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Preface

Spiders are among the most successful groups of terrestrial organisms. With more

than 42,000 species, spiders are the most numerous predacious arthropod group,

only seconded by some insect families such as carabids’ beetles or ants. This gives

spiders, omnipresent in all terrestrial habitats, a key position in ecological networks

and ecosystem functioning. During their evolution of more than 300 million years,

spiders developed and improved unique features, the combination of which is

regarded as entry for their unrivalled success story. Among the key achievements

of spiders at least four have to be mentioned.

First, spiders possess up to six different silk gland types that allow them to use

silk for a variety of web types not only to catch their prey but also to wrap their

victims until they are defenceless. Spiders build silken retreats, sperm webs,

cocoons and draglines, thus demonstrating the remarkable material properties of

one of the most resistant and elastic biomaterials. Second, spiders are venomous

animals and inject defined venom quantities into a prey item to paralyse or kill it.

Spider venom is a complex mixture of hundreds of components, consisting of low

molecular compounds, peptides and proteins, which target the extracellular matrix,

membranes and a variety of receptors, quite often located in the nervous or

muscular system. Third, the locomotion of spiders is driven by a combination of

muscles and a hydraulic pressure system, since some leg segments only possess

flexor muscles. Instead of extensor muscles, the hydraulic pressure of their

haemolymph is fine-tuned by a well-balanced system of valves, which provides

the necessary back-pressure. This reduces in major parts of the long leg tubes of

spiders the muscle system and allows at the same time larger flexors, so that spiders

in general are more powerful than comparable insects. Fourth, the distal end of the

male pedipalp developed into a complex structure composed of fixed and movable

sclerites that are used to transfer sperm to the female seminal receptacles during

mating. This key-lock mechanism guarantees safe sperm transfer within the

species, largely preventing mating outside the own species, and probably represents

a major driver for the fast species radiation we observe in spiders.

Ecophysiology is a bridge from functional and evolutionary aspects of morphol-

ogy, physiology, biochemistry and molecular biology to ecology. Currently,
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cutting-edge science in spiders focuses on the circulatory and respiratory system,

locomotion and dispersal abilities, the immune system, endosymbionts and

pathogens, chemical communication, gland secretions, venom components, silk

structure, structure and perception of colours and colouration and nutritional

requirements, to name only a few. Spiders became valuable indicator species in

agroecosystems and for conservation biology. Modern transfer and application

technologies consider spiders and their products with respect to biomimetics,

material sciences and agrochemical and pharmaceutical industries.

It is now 26 years ago that I edited a first comprehensive book on ecophysiology

of spiders, published also with Springer [Nentwig W (ed) (1987) Ecophysiology of

spiders. Springer, Heidelberg]. Scientific progress since then was remarkable and

an evaluation of the topics from that time and relevant publications over the last two

decades showed the appearance of many new fascinating subjects. A new book on

the old subject, therefore, is definitely not just a revised version but became

something completely new. Seven subjects from the old book (on colouration,

respiration system, reproductive glands, pheromones, venom, silk and dispersal)

can also be found in this new book, most of them now represented by several much

more detailed chapters and with a completely new content. Moreover, many

additional and intriguing aspects are included. The innovative character of this

book and of spider ecophysiology is also underlined by the fact that only two author

teams from the old book contributed to this new book (Mark Townley with Ed

Tillinghast and me, obviously dinosaurs in arachnology).

Special thanks go to Springer Publishers with Annika König and Jutta

Lindenborn. I also want to acknowledge the support from Christian Kropf and

Rita Schneider.

Bern, Switzerland Wolfgang Nentwig
September 2012
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Part I

Respiration and Circulatory System

Different from insects, spiders do not transport aerial oxygen directly to the cells,

but use their hemolymph as intermediate transport system, thus they more resemble

crustacean, molluscs, or even vertebrates. Such a respiratory system demands

structures to saturate carrier proteins with oxygen (hemocyanin) and a circulatory

system for the hemolymph. Starting with a not very efficient ancestral type, spiders

tuned their systems considerably: they reorganized their lung system, modified their

circulatory system, and experimented with their tracheal system. Spiders did not

really reach the high performance of many insects, but considering the evolutionary

constraints, they did the best they could.



Chapter 1

Evolution and Adaptation of Hemocyanin

Within Spiders

Thorsten Burmester

1.1 Introduction

The transport and storage of oxygen in animals are mediated by three distinct types

of respiratory proteins (hemoglobins, hemerythrins or hemocyanins). In many

arthropod and mollusc species, oxygen is bound to large copper proteins referred

to as hemocyanins, which occur freely dissolved in the hemolymph (Markl and

Decker 1992; van Holde and Miller 1995). However, arthropod and mollusc

hemocyanins belong to different protein families and evolved from distinct

types of copper-containing enzymes already in the Precambrian (Burmester

2001). Arthropod hemocyanins originated from the phenoloxidases, which are

Cu+-containing enzymes involved in immune response and cuticle sclerotisation

(Burmester 2002). Some arthropod taxa have lost hemocyanin and rely on hemo-

globin for oxygen supply (Weber and Vinogradov 2001) or lack any respiratory

protein. In some decapod crustaceans and in the hexapods, hemocyanin-related

proteins that do not bind O2 occur. These proteins, referred to as pseudo-

hemocyanins (cryptocyanins) or hexamerins, respectively, are considered mainly

as storage proteins but may also have other, non-respiratory functions (Burmester

1999a, b; Terwilliger et al. 1999).

The general structure of an arthropod hemocyanin is highly conserved. The

protein is built by hexamers or oligo-hexamers of subunits in the range of

70–85 kDa (Markl and Decker 1992; van Holde and Miller 1995). Each subunit

can bind one O2 molecule by the means of two Cu+ ions, each of which being

coordinated by three conserved histidines of the polypeptide chain (copper A and

copper B binding sites). The arthropod hemocyanins may assemble to large

structures (Fig. 1.1), which consist of up to 48 subunits (8 � 6-mer structure) and

have a mass of up to 3,600 kDa (Markl and Decker 1992). The subunits that build an

T. Burmester (*)

Institute of Zoology and Zoological Museum, University of Hamburg, Hamburg, Germany

e-mail: thorsten.burmester@uni-hamburg.de

W. Nentwig (ed.), Spider Ecophysiology,
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oligomer may either be identical, deriving from the same gene, or structurally

related and thus coded by distinct genes. Subunit composition and assembly in

each hemocyanin is essentially taxon specific (Markl 1986; Markl et al. 1986).

While in some decapod crustaceans, subunit composition and structure may change

during development or in response to environmental challenges (Durstewitz and

Terwilliger 1997a, b), the hemocyanins in the other arthropod taxa appear to be

more conservative, without any known variations throughout the life cycle. More-

over, subunit compositions of the oligomeric hemocyanins in many chelicerate taxa

have remained unchanged for several 100 million years (Markl 1986; Markl et al.

1986; Rehm et al. 2012).

1.2 Evolution of Chelicerate Hemocyanins

1.2.1 Occurrence and Evolution of Hemocyanins in Chelicerates

A typical chelicerate hemocyanin subunit comprises 620–630 amino acids (70–75 kDa).

The evolutionary rate is comparatively low and in the range of 0.5–0.6 � 10�9

amino acid replacements per site per year, which is about two- to threefold lower

than in the crustacean hemocyanins (Burmester 2002). Biochemical and structural

studies showed that a chelicerate hemocyanin may consist of up to eight distinct

subunit types, which assemble to oligomers of either 1 � 6, 2 � 6, 4 � 6 or

8 � 6mers (Markl 1986; Markl et al. 1986). Each of the single subunits occupies

a defined position in the native protein, which mirrors up to 520 million years of

independent evolutionary history (Rehm et al. 2012). Hemocyanin proteins or

cDNA sequences have been identified in the Pycnogonida (sea spiders or

Fig. 1.1 Structure of

Aphonopelma hentzi
4 � 6-mer hemocyanin.

The seven subunit types are

labeled on the two right-hand

side hexamers and displayed

in different colors: (a) green;
(b) gray; (c) brown;
(d) yellow; (e) pink;
(f) blue; (g) red
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Pantopoda), Xiphosura (horseshoe crabs), Scorpiones (scorpions), Amblypygi

(whip spiders), Uropygi (whip scorpions) and Araneae (true spiders). By contrast,

no hemocyanin has been found in the Opiliones (harvestmen), Pseudoscorpiones

(false or book scorpions), Solifugae (camel or sun spiders) and Acari (mites and

ticks) (Markl 1986; Markl et al. 1986; Rehm et al. 2012). There is at present no

information on the hemocyanin status of the Palpigradi (microwhip scorpions) and

Ricinulei (tickspiders).

Most studies agree that the Pycnogonida are the closest relatives of the

Euchelicerata. A single hemocyanin subunit cDNA was found in the sea spider

Endeis spinosa, indicating that the hemocyanin protein of this species is a homo-

hexamer (Rehm et al. 2012) (Fig. 1.2). However, there are no biochemical studies to

confirm this notion. Phylogenetic analyses identified this sequence in a sister group

position to all other chelicerate hemocyanin subunits, indicating that the

hemocyanins of the stem group chelicerates had a similar simple, possibly homo-

hexameric structure. The horseshoe crabs (Xiphosura) have the largest hemocyanin

molecules. These 8 � 6mers consist of seven or eight distinct subunits types

(Markl 1986; Markl et al. 1986). The Limulus polyphemus hemocyanin, which is

the best investigated hemocyanin of the Xiphosura, is composed of 6 � subunit

type I, 8 � II, 2 � IIA, 8 � IIIA, 8 � IIIB, 8 � IV, 4 � V, 4 � VI. Orthologous

subunits have been identified in other xiphosurans (Sugita and Shishikura 1995),

which have only seven subunit types and no subunit IIa. The complete subunit

sequences are available from Carcinoscorpius rotundicauda (GenBank acc. nos.

DQ090469–DQ090484), which have, however, not been formally published.

Fig. 1.2 Timescale of the evolution of chelicerates and evolution of hemocyanin structures.

Adapted from Rehm et al. (2012). Note that only taxa for which hemocyanin sequences are

available are displayed

1 Evolution and Adaptation of Hemocyanin Within Spiders 5



Scorpiones, Amblypygi, Uropygi and several Araneae typically have 4 � 6-mer

hemocyanins (Markl 1986; Markl et al. 1986; Rehm et al. 2012). The hemocyanin

of the North American theraphosid Aphonopelma hentzi (sub Eurypelma
californicum; Nentwig 2012) is the best studied example and has a 4 � 6-mer

hemocyanin with seven distinct subunit types (4 � a, 2 � b, 2 � c, 4 � d, 4 � e,

4 � f and 4 � g-type subunits; Fig. 1.1) (Markl 1986; Markl et al. 1981, 1986; Voit

et al. 2000). Orthologous subunits were identified in the expressed sequence tags

(ESTs) of the South American theraphosid Acanthoscurria gomesiana (Lorenzini

et al. 2006). Notably, such hemocyanin composition is highly conserved in the

arachnids (Rehm et al. 2012), with only minor deviations, for example, in the

scorpions. Scorpion hemocyanins have eight distinct subunit types, named 2, 3A,

3B, 3C, 4, 5A, 5B and 6 (Lamy et al. 1985). A complete set of these hemocyanin

subunits has been obtained from the emperor scorpion Pandinus imperator
(Roeding et al. 2009). Immunological, structural and sequence comparisons have

demonstrated the orthology between the distinct spider and scorpion hemocyanin

subunits (a ¼ 3A and 3B, b ¼ 5B, c ¼ 3C, d ¼ 5A, e ¼ 6, f ¼ 2 and g ¼ 4),

indicating a shared common ancestry (Lamy et al. 1981; Markl et al. 1984, 1986;

Rehm et al. 2012).

Chelicerate hemocyanin subunits experienced a long independent evolutionary

history (Markl 1986; Markl et al. 1986). In a recent phylogenetic analysis (Rehm

et al. 2012), it has been demonstrated that the formation of distinct subunits

commenced early in the evolution. Four distinct subunit types already emerged

before Xiphosura and Arachnida separated ~470 million years ago (Fig. 1.3),

indicating that an oligomeric hemocyanin (probably a 4 � 6mer) already existed

at that time. The formation of an n � hexamer might be associated with an increase

in the size of the animal and the demand for a better oxygen supply. Further

independent gene duplications resulted in additional subunit types in the Xiphosura

and Arachnida. A 4 � 6-mer hemocyanin consisting of seven subunit types

(orthologs of the A. hentzi hemocyanin subunits a through g) is conserved in most

arachnids since more than 450 million years (Rehm et al. 2012).

1.2.2 Spider Hemocyanins

True spiders (Araneae) either have the typical arachnid 4 � 6 hemocyanin with

seven subunit types (a through g) or have distinct hemocyanins with more variable

structures and subunit compositions (see below). There is no information on the

hemocyanins in Mesothelae, which are considered as the most “primitive”

spiders. The Mygalomorphae (Orthognatha), such as A. hentzi, possess the typical
4 � 6/seven subunit hemocyanin (Markl et al. 1981, 1986; Markl 1986; Voit et al.

2000). The same structure was found in a biochemical survey of other

mygalomorphs such as Atrax, Atypus and Nemesia (Markl 1986) and is mirrored

in the ESTs of A. gomesiana (Lorenzini et al. 2006).

6 T. Burmester



Within the suborder Araneomorphae (Labidognatha), this 4 � 6 hemocyanin is

present in the Araneidae (orb weavers), Nephilidae, Pholcidae (cellar spiders),

Oecobiidae (disc web spiders), Linyphiidae (dwarf spiders), Theridiidae (cobweb

weavers) and Tetragnathidae (long-jawed orb weavers) (Markl 1986; Markl et al.

1986; Averdam et al. 2003). Six hemocyanin subunits of the golden orb web spider

Nephila inaurata (Nephilidae) have been sequenced, which are orthologous to

A. hentzi hemocyanin subunits a, b, d, e, f and g (Averdam et al. 2003). Subunit c

may be absent in N. inaurata, although the 4 � 6-mer structure is conserved.

While many Entelegynae, such as N. inaurata (Averdam et al. 2003), have

4 � 6-mer hemocyanins, in other Entelegynae the pattern is more complex

(Markl 1986; Markl et al. 1986). Cupiennius salei has a mixture of 2 � 6-mer

and 1 � 6-mer hemocyanins, which occur in a ratio of about 2:1 (Markl 1980).

A similar hemocyanin structure was found in the Agelenidae (funnel weavers),

Clubionidae (sac spiders), Ctenidae (wandering spiders), Gnaphosidae (ground

spiders), Lycosidae (wolf spiders), Oxyopidae (lynx spiders), Philodromidae (run-

ning crab spiders), Pisauridae (nursery web spiders), Salticidae ( jumping spiders),

Sparassidae (huntsman spiders) and Thomisidae (crab spiders) (Markl 1986; Markl

Fig. 1.3 Relationships among chelicerate hemocyanin subunit types. The timescale was deduced

from a molecular clock approach using amino acid sequences of hemocyanin subunits. The thick
lines represent the arachnid subunit types a through g. Adapted from Rehm et al. (2012)

1 Evolution and Adaptation of Hemocyanin Within Spiders 7



et al. 1986), which all belong to the RTA clade (this term refers to a group of some

37 spider families with a retrolateral tibial apophysis; see Appendix, this volume).

More detailed biochemical and molecular analyses of the hemocyanin of the

hunting spider C. salei (Ctenidae) showed that this protein consists of only g-type

subunits (Ballweber et al. 2002). The other six subunit types (a through f) typically

found in other arachnids have been lost. Nevertheless, six distinct g-type subunits

are present in the C. salei hemocyanin, of which one forms an inter-hexamer

disulfide bridge within the 2 � 6-mer molecules (Ballweber et al. 2002). The six

hemocyanin subunits have a long independent evolutionary history of ~230 million

years (Rehm et al. 2012). Thus, the ancestor of RTA clade spiders most likely had a

simple hexameric hemocyanin consisting only of g-type subunits. Some 230 million

years ago, successive gene duplication events, which were finished about 130 million

years ago, gave rise to six distinct subunit types. The evolution of the more complex

hemocyanin type might be explained by physiological and behavioral changes in this

taxon, which favored a hemocyanin with a higher cooperativity (Ballweber et al.

2002). However, the hemocyanin of C. salei displays cooperative O2-binding behav-

ior found in other arachnid hemocyanins (Paul et al. 1994), indicating that the subunit

rebuilding does not fundamentally change oxygen-binding characteristics. It may be

speculated that the spiders of the RTA clade, which are today active hunters with a

complex tracheal system, passed a period of dwarfism or low activity in which a

simple 1 � 6-mer hemocyanin with a single g-type subunit acted as a high-affinity

oxygen storage protein rather than a sophisticated oxygen carrier (Ballweber et al.

2002). It is also conceivable that the loss of the arachnid 4 � 6-mer hemocyanin is

actually linked to the evolution of trachea (see Schmitz 2013). However, later in

evolution an increase in body size might have rendered simple tracheal respiration

ineffective to sustain the metabolic requirements of an active hunter. Thus, the more

complex 2 � 6 hemocyanin evolved, which allows allosteric interaction and more

efficient O2 transport. It is also conceivable that the rebuilding of the hemocyanin

oligomer was caused by the decrease in atmospheric oxygen levels in the Permian

period (Berner et al. 2007).

Another deviation from the standard scheme of arachnid hemocyanin structure

was found in the haplogyne spider Filistata insidiatrix, which possesses a hexamer

of only five subunits, with subunits b and c being absent (Markl 1986). Because

b- and c-type subunits are required for making the inter-hexamer contacts,

no 4 � 6-mer structure can form. Surprisingly, the haplogyne spider Dysdera sp.,

which was originally reported to have a simple hexamer (Markl 1986; Markl

et al. 1986), actually lacks hemocyanin (Rehm et al. 2012).

1.2.3 Loss of Hemocyanin in Some Chelicerates

Hemocyanin is the principal oxygen transport protein of the Chelicerata. No other

type of respiratory protein has been identified in this taxon. A hemoglobin-like

protein found in the expressed sequence tags (ESTs) of some arachnids is unlikely

8 T. Burmester



to have any oxygen transport function (Ertas et al. 2011). Because hemocyanin was

present in the early chelicerates, taxa without this protein must have lost it during

evolution. Hemocyanins are in fact absent in Opiliones, Pseudoscorpiones,

Solifugae and Acari (Markl 1986; Markl et al. 1986; Rehm et al. 2012). It is,

however, uncertain whether the loss of hemocyanin hints to a common evolutionary

origin of some of these taxa. The lack of hemocyanin in these arachnid taxa may

be explained by distinct morphological or physiological features that assist oxygen

supply and render a respiratory protein redundant. Such structure may be the

well-developed tracheal system, which transports oxygen from the atmosphere to

the metabolically active organs. In contrast, the other arachnids possess book lungs,

which may be less efficient. Here, hemocyanin is required for efficient oxygen

uptake and distribution. Likewise, the lack of an oxygen transport protein in the

haplogyne spiders of the genus Dysdera, which are—according to the present

knowledge—the only Araneae without hemocyanin, may also be explained by the

possession of a highly developed tracheal system (Schmitz 2013).

1.3 Synthesis of Spider Hemocyanins

Hemocyanin accumulates in the hemolymph of chelicerates to concentrations of up

to 120 mg/ml (Mangum 1985). Spider hemocyanins are released from hemocytes

(Kempter 1983). Surprisingly, the chelicerate hemocyanin sequences do not contain

any N-terminal signal peptide that targets the protein to the secretory pathway (Voit

et al. 2000). Rather the chelicerate hemocyanins are synthesized at free ribosomes

and subsequently released by cell rupture (Kempter 1983). Thus, despite of the

presence of putative N-glycosylation sites in their amino acid sequences, the native

spider hemocyanins do not pass the Golgi apparatus and do not carry any carbohy-

drate moiety (Markl et al. 1992). Both the absence of the signal peptide and the

release from hemocytes by rupture are likely a reminiscence of the origin of the

hemocyanin from a prophenoloxidase, which displays the same characteristics

(Kusche and Burmester 2001). However, during the evolution of the hemocyanins

of Mandibulata (Myriapoda, Crustacea and Hexapoda), a signal peptide to guide the

nascent protein to the endoplasmic reticulum was acquired.

1.4 Regulation of Oxygen Transport Function

in Spider Hemocyanin

During evolution, the environmental conditions have not only influenced the

structures of the hemocyanin oligomers but also shaped their O2-binding kinetics.

The evolutionary advantage of the large hemocyanin oligomers presumably lies in a

higher O2-carrying capacity per mole combined with a lower viscosity and colloid
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osmotic pressure of the hemolymph. The oligomeric nature of the arthropod hemo-

cyanin also permits cooperativity and allosteric regulation of O2 binding (van Holde

and Miller 1995), resulting in a sigmoid curve (Fig. 1.4). Allostery of hemocyanin

enhances the oxygen transport capacity from the respiratory organs to the inner

tissues. Cooperativity is based on the interaction between the different subunits and

allostery is therefore increased with their number. Spider hemocyanins typically

display an allosteric behavior that exceeds the allosteric properties of a typical

vertebrate hemoglobin (Mangum 1985; Markl 1986; Savel-Niemann et al. 1988).

Oxygen-binding properties of hemocyanins strongly depend on the particular

species but also on the temperature, pH and allosteric effectors. For example, half-

saturation pressures (P50) reported for A. hentzi hemocyanin vary between 9 and

54 Torr (mm Hg) (Decker and Sterner 1990; Paul et al. 1994). Employing a crude

hemolymph preparation, Paul et al. (1994) reported P50 values of ~40–50 Torr for

C. salei, A. hentzi and P. imperator hemocyanins at the physiological pH of 7.5.

Thus, the O2-binding characteristics of different arachnid hemocyanins are largely

similar but also depend on various effectors.

The best characterized effect that modulates the oxygen affinity of spider

hemocyanin is the pH dependence (Bohr effect). An acidic pH lowers the oxygen

affinities (higher P50) of spider hemocyanins, thereby enhancing O2 release (Paul

et al. 1994). At low oxygenation levels, a reverse Bohr effect has been reported for

A. hentzi hemocyanin (Sterner and Decker 1994). Such a reverse Bohr effect has

also been found in L. polyphemus, which has a hemocyanin that increases its O2

affinity at low pH independently from the oxygenation level. Ions such as Ca2+ and

Cl� have pronounced effects on the hemocyanins of decapod crustaceans but only

minor influence on the O2-binding properties of A. hentzi hemocyanin. A somewhat

unusual allosteric effector is Tris (hydroxy-methyl-amino-methane), which is a

common component of chemical buffers (Sterner et al. 1994).

Fig. 1.4 Oxygen-binding

kinetics of Aphonopelma
hentzi hemocyanin at pH 7.5.

Data were taken from Paul

et al. (1994). Effectors that

influence O2 affinity of spider

hemocyanin are indicated
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1.5 Non-respiratory Functions of Chelicerate Hemocyanins

While the main role of hemocyanins is the transport of O2 in the hemolymph, these

respiratory proteins may have additional roles. Hemocyanin fragments were found

as a component of the cuticle of A. hentzi (Paul et al. 1994). Notably, the integration
into the cuticle has been demonstrated also for hexamerins and pseudo-

hemocyanins, proteins that are related to hemocyanin (Peter and Scheller 1991;

Terwilliger et al. 2005). A. hentzi hemocyanin may also bind to ecdysone with low

affinity (kD ¼ 0.5–4.4 mM), which is, however, similar to the ecdysone affinity of

some insect hexamerins (Jaenicke et al. 1999). Ecdysone is responsible for the

molting of arthropods. Hemocyanin may transport this hydrophobic steroid hor-

mone in the hemolymph, analogous to the function of the albumins in the vertebrate

blood.

It is well known that many hemocyanins may exert a phenoloxidase activity

in vitro (Decker et al. 2001; Jaenicke and Decker 2008). This enzymatic function

may be induced by limited proteolysis or by the detergent SDS (sodium dodecyl

sulfate). However, it has also been demonstrated that in the horseshoe crab,

Tachypleus tridentatus, the clotting enzyme as well as an antimicrobial peptide

are able to convert the hemocyanin into a phenoloxidase without any proteolytic

cleavage (Nagai and Kawabata 2000; Nagai et al. 2001). This finding links hemo-

cyanin to the chelicerate immune response (see also Kuhn-Nentwig and Nentwig

2013). In contrast to the other arthropod phyla, chelicerates do not have a true

phenoloxidase. Thus, it is likely that the role of this enzyme in pathogen defense has

been assumed by the hemocyanin. However, it remains to be demonstrated that the

same mechanism identified in the horseshoe crab also works in spiders.

1.6 Conclusions

Hemocyanins are copper proteins that function as the oxygen carriers in the

hemolymph of most spiders (Araneae). According to our present knowledge, only

the genus Dysdera lacks hemocyanin or any other respiratory protein. Spider

hemocyanins are large oligo-hexameric proteins (n � 6). The first spider probably

had a 4 � 6-mer hemocyanin composed of seven distinct subunit types (a through g),

which had separated more than 450 million years ago. The rather high number of

subunits in a spider hemocyanin permits highly cooperative binding of oxygen and

thus an efficient transport of oxygen. This 4 � 6-mer hemocyanin type occurs in

the Mygalomorphae (Orthognatha) and is also conserved in many Araneomorphae

(Labidognatha). However, the more advanced entelegyne spiders of the RTA clade

have 2 � 6-mer hemocyanins. These spiders have lost the subunits a through f, and

six distinct subunits evolved from the g-type subunit 230–120 million years ago.

Nevertheless, spider hemocyanins show only few modifications in terms of evolu-

tionary rate and subunit compositions when compared to their crustacean paralogs
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and are less susceptible to allosteric effectors. The rather conservative nature of the

chelicerate hemocyanins may partly be explained by the rather constant terrestrial

conditions of the modern arachnids, whereas many crustaceans live in changing

aquatic or semiaquatic environments.
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Chapter 2

The Circulatory System of Spiders

Christian S. Wirkner and Katarina Huckstorf

2.1 Introduction

Spiders are a fascinating group of animals which exhibit a range of different

lifestyles. Despite this variety, however, the spider body is fairly uniform,

consisting of a prosoma which mainly serves sensory and locomotory functions

and an opisthosoma which mainly serves the remaining vegetative functions. As of

the main organ systems, the circulatory system is greatly affected by this bipar-

tition. Although its importance in homeostasis, immune defense, transportation, and

hydraulics is known, our understanding of this integrative organ system is still in

the early stages. In the following chapter the main structural and functional aspects

of the circulatory system are reviewed.

2.2 Comparative Morphology of the Circulatory Organs

Spiders exhibit an open circulatory system made up of the hemolymph vascular

system in combination with a complex system of sinuses and lacunae (hemolymph

lacunar system). The hemolymph vascular system is composed of the central

pumping organ, the heart, and arteries which emanate from it and open out into

the hemolymph lacunar system (Wirkner and Richter 2010).

The tubular heart (h; Fig. 2.1) lies dorso-medially in the anterior part of the

opisthosoma within a pericardial sinus. It curves convexly in line with the shape of

the anterior opisthosoma. The unpaired anterior aorta emanates from the anterior

end of the heart and runs through the pedicel to supply the entire prosoma

(aa; Fig. 2.1). Posteriorly, the heart narrows and passes into the posterior aorta
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(pa; Fig. 2.1). The heart wall is made up of a thin outer layer, the epicardium, and a

thick muscle layer, the myocardium. The muscle layer is comprised of

cardiomyocytes which form lunated lamellae that are positioned transversely to

the longitudinal axis and project deeply into the lumen of the heart (Seitz 1972;

Huckstorf et al. 2013). In the dorsal and ventral part of the heart the lamellae

interconnect alternately. Also embedded within the transverse muscle layer are

longitudinal muscle bands. The heart is completely surrounded by a pericardial

sinus and is suspended via dorsal, ventral, and lateral ligaments which fan out

before fusing with the outer layer of the heart. Four (Mygalomorphae, Mesothelae,

Palaeocribellatae, and some Austrochiloidea) or two pulmo-pericardial sinuses

(remaining Austrochiloidea, Araneoclada) connect the pericardial sinus with the

book lungs, enabling oxygen-enriched hemolymph to travel from the book lungs

into the pericardial sinus (see also Burmester 2013 and Appendix, this volume).

These sinuses have often misleadingly been termed “lung veins” although they do

not form vessels directly connected to the hemolymph vascular system.

h

ch

pp 1

2

4

3

aa

os

pa

*

*
*

*
*

ca1 ca2

ca3

sa

Fig. 2.1 Schematic representation of the main structures of the hemolymph vascular system of a

spider. Abbreviations see text
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In addition to the anterior and posterior aortae, paired cardiac arteries emanate

ventrolaterally from the heart, ramifying strongly to supply all parts of the

opisthosoma (ca; Fig. 2.1). The liphistiid Liphistius malayanus displays the highest
number of cardiac arteries with five pairs (Millot 1933). A stepwise reduction in

pairs down to three (e.g., in the ctenid Cupiennius salei; Huckstorf et al. 2013) and
two (e.g., the cybaeid Argyroneta aquatica; Crome 1953) occurred within derived

spiders. It was recently possible in C. salei to visualize the entire arterial system of

the opisthosoma (Fig. 2.2; Huckstorf et al. 2013). The antero-dorsal part of the

opisthosoma is supplied by the anterior-most pair of cardiac arteries (ca1; Fig. 2.1),

which ramifies just beyond its origin. The middle pair of cardiac arteries (ca2;

Fig. 2.1) supply the greater portion of the ventral part of the opisthosoma, i.e. the

gonads, spinning glands, and parts of the midgut. After emanating from the heart,

they run a long distance ventrally before bifurcating into two strong branches each.

The anterior branch runs in an antero-median direction and splits several times. The

posterior pair of cardiac arteries (ca3) runs postero-ventrally into the anal region

and supplies the postero-dorsal part of the opisthosoma.

The heart is equipped with slit-like openings, the ostia, through which the

hemolymph can enter the lumen of the heart (os; Fig. 2.1). Ostia are formed by

specialized cardiomyocytes which form lips that can close during systole to prevent

hemolymph from flowing out of the heart. As a result of reduction in some spider

lineages, the number of pairs of ostia varies (Fig. 2.3). The plesiomorphic state is

five pairs as found in liphistiids (e.g. L. malayanus). This number was reduced to

four in mygalomorphs (e.g., the theraphosid Aphonopelma hentzi, often mentioned

sub Eurypelma californicum, Nentwig 2012) and basal aranaeomorphs (e.g., the

austrochilid Austrochilus sp.), then three (e.g., the filistatid Filistata hibernalis; also
basal aranaeomorphs). Within higher spiders a reduction down to two pairs is

evident in several groups (Petrunkevitch 1933).

Fig. 2.2 Micro-computed

tomography of a resin cast of

the hemolymph vascular

system in the opisthosoma of

Cupiennius salei. Note that
only resin filling the arteries is

visualized. Modified after

Huckstorf et al. (2013).

Compare Fig. 2.1
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The anterior aorta and its branches supply the entire prosoma. From the anterior

tip of the heart the anterior aorta runs through the pedicel into the prosoma

(aa; Fig. 2.1). It divides into two branches just posterior to the sucking stomach.

Flanking the stomach laterally, these two branches run in an anterior direction and

give off several small arteries.

Above the subesophageal ganglion, each branch of the anterior aorta bends in a

ventral direction to rest on the dorsal side of the subesophageal ganglion. At this

bend, one cheliceral artery branches off each aortic branch and runs in an anterior

direction, flanking the supraesophageal ganglion dorsolaterally. On their way into

the chelicerae the cheliceral arteries (ch; Fig. 2.1) give rise to several other arteries,

some of which supply the supraesophageal ganglion. Two pairs of these latter

arteries are present in the agelenids Tegenaria sp. (Schneider 1892) and Agelena
labyrinthica (Causard 1896) while in Cupiennius salei three pairs occur (Huckstorf
et al. 2013). Furthermore, dorsal branches emanating from the cheliceral arteries

supply the dorsal musculature of the anterior prosoma. The optical arteries, which

also arise from the cheliceral arteries, run dorsally to the eyes and branch repeat-

edly. The supply of the upper and lower lips varies between spider taxa. In most

spiders a branch of the cheliceral arteries supplies the upper and lower lips together

(e.g., Tegenaria sp.; Schneider 1892). In others, the upper and lower lips are each

supplied by arteries which split off from the cheliceral arteries. In Araneus
diadematus, an artery emanating from the anterior aorta supplies the lower lip

(Schneider 1892; Runge and Wirkner, unpublished data). In addition, the cheliceral

arteries give off dorsolateral branches to supply the venom glands and the dorsolat-

eral muscles of the anterior prosoma. The cheliceral arteries then run ventrally into

the chelicerae, where a number of small arteries branch off.

Liphistius malayanus
Pholcus phalangoides

Argyroneta aquaticaHogna carolinensis

Tegenaria domestica

Cupiennius salei

according to Millot (1933)
according to Causard (1896)

according to Willem (1918)

according to Huckstorf et al. (2013)

according to Crome (1953)according to Petrunkevitch (1911)

Fig. 2.3 Schematic representation of various spider hearts showing the position of pairs of cardiac

arteries and pairs of ostia. Modified after Huckstorf et al. (2013)
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After having bent, the branches of the anterior aorta run ventrally to form an arch

along the dorsal side of the prosomal ganglion. It is from these arches that the

arteries for the four pairs of legs emanate (1–4; Fig. 2.1). The pedipalpal arteries

either branch off proximally from the arteries supplying the first leg (e.g.,

Cupiennius salei; Huckstorf et al. 2013; pp; Fig. 2.1) or from the branches of the

anterior aorta directly (e.g., Agelena labyrinthica; Causard 1896; Argyroneta
aquatica; Crome 1953). The coxae of the pedipalps are supplied by a ventro-

anterior branch off the pedipalpal artery. Several small arteries emanate from the

leg arteries on their way into the legs. The branches of the anterior aorta are

interconnected via several small arteries just above the subesophageal ganglion

(connecting arteries). The number of connecting arteries varies between and within

spider taxa. The last connecting artery gives rise to the unpaired supraneural artery,

which extends above the opisthosomal nerve to the pedicel (sa; Fig. 2.1).

The central nervous system, i.e. the supraesophageal ganglion (brain) and the

subesophageal ganglion, is well supplied by vessels (for a review of central nervous

system architecture in Cupiennius salei, see Seyfarth 2002; Barth 2002). This is

achieved by a number of smaller vessels permeating the nerve mass after having

branched off the main arteries in the prosoma. The subesophageal neuromeres are

supplied medially by unpaired transganglionic arteries and laterally by paired

arteries. The latter branch off from the leg and pedipalpal arteries. On each side,

one artery emanates from the proximal end of each appendage artery and runs in

an antero-ventral direction into the septum between two neighboring neuromeres

(*; Fig. 2.1). The septum between the cheliceral and pedipalpal neuromeres is

supplied by an artery which branches off the pedipalpal artery. The transganglionic

arteries take their origin from the connecting arteries and the proximal part of the

supraneural artery. They run through the subesophageal ganglion from the dorsal to

the ventral side. From the transganglionic arteries, a number of fine arteries extend

into neighboring neuromeres, which they penetrate to over a third of their width.

The center of the neuromeres remains largely free of arteries.

Although the vascularization of the central nervous system has long been the

object of investigation (e.g., Schneider 1892), it is best understood in Cupiennius
salei (Huckstorf et al. 2013) where it has been described as a form of capillarization

in which supply is provided by a system of afferent and efferent vessels. A similar

system of irrigation of the central nervous system is also found in crustaceans

(Sandemann 1967; Abbott 1971; Brown and Sherwood 1981). In both crustaceans

and spiders, certain areas of the central nervous system seem to be better supplied

than others. In C. salei, these include the arcuate body and the third optic neuropil

of the brain, which are especially rich in synaptic contacts. Hemolymph vessels and

loops in the subesophageal ganglion (Fig. 2.4) ensure that supply to the peripheral

layers of each neuromere is particularly abundant.

These are the regions where the majority of the neuronal somata are situated and

where metabolic activity is high. Along the subesophageal midline, areas with a

high oxygen requirement—those with dense synaptic contacts in which intense

neuronal activity takes place—are also well supplied. Immunohistochemical stud-

ies have shown that octopamine- and serotonin-immunoreactive neurons project
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into the close vicinity of hemolymph vessels in the subesophageal neuromeres,

suggesting that these neuroactive substances are released into the hemolymph here

to supply more peripheral organs (Seyfarth et al. 1990, 1993).

2.3 Functional Morphology of the Circulatory System

On the whole, the circulatory system in spiders has not been studied extensively.

Although some aspects (e.g., hydraulic leg movement) are well explored, compar-

ative morphological and functional studies are scarce, with the latter remaining

fairly superficial and focusing on the relatively large and thus more easily accessi-

ble mygalomorph spiders. The following passages on functional morphology and

physiology are therefore based on these few studies.

2.3.1 The Split/Bipartitioned Body

Paul et al. (1989) came up with a hydraulic model for explaining major body

functions in spiders. After this model, the spider body can be described as being

partitioned into two functional units, an anterior and a posterior region. In the latter,

the vegetative/ visceral region, i.e. the opisthosoma, the main parts of the circula-

tory, respiratory, excretory, and reproductive organs are situated, while the anterior

region, the prosoma, houses the main sensory and locomotory functions (apart from

25 µm
lat

ant50 µmlat
ant

Fig. 2.4 Electron micrograph of a resin cast in Cupiennius salei showing loops supplying

neuropiles in the subesophageal ganglion. Modified after Huckstorf et al. (2013)
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food uptake and defense). The regions are connected by the rather thin pedicel,

which drastically limits the exchange of body fluids. In terms of function, the two

groups of organs display quite different time patterns. Vegetative systems have to

perform to the needs of the whole animal/body. They work relatively continuously

and have comparatively slow reaction times. Sensory and locomotory functions, on

the other hand, require much faster reaction times. In accordance with its vegetative

function, the opisthosoma displays long-term volume changes (degree of hydration,

nutritional condition, degree of fertility/maturity, etc.), while in the prosoma,

except for short-term changes during locomotion, a constant volume is maintained.

The relative stiffness of the exoskeleton also reflects this division of physiological

functions. The comparatively soft opisthosoma is—to differing degrees—expandable.

The prosoma, on the other hand, is fairly rigid, providing the mechanical strength

required for both the mechanical (muscular) locomotion system and the peculiar

hydraulic system (see Kropf 2013) serving leg extension. The bipartitioning of the

body is therefore of double advantage in this regard. On the one hand, only half of the

body’s cuticle requires reinforcement, and on the other, as this is the same half which

necessitates higher internal pressure levels, the effort needed to build up this pressure

can be greatly reduced. In terms of the vascular system, however, the partitioning

poses a major challenge. First of all, despite differences in the level of supply required

by the prosoma and the opisthosoma according to their different functions, hemo-

lymph must be supplied to both regions. The mechanisms behind this shifting of

hemolymph supply according to the requirements of the animal and vegetative regions

are still not properly understood. A further complication is caused by differences in the

configuration of respiratory organs. In species with more than one pair of lungs the

contribution of each lung pair to the reoxygenation of the hemolymph and the release

of carbon dioxide must be different to that with a complex tracheal system. There also

seem to be more obvious “problems” with the bipartition of the spider body. First of

all, the pumping action of the heart into the prosoma has to operate against the

prosomal pressure generated during leg extension. This might in some cases lead to

a severe lack of oxygen supply to the anterior body region, resulting in the complete

exhaustion of the spider. In summary it should be clear that the circulatory system in

spiders has to compromise between a large number of different functional and

structural limitations and requirements.

2.3.2 The Circulatory Cycle

As described above, hemolymph is distributed via a varying number of cardiac

arteries and one unpaired posterior aorta into the opisthosoma and via an unpaired

anterior aorta into the prosoma. The arteries end openly in the hemolymph lacunar

system by means of which hemolymph irrigates the tissues and supplies them with

oxygen, nutrients and various other molecules such as hormones. Oxygen-poor

hemolymph is conducted through the book lungs and there replenished with oxygen

2 The Circulatory System of Spiders 21



(Burmester 2013). Oxygen-rich hemolymph flows dorsally through the pulmo-

pericardial sinuses into the pericardial sinus. Hemolymph reenters the lumen of

the heart via the paired ostia. Measurements have shown, however, that hemolymph

is unevenly distributed in the spider body, with the prosoma and opisthosoma not

always receiving the same amount (Paul and Bihlmayer 1995). There are three

possible ways in which this may be achieved. Firstly, the bidirectional movement of

hemolymph could be caused by peristaltic heart contractions, as is known to be the

case in insects (e.g., Pass 2000). In spiders, however, peristaltic contractions of this

nature seem not to occur (at least not in A. hentzi; Paul and Bihlmayer 1995).

Secondly, flow distribution may be controlled and regulated by arterial valves.

In measurements again performed in A. hentzi (Paul and Bihlmayer 1995), the

pressures in the anterior aorta and the heart were recorded to be the same, leading

the authors to rule out this hypothesis. As arterial valve control has a strong

influence on hemolymph distribution in some decapod crustaceans, however (e.g.,

McMahon and Burnett 1990), there is a strong case for it to be tested more

comprehensively in spiders. Last but not least, changes in the resistance of periph-

eral vessels caused by a passive or active decrease in arterial diameters may also

lead to an uneven distribution of hemolymph. Changes in resistance of this nature

are known from decapod crustaceans, in which group they are mainly triggered by

aminergic and peptidergic substances (McMahon et al. 1997), but spiders have not,

as yet, been tested for such substances. The unevenness of the distribution of

cardiac output also varies with in accordance with the activity level of the spider.

On the basis of simultaneous measurements taken at a number of circulatory

structures (e.g., the pulmo-pericardial sinuses and the anterior aorta), Paul and

Bihlmayer (1995) were able to show that in A. hentzi, forward flow came to a halt

during locomotion while flow in a posterior direction was kept up. Flow through

both pairs of pulmo-pericardial sinuses was maintained during this phase. The

opposite was measured shortly after locomotory activity. In some cases, changes

in hemolymph flow direction were measured even during late recovery.

2.3.3 The Cardiac Cycle

The action of the muscular heart is the main motor of hemolymph movement.

In arthropods, there are two basic ways in which the heart is activated to pump

(Sherman and Pax 1968; Sherman 1985). Hearts which are stimulated by automati-

cally beating myocardial cells are termed myogenic and occur in some crustaceans

and hexapods (McMahon et al. 1997). Hearts which are mainly controlled by the

central nervous system (though various other chemicals can provide additional

stimulation) are termed neurogenic. One indicator of neurogenic control is the

presence of nervous structures directly associated with the heart, i.e. cardiac ganglia

and nerves. Cardiac nerves were first described in spiders by Wilson (1967), with

Sherman and Pax (1969) later demonstrating their presence in a further 28 spider

species. A cardiac ganglion lies on the mid-dorsal surface of the heart and extends
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its entire length (Wilson 1967; Sherman and Pax 1968, 1969; Gonzalez-Fernandez

and Sherman 1984), initiating and coordinating the heartbeat (Bursey and Sherman

1970) and sending out motor nerves which innervate the myocardial cells (Sherman

1973; Ude and Richter 1974). In Aphonopelma marxi, Gonzalez-Fernandez and

Sherman (1984) actually demonstrated the presence in spiders of cardioregulatory

nerves containing both inhibitory and acceleratory neurons (Gonzalez-Fernandez

and Sherman 1984). Other studies involving pharmacological experiments all come

to the conclusion that the basic form of heart control in spiders is neurogenic

(Sherman and Pax 1970a, b; Martin 1974).

The movement of the heart can be divided into a phase of contraction, the

systole, and a phase of relaxation, the diastole. Each of these phases can be again

subdivided into two different phases (Paul and Bihlmayer 1995). In the first phase

of the systole the myocardium contracts more or less isovolumetrically (Fig. 2.5)

and no hemolymph flow occurs through the arterial systems. When pressure in heart

surpasses pressures in the arteries, valves between the heart and the arteries are

forced open and hemolymph is pumped into the arterial systems. In this first phase

of the systole, pressure increase is rapid, then followed by a slow decrease

(Fig. 2.5). After this, the myocardium relaxes slowly (the first phase of the diastole),

resulting in a rapid decrease in hemolymph pressure to below that in the arterial

systems and a closure of the arterial valves. In the second phase of diastole the

pressure inside the heart becomes negative. During both the systole and the diastole,

pressures inside the pulmo-pericardial sinuses are negative, allowing a continuous

hemolymph flow to be kept up for the duration of the whole cardiac cycle (Paul and

Bihlmayer 1995).

In mygalomorph spiders at least, the heart and the pericardial sinus act together

as a pressure-suction-pump (Paul et al. 1994; Paul and Bihlmayer 1995). While the

heart is suspended elastically, the pericardial membrane seems to be fairly fixed,

which means that volume changes are significant but minor (Fig. 2.6a). Cardiac
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systole, i.e. the contraction of the myocardium, results in a change in volume in the

pericardial sinus which affects a negative pressure which causes hemolymph to be

sucked out of the pulmo-pericardial sinuses at the same time as it is pumped through

the heart. The pressure remains negative in the pericardial sinus even during the

diastole of the heart (Fig. 2.6b) because as the myocardium is widened through the

action of the alary muscles and the pericardial membrane also moves back slightly

into its original position, hemolymph continues to be sucked out of the pulmo-

pericardial sinuses even as it is sucked into the heart.

2.3.4 Heart Rate

Carrel and Heathcote (1976) measured the resting heart beat in 18 species of spiders

using a laser trans-illumination technique. All the animals were unrestrained and

had no further equipment attached to their body. Heart rates ranged from 9 to 125

beats per minute. Resting heart rates correlate with body size and, except in the case

of some hunting and orb-weaving spiders, with body weight (Fig. 2.7). Naturally,

activity leads to an increase in heart beat frequency. Experiments carried out by

Paul and Bihlmayer (1995) in A. hentzi showed that activity can cause the heart to

beat up to ten times faster than in resting individuals, and that it takes more than

50 min for the frequency to drop down to resting values following activity. Similar
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results were presented by Bristowe (1932) for Liphistius desulator. During a short

burst of activity the heart rate in this spider went up to 120 beats per minute. In the

first 5–10 min after this, a rapid decrease was observed, but it took more than 40 min

for the resting heart beat of 48 beats per minute to be regained. Carrel (1987)

reported on the various factors that can influence spider heart rate, listing, apart

from activity, correlations with body size, metabolic rate and temperature and the

effects of arthropod venoms such as those from wasps and millipedes. The reader is

referred to that chapter for more detailed information on heart rate.

2.3.5 Hemolymph Pressures

The other main function of the circulatory system is the generation of blood—or in

this case hemolymph pressure. The cardiac pressures generated in mygalomorphs at

rest are relatively low: 1.2/0.8 kPa systolic/diastolic in Aphonopelma sp. (Stewart

and Martin 1974) and 0.5–1.5/�0.1 kPa in A. hentzi (Paul et al. 1994; Paul and
Bihlmayer 1995). Cardiac pressures can change in accordance with alertness, water

uptake, and hemolymph loss. The pressure gradients that occur during rest are

solely the result of the action of the heart-pericardial system, i.e. the pressure-

suction pump. Paul and Bihlmayer (1995) discovered that in A. hentzi heart output,
i.e. the volume pumped by the heart over a certain time interval, had the capacity to

increase without an increase in heart beat frequency. The authors interpret this, on

the basis of a series of experiments and measurements, as being the product of an

increase in cardiac stroke volume. Apart from the heart there are two further

hemolymph pressure generators in spiders. These are certain groups of prosomal

and opisthosomal muscles, which, due to their contraction, produce a steady regime

of above ambient pressure in the whole spider body (Wilson 1970; Anderson and

Prestwich 1975; Paul and Bihlmayer 1995). All three hemolymph generating

systems interact on various functional levels such as the hydraulic leg extension,

etc. (Kropf 2013).

2.4 Conclusions

The spider circulatory system is a structurally complex and elaborately regulated

system with a broad range of functionalities. Apart from its well-known role in

metabolism and, plesiomorphically at least, in oxygen distribution, its main

functions are hydraulic. Though we know much about the structure and function

of this important organ system, it is highly desirable that comparative studies on

both the morphological and functional/physiological levels be carried out to shed

more light on the complex interactions of this system. The fact that Araneae are a

monophyletic group makes them an ideal object to study the different pathways

taken during the evolutionary development of this uniform yet uniquely diverse

group of chelicerates.
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Chapter 3

Tracheae in Spiders: Respiratory Organs

for Special Functions

Anke Schmitz

3.1 Short Description of Respiratory Systems: Lungs

or Tracheae

Many people do not know that spiders have a tracheal system. Even biologists often

think that in spiders, lungs play the most important role in respiration. But never-

theless in most modern spiders a tracheal system has an important role, and it is still

not exactly known why they have evolved tracheae and which purpose they are

good for. This chapter wants to give a short overview over the morphology of

tracheal systems in spiders and tries to give some explanations for evolution.

Spiders comprise a multifold equipment with respiratory organs. Basal spiders

(Mesothelae, Mygalomorphae, and some Araneomorphae like Palaeocribellatae and

some Austrochiloidea) possess two pairs of book lungs in the second and third

opisthosomal (posterior) segments (see also Appendix, this volume). Most modern

spiders (Araneomorphae), however, are bimodal breathers using a combination of

lungs and tracheae (Weygoldt and Paulus 1979). Tracheae are invaginations of the

body wall or originate from lungs or from other internal structures. Most often the

second lung pair is reduced and replaced by tracheae. Moreover, the third

opisthosomal segment is in many families stretched in the ventral part, whereby

the tracheal spiracles lay at the end of the opisthosoma. This elongation happened

as spiders developed their sophisticated webs which required special morphological

adaptations. Mesothelae, in which original segmentation of the opisthosoma is still

reflected by dorsal cuticular plates, possess the spinnerets directly behind the lung

spiracles. Mygalomorph and araneomorph spiders, however, shifted the spinnerets

at the end of the body to the tip of the opisthosoma. This is the best solution for web

building, as far as possible distance from the legs, together with a high movability

between pro- and opisthosoma because of the petiolus. As the spinnerets belong to
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the opisthosomal segments 4 and 5, spiders elongated sternite 4 on the ventral side

of the body. Most often also segment 3 is elongated thus repositioning the tracheal

spiracle (Fig. 3.1).

Therefore in most modern spiders we have the situation with one pair of lungs in

the second opisthosomal segment with an elongated third segment and one tracheal

spiracle in this segment. Most often, the tracheal spiracles are single openings from

which four tube-like tracheae originate. The outer two (primary or lateral) tracheae

are remnants of lungs and can be connected to the lung extended lung atria. The

inner two (secondary or median) tracheae, however, are new structures and are

hollowed apodemes (entapophyses) elongated along the long axis of the spider

(Purcell 1895; Lamy 1902; Purcell 1909, 1910; Levi 1967; Forster 1980; Ramirez

2000). True median tracheae are a synapomorphy of Entelegynae, as is the extreme

posterior displacement and narrowing of the tracheal spiracle (Ramirez 2000).

In haplogyne spiders, tracheal spiracles are situated behind lung spiracles (e.g.,

Dysderoidea) (Ramirez 2000). In some species of this group also the first pair of

respiratory organs is replaced by tracheae (e.g., Caponiidae, Telemidae). These are

the so-called “sieve tracheae”. They look like a bundle of tubes, are probably

Fig. 3.1 (continued)
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rounded derivatives of lung lamellae and occur exclusively in the second

opisthosoma segment. In Oonopidae lungs are mainly reduced and tracheae take

over the entire respiratory function. In other species, tracheae are completely

lacking (e.g., Tetrablemmidae, Pholcidae, Diguetidae, Plectreuridae and Sicariidae)

and the one pair of lungs is the only respiratory organ.

Also within the entelegyne spiders the first lung pair may be replaced by tube

tracheae: in Symphognathidae spiders, the first lung pair may be replaced by tube

tracheae while the third segment lacks respiratory organs. In some species, primary

and secondary tracheae remain as tubes restricted to the opisthosoma. In others,

however, highly branched tracheae also enter the prosoma via the petiolus and may

penetrate the nervous system, muscles, or gut (Kästner 1929; Millot 1949; Bromhall

Fig. 3.1 Tracheae in different spider families. Bodies are schematized as two compartments.

Lungs are given as simple circles in the frontal part of the ophistosoma. Legs are not given.

(a) Lycosidae, Agelenidae, (b) Philodromidae, (c) Thomisidae, (d) Gnaphosidae, (e) Linyphiidae

(Linyphiinae), (f) Linyphiidae (Erigoninae), (g) Uloboridae, (h) Salticidae, (i) Anyphaenidae,

(j) Dysderidae, (k) Segestriidae, (l) Dictynidae, (m) Argyroneta aquatica, (n) Hahniidae,

(o) Filistatidae, (p) Symphytognatidae, (q) Caponiidae, (r) Oonopidae
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1987a, b; Schmitz and Perry 2000, 2001, 2002), examples include the water spider

(Argyroneta aquatica) (Cybaeidae), hackled orb-weavers (Uloboridae), crab spiders
(Thomisidae), tube dwelling spiders (Segestriidae), sheetwebweavers (Linyphiidae),

jumping spiders (Salticidae) and woodlouse hunters (Dysderidae) (Blest 1976;

Millidge 1986; Bromhall 1987a, b) (Fig. 3.1). In the families Dysderidae and

Segestriidae and in Argyroneta aquatica, tracheae constitute the main respiratory

system while lungs are poorly developed (Braun 1931). This is probably the reason

why Dysdera sp. lost its hemocyanin completely (Burmester 2013).

In other families, e.g., wolf spiders (Lycosidae) and funnel web spiders

(Agelenidae) lungs are the main respiratory organs, and in yet others lungs and

tracheae complement one another. For example, tracheae are responsible for

25–30 % of total diffusing capacity of a jumping spider (Schmitz and Perry

2001). In hackled orb-weavers (Uloboridae) tracheae are less developed when

lungs are well developed and vice versa. In Uloboridae species that use their legs

actively for net monitoring an extensive tracheal system reaches into the legs. Thus,

spider respiratory systems are highly versatile in meeting the O2 demands of

locomotion (Opell 1979, 1987, 1989, 1990, 1998; Opell and Konur 1992).

Lung lamellae pile up like the sheets of a book in which layers filled with

haemolymph alternate with layers containing air. Epidermis lines the inner surface

of the lung facing the haemolymph. Pillar cells prevent spaces from collapsing. The

air space is lined with cuticle. Cuticular struts connect the dorsal and ventral part of

the lamella over about one third of the lung area and spines also stabilize the air

space. Ultrastructure of spider lungs has been measured in the theraphosid

Aphonopelma hentzi (sub Eurypelma californica), in house spiders (Tegenaria sp.)

and in wolf and jumping spiders. In house spiders, the diffusion barrier is twice as

thick as in wolf and jumping spiders, resulting in a much lower morphological

diffusing capacity (4–9 ml min�1 g�1 kPa�1) than in the other two species

(12–16 ml min�1 g�1 kPa�1) (Strazny and Perry 1984; Schmitz and Perry 2001,

2002). Thus the flexibility of lungmorphometrics in different spiders becomes clear.

In Aphonopelma hentzi, epidermal and cuticular layers have similar thickness as in

wolf spiders and jumping spiders (Pardosa lugubris and Salticus scenicus, each
0.05–0.5 mm thick) (Schmitz and Perry 2000, 2002). But dimensions of air (5–7 mm)

and haemolymph spaces (60–70 mm) are much larger in Aphonopelma hentzi than in
araneomorph spiders and the linear lung dimensions (length, width, interlamellar

width) scale to the 0.2–0.35 power of body mass, i.e., a four- to eightfold increase in

lung size over a 900-fold body size range (Moore 1976; Reisinger et al. 1990, 1991).

Dimensions are 10–20 mm for the haemolymph space and 1–2 mm for the air space in

the wolf spider Pardosa lugubris and the jumping spider Salticus scenicus, both
about 20 mg in body mass (Schmitz and Perry 2000, 2002).

Ultrastructure of tracheae consists of an epidermal outer layer and a cuticular

inner layer that builds hoop or spiral thickenings (taenidia) for stabilization

(Fig. 3.2). Therefore spider tracheae look very similar to insect tracheae. Both

cuticle and epidermis constitute about the same proportion of the tracheal walls: the

walls of the smallest tracheae have about the same thickness as the lungs (Schmitz

and Perry 2001, 2002).
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3.2 Functional Principles and the Evolution of Respiratory

Organs

All lungs are so-called book lungs and they are diffusion lungs, convection is done

by the haemolymph alone and the spiracles are diffusion regulators (Paul et al.

1987). Tracheae in spiders, however, can function as tracheal lungs or use terminal

diffusion. Transitions between the two types are blurred and even within one

animal, tracheae may function in the two general kinds. As tracheal lungs, their

entire surface may be used as gas exchanger with haemocyanin within the

haemolymph. Therefore, they considerably increase the effectiveness of respira-

tion, last but not least because gas exchange is no longer restricted to the second and

third opisthosomal segment. In terminal diffusion, proximal tracheae branches are

grouped into bundles that run parallel through the body to create a thick diffusion

barrier. O2 loss is limited to the outer surface of those bundles. The terminal

branches (tracheoles) reach into the epithelia of organs in which gas exchange

takes place. Therefore the gas exchange is restricted to several places in the body.

Terrestrialization of arachnids especially influenced the evolution of the respi-

ratory organs. Recent studies investigated the ultrastructure of lungs in arachnids

(Scholtz and Kamenz 2006). It was concluded that arachnid lungs developed only

once and therefore a common arachnid aquatic ancestor, at least for the lung

breathers must be postulated. These ancestors might be the scorpions that in turn

possibly stem from eurypterid-like ancestors (Weygoldt 1998). In this scenario,

lungs were the first respiratory organs for air breathing and they have to be lost

before tracheae could develop. Spiders, however, may have evolved from

trigonotarbid-like ancestors, which were contemporaneous with aquatic scorpions

Fig. 3.2 Examples of lungs

(a) and tracheae (b–d) in

Salticus scenicus, a salticid
spider. In (b) and (d) tracheae

(tr) can be found in the fat

body (FB) while in (c) they

are situated between muscles

(Mu) and nervous system

(NS). ep epidermis, cu cuticle
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in the Devonian. First fossil records of terrestrial Mesothelae exist from late

Carboniferous to early Permian around 295 million years ago (Selden 1996). Also

other tracheal breathers might have evolved separately thus indicating that tracheae

developed independently in all arachnid groups. One hint supporting this hypothe-

sis is that number and position of tracheal spiracles being different in each group.

First fossil records of tracheate arachnids are the harvestmen (Opiliones) appearing

in the early Devonian 410 MYA, without any hint that this arachnid group stands in

any evolutionary line with the lung breathers (Dunlop et al. 2003).

3.3 Potential Reasons to Develop Tracheal Systems

In the literature four hypotheses for the evolution of spider tracheae can be found

(Ellis 1944; Levi 1967, 1976; Anderson and Prestwich 1975):

1. The first theory indicates that tracheae are an adaptation for the reduction of

water loss. During evolution, spiders reduced body size and therefore are

threatened by evaporation in low humidities. Unlike insects, spiders possess a

relatively thin body cuticle and are threatened by evaporation in arid habitats.

This hypothesis may not explain all tracheated spiders, as not all tracheal

breathers are active during the day or in full sun. For example, the six-eyed

spider Dysdera erythrina has highly developed tracheae and reduced lungs but is
active only at dawn and night and rests under leaves or stones during the day.

2. The second theory indicates that spiders developed tracheae in response to

increased local O2 demand. Tracheae supply organs with high O2 needs relative

to surrounding organs. Two examples support this hypothesis. In jumping

spiders that rely mainly on their eyes for prey capture and protection against

predation, tracheae supply predominantly the prosomal nervous system. It was

hypothesized that tracheae supply the highly energy consuming signal

processing of the eyes by allowing a constant aerobic metabolism (Schmitz

2004, 2005). Orb-weavers (Uloboridae) actively monitor their nets with the

third leg pair during prey capture, tracheal supply to the muscles of the third

leg is better than that to the other legs (Opell 1987, 1990; Opell and Konur 1992).

3. Moreover, higher mass specific O2 demands occur, for example, in free ranging

hunters. Literature partly supports this hypothesis as jumping spiders have higher

metabolic rates and better aerobic capabilities than spiders with a less developed

tracheal system, e.g., wolf spiders (Prestwich 1983a, b; Schmitz 2004, 2005).

However, also spiders breathing mainly with lungs may have increased metabolic

rates compared to the average metabolism in spiders, e.g., araneid spiders that

develop over only 1 year. Free ranging hunters such as wolf spiders and jumping

spiders with different respiratory configurations may have similar metabolic rates,

which are greater than in web hunters. Moreover, spiders possess haemocyanin,

which is most effective with lung breathing. Highly effective tracheae serving

increased metabolic rates would need a modified use of haemocyanin.

34 A. Schmitz



Comparison among tracheated spiders revealed a higher O2 affinity and lower

haemocyanin concentration in spiders with a well-developed tracheal system

(Schmitz, unpublished). This point needs further investigation but indicates that

haemocyanin is used for O2 storage in tracheated spiders, even if it is better suited

for O2 transport and release at the tissues in non-tracheated spiders.

4. The fourth theory is related to the hydraulic type of leg extension in spiders (see

Kropf 2013). This process is accomplished by high pressure in the prosoma

generated by muscle contraction and supported by the separation of the prosoma

from the opisthosoma. Therefore, breathing with book lungs alone will cause an

O2 lack in the prosoma, but tracheae reaching into the prosoma would solve that

problem. As the tracheae are situated in the prosoma and in some species also in

the legs, the O2 support for the muscles is guaranteed. This hypothesis has been

questioned because most spiders run in short spurts, which allows haemolymph

exchange between pro- and opisthosoma during resting phases. Therefore,

separation of those two body compartments is not complete. Moreover, not all

walking or running spiders possess tracheae in the prosoma (e.g., wolf spiders)

and vice versa not all spiders with prosomal tracheae are free ranging runners

(e.g., crab spiders, Thomisidae).

3.4 Having a Double Respiratory System: Advantage

or Disadvantage?

Resting metabolic rates of spiders are 50–80 % of that expected in poikilotherms

(Anderson 1970, 1996; Greenstone and Bennett 1980; Anderson and Prestwich

1982) according to Hemmingsen’s equation VO2
¼ 0:82M0:75 (VO2

in ml h�1 and

M in mg) (Hemmingsen 1960). This is because spiders are ‚sit-and-wait’ predators

that have irregular access to prey and therefore a great ability to starvation

accompanied with a reduction of metabolism (Anderson 1974), low energy needs

in prey capture because of venom use and a high anaerobic capacity (Prestwich

1983a, b). In general, resting metabolic rates correlate with life style. Spiders that

live longer or use webs for prey capture have lower metabolic rates than prey-

stalking spiders or species that complete their life cycle within 1 year; the latter

groups include araneid or theridiid spiders that have similar or higher metabolic

rates than many poikilotherms (Anderson and Prestwich 1980; Anderson 1994).

Bimodal breathers, e.g., jumping spiders, have higher resting rates than pure lung

breathers, e.g., mygalomorph spiders (Anderson 1970). In spiders that lack tracheae

or have poorly developed tracheae, e.g., mygalomorph and wolf spiders, resting rate

is proportional to the respiratory surface area (Anderson 1970; Anderson and

Prestwich 1982; Prestwich 1983a, b).

During food deprivation, metabolism is low but aerobic. During low activity,

e.g. web building or egg production, the aerobic–anaerobic partition depends on

ATP needs, species-specific respiratory and muscle capacities. During short phases
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of high activity, anaerobic metabolism predominates. D-Lactate is the major anaer-

obic by-product, and the legs and prosoma are the main site of lactate accumulation

(Prestwich 1983a, b). After anaerobic activity, O2 debt is repaid during recovery.

Most spiders are completely exhausted after 1–2 min of maximum activity, e.g. after

being chased. The length of recovery depends on the duration of anaerobiosis and

body mass. Complete lactate removal requires 30–45 min in small spiders and

several hours in large species, e.g., mygalomorph spiders. Even free hunting species

(such as wolf spiders or jumping spiders) use a sit-and-wait strategy and are

dependent on anaerobic capacities for running in short spurts or jumping after

slowly sneaking up on the prey. Such behaviour does not require prolonged high

metabolic rates. In Cupiennius salei, mitochondria comprise only 0.1 % of leg

muscle mass (Linzen and Gallowitz 1975) compared to 10 % in mammalian

locomotive muscle. Therefore, anaerobic metabolism is the standard strategy of a

spider and this seems to be not generally changed when animals developed tracheae.

Therefore, one of the most interesting questions regarding the respiratory

biology of spiders is why these animals reduced the existing and well functioning

lungs and developed tracheae. This evokes a conflict in gas exchange as lungs

are designed to work together with the haemolymph and the haemocyanin herein

and tracheae are most effective when used for terminal diffusion. In four- and two-

lunged species, peak O2 uptake occurs at submaximal activities that require lower

haemolymph pressures and permit continuous circulation and O2 exchange

(Prestwich 1983a, b). Experiments that measured maximum O2 uptake of spiders

running on a treadmill show an aerobic scope of 3–10 in most species, but it can

reach 17.8 times (McQueen 1980; Culik and McQueen 1985). Running increases

the aerobic metabolic rate to its maximum and ATP needs are complemented by

anaerobic pathways. At high or exhaustive speeds this leads to a considerable O2

debt. This suggests that tracheae may have evolved in conjunction with higher

aerobic needs (Prestwich 1988; Schmitz 2005). As already stated, the anaerobic

partition in running not only depends on the velocity and the equipment with

respiratory organs but also depends on the aerobic capabilities of the muscle tissue.

For jumping spiders it was shown that tracheae support aerobic metabolism at

highly intense activity (Prestwich 1988; Schmitz 2005).

Spiders have an open circulatory system without capillaries in which at least in

the legs gas exchange has to take place along the open portion of the circulatory

system. In four-lunged spiders, anterior and posterior circulation is separated, thus

that haemolymph from the prosoma passes only through the anterior lung pair and

haemolymph from the opisthosoma passes through the posterior lungs (Paul et al.

1989; Wirkner and Huckstorf 2013). Moreover prosomal perfusion is interrupted

during fast locomotion, most likely caused by a muscular valve at the anterior end

of the pedicel (Paul and Bihlmayer 1995). It was also measured in Aphonopelma
hentzi that in resting animals the arterial O2 pressure (PaO2

) is 3.7 kPa, stays constant

during walking, increases during the recovery phase and is maximum at the end of

this phase (about 9.8 kPa) (Angersbach 1978). The crucial variable for O2 transport

in the haemolymph is the arterious-venous PCO2
difference (PavO2

). During rest,
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spiracles are nearly closed and the PavO2
is small. During recovery after an

exhaustive run, spiracles are open and the PavO2
increases because of an increase

inPaO2
. Together with an increase in heart rate, this results in a more intensive use of

haemocyanin in respiration. In araneomorph spiders the correlation of heart rates

and equipment with tracheae was tested. Spiders with prosomal tracheae have

significantly lower maximum heart rates than spiders with tracheae limited to the

opisthosoma. Return to normal heart rates in recovery phases after running are

faster in spiders with prosomal tracheae (Bromhall 1987a, b). Other authors

correlated the heart rate with life style and not with tracheal supply to the prosoma.

In this study resting heart rates of spiders were found to be primarily a function of

body size and can be used as a measure for metabolism. The less active an animal is,

the lower is the resting heart rate, thus reflecting fundamental differences in

foraging strategies among spiders. For example spitting spiders (Scytodidae) and

brown spiders (Sicariidae) (both with low activity ranges) do not have lower

metabolic rates but lower heart rates compared with salticid spiders which are

more active for hunting prey (Carrel and Heathcote 1976; Greenstone and Bennett

1980; Carrel 1987). Sometimes both types of interpretation overlap as it is the case

in salticid spiders that are more active, have prosomal tracheae and have a higher

heart rate than other species.

3.5 Conclusions

Tracheae enable spiders to become more flexible in their respiratory behaviour.

They can breathe more adapted to their individual needs even if this differs among

all species. Spiders can use tracheae as a general increase in respiratory surface, but

as most of them have lost their second lung pair this has not to be the main reason

for developing tracheae. More convincing is the idea of using tracheae for local

oxygen demands. Every family, or even species, can use the tracheae in an

individual way. Some use them for delivering O2 to their nervous system, e.g.,

jumping spiders, others to deliver O2 to their legs, e.g., Uloboridae. So a tracheal

system is a very flexible structure and so it is used in spiders.
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Part II

Locomotion and Dispersal

Spiders move with a combined muscles/hydraulic pressure system. Some leg

segments only possess flexor muscles, and the hydraulic hemolymph pressure,

fine-tuned by a system of valves, provides the necessary back-pressure. This

reduces the muscle system in major parts of the long leg tubes of a spider and

allows at the same time larger flexors, so that spiders in general are more powerful

than comparable insects. Moreover, many spiders modified the third leg claw to

scopulae with exciting ultrastructural features which enable them to stick to smooth

surfaces and even to walk, upside down on a glass panel. Since many spiders, at

least in specific developmental stages, can also balloon, a process which would

perhaps better be called “flying with the wind,” they are an extremely agile group,

in space and time, able to reach all spots of their habitat and beyond.



Chapter 4

Hydraulic System of Locomotion

Christian Kropf

4.1 Introduction

Spiders can be seen from a functional viewpoint as semi-hydraulic machines

(Manton 1958). Just to name a few functions of a spider’s hydraulic system,

walking, running, climbing and jumping, grasping of prey, moulting, leg-autotomy,

extrusion of silk or expanding the male palpal organ are performed under locally

increased pressure of body fluid (hemolymph). This is made possible by the open

circulatory system of spiders where hemolymph leaves the arteries and flows back

to the lungs between the internal organs (Foelix 2011, with references therein).

Increased hemolymph pressure is generated by activity of the heart in the

opisthosoma, and by certain muscles, situated both in the prosoma and in the

opisthosoma. While the heart, being able to pump hemolymph both towards

anterior and posterior (Paul et al. 1989), is mainly responsible for the “normal”

circulation of hemolymph (see Wirkner and Huckstorf 2013), prosomal and

opisthosomal muscles generate locally increased hemolymph pressure enabling

the spider to perform various hydraulic movements in different body parts. How-

ever, we are far from understanding which muscles in which body parts exactly

produce this pressure and how these mechanisms work in detail.

Spider locomotion is of special interest in this context. It has been known for a

long time that spiders lack extensor muscles in the main joints of their walking legs,

i.e. the femur–patella and tibia–metatarsus joint. Contrary to assumptions of earlier

authors who considered elasticity of joint membranes or a local rise of hemolymph

pressure inside the legs as responsible for leg joint extension, it is now generally

acknowledged that extension of these leg joints is based mainly on an increase of

prosomal hemolymph pressure (Shultz 1989, with references therein). Hydraulic
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leg extension saves space in the cuticular leg tubes (as no extensor muscles are

required) and enables slender leg segments that are almost exclusively filled with

flexor muscles, which in turn may be adaptive with respect to prey capture

(Anderson and Prestwich 1975; Rovner 1980).

A dorsoventral compression of the prosoma is made possible by certain

dorsoventrally running muscles and by soft and flexible lateral pleurae (Fig. 4.1)

as shown in most spiders. Prosomal compression at the onset of activity (Wilson

1970) leads to a volume decrease in the prosoma, increase of hemolymph pressure,

hemolymph flow into the legs, and to extension of leg joints (Anderson and

Prestwich 1975; Blickhan and Barth 1985; Paul et al. 1989). In this review, I will

discuss functional morphology and physiology of the main structures involved in

hydraulic leg movements and present new data on spiders that probably use a

different hydraulic system for generating hemolymph pressure.

4.2 Muscles Generating Hemolymph Pressure in the Prosoma

It is not yet clear what muscles in the spider’s prosoma actually generate hemo-

lymph pressure. Wilson (1970) attributed the function of hemolymph pressure

production to the so-called “musculi laterales” (Brown 1939; “carapace

Fig. 4.1 Simplified schematic illustration of the putative main elements of a spider’s hemolymph

pressure producing system. It is not yet clear, if the musculi laterales, or the endosternal suspensor

muscles, or both generate hemolymph pressure. Muscles in red, endosternite in yellow, pleura in
green, hemolymph flow during activity in blue. Note that only a minor hemolymph flow from

prosoma to opisthosoma occurs during activity. as abdominal sac, es fourth dorsolateral

endosternal suspensor muscle, ml musculi laterales, pl pleura
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compressor” of Whitehead and Rempel 1959). These muscles are running from the

dorsolateral region of the carapace to the pleura where they insert at sclerites in the

pleural membrane (Fig. 4.1) or possibly also on cuticular folds of the lateral borders

of the carapace (Brown 1939; Whitehead and Rempel 1959 and others).

Most subsequent authors followed Wilson’s suggestion (e.g., Anderson and

Prestwich 1975; Palmgren 1978; Prestwich 1988a; Paul et al. 1989, 1994; Paul

and Bihlmayer 1995). Later, Shultz (1991, 1993) proposed that suspensor muscles

of the endosternite (a mesodermal skeletal plate in the prosoma of most arachnids;

Fig. 4.1) generate most of the prosomal pressure in “hydraulic” arachnids. Shultz’

hypothesis is based on detailed morphological and electromyographical

investigations in a whipscorpion, Mastigoproctus giganteus. The endosternal sus-

pensor muscles connect the endosternite with the carapace (dorsal and dorsolateral

suspensors) or (in whipscorpions, see below) with sternum and coxal processes

(ventral suspensors). It was found that during unrestrained locomotion of the

whipscorpion, the third portion of the musculi laterales contracts in a step-coupled

pattern while the activity of one dorsal endosternal suspensor muscle correlates

with changes in the prosomal pressure baseline. Therefore, endosternal suspensor

activity should provide the general level of pressure in the prosoma during activity.

The function of the musculi laterales was ascribed to “controlling of coxal

movements by acting as an antagonist to prosomal pressure at the prosoma–coxa

joint” (Shultz 1991: 29).

Unfortunately, no such data exist for spiders. It may be problematical to transfer

the conclusions from whipscorpions to spiders without restrictions, because the

construction of the prosoma is considerably different in the two groups: first, only

one dorsal endosternal suspensor (out of four pairs connecting endosternite and

carapace) was tested (Shultz 1991, 1993), but these muscles are mostly reduced to a

single and often tiny pair in spiders (Fig. 4.2) or are even totally absent (e.g., in

Harpactea, Dysderidae, Palmgren 1978). Second, the endosternite of

whipscorpions is attached to the sternum by a pair of endosternal suspensors; this

is not the case in the vast majority of araneomorph spiders where ventral suspensors

Fig. 4.2 Endosternite of

Steatoda bipunctata
(Theridiidae) in dorsal view.

Areas of muscle attachments

on the carapace indicated in

black. ds dorsal endosternal
suspensor muscles, dls
dorsolateral endosternal

suspensor muscles
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are totally lacking (Brown 1939; Whitehead and Rempel 1959; Firstman 1973;

Palmgren 1978, 1980). So, their endosternite hangs “freely” in the prosomal cavity

and is suspended only ventrolaterally by extrinsic coxal muscles. Third, the sternum

is large in most spiders and tiny in whipscorpions; the leg coxae (especially coxae

II–IV) cover the ventral surface of the prosoma of whipscorpions almost totally and

are limited in movements, while in most spiders the coxae originate in the soft

pleura and are extremely mobile. So, Wilson’s (1970) argument should still be

taken into account, as long as no better data on prosomal hemolymph pressure

production in spiders are available: The activity of endosternal suspensor muscles

that act as prosomal compressors for fluid pressure generation would strongly

interfere with coxal movements in spiders and thus be dysfunctional.

The endosternite model of hydraulic pressure generation is based on

measurements of a single endosternal muscle in a single species of whipscorpions.

Concluding from this that prosomal hemolymph pressure is produced by all dorsal

and dorsolateral endosternal suspensors (Shultz 1993) not only in whipscorpions,

but also in all arachnids lacking extensor muscles in certain leg joints seems

premature. As an example, in Ricinulei this cannot be true as they totally lack

contractile endosternal suspensors (Firstman 1973). Finally, the possibility should

be taken into consideration, that prosomal hemolymph pressure in spiders may be

generated by both muscle sets and even extrinsic and intrinsic leg muscles could

play a substantial role (Anderson and Prestwich 1975; Whitehead and Rempel

1959; Palmgren 1981; Shultz 1991). Because of these concerns, musculi laterales

and endosternal suspensors are both pictured in Fig. 4.1.

4.3 Muscles Generating Hemolymph Pressure in the

Opisthosoma

In almost all spiders a thin subepidermal muscle sheet, the so-called “abdominal

sac,” lies as a continuous layer beneath the epidermis of the opisthosoma (Millot

1949; Fig. 4.1). Noticeably, it is composed of smooth musculature (Vosseler 1891).

In its physiological properties, this muscle sheet should resemble to the tonically

active smooth muscles of vertebrates (Anderson and Prestwich 1975). Contraction

of the abdominal sac leads to a decrease of opisthosomal volume and to an increase

of hydrostatic pressure there (Wilson 1970; Anderson and Prestwich 1975; Paul

et al. 1994). In addition, up to four pairs of dorsoventrally running muscles can

occur in the opisthosoma that fully or at least partly consist of smooth muscle fibres

(Millot 1936; Geiler and Beier 1971) and are probably also involved in hydraulic

pressure production. Furthermore, it seems obvious that several other muscles are

able to compress the opisthosoma and so may contribute to increase its fluid

pressure (Robinson and Paim 1969; Wilson and Bullock 1973; Stewart and Martin

1974; Anderson and Prestwich 1975).
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4.4 Hemolymph Pressure in Legs and Prosoma

In an inactive theraphosid (Aphonopelma hentzi sub Eurypelma californicum,
Nentwig 2012), the hemolymph pressure in legs is slightly higher than in the

prosoma and pressure in the prosoma slightly higher than in the opisthosoma, but

the differences are small (Stewart and Martin 1974; Paul and Bihlmayer 1995).

These differences are obviously necessary and sufficient for circulation of hemo-

lymph and its reflow to the heart. During activity, the prosoma gets flattened, its

volume decreases and the internal hemolymph pressure increases. During “normal”

walking, prosomal pressures reach roughly 2–3 times the resting values (Anderson

and Prestwich 1975; Paul et al. 1989; Paul and Bihlmayer 1995) and may reach

peaks during maximum activity of almost 50 times the resting pressure (i.e., 64 kPa;

Table 4.1; Stewart and Martin 1974). In legs, the maximum values may be even

higher (Table 4.1; Blickhan and Barth 1985). It seems that many of the published

values for “resting pressures” in fact represent pressures of motionless, but more or

less alert spiders, probably due to experimental conditions (Table 4.1; Wilson 1970;

Stewart and Martin 1974; Anderson and Prestwich 1975). Different levels of

alertness could explain the variation in published “resting pressures”; the variation

in activity pressures could be due to different levels of activity (Table 4.1). Other

factors influencing pressures may be feeding status, water uptake, or blood loss

(Paul and Bihlmayer 1995).

Parry and Brown (1959b) roughly calculated the activity pressures in the

femur–patella joint and the tibia–metatarsus joint of the fourth leg of the salticid

Sitticus pubescens before a jump (i.e., before the leg got fully stretched). The

unusually high values varied between 65.3 and 144.0 kPa for the femur–patella

joint and between 17.3 and 46.7 kPa for the tibia–metatarsus joint, respectively. The

differences between the two joints were attributed to flexor muscle tension (Parry

and Brown 1959b). Blickhan and Barth (1985) measured a pressure of 130 kPa in a

leg of the ctenid Cupiennius salei during autotomy.

4.5 Leg Joint Extension

Hemolymph enters the legs by two different pathways. First, it flows into the leg

arteries and flows back into the prosoma via venous return channels (see Wirkner

and Huckstorf 2013). Two of these channels were found in the femur of Pholcus
phalangioides (Pholcidae), a smaller one (ventro-anteriorly situated) and a larger

one dorso-posteriorly (Paul et al. 1994). Second, when prosomal pressure increases,

hemolymph enters the legs via channels (“lacunae”) between the leg muscles. The

best-studied leg joint is the hydraulic tibia–metatarsus joint, a hinge joint with a

dorsal axis of rotation and a dorsoventral plane of movement (Blickhan and Barth

1985; see also Zentner 2013, Figs. 34.1 and 34.2). Due to the dorsal axis of rotation,

no extensor muscles can occur and therefore hemolymph pressure and flexor
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muscle forces act antagonistically in the tibia–metatarsus joint. The diameters of

the hemolymph channels (and thus their hemodynamic resistances) are strongly

influenced by intrinsic muscle activity, showing the interplay of internal forces

developed both by muscles and by hemolymph pressure. The tibia is almost

completely filled with flexor muscles. A dorsal hemolymph channel supplies the

adjacent leg segments, while several dorsoventral channels branch off laterally

from the dorsal channel and run towards distal, where they empty at the

tibia–metatarsus joint (Fig. 4.3). A muscular ring at the proximal end of the

metatarsus can be closed and so prevents hemolymph flow from the dorsoventral

channels into the dorsal channel or into the metatarsus, in this way enabling

extension of the tibia–metatarsus joint independently from the hemolymph filling

of the more distal segments. Muscle rings and joint membrane are able to store both

hemolymph and energy (Blickhan and Barth 1985).

The joint membrane deserves special interest. By raising hemolymph pressure,

the membrane gets inflated. During pressure load, axial tensions develop that would

lead to high torques opposing joint extension if the membrane were isotropic (black

arrows in Fig. 4.4b). The articular membrane in the tibia–metatarsus joint, however,

is bellows-like folded. By the special design of this membrane, axial tensions are

resolved radially in tangential stresses applying at the dorsal edge of the tibia, in this

way preventing unfavourable opposite torques during joint extension (black arrows

in Fig. 4.4a; Blickhan and Barth 1985).

Indicators of high hemolymph pressures are erectile leg spines as occurring in

many freely hunting spiders (Parry and Brown 1959b; Rovner 1980; Weihmann

et al. 2010). This erection may not occur during slower movements and needs ca.

4.6 ms to complete in jumping C. salei spiders. Spine erection always occurs

Table 4.1 Hemolymph pressure recordings in kPa (kN/m2) from legs and prosoma, taken from

the literature

Leg at “rest” Leg in activity

Prosoma at

“rest”

Prosoma in

activity Species Reference

5.3–14.7 14.7–60.0 Tegenaria atrica
(Agelenidae)

Parry and Brown

(1959a)

�1.3 20.0–30.7 <1.3 >20.0–64.0 Aphonopelma hentzi
(Theraphosidae)

Stewart and Martin

(1974)

0.8–10.6 (mean

5.1)

10.2–61.3

(mean 26.0)

Kukulcania
hibernalis
(Filistatidae)

Anderson and

Prestwich

(1975)

�70 Cupiennius salei
(Ctenidae)

Blickhan and Barth

(1985)

1.3–4.0 26.7–63.3 (and

below)

Kukulcania
hibernalis

Prestwich (1988a)

2.7–10.7 (mean

5.5)

18.0–38.7

(mean

28.9)

Aphonopelma hentzi Paul et al. (1989)

Original values given in mm or cm Hg are converted and rounded to 0.1 kPa. Therefore and

because of different accuracy of data, the values shown are more or less approximate values. The

pressure values for “rest” probably do not always represent values during rest, but values of alert

and motionless spiders (see text). Maximum values probably represent “startle” responses
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simultaneously in all segments of all legs (evidence for a simultaneous increase in

hemolymph pressure in all legs) and is coupled with the first visible movements.

However, spine erection may take place between 10 ms before and 14 ms after the

first visible movement (Weihmann et al. 2010).

Hemolymph pressure within the tibia also serves other functions. For example, it

compensates (by absorbing pressure loads) for potential weaknesses of the thin-

walled tibial cuticle that could otherwise easily fail by buckling. Torques sufficient

for buckling of the tibia in the region of the tibia–metatarsus joint can be

compensated by a hemolymph pressure of ca. 20 kPa that lies well within the

physiological range of hemolymph pressure inside the leg (Table 4.1). Hemolymph

pressure probably also participates in developing torques in other joints than the

femur–patella and tibia–metatarsus joint (Blickhan and Barth 1985).

Recently, Weihmann et al. (2010, 2012) proposed that in large spiders (with a

body weight of >3 g) at least propulsion of the hind leg is generated by both

hydraulics and activity of proximal flexors in the three basal leg joints (body–coxa,

coxa–trochanter and trochanter–femur joint, respectively). By pushing the leg

against the substrate, flexor muscle contribution to torques in any distal joint

(including the two hydraulic joints) was shown to be dominant over hydraulic

pressure contribution in hind leg propulsion (Weihmann et al. 2012).

Fig. 4.3 Simplified illustration of hemolymph channels in the tibia of a spider. Cross sections

with hemolymph spaces (black) at different locations are indicated (modified from Blickhan and

Barth 1985)

Fig. 4.4 Mechanical design of the articular membrane at the tibia–metatarsus joint. (a) The

bellows-like folding of the membrane resolves axial tensions, developed under pressure load, in

tangential stresses (see text). (b) A hypothetical isotropic membrane would lead to high torques

preventing joint extension (modified from Blickhan and Barth 1985)
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4.6 Hemolymph Pressure in the Opisthosoma

Hemolymph pressure in the opisthosoma is mostly significantly lower than in the

prosoma during high activity, while during moderate activity or rest the pro- and

opisthosomal values may come very close (Fig. 4.5; Wilson and Bullock 1973;

Stewart and Martin 1974; Anderson and Prestwich 1975; Paul et al. 1989, 1994;

Paul and Bihlmayer 1995). The circulation pathways in the opisthosoma are

complex and depend on the activity level: During rest and recovery, two separate

hemolymph circulations exist, at least in theraphosids, see Wirkner and Huckstorf

2013): (1) an anterior circulation loop in the hemolymph spaces of the pedicel and

the most anterior part of the opisthosoma transporting hemolymph from the pro-

soma to the anterior book lungs and further to the heart and (2) a posterior one more

behind, transporting hemolymph from the opisthosoma to the heart via the posterior

lungs (Paul et al. 1989). During activity, hemolymph from the opisthosoma returns

to the heart via both the anterior and posterior lung veins (Paul et al. 1989, 1994;

Paul and Bihlmayer 1995). There are no studies about spiders with only one pair of

lungs or with tracheae only, in this respect. The high activity values (Table 4.2)

shown in the study of Stewart and Martin (1974) must be seen as exceptional at the

moment.

4.7 Hydraulic Interaction Between Prosoma and Opisthosoma

The narrow pedicel (representing the first opisthosomal segment) connects the two

main body parts of a spider. It contains various muscles, the gut, nerve cord and

aorta passing through but does not show any visible valves that could separate

Fig. 4.5 Simultaneous

measurement of prosomal

and opisthosomal

hemolymph pressures of

Aphonopelma hentzi
(Theraphosidae) during

phases of locomotor activity.

Note that both pressures

could sometimes be linked to

each other (a) and could

sometimes not be linked

(b). Pressure oscillations

caused by the heartbeat are

superimposed, which is seen

most clearly on the prosomal

traces during rest and

moderate activity (modified

from Paul et al. 1995)
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hydrostatically the prosoma from the opisthosoma. Therefore, Wilson (1965)

concluded that no such separation exists. In addition, Wilson and Bullock (1973)

calculated hemolymph volume decrease in the prosoma during high activity and,

associated with this, hemolymph volume increase in the opisthosoma, from record-

ing vertical linear movements of the spider’s (Amaurobius ferox, Amaurobiidae)

cuticle. Opisthosomal volume increase during activity could not be shown when the

pedicel was ligatured. Based on these and other findings (Anderson and Prestwich

1975), it was concluded that the locomotory exhaustion shown by many spiders

after maximum activity should be due to loss of hemolymph from the prosoma into

the opisthosoma and to lack of oxygen supply for the prosoma through interruption

of the normal hemolymph flow. Hemolymph backflow into the prosoma during

recovery should be rather slow. The opisthosomal pressure-generating muscles

should attenuate the “hemolymph-loss” into the opisthosoma during activity and

enhance recovery from the resulting imbalance of body fluid (Wilson and Bullock

1973; Anderson and Prestwich 1975).

However, the “fluid insufficiency hypothesis” did not withstand later results of

various authors. In active Aphonopelma, only a marginal hemolymph flow

(<0.1 ml, about 3–3.5 % of the total hemolymph volume) into the opisthosoma at

the beginning of activity (that was possibly recorded by Wilson and Bullock 1973)

can be observed (Fig. 4.1) that quickly returns into the prosoma after activity.

A high prosomal-to-opisthosomal pressure difference can be maintained for the

whole activity period with no further shifting of hemolymph into the opisthosoma

and hemocytes in the anterior ventral part of the opisthosoma stop flowing during

activity (Paul et al. 1989, 1994; Paul and Bihlmayer 1995). Prestwich (1988a, b)

presented evidence that the locomotory collapse is not related to unbalanced body

fluid but to accumulation of anaerobic metabolic by-products and depletion of

energy-rich phosphagen sources. Taken together, these data strongly contradict

the fluid insufficiency hypothesis. Hemolymph flow between pro- and opisthosoma

also depends on the frequency of carapace depression: In relation to hemolymph

flow, the pedicel and the structures behind it (e.g., the book lungs) behave like a

low-pass filter: Sinusoidal carapace compression at high frequencies (>8 Hz)

Table 4.2 Hemolymph pressure recordings in kPa (kN/m2) from the anterior and posterior part of

the opisthosoma (see text), taken from the literature

Anterior at

“rest”

Anterior in

activity

Posterior at

“rest”

Posterior in

activity Species Reference

3.3 22.7–51.3 Aphonopelma
hentzi

Stewart and Martin

(1974)

1.0–1.9 2.3–4.0 Kukulcania
hibernalis

Anderson and

Prestwich (1975)

�10.7 2.7 5.3–8.0 Aphonopelma
hentzi

Paul et al. (1989)

Original values given in mm Hg are converted and rounded to 0.1 kPa. The pressure values for

“rest” probably do not always represent values during rest, but values of alert and motionless

spiders (see text). The data from Wilson (1962) are excluded here because of probable methodo-

logical shortcomings (Anderson and Prestwich 1975)
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resulted in <10 % of hemolymph flow (back and forth) as compared to low

frequency (i.e. 0.3 Hz) compression (Paul et al. 1989). Finally, 15 araneomorph

species of 11 different families were able to maintain forced running for at least 90 s

and voluntary running for more than 15 min, without showing the expected

locomotory exhaustion (Bromhall 1987).

At the onset of activity, a small prosomal volume increase in Aphonopelma can

be observed, probably caused by opisthosomal muscle contraction (Paul et al.

1989). It is followed by a strong prosomal volume decrease caused by prosomal

muscle contraction. In this phase, anteriorly directed hemolymph flow generated by

the heart has to cope with increasing prosomal pressure. Therefore, the perfusion of

the prosoma of Aphonopelma gets reduced during activity and stops between 6.7

and 9.3 kPa, when prosomal pressure exceeds systolic heart pressure (Paul et al.

1989); however, heartbeat is still maintained, causing posteriorly directed perfusion

(Fig. 4.5; Paul et al. 1989, 1994), as is also the case in the above-mentioned

araneomorph spiders (Bromhall 1987; see also Wirkner and Huckstorf 2013).

Opisthosomal pressures often follow prosomal ones during moderate activity,

but the two may also be unlinked or opisthosomal pressure increase can even be

absent (Fig. 4.5). These and other results obtained from injecting casting resin into

hemolymph spaces indicate an occlusion mechanism at the anterior end of the

pedicel, probably consisting of muscles having a valve function (Paul et al. 1994;

Paul and Bihlmayer 1995). These muscles, however, have not yet been identified

4.8 Spiders with an Opisthosomal Hemolymph Pressure Pump

The data presented above stem mainly from a handful of species. It seems probable

that the demands on the pressure-generating system of spiders vary tremendously

between different spider taxa, depending on their lifestyle, ecological demands,

favoured prey capture strategy, anatomical constraints, etc. An example for such an

anatomically constrained taxon is given here and concerns spiders with a strongly

sclerotized body, especially with a sclerotized pleura.

In spiders of the family Tetrablemmidae (and in species of different other

families), the pleura is strongly sclerotized and immovably connected to both

carapace and sternum (Fig. 4.6a). In this way the prosoma forms an extremely

stiff capsule. Such a capsule seems unable for hemolymph pressure generation, as

one precondition for the necessary volume decrease, a soft and flexible pleura, is

missing. Simple deformation tests in freshly killed specimens of the tetrablemmid

Perania nasuta by using a forceps show, that a dorsoventral compression of the

prosoma is practically impossible because of the hardiness of the cuticle. Not even

minuscule leg movements can be elicited by doing so and the cuticle rather breaks

than to deform even slightly. However, already a minor dorsoventral compression

of the opisthosoma immediately resulted in well-defined extension of all eight legs

in the femur–patella joint and the tibia–metatarsus joint.
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The opisthosoma shows a dorsal and a ventral scutum and several longitudinal

furrows laterally (Fig. 4.6b). In these furrows, sclerites are situated that serve as

muscle attachments. The smooth subepidermal muscle layer in the opisthosoma

(“abdominal sac”) is strongly modified in Perania and in another species of

tetrablemmid, Indicoblemma lannaianum. The abdominal sac is unusually strongly

developed and partitioned into powerful dorsoventrally running muscles that attach

at the lateral sclerites and at the dorsal or ventral scutum, respectively (Fig. 4.7).

Obviously, a contraction of these muscles leads to a volume decrease in the

opisthosoma and to an increase of hemolymph pressure. I propose that in

Tetrablemmidae and in other armoured spider taxa with a similar sclerotisation of

the body, it is the modified abdominal sac that mainly generates the hemolymph

pressure necessary for leg joint extension. Detailed work about these problems will

be published elsewhere.

4.9 Conclusions

Spiders lack extensor muscles in the main joints of their walking legs

(femur–patella and tibia–metatarsus joint, respectively). These leg joints are

extended by a rise of hemolymph pressure in the prosoma, caused by contraction

of prosomal dorsoventrally running muscles (musculi laterales or endosternal

Fig. 4.6 Female of Perania
nasuta (Tetrablemmidae) in

lateral view. (a) Prosoma,

legs and hairs omitted. Note

the inflexible and strongly

sclerotized pleura.

(b) Opisthosoma. Note the

cuticular folds with lateral

longitudinal rows of sclerites.

ds dorsal scutum, lf lateral
folds with sclerites, p pedicel

tube, sp spinnerets, vs ventral
scutum
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suspensor muscles, or both). This leads to volume decrease in the prosoma (made

possible by soft and flexible pleurae) and to hemolymph flow into the legs. Inside

the legs, hemolymph flows in channels (“lacunae”) whose cross sections are

strongly influenced by intrinsic muscle activity. In hydraulic leg joints, only flexor

muscles occur that act antagonistically to hemolymph pressure. The articular

membranes in leg joints are bellows-like folded, in this way preventing

unfavourable torques opposing joint extension. During maximum activity, perfu-

sion of the prosoma stops because prosomal pressure exceeds systolic heart pres-

sure. In the opisthosoma, a smooth subepidermal muscle-sheet (“abdominal sac”)

and several other muscles generate hemolymph pressure that is considerably lower

than prosomal pressure during high activity, but may be very close to it during rest

or moderate activity. Opisthosomal pressures are sometimes linked to prosomal

ones, but sometimes not. This implies (contrary to previous opinions) a temporary

hydrostatic separation between pro- and opisthosoma, probably due to a muscular

valve at the anterior end of the pedicel that is not yet defined anatomically. Only

few spider species have been studied with respect to body hydraulics so far, and

various deviations of the here described hydraulic system may occur. For example,

in some spiders the prosoma forms an extremely stiff capsule that is almost

impossible to deform and therefore unable to generate hemolymph pressure. It is

suggested that these spiders produce hemolymph pressure for leg extension mainly

in the opisthosoma by contraction of a strongly modified abdominal sac.

Fig. 4.7 Cross section of the

opisthosoma of a female

Indicoblemma lannaianum
(Tetrablemmidae). as
portions of the abdominal sac,

ds dorsal scutum, ls lateral
sclerites, vs ventral scutum
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Chapter 5

Functional Aspects of Spider Scopulae

Senta Niederegger

5.1 Introduction: Attachment Systems in Insects, Geckos

and Spiders

Two types of systems for the attachment to variable surfaces evolved within

arthropods. The smooth attachment system (Fig. 5.1a) consisting of soft pads

located on the pretarsi can be found in many insects, e.g. arolia in Hymenoptera

(bees, wasps, ants) or euplantulae in Ensifera (crickets) (Gorb 2012). Few arachnids

exhibit a smooth attachment system such as Solifugae and Pseudoscorpiones with

suctorial organs. The hairy attachment system (Fig. 5.1b) consists of surfaces

covered with simple or complex attachment structures. The simple system can

exemplary be found in pretarsi of Diptera where the attachment pads pulvilli are

unilaterally covered with single setae terminating in spatulae (as in Fig. 5.1b)

(Niederegger and Gorb 2003). A more complex formation with setae branching

into microtrichia before terminating in spatula-shaped endings can be found in the

scopulae located on tarsi and occasionally on metatarsi of many spiders and in

geckos (Arzt et al. 2003). Surface structure such as setae and microtrichia on

attachment devices leads to an increase of the tenacity (adhesion per unit of the

measured contact area) compared to a nonstructured pad with the same area.

Furthermore, structured attachment systems show higher reliability of contact on

various surface profiles and an increased tolerance to individual contact defects

(Peressadko and Gorb 2004).
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5.2 Scopulae in Spiders

Scopulae are located at the tip of the tarsus ventral of the two claws (Fig. 5.2),

and some spiders have additional tarsal and metatarsal scopulae. They can

be found in a large variety of spider families, ranging from mygalomorph

spiders (Barychelidae, Ctenizidae, Nemesiidae, Theraphosidae) to haplogyne spiders

(Dysderidae, Caponiidae, Orsolobidae) and to higher non-araneoid entelegyne spiders

(Ammoxenidae, Anyphaenidae, Clubionidae, Ctenidae, Gnaphosidae, Liocranidae,

Lycosidae, Salticidae, Selenopidae, Homalonychidae, Philodromidae, Sparassidae,

Thomisidae, Zoridae) (nonexclusive listing). Scopulae enable spiders to climb

smooth, steep surfaces such as large leaves, bark or stones and in an artificial

environment even window panes. As a rule of thumb, web-building spiders do not

have scopulae, but many wandering spiders do.

5.2.1 Morphology

Claw scopulae as well as tarsal and metatarsal scopulae (Fig. 5.3a) located on the

ventral side of tarsi and metatarsi bear thousands of setae which are distally bent at

their tips (Fig. 5.3b). The concave part of the bent seta is covered with fine cuticular

outgrowths called microtrichia (Fig. 5.3c), terminating in small spatula-shaped

endings, the spatulae (Fig. 5.3d). Tarsal and metatarsal scopulae are composed of

setae with almost equal length, whereas the claw scopulae are built from setae with

different lengths, resulting in a paw-like shape of the claw tuft (Fig. 5.2)

(Niederegger and Gorb 2006). Scopulae can also consist of setae with a round

Fig. 5.1 (a) Smooth attachment system on smooth surface (top) and on rough surface (bottom).
(b) Hairy attachment system on smooth surface (top) and on rough surface (bottom) (fromGorb 2012)
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Fig. 5.2 Claw scopula of Aphonopelma seemanni (Theraphosidae). (a) Dorsal view, (b) lateral
view

Fig. 5.3 (a) Tarsus of the right hind leg of Aphonopelma seemanni (Theraphosidae) in contact

with glass surface during vertical walking. (b) Seta, SEM picture; (c) microtrichia and spatulae,

SEM picture; (d) spatulae in contact to smooth surface, SEM picture. CS claw scopula, TS tarsal

scopula, MS metatarsal scopula
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cross section, ventrally and laterally covered with microtrichia without spatulae as

found in Thomisidae. The claw scopula is a bipartite structure originating from two

plates flanking the central claw lever articulated with the claws (Hill 1977). Claws

and scopulae can be moved independently by means of hydraulic inflation or

deflation of the tarso-pretarsal joint or by movement of a dorsal pretarsal levator

and an opposing ventral pretarsal depressor (Hill 2006).

5.2.2 Theraphosidae

Theraphosidae are hairy and often very large spiders hunting on trees or on the

ground. They are able to produce silk, but most do not build webs for prey capture,

as their primary hunting method is ambush. As an example, Aphonopelma seemanni
(Fig. 5.4a) possesses three scopulae: the claw scopula which is located under the

claws, the tarsal scopula and the metatarsal scopula on each leg (Fig. 5.4b) except

for the hind leg in which the scopulae are restricted to the claws and tarsus. As the

claw scopula hairs are densely packed, only the tips of the claws are visible from the

ventral side. Due to different length in the hairs, an almost even but very flexible

profile for attachment is generated (Fig. 5.2). When walking on glass, however, the

spider uses only the claw scopula to contact the surface (Fig. 5.4a). Even on a

vertical surface the animal never uses the whole area of the leg scopulae to build

contact with the surface. The tarsal and metatarsal scopulae are most likely used in

hunting (Dunlop 1995) to grab and hold on to prey.

The design of the hairs of the metatarsal, tarsal and claw scopulae is very similar

as described in the previous section, although the hairs of the claw scopula have a

wider variation in length. The hairs in the middle of the metatarsal and tarsal

scopulae are oriented at a slight angle to the leg axis, and the lateral hairs run

fan-shaped to the borders of the leg (Niederegger 2003). This arrangement is

Fig. 5.4 Aphonopelma seemanni (Theraphosidae). (a) Standing horizontally on a glass surface.

(b) Metatarsus and tarsus of the second left leg in horizontal walking. P pedipalps,MTmetatarsus,

MS metatarsal scopula, T tarsus, TS tarsal scopula, C claws, CS claw scopula
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probably advantageous for retaining the captured prey and not for attachment

purposes in walking. In the connection of the tarsal scopula to the claw scopula,

the hairs have almost no slope to the leg axis but are oriented in the direction of the

walking surface. The spatulae of Aphonopelma seemanni are round (Fig. 5.3c),

whereas spatulae in other spiders might be of a more triangular shape (Sect. 5.2.3).

Divided scopulae have a longitudinal band of long thick setae, whereas entire

tarsal scopulae have homogeneous adhesive hairs. A possible division of the tarsal

scopula in Theraphosidae is related to spider size. All theraposids have divided

scopulae in juvenile states, but they become entire in adults of several species

(Pérez-Miles 1994).

5.2.3 Salticidae

The mostly small jumping spiders are active hunters and usually stalk and jump

their prey rather than building webs. For safety reasons, jumping spiders produce

silky tether lines before each jump enabling them to leap onto their prey even on

vertical or inverted surfaces (Foelix 2011). Phidippus audax possesses claw

scopulae on each leg as well as two ventrolateral scopulae on the distal portion of

the tarsus. These scopulae are found particularly on forelegs of older spiders. No

metatarsal scopulae are present on the legs of jumping spiders. In the mid-ventral

tract of the distal tarsus, plume setae can be found between the scopulae. Each

plume seta bears a single large apical filament. The specific function of these setae

is unknown, but they may facilitate thrust in jumping and rapid locomotion. It was

found in Phidippus rimator that the scopulae are not present in the first instar but

appear in the second instar. The setae associated with the pretarsus subsequently

increase in size and number with every moult and the increase in size of the spider

(Hill 1977). In Evarcha arcuata, no additional attachment structures other than

claws and the very characteristic and tuft-like claw scopulae were found on any leg

(Fig. 5.5a, b). The spatulae of jumping spiders have a triangular appearance

(Fig. 5.5c) (Kesel et al. 2003).

5.2.4 Ctenidae

Wandering spiders are ambush hunters and attack their prey with high velocity

as soon as it is close by. Silky tether lines are produced for safety, and the prey

is retained by the tarsal and metatarsal scopulae (Niederegger 2003). Cupiennius
salei (Fig. 5.6a) possesses morphologically very similar scopulae (Fig. 5.6b) as

the theraphosid Aphonopelma seemanni presented earlier (Sect. 5.2.2). Claw

scopulae as well as tarsal and metatarsal scopulae are present. The microtrichia

of C. salei (Fig. 5.6c) have a very similar appearance as the microtrichia of A.
seemanni; interestingly, however, the spatulae of the considerably smaller spider
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C. salei are about twice the size (0.30 � 0.05 mm2) of the spatulae of A.
seemanni (0.13 � 0.02 mm2) (Niederegger and Gorb 2006). This is quantitatively

explained by applying the principles of contact mechanics, according to which

splitting up the contact into finer subcontacts increases adhesion. Arzt et al.

(2003) found a strong inverse scaling effect in attachment devices as heavier

animals exhibit finer adhesion structures.

5.3 Forces

Scopulae of spiders were reported as dry adhesive devices relying on the molecular

van der Waals interactions between spatulae and substrate, similar to the hairy

system of geckos (Kesel et al. 2003; Autumn et al. 2000). Additionally, the

Fig. 5.6 Cupiennius salei (Ctenidae). (a) Hanging slightly vertically on a glass surface. (b) One

middle leg in contact to glass surface. (c) Setae of Cupiennius salei. C claw, CS claw scopula, TS
tarsal scopula S spatula

Fig. 5.5 Evarcha arcuata (Salticidae). (a) Lateral view of the tarsal adhesive apparatus, showing

both claws and the scopula. (b) Ventral view of the scopula. Scopula area ¼ 3.2 � 104 mm2;

mean: 3.7 � 104 mm2. (c) Triangular shape of spatulae. C claws, CS claw scopula (from Kesel

et al. 2003)
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humidity of the environment can have strong influence on the adhesion of spider

scopulae (Wolff and Gorb 2012). Attachment forces should therefore be similar for

fresh and dried samples. Force measurements using a micro force meter on fresh

and dried samples of severed tarsal and metatarsal scopulae of Aphonopelma
seemanni and Cupiennius salei revealed that no adhesion forces were generated

when the scopulae were simply lowered to and lifted from a surface (Fig. 5.7a). An

axial movement (Fig. 5.7b) on the surface on the other hand yielded considerable

forces. Friction forces produced by pulling the spider leg proximally over the

surface were much lower than forces produced in distal pushing movements of

the spider leg. Measurements further showed that forces for A. seemanni were
usually higher in tarsi than in metatarsi but for C. salei the forces were higher in

metatarsi than in tarsi. Overall, however, both spiders generated almost equal forces

even though the spatulae of the much larger A. seemanni were only about half as

large as the spatulae of C. salei. Friction experiments additionally showed that

desiccation of the foot leads to lower forces (Niederegger and Gorb 2006).

The distal part of the seta is ventrally covered by the spatulae bearing

microtrichia and slightly bent in distal direction (see Sect. 5.2.1). When the tarsal

or metatarsal scopulae are pulled towards the body (proximal shear), the setae are

strongly bent in the opposite direction and contact the substrate with their spatulae-

lacking dorsal part (Fig. 5.8a). No adhesive contact can be established between the

setae and the substrate. When the tarsal or metatarsal scopulae are pushed away

from the body (distal shear), however, the spatulae contact the substrate, and

adhesion forces as well as molecular van der Waals forces can be generated

(Fig. 5.8a) (Niederegger and Gorb 2006).

According to atomic force microscopy measurements in the jumping spider

Evarcha arcuata, a single triangular spatula can produce a force of 38.12 nN.

Fig. 5.7 Experimental set-up for force measurements. (a) Adhesion test: the force transducer

(sensor) registered both load and adhesive forces while pressing onto (white arrow) and retracting
the segments from (black arrow) a glass surface without sliding. (b) Friction test: two force

transducers simultaneously registered normal (sensor 2) and friction (sensor 1) forces generated

after applying a load (white arrow) and sliding the segments over a glass plate in both distal and

proximal directions (black arrows) (from Niederegger and Gorb 2006)
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With an estimated total number of 78.000 spatulae per claw scopula, eight spider

feet can generate a maximal force of 2.97 � 10�3 N. Maximal adhesion perpendic-

ular to the substrate would measure 2.38 � 10�2 N. With a body mass of 15 mg,

corresponding to 1.47 � 10�4 N, the adhesive force is 160 times the weight of the

animal (Kesel et al. 2003).

5.4 Fluid Secretion

It was postulated for a long time that the branched, hairy attachment structures

found in spiders and geckos work by dry intermolecular interaction (van der Waals

forces) enhanced solely by capillary forces generated by the very thin film of water

naturally present on most surfaces (Foelix 2011).

Video recordings of a living Aphonopelma seemanni adhering to a vertical glass
surface, however, suggest filament-like secretion from the spider scopulae while

sliding downwards. The substance had a liquid appearance when secreted, but the

filaments hung over the edge of the glass or even intertwined which would not be

possible if it was a fluid. In the footprints of severed legs, drop-like secretions were

Fig. 5.8 Effect of the leg-sliding direction on the orientation of setae and spatulae in tarsal and

metatarsal scopulae. (a) Proximal pulls result in the alignment of setae with their proximal sides to

the substrate. This side does not bear microtrichia with spatula-shaped tips. In this case, the contact

area is reduced because of the cylindrical shape of the setal shaft contacting smooth glass.

(b) Distal pushes result in the orientation of setae with their distal sides to the substrate. This

side bears microtrichia with spatula-shaped tips. Thin flattened spatulae provide contact formation

between setae and substrate. EX exoskeleton, MI microtrichia, SE seta, SO socket, SP spatula,

a indicates slope of setae relative to the exoskeleton surface, b indicates slope of microtrichia

relative to the seta (from Niederegger and Gorb 2006)
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found additionally to filament-like (Gorb et al. 2006). The findings were supported

by a study on three distantly related theraphosid species in which nozzle-like setae

on the tarsi were found to be responsible for silk depositions (Rind et al. 2011). Silk-

extruding spigots arrayed on the spinnerets and connected to internal silk glands are

assumed to be modified setae on modified appendages (e.g. Selden et al. 2008).

Silk-secreting tarsal structures were therefore interpreted as missing link to the

ancestral condition (Gorb et al. 2006; Rind et al. 2011).

Criticism to the hypothesis arose as it was postulated the nozzle-like structures

were not spigots but thermosensors (Pérez-Miles et al. 2009) or chemoreceptors

(Foelix et al. 2012). While Pérez-Miles et al. (2009) were not able to find any

secretion after sealing the spinnerets with paraffin, Foelix et al. (2012) observed

secretions directly correlated with the ribbed hairs found on the theraphosid tarsus.

As chemosensory hairs are known to be filled with proteinaceous fluid (e.g. Foelix

and Chuwang 1973), it was suggested that the substance might be “receptor lymph”

(Foelix et al. 2012), although the composition of this fluid was not determined.

Hydrophobic fluid footprints however were found in many spiders, solifugids

and mites. An approach utilizing interference reflection microscopy revealed per-

sistent, hydrophobic footpad secretions in every species studied by Peattie et al.

(2011). As opposed to the hairy attachment system in flies, however, fluid secretion

in spider scopulae was not continuous. It was therefore postulated by the authors

that the scopulae can function in both wet and dry modes.

Given that the hairy attachment system of spiders can function in wet and dry

condition and the cohesive forces of a thin water film naturally occurring on most

surfaces suffice for adhesion, humidity should influence attachment abilities of

spiders. Wolff and Gorb (2012) found 50 % higher traction forces for Philodromus
dispar (Philodromidae) in an environment with a relative humidity of 70 % than at a

relative humidity of 15 %. Very low forces were detected at a relative humidity of

99 %, especially if water condensation could be observed on the substrate which

then became slippery to the spider.

5.5 Conclusions

Spider scopulae are powerful attachment devices for locomotion on smooth and/or

steep surfaces as well as for prey capture. Forces can be generated to hold up to 160

times the body weight, and the system can, in its most advanced state, probably be

run in dry and wet modes according to necessity.
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Chapter 6

Cost–Benefit Balance of Dispersal

and the Evolution of Conditional Dispersal

Strategies in Spiders

Dries Bonte

6.1 Introduction

Movement is a central life history trait in organisms inhabiting a world that is

spatially heterogeneous. From birth to death, organisms need to displace them-

selves to fulfil essential life functions related to foraging, escaping predators,

avoiding competition and inbreeding. According to the general framework pro-

posed by Nathan et al. (2008), the movement pattern can be described by four basic

components that all depend on the organisms physiological conditions: (1) the

organism’s internal state, which defines its intrinsic motivation to move; (2) the

motion and (3) navigation capacities representing, respectively, the organism’s

basic ability to move and affect where and when to move; and (4) the broad

range of external factors affecting physiological processes related to movement.

While movement describes any change in location, dispersal refers only to the

movement of an individual from its natal site to (possibly several) sites at which it

reproduces (Clobert et al. 2009). Consequently, many of the movements undertaken

by an organism may not be relevant for dispersal, such as long-distance migration

of birds and other movements of highly active animals within their home range for

foraging. Furthermore, dispersal can comprise a single event through a lifetime

(e.g. in most sessile organisms) or can be a very complicated compound process

including, for example, many bouts of settlement and reproduction.

In spiders, dispersal is generally conducted by means of two distinct locomotory

strategies. Ambulatory locomotion allows short-distance displacement relevant for

foraging or mate searching and can eventually result in dispersal away from the

place of birth (Bonte et al. 2004; Lambeets and Bonte 2009). In contrast, spiders

have developed silk-related dispersal strategies that allow displacements over

longer distances. Such dispersal strategies are generally referred to as ballooning
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when meteorology and behaviour facilitate drag-induced lift, allowing the “body”

to become airborne (Bell et al. 2005), but I prefer to use the term aerial dispersal

since alternative displacement strategies using silk are possible.

