorpha share the traits of anamorphic development, the absence of 

maternal care and a fixed number of 15 leg-bearing segments upon maturation (the 

paraphyletic group Anamorpha), while Scolopendromorpha and Geophilomorpha have 

epimorphic development and provide intensive maternal care to their broods (Subclass 

Epimorpha, monophyletic). However, there is not yet complete agreement on the position 

of the Lithobiomorpha (Murienne et al., 2010). The position of the Craterostigmomorpha 

is generally unsettled. However, a consensus on centipede relationships is emerging (Fig. 

1). The main morphological characters for chilopod systematics are presented in Table 1.  
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The most conspicuous synapomorphic morphological feature shared by all centipedes is 

the post-cephalic segment bearing a pair of strong venom claws. These claws, also known 

as forcipules due to their forceps-like appearance, curve anteromedially under the head 

capsule. As centipedes are primarily predators that use venom to subdue prey, their 

forcipules play a major role in capturing, killing and manipulating prey, prior to feeding 

(Manton, 1965; Ernst and Rosenberg, 2003). A stabbing forcipular movement restrains 

the prey and prevents any escape. While feeding, centipedes hold their prey firmly to the 

mouth with the forcipules and (in some cases) with the anteriormost legs while dissecting 

it with the mandibles and maxillae (Manton, 1965; Elzinga, 1994). Forcipules are also 

used as defensive tools to deter predators. The sting of large tropical species can be 

medically significant in humans. While systemic reactions are not considered life 

threatening to a healthy person (Bücherl, 1946), secondary infections, although rare, can 

lead to serious clinical sequelae and even death (Serinken et al., 2005; Yldiz et al., 2008, 

Undheim and King, 2011). 

 

The first scientific description, although superficial, of a forcipule as a venom-injecting 

apparatus can be attributed to van Leeuwenhoek (1719). During the nineteenth century 

and the first half of the twentieth century, the morphology of the centipede venom 

apparatus has been described in a variety of centipedes using light microscopy (see 

Minelli, 1978; Rosenberg and Müller, 2009 for reviews). As noted by Duboscq (1898), 

Newport (1844) was the first to have localised the venom gland in the forcipules, a fact 

also confirmed by Lewis (1981).  

 

In more recent years, a handful of ultrastructural studies using electron microscopy (EM) 

and histochemistry focused on the venom glands of several scolopendromorph species: 

Scolopendra viridicornis, Scolopendra subspinipes, Otostigmus scabricauda, Cryptops 

iheringi, Otocryptops ferrugineus (Bücherl, 1971); Scolopendra morsitans (Dass and 

Jangi, 1978); Otostigmus ceylonicus (Nagpal and Kanwar, 1981); Ethmostigmus rubripes 

(Menez et al., 1990); Cryptops iheringi, Otostigmus pradoi, Scolopendra viridicornis 

(Antoniazzi et al., 2009). To our knowledge, only Rosenberg and Hilken (2006) studied 
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the venom apparatus of a non-scolopendromorph using an EM method, the lithobiomorph 

Lithobius forficatus.  

 

Other particular elements of the forcipular apparatus have been studied independently 

from the venom gland. Chao and Chang (2006) investigated the shape, structure and 

length of the venom-collecting ducts among native Taiwanese centipedes. Edgecombe 

and Koch (2008) documented the length and shape of many scolopendromorph venom 

calyxes. Several authors presented studies focusing on the distribution and organisation 

of forcipular sensilla in the five living centipede orders (Dohle, 1990; Ernst, 1995; Ernst 

and Rosenberg, 2001; Ernst et al., 2002; Ernst and Rosenberg, 2003). Jangi and Dass 

(1977) demonstrated that some sensilla coeloconica present on the distal article of the 

forcipule of Scolopendra morsitans have a chemoreceptive function. The application of a 

glucose solution on these sensilla provoked typical feeding movements of the maxillae. 

Differences in venom production and composition within the order Scolopendromorpha 

have recently been proposed (Malta et al., 2008; Antoniazzi et al., 2009), with the 

suggestion that such differences may aid future taxonomic and phylogenetic work (for 

venom composition, see review by Undheim and King, 2011).  

 

Due to the relative sparsity of functional studies on centipedes, synonymous terms were 

common across the literature, often in German, French and English. This has been 

rectified to a degree with the composition of a new standardised and settled terminology 

for centipede morphology (Lewis et al., 2005) which has been recently updated (Bonato 

et al., 2010). 

 

Arguably, since MacLeod’s (1878) coining of the term Pied-mâchoires, (literally “foot-

jaws”) to describe the forcipules, the forcipular segment has been considered a 

modification of the first leg-bearing segment. This hypothesis was widespread by the 

time Cornwall published his work on Scolopendromorpha in 1916. It was later 

consolidated by comparative morphological studies (Verhoeff, 1902-1925; Borucki, 

1996). If we agree with this well-supported hypothesis, then centipedes are the only 

known arthropods to have evolved a venom system from a pair of walking legs.  
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Such morphological and physiological alterations in evolution require the modification of 

a cascade of developmental-genetic processes. A fundamental element of this cascade has 

been characterised as an unusual combined Hox gene expression pattern in the forcipular 

segment of Lithobius atkinsoni (Lithobiomorpha), giving it a unique identity, where 

specific head and trunk genes are co-expressed during development (Hughes and 

Kaufman, 2002). The functional shift from walking legs to venom-injecting claws in the 

common ancestor of the class Chilopoda would have also opened a new (and rather broad) 

ecological niche by conferring an additional predatory tool to attack and paralyse prey. 

Thus forcipules constitute an example of an evolutionary novelty, at least according to 

two of the main definitions (Mayr, 1963; Pigliucci, 2008; see Discussion). 

 

Fig. 1: General consensual cladogram of the four main lineages of centipedes. From left to right, the 

species represented here are Scutigera coleoptrata, Lithobius forficatus, Scolopendra subspinipes 

dehaani, and Strigamia maritima.  
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Order Scutigeromorpha 

 

 

Dorsal respiratory openings; haemolymph with a respiratory 

pigment; domed head; compound eyes; fusion of the maxillae 2 

coxae; absence of coxal and anal organs; absence of brood care; 

anamorphic development; heteronomous segmentation; presence of 

Tömösváry organs; 15 pairs of legs; segments 7 to 9 covered by a 

single tergite; multiannulate antennal segments. 

 
 

 

 

 

Order Lithobiomorpha 

 

 

Lateral paired spiracles; flattened head; maxilliped coxae with 

partial fusion; absence of brood care; anamorphic development; 

heteronomous segmentation; presence of Tömösváry organs; 15 

pairs of legs; female gonopods with spines and a terminal article 

with a broad claw; presence of unpaired median testes in males. 

 

 
 

 

 

Order Craterostigmomorpha 

 

 

Lateral paired spiracles; flattened head; brood care; 

hemianamorphic development; heteronomous segmentation; 

presence of Tömösváry organs; 15 pairs of legs; divided long 

tergites; presence of anogenital capsule; segment 16 a complete 

cylinder. 

 
 

 

 

Order Scolopendromorpha 

 

 

Lateral paired spiracles; flattened head; brood care; epimorphic 

development; heteronomous segmentation; tibia and tarsus of the 

forcipular podomeres incomplete; absence of Tömösváry organs; 21 

to 23 pairs of legs, 39 or 43 pairs of legs for the single species 

Scolopendropsis duplicata; fusion of the maxilliped tergite to that 

of the next posterior segment. 

 
 

 

Order Geophilomorpha 

 

 

Lateral paired spiracles; flattened head; brood care; epimorphic 

development; homonomous segmentation; absence of Tömösváry 

organs; 27 to 191 pairs of legs; antennal annuli not variable (fixed 

at 14). 

 

Table 1: Main systematic characters for the Class Chilopoda, updated version from the one presented by 

Giribet et al. (1999), based on the character coding of Dohle (1985), Shear & Bonamo (1988), Borucki 

(1996), Minelli et al. (2000), Müller (2003), Chagas-Junior et al. (2008) 
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2. MATERIALS AND METHODS 

 

2.1 General approach 

 

In order to isolate possible evolutionary trends in the shape and function of the forcipular 

system, we here investigate external variations of the apparatus in two steps. Firstly, 

morphometric analysis of the distal part of the coxosternite and the basal forcipular 

segment (trochanteroprefemur) was performed in order to describe variation in 

coxosternite and forcipule shapes among 43 species. Secondly, we present a concise 

comparative topographical scanning electron microscopy study focusing on some 

important morphological features of the forcipules, based on five species of centipedes, 

as one representative of each order. Finally, we build on our observations and the 

available literature in order to identify general evolutionary trends of the forcipular 

apparatus across the different orders of centipedes, and discuss the validity of the 

forcipular apparatus as an example of an evolutionary novelty. 

 

2.2 Morphometric analysis 

 

In order to study the morphological variation of the forcipular apparatus, we compiled 

micrographs and drawings presenting full flat ventral views of the coxosternite and the 

forcipules. The material was collected from both published and unpublished sources 

(Appendix I). 43 species representing the five living centipede lineages were collated for 

use in this study (Table 2). Care was taken to ensure the inclusion of a wide range of 

different families from each order, where possible. However, the order 

Craterostigmomorpha, composed of just a single genus with two species geographically 

confined to New Zealand and Tasmania, is here represented by a specimen of 

Craterostigmus tasmanianus. 

 

Two measures were taken from micrographs generated in our lab, received from Dr. Greg 

Edgecombe (NHM London), or collected from the available literature (see Fig. 2 and 

Appendix 1). The first measure was the angle formed by the intersection of a line passing 
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between the two coxosternal condyles and the line passing from the base of the 

coxosternal median diastema to one of the condyles. The condyle, easily identified as a 

sclerotised dot at the base of the segment and present on each forcipule, is the main 

articulation point of the trochanteroprefemur into the coxosternal plate. The coxosternal 

median diastema is defined as “the median concavity on the anterior margin of the 

forcipular coxosternite” (Bonato et al., 2010). The coxae are fully separated in 

scutigeromorphs and there is therefore no median diastema or coxosternal teeth 

projecting anteriorly. However, large spine-bristles emerge from the anterior end of the 

coxosternite and we considered the socket of the innermost spine-bristle as a landmark 

homologous to the base of the median diastema (Fig. 2b). The angle value provides 

information on the insertion point of the forcipules into the coxosternite. The greater the 

angle, the more laterally the forcipules protrude from the coxosternite (as in the case of 

walking legs, inserted on the lateral sides of each trunk segments). A low value would 

mean that the forcipules are anchored at the anterior end of the coxosternite rather than at 

its sides. In this case, the forcipules project more anteriorly under the head capsule. 

 

The second measure made was the ratio of the width versus the length of the right 

trochanteroprefemur (see Fig. 2). The width was measured on the distal extremity of the 

trochanteroprefemur, where the trochanteroprefemur meets the tibia. The tooth-like 

trochanteroprefemoral process was not taken into account, as it is not a constant attribute 

between and within orders. The length of the trochanteroprefemur was measured from the 

coxosternal condyle to the midpoint of the width line. The ratio width/length of the 

trochanteroprefemur provides information on the general shape of the claw: low values – 

long and thin (and therefore more leg-like); high values – shorter and broader (shaped as 

a prehensile claw). 

 

The angle and ratio values were plotted against each other. Statistical analyses (Mann-

Whitney U-Test and Student’s t-test) were then performed to test for differences between 

pairs of ‘neighbouring’ orders. 
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Fig. 2: Ventral view of a Cormocephalus hartmeyeri (Scolopendromorpha) (A) and Scutigerina 

malagassa (Scutigeromorpha) (B). Three measures were taken on each specimen. 1) The angle α is 

formed by the intersection of the line (CoL) passing between the trochanteroprefemoral condyles (Co) and 

the line (ToP) passing between the right condyle and the median anterior edge of the right coxal plate 

(Me). 2) The width (W) of the trochanteroprefemur was measured from the outer 

trochanteroprefemur/tibia hinge to the inner edge of the femoral process. 3) The length (L) was measured 

from the trochanteroprefemoral condyle to the middle of W. In the text, R refers to the ratio W/L 

(Micrographs courtesy of Greg Edgecombe.) 
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Order Family Species 

Craterostigmomorpha Craterostigmidae Craterostigmus tasmanianus 

Scutigeromorpha Scutigeridae Allothereua serrulata 

Scutigeromorpha Scutigeridae Ballonema gracilipes 

Scutigeromorpha Scutigeridae Parascutigera guttata 

Scutigeromorpha Scutigeridae Pilbarascutigera incola 

Scutigeromorpha Scutigeridae Scutigera coleoptrata 

Scutigeromorpha Scutigeridae Thereuonema tuberculata 

Scutigeromorpha Scutigerinidae Scutigerina malagassa 

Lithobiomorpha Henicopidae Anopsobius wrighti 

Lithobiomorpha Henicopidae Easonobius tridentatus 

Lithobiomorpha Henicopidae Henicops maculatus 

Lithobiomorpha Henicopidae Lamyctes coeculus 

Lithobiomorpha Henicopidae Paralamyctes monteithi 

Lithobiomorpha Lithobiidae Bothropolys multidentatus 

Lithobiomorpha Lithobiidae Lithobius forficatus 

Lithobiomorpha Lithobiidae Monotarsobius yasunorii 

Scolopendromorpha Cryptopidae Cryptops australis 

Scolopendromorpha Cryptopidae Cryptops spinipes 

Scolopendromorpha Cryptopidae Paracryptops weberi 

Scolopendromorpha Plutoniumidae Theatops erythrocephalus 

Scolopendromorpha Plutoniumidae Theatops posticus 

Scolopendromorpha Scolopendridae Akymnopellis chilensis 

Scolopendromorpha Scolopendridae Alipes crotalus 

Scolopendromorpha Scolopendridae Arthrorhabdus formosus 

Scolopendromorpha Scolopendridae Campylostigmus orientalis 

Scolopendromorpha Scolopendridae Cormocephalus hartmeyeri 

Scolopendromorpha Scolopendridae Edentistoma octosulcatus 

Scolopendromorpha Scolopendridae Ethmostigmus rubripes 

Scolopendromorpha Scolopendridae Otostigmus astenus 

Scolopendromorpha Scolopendridae Rhysida nuda 

Scolopendromorpha Scolopendridae Scolopendra cingulata 

Scolopendromorpha Scolopocryptopidae Newportia longitarsis stechowi 

Scolopendromorpha Scolopocryptopidae Scolopocryptops ferrugineus 

Scolopendromorpha Scolopocryptopidae Scolopocryptops spinicaudus 

Geophilomorpha Ballophilidae Ballophilus ramirezi 

Geophilomorpha Dignathodontidae Henia montana 

Geophilomorpha Geophilidae Stenotaenia frenum 

Geophilomorpha Geophilidae Tuoba sydneyensis 

Geophilomorpha Himantariidae Stigmatogaster subterraneus 

Geophilomorpha Linotaeniidae Strigamia maritima 

Geophilomorpha Mecistocephalidae Dicellophilus carniolensis 

Geophilomorpha Schendylidae Hydroschendyla submarina 

Geophilomorpha Schendylidae Schendyla nemorensis 

Table 2: Orders and families of the 43 species used in the morphometric analysis. Craterostigmomorpha 

(N=1), Scutigeromorpha (N=7), Lithobiomorpha (N=8), Scolopendromorpha (N=18) and Geophilomorpha 

(N=9). 
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2.3 Scanning Electron Microscopy 

 

2.3.1 Animals 

 

Four species of centipedes representing the four main orders of Chilopoda were used as 

model species: Scutigera coleoptrata (Scutigeromorpha), Lithobius forficatus 

(Lithobiomorpha), Scolopendra subspinipes mutilans (Scolopendromorpha) and 

Strigamia maritima (Geophilomorpha) (Fig. 3). All the specimens used in this study were 

adults, except an immature specimen of Lithobius forficatus Fig. 5A. Observations and 

comments made on Craterostigmus tasmanianus are based on SEM figures and data 

available in the literature, mainly Dohle (1990), Ernst et al. (2002) Ernst and Rosenberg 

(2003). Each source is duly referenced when cited in the Results section. 

 

Specimens of Scutigera coleoptrata were captured in north-eastern France in June 2009 

and southern Italy in April 2010. Specimens of Lithobius forficatus were caught in 

coastal woodlands and greenhouses around the city of Galway, western Ireland. Both 

species were maintained in the lab at room temperature. Scolopendra subspinipes 

mutilans specimens were ordered from a wildlife trader based in Hong Kong, Republic of 

China, and were kept in an incubator at a constant temperature of 25°C. These specimens 

had been captive-bred in breeding farms. Strigamia maritima specimens were collected 

from shingle beaches on the western coast of Ireland and kept at a constant temperature 

of 12°C. All animals were submitted to an alternating 12 hour light/dark cycle and were 

fed weekly with live and pre-killed crickets Achetas domesticus. The centipede 

specimens used for this study were killed after CO2 exposure. 

 

2.3.2 Sample processing 

 

The specimens used for SEM imagery were dissected under a stereo-microscope and 

immediately immersed in fixative (2% paraformaldehyde and 2% gluteraldehyde in 0.1M 

cacodylate buffer) and shaken at 40rpm for 24 hours. The samples were then washed 

several times in 0.1M cacodylate buffer before undergoing gradual dehydration in ethanol 
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(2x20 minute steps in 25%, 50%, 75% and 90% ethanol solutions). Following 

dehydration, the samples were mounted on 2.54 cm stubs using adhesive silver paint, 

gold sputter-coated in an EMSCOPE SC500 sputter coater, and finally examined using a 

Hitachi S2600N Variable Pressure scanning electron microscope at an accelerating 

voltage of 15kV. 

 

 

Fig. 3: Ventral view of the forcipular apparatus. The four model species used in this study are (A) Scutigera 

coleoptrata (Scutigeromorpha), (B) Lithobius forficatus (Lithobiomorpha), (C) Scolopendra subspinipes 

mutilans (Scolopendromorpha), (D) Strigamia maritima (Geophilomorpha). (A), (B) and (D): SEM 

micrographs. (C): light micrograph. 
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3. RESULTS 

 

3.1 Morphometric analysis 

 

The extreme and mean values for the angle α and width over length ratio (R) of each 

order are presented in Table 3. Among the four orders, the mean value for angle α is the 

highest in Scutigeromorpha (Fig. 4). Morphologically, this translates into forcipules 

protruding from the lateral posterior part of the trunk segment (Fig. 3). The shape is 

largely conserved across the specimens observed and variation is small within the clade 

(6.5° range with a mean α=44.1°). The ratio R (width over length of the 

trochanteroprefemur) varies little (0.41<R<0.50), with a mean value (0.46) indicating a 

long and slender trochanteroprefemur. The clade is thus morphologically uniform.  

 

The mean value of α is slightly lower in Lithobiomorpha (40.9°) than in Scutigeromorpha 

(44.1°), with the trochanteroprefemur joint axis slightly inclined towards the longitudinal 

axis of the centipede. The coxosternite is diamond shaped. The range of variation in α 

(11°) is largely due to a single ‘outlier’ specimen (Bothropolys multidentatus, α=34°). If 

the latter is excluded, variation is reduced to 5.5° while the mean α value remains rather 

similar (41.9°). R varies between 0.42 and 0.62, covering a range that overlaps with 

scutigeromorphs and scolopendromorphs (Fig. 4). 

 

The scolopendromorph clade presents very wide variations in R (0.47< R<1.06) and also 

in angle values (18°<α<41°) with a mean α angle (31.6°) markedly lower than the two 

previous orders (Table 3). The coxosternal plate is pentagonal, with the two lateral sides 

carrying the forcipules being orientated towards the anterior end of the animal, and with a 

large toothplate projecting anteriorly separating the two forcipules (Fig. 2a and Fig. 3). 

The appendages are wider and shorter (mean R=0.71). The trochanteroprefemur 

accommodates the folds of the femur and tibia in their resting positions. A 

trochanteroprefemoral process is sometimes present on the inner distal part of the 

trochanteroprefemur in the form of a cuticular protuberance similar to a large tooth 

projecting antero-medially. The coxosternal toothplate is very strongly expressed in 11 of 
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the specimens studied, all belonging to the two families Scolopendridae and 

Plutoniumidae. It is moderately expressed in the others (Cryptopidae, 

Scolopocryptopidae and the scolopendrid Edentistoma octosulcatus).  

 

Geophilomorph representatives present large variations in α (16° between min. and max.) 

despite a reduced sample size (N=9). The mean α value is low (14.3°). The coxosternite 

has the appearance of an inverted triangle. In contrast to the other orders, very large (in 

comparison with body size) forcipules protrude from the anterior end of the coxosternite 

(0.84<R<1.08). The toothplate is absent or reduced to negligible coxosternal denticles. 

The trochanteroprefemora often bear several denticles on their inner side, projecting 

antero-medially. 

 

The position of Craterostigmus tasmanianus is very unusual. The α value is low (17°), 

similar to the values observed in Geophilomorpha. However, the ratio value (R=0.448) is 

most similar to the values observed in Scutigeromorpha and some Lithobiomorpha. 

Morphologically, this translates into very long and comparatively slender 

trochanteroprefemora protruding from the anterior side of the coxosternite. This 

arrangement is not observed in any other species. Moreover, the coxosternal toothplate is 

very strongly expressed, with a very deep median diastema, a characteristic only shared 

with some Scolopendromorpha.  
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Mann-Whitney U-Test 

 

t-Test 

 

 

 

 
U value 

 
P value 

 
t value 

 
P value 

 

Scutigeromorpha/ 

Lithobiomorpha 

 

 

 

73.0 

 

 

ns 

 

 

 2.13 

 

 

ns 

 

Lithobiomorpha/ 

Scolopendromorpha 

 

 

 

172.0 

 

 

<0.001 

 

 

 4.99 

 

 

<0.0001 

 

Scolopendromorpha/ 

Geophilomorpha 

 

 

 

328.0 

 

 

<0.0001 

 

 

7.7 

 

 

<0.0001 

 

 

 

 

Mann-Whitney U-Test 

 

t-Test 

 

 

 

 
U value 

 
P value 

 
t value 

 
P value 

 

Scutigeromorpha/ 

Lithobiomorpha 

 

 

 

43.0 

 

 

ns 

 

 

1.99 

 

 

ns 

 

Lithobiomorpha/ 

Scolopendromorpha 

 

 

 

49.0 

 

 

≈0.001 

 

 

4.46 

 

 

<0.0001 

 

Scolopendromorpha/ 

Geophilomorpha 

 

 

 

181.0 

 

 

<0.001 

 

 

5.31 

 

 

<0.0001 

Table 4a: Mann-Whitney U-tests and t-tests for angle values. ns = non significant. 

Table 4b: Mann-Whitney U-tests and t-tests for ratio width/length values. ns = non significant. 
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3.2 SEM morphological investigation 

 

Viewed ventrally, the forcipules seem solidly anchored into the coxosternite in all species. 

The mobility of the trochanteroprefemur is assured by a strong condyle at the connection 

point with the coxosternite. Anterior and posterior to the condyle, an arthrodial 

membrane provides the elasticity required for the lateral movements of the 

trochanteroprefemur.  In Scutigeromorpha, the coxosternal plates are separated and 

loosely joined by a membrane allowing independent motion of each plate (Fig. 3a). In the 

four other orders, the plates are merged together into a single structure. A median sutural 

ridge (the median cleft) is found in Lithobius forficatus, and to a lesser extent, in 

Scolopendra (Fig. 3 and Fig. 5a) and Craterostigmus (Dohle, 1990; Fig. 4). In 

Pleurostigmophora, the coxosternite fully envelopes the segment and folds dorsally, 

Fig. 4: Scatter plot of α angle (y axis) against the ratio width/length of the trochantero-prefemur (x axis). A 

high α value translates into the forcipules protruding laterally from the coxosternite. A low value indicates 

forcipules emerging on the more anterior part of the coxosternite.   
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under the cephalic plate, leaving a central opening in which the oesophagus and nerve 

cord run. 

 

The head capsule largely covers the coxal dorsal plate of the forcipular segment and is 

framed on each side by the forcipules. Anteriorly, the coxosternite either projects into a 

plate bearing several projections in the form of notches (Lithobius, Scolopendra and 

Craterostigmus) or into spine-bristles (Scutigera) (Fig. 3). Projections are absents in 

Strigamia maritima. In the resting position, the distal ends of the claws fold either under 

the tooth plate or between the head capsule and the coxosternite.  Posteriorly, the coxal 

plates end either at the level of the first leg-bearing segment (Scutigera, Lithobius and 

Craterostigmus), or extend into the trunk in the form of a strong pair of apodemes to 

which muscles and tendons are attached (Scolopendra and Strigamia). 

 

Each forcipule is composed of four articulated articles: from proximal to distal these are 

the trochanteroprefemur, femur, tibia and the tarsungulum. The tarsungulum is divided 

into two entities by a suture running from the femoral process to the centre of the 

tarsungulum (Fig. 5b and Fig. 6). We suggest that this suture is named the tarsal suture 

for clarity.  

 

In Scutigera, the segments of the forcipule are long, slender and rounded in shape. The 

forcipules are held at an approximate 45-degree angle to the ground, thus allowing a large 

range of stabbing motions with the distal claws. The forcipules of Lithobius, 

Craterostigmus, Scolopendra and Strigamia are vertically flattened. The segments are 

wider and shorter. Resting horizontally under the head capsule, the forcipular apparatus is 

similar in its function and appearance to a pair of pliers. The only achievable vertical 

movement involves the whole coxosternal structure. The segment articulations are 

distinct from each other in Scutigera, Lithobius and Craterostigmus. In Scolopendra and 

Strigamia, the three articulations are merged on the outer lateral part of the forcipule. The 

two middle segments – femur and tibia – are very short, forming incomplete annular 

segments which are thrown into bellow-like folds in the inner part of the 
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trochanteroprefemur, thus permitting a grasping motion and the folding of the apical 

segment under the head capsule. 

