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ABSTRACT 

Spider verioms are complex mixtures of chemicals whose primary 

function is to immobilize prey. The chemical composition of venoms and the role 

of venoms in predation strategies vary widely among spiders. Yet, little is 

known about patterns of venom diversity and evolutionary processes that 

influence venom diversification. I used a comparative approach to (1) 

investigate phenotjrpic and evolutionary plasticity in whole venom chemical 

composition by comparing venoms among taxa that differ in time since 

divergence; and (2) determine whether evolutionary changes in venom are 

predictable based on changes in behavior or ecology. 

Non-genetic variation in venoms of a funnel-web spider, Ageienopsis 

aperta, was investigated by determining the effect on adult venom expression 

that results from rearing broodmates on different diets. This analysis provided 

no evidence of an effect of rearing diet on the chemical composition of adult 

venoms. 

Variation within species in venoms among sexes and populations was 

investigated in two spider groups. Tegenaria agrestis, a species suspected of 

interpopulational differences in venom pharmacology, had limited differences in 

venom composition and potency between same-sex individuals from isolated 

populations. However, within populations, sexes differed in concentratiorrs of 

shared components, and female venoms were more potent on ii^ects. Similarly, 

venom sexueil dimorphism was detected in species of Tetragnatha. Male venoms 

had large concentrations of high molecular weight proteins that were absent in 
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ABSTRACT - continued 

females. The dimorphism in Tetragnatha is likely not a function of sexual niche 

differences. 

Finally, ecological and behavioral correlates of differences in venom 

chemistry among clades of spiders that differ in feeding behavior were 

investigated in Hawaiian Tetragnatha. Associated with the loss of web-use in prey 

capture in a lineage of this genus, was a reduction in the concentration of low 

molecular weight components, and an increase in the concentration of 

components between 35 and 80 kDa. Coincident with this change was an 

increase in the taxonomic range of prey and a decrease in the rate of onset of 

paralysis in prey after bites. However, there were no detectable differences in the 

role of venom in prey immobilization, and the general physiological effects of 

bites on prey. 
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CHAPTER 1 

INTRODUCTION 

An explanation of the problem 

Spiders exclusively use predatory foraging in which venoms play a central 

role. An individual spider's venom is typically composed of a combination of 

peptide, polypeptide and polyamine toxins. There are substantial differences 

between venoms of distantly related species in both the composition of these 

toxins and their physiological effects. Yet little is known about patterns of 

venom variation and evolutionary processes that influence venom 

diversification. No study has investigated fine-scale evolution of whole venom 

mixtures within a phylogenetic framework. The research included in this 

dissertation constitutes a unique contribution to our understanding of venom 

diversity by (1) focnsing on fine-scale variation in whole venom mixtures, and (2) 

characterizing change in venom composition within the context of change in 

behavior or ecology that might affect the functional role of venom. 

The d5mamics of venom evolution are particularly interesting for many 

reasons. First, venoms as a unit are complex phenotypic characters that include a 

set of toxic components that is muted for an antagonistic function (immobilizing 

prey or deterring predators). This is analogous to what comparative 

morphologists call "functional complexes". As such, it is likely that the 

evolutionary trajectory of any individual component is influenced by its role in 

the functional complex, and the level of interaction it has with other toxins in the 

mix. In contrast to morphological functional complexes, venoms may include a 
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substantial proportion of components that are relatively functionally and 

biosynthetically independent. Second, toxins are used in antagoiiistic 

interactions between species and therefore could be involved in coevolution 

between toxicity and prey resistance. The coevolution of a toxin will be 

influenced by the number of toxins in the venom that commonly affect a 

particular target animal. Third, the biosynthesis of venom toxins is simple 

relative to the development of morphological characters. Venoms are thus 

phenotypic characters that are linked more directly to gene expression than most 

other characters, and may therefore have the ability to respond quickly to 

selection. Finally, an understanding of general influences of fine scale variability 

in venom composition, such as phylogenetic position or ecological circumstances, 

is helpful in a practical sense for (1) interpreting risks, diagnosis and treatment of 

envenomation by particular spiders, and (2) streamlining the ongoing search for 

novel toxins with useful physiological applications. 

The primary functional role of venom in prey capture is a characteristic 

that is ecologically tractable. Spider venoms are used for immobilizing prey or, 

rarely, for defense. Among the more than 30,000 described species of spiders, 

predation strategies vary widely and involve of a broad array of tactics for 

subduing prey which rely on venoms to varying degrees. At one extreme, some 

sit-and-weiit spiders rapidly immobilize prey exclusively with venom (e.g. crab 

spiders, Thomisidae). At the other extreme, many web-building spiders use silk 

for prey immobilization, and bite only after prey are completely eriswathed in 

silk. Some spiders crush and chew prey early in the prey capture sequence, 

potentially diminishing reliance on rapidly acting venom toxins. Ecological 

factors such as prey size, taxonomic category, and risk potential, are likely to 
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affect the relative importance of venoms in prey immobilization. Thus, 

differential selective pressures acting on the historically changing role of venoms 

in prey capture are likely to have influenced the present distribution of venom 

characteristics in spiders. 

The research included in this dissertation is the first to investigate fine-

scale evolution of whole venom mixtures within a phylogenetic framework- The 

primary goals were to (1) identify phylogenetic levels at which variation in 

venom is present, and (2) determine whether evolutionary change in venom 

composition is predictable based on adaptive change in parameters that effect the 

functional role of venom. 

A review of the literature 

Variation in the chemical composition of spider venom 

Spider venoms are complex mixtures of toxins that typically include 

peptides, polypeptides and polyamines (recent reviews in McCormick & 

Meinwald 1993, Shultz 1997 Grishin 1999). It is well known in spiders that there 

is extensive diversity in chemical composition and in the modes of action of 

venoms among phylogenetically broadly distributed species (McCrone 1969, 

Geren & Odell 1984, Friedel & Nentwig 1989, Atkinson and Wright 1992, Adams 

& Olivera 1994, Shultz 1997). Moreover, it is becoming increasingly evident that 

variability in spider venoms is present among more recently diverged taxa. 

Discussions of the evolutionary processes influencing diversity in animal 

venoms have largely focused on selection resulting from evolutionary change in 

feeding behavior, and/or coevolution between venom toxins and their targets 
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(Friedel & Nentwig 1989, Nentwig et al. 1992, Olivera et al. 1994, Daltry et al. 

1996, Le Gall et al. 1999, Duda & Palumbi 1999). However, little attempt has been 

made to identify rigorously the fine-scale evolutionary correlations between 

changes in whole venom chemistry (the functional unit) and changes in the 

functional role of venom resulting from changes in feeding behavior or ecology. 

Variation among congeneric species 

Differences in venom composition and/or toxic activity have been 

detected among species in the genera Brachypelma (tarantula) (Escoubas et al. 

1997), Atrax (Sutherland 1978, Atkinson 1981), Latrodectus (widow spiders) 

(McCrone & Netzloff 1965, MuUer 1989), and Loxosceles (Barbaro et al. 1996). 

None of these studies has described phylogenetic patterns of these differences or 

considered ecologiccd and behavioral variables that are correlated with these 

differences. 

Variation within species 

Intersexual and geographic variation in venoms has been noted among 

individuals within spider species. Differences between sexes in venom 

composition and potency have been recognized in most species that have been 

studied (Atkinson 1981, Atkinson & Walker 1985, Friedel & Nentwig 1989, Malli 

et al. 1993, Celerier et al. 1993, de Oliveira et al. 1999). Chemically, sexual 

differences can result from components that are vmiquely expressed in either sex, 

or components that are common to both sexes but are expressed in different 

amovmts. All reports of sex-related differences in venoms have detected 

differences due to differential expression of shared components, or to 
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components present in female venoms that are absent in male venoms (Kent et al. 

1984, Celerier et al. 1993, de Oliveira et al. 1999). 

Geographic variability in venom composition within species is less well 

studied in spiders. The orUy study to date documents electrophoretic differences 

between populations of Lxitrodectus mactans (Russell and Buess 1970). 

Intraindividual variation 

There is some evidence that venom composition and potency vary within 

individual spiders as a function of ontogeny and/or season (Weiner 1956, Weiner 

1957, Perret 1977, Kent et al. 1984, Atkinson & Walker 1985, Malli et al. 1993, de 

Andrada 1999). There are some emerging general trends in intraindividual 

variability in venom potency. Insectiddal potency has been shown in the 

wandering spider, Cupiennius salei, to decrease with ontogenetic development 

(Malli et al. 1993). This trend is mirrored, and more thoroughly docimiented, in 

snakes (Fiero et al. 1972, Bonilla et al. 1973, Meier & Freyvogel 1980, Kent et al. 

1984, Meier 1986, MacKeesy 1988, Nedospasov & Rodina 1992). de Andrada et 

al. (1999) report an increase in hemolytic activity on human tissues associated 

with ontogenetic development in venoms of Loxosceles intermedia, one of the 

brown spiders. Seasonal variability has been demonstrated in many spiders in 

the direction of increased potency of venom during months when spiders are 

most actively feeding (summer) (Weiner 1956, Weiner 1957, Perret 1977, 

Atkinson 1981, Atkinson & Walker 1985). 

There are few sudies of ontogenetic and seasonal differences in chemical 

composition. Atkinson & Walker (1985) show that subadult female venoms are 

more concentrated, but of equal potency per imit concentration than adult female 
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venoms. Venom glands of adolescent L. intermedia do not produce the complete 

complement of components produced in adults (Kent et al. 1984, de Andrada et 

al. 1999), suggesting that differences could be due to developmental constraints 

(Kent et al. 1984). However, the age at first appearance of the major hemolytic 

component in L. intermedia venoms corresponds to the earliest instars that use 

defensive postures when threatened (de Andrada et al. 1999), suggesting an 

adaptive presence of the toxin for use in defense. 

Explanation of thesis format 

The resecirch included in this dissertation investigated venom variation at 

three levels: (1) within individuals (phenotypic plasticity); (2) within species as 

a function of geographic isolation and sex; and (3) between recently diverged 

lineages that differ in feeding behavior. Four manuscripts detailing these studies 

are included as appendices. 

Appendix A, "A preliminary test of phenot5^ic plasticity in venom 

composition as a function of diet in Agelenopsis aperta (Araneae: Agelenidae)" 

reports a study of non-genetic variation (phenotypic plasticity) in venom 

chemical composition. Appendix B, "An analysis of geographic and intersexual 

chemical variation in venoms of the spider Tegenaria agrestis", reports a study of 

variability within Tegenaria agrestis, a species which has suspected population-

level differences in pharmacological properties of venom. Appendix C, " Change 

in venom composition and feeding ecology associated with an adaptive shift in 

Hawaiian Tetragnatha (Araneae: Tetragnathidae)" reports a study of venom 

differences above the species level that includes an investigation of ecological 

and behavioral correlates of these changes in Hawaiian Tetragnatha, a clade 
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which has undergone a recent radiation involving a distinct evolutionary shift in 

foraging behavior. Appendix D, "Sexual dimorphism in venom composition 

among species of Tetragnatha (Araneae: Tetragnathidae)" reports a comparative 

study of the degree of sexual dimorphism in venoms among species that differ in 

adult sexual niche differentiation. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results and conclusions of this study are presented in the 

papers appended to this dissertation. The following is a summary of the most 

important findings in these papers. 

Appendix A documents a study of the influence of feeding history on the 

chemical composition of venoms. Offspring of field-coUected adult female 

spiders were reared on different diets that were restricted relative to natural 

conditions. The diets of spiders reared exclusively on crickets were switched to 

flies, and venom was resampled. There was no clear indication of differences in 

venoms of lab-reared individuals relative to venoms of field-caught individuals. 

There was also no evidence of change in venom composition following the 

switch in diet from crickets to flies. Small sample sizes as a consequence of low 

survival of spiderlings made eill of these results preliminary. 

Appendix B reports a study of variation in venom composition within the 

species Tegenaria agrestis. T. agrestis is native to Europe, where it is considered 

medically innocuous. However, this species recently colonized the United States 

and has since has been accused of being the source of bites that result in necrotic 

lesions and systemic effects. This study compares the chemical composition of 

venoms from United States and European populations to look for unique US 

characteristics that might explain this difference, and to increase our 

understanding of venom variability within species. I characterized the chemical 

composition of venom samples from T. agrestis males and females from 
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Marysville, Washington, (US), Tungstead Quarry, England (UK) and Le 

Landeron, Switzerland, by means of liquid chromatography and insect bioassays. 

Chromatographic profiles were different between sexes, but similar within sexes 

between US and UK populations. No peaks were unique to the US population. 

Intersexual differences were primarily in relative abundance of peaks present in 

both sexes. Insect assays revealed no difference between US and UK venom 

potency, but female venoms were more potent than male. Venoms from the 

Swiss population differed in composition from UK and US venoms. 

Comparative assays of mancunalian tissue effects are necessary to substantiate 

whether venoms from any or aU populations cause necrosis. 

Appendix C. This study reports a comparison of venom composition 

between related clades of spiders that recently diverged in feeding behavior. It 

also identifies detailed parameters of feeding ecology and behavior that changed 

with this divergence that might have effected an historical change in the 

functional role of venom. On the Hawaiian archipelago, Tetragnatha, a 

cosmopolitan orb-weaving genus, has imdergone a radiation in which a 

monophyletic lineage, the "spiny leg clade", has abandoned web-building and 

become obligately wandering foragers. SDS gel electrophoresis patterns indicate 

that relative to orb-weavers, wandering species have a reduced concentration of 

low molecular weight (< 14 kDa) components. Field data indicate that both orb-

weaving and wandering Tetragnatha capture flying prey (adult lepidopterans, 

dipterans), but wandering spiders also capture non-flying prey (larvae, spiders). 

There are no distinct differences between these two clades in prey capture and 

immobilization sequences, or in the sequential effects of the venom after bites. 

Prey bitten by wanderers tend to take longer to be permanently immobilized 
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than prey bitten by orb-weavers. Contrary to predictions, there was no 

indication that web-loss in this group was associated with an increase in venom 

potency. There are multiple parameters that affect the functional role of venom 

and venom characteristics, including feeding ecology and behavior as well as the 

historical legacy of chemical composition. Therefore, general predictions about 

characteristics of venom chemistry are difficult, and require detailed knowledge 

of the spider's biology and evolutionary history. 

Appendix D reports a test that uses a phylogenetic approach to investigate 

whether changes in adult niche differences between sexes are associated with 

changes in the degree of sexual dimorphism in venoms. There is striking sexual 

dimorphism in venom composition in species of the genus Tetragnatha. Venoms 

of male Tetragnatha have many high molecular weight proteins in their venoms 

that are absent, or present in low concentration, in femcdes. Sexual dimorphism 

described in other species is the result of differential expression of components 

present in both sexes. Comparisons of feeding ecology and behavior between the 

sexes indicate that sexual dimorphism in chemical composition is not easily 

explained by differences in feeding ecology or behavior. 

In summary, these studies indicate that both within species and among 

closely related species, variation is detectable among same-sex individuals, but 

sexes differ more cor^istendy and to a greater degree. Also, I identify an 

evolutionary change in venom chemical composition that occured coincidentally 

with change in feeding behavior or ecology. A general understanding of 

relationships between venom composition and behavior and ecology will be 
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facilitated by detailed knowledge of the biology and evolutionary history of 

particular lineages of interest. 
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INTRODUCTION 

Spider venoms are complex mixtures of polypeptides, proteins and 

sometimes polyamines that are primarily used to immobilize prey, or rarely 

for defense (recent reviews in McCormick & Meinwald 1993; Shultz 1997; 

Grishin 1999). There is some evidence that venom composition and potency 

varies within individual spiders as a function of ontogeny and/or season 

(Weiner 1956, Weiner 1957, Ferret 1977, Kent et al. 1984, Atkinson & Walker 

1985, Malli et al. 1993, de Andrada 1999). Understanding non-genetic factors 

that influence venom variability is crucial for standardization and 

interpretation of comparisons among taxa. It is also helpful for 

understanding variability in risk of envenomation by particular animals, and 

consequently facilitates appropriate prevention and treatment of bites. 

There are some emerging general trends in intraindividual variability 

in venom potency. Insecticidal potency has been shown in the wandering 

spider, Ciipiennius salei, to decrease with ontogenetic development (Malli et 

al. 1993). This trend is mirrored, and more thoroughly documented, in 

snakes (Fiero et al. 1972, Bonilla et al. 1973, Meier & Freyvogel 1980, Kent et al. 

1984, Meier 1986, MacKeesy 1988, Nedospasov & Rodina 1992). de Andrada et 

al. (1999) report an increase in hemolytic activity on human tissues associated 

with ontogenetic development in venoms of Loxosceles intermedia, the 

recluse spiders. Seasonal variability has been demonstrated in many spiders 

in the direction of increased potency of venom during months when spiders 

are most actively feeding (summer) (Weiner 1956, Weiner 1957, Ferret 1977, 

Atkinson 1981, Atkinson & Walker 1985). Studies of ontogenetic and 

seasonal differences in chemical composition are more rare than those of 
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potency. Atkinson & Walker (1985) show that subadult female Atrax 

robustiis venoms are more concentrated, but of equal potency per unit 

concentration than adult female venoms. Venom glands of adolescent L. 

intermedia do not produce the complete complement of components 

produced in adults (Kent et al. 1984, de Andrada et al. 1999), suggesting that 

differences could be due to developmental constraints (Kent et al. 1984). 

However, the age at first appearance of the major hemolytic component in L. 

intermedia venoms corresponds to the earliest instars that use defensive 

postures when threatened (de Andrada et al. 1999) suggesting an adaptive 

presence of the toxin for use in defense. 

Most attempts to explain intraindividual variability in venoms have 

focused on differential selective pressures acting on the role of venoms in 

prey capture or defense during different stages of the animal's lifetime (Meier 

1986; Mackessy 1988; Malli et al. 1993). For instance, differences in the 

regxilarity of feeding and/or the taxonomic composition of prey may 

influence the optimal combination and concentrations of toxins in the 

venom. Seasonal variability, in particular, suggests that venomous 

organisms may have the ability to "fine-tune" the effectiveness of their 

venoms, or to reduce the costs of maintaining venom components that are 

not in demand. Fine-tvming could be achieved by expression of different 

components at different life stages, or by changing relative concentrations of 

components that are present throughout the individual's life. This ability 

seems mechanically feasible because the secretory epithelium of spider 

venom glands is richly iimervated (one nerve ending to every gland cell) 

(Jarlfors et al. 1971; Smith & Russell 1967; Hamilton 1972), suggesting that 
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individuals might have some element of fine-scale control over synthesis or 

secretion of venom components. Moreover, it has been demonstrated that 

spiders have facultative control over the amoimt of venom injected into prey 

as a function of prey size, activity level, and paralyzation time (Malli et al. 

1998; Malli et al. 1999). No studies to date have attempted to test phenotypic 

plasticity in venoms by investigating the effects of feeding history on the 

chemical composition of venom. 