The production of silk is consequently central to dispersal in spiders. Spiders

have up to six silk glands producing a multitude of threads which emerge from

spigots (Vollrath and Knight 2001). These spigots are placed on spinnerets

terminating at the spider’s opisthosoma and are commonly found on most spiders

except the Anyphaenidae, Clubionidae and Salticidae in which they are absent (Bell

et al. 2005). Presumably, silk lines for aerial dispersal are classical draglines that

are produced in such a way that they do not get immediately attached to the surface,

but instead are released in the atmosphere. According to Richter (1970), six or eight

silk threads are produced prior to take-off, pointing at the possible involvement of

the eight glandulae ampullaceae (glands in the anterior spinnerets, associated with

the production of draglines) in aerial dispersal. Araneomorph spiders do succeed in

this by displaying distinct behaviours preceding transfer, so-called tiptoe behaviour

(i.e. stretching of legs, raising opisthosoma and producing silk threads; see Fig. 6.1)

after climbing up in the vegetation to exposed locations. By means of this

behaviour, spiders initiate either long-distance dispersal when silk threads are

transported in the air (ballooning) or short-distance dispersal when silk threads

are used as bridges (rappelling). Due to aerodynamic constraints, ballooning is

restricted to smaller individuals. A mathematical model revealed that ballooners are

predicted to have little control over their aerodynamic drag and their dispersal

within the atmospheric boundary layer and that the length of the silk line is only

crucial at lift-off (Reynolds et al. 2006). While this strategy following tiptoe

behaviour appears to be the most commonly used technique, some spiders use

alternative methods, for instance, dropping in mygalomorphs by which spiderlings

drop from an elevated point in the vegetation thereby remaining attached to a

dragline and catch upward velocities while continuously producing silk till the

line breaks at a sensitive point (Eberhard 1987). Silk-assisted aerial dispersal is

known from almost all spider families, and phylogenetic analysis suggests that it

Fig. 6.1 Erigone atra or

E. dentipalpis (Linyphiidae)
adopting a typical tiptoeing

position before the onset of

aerial dispersal. Picture credit

by ARABEL image bank/#
R. Louvigny
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likely evolved in parallel with the raise of grasses in the Cretaceous era (135–65

million years ago) and the subsequent temporal and spatial heterogeneities in

habitat structure due to, for example, herbivory and trampling. I refer to the

excellent review of James Bell and colleagues (Bell et al. 2005) for a comprehen-

sive review on the evolution of ballooning from a phylogenetic perspective.

Because ballooning has been demonstrated to be a heritable trait in a selection of

species (Bonte et al. 2003, 2009; Bonte and Lens 2007) and because aerial-dispersal

strategies have been shown to be strongly dependent on the local context and

individual condition, I will outline more into detail how the cost–benefit balance

of dispersal may influence aerial dispersal strategies in spiders through selection

and phenotypic plasticity.

6.2 Benefits and Costs of Dispersal in Spiders

6.2.1 Benefits

Widely acknowledged benefits of dispersal are increased fitness in spatio-

temporally changing environments due to bet hedging, avoidance of competition

with conspecifics and kin and inbreeding avoidance (Cressman and Krivan 2006;

Gandon 1999; Gandon and Michalakis 1999; Krivan et al. 2008; Leturque and

Rousset 2002; Palmqvist et al. 2000). In spiders, benefits for aerial dispersal are

likely to be attributed to survival in disturbed habitat (Bell et al. 2005) but also

avoidance of competition, that is, avoiding cannibalistic events and competition

for resources with relatives (Bonte et al. 2007b, 2011a). While aerial dispersal

is largely associated with habitat disturbance in spiders both among and within

species (Entling et al. 2011) and/or the avoidance of resource competition

(De Meester and Bonte 2010), natal dispersal strategies of hatchlings are mostly

beneficial for avoiding kin competition. Because of the huge costs of aerial dis-

persal in reaching unsuitable habitat, such natal dispersal often confers short-

distance displacements by ambulatory displacements (Mestre-Arias and Bonte

2012) or even maternally assisted displacements which we referred to as

hitchhiking dispersal (Bonte et al. 2007b). While all these factors are simulta-

neously shaping the process of dispersal, each of them may influence dispersal in

different ways (Lecomte et al. 2004; Stenseth and Lidicker 1992) depending on the

associated costs.

6.2.2 Costs

As recently outlined in a review, costs of dispersal can be categorised into four

major categories: energetic, time, risk and opportunity costs (Bonte et al. 2012). In
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short, energetic costs are due to lost metabolic energy related to the development of

specific dispersal attributes; time costs refer to costs by time not invested in other

primary activities during dispersal; risk costs are costs related to both mortality risks

and attrition, while opportunity costs are incurred by giving up prior residence and

familiarity-related advantages. While we do not have a proper understanding on the

magnitude of the costs associated with spider dispersal, it is likely that costs related

to silk production (Craig et al. 1999) can be substantial, especially if multiple

threads are simultaneously or sequentially produced. Spiders climb elevated

structures in the vegetation to prepare for ballooning by tiptoeing, thereby spending

energy on nonroutine movements, but they also expose themselves to predators and

experience mortality or damage costs before and during the departure preparation

phase (Young and Lockley 1988). The observation that spiders display antipredator

behaviour when preparing for dispersal by taking a position that allows for a fast

escape by jumping when attacked additionally suggests that predation during

dispersal preparation may be quite common. Similar risk costs are likely to be

incurred during transfer, but no data so far are available on predation risks in the air.

Settlement costs during aerial dispersal (i.e. failure to reach suitable habitat) are

likely high when habitat availability is low and spatially uncorrelated, with

possibilities of reaching a suitable habitat proportional to the availability of

habitats. This is expected because of any absence of control over the aerodynamic

drag within the atmospheric boundary layer (Reynolds et al. 2006). Although no

attempts have been made to quantify these costs, selection pressures arising from

such potentially area-related mortality risks can be deduced indirectly from

decreased ballooning responses in spiders inhabiting small habitat islands or

heavily fragmented landscapes (Bonte et al. 2006, 2007a). Finally, social spiders

are likely to incur substantial integration costs of aerial dispersal due to increased

Allee effects when founding new colonies at reduced group sizes (Lubin and Bilde

2007). These costs are therefore thought to have led to the evolution of group

dispersal strategies in social spiders through budding or fission, thereby additionally

maintaining genetic relatedness within groups (Lubin and Bilde 2007).

6.3 Information Use and Phenotypic Plasticity of Dispersal

The balance between costs and benefits of dispersal will determine the eventual

dispersal strategy. This balance is expected to be determined by both biotic and

abiotic environmental factors like the strength of wind velocity and habitat area

determining successful immigration in suitable habitat, local densities and sex ratio

determining future reproductive success (context dependency) or intrinsic factors

related to body condition directly determining the amount of energy that can be

spend on dispersal or avoiding predation risks during the preparation (condition

dependency). Because of such context- and condition-dependent cost–benefit

balances, dispersal is expected to be a plastic trait, allowing a quick and opportu-

nistic adoption of the strategy in fast-changing environment (Stamps 2001). Such
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plastic responses can, however, only occur when individuals detect information

from the environment and use it for dispersal decision making (Clobert et al. 2009).

This information can be perceived during development through changes in internal

state or it can be perceived by cognitive processes, so by actively collecting

information.

6.3.1 Context-Dependent Dispersal

Information on the prevailing environmental conditions is detected by sensory

mechanisms for visual, olfactory or wind stimuli but potentially also through its

impact on development when starvation or different temperatures during develop-

ment directly impact physiological conditions. In the latter case, changes in the

environment affect body condition. Such conditional effects on dispersal in spiders

are discussed below. Information can also be genetically acquired when natural

selection has generated adaptive changes in gene frequency that determine the

eventual phenotype. Such adaptive changes (sensu natural selection) comprise the

adaptation of aerial dispersal strategies in relation to changes in landscape structure

(Bonte et al. 2006, 2007a). Evidently, information on the landscape structure cannot

be acquired during an individual’s life span, especially not when aerial dispersal

takes place in the juvenile life phases. However, spiders with well-developed visual

capacities might adopt emigration strategies by using cues on the local habitat

structure for homing when incidentally leaving the local habitat. Such strategies

have been observed in wolf spiders (Lycosidae) from riverine (Lambeets and Bonte

2009; Lambeets et al. 2010) or grassland systems (Bonte et al. 2004), respectively,

swept by floods or leaving optimal habitat by increased ambulatory movements.

For aerial dispersal, information on the turbulence and wind speed is essential

for successful displacements. When wind velocities are too high, upward draughts

may be limited and silk threads may become entangled thereby hindering effective

displacements (Bell et al. 2005; Reynolds et al. 2006). Alternatively, species

inhabiting small habitat islands, like isolated salt marshes along the North Sea,

may experience higher probabilities of being blown in the hostile sea. Aerial

dispersal strategies are therefore adjusted to the prevailing wind velocities as

censored by trichobothria on the legs (Bell et al. 2005), with maximal take-off

frequencies when wind currents are below 3 m/s and when upward thermal winds

are present (Greenstone 1990; Vugts and Vanwingerden 1976). Because the

consequences of differences in wind speed and eventual dispersal distance will

largely depend on the local habitat configuration, local adaptation in the use of this

source of information has been observed in the wolf spider Pardosa purbeckensis
with individuals from small populations showing decreased emigration behaviour

with increased wind strength relative to those individuals originated from large-area

salt marshes (Bonte et al. 2007a).

In agrobiont spiders, the availability and configuration of habitat is seasonally

changing. Species like Erigone typically inhabit large crop areas from spring till
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harvest in late summer and are then forced to retreat to small strips of natural habitat

in road verges or other more permanent vegetation which is typically sparsely

distributed in intensively managed agricultural landscapes. This implies that costs

of dispersal, that is, possibilities of reaching such habitat, change seasonally with

low probabilities of finding suitable habitat in late summer and autumn, while

nearly risk-free in spring. Given the limited movement possibilities and visual

sensory capacities, agrobiont spiders are not able to explore the condition of the

landscape. Instead, adaptive strategies have evolved in function of the experienced

temperature during development (Bonte et al. 2008b). While temperature has an

overall effect on body condition (see below), dispersal strategies are independently

adopted in relation to these thermal conditions, with those individuals developing at

low temperatures (mimicking early spring conditions) performing long-distance

ballooning strategies, thereby optimising colonisation of crop habitat in the vicinity,

and those having experienced warm summer temperature conditions more likely to

show repeated short-distance rappelling movement, thereby increasing possibilities

of reaching patches of hibernation habitat (Bonte et al. 2008b).

While changes in habitat quality determine fitness at longer time intervals, local

population structure may have more immediate impacts on fitness through resource

competition. Dispersal is a prime mechanism to avoid competition when densities

are high and will, under the condition that individuals are able to perceive informa-

tion related to local crowding, result in positive density-dependent emigration

strategies (Poethke and Hovestadt 2002). Equally, males and females do not share

the same interest. In spiders, but also other arthropods (Anholt et al. 2001), males are

trying to optimise mating opportunities, while females need to optimise food intake

for further investment in reproduction. In the spider Erigone atra, emigration

strategies have been demonstrated to follow this prediction (Fig. 6.2), with higher

dispersal in an artificial metapopulation when densities of individuals from the same

sex increase and, in the case of males, when the proportion of males to females

increased (De Meester and Bonte 2010). Interestingly, such density-dependent

dispersal strategies were only recorded for short-distance dispersal strategies, that

is, rappelling. Because of the aggregated distribution of spiders, for instance, in

crops, such strategies are consequently expected to maximise resource use while

avoiding costs of ending up in unfavourable habitat, where resources are totally

lacking. Results of this experiment indicate that spiders are able to perceive infor-

mation on the local population structure, but it remains an open question how this is

done. Note that these density-dependent strategies emerged only by the fact of

interactions with conspecifics and not through the action of food shortage since

prey availability was not limiting (see Sect. 6.3.2 for effects of food limitation).

While information received from direct interactions during development is

likely, our experiments additionally pointed at the possibility of using silk-related

information, possibly the presence of specific associated volatiles. Indeed, long-

distance dispersal strategies are not triggered by changes in local population

structure, but in contrast strongly determined by the presence of dispersal-

associated silk in the environment. Conversely, Erigone spiders were found to be

more engaged in performing costly long-distance dispersal when some conspecifics
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have done so previously (De Meester and Bonte 2010). Such cues do indicate that,

for instance, meteorological conditions are suitable and are a source of cheap public

information on the suitability of the dispersal window. Of course, some individuals

should engage in sampling the environmental conditions first. Relatively few

dispersing individuals are therefore expected to induce a cascade of emigration

events, eventually leading to synchronised, mass-ballooning events.

6.3.2 Condition-Dependent Dispersal

In the previous paragraph, we showed how spiders use information from their

environment for dispersal. In all these cases, adaptive decisions are made in the

Fig. 6.2 Density-dependent

rappelling in the spider

Erigone atra (Linyphiidae).

Females adjust their strategy

only in response to female

density (top panel), while
males (bottom panel) use
information on both the

number of direct competitors

(males) and the availability of

mating partners (females).

Adapted from DeMeester and

Bonte (2010)
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sense that they are expected to be beneficial for the individual, thereby maximising

fitness. Dispersal decision making is, however, equally expected to be influenced by

internal physiology, and individuals may adapt strategies according to their own body

condition through phenotypic plasticity. We showed, for instance, that dependent on

the prevailing environmental conditions, different phenotype-dependent strategies

are expected to evolve when individuals in best condition are able to bear the

costs of dispersal (Bonte and de la Pena 2009). Alternatively, body condition may

constrain dispersal due to the lack of sufficient energetic reserves, thereby inducing

nonadaptive responses. In all cases, individual heterogeneity in body condition, or

phenotype in general, will give rise to syndromal responses (Dingemanse et al. 2010),

where dispersal is correlated with specific morphological, physiological or life

history traits (Bonte and Saastamoinen 2012). Such phenotype-dependent strategies

were found to be adaptive, in the sense that ballooning phenotypes were additionally

characterised by a faster settlement in empty habitat and an increased willingness

to go into conflict to take over already occupied sites (Bonte et al. 2011a). These

correlated behaviours subsequently point out that dispersive phenotypes are likely

to experience a selective advantage at settlement and that dispersive phenotypes

are not a random subsample from the population.

Again, in E. atra we found positive correlations between aerial dispersal and

body condition (as assessed by reproductive output) in an experiment where

individuals were reared under optimal and suboptimal temperature conditions

(Bonte et al. 2008b). Similar constraints with individuals in poor condition not

willing/able to disperse were found for inbreeding on both ballooning and

rappelling in three Erigone species (Bonte 2009) and for the presence of endosym-

biotic bacteria on ballooning in E. atra (Goodacre et al. 2009). Interestingly, no

direct impact on fitness was observed in individuals infected with the specific

endosymbionts, leaving the question open whether such physiological constraints

are due to negative impacts on health (i.e. the endosymbionts behaving as a disease)

or manipulation (i.e. endosymbionts manipulating host dispersal phenotype to

enhance their fitness) (Goodacre and Martin 2013).

While I showed earlier that overcrowding induced dispersal, immediate food

shortage during development constrained the investments in silk threads produced

for taking off in Erigone arctica and Erigone dentipalpis (Bonte et al. 2008a),

suggesting that a lowered body condition decreases the eventual distance that can

be dispersed. This study did, however, not separate rappelling from ballooning and

differences in the length of the produced silk thread were likely to be related to a

shift in dispersal strategy (with ballooning silk threads being shorter than those

produced for rappelling). In a more recent experiment, we therefore assessed the

impact of starvation on the expression of dispersal in E. dentipalpismore into detail,

thereby including the impact of maternal effects on both natal ambulatory and adult

aerial dispersal strategies (Mestre-Arias and Bonte 2012). We found that food

supply had a pervasive influence on all aspects of E. dentipalpis dispersal behaviour.
Food stress induced ambulatory emigration during the juvenile stage, and only

males decreased rappelling under current food shortage. Short-distance dispersal
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strategies were consequently plastic in relation to food shortage during development

and only constraining adult dispersal. Interestingly, the interaction between mater-

nal and current food deprivation caused a marked increase in long-distance balloon-

ing, with lowest ballooning rates in cases where food was excessively available

during the development of mother and her offspring and highest when it was

limiting during the two subsequent generations (Fig. 6.3). This factorial experiment

consequently demonstrated that reactions of spiders to food supply are more com-

plex than previously assumed and corroborates that the influence of an ecological

factor on dispersal is not confined to a single point in time but acts through its

temporal variation across generations (Ronce 2007). Maternal effects are increas-

ingly being recognised as key determinants of population dynamics, since they not

only affect offspring life history traits, such as survival and reproduction, but also

dispersal behaviour and gene flow. As such, both immediate and past environmental

conditions are expected to have important consequences for metapopulation cohe-

siveness and persistence by inducing lag responses in population dynamics.

6.4 Conclusions and Perspectives

Aerial dispersal in spiders is a complex trait, subject to selection and phenotypic

plasticity in relation to both environmental parameters and body condition. We

refer to these as, respectively, context- and condition-dependent effects
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Fig. 6.3 The relative contribution of food conditions of the mother and during own development

on ballooning strategies in Erigone dentipalpis (Linyphiidae). Adapted from Mestre-Arias and

Bonte (2012). P (ballooning) denotes the probability that spiders performed ballooning under

standardised laboratory conditions
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(see Table 6.1 for an overview). By using standardised experiments, we showed that

such context- and condition-dependent strategies are not in the same direction for,

respectively, long-distance dispersal through ballooning and short-distance dis-

persal strategy by rappelling, in line with predictions from theory (Bonte et al.

2010; Clobert et al. 2009; Travis et al. 2012). While many observed changes are

likely to be adaptive, a poor body condition can constrain dispersal, thereby

inducing nonadaptive behavioural changes. Our experiments also point at the

existence of maternal effects that additively determine long-distance dispersal

decision making.
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Part III

Immune System and Pathogens

Hemocytes contain the immune system of spiders with a cellular and a humoral

response. Different hemocyte types react very fast to an invasion of various

pathogens by releasing a variety of defensive compounds into the hemolymph.

Combined with such a defence is a very potent repair mechanism which probably

via a clotting cascade and coagulin production stops hemolymph loss, in principle

resembling the human blood clotting cascade. With its combination of ancestral

elements and modern parts, spiders obviously can defend rather successfully

against bacterial and fungal invaders. Since spiders can be affected by a variety

of fungal pathogens but infected spiders nevertheless are rare, one could ask how

resistant spiders are against fungi. Given the substantial negative or positive effects

on immunity, behaviour and reproduction, bacterial pathogens may have on spiders,

the recent debate also focuses on their parasitic or endosymbiotic nature.



Chapter 7

The Immune System of Spiders

Lucia Kuhn-Nentwig and Wolfgang Nentwig

7.1 Introduction

Spiders, as all other arthropods, have an open circulatory system, and their body

fluid, the hemolymph, freely moves between lymphatic vessels and the body

cavities (see Wirkner and Huckstorf 2013). The hemolymph can be considered as

a multifunctional organ, central for locomotion (Kropf 2013), respiration

(Burmester 2013) and nutrition, and it amounts to approximately 20 % of a spider’s

body weight. Any injury includes not only immediate hemolymph loss but also

pathogen attacks and subsequent infections. Therefore spiders have to react to

injuries in a combined manner to stop fluid loss and to defend against microbial

invaders. This is achieved by an innate immune system which involves several host

defence systems such as hemolymph coagulation and the production of a variety of

defensive substances (Fukuzawa et al. 2008).

In spiders, the immune system is localised in hemocytes which are derived from

the myocardium cells of the heart wall where they are produced as prohemocytes

and from where they are released as different cell types into the hemolymph (Seitz

1972). They contribute to the defence against pathogens by phagocytosis, nodula-

tion and encapsulation of invaders. The humoral response includes mechanisms

which induce melanin production to destroy pathogens, a clotting cascade to stop

hemolymph loss and the constitutive production of several types of antimicrobial

peptides, which are stored in hemocyte granules and released into the hemolymph

(Fukuzawa et al. 2008) (Fig. 7.1).

The immune system of spiders is an innate immune system. It is hemolymph-

based and characterised by a broad but not very particular specificity. Its advantage

is a fast response within minutes to a few hours. This is in contrast to the adaptive

immune system of vertebrates which can react to very specific pathogens, thus
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resulting in much more specific responses. Moreover, it creates an immunological

memory during the lifetime of the species. The disadvantage is that it needs more

time to react with antibody production, usually many hours to a few days, and needs

to be built up during early ontogenesis.

7.2 Hemocytes

Seitz (1972) described the development of hemocytes in the heart wall of

Cupiennius salei (Ctenidae), but did not recognise their immunological function.

He rather thought that they were mainly storage cells, involved in moulting and

yolk production. Sherman (1973) analysed the hemocytes of the theraphosid

Aphonopelma marxi and realised the context to immune defence and clotting. He

also reviewed the confusing nomenclature of blood cells (Sherman 1981) and

distinguished three mature hemocyte types and a precursor cell type.

• Granulocytes are the most important hemocyte cell type. They are filled with

granules and the most prominent feature of this hemocyte type, which contain

several antimicrobial peptides to be released into the hemolymph (degranula-

tion), is to kill pathogens. The nucleus is smaller than in plasmatocytes and they

Fig. 7.1 Scheme of the immune system of spiders: origin and function of hemocytes (upper part)
and reaction to injury and infection by microbial invaders (lower part). The reaction of spiders to

injury and infection has not been well investigated and only the boxed components have been

detected in spider hemocytes or hemolymph, whereas the clotting cascade and melanin formation

pathway are adaptations from xiphosurans. For further details, see text
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also eliminate invaders via phagocytosis (Fukuzawa et al. 2008). Granulocytes

vary in shape, including irregular, trapezoidal, triangular, oval and spindle

forms, and their size is about 10 � 25 mm.

• Plasmatocytes are the most common hemocyte type and they have no granular

inclusions, i.e. their cytoplasm is generally agranular or finely granular. They are

polymorphic and show spindle, oval to ellipsoidal size, some are triangular or

irregular. Plasmatocytes have approximately the same size as granulocytes

(5–10 � 20–30 mm) and they are involved in phagocytosis of pathogens and in

clotting (Sherman 1981).

• Cyanocytes represent the least common hemocyte type in the hemolymph and

correspond to oenocytes (Sherman 1981). They are rare in the hemolymph

(<5 % according to Millot 1949) but are frequently found in the heart (Sherman

1973). Their cytoplasma is dense and contains many ribosomes and protein

crystals which were identified as hemocyanin in the case of Aphonopelma
marxi. Cyanocytes are usually rounded or elongated, and they are the largest

hemocytes with 20 � 50 mm (Sherman 1981). Cyanocytes synthesise hemocya-

nin which then is released into the hemolymph (Kemper 1983).

• Prohemocytes are small, mostly round cells with a large, compact nucleus and

thin homogenous cytoplasm. As precursor cells of the other hemocytes, they are

stem cells (Sherman 1981) and are mainly found in the heart wall (Fukuzawa

et al. 2008; Seitz 1972).

Leberidocytes have also frequently been mentioned among blood cells. They are

obviously only involved in the moulting process (Sherman 1981) and correspond to

the moulting hemocytes described by Seitz (1976).

After an injury occurs, hemocytes migrate to the infection site. They directly

fight against pathogens by phagocytosis, the formation of nodules to entrap bacteria

(nodulation), and by the formation of capsules to entrap larger objects (encapsula-

tion). Most importantly, hemocytes release components of the coagulation cascade

to induce clotting and antimicrobial peptides to kill the invading microorganisms.

The direct importance of phagocytosis has probably been overestimated but pre-

sumably it is important for the removal of cellular debris and for remodelling

damaged tissues (Fukuzawa et al. 2008). While the overall functions of hemocytes

in spiders are understood, it is unclear which hemocyte type is responsible for

which part and up to which degree they are specialised for specific tasks.

7.3 The Humoral Response

The humoral response starts with the recognition of invading microorganisms,

triggered by compounds from the bacterial surface, and leads to the initialisation

of complex processes. They include (1) the start of cascades to induce clotting,

(2) the start of cascades to induce melanisation and (3) the release of several

antimicrobial peptides. Clotting is an important step to reduce further hemolymph
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loss and to enable subsequent wound healing. Melanin production is an unspecific

but, nevertheless, very efficient system to destroy bacterial invaders. Antimicrobial

peptides, also described as killing factors, are effective against a wide spectrum of

pathogens. They are known from most major taxonomic groups of organisms and

they differ considerably in structure and specificity. In spiders, so far four groups

of antimicrobial peptides have been identified: defensins, glycine-rich peptides,

a small open-ended cyclic peptide, and a hemocyanin fragment.

7.3.1 The Clotting and Agglutination System

Hemocytes circulating in the hemolymph react very sensitively to contact with

pathogens and release the content of their granules into the hemolymph immedi-

ately via rapid exocytosis. This process has not as yet been investigated in spiders

but well investigated in the horseshoe crab Tachypleus tridentatus (Xiphosura)

(Kawabata 2010), which represents the most ancestral extant chelicerate group,

and thus might be a model which could at least be partially valid for spiders.

The clotting process is triggered by pathogen-associated molecular patterns,

resulting in a proteolytic cascade and hemolymph coagulation (Iwanaga and Lee

2005). Compounds from the bacterial surface, such as lipopolysaccharides (major

components of the cell wall of Gram-negative bacteria) and b-1,3 glucans (typical

for fungi), initiate the start of a coagulation cascade in horseshoe crabs and probably

also in spiders. In the presence of lipopolysaccharides, all the components of the

cascade are released from hemocytes by degranulation. After binding of lipopoly-

saccharides to factor C, the serine protease zymogen is autocatalytically activated

to factor C0, which itself activates factor B to B0. Activation of the proclotting

enzyme occurs through factor B0 and results in the conversion of coagulogen into

noncovalent coagulin homopolymers (Osaki and Kawabata 2004).

In a cDNA library of hemocytes from the theraphosid Acanthoscurria
gomesiana, immune related transcripts have been identified as factor C precursor,

coagulation factor B precursor and proclotting enzyme precursor-like components

(Lorenzini et al. 2006). For Cupiennius salei, these three components of the clotting

system have also been identified in a hemocyte cDNA library (Kuhn-Nentwig,

unpublished). Transcripts concerning coagulogen precursor or stablin and proxin

precursors involved in crosslinking of the coagulin homopolymers via hemocyte-

derived transglutaminase, as verified for horseshoe crabs, have not been detected so

far in spiders (Kawabata 2010; Kawabata et al. 2002; Matsuda et al. 2007).

However, ESTs concerning a protein-glutamine gamma-glutamyltransferase

(EC2.3.2.13) are known from A. gomesiana and C. salei (Lorenzini et al. 2006;
Kuhn-Nentwig, unpublished results). No information is available concerning the b-
1,3 glucan initiated clotting cascade via activation of factor G, as reported for

horseshoe crabs (Kawabata 2010).

In horseshoe crabs, pathogens can also be recognised and agglutinated by a

series of compounds present in the hemolymph and circulating hemocytes. Besides

84 L. Kuhn-Nentwig and W. Nentwig



several agglutinins, five types of lectins and three types of C-reactive proteins

have been described (Kawabata 2010). Lorenzini and co-workers identified for

A. gomesiana a transcript encoding tachylectin 5a and 5b-like components, hinting

to similarities in these systems (Iwanaga and Lee 2005; Lorenzini et al. 2006).

7.3.2 The Phenoloxidase System and Melanin

During the early evolution of arthropods, hemocyanins evolved from a

phenoloxidase-like enzyme. Hemocyanin, one of the major components of spider

hemolymph, is usually known as an oxygen carrier (see Burmester 2013), while

phenoloxidases are key enzymes in the melanin-producing pathway of arthropods

that plays an important role in the sclerotisation of the cuticle. Since melanin is also

toxic to microorganisms, additional functions in wound healing and in the humoral

immune system evolved at the same time, and it has been argued that the simulta-

neous appearance of the arthropod exoskeleton and of an effective immune system

obviously fostered the evolution of arthropods remarkably (Burmester 2002).

In contrast to other arthropods, chelicerates do not have a true phenoloxidase and

hemocyanin itself acts also as a phenoloxidase after limited proteolysis with trypsin

or chymotrypsin, as shown for the theraphosid Aphonopelma hentzi (sub Eurypelma
californicum, see Nentwig 2012) (Decker and Rimke 1998). During the evolution

of spider hemocyanin, two hemocyanin subunits not only conserved the original

properties of phenoloxidases but also gained the property of the other subunits to

bind oxygen reversibly (Decker and Tuczek 2000; Jaenicke and Decker 2004). For

horseshoe crabs, the above described coagulation cascade is linked to propheno-

loxidase activation in which the clotting enzyme transforms hemocyanin to

phenoloxidase without proteolytic cleavage (Nagai and Kawabata 2000). Further-

more, the functional conversion of hemocyanin to phenoloxidase is also mediated

by the binding of the antimicrobial peptides tachyplesin and tachystatins to the

hemocyanin a-subunit (Nagai et al. 2001).
In arthropods in general, the activity of phenoloxidase follows a similar pattern

as in the above described clotting process with recognition of compounds from

bacterial membranes by recognition molecules. They react on serine proteases

which activate a prophenoloxidase to a phenoloxidase (Söderhäll and Cerenius

1998). This is performed by hemocyanin and it leads to the production of melanin,

a polymer of dihydroxyindole carboxylic acids, the monomers of which are derived

from the amino acid tyrosine. The intermediary compounds of this process and

melanin itself are toxic to microorganisms. Within minutes after infection, melanin

is deposited either onto the surface of the microorganisms or onto a capsule of

microorganisms and this process is called melanisation. Microorganisms are

engulfed in a hardened gel and this leads finally to their destruction (Söderhäll

and Cerenius 1998; Iwanaga and Lee 2005).
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7.3.3 Antimicrobial Peptides

The contact of hemocytes with bacterial membrane compounds leads to an imme-

diate release of a variety of antimicrobial peptides. The main location of these

peptides seems to be the granulocytes but they contain different granule types

which, in turn, may each contain different sets of antimicrobial peptides (Fukuzawa

et al. 2008). While several compounds with antimicrobial activity were found for

the horseshoe crab Tachypleus tridentatus (Iwanaga and Lee 2005), only a few

substances have been described so far for spiders (Silva et al. 2000; Lorenzini et al.

2003; Baumann et al. 2010a, b).

7.3.3.1 Defensins

Spider defensins are small, amphipathic cysteine-rich peptides and consist of 37

amino acid residues. The peptides exhibit six conserved cysteines and follow most

likely the cysteine bonding pattern of arthropod defensins (C1–C4, C2–C5,

C3–C6), which characterises them as members of the “ancestral group” of inverte-

brate defensins (Froy and Gurewitz 2003). Their precursors reveal a putative signal

peptide of 23–24 amino acid residues, followed by the peptide precursor of 37

amino acid residues and the stop signal. Defensins are primarily active against

Gram-positive bacteria.

Defensins are known from several groups of araneomorph spiders such as

Araneidae (Argiope sp.), Tetragnathidae (Meta menardi), Agelenidae (Tegenaria
atrica), Sparassidae (Polybetes pythagoricus), and Ctenidae (Cupiennius salei and
Phoneutria reydyi). Within spiders, defensins are rather similar with 75–100 %

similarity at amino acid level. The overall similarity with defensins from ticks and

scorpions is in the range of up to 70 %, while the similarity with insects is much

lower (Baumann et al. 2010a).

In C. salei, it could be shown that defensins are constitutively expressed not

only in hemocytes but also in other organs such as ovaries, subesophageal nerve

mass, hepatopancreas and muscles of uninfected spiders. This underlines the

important role defensins play, not only for defence in the hemolymph, but also

in various tissues. Despite analysis of a hemocyte cDNA library of the theraphosid

Acanthoscurria gomesiana (Lorenzini et al. 2006), up to now no defensin could be

identified on the mRNA or peptide level for mygalomorph spiders.

7.3.3.2 Glycine-Rich Peptides

These antimicrobially acting peptides are cationic and characterised by an unusu-

ally high glycine content of 71–73 % and only 6–8 further amino acids. This results

in repeats of 3–6 glycines, mostly interrupted by a different amino acid. Two very
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similar peptide families are known so far, acanthoscurrins from mygalomorph and

ctenidins from araneomorph spiders.

Two acanthoscurrin isoforms have been isolated from the hemocytes of

Acanthoscurria gomesiana. They are 130 and 132 amino acids long, with molecular

masses of 10.1 and10.2 kDa. Acanthoscurrins have a positive net charge of +8 at

physiological pH and are characterised by a three-fold repeat of 26 amino acids:

GGGLGGGGLGGGGLGGGKGLGGGGLG. These peptides are active against the

Gram-negative bacterium Escherichia coli SBS363 (Minimal inhibitory concentra-

tion MIC ¼ 2.3–5.6 mM) and the yeast Candida albicans (MIC ¼ 1.15–2.3 mM),

but however no activity could be measured against the Gram-positive Micrococcus
luteus up to a concentration of 5.6 mM. Acanthoscurrins are constitutively expressed

in hemocytes, stored in their granules and released into the hemolymph upon

infection (Fukuzawa et al. 2008; Lorenzini et al. 2003).

In Cupiennius salei three ctenidin isoforms have been isolated, which act against

Gram-negative E. coli (MIC ¼ 2.5–5 mM) but not against the Gram-positive

bacteria Staphylococcus aureus. Up to a tested concentration of 5 mM, no activity

against C. albicans was detectable. Growth patterns of bacteria suggest that

ctenidins act bacteriostatically rather than bactericidally. The three mature peptides

are 109, 119 and 120 amino acid residues long, with molecular masses between 8.8

and 9.6 kDa. Ctenidins are distinguished from acanthoscurrins by a central

sequence of 10 amino acids which interrupts the glycine repeat: VIDGKDDVGL.

The function of this sequence is still unknown. Ctenidins are constitutively

expressed mainly in hemocytes, to a small amount also in the subesophageal

nerve mass, but not in six other tissues so far investigated (Baumann et al. 2010b).

7.3.3.3 Small Open-End Cyclic Peptide

Gomesin is a small, open-ended cyclic peptide consisting of 18 amino acids

(2.3 kDa) isolated from hemocytes of Acanthoscurria gomesiana (Silva et al.

2000). This peptide forms two internal disulphide bridges and adopts a b-hairpin
like fold, thus strongly resembling antimicrobial peptides known from other

arachnids (tachyplesin and polyphemusin from horseshoe crabs, androctin from

scorpions). Gomesin is constitutively expressed in hemocytes, it is stored in the

granules and released into the hemolymph after lipopolysaccharide stimulation in a

concentration-dependent manner (Fukuzawa et al. 2008). Gomesin has been tested

against a variety of microorganisms and it strongly affects the growth of 24 out of

27 tested strains of Gram-positive and Gram-negative bacteria, as well as the

development of nine filamentous fungi species and five yeast species. Also eukary-

otic cells, such as Leishmania amazonensis cells or human blood cells, are affected

(Silva et al. 2000). Although gomesin is so far only known from one theraphosid

spider, it can be assumed that comparable peptides are more widely spread among

spiders, especially since related substances are found in other arachnid groups.

Gomesin also exhibits in vitro and in vivo cytotoxicity on tumour cells (Rodrigues

et al. 2008), and it is supposed that the cytotoxic effect of this peptide involves L-

type calcium channel ion influx, intracellular signalling as well as the generation of

reactive oxygen species (Soletti et al. 2010).
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7.3.3.4 Hemocyanin Fragments

Very recently, the isolation of rondonin, an antifungal peptide from the hemolymph

of the theraphosid Acanthoscurria natalensis (sub A. rondoniae) has been reported.
The amino acid sequence of this small peptide (IIIQYEGHKH) corresponds to a

C-terminal fragment of the ‘d’ subunit of hemocyanin identified from

Acanthoscurria gomesiana and Aphonopelma hentzi. This protein fragment is not

active against several Gram-negative and Gram-positive bacteria at a tested con-

centration up to 67 mM, but exerts a fungicidal activity against fungi and yeasts in

micromolar concentrations (fungi: MIC ¼ 1.1–2.1 mM; yeasts: MIC ¼ 8.37–33.5

mM) (Riciluca et al. 2012).

7.4 Hemocytes Derived Compounds Involved in the Immune

Response

Mygalin is an acylpolyamine isolated from the hemocytes of mygalomorph and

araneomorph spiders (Baumann 2009; Pereira et al. 2007). The compound was

identified as bis-acylpolyamine N1,N8-bis(2,5-dihydroxybenzoyl) spermidine with

a molecular mass of 417 Da. Mygalin is only active against E. coli in a concentra-

tion of 85 mM, but not active against the Gram-positive bacteria M. luteus and the

yeast C. albicans. Pereira et al. supposed an antibacterial activity mediated through

the production of hydrogen peroxide. Contrary to this, mygalin isolated from the

hemocytes of Cupiennius salei exhibits only weak activity in the millimolar range

against E. coli and S. aureus (MIC ¼ 0.5–1 mM). This discrepancy between the

results from both publications is not yet understood and needs further investigations

(Baumann 2009). Recently, mygalin was also identified as a potent modulator of

vertebrate innate immune responses (Mafra et al. 2012).

A single insulin-like growth factor binding domain protein (SIBD-1) was

isolated from the hemocytes of C. salei. SIBD-1 (8.7 kDa) is characterised by six

disulfide bridges and carries a sugar moiety at Thr 2 (Fuc-GlcA-GalNAc-Thr).

The peptide is mainly expressed in hemocytes. After infection, the peptide content

in the hemocytes decreases and also the temporal SIBD-1 expression seems to

be downregulated. While SIBD-1 itself does not affect pathogens, these results

indicate that it may be involved in regulatory processes of the immune system

(Kuhn-Nentwig et al. 2011; Trachsel et al. 2012).

From the hemocytes of the theraphosid Lasiodora sp. the first elastase inhibitor

showing antibacterial activity against Enterococcus faecalis has been described

(Soares et al. 2011).
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7.5 Conclusions

The immune system of spiders is localised in their hemocytes and reacts very fast to

an invasion by pathogens and to injuries by releasing several compounds into the

hemolymph. The immune response comprises (1) phagocytosis, nodulation and

encapsulation of invaders, (2) the regulation of hemocyanin/phenoloxidase to

produce melanin which destroys pathogens, (3) a clotting cascade to stop hemo-

lymph loss and immobilise invaders and (4) the constitutive production of anti-

microbial peptides. So far four different antimicrobial peptide groups have been

identified in spiders. Firstly, six similar defensins have been detected in different

spider groups. A second group of antimicrobial peptides comprises several glycine-

rich peptides (acanthoscurrins and ctenidins), a third group of small cysteine-rich

peptides contains gomesin, an 18 amino acid residue peptide, and as a fourth group,

a hemocyanin fragment has been identified.
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Chapter 8

Endosymbiont Infections in Spiders

Sara L. Goodacre and Oliver Y. Martin

8.1 Introduction: Occurrence of Endosymbiont Infections

in Spiders

Spiders are known to be infected with a diverse range of intracellular bacteria

belonging to the Rickettsiales, Bacteroidetes, Mollicutes and the Gamma-

proteobacteria (reviewed in Goodacre and Martin 2012; Martin and Goodacre

2009). In other invertebrates these bacteria, which are termed “endosymbionts,”

are associated with a wide range of effects on their hosts’ reproductive biology.

They include the widely reported Wolbachia pipientis, which is estimated to infect

more than 60 % of insect species (Hilgenboecker et al. 2008). These symbionts are

thought primarily to act as selfish genetic elements, promoting their own transmis-

sion by increasing the reproductive success of infected females. They do not

survive outside the host and their mechanism of transmission is thus almost

exclusively vertical, from mother to offspring, although incongruities between

host and bacterial phylogenies indicate that occasional horizontal transmission

events must also occur.

8.1.1 The Enemies Within: Symbionts or Reproductive Parasites?

Studies of the interaction between invertebrate hosts and their obligate intracellular

bacteria, such as Hamiltonella defensa in the pea aphid (Degnan et al. 2009),
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indicate that these kinds of associations have persisted over millions of years and

that they are mutualistic with each partner gaining from the other. In this sense use of

the word “symbiosis” is an appropriate descriptor. In contrast, bacteria such as

Wolbachia, Rickettsia and Spiroplasma, which are the focus of the current review,

do not fall into the same category. They are not considered to be strictly in symbiosis

with their hosts because they act as reproductive parasites and persist only through

manipulating their hosts’ biology. Their association with the host is thought in many

cases to have existed over a relatively short (ecological) time frame.

It is now known, however, that there may be an extraordinarily diverse range of

benefits conferred by endosymbionts such as Wolbachia. For example it is shown

that their presence can be advantageous to the host by conferring protection against

viruses or heat shock (reviewed in Goodacre and Martin 2012). Studies of

infections in arthropods and other groups of invertebrates as a whole also indicate

that such subtle advantages may be more commonly associated with infection than

was originally thought to be the case (reviewed in Jaenike 2012).

The length of time during which there has been an association between

endosymbionts and their spider hosts is not straightforward to estimate, but

inferences can be made from the molecular identities of the bacteria that they

carry. For instance Rickettsia endosymbionts that are found in spiders appear to

be phylogenetically distinct from those found in other arthropod groups (Goodacre

et al. 2006; Weinert et al. 2009) and distributed widely throughout the araneomorph

spiders studied to date. This finding is in contrast with the observation that the

Wolbachia and Spiroplasma found in spiders are not spider specific but come from

lineages known to infect a diverse range of other arthropod hosts. This observation

is consistent with more recent infection. Mechanisms through which the latter

might have been acquired are not well understood but potentially include horizontal

transmission to spider hosts from infected prey species.

The possibility that transitions from initial parasitism/pathogenicity to mutual-

istic relationships have occurred between endosymbionts and their spider hosts has

yet to be fully investigated. Such transitions could potentially be rapid if they only

involve small numbers of genetic changes, and thus both Rickettsia andWolbachia
might provide benefits to their host that earn them the title “symbiont,” regardless

of the amount of evolutionary time that they have had to co-evolve. Genome

evolution has been particularly well characterised in Rickettsia, where rapid “shuf-

fling” of genomic content occurs through mechanisms such as horizontal gene

transfer (e.g. Weinert et al. 2009) or recombination between different bacterial

strains (Goodacre et al. 2006). Recombination, which is also thought to occur

amongst Wolbachia (e.g. Jiggins 2002), rapidly creates novel bacterial strains that

potentially have different phenotypes in their host than either of the parental host

strains. The nature of the relationship between a bacterium and its host may also

change rapidly through evolution of the host genome. For instance it is known that

the evolution of male-killer suppression can be swift, occurring over small numbers

of generations (Hornett et al. 2006).
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8.1.2 Prevalence in Araneae

All four of the most commonly reported reproductive parasites of invertebrates

have been documented in spiders (Table 8.1): Wolbachia and Rickettsia (from the

Rickettsiales), Spiroplasma (a Mollicute) and Cardinium (a member of the

Bacteroidetes group). A recently discovered, less well-documented gamma-

proteobacterium, Arsenophonus has also been reported to infect spiders, but in

only one species to date (Duron et al. 2008a, Table 8.1). Infections in spiders are

found in both entelegyne and haplogyne species, and it is of note that most species

studied thus far have been found to carry at least one endosymbiotic type. An

exception to this is the study of subsocial and social Stegodyphus spiders where

initial investigations have not detected Rickettsia, Wolbachia, Cardinium or

Spiroplasma (Goodacre, unpublished data). These species were studied because

they show a marked primary sex-ratio bias and endosymbiotic bacteria are known

in some species to cause such a skew (discussed below). Further study of

Stegodyphus is necessary to rule out the possibility that they carry an as yet

unidentified bacterial infection.

Studies of endosymbionts in spiders thus far have largely been through detection

of bacterial DNA through the use of PCR-based molecular methods, with few

attempts to characterise where within specific tissues the bacteria are distributed.

Studies of other arthropods demonstrate that bacteria can be highly localised to

specific ranges of tissue type and that more than one localisation pattern can be

observed within the same host. For instance, Rickettsia may either be found widely

distributed throughout the hemocoel of particular insects or localised to

bacteriocytes, and there is evidence to suggest that the bacterial phenotype is

dependent upon which of these is the case (Caspi-Fluger et al. 2011). Microbes

that resembled Rickettsia were reported from the nervous tissue of a jumping

spider, Salticus spp. as early as 1923 (Cowdry) and data from the spider Erigone
atra indicate that Rickettsia are found in regions of nervous tissue but not through-

out the spider (Goodacre et al. 2009; Goodacre, unpublished data). Detailed study

of precise tissue or cellular localisations appears not yet to have been carried out in

any other spider.

8.2 Consequences of Endosymbiont Infection

8.2.1 Classic Bacterial Phenotypes in Invertebrate Hosts

Extensive studies of Wolbachia and other bacterial infections of insect hosts

have uncovered four classic reproductive phenotypes that these reproductive

parasites can cause (reviewed in Duron et al. 2008a). These are: male-killing

(at early or late stages of development), feminization, thelytokous parthenogenesis

and cytoplasmic incompatibility. Through these manipulations, the predominantly
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Table 8.1 Recorded endosymbiont infections in spiders

Families Species Symbiont(s) Reference(s)

Agelenidae Tegenaria duellica Cardinium, Rickettsia,
Wolbachia

Martin and Goodacre (2009)

and Goodacre et al. (2006)

Agelenopsis sp. Spiroplasma,
Wolbachia

Goodacre et al. (2006) and

Baldo et al. (2008)

Araneidae Araneus diadematus Arsenophonus,
Cardinium,
Rickettsia,
Spiroplasma,
Spiroplasma ixodetis

Martin and Goodacre (2009),

Duron et al. (2008a) and

Goodacre et al. (2006)

Araneus ventricosus Wolbachia Wang et al. (2010)

Araneus sp. Wolbachia Rowley et al. (2004)

Cyclosa conica Cardinium Duron et al. (2008a, b)

Eriovixia cavaleriei Wolbachia Wang et al. (2010)

Larinia
argiopiformis

Wolbachia Wang et al. (2010)

Larinia tabida Wolbachia Rowley et al. (2004)

Linyphia
triangularis

Cardinium, Wolbachia Duron et al. (2008a, b)

Nereine clathrata Spiroplasma ixodetis Duron et al. (2008a)

Poecilopachys
australasiae

Wolbachia Rowley et al. (2004)

Zygiella x-notata Cardinium, Rickettsia,
Spiroplasma

Martin and Goodacre (2009)

and Goodacre et al. (2006)

gen. sp. Cardinium Chang et al. (2010)

Clubionidae Clubiona terrestris Rickettsia Goodacre et al. (2006)

Cybaeidae Cybaeus sp. Cardinium Perlman et al. (2010)

Desidae Badumna longinqua Wolbachia Rowley et al. (2004)

Dysderidae Dysdera crocata Wolbachia Cordaux et al. (2001)

Dysdera erythrina Wolbachia Cordaux et al. (2001)

Gnaphosidae Zelotes latreillei Spiroplasma Goodacre et al. (2006)

Linyphiidae Baryphma trifrons Rickettsia Goodacre et al. (2006)

Bathyphantes
gracilis

Wolbachia Goodacre et al. (2006)

Centromerita
bicolor

Spiroplasma Goodacre et al. (2006)

Diplocephalus
cristatus

Wolbachia Goodacre et al. (2006)

Diplocephalus
latifrons

Spiroplasma Goodacre et al. (2006)

Diplocephalus
picinus

Spiroplasma Goodacre et al. (2006)

Entelecara flavipes Wolbachia Goodacre et al. (2006)

Erigone arctica Spiroplasma Goodacre et al. (2006)

Erigone atra Cardinium, Rickettsia,
Spiroplasma,
Wolbachia

Goodacre et al. (2006, 2009)

Erigone dentipalis Rickettsia, Wolbachia Goodacre et al. (2006)

(continued)
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Table 8.1 (continued)

Families Species Symbiont(s) Reference(s)

Erigone longipalpis Rickettsia, Wolbachia Goodacre et al. (2006)

Erigone promiscua Wolbachia Goodacre et al. (2006)

Gonatium rubens Wolbachia Goodacre et al. (2006)

Hylaphantes
graminicola

Rickettsia Goodacre et al. (2006)

Hypomma
bituberculatum

Rickettsia, Wolbachia Goodacre et al. (2006)

Hypomma cornutum Rickettsia Goodacre et al. (2006)

Lepthyphantes
minutus

Cardinium, Rickettsia,
Wolbachia

Goodacre et al. (2006) and

Martin and Goodacre (2009)

Macrargus rufus Wolbachia Goodacre et al. (2006)

Megalepthyphantes
collinus

Wolbachia Goodacre et al. (2006)

Meioneta rurestris Wolbachia Goodacre et al. (2006)

Micrargus
herbigadus

Rickettsia Goodacre et al. (2006)

Microlinyphia
imprigra

Rickettsia Goodacre et al. (2006)

Microlinyphia
pusilla

Rickettsia Goodacre et al. (2006)

Microneta viaria Rickettsia Goodacre et al. (2006)

Nereine clathrata Wolbachia Goodacre et al. (2006)

Nereine montana Rickettsia, Wolbachia Goodacre et al. (2006)

Nereine peltata Rickettsia, Wolbachia Goodacre et al. (2006)

Oedothorax
apicatus

Wolbachia Goodacre et al. (2006)

Oedothorax fuscus Rickettsia, Wolbachia Goodacre et al. (2006)

Oedothorax
gibbosus

Rickettsia, Wolbachia Goodacre et al. (2006) and

Vanthournout et al. (2011)

Oedothorax retusus Wolbachia Goodacre et al. (2006)

Pityohyphantes
phrygianus

Rickettsia, Wolbachia Goodacre et al. (2006) and

Gunnarsson et al. (2009)

Peponcranium
ludicrum

Spiroplasma,
Wolbachia

Goodacre et al. (2006)

Pocadicnemus
juncea

Wolbachia Goodacre et al. (2006)

Silometopus elegans Wolbachia Goodacre et al. (2006)

Stemonyphantes
lineatus

Wolbachia Goodacre et al. (2006)

Tenuiphantes tenuis Wolbachia Goodacre et al. (2006)

Tenuiphantes
zimmermanni

Rickettsia Goodacre et al. (2006)

Tiso vagans Wolbachia Goodacre et al. (2006)

Troxochrus
scabriculus

Rickettsia, Spiroplasma,
Wolbachia

Goodacre et al. (2006)

Walckenaeria
antica

Wolbachia Goodacre et al. (2006)

(continued)
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Table 8.1 (continued)

Families Species Symbiont(s) Reference(s)

Walckenaeria
atrotibialis

Wolbachia Goodacre et al. (2006)

Walckenaeria
obtusa

Wolbachia Goodacre et al. (2006)

Liocranidae gen. sp. Cardinium Martin and Goodacre (2009)

Lycosidae Alopecosa
pulverulenta

Cardinium, Wolbachia Duron et al. (2008a, b)

Pardosa agrestis Spiroplasma Goodacre et al. (2006)

Pardosa agricola Spiroplasma Goodacre et al. (2006)

Pardosa bifasciata Spiroplasma Goodacre et al. (2006)

Pardosa hyperborea Spiroplasma Goodacre et al. (2006)

Pardosa lugubris Spiroplasma,
Spiroplasma
poulsonii

Duron et al. (2008a) and

Goodacre et al. (2006)

Pardosa monticola Spiroplasma Goodacre et al. (2006)

Pardosa pullata Spiroplasma,
Wolbachia

Duron et al. (2008a, b) and

Goodacre et al. (2006)

Pardosa riparia Spiroplasma Goodacre et al. (2006)

Pardosa
sphagnicola

Spiroplasma Goodacre et al. (2006)

Nephilidae Nephila clavata Wolbachia Oh et al. (2000) and Wang et al.

(2010)

Nephila plumipes Wolbachia Rowley et al. (2004)

Oxyopidae Oxyopes sertatus Wolbachia Wang et al. (2010)

Pholcidae Holocnemus pluchei Cardinium Duron et al. (2008a, b)

Pholcus
crypticolens

Wolbachia Wang et al. (2010)

Pholcus
phalangioides

Cardinium, Rickettsia,
Wolbachia

Martin and Goodacre (2009),

Goodacre et al. (2006),

Rowley et al. (2004) and

Duron et al. (2008a, b)

Salticidae Evarcha falcata Cardinium Duron et al. (2008a, b)

Ghelna canadensis Cardinium Martin and Goodacre (2009)

Habrocestum pulex Cardinium Martin and Goodacre (2009)

Holoplatys sp. Wolbachia Rowley et al. (2004)

Maevia inclemens Cardinium Martin and Goodacre (2009)

Marpissa lineata Cardinium Martin and Goodacre (2009)

Neon neli Cardinium Martin and Goodacre (2009)

Pelegrina proterva Cardinium Martin and Goodacre (2009)

Phidippus audax Cardinium Martin and Goodacre (2009)

Salticus scenicus Cardinium Martin and Goodacre (2009)

Tetragnathidae gen. sp. Cardinium Chang et al. (2010)

Leucauge
dromedaria

Wolbachia Rowley et al. (2004)

(continued)
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maternally inherited microbe favours its own transmission either by skewing the

sex ratio towards females or by causing incompatibilities between infected and

uninfected hosts, such that uninfected females are less reproductively successful

than their infected counterparts. Examples of each of these four phenotypes are known

to be caused by Wolbachia and both male-killing and parthenogenesis are known

to be caused by Ricketsia. Several other bacterial strains, such as Arsenophonus,
Flavobacterium and Spiroplasma species, are known to be male-killers.

There are few studies to date testing spiders infected with endosymbionts for the

classically observed phenotypes described above. Cytoplasmic incompatibility,

feminization and parthenogenesis driven by endosymbiont infections have been

found in other arachnids such as mites (Weeks et al. 2001; Chigira and Miura 2005;

Gotoh et al. 2007; Groot and Breeuwer 2006), but the hypothesis that there are

similar bacterial phenotypes in spiders remains largely untested. It seems likely,

however, that spiders too are vulnerable to such reproductive manipulation by

intracellular bacteria (Goodacre 2011). A microbial cause for parthenogenesis in

spiders is an avenue worth investigating given the large number of candidate

parthenogenetic species in this group (Martin and Goodacre 2009; reviewed by

Table 8.1 (continued)

Families Species Symbiont(s) Reference(s)

Meta mengei Cardinium,
Spiroplasma
ixodetis, Rickettsia,
Wolbachia

Martin and Goodacre (2009),

Goodacre et al. (2006) and

Duron et al. (2008b)

Metellina segmenta Spiroplasma ixodetis,
Wolbachia

Duron et al. (2008a, b)

Pachygnatha
degeeri

Cardinium, Wolbachia Duron et al. (2008a, b)

Pachygnatha listeri Wolbachia Duron et al. (2008a, b)

Tetragnatha
montana

Cardinium,
Spiroplasma
ixodetis, Wolbachia

Martin and Goodacre (2009)

and Duron et al. (2008a, b)

Theridiidae Coleosoma
octomaculatum

Wolbachia Wang et al. (2010)

Enoplognatha ovata Cardinium, Wolbachia Martin and Goodacre (2009)

and Duron et al. (2008a, b)

gen. sp. Cardinium Chang et al. (2010)

gen. sp. Wolbachia Goodacre et al. (2006)

gen. sp. Rickettsia Goodacre et al. (2006)

Thomisidae Diaea sp. Wolbachia Rowley et al. (2004)

Diaea circumlita Wolbachia Rowley et al. (2004)

gen. sp. Cardinium Martin and Goodacre (2009)

Titanoecidae Nurscia
albofasciata

Wolbachia A Yun et al. (2011)

Uloboridae Zosis geniculatus Wolbachia Rowley et al. (2004)

Information collected from the cited references, or in case of Goodacre et al. (2006) the original

data (as paper does not provide species-level information)
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Goodacre 2011). Similarly, cytoplasmic incompatibility in particular species has

been suggested as a potential explanation for observed instances where not all

crosses are equally fertile (Goodacre et al. 2006).

In contrast to the circumstantial case for endosymbiont-driven parthenogenesis

and cytoplasmic incompatibility in spiders there is good evidence for a microbial

involvement in sex-ratio bias in two particular species. The first species is the

linyphiid Pityohyphantes phrygianus where it appears that Wolbachia influences

the sex ratio through an alteration in behavioural traits linked to female control over

offspring sex ratio (Gunnarsson et al. 2009). The second species is the linyphiid

Oedothorax gibbosus where there is evidence to suggest that Wolbachia infection

causes a skewed sex ratio through male-killing (Vanthournout et al. 2011). In both

Pityohyphantes and Oedothorax curing females of their infections using antibiotic

treatment restores a more even sex ratio. It should be noted, however, that in neither

case does the presence of Wolbachia itself appear to fully explain the variation

amongst females in the sex ratio of their offspring.

8.2.2 Impacts on Host Behaviour and Fitness

Recent evidence indicates that the symbiont Rickettsia hampers long distance

dispersal in the spider Erigone atra without any other detectable effects on fitness

(Goodacre et al. 2009). Specifically, infected females were found to be less likely to

adopt long-range dispersal behaviour (ballooning). This represents a highly inter-

esting and novel finding, as the effect in question relates to a non-reproductive

behaviour with potential impacts on spatial patterns of gene flow. It is not clear,

however, how this behavioural change increases the reproductive fitness of infected

individuals relative to their uninfected counterparts. One hypothesis (yet to be

tested) is that the population carries many bacterial strains that are both incompati-

ble with one another and geographically localised. If this were the case, reduced

dispersal might increase the chances of finding a mate with a compatible strain.

This argument has been proposed to explain the findings of Vala et al. (2004) who

showed that Wolbachia infected Tetranychus urticae females aggregate their off-

spring to a greater extent than uninfected individuals. The authors proposed that this

behavioural change is driven by Wolbachia infection and that it promotes matings

between siblings, which are likely to have inherited the same, compatible bacterial

variant, thereby ensuring that the cross is fertile.

It has also recently been shown thatWolbachia can influence offspring sex ratio

via an alteration of female post-copulatory position in the linyphiid spider

Pityohyphantes phrygianus. In this species females can adopt a variety of positions

post-mating; a ventral-side-up position leads to proportionally more sons than a

dorsal-side-up equivalent (Gunnarsson et al. 2009). This is particularly noteworthy

as it represents a behavioural manipulation with the potential to skew sex ratio

towards females, i.e. with results akin to the classic phenotypes outlined above. Of

further interest is the observation that there is a relationship between female body
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size in P. phrygianus and the sex ratio of offspring, but that the nature of this

relationship is altered by the presence of Wolbachia (Fig. 8.1). Large females are

shown to adopt a more ventral-side-up position post mating and hence produce

greater number of sons than smaller females. However, this was only true if both the

male and female were infected with Wolbachia. Infected females mating with

uninfected males showed precisely the opposite trend: large females adopt a more

dorsal-side up position and hence produce proportionally fewer males than smaller

individuals. No such relationship between female size and sex ratio has been

observed in females that do not carry Wolbachia. This may be because no such

relationship exists or because none was detected in the small number of individuals

included in the study thus far. Further experiments are ongoing to determine how

Wolbachia favours its own transmission in Pityohyphantes (Cotterill and Goodacre,
unpublished data).

8.2.3 Multiple Infections

It is not uncommon for multiple infections with different strains or species of

symbiotic bacteria to occur even within individuals. Spiders from diverse groups

such as the araneid Araneus diadematus and the agelenid Tegenaria duellica both

carry at least four endosymbiont types (Table 8.1). Individual spiders may even

carry more than one genetic variant of a particular type of bacterium. As an

example, multiple copies of the Rickettsia citrase synthase gene were recovered

from individual spiders by Goodacre et al. (2006) using conventional PCR and

sequencing. This strongly supports the view that at least two (and potentially many

more) variants of Rickettsia bacteria were present within the same individual spider

although the method used means it is not possible to ascertain whether or not these

occupied the same host tissue type.
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Fig. 8.1 Opisthosomal position of infected female Pityohyphantes (0� ventral side up; 180�

dorsal side up) after mating with (a) infected and (b) uninfected male (data taken from Gunnarsson

et al. 2009)
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The presence of more than one variant of the same type of bacterium leads to the

question of whether or not the microbes in question have recombined (i.e.

exchanged genetic material with one another) whilst inside the host. Phylogenetic

analysis of the sequences of different variants of particular bacterial types such as

Rickettsia indicate that recombination, which is a common feature of bacterial

diversification, does appear to have occurred during their evolutionary history

(Goodacre et al. 2006). This observation is consistent with the bacteria coming

into close physical proximity with each other within their host.

Little is known about the relative transmission rates of different bacterial types

in spiders and the rates may themselves be dependent upon traits that are polymor-

phic within the host population such as female size or fecundity (Narita et al. 2007).

Spatial patterns of genetic diversity of the host, which are common in arthropods,

may also determine differences in the response of populations of the same species

to a particular endosymbiont infection. Recent study of the pholcid spider

Holocnemus pluchei showing the presence of divergent mitochondrial clades

(Stefanini and Duron 2012) illustrates one such potential case. Transmission may

also be influenced by environmental factors such as external temperature (van

Opijnen and Breeuwer 1999). Microbial species compete with each other for

vertical transmission, thus the presence of multiple infections might also influence

the transmission rate of the individual competing bacterial strains. The importance

of disentangling the different phenotypes of potentially competing bacteria is

illustrated by studies such as that of Bryobia spider mites, which have shown that

phenotypes of one bacterial type are modified by the presence of other strains.

For example, the presence of Wolbachia modifies the phenotype exerted by co-

infecting Cardinium (Ros and Breeuwer 2009).

8.3 Conclusions and Directions for Future Research

A main focus of studies on endosymbiont infections has been to determine their

effect on host reproduction. In this context it is worth noting that whilst some

classic bacterial phenotypes, such as cytoplasmic incompatibility, have not yet been

observed in spiders, they have been detected in other arachnids and their current

absence might therefore reflect lack of study of the group rather than that this

phenotype is absent. The recent work on dispersal behaviour (Goodacre et al. 2009)

indicates, however, that effects need not be limited to traits associated with repro-

duction. It would hence be worthwhile when evaluating effects on host biology to

assess a more comprehensive and diverse range of host traits.

When considering the effects on a host of a bacterial endosymbiont it is

also important to account for both spatial heterogeneity and temporal changes in

infection frequency. Spatial variation in the distribution of particular bacteria is

known to be common and has been foundwithin the widermetapopulation of species

such as the linyphiid spider Erigone atra (Goodacre et al. 2009). Rapid temporal

changes are known from studies of other invertebrates, such as male-killing
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bacteria in Hypolimnas butterflies (Charlat et al. 2007). They certainly also occur

in spiders, for example a twofold decrease inWolbachia prevalence was observed in
Pityohyphantes phrygianus over a 4-year period (Cotterill and Goodacre, unpub-

lished data). The phenotypic effects observed in a study population thus are neither

predicted to be constant throughout the wider metapopulation nor necessarily cur-

rently to be at equilibrium.

In the case of E. atra where Rickettsia infections are associated with reduced

dispersal of females only and where infection frequency varies amongst

populations it is expected that the net effects of the infection are (1) fluctuations

in the local sex ratio and (2) localised restrictions in female-mediated gene flow.

Alterations in the population sex ratio driven by endosymbiont infections can

influence processes involved in sexual selection and sexual conflict. For instance,

the intensity of male–male competition and opportunities for mate choice will be

determined by the number of each sex present with consequences for the strength of

selection on reproductive traits in both sexes.

The absolute change in the number of individuals following altered female

dispersal rate may further contribute to density or frequency-dependent processes.

Again, local population density will have a major effect on reproduction, and could

further shape reproductive isolation between populations (Martin and Hosken

2003). Restricted gene flow is further predicted to increase the rate at which

localised adaptations can be fixed through selection and to reduce effective popula-

tion size thus increasing the level of inbreeding and the chance of fixation of non-

adaptive traits through random genetic drift. Spiders represent a tractable system for

studying the potentially subtle ways in which endosymbionts can affect their hosts’

biology at both local and wider scales.
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Chapter 9

Fungal Pathogens of Spiders

Harry C. Evans

9.1 Introduction

This has been a somewhat neglected topic: typically, a no-man’s land between

mycologists and arachnologists, where few venture to tread and even fewer attempt

to negotiate the pitfalls that surround the host–pathogen associations. Invariably, the

host is completely overgrown by the pathogen, making further identification prob-

lematic at best and contentious at worse, even in the unlikely scenario that the fungal

forayer has access to a “friendly” spider systematist. Equally, fungal-colonised

spiders would hold no interest for the ecologically- or taxonomically inclined

arachnologist who would probably view them merely as mouldy specimens: if,

indeed, they could be recognised as spiders. More importantly, however, the asso-

ciation would tend to be overlooked in the context of spider ecology. This is

evidenced by the predecessor of this book (Nentwig 1987), in which no mention

is made of fungal pathogens despite the many references to natural enemies of

spiders, as well as similar omissions in contemporary publications on the biology of

spiders (Foelix 1982). Indeed, in the most recent edition (Foelix 2011), the only

natural enemies discussed are insects (wasps, flies), nematodes and vertebrates with

the over-riding statement that: “The main enemies of spiders are spiders them-

selves.” Perhaps this poor interdisciplinary collaboration should come as no surprise

since, even in mycology and pathology circles, the study of fungal pathogens

associated with arthropods, in general, is viewed as an esoteric by-water (Samson

et al. 1988). Unfortunately, this has been perpetuated to the present day: a review

chapter on fungal entomopathogens in a book on insect pathology (Vega et al. 2012)

has a section entitled “Host range beyond insects” in which no mention is made of

spider pathogens. Evans and Samson (1987) attempted to address this shortfall in a

mini-review on the fungal pathogens of spiders. However, because it was published

H.C. Evans (*)

E-UK, CAB International, Egham, Surrey, UK

e-mail: h.evans@cabi.org

W. Nentwig (ed.), Spider Ecophysiology,
DOI 10.1007/978-3-642-33989-9_9, # Springer-Verlag Berlin Heidelberg 2013

107

mailto:h.evans@cabi.org


in a relatively obscure mycological journal, it would have been lost to

arachnologists, in particular, and to arthropod ecologists, in general; and, seemingly,

to entomopathologists (Vega et al. 2012). This chapter will broaden the scope and

update the content of the original review, since much has changed in the intervening

25 years, no more so than the spectacular advances in molecular taxonomy.

9.2 History

One of the first references to parasitism of spiders by fungi was in a pioneering

treatise by the entomologist R.C. Gray who—according to Petch (1932b)—

included the first illustration dating from 1817 of a fungus on a spider host, despite

the fact that the book title suggested it dealt exclusively with insect hosts (Gray

1856). This fungus, Isaria arachnophila, was later redescribed by the renowned

Victorian mycologist M.C. Cooke—who gave it the name, European Spider Isaria,

and reported it as common—in the first comprehensive review of entomogenous or

entomopathogenic fungi (Cooke 1892). The latter term is considered the most

suitable designation for the fungi discussed here, since entomogenous is applied

to any fungal association with arthropods. As argued previously (Evans and

Samson 1987), a more precise descriptor for the spider pathogens would be

araneopathogenic fungi—and, Kobayasi (1941) even proposed that they should

be assigned to a distinct grouping within the genus Cordyceps and its allies, under

the name Arachnidicolae to distinguish them from the Entomogenae group

attacking insect hosts. However, the better-known term entomopathogenic is con-

sidered more appropriate for the fungi implicated in arthropod mortality. Indeed,

the old confusing terms of vegetable wasps and plant worms (Cooke 1892) were

still being used nearly a century later (Kobayasi and Shimizu 1983). These were

early Chinese and European interpretations of the fungus-arthropod association,

pre-dating the germ theory of disease, which was believed to be the transformation

of an insect into a plant.

Cooke (1892) devoted a chapter to the fungi on Arachnida and went on to describe

other Isaria species on spiders from the New World, including I. aranearum—
“parasitic on some species of Aranea and Phalangium”—and, I. gigantea—on

an indigenous tarantula species in Cuba. This set the scene for a succession of

publications that recorded, described or reviewed the fungal pathogens associated

with spiders: Massee (1895), Johnston (1915), Petch (1923, 1932a, b, 1948),

Kobayasi (1941), Mains (1939, 1950a, 1954), Petch and Bisby (1950), Evans

(1974), Kobayasi and Shimizu (1976, 1982a, b, 1983).

9.3 Biology

Because there are no studies on the infection process in spiders per se, the assump-

tion is that the mechanisms involved are essentially similar to those in insect hosts

(Evans and Samson 1987). However, closer examination suggests that perhaps this
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is not the case. For example, there is very little overlap between the fungi attacking

insects and those recorded on spiders (Sect. 9.4), offering tantalising evidence that

fungal pathogens of spiders are highly specific and that this specificity must operate

at the exoskeleton level. In contrast to insects, spiders possess a mesocuticle, whilst

the spider opisthosoma lacks an exocuticle, and is a non-hardened structure com-

posed predominantly of mesocuticle (Foelix 2011). Certainly, as some of the

images included here clearly demonstrate (Figs. 9.1d, f, g and 9.2d), this appears

to be the part of the spider body most vulnerable to colonisation by pathogenic

fungi. Thus, it could be conjectured that fungal pathogens of spiders have evolved

specific mechanisms to penetrate the unique epicuticle–mesocuticle structure,

rather than the more complex cuticular layers (epi-, exo-, endo-) which make up

the insect exoskeleton (Samson et al. 1988).

Studies of insect pathogens show that the spores land on and adhere to the outer

epicuticle—a highly complex structure appearing as a series of electron dense and

translucent layers and composed of lipoproteins and wax—using both physical

(electrostatic) and chemical (mucilage) forces. Often, a limpet-like structure

(appressorium), formed by the germinating spore, offers further adhesion whilst

serving as a “beach-head” for the infection hypha to penetrate the exoskeleton,

employing both mechanical pressure and chemical (enzymes and toxins) degrada-

tion (Charnley 2003). Once through the outer host defences, the infection hypha

must overcome the cellular and humoral defences: for example, by confronting and

disrupting haemocyte activity or even by-passing the defences completely.

In effect, the fungus is not recognised as a threat because of a failure to distinguish

between self and non-self: the high point of host-parasite coevolution (Evans 1988).

In the Ascomycota—the fungal phylum to which the overwhelming majority of the

recognised spider pathogens belong—the fungi are pleomorphic and invasion of the

haemocoele is via a parasitic, budding yeast-like phase. When invasion is complete,

toxins are produced to kill the host and the pathogen switches to a saprophytic

phase, manifested by rapid hyphal growth, characteristic of most fungi. Absorption

of haemocoele fluids by the mycelial network causes dehydration of the host.

Undoubtedly, a cascade of antibiotics and toxins is employed in protecting the

cadaver from secondary invasion by opportunistic micro- and macro-organisms.

The resultant mummified cadaver—full of fungal food reserves, typically in the

form of lipid-rich hyphal bodies in the opisthosoma—produces external structures,

with mycelium growing from the body joints, sutures and orifices. Subsequently,

and depending on climatic conditions, more co-ordinated hyphal growth appears:

typically, in the form of stalks or outgrowths on which the asexual and sexual stages

are borne. Thus, with the release of their spores from these structures—elevated

above the host for more efficient dissemination—the cycle is complete.

There is every reason to believe that the fungi pathogenic on spiders share a

similar biology; perhaps, with the added rider that there may be critical host-

recognition factors operating at the cuticular level which separate them from insect

pathogens. Similarly, the method of growth from and external colonisation of the

opisthosoma is probably unique to spider hosts because of the predominantly

mesocuticular nature of this structure.
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Fig. 9.1 (a) Cordyceps cf. singeri on a small trapdoor spider (Ctenizidae), Rio Napo, Eastern

Ecuador. The host is completely covered in white mycelium and the two fleshy fruit-bodies

(stromata) emerge from the burrow, bearing the perithecia towards the apex. (b) Cordyceps
cylindrica on a large trapdoor spider, Rio Napo, Eastern Ecuador. The distinctly capitate, yellow

fruit-body has pushed aside the trapdoor, revealing the base of the lid. (c) Cordyceps cylindrica on
a trapdoor spider, Rio Negro, Amazonas, Brazil. The greenish-yellow fruit-body (~10 cm in

length) is cylindrical, rather than capitate, and the well-camouflaged trapdoor is only slightly

displaced. (d) Ophiocordyceps cf. engleriana on free-living spiders attached to the underside of

shrub leaves, Ecuador. The spider opisthosoma is covered by dark brown mycelium (subiculum)

on which the majority of fruit-bodies develop. On the right, the host bears mainly the sexual

(teleomorph) stage: the exposed flask-shaped perithecia, containing the ascospores, are borne

aloft. In contrast, the host on the left has predominantly the asexual (anamorph) fruit-bodies

(synnemata), typical of Akanthomyces, with powdery conidia formed laterally towards the apical

region. (e) Ophiocordyceps caloceroides on large mygalomorph spider (~11 cm in length),

showing the fruit-bodies (>50 cm in length) which are brightly coloured in the upper quarter;

most of the fruit-body lies beneath the soil inside the burrow with the mummified spider at the

bottom. (f) Torrubiella sp. on spider host attached to shrub leaf in Atlantic rainforest of SE Brazil,

showing the yellow subiculum covering the opisthosoma from which the yellow perithecia,

clothed in white mycelium, form directly. (g) Another Torrubiella sp. on a different spider host

from Atlantic rainforest, with the perithecia borne on a creamish-coloured subiculum producing a

cryptic Granulomanus anamorph. Photos H.C. Evans and C.A. Ellison (e)
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Fig. 9.2 (a) Smaller, salticid spider on a shrub leaf in Atlantic rainforest of SE Brazil, bearing

Torrubiella perithecia on the opisthosoma and the distinctive white sporulating heads of the

Gibellula anamorph over the entire body. (b) Torrubiella sp. in evergreen forest in eastern

Ghana: the pale yellow subiculum completely obscures the spider host and the white perithecia

form around the periphery; whilst, centrally, a solitary cylindrical fruit-body (synnema) of the

Gibellula anamorph arises. (c) Salticid spider in Atlantic rainforest with the opisthosoma

enveloped in a white subiculum bearing the Granulomanus synanamorph directly, with the

dominant Gibellula anamorph on synnemata; Gibellula conidiogenous heads cover the legs.

(d) Another Gibellula sp. producing numerous lilac-coloured synnemata on a large spider in

Atlantic rainforest: the pale yellow subiculum forms mostly on the opisthosoma. (e) A spider host

attached to a shrub leaf in Atlantic rainforest with another species ofGibellula: the stout, creamish-

white synnemata are densely produced on the opisthosoma to which the white subiculum is

confined. Photos H.C. Evans
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9.4 Taxonomy

Evans and Samson (1987) noted that all the confirmed or purported fungal

pathogens of spiders pertain to the phylum Ascomycota, specifically to the order

Clavicipitales (now synonymised in the Hypocreales), and that there are no

representatives in the other phyla of fungi. Most notably, the absence of taxa in the

Entomophthorales (Zygomycota)—ubiquitous pathogens of terrestrial arthropods,

including other arachnids, such as mites (Acari) and harvestmen (Opiliones)

(Leatherdale 1958)—was highlighted. This still appears to hold true, with a literature

search recording only the occurrence of the zygomyceteMucor hiemalis—a common

soil fungus—attacking lab cultures of Cupiennius salei (Ctenidae) and Ischnothele
guianensis (Dipluridae) (Nentwig and Prillinger 1990). In all probability, this would

seem to be an opportunistic pathogen of spiders predisposed to infection rather

than an obligate parasite: as would the report of a Mucor sp. on a Modisimus
spider (Pholcidae) from a cave system in Cuba (Mercado et al. 1988). Similarly,

the discovery of an adult female of Pardosa amentata (Lycosidae) in a pitfall

trap in Switzerland “infected” with an un-named Conidiobolus (Anclystaceae,
Entomophthorales)—a genus containing many plurivorous species—must be treated,

for the moment, as a doubtful pathogenic record (Keller and Wegensteiner 2010).

Some explanation is needed here concerning the intricacies of fungal taxonomy

and nomenclature for the benefit of non-mycologists. The greater majority of fungi

are pleomorphic, in that they have more than one independent form or spore stage in

the life cycle, and most produce both asexual (imperfect) and sexual (perfect)

reproductive stages, now called anamorph and teleomorph, respectively. Neverthe-

less, for many fungi the teleomorph is undescribed, or unconnected with the

anamorph, or rarely produced; whilst others have taken separate evolutionary

pathways and lost sexuality completely—replacing it by alternative mechanisms,

such as parasexuality. Under the code governing the scientific names of fungi, it is

possible to treat both anamorph and teleomorph as species with separate Latinised

binomials. Now that DNA sequencing is routinely being used in fungal systematics,

anamorph–teleomorph relationships are becoming clearer and, in those cases where

such associations are established, the teleomorph name takes priority. In order to

avoid ambiguity, however, and for easier access to the literature, the fungi are listed

here under both their teleomorph (Ascomycota) and anamorph (Hyphomycetes)
names, and cross-indexed. Nevertheless, as demonstrated below, the taxonomy of

fungal pathogens of spiders can still be said to be in a state of transition and, therefore,

the groupings listed here should be regarded as provisional.

9.4.1 Ascomycota, Hypocreales, Clavicipitaceae Sensu Lato

9.4.1.1 Cordyceps Sensu Lato

This is by far the best known entomopathogenic genus, containing an estimated 400

species, but it has long been recognised as being polyphyletic (Sung et al. 2007).
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Kobayasi (1941) delimited three sub-genera in his pioneering monograph on the

genus Cordyceps—maintaining this in a later revision (Kobayasi 1982)—whilst,

much more recently, Sung et al. (2007) further refined the classification of

Cordyceps and its allies (Clavicipitaceae sensu lato) using multi-gene phylogeny.

They recognised three families (Cordycipitaceae, Ophiocordycipitaceae and

Clavicipitaceae sensu stricto) and four genera (Cordyceps, Ophiocordyceps,
Metacordyceps and Elaphomyces): the latter being predominantly parasitic on

other fungi. Significantly, in terms of host specificity, the anamorphs of

Metacordyceps are some of the most commonly reported pathogens of insects—

as well as ubiquitous soil inhabitants—but Metarhizium has never been recorded

from spider hosts. Similarly, the common plurivorous white muscardine fungus

(Beauveria bassiana) is rarely recorded on spiders (Petch 1931, 1948) and, because
host identification appears to be less than robust, the genus is not included here.

Kobayasi (1941) listed five species of Cordyceps in his section Arachnidicolae,
and more have been added since from North America and East Asia (Mains

1954; Kobayasi and Shimizu 1976, 1982a): these were beautifully illustrated in a

subsequent publication (Kobayasi and Shimizu 1983). However, only one is

retained in the genus Cordyceps sensu stricto, whilst others (5 spp.) are of uncertain
affinity in Cordyceps sensu lato, and the remainder (3 spp.) have been transferred to

the genus Ophiocordyceps (Sung et al. 2007). It is possible that these pathogens are
evolutionary distinct and may prove to belong in a separate clade specific to spider

hosts, judging from the phylogenetic tree constructed by Johnson et al. (2009).

Nevertheless, there remains considerable confusion over the taxonomy of all the

species in Cordyceps sensu lato, which are well represented on larger, ground-

dwelling mygalomorph spiders, especially in South America. For example,

Cordyceps cf. singeri (Mains 1954)—with delicate, reddish, clavate fruit-bodies

(Fig. 9.1a)—is relatively common on trapdoor spiders (Ctenizidae) in the Amazon

region of both Brazil and Ecuador; whilst C. cylindrica occurs on similar hosts in

the same habitats, but the spiders are considerably bigger, as are the yellowish-

white, stout fruit-bodies (Fig. 9.1b, c). C. cylindrica, in fact, epitomises the original

concept of the genus: the buried, mummified host, enveloped in white mycelium,

sprouting a stout fleshy stalk (clava), and raising the club-shaped “payload”

(ascostroma) into the air—in this case, pushing through the trapdoor (Fig. 9.1c)—

to facilitate spore dispersal. Embedded in the ascostroma are flask-shaped structures

(perithecia) filled with cylindrical sacs (asci) containing the filiform sexual spores

(ascospores), which are forcibly discharged through the specialised thickened apex

(cap)—diagnostic for and unique to the Clavicipitaceae sensu lato. In C. cylindrica,
the ascospores break into part-spores after release, or on contact, the process being

analogous to a scatter gun.

Cordyceps cylindrica is of particular interest because it demonstrates and

emphasises our lack of knowledge of not only the taxonomy but also the biology

and ecology of fungal pathogens of spiders. Seemingly, this species has a pantropi-

cal distribution but, outside of the Neotropics (Petch 1937; Mains 1954; Evans

1982), it occurs mainly in its anamorph state, Nomuraea atypicola, in both Africa

(Samson 1974; Samson and Evans 1977; Rong and Grobbelaar 1998) and Asia
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(Kobayasi 1941; Kobayasi and Shimizu 1983; Hywel-Jones and Sivichai 1995;

Tzean et al. 1997b). However, Evans (1982) showed that ascospore isolations from

Amazonian specimens produced N. atypicola in culture—although the anamorph is

never seen in the field situation (Fig. 9.1b, c)—confirming the suspicions of Petch

(1937) that these are linked. Later, Kobayasi and Shimizu (1976) reported the

teleomorph in Japan on a trapdoor spider, as did Li et al. (2005) in China, although

the anamorph—with fruit-bodies reminiscent of the teleomorph, and said to be

common “in the gardens and roadsides” (Kobayasi 1941)—appears to be the

dominant form in Japan (Kobayasi and Shimizu 1983). The host of the holotype

is a trapdoor spider of the genus Latouchia (sub Kishinouyeus, Petch 1939;

Kobayasi 1941). Most other records of N. atypicola describe the anamorph as

growing directly on the hosts, which, invariably, are spiders attached to foliage

(Samson 1974; Hywel-Jones and Sivichai 1995; Tzean et al. 1997a, b). It is possible

that this represents a species complex, with one or more taxa on trapdoor spiders

and at least one other that attacks free-living spiders (Greenstone et al. 1987).

9.4.1.2 Ophiocordyceps

Sung et al. (2007) transferred three Cordyceps species found on spiders to this

genus—Ophiocordyceps arachneicola, O. caloceroides and O. engleriana—based

only on original descriptions. One of the distinguishing generic features is that the

fruit-bodies are rarely fleshy or brightly coloured, typically, being darkly pigmented

and wiry. Whilst Ophiocordyceps engleriana fits this description (Fig. 9.1d),

O. arachneicola—described by Kobayasi (1941) on the orb-web spider, Araneus
ventricosus, from Japan—and O. caloceroides (a species resembling and named

after the soft fleshy basidiomycete genus Calocera, Fig. 9.1e), do not conform to the

genus description.

9.4.1.3 Torrubiella

The genus is typified by the perithecia forming directly on the host body (Figs. 9.1f, g

and 9.2a), and not in or on aerial structures, thus separating it from Cordyceps sensu
lato (Petch 1923). Kobayasi (1982) provided a key to the known taxa, whilst

Kobayasi and Shimizu (1982b) monographed the genus and described 34 species

on spiders, many of them new and collected in Japan. This had risen to 40 species

in their next publication (Kobayasi and Shimizu 1983), but others have been

added since or not included in their publications (O’Donnell et al. 1977; Humber

and Rombach 1987; Tzean et al. 1997b, 1998), pushing up still further the total

number of known species attacking spiders. Anamorphs, when present, belong

to Gibellula–Granulomanus (Fig. 9.2a, b), as well as to Akanthomyces and

Lecanicillium. Recently, the phylogeny of the genus has been investigated (Johnson
et al. 2009) and, of the nine Torrubiella–Gibellula species from spiders sequenced,

all fall in a unique clade within the Cordycipitaceae. Since they form this distinct
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evolutionary group, and the type species of the genus, Torrubiella aranacida, was
described on a spider host (Boudier 1885), Torrubiella should be reserved for spider
pathogens.

9.4.2 Anamorphic Fungi, Hyphomycetes

These used to be placed in the phylum Deuteromycota, but this is no longer

accepted as a formal taxonomic category since it is an artificial assemblage of

polyphyletic groups (Kirk et al. 2008). All the spider pathogens can be placed in

the Hyphomycetes, comprising genera producing their spores (asexual conidia) on

aerial hyphae rather than enclosed within fruit-bodies (conidiomata).

9.4.2.1 Akanthomyces

Typically, the spider host is covered by a white to pale brown mycelium from which

arise multiple stalks (synnemata) composed of and organised into hyphal strands,

producing the spore-bearing structures (conidiogenous cells or phialides) laterally

(Fig. 9.1d). Hywel-Jones (1996) reported numerous specimens of “small hunting

spiders” infected with Akanthomyces on leaves in the forests of Thailand and

described three new species, together with another three confirmed species in the

genus: also, recorded in North America (Mains 1950b), Ghana (Samson and Evans

1974) and Papua New Guinea (Samson and Brady 1982). Later, Hsieh et al. (1997)

recorded four species—including one new taxon—from spiders in Taiwan, which

were illustrated by Tzean et al. (1997b), whilst others have been added from China

(Huang et al. 2000). Akanthomyces arachnophilus has been linked with Torrubiella
flava (Petch 1923; Samson and Evans 1974), and DNA sequencing seems to

confirm this association since both of the Akanthomyces species included in the

phylogenetic tree came out in the unique Torrubiella clade (Johnson et al. 2009).

9.4.2.2 Clathroconium

This was described as a new monotypic genus collected on a free-living spider in

Ghana, with no known teleomorph (Samson and Evans 1982). A second species

from Cuba on the cobweb spider, Nesticodes rufipes (Theridiidae), was described
subsequently (Mercado et al. 1988). The distinctive spiral-shaped (clathroid or

helicoid) conidia form a powdery covering on the host
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9.4.2.3 Gibellula

This is a highly conserved, spider-specific genus: past records from insect hosts

(Petch 1932a; Mains 1950a) have proven to be erroneous (Samson and Evans

1973). The South American species have been monographed (Samson and Evans

1992), and eight species were delimited. However, with the additional species

described by Kobayasi and Shimizu (1976, 1982b, 1983), Tzean et al. (1997a, b)

and Huang et al. (1998b) from Asia, as well as undescribed species from Ghana and

Brazil (Fig. 9.2b–e), the number of species should rise significantly. The character-

istic Aspergillus-like heads are borne directly on the spider (Fig. 9.2a), or on

solitary (Fig. 9.2b) to multiple (Fig. 9.2c–e) brightly-coloured synnemata, some-

times together with the Torrubiella teleomorph stage (Fig. 9.2a, b).

9.4.2.4 Granulomanus

Associated withGibellula as a synanamorph (Samson and Evans 1977, 1992; Evans

and Samson 1987), and characteristically borne on curled hyphal masses growing

on or around the spider body. However, it can also occur directly on or replace the

Gibellula sporulating structures (Petch 1944; de Hoog 1978).

9.4.2.5 Hirsutella

Typified by long, hair-like synnemata on which the narrow-cylindrical

conidiogenous cells produce solitary conidia, usually in mucus. Hirsutella darwinii
was described on a spider host enclosed in a silk cocoon from the Galápagos Islands

(Evans and Samson 1982).

9.4.2.6 Hymenostilbe

Similar to Akanthomyces but the conidia are borne singly on short, tooth-like

projections (denticles): at least three species, reported from the USA (Mains

1950b), Ghana (Samson and Evans 1975) and China (Huang et al. 1998a).

9.4.2.7 Isaria

Two species, formerly placed in the genus Paecilomyces, have been recorded on

spiders (Samson 1974), forming short, white to cream, powdery synnemata on the

host. In Ghana, Isaria farinosa is said to be common on spiders and

pseudoscorpions (Chelonithidae) (Samson and Evans 1977), but with a wider host

range elsewhere (Samson 1974; Evans and Samson 1982; Tzean et al. 1997b).
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9.4.2.8 Lecanicillium

Three species associated with spiders have been assigned recently to this genus

(Zare and Gams 2001); all previously described in disparate genera, such as

Acremonium, Cephalosporium, Engyodontium, Sporotrichum and Verticillium
(Petch 1931, 1935, 1937, 1948; Gams et al. 1984), because of the simple or

verticillate arrangement of conidiogenous cells produced directly on the mycelium.

Lecanicillium tenuipes (formerly, Engyodontium aranearum) has been linked

mainly with opilionid hosts (Gams et al. 1984), and its occasional occurrence on

insect hosts raises questions as to the specificity of this taxon. However,

Lecanicillium aranearum recorded on spiders in Ghana and Sri Lanka—where it

is associated with Torrubiella alba (Petch 1932b)—would appear to be spider-

specific.

9.4.2.9 Nomuraea

Anamorph of C. cylindrica has been confirmed as N. atypicola, but probably

represents a species complex (see above).

9.5 Ecology

Until recently, the statement that most of the examples of spiders infected with

entomopathogenic fungi are to be found in the sub-tropics and tropics—especially

in forest ecosystems—held true (Evans and Samson 1987). There have been

reports, of course, from both North America and Europe—as discussed in previous

sections—and, exemplified in the lists of entomogenous fungi from the British

Isles, produced initially for mycologists (Petch 1948), and later modified for

entomologists as a host catalogue (Leatherdale 1958). Essentially, however, they

were sporadic ad hoc collections made by foraying mycologists and amateur

entomologists. Nevertheless, these scattered records could prove to be just the tip

of the iceberg and spiders in cold temperate regions may be more prone to fungal

attack than previously supposed: as, for example, the discovery of a new

Torrubiella (T. falklandica) on a spider host on a mountain summit in the Falkland

Islands (O’Donnell et al. 1977). Another more recent example demonstrates how

better-targeted collecting can reveal unexpectedly high levels of spider mortality in

the most unlikely of habitats and during, what would appear to be, the most

unfavourable time of year for infection: an upland lake in Wales in the depths of

winter (D. McNeil, personal communication). Collections made around the lake,

during a chilly day in December 2011, yielded a total of 97 specimens of a fungus—

identified from images as being close Gibellula pulchra—on what appears to be the
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same host—confirmed as the orb stretch spider, Metellina merianae
(Tetragnathidae).

High numbers of spiders infected with this ubiquitous pathogen had also been

reported much earlier in Ghana from cocoa farms—80 specimens from 10 trees—

and from forest sites—120 specimens from a 20 m2 quadrat over a 12-month

sampling period—which led to the conclusion that G. pulchra “may well be an

important mortality factor” (Samson and Evans 1973; Evans 1974). Nentwig (1985)

voiced a similar opinion concerning fungal mortality in web-building spiders

during surveys in Panama. Much earlier, Mains (1939) reported on the occurrence

of ca. 70 spiders infected with Cordyceps thaxteri attached to leaves, collected

between July and August 1887 in the mountains of North Carolina. There appear to

have been few reports since from the USA, which begs the question: was this a

“one-off” event or has nobody been looking and, in fact, does the fungus exert a

significant control of spiders in this ecosystem? However, without knowing the

actual populations of spiders in these habitats, it is impossible to assess the

ecological impact of pathogenic fungi and, therefore, their role in ecosystem

functioning. Equally, we know little about their specificity and infection

strategies—especially, the function of the various spore types and how spores

reach their targets. This is particularly intriguing in the case of Ctenizidae hosts

since: “Most trapdoor spiders never leave their burrow during their whole life”

(Buchli 1969).

9.6 Conclusions

As shown here, the diversity and common occurrence of fungal pathogens of

spiders in both temperate and tropical regions merits more in-depth studies to

clarify the considerable gaps in our knowledge. At the very least, arachnologists

should recognise them as potential players in the populations dynamics of spiders:

from the equatorial rainforests of the Amazon basin and West Africa to the bleak

South Atlantic in the Southern Hemisphere; and, from the temperate climes of

North America to those of Japan in the Northern Hemisphere. Their exclusion from

previous publications on the natural enemies and the general biology of spiders

would seem to be a serious oversight.
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Part IV

Chemical Communication and
Reproduction

Besides the well-known world of optical and vibrational communication, spiders

also live in a much less known chemical world. Volatile pheromones are of

glandular origin or emitted from the body cuticle and play an important role for

communication between mother and offspring or in social spiders. Also in solitary

spiders, as part of the courtship behaviour, sexual pheromones are of upmost

importance for successful reproduction. It is fascinating that spiders evolved a

system of unusual multiple sex chromosomes with a considerable diversity in

some groups. Astonishingly diverse is also the male reproductive system with

respect to its gross morphology, sperm ultrastructure, involved glands and

secretions. Further reasons for the high biodiversity of spiders?



Chapter 10

Chemical Communication and Contact

Cuticular Compounds in Spiders

Marie Trabalon

10.1 Introduction

The study of animal communication has played an important part in developing

methods and paradigms in ethology, sociobiology and animal cognition. Animal

communication and the understanding of the animal world in general is a rapidly

growing field. Animal communication is any behaviour emitted by one animal

(emitter or sender) that, by sending a signal, has an effect on the current or future

behaviour of another animal (receiver). The sender and receiver of a communica-

tion may be of the same species or of different species, although the majority of

animal communication is intraspecific (between two or more individuals of the

same species). Communication signals can solicit various canals, but here, we focus

on chemical communication.

Many reports highlight the importance for spiders of chemical intraspecific

communication in reproduction (sexual and parental behaviour) and social

interactions. Spiders present two modes of living: solitary most of the time but

also gregarious during the first days of life. In these gregarious or communal

groups, spiders must be able to distinguish between members of their own group

and others. This is a real problem during the capture of prey, because the attacking

spiders have to decide instantly whether they should bite or not. Before engaging in

a killing bite, arachnids touch the unknown animal. This contact allows them to

identify the animal as a prey or as a conspecific. Contact chemoreceptors seem thus

to play a key role in discriminating between prey and conspecifics. Social behaviour

shifts linked to their development could be induced by changes in the chemical

composition of the cuticle. Nevertheless, our knowledge of the nature of the

chemical contact compounds spiders use to communicate is limited.
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10.2 Chemical Communication

Spiders produce both volatile and contact pheromones. Female spiders produce

volatile chemical signals aimed to communicate with either males or other females.

Spider contact pheromones are typically associated with the silk, draglines or

substrate, whereas volatile pheromones are emitted from the silk or body cuticle.

Spider pheromones play an important role as chemical signals for communication

(for social as well as solitary spiders) and reproduction.

10.2.1 Molecular Olfactory Transfer

Chemical communication is considered to be the most primitive mode of communi-

cation in animals. The literature customary distinguishes between olfaction and

contact chemoreception. For both modes, the stimuli are specific compounds or

blends of compounds termed semiochemicals, the distinction being that compounds

targeted by olfaction are volatile. The term volatile is polysemous and is often used

in different contexts. Here, we use volatile in its strict chemical meaning. The

volatility of a compound depends on the size (molecular weight), polarity and

structure of the molecule and can be expressed as its vapour pressure. Molecules

with high molecular weight and high polarity have a low vapour pressure. Most

salts, for example, are not volatile, but some apolar compounds with relatively high

molecular weights can be sufficiently volatile to be used in chemical communica-

tion. As vapour pressure decreases with increasing size or polarity of the molecule,

evaporation rate declines, and the signal can therefore be emitted for a longer period,

because the time needed for biosynthesis or translocation is a less limiting factor.

Larger molecules also diffuse more slowly, and thus, the signal stays longer in the

environment. Such molecules would be suitable to be carried openly all the time, for

example, on the cuticle. A low concentration in the air requires highly sensitive

receptors and excludes action over long distances, because of diffusional dilution.

In addition to volatilization, chemicals can also be transferred through space by

adsorption on small particles released by the emitter. Non-volatile pheromones,

which require direct contact of the receiver with the emitter or with a substratum on

which they are deposited in order to be perceived, are also frequently used for

communication. Signals can remain active for a long time on a surface, where they

are better protected from degradation than in the air. They are often embedded in a

matrix that also has protective properties.

10.2.2 Production of Compounds Involved in Spider
Communication

Semiochemical ectomones are divided into two groups according to their function:

allelochemicals (allomones and kairomones) and pheromones. Allelochemicals are
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compounds used for communication between different species, and pheromones

are used for communication between members of the same species. Pheromones

serve as critical signals for sex (Uhl 2013) or conspecific recognition, danger

warning, territorial marking, social cues in kin and individual recognition, domi-

nance cues, state of health and even mating status crucial for mate assessment

(Uetz and Roberts 2002; Wyatt 2003; Johansson and Jones 2007). Spiders emit

semiochemical compounds from their body cuticle and/or web silk although no

specific glands that could secrete ectomones have been identified.

Spider silk is a well-known vector for vibratory, tactile as well as chemical

signals. Using silk or webs for ectomones, transmission allows spiders continuous

semiochemical emission without the need to emit pheromones actively from glands

(Schulz 1997). Silk ectomones can be produced either in the silk glands (Schulz

2004) or have a cuticular origin and applied to the silk during web construction

(Trabalon et al. 2005). Cuticular ectomones are synthesized near the integument

and transported to the epicuticle for emission (Trabalon et al. 1996), possibly via

modified cuticular wax glands or opisthosomal organs (Pollard et al. 1987).

Spiders’ silk and cuticle are covered by a lipid layer. The primary function of

cuticular lipids is to form a passive barrier to impede water evaporation through

terrestrial arthropods’ cuticle. While minimizing transpiration and thus protecting

terrestrial insects from desiccation, cuticular lipids are also often involved in

various types of chemical communication (Howard 1993; Singer 1998; Pourié

et al. 2005). The main components of this layer are generally long-chain aliphatic

hydrocarbons and fatty acids, but this layer can also include smaller amounts of

methyl esters, long-chain aliphatic alcohols and aldehydes, glycerides and choles-

terol. Similar compounds are present on the web and spider cuticle. For example,

the web and cuticle from two agelenid and amaurobiid (Prouvost et al. 1999b;

Trabalon et al. 1996, 1997; Trabalon and Assi-Bessekon 2008) and one theraphosid

species (Trabalon 2011) comprised a complex mixture of fatty acids, alcohols and

long-chain aliphatic hydrocarbons. Hydrocarbons form complex and varied

mixtures with unsaturated hydrocarbons. In those species, the hydrocarbon fraction

consists of n-, monomethyl- and dimethylalkanes, containing a relatively high

proportion of even-numbered carbon chain components. Neither species exhibited

unsaturated hydrocarbons. The abundance of even-numbered carbon chain alkanes

and odd-numbered carbon chain fatty acyl groups, along abundant methyl branches,

suggests that the propionyl-CoA and its carboxylated product, methyl-malonyl-

CoA, play important roles in the biosynthesis of these unique waxes. The origin of

the alkanes is at present unknown; the possibility that they come from the insect diet

has not been investigated.

These lipid compounds can be transported from biosynthetic tissues to tissues

that do not synthesize them (prosoma, legs) either by physical translocation to the

cuticular surface or by haemolymph. The importance of the role of the haemolymph

in transporting cuticular lipids is fully considered and is supported by the fact that,

in several insect species, the cuticle and haemolymph fatty acid and hydrocarbon

profiles are similar (Schal et al. 1998). For example, the variations of the qualitative

composition of cuticular lipids of Brachypelma albopilosum (Theraphosidae)
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(fatty acids, methyl esters and hydrocarbons) are similar to the variations of their

haemolymphatic lipids (fatty acids, methyl esters and hydrocarbons). This was the

first time that the presence of circulating methyl esters in the haemolymph of this

spider was established, as in the haemolymph of insects (Trabalon 2011).

10.2.3 Chemoreceptors

Spiders’ olfactory and contact-chemoreception systems are roughly analogous to

what we call a sense of smell and a sense of taste, respectively. Spiders use their

legs and palps for smelling and tasting, as this is where their chemoreceptors tend to

be concentrated, especially on the distal segments. However, their most important

chemoreceptors are contact chemoreceptors or taste hairs. These chemosensitive

hairs are curved, with blunt tips that are open to the exterior. Each taste hair is

usually innervated by 21 sensory cells: two nerve endings with tubular bodies

terminate at the hair base, while the other 19 dendrites traverse the hair shaft to

the opening near the hair tip (Foelix and Chu-Wang 1973). Chemoreceptive hairs

are important for both prey and conspecific recognition, and in particular recogni-

tion of potential mates. In addition to salt and sugar solutions, many amino acids are

effective stimulants (Vallet et al. 1998). The sensilla of Tegenaria atrica
(Agelenidae) are capable of encoding five concentration levels ranging from 0.01

to 1 mol, and they are functional immediately after these spiders leave their cocoons

(Vallet et al. 1998). Recently extremely high concentrations of chemosensitive

hairs were observed on male Liphistius spiders, with up to 2,000 hairs on a single

tarsus. The fact that females and juveniles do not possess such hairs suggests that

these hairs are probably specialized in the detection of female pheromone (Foelix

et al. 2010). Prouvost et al. (1999a) observed significant differences in the

distributions of these sensilla on the anteroposterior and dorsoventral areas of

their legs (pretarsus and tarsus) and on their pedipalps in relation to the sex of

Tegenaria atrica. Both on the front leg and the pedipalp, chemoreceptors are

located on the tip of the tarsus. However, most of the hairs on the pedipalp are on

its dorsal surface, whereas most of the hairs on the front leg tarsus are on its ventral

surface (Fig. 10.1). These distributions appear compatible with the fact that these

sensilla are intended to receive tactochemical cues. Indeed, the analysis of the

positions of these two appendages in relation to the substrate shows that the ventral

surface of the locomotor limbs’ tarsi rests on the substrate, whereas the tip of the

dorsal surface of the tarsus of the pedipalp comes into contact with the substrate.

The different distributions of the sensilla on these appendages are therefore consis-

tent with their function as contact chemoreceptors.

Another chemoreceptor is the so-called tarsal organ, which usually forms a

spherical pit on the dorsal surface of each tarsus (Foelix 2011). Tarsal organs may

also appear rod shaped, like a hair (Fig. 10.1e), but only in very rare cases (Foelix

2011). Like hairs they are multiply innervated (by around 20 neurons) and are

connected to the external environment by seven small pores (Foelix and Chu-Wang
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1973). Electrophysiological investigations showed that different volatile substances

can stimulate the tarsal organs (Tichy et al. 2001). The tarsal organ responds to

certain pungent odours such as acids or ammonia vapour, but it appears to be

unresponsive to alcohols, aldehydes, esters and so on, and to natural scents coming

from other spiders. Thus, we are still left with the question of where spiders’ odours

receptors are actually located.

10.3 Social Tactochemical Communication

Spiders are predatory and cannibalistic and are not generally known to be social.

Only about 25 out of the more than 42,000 species are considered to be permanently

social. Non-territorial social spiders present sophisticated forms of cooperation

including collective building of a silky structure (irregular webs), group hunting

and cooperative brood care. Permanent social spiders also exhibit developed paren-

tal behaviour, and their young are gregarious. Plausibly the most important

mechanisms maintaining the social structure are the different forms of chemical

communication. The ability to distinguish between a group member and an unfa-

miliar conspecific is a critical element of social behaviour. Furthermore, a number

Fig. 10.1 Scanning electron microscope views of hair sensilla of young Brachypelma
albopilosum (Theraphosidae) spiders. (a) Ventral view of the tarsus; (b) ventral view of the

pedipalp; (c and d) chemosensitive hair on the tarsus; (e) tarsal organ
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of studies suggest that important traits in social spider evolution, namely, tolerance

and interattraction among group members, could be based on cuticular chemical

cues, as for social insects. Krafft (1971) suggested that tactochemical communica-

tion plays a role in colony cohesion and organization of the social spider Agelena
consociata (Agelenidae). Kullmann (1972) found that chemosensory perception

alone allows social Stegodyphus species (Eresidae) to discriminate between prey

and conspecifics. Cuticular chemical profiles varied quantitatively between

Anelosimus eximius colonies (Theridiidae), suggesting that cuticular chemical

composition in social spiders may contain information about colony identity,

despite a lack of obvious discrimination against non-colony members in this species

(Pasquet et al. 1997).

These differences appear to be linked to both genetic variations and ecological

factors (Fig. 10.2). The cuticular chemical compounds are hydrocarbons, fatty

acids, methylesters and, particularly, novel n-propyl esters of long-chain methyl-

branched fatty acids (Bagnères et al. 1997). We hypothesized that these propyl

esters played a part in social interactions (Trabalon 2000). Indeed, how could

volatile molecules be involved in communication between two individuals within

a large community, when the “conversation” between these two individuals would

be “drowned” and imperceptible in an “odorous cloud” emitted by the whole

colony? The different interactions within the group would eventually be blurred,

creating cacophony. The question that remains, for the time being, is whether

spiders’ non-volatile cuticular compounds are used in social interactions. To our

knowledge, the recognition systems and cues that spiders use for kin discrimination

have not yet been investigated, and no precise data concerning spiders’ social

pheromones exist.

10.3.1 Chemical Communication During Temporary
Gregarious Groups

After mating, some spider species exhibit parental behaviour, often followed by a

time-limited period when the young are gregarious (Fig. 10.3). This gregarious

period begins inside the cocoon and persists for several days after emergence of

spiderlings. For example, young Tegenaria atrica remain together immediately

after leaving their cocoon, form a dense ball nearby and express little locomotor

activity for one week (Trabalon et al. 1996). During this period, the young moult

simultaneously. They react neither to the weakening of the web produced by their

mother’s movements nor to the vibrations provoked by prey. Mothers stay close to

their cocoons, but no corporal contact between mothers and young occurs. One

week after emergence, the locomotor activity of the young increases. Their aggre-

gation becomes less dense, and after another moult, the young progressively run all

over their maternal web. The 20-day-old young move quickly and the resulting

weakening of the web alerts the mother. The young that do not yet disperse out of
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Fig. 10.2 Gas chromatographs of cuticle total extracts of adult females Anelosimus eximius
(Theridiidae) from four colonies in French Guyana. (a) Colony FRG 29; (b) colony FRG 70. These

two colonies were situated along the same road in a secondary forest 5 km apart. (c) Colony R143 was

situated along another road about 40 km west of the first road in a secondary forest; (d) colony Ste Elie

was in a primary forest 60 km north of the other colonies. These gas chromatographs show that the

cuticle extracts of females from different colonies present the same lipid compounds
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the maternal web feed on prey killed and left by the female. During this period, the

young frequently make contact with one another, in fortuitous encounters or when

feeding. These contacts are accompanied by agonistic interactions which tend to

increase with age, whereas contacts with the mother do not elicit any agonistic

reactions, either by the young or by the adult (Trabalon et al. 1996, 1998). At the

end of the third week of development, the young start catching small prey, and

during the fourth week, after another moult, the young leave their maternal web and

settle on individual webs.

The transition from the gregarious phase to the solitary phase is linked to a

change in the tolerance of the mother in relation to changes in the composition of

the cuticular compounds of the young (Fig. 10.3). Five compounds characteristic of

mother females (n-eicosane, 2-methylhexacosane, n-octacosane, n-nonacosane and

n-tritriacontane) are present on the cuticle of tolerated gregarious young. When the

young are 20 days old and begin to avoid one another, their cuticular chemical

profiles begin to change. Consequently, two new chemicals (5-methylhentriacontane

and methyloctadecadienoate) emerge and four different compounds are variously

synthesized/released (n-octadecane, n-octacosane, octadecadienoic and octadecenoic

Fig. 10.3 Variations of mother-young social interactions and variations of cuticular lipids during

temporary gregarious grouping in Tegenaria atrica (Agelenidae). (a) Gas chromatograph of

cuticle total extract of mother; (b) gas chromatograph of cuticle total extract of 5-day-old

young; (c) gas chromatograph of cuticle total extract of 20-day-old young; (d) gas chromatograph

of cuticle total extract of 80-day-old young. These gas chromatographs reveal the increasing

complexity of cuticular lipid extracts with age
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acids). Nevertheless, these changes do not appear sufficient to cause tolerance to

cease completely as the young continue to tolerate one another. The compounds

that vary during the dispersal phase, as well as the occurrence of cannibalism in

young, are linked to four compounds that are characteristic of solitary virgin

females (methyloctadecanoate, n-tricosane, n-pentacosane and n-heptacosane).
After dispersal, young are no longer tolerated by other conspecifics and their

cuticular chemical profiles are modified: n-heneicosane, 3-methylpentacosane and

14- þ 12- þ 10-methyltriacontane emerge and the synthesis/release of three

compounds (n-heptadecane, methyltetradecanoate and n-octadecane) changes. So

tactochemical information plays an important role in modulating agonistic behaviour

after close contact between female spiders and their young. Females’ cannibalism

appears to correspond to an increase in polar compound levels (methylesters and fatty

acids) and a decrease in apolar compound levels (hydrocarbons) in young with age.

The cuticular chemical composition of subsocial Stegodyphus lineatus spiders
also changes during the first 50 days of development especially around dispersal

(Grinsted et al. 2011). The relative proportions of longer alkanes increase with age.

This increase of longer hydrocarbons could occur mainly to prepare the cuticle for

the risky dispersal stage, when spiders become exposed to environmental

conditions in their arid habitat different from those in their maternal nest. Develop-

mental changes in cuticular compound composition could possibly decrease accep-

tance and tolerance of nest mates, inducing their dispersal. Evolutionary

modifications of developmental changes in chemical composition like these could

have been important in extending the cooperative stage of tolerance towards

siblings from temporary, in subsocial spiders, to permanent in social spider species.

In Coelotes terrestris (Agelenidae), postmating changes in female pheromone

emission are associated with changes of cuticular and web chemical compounds

and increased mother behaviour (Trabalon and Assi-Bessekon 2008). For example,

the postmating webs of female Coelotes terrestris contain significantly less palmitic

acid, 1-octadecanol, 13- þ 11-methylpentacosane and 3-methylheptacosane and

significantly more 1-docosanol, n-pentacosane, n-hentriacontane and 17- þ 15- þ
13- þ 11-methylpentatriacontane than the webs of virgins. The web therefore

seems to be an attracting factor essential for the emergence of maternal behaviour.

The web also plays a major role during the gregarious stage, attracting the young.

Silk could therefore be an essential factor in spider socialization. Our results show

that the lipids deposited on the web by “incubating” and “parental” females form a

contact attractant pheromone for mated females and gregarious young and a

repulsing pheromone for virgin females and young during the dispersal period. So

incubating females’ web contains low levels of two fatty acids (palmitic and oleic

acids) and one alcohol (1-octadecanol) and high levels of two alcohols (1-eicosanol

and 1-docosanol) and one fatty acid (stearic acid). Modifications of chemical

profiles after copulation render the web unattractive to males and solitary young

spiders, but attractive to mated females. This modification of chemical information

appears to be a key factor to induce dispersion of young subsocial spiders and to

reduce subsequent competition for the same habitat.
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10.3.2 Chemical Communication in Parasocial Groups

Solitary adults can form parasocial groups where they can benefit from sharing silk

structures or by joining individual prey-catching webs. This type of aggregation is

promoted by abundance of food in the environment. The subsequent reduction

of interindividual distances brings increasing advantages, in terms of individual

survival and access to reproduction, through greater protection against predators,

increased probability of intersexual encounters and cooperation to capture other-

wise inaccessible large prey. Buskirk (1981) points out that the behaviour of

parasocial spiders differs from that of solitary conspecifics. Intraspecific agonistic

behaviour (cannibalism), therefore, decreases markedly. One factor facilitating

formation of these groups could be prey density. According to Ruttan (1990), the

growing young spiders’ increasing need for food drives them to disperse more or

less rapidly according to prey availability in that particular area. When young

Tegenaria atrica (Pourié and Trabalon 1999a, b) are prevented from dispersing

and are fed ad libitum, cannibalism rates decrease significantly. Thus, the trophic

factor has a considerable influence on maintaining tolerance and inhibiting canni-

balism in spider groups. According to these observations, the occurrence of canni-

balism could be related to the first signs of “hunting” or predatory behaviour at the

time of natural dispersal of young. Under natural conditions, when prey density is

low, cannibalism would be an alternative to foraging. Cannibalism rate decreases in

experimental groups of young Tegenaria atrica coincides with variations in their

cuticular chemical signature (Pourié and Trabalon 2001). The development of

chemicals of spiders reared in isolation remains unchanged during ontogeny

regardless of their level of nutrition, and their chemical signature becomes enriched

as individuals grow older, with increasingly heavy compounds. Level of food intake

does not influence the synthesis/release of the chemical compounds found on the

cuticle. We observed the same development in the cuticular chemical signatures of

young that had been reared in groups and fed ad libitum. However, the increasing

complexity of their chemical signature does not follow the same developmental

pattern as that of isolated individuals (Pourié et al. 2005). More precisely, palmitic

acid and 13.17- þ 11.17- þ 9.17-dimethylhentriacontane are not detected in

grouped individuals. Furthermore, grouped individuals secrete methylocta-

decenoate and n-heptatriacontane only emerge after their fifth moult, contrary to

isolated young that start secreting these compounds just before dispersal. These

compounds perhaps inhibited cannibalism in our experimental groups of solitary

young. We can reasonably believe that the absence of competition for access to

food could induce spiders not to differentiate themselves by their chemical signals

and thereby enhance their defences against being bitten.

However, another hypothesis must be taken into consideration. The necessary

factor for keeping together an experimental group of solitary young of relatively

stable size is mutual tolerance among growing individuals. This tolerance is

prompted by the absence of competition for food and is perhaps maintained by a

change in chemical communication among individuals. The interactions that
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progressively lead to mutual tolerance among young could be compared to learning

processes. Indeed, throughout the eight months we tested our experimental groups,

observing repeated interactions in a rich environment, our subjects learned progres-

sively to restrict their agonistic interactions by assessing the advantages and

disadvantages of a situation. This allows adults from these groups to display a

higher level of tolerance and conversely, very low rates of cannibalism of adult

conspecifics. Consequently, very likely if favourable environmental factors incite

the young not to disperse, then, when adult, these spiders could possibly preserve

the communal lifestyle based on maintaining social interactions (i.e. social

tolerance).