 

 

 

 

Fig. 5: SEM micrographs showing the 

forcipular segment and appendages of 

Lithobius forficatus.  

1: Trochantero-prefemur 2: Femur 3: Tibia 

4: Tarsus 5: apical claw. (4+5): 

Tarsungulum. Cox: Coxosternite 

(A) Ventral view of an immature (larval 

stage) male. The black arrows point to the 

median suture of the coxosternite, where 

both coxal plates have merged. 

(B) Dorsal view, with the head capsule 

removed. The double white arrow points to 

the meatus where the venom is exuded. 

The solid white arrow points to the tarsal 

ridge dividing the tarsungulum in tarsus (4) 

and apical claw (5).  

 

Fig. 6: SEM micrograph showing the tarsal 

ridge (dotted white line) and sensilla 

distribution on the left lateral side of a 

Strigamia maritima forcipule. Trichomes 

(double white arrow) are present on the 

tarsus (Ta) and other more proximal 

segments, but absent on the apical claw 

(ApC). Sensilla coeloconica (solid white 

arrows) are distributed on the apical claw 

but are never observed on the proximal 

side of the tarsal ridge.  
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On all the forcipular articles but the sclerotised tip, the cuticle is composed of irregular 

polygonal scale-like structures (named scutes, cf. Bonato et al., 2010). Each polygon is 

tightly fitted amongst its neighbours in a tiled-like manner, with numerous unidirectional 

series of teeth-like serrations, always facing the distal end of the forcipule (Fig. 7). The 

origin of these polygonal structures has been resolved as being a reflection of external 

boundaries of the hypodermal cells (Fusco et al., 2000). 

 

Moving distally, we observe the opening of the venom gland. We propose here to name 

the venom-duct opening located on the dorsal subterminal end of the apical claw the 

meatus (Fig. 8). At its terminal opening, the duct sensu stricto has a variable diameter, 

relative to the size of the animal. In the samples observed, the diameter of the meatus 

ranges from 2 to 3 µm in Strigamia, 4 to 10 µm in Lithobius, 3 to 5 µm in Scutigera,  40 

to 50 µm in Scolopendra and approximately 13 µm in Craterostigmus (Fig. 3 in Dohle, 

1990).  A groove in the sclerotised cuticle of the claw prolongs the duct distally. This 

feature may increase surface contact and facilitate the flow of venom during injection.  

 

 

Fig. 7: SEM micrographs of cuticular plates and scutes. (A) Detail of the cuticular plates on the ventral side 

of the trochantero-prefemur of Strigamia maritima. Many plates bear scute structures, all pointing in the 

same direction. (B) Details of a scute on the cuticular plates on a tibia of Scutigera coleoptrata.  
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In all species the forcipular articles are heavily covered with hair-like sensilla. Sensilla 

distribution around the tarsungulum seems of particular interest. The distal end of the 

tarsungulum bears a large number of short sensilla coeloconica each emerging from a 

shallow pit into the cuticle, and bearing a terminal pore, which sometimes seems to exude 

material (Fig. 9). The proximal articles bear on each side various trichomes and sensilla 

embedded in large sockets (Fig. 10). Sensilla coeloconica and trichomes do not overlap in 

their topographical distribution, with the tarsal suture acting as the delimitation between 

the two areas of distribution (Fig. 6). While the divide is clear in Craterostigmus (Fig. 4 

in Dohle, 1990), we did not manage to assess if any sensilla coeloconica are present on 

the proximal side of the tarsal suture, but no trichome is present on the distal side of the 

tarsal suture. 

Fig. 8: SEM micrograph of the meatus in (A) Scutigera coleoptrata, (B) Lithobius forficatus, (C) Scolopendra 

subspinipes mutilans and (D) Strigamia maritima.  
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Fig. 9: SEM micrographs of sensilla coeloconica. (A) and (C) Sensillae coeloconica on the apical claw of 

Lithobius forficatus. (B) Sensillum coeloconicum on the apical claw of Scolopendra subspinipes mutilans. 

(D) Sensillum coeloconicum on the apical claw of Strigamia maritima. The white arrows in A and B point 

to the terminal pore. 

 

Fig. 10: SEM micrographs of sensilla trichodea. (A) Large sensilla trichodea on the forcipule of Strigamia 

maritima. (B) Shaft of a sensillum trichodeum on the trochanteroprefemur of Scutigera coleoptrata. The 

shaft is heavily striated, with a circular cuticular ring at the base of it. 
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In Scutigera coleoptrata, we observe a very peculiar type of club-shaped hair-like 

structure arranged in a tight pack of two rows running in the inner curvature of the 

tarsungulum, from the tibia/tarsungulum articulation up to the tarsal suture, where it ends 

abruptly (Fig. 11a). Each structure consists of two trichomes over 50 µm long, flattened 

and prominently striated, which end in the shape of a club or a cup (Fig. 11d). At the base, 

between these two large trichomes, a shorter peg emerges, either standing straight or 

curving down anteriorly (Fig. 11c). The same socket is shared by the three individual 

hairs. This structure was consistently observed in other species of Scutigeromorpha 

studied in the morphometric analysis but was absent from all pleurostigmophoran 

specimens. 

 

Fig. 11: SEM micrographs of a specialist tool in Scutigera coleoptrata. (A) A group of specialist sensilla 

(Sen) is located on the inner edge of the forcipular tarsus (Ta). The line of sensilla stops at the base of the 

apical claw (ApC). (B) Each sensillum is twisted and forms a cup or club at its distal end. (C) Each structure is 

composed of three hairs. Two large similar hairs encase a small modified sensillum microtrichodeum. (D) The 

tip of the modified sensillum trichodeum finishes in the shape of a cup or a club. 
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DISCUSSION 

 

The morphometric analysis reveals several elements of interest. 1) On the bivariate plot 

(Fig. 4), species cluster following their order affiliation. 2) Most ‘neighbouring’ orders 

are found to be significantly different in their values of R and α (Tables 4a and 4b). 3) 

These two variables (angle α and ratio R) are strongly correlated. The anchorage point of 

the trochanteroprefemur into the coxosternite passes gradually from lateral 

(Scutigeromorpha) to anterior (Geophilomorpha) with two intermediate stages 

(Lithobiomorpha and Scolopendromorpha). The forcipules, long and thin in 

scutigeromorphs get stouter relative to overall body size in the same ordinal fashion as 

above (Scutigeromorpha-Lithobiomorpha-Scolopendromorpha-Geophilomorpha). 4) 

Craterostigmus tasmanianus is an outlier within the sample as it combines attributes of 

the Anamorpha (long and thin trochanteroprefemora) and the Epimorpha (forcipules 

anchored on the anterior part of coxosternite) in a rather extreme fashion. This position 

demonstrates that the correlation observed for the other orders is not developmentally or 

physiologically constrained in this particular direction. How Craterostigmus tasmanianus 

evolved such a unique combination of characters remains unclear, but the answer may lie 

in the particular ecological niche occupied by the genus (see Manton, 1965 and further 

below). 

 

Several morphological characters are consistent with the trend we obtained through the 

morphometric analysis. Firstly, we can consider the condition of the coxal plates, 

separated in Scutigera and fully fused in Strigamia with intermediate states observed in 

Lithobius, Craterostigmus and Scolopendra. This trend was already noticed at the order 

level during the taxonomical assessment of fossilised remains of Devonobius delta (Shear 

and Bonamo, 1988). The fusion of forcipular coxae appears as a defining character for 

the creation of the order Devonobiomorpha which accommodates the above mentioned 

genus (Character 7 in Shear and Bonamo, 1988). This fusion was also used as a 

morphological character to reconstruct the phylogeny of centipedes (Edgecombe and 

Giribet, 2004. Character 44). The fusion of the coxosternal plate and the loss of 
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movement it involves are regarded as derived characters of the originally separated coxae 

(Shear and Bonamo, 1988). 

Regarding the arrangement of the forcipular articles, we can first contrast the fully 

independent article rings of the Scutigeromorpha, Lithobiomorpha and 

Craterostigmomorpha with the single median joint on the dorsal part of the forcipule of 

the Epimorpha, with a greatly reduced femur and tibia. This joint is a fundamental 

systematic character (albeit among many others, cf. Table 1) characterising Epimorpha 

(Dohle, 1985; Dohle 1990; character 48 in Edgecombe and Giribet, 2004). Another subtle 

character resides in the shape of the most distal part of the forcipule. In Scutigeromorpha, 

the ungulum has a round or oval cross section down to the sharp tip of the claw. In 

Pleurostigmophora, the inner curvature of the tarsungulum (homologous to the ungulum) 

forms a cutting ridge (for references to other species see Dubosq, 1898; Cornwall, 1916; 

Menez et al., 1990). 

 

The question of the distal projections on the anterior end of the coxae is much trickier. 

Scutigeromorphs bear 4 large spine-bristles on each coxa, whereas lithobiomorphs 

display small cuticular projections on the distal extremity of a pair of raised shoulders. 

Craterostigmomorpha and Scolopendromorpha usually bear strongly expressed tooth 

plates while Geophilomorpha bear at best negligible denticles. We do not notice any 

gradual transformation series here, even though the divide between Notostigmophora and 

Pleurostigmophora is reinforced if we contrast the consistent presence of spine bristles in 

Scutigeromorpha with their absence and replacement by tooth-like projections in 

Pleurostigmophora. The degree to which these extensions are expressed may vary within 

and between families within any order, but the type of extension is always consistent and 

specific to one order. 

 

The long-standing idea of homology between walking legs and forcipules, first implied 

by McLeod (1878), was confirmed by the observations of Verhoeff (1902-1925) and the 

comparative work of Borucki (1996). Our general SEM observations are similar to those 

of these previous authors. The distribution of sensilla on the tarsungulum (or ungulum) 
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and the presence of the tarsal suture tends to confirm that the distal article originates from 

the fusion of two ancestral segments, the tarsus and the apical claw. 

 

The structure and distribution of sensilla coeloconica on the apical claw for one 

representative of each of the five orders of centipedes (Scutigeromorpha: Scutigera 

coleoptrata, Lithobiomorpha: Lithobius forficatus, Craterostigmomorpha: 

Craterostigmus tasmanianus, Scolopendromorpha: Asanada socotrana and 

Geophilomorpha: Geophilus flavus) has been previously investigated (Ernst, 1995; 1999; 

Ernst and Rosenberg, 2001; 2003; Ernst et al., 2002). These authors demonstrated that 

forcipular sensilla coeloconica can be divided into three major groups: type I (thick 

sensilla coeloconica), type II (thin sensilla coeloconica) and type III (long sensilla 

coeloconica). The three types of sensilla have been found on the apical claws of the five 

species studied, without major structural differences between orders. The results obtained 

by the various authors show an increase of sensilla density on a proximal-to-distal axis of 

the tarsi, from 2 - 4 sensilla per 50 µm
2
 to 4 - 7 sensilla per 50 µm

2
. The consistent 

presence of the three types of sensilla coeloconica in all investigated species is a 

synapomorphic character demonstrating the monophyly of the class Chilopoda (Ernst and 

Rosenberg, 2003).   

 

As well as possessing what may appear as ancestral characters, such as separated coxal 

plates, prominent tarsal suture and sensilla distribution, the order Scutigeromorpha also 

displays some highly unique and specialised features, one of them being the presence of 

two rows of club-shaped trichomes on the inner curvature of the tarsus, posterior to the 

tarsal suture. The systematic presence of these trichomes on the forcipular tarsi of 

Scutigeromorpha has been demonstrated by Edgecombe and Barrow (2007; Character 42). 

Borucki (1996) described and named the structure Dornenkamm. Rosenberg et al. (2004) 

recorded Scutigera coleoptrata using these trichomes as combs during preening, 

regularly and methodically passing legs and antennae through the forcipules and maxillae. 

However, the trichomes appear also very similar to the adhesive sensilla found in several 

predatory arthropod lineages, and described as a “friction and mechanical interlocking” 

system (Betz and Kölsch, 2004). Such a system seems ideally fitted for an ambush 
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predator such as Scutigera coleoptrata whose diet comprises a large number of small, 

fast-moving or flying arthropods (for review, see Lewis, 1981. Ch.10). Further 

ultrastructural work and ecological observations would be necessary to clearly identify 

the function of this very peculiar structure, and particularly the role of the associated 

central short peg.  

 

The apparatus of Scutigeromorpha is moveable in three dimensions. The presence of two 

independent coxal plates provides more flexibility and the possibility of a vertical 

stabbing motion of the forcipules. This appears congruent with the open hunting grounds 

of most Scutigeromorpha, which outrun their prey, sometimes holding them in their 

walking legs and stabbing them with the forcipules once they have been immobilised 

(Acosta, 2003; Lewis, 1981, pp. 186).  

 

In contrast, the heavily sclerotised forcipular segment of the Pleurostigmophora restricts 

the forcipules to lateral movements (with slightly more flexibility in Lithobiomorpha; cf. 

Dohle, 1990). The loss of flexibility is most probably a secondary loss due to the new, 

mostly subterranean ecological niche occupied by these centipedes. Hunting takes place 

in the leaf-litter and underground galleries, in which three dimensional movements of the 

forcipules are anyway limited by the space available.  Previous ecological studies on the 

feeding and hunting behaviour of Lithobiomorpha and Scolopendromorpha demonstrated 

that these animals are opportunistic hunters, relying on close contact with a prey; it would 

seem that they rely on sheer strength in the forcipules and envenomination to feed rather 

than on speed and ambush tactics (Manton, 1965; Lewis, 1981; Molinari et al., 2005).   

 

Also, it appears that Scutigeromorpha do not (and anyway, could not) use the forcipules 

for mastication as Scolopendromorpha and Craterostigmomorpha are known to do (Lewis, 

1981; pp. 187). The cutting ridge present on the inner curvature of the tarsungulum in 

Pleurostigmophora can be used to cut prey open and feed on the soft internal parts of 

animals. Geophilomorpha are know to widely use this technique, cutting the prey open  

with their broad forcipules and shoving their head and anterior body segments into the 

prey to devour it from inside, disregarding the cuticular parts (Lewis, 1960). The long 
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and relatively thin forcipules of Craterostigmus tasmanianus seem to be perfectly 

adapted to catching prey in narrow crevices.  

While studying the forcipular apparatus, we are in fact dealing with variations of a 

structure that already existed in the common ancestor of centipedes. The fossil record 

shows that the early Devonian (>400 MYA) centipede of the genus Crussolum (Shear et 

al., 1998; Anderson and Trewin, 2003) already possessed a forcipular apparatus, at least 

superficially similar to the ones of present-day Scutigeromorpha. Thus the functional 

shift from leg-bearing segment to forcipular segment is indeed a very ancient one.  

 

By adapting to prey detection and prey acquisition, this shift opened a new adaptive zone 

to the group. In that regard, (and if we refer to the first definition proposed by Ernst Mayr) 

it seems that the venom-claw segment of centipedes exemplifies the highly-debated 

concept of evolutionary novelty, defined as “any newly acquired structure or property 

that permits the performance of a new function, which, in turn, will open a new adaptive 

zone” (Mayr 1963, p. 602).  

 

Müller and Newman (2005), in their critical review of the concept of evolutionary 

novelty, dismiss Mayr’s definition for lacking a distinction “between quantitative 

variational change (which may permit a new function), and qualitative structural novelty 

(which may also permit a new function)”. By semantically defining and opposing 

innovation, novelty, variation and adaptation, Müller and Newman unfortunately narrow 

the concept of evolutionary novelty to developmental and genetic factors, and fall short 

of including ecological and functional elements. Furthermore, their emphasis on the 

importance of non-homology between pre-existing structures and novel structures turns 

evolutionary novelty into a rather elusive concept by denying the inclusion of a 

functional redeployment of an existing structure. Pigliucci (2008) offered an alternative 

to the latter view by defining the concept of evolutionary novelty in the following terms: 

“new traits or behaviors, or novel combinations of previously existing traits or behaviors, 

arising during the evolution of a lineage, and that perform a new function within the 

ecology of that lineage.” Here the idea of non-homology dear to Müller and Newman is 
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absent and redeployment is emphasized. The concepts of function and ecology are thus 

rehabilitated, along with morphology, as cornerstones of the definition.  

 

In this respect, and in light of the data presented here, it seems that the forcipular segment 

of chilopods is an excellent model for the study of the origin, development, and 

functionality of an evolutionary novelty (in the sense of both Mayr’s and Pigliucci’s 

definitions). It provides material to further the understanding of redeployment of pre-

existing structures in the temporal course of a lineage, as well as a workable example of 

adaptative variation in a homologous structure among extant orders of the same class. 

While the question of the evolutionary origin of the forcipules may have been rightfully 

answered over a century ago, many more developmental, functional and ecological 

studies will be needed to understand fully the evolutionary processes that led walking 

legs to become functional venom delivery systems.  
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Order Family Taxon Source 

Scutigeromorpha Scutigeridae Ballonema gracilipes Edgecombe, G. personnal communication 

Scutigeromorpha Scutigerinidae Scutigerina malagassa Edgecombe, G. personnal communication 

Scutigeromorpha Scutigeridae Parascutigera guttata Edgecombe, G. personnal communication 

Scutigeromorpha Scutigeridae Allothereua serrulata Edgecombe, G. personnal communication 

Scutigeromorpha Scutigeridae Thereuonema tuberculata Edgecombe, G. personnal communication 

Scutigeromorpha Scutigeridae Pilbarascutigera incola Edgecombe, G. personnal communication 

Scutigeromorpha Scutigeridae Scutigera coleoptrata Edgecombe, G. personnal communication 

Lithobiomorpha Lithobiidae Lithobius forficatus Michel Dugon 

Lithobiomorpha Henicopidae Lamyctes coeculus Edgecombe, G. D. & Giribet, G. (2003) 

Lithobiomorpha Henicopidae Anopsobius wrighti Edgecombe, G. D. (2003) 

Lithobiomorpha no reference Easonobius tridentatus Edgecombe, G. D. (2003) 

Lithobiomorpha Henicopidae Henicops maculatus Edgecombe, G. D. et al. (2002) 

Lithobiomorpha Lithobiidae Bothropolys multidentatus Edgecombe, G. D. et al. (2002)  

Lithobiomorpha Henicopidae Paralamyctes monteithi Edgecombe, G. D. & Giribet, G. (2003) 

Lithobiomorpha Lithobiidae Monotarsobius yasunorii Ishii, K. & Tamura, H. (1994) 

Scolopendromorpha Scolopendridae Akymnopellis chilensis Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Cormocephalus hartmeyeri Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Campylostigmus orientalis Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Arthrorhabdus formosus Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Alipes crotalus Edgecombe, G. personnal communication 

Scolopendromorpha Plutoniomidae Theatops posticus Edgecombe, G. personnal communication 

Scolopendromorpha Plutoniumidae Theatops erythrocephalus Edgecombe, G. personnal communication 

Scolopendromorpha Scolopocryptopidae Scolopocryptops spinicaudus Edgecombe, G. personnal communication 

Scolopendromorpha Scolopocryptopidae Scolopocryptops ferrugineus Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Scolopendra cingulata Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Rhysida nuda Edgecombe, G. personnal communication 

Scolopendromorpha Cryptopidae Paracryptops weberi Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Otostigmus astenus Edgecombe, G. personnal communication 

Scolopendromorpha Scolopocryptopidae Newportia longitarsis stechowi Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Ethmostigmus rubripes Edgecombe, G. personnal communication 

Scolopendromorpha Scolopendridae Edentistoma octosulcatus Edgecombe, G. personnal communication 

Scolopendromorpha Cryptopidae Cryptops spinipes Edgecombe, G. personnal communication 

Scolopendromorpha Cryptopidae Cryptops australis Edgecombe, G. personnal communication 

Craterostigmomorpha Craterostigmidae Craterostigmus tasmanianus Edgecombe, G. personnal communication 

Geophilomorpha Linotaeniidae Strigamia maritima Michel Dugon 

Geophilomorpha Mecistocephalidae Dicellophilus carniolensis Bonato, L. et al. (2010) 

Geophilomorpha Ballophilidae Ballophilus ramirezi Pereira, L. A. et al. (1996) 

Geophilomorpha Geophilidae Stenotaenia frenum Bonato, L. & Minelli, A. (2008) 

Geophilomorpha Geophilidae Tuoba sydneyensis Bonato, L. & Minelli, A. (2008) 

Geophilomorpha Himantariidae Stigmatogaster subterraneus Michel Dugon 

Geophilomorpha Schendylidae Hydroschendyla submarina Eason, E. H. (1964) 

Geophilomorpha Schendylidae Schendyla nemorensis Eason, E. H. (1964) 

Geophilomorpha Dignathodontidae Henia montana Eason, E. H. (1964) 

Appendix I: Sources of the micrographs and drawings presenting full flat ventral views of the coxosternite 

and the forcipules.  
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SUMMARY 

 

The venom-injecting forcipules of centipedes represent an evolutionary novelty that 

appeared in the centipede stem lineage more than 400 MYA. No other lineage of 

arthropods (or indeed of animals) has evolved claws for injecting venom from a pair of 

walking legs. However, little is known of the development, ultrastructure, or detailed 

function of centipede forcipules. Here, we provide comparative structural information on 

the venom duct apparatus that is the main functional system within each forcipule, based 

on SEM and TEM studies. We also give comparative developmental information, using 

DAPI staining, on embryonic forcipules from the four main centipede orders, including 

Scutigeromorpha. The photographs of Scutigera embryos we present are the first to be 

published for any species belonging to this order. The structure of the venom apparatus 

within each forcipule represents a discrete element of the novelty, whose origin requires a 

special explanation. This is in contrast to the novel external shape of the forcipules, 

which can be arrived at gradually by a series of changes from the starting point of a 

standard walking leg. Drawing on a proposed structural homology between venom glands 

and epidermal glands, we present a hypothesis of how the venom gland and duct may 

have arisen in evolution.  
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INTRODUCTION 

 

The origin of evolutionary novelties presents one of the focal points of interest for evo-

devo. Classic examples of novelties that have been the subject of much study include the 

chelonian shell, the avian/theropod feather and the angiosperm flower. There are also 

equally-interesting but less-studied examples of novelties, including the suction discs of 

branchiuran crustaceans (Kaji et al 2011) and the venom system of centipedes; the latter 

is the subject of this paper. 

 

The arthropod class Chilopoda comprises about 3500 described species of centipedes 

distributed across five living orders (Fig. 1): Scutigeromorpha (‘house centipedes’), 

Lithobiomorpha (‘stone centipedes’), Craterostigmomorpha (only two species described), 

Scolopendromorpha (including the ‘giant centipedes’) and Geophilomorpha (‘earth 

centipedes’) (Edgecombe and Giribet, 2007).  Centipedes are terrestrial predators with a 

long, multisegmented body divided into two tagmata (head and trunk). The legs of the 

first trunk segment are transformed into a pair of forceps-like venom-delivery 

appendages (the forcipules), which are used to subdue prey (Lewis 1981). The forcipular 

apparatus is the most prominent and defining autapomorphy of the clade. This apparatus 

is found in the oldest known centipede fossils (the stem-group scutigeromorph genus 

Crussolum), dated from the late Silurian ca. 420 MYA (Murienne et al., 2010; 

Edgecombe 2011). The venom system of centipedes is therefore very ancient, pre-dating 

the most basal divergence of the centipede orders.  

  

Although there are a few species that differ from the norm, each forcipule is typically 

composed of four articulated segments. From proximal to distal these are: trochantero-

prefemur, femur, tibia and tarsungulum (Fig. 1). The tarsungulum is generally considered 

to be composed of two fused, or partially-fused, segments (tarsus + apical claw). Some 

aspects of the detailed structure and function of the venom apparatus are still debated 

(Dass and Jangi, 1978; Nagpal and Kanwar, 1981; Menez et al., 1990; Rosenberg and 

Hilken, 2006; Antoniazzi et al., 2009). However, the general morphology of the venom 

gland has been known for over a century. The discovery of the gland is attributed to 
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Newport (1844). The ultrastructure was later investigated in more detail by Macleod 

(1878) and Duboscq (1898), who provided the earliest reports on the cellular structure of 

the gland.  

 

 

 

 

 

 

 

 

Each forcipule contains a functional venom system composed of a glandular epithelium 

arranged around a cuticular duct which opens at an orifice that we call the ‘meatus’, 

located on the outer subterminal part of the apical claw. The glandular epithelium is 

composed of a multitude of glandular units arranged radially around the porous proximal 

part of the duct (the calyx). A basal membrane covers the glandular epithelium 

(Rosenberg and Hilken, 2006; Undheim and King, 2011). In Scolopendromopha, 

peripheral and centripetal muscles under the control of the central nervous system 

squeeze the venom out of the glandular epithelium into the duct (Antoniazzi et al., 2009). 

Such muscles have not been observed in the stone centipede Lithobius forficatus 

  

Fig. 1: Left: Consensual cladogram illustrating the phylogenetic relationships of the four main extant 

centipede lineages. Right: Sketched ventral view of the right forcipule of a centipede, with the terms used 

for orientation purposes in this paper.  (Note that ‘outer’ and ‘inner’ are used because the term ‘lateral’ is 

ambiguous in relation to a forcipule.) The numbers refer to the five distinct articles of the forcipule: (1) 

Trochantero-prefemur, (2) Femur, (3) Tibia, (4) Tarsus, (5) Apical claw; (4 + 5) tarsungulum.  
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(Rosenberg and Hilken, 2006). Very little is known of the venom apparatus of other non-

scolopendromorph centipedes.  