Here I present the results of a preliminary test of phenotypic plasticity 

in venom composition in the spider Agelenopsis aperta as a function of 

recent and long-term feeding history. The natural diets of A. aperta typically 

include a wide variety of arthropod taxa (Hedrick and Riechert 1989). The 

effect of long-term feeding history was tested by comparing venoms of 

broodmates reared on different food types to each other and to venom from 

field caught adults. The effect of recent feeding history was tested by 

comparing venom from spiders reared exclusively on crickets to venom from 

the same groups of spiders after their diet was switched to flies. Assiuning 

the rich diversity of toxins present in spider venoms is maintained as a tactic 

for immobilizing a variety of prey types, the a priori hypothesis was that 

venoms of spiders reared on specialized diets would show a loss of, or a 

reduction in, concentration of some venom components compared to spiders 

collected from the field. 
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METHODS 

Spider collection and rearing 

Adult female Agelenopsis aperta were collected on August 15, 1996, 

from along Cave Creek in the Chiricahua Mountains, Cochise County, 

Arizona, near the American Museum of Natural History Southwestern 

Research Station. Spiders were housed in the laboratory in 200 ml deli cups (9 

cm dicimeter, 4.5 cm teill) and maintained at 20° C under a 12:12 lightidark 

cycle. Between September 18 and October 8, spiderlings hatched from five 

eggsacs that were produced by different individuals spiders. The average 

number of spiderlings per brood was 91+16. 

Spiderlings were differentially reared on restricted diets of crickets, flies 

or a combination of the two. Once a week, eiU spiders were fed a total biomass 

approximately equal to their own weight. Crickets and flies were used for 

three reasons: (1) they represent taxa that naturally occur in the diets of this 

population of A. aperta (Hedrick & Riechert, 1989); (2) they belong to different 

insect superorders and therefore might pose different chemical strategies for 

paralysis; and (3) they were easily available throughout the time period of the 

study. Each brood was separated into three groups of equal size. One group 

was reared on crickets only (pinheads while small, increasing instars with 

increasing spider size). A second group was reared on adult dipterans only, 

feeding the early instars Drosophila and later instars the housefly Phaenicia 

sericata. The third group was fed a mixed diet of dipterans and crickets. 

Spiders were reared to adulthood before venom was sampled. The final 

molts to adulthood occurred in May, 1997, and were identified by the presence 



34 

of sclerotized epigyna on females and pedipalps on males. Only venom from 

females was analyzed. 

Venom collection 

Spiders were anesthetized with C02r venom was extracted by 

means of electrical stimulation following the method of Celerier et al. (1993). 

To avoid contamination, fangs were rinsed with distilled water, and 

regurgitate was collected by a vacuum attached to a blunt syringe needle held 

on spider's mouths. The yield of venom per spider was measured as the 

venom was drawn into a calibrated 5 jil microcapillary tube. The length of 

each spider from the dorsal, anterior tip of the cephalothorax to the posterior 

tip of the abdomen was measured after milking. To obtain sufficient 

quantities of venom for analyses, samples were pooled from broodmates 

reared under the same feeding treatment. Each pooling group represents one 

sample. Although pooling masks variability at the individual level, changes 

in composition in a direction that optimizes capture of a particular food type 

should be consistent within each group and, therefore, detectable by 

comparisons among groups. 

After venom was collected from the adult individuals that were reared 

on crickets, these spiders were fed flies for two weeks (one feeding per week), 

and then venom was collected again. Field-caught spiders were milked once 

before being fed in the lab. Crude venom samples were stored at -80° C until 

analysis. 
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Chemical analyses 

Venom components were separated by reverse-phase high 

performance liquid chromatography (RP-HPLC) (Hewlett-Packard HP1050 

with a diode array detector). The use of RP-HPLC maximized resolution and 

repeatability and permitted collection of fractions for further cincdysis. The 

amount of venom analyzed differed across samples because of differences in 

the nvunbers of spiders available for milking (see results). Samples were 

centrifuged and filtered through 0.2 micron syringe filters (Alitech). Samples 

were chromatographed on an Applied Biosystems Aquapore Brownlee RP-

300 C8 column, (220 mm X 4.6 nun), with a guard column, using a gradient of 

acetonitrile with 0.085% triflouroacetic add (TFA) as the mobile phase, and 

constant 0.1% TFA. The mobile phase was ramped from 3% to 53% 

acetonitrile across 67 minutes (0.75%/min.) then increased to 80% across 5 

minutes and held at 80% for 15 minutes (Figure 1). Absorbance was 

measured at 220 nm and 280 nm. A known amoimt of bovine serum 

albumin (BSA) was nm on the same column using the same elution profile 

at the beginning of each day of analysis. 

The total amoimt of venom components in each sample was estimated 

by integrating the area under HPLC chromatogram curves of absorbance at 220 

nm. Peptides, proteins and polyamines absorb at 220 nm, making this a 

measure of total component amount, whereas 280 nm is more selective for 

proteins and peptides. Total chromatogram areas were translated into total 

amounts of components using a regression of absorbance peak areas (220 nm) 

of known amoimts of BSA analyzed using the same HPLC gradient protocol 
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as that used to separate the venom samples (peak area = 531 (|ig protein) + 

1280; n=16; r2 = 0.36). 

The chemical compositions of the venom pools were compared by 

visually aligning chromatogram peaks and looking for peaks that were absent 

from, or unique to any of the feeding treatments. Retention time, relative 

peak height, and peak shape and integrated area were used as criteria for 

alignment. The visibility of some peaks varied across chromatograms as a 

function of differences in the amount of total venom loaded in each analysis. 

(More concentrated samples produced larger peaks that masked the visibility 

of smaller adjacent peaks.) I assumed that individual peaks that were visible 

in chromatograms of samples from which less total venom was loaded were 

also present but masked behind large peaks at corresponding elution times in 

samples with larger amounts of venom. For example, in the most 

concentrated samples, shoulder peaks were visible to the left of the large peak 

that eluted at roughly 12 minutes (the largest peak in all samples). In the less 

concentrated samples, distinct individual peaks were detectable in that area. 

To visually interpret variability in relative amounts of components, 

matrices of the percent areas of all aligned peaks were analyzed using 

principal component analysis. To control for the issue of variability in peak 

visibility noted above, I combined the area of adjacent, visible peaks that are 

in corresponding regions where large adjacent peaks may mask their visibility 

(visible as shoulder pceiks). 
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RESULTS & DISCUSSION 

Spiderling survival and vpnnm sample size 

The amount of venom available for analysis of lab reared spiders was 

small because of high levels of mortality during rearing, and differed among 

feeding treatments due to differential survival of spiderlings. Surviving 

spiderlings reached maturity in May, 1997. The attrition rate was high across 

all groups, but particularly high for the groups fed only flies, and those fed 

crickets and flies. It is imclear why mortality was high, but low humidity 

could have been a factor. Low survival has been reported from spiders reared 

exclusively on Drosophila (Riechert &Harp, 1986). No spiders survived to 

adulthood from the group fed crickets and flies. Four individuals reached 

maturity from the group reared on flies only. These included three 

individuals from one brood and one from another brood. Venom was 

successfully collected from one individual from each of these broods and 

combined for a total of 0.25 |jJ. At least some individuals from four out of the 

five cricket-fed groups survived to adulthood. Venom was collected two 

times on consecutive weeks and pooled between the two milking periods 

within each brood. This included five individuals from group 1, and eight 

from group 2 for a total of 1 and 1.3 (il respectively. Insufficient volumes of 

venom for analysis were collected from the two remaining groups. All 

individuals from the two successfully milked cricket groups survived after 

being fed flies for two weeks and were successfully milked again for a total 

volume of 1 |il for group 1 and 0.35 (il for group 2. The two successfully-

milked fly-reared individuals were from the same broods as the successfully-
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milked cricket-reared individuals. Although the samples sizes were too 

small for statistical analysis, there was little evidence of a reduction in the 

concentration of components in venoms from lab-reared spiders relative to 

field caught spiders (Table 1). 

Comparison of venom composition between groups with diffetent diet history 

HPLC chromatograms of venom components from A aperta spiders 

reared on different diets are presented in Figures 1 and 2. The elution profiles 

of all groups were very similar to each other, and were recognizable relative 

to HPLC profiles of A. aperta using similar separation strategies (Adams et al. 

1989; Skinner et al., 1989; Adams pers. comm.). The overall similarity among 

all chromatograms was as high as that from comparisons of female venoms 

from the same population of Tegenaria agrestis (Binford, in review. Chapter 

2). There was only one small peak (Figure la, 8.5 minutes = 0.12% of the total 

peak area) that was visible only in the venom sample from field caught 

adults. It was impossible to determine whether this peak is a component only 

found in the field caught spiders, or was present in the other samples and 

simply masked by neighboring peaks. Moreover, it is difficult to imagine, 

albeit not out of the question, that such a minor peak would be of functional 

significance. No other peaks were unique to any of the other feeding 

treatments. 

Comparisons using principal components analysis incorporated 

information of relative amoimts of components present in all samples. 

Similarities among samples would be revealed as points clustering together 

in plots of the first and second principal components (Figure 3). Based on 

these analyses there were no detectable differences between venoms from 
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spiders whose only feeding experience was with crickets, and venoms from 

those same spiders after a brief period of eating flies. This is evidence that 

venom composition did not change in response to a shift from eating crickets 

to eating flies. There are at least four possible explanations for this lack of 

difference: (1) the experience with the new food type (two weeks) was not 

long enough to induce a plastic response and differences would become 

detectable with longer exposure to the new diet; (2) the "chemical strategy" 

might not be substantially different between paralyzing a fly and a cricket; (3) 

the "chemical strategy" for paralysis might differ between these prey tjrpes, but 

the complex mixture of toxins present in the venoms was already sufficient 

for paralysis of both prey types; or (4) the chemical composition was 

suboptimal for paralysis of flies after developing on a diet of crickets, but the 

spiders were fixed with a suboptimal venom. 

The first and second principal component plot of venom from field 

caught adults, and from fly-reared individuals fell outside of the loose cluster 

that included the cricket-reared samples (Figure 3). Without reference to a 

point of comparison that is well outside of all of these data, it is difficult to 

interpret whether this trend is meaningful. For reference within the analysis, 

the amoimt of difference between the points for the two independent samples 

of cricket-reared venoms can be used as an indication of background 

variability that was a function of the analytical technique, or of underlying 

genetic differences between the broods. It is clear that the distance between 

the field caught sample (which included pooled venom from all mothers of 

the lab-reared spiders) and the cricket-reared samples was no greater than that 

between the two cricket-reared samples. The fly-reared sample was more 
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distant from the other feeding treatments, but no conclusions can be reached 

from this datum given the relatively small amount of venom loaded for that 

sample, and that there is no repeated estimate. Therefore, the effects of long-

term feeding history on relative expression of shared components can only be 

resolved by further, more extensive analyses. 

In summary, the consistency of peak profiles, particularly between 

field-caught and cricket-reared individuals, provides preliminary evidence of 

a lack of plasticity in component composition as a function of diet during 

rearing. At minimum this might reassure venom researchers that venoms 

collected from lab-reared spiders are comparable to venoms from spiders 

caught in the field. Moreover, there is some evidence that there is no effect of 

a recent change in diet on venom composition. These data are few and 

substantiating evidence is necessary for confirmation. 
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Table 1. Estimates of protein concentration of crude venom samples from 

field caught spiders and spiders reared imder different feeding 

treatments. 

Field caught Cricket-reaxed Cricket-reared Fly-reared 
adults then fed flies 

Fly-reared 

{xg/|xl crude 477 699.5+33.2 600.5+272.2 615 
venom (rt=l) (n=2) (n=2) (n=l) 
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HGURE CAFnONS 

Figure 1. RP-HPLC chromatograms of whole venoms from female 

Agelenopsis apertaz (a) that were collected from the field as adults (1.8 

pi); (b) reared in the lab on crickets only (1 ^1); and (3) reared in the lab 

on flies only (0.25 pi). 

Figure 2. RP-HPLC chromatograms of whole venom samples from two 

independent groups of female A. aperta that were reared on crickets 

exclusively (a. group 1,1 and c. group 2,1.3 pi); and the same groups 

whose diets were then switched to flies (b. group 1,1 |il and d. group 2, 

0.5 ^U). 

Figure 3. First and second principal components from an analysis of a matrix 

of percent areas of aligned individual chromatographic peaks ftrom RP-

HPLC of venoms from female A. aperta that were either field caught or 

subject to different feeding conditions during rearing. 
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APPENDIX B 

AN ANALYSIS OF GEOGRAPHIC AND 
INTERSEXUAL CHEMICAL VARLATION IN 
VENOMS OF THE SPIDER Tegenaria agrestis 

(Agelenidae) 
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ABSTRACT 

The spider Tegenaria agrestis is native to Europe where it is considered 

medically innocuous. However, this species recently colonized the United States, 

and has since been accused of being the source of bites that result in necrotic 

lesions and systemic effects. This study compares the chemical composition of 

venoms from United States and European populations to look for imique US 

characteristics that might explain this difference, and to increase our 

understanding of venom variability within species. I characterized the chemical 

composition of venom samples from T. agrestis males and females from 

Marysville, Washington, (US), Tvmgstead Quarry, England (UK) and Le 

Landeron, Switzerland, by means of liquid chromatography and insect bioassays. 

Chromatographic profiles were different between sexes, but similar within sexes 

between US and UK populations. No peaks were unique to the US population. 

Intersexual differences were primarily in relative abundance of peaks present in 

both sexes. Insect assays revealed no differences between US and UK venom 

potency, but female venoms were more potent than male. Venoms from the 

Swiss population differed in composition from UK and US venoms. These 

results are difficult to reconcile with the claims of necrotic effects of US venoms. 
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INTRODUCTION 

Spider venoms exhibit extensive diversity in chemical composition and 

modes of action (McCrone, 1969; Geren and Odell, 1984; Atkinson and Wright, 

1992; Adams and Olivera, 1994; Shultz, 1997). Moreover, it is becoming 

increasingly evident that variability in spider venoms is present among recently 

diverged taxa as well as within species (McCrone and Netzloff, 1965; Russell and 

Buess, 1970; Sutherland, 1978; Atkinson, 1981; Atkinson and Wedker, 1985; Muller 

et al., 1989; Barbaro et al., 1996; Escoubas et al., 1997; de Andrade et al., 1999; de 

Oliveira et al., 1999). Differences in chemical composition of venom that confer 

differences in physiological effects on a given target aiiimal can be due to the 

presence or absence of particular components, or to shared components that 

differ in relative abundance. Variability in venoms between congeneric species 

and between populations and individuals of the same species has not been well 

studied, yet understanding variability at this level can serve at least three useful 

functions. First, it can lead to the discovery of rapidly evolving toxins with 

different neurophysiological effects. Second, it can lend insight into the 

evolutionary processes and patterns that have given rise to higher level diversity 

in toxins. Third, it is essential for understanding risk, appropriate treatment and 

antivenom use when species produce toxins that are medically significant 

(Chippaux et al., 1991). 

The spider species Tegenaria agrestis (Walckenaer, 1802) is particularly 

interesting for investigations of venom variation within species. T. agrestis 

individuals are native to Europe and western central Asia where they are 

common and widespread. Individuals typically building funnel webs in a range 
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of open, often disturbed habitats (Hanggi et al., 1995). This species was 

introduced into the Pacific Northwest region of the United States in the early 

1900s and was first formally identified in the 1930s (Exline, 1936,1951). The 

species' range has since expanded to British Columbia, Alaska, Oregon, Idaho, 

Montana and Utah (West et al., 1984; Baird and Akre, 1993; Roe, 1993). By the 

1960s individuals were commordy collected in and around hiunan habitations. 

Since the early 1980s medically significant bites (causing severe necrosis and 

systemic effects) have been attributed to T. agrestis (Vest, 1987a; Akre and 

Myhre, 1991; Vest, 1996). This species is also a recent introduction into Britain 

where it was first reported in 1949, and is often found in close association with 

people (Merrett, 1979). Throughout Europe there have never been reports of 

medical problems associated with bites from these spiders (Biicherl, 1971; Bettini 

& Brignoli, 1978; Cloudsley-Thompson, 1993). Furthermore, there is evidence 

that bites of males from the Pacific Northwest have more severe necrotoxic 

effects on mammalian tissues than do bites from females (Vest, 1987b). Thus, 

there are hints of geographic and intersexual variability in the effects of T. agrestis 

venom on mammalian tissues. 

There are at least four possible explanations of the emergence of medical 

significance in US T. agrestis: (1) an evolutionary change in the venom 

composition of the ancestors of the US population may have resulted in the 

origin of a novel necrotoxic effect on mammals; (2) venom chemistry might not 

differ between US and European spiders, but the populations might differ in 

habitat or in behavior such that it is more likely that US T. agrestis will encounter 

humans and bite them (Akre and Myhre, 1991); (3) perhaps there are no 

differences in venom chemical composition or in ecological circumstance and the 
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necrosis is caused by something extrinsic to, but uniquely associated with, the 

venom of spiders in the US (i.e. a bacterium); and (4) T. agrestis is not directly or 

indirectly the cause of the necrotic lesions and has been falsely accused. 

In this study I compare the chemical composition of whole venom of male 

and female Tegenaria agrestis from US and European populations. My goals are 

twofold: (1) to gain a general understanding of variation in venom chemical 

composition within the species; and (2) to determine whether there are unique 

components, or differential expression of components in US T. agrestis venom 

that might explain the novel appearance of this species as a medical concern in 

the Pacific Northwest of the United States. 

METHODS 

Spider collection 

All spiders were field collected by visually searching imder rocks, wood 

and debris. Ontogenetic and seasonal variation in spider venom potency is 

known in some spiders (Atkinson and Walker, 1985; MaJli et al., 1993; de 

Andrade et al., 1999). Care was taken to minimize sources of variation by: (1) 

collecting within small geographic areas (single populations), (2) using only 

individuals collected as adults except where noted (males identified by er\larged, 

sclerotized pedipalps; females by sclerotized epigyna), and (3) restricting the 

collecting period to August through mid-September, the mating season for this 

species. European T. agrestis were collected in August, 1997, from two sites in 

England, and one site in Switzerland. Most of the analyses were conducted 

using venom of spiders from a regenerating quarry site at Tungstead Quarry, 3 

km east of Buxton in central England. A small number of spiders were also 
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collected from an abandoned woodlot in central Liverpool. In western 

Switzerland spiders were collected along a roadside 1.5 km north of Le 

Landeron. The Swiss spiders and some female Tungstead Quarry spiders were 

collected as penultimate adults and molted to adulthood in captivity. Venom 

from these individuals was analyzed separately from venom from individuals 

collected as adults. US spiders were collected from an abandoned shipyard in 

Marysville, Snohomish County, Washington, in September, 1997, and August, 

1998. For outgroup comparisons (intended to provide a comparison for 

interpreting the extent of differences within T. agrestis) Tegenaria gigantea 

(Chamberlin and Ivie, 1937) were collected at the same site as T. agrestis in 

Marysville. 

While collecting in the field, I recorded general descriptions of habitat and 

web locations, and any evidence of prey in the chelicerae or in the web. 

Spiders were housed in individual deli cups and kept at 25° C under a 

12:12 light:dark cycle at the University of Arizona, Tucson, AZ. 

Venom collection 

Spiders were anesthetized with CO2, and venom was extracted by means of 

electrical stimulation following the method of Celerier et al. (1993). To avoid 

contamination, fangs were rinsed with distilled water, and regurgitate was 

collected by a vacuimi attached to a blunt syringe needle held on spider's 

mouths. The jdeld of venom per spider was measured as the venom was drawn 

into a calibrated microcapillary tube. The length of each spider from the dorsal, 

anterior tip of the cephalothorax to the posterior tip of the abdomen, was 

measured after it was milked. To obtain sufficient quantities of venom for 

analyses, samples were pooled from individuals matched by population and sex 
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(average 9.1 ± 2.5 individuals/pcxjled sample). The nimiber of individual venom 

samples per pooled collection varied slightly because of attrition within groups 

(death of individuals) and occasional failure of a spider to yield venom. 