Clearly, however, this is not a question of comparing experimental groups of

adult Tegenaria atrica to spider societies. These results simply demonstrate the pre-

existence of a certain behavioural plasticity in some solitary species. Normally

solitary spiders are capable of showing mutual tolerance according to one essential

environmental factor: food resource availability. This social tolerance appears

linked to a very slight change in their cuticular chemical signature during ontogeny.

10.3.3 Solitary Spiders’ Chemical Communication
for Intraspecific Recognition

Brachypelma vagans (Theraphosidae) females frequently locate and enter the

burrows of conspecifics and then attack and consume the other female (Hénaut

and Machkour-M’Rabet 2005). A resident female lays down silk in the burrow, and

spiders are often attracted to cues (a phenomenon known as sericophily) from the

silk of conspecifics (Hodge and Stoffer-Isser 1997). The principal compounds

responsible for influencing females’ behaviour are nonpolar organic compounds

(Dor et al. 2008).

Recently, we studied the social recognition, agonistic behaviour and contact

cuticular compounds of the closely related Brachypelma albopilosum (Trabalon

2011). Females do not build webs, and therefore, they forage to catch their prey.

Field observations indicate that females during a foraging period can locate and enter

the burrows of conspecifics, as do Brachypelma vagans. However, Brachypelma
albopilosum females do not bite and consume other females. Our laboratory study

showed that their agonistic and foraging behaviour depends on the nutritional state of

these females. “Resident” females that ate 24 h before a test did not forage. Only

females that had not eaten for several days before a test left their territory and

investigated their environment. When one of these foraging females encountered a

conspecific, her behaviour could vary. After entering a conspecific’s burrow, 60 % of

the foraging females did not show any aggressive behaviour; they simply retreated

after making contact. However, predation reactions were frequent after contacting

a prey item. Only 40 % of foraging females attempted to attack a resident by

biting after making corporal contact. The cuticular lipid profiles of resident and
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aggressive-foraging females are the same. Only the cuticular profiles of “no-contact”

foraging spiders differed from those of the other females. The pheromones of these

females contained significantly less fatty acids and methyl esters and higher hydro-

carbon levels. Levels of free fatty acids (linoleic and oleic acids), of methyl esters

(methyl palmitate and methyl stearate), of cholesterol and of six hydrocarbons

(tetradecane, pentadecane, hexadecane, tetracosane, nonacosane and triacontane)

do not distinguish clearly aggressive females from others. We evidenced that aggres-

sive females are characterized by increased levels of a single compound: stearic acid.

More precisely, our results show that the important decline of circulating cholesterol,

fatty acids (palmitic, linoleic, and oleic acids) levels and their methyl esters coincides

with the manifestation of predatory behaviour and fight avoidance.

The reactions of Tegenaria atrica to conspecific intruders are not always of a

predator–prey nature. Individuals of this solitary species are capable of adjusting

their behaviour according to whether the conspecific intruder is adult or juvenile.

This adjustment is linked to the age and physiological state of the individuals

(Trabalon et al. 1998). Therefore, whatever their physiological state, adult

Tegenaria atrica females tolerate gregarious juveniles. Nevertheless, the levels of

tolerance of these different types of females decrease as the young develop. This

form of tolerance of very recently hatched young has induced females of some

spider species to care for their brood to a greater or lesser extent.

10.4 Contact Pheromones and Female Physiological State

Sexual and/or social behaviour (tolerance or cannibalism) depends on a female’s

physiological state. For example, the chemical cuticular profiles of females’

agelenids, ovarian maturation, ecdysteroid levels and sexual receptivity are

correlated. When the ovaries of unreceptive virgin females are at a previtellogenic

stage, they become cannibalistic towards males (Trabalon et al. 1992, 1998), but

when receptive females reach the onset of vitellogenesis, they accept copulation.

Fertilization triggers the end of vitellogenesis and appraisal of females’ cannibalistic

behaviour (Pourié and Trabalon 2003). Only three studies have investigated the

internal factors that regulate pheromone emission, reproductive behaviour and

ovarian maturation.

The haemolymphatic ecdysteroid levels of Coelotes terrestris and Tegenaria
domestica peaked during transition between previtellogenesis and vitellogenesis

(Trabalon et al. 1992). Similarly, the highest levels of Tegenaria atrica’ total

circulating ecdysteroids (20-hydroxyecdysone) were detected in unmated females

during the transition between the previtellogenic and the early vitellogenic phases

of oocyte development. Pourié and Trabalon (2003), investigating the role of

exogenous ecdysteroids on vitellogenesis, reported partial characterization of vitel-

logenin obtained from the haemolymph, ovaries and eggs of Tegenaria atrica.
Injections of 20-hydroxyecdysone in unmated female induced vitellogenesis, as

in other arthropods. Finally, injections of 20-hydroxyecdysone increase the
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frequency of sexual receptivity, inhibit cannibalism during sexual activity and alter

production of contact sex pheromones (methyl esters and fatty acids) on web and

cuticle (Trabalon et al. 2005).

Both genetic and environmental factors can influence the composition and ratios

of compounds of the cuticular chemical profiles of arthropods (Liang and

Silverman 2000, van Zweden et al. 2009). However, body condition in terms of

nutrient storage can be considered as a sign of both an overall healthy state and

good reproductive status. Consequently, assessments of body conditions become an

essential factor in conservation biology and evolutionary ecology studies

(Blanckenhorn and Hosken 2003, Stevenson and Woods 2006). Two of the most

commonly used condition-dependent body size estimates are body mass (Jakob

et al. 1996; Green 2001), abdomen dimension and mass/size relationships (Jakob

et al. 1996). These measures often used as shortcuts, are not direct measurements of

the body conditions of Brachypelma albopilosum and may sometimes fail to

correlate with their nutritional state (Trabalon 2011). Modulation of females’

aggressive behaviour is related to their lipidic state rather than their body size.

According to our observations, females are capable of modulating their aggressive

behaviour in relation to their nutritional state and in particular to their levels of

circulating lipids. Females that presented aggressive interactions possessed higher

levels of haemolymph circulating lipids, in particular, of methyl esters and

hydrocarbons than nonaggressive females that avoided conflict. Females that

avoided conspecifics presented the lowest circulating lipid levels. Spiders with

high-energy reserves engage more often in aggressive interactions than do those

that have eaten less. Presumably, the decision occurs through comparison between

the intrinsic state of energy reserves and the perception of a cuticular lipid profile

of the opponent. Perception of this chemical information appears to be a key

factor inhibiting contact between females, and our results indicate that aggression

is influenced by haemolymphatic lipid changes that could alter either the neuro-

chemistry or neurophysiology associated with agonistic behaviour.

10.5 Conclusions

The fact that spiders use chemical communication is well established, although

information concerning their chemical communication is far less extensive than for

other arthropod taxa. Chemical communication is used in many contexts, including

prey detection, predator avoidance, reproduction and social recognition. Chemical

compounds detected by spiders by their specialized sensory hairs and pit organs

concentrated on their legs and palps. As these chemicals mediate social interactions

in solitary as well as social species, they could play a role in the transition from

solitary to social life mode.

The chemical composition of the arachnid cuticle, especially the lipid layer is

used for information transfer. Production of cuticular compounds is sex-, age- and

nutrition-dependent. Cuticular lipids’ qualitative and/or quantitative changes play a
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role in intra- and interspecific relationships in spiders. A better understanding of the

functions and modes of action of cuticular compounds would contribute to further-

ing spider behavioural ecology. The endocrine regulation of cuticular product

synthesis and behavioural reproduction is still not fully known, and the role of

ecdysteroids is a much neglected field of research. Species specificity of chemical

signals is commonly assumed in many of the behavioural studies described above,

but only a few studies have tested species specificity of cuticular chemical commu-

nication in spiders. This assumption may not be well-founded, as spiders do not

co-occur in the same habitat and the use of different chemicals has not necessarily

been selected.
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Chapter 11

Spider Olfaction: Attracting, Detecting, Luring

and Avoiding

Gabriele Uhl

11.1 Introduction

The sensory world of spiders is composed of a wealth of chemical, tactile, acoustic

and visual information that we are only slowly beginning to understand (Uhl and

Elias 2011). Each signal modality has specific properties such as speed of propaga-

tion, directionality, persistence and effect of obstacles (McGregor 2005). Conse-

quently, the combination and relative importance of the sensory channels used by a

given spider species depends largely on its habitat and mode of living. For example,

nocturnal or web-building species will depend less on visual signals than diurnal or

cursorial species, but even vision-based jumping spiders use and exploit chemical,

tactile and acoustic signals (Elias et al. 2005).

In the following, I present and discuss the current state of research on

biofunctional molecules that transfer information between individuals, so-called

semiochemicals, and I will focus on volatile substances. Pheromones are

semiochemicals that mediate interactions between individuals of the same species.

Pheromones with low molecular weight are airborne, not limited by environmental

barriers, effective day and night and relatively long lasting. Volatile pheromones

provide the best means to transmit signals over long distances. Chemicals of higher

molecular weight, on the other hand, adhere to a substrate or to the animal’s body or

silk and are perceived by contacting the respective structures. Contact pheromones

in combination with tactile information are thought to provide a more detailed

picture of the state of the individual compared to volatile pheromones (see Trabalon

2013). However, there is evidence accumulating showing that volatile substances

can signal much more than the mere presence of the emitter.
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Starting in the late nineteenth century (Peckham and Peckham 1887), many

behavioural studies have shown that airborne and contact pheromones are used in

information transfer in spiders (Gaskett 2007; Uhl and Elias 2011). Combinations

of airborne as well as contact pheromones are suspected to have evolved especially

in the context of reproduction. Here, a male spider has to find a female from a

distance, assess her reproductive state and willingness to mate, perform courtship

displays, make sure that he is not mistaken for prey, find the genital region and

eventually mate successfully by exploiting all chemical, but also vibratory, visual

and tactile information available to him. Apart from playing an important role in the

context of mating, pheromones are also known to have evolved in the context of

territorial marking and alarm substances, an aspect which as yet has not been

explored in spiders.

If the participants involved in communication are from different species, the

semiochemicals are called allelochemicals. Allelochemicals that benefit the sender

(allomones) have been found in spiders that lure prey by copying the sex

pheromones of the target species, attention (Herberstein and Wignall 2011).

Allelochemicals that benefit the receiver (kairomones) are used to find prey or to

avoid predators (Nelson and Jackson 2011a, b). Such kairomones are cues that

signal the presence of a predator at a distance, early enough to avoid a potentially

deadly physical encounter. Kairomones that signal the availability of prey may

represent any volatile cue that is released from potential prey. Clearly, the

biofunctional molecules that are used as pheromones or allelochemicals must

have shaped the evolution of spider mating systems as well as the dynamics

between predator and prey.

11.2 Volatile Sex Pheromones: Finding and Assessing Mates

Spiders are predators, most of which lead a solitary life. However, when sexually

mature, the potential mating partners have to be located for reproduction. Early

behavioural observations suggested that the olfactory sense is the major sensory

channel by which mating partners are found. Mate attraction over long distances

has been described for many spider species especially in web-building spiders

where several adult males can be observed to arrive at a web of a female (Gaskett

2007; Foelix 2011; Uhl and Elias 2011). The wealth of observations that is mainly

based on entelegyne spiders suggests that the females are attracting males as virgins

and cease to produce the pheromone after mating. For example, in the Australian

redback spider, Latrodectus hasselti (Theridiidae), males locate webs of adult

virgin females from a distance (Kasumovic and Andrade 2004). An amino acid

derivative functions as a contact pheromone which may be also responsible for

mate attraction over long distances (Jerhod et al. 2010). When web extracts from

virgin female Linyphia triangularis (Linyphiidae) are sprayed onto webs of juve-

nile or mated females, males perform an intriguing web reduction behaviour when

encountering these manipulated webs. Web reduction by the male is typically
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performed with virgin females in several Linyphia species (Watson 1986; Schulz

and Toft 1993). A butyric acid ((3R,3R0)-3-(3-hydroxybutyryloxy)butyric acid) was
found to induce the web reduction behaviour. The acid degrades mainly autocata-

lytically into two acids (Schulz 2004). If these decay products are responsible for

remote mate attraction, they could be produced with no extra costs.

To date, volatile pheromones have been identified and tested in only three

species: Agelenopsis aperta (Agelenidae: Papke et al. 2001), Argiope bruennichi
(Araneidae: Chinta et al. 2010) and Pholcus beijingensis (Pholcidae: Xiao et al.

2009; see Gaskett 2007).

The courtship behaviour of Agelenopsis aperta (Fig. 11.1a) includes a large

number of different action patterns during vibratory and visual displays, and males

respond to a volatile pheromone (8-methyl-2-aonanone) that is emitted by virgin

females (Singer et al. 2000; Papke et al. 2001). At very low dosages, the synthesised

pheromone was found to attract males in a choice arena system where it elicited

most elements and stages of male courtship behaviour. The full range of male

actions was observed only when females responded to male displays, demonstrating

that vibratory communication between the sexes takes over at least in the last phase

of courtship (Papke et al. 2001). The pheromone was not found in juveniles and in

females younger than two weeks past the final moult, and its production subsides

following insemination (Papke et al. 2001). The delay in female signalling after the

final moult may reflect the time a female needs to produce secretion in which

sperms are eventually stored (Uhl 1994). Alternatively, late female pheromone

advertisement may be adaptive in the context of female mate choice since female

genital structures will be fully hardened by this time, which may reduce the

potential of male manipulations of freshly moulted and defenceless females.

In the orb-weaving spider Argiope bruennichi (Fig. 11.1b), a trimethyl

methylcitrate is used as mate attractant (Chinta et al. 2010). The citrate is emitted

in a specific diasteromeric ratio by virgin females and their webs. The citrate was

not found in body extracts and headspace analyses of juveniles. After mating

females cease emitting the pheromone. The substance naturally occurs in two

enantiomers: the major enantiomer being trimethyl (2R,3S)-methylcitrate and the

minor occurs in the 2S,3S configuration. In natural extracts, these enantiomers were

found in a ratio between 6:1 and 25:1. It was demonstrated in a natural habitat of

Argiope bruennichi that the citrate indeed functions as a sex pheromone (Chinta

et al. 2010). When comparing different enantiomer ratios, more males arrived at 6:1

ratio traps compared to 2:1, but the difference was not statistically significant

(Chinta et al. 2010). Nevertheless, it is still undetermined as to whether the

enantiomer ratio a female produces depends on her condition and may represent a

cue for male mate choice. Since males run a high risk of being cannibalised during

mating (Schneider et al. 2006), male mate choice may be particularly pronounced in

this species. The use of a derivate of citric acid as a sex pheromone already suggests

that production costs are not negligible since citric acid constitutes a major primary

metabolite. In the Krebs cycle, citric acid undergoes a series of chemical transfor-

mation and is eventually regenerated to continue the cycle. Interestingly, another

spider species is known to use a derivative of citric acid. Females of the wandering
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spider Cupiennius salei (Ctenidae) apply a contact pheromone to their silk. This

unsymmetrical (S)-dimethyl citrate induces male courtship behaviour and was

shown to elicit neural responses when in contact with chemosensitive sensilla

Fig 11.1 (a) Agelenopsis aperta (Agelenidae) mating trials in the laboratory (phot. S. Riechert).

(b) Argiope bruennichi (Araneidae): receptive females assume a specific mating posture that

allows sufficient space between her venter and the web (phot. G. Uhl). (c) Pholcus beijingensis
(Pholcidae), female carrying the egg sac in her chelicerae (phot. Yue Chen). (d) Evarcha
culicivora (Salticidae) male feeding on Anopheles gambiae (phot. R. Jackson). (e) Hogna helluo
(Lycosidae), predator of Pardosa milvina (phot. J.M. Schmidt). (f) Portia fimbriata (Salticidae)

feeding on Jacksonoides queenslandicus (Salticidae) (phot. R. Jackson). (g) Mastophora stowei
(Araneidae) hunting at night with her bolas (phot. K.F. Haynes and K.V. Yeargan)
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(Tichy et al. 2001). So far no other animals apart from these two spider species are

known to use a derivative of citric acid as pheromone. It will need to be studied

whether the withdrawal of citric acid for the production of a pheromone is costly

and whether the production of a specific enantiomer ratio can be considered a cue

that honestly reveals female condition.

The third spider species for which volatile pheromones are known is the

haplogyne pholcid Pholcus beijingensis (Xiao et al. 2009, Fig. 11.1c). Males are

attracted by silk and extracts of both virgin and mated females in a two-choice arena

system. Interestingly, mated females remain receptive and signal continuously after

mating which corresponds with the high paternity success for last males to mate that

was found for other pholcids (Eberhard et al. 1993; Schäfer et al. 2008). Due to the

specific haplogyne female genital system, males have access to the female sperm

storage site and can displace or remove previous males’ sperm. Continuous signal-

ling of the female should therefore not be in the male’s interest. It seems therefore

that it is the female sex that controls the dynamics of signalling. Females also

reduce pheromone production during the time of brood care, when they carry the

egg sac in their chelicerae. The pheromone that triggers male searching behaviour

was found to consist of a blend of two acetates in a 2:1 ratio ((E,E)-farnesyl acetate
and hexadecyl acetate). This is the first known case of a pheromone that consists of

more than one component in spiders (Xiao et al. 2009). Multicomponent

pheromones that function only when produced in a specific ratio are highly com-

mon in insects and mammals (Wyatt 2003). Since we have only started to work on

spider olfaction, future studies will show if spider airborne signals can be similarly

complex. The available information on the communication system of Pholcus
beijingensis points in this direction.

Understanding the dynamics and adaptive value of female signalling is a great

challenge for future studies. In Agelenopsis aperta and Argiope bruennichi, only
virgin females were found to produce the respective pheromone, whereas mated

female Pholcus beijingensis continue signalling. These coarse signalling patterns

need to be investigated in more detail. Virgin females clearly need to attract males

as sperm donors to secure fertilisation of their eggs. In addition, competition

between males over access to the female may serve to filter out males of high

quality that eventually gain access to the females. However, why females stop

signalling after mating is less clear, since polyandrous females may profit from

competing sperm of different males inside her genital tract. Furthermore, multiple

mating reduces the risk of mating with a sterile male, reduces the risk of inbreeding,

increases genetic diversity of offspring and allows sperm choice by the female

(Hosken and Stockley 2003). On the other hand, long-term signalling may be costly

from a female’s perspective if the signal attracts predators or parasitoids. Also,

long-term signalling may be ineffective in species in which the morphology of the

female genital tract favours sperm from the first male or in cases in which effective

mating plugs are applied to the female genital openings during mating that strongly

reduce subsequent mating success as is the case for Argiope bruennichi (Uhl et al.
2010). Keeping in mind that most entelegyne female spiders possess two copulatory

ducts that lead to separate sperm storage organs; “mated” females may have
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experienced sperm transfer into one or both spermathecae. If copulation results in

only one insertion, only one spermatheca will contain sperm, and a female’s

reproductive state may therefore be called “half-mated” in contrast to “fully

mated” females that experienced sperm transfer into both spermathecae. “Half-

mated females” may profit from continued signalling to receive sperm from at least

two males, unless the single mate is the male of highest quality available. Female

signalling should therefore be continuous or depend on the quality of the males.

From a male’s perspective, however, a female should cease to be attractive to other

males as soon as he has transferred sperm. The selective advantage for male

manipulative behaviour is especially obvious in species in which genital plugging

did not evolve. However, even in species with effective plugging, only a male that

plugs both copulatory openings can expect exclusive paternity as was shown for

Argiope bruennichi (Nessler et al. 2007). If he is only allowed to use one opening

because the female fends him off or cannibalises him, any substance that reduces

female remating success with rival males will be advantageous. This raises the

question if spider males can transfer manipulative substances that render the female

unattractive or cause her to stop signalling, as was found to occur in many animal

mating systems and which is especially well studied inDrosophila (Simmons 2001;

Chapman and Davies 2004).

On the other end of the time spectrum, the onset of female signalling also

requires further scrutiny. What explanation is there for the time lag between final

moult and pheromone production as was found in Agelenopsis aperta? Can we find
a similar time lag in other species, or is it more common to find signals shortly after

the final moult? Behavioural observations strongly suggest that the majority of

spiders start signalling early after the moult to adulthood (Uhl and Elias 2011).

Recent observations of the mating behaviour of Argiope bruennichi point towards
another interesting aspect of the mating system that is probably connected to the

timing of signalling. In Argiope bruennichi, mating occurs while the female is in the

process of moulting (Uhl and Renner, unpublished) as was found for Argiope
aurantia (Foellmer and Fairbairn 2003). This behaviour is termed “opportunistic

mating” since it is considered a male strategy to overcome female aggressive

behaviour and mate choice. Mating with moulting and thus defenceless females

may be especially advantageous in species with a high probability of sexual

cannibalism. Indeed, 80 % of Argiope bruennichi males do not survive their first

insertion when mating with a virgin female with hardened genitalia since females

invariably attack the male during mating (Schneider et al. 2006). When a male

mates with a moulting female, however, sexual cannibalism does not occur and

males survive to perform a second insertion with the same or another female (Uhl

and Renner, unpublished). In terms of survival and mating frequency, opportunistic

mating is clearly advantageous to males. However, it is unclear how males find

subadult females that preferably are close to the final moult and whether volatile

signals or cues are involved. Females in the subadult state did not emit the citrate

(Chinta et al. 2010), but volatile substances may only be emitted very shortly before

moulting starts. However, if opportunistic mating is disadvantageous for females,

we would expect a time lag between the moulting process and the onset of
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signalling which would allow the female to be under control of mating. Conse-

quently, studies are required that reveal the dynamics of female pheromone adver-

tisement and the mechanisms that are applied by males for finding defenceless

females.

To complete the complex picture, male signalling also needs to be taken into

account. In two wolf spider species (Allocosa brasiliensis, Allocosa alticeps) males

produce volatile signals that are used by females for finding male burrows where

they initiate courtship (Aisenberg et al. 2010). In the salticid Evarcha culicivora,
both sexes perform courtship and mate assessment. The presence of male odour

leads to escalation in agonistic behaviour between females (Cross and Jackson

2009). Females were found to discriminate not only between sexes but also between

developmental stages based on as yet unknown odour signals (Cross et al. 2009). In

addition, females prefer males that recently fed on blood-carrying mosquitoes over

those that did not have a recent indirect blood meal (Jackson et al. 2005, Fig. 11.1d).

This case demonstrates that species and sex-specific signals and dietary odour cues

can be combined for mate attraction and mate assessment (Cross et al. 2009).

Indeed, male volatile substances are used for mate assessment in a spitting spider

(Scytodes sp., Scytodidae) in which female reproductive output measured as num-

ber and size of eggs and hatching success was higher after mating with males whose

odour the females preferred during a two-choice trial (Koh et al. 2009). Olfactory

choice of mating partners requires that the structure and/or composition of the

signal varies depending on the condition or genetic architecture of the potential

mate. Current evidence suggests that chemical signals may provide good means of

assessing genotypes (Johanson and Jones 2007). Compatibility between mating

partners that is assessed by olfactory signals/cues similar to discrimination on

MHC-based pheromones in vertebrates (Johnston 2003) has not been considered

for spiders but represents the next major step in the investigation of spider olfaction.

11.3 Finding Prey and Avoiding Being Preyed on

The contexts in which spiders use olfaction are not restricted to sexual selection.

Since spiders are key predators of terrestrial ecosystems, spiders must be able to

distinguish between profitable hunting sites and therefore must exploit cues that

transfer information on food availability as well as on the degree of predation risk

and competition at the site. Chemical cues are suspected to be highly important in

these contexts.

11.3.1 Site Selection

Although spiders generally hatch from the eggs in habitats that are suitable for

them, they change habitats during development from a freshly hatched spiderling to
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an adult individual. On the one end of the extreme, spiderlings that migrate by

ballooning must have means to evaluate the quality of the new habitat and decide on

staying or leaving accordingly (Bonte et al. 2012; Bonte 2013). Even if spiderlings

stay in their native habitat, they often change microhabitats by, e.g. moving from

denser to more open vegetation or building webs at different heights above the

ground depending on their developmental stage (Kevan and Greco 2001). Gener-

ally, spiders should choose foraging patches to which they are best adapted and

which offer sufficient prey. However, the cues that are used by spiders to find

suitable patches have rarely been investigated. The crab spider Thomisus spectabilis
which typically waits on flowers to catch flower visitors uses olfactory cues to

identify flowers as rewarding foraging patches (Heiling et al. 2004). In contrast,

another thomisid Misumena vatia showed no preference for flowers, floral extracts

or common sesquiterpenoid floral scents (b-caryophyllene and nerolidol) in natural
concentrations (Junker et al. 2011). Interestingly, another sit-and-wait predator that

does not hunt on flowers, the pisaurid Pisaura mirabilis, seems to avoid flowers,

extracts and floral scents (Junker et al. 2011) which could be due to a deterrent

effect of plant volatiles that was shown for various arthropods (Junker and Blüthgen

2010). Plants seem to have evolved floral compounds that deter predators that

exploit the plant-pollinator mutualism and reduce the reproductive success of plants

(Irwin et al. 2004). Possibly, flower-visiting spider predators are able to tolerate the

defensive floral scents (as may be the case in Misumena vatia) or even use them to

find the flower host from a distance (as seems to be the case in Thomisus
spectabilis).

11.3.2 The Smell of Prey

Foraging efficiency may be significantly increased by exploiting volatile odours of

prey. Predators may exploit any chemical substance that informs about the presence

of potential prey or may have specialised on detecting species-specific substances

evolved for intraspecific communication of the prey species. Although prey detec-

tion at a distance by means of such kairomones may be highly advantageous, our

knowledge on this context is limited.Cupiennius saleiwas shown to use its olfactory
sense to detect prey from a distance (Hostettler and Nentwig 2006). Interestingly, it

was shown that spiders are able to choose prey according to the availability of

venom: spiders with empty venom glands preferred venom-sensitive prey (cock-

roach species 1) over venom-insensitive prey (cockroach species 2), whereas spiders

with full venom glands did not distinguish between these prey types (Hostettler and

Nentwig 2006). In most studies available, however, it was tested if spiders react

differently to substrates containing chemical cues from potential prey compared to

control substrates making it difficult to separate chemotactile and volatile informa-

tion (Johnson et al. 2011 and references therein). Females of Latrodectus hesperus
were given the choice of rocks previously housing cricket prey versus control rocks

lacking cricket cues. Latrodectus hesperus preferentially chosemicrohabitat patches
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that contained chemical prey cues (Johnson et al. 2011). In the wolf spider, Trochosa
parthenus, and in the lynx spiderOxyopes salticus, individuals that were taken from
the field stayed in areas for longer that contained cues from prey that occurred in the

natural habitat relative to unfamiliar prey (Punzo and Kukoyi 1997). However,

spiders reared in the laboratory showed no preference for the prey types offered.

This suggests that even polyphagous spiders that are generally considered to exhibit

little prey preference (Nentwig 1987) exhibit associative learning of chemical cues

(Punzo and Kukoyi 1997; Persons and Rypstra 2000). An insight into the complex

predator–prey dynamics offers the detailed studies on two North American wolf

spiders Hogna helluo (Fig. 11.1e) and its syntopic, smaller prey species Pardosa
milvina.Hogna helluo seems to form an olfactory searching image of its prey species

and shows a strong response to specific prey even after a long period without food

(9 days; Persons and Rypstra 2000). Hogna helluo that were fed Pardosa milvina
preferred areas (measured as longer residency time and decreased mobility) that

contained chemical cues from Pardosa milvina, whereas if fed crickets they pre-

ferred areas containing cues from crickets. A volatile componentmust be involved in

site selection since Hogna hello that had fed Pardosa milvina moved with high

probability directly from the untreated centre of the arena to the area that contained

cues from Pardosa milvina (Persons and Rypstra 2000). Possibly, Hogna helluo
exploits the sex pheromone of Pardosa milvina (Searcy et al. 1999) apart from

exploiting chemical contact cues to increase foraging success. These findings

demonstrate that even a spider that is considered a generalist predator can associate

chemical cues with particular prey. It remains to be investigated howmany different

cues a generalist spider can learn, and how easily it can switch prey types by means

of associative learning.

Spiders that are more specialised predators clearly respond to olfactory and

contact chemical cues of their specific prey. Chemical espionage by intercepting

messages is common in these predator–prey systems (Stowe et al. 1995). For

example, the myrmecophagic jumping spider Habrocestum pulex spends more

time and exhibits specific stalking sequences on ant-treated soil compared to

control soil (Clark et al. 2000). In olfactometer tests, Habrocestum pulex
discriminated between the odour of disturbed ants as well as their synthetic alarm

pheromone (6-methyl-5-hepten-2-one) and a control. The alarm pheromones that

are produced by injured or disturbed ants are used as kairomones not only by

myrmecophagic jumping spiders but also in the less vision-based zodariid spiders

(Allan et al. 1996). In addition, Habrocestum pulex located ants faster when ant-

derived cues were present suggesting that olfaction and vision can be highly

integrated. Attentional priming by kairomones was also found for the salticid Portia
fimbriata that mainly feeds on the salticid Jacksonoides queenslandicus
(Fig. 11.1f). Chemical cues of Jacksonoides queenslandicus heighten Portia
fimbriata’s attention to optical cues of the preferred prey (Jackson et al. 2002).

Attentional priming seems to be preprogrammed and not based on prior experience

(Nelson and Jackson 2011a).

An intriguing case of prey selection occurs in the jumping spider Evarcha
culicivora. These spiders feed indirectly on vertebrate blood by preferentially
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attacking female mosquitoes that have had a recent blood meal (Jackson et al.

2005). The study in which confounding effects of prey behaviour were eliminated

suggests that Evarcha culicivora can identify the preferred prey by odour alone and
by sight alone (Jackson et al. 2005). To my knowledge, this is the only study that

demonstrates that a predator selects prey on the basis of what the prey has recently

eaten.

11.3.3 Luring Prey

Chemical compounds that are involved in interspecific interactions and in which the

emitter has an adaptive benefit are termed allomones. In the case of the bolas

spiders, the spider takes the role of an illicit signaller that aggressively mimics

the chemical signals normally used by their prey in intraspecific communication

(Stowe et al. 1995; Vereecken and McNeil 2010). Most information available on

chemical aggressive mimicry (Peckham’s mimicry) in bolas spiders (Fig. 11.1g)

comes from studies on the American Mastophora species (Stowe et al. 1995;

Gemeno et al. 2000; Haynes et al. 2001). Bolas are sticky globules at the end of a

silk thread that spiders produce with no apparent trigger or within two minutes after

having received an auditory cue of an approaching moth (Haynes et al. 2001). In

hunting position, bolas spiders have their front legs extended and hold the bolas

with one leg. To catch prey, Mastophora hutchinsoni and M. cornigera draw back

the front leg and flick the bolas in the direction of the prey, whereas bolas spiders

in Africa and Australia whirl the bolas in a circle (Haynes et al. 2001). Prey that gets

stuck at the globule is instantly bitten, paralysed and wrapped by the spider.

Interestingly, only late instar and adult females produce bolas, and it is not the

bolas that contain the pheromone mimic (Stowe et al. 1987). Females in hunting

position without bolas emit the pheromone mimics and release more of the

substances than when in a resting position or when feeding.

Usually, illicit signallers tend to exploit only one or a limited number of taxa,

because the production of signals requires the evolution of specialised signalling

mechanisms (Vereecken and McNeil 2010). Interestingly, females of Mastophora
cornigera capture mainly noctuid moth species from the same family. Nineteen

different moth species are recorded for Mastophora cornigera with up to nine

different species by a single female (Stowe et al. 1995). Variability in the volatiles

found in individual females was considerable. Analysis of the compounds involved

in prey attraction demonstrated that Mastophora cornigera can attract many moth

species since it relies on common components found in their pheromone blends

(Stowe et al. 1995). The array of moth species as prey is more limited in

Mastophora hutchinsoni. The two species that compose more than 90 % of its

diet, however, use very different two-component pheromone blends with no over-

lap in the pheromone composition, and their biosynthesis requires different enzy-

matic reactions (Yeargan 1994). Nevertheless, Mastophora hutchinsoni produces
compounds that are identical to those of its lepidopteran prey in the appropriate
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blend ratio (Gemeno et al. 2000). The main moth species differ in periodicity with

one early-flying and one late-flying species. Mastophora hutchinsoni seems to

produce components of both species at all times during the night but drastically

decreases the production of the pheromone of the early-flying moth over the course

of the night (Haynes et al. 2002). The differential temporal production leads to an

intriguingly efficient exploitation of different prey species.

When looking at the foraging habits of early instars and male Mastophora
species, the story of aggressive mimicry becomes even more complex: early instars

of females and all stages of males also attract prey, but they do not use bolas; they

sit on leaf edges with their front two pairs of legs stretched up in the air (Yeargan

1994). Their targets are male moth flies (Psychodidae). As in the adults, each of the

bolas spiders exploits different psychodid species demonstrating that species-

specific chemical cues are produced to attract male prey (Yeargan and Quate

1996). Since the pheromones in the Psychodidae have not yet been identified, it is

not known how strongly the pheromones match the female sex pheromones of the

various prey species. It would be of interest to determine what triggers the dramatic

switch from producing pheromone mimics of flies to moths and how this is

physiologically accomplished and to identify the pathways for the synthesis of

the allomones. Overall, studies on aggressive chemical mimicry in bolas spiders

suffer from the cryptic and nocturnal life of the spiders. Other spider species also

have been suspected to attract insects such as the araneid Kaira alba (Levi 1993)

and the theridiid Phoroncidia studo (Eberhard 1981) but have not been studied yet.

11.3.4 Avoiding Predation

Chemical signals further play a role in detecting and avoiding predators (Dicke and

Grostal 2001). Several spider species were shown to be able to detect airborne

predator-avoidance kairomones (Nelson and Jackson 2011b). The wolf spider

Pardosa milvina that is detected by its predator Hogna helluo by means of

kairomones shows antipredator responses to airborne, silk and excreta-based chem-

ical cues from Hogna helluo (Schonewolf et al. 2006; Persons et al. 2001, 2002,

Lehmann et al. 2004). In pitfall capture experiments, Pardosa milvina showed

avoidance of traps baited with males or females of the large wolf spider Hogna
helluo but did not avoid traps containing crickets or empty traps (Schonewolf et al.

2006). Pardosa milvina showed graded antipredator behaviour relative to the

quantity of kairomones present (Persons and Rypstra 2001) and showed reduced

activity in areas containing chemical cues from Hogna helluo that had previously

been fed Pardosa milvina (Persons et al. 2001). These findings suggest that Pardosa
milvina is not only able to detect chemical cues from predators and their quantity

but also distinguish cues from predators fed different diets. Avoidance extends even

to the offspring in Pardosa milvina: spiderlings remain on the back of the mother

with higher probability in containers that were previously occupied by an early

instar of Hogna helluo (Persons and Lynam 2004). Similarly, the incubation
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duration of the eggs in the spitting spider Scytodes pallida is significantly reduced

when airborne cues from the araneophagic jumping spider Portia labiata are

present (Li and Jackson 2005). Carrying eggs in the chelicerae is typical for spitting

spiders and makes the mother more vulnerable to predators. Incubation time was

also influenced by the predator’s previous diet: incubation time was shorter in the

presence of volatile cues from Portia labiata that had previously fed on Scytodes
pallida compared to cues from Portia labiata fed on house flies (Li and Jackson

2005). Overall, potential prey can derive information from volatile substances that

contain detailed cues not only about the presence of a predator and its previous diets

but also about size and hunger level of the predator (Bell et al. 2006).

11.4 Info-disruption

As demonstrated above, chemical signals and cues are generally used in spider

communication systems on the intra- and interspecific level. Natural chemical

signalling, however, can be impeded or disturbed by anthropogenic chemicals

that are used to manage weeds, fungi, insects and bacteria. Studies on the effects

of anthropogenic chemicals are highly biased towards aquatic systems (Lürling and

Scheffer 2007), but recently it was shown that herbicides can directly influence the

behaviour of terrestrial arthropods such as spiders (e.g. Michalkova and Pekár

2009; Benamú et al. 2010, see also Pekár 2013). In a field and in the laboratory,

exposure to a glyphosate-based herbicide resulted in reduced mate location and

distorted reaction towards female airborne signals in males of the agrobiont wolf

spider Pardosa milvina (Griesinger et al. 2011). The study suggests that although

the herbicide is not acutely toxic, it has strong effects on intraspecific information

flow. Exposure to the glyphosate-based herbicide further resulted in decreased

activity in Pardosa milvina which may impact its ability to forage as well as

colonise new habitat patches (Wrinn et al. 2012). If anthropogenic chemicals distort

the perception of natural chemical signals and cues, considerable changes at the

population and community levels can be expected.

11.5 Where Are Chemical Signals Produced and Perceived?

Despite the importance of semiochemicals for the sensory world of spiders, we still

do not know where the chemicals are produced and know little about how they are

perceived. Candidate cells for the production of chemical signals have been

suspected in the silk apparatus, spinnerets or in the epidermis (overview in Uhl

and Elias 2011, see also Townley and Tillinghast 2013). The few spider sex

pheromones that were identified are derived from primary metabolites suggesting

that the biosynthetic pathways differ between spiders and insects (Francke and

Schulz 1999; Jurenka 2004). The production of signals from primary metabolites
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may involve higher costs compared to the production of signals from secondary

metabolites.

The receptors for chemical signals are suspected to be tip pore sensilla (Barth

2002; see also Trabalon 2013). In Cupiennius salei, electrophysiological methods

and single-cell recordings demonstrated neural responses in tip pore sensilla after

contact with female silk or synthetic contact pheromone (Tichy et al. 2001). Tip

pore sensilla exhibit a blunt tip with a subterminal single pore and include dendritic

nerve endings (Foelix and Chu-Wang 1973). The chemosensitive sensilla are

described as having a steeper angle of insertion compared to mechanosensory

sensilla, having curved hair shafts and spiral ornamentation. However, much of

what we know originates from the study of Cupiennius salei only (Barth 2002). The
chemosensitive hairs are most numerous in the tarsi and metatarsi of the spider’s

legs suggesting that they are mainly involved in gustation (Foelix 2011). That such

taste hairs also perceive airborne substances is very likely since there is no distinct

difference between smell and taste, but as yet electrophysiological tests are lacking.

11.6 Conclusion

We can safely assume that olfaction plays a crucial role in the sensory world of

spiders although we know little about the nature of the chemical compounds

involved, the receptors involved and virtually nothing about the production sites.

Olfaction pertains to finding and assessing mates, detecting and luring prey and

avoiding predators and extends to social interactions (Trabalon 2013). Accordingly,

we first need to identify the nature of the chemical signals that are produced, copied

and exploited and then move on to explore their flexible use depending on develop-

mental state and environmental factors. Finally, we need to understand spider

communication as a multimodal world that encompasses many sensory modalities:

chemical, acoustic and visual.
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Chapter 12

Karyotypes, Sex Chromosomes, and Meiotic

Division in Spiders

Tereza Kořı́nková and Jiřı́ Král

12.1 Introduction

Karyotypes of roughly 1,300 species of arachnids have been studied so far. For

spiders, we were able to trace published chromosome data on nearly 700 species

belonging to 64 families; about 120 of them were only determined to the genus

level. However, most data concern the advanced and most diverse clade, the

entelegyne araneomorphs. In contrast to their enormous species diversity, ente-

legynes exhibit conservative karyotypes. The cytogenetic knowledge on the other

spiders, namely, mesothelids, mygalomorphs, and haplogynes, is still poor. In spite

of this, obtained data suggest that the karyotype diversity of mygalomorphs and

haplogynes is higher than that of entelegyne spiders.

12.2 Diploid Numbers and Chromosome Architecture

In keeping with the exceptional species diversity, spiders exhibit a great diversity

in diploid chromosome numbers (2n). Reported 2n of spider males range from

7 (Suzuki 1954, this study) (Fig. 12.1a) to 110 (Král et al. 2011). The only

mesothelid karyotyped so far (Heptathela kimurai) exhibits 2n♂ ¼ 96 (Suzuki

1954). Diploid numbers of mygalomorph males vary from 14 (Atypus affinis,
Atypidae; Řezáč et al. 2006) to 110 (Poecilotheria formosa, Theraphosidae; Král
et al. 2011). Interestingly, most mygalomorphs karyotyped so far possess higher

diploid numbers than araneomorph spiders. In males of haplogynes, 2n varies from

7 (Ariadna lateralis, Segestriidae; Suzuki 1954) to 38 (Austrochilus sp.,
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Austrochilidae; Král et al. 2006). Entelegyne spiders exhibit a similar range of

chromosome numbers from 2n♂ ¼ 10 (Uloborus danolius, Uloboridae; Parida and
Sharma 1987) to 2n♂ ¼ 49 (Araneus ventricosus, Araneidae; Wang et al. 1993).

Concerning chromosome morphology, the karyotypes of most spiders are com-

posed of monocentric chromosomes (i.e. standard chromosomes with a centro-

mere). Mygalomorphs show various proportions of monoarmed (acrocentric and

subtelocentric) and biarmed (metacentric and submetacentric) chromosomes

(Fig. 12.2) (Král et al. 2011). Most haplogyne spiders exhibit a predominance of

biarmed chromosomes (Fig. 12.1b) (Král et al. 2006). In entelegynes, on the

other hand, chromosomes are prevailingly monoarmed (Fig. 12.1c) (Suzuki 1954;

see also Appendix, this volume). Predominance of monoarmed chromosomes was

reported also in the only mesothelid studied so far (Suzuki 1954). A very different

structure of chromosomes has been discovered in representatives of the haplogyne

families Dysderidae and Segestriidae, belonging to the superfamily Dysderoidea

(Diaz and Saez 1966), an ancient lineage found already at Cretaceous strata

(Penney and Selden 2011). Karyotypes of these spiders are composed of

Fig. 12.1 Male karyotypes of araneomorph spiders. (a) Dasumia carpathica (Dysderidae,

2n♂ ¼ 7, X0), spermatogonial metaphase composed of holokinetic chromosomes. (b) Kukulcania
aff. hibernalis (Filistatidae, 2n♂ ¼ 25, X1X2Y), metaphase II. Most chromosomes are metacen-

tric except submetacentric pairs # 6 and 7. Note the metacentric morphology of the Y chromosome

(inset). (c) Pardosa wagleri (Lycosidae, 2n♂ ¼ 28, X1X20), spermatogonial metaphase,

C-banding. All chromosomes are acrocentric; they contain a centromeric block of heterochroma-

tin. Pair # 10 includes also telomeric heterochromatin. Note the unequal size of X chromosomes

(X1:X2 ¼ 1:0.73). Similarly to most other spiders, multiple X chromosomes and autosomes have

the same amount and distribution of constitutive heterochromatin. Bar ¼ 10 mm (a, c provided by

M. Forman, b provided by I.M. Ávila Herrera)
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holokinetic (¼ holocentric) chromosomes, which lack a primary constriction with

the centromere (Fig. 12.1a). Instead, kinetochores occupy the major part of length of

these chromosomes. As a result, products of breakages (fragments) or fusions (fused

chromosomes) often segregate regularly during divisions and can thus be more

easily fixed in a population (Řezáč et al. 2007). This is in contrast to monocentric

chromosomes, where chromosome fusions and breakages might produce aberrant

products (dicentric chromosomes or acentric fragments). Holokinetic chromosomes

are with all probability derived from the monocentric ones and have originated

independently in several lineages of protists, plants, and animals including arachnids

(Viera et al. 2009). In spiders they occur in no other clade than Dysderoidea, thus

suggesting to be a chromosomal synapomorphy of the superfamily (Král et al. 2006).

Interestingly, some dysderoids exhibit the lowest chromosome numbers among

spiders (Suzuki 1954, this study, Fig. 12.1a). According to Diaz et al. (2010),

spider holokinetic chromosomes have originated by fusions of large numbers

of chromosomes. Holokinetic chromosomes have also been reported in two ente-

legynes, namely, one species of the genus Argiope (Araneidae) (Amalin et al. 1992)

Fig. 12.2 Male karyotype of the mygalomorph Avicularia minatrix (Theraphosidae, 2n♂ ¼ 78,

X1X2X3X40), metaphase II. Autosomes are biarmed except two subtelocentric (# 27 and 32) and

nine acrocentric (# 8, 13–15, 17, 19, 28, 31, 33) pairs. X chromosomes are positively

heteropycnotic and exhibit a metacentric (X2, X3), submetacentric (X1), and acrocentric (X4)

morphology. Bar ¼ 10 mm (provided by L. Krkavcová)
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and one species of the genus Oxyopes (Oxyopidae) (Barrion et al. 1989). However,
these propositions are without much doubt a misinterpretation. Karyotypes of

araneids (including the genus Argiope; Datta and Chatterjee 1988) and most

oxyopids (including the genus Oxyopes; Stávale et al. 2011) are formed by

acrocentrics, the morphology of which resembles in some respects that of

holokinetic chromosomes.

Based on high chromosome numbers in mesothelids and mygalomorphs, Suzuki

(1954) hypothesised the ancestral spider karyotype to be formed by a high number

of chromosomes and the karyotype evolution to proceed via reduction of 2n by

chromosome fusions. Most indices of this phenomenon are available from

entelegynes. According to Král et al. (2006), the ancestral karyotype of this group

should have 42 acrocentric chromosomes in males—a condition still quite frequent

among recent entelegyne spiders. Nonetheless, more than 80 % of entelegyne

karyotypes known so far consist of 21–30 chromosomes (2n♂ ¼ 22, 24, and 28

being the most frequent). Interestingly, after the reduction of 2n, the chromosomes

of entelegynes usually retain their acrocentric morphology. Acrocentric karyotypes

with lower chromosome numbers could be derived from the ancestral ones by

tandem fusions (Suzuki 1954). An alternative process was suggested by White

(1973), namely, the cycles of centric fusions and subsequent pericentric inversions.

According to our opinion, this scenario is supported by the fact that centric

fusions are the most frequent source of chromosome polymorphism found in

populations of entelegyne spiders. Karyotypes containing biarmed autosomes are

rare in entelegynes. Remarkably, they are usually formed exclusively by biarmed

chromosomes, and the chromosome number is half of that in related species

possessing acrocentric chromosomes. Such karyotypes have probably originated

by quick series of centric fusions of all ancestral acrocentric chromosomes (Rowell

1985). Karyotypes consisting of biarmed chromosomes have been found in

most species of the family Dictynidae (Král 1995) and in several species of other

families (e.g. Larinioides patagiatus, Araneidae: Hackman 1948; Neoscona scylla,
Araneidae: Suzuki 1954; some populations of Delena cancerides, Sparassidae:
Rowell 1985). Exceptional are entelegyne karyotypes composed of biarmed

chromosomes with the same or very similar diploid number as in related forms

with an acrocentric set. In this case, the karyotype was saturated by biarmed

chromosomes presumably via pericentric inversions (Stávale et al. 2010).

Data on functional structures of spider chromosomes are limited. Centromeric

and some telomeric regions are usually formed by constitutive heterochromatin

(Fig. 12.1c). Nevertheless, the total amount of constitutive heterochromatin in

spider chromosomes is only moderate or low and heterochromatin is rare outside

these regions (Dolejš et al. 2011). Telomeres of eukaryotes contain specific DNA

repeats that show a considerable evolutionary conservatism. Telomeric repeats of

most arthropods are formed by the “insect” motif (TTAGG)n. This sequence is

absent in spiders and the composition of their telomeric DNA is unknown (Vı́tková

et al. 2005). Spider karyotypes studied so far contain a low number of nucleolus

organiser regions. These structures usually have a terminal position (Král et al.

2006; Rodrı́guez Gil et al. 2007; Dolejš et al. 2011). In contrast to other spiders, the

nucleolus organiser regions of haplogynes are often placed also on sex

chromosomes (Král et al. 2006).
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12.3 Sex Chromosomes

A notable feature of spider karyotypes is the predominance of unusual multiple

X chromosome systems. The vast majority of studied spiders exhibit the system

♂X1X2/♀X1X1X2X2, often assigned as X1X20, where 0 indicates the absence of

the Y chromosome (Fig. 12.1c). Males and females thus differ by two chromosomes

in diploid number. Systems with multiple X chromosomes are rare in other animals,

and usually they occur as a derived type. In spiders, however, the X1X20 system is

probably ancestral as inferred from its presence in the most primitive recent spiders,

namely, the representative of the suborder Mesothelae (Suzuki 1954) and the basal

mygalomorph families Atypidae and Dipluridae (see Řezáč et al. 2006 for a

review). Based on their different sizes (Fig. 12.1c) and absence of chiasmata during

their pairing at male meiosis (Fig. 12.3b, c), both X chromosomes are considered

nonhomologous. There are two hypotheses on the origin of the X1X20 system. This

sex chromosome determination has with all probability evolved from a single X

chromosome either by a non-disjunction followed by differentiation of the newly

formed X chromosome (White 1940; Postiglioni and Brum-Zorrilla 1981) or by

fission. The weak point of the former hypothesis is that non-disjunction of X may

break the balance between male and female sex factors. In the latter hypothesis, the

question is how each of the fission products gains a functional centromere. Previ-

ously reported explanations are either the fission of an aberrant dicentric chromo-

some X (Pätau 1948; Suzuki 1954) or the fission of a metacentric, where one of the

arms would retain the original centromere and the other would be translocated to a

centric fragment (Bole-Gowda 1950; White 1973). Another possible scenario is a

simple fission of the centromere of a biarmed X chromosome, which can generate

two products with functional centromeres.

The X1X20 system has been found in 77 % of spiders karyotyped so far (Araújo

et al. 2005) and largely prevails in the entelegyne lineage of araneomorphs, whereas

in mygalomorphs and haplogynes it is infrequent. Despite the evolutionary stability

of the X1X20 mode, secondary systems have originated from it in some spiders. In

some entelegynes, the X1X2X30 or the rare X1X2X3X40 system have supposedly

arisen by non-disjunctions (Postiglioni and Brum-Zorrilla 1981; Datta and

Chatterjee 1988). The X1X2X30 system has been found in 13 entelegyne families

so far (Kořı́nková and Král, unpublished) (Fig. 12.3e). In contrast to this, the

X1X2X3X40 system has only been detected in a few entelegyne species (Datta

and Chatterjee 1988). Král et al. (2011) found it also in two mygalomorphs and

hypothesised that it evolved by duplication of the ancestral X1X20 system, namely,

via nondisjunctions or polyploidisation. Furthermore, an X0 system was found in

one family of mygalomorphs (Řezáč et al. 2006), six families of haplogynes (Král

et al. 2006) (Fig. 12.1a), and 12 families of entelegynes (Cokendolpher 1989;

Kořı́nková and Král, unpublished). The occurrence of X0 sex chromosome system

in these spider lineages suggests its several independent origins. Concerning

entelegynes, this system is hypothesised to have arisen by centric fusion (Bole-

Gowda 1952), by tandem fusion (Bole-Gowda 1950), or by deletions of one
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chromosome of the X1X20 system (Suzuki 1954). The centric fusion of the acro-

centric X1 and X2 chromosomes of entelegynes led to a biarmed chromosome X,

whereas the tandem fusion has produced an acrocentric X chromosome.

Another mechanism of sex chromosome evolution in spiders is via gonosome–-

autosome rearrangements. The resulting sex chromosome determinations (so-called

neo-sex chromosome systems) always contain a Y chromosome. The X1X2X3Y

system of the salticid genera Habronattus and Evarcha arose from the X1X20

Fig. 12.3 Behaviour of sex chromosomes in the germline. (a, b) Pax islamita (Zodariidae, X1X20),

(a) part of spermatogonial prometaphase. X1 and X2 chromosomes (arrows) show different conden-

sation than autosomes being placed close each other. (b) Male pachytene. Ends of two loop

X chromosomes (arrow) show end-to-end pairing. X chromosomes are positively heteropycnotic

and placed on the periphery of the nucleus (asterisk, nucleolus). (c) Pellenes tripunctatus
(Salticidae, 2n♂ ¼ 28, X1X20), late diakinesis of male. X chromosomes (arrows) are positively

heteropycnotic and pair in parallel on the periphery of the plate. (d) Malthonica silvestris
(Agelenidae, X1X20), female pachytene. Bivalents X1X1 and X2X2 (arrowheads) are

heterochromatinic and associated by centromeric regions (asterisk) at the nuclear periphery. Sex

chromosome bivalents exhibit an imperfect chromomere pattern. (e) Stegodyphus lineatus
(Eresidae, 2n♂ ¼ 43, X1X2X30), male diakinesis. X chromosomes (arrows) exhibit parallel pairing
on the periphery of the plate. (f) Loxosceles rufescens (Sicariidae), male diakinesis, X1X2Y trivalent.

(g) Schizocosa malitiosa (Lycosidae, X1X20), section through male pachytene nucleus showing

paired X chromosomes, transmission electron microscopy. Pairing of sex chromosomes is ensured

by the junction lamina (arrowhead). Note the high condensation of chromatin and perichromosome

fibrillar zone (arrow); (h) M. silvestris (X1X20), spread synaptonemal complexes, transmission

electron microscopy. Two X univalents (X) and a bivalent (A) are connected by attachment plaques

(arrows). Attachment plaques are associated with a centrosome (C). Scale bar ¼ 10 mm (a–d), 5 mm
(e, f), 2 mm (h), 0.5 mm (g) (d, hmodified from Král 2007; f fromKrál et al. 2006; g from Benavente

and Wettstein 1977; a–c, e provided by M. Forman)
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system by a tandem fusion between one X and an autosome (Maddison 1982). The

XY systems of Atypus affinis (Atypidae) (Řezáč et al. 2006) and Leptoneta infuscata
(Leptonetidae) (Král et al. 2006) have presumably evolved by fusion of an autosome

and the X chromosome of the X0 system. One of the most complicated sex chromo-

some systems described so far has been found in the Australian sparassid Delena
cancerides (X1X2X30). Here, hybridisations between populations with different

autosome–autosome and autosome–sex chromosome fusions have produced systems,

some of which comprise even the whole karyotype except one autosome pair

(Sharp and Rowell 2007). In another entelegyne spider, Malthonica ferruginea
(Agelenidae), Král (2007) has found an X1X2X3X4X5Y neo-sex chromosome system

derived also from the X1X2X30 determination.

Another system containing a Y chromosome is the X1X2Y sex chromosome

determination that was described in the genus Loxosceles (Sicariidae) (Silva 1988;
Silva et al. 2002). It was later found also in other haplogyne families, namely,

Drymusidae, Filistatidae, Hypochilidae, and Pholcidae (Král et al. 2006). In most

representatives studied so far, the X1 and X2 are large metacentric chromosomes of

similar size, whereas the Y is a metacentric microchromosome. These

chromosomes also exhibit a specific meiotic behaviour. From premeiotic interphase

to metaphase of the first meiotic division (metaphase I), arms of the X

chromosomes show a distal end-to-end pairing with both arms of the Y chromo-

some (Silva et al. 2002; Král et al. 2006) (Fig. 12.3f). The origin of the X1X2Y

system is unknown. Silva (1988) suggested it has arisen by gonosome–autosome

rearrangements. The specific structure and meiotic behaviour of the X1X2Y

chromosomes indicate that spider families with this system form a monophyletic

lineage (Král et al. 2006). Most of them belong to the scytodoid clade (Coddington

and Levi 1991). The broad distribution of the X1X2Y system indicates its antiquity.

However, it has undergone gradual transformation in some families, namely, into

the XY system as in Diguetidae (probably by pericentric inversions of the X1 and

X2 chromosome, followed by their fusion into one metacentric element) and further

(by elimination of the Y chromosome) into the X0 system found in many pholcids.

This indicated even some basal araneomorph families exhibiting only the X0

system (e.g. Scytodidae) might in fact belong to the X1X2Y clade (Král et al. 2006).

Sex chromosomes of spiders exhibit a specific behaviour in the male germline.

Multiple X chromosomes as well as sex chromosomes of the X1X2Y and X0

systems are sometimes distinguishable already at spermatogonial mitosis. Sex

chromosomes can associate and exhibit a different condensation compared to

autosomes (Fig. 12.3a). Often the distinct condensation results in a different

intensity of staining (negative and positive heteropycnosis, respectively) (Král

et al. 2006, 2011; Král 2007). The distinct condensation and heteropycnosis of

sex chromosomes reflect their inactivation by heterochromatinisation (Datta and

Chatterjee 1988). At prophase I (and sometimes also metaphase I), sex

chromosomes are heteropycnotic and pair without chiasmata, being placed at the

periphery of the nucleus (Fig. 12.3b, c). The sex chromosome attachment is often

initiated already at premeiotic interphase. The pairing either involves both ends of

“loop-like” sex chromosomes (Fig. 12.3b, f), or the chromosomes show a parallel
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(“side-by-side”) attachment (Fig. 12.3c, e). The former mode of pairing is typical

for haplogynes (Král et al. 2006), and it was found also in some mygalomorphs and

basal entelegynes. It is probably ancestral in spiders (Král et al. 2011). The latter

type of pairing is typical for entelegynes (Král 2007) and some haplogynes with

holokinetic chromosomes (Benavente and Wettstein 1980).

Ultrastructural studies revealed an amazing diversity of structures ensuring the

parallel attachment of sex chromosomes in spiders. The X chromosomes of lycosids

(X1X20) and sparassids (X1X2X30) are associated by a laminar structure, which is

presumably derived from the synaptonemal complex (structure ensuring meiotic

pairing of homologous chromosomes) and named the junction lamina (Benavente

and Wettstein 1977) (Fig. 12.3g). In contrast to this, in the X1X2X30 system of

Tegenaria domestica (Agelenidae), the pairing is mediated by chromatin

projections (Benavente et al. 1982), and in the haplogyne spider Segestria
florentina (Segestriidae) (X1X20) with holokinetic chromosomes, the pairing of

the sex chromosomes is ensured by their direct attachment (Benavente and

Wettstein 1980).

In the homogametic sex of all organisms studied so far, sex chromosomes

behave in the same way as autosomes during meiosis. Pairing of homologous

autosomes as well as sex chromosomes is initiated during a specific stage (zygo-

tene) of prophase I. In contrast to this, homologous sex chromosomes of spider

females are already paired at premeiotic interphase (Král et al. 2011) being

inactivated by heterochromatinisation until prophase I (Král 2007; Král et al. 2011).

Furthermore, the sex chromosome bivalents exhibit an end-to-end association

during these stages (Fig. 12.3d). Associated ends are formed by a telomeric

(mygalomorphs) or centromeric (entelegynes) block of heterochromatin, respec-

tively. The unusual meiotic behaviour of female sex chromosomes probably acts

against pairing and recombination between chromosomes belonging to different

X chromosome bivalents. The suppression of recombination among the sex chromo-

some bivalents has accelerated the structural differentiation of particular sex

chromosomes (Král 2007; Král et al. 2011) originated by non-disjunctions.

In addition to the sex chromosomes described above, karyotypes of entelegynes

(Král 2007; Král et al. 2011) and mygalomorphs (Král et al. 2011) also include an

unusual sex chromosome pair exhibiting a specific behaviour during male meiosis.

Ultrastructural studies in some entelegynes revealed that this pair displays an end-

to-end pairing with X univalents, mediated by attachment plaques. The

chromosomes of the pair are morphologically undistinguishable, but probably

differentiated on molecular basis. A complex formed by the pair and the other

sex chromosomes is associated with the centrosome during prophase I (Fig. 12.3h).

The most plausible explanation suggests that these chromosomes represent an

ancestral sex chromosome pair (proto-X–proto-Y), which generated the multiple

sex chromosomes by non-disjunctions (Král 2007). The sex chromosome pair has

been found to be facultatively heterochromatinised in some haplogynes (Král et al.

2006) and mygalomorphs (Král et al. 2011). This inactivation probably prevents

chromosomes of the pair from recombination of regions that are already

differentiated (Král et al. 2011).
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12.4 Modifications of Meiotic Division

Some spiders exhibit modifications of meiosis, mostly at prophase and metaphase I

in males. A peculiar bipolarisation of the nucleus has been found at male diakinesis

of Agelenidae (Revell 1947, this study) (Fig. 12.4a) and Lycosidae (Chemisquy

et al. 2008). Bivalents form two unequal groups (one of which includes also the

multiple X chromosomes) at nearly opposite sides of the nucleus, so that the

situation resembles the arrangement of chromosomes at anaphase I. This process

is preceded by the orientation of the bivalents to the centrosome at early prophase I.

Consequently, with sister centrosomes moving apart to establish the spindle, some

bivalents move too so that the nucleus becomes bipolar at diakinesis (Revell 1947).

During metaphase I, all bivalents form a standard metaphase plate. The occurrence

of the nucleus bipolarisation in two distantly related entelegyne families,

Agelenidae and Lycosidae, suggests that this phenomenon is widespread in

entelegyne spiders. The unusual arrangement of bivalents may be related to a

unique ultrastructure of meiotic spindle, which has been found in lycosid males

(Wise 1984). Each autosomal bivalent is from prometaphase I encased in a double

membrane tube, which during late prometaphase I extends to the proximity of the

spindle poles (Fig. 12.4c). Sex chromosomes lack the membrane tubes.

Male bivalents of some diplurid mygalomorphs are peculiar by late expression

of chiasmata, which appear at the end of prophase I only (Král et al. 2011). The

delayed manifestation of chiasmata (so-called cryptochiasmatic meiosis) represents

an evolutionary step between chiasmatic and achiasmatic meiosis (i.e. the absence

of recombinations and chiasmata at heterogametic sex) (White 1973).

Achiasmatic meiosis has been suggested in males of two families with

holokinetic chromosomes, namely, Dysderidae and Segestriidae (Benavente and

Wettstein 1980). However, our data suggest that the absence of chiasmata is only

seeming due to the period of considerable despiralisation of chromatin at late

prophase I (i.e. after pachytene) (the so-called diffuse stage) (Fig. 12.4b). The

diffuse stage of these spiders is extremely long; the bivalents recondense not earlier

than at diakinesis or even prometaphase I. In Dysdera, the expression of chiasmata

is further complicated by their precocious completion (Diaz et al. 2010). A diffuse

stage has also been found in males of the other haplogynes (presumably as a

synapomorphy of this lineage, Král et al. 2006) as well as in some entelegynes

(Mittal 1966). Furthermore, it seems to occur in females of all spiders (Král et al.

2011). A diffuse stage has so far been discovered in various plant and animal

groups. It is characterised by a considerable despiralisation of chromatin, which

probably reflects an enhanced transcriptional activity during this period. In contrast

to autosomes, sex chromosomes are heterochromatinised and therefore probably

inactive during the diffuse stage of spiders (Král et al. 2006) (Fig. 12.4b).

Another meiotic modification is the so-called inverted meiosis that was found in

males of Dysdera crocata (X0) (Benavente and Wettstein 1980) possessing

holokinetic chromosomes. In this spider, chromatids of the X chromosome segre-

gate to the opposite poles already at the anaphase of the first meiotic division
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Fig. 12.4 Male modifications of meiotic division. (a) Malthonica ferruginea (Agelenidae),

diakinesis. Bivalents form two groups (1, 2). One group includes multiple X chromosomes

(arrows). (b) Dysdera ninnii (Dysderidae), diffuse stage. Note the positively heteropycnotic

X chromosome (arrow) on the periphery of the nucleus. (c) Rabidosa rabida (Lycosidae), section

through a spermatocyte near metaphase I, transmission electron microscopy. Bivalents (B) are
arranged at the equator of the cell. One kinetochore (K) was included in the plane of the section.

Each bivalent and bundle of kinetochore microtubules is encased in a double membrane tube.

These tubes (marked by two counter arrows) extend to within a few microns of the centrosome

(C). (d) Dysdera crocata, anaphase I. The X chromosome (arrows) is formed by one chromatid

only, i.e. exhibits inverted meiosis. (e) Dysdera ninnii, anaphase I. The X chromosome (arrow)
is composed of two chromatids, i.e. exhibits standard meiosis. In contrast to autosomes,

chromatids of X chromosome are closely attached. Furthermore, X chromosome displays positive

heteropycnosis and delayed segregation to the pole. Bar ¼ 10 mm (a, b, d, e), 1 mm (c) (cmodified

from Wise 1984; d modified from Král et al. 2006)
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(Fig. 12.4d). Thus, this behaviour is opposite to the standard meiosis, which is

characterised by separation of sister chromatids during the anaphase of the second

meiotic division. Standard meiotic behaviour of the X chromosome has been found

in other species of the genusDysdera (this study, Fig. 12.4e) as well as in the family

Segestriidae (Rodrı́guez Gil et al. 2002). The phenomenon of inverted meiosis is

restricted to some organisms with holokinetic chromosomes, and it is possible due

to the absence of the centromere connection at holokinetic chromosomes (Viera

et al. 2009).

12.5 Conclusions

Spiders show a considerable diversity of diploid numbers, chromosome morpho-

logy, and sex chromosomes. Most spiders exhibit standard chromosomes

except the superfamily Dysderoidea whose chromosomes are holokinetic. Unusual

multiple sex chromosomes of spiders have received more attention than any other

aspect of their cytogenetics. The so-called X1X20 sex chromosome system (♂X1X2/

♀X1X1X2X2) is considered ancestral for spiders and occurs in most studied species.

There are several hypotheses on its origin. The most plausible one, assuming

duplication of a single X chromosome, is supported by recent findings of unusual

sex chromosome behaviour at meiosis of spider females. This behaviour may prevent

pairing and recombination of nonhomologous X chromosomes. Despite its evolu-

tionary stability, the X1X20 system has been transformed in some lineages by X–X

fusions, by X chromosome duplications or sex chromosome–autosome

rearrangements. Finally, some spiders exhibit modifications of meiotic division,

mostly in males. The most intriguing modification concerns the bipolarisation of

prophase I nucleus in entelegyne males. Moreover, just before formation of meta-

phase plate, each bivalent is enclosed into a double membrane tube.
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Inst Entomol, České Budějovice
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Chapter 13

Male Reproductive System of Spiders

Peter Michalik and Elisabeth Lipke

13.1 Introduction

Spider reproduction is characterized by several special traits (e.g. Eberhard 2004).

For example, spider males evolved a unique way of transferring sperm into the

female by using its pedipalps which are modified into secondary copulatory organs.

These so-called palpal organs are not innervated and lack sense organs as well as

muscles—possible consequences of this unique genital morphology were recently

discussed in a review paper by Eberhard and Huber (2010). The complexity of the

palpal organ can reach from simple (pyriform) form as in mygalomorph spiders to

highly organized forms as in most entelegyne spiders (Kraus 1984; Coddington

1990). The copulatory organs are not directly associated with the primary genital

system, which is located in the opisthosoma. The seminal fluid (spermatozoa and

secretion; see below) is extruded from the gonopore and transferred into the

so-called spermophor (tube-like invagination) of the palpal organ by using a

sperm web as a carrier, which results in a temporary exposure of the sperm to the

environment (Foelix 2011). In the majority of spiders, the spermophor is porous and

surrounded by a glandular epithelium (e.g. Lopez 1987; Suhm et al. 1996). The

mechanism of sperm uptake (sperm induction) and expulsion during copulation is

still not clear. It was assumed that capillary forces or resorption of secretion

released into the spermophor prior to sperm induction plays a role in this process

(e.g. Lopez 1987; Suhm et al. 1996). Nevertheless, not all spider species possess

glands associated to the spermophor. Thus, other mechanism of sperm induction

and ejaculation must exist (Eberhard and Huber 2010) as suggested for mesothelid

spiders where the flexible spermophor is compressed during sperm transfer by

applying haemolymph pressure (Kraus 1984; Haupt 2003).
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In contrast to the numerous studies on the palpal organs of spiders, little is

known about the primary male genital organs, although knowledge of the organi-

zation of sperm and presence of seminal secretion are of high relevance to under-

stand pre- and postcopulatory processes (Herberstein et al. 2011). For example,

spider sperm are always transferred encapsulated and inactive to the female (Alberti

1990, 2000) and the seminal fluid contains of one or more types of secretion

(Michalik and Huber 2006; Michalik 2009). Even though the function and

consequences of these traits are essential to understand spider reproduction no

information is available until now. First hints of the influence of the seminal

secretion are given by behavioral studies—females of the wolf spider Schizocosa
malitiosa are reluctant to remate after the first copulation (Aisenberg and Costa

2005). In this chapter we give an overview of the present state of knowledge of the

morphology of the primary genital system, spermatozoa and seminal secretion.

13.2 Male Reproductive System

13.2.1 General Remarks

The first description of the primary male genital system of spiders was given by

Bertkau (1875). According to his description the genital system consists of paired

tubular testes and thin deferent ducts. The deferent ducts are fused near the genital

opening forming the ejaculatory duct, which opens into the gonopore in the

epigastric furrow. Accessory glands as known from Amblypygi or Uropygi are

lacking which might be the result of the evolution from indirect sperm transfer with

spermatophores to direct sperm transfer using the palpal organs (Alberti 2005).

Even though Bertkau (1875) studied only few species, he already noted differences

in the gross morphology. Consecutive studies revealed a considerable diversity

in the organization of the male genital system (Fig. 13.1). For example, the testes

can be fused distally (Mesothelae) (Michalik 2007), proximally (Atypidae,

Segestriidae, Dysderidae and Scytodidae) (Bertkau 1878; Michalik 2009) or

completely (synapomorphy of Oonopidae) (Burger and Michalik 2010). The defer-

ent ducts can be short or highly convoluted (Michalik 2009) and in some taxa with

modified parts, as, e.g. so-called ampullae in the sicariid Loxosceles intermedia
(Costa-Ayub and Faraco 2007) or vesicles in the dictynid Nigma flavescens
(Michalik 2009). The ejaculatory duct is usually inconspicuous, but can be enlarged

as the seminal vesicle in theridiids (Knoflach 1998; Michalik 2009) or widened

towards the deferent ducts as in the philodromid Philodromus dispar (Crome 1951).

The function of these different structures is not known, but it can be assumed that

temporary sperm storage might occur in those areas.

The architecture of the spider male gonads reflects the general organization

known for animals (e.g. White-Cooper et al. 2009). The spider testis consists of

spatiotemporally arranged spermatogenic cells at different developmental stages
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which are embedded in the somatic tissue (e.g. Alberti and Weinmann 1985).

The only exception from this general pattern is reported for the telemid spider

Telema tenella. Here, the subspherical testis shows no cyst-like organization, but

possesses a small cavity filled with spermatozoa, which is directly connected to the

lumen of the deferent duct (Lopez and Juberthie-Jupeau 1983).

Spermatogonia and early stages of spermatogenesis are located in the periphery,

whereas late spermatids and spermatozoa are present in the central part of the testis

(e.g. Michalik et al. 2006). All stages of spermatogenesis are present resulting in a

heterogeneous appearance of the testis. The somatic (epithelial) cells bear

microvilli at the apical pole and are attached to each other by septate junctions

and zonulae adhaerentes. Furthermore, the somatic cells are characterized by a high

number of Golgi, endoplasmic reticulum and vesicles indicating a high secretory

activity (e.g. Alberti and Weinmann 1985; Alberti and Coyle 1991; see below).

13.2.2 Permanent Sperm Depletion

In general, spermatogenesis starts in subadult stages and continues throughout the

male’s life (e.g. Michalik and Uhl 2005). Exceptions to this organization are only

described for some orbicularian spiders (see also Appendix, this volume). In the

one-palped spider Tidarren argo (Theridiidae), male spermatogenesis is terminated

before the final molt resulting in an extreme decreased volume of the testis

(Michalik et al. 2010). The same phenomenon is reported for species of the genera

Nephila and Nephilengys (Nephilidae; Michalik and Rittschof 2011; Schneider and

Fig. 13.1 Schematic drawings of the male reproductive system of selected taxa (modified

according to Michalik 2009)
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Michalik 2011). Moreover, the spermiogenesis is nearly synchronous. As revealed

by a phylogeny-based statistical analysis, the evolution of permanent sperm deple-

tion (PSD) is significantly correlated with other mating strategies which limit males

to monogamy as genital mutilation or sexual cannibalism (Michalik and Rittschof

2011). These results indicate that males which are limited to a single copulation

economize energy expenditures and cease spermatogenesis, but the mechanism

behind the limited supply of germline cells is still unknown. Interestingly, a regain

of polygamy as in the genus Nephila (Kuntner et al. 2009) does not result in a loss of
permanent sperm depletion but in portioning of the sperm supply (Schneider and

Michalik 2011). On the other hand, a monogynous mating system is not necessarily

associated with a termination of spermatogenesis as shown for the monogynous

black widow spider Latrodectus hasselti (Theridiidae) where males produce sperm

throughout lifetime (Modanu, Michalik and Andrade, in preparation). Thus, the

evolutionary links between mating systems and sperm production seem to be more

complex than currently suggested.

13.3 Spermatozoa: Development and Evolution

First histological studies of spider spermatozoa and spermatogenesis reach back

into the nineteenth century (Bertkau 1877), but detailed descriptions of sperm

structures became possible only by using electron microscopy. Thus, the first

ultrastructural study of spider spermatozoa conducted by Ōsaki (1969) on the

mesothelid Heptathela kimurai was a turning point in spider spermatology. In the

following decades nearly 60 species were studied revealing an astonishing struc-

tural diversity at different organizational levels (e.g. Alberti 1990, 2000; Michalik

et al. 2003, 2004a, b, 2005, 2006; Michalik and Hormiga 2010).

13.3.1 Spermatogenesis

Spermatogenesis follows the general pattern known for animals and begins with the

cleavage of spermatogonia in the periphery of the testis, and after two meiotic

divisions, spermatids remain connected by cellular bridges. Early spermatids are

mainly characterized by a spherical nucleus and a homogenous electron-lucent

cytoplasm (e.g. Alberti et al. 1986; Michalik and Huber 2006). Further cell

components are mitochondria, centrioles and a Golgi apparatus. The Golgi vesicles

fuse to form an acrosomal vacuole (acrosomal vesicle) at the anterior pole of the

nucleus. The nucleus is surrounded by a so-called manchette of microtubules. The

function of themanchette is not known for spider sperm, but is likely important for the

shaping and condensation of the nucleus (e.g. Hermo et al. 2010). The two centrioles

(distal and proximal centriole) are located at the posterior part of the spermatid and

oriented perpendicular to each other (e.g. Alberti et al. 1986; Alberti 1990).
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Fig. 13.2 Overviewof the diversity of the different spermcell components. TEM. (a–d) Longitudinal

section of the acrosomal complex, (a) Liphistius (Liphistiidae), (b) Pholcus (Pholcidae),

(c) Tetragnatha (Tetragnathidae) and (d) Heteropoda (Sparassidae). (e–g) Cross section of the
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During spermiogenesis, the centrioles migrate towards the nucleus forming a flagellar

tunnel and are arranged in a “tandem position”. The axoneme originates from the

distal centriole. Simultaneously, the posterior pole of the nucleus indents resulting in

the so-called implantation fossa (Alberti 1990).

In mid- and late spermatids, the cell components such as the nucleus show a high

diversity in shape and organization between taxa (Fig. 13.2e–g). In the following

we will give a short overview of the structural diversity of the main cell

components.

13.3.1.1 Acrosomal Complex

The spherical acrosomal vacuole of early spermatids elongates and is deeply

indented from its base forming a subacrosomal space (Alberti 1990). Within the

subacrosomal space, the acrosomal filament (perforatorium) originates and extends

into a narrow indentation in the periphery of the nucleus, the so-called nuclear

canal. As revealed by TRITC-phalloidin labeling, which reacts specifically to

polymeric and oligomeric forms of actin, the acrosomal filament consists of

F-actin fibrils (Costa-Ayub and Faraco 2007). At the end of spermiogenesis, the

acrosomal filament extends until the end of the nuclear canal in Mesothelae and

Hypochilidae (Ōsaki 1969; Alberti and Coyle 1991; Michalik 2007) or is shorter in

length like in Mygalomorphae (Alberti et al. 1986; Tripepi et al. 1990) and

haplogyne and entelegyne spiders (e.g. Michalik and Huber 2006; Michalik and

Hormiga 2010).

The shape of the acrosomal vacuole can differ enormously between taxa. As

summarized in Alberti (1990), the vacuole can be cone-shaped as, e.g. in Mesothelae,

Mygalomorphae and Filistatidae (Alberti and Weinmann 1985; Alberti et al. 1986;

Fig. 13.2a) or elongated and fingerlike as, e.g. in Pholcidae (Alberti and Weinmann

1985; Michalik et al. 2005; Fig. 13.2b). According to Alberti (1990), the widespread

cone-shaped type represents the plesiomorphic condition. Organizations different to

this simple type are known from few taxa only. For example, the corkscrew-shaped

acrosomal vacuole of the genus Tetragnatha seems to be a synapomorphic trait for

this group (Michalik et al. 2006; Fig. 13.2c), and the arrow-shaped indented acroso-

mal vacuole reported from Pisauridae, Lycosidae and Oxyopidae (Reger 1970; Ōsaki

1972; Wu et al. 1997; Michalik et al. 2012; see Fig. 13.2d) might be a synapomorphic

trait for the RTA clade (Michalik and Ramirez, unpublished).

Fig. 13.2 (continued) nucleus, (e) Chileotaxus (Synotaxidae), (f) Gelanor (Mimetidae) and (g)

Pholcus. (h, i) Axoneme, (h) Pholcus (Original: R. Dallai) and (i) Linyphia (Linyphiidae). (j)

Chambered centriolar adjunct in Heteropoda. (k) Coiled sperm cell of Schizocosa (Lycosidae).

Abbreviations: AF acrosomal filament, AV acrosomal vacuole, Ax axoneme, CA centriolar adjunct,

cCA chambered centriolar adjunct, IF implantation fossa, N nucleus, NC nuclear canal, peN
postcentriolar elongation of the nucleus
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13.3.1.2 Nucleus

The spherical nucleus of early spermatids is characterized by a heterogeneous

nucleoplasm. The differentiation of the nucleus begins with the condensation of

the chromatin that is organized in a fibrillar pattern (e.g. Alberti and Weinmann

1985). Usually there are some electron-dense and electron-lucent areas present

during the condensation process, but at the end of spermiogenesis, the chromatin

appears highly condensed and homogenous (e.g. Alberti and Weinmann 1985;

Michalik et al. 2004a). During the condensation process, the nucleus elongates in

an asymmetric way and extends beyond the implantation fossa resulting in a

postcentriolar nuclear elongation—a character which was considered as synapo-

morphy for Amblypygi and Araneae (see Alberti 2000). At the end of spermiogen-

esis, the length and shape of the pre- and postcentriolar part of the nucleus varies

across spiders (Fig. 13.2e–g). For example, the postcentriolar elongation is usually

short in basal taxa as in Mesothelae and Mygalomorphae (Alberti et al. 1986;

Michalik 2007), but can be extremely elongated as in the genus Tetragnatha
(Michalik et al. 2006). The implantation fossa can be small or deeply indented

into the nucleus as in some pholcid spiders (Alberti and Weinmann 1985; Michalik

et al. 2005), and it can be filled with granules or homogenous material (Alberti

1990; Fig. 13.2f). The evolution of this remarkable structural diversity is not

understood at all, but it can be assumed that nuclear characters are highly homo-

plastic (Michalik and Ramirez, unpublished data). The functional implications of

the different shapes of the nucleus are unknown since studies addressing the

function of the sperm components are still lacking.

13.3.1.3 Axoneme and Associated Structures

The axoneme of spiders consists of a 9+3 microtubular pattern (e.g. Ōsaki 1969)—a

character which was considered as synapomorphy for Tetrapulmonata (Weygoldt

and Paulus 1979). As revealed by tannic acid analyses, the doublets consist of an

A-subtubule of 13 protofilaments and a B-subtubule with 11 protofilaments (Dallai

et al. 1995). The central tubules consist of 13 protofilaments and are connected by

spokes to the doublets (Fig. 13.2h). A deviation from this pattern is only described

for Linyphioidea (¼ Linyphiidae þ Pimoidae; Hormiga 2003). Here, the axoneme

lost the central tubules resulting in a 9 þ 0 microtubular pattern (Michalik and

Alberti 2005; Michalik and Hormiga 2010; Fig. 13.2i). Moreover, the axoneme of

“linyphioids” is remarkably shorter compared to all other spider species observed

so far (Michalik and Hormiga 2010). The evolution towards different axoneme

architecture is not understood for spiders, but as hypothesized by Michalik and

Alberti (2005), the aberrant organization might result in a different spermatozoal

movement as shown for other chelicerates (Ishijima et al. 1988). The motility

performance might have an effect on the paternity success and thus drive the

evolution towards a different sperm phenotype—a hypothesis which needs still to

be tested for spiders.
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Associated structures of the axoneme are exclusively described from its proxi-

mal part. For example, in basal taxa and some haplogynes, the axoneme is often

surrounded by glycogen (Ōsaki 1969; Alberti and Weinmann 1985; Michalik et al.

2004a), whereas in most araneomorph spiders the axonemal basis is often embed-

ded or adjacent to electron-dense material, the so-called centriolar adjunct (Alberti

1990). The centriolar adjunct usually extends into the implantation fossa.

Exceptions to this general organization are only described for members of the

RTA clade. The axonemal basis is completely embedded in the centriolar adjunct

which extends distally resulting in a flower-like appearance in cross sections

(Alberti 1990). This so-called chambered centriolar adjunct was suggested to be a

synapomorphic trait for the RTA clade (Michalik et al. 2013; Fig. 13.2j). Interest-

ingly, Alberti (1990) mentioned adjacent thin electron-dense streaks around the

axoneme for the oecobiid spider Uroctea durandi—a group which was suggested to

be closely related to the RTA clade (Miller et al. 2010).

13.3.2 Coiling Process and Sperm Conjugates

Spermiogenesis in Araneae is completed after the coiling process (Alberti 1990).

During this process the main cell components (acrosomal vacuole, nucleus and

axoneme) coil within the sperm cell (Fig. 13.2k)—a phenomenon which is also

reported for Pseudoscorpiones, Pedipalpi and Ricinulei (Alberti 2000). The flagel-

lar tunnel disappears and the axoneme coils around the nucleus in the periphery of

the cell. After the coiling process, the roundish sperm cells appear compact and the

cell components are usually densely packed within the cytoplasm (e.g. Alberti and

Weinmann 1985; Alberti and Coyle 1991). According to Bertkau (1877), the

evolution of coiled sperm cells could be linked to the peculiar transfer mode in

spiders. Nevertheless, the occurrence of coiled spermatozoa in other arachnid

groups suggests a more complex evolutionary scenario.

A peculiar structure reported for some haplogyne taxa is the so-called vesicular

area (Alberti and Weinmann 1985). Here, a large area of the sperm cell is “filled”

with homogenous often electron-dense material (Michalik et al. 2004a; Michalik

and Huber 2006). The origin of the vesicular area is still under debate. As suggested

by Alberti and Weinmann (1985), intracellular vesicles fuse to form these vacuole-

like areas (see also Michalik et al. 2004a; Michalik and Huber 2006). The cell

components partly protrude into the vesicular area and get secondarily surrounded

by a membrane. On the contrary, Costa-Ayub and Faraco (2007) suggested, based

on their study on the synspermia formation of the brown spider Loxosceles
intermedia (Sicariidae), that the main cell components are not coiled within the

cell but instead the whole cell coils partially. Consequently, the homogenous areas

(¼ vesicular area) between the membrane-surrounded cell components are of

extracellular origin. A similar organization is reported for collembolans where an

extracellular cavity is formed during the so-called winding process of the sperm cell
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(Dallai et al. 2004). But in contrast to collembolan spermatozoa, no connection

between the vesicular area and the extracellular space could be shown for spiders.

The final step in spermiogenesis is the formation of an extracellular secretion

sheath around the coiled sperm. The sheath is usually produced by secretion of the

epithelium of the deferent duct, but few studies reported a sheath formation from

the distal testis lumen (Michalik and Huber 2006; Michalik et al. 2013). The

secretion sheath can be single or multilayered and the thickness can vary remark-

ably. It was assumed that the sheath protects the spermatozoa during sperm

induction and sperm transfer and/or in the female sperm storage organs (Bertkau

1877; Alberti 1990). In spiders three different transfer forms can be distinguished—

coenospermia (several individual sperm cells are surrounded by a common secre-

tion sheath), cleistospermia (each individual sperm cell is surrounded by a secretion

sheath) and synspermia (a certain number of sperm cells fuse at the end of

spermiogenesis and are surrounded by a common secretion sheath) (see Alberti

2000). A fourth type of transfer form was described for telemid spiders (Juberthie

et al. 1981). This so-called spermatophore is produced in the distal deferent duct,

but as suggested by Alberti (1990), it can represent a subtype of coenospermia or a

cluster of cleistospermia. The evolution of the sperm transfer forms is still not clear

in spiders (see Alberti and Coyle 1991). Coenospermia are secondary sperm

conjugates (Higginson and Pitnick 2011) and typical for Mesothelae and

Mygalomorphae, whereas cleistospermia are exclusive for Araneomorphae

(Michalik et al. 2004b). Synspermia are primary sperm conjugates (Higginson

and Pitnick 2011) and are only described from several haplogyne families (Alberti

and Weinmann 1985; Michalik et al. 2004a; Costa-Ayub and Faraco 2007). Fig-

ure 13.3 shows a possible scenario of the evolution of transfer forms. It can be

assumed that the different types of sperm transfer forms in spiders have multiple

independent origins as coenospermia are also described for the haplogyne

Filistatidae and the synspermia are reported from other not closely related

haplogyne families. As summarized by Higginson and Pitnick (2011), the evolution

of sperm conjugates could depend on several factors as sperm–egg interactions,

sperm cooperation or sperm–female interactions as recently shown in a multi-

methodological approach for diving beetles (Higginson et al. 2012). For spiders

no such study exists, but the highly diverse genital structures and sperm storage

pattern suggest a correlation with sperm conjugation and sperm morphology as

recently shown for flatworms (Schärer et al. 2011).

13.4 Seminal Secretions

Since accessory glands are absent in the spider male genital system, the secretion

transferred to the female is produced by the somatic tissue of testes and deferent

ducts. The structural diversity of the secretion within the seminal fluid is consider-

ably high and presumably taxon specific (Michalik 2009). It was suggested that

parts of the secretion droplets in testis and deferent ducts are likely used for the
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formation of the secretion sheath, but most secretions are transferred with

the seminal fluid. Interestingly, not only one type of secretion can be present in

the seminal fluid. For example, the seminal fluid of pholcid spiders can contain up

to three different types of secretion droplets (Michalik and Uhl 2005). The function

of the seminal secretion is unknown for spiders, but as shown indirectly by

behavioral studies, sperm-associated substances seem to have an influence on the

female reluctance in the wolf spider Schizocosa malitiosa (Aisenberg and Costa

2005). As shown for insects, male transferred substance can influence female

physiology remarkably (e.g. Adams and Wolfner 2007). On the other hand, female

secretion can influence sperm storage and sperm usage as shown for Drosophila
flies (Wolfner 2011). A similar complex network of interactions can be assumed for

spiders since females and males have complex genitalia with associated glandular

epithelia which presumably contribute or change the composition of sex-related

substances (Huber 2005; Herberstein et al. 2011; Fig. 13.4).

Fig. 13.3 Sperm transfer forms in spiders and their possible evolution
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13.5 Conclusions and Outlook

The male reproductive system of spiders is very diverse across taxa regarding its

gross morphology and sperm ultrastructure. Numerous studies showed that sperm

characters have high phylogenetic potential. Nevertheless, the evolution of the

different sperm cell components and sperm conjugates is not understood. Future

analyses should focus on the evolutionary morphology of sperm structures includ-

ing new methodology as 3D reconstruction based on transmission electron micros-

copy sections (Michalik et al. 2013; Fig. 13.5). This will not only help to understand

the organization of the often complex spermatozoa but also increase the reproduc-

ibility across taxa.

Whereas most studies focused on the phylogenetic implications of sperm

structures, the functional implications were never addressed. The main reason

might be the difficult accessibility of motile sperm cells since all spermatozoa are

encapsulated and activated in the female only (Herberstein et al. 2011). But in order

to understand spider reproduction knowledge about processes involving sperm

activation, influence of sex-related secretion and fertilization is urgently needed.

Fig. 13.4 Schematic illustration of the transformation of spermatozoa and the appearance and

interactions of sex-related secretions (from Herberstein et al. 2011)
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Part V

Venom

The venom of a spider usually contains many different components, attacking

several targets in a potential prey item at the same time. This high redundancy

may be seen as evolutionary strategy, insurance against resistance development or a

comparable target response, or just as an effect of combinatorial chemistry. Despite

the efficiency of their high-tox weapons, some spiders reduce their venom usage,

other prefer to destroy target tissue with enzymes instead of blocking receptors,

while another spider group switches to the application of sticky glue. Despite their

long success story as venomous animals, spiders are not really dangerous to humans

and lethal outcomes of spider bites are unusual.



Chapter 14

Main Components of Spider Venoms

Wolfgang Nentwig and Lucia Kuhn-Nentwig

14.1 Introduction

Venomglands are already present in the oldest spider group, theMesothelae. The glands

lie in the anterior portion of the cheliceral basal segment but are very small, and it is

doubtful how much the venom contributes to the predatory success. In mygalomorph

spiders, the well-developed venom glands are still in the basal segment of the chelicerae

and produce powerful venom that is injected via the cheliceral fangs into a victim. In all

other spiders (Araneomorphae), the venom glands have become much larger and reach

into the prosoma where they can take up a considerable proportion of this body part.

Only a few spiders have reduced their venom glands, either partially or completely

(Uloboridae, Holarchaeidae and Symphytognathidae are usually mentioned) or

modified them significantly (Scytodidae, see Suter and Stratton 2013).

As well as using venom, spiders may also use their chelicerae to overwhelm an

item of prey. It is primarily a question of size whether a spider chews up small

arthropods without applying venom or if it injects venom first. Very small and/or

defenceless arthropods are picked up and crashed with the chelicerae, while larger,

dangerous or well-defended items are carefully approached and only attacked with

venom injection. Some spiders specialize on prey groups, such as noctuid moths

(several genera of bola spiders among Araneidae), web spiders (Mimetidae), ants

(Zodarion species in Zodariidae, aphantochiline thomisids, several genera among

Theridiidae, Salticidae, Clubionidae and Gnaphosidae) or termites (Ammoxenidae).

However, these more or less monophagous species amount only to roughly 2 % of all

known spider species, while 98 % are polyphagous. From these considerations, it

follows that the majority of spider venoms are not tailored to any given invertebrate

or insect group but are rather unspecialized to be effective over a broad spectrum of

prey types that spiders naturally encounter.
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While so far none of the venoms from specialized spider species have been

investigated, we do have in the meantime a broad overview on the composition of

the venom of a few well-investigated species. According to recent reviews

(Vassilevski et al. 2009; Kuhn-Nentwig et al. 2011), six main groups of components

can be distinguished for spider venoms: low molecular mass compounds,

acylpolyamines, linear peptides, cysteine-rich mini-proteins, large proteins and

enzymes (Table 14.1).

14.2 Low Molecular Mass Compounds

Most scientists investigating spider venom focus on substances other than low

molecular mass compounds which are usually more a side result of research.

From what is known at present however, it can be stated that spider venoms contain

a vast variety of such compounds. They are comprised of organic acids, nucleotides

and nucleosides, amino acids, amines, polyamines and other substances, many of

them functioning as neurotransmitters.

Table 14.1 Main component categories and some characteristics from spider venoms

Venom

compound

category

Molecular

size (kDa) Function Distribution

Molecular

diversity

Low molecular

mass

compounds

<1 Various. Some are

neurotransmitters,

some support other

compounds

synergistically,

often unknown

Probably in all spider

venoms

Limited

Acylpolyamines <1 Neurotoxins, act on ion

channels

Main toxic category in

Araneidae and

Nephilidae, common

in Agelenidae, also

in a few further

families

Limited

Linear peptides 1–9 Destroy membranes Known form Lycosoidea

and Zodariidae,

probably also in a

few more families

High

Cysteine-rich

mini-

proteins

2–15 Neurotoxins, act on ion

channels

Known from most

families

Very high

Large proteins 110–140 Destroy membranes Theridiidae Potentially

high

(unknown)

Enzymes 18–44 Destroy membranes

and tissue

Probably in all spider

venoms, main

category in

Sicariidae

Limited
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The venom cation concentrations of Cupiennius salei (Ctenidae) are 9 mM Na+,

215 mM K+ and 1 mM Ca2+. This is in contrast to the cation concentrations of its

haemolymph (about 200 mM Na+, 10 mM K+ and 4 mM Ca2+), meaning that the

potassium concentration in the venom is increased more than 20-fold, compared to

the haemolymph, and, respectively, the sodium concentration is decreased (Kuhn-

Nentwig et al. 1994). At such concentrations, potassium is able to induce depolari-

zation of excitable cell membranes, causing paralysis of a prey item. Potassium is

also known as an effective synergist of neurotoxins in Cupiennius salei
(Wullschleger et al. 2004, 2005). There are no comparable data for other spiders

but we assume that such inverse ion concentrations are widespread among spiders.

Citric acid has been detected in 48 spider species from 16 families in

concentrations of 16–147 mM (Kuhn-Nentwig et al. 2011). There are several

reasons for its presence in spider venoms: it could prevent bacterial growth; it

could be part of the venom glands’ buffer system to compensate for highly cationic

cytolytic peptides and acylpolyamines; it could function as an enhancer to enforce

the effect of other substances or as a divalent metallic ion chelator; and finally it

could also contribute to a partial inhibition of zinc ion metalloproteases and Ca2+-

dependent enzymes (i.e. phospholipases A2) in venom glands. After injection into a

prey item, the high citric acid concentration would be diluted, thus activating the

enzymes (Odell et al. 1999). Further organic acids from spider venoms are lactic

acid and phosphoric acid.

Sulphated and other nucleosides are known from the venoms of 30 species from

11 families (Schroeder et al. 2008; Kuhn-Nentwig et al. 2011). In the venom of

several Loxosceles species (Sicariidae), these compounds are very common and

constitute even up to about 50 % of the venom total dry mass in the venom of the

agelenid Tegenaria agrestis (Taggi et al. 2004). These and related substances can

induce paralytic and also lethal effects in insects.

All biogenic amino acids have been identified from spider venoms. Taurine has

been detected in the venoms of Cupiennius salei and the black widow Latrodectus
tredecimguttatus (Theridiidae). Glutamate and GABA, several biogenic amines such

as histamine, tyramine, serotonin, octopamine, dopamine and 5-hydroxytryptamine

(5-HT; serotonin), as well as polyamines (spermine, spermidine, putrescine and

cadaverine), have also been identified from spider venoms. These substances influence

the nervous system of insects or act directly as neurotransmitters. Acetylcholine,

choline, noradrenaline and adrenaline are further neurotransmitters in the insect

nervous system which were also identified from several spider venoms (Rash and

Hodgson 2002; Schroeder et al. 2008).

Histamine is well known from bee and wasp venoms. In vertebrates it produces

pain and is therefore seen as a defensive substance (Bettini 1978). This “pain

theory” is not really convincing for spiders because only large spiders (Ctenidae,

Sparassidae, Theraphosidae) suffer from vertebrate predators, while for smaller

spiders, invertebrates are more important predators. In insects, histamine acts as a

neurotransmitter, targeting ionotropic receptor channels, i.e. it enhances synergisti-

cally the effect of mini-proteins that affect ion channels (Wullschleger et al. 2005).
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14.3 Acylpolyamines

Acylpolyamines are a class of neuroactive compounds, with a polyamine structure

that frequently contains an aromatic acyl end moiety (indolic or phenolic) at its end

(350–1,000 Da). A high structural diversity within these compounds is obtained by

a combination of different acyl groups with polyamine chains, varying in length,

number of amide bonds and functional groups. There are two groups of

acylpolyamine toxins; those containing amino acids and those not containing

them (Fig. 14.1). In a similar manner, they both provoke a reversible paralysis

caused by blocking activated postsynaptic glutamate receptor channels

(McCormick and Meinwald 1993; Schäfer et al. 1994; Itagaki and Nakajima

2000). So far 176 different acylpolyamines have been identified from 20 species

in eight families (Kuhn-Nentwig et al. 2011), and such a high diversity of

compounds is seen as fulfilling the principles of combinatorial chemistry to opti-

mise binding to a high diversity of targets.

Amino acids containing acylpolyamines have so far only been found in the orb

weaver families Araneidae and Nephilidae. A total of 82 different toxins have been

described: 18 from six Araneus and Argiope species, 64 from three Nephila and two
Nephilengys species (Itagaki et al. 1997; Palma et al. 1998; McCormick and

Meinwald 1993). Araneidae and Nephilidae are regarded as two separate but

closely related families that obviously developed amino acids containing

acylpolyamines as one of their main toxin groups. There are no acylpolyamines

records from other families in the superfamily Araneoidea, namely, none from

Tetragnathidae and Linyphiidae (see also Appendix, this volume).

Non-amino acids containing acylpolyamine toxins have been identified from

three mygalomorph families (Ctenizidae, Hexathelidae and Theraphosidae) and

three other families (Agelenidae, Amaurobiidae and Pisauridae), but not from

Araneoidea. In all families, only one to four different compounds per species

Fig. 14.1 Characteristic acylpolyamine toxins from spider venom. (a) Argiopine from Argiope lobata
(Araneidae) as an example for an amino acid-containing acylpolyamines with phenolic end group and

(b) AGEL 489 from Agelenopsis aperta (Agelenidae) as an example for a non-amino acid-containing

acylpolyamines with an indolic end group. Adapted from Kuhn-Nentwig et al. (2011)
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were found, but in both so far investigated agelenids, a much higher diversity was

found (Agelenopsis aperta 68 and Hololena curta 12 compounds) (Chesnov et al.

2001; Tzouros et al. 2005). In contrast to Araneidae and Nephilidae, these six

families primarily rely on other venom components, mainly mini-proteins. We

assume that non-amino acids containing acylpolyamine toxins may possibly be

much more widespread than it is known so far.

14.4 Linear Peptides

Linear peptides of diverse length and cationic charge have been identified in the

venom of some spider species. These peptides adopt an a-helical conformation and

are able to destroy prokaryotic and/or eukaryotic cell membranes (Kuhn-Nentwig

2003, 2009). Therefore, they have also been named cytolytic, membranolytic or

antimicrobial peptides, and because of their cationic charge, the term small cationic

peptides is also used. A few small linear peptides isolated so far only from the

ctenid Phoneutria nigriventer are exceptional by not adopting an a-helix.
Linear peptides usually do not contain cysteine residues and have a higher

amount of lysines and arginines; thus, they have relatively high positive net charges

between +3 and +10. They are disordered in aqueous solutions, but adopt an

a-helical structure in the presence of negatively charged membranes. These basic

peptides are attracted to the cell surfaces by electrostatic interactions between their

positively charged side chains of lysine and arginine and negatively charged

membrane phospholipid headgroups and phosphate groups containing lipopolysac-

charides or teichoic acids of cellular membranes. Different membrane disrupting

models have been discussed, but what they do all have in common is that the

membrane is finally destroyed (Fig. 14.2).

The molecular mass range of these “short” peptides varies from 1,910 to

5,221 Da which corresponds to 18–48 amino acids. There are 72 records concerning

eight families and 17 species: 36 records from Cupiennius salei (Ctenidae), 12
records from Lachesana tarabaevi (Zodariidae) and the remaining records from

lycosids, oxyopids and a few other families. Besides these short peptides, 16 further

“large” peptides have been reported for L. tarabaevi, composed of 69–75 amino

acid residues (7,880–8,571 Da) and with a net charge of +14. These peptides exhibit

two a-helical regions connected by a short sequence of four amino acids, and it is

assumed that two short peptides form the large peptide in a “head-to-tail” orienta-

tion. Their insecticidal effect is superior to the effects of the small peptides (Kozlov

et al. 2006; Vassilevski et al. 2008; Kuhn-Nentwig et al. 2011).

The cytolytic acting peptides from Cupiennius salei are grouped into several

cupiennin families; in Lachesana tarabaevi the short peptides are called latarcins,

the large cyto-insectotoxins. In both species, these peptides are very important in

the prey-killing process, see also Kuhn-Nentwig and Nentwig (2013). Nevertheless,

this action is supported by other venom components (low molecular mass

compounds, neurotoxic mini-proteins and enzymes). If these results can be
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generalized to Ctenidae, Lycosidae, Oxyopidae and related families (Lycosoidea),

the development of cytolytic peptides could represent a new evolutionary step of

this group and of Zodariidae.

14.5 Mini-proteins

Mini-proteins comprise peptides with molecular masses between 2,650 and

14,800 Da with most toxins between 3,000 and 9,000 Da. They contain 6–14

cysteines (Table 14.2) and exert a typical complex pattern of disulphide bridges.

The most common pattern follows the “inhibitor cysteine knot” (ICK) motif,

exhibiting a spatial structure consisting of a b-hairpin and a “knot” built by the

C3–C6 bond penetrating the ring formed by the two other bonds and the involved

amino acids (Norton and Pallaghy 1998). In proteins with six cysteines, the

disulphide bridges are arranged as C1–C4, C2–C5 and C3–C6, and with eight

cysteines, the arrangement is C1–C4, C2–C5, C3–C8 and C6–C7 in which the

fourth disulphide bridge C6–C7 is introduced into the extended b-hairpin structure.
Nearly 1,000 different mini-proteins are known so far from the venom of 60

spider species belonging to 20 families (Kuhn-Nentwig et al. 2011). This

characterizes mini-proteins as the most common venom compound in spiders,

probably occurring in the venoms of most spider families, and there appear to be

only a few families relying on other main components (see below). The increasing

number of transcriptomic studies indicates that many different mini-proteins occur

in one venom and more than one hundred different toxins or variations of a few

different toxin types are not uncommon in a single species (e.g. Tang et al. 2010;

Zhang et al. 2010).

Fig. 14.2 Amino acid sequences and three-dimensional structures of (a) short cationic a-helical
peptides from the ctenid Cupiennius salei and (b) the zodariid Lachesana tarabaevi. Positively
charged amino acids in the amino acid sequences are given in grey. In the spatial structure of the

peptides charged/polar residues are shown in black and hydrophobic amino acids in grey. The
Protein Data Bank codes are given in brackets. Adapted from Kuhn-Nentwig et al. (2011)

196 W. Nentwig and L. Kuhn-Nentwig



Mini-proteins act selectively against a specific target and form a tight and stable

toxin-target complex. They mainly act on membrane proteins in electro-excitable cell

membranes (neuronal and muscular cells), primarily modulating ion channels such as

calcium (Ca2+), sodium (Na+) and potassium (K+), but also on mechano-, chemo-,

and thermosensitive receptors, and inhibit, activate or delay voltage-activated

channels so that their normal ion regulation is affected (see Herzig and King 2013).

Usually, these toxins are already very effective at nanomolar concentrations, which is

at least one order of magnitude better than the average concentration needed for the

unspecific membrane destruction by cytolytic peptides.

The fast transport of impulses along and between excitable cells is caused by the

movement of sodium (Na+) ions across the membranes of excitable cells via

voltage-gated sodium (Nav) channels. These ion channels enable the coordination

of locomotion, and for this reason, they are usually the most abundant ion channels

in nerve and muscle tissue. This makes sodium channels also the first target for

paralytic neurotoxins. There is a high diversity in this family of sodium channels

made of at least nine members: Nav1.1 to Nav1.9. Depending on the precise mode of

action, three toxin types are distinguished: b-toxins shift the voltage dependence of
Nav channels activation, d-toxins delay the inactivation of Nav channels and m-
toxins inhibit Nav channels. About 40 % of all functionally characterized mini-

proteins are sodium channel inhibitors.

In most tissues of animals, especially in the nervous system and in muscles, calcium

channels regulate the release of neurotransmitters. They can be inhibited by toxins

causing a long-lasting specific blockade of these presynaptic voltage-gated calcium

(Cav) channels, typically called omega-toxins (o-toxins). There are six recognised

types and many subtypes of voltage-gated calcium channels (L, N, P, Q, R and T)

differing in their electrophysiological characteristics and reacting differently to differ-

ent inhibitors or activators (Rash and Hodgson 2002). In spider venoms, roughly 35 %

of all functionally characterized mini-proteins are calcium channel inhibitors.

Table 14.2 Frequency of the number of cysteines in mini-proteins with ICK motif for major

spider taxa (data from Kuhn-Nentwig et al. 2011)

Number of toxins recorded per given number of cysteines

6 7 8 9 10 11 12 14

Hexathelidae 61 1 18 8

Theraphosidae 122 4 27 5 1

Other mygalomorphs 2 1 8

Haplogynae 1 14 12 7

Agelenidae 28 2 25 2 7

Amaurobiidae 4

Sparassidae 7

Ctenidae 14 7 25 7 14 2 8

Lycosidae 9 111 8 18 1 5 6

Oxyopidae 3

% of peptides 38.2 4.1 39.2 2.4 10.1 0.7 4.4 1.0
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Potassium channels comprise a highly diverse and large group of ion channels,

regulating different cellular processes in the body. Voltage-gated potassium (Kv)

channels consist of four main subunits and several accessory subunits to form an ion

pore. Spider k-toxins inhibit voltage-activated potassium channels and account for

25 % of all functionally characterized mini-proteins.

14.6 Large Proteins

The largest compounds in spider venom are proteins with a molecular mass

between 110 and 140 kDa. They have so far been found exclusively in the genera

Latrodectus (black widows), Steatoda and Achaearanea (Theridiidae).

Investigations into the venom of Latrodectus species concern primarily the North

American L. mactans, the Eurasian L. tredecimguttatus and the Australian L.

hasselti. In all cases, the venom consists of seven major proteins selectively toxic

to three groups: (1) a-latrotoxin (a-LTX) which is vertebrate selective and has a

molecular mass of 130 kDa; (2) five latroinsectotoxins (LIT), namely, a-, b-, g-, d-,
and e�-LIT, which are selective for insects and have a molecular mass between 110

and 140 kDa; and (3) the 120 kDa a-latrocrustotoxin (a-LTX) which is selective for
crustaceans (Grishin 1998). These masses correspond to 1,000–1,200 amino acid

residues with a rather high level of homology of over 30 % residue identity

(Vassilevski et al. 2009).

a-LTX has a high affinity to form dimers that aggregate into tetramers and then

insert into the lipid membrane of nerve cells, thus forming a central channel. This

pore acts as a nonselective cation channel allowing a massive influx of extracellular

Ca2+ into the nerve, which leads to vesicular exocytosis (Rohou et al. 2007). In

other words, this represents an exhaustive neurotransmitter release from a variety of

nerves that depletes the synaptic vesicles, blocks the signal transmission and causes

muscular paralysis. a-LTX causes secretion of all known neurotransmitter types

and the effects of latroinsectotoxins and latrocrustotoxin are rather similar. The

highly toxic effect of the Latrodectus toxins is enhanced by an 8 kDa peptide that is
not toxic and cannot form membrane pores by itself, but augments the affinity of a-
LTX to membranes (Kiyatkin et al. 1995).

14.7 Enzymes

A variety of enzymes have been identified in spider venoms from 49 species,

belonging to 14 families (Kuhn-Nentwig et al. 2011). Most of these enzymes can

be separated into two groups, one that cleaves polymers in the extracellular matrix,

and the other one targeting phospholipids and related compounds in membranes.

The overall purpose of a co-injection of enzymes with toxins into a prey’s tissue is

obvious: by destroying the barrier of extracellular matrix and cell membranes, the
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toxins can reach their targets faster. Additionally, the proteolytic activity of some of

these enzymes may facilitate the subsequent preoral digestion.

Hyaluronidases, historically the first enzymes found in spider venoms, cleave the

mucopolysaccharide hyaluronan (hyaluronic acid), a major constituent of the extra-

cellular matrix. This facilitates the spread of toxins and further venomous

compounds, and therefore it has been frequently termed “spreading factor” (e.g.

Bettini 1978). Hyaluronidases differ slightly between spider species since their

apparent molecular mass varies between 32 and 44 kDa. A second major group of

enzymes targeting the extracellular matrix is collagenases. These are matrix

metalloproteases, cleaving peptide bonds between proline and other amino acid

residues in collagen, a key compound in the animal extracellular matrix.

Cell membranes of living organisms consist of a lipid bilayer that is mainly

composed of phospholipids. Inner and outer surfaces differ in chemical composi-

tion with phosphatidylcholine, sphingomyelin and a variety of glycolipids deter-

mining the outer surface. These molecules are the targets of various hydrolase

enzymes breaking down the phosphodiester bond (phosphodiesterase), degrading

sphingomyelin (sphingomyelin phosphodiesterase or sphingomyelinase D) or

hydrolysing phospholipids (phospholipases). Since sphingomyelinase D also

hydrolyses lysoglycerophospholipids or lysophosphatic acid, it is now usually

called phospholipase D. Phospholipase D became a famous case among spider

venom enzymes because sicariids are the spider family relying to the highest degree

on the activity of these enzymes when subduing a prey (Binford et al. 2009; see also

Binford 2013). Loxosceles venom is very potent, and due to its enzymatic nature, it

is the only venom which causes necrotic effects in humans.

It is obviously very efficient to support the effect of neurotoxic components by

enzymes which facilitate spreading. So far, enzymes targeting the extracellular

matrix or membrane compounds have only been found in a few spider species, but

we assume that it is much more common in spider venoms.

14.8 Evolutionary Strategies of Spider Venom

Spiders possess venom glands to produce venom that they use primarily to paralyse

and /or kill their prey items. The main strategy to reach these goals seems to rely

mainly on mini-proteins. Most spiders investigated so far possess a variety of mini-

proteins in their venom glands. It is, however, difficult to decide whether mini-

proteins or low molecular mass compounds represent the plesiomorphic repertoire

of all spiders, since we have no information on the venom composition of the most

plesiomorphic spider group (Mesothelae).

Unfortunately, we still have only very limited knowledge on spider venoms,

derived from some 0.4 % of all known spider species, belonging to less than one

third of the known families. This research bias was driven by a selection towards

large and easily accessible spiders and species of medical importance, while other

important and large groups were completely neglected. At this stage, generalisations

are risky but some general trends are nevertheless observable.
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Since the venoms frommany mygalomorph species contain many mini-proteins, a

variety of low molecular mass compounds and enzymes, we assume that early in the

evolution of spider venoms, this turned out to be a very well-functioning and reliable

mixture. Nevertheless, numerous modifications, changes and replacements have

occurred, which we summarise here as three main lines of evolutionary change:

1. Mini-proteins are permanently modified. Structurally, mini-proteins can be

considered superficially as similar peptides, most of them in the range of

3–8 kDa. However, the variation of only a few features such as molecular target

(functional diversity), sequence variations, number of cysteines or size (struc-

tural diversity) yields a nearly endless number of different toxins. In many spider

species, dozens of mini-proteins occur and the record so far consists of 166 mini-

proteins known from one peptidomic study on the theraphosid Haplopelma
hainanum (Tang et al. 2010). Quite often, the difference between the structures

of two peptides consists only in an exchange of one amino acid, which can result

in drastic changes of potency and/or selectivity.

2. Supporting mechanisms or synergisms between mini-proteins and other

components, namely, low molecular mass compounds, linear peptides and

enzymes, frequently increase their effect. This can be achieved either by directly

attacking neuronal or muscular cells or by destroying their membranes or target

tissue so that mini-proteins have easier access to their targets. The first may be

achieved by a variety of neurotransmitters and further neuroactive compounds,

the latter by linear peptides or enzymes. This enables the spider to inject less

venom to get the same result, suggesting that energetic reasons are the main

driver (Wullschleger et al. 2004, 2005).

3. If mini-proteins can be substituted by something better, it is obvious that they

should be replaced, partially or completely. There are at least three examples of

spider groups where mini-proteins have been more or less completely replaced

by “better” compounds. The first is given by Araneidae and Nephilidae, relying

mainly or exclusively on amino acids containing acylpolyamines. A second

example concerns Theridiidae which replaced mini-proteins by large neurotoxic

proteins. Thirdly, the venom of sicariids contains predominantly a highly effec-

tive phospholipase D. Also the increasing appearance of linear peptides in

ctenids and some related families (Lycosoidea) can be interpreted as an

approach of substituting venom components by such cytolytic peptides.

These changes and modifications are part of the evolutionary arms race to

optimize the venom composition permanently, but they also pose the question as

to which kind of venom may be “better”. Since the amount of venom needed to

subdue a given prey item is a crucial factor, comparative biotests may give an

answer. Tests with 14 spider species from 12 families showed that the LD50 for the

cockroach Blatta orientalis varies between 0.3 and 542 ng dry venom/mg insects,

i.e. over more than three orders of magnitude. The best results, however, were

achieved from venoms with very different venom strategies (the theraphosid

Avicularia metallica with mini-proteins, the sicariid Loxosceles deserta with phos-

pholipase D and the theridiid Latrodectus hesperus with large neurotoxic proteins)
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and varied in a much smaller range between 0.9 and 10 ng dry venom/mg insect

(Friedel and Nentwig 1989; Nentwig et al. 1992). This indicates that different main

classes of spider venom components can be more or less equally toxic and success-

ful, but the variation within venom components or spider families is much larger.

14.9 Conclusions

Spider venoms contain a huge diversity of compounds that can be classified into six

major categories: low molecular mass compounds, acylpolyamines, linear cationic

peptides, cysteine-rich mini-proteins, large neurotoxic proteins and enzymes. The

venoms frommanymygalomorph species, containing several mini-proteins, a variety

of low molecular mass compounds and enzymes, represent a very well-functioning

and reliable mixture and may be seen as the basic form of spider venoms. Neverthe-

less, numerous modifications, changes and replacements have occurred. At least three

spider groups developed very different venom compositions: Araneidae and

Nephilidae rely mainly on amino acids containing acylpolyamines, Theridiidae

have developed large neurotoxic proteins and Sicariidae venoms predominantly

contain phospholipase D.