 

The cuticular duct collecting and transporting the venom has been barely investigated so 

far. Chao and Chang (2006) conducted the only comparative study dedicated to the 

venom duct of centipedes. After immersing the centipedes in glycerol for several days to 

“clear” the specimens, the venom ducts of 21 species of Taiwanese centipedes (1 

Scutigeromorpha, 4 Lithobiomorpha, 10 Scolopendromorpha and 6 Geophilomorpha) 

were observed under a light microscope (see Edgecombe and Koch (2008) for additional 

species of Scolopendromorpha using Hoyer’s as a clearing agent). A slightly altered 

version of the clearing protocol developed by Chao and Chang is described in the 

Methods section below. 

 

The ducts are straight and short in the representatives of the Scutigeromorpha and 

Lithobiomorpha. In these two orders, the ducts extend from the tarsungulum into the 

distal part of the tibia. In Scolopendromorpha, the ducts are long and sinuous, running the 

full length of the forcipule down to the base of the trochantero-prefemur, and sometimes 

extending a considerable distance into the coxosternum (Edgecombe and Koch 2008). 

The ducts in Geophilomorpha present a variety of shapes, from short to very long, 

extending into the coxosternite in the mecistocephalid Arrup holstii. Extreme cases have 

been described in some geophilomorphs: in Henia vesuviana (Dignathodontidae), the 

venom glands are located between the 12
th

 and the 18
th

 trunk segments; and between the 

15
th

 and the 23
rd

 trunk segments in Aphilodon angustatus (Aphilodontidae) (Undheim and 

King, 2011).  

 

As part of an ultrastructural study conducted on centipede venom glands, Dass and Jangi 

(1978) briefly investigated the structure of pores on the calyx of Scolopendra morsitans. 

The pores allow the passage of venom from the glandular epithelium into the lumen of 

the venom duct. Each pore in the cuticle of the duct is connected to a venom vesicle via a 

tight, sphincter-like cuticular ring. The atrium of the pore is filled with a clove-shaped 

cuticular valve (the atrial valve). This structure was also observed in a study of Lithobius 
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forficatus (Rosenberg and Hilken, 2006). It was misinterpreted as venom granules in the 

atrium of Ethmostigmus rubripes by Menez et al. (1990), as noted by Undheim and King 

(2011). It appears that very little is known so far about the differences in duct structure 

among the main centipede lineages.  

 

In their study on the variation of venom ducts among 21 species of centipedes, Chao and 

Chang (2006) concluded that the morphology and structure of the venom ducts are 

generally consistent – i.e. show little variation – at the species, genus and family levels, 

though with some exceptions. Thus a comparative study at the higher taxonomic level of 

orders can reasonably be undertaken using one ‘model species’ to represent each order – 

with the proviso that the model species chosen are not among the few exceptions. 

 

Here, we describe our observations made on the ducts of four such ‘model species’: 

Scutigera coleoptrata (Scutigeromorpha: Scutigeridae), Lithobius forficatus 

(Lithobiomorpha: Lithobiidae), Scolopendra subspinipes mutilans (Scolopendromorpha: 

Scolopendridae) and Strigamia maritima (Geophilomorpha: Linotaeniidae) (Fig. 1). This 

is the first time that ducts have been investigated using scanning electron microscopy, 

thus providing a better three-dimensional picture of their fine structure. The order 

Craterostigmomorpha, composed of a single genus with two species geographically 

confined to New Zealand and Tasmania was excluded from this study, due to lack of 

sample availability. 
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MATERIALS AND METHODS 

 

Animals 

 

Specimens of Scutigera coleoptrata, Lithobius forficatus, Scolopendra subspinipes 

mutilans and Strigamia maritima were caught, maintained in captivity, sacrificed and 

processed as follows.  

 

Collection: Individuals of S. coleoptrata were obtained by field sampling in the Punta 

Licosa region, southern Italy. The specimens of L. forficatus used were collected in the 

vicinity of Galway, Ireland. The S. s. mutilans specimens were obtained commercially 

from Hong Kong. Like L. forficatus, S. maritima is a local species; specimens were 

collected from the shore of Galway Bay. 

 

Maintenance in the laboratory: The two local species (see above) were maintained in an 

incubator at 15°C in the laboratory; the two more southern/tropical species were kept in a 

separate incubator at 25°C. Specimens of all species were fed with crickets. Mortality in 

all cases was low.  

 

Sacrifice for microscopy: Adult specimens were over-anaesthetised with CO2, following 

which appropriate parts were excised and used in the SEM/TEM studies. See below for 

further details. 

 

 

DAPI-staining of embryos 

 

Embryos of Strigamia maritima were staged as described by Chipman et al. (2004). 

These embryos, together with embryos of the other three species studied, were 

dechorionated in phosphate buffered saline (PBS, pH 7.4) with fine forceps, and 

immersed in graded glycerol (25%, 50% and 70% glycerol in PBS, 20 minutes per step). 

1 µl of DAPI nuclear stain stock solution (1% 4’, 6-diamidino-2-phenylindole in PBS) 
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was added to 1 ml of 70% glycerol in which the embryos were immersed and allowed to 

incubate for at least 1 hour in the dark. The embryos were then washed several times in 

70% glycerol. Observations and digital micrographs were performed using an Olympus 

SZX16 stereomicroscope equipped with an Olympus DP71 camera coupled with the 

Olympus CELL F software package. 

 

 

Light  Microscopy 

 

The complete heads of centipedes were excised and were each sandwiched between two 

microscope slides held together using rubber bands. The slides were then placed in a 

graded series of glycerol/ethanol mixes (25%, 50%, 75% and 90% glycerol in ethanol). 

Each immersion step lasted 24 to 48 hours. This protocol is largely based on the one 

developed by Chao and Chang (2006). The left forcipule of each specimen was sketched 

on paper using a drawing tube. The sketches were then scanned and edited using the 

Publisher program of the Microsoft Office Suite 2003.  

 

 

Scanning Electron Microscopy (SEM) 

 

Once dead, the specimens were placed at -20°C overnight. This step facilitates the 

removal of the duct by weakening the basal lamina present around the glandular 

epithelium. The specimens were defrosted and the ducts dissected in a solution of 70% 

ethanol in double distilled water. The ducts were then washed several times in 70% 

ethanol and immersed briefly in 100% ethanol before being positioned on adhesive 2.54 

cm stubs, gold sputter-coated in an EMSCOPE SC500 sputter coater, and finally 

examined using a Hitachi S2600N Variable Pressure scanning electron microscope at an 

accelerating voltage of 15kV. 
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Transmission Electron Microscopy (TEM) 

 

For TEM investigation, forcipules were dissected at the base of the trochantero-prefemur 

and immersed in a fixative solution (2% gluteraldehyde, 2% paraformaldehyde in 0.2M 

cacodylate buffer) for 24 hours at 4°C, followed by secondary fixation (1% osmium 

tetroxide in 0.1M sodium cacodylate / HCl buffer pH 7.2). The samples were then 

dehydrated in graded ethanol and immersed in propylene oxide before being embedded in 

Epon resin. Semi-thin sections (1 µm) were stained with toluidine blue and observed 

using a Nikon TE2000s inverted microscope. When the area of interest was identified, 

the sample was prepared for ultra-thin sectioning. Ultra-thin sections (0.1 µm) were 

mounted on 3 mm copper grids and stained for 30 min in 1.5% aqueous uranyl acetate 

and 10 min in lead citrate. The grids were examined using a Hitachi H7000 transmission 

electron microscope.  
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RESULTS 

 

DAPI-stained embryos 

 

Figure 2 shows how the forcipules look at the latest embryonic stage in Strigamia 

maritima (stage 7: see Chipman et al. 2004). It is clear that they are somewhat enlarged 

compared to the anterior leg-buds immediately behind them, but still much smaller than 

the large antennal primordia.  

 

There is little external morphological structure apparent in the limb-buds at this stage – 

this applies to both forcipules and legs. It seems likely that there is little internal structure 

too; so most of the venom-system must be formed during early post-embryonic 

development. This corresponds with the fact that the earliest post-hatching stages 

(peripatoid and fetus) are not yet able to use their developing forcipules to feed and are 

still protected by their mother, who remains coiled around her brood until the next 

developmental stage (adolescens I) is reached.  

 

The situation is comparable in Scolopendra. In Lithobius and Scutigera, development is 

anamorphic and there is no maternal brood care. Nevertheless, the situation is still similar 

in that the developmental stage immediately after hatching is thought to be a non-feeding 

stage (Dohle 1970), indicating that development of the venom apparatus is still 

incomplete (Figure 3). 
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Fig. 2: Stage 7 (last pre-hatching stage) embryos of Strigamia maritima treated with DAPI nuclear stain. 

The red arrows point to the forcipular segment. A-B: Early stage 7. C-D: Late stage 7. B and D are 

magnified views of the red frames in A and C. At this stage, the forcipules are undeveloped limb buds and 

look very similar to the buds of the anterior walking legs. Development of the venom apparatus occurs most 

likely at an early post-hatching developmental stage. 
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Fig. 3: DAPI-stained early developmental stages of Scolopendra subspinipes mutilans (A, B), Lithobius 

forficatus (C) and Scutigera coleoptrata (D). A, C, and D are all late embryonic stages, broadly comparable 

to the stage 7 embryos of Strigamia maritima shown in Fig. 2. Note that in all these cases the forcipular 

buds are rudimentary and are rounded rather than pointed. Panel B shows a Scolopendra hatchling in which 

the forcipules are more developed and have more pointed ends, presaging the very definite sharp and 

hardened points that will develop later. 
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Light microscopy 

 

The observation of ducts by light microscopy reveals the shape and length of each duct 

and the position of the calyx (Fig. 4). Observation of the duct is not always possible 

towards the distal end of the claw, where the exoskeleton is heavily sclerotised. The calyx 

collecting the venom is visible and appears darker than the more distal, non-porous 

smooth duct. We can thus divide the whole venom duct into two distinct parts: the 

proximal and porous calyx, which collects venom produced by the glandular epithelium, 

and the non-porous, distal smooth duct, which carries the venom to a subterminal 

opening on the apical claw (the meatus). 

 

In Scutigera coleoptrata and Lithobius forficatus, the calyx reaches proximally just 

behind the tibia/tarsungulum joint. The duct follows the outer curvature of the forcipule, 

moving inward at its posterior end (Fig. 4). The calyx represents about one third of the 

length of the whole duct in Scutigera coleoptrata and about a fifth of the whole duct in 

Lithobius forficatus.  In Scolopendra subspinipes mutilans, the duct follows the outer 

curvature of the forcipule, including the outer articulation hinge. It reaches the base of the 

trochantero-prefemur and extends slightly beyond it, before curving inwards at an 

approximate 90° angle (Fig. 4). The calyx represents about 80% of the whole duct. The 

concentration of pores on the duct diminishes from the proximal to the distal end. In 

Strigamia maritima, the calyx is very short and pear shaped. It measures only about 10% 

of the whole duct and it is located at the level of the femur/tibia articulation. The rest of 

the duct is thin, almost transparent, and clearly opens on the outer subterminal part of the 

tarsal claw. 
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Electron microscopy 

 

The smooth duct 

 

Distally, the smooth duct is embedded into the layering of the exoskeleton and emerges 

from it between the apical claw and the tarsus (shown for Scutigera coleoptrata in Fig. 

5B). In Scutigera and Lithobius forficatus, the smooth duct is composed of a simple layer 

of flexible cuticle. In Scolopendra subspinipes mutilans and Strigamia maritima, the 

smooth duct is comparatively thick, with some parts covered with a layer of fibrils. The 

internal wall of the duct is made of a series of cuticular rings in all four species; the rings 

for L. forficatus are shown in Fig. 5A. 

 

 

Fig. 4: Schematic dorsal views of the left forcipule, showing variations in shape and length of the venom 

ducts in four model species of centipedes. The duct appears outlined by dotted lines when direct 

observation was difficult due to the sclerotisation of the apical claw (Lithobius forficatus and Scolopendra 

subspinipes mutilans). The black arrows point to the distal limit of the calyx. 
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General organisation of the calyx 

 

The calyx is the proximal porous part of the duct, where the mature venom is collected 

from the venom vesicles. In Strigamia maritima the pores are distributed evenly around 

the circumference of the calyx (Fig. 6D). In the three other species, the outer lateral side 

closest to the exoskeleton is free of pores. In Lithobius forficatus, about one third of the 

circumference of the calyx is pore-free, with a slightly granular texture and an uneven 

surface under the SEM (Fig. 6B). We observe the remains of a basement membrane and 

epithelial cells on this part of the calyx (Fig. 6B). In Scolopendra subspinipes mutilans, a 

crest covered with fibrils and a membrane runs all along the duct (Fig. 6C). Proximally, 

this crest represents 10% to 12% of the circumference. It widens and flattens distally to 

cover about one third of the circumference at the level of the tarsungulum. In Scutigera, 

the crest is membranous and occupies about 20% of the circumference of the duct (Fig. 

6A). Fibrils emerge from the side of the membrane, and run as a very tight network 

between the pores of the calyx. These fibrils are most obvious is Scutigera (Fig. 6A and 

8A) and Scolopendra (Fig. 8C). Viewed under a TEM, the crest in these two species 

appears to be made out of three distinct tissue layers. From central to external these are:  

Fig. 5: SEM micrographs of the smooth distal venom duct. (A) Section of smooth venom duct of Lithobius 

forficatus. The double white arrow points to the annular cuticular structures on the internal part of the 

lumen. (B) Transversal fracture showing a cross section of the tarsungulum of Scutigera coleoptrata. The 

solid white arrow points to the venom duct embedded in the layers of the exoskeleton. 
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1) a basal cuticular layer; 2) a layer of fibrils; and 3) a tight pack of cells presenting very 

active nuclei and multiple zonula adhaerens (Fig. 7B and 7D). In Strigamia maritima, 

there is no crest in the area of the calyx. The lumen wall of the calyx presents light 

invaginations between the circular opening of the pores in Scutigera, Lithobius and 

Scolopendra. The invaginations are very deep in Strigamia (Fig. 8D). 

 

Fig. 6: SEM micrographs of the venom calyx. (A) Central part of the calyx of Scutigera coleoptrata. The 

fibrils attached to the duct are visible as a layered feature at the bottom of the picture (solid white arrow). 

The double white arrow points to the crest. (B) Full venom calyx of Lithobius forficatus, with proximal end 

of non-porous smooth duct. The double arrows point to residues of epithelial cells and basal membrane (C) 

Part of the venom calyx of Scolopendra subspinipes mutilans. The double white arrow points to the 

cuticular and epithelial crest running along the whole duct. (D) Whole venom duct of Strigamia maritima. 

The calyx is visible on the left, with the terminal part missing. The smooth duct is covered with large cells 

whose function is unknown (solid white arrow). 
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Fig. 7: View of the cuticular / epithelial crest of the venom duct. A-B: Scolopendra subspinipes mutilans. C-

D: Scutigera coleoptrata. (A) SEM micrograph showing details of the crest. (B)  TEM transversal view of 

calyx crest at the proximal end of Scolopendra subspinipes mutilans venom gland. The cuticle of the duct 

extends into a crest (Cu) covered with a layer of fibrils (Fi). The fibrils are linked to epithelial cells (nuclei 

marked with white stars) via zonula adherens (short solid black arrows). Lu= lumen of venom duct. (C) LM 

micrograph of a transversal cut in a Scutigera coleoptrata venom gland. The calyx is visible as a circular 

structure at the centre of the picture. The venom vacuoles (VeV) are radially arranged around the duct. The 

double black arrow points to the crest where the epithelial basal membrane (solid black arrow) of the 

glandular epithelium is anchored, and in direct contact with the exoskeleton (Ex). (D) TEM transversal view 

of the calyx of Scutigera coleoptrata. The white stars point to the tightly packed epithelial cells arranged 

above the cuticular crest (double black arrow). The solid black arrows points to the cuticle of the calyx.  
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The pores 

 

Externally, the pores appear as little circular “bumps” 1 µm to 5 µm wide. The 

dimensions of the pores for each species and the approximate number of pores on the 

calyx of each species are given in Table 1. Each pore is topped with a pore cap which 

bears a narrow central circular opening ranging from 0.8 µm to 2 µm in diameter (Fig. 

8A and 8B). In all four species, an atrial valve occupies the atrium of the pore and 

extends distally towards the lumen of the duct. The pore cap and the atrial valve appear to 

be structurally linked to each other but independent from the cuticular wall of the pore 

(Fig. 8B).  

 

Under the TEM, epithelial cells are visible in the immediate surroundings of the pores. In 

Scutigera coleoptrata, the space between the pores seems to be filled with a simple 

cuticle (Fig. 7D). Epithelial cells are located on top of the cuticle and adjacent to the pore. 

This area is also occupied by a tight network of fibrils and very small tracheal branches. 

In Scolopendra subspinipes mutilans and Strigamia maritima, a layer of fibrils fills up the 

space between the pores and we notice the possible (but unconfirmed) presence of nerve 

endings in this zone (Fig. 8F). Epithelial cells are arranged in a manner similar to that of 

Scutigera coleoptrata, sitting on a layer of fibrils, adjacent to the top part of the pore (Fig. 

8E). The pore cap appears as an electron-dense structure linking the long and thin neck of 

the venom vesicles with the calyx. A nucleus consistently adjoins the cap (Fig. 8E). 

Striated muscle fibres are present in the close vicinity of the calyx in Scutigera 

coleoptrata and Scolopendra subspinipes mutilans.  These were not observed in Lithobius 

forficatus or Strigamia maritima. 
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 Scutigera 

coleoptrata 

Lithobius 

forficatus 

Scolopendra s. 

mutilans 

 

Strigamia 

maritima 

 

Full duct length 

 

 

1 ± 0.2 mm 

 

1 ± 0.2 mm 

 

7 ± 1 mm 

 

≈ 0.25  mm 

 

Diameter of lumen 

 

 

≈  40 µm 

 

20 to 30  µm 

 

60 to 140 µm 

 

5 to 7 µm 

 

Calyx length 

 

 

≈ 600  µm 

 

≈ 180  µm 

 

5000 ± 1000  µm 

 

≈ 30  µm 

Pores present on 

whole circumference 

of  

calyx 

 

 

No 

 

 

No 

 

 

No 

 

 

Yes 

 

Number of pores  

on calyx 

 

 

≈  1300 

 

≈ 275 

 

>20000 

 

≈ 160 

 

Diameter of pores 

 

 

4 to 5 µm 

 

4 to 5 µm 

 

4 to 5 µm 

 

≈ 1 µm 

 

Thickness of pore 

walls 

 

 

0.2 to 0.3 µm 

 

0.2 to 0.3 µm 

 

0.3 to 0.5 µm 

 

0.2 to 0.3 µm 

Table 1: Venom duct, calyx and pore measurements and specifications for Scutigera coleoptrata, Lithobius 

forficatus, Scolopendra subspinipes mutilans and Strigamia maritima. Only the first character, full duct length, 

is visible without using SEM. In this case the ranges of values given are each based on several specimens. In 

the other cases, e.g. diameter of lumen, the ranges were based on several measurements of the same specimen, 

as viewed under the SEM. All ranges given are thus approximate. 
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Fig. 8: Details of pores on venom calyxes. A-D: SEM micrographs. E-F: TEM micrographs. (A) The solid 

white arrow points to the fibrils running between the pores on the calyx of Scutigera coleoptrata. (B) Pores on 

the calyx of Lithobius forficatus. The solid white arrow points to the cap topping the pore. The double white 

arrow points to a pore with the cap removed. The cap and the atrial valve are removed as a single piece, 

suggesting that both structures are dependent on the same cell. (C) Details of Scolopendra subspinipes 
mutilans calyx, showing a large number of pores tightly arranged around the calyx. (D) Pores on the calyx of 

Strigamia maritima. The proximal end of the calyx is missing, leaving a large gap revealing the deep 

invaginations inside the lumen of the calyx (double black arrow). (E-F) Transversal cut on the calyx of 

Scolopendra subspinipes mutilans, showing two pores and the proximal canal leading to the venom vacuole 

(out of frame). Venom is squeezed out of the vacuoles, and travels through the proximal canals. The venom 

passes through the pore caps (solid white arrows) before entering the atrium of the pores and being released 

into the lumen of the calyx (Lu). The proximal canal cells (nuclei marked with white stars) which are thought 

to produce the pore caps and atrial valves are adjacent to the proximal canal. The space between the pores is 

filled with fibrils (Fi). (F) Detail of a pore as seen in (E). The atrial space (At) is occupied by a very thin and 

long clove-shaped flap, the atrial valve (solid black arrow), which may act as an anti-return valve. Structures 

that may be nerve endings (solid white arrows) are present in the spaces between the pores, embedded into the 

fibrils. 
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DISCUSSION 

 

The work presented here adds to the gradually increasing number of examples of 

evolutionary novelties for whose origins we have both relevant information and a 

hypothesis. We discuss the comparative morphological and developmental information in 

the section immediately below; then, in the following section, we discuss our hypothesis. 

 

 

Comparative morphological and developmental information  

 

As noted above, the venom duct of centipedes can be divided in two distinct parts: the 

smooth duct and the calyx. The smooth duct is a simple cuticular duct, embedded into the 

exoskeleton of the apical claw on its distal end, opening at a meatus on the subterminal 

outer part of the claw where the venom is released. The calyx forms the proximal part of 

the duct and is characterised by a porous structure. It is embedded into the glandular 

epithelium and each pore links to a vacuole full of solubilised venom ready to be 

discharged into the lumen of the duct. A portion of the calyx circumference is occupied 

by smooth cuticle, both flat and grainy (Lithobius forficatus) or raised (the cuticular crest 

in Scutigera coleoptrata, Scolopendra subspinipes mutilans), onto which fibrils and a 

lining of epithelial cells are attached. This crest is also the anchorage point of the basal 

membrane surrounding the glandular epithelium. The crest is present on the outer 

curvature of the calyx, which is the side closest to the exoskeleton of the forcipule (as 

was seen in Fig. 7C). In Strigamia maritima however, this crest was not observed and the 

pores are present on the whole circumference of the calyx, which occupies the centre of 

the forcipule (on a lateral-medial axis). The atrium of each pore contains an atrial valve in 

the shape of a clove, projecting distally towards the lumen of the duct. Each pore is 

topped by a pore cap which then links proximally to the secretory system of the gland.  

 

Regarding the formation of the peculiar pore apparatus found on the calyx (pore + cap + 

atrial valve), our observations are partially congruent with the ones made by Rosenberg 

and Hilken (2006) in their investigation of the glandular epithelium of Lithobius 
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forficatus. Those authors considered the venom gland of Lithobius forficatus as a 

compound-gland organ composed of hundreds of epidermal gland units in which venom 

is produced by secretory cells and stored in a secretory body (“extracellular cavity”) by 

exocytosis. An epithelial cell forms the raised cuticular wall of each pore (the “distal 

canal cell”). A second cell (the “proximal canal cell”) forms the atrial valve and the pore 

cap. An “intermediary cell” connects the proximal canal cell and the secretory cell. The 

intermediary cell also surrounds the latter as well as the secretory body.  

 

Our observations did not permit us to identify clearly the presence of a distal canal cell 

adjacent to the pore walls in any of the four species, even in Lithobius forficatus, the 

species studied by Rosenberg and Hilken (2006). That space appears to be filled with 

either cuticle or fibrils in Scutigera coleoptrata, Scolopendra subspinipes mutilans and 

Strigamia maritima. However, the observation of such a small translucent cell may be 

difficult due to the large number of fibrils surrounding the pores.  The atrial valves and 

the pore caps were observed in all four species, always with the same shape. As described 

by Rosenberg and Hilken (2006), it appears that these structures are dependent on the 

adjacent cell (the “proximal canal cell”). The potential presence of nerve endings in the 

close vicinity of the duct of Scolopendra subspinipes mutilans suggests that some of the 

calyx structure may be under the control of the central nervous system, at least in some 

species.  

 

 

Homologies and a hypothesis 

 

Rosenberg and Hilken (2006) noted a possible homology between the venom gland 

structure of Lithobius forficatus (and centipedes in general) and the structure of epidermal 

glands in Myriapoda (both centipedes and millipedes), which they had described 

previously (Hilken et al., 2005). This is a very interesting possibility, especially if we 

consider that the whole venom duct, including the calyx, is an invagination of the outer 

cuticle, and is shed with the rest of the exoskeleton at each moult (Dubsocq, 1898). We 

may therefore hypothesize that the venom gland system of centipedes is homologous to 
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an epidermal glandular system that once occupied the surface of the distal part of the 

forcipule (Figure 9, stage 1), having come to be there through the ectopic expression of 

genes that were already involved in producing epidermal glands at other morphological 

locations. On the basis of this hypothesis, we can consider the directionality of the 

evolutionary trend that may have led to the formation of the venom apparatus we observe 

today. 

 

Several observations may help to uncover this trend.  1) From the meatus to a variable 

point along the tarsungulum, the duct is embedded in layers of exoskeleton, before 

emerging progressively into the flesh of the forcipule (Fig. 5B). 2) The whole duct is 

shorter and straighter in the two orders that are thought to present the more primitive 

characters (Scutigeromorpha and Lithobiomorpha, Fig. 4). This is confirmed by the 

findings of Chao and Chang (2006) on variation of venom ducts in Taiwanese centipedes. 