Although pooling masks variability at the individual level, pooled samples 

represent a population-level composite that is appropriate for investigating 

differences between populations. When there were sufficient nimibers of 

individuals, multiple groups of individuals were pooled within each population 

and sex. This provided comparisons of poolings among different groups of 

individuals from within the same population, and among sequential collections 

from the same groups of individuals over time. 

Field-caught spiders were milked once before being fed in the lab. Spiders 

were then fed crickets 24 hrs. after milking and were not milked again until a 

minimum of seven days after feeding. Crude venom samples were stored at -80° 

C until analysis. 

Chemical analyses 

Venom components were separated by reverse-phase high performance 

liquid chromatography (RP-HPLC) (Hewlett-Packard HP1050 with a diode array 

detector). The use of RP-HPLC maximized resolution and repeatability and 

permitted collection of fractions for further analysis. A 3-fil aliquot of crude 

venom was used for each separation. Samples were centrifuged and filtered 

through 0.2 micron syringe filters (Alltech). Samples were chromatographed on 

an Applied Biosystems Aquapore Brownlee 1^-300 C8 colunm, (220 mm X 4.6 

mm), with a guard column, using acetonitrile with 0.085% trifluoroacetic acid 

(TFA) as the mobile phase, and constant 0.1% TFA and water. The mobile phase 

was ramped from 3 % to 53 % acetonitrile across 67 minutes (0.75% /min.) then 
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increased to 80% across 5 minutes and held at 80% for 15 minutes (Figure Ic). To 

try to improve resolution in the most congested regions of the chromatogram 

(between 20 and 40 minutes), the ramping gradient was changed to 3% to 15% 

acetonitrile across 20 min., 15% to 30% across 30 minutes, 30% to 37.5% across 10 

minutes, extended to 100% in 5 minutes and held for 10 minutes (Figiure 2d). 

Absorbance was measured at 220 nm and 280 nm. Fractions were collected and 

stored for bioassays and further purification of selected components. A known 

amoimt of bovine serum albimiin (BSA) was run on the same column using the 

same elution profile at the beginning of each day of analysis. 

The total amoimt of venom components in each sample was estimated by 

integrating the area under HPLC chromatogram curves of absorbance at 220 nm. 

Peptides, proteins and polyamines absorb at 220 nm, making this a measure of 

total component amount, whereas 280 nm is more selective for proteins and 

peptides. Total chromatogram areas were translated into total amounts of 

components using a regression of absorbance peak areas (220 nm) of known 

amounts of BSA analyzed using the same HPLC gradient protocol as that used to 

separate the venom samples (peak area = 531 (|i,g protein) + 1280; n=16; r^ = 0.36). 

The estimated values are similar to measures of protein concentration of the 

same T. agrestis samples using a BCA method (Pierce) (H. Gomez, pers comm.). 

Statistical analyses 

The chemical compositions of the venom pools were compared by visually 

aligning chromatogram peaks. I considered retention time, relative peak height, 

and peak shape and area as criteria for alignment. Resolution differed slightly on 

different days of HPLC analysis. This generally was due to peak widening, with 
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large peaks differentially masking the visibility of adjacent smaller peaks. To 

control for this variability, I include in analyses pairs of chromatograms 

contrasting populations and sexes that were analyzed on the same day. To avoid 

pseudoreplication I include only HPLC chromatogram data for one venom 

pooling from a given group of spiders. 

To interpret variability visually, matrices of aligned peak percent areas 

were analyzed using principal component analysis. These analyses included 

either all peaks, or peaks representing >1% of the total peak area. The latter 

analysis included all peaks that were consistentiy visible, whereas including all 

peaks incorporated variability in visibility of minor peaks that may have be a 

function of minor variations in resolution. Significant differences in the average 

amount of the same peak as a function of population, sex, collection year, or 

maturity status when collected were determined using pairwise Student's t-tests 

and the Dunn-Sid^ correction for multiple comparisons. Differences between 

samples as a function of milking sequence (field caught, first, second, or third 

milking) were analyzed using ANOVA. Differences between populations and 

sexes in venom yield and concentration were analyzed using ANOVA and 

pairwise Student's t-tests. All analyses made use of the statistical program JMP 

(SAS). 

Venom functional assays 

Relative potency and insecticidal bioactivity were assayed by injecting 

crude venom into larvae of the housefly Phoenicia sericata (average weight of 30 

randomly selected individuals was 21.6 ± 6.9 mg). Crude venom was diluted in 

0.1 N ammonium acetate pH 8.5 to concentrations of 50%, 25%, 12% and 6%. A 
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0.2 (xl aliquot of each dilution of venoms from male and female spiders of the 

Marysville and Tungstead Quarry populations, as well as an ammonium acetate 

control were injected into a minimum of 8 larvae. Samples were injected into the 

pronotum using a 10 Hamilton syringe with a 33 gauge needle and a 0.2 pi 

increment syringe dispenser. Injected larvae were observed continuously for the 

first 5 minutes after injection, and then activity was noted every 5 minutes for 30 

minutes, after 1,1.5,2,24 and 48 hours. Doses at which 50 % of the larvae were 

paralyzed (PD50) were estimated using probit analysis (SAS). 

To lend insight into the functional role of venom during prey capture, I 

observed the behavioral sequence of events during the capture of crickets 

introduced in the lab. I observed the effects of venom delivered to crickets by 

natural bites of T. agrestis and T. gigantea by introducing crickets into established 

webs, allowing T. agrestis to bite, removing crickets from the jaws of the spider 

within the first 30 sec after the bite, and recording the progression of paralysis in 

the crickets. This test was conducted for 2 female and one male T. agrestis from 

Marysville, one Tungstead Quarry female, and for 5 T. gigantea females. Spiders 

that were electroshocked for venom collection were not used for behavioral 

observations. 

RESULTS 

Spider natural history and collecting notes 

Tegenaria agrestis were abimdant at the Marysville and Timgstead Quarry 

sites. Adults webs were under large rocks, pieces of wood, and miscellaneous 

paper, plastic, and rubber debris. Juveniles were found on webs in more exposed 

areas including clumps of grasses and in abandoned rabbit holes (Tungstead 
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Quarry). T. agrestis at the Swiss site were less abundant and found beneath 

rocks along a rural roadside. Natural prey remains found in the webs or in 

spider's chelicerae included two black ants (Lasius niger), one red ant {Myrmica 

sp.), one 5 mm elytron of a beetle, an asilid fly, a bibionid fly and a large tipvilid 

from Tungstead Quarry; and one ant (Camponotus sp.), two tenebrionid beetles, 

and a syrphid fly from Marysville. Although these data are few, they indicate T. 

agrestis at both sites cire, at least, generalist insect predators. 

Venom yield and concentration 

Venom volumes obtained from spiders and venom total concentration 

estimates are listed in Table 1. Both population and sex significantly effected T. 

agrestis venom 5deld (ANOVA, Table 1). Standardization by spider body length 

and spider body length cubed (an estimate of mass), and exclusion of the Swiss 

population from the analysis had no effect on the significance of the population 

or sex effect (p<0.0001 in all cases). Females produced more venom than males 

in all T. agrestis populations (t-tests: Marysville p < 0.001; Tungstead Quarry, p < 

0.001; Swiss, p < 0.002). Absolute yields of venom from T. gigantea were also 

higher for females than for males (t-test; p=0.05, but this result did not persist 

when standardized by spider body length (t-test; p=0.845) or body length cubed 

(p = 0.220) (Table 1). 

There were no significant differences in venom total component 

concentrations between Marysville, and Tungstead Quarry T. agrestis 

populations (t-test, females, p=0.67; males, p=0.34) or between sexes (t-test, US 

p=0.76; UK p=0.43). The number of estimates of venom concentration for Swiss 

populations and T. gigantea were too small to include in statistical analyses. 
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Venom HPLC comparisons 

T5rpical chromatograms from Marysville, Timgstead Quarry and Swiss T. 

agrestis females and males, and from female T. gigantea, are shown in Figures 1 

and 2. Relative elution times of given peaks appeared to be the same between 

the original cmd the extended gradient. In total, 83 peciks were detectable in T. 

agrestis venoms. For discussion, peaks that represented >1% of the total area (38 

peaks, accounted for 89.4 ± 3.6% of the total area) were arbitrarily labeled based 

on elution time (Figure 4). Subtle variability in resolution (peak widening) across 

chromatographic runs made the visibility of some peaks inconsistent. Therefore 

only a subset of the total number of peaks was used in the statistical analysis (see 

Methods). 

T. gigantea versus T. agrestis 

T. agrestis and T. gigantea venoms differed in composition, both in relative 

amoimts of apparently shared components and in the likely presence of unique 

components. Peaks that were either unique to, or more highly expressed in, T. 

gigantea eluted primarily between 15 and 25 minutes (Figure 1). The consistentiy 

dominant peak (peak number 8) in T. agrestis male and female venoms also 

eluted in this region. Chromatograms from T. gigantea were not aligned peak-by-

peak with T. agrestis because the degree of difference made such alignments 

dubious without identification of specific components through mass 

spectrometry or sequence information (Figure 1). Therefore I did not quantify 

differences between these species. 

Variability within T. agrestis 
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Venom profiles were consistently similar within and between the 

Marysville and Tungstead Quarry populatiorts of T. agrestis for a given sex 

(Figure la, b; Figure 3a), but the Swiss population differed from the other 

populations in both sexes (Figure 2, Figvure 3a). The Swiss population was 

distinguished primarily by the second principal component (PC2) (Figure 3a), 

that accounted for 15.5% of the variability. Sexes cluster distinctly and were 

separated primarily by the first principal component (PCI) (Figure 3a) that 

accoimted for 33.3% of the variability in the data set. 95% of the variability in the 

data was explained only after 12 principal components. The Swiss population 

was distinguishable from the other two populations by differences in relative 

amotmts of shared components, and by three components that appeared to be 

unique to the Swiss population. One unique component (SI, Table 2) was a 

relatively large peak making up 4.43% of the Swiss female venoms and 0.46% of 

the Swiss male venoms. The distinction between the Swiss and the other 

populations should be interpreted with caution because the result is based on 

venom pools from one sample group each of males and females of this 

population (one milking pool from males, and two separate milkings from the 

same group of females). 

Peak-by-peak comparisons identified no peaks that were unique to the 

Marysville population. Two minor peaks (< 1 % total area) were inconsistently 

identified as uitique to the Tungstead Quarry females in analyses using the 

extended gradient (Table 2). Comparisons of individual peak relative abundance 

identified one peak present in sigruficandy higher concenfration in Marysville 

males than in Tungstead Quarry males (peak 34, Figure 4b). No peaks differed 
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significantly in abundance between females from MarysviUe and Tungstead 

Quarry (Figure 4a). 

Differences between sexes were primarily in relative amounts of peaks 

that were present in both sexes (Figure 2, Figiure 4c). Eight peaks differed 

significantly between the sexes in relative amounts (Figure 4c). Four of these 

were more abundant in male than in female venoms (Figures 2 and 4c, peaks 

18,20,22, and 35). Four peaks were more abundant in female than in male 

venoms (Figures 2 and 4c, peaks 4,9,10 and 15). There were four minor peaks (< 

1 % total area) unique to females and one minor peak tmique to males (Table 2). 

Given homology of the peaks was not certain, this should be verified with mass 

spectral or sequence information. 

Principal components analysis including all female samples yielded no 

obvious distinctions between female venoms as a function of collection year (97 

or 98, MarysviUe females), sequential milldngs in the lab (MarysviUe and 

Tungstead Quarry females), and maturity status when coUected in the field 

(adults versus penultimate instar that molted to adulthood in the lab, Tungstead 

Quarry females) (Figure 3b). The only female sample from field-caught adult 

Liverpool spiders was not distinct from the MarysviUe and Tungstead Quarry 

samples (Figxire 3b). The first and second principal components in this analysis 

explained 19.75% and 13.76 % of the total variation respectively. 95 % of the total 

variation was explained only after the first 18 principal components. 

Peak-by-peak comparisons identified no significant differences in relative 

abundance of particular peaks as a function of coUection year, maturity status or 

milking sequence. 
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Venom function 

Casual observation during lab feeding indicates that the sequence of 

events during captures of cricket prey by T. agrestis consists of spiders running 

out of retreats toward prey once they are detected in their silk webs, biting the 

prey, and holding them in their jaws. Silk was not used during the initial 

capture, nor did spiders macerate prey, indicating that venom is the primary tool 

for subduing prey. Only when prey were paralyzed did the spiders release and 

tether them with silk before transporting them into their funnel retreat for 

consumption. This sequence of events was the same for male and female T. 

agrestis from all three populations. Bites typically targeted the thorax. Prey were 

generally paralyzed within the first 30 seconds of being bitten, but in one 

instance, the prey struggled for over an hour. The prey capture behavioral 

sequence was the same for T. gigantea. 

The paralytic effect of venom delivered both by natural bites and by 

injection were the same in terms of sequence of paralysis. Prey were paralyzed 

instantly and irreversibly in prey removal assays and by injections at high 

concentration. Hearts of envenomated prey continued to beat for >48 hours after 

injection, indicating that the cumulative effect of the venom toxins is not directly 

lethal. There were no differences in the paralytic effect between Marysville and 

Tungstead Quarry venoms, or between male and female venoms. To paralyze 

prey, however, more male venom was required than the more iasectiddally 

potent female venom (Figure 5). The timing and the sequence of prey paralysis 

and death were the same for T. gigantea (n=5 prey removals). 
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DISCUSSION 

This study has revealed remarkable similarity in the composition of 

venom of Tegenaria agrestis collected from a recently geographically isolated 

population in the United States and from populations in England. The data also 

reveal differences between T. agrestis and its congener T. gigantea, differences 

within populations between sexes, and slight differences between the Marysville 

and Tungstead Quarry populations and the Swiss population. Both the 

variability, and the lack thereof, have many implications which will be addressed 

in turn. 

Interspecific differences 

Venom composition of T. agrestis shows both similarities to and 

differences from that of T. gigantea (Figure 1). For the purposes of this study, the 

differences serve as benchmarks for illustrating the lack of difference between T. 

agrestis populations. Differences between these species are interesting in 

themselves for a number of reasons. First, the most striking differences are due 

to the presence of more early-eluting peaks (<20% CH3CN) in T. gigantea 

venoms than in T. agrestis venoms. Components that elute under these 

conditions in other spiders are often polyamine-toxins (Adams et al., 1989; 

Skinner et al., 1990; Quistad et al., 1991; Escoubas et al., 1997) which are rare 

among animals, yet seem to be relatively common and diverse in spider venoms 

and are potent, target-specific neurotoxins (Blagbrough et al., 1992; Adams and 

Olivera, 1994; Shultz, 1997). Secondly, the T. agrestis and T. gigantea populations 

used in this study are similar ecologically. Both species are recent colonists of the 



69 

US from Europe, they are sympatric (were found literally side-by-side) on each 

continent (Leech and Steiner, 1992), they build similar webs and capture prey 

using the same behavioral sequence. Bioassays are necessary to determine if the 

differences in chemical composition reflect any functional differences between 

the venoms. Differences between congeneric species in venom composition 

and/or toxic activity have been detected in the genera Brachypelma (tarantula) 

(Escoubas, et al., 1997), Atrax (Sutherland, 1978; Atkir\son, 1981), Latrodectus 

(widow spiders) (McCrone and Netzloff, 1965, Muller et al., 1989), Loxosceles 

(Barbaro, et al., 1996). None of these studies examined differences as a function 

of ecological circumstance. More detailed analyses of interspecific differences 

could help determine rates of evolutionary change in venom chemistry. 

Intersexual differences 

There are consistent and striking differences in chemical composition, 

volume per individual, and insecticidal potency between male and female 

venoms of T. agrestis spiders from the same populations. Compositional 

differences are due mainly to differential expression of common components and 

not to components that are unique to either sex (Figure 4c), but there are a few 

minor peaks unique to each sex (Table 2). Differential expression of components 

could be due either to a plastic response to different immediate functional 

requirements of the venoms by the different sexes, or to a relaxation of, or change 

in the role of venom in one sex or the other. As adults, males seek out females, 

mate, and then senesce and die within a few months. Females remain on webs, 

mate, lay and incubate eggs, and overwinter as adults after their first mating 

season. The direct fitness benefits of capturing prey for yolk deposition and 
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overwintering in females may be greater than the benefits for prey capture in 

males at this time. Thus one might expect higher expression of insectiddal toxins 

in females than in males (Malli et al., 1993). Males may be more directly subject 

to predation pressure than females as they wander in search of mates, and 

selection could favor expression of toxins targeted to defense against predators 

that might include vertebrates (Atkinson and Walker, 1985). 

Male and female T. agrestis venoms are similar in concentration (Table 1), 

yet female venoms are more insectiddally potent than males (Figure 5). Assays 

conducted by Vest (1987b) suggest that T. agrestis male venoms are more toxic to 

mammals than female venoms. Recent work by Johnson et al. (1998) has 

identified peptide toxins that are insect specific (masses 5,643,5,679, and 5,700 

Da) and mammalian specific (masses roughly 5,000 and 9,000 Da, Johnson, pers. 

comm.) in T. agrestis venom. Differential sex-specific expression of these target-

specific toxins could explain the functional differences. The mammalian toxins 

reported by Johnson et al. (1998) are of comparable size to mammalian specific 

toxins from another agelenid species, Agelenopsis aperta (Mintz et al., 1992), but 

differ from two proteins (66,000 Da) that Vest (1993a) reports to be expressed in 

higher quantities in male than in female T. agrestis venom. Mice assayed by 

Johnson, et al. (1998) died within one hour (fohnson, pers. corrun.), which is too 

quickly for necrosis to occur. Thus, Johnson, et al. (1998) did not attempt to 

corroborate direct assays demonstrating necrosis (Vest, 1987b). 

Intersexual differences in spider venom amounts and potency are known 

from most species that have been studied. A common trend is for females to 

produce more venom than males, even when data are normalized for the size of 
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the spider (Atkinson, 1981; Atkinson and Walker, 1985; Malli et al., 1993; Celerier 

et al., 1993; de Oliveira et al., 1999). The sex with more potent venom differs 

across spedes, and is a function of the target animal (Atkinson, 1981; Atkinson 

and Walker, 1985; Malli et al., 1993; Celerier et al., 1993; de Oliveira et al., 1999; 

but see Newlands, 1982). More work relating venom variation to ecology could 

help to decipher the ultimate causes of intersexual venom differences. 

Interpopulational differences 

Within sexes venom composition is strikingly similar between Marysville 

(US) and Tungstead Quarry (UK) populations, but these populations differ from 

the Swiss population. Insofar as these populations are representative of the 

larger contiguous regions from which they come, there are two implications. 

First, there has been little change in venoms in either the US or the UK 

populations since they shared a common ancestor. Like US T. agrestis, 

populations in the British Isles are recent colonists, first formally recogriized in 

the middle of this century. The results here imply that both the US and UK 

populations have been isolated from the Swiss population for a long time and 

may be derived from the same, or very similar, source population which is far 

from Switzerland. Sampling more European populations of T agrestis would 

help to characterize the eunoimt of variation across this region, and perhaps to 

localize the source of the introductions. My own efforts to find populations of T 

agrestis in coastal Iberia in habitats similar to those where this species occurs in 

the US and England were unsuccessful. 