References

Bettini S (1978) Arthropod venoms. Handbook of experimental pharmacology. Springer, Berlin

Binford G (2013) The evolution of a toxic enzyme in Sicariid spiders. In: Nentwig W (ed) Spider

ecophysiology. Springer, Heidelberg (this volume)

Binford GJ, Bodner MR, Cordes MH, Baldwin KL, Rynerson MR, Burns SN, Zobel-Thropp PA

(2009) Molecular evolution, functional variation, and proposed nomenclature of the gene

family that includes sphingomyelinase D in sicariid spider venoms. Mol Biol Evol 26:547–566

Chesnov S, Bigler L, Hesse M (2001) The acylpolyamines from the venom of the spider

Agelenopsis aperta. Helv Chim Acta 84:2178–2197

Friedel T, Nentwig W (1989) Immobilizing and lethal effects of spider venoms on the cockroach

and the common mealbeetle. Toxicon 27:305–316

Grishin EV (1998) Black widow spider toxins: the present and the future. Toxicon 36:1693–1701

Herzig V, King G (2013) The neurotoxic mode of action of venoms from the spider family

Theraphosidae. In: Nentwig W (ed) Spider ecophysiology. Springer, Heidelberg (this volume)

Itagaki Y, Nakajima T (2000) Acylpolyamines: mass spectrometric analytical methods for

Araneidae spider acylpolyamines. J Toxicol Toxin Rev 19:23–52

Itagaki Y, Fujita T, Naoki H, Yasuhara T, Andriantsiferana M, Nakajima T (1997) Detection of

new spider toxins from a Nephilengys borbonica venom gland using on-line m-column HPLC

continuous flow (FRIT) FAB LC/MS and MS/MS. Nat Toxins 5:1–13

Kiyatkin NI, Kulikovskaya IM, Grishin EV, Beadle DJ, King LA (1995) Functional characteriza-

tion of black widow spider neurotoxins synthesised in insect cells. Eur J Biochem 230:854–859

Kozlov SA, Vassilevski AA, Feofanov AV, Surovoy AY, Karpunin DV, Grishin EV (2006)

Latarcins, antimicrobial and cytolytic peptides from the venom of the spider Lachesana
tarabaevi (Zodariidae) that exemplify biomolecular diversity. J Biol Chem 281:20983–20992

Kuhn-Nentwig L (2003) Antimicrobial and cytolytic peptides of venomous arthropods. Cell Mol

Life Sci 60:2651–2668

14 Main Components of Spider Venoms 201



Kuhn-Nentwig L (2009) Cytolytic and antimicrobial peptides in the venom of scorpions and

spiders. In: de Lima ME (ed) Animal toxins: state of the art. Editora UFMG, Belo Horizonte

Kuhn-Nentwig L, Nentwig W (2013) The cytotoxic mode of action of the venom of Cupiennius
salei (Ctenidae). In: NentwigW (ed) Spider ecophysiology. Springer, Heidelberg (this volume)

Kuhn-Nentwig L, Schaller J, Nentwig W (1994) Purification of toxic peptides and the amino acid

sequence of CSTX-1 from the multicomponent venom of Cupiennius salei (Araneae:

Ctenidae). Toxicon 32:287–302
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Chapter 15

The Neurotoxic Mode of Action of Venoms

from the Spider Family Theraphosidae

Volker Herzig and Glenn F. King

15.1 Introduction

The family Theraphosidae includes 939 species from 121 genera (Platnick 2012).

Theraphosid spiders are typically large (body length up to 10 cm; leg span up to

30 cm), and this group includes the largest extant spider, Theraphosa blondi. They
primarily hunt on or near the ground, although there are a few arboreal species.

These spiders are commonly known as “tarantulas,” which is somewhat misleading

because the “real” tarantula (Lycosa tarantula, an Italian wolf spider) was described
in 1758 by Linnaeus, the inventor of the binominal nomenclature for taxonomic

classification. We are not aware of any mention of the term “tarantula” before 1758,

and thus we suggest using the term “theraphosid” for all members of the family

Theraphosidae, in line with the naming of their venom proteins as theraphotoxins

(King et al. 2008b). “Bird-eating spiders” are another common misnomer used for

theraphosids, since they mostly do not prey on birds. This term originates from a

copper engraving done by the German artist Maria Sibylla Merian when she visited

Surinam in 1699–1701, which shows a theraphosid spider eating a hummingbird.

Theraphosids belong to the infraorder of spiders known as mygalomorphs in

which the fangs move in an up-and-down fashion and the venom glands are located

in the basal segment of the chelicerae. This contrasts with modern araneomorph

spiders in which the fangs move laterally against one another and the venom glands

extend into the prosoma (Kuhn-Nentwig et al. 2011). Although theraphosids are

found on all continents except Antarctica, they are most abundant in subtropical and

tropical climates. They do not rely on silk for capturing prey. Instead, they wait in

their burrow entrance (or in the close vicinity) for passing prey, which is quickly

grasped with the fangs and incapacitated by venom injection. Theraphosids are

generalist predators, and larger species will hunt not just invertebrates but also
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small vertebrate prey including amphibians, reptiles, birds, and mammals. Thus,

theraphosid venoms contain toxins active against a wide range of vertebrate and

invertebrate species, which has made theraphosid venom peptides valuable as

pharmacological tools and as leads for the development of new drugs (see

Stoecklin, this volume; Saez et al. 2010) and bioinsecticides (Windley et al. 2012).

As a group, the venoms of theraphosids have been more widely studied than the

venoms of any other family of spiders. Their large size, high venom yields, and long

lifespan (>20 years) enable them to be kept for extended periods under laboratory

conditions in order to collect venom for research purposes. Furthermore, many

theraphosids are widely distributed in the pet trade, which facilitates sourcing of

specimens for research.

15.2 Theraphosid Bites

Despite their size and their fearsome reputation, there has not been a single

documented fatality caused by theraphosid bites (see also Nentwig and Kuhn-

Nentwig, this volume). Studies from Brazil (Lucas et al. 1994) and Australia

(Isbister et al. 2003) have shown that theraphosid bites only induce mild localized

symptoms such as pain, bleeding from the bite site, and, in rare cases, mild systemic

effects such as nausea and vomiting. Theraphosid bites are therefore unlikely to

pose a serious health threat, despite some Australian species exhibiting lethal

effects in canines (Isbister et al. 2003). There may be exceptions as some African

and Asian theraphosid species, in particular the genus Poecilotheria, have been

involved in more severe, systemic envenomations in keepers of pet spiders (Ahmed

et al. 2009). Symptoms after Poecilotheria envenomation include severe pain,

vomiting, muscle cramps throughout the entire body that can occur up to several

weeks after the bite, breathing difficulties, increased heart rate, and even uncon-

sciousness. The severity of these bites is supported by our own observation that

spiders from the genus Poecilotheria have a very high venom yield compared with

other theraphosids of similar size (Herzig 2010).

15.3 Theraphosid Venom Composition

Similar to venoms from other spiders, the composition of theraphosid venoms is

extremely complex (Fig. 15.1) due to the presence of a variety of low molecular

compounds, peptides, and enzymes (Escoubas and Rash 2004; Kuhn-Nentwig et al.

2011), as outlined in the following sections.
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Fig. 15.1 Reverse-phase HPLC chromatograms showing the relative complexity of selected

theraphosid venoms. Dried venom (1.0 mg) from four different female theraphosids was dissolved

in solvent A [0.1 % formic acid (FA) in water], loaded onto a C18 analytical column

(Phenomenex; 5 mm, 4.6 mm � 250 mm), and eluted with a gradient of solvent A and solvent B

(90 % acetonitrile and 0.1 % FA in water) (dashed line, right ordinate axis). Peak elution was
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15.3.1 Low Molecular Weight Compounds

It has been reported that, in comparison to hemolymph, theraphosid venom contains

increased K+ and decreased Na+ concentrations (Kuhn-Nentwig et al. 2011). The

high K+ concentration may contribute to venom toxicity by causing depolarization

of axonal fibers in the vicinity of the venom injection site. Citric acid has also been

found in several theraphosid venoms, and various functional roles have been

discussed (see also Nentwig and Kuhn-Nentwig 2013). Nucleotides such as ATP,

ADP, and AMP are also present in theraphosid venoms, as well as amino acids (e.g.,

glutamic acid) and biogenic amines (e.g., histamine, octopamine, and serotonin)

(Kuhn-Nentwig et al. 2011). While histamine and serotonin might serve a defensive

function by inducing pain, octopamine is used as a fight or flight hormone in insects,

being involved in the control of flight muscles (Kuhn-Nentwig et al. 2011).

Octopamine might therefore be used to affect the activity of insect muscles,

whereas the acetylcholine reported from theraphosid venoms is thought to affect

the insect central nervous system, where acetylcholine is the main excitatory

transmitter. Acylpolyamines are another class of small molecular weight

compounds (<1,000 Da) found in theraphosid venoms (Escoubas and Rash 2004;

Kuhn-Nentwig et al. 2011). Acylpolyamines are composed of a polyamine plus an

aromatic end moiety, and they cause paralysis primarily by modulating the activity

of ionotropic receptors (AChR and GluR) in both invertebrate and vertebrate prey

(Kuhn-Nentwig et al. 2011).

15.3.2 Peptides

The main component of theraphosid venoms are disulfide-rich peptides, also called

mini-proteins, most of which have masses ranging from 2.6 to 7.2 kDa (27–65

amino acid residues) although a few are larger (Escoubas and Rash 2004); almost

1,000 such peptides have been described to date (Herzig et al. 2011). These venom

peptides have evolved through a process of gene duplication and massive sequence

divergence, so that each theraphosid typically produces multiple isoforms

(paralogs) of each peptide toxin (Sollod et al. 2005). Some of these paralogs differ

by only a single amino acid residue. Theraphotoxins account for 25 % of all venom

proteins in the ArachnoServer database (Herzig et al. 2011) even though they

represent only ~2 % of all spiders. They are overrepresented due the factors

outlined in Sect. 15.1, including their large size and ready availability through the

pet trade. In the following sections, we will explain the reason for the extraordinary

stability of most theraphosid venom peptides (Sect. 15.4) and provide some insights

into their mode of action (Sect. 15.5).

Fig. 15.1 (continued) monitored using absorbance at 214 nm (solid line, left ordinate axis.) The

venoms were sourced from Asian (upper two panels), African (third panel), and American (bottom
panel) theraphosid species

206 V. Herzig and G.F. King



15.3.3 Enzymes

Enzymes reported from theraphosid venoms include hyaluronidase, phosphodiester-

ase, and proteases (see also Nentwig and Kuhn-Nentwig 2013). No sequence infor-

mation has been obtained for any of these proteins, and hence their evolutionary

relationship to enzymes from other spiders and other venomous animals remains

unclear (Kuhn-Nentwig et al. 2011). It has been speculated that these enzymes serve

the purpose of destroying the extracellular matrix and cell membranes in order to

facilitate the anatomical spread of smaller peptide toxins in envenomated prey or

predators. A possible predigestive role for these enzymes has also been discussed

(Kuhn-Nentwig et al. 2011), but most preoral digestion is likely to be carried out by

enzymes in the digestive juices that are regurgitated onto the prey.

15.4 Three-Dimensional Structure of Theraphotoxins

3D structures have been determined for only 44 spider-venom peptides, and half of

these are theraphotoxins. 20 of the 22 theraphotoxin structures that have been

solved contain an inhibitor cystine knot (ICK) motif (Fig. 15.2a); one comprises a

Kunitz-type fold (Fig. 15.2b); and one has an unusual structure and disulfide

configuration (Fig. 15.2c). All of these theraphotoxins contain three disulfide

bonds, and only the single theraphotoxin with a Kunitz-type fold is larger than

4.3 kDa. Thus, the structure of theraphotoxins in the mass range 4.3–13 kDa, as well

as those with more than three disulfide bonds, remains largely unexplored. Thus,

additional theraphotoxin 3D scaffolds are certain to be discovered in future.

The dominance of ICK motifs in the solved structures of theraphotoxins is

reflective of the widespread dominance of this motif in spider venoms. ICK toxins,

also known as knottins (Gracy and Chiche 2011), represent a basal recruitment into

the venoms of spiders. Ancestrally recruited ICK genes have been extensively

duplicated and diversified to the point where they dominate the peptidome of

most spider venoms. There are two properties that account for the dominance of

this structural motif: stability and sequence plasticity. The ICK motif is defined as

an antiparallel b-sheet stabilized by a cystine knot. In spider toxins, the b-sheet
typically comprises only two b-strands (Fig. 15.2a) although a third N-terminal

strand is sometimes present. The cystine knot consists of a ring formed by two

disulfide bridges and the intervening sections of peptide backbone, with a third

disulfide bond piercing the ring to create a pseudo-knot. This “knot” provides these

small peptides with exceptional chemical, thermal, and biological stability; they are

resistant to extremes of pH, organic solvents, high temperatures, and proteases.

Moreover, the marked insensitivity of the ICK scaffold to changes in intercystine

residues has enabled spiders to develop diverse pharmacologies using subtle

variations on the same disulfide framework (Saez et al. 2010; Gracy and Chiche

2011). The stability and pharmacological plasticity conferred by the ICK motif has
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resulted in many theraphotoxins becoming leads for the development of new

therapeutics (Saez et al. 2010; Klint et al. 2012; Oldrati et al. 2013) and

bioinsecticides (Windley et al. 2012).

15.5 Mechanism of Action of Theraphosid Peptide Toxins

Theraphosid toxins act on a range of molecular targets, with the majority having a

neurotoxic mode of action (Fig. 15.3). The primary molecular targets are ion

channels, including voltage-gated potassium, calcium and sodium channels,

mechanosensitive channels, transient receptor potential channels, and acid-sensing

ion channels. Some theraphosid toxins were identified as lectins or protease

inhibitors. However, the molecular target has not been determined for ~60 % of

all described theraphotoxins (Herzig et al. 2011), and therefore it is quite likely that

the range of targets identified for these toxins will increase in future as a wider

range of in vitro assays are developed. In Sects. 15.5.1–15.5.8, we provide an

overview of the major molecular targets of theraphotoxins before we discuss in

Sect. 15.6 how different venom components interact to ensure rapid and permanent

immobilization of prey.

Fig. 15.2 Examples of the three structural folds reported thus far for theraphotoxins: (a) k-TRTX-
Gr3a from Grammostola rosea (VSTX1; PDB coordinate file 1S6X) contains an inhibitor cystine

knot (ICK) motif; (b) k-TRTX-Hh1a fromHaplopelma schmidti (huwentoxin-XI; PDB coordinate

file 2JOT) has a Kunitz-type fold; (c) U1-TRTX-Hh1a also from Haplopelma schmidti
(huwentoxin-II; PDB coordinate file 1I25) has a novel disulfide connectivity and 3D scaffold.

The N- and C-termini are labeled on each structure, and disulfide bonds are shown as thick tubes.

Disulfide connectivities are shown below each structure
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15.5.1 Potassium Channels

The functions of voltage-gated potassium (KV) channels are almost as diverse as the

myriad of different KV channel subtypes. The involvement of KV channels in

neurotransmitter release by inducing the repolarization phase of the action potential

in vertebrates and invertebrates makes them a primary target for spider toxins. Not

surprisingly, more than one third of all theraphotoxins with a known target act on

KV channels, typically with half maximal inhibitory concentration (IC50) values in

the nanomolar range. These toxins range in size from 29 to 55 residues, with all of

them containing three disulfide bonds (Herzig et al. 2011). The most potent of these

toxins is k-TRTX-Sc1a (stromatoxin-1) from Stromatopelma calceatum with an

IC50 of 1.2 nM on vertebrate KV4.2 channels (Herzig et al. 2011).

15.5.2 Calcium Channels

Voltage-gated calcium (CaV) channels are key signal transducers that convert cell

membrane depolarization into an influx of extracellular calcium ions, thereby

mediating a wide range of critical intracellular processes including muscle contrac-

tion and neurotransmitter release. Whereas vertebrates express ten different

subtypes with some functional overlap, insects express only three subtypes with

apparently little or no functional redundancy as knockout of the corresponding

channel genes is embryonic lethal (King 2007). Thus, CaV channels are clearly

Fig. 15.3 Summary of molecular targets for the 200 theraphosid peptide toxins listed in the

ArachnoServer database (www.arachnoserver.org; accessed February 21, 2012) (Herzig et al.

2011). The majority of toxins with known molecular target act on voltage-gated ion channels (KV,

CaV, and NaV), followed by mechanosensitive ion channels (MSCs) and transient receptor potential

(TRP) channels. Lectins and serine protease inhibitors are also found in theraphosid venoms as well

as toxins targeting acid-sensing ion channels (ASICs). Note that some toxins have more than one

molecular target and therefore the cumulative number of toxins in the histogram is >200
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excellent targets for immobilizing insect prey, and consequently, this pharmacol-

ogy is common in theraphosid venoms; 26 % of all theraphotoxins with a known

mode of action modulate the activity of CaV channels. Many theraphosid CaV
channel toxins are active in the low nanomolar range; the most potent CaV channel

toxin from theraphosid venoms is o-TRTX-Hg1a (SNX482) from Hysterocrates
gigas with an IC50 of 30 nM on vertebrate CaV2.3 channels (Herzig et al. 2011). All

theraphosid CaV channel toxins have three disulfide bonds, and their size varies

from 28–42 residues.

15.5.3 Sodium Channels

Voltage-gated sodium (NaV) channels provide the current pathway for the rapid

depolarization of excitable cells that is required to initiate action potentials. Nine

different subtypes of mammalian NaV channels have been described, whereas only

one subtype is present in invertebrates with a high level of sequence conservation

(87–98 % identity) across a wide range of insect orders (King et al. 2008a). The

presence of a single NaV channel subtype in insects makes it an ideal target for

spider toxins that aim to incapacitate invertebrate prey as exemplified by the fact

that many chemical insecticides target this channel. It is therefore no surprise that a

quarter of all theraphotoxins with known mode of action affect NaV channels.

Theraphosid NaV channel toxins vary in size from 29 to 39 residues, all with

three disulfide bonds, and many of them are active in the low nanomolar range;

the most potent is b/o-TRTX-Tp2a (protoxin-2) from Thrixopelma pruriens with
an IC50 of 0.3 nM on human NaV1.7 channels (Klint et al. 2012). All NaV channel

toxins from spider venoms are allosteric modifiers or “gating modifiers”; they do

not occlude the channel pore but instead bind to an allosteric site that induces a

conformational change in the channel that alters the equilibrium between the open,

closed, and inactivated states (Klint et al. 2012). These toxins can induce excitatory

symptoms in prey, ultimately leading to paralysis (e.g., by inhibiting channel

inactivation like the d-theraphotoxins), or they can induce a flaccid paralysis

(e.g., by causing a hyperpolarizing shift in the voltage dependence of channel

activation like the b-theraphotoxins).

15.5.4 Mechanosensitive Channels

Mechanosensitive channels (MSCs) have been implicated in a variety of physio-

logical processes, and they are thought to play a key role in modification of the

electrical and contractile activity of muscle tissue. Five theraphotoxins, each

containing 31–35 residues and three disulfide bonds, are currently known to act

on MSCs (Bowman et al. 2007). The most potent of these mechanotoxins is M-

TRTX-Gr1b (GsMTx4) from Grammostola rosea with a Kd of 240 nM against
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stretch-activated channels in rat astrocytes. However, it remains unclear whether

the activity of these toxins on MSCs contributes directly to incapacitation of prey or

predators, or whether other channels are the primary target of these toxins. The fact

that one of these toxins, k-TRTX-Ps1b (phrixotoxin-2) from Paraphysa scrofa,
blocks KV4.2 channels with an IC50 of 34 nM compared with its 176-fold higher Kd

of 6 mM on MSCs in rat astrocytes supports this hypothesis.

15.5.5 Transient Receptor Potential Channels

Three toxins from the venom of the Trinidad chevron tarantula Psalmopoeus
cambridgei, each containing 34–35 residues and three disulfide bonds, are weak

agonists (ED50 of 320 nM–11.9 mM) of a subtype of transient receptor potential

(TRP) channel known as TRPV1 (Siemens et al. 2006). TRPV1 is involved in body

temperature regulation and the nociceptive response to scalding heat. TRPV1 is

also the receptor for capsaicin, the active component of chilli peppers, and activa-

tion of the receptor in vertebrates produces a burning pain. Thus, the TRPV1

agonists from theraphosid venoms may play a defensive role against vertebrate

predators. However, these toxins are also active at KV channels, and it is possible

that vertebrate TRPV1 channels are an incidental target of the toxins and that their

primary target in terms of the ecology of theraphosids is an entirely different

channel that they target with higher potency.

15.5.6 Acid-Sensing Ion Channels

p-TRTX-Pc1a (PcTx1), a 40-residue toxin with three disulfide bonds from the

venom of Psalmopoeus cambridgei, is the most potent and selective blocker

known of acid-sensing ion channel (ASIC) 1a, with an IC50 of 0.9 nM on rat

ASIC1a (Saez et al. 2010). Block of ASIC1a is associated with an anti-nociceptive

effect in mammals (Saez et al. 2010) which would counteract the putative defensive

role of theraphosid toxins that activate TRPV1. Moreover, since ASICs are

restricted to chordates (Saez et al. 2010), such a toxin would be ineffective against

non-vertebrate prey and predators. Thus, it is possible that p-TRTX-Pc1a might

have other yet to be identified molecular targets. Another possibility is that this

toxin plays a role in deadening the sensory circuits of prey (discussed in Sect. 15.6).

15.5.7 Other Targets

Two isoforms of a 55-residue serine protease inhibitor have been isolated from the

venom of the Chinese species Haplopelma schmidti (previously H. huwenum)
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(Liang 2004). Although these toxins contain three disulfide bonds, they deviate

from the typical ICK scaffold found in most theraphosid toxins and instead contain

a Kunitz domain (Fig. 15.2b). Inhibiting serine proteases could help prevent

inactivation of other venom toxins by proteases in the prey or predator. Three

lectins (32–34 residues, 3 disulfide bonds) have also been isolated from the venom

of the same theraphosid. However, their role in prey incapacitation remains unclear,

as they have very low toxicity in both vertebrates and insects (Liang 2004).

15.5.8 Unknown Targets

The molecular target remains unknown for ~60 % of all reported theraphosid

venom peptides. The main reason is that many toxin sequences have been derived

from venom-gland transcriptomes and there have been no studies of their activity or

molecular target. Many of these toxins are likely to act on one of the molecular

targets mentioned in Sects. 15.5.1–15.5.7. However, the large variation in size

(27–116 residues) and in the number of disulfide bonds (1–5) in these toxins

suggests that some of them might act on new molecular targets that have not yet

been reported for theraphotoxins. Interesting examples of theraphosid toxins with

unknown molecular target include the peptides U1-TRTX-Pc1a and U2-TRTX-

Pc1a, from the venom of Psalmopoeus cambridgei, which are reported to block

development of the intra-erythrocyte stage of the malaria parasite (Saez et al. 2010).

15.6 Toxin Cabals Maximize the Ability of Venom to

Incapacitate Prey

The concept of toxin cabals was first introduced by Olivera to explain how groups

of venom peptides from marine cone snails could act synergistically to achieve the

same physiological end point in targeted prey (Olivera and Cruz 2001). For

example, the “lightning-strike cabal” causes immediate tetanic immobilization of

fish prey; it requires at least one d-toxin that inhibits inactivation of NaV channels

plus a second k-toxin that blocks KV channels. The simultaneous block of KV

channels and sustained opening of NaV channels cause massive depolarization of

axonal fibers near the venom injection site, which leads to tetanic paralysis. Both d-
and k-theraphotoxins are present in the venom of the Chinese theraphosid

Chilobrachys guangxiensis (previously C. jingzhao), indicating that at least some

theraphosid venoms might contain lightning-strike cabals.

Some fish-hunting cone snails also contain a set of individually paralytic peptide

toxins that together form a “motor cabal” that potently abolishes neuromuscular

transmission (Olivera and Cruz 2001); this cabal sets in after the lightning-strike

cabal. Numerous m-, b-, and o-theraphotoxins could be classified within the
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motor cabal. In contrast to the lightning-strike and motor cabals, some fish-hunting

cone snails appear to employ a “nirvana cabal” to deaden the sensory circuitry and

place prey in a relaxed and sedated state. This nirvana cabal is achieved by

combining an antagonist of NMDA receptors (a specific type of ionotropic gluta-

mate receptors) and a potent analgesic. Free glutamate present in theraphosid

venoms will activate ionotropic glutamate receptors in the prey immediately after

venom injection, which will allow acylpolyamines present in the venom to access

these channels where they act as open-channel blockers. Theraphotoxins with

analgesic effects have also been reported, such as b/o-TRTX-Tp2a (protoxin II)

and p-TRTX-Pc1a which target NaV1.7 and ASIC1a channels, respectively (Saez

et al. 2010). Thus, a nirvana-type cabal might be present in some theraphosid

venoms where its role might be to make large and potentially dangerous prey easier

to handle. The analogies between cone snail and theraphosid venoms both at the

level of individual toxins and their groupings into cabals indicate that they have

independently evolved similar strategies for immobilizing prey.

Other components in the venom serve to maximize the potency of the disulfide-

rich peptide toxins that act on the neuronal circuitry of prey and predators. For

example, hyaluronidase most likely facilitates the anatomical spread of these toxins

in vertebrates, while serine protease inhibitors presumably serve to protect the

disulfide-rich toxins from proteolytic degradation by prey/predator proteases.

Thus, while the biochemical composition of a theraphosid venom might seem

inexplicably and perhaps unnecessarily complex at first, a closer examination

reveals that the venom is an extremely fine-tuned system of different components,

sometimes with a seemingly contradictory mode of action, that act together in a

synergistic, time-dependent manner to maximize the overall effect of the venom in

the prey. Moreover, in addition to venom components that are responsible for

incapacitating prey, other venom components that induce pain, such as histamine,

serotonin, and TRPV1 agonists, are likely to have a mainly defensive purpose.

15.7 Conclusions

The majority of the 939 extant theraphosid spiders are large, generalist predators of

both invertebrate and vertebrate prey. Their size and popularity in the pet trade

facilitates obtaining large amounts of a diverse range of venoms for research,

explaining why one quarter of all peptide toxins currently described in the

ArachnoServer database originate from theraphosid venoms, despite accounting

for only 2 % of the taxonomic diversity of spiders. Theraphosid venoms are

composed of a complex cocktail of low molecular weight compounds, peptides,

and enzymes. The main venom components are peptide toxins in the range of

2.6–7.2 kDa with a neurotoxic mode of action. Most theraphotoxins contain an

inhibitor cystine knot motif, which endows them with exceptional chemical and

thermal stability as well as resistance to proteases. By acting on ion channels in the

nervous system, such as KV, CaV, or NaV channels, these peptides induce paralysis
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and/or death of prey. Other toxins in their venoms inhibit proteolytic degradation,

while venom enzymes aid in the spread of toxins in prey and predators. Besides

toxins that are involved in prey incapacitation, theraphosid venoms also contain

components that induce pain in vertebrates, making them useful for predator

deterrence.
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Chapter 16

The Cytotoxic Mode of Action of the Venom

of Cupiennius salei (Ctenidae)

Lucia Kuhn-Nentwig and Wolfgang Nentwig

16.1 Introduction

The venom of the ctenid spider Cupiennius salei (Fig. 16.1) is rich in components

which belong to different functional groups. Besides low molecular mass

compounds, the venom contains several disulphide-rich peptides, also called

mini-proteins, which act as neurotoxins on ion channels or as enhancers of

neurotoxins. Likewise, a variety of small cytolytic peptides, which destroy

membranes very efficiently, and enzymes are present in the venom. Neurotoxins

with cytolytic activity, cytolytic a-helical small cationic peptides and enzymes

most probably attacking connective tissue and phospholipid membranes cause the

overall cytotoxic effect of this venom. Synergistic and enhancing interactions

between components enable the spider to achieve a maximum of toxicity with a

minimum of venom quantity.

16.2 Low Molecular Mass Compounds

The ion concentrations in the venom of Cupiennius salei are determined as Na+

8.9 mM, K+ 215 mM and Ca2+ 0.94 mM (Kuhn-Nentwig et al. 1994). The high K+

ion content synergistically increases the insecticidal activity of the main

neurotoxins CsTx-1 and CsTx-9 (Wullschleger et al. 2005). These concentrations

are the reverse of the concentrations found in the hemolymph of Cupiennius salei
(Na+ 223 mM, K+ 6.79 mM and Ca2+ 4.0 mM) (Loewe et al. 1970).

The venom contains all 20 standard amino acids, most of which at

concentrations below 25 pmol/ml; only glycine is more common (43.3 pmol/ml).
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Remarkable is the frequent occurrence of taurine (70.0 pmol/ml). Histamine was

determined with a concentration of 5.7 nmol/ml, and the polyamines putrescine and

cadaverine could be detected only in traces (3–18 pmol/ml) (Kuhn-Nentwig et al.

1994). Histamine is a known enhancer of the neurotoxic activity of the main

neurotoxin CsTx-1 (Wullschleger et al. 2005).

16.3 Disulphide-Rich Peptides

Until now, 43 different cysteine-containing peptides have been identified from the

cDNA library of Cupiennius salei venom glands (Kuhn-Nentwig, unpublished

results), and for 17 of them, the amino acid sequence data have been published

(Kuhn-Nentwig et al. 2004; Trachsel et al. 2012). Their molecular masses range

between 3.5 and 9.9 kDa, and some of them exhibit a C-terminal amidation as

posttranslational modification. Most of them contain an inhibitor cystine knot (ICK)

motif where the disulphide bridge bonds are between C1–C4, C2–C5, C3–C8 and

C6–C7. However, some of the peptides are characterised by the presence of only

two cysteines (CsTx-16), and some contain up to 14 cysteines.

The expressed neurotoxins and neurotoxin-like structures can be divided into three

groups: The first and most frequently expressed group (78.4 %) comprises the main

neurotoxin CsTx-1, followed by CsTx-9, CsTx-10 and CsTx-11 and the enhancer

peptides CsTx-8, CsTx-12 and CsTx-13 (Trachsel et al. 2012; Wullschleger et al.

2004) (Fig. 16.2). Interestingly, C-terminally truncated homologues of CsTx-1

(described as CsTx-2a, b), CsTx-9 (CsTx-7), CsTx-8 and CsTx-12 (CsTx-14) and

CsTx-13 (CsTx-15) have been isolated in small quantities from the venom and seem

to be rather posttranslational products than true translation products. All these

peptides exhibit a high homology to peptides also identified in a cDNA library of

Lycosa singoriensis (Zhang et al. 2010).

The second group is composed of neurotoxin-like structures (20 %) and we named

some of them (5.4 %) “ancient” neurotoxins or neurotoxin-like structures because

their structure is related to neurotoxins which have been published for the agelenids

Agelenopsis aperta and Agelena orientalis, the ctenid Phoneutria nigriventer
and the lycosid Geolycosa sp. In the Cupiennius salei venom, this group comprises

Fig. 16.1 Adult Cupiennius salei (Ctenidae). Left female spider, right male spider, dorsal view
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24 peptides; they account only for 20 % of the total expressed neurotoxin-like

structures, and their concentrations in the venom are very low (Fig. 16.2). Therefore,

we assume that a functional context can be excluded for some of them and evolution-

ary reasons could explain their existence.

The third peptide group differs from group 1 and 2 by the absence of an acidic

propeptide between the signal peptide and the mature peptide (1.6 %). CsTx-20 and

CsTx-21 homologues are more acidic peptides with isoelectric points (pI’s) between

4.85 and 6.06, exhibiting 10 cysteines and molecular masses between 7.2 and 9.9 kDa

(Kuhn-Nentwig, unpublished results; Trachsel et al. 2012) (Fig. 16.3).

16.3.1 Neurotoxins

The most abundant neurotoxin in the venom of Cupiennius salei is CsTx-1 with

concentrations between 1.4 and 3.3 mM. CsTx-1 exhibits an ICK motif and is

composed of 74 amino acid residues with a highly cationic amidated C-terminus.

This peptide is the most insecticidal neurotoxin in the venom, and its insecticidal

activity (LD50 0.35 pmol/mg Drosophila) is three to four times increased through

synergistic interactions with other neurotoxins, enhancers or cytolytic peptides

Fig. 16.2 Distribution of expressed neurotoxins and neurotoxin-like structures (N ¼ 625 contigs;

90 % assemblage) in the venom of Cupiennius salei. Group 1 peptides (compare text) exhibit the

ICK motif and possess C-terminally an a-helical structure (coloured in blue) but include also

CsTx-9, exhibiting only the ICK motif (coloured in red). Group 2 peptides (CsTx peptides and

ancient neurotoxin-like structures) are expressed only in low amounts (marked in yellow). Group 3
peptides (CsTx-20/21) exhibit no propeptide after the signal peptide (coloured in pink)
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(Kuhn-Nentwig et al. 2004; Wullschleger et al. 2004, 2005). Furthermore, CsTx-1

blocks insect (cockroach) mid/low voltage-activated and high voltage-activated

Cav channels and vertebrate L-type (GH3 cells) Cav channels (Kubista et al. 2007).

Reducing the C-terminal part of CsTx-1 results in considerable differences in the

LD50 values obtained in bioassays on Drosophila flies. In the case of CsTx-2a

(lacking the last 13 amino acid residues), the insecticidal activity is reduced to only

14 % and for CsTx-2b (lacking the last 14 amino acid residues) to less than 1 %

(Fig. 16.3). It is obvious that the C-terminal part of CsTx-1 plays an important role

in its toxicity even though a synthetically produced peptide containing only the C-

terminal last 13 amino acids, which we named CT1-short, shows no insecticidal

activity. Also, CT1-short has no effect on the insecticidal activity of CsTx-1,

CsTx2a or CsTx2b when administered together (Kuhn-Nentwig et al. 2000).

Secondary structure prediction of the C-terminal part of CsTx-1 resulted in a

putative a-helix. However, such a putative C-terminal a-helical structure is only

possible in CsTx-1 and in CT1-long (this synthetically produced peptide

corresponds to amino acid residues 45–74 of CsTx-1) and not in CsTx-2a, CsTx-

2b and CT1-short, as verified by CDmeasurements of these peptides in the presence

of membrane-mimicking trifluoroethanol. Investigations of CsTx-1 and CT1-long

on prokaryotic and eukaryotic cell membrane systems exhibit an unspecific

membranolytic activity of both peptides in the micromolar range on prokaryotic

Fig. 16.3 Overview of cysteine-containing neurotoxins and neurotoxin-like structures identified

in the venom of Cupiennius salei. Cysteine residues are in bold type and shaded in grey. The
disulphide bridge pattern [ICK motif; single interchain disulphide bridge (CsTx-16) or unassigned

disulphide bridge pattern (CsTx-20/21)] are indicated above the sequences. Possible a-helical
parts in the C-terminal part of the peptides are boxed in bold and italic. C-terminal amidation is

indicated by an asterisk
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and eukaryotic cells. This membranolytic activity exhibits different preferences of

CsTx-1 and CT1-long depending on the tested membrane system (Kuhn-Nentwig

et al. 2012).

Synergistic interactions between neurotoxins and low molecular mass

compounds or between neurotoxins and enhancer peptides or cytolytic peptides

are well documented (Adams 2004; Wullschleger et al. 2004, 2005), but a syner-

gistic interaction within one peptide points to a further possibility to increase the

toxicity of venom compounds. CsTx-1 exhibits two structurally different domains:

In the N-terminal position, the ICK motif is responsible for the Ca2+ channel

inhibition, and in the C-terminal position, an a-helix motif exhibits cytolytic

activity (Kuhn-Nentwig et al. 2012) (Fig. 16.4).

Besides CsTx-1, so far two further neurotoxins in the venom of Cupiennius salei,
CsTx-10 and CsTx-11, and the enhancer peptides, CsTx-8, CsTx-12 and CsTx-13,

possess a comparable C-terminal extension in which secondary structure

predictions identified a putative C-terminal a-helical structure. Also from another

spider, the miturgid Cheiracanthium punctorium, a two-domain modular toxin

CpTx-1a has been reported (Vassilevski et al. 2010), which could point to a

common strategy of higher entelegyne spiders for the enhancement of the toxicity

of one peptide. This strategy is also known for some scorpion venom-derived

Fig. 16.4 (a) CsTx-1 inhibits a Ca2+ channel after attraction and anchoring with its highly cationic

C-terminus to the cell membrane at negatively charged cell structures such as phospholipids with

negatively charged head groups (red) or rafts of such negatively charged phospholipids. Ion-

channel inhibition may take place by direct binding to the ion channel or binding to negatively

charged lipid rafts, thus influencing the membrane architecture surrounding the ion channel. (b) In

higher concentrations and in absence of the target ion channel, CsTx-1 acts membranolytic by

disturbing the membrane architecture after binding to negatively charged phospholipids, nega-

tively charged lipid rafts or negatively charged glycoproteins
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peptides exhibiting a putative a-helical N-terminus and a CSab motif fold

originated from three disulphide bridges located C-terminally (Kuhn-Nentwig

2009).

16.3.2 Enhancer Peptides

CsTx-8, CsTx-12, CsTx-13 and the C-terminally truncated peptides CsTx-14 and

CsTx-15 stand for the enhancer peptides that enhance in non-toxic concentrations the

insecticidal activities of CsTx-1 and CsTx-9 (Trachsel et al. 2012; Wullschleger et al.

2004, 2005). These peptides differ from the above-mentioned neurotoxins by a

further posttranslational modification in which, after amino acid residue 34, six

amino acid residues are posttranslationally removed (Kuhn-Nentwig, unpublished

results). This results in two peptide chains A and B, connected by the two disulphide

bridges C3–C8 and C6–C7. Identification of the disulphide bridge pattern of CsTx-13

by nanoelectrospray tandem MS revealed the ICK motif as described above for

CsTx-1 (Wullschleger et al. 2004). The C-terminus of chain B is also posttransla-

tionally amidated in CsTx-8, CsTx-12 and CsTx-13. Interestingly, peptide chains B

of CsTx-8, CsTx-12 and CsTx-13 exhibit, after secondary structure predictions, an a-
helix motif which may act membranolytically as described for CsTx-1. The insecti-

cidal activity of CsTx-13 (LD50 value 16.3 pmol/mg Drosophila fly) seems to be the

weakest when compared with CsTx-9 (LD50 value 3.12 pmol/mg fly) and CsTx-2a

(LD50 value 2.58 pmol/mg fly).

16.4 Cytolytic Peptides

16.4.1 Overview

The venom of Cupiennius salei contains many membranolytically acting peptides

(cupiennins) with molecular masses between 1.5 and 4.2 kDa. They exert a strong

cytolytic activity towards prokaryotic and eukaryotic cells (Kuhn-Nentwig et al.

2002b). The cupiennin 1 (a–d) and cupiennin 2 (a–e) families are characterized by

35 amino acid residues, pI’s between 10.2 and 10.5 and net charges from +6 to +7.

These highly cationic peptides exhibit hydrophobic N-termini composed of six

amino acid residues which are followed by six repeats (cupiennin 1 family) or five

repeats (cupiennin 2) of four amino acids, which form the central part of the peptide

chain, with lysine always in first position. The C-termini are more polar, and more

than 40 % of all amino acid residues are hydrophobic. Due to well-defined
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hydrophobic and hydrophilic areas within the a-helix, the peptides reach an amphi-

philic conformation which is essential for their cytolytic activity (Powers and

Hancock 2003).

Furthermore, small cationic peptides (SCP), as the cupiennin 3 (SCP 3a–d; 27

amino acid residues) and cupiennin 4 (SCP 4a, b; 27 amino acid residues) families,

are characterised by the absence of two to three repeats in the central part of the

peptides when compared with the cupiennin 1 family. Nevertheless, these peptides

exhibit pI’s between 10.4 and 11.2, have net charges from +5 to +7 and are also C-

terminally amidated such as the cupiennin 1 and 2 families. Besides these, several

N-terminally or C-terminally truncated forms of the cupiennin 1 (SCP 1a–h) and 4

families (SCP 4c–g) have been identified (Trachsel et al. 2012). Currently, it is not

clear if some of them are posttranslational products of known cupiennins or

products of simple, binary or complex precursors as described for the latarcins,

membranolytic peptides from the venom of the zodariid spider Lachesana
tarabaevi (Kozlov et al. 2006). Interestingly, the SCP families 6 and 7 have

introduced besides lysine also arginine into the peptide chain to obtain a cationic

character as it is known from other spider venom-derived cytolytic peptides as

oxyopinins and latarcins (Kozlov et al. 2006).

16.4.2 Membranolytic Activity of the Cupiennin 1 Family

The cupiennin 1 family is the best investigated membranolytically acting peptide

family from Cupiennius salei. CD measurements of cupiennin 1a in water exhibit a

random coiled structure. In the presence of membrane-mimicking trifluoroethanol

(50 %) or negatively charged phospholipid vesicles, the formation of an a-helix
occurs. It is supposed that the peptides may be attracted to the cell surfaces by

electrostatic interactions between their positively charged side chains of lysine and

negatively charged membrane phospholipid head groups and other negatively

charged components of bacteria, protozoa and eukaryotic cells (Kuhn-Nentwig

et al. 2002b; Pukala et al. 2007a).

Determination of the solution structure of cupiennin 1a by nuclear magnetic

resonance spectroscopy exhibits a helix-hinge-helix structure, a structural motif,

which has frequently been identified in cationic cytolytic peptides. Well-defined

helices are located between residues Gly3-Ala21 and Tyr28-Lys32, and the hinge

region is supposed to be initiated by Gly25 (Pukala et al. 2007a). Analysing the role

of the N- and C-terminal segments of cupiennin 1d shows that the cytolytic activity

depends on the hydrophobic N-terminus and is modulated by the polar C-terminus

(Kuhn-Nentwig et al. 2002a). With a length of ~30 Å of the N-terminal helix of

cupiennin 1a, the peptide is able to span the bilayer of bacterial cell membranes and

phosphatidylcholine bilayers, resulting in pore formation and membrane destruc-

tion (Cornell and Separovic 1983; Pukala et al. 2007a).
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16.4.3 Biological Activity of the Cupiennin 1 Family

The cupiennin 1a family acts cytolytically on a variety of different bacteria cell

membrane types in the submicromolar range (minimal inhibitory concentrations

from 0.08 to 5 mM). Additionally, the eukaryotic pathogens trypanosomes and

plasmodia, causing sleep sickness and malaria, are destroyed in submicromolar

concentrations (IC50 values 0.029 to 0.658 mM). Eukaryotic cells, which dispose of

negatively charged cell membrane structures, such as erythrocytes, rat skeletal

myoblasts or different human leukemic and tumour cells are destroyed likewise

in the sub- and micromolar range. In the case of human erythrocytes, it could be

demonstrated that binding of cationic peptides is mediated by attraction to nega-

tively charged sialic acids on the outer leaflet of these cells. A stereospecific mode

of action of cupiennin 1a could be excluded (Kuhn-Nentwig et al. 2011).

Besides the direct effects of cupiennin 1a on membrane systems, this peptide

also inhibits the formation of nitric oxides by neuronal nitric oxide synthase. The

mechanism involves a complexation with calmodulin. Calmodulin is the regulatory

protein for a variety of kinase phosphorylating enzymes and the eukaryotic

cytoskeleton and it is essential for operations of neuronal nitric oxide synthase

(Pukala et al. 2007b). Likewise, the production of superoxide by the NADPH

oxidase in phorbol myristate acetate-stimulated granulocytes is additionally

inhibited by cupiennin 1a (Kuhn-Nentwig et al. 2011). It is supposed that cupiennin

1a will interfere with many cellular functions and that it simultaneously destroys

membrane parts of the neuronal tissues and muscle cells leading to a collapse of the

cellular and neuronal functions.

16.5 Enzymes

Besides low molecular mass compounds and peptides with molecular masses up to

10 kDa, several proteins with molecular masses between 25 and 97 kDa have been

identified in the Cupiennius salei venom. One of these proteins exhibits hyaluroni-

dase activity and cleaves hyaluronan into fragments of varied molecular size

(Kuhn-Nentwig et al. 1994).

Up to now the presence of hyaluronan (hyaluronic acid), a large linear polymer

of repeating disaccharides of glucuronic acid and GlcNAc in arthropods, is still

controversially discussed. On the one side, it is stated that hyaluronan, common in

vertebrates, has not been found in arthropods and in Drosophila only chondroitin

sulphate and heparan sulphate have been identified (Takeo et al. 2004; Toyoda et al.

2000). Additionally, no hyaluronan synthase genes were found searching the

genomic sequencing project for Drosophila (DeAngelis 2002).
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On the other hand, histochemical investigations of the mesenteric connective

tissue of cockroaches and locusts indicate the presence of hyaluronan in various

instars (Ashhurst and Costin 1971; Francois 1978; Treherne et al. 1982), but also

chondroitin sulphate and heparan sulphate have been identified in internal organs of

cockroaches (dos Santos et al. 2006). From Hippasa partita (Lycosidae), a highly

substrate-specific hyaluronidase is known, which only cleaves hyaluronan, but not

chondroitin and heparan sulphate (Nagaraju et al. 2007).

It has intensively been discussed that hyaluronidase acts as spreading factor,

facilitating the access of neurotoxic and cytolytic venom components to their

targets (Kuhn-Nentwig et al. 2011). This assumption is convincing for large

mygalomorph spiders which may have small vertebrates as prey and which may

need to defend themselves against vertebrate predators. In contrast to this, most

araneomorph spiders do not target vertebrates. Nevertheless, hyaluronidase activ-

ity has been identified in their venoms, but its function as spreading factor still

needs further clarification in terms of substrate specificity of the hyaluronidase

and possible substrate availability within various prey items, e.g. such as base-

ment membranes surrounding nerve and muscle tissues or connective tissues.

Preliminary results from the cDNA library of Cupiennius salei venom glands

also show that it contains, besides several other enzymes, a hyaluronidase sequence

with a high similarity to the hyaluronidase BmHYA1 [UniProtKB/TrEMBL:

D1MBU1], identified from the venom of the Chinese red scorpion Buthus martensii
Karsch (Feng et al. 2010). Additionally, a phospholipase C sequence with a high

similarity to phospholipase C-like protein [UniProtKB/TrEMBL: C5J8D0] from

the scorpion Opisthacanthus cayaporum venom glands (Silva et al. 2009) and

putative phospholipase C [UniProtKB/TrEMBL: B7Q2N6 and B7P6Q6] similar

to the tick Ixodes scapularis have been identified with the Blast algorithm (Kuhn-

Nentwig and Piquemal, unpublished results).

16.6 Conclusions

The venom of Cupiennius salei is characterized by (1) a high diversity of cytolytic

compounds (linear cytolytic peptides and a cysteine-rich peptide exhibiting two

domains: the ICK motif and an a-helical cytolytically acting domain), (2) the

neurotoxic activity of ion-channel inhibitors, (3) a highly active hyaluronidase

and (4) synergistic interactions between many of these components (Fig. 16.5).

The combined effects of synergistic and enhancing interactions between various

components enable Cupiennius salei to inject a maximum of toxicity with a

minimum of venom quantity, thus optimizing its venom investment.
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Chapter 17

The Evolution of a Toxic Enzyme in Sicariid

Spiders

Greta Binford

17.1 Introduction

Venoms of predatory animals are diverse biochemical systems at the interface of

basic sciences and medical issues. They draw attention because some venoms cause

serious damage to humans. As described in other chapters in this volume

(see Herzig and King 2013; Kuhn-Nentwig and Nentwig 2013; Nentwig and

Kuhn-Nentwig 2013), venoms have more recently grabbed attention of researchers

because they contain a wealth of chemical diversity with pharmacological potential

(see Oldrati et al. 2013). Among venomous lineages, spiders are predicted to contain

the largest wealth of chemical diversity (Escoubas and King 2009). Over 43,000

described species of spiders have evolved from a common ancestor that lived at

least 300 million years ago. Venoms originated very early in the spider lineage and

have been evolving as predatory tools in the context of diversifying tactics of prey

capture. The end products are chemical cocktails in a single spider that include

hundreds of toxins, most with remarkable target specificity. Venoms of only a tiny

subset of spider species have been explored, and nothing is known about venoms from

many major spider lineages (see Nentwig and Kuhn-Nentwig 2013).

The store of chemicals in venoms is particularly rich in peptides with neurotoxic

or antibiotic properties that are exciting for drug discovery. Spiders, like all

venomous predatory lineages, have independently evolved small venom peptides

that are rich in cysteines that form disulfide bonds and have particularly diverse

activities and target specificities (see Herzig and King 2013). In addition to these

peptide toxins, venoms also have a diverse set of proteins (polypeptides >10 kDa)

with toxic activity. In spiders, these are even less well explored than peptide

neurotoxins. Two of the most well-characterized large protein toxins in spider

venoms are found in the medically relevant lineages Latrodectus, the genus that
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includes the black widow, and Sicariidae, the family that includes the brown recluse

and six-eyed sand spiders. Latrodectus venoms have 130 kDa neurotoxins called

latrotoxins that cause cramping and pain in humans. Venoms of sicariid spiders

have 32–34 kDa toxic enzymes with sphingomyelinase D activity (SMase D) that

are in a gene family called SicTox. These cause dermonecrosis in mammals and are

present throughout Sicariidae. Both of these protein toxins cause medical problems

in humans that have been well described elsewhere (Ushkaryov et al. 2004;

Swanson and Vetter 2005, see Nentwig and Kuhn-Nentwig 2013), but notably,

these are both toxins that are unique to a relatively small lineage of spiders. They

thus represent opportunities to investigate the circumstances of evolutionary origin

of novel toxic activity in venoms.

This chapter is a review of what we know about the diversity of SMase D and

homologous proteins in the SicTox gene family that are expressed in sicariid

venoms. Extensive analyses of venom composition and evolutionary dynamics of

dermonecrotic enzymes in the SicTox gene family make them a great model to

illustrate what we can learn about the distribution and evolution of a family of toxic

proteins. I have three specific goals for this chapter: (1) to fully describe what we

know about the diversity of a family of toxic proteins in spider venoms, (2) to

discuss the evolutionary dynamics of recruitment and diversification of SicTox
proteins for venom function, and (3) to illustrate the value of framing analyses of

venom toxins in the context of the phylogenetic diversity and biology of the spiders.

17.2 Taxonomic Diversity and Biology of Sicariidae

It is helpful to frame description of the SicTox venom toxins in a context of diversity

within the Sicariidae family, their phylogenetic position within spiders, and their

feeding biology. The sicariid lineage is likely over 100 million years old (Binford

et al. 2008) and is comprised of Loxosceles (including the brown recluse) and their

sister genus Sicarius (6-eyed sand spiders) (Fig. 17.1). Loxosceles includes roughly
100 described species native to the Americas, West Indies, Mediterranean Europe,

and Africa (Gertsch and Ennik 1983). L. laeta and L. rufescens have been

introduced to regions outside of their native range, and Loxosceles are now on

Fig. 17.1 (a) Loxosceles
arizonica; (b) Sicarius
terrosus (Sicariidae)
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every continent except Antarctica. Relationships among Loxosceles and Sicarius
are consistent with the most recent common ancestors of both genera being present

on Western Gondwana before Africa and South America separated. Southern

African Loxosceles are quite divergent from Loxosceles in Northwestern Africa

and the Americas (Duncan et al. 2010). There is substantial diversity in South

America and evidence of a single colonization of Loxosceles on North America

across a proto-Caribbean land bridge (Binford et al. 2008, Fig. 17.2). In North

America they have subsequently diversified into at least 50 species. The genus

Sicarius includes 13 described South and Central American species and six from

Southern Africa (Platnick 2012). These continental groups of Sicarius are recipro-
cally monophyletic, consistent with a common ancestor that predates the separation

of Africa and South America.

For prey capture, Loxosceles spiders build small irregular webs in crevices, under

rocks and debris, and in caves. While their webs help retain prey, Loxosceles also
capture prey while wandering at night, making them facultative web foragers.

Sicarius are less well-studied spiders that bury themselves in fine sand and have

specialized hairs to which particles stick, presumably to aid in crypsis (Duncan et al.

2007). These spiders do not make webs, but ambush cursorial ground-dwelling prey

by jumping from their sand cover. Within genera, species are largely homogeneous

in behavior and habitat (pers obs.) outside of cave versus ground dwelling. Evidence

to date suggests sicariids are generalist foragers of arthropods with diets that include

particularly well-defended prey such as scorpions, ants, and other spiders.

Sicariids are haplogynes in a larger superfamily of Scytodoidea and are supported

as sister to a clade that includes the families Drymusidae, Periegopidae, and

Scytodidae (see also Appendix, this volume). Members of each of these lineages

build webs, and Scytodes have the derived behavior of spitting glue on prey, as

described by Suter and Stratton (2013).

17.3 Medical Risks Associated with Sicariid Bites

Across their native range, Loxosceles spiders inflict bites that cause dermonecrosis

and sometimes systemic effects in humans (reviews: Swanson and Vetter 2005;

Chaim et al. 2011; see also Nentwig and Kuhn-Nentwig 2013). Risks of Loxosceles
bites in the United States are minor relative to risks in Latin America. Regions with

the highest recorded rates of envenomation resulting in medical treatment (rarely

death) are Mexico and dry areas of Peru, Chile, Brazil, and Argentina (da Silva et al.

2004). Medically significant Loxosceles bites also occur in Southern Africa

(Newlands and Atkinson 1990). Risks associated with Sicarius bites are less well

understood, but appear to differ between Africa and South America. There have

been confirmed bites from African Sicarius that caused severe dermonecrosis and

one death on record (van Aswegen et al. 1997). However, there are no records of

medically relevant bites from Sicarius from South or Central America, and we have

encountered no cultural fear of these animals when collecting in America.
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Fig. 17.2 Phylogenetic relationships of sicariids based on Binford et al. (2008). Lineages are

colored based on native geographic region, and species groups of Loxosceles are labeled. Generic
abbreviations of L. and S. refer to Loxosceles and Sicarius, respectively. NWA refers to the North

West African clade
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17.4 Venom Components

Despite the medical importance of sicariids, we have only scratched the surface of

understanding the full set of components in their venoms. Nonetheless, venoms in

this lineage are among the better understood of any spiders. The best-known

sicariid toxins are the unusual SMase D enzymes that are key factors in the

formation of lesions resulting from sicariid bites (Kurpiewski et al. 1981;

Tambourgi et al. 1998). However, sicariid venoms also include a suite of other

enzymes and low molecular weight components that are similar in sequence motif

to other well-known toxins. I will first review in detail what we know about SMase

D diversity and evolution, then discuss differences among sicariid taxa and what we

can infer about evolutionary processes influencing venoms through comparative

analyses. Then I will briefly describe other known components in sicariid venom.

17.4.1 SicTox Proteins

The mammalian dermonecrotic toxins that typify people’s first impressions of

venoms of the brown recluse are enzymes in a gene family we call SicTox (Binford
et al. 2009). SicTox mRNA transcripts are among the most abundant in venom

gland tissue of all sicariid species that have been studied in detail (Fernandes-

Pedrosa et al. 2008; Gremski et al. 2010; pers. obs). Individual sicariid species have

up to, and minimally, 12 distinct genes in this gene family (paralogs) that are

expressed in venoms (Binford et al. 2009). The SicToxmolecules are classic (a/b)8
TIM-barrel proteins (the most common enzyme structure known) and depend upon

binding of a Mg2+ ion for catalysis. The first activity described for these enzymes

was cleavage of the cell membrane phospholipid sphingomyelin at the D site

(SMase D), leaving the cleavage products of choline and ceramide 1 phosphate.

The link between the cleavage of cell membrane phospholipids and dermonecrosis

involves a complex cascade of physiological events that ultimately activates an

immune response involving the complement system; however, details of this

mechanism are still being worked out (review in Chaim et al. 2011).

The activity of SicTox proteins, in isolation of the other chemicals in sicariid

venom, is sufficient to cause dermonecrotic lesions in mammals (Kurpiewski et al.

1981). Recombinant SicTox proteins can hydrolyze lysophospholipids in addition

to sphingomyelin (van Meeteren et al. 2004; Lee and Lynch 2005; Chaves-Moreira

et al. 2011). The breadth of activities of these proteins that extends beyond SMase D

has inspired reference in the literature to this gene family as phospholipase D

(PLD). However, since these proteins are not homologous to other, more common

PLD families that are expressed for nonvenomous function, referring to them as

“PLDs,” mask important differences in evolutionary history and protein structure

(Binford et al. 2009).
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17.4.2 Recruitment of SMase D Toxins in Spider Venom

The evolutionary history of SMase D as a venom toxin is particularly interesting

because this enzymatic activity is relatively rare suggesting its presence in sicariid

venom represents an independent recruitment event of a venom toxin (Binford and

Wells 2003). Venom toxins with phospholipase activity are relatively common

including phospholipase A (PLA) toxins that are widespread in snakes (Fry et al.

2009) and found in spiders (Foradori et al. 2005); however, snake venom PLAs are

not homologous to SicTox genes. Outside of spiders, proteins homologous to SMase

D have been isolated from mRNA transcripts in tick salivary glands (Alarcon-

Chaidez et al. 2009) and venom of a buthid scorpion (Borchani et al. 2011). They

are otherwise unknown in arachnids, most notably in other haplogynes that are

close relatives of sicariids (Binford and Wells 2003). This disparate distribution

suggests that the toxin has undergone independent evolutionary recruitment for

toxic function minimally in sicariids, ticks (Fry et al. 2009), and at least one

scorpion lineage. Interestingly, homologous toxins with SMase D activity are

expressed in pathogenic Corynebacterium but not any other bacteria to date. All

of these proteins are remote homologs of the ubiquitous protein domain family

glycerophosphoryl diester phosphodiesterase (GDPD). The presence of homologs

in bacteria could be the result of an independent recruitment from ancestral GDPDs

(Fry et al. 2009) or of lateral transfer from metazoans to bacteria (Cordes and

Binford 2006). Sequences of homologous genes available in databases are too

divergent (~21 % identity between spiders and bacteria and between venom-

expressed SicTox and GPDPs) to allow confident alignment necessary for the

rigorous phylogenetic analyses required to understand patterns of relationships

that are necessary to distinguish among these explanations.

17.4.3 Diversification of SMase D Toxins Postrecruitment

After the recruitment of SicTox genes for venom function, there is evidence of

diversification within this gene family involving gene duplications and evolution of

functional specificity. The gene family has duplication rates that are higher than

general background levels in model organisms (Binford et al. 2009). The

duplications lead to multiple copies within genomes. Work in our lab and others

has isolated mRNAs of venom-expressed genes from a combined 21 sicariid

species (Fernandes-Pedrosa et al. 2008; Binford et al. 2009; Gremski et al. 2010).

The sampling represents the full phylogenetic breadth of sicariid taxa and reveals

patterns of differences in the presence of and/or expression levels of different

SicTox gene lineages among the different sicariid taxa. All sicariid taxa express

SicTox genes in their venoms; however, different species groups in different regions

of the world (Fig. 17.2) differ in the particular paralogs that are either present in the

genome or are most highly expressed. Phylogenetic analyses support two distinct
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clades of SicTox genes. The a-clade of SicTox includes genes isolated only from

Loxosceles from the NewWorld and Northwest Africa (NWA clade Fig. 17.2). The

b-clade includes genes expressed in venom glands of Southern African Loxosceles
(the basal lineage of the genus) and both African and South American Sicarius
(Binford et al. 2009). b-clade transcripts have also been isolated from New World

Loxosceles, but are expressed at much lower levels than a-clade paralogs (Ramos-

Cerrillo et al. 2004; Chaves-Moreira et al. 2011).

There is evidence of evolution of functional specificity of different venom-

expressed copies of SicTox genes post-duplication. The evidence lies in differences

in SMase D activities in crude venoms across sicariid species and differences inactiv-

ity of expressed a- and b-clade proteins. In fact, to some degree, differences in the

patterns of expression of a- and b-clade SicTox genes among sicariid lineages

correlate with differences in SMase D activity levels in venoms. Venoms across all

NewWorld and Northwest African Loxosceles and African Sicarius have high levels
of SMase D activity, and Southern African Loxosceles have slightly reduced levels of
SMase D activity. However, South American Sicarius are reduced by at least two

orders of magnitude relative to African venoms (Binford et al. 2009). South American

Sicarius express the same b-clade SicTox proteins as are found in S. African Sicarius.
We do not know what has changed in South American Sicarius venoms to cause the

apparent difference in activity. New World Sicarius express a diverse set of b-clade
SicTox, so we suspect that there is a difference in functional specificity of the SicTox
genes and the efficacy for hydrolyzing sphingomyelin is reduced. Alternatively, other

components in the venoms may be blocking the activity or our ability to detect it with

our assay.

So far, 14a-clade and 4b-clade clones have been expressed and their protein

products assayed for SMase D activity, and some clones have been assayed for

activity across a broader range of phospholipid substrates. At least one a-clade
toxin from L. reclusa has activity that includes hydrolysis of five other

phospholipids beyond sphingomyelin (Lee and Lynch 2005). b-clade clones from

North and South American Loxosceles show highly reduced/no SMase D activity

(reviewed in Binford et al. 2009) but are less well characterized with respect to

substrate specificity (Ramos-Cerrillo et al. 2004; de Giuseppe et al. 2011). More-

over, residues in the binding pocket of the enzyme tend to show conservation in

a-clade but differences between a- and b-clade and more variability among b-clade
toxins (Binford et al. 2009; de Giuseppe et al. 2011). Understanding the mechanism

underlying evolution of substrate specificity is an ongoing effort.

17.4.4 Functional Role of SMase D in Prey Capture

Differences in functional specificity of SicTox proteins in sicariid venoms have

likely been honed by natural selection to help with prey capture. While most focus

on the SicTox gene family has centered on activity in mammals, their natural

prey consists largely, if not exclusively, of arthropod prey (Fischer et al. 2006;
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Zobel-Thropp et al. 2012). We have recently determined that purified a-clade
protein from L. arizonica has SMase D activity and is a potent insecticidal neuro-

toxin (Zobel-Thropp et al. 2012). The mechanism of neurotoxicity is unknown;

however, it likely involves phospholipid head groups interacting with ion channels

as the result of cleavage by SMase D (Xu et al. 2008). Interestingly, the lower

SMase D activity in American Sicarius relative to all Loxosceles and African

Sicarius correlates with a small but significant decrease in venom potency of

whole crude venom on insects (Zobel-Thropp et al. 2010).

While our understanding of the specific role of these toxins in prey capture is still

developing, proteins in the SicTox gene family are highly expressed in sicariid

venoms and may have both neurotoxic and cytotoxic effects on prey.

17.4.5 Other Venom Components

While SicTox genes are prominently expressed in sicariid venoms, there is also a

large set of other components that are acting in concert to immobilize prey. One-

and two-dimensional electrophoretic separations (Fig. 17.3) indicate that there are

components ranging in size between 2 and 97 kDa and that the patterns of size

groupings vary to some degree among species (Machado et al. 2005; Binford et al.

2009; Zobel-Thropp et al. 2010). Transcriptome and/or proteomic analyses of

venoms from South American L. laeta (Fernandes-Pedrosa et al. 2008) and

L. intermedia (dos Santos et al. 2009) combined with our own preliminary data

for African and North American Loxosceles (unpublished) have identified other

components including a broad range of proteases (Veiga et al. 2001; Young and

Pincus 2001; da Silveira et al. 2007), enzymes that target connective tissues (e.g.,

hyaluronidase; Young and Pincus 2001), and small peptide neurotoxins (de Castro

et al. 2004). I will detail a few of these below with the goal of illustrating our

developing understanding of the complexity of the pool of components in these

venoms.

Two interesting protein toxins that have been isolated from Loxosceles venom
gland tissues but appear to be expressed at lower levels than SicTox genes are

astacins and TCTPs.Astacins are the only other venom-expressed gene family to be

formally described across multiple species of sicariids (Trevisan-Silva et al. 2010).

They are a family of digestive, extracellular, or cell-surface-bound proteases

involved in peptide processing. TCTPs are homologs of the translationally con-

trolled tumor protein family. As the name implies, TCTPs were first discovered

from human breast cancer tissues. These proteins are also known as histamine-

releasing factors (HRF) because of their effects on humans. The role these 22 kDa

proteins play in invertebrate prey capture is unclear, but they represent up to 4 % of

transcripts sequenced through high-throughput sequencing (Sade et al. 2012).

TCTPs influence inflammatory activity in vertebrates; however, it is not known

how these toxins affect invertebrates and the role they may play in prey capture.
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In addition to apparent neurotoxic activity of SicTox genes, sicariid venoms also

contain a diverse set of peptide neurotoxins that have characteristic peptide toxin

motifs such as being rich in cysteines. Sicaritoxins (LiTx1-4) are the first formally

described sicariid peptide neurotoxins. These have been isolated from L. intermedia
(de Castro et al. 2004) and L. laeta (Fernandes-Pedrosa et al. 2008), and our

comparative analyses indicate they are widespread in sicariids. Most isolates have

principle structural motifs (PSM) (Kozlov and Grishin 2005) that are common in

spider venom peptides that are tightly folded with inhibitory cysteine knot (ICK)

scaffolds, typical of ion channel-blocking toxins (Escoubas 2006). Despite the

recognizable motifs, the new toxins are clearly divergent from toxins in databases

and will provide a wealth of opportunity for discovery.

17.5 Conclusions

Sicariid spiders, including Loxosceles and Sicarius, have an unusual venom toxin

with sphingomyelinase D activity. This toxin is a sufficient causative agent for the

formation of dermonecrotic lesions when sicariid spiders, including the brown

recluse, bite people. It also serves as a potent insecticidal neurotoxin, rapidly and

Fig. 17.3 Comparative 1-dimensional electrophoretic separations of proteins in a broad range of

sicariid venoms (Binford and Wells 2003). The band that includes proteins in the size of SMase D

(SMD) is noted with an area (32–35 kDa). The dense-staining region between ~4–14 kDa includes

peptides in the size range of known neurotoxins from other spider species
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irreversibly immobilizing prey. Sphingomyelinase D appears to represent a distinct

evolutionary recruitment event of a novel venom toxin in spiders. After recruitment

from a protein family serving a different (and unknown) role in spider’s body, the

gene family (SicTox) has undergone substantial duplications and bursts of evolution
under positive selection. Analyses are ongoing to understand the full breadth of

functional specificity in this gene lineage and the full set of toxins in sicariid

venoms.
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Phylogenetic relationships of Loxosceles and Sicarius spiders are consistent with Western

Gondwanan vicariance. Mol Phylogenet Evol 49:538–553

Binford GJ, Bodner MR, Cordes MHJ, Baldwin KL, Rynerson MR, Burns SN, Zobel-Thropp PA

(2009) Molecular evolution, functional variation, and proposed nomenclature of the gene

family that includes sphingomyelinase D in Sicariid spider venoms. Mol Biol Evol 26:547–566

Borchani L, Sassi A, Yekhlef RB, Safra I, El Ayeb M (2011) Heminecrolysin, a potential

immunogen for monospecific antivenom production against Hemiscorpius lepturus scorpion.
Toxicon 58:681–688

Chaim OM, da Silveira RB, Trevisan-Silva D, Ferrer VP, Sade YB, Boia-Ferreira M, Gremski LH,

Gremski W, Senff-Ribeiro A, Takahashi HK, Toledo MS, Nader HB, Veiga SS (2011)

Phospholipase-D activity and inflammatory response induced by brown spider dermonecrotic

toxin: endothelial cell membrane phospholipids as targets for toxicity. Biochim Biophys Acta

1811:84–96

Chaves-Moreira D, Souza FN, Fogaca RTH, Mangili OC, Gremski W, Senff-Ribeiro A, Chaim

OM, Veiga SS (2011) The relationship between calcium and the metabolism of plasma

membrane phospholipids in hemolysis induced by brown spider venom phospholipase-D

toxin. J Cell Biochem 112:2529–2540

Cordes MHJ, Binford GJ (2006) Lateral gene transfer of a dermonecrotic toxin between spiders

and bacterial. Bioinformatics 22:264–268

da Silva PH, da Silveira RB, Appel MH, Mangili OC, Gremski W, Veiga SS (2004) Brown spiders

and loxoscelism. Toxicon 44:693–709

da Silveira RB, Willie AC, Chaim OM, Appel MH, Silva DT, Franco CR, Toma L, Mangili OC,

Gremski W, DietrichCP NHB, Veiga SS (2007) Identification, cloning, expression and func-

tional characterization of an astacin-like metalloprotease toxin from Loxosceles intermedia
(brown spider) venom. Biochem J 406:355–363
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Chapter 18

Predation by Spitting Spiders: Elaborate

Venom Gland, Intricate Delivery System

Robert B. Suter and Gail E. Stratton

18.1 Introduction

Spitting spiders (Araneae: Scytodidae) subdue prey by entangling them at a distance

with a mixture of silk, glue, and perhaps venom (Fig. 18.1; Gilbert and Rayor 1985;

Suter and Stratton 2009; Foelix 2011; see also a detailed behavioral description in

the appendix of Japyassú and Machado 2010). All of the components of this mixture

originate in the venom glands, a pair of relatively elaborate structures (Fig. 18.2)

consisting of five histologically distinct regions, the anterior three producing venom

and the posterior two, comprising the largest lobe of the gland, producing silk and

glue (Kovoor and Zylberberg 1972).

In a sense, the venom gland and its products anchor a suite of tightly linked

adaptations that constitute the predatory system of these remarkable spiders. These

include not only the morphological delivery apparatus (venom ducts, modified

fangs, and both cheliceral and prosoma musculature) but also behaviors such as

the collection of chemical, tactile, and proprioceptive sensory data that indicate

something about the location and identity of a potential prey item and the integration

of this information in triggering a predatory attack.
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18.2 Venom Gland Contents

The mix of materials ejected from the spider’s fangs during expectoration includes

a gluey substance and a fibrous material (Fig. 18.3). It is not clear that the spit

from Scytodes contains venom. Venom may be excreted without silk and glue

(e.g., during envenomation after a prey item has been immobilized by spit;

Clements and Li 2005; Japyassú and Machado 2010), so it may also be possible

for the spider to eject silk and glue without venom, and because spit-immobilized

Fig. 18.1 A female Scytodes thoracica and her spit as it was deposited on a microscope slide. In

the spit, two separate zigzag patterns can be seen, the left one having issued from the spider’s left

fang and the right one from the right fang. The spit was deposited from bottom to top as the

chelicerae were extended. These spiders accomplish a full spitting episode in 18–32 ms. The single

line joining the spider and the spit was added digitally. (Photo illustration by RB Suter)

Fig. 18.2 Venom glands from Scytodes (left) and Schizocosa (right), a wolf spider. Lateral

(upper) and ventral (lower) views of the venom glands of S. thoracica as compared to the

venom glands of Schizocosa duplex. The glands, which were removed from spiders of about the

same size, demonstrate both the more elaborate structure of the ones from S. thoracica and their

larger relative size. (Photo illustration by RB Suter; Suter and Stratton 2005)
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prey are apparently unharmed by the spit itself (Clements and Li 2005), it may be

that the spit contains no venom. Alternatively, the toxic components of the venom

may be present but unable to penetrate the cuticle even at joints and other locations

where the cuticle is thin and unsclerotized. The venom glands of spitting spiders

appear not to produce sphingomyelinase D, the enzyme present in brown recluse

(Loxosceles sp.) venoms that is largely responsible for the dermonecrotic lesions

that form at the sites of recluse bites in humans (Binford and Wells 2003; Binford

2013). Neither the fibrous material, which we refer to as silk, nor the glue produced

in the spitting spider’s venom glands has been chemically characterized, although

some histochemical data are available (Kovoor and Zylberberg 1972; Kovoor 1987)

for Scytodes velutina (sub S. delicatula).
Weknowsurprisingly little about themechanical attributes of the silk.Within thefirst

0.3 s after expectoration, the silk contracts to about 60 % of its initial length, and it does

so with sufficient force, about 0.3 mN in the aggregate, to compress the legs of thin-

legged prey close to their bodies (Suter and Stratton 2009). During many predatory

attacks, spitting spiders spit multiple times in close succession (Gilbert and Rayor 1985;

Japyassú and Machado 2010), multiplying this compression and further restraining the

prey.The silk has sufficient tensile strength to ensnare aprey itemand to hold it relatively

immobile while the attacking spider bites it and injects venom, usually on a protruding

leg or antenna.The silk’s tensile strength, aswell as its stress vs. strain characteristics and

their derivatives (e.g., Young’s modulus, elasticity), has yet to be measured.

Inside the venom gland, much of the volume is occupied by the silk’s immediate

precursor. Transmission electronmicroscopy (Kovoor and Zylberberg 1972) reveals a

substance that resembles what is seen in spiders’ opisthosomal silk glands—amass of

closely packed fibrils in water solution constituting, together, a liquid crystalline

material (Kerkam et al. 1991; Vollrath and Knight 2001). The other substance that

occupies much of the venom gland’s volume is the viscous gluey substance responsi-

ble for the spit’s stickiness. By analogy, and perhaps by homology, this material may

be related to the sticky material produced by the aggregate glands in the opisthosoma

of araneoid spiders, although one should be skeptical about the possible homology

since spitting spiders are only distantly related to the araneoids (Coddington

2005). The material from the aggregate glands is a solution of glycoproteins,

Fig. 18.3 The transition between the laterad sweep of silk deposition (lower) and themediad sweep

(upper) during a single oscillation cycle. Both silk and the surrounding glue are visible. This DICM
image corresponds to one of the leftmost transitions shown in Fig. 18.1. (Photo by RB Suter)
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neurotransmitter-like compounds, free amino acids, and other constituents, both

organic and inorganic, which are low in concentration but may be functionally

important (Choresh et al. 2009; Opell and Hendricks 2010; Sahni et al. 2010).

Work in other laboratories is under way to characterize the various components

of the venom (sensu stricto) and of the glue and silk of Scytodes. We have

hypothesized (Suter and Stratton 2009) that the silk is homologous to silk produced

by the spider’s opisthosomal silk glands because the genes coding for those fibroin

proteins were already present in the venom gland cells of the spiders that, in

evolution, gave rise to modern Scytodidae. Recent work by J. Garb and S. Correa

(personal communication), comparing venom gland cDNAs to cDNAs derived

from opisthosomal silk gland contents, does not support this hypothesis.

18.3 Organized Spit Pattern

When confronted with a prey item or, in the laboratory, when stimulated on the

sternum with a hair, the spitting spider ejects a stream of spit through the opening of

the venom duct located on each fang. In most spiders, this opening is near the distal

end of the fang and on the fang’s convex surface (see Fig. 2.6 in Foelix 2011). In

spitting spiders, in contrast, the opening is at the proximal margin of the fang

(Fig. 18.4), bordered on the fang side by a groove in the fang itself and on the

cheliceral side by the somewhat sclerotized edge of the spider’s cuticle.

If collected on a microscope slide and then visualized via differential interfer-

ence contrast microscopy (DICM), the ejected spit can be seen as forming a highly

Fig. 18.4 Anterior view of the prosoma of S. thoracica (a), an enlarged view of the chelicerae

(b), and two representations (c) of a fang and its associated hinge, sac, and venom duct orifice

(Photo illustration by RB Suter; Suter and Stratton 2009)
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organized pattern (Fig. 18.1), a zigzag that progresses from bottom to top. This -

large-scale pattern forms because, during a spitting episode, the chelicerae are

extended upward (providing the progression from bottom to top) at the same time

that the fangs rapidly oscillate from side to side (providing the zigzags) (Suter and

Stratton 2009).

There are also interesting but as yet unexplained smaller scale attributes of the

overall pattern. For example, the mediad excursions of the zigzag are typically

embellished with conspicuous and roughly evenly spaced droplets of fluid, whereas

the laterad sweeps are thin and free of droplets (Fig. 18.1). Those familiar with the

fine structure of the sticky spiral silk in the webs of orb-weaving araneids will

recognize the similarity, in both structure and function, between those sticky

droplet-covered silk lines and these in the spit of Scytodes. A notable difference,

however, is that the components of the sticky spiral (silk and glue) are produced in

different glands (the flagelliform and aggregate glands, respectively; Vollrath and

Knight 2001; see also Townley and Tillinghast 2013) and combined from separate

spinnerets as the silk is drawn out; in spitting spiders, all components are produced

in a single gland and are extruded together through the same orifice.

18.4 Biomechanics of Spitting

The organized spit pattern (Fig. 18.1) is formed in 18–32 ms. During this brief

interval, about 30 cm of glue-laden silk is ejected from each fang at rates as high as

28 m/s, a remarkable achievement considering (a) that the ejected material has both

solid and liquid components and (b) that it is ejected through a very narrow opening

(in adults of Scytodes thoracica, the crescent-shaped orifice is about 14 mm wide).

Just as remarkable, because of what it implies about the underlying mechanism, is

the fact that during this same brief interval, the fangs generate the zigzag pattern by

oscillating at 300–1,700 Hz (Suter and Stratton 2009). These two processes,

concerning fluid dynamics and fang dynamics, respectively, are considered below.

18.4.1 Fluid Dynamics

When spiders lay down silk from their opisthosomal silk glands and spinnerets, the

silk is initially extruded through a valve and spigot as a concentrated, ion-

modulated, water solution of silk proteins. This non-Newtonian liquid (Vollrath

and Knight 2001) flows out in response, presumably, to the difference in hydrostatic

pressure between the pressurized opisthosoma and the air outside the spider

(Vollrath and Knight 2001; Foelix 2011). The proto-silk’s irreversible hardening

into a solid silk strand is achieved when the proto-silk is pulled and stretched by the

spider’s motion or weight or, during ballooning, by air currents (Eberhard 1987;

Suter 1999; Vollrath and Knight 2001; Foelix 2011).
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In contrast, when a spitting spider ejects its combination of silk and glue through

an opening at the base of its fang, the only propellant is the hydrostatic pressure

difference—no external object or force pulls on the proto-silk, stressing it and

causing solidification. Moreover, the ejection is very rapid despite occurring

through a narrow opening. The only way this can work is if the proto-silk material,

in combination with the glue that is ejected with it, experiences shear thinning as it

moves through the narrow opening. Shear thinning also makes opisthosomal silk

extrusion possible, and it is from studies of that process that we know of its

importance in spider silk spinning. Shear thinning refers to the reduction in viscos-

ity that occurs when a non-Newtonian fluid experiences shear forces as microscopic

streams of the fluid move past each other at different velocities. See Vollrath and

Knight (2001) for a full and lucid account of the role of shear thinning in silk

production.

Even with shear thinning of the ejecting fluid, the rate of ejection is still

impressive. A possible explanation is that the hydrostatic pressure inside the

spitting spider’s prosoma is temporarily elevated during spitting, accelerating the

ejected material to a higher velocity than would be possible with the spiders resting

hydrostatic pressure. This may be the case: Millot (1949, in Foelix 2011) stated that

an abrupt contraction of the muscles along the posterior margin of the spider’s

prosoma compresses its contents and raises the hydrostatic pressure. The elevated

hydrostatic pressure might also provide enough energy to deform the proto-silk

sufficiently during ejection to cause it to solidify, the process accomplished by

pulling and stretching in the formation of opisthosomal silk (above). We do not yet

know whether the presumed parallels between the spitting spider’s prosomal silk

formation and opisthosomal silk formation in these and other spiders are valid.

18.4.2 Fang Dynamics

Arthropods and many other animals ordinarily move individual body parts by

contracting muscles, sometimes augmenting those forces by using energy stored

in tendons or other elastic structures (Sensenig and Shultz 2003; Vogel 2009).

Spiders use muscles in the same way, although the extension of some leg joints is

accomplished with hydraulics rather than with direct muscle action (Anderson and

Prestwich 1975; see also Kropf 2013). The motions of a spider’s fangs are usually

controlled by the extensor and flexor muscles located in its chelicerae (Foelix

2011). For spitting spiders, though, that may not be the whole story.

18.4.2.1 A Role for Muscles

The contraction and relaxation of muscles takes time, and that limits the number of

times per second that a muscle can contract. As a consequence, in biological

systems, anatomical structures rarely oscillate above 500 Hz, and when they do,
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asynchronous muscle contraction is usually involved (Syme and Josephson 2002).

In asynchronous muscle contraction, a single muscle twitch drives multiple oscillations

of a structure. This is only possible when the structure (e.g., a fly’s wing) is

mechanically coupled to an elastic element (the thoracic cuticle) that can alternately

store and release mechanical energy (Josephson et al. 2000).

The fang oscillation frequencies typically achieved by spitting spiders far exceed

500 Hz (278–1,781 Hz; Suter and Stratton 2009), and the fang is mechanically

coupled to such elastic structures as the cuticle of the chelicera and the fang-

chelicera hinge. Could asynchronous muscle contraction account for the high-

frequency oscillations of the fangs? Because asynchronous muscle contraction is

only known in insects (Josephson et al. 2000), this hypothetical fang-driving

mechanism seems unlikely in the spitting spider. On the other hand, high-frequency

oscillations of spider appendages are rare outside of the Scytodidae, so asynchro-

nous contraction may have been overlooked because it was not sought.

18.4.2.2 A Role for Hydrodynamic Forcing

Many high-frequency biological oscillations are controlled by muscles but are not

directly driven by them—that is, these oscillations do not require that muscles

contract at frequencies well above 500 Hz. The oscillations in a song bird’s syrinx,

for example, are caused by a fluid (air) flowing past flaps of tissue (the tympaniform

membranes) that are both elastic and under tension. Each flap oscillates at a

frequency that is primarily dependent on its length, its elasticity, and the tension

it is under (Gardner et al. 2001). Muscles influence the flap’s tension and length and

certainly provide the pressure differential that causes the air to move past the flap,

but they do not directly drive the oscillation.

The oscillations of a spitting spider’s fang could be caused by something akin to

the hydrodynamic forcing that causes a tympaniform membrane to vibrate. A closer

analog is the whipping back and forth of a squirting hose when nobody is holding its

nozzle. The necessary conditions are a fluid flowing through or past the fang, a mass

(the fang) that is set in motion in reaction to the fluid flow, and elastic constraints on

the motion of the fang. All of these conditions are satisfied when Scytodes ejects its
mixture of glue and silk. Moreover, the ejection is rapid, causing a greater reaction

force than it would if the ejection were slower, and the fangs are small (Suter and

Stratton 2005, 2011), raising their oscillation frequency relative to what it would be

if the fangs were more massive (Suter and Stratton 2009).

18.4.2.3 Corroboration?

Our working hypothesis has been that hydrodynamic forcing provides the impetus

for the oscillations of the spitting spider’s fangs. This appeals both because the

alternative, asynchronous muscle contraction is not known in arachnids and

because the high-velocity fluid ejection can so tidily account for the motion of
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the diminutive fangs. However, in the absence of a scaled-up working physical

model that mimics the motions of the fangs during expectoration, we have looked

for other kinds of corroborating support for the hypothesis.

One piece of corroboration comes by way of laser Doppler vibrometry. Scytodes’
spitting is energetic enough to vibrate the spider’s prosoma, and these vibrations are

easily detected by a laser Doppler vibrometer. The resulting sound spectrograph of

a single spitting event (Fig. 18.5) reveals that the fangs’ oscillation frequencies

decrease with time and that the fangs sometimes oscillate in synchrony but often

do not. If the fangs’ oscillations were driven directly by muscular contractions, one

might expect the nervous system either to alternate the left and right fangs or to

synchronize their motions, but one would not expect the two fangs to slide in and out

of synchrony. On the other hand, because minor differences in fang mass and fang-

associated elastic elements would cause differences in hydrodynamically forced

oscillations, that kind of sliding in and out of synchrony is just what one would

expect if the fangs were propelled by fluid flow (i.e., lacking the controls of a

bilaterally organized nervous system).

Our search for corroboration also produced evidence that does not support the

hydrodynamic forcing hypothesis. First, there is a tight mathematical relationship

between oscillation frequency and the mass of the fang because it is the fang that

Fig. 18.5 Waveform (upper) and sound spectrogram (lower) of a single spitting episode involving
both fangs ejecting a mixture of silk and glue. In the spectrogram, the dark lines with the lowest

frequencies (1 and 2) would normally be considered the first and second harmonics of a sound.

In this case, however, they represent the times when both fangs are oscillating in phase with each

other (1; before 0.01 s and beginning again just before 0.05 s) and when the two fangs are

oscillating out of synchrony (2; between 0.007 and 0.045 s). These changes from synchrony to

asynchrony and back are also visible in the waveform. Note the declining frequency of the fang

oscillations over time in both representations
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must be accelerated at each extreme of its motion—when all else is equal, a more

massive fang must oscillate at a lower frequency (Suter and Stratton 2011). But the

fangs of larger spitting spiders do not oscillate more slowly than the fangs of much

smaller spiders of the same species (Fig. 18.6).

Second, when we studied high-speed video showing the dynamics of fang motion

in great temporal detail (at 10,000 fps), the oscillations were periodic but not

sinusoidal (Fig. 18.7). Under hydrodynamic forcing, at least in the absence of a

valve that changes fluid output at some constant phase of a cycle, one would expect

motion that is both continuous and roughly sinusoidal. Instead, the motion of the fang

tips is discontinuous and approximately triangular.

These new pieces of evidence point in opposite directions and thus do not help

either to falsify or to confirm our hypothesis that the rapid oscillations of the spitting

spider’s fangs are driven by hydrodynamic forcing.

18.5 Conclusions

Spitting spiders of all sizes attack other arthropods by ejecting a mixture of silk and

glue at them, immobilizing them long enough to allow safe envenomation. The

spitting requires considerable metabolic expenditure both in the form of mainte-

nance of impressively large venom glands and in the form of the biosynthesis of the

proto-silk and the glue that are the primary constituents of the spit. Sensory input

allowing identification and localization of the potential prey and neural coordina-

tion of the spit ejection itself also must occur. It may be that an important part of

expectoration, the oscillations of the fangs (contributing to the zigzag pattern of spit

that effectively covers a prey item), once triggered, does not require further neural

input, but that possibility remains to be confirmed.

Fig. 18.6 If the fang oscillations of S. thoracica were propelled solely by hydrodynamic forcing,

one would expect the oscillation frequency to fall with increasing fang mass. Fang size varies

directly with spider size (Suter and Stratton 2011), so the expectation would become that oscilla-

tion frequency would vary with a reliable measure of spider size. There appears to be no such

relationship (N ¼ 10 spiders, two replications for each; r2 ¼ 0.036, P ¼ 0.652) even over a range

of sizes that correspond to a sixfold range in spider mass
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The chemical, physical, and microfluidic properties of the proto-silk and glue

mixture are also crucial for the proper functioning of the spitting system; at the

moment, these properties are poorly understood except insofar as they may be

similar to the analogous properties of the proto-silk and glue produced in the

opisthosomal silk glands of spiders.

The evolution of the integrated spitting system of Scytodes remains veiled. Its

component parts (hypertrophy and differentiation of the venom glands; modifica-

tion of the fluid dynamic characteristics of the venom gland contents; migration

of the venom duct opening from the distal to the proximal surface of the fang;

elaboration and refinement of the neural support networks) now constitute an

intricate, functioning system. It is not easy to discern the small steps that led

from a pholcid-like spider to the current scytodid plan.
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Chapter 19

Spider Venoms Potentially Lethal to Humans

Wolfgang Nentwig and Lucia Kuhn-Nentwig

19.1 Introduction

Spiders have one pair of venom glands, and only a few families have reduced them

completely (Uloboridae, Holarchaeidae) or modified them to another function

(Symphytognathidae or Scytodidae, see Suter and Stratton 2013). All other 42,000

known spider species (99%) utilize their venom to inject it into prey items, which

subsequently become paralysed or are killed. Spider venom is a complex mixture of

hundreds of components, many of them interacting with cell membranes or receptors

located mainly in the nervous or muscular system (Herzig and King 2013). Spider

venom, as it is today, has a 300-million-yearlong history of evolution and adaptation

and can be considered as an optimized tool to subdue prey.

In Mesothelae, the oldest spider group with less than 100 species, the venom

glands lie in the anterior part of the cheliceral basal segment. They are very small

and do not support the predation process very effectively. In Mygalomorphae, the

venom glands are well developed and fill the basal cheliceral segment more or less

completely. Many of these 3,000 species are medium- to large-/very large-sized

spiders, and they have created the image of being dangerous beasts, attacking and

killing a variety of animals, including humans. Although this picture is completely

wrong, it is persistent and contributes considerably to human arachnophobia. The

third group of spiders, Araneomorphae or “modern spiders”, comprises 93% of all

spider species. The venom glands are enlarged and extend to the prosoma; the

openings of the venom ducts are moved from the convex to the concave side of the

cheliceral fangs and enlarged as well. These changes save the chelicerae from

the necessity of being large, and hence, on the average, araneomorph spiders are

much smaller than mygalomorphs. Nevertheless, they possess relatively large venom

glands, situated mainly in the prosoma, and may also have rather potent venom.
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This evolutionary development leads to the strange situation that while most large

mygalomorphs are rather harmless to humans, among the araneomorph spiders,

there are some groups possessing venoms which may affect humans considerably.

Most spiders never attack or bite humans. Moreover, several conditions must be

fulfilled to call a spider dangerous or harmful for humans. (1) Spiders must be able to

survive in the human environment or somehow coexist with humans. (2) After

contact with the human skin, spiders must be willing to bite, i.e. they need a minimum

of aggressive or self-defence behaviour. (3) Only spiders with more than 8–10 mm

body length can penetrate the relatively thick human skin with their chelicerae. Since

most spiders are smaller than 8–10 mm, do not live in man-made habitats and do not

intend to attack and bite, most species are absolutely harmless to humans.

Most spider bites are unintentional, because a spider is accidentally squeezed

and forced to bite. Most bites are harmless and can best be compared to a mosquito

or wasp sting. For some spider genera, however, severe responses of human victims

have been reported, leading to serious medical problems and sometimes also to

death. This group comprises five genera with a few dozen species “of medical

importance for humans” which are the topic of this chapter.

The most dangerous venomous animals are snakes, causing at least 20 fatalities

per million humans annually (Table 19.1). Among arthropods, scorpions are the

most dangerous (0.1–1.4 deaths per million humans), but also bees and wasps (up to

0.2 deaths) are dangerous. Spiders are considered to be less dangerous, but there is

only poor documentation of the frequency of spider bites. Russell (1991) assumes

<200 fatalities, globally per year, due to spider bites and Langley (2005) gives an

annual average of six fatal issues for the USA. These figures refer to 0.04 and 0.02

deaths per million people per year, but both reports are based on statistics where no

spider species verification was required.

The problem with spiders is that people often tend to name any sting or bite as a

“spider bite”, irrespectively of the presence of a spider or not. Physicians and other

health professionals tend to identify all kinds of creatures as spiders and even

confirm “spider bites” without having seen any animal. Also the presence of two

fang marks is no reliable indication of a spider bite. For a more detailed insight into

these problems, see Isbister and Gray (2002a, b), Isbister and White (2004) and

Vetter and Isbister (2008). Following these considerations, three prerequisites must

be fulfilled to accept a spider bite as such: (1) evidence of a bite through symptoms

such as pain or discomfort, (2) collection of the spider during or immediately after

the bite and (3) identification of the spider by an expert.

19.2 Spiders Lethal to Humans

19.2.1 Australian Funnel-Web Spiders (Atrax and Hadronyche,
Hexathelidae)

The only group of mygalomorph spiders of medical importance comprises about

40 species of Atrax andHadronyche (Australian funnel-web spiders, Hexathelidae),
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most commonly A. robustus, H. infensa, H. versuta, H. formidabilis, H. venenata,
H. cerberea and a few still undescribed Hadronyche species (Isbister et al. 2005).
These are large to very large spiders with typical orthognath chelicerae, dark brown

to black and 15–45 mm body length. Most species are terrestrial, some arboreal in

hollow tree trunks. They build silken tubular retreats with irregular silk lines

radiating from the entrance (“funnel”). Spiders may be concentrated in suitable

habitats, thus forming “colonies”. They usually sit in the entrance of their burrow

and grasp prey items that touch the silken lines. Adult males usually leave their

burrow to search for females.

Atrax and Hadronyche species are restricted to the south-eastern coast of

Australia where they can be found in moist to dry woodland and semiopen habitats.

They prefer sheltered microhabitats, and so urban areas offer ideal possibilities.

Spiders are frequently found around stone walls, garden rocks, dead wood and logs

or heaps of building materials. This high spider abundance in the densely populated

parts of Australia causes regular bites by Australian funnel-web spiders, but the

frequency of bites is unknown. White et al. (1995) give an estimate of 30–40 annual

bites, of which only one tenth needs medical treatment since most bites are “dry”

(no venom injected) or effects are so minor that no health institution is consulted.

Most bites occurred at the extremities, usually on the fingers.

In the most comprehensive analysis of these species, Isbister et al. (2005)

gathered information on 138 cases where the collected spider could be attributed

to Atrax and Hadronyche species. In 88% of cases adult males caused a bite,

obviously in their mate-searching phase. Severe symptoms occurred in 31% of

cases and were only caused by male spiders, 69% were considered as minor or

moderate and nearly half of the severe cases happened to children. Half of the

severe cases were due to bites of Atrax robustus, and one seventh of all cases could
be attributed to Hadronyche formidabilis and H. cerberea, respectively. Before the
introduction of antivenom in 1981, 13 fatalities occurred, half of them in children.

After 1981 no further death was recorded. In more than 90% of antivenom applica-

tion, a complete positive response could be achieved, and so the antivenom therapy

is considered to be safe (Isbister et al. 2005).

A spider bite is usually very painful for about 30 min. Most cases are restricted to

local symptoms (skin redness, sometimes piloerection, sweating and muscle fascicu-

lation). Systemic symptoms usually appear 10 min to 1 h after the bite and are usually

considered to be severe. They start with tongue spasms, followed by nausea and

vomiting, abdominal pain, sweating and dyspnoea. Among the severe cases, about

75% showed sweating and hypertension, about 50% increased salivation, agitation,

vomiting, tachycardia, fasciculation and pulmonary oedema. Recommended treat-

ment of such cases is the use of funnel-web spider antivenom (Isbister et al. 2005).

The effective components of the venom of Australian funnel-web spiders are the

d-atracotoxins, 42 amino acid residue containing polypeptides with four disulphide

bridges following the inhibitor cystine-knot motif. These neurotoxins bind with high

affinity to mammalian sodium channels and cause a prolongation of the action

potential duration, whereas binding to most invertebrate sodium channels is only

with low affinity. The alerted neuronal excitability explains the intense muscle
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fasciculation, which is seen clinically during systemic envenomation, whereas effects

on the autonomic nervous system such as vomiting or salivation are probably due to

an accompanying excessive neurotransmitter release (Nicholson et al. 2004).

19.2.2 Recluse Spiders (Loxosceles, Sicariidae)

The worldwide occurring genus Loxosceles contains about 100 species, 85 of which
are native to the Americas, and some have been globally distributed as alien species

(e.g. the European L. rufescens). Recluse spiders are small- to medium-sized

spiders of 5–12 mm body length, often yellowish or reddish to brown, and they

have only six eyes. Spiders hide in crevices under rocks or under bark, where they

spin a retreat and add a few silk lines to the surrounding surface, which alert them

when a prey entangles. Most species occur primarily in arid to semiarid areas, and

some are therefore predestined to a synanthropic way of living, including inside

buildings. Males live up to two years, females up to three years. Only a few species

are of medical importance, e.g. L. reclusa in North America, L. laeta, L. gaucho and
L. intermedia in South America, L. parrami in South Africa and L. rufescens in the

Mediterranean area. Recluse spiders can survive several months without food, are

relatively tolerant to each other, and can reach high densities inside buildings such

as up to 1,250 in one barn or 2,055 in one home. Interestingly, in this house, no

family member had been bitten for over six years. In houses, spiders typically can

be found under the folded flap of card boxes, inside cupboards, behind pictures and

furniture, in shoes and in clothes left on the floor (White et al. 1995; Vetter 2008).

This also describes the possibilities of getting unintentionally in contact with a

recluse spider, which may then in turn feel threatened and may bite to defend.

Typically, this results in bites in the extremities or, when a person is asleep or is

getting dressed, bites to other exposed body parts. Loxosceles bites and the

associated syndrome are often called loxoscelism.

Vetter (2008) distinguishes four categories of Loxosceles bites: (1) unremarkable

bites with very little damage and self-healing; (2) mild reaction with skin redness,

itching, and slight lesion but typically self-healing; (3) necrotic skin lesion; and

(4) systemic or viscerocutaneous, affecting the vascular system, very rare, and

potentially fatal. In contrast to the public perception, most recluse bites belong to

categories (1) and (2), thus typically heal without treatment. In severe cases,

Loxosceles venom causes vascular constriction at the bite site. After 3 h leukocytes

infiltrate the tissue, dermal oedema occurs or arises after 6 h and itching, inflamma-

tion and ischaemia develop. Now the affected tissue causes pain, and a characteristic

blister appears with eschar formation, which falls off later. This exposes soft tissue,

which may take months to heal. In category (3), two third of all cases heal without

complication. However, the most severe cases may result in 40 cm large necrotic

lesions, healing only after several months and leaving an ugly scar. In very rare cases

of systemic reactions, Loxosceles venom may cause hemolysis, intravascular coagu-

lation, sepsis, renal failure and possibly death (White et al. 1995; Vetter 2008).
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Phospholipase D (also known as sphingomyelinase D) is the major active

compound in the venom of Loxosceles spiders. It is a rare enzyme in organisms,

mainly known from sicariid spiders and microorganisms (see also Binford 2013).

Depending on the species, phospholipases D are 31–34 kDa enzymes which

hydrolyse sphingomyelin and lysoglycerophospholipids at the outer surface of

cell membranes, thus destroying the membranes. Obviously, Loxosceles rely to

the highest degree among spiders on the activity of such enzymes when subduing a

prey. Humans are extraordinary sensitive to phospholipase D, as rabbits and guinea

pigs also are, but unlike rats and mice (Vetter 2008). Damage is greater in obese

victims because the enzyme readily destroys poorly vascularised adipose tissue.

Terms such as necrotic skin lesion, dermonecrosis, skin ulcerations or even necrotic

araneism have been used to describe the clinical picture of severe recluse bites.

For most non-necrotic forms of Loxosceles bites, no specific therapy is needed

besides rest and some cooling. Antivenom therapy is frequently used against

loxoscelism, but its efficacy is controversial. Since a recluse bite causes no pain,

which is quite unusual for spiders, patients often search medical help only after the

first day and if the wound worsens. Therefore, no reliable data on the frequency of

bites is available. Analyses of such patients with confirmed Loxosceles bites

indicated an average of 40–60% of cases with necrosis and 2–16% of severe or

systemic cases (Vetter 2008). For South America, White et al. (1995) reviewed

several studies prior to 1988 with a total of 25 fatalities, collected over more than

30 years. While loxoscelism is the most frequently diagnosed cause of spider bites

in the USA and in South America, Loxosceles species do not seem to be of major

medical concern in other continents.

In addition to such figures, several studies showed that Loxosceles bites are

overdiagnosed by physicians. Specifically in the USA, thousands of recluse bites

were diagnosed from regions where Loxosceles did not occur or where they were

extremely rare. Also misdiagnosis is frequent, as re-examinations showed that up to

80% of diagnosed recluse bites were caused by other agents, usually other

arthropods, Lyme borreliosis, Streptococcus or Staphylococcus aureus infections
or other pathogens (Vetter 2008).

19.2.3 Black Widow Spiders (Latrodectus, Theridiidae)

The worldwide-distributed genus Latrodectus contains 31 species, usually called

(black, brown, grey, etc.) widow spiders. Widows are small- to medium-sized

spiders of 8–18 mm body length, often black with characteristic red marks but

also brown or grey. They build irregular cobwebs with sticky threads and a tubular

retreat. Typically, widow spiders inhabit arid to semiarid habitats but are capable of

invading a variety of different habitats, including rural and urban areas. Though

widows are not aggressive, contact with humans can lead to bites, which may cause

serious symptoms so that widows are regarded as the spiders with the highest

medical importance. Most relevant species are the South American black widow
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L. curacaviensis (Central and South America), the brown widow L. geometricus
(Africa but introduced as alien species to all other continents) (Fig. 19.1), the

redback L. hasseltii (Asia to Australia), the North American black widow

L. mactans (North America but introduced as alien species elsewhere), the African

black widow L. indistinctus (southern Africa) and the European black widow

L. tredecimguttatus (Europe to China) (Fig. 19.1). Due to their affinity for human

buildings and goods such as containers, widows are predisposed for easy spread by

cargo transport. Widow bites and the associated syndrome are often referred to

as latrodectism. Since the bites of different Latrodectus species, when analysed

under comparable medical standards, cause very similar symptoms, latrodectism is

considered as the same clinical syndrome worldwide (Isbister and White 2004).

Bites usually occur on the extremities (70–80%), less frequently on the trunk

(20%) and rarely on the head or neck. In many cases, a bite causes significant

effects, with severe and long-lasting pain in two-thirds of cases, and prevented

patients from sleeping in one-third of cases. As in most other comparably small

spiders, puncture marks or bleeding is rarely observed. Pain increases in more than

half of the cases within the first hour and mostly radiates into the limbs or

Fig. 19.1 Above: Latrodectus geometricus and L. tredecimguttatus (Theridiidae), # Barbara

Thaler-Knoflach at www.araneae.unibe.ch. Below: Phoneutria sp. (Ctenidae), # Matjaz Kuntner
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abdominal pain develops. According to a meta-analysis of Isbister and White

(2004), the typical symptoms include sweating in about 70% of cases and systemic

effects in 20–30% of cases (nausea and vomiting in less than 20%, raised tempera-

ture and neuromuscular effects in about 10%, hypertension in less than 10% of

cases). Pain usually lasts 1–2 days and the other symptoms 1–4 days.

Nevertheless, many widow bites do not need any treatment because no symptoms

appear or local pain disappears after some hours (White et al. 1995). The treatment of

the more serious widow bites may be performed symptomatically (i.e. pain relief

medicine, antispasmodic and relaxant drugs), but also antivenom is frequently

applied if available and/or if the case seems to justify it. There is increasing

discussion on the effectiveness of antivenom therapy, and there is considerable

reluctance to administer it due to the frequency of allergic reactions. Nevertheless,

given the potentially fatal consequences, Isbister and White (2004) conclude that

antivenom may be justified in up to two third of cases.

The most active components in the venoms of Latrodectus are latrotoxins, of

which a-latrotoxin is active against vertebrates. This is a 131 kDa protein which

composes two tetramers in the neuronal membrane, thus forming a pore which

allows mono- and bivalent cations, neurotransmitters, ATP and water to influx into

the cell. This permanent firing blocks synapses and provokes cramps, it may cause

cardiac disturbance and renal damage, and finally, it may even lead to a fatal

outcome due to heart failure, myocardial ischaemia or renal failure.

The frequency of fatal issues with humans is highly debated since all latrodectism

studies are considerably biased. They usually start with patients asking for medical

help or often include only severe or hospitalised cases and therefore have a strong

bias. Nevertheless, it is believed that 15% of Latrodectus bites do not lead to

envenomation (Peterson 2006) and that many bites cause only minor effects, thus

requiring no treatment or hospitalisation (White et al. 1995; Isbister and Gray 2003).

Furthermore, it has often been mentioned that the frequency of widow bites is

seriously overestimated since many diagnoses of latrodectism are wrong. There are

no positive tests available, no single symptom supports such a diagnosis and only a

spider collected while biting and subsequent identification by an expert can guarantee

that it is a “verified Latrodectus bite”. The fatalities attributed to latrodectism as

reviewed in White et al. (1995) must be seen in this light. For Australia, no fatal case

has been reported since 1956 when antivenom therapy became available, and also for

the USA, no fatal case is listed in their annual reports among ten thousands of widow

bites from the last years (American Association of Poison Control Centers 2012).

Nevertheless, there are a few publications of fatal incidents of Latrodectus bites

(e.g. Hoxha 2006; Gaisford and Kautz 2011), but all refer to non-verified spider bites.

19.2.4 Armed Spiders (Phoneutria, Ctenidae)

Eight species have been described for the Central and South American genus

Phoneutria, all large spiders with body lengths between 20 and 45 mm (Fig. 19.1).

Body colouration is usually grey to brown with reddish chelicerae and a black-striped
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pattern on the underside of the first two pairs of legs. Phoneutria species do not build
webs but search at night for prey. These tropical species live primarily in the

rainforest but invade rural and urban areas and are able to habitate human buildings.

When disturbed, these spiders show a typical defensive behaviour in which the body

is in an erect position, the first two pairs of legs raised up, thus showing the

conspicuous striped pattern on their underside, while the spider sways from side to

side. Common species are P. nigriventer, P. keyserlingi, P. fera and P. reidyi.
Especially in the large urban areas of the Brazilian east coast, spiders frequently

encounter humans. Though the spiders are nocturnal, most bites occur during the

day and in houses, mainly in the mating season (January to April) when the spiders

are more active. Phoneutria spiders are frequently encountered in shoes, among

rubbish and construction material and in banana bunches, which explains the high

frequency of bites to the hands and feet. Phoneutria bites are very common and

accompanied by strong pain. Almost all patients complain about burning pain, often

spreading over the affected limb. Further local symptoms are swelling and a

dilatation of blood vessels (hyperaemia). Children and young people are more

sensitive to Phoneutria venom than older people. Mild envenomation is observed

in 90% of cases and includes accelerated cardiac rate as a systemic symptom.

Moderate cases (further 9%) are characterised by nausea, vomiting and sweating.

Severe cases (less than 1%) show a reduced cardiac rate, hypotension, cardiac

arrhythmia and acute pulmonary oedema. Symptomatic treatment includes

analgesics to relieve pain as a standard treatment in >75% of cases. In some severe

cases, antivenom is given, but nearly 20% receive no treatment at all (White et al.

1995; Bucaretchi et al. 2000).

During the last 100 years, 10 fatal cases have been reported from Brazil for

Phoneutria. Most cases, however, are poorly documented, and only two meet today’s

standards, and the last fatal case occurred in 1985. Death is considered to be

extremely rare and seems to be restricted to small children (Bucaretchi et al. 2000).

The venom of Phoneutria spiders contains several components, which may

explain its toxic effects. Histamine causes pain, and a variety of ion-channel active

peptides (in the size range of 3.5–8.6 kDa) inhibit or delay inactivation of Ca2+, K+

and Na+ channels. This leads to a depolarization of muscle fibres and nerve terminals

at the neuromuscular junction. Also several tachykinin peptides with molecular

masses between 0.9 and 1.7 kDa could be identified from the venom of P. nigriventer.
They are characterized by vasodilatory and neurohormonal activities and probably

provoke the observed release of acetylcholine and catecholamines, which is respon-

sible for some systemic effects (White et al. 1995; Kuhn-Nentwig et al. 2011).

19.2.5 Other Spider Species Which Are Considered
to Be Dangerous

Large mygalomorph spiders (“tarantulas”) are feared because of their size and the

overall Hollywood image of being very dangerous. The reality, however, is differ-

ent. Bites of Australian mygalomorph spiders other than the hexathelids mentioned
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in Sect. 19.2.1 (such as Theraphosidae, mouse spider Missulena and trap-door

spiders of the families Idiopidae and Nemesiidae) cause local pain, skin redness

and sometimes bleeding due to the size of the wound, but no severe effects (Isbister

and Gray 2002b). A comparable result was attained in a major Brazilian study with

91 identified cases. Theraphosid bites were considered to be rare (<1% of spider

bites), and envenoming is described as mild with main symptoms of local pain and

minor skin redness (Lucas et al. 1994).

Other large spiders, such as huntsmen (usually sparassids of the genera

Heteropoda and Neosparassus), are feared because of their size and leg span,

because of their ability to climb walls and ceilings and because of their

synanthropic way of life. These spiders flee from humans already when they are a

long distance away, but when people try to catch them, they may get bitten. Clinical

effects are described as an immediate and transient pain, disappearing already after

a few minutes. Systemic effects are rare and minor; thus, sparassids are regarded as

very harmless spiders (Isbister and White 2004).

Yellow sac spiders of the genus Cheiracanthium comprise about 180 species, but

only a few species exert a synanthropic way of living and encounter humans more

frequently, mostly C. inclusum and C. mildei in North America and C. punctorium
in Europe to Central Asia. These medium-sized spiders (body length mostly below

10 mm) have relatively long chelicerae and can bite humans, outdoors or at home or

also at night when sleeping while unintentionally squeezing the spider. The bite

provokes pain and discomfort in all cases, lasts typically for less than 2 h and leads

to local redness (85% of cases), swelling (30%) and itchiness (30%). Systemic

effects were observed in 15% (headache, vomiting). Complete recovery occurred

fast, and no long-lasting effects were observed, so that Cheiracanthium species can

be categorized as rather harmless (Vetter et al. 2006).

Despite frequent citation in the medical literature and in newspapers, hobo

spiders (this term refers only to the alien introduction of the European Tegenaria
agrestis (Agelenidae) into Pacific United States) do not cause painful bites or

necrosis to humans (Vetter and Isbister 2008). Also bites by other agelenids

(Agelena, Agelenopsis, Hololena species) are very rare events and usually harmless

(Vetter 2012). Wolf spiders (Lycosidae) are distributed worldwide, and some

genera comprise species of medium body size (e.g. Hogna and Lycosa), but

nevertheless, their bites cause only medium pain and generally mild, transient

symptoms. Details can be found in reviews by Isbister and White (2004) and Vetter

and Isbister (2008).

19.3 Necrosis After a Spider Bite?

The term necrotic arachnidism refers to the fact that the bite of several spider

species may induce skin necrosis. Especially in the older literature, often uncriti-

cally referred to, there is no clear differentiation between a direct venom effect and
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potential secondary infections. Moreover, cases of unverified spider bites are

included in such statistics. The non-scientific classification of spider bites (“puta-

tive, presumptive, probable, documented”) as listed in the medical education

literature (Sams et al. 2001) unfortunately suggests that it could be possible to

identify spider bites and even the spider species according to symptoms. There is no

way of correct spider identification without a specimen; thus, it is indispensable of

keeping the gold standard of verified bites as described above. Such nebulous

definitions of spider bites are probably the basis for frequently encountering

necrotic arachnidism as being attributed to many spider species still today in the

literature.

According to current knowledge, necrosis following a spider’s bite is only

caused by Loxosceles species (and the small genus Sicarius, endemic to South

African deserts, both in the same family, Sicariidae). The venom contains phos-

pholipase D (also known as sphingomyelinase D), an enzyme which destroys

membranes, thus causing necrosis (see Binford, 2013). Careful analysis of other

spider venoms proved the unique case of sicariids. Especially Cheiracanthium
venom, for a long time also considered to cause necrosis, definitely does not

cause necrosis (Vetter et al. 2006; Vetter and Isbister 2008). Necrotic arachnidism

induced by sicariids must clearly be distinguished from secondary infections which

may be caused by a variety of different agents, usually initiated by a physical injury

or forms of skin blistering and ulceration (White et al. 1995).

19.4 Conclusions

Spiders from four families (Atrax and Hadronyche (Hexathelidae), Loxosceles
(Sicariidae), Latrodectus (Theridiidae) and Phoneutria (Ctenidae), with several

species each) may cause severe symptoms when biting humans. This is mainly

due to a combination of factors: (1) synanthropic way of living (all taxa), (2) high

densities in urban areas (Latrodectus, Loxosceles, Phoneutria), (3) large body

size (Atrax, Hadronyche, Phoneutria), (4) ion-channel targeting neuropeptides or

other venom compounds which are very potent and/or to which vertebrates/

humans are very sensitive (Atrax, Hadronyche, Latrodectus, Phoneutria), (5) a venom
enzyme causing necrosis (Loxosceles), and (6) aggressive behaviour towards

humans (Phoneutria). Several decades ago, fatal incidents were reported for all

four groups, but medical documentation as well as medical standards in many

countries were poor. In the last 2–3 decades, no fatalities were reported for Atrax,
Hadronyche, Latrodectus and Phoneutria. The situation with Loxosceles is less

clear, but on a global scale, it is obvious that fatalities due to spider bites are now

close to zero, which refers to an annual mortality of <0.001 per million humans.

Thus, spiders are by far less dangerous than bees and wasps (Table 19.1).
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Part VI

Silk

Spiders possess several silk gland types producing a variety of silk qualities, they

fabricate either cribellate or non-cribellate silk, with or without sticky droplets. Silk

is involved in all parts of a spider’s life, from the retreat to draglines, sperm webs

and cocoons, but its overall importance got silk as inimitable material for a variety

of web types to catch prey. So, silk is the material which accounts for the over-

whelming predacious success of many spider families. During 300 million years,

the material properties of silk became unique, making it one of the most fascinating

biomaterials.



Chapter 20

Spider Silk: Molecular Structure

and Function in Webs

Todd A. Blackledge

20.1 Introduction

The evolutionary and ecological success of spiders is founded in part on numerous

innovations in the chemistry, production, and utilization of their silk toolkits (Bond

and Opell 1998; Blackledge et al. 2009). Opisthosomal silk glands in fossil Attercopus
indicate that spider evolved silk at least 386 mya (Selden et al. 1991). The lack of

spinnerets in Attercopus and other early “protospiders” suggests that the physical

control over thread placement provided to spinning glands placed on muscled

spinnerets played an important role in early silk and web evolution in Araneae (Selden

et al. 1991). However, the diversification of the genes encoding spider silk proteins

and the development of distinct silk gland morphologies were likely far more signifi-

cant (Craig 2003; Garb et al. 2010). Silk production is largely uninvestigated outside

of model species of orb-weaving spiders so that the tempo of evolution and the degree

to which silk genes and spinning physiology might coevolve are unclear. Most work

relating silk production and functions therefore focuses on orb-weaving spiders.