3) The meatus is consistently positioned on the outer subterminal part of the apical claw 

and distally prolonged by a groove. 4) In three species out of four (all except Strigamia 

maritima), the outer side of the calyx, closer the exoskeleton, is deprived of pores and 

venom vacuoles. Effectively, the venom gland occupies only the medial part of the 

forcipule (Fig. 7C). 5) The basal membrane is anchored to the cuticular crest which faces 

the outer part of the exoskeleton (Fig. 7C and 7D).  

 

These facts are all congruent with the hypothesis of an original groove lined with 

epidermal glands located on the lateral curvature of the apical claw (Fig. 9). This groove 

would have then undergone progressive closure to form a duct, thus facilitating the 

delivery of substances produced by the glandular epithelium lining the newly formed duct. 

The presence of a cuticular crest on the lateral part of the calyx could possibly be a 

vestige of an ancestral stage during which the calyx was still directly attached to the 

cuticle of the exoskeleton. This supposition is reinforced by the cuticular and epithelial 

bridge linking the calyx to the endocuticle of the exoskeleton in Scutigera coleoptrata 

(Fig. 7C). In this hypothesis, the glandular epithelium would not have had to undergo a 

fundamental change in structure, but rather to wrap itself around the curvature of the duct, 

each extremity joining at the anchorage point observed as the cuticular crest. 
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While we are aware that this hypothesis is based on limited observations, and that, as 

ever, alternative hypotheses are possible, we believe that it may provide an explanation 

for the origin and structural evolution of the centipede venom system.  

 

 

 

 

 

 

 

 

 

Fig. 9: Hypothesis on the evolution of centipede venom ducts. The cuticle is represented in black, the venom-

producing glandular epithelium in red. Top left diagram: schematic ventral view of a forcipule. All other 

diagrams: Sectional views of a schematic tarsungulum after a transverse cut on the axis a-b. Stage 1: Glandular 

epidermal cells are arranged on the outer curvature of the forcipule, producing substances noxious to prey and 

predators. Stage 2: A groove in the exoskeleton is formed on the outer curvature of the forcipule. This allows 

noxious substances to ‘drip’ into the prey. Stage 3: The cuticular groove deepens. The exoskeleton closes 

down on the forming duct. The glandular epithelium follows the curvature of the groove. Stage 4:  The duct is 

fully formed following the closure of the exoskeleton. The glandular epithelium surrounds most of the newly 

formed duct, apart from the cuticular crest formed by the suture of the exoskeleton. Stage 5: The venom duct is 

independent of the lateral exoskeleton (but remains an invagination of the exoskeletal meatus). The vestigial 

cuticular crest acts as an anchorage point for the basal membrane holding the swollen glandular epithelium.  
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Chapter 5 

The venom gland of centipedes: comparative ultrastructural 

investigation, with a focus on the venom-production cycle 

 
 

 

 

 

TEM micrograph of pores on the venom calyx of Scolopendra subspinipes mutilans 
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5.1 INTRODUCTION 

 

5.1.1 A brief recap 

 

The forcipular apparatus is a synapomorphic character of the class Chilopoda; it consists 

of the modified first trunk segment and the attached pair of appendages, which are 

situated directly behind the head capsule. The oldest fossilized remains of the forcipular 

structure belong to a 416 MYA fossil of the early Scutigeromorph genus Crussolum, and 

it resembles the apparatus of the modern-day Scutigeromorpha (Murienne et al., 2010; 

Edgecombe 2011). Ventrally, the forcipular coxae are distinct in Scutigeromorpha and 

fused into a heavily sclerotised coxosternite in Lithobiomorpha, Craterostigmomorpha, 

Scolopendromorpha and Geophilomorpha (Minelli and Koch, 2011). The forcipules, 

protruding anteriorly from the forcipular segment, are usually composed of four 

segmented articles; from proximal to distal: the trochantero-prefemur, the femur, the tibia 

and the tarsungulum (Minelli and Koch, 2011). The tarsungulum is composed of two 

fused segments: the tarsus and the apical claw (see Chapters 3 and 6 for further details 

and evidence on the fusion of these segments). In their resting position, the forcipules lie 

folded either under (Pleurostigmophora) or lateral to (Notostigmophora) the head. The 

forcipules present important shape variations between orders (see Chapter 3, Table 3.1) 

and smaller scale variations within orders (Chao and Chang, 2006; Edgecombe and Koch, 

2008).   

 

 

5.1.2 Location and shape of the venom gland 

 

The forcipules are an essential tool in prey capture and prey immobilisation. The venom 

gland encased in each forcipule produces a potent cocktail of paralytic toxins delivered 

into the prey via a cuticular duct which opens on the subterminal part of the apical claw 

(Undheim and King, 2011). The venom duct is an invagination of the exoskeleton 

penetrating the mass of the forcipule (Duboscq, 1898; Rosenberg and Hilken, 2006). 

Chapter 4 of this thesis provides an extensive description of the venom duct structures for 
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one species of each of the main centipede orders (Scutigera coleoptrata, Lithobius 

forficatus, Scolopendra subspinipes mutilans and Strigamia maritima). The present study 

concentrates on one anamorphic (Scutigera coleoptrata) and one epimorphic 

(Scolopendra subspinipes mutilans) species.  

 

The size and location of the venom glands within the forcipules are very variable between 

and within orders. In anamorphic species, the venom gland reaches proximally down to 

the trochantero-prefemur (Undheim and King, 2011). In the epimorphic order 

Scolopendromorpha, the length of the venom glands varies between families, but it seems 

always contained within the forcipular segment (Chao and Chang, 2006; Edgecombe and 

Koch, 2008). Variations are greatest in Geophilomorpha. Among the members of the 

family Schendylidae, the venom gland is contained in the tarsungulum. In Henia 

vesuviana (Dignathodontidae), the venom gland is located between the 12
th

 and 18
th

 trunk 

segments (Duboscq, 1898).  

 

 

5.1.3 General ultrastructure of the venom gland 

 

The venom gland is composed of a glandular epithelium arranged radially around the 

proximal porous part of the duct (the calyx). The gland is surrounded by an epithelial 

basal lamina attached on the outer-lateral side of the venom duct (the cuticular crest, see 

Chapter 4 for more details). In Scolopendromorpha, peripheral muscles surround the 

glandular epithelium, while radial muscles attached to the calyx run between the 

secretory units of the venom gland (Dass and Jangi, 1978; Menez et al., 1990; Antoniazzi 

et al., 2009). With regard to Lithobiomorpha, in Lithobius forficatus the glandular 

epithelium is composed of hundreds of secretory units, each comprising 4 different cells 

(Rosenberg and Hilken, 2006). The distal canal cell encloses the cuticular atrium opening 

into the main lumen of the calyx. The proximal canal cell forms the clove-shaped valve 

occupying the cuticular atrium and the more distal cuticular pads forming the cap of the 

pore (see Chapter 4 for more details). The proximal canal cell also encloses a large 

extracellular space in association with the long and thin intermediary cell. This space is 
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most likely filled with the solubilised venom produced in the form of granules by the 

secretory cell. The granules produced by the secretory cell are thought to be released into 

the extracellular space via exocytosis. No peripheral or radial muscles have been 

observed in the venom gland of Lithobius forficatus (Rosenberg and Hilken, 2006).  

 

 

5.1.4 Function and nature of the venom gland 

 

According to the observations on the structure of venom ducts shown in Chapter 4 and 

the interpretation proposed by Rosenberg and Hilken (2006), the venom stored in the 

extra-cellular spaces is squeezed through the conducting canal and the cuticular pads of 

the proximal canal cell. The venom then enters the atrium of the cuticular pore formed by 

the proximal canal cell, and is released into the main lumen of the venom duct (see also 

Fig. 5.7). The clove-shaped atrial valve stops the venom from back-flowing into the 

glandular structure and may also act as barrier against bacterial infections (Dass and 

Jangi, 1978). 

 

The observations conducted on scolopendromorphs by early authors (Duboscq, 1898; 

Pawlowsky, 1913; Cornwall, 1916; Barth, 1967) led them to believe that the venom gland 

was holocrine in nature. However, more recent studies (Menez et al., 1990; Antoniazzi et 

al.; 2009) did not find any evidence of cell degeneration. It is likely that the extra-cellular 

storages were misidentified as degenerated cells. In fact, the venom secretion may be 

merocrine (Undheim and King, 2011). 

 

The venom production cycle in centipedes has not been extensively investigated. From 

previous TEM investigations in scolopendromorphs, it seems that electron-dense granules 

are formed in the secretory cell (Dass and Jangi, 1978; Menez et al., 1990; Antoniazzi et 

al., 2009). The occurrence of these granules is preceded by the multiplication of large 

strands of rough endoplasmic reticulum. These granules show sometimes lighter rod-like 

inclusions, which have been interpreted as a possible sign of solubilisation before 

exocytosis (Menez et al., 1990).  
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5.2 Aims of this chapter 

 

Many gaps remain in our understanding of the venom gland ultrastructure. Even though 

several Scolopendromorpha have been previously investigated, none of these studies 

were conducted in the light of the observations made by Rosenberg and Hilken (2006) on 

the venom gland of Lithobius forficatus. The merocrine nature of the gland and the 

production of venom involving the formation of granules, solubilisation and exocytosis 

are all speculative so far, even though they seem to be the consensual view in recent 

publications.  Furthermore, nothing is known of the venom gland structure of 

scutigeromorphs. 

 

In order to fill some of these gaps, the present chapter is divided in two distinct parts, 

both based on transmission electron microscopy. The first part is a comparative 

ultrastructural investigation of the venom gland of Scutigera coleoptrata and 

Scolopendra subspinipes mutilans. The second part investigates the cycle of venom 

production in Scolopendra subspinipes mutilans, by comparing the observations made on 

the venom glands of animals sacrificed at different times after venom extraction. 
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5.2 MATERIALS AND METHODS 

 

5.2.1 Comparative ultrastructural investigation 

 

Specimens of Scutigera coleoptrata and Scolopendra subspinipes mutilans were caught, 

maintained in captivity, sacrificed, processed and observed as described in Chapter 2 (See 

section 2.3: Animal maintenance in captivity; and Table 2.1) and in the Materials and 

Methods section of Chapter 4. Two adult, unsexed, specimens of each species were used 

for this investigation. 

 

 

5.2.2 Investigation of venom-production cycle in Scolopendra subspinipes mutilans 

 

10 adult, unsexed specimens of Scolopendra subspinipes mutilans were anaesthetised by 

CO2 exposure and attached with the ventral side facing up to an acrylic sheet with 

adhesive tape. Venom was extracted by electro-stimulation using a double pulse 

stimulator (Cat. 6032, Scientific and Research Instruments Ltd). Electrical probes were 

equipped with wet sponges regularly immersed in a saline solution. Each electrical 

impulse lasted for 5 ms at 22 V and recurred every 110 ms at the same voltage. Once the 

venom extraction was performed, the specimen was placed back into its enclosure. The 

animals were not fed until they were sacrificed. Two specimens were processed 2, 4, 6, 8 

and 10 days after venom extraction. The centipedes were over-anaesthetised with CO2 

following which the head and anterior end was cut at the level of the LBS1. The ganglia 

were immediately removed with tweezers. This was done to avoid automatic contractions 

of the forcipules and further venom release. The venom glands were excised, processed 

and observed following the protocol detailed in the Materials and Methods section of 

Chapter 4.  
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5.3 RESULTS 

 

5.3.1 Comparative ultrastructural investigation 

 

 

In both Scutigera coleoptrata and Scolopendra subspinipes mutilans, the venom gland is 

pear-shaped, with the glandular units arranged radially around the calyx (Fig. 5.1). A 

basal lamina covers the outer surface of the glandular epithelium. Inside the basal lamina, 

peripheral muscles run all around the circumference of the venom gland and radial 

muscles penetrate between the glandular units down to the venom duct. All the muscles 

observed are striated muscles (Fig. 5.2). These are comparatively more developed in 

Scutigera coleoptrata. Tracheoles and nerve endings are present close to the basal lamina 

and the striated muscles. They also occur, although more rarely, in the vicinity of the 

venom duct.  

 

 

 

 

 

 

 

Fig. 5.1: Light micrographs of venom glands. A: Transverse section of a gland excised from the forcipule of 

Scolopendra subspinipes mutilans. B: Transverse section through the tarsus of Scutigera coleoptrata. The 

solid arrows point to granules secreted by the secretory cell. L: Lumen of the duct.         
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The glandular epithelium is organized into glandular units similar to the ones described 

from Lithobius forficatus (Rosenberg and Hilken, 2006). The distal canal cells and 

secretory cells have been observed in both Scutigera coleoptrata and Scolopendra 

subspinipes mutilans. The proximal canal cells and the intermediary cells have only been 

fully recovered in Scolopendra subspinipes mutilans. However, a more detailed look at 

the cytoplasmic extension surrounding the electroluscent material suggests that the 

proximal canal cells and the intermediary cells are also parts of the glandular units in 

Scutigera coleoptrata.  

 

The distal canal cell is present on top of the cuticular material of the venom duct in both 

Scolopendra and Scutigera (Fig. 5.3). The distal canal cell is firmly anchored to the 

cuticle of the venom duct. In Scolopendra, the large heterochromatic nucleus of the 

proximal canal cell is located at the side of the apical neck of the extra-cellular spaces 

(Fig. 5.4C and Fig. 5.7). The proximal canal cell forms both the pair of cuticular pads 

linking the secretory unit to the calyx and the atrial valve observed in each pore (Fig. 

5.7). The proximal canal cell extends distally from the duct to meet the intermediary cell. 

Fig. 5.2: TEM micrographs showing striated muscles between extra-cellular spaces in the venom glands 

of Scolopendra subspinipes mutilans (A) and Scutigera coleoptrata (B) 
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Together, the proximal canal cell and the intermediary cell form the wall of the extra-

cellular space in which the venom produced by the secretory cell is stored (Fig. 5.7).  

The large secretory cell lies laterally to the extra-cellular storage space, and sometimes 

extends along the entire radius of the glandular epithelium (Fig. 5.4B, 5.4D and 5.5). As 

noted in Lithobius forficatus (Rosenberg and Hilken, 2006), the secretory cell penetrates 

the invaginations of the proximal canal cell and the intermediary cell (Fig. 5.7). The 

secretory cell produces granules filled with a material of variable electron density. The 

production of these granules is limited to the apical part of the secretory cell.  The 

secretion of granules is characterized by a large amount of rough endoplasmic reticulum 

(rER) (Fig. 5.6). The electron-dense venom granules sometimes present electroluscent 

inclusions (see further below and Fig. 5.9). 

 

 

  

 

 

 

Fig. 5.3: TEM micrographs showing the distal canal cell (DCC) resting adjacent to the venom duct in 

Scolopendra subspinipes mutilans (A) and Scutigera coleoptrata (B). 
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 Fig. 5.4: TEM micrographs of Scolopendra subspinipes mutilans. A: Tracheole (black arrow) embedded 

between a projection of an intermediary cell and the extra-cellular storage. B: Secretory cell showing the 

large heterochromatic nucleus (Nu) and electron-dense granules. The white arrow points to an extension 

of the intermediary cell (IC). C: apical part of the extracellular space. The venom duct is visible in the 

bottom left corner. The proximal canal cell (PCC) forms the pair of cuticular pads (white arrows) thought 

to be controlling the release of venom into the lumen. D: The secretory cells (SC) containing the granules 

are adjacent to the extracellular spaces storing the material thought to be solubilised venom (asterisks). 
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Fig. 5.6: Early-stage granules produced in the secretory cells of Scolopendra subspinipes mutilans (A) 

and Scutigera coleoptrata (B). Large amount of rER (arrows) can be seen in proximity of the granules. 

Fig. 5.5: TEM micrographs. Position of the secretory cell (arrows) in relation to the extra-cellular storage 

space in Scolopendra subspinipes mutilans (A) and Scutigera coleoptrata (B). 
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Fig. 5.7: Ultrastructure of the venom glandular units. Left: TEM micrograph showing the whole 

secretory unit in Scolopendra subspinipes mutilans. Right: Schematic view of the same unit in Lithobius 

forficatus, as proposed by Rosenberg and Hilken (2006). The ultrastructure is essentially identical in both 

species. The venom duct is at the top of the TEM micrograph and the drawing; the basal lamina is at the 

bottom (out of frame).  The venom is produced in the form of granules in the secretory cell (SC). Upon 

maturation, the venom is transferred by exocytosis into the extra-cellular space (ES) formed by the 

extensions of the proximal canal cell (PCC) and the intermediary cell (IC). In this extra-cellular storage 

area, the venom undergoes solubilisation. When needed, muscle contractions drive the venom towards 

the apex of the extra-cellular space. First, venom passes through a narrow conducting canal (CC), then 

through a pair of cuticular pads (CP) to finally reach the clove-shaped atrial valve (V) and then the 

atrium of the pore (At) before being released into the lumen of the venom duct (top).  
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5.3.2 Investigation of venom-production cycle in Scolopendra subspinipes mutilans 

 

The venom glands of Scolopendra subspinipes mutilans were observed under TEM 2, 4, 

6, 8, and 10 days after venom extraction. The extraction by electro-stimulation may 

sometimes damage the cell membranes of the glandular epithelium. These damaged areas 

were noted and then excluded from subsequent observations. 

 

Two days after venom extraction, many of the extra-cellular storage spaces appear empty 

(Fig. 5.8A). The wall formed by the proximal canal cell and the intermediary cell is 

collapsed in the manner of a deflated balloon. The material still present in the extra-

cellular space is weakly stained. Some electron-dense granules are usually visible close to 

the apex of the secretory cell. These granules measure on average between one and two 

microns in diameter. The structure of each glandular unit is still visible, with the 

secretory and intermediary cells being very active. There is no sign of cell degeneration. 

 

Four days after venom extraction, there is an increase in granule production. The 

secretory cells are very active. Electron-dense granules are produced amidst the swollen 

rough endoplasmic reticulum (rER).  The extra-cellular spaces are still largely deflated 

(Fig. 5.9A).  

 

Six days after venom extraction, the extra-cellular spaces have become darker and larger 

(Fig. 5.8B), meaning that new material has been added to the storage area; this material is 

also denser than at day 2 and day 4. A majority of the granules observed in the apex of 

the secretory cells present lighter inclusions, with some of them loosing their typical 

spherical shape (Fig. 5.9B). Exocytosis occurs in the part of the secretory cell closest to 

the duct, where the secretory cell is in direct contact with the extra-cellular space.  

 

This phenomenon continues and increases in the following two days (day 8 after venom 

extraction, Fig. 5.8C). The peak production of granules is reached at that point. The 

extra-cellular spaces contain a more electroluscent material, which may be interpreted as 

ongoing solubilisation of the previously denser material. The granules are uniformly less 



Chapter 5 – The venom gland of centipedes: comparative ultrastructural investigation,  

with a focus on the venom-production cycle 

 

 124 

electron-dense than previously. Exocytotic activity increases (Fig. 5.9C and 5.9D). It is 

worth noting that while the granules produced in the secretory cell measure on average 

one to two microns in diameter, only granules of one micron or less have been observed 

undergoing exocytosis. 

 

Ten days after venom extraction, the production of granules has largely decreased 

(Fig.5.8D). Exocytosis continues at a slower pace. The swollen extra-cellular storage 

spaces are filled with a uniform, translucent material.  

 

 

  

Fig. 5.8: Light micrographs of Scolopendra subspinipes mutilans venom glands 2 days (A), 6 days (B), 8 

days (C) and 10 days (D) after venom extraction. The arrows point to venom granules concentrated in the 

apical part of the secretory cell, which is closest to the venom duct (L). The venom vacuoles are empty or 

collapsed in (A), and have a more swollen appearance at later stages. Granule production peaks 8 days after 

venom extraction and decreases sharply later on, to be almost nil 10 days after venom extraction. 
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Fig. 5.9: TEM micrographs showing details of venom granules at different stages after venom extraction. 

A: 4 days after venom extraction. There is no sign of cell degeneration. The extra-cellular spaces are 

almost fully collapsed. The freshly secreted granules are electron-dense with no visible inclusion. B: 6 

days after venom extraction. The granules show a lighter colour with some inclusions. C and D: 8 days 

after venom extraction. The granules are less dense and some have lost their typical spherical shape. 

Exocytosis occurs. Small droplets are released into the extra-cellular space, where they undergo 

solubilisation (arrow). 
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5.4 DISCUSSION 

 

5.4.1 Comparative ultrastructural investigation 

 

There has been much confusion in the literature regarding the ultrastructure of the venom 

gland in Scolopendromorpha. Most authors discriminate only two types of cells in the 

glandular epithelium: the epithelial cell and the secretory cell. Duboscq (1898), Barth 

(1967), Bücherl (1971), Dass and Jangi (1978), Nagpal and Kanwar (1981) and Menez et 

al. (1990) described the intermediary cells and/or the proximal canal cells as long 

epithelial cells running between the secretory cells (which term these authors use to cover 

both the actual secretory cell and the extra-cellular space), from the lumen to the basal 

lamina. Barth (1967), considered the distal canal cell as a hypodermal cell producing the 

cuticle of the duct.  

 

More recently (Rosenberg and Hilken, 2006), the venom apparatus of Lithobius forficatus 

was described as a cluster of hundreds of glandular units, each consisting of four different 

cells. In the present study, a similar structure was observed in Scolopendra subspinipes 

mutilans. In Scutigera coleoptrata, despite the fact that only the distal canal cell and the 

secretory cell were observed, the general arrangement of the glandular units suggests a 

structure very similar to the one observed in the two other species mentioned above.  

 

The arrangement of the secretory units in Lithobius forficatus and Scolopendra 

subspinipes mutilans seems to differ only in two ways.  

 

First, in Lithobius forficatus, the view of the authors (Rosenberg and Hilken, 2006) is that 

both the proximal canal cell and the intermediary cell fully surround the extra-cellular 

space containing the solubilised venom granules (Fig. 5.7). They suggest that “the 

secretory cell apex penetrates the envelope formed by the leaflet-like projections of the 

intermediary cell and the proximal canal cell” (Rosenberg and Hilken, 2006). However, 

based on my own observations, I suggest that in Scolopendra subspinipes mutilans the 

proximal canal cell and the intermediary cell do not overlap fully. A part of the secretory 
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cell acts as a ‘buffer zone’ between the other two types of cells. That way, parts of the 

secretory cell membrane are directly lining the extra-cellular space, thus allowing 

exocytosis to occur (Fig. 5.7). However, this hypothesis is based on a limited number of 

observations and only two samples. More observations would be necessary to get a 

definite answer on the exact position of the proximal canal cell, intermediary cell and 

secretory cell in relation to the extra-cellular space. 

 

Second, the distal canal cell is located between the pores of the calyx in Lithobius 

forficatus. In Scolopendra subspinipes mutilans and Scutigera coleoptrata it appears that 

the distal canal cell is resting adjacent to the pore, on top of the cuticle of the calyx. My 

observations of the distal canal cell are congruent with what Barth (1967) described as a 

hypodermal cell in Scolopendra viridicornis.   

 

Also, peripheral and radial muscles are absent from the observations made on Lithobius 

forficatus, while these are largely involved in the constriction of the venom gland around 

and inside the glandular epithelium in scolopendromorphs (Duboscq, 1898; Nagpal and 

Kanwar, 1981; Antoniazzi et al., 2009). On the basis of these observations, it has been 

speculated that ‘basal’ chilopods may possess an alternative mode of constriction 

(Undheim and King, 2011). However, this hypothesis now has to be rejected because 

muscles are present in and around the venom gland of Scutigera coleoptrata, as was seen 

in Fig. 5.2 

 

It is therefore possible that the position of the distal canal cell and the absence of striated 

muscles in the venom glands are autapomorphic characters of Lithobius forficatus (and 

possibly other lithobiomorphs). Further ultrastructural investigation on a larger sample of 

species would be needed in order to confirm this point. Also, it would be of particular 

interest to investigate the origin of the striated muscles present in the venom gland of 

Scutigera and Scolopendromorpha. The possible re-assignment of pre-existing muscles to 

assume a new function in the venom gland might predate the split between 

Notostigmophora and Pleurostigmophora. In this case it would be a very ancient structure, 
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which has been secondarily lost in Lithobiomorpha; alternatively, it might be a 

homoplasy involving at least Scutigeromorpha and Scolopendromorpha. 

 

 

5.4.2 Investigation of venom-production cycle in Scolopendra subspinipes mutilans 

 

It is the consensual view that the granules produced in the secretory cell undergo some 

sort of solubilisation or lysis before forming the mature venom found in the extra-cellular 

spaces (the cytoplasm of the secretory cell for most previous authors, see Barth, 1967; 

Dass and Jangi, 1978; Menez et al., 1990; Antoniazzi et al., 2009). Rosenberg and Hilken 

(2006) proposed that exchange of material between the secretory cells and the extra-

cellular spaces occurred by exocytosis in Lithobius forficatus (but the authors do not 

provide in situ photographic evidence of exocytosis). This is now confirmed for 

Scolopendra subspinipes mutilans, and it is probable that the same process takes place for 

Scutigera coleoptrata.  

 

Regarding the nature of the venom gland in Scolopendra subspinipes mutilans, the 

absence of degenerated cells even 10 days after venom extraction demonstrates that the 

venom gland is merocrine, and not holocrine as it was sometimes proposed previously 

(Barth, 1967; Dass and Jangi, 1978; Nagpal and Kanwar, 1981). The confusion probably 

came from the absence of organelles and nuclei in the collapsed extra-cellular spaces. 