The data from this study identify no conspicuous features that distinguish 

Marysville T. agrestis venom from venom of the Tungstead Quarry population 
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and, thus might explain why T. agrestis are a medical concern in the US, but not 

in Europe. No peaks are detectable by this method that are unique to the 

Marysville population. 

There is only one component, peak 34 (figure 4), worth consideration as 

potentially conferring a different effect in the US by being expressed in greater 

proportions in. the US than in the UK. This peak has greater relative abimdance 

in Marysville than in Tungstead Quarry males, and is more abundant in venom 

of US males than US females (Figure 4). If this component does have a necrotic 

effect, its greater relative abundance in males is consistent with the observation 

of more severe necrosis caused by male bites than female bites (Vest, 1987b). 

Moreover, the fact that it is present in both sexes is consistent with necrosis 

occurring year roimd (Vest, 1987a; 1989) even though adult males are only 

present in late summer and early fall. However, the argument does not explain 

why necrotic lesion forming bites have not been observed in Europe given that 

males from Tungstead Quarry produce significantly more of peak 34 than 

MarysvUle females. This is true for percent of total venom composition (p=0.007, 

t-test) and for estimates of absolute amounts of peak 34 per HPLC sample (3 ^il 

venom) using peak area regression estimates (see Methods) (Timgstead Quarry 

males = 8.67+1.39 (Xg; Marysville females = 3.37+0.67 ng; p=0.002, t-test). 

Furthermore, because females produce more venom than males, the amount of 

peak 34 injected into bite victims could be similar between the sexes. Therefore, 

this component is not effectively expressed in higher amoimts in the US than in 

the UK. Given this lack of difference, and that no other components have larger 

quantities in the US, some other difference must explain the lack of necrotizing 

bites in Europe. 
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The lack of evidence of components unique to, or more highly expressed 

in the venom of US T. agrestis individuals narrows the possible explanations for 

the suspected recent association of T. agrestis with necrotic arachnidism in the US 

but not in the species' native European range. If a necrotizing agent is intrinsic to 

the venom, that same component is present at least in the United Kingdom, and 

perhaps throughout Europe, but has not been the source of any clinical issues. 

Either European and US T. agrestis differ in habitat in a way that makes it less 

likely that European T. agrestis will encounter and bite people, or T. agrestis bites 

do occur in Europe and result in necrosis, without the link having been noted. 

Given the frequency of alleged T. agrestis bites in the US (Vest, 1987a; Akre and 

Mahre, 1991; Vest, 1996), the relative scarcity of imexplained necrotic 

arachnidism in Europe (see Maretic and Russell, 1979 for a single case) indicates 

that, if bites occur from this species, they are more frequent in the US. The 

possibility that European and US populations differ in habitat in a way that 

makes this more likely will be addressed in another paper. 

An alternative possibility is that there is no neurotoxin intrinsic to T. 

agrestis venom, but the necrotizing agent is produced by a bacterium that is 

uniquely associated with the US population (on fangs or chelicerae). The 

possibility that necrotic arachnidism could be caused by infection of the bite site 

with the bacteriiun Mycobacterium ulcerans, known to cause slow-developing 

ulcers on human skin, was proposed by Harvey and Raven (1991). Recent work 

by Atkinson et al. (1995) provides several lines of evidence that a consistent 

direct association between M. ulcerans and spiders is biologically unrealistic. 

Unless a different bacterium is associated with US populations, the results of 

Atkinson et al. (1995) make this explanation imlikely. 
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A final possible explanation is that T. agrestis are not directly or indirectly 

the cause of necrosis and have been falsely accused. Misdiagnosis of spider bites 

is a well knovm and common issue (Russell and Gertsch, 1983; Kunkel, 1985; 

Rosenstein and Kramer, 1987; Kemp, 1990; Vest, 1993b; Vetter and Visscher, 

1998). Agents that create symptoms that are often confused with spider bites are 

discussed in the above references, and range from reactions to other organisms 

(arthropods, such as the lyme disease vectors (Ixodes spp.); fungal 

dermatophytes; viruses; bacterial infections), to systemic reactions to underlying 

medical problems (leukemia, infections). Nonetheless, Vest (1993b) advises: 

"The tentative diagnosis of necrotic arachnidism should be considered in any 

clinical case in which deep, slow-healing necrotic lesions develop, with or 

without systemic manifestations, urUess clear evidence of another cause can be 

demonstrated". There are a nimiber of reasons why Vest's advice to diagnose 

necrotic arachnidism as a default is not reasonable. First, there are no definitive 

diagnostic characteristics that are absolutely and uniquely associated with the 

bite of a given spider, making accurate diagnosis of spider bites dependent on 

retrieval and identification of spiders that were seen biting the victim (Russell 

and Gertsch, 1983). I am aware of only one case in the literature where a T. 

agrestis individual was directly linked to a bite which allegedly led to a necrotic 

lesion (Vest, 1987a; Akre and Mahre, 1991; Fisher et al., 1994; Vest, 1996). Even 

this case is doubtful because the victim did not seek medical assistance (and 

presiunably spider identification) for 79 days after the bite (Case 2, Vest, 1996). 

A second reason to hesitate before a diagnosis of necrotic arachnidism is 

that biting humans is outside of normal biological activity for spiders except in 

defense. Defensive bites risk spider's lives and tend to occur only when the 
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spider is at risk of being crushed. T. agrestis has been described anecdotally as 

unusually aggressive (Akre and Mahre, 1991). However, after handling over 500 

adult T. agrestis I have seen no displays of aggression (threat postures, attempted 

bites) in these spiders. 

Corroboration of solid, direct evidence of the involvement of T. agrestis 

bites in creating necrotic lesions and systemic effects, and solid empirical 

evidence that bites are likely to be common, are both essential before it can be 

justified that any cases of necrosis in the Pacific Northwest are diagnosed by 

default as necrotic arachnidism caused by T. agrestis. Rapid diagnosis of necrotic 

arachnidism without direct, solid evidence and a full diagnostic work-up can 

lead to inappropriate treatment and the lack of consideration of more severe 

imderlying medical issues (Kunkel, 1985; Rosenstein and Kramer, 1987; Kemp, 

1990; Koh, 1998). 

In siunmary, this study finds evidence of variability in venom 

composition between geographically isolated populations and between sexes of 

Tegenaria agrestis. The geographic variability, however, is not as expected 

between US and UK populations, but between these populations and the only 

population investigated on mainland Europe. There is no evidence of rapid 

evolutionary divergence of the recently isolated US population from the UK 

population. This calls into question the presumption that there is a difference in 

the medical effects of US and UK T. agrestis bites and illiuninates a need for 

further mammalian assays of both US and UK venoms. These assays are 

currently xmderway and the results will be published in a future paper. 
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Table 1. Venom concentration (|ig/|il) and per spider venom yield (absolute fil, and standardized by total spider 
length in mm) for US, UK, and Swiss T. ngrestis, and US T. gignntea. Numbers are means with standard 
error in parentheses and sample sizes below. Sample sizes differ because concentration estimates are based 
on pooled samples and yield is based on total numbers of spiders milked. Results are listed below from 
ANOVA analysis of the effects of population and sex on absolute volume of venom per spider for the T. 
agrestis populations. 

US T. agrestis UK T. agrestis Swiss T. agrestis T. gigantea 

Venom 
9 (f 9 9 (f 9 

Concentration 
(Mg/fil) 

100.9 (8.1) 
13 

95.6 (19.5) 
5 

106.1 (8.9) 
11 

118.5 (5.42) 
4 

98.6 (26.7) 
2 

141.6 
1 

119.4 (34.9) 
2 

109.6 
1 

Yield per spider 
(^1) 

0.75 (0.03) 
154 

0.26 (0.05) 
19 

0.80 (0.05) 
64 

0.43 (0.04) 
41 

0.27(0.04) 
18 

0.11 (0.02) 
16 

0.91 (0.09) 
27 

0.69 (0.15) 
10 

Yield per spider 
standardized 

0.063 (0.002) 
154 

0.028 (0.005) 
19 

0.076 (0.004) 
64 

0.046 (0.003) 
41 

0.033 (0.005) 
18 

0.012 (0.002) 
16 

0.062(0.006) 
27 

0.056 (0.010) 
10 

(^l/lnln spider 
length) 

Source df Sum of Squares F Ratio p >F 

pop 2 0.467 2.27 0.0398 
sex 1 8.107 74.20 <0.001 



Table 2. Average percent of total chromatogram area of all aligned RP-HPLC peaks that are 
unique to any population or sex. Peaks found in England (UK) and Swiss (S) 
populations, but not the US are labelled "E". 

? P (fl SI S9i S92 E? S+d* (f+E 9-*-UKd' 
FEMALE 
Seattle 0.28 0.22 0.41 0.06 0.48 

UK 0.35 0.23 0.66 0.47 0.20 0.35 0.27 

Swiss 0.47 0.46 4.43 0.54 1.29 0.65 0.41 0.77 0.92 

MALES 
Seattle 0.97 0.41 0.71 

UK 0.95 0.42 0.58 0.77 

Swiss 0.96 0.46 0.71 
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Figure Captions 

Figure 1. Aligned chromatograms from RP-HPLC analyses of venom from: a. 

female Tegenaria agrestis from Marysville, Washington (US); b. female T. 

agrestis from Tungstead Quarry, England, and; c. female T. gigantea from 

Marysville, WA. 

Figiire 2. Aligned chromatograms from RP-HPLC analyses using the extended 

acetonitrile gradient (d.) for T. agrestis a. Timgstead Quarry females, b. 

Swiss females, c. Tungstead Quarry males, and d. Swiss males. 

Figure 3. First and second principal component scores from analyses of HPLC 

peak % area of venoms. 

a. Includes venoms of males and females from Marysville, English and 

Swiss populations. Only peaks that represent >1% of the total area of the 

chromatogram for any population by sex group average were used in the 

analysis (41 out of 82 peaks). This represents 89.4 ± 3.6 % of the total area. 

b. Includes aU peaks from all female samples from the Marysville, English 

and Swiss populations. Sjonbols are shaded black for the first milking and 

get lighter for consecutive milkings. Marysville samples are separated by 

year of spider collections, and Tungstead Quarry samples are separated by 

animals that were collected as adults in the field and animals that were 

collected as subadults and molted to adulthood in the lab. 
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Figure 4. Comparisons of population by sex average % areas of individual HPLC 

peaks representing > 1% of total peak area (error bars represent standard 

error), a. compares T. agrestis females from Marysville (N=5) and 

Tungstead Quarry (N=5); b. compares T. agrestis males from Marysville 

(N=3) male and Timgstead Quarry (N=3); c. compares Marysville T. 

agrestis females (N=5) and males (N=3). Differences in peak area were 

analyzed using student t-tests with a Dunn-Sid^ correction for multiple 

comparisons. P values are indicated as * <0.05, ** <0.01. 

Figure 5. The doses (% voltune crude venom) at which 50% of injected Phoenicia 

sericata larvae were paralyzed by venom from Marysville and Tungstead 

Quarry, male and female T. agrestis. Error bars represent one standard 

deviation from the mean. 
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Figure 2 
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Figure 3a 
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Figure 3b 
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Figure 4. 
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APPENDIX C 

CHANGE IN VENOM COMPOSITION AND 
FEEDING ECOLOGY ASSOCIATED WITH AN 

ADAPTIVE SHIFT IN A HAWAIIAN LINEAGE OF 
THE SPIDER GENUS Tetragnatha 
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ABSTRACT 

Venoms are complex mixtures of toxins that as a imit have specific 

functional roles in immobilizing prey, or rarely, defense. There is evidence of 

chemical variation in spider venoms at low phylogenetic levels, yet no studies 

have analyzed their evolution within a phylogenetic frzimework. Here I compare 

venom composition betweai clades of spiders that have recently diverged in 

feeding behavior. I also identify changes in feeding ecology and behavior that 

might have changed the functional role of venom. On the Hawaiian archipelago, 

Tetragnatha, a cosmopolitan orb-weaving genus, has undergone a radiation in 

which a monophyletic lineage, the "spiny leg clade", has abandoned web-

building and become obligately wandering foragers. SDS gel electrophoresis 

patterns indicated that relative to orb-weavers, wandering species had a reduced 

concentration of low molecular weight (< 14 kDa) components. Both orb-

weaving and wandering Tetragnatha captured flying prey (adult lepidopterans, 

dipterans), but wandering spiders also captured non-flying prey (insect larvae, 

spiders). There were no distinct differences between orb-weavers and wanderers 

in prey capture and inunobilization sequences, or in the sequential effects of 

venom after bites. Prey bitten by wanderers took longer to be permanently 

immobilized than prey bitten by orb-weavers. Contrary to predictions, there was 

no indication that web-loss in this group was associated with an increase in 

venom potency. Many factors likely affect the functional role of venom and 

venom characteristics, including feeding ecology and behavior as well as the 

historical legacy of chemical composition. Therefore, general predictioris about 

characteristics of venom chemistry are difficult to make, and require detailed 

knowledge of the spider's biology and evolutionary history. 
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INTRODUCTION 

Animal venoms are complex mixtures of toxins that function in specific, 

antagonistic ecological roles. Venoms as a unit are complex phenotjrpic 

characters that include a set of toxic components that is vmited for an antagonistic 

function (immobilizing prey or deterring predators). This is analogous to what 

comparative morphologists call "functional complexes" (e.g. Nitecki, 1990). As 

such, it is likely that the evolutionary trajectory of any individual component is 

influenced by its role in the functional complex and the level of interaction it has 

with other toxins in the mix. Etespite known interactions among some 

components within venoms (e.g. Olivera et al. 1994, Kuhn-Nentwig et al., 1998), 

venoms likely include components that are functionally and biosynthetically 

independent relative to imits of morphological functional complexes. Second, 

toxins are used in antagorustic interactions between species and toxicity and prey 

resistance could coevolve. The coevolutionary djmamic between a toxin and its 

target wiU be influenced by the niunber of toxins in the venom that commonly 

affect a particular target animal. Third, the biosynthesis of venom toxins is 

simple relative to the development of morphological characters. Venoms are 

therefore phenotypic characters that are linked more directly to gene expression 

than most other characters, and may respond more quickly to selection. 

Moreover, the specific ecological/biological roles of venoms are likely to be 

tractable. Thus, chemical complexes of venom may have the potential for rapid 

evolutionary change that is less constrained than morphological functional 

complexes and may be subject to tractable selective forces. 
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Spider venoms are complex mixtures of peptides, proteins and occasional 

polyamines that play a central role in immobilizing prey or, rarely, in defense. 

As in other venomous predators, there is substantial variation among taxa in the 

toxic mixtures making up venoms, and in their physiological effects (recent 

reviews - snakes: Tsetlin 1999; cone snails: Olivera et al., 1985, Craig et al. 1999; 

Duda & Palumbi 1999; scorpions: Possani 1999; spiders: McCormick & 

Meinwald, 1993; Atkinson and Wright, 1992; Olivera, et al. 1994; Shultz, 1997, 

Grishin 1999). Discussions of the evolutionary processes influencing this 

diversity have largely focused on selection resulting from evolutionary change in 

feeding behavior, and/or coevolution between venom toxins and their targets 

(Friedel & Nentwig, 1989; Nentwig, et al., 1992; Olivera et al., 1994; Daltry et al., 

1996; Le Gall et al., 1999; Duda & Palumbi, 1999). However, no studies have used 

a phylogenetic comparative approach to integrate a study of patterns of change 

in venom composition with a study of patterns of change in the behavioral 

ecology of feeding. 

Much recent research attention has focused on venoms for two reasons: 

they seem to imdergo an unusually high rate of evolution at the molecular level 

(Olivera et al., 1994; Duda & Palumbi, 1999); and they are a rich source of 

chemicals with novel structure and function (Jackson and Usherwood, 1988, 

1989; Adams & Olivera, 1994). As such, attempts have been made to predict 

venom characteristics based on aspects of the spider's biology (Friedel & 

Nentwig, 1989; Nentwig et al., 1992). Across spider species, predation strategies 

vary widely and rely on venoms to varying degrees. Some spiders rapidly 

immobilize prey exclusively with venom (e.g. crab spiders, Thomisidae (Pollard, 

1990)). Others use silk for prey immobilization, and bite only after prey are 
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completely enswathed in silk (e.g. some orb-weavers, Araneidae (Robinson, 

1975)). Moreover, some spiders crush and chew prey early in the capture 

sequence, likely diminishing reliance on rapidly acting venom toxins. Ecological 

factors such as prey size, taxonomic category and risk potential, as well as the 

location of captures (in vegetation or on the ground) are also likely to affect the 

relative importance of venoms in prey immobilization (Friedel & Nentwig, 1989; 

Nentwig et al., 1992). 

Here I analyze fine-scale evolutionary change in venoms among Hawaiian 

Tetragnatha, a lineage of spiders which has undergone an adaptive shift in 

feeding behavior. Members of the cosmopolitan genus Tetragnatha typically 

capture prey using an orb-web. On the Hawaiian archipelago, Tetragnatha has 

imdergone an evolutionary adaptive radiation in which a monophyletic lineage, 

the "spiny leg clade", has abandoned web-building and adopted a wandering 

foraging mode (Gillespie, 1991a; Gillespie and Groom, 1995; Gillespie, et al., 

1997). Both wandering and orb-weaving lineages have subsequentiy diversified 

in both morphology and microhabitat (Gillespie and Groom, 1995; Gillespie, et 

al., 1997). The distribution of species and populations within and across different 

islands, the availability of sympatric species that use different foraging strategies, 

and the framework of a phylogenetic hypothesis (Gillespie, 1991a; Gillespie and 

Groom, 1995; Gillespie, et al., 1997) provide opportimities for comparisons of 

venom characteristics, and details of feeding behavioral ecology among taxa that 

represent different times since divergence, and that have access to the same prey 

tj^es yet use different strategies for prey capture. 
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The goals of this study are twofold: (1) to see if there is a difference in 

venom chemical composition, potency, and/or physiological effect on prey 

between web-building and wandering Hawaiian Tetragnatha spiders; and (2) to 

consider detailed factors associated with the evolution of feeding behavior or 

ecology that might have affected the evolution of whole venom composition 

within this lineage. The a priori prediction was that venoms of wanderers would 

be more chemically complex and/or potent than orb-weaver venoms to 

compensate for the loss of the role of silk in prey capture. General broad surveys 

of wandering species of spiders suggest they tend to have more potent, qiiickly 

acting venoms than web-building spiders (Friedel & Nentwig, 1989; Nentwig et 

al., 1992). Tetragnatha webs are characteristically flimsy and function primarily to 

intercept prey while restraining only the smallest and weakest prey (Yoshida 

1987, Gillespie, pers comm., pers obs). Nonetheless, I predicted that the loss of 

the role of silk, or some other correlate of wandering would be reflected as a 

difference in venom composition between these lineages. 