20.2 What Is Spider Silk?

Most spider silks consist of semicrystalline fibroins (fibrous proteins) where the

amino acid chains are spatially constrained into rigid nanocrystal structures in some

regions and amorphously free in other regions (Eisoldt et al. 2011). This gives silk a

combination of high strength, due to the confinement, and high extensibility

because the protein chains in the amorphous region are kinetically free and can
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move when threads are stretched. Spider silks therefore require the continuous

application of large forces to stretch a great distance before breaking. Although

spider silks are impressively strong and extensible compared to most natural and

synthetic materials (Gosline et al. 1999), it is this work of extension, termed

“toughness,” that is truly remarkable—some spider silks requiring five times

more energy to break than an equivalent volume of Kevlar (Agnarsson et al. 2010).

The nano-structured, composite nature of spider silk is determined by an inter-

action between the amino acid sequence of the proteins and how fibers are assem-

bled from liquid feedstocks. Both play important roles in controlling the material

properties of spider silks. More important, amino acid sequence and spinning

physiology provide potentially independent mechanisms that could be acted upon

by natural selection in the evolution of the function of spider silks (Blackledge et al.

2011; Blackledge 2012). The end result is that most spiders spin “toolkits” of

several diverse types of silks (Blackledge and Hayashi 2006), and individual silk

types can vary significantly in their performance among species (Swanson et al.

2006, 2007; Sensenig et al. 2010).

20.3 Spider Silk Protein (Spidroin) Structure

A single spider silk protein is termed a spidroin, for “spider fibroin,” and is typically

quite large, 200–350 kDa (Ayoub et al. 2007; Garb et al. 2010). Spidroins consist of

three regions—an initial N-terminus of ~100–400 amino acids, a long internal

region of highly repetitive amino acid sequences, and a final C-terminus

(Fig. 20.1) (Ayoub et al. 2007). The N- and C-termini are remarkably conserved

across different types of silks (Garb et al. 2010), even among silk genes that

diverged >240 MYA. This pattern suggests that the terminal regions are critical

for shared properties among silk types, such as how diverse spidroins are stored as

liquid dopes and then subsequently transformed into solid fibers (Eisoldt et al.

2011). The internal regions, in contrast, are highly divergent among silk types—to

the extent that they cannot be homologized (Gatesy et al. 2001). However, the

amino acid sequences of the internal regions are remarkably similar for a single

type of spidroin compared across species and have a strongly hierarchical organi-

zation. The internal region of a spidroin can be divided into repetitive modules that

are each 40–200 amino acids long and are repeated 20–100 times in tandem (Ayoub

et al. 2007; Garb et al. 2010). Each repetitive module is nearly identical in amino

acid sequence to the others, likely due to homogenization from concerted evolution

(Hayashi and Lewis 2000). A repetitive module consists mostly of short, highly

stereotyped amino acid sequences called “functional motifs” that are approximately

five to ten amino acids in length with spacer regions in between them.

Different functional motifs are predicted to form specific secondary structures.

The identity and frequency of these secondary structures help explain variation in

the material properties of spider silk. For instance, the crystalline regions in spider

silk are formed from repeats of polyalanine and glycine-alanine. Both amino acids
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Fig. 20.1 Silk production and structure. (a) Spidroins are synthesized in the tail of the silk gland

and are stored in the lumen as a liquid dope. As the dope passes through the spinning duct, a

combination of shear forces, water uptake, and ion exchange produces a phase shift that causes

nanocrystals to form and interlock the spidroins, thereby solidifying the fiber. The still wet silk

fiber passes through a muscled valve that acts as a friction brake and controls the alignment of the

spidroins along the fiber axis. (b) Spidroins consist of repeated modules of amino acids. Each

module is composed largely of a few common functional motifs that form specific secondary

structures. The N- and C-terminal regions are more heterogeneous, and their amino acid sequences

are conserved among divergent silk types. (c) Hypothesized structure of major ampullate silk in an

orb spider. A skin of lipids and glycoproteins surround a core of spidroins. The core likely consists

of multiple fibrils. Individual spidroins are organized into highly crystalline domains embedded

and an amorphous matrix. Two levels of crystalline domains are shown here. Adapted from

Blackledge (2012) with panel C from Eisoldt et al. (2011)
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contain small, hydrophobic side chains that fold peptides into b-sheets. Hydrogen
bonding between adjacent peptide chains is particularly strong due to their

nanoconfinement (Keten et al. 2010). These sheets stack together forming small

nanocrystals that act as stiffeners and interlock multiple peptides. In contrast, the

cyclic side chain of proline restrains the rotation of the carbon backbone of the

amino acid forcing the peptide to coil, preventing b-sheet formation. Motifs of

glycine-proline-glycine-X (where X denotes a limited subset of amino acids)

instead fold into b-spirals that act like molecular nanosprings, increasing the

extensibility of silk fibers (Hayashi and Lewis 1998; Jenkins et al. 2010). Other

motifs exist, but their functions are more poorly understood. For instance, glycine-

glycine-X is predicted to form a 310 helix at the interface between the b-sheet
crystals and the amorphous region of the spidroin.

Spidroins are encoded by a single family of genes, whose evolutionary history

consists of repeated bouts of gene duplication followed by diversification of the

internal repetitive regions (Garb et al. 2010). A single spider in the Orbiculariae can

produce up to seven or eight distinct types silks from discrete glands (Blackledge

and Hayashi 2006), although spiders in other clades produce fewer types. Most silks

are composed primarily of one or sometimes two types of spidroins. For instance,

major ampullate (MA) silk in orb-weaving spiders contains both major ampullate

spidroin 1 (MaSp1) and major ampullate spidroin 2 (MaSp2). MaSp2 is distinct in

its prevalence of glycine-proline-glycine-X motifs, while MaSp1 contains more

polyalanine and glycine-alanine motifs. Thus, the material properties of MA silk

are determined in part by variation in the expression levels of these two proteins.

Moreover, cDNA libraries reveal that diverse silk genes can be expressed, at least at

low levels, in some silk glands (Garb et al. 2006).

20.4 Spider Silk Processing

Fibrous spider silks are spun from liquid “dopes” stored in the lumens of silk glands

that solidify nearly instantaneously as the dopes are pulled through the ducts of the

glands (Fig. 20.1) (Eisoldt et al. 2011). The continued lack of success in accurately

reproducing the remarkable material properties of native spider silk in fibers spun

from recombinant or reconstituted silk proteins suggests that how a spider “spins”

silk may be as critical as the composition of the dope. The process of fiber assembly

is well-characterized for the MA silk glands of orb-weaving spiders (Eisoldt et al.

2011). Spidroins are secreted in the tail of the gland and stored as micelles in the

lumen. The spidroins reach a remarkably high concentration, up to 50 % wt/vol, as

the relatively hydrophilic terminal regions isolate the hydrophobic repetitive

regions in the interior of the micelle. Fibers begin to solidify as the dope passes

into the “S”-shaped spinning duct. Initially shear forces align the spidroins, while

ion uptake and a slight drop in pH cause the terminal regions of spidroins to

dimerize, thereby cross-linking molecules. This process exposes the repetitive

regions of the spidroins, leading to the rapid formation of b-sheet crystals.
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The still wet fiber is then subjected to further shear force that continue to align the

crystals with the fiber axis as the fiber passes through a muscled valve that is present

in the MA spinning duct, prior to exiting the spigot.

Orb spiders exert significant control over the shear forces applied to silk threads

such that they can influence the relative alignment of the amorphous fraction of the

fibroins. More force results in greater pre-straining of the silk making it measurably

stiffer and less extensible. In fact, the material properties of MA silk produced by a

single spider can vary by as much as 50 % under different spinning conditions due

at least in part to this final draw down phase (Guinea et al. 2005).

Nutrition also influences the amino acid content of silk, which may be a response

to the costs of synthesizing different amino acids (Blamires et al. 2012). The

chemical composition of viscid glues appears particularly plastic (Higgins et al.

2001). However, the response is not universal (Blamires et al. 2010). Spiders

change the performance of their silk in response to diet simply by altering structural

properties of silk. The theridiid Parasteatoda tepidariorum spins thicker threads

after encountering larger prey (Boutry and Blackledge 2008), and the thickness of

threads closely scales with changes in body mass for many spiders (Blackledge and

Zevenbergen 2007). Argiope trifasciata (Araneidae) even alters the properties of its
dragline silk when shifting from horizontal to vertical surfaces (Garrido et al. 2002).

The final functional properties of a silk thread result from an interaction between

the protein composition of the silk and spinning conditions. Amino acid sequence,

determined by gene expression, sets the boundaries for a range of potential perfor-

mance properties, while the spinning conditions—acidification, ion exchange,

water resorption, and drawdown of the wet fiber—determine precisely where in

that “performance space” a particular silk thread occupies. It is also useful to

distinguish between the material properties of silk threads versus actual mechanical

performance (Fig. 20.2). The former measures the intrinsic performance of

materials, regardless of dimensionality, while the mechanical performance of any

object is determined as much by its size and shape as by the material from which it

is built. Thus, a thin cotton thread and thick cotton rope have identical material

properties but radically different mechanical performance (Fig. 20.2b).

20.5 Silk Diversity

Eight to nine types of silk occur in Orbiculariae (orb-weaving spiders; see also

Appendix, this volume), differentiated by their glandular origins, with fewer types

occurring in other clades. The material properties and chemical compositions of each

type of silk are distinct (Blackledge and Hayashi 2006) as are their functions

(Fig. 20.3). Up to six types of silk play an integral role in the function of most

webs. Adhesive silks—viscid aggregate glue and dry cribellate fibrils—are covered

in Townley and Tillinghast (2013) and Opell (2013). The other silks are briefly

outlined below.

Major ampullate (MA) silk forms the backbones of most araneomorph prey

capture webs and is used extensively in other structures such as draglines,

20 Spider Silk: Molecular Structure and Function in Webs 271



ballooning threads, and retreats. MA silk is also the best characterized silk, with

material properties, chemical composition, and structural data for a small, but

phylogenetically diverse set of species. MA silk is typically stronger compared to

other silks and is also relatively stiff and less extensible. The tensile properties of

MA silk also vary phylogenetically—orbicularian spiders produce measurably

stronger and tougher MA silk threads compared to their sister RTA clade and

basal taxa (Swanson et al. 2006). These differences correlate with the origin of

MaSp2, which is currently known only from Orbiculariae.

Fig. 20.2 Performance of silk threads. (a) Several material properties are typically quantified for silk

threads. Young’s modulus measures the stiffness in the initial “elastic region” where nearly all the

energy of deformation is stored internally so that silk recovers completely when relaxed. Toughness

measures the total energy per volume of silk necessary to extend a thread to failure. (b) Material

properties are independent of the dimensions of the silk. Thus, two silk threads with identical material

properties could perform very differently. Here, a longer thicker thread in gray requires more force to

break at a greater extension compared to a shorter, thinner silk in black. The area under the force-
extension curve represents the work that thread can perform—resisting moving prey, etc.
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Minor ampullate (MiA) silk is typically thinner than MA and also weaker but

more extensible. Its composition is similar to MaSp1 and lacks the glycine-proline-

glycine-X motif found in orb spider MA silk. MiA silk is used for aerial bridging

and possibly the temporary spirals of orb webs. MiA threads also sometimes

supplement draglines and web elements spun from MA.

Flagelliform (Fl) silk forms the axial fibers of capture threads in araneoid spiders

(see Townley and Tillinghast 2013). It is notably more extensible and orders of

magnitude more compliant than all other spider silks (Swanson et al. 2007). The

Fig. 20.3 The spider silk “toolkit.” Araneid spiders produce five distinct fibrous silks as well as

piriform silk that form attachment disks and adhesive silks that coat capture threads (see Townley

and Tillinghast 2013; Opell 2013). (a) Orb webs are composed primarily of major ampullate silk

backbones and glue-coated flagelliform silk capture spirals. These two silks differ greatly in their

ultimate strength, extensibility, and stiffness. Minor ampullate silk may be used to spin the

temporary or auxiliary spiral, but evidence is unclear. (b) Aciniform fibers are sometimes added

to webs to produce stabilimenta and are also used to wrap prey. Adult female spiders also possess

tubuliform glands that are used, along with several other silk types, to construct egg sacs. From

Blackledge et al. (2011)
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repetitive modules in Fl lack polyalanine repeats, thereby reducing cross-linking

among the spidroins. Fl spidroins are instead dominated by glycine-proline-glycine-X

motifs, where the proline residues fold into b-spirals that act as molecular

“nanosprings” (Hayashi and Lewis 1998). Also, Fl silk is normally hydrated by

water in the surrounding aqueous coating (see Townley and Tillinghast 2013), which

increases molecular mobility also promoting extensibility (Vollrath and Edmonds

1989).

Piriform secretions join threads to one another and fix threads to the substrate.

The secretions come from multiple spigots and consist of thin fibers embedded in a

cement-like matrix (Blasingame et al. 2009). At least two unique proteins are

expressed in piriform glands and may compose the fibers (Blasingame et al.

2009; Perry et al. 2010), but the chemical composition of the matrix is unknown.

Piriform secretions produce mechanically diverse structures including permanent

attachment disks and the quick-releasing attachments of gumfoot threads in

cobwebs (Blasingame et al. 2009; Argintean et al. 2006). How the same set of

glands can produce such divergent properties remains to be discovered.

Aciniform (Ac) fibers are produced from numerous spigots on the posterior

median and lateral spinnerets (Coddington 1989), forming sheets or bands of silk,

which are likely used in functionally similar ways to early silks. Ac glands occur in

all araneomorph spiders, and their similarity to the poorly studied glands in

mygalomorphs suggests that Ac silk was one of the earliest silks to evolve. The

amino acid sequence, inferred from the only known cDNA transcript, shows a

remarkable homogeneity among the repetitive modules—each of the 14 known

modules is nearly 100 % identical in their ~200 amino acid sequence (Hayashi et al.

2004). Ac silk lacks the highly iterated crystalline-forming motifs found in MA silk

(Rousseau et al. 2009) and is significantly more extensible than other dry silks

(Hayashi et al. 2004). AC fibers are used to wrap prey, to line the interior of egg

sacs, and to construct stabilimentum web decorations.

20.6 Function of Silk in Prey Capture Webs

Prey capture webs range in complexity from simple, silk-lined burrows to irregular

sheets of silk spread across a substrate to aerial webs suspended on discrete

frameworks of MA silk (Blackledge et al. 2009). While some webs primarily extend

a spider’s sensory environment, such as the trip lines extending from many liphistiid

and mygalomorph burrows, most prey capture webs also interact mechanically with

prey—slowing or even adhering to the prey. The function of prey capture webs is

determined by an interaction between the material and structural properties of silk

threads and how those threads are arranged in webs (i.e., architecture). Orb webs offer

the best understood example (Blackledge et al. 2011; Harmer et al. 2011; Blackledge

2012). The capture of flying insects by orb-weaving spiders is determined by how

effectively their orb webs first intercept insects, then stops their flight, and finally

retains the insects long enough for capture. In addition, orb webs must quickly
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transfer information about the location of trapped prey to the spider and resist

perturbations in the environment such as wind.

Prey interception is influenced mostly by the location of a web and its architec-

ture. Thus, it is largely independent of the material properties and structures of silk.

Eberhard (1986) modeled the spacing between rows of the capture spiral to

maximize the number of insects intercepted by orb webs and found the optimal

solution was just larger than an insect’s wingspan. For a given amount of silk, a

narrower mesh reduced orb size too much and decreases the total prey contacting

the web, while greater spacing allowed too many insects to fly through the plane of

the web without contacting threads. Web visibility presents an important exception

to the independence of prey interception from silk properties because thicker

threads are structurally stronger but also more visible.

The importance of amino acid sequence for silk function is dramatically illustrated

by how orb webs stop and retain prey. Orb webs consist largely of two fibrous silk

types and multiple adhesive silks (see Townley and Tillinghast 2013; Opell 2013).

MA silk comprises the supporting radii and frames of orbs, as well as the backbones

of most other types of prey capture webs, while Fl silk forms the core of the capture

spiral. Both types of silk are remarkably tough—requiring great energy to rupture.

However, MA silk is approximately 1,000-fold stiffer than Fl, with a breaking

strength of 1–2 GPa and extensibility of 30–60 %. Fl, in contrast, is weaker and

breaks at an engineering stress of ~250 MPa after stretching three to seven times its

original length (Fig. 20.3a). These differences in material properties are determined

primarily by the preponderance of crystal-forming polyalanine and glycine-alanine

amino acid motifs in MA versus glycine-proline-glycine motifs in Fl.

Orb webs must dissipate tremendous kinetic energy though the silk to stop prey

in midflight. Energy is dissipated primarily by the high hysteresis (or damping

capacity) of MA silk in the radii. As the MA silk extends, the kinetic energy is

transferred to heat when spidroins in the amorphous fraction of the silk rearrange as

threads extend under impact (Fig. 20.4a). This prevents insects from ricocheting out

of the web. Silk threads are so thin that air interacts with them as a relatively viscous

fluid, and some models of orb web function therefore suggest that aerial damping

also dissipates substantial prey energy (Lin et al. 1995). However, recent empirical

data show that aerial damping plays only a minor role, at least for medium to large

orb webs (Fig. 20.4b) (Sensenig et al. 2012). While abundant, the Fl silk in the

capture spiral is so compliant that it does very little work of stopping prey (Sensenig

et al. 2012). Energy dissipation is concentrated in a remarkably small portion of the

orb’s surface—~25–30 % of the orb’s surface accounts for 90 % of all the work of

stopping prey (Sensenig et al. 2012) due to the nonlinear tensile behavior of the MA

silk (Cranford et al. 2012). Because MA silk becomes more compliant after it

yields, stress is concentrated in the local area of deformation until the silk stiffens

significantly when approaching failure. As a result, even a moderately damaged orb

web retains the ability to effectively stop insects elsewhere on the web’s surface

(Sensenig et al. 2012; Cranford et al. 2012).

Capture thread adhesion is investigated extensively, and many of the details are

covered by Townley and Tillinghast (2013) and Opell (2013). However, the role of
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silk in prey retention at the whole web level is more poorly understood. Prey retention

is particularly important for webs because many insects escape before spiders have

adequate time to locate and subdue the prey. Simple architectural features of orb

webs facilitate prey retention. Narrow spacing between rows of capture spiral

increases the total number of threads adhering to any prey. The vertical orientation

of most araneoid webs facilitates interception for vertical webs but, along with web

asymmetry, also increases retention because insects that free themselves from one

capture thread typically tumble down onto more adhesive threads (Opell et al. 2006).

Townley and Tillinghast (2013) discuss how the mechanical performance of the axial

Fl silk itself plays a critical role in promoting adhesion.

Fig. 20.4 Dissipation of prey energy. (a) Orb webs depend upon the high-energy damping of their

major ampullate (MA) silk to stop prey. Approximately 60–70 % of the total work need to extend

MA silk is transferred to heat. The 30–40 % that is stored (light gray) drives web oscillations.

(b) The kinetic energy of prey can be dissipated through three routes—aerodynamic damping,

damping in capture spiral silk, and damping in MA radial silk. At least for medium to large orb

webs, most prey energy is dissipated through stretching of the radii in the local area of impact.

Here, a 98 mg projectile strikes the web of Araneus trifolium (Araneidae) at time 0. Forward

momentum is halted within the first 0.1 s, with energy stored in the silk being returned to the prey

during each oscillation of the web (e.g., at 0.2 and 0.3 s). Although capture silk extends greatly

during prey capture, the silk is so compliant that it does very little work. From Sensenig et al.

(2012)
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Silk also needs to effectively transmit information about the location of trapped

prey to spiders. The MA silk in the radii of orb webs is particularly efficient

at propagating longitudinal, rather than lateral or transverse, vibrations so that infor-

mation is efficiently funneled to the hub of the web (Masters 1984). The degree to

which this selective vibration transmission might be influenced by the crystallinity of

the silk, which is itself oriented longitudinally and which varies substantially

depending upon the ratio of MaSp1 versus MaSp2, is unknown. However, the tension-

ing of the radii by the spider during web building does influence vibration transmission.

The tightening of radii during hub construction by hungry Octonoba (Uloboridae)

tunes orb webs so that they respond more strongly to the vibrations of smaller trapped

insects, presumably facilitating an increase in diet breadth (Watanabe 2000).

20.7 Evolution of Silk in Orb Spiders

Body size shifts orders of magnitude among different araneoid clades, so it is not

surprising that it is a critical factor in the evolution of orb web architecture and silk

properties (Sensenig et al. 2012). The stopping potential of orb webs, estimated as

the maximum absorbable energy per cm2 of web surface, increases in lineages of

large-bodied spiders due to concerted changes in web architecture and silk

properties. Larger spiders spin orb webs with disproportionately tightly packed

threads and produce silk that is tougher than smaller species (Craig 1987b; Sensenig

et al. 2010). The adhesive strength of viscid threads also coevolves with their tensile

strength (Townley and Tillinghast 2013).

On the other hand, significant trade-offs exist in how silk functions during the

interception, stopping, and retention of prey by orb webs. For instance, spiders can

allocate a given amount of silk to an orb with a larger capture area that samples a

larger portion of the air column, thereby increasing the total number of prey

intercepted. But, this necessitates producing thinner or more widely spaced threads,

thereby reducing stopping potential compared to a more compact web of the same

volume of silk. Evolutionary changes in material properties of silks may mitigate

some of these trade-offs. Spiders can use stronger, tougher silk in larger, widely

spaced orb webs to maintain stopping potential (Craig 1987a; Sensenig et al. 2010).

20.8 Looking Beyond Orb Webs

The technological limitations of measuring silk properties for the very thin fibers

produced in small-bodied lineages of araneid spiders, such as the Symphytog-

nathidae, mean that substantial gaps in our knowledge extend to whole clades.

More important, orbs represent only a minority of the prey capture webs spun by

spiders (Shear 1986; Eberhard 1990). The functional properties of silks outside of

araneoid orb webs are largely unexplored, with the exception of investigations into
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the adhesiveness of cribellate threads (see Opell 2013) and a few studies of the

molecular structure (Dicko et al. 2008) and material properties of (Swanson et al.

2006; Boutry and Blackledge 2010) major ampullate silk.

The gumfoot trap threads of cobwebs are a notable exception that illustrates just

how different the mechanics of prey capture can be from the orb web “model”

because cobwebs capitalize on energy storage (Argintean et al. 2006). Gumfoot

threads are held under tension by the cobweb and release from the ground when

prey contact their gluey bases, pulling small prey into the air and resisting moment

of larger prey (see also Townley and Tillinghast 2013). More discoveries clearly

await intrepid investigators.

20.9 Conclusions

Integrating the molecular structure and properties of spider silk threads with the

function and ecology of webs is a relatively new frontier (Harmer et al. 2011). Spiders

inspire many biomimetic innovations such as sensors (Barth 2012), water-operated

motors (Agnarsson et al. 2009), adhesives (Seidl and Vidoni 2013), and robotic legs

(Spagna et al. 2007; Zentner 2013). Yet, these efforts pale in dimension next to the

quest to synthesize spider silk in the laboratory for use by industry, the military, and

medicine (Hinman et al. 2000; Altman et al. 2003; Scheibel 2004; Vollrath and Porter

2006). Web ecology and spider evolution bring new perspectives to this effort and

yield discoveries such as using web-spinning behaviors to predict ultrahigh perfor-

mance silks (Agnarsson et al. 2010) or new design principles for glues (Sahni et al.

2012). A holistic understanding of silk functions in webs is equally important,

though, for understanding the evolution of spiders.
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Chapter 21

Aggregate Silk Gland Secretions

of Araneoid Spiders

Mark A. Townley and Edward K. Tillinghast

21.1 Introduction

Most spiders havemultiple types of spinneret-associated silk glands used for different

purposes. Spiders of the ecribellate superfamily Araneoidea, which include builders

of sticky-droplet orb webs, cobwebs, and stereotyped aerial sheet webs (Blackledge

et al. 2009; see also Appendix, this volume), typically have major ampullate (MaA),

piriform (Pi), minor ampullate (MiA), aciniform (Ac), cylindrical (tubuliform),

flagelliform (Fl), and aggregate (Ag) types of silk glands (Kovoor 1987; Blackledge

et al. 2011). Of these, the Ag least conform to expectations for a silk gland, especially

in terms of the form and composition of their products (Vollrath 1999). Rather than

the largely proteinaceous fibers produced by typical silk glands that are essentially

dry soon after being drawn, Ag are known for their sticky aqueous secretions with a

substantial nonprotein component (in addition to water). This gland type only occurs

in araneoid spiders (Kovoor 1977a), and indeed, it provides one of the

autapomorphies delimiting this large clade (Schütt 2003) containing about a quarter

of the 42,751 extant described spider species (Platnick 2012). In their best known

contexts, as produced by orb web and cobweb builders, Ag secretions stick to prey,

thereby helping to detain them and aiding in their capture. Additional roles in certain

families will be mentioned below.

Araneoids typically have two pairs of Ag, though there are various examples,

distributed across several families, of taxa in which some or all of these have been

secondarily lost (e.g., Peters 1993; Schütt 1995; Agnarsson 2004; Miller 2007; Rix and

Harvey 2010). In addition, Ag degenerate in many adult males (e.g., araneids,

tetragnathids, most theridiids, some linyphiids) (e.g., Sekiguchi 1955; Agnarsson 2004;
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Miller and Hormiga 2004) and, rarely, adult females as well (Platnick et al. 1991), but

they are retained, at least in part, in other adult males (e.g., most spiders in

“clawless female clade” of Lopardo and Hormiga 2008, many linyphiids including

all examined erigonines) (e.g., Miller and Hormiga 2004; Rix and Harvey 2010).

Droplets on silk fibers preserved in amber demonstrate that Ag had evolved by

the Lower Cretaceous (~140 Ma) (Brasier et al. 2009; Selden and Penney 2010) and

fossil araneoids, including a species of the nephilid Nephila (Selden et al. 2011),

push this origin back to at least the Middle Jurassic (~165 Ma) (Selden and

Penney 2010). A single origin for cribellate (deinopoid) and ecribellate (araneoid)

orb webs, supported by molecular, morphological, and behavioral data, suggests

that Ag secretions first came into use among cribellate orb web builders

(Blackledge et al. 2009). A major conceptual difficulty in this scenario, however,

has been envisioning the transition from prey capture using dry cribellar silk to

capture using aqueous Ag droplets (e.g., Opell and Schwend 2009; Blackledge

et al. 2011). Opell et al. (2011a) have proposed a very plausible hypothesis to

explain how this shift may have occurred and have demonstrated that hybrid

cribellar-Ag threads could have made an effective transitional form of sticky spiral.

21.2 Composition, Occurrence, and Function of Ag Secretions

First, two caveats: (1) What is currently known about specific Ag secretion compo-

nents largely comes from published studies on about a dozen species from two

families of orb web builders (Araneidae, Nephilidae) and one family of cobweb

builders (Theridiidae); this from out of 11,675 described species in 16 araneoid

families (Platnick 2012). (2) For none of the studied species is there as yet a

reasonably complete description of all the secretion constituents, though Nephila
clavipes comes closest.

Ag secretions are complex. In addition to water, a variety of small polar aliphatic

compounds, inorganic salts, proteins, peptides, lipids, and aromatic toxins have

been identified from one or more species, as detailed below.

21.2.1 Orb Web Builders

In ecribellate orb webs, Ag secretions from both pairs of Ag are used to coat a pair

of Fl fibers as they are drawn from their spigots, thus producing the web’s prey-

catching sticky spiral (Peters 1987). Histochemical studies showing no differences

between the two pairs of Ag (Kovoor 1987) suggest that their secretions are

essentially the same (but see Sect. 21.3). Both pairs of Ag have ducts that, among

silk gland types, are uniquely endowed with numerous nodules (Moon and

Kim 2005) (Fig. 21.1). Their ultrastructure suggests a function transporting water

and ions (phosphate especially), and possibly including some organic compounds,
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Fig. 21.1 The two aggregate silk glands from right side of opisthosoma of late penultimate instar

male Araneus cavaticus (Araneidae). At most times the glands are more distended with luminal

contents, making removal difficult, but at this time, not long before these glands atrophy in males,

it is easier to separate the numerous outpocketings of the glands from the hepatopancreas in which

they are embedded. Unlabeled arrows in (a) and (b) indicate where the duct connects to the body

of the gland. (a) By light microscopy, the structured cuticular lining of the ducts makes their

serpentine course apparent, especially evident from this angle in the duct of the anterior aggregate

gland (A). Note the numerous nodules over much of the ducts’ length. (b) Same aggregate glands

as in (a) by scanning electron microscopy (SEM). The duct of the posterior aggregate gland (P) is
largely obscured by that of the anterior gland (A). Boxed region of duct is shown at higher

magnification in (c). (d) SEM of fractured duct showing radial distribution of nodules. Asterisks
in (c) and (d) indicate a few of the many nodules present in these micrographs. L lumen, PLS
posterior lateral spinneret. Scale bars: (a, b) 1 mm; (c, d) 100 mm
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into the lumen of the duct (Kovoor and Zylberberg 1979), with energy provided by

glycogen reserves (Kovoor and Zylberberg 1979; Tillinghast and Chase 1985). The

Ag secretions are applied to the Fl fibers as a continuous liquid cylinder, but then,

driven by surface tension, it breaks up into a series of connected sticky droplets

such that, between droplets, the Fl fibers are still enveloped in Ag secretion

(e.g., Edmonds and Vollrath 1992; Kane et al. 2010).

Though ecribellate orb web builders often eat and recycle their webs on a daily

basis (Carico 1986), sticky spirals are typically very stable and have been stored for

up to 10 months without significant changes in stickiness (Blackwall 1835; Edmonds

and Vollrath 1992; Opell and Schwend 2008). In contrast, webs of Cyrtarachne, a
moth-specialist araneid, lose their stickiness within 11 h (Cartan and Miyashita

2000). This and other atypical characteristics of sticky threads in the subfamily

Cyrtarachninae indicate that their Ag secretion compositions differ in important

respects from those of typical orb web builders (Cartan and Miyashita 2000).

21.2.1.1 Low-Molecular-Mass Components Including Lipids

and Small Peptides

The water-soluble portion of a typical araneid or nephilid orb web is substantial,

accounting for about one- to two-thirds of its desiccated mass, depending on the

species and the individual web (see Townley et al. 1991). The bulk of this water-

soluble material comes from the Ag. As determined for the araneid Araneus cavaticus
in the lab, about 60% of the water-soluble mass can be attributed to a group of

identified small polar aliphatic compounds (Table 21.1) (Townley et al. 2006), often

net charged at the weakly acidic pH (4–5) of the Ag secretion (Schildknecht et al.

1972; Anderson and Tillinghast 1980; Tillinghast and Christenson 1984). Another

roughly 10–20% of the water-soluble mass comes from inorganic ions including

H2PO4
�, K+, NO3

�, Na+, Cl�, and Ca2+ (see Townley et al. 2006). The abundance of
these organic and inorganic low-molecular-mass components (LMM) translates into

high concentrations in the sticky droplets: By one estimate, three major organic LMM

were each present at 1–2 M in webs of Araneus diadematus (Vollrath et al. 1990).

The organic LMM presented in Table 21.1 are those known to occur in relatively

large quantity in the Ag secretions of one or more species. Several of these are related

or identical to known or suspected neurotransmitters/neuromodulators (GABA,

acetylcholine, b-alanine, taurine, glycine), consistent with hypotheses proposing a

neural structure ancestry for spinneret-associated silk glands (Palmer 1990; Vollrath

et al. 1990). With the exception of b-alaninamide, which has only been detected in

webs of Zygiella atrica, each of these LMM has been detected in multiple species,

though often in very different relative amounts and with omissions (in addition to

b-alaninamide) in some species (Vollrath et al. 1990; Townley et al. 1991, 2006,

2012; Higgins et al. 2001). Thus, while selection has retained various members of a

small group of organic LMM in different species, differences among species can still

be dramatic, even between congeneric species. For example, in webs of N. clavipes,
GABamide is one of three major organic LMM and glycine betaine is present in
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Table 21.1 Organic low-molecular-mass solutes (LMM) in orb web sticky dropletsa

Trivial name(s)

{ionized form} IUPAC name {ionized form} Structure

Putrescine Butane-1,4-diamine

{butane-1,4-diaminium}

+H3N
NH3

+

N-Acetylputrescine N-(4-aminobutyl)acetamide

{4-acetamidobutan-

1-aminium} N
H

+H3N

O

GABamideb;

g-aminobutyramide

4-Aminobutanamide {4-amino-

4-oxobutan-1-aminium}

O

NH2

+H3N

b-Alaninamide;

b-aminopropionamide

3-Aminopropanamide {3-amino-

3-oxopropan-1-aminium}

O

NH2
+H3N

Choline 2-Hydroxy-N,N,N-
trimethylethanaminium

OH
N+

Betaine; glycine betaine 1-Carboxy-N,N,N-

trimethylmethanaminium

{2-(trimethylammonio)

acetate}
O-

O

N+

Glycinec 2-Aminoacetic acid

{2-ammonioacetate} +H3N

O

O-

Isethionic acid

{isethionate}

2-Hydroxyethanesulfonic acid

{2-hydroxyethanesulfonate}
O-

S

O

O
HO

N-Acetyltaurined 2-Acetamidoethanesulfonic acid

{2-acetamidoethanesulfonate} O-

S

O

O
N
H

O

aIdentifications from Fischer and Brander (1960), Vollrath et al. (1990), Townley et al. (1991),

Higgins et al. (2001), and Townley et al. (2012). These are relatively abundant LMM in typical

webs of one or more species. See Sect. 21.2.1.1 for other organic LMM reportedly present in

reduced concentrations
bGABA (4-aminobutanoate) has also been reported as a somewhat atypical component in Nephila
clavipes (Higgins et al. 2001) but is routinely present in aggregate gland secretions of the cobweb

builder Latrodectus (see Sect. 21.2.2.1)
cOther free amino acids, notably proline and alanine, are also abundant in some species and are

typically, though not invariably, in lower concentration than glycine (Townley et al. 2006;

Townley and Tillinghast, unpublished)
dTaurine (2-aminoethanesulfonate) has also been observed in some species, most often as a minor

LMM (<1 mol%), though larger amounts have also been seen (Higgins et al. 2001)
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lesser quantity (Higgins et al. 2001), while in webs ofNephila pilipes, GABamide has

not been detected and glycine betaine is a major organic LMM (Higgins et al.,

unpublished). In webs of the araneid Argiope aurantia, GABamide is easily the

most abundant LMM with N-acetylputrescine absent or trivial, but in webs of

Argiope trifasciata, GABamide is typically largely replaced by N-acetylputrescine
(Townley et al. 1991, 2006). How these differences in composition affect the

functioning of the sticky spiral is unknown.

InN. clavipes, some additional low-abundance organic LMMhave been identified,

including two aromatic toxins, [1-(3-diazenylphenyl)ethanol]iron (Marques et al.

2004) and 1-(2-guanidinoethyl)-1,2,3,4-tetrahydro-6-(hydroxymethyl)-b-carboline
(Marques et al. 2005), and bradykinin and related peptides (Volsi et al. 2006). Various

fatty acids have also been extracted from orb webs ofN. clavipes (Schulz 2001; Salles
et al. 2006) and A. diadematus (Vollrath et al. 1990), with differences in fatty acid

composition between the two N. clavipes studies likely due to the use of solvents with
different polarities. Further,whenN. clavipeswebswere extractedwithmore nonpolar

solvents, other lipid classes were found to be much more abundant than fatty acids,

most notably long-chain alkylmethyl ethers (1-methoxyalkanes), which accounted for

50–80% of extracted lipids (Schulz 2001). However, as Schulz (1999, 2001) points

out, the source of these lipids is unknown, though dragline silk (i.e., MaA silk, used

also in non-sticky orb web elements) contains relatively little lipid material, and 1-

methoxyalkanes are so far known in nature only from spiders with Ag (three araneoid

families). They are, however, not present in all such spiders as their absence in

A. diadematus demonstrates (Schulz 1999). Consistent with an Ag secretion origin

for at least some web lipids are lipid-like staining reactions in sticky droplets from

webs ofArgiope lobata (Peters 1995) andN. clavipes (Salles et al. 2006).Kaira alba, a
male-moth-specialist araneid, apparently attracts its prey by emitting the sex phero-

mone of the female moths. This allomone is reportedly produced by the spider’s

morphologically modified Ag and volatilizes from the web (Lopez 1999, see also

Uhl 2013).

Within a species, organic LMM composition is often consistent qualitatively and

with respect to some quantitative relationships among LMM. Nevertheless, consid-

erable intraspecific variation in LMM composition has been observed at multiple

levels: among populations (Townley et al. 1991; Higgins et al. 2001), among

individuals within a population (Vollrath et al. 1990; Higgins et al. 2001; Townley

et al. 2012), and among webs from the same individuals (Higgins et al. 2001;

Townley et al. 2006, 2012). Variation is likely even within a single orb web given

differences in other sticky droplet parameters (volume and spacing) in different

parts of the same web (Eberhard 1988; Edmonds and Vollrath 1992; Kane et al.

2010). Furthermore, stickiness of outer sticky spiral threads can be greater than that

of inner threads without a difference in droplet volume per length of sticky spiral,

likewise suggesting compositional differences between outer and inner threads,

which may include LMM differences (Opell et al. 2009). Principal sources of

intraspecific variation are not well established, but various interrelated possibilities

have been indicated or suggested, including (1) both quantitative and qualitative

aspects of diet, (2) the extent of web ingestion and recycling, (3) developmental
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changes including molt-intermolt and egg-laying cycles, (4) genetic differences,

(5) changes in physical environment parameters (e.g., temperature, water vapor

pressure, web site), (6) available silk gland supplies (taking in such related factors

as web dimensions and the time between bouts of web building), and (7) gender

(Eberhard 1988; Higgins et al. 2001; Crews and Opell 2006; Townley et al. 2006,

2012; Opell et al. 2009).

The spider’s ability to synthesize different organic LMM varies from almost no

(e.g., choline) to high (e.g., GABamide) synthetic capability (Higgins and Rankin

1999; Townley et al. 2006), with some synthesis possibly attributable to gut bacteria

rather than the spider’s tissues (Krejčı́k et al. 2010). Apparently as a result, there is a

tendency for percentages of less readily synthesized organic LMM to decrease in

webs of unfed spiders that are not allowed to recycle previous webs (Townley et al.

2006). The incorporation of substantial amounts of nutritionally essential LMM in

the Ag secretion presumably makes web recycling especially important for

maintaining adequate levels of these LMM. The same can be said for Ag secretion

proteins, which contain especially high percentages of essential amino acids (39%)

as compared with fibroins of more typical silk glands like theMaA (7%) (Tillinghast

and Townley 1994). Indeed, the abundance of nutritional essentials in the sticky

droplets, coupled with the observation that web recycling is largely restricted to

araneoid orb web builders, has led to the suggestion that selection for web recycling

is driven primarily by the advantages derived from retrieving components, not from

non-sticky web elements like MaA silk fibers, but from Ag secretions (Tillinghast

and Townley 1994; Benjamin and Zschokke 2003; Townley et al. 2006; Blackledge

et al. 2009, 2011; see also Barrantes and Eberhard 2010).

No doubt a variety of functions can be ascribed to the LMM, but our under-

standing of them is still very limited. One role is water adsorption and retention

(see also Sect. 21.2.1.2), some water being essential for maintaining extensibility

within the Fl fibers and sticky droplet glue (Richter 1956; Fischer and Brander

1960; Schildknecht et al. 1972; Vollrath and Edmonds 1989; Bonthrone et al. 1992;

Gosline et al. 2002; Guinea et al. 2010; Sahni et al. 2011a), both of which contribute

to sticky spiral stickiness (Sect. 21.4). High collective LMM concentration helps

resist drying through colligative water vapor pressure lowering (Vollrath et al.

1990). Additionally, some of the LMM are hygroscopic, taking up water from the

air—choline especially over a range of relative humidities (Vollrath et al. 1990;

Townley et al. 1991; Edmonds and Vollrath 1992). Lipid LMM at the surface of the

sticky spiral might also aid water retention (Peters 1995; Schulz 1997). On the other

hand, too much water will reduce stickiness by excessively increasing droplet

extensibility and lubrication with surfaces and by reducing droplet viscosity and

elasticity (Opell et al. 2011b; Sahni et al. 2011a). Thus, it might be expected that

LMM composition and/or concentration differ among spiders adapted to different

relative humidity environments (Opell et al. 2011b; Sahni et al. 2011a). One or

more organic LMM, accompanied by water molecules, may make more direct

contributions to sticky spiral extensibility by penetrating the Fl fibers’ proteins

and increasing protein mobility (Gosline et al. 1995, 2002), though Guinea et al.

(2010) argue against such contributions from organic components. Speculatively,
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direct interactions between organic LMM and Ag glycoprotein glue may also

enhance stickiness (Townley et al. 1991; Higgins et al. 2001; Blackledge et al.

2011). Antimicrobial properties have been suggested for various LMM including

inorganic salts (Schildknecht et al. 1972), [1-(3-diazenylphenyl)ethanol]iron

(Marques et al. 2004), and some lipid LMM (Schulz 1997, 2001; Salles et al.

2006). Some fatty acids may also repel ants (Salles et al. 2006). A role in subduing

prey has been indicated for several of the low-abundance LMM found in N. clavipes
webs that have toxic effects on honeybees (Marques et al. 2004, 2005; Salles et al.

2006; Volsi et al. 2006). Amphiphilic lipids may play significant roles (1) in

increasing the wettability of prey epicuticles, thus increasing prey surface area in

contact with Ag secretion, and (2) in making prey cuticle more permeable to other

toxic Ag secretion components (Salles et al. 2006).

21.2.1.2 Proteins

Sticky droplets in orb webs contain abundant glycoprotein (Tillinghast et al. 1993),

and it appears the stickiness of the droplets can be attributed primarily to this

glycoprotein component rather than to the relatively minor capillary forces

generated by the aqueous coating (Sahni et al. 2010, 2011a, b; Opell et al.

2011c). In N. clavipes, two genes, aggregate spider glue 1 (asg1) and asg2, have
been identified that are highly expressed in Ag but not in other silk glands or tissues

(Choresh et al. 2009). The proteins they encode, ASG1 (45.2 kDa) and ASG2

(71.5 kDa), contain many sites with high potential for glycosylation. They appear to

constitute at least a large part of the glycoprotein component of Ag secretion, and

homologues of both proteins occur in the webs of other orb web builders (Choresh

et al. 2009). A repetitive domain occurs in each protein. Remarkably, these two

domains result from transcription of opposite strands of the same DNA segment,

with 100% complementarity over a 353-bp span of the mRNA-derived sequences

(Choresh et al. 2009). A high occurrence of proline in the N-terminal portion of

ASG2, and sequence similarities to elastin and Fl fibroin repetitive domains, points

to an elastic nature for ASG2, consistent with demonstrations of high extensibility

and elasticity in the droplet glycoprotein (Richter 1956; Vollrath and Tillinghast

1991; Opell and Hendricks 2007, 2010; Opell et al. 2011b; Sahni et al. 2010, 2011a,

b). Sequence similarities between ASG1 and chitin-binding proteins suggest a prey

adhesion capacity in addition to that conferred by glycosylation, and a high

percentage of charged amino acids in ASG1 may contribute to water retention

(Choresh et al. 2009). Potential glycosylation sites identified for both ASG proteins

are dominated by O-glycosylations, which agrees with biochemical analyses of a

glycoprotein preparation from A. aurantia (Tillinghast et al. 1993). In the latter

study, the glycoprotein preparation, containing N-acetylgalactosamine as the dom-

inant sugar, also contained phosphorylated serine and threonine residues. As some

serine and threonine residues have a high potential for both glycosylation and

phosphorylation [e.g., of 45 potential O-glycosylation sites in ASG1 indicated in

fig. 1 of Choresh et al. (2009), 38 are also potential phosphorylation sites as
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predicted by NetPhos 2.0 (Blom et al. 1999)], the extent and variability of each

modification remain to be seen.

Proteinases (calpain- and jararhagin-like) have been detected as minor, but poten-

tially significant, components in the Ag secretion of N. clavipes (Salles et al. 2006).
Though without toxicity on their own when topically applied to honeybees, a

synergistic toxic effect when mixed with web lipids was observed, a consequence

perhaps of the lipids making insect cuticle permeable to the proteinases.

21.2.2 Cobweb Builders

Unlike the arrangement in orb web builders, there is apparently a division of labor

between the two pairs of Ag among cobweb builders (theridioids: Theridiidae,

Nesticidae) (Kovoor 1977b, 1987). One pair, more anterior than the other, are

“typical” Ag similar to those of orb web builders. They have nodulated ducts and

are presumably the source of the “web Ag secretion” applied to fibers within the web

(e.g., gumfoot lines) for passively intercepting and sticking to prey (Kovoor 1977b).

In contrast, the posterior “atypical” pair of Ag (also called lobed Ag) have very short

non-nodulated ducts and are thought to be the source of the “combed Ag secretion”

that is actively applied to prey (Kovoor 1977b) with the aid of setal combs on fourth

leg tarsi during a sticky silk wrap attack (e.g., Agnarsson 2004; Barrantes and

Eberhard 2007). The atypical Ag bear morphological and histochemical

resemblances, presumably homoplastic, to the modified venom glands of the spitting

spider Scytodes, the “spit” of which is likewise projected by the spider to hinder prey
escape (Kovoor 1977b, 1987) (see Suter and Stratton 2013). Like the spit of Scytodes,
combed Ag secretion is also used defensively against predators (Vetter 1980). The

spigots serving both pairs of Ag have especially wide openings in theridioid spiders

(e.g., Coddington 1989; Agnarsson 2004).

Gumfoot lines are the quintessential form of sticky thread within theridioid

webs. They are dry over much of their length, with web Ag secretion applied

over a short segment closest to the thread’s attachment site to a substrate. However,

web form among “cobweb builders” is actually highly variable, as is the occurrence

and distribution of Ag secretion, both inter- and intraspecifically, and, if secretion is

present at all in a given web, it may occur in situations other than on such gumfoot

lines (Eberhard et al. 2008a). Available evidence indicates that the axial fibers in

gumfoot lines are not Fl silk, as in orb web sticky spirals, but ampullate gland silk,

with MaA silk alone or in combination with MiA silk proposed (Benjamin and

Zschokke 2002; Blackledge et al. 2005a, b; Eberhard et al. 2008b). Fl silk instead

reportedly accompanies combed Ag secretion during sticky silk wrap attacks,

perhaps initiated by attaching to already drawn MaA silk (Eberhard 2010).
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21.2.2.1 Low-Molecular-Mass Components, Including Lipids

As in many orb web builders, GABamide is a major organic LMM in web Ag

secretion (from gumfoot lines) of the theridiid Latrodectus (Tillinghast and

Christenson 1984), as well as in combed Ag secretion from these spiders (obtained

by prodding the spider with a micropipette) (Kelly 1989; Tillinghast and Townley,

unpublished). In both secretions, collected in the lab from L. mactans and

L. hesperus indiscriminately (four collections of web Ag secretion, five of combed

Ag secretion), we have also observed GABA (4-aminobutanoate) itself in amounts

that sometimes rival or exceed those of GABamide, especially in combed Ag

secretion. One or the other of these two compounds is typically the most abundant

organic LMM in both secretions, though an as-yet-unknown LMM in combed Ag

secretion (minor in web Ag secretion) can also take the prize. Other organic LMM

in both secretions include several also known from orb web builders (Table 21.1),

specifically choline (also observed by Kelly (1989)), glycine betaine, and

isethionate. Differences between combed and web Ag secretions have also been

seen (taking into account only identified organic LMM): (1) The lowest molar

percentage of glycine betaine among combed Ag secretion samples (11.3 mol%)

was 2.4 times greater than the highest percentage among web Ag secretion samples

(4.8 mol%). (2) Free proline accounted for 7.3–15.7 mol% of organic LMM in

combed Ag secretion but went undetected in web Ag secretion (in agreement with

Kelly 1989). (3) Free glycine accounted for 6.5–38.8 mol% in combed Ag secretion

but was detected in only one web Ag secretion collection (1.5 mol%). Thus, while

the two secretions show some organic LMM similarities, they are not identical.

Moreover, these results indicate that during gumfoot line formation, the secretion

from the typical Ag is not significantly contaminated by atypical Ag secretion.

Whether the converse applies as well, that combed Ag secretion is essentially free

of contributions from the typical Ag, is unknown. Nor do we know if any contami-

nation of combed Ag secretion differs depending on whether the secretion is used

offensively or defensively.

Lipids are present on webs of Latrodectus, with 1-methoxyalkanes prominent,

but just as with lipids extracted from orb webs, it has not been established that any

of these derive from the Ag (Schulz 1999).

21.2.2.2 Peptides/Proteins

In L. hesperus, two water-soluble peptides, spider coating peptide 1 (SCP-1, 36

amino acids) and SCP-2 (14 amino acids), have been described that are products of

the Ag (without a distinction made between typical and atypical Ag) but not of

several other silk gland types (Hu et al. 2007). Curiously, these peptides were found

not only in water extracts of gumfoot lines but in water extracts of egg sac fibers and

web tangle connection joints. It could be that Ag secretion was present on the egg

sacs and/or connection joints or that the genes encoding these peptides are also
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expressed in silk gland types that were not assayed during the study but contribute

to egg sacs (Ac, Pi) and/or connection joints (Pi) (Hu et al. 2007). The former

possibility gains plausibility from observations of Ag secretion occurring near egg

sacs in some Latrodectus (Eberhard et al. 2008a) and of secretion sometimes found

in L. hesperus webs other than on gumfoot lines (Eberhard et al. 2008a; Barrantes

and Eberhard 2010). The functions of these peptides are not known. At least SCP-1

can bind metal ions, and by virtue of this property, two potential roles have been

proposed, providing antimicrobial activity and aiding the gumfoot’s glycoprotein

glue in achieving its proper conformation (Hu et al. 2007).

A preliminary study of combed Ag secretion from Latrodectus concluded that

at least two phosphoglycoproteins are present, at least one of which contains

N-acetylgalactosamine (Kelly 1989). This is consistent with histochemical demon-

strations of glycoprotein in the atypical as well as typical Ag (Kovoor 1977b, 1987)

and suggests similarities to ASG1 and ASG2 of orb web builders (Sect. 21.2.1.2).

Though these glycoproteins constituted the majority of the protein, the secretion

also contained a group of proteins with lower apparent molecular masses (ranging

between ~8–100 kDa) (Kelly 1989), at least some of which may correspond to pure

protein grains seen by histochemistry only in the atypical Ag (Kovoor 1977b,

1987). Variability in the occurrence of some of these proteins may have been due

to population or even species differences (L. mactans was given as the study

species, but some L. hesperus were likely included). Additional histological and

histochemical differences in the secretory products of typical versus atypical Ag

have been described in Latrodectus, Steatoda, and Argyrodes (Kovoor 1977b;

Kovoor and Lopez 1983).

21.2.3 Sheet Web Builders

Like orb web builders, the two pairs of Ag in linyphiid sheet web builders have

histochemical characteristics similar to one another, indicating that their secretions

are essentially the same (Kovoor 1987; Peters and Kovoor 1991). Unlike the Ag of

orb web builders (Fig. 21.1) and the typical Ag pair of theridiids, the ducts of

Linyphia’s Ag do not exhibit nodules. Nevertheless, a two-layered epithelium is

common to all three (Kovoor and Zylberberg 1979; Peters and Kovoor 1991), in

contrast to the simpler epithelium within the non-nodulated ducts of theridiid

atypical Ag (Kovoor 1977b). Thus, Ag of Linyphia seem to occupy a middle ground

in terms of luminal content processing within the ducts.

Linyphiid Ag secretion is apparently applied to Fl fibers, as in orb webs (Peters

and Kovoor 1991; Benjamin et al. 2002). For the few species examined, the

distribution of such coated threads in sheet and tangle portions of the web shows

inter- and intraspecific variability, including an absence of Ag secretion in some

webs (consistent for some species, variable in others) and the apparent use of Fl/Ag
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from only one side of the opisthosoma at times (Peters 1987; Peters and Kovoor

1991; Schütt 1995; Benjamin et al. 2002).

In Linyphia and Microlinyphia, Benjamin et al. (2002) observed that Ag secre-

tion in the web dried shortly after being deposited and proposed that in these spiders

the function of the secretion is not to adhere to and detain prey, but to cement

intersecting fibers within the web, thus increasing web stability and perhaps

facilitating the spider’s movement within the web. They noted that this indicated

compositional differences between the Ag secretions of linyphiids and orb web

builders. Unfortunately, we are not aware of any studies on the composition of

linyphiid Ag secretions. However, extracts of webs from ten species of linyphiids

have revealed lipid components which, as in Nephila (Sect. 21.2.1.1) and

Latrodectus (Sect. 21.2.2.1), include a variety of 1-methoxyalkanes (5–40% of

extracted lipids) (Schulz 1997, 1999, 2004). But again, which, if any, of the

extracted lipids have an Ag origin remains to be determined.

21.3 Organization Within Sticky Droplets

It is well known that sticky droplets in orb webs are not homogeneous (e.g., Richter

1956). When segments of sticky spiral laid on a glass slide are examined, a discrete

material at the core of each droplet, surrounding the Fl fibers, is apparent

(Fig. 21.2a). This material, accounting for about 15% of droplet volume (Opell

and Hendricks 2010), has been referred to as a nodule (e.g., Vollrath and Tillinghast

1991) or granule (e.g., Opell and Hendricks 2010). To avoid confusion with the

aforementioned nodules protruding from Ag ducts, we will use granule. Such

granules have been observed in sticky droplets of various orb web builders

(araneids, tetragnathids, and a theridiosomatid) (e.g., Opell and Hendricks 2010).

In contrast, they have not been seen in theridiid gumfoot lines (Sahni et al. 2011a)

(Fig. 21.2b). In orb web droplets examined by light/electron microscopy and optical

surface profiling, a surface layer (perhaps lipidic), conical endcaps, and

inhomogeneities in the region between granule and surface layer have also been

indicated (Peters 1995; Cartan and Miyashita 2000; Salles et al. 2006; Opell and

Hendricks 2009; Kane et al. 2010).

In large part because granule position appeared to coincide with lectin staining

for N-acetylgalactosamine, the principal sugar in glycoprotein glue (Sect. 21.2.1.2),

granules were taken to be packets of glycoprotein glue (Vollrath and Tillinghast

1991). However, after finding no positive relationship between granule size and

sticky spiral stickiness (Opell and Hendricks 2009, 2010), Opell and Hendricks

(2010) proposed a model in which the granule (which may itself contain glycopro-

tein) is an anchor for the actual glycoprotein glue, which forms a more voluminous,

transparent layer around the granule and is in turn surrounded by an aqueous cover

(Opell et al. 2011b). This model also seems more consistent with the ultrastructure

of sticky droplets presented by Peters (1995) and with granules in collapsed sticky

spiral segments not sticking to one another (Vollrath and Tillinghast 1991).
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Opell and Hendricks (2010) raised the possibility that one pair of Ag is the source of

granule components, and the other is the source of the surrounding glycoprotein

glue. In this context, it would be especially interesting to determine if ASG1 and

ASG2 (Sect. 21.2.1.2) differ in their distribution within droplets and in their

expression in the two pairs of Ag.

21.4 Physical Behavior of Ag Secretions

Sticky droplets of orb webs behave as viscoelastic materials (Sahni et al. 2010, 2011a,

b), that is, with properties characteristic of both a liquid (viscosity is applicable, and

there is a rate-dependent resistance to distortion) and solid (elasticity is applicable)

(Vogel 2003).When a droplet is stretched quickly, as might occur when an insect first

collides with the web, the droplet’s liquid-like behavior is to the fore, with high

viscous resistance generating a large adhesive force, good at retaining the insect. At

low extension rates, such as might occur as the insect attempts to free itself, the

viscous force component is less in evidence, and the droplet’s solid-like behavior,

apparently a manifestation of the glycoprotein glue’s elasticity, is the primary

provider of the smaller remaining adhesive force. Under these conditions, the droplet

Fig. 21.2 (a) Span of sticky spiral from orb web of adult female Argiope aurantia (Araneidae),

laid on a glass slide. Note granule (unlabeled arrows) at the center of each of five large droplets.

Fl, pair of flagelliform silk gland fibers. (b) Span within gumfoot portion of gumfoot line from

cobweb of adult female Latrodectus hesperus (Theridiidae), laid on a glass slide. Note absence of

granules. AF axial fibers (see Sect. 21.2.2). Differential interference contrast optics. Both images

at same magnification. Scale bar: 100 mm
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acts more like a rubber band, good at denying the insect purchase while expending its

energy. When single droplets are stretched and given time (�15 min) to relax in this

extended state, tension due to the glue’s elasticity does not relax to zero but plateaus,

still well above the contribution from capillary forces, at least at low to moderate

relative humidities (Sahni et al. 2010, 2011a, b). Thus, orb web droplets behave as

viscoelastic solids, indicating cross-linking within the glycoprotein glue. That this

cross-linking is primarily noncovalent is suggested by the humidity dependence of

the plateaued adhesive force within stretched droplets.

In contrast, tension within a stretched droplet on a gumfoot line plateaus nearly

at zero, consistent with the behavior of a viscoelastic liquid and a virtual absence of

cross-linking (Sahni et al. 2011a). These and other differences noted between orb

web and gumfoot droplets (see below) are likely due in part to the absence of (glue-

anchoring) granules in gumfoot droplets (Sahni et al. 2011a) (Fig. 21.2).

One might casually assume that, all other things being equal, a longer span of

sticky spiral separating from a smooth surface would result in a greater total

adhesive force than that resulting from a shorter span. However, in cribellate orb

webs (see also Opell 2013), different length spans do not produce significantly

different adhesive forces (Hawthorn and Opell 2003; Opell and Schwend 2009;

Opell 2013). This seems to be a consequence of cribellate sticky spirals having

relatively stiff axial (pseudoflagelliform) fibers and cribellar puffs. As a cribellar

thread and surface pull away from each other, adhesive force is first generated along

narrow bands near the edges of contact. The stiffness of the thread components

results in only a small angle forming between the thread and surface before the two

begin to separate. Consequently, once a thread pulls free at the edges, the

intervening span peels off with little adhesive effect as the angle it makes to the

surface continually increases (Opell and Schwend 2009).

In ecribellate orb webs, on the other hand, longer spans of sticky spiral do

produce more total adhesive force than shorter spans, up to a point, thanks to the

lower stiffness and greater extensibility of their components (Opell and Hendricks

2007). When an araneoid sticky spiral span and surface pull away from each other,

with adhesive force generated at the edges of contact, a relatively large angle can

form before edge droplets release from the surface. This results in significant

recruitment of adhesive force, via the axial Fl fibers, from droplets further from

the edges (Opell and Hendricks 2007). Each such interior droplet contributes only

0.70 times as much adhesive force as a neighbor that is closer to the edge of contact,

so there is little additional adhesive force gained once a span of 20 droplets is

reached (Opell and Hendricks 2009). This adhesive recruitment from more interior

droplets is referred to as a suspension bridge mechanism (SBM), with the contacted

surface, extended droplets and Fl fibers analogous to the suspended roadway,

vertical cables, and upper horizontal cable, respectively, of a suspension bridge

(Opell and Hendricks 2007). The total adhesive force generated by a span of sticky

spiral is therefore made up of more than just the adhesive force between the

glycoprotein glue and a surface. It also includes the forces needed to stretch the

elastic droplets and axial Fl fibers (Sahni et al. 2010, 2011b; Opell et al. 2011b).
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Indeed, estimates of the contribution from Fl fiber extension range from about one-

third (Opell et al. 2008) to nearly half (Sahni et al. 2011b) of total sticky spiral

stickiness. This SBM is not in operation in theridiid gumfoot lines because their

sticky droplets readily detach from the axial fibers and their attachment disks

readily detach from the substrate (Sahni et al. 2011a).

Another assumption that initially seems reasonable is that a stickier sticky spiral

is necessarily a better sticky spiral. That this is not the case appears to reflect a

selective pressure for a sticky spiral span to detach before actually breaking, thus

maintaining web integrity and allowing the span to be reused (Agnarsson and

Blackledge 2009). This check on stickiness operates at two levels. At a higher

level, the adhesive force produced by a sticky spiral span does not exceed the force

required to break its Fl fibers. This has been observed across 17 species of araneoid

orb web builders for which these two forces covered a wide range of values and

were strongly correlated (Agnarsson and Blackledge 2009). At a finer level, the

stickiness of a droplet’s glycoprotein glue does not exceed the force required to

break the glycoprotein strand and thereby split the droplet. This was indicated by

observing differences in stickiness when droplets contacted materials with different

surface energies (Opell et al. 2011c) and is consistent with microscopic obser-

vations of droplets pulled from surfaces (Opell and Hendricks 2010) and with

demonstrations that a sticky spiral span can generate the same adhesive force

through many cycles of contact to and separation from a surface (Sahni et al.

2010). Because gumfoot lines function like spring-loaded traps that detach easily

from the substrate (e.g., Argintean et al. 2006), considerations of web integrity and

reuse and consequent limits on stickiness that are valid for orb webs do not seem to

apply to gumfoot lines in cobwebs.

21.5 Conclusions

Information on Ag secretion composition is most plentiful for some of the more

conspicuous orb web builders, with sequencing of two major glue glycoproteins

especially significant (Choresh et al. 2009). But even among these spiders uniden-

tified components remain, as do questions regarding the various components. Little

is known with certainty, for example, about roles played by the various LMM, their

synthesis and assemblage, and how inter- and intraspecific differences in their

relative and absolute concentrations affect function. Among cobweb builders, the

scant data available are almost entirely restricted to Latrodectus, and our ignorance
is compounded by the division of the two pairs of Ag into morphologically,

compositionally, and functionally distinct “typical” and “atypical” Ag types.

With sheet web builders, where Ag secretions may serve a structural role within

the web rather than sticking to prey (Benjamin et al. 2002), almost nothing is known

in terms of composition. The discovery of additional Ag secretion constituents can

be expected as the range of examined taxa expands.

The last few years have seen a surge in interest in the mechanical properties,

adhesiveness, and organization of Ag sticky droplets and sticky threads. Among the
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results, (1) differences in the mechanical behavior and organization of sticky

droplets from orb webs versus cobwebs have been revealed (Sahni et al. 2011a),

(2) the importance of droplet and Fl fiber extensibility and elasticity to orb web

stickiness have been demonstrated (Opell and Hendricks 2007, 2009; Opell et al.

2008; Sahni et al. 2010, 2011a), and (3) limits imposed by natural selection on orb

web sticky spiral stickiness have been indicated (Agnarsson and Blackledge 2009;

Opell et al. 2011b).
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Chapter 22

Cribellar Thread

Brent D. Opell

22.1 Introduction

Cribellar threads, sometimes called hackled band threads, are spun by members of

180 spider genera in 23 families (Coddington and Levi 1991; Platnick 2011). To the

unaided eye, newly spun cribellar threads appear hazy and often faintly blue because

they are formed of thousands of fine fibrils making them translucent and causing them

to present a “soft” outline (Fig. 22.1a). These were the first highly evolved sticky prey

capture threads spun by spiders, their appearance corresponding to the Triassic origin

of the suborder Opisthothelae, infraorder Araneomorphae (Platnick and Gertsch

1976; Seldon et al. 1999), which contains 95% of all living spider species (Platnick

2011). This clade’s basal family Hypochilidae spins cribellar threads and also shares

primitive characters, such as paraxial chelicerae and two pairs of book lungs, with

members of its sister infraorder, the Mygalomorphae, suggesting that the ability to

spin cribellar threads was a key innovation, which contributed to araneomorph

diversity. While some mygalomorphs spin webs that capture flying insects, the

inclusion of cribellar threads in araneomorph aerial webs better equipped them to

retain insects, giving a spider more time to subdue its prey and perhaps the ability to

capture larger prey relative to its own size.

Although most araneomorph species have subsequently lost the ability to spin

cribellar threads, cribellate spiders have a broad geographic distribution and are

found through the araneomorph phylogenetic tree (Griswold et al. 1999, 2005).

This chapter explains how cribellar threads are spun, how they adhere, and how the

texture of insect surfaces affects thread adhesion. It also examines the relationship

between spinning anatomy and cribellar thread stickiness and reviews how these

features coevolved with web architecture.
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22.2 Cribellar Thread Production

22.2.1 Cribellum and Cribellar Fibrils

The outer surface of a cribellar thread that confers stickiness is formed of thin, dry,

protein fibrils, which are spun from spigots on a ventral opisthosomal spinning plate

termed the cribellum, located anterior to the spinnerets (Fig. 22.1b; Peters 1984,

1992, 1995). The cribellum evolved from anterior median spinnerets, which are

found today only in members of the primitive suborder Mesothelae. Although

originating from a paired structure, the cribellum’s plesiomorphic condition is a

single median plate (Griswold et al. 1999, 2005). In some groups, the cribellum is

medially divided (Fig. 22.1c) and in a few formed of four plates. Cribellar glands

with short ducts are situated anterior and dorsal to the cribellum, each gland

opening through a pore at the tip of one of a cribellum’s hundreds to thousands of

spigots (Kovoor and Peters 1988). Most spigots are strobilate, segmented and taper

toward their tips and arise from cuticular sockets (Fig. 22.1d), although those found

in members of the family Filistatidae are claviform or club shaped, with blunt tips

and lacking sockets and segmentation (Fig. 22.1e; Griswold et al. 2005). All spigots

are thought to simultaneously contribute their fibrils to the forming cribellar thread,

making spigot number approximately equal to the number of fibrils included in a

Fig. 22.1 (a) Cribellar thread of Miagrammopes animotus (Uloboridae; scale ¼ 200 mm; Opell

1990). (b) Spinning anatomy of Zosis geniculata (Uloboridae), showing the cribellum situated

anterior to the spinnerets (scale ¼ 400 mm; Opell 1993). (c) Divided cribellum of Badumna
longinqua (Desidae; scale ¼ 200 mm; Opell 1999). (d) Strobilate cribellar spigots of Waitkera
waitakerensis (Uloboridae; scale ¼ 5 mm; Opell 1994c). (e) Claviform cribellar spigots of

Kukulcania hibernalis (Filistatidae; scale ¼ 5 mm). (a) Light microscopy, (b)–(e) SEM
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cribellar thread. Penultimate males posses a functional cribellum and associated

combing organ, but these features and the ability to spin cribellar threads are always

lost when males mature (Griswold et al. 2005).

The cribellar fibrils of the 12 hypochilid species are cylindrical with a diameter of

about 25 nm (Fig. 22.2a), whereas fibrils of all other cribellate species, except

members of the family Filistatidae, have regularly spaced, swollen nodes that have a

diameter of about 35 nm (Fig. 22.2b; Peters 1986; Eberhard and Pereira 1993;

Hawthorn and Opell 2003). Filistatid fibrils are flat and without nodes, presumably

the result of being drawn from spigots with slit-like rather than circular openings

(Eberhard and Pereira 1993). Cribellar fibrils remain separated and assume a looped

and coiled configuration in completed threads (Fig. 22.2c), possibly held apart by static

electric charges. The nodes of adjacent fibrils may interact when force is applied to a

cribellar thread that has adhered to a surface, offering resistance to fibrils being pulled

from the cribellar thread (Köhler and Vollrath 1995; Blackledge and Hayashi 2006).

Fig. 22.2 (a) Cylindrical cribellar fibrils of Hypochilus pococki (Hypochilidae; scale ¼ 300 nm).

(b) Noded cribellar fibrils of Hyptiotes cavatus (Uloboridae; scale ¼ 300 nm). (c) Cribellar thread

of Hyptiotes cavatus (scale ¼ 100 mm; Opell 1994b). (d) Calamistrum of Miagrammopes
animotus (Uloboridae; scale ¼ 200 mm). (e) Calamistrum setae of Tangaroa beattyi (Uloboridae;
scale ¼ 10 mm). All SEM
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22.2.2 Calamistrum and Fibril Combing

Cribellar fibrils are drawn from the spigots by the combing action of the calamistrum, a

setal comb found on the penultimate segment of each of the spider’s fourth legs

(Fig. 22.2d). Most species have a calamistrum formed of a single row of setae (Peters

1984), although a double row is present in some (Griswold et al. 2005). During rapid

combing behavior, a spider aligns its calamistrumwith the cribellum, presses it lightly

against the tips of the spigots, and sweeps the fourth leg posteriorly, drawingout a sheet

of fibrils. Throughout development calamistrum length is linked to cribellum width

and not the length of the fourth leg segment that bears the calamistrum (Opell 2001).

Depending on the family of spiders, the tip of the fourth leg whose calamistrum is in

use is supported in one of two ways: (1) It rests near the distal end of the third leg,

which remains immobile as the combing leg rocks on the supporting leg, or (2) it rests

near the distal end of the opposite fourth leg, whichmoves along with the combing leg

(Eberhard 1988). Deinopidae species and orb-weaving uloborids begin combing a

cribellar strand with the calamistrum of the leg nearest the outside of the web and,

midway between spinning a strand that will span two radii, switch to the other

calamistrum. Other cribellate spiders also alternate the use of their calamistrum, but

not before finishing and attaching a cribellar strand (Eberhard 1988).

Calamistrum setae are socketed andmovable. In some groups their shafts have fine

toothlike extensions, groves that spiral to a narrowing tip (Fig. 22.2e), or take the form

of tiny brushes, presumably to enable them to snag fibrils and pull them from cribellar

spigots (Peters 1984; Griswold et al. 2005; Foelix 2011). In Uloboridae, the compli-

cated tips of adjacent setae may temporarily lock together when in use to produce a

semirigid comb (Peters 1984). Angular changes in the spider’s fourth leg as it

completes a combing stoke may allow the cribellar fibrils to disengage from

calamistrum setae, releasing the sheet of cribellar fibrils, which will be formed around

larger and stronger fibers spun from spigots on the spinnerets to form a completed

cribellar thread.

22.2.3 Cribellar Thread Support Lines

The lines that support the mat of cribellar fibers differ greatly among taxa (Eberhard

and Pereira 1993). Simpler arrangements, like those found in threads produced by

members of the Uloboridae, have two components: (1) a pair of large, straight

pseudoflagelliform or axial fibers, spun from spigots on the posterior median

spinnerets (these are thought to be homologous with the flagelliform fibers of the

viscous capture threads of araneoids, though the two kinds of fibers have different

mechanical properties (Blackledge et al. 2009)) and (2) a coiled network of about

54 very thin paracribellar fibrils, which are spun from spigots just anterior to the

cribellum and appear to form a superstructure around the axial fibers. In other

spiders, such as members of the family Filistatidae, there are more support lines,
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which include a pair of large helical fibers, a pair of thick and curled reverse wrap

fibers, and a pair of midsized and crinkled axial fibers.

The combing action of the fourth legs was originally assumed to be responsible

for combining cribellar fibrils and support threads. However, among his many

contributions to cribellar thread spinning, Peters (1984) hypothesized that rhythmic

adductions of the posterior lateral spinnerets press the sheet of cribellar fibers

around support fibers to form a cribellar thread whose width is slightly less than

half that of cribellum’s width. Evidence for this comes from the observation that

only the posterior lateral spinnerets move laterally during cribellar thread spinning

and from the regular, puffed configuration of many cribellar threads (Figs. 22.1a

and 22.2c). Angular changes in the fourth combing leg may twist or reshape the

cribellar mat before it is combined or as it is combined with support threads, making

the process more complicated than a simple clamping action.

22.2.4 Diversity in Cribellar Thread Spinning

Median division of the cribellum occurred multiple times (Griswold et al. 1999,

2005) and even some genera, such as the Dictynidae genus Mallos, have species

with both forms of the cribellum (Bond and Opell 1997). A divided cribellum may

produce a wider array of cribellar fibrils relative to cribellum spigot number,

resulting in a stickier cribellar thread. The divided cribellum of the filistatid

genus Kukulcania produces a bipartite cribellar thread (Fig. 22.3a), whose two

halves do not adhere tightly and can be artificially separated into two intact cribellar

strands (Opell 2002). Most species in this family deposit intact cribellar threads on

an elevated foundation line as they return to their retreat (Eberhard 1987). However,

after spinning a short span of cribellar thread, species of the genera Misionella,
Pikelinia, and Pritha contact the thread with both fourth tarsi, spread their legs, and

Fig. 22.3 (a) Cribellar thread of Kukulcania hibernalis (Filistatidae; scale ¼ 800 mm; Opell

2002). (b) Cribellar thread of Mexitilia trivittata (Dictynidae; scale ¼ 200 mm). (c) Cribellum of

Neolana pallida (Neolanidae; scale ¼ 100 mm). (d) Cribellar thread ofN. pallida (scale ¼ 40 mm).

(a)–(c) SEM, (d) Light microscopy
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touch each half of the cribellar thread strand to the substrate at right angles to the

foundation line (Lopardo and Ramirez 2007). Cribellar fibril production stops

before the thread is pulled by the legs, but the spider continues to produce support

fibers, which are then attached to the foundation line a short distance further along,

at which point a new cribellar thread strand is begun. This behavior produces a

dense mesh of radial foundation lines with transverse cribellar threads.

Most of the cribellar threads produced by orb-weaving uloborid species are

strung between non-sticky lines in a linear configuration (Fig. 22.2c; Peters 1984,

1986). In some regions of these orb webs and more extensively in modified webs

constructed by other uloborid genera (Polenecia and Hyptiotes), as well as in many

other cribellate spiders, linear cribellar threads are deposited along non-sticky web

lines (Lubin 1986; Peters 1995; Griswold et al. 2005). Other spiders, such as

members of the uloborid genus Miagrammopes, the dictynid genus Mexitilia, and
filistatid species comb out cribellar thread faster than they move and then fold this

thread before depositing it in a looped fashion along a foundation line (Figs. 22.1a

and 22.3a, b; Opell 1990, 1999, 2002). This configuration is stickier per unit length

than a linear thread and presents a wider capture area (Opell 2002). It may also

bring cribellar fibrils into contact with a larger portion of an insect’s cuticle and, as

a loop pull free from the foundation line, help dissipate the force generated by a

struggling prey before the adhesion is overcome.

22.3 Cribellar Thread Adhesion

22.3.1 Forces of Thread Adhesion

Depending on the texture of the surface that it contacts, the ambient humidity, and

the type of fibrils that it contains, cribellar threads can implement three adhesive

mechanisms: (1) mechanical interlock, when cribellar fibrils catch on the setae and

surface irregularities of insects, much like the soft component of a Velcro® fastener

catches on the stiff component; (2) van der Waals forces, when the molecules of

fibrils interact with those of a surface; and (3) capillary force, when water molecules

cohere to both fibrils and a surface, holding them together. Cribellar thread sticki-

ness has been measured by pressing a 2 mm wide contact plate against a cribellar

thread suspended between two supports and measuring the force required to

separate the two surfaces. Thread adhesion is usually expressed as mN of force

per mm length of cribellar thread contact (Table 22.1). All cribellar threads can

implement mechanical interlock if the surface they contact has irregularities (see

Sect. 22.3.4). At 1–2% relative humidity, cribellar threads with noded fibrils

(Fig. 22.2b) generated van der Waals forces of adhesion when they contact smooth

acetate surfaces. At 46% relative humidity, they doubled their stickiness by

generating capillary forces but showed only an additional 20% increase in sticki-

ness at 99% relative humidity (Hawthorn and Opell 2003). Lacking noded fibrils,

threads of Hypochilus species (Fig. 22.2a) generated only van der Waals forces of

adhesion, registering the same stickiness at 1% and 99% relative humidity. Thus,
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fibril nodes appear to be hydrophilic sites, which attract atmospheric moisture, or to

provide sites where moisture collects from a surface and generates capillary forces.

The impact of humidity on cribellar thread stickiness has not been examined at

relative humidities between 2% and 46%. Therefore, the lower limit of capillary

force adhesion has not been established.

There is no evidence that static electric charges contribute to thread stickiness.

At 50% relative humidity, threads adhered to surfaces that had the same smooth

texture, but different dielectric properties with the same force (Opell 1995a).

22.3.2 Role of Support Fibers

A cribellar thread’s internal supporting fibers are probably crucial components of

the thread’s integrated adhesive system. These fibers sum and transfer the adhesive

forces generated by cribellar fibrils. When cribellar threads are laid on foundation

lines, the mechanical properties of the foundation lines also appear to be included in

the dynamics of this system. This is suggested by the observation that the axial

fibers of the supported, linear cribellar threads of Miagrammopes are thinner than

the axial fibers in suspended, self-supporting cribellar threads from similar-sized

orb-weaving uloborid species (Opell 1994a).

Table 22.1 Examples of cribellum size and cribellar thread stickiness of adult female spiders as

measured with a fine sandpaper contact plate (from Opell 1999)

Family Species Web form

Mass

mg

Cribellum

spigots

Stickiness

mN/mm

Stickiness

per mg

Filistatidae Kukulcania
hibernalis

Radiating

lines

335 7,767 22.7 0.07

Neolanidae Neolana pallida Sheet 52 1,835 5.5 0.11

Desidae Matachia livor Radiating

network

31 6,740 22.8 0.74

Badumna insignis Funnel 296 10,878 20.4 0.07

Badumna
longinqua

Funnel 209 9,552 13.5 0.06

Uloboridae Waitkera
waitakerensis

Orb 9 3,894 15.5 1.72

Siratoba referena Orb 4 1,800 11.7 2.93

Uloborus
glomosus

Orb 9 4,717 15.5 1.72

Octonoba
sinensis

Orb 13 4,465 17.1 1.32

Philoponella
arizonica

Orb 14 5,110 15.0 1.07

Hyptiotes cavatus Triangle 8 7,276 26.2 3.28

Hyptiotes
gertschi

Triangle 10 7,724 29.8 2.98

Miagrammopes
animotus

Simple 5 8,990 31.5 6.30

Miagrammopes
species

Simple 5 7,254 24.4 4.88
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The low extensibility of axial fibers within cribellar threads from uloborid orb

webs (Blackledge and Hayashi 2006) limits their ability to sum adhesion from all

regions of a thread that has adhered to a surface. Consequently, most expressed

adhesion appears to be generated by narrow bands at the outer edges of thread

contact, with inner thread regions contributing little adhesion (Opell and Schwend

2008). The width of these bands has been estimated to be less than 1 mm (Hawthorn

and Opell 2003). In contrast, more extensible axial fibers of viscous threads of

araneoid orb weavers sum the adhesion over greater lengths of capture thread

(Opell et al. 2008; Opell and Hendricks 2009). As the kinds of support fibrils and

the cribellar fibril configuration differ greatly among cribellar threads (Eberhard

and Pereira 1993), other cribellar threads may more effectively sum adhesion.

22.3.3 Determinants of Thread Stickiness

Cribellar thread stickiness is directly related to the number of thread fibrils that

contact a surface and, therefore, to the number of spigots on the cribellum

(Table 22.1; Opell 1989, 1994b,c, 1995b, 1999; Opell and Schwend 2008). How-

ever, the manner in which fibrils and support lines are combined may also result in

minor differences in stickiness. Threads spun by members of the uloborid genus

Miagrammopes achieve a slightly greater stickiness per cribellar spigot number

than do other uloborid species, apparently because of differences in the density of

their cribellar spinning spigots and calamistrum setae and the configuration of their

cribellar thread puffs (Opell 1995b).

Thus, following the evolution of noded fibrils, the cost of achieving cribellar

thread stickiness appears to have been the sum of the material cost of cribellar fibrils

incorporated in a thread and the behavioral cost of spinning the capture thread (Lubin

1986), which may be related to the number of fibrils that must be pulled from the

calamistrum. Looping lengths of linear cribellar threads before they are attached to a

foundation line (Figs. 22.1a and 22.3a, b) further increased the stickiness of threads

but also increased the cost per unit length of thread (Opell 1990).

The size of a spider does not appear to limit cribellumsize or constrain thread stickiness

(Opell 1999). With a mass of only 5 mg, Miagrammopes animotus has a cribellum that

bears 8,990 spigots, 16% more than that of 335 mg female Kukulcania hibernalis and
only a few hundred less than 209 mg Badumna longinqua (Desidae) (Table 22.1).

When protected, cribellar threads retain their stickiness for long periods

(Eberhard 1980; Opell 1993). However, under natural conditions, stickiness begins

to degrade as threads accumulate dust and pollen and are damaged by rain and

contact with prey.

22.3.4 The Texture of the Surface to Which a Thread Adheres

In addition to humidity, the texture of the surface that a cribellar thread contacts

determines the mechanism or mechanisms responsible for adhesion. Interspecific

comparisons have measured cribellar thread stickiness in the range of 50% relative
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humidity with artificial surfaces of uniform texture. These include smooth acetate

surfaces, which probably maximize capillary forces of adhesion or fine sandpaper,

which may be held by a combination of mechanical interlock and capillary adhe-

sion (Table 22.1). At 56–57% relative humidity, uloborid cribellar threads held

beetle elytra (probably principally by capillary forces) more securely than flesh fly

nota, whose stout setal covering was probably held by mechanical interlock (Opell

1994d). Bug hemelytra and flesh fly wings, surfaces with shorter setae, were held

less securely than either of these surfaces. In addition to favoring mechanical

interlock, setae probably also limit the area of cribellar fibril contact with the

underlying cuticle, thereby reducing the adhesion generated, as documented for

viscous threads (Opell and Schwend 2007). Moth wings were held the least securely

of all because their scales detached and remained in the cribellar threads, as they did

in viscous capture threads (Eisner et al. 1964). Thus, this predator avoidance

strategy may have evolved long before viscous capture threads appeared.

Despite cribellar thread’s remarkable adhesive versatility, it does not stick to a

spider’s calamistrum, posterior spinnerets, or first leg tips that tap the inner capture

spiral loop during spiral construction. Moreover, in the process of subduing prey,

cribellate spiders routinely come into contact with their own cribellar threads and

either do not stick or stick only weakly to these. The reason for this is unknown.

22.4 Cribellar Thread Stickiness and Web Architecture

22.4.1 Web Forms and Costs

Cribellar threads are found in many web types, including sheet, funnel, space filling,

and orb webs (Opell 1999; Griswold et al. 2005). Most cribellate spiders repair their

webs and add fresh cribellar threads, but only members of the orb-weaving family

Uloboridae are known to take down and replace their webs daily, ingesting silk from

the old web. It is presumed that they recycle some of the material in a new web, as

araneoid orb weavers do (Townley and Tillinghast 1988), but this has not been

documented. Although cribellar thread enhances prey capture, its stickiness may be

constrained by the cost of production, the length of thread placed in a web, the time

over which this thread functions, and the potential to recycle the silk invested in it.

22.4.2 Evolution of Stickier Cribellar Thread

Cribellate orb webs constructed by members of the family Uloboridae might be

viewed as reduced webs, because their cribellar thread is restricted to the capture

spiral rather than being placed more densely throughout the web. The lengths of

cribellar threads in webs constructed by members of other spider families have not
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been measured, so direct comparisons are not possible at present. However, it

appears that, combined with the potential to recycle web components, the parsimo-

nious thread used by uloborids may have reduced the total cost of cribellar thread in

an orb web, permitting these spiders to spin stickier cribellar thread than non-orb

species belonging to other families (Table 22.1; Opell 1999). When measured with

fine sandpaper contact plates that registered the same stickiness as flesh fly wings on

cribellar thread (Opell 1994b), the cribellar threads of orb-weaving uloborids were,

on average, 8.4 times stickier per mg spider mass than threads produced by

members of non-orb-weaving families (Table 22.1; Opell 1999). Among the non-

orb weavers, Matachia livor, whose web superficially resembles an orb (Opell

1999), had the greatest stickiness per mg of spider mass.

Members of the uloborid sister genera Hyptiotes and Miagrammopes construct
reduced webs, which they monitor more actively and manipulate during prey

capture (Opell 1994b). Hyptiotes species build triangle webs comprised of four

diverging radii between which cribellar threads are suspended. The simple webs of

Miagrammopes species form an irregular and non-stereotypic branching network of

draglines, on which cribellar threads are laid, often in a looped fashion (Fig. 22.1a).

Threads spun by Hyptiotes were 1.8 times stickier per mg spider mass than those

spun by orb-weaving uloborids, while threads spun by Miagrammopes were 1.8

times stickier per mg spider mass than those spun by Hyptiotes (Opell 1999).
The three uloborid web architectures described above look very different and

contain different lengths of cribellar treads. However, in each case the web’s total

silk volume, its total cribellar fibril volume, its total stickiness, and its total capture

area were directly related to spider mass (Opell 1996). Thus, across a wide range of

web forms, spiders that produce shorter lengths of cribellar thread and have the

potential to recycle this material appear to have evolved stickier cribellar threads.

However, many aspects of this system, such as the behavioral cost of producing and

operating these webs, still require investigation.

22.4.3 Reduced Reliance on Cribellar Thread

The cost of using cribellar thread may explain its frequent evolutionary loss.

Although there are some families and even some genera that have both cribellate

and ecribellate members, this loss has not been carefully examined. The funnel

web-weaving Tengella radiata from Costa Rica may exhibit characteristics of a

species on its way to cribellar thread loss (Barrantes and Madrigal-Brenes 2008).

Spiderlings of this species initially spin simple sheet webs, which, as they develop,

gradually take the form of the adult funnel web. However, although third instar

spiderlings possess a cribellum and calamistrum, it is not until they enter the

seventh instar (one molt away from maturity for males and two for females) that

they start adding cribellar threads to their webs. Newly constructed adult female

webs often lack cribellar threads, which are added over time. Thus, in this species

cribellar thread production appears to be useful, but not required for prey capture.
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One can imagine how changes in factors such as web architecture, prey capture

behavior, or insect abundance might lead to loss of cribellar thread use in this and

other species.

Another apparent example of reduced reliance on cribellar thread adhesion is the

New Zealand species Neolana pallida (family Neolanidae), which spins a large

sheet web of closely spaced cribellar threads and rests on a silk platform

constructed above this sheet (Opell 1999). Unless the web has been damaged and

recently repaired, fresh cribellar threads appear to be found mostly on the perimeter

of the capture sheet, threads in the remainder of the sheet being contaminated by

dust. Members of this species have a small cribellum formed of two widely spaced

plates that bear widely spaced spigots (Fig. 22.3c). The straight axial fibers and

coiled support fibers of their cribellar threads are covered by only a sparse array of

cribellar fibrils and generate very low adhesion (Fig. 22.3d, Table 22.1).

22.5 Conclusions

Cribellar prey capture thread relies on thousands of thin, dry protein fibrils to

generate mechanical interlock, van der Waals, and capillary forces of adhesion.

Relative humidity and the texture of the surface contacted determine the degree to

which these forces contribute to thread adhesion and the stickiness a thread

registers. Cribellar fibrils are drawn from spigots on a cribellum, a ventral

opisthosomal spinning plate situated anterior to a spider’s spinnerets, by the

calamistrum setal comb on the spider’s fourth legs. These fibrils are then formed

around larger supporting fibrils to produce a composite cribellar thread, which often

has a regular, puffed configuration. Cribellar thread production is plesiomorphic for

the large infraorder Araneomorphae and still widely distributed among this clade,

where it is used in many web forms, including the most primitive orb webs. The

stickiness of cribellar thread is directly related to the number of fibrils invested in a

thread. Consequently, the number of thread fibrils and the length of cribellar thread

in a web, along with a spider’s ability to recycle these proteins, appear to determine

the cost of using cribellar thread and to constrain the evolution of thread stickiness.

This may explain why most araneomorphs no longer spin cribellar thread,

abandoning it either in favor of other methods of prey capture or, in the case of

modern orb-weaving spiders, replacing it with viscous capture thread.
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Part VII

Colouration

Since ever, we are fascinated by coloured arthropods because colour makes them

beauties. Spiders suffered a bit from this because their overall appearance is usually

described as yellowish–brownish to black. We know meanwhile that this is

completely untrue: spiders have structural and chemical mechanisms for colours,

arising from hairs and scales or the cuticle. Spiders apply their colouration for

species recognition and not only to impress females but also to camouflage. The

perception of spiders’ colouration is wavelength dependent and colours may rapidly

appear or disappear, thus a beautiful spider can change its appearance within a

moment and different observers see a spider against its background differently. It

has also to be emphasized that spiders are the only arthropods able to perform such

a rapid colour change.



Chapter 23

Insect View of Orb Spider Body Colorations

I-Min Tso

23.1 Introduction

The conspicuous color patterns on body surface have recently been considered to be

important in predator–prey visual interactions. Orb-weaving spiders of the families

Araneidae, Nephilidae, and Tetragnathidae hunt during the day, and many of them

exhibit conspicuous color patterns. To confirm whether the brightly colored

markings of these diurnal orb-weaving spiders exhibit any function, it is crucial

to know how these markings are viewed by organisms interacting with these

spiders.

Traditionally, numerous species of brightly colored orb-weaving spiders have

been regarded as diurnal predators. However, few researchers have actually

followed the spiders for 24 h to investigate their temporal activity patterns. At least

for some brightly colored orb-weaving spiders, their prey catching may not be

limited to daytime. Some brightly colored spiders also hunt during the night and

obtain a certain quantity of prey during nocturnal hunting. Therefore, does their

body coloration play any role during nighttime? Recent studies showed that certain

nocturnal insects have good color visions (Warrant 1999; Land and Osorio 2003).

Is it possible that the color of orb web spiders play a role in nocturnal spider–insect

visual interactions? An important step towards answering this question is to realize

how the brightly colored spiders are viewed by insects under the nocturnal

condition.
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23.2 Spider Coloration in the Diurnal Context

Various diurnal orb-weaving spiders exhibit brightly colored markings on their

body surface, and the functions of these colorations had been debated. One group of

researchers regarded the bright color patterns of these diurnal orb-weaving spiders

as functioning to increase foraging success by providing attractive visual signals to

prey (Craig and Ebert 1994; Hauber 2002). The camouflaging hypothesis, on the

other hand, regards the bright coloration of orb-weaving spiders as functioning to

conceal the spiders against the vegetation background (Zschokke 2002). This

hypothesis proposes that because the reflectance spectra of the spiders’ body

surface are similar to those of the background vegetation, the spiders are not easily

perceived by insects. To determine whether the brightly colored markings of these

diurnal orb-weaving spiders function to camouflage the spiders or to visually attract

prey, it is crucial to know how the colors of various body parts of these spiders are

viewed by organisms interacting with these spiders.

23.2.1 Quantifying How Colors Are Viewed by Diurnal Insects

Most insects have a pair of compound eyes. Their visual systems are different from

those of vertebrates and they can perceive light signals of much shorter wavelength

(Chittka 1997). For example, the honeybee (Apis mellifera) has ultraviolet-, blue-,
and green-sensitive photoreceptors (Chittka 1997). Insects view colors by detecting

the contrasts between objects and their environments and all kinds of color

receptors and signals are involved (Chittka and Menzel 1992; Vorobyev and Brandt

1997; Briscoe and Chittka 2001). Therefore, all types of receptor signals should be

considered when exploring the visual interactions between predators and prey.

Compared with the traditional UV approach, i.e., measuring UV reflectance of

the object then infer nature of interactions, the color contrast approach is more

realistic in exploring the visual interactions between spiders and insects. To quan-

tify how spider colorations are viewed by a hymenopteran insect such as honeybee,

we have to obtain the following information: spectral sensitivity of photoreceptors

in the eyes of insects, reflectance spectra of spider colors, and illumination function

of the habitat in which the interactions take place.

The spectral sensitivity functions of standard photoreceptors for Hymenoptera

were popularly used to determine photoreceptor excitations for each measured

spectra. The relative amount of light absorbed by each photoreceptor type can be

expressed as

P ¼ R

ð700
300

IsðlÞSðlÞDðlÞdl
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where Is(l) is the spectral reflectance function of the spider colorations, S(l) is the
spectral sensitivity function of the receptor in question, and D(l) is the illuminating

daylight spectrum (Chittka 1996). The sensitivity factor R in equation (1) can be

determined by the equation

R ¼ 1=

ð700
300

IBðlÞSðlÞDðlÞdl

The receptors were assumed to be adapted to a background reflection function

and IB(l) is the spectral reflection function of the background to which the receptors
are adapted (Chittka and Menzel 1992). With this model, it is assumed that the

photoreceptors display half their maximal response when stimulated by the light

reflected from the adaptation background (Naka and Rushton 1966).

The quantum catch in the photoreceptors P is the input to the photoreceptors, not

input to the insect brain. On a neural level, the brain performs “calculations” with

graded potentials generated by receptor cells. These signals are not linearly related

to the logarithm of the quantum flux that forms the input to the receptor. When the

maximum excitation Emax of the photoreceptors is set to one, the nonlinear

phototransduction process is well described by

E ¼ P

ðPþ 1Þ

where P is the stimulus strength, in units such that for P ¼ 1, E ¼ 0.5. Bees are

reported to adopt achromatic vision by using green receptor signal when searching

for objects far ahead (i.e., with a subtending area between 5� and 15�) and adopt

chromatic vision by using green, blue, and UV receptor signals when viewing

objects from a relatively short distance (i.e., with a subtending area greater than

15�) (Giurfa et al. 1997; Spaethe et al. 2001). The three excitation values in the

bee’s UV, blue, and green receptors can be depicted in a three-dimensional receptor

excitation space or in the color hexagon (Chittka 1996). With the three receptor

excitation values plotted at angles of 120�, the x and y coordinates in the color plane
are given by

x ¼ sin 60�ðEG � EUVÞ

y ¼ EB � 0:5ðEUV þ EGÞ

where Eu, EB, and EG are the inputs from the three photoreceptors. Euclidean

distances DSt between stimuli are calculated as

DSt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDxÞ2 þ ðDyÞ2

q
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The Euclidean distance (DSt) is the color contrast in the color space of organisms

under consideration. Under the chromatic condition when the color contrast value is

greater than the discrimination threshold of 0.05, bees can discriminate the color

signals of the object from those of the background (Théry and Casas 2002).

23.2.2 Spider Coloration from Eyes of Diurnal Insects

The color contrast approach has been extensively used to quantify how the colors of

various body parts of a wide array of orb web spiders are viewed by hymenopteran

insects. For example, the prosoma, two yellow bands on opisthosoma, and spots on

legs and ventrum of Nephila pilipes (Nephilidae) (Fig. 23.1a) all exhibited color

contrasts significantly higher than the discrimination threshold for color contrast

detection estimated for honeybees (Fig. 23.1b) (Tso et al. 2004). The dark parts of

the body and spinneret had low color contrasts that were not significantly different

Fig. 23.1 Dorsal and ventral view of brightly colored orb web spiders from three families and

color contrasts of various body parts when viewed by hymenopteran insects against vegetation

background. (a, b) Nephila pilipes (Nephilidae). (c, d) Argiope aemula (Araneidae). (e, f)

Leucauge magnifica (Tetragnathidae). Dashed line represents color contrast discrimination thresh-

old of 0.05 determined for hymenopteran insects
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from the discrimination threshold when viewed by chromatic vision (Fig. 23.1b).

But they had color contrasts significantly higher than the threshold when only green

receptor signal was used. Empirical evidence for the co-occurrence of low and high

color contrast body coloration was also reported from Argiope aemula (Araneidae)

(Fig. 23.1c, d) (Cheng and Tso 2007) and Leucauge magnifica (Tetragnathidae)

(Fig. 23.1e, f) (Tso et al. 2006). Many diurnal orb-weaving spiders exhibit dramatic

patterns of coloration with both high-contrast bright and low-contrast dark

markings on their bodies. When bees view these spiders by chromatic vision, the

brightly colored markings are visible but the dark parts become indistinguishable

from the vegetation background. Those high-contrast bright and low-contrast dark

markings may be arranged in such a way to alter the contour of the spider and

generate a signal unlike that of a predator. Besides, results from both empirical and

applied studies demonstrate that a yellow cue plays an important role in the signal

communication between pollinator insects and flowers. Coincidently, many taxa of

orb spiders exhibit various forms of yellow markings on their bodies (Yaginuma

1986). The effectiveness of yellow signals in luring pollinator prey might be one

major reason for the convergent possession of such a trait in spiders of divergent

phylogenetic relationships.

23.2.3 Function of Conspicuous Spider Coloration at Day

The co-occurrence of low and high color contrast body parts in these orb-weaving

spiders may be an adaptive morphological trait. Break in contour due to low-

contrast body colorations, plus the resource-mimicking color signals of high-

contrast body color, may make it difficult for insects to associate these spiders

with predation risk. Many insects such as honeybees have innate preference for

symmetric and disruptive patterns (Rodriguez and Gumbert 2004). The arrange-

ment of body color patches and their differential visual distinctiveness to insects

may make these spiders resemble innate preference of pollinator insects such as

symmetric and disruptive patterns.

Evidence from several studies has shown that altering the color signals of orb-

weaving spiders reduced their insect catching rate (Craig and Ebert 1994; Hauber

2002), and therefore, this seems to provide direct support for the prey attraction

hypothesis. However, such results could also be interpreted as being congruent with

the camouflaging hypothesis because the alteration of body coloration in the

treatment might have destroyed the camouflaging pattern, thus rendering the spider

more visible against the background and therefore lowering the insect catching rate.

Tso et al. (2006) showed that compared with orbs without the orchid spider

L. magnifica, those with spiders intercepted almost twice as many insects. Such a

result is not congruent with the camouflaging hypothesis, which predicts a similar

prey interception rate between orbs with and without spiders. The attractiveness of

conspicuous orb web spider’s body coloration seems to be achieved by the properties

of the color signal, rather than the visibility of the spider. Tso et al. (2006) purposely
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used a paint exhibiting a reflectance spectrum different from that of the spiders. The

color contrasts of such paint viewed against the vegetation background were signifi-

cantly higher than the discrimination threshold, indicating that the paint used could be

readily seen by the insects. However, given such high visibility, those painted spiders

still intercepted and consumed far fewer insects than the control group (Tso et al.

2006). Such results indicate that the chromatic properties of orb-weaving spiders’

body coloration are quite critical to their insect interception. The properties of their

color signal have been fine-tuned by selection to achieve the best attractiveness to

their prey. Once such property was altered, even though the changed coloration was

still quite visible, they were no longer attractive to insects.

23.2.4 Factors Shaping Spider Coloration Pattern: Diurnal
Context

The presence of low-contrast coloration to break the contour of the body and high-

contrast coloration to attract prey seems to be a product of various counteracting

selection pressures involved in spider–insect visual interactions. Empirical evidence

from behavioral and neuroethological studies confirms that visual signal design of

brightly colored orb web spiders reflects a compromise between efficaciously increas-

ing foraging benefit and strategically reducing predation cost. In a field experiment,

Fan et al. (2009) used a dummy approach to assess how visual luring signals of giant

wood spiders N. pilipes traded off opposing pressures of feeding and surviving. They

created dummies made of cardboard to test how changing size of conspicuous signal

affected attractiveness to prey and predators. Fan et al. (2009) found that a spiders’

color signal alone was sufficient to lure prey in the natural condition. Moreover,

uniformly yellow-colored dummies attracted significantly more prey than those

dummies which mimicked the color pattern of N. pilipes. However, yellow-colored
dummies also attracted far more hymenopteran predators. Therefore, the current body

coloration pattern ofN. pilipes seems to exhibit the benefit of attracting prey as well as

the cost of increased predation pressure. Many orb spiders from a diverse array of

families all exhibit similar body coloration patterns. The contrasting conspicuous and

inconspicuous parts may generate a contour-breaking disruptive coloration pattern

(Cuthill et al. 2005) to reduce detection by predators (Zschokke 2002; Hoese et al.

2006) and lower the cost of this morphology-associated foraging trait. Such commonly

seen coloration pattern might reflect orb spiders’ adaptation in response to high

predation pressure from predators such as wasps. (Blackledge et al. 2003).

23.3 Spider Coloration in the Nocturnal Context

While discussing the color signaling between animals, most focus is placed on the

diurnal system. The first reason for such bias is that the daylight intensity is higher

than that of nighttime. Secondly, the dim light environment in the nighttime has
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very high noise-to-signal ratio (Warrant 2004). Therefore, it is easier to identify and

analyze various forms of color signaling in the diurnal condition. Many spiders only

hunt during nighttime and their colorations are usually dark, gray, or brown

reducing the spiders’ visibility during daytime (Oxford and Gillespie 1998). How-

ever, the ventrum of various species of Neoscona and Araneus exhibits two to four

bright spots. During nighttime the spiders will sit in the center of the orb web and

expose the bright ventrum spots. Why does a sit-and-wait predator which is only

active during the night have such conspicuous body coloration? Is it possible that

the conspicuous ventrum spots of nocturnal orb spiders also serve as visual lures to

attract visually orientated prey under the dim light condition, as does the conspicu-

ous body coloration of those diurnal orb-weaving spiders? Besides, some

researchers conducted a round-the-clock survey and they found that in addition to

diurnal hunting, certain conspicuous orb web spiders such as Nephila and Leucauge
also actively hunted for prey during the night (Chuang et al. 2007; Tso et al. 2007).

Since the body coloration of these conspicuous orb web spiders are effective visual

lure during daytime, will these visual signals play a role in spider–insect visual

interactions under the dim light condition? In this section I will first describe the

neuroethological methods used to quantify how colorations of spiders are viewed

by nocturnal moth. Then results of empirical studies manipulating color signal of

spiders in the nocturnal condition will be reviewed. The factors shaping the design

of spider visual lure in the nocturnal condition will also be discussed.

23.3.1 Quantifying How Colors Are Viewed by Nocturnal Insects

Many nocturnal insects have specialized eyes which enable them to discriminate

color stimuli (Kelber et al. 2002) and to detect food resource at night (Raguso and

Willis 2005). The superposition compound eyes of numerous nocturnal insects

combine the light signal received by hundreds of ommatidia. The signal intensity

can be greatly magnified thereby solving the problem of low light intensity in dim

light environments (Kelber et al. 2003). In addition, the rhabdoms of superposition

eyes are longer than those of apposition eyes and thus can help to improve the noise-

to-signal ratio (Kelber and Roth 2006). The visual sensitivity of nocturnal insects is

furthered structurally by wide pupil aperture and physiologically by spatial/temporal

summation of visual channel neural outputs (Warrant 1999). Nocturnal insects such

as moths generally exhibit UV, blue and green photoreceptors, and similar types of

receptors are also found in numerous diurnal insects (Briscoe and Chittka 2001).

However, while moths can distinguish color signals in the night, diurnal insects are

color-blind under dim light conditions (Kelber et al. 2003). Therefore, we cannot use

the diurnal neuroethological models commonly used in numerous studies to quantify

how the coloration of an organism is viewed under dim light conditions. A solution

was provided by Johnsen et al. (2006). These researchers developed a

neuroethological model based upon the visual system of a hawkmoth to calculate

nocturnal color contrasts. In this model, information such as reflectance spectra of

spiders, illumination function of the environment, and parameters regarding the
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visual system of the hawk moth are needed to calculate nocturnal color contrast. In

the neuroethological model developed by Johnsen et al. (2006), reflection is

expressed as the percentage (%Rl) relative to the reflection from a standard reference:

%Rl ¼ Sl � Dl

Rl � Dl
� 100%

where S is the sample intensity at wavelength l, D is the dark intensity at wave-

length l, and R is the reference intensity at wavelength l.
The following equation can be used to calculate the quantum catches of one

ommatidium of moth (Warrant and Nilsson 1998):

N ¼ 1:13ðp=4ÞnDP2D2Dt
ð700
350

ktð1� e�kRiðlÞlÞLðlÞdl

where n is the effective facets in the superposition, DP is the photoreceptor

acceptance angle, D is the diameter of a facet lens, Dt is the integration time of a

photoreceptor, k is the quantum efficiency of transduction, t is the fractional

transmission of the eye media, k is the absorption coefficient of the rhabdom, l is

the rhabdom length doubled by tapetal reflection, Ri (l) are the absorbance spectra
of each photoreceptor, and L(l) is the color signal of the object, which is the

multiplication of reflectance spectra of objects and that of nocturnal light environ-

ment. The difference of an object of interest and the background, the achromatic

contrast, can be estimated by

C ¼ NX � Ngreen

NX þ Ngreen

where Nx is quantum catches of object and Ngreen is quantum catches of green

vegetation background (Johnsen et al. 2006).

To calculate the nocturnal chromatic contrasts, first the quantum catch values

(N) of UV (uv), blue (b), and green (g) photoreceptors are each estimated to

generate Nuv, Nb, and Ng. Then quv, qb, and qg, the relative quantum catches of

each type of photoreceptor, can be calculated by

quv ¼ Nuv

Nuv þ Nb þ Ng

qb ¼ Nb

Nuv þ Nb þ Ng

qg ¼ Ng

Nuv þ Nb þ Ng
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Then values of each stimulus were used to calculate relative distances in the

color triangle by

X1 ¼ 1ffiffiffi
2

p ðqg � qbÞ

X2 ¼
ffiffiffi
2

p
ffiffiffi
3

p quv � qg þ qb
2

� �

X1 and X2 are the distances on the x-axis and y-axis, which represent the relative
intensity of three types of photoreceptors in the 2D color space. The distance of two

color stimuli in the color space is the nocturnal chromatic color contrast (Johnsen

et al. 2006). So far, the theoretical discrimination threshold value for the nocturnal

chromatic neuroethological model is still not available. In some studies, researchers

compared the nocturnal achromatic and chromatic contrast values of various body

parts of spiders and those averaged from petals of flowers by ANOVA tests and

LSD mean comparisons (Chuang et al. 2008). Results of these tests can help

determine whether the ventrum spots are more conspicuous than other body parts

and whether they are similar to those of the resources the nocturnal moths were

searching for.

23.3.2 Spider Coloration from Eyes of Nocturnal Insects

Members of the nocturnal orb spider genera Neoscona and Araneus hunt actively
during the night, but during daytime they hide in vegetation or under loose bark,

fallen timber, or rocks. The coloration of spiders’ dark gray or brown opisthosomal

dorsum matches well with the background they perch during daytime (Fig. 23.2a).

The coloration of Neoscona spider’s dorsum and legs seems to effectively conceal

the spiders because from the eyes of hymenopteran insects, these spiders’ major

predators during daytime, the color contrasts are smaller than the discrimination

threshold (Fig. 23.2b) (Chuang et al. 2008). To determine whether ventrum spots

mimicked the color signals of the resources of spiders’ prey, Chuang et al. (2008)

measured the reflectance spectra of flower petals of three species of herb plants

frequently visited by moths and found that the nocturnal color contrasts of spots and

flowers were similar. Therefore, nocturnal orb spiders seem to exploit the color

vision of nocturnal insects by exhibiting visual lures resembling the color signal of

flowers open at night.

In the previous section it is known that when the brightly colored orb-weaving

spiders are viewed by diurnal hymenopteran, the dark or green parts of a spider’s

body are indistinguishable from the vegetation background but the conspicuous

parts are highly visible to insects. This phenomenon also occurs when these spiders

are viewed by nocturnal insects under dim light conditions. Through nocturnal
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achromatic vision of moth, when conspicuously colored orb web spiders such as

N. pilipes are viewed in the dim light environment, the conspicuous body parts are

more visible than the dark parts (Chuang et al. 2007). The nocturnal achromatic as

well as chromatic contrasts of conspicuous yellow body parts of N. pilipes when
viewed against vegetation background by lepidopteran insects were significantly

higher than those of the black body parts. The combination of high- and low-

contrast body colorations might make the appearance of spiders unlike that of a

predator but rather like some form of resource. Many pollinator insects have an

innate preference for symmetric and disruptive patterns (Rodriguez and Gumbert

2004). Moreover, floral guides, stingless bee nest entrances, and insectivorous

pitchers all exhibit a similar dark center, radiating stripes, and peripheral dots

(Biesmeijer et al. 2005). The arrangement of body color patches of N. pilipes and
their differential visual distinctiveness to insects may resemble the global visual

attributes of a pollinator’s resource.

23.3.3 Function of Conspicuous Spider Coloration at Night

Chuang et al. (2008) evaluated when spiders sit on webs with conspicuous ventrum

spots fully exposed if they would serve as deceptive color signals to lure visually

Fig. 23.2 (a) Dorsal view of the strictly nocturnal orb web spiderNeoscona punctigera (Araneidae).
(b) Diurnal color contrasts of its dorsumwhen viewed against bark by hymenopteran insects.Dashed
line represents discrimination threshold of 0.05 determined for hymenopteran insects. (c) Ventral

view of Neoscona punctigera with the brightly colored spots exposed. (d) Nocturnal color contrasts
of bright and dark parts of ventrum when viewed by lepidopteran insects
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orientated nocturnal prey. In the field, webs with Neoscona punctigera intercepted

significantly more insects than those without. When the color signal of ventrum

spots was altered by paint, webs’ prey interception rates decreased significantly.

Blamires et al. (2012) monitored, using infrared video cameras, the prey attraction

rates of N. punctigera dummies to determine whether the coloration of the ventral

spots of these nocturnal spiders acts as a prey lure. Blamires et al. (2012) placed

various form of dummies on vacant spider webs in the field at night. The results of

field experiments showed that the coloration of the spots functions to lure prey. The

standard dummies, mimicking adult female N. punctigera in coloration, size, and

shape, attracted more prey than the dummies with gray spots, the entirely black

dummies, and webs without spiders. These results demonstrate that even in the

nocturnal condition certain terrestrial organisms exhibit visual lures to attract prey.

Unexpectedly, however, the entirely yellow dummies attracted fewer prey than

the standard dummies. The ecological significance of such finding will be discussed

in Sect. 23.3.4.

On the other hand, while the orchid spider L. magnifica hunts during the day and is
generally regarded as a diurnal predator, it also hunts actively during the night. Tso

et al. (2007) demonstrated that the bright body coloration of L. magnifica serves as a

visual lure to nocturnal insects. When the color signals of the ventral yellow stripes of

L. magnifica were altered by paint, the moth interception rate was reduced signifi-

cantly. Results of a field survey showed that the number of actively hunting

L. magnifica during the night was two to three times higher than that during the

day. A comparison of diurnal and nocturnal hunting performance of L. magnifica
recorded by video cameras revealed that they obtained higher prey intake from

nocturnal hunting, and nocturnal hunting seems to be their primary source of prey

intake (Tso et al. 2007). Similar results were reported from the brightly colored

N. pilipes (Chuang et al. 2007). The prey interception rate during diurnal hunting was
significantly lower than that in nocturnal hunting. In the diurnal hunting lepidopteran

insects comprised less than 10% of prey consumed. However, between 33% and 60%

of nocturnal prey were lepidopterans. The average size of the intercepted nocturnal

prey was significantly larger than that of the diurnal prey. Results of these studies

indicate that large lepidopteran insects seem to be the major target of certain colorful

orb web spiders during nocturnal hunting.

23.3.4 Factors Shaping Spider Coloration Pattern:
Nocturnal Context

Many nocturnal insects have superposition eyes and these eyes are extremely sensi-

tive to very dim light signals. Such extraordinary sensitivity is achieved structurally

by wide pupil aperture and physiologically by spatial/temporal summation of visual

channel neural outputs (Warrant 1999). The sensitivity of superposition eyes is so

high (theoretically estimated to be 10,000 times that of locust, Warrant 1999) that
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they can even perceive far away point light source (Warrant 2006). Although the

opisthosomal spots of N. punctigera are small, the color signal reflected from them

should be easily perceived by nocturnal insects with superposition eyes. On the other

hand, the size of ventrum spots might be constrained by strong predation pressure.

During daytime, when the major predators of orb spiders such as parasitoid insects

(Blackledge et al. 2003) are most abundant, Neoscona or Araneus spiders usually
perch on bark with their bright ventrum spots well concealed. If the size of ventral

spots is too large, they will be difficult to conceal, and this will consequently increase

the conspicuousness of spiders to predators.

In the study conducted by Blamires et al. (2012), comparisons between the

yellow-spotted dummies and the entirely yellow dummies and the extremely low

number of observed predation events suggest that, unlike diurnal spiders, the

ventral spots of nocturnal spiders such as Neoscona species do not represent a

compromise between prey attraction and predator avoidance. Perhaps the spots are

exploiting a key, as yet unidentified, chromatic or achromatic visual cue used by

foraging or navigating insects. The symmetry of the spots may be implicit in the

luring of insects as they may resemble pattern symmetries that insects use to

identify flower parts (Dafni and Kevan 1996). The paired spots may resemble

nectar guides used by insects to locate food. Alternatively, they may be the most

energy-efficient way, given the available resources, for nocturnal spiders to invest

in prey-enticing coloration (Kelsh et al. 2009) or are an evolutionary or ontogenetic

remnant that is costly to discard and happens to lure prey (Kemp et al. 2005).

Experiments should be performed to test the significance of spot size, shape, and

position in the functioning of such nocturnal visual lure.

23.4 Conclusions

Color vision requires the integration of information from all the primary receptors.