Barth (1967) misidentified the proximal canal cells for immature secretory cells, ready to 

replace dying cells. It is possible however that some cells occasionally die, especially 

after the mechanical trauma that may follow constriction of the glandular epithelium 

(Undheim and King, 2011). 

 

It also appears that the replenishment of the venom gland takes several days. Centipedes 

need only very minimal amounts of venom to paralyse an average prey. In the case of 

Scolopendra viridicornis, half of a homogenized gland injected intravenously kills all 

mice of 20 g body weight in 20 to 32 seconds. Under the same conditions, 5% of a 

homogenized gland kills all mice of 20 g body weight in 8 to 13 minutes (Bücherl, 1971). 
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In this case, a specimen probably would never inject at once all the venom available in 

the glands (see Chapter 7 for further information). It is most likely that small amounts of 

venom granules are continuously produced, thus providing a constant supply of mature 

venom. 

 

Finally, the role of the rough endoplasmic reticulum in the making of venom granules has 

been suggested by numerous authors (Jangi and Dass, 1978; Menez et al., 1990; 

Antoniazzi et al., 2009), and this has been corroborated by the large amount of high 

molecular weight proteins found in the venom of several species of Scolopendromorpha 

(Rates et al., 2007; Malta et al., 2008). Nagpal and Kanwar (1981) reported that the 

material contained in the secretory units closer to the cuticular crest of the calyx (named 

“young secretory cells”, as the authors considered the venom gland to be holocrine) is 

predominantly composed of phospholipids while the “mature secretory cells” give a 

negative reaction to lipid-sensitive stain (in this case, Sudan Black B). Thus, one can 

wonder if all the secretory cells produce the same type of venom granules, or if some 

clusters of secretory units are specialised in the production of a narrower range of toxins, 

which are later mixed in the lumen of the venom. While no TEM observation 

corroborates this possibility so far, it is another exciting prospect in the study of the 

forcipular system of centipedes. 
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Chapter 6 

Centipede ontogeny, with a focus on the forcipules  

and the anterior structures 

 

 

 

 

 

 

 

 

 

 

 

Front view of a late embryo of Scolopendra subspinipes mutilans. 
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6.1 INTRODUCTION 

 

6.1.1 General life cycle  

 

In general, centipedes are sexually-reproducing arthropods (Minelli, 2011). Some 

geographically restricted populations of some geophilomorph and lithobiomorph species 

are suspected to be parthenogenetic (Enghoff, 1975; Bonato et al., 2005) but this is 

probably rare.  The life cycle of centipedes is relatively slow when compared to most 

other arthropods. For many taxa, life expectancy is estimated to be at least two to six 

years (Verhoeff, 1902-1925; Lewis, 1981; Voigtländer, 2006; Minelli and Sombke, 2011) 

but it may actually be longer for some large scolopendromorphs. Sexual maturity is 

reached after approximately one year for Lithobius erythrocephalus (Voigtländer, 2007), 

after two years for Strigamia maritima (Lewis, 1960) and Geophilus flavus (Weil, 1958). 

The scolopendromorph Rhysida immaginata togoensis matures within two years (Lewis, 

1981).  

 

 

6.1.2 Reproduction 

 

Mating has been observed in several species of centipedes covering the four main orders. 

To my knowledge, there is no report on the reproduction of Craterostigmomorpha. In at 

least some of the other orders, a courting ritual takes place, involving a careful and long 

(sometimes several hours) approach, defensive postures and tapping with the legs and/or 

antennae on the extremities of the partner (cf. Lewis, 1981 for a review). In 

lithobiomorphs, scolopendromorphs and geophilomorphs, the male produces a web on 

which the sperm is deposited before being collected by the female. Male scutigeromorphs, 

lithobiomorphs and scolopendromorphs produce spermatophores while some 

geophilomorphs appear to deposit an uncased sperm droplet (Lewis, 1981). According to 

Minelli (2011) females are unlikely to receive sperm more than once a year, and most 

probably are impregnated only once in their lifetime. A female captive specimen of  
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Ethmostigmus trigonopodus (Scolopendromorpha) that had mated only once produced 

two clutches 144 days apart (Iorio and Ythier, 2007 mentioned by Minelli, 2011). 

6.1.3 Egg laying and maternal care 

 

Scutigeromorpha, Lithobiomorpha and Craterostigmomorpha present an anamorphic 

development. The hatchlings are fully mobile and leave the egg with an incomplete 

number of trunk segments. The remaining segments develop after successive moults. 

Scolopendromorphs and geophilomorphs are incapable of movements when hatching, but 

possess already their final number of trunk segments (epimorphic development). In these 

two orders plus Craterostigmomorpha (Manton, 1965), the mother takes care of the brood 

for several weeks, until the youngs are sufficiently developed to move and hunt on their 

own. In Scutigeromorpha and Lithobiomorpha, the eggs are laid in a small cluster or 

individually, covered with soil, and then abandoned by the mother. A more detail account 

on egg laying and post-embryonic developmental stages is available in the second chapter 

of this thesis (The model species, field sites and general methods, section 2.1). The three 

species studied here are the scutigeromorph Scutigera coleoptrata, the scolopendromorph 

Scolopendra subspinipes mutilans and the geophilomorph Strigamia maritima. The 

lithobiomorph Lithobius forficatus is not included in this study due to processing 

difficulties, particularly egg fixation and the removal of the chorion. 

 

 

6.1.4. Studies on embryonic and post-embryonic development  

 

Studies on the development of centipedes can be divided into two major categories: first, 

descriptive studies centred on morphological character changes during embryogenesis 

and post-hatching stages; and second, developmental-genetic studies of the expression 

patterns of developmental genes. 

 

Heymons (1901) studied the embryonic and post-embryonic development of Scolopendra 

cingulata and Scolopendra dalmatica, but misidentified the posterior end of the early 

germ band as the anterior end (Chipman et al., 2004). Verhoeff (1902-1925) largely 
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reused Heymons’ drawings (repeating the same error) and presented additional work by 

several authors on the ontogenic stages of three geophilomorphs (two Geophilidae and 

one Mecistocephalidae) and one scolopendromorph (Cryptops hortensis). More recently, 

the embryological development of Scutigera coleoptrata has been investigated by Dohle 

(1970) and Knoll (1974). Lewis (1960) dedicated a part of his doctoral thesis to the 

development of the coastal geophilomorph Strigamia maritima.  

 

Post-embryonic developmental stages (commonly termed the ‘larval stages’ or 

sometimes ‘stadia’) of many centipede species have been thoroughly studied by a much 

larger number of authors than embryonic ones. The ‘larval’ stages of the 

scolopendromorphs Scolopendra cingulata and Scolopendra dalmatica were first 

presented by Heymons (1901). Verhoeff (1902-1925) detailed the post-embryonic 

development of the scutigeromorph Scutigera coleoptrata and the lithobiomorph 

Lithobius forficatus. In a study on the life-cycle of Lithobius mirabilis, Voigtländer (2007) 

provides a list of 19 authors having produced some 39 studies on the life cycle of 38 

different taxa of lithobiomorphs. One especially prolific author is Andersson (1976; 

1978a; 1978b; 1980; 1981; 1982a; 1982b; 1983; 1984a; 1984b)  The morphological 

character changes occurring during the early post-embryonic development of the 

geophilomorph Strigamia maritima have been recently detailed (Vedel, 2010) on the 

basis of the staging proposed by Lewis (1960). 

 

 

6.1.5 Model organisms in developmental genetics 

 

More recently, the main interest in centipede development has shifted from the 

observation of morphological features to the observation of gene expression patterns. 

 

Whitington et al. (1991) investigated the segmentation and neurogenesis of the 

scolopendromorph Ethmostigmus rubripes though there are now known to be serious 

flaws in the work they reported. Grenier et al. (1997) looked at the expression of the pair 

of Hox genes Ultrabithorax / abdominal A in the same species. The expression patterns 
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of ten Hox genes were later explored in the lithobiomorph Lithobius atkinsoni (Hughes 

and Kaufman, 2002a; 2002b). Neurogenesis in Lithobius forficatus was also investigated 

(Kadner and Stollewerk, 2004). This work included examination of the expression of the 

genes ASH, Delta and Notch. Most of the recent developmental work has been focusing 

on the geophilomorph Strigamia maritima, a model first established by Kettle et al. 

(2003). Strigamia maritima is being used to answer questions related to the process of 

segmentation (Chipman et al., 2004a and 2004b; Arthur and Chipman, 2005; Brena et al, 

2006; Chipman and Akam, 2008). A developmental identification key dividing the 

embryonic development of Strigamia maritima into 7 stages based on morphological 

character changes through time was also proposed (Chipman et al., 2004a). A similar task 

was performed for Lithobius forficatus by Kadner and Stollewerk (2004) on the basis of 

Hertzel’s work (1983). Recently, morphological and ecological studies have provided 

additional information on the development of Strigamia maritima such as the effect of 

temperature on the variation of trunk segment number (Vedel et al, 2008, 2010).  

 

 

6.1.6 Aims of this chapter 

 

1) To provide additional photographic material and descriptive information on the 

morphological development of Scutigera coleoptrata, Scolopendra subspinipes mutilans 

and Strigamia maritima, and to propose (or modify) a comparative staging key for these 

three species, using changes in morphological characters as stage-defining criteria.  

 

2) To compare the development of the forcipules during embryogenesis in these three 

species of centipedes. 

 

3) To try to confirm the hypothesis on the evolutionary origin of the centipede venom 

apparatus presented in the Chapter 4 of this thesis by identifying the exact developmental 

stage presenting a lateral groove on the forcipule, a possible precursor to the venom duct 

in Scolopendra subspinipes mutilans. 
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6.2. MATERIALS AND METHODS 

 

6.2.1 Species studied, egg deposition, collection and processing 

 

The species studied here were Scutigera coleoptrata (Scutigeromorpha), Scolopendra 

subspinipes mutilans (Scolopendromorpha) and Strigamia maritima (Geophilomorpha) 

 

The following information relevant to the present chapter has been treated in Chapter 2 of 

this thesis (The model species, field sites and general methods) 

 

- Species studied:  See 2.1: Choosing a model 

- Maintenance in captivity: See 2.3: Animal maintenance in captivity and Table 2.1 

- Oviposition:   See 2.3.2.1: Oviposition 

- Egg processing:  See 2.3.2.2: Egg incubation and 2.3.2.3: Egg fixation,  

             preservation and rehydration 

 

 

6.2.2 Dechorionation 

 

For Scutigera coleoptrata, Scolopendra subspinipes mutilans and Strigamia maritima, 

the eggs were placed in a glass dissecting plate filled with PBS and dechorionated 

manually under a stereo microscope with two pairs of very thin tweezers (Dumont 55). 

Great care was taken to remove the thin epithelium present under the chorion in Scutigera 

coleoptrata. With the late-stage embryos of all three species, the forming cuticle had to 

be carefully removed from the germ band.  

 

Regarding Lithobius forficatus, the traditional dechorionation method failed repeatedly, 

as any attempt to pierce the chorion translated into having the yolk and germ band falling 

apart into bits. In order to improve fixation, the concentration of fixative 

(paraformaldehyde) was raised from 4% to 10%, but this failed as well. An alternative 

method to weaken the chorion and surrounding mucous was to immerse the eggs in 
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bleach (trial with 10%, 25% and 50% bleach in PBS) for a short period (30 to 120 

seconds), a method used by Kadner and Stollewerk (2004) (immersion in 50% bleach for 

1 minute followed by several washes). This method led the eggs to literally “explode”. 

 

 

6.2.3 Nuclear staining 

 

First, the dechorionated embryos were immersed for several hours in a series of 

concentrations of glycerol (25%, 50% and 75% glycerol in PBST). Second, the embryos 

were incubated for 30 minutes at room temperature in 1ml of 75% glycerol in PBS to 

which 3 µL of 5mg/mL DAPI (4',6-diamidino-2-phenylindole) stock solution was added. 

Third, the embryos were washed several times in a solution of 75% glycerol in PBST 

before being mounted for microscopy. 

 

 

6.2.4 Embryo mounting 

 

A petri dish was filled with 1% agarose gel and left to set. Holes approximately 1mm in 

diameter were made in the gel using a 1 mL pipette tip. The gel was then covered with 

50% glycerol in PBST. The full embryos were deposited in the petri dish and placed in 

the holes. With this method, the spherical embryos can be ‘rolled’ with a small paint 

brush into a chosen position before proceeding with further observation and photography. 

For flat mountings, the embryos were removed from the remaining yolk with a paint 

brush and mounted on a standard glass microscope slide using a drop of 75% glycerol. 

For ‘traditional’ light microscopy, the specimens were cleared for several days in 100% 

glycerol and mounted on a standard glass microscope slide. 
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6.2.5 Light microscopy, photography and image processing 

 

Light microscopy was performed on an Olympus SZX 16 stereomicroscope attached to 

an Olympus DP25 camera, with lateral or back lighting. Pictures were taken using the 

Olympus Cell D software package. 

 

Fluorescence microscopy was performed on an Olympus SZX 16 stereomicroscope 

attached to an Olympus DP71 camera and equipped with fluorescence lighting and 

filtering systems. Pictures were taken using the Olympus Cell F software package. 

 

Images were edited for contrast settings, colour balance, size, composite pictures and file 

extensions using Adobe Photoshop software and Microsoft Office Publisher 2003.  

 

 

6.2.6 Environmental and traditional scanning electron microscopy 

 

Some post-hatching stages of Scolopendra subspinipes mutilans were observed using 

ESEM & SEM in order to observe the development of the forcipules. Environmental 

scanning electron microscopy allows observing ‘wet’ or uncoated specimens. This 

method was chosen because of the delicate, under-developed cuticle of the recently 

hatched embryos which usually collapsed during the dehydration steps required for 

traditional SEM. The specimens were fixed in 10% paraformaldehyde for 30 minutes, 

washed 2x5 minutes with ddH2O and simply placed on a 2.54 cm stub before being 

introduced ‘fresh’ into the ESEM chamber. This method permitted the observation of a 

specimen for 3 to 5 minutes before the full collapse of the cuticle. 

 

Traditional SEM was used on later, tougher, foetus-stage specimens. The embryos were 

carefully removed from the brood guarded by the mother with a pair of thin forceps. The 

embryos were immediately immersed in fixative (10% paraformaldehyde and 2% 

gluteraldehyde in 0.1M cacodylate buffer) and shaken at 40 rpm for 48 hours. The 

samples were then washed several times in 0.1M cacodylate buffer before undergoing 
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gradual dehydration in ethanol (2x20 minute steps in 25%, 50%, 75% and 90% ethanol 

solutions). Following dehydration, the samples were mounted on 2.54 cm stubs using 

cyanoacrylate glue, gold sputter-coated in an EMSCOPE SC500 sputter coater, and 

finally examined. Both ESEM and SEM were performed with a Hitachi S2600N Variable 

Pressure scanning electron microscope at various accelerating voltages. 

 

 

6.2.7 Staging embryos 

 

Embryonic development staging systems have been previously proposed for three species 

of centipedes, each of them in an independent study. The observation methods and the 

staging systems were therefore not harmonised. The lithobiomorph Lithobius forficatus 

(Kadner and Stollewerk, 2004) was investigated using DAPI nuclear staining, the 

scolopendromorph Ethmostigmus rubripes (Whitington et al., 1991) was studied using 

unstained, dechorionated and mounted embryos, while the geophilomorph Strigamia 

maritima (Chipman et al., 2004a) was staged after simple observation through the 

chorion of fixed or living eggs. While I base my staging on these three studies, I had to 

select, adapt and modify various elements presented by the above-mentioned authors in 

order to present a consensual staging based on morphological ‘landmarks’ shared by the 

three species I studied. Regarding Lithobius forficatus, only three stages were recovered, 

and for this reason, the species does not appear in the Results section.  
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6.3. RESULTS 

 

6.3.1 Developmental stages 

 

The developmental stages for Scutigera coleoptrata, Scolopendra subspinipes mutilans 

and Strigamia maritima are detailed in dedicated subsections below, one per species.  For 

all three species, stage I is considered to be the earliest stage in which no segmental 

pattern is visible at all with DAPI fluorescent stain (Fig. 6.1). Because this stage is not 

informative with the investigative methods used here, my staging starts at stage II, once 

the germ band has become visible. The forcipular segment or the forcipular limb buds are 

consistently labelled with a thick yellow arrow on all the figures of this section.  

 

 

 

 

Fig. 6.1: Stage 1 embryo of Scutigera coleoptrata stained with DAPI nuclear stain. The egg is about 1.4 mm 

in diameter from one pole to the other (equal to the longest axis of the egg shown). 
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6.3.1.1 Scutigera coleoptrata 

 

The chorion of the egg is parchment-like, soft and flexible. Underneath this, a very thin 

and transparent membrane covers the egg. Each egg measures between 1.4 and 1.8 mm 

on its longest axis. The orientation of the embryo in relation to the egg polar axis is 

undetermined, so that the germ band develops either parallel to the ‘equator’ (Fig. 6.4A) 

or along the longest axis of the egg (Fig. 6.2) or in some other orientation. The 

development of Scutigera coleoptrata can be divided into 8 stages: 1) the yolk stage; 2) 

the gnathal segment stage; 3) the germ-band extension stage; 4) the LBS 4 stage; 5) the 

pre-sinking stage; 6) the sinking stage; 7) the post-sinking stage and 8) the hatching stage.  
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Stage II – Gnathal stage 

 

The germ band is visible as the faded segmental pattern of the anterior segments (Fig. 

6.2). The ocular lobes, the antennal, mandibular, maxillary I and II segments are visible. 

The germ band occupies about one sixth of the egg’s circumference. The stomodeum and 

the proctodeum are undeveloped.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2: Stage II embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Ventral view 
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Stage III – Germ-band extension stage 

 

The ocular lobes present an indent on their posterior halves. A gap is formed between the 

antennal lobes and the mandibular segment. A large space separates the two mandibular 

hemi-segments. This cavity will form the stomodeum in later stages. I name it the ‘proto-

stomodeum’ (Fig. 6.3). The pre-mandibular segment is not distinct from the mandibular 

segment yet.  The forcipular segment is defined but not morphologically differentiated 

from the two leg-bearing segments (LBS) posterior to it. Another segment is forming on 

the posterior end of the germ band. The posterior end of the germ band is unsegmented. 

The embryo covers about a quarter of the egg’s circumference. 

 

 

 

 

 

Fig. 6.3: Stage III flat mounted embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Ventral 

view. Max 1: maxillary 1; Max 2: maxillary 2. LBS: leg-bearing segment. 
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Stage IV – LBS 4 stage 

 

The proto-stomodeum has reduced to a slit and forms the definite stomodeum (Fig. 6.4C). 

The mandibular area is divided into pre-mandibular and mandibular segments. Four LBS 

are clearly developed, which correspond to the number of functional walking legs in the 

hatchling. Limb rudiments have developed into buds. The anterior segments and limb 

buds are more developed than the posterior ones. The anterior limb buds swell above the 

surface of the yolk as the mesoderm and endoderm develop (Fig. 6.4B). The 

neuroectoderm develops in an anterior-to-posterior fashion on the median ventral part of 

the germ band in two parallel right and left segmental halves (Fig. 6.4A). The germ band 

extends laterally to form the tergite rudiments. The proctodeum has an annular shape 

while cell proliferation continues between LBS 4 and the proctodeum. The embryo 

covers about a third of the egg’s circumference. The forcipular limb buds are not 

differentiated in size or shape from the maxillary 2 or the LBS 1. 

 

 

 

  

 

 

Fig. 6.4A: Stage IV embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Ventral view.  
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Fig. 6.4C: Stage IV flat-mounted embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Ventral 

view. Max 1: maxillary 1; Max 2: maxillary 2; LBS: leg-bearing segment. 

 

Fig. 6.4B: Stage IV embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Lateral view. LBS: 

leg-bearing segment. 
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Stage V – Pre-sinking stage / LBS 5 

 

The antennal, gnathal and trunk limb buds grow in length and distinctly protrude from the 

yolk of the egg (Fig. 6.5A and Fig. 6.5B). The posterior growth area stabilizes with the 

definition of the fifth leg-bearing segment. The limb buds of LBS 5 remain undeveloped 

until the second post-hatching moult. The proctodeum is well developed. The 

neuroectoderm recedes in its middle, leaving a gap along the anterior-posterior axis (Fig. 

6.5A). The lateral and dorsal extensions reach posterior to the proctodeum and bear signs 

of early lateral segmentation. The embryo bends gently inwards at the level of LBS 1 and 

LBS 2 (Fig. 6.5B).  

 

  

 

Fig. 6.5A: Stage V embryo of 

Scutigera coleoptrata stained 

with DAPI nuclear stain. 

Ventral view. LBS: leg bearing 

segment. 

 

 

Fig. 6.5B: Stage V embryo of 

Scutigera coleoptrata stained with 

DAPI nuclear stain. Lateral view. 

LBS: leg bearing segment. 
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Stage VI – Sinking stage 

 

The germ band sinks with a maximum curvature at the level of LBS 2 (Fig. 6.6B). The 

head segments and the proctodeum remain in their original position. The terminal 

posterior segment forms around the proctodeum. The forcipules curve medially (Fig. 

6.6A). The nervous system develops ventrally into ganglia separated by a median 

division. Lateral segmentations of the tergite rudiments extend further on the dorsal part 

of the embryo (Fig. 6.6B). 

 

 

  

Fig. 6.6A: Stage VI embryo 

of Scutigera coleoptrata 

stained with DAPI nuclear 

stain. Ventral view. 

 

Fig. 6.6B: Stage VI embryo 

of Scutigera coleoptrata 

stained with DAPI nuclear 

stain. Lateral view.  
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Stage VII – Post-sinking stage 

 

The long limbs show signs of segmentation with the exception of the undeveloped leg 

buds of LBS 5. The cuticle thickens and develops into tergites on the lateral and dorsal 

parts of the embryo. With the various folding movements of the embryo, including 

sinking, the ocular lobes become positioned posterior to the antennae. The non-

sclerotised and blunt forcipules move more ‘inward’ and are partially hidden by the long 

walking legs (Fig. 6.7A and Fig. 6.7B).  

Fig. 6.7A: Stage VII embryo 

of Scutigera coleoptrata 

stained with DAPI nuclear 

stain. Front view.  

 

Fig. 6.7B: Stage VII embryo 

of Scutigera coleoptrata 

stained with DAPI nuclear 

stain. Lateral view. Max 2: 

maxillae 2. 
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Stage VIII – Pre-hatching stage 

 

The limbs are articulated, the maxillary and leg extremities show signs of sclerotisation 

(Fig. 6.8). The cuticle extends and thickens on the dorsal part of the embryo, forming 

distinct tergites. The compound eyes develop and present a light brown pigmentation. 

The 2
nd

 maxillae bear an egg tooth each. Many sensilla and trichomes develop on the 

cuticle. The forcipules are fully articulated and shift to the final anterior orientation. The 

forcipular ungula are sclerotised. 

 

  

  

 

 

Fig. 6.8: Stage VIII embryo of Scutigera coleoptrata stained with DAPI nuclear stain. Lateral view. LBS: 

leg bearing segment. 
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6.3.1.3 Scolopendra subspinipes mutilans 

 

The eggs of Scolopendra subspinipes mutilans are about 4.5 to 5 mm long and 2.5 to 3 

mm wide. The chorion is extremely thin and fragile, and it is protected by a mucus-like 

coating keeping it moist and flexible. After fixation and rehydration, the early germ band 

is thin and the yolk very brittle compared to other species studied. The germ band is 

always orientated following the longitudinal axis of the egg. The development of 

Scolopendra subspinipes mutilans can be divided into seven pre-hatching stages: 1) the 

yolk stage; 2) the gnathal stage; 3) the LBS 15 stage; 4) the LBS 21 stage 5) the pre-

sinking stage; 6) the sinking stage; 7) the hatching stage. 
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Stage II – Gnathal stage 

 

As in Scutigera coleoptrata, the early germ band is composed of the anteriormost 

segments (Fig. 6.9). The ocular, antennal and maxillary segments are clearly defined. The 

pre-mandibular and mandibular segments are still merged into a single entity. The 

stomodeum is not defined. However, the embryo is divided into two halves on the 

anterior-to-posterior axis from the merged pre-mandibular / mandibular segment down to 

the unsegmented zone. The germ band covers about a sixth of the egg.  

 

 

 

 

  

Fig. 6.9: Stage II embryo of Scolopendra subspinipes mutilans stained with DAPI nuclear stain. Ventral view. 

Max 1: maxillary 1; Max 2: maxillary 2; LBS: leg-bearing segment. 
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Stage III – LBS 15 stage 

 

The ocular and antennal segments develop, along with the stomodeum. A clypeo-labral 

apparatus develops anterior to the stomodeum opening (Fig. 6.10A). The germ band 

expands posteriorly to reach about LBS 15 (Fig. 6.10B). The forcipular segment is 

similar in size to the 2
nd

 maxillary segment, and somewhat larger than LBS 1. The limb 

buds are not apparent yet. The median ventral gap widens slightly posterior to the 

forcipular segment. The germ band covers about 50% of the egg’s circumference. 

 

 

 

 

  

 

Fig. 6.10A: Stage III 

embryo of Scolopendra 

subspinipes mutilans 

stained with DAPI nuclear 

stain. Ventral view.  

 

Fig. 6.10B: Stage III 

embryo of Scolopendra 

subspinipes mutilans 

stained with DAPI nuclear 

stain. Lateral view. LBS: 

leg bearing segment. 
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Stage IV – Germ band extension stage 

 

The forming anterior limbs gain in volume and protrude from the egg yolk (Fig. 6.11B). 