METHODS 

Taxa included in analyses 

Hawaiian Tetragnatha 

Of the 27 currently described species, and roughly 50 "morphospedes" of 

Tetragnatha on Hawaii (Gillespie et al., 1997), venom was sampled from 25 

species, with multiple populations from 2 species (Figure 1). Spiders were 

collected in June and July, 1994, and May through July, 1996. On Maui, 

collections were made at 2 sites on the windward (north) slope of east Maui. The 

following species were collected from The Nature Conservancy of Hawaii's 
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Waikamoi Preserve: T. quasimodo, T. watkamoi, T. kamakou (Gillespie, 1991a), T. 

trituberculata, T. etiiychasma near Carruther's Camp (1876 meters); T. stelarobusta, 

T.filiciphilia (Gillespie, 1992), and T. brevignatha (Gillespie, 1991a) from the Maile 

trail (1340 m). 

On the island of Hawaii collectiorts were made at 2 sites on 2 of the 5 

volcanoes: T. brevignatha, T. quasimodo, (Gillespie, 1991a) T. perkinsi, and T. 

hawaiiensis (Simon, 1900; Okuma, 1988) were collected in Pu'u Maka'ala Natural 

Area Reserve (1200 m) on Maima Lea; and the undescribed morphospedes 

referred to as "elongate Hawaii" from the Maulua fract of the Hakcilao National 

Wildlife Refuge (1610 m) on Mauna Kea. 

On the island of Oahu collections were made from both of the mountain 

ranges, T. quasimodo, and T. polychromata (Gillespie, 1991a) were collected from 

Pahole Natural Area Reserve; T. perreirai (Gillespie, 1991a) and the undescribed 

"bicolor jaws", "emerald ovoid", and "elongate Ka'ala" were collected from 

summit of Mt. Ka'ala Natural Area Reserve (1220 m) in the Waianae mountain 

range; T. tantalus (Gillespie, 1991a) and the undescribed "elongate Tantalus" were 

collected along a roadside on Moimt Tantalus (southern Koolaus mountains, 427 

m). 

On the island of Kauai, T. kauaiensis and T. pilosa were collected from 

Kokee State Park along the Pihea trail boardwalk (1220 m). 

Outgroups 

Venom was also collected from 6 species outside of the Hawaiian 

Tetragnatha clade, one congener from the mainland United States, one closely 
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related genus {Doryonychus, Tetragnathidae), and 4 from taxa in other families. 

T. versicolor (Walckenaer, 1802) individuals was collected from three sites in SW 

Arizona: Molino Basin in the Santa Catalina Mountains, Pima Coimty; Pinery 

Creek in the Chiricahua Moimtains, Cochise County, and Garden Canyon in the 

Huachuca Moimtains, Cochise Coimty. Doryonychus raptor (Simon, 1900; 

Gillespie 1991b, 1992b), a species that represents an independent loss of web 

weaving within Tetragnathidae, was collected from the Waiahuakua Valley on 

the Hono O Na Pali Natural Area Reserve (390 m). A large, sheet-web building, 

endemic Hawaiian species from an undescribed genus of linj^hiid that was 

formerly placed in "Labulla " (new species 2, Hormiga, pers comm), was collected 

from Pahole Natural Area Reserve on Oahu. Latrodectus hesperus was collected 

from a house in cenfral Tucson, Pima County, Arizona. Latrodectus and 

"Labulla" are in the same superfamily as Tetragnatha. The following two agelenid 

species included in the analysis are more distantly related. Agelenopsis aperta 

(Walckenaer, 1802) was collected from along Cave Creek in the Chiricahua 

Moimtains, Cochise County, Arizona, near the American Museimi of Natural 

History Southwestern Research Station. Tegenaria agrestis (Walckenaer, 1802) was 

collected from an abandoned shipyard in Marysville, Snohomish County, 

Washington. 

All Hawaiian spiders were field collected by visually searching at night 

when these spiders are normally active. All other spiders were collected by 

visually searching during the day. 
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Phylogenetic resolution among species included 

The phylogenetic relationships used as the framework for comparisons of 

Tetragnatha species (Figure 1) are based on ongoing analyses that currently 

provide sound support for the relationships among some species and ambiguity 

for others (Gillespie et al., 1997; Gillespie pers. comm.). The monophyly of the 

wandering "spiny-leg" clade has been imcimbiguously supported in all analyses 

(Gillespie et al., 1994; Gillespie et al., 1997; Gillespie pers. comm.). The 

monophyly of the orb-weaving clade is not as clearly supported (Gillespie pers 

comm). Spedes-level relationships within these clades are ambiguous resolved 

and the phylogeny presented in Figure 1 represents a composite simunary of the 

most recent analyses (Gillespie et al., 1997, Gillespie pers comm). In analyses 

using ribosomal 12S mtDNA, a mainland orb-weaving species, T. pallescens, falls 

within the Hawaiian species suggesting this radiation originated from more than 

one colonization event (Gillespie et al., 1994). Thus it is curraitly ambiguous that 

the spiny-leg clade is the immediate sister to the Hawaiian orb-weavers, and 

conclusions about the timing of changes in this analyses are made with due 

caution. 

Venom collection and analysis 

Ontogenetic, seasonal, and intersexual variation in spider venom potency 

and/or chemical composition is known in some spiders (Atkinson and Walker, 

1985; Malli, et al., 1993; de Andrade, et al., 1999; Binford, in review (Chapter 2)). 

Care was taken to minimize sources of variation by: (1) collecting within small 

geographic areas (single populations), (2) using only females collected as adults 

(with the exception of L. hesperus that were the adult female offspring of field-
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caught spiders and were reared in the lab on crickets and flies), and (3) restricting 

the collecting period to June through August. 

Spiders were anesthetized with (ZO2, and venom was extracted by means of 

electrical stimulation following the method of Celerier et al. (1993). To avoid 

contamination, fangs were rinsed with distilled water, and regurgitate was 

collected by a vacuimi attached to a blimt syringe needle held on spider's 

mouths. Because Tetragnatha and Doryonychus produce very small quantities of 

venom, the venom droplets from these spiders were drawn from the tips of the 

fangs into capillary tubes that were stretched to a fine point. Venom from other 

species was drawn into a non-stretched 5 ^il capillary that was placed over the 

fang. The venom from all species was stored in 0.1% acetic add and frozen at 

-80° C until analysis. To obtain sufficient quantities of venom for analyses, 

samples were pooled from adult females matched by species and population. 

The number of individual venom samples per pooled collection varied because 

of differences in the availability of spiders, attrition within groups (death of 

individuals), and occasional failure of a spider to yield venom. Although 

pooling masks variability at the individual level, pooled samples represent a 

population-level composite that is appropriate for investigating differences 

between populations and species. When there were sufficient numbers of 

individuals, multiple groups of individuals were pooled within each population. 

This provided comparisons of poolings among different groups of individuals 

from within the same population, and among sequential collections of venom 

from the same groups of individuals over time. 
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Venom from Maui spiders was collected at The Nature Conservancy House 

field station at Haleakala National Park. Venom from spiders collected from 

other Hawaiian locations was collected at the University of Hawaii, Manoa. 

Venom from aU other spiders was collected at the Uruversity of Arizona. Spiders 

were fed one day after milking, and were milked again four to seven days after 

feeding. The length of each spider from the dorsal, anterior tip of the 

cephalothorax to the posterior tip of the abdomen, was measured after it was 

milked. 

Chemical analyses of venoms 

The concentration of proteins in each sample was estimated by measuring 

absorbance at 280 nm of l|il venom solution diluted in 99 ^il water using a 

Pharmacia Genequant spectrophotometer. To convert this to protein 

concentration, absorbance was divided by 0.8, the absorbance of bovine serum 

albumen. 

Venom components were separated by reverse-phase high performance 

liquid chromatography (RP-HPLC) and/or SDS polyacrylamide gel 

electrophoresis. 

HPLC 

Approximately 2 |ig of crude venom polypeptides were used for each 

separation. Samples were centrifuged and filtered through 0.2 fim syringe filters 

(AUtech). Samples were chromatographed on a Brownlee RP-300 C8 column, 

(220 mm X 4.6 mm), with an RP8 Newguard guard column, using a gradient of 

acetonitrile and water as the mobile phase, and constant 0.1% triflotiroacetic add 
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(TFA) and water. The mobile phase was ramped from 10 % to 50 % acetonitrile 

across 80 minutes (0.5%/min.) then increased to 80% across 5 minutes and held 

at 80% for 15 minutes. Absorbance was measured at 220 run and 280 tun. 

SDS gel electrophoresis 

Venom components were also separated by tridne-sodium dodecyl sulfate 

(TSDS) polyacrylamide gel electrophoresis (PAGE) following the method of 

Schagger & von Jagow (1987). This method provided size information for 

components as small as 2 kDa. Unless otherwise noted, all analyses used 

approximately 35 ng of crude venom. Gels were stained with silver stain (Silver 

Staining basic protocol. Current Protocols in Molecular Biology, 1999). All gels 

included 10 lanes with low range standards (2.75 to 43 kDa) on the for left lane 

and high range (14.3 to 200 kDa) on the far right lane, and were run using a tall, 

mini-gel apparatus (9 x 5 x 0.1 cm) (Hoeffer). 

Gel quantification 

Venom components separated using electrophoresis were analyzed by 

estimating size and concentration of bands. Sizes were estimated by comparing 

migration distances of bands relative to the migration distances of standards of 

known size. Concentrations of bands were estimated by integrating the intensity 

of the bands using Biolmage Whole Band Analysis software. From these data, 

the percent integrated intensity was estimated for each band. Differences 

between orb-weavers and wanderers were quantified by comparing the average 

total percent intensities of groups of polj^eptides in different size regions. The 

arcsine transform of these data were compared by MANOVA with feeding as a 

fixed effect. Within the orb-weaving and wandering clades, differences among 
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species in concentrations of components in these regions were analyzed using 

ANOVA. Data for venoms of Tetragnatha versicolor are included in quantitative 

analyses to polarize the direction of evolutionary change in venom chemistry. 

Similarities between T. versicolor and Hawaiian orb-weavers are evidence that 

change happened along the lineage leading to the wanderers as opposed to the 

lineage leading to the Hawaiian orb-weavers. 

A comparison of the presence and absence of particular bands was 

difficult for two reasons: (1) small samples of venoms did not enable multiple 

gel separations that would be necesscuy to consistentiy detect components 

present in small amounts. (The lack of visibility of a band did not necessarily 

mean the band was not present in the population.); (2) it is impossible to know 

without further analysis if components that are the same size (migrate roughly 

the same distance on the gel) are the same (homologous) polypeptides. If 

components migrated the same distance on the gel, I assumed they were 

homologous. Furthermore, components that were detected at least one time in a 

species were considered to be present even if they were not detected in all 

analyses. Because of these difficulties comparisons of the presence and absence 

of bands are interpreted with caution. 

Behavioral and Ecological Analysis 

Taxonomic Composition of prey captured 

Samples of natural prey were collected directly from the chelicerae of 

spiders that were foimd feeding in the field. The prey remains were taken to the 

laboratory and identified to the finest possible taxonomic resolution. Live 
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specimens of the most numerous prey types were collected and preserved as 

voucher specimens and for measurements of body size. This allowed estimates 

of average size for a given prey species. 

The taxonomic range of prey taken by a given species was compared with 

estimates of the range of prey available in the microhabitats of orb-weavers and 

wanderers (prey menu). The prey menu was estimated using tangle-trap 

sampling in which sheets of plastic with total dimension 900 cm^ were coated 

with tangle-trap adhesive and placed in four positions. To estimate prey 

available to orb-weavers, a sheet was himg vertically between 1 and 2 meters 

above the ground, and another sheet was hung horizontally approximately 1 

meter off the groimd. To estimate prey available to wandering species, a sheet 

was wrapped around the trunk of a tree between 1 and 2 meters of the groimd, 

and another sheet was cut into 16 square pieces and himg by a piece of cotton 

string 1 to 2 centimeters below a branch. This sampling pattern was repeated at 

three separate sites roughly 50 meters apart along the boardwalk below 

Carruther's Camp in upper Waikamoi Preserve (1876 m), and at one site at lower 

Waikamoi along Maile Trail (1340 m). Traps were put out at dusk and prey stuck 

in traps were collected at dawn and placed in 80% ethanol. Sampling was 

repeated on 10 separate nights at foiu- day intervals between May 15,1996 and 

June 20,1996. 
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Prey handling and immobilization 

The role of venom in prey capture 

Details of prey capture and immobilization of different prey types by a 

subset of Tetragnatha species from windward east Maui (indicated on Figure 1) 

were observed in the laboratory at The Nature Conservancy House at Haleakala 

National Park. Spiders were housed in 200 ml deli cups (9 cm diameter, 4.5 cm 

tall) that were filled to approximately one centimeter with clean gravel and water 

to maintain humidity. Branches and leaves were placed in the cup to provide 

substrate for walking and silk attachment. Spiders were acclimated in their cups 

for at least three days with no food before prey were introduced and feeding 

behavior was observed. Observations were conducted imder a dissecting 

microscope in the lab while data were recorded on a data logger using a program 

created by Wajme Maddison. Prey were collected near the field station and 

included Drosophila, anthomyiid flies, other flies (Tipulidae, Sepsidae), and adult 

lepidopterans (Geometridae, Pyralidae). Body lengths of insect prey were 

recorded at the begiiming of each observation, and lengths of spiders were 

recorded after each observation to minimize disturbance. The following details 

were recorded: the general sequence of events involved in prey capture and 

immobilization; length of the initial bite (the time between which the spider first 

embedded its fangs in the prey and the time when the spider first started to chew 

the prey); immobilization time (the time between when the fengs first entered the 

prey and the last prey movements were observed); and physical location of bites 

on the insect. 
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Differences in the length of the initial bite and inunobilization times 

among species and among captures of different prey types were analyzed by 

ANOVA. 

The effects of natural bites on prey 

The effect of venom on prey in the absence of chewing was investigated 

by allowing spiders to bite prey and then removing the prey from the jaws before 

the spider began to chew. The prey were then observed under a dissecting scope 

and the behavior, physiological states of the prey (assessed by physical 

movement, response to prodding and visibility of a heartbeat), and the timing of 

changes in these states were recorded. In particular, the onset of the first obvious 

effect, the collapse time (time after which the animal lost its righting response) 

and the time of death (when there was no visible movement or heartbeat) were 

recorded relative to the time when the fangs first entered the prey. The timing of 

these events was compared between bites from orb-weavers and wanderers on 

anthjonyiid and drosophilid prey using Student's t-tests. Although assessing 

venom effects by allowing spiders to bite prey and removing them coiifounds the 

effect of intoxication and the mechanical effect of impalement with fangs, and 

does not allow standardization for the amount of venom injected, it is a 

biologically realistic measure of the effect of bites on prey. 

All analyses made use of the statistical software JMP (SAS). 
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RESULTS 

Venom composition comparison 

Venom protein yielded per spider 

The average amount of protein j^elded per spider milking varied across 

all species as a function of size (p.g protein/milking = 6.63 + 0.0056 (spider size 

(mm^)); r2=0.11; p = 0.004). The size-corrected yield per spider (p.g 

protein/milking/mm^) averaged across orb-weaving species was not 

significantly different from the average across wandering species (each species 

weighted as 1) (t-test; p = 0.247,70 df). Variability in size standardized protein 

yield per milking among species within the orb-weaving and wandering clades 

was analyzed using ANOVA and including only species for which three or more 

samples were available. There were significant differences among the wandering 

species T. brevignatha, T. quasimodo, and T. waikamoi (ANOVA, p = 0.003). 

However, differences were not significant among the orb-weaving species T. 

stelarobusta, T. filiciphilia, T. eurychasma, T. trituherculata, and elongate Hawaii 

(ANOVA, p = 0.097). Marginally significant differences in venom protein yield 

per spider were detected between T. quasimodo populations from Maui, Oahu 

and the Big Island (ANOVA, p = 0.069). This difference was accounted for by a 

smaller average size of Oahu spiders, and disappeared when non-size corrected 

yields were compared (ANOVA, p = 0.817). 

HPLC 

Retention times of peaks from HPLC analyses are presented in Figiure 2. 

In all analyses a large proportion of components in the sample (visible as a large 
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peak at 79 minutes) was not separated by this strategy. More components 

separated in orb-weaver venoms than in wanderer venoms. In particular, orb-

weaver venoms had peaks that were absent from wanderer venoms in the region 

of the chromatogram corresponding to between 30 and 45 % acetonitrile. All 

species sampled, except T. hawaiiensis, had a component that eluted at 69 minutes 

(44.5 % acetonitrile). Among orb-weavers, some peaks eluted at the same % 

acetonitrile indicating the venoms might contain the same components. All 

samples that were nm, except for T. qiiasimodo, had peaks that were unique to 

that partioolar sample. Minor differences among samples in elution time were 

difficult to interpret given that this technique yields no information about 

molecular weight. Because separation was poor using this technique, few 

comparative conclusions could be drawn from these results. 

Electrophoresis 

General description of electrophoretic patterns of venoms 

At least 26 individual proteins and peptides ranging in size from 3 kDa to 

230 kDa were detected in crude venoms from samples across all Hawaiian 

Tetragnatha (Figure 1, Figure 3). In aU species and populations, the highest 

concentrations of components were between 3 kDa and 14 kDa. Individual 

bands were difficiilt to distinguish in this region, but there were at least 6 to 9 

individual components in some samples. All Tetragnatha had at least one band 

around 25 kDa, a strongly staining band around 43 kDa, and a varying nvunber 

of bands between 40 kDa and 90 kDa. Occasional bands were detected around 

200 kDa. All consistently staining bands were present in all samples. For 

comparative analyses the integrated intensities of bands within the size regioris 
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<14 kDa, 14 to 35 kDa, 35 to 80 kDa, and >80 kDa were combined (Table 1). 

These categories were selected to separate the most conspicuous banding 

regior\s. 

Comparison of electrophoretic patterns between orb-weavers and wanderers 

A significantly larger amount of orb-weaver venom consisted of 

components <14 kDa as compared to wanderer venom (Figure 1, Table 1, Figure 

3). This was true for both absolute amoimt (t-test, p = 0.001,65 df) and 

percentage total concentration (Table 1). The absolute amoimt of components > 

14 kDa was not different between the orb-weavers and wanderers (t-test, p = 

0.748,65 df). Venoms of wandering species had higher percent concentrations 

(Table 1) and absolute amounts (t = 6.59, p<0.001,63 df) of components between 

35 and 80 kDa than did venoms of orb-weavers. However, the difference in 

absolute amount did not persist when T. quasimodo data were excluded. 

The phylogenetic relationships among species within the orb-weaving and 

wandering lineages present a statistical problem of nested levels of independence 

which is not addressed in this analysis. However, the pattern of a difference in 

the concentration of components < 14 kDa is clear and corisistent (Figures 1 and 

3). Thus the significance of this difference would likely not change using 

analyses that take into account phylogenetic relationships. 

Three high molecular weight components were detected in low 

concentrations in orb-weaver venoms but not in wanderers. Detectability of 

these components was variable even within a sample nm on different gels. 

However they were never observed in venoms of wanderers even on the same 
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gels on which these components were detected in orb-weavers. These were a 230 

kDa component (0.16±0.05% of total concentration) (T. stelarobusta, T. hawaiiensis, 

elongate Hawaii, and emerald ovoid), a 214 kDa component (0.2% of total 

concentration) (T. perkensi), and a component(s) roughly 200-205 kDa (0.23+0.12% 

of the total concentration) (T. perkensi, T. stelarobusta, T. hawaiiensis, elongate 

Ka'ala, T. trituberculata). Components of these sizes have also been detected in 

venoms of male orb-weavers and T. quasimodo (Chapter 4) and are therefore not 

truly unique to orb-weaving females. No components were detected only in the 

wandering clade. 