Many studies have overemphasized the UV component of the spider and background

light signals to infer the nature of insect–spider visual interactions. Insects see by

detecting the contrasts between objects and their environments and all kinds of color

receptors and signals are involved (Chittka and Menzel 1992; Vorobyev and Brandt

1997; Briscoe and Chittka 2001). Therefore, all types of receptor signals should be

considered when exploring the visual interactions between predators and prey. On the

other hand, the results of recent studies examining spider–insect interactions on a 24-

h basis indicate that while studying animal communications, we should have a

comprehensive view of the timing as well as the visual systems of all organisms

involved in the interaction. If the color signaling of one organism functions in a range

of light conditions but research is conducted only in a subset of them, the conclusions

subsequently made might be biased. To date, almost all empirical studies on foraging

behaviors of so-called “diurnal” web spiders only investigated the diurnal hunting. In

the past, in the terrestrial ecosystem, color signals were generally considered to be

used only by diurnal organisms. However, more and more studies have demonstrated
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that various nocturnal organisms utilize color signals to locate food resources and

mates (Kelber and Roth 2006). In the case of L. magnifica and N. pilipes, their
conspicuous body coloration actually attracts much more nocturnal than diurnal prey.

Since orb-weaving spiders are sit-and-wait predators, they are under strong selection

pressure to evolve ways to make prey orient toward them. Therefore, the selection

pressures of effectively exploiting the color vision of large nocturnal prey might be

one of the major forces driving the evolution of orb spider’s body coloration.

I suggest that the selection pressure of effectively exploiting the color vision of

insects in the nocturnal condition could be one major force driving the evolution of

spider coloration.
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Chapter 24

Structural Colors in Spiders

Rainer F. Foelix, Bruno Erb, and David E. Hill

24.1 Introduction

The finely color’d Feathers of some Birds, and particularly those of Peacock Tails, do, in

the very same part of the feather, appear of several Colours . . . after the very same manner

than thin Plates were found to do . . . and therefore their Colours arise from the thinness of

the transparent parts of the Feathers. . . . and to the same purpose it is, that theWebs of some

Spiders, by being spun very fine, have appear’d color’d . . . and by varying the Position of

the Eye, do vary their Colours.

Isaac Newton (1730)

It is quite remarkable that almost 300 years ago Isaac Newton already knew that

certain colors are not due to pigments but are caused by the microstructure of an

object. The “thin plates” he was referring to were later found to be an essential part

for light interference, which is mostly responsible for such “structural colors.”

Newton’s correct assumption is even more astonishing, if we consider that those

“thin plates” are in the nanometer range (or the wavelengths of visible light) and

therefore could not be resolved with a light microscope.

Interference of light often occurs in stacks of thin plates, mostly in alternating

materials with different optical densities (refractive index). At the border of each

layer, a light ray is transmitted but also reflected; due to their different path lengths, a

phase shift occurs (varies as a function of wavelength), and the reflected light will

appear of a different color than the incoming light (Land 1972; Kinoshita et al. 2008).

Structural colors may also be produced if a surface is scored by fine parallel

ridges (and grooves) which act as diffraction gratings. Incident light is separated
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into its component wavelengths and reflected into different directions (Parker and

Martini 2006). This effect is commonly seen on the surface of some beetle wings

(Hinton 1968) and also on compact disks.

The most conspicuous structural (or physical) colors are known as iridescence,
which means the colors change, depending on the angle of the incident light—or the

angle an observer is viewing an iridescent object (Doucet and Meadows 2009;

Meadows et al. 2009). Iridescent colors are caused on layered or crystalline

nanostructures by coherent scattering (Prum 2006). Well-known biological examples

of iridescence are certain feathers of birds (e.g., in peacocks and hummingbirds),

certain insect wings (e.g., in butterflies and beetles), sea shells (mother of pearl), and

even plant petals (Glover and Whitney 2010). Inanimate objects such as minerals

(e.g., opal and labradorite), thin oil films on water, or soap bubbles may also display

distinct interference colors (Kinoshita 2008; Vukusic 2004).

Among animals, structural colors have been extensively studied in birds

(e.g., Durrer 1977; Prum 2006) and in insects (e.g., Ghiradella 1998, 2010; Prum

et al. 2006), but spiders have received relatively little attention (Foelix et al. 2009;

Ingram et al. 2009, 2011; Parker and Hegedus 2003). It is true that most spiders are

rather drab and inconspicuously colored, yet there are notable exceptions. For

instance, many jumping spiders (Salticidae) are quite colorful and even the nocturnal

theraphosid may have brightly colored species (Fig. 24.1). This chapter will focus

on structural colors found in these two families. Structural colors in these spiders

reside mostly in special hairs and scales but may occur also in the solid body

cuticle, for instance, of the chelicerae and the lenses of the eyes (Homann 1985).

24.2 Structural Colors in Hairs of Theraphosid Spiders

Even most arachnologists are not aware that there are quite a few brightly colored

theraphosids; yet among pet spider keepers, these are highly prized, for instance,

Avicularia versicolor, Cyriopagopus spp., Ephebopus cyanognathus, Euathlus spp.,

Fig. 24.1 Colorful

theraphosids. (a) A deep-blue

Cyriopagopus resting on

a tree trunk (Photo: Rick

West). (b) A juvenile

Ephebopus cyanognathus
with the typical blue

chelicerae, a green-golden

opisthosoma, and yellow

fringes on the distal femora

(Photo: Bastian Rast)
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Haplopelma lividum, Heterothele gabonensis, Holothele spp., Iridopelma spp.,
Pamphobeteus spp., Phormictopus spp., Poecilotheria metallica, and Xenesthis
immanis, to name just a few. Since most of them are iridescent, it is clear that the

coloration is due (at least in part) to structural colors. But where exactly are

the structural colors of those theraphosids localized, and how are they produced?

In the few species we have examined so far, the bright colors were always restricted

to specialized hairs and were not found in the body cuticle. The two species which

we studied closely were E. cyanognathus and P. metallica.

24.2.1 Ephebopus cyanognathus

This spider from Brazil, Guyana, and Suriname is known under the vernacular

name “blue fang tarantula” because of its metallic blue chelicerae (Figs. 24.1b and

24.2). A closer inspection under a dissecting microscope reveals that the blue color

comes from deep-blue hairs covering the cheliceral basal segment (Fig. 24.2).

Under epi-illumination the color may change from a deep violet blue to lighter

blue or even turquoise, depending on the direction of the incident light. Under

transmitted light these hairs appear completely transparent and colorless. They

measure 100–200 mm in length and only 5–6 mm in diameter. The hair shaft bears

several rows of fine extensions near the base, which fuse into solid laterally

projecting fins along the distal hair shaft. Cross sections of the hair shaft appear

star-shaped; only the central core consists of solid cuticle, whereas the peripheral

part is layered (Fig. 24.3). The solid core probably absorbs non-reflected light and

may function like the dark backing of a mirror. The peripheral lamellation is barely

visible with the scanning electron microscope (Fig. 24.3a) but is clearly seen with

the transmission electron microscope: about six cuticular lamellae (50–70 nm)

alternate with narrow air spaces (60–120 nm) (Fig. 24.3 b, c). Due to the different

refractive indices of cuticle (1.58) and air (1), incoming light rays will be split into

refracted and reflected rays at each border line of cuticle and air. Depending on the

different distances, these light waves have traveled into this air/cuticle stack, the

reflected rays will show phase shifts, and the resulting interference shows up in

different colors (Fig. 24.4a). Many thin layers (lamellae) cause “constructive

Fig. 24.2 Blue hairs on the

chelicerae of E. cyanognathus.
(a) The blue color resides

entirely in the hairs, not in the

cuticle. (b) Epi-illumination

with a weak LED light source

yields deep-blue and purple

color hues (from Foelix

et al. 2009)
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interference,” that is, the intensity of the interference colors is enhanced. About ten

alternating layers yield an almost complete reflection of a given wavelength (Land

1972); in the case of the blue hairs in Ephebopus, we found 5–6 alternating layers

(Fig. 24.3b, c). The color of the reflected light is mostly a deep blue, with shades of

violet and green. This is confirmed, when the theoretical reflectance spectra are

calculated, based on measurements of the optical thickness and the geometrical

dimensions of the lamellae (Huxley 1968; Fig. 24.4b). In addition to a strong UV

reflectance, there is a distinct peak in the blue and violet (maximum at 430 nm) and

a smaller one in the green (maximum at 540 nm) in the calculated spectrum.

24.2.2 Poecilotheria metallica

Another deeply blue-colored theraphosid is P. metallica from India, the “Gooty

Sapphire Ornamental Tree Spider,” or simply “Gooty Sapphire,” which is among

the most treasured spiders among pet spider keepers. All legs, palps, and chelicerae

are covered by deep-blue hairs, and the proximal tibiae show a patch of bright

Fig. 24.3 Fine structure of the blue cheliceral hairs in E. cyanognathus (Theraphosidae). (a) Hair
shafts, clipped with a razor blade, exhibit a typical cogwheel shape in cross section. The lamellar

structure of the hair wall is barely visible in this scanning electron micrograph. (b) Cross section of a

blue hair as seen in a thin section in the transmission electron microscope. Only the center of the hair

shaft consists of solid cuticle, whereas the lateral fins are distinctly layered. (c) High magnification of

a lateral fin showing several cuticular lamellae of 50–70-nm thickness, alternating with equally

narrow air spaces (asterisk) (from Foelix et al. 2009)
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yellow hairs (Fig. 24.5a). Whereas the blue hairs are clearly iridescent, the yellow

hairs hardly change their hue when the angle of the incident light varies.

24.2.2.1 Blue Hairs

We selected the proximal tibia, where blue and yellow hairs are juxtaposed

(Fig. 24.5a). Unexpectedly, cross sections of blue and yellow hairs often appear

very similar in the light microscope (Fig. 24.5b). This is because the blue hairs have

the same spiny extensions along the basal hair shaft as the yellow hairs do. The

more distal part of the shaft in blue hairs lacks these spines and has only smooth

longitudinal ridges (Fig. 24.6a). Cross sections show about nine such ridges

(Figs. 24.5c and 24.6c) which are made up of a cuticular meshwork. High magnifi-

cation reveals a solid cuticle in the core of the hair shaft and a distinct lamellation in

the periphery (Fig. 24.7a). This lamellation of 6–7 stacked cuticular layers and

intervening air spaces is well developed in the longitudinal ribs but changes into an

irregular meshwork toward the center of the hair shaft. Interestingly, the same

irregular meshwork is present in the spiny extensions of the basal hair shaft. This is

most likely the reason why these hairs appear blue over the entire length of the hair

shaft. Calculations of the spectral reflectance give essentially the same results as

shown for the blue hairs in Ephebopus in Fig. 24.4b; the peak for violet blue has the
maximum at 445 nm, and the smaller green peak at 540 nm (13 layers of cuticle/air,

65-nm thickness).

Fig. 24.4 Blue iridescent colors in theraphosid hairs. (a) Diagram showing the reflection of

incoming white light at the border lines of cuticular lamellae and air spaces. Measurements were

taken from cheliceral hairs in E. cyanognathus (Fig.24.3c). (b) Theoretical spectral reflectance of
six cuticular lamellae of high refractive index n(C) ¼ 1.58 separated by five gaps of low refractive

index n(A) ¼ 1, based on measurements taken from the inset picture. Note that the largest peaks
lie in the UV, violet and blue part of the spectrum, and a smaller one in the green (courtesy of Rolf
Thieleczek)
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24.2.2.2 Yellow Hairs

The yellow hairs occur on all the legs (more pronounced on legs 1 and 2) but are

restricted to lateral patches on the proximal tibia (Fig. 24.5a). Each hair is brushlike,

with 10–14 rows of cuticular extensions along the entire hair shaft (Fig. 24.6b).

Cross sections of the hair shaft show only an irregular cuticular meshwork

(Fig. 24.6d; 24.7b) but no lamellation as in the blue hairs. This meshwork is

probably responsible for the yellow interference color. Unfortunately, no precise

measurements could be obtained from this irregular meshwork. Nevertheless, using

an approximation of 140 nm for the lamellar thickness, the calculated reflectance

curve showed a peak in the yellow (maximum at 560 nm) and also a strong

reflection in the UV. No pigment is present in these hairs, because sections appear

colorless under transmitted white light. This is surprising, since a yellow coloration

is generally based on ommochrome pigments (Holl 1987).

24.3 Structural Colors in Scales of Jumping

Spiders (Salticidae)

The most colorful spiders are certainly found among the jumping spiders. Their

structural colors arise mostly from modified hairs (scales) but also from solid cuticle

(see Sect. 23.4). Scales are defined as flattened hairs (setae) that have a pedicel bent

Fig. 24.5 Blue and yellow hairs of the theraphosid P. metallica. (a) Note the difference of the blue
color hues on tibia and patella, depending on the angle of the reflected light. Inset: higher

magnification of a blue hair showing longitudinal ridges along the hair shaft. (b) Cross sections

of ten spiny (yellow) hairs, which appear pinkish under polarized light; four darker (blue) hairs are

seen in the upper right. (c) Cross sections of nine blue hairs under dark-field illumination. The hair

shafts bear spines toward the hair base, but are smooth with longitudinal ridges in the distal part
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near the socket, so that the scale lies close and parallel to the surface cuticle (Hill

1979; Townsend and Felgenhauer 1998). Although the size and shape of scales vary a

great deal among the 5,000 species of salticids, they may be roughly grouped into

three types: lanceolate, spatulate, and lamelliform (Roth 1993). Most studies on

salticid scales have covered morphological, functional, or phylogenetic aspects,

but only a few dealt with the structural colors of these scales (Land et al. 2007;

Taylor andMcGraw 2007).We shall focus here on two examples, the golden scales of

Habronattus hallani and the blue scales of Maratus splendens and Maratus volans.

24.3.1 Habronattus hallani

The genus Habronattus contains about 100 different species, the males of which are

very colorful. We picked H. hallani (from Arizona, USA) which is renowned for

Fig. 24.6 Fine structure of blue and yellow tibial hairs in P. metallica (Theraphosidae). (a) The

blue hairs have longitudinal ridges along the distal hair shaft. (b) The yellow hairs bear many fine

extensions along the entire hair shaft. (c) Cross-section of a blue hair (TEM) showing a hollow

center, surrounded by a thin cuticular tube and nine distinct ridges that consist of a highly

lamellated cuticle. (d) Cross-section of a yellow hair showing a solid cuticle ring in the center

surrounded by a loose cuticular meshwork that is also present in the peripheral extensions
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having iridescent scales on the front legs and also on the prosoma and clypeus. The

femora and patellae are covered by overlapping lanceolate scales that have a distinct

golden shine (Fig. 24.8a). The surface of these scales is very smooth, even at high

magnification under the scanning electron microscope (Fig. 24.8b). Each scale

measures only about 1 mm in thickness, the actual wall being around 300 nm thick,

which leaves a narrow air space in the center (Fig. 24.8c). A calculation of the

reflectance spectrum shows a peak in the green (at 545 nm) and another one in the red

Fig. 24.7 Cross sections of a blue hair (a) and a yellow hair (b) in P. metallica (Theraphosidae) at

high magnification. (a) Only the innermost part of the hair shaft is solid; the outer cuticle consists

of six regular lamellae (1–6), alternating with light air spaces. They connect through pores

(arrowheads) to the outside. (b) An irregular cuticular meshwork occupies the peripheral part of

yellow hair shafts. Note the pores (arrowheads) on the surface

Fig. 24.8 Golden iridescent scales in the salticid Habronattus hallani. (a) The femora are densely

covered by overlapping, golden scales (Photo: Lisa Taylor). (b) These scales appear very smooth,

with hardly any surface structure. (c) This is confirmed in thin sections; the wall thickness of a

scale is only 0.2–0.3 mm
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(at 700 nm), which together may account for the observed golden hue. Overall,

the structure of these golden scales is surprisingly simple and resembles that of

UV-reflecting scales of the jumping spider Cosmophasis (Land et al. 2007).

24.3.2 Maratus splendens and M. volans

Some of the most colorful jumping spiders belong to the genus Maratus from

Australia. The vernacular name of these tiny salticids is “peacock spiders,” because

the males elevate and extend an opisthosomal flap to display their striking colors

(Fig. 24.9a). From our preliminary observations, it seems that blue and green are

due to a variety of iridescent scales, whereas red (and perhaps yellow) is due to

pigmented, brushlike hairs (Fig. 24.9b). The blue scales—which may also appear

green depending on the angle of illumination (Fig. 24.9c)—are leaf-shaped, about

40 mm long and 15 mm wide (Fig. 24.10a). At high magnification the scale surface

reveals a regular pattern of fine cuticular ridges (Fig. 24.10b) that probably act as a

diffraction grating (Parker and Hegedus 2003). Sections of these thin scales (1 mm)

show a double-layered cuticle of different densities below the surface ridges

(Fig. 24.10c). Another set of fine ribs lines the inner side of the scale wall bordering

the narrow, air-filled central lumen. These blue scales are structurally much more

Fig. 24.9 The most colorful jumping spider is the Australian salticid genusMaratus. (a) A courting

male of M. volans, displaying its iridescent opisthosomal fan (Photo: Jürgen Otto). (b) A courting

male ofM. splendens demonstrating his blue and red opisthosomal flap; the blue scalesmay change

to green, depending on the angle of illumination. The red hairs do not vary in color (Photo: Jürgen

Otto). (c) Detail from the lateral opisthosoma of M. splendens showing a band of red brush hairs,

flanked on both sides by blue or green scales
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complex than the golden scales in H. hallani. We surmise that the iridescent blue

color results from a combination of surface diffraction and interference effects

within the layered scale wall.

24.4 Iridescence in the Integument

Many male spiders, again mostly among salticids, are known for having shiny,

colorful chelicerae (Fig. 24.11). These interference colors are caused by a multilay-

ered body cuticle rather than by hairs or scales (Ingram et al. 2009, 2011). Among

jumping spiders the genus Phidippus is probably best known for its green-to-blue

(and also red to violet) chelicerae; for most Phidippus species, even juveniles and

females exhibit colorful chelicerae, sometimes in different colors than in the males

(Foelix et al. 2010). Ingram et al. (2009, 2011) assumed that the cheliceral cuticle

lamellae contained intermittent air spaces that would provide a multi-reflector

system. We did not see evidence for any air spaces and believe that the variation

of refractive index between adjacent cuticular layers would be sufficient to cause

interference.

Many close-up pictures of jumping spiders show the large eyes (front row) in

either a green or red color hue (Fig. 24.9b). This color effect is due to interference in

the multilayered lens cuticle, as was nicely demonstrated by Homann (1985). When

eye preparations were soaked in lactic acid, the cuticle layers would slightly swell,

Fig. 24.10 Fine structure of blue scales on the opisthosoma of M. splendens (Salticidae).

(a) Leaflike (blue) scales are seen on the upper left and (red) hairs on the lower right. (b) High

magnification of a blue scale showing fine ridges on the surface. (c) Thin sections reveal a narrow

scale wall with surface ridges and a cuticular meshwork inside (M. volans)
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and a color shift from green to red could be induced. Similarly, when cuticular

layers are compressed, a color change towards shorter wavelengths will result

(Steinbrecht 1985). The observation that iridescence in a live spider (or in an

exuvium) may change over time, or even disappear, can be explained by a slight

change in the dimensions of the cuticle layers (or air spaces, if present).

Finally, another type of structural coloration should be mentioned, namely, the

white or silvery reflection seen in several spider families (e.g., Araneidae,

Tetragnathidae, Theridiidae). This is caused by guanine deposits in the peripheral

cells of the midgut (guanocytes). If the stored crystals are small and cuboid, a matt

white will result, but if the guanine forms very thin platelets (0.1 mm), a shiny silver

reflection is produced (Oxford 1998). It seems that the matt guanine represents the

ancestral type, whereas the silver form is phylogenetically derived (Oxford and

Gillespie 1998) (see also Wunderlin and Kropf 2013).

Fig. 24.11 Colorful chelicerae in jumping spiders of the genus Phidippus. (a) A female Phidippus
regius with dark-green chelicerae (Photo: Bastian Rast). (b) Even juveniles exhibit brightly

colored chelicerae (exuvium). Note the change of color from green to blue to purple. (c) Semi-

thin section of the cheliceral cuticle in Phidippus audax, unstained. Note the brown exocuticle (Ex)
and the lighter, multilayered mesocuticle (M). (d) Same cuticle as in (c) but stained with

methylene blue, dark-field illumination. Note the different optical properties of exo- and

endocuticle
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24.5 Structural and Functional Considerations

24.5.1 Structural Variation

Although we have looked at only a few colorful theraphosids, it is our impression

that they have only special hairs—but no scales—that cause structural colors. These

hairs may vary morphologically, but the basic design of having a lamellar structure

in the nanometer range seems consistent. We also did not find any body cuticle that

would exhibit structural colors.

In contrast, in araneomorph spiders we found no hairs but several types of scales

that yield structural colors. Those scales may be structurally very simple, like the

golden scales in Habronattus, or highly complex, combining surface diffraction

gratings with internal multilayer reflectors, as in the blue scales ofMaratus. Surface
diffraction is apparently a very old mechanism for producing structural colors,

already known from the Cambrian (Parker 1998). There may be many more

variations on structural colors in spiders—only a few species have been studied

so far and the picture is far from complete.

24.5.2 Behavioral Significance

Until now we have not yet posed the decisive question: what is the biological

significance of structural colors in spiders? In the case of diurnal spiders with good

color vision (as in salticids), the obvious answer is that these colors ought to play a

role in communication, for example, during male–male contests or courtship

(Fig. 24.9a; Hill and Otto 2011). There is indeed good evidence that body coloration

is important during the courtship display of some spiders, regardless whether the

colors are due to pigments or to interference (Lim et al. 2007; Taylor and McGraw

2007). Both immature and adult Phidippus flash their iridescent chelicerae with

rapid movements of their pedipalps, while facing either sighted prey or a human

observer (Fig. 24.12). During male–male contests or courtship, these chelicerae are

displayed, but not flashed. The limited directional impact of this intense flickering

color may insure that the signal is sent only to the intended recipient and not to

undetected predators nearby.

It is much more difficult to interpret structural colors in the nocturnal

theraphosids. Since their communication does not rely on visual signals, it is hard

to say what kind of advantage any coloration might afford. Under twilight

conditions it is conceivable that they may have an aposematic function, for

instance, when Poecilotheria assumes its typical defense posture, raising its front

legs and exposing the blue and yellow undersides. However, it may also be that

bright colors in theraphosids are of no particular advantage (e.g., neutral)—perhaps

comparable to colorful organisms living in the abyss of the oceans.
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24.6 Conclusions

Structural colors are described and analyzed in theraphosid and salticid spiders.

Some theraphosids are brightly blue: this is caused by special hairs with a

lamellated wall that causes an interference of the incoming light. The incident

white light is then reflected as a deep blue. In some cases, the hairs are bright

yellow: there the hair wall exhibits a fine cuticular meshwork of slightly different

dimensions than in the blue hairs but also results in interference, and the reflected

light appears yellow. In salticids, iridescent colors are produced by flattened hairs

(scales). Golden scales have a rather simple structure of two thin cuticular layers on

the outside and a narrow air space in between. Blue iridescent scales are more

complex, with multilayered scale walls and fine ridges on the surface that act as a

diffraction grating. The body cuticle (e.g., chelicerae and eye lenses) may also be

brightly colored due to light interference on many thin cuticular layers. The

biological significance of structural colors in spiders is well understood in the

diurnal salticids where optical signals are exchanged in courtship, usually in bright

daylight. In contrast, theraphosids are mostly active at night and visual communi-

cation hardly plays any role. Their coloration may be of advantage at dawn during

their defensive behavior, when the brightly colored blue and yellow legs are raised

toward an aggressor.
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Chapter 25

UV and Camouflage in Crab Spiders

(Thomisidae)

Marie E. Herberstein and Felipe M. Gawryszewski

25.1 Colour and Colour Vision Models

The perceived colour of an object is the result of difference in photoreceptor

responses to the light that reaches the animal’s eyes and further computation in

the brain (Endler 1990; Kelber et al. 2003). The number and type of photoreceptors

vary between and sometimes within animal species (Osorio and Vorobyev 2008).

Humans, for instance, have three photoreceptors, with sensitivity peaks in the

regions we see as blue, green and red (Osorio and Vorobyev 2008). Therefore,

human vision is outside the ultraviolet (UV) range of the light spectrum. The human

blue photoreceptor actually reaches the UV, but the crystalline lens in human eyes

filters wavelengths smaller than 400 nm. Most other animal taxa, however, do have

a photoreceptor with a sensitivity peak in the UV region (Osorio and Vorobyev

2008). Bees and most insects, for instance, have three photoreceptors, one in the UV

range, other in the blue and a third in the green region of the light spectrum (Briscoe

and Chittka 2001).

Because of the differences in visual systems, organisms may perceive the same

colour patch differently.What seems conspicuous to one organism could seem highly

cryptic to another. Therefore, it is extremely useful to estimate how different animals

perceive an object (Endler 1990). In response to that, several visual models that try to

calculate how colour patches are perceived by animals have been developed (Endler

1990; Backhaus 1991; Chittka 1992; Vorobyev and Osorio 1998; Endler and Mielke

2005). Despite being extremely useful, all of them are only estimations because many

aspects of how light is processed by these visual systems are simply unknown.

Generally speaking, these models take into consideration the photoreceptor sensitiv-

ity curves, the irradiance of the environment (e.g. sunlight at midday), the transmit-

tance of the medium (e.g. air, water), the reflectance of the environmental
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background and the reflectance of the colour patch (Endler 1990; Chittka 1992;

Endler and Mielke 2005). Using this information, models may, for instance, calculate

the degree of colour contrast between an organism colour and its background. The

bee colour hexagon (Chittka 1992) is the most common model used in the crab spider

literature. Nonetheless, other models could also be used, and it may actually be

valuable to use more than one model.

These models have in common that all photoreceptors present in the animal’s

eyes are equally important in generating the perceived colour. For bees, for

instance, there is no evidence that the UV photoreceptor is more important than

the blue or green photoreceptors (Kevan et al. 2001). Considering a crab spider

sitting on a white flower, the degree of conspicuousness—colour contrast—from a

bee’s perspective mainly depends on variation in UV. Nevertheless, if both spider

and flower cause the same UV and blue photoreceptor excitation levels but vary in

green photoreceptor excitation, the spider would also be perceived as a different

colour from the flower. Therefore, while in this chapter we focus on the UV

reflectance of crab spiders, we also consider other regions of the spectrum as

contributing to the final spider colour.

25.2 The Biology of Crab Spiders

Crab spiders are members of the Thomisidae family, which currently consists of

177 genera and 2,152 species (Platnick 2011). The medium-sized spiders are

relatively easily recognised by their elongated first two pairs of legs, which they

extend laterally. Their tendency to walk sideways gives them the appearance of

a crab and hence the name (Foelix 2011). A recent phylogeny has excluded

the Philodromidae but included the Aphantochilidae as a thomisid subfamily

(Benjamin et al. 2008); however, taxonomy and systematics of crab spiders is a

work in progress with many species yet to be identified.

Crab spiders are sit-and-wait predators that do not employ webs for prey capture.

Silk is utilised for securing prey after capture, construction of cocoons, dispersal and as

draglines (Foelix 2011). Crab spiders wait motionless on a substrate for prey to arrive,

which they then slowly approach, quickly grab with their front legs and envenomate

with their chelicerae (Morse 2007). Crab spiders can be found on various substrates

including bark, leaves and flowers. The foraging behaviour of flower-dwelling crab

spiders has been studied intensively, and in some species, such asMisumena vatia, we
have an excellent account of their foraging ecology (Morse 2007). Crab spiders attack

any prey within their vicinity and on flowers that often means pollinating insects such

as honeybees and bumblebees, or syrphid flies (Morse 1981, 2010).

Pollinators do respond to the predatory risk imposed by crab spiders. For

example, honeybees are less likely to land on a flower where a bee has been recently

killed or attacked (Dukas 2001). Furthermore, honeybees apparently communicate

this information to the hive via a modified waggle dance (Abbott and Dukas 2009).

Other pollinators, such as bumblebees, are also less likely to visit patches where

crab spiders are present (Dukas and Morse 2003).
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Flower-dwelling thomisids are well recognised for their colourful appearance

and their ability to reversibly change colour over several days (Gabritschevsky

1927; Oxford and Gillespie 1998; Schmalhofer 2000; Fig. 25.1). The best-studied

models of colour change are M. vatia and Thomisus onustus. Colour change is

frequently interpreted in terms of background matching and crypsis: by matching

their body colour to the flower colour (Théry 2007), spiders are less likely to be

detected by predators or prey (Chittka 2001; Théry and Casas 2002, 2009). How-

ever, crypsis in these thomisids may be far from perfect (Defrize et al. 2010) and

pollinators avoid flowers harbouring crab spiders irrespective of the degree of

colour matching (Brechbühl et al. 2010). Crab spider colour, colour change and

prey response is clearly a complex phenomenon that we discuss in greater detail in

the following sections.

25.3 Distribution of UV Reflectance Among Crab Spiders

The availability and affordability of spectrophotometers that measure light in the UV

(below 400 nm) has led to the discovery that UV reflection is present in many

animals, including birds (Mullen and Pohland 2008), fish (Losey et al. 1999), lizards

(Whiting et al. 2006), insects (Wilts et al. 2011) and spiders (Lim et al. 2007).

Fig. 25.1 Top left, Zygometis lactea awaits its prey (photo by Mayra Amboni). Top right,
Sidymella longipes. Bottom, yellow and white morphs of Thomisus spectabilis (all Thomisidae)
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UV reflection in crab spiders has only recently become a focus of research, with the

discovery of an Australian crab spider (Thomisus spectabilis) that reflects substantial
amount of UV light (as well as blue and green light) (Heiling et al. 2003). Reflecting

UV light per se is nothing extraordinary, but this spider perches on large open flowers

such as daisies, which do not reflect UV light (Heiling et al. 2005b; Fig. 25.2).

As a consequence, the colour contrast created between the spider and the flower is

substantial. The colour contrast is large enough for a honeybee (and probably any

insect with a UV receptor) to detect the crab spider on the flower, and behavioural

experiments have confirmed that several different species of pollinators can detect the

spider on the flower (Heiling and Herberstein 2004; Llandres et al. 2011).

This discovery has two broad implications. First, the existence of strongly

contrasting crab spiders challenges the generalisation that crab spider colour is

selected for maximal crypsis, reducing the contrast between the spider and flower.

Second, because flowers generally reflect little UV light (but for UV markers)

(Kevan et al. 1996), a UV-reflecting crab spider is likely to be contrasting against

most flowers. However, is UV reflection a common trait amongst crab spiders, or an

isolated curiosity?

The first mention of UV reflectivity in crab spiders in the literature comes from

Sato (1987). While this account has been cited in a major review of spider colour

(Oxford and Gillespie 1998), no further cases of UV reflection have been reported

until almost 10 years ago in the Australian T. spectabilis. At about the same time, a

colour analysis of T. onustus confirmed the lack of UV reflection in this European

crab spider (Théry and Casas 2002). A recent comparative study sampled several

Australian and European crab spiders to investigate if UV reflection is a phenome-

non exclusive to Australian species (Herberstein et al. 2009). Of the four additional

Australian species [Diaea evanida, Runcinia sp., Sidymella sp. and Diaea lactea
(now transferred to Zygometis)], all reflected light below 400 nm. The three

European species (in addition to T. onustus: Synema globosum, M. vatia and

Xysticus sp.) however showed no evidence of UV reflection even though over

Fig. 25.2 Thomisus spectabilis (Thomisidae) on a white daisy, (a) under light visible to humans

and (b) the same animal photographed using only UV light (below 400 nm). Figure from Heiling

and Herberstein (2004); reprinted with kind permission of Highwire Press
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100 individuals in total were measured (Herberstein et al. 2009). Based on these

rather preliminary samples, it seems that the tendency to reflect UV light is

predominantly found in Australian species but not in European species. This raises

several exciting evolutionary questions, such as whether UV reflection is ancestral

or derived, whether it has evolved once or several times independently and whether

it is unique to the Australian crab spider fauna.

It is likely that UV reflection is not unique to the Australian fauna but is broadly

distributed amongst crab spiders: at least one Malaysian crab spider species

(Gawryszewski 2011) revealed considerable UV reflection. Furthermore, a recent

study of an Indian Thomisus sp. also documented that this species reflects UV light

thereby creating a colour contrast against its flower background that is detectable by

hymenopteran prey (Bhaskara et al. 2009).

While there is increasing evidence that UV reflection is not unique to Australian

crab spiders, there may be a geographic signature in the distribution of this trait.

Depending on the function and mechanism of UV reflectance, there may be

selection on this trait in certain regions due to local environmental or ecological

conditions. To fully resolve this question, we require detailed morphological and

colourimetric studies of a wider selection of species and regions.

25.4 Mechanisms of Colour Production and Colour Change

The proximate cause of animal colouration has been traditionally divided into

pigmentary and structural colours. Pigmentary colours are being produced by

molecules that absorb part of the electromagnetic spectrum and structural colours

produced by structures that interfere with electromagnetic spectrum at the wave-

length scale (Kinoshita 2008; see also Foelix et al. 2013). However, this division is

often misleading because the colour we observe is frequently the result of a

combination of both pigmentary and structural components (Grether et al. 2004).

Furthermore, not all components that contribute to the final colour can be easily

categorised into pigmentary or structural.

For the crab spider opisthosoma, three components interact to form the per-

ceived spider colour: cuticle, hypodermis and guanocytes (Fig. 25.3). The cuticle

absorbs part of the light spectrum, especially wavelengths below 350 nm

(Gawryszewski 2011). Therefore, the cuticle, although often looks transparent to

our eyes, functions as a pigment. It absorbs part of the UV light, which affects the

final crab spider colouration.

Below the cuticle lies a single layer of tightly connected cells, the hypodermis

(Fig. 25.3). The hypodermis has granules and crystals that, similarly to the cuticle,

absorb the light spectrum (Insausti and Casas 2008, 2009; Riou and Christidès

2010; Gawryszewski 2011). The granules contain ommochromes and its

precursors, such as kynurenine and 3-OH-kynurenine (Seligy 1972; Riou and

Christidès 2010). The crystals found in the hypodermis are of unknown nature

but are likely to be biochemically related to ommochromes (Gawryszewski 2011).
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The colour change in crab spiders is the consequence of changes in the components

within these granules and crystals (Insausti and Casas 2008, 2009; Gawryszewski

2011). Yellow spiders, for instance, have a high concentration of 3-OH-kynurenine,

whereas white, non-UV-reflective, spiders have a high concentration of kynurenine

(Riou and Christidès 2010).

The innermost layer is composed of guanocytes (Fig. 25.3). Guanocytes are

storage cells that contain guanine crystals. The guanine crystals found in crab

spiders are irregular and randomly arranged (Oxford 1998, Gawryszewski 2011).

To the human observer, they have a matt white appearance. This happens because

they are highly reflective and have a flat reflectance spectrum from 400 to 700 nm.

Nonetheless, they are also highly UV reflective from 330 to 400 nm. From 300 to

330 nm, guanine crystals absorb almost 100 % of the light. UV and non-UV crab

spider individuals analysed so far posses the same UV-reflective guanine crystals

(Gawryszewski 2011).

The difference between UV- and non-UV-reflective individuals is found in the

hypodermis. UV-reflective individuals have a hypodermis without or with very few

granules and crystals. This makes the hypodermis transparent to the UV light that

passed through the cuticle. The UV light therefore reaches the guanocytes and is

reflected back by the guanine crystals (Gawryszewski 2011). Non-UV-reflective

Fig. 25.3 On the left: a typical spectrum of a UV-reflective Thomisus spectabilis (Thomisidae).

On the right: a cross section of the spider’s opisthosoma depicting the three components

contributing to the observed crab spider colouration: cuticle (C), hypodermis (H) and guanocytes

(G). Incoming light is absorbed by the cuticle and by pigments or crystals present in the hypoder-

mis. The light that reaches the guanocytes is then reflected back to the observer. UV-reflective

individuals have very few pigments and crystals in the hypodermis, making it transparent to the

UV light that is reflected by guanine crystals
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individuals (e.g. white non-UV and yellow phenotypes) have pigments or crystals

in the hypodermis that filter the UV light. In this case no UV light reaches the

guanine crystals to be reflected back. Thus, in order to become UV reflective, a non-

UV-reflective individual needs simply to catabolise or remove pigments and

crystals from the hypodermis (Gawryszewski 2011).

25.5 The Function of UV Reflectance in Crab Spiders

When examining colours, visual functions are often proposed without considering

possible nonvisual alternatives. The research on colour in crab spiders has been

extremely fruitful and exciting over the last few decades, but the function of colour

is mostly considered in terms of whether or not it can be detected by prey or

predators. Similarly, the function of UV reflectance has been tested exclusively in

the context of visual signals to either prey or predators. Few alternative (but perhaps

not mutually exclusive) functional hypotheses have been proposed, the most prom-

inent of which suggests that the colour-creating mechanisms (pigments) may

protect underlying cells from photo-damage (Théry and Casas 2009).

The effect of a UV-reflective spider body against a mostly non-UV-reflecting

background is a colour contrast that should be detectable by a receiver (a predator

or a prey) that is sensitive to UV light, such as most insects and birds. If the spider is

then visible, prey or predator may react in one of three possibilities: avoid the

spider, be attracted to the spider or be indifferent to the spider. These behavioural

predictions were tested comprehensively in Australian UV-reflective crab spiders

and more recently in an Indian species.

When offered two flowers, one with a UV-reflective spiders and one without,

European honeybees (Apis mellifera) preferentially landed on the flower containing
the spider, both in T. spectabilis (Heiling et al. 2003; Llandres and Rodriguez-

Girones 2011) and D. evanida (Herberstein et al. 2009). When the amount of UV

light reflected was artificially eliminated in T. spectabilis by using sunscreen,

European honeybees avoided flowers with spiders (Heiling et al. 2005a). European

honeybees have only recently (last 200 years) been introduced into Australia and

have thus not had an opportunity to coevolve with these crab spiders. Similar

experiments on Australian native bees (Trigona carbonaria and Austroplebeia
australis) showed that native bees are still attracted to UV-reflective crab spiders

but only approach the flowers. They are less likely to land on flowers occupied by

crab spiders, suggesting that they have evolved a mechanism to recognise and avoid

the spiders (Heiling and Herberstein 2004; Llandres et al. 2011). Similar

experiments on an Indian thomisid (Thomisus sp.) showed that Apis cerana
approached spiders highly contrasting in the UV more frequently than less

contrasting spiders (Bhaskara et al. 2009).

While the accumulating evidence that UV reflection is attractive to pollinators is

mounting, we still have very little idea of how it affects predator behaviour. What

we can assume is that if spiders create stronger contrast against a background, they
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will also be under stronger predation pressure from predators that can detect that

contrast. To date, no experiments that test such an idea have been published, but this

is clearly an important next step in the investigation of UV reflection in

crab spiders.

The structures responsible for UV reflection (guanine crystals) may have

evolved primarily to prevent photo-damage to the underlying cells: harmful UV

light is reflected before it can reach vital cells. The surrounding pigments,

ommochromes, are known to absorb UV light and function as protection in insect

eyes (Théry and Casas 2009), but perhaps they are more costly to produce than

guanine crystals that are a by-product of digestion. Thus, especially in geographic

regions where the incident of UV irradiation is high, these protective mechanisms

are selected for. Nonetheless, the spider cuticle is not completely transparent to UV

light and therefore already offers the first barrier against photo-damage

(Gawryszewski 2011). The effect on pollinator behaviour may subsequently be

co-incidental, but together both effects (photo-protection and increased prey cap-

ture) could maintain this trait in these geographic regions. Clearly, photo-protection

as a function is very possible but still requires more work to confirm this idea.

25.6 Evolution of UV Reflectance

There are two main questions regarding the evolution of UV reflectance among crab

spiders: (1) when and how many times has UV reflectance evolved and (2) is UV

reflectance an adaptation of flower-dwelling species to capture pollinating insects?

In order to answer the first question we have to consider the mechanism resulting in

UV-reflective crab spiders. As explained above, the proximate cause of UV reflec-

tance suggests that its evolution does not require the appearance of any new

structure but only the removal of UV-filtering pigments or crystals in the hypoder-

mis (Gawryszewski 2011). Interestingly, this implies that the production of UV

reflectance is less costly than the lack of UV reflectance. Despite that, at least for

Australian crab spiders (n ¼ 28 taxa), the presence of UV reflectance (measured as

10 % or more maximum reflectance between 300 and 400 nm) was less common

both within and between species (9 out of 28 taxa) than other regions of the light

spectrum (blue 400–500 nm, 19/28 taxa; green 500–600 nm, 22/28 taxa; and red

600–700 nm, 25/28 taxa) (Gawryszewski 2011). A possible explanation why UV

reflectance is relatively rare is that the substrata where spiders perch do not reflect

UV light but the other regions of visible light. In this scenario, UV-reflective spiders

would suffer the cost of greater conspicuousness to predators that can detect UV

light. For flower-dwelling species, this could be the case, because flowers rarely

reflect UV light (Chittka et al. 1994; Dyer 1996; Kevan et al. 1996). However, this

may not be necessarily the case of other components of the environment.

A phylogenetic analysis of the same crab spiders suggested that UV reflectance

evolved at least five times within this family. This analysis also found that the most

likely ancestral state for most crab spider clades is the absence of UV reflectance.
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In contrast, reflectance of other regions of the light spectrum was the most likely

ancestral state for most crab spider clades (Gawryszewski 2011). However, it is

often difficult to be sure that a species does or does not have the ability to reflect UV

light because of limited sample sizes. Therefore, an increase of sample size for

some of these species could change some of the results presented here. In addition,

the data on the evolution of UV reflectance are almost exclusively based on

Australian crab spiders and our conclusions could shift once spiders from other

regions are included.

Is UV reflectance in flower-dwelling spiders used to attract pollinators? If this is

the case, we would expect UV reflectance to be prevalent in flower-dwelling spiders

but less so in species that perch on leaves or bark. An initial analysis of Australian

species suggests that UV reflectance is more frequently found in flower-dwelling

than non-flower-dwelling species (Gawryszewski 2011). Other regions of the light

spectrum (e.g. blue and green), however, were more or less evenly distributed

between flower- and non-flower-dwelling spiders species. Furthermore, the evolu-

tion of UV reflectance seems to be correlated with the evolution of the flower-

dwelling habit (Gawryszewski 2011). Therefore, it is likely that UV reflectance in

flower-dwelling species is an adaptation for capturing pollinating insects. Never-

theless, the ability to reflect UV light was also present in some non-flower-dwelling

species where it may serve other function, such as improving crypsis against a UV-

bright background. For example, some individuals of the bark-dwelling species

Stephanopis cf. scabra reflect UV (12 % maximum reflectance from 300 to

400 nm), which is likely to improve colour matching against UV-reflective barks

(Gawryszewski 2011).

25.7 Conclusions

Our understanding of the function, prevalence and evolution of UV reflection in

crab spiders is only in its infancy with many exciting questions still unanswered. It

is nevertheless already clear that crab spider colour is unexpectedly complex and

dynamic. Invoking crypsis and camouflage for crab spiders untested is likely to

underestimate the true complexity of this fascinating phenomenon.
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Chapter 26

Rapid Colour Change in Spiders

Judith Wunderlin and Christian Kropf

26.1 Introduction

Among the various ways of camouflage in the animal kingdom, rapid colour change

belongs to the most impressive ones. In contrast to slow morphological colour

change, the so-called physiological colour change occurs relatively fast (Holl 1987;

Stuart-Fox and Moussalli 2009). It may take some hours but can also be finished

within parts of a second.

Physiological colour change is generally enabled by movements of pigment

granules within cells or by modifications of the morphology of the pigment-

containing cells (Holl 1987). When pigment granules move within chromatophores,

they either disperse or concentrate (Stuart-Fox and Moussalli 2009). Relatively

well-known examples of animals being capable of physiological colour change are

chameleons and cephalopods (Stevens and Merilaita 2009). Among the circa 1.1

million described (and presumably up to 3.7 million really existing arthropod

species; Hamilton et al. 2010), there are only few examples of physiological colour

change. Some crustaceans (Auerswald et al. 2008) and insects (Key and Day 1954;

Hinton and Jarman 1972) are able to change their colour rather slowly. Rapid colour

change (i.e. a physiological colour change within parts of a second) within

arthropods is only known from spiders (Araneae).

These spiders show mostly a white or at least light opisthosomal pattern, made

up by specialized midgut cells beneath the hypodermis, the so-called guanocytes

(Millot 1926; Seitz 1972). These cells store the excretory product guanine that

appears white and acts as a colourant (Oxford 1998). In all reported cases of rapid
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colour change in spiders, the white guanine markings on the opisthosomal surface

diminish in size or disappear more or less completely. As a consequence, the

general colouration of the spider’s opisthosoma changes to the darker or greyish

brown of the digestive mass. Recovery of the original colour pattern requires a few

or several minutes (e.g. Blanke 1975; Holl 1987). Rapid colour change in spiders is

always related to disturbances, especially when the spider has to drop from the web

(Oxford and Gillespie 1998).

Up to now, it is not clear how this impressive phenomenon works. In a study on

the araneid Cyrtophora cicatrosa, the importance of guanocytes for rapid colour

change of spiders was recognized (Blanke 1975). This author proposed that move-

ment of guanine within the guanocytes rather than the contraction of the cells is

responsible for the colour change. On the other hand, Edmunds and Edmunds

(1986) assumed that there should be contractile elements in the guanocytes in

Argiope flavipalpis, also an araneid. However, their efforts to find such elements

failed. In this context, Oxford and Gillespie (1998) concluded that guanine contrac-

tion or retraction seems to be the basis of all physiological colour change in spiders.

Bristowe (1941) was the first who documented the rapid colour change of the

linyphiid spider Floronia bucculenta that is native to temperate regions of Europe

and Russia. An ongoing study on this species gives new insights into the underlying

mechanism of rapid colour change.

26.2 Spiders Capable of Rapid Colour Change

Up to now 21 spider species (most of them web-building) from five different

families are known to be able to change their colour rapidly. They mainly belong

to the Tetragnathidae (ten species) and Araneidae (eight species).

26.2.1 Tetragnathidae

Three species of the genus Leucauge are able to change colour rapidly. The name

refers to the Greek leukos meaning “white” and points to the white guanine pattern

on the opisthosoma of Leucauge species. Uyemura (1957) observed large flecks on

the opisthosoma of Leucauge subgemmea becoming smaller and more separated

when the spider is picked or shaken strongly. In the genus Tetragnatha, many

Hawaiian species perform rapid colour change when dropping from the web

(R. Gillespie, personal communication), so the species list given in Table 26.1

may have to be extended in the future.
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26.2.2 Araneidae

In the genus Argiope, two identified (A. flavipalpis, A. reinwardti) and two uniden-

tified species are able to change colour rapidly. Edmunds and Edmunds (1986)

assumed contractile elements to be responsible for the contraction of guanocytes in

A. flavipalpis. They observed the darkening of the opisthosoma in the moment when

Table 26.1 List of spider species with rapid colour change (adapted from Oxford and Gillespie

1998, distribution mainly from Platnick 2012)

Species Family Distribution References

Leucauge blanda Tetragnathidae Russia, China, Korea,

Taiwan, Japan

Feng (1990)

Leucauge
celebesiana

Tetragnathidae India to China, Laos,

Japan, Sulawesi,

New Guinea

Yaginuma (1986), Feng

(1990); both sub

Leucauge magnifica

Leucauge
subgemmea

Tetragnathidae Russia, China, Korea,

Japan

Uyemura (1957)

Tetragnatha
eurychasma

Tetragnathidae Hawaii Gillespie (personal

communication)

Tetragnatha
filiciphilia

Tetragnathidae Hawaii Gillespie (personal

communication)

Tetragnatha
paludicola

Tetragnathidae Hawaii Gillespie (personal

communication)

Tetragnatha sp.

A, B, C

Tetragnathidae Hawaii Oxford and Gillespie (1998)

Tylorida striata Tetragnathidae China to Australia Feng (1990)

Argiope flavipalpis Araneidae Africa, Yemen Edmunds and Edmunds

(1986)

Argiope
reinwardti

Araneidae Malaysia to New Guinea Bristowe (1976)

Argiope sp. Araneidae Malaysia or Sumatra Bristowe (1976)

Argiope sp. Araneidae W. Africa Bell (1893)

Cyrtophora
cicatrosa

Araneidae Pakistan to Northern

Territory

Blanke (1975)

Gasteracantha
“fornicata”

Araneidae Sumatra Bristowe (1976)

Gea heptagon Araneidae USA to Argentina, South

Pacific Islands,

Australia

Sabath (1969)

Phonognatha
graeffei

Araneidae Australia Roberts (1936, sub Araneus
wagneri)

Chrysso scintillans Theridiidae Myanmar, China, Korea,

Japan, Philippines

Uyemura (1957, sub Argyria
venusta)

Floronia
bucculenta

Linyphiidae Europe, Russia Bristowe (1941, 1958)

Philodromus
spinitarsis

Philodromidae Russia, China, Korea,

Japan

Ikeda (1989)

Gasteracantha “fornicata” is probably misidentified as this species should occur only in

Queensland (Platnick 2012).
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the spider dropped from the web. The spiders remain dark during thanatosis but

start to become bright soon when climbing back into the web. Recovery of the

original white pattern needs considerably more time than darkening.

One of the first observed spider species with rapidly changing colour was

Phonognatha graeffei where the creamy mottled pattern disappears when it falls

out of the web (Roberts 1936). Gasteracantha “fornicata” (probably misidentified,

see, Table 26.1) changes its colour from red to black; this should be caused by a

contraction of pigment-containing cells (Bristowe 1976).Gea heptagon is patterned
with bright dots and immediately turns to brown when dropping (Sabath 1969);

recovery of the original white markings takes several minutes. In the same way,

Cyrtophora cicatrosa changes its colour (Blanke 1975). Blanke found new white

guanine dots after the recolouring, not observed previously to colour change, and

therefore, he proposed a guanine relocation to be the underlying mechanism of the

colour change.

26.2.3 Other Families

The theridiid spider Chrysso scintillans changes the abdominal pattern from a

continuous golden yellow colouration to starlike flecks when disturbed (Uyemura

1957). The opisthosomal pattern of the philodromid Philodromus spinitarsis is less
conspicuous; the colour changes partially from pale brown to almost black when the

spider drops (Ikeda 1989).

26.3 Guanocytes

The midgut fills a great part of the spider’s opisthosoma with its folded diverticula.

Midgut tissue basically consists of four cell types: secretory cells, resorption cells,

basal cells, and guanocytes (Foelix 2011). Guanocytes are specialized midgut cells

whose main function is to store the purine excretory product guanine (Millot 1926).

They support the tissues responsible for excretion as they absorb purine-containing

metabolic products (Seitz 1972, 1987).

Guanine is stored in anhydrous crystalline form and therefore made nonhazard-

ous. Most guanine is present just after the reproductive phase. Subsequently,

guanine starts to be discarded and the so-called guanine-storing minimum is

reached at the end of the life cycle (Seitz 1972).

Guanocytes in spiders may cause a matt white or a silvery colouration. In the first

case, the cells are packed with prismatic guanine crystals. In the second case, plates

of doublet crystals are formed within guanocytes that are stacked with cytoplasm

between the plates. The two crystals of each plate are cemented by layers of

amorphous guanine. Crystal morphology and stack dimensions determine the

light-reflective properties of a guanine stack (Levy-Lior et al. 2010).
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Already Millot (1926) discerned the function of guanine as a colourant. How-

ever, Seitz (1972) disputed this in the case of Araneus diadematus. Nowadays, the
importance of guanine as a biochrome in spider colouration is generally acknowl-

edged (Holl 1987; Oxford 1998). The white or silvery colour shines through the thin

and transparent opisthosomal cuticle. The amounts of white, for example, range

from only few stripe-like markings (e.g. in Linyphia species) to a totally white

opisthosoma as found in the thomisid Misumena vatia. In many spider species,

conspicuous colours like red are brightened by the white guanine, whereas in

dark spider species, guanine plays no role for the colouration of the integument

(Holl 1987).

Guanine storage obviously is one precondition for developing colour change in

spiders (Oxford 1998). Almost all colour-changing spider species are

representatives of the families with many guanine-storing species: Araneidae,

Tetragnathidae, Theridiidae, and Philodromidae. However, maintaining stored

guanine is costly (Oxford 1998), and this might be a reason why so few species

developed rapid colour change.

26.4 Colour Change in Floronia bucculenta (Linyphiidae)

26.4.1 Life Observations

The colour pattern of F. bucculenta consists of many white dots on a brownish

background. The white dots are relatively diverse in their shape; only few are truly

circular. Dots close to the dorso-median line are bigger than lateral ones. During

colour change, the dots seemingly become very small or disappear completely

(Fig. 26.1). F. bucculenta changes its colour from white to a dark brown the

moment it drops from the web. The change can also be induced when the spider

is shaken in a tube. During colour change, the white dots are almost instantaneously

pulled inwards. Often, the spider will exhibit thanatosis after dropping. This

presumably makes it even more difficult for predators to find it.

The darkening of the opisthosoma takes place no matter if the spider lands on a

dark or a light surface. In the lab, the spiders changed their colour to dark although

they landed on a white ground and were even better visible then. Therefore, the

spider probably is not able to control the reaction. Under natural conditions, the

spider lands on the dark forest floor, where it is well camouflaged.

Whereas the disappearance of the guanine dots happens instantaneously, the dots

reappear in approximately one to two minutes. This looks as if the white dots were

slowly coming out of the deep. Similar observations were made in other colour-

changing spiders (see Sect. 26.2).
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26.4.2 Guanocytes

The white dots on the surface of the opisthosoma of Floronia bucculenta have

different forms. Therefore, the shape of guanine accumulations varies also in

histological sections. Generally, they are about 50 mm in diameter and up to

100 mm in length (Fig. 26.2). Towards the outside, the white accumulations are

normally wider than at the proximal end. One guanine accumulation that is visible

from the outside as one white point consists in fact of several elongate guanocytes

with a diameter of 5–10 mm and a length of 50–100 mm.

The shape of the guanocytes and consequently the form of the whole guanine

accumulations of F. bucculenta are different as compared to other species. Gener-

ally, guanocytes in other spiders are about 30–50 mm long and show an elongated

cubic form which varies from species to species (Millot 1926). For example,

Araneus diadematus has relatively broad clubbed guanocytes that are about

60 mm long (Seitz 1972). In A. diadematus, there are much larger parts made out

of normal resorption cells fitted in between the proximal ends of the guanocytes

than it is the case in F. bucculenta.Misumena vatia shows guanocytes with a cubic

form (Insausti and Casas 2008). The possible function of the elongated shape of the

guanocytes in F. bucculenta probably has to do with their ability to retract (see

below) but needs to be explored in more detail.

Fig. 26.1 Two states of colouration in Floronia bucculenta (taken from Bristowe 1958). Left:
normal colouration with a lot of extended white dots. Right: dark state just after colour change
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In F. bucculenta, no tight connection between guanocytes and hypodermis can

be found, which seems to be a precondition for a rapid colour change (see below).

However, according to Seitz (1972), the guanocytes in A. diadematus (that is not
able to change its colour) are tightly interconnected to the hypodermis by

protuberances and invaginations of cell membranes. These connections may be

important for the stability of the colour pattern as the possible signal function

should be independent of the feeding state of the spider.

26.4.3 Muscles

Fine striated muscles lie above the guanine-containing parts of the midgut

diverticula. Looking at a midgut diverticulum from above, the muscle fibres are

arranged like a dense grid (Fig. 26.3a). Each muscle strand is about 2–3 mm wide.

The muscles are mainly present at the apical parts of the diverticula. Further inside,

their number decreases rapidly (Fig. 26.3b). Here, the muscles lie mainly at the side

of the guanine accumulations. At the proximal ends of the guanocytes and of the

whole guanine accumulation, no muscles are visible any more. The position of the

muscle grid within the surrounding tissues is illustrated in a model drawing

(Fig. 26.4). A contraction of the muscle grid in Floronia bucculenta will likely

lead to the observable colour change during which the white guanocytes retreat

within the spider’s opisthosoma. However, the exact mechanism is still part of

ongoing studies.

The guanine-storing areas of another linyphiid spider, Linyphia triangularis,
were investigated. This species shows white guanine markings on its opisthosoma

too; however, it is not able to change its colour pattern. L. triangularis has broader
and shorter guanocytes than F. bucculenta, and no muscles connected to the midgut

cells or the guanocytes are visible.

Fig. 26.2 Longitudinal

section of a midgut

diverticulum of Floronia
bucculenta with the longish

guanocytes. Staining:

hematoxylin–eosin.

gc guanocytes, mg midgut,

n nucleus
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At first glance, the described muscle grid may be confused with the abdominal

sac (Whitehead and Rempel 1959), especially in longitudinal sections of midgut

diverticula. However, the abdominal sac consists of smooth muscles, whereas the

newly found muscle grid is clearly striated.

Physiological colour change was proposed to be a process by either migration of

chromatic inclusions within cells or alteration of the chromatocyte morphology

(Blanke 1975; Holl 1987). The findings in F. bucculenta are compatible with the

second mechanism, a change of form and position of guanocytes. Such a mecha-

nism was also proposed by Edmunds and Edmunds (1986) and by Oxford and

Gillespie (1998). Our study is the first to present morphological support for this

idea.

Fig. 26.3 Cross section of the outer part of a midgut diverticulum of Floronia bucculenta with

guanine and striated muscles. Staining: toluidine blue. (a) Section right under the hypodermis, note

the dense muscle grid and little guanine. (b) Section from further inside, less muscles and more

guanine are visible. g guanine, m muscle, mg midgut tissue
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26.5 Conclusions

Rapid physiological colour change is a rare phenomenon in animals. Among

arthropods, it is known only from 21 spider species. Guanine markings are always

involved when colour change can be observed. However, no studies dealing with

the mechanism of the colour change have existed until now. In Floronia
bucculenta, a set of fine striated muscles was discovered that is associated with

the guanocytes. Contraction of these muscles probably leads to colour change by a

retreat of the white guanocytes within parts of a second. No similar muscles are

present in a related species that is not able to change its colour. The exact

mechanism has still to be explored.
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information and to H. Ono (Tokyo, Japan) for translating a Japanese text.

References

Auerswald L, Freier F, Lopata A, Meyer B (2008) Physiological and morphological colour change

in Antarctic krill, Euphausia superba: a field study in the Lazarev Sea. J Exp Biol 211:

3850–3858

Bell HHJ (1893) Notes on a spider. Nature 47:557–558

Blanke R (1975) Die Bedeutung der Guanozyten für den physiologischen Farbwechsel bei

Cyrtophora cicatrosa (Arachnida: Araneidae). Ent Germ 2:1–6

Bristowe WS (1941) The comity of spiders II. Ray Society, London

Bristowe WS (1958) The world of spiders. Collins, London

Fig. 26.4 Model of a midgut diverticulum in Floronia bucculenta. The white guanine is visible

through the hypodermis and cuticle. Fine muscles (in red) cover the guanocytes like a grid.

(a) Muscle grid relaxed, guanocytes beneath hypodermis; (b) muscle grid contracted, guanocytes

retreated. c cuticle, d midgut diverticulum (brown), gc guanocytes, hy hypodermis, m muscles,

n nucleus

26 Rapid Colour Change in Spiders 369



Bristowe WS (1976) Rare arachnids from Malaysia and Sumatra. J Zool 178:7–14

Edmunds J, Edmunds M (1986) The defensive mechanisms of orb weavers (Araneae: Araneidae)

in Ghana, West Africa. In: Eberhard WG, Lubin YD, Robinson BC (eds) Proceedings of the

9th International Congress of Arachnology, Panama, 1983. Smithsonian Institution Press,

Washington

Feng Z-Q (1990) Spiders of China in colour. Hunan Science and Technology Publishing House,

Hunan

Foelix RF (2011) Biology of spiders. Oxford University Press, Oxford

Hamilton AJ, Basset Y, Benke KK, Grimbacher PS, Miller SE, Novotny V, Samuelson GA,

Stork NE, Weiblen GD, Yen JDL (2010) Quantifying uncertainty in estimation of global

arthropod species richness. Am Nat 176:90–95

Hinton HE, Jarman GM (1972) Physiological colour change in the Hercules beetle. Nature 238:

160–161

Holl A (1987) Coloration and chromes. In: Nentwig W (ed) Ecophysiology of spiders. Springer,

Berlin

Ikeda H (1989) Instantaneous colour change in Philodromus spinitarsis Simon. Atypus 93:7–9

Insausti TC, Casas J (2008) The functional morphology of color changing in a spider: development

of ommochrome pigment granules. J Exp Biol 211:780–789

Key KHL, Day MF (1954) The physiological mechanism of colour change in the grasshopper
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Part VIII

Nutrition

For centuries, spiders were regarded as exclusively predacious, feeding on a wealth

of arthropods, which guarantee their high-quality nutrition. Today we know that

many prey items are just low-quality food and a well-balanced uptake of nutrients is

of upmost importance. This modern view adds malnutrition and starvation as

important threats to the survival of spiders. Occasionally, spiders also take up

plant-derived products, mainly nectar and pollen, perhaps not only for energetic

reasons. The cultivation of spiders, especially mass-rearing, still suffers from the

need to supply living food, but there are important approaches to design an artificial

diet for spiders.



Chapter 27

Nutritional Aspects of Spider Feeding

Søren Toft

27.1 Introduction

The prey of spiders provides energy, nutrients and water needed for maintenance,

growth and reproduction, but the acquisition of these nutriments also implies costs

for capture, digestion and metabolism as well as for handling of indigestible

fractions and toxins in the prey. Until recently there was consensus that a diet of

animal tissues is nutrient rich and well-balanced and that predators consume food of

high nutritional quality (Slansky and Scriber 1985). Food stress in these animals

was equated with low prey availability and starvation, and optimal foraging models

explained predator behaviour in terms of optimizing energy intake. Studies over the

last two decades have effectively rejected these views for generalist predators of

several invertebrate and vertebrate groups, including spiders. Hunger is not the only

way in which the nutritional state of spiders may be stressful. Whether prey is

scarce or rich, the available prey species may have an imbalanced nutrient compo-

sition compared with the spiders’ requirements, and the available prey may contain

toxins and deterrents in amounts that make them unsuitable as staple food. All these

conditions have consequences not only for the single individual but also for the part

of the biological community that it interacts with. For long, the pioneering paper of

Greenstone (1979) stood alone to claim a role for nutrients in predator ecology. This

review summarizes recent advances in our understanding of interactions between

spiders and their prey from a nutritional viewpoint. An extensive bibliography of

the topic can be found in Wilder (2011).

S. Toft (*)

Department of Bioscience, Aarhus University, Aarhus, Denmark

e-mail: soeren.toft@biology.au.dk

W. Nentwig (ed.), Spider Ecophysiology,
DOI 10.1007/978-3-642-33989-9_27, # Springer-Verlag Berlin Heidelberg 2013

373

mailto:soeren.toft@biology.au.dk


27.2 Nutritional Quality of Prey

The food quality of a prey can be defined as its potential contribution to the fitness of

the spider. It is a central concept because fitness maximization is assumed to govern

the evolution of prey choice and handling as well as food utilization. Prey quality is

usually determined in performance experiments that compare fitness parameters

when the spider is fed diets including the test prey compared with diets that differ

only in lacking this prey. In single-prey experiments starved spiders form the control

group, and a group fed a high-quality standard “comparison prey” (usually fruit flies,

house flies, crickets or springtails, depending on the size of the spider) is included to

provide a scale on which the new prey can be compared with previously tested prey.

Results of single-prey and mixed-prey experiments may supplement each other; e.g.

aphids are consistently low-quality or toxic food when presented in monotypic diets

but may enhance fitness as part of mixed diets (Toft 2005).

Simultaneous tests of multiple prey have revealed a continuum of prey qualities,

ordinally classified as “high-quality”, “intermediate-quality”, “low-quality”, “poor-

quality” and “toxic” prey (Toft and Wise 1999; Toft 2009). High-quality prey

allows completion of the full life cycle with low mortality on a monotypic diet;

intermediate- and low-quality prey allows substantial or some growth, respectively,

but development stops before maturity. Poor quality is useless to the spiders whose

survival and growth are not statistically distinguishable from that of starved spiders.

Toxic prey results in no growth and faster death than in starved spiders. Some prey

groups (e.g. aphids) are consistently of very low food quality, while others (e.g.

Collembola, Diptera) may cover the whole spectrum of food qualities depending on

the species.

Though knowledge of the specific toxins and nutrient imbalances of prey will

ultimately be important for understanding the details of spider–prey interactions,

food quality cannot be determined by chemical analysis but only by performance

experiments. The reasons for this are that even a perfect composition of nutrients

can be useless if the prey also contains toxins or deterrents, the same nutrient

composition may be good for one species and not for another, and the optimal

nutrient composition may change within a species according to season and life-

cycle phase. Likewise, toxicity is no chemical trait but a characteristic of consumer

physiology; the same prey may be toxic to spiders and high-quality prey for other

predators. For example, the collembolan Folsomia candida is toxic to spiders but

high-quality prey for generalist predatory soil mites.

Though most studies have concerned typical euryphagous wolf spiders, only a

minority of prey species included in the tests were of high food quality. This

suggests that most prey in nature may be of low food quality to spiders. The notion

of the “generalist predator” does not imply that all potential prey are valuable and

substitutable but only that prey with these qualities come from diverse taxa (classes,

orders); this contrasts with specialized stenophagous spiders whose focal prey are

usually from a single taxon.
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27.2.1 Role of Nutrient Deficiencies and Toxins for Prey Quality

Spider food is live individuals of other animal species which makes detailed

manipulation of food composition difficult. Tests of prey quality and the factors

influencing this have used two approaches: comparison of different prey species or

comparison of nutritionally manipulated groups of the same non-toxic prey species.

The nutritional manipulations have been done by enriching the growth media of the

prey, either as a broadscale (multi-nutrient) enrichment or as enrichment with a

single type of nutrient (e.g. protein, lipid, vitamins). Mayntz and Toft (2001)

confirmed that nutritional enrichment of the prey via its growth medium was due

to a modified composition of the prey biomass and not to the prey’s gut contents.

How do toxins and nutrient deficiencies contribute to create the continuum of

prey qualities? Experiments with nutrient-deficient prey show that these are initially

eaten in about the same amounts as high-quality prey; the spiders at first grow

normally, and negative effects may take weeks to develop. Thus, nutrient deficiency

may explain the “intermediate” but not the more inferior categories. Toxins and

deterrents prevent feeding immediately or very quickly through induced aversions

(Toft 1997); they are associated with low consumption and high death rates and

thus may account for the low food quality categories (“low-quality” to “toxic”

prey). Weak toxins and nutrient deficiency cannot be directly separated by perfor-

mance experiments, though, unless it is possible to test the same prey with and

without the toxins. The masking of a prey’s nutritional value by a toxin is repeated

in mixed diets that include a toxic prey, preventing utilization of the diet’s high-

quality prey. It is unknown to what extent spiders can avoid toxic prey in the field.

27.2.2 Effects of Broadscale Nutrient Enrichment

Broadscale nutrient additions are appropriate for analyzing the effects of overall

nutritional condition on behaviour or performance if the specific mechanisms of

these effects are of minor importance. In most cases the enrichment consisted of

adding dog food to the growth medium of the prey. Such manipulations have been

applied successfully to fruit flies, house flies, crickets and collembolans.

Experiments using broadscale nutritional enrichments have demonstrated several

nutrition-dependent phenomena. Enriched prey may lead to increased predation

rate (Bressendorff and Toft 2011); enhanced survival, growth and development

(Mayntz and Toft 2001); better utilization of prey biomass (Mayntz and Toft 2006);

increased courtship activity and mating success of males (Lomborg and Toft 2009);

enhanced egg maturation (Wilder and Rypstra 2008); and higher propensity for

cannibalism (including sexual cannibalism) (Mayntz and Toft 2006; Wilder and

Rypstra 2008). All these improvements appeared though prey was unlimited also in

the groups fed deficient prey, i.e. they are results of enhanced nutrient balance and

not because more energy was available.
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27.2.3 Effects of Specific Nutrient Enrichments

Manipulation of single nutrients or nutrient groups provides information on the

mechanistic basis of deficiency effects. It should be kept in mind that since the

manipulations are done on the prey media, they do not directly control the nutrient

composition of the prey; nutrients added to the prey’s media may be biochemically

transformed in the prey. It is known, however, that the levels of some fatty acids

(Pollierer et al. 2010) are increased in consumers at least two trophic levels above

the enrichment. Focus has so far been mostly on the macronutrients protein and

lipid and their effect on feeding behaviour and life histories.

Addition of multiple amino acids, the single amino acid methionine or mixed

fatty acids + cholesterol to the basic Drosophila medium either enhanced survival,

increased growth or both of wolf spiders (Pardosa amentata) fed the resulting flies

compared with spiders fed flies raised on the standard medium. In contrast, addition

of multiple vitamins had no effect on any parameter (Mayntz and Toft 2001). In the

orb weaver, Argiope keyserlingi, protein addition increased growth and web

decorations (Blamires et al. 2009). Testing flies with a range of lipid to protein

(L:P) ratios Jensen et al. (2011b) found a positive correlation between protein

content and rates of development and growth. Salomon et al. (2008, 2011) found

that lipid—but not protein-enriched prey—promoted development towards adult-

hood in a field population of Stegodyphus lineatus but that protein enrichment via

matriphagy enhanced juvenile survival. We still have no coherent picture of how

spiders’ nutrient demands change over the life cycle and the seasons.

27.3 Nutrient Balancing in Spiders

The negative effects of nutrient deficiency on behaviour, physiology and overall

performance provide selection pressure for the evolution of nutrient self-selection.

A nutritional theory of optimal foraging has been formulated as the so-called

geometric framework (Simpson et al. 2004). It posits that animals seek to obtain

a certain amount of food of a specific nutrient composition (Fig. 27.1a). This

“intake target” can be reached by eating a single prey of optimal nutrient composi-

tion or by mixing prey of imbalanced but complementary composition. The central

assumption of the theory is that the self-selected intake target reflects the nutrient

composition that results in maximal fitness. Available prey may not allow the spider

to reach the intake target, however. Therefore, other regulatory mechanisms must

be involved in attaining the optimal body composition, some behavioural (acting

mostly prior to or during prey ingestion) and others physiological (acting mostly

post-ingestively). The ability of spiders to actively balance their intake of

macronutrients was first demonstrated by Mayntz et al. (2005). Two balancing

mechanisms were revealed. Groups of wolf spiders (Pardosa prativaga) were fed

imbalanced prey to both sides of the assumed protein–lipid target, and the amounts
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consumed when the spiders had access to either the same or the complementary

prey type were measured. Spiders offered the complementary fly type consumed

more food than those offered the same imbalanced fly as previously (Fig. 27.1b, c).

Similarly pretreated Stegodyphus lineatuswas found to extract more of the deficient

nutrient from subsequent flies, perhaps indicating that release of digestive enzymes

depends on the spider’s current nutritional demands.

Spiders subjected to imbalanced prey may compensate for deficient nutrients by

increasing consumption. Surplus consumption of the superabundant nutrient may

also have costs, however, which may be the reason why this mechanism is not fully

utilized. In spiders and other predators, overeating of food with too high-lipid

content is usually low, whereas overeating of food with high protein content is

much more prominent (Fig. 27.2). This asymmetry can be seen as an adaptation of

predators to foods that are high in protein. By overeating protein-rich foods, spiders

compensate directly but only partly for the lipid deficiency. Some of the surplus

protein ingested may be transformed into lipid and indirectly provide further

compensation.

These mechanisms cannot fully regulate the spider’s nutrient composition when

confronted with an unbalanced diet for a longer period. Concomitant changes in

body composition also take place. Jensen et al. (2011b) fed Pardosa prativaga
through the second instar with fruit flies varying in L:P ratio between 0.10 and 0.89.

At the start of the following instar, the spiders themselves had mean L:P ratios

ranging from approximately 0.1 to 0.6 depending on diet. Deviations from the

optimal prey L:P ratio (probably near 0.25) had costs in terms of reduced growth in

lean dry mass and prosoma length, especially on high-lipid food. This was the case

though all groups consumed the same dry mass of food and had the same total mass

gain. Thus, the spiders fed high-lipid flies suffered from obesity effects.

The timescale on which behavioural and physiological responses to nutrient

imbalances take place is noteworthy. In the studies of Mayntz et al. (2005)

(Fig. 27.1b, c), pretreatment times were only 24 h. Jensen et al. (2011b) found

feeding responses by the fifth fly (Fig. 27.2). These behavioural responses appeared

Fig. 27.1 (continued) from the origin whose slope depicts the proportion of nutrients. It is

assumed that the animal requires a certain amount of food with a specific nutrient ratio (here

lipid to protein ratio), indicated by the “intake target” (T). The intake target can be reached by

eating a prey with the optimal nutrient composition (dotted line through T) or by combining meals

of two complementary prey (here a high-protein and a high-lipid prey; indicated by arrows).
(b) Design of an experiment that demonstrated active nutrient balancing (Mayntz et al. 2005). Two

groups of spiders were fed for 24 h with high-lipid and high-protein fruit flies, respectively. Each

of these pretreatment groups was then divided in two; one subgroup from each was fed the same fly

type as in the pretreatment, and the other was fed the complementary fly type. Nutrient balancing

would be indicated if the subgroups offered complimentary prey consumed more than the

corresponding subgroups that were again offered the same prey. (c) Results demonstrating

balancing of lipid and protein intake by the wolf spider Pardosa prativaga as predicted in

(b). Spiders consumed more of lipid-rich flies if they were pretreated with protein-rich flies, and

they consumed more of protein-rich flies if pretreated with lipid-rich flies (from Mayntz et al.

2005)
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much earlier than the 5 weeks it took to obtain significant detrimental growth

effects (Mayntz and Toft 2001). This indicates that behavioural and physiological

regulation is a continuously ongoing process, an integrated part of day-to-day

foraging activities rather than a response to an already threatening situation. The

adaptive value of this may be that the costs of regulatory mechanisms are likely to

be exaggerated in highly imbalanced spiders which are clearly weakened by their

condition. For example, long-time imbalanced wolf spiders show reduced rates of

predation and cannibalism, thus failing to make use of behavioural options that

might have been used to redress their nutritional imbalance (Mayntz and Toft 2006;

Wilder and Rypstra 2008).

27.3.1 Nutrient Balancing and Life Cycles

Spiders’ life cycles may be regulated in different ways. Some species grow faster

than others; some show highly synchronous development and fixed cycles, while

others have great flexibility in life-cycle duration, and the population may consist of

individuals from several instars. Such differences are likely to influence a species’

nutritional demands. Juvenile growth implies high requirements for protein; a high

growth rate may therefore be associated with a larger risk of experiencing protein

limitation than a low growth rate. Likewise, a fixed life-cycle forces the animals to

complete development even under suboptimal nutritional conditions, i.e. they are

more at the mercy of the prey available than spiders with a flexible life cycle. Jensen

et al. (2011a) compared two species of Pardosa wolf spiders and confirmed that the
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species with slower growth and a flexible life cycle (P. prativaga) was better able to
regulate its body content (L:P ratio) than the fast-growing species with fixed life

cycle (P. amentata) in which the L:P ratio corresponded closely to that of the

consumed prey. They also found that a fixed life cycle was associated with a

nutrient-dependent growth rate, enhanced by high-protein diets, whereas growth

in the flexible species was independent of prey nutrients.

27.3.2 Effects of Hunger vs. Nutrient Imbalance

Starvation and nutrient deficiency are two stressful conditions, and spiders may

suffer from both. Experiments that varied them in a factorial design have revealed

aspects of behaviour, web structure and physiology that are affected by one or the

other, or both. In the araneid Zygiella x-notata, orb-web size increased under food

limitation, while low prey quality reduced the number of radii (Mayntz et al. 2009).

Life history parameters and feeding may also be affected; some parameters were

found to change in the same direction (e.g. increased development time, reduced

adult mass); some were affected by one but not the other (juvenile survival, egg sac

production reduced by nutrient deficiency; cannibalism propensity increased by

starvation); and some were affected in opposite directions (food consumption and

number of instars in males increased by starvation and reduced by nutrient defi-

ciency) (Mayntz et al. 2003; Mayntz and Toft 2006). Imbalanced spiders are also

less tolerant to toxic prey (aphids), while starvation has no effect on this. Surpris-

ingly, in all these studies there was no evidence of significant interactions between

the two factors. Thus, starvation and nutrient deficiency effects are independent.

A body condition index (BCI, residuals from a regression of body mass on a

measure of body size; Jakob et al. 1996) has been devised to characterize the feeding

condition of animals, in particular their lipid stores. Wilder and Rypstra (2008) and

Lomborg and Toft (2009) found that BCI in wolf spiders was unaffected by nutrient

imbalance which modifies the spiders’ body composition without reducing their

mass. The latter authors concluded that BCI is suitable only for expressing prey

limitation, but not nutrient deficiencies. A functional definition of condition is the

ability to mobilize resources in appropriate situations. In this sense, condition is

positively correlated with BCI when the diet is balanced, but negatively when the diet

is imbalanced and the animal obese. Unfortunately, we have no simple way to express

whether an individual from nature suffers from nutrient imbalance.

27.4 Spider Nutrition and Ecological Webs

Nutritional demands have implications for several aspects of spider community

ecology, in particular their role in food webs and in the natural control of prey

populations. Given the food quality continuum and the suggestion that most
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potential prey species are in the lower end of the food quality scale, the notion that

alternative prey species can substitute each other in the diet of generalist predators

according to their abundance may be of limited validity. Instead it has been argued

that the prey responsible for growth and reproduction is much less diverse than

indicated by prey lists and perhaps restricted to a few high-quality prey species

(Toft and Wise 1999). These are not necessarily of high abundance, and spiders

may starve in spite of apparent prey abundance, just like herbivores may starve in a

green world. This may be true even for “generalist predators” with highly diverse

diet lists. Spiders may develop a specific aversion against an abundant low-quality

prey (Toft 1997), but these prey will not be deleted completely from the menu

because aversions last for only a short time. Thus, spiders maintain a highly diverse

prey list even if the prey species are not nutritionally substitutable and even if most

of the prey types contribute little to the spiders’ fitness.

Predators, including spiders, have higher nitrogen content than their herbivorous

prey. From stoichiometric theory, it has therefore been argued that predators in

nature should be limited by nitrogen and that the frequent occurrence of cannibal-

ism and intra-guild predation among predators has evolved in response to a high

nitrogen demand. There is no direct test of this hypothesis. Available evidence

generally confirms enhanced performance of spiders given high-protein prey.

However, geometric framework theory predicts a fitness peak at an intermediate

L:P ratio of the food (the intake target, Fig. 27.1a), implying a reduced performance

when the protein content of the food is very high. This has been confirmed for a

carabid beetle (Jensen et al. 2012) and must be expected to hold for spiders too.

Compensatory overingestion of protein-rich flies (Fig. 27.2) indicates that it will.

Reduced nutrient extraction from males (high-protein prey) during sexual canni-

balism compared with normal (high-lipid) cricket prey (Wilder and Rypstra 2009)

also indicates that spiders are as likely to be limited by a low as by a high L:P ratio.

The nutrient composition of the prey affects spider performance through its

effect on the spider’s own nutrient balance. One aspect of modified performance is

reduced ability to consume prey unbalanced in the same direction as the spider,

especially if the imbalance is to the lipid side (Fig. 27.2). A consequence of this

may be that the spiders’ functional response is reduced if the nutrient composition

of the prey is far from the spider’s intake target. Using a wolf spider–fruit fly

system, Bressendorff and Toft (2011) found a normal type 2 functional response

when the prey was of near-optimal nutrient composition, but this turned into the

dome-shaped response (i.e. with reduced killing rate at high prey densities) if the

prey was imbalanced. Interestingly, when tested in spring, the dome-shaped

response appeared when the flies had a high L:P ratio, while in late autumn it was

induced by a low ratio. This reflected the high-lipid demand of spiders prior to

hibernation and higher protein demand in the reproductive period. The ability to

reduce the population of a prey species is lowered if the prey is nutritionally

imbalanced compared to the spider’s intake target, which possibly is the case

with most non-predatory prey. Notice that most laboratory-reared prey is deficient

if reared on their optimal media.
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To what extent can information on food quality from the laboratory be used to

predict the most important food web connections of a predator? We would expect

that, all else being equal, a high-quality prey is more actively hunted than a low-

quality prey and that spiders would have a stronger impact on the high-quality prey.

One piece of evidence is available to confirm this. Wise (2004) manipulated

populations of Schizocosa and found one group of Collembola that responded

positively to spider removal, i.e. Tomoceridae. These collembolans were found to

be nutritionally complete prey for Schizocosa by Toft and Wise (1999). In contrast,

predators are expected to be poor controllers of prey species with effective chemi-

cal defences because of a low killing rate. Several studies have indicated, however,

that generalist predators including spiders are sometimes effective against aphids

(Symondson et al. 2002). Thus, substantial reduction of a prey population may be

possible even if the prey is of low food quality.

27.5 Conclusion

Contrary to previous beliefs, potential prey species of spiders are not all of high

food quality but form a continuum from complete to useless and even detrimental

food. Possibly, the majority of prey species are of low nutritional quality even to

generalist predators. Low food quality is primarily due to defensive toxins in the

prey, whereas nutrient deficiency leads only to suboptimal food value. Whether a

prey is deficient or not depends on the current demands of the spider. Together, two

deficient but complementary prey may form a complete diet, but a toxic prey in a

mixed diet may render even high-quality prey useless. Dependence on nutrient-

deficient prey reduces all aspects of spider performance like prey capture, growth,

development, reproductive success, survival and cannibalism. Generally, prey with

high-protein content promotes performance, but lipids may also be limiting. As

stress factors, hunger and nutrient imbalances have very different effects on indi-

vidual performance. Hunger increases individual activity and aggression against

prey and thus enhances the possibilities for recovery, whereas nutrient imbalance

weakens the animal and reduces its possibilities for relief. Spiders can balance their

intake of the macronutrients protein and lipid in an optimal ratio that may depend

on season and phase of the life cycle. Balancing may be accomplished by differen-

tial feeding on prey items with complementary composition or by selective nutrient

extraction. The nutrient composition of prey influences spiders’ role as biocontrol

agents because predation efficiency is reduced for prey with a nutrient composition

that differs from their demand.
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Chapter 28

Herbivory in Spiders

Dirk Sanders

28.1 Introduction

Though spiders are commonly regarded as “generalist predators” (Nentwig 1986;

Wise 1993), there is a long reaching evidence that spiders also directly feed on

resources provided by plants, such as nectar (Vogelei and Greissl 1989) and pollen

(Smith and Mommsen 1984). For example, several species of wandering spiders take

up nectar as a supplement to animal prey (Jackson et al. 2001), and orb-web spiders

ingest regularly pollen when recycling their webs (Smith and Mommsen 1984).

Meehan et al. (2009) even discovered an extreme case of herbivory in a Neotropical

jumping spider that feeds primarily and deliberately on the tips of an ant-acacia

leaflet. Most cases of herbivory in spiders, however, seem rather occasional but have

the potential to play a role in spiders. The arising question is whether herbivory only

occurs in certain life stages and in a very few species or is a more general phenome-

non which has been largely ignored. If this is the case, many spiders need to be seen

as omnivores rather than carnivores. To shed some light on this issue, I look at the

existing literature and sketch some expectations about the actual frequency of this

kind of resource use. Is there evidence for herbivory in spiders being associated with

age and hunting strategy? How can we improve our understanding about actual

resource use of spiders in the field including herbivory?

28.2 Pollen Feeding

Smith and Mommsen (1984) found that regularly dusting birch pollen in orb webs

of Araneus diadematus (Araneidae) doubled the life expectancy of spiderlings and

altered their web-spinning behaviour, so that they spun more frequently than did
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fasting control spiders. This suggests that orb-web spiders as they regularly recycle

their webs can use pollen as an additional food resource (Fig. 28.1) and even adapt

their behaviour in response to pollen availability. This may be important for the

spiders especially in times when insect prey is scarce and aerial plankton, such as

pollen and fungus spores, is abundant; pollen in combination with fungal spores is

found throughout the vegetation period in the web of A. diadematus (del Fiol et al.
2007). The horizontal webs of sheet-web spiders (Linyphiidae) also have the

potential to intercept pollen grains, and in laboratory feeding trials, 80 % and

90 % of individuals of the two linyphiid spider species Frontinella communis and
Tennesseellum formicum, respectively, fed on pollen grains dusted on their webs

(Peterson et al. 2010). Spiderlings of Thomisus onustus (Thomisidae) were starved

or fed on pollen, and similar to the study by Smith and Mommsen (1984), the access

to pollen as resource doubled their life expectance (Table 28.1, Vogelei and Greissl

1989). In contrast to web-building spiders where pollen feeding can be seen as more

or less accidentally, wandering spiders have to search actively for pollen making

this an intentional act of herbivory.

These examples highlight that pollen feeding as a supplementary resource use

may be an important component of the feeding biology of many spiders in general,

with evidence from members of two major families of web builders, Araneidae and

Linyphiidae, and for some wandering spiders. There is, however, also evidence for

some spiders to ignore pollen in their web (Carrel et al. 2000), and nothing is known

about the frequency of this interaction for spiders in general. Anyway, for all

spiders that recycle their webs, it is likely that they use pollen to some degree.

Pollen feeding might also be a pathway exposing spiders to Bt-crop pollen (for

details, see Meissle 2013). The importance of fungivory is still unclear as fungal

spores may have a deleterious effect on spiders. Smith and Mommsen (1984)

reported such deleterious effects of fungal spores on spiderlings in their experiment,

though they tested only one kind of spore (Cladosporium herbarum). But fungi

Fig. 28.1 Pollen in the orb

web of Aculepeira ceropegia
(Araneidae). When recycling

the web, the spider will also

feed on the pollen
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have different organic chemical composition and content of toxic metabolites;

consequently, many species can be nutritionally useful and some can be deleterious

(del Fiol et al. 2007; see also Evans 2013).

28.3 Nectar Feeding

There is more literature on nectar use by spiders than on pollen feeding. By being an

exceptionally rich source of sugar, and often containing significant quantities of

amino acids and other nutrients, nectar may be an especially rewarding addition to

the diet of predatory arthropods (Jackson et al. 2001). Along with studies on

thomisids (Beck and Connor 1992; Pollard et al. 1995), salticids (Jackson et al.

2001), and several wandering spiders (Taylor and Foster 1996), the study by Chen

et al. (2010) suggests that nectar feeding is indeed a widespread strategy in spiders.

Chen et al. (2010) tested for the presence of plant sugar (fructose) in wide range of

spider species from different families using cold-anthrone tests. The cold anthrone-

sulphuric acid method can be used to determine the concentration of fructose in

spiders to judge whether they were feeding on nectar (Taylor and Pfannenstiel

2008). A test for fructose can ensure that the sugar is from plants, distinguishing it

from glucose, which also occurs in the blood and lymphatic elements of spiders. In

the study of Chen et al. (2010), 19 % of all spiders (745 individuals) tested positive

for fructose including the families Oxyopidae, Thomisidae, Pisauridae, Salticidae,

Lycosidae, Tetragnathidae, Araneidae, Nephilidae, and Agelenidae. In contrast,

there was no evidence for nectar feeding in Linyphiidae, Clubionidae, and

Theridiidae. For the species Ebrechtella tricuspidata (Thomisidae), 216 individuals

were included into the study allowing to test for differences based on sex and age.

Significantly more females were tested positive than males (87.5 % versus 42.9 %),

and immatures tested positive at a lower rate than adults (26.5 % and 66.7 %,

respectively). In contrast, nectar feeding was frequent in male crab spiders of the

species Misumenoides formosipes and increased their longevity, while females of

this species rarely take in nectar (Pollard et al. 1995). Therefore, these data suggest

Table 28.1 Survival time of Thomisus onustus (Thomisidae) spiderlings in a feeding experiment

with a starvation control group (no food), two treatments with pollen feeding, provision of sucrose

solution to simulate nectar, and insect prey (Vogelei and Greissl 1989)

Feeding treatment n

Spiderling survival time (in days)

Mean

Quartiles

75 % 50 % (median) 25 %

Starvation control group 12 21.4 20 21 22

Pollen of Erigeron annuus 12 34.9 30 35 43

Pollen of Bellis perennis 15 43.9 36 44 53

Sucrose solution (30 %) 13 129.4 92 128 156

Drosophila melanogaster 12 No deaths occurred during the experiment
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that nectar feeding might be more important for adult spiders, but this has to be

taken with some precautions, as this conclusion is based on single species, and there

is strong evidence for juvenile spiders as well.

Field and laboratory observations confirmed nectar feeding for each of the 90

jumping spider species (Salticidae) studied by Jackson et al. (2001). This suggests

that the use of nectar as a resource is a widespread, if not routine, feeding

supplement at least for the early instars of salticids. As nectar is taken in as a

liquid, it might seem relevant to ask whether the salticids are truly feeding, instead

of simply drinking, from flowers. However, in spiders, drinking and feeding are

overlapping processes anyway (Jackson et al. 2001). In the same study on salticids,

choice tests demonstrated that each species spent longer time taking up sucrose

solutions than distilled water.

Especially for active hunters, such as the salticids, nectar can be an important

source of energy, which is probably less needed for sit and wait predators. There is

strong evidence that nectar feeding increases activity and survival of wandering

spiders (Taylor and Foster 1996; Taylor and Pfannenstiel 2008, 2009; Taylor and

Bradley 2009) and that they use olfactory cues to locate nectar sources (Patt and

Pfannenstiel 2008). For example, Patt and Pfannenstiel (2008) revealed that the

spider Hibana futilis (Anyphaenidae) can recognize and remember particular

chemical stimuli associated with nectar. Following ingestion of minute amounts

of sugar, these spiders exhibited counterturning and other local searching

behaviours that increased their chances of finding more nectar. In another study

ingestion of honey solution significantly increased the survival and shortened the

development time of Ebrechtella tricuspidata. Female spiders that fed on honey

solution had a shorter pre-oviposition period and laid more eggs than those given

only water. This study suggests that nectar could be a high-quality supplementary

food to maintain normal growth and metabolism in spiderlings and adult female

spiders (Wu et al. 2011).

Access to nectar might enhance longevity because of the amino acids, lipids,

vitamins, and minerals normally found in nectar in addition to sugars. Vogelei and

Greissl (1989) and Taylor and Foster (1996) both showed that spiderlings given

access to a simulated nectar source survived longer than spiders given access to

water alone. Wu et al. (2011) were interested whether crab spiders of the species

Ebrechtella tricuspidata show an active preference for honey solution of a certain

concentration. The results showed that the number of females feeding on the 10 %,

20 %, and 30 % honey solution was significantly higher than those feeding on water

alone, but there was no difference in the number of spiders feeding on the three

different concentrations.

28.4 Exploitation of an Ant-Plant Mutualism

The species Bagheera kiplingi, a Neotropical jumping spider (Salticidae), exploits a

well-studied ant-plant mutualism (Meehan et al. 2009). With evidence from

behavioural field observations and stable isotope analyses, the authors show that
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the main diet of this host-specific spider comprises specialized leaf tips (Beltian

food bodies) from Vachellia spp. ant-acacias, structures traded for protection in the
plant’s coevolved mutualism with Pseudomyrmex spp. ants that inhabit its hollow

thorns. The spiders not only use the plant resources but also feed on ant larvae.

Bagheera kiplingi is able to circumvent the well-known defences of the acacia’s

Pseudomyrmex ant inhabitants, which keep the plant free of most herbivores and

encroaching vegetation. These spiders occur almost exclusively on ant-occupied

acacias, where they breed year-round and generally build their nests at the distal

tips of older leaves that have low rates of ant patrol (Meehan et al. 2009).

28.5 Spider-Plant Mutualism

The provision of nectar as a reward for predators that keep away herbivores is a

common mutualistic interaction between plants and ants. Ruhren and Handel

(1999) examined a similar nectar-mediated mutualistic interaction between a

plant and spider, namely, between Chamaecrista nictitans (Caesalpiniaceae) and
jumping spiders in New Jersey, USA. These jumping spiders (Eris sp. and

Metaphidippus sp.) on C. nictitans collect nectar in addition to feeding on

herbivores, ants, bees, and other spiders. When given a choice between plants

with or without active extrafloral nectaries, they prefer plants with nectar. They

are indeed involved in the same kind of mutualism shown for ants and plants

because C. nictitans plants with resident jumping spiders set significantly more

seeds than plants with no spiders, indicating a beneficial effect of predator presence

on plant fitness. This example suggests that if nectar use is more frequent in spiders,

plants that allow access to nectar may indeed have higher density of wandering

spiders which can increase trophic control of herbivores, a likely mechanism

increasing plant fitness. As ants are often engaged in ant-aphid mutualism which

is certainly not beneficial for the plant, attracting spiders instead seems a good idea.

28.6 Conclusion

There is a growing body of evidence for a wide range of spider families that they

use nectar as supplementary resource, while pollen feeding in web-building spiders

has been studied in the laboratory including a few species only. In one study the

simulated nectar intake by feeding with sucrose solution increased life span much

longer than pollen feeding implying that a supplementary sugar diet supplies energy

and indeed increases survival in times when prey is scarce (Table 28.1). To judge

the overall importance of pollen and nectar resources for spiders, however, we need

data on the proportion incorporated into the body in relation to prey catches as they

are rarely the only source. A promising method is the analysis of stable isotopes to

understand long-term resource use in spiders, as it can reveal the proportions of
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different food sources in the diet of spiders, that is pollen and insect prey. Consid-

ering that many spiders use nectar provided by plants, we can assume that there is a

greater potential for mutualistic interaction between plants and spiders, as currently

known in the literature.

Acknowledgements I wish to thank Wolfgang Nentwig, Eva Knop, and Sebastian Schuch for the

valuable discussion on herbivory in spiders.
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Chapter 29

Artificial Diets for Spiders

Divina M. Amalin

29.1 Introduction

Spiders are one of the ubiquitous groups of predaceous organisms in the animal

kingdom. They are exceptionally well adapted to survive in nature. They are widely

distributed and occupying all terrestrial habitats. Surveys conducted by several

researchers have shown that spiders are a large and frequent part of the generalist

predatory arthropod fauna (Kagan 1943; Whitcomb et al. 1963a, b; Aguilar 1968;

Leigh and Hunter 1969; Howell and Pienkowski 1971; Wheeler 1973; Yeargan and

Dondale 1974; Dondale et al. 1979; Dean et al. 1982; Mansour et al. 1982; Culin

and Yeargan 1983; Barrion and Litsinger 1994; Plagens 1985; Amalin and Barrion

1992; Amalin et al. 2009). They have an important influence in the dynamics of the

arthropod pests’ population in natural and agricultural landscapes. For instance, in

the natural landscape, Van Hook (1971) found that the wolf spider, Lycosa sp.

(Lycosidae), consumed 21 % of the total arthropods in a grassland ecosystem. An

experiment on a forest floor system by Clarke and Grant (1968) indicates that

spiders managed the populations of Collembola and other insects. Amalin et al.

(2009) reported the diversity of spiders and low insect pest populations in the

agricultural buffer zone of the Everglades National Park in Florida. Spiders’

potential as biological control of agricultural pests has been recognized to help

solve problems associated with the use of chemical pesticides. Several studies on

the spider fauna in agricultural landscapes have been documented. Spiders in

agricultural fields limit habitation of insect pests. They are considered “farmer’s

best friend” particularly by the small-scale farmers because they consume large

numbers of insect pests as prey.

The use of spiders as biological control agents depends mainly on the conserva-

tion and increases in numbers through the use of agricultural practices such as
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selective spraying (Marc and Canard 1997; Wisniewska and Prokopy 1993; Amalin

et al. 2001a) and habitat manipulation rather than mass rearing and periodic release.

A very popular example of spider augmentation in the field was in China, where

farmers build straw or bamboo shelters for spiders and then move these shelters to

whichever paddies are experiencing pest outbreaks. This method of spider augmen-

tation led to a 60 % reduction in pesticide use (Riechert and Bishop 1990; Marc

et al. 1999). In Japan, spider populations are maintained and enhanced by the

release of Drosophila fruit flies into fields when pest insects are not abundant

(Marc et al. 1999). Augmentation by releasing laboratory-reared spiders has not

been done due to difficulty of mass rearing spiders. The need to rear different insect

prey species makes it especially difficult to culture spiders in the laboratory.

Formulation of artificial diets would greatly facilitate laboratory rearing of spiders.

Few attempts to rear spiders on artificial diets had been done (Peck and Whitcomb

1968; Amalin et al. 1999, 2001b; Smith 2008). This book chapter reviews some of

the attempts to rear spiders using artificial diets and discuss important factors that

will contribute to advancing in mass rearing of spiders using artificial diet.

29.2 Development of Artificial Diet for Spiders

The global campaign for sustainable agriculture, to sustain the economic viability

of farm operations and enhance the quality of life for farmers and society as a

whole, shifted the emphasis in pest control utilizing biological control agents, such

as predatory arthropods (insect, mites, and spiders), which call for the development

of more efficient and economical methods of mass production by artificial diets.

Currently, several species of insects are mass produced using artificial diets. About

50 species of beneficial insects have been successfully mass produced and utilized

in the field for biological control through augmentation. Advances in rearing

beneficial insects in countries like China, Holland, the United Kingdom, the

USA, and the former Soviet Union are well documented (Singh 1982). However,

laboratory rearing of spiders using artificial diet is still a big challenge. Spider

rearing is primarily by confining a single spider in a container provided with water

and live insects as food. It appears that most spiders must feed on a variety of insect

prey species to obtain the optimum nutrition for survival and reproduction (Green-

stone 1979; Uetz et al. 1992). The need to rear different insect prey species makes it

especially difficult to culture spiders in the laboratory. Formulation of artificial

diets would greatly facilitate laboratory rearing of spiders.

Rearing of spiders on artificial diets has been reported with some degree of

success. Peck and Whitcomb (1968) fed Cheiracanthium inclusum (Clubionidae)

and Gladicosa gulosa (Lycosidae) on artificial diet consisting of homogenized

insects. Smith (2008) reared araneid spiders in the genus Poltys on a nonliving

food mix based on houseflies, pollen, egg, and moths. Amalin et al. (1999, 2001b)

reared three species of hunting spiders, C. inclusum (Clubionidae), Trachelas volutus
(Corinnidae), and Hibana velox (Anyphaenidae), on three different food mixes
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consisting of milk, egg yolk, and soybean, as follows: (1) milk + egg yolk, (2)

soybean liquid, and (3) combination diet (milk + egg yolk + soybean). Peck and

Whitcomb (1968) and Smith (2008) food mixes are quite laborious since additional

rearing activity is required to have continuous source of prey insects. The artificial

diets formulated by Amalin et al. (2001b) are easier since they were made of food

ingredients readily accessible in the grocery. Formulation of the artificial diets by

Amalin et al. (1999, 2001b) was inspired from the finding that some species of

wandering spiders are facultative nectar feeders (Taylor and Foster 1996).

The three diets were used to investigate the survival and development of three

species of hunting spiders reared under laboratory conditions. Among the three

diets, the combination diet was found superior based on survival and development

of the three spider species. The combination diet provided more complete

nutritional or dietary requirements (Table 29.1) for the three spider species. The

effectiveness of the combination diet was confirmed when compared with natural

diet. Females of these three spider species that matured using the combination diet

and were fertilized in captivity produced 1–3 egg masses. Oviposition took place

2–7 days after mating, Cheiracanthium inclusum had an average of 57 eggs per egg

mass, whereas Hibana velox and Trachelas volutus had an average of 110 and 56

eggs per egg mass, respectively. Thus far, there is no documented data on the

reproduction in field populations of these three hunting spiders to compare data, but

these complete development data showed that the combination diet formulated by

Amalin et al. (2001b) revealed that an artificial diet is adequate for these spiders

under laboratory conditions. Further attempts towards mass rearing of these spiders

using artificial diets should be pursued. Clearly the proportions of the various

ingredients in combination diet must be evaluated to optimize spider survival and

reproduction.

29.3 Factors to Be Considered in Formulating Artificial Diet

for Spider Rearing

Development of artificial diets for arthropod species is not a young scientific

endeavor. Several artificial diets have been developed particularly for insects both

phytophagous and entomophagous. However, the development of an artificial diet

for spiders is still on a juvenile stage. Similar to entomophagous insects, the

development of artificial diets for spiders should address some important factors

such as (1) attractiveness of the diet and behavioral cues from the prey to initiate

attack and feeding; (2) essential nutrients, feeding on a variety of insect prey

species for optimum nutritional requirement (see also Toft 2013); (3) easy food

mix, formulated artificial diets with readily accessible ingredients; (4) rearing setup,

feeding arena and confinement; and (5) economics of production, affordability of

the mass-reared individuals.
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29.3.1 Attractiveness of the Diet

The key in formulating artificial diet is the acceptance or recognition of the diet by

the spiders, that is, getting the diet to emulate the actual texture of natural prey.

Even diet containing the correct nutritional requirements could remain unaccept-

able because of the absence of the proper chemical attractants or stimulants to incite

the satisfactory feeding responses (House 1961). Advancement in searching for

artificial diets that will satisfy the voracious appetite of beneficial insects showed

that some store-bought ingredients can trigger feeding by predatory arthropods, like

cooked egg and meat paste from ground beef and beef liver (Hardin and Garcia

2001; Senft 2007). Cooked hens’ eggs in particular provide the mimicry of the

actual texture of the natural prey. Amalin et al. (1999, 2001b) included egg yolk but

in a raw form, which probably was the reason why the three hunting spiders were

able to locate and feed on the artificial diet. The raw egg yolk was mixed with the

other ingredients, cow’s milk and soybean milk, to form a liquid diet. Green food

color was added to the diet to serve as an indicator if the diet has been consumed

since the color of the spiders’ opisthosoma changes depending on the food they

Table 29.1 Nutritional composition of the different diets based on the manufacturers’ nutritional

analyses (mg per 100 ml) (according to Amalin et al. 2001b)

Nutrient composition Milk + egg yolk Soybean liquid

Combination (milk + egg

yolk + soybean)

Total fat 3,040 1,300 4,340

Saturated fat 1,300 0 1,300

Cholesterol 97.83 0 97.83

Sodium 82.61 39.13 121.74

Total carbohydrates 6,090 10,870 17,040

Sugars 5,220 6,520 12,990

Protein 6,040 2,610 8,650

Potassium 0 126.09 126.09

Vitamin A 348 IU 0 348 IU

Thiamin (B1) 0 0.05 0.05

Riboflavin (B2) 0 0.03 0.03

Niacin (B3) 0 0.52 0.52

Pantothenic acid (B5) 0 0.35 0.35

Pyridoxine hydrochloride (B6) 0 0.05 0.05

Folate (B9) 0 0.02 0.02

Vitamin C 0.52 0 0.52

Vitamin D 43.48 IU 0 43.48 IU

Biotin (vitamin H) 0 0.3 3

Calcium 140 30 170

Iron 0.31 0.31 0.62

Phosphorus 110 40 150

Magnesium 0 17.4 17.4

Zinc 0 0.26 0.26
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consumed. The spiders held singly in a glass vial were offered with the liquid diet

soaked in a cotton swab. The spiders perched on the stick as it fed on the diet and the

opisthosoma color changes to green, which clearly indicated that the diet contains

the chemical cues or olfactory cues needed by the hunting spiders to fully accept the

diet. Hostettler and Nentwig (2006) found that the wandering spider, Cupiennius
salei, uses olfactory cues to detect and choose their prey species. Similar phenome-

non probably applies to the three hunting spiders used by Amalin et al. (2001b)

raised on artificial liquid diet.

29.3.2 Essential Nutrients

Spiders are known to feed on a variety of insect prey species to obtain the optimum

nutrient or chemical requirements. The general nutritional requirements for

arthropods include carbohydrates, protein, vitamins, cholesterol, and minerals.

Carbohydrates are known to be the major energy source important for survival

and longevity of any arthropod species. They are usually added to artificial diets in

the form of glucose, sucrose, starch, and dextrose. Protein is for growth and

reproduction. The common protein supplements are casein, sodium caseinate, and

casein hydrolysate given alone or supplemented with amino acid mixes depending

on the suitability to a certain species. Vitamins are associated to female fecundity

and its eggs’ viability as well as its growth and development. Different strains of

yeast which vary in vitamin contents were used in different artificial diets. Choles-

terol is a common sterol and a precursor of ecdysone, the molting hormone,

essential for growth and development. Egg yolk is an excellent source of choles-

terol. Minerals in artificial diets are reported essential for growth, longevity, and

female fecundity. Salts such as potassium hydrogen phosphate and magnesium

sulfate are a good source of minerals. The artificial diet formulated by Amalin et al.

(2001b) contains all of the abovementioned nutritional requirements (Table 29.1).

Although it gave a satisfactory result in rearing three species of hunting spiders, the

nutrient quantities and proportions should be evaluated for a more stable rearing up

to several generations.

29.3.3 Easy Food Mix

Common artificial diets for spiders consisted of food mixes with ground insects,

which command additional activity in rearing the prey insects. It would be more

convenient to have an artificial diet consisting of food ingredients easily accessible

from the supermarket.
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29.3.4 Rearing Setup

One of the big challenges in mass rearing of spiders is the design of the feeding

arena, how to confine them without cannibalizing. Rearing of spiders is usually in

single confinement to avoid cannibalism. The primary drawback is the labor-

intensive care regime. Rearing container size should be adequate to avoid crowding

and allow food search and mating. Construction material should be nontoxic,

ventilated, and secured to avoid escape.

29.3.5 Economics of Production

Production of spiders for biological control must be cost-effective to be an integral

component of the pest management program in agricultural fields. For instance, the

new diet formulated by the US Agricultural Research Service scientist Allen Cohen

(Hardin and Garcia 2001; Senft 2007), for predatory insects with pure store-bought

ingredients, costs about $50/kg of diet to produce 60,000 big-eyed bug adults or up

to 20,000 lacewing adults that will yield about six million eggs during their life span

compared to the older diet formulation which cost $600/kg of diet to produce

similar number of individuals.

29.4 Conclusion

Spiders are important biological control agents regulating insect populations. They

cluster in sites where many prey species are maintained at a high density (Schmitt

1987) and insects represent over 99 % of their diet. For this reason, spiders are a

favorable biological control agent in the agricultural ecosystem. Despite the known

importance of spiders as biological control agents, its augmentation in the agricul-

tural fields is limited to conservation and increase in numbers through the use of

agricultural practices such as selective spraying rather than on mass rearing and

release. Their widespread use has been hampered by inadequate methods to rear

them on artificial diets or by the costs of rearing prey for them to feed on.

Improvement of the earlier attempts to mass rear spiders on artificial diets (Peck

and Whitcomb 1968; Amalin et al. 2001b; Smith 2008) may enable their use in

agriculture for augmentation of field populations. Results of Amalin et al. (2001b)

showed that an artificial diet is adequate for the survival and development of three

species of hunting spiders under laboratory conditions. Attempts towards mass

rearing of these spiders using artificial diets should be further pursued. Likewise,

successful mass rearing using artificial diets of other biological control agents

(parasitoids and predators) can be tried on and modified for spiders. Modification

should be based on the attractiveness of spiders on the diet to initiate attack and
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feeding, the right proportion of the ingredients to satisfy the nutrient requirements,

the appropriate rearing arena which can accommodate mass production, and the

cost-effective rearing system to understand the spiders’ feeding biology and

nutritional chemistry. Advancements in mass rearing spiders on artificial diets

may enable their use in agriculture for augmentation of field populations.
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Part IX

Ecotoxicology

With their high species diversity and abundance in virtually all terrestrial habitats,

spiders are a perfect group for purposes of biomonitoring, for example in an

ecotoxicological context. How do spiders suffer from heavy metal or synthetic

pesticide contamination of their environment? Can they be used as indicator

species? Since insecticides derived from the neem tree are less toxic to spiders

than synthetic pesticides, wouldn’t this give a good argument against the latter?

Since Bacillus thuringiensis toxins from genetically engineered crop do not harm

spiders, couldn’t this be seen as a further good argument in favour of such crops?



Chapter 30

Effects of Heavy Metal Contamination

Paweł Migula, Grażyna Wilczek, and Agnieszka Babczyńska

30.1 Introduction

Heavy metals are naturally occurring constituents of each environment. Most of them

are essential to spiders (such as Ca, Fe, Mg, Mn, Zn or Cu), some only in trace levels

(Co,Mo, Ni, V) and just a few are recognised as biologically nonessential xenobiotics

(As, Cd, Hg, Pb or Sr). Xenobiotic metals are always harmful, while negative effects

of essential metals are dose dependent. Spiders, as carnivores, have been recognised

as potent biological indicators of heavy metal contamination (Maelfait 1996). Due to

a specific form of feeding, even biogenic metals may reach their body at too high

concentrations. If the regulatory mechanisms supporting adequate internal metal

levels and their proper cellular distribution are insufficient, spiders may suffer from

various health alterations easily seen at the cellular level (Wilczek 2005; Wilczek

et al. 2008). At the organism level, negative effects appear later as metabolic

disorders, inhibition of growth or changes in life history traits (Babczyńska et al.

2011a; Chen et al. 2011; Eraly et al. 2011). At the population level, heavy metals act

negatively on population dynamics, density, survival or reproduction (Hendrickx

et al. 2003a; Chen et al. 2011; Eraly et al. 2011). Heavy metals may affect species

richness and the guild structure (Ferreira 2010).

In nature, spiders may use two main mechanisms to cope with excessive heavy

metal burdens: (1) tolerance through phenotypic, morphological, biochemical or

behavioural plasticity or (2) resistance. If adaptations are heritable, adapted

organisms may have lower fitness than non-adapted ones (Morgan et al. 2007).

Under metal pollution conditions only those spider populations are able to survive

which developed various tolerance mechanisms to stressors. Genetic adaptations of

spiders to heavy metals were not proven yet. Increased tolerance could be reached

through physiological adaptations involving trade-off mechanisms leading to
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different life history traits (Wilczek et al. 2004; Eraly et al. 2010). In this chapter we

review the recent knowledge concerning the effects of heavy metals on spiders at

various levels of biological organisation. Factors deciding on their distribution in

spiders and the potential of spiders to cope with excess of metals will be discussed.

30.2 Factors Determining the Uptake of Heavy Metals

Spiders take up heavy metals mostly from their food which is restricted mainly to

the soft tissues of arthropods. Prey types and numbers hunted by spiders at a given

location depend on the environmental, climatic and prey population dynamics at a

given site. Heavy metal levels might change between years and sites, hunting

behaviour and activity (Wilczek and Babczyńska 2000; Ramirez et al. 2011). A

high metal body burden of spiders is rather a result of the specificity of metal

excretion and storage than the quality of consumed prey (Hopkin 1989; Wilczek

and Babczyńska 2000).

Differences between species in accumulation of heavy metals result from phys-

iological and ecological variability between species. In a comparative study on

Pirata piraticus (Lycosidae) and Clubiona phragmitis (Clubionidae), Tojal et al.
(2002) showed that both species differ in foraging behaviour and prey composition.

The first species feeds on the soil-dwelling insects, while the second forages on

flying insects that have lower concentrations of metals.

Studies at the species level have shown differences in the accumulation of heavy

metals between juveniles and adults, due to differences in their physiology or

temporal differences in their exposure to metals by ingestion (Maelfait 1996;

Hendrickx et al. 2003a). In nature, body burdens of metals are often higher in

males, irrespective of species (Table 30.1). They have a shorter lifespan and invest

less energy to cope with toxic substances. The longer-living females are

characterised by a slow rejection of metals, and they should invest more energy

into an efficient regulation of metal levels, being responsible for egg production and

nursing of the spiderlings (Wilczek et al. 2004). Some laboratory feeding

experiments on spiders sampled from polluted areas, however, showed that body

concentrations were gender independent, as in the cases of Pardosa lugubris
(Lycosidae) or Agelena labyrinthica (Agelenidae) (Table 30.2).

At specific areas, such as intertidal sites, metal bioavailability for spiders

depends on the cation exchange capacity of the sediments. P. piraticus often occurs
in freshwater and brackish water banks of the rivers and feeds on organisms which

also live in close contact with the intertidal sediments. Du Laing et al. (2002)

showed that contents of Cd, Cu and Zn in their body were higher than in the

sediment in sites situated closer to the river mouth and were characterised by a

higher salinity. Chloride content in sediments correlated well with the Cd, Cu and

Zn contents in the spiders’ body.
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30.3 Bioconcentration and Bioaccumulation of Heavy Metals

Metals reach the body through the alimentary tract mostly as sucked liquid digest or

mashed pulp of the captured prey (Hopkin 1989). Contamination of spider webs

with heavy metals may be an additional source of metal toxicity for orb-web species

that regularly consume old webs (Hose et al. 2002).

Table 30.1 Maximum body burdens of four heavy metals in unpolluted and polluted sites in

selected species of spiders

Species

Unpolluted sites

(mg/g body weight)

Polluted sites

(percentage of

unpolluted site)

ReferenceCd Pb Zn Cu Cd Pb Zn Cu

Araneus diadematus 8.2 10 613 62 256 290 309 152 1, 3, 5

Linyphia triangularis 7.1 5.2 694 43 296 519 157 137 1, 3, 5

Agelena labyrinthica midgut

glands

31.5 16.8 824 36 240 89 285 183 1

Agelena labyrinthica females 17 2.7 817 129 16 163 73 100 2

Agelena labyrinthica males 2.2 0.4 749 92 2,273 1,600 106 168 2

Metellina segmentata 5.4 7.1 462 41.7 407 239 204 216 3, 5

Pardosa palustris 6 5 512 54 367 240 186 576 3

Pardosa sp. 0.4 0.3 128 14.8 325 200 154 88 4

Pirata piraticus 10.9 30 444 157 41 90 89 64 6

References refer to (1) Babczyńska et al. (2011b), (2) Wilczek et al. (2003), (3) Wilczek and

Migula (1996), (4) Van Straalen et al. (2001), (5) Wilczek et al. (1997), (6) Tojal et al. (2002).