The antennal and ocular lobes are well defined. The pre-mandibular and mandibular 

segments form two distinct entities (Fig. 6.11A). The forcipular buds are forming. The 

median ventral gap widens with a narrowing at mid-body (LBS 10), which correspond to 

the future folding axis of the germ band at sinking stage. Posteriorly, the germ band has 

reached its full extension, with the development of LBS 21 (Fig. 6.11B). The proctodeum 

is developing into a circular opening in the embryo. The germ band occupies about 60% 

of the egg circumference and it is covered with a thin cuticle. 

 

 

  

Fig. 6.11A: Stage IV flat-

mounted embryo of 

Scolopendra subspinipes 

mutilans stained with DAPI 

nuclear stain. Ventral view.  

 

 

Fig. 6.11B: Stage IV embryo 

of Scolopendra subspinipes 

mutilans stained with DAPI 

nuclear stain. Lateral view.  

LBS: leg-bearing segment. 
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Stage V – Pre-sinking stage 

 

The limb buds are noticeably thicker. The ocular and antennal lobes appear sharper. The 

stomodeum and the clypeo-labral apparatus are clearly defined. The maxillary 2 and the 

forcipule buds take a distinctive shape: the extremities of the maxillary 2 grow anteriorly 

to accommodate the egg tooth after the sinking of the germ band; the forcipular 

rudiments are stout and clearly larger than the limb rudiments of LBS 1 (Fig. 6.12A). 

Lateral extensions form on both sides of the germ band, on the external side of the limb 

buds. The ventral gap widens but keeps the characteristic narrowing around LBS 10 (Fig. 

6.12B). The ventral neuroectoderm is forming on the inner sides of the limb buds. The 

peri-anal area thickens, with a noticeable cellular accumulation around the circular 

proctodeum.   

 

 

 

Fig. 6.12A: Stage V embryo of Scolopendra subspinipes mutilans stained with DAPI nuclear stain. Ventral 

view of anterior part of the embryo.  
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Fig. 6.12B: Stage V embryo of Scolopendra subspinipes mutilans stained with DAPI nuclear stain. Ventral view 

of whole embryo. 
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Stage VI – Sinking stage 

 

The germ band sinks into the egg yolk, so that the anterior and posterior extremities meet 

(Fig. 6.13A). The limb buds develop greatly, with early segmentation appearing on the 

antennae. An egg tooth protrudes from the proximal part of each maxillary II appendage 

(Fig. 6.13C). The ocular lobes “fuse” with the clypeo-labral apparatus. The lateral 

extensions have formed the tergite rudiments extending about half way on the dorsal part 

of the embryo, which is covered by a thin unsegmented cuticular membrane (Fig. 6.13B).  

Fig. 6.13B: Stage VI 

embryo of Scolopendra 

subspinipes mutilans 

stained with DAPI nuclear 

stain. Lateral view.  

 

 

Fig. 6.13A: Stage VI embryo 

of Scolopendra subspinipes 

mutilans stained with DAPI 

nuclear stain. Front view.  
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Fig. 6.13C: Stage VI 

embryo of Scolopendra 

subspinipes mutilans 

stained with DAPI nuclear 

stain. Lateral view. Max 2: 

maxillary 2. 
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Stage VII – Hatching stage 

 

With the exception of the antennae, the limb buds are not segmented. The ocular lobes 

form a relatively narrow area posterior to the antennae (Fig. 6.14). The ocelli are not 

developed and there is no sign of pigmentation. The lateral parts of the embryo are 

segmented but the dorsal part does not bear any cuticularised tergite. The forcipules are 

slightly larger than the mouth parts and the walking legs. This stage overlaps with the 

first post-hatching embryonic stage (see below, paragraph 6.3.2 of the Results section) 

 

 

Fig. 6.14: Stage VII embryo of Scolopendra subspinipes mutilans stained with DAPI nuclear stain. 

Oblique frontal view. 
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6.3.1.4 Strigamia maritima 

 

The eggs of Strigamia maritima are spherical and measure about 1 mm in diameter. The 

thin chorion is yellow in colour. Unlike Scolopendra subspinipes mutilans, it is not 

coated with a mucus-like substance. In many ways, the development of Strigamia 

maritima is similar to that of Scolopendra subspinipes mutilans as both 

Scolopendromorpha and Geophilomorpha share epimorphic development. Therefore, I 

have divided the development of Strigamia maritima into the same 7 stages: 1) the yolk 

stage; 2) the gnathal stage; 3) the LBS 15 stage; 4) the germ band extension stage; 5) the 

pre-sinking stage; 6) the sinking stage; 7) the pre-hatching stage. 
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Stage II – Gnathal stage 

 

As in the two other species studied, the early germ band visible with DAPI staining is 

composed of the head segments down to the forcipular or LBS 1 segment. The antennal 

lobes are already defined. Despite the absence of ocelli in the adult centipede, an ocular 

segment can be distinguished anterior to the antennal lobes (Fig. 6.15B). The stomodeal 

area appears as a large gap in the central part of the head region, delimited anteriorly by 

the ocular segment, laterally by the antennal lobes and posteriorly by the mandibular 

segment. There is no pre-mandibular segment visible. The forcipular segment is large and 

wide in comparison to LBS 1, which sits just anterior to the posterior unsegmented zone. 

The proctodeum seems to appear as a circular patch in the unsegmented zone (Fig. 

6.15B). The germ band covers about one sixth of the egg’s circumference. 

 

 

 Fig. 6.15A: Stage II embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral view. 
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Fig. 6.15B: Stage II flat-mounted embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral 

view. Max 1: maxillary 1; Max 2: maxillary 2; LBS: leg-bearing segment. 
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Stage III – LBS 15 stage 

 

The third stage is characterised by the definition of the stomodeum, the clypeo-labral 

apparatus and by the posterior extension of the germ band which bears about 15 LBS. 

The ocular lobes are relatively well formed but not differentiated from the clypeo-labral 

area (Fig. 6.16B). The forcipular segment is larger than the LBS 1 segment and similar in 

size to the maxillary 2 segment (Fig. 6.16A). The limb buds have not started to develop 

yet. The segments are divided by a median ventral gap from the mandibular segment 

extending posteriorly to the unsegmented zone. The germ band covers about 50% of the 

egg’s circumference.  

 

 

  

Fig. 6.16A: Stage III embryo of 

Strigamia maritima stained with 

DAPI nuclear stain. Ventral view.  

 

Fig. 6.16B: Stage III flat-mounted 

embryo of Strigamia maritima 

stained with DAPI nuclear stain. 

Ventral view. Max 1: maxillary 1; 

Max 2: maxillary 2; LBS: leg-

bearing segment. 
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Stage IV – Germ band extension stage 

 

On the anterior part of the germ band, stage IV is defined by the thickening of the 

developing limb buds. The ventral median neuroectoderm develops in an anterior-to-

posterior fashion on the inner sides of the limb buds. The ocular lobes reach their 

maximum extension. 30 to 40 LBS are clearly visible. The tergite rudiments develop in a 

segmented pattern on the external sides of the limb buds. The forcipules are easily 

recognised by their larger size and shape, which is more similar to the walking legs than 

to maxillae 2 (Fig. 6.17A). The unsegmented zone covers a large area anterior to the 

well-defined proctodeum (Fig. 6.17B). While all the LBS are not yet formed, the germ 

band has reached its maximum length and covers about 80% of the egg’s circumference 

(Fig. 6.17C). 

 

 

Fig. 6.17A: Stage IV flat mounted embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral 

view. Max 1: maxillae 1; Max 2: maxillae 2.  
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Fig. 6.17B: Stage IV flat-mounted embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral 

view. Max 1: maxillary 1; Max 2: maxillary 2; LBS: leg-bearing segment. 

 

 

Fig. 6.17C: Stage IV embryo of Strigamia maritima stained with DAPI nuclear stain. Lateral view. LBS: 

leg-bearing segment. 
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Stage V – Pre-sinking stage 

 

The anterior limb buds are very swollen and each is characterised by a unique shape. The 

ocular lobes are receding into a narrow line anterior to the antennal lobes (Fig. 6.18A). 

The maxillary 2 appendages point anteriorly and show sign of sclerotisation on their 

extremities, representing the start of the development of the egg teeth (Fig. 6.18B). The 

forcipules are noticeably larger than the walking-leg buds, but the forcipular tergite 

rudiment has not developed yet (Fig. 6.18C). The median neuroectoderm is becoming 

partially segmented from the mandibular segment down to LBS 10 and is separated 

longitudinally in two halves. The germ band widens from the LBS 10 and narrows back 

around LBS 30, with an apex at LBS 16 to 18. The germ band possesses the final number 

of LBS and starts to fold into the egg yolk.  

 

Fig. 6.18A: Stage V embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral view. Max 2: 

maxillary 2; LBS: leg-bearing segment. 
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Fig. 6.18B: Stage V flat-mounted embryo of Strigamia maritima stained with DAPI nuclear stain. Ventral 

view. Max 2: maxillary 2 

Fig. 6.18C: Stage V embryo of Strigamia maritima stained with DAPI nuclear stain. Lateral view. LBS: 

leg-bearing segment. 
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Stage VI – Sinking stage 

 

The germ band sinks into the yolk so that the anterior and posterior ends contact each 

other. The ocular segment has receded into a furrow on the dorsal part of the embryo, 

posterior to the antennae and the clypeo-labral apparatus (Fig. 6.19A). The antennae and 

anterior limb buds develop further and gain in volume. The second maxillae bear one egg 

tooth each (Fig 6.19A and Fig. 6.19B). The forcipules are large, and rest in line with the 

walking legs. The most posterior walking leg buds are recognisable but largely 

undeveloped. The cuticle is extending over the unsegmented dorsal part of the embryo. 

 

Fig. 6.19A: Stage VI embryo of 

Strigamia maritima stained 

with DAPI nuclear stain. 

Frontal view. Max 2: maxillae 

2. 

Fig. 6.19B: Stage VI embryo of 

Strigamia maritima stained 

with DAPI nuclear stain. 

Lateral view. Max 2: maxillae 

2. 
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Stage VII – Hatching stage 

 

The ocular segment is still visible as a furrow on the dorsal part of the embryo, posterior 

to the antennae (Fig. 6.20A). The egg teeth on the maxillary II appendages are the first 

heavily sclerotised structures and will be shed at the first moult following the hatching 

process. The limb buds continue their development in an anterior-to-posterior fashion 

along the segmental axis. Ventrally, the neuroectoderm has developed into segmented 

ventral ganglia running along the anterior-to-posterior axis. The segmented tergite 

rudiments extend on the sides of the embryo (Fig. 6.20B). 

 

Fig. 6.20A: Stage VII 

embryo of Strigamia 

maritima stained with 

DAPI nuclear stain. 

Frontal view. Max II: 

maxillae II; LBS: leg-

bearing segment. 

 

Fig. 6.20B: Stage VII 

embryo of Strigamia 

maritima stained with 

DAPI nuclear stain. 

Lateral view. Max 2: 

maxillary 2; LBS: leg-

bearing segment. 
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 6.3.2 Post-hatching development of the forcipules 

 

Heymons (1901) divided the brooded, post-hatching, development of Scolopendra 

cingulata into 4 stages, each of them separated by a moult. The same stages were 

recovered for Scolopendra subspinipes mutilans embryos in the lab at 25°C, within a 

period spanning about 56 to 61 days, which started with the hatching process and finished 

with the mother releasing the adolescens centipedes.   

 

When the egg splits on its equator, the developing embryo is at post-embryonic stage I (= 

Heymons’ “embryonic I” which is a misnomer) and it is fully covered with cuticle. This 

stage is characterised by the presence of the egg teeth on the maxillary II rudiments, the 

lack of pigmentation and the general absence of limb segmentation. Only the antennae 

are divided into four segments (Fig. 6.21). There is no obvious dorsal segmentation. The 

tergite rudiments are distinguishable on the sides of the hatchling. The body is full of 

yolk. The forcipules are enlarged, unsegmented limb buds. The tip of each forcipule is 

rounded. Muscles, apodemes and tracheae are not observable through the cuticle, and the 

embryo is not capable of movement. 

 

Post-embryonic stage II is characterised by a ‘horseshoe’ shape (Fig. 6.22A), by the 

development of the tergites and the segmentation of the limb buds. The limbs are 

elongated; the body retains a cylindrical shape. The antennae, which are orientated 

posteriorly along the ventral part of the body, seem to be ‘held’ by the maxillae 2 and the 

forcipules, both pairs protruding perpendicular to the body (Fig. 6.22B). At the end of 

post-embryonic stage II, the hatchling is capable of jerky trunk movements. The limbs 

are not yet mobile. The forcipules are conical and the apical claw is blunt and not 

sclerotised.  
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The foetus stage occurs after the second post-hatching moult. The embryo develops many 

characteristics of the adults. The body is long, clearly segmented and dorso-ventrally 

flattened. The antennae are fully mobile. The head is slightly darker than the cream-

coloured body. The eight ocelli are lightly pigmented (Fig. 6.23A). The cuticle presents 

the characteristic polygonal shapes visible on the exoskeleton of the adult centipede. The 

tips of the maxillae 1 and 2, forcipules and walking legs are sclerotised (Fig. 6.23B). The 

circulatory and respiratory systems are visible and presumably functional under the 

transparent cuticle. The larvae are mobile and crawl over each other in the brooding 

Fig. 6.21: Light micrographs of Scolopendra subspinipes mutilans hatchling at post-embryonic stage I. A: 

Full lateral view. B: detailed view of the head and anterior appendages. Note the cuticle covering the 

hatchling and the weakly segmented antennae. 

Fig. 6.22: Light micrographs of Scolopendra subspinipes mutilans at post-embryonic stage II. A: Full lateral 

view. Note the lengthening of the limb buds and the dorsal segmentation. B: Detailed view of the head and 

anterior trunk segments. 
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chamber, thus demonstrating the development of the muscular and apodemal structures. 

The forcipular coxosternite is divided in two on its middle longitudinal axis and doesn’t 

bear any projecting tooth yet. The forcipules project anteriorly under the head capsule 

and resemble the ones of the adult centipede. The segmentation between trochantero-

prefemur, femur and tibia is identical to the segmentation observed in the adult. The 

sclerotised tip of the claw is still somewhat blunt. The tarsungulum is divided is two 

entities, the tarsus and the apical claw.  

 

Five to six days into the foetus stage, a longitudinal suture is visible on the dorso-lateral 

part of the forcipular tarsungulum. The suture runs from the subterminal part of the apical 

claw to the base of the tarsus. At its proximal end, the suture ends as a deep depression 

into the cuticle (Fig. 6.24). 

 

Eight days after the moult from post-embryonic II to foetus I, the venom gland is visible 

under the light microscope for the first time. The venom gland emerges from a lining on 

the dorso-lateral part of the apical claw, along the suture described previously.  At the 

same time, the suture ‘sinks’ into the tarsal depression and it seems to extend into a duct 

penetrating proximally in the mass of the forcipule, towards the base of the trochantero-

prefemur. At this stage, the venom gland extends just posterior to the trochantero-

prefemur / femur articulation (Fig. 6.25A). 12 days after the moult, the venom duct and 

the venom gland reach the base of the trochantero-prefemur (Fig. 6.25B), which is 

approximately the extension of the venom gland in the adult Scolopendra subspinipes 

mutilans. 18 days after the moult, the suture is barely visible, and only the tarsal 

depression in the cuticle remains. 

 

After up to 5 weeks of development at the foetus stage, another moult occurs and the 

adolescens centipede emerges with a fully cuticularised body, closely resembling the one 

of the adult (Fig. 6.26). The antennae, mouth parts, ocelli, forcipules and legs are all well 

developed. The forcipules are heavily sclerotised and fully functional. After about 2 

weeks, the mother leaves the chamber and no longer cares for the brood. A few days later, 

the adolescens individuals start feeding on small prey. 
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In the adult Scolopendra subspinipes mutilans and also in the adult Scutigera coleoptrata, 

the depression marking the sinking point of the venom duct into the forcipule is still 

visible (Fig. 6.27). It has not been clearly identified in Lithobius forficatus or Strigamia 

maritima, but the structure may be present nonetheless. In the hatchling Scutigera 

coleoptrata and in the early adolescens stage of Strigamia maritima, neither the duct nor 

the venom glands were seen in specimens cleared in glycerol (Fig. 6.28). 

 

 

 

 

 

 

 

 

 

Fig. 6.23: Light micrographs of Scolopendra subspinipes mutilans at the foetus stage A: full dorsal view. B: 

detailed ventral view of the head, the forcipular segment, and the two anteriormost LBS. 
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Fig. 6.24: Forcipules of Scolopendra subspinipes mutilans at the foetus stage, 6 days after the 2
nd

 post-

hatching moult. The red arrows point to the cuticular suture on the dorso-lateral part of the apical claw. A: 

light micrograph of specimen cleared in glycerol; dorsal view. B, C and D: SEM micrographs, dorsal view. 

B: note the separation of the tarsungulum into tarsus and apical claw. C: detail of the proximal part of the 

cuticular suture, finishing in a deep depression (red circle) at the base of the tarsus. D: detail of the cuticular 

suture. 
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Fig. 6.25: Light micrographs of forcipules of Scolopendra subspinipes mutilans at the foetus stage, (A) 8 

days and (B) 12 days after the 2
nd

 post-hatching moult. Ventral views. The double red arrows point to the 

maximum proximal reach of the venom gland.  

Fig. 6.26: Light micrographs of Scolopendra subspinipes mutilans at the adolescens I stage A: full lateral 

view. B: detailed ventral view of the head, forcipular segment and 3 anteriormost trunk segments. At this 

stage, the mother leaves the brood and the adolescens offspring become independent. 
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Fig. 6.27: SEM micrographs detailing the depression (circled in red) located on the proximal part of the 

tarsi, in (A) an adult Scolopendra subspinipes mutilans, and (B) an adult Scutigera coleoptrata.  

Fig. 6.28: Light micrographs of specimens cleared in glycerol. A: ventral view of a Strigamia maritima 

head and forcipular segment at the early adolescens I developmental stage. B: ventral view of the distal part 

of the forcipule in a freshly hatched Scutigera coleoptrata. In both cases, there is no sign of the venom 

apparatus, which probably does not develop until a later stage. 
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6.3 DISCUSSION 

 

6.3.1 General comparative development 

 

The embryonic development of the scutigeromorph Scutigera coleoptrata, the 

scolopendromorph Scolopendra subspinipes mutilans and the geophilomorph Strigamia 

maritima has been observed and described using the fluorescent nuclear stain DAPI. The 

development of Scutigera coleoptrata is anamorphic; the females abandon the eggs in the 

leaf-litter and, in laboratory conditions, a fully functional centipede emerges from the egg 

after 27 to 31 days of incubation at 25°C. Scolopendra subspinipes mutilans and 

Strigamia maritima have epimorphic development; the females lay a clutch of eggs and 

brood it until the newborns are functional. After 30 days of incubation at 12°C (Strigamia 

maritima) or 25°C (Scolopendra subspinipes mutilans), the egg chorion splits, freeing a 

non-functional embryo which is incapable of movement. After another 6 weeks 

(Strigamia maritima) to 2 months (Scolopendra subspinipes mutilans) of development, 

the functional adolescens centipedes are abandoned by the mother. Hunting behaviour 

and prey consumption start occurring in the following days.  

 

The developmental sequences are generally similar in all three species (and probably in 

all centipedes). The major temporal/morphological shared landmarks are: the antero-

posterior segmental extension of the germ band, the sinking of the germ band, the 

segmentation of limbs and tergites and the development of motility (which includes 

neural, circulatory, muscular and apodemal development). These landmarks were used to 

propose a broad staging common to Scutigera coleoptrata, Scolopendra subspinipes 

mutilans, and Strigamia maritima. On the basis of observations made in my lab and the 

photographic developmental sequences previously published for Lithobius forficatus 

(Kadner and Stollewerk, 2004), it seems that the landmarks used here are valid for 

lithobiomorph species as well.  

 

Early development, from stage I to stage III, is very similar in the three species studied. 

The head segments are the first to be visible, from the antennal segment down to the 



Chapter 6 – Centipede ontogeny, with a focus on the forcipules and the anterior structures 

 

 176 

maxillary 2 or forcipular segment (stage II: gnathal stage). The trunk segments follow, 

and are added in an anterior-to-posterior fashion, so that the anteriormost segments are 

usually more developed than the posterior ones. However, two ‘areas’ do not follow this 

pattern. First, the proctodeum (at the posterior end of the germ band) is formed before the 

final number of segments is reached (see also Kettle et al., 2003). Second, the pre-

mandibular and mandibular segments seem to form a single entity in the early embryo 

(stage II and III). It is only during stage IV, once the germ band has already developed 

several trunk segments, that two distinct segments are visible in Scutigera coleoptrata 

and Scolopendra subspinipes mutilans. In the case of Strigamia maritima, the presence of 

a pre-maxillary segment (also called intercalary segment) is subject to debate, depending 

on the relatedness of this segment to the clypeo-labral apparatus, and the possible fusion 

of both structures (see Hughes and Kaufman, 2002a).  

 

In all three species (and in Lithobius forficatus as well, see Kadner and Stollewerk, 2004) 

a ventral median gap divides the embryo on its longitudinal axis. This gap is described as 

a layer of “extra-embryonic ectoderm” by Whitington et al. (1991) in a study based on 

the scolopendromorph Ethmostigmus rubripes. Kadner and Stollewerk (2004) refer to the 

same structure as a “membrana ventralis”, splitting the very early germ band (equivalent 

of stage II) of Lithobius forficatus. In the latter, it is possible that the early “membrana 

ventralis” is in fact a mechanical tear in the germ band, not related in any way to the 

ventral gap observed in Lithobius forficatus at a later stage. In Scutigera coleoptrata and 

Lithobius forficatus, the ventral gap remains discrete. It is far wider in Strigamia 

maritima and even more so in Scolopendra subspinipes mutilans.  The function of this 

ventral gap seems related, as a precursor structure, to the development of the 

neuroectoderm. 

 

The early gnathal stage is followed by a period of elongation, during which the germ 

band ‘adds’ trunk segments posteriorly while the anteriormost limb buds gain in volume 

(Stages III and IV). According to Kadner and Stollewerk (2004), this swelling of the limb 

buds is the result of the formation of the coelomic sacs. At the third and fourth stages, the 

stomodeum develops in all three species. This is congruent with the observation made 



Chapter 6 – Centipede ontogeny, with a focus on the forcipules and the anterior structures 

 

 177 

previously on Lithobius forficatus by Kadner and Stollewerk (2004). The neuroectoderm 

precursor to the segment ganglia develops on the inner sides of the limb buds of 

Scutigera coleoptrata. This step is delayed in the two epimorphic species, which continue 

to add posterior segments. Before the sinking of the germ band occurs, all three species 

have grown the number of trunk segments later present in the hatchling.  

 

The embryo sinking into the yolk of the egg is another developmental trait shared by all 

three species (or four, if we include Lithobius forficatus). Using this point as a landmark 

(as for stage VI), it appears that the embryo of Scutigera coleoptrata has grown 

rudimentarily articulated limbs, and displays undeveloped (yet already defined as 

segmental entities) ganglia and tergite rudiments. At the same stage, the limb buds of the 

epimorphs are still largely undeveloped and the neuroectoderm is not segmentally 

organised along the whole length of the germ band.  

 

The ‘acceleration’ in the development of Scutigera coleoptrata continues until hatching, 

with the rapid development of cuticularised tergites, fully segmented and sclerotised 

limbs, a pair of compound eyes, and a small number of trichomes and sensilla. The 

development is such that the hatching Scutigera coleoptrata emerges fully from the egg 

within minutes and is capable of short runs in the following hour (personal observations). 

In comparison, the post-sinking to hatching development of Scolopendra subspinipes 

mutilans and Strigamia maritima is characterised by minimal morphological 

transformation summarised by the enlargement of the limb buds and the development of 

the neural system. Thus, the hatching process in epimorphic species brings far less 

dramatic changes to the functionality of the embryo, which requires several weeks before 

being capable of movement.  

 

This discrepancy between anamorphic and epimorphic development seems to be related 

to an acceleration or retardation of a set series of developmental events rather than a 

change in their order. At the genetic level, this type of developmental heterochrony 

would therefore probably not require a rewiring of the gene cascade, but simply a 

temporal alteration of an already-functioning system. This is congruent with the Hox 
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gene expression patterns observed in Lithobius atkinsoni (Hughes and Kaufman, 2002a) 

and Strigamia maritima (Brena et al., 2006). In both species, the same Hox gene set is 

involved in the patterning of the same segments, but some genes may not be switched on 

or off at the same developmental time. For example, the Hox gene Antennapedia is 

clearly expressed in the segments and limb buds of both Lithobius atkinsoni and 

Strigamia maritima in the early embryo (stage III and stage IV). At pre-sinking stage 

(stage V), its expression decreases sharply in the posterior LBS of Lithobius atkinsoni but 

it remains active in the posterior LBS of Strigamia maritima (Brena et al., 2006). It 

would be interesting to compare the temporal patterning of these genes in representatives 

of the five extant orders. No such work has been attempted yet on scutigeromorphs and 

craterostigmomorphs while the work done on scolopendromorphs has been limited so far 

to antibody staining for 3 genes (Ubx, Abd-A and Dll; Grenier et al., 1997).  