Variability within orb-weaving and wandering clades 

There were some consistent differences between species within both the 

orb-weaving and wandering clades. Differences were detected both in the 

presence and absence of bands, and in the relative amovmts of bands that were 

present in all species. No bands were unique to a particular species or clade. 

However, some bands were detected in diverse species. Venoms from both the 

wandering species T. brevignatha (Maui) and the orb-weaving species T. 

stelarobusta had a 150 kDa component that was not foimd in any other species. 

Also a 3 kDa band was detected in the North American orb-weaver T. versicolor, 

Hawaiian orb-weavers T. stelarobusta, elongate Hawaii, T. trituberculata, emerald 

ovoid, and T. eurychasma; and the wanderers T. brevignatha (Maui), T. kauiensis, T. 

pilosa, T. perrierai, T. polychromata, T. tantalus, and T. kamakou. Neither of these 

bands were detected in venoms from the wandering species T. quasimodo even 

though 7 independent samples were nm for this species on a total of 16 different 

separations. 
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Within orb-weavers species varied significantly in the percent total 

concentrations of components between 35 and 80 kDa (F=4.72io p = 0.001). No 

other regions were significantly variable among orb-weavers. Within the 

wandering clade, species varied significantly in the concentration of components 

in aU four size regions (< 14 kDa: F = 5.398,17 p = 0.002; 14-35 kDa, F= 17.1 Ig, u 

df, p = <0.001; 35-80, F = 3.663,17 p=0-012; >80 F=3.238,17 p=0.020). However, 

none of these regions was significant if data for T. quasitnodo were excluded (<14 

kDa, p = 0.219; 14 - 35 kDa, p = 0.423; 35 - 80 kDa, p = 0.214; > 80 kDa, p = 0.886). 

Differences between pooled orb-weavers and wanderers in the percent total 

concentration < 14 kDa and 35 to 80 kDa nevertheless persisted when T. 

quasimodo data were excluded from the comparison. 

Significance of ANOVA tests of percent concentrations of gel regions 

within orb-weavers was not affected when data for the Tetragnatha outgroup 

species T. versicolor were included. Furthermore, the significance of comparisons 

between orb-weavers and wanderers of percent concentrations of gel regions 

were not effected by inclusion of T. versicolor. 

Variability within T. quasimodo and T. brevignatha 

Comparisons of banding patterns of venoms between different 

independent pooling groups of T. quasimodo, and sequential milkings of the same 

pooling groups yielded no obvious differences in electrophoretic patterns. 

Moreover, there were no obvious differences between populatioiis of T. 

quasimodo from Maui, the Big Island, and Oahu. 
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Tetragnatha vs. outgroups 

General electrophoretic patterns of venoms from the Tetragnathidae T. 

versicolor and Doryonychus raptor, and the Linj^hiidae "Labulla" closely 

resembled those for Hawaiian Tetragnatha (Figure 1). The general regions of 

bands were also similar between Tetragnatha and those for A. aperta, and T. 

agrestis. However banding patterns within these general regions were clearly 

distinctive relative to Tetragnatha. The general size regions of components in 

Latrodectiis hesperus venoms differed from all other samples (Figure 1). All of the 

venoms from outgroups except "Labulla" and D. raptor are described in detail 

elsewhere (see discussion). 

Ecological and Behavioral Analyses 

Natural prey 

Samples of prey and the spider species from which they were collected are 

summarized in Table 2. Because Tetragnatha chew prey during consumption, 

accurate taxonomic identification was not possible in all cases. Therefore, data 

are summarized at the level of acciuracy at which there was consistent feasible 

identification. 

Overall, diets consisted of prey from a range of insect orders. However, 

wandering Tetragnatha consumed a wider range of taxa than orb-weavers. 

Wanderer diets included both flying and substrate bound prey, whereas orb-

weavers were found eating predominantly flying prey. An exception is the orb-

weaver "bicolor jaws", individuals of which were foimd consuming only 



118 

terrestrial arthropods- Other spiders (including conspecifics and congeners), 

were more common in, but not unique to, wanderer diets. Larvae were 

frequently collected from wanderers, whereas ordy in one case was a dipteran 

larvae collected from an orb-weaver. The diets of orb-weavers included only 

prey that were noctumally active, whereas diets of wanderers also consisted of 

prey that roost at night and thus were not caught by the passive strategy for 

sampling background prey availability. For this reason, comparisor\s of actual 

diets to backgrovmd prey availability were made only for prey types that were 

noctTomally active. This analysis revealed biases in the diets of T. stelarobiista 

toward adult lepidopterans, and in the diets of T. eurychasma and T. filiciphilia 

toward adult, non-tipulid dipterans (Figure 4). 

Prey capture and immobilization 

Prey capture sequence 

The general sequence of events during prey capture and immobilization 

was the same for all species of orb-weavers and wanderers. It was also similar 

across captures of different prey types. In all cases, once prey were physically 

encountered, they were seized in the spider's chelicerae and held ("initial bite"). 

No wrapping with silk was observed during the immobilization phase. After 

some period of time the spider would move its chelicerae, moving the fangs in 

and out of the prey and crushing the prey between the fang and the cheliceral 

teeth ("chewing"). Both during the initial bite and after chewing started, the 

cephalothorax visibly moved up and down. This presximably corresponded with 

regurgitation of digestive enzymes and perhaps the action of the sucking 

stomach as digested prey were ingested. 
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The frequencies of bites on prey occurring on particular insect body 

segments are stimmarized in Figure 5. For all prey t5rpes, initial bites were more 

frequently delivered to the thorax than to any other body segment (65 % of 119 

prey capture observations, 8% were to the thorax and at least one other body 

region). The tendency to bite in the thorax did not significantly differ among 

spider species (Chi Square, p = 0.51), among captures of different prey types (Chi 

Square, p = 0.30), or among species grouped by foraging type (Chi Square, p = 

0.67). 

Timing of prey capture sequence 

Differences in the length of the initial bite, and immobilization times 

among species and among captures of different prey types are summarized in 

Table 3. For all six species observed, the length of the initial bite did not vary 

significantly as a function of prey t5rpe. ANOVA did detect a significant effect of 

spider species on initial bite times and immobilization times for captures of 

lepidopteran adults, but not for the other prey categories. In the case of 

lepidopteran adults, neither differences in initial bites times, nor immobilization 

times were a function of the prey ensnarement sfrategy of the species (Table 3). 

Both initial bite times and immobilization times pooled among species 

grouped as orb-weavers or wanderers were longer for captures of drosophilid 

prey by wanderers than for captures by orb-weavers (Table 3). Initial bite times 

and immobilization times did not differ between orb-weavers and wanderers for 

captures of any other prey tj^e (Table 3), or for captures of all prey types pooled 

(initial bite, orb-weavers 26.5 ± 8.7, wanderers 30.8 ± 5.8, t-test, p = 0.68,113 df; 

immobilization time, orb-weavers 249.2 + 93.9, wanderers 349.2± 84.2, t-test with 
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unequal variance, p = 0.39,107 df). Significance of comparisons of pooled data 

was not affected when data for captures of Lepidoptera were excluded. Standard 

error of estimates of immobilization times for all captures combined was 

significantly higher for wanderers than for orb-weavers (Bartlett p < 0.0001, F = 

16.6). 

Effect of venom on prey after natural bites. 

Anthomyiid and drosophilid prey that were removed from the spider's 

jaws after the initial bite but before chewing were either paralyzed immediately 

after removal, or exhibited a consistent series of physiological effects that did not 

differ between bites from orb-weavers or wanderers. The first visible effect was 

the dragging of the 2nd and 3rd pair of legs. Then the prey became motionless 

and if pushed over could not right itself. The prey then remained paralyzed for 

some period of time during which there was a visible heartbeat and occasional 

movements of the mouthparts and ovipositor, particularly in response to 

prodding. Wings never flapped after the initial bite. 

Average prey/spider size and timing of events of prey paralysis did not 

differ between anthomyiid and drosophilid prey. Therefore data for these prey 

types were analyzed together. There were no differences between orb-weavers 

and wanderers in the length of time spiders bit anthomyiid and drosophilid prey 

before prey removal (t-test, p = 0.69,14 df). Differences between foraging modes 

for the time between fang entry and the first visible effect were not significant(t-

tests, p = 0.74,14 df) (Figure 6). The time until collapse was marginally longer (t-

tests, p = 0.083,14 df), and time imtil death significantly longer (t-tests, p = 0.021, 

14 df) after bites firom wanderers than from orb-weavers (Figure 6). 
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DISCUSSION 

This study identified a difference between orb-weaving and wandering 

Hawaiian Tetragnatha spiders in the concentration of chemical components < 14 

kDa in female venoms. There were also differences between orb-weavers and 

wanderers in the concentration of components between 35 and 80 kDa. The latter 

region, however, varied within the orb-weaving and wandering clades and, thus, 

differences were not strictly associated with differences in feeding behavior. The 

lesser amount of low molecular weight components did not confer a difference in 

the series of qualitative physiological effects of bites on prey. However, it was 

associated with a slower rate of onset of paralytic effects of bites and a longer 

time until prey death. Also associated with the loss of web-building in Hawaiian 

Tetragnatha was a broader taxonomic range of prey consimied by the wandering 

species. There were no conspicuous differences in the way spiders immobilized 

prey or in the location of the initial bite on prey. 

Quantitative and qualitative similarities between T. versicolor venoms and 

Hawaiian orb-weaver venoms are evidence that the evolutionary change in 

concentration of low molecular weight components was in the direction of a 

reduction of components in this region in the wandering lineage as opposed to 

an increase in the Hawaiian orb-weaving lineage (Figure 1). Polarizing the 

direction of change in prey capture and immobilization data is less certain 

because these data were not collected for T. versicolor. However, the polarity 

evidence for the direction for change in venom chemistry makes it reasonable to 

suppose that changes in venom effect also occurred in the ancestors of the 

wandering lineage. The direction of evolutionary change in diet breadth is 
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linknown. Furthermore, the evolutionary change in venom composition 

represents a single evolutionary event. Therefore inferring a direct causal link 

between this character and any others must be done with caution. 

The predictability of venom evolution 

The lower concentration of low molecular weight components in 

wanderers, and the hint of less potency (and lack of any evidence of greater 

potency), are cotmter to a priori predictions. First, comparisons of a few 

unrelated spider species suggest a general trend toward more potent venoms in 

non-web-building spiders (Freidel & Nentwig 1989; Nentwig et al. 1992) which 

seems reasonable given the loss of the restraining effects of prey entanglement in 

web silk. Although this analysis only represents one evolutionary event, the 

result falsifies a corisistent simple rule of an increase in venom components or 

potency when wandering evolves. Second, recent work investigating 

interpopulational variability in snake venom chemistry indicates that variation in 

diet correlates with differences in venom composition more closely than either 

phylogenetic or geographic distance (Daltry et al., 1996). Although snakes are 

unrelated to spiders, this shows that in principle venoms can closely track 

ecological variability. If this is true, a gain rather than a loss of components 

might be expected in association with an expansion of the taxonomic range of 

prey consumed. 

Doryonychiis raptor is a Hawaiian species very closely related to 

Tetragnatha (Gillespie et al., 1994; Gillespie et al., 1997) and represents an 

independent evolutionary loss of web-building (Gillespie 1991b) from what was 

likely a similar ancestral behavioral circtmistance. Like wandering Tetragnatha, 
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D. raptor are generalist foragers that spend time actively wandering on 

vegetation and capture both aerial and cursorial prey (Gillespie, 1991b). D. raptor 

differs from wandering Tetragnatha in the use of an elongate tarsal claw to impale 

prey. Venom profiles do not indicate a low concentration of low molecular 

weight components in D. raptor comparable to that observed in the spiny-leg 

clade (Figure 1). The lack of convergence with wandering Tetragnatha in venom 

composition implies that, despite the similarities between Tetragnatha and 

Doryonychus, there are particularities about each lineage that cause similar 

selection pressures to lead to different solutions in venom composition. 

The failure to predict the direction of change in venom chemistry, and the 

lack of convergence with D. raptor may simply indicate that multiple parameters 

influence venom characteristics making general broad-scale predictions difficult 

to support. Here, I will discuss the potential influences on the patterns observed 

in this stucy of diet breadth, and the historical legacy of prey interception and 

prey immobilization in the Tetragnatha lineage. 

If there was a direct causal link between the evolutionary change in 

venom chemistry and the loss of web-use in Hawaiian Tetragnatha, the most 

conspicuous detail of feeding ecology that might have effected this change was 

the difference in diet breadth between orb-weavers and wanderers. Wanderers 

generally consiune a broader taxonomic range of prey that includes a smaller 

proportion of flying prey than orb-weavers (Gillespie & Croom, 1995; Gillespie et 

al. 1997; Table 2). The evolutionary reduction of low molecular weight 

components in the wanderers could be explained, for instance, if they are 

particularly effective for immobilization of flying prey that are consumed in 
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lesser proportions than in the orb-weaving ancestors of this group. Comparative 

bioassays of the effects of that region of components on different prey types 

would clarify whether that was the Ccise. 

A test of the influence of diet on venom composition is to compare 

venoms of specialist species to those of generalist relatives. There is some 

tendency towards specialization in many orb-weaving Hawaiian Tetragnatha 

which is likely due to differences in the microhabitats of web placement 

(Gillespie & Croom ,1995; Gillespie et al. 1997; Table 2, Figure 4). If venom 

variability closely tracks the taxonomic composition of prey consumed and the 

orb-weaving lineage has a tendency toward more specialized feeding behavior 

than the wanderers, I would predict higher levels of variability among orb-

weaver venoms than among wanderer venoms. Variability among orb-weaver 

venoms is not obviously higher thcin among wandering venoms. An extreme 

example of specialization is in the orb-weaving morphospedes "bicolor jaws" 

which has modified chelicerae and has been observed to eat only terrestrial 

amphipods (Gillespie et al 1997, Table 2). Despite the extreme specialization, 

there is littie evidence of a conspicuous difference between venoms of "bicolor 

jaws" (such as a reduction of, or unique expression of components) and the 

venoms of other orb-weavers. More detailed analyses of venom composition are 

necessary to answer these questions more rigorously. 

In addition to particularities of ecology and behavior, the evolutionary 

history of a lineage may lead to preadaptation for different degrees of reliance on 

venoms for prey immobilization. This likely affects the degree to which venom 

composition changes in associated with ecological or behavioral change. General 
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characteristics of prey interception and immobilization in the genus 

Tetragnathcrmsy help explain the patterns observed in this study. Tetragnatha 

generally have flimsy webs that trap prey but do not effectively aid in subduing 

most large prey (Yoshida 1987). Thus, wanderers may be preadapted to reliance 

on powerful jaws and venom for subduing prey, and the loss of web-use was of 

little consequence in terms of prey immobilization. The greater variance in 

immobilization times during captures by wanderers relative to orb-weavers, and 

the observation that some prey struggled actively long after the iiutial bite, leads 

to the suspicion that wandering Tetragnatha have compensated for the capture of 

more diverse prey types by relying on the mechanical action of crushing prey to 

a greater extent than orb-weavers. This example illustrates the importance of 

distinguishing between web characteristics that subdue or immobilize prey and 

webs that simply intercept prey and trigger their presence to spiders who rely 

less on adhesive silk and more on other means for subduing. 

The broader taxonomic range of prey available to, and web-loss in the 

spiny-leg clade were not associated with a major shift in prey handling and 

immobilization tactics. AU Tetragnatha seized prey in their jaws and did not 

wrap prey during initial stages of prey capture. The consistency with which 

Tetragnatha attack prey by biting only has a long historical precedent within the 

lineage. Grabbing prey in chelicerae as the first attack is the ancestral condition 

within spiders, but attacking by wrapping first is found throughout 

araneomorph spiders and is thought to be advantageous for captures of risky 

prey (both in terms of escape potential and damage potential) (Eberhard, 1967; 

Robiiison, 1969). Many araneid species facultatively wrap prey with silk before 

biting in cases when prey have rapid escape potential (Robinson, 1969). 
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Members of the tetragnathid genus Nephila, however, always bite prey as the first 

attack, independently of prey tjrpe (Robinson et al., 1969). 

While the loss of orb-weaving in the "spiny-leg" clade of Hawaiian 

Tetragnatha superficially appears to represent a major behavioral shift in feeding 

behavior, upon closer examination there was remarkably little change in the way 

the spiders attacked and manipulated prey. These behaviors appeeir to be highly 

conserved within the Tetragnathidae, whereas the concentration of low 

molecular weight components in venoms, and the taxa of prey consumed do 

change in association with the loss of web-building. While behavior is often 

discussed as being more evolutionarily plastic than other characters (Urbani 

1989; Burghard & Gittleman, 1990; but see deQuieroz & Wimberger, 1991,1993), 

in this case there is more stasis in behavioral characters than in venom 

biochemistry or diet breadth. 

Finally, there at least two possible explanations of the observed pattern 

that do not infer a direct causal link between the difference in venom 

composition and differences in feeding ecology. It could be the general trend of 

more potent venoms in orb-weavers is broadly true, but the evolutionarily recent 

origin of wandering in Hawaiian Tetragnatha makes them not representative of 

lineages that have been wandering for longer periods of time. (They are "derived 

orb-weavers" as opposed to tried-and-true wanderers.) Alternatively, because 

wandering Tetragnatha represent an island radiation, perhaps they have 

undergone an ecological release that enables them to get by with less effective 

venom that is good enough in the relatively uncompetitive, un-coevolved 

commimity. 
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General venom description/comparison among outgroups 

Evolutionary patterns of variability among species included in this 

analysis outside of Tetragnatha were not interpretable because the resolution 

provided by these highly divergent taxa is inappropriate for deciphering patterns 

of change. However, the degree of differences among these species provides a 

reference for interpreting the extent of differences among tetragnathid species. 

Although the chemical analyses in this study do not provide sufficient 

information for characterization of venom components, the patterns of sizes of 

proteins and peptides are consistent with general functional classes of toxiris that 

have been described in spider venoms, many of these from species included here 

as outgroups. Polypeptide toxins (between 2 and 16 kDa) are common in spider 

venoms and typically interact with specific types of ion channels on excitable 

membranes (Adams et al., 1989; McCormick & Meinwald, 1993; Grishin, 1999). 

These are well described from the venoms of Agelenopsis aperta (Figure 1). The 

similarity of staining pattern in the region that corresponds to this size in all 

spiders included in this analysis except for L. mactans could indicate a broad 

phylogenetic distribution of homologs, or analogs of those polypeptides. 

Large proteins (100 to 150 kDa), best known from the genus Latrodecttis, 

typically bind to presynaptic neuronal membranes and stimulate massive 

netirotransmitter release (Finklestein et al., 1976; review in Grishin, 1999). The 

bands that likely correspond to latrotoxins are visible in electrophoretic profiles 

of venoms of L. hesperus (Figvire 1). There were faint bands in this region in some 

Tetragnatha (Figure 1), but the banding pattern for L. hesperus was strikingly 

different from all other taxa in the analysis. 
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Polyamine toxins (< 1000 Da) (reviews in McCormick & Meinwald, 1993; 

Shxiltz, 1997) are known from numerous, phylogenetically broadly distributed 

spiders, including Agelenopsis aperta (Skinner et al., 1989) and tetragnathid species 

in the genus Nephila (Aramaki et al., 1987). Faint staining was visible in this size 

region for A. aperta, but neither HPLC nor electrophoretic profiles provided any 

hint of such toxins in the venoms of Tetragnatha (Figures 1 & 2). 