Table 30.2 Cd concentrations (mean � standard deviation) measured in experimentally exposed

and control offspring originating from different populations

Species Material

Cd concentration (mg/g)

Not Cd exposed Cd exposed

Pardosa saltans (1) Reference site 0.39 � 0.37 61.1 � 13.3

Polluted site 0.45 � 0.53 57.7 � 14.5

Pardosa lugubris (2) Reference site

Females 5.9 � 2.2 141.0 � 25.0

Males 6.7 � 2.6 116.0 � 58.0

Agelena labyrinthica (3) Reference site

Juveniles 8.2 � 1.6 339.0 � 56.3

Females 1.8 � 1.7 44.2 � 29.3

Males 2.8 � 0.5 176.6 � 67.8

Polluted site

Juveniles 28.0 � 4,3 228.2 � 25.7

Females 21.9 � 10.4 276.7 � 46.9

Males 26.5 � 6.8 278.5 � 28.7

Data sources: (1) Eraly et al. (2010), (2) Babczyńska and Migula (2002), (3) Babczyńska et al.

(2011a), source 1 refers to wet weight; sources 2–3 to dry weight.
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Ground-dwelling wolf spiders better reflect the pollution level of their biotope

than web-building spiders (Peterson et al. 2003; Wilczek et al. 2005; Eraly et al.

2010). Internal Pb, Cd and Cu concentrations increased with the soil concentration

for most spiders (as well as for most other taxonomic groups) in the order Pb >
Cd > Cu. Body concentrations of Zn were quite constant over a large range of soil

concentrations (Heikens et al. 2001), but Jung and Lee (2012) showed different

results for Pardosa astrigera. The metal content in the soil was in the order of

Zn > Pb > Cu > Cd, while in spiders, the order of Zn > Cu > Cd > Pb was

identified. The bioconcentration factors (BCF: metal body content/metal soil con-

tent) were 28.1, 0.14, 2.7 and 6.3 for Cd, Pb, Zn and Cu, respectively. Based on the

ratio of assimilated to eliminated amounts of metals, spiders in general are regarded

as macro-concentrators of heavy metals, but they can better regulate biogenic

metals. High accumulation of metals (Ni, Pb, Zn) characterised spiders from

moderately contaminated lowland floodplain along the river Rhine (Schipper et al.

2008). Their body burdens reached up to ten times higher levels than coleopterans.

In areas such as Ni-rich serpentine sites, spiders demonstrated some Ni regulatory

possibilities. Concentration of Ni in spiders exceeded 100 mg/g dry weight, and their
insect prey also contained Ni in even much higher concentrations than in spiders

(Peterson et al. 2003; Boyd 2009). The bioaccumulation factor (metal body burdens

of spiders/metal in prey) for two spiders (the thomisid Misumena vatia and the

pholcid Pholcus phalangioides) fed with Ni-rich mirid bugs (Melanotrichus boydi)
was low and reached the value of 0.54 and 0.60, respectively (Boyd 2009). In this

case, Ni was not magnified along the food chain. The wolf spider P. lugubris
demonstrated also some Cd regulatory possibilities. Spiderlings fed with Cd-

contaminated flies until maturation accumulated less Cd than their prey (Table 30.2).

Bioaccumulation rates are metal dependent. For example, P. astrigera exposed for
8 weeks reached saturation levels of Pb and Hg within 2 weeks (ca 3–4 mg/spider),
while the saturation level for Cd (10 mg/spider) was only reached after 6 weeks (Jung
et al. 2005). The excretion rate of Cd is very slow as it was shown experimentally for

Pirata piraticus fed with Cd-contaminated flies (Hendrickx et al. 2003b).

Although Agelena labyrinthica is a web-building species, its ecological niche is

similar to wandering spiders, and it accumulates higher amounts of metals than

other web-building species (Wilczek and Babczyńska 2000; Wilczek et al. 2005).

The bioaccumulation factor of Cd depends on the developmental stage, gender and

preadaptation to heavy metals under natural conditions (Table 30.2).

30.4 Internal Metal Distribution and Loss of Heavy Metals

In six wandering and web-building spider species levels of Cd, Pb, Cu and Zn in the

midgut glands were higher than in their gonads (Wilczek and Babczyńska 2000).

The spiders protect their reproductive functions and thus continue to occur in heavy

metal-contaminated sites. Metals are deposed mainly in the digestive cells of the

midgut glands in metal-rich mineral granules, which were already described by
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Hopkin (1989). Three types (A, B and C) are localised inside and the forth (D)

outside the cells. Type A contains Ca, Zn and Pb; type B granules include Cu, Hg,

Cd, Zn, Pb or Fe; type C contains Fe; and type D comprises calcium carbonate

granules. The structures grow with spider age and with the duration of exposure.

Metals from these mineral granules can be transported into the gut lumen and

eventually are lost with faeces after every meal. Elimination of Cd with the exuviae

is low. In exuviae of Cd-intoxicated A. labyrinthica, Cd concentration constituted

from 0.2 % in juveniles to 10 % in males of the opisthosomal concentration. Cu

losses with the exuviae of this spider are low in males (3 %) but high (36 %) in

females (Babczyńska et al. 2011a).

30.5 Subcellular Effects of Heavy Metals

30.5.1 Metallothioneins

As most animals, also spiders are able to synthesise metallothioneins which are small

(3–14 kDa) cysteine-rich metal-binding proteins. The level of metallothioneins in

web-building spiders reflects the soil pollution with heavy metals. Babczyńska et al.

(2011a) showed that in Araneus diadematus (Araneidae) from polluted sites,

metallothionein synthesis was found to be induced by metals unlike in spiders of

this species from the reference site. The response of other examined species [Linyphia
triangularis (Linyphiidae) and Agelena labyrinthica] was less pronounced. The level
of metallothioneins is not only species specific but also metal dependent. High

metallothionein concentrations follow high concentrations of Cd and Pb, but body

concentrations of essential Cu and Zn and metallothionein levels were not correlated.

This suggests that metallothioneins play a regulatory role in relation to biogenic

metals if their concentrations exceed the tolerable levels. In case of Cd and Pb, the

role of metallothioneins shifts rather towards defence than to regulation and storage.

A significant increase of metallothioneins was also indicated in feeding

experiments on A. labyrinthica fed Cd- or Cu-contaminated fruit flies (Babczyńska

et al. 2011b). The protective role of the proteins demonstrated itself by a relative

increase of metallothionein-positive cells in the midgut glands and increased total

concentration of metallothioneins in this organ. In a majority of cases, the

variability of this parameter reflects the degree of pollution in natural habitats of

spiders, their developmental stage and gender.

The level of metallothioneins does not increase immediately. Eraly et al. (2010),

studying the response of Pardosa saltans intoxicated with Cd under laboratory

conditions, demonstrated that the synthesis of the proteins is energetically costly

and starts only when metals in the spiders’ body exceed a certain level. Thus in

spiders, metallothioneins as protective molecules in metal intoxication might play

rather a complementary role to the other efficient mechanism of metal

neutralisation, such as binding of metals and their storage as granular concretions

in cells of the midgut glands.
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30.5.2 Defensive Mechanisms Against Heavy Metals

Metals affect the cellular integrity and functioning of the organism and therefore

evoke various defensive mechanisms that repair damages and restore homeostasis.

Metals, if not bound to any ligand or sequestered in granules, often attack

mitochondria causing disturbances in the respiratory chain and uncoupling of

oxidative phosphorylation, thus reducing energy available for defensive processes.

Analysis of the cellular effects caused by Cd and Cu indicated a series of alterations

in mitochondria of the midgut gland cells of Agelena labyrinthica (Babczyńska

et al. 2011b). Mitochondria may play a strategic role in cell death initiation, and

therefore, a decrease of mitochondrial transmembrane potential in midgut gland

cells indicates early stages of apoptosis (Wilczek 2005).

One of the most important negative effects of heavy metals in the organism is to

deplete the ATP concentration. The ADP/ATP ratio used as a measure of the

energetic status of cells indirectly informs whether the cells proliferate (<0.1),

overcome apoptosis (0.1–1) or suffer from necrosis (>1), and this defines the level

of ATP depletion. Experiments with A. labyrinthica, dietarily exposed to an excess
of Cd or Cu, indicated that their energy status was not disturbed. While ATP

remained at similar levels in control and intoxicated spiders, the ADP/ATP ratio

was two to six times higher for metal-exposed spiders and was age and gender

dependent. ATP in females was kept at high levels, and the increased ADP/ATP

ratio reflected an increased ADP pool, not a depletion of ATP, suggesting enhanced

anabolic processes (Babczyńska et al. 2011b). Such an energy status of females was

probably due to activated anaerobic pathways. An enhanced activity of enzymes

involved in anaerobic reactions was already documented earlier for females of

A. diadematus, Metellina segmentata (Tetragnathidae), Linyphia triangularis and
Pardosa palustris sampled at heavily polluted sites (Marczyk et al. 1993). The

adenylate energy charge index (¼ ATP + 0.5ADP/ATP + ADP + AMP) used in

these spiders to quantify the metabolic energy held in the adenylate pool was kept at

a physiologically optimal level (i.e. above 0.75), what can result from the enhance-

ment of anaerobic pathways of energy production (Wilczek 1996).

Heavy metals are responsible for an enhanced production of reactive oxygen

species and the inhibition of antioxidant activities. Intracellular accumulation of

reactive oxygen species can damage biological macromolecules. The degree of the

damage depends on the efficiency of the antioxidative defence which includes

nonenzymatic scavengers, such as glutathione or heat-shock proteins, and major

antioxidative enzymes: superoxide dismutase, catalase or glutathione peroxidases

which are selene dependent or selene independent. Enzymatic antioxidative reactions

in spiders living in metal-polluted habitats are species specific. In males of

P. lugubris, collected from sites along a heavy metal pollution gradient, positive

correlations between the activity of glutathione S-transferase and body burdens of Pb

and Zn and between both peroxidase types and Cu were found. These spiders also

maintained high glutathione concentration. Web-building A. labyrinthica collected

from the same habitats had lower levels of these parameters (Wilczek et al. 2004).
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Similar types of enzymatic relations were identified between catalase and superoxide

dismutase and heavy metals in the body of P. palustris from metal-contaminated

areas. Another examined species, L. triangularis, also kept high activities of these

enzymes, although the metal level in their body was low (Wilczek and Migula 1996).

The activities of both types of glutathione peroxidases were also higher in

Xerolycosa nemoralis (Lycosidae) than in L. triangularis and A. labyrinthica
when isolated midgut glands were analysed. Heat-shock proteins (Hsp70) play an

important cytoprotective role. In the above-mentioned species from heavily pol-

luted areas, the percentage of Hsp70 positive cells of midgut glands was species,

gender and site dependent. They were the highest in X. nemoralis and the lowest in
L. triangularis (Wilczek et al. 2008).

Interspecies differences in detoxifying responses of spiders from heavily pol-

luted habitats were identified studying activity levels of enzymes involved in the

neutralisation of xenobiotics during the first and second phase of detoxification.

Wolf spiders (P. palustris, P. lugubris) maintain high hydrolytic processes

catalysed by carboxylesterases and the conjugation with glutathione led by gluta-

thione S-transferases. The intensity of these reactions in web-building spiders

(Metellina segmentata, L. triangularis, A. diadematus, A. labyrinthica) was lower
than in wolf spiders (Wilczek and Migula 1996; Wilczek et al. 2003, 2004).

Responses of spiders living in habitats chronically polluted by heavy metals to

chemical stress are often gender dependent. Maintaining a high glutathione level is an

important element in the defence process of males against high metal loads and their

pro-oxidative activity. The antioxidative reactions in females are species specific and

depend mainly on high glutathione peroxidase and catalase activities, although the

levels of these enzymes are species specific (Wilczek et al. 2008). It cannot be

excluded that under an increased impact of pollutants, female spiders are able to

utilise various detoxifying mechanisms and strategies, even if energetic costs are

high, to protect their genetic material. The main direction in the use of the described

parameters by different spider species is schematically presented in Fig. 30.1.

30.6 Effects of Heavy Metals on Spider Populations

and Communities

30.6.1 Heavy Metals and Spider Populations

Often a cascade of ecological effects can be seen under heavy metal pollution. In

the case of spiders, this could be measured as reduced secondary productivity due to

restrictions in the energy budget caused by such factors as reduced prey availability

or increased predation risk leading to reduced fitness. This, in turn, affects both

reproductive output and survivorship.

The relationship between density and richness of ground-dwelling spider species

along a heavy metal pollution gradient was documented by Koponen and Koneva
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(2005) for the areas around the Severonickel smelter (Kola Peninsula). In the

nearest belt, 2.5 km from the smelter, the spider density was low (6 individuals/

m2) with a diversity of only two species. Also at a distance of 5 km, only 3

individuals/m2 and up to 10 km (heavily polluted and afforested zone)

8 individuals/m2 were collected. At a distance of 30 km, the density reached nearly

60 individuals/m2. In another Ni-contaminated area the density of spiders

representing 18 species was 20 individuals/m2, while in only slightly polluted

sites it was six times higher and represented by 58 species. Linyphiid spiders

were most abundant in slightly polluted sites (64 % of all species and 60 % of the

individuals). At heavily polluted sites their contribution was reduced to 23 % and

38 %, respectively, but they still were the most abundant family among identified

ten families of spiders (Koponen 2011).

Changes in growth, reproduction and survival are sensitive factors, indicating

sublethal effects caused by themetal pollution at population level. The overall effects

on reproductive traits depend on trade-off mechanisms of energy investments

between inactivation or elimination of metals and reproduction. Pollutants are

limiting the availability of energy which could be allocated for reproduction. In

such conditions, less but larger offspring is favoured. Such a strategy is used by the

wolf spider Pirata piraticus. Hendrickx et al. (2003a) studied populations from four

polluted sites located on the banks of the river Schelde and one unpolluted inland

reference site. Reproductive output and fecundity of spiders from populations with

high metal loads was strongly reduced as they allocated energy to detoxification

processes. The size of the females was positively correlated with metal levels and

negatively with fecundity and reproductive output, but they produced larger eggs.

* * * * *
* * * * *

*
* * * * *

*
* * * * *

* * * * * *

* * * * * *

A. labyrinthica  (m)

M. segmentata

A. diadematus

A. labyrinthica   (f) 

L. triangularis    (m)

L. triangularis    (f)

P. palustris

P. lugubris         (f)

P. lugubris         (m)

GSTPx

X. nemoralis      (f)

X. nemoralis     (m)

Hsp70Species CarE GST SOD CAT GPOX GSH Mt

Fig. 30.1 Relative levels of CarE carboxylesterase, GST glutathione S-transferase, SOD super-

oxide dismutase, CAT catalase, GPOX and GSTPx glutathione peroxidases, GSH glutathione

contents, Mt metallothioneins and Hsp70 heat-shock proteins in the body of actively hunting

and web-building spiders from heavily polluted environments. Black shaded high, grey shaded
medium, white shaded low, asterisk measured in midgut glands, f females, m males
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If the reproductive output is neglected, such a strategy indicates adaptive trade-off

mechanisms between egg size and number of produced eggs.

Such a strategy, as described above, is not common in spiders. Effects of heavy

metals on both growth and reproduction could be negative and are species depen-

dent. For example, in laboratory conditions, the total number of eggs laid by

females of Pb and Zn-stressed Pardosa astigera was sharply reduced (Chen et al.

2011). In another wolf spider (Pardosa saltans) experimentally exposed to Cd

(100 mg/g wet body weight) also resulted in prolonged development, reduced

growth and reproduction (Eraly et al. 2010). The authors concluded that the main

defence mechanism against heavy metals is the up-regulated expression of

metallothionein-like proteins (MTLP). Further field studies on this species

indicated that metals affected life history and physiological traits in four out of

six P. saltans populations (Eraly et al. 2011). Cd concentrations correlated nega-

tively with the adult size and positively with the egg mass. Reproduction and the

reproductive output (fecundity, egg mass, cocoon weight) were the lowest or even

postponed in population with the highest Cd and Zn body burdens. At the most

polluted site the highest number of females carrying cocoons appeared later in the

season than in other sites. These changes were not related with an increase of

MTLP, and the authors stated that under field conditions, physiological defence

plays a lower role than indirect and synergistic effects of heavy metal pollution.

Fluctuating asymmetry (random differences in the development of both sides of

a bilateral symmetrical character) is often used as an indicator of environmental

and/or genetic stress. In P. piraticus Maelfait and Hendrickx (1998) recorded a

significant positive correlation between the distance between two dorsal spines on

tibia IV and internal concentrations of Cd. Further studies on the same species

showed that in populations adapted to metal stress fluctuating asymmetry was

negatively correlated with clutch mass but positively with the egg size. Selection

obviously eliminated suffering spiders and favours females producing larger eggs.

Thus, diminished clutch masses are compensated by a production of larger eggs

(Hendrickx et al. 2003c). A stronger relationship between fluctuating asymmetry

and fitness demonstrated possible selection against developmentally unstable

individuals with the evolution of adaptive responses to environmental stress and

the resources devoted to reproduction.

30.6.2 Heavy Metals and Spider Communities

Species composition in areas around the contamination sources is directly and

indirectly influenced not only by heavy metals but also by many other factors,

such as alterations of vegetation structure, properties of soils and their acidification

or deacidification by liming (Maelfait 1996; Ormerod and Rundle 1998).

The composition of spider species may differ distinctly between highly polluted

and unpolluted sites. Read et al. (1998) analysed the relations between spider

species and a suite of environmental variables in woodlands. They showed that
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the heavy metal pollution near the main pollution source affected the complete

invertebrate community, causing a lack of lycosid spiders in highly polluted woods.

This vacant niche was filled by large agelenid species which seem to be more

adaptable to such pollution levels.

More difficult is to demonstrate differences in spider communities between

moderately polluted and unpolluted sites. Jung et al. (2008), using a Shannon

diversity index, showed that a moderate contamination with heavy metals did not

affect communities of ground-dwelling spiders, although the diversity index was

higher in the unpolluted site, and species diversity was negatively correlated with

Pb levels in soil. Using discrimination techniques, the authors stated that among the

dominant spider families, only the composition and structure of Linyphiidae

separated unpolluted and moderately polluted sites. Moreover, some lycosid spe-

cies (Pardosa laura, P. astrigera) were highly abundant at moderately polluted

sites and could even be used as indicators of metal bioaccumulation.

The use of guilds (groups of organisms that explore the same resource, e.g.

generalist feeders of arthropods that differ in hunting behaviour) is one of the functional

ways of community structure analysis. Guilds may reflect functional diversity and

alterations of the integrity of biological communities. Ferreira (2010) assessed the

impact of Cu and Zn in surface soils on the abundance and community structure of

ground-dwelling spider communities in an area of 2 km around a copper mine. The

abundance of spiders increased with increased distance from the contamination source,

but Cu in the body was not correlated with Cu in soils. The author stated that the

abundance of the ground hunter guild responded better to soil contamination, while

specialist web-building spiders responded better to atmospheric deposition.

30.7 Conclusions

The results presented above indicate that under strong environmental pressure as a

consequence of high concentrations of heavy metals in soils and prey, spiders are

able to protect themselves and their genetic material using various, efficient

strategies. The strategies differ between species. Hunting spiders in general inten-

sify the activity of detoxifying enzymes, including antioxidative defence, whereas

web-building species with their moderate levels of protective mechanisms seem

better adapted to the unfavourable conditions in postindustrial or ore-bearing areas.

References

Babczynska A, Migula P (2002) Cadmium—fenitrothion interaction in spider Pardosa lugubris
and the fruit fly Drosophila melanogaster. Bull Environ Contam Toxicol 69:589–592
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Chapter 31

Side Effect of Synthetic Pesticides on Spiders

Stano Pekár

31.1 Introduction

Spiders are natural enemies occurring in many agroecosystems. Indeed, they are

often the most abundant and diversified natural enemies, which contribute to the

reduction of several pests. However, certain pest management practices, such as the

application of pesticides, can disrupt their role in pest control. There are a number

of different synthetic insecticide and acaricide classes with varying effects on the

nontarget arthropods. Most synthetic insecticides such as organophosphates,

cyclodienes, pyrethroids, carbamates, and organochlorines are neurotoxic and

have a highly negative effect. A few are insect growth regulators, antifeedants, or

microbial pesticides, which are usually less detrimental, at least in terms of acute

toxicity. Unexpectedly, even herbicides and fungicides or their additives can have

serious detrimental effects.

Research on the ecotoxicology of spiders has received rather limited attention in

comparison with other natural enemies, for example, parasitoids (Theiling and

Croft 1988). Early papers investigated the side effects of pesticides in the field by

focusing on the abundance of the spider population and species richness of the

community. Later toxicological studies mainly evaluated the direct toxicity, specif-

ically mortality at different pesticide concentrations and/or doses, with a main

emphasis on the concentration/dose recommended for pest control. Formulations

that caused low mortality were considered harmless and recommended for use.

However, such acute toxicity tests did not consider side effects on other life-history

traits, such as foraging, defence, mating, or migration, which may severely impair

spider pest control abilities. Recent research, therefore, focuses more on the

mechanisms behind the intoxication of surviving individuals and, in particular, on

so-called sublethal effects.
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The type of effect is a function of the concentration and/or dose (Fig. 31.1). At

relatively high concentrations/doses, contact with a formulation causes high mor-

tality. This is known as a direct effect. At concentrations/doses lower than LC50

(i.e., lethal concentration) or LD50 (i.e., lethal dose)—that is, concentration/dose at

which more than 50 % of individuals survive—sublethal effects are observed.

These are evaluated as behavioural or physiological changes in an individual that

survived exposure to a pesticide. Yet even lower concentrations/doses may have a

stimulating effect on behavioural and physiological functions. Such effects are

called hormesis. Very low concentrations or doses have negligible or no effect.

For example, contact with herbicide did not affect the walking activity of two

lycosid species, Pardosa milvina and Hogna helluo (Evans et al. 2010), or court-

ship, mating, prey capture, or escape from predators in another lycosid Pardosa
palustris (Michalková and Pekár 2009). The application of carbamate did not alter

web structure in an araneid Larinioides sclopetarius (Lengwiler and Benz 1994).

Oviposition and fecundity did not decrease in the lycosid Pirata piratoides after
insect growth regulator application (Deng et al. 2008). Rate of development was not

extended in the lycosid Pardosa amentata after contact with pyrethroid and organ-

ophosphate (Toft and Jensen 1998). Diacylhydrazine did not affect the functional

response in the philodromid Philodromus cespitum (Řezáč et al. 2010).

31.2 Direct Effect

Mortality resulting from contact with a pesticide, administered topically, orally, or

via residues, differs among pesticides, formulations, spider species, developmental

stage, and sex and is also influenced by current abiotic and biotic conditions. In

general, highest mortality was caused by standard doses of insecticides and
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acaricides and lowest mortality by fungicides and herbicides (Theiling and Croft

1988). The causes of mortality differ among pesticide classes. Little is known of

their effect in spiders. Neurotoxic formulations, such as type I pyrethroids, have a

quick knockdown effect. The symptoms of type II pyrethroids include ataxia,

convulsions, contractions, and paralysis. Mortality is caused secondarily through

disturbing the water balance. Besides the effect on neurotransmitters,

organophosphates tend to accumulate in cell membranes and modify their perme-

ability. It has been shown in the sparassid Polybetes pythagoricus that contact with
organophosphate altered the lipid dynamics and caused diminished capacity for

oxygen binding (Cunningham et al. 2002). Pyrethroids can further cause dysfunc-

tion in myocardial cells and alter heart rate (Desneux et al. 2007).

31.3 Sublethal Effects

Sublethal effects have been studied in 21 species of spiders using 26 formulations

(Table 31.1). The frequency of encountering sublethal concentrations/doses for

spiders in the field is assumed to be higher than that of lethal doses. Due to the

enhanced stability of synthetic pyrethroids in the environment, spiders may contact

sublethal doses for several days after spraying (Baatrup and Bayley 1993). Sublethal

doses also occur when the pesticide is diluted in water (such as dew) or because of the

filter effect of plants or spray drift, which give rise to surfaces with sparse contami-

nation. Such situations are frequent in many types of crops. A further situation arises

because of webs. Three-dimensional webs of theridiid and dictynid spiders can

reduce contact of the resident spider with pesticide droplets (Pekár 1999).

Different classes of pesticides can cause different sublethal effects. These effects of

intoxication interact with numerous life-history traits and can be measured by

investigating changes in physiology and behaviour. Behavioural responses often reflect

changes at the physiological level. Activities such as movement, prey capture, repro-

duction, development, and defence are highly sophisticated, governed by complex

neural interactions, and particularly disrupted by neurotoxic formulations. However, in

contrast to direct effects, recovery from sublethal effects is possible over several days.

For example, P. amentata recovered in 3–4 days (Baatrup and Bayley 1993).

31.3.1 Enzymatic Activity

Pesticides can have a dramatic effect on many physiological processes. Organopho-

sphorous and carbamate compounds inhibit cholinesterases, enzymes in the central

nervous system, as has been shown for the lycosid Anoteropsis hilaris following
organophosphates application (Van Erp et al. 2002) and the linyphiid Hylyphantes
graminicola following both organophosphate and pyrethroid applications (Peng

et al. 2010). In the latter species, reduced activity of cholinesterases pertained even

to offspring.
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Acetylcholinesterase is an enzyme decomposing the neurotransmitter acetylcho-

line. Inhibition of acetylcholinesterase would lead to hyperactivity and general

perturbation in all systems. This can result in death. Spiders can resist neurotoxic

effects by producing detoxification enzymes, such as glutathione S-transferase and

glutathione peroxidase. The absence or low activities of detoxification enzymes

increase their susceptibility. In Pardosa amentata Nielsen et al. (1999) found that

detoxification enzymes are present in the bodies of spiders throughout the year. The

activity of glutathione S-transferase was affected only slightly by pyrethroid appli-

cation, while the activity of glutathione peroxidase was strongly induced. Similarly,

in another study, glutathione S-transferase was not induced by an organopho-

sphorous formulation applied on Anoteropsis hilaris (Van Erp et al. 2002). Gluta-

thione peroxidase, unlike glutathione S-transferase, is thus considered an important

system used to combat unpredictable exposure to toxins. Alternatively, resistance to

intoxication can be achieved by the overproduction of acetylcholinesterase, which

was found to be affected by the nutritional state of spiders. Pedersen et al. (2002)

found a strong synergistic effect of nutrition on the regenerative ability of acetyl-

cholinesterase after organophosphate application in the lycosid Pardosa prativaga.
Not only enzymes in the nervous system were found to be affected by pesticides.

Wang et al. (2006a) reported the inhibition of protease activity in the gut of spiders

following application of a high dose of an organophosphate on the lycosid Pardosa
pseudoannulata.

31.3.2 Water Loss

It is known that contact with neurotoxic formulations (organophosphorous, carba-

mate, cyclodiene, and pyrethroid) causes accelerated water loss (Everts et al. 1991),

which can lead to mortality, as has been observed in the linyphiid Oedothorax
apicatus (Jagers op Akkerhuis et al. 1997). Using this species as a model, the

following scenario has been predicted. Contact with pyrethroid will cause abnormal

signalling intensity of the humidity in the cuticle. Such false signalling will cause

the spiders to stop searching for a more favourable humid environment, which is

also achieved via locomotion disruption. After penetration of pyrethroid into the

haemolymph, diuretic hormone is produced, which will cause active water excre-

tion (Jagers op Akkerhuis et al. 1997). Indeed, pyrethroids have been shown to

increase diuresis by anal excretion (Everts et al. 1991). If passive water loss and

water excretion increases with time, it can lead to mortality, particularly in a dry

environment (Jagers op Akkerhius et al. 1995). In O. apicatus, high susceptibility

was found at high temperatures and low humidity. High humidity, on the other

hand, reduced intoxication.
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31.3.3 Movement

Locomotion is a fundamental behavioural property of spiders. It reflects interaction

with the environment; therefore, walking activity is the easiest behaviour in which

to detect sublethal effects, particularly in cursorial species. At relatively higher

doses or concentrations, movement is usually reduced, while at relatively lower

doses or concentrations, it is induced. The application of pyrethroids on P. amentata
caused ataxia and paralysis of the fourth legs for 3 days, probably due to relaxation

of the flexor muscles (Shaw et al. 2006). It increased quiescence for 12 h, and

recovery was observed after 24 h (Baatrup and Bayley 1993). In two linyphiids,

Tenuiphantes tenuis and Oedothorax apicatus, pyrethroids reduced levels of move-

ment, which lasted for several days (Shaw et al. 2005; Everts et al. 1991). This is

because high velocities require greater neural control and energy, which the spider

is likely deprived of. Contact with surfaces treated with organophosphate shifted the

circadian rhythm in the lycosid Rabidosa rabida and the salticid Salticus scenicus
(Tietjen and Cady 2007). The spiders were active earlier than normal. The authors

suggest that organophosphate affected the interaction between the light receptors

and the circadian clock. The lycosid Pardosa palustris not only moved less on

organophosphate- and pyrethroid-treated surfaces than on control (Fig. 31.2) but

exhibited an uncoordinated walking pattern (Pekár and Beneš 2008).

If movement is induced, it is probably an indication of avoidance and subsequent

dispersal. Avoidance is induced by repulsion. In pyrethroids, the active ingredient is

often highly repellent, whereas in other pesticides repulsion is caused by the

additives (Desneux et al. 2007). Whether pesticides induce dispersal has not yet

been studied. However, results from two studies suggest that it might. The lycosid

Pardosa milvina increased its speed of movement on a herbicide-treated surface and

thus minimised exposure and risk (Evans et al. 2010). Contact with a surface treated

with an organophosphate elevated activity in the lycosids Schizocosa ocreata and

R. rabida, in the linyphiid Frontinella communis, and in the S. scenicus presumably

because the spiders tried to avoid it (Tietjen and Cady 2007). Alternatively,

a b

Fig. 31.2 Path tracks by Pardosa spiders when exposed to control surface (a) and pyrethroid

residues (b) for a period of 2 h
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in lycosid and salticid species, increased activity could be caused by impaired visual

processing due to the abnormal function of neurotransmitters in the protocerebral

ganglion.

31.3.4 Predation

Reduced locomotor activity must have a negative effect on prey search and

frequency of capture, particularly in cursorial species. In web-building species,

such inhibition leads also to alteration of the web size and/or web design. Further-

more, some pesticides may reduce olfactory capacity and disrupt the detection of

kairomones from prey and, if a pesticide has an antifeedant property, even decrease

consumption (Desneux et al. 2007).

Reduced prey capture frequency lasting for several days was reported for several

species: Pardosa pseudoannulata after neonicotinoid application (Widiarta et al.

2001); the araneid Neoscona pratensis following spinosyn application (Benamú

et al. 2007); andPardosa amentata and two linyphiids,Erigone atra andOedothorax
apicatus, following the application of pyrethroids (Dinter et al. 1998; Shaw et al.

2006). The araneid Alpaida veniliae rejected prey intoxicated with herbicide for

4 days probably because of aversion (Benamú et al. 2010). Surprisingly, even insect

growth regulators caused reduced prey consumption in P. piratoides, but the mech-

anism is not known (Deng et al. 2008).

A more sophisticated approach to investigating sublethal effects on predation is to

study the functional response, that is, the relationship between prey capture and prey

density, as it allows two components of predation to be estimated: searching efficiency and

handling time. Only in a few studies, the functional response has been investigated.

Typically, spiders show type 2 response. In Philodromus cespitum exposure to

benzoylurea, spinosyn, and neonicotinoid reduced type 2 functional response (Fig. 31.3)

due to an increase in handling time (Řezáč et al. 2010). In females of Hylyphantes
graminicola, prey capture was reduced for 24 h following topical application of an

organophosphate, afterwhich it changed from type 2 to type 1 response (Deng et al. 2007).

The effect on web design has been studied mainly in orb-weaving species

probably because changes to the web architecture are easier to detect and quantify

than in species constructing three-dimensional webs. Topical application of

pyrethroids dramatically reduced web frequency and size in the araneid Araneus
diadematus (Samu and Vollrath 1992). In another araneid, Larinioides sclopetarius,
application of organophosphate and organochlorine only slightly altered web archi-

tecture, but the application of pyrethroid delayed web construction and reduced its

size by more than 70 % (Lengwiler and Benz 1994). Oral application of herbicide

altered web production in terms of number of radii and spiral threads (Fig. 31.4) in

Alpaida veniliae (Benamú et al. 2010). Sublethal doses of spinosyn and a pyrethroid

reduced the frequency of web building in Neoscona pratensis (Benamú et al. 2007).

Reductions in the size of webs were also observed in the sheet-web-building

linyphiid Tenuiphantes tenuis following pyrethroid application (Shaw et al. 2005).

422 S. Pekár



31.3.5 Reproduction

Reproduction involves a series of processes coordinated by the nervous and hor-

monal systems, namely, mate finding, chemical or sound communication, court-

ship, mating, egg sac production, spermatogenesis/oogenesis, and brood care. All

these processes are prone to being affected particularly by neurotoxic substances,

yet evidence is scarce. Contact with surfaces treated with an organophosphate

lowered the rate of mating in Rabidocosa rabida (Tietjen 2006). In a few other

cases the inhibitory effect seems to result from reduced prey consumption prior to

Fig. 31.4 Comparison of webs produced by Alpaida veniliae in the laboratory (a) constructed

under control conditions and (b) constructed under glyphosate treatment applied orally via prey

(photos: Benamú)
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oviposition. A pyrethroid and/or organophosphates caused a reduction in egg sac

production in three linyphiids, Erigone atra, Oedothorax apicatus (Dinter et al.

1998), and Hylyphantes graminicola (Deng et al. 2006; Peng et al. 2010). Females

of Pirata piratoides produced fewer eggs and had lower fertility following insect

growth regulator application (Deng et al. 2008). Application of herbicide decreased

fecundity and fertility in Alpaida veniliae (Benamú et al. 2010). This was probably

the result of starvation, as the spiders refused to consume contaminated prey.

31.3.6 Development

Abnormal egg sacs and dehydrated eggs were observed in Neoscona pratensis after
spinosyn and pyrethroid applications (Benamú et al. 2007). Herbicide applied

through prey in Alpaida veniliae increased the number of abnormal eggs and

prolonged instar duration (Benamú et al. 2010). In Hylyphantes graminicola,
offspring from mothers exposed to pyrethroid took longer to develop and had

lower mass (Peng et al. 2010). Organophosphate application resulted in smaller

body size in H. graminicola (Deng et al. 2006). Whether this was a direct effect of

the formulation or an indirect effect of reduced feeding remains to be investigated.

31.3.7 Defence

Secondary defence strategies, such as escape, are based on movement abilities. In

cursorial species, reduced speed of movement would increase susceptibility to

predation. In web-building species, for example, linyphiids, spraying causes them

to leave their webs. As a result, they become more exposed to predators. Everts

et al. (1991) proved that reduced speed of movement in Oedothorax apicatus
females following contact with pyrethroid caused higher predation by carabids.

Pesticides can also interrupt signalling from kairomones produced by predators.

Spiders thus would not be able to avoid areas signalling the presence of predators.

Wrinn et al. (2012) tested whether Pardosa milvina can recognise cues from its

intraguild predators when the surface is treated with glyphosate and found that the

response to kairomones from one predator was not dramatically altered by the

herbicide but elevated to cues from another predator.

31.4 Hormesis

As outlined above, low doses or concentrations of pesticides can cause improved

performance. This could help spiders to suppress pests if the magnitude of improve-

ment was marked. Evidence for hormesis in spiders is still scarce and insufficient

chiefly because most toxicological studies have centred on higher concentrations/
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doses. A low dose of organophosphates stimulated predation in Hylyphantes
graminicola (Deng et al. 2007), which killed more prey (but did not consume

them), and in two lycosids, Pardosa pseudoannulata and Pardosa amentata
(Toft and Jensen 1998; Wang et al. 2006b). Detailed analysis of the functional

response revealed that it was due to an improvement in the searching efficiency

of the predator. Physiological processes are stimulated by low doses too.

Organophosphates induced, though only slightly, the hatching rate in

H. graminicola (Deng et al. 2006). When P. pseudoannulata was treated with a

low dose of an organophosphate, the protease activity increased (Wang et al.

2006a). Strangely enough, growth rate was higher and body size was larger in

Pirata piratoides after application of an insect growth regulator at LD50 than after

application at LD10 (Deng et al. 2008). The occurrence and magnitude of hormesis

in spiders thus requires additional investigation.

31.5 Conclusions

Sublethal concentrations/doses affect a variety of traits. Although evidence of

sublethal effects has been gathered for several spider species and formulations, it

is still insufficient with respect to all possible effects, species, formulations, and

concentrations/doses. Many effects—for example, on dispersal, defence, or

fecundity—are only presumed and remain to be investigated.

Due to the current development of plant protection measures towards the use of

selective chemical substances with limited direct effect on natural enemies, the

toxicology of spiders should be centred on sublethal effects. New protocols and

guidelines for risk assessment are needed to achieve fast and reliable quantification

of the effects. This should be paralleled by the detailed study of a selected agrobiont

species and estimation of the relative importance of particular life-history traits

prone to sublethal doses. For example, predation and reproduction represent two

different life-history components. Predation is a daily activity, while reproduction

usually takes place only once in a spider’s life. Thus, failure to capture prey has an

immediate effect on biological control, whereas failure to reproduce would affect

the control potential of the next generation.

What is the influence of sublethal effects at the population level? It is difficult to

estimate because the consequences of effects at physiological levels are often

unknown (Desneux et al. 2007). However, it is expected that even minor disruptions

caused by sublethal doses can render spiders ineffective for biological control and,

on a longer-term basis, can have an impact on the intrinsic rate of population

increase.
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Chapter 32

Side Effects of Bacillus thuringiensis Toxins
on Spiders

Michael Meissle

32.1 Introduction

In the first half of the twentieth century, researchers discovered that intracellular

crystalline protein inclusions (parasporal crystals) produced by the bacterium

Bacillus thuringiensis (Bt) during sporulation show insecticidal properties. At the

same time, first insecticidal spray products based on sporulating bacterial

suspensions of Bt were commercialized in France. Since then hundreds of different

subspecies, producing different combinations of insecticidal proteins, have been

discovered. Biopesticides based on Bt often contain viable bacterial spores,

parasporal crystals that consist of crystal (Cry) and cytotoxic proteins, and formu-

lation components that are added to improve product characteristics. Cry proteins,

however, are considered the main active ingredients of Bt sprays. The most widely

used subspecies in commercial insecticides has been Bt kurstaki, which kills a wide
range of lepidopteran pest species. Its products have been mainly used in forestry

and in organic farming to protect vegetables, field crops, tree fruits, berries and

ornamentals. Also, stored commodities can be protected from pest infestation.

Chrysomelid beetles, such as the Colorado potato beetle Leptinotarsa
decemlineata, can be controlled with products based on Bt tenebrionis. Bt
israelensis shows high activity against dipterans and has been used for the control

of mosquito and blackfly larvae. Today, Bt sprays are the most widely used

biopesticides in the world and comprise 1–2 % of the global insecticide market

(Glare and O’Callaghan 2000).

In 1996, genetically engineered (GE) plants transformed with genes from Bt
became commercially available. Those GE maize and cotton varieties have been

protected from the most serious lepidopteran pests by expression of specific Cry

proteins, Cry1Ab or Cry1Ac, respectively. Since then, Bt crops have been
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cultivated on ever increasing areas. The most important crop transformed with Bt
genes is maize, with a global area of 43 million hectares, followed by cotton, with

23 million hectares in 2011 (James 2011). This represents one quarter of the global

maize production area and two thirds of the cotton area, which illustrates the

importance of Bt-transgenic varieties for modern agriculture on a global scale.

Today’s Bt plants can express a variety of cry genes that target lepidopteran or

coleopteran pests (Table 32.1). In addition, genes encoding for vegetative insecti-

cidal Bt proteins (vip) have been engineered into crops. For better protection of a

plant against one pest complex (e.g., different lepidopteran species) and for protec-

tion against several different pests (e.g., lepidopteran and coleopteran species), Bt
proteins are often combined (stacked) in one plant (James 2011).

Insecticidal Cry proteins have a relatively narrow spectrum of activity against

certain groups of herbivores, while other herbivores remain unaffected. Therefore,

it is important to maintain a healthy natural enemy complex which helps to keep

populations of non-target herbivores below economic injury thresholds. In an

integrated pest management context, Bt products including GE crops represent

highly specific tools, which efficiently solve the main pest problems and allow

combination with other measures, including biological control, to help control

other, minor pests. In the risk assessment process of GE plants and pesticides,

which precedes registration and commercial use, studies on beneficial non-target

species, such as pollinators, decomposers and natural enemies, play an important

role. Spiders are amongst the most numerous arthropod predators in agricultural

crops, and it is widely acknowledged that they contribute to the biological control

of pests (Nyffeler and Sunderland 2003; Peterson et al. 2011). This chapter provides

an overview of the knowledge on the routes and consequences of exposure of

spiders to Bt Cry proteins.

Table 32.1 Overview of plants genetically engineered with Bacillus thuringiensis (Bt) genes,
their target pests and the insecticidal proteins that they express

Plant Target pests Bt protein

Maize Corn borers (Lepidoptera) Cry1Ab

Cry1Ab + Vip3A

Corn rootworms (Col.: Chrysomelidae) Cry3Bb1

Cotton Several Lepidoptera species Cry1Ac

Cry1Ab

Cry1Ac + Cry2Ab

Cry1Ac + Cry1F

Cry1Ac + Cry1Ab

Vip3a

Potato Colorado potato beetle (Col.: Chrysomelidae) Cry3Aa

Rice Several Lepidoptera species Cry1Ab

Cry1Ab/Cry1Ac fusion protein

Eggplant Colorado potato beetle (Col.: Chrysomelidae) Cry3Bb

Only plants for which data on spiders are available are listed (Peterson et al. 2011).
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32.2 Mode of Action of Cry Proteins

To be effective against target pests, Bt Cry proteins need to be ingested. In the case

of Bt sprays, this happens during feeding on (sprayed) plant surfaces. In the insect

gut, the parasporal crystals are solubilised and processed to active toxins by

proteases. In Bt crops, the plant tissue produces specific Cry proteins in a soluble

and often truncated or modified form, which shortcuts the solubilisation and

processing steps in the insect gut after ingestion. After traversing the peritrophic

membrane, the Cry proteins bind to specific receptors on the brush border of the

columnar cells lining the midgut. Subsequently, they insert irreversibly into the

plasma membrane of the gut cells and form oligomers. This results in the formation

of pores that function as ion channels, leading to a loss of transmembrane potential,

cell lysis and ultimately death of the insect. Susceptibility of an arthropod to a

certain Cry protein is only given when the midgut environment is suitable and when

appropriate receptors are present in the membrane of the midgut cells. In general,

lepidopterans and dipterans have an alkaline gut environment. While lepidopterans

show susceptibility to Cry1A and Cry2A class toxins, dipterans are susceptible to

Cry2A, Cry4 and Cry11B class toxins. Chrysomelid beetles have a neutral to acidic

midgut pH and are susceptible to Cry3 class toxins. The complex mode of action of

insecticidal Cry proteins and the narrow spectrum of activity were key to the

attractiveness of Bt for use as biopesticide and for genetic engineering (Knowles

1994; Glare and O’Callaghan 2000).

32.3 Exposure of Spiders to Bt Proteins

Bt sprays are applied once or several times per growing season, depending on pest

pressure. The crystals and spores are deposited on the plant surface. They are highly

sensitive to degradation by UV light and are easily washed off by rain. In contrast,

GE crops produce Bt proteins in high concentrations over the whole growing

season. The insecticidal proteins, which are produced in most tissues, are contained

within the plant. Those differences indicate that exposure of arthropods to Bt toxins
differs between fields sprayed with Bt formulations and fields planted to Bt crops. In
sprayed fields, spiders can be exposed when hit directly by the spray, when feeding

on prey that is covered with Bt suspension, or when recycling their own web that

intercepted Bt suspension after spraying (Fig. 32.1). In sprayed fields and in Bt
crops, spiders can be exposed when feeding on prey which has consumed Bt
proteins, e.g., herbivores or other predators. In the case of Bt crops, spiders may

also feed directly on GE plant material, such as pollen (Fig. 32.1). While no data are

available for exposure of spiders to Bt spray formulations, exposure of spiders to

Cry proteins in Bt crops via prey and via pollen has been studied in detail. Those

pathways are discussed below.
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32.3.1 Exposure via Prey

Most spiders have a rather broad prey spectrum, which is influenced by the crop and

its dominant arthropod fauna; the landscape context of the field, i.e., proximity to

other habitats such as open water bodies, forests, or grasslands; and the ecology and

biology of the spider species, e.g., body size, hunting and web-building behaviour,

or habitat. One example of a European web-building spider that occurs frequently

in maize fields is Phylloneta impressa (Theridiidae). Mainly herbivores, such as

aphids, thrips, mirid bugs, leafhoppers and chrysomelid beetles have been recol-

lected from the webs of this species (Meissle and Romeis 2009). Those insect

groups have also been reported to be major prey organisms for various spider

species in different crops worldwide, together with flies and midges, parasitoids

and bees, other spiders, butterflies and moths, as well as collembolans (Nyffeler and

Sunderland 2003; Li et al. 2011). Field studies revealed that the prey spectra of

spiders in Bt maize and Bt rice were not different to those in non-Bt crops (Árpás
et al. 2005; Li et al. 2011; Tian et al. 2012).

Exposure of spiders to Bt proteins via prey depends on the actual amount of the

insecticidal protein contained in the prey species. Herbivores feeding on Bt plant
tissue, such as thrips, mirid bugs and chrysomelid beetles, contained relatively high

concentrations of Cry protein, almost reaching the level in the leaves (Harwood et al.

2005; Meissle and Romeis 2009) (Fig. 32.2). In contrast, phloem-feeding species,

such as aphids, contained no or at best traces of Cry protein, which is not transported

in the phloem (Romeis andMeissle 2011). Concentrations of Cry protein in predatory

species, e.g., ladybird beetles, lacewings, predatory bugs, or hoverfly larvae, are

generally lower than in the tissue-feeding herbivores because the Bt protein is diluted
when it is transferred to higher trophic levels (Fig. 32.2). Thus, environmental

exposure concentrations of spiders in a Bt crop may occasionally approach the

expression level in leaf tissue. The average exposure, however, is considerably lower.

Fig. 32.1 Major routes of

exposure of spiders to

Bacillus thuringiensis (Bt)
proteins in crops sprayed with

Bt formulations or genetically

engineered crops expressing

Bt proteins. Solid arrows
show the transfer of Bt protein
from plants to spiders via

prey. The fact that Bt proteins
get diluted when transferred

to higher levels is symbolized

by the thickness of the arrows
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Cry protein measurements of spiders collected in Bt crops confirmed that they

actually did contain Bt protein. In Cry3Bb1-expressing maize, adult P. impressa
contained ca. 0.5 % of the concentration in the leaves (Meissle and Romeis 2009).

Juveniles collected after anthesis, however, contained no measurable Cry3Bb1. In

contrast, juveniles of the families Araneidae, Linyphiidae and Tetragnathidae

contained Cry3Bb1, but concentrations were low (Meissle and Romeis 2009)

(Fig. 32.2). Measurable concentrations of Cry1Ab were also reported from spiders

(mainly Linyphiidae) collected in Bt maize in the USA (Harwood et al. 2005). In

the laboratory, the Cry protein transfer from plants via prey to spiders and the

dilution effect along the food chain have been confirmed (Chen et al. 2009; Meissle

and Romeis 2009; Tian et al. 2010, 2012).

Fig. 32.2 Concentrations of the Bacillus thuringiensis (Bt) protein Cry3Bb1 in arthropod groups

included in the prey spectrum of Phylloneta impressa, a web-building spider that is common in

European maize fields. The grey triangle symbolizes the importance of the taxonomic order as

prey for the spider. LOD denotes the limit of detection of the immunological assay (ELISA) used

to quantify the Cry3Bb1 concentration. Data have been summarized and simplified from Meissle

and Romeis (2009)
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32.3.2 Exposure via Bt Crop Pollen

Many arthropod predators can supplement their carnivorous diet with plant mate-

rial, which can be particularly important in time periods when no prey is available.

For spiders, several reports have documented pollen feeding. When maize pollen

was dusted in the webs of juvenile Phylloneta impressa, while no additional prey

was provided, the body weight more than doubled within 8 weeks, while mortality

remained below 15 % (Meissle and Romeis 2009). This indicates a rather high

nutritional value of maize pollen for this species. Consumption of maize pollen that

has been intercepted in the web has also been demonstrated for the sheet-web

spiders Frontinella communis and Tennesseellum formicum (Linyphiidae)

(Peterson et al. 2010) and the orb-web spider Araneus diadematus (Araneidae)

(Ludy 2004; Ludy and Lang 2006). Direct feeding of cotton pollen was observed

for the cursorial spider Cheiracanthium inclusum (Miturgidae), which survived

considerably longer on cotton pollen than without food (Pfannenstiel 2012). This

indicates that pollen feeding is an active and intentional behaviour in different

spider species (see also Sanders 2013). In addition, pollen may also be ingested with

prey species, such as bees that carry pollen (Ludy 2004).

Exposure of spiders to the Cry protein via pollen depends on the time period of

flowering, the amount of pollen available, and the Cry protein concentration in the

pollen. Pollen shedding in the wind-pollinated maize crop is restricted to approxi-

mately 2 weeks, when large amounts of pollen are set free. In contrast, flowers in

the arthropod-pollinated cotton crop are present for a longer time (ca. 6 weeks), but

each flower is available for 1 day only, relatively small amounts of pollen are

produced per flower, and the pollen is not dispersed by wind. Expression of Cry

protein in pollen is depending on the transformation event of the GE plant and the

genetic construct used. For example, maize plants with the transformation events

Event 176 (which is no longer in commercial use) and MON88017 express a

relatively high concentration of Cry1Ab against corn borers and Cry3Bb1 against

corn rootworms, respectively (Ludy and Lang 2006; Meissle and Romeis 2009). Bt
maize events currently grown to control corn borers (events Bt11and MON810)

contain only trace amounts of Cry1Ab in pollen (US EPA 2001). Similarly, Bt
cotton varieties that are grown today express very low concentrations of Cry

proteins in pollen (OGTR 2002).

When MON88017 pollen was applied to the web, P. impressa spiderlings

contained ca. 3 % of the Cry3Bb1 concentration in pollen (Meissle and Romeis

2009). After juvenile A. diadematus ingested webs dusted with Event 176 pollen,

Cry1Ab was detected in 65 % of the spiderlings, but concentrations in the spiders’

gut were below the quantification limit (Ludy and Lang 2006). Consequently,

pollen availability in current Bt crops is limited, Cry concentrations in pollen are

often low, and Cry uptake by spiders via pollen seems to be low even in plants with

relatively high expression levels. This indicates that exposure of spiders to Cry

proteins via pollen is likely to occur, but less relevant than exposure via prey.
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32.4 Consequences of Exposure to Bt Protein

Despite the fact that spiders are very common predators in crop fields, only few

studies investigated potential effects of Bt proteins on life-table parameters of

spiders in the laboratory. More abundant are data on population densities in the

field.

32.4.1 Laboratory Studies

No contact activity of Novodor (Bt tenebrionis) was observed for six spider species

from different families that were kept on treated filter paper (Pekár and Haddad

2005) and when the formulation was directly sprayed on Phylloneta impressa (Pekár
2002). Similarly, no contact activity was evident whenHibana velox (Anyphaenidae)
was kept on leaf discs treated with Dipel (Bt kurstaki) (Amalin et al. 2000). With the

known mode of action of Cry proteins that requires oral ingestion for toxicity, the

absence of contact activity is not surprising. Data on potential effects of Bt
formulations after ingestion by spiders, however, are not available.

In contrast, effects of plant-expressed Cry proteins on spiders via prey or pollen

consumption have been studied. To examine the toxicity of Cry3Bb1, adult and

juvenile P. impressa were fed with Cry protein-containing food (prey or maize

pollen) for 8 weeks in the laboratory. No differences in mortality, weight develop-

ment or offspring production were observed compared to spiders provided with

Cry3Bb1-free food (Meissle and Romeis 2009). No effects of Event 176 maize

pollen containing Cry1Ab were detected on weight increase, survival, moult

frequency, reaction time, and various web variables of Araneus diadematus
(Ludy and Lang 2006). When the ground-dwelling spider Ummeliata insecticeps
(Linyphiidae) was fed with prey that had been reared on two Bt transgenic rice

varieties expressing Cry1Ab/Cry1Ac and Cry1Ab, respectively, no negative effects

were observed on survival and development (Tian et al. 2010). Feeding on prey that

had consumed Cry1Ab-expressing rice did also not affect survival, developmental

time, fecundity and predation in Pardosa pseudoannulata (Lycosidae) (Tian et al.

2012). Similarly, survivorship and fecundity of another lycosid, Pirata subpiraticus
feeding on prey from Cry1Ab-expressing Bt rice, were not significantly different

from those feeding on non-Bt rice prey. However, developmental time of the spider

was significantly (ca. 25 %) longer in the Bt rice treatments (Chen et al. 2009). The

prey organism used by Chen et al. (2009) was the lepidopteran target pest of Bt

rice, the leaffolder Cnaphalocrocis medinalis. This species showed reduced feed-

ing on Bt rice, demonstrating sublethal damage. Furthermore, binding studies

indicated that the spiders lack receptors for Cry1Ab. Those facts suggest that

indirect effects due to reduced prey quality rather than direct toxic effects led to

the observed effect on developmental time (Chen et al. 2009).
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32.4.2 Field Studies

Data on spiders from studies in arable crops, vegetable fields, forests, or orchards

treated with Bt formulations are summarized in Table 32.2. What all studies have in

common is that no consistent deleterious effects on spider populations were

observed after application of different products based on different Bt strains.
More data on spiders have been published for GE crops expressing Bt proteins.

The available field data have recently been reviewed and subjected to meta-

analyses by Peterson et al. (2011). Untreated Bt crops were compared to untreated

conventional crops as well as to insecticide-treated conventional crops. Altogether,

60 studies that contain spider data were identified from maize, cotton, potato, rice

and eggplant. Meta-analysis is a useful tool to analyze data if a large number of

studies are available, as it can reveal overall trends that are not apparent from the

results of individual studies. For maize, 22 studies on plants expressing Cry1Ab,

Table 32.2 Studies on spray products based on Bacillus thuringiensis (Bt) that examined effects

on spiders in the field

Taxon studied

Bt product
(Bt subspecies)

System studied

(country)

Sampling

method Reference

Pardosa
milvina
(Lycosidae)

Javelin WG

(Bt kurstaki)
Brassica

oleracea
plots (USA)

Pitfalls Muckenfuss and

Shepart (1994)

Oxypes spp.,
Lysosa spp.

Cutlass, Delfin, Bactec

(Bt kurstaki)
Cotton plots

(India)

Visual counts Patel and Vyas

(2000)

12 families, 62

species

combined

Dipel 4L, Thuricide

16B (Bt kurstaki)
Spruce-fir

forests

(USA)

Pitfalls Hilburn and

Jennings (1988)

12 families, 30

species

combined

Dipel 2X, MVPa

(Bt kurstaki)
Apple orchards

(USA)

Beating Bajwa and

Aliniazee

(2001)

Araneae

combined

Dipel DF (Bt kurstaki),
XenTari DF

(Bt aizawai)

Brassica
oleracea
plots (USA)

Plant sampling Maxwell and

Fadamiro

(2006)

Araneae

combined

Dipel 4L (Bt kurstaki) Mixed

mesophytic

forest

(USA)

Pitfalls, litter

collection

Rieske and Buss

(2001)

Araneae

combined

Not specified

(Bt kurstaki)
Maize plots

(India)

Visual counts Srinivas and

Panwar (2003)

Araneae

combined

Not specified

(Bt galleriae)
Rice plots

(India)

Visual counts Saikia and

Parameswaran

(2002)

Araneae

combined

Halt (Bt kurstaki) Eggplant plots

(India)

Visual counts Jyoti and Goud

(2008)

None of the listed studies revealed a consistent negative effect of Bt products on spiders compared

to untreated controls.
aProduct based on Bt crystal proteins produced in genetically engineered Pseudomonas
fluorescens.
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Cry1Ab + Vip3A, or Cry3Bb1 were included in the meta-analysis. No effect of Bt
maize on the abundance of foliage and ground-dwelling spiders compared to

untreated conventional maize was evident (Fig. 32.3). When compared to

insecticide-treated conventional maize, however, Btmaize harboured more spiders.

For cotton, 10 studies were suitable for meta-analysis, with most data collected

from Cry1Ac-expressing plants but also from plants expressing Cry1Ab, Cry1Ac +

Cry2Ab, Cry1Ac + Cry1F, Cry1Ac + Cry1Ab, or Vip3A. The abundance of foliar

spiders in Bt cotton was marginally lower relative to untreated non-Bt fields

(Fig. 32.3). The effect size, however, was small compared to the positive effect

of Bt cotton versus insecticide-treated conventional cotton. No difference in spider

abundance was evident between Bt and untreated non-Bt cotton for the community

of ground-dwelling spiders (Fig. 32.3).

Field studies on potato expressing Cry3Aa (four studies), rice expressing

Cry1Ab or fusion protein of Cry1Ab and Cry1Ac (five studies), and eggplants

expressing Cry3Bb1 (one study) reported no deleterious effects on spiders

(Peterson et al. 2011; Tian et al. 2010).

32.5 Conclusions

Spiders living in agricultural fields that are sprayed with Bt formulations or cropped

with Bt plants are likely to ingest insecticidal Bt proteins. The main route of

exposure to Cry proteins in Bt crops is via prey and depending on the prey spectrum
of the individual species. With the exception of phloem feeders, herbivorous

species tend to contain high concentrations of Cry protein. When transferred to

higher trophic levels, the Cry protein gets diluted. There is evidence that spiders

Fig. 32.3 Effects of Bt maize and Bt cotton compared to untreated and insecticide-treated

conventional crops on plant-dwelling (left panel) and ground-dwelling (right panel) communities

of spiders. Positive effect size indicates that spider abundance in Bt crops is favoured compared to

the untreated or insecticide-treated conventional non-Bt crop. Significance is assumed if error

lines, which represent 95 % confidence intervals, do not cross the null line. The number of

observations is noted above each bar. Redrawn from Peterson et al. (2011)
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ingest small amounts of Cry protein when feeding on pollen of Bt crops. Laboratory
bioassays have demonstrated that Bt formulations show no contact activity to

spiders. For plant-expressed Cry proteins, no direct effects on spiders were

observed after ingestion. Numerous field studies confirmed that spiders are not

adversely affected by Bt formulations and plant-expressed Bt proteins. Those

findings are in line with reviews (Glare and O’Callaghan 2000; Romeis et al.

2006) and meta-analyses (Naranjo 2009) on a broad range of beneficial arthropods,

which confirmed the narrow spectrum of activity of Cry proteins.
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Chapter 33

Effects of Neem on Spiders

John D. Stark

33.1 Introduction

Spiders are an abundant and important group of predators that inhabit many

ecosystems and play a major role in the regulation of pest species (Riechert and

Lockley 1984). Because many species inhabit agricultural ecosystems or their

surroundings, they have the potential to be exposed to pesticides. Spiders are in

general quite susceptible to pesticides, especially synthetic insecticides (Stark et al.

1994; Pekár 2013). However, much less work has been published on the effects

of pesticides on spiders compared to insects. Certain natural insecticides, including

those of plant origin, appear to be less toxic to spiders compared to synthetic

insecticides. Pesticides from the neem tree fall into this category.

The neem tree, Azadirachta indica, is native to Southern Asia and has been

known for centuries to have medicinal and pest control properties. More recently,

commercial pesticides have been developed from the neem tree, and today, neem

pesticides are used to control various pests throughout the world. In the developed

world, neem-based pesticides are often used by organic farmers. Neem pesticides

are produced primarily from the seed kernels which are crushed and extracted with

water or alcohol. Neem oil, which is obtained by cold pressing the seeds, also has

pesticidal properties. Neem soap is another product that is used as a pesticide.

More than 70 chemicals have been identified in the neem tree. The major

insecticidal component is azadirachtin (Fig. 33.1), a triterpenoid compound that

exhibits insect growth regulatory properties. Azadirachtin interferes with molting

by inhibiting production of the insect hormone, ecdysone. Neem products also act

as antifeedants causing insects to stop feeding after ingestion. Furthermore, neem

can act as an egg-laying deterrent, whereby volatile compounds from neem are

repulsive to some insects, and this stops them from laying eggs on plant surfaces.
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Neem pesticides are considered to be broad-spectrum insecticides because they

are toxic to most major groups of insects. Furthermore, they work by contact and/or

ingestion and are systemic, being taken into plants via leaves and roots. For a list of

neem products and pest insect species controlled by neem, see the following web

page: http://web.pppmb.cals.cornell.edu/resourceguide/mfs/08neem.php.

In this chapter, I will discuss the literature pertaining to the effects of

neem pesticides on spiders. I have limited this review to include papers published

only in peer-reviewed scientific journals. Papers presented at meetings,

published meeting proceedings, book chapters, theses/dissertations, or reports

published in newsletters are not considered. Furthermore, only studies where spiders

were evaluated separately and not lumped in with predators in general are discussed.

Furthermore, I have also separated out laboratory and field studies.

33.2 Laboratory Studies

A number of laboratory studies have been conducted to determine the effects of

neem on spiders. One of the earliest studies to evaluate the effects of a neem-based

pesticide on spiders was published by Saxena et al. (1984). In this study, topical

application of 50 mg of a neem seed kernel extract had no effect on the lycosid

Pardosa pseudoannulata. In another study, Mansour et al. (1986) evaluated the

effects of a 2.5 % extract of neem seed prepared with several different solvents.

They found that certain extracts were not toxic to the miturgid Cheiracanthium
mildei but that 4 % extracts made with pentane, acetone, and ethanol resulted in

71 %, 54 %, and 33 % mortality, respectively.

Mansour and Nentwig (1988) evaluated the toxicity of 30 pesticides, including

neem, to juvenile and adult web-building and hunting spiders from the tropics,

Europe and the Middle East, in laboratory studies. The philodromid hunting

spider, Philodromus sp., was not susceptible to any of the pesticides evaluated.

The web-building spiders, Argiope sp. (Araneidae) and Linyphia sp. (Linyphiidae),
and the hunting spider, Cheiracanthium sp., were moderately to highly susceptible

to these pesticides. Botanical insecticides, herbicides, and fungicides were not

very toxic to these spider species, while most acaricides were highly toxic.

Fig. 33.1 The chemical

structure of azadirachtin,

the main active compound

of the neem tree

(Wikipedia Commons)
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The effects of three neem pesticides, Margosan-O, Azatin, and RD9-Repelin,

were evaluated on the pest mite, Tetranychus cinnabarinus, the predacious mite,

Typhlodromus athiasae, and the predatory spider, C. mildei, in laboratory studies

(Mansour et al. 1993). None of these products were toxic to the spider species.

Two neem pesticides, Neemgard, an acaricidal and fungicidal formulation

obtained from neem seed kernels, and Neemix 4.5 were tested as controls for

the pest mite, T. cinnabarinus, the predacious mite, Phytoseiulus persimilis, and
the predatory spider, C. mildei (Mansour et al. 1997). Neemgard was found to

be highly toxic to T. cinnabarinus, but was not toxic to C. mildei or P. persimilis.
Neemix 45 was repellent but caused no mortality in T. cinnabarinus.

Punzo (1997) studied the effects of azadirachtin on the wolf spider Schizocosa
humilis (sub S. episina). In this study, azadirachtin’s effects on mortality, survivor-

ship, and immunological competency were evaluated. Adults and spiderlings

were fed prey that had been injected with several concentrations of azadirachtin.

Significant mortality over a 30-day period was observed when spiders ingested

prey injected with 1.0 and 10.0 ppm azadirachtin. Additionally, ingestion of

azadirachtin-treated prey led to significant negative effects on spiderlings body

mass and the width of the prosoma as well as a significant decrease in total

hemocyte counts.

Amalin et al. (2000) tested the toxicity of 14 pesticides used in the production

of Tahiti lime to the anyphaenid spider, Hibana velox, in the laboratory. Many

of the pesticides evaluated were highly toxic to this spider. However, exposure

to azadirachtin resulted in the lowest impact on H. velox with less than 20 %

mortality at the highest concentration tested.

The effects of several pesticides on the survival and web-building potential of

the eresid spider, Stegodyphus sarasinorum, were evaluated in laboratory studies

(Kumar and Yashkamal 2009). Neem pesticides were the least toxic to this spider

species compared to the other insecticides tested.

The toxicity of five insecticides, including neem (NeemAzal) on the functional

response of the spider, Philodromus cespitum, was evaluated in a laboratory

study (Řezáč et al. 2010). Exposure of this spider to NeemAzal resulted in less

than 10 % mortality. However, NeemAzal exposure resulted in significantly lower

predation rates compared to the control.

33.3 Field Studies

In 1988 and 1989, two field experiments were conducted to study the effects

of different neem products and the synthetic insecticide, monocrotophos, on rice

pests and the spider, Pardosa pseudoannulata (Mohan et al. 1991). The neem

products were effective as controls for rice pests. After application of neem, there

were initial reductions in spider populations, but spiders recolonized neem-treated

plots while populations remained low in monocrotophos-treated plots.
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Stark (1992) found that applications of the commercial neem pesticide Margosan-

O had no significant effect on spiders inhabiting turf grass. In a follow-up study,

Stark and Crawford (2005) found that the synthetic insecticide chlorpyrifos signifi-

cantly reduced spider species diversity, whereas Margosan-O had no significant

negative effect on these spiders inhabiting turf grass.

Baitha et al. (2000) evaluated the efficacy of several insecticides on control

of insect pests in rice. They found that a neem seed kernel extract was the least

effective at controlling pest species but also had the lowest impact on spiders.

A neem seed extract was evaluated along with a synthetic insecticide for

control of insect pests of cotton in Australia (Ma et al. 2000). The neem pesticide

was moderately effective as a control for cotton pests and resulted in higher

control yields than the control. Spiders and other predators were found to be

unaffected by the neem extract.

Chakraborti (2001) evaluated neem pesticides along with application of the

synthetic insecticide, phosphamidon, for their potential to control insect pests

of mustard. Neem cake was applied to soil; a neem seed kernel extract and

phosphamidon were applied to mustard foliage. Effects on aphids, diamond back

moth, and several predators were recorded. This combination treatment effectively

controlled the pest species but was safe for spiders, coccinellids, and syrphid flies.

Three neem pesticides—NeemAzal, Rakshak Gold, and ICIPE Neem—were

evaluated against beneficial arthropods in a cotton agroecosystem (Mann and

Dhaliwal 2001). Numbers of spiders were found to be higher in the NeemAzal

treatment of 1 l/ha and the same as the control in a higher rate of NeemAzal (2 l/ha).

The effects of two concentrations of neem on the pest species, the alfalfa weevil

Hypera variabilis (Coleoptera: Curculionidae) and aphids and the predators

(coccinellids, anthocorids, chrysopids, and spiders) were compared to malathion

in field experiments (Yardim et al. 2001). Malathion was more effective at reducing

weevil numbers than neem, but the neem treatments significantly reduced weevil

numbers and were more effective than malathion at controlling aphids. The number

of predators was not significantly affected by the neem treatments.

The effectiveness of a sustainable management program targeting sucking pests

that transmit leaf curling in chilli was conducted inWest Bengal, India (Chakraborti

2004). Both neem cake and foliar applications of neem oil and azadirachtin were

applied. These treatments were effective controls for the pest species and were safe

to coccinellids, syrphids, and spiders compared to conventional chemical control.

The efficacy of neem oil and the synthetic insecticides, imidacloprid and

carbosulfan, as a seed dress to control sucking insect pests of okra was conducted

in the field (Indira Gandhi et al. 2006). Neem oil provided good control of the

pest species. Additionally, numbers of coccinellids and the spiders, Oxyopes sp.

(Oxyopidae) and Clubiona sp. (Clubionidae), were higher in neem-treated plots

than in okra treated with synthetic pesticides.

A study was conducted to evaluate the effects of various plant extracts including

neem alone and in combination with synthetic insecticides for control of bollworms in

cotton in the field (Sinzogan et al. 2006). All treatments, except neem alone, signifi-

cantly reduced populations of lady beetles, ants, and spiders compared to the control.
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Ishtiyaq and Shaw (2008) studied the effects of several plant extracts on the

host location and acceptance by the egg parasitoid, Trichogramma japonicum,
parasitizing the yellow stem borer, Scirpophaga incertulas, in a Chhattisgarh

agroecosystem in India. They found that applications of a neem extract (0.5 %)

resulted in reductions in spider populations in the field.

Ravi et al. (2008) compared the efficacy of sequential applications of the natural

pesticides, nucleopolyhedrovirus, of the cotton bollworm Helicoverpa armigera
(HaNPV @ 1.5 � 1012 OB/ha), Bacillus thuringiensis var. kurstaki (Delfin®

25 WG @1 kg/ha), spinosad 45 SC (@ 75 g a.i./ha), and neem (neemazol

1.2 EC @ 1,000 ml/ha) as controls for H. armigera to sequential application of

synthetic insecticides and untreated control on tomato F1 hybrid Ruchi.

The sequential applications of the natural pesticides were as effective as the

synthetic products for control of H. armigera. Furthermore, higher numbers of

predators, including spiders, were found in the plots that received applications

of the natural products.

A field study was conducted to evaluate the effectiveness of synthetic insecticides,

biopesticides/bio-agents, botanicals, and their combinations, cartap hydrochloride

4 G @ 0.75 kg a.i./ha, Beauveria bassiana @ 2.5 kg/ha, B. thuringiensis @

1.5 kg/ha, imidacloprid 17.8 SL @ 0.05 %, T. japonicum @ 100,000 eggs/ha,

neem gold @ 5 ml/l, and neem gold @ 3 ml/l + T. japonicum @ 75,000 eggs/ha

for control of the yellow stem borer (Singh et al. 2008). The synthetic pesticides

were most effective for control of the pest species but were detrimental to spider

populations. The biopesticides, including neem, conserved spider populations.

Anis Joseph et al. (2010) conducted a field study to evaluate the toxicity

of several insecticides, including neem to two major tetragnathid spiders found

in rice fields, Tetragnatha mandibulata and T. maxillosa. These species were

highly susceptible to synthetic insecticides, but exposure to a neem seed kernel

extract resulted in the least mortality.

Applications of neem oil at 1 %, 2 %, and 3 % applied at 10 days intervals

were used to control tukra mealy bug Maconellicoccus hirsutus and leaf

webber Diaphania pulverulentalis infestations on mulberry (Ravikumar et al.

2010). The neem treatments were effective at reducing the pest species and

populations of coccinellids, spiders, and soil macrofauna in mulberry ecosystem

increased.

A field study was conducted to evaluate the effectiveness of seven botanical

pesticides, including neem oil, on pest and beneficial insect species inhabiting

eggplant and okra in Ghana (Mochiah et al. 2011). All of the pesticides evaluated

significantly reduced pest insect species in both crops compared to the control.

These pesticides were relatively benign to the natural enemies, including spiders

and lady beetles.

Tiwari et al. (2011) evaluated the effects of neem and the synthetic insecticides,

imidacloprid and cypermethrin, on populations of the natural enemies, braconid

wasps, coccinellids, and predatory spiders, in eggplants. They found that neem

pesticides were less harmful to the natural enemies than the synthetic insecticides.
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33.4 Conclusions

Themajority of the laboratory and field studies with neem have shown that pesticides

derived from this tree have little impact on spiders. Some neem products and certain

spider species are sensitive to neem. However, compared to synthetic insecticides,

neem pesticides are much less damaging to spiders and other beneficial insects.
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Part X

Applications

“What can this be used for?” is a typical question which biologists usually are

trained not to ask. Here we give a short overview on applications increasingly

arising from spiders. The hydraulic spider leg mechanism is an excellent model for

gripper fingers, robot arms, legs of walking robots and even as a sonde in medical

technology. Leg scopulae of spiders are great models for biomimetic transfer when

sticking to smooth surfaces is requested. The applications of spider silk are numer-

ous, ranging from medical technology, textile industry to shock absorbance, just to

mention a few. Similar is the situation with venom compounds where a wide range

of potential applications, including the pharmaceutical and agrochemical markets,

are under investigation.



Chapter 34

Modelling and Application of the Hydraulic

Spider Leg Mechanism

Lena Zentner

34.1 Introduction

Use of the knowledge about biological systems for mechanical design affords much

potential in solving various interesting technical problems like for gripping, manip-

ulation and locomotion tasks. The mechanics of the motion of the spider leg shall be

considered in this context. The mobility of the limbs of the spider leg is provided by

a highly developed musculature and, on the other hand, by different structure of the

joints. Numerous muscles pass through the corresponding parts of the leg. These

muscles can act as flexors or as extensors. The exceptions can be seen concerning

for example of femur-patella joint and tibia-metatarsus joint at the theraphosid

spider Phrixotrichus roseus; these joints have the flexors only.
The axis of rotation of the hydraulic joint goes through the peripheral point of the

leg cross-section. Hence, there are no extensors in such a design (Figs. 34.1 and

34.2). In this case, the stretching occurs hydraulically. Like most of the invertebrate

animals, spiders also have an open blood-vascular system. The arteries run from the

heart through the whole body. Haemolymph flows from the arteries freely into the

tissue and gathers in lacunae (cavities between the tissues) (see also Wirkner and

Huckstorf 2013). If the muscles in the prosoma contract, then the pressure of the

haemolymph in the lacunae is increased, and the legs are stretched (Foelix 2011, see

also Kropf 2013).
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34.2 Parameter Identification

For the parameter identification we will consider a simple model of the movement in

the femur-patella joint (Zentner 2003). The values of the characteristic parameters

are determined analytically using the results of the experimental studies of the spider

leg movement. For this investigation the femur part is fixed horizontally. The other

parts of the leg are bonded together to perform a circular movement (Fig. 34.3a, b,

left). The parameter ’ is an angle between the x-axis and the moving part of the leg

with the length l1. In reality, the lacunae have a complicated shape and indefinable

position at the cross-section of the leg (Fig 34.3a, right). However, the model would

be simplified if it is assumed that only three lacunae with the radius a1 are in the

middle of the leg with the radius r1, and the area of the lacuna cross-section remains

constant during the movement (Fig 34.3b, right). Let the pressure in lacunae at the

beginning of the femur part, which has the length l0, be p0 and in the femur-patella

joint p1. The pressure loss in the femur part is determined by Poiseuille’s formula:

p0 � p1 ¼ 8m
pa40

l0 _V: (34.1)

The dynamic viscosity of the haemolymph m is assumed to be equal to the dynamic

viscosity of thewater. The volume inside themembrane depends on the angle’. Therefore,
the volume flow is a function of the angle velocity and calculated as the following:

_V ¼ ðpr21Þ r1 _’: (34.2)

M

M1

M2

M1

M2

M2 > M1 M2 = M1

point of rotation

p p p

a b c

Fig. 34.1 Schematic representation of different joints of the spider leg: (a) pure hydraulic joint;

(b) partial hydraulic joint; (c) non-hydraulic joint

point of rotation

membrane

Fig. 34.2 A typical hydraulic joint of the spider leg
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Let us assume that the extension of the leg occurs only by increase of the pressure

in the leg. The passive behaviour of themuscles-tissue-complex is modelled with the

help of the system of spring and damper elements, which have the spring stiffness

c and the damping coefficient k. The motion of the leg part with the mass m, the

lacuna area ofA ¼ 3pa21 and themassmoment of inertia J can bemodelled according

to Euler’s law:

J€’ ¼ �mglS sin ’þ p1ð3pa21Þr1
ffiffiffi
2

p
� k _’�MC: (34.3)

The distance between the mass centre and the centre of rotation is lS, and p1 is
defined by (34.1). The moment of the spring element is

MC ¼ cð’� ’0Þ: (34.4)

The differential equation of motion (34.3) describes the dynamic behaviour of the

spider leg which has only one rotational axis and moves under the inner pressure. The

corresponding experiment has been carried out in the followingway.A spider leg, namely

the fourth leg of the theraphosid Phrixotrichus roseus, was fixed on the microsyringe at

the femur part (Fig. 34.4a). The syringe was driven by the step drive. At the beginning of

the femur part the pressure was measured. A video of the leg motion was made which

allowed us to determine ’(t) function for definite time points. The following parameters

of the model were measured or calculated on the basis of this experiment:

x

a1

p1

p0

mg

S

lS

l1

y

damper

spring

lacuna
artery
nerve
muscle

l0

r1

l1

45°

a

b

Fig. 34.3 (a) A schematic illustration of the fixed leg with a simplified form (left) and its rough

illustration of the cross-section (right); (b) model of the moved leg (left) and simplified cross-

section for the model of hydraulic spider leg mechanism (right)
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l1 ¼ 42mm; lS ¼ 14mm; l0 ¼ 21mm; a0 ¼ a1 ¼ 0:3mm; r1 ¼ 1:4mm;

m¼ 0:17g; k ¼ 3:5kgmm2=s; c¼ 0:037Nmm=rad; p0 ¼ 11:5kPa; ’0 ¼
p
3
:

(34.5)

Figure 34.4b shows the results of leg motion modelling compared with the

experimental results. Both results have the same qualitative dependency for ’(t).
Therefore, the found characteristic parameters were used for further modelling.

34.3 Modelling of the Spider Jump

Most spiders have the ability to jump. Jumping from the ground is carried out with

the help of the third or fourth leg pair. Some spiders use both pairs simultaneously.

Lifting the front legs the spider shows its jump intention. Directly before the jump,

it fixes a safety thread to the ground and pulls up the jump legs symmetrically.

Pressure impulse is induced in the prosoma under which the haemolymph flows in

the lacunae of the legs. Then these are stretched rapidly and the jump is carried out.

In order to overcome obstacles or to bridge fast short distances, the spiders often

switch from short jumps to the normal run. On the contrary, theraphosids jump to

overpower their prey unexpectedly.

The spider’s jump can be subdivided into three phases. The first phase (pushing

from the ground) begins with the start position of the spider for the jump and ends

with the loss of the contact with the ground. Subsequently the second phase (the

ballistic phase) begins which ends with restoring of the contact of spider legs with

the ground. Finally, the third phase (landing phase) is initiated. We will consider

only the first two phases. The following prerequisites should be observed for the

model building of the first phase (Zentner 2003):

• Only three joints are moved (trochanter-femur joint, femur-patella joint and

tibia-metatarsus joint). These are the most supple joints of the spider leg.

• The stretching of the legs occurs purely hydraulically without the effect of

muscles.

0.5 1 1.5

0.8

0.4

t[s]

[rad]micro-
syringe 

stepping 
motor

mano-
meter

computer camera

spider 
leg

M

a b

Fig. 34.4 (a) Experimental setup; (b) the results of the spider leg motion simulation on the model

basis (curve) and the experimental results (points)
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• The orientation of the body always remains horizontal during the first jump

phase.

• The jump is considered as a plane problem, that is the spider is projected on the

moving plane.

• Jumping occurs only with the help of the fourth legs; the mass of the other legs is

considered together with the mass of the body.

• Only three lacunae with the radius ai are in the middle of the leg limbs and the

lacuna cross-sectional area remains constant during the movement.

34.3.1 Differential Equations of Motion

For the description of the position and movement of the whole spider in the xy-plane
(jump plane) we need three coordinates (Fig. 34.5a). There are angles ’1, ’2 and ’3

between the x axis and the axis of the corresponding leg limbs. The ground, the

spider body and leg limbs are numbered from 0 for the body up to 4 for the ground.

During the flow of hemolymph in lacunae, the pressure in the system is changed.

The pressure loss is calculated using Poiseuille’s formula (34.1). Equation (34.2) is

used to define the volume flow.

Equations of motion on the basis of the moment of inertia principle describe

the rotation of the leg limbs about the centres of mass of corresponding leg limbs

with respective masses mi, with lacuna areas Ai ¼ 3pa2i and the moments of inertia

JSi, i ¼ 1, . . ., 3 (i is the number of equation):

JSi€’i ¼ Mi;i�1 þMi;iþ1 �MDi � kð _yi þ _yiþ1Þ �MCi þMC;iþ1; i ¼ 1; . . . ; 3:

(34.6)
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Fig. 34.5 The rigid body spider model; (a) internal forces on the patella-tibia limb and

(b) a model with spring and damper elements in the joints for the first phase
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The parameters yi are the angles between the leg limbs (Fig. 34.5b):

y1 ¼ ’1; yi ¼ pþ ’i � ’i�1; i ¼ 2; 3; y4 ¼ 0: (34.7)

MWi are the moments, which are produced by hemolymph pressure at the leg

limbs. The equations for these moments are given by the principle of moment of

inertia for the acting hemolymph volume. In Fig 34.6, the simplified form of acting

volume is shown for lacunae of the patella-tibia limb. Accordingly, hemolymph

exerts forces at the leg limb. Particularly, for the patella-tibia limb, the forces from

hemolymph can be calculated using the momentum principle according to (34.8):

F2WT ¼ A2ðp3 � p2Þ � r
_V2
2

A2

ð1� cosð’2 � ’1ÞÞ;

F2WN ¼ r
_V2
2

A2

sinð’2 � ’1Þ: ð34:8Þ

The internal forces for the leg limbs are calculated using the momentum

principle for each limb and for the spider body. For example, the forces for the

patella-tibia limb are the following:

F23y ¼ �m2€y2 � m2gþ F21y þ F2WN sin ’2 þ F2WT cos ’2;

F23x ¼ �m2€x2 þ F21x � F2WN cos ’2 þ F2WT sin ’2:
(34.9)

The moments Mij (moment at the limb i from the limb j) can be defined through

the internal forces. For the patella-tibia limb, the moments are:

M21 ¼ �F21x
l2
2
cos’2 þ F21y

l2
2
sin ’2;

M23 ¼ �F23x
l2
2
cos ’2 þ F23y

l2
2
sin ’2:

(34.10)
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F2WT

F2WN

p3 p2

u

3
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1

u

Fig. 34.6 A schematic representation of the acting volume of haemolymph (discontinuous red
line) for calculating the hydraulic forces and moments; u is the velocity of the haemolymph
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The moments of the spring elements between the leg limbs are defined according

to (34.4).

34.3.2 Hydraulic Pressure in the Prosoma

The contraction of the muscles in the prosoma causes its volume change. As a

consequence, the pressure rises in the prosoma first, and then in the extremities. For

the model spider a pressure up to 60 kPa is assumed; separated legs stand this

pressure. For the description of the pressure rise in the prosoma the following model

is suggested. The form of the prosoma is simplified to a cube. In the middle there is

a muscle which contraction produces the volume reduction of the prosoma and

consequently the pressure rise (Fig. 34.7, left). Hence, the power of the muscle with

the length lM is:

p _V ¼ FMus

dlM
dt

¼ FMusv: (34.11)

In this equation, p is the pressure of the haemolymph, FMus is the force and v is
the contraction velocity of the muscle. The muscle force is calculated using Hill’s

formula:

FMus ¼ c

vþ b
� a (34.12)

with constants a, b and c. We assume that the muscle area equals AMus ¼ A/5 and

obtain the pressure in the prosoma as follows:

p ¼ 5FMax

A

AvMax � _V

AvMax þ 5 _V
; (34.13)

where A ¼ (mk/rk)
2/3 is the upper or lower area of the prosoma with the mass mk

and the density rk, k ¼ 1, . . ., 3.

muscle

A

lM

FMax

F

vMax

v

Fig. 34.7 The model of the muscle acting in the prosoma. Left: the prosoma as a cube with

contraction muscles reduced to one middle muscle. Right: the muscle forces dependence on the

contraction velocity
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34.3.3 The Results of the Spider Jump Simulations

The model parameters of the theraphosid Phrixotrichus roseus are measured and

assumed as follows (Zentner 2003):

l1 ¼ 17mm; l2 ¼ 16mm; l3 ¼ 20mm;

r1 ¼ 1:9mm; r2 ¼ 1:2mm; r3 ¼ 1mm;

a1 ¼ 0:41mm; a2 ¼ 0:33mm; a3 ¼ 0:37mm;

m1 ¼ 0:23 g; m2 ¼ 0:095 g; m3 ¼ 0:074 g; m0 ¼ 4 g;

c ¼ 0:037Nmm=rad; k ¼ 3:5 kgmm2=s; r ¼ 1060 kg=m3: ð34:14Þ

Boundary conditions for the differential equations of motion are formulated

corresponding to the observations of the leg kinematic:

’1ð0Þ ¼ 3:1 rad; _’1ð0Þ ¼ 0;

’2ð0Þ ¼ 1:3 rad; _’2ð0Þ ¼ 0;

’3ð0Þ ¼ 0:3 rad; _’3ð0Þ ¼ 0: (34.15)

The differential equations of motion are integrated as an initial value problem

using the software Mathematica®. The modelling results for the angles between the

leg limbs yi(t), pressures pi(t), i ¼ 1, . . ., 3 in the leg limbs and the normal

component of the ground force are presented in Fig. 34.8.

For the motion in the ballistic phase, we assume that the spider is a mass point,

which moves along the parable curve. The end velocity and the end body position of

the first phase are taken as initial conditions for the ballistic phase. As an example,

we consider the jumps of two spiders of different sizes. One model spider has the

dimensions of a theraphosid and another of a smaller hunting spider (Fig. 34.9).

The last spider is eight times smaller as the theraphosid. The simulation shows that

the smaller spider jumps ten times further than the big one, which carries out almost

no ballistic phase.

34.3.4 Conclusions of the Simulation

The validation of the model was carried out for Phrixotrichus roseus (Theraphosidae)
and Cupiennius salei (Ctenidae). Only the geometrical values and the spiders’ weight

were adjusted in this model but a good correspondence between the kinematics of the

model and the jump of a real spider could be achieved (Karner 1999; Zentner 2003).

This agreement has a qualitative character because of numerous assumptions related

to the values of the geometric and material parameters.
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In order to answer the question, why the spider legs are so long, the leg lengths

were varied and different parameters, for example the speed, acceleration, energy

and pushing time etc., were calculated. Only for the pushing time and for bigger

pressures from 50 to 70 kPa, we have a minimum and this minimum is in the size

range of the real leg length (Fig. 34.10). This means that with the real leg length, the

spider has the minimal time to push from the ground. If the legs of the model spider

are longer or shorter, then the first phase of the jump is slower. Moreover, the

pushing time has a shallow maximum, particularly for Cupiennius salei. A spider

with a little longer or a little shorter leg has a relatively short pushing phase too.

Model spider C. saleiwith larger weight from 1.5 to 3 g jumps without vibrations

only after the increasing of damping in the joints. This damping can be produced by

38 l

0.5 l

Fig. 34.9 The relation between the jump distance and the leg length for two spiders of different

sizes (Theraphosidae, Ctenidae)
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Fig. 34.8 Modelling the jump of a theraphosid spider. (a) Simulation of the leg moving during

pushing. (b) Angles between the leg limbs. (c) Pressures in each limb. (d) Normal component of

the ground force
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the muscles. Spiders with a weight of more than 3 g can no longer carry out the

jumps without vibrations because the muscle force is not big enough.

34.4 Technical Structures

To design the technical structures according to the functionality of the spider leg,

we use the most important principles of its hydraulic mechanism. As a basis for

such technical structures, the compliant mechanisms are applied. The compliant

mechanisms include elastic parts, which produce the restoring force. The hydraulic

joint of a spider leg contains two actuators: a hydraulic actuator for the stretch-out

and a muscle actuator for bending the leg. If we use the elastic property of

compliant mechanisms, the restoring force can replace the muscle actuator. The

following principles of the hydraulic mechanism of a spider leg will be used for the

technical structures:

• Hydraulic mechanism of movement.

• Hollow space of the structure.

• Asymmetrical construction (asymmetry about the length axis).

• Monolithic construction.

• Changing of inner pressure produces the relative movement of structure parts.

Such structures have a tube form with a local joint, which is positioned asymmet-

rically about the length axis. The joint of a monolithic structure is called a coherent

joint. This coherent joint can be performed with the help of geometric or material

properties. Under the inner pressure, the local fragment with more elasticity than the

rest of the structure is stretched, because of asymmetrically geometric or material

properties, and the structure is bent. Because of the elasticity, the structure moves

back. Therefore we have a structure containing a coherent joint and only one

actuator, which can be either hydraulic or pneumatic. Table 34.1 shows different

constructions of structures with coherent joints performed by asymmetrical geome-

try, by asymmetrical material properties and by their combination.

18.6 19.2 19,8 20.4

real l

14.15
14.16
14.17
14.18
14.19

14.21
14.22
t[ms]

l [mm]

little 
longer

little 
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Fig. 34.10 Pushing time for the model of the ctenid Cupiennius salei with different legs, inner

pressure is 60 kPa; the real leg length guarantees the minimal time to pushing from the ground;

large variability of the leg length (grey area) for the short pushing phase
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The specific geometric asymmetry, concerning the wall thickness or wall shape,

which can or cannot be periodical, creates a coherent joint performed with the help

of geometric properties (first type). The technical structure manufactured from

silicon has a corrugated part, which is stretched under the inner pressure. The

bending angle of such structures can grow up to 45�.
The structure of the second type of coherent joints contains a fragment of the

material, which is more elastic than the whole structure. The material may possess

local high compliance, which can be either constant or variable. In order to reach

the second type of coherent joint with constant compliance, materials with different

compliance properties are combined with each other. Reaching the joints with

variable compliance, the properties of the local structure part must be changed.

The technical structure in Table 34.1 is an example for coherent joint with variable

compliance. The specific material properties of polymer tubes are changed with

the help of the local effect of a heating source realised by a heating wire. Between

the wire and one particular side of the tube, the thermal insulation is inserted. The

material becomes more compliant at the warmed location in difference to the rest of

the structure. The compliant part is extended under the increasing pressure in the

Table 34.1 Three types of deferent structures with coherent joints performed by asymmetrical

geometry, asymmetrical material properties and by their combination

Structures with

coherent joints

1st type: asymmetrical

geometry

2nd type: asymmetrical

material properties 3rd type: combination

Examples

Real structures
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tube and the structure is bent. The maximal bending angle is again up to 45�. This
bended shape of the tube remains after cooling down. The original shape of the tube

can be restored by the renewed warming of the tube without inner pressure. Such

joints can be used as monolithic cascade structures; they can also be separately

controlled.

The coherent joints of the last type are performed by combination of asymmet-

rical geometry and asymmetrical material properties. The technical structure in

Table 34.1 has an area with concentrated corrugations on both sides of the structure.

This part of the material is more elastic than the whole structure. Under an inner

pressure, such a structure can be bent up to 90�.

34.5 Conclusions

The model-based simulations of the spider hydraulic mechanism allow reaching a

new knowledge about kinematic and dynamic behaviours of the spiders. According

to the moving principles of the spider leg, technical compliant structures with

coherent joint can be developed and performed. Because of the elasticity of such

structures they need only one actuator, which can be either hydraulic, like a spider

leg, or pneumatic. The elasticity assumes a role of muscles andmoves the structure in

the beginning shape. These technical compliant structures have several advantages.

For example, it can be a monolithic structure (i.e. consist of only one part) and

therefore predestined forminiaturisation. Compliantmechanisms feature less friction

and accordingly they require low maintenance and also they can perform a compli-

cated trajectory. Suchmechanisms can be used as gripper finger, robot arms, and legs

of walking robots and as a sonde in medical technology.
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Chapter 35

Adhesion to Flat Surfaces: From Spiders

to Stickers

Tobias Seidl and Renato Vidoni

35.1 Introduction: Spider Ecology and Tarsus Morphology

Similar to other animals, spiders possess structures for handling their surrounding

environment. These are mostly claws, located on the pretarsus of all spiders, and—

in only a number of taxa—adhesive hairs, the so-called setules. These setules are

either distributed over the whole length of the tarsus as in lycosid spiders (Rovner

1978) or located ventrally of the claws as a tuft or the so-called scopula (Hill 1977).

While the claws serve for handling threads or rough structured substrate, the

scopula is used for attachment to smooth surfaces such as leafs or glass slides. In

contrast to insect adhesion, the active secretion of fluids for adhesive purpose is not

common and still subject of discussion (see Niederegger 2013).

Spiders follow different strategies to gather food, ranging from web building (and

waiting for the prey to get trapped) to freely hunting by approaching and subsequently

grabbing their prey. Due to its free-ranging lifestyle, the salticid Evarcha arcuata
does not have any specialized tool for the handling of spider silk as, for example, the

orb weaver Araneus diadematus. The hierarchically structured scopula with its single
hairs and abundant number of setules is an optimal adaptation toward the ground

dwelling, predatory lifestyle of this species. Jumping spiders hunt down their prey in

the vegetation moving on slippery plant surfaces, and thereby a firm grip to the

substrate is vital, as is the firm attachment to captured prey. Tight attachment to

smooth surfaces is ensured by the claw tuft apparatus, the scopula (Fig. 35.1a).

The scopula is formed by a number of long hair-like appendages in a parallel

configuration—the setae. Each seta is covered by tiny pointed hairs on the dorsal

side and by a dense population of hairs on the ventral side, called setules. The ventral
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hairs are flattened at the free end, showing an inclined triangular-shaped spatula

(Fig. 35.1b–d). These spatulae form the point of contact when adhering to the

substrate. E. arcuata has an estimate of 624,000 contact elements, a high number in

comparison to other arthropods (Martin et al. 2002b).

In contrast to the contacting setules on the ventral side, the function of the

tapered processes on the setae’s dorsal surface remains unclear. Their size and

distribution along the dorsal surface might play a role in the prevention of any

adherence of one seta to another. The scopulae on the two frontal leg pairs are

considerably smaller in size than those on the hind leg pairs (Martin et al. 2002a).

This may be due to the individual role of legs during locomotion and prey capture

(Betz and Kölsch 2004). While it appears rather a trivial aspect at first sight, easy

detachment from the substrate is crucial for highly motile organisms and indeed a

central requisite for the design of any tarsal attachment device be it insect, spider,

frog, or gecko (Arzt et al. 2003).

Cl

Sc

50 µm 2 µm

500 nm1 µm

a b

c d

Fig. 35.1 Hierarchical structure of Evarcha arcuata’s attachment devices. (a) Tarsus with scopula

(Sc) and claws (Cl). (b) The scopula consists of setae, while each seta is covered by many setules.

(c) Setules on the ventral side end in a flattened and tilted triangular structures, called spatula.

(d) Each spatula is about 500 nm wide (SEM micrographs: Andrew Martin, taken from Kesel et al.

2003)
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35.2 Hierarchical Design of the Claw Tuft

The use of van der Waals forces for attachment faces two principal challenges:

these forces are small and do not range very far. Hence, many contact elements are

required and need to be brought close to the substrate, that is, nanometers, since

these forces are inversely proportional to the surface distance.

Since real-world substrates are seldom smooth to an industrial standard, it is

necessary to employ a mechanism, which allows sufficient compliance of the

scopula to bring a sufficient amount of hairs close to potential attachment sites.

The single elements of the scopula exhibit certain mechanical properties: under

load, each of the long and thin hairs is subject to bending, storing energy like a

cantilever beam, and, hence, can be modeled as a spring in tension or compression

(Bhushan et al. 2006; Gasparetto et al. 2009). In consequence, the scopula—with

seta, setule, and triangular end—can be described as a three-level spring model

made of tarsus (cuticula), setae, and setules (Fig. 35.2).

Fig. 35.2 Elasto-mechanical model of the hierarchical adhesive structure of spider claw tufts.

sp ¼ spatulae, se ¼ setulae, st ¼ setae, cl ¼ claws. Modified from Gasparetto et al. (2009)
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Let y be the approaching angle between the fibrillar elements and the surface. By

considering an F force perpendicular to the substrate, a bending (db) and compres-

sive (dc) deformation is created as

db ¼ Fl3 cos y
3EI

; dc ¼ Fl sin y
AE

where L is the length, I the moment of inertia (pR4/4), R the radius, E the Young

modulus, and A the cross-sectional area (pR2). The total stress results in

dn ¼ dc sin yþ db cos y ¼ Fl sin2 y
AE

þ Fl3 cos2 y
3EI

and the stiffness of a single element becomes

k ¼ pR2E

l sin2 y 1þ 4l 2 cot2 y
3R2

� �

By considering the Young modulus of the fibrillar elements (materials such as

b-keratin have Young modulus in the order of a few gigapascals), the equivalent

stiffness of the setae and setules can be estimated. Subsequently, the optimized

mechanical compliance of the spider tarsi can be reached over surfaces of different

roughness with a suitable hierarchical structure with respect to single layer dry-

adhesive systems simulated and demonstrated by Gasparetto et al. (2009).

35.3 Adhesion with a Nonadhesive Material

Quantifying the adhesive properties of single setule has become possible with the

invention of atomic force microscopes and related instruments. Point spectroscopic

measurements (Fig. 35.3) with calibrated cantilevers allowed to determine an

average attachment force of 38.12 nN per setule in E. arcuata, resulting in a

theoretically possible total adhesive force of 2.38 � 10�2 N (Kesel et al. 2003).

Considering that the mean body mass of Evarcha arcuata is 15.1 � 10�3 kg, the

maximal adhesion force equals 160 times the body weight and, hence, grants safe

attachment even when hunting prey. These scopulae are part of the animal’s cuticle

exhibiting super-hydrophobic characteristics too.

As prior mentioned, the major acting physical principle is the van der Waals

forces, weak and short-ranging (i.e., tens of nanometers) intermolecular forces,

possibly supported by capillary forces (Kesel et al. 2003; Autumn and Peattie

2002). Concerning the adhesive force model, if the surface asperities and the

adhesive element ends are modeled like spherical tips, the interaction force can
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be estimated by considering the interaction of two spheres as formulated by the JKR

model (Johnson et al. 1971). Thus, the adhesion force results in

Fad ¼ 3

2
prcEad

where rc is the reduced radius:

rc ¼ 1

r1

� �
þ 1

r2

� �� ��1

with r1 the radius of the hemisphere on the tip of the adhesive element and r2 the
radius of the hemisphere that represents the asperity, here assumed as r1 ¼ r2. Let
the energy of adhesion Ead range from 10 to 66 mJ/m2, that is, the typical range for

van der Waals surfaces, and working with the estimated radius of the spider’s

setules, the adhesion force becomes very close to the experimental ones, that is,

38 nN (Gasparetto et al. 2009).

Fig. 35.3 Force-distance curve of an atomic force microscope during point spectroscopy. The

straight vertical line of the lower curve denotes the lift-off event of the cantilever from the

specimen. The force required to break the contact is the attachment force of the specimen to

the cantilever. Phases of force spectroscopy: (A) cantilever out of contact, (B) snap-in due to

attractive forces, (C) loading of probe onto sample with increasing force, (D) begin retraction of

cantilever, (E) unloading, (F) probe remains in contact due to adhesive forces, negative loading,

(G) force exerted by cantilever spring equals and subsequently exceeds adhesive force of probe-

sample contact (from Kesel et al. 2004)
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When comparing the adhesives properties of cuticle with other materials that

were tested in the same setup, it comes very clear that by its material properties, the

cuticle does not show extremely high adhesive properties (Table 35.1). Apparently

this weakness is compensated for by the structural arrangement of the material in

the scopula.

35.4 Adhesion and Adhesive Properties

The previously described physical principle is only one element contributing to the

design of biomimetic adhesive devices based on the spider attachment performance.

In the following we introduce the most important features:

The triangular-shaped distal end on each setule—the so-called spatula—shows

anisotropic adhesion to the substrate, meaning that the adhesive force is strongly

correlated with the spatula’s orientation towards the substrate. This allows the

animal to actively control adhesion and, for example, to produce low detachment

force when required, as demonstrated nicely by Gao et al. (2005) using finite

element modeling techniques. Here, adhesion maximizes at angles around 30�; at
smaller angles, sliding occurs and detachment at higher angles. And indeed, the

spider’s scopula attachment system seems to work completely passively, in contrast

to the muscularly mediated digital hyperextension in geckos (Autumn and Peattie

2002). In the latter, an active distal peeling motion allows easy detachment of the

adhesive system from the substrate, while E. arcuata’s attachment is only con-

trolled via the movement of the spider’s legs. To this point there were no active

detachment systems observed in living spiders, and since the scopula lies on the

tarsus tip, both the pulling of the front and the pushing of the rear legs create a sort

of natural and passive rotation motion with a pivot of the touching area. This

mechanism allows to gradually detaching the fibrillar elements in contact with

the surface without a significant effort.

Two important properties keep these hierarchical structures functional during

their lifetime: self-cleaning and anti-bunching. The former prevents loose particles

from sticking to the tarsus and consequently blocking adhesion sites and reducing

Table 35.1 Adhesion forces measured on several materials including Evarcha arcuata setule

Sample Probe

Absolute force Force/setule Force/area

nMean (nN) SD (nN) Mean (nN) SD (nN) Mean (MPa) SD (MPa)

Glass C1 1315.53 22.85 – – 3.65 0.06 20

Epoxide C1 443.72 149.20 – – 1.23 0.41 19

Setula C1 38.11 14.73 38.11a 14.73 0.22 0.09 45

Setula C2 20.67 5.91 43.71a 12.50 0.26 0.07 50

The adhesive properties of the setule material are comparatively low (taken fromKesel et al. 2004).
aMarked values are obtained from separate measurements and therefore treated separately. As the

two values are not significant, the average value (41 nN) of the two was used for further

calculations.
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attachment properties (Hansen and Autumn 2005). The latter prevents the densely

packed setules from sticking to each other rather than to the substrate. In short, this

is achieved by (1) the anisotropic adhesive properties of the spatula and (2) the

optimized geometrical conditions and spring constants of the setules preventing

their terminal ends to meet in such an alignment that would allow bunching (see, for

instance, Sitti and Fearing 2003). Indeed, the anti-bunching effect is a result of a

careful choice of geometrical parameters of the fibrillar elements at each level, that

is, radius, length, and distance, to create a particle-repellant and bunching-resistant

hairy attachment system. These parameters can and need to be taken into account

when designing biomimetic attachment devices.

35.5 Technical Application

Spiders are skillful locomotors and, together with E. arcuata’s powerful passively
controlled attachment and detachment system, great models for biomimetic trans-

fer. The two most appealing approaches will be described in the following.

35.5.1 Bioadhesives

The first attempt is to create bio-inspired dry-adhesive structures for universal

application. Such attachment devices would employ the same physical principle

and the same observed statistical adhesion with a summed attachment force

correlating with the dynamics during attaching. Such “stickers” could function in

many environments, even liquid or vacuum, but, contrary to, for example, Velcro,

would not need a predefined substrate. They would have no power required to

maintain attachment, no dependence upon gravitational forces to realize attach-

ment, and availability on any surface regardless of issues related to surface rough-

ness or friction coefficient. It is easy to imagine that space research is highly

interested in creating a bio-inspired artificial adhesive able to mimic the most

versatile used repairing and attaching technique in orbit.

Early attempts tried to duplicate the natural dry-adhesive performance by

designing and fabricating extremely small hairs (Sitti and Fearing 2003). This

resulted in an ineffective adhesion on the macroscale. After that, as reported in

Sameoto and Menon (2010) and Zhang et al. (2010), a significant effort has been

given to this topic, and effective adhesive systems, even if not yet as powerful as the

natural ones, have been realized. In particular, the evolution of synthetic dry-

adhesives has taken two main directions: the first focuses on the development of

relatively soft elastomer fibers with mushroom-shaped tips, which typically exhibit

high normal adhesion strengths, while the second focuses on stiff, very high aspect

ratio fibers, which exhibit good friction forces, but either low or zero normal

adhesion strength.
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Two fabrication methods are preferred for prototyping attachment devices:

micro/nanocasting and gas-phase growth or etching (Sameoto and Menon 2010).

In the former, the majority of developed adhesives have been realized using

materials such as polydimethylsiloxane (PDMS) and polyurethanes (PU), while,

in the latter, aligned arrays of carbon nanotubes are usually grown.

Such perfect adhesives can answer to different technical challenges or create

new effective and efficient systems for a broad range of applications. Indeed, they

could be used for biomedical applications such as safe and sterilized endoscopy and

tissue adhesives; micro-electro-mechanical systems (MEMS) and wafer alignment

and manipulation; structures to substitute glues, screws, traditional adhesives,

reversible adhesive gloves, or rock climbing aids; and robotic systems.

35.5.2 Bio-inspired Spider Robots

Taking the complexity of biomimetic transfer some level higher, the entire subsys-

tem of locomotion and adhesion, that is, the spider’s leg, gets into focus. From the

locomotion point of view, a spider-inspired legged robot is not a new idea, but the

availability of new mechatronic systems and the discovery and study of the spiders’

reversible passive adhesive principles have drawn new attention and interest to

these arthropods.

Indeed, the idea of using biomimetic, asymmetric adhesives to control attachment

to various types of surfaces merely via the kinematics of the legs can be exploited in

order to create legged robots that can both overcome obstacles and cope with

different kinds of surfaces by means of these synthetic dry-adhesive systems and

with a minimal effort.

The European Space Agency has encouraged works in this direction (compare

Gasparetto et al. 2008, 2009, 2010; Menon et al. 2008; Li et al. 2012). The first

approach deals with modeling and simulating a climbing spider-inspired robot by

studying the anatomy, the adhesive and locomotion capabilities of the spider (i.e.,

an eight-legged system), and the kinematic and dynamic behavior in different

operative and slope conditions (Fig. 35.4a), while the second approach deals with

the macro-, micro-, and nano-structural design and realization of a miniaturized

spider-inspired legged robot capable to negotiate different roughness and slope

surfaces and of operating in a space environment (Fig. 35.4b). The realized proto-

type, called Abigaille II, is a lightweight robot actuated by eighteen miniaturized

motors and equipped on the tip of the legs with bio-inspired adhesive patches and is

able to climb effectively vertical Plexiglas surfaces.
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35.6 Conclusions

The attempt to design autonomous devices—commonly known as robots—has led

many people to draw inspiration from the broad choice of functional autonomous

mobile organisms—commonly known as animals. Among these, hunting spiders

have caught the attention of the researchers since they can move fast over a broad

range of surfaces and slopes and easily overcome obstacles. Walking on vertical

and inverted surfaces is as possible as dynamically hunting down prey. In contrast

to insects, spiders employ a dry-adhesive system using van der Waals interactions

between their numerous tiny terminal ends of the hairy scopula and hence supply a

model for adhesion also in extreme environments like vacuum. Indeed, effective

attachment is achieved through elastic and damping properties of both material and

hierarchical structure, while detachment is achieved via the angle variation between

Fig. 35.4 Bio-inspired spider robots. Above: spider robot simulator implementing the cooperation

between locomotion and adhesion (Vidoni and Gasparetto 2011). Blue elements represent spiders’

leg joints. The tip of the tarsus of each leg is visualized with different colors due to the angle of

adhesion and to the condition of the leg: red—in adhesion; green—in detachment or in flight.

Arrows represent the body reference frame. Below: spider robot prototype with dry-adhesive pads

developed at Simon Fraser University (Li et al. 2012). The prototype shows six legs in order to

reduce the number of actuators and, in the meantime, allow a biomimetic gait
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tarsus and substrate thanks to the macroscopic legs motion (Gasparetto et al. 2010)

and hence comes “free of charge” by control of leg posture. Mimicking the adhesive

system as well as locomotory capabilities will enable engineers to create effective

and innovative technological devices in a broad range of application fields, starting

from universally usable reversible adhesives to autonomous space and hazardous

environments exploring robots and manipulators.
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Chapter 36

Technical and Biomedical Uses of Nature’s

Strongest Fiber: Spider Silk

Christina Allmeling, Christine Radtke, and Peter M. Vogt

36.1 Introduction

In their unique combination of tensile strength, elasticity, and light weight, spider

silk fibers as well as fibers imitating spider silk are considered attractive for a

number of technical applications. Low immunogenicity and a high biocompatibility

support the notion of an ideal biomaterial which is further encouraged by the fact

that spider silk is sterilizable at high temperatures (Gellynck et al. 2008).

Hence humans have been making use of spider silk for thousands of years in both

technical and biomedical sense. Several old cultures like the Romans used cobwebs

to stop wounds from bleeding (Newman and Newman 1995), and in native societies,

like the Aborigines, spider silk was used as fishing lines for small fish, an applica-

tion still practiced by the people of the Solomon Islands (Heim et al. 2009).

Since then, human use of spider silk has been disregarded, mostly due to the

nonindustrial nature of spider silk reeling. Progressive technological developments,

however, have prompted the demand of a more sustained production of industrial

goods (US Congress 1993) among which the use of biopolymers, like spider silk or

derivatives thereof, has a great potential. In contrast to synthetic fibers based on raw

materials with limited availability and/or slow and environmental problematic

degradation, spider silk in its natural, in processed, or in artificial forms is biode-

gradable and independent on fossil resources.

In a broader sense spider silk has inspired many adaptive solutions like silk-

mimicking polymers or fibrillogenesis. Gosselin and coworkers became inspired to

fabricate microfibers from a viscous polymer solution through liquid rope coiling

instability which causes viscous solutions like honey to spontaneously form coils on

surfaces. The researchers hypothesize that the process induces formation of bonds
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which equal the hydrogen bonding observed in spider silk fibers (Gosselin et al.

2012). A recently published study copied the beads-on-a-string morphology of

flagelliform silk, which comprises the fibers of the capture spiral, by coating poly

(dimethylsiloxane) on nylon fibers. The authors could demonstrate that the coating

breaks spontaneously into regularly located droplets. The coated fibers demon-

strated higher adhesion to glass plates attributed to the higher fiber–substrate

contact area (Sahni et al. 2012).

Materials inspired by spider silk must not necessarily be of fibrillar nature as

they might be applied as surface coatings or as thin and tough membranes. Silk

protein-based foams and hydrogels with defined pore sizes have applications, e.g.,

as tissue scaffolds. Dispersed to microspheres, silk-derived peptides may be used

for time-controlled drug delivery.

In our chapter we will summarize industrial as well as biomedical applications of

spider silk and give a short discourse on the production of recombinant spider silk

proteins and their use for spinning fibers. Future inventions and applications are

discussed briefly.

36.2 Different Forms of Spider Silk

36.2.1 Natural Spider Silk

Spiders are unique among silk-producing arthropods as they depend on the produc-

tion of silk lifelong. An outstanding example is the beauty and sophistication of a

spider orb web (Fig. 36.1). Not only adapted to capture prey, these weavings

practically serve as a sensual elongation of the spider’s body helping the animal

to orient in their environment; to detect prey, enemies, and mates alike; and their

webs have to fulfill these different tasks. As a result spider silk evolved as an

outstanding fibrous biomaterial consisting almost entirely of large proteins solely

encoded by the spider silk fibroin gene family (Gatesy et al. 2001). Spider silk

proteins are of a modular nature consisting of nonrepetitive C- and N-terminal

sections among which long repetitive parts consisting mainly of four characteristic

amino acid motifs (An, GA, GGX, and GPGXn) are found (Gatesy et al. 2001; see

also Blackledge 2013). Proteins show remarkable variability depending on allelic

variants of which multiples can exist within species and even individual genomes

although negative selection pressure keeps protein sizes in a range between 200 and

350 kDa (Chinali et al. 2010). They are expressed in specialized glands located in

the opisthosoma of the spider. These glands are connected to the spinnerets by cone-

shaped ducts in which the polymerization to fibers takes place. The conformational

changes during the spinning process were studied by comparing the Raman spectra

of the native silk dope and the dry silk dope probed in the region of the sac of the

major ampullate glands of Nephila clavipes (Nephilidae) (Lefevre et al. 2011). This
includes arrangement of the silk’s structural elements to pseudocrystalline regions
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of antiparallel b-sheets interspersed with elastic amorphous segments. This compo-

sition is made responsible for the remarkable mechanical properties of likewise

strength, ascribed to the crystalline regions, and extensibility. The assembly of silk

fibers has been especially well described for the dragline silk which is formed in the

major ampullate glands of Araneidae spiders. Silk proteins secreted by specialized

epithelial cells of the glands are stored at high concentrations in the lumen of the

gland. On their way out, the proteins undergo a number of structural changes in a

pH-regulated self-assembly process (reviewed by Heim et al. 2009). Higher flow

rates are advantageous for fiber alignment which argues for a mechanical impact of

flow and shear forces. Sponner and coworkers demonstrated that among the two

proteins which mainly compose Nephila dragline silk, MaSp1 and MaSp2, MaSp2

is predominantly located in core regions of the fibers, whereas MaSp1 appears to be

uniformly distributed along the radial axis which might also be important for the

spinning process (Sponner et al. 2005).

Technical application of spider silk proteins and biopolymers basically depends

on their specific properties resulting from their structure and composition. One of

the most striking features of dragline spider silk is its ability to incorporate water

into its amorphous parts. This causes entropy-driven recoiling of molecular chains

leading to massive but reversible shrinking in contact with water or in a relative

humidity greater than 60 % – a phenomenon called supercontraction (Liu et al.

2005). Agnarsson and coworkers exposed single dragline threads from N. clavipes
to cyclic changes of humidity resulting in cycles of contraction able to produce an

Fig. 36.1 Nephila sp. in its natural habitat (République des Seychelles)
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amazing amount of work, e.g., a single 40 mm-long fiber lifted at least 100 mg. The

authors propose an energy-efficient and environmentally friendly biomimetic mus-

cle with higher work density and higher stress resistance than most biological

muscles (Agnarsson et al. 2009). Assuming a humidity-controlled atmosphere,

cyclic spider silk contraction might be used in a variety of applications including

sensors and microelectromechanical systems (MEMS) devices and is also interest-

ing in biomedical applications where small steering elements are required (Bai et al.