 

However, simple acceleration or retardation in a developmental genetic cascade may not 

explain the reversibility of a developmental process as is observed with the ocular 

segment of Strigamia maritima. The absence of eyes is a synapomorphic character of 

geophilomorphs. Nevertheless, an ocular segment develops in its early embryo. This 

segment later recedes into a narrow furrow, while the other head segments and 

appendages expand. If the ocular segment is indeed receding (and does not just stop 

developing), this might indicate a possible rewiring of the developmental cascade rather 

than a change in the temporal sequence of development. Insight from the development of 

blind scolopendromorphs would be valuable in this respect.  

 

 

6.3.2 The development of the forcipular apparatus 

 

On the basis of morphological observations, the development of the forcipular segment 

can be divided into four stages: 1) an early stage during which the segment gets a 

particular identity; 2) the segmentation of the forcipular limb buds; 3) the sclerotisation 

of the forcipular apparatus; and 4) the development of the venom system. 
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In the three species studied here, until the pre-sinking stage (stage V) and the deployment 

of the maxillary 2 limb buds in a more anterior position before they receive the egg teeth, 

the forcipular segment is superficially undifferentiated from the other segments. At best, 

the forcipular buds are slightly larger than the first leg-bearing segment. However, at the 

equivalent of stage III in Lithobius atkinsoni, the expression patterns of the Hox genes 

Ubx and Abd-A have already segregated the walking legs from the more anterior 

segments (including the forcipular segment). At stage IV, in Lithobius atkinsoni the 

maxillary 2 segment is segregated by the unique expression of fushi tarazu. The 

forcipular limb buds show a particular Hox gene expression pattern at pre-sinking and 

sinking stage, with the co-expression of fushi tarazu, sex combs reduced; also the 

persistent expression of Antennapedia (Hughes and Kaufman, 2002a).  

 

In general, the forcipular segment seems to be characterised by larger limb buds and a 

particular Hox gene expression. The segmentation of the forcipular buds may be regarded 

as another important step. This occurs at the post-sinking stage for Scutigera coleoptrata, 

after the second post-hatching moult in Scolopendra subspinipes mutilans (post-

embryonic stage II) and after the third post-hatching moult (Foetus I stage) in Strigamia 

maritima (Vedel, 2010).  For all the species studied, the forcipules are held perpendicular 

to the body when segmentation occurs. The forcipules have therefore not achieved their 

final anterior positioning. The forcipular limb buds start their development in the same 

resting position as the walking legs. The SEM observations made on Scolopendra 

subspinipes mutilans show that the forcipules bear a tarsus and an apical claw. These two 

segments are fused into a tarsungulum in the adult centipede, leaving a residual suture on 

the dorso-distal part of the forcipule (observed also in adult Scutigera coleoptrata, 

Lithobius forficatus and Strigamia maritima), thus reinforcing the hypothesis of a 

homology between the walking legs and the forcipules (See also Chapter 3). 

 

Sclerotisation of the forcipules can be considered as an important stage as it marks the 

final positioning of the claws, and the definite characteristic shape of the apparatus, with 

a stout trochantero-prefemur, reduced femur and tibia (in epimorphs) and the sharpening 

of the tarsungula into stabbing claws. This occurs at the pre-hatching stage for Scutigera 
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coleoptrata, which emerges from the eggs with mechanically functional and already 

sclerotised forcipules. However, the venom gland does not seem to be developing yet at 

that stage. It occurs at the foetus stage for Scolopendra subspinipes mutilans and at the 

late foetus III/early adolescens I stages for Strigamia maritima.  

 

In this chapter, the development of the venom gland has been investigated in detail only 

in Scolopendra subspinipes mutilans. In this species, the venom gland and the venom 

duct are forming during the foetus stage. The development of the venom gland is 

preceded by a cuticular suture running along the length of the apical claw and the tarsus. 

At the location of this suture, a duct develops in the mass of the forcipule and extends 

proximally into the trochantero-prefemur. The venom gland is arranged around the duct 

and grows proximally from the dorso-lateral part of the apical claw. These observations 

are congruent with the hypothesis of a venom gland derived from an arrangement of 

epidermal cells on the dorso-lateral part of the forcipule, as detailed in Chapter 4 of this 

thesis. In Scolopendra subspinipes mutilans, despite the fact that the groove on the cuticle 

of the forcipule (precursor to the longitudinal suture and the venom duct) has not been 

identified, it has been shown that the venom duct and the venom gland develop primarily 

on the superficial, dorso-lateral part of the apical claw. The depression observed on the 

dorso-lateral part of the forcipular tarsi in adult Scutigera coleoptrata, Lithobius 

forficatus and Scolopendra subspinipes mutilans is probably a vestige of the venom duct 

formation. If so, this perhaps confirms the common evolutionary origin and ontogeny of 

the venom system in centipedes. 

 

As in Scolopendra subspinipes mutilans, the venom apparatus of Strigamia maritima 

does not seem to be developing before the last stage to be brooded by the mother 

(adolescens I, see Lewis, 1981). In Scutigera coleoptrata, it could not be observed in a 

fresh hatching. This is congruent with ecological reports showing that the first two post-

hatching stages are non-feeding (Verhoeff, 1902-1925). This could be confirmed by 

further observations of cleared specimens at different development stages. 
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The temporal chain of developmental events leading to the formation of the forcipular 

apparatus might be recapitulative of the evolution of this segment. Each major 

developmental step of the forcipular apparatus from the early, morphologically non-

specific stages to the forcipules re-orientation from posterior to anterior and the post-

hatching development of the venom gland is reminiscent of a pair of legs used as 

prehensile claws helping in feeding, which then gradually evolved a venom gland from a 

lining of cells selected both for their location at the point of contact of the prey (on the 

apical claw) and for the noxious substance they produced.  However, it is only with a full 

understanding of the gene cascade regulating the formation and specialisation of the 

forcipular apparatus that we may have, in the future, a more complete picture of the 

evolutionary processes that led to the origin of this novel system. 
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Chapter 7 

Prey orientation and the role of venom availability in the 

predatory behaviour of the centipede  

Scolopendra subspinipes mutilans  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scolopendra subspinipes mutilans controlling a locust with its walking legs before injecting venom with the 

forcipules 
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7.1 INTRODUCTION 

 

Despite a worldwide distribution, a general occurrence in most biota, and synanthropic 

dispositions in some species, rather little is known about the general ecology of 

centipedes. Most studies on the topic date from the late 19
th

 century to the mid-twentieth 

century (See Lewis, 1980 and Voigtländer, 2011 for reviews). In more recent times, 

Lewis (1960; 1981), Manton (1965; 1977) and Voigtländer (2011) have compiled and/or 

extended the work previously published on several aspects of centipede ecology. Lewis 

(1960) detailed several aspects of the biology and ecology of the geophilomorph 

Strigamia maritima. Manton (1965) studied very extensively the ecomorphotypes and the 

locomotion of the five orders of chilopods. Voigtländer (2011) provided the first 

exhaustive and up-to-date bibliography on general ecology of chilopods since Lewis 

(1981). 

 

Voigtländer (2011) proposes also an interesting eco-centred definition of the clade: 

 

“Basically, all chilopods are predatory soil inhabitants that avoid light and show distinct 

preference for moist micro-habitats. Their habit is generally cryptozoic, as they spend the 

day under stones, bark and leaf litter or inside the soil and go out for hunting during the 

night.”  

 

With the exception of a few species (e.g.: the scolopendromorph Paracryptops spinosus 

with unusually short forcipules — see Jangi and Dass, 1978), most centipedes are thought 

to feed predominantly on live animals. Centipedes seize their prey with the anterior part 

of the body and inject it with venom with the pair of strong forcipules protruding from 

the post-cephalic segment. In captivity, scavenging behaviour has been observed in 

geophilomorphs (Strigamia maritima, personal observation) and in scolopendromorphs 

(Scolopendra subspinipes dehaani, personal observation; Fig. 7.1). Group feeding by the 

coastal geophilomorph Strigamia maritima was reported by Lewis (1960). It also seems 
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that some lithobiomorphs, geophilomorphs, and scolopendromorphs ingest some plant 

material. However, Lewis (1981) considers this intake as negligible. 

 

Centipedes are considered opportunistic predators, catching any prey that can be 

overpowered. Some scutigeromorphs seem to prefer invertebrate prey-items several times 

smaller than themselves. Lithobiomorphs do not seem to hunt prey larger than themselves. 

Geophilomorphs preferably prey upon slow-moving animals, relying on their powerful 

pliers-like forcipules (Lewis, 1981). Large scolopendromorphs, the ‘giants’ of the 

centipede world, reaching up to 30 cm long, do sometimes venture into attacking large 

arthropods (scorpions; Iorio, 2004), amphibians (Carpenter, 1984), reptiles (Okeden, 

1903 reported by Lewis, 1981 and personal observations), and also small mammals (mice: 

Voigtländer 2011; bats: Molinari et al., 2005).  

 

The techniques used to capture prey items vary greatly, too. The scutigeromorph 

Scutigera coleoptrata stands still, waiting for a prey to enter in contact with the 

centipede’s antennae or legs and then pouncing towards it, entangling the prey with the 

anterior walking legs and stabbing it with the stiletto-like forcipules (Verhoeff, 1902-

1925; Manton, 1965). Manton (1965) suggests that eyesight may also play an important 

role in the hunting behaviour of Scutigera coleoptrata. Lithobiomorphs have been 

observed preying on small invertebrates using either ambush tactics or active hunting, 

walking around trying to make contact with potential prey (Voigtländer, 2011). 

Scolopendromorphs display a variety of hunting methods, from wandering on the leaf-

litter, flicking the anterior half of the body on both sides in order to make contact with a 

prey and outrun it, to actively catching prey in mid-flight, sometimes hanging upside 

down from the ceiling of a cave (Molinari et al., 2005). The scolopendrid Scolopendra 

viridis has been reported to consistently use the anterior walking legs to hold the prey 

while venom is delivered with the forcipules (Elzinga, 1994). Several species have been 

observed seizing prey with the terminal pair of legs, and then flicking the anterior half of 

the body to inject the prey with venom. Geophilomorphs, being eyeless, are thought to 

rely on chemoreception and ground vibration to locate their prey (Voigtländer, 2011). 

Very little is known about the hunting techniques of Craterostigmomorpha. Manton 
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(1965) reported that in captivity Craterostigmus tasmanianus feeds actively on termites, 

using the long forcipules to reach the termites in small galleries. Other prey items usually 

taken by other centipedes were consistently refused. However, Mesibov (1995) did not 

find any relationship between Craterostigmus tasmanianus and a special diet based on 

termites. 

 

Venom is a key element in the predatory behaviour of centipedes. Whether venom is 

solely used for immobilising prey by inducing paralysis remains unclear. It has been 

proposed that venom contains also digestive enzymes used to soften-up the flesh of the 

prey which is subsequently sucked-up. The exoskeleton of the prey is usually not 

consumed. However, centipedes consumed their own exuvia after moulting, except 

Scutigera coleoptrata (personal observation) and potentially other Scutigeromorpha. The 

mandibles of Craterostigmus tasmanianus are degenerate and external digestion has been 

suggested in this species. However, it is unclear what role is played by the venom in this 

case, as large amounts of secretion are discharged from the mouth and poured onto the 

prey (Voigtländer, 2011). 

 

Several basic aspects of centipede venoms have been investigated during the late 

nineteenth and early twentieth centuries (Duboscq, 1898; Cornwall, 1916; see Lewis, 

1981 for review).  However, modern toxicological analyses are scarce and are 

concentrated on the venom of large scolopendromorphs known to have a medically 

significant bite. Noda et al. (2001) isolated the benzoic alkaloid Scolopendrine as well as 

serotonic and muscarinic components, the latter two being powerful pain triggers and 

toxic catalysers. The neurotoxicity of Scolopendra sp. venom has been demonstrated by 

Carmen Gutierrez et al. (2003). Rates et al. (2007) and Malta et al. (2008) provided the 

most recent comparative study on centipede venom, based on South-American 

scolopendromorphs. The authors showed the myotoxic and weak haemolytic properties 

of the venoms. Their findings corroborate the observations of Bücherl (1946, 1971) on 

small mammals injected with diluted venom. Arthropods injected with venom are 

disabled within seconds (Voigtländer, 2011), a result expected in the presence of 

neurotoxins. The presence of myotoxic and haemolytic effects is congruent with the 
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hypothesis of external digestion. Undheim et al. (2011) recently reviewed the literature 

pertaining to the composition and toxicity of centipede venoms.  

 

The behavioural processes involved in prey capture and venom injection are poorly 

known. Some physiological experiments showed that stimulation of the forcipular 

sensilla may trigger a mechanical feeding response (Jangi and Dass, 1977). But what 

about the role of venom availability in the feeding response? Do centipedes choose their 

prey depending on how much venom is readily available to tackle it? And do centipedes 

‘choose’ where to inject venom into a prey? These are the central questions I try to 

answer, using two sets of experiments involving the red-headed scolopendrid 

Scolopendra subspinipes mutilans.  

 

Fig. 7.1: Scolopendra subspinipes dehaani devouring a mouse. The forcipules are used to tear pieces of 

flesh. 
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7.2 MATERIALS AND METHODS 

 

Two distinct experiments were performed:  

 

1. A prey orientation experiment, in which 50 centipedes were presented each in turn 

with a prey item. The reaction of each centipede was recorded and later analysed in order 

to assess if Scolopendra subspinipes mutilans reorientate the prey to inject venom in a 

‘favoured’ part of the prey. 

  

2. An experiment investigating prey attack in relation to venom availability. 150 

centipedes were used in this experiment, in which the specimens were offered one or 

other of two types of prey items at different times after venom extraction.  

 

Each set of treatments (for both experiments 1 and 2) started at about 10 pm (as 

centipedes are thought to be mainly nocturnal predators). The experimental ‘arena’ 

consisted of a translucent acrylic container (200 mm x 140 mm x 115 mm). No substrate 

was used and the container was briefly cleaned before introducing a new specimen into 

the arena. No direct artificial light was used. Two ceiling-fixed fluorescent tubes were 

switched on at the other end of the room. 

 

The experiments were performed using one specimen at a time. Each centipede was 

introduced into the arena and was allowed to settle for 2 minutes. A prey item was then 

put in contact with the centipede. The behaviour of the centipede was recorded during 3 

minutes. At the end of the 3 minutes, the centipede was placed back into its enclosure 

with the prey item. If the prey and the centipede were immobile, the prey was induced, 

with a gentle brush stroke, to walk towards the centipede.  

 

Two types of prey items were used. 1) The silent field cricket Gryllus assimilis; and 2) 

the gregarious desert locust Schistocerca gregaria. These animals were purchased online 

from Livefood UK (see Chapter 2, Material and Methods, 2.3.1. for details). Both prey 

items belong to the same order Orthoptera and are considered to be similarly vulnerable 
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to the venom of Scolopendra species (Iorio, 2004). However, as Schistocerca gregaria is 

much larger and heavier than Gryllus assimilis, it was assumed that more venom would 

be necessary to tackle a Schistocerca gregaria. 

 

Mature specimens of both prey species were selected according to their size and weight. 

From the base of the antennae to the end of the abdomen, Gryllus assimilis measured a 

minimum of 18 mm and a maximum of 22mm (average: 20 mm). This resulted in a 

weight range between 400 and 500 mg (average: 438 mg).  The selected specimens of 

Schistocerca gregaria measured at least 40 mm (average: 48 mm) and weighed between 

1300 and 2300 mg (average: 1561 mg).  

 

 

7.2.1 Prey orientation experiment 

 

The goal of this experiment was to determine if centipedes orientate their prey (in this 

case always a Gryllus assimilis) in a particular fashion prior to venom delivery. 

Consistency in the orientation of the prey and consistency in the tagma into which venom 

is delivered may indicate that centipedes inject venom where it is most effective. 50 

specimens of Scolopendra subspinipes mutilans were tested in this experiment. 

 

The following reactions were recorded: 

 

- Prey seized: the prey is seized using the forcipules and is not released during the 3 

minutes of observation. 

 

- Prey seized and then released: the prey is seized but released within the 3 minutes of 

observation. 

 

- Time to prey seized: time elapsed until the prey is seized.  
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- Location of the first bite: part of the body of the prey into which the forcipules are first 

inserted. Two body parts are distinguished on the prey: 1) the head + thorax; 2) the 

abdomen.   

 

- Reorientation of prey: occurs in the case of a secondary bite. Either the centipede 

manipulates the prey, or the centipede moves to reach another part of the prey. Only 

movements involving a change of bite location, from head + thorax to abdomen or from 

abdomen to head + thorax were recorded. 

 

If centipedes insert their forcipules anywhere indiscriminately on the prey, the expected 

frequencies for bite location (head + thorax or abdomen) should not be significantly 

different from the proportions these parts occupy on the prey’s body. These proportions 

were assessed by measuring the length of the head + thorax and the length of the 

abdomen in ten specimens, both on their dorsal and ventral sides. The values were then 

averaged. In the case of Gryllus assimilis, the head + thorax represented about 37% of the 

whole body length, and the abdomen represented the remaining 63%. Therefore, 

approximately 37% of bites were expected to be delivered on the anterior tagmata and 

63% were expected to occur on the abdomen. 

 

The significance of the results was tested using either a two-tailed chi-square goodness-

of-fit test with 1 degree of freedom (Table 7.2 to Table 7.5) or a two-tailed chi-square test 

for independence with 1 degree of freedom (Table 7.6).The analysis was performed using 

Graphpad (http://www.graphpad.com).  

 

 

7.2.2 Venom availability and prey attack rate experiment 

 

This experiment was designed in order to test if centipedes attack specific types of prey 

depending on the amount of venom available in their venom glands. As discussed in 

Chapter 5, venom production is a gradual process. Once the venom available in the 
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forcipules has been used, it takes several days for a centipede to refill fully the venom 

glands.  

 

The experiment consists of extracting venom and then giving either a small prey (the 

cricket Gryllus assimilis) or a larger prey (the locust Schistocerca gregaria) to different 

groups of centipedes at different times after venom extraction. If centipedes have the 

ability to ‘decide’ whether to attack prey depending on the venom available in the venom 

gland, crickets should be attacked soon after venom extraction. The locusts would be 

disregarded until enough venom is available in the venom glands for the centipedes to 

launch a successful attack.  

 

In this experiment, 150 centipedes were divided into six groups of 25 specimens each. 

Four groups of centipedes had their venom extracted, and two groups were used as 

negative control groups, one for each type of prey. 

 

Prior to venom extraction, the centipedes were anaesthetised by CO2 exposure. Then, 

each centipede was attached, ventral side facing up, to an acrylic sheet using two pieces 

of adhesive tape. Venom was extracted by electro-stimulation using a double pulse 

stimulator (Cat. 6032, Scientific and Research Instruments Ltd). Each electrical impulse 

lasted for 5 ms at 22 V and recurred every 110 ms at the same voltage. The tips of the 

electrical probes were equipped with wet sponges regularly immersed in a saline solution. 

The sponges were applied to the sides of the forcipules for approximately 2 seconds. This 

operation had to be repeated three to four times in order to extract as much venom as 

possible. The venom was collected using a pipette between each repeat in order to clean 

the area and to confirm good extraction of the venom at each application of the probes. 

The specimen was then carefully removed from the sheet and replaced into its enclosure.  

 

It was imperative to have control groups in order to assure that the feeding response was 

not affected by the anaesthesia and electric shocks. The specimens were treated as for a 

venom extraction but electric impulses were never applied on the forcipules. Instead, the 

electrical probes were applied as one on the third leg-bearing segment and the other on 
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the twentieth segment for the current to run through the entire body except the 

anteriormost segments and the head capsule. Any application of the probes on the first or 

second leg-bearing segment would result in venom being discharged. The probes were 

then applied symmetrically and successively on the walking legs, provoking a contraction 

of each segment and each appendage. 

 

The 6 groups of 25 centipedes each were treated as follows: 

 

Group 1 (negative control): Gryllus assimilis were given 6 hours after anaesthesia and 

electrocution. 

Group 2:  Gryllus assimilis were given 6 hours after anaesthesia and venom extraction. 

Group 3: Gryllus assimilis were given 24 hours after anaesthesia and venom extraction. 

Group 4 (negative control): Schistocerca gregaria were given 6 hours after anaesthesia 

and electrocution. 

Group 5: Schistocerca gregaria were given 24 hours after anaesthesia and venom 

extraction. 

Group 6: Schistocerca gregaria were given 48 hours after anaesthesia and venom 

extraction. 

 

The prey-seizure frequencies were recorded for each group. The following between-

group prey-seizing frequencies were compared in 2x2 contingency tables using a two-

tailed chi-square test with 1 degree of freedom: 

 

Group 1 (neg. ctrl / 6h / G. assimilis) versus group 2 (ven. ext. / 6h / G. assimilis) 

Group 2 (ven. ext. / 6h / G. assimilis) versus group 3 (ven. ext. / 24h / G. assimilis) 

Group 1 (neg. ctrl / 6h / G. assimilis) versus group 4 (neg. ctrl / 6h / S. gregaria) 

Group 3 (ven. ext. / 24h / G. assimilis) versus group 5 (ven. ext. / 24h / S. gregaria) 

Group 4 (neg. ctrl / 6h / S. gregaria) versus group 5 (ven. ext. / 24h / S. gregaria) 

Group 5 (ven. ext. / 24h / S. gregaria) versus group 6 (ven. ext. / 48h / S. gregaria) 
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7.3. RESULTS 

 

7.3.1 Prey reorientation experiment 

 

Of a total of 50 specimens of Scolopendra subspinipes mutilans that were offered an 

adult Gryllus assimilis, 49 seized the prey within the 3 minute observation time-frame 

while a single centipede showed no interest in the cricket (Table 7.1A). The time taken 

by the centipedes to capture the prey ranged from 1 second to 150 seconds. On average, 

the prey was seized 34 seconds after being introduced into the arena. None of the 

centipedes subsequently released the prey within the 3 minutes (Table 7.1B). Of 49 

successful attacks, the prey was reoriented 14 times (Table 7.1C). 

 

Prey attacked Prey not attacked Total 

49 1 50 

 

 

Prey released Prey not released Total 

0 49 49 

 

 

 

Prey reoriented Prey not reoriented Total 

14 35 49 

 

 

 

If only the positions of the initial bites (N=49) are considered, it appears that 28 bites 

occurred on the head + thorax. The abdomen was bitten in the remaining 21 cases.  The 

expected frequencies (related to the dimensions of the head + thorax and abdomen) were 

18 for the head + thorax and 31 for the abdomen (Table 7.2). 

Table 7.1A: Attack frequency of Scolopendra subspinipes mutilans on Gryllus assimilis. 

Table 7.1B: Prey release frequency following attacks of Scolopendra subspinipes mutilans on Gryllus 

assimilis. 

 

Table 7.1C: Prey reorientation frequency following successful attacks of Scolopendra subspinipes mutilans 

on Gryllus assimilis. 
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 Initial bites located on  

the head + thorax 

Initial bites located on the 

abdomen 

Total 

Observed frequencies 28 21 49 

Expected frequencies 18 31 49 

 

 

 

 

When tested with a chi-square goodness-of-fit test with one degree of freedom, 

X
2
(1df)=8.781 and P=0.003. The observed frequencies are thus significantly different 

from the expected ones, indicating that centipedes preferably attack the head + thorax 

rather than the abdomen during the initial bite, prior to any reorientation of the prey. 

In 35 cases out of the 49 successful attacks, the prey was not reoriented following the 

initial bite by the centipede. Among these 35 attacks, the head + thorax of Grillus 

assimilis was seized in 27 cases, and the abdomen was seized in the remaining 8 cases. 

On the basis of N=35, the expected frequencies for the location of bites without 

reorientation (related to the proportions of the head + thorax and the abdomen) were 

N=13 for the head/thorax, and N=22 for the abdomen (Table 7.3).  

 

 Bites on the head or thorax Bites on the abdomen Total 

Observed frequencies 27 8 35 

Expected frequencies 13 22 35 

 

 

 

 

When tested with a chi-square goodness-of-fit test with one degree of freedom, 

X
2
(1df)=23.986 and P<0.0001. The observed frequencies are thus significantly different 

Table 7.3: Observed and expected frequencies of location of the initial bite following successful attacks on 

Gryllus assimilis by Scolopendra subspinipes mutilans. 

Table 7.2: Observed and expected frequencies of the initial bite location following successful attacks on 

Gryllus assimilis by Scolopendra subspinipes mutilans. 
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from the expected ones. This demonstrates the preference of Scolopendra subspinipes 

mutilans for a bite on the anterior tagmata. 

 

When reorientation occurred (14 cases out of 49 successful attacks), the direction of the 

reorientation was from head + thorax to the abdomen in 1 case, and from the abdomen to 

the head + thorax in the remaining 13 cases. The expected frequencies (in case of random 

manipulation) were related to the relative proportions of the head + thorax and abdomen 

in Gryllus assimilis. It was expected that reorientation would lead to a final bite on the 

head + thorax in 5 cases, and that a reorientation leading to a final bite on the abdomen 

would occur in the remaining 9 cases (Table 7.4). 

 

 Reorientation from head 

+ thorax to abdomen 

Reorientation from 

abdomen to head + thorax 

Total 

Observed frequencies 1 13 14 

Expected frequencies 9 5 14 

 

 

 

 

When tested with a chi-square goodness-of-fit test with one degree of freedom, 

X
2
(1df)=19.911 and P<0.0001. Thus, it can be inferred that reorientation of the prey is 

significantly biased towards a secondary bite located on the head + thorax. 