The physiological effects of non-lethcil bites from Hawaiian Tetragnatha 

show similarities to their closest relatives for which venom function has been 

characterized. Venoms from a variety of araneid spiders and Nephila species 

block transmission at insect excitatory neuromuscular jimctions (Kawai et al., 

1982; Usherwood et al., 1984; Usherwood & Duce, 1985; Jackson & Usherwood, 

1988; Kawai, 1991). The visible effect on insects of venoms from the araneid 

Argiope bniennichi is a slow onset of paralysis progressing from the prothorax to 

the mesothorax that is amplified by locomotion, and is reversible (Friedel & 

Nentwig, 1989). This progression of paralysis is similar to that observed in prey 

after Tetragnatha bites, but in confrast to A. bniennichi the effects of Hawaiian 

Tetragnatha bites were irreversible on the time scale of my observation (two to 

three hours). Prey that were ir\stantly paralyzed upon removal from the fangs 

may have been paralyzed or kiUed by the mechanical action of the fangs. It is 

notable that wing flapping was never observed after Tetragnatha bites. It carmot 

be determined whether this was the result of the mechanical damage by the 

fangs or chemical inhibition of the musculature. Nevertheless, it is likely 

advantageous in reducing the escape potential of flying prey and could partially 

explain the preferential occurrence of bites to the thorax. 
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Evolution of venoms as chemical functional complexes 

In summary, this study revealed that associated with the loss of web use 

in Hawaiian Tetragnatha was a change in the relative amoxmts of components of 

some molecular weights, some evidence of a reduction in potency, and an 

expansion of prey types consumed. However, no change was observed in the 

general sequence of physiological effects of venom on prey or the role of venom 

in prey capture. 

Two primary evolutionary processes that have been discussed as 

underlying venom diversification are selection due to changes in ecology or 

behavior, and coevolution between toxins and their target receptors (Friedel & 

Nentwig, 1989; Nentwig, et al., 1992; Daltry et al., 1996; Le Gall et al. 1999; Duda 

& Palumbi, 1999). The data presented here lend some support to changes in 

ecology underlying changes in venom composition. The data are also worth 

considering within the context of coevolution. The frequent origin of novel 

toxins or repeated evolution of the seime toxins would be evidence of venom 

diversification driven by a coevolutionary arms race. The lack of detection of 

conspicuous components that were vmique to clades or species may indicate that 

the origin of novel components is rare at the evolutionary time scale of the 

radiation of Hawaiian Tetragnatha. Components that were phylogenetically 

sporadically distributed (3 kDa component, the occurrence of the 150 kDa 

components in one wandering species, one orb-weaving species and in all 

Tetragnatha males analyzed (chapter 4)) could either be explained by these 

components converging in size (but not necessarily being homologous), or 

repeated origins perhaps due to reversals of expression patterns of components 
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that were present in common ancestors. More detailed molecular analyses of 

particular toxins might reveal differences that were not detected by comparing 

whole venom composition, and are necessary to fully address this issue. 

However, the lack of conspicuous change in the general physiological effect of 

bites on prey indicates that, if there were underlying molecular differences in 

toxins that were not detected by electrophoresis, and these did have a 

consequential effect on the target receptors, these differences were not visible in 

the effect on the whole organism. 

Given that individual venoms include many toxins, that most spiders 

corisume more than one type of prey, and that most prey are consumed by more 

than one spider species, selection intensities for any coevolutionary processes 

underlying venom diversification in this lineage would likely not be strong 

(Thompson, 1999). If coevolution is not a major force driving venom 

diversification in generalist foragers such as spiders, a more feasible means of 

diversification might be bursts of chcinge associated with shifts in the target 

animal or the ecology of prey capture, interspersed with periods of relative stasis. 

Detailed molecular analyses of well-docxmiented evolutionary events that 

involve ecological shifts, such as that in Hawaiian Tetragnatha, would go a long 

way toward answering such questions. 
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Table 1. Average and standard error of percent intensity of different size regions 

of proteins for orb-weaving and wandering Hawaiian Tetragnatha. 

MANOVA analyses were conducted on arcsine transformed data and 

excluded data for % > 80 kDa. Below cire results of the whole model 

MANOVA ancilysis including the feeding effect and effect of species 

nested by feeding type. 

MANOVA 
size range orb-weavers wanderers effect test 

(kDa) 
F p 

% <14 80.7 (1.4) 69.3 (2.0) 17.07I,46 <0.0001 
% 14-35 8.3 (3.1) 5.8 (3.4) 2.58I,46 0.1132 
% 35-80 9.8 (0.8) 18.7 (1.1) 107.1I,46 <0.0001 
% >80 1.8 (1.1) 1.7 (0.8) 

F P 
whole model 2.8560,132 <0.0001 

feeding 22.263,44 <0.0001 
species [feeding] 1-9157,132 <0.0013 



Table 2. Percentages of different prey types collected from the chelicerae of 
Hawaiian Tetragnatha in May - July of 1994 and 1996. 

PREY 
FLYING CURSORIAL 

UpidcpUB Ptpt«" HomapUra fmopttra Lsp QliiUa ColtflitUa Aaasu 
SPIDERS Tipulidae Other 

Diplera 
larvae larvae larvae Other 

spiders 
Tetragnatha Amphipods 

ORB.WEAVERS 

T, stelarobusta (40) 78 12 5 5 

T. filMphilia (21) 14 5 67 5 5 5 

T. eunfchasma (42) 7 10 67 10 2 2 2 

Elongate Hawaii (8) 88 12 

T. hawaitcnsis (6) 33 17 50 

blcolor iaw« (2) 100 

WANDERERS 

Maui 

T.guasimodo (74) 14 6 6 11 40 7 7 4 6 

T. kamakou (36) 11 9 20 28 22 3 6 3 3 

T, umikamol (35) 9 6 37 14 12 14 3 3 

T. brevignatha (3) 33 33 33 

Big Island 

T. quasimodo (8) 25 25 50 

T, brevignatha (3) 33 67 



Table 3. Average and standard error and sample sizes (below) of (a) initial bite times (sec.) and (b) 
immobilization times (sec) for laboratory captures of different types of prey by different Tetragtiatim 
species. P-values are from ANOVA using prey type (last column) or spider species (bottom rows in 
each section) as the grouping variable. Cases where there were only two prey types (T. brevignatha) 
are analyzed using t-tests. "W" indicates cases where variances were unequal (Bartlett test) and data 
were analyzed using Welch ANOVA or t-test for unequal variances. Significant p-values are in bold. 

a. 
Species size Anthomyiid Drosophilid Other Diptera Lepidoptera p value 

(mm) adults (ANOVA) 

size (mm) 4.6 ±0.4 2.1±0.8 4.8+1.7 7.25±1.8 
14 60 19 25 

Initial 
T. eurychasma 4.6±0.7 117.7±93.6 14.0 ±2.7 61.0 ±60.5 49.5 ±35.5 0.558 (W) 

18 3 9 3 2 
0.558 (W) 

T. filiciphilia 4.0±0.2 6.0 11.3 + 2.4 12.5 ±3.5 7.7 ±.2 0.537 T. filiciphilia 
25 1 12 5 6 

T. brevignatha 5.7±0.5 39.0 + 16 20.7 ±5.1 0.186 
12 2 9 

T. quasimodo 5.9±0.7 56.2 ±30.0 31.4 ±11.3 34.0 ±19.0 18,7 ±2.7 0.546 T. quasimodo 
22 2 11 2 6 

T. kamakou 4.9±0.7 17.0 18.8 ±5.6 36.5 ±5.5 314.0 0.130 
11 1 5 2 1 

T. waikamoi 6.6+0.5 12.2 ±2.1 17.7 ±6.0 4.7 ±3.3 26.6 ±6.5 0.078 (W) 
30 5 12 3 8 

0.078 (W) 

p values 
(ANOVA) 0.431 (W) 0.306 0.567 (W) 0,011 (W) 

Orb vs 
Wanderer 0.182 0.022 (W) 0.723 0.6112 

t-test 



Table 3b 
Species size Anthomyiid Drosophilid Other Diptera Lepidoptera p value 

(mm) adults (ANOVA) 

Immobilization 
T. eurychasma 4.6+0.7 545.7 + 317.9 81.8 + 20.5 108.7 + 96.7 685.5 ± 178.0 0.505 (W) T. eurychasma 

18 3 9 3 2 
0.505 (W) 

T. filiciphilia 4.0+0.2 30.0 88.1 +16 125.3 + 72.1 782.7 ±298.6 0.003 T. filiciphilia 
25 1 12 6 5 

T. brevignatha 5.7+0.5 
12 

221.5 ±85.5 
0 

366.0 + 175.2 
Q 

0.689 

T. quasimodo 5.9±0.7 1566.5 ± 1549.5 
O 

137.4 + 47.9 26.0 ±21.0 170.5 ±45.9 0.037 T. quasimodo 
22 2 11 2 4 

T. kamakou 4.9±0.7 25.1 199.5 ± 127.3 44.5 ±34.5 3168.0 0.465 
11 1 4 2 1 

T. waikamoi 6.6±0.5 138.6 + 61.9 112.6 + 34.8 4.0 + 2.3 877.3±318.0 0.011 (W) 
30 5 11 3 7 

0.011 (W) 

p values 
(ANOVA) 0.288 0.091 0.807 0.030 

Orb vs 
Wanderer 0.981 0.037(W) 0.175 (W) 0.757 

t-test 
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FIGURE CAFnONS 

Figure 1. A composite phylogenetic hypothesis of the evolutionary relationships 

of the species included in this analysis based on Gillespie et al. (1997), 

Gillespie and Roderick (pers comm), and Scharff & Coddington (1997). 

Stars next to taxa indicate species for which behavioral data were 

collected. Electrophoretic banding patterns of whole venom separations 

using TSDS-PAGE analyses are mapped at the tips of the phylogeny. 

These gel lanes are not accurately aligned by size. General size references 

are given at each end of the sequence of gel lanes. Foraging behavior is 

reconstructed on the branches of the phylogeny. 

Figure 2. Elution times from HPLC analyses for species and populations of 

Hawaiian Tetragnatha. 

Figure 3. Examples of TSDS-PAGE electrophoretic separations of venoms of orb-

weaving and wandering Hawadian Tetragnatha. 

Figure 4. The observed percentage of diet composed of lepidopteran and 

dipteran adults compared to the estimated availability of those prey types 

in the microhabitat of each species. 

Figure 5. The location of the initial bite pooled across all Tetragnatha species for 

captures of different prey types. 

Figiure 6. The average times between when the fangs first enter prey and the first 

visible effect of venom, prey collapse, and prey death after prey were 

bitten then removed from the jaws of orb-weavers or wanderers. 
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T. eurychasma (Maui) 

WANDERERS 
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T, waikamoi (Maui) 
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Figure 4 
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Figure 5 
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Figure 6 
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APPENDIX D 

SEXUAL DIMORPHISM IN VENOM 
COMPOSITION AMONG SPECIES OF 
Tetragnatha (Araneidae, Tetragnathidae) 
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INTRODUCTION 

Sexually dimorphic traits generally differ between sexes for one of two 

reasons: (1) the sexes differ in an aspect of ecology or behavior, and differences 

in that trait optimize the effectiveness of the trait in both the male and female 

contexts; or (2) the trait is involved in courtship, mating or production of 

offspring, and males and females differ in reproductive interests. Differences 

between sexes in venom composition and potency have been recognized in most 

spider species that have been studied (Atkinson, 1981; Atkinson and Walker, 

1985; Friedel and Nentwig, 1989; Malli, et al., 1993; Celerier et al., 1993; de 

Oliveira et al., 1999; Binford, in review (Chapter 2)). Spider venoms are complex 

mixtures of toxins that typically include peptides, polypeptides and polyamines 

(recent reviews in McCormick & Meinwald, 1993; Shultz, 1997; Grishin, 1999) 

Chemically, sexual differences can result from components that are uniquely 

expessed in either sex, or components that are common to both sexes but are 

expressed in different amounts. All reports of sex-related differences in venoms 

to date have outlined differences due to differential expression of shared 

components, or to components present in female venoms that are absent in male 

venoms (Kent et al., 1984; Celerier et al., 1993; de Oliveira et al., 1999; Binford, in 

review (Chapter 2)) 

Attempts to explain factors underlying sexual dimorphism in venoms 

generally focus on sexual differences in feeding ecology or predation risk. 

Comparisons among females from taxonomically widespread species indicate 

that differences in irisecticidal potency tend to correlate with feeding strategy 

(Friedel & Nentwig 1989; Nentwig et al., 1992). As adults, females of many web-
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building and sit-and-wait spider species are relatively stationary while males 

wander in search of mates. In many species, male spiders do not eat as adults. 

When males do capture prey they often use different ensnarement tactics than 

females (Foelix, 1996). Moreover, the fitness benefits of prey capture in females 

are likely greater than those of males because the niunber of eggs a female can 

produce is correlated with the amoimt of biomass she consumes (Riechert & 

Tracy, 1975; Wise 1979 and others). Males, on the other hand, may be subject to 

higher predation risk than females while actively searching for mates. Therefore, 

it is reasonable to predict that sexual differences in potency would be in the 

direction of female venoms being more potent on primary prey taxa, and male 

venoms more potent on potential predators (Friedel and Nentwig, 1989; Nentwig 

et al., 1992). 

A test of the selective processes that maintain sexual dimorphism in spider 

venom is to use a phylogenetic approach to investigate whether changes in adult 

niche differences between sexes are associated with changes in the degree of 

sexual dimorphism in venoms. Here, I report a striking sexual dimorphism in 

venom composition in species of the genus Tetragnatha. I discuss this 

dimorphism in the context of a comparative analysis of sexual dimorphism in 

venom chemistry among related species that vary in the degree of adult sexual 

niche differences. Comparisons of feeding ecology and behavior between the 

sexes indicate that sexual dimorphism in chemical composition is not easily 

explained by differences in feeding ecology or behavior. 
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The spiders 

Species from a lineage of Hawaiian Tetragnatha provide an ideal 

framework for investigating diversity of sexual differences in venom as a 

function of differences in prey capture. Most Tetragnatha species spin orb-webs. 

As adults, males do not spin webs and instead wander in search of females. A 

spedose monophyletic lineage of Tetragnatha on the Hawaiian Islands, the 

"spiny-leg clade" has abandoned web-building at all life stages and wander 

actively in pursuit of prey (Gillespie 1991a; Gillespie 1993; Gillespie and Croom 

1995; Gillespie et al., 1997). A lineage of orb-weaving Tetragnatha that is either 

sister, or very closely related, to the wanderers has also diversified on the 

Hawaiian Islands. A third Hawaiian tetragnathid species, Doryonychus raptor 

(Simon, 1900), which is thought to be sister to Tetragnatha (Gillespie et al. 1997), 

has also abandoned web-use, and both males and females impale prey from the 

air with elongate tarsal claws Gillespie, 1991b, 1992a). Venom from males and 

females from representatives of each of these lineages was compared to each 

other, and to non-Tetragnathid relatives that represent different times since 

divergence and differences in the degree of sexual differences in feeding ecology. 

The goals of these comparisons were: (1) to characterize differences in venom 

composition between sexes within each of these species; and (2) to determine if 

an evolutionary decrease in venom dimorphism was associated with an 

evolutionary decrease in intersexual differences in prey capture behavior in 

Hawaiian Tetragnatha. 
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METHODS 

Species sampled 

Hawaiian Tetragnatha 

Spiders were collected in the Hawaiian Islands during June and July, 1994, 

and May through July, 1996. Males and females of the following species were 

collected from windward east Maui on the Nature Conservancy of Hawaii's 

Waikamoi Preserve: the wandering species T. quasimodo, T. zaaikamoi, T. 

brevignatha (Gillespie, 1991a), were collected near Carruther's Camp along the 

boardwalk at 1876 meters; T. stelarobusta, and T. filiciphilia (Gillespie, 1992b) were 

collected in lower Waikamoi (1340 m) along Maile Trail. On the island of Oahu 

the undescribed morphospecies referred to as "emerald ovoid" (Gillespie pers. 

comm.) was collected from the summit of Mt. Ka'ala Natural Area Reserve (1220 

m) in the Waianae mountain range. 

Outgroups 

The degree of sexual dimorphism in venoms of Hawaiian Tetragnatha was 

compared to that for 3 species that represent different times since divergence 

from this group. Tetragnatha versicolor (Walckenaer), an orb-weaving Tetragnatha, 

was collected from Garden Canyon in the Huachuca Mountains, Cochise County, 

SW Arizona. Doryonychus raptor (Tetragnathidae) (Simon, 1900), were collected 

from Hono O Napali Natural Area Reserve on Kauai. A large, sheet-web 

building, endemic Hawaiian species from an tmdescribed genus of lin3^hiid that 

was formerly placed in "Labulla " (new species 2, Honniga, pers comm), was 
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collected from Pahole Natural Area Reserve on Oahu. The funnel-weaving 

spider Tegenaria agrestis (Agelenidae) (Walckenaer, 1802; Exline, 1951) was 

collected from an abandoned shipyard in Marysville, Snohomish County, 

Washington. 

Venom Collection and Analysis 

Venom collection 

Spiders were anesthetized with QOi, and venom was extracted by means of 

electrical stimulation following the method of Celerier et al. (1993). To avoid 

contamination, fangs were rinsed with distilled water, and regurgitate was 

collected by a vacuum attached to a blunt S5nnnge needle held on spider's 

mouths. Because Tetragnatha and Doryonychus produce very small quantities of 

venom, the venom droplets were drawn from the tips of the fangs into capillary 

tubes that were stretched to a fine point. Venom from other species was drawn 

into a non-streched 5 pi capillary. The venom from all species was stored in 0.1% 

acetic acid and frozen at -80° C until analysis. To obtain sufficient quantities of 

venom for analyses, samples were pooled from individuals matched by species 

and sex. Although pooling masks variability at the individual level, pooled 

samples represent a population-level composite that is appropriate for 

investigating differences between populations and species. When there were 

sufficient numbers of individuals, multiple groups of individuals were pooled 

within each population. This provided comparisor« of poolings among different 

groups of individuals from within the same population. The number of 

individual venom samples per pooled collection varied because of differences in 
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the availability of spiders, attrition within groups (death of individuals), and 

occasional failure of a spider to jdeld venom. 

Venom from Maui spiders was collected at The Nature Conservancy House 

field station at Haleakala National Park. Venom from spiders collected from 

other Hawaiian locations was collected at the University of Hawaii, Manoa. 

Venom from all other spiders was collected at the University of Arizona. Spiders 

were milked once before being fed in the lab. They were fed a variety of insects 

collected near the field station one day after each milking, and were milked four 

to seven days after feeding. The length of each spider from the dorsal, anterior 

tip of the cephalothorax to the posterior tip of the abdomen, was measured after 

it was milked. 

Chemical analyses of venoms 

The concentration of proteins in each sample was estimated by measuring 

absorbance at 280 nm of Ifxl venom solution diluted in 99 ^li water using a 

Pharmacia Genequant spectrophotometer. To convert this to protein 

concentration, absorbance was divided by 0.8, the absorbance of bovine serum 

albumen. 