2006). This is especially interesting as spider silk is the so far only known material

which is apt to supercontract at physiological conditions.

Likewise, also a shape–memory effect has been assigned to spider silk. Spider

silk fibers return to their original shape independent of external stimuli after a

twisting deformation. By comparison, shape–memory nitinol, a nickel–titanium

alloy, is needed to be heated to 90 �C under the same experimental conditions

before recovery (Emile et al. 2006).

Natural spider silk can be harvested as dragline silk either with special devices,

e.g., reeling machines (Fig. 36.2). Other possibilities include harvest of egg sac silk

which can be used naturally or as regenerated silk. In the latter case natural silk

fibers are solubilized to fibroin extracts which are subsequently processed into

artificial fibers or foams. As an example Gellynck and coworkers used 9-M LiBr

to dissolve egg sac silk, while hexafluoro-2-propanol and concentrated formic acid

are also applicable. Production of scaffolds might include electrospinning

procedures and salt-leaching processes (Gellynck et al. 2008; Zhou et al. 2008).

Fig. 36.2 An example for a spider silk reeling machine as developed together by the Leibniz

University Hannover and the Medical School Hannover. (a) The reeling machine is equipped with

a clamping system (A) which can hold devices like spools or frames (B). The spider (C) is fixed by
a piece of tissue and pins before the reeling machine. While the device fastened to the reeling

machine rotates, dragline silk is pulled out of the spider. (b) A steel frame cross-weaved with

spider dragline silk. (c) Scaffolds of cross-weaved spider silk can be used to study cellular growth

and migration of spider silk fibers or for skin tissue engineering
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36.2.2 Recombinant Spider Silk

Although cocoon silk from silk moths has been harvested for over 5,000 years, the

domestication of spiders for large-scale silk collection is still impractical due to the

animals’ territorial and cannibalistic nature. Additionally, the amount of silk which

can be harvested from one single animal is six times lower in araneids than in the

silkworms (Bombyx mori). Natural spider silk is subjected to considerable vari-

ability, e.g., to spinning forces and humidity which might be the reason for the

remarkable differences in tensile strength stated in the published literature (Perez-

Rigueiro et al. 2005).

A possible solution for this problem is the development of efficient strategies for

synthetic spider silk production. The repetitive sequences encoding for the core

structure of a fibroin protein were first identified for major ampullate silk of

Nephila clavipes. A number of sequences for different types of silks and species

followed as summarized, e.g., by Swanson et al. (2009). Transgenic systems used

for production of spider silk are manifold and include bacteria, yeast, plants,

silkworm, and mice (reviewed by Heim et al. (2009).

A number of studies concentrated on the production of spider silk in bacteria (see

Heim et al. 2009 for an overview). The repetitive nature of spider silk caused a

challenge to its biotechnological production, first in the construction of the appro-

priate expression systems as repetitive sequences are impossible to amplify by

polymerase chain reaction and corresponding mRNAs are prone to obstructive

secondary structures, second in the difficulty to produce sufficiently sized proteins

as a consequence of tRNA depletion. In their pioneering work the work group

around T. Scheibel developed a cloning strategy of seamlessly joining solid-phase

synthesized oligonucleotides which allowed also for the adaption of codon usage

(Heim et al. 2009). In their fundamental work, Lazaris and coworkers described the

first successful attempt to produce spider silk protein in mammalian cell lines, e.g.,

baby hamster kidney cells (BHK). Lower molecular weight products predominated

possibly due to inefficient transcription allegeable to complex secondary structures

or to specific tRNA shortage in these highly repetitive genes. The protein was spun

into fibers with a considerable tensile strength of 2.26 gpd (grams per denier: a unit

which corresponds to the ultimate tensile strength) at its highest, but the values are

still essentially lower than native spider silk which reportedly ranges between 7 and

11 gpd (Lazaris et al. 2002).

Spider silk production in the milk of transgenic goats has been proposed,

although no results have been published so far. In spite of that, transgenic mice

were generated expressing an artificial dragline analogue in their milk (cited after

Heim et al. 2009).

Scheller et al. expressed synthetic genes in transgenic tobacco and potato plants.

To this end, fragments adjusted to N. clavipes MaSp1 sequence were assembled to

large units exploiting the modular nature of silk albeit lacking the nonrepetitive 30

terminus of natural silk. The expressed proteins accumulated stably in the endo-

plasmic reticulum of leave and tuber cells and could be purified by chemical
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extraction followed by a heating step (Scheller et al. 2001). Xia et al. (2010)

demonstrated that the strength of recombinantly produced spider silk fibers depends

on the monomer proteins.

Recombinant spider silk production has been filed in a number of patents, and

industrial production is currently arising. The chemical company DuPont has been

interested in the production of artificial spider silk for 20 years. They recently filed

a patent together with Toray Industries in which they claim a silk thread produced

by transgenic silkworm with an intact fibroin H gene. The hybrid thread might

contain spider silk dispersed in the silkworm fibroin or else fused to a polypeptide

of the fibroin chain protein or might be inserted between the N-terminal and the

C-terminal parts of the fibroin chain protein forming cysteine disulfide bridges

fibroin L (Pat. No. US 2008287651 A1). EntoGenetics is also relying on transgenic

silkworms raised for ballistic textile production. In their approach insertion of the

appropriate spider DNA sequence into the silkworm gene replaces a significant

portion of the native fibroin (Pat. No. EP 2244563 A1). Sigma-Aldrich has

developed an approach to target specific sequences in the silkworm genome by

CompoZr zinc finger nuclease technology (Pat. No. US 2011023154 A1). Together

with Kraig Biocraft Laboratories, they announced a project to insert spider silk

sequence, for instance, derived from the flagelliform gene to generate hybrid genes.

Nexia Biotechnologies Ltd. developed an approach to generate transgenic

mammals which they intended to use for production of recombinant spider silk

in goats’ milk. Their projects were passed to the Advanced Foods and Materials

Network since.

For scientific purposes, recombinant spider silk protein generally is intended for

spider silk characterization, e.g., for structural investigations. These studies use

variations of domain compositions to investigate the influence of protein size or

multimer compositions on physicochemical and biomechanical properties or self-

assembly into fibers. Other studies exploit the cytocompatible nature of silk for

tissue engineering (reviewed by Hsia et al. 2011). The latter application does not

necessarily depend on the production of strong fibers but makes use of different

formats adapted to the requirements. Chemical and physical parameters, including

temperature, pressure, solvents, and composition of the silk proteins, influence the

morphology of the protein assemblies. Biomedical interesting forms include cap-

sules and spheres usable as carriers and films and foams for tissue engineering

purposes or as biomedical devices like dressings and implants (reviewed by Spiess

et al. 2010). As an example, scaffolds of variable porosity were molded by a

leaching process using recombinant spider silk proteins, in this case N. clavipes
spidroin 1 produced in the yeast Pichia pastoris (Agapov et al. 2009).

36.2.3 Recombinant Proteins as Chimeric Proteins

An obvious advantage of recombinant spider silk proteins is the possibility to

combine spider silk with foreign elements or design variations of the natural
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sequence to alter its properties. This kind of protein engineering facilitates certain

steps of production or allows for adaption to specific applications. Such either the

physicochemical properties may be changed or bioactive molecules may be

integrated. As an example for the latter, Bini et al. (2006) inserted a CRGD motif

into their 15mers based on Nephila clavipesMaSp1 to enhance cellular adhesion on

their biomaterial. The RGD motif was originally identified on fibronectin and is

recognized by cellular adhesion molecules, the integrins. The resulting recombinant

protein tended to oligomerize due to the inserted Cys residues and showed enhanced

solubility in water. Bone marrow-derived stem cells grown on silk films comprised

of the recombinant proteins were able to differentiate into the osteogenic lineage

although the measured calcium content stayed behind the respective controls of

unmodified 15mers. 15mer repeats fused to recombinant dentin matrix protein

(DMP)1 had calcium hydroxyapatite nucleating ability comparable like DMP1

expressed in hard tissues (Huang et al. 2007).

Beside combining spider silk segments with fibroin-derived stretches, Scheller

and coworkers also generated a chimeric construct of spider silk and an elastin-

based repetitive biopolymer with 100 repeats of the pentapeptide VPGXaaG with

Xaa standing for either G, V, or A. Human chondrocytes kept on monolayer coating

displayed higher cell number in cultures coated with the spider silk-elastin chimera

than in any of the included controls. Additionally the cell morphology remained

rounded instead of increasing flatness as a sign of dedifferentiation in two-

dimensional culture (Scheller et al. 2004).

36.3 Cytocompatibility and Biocompatibility

Safety concerns and the wish to implicate silks in clinical use and as a biomaterial

and scaffold for tissue engineering have inspired a number of studies describing cell

and body reactions to silk exposure.

Widhe and coworkers used matrices from recombinant spider silk protein

consisting of five glycine-rich alternating with four polyalanine stretches connected

to a nonrepetitive globular C-terminal domain by a serine- and alanine-rich linker.

The recombinant protein produced in Escherichia coli self-assembled into fibers

which were also used to produce meshes and was cast into films and foams. The

primary human fibroblasts used in this study were able to attach and grow on all

different matrices almost alike, reaching highest cell counts on combinations of

films and meshes (Widhe et al. 2010).

Recombinant protein based on spidroin 1 could be processed into three-

dimensional porous scaffolds proposed for use in tissue engineering. 3T3 fibroblasts

colonized the 700 mm-thick specimen from the surface, filling the deeper layers

through channels between the pores after 14 days (Agapov et al. 2009).

In contrast to a number of studies describing production and cytocompatibility of

artificially produced silks, studies reporting of the biocompatibility of native spider

silk are limited. In their basic work concerning the local response to spider silk,
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Vollrath and coworkers implanted different forms of spider silk in pigs. At the same

time spider silks and clinically established wound dressings were used for split-skin

wounds over a 15-day period. Implantations were accompanied by lymphoplasma-

cellular infiltrations and a high number of giant cells; granulomatous reaction, how-

ever, was limited. Immune reaction to epicutaneously used spider silk was also low

and comparable to controls. Nevertheless, any advantages by spider silk treatment

could not be observed over the duration of the experiment (Vollrath et al. 2002).

In their study about the use of silk scaffolds for chondrocyte cultivation, Gellynck

and coworkers processed silkworm cocoon silk, Araneus diadematus (Araneidae)
dragline and egg sac silk. They produced nonwoven scaffolds from cocoon and egg

sac silk by stitching the raw material on yarn grids before processing them to give

pure silk fibers. Due to mild processing conditions, fiber structures were kept intact

and chondrocytes could be observed on them for up to 6 weeks after seeding. Both

types of silk were also completely dissolved and mended into salt-leached porous

scaffolds in which the growth patterns of the cells could be influenced by pore sizes

after silk particle size (Gellynck et al. 2008).

Human Schwann cells isolated from peripheral nerves adhered sufficiently on

native spider silk fibers with high vitality rates after 48 h excluding any toxic or

harmful effects on the cells. The silk could be collected directly from the major

ampullate gland of adult female Nephila spiders and was used without any further

treatment. A nerve conduit was developed based on these data consisting of spider

silk fibers aligned within a decellularized vein in which the supplemented Schwann

cells aligned along the fibers (Allmeling et al. 2006).

36.4 Medical Applications

36.4.1 Spider Silk as a Biomaterial for Surgical Sutures
and in Regenerative Medicine

Biomaterials in use for biomedical applications have to meet a number of requi-

rements like biocompatibility and a mild inflammatory response, biodegradability

in a reasonable time, and specific structural and mechanical properties. Tensile

strength and elasticity of spider silk fibers render them interesting for surgical

sutures and tissue engineering purposes (Fig. 36.3), while its biocompatibility is a

prerequisite for clinical application.

Despite the fact that silk-based sutures derived from B. mori cocoons have been
used for over 100 years, questionable biocompatibility has led to displacement by

synthetic materials including polydioxanone, polypropylene, and nylon. Neverthe-

less, silk sutures which provoke a low inflammatory response are still of clinical

interest due to their beneficial biodegradability and their mechanical properties. Our

group has used spider silk for braiding sutures of about 25 mm corresponding to

microsurgical suture material 10–0 after USP definition. The sutures had a tensile
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strength of 0.7–0.8 MPa depending on the number of strands braided and a

stress–strain ratio of 0.13 MPa, while 0.3 MPa tensile strength and 0.08 MPa

stress–strain ratio were measured for commercial nylon suture (Kuhbier et al. 2011).

RGD modified 16mers and 32mers recombinantly produced in E. coli have been
used as a wound dressing in a rat model of second-degree burn wounds. Healing of

the burns was compared to equal wounds treated with collagen sponges or left

untreated as a negative control. Spider silk proteins significantly promoted wound

healing to a regenerated skinwhich appeared like normal skin on day 21. Differences

to the collagen-treated groups, however, were only marginal, constricted mainly to

an early reduction of immune cell infiltration (Baoyong et al. 2010).

Fig. 36.3 Applications of spider silk in the field of tissue engineering. Spider silk might be used as

fibers, porous scaffolds produced from solubilized silk protein, or surface coatings. Its application is

interesting for the engineering of a number of tissues among them skin, tendon, cartilage, and bone
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Our group showed that natural dragline silk incorporated into isogenic or

decellularized veins promoted peripheral nerve regeneration. Axon regrowth and

remyelination were achieved, replacing 20 mm sciatic nerve in rats and 60 mm

tibial nerve in adult sheep. The results obtained were comparable to autologous

nerve transplants which is the current gold standard in clinical practice (Allmeling

et al. 2008; Radtke et al. 2011).

Cross-woven spider silk fibers woven on steel frames provided amodel framework

for adherent cell growth which we used to study cellular reactions on spider silk

(Fig. 36.1). Fibroblasts were seeded on the silk scaffolds and kept in short-term and

long-term culture showing metabolic activity and high vitality rates. Observations on

single cells were enabled by the single thread structure of the devices demonstrating

the spindle-shaped and asymmetrical morphology of migrating cells (Fig. 36.4)

(Kuhbier et al. 2010). The concept of cross-woven steel frames was later transferred

to skin tissue engineering. The approach resulted in a bilayered structure of epidermis

and dermis when corresponding cell lines were cultured at the air–liquid interface to

induce skin cell differentiation (Fig. 36.1) (Wendt et al. 2011).

The British company Oxford Biomaterials developed an approach to adapt

silkworm protein to spider silk properties. Their material was called Spidrex® and

is tested in number of biomedical products in form of spinout ventures: Neurotex

Ltd. is transferring Spidrex® technology into nerve repair, Suturox Ltd. is focusing

on Spidrex®-based sutures, and Orthox Ltd. takes advantage of the material’s

biomechanical properties for bone and cartilage repair.

36.4.2 Spider Silk as Drug Delivery Vehicles

Drug delivery devices for controlled release of bioactive molecules are of potential

interest for pharmaceutical, cosmetic, and food industry (Fig 36.5). Lammel and

Fig. 36.4 Fibroblasts adhere to spider silk. (a) Fibroblasts growing on spider silk have been

stained with calcein AM/ethidium heterodimer. Green fluorescence indicates cell vitality. Dead

cells, which would show red fluorescent nuclei due to the incorporation of ethidium heterodimer

into the chromosomal DNA, are not visible. (b) Scanning electron microscopy of fibroblasts

attached to spider silk fibers
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coworkers used engineered spider silk particles eADF4(C16) mimicking part of the

ADF4 silk protein from Araneus diadematus. The generation of such particles can

be controlled by potassium phosphate concentration which is an important advan-

tage in biomedical application where often sensitive constituents are involved. At

physiological pH these particles were negatively charged such as small molecules

with positive net charge can diffuse into the interior. When loading is complete,

transfer into aqueous or acidic release media might induce redistribution of the load

to the surface accompanied by a constant release (Lammel et al. 2011).

Fig. 36.5 An overview over possible application of spider silk. Technical application of spider

silk might involve natural or recombinant silk protein, used as fibers or dispersed. Nanoscaled

applications might take use of nanostructured surfaces, microelectromechanical systems, or drug

delivery vehicles
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The group of Kaplan made use of a spider silk repeat unit based on a consensus

repeat derived from Nephila clavipes major ampullate spidroin They expressed the

repeats as a 6mer in a fusion with a poly(L-lysine) stretch of 30 residues and

different tumor-homing peptides in E. coli. The bioengineered proteins formed

complexes with reporter gene carrying plasmids which could be used efficiently for

in vitro and in vivo transfection (Numata et al. 2011). In their patent file Kaplan and

Wang describe the production of silk fibroin microsphere under mild condition,

making use of lipids as microsphere templates (US 2010/0028451 A1).

36.5 Spider Silk in Textiles and Art

Spider silk might be used as a tissue fiber at least as well as its more common

analogue, the silkworm silk. Lightweight in combination with extreme material

strength is promising for creating clothing which is conformable and durable. Its

exclusiveness made spider silk tissue a symbol of human talent and inspiration for

centuries. In the seventeenth and eighteenth centuries, different approaches tried to

use spider silk for tissue production. Bon started to experiment with harvest of

different silk types among them egg sacs of native spiders. His efforts resulted in

knitted gloves with an astonishing weight of 21 g, while a production with common

silk weighed 226 g (Peers 2012). Later, French naturalist Réaumur also tried to

make stocking or gloves from spider egg sac silk but gave it up as unpractical

(Lewis 1996).

Termeyer harvested egg sac silk but was able to reel spider silk also directly with

a self-constructed winding machine. Although these trials received some apprecia-

tion, tissue production of spider silk could not be brought to industrial scale and was

thus terminated (Peers 2012).

Peers and Godley worked with silk of Nephila madagascariensis, weaving a

textile brocaded in a traditional Madagascarian way and an embroidered cape using

the thread of millions of spiders for both. The resulting shining textiles are of the

natural golden color of the undyed silk threads reflecting the light on the skilful

patterns created by the artists (Peers 2012).

Spider silk has also inspiredmusic. In their patent file US 2011/0174134A1 E. und

V., Mueller-Zierach describe instrument strings of synthetic spider silk which might

especially benefit from the tensile strength of silk fibers. This idea has been realized

with native spider silk by Osaki, who used his technical ability to harvest large

quantities of spider silk to generate violin strings of distinctive timbre (Osaki 2012).

36.6 Spider Silk in Technical Applications

Less artificial and more profane applications include fabrics whose assignation

depends on their elasticity and ability to absorb large quantities of kinetic energy.

Examples are the use as protective clothing and body armor, like knife-resistant
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gloves and bulletproof vests. In their patent file DE 102009013861 A1, Takata

(Petri AG) proposed the use of spider silk for gas bags and safety belt for passenger

safety in cars. They want to use natural or recombinant spider silk either alone or in

combination with silicone, polyurethane, or polyamides.

Ropes and nets from spider silk or spider silk-like fibers promise a great strength

and durability as well as sustainability attractive for modern industrial production.

Other conceptions depend less on fiber structures but use silk fibroins for production

of films and panels or reinforce composite materials, for instance carriages able to

absorb the kinetic energy of accidents. Culpepper suggested artificial spider silk

stripes as an ankle support integrated into shoes to prevent involuntary lateral

movements and ankle injuries (Pat. No. US7587841). Nevertheless, in domains

needing high amounts of starting material, cost-benefit calculations render any use

of native spider silk impossible which means development of artificial silk produc-

tion processes which reliably reproduce spider silk properties is a prerequisite for

such applications.

Meanwhile, applications making use of spider silk fibers in miniature have

already been realized. As an example, spider silk was used as crosshairs in optical

targeting devices such as guns and telescopes until the Second World War (Heim

et al. 2009; Lewis 1996).

Silk fibroins are also interesting for production of films and coatings or for

nanostructuring of surfaces usable, e.g., for nanoscaled steering devices or sensor

systems (Fig. 36.5). In this sense, an invention filed recently describes photonic

nanoimprinting of fibroin biopolymer films which might be used for different

optical devices, like biophotonic sensors or optofluidic devices, or for biomedical

applications including drug delivery and tissue engineering (Pat. No. US 2012/

0034291 A1). Nanobioconjugates of gold nanoparticles bound on the surface of silk

fibers of Pholcus phalangioides (Pholcidae) show ohmic electronic conduction.

Exposition to the vapors of organic solvents, like methanol, leads to linearly

enhanced electronic conduction probably due to fiber contraction. Spider silk

prepared in such a manner could thus be used as a methanol sensor system (Singh

et al. 2007).

36.7 Conclusion

In conclusion, spider silk is a biopolymer with a huge number of possible textile,

technical, and biomedical applications. For several inventions prototype status

could be achieved, while most ideas are still of speculative nature. This is especially

true for applications which afford quantities of silk which are unrealistic to gain by

traditional reeling methods but need industrial large-scale production. This could be

realized by production of artificial silk fibers based on recombinant proteins.

Recombinant silk production has also the advantage that genetic modifications

allow for tailored proteins adapted to specific requirements. These approaches,

however, are still thwarted by immense technical challenges due to the size and
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repetitive nature of silk proteins. Available data so far supports the notion that

spider silk is highly cytocompatible and not immunogenic which renders it inter-

esting for biomedical applications. Increasing knowledge about the molecular

nature of the fibers and their particular characteristics inspires nanotechnology,

e.g., MEMS.
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Chapter 37

Spider Venom Components as Drug Candidates

Vera Oldrati, Estelle Bianchi, and Reto Stöcklin

37.1 Introduction

The biopharmaceutical research community now widely recognizes animal venoms

as a rich source of bioactives. Many research groups have focused their studies on

animal venoms, resulting in several innovative drug candidates, some of which

have been commercialized, with others showing promise in preclinical or clinical

development. To date, six venom-derived molecules are already on the market,

while more than a dozen are on the right track. Key publications covering the field

of venoms to drugs at broad include Lewis and Garcia (2003), Bogin (2005), Fox

and Serrano (2007), Saez et al. (2010), Stöcklin and Vorherr (2011), King (2011)

and Harvey and Stöcklin (2012). Of these drugs, most are derived from snake

venoms, which is most probably due to the ease of access to reasonable amounts of

starting material for discovery projects. With some 43,000 spider species (almost

all venomous) distributed in 110 distinct families (Platnick 2012) and with new

species described regularly, arachnids represent by far the largest group of venom-

ous animal species, making up 20–25 %. Furthermore, as discussed later in this

chapter and in other chapters of this book, spider venoms are neither less complex

nor less potent than other venoms. On the contrary, they are among the most

complex and potent and still have many surprises to reveal. The major limitation

in the study of spider venom is accessing sufficient amount of raw material to

conduct a discovery project, which, until recently, was huge compared with the

amount of venom produced by a single spider. This is indeed clearly reflected in the

venom-derived drugs on the market; except for Prialt that was launched in 2004 and

originates from a cone snail, all venom-derived drugs or products that made it to

market originate from large and easily available species, mostly snakes. In contrast,

the drug development pipeline today reflects a clear tendency towards smaller
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animals and currently includes nearly a dozen drug candidates undergoing clinical

trials in humans that originate from cone snail, scorpion, sea anemone, toad and

vampire bat venoms (King 2011; Harvey and Stöcklin 2012).

Using traditional drug discovery strategies, hundreds or thousands of spiders were

required to produce enough venom for each study. This meant keeping huge colle-

ctions of specimens in captivity or organizing large-scale field trips to collect in the

wild, which is very expensive, challenging and may raise bioethical issues. This is

why, to date, studies have been carried out on atmost a few hundred species, including

a dozen life-threatening species and the large and easily available theraphosids, which

is one among 110 arachnid families with only about 1,000 species total. However, the

recent progress in bioanalytical and bioinformatics techniques, and innovative

approaches to drug discovery based on venomics (Stöcklin and Favreau 2002;

Ménez et al. 2006; Favreau and Stöcklin 2009), now allow the investigation of the

composition and biological activity of single constituents present in tiny amount of

raw venom (Stöcklin and Favreau 2002; Escoubas andKing 2009; Favreau et al. 2010;

Jiang et al. 2010; Vetter et al. 2011; Koua et al. 2012; Violette et al. 2012). Successful

studies have even been achieved on single living arthropod specimens (Favreau et al.

2006). As a result, during the last decades, numerous bioactive peptides have been

discovered in disparate spider venoms, totalling so far around 1,700 bioactive

candidates comprising approximately 260 low-molecular-mass compounds (organic

acids, nucleosides, nucleotides, amino acids, amines), 200 acylpolyamines (some

containing amino acids, some not), 100 linear peptides (mostly cytotoxins and anti-

microbial peptides), 900 cysteine-knotted mini-proteins (targeting ion channels and

receptors), 220 enzymes (mostly, sphingomyelin phosphodiesterases have been

investigated to date, but proteases, peptidases and hyaluronidases were also identified,

among others) and 20 neurotoxic proteins (found in theridiid spiders only) (Stöcklin

and Cretton 1998; Kuhn-Nentwig et al. 2011; Herzig et al. 2011; Jungo et al. 2012).

Bearing in mind that the time from discovery to market ranges between 10 and

20 years for a drug, there is no doubt that the number of drugs originating from smaller

or rare species that were previously impossible to study will increase in the future.

This chapter will give an overview of the latest developments and future

perspectives in spider venom drug discovery and outline the potential applications

of spider venom components in the medical field.

37.2 Potential Applications of Spider Venom

37.2.1 Calcium Channels

Calcium channels are ubiquitous in animals and humans. They are involved in the

transduction of the electrical impulse into neurotransmitter release as well as hormone

secretion, cell proliferation and gene expression. Calcium channels are implicated in

the pain pathway, and it is well established that selective block of these channels
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results in a long-lasting analgesia. Molecules with this pharmacological activity can

thus be employed to treat inflammatory, neuropathic and refractory pain, as an

alternative to opioid drugs. Based on their functional characteristics, six types of

voltage-sensitive calcium channels (Cav) have been characterized (L, N, P, Q, R and

T). Each type reacts to different inhibitors and activators and comprises several

subtypes, which are named according to their a1 subunit. The L-type Cav channel,

for example, is the target of the o-conotoxin-derived analgesic drug Prialt. More than

one hundred so-calledo-toxins have been identified in spider venoms. These peptides

act selectively as inhibitors of Cav, causing a long-lasting blockade. This group of

toxins is heterogeneous: molecular masses range from 2,938 to 8,752 Da, and they are

found in the venom of spiders belonging to 11 distinct families (Actinopodidae,

Hexathelidae, Theraphosidae, Filistatidae, Plectreuridae, Segestriidae, Agelenidae,

Ctenidae, Sparassidae, Lycosidae and Oxyopidae). Although further studies are

needed, o-toxins are certainly promising for the development of original analgesic

drugs, hopefully without the important side effects observed with existing molecules.

Moreover, selectively targeting of Cav is also an interesting approach to the develop-

ment of new diagnostic reagents. At present, the neurological autoimmune disease

Lambert–Eaton myasthenic syndrome is characterized by the presence of autoanti-

bodies directed against calcium channels (Cav2.1 and 2.2). A toxin that selectively

targets those channels could be employed to reveal the presence of such antibodies.

PnTx3-4, a protein identified in the ctenid Phoneutria nigriventer (Brazilian wander-
ing spider) venom, has already been identified as promising for such an application

(De Lima et al. 2009; Kuhn-Nentwig et al. 2011).

37.2.2 Potassium Channels

Potassium channels represent the most abundant class of ion channel. They are

essentially divided into voltage-sensitive and ligand-sensitive types. Althoughmany

subtypes have been identified so far, this class is still far from fully characterized.

These channels are found throughout the human body and are modulated by differ-

ent families of ligands, regulating diverse processes. For example, ATP-sensitive K+

channels, situated in pancreatic b-cells, regulate insulin secretion. Another class of

medically important potassium channels is the voltage-gated potassium channels

(Kv). They are constituted of four main subunits and several accessory subunits to

form an ion-permeable pore. They are found, for instance, in sensory neurons, where

they are involved in nociceptive transmission, and also in heart muscle, where they

are implicated in cardiac arrhythmias. Kv1.3 is an interesting target since these

channels are overexpressed at the surface of hyperactive effector memory T-cell

lymphocytes in some autoimmune diseases (e.g. multiple sclerosis, type 1 diabetes,

rheumatoid arthritis and psoriasis). One mini-protein derived from sea anemone

venom, ShK-186, is currently undergoing phase I clinical study in the USA by

Kineta (Seattle, WA, USA) who acquired the rights from Airmid Corporation

37 Spider Venom Components as Drug Candidates 493



(Redwood City, CA, USA) and the University of California Irvine (Castañeda et al.

1995; Chi et al. 2012). A total of 75 spider toxins belonging to the k-toxin family that

block Kv channels have been identified so far. These toxins are present in the venom

of four different spider families (Theraphosidae, Hexathelidae, Sparassidae and

Ctenidae), and they have a molecular mass ranging from 3,280 to 6,172 Da.

Among them, three heteropodatoxins, isolated from the sparassid Heteropoda
venatoria (huntsman spider) venom, have been used to study Kv4.2 channels in

cardiac myocytes. As these channels are selectively blocked by heteropodatoxins,

these peptides have been important in defining the physiologic role of Kv4.2

channels and investigating their structure (Sanguinetti et al. 1997; Kazic and

Gojkovic-Bukarica 1999; Kuhn-Nentwig et al. 2011).

37.2.3 Sodium Channels

Voltage-gated sodium channels are responsible for the rapid depolarization of

excitable cells that is required to start an action potential. They are composed of

one a and one b subunit; there are 9 a subunits, from Nav1.1 to Nav1.9. Function-

ally, voltage-gated sodium channels are classified according to their sensitivity to

tetrodotoxin. The tetrodotoxin-sensitive Nav1.3, and especially Nav1.7, and the

tetrodotoxin-resistant Nav1.8 are involved in pain signalling. Several drugs

targeting Nav channels, such as phenytoin, carbamazepine, lamotrigine and lido-

caine, are currently employed to treat epilepsy and neuropathic pain; Nav channels

are hence validated targets for pain treatment. Nav1.4 is selectively located on

muscle cells at the neuromuscular junction and offers a promising target for

myorelaxant drugs. One cone snail peptide, XEP-018 or CnIIIC from Conus
consors (Favreau et al. 2012), is currently undergoing preclinical studies for the

treatment of dystonia (Atheris Laboratories and the Toxinomics Foundation in

Switzerland together with the CNRS in France, in the frame of the CONCO project

www.conco.eu). Three toxin types that target voltage-gated sodium channels have

been identified in spider venom: the b-toxins shift the voltage dependence of

channel activation, the d-toxins delay channel inactivation and the m-toxins inhibit
Nav channels. Among these toxins, those that block human Nav1.7 channels are

particularly interesting for the development of innovative pain-killing drugs. To

date, three peptides isolated from Theraphosidae spider venom have been shown to

produce such an effect. Huwentoxin-IV (HWTX-IV) from the Chinese bird spider

Haplopelma schmidti (sub Selenocosmia huwena, Liang 2004) and Protoxin-

2 (ProTx-II) from the Peruvian green velvet tarantula Thrixopelma pruriens
(Middleton et al. 2002) have attracted the interest of several major pharmaceutical

companies for their ability to modulate Nav1.7 channels. In addition, a toxin

isolated from Phoneutria nigriventer venom, d-ctenitoxin-Pn2a, has been shown

to modulate Nav channel activity. The pharmacology of this toxin has not been fully

elucidated, but its action on Nav channels results in an increased calcium influx,

which leads to increased synthesis of nitric oxide. Nitric oxide is a vasodilator, and
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its injection into the corpus cavernosum at an extremely low concentration results

in erection. Since neither toxic nor systemic effects are observed, d-ctenitoxin-Pn2a
appears promising for the treatment of erectile dysfunction, particularly compared

with current drugs that have several, not insubstantial, side effects (Lewis and

Garcia 2003; Nunes et al. 2008; Saez et al. 2010; Kuhn-Nentwig et al. 2011).

37.2.4 Acid-Sensing Ion Channels

Acid-sensing ion channels (ASICs) belong to the epithelial sodium channel/

degenerin superfamily. They are activated by a high extracellular proton concen-

tration and are mainly distributed in neuronal cells. Seven subunits have been

identified to date: ASIC1a, 1b, 1b2, 2a, 2b, 3 and 4, with the ASIC1a subunit the

most abundant in the central nervous system. Although further investigation of this

channel family is needed, it has nevertheless been established that ASICs are

involved in nociception, perception of taste and mechanical stimuli. As an impor-

tant pH decrease is observed in several pathological conditions, such as ischemia,

arthritis, osseous fractures and tumours, these channels emerge as promising thera-

peutic targets. So far, only one potent and selective inhibitor of ASIC1a has been

validated: Psalmotoxin-1a (Pi-theraphotoxin-Pc1a, Pi-TRTX-Pc1a or PcTx1)

(Fig. 37.1). This toxin, constituted of 40 amino acids, was isolated from the

venom of the Trinidad chevron tarantula Psalmopoeus cambridgei (Theraphosidae)
and inhibits ASIC1a by increasing the apparent channel affinity for H+ when the

toxin is bound. Recent studies show that this toxin is an effective analgesic if

injected intrathecally. Moreover, its peripheral administration following a stroke

results in a neuroprotective effect. In addition to contributing to the functional and

structural understanding of ASIC1a channels, this toxin, under the code THA901, is

currently in preclinical development by Theralpha in France as an innovative

analgesic and neuroprotective drug (Chen et al. 2005; Poirot et al. 2006; Saez

et al. 2010).

37.2.5 Transient Receptor Potential Vanilloid Cation Channel

Transient receptor potential vanilloid cation channels (TRPVs) are known to be

involved in sensory signalling, including thermosensation and nociception. In particu-

lar TRPV1, which is activated by capsaicin, as well as by several inflammatory agents

and noxious heat, may constitute an interesting and original target for analgesic drugs.

In order to better investigate the function of TRPVs, powerful and selective biochemi-

cal tools are needed. Several so-called vanillotoxins have been characterized from the

venom of Haplopelma schmidti (sub Ornithoctonus huwena) and Psalmopoeus
cambridgei (Theraphosidae). Owing to their selective activation of certain TRPV
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channel subtypes, vanillotoxins represent a useful tool for the structural characteriza-

tion and pharmacological study of these channels (Bohlen et al. 2010; Saez et al. 2010).

37.2.6 Mechanosensitive Ion Channels

Mechanosensitive ion channels are ubiquitous and mediate various physiological

functions. In sensory neurons, they are involved in mechanotransduction of external

stimuli, such as pressure and touch, while in the heart, they have been implicated in

pathological conditions, such as atrial fibrillation. A selective and potent blocker of

mechanosensitive ion channels has been found in the venom of the Chilean rose

tarantula Grammostola rosea (sub Grammostola spatulata). This 34-residue pep-

tide, GsMTx4, has been shown to block those channels without any cytotoxic

effect. This toxin is currently being used to study the structure and pharmacology

of mechanosensitive ion channels. Considering the implication of these channels in

pain sensation, GsMTx4 could be a novel drug candidate to alleviate mechanical

hyperalgesia and was suggested as a drug candidate to reduce mechanical and

neuropathic pain (Gottlieb et al. 2004; Park et al. 2008). Furthermore, as these

channels are involved in arrhythmia, the use of GsMTx4 for the treatment of heart

disease can also be considered. An application of this toxin in treating muscular

dystrophy has recently been proposed. This hereditary disorder is characterized by

defects in muscle proteins that impair movement and lead to respiratory insuffi-

ciency. Selective blockade of mechanosensitive ion channels appears to improve

muscle performance and palliate this pathological condition. GsMTx4 was recently

found to block the Piezo1 cation selective mechanosensitive channel that is also

associated in hereditary xerocytosis (Saez et al. 2010; Bae et al. 2011; Zarychanski

et al. 2012).

Fig. 37.1 Three-dimensional structure of psalmotoxin-1, a 40 amino acid mini-protein from the

venom of the Trinidad chevron tarantula (Psalmopoeus cambridgei) containing three disulfide

bridges. As far as we know, this lead candidate is the only spider venom compound presently

undergoing preclinical studies, apparently with its native sequence
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37.2.7 Acetylcholine Receptors

Acetylcholine is a neurotransmitter that binds to two receptor superfamilies: the

nicotinic (ionotropic) and muscarinic (metabotropic) acetylcholine receptors. These

receptors are ubiquitous in the human body and are involved in numerous physio-

logical and physiopathological processes. To date, there is no characterized spider

toxin that has been shown to be active at acetylcholine receptors. However, in

collaboration with Daniel Bertrand at HiQScreen SARL (Geneva, Switzerland), we

have identified a fraction of the venom of the Sydney funnel-web spider Atrax
robustus (Hexathelidae) that selectively inhibits the a7 nicotinic acetylcholine

receptor subtype (Favreau et al. 2010). The mechanism and the specific venom

component responsible for this antagonism have not yet been elucidated. As the a7
nicotinic acetylcholine receptor is involved in cognitive functions, neuronal plas-

ticity and mental disorders such as schizophrenia, further investigation of this

spider venom could lead to innovative bioactives for unmet medical needs.

37.2.8 N-Methyl-D-Aspartate Receptors

The N-methyl-D-aspartate (NMDA) receptor is an ionotropic glutamate receptor that

is present in central nervous system. Binding of glutamate to the NMDA receptor

causes opening of calcium channels, which leads to entry of calcium and sensitization

and hyperexcitability of spinal cord neurons. NMDA receptors are involved in pain

transmission and have been implicated in several diseases of the central nervous

system. Increased intracellular calcium levels caused by dysregulation of NMDA

receptors is thought to play a role in neurodegeneration in Parkinson’s and

Alzheimer’s disease. NMDA receptors are also a validated target for epilepsy treat-

ment. Considering the central role of this receptor in the functioning of the central

nervous system, many research groups have focused their efforts on identifying

ligands that can modulate these receptors. In particular, a small molecule NMDA

antagonist (NPS-1506 or delucemine: 3,3-bis(3-fluorophenyl)-N-methylpropan-1-

amine) (Fig. 37.2) was designed based on argiotoxin 636, an NMDA antagonist

isolated from the venom of the araneid Argiope aurantia, an orb-weaver spider

(Adams et al. 1987; Guth et al. 1990). NPS-1506 was designed and first developed

by NPS Pharmaceuticals in Salt Lake City, Utah (USA), as a neuroprotective drug for

ischemic stroke, haemorrhagic stroke and head trauma (Mueller et al. 1991;Moe et al.

1998,) to prevent excessive calcium influx during the consequent ischemia. The

project was abandoned, and the molecule was further developed under the name

delucemine for the treatment of major depressive disorder. Delucemine successfully

passed clinical phase I study in humans, but on 6May 2005, NPS confirmed that it has

suspended development of delucemine and was evaluating alternative indications and

strategies for the future development of it. In 2006, NPS entered into an agreement

with Johnson & Johnson Pharmaceuticals regarding intellectual property related to

delucemine, who apparently kept the project on hold (Berressem 1999; Bogin 2005).
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37.2.9 Latrophilin Receptor

The latrophilin-1 receptor is a G-protein-coupled receptor that is mainly expressed

at the presynaptic level in brain neurons and in endocrine cells of the kidneys and

pancreas. This receptor was recently discovered as a result of several studies on a

toxin extracted from the venom from the Mediterranean black widow Latrodectus
tredecimguttatus (Theridiidae), named a-latrotoxin. This toxin of 131,500 Da was

shown to have a potent stimulant effect on neuronal and endocrine cells; however,

the underlying mechanism was completely unknown. Today its receptor has been

structurally characterized and has been demonstrated to be involved in a number of

physiological processes. Primarily, as it is found in pancreatic b-cells, it was

suggested that the latrophilin-1 receptor could be involved in insulin secretion

and therefore in insulin-related diseases, such as diabetes or obesity. However,

there is also evidence to suggest that this receptor may be implicated in mental

disorders, such as schizophrenia and bipolar disorder. It has been shown that mice

lacking the latrophilin-1 receptor have a behaviour that corresponds to schizophre-

nia phenotypes. In addition, further studies on latrophilin genes led to the charac-

terization of two homologous receptors: latrophilin-2 and 3. These receptors have

been studied in much less detail, but it has been shown that latrophilin-2 is

ubiquitous in mammalian tissues, and its expression may be correlated with inci-

dence of breast cancer. These findings are examples of usefulness of spider toxins in

the medical research not only as lead candidates for the design of new drugs but also

in receptor deorphanization and the elucidation of physiological pathways (Lang

et al. 1998; Ushkaryov et al. 2008; Silva et al. 2009; Silva and Ushkaryov 2010).

Fig. 37.2 NPS-1506 or delucemine (b) is the only spider venom-derived compound that entered

into human clinical trials. Its design was based on argiotoxin 636 (a). Argiotoxins contain a

hydrophilic basic domain of arginine, a polyamine, and asparagine is connected to an aromatic

moiety contributed either by 4-hydroxyindole-3-acetic acid or 2,4-dihydroxyphenylacetic acid
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37.2.10 Purinergic P2X Receptors

P2X purinergic receptors are ATP-gated ion channels that are permeable to the

cations Na+, K+ and Ca2+. Seven receptor subtypes, P2X1 to P2X7, have been

identified, and among these, subtypes P2X3, P2X4 and P2X7 are involved in pain

signalling. P2X3 receptors are found on ascending nociceptive sensory neurons,

where they are involved in acute, inflammatory, neuropathic, visceral and cancer-

related pain, as well as in migraine. This subunit is hence a suitable target for novel

polyvalent analgesic drugs. Purotoxin-1, a 35 amino acid toxin isolated from the

venom of the lycosid Geolycosa sp., has been found to be a potent and extremely

selective modulator of P2X3 receptors and causes receptor desensitization. Prelim-

inary results with this peptide are promising and may lead to a novel analgesic drug

targeting this receptor (Savchenko et al. 2009; Grishin et al. 2010; Saez et al. 2010).

37.2.11 Antibacterial and Antifungal Action

Despite the 17 classes of antibiotic compounds existing to date, research into

antimicrobial agents must perpetually evolve. The emergence of nosocomial

infections due to antibiotic resistance of pathogens such as Staphylococcus aureus
or Streptococcus pneumonia has made the search for new antibiotics a priority.

Daptomycin, a natural lipopeptide but not from animal venom that has recently

been commercialized for the treatment of Gram-positive infections, highlights the

relevance of antimicrobial peptides as a valid alternative to smaller organic

molecules. So far, a multitude of membrane-acting antimicrobial peptides have

been isolated from the venom of araneomorph and mygalomorph spiders, together

with members of other families such as defensins (Gao et al. 2005; see also Kuhn-

Nentwig and Nentwig 2013). Most of these peptides are characterized by an

amphipathic a-helical structure, which enables them to interact with bacterial cell

membranes, perturbing their function. This interaction is nonspecific and may cause

a general cytolytic effect; however, experiments have demonstrated that this

adverse effect can be overcome by truncation of the peptide, without significant

loss of antimicrobial activity. An example of an antimicrobial peptide with a

different structure is GsMTx-4, which is isolated from Grammostola rosea (sub

Grammostola spatulata) venom and is described above for its activity on

mechanosensitive ion channels. This peptide is constituted of a triple-stranded

antiparallel b-sheet, stabilized by three disulfide bridges. The antimicrobial effect

of GsMTx-4 is greater on Gram-positive bacteria, such as Staphylococcus, versus
Gram-negative bacteria. This effect may be due to an interaction with the lipid

packing of the bacterial membrane; however, another hypothesis for the antimicro-

bial effect of GsMTx-4 is its activity at mechanosensitive ion channels in bacteria.

Developing antimicrobial peptides for pharmaceutical use, however, remains chal-

lenging and is typically limited by production costs. Since most toxins are active in
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the micromolar range and multiple daily injections over 2 more weeks would be

required for a course of treatment, large amounts of peptide would be required,

making the cost of treatment extremely high (Bulet et al. 2004; Bulet and Stöcklin

2005; De Lima et al. 2009; Saez et al. 2010).

37.2.12 Antimalarial Action

Malaria is caused by Plasmodium sp. infection, spread by Anopheles mosquitoes,

with Plasmodium falciparum being the most virulent species. Chloroquine is

currently considered as the reference treatment, but resistance of some Plasmodium
strains limits its efficacy. Two peptides, psalmopeotoxin I (U1-theraphotoxin-Pc1a,

TRTX-Pc1a, 33 amino acids) and II (U2-theraphotoxin-Pc1a, U2-TRTX-Pc1a, 28

amino acids), have emerged as possible alternatives to existing antimalarial drugs.

These peptides have been isolated from the venom of Psalmopoeus cambridgei, and
they bind selectively to Plasmodium falciparum-parasitized erythrocytes. While the

molecular target of psalmopeotoxins remains unknown, it has been established that

they are extremely selective and do not cause haemolytic or cytotoxic side effects.

These peptides may represent a great opportunity to treat this major disease that is

responsible for more than 650,000 deaths every year (Choi et al. 2004; De Lima

et al. 2009; Saez et al. 2010).

37.3 Conclusions and Perspectives

In conclusion, it has been established that animal venoms are a significant and

important source of bioactive compounds, and spider venom is no exception.

Venom-derived peptide libraries are thus increasingly employed in drug discovery.

A multitude of compounds that are active at many different targets have been

identified in venom of all classes of venomous animals, including spiders. Recent

advances in spider venom research have been made possible by significant improv-

ements in venomics drug discovery strategies, in particular in analytical techniques

and bioinformatics, as well as the emergence of next-generation sequencing tech-

nology giving access to genomic and venom gland transcriptomic studies. In view

of the huge phylogenetic and molecular diversity they offer, there is no doubt that

spiders still hold many surprises. Undoubtedly, new developments in pharmaco-

logical research technologies will enable us to fully exploit this rich source, in a

manner that is ecological, effective and sustainable.
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Appendix. Spider Phylogeny

Since many aspects mentioned in this book are better understandable within a

phylogenetic context, a phylogenetic cladogram of spiders is given here. However,

currently no generally accepted system is available and therefore the approach which

is presented here reflects the best compromise of current knowledge and opinions.

This system bases on the cladograms provided by Coddington (2005) and Jocqué and

Dippenaar-Schoeman (2006) and includes key results from important further

publications such as Silva (2003), Hedin and Bond (2006), Benjamin et al. (2008),

Rix et al. (2008), Alvarez-Padilla et al. (2009), Arnedo et al. (2009), Blackledge et al.

(2009), Miller et al. (2009, 2010), Dimitrov et al. (2011), Lopardo et al. (2011), Bond

et al. (2012), Griswold et al. (2012), and Labarque and Ramirez (2012).

The here presented system includes 110 families. Sinopimoidae are not

included; they comprise only one species and may show up to belong to

Linyphiidae. Cycloctenidae are also not included; they belong to the RTA clade

but their further position is unclear. The best approach to include Miturgidae results

in different positions for two parts: the subfamily Eutichurinae (including

Cheiracanthium) close to Corinnidae and the subfamily Miturginae close to

Zoridae (Silva 2003). If confirmed, this may point to an upcoming splitting of the

family. Micropholcommatidae (Micropholc.) may become a subfamily of Anapidae

(Lopardo et al. 2011).

Thanks for discussing this phylogenetic system go to Miquel Arnedo, Jonathan

Coddington, Gustavo Hormiga, Rudy Jocqué, Christian Kropf, Jeremy Miller, and

Nikolaj Scharff.
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Liphistiidae

Atypidae
Mecicobothriidae
Antrodiaetidae
Dipluridae
Hexathelidae
Actinopodidae
Paratropidae
Barychelidae
Theraphosidae
Cyrtaucheniidae
Nemesiidae
Microstigmatidae
Migidae
Ctenizidae
Idiopidae
Euctenizidae

Hypochilidae

Austrochilidae
Gradungulidae
Filistatidae
Caponiidae
Tetrablemmidae
Trogloraptoridae
Segestriidae
Dysderidae
Orsolobidae
Oonopidae
Pholcidae
Diguetidae
Plectreuridae
Ochyroceratidae
Leptonetidae
Telemidae
Sicariidae
Drymusidae
Periegopidae
Scytodidae

Mesothelae

Mygalo-
morphae

Araneo-
morphae

Palaeocribellatae

Neocribellatae

Haplo-
gynae

Entelegynae

Araneae

Austrochiloidea

Araneoclada

Dysderoidea

Scytodoidea
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Eresidae
Oecobiidae
Hersiliidae
Huttoniidae
Palpimanidae
Stenochilidae
Archaeidae
Mecysmaucheniidae

Deinopidae
Uloboridae
Nicodamidae
Theridiidae
Nesticidae
Anapidae incl.Micropholc. 
Symphytognathidae
Synaphridae
Mimetidae
Tetragnathidae
Malkaridae
Synotaxidae
Theridiosomatidae
Mysmenidae
Nephilidae
Araneidae
Pimoidae
Linyphiidae
Cyatholipidae
Holarchaeidae
Pararchaeidae

Titanoecidae

Palpimanoidea

Canoe
tapetum

clade

Entelegynae

?

?

Orbicu-
lariae

RTA clade 

Araneoidea

?

?

?

?

?
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Amaurobiidae
Homalonychidae
Tengellidae
Phyxelididae
Zodariidae
Penestomidae
Chummidae
Desidae
Amphinectidae
Stiphidiidae
Dictynidae
Cybaeidae
Hahniidae
Agelenidae
Clubionidae
Liocranidae
Sparassidae
Selenopidae
Philodromidae
Salticidae
Thomisidae 
Anyphaenidae
Miturgidae/Eutichurinae
Corinnidae
Gallieniellidae
Trochanteriidae
Cithaeronidae
Ammoxenidae
Lamponidae
Gnaphosidae
Prodidomidae
Zorocratidae
Zoropsidae
Psechridae
Oxyopidae
Senoculidae
Trechaleidae
Pisauridae
Lycosidae
Ctenidae
Miturgidae/Miturginae
Zoridae

Dionycha

RTA clade 

Grade shaped 
tapetum clade

Gnaphosoidea
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Subject Index

A

Abdominal sac, 44, 46, 53f, 368

Acanthoscurria
A. gomesiana, 6, 84, 86
A. natalensis, 88

Acanthoscurrin, 82, 87

Acari, 5, 9, 112

Acaricide, 415ff, 442

Acceleration, 459

Accessory gland, 174, 181f

Acentric, 161

Acetamiprid, 419

Acetylcholine, 193, 206, 261, 286, 420, 497

Acetylcholinesterase, 420

Acetylputrescine, 287f

Acetyltaurine, 287

Achaearanea, 198

Achiasmatic, 167

Achromatic vision, 321, 326–330

Acidification, 271, 411

Acid-sensing ion channel, 208f, 211, 495

Acinifom gland/silk, 273f, 283

Acremonium, 117
Acrocentric, 160–164

Acrosomal, 176–180

Actinopodidae, 493, 506

Aculepeira ceropegia, 396
Acylpolyamine, 88, 192–195, 200f, 206,

213, 492

Adaptive, 44, 71, 76, 81, 103, 143, 145, 150,

323, 379, 411, 475

Adaptive immune system, 81

Adenylate energy charge index, 408

Adhesive, 61ff, 271ff, 276–278, 295–297,

308ff, 463ff

ADP, 206, 408

Adrenaline, 193

Aerial dispersal, 68ff

Aerobic metabolic, 36

Aerobic–anaerobic partition, 35

Aerodynamic, 68, 70, 276

Agelena, 262
A. consociata, 130
A. labyrinthica, 18, 404–410
A. orientalis, 218

Agelenidae, 7, 18, 31f, 48, 86, 96, 101, 127ff,

143f, 164ff, 192ff, 218, 262, 387, 404,

412, 493, 508

Agelenopsis, 96, 262
A. aperta, 143f, 194f, 218

Agglutinin, 85

Agglutionation system, 84f

Aggregate gland/silk, 243f, 271, 283ff

Aggressive mimicry, 150f

Agonistic, 132ff, 147

Agriculture, 72, 393–398, 430, 441

Agrobiont, 71f

Akanthomyces, 110, 114f
Alaninamide, 286f

Alanine, 268, 270, 275, 286f, 481

Albumin, 11

Alcohol, 127, 129, 133, 441

Aldehyde, 127, 129

Aliphatic compound, 284, 286

Aliphatic hydrocarbon, 127

Alkane, 133

Alkyl methyl ester, 288

Allelochemical, 126, 142

Allocosa
A. alticeps, 147
A. brasiliensis, 147

Allomone, 126, 142

Allosteric effector, 12

Allosteric modifier, 210
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Allostery, 10

Alopecosa pulverulenta, 98
Alpaida veniliae, 418, 422–424
α-helix, 195f, 217ff, 270, 307, 499
α-latrocrustotoxin, 198
α-latrotoxin, 198, 230, 498
Alzheimer’s disease, 497

Amaurobiidae, 51, 127, 194, 197, 508

Amaurobius ferox, 51
Amblypygi, 5f, 174, 179

Amidation, 218, 220

Amine, 192f, 206, 492

Amino acid, 4, 7, 9, 85–89, 128, 142, 192–201,

206, 217ff, 244, 256, 267–275,

287–292, 376, 387f, 397, 476, 492,

495–500

Aminoproprionamide, 287

Ammoxenidae, 58, 191, 508

Amorphous, 267ff, 364, 477

AMP, 206, 408

Amphinectidae, 509

Amphipathic, 86, 499

Ampullate gland/silk, 68, 269–281, 283, 291,

476–486

Anaeorobiosis, 36

Anaerobic, 51

capacity, 35

metabolism, 36, 408

Analgesic, 213, 261, 493ff

Anamorph, 110, 112

Anapidae, 507

Anclystaceae, 112
Anelosimus eximius, 130f
Anoteropsis hilaris, 417–420
Antibiotic, 100, 109, 229, 499

Antifeedant, 415, 422, 441

Antimicrobial, 11, 81ff, 195, 290, 293, 492

Antioxidative, 408f

Antivenom, 256–261

Antrodiaetidae, 506

Anyphaenidae, 31, 58, 68, 388, 394, 435,

443, 508

Aorta, 15f, 18ff, 50

Aphantochilinae, 191, 350

Aphid, 93, 374–382, 389, 432, 444

Aphonopelma
A. hentzi, 4ff, 10, 17, 22ff, 32, 36, 47f,

50f, 85, 88,

A. marxi, 23, 82f
A. seemanni, 59ff

Apis mellifera, 320, 355
Apodem, 30

Apoptosis, 408

Application, 268, 415ff, 436, 442ff, 451ff,

469ff, 475ff, 492ff

Apposition eye, 325

Appressorium, 109

Arachnidicolae, 108, 113
Arachnophobia, 253

Araneidae, 7, 34f, 86, 96, 101, 143ff, 160ff,

191ff, 245, 271ff, 283ff, 319ff, 343,

362ff, 380, 385ff, 394, 407, 416ff, 433f,

442, 477ff, 507

Araneism, 258

Araneoclada, 16, 506

Araneoidea, 194, 243, 273ff, 283ff, 507

Araneomorphae, 7, 11, 29ff, 45, 52, 68, 86ff,

159ff, 180f, 191, 203, 225, 253, 271,

274, 303, 313, 344, 499, 506

Araneus, 194, 325–330
A. aurantia, 146, 288, 290, 295, 497
A. cavaticus, 285f
A. diadematus, 18, 96, 101, 286, 365–367,

385f, 405–410, 418, 422, 434f, 463,

482, 485

A. trifolium, 276
A. ventricosus, 96, 114, 160

Archaeidae, 507

Arginine, 195, 223, 498

Argiope, 86, 161, 104, 363, 442
A. aemula, 322f
A. auratia, 288, 295
A. bruennichi, 143ff
A. flavipalpis, 362f
A. keyserlingi, 376
A. lobata, 194, 288
A. reinwardti, 363
A. trifasciata, 271, 288

Argiotoxin, 497

Argyrodes, 293
Argyroneta aquatica, 17–19
Ariadna lateralis, 159
Arolia, 57

Aromatic, 194, 206, 284. 288, 498

Arrhythmia, 261, 493, 496

Arsenophonus, 95, 99
Artery, 47

Artificial diet, 393ff

Asci, 113

Ascomycota, 109, 12f
Ascospore, 110, 113

Ascostroma, 113

Asexual stage, 112

Aspergillus, 116
Associative learning, 149

Astacin, 236
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Ataxia, 417, 421

ATP, 35f, 206, 260, 408, 493, 499

Atracotoxin, 256

Atrax, 6, 254–256
Attachment system, 57ff

Atterocopus, 267
Atypidae, 159–165, 174, 506

Atypus, 6
A. affinis, 159, 165

Austrochilidae, 17, 160, 506

Austrochiloidea, 16, 29, 506

Austrochilus, 17, 159
Autoimmune disease, 493

Autosome, 160–169

Auxiliary spiral, 273

Avicularia
A. metallica, 200
A. minatrix, 161
A. versicolor, 334

Axoneme, 178–180

Azadirachta indica, 441
Azadirachtin, 419, 441ff

B

Bacillus thuringiensis, 429ff, 445
Bacteria, 74, 83ff, 93ff, 152, 193, 223f,

234, 289, 429, 479, 499

Bacteroidetes, 93

Badumna
B. insignis, 309
B. longinqua, 304, 309f

Bagheera kiplingi, 388
Ballistic, 454, 458, 480

Ballooning, 67ff, 100, 148, 245, 272

Barychelidae, 58, 506

Beauveria bassiana, 113
Benzoylurea, 422

β-caryophyllene, 148
β-1,3 glucans, 84

β-hairpin, 87, 196
Betaine, 286–292

β-sheet, 207, 270, 477, 499
β-toxin, 197, 494
Bioaccumulation, 405–412

Bioactive, 481, 484, 491ff

Bioadhesive, 469

Biocompatible, 475, 481f

Bioconcentration, 405

Bioconcentration factor, 406

Biogenic amine, 193, 206

Bioinsecticide, 204, 208

Biological control, 393f, 398, 430

Biomaterial, 475ff

Biomedical, 470, 475ff

Biomimetic, 278, 468–471, 478

Biopolymer, 475ff

Biotin, 396

Bite, 125, 135, 204, 231, 233, 237, 243,

254–263

Blood cells, 82

Body condition, 74ff

Body condition index, 380

Body size, 8, 24f, 32, 34, 37, 101, 137, 262,

277, 380, 424f, 432

Bola spider, 144, 150f, 191

Bombyx mori, 479
Book lung, 9, 16, 21, 29–35, 50f, 303

Brachypelma
B. albopilosum, 127, 129, 135–137
B. vagans, 135

Bradykinin, 288

Bryobia, 101
Bt crop, 386, 429ff
Bt israelensis, 429
Bt kurstaki, 429ff, 445
Bt protein, 431ff
Bt tenebrionis, 429, 435
Buprofezin, 419

Butyric acid, 143

C

Cabal, 212f

Cadaverine, 193, 218

Cadmium, 403ff

Calamistrum, 305ff

Calcium, 87, 286, 396, 403, 407, 481, 497

Calcium channel, 87, 197f, 208ff, 220, 492ff

Calmodulin, 224

Calocera, 114
Camouflage, 110, 320–323, 349, 361, 365

Candida albicans, 87
Cannibalism, 69, 133–137, 146, 176, 375–382,

398

Canoe tapetum clade, 507

Capillarization, 19

Capillary, 36

Capillary force, 64, 173, 290, 296, 308–313, 466

Caponiidae, 30f, 58, 506

Capture spiral, 273–276, 476

Carbamate, 415–417

Carbohydrate, 396

Carbon dioxide, 21

Carbosulfan, 444

Carboxylesterase, 409f
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Carcinoscorpius rotundicauda, 5
Cardiac artery, 17ff

Cardiac cycle, 22ff

Cardiac disturbance, 260f, 493, 496

Cardinium, 95ff
Cardiomyocyte, 16f

Cardioregulatory nerve, 23

Casein, 397

Catalase, 408–410

Catecholamine, 261

Cav channel, 87, 197f, 208ff, 220, 261, 492ff

cDNA, 4f, 244, 270, 274

cDNA library, 84, 86, 218, 225,

Cellular defence, 109

Central nervous system, 19, 22, 206, 495, 497

Centriole, 176, 178f

Centromere, 160f, 163, 169

Cephalosporium, 117
Cheiracanthium, 262, 442

C. inclusum, 262, 394f, 434
C. mildei, 262, 442f
C. punctorium, 221, 262

Chelicerae, 18, 144f, 152, 191, 203, 242–246,

253–256, 260–262, 303, 334–336,

342–345, 350

Chemical communication, 125ff

Chemoreceptor, 65, 125, 128

Chemosensitive, 128, 144, 153, 197

Chiasmata, 163, 165, 167

Chileotaxus, 177f
Chilobrachys guangxiensis, 212
Chloride, 286

Chlorpyrifos, 418f, 444

Cholesterol, 127, 136, 376, 396f

Choline, 193, 233, 287, 289, 292

Cholinesterase, 417, 420

Chondroitin sulphate, 224f

Chromatic vision, 321–330

Chromatin, 164, 166f, 179

Chromosome, 159ff

Chrysomelidae, 429ff

Chrysso scintillans, 363f
Chummidae, 508

Circadian, 421

Circulatory organ/system, 2, 15ff

Cithaeronidae, 508

Citric acid, 143, 145, 193, 206

Clathroconium, 115
Clavicipitaceae, 112
Clavicipitales, 112
Cleistospermia, 181f

Clomazone, 418f

Clotting, 81ff

cascade, 81ff

enzyme, 11, 85

Clubiona, 444
C. phragmitis, 404
Clubionidae, 7, 58, 68, 96, 191, 387, 394, 404,

444, 508

Coagulation, 81

Coagulation cascade, 83

Coagulin, 84

Coagulogen, 84

Cobweb, 258, 274, 278, 283, 291–293, 434, 475

Cocoon, 128, 130, 350, 411, 479, 482

Coelotes terrestris, 133, 136
Coenospermia, 181f

Coevolution, 109, 267, 277, 303, 355,

Coiling process, 180

Coleosoma octomaculatum, 99
Collagenase, 199

Collembola, 180, 374ff, 393, 432

Coloration, 319ff, 335ff, 353ff, 362–366

Color-blind, 325

Colour change, 351, 353f, 361ff

Competition, 69, 103

Complement system, 233

Compound eye, 320, 325

Cone snail, 212f, 491–494

Conidiobolus, 12
Conidium, 110

Conspicuous, 245, 261, 297, 319ff, 334, 349f,

356, 364f

Contact pheromone, 126, 136, 143ff

Contamination, 403ff

Copper, 403ff

Copper protein, 3, 11

Cordyceps, 108ff
C. cylindrica, 110, 113
C. singeri, 110, 113
C. thaxteri, 118

Corinnidae, 394, 505, 508

Corynebacterium, 234
Cosmophasis, 341
Courtship, 142ff, 344f, 375, 423

C-reactive protein, 85

Cribellate, 271, 278, 284, 296, 303ff

Crustacea, 3, 18

cry gene, 430ff
cry protein, 429ff
Crypsis, 231, 351f, 378

Cryptochiasmatic, 167

Cryptocyanin, 3

Crystalline, 83, 243, 267–277, 334, 343, 349,

353–356, 364, 429ff, 476f

CsTx, 217–222
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Ctenidae, 7f, 17, 47f, 58, 61f, 82ff, 112, 144,

193ff, 217ff, 259ff, 458ff, 508

Ctenidin, 82, 87

Ctenitoxin, 494

Ctenizidae, 58, 110, 113, 118, 194, 506

Cupiennin, 195, 222–224

Cupiennius salei, 7ff, 17ff, 36, 47f, 61ff, 82ff,
112, 144, 148, 153, 193–196, 217ff,

397, 458–460,

Cuticle, 3, 11, 21, 32ff, 49ff, 85, 125ff, 243f,

247, 290f, 308, 311, 335ff, 353ff, 365,

369, 420, 466, 468

Cuticular compounds, 125ff

Cuticular lamella, 335ff

Cuticular lipid, 127, 132, 135, 137

Cyanocytes, 82f

Cyatholipidae, 507

Cybaeidae, 17, 32, 96, 508

Cycloctenidae, 505

Cyclodiene, 415, 420

Cyclosa conica, 96
Cyhalothrin, 418

Cylindrical gland, 283

Cypermethrin, 418f, 445

Cyriopagopus, 334
Cyrtarachne, 286
Cyrtaucheniidae, 506

Cyrtophora cicatrosa, 362–364
Cysteine, 86, 89, 192ff, 218ff, 229, 237, 407,

480, 492

Cystine, 207f, 213, 256

Cyto-insectotoxin, 195

Cytolytic, 193–200, 217ff, 499

Cytoplasmic incompatibility, 95, 99f-101

D

Damper element, 453, 455

Damping, 275f, 453, 459, 471

Dasumia carpathica, 160
Deacidification, 411

Decapoda, 3, 10, 22

Decapsulation, 183

Defensins, 82, 86

Deferent duct, 174f, 181

Degranulation, 82, 84

Deinopidae, 284, 306, 507

Delena cancerides, 162, 165
δ-atracotoxin, 256
δ-ctenitoxin, 494
Deltamethrin, 418f

δ-toxin, 197, 212, 494
Depolarization, 193, 206, 209–212, 261, 494

Dermonecrosis, 230–237, 243, 258, 262

Desiccation, 127

Desidae, 96, 304, 309f, 508

Detoxification, 409f, 420

Deuteromycota, 115
Dextrose, 397

Diacylhydrazine, 416

Diaea
D. circumlita, 99
D. evanida, 352, 355
D. lactea, 352

Diakinesis, 164, 167f

Diasterometric ratio, 143

Diastole, 23f

Diazinon, 418

Dicentric, 161, 163

Dicofol, 418

Dictynidae, 31, 162, 174, 307f, 417, 508

Diet, 127, 150–152, 231, 271, 277, 288, 373ff,

387–390, 393ff, 434

Diflubenzuron, 419

Diguetidae, 31, 165, 506

Dimethoate, 418

Dimethyl citrate, 144

Dimethylalkane, 127

Dimethylhentriacontane, 134

Dionycha, 508

Diplocephalus
D. latifrons, 96
D. picinus, 96

Diploid number, 159ff

Dipluridae, 112, 163, 167, 506

Diptera, 57, 374, 429–431

Dispersal, 67ff, 100–103, 113, 133f, 350, 421

Disulphide bridge, 87, 196, 218, 220, 222

Diuresis, 420

Diurnal, 141, 319ff, 344f

Diversiculum, 364–369

Diversity, 102, 118, 145, 159, 166, 174ff, 192,

194f, 197, 200, 213, 225, 229–233, 271,

303, 307, 393, 410, 412, 444, 500

D-lactate, 36

DNA, 95, 112, 162, 290, 480, 484

Domain, 88, 212, 221, 234, 269, 290, 480f, 487f

Dopamine, 193

Dragline, 68, 126, 271, 273, 288, 312, 350,

477ff

Drug, 204, 229, 260, 476, 484–487, 491ff

Drymusa, 232
Drymusidae, 165, 231, 506

Dummy, 324, 329f

Dysdera, 8f, 11, 32, 175
D. crocata, 167
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Dysdera (cont.)
D. erythrina, 34
D. ninnii, 168

Dysderidae, 31f, 45, 58, 96, 160–168, 174, 506

Dysderoidea, 30, 160f, 169, 506

Dyspnoea, 256

E

Ebrechtella tricuspidata, 387f
Ecdysone, 11, 397, 441

Ecdysteroid, 136

Ecological niche, 406, 412

Ecological web, 380

Ecribellate, 283f, 286, 312

Ectomone, 126f

Egg sac, 144f, 274, 292f, 380, 423f, 478,

482, 486

8-methyl-2-aonanone, 143

Ejaculation, 173

Ejaculatory duct, 174

Elaphomyces, 113
Elasticity, 43, 243, 247, 289, 295–298,

460–462, 475ff

Electrophysiological, 129, 153, 197

Electrostatic, 109, 195, 223, 226

11-methylpentatriacontane, 133

Enantiomer, 143

Encapsulation, 81, 83

Endeis spinosa, 5
Endoplasmic reticulum, 9, 175, 479

Endosternite, 44–46

Endosulfan, 418

Endosymbiont, 74, 76, 93 ff

Engyodontium, 17
Enhance, 10, 51, 64, 74, 134, 167, 193, 198,

217–222, 290, 311, 336, 374ff, 394,

408, 417, 481, 487

Enhancer peptide, 221f

Enoplognatha ovata, 99
Ensifera, 57

Entapophyse, 30

Entelecara flavipes, 96
Entelegyne, 7, 30f, 58, 95, 142, 145, 159ff,

173ff, 221, 506

Enterococcus faecalis, 88
Entomogenae, 108
Entomophthorales, 112
Envenomation, 204, 226, 231, 242, 257, 260f

Enzyme, 3, 11, 84–86, 109, 192–194, 198–201,

204, 207, 213f, 217, 224f, 229ff, 243,

258, 263, 378, 408–412, 417, 420, 492

Ephebopus cyanognathus, 334–337

Epicuticle, 109, 127

Epidermis, 32f, 46, 152, 484

Epilepsy, 494, 497

Epithelium, 173, 175, 181, 293

Eresidae, 130, 164, 443, 507

Erigone, 71f
E. arctica, 74, 96
E. atra, 68, 73f, 95f, 100–103, 418, 422, 424
E. dentipalpis, 68, 74f, 96
E. longipalpis, 97
E. promiscua, 97

Eriovixia cavaleriei, 96
Eschar formation, 257

Escherichia coli, 87f
Euathlus, 334
Euchelicerata, 5

Euctenizidae, 506

Eukaryotic, 162, 195, 220–224

Euplantulae, 57

Eurypelma californicum. See Aphonopelma
hentzi

Euryphagous, 374

Eurypterid-like, 33

Evaporation, 34

Evarcha, 164
E. arcuata, 61ff, 463–468
E. culicivora, 144, 147, 149
E. falcata, 98

Evolution, 3ff, 25, 29, 33f, 67–70, 85, 94, 102,

112–115, 130, 133, 137, 142, 150,

162ff, 174, 176ff, 196, 199f, 207, 219,

229ff, 244f, 253f, 267ff, 310ff, 330f,

353, 356f, 374, 376, 411, 469

Excretion, 364, 404, 406, 420

Exocuticle, 109

Exocytosis, 84

Exoskeleton, 21, 85, 109

Extensor muscle, 43–47, 53, 246, 451

Extracellular, 180f, 198f, 207, 209, 226,

236, 495

Extrafloral nectary, 389

Exuvia, 407

F

Factor C, 84

Farnesyl acetate, 145

Fasciculation, 256f

Fatality, 204, 254ff

Fat body, 33

Fatty acid, 127f, 130, 133, 136f, 288, 290, 376

Fecundity, 76, 102, 397, 410f, 416, 424f, 435

Feminization, 95, 99
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Fenithrothion, 419

Fenvalerate, 418

Fertility, 21, 424

Fertilization, 136, 145, 183

Fiber, 206, 212, 268ff, 283ff, 306ff, 469, 475ff

Fibril, 178, 243, 269, 271, 302ff

Fibroin, 244, 267–271, 289f, 476ff

Filistata
F. hibernalis, 17
F. insidiatrix, 8

Filistatidae, 17, 31, 48, 160, 165, 178, 181,

304–309, 493, 506

Fitness, 69–74, 100, 376–381, 389, 403, 409, 411

5-hydroxytryptamine, 193

5-methylhentriacontane, 132

Flagelliform gland/silk, 245, 273f, 283, 306,

476, 480

Flavobacterium, 99
Flexor muscle, 44–54, 246, 421, 451

Floronia bucculenta, 362–369
Folate, 396

Folsomia candida, 374
Foraging, 37, 67, 134–136, 148–151, 320–330,

350, 373–379, 404, 415

Formulation, 394–398, 415ff, 431ff, 443

Frontinella communis, 386, 418–421, 434
Fructose, 387

Functional diversity, 200, 412

Functional response, 381, 416, 422–425

Fungal pathogen, 107ff

Fungi, 84, 87, 88, 108ff, 152, 386

Fungicidal, 88

Fungicide, 415ff. 442

Fungivory, 386

Funnel web, 256, 309, 312

G

GABA, 193, 286f, 292

GABamide, 286–292

Gallieniellidae, 508

Gammaproteobacteria, 93

Gas exchange, 33, 36

Gasteracantha, 363f
GDPD, 234

Gea heptagon, 363f
Gecko, 57, 62, 64, 464, 468

Gelanor, 177f
Gene, 4–8, 71, 94, 101, 206–209, 224, 230ff,

244, 267ff, 290, 292

Gene flow, 75, 100, 103,

Generalist predator, 149, 203, 213, 373f,

381f, 385

Genetic drift, 103

Genetically engineered plant, 429ff

Genome, 94, 234, 476, 480

Geolycosa, 218, 499
Ghelna canadensis, 98
Gibellula, 111, 114, 116f
Gladicosa gulosa, 394
Gland. See Assessory gland; Midgut gland;

Silk gland; Venom, gland; Wax gland

Glucose, 387, 397

Glucuronic acid, 224

Glutamate, 193f, 213, 497

Glutamate receptor, 194, 213, 497

Glutamic acid, 206

Glutathione, 408–410

oxidase, 408–410, 420

s-transferase, 408, 420

Glyceride, 127

Glycine, 84, 86f, 217, 268, 270–275, 286–288,

292, 481

Glycogen, 180, 286

Glycolipid, 199

Glycolysation, 9, 290

Glycoprotein, 221, 243, 269, 290–297

Glyphosate, 152, 418

Gnaphosidae, 7, 31, 58, 96, 191, 508

Gnaphosoidea, 508

Golgi apparatus, 9, 175f

Gomesin, 82, 87

Gonad, 17, 174, 406

Gonatium rubens, 97
Gonopore, 173f

Grade shaped tapetum clade, 508

Gradungulidae, 506

Grammostola rosea, 208, 496, 499
Gram-negative bacteria, 84ff, 499

Gram-positive bacteria, 86ff, 499

Granules, 81, 407

Granulocytes, 82f, 86, 224

Granulomanus, 110f, 114, 116
Gregarious, 129f

Guanine, 343, 354–356, 361ff

Guanocyte, 343, 353f, 361ff

Guild, 403, 412

Gumfoot threat, 274, 278, 291ff

H

Habrocestum pulex, 98, 149
Habronattus, 164

H. hallani, 339–344
Hadronyche, 254–256
Haemocyanin. See Hemocyanin
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Haemolymph. See Hemolymph

Hahniidae, 31, 508

Hamiltonella defensa, 93
Haplogyne, 8f, 30, 58, 95, 145, 159ff, 178ff,

197, 231, 234, 506

Haplopelma
H. haianum, 200
H. lividum, 335
H. minax, 205
H. schmidti, 208, 211, 494f

Harpactea, 45
Headache, 262

Head-to-tail, 195

Heart, 15ff, 43, 47, 50

beat, 23, 52

rate, 24f, 37, 204, 417

wall, 81ff

Heat shock protein, 408–410

Heavy metal, 403ff

Helix-hinge-helix structure, 223

Hemerythrin, 3

Hemmingsen’s equation, 35

Hemocyanin, 3ff, 33–37, 82–85

Hemoglobin, 3, 10

Hemolymph, 10f, 15ff, 21f, 32ff, 43ff, 81ff,

127ff, 193, 206, 217, 226, 420, 451ff

channel, 49

pressure, 21–25, 35f, 43ff, 173, 245–247,

451ff

Hemolysis, 257

Heparan sulphate, 224f

Hepatopancreas, 86, 285

Heptathela kimurai, 159, 176
Herbicide, 152. 415ff, 442

Herbivory, 385f

Hersiliidae, 507

Heterochromatin, 160–167

Heterogametic, 167

Heteropoda, 177, 262
H. venatoria, 494

Heteropodatoxin, 494

Heteropycnotic, 164f, 168

Heterothele gabonensis, 335
Hexadecane, 136

Hexadecyl acetate, 145

Hexamer, 3ff

Hexamerin, 3, 11

Hexathelidae, 194, 197, 254, 261, 493–497, 506

Hibana
H. futilis, 388
H. velox, 394f, 435, 443

Hibernation, 72, 381

Hippasa partita, 225

Hirsutella, 116
Histamine, 193, 206, 213, 218, 236, 261

Histamine-releasing factor, 236

Hogna, 175, 262
H. carolinensis, 18
H. helluo, 144, 149, 151, 416

Holarchaeidae, 191, 253, 507

Holocentric, 161

Holocnemus pluchei, 98, 102
Holokinetic, 160–169

Hololena, 262
H. curta, 195

Holoplatys sp., 98
Holothele, 335
Homalonychidae, 58, 508

Homeostatis, 15, 408

Homogametic, 166

Honeybee, 290f, 320–323, 350–355

Hormesis, 416, 424f

Host, 74, 81, 93–95, 99–103, 107–118, 148,

389, 445

Hsp70, 409f

Human population, 255

Humidity, 63, 65, 289, 296, 308–313, 420,

477–479

Humoral defence, 109

Humoral response, 81

Hunger, 152, 373ff

Huttoniidae, 507

Huwentoxin, 208, 494

Hyaluronic acid, 199, 224

Hyaluronidase, 199, 207, 213, 224–226,

236, 492

Hydraulic, 15, 20–25, 35, 43ff, 60, 246,

451ff

Hydrocarbon, 130, 133

Hydrophobic, 196

Hydrostatic, 46, 51, 64, 245f

Hygroscopic, 289

Hylaphantes graminicola, 97, 417f, 422–425
Hyluronan, 199, 224f

Hymenoptera, 57, 320–328, 353

Hymenostilbe, 116
Hyperpolarization, 210

Hypertension, 256, 260

Hypha, 109, 115f

Hyphomycetes, 112, 115
Hypochilidae, 165, 178, 303, 305, 506

Hypochilus, 308
H. pococki, 305

Hypocreales, 112f
Hypodermis, 353–355, 361, 367–369

Hypolimnas, 102
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Hypomma
H. bituberculatum, 97
H. cornutum, 97

Hyptiotes, 307, 312
H. cavatus, 305, 309
H. gertschi, 309

Hysteresis, 275

Hysterocrates gigas, 210

I

ICK motiv, 196f, 207f, 213, 219–222, 237,

256, 492

Idiopidae, 262, 506

Imidacloprid, 418, 444f

Immigration, 70

Immune defense, 15

Immune response, 3, 11, 233, 482, 484

Immune system, 81ff

Imperfect stage, 112

Implantation fossa, 178–180

Inbreeding, 69, 74, 76, 103

Indicoblemma Iannaianum, 53f
Indolic, 194

Infection, 81ff, 93ff, 108ff, 258, 263, 499f

Inflammation, 257

Inhibition, 23, 87f, 134, 137, 193, 197f,

208–213, 221, 224f, 237, 261, 403, 408,

417, 420–423, 441, 493–497

Inhibitor cysteine knot motif, 196f, 207f, 213,

219–222, 237, 256, 492

Injury, 82

Innate immune system, 81

Insect growth regulator, 415f, 425, 441

Insecticidal, 195, 204, 208, 210, 217–222,

236f, 416, 418, 423, 429ff, 441ff

Insecticide, 210, 415ff, 429, 436f, 441ff

Integument, 127, 342, 365

Interference, 333ff

Interphase, 165f

Ion channel, 192f, 197f, 208f, 211, 213, 217,

221, 225, 236f, 261, 263, 431, 492ff

Ion concentration, 193, 217, 286

Ionotropic receptor, 193, 206, 213, 497

Iridescence, 334ff

Iridopelma, 335
Iron, 396, 403ff

Isaria, 16
I. arachnophila, 108

Ischaemia, 257, 260

Ischnothele guianensis, 112
Isethionic acid, 287–292

J

Jacksonoides queenslandicus, 144, 149

K

Kaira alba, 151, 288
Kairomone, 126, 142, 148–151, 422, 424

κ-toxin, 198, 212, 494
Karyotype, 159ff

Kevlar, 268

Kinase, 224

Kinetic(s), 9f, 267, 275f, 486f

Kinetochore, 161, 168

Kishinouyeus, 114
Knottin, 207

Kukulcania, 307
K. hibernalis, 48, 51, 160, 304–310

Kunitz-type fold, 207f, 212

Kv channel, 193, 197f, 208–213, 261, 493f

Kynurenine, 353f

L

Labidognatha, 11

Lachesana tarabaevi, 195f, 223
Lactic acid, 193, 342

Lacunae, 15, 21, 47, 54, 451ff

Lamponidae, 508

Large protein, 192, 198, 229, 476

Larinia
L. argiopiformis, 96
L. tabida, 96

Larinioides
L. patagiatus, 162
L. sclopetarius, 416–418, 422

Laser Doppler vibrometry, 248

Laser trans-illumination technique, 24

Lasiodora 88

Latarcin, 195, 223

Latouchia, 114
Latrocrustotoxin, 198

Latrodectism, 259f

Latrodectus, 198, 229f, 258ff, 287, 292f
L. curacaviensis, 259
L. geometricus, 259
L. hasselti, 142, 176, 198, 259
L. hesperus, 148, 200, 259, 292f, 295
L. indistinctus, 259
L. mactans, 198, 259, 292f
L. tredecimguttatus, 193, 198, 259, 498

Latroinsectotoxin, 198

Latrophilin receptor, 498
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Latrotoxin, 198, 230, 498

LD50, 200, 219–222, 416, 425

Lead, 403ff

Leberidocytes, 83

Lecanicillium, 114
Lectin, 85, 208f, 212, 294

Leg autotomy, 43

Leishmania amazonensis, 87
Lepidoptera, 150, 328f, 429ff

Lepthyphantes minutus, 97
Leptoneta infuscata, 165
Leptonetidae, 165, 506

Lethal, 193, 204, 209, 253ff, 416f

Leucauge, 325, 362
L. blanda, 363
L. celebesiana, 363
L. dromedaria, 98
L. magnifica, 322f, 329
L. subgemmea, 362f

Leukemic cell, 224

Life cycle, 4, 35, 112, 364, 374–382

Life history traits, 67, 75, 403f, 417, 425

Lightning-strike cabal, 212

Limulus polyphemus, 5, 10
Linear peptide, 192, 195, 200, 492

Linoleic acid, 136

Linyphia, 177f, 293f, 365, 442
L. triangularis, 96, 142, 367, 405–410

Linyphiidae, 7, 31f, 68, 73ff, 96ff, 142, 178f,

194, 283ff, 362ff, 386f, 407ff, 417ff,

433ff, 442, 507

Liocranidae, 58, 98, 508

Liphistiidae, 17, 177, 274, 506

Liphistius, 128, 175, 177
L. desulator, 25
L. malayanus, 17f

Lipopolysaccharide, 84, 87, 195

Lipoprotein, 109

Locomotion, 21f, 32, 36, 43ff, 61, 67, 81, 197,

420f, 451, 464, 470f

Longevity, 387f, 397, 407

Low molecular mass compound, 141, 192, 195,

199f, 204, 206, 217, 221, 224, 233,

286f, 292, 492

Loxosceles, 175, 193, 199, 230ff, 257ff, 263
L. deserta, 200
L. gaucho, 257
L. intermedia, 174, 180, 237, 257
L. laeta, 230, 237, 257
L. parrami, 257
L. rufescens, 164, 230, 257

Loxoscelism, 257f

Lung, 9, 16, 21, 29–35, 50f, 303

Lycosa, 262, 436
L. singoriensis, 218

Lycosidae, 7, 31f, 58, 71, 98, 112, 144, 160ff,

178, 184, 195ff, 218, 225, 262, 387,

393f, 404ff, 416ff, 435f, 442, 463, 493,

499, 508

Lysine, 195, 222f, 486

Lysoglycerophospholipid, 199

Lysophosphatic acid, 199

Lysophospholipid, 233

M

Macrarugs rufus, 97
Maevia inclemens, 98
Magnesium, 396f, 403

Magnesium sulphate, 397

Major ampullate gland/silk, 269ff, 283, 476ff

Malaria, 212, 224, 500

Malathion, 418f, 444

Male-killing, 95, 100–103

Malkaridae, 507

Mallos, 307
Malthonica

M. ferruginea, 165, 168
M. silvestris, 164

Mandibulata, 9

Maratus
M. splendens, 339–344
M. volans, 339–341

Marpissa lineata, 98
Mass rearing, 394ff

Mastigoproctus giganteus, 45
Mastophora

M. cornigera, 150
M. hutchinsoni, 150f
M. stowei, 144

Matachia livor, 309, 312
Maternal effect, 74–76

Mating, 72f, 100f, 127, 130, 142–147, 176,

261, 375, 395, 398, 415f, 423

Matriphagy, 376

Mechanics, 62, 245, 278, 451ff

Mechanosensitive receptor, 197, 208–210,

496–499

Mechatronic, 470

Mecicobothriidae, 506

Mecysmaucheniidae, 507

Medical importance, 199, 228, 230–233, 254ff,

462, 470, 475ff, 492f, 497f

Megalepthyphantes collinus, 97
Meioneta rurestris, 97
Meiosis, 159ff
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Melanin, 81–85

Melanisation, 85

Membrane, 23f, 43, 45, 48f, 54, 85f, 167f, 180,

192–200, 207, 209, 217, 220–226, 233,

247, 253, 258, 260, 263, 367, 417, 431,

452, 476, 499

Membranolytic, 195, 220–223

Mercury, 403ff

Mesocuticle, 109

Mesothelae, 6, 16, 29, 34, 159ff, 173ff, 191, 199,

253, 304, 506

Meta
M. menardi, 86
M. mengei, 99

Metabolic rate, 25, 34f

Metacentric, 160ff

Metacordyceps, 113
Metalloprotease, 193, 199

Metallothionein, 407–411

Metaphase, 160–168

Metaphidippus, 389
Metapopulation, 75

Metarhizium, 113
Metellina

M. merianae, 118
M. segmenta, 99, 405, 409f

Methamidophos, 418

Methionine, 376

Methoxyalkane, 288. 292, 294

Methoxyfenozide, 419

Methyl palmitate, 136

Methyl stearate, 136

Methylester, 130

Methyl-malonyl-coa, 127

Methyloctadecadienoate, 132

Methyloctadecanoate, 133f

Methylpentacosane, 133

Methyltetradecanoate, 133

Methyltriacontane, 133

Mexitilia, 307
M. trivittata, 307

Miagrammopes, 307, 309f, 312
M. animotus, 304f, 309f

Micrargus herbigadus, 97
Micrococcus luteus, 87f
Microelectromechanical system, 478, 485

Microlinyphia, 294
M. imprigra, 97
M. pusilla, 97

Microneta viaria, 97
Micropholcommatidae, 505

Microstigmatidae, 506

Microtrichia, 57

Microtubules, 168, 176–179

Microvilli, 175

Midgut gland, 17, 343, 361ff, 405–409

Migidae, 506

Migraine, 499

Mimetidae, 178, 191, 507

Mimicry, 150f, 396

Mini-protein, 192–201, 206, 217, 492–495

Minor ampullate gland/silk, 273, 283

Misionella, 307
Missulena, 262
Misumena vatia, 148, 350, 352, 365f, 406
Misumenoides formosipes, 387
Mitochondrium, 36, 176, 408

Miturgidae, 221, 434, 442, 505, 508

Modisimus, 112
Mollicutes, 93

Molting, 11, 43, 82f, 146, 441

Monocentric, 160f

Monocrotophos, 443

Monogamy, 176

Monomethyalkane, 127

Monophagous, 191

Mortality, 70, 108, 117f, 374, 415ff, 434f,

442–445

Motor cabal, 212f

Moulting, 11, 43, 82f, 146, 441

Mucopolysacharide, 199

Mucor hiemalis, 12
Muscle, 16, 18, 24f, 31ff, 43ff, 86, 173, 197,

204, 206, 209f, 224f, 246f, 256, 261,

267, 269, 271, 367–369, 421, 451ff,

478, 493f, 496

Muscular dystrophy, 496

Musculi laterales, 44–46, 53

μ-toxin, 197, 494
Mutualism, 94, 148, 388–390

Myastenic syndrome, 493

Mycelium, 109f

Mygalin, 88

Mygalomorphae, 6, 16ff, 29, 35f, 58, 68,

86–88, 110, 113, 159ff, 173ff, 191ff,

203, 225, 253ff, 274, 303, 499, 506

Myocardium, 22–24, 81

Myogenic, 22

Mysmenidae, 507

N

N-acetylgalactosamine, 290, 293f

NADPH oxidase, 224

Nanocrystal, 267–270

Nanospring, 270, 274
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Nausea, 204, 256, 260f

Nav channel, 193, 197, 208–213, 256, 261,

494f

Necrotic, 199, 230, 233, 243, 257f, 262f, 408

Nectar, 330, 385ff, 395

Neem, 441ff

N-eicosane, 132

Nemesia, 6
Nemesiidae, 58, 262, 506

Neocribellatae, 506

Neolana pallida, 307, 309, 313
Neon neli, 98
Neonicotinoid, 422f

Neoscona, 325–330
N. pratensis, 418, 422–424
N. punctigera, 328–330
N. scylla, 162

Neosparassus, 262
Neoxyphinus, 175
Nephila, 175, 194, 284ff, 325, 477, 482

N. clavata, 98
N. clavipes, 286ff, 476–481, 468
N. inaurata, 7
N. madagascariensis, 486
N. pilipes, 288, 322, 324, 328
N. plumipes, 98

Nephilengys, 175, 194
Nephilidae, 7, 98, 175, 192ff, 284, 286, 319ff,

387, 476, 507

Nereine
N. clathrata, 96f
N. montana, 97
N. peltata, 97

Nerolidol, 148

Nerve, 19, 22f, 50, 86f, 128, 153, 197f, 225f,

261, 453, 482, 484

Nesticidae, 291, 507

Nesticodes rufipes, 115
Neuroactive substance, 30

Neurogenic, 22

Neurotoxin, 192f, 197, 199f, 203, 208, 217ff,

229f, 236–238, 256, 415, 419f, 423, 492

Neurotransmitter, 192f, 197–200, 209, 244,

257, 260, 286, 417, 420, 422, 492, 497

N-heneicosane, 133

N-hentriacontane, 133

N-heptacosane, 133

N-heptadecane, 133

N-heptatriacontane, 134

Niacin, 396

Nicodamidae, 507

Nigma, 175
N. flavescens, 174

Nirvana cabal, 213

Nitric oxide synthase, 224, 494

Nitrogen, 381

NMDA receptor, 213, 497

N-nonacosane, 132

Nociception, 211, 493ff

N-octacosane, 132

N-octadecane, 132f

Nocturnal, 141, 151, 261, 319, 324ff, 334

Nodulation, 81, 83

Nomuraea atypicola, 113, 117
Nonacosane, 136

Non-newtonian liquid, 245f

Nontarget, 415

Noradrenaline, 193

N-pentacosane, 133

N-tricosane, 133

N-tritriacontane, 132

Nucleolus organiser region,, 162

Nucleoplasm, 179

Nucleoside, 192f, 492

Nucleotide, 192, 206, 479, 492

Nucleus, 82f, 164–169, 176–180, 367, 369

Nurscia albofasciata, 99
Nutrient, 21, 137, 373ff, 387, 395ff

Nutrition, 21, 81, 134–137, 271, 289, 373ff,

387, 394ff, 420, 434

O

O2

binding, 8ff

debt, 36

transport, 35

Ochyroceratidae, 506

Octadecadienoic acid, 132

Octadecenoid acid, 132f

Octonoba, 277
O. sinensis, 309

Octopamine, 18f, 193, 206

Odour, 129, 147ff

Oecobiidae, 7, 180, 507

Oedothorax
O. apicatus, 97, 418–424
O. fuscus, 97
O. gibbosus, 97, 100
O. retusus, 97

Oenocytes, 83

Oleic acid, 133, 136

Olfactory, 71, 126–128, 141ff, 388, 397, 422

Oligo-hexamer, 3, 11

ω-toxin, 197, 493
Ommatidium, 325f
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Ommochrome, 338, 353, 356

Oogenesis, 423

Oonopidae, 31, 174, 506

1-docosanol, 133

1-eicosanol, 133

1-octadecanol, 133

Open circulatoy system, 15, 36, 81

Ophiocordyceps, 113
O. caloceroides, 110
O. engleriana, 110

Ophiocordycipitaceae, 113
Opiliones, 5, 9, 34, 112

Opisthosoma, 15ff, 29ff, 43ff, 68, 101,

109–111, 127, 173, 243ff, 267, 285,

294, 304, 322, 327, 330, 334, 341f,

353f, 361ff, 396, 407, 476

Optical density, 333

Optimal foraging, 373, 376

Orbiculariae, 175, 270ff, 507

Orb web, 245, 273ff, 283ff, 308ff, 319ff, 385ff,

422f, 476f

Organic acid, 192f

Organochlorine, 415, 422

Organophosphate, 415, 417, 420–425

Orsolobidae, 58, 506

Oscillation, 50, 243, 247–249, 276

Osmotic pressure, 10

Ostia, 17f, 22

Oviposition, 395, 416, 424

Oxidative phosphorylation, 408

Oxygen transport, 9f

Oxyopes, 436, 444
O. salticus, 149
O. sertatus, 98

Oxyopidae, 7, 98, 162, 178, 195ff, 387, 444,

493, 508

Oxyopinin, 223

P

Pachygnatha
P. degeeri, 99
P. listeri, 99

Pachytene, 164, 167

Paecilomyces, 116
Pain, 193, 204, 206, 211, 213, 230, 254ff, 324,

492–499

Pain theory, 193

Palaeocribellatae, 16, 506

Palmitic acid, 133f, 136

Palpal organ, 43, 173f

Palpigradi, 5

Palpimanidae, 507

Palpimanoidea, 507

Pamphobeteus, 335
Pandinus imperator, 6, 10
Panthotenic acid, 396

Pantopoda, 5

Paracribellar, 306

Paralysis, 150, 193f, 197–199, 206, 210, 212f,

253, 417, 421

Paraphysa scrofa, 211
Pararchaeidae, 507

Parasexuality, 112

Parasocial, 134f

Parasporal crystal, 429, 431

Parasteatoda tepidariorum, 271
Paratropidae, 506

Pardosa
P. agrestis, 98
P. agricola, 98
P. amentata, 112, 376, 380, 416–422, 425
P. astigera, 406, 411
P. bifasciata, 98
P. hyperborea, 98
P. laura, 412
P. lugubris, 32, 98, 404–410
P.milvina, 144, 149, 151f, 416–421, 424, 436
P. monticola, 98
P. palustris, 405, 408–410, 416–421
P. prativaga, 376–380, 418–420
P. pseudoannulata, 418–422, 425, 435, 442f
P. pullata, 98
P. purbeckensis, 71
P. riparia, 98
P. saltans, 405, 407, 412
P. sphagnicola, 98
P. wagleri, 160

Parkinson’s disease, 497

Parthenogenesis, 95, 99f

Patent, 480ff

Pathogen, 11, 81ff, 107ff, 224, 258, 499

Pax islamita, 164
Peckham’s mimicry, 150

Pedicel, 18, 50f

Pedipalpi, 180

Pelegrina proterva, 98
Pellenes tripunctatus, 164
Penestomidae, 508

Pentadecane, 136

Peponcranium ludicrum, 97
Perania nasuta, 52f
Perfect stage, 112

Perforatorium, 178

Pericardial membrane, 23

Pericardial sinus, 16, 22ff
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Pericentric, 162, 165

Perichomosome, 164

Periegopidae, 231, 506

Peristaltic heart contraction, 22

Perithecium, 110–113

Peroxidase, 408–410, 420

Pesticide, 393f, 415ff, 429f, 441ff

Petiolus, 29, 31

pH dependence, 10

Phagocytosis, 81ff

Pharmacological, 23, 204, 207, 229, 493–496

Phenolic, 194

Phenoloxidase, 3, 11, 82, 85

Pheromone, 126ff, 141ff

Phidippus, 342, 344
P. audax, 61, 98, 342
P. pulcherrimus, 345
P. regius, 342
P. rimator, 61

Philodromidae, 7, 31, 58, 65, 174, 350, 363ff,

416, 419, 442, 508

Philodromus, 442
P. cespitum, 416, 419, 422, 443
P. dispar, 65, 174
P. spinitarsis, 363f

Philoponella arizonica, 309
Pholcidae, 7, 31, 47, 98, 102, 112, 143–145,

165, 177ff, 250, 406, 487, 506

Pholcus, 177
P. beijingensis, 143ff
P. crypticolens, 98
P. phalangioides, 18, 47, 98, 406, 487

Phoneutria, 259–261
P. fera, 261
P. keyserlingi, 261
P. nigriventer, 195, 218, 261, 493f
P. reydyi, 86, 261

Phonognatha graeffei, 363f
Phormictopus, 335
Phoroncidia studo, 151
Phosphamidon, 444

Phosphate, 195, 284, 286, 297, 397, 485

Phosphatidylcholine, 199, 223

Phosphodiesterase, 199, 492

Phosphoglycoprotein, 293

Phospholipase, 193, 199–201, 225f, 233f, 258

Phospholipid, 195, 198f, 217, 221, 223, 233,

235f, 258

Phosphoric acid, 193

Phosphorus, 396

Photo-damage, 355f

Photoreceptor, 320–327, 349f

Phototransduction, 321

Phrixotrichus roseus, 451, 453
Phylloneta impressa, 432–436
Phylogeny, 5f, 68f, 93f, 102, 113–115, 176,

183, 230–234, 272, 303, 323, 339, 343,

350, 356, 505ff

Phyxelidae, 508

Pigment, 333ff, 353ff, 361, 364

Pikelinia, 307
Piloerection, 256

Pimoidae, 179, 507

Pirata
P. piraticus, 404–406, 410
P. piratoides, 416–419, 422–425
P. subpiraticus, 435

Piriform gland/silk, 273f, 283

Pirimicarb, 418

Pisaura mirabilis, 148
Pisauridae, 7, 148, 178, 194, 387, 508

Pityohyphantes phrygianus, 97, 100–103
Plasmatocytes, 82f

Plasmodium, 224, 500

Plectreuridae, 31, 493, 506

Plesiomorphic, 17, 25, 178, 199, 304, 313

Pleura, 44, 52

Pocadicnemus juncea, 97
Poecilopachys australasiae, 96
Poecilotheria, 204

P. formosa, 159
P. metallica, 335–340, 344
P. regalis, 205

Polenecia, 307
Pollen 310, 385ff, 431ff

Pollinator, 148, 323, 328, 350–357, 430

Pollution, 403ff

Polyalanine, 268, 270, 274f, 481

Polyamine, 192–194, 206, 218, 498

Polyandrous, 145

Polybetes pythagoricus, 86, 417, 419
Polydimethylsiloxane, 470, 476

Polygamy, 176

Polyphagous, 149, 191

Polyploidisation, 163

Polyurethane, 470, 487

Population, 71ff, 100–103, 118, 152, 161–165,

288, 293, 379–382, 394f, 403ff, 415,

430, 435f, 443–445

Portia
P. fimbriata, 144, 149
P. labiata, 152

Postsynaptic, 194

Posttranslational, 218, 222f

Potassium, 193, 197, 217, 286, 396f, 485

Potassium channel, 193, 197f, 208–213, 493f
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Precursor, 82–86, 223, 243, 353, 397

Predator–prey, 136, 149, 319

Preoral digestion, 199, 207

Presynaptic, 197, 498

Previtellogenesis, 136

Prey specialist, 191

Pritha, 307
Prochloraz, 418

Prodidomidae, 508

Prohemocytes, 81ff

Prokaryotic, 195, 220, 222

Proline, 199, 270, 273–275, 287, 290, 292

Prometaphase, 164, 167

Propeptid, 219

Prophenoloxidase, 9, 85

Propionyl-CoA, 127

Propylester, 130

Prosoma, 15ff, 43ff, 127, 191, 203, 241ff, 253,

322, 340, 378, 343, 451, 454ff

Protease, 84f, 207–213, 236, 291, 420, 425,

431, 492

Protease inhibitor, 208f, 211, 213

Proto-silk, 245f, 249f

Psalmopeotoxin, 500

Psalmopoeus cambridgei, 205, 211f, 495–500
Psalmotoxin, 495f

Psechridae, 508

Pseudocrystalline, 476

Pseudoflagelliform, 296, 306

Pseudohemocyanin, 3, 11

Pseudoscorpiones, 5, 9, 57, 180

Psychodidae, 151

Pterinochilus chordatus, 205
Pulmonary oedema, 256, 261

Pulmopericardial sinus, 22ff

Pulvilli, 57

Purine, 364

Purotoxin, 499

Putrescine, 193, 218, 287f

Pycnogonida, 4f

Pyrethroid, 415ff

Pyridoxine hydrochloride, 396

Q

Quantum, 321, 326

R

Rabidosa rabida, 168, 419–423
Receptor signal, 320ff

Recombinant, 233, 270, 476ff

Recycling of silk, 286, 288f, 311f, 385f, 431

Reflectance, 320–327, 336–340, 349–357

Refractive index, 333ff

Renal failure, 257, 260

Reoxygenation, 21

Repetitive sequence, 268, 270, 274, 290, 476ff

Reproduction, 67–75, 93ff, 125f, 134, 142ff,

373, 381f, 394–397, 403ff, 423

Reproductive parasite, 93ff

Reproductive stage/state, 112, 137, 142ff, 364

Reproductive system, 20, 173ff

Resorption, 173, 271, 364, 366

Respiration, 2, 29ff, 81

Respiratory organ, 10, 29ff

Reverse Bohr effect, 10

Riboflavin, 396

Ricinulei, 5, 46, 180

Rickettsia, 94ff
Rickettsiales, 93

Robot, 278, 462, 470f

Rondonin, 82, 88

RTA clade, 8, 11, 178, 180, 272, 507f

Runcinia, 352

S

Salticidae, 7, 31ff, 47, 58ff, 68, 98, 111, 144ff,

164, 191, 334ff, 387f, 419ff, 463, 508

Salticus, 95
S. scenicus, 32f, 98, 419–421
Saturated fat, 396

Scale hair, 334ff

Schizocosa, 177f, 382
S. duplex, 242
S. humilis, 443
S. malitiosa, 164, 174, 182, 184
S. ocreata, 419–421

Sclerite, 45, 53f

Sclerotisation, 3, 85

Scopula, 57ff, 463ff

Scorpiones, 5f, 33, 255

Scytodes, 147, 152, 231f, 242ff, 291
S. thoracica, 242ff
S. velutina, 243

Scytodidae, 37, 147, 165, 174, 191, 231, 241ff,

253, 506

Scytodoidea, 165, 231, 506

Secondary copulatory organ, 173

Segestria florentina, 166
Segestriidae, 31f, 159ff, 174, 493, 506

Selene, 420

Selenopidae, 58, 508

Semicrystalline, 267

Semi-hydraulic machine, 43
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Seminal fluid, 173ff

Semiochemical, 126f, 141f, 152

Senoculidae, 508

Sepsis, 257

Sericophily, 135

Serine, 84f, 209–213, 290, 481

Serine protease, 84f, 209, 211–213

Serotonin, 18f, 193, 206, 213

Seta, 57ff, 305ff, 338, 463ff

Setae, 57ff, 305ff, 338ff, 463ff

Setal comb, 291, 306

Setula, 463ff

Sex

chromosome, 159ff

pheromone, 137, 142f, 149, 151

ratio, 70, 76, 100, 103

Sexual stage, 112

Shear force, 246, 269–171, 477

Sheet web, 32, 283, 293f, 312f, 386, 434

Sialic acid 224

SIBD-1, 88

Sicariidae, 31, 37, 164f, 174–180, 192f, 199f,

229ff, 257, 263, 506

Sicaritoxin, 237

Sicarius,, 230ff, 263
SicTox, 230, 233–237
Sidymella, 352

S. longipes, 351
Sieve tracheae, 30

Signal, 34, 125ff, 141ff, 198, 209, 320ff, 344,

355, 367, 494ff

Signal peptide, 9, 86, 219

Silk, 60ff, 67ff, 126ff, 141ff, 241ff, 256f, 267ff,

283ff, 311ff, 350, 463, 475

Silk gland, 17, 65, 68, 127, 241ff, 267ff, 283ff,

476ff

Silkworm, 479ff

Silometopus elegans, 97
Sinopimoidae, 505

Sinus, 15ff

Siratoba referena, 309
Sit-and-wait, 35f, 148, 325, 331, 350, 388

Sitticus pubescen, 47
Sleep sickness, 224

Small cationic peptide, 195, 217, 223

SMase D, 230–237

Snake, 234, 255, 491

Social, 70, 95, 125ff

Sodium, 193, 197, 286, 396

Sodium channel, 193, 197, 208–213, 256, 494f

Solifugae, 5, 9, 57

Sparassidae, 7, 58, 86, 162ff, 177, 193, 197,

262, 417, 419, 493f, 508

Spasm, 256

Spatula, 57ff, 339, 464ff

Spectral, 320f, 337

Sperm, 143, 145f, 173ff

conjugate, 180–183

storage, 145, 174, 181f

web, 173

Spermatheca, 146

Spermatid, 175–179

Spermatogenesis, 175f, 423

Spermatogenic, 174

Spermatogonial, 160, 164f, 175f

Spermatophore, 174, 181f

Spermatozoa, 173ff

Spermidine, 88, 193

Spermine, 193

Spermophor, 173

Sphingomyelin, 199, 233, 235, 258, 492

Sphingomyelinase, 199, 230, 237f, 243,

258, 263

Spider-insect interaction, 319ff

Spidroin, 268ff, 480ff

Spigot, 65, 68, 245, 271, 274, 284, 291, 304ff

Spinneret, 29, 53, 65, 68, 152, 245, 266, 274,

283, 285f, 304ff, 322, 476

Spinosad, 418f, 445

Spinosyn, 422–424

Spiracle, 30, 37

Spiroplasma, 94ff
Spitting spider, 37, 147, 152, 241ff

Spore, 109ff, 386, 429, 431

Sporotrichum 117

Spreading factor, 199, 225f

Spring element, 453, 457f, 465

Stabilimentum, 273f

Stable isotop analysis, 388

Staphylococcus aureus, 87, 258, 499
Starch, 397

Starvation, 35, 37, 71–76, 373, 380, 387, 424

Stearic acid, 133

Steatoda, 175, 198, 293
S. bipunctata, 45

Stegodyphus, 95, 130
S. lineatus, 133, 164, 376, 378
S. sarasinorum, 443

Stemonyphantes lineatus, 97
Stenochilidae, 507

Stenophagous, 374

Stephanopsis scabra, 357
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Sterol, 397

Stickiness, 243, 286ff, 303ff

Sticky spiral, 245, 258, 284–297

Sticky substance, 150, 243, 245, 283ff, 303

Stiphiidae, 508

Stomach, 18

Streptococcus, 258, 499
Stromata, 110

Stromatopelma calceatum, 209
Stromatoxin 209

Structural color, 333ff

Structural diversity, 178–181, 194, 200

Subesophageal ganglion, 18f

Subiculum, 110f

Sublethal, 410, 415ff, 425, 435

Submetacentric, 160f

Subsocial, 95, 133

Subtelocentric, 160f

Sucking stomach, 18

Sucrose, 397

Supercontraction, 477

Superoxide dismutase, 408f

Superposition eye, 325, 329f

Supraesophageal ganglion, 18

Survival, 69, 75, 93, 134, 146, 254, 257, 324,

374ff, 387f, 393ff, 403, 409f, 415f,

434f, 443

Sweating, 256, 260f

Symbiosis, 94

Symphytognatidae, 31, 191, 253, 507

Symptomatic treatment, 260f

Synanthropic, 257, 262

Synaphridae, 507

Synaptic, 19, 198, 260

Synaptonemal, 164, 166

Synema globosum, 352
Synergistic, 192f, 212f, 217–221, 225, 291,

411, 420

Synnemata, 110f

Synotaxidae, 178, 507

Synspermia, 180–182

Synthetic pesticide, 415ff, 444f

Systemic reaction, 257

Systole, 17, 23f

T

Tachycardia, 256

Tachykinin, 261

Tachylectin, 85

Tachypleus tridentatus, 11, 84, 86
Tachystatin, 85

Taenidia, 32

Tangaroa beattyi, 305
Tarsal organ, 128f

Taurine, 193, 218, 286f

TCTP, 236

Tegenaria, 32
T. agrestis, 262
T. atrica, 48, 86, 128, 130ff, 193
T. domestica, 18, 136, 166
T. duellica, 96, 101

Teichoic acid, 195

Telema tenella, 175
Telemidae, 30, 175, 181, 506

Teleomorph, 110, 112

Telomeric, 160, 162, 166

Temperature, 10, 25, 71–76, 102, 207, 211,

289, 420, 475, 480

Temporary spiral, 273

Tengella radiata, 312
Tengellidae, 508

Tennesseellum formicum, 386, 434
Tenuiphantes

T. tenuis, 97, 418, 421f
T. zimmermanni, 97

Termite, 191

Testis, 174–176, 181

Tetrablemmidae, 31, 52–54, 506

Tetracosane, 136

Tetradecane, 136

Tetragnatha, 177–179, 362f
T. eurychasma, 363
T. filicifilia, 363
T. mandibulata, 445
T. maxillosa 445

T. montana 99

T. paludicola 363

Tetragnathidae, 7, 86, 98, 118, 177, 194, 283,

294, 319ff, 343, 362ff, 387, 408, 445,

507

Tetranychus urticae, 100
Thanatosis, 364f

Thelytokous parthenogenesis, 95

Theraphosa blondi, 203
Theraphosidae, 6, 17, 32, 47ff, 58ff, 82ff,

127ff, 159, 161, 193ff, 203ff, 262,

334ff, 451ff, 492ff, 506

Theraphotoxin, 205–212, 495, 500

Theridiidae, 7, 35, 45, 99, 115, 130f, 142, 151,

174ff, 191ff, 258ff, 271, 283ff, 343,

363–365, 387, 417, 432, 492, 498, 507

Theridiosomatidae, 294, 507

Thermosensitive receptor, 197
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Thiamin, 396

Thomisidae, 7, 31ff, 58, 60, 99, 148, 191,

349ff, 365, 386f, 406, 508

Thomisus, 353, 355
T. onustus, 352, 386f
T. spectabilis, 148, 351f, 354f

3-methylheptacosane, 133

Thrixopelma pruriens, 210, 494
Tidarren argo, 175
Tiptoe behaviour, 68

Tiso vagans, 97
Titanoecidae, 99, 507

Tomography, 17

Torrubiella, 110f, 114f, 117
Toxicity, 87, 206, 212, 217, 220f, 225, 291,

374, 405, 415, 435, 442ff

Toxin, 109, 192ff, 203ff, 217ff, 229ff,

256–260, 284, 288, 373–375, 382, 420,

429, 431, 492ff

Trachea, 8f, 21, 29ff

Trachelas volutus, 394f
Tracheoles, 33

Trade-off, 277, 403, 410f

Transcriptome, 196, 212, 236, 500

Transgenic, 430, 435, 479f

Transient receptor potential channel, 208f,

211, 495

Transmission, 93f, 101f, 127, 198, 212, 277,

326, 493, 497

Trechaleidae, 508

Triacontane, 136

Triadimenol, 418

Trigonotarbid-like ancestor, 33

Trimethyl methylcitrate, 143

Triterpenoid, 441

Trochanteridae, 508

Trochosa parthenus, 149
Troglorapteridae, 506

Troxochrus scabriculus, 97
Trypanosome, 224

Tubuliform gland/silk, 273, 283

Tumour cell, 87, 224, 495

20-hydroxyecdysone, 136

2-methylhexacosane, 132

Tylorida striata, 363
Tyramine, 193

U

Uloboridae, 31–34, 99, 160, 191, 253, 277,

304ff, 507

Uloborus
U. danolius, 160
U. globosis, 309

Ultraviolet/UV, 320ff, 336ff, 349ff, 431

Ummeliata insecticeps, 435
Uroctea durandi, 180
Uropygi, 5f, 174

V

Valve, 22f, 36, 50–54, 245, 249, 269, 271

van der Waals forces, 62–64, 308, 313, 465–471

Vascular constriction, 257

Vascularization, 18

Vasodilation, 261, 494

Velcro, 308, 469

Venom, 18, 25, 35, 148, 191ff, 203ff, 217ff,

229ff, 241ff, 253ff, 491ff

duct, 241, 244f, 250, 253

gland, 18, 148, 191, 193, 199, 203, 212, 218,

225, 235, 241–244, 249f, 253, 291, 500

Venomics, 492, 500

Verticillium, 117
Viscerocutaneous, 257

Viscid, 271, 277

Viscous, 243, 275, 295, 306, 310–313, 475

Visual signal, 141, 320–325, 344, 355

Vitamin, 375f, 388, 396f

Vitellogenesis, 136

Volatile, 72, 126, 129f, 141f, 441

Voltage activated channel, 197f, 208–210, 220,

493f

Vomiting, 204, 256f, 260–262

W

Waitkera waitakerensis, 304, 309
Walckenaeria

W. antica, 97
W. atrotibialis, 98
W. obtusa, 98

Wavelength, 320, 326, 333ff, 349, 353

Wax, 109

Wax gland, 127

Web, 29, 32, 35, 58, 127, 129–133, 137,

142–148, 231, 267ff, 283ff, 303ff, 405,

417, 422, 432

Wind speed, 71

Wolbachia, 94ff
W. pipientis, 93

Wound healing, 85

X

X chromosome, 160–169
Xenesthis immanis, 335
Xenobiotic, 403, 409
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Xerolycosa nemoralis, 409f
Xiphosura, 5, 82, 84

Xysticus, 352

Y

Y chromosome, 160–165

Yeast, 87

Yolk, 82

Z

Zinc, 396, 403ff

Zodariidae, 149, 164, 191ff, 223, 508

Zodarion, 191
Zoridae, 58, 505, 508

Zorocratidae, 508

Zoropsidae, 508

Zosis geniculatus, 99, 304
Zygiella

Z. atrica, 286
Z. x-notata, 96, 380

Zygometis lactea, 351f
Zygomycota, 12
Zygotene, 166

Zymogen, 84
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