 

At the end of the 3 minutes observation, and regardless of reorientation, the final bite was 

located on the head + thorax in 40 cases, while the abdomen was the final bite location in 

the remaining 9 cases. The expected bite location frequencies were 18 for the head + 

thorax and 31 for the abdomen (Table 7.5). 

 

 

 

Table 7.4: Observed and expected frequencies of the final bite site following reorientation of the prey Gryllus 

assimilis by Scolopendra subspinipes mutilans. 
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 Final bites located on  

the head + thorax 

Final bites located on the 

abdomen 

Total 

Observed frequencies 40 9 49 

Expected frequencies 18 31 49 

 

 

 

 

When tested with a chi-square goodness-of-fit test with one degree of freedom, 

X
2
(1df)=42.502 and P<0.0001. The high significance of these results demonstrates that 

centipedes do not bite the prey randomly anywhere on its body but definitely favour 

venom injection in the head or thorax. 

 

If comparing the observed frequencies of initial and final bite locations, it appears that 

out of a total of 49 occurrences 28 initial bites were located on the head + thorax of 

Gryllus assimilis, against 40 of the final bites. 21 initial bites were given on the abdomen 

against 9 final bites (Table 7.6). 

 

 Bites located on  

the head + thorax 

Bites located on the 

abdomen 

Total 

Initial bites 28 21 49 

Final bites 40 9 49 

 

 

 

 

Comparing these with a chi-square test for independence with one degree of freedom, 

X
2
(1df)=6.918 and P<0.01. This again is consistent with previous results and the 

hypothesis that centipedes reorientate their prey in order to inject venom in the head + 

thorax rather than in the abdomen. 

Table 7.5: Observed and expected frequencies of the final bite location at the end of the 3 minutes observation 

round, and regardless of reorientation.  

Table 7.6: Observed frequencies of the initial and final bite locations following successful attacks on Gryllus 

assimilis by Scolopendra subspinipes mutilans. 
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7.3.2 Prey attack rate and venom availability experiment 

 

7.3.2.1 Gryllus assimilis as a prey item 

 

When venom was not extracted, the centipedes attacked the prey 24 times out of 25 

observations, despite having been anaesthetised and electrocuted 6 hours previously. A 

single specimen disregarded the cricket. None of the centipedes subsequently released the 

prey. When the observed attack frequencies of the Gryllus assimilis negative control 

group is compared to the observed seizing frequencies in the prey orientation experiment, 

it appears that the anaesthesia and the electric impulses do not significantly change the 

predatory behaviour of the centipedes (Table 7.7A). 

 

 

 

 

 

 

When crickets were given to the second centipede group 6 hours after venom extraction, 

only 4 of the centipedes bit the prey and held on to it. The prey was seized and then 

released in 6 cases out of 25 repeats. The prey was ignored in 15 cases. If the ‘prey-

attacked-and-released’ cases are treated as ‘prey not attacked’ and the results of this 

group (group 2) are tested against the results of the negative control (group 1), it is clear 

that the frequency of successful attacks 6 hours after venom extraction is significantly 

lower than the frequency of successful attacks when venom is not extracted (Table 7.7B). 

 

 

 

 Prey attacked Prey not attacked Total X
2
 FET 

Experiment 1  49 1 50 

Group  1 24 1 25 

0.26 

p=ns 

 

p=ns 

Table 7.7A: Observed attack frequencies of the Gryllus assimilis prey-type negative control group (group 1) 

tested against the attack frequencies observed in the prey orientation experiment (experiment 1). The tests 

performed were a two-tailed chi-square test (X
2
) and a Fisher’s exact test (FET). Ns= non significant. 

 



Chapter 7 – Prey orientation and the role of venom availability in the predatory behaviour of the centipede 

Scolopendra subspinipes mutilans  
 

 197 

 

 

 

 

 

24 hours after venom extraction, 23 centipedes belonging to the third group seized the 

prey. One specimen released the prey and another one ignored the prey. These results are 

significantly different from the results obtained 6 hours after venom extraction (group 2), 

as shown in Table 7.7C. The results are very similar to those obtained with the control 

group, when venom was not extracted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 1 24 1 25 

Group 2  4 21 25 

32.47 

p<0.0001 

 

p<0.0001 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 2 4 21 25 

Group  3 23 2 25 

29.07 

p<0.0001 

 

p<0.0001 

Table 7.7B: Observed frequencies of successful attacks by Scolopendra subspinipes mutilans on Gryllus 

assimilis 6 hours after venom extraction (group 2) tested against the successful attack frequencies observed 

in the negative control (group 1). The tests performed are a two-tailed chi-square test (X
2
) and a Fisher’s 

exact test (FET). 

Table 7.7C: Observed frequencies of successful attacks by Scolopendra subspinipes mutilans on Gryllus 

assimilis 24 hours after venom extraction (group 3) tested against the successful attack frequencies observed 

6 hours after venom extraction (group 2). The tests performed are a two-tailed chi-square test (X
2
) and a 

Fisher’s exact test (FET). 
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7.3.2.2 Schistocerca gregaria as a prey item 

 

When no venom was extracted (group 4), 23 centipedes attacked the locust 6 hours after 

electrocution and two specimens showed no interest in it. None of the centipedes 

subsequently released the prey.  

 

24 hours after venom extraction, only two centipedes seized their prey. In 9 cases, the 

prey was seized and then released. The prey was fully ignored 14 times. If the ‘prey-

attacked-and-released’ cases are treated as ‘prey not attacked’ and the results of this 

(group 5) are tested against the results of the negative control (group 4), it is clear that the 

frequency of successful attacks 24 hours after venom extraction is significantly lower 

than when venom is not extracted (Table 7.8 A). 

 

 

 

 

 

 

 

48 hours after venom extraction (group 6), 14 centipedes seized their prey and five 

released them after seizure. Five centipedes did not attack the prey at all. The frequency 

of successful attacks has significantly increased compared to the ones 24 hours after 

venom extraction (Table 7.8B). However, the number of successful attacks has still not 

returned to the level seen in the control group when venom was not extracted.  

 

 

 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 4 23 2 25 

Group  5 2 23 25 

35.28 

p<0.0001 

 

p<0.0001 

Table 7.8A: Observed frequencies of successful attacks by Scolopendra subspinipes mutilans on 

Schistocerca gregaria 24 hours after venom extraction (group 5) tested against the successful attack 

frequencies observed in the negative control group (group 4). The tests performed are a two-tailed chi-

square test (X
2
) and a Fisher’s exact test (FET). 
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7.3.2.3 Between prey-type analysis 

 

When the results of the negative control group of Gryllus assimilis prey-type (group 1) 

are tested against the negative control group of Schistocerca gregaria prey-type (group 4), 

they are not significantly different (Table 7.9A).  Here again, it seems that the anaesthesia 

and the electric impulses do not significantly change the predatory behaviour of the 

centipedes, and that both types of prey are attacked with the same eagerness by 

Scolopendra subspinipes mutilans.  

 

 

 

 

 

 

 

 

 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 5 2 23 25 

Group  6 14 11 25 

13.23 

p<0.001 

 

p<0.001 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 4 23 2 25 

Group  1 24 1 25 

0.36 

ns 

 

ns 

Table 7.8B: Observed frequencies of successful attacks by Scolopendra subspinipes mutilans on 

Schistocerca gregaria 48 hours after venom extraction (group 6) tested against the successful attack 

frequencies observed 24 hours after venom extraction (group 5). The tests performed are a two-tailed chi-

square test (X
2
) and a Fisher’s exact test (FET). 

Table 7.9A: Observed attack frequencies of the Schistocerca gregaria prey-type negative control (group 4) 

tested against the attack frequencies observed in the Gryllus assimilis prey-type negative control (group 1). 

The tests performed are a two-tailed chi-square test (X
2
) and a Fisher’s exact test (FET). Ns= non 

significant. 
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Because both types of prey are consumed so readily, it is possible to compare the 

observed attack frequencies of the centipede groups that were given Gryllus assimilis 

(group 3) or Schistocerca gregaria (group 5) 24 hours after venom extraction. When 

tested, it is clear that centipedes attack the crickets more than the locusts (Table 7.9B). 

 

 

 

 

 

 

 

 Prey attacked Prey not attacked Total X
2
 FET 

Group 3 23 2 25 

Group 5 2 23 25 

35.28 

p<0.0001 

 

p<0.0001 

Table 7.9B: Observed attack frequencies of the centipede group that was given Gryllus assimilis 24 hours 

after venom extraction (group 3) tested against the attack frequencies observed in the centipede group that 

was given Schistocerca gregaria 24 hours after venom extraction (group 5). The tests performed are a two-

tailed chi-square test (X
2
) and a Fisher’s exact test (FET).  
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7.4 DISCUSSION 

 

7.4.1 Prey orientation experiment 

 

When preying upon a cricket, it appears that a centipede tends to bite the head and thorax 

rather than the abdomen, and this even prior to reorientation. A primary bite located on 

the abdomen is usually followed by a reorientation of the prey and by a secondary bite on 

the head or thorax. The number of final bites on the anterior tagmata is significantly 

higher than the expected number. This observation leads to two main questions. First, 

why would centipedes show a preference in injecting venom in the anterior end of the 

prey rather than the posterior? And second, how do centipedes spatially apprehend both 

their own position and the position of the prey? 

 

The main role of venom is to disable prey in an effective and prompt manner (the second 

role being the lysis of internal tissues). The venoms of Scolopendridae are known to 

contain, among many other elements, neurotoxins disrupting synaptic signals 

(Stankiewicz, 1999; Gutierrez et al., 2003). These neurotoxins are probably the major 

fast-acting disabling elements of many centipedes’ venoms. By changing the properties 

of the synaptic channels, neurotoxins may act as strong paralytics when reaching the 

central nervous system. Therefore, the venom is most efficient when injected either into 

the head capsule or close to the thoracic ganglia controlling locomotion. In the case of 

insects (such as the prey here) these ganglia are present on the ventral side of the thorax. 

When injected into the soft tissues of the abdomen, it is likely that the venom would be 

diluted in the circulatory system and the gut of the prey, and would have to travel further 

in order to disable locomotion and prevent the escape of or retaliation by the prey. 

 

However, considering the amount and the potency of the venom delivered by large 

scolopendromorphs (see Bücherl, 1946; 1971), it is very likely that the location of venom 

injection does not matter much in order to disable an average prey.  The reason for prey 

orientation may be a principle of economy: venom is physiologically expensive to 
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produce and it requires time (see discussion below and Chapter 5 on the venom 

production cycle in Scolopendra subspinipes mutilans).  

 

The results of the prey orientation experiment also provide some information on the 

capacity of centipedes to perceive the three-dimensionality of their surroundings. 

Because the primary attack occurs within a few tenths of a second, it is unlikely that the 

centipede always manages to ‘understand’ the spatial orientation of the prey through 

physical contact with the antennae or another body part prior to the attack. Spatial 

orientation must also occur through other means. First, it is probable that the perception 

of the prey’s orientation takes place once the centipede has pounced on the prey and ‘felt’ 

the prey with its legs and immobilised it, prior to any forcipular movement. This would 

explain the occurrence of pre-bite manipulations and the systematic use of the walking 

legs during the grasping motion. Second, we could consider that, to a limited extent, 

Scolopendra subspinipes mutilans uses its eyesight at very short distances to perceive a 

prey’s orientation before the attack. However, a specific role of eyesight in prey capture 

by scolopendromorphs is unlikely in view of previous reports on the subject, which all 

suggest contact, mechanoreception or chemoreception as the main tools for prey 

recognition and localisation (Cloudsley-Thompson, 1955 mentioned by Lewis, 1981; 

Manton, 1965).  

 

 

7.4.2 Venom availability and prey attack rate experiment 

` 

In a large majority of cases, when a field cricket (Gryllus assimilis) or a gregarious locust 

(Schistocerca gregaria) is offered to a centipede starved for two weeks, it is immobilised 

and injected with venom within seconds. After testing two groups of centipedes, it 

appears that CO2 exposure and electrocution 6 hours prior to feeding does not alter the 

centipedes’ hunting behaviour or feeding responses. Two groups of 25 centipedes each 

were then given crickets either 6 hours or 24 hours after venom extraction. Another two 

groups were given locusts either 24 hours or 48 hours after venom extraction. 
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The results show that venom extraction significantly alters the predatory behaviour of 

centipedes for a period of time that is dependent on the type of prey (and therefore the 

amount of venom necessary to tackle the prey).  

 

When the prey are relatively small (Gryllus assimilis), there is a sharp drop in the number 

of successful attacks 6 hours after venom extraction (Table 7.7B). The number of 

successful attacks increases again 24 hours after venom extraction. The number of failed 

attacks (seizure and release) increases from zero when no venom was extracted to 6 

occurrences 6 hours after venom extraction. It then reduces again to a single occurrence 

24 hours after venom extraction.  

 

When a larger prey (Schistocerca gregaria) is provided and no venom extraction is 

performed, the successful attack rate is similar to the one observed with Gryllus assimilis 

(Table 7.9A). 24 hours after venom extraction, results are most similar to the group of 

centipedes provided with crickets 6 hours after venom extraction: successful attacks are 

rare (N=2) and the number of failed attacks is rising (N=9). 48 hours after venom 

extraction we notice a return towards normal activity: the number of successful attacks 

increases and the number of failed attacks decreases. This transition is similar in direction 

to what was observed with crickets as prey items 24 hours after venom extraction, though 

less pronounced in the case of locusts.  

 

Overall, these findings demonstrate two distinct patterns. 

 

First, it appears that the hunting behaviour of centipedes is linked to venom available in 

the glands. The behavioural pattern is altered in two ways by reduced venom: 1) a large 

proportion of centipedes refuse to attack the prey; and 2) some centipedes release their 

prey after seizing it, a phenomenon not observed when there was no venom extraction. 

The physiological mechanisms allowing centipedes to perceive the amount of venom 

available and subsequently to change their behaviour is still unknown. It may possibly be 

linked to the presence of nerve endings between the venom vacuoles of the gland (see 

Chapter 5). However, the occurrence of failed attacks demonstrates also that centipedes 
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may sometimes “override” the physiological feedback and engage themselves in an 

attempt to attack a prey. The centipedes used in these experiments were starved for two 

weeks and it is possible that hunger prevailed over lack of venom availability and the 

risks linked to retaliation by the prey. Also, it should be noted that centipedes involved in 

failed attacks released their prey after a few seconds and did not hold onto it for minutes. 

It is possible that the mechanoreceptors and chemoreceptors located on the tarsungulum 

of the forcipules provide feedback on the amount of venom discharged and the condition 

of the prey in the seconds following the bite. In Scolopendra morsitans, the application a 

glucose solution on the sensilla of the tarsungulum triggers a response of the feeding 

apparatus (Jangi and Dass, 1977).  

 

The second distinct pattern is the time lapse between venom extraction and the return to a 

‘normal’ hunting response. When the prey is small (Gryllus assimilis, with an average 

weight of 438 mg), it seems that centipedes have produced enough venom to tackle the 

prey normally 24 hours after venom extraction (Table 7.7B). When the prey is much 

larger (Schistocerca gregaria, with an average weight of 1561 mg), most centipedes 

refuse to attack the prey 24 hours after venom extraction. It is only 48 hours after venom 

extraction that the frequency of successful attacks increases significantly (Table 7.8B). 

These observations demonstrate that centipedes do perceive the difference between small 

and large prey, and alter their behaviour accordingly. The amount of venom available, the 

size of the prey and possibly the resistance of the prey to the venom may all be taken into 

account before any ‘decision’ is made about attacking. But once again the number of 

failed attacks tempers this idea, as wrong ‘decisions’ lead sometimes to unsuccessful 

attempts, a phenomenon not observed when the venom gland is full. 

 

To my knowledge, venom-economy strategies by means of selective venom injection and 

prey orientation have been previously observed and investigated only in very few species 

of terrestrial arthropods, such as the wandering spider Cupiennius salei (Wullschleger 

and Nentwig, 2002; Wigger et al., 2002; Kuhn-Nentwig et al., 2004; Hostettler and 

Nentwig, 2006; Boevé, 2009), the New-Zealand crab spider Diaea sp. (Pollard, 1990) 

and the arboreal African ponerine ant Platythyrea conradti (Dejean, 2011). In the last 
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case, studies have shown that P. conradti turns its prey over and stings them almost 

exclusively on the ventral part of the thorax, where the neural cord is closest to the 

exoskeleton. Also, P. conradti injects paralytic venom only into large prey presenting a 

retaliation potential (Dejean, 2011). This principle of venom economy has been named 

the venom optimization hypothesis (Wigger et al., 2002). In the case of Scolopendra 

subspinipes mutilans (and P. conradti for that matter), the venom optimization occurs in 

two ways: 1) orientate the prey in order to deliver venom in the most sensitive area; and 2) 

attack a prey matching the amount of venom available in the gland. 

 

Interestingly, the four species in which venom optimisation has been observed belong to 

three different subphyla of Arthropoda (Chelicerata, Hexapoda and Myriapoda). This 

shows a possible example of convergent evolution which includes interrelated 

physiological and behavioural patterns focusing on a single principle: economising 

venom, an expensive resource.   
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Chapter 8 

General discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forcipular apparatus, Rhysida sp. Ventral view 
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8.1 Comparative morphology, evo-devo and model organisms 

 

There is a disconcerting contrast between the predominantly morphologically-orientated 

approach of this thesis and the multidisciplinary approach that is required to fully 

understand the mechanisms involved in the evolution, the development and the function 

of the forcipular apparatus of centipedes. Nonetheless, the results obtained over the 

course of this thesis have answered some questions and given rise to some interesting 

hypotheses regarding others. 

 

In the introductory chapter, I defined the concepts and the limitations of the subject. 

Since its infancy in the 1980s, evolutionary developmental biology has been leaning on 

the side of developmental genetics, and has often omitted functional, ecological and 

behavioural data. I advocate a more holistic, inclusive approach. A variety of methods 

have been used in the research chapters: morphometric, morphological, ultrastructural, 

ontogenetic, behavioural and ecological studies were performed, each considering the 

forcipular segment from a particular perspective. 

 

Before any experiments could be conducted, the first important challenge resided in the 

choice and maintenance of the four model species. Given the right conditions in captivity, 

one can expect a low mortality rate and a steady supply of fertile eggs. Obtaining, 

maintaining and improving working methods for these colonies represented a 

considerable investment in time and energy, in addition to the actual observations and 

experiments. It would be very rewarding to see these species becoming established model 

organisms in the future.  

 

 

8.2 On the evolutionary origin, development and function of the forcipular 

apparatus 

 

All the structural and developmental evidence obtained during the course of this thesis 

supports the prevailing view of a common evolutionary origin of the forcipular apparatus 
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for centipedes belonging to different orders. From this common origin, some orders have 

diverged more than others. My studies of model extant species suggest that 

scutigeromorphs are the most basal, because their forcipules are most like walking legs. 

We can thus imagine an evolutionary ‘trajectory’ from such a starting point to the more 

derived structures found in the other orders. Paleontological evidence corroborates this 

trajectory. A 416 million years old fossil of the genus Crussolum sp. (assigned to the 

order Scutigeromorpha, see Shear et al., 1998) clearly displays a first trunk segment 

modified into a forcipular apparatus at least superficially similar to that of present-day 

Scutigeromorpha. The forcipular system of centipedes is a synapomorphic character, 

already present in the common ancestor of all centipedes. It pre-dates the split between 

Notostigmophora and Pleurostigmophora which may have occurred 430 to 450 million 

years ago (Murienne et al., 2010). If the venom gland was already active at this point – 

and it may have been – centipedes could compete for the title of ‘oldest venomous 

animal’, a record held so far by certain conodonts dating from approximately 460 MYA 

(Szaniawski, 2009). 

 

Various evidence demonstrates that the forcipular apparatus is the result of the 

individualisation of the first trunk segment. Because of its strategic post-cephalic position, 

this segment may have been under an important selective pressure. It was first reassigned 

to perform a multitude of novel tasks, from preening to prey capture and feeding. Once 

established in these roles, it probably underwent further specialisation when centipedes 

diversified and occupied new ecological niches. The morphometric analysis on the shape 

of the coxosternite and the basal article of the forcipules (Chapter 3) highlights this 

morphological adaptation of the forcipular apparatus to different environments, from 

open spaces to subterranean crevices.  

 

The venom-producing glands are structurally homologous to the epidermal glands on the 

maxillae II of Scutigera coleoptrata (Hilken et al., 2005). Both types of glands share a 

merocrine mode of secretion. Interestingly, the venom of Scolopendra subspinipes 

mutilans contains several derivatives of benzoquinone organic compounds (Noda et al., 

2001), which are also found in the toxic epidermal secretions of millipedes (Williams et 
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al., 1997). Compounds of the benzoquinone class have been recovered in various 

arthropods possessing repugnatorial glands (Wood, 1983). This may be regarded as 

another indication that the venom gland originates from ancient epidermal repugnatory 

glands. 

 

The venom glands may have evolved shortly after the reassignment of the forcipules 

from locomotory to prey-seizing appendages. In Scolopendra subspinipes mutilans, the 

venom glands start developing on the dorso-lateral part of the forcipules’ apical claws 

and then penetrate the forcipules more posteriorly, down to the trochantero-prefemurs. If 

the forcipules are involved in a seizing motion, then the apical claws come to be in direct 

contact with the prey. It would therefore make sense that epidermal glands on the apical 

claw were selected for the paralysing properties of their exudate. 

 

The above paragraphs considered forcipule evolution. Now, I turn to forcipule 

development. The broad developmental sequence of the forcipules that I have observed is 

shared by the three species investigated and can be summarised in three major steps: 1) 

the forcipular segment develops after the maxillary 2 segment and before LBS 1, thus 

following the general antero-posterior segmental direction; 2) the forcipules gain the 

typical antero-median orientation at a late developmental stage; and 3) the venom gland 

develops once the forcipules are already formed into sclerotised prehensile appendages 

before the centipede starts to hunt.  

 

Turning to forcipule function: in the adult centipede, the presence of nerve endings in the 

core of the venom gland suggests that the animal can possibly regulate the amount of 

venom it delivers. This observation led to a set of behavioural experiments using 

Scolopendra subspinipes mutilans, which demonstrated that attack rates are different 

when different types of prey are available, depending on the amount of venom in the 

venom glands. Also, venom is preferentially injected into the body parts where it is most 

efficient.  Selective venom injection and prey orientation are at the core of the ‘venom 

optimisation hypothesis’ (Wigger et al., 2002), an idea so far rarely tested in arthropods. 
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8.3 Fundamental and applied perspectives 

 

The work presented in this thesis is largely based on the interpretation of morphological 

observations and subsequent deductions on the possible evolutionary and developmental 

trajectories of the venom apparatus. This approach has its shortcomings, notably the lack 

of comparative molecular data which would have permitted insights into the causality of 

developmental patterns, both general ones and ones that are distinct to each species (e.g. 

due to heterochrony).  

 

For that reason, I suspect that the most important investigations building on my work will 

be based on comparative study of the gene cascade involved in the formation and identity 

of the forcipular segment. Some of these genes are already known. The combined 

expression of the Hox genes antennapedia, fushi tarazu and sex combs reduced has been 

identified as characterising the forcipular segment in Lithobius atkinsoni (anamorphic 

development, see Hughes and Kaufman, 2002a). In Strigamia maritima (epimorphic 

development, see Brena et al., 2006), antennapedia expression in the forcipules is similar 

to that observed in Lithobius atkinsoni. However, information is fragmentary and no in-

depth comparative analysis has been performed so far. Only four developmental stages 

have been investigated in the case of Lithobius atkinsoni, and there is a total absence of 

post-hatching developmental molecular data for both species. An insight from the 

developmental genetics of a scutigeromorph, a craterostigmomorph and a 

scolopendromorph would be very valuable to complement the morphometric trend 

discussed in the chapter 3 and the molecular data on Lithobius atkinsoni and Strigamia 

maritima. In that sense, I hope that Scutigera coleoptrata and Scolopendra subspinipes 

mutilans are ‘workable species’ for such future molecular studies. The time and energy 

put towards the establishment of a new model should not be considered as a trivial 

expense. 

 

A second topic of research directly related to the venom apparatus would be an in-depth 

comparative study of the venom following two approaches: 1) the creation of cDNA 

libraries to investigate the venom gland transcriptomes and trace back the evolution of 
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the venom gland on the basis of molecular evidence; and 2) an assessment of the 

spectrum of chemicals in the venom using immunochromatography and mass 

spectrometry, not only between representatives of different orders but also at intrageneric 

and intraspecific levels. Diet-specific and geographic venom variations have been 

previously reported in the marine gastropods Conus ebraeus (Duda et al., 2009) and 

Conus consors (Dutertre et al., 2010) as well as in at least two species of rattlesnakes 

(Anaya et al., 1992; Jurado et al., 2007). Such population venomic studies may shed 

some light on the interactions between occupation of ecological niches, venom evolution 

and speciation events. 

 

While functional venom studies trigger the interest of both the academic world and the 

pharmaceutical industry, the evolution of venom systems has attracted relatively little 

attention so far. There is here a virtually untapped potential for important discoveries in 

many animal phyla. Such work would produce very interesting comparative material to 

address conceptual questions related to evolutionary novelties, gene co-option, and the 

functional shift of pre-existing structures. Also, from a more pragmatic perspective, a 

better understanding of the origin, evolution and development of venom systems would 

profit pharmaceutical research by providing a new insight into the evolution of the 

complex proteins that are involved and the way they are produced. This might become an 

important field in the near future, as pharmaceutical companies become more and more 

dependent on biopatenting to develop new treatments and medications. 
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