SDS gel electrophoresis 

Venom components were separated by one of two types of sodivun 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation 

methods (Laemmli 1970). The first used a 8 to 20 % polyacrylamide gradient 

(Hames & Richwood 1981). This provided good separation for proteins larger 

than 14 kDa, but peptides below that size were not separated. Because a high 
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concentration of the venom consisted of components <14 kDa, most samples 

were separated using tridne-sodiimi dodecyl sulfete TSDS-PAGE following the 

method of Schagger & von Jagow (1987). This method provided size information 

for components as small as 2 kDa. Unless otherwise noted, all analyses used 

approximately 35 ug of crude venom. Gels were stained with silver stain (Silver 

Staining basic protocol. Current Protocols in Molecular Biology, 1999). All gels 

included 10 lanes with low range standards (2.75 to 43 kDa) on the far left lane 

and high range standards (14.3 to 200 kDa) on the far right lane, and were run 

using a tall, mini-gel aparatus (9 x 5 x 0.1 cm) (Hoeffer). 

Gel quantitification 

Venom components separated using electrophoresis were analyzed by 

estimating size and concentration of bands. Sizes were estimated by comparing 

migration distances of bands relative to the migration distances of standards of 

known size. Concentrations of bands were estimated by integrating the interisity 

of the bands using Biolmage Whole Band Analysis software. From these data, 

the percent integrated intensity was estimated for each band. Differences 

between sexes were compared based on the apparent presence and absence of 

bands of the same size, and on differences in relative amounts of regioris of band. 

To quantify differences between sexes, the average total percent intensity of 

groups of polypeptides of different size regions were compared using MANOVA 

analyses on arcsine transformed data with sex and feeding mode as effects. To 

control for differences in sample sizes between males and females I used only 

pairs of male and female samples from the same species for analyses. 

Comparisons of the presence and absence of bands between species within sexes 
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was difficult in many cases because small samples of venoms did not enable 

multiple gel separations that were necessary to be confident in the consistancy of 

detection of components present in small amounts. 

The degree of sexual differences for a given species was estimated by 

subtracting the male percent intensity from female percent intensity within each 

species analyzed for different regions of components. These were compared 

between Hawaiian Tetragnatha and outgroup species using Student's t-tests on 

the average for both of these groups. This analysis was repeated excluding T. 

brevignatha. 

To interpret variability, matrices of the percent intensity of regions of 

bands were analyzed using principal component analysis. 

Behavioral and Ecological Analysis 

Taxonomic composition of prey captured 

Samples of natural prey were collected directly from the chelicerae of 

adult male and female spiders that were foimd feeding in the field. Prey remains 

were taken to the laboratory and identified to the finest possible taxonomic 

resolution. Live specimens of the most numerous prey types were collected and 

preserved as voucher specimens and for measurements of body size. This 

allowed estimates of average size for a given prey species. 

Prey handling and immobilization 

A few detailed, and many casual, observations of prey capture by males 

were made in the lab, providing preliminary details of prey capture and 
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immobilization sequences. Details of prey capture behavioral sequences and the 

sequence of immobilizing effects of bites for female Tetragnatha are reported in 

Chapter 3. 

RESULTS 

Venom composition comparison between sexes and species 

Venom protein yield 

Comparisons of the average amoimt of protein collected per milked 

individual indicate that both sex and feeding mode have a significant effect on 

the absolute yield of venom (p.g/milking) (ANOVA, male 12.4, female 8.2, F= 

4.68i, 10 p = 0.05; orb 14.9, wanderer 5.7, F = 22.5i, lo p = 0.001). However, neither 

sex nor feeding mode is a significant fector when these values are standardized 

by an estimate of spider size (|ig/milking* mm^) (male 0.077, female 0.024, F= 

I.O61,10 p = 0.33; feeding mode, orb 0.076 wanderer 0.025, F= 0.97i^ 10 P = 0.35). 

There are no significant differences in whole venom protein yield between sexes 

of wandering species (ng/milking, F= 0.48i,4 p = 0.51; |ig/milking^mm^, F= 

0.99i^ 4 p = 0.35). Absolute amounts of protein per milking are higher in male 

than in female orb-weavers (ng/milking, F= 9.14i,4 p=0.03), but this difference 

does not persist when size is considered (jig/milking^mm^, F= 1.08i^ 4 p = 0.41). 

Electrophoretic analyses 

General Description 

Representative electrophoretic separations of all venoms analyzed are 

shown in Figures 1 and 2. At least 26 individual proteins and peptides were 
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detected in crude venoms from females, and 38 from males. In both sexes these 

ranged in size from 3 kDa to 230 kDa. The degree of differences between sexes 

differed across species, with Tetragnatha species (with the exception of T. 

brevignatha) being strikingly dimorphic and non-Tetragnatha species being less 

dimorphic (Figure 1). Within Tetragnatha^ males of all of orb-weaving species 

analyzed, and males of the wandering species T. quasimod and T. waikantoi, have 

many large proteins (at least 8 between 150 to 230 kDa). Four of these proteins 

(160,165,175 and 190 kDa) were unique to male venoms. Four large proteins, 

(150,200,210 and 230 kDa) were detected in venoms of a few orb-weaving 

females in very small quantities relative to the males (Figures 1 and 2, Table 1). 

No proteiiis larger than 150 kDa were detected in venoms of wandering females. 

No proteins larger than 120 kDa were detected in either sex of T. 

brevignatha (n=3), D. raptor, "Labulla" sp., or Tegenaria agrestis . 

Principal components analyses (Figure 3) of average percent intensity of 

different size regions of proteins indicate venoms of male T. stelarobusta and T. 

qiiasimodo are more similar to each other than they are to females of the same 

species along the first principal component. Males of "emerald ovoid" were 

distinct from females and from T. stelarobusta and T. quasimodo. 

Comparisons of the average percent intensity of different size regions of 

components in male and female Hawaiian Tetragnatha are simunarized in Table 

1. In all Tetragnatha species and sexes, the highest concentrations of components 

were between 3 kDa and 14 kDa. When the rest of the venom profile was 

considered, regions of highest intensity in females in decreasing order were 

between 35 - 80 kDa, 14-35 kDa, >80 kDa. In contrast, the most intense banding 
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regions in male venom (except T. brevignatha)m decreasing order were >80 kDa, 

14-35 kDa and 35-80 kDa. Peptides < 14 kDa were present in greater abundance 

in female than in male venoms (Table 1). Combined averages of all male samples 

were significantly lower in concentration of components < 14 kDa than the 

average for combined orb-weaver females (t-test, p < 0.001,39 df), as well as the 

average for combined wandering females (t-test, p =0.018,35 df). Male venoms 

had significantly more proteins > 80 kDa than did female venoms (Table 1). 

None of these differences were significant when data for T. brevignatha were 

included. 

Degree of difference comparison 

The average sexual differences for different size regions of components in 

venoms of Tetragnatha species and non-Tetragnatha species are summarized in 

Table 2. The sexual difference in concentration of components > 80 kDa was 

significantly larger for Tetragnatha than for non-Tetragnatha when T. 

brevignatha were exluded from the analysis. However, no regions differed 

significantly when T. brevignatha were included in the analyses. 

Taxonomic composition of prey 

The percentage of different prey types foimd in the chelicerae of male and 

female spiders in the field are summarized in Table 3. This includes all Hawaiian 

Tetragnatha species for which data are available for both males and females. In 

all species, there was large overlap in the types of prey consumed by males and 

females. Moreover, the relative amounts of particular prey types were similar 

between the sexes in all cases for which there are reasonable sample sizes. In all 
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species, fewer males than females were foimd with prey. Because collections 

were not made in a systematic way accoimting for the backgroimd abimdance of 

individuals of either sex, these data can not be standardised by sampling effort. 

Therefore, it can not be determined if differences in the number of males and 

females fovmd feeding are due to a reduced overall abundance of males, to 

differences in my search image for males and females, or to males feeding less 

frequently. 

Prey capture behavior 

A few detailed observations and many casual observations of male spiders 

feeding in the lab indicated that there are no obvious differences between males 

and females in the sequence of behaviors used to capture and immobilize prey. 

A detailed description of prey capture and immobilization behavior in female 

Hawaiian Tetragnatha is presented in Chapter 3. 

DISCUSSION 

This study reports striking intersexual differences in venom chemical 

composition in all species of the genus Tetragnatha analyzed except T. brevignatha. 

Venoms of Tetragnatha sexes are more dimorphic than those of non-Tetragnatha 

species. The dimorphisms are the result of both a smaller concentration in males 

of low molecular weight components, and the presence of high molecular weight 

components in males that are absent, or in very low concentrations, in the 

females (Figures 1 and 2, Table 1). The expression of components in male 

venoms that are not found in females is unlike any other intersexual differences 

in venoms previously reported in spiders (Kent et al., 1984; Celerier et al., 1993; 
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de Oliviera et al., 1999; Binford, Chapter 2). Counter to predictions based on 

differences in web use as adults, this dimorphism in both high and low 

molecular weight components persists in the wandering "spiny-leg clade" of 

Tetragnatha in which males and females do not conspicuously differ in feeding 

ecology or behavior. 

The dimorphism in the concentration of low molecular weight 

components is parallel to venom differences among females that are associated 

with differences in feeding ecology. Wandering female Hawaiian Tetragnatha 

have fewer low molecular weight components than orb-weaving females 

(Chapter 3). A trend in the same direction of a lower concentration of low 

molecular weight components is also visible in males of Doryonychtis 

raptor (Figure 1), a species closely related to Tetragnatha (Gillespie et al., 1997) that 

represents an independent loss of web-building within Tetragnathidae. Males 

and females of this species both capture prey by impaling them from the air 

(Gillespie 1991b; 1992b). The smaller concentration of peptides in male venoms, 

including orb-weaving males, is consistent with orb-weaving males being 

effectively wanderers and leads to further suspicion that the concentration of 

these components is in some way associated with differences in feeding ecology. 

The high concentration and unique expression of high molecular weight 

proteins in male Tetragnatha venoms are difficult to interpret. There are at least 

two possible explanations that do not imply a unique adaptive function for these 

components. First, the difference could be explained by the presence of proteases 

in female venoms that were lacking in males. If present, large proteins could 

have been present in female venoms but cleaved after some event that activated 
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the proteases (perhaps between milking and venom preservation). The dilute 

acetic acid buffer would not necessarily protect proteins from proteolytic action 

(Rolf Ziegler, pers. comm.). If this were the case, it might be expected that 

banding patterns of the cleavage products in female venoms would have been 

more variable than they were. However, the protease cleavage products could 

also explain the increase in concentration of the components < 14 kDa, where 

variability might be difficult to detect. An electrophoretic analysis of freshly 

milked venoms with protease inhibitors added is necessary for clarifying 

whether differential protease activity between the sexes contributes to the 

apparent dimorphism. 

A second possible non-adaptive explanation is that males do not rely on 

venom at all for prey capture, and given that they were all mature adults upon 

collection, the venom-gland tissue could have begun to senesce. Males of many 

spider species do not live long after mating and forego feeding as adults. Bits of 

decomposing glandular debris might then be detectable in the venom as high 

molecular weight components. If this were the case, again, one might predict 

more variability in the banding patterns across male samples. Instead, the 

patterns of large proteins look remarkably consistent (Figures 1 and 2). Also, 

adult male Tetragnatha were observed feeding in the field. It seems vmlikely that 

glands would begin to senesce if spiders are still actively capturing prey, imless 

there is a cost associated with maintaining the glands that exceeds the benefit 

venoms provide for capturing prey. 

There are a few reasons to argue that it is likely that high molecular 

weight components in Tetragnatha venom serve an adaptive function that was 
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not lost with the loss of web-building. First, there is remarkable uniformity 

among patterns of venom components among dimorphic Tetragnatha species 

analyzed with the same separation strategy. If the previous function has been 

lost, and selection on these components relaxed, one would expect more 

variability among males as these components would have been evolving 

neutrcilly for a few million years (the estimated age of the lineage based on the 

age of the Hawaiian Islands, Gillespie et al, (1997)). It is striking that the 

differences in venoms between sexes of the same species greatly exceeds the 

within-sex differences among species that are divergent in feeding behavior 

(Chapter 3). Finally, that these components are expressed in high concentrations 

is not consistent with argiunents that they are not functional. 

Assviming an adaptive function for high molecular weight components in 

males at least at some time in the evolutionary history of Tetragnatha, there are a 

few possible explanations for the evolutionary persistence of sexual differences 

in venom in wandering Tetragnatha in light of the apparent decrease in sexual 

differences in feeding behavior. First, venom differences between sexes could 

reflect differences in feeding ecology or predation risk that were present in the 

orb-weaving ancestors of wanderers and persist in wanderers because there has 

not been enough time for these components to be evolutionarily lost. This seems 

unlikely given that the origin of the wandering lineage likely occurred a few 

million year ago. The cost of producing proteins that serve no functional 

purpose would presumably favor any selection however weak for these 

components to be lost. 
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It is conceivable that toxins play a different role between sexes in defense 

against predators. This has been proposed as an explanation for differences in 

potency in Atrax species in which male venoms are more potent than female 

venom against vertebrates (Atkinson, 1981; Atkinson and Wright, 1985). 

However, this is unlikely in the case of wandering Tetragnatha given that male 

and female wanderers shotdd be exposed to the same risk. Hawaiian Tetragnatha 

are all strictly nocturnal, presumably in response to heavy avian predation 

pressure (Fretz, 1994). Spiders of both sexes remain motionless between dawn 

and dusk on stems or leaves that match their background (pers. obs., Gillespie, 

1991a). At night primary predators are likely to be other arthropods, including 

spiders (Table 3, personal obervations of thomisid spiders consxmiing 

Tetragnatha). ff venom is a successful tool against arthropod predators, the 

predators are likely to become prey themselves by means of similar toxins as 

those used in prey capture. 

The striking nature of this sexual dimorphism in venom chemistry, and 

the lack of conspicuous differences in feeding behavior and ecology inspires the 

consideration that high molecular weight components in male Tetragnatha venom 

are involved in a functional role outside of prey capture. An obvious possibility 

is these components play a role in mating. All Tetragnatha species mate by 

locking chelicerae, which are enlarged in both male and female adults and are 

sexually dimorphism with males having longer fangs (Levi, 1981). High 

molecular weight proteins in male venoms could play some role in mating that 

has been evolutionarily ibcilitated by cheliceral mating. The lack of such a 

striking dimorphism in D. raptor, a species closely related to Tetragnathaitiat also 

mates by locking chelicerae, and the presence of the dimorphism in T. 
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versicolor from Arizona indicates that either the origin of cheliceral mating 

predates the origin of the dimorphism (Figure 1), or the dimorphism is widely 

spread in closely related Tetragnathid genera and has been lost in D. raptor. Two 

other genera in the family Tetragnathidae, Pachygnatha and Dolichognatha also 

have cheliceral mating. It would be informative to investigate the degree of 

dimorphism in their venoms. 

The sexual dimorphism in cheliceral morphology is also relevant for 

consideration of an adaptive function in terms of feeding. The fangs of 

Tetragnatha males do not fit tightly within the cheliceral row of teeth where prey 

crushing takes place. Therefore, male fangs might be less effective in prey 

immobilization than female fangs. If the high molecular weight components are 

insecticidally active their presence could compensate for ineffectiveness in 

crushing. However, although male and female wandering Tetragnathado not 

conspicuously differ in feeding ecology, it is generally the case that adult male 

spiders are perpetually searching for females and have a reduced feeding rate 

relative to females (Foelix, 1996). Therefore it seems unlikely that selection 

would be strong enough to favor insecticidally toxic components that are unique 

to males. A comparison of venom composition between penultimate males and 

females whose chelicerae are monomorphic, and adult males and females would 

clarify whether the high molecular weight venom components are unique to 

sexually mature males. 

In summary, this study identifies a sexual dimorphism in venoms of 

Tetragnatha species that is not easily explained by sexual niche differences. 

Further study is necessary to imderstand what if any is the functional 
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significance of this dimorphism and to facilatate an imderstanding of the 

ultimate causes underlying intersexual venom differences in general. It should 

be considered that venom components potentially play a role outside of prey 

capture or defei\se agair\st predators. 
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Table 1. Average and standard error of percent intensity of different size regions 

of proteins for female and male Tetragnatha excluding T. brevignatha. No 

comparisons were significant when T. brevignatha were included. 

MANOVA analyses were conducted on arcsine transformed data, and 

only on 3 of 4 size range categories in a given analysis. Analyses were 

repeated sequentially excluding each category. The p-value for % 14-35 is 

from a separate analysis from the analysis that yielded the p-values for the 

other 3 categories. When %>80 kDa or <14 kDa data were excluded the 

whole model was not significant. Results of a whole model MANOVA 

analysis that excluded for % 14-35 kDa are listed in the bottom table. 

MANOVA 
size range 9 sex effect test 

(kDa) 
F P 

% <14 72.8(3.7) 52.3 (7.1) 8.81I,6 0.025 
% 14-35 9.34 (2.3) 12.2 (2.3) 0.06I,6 0.824=-
% 35-80 13.7 (1.6) 10.5 (1.8) 1.39I,6 0.308 
% >80 3.9 (1.3) 25.0 (6.9) 17.35i ,6 0.007 

F P 
whole model 5-516,6 0.028 

sex 21.212,3 0.017 
feeding 4.262,3 0.133 

sex X feeding 0.572.3 0.615 
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Table 2. Average differences between sexes within species of Tetragnatha and 

non-Tetragnatha were analyzed witti and without inclusion of Tetragnatha 

brevignatha P-values for degree of difference comparisons between 

Tetragnatha and outgroups were from Wilcoxon tests. The comparisor\s 

significant at p < 0.05 after Durm-Sidak correction are in bold. 

size range 
(kDa) 

Tetragnatha 
( 9-d') 

non-
Tetragnatha 

( 9-«f) 

p-values p-values 
without with 

T. brevignatha T. brevignatha 

% <14 20.6 (5.8) 5.30 (2.4) 0.052 0.233 

% 14-35 -2.86 (2.7) -3.37 (3.1) 0.859 1.00 

% 35-80 3.24 (1.4) -0.07 (0.5) 0.112 0.25 

%>80 -21.9 (6.2) 0.03 (0.05) <0.001 0.23 



Table 3. Percentages of different prey types collected from the chelicerae of 
male and female Hawaiian Tetragttatha . 

PREY 
FLYING CURSORIAL 

Lepidflptefa Diptera Homoptera Psocoptera PsylHdae Diptwa Coleopteia 
SPIDERS Tipulidai Other 

ORB-WEAVERS 

T. stelarobusta f (31) 71 10 6 3 6 3 

T. stelarobusta m (2) 100 

T.eurychasma f(18) 50 17 17 5 

T.eunfchasma m(9) 11 55 11 11 11 

WANDERERS 

T. quasimodo f (47) 15 15 11 2 2 28 2 8 8 8 

T.fiuasimodo m (18) 17 28 5 11 27 5 5 

r. kamakou f (23) 4 9 17 12 26 4 9 4 4 

T. kamakou m (6) 33 33 33 

T, waikamoi f (17) 6 12 18 23 12 6 12 6 6 

T.waikamoi m (14) 43 14 7 14 7 14 

Araneae 
larvae larvae larvae Other Tetragnatlu 

M 
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HGURE CAPTIONS 

Figure 1. A composite of phylogenetic relationships among the species included 

in the analysis based on Gillespie et al. (1997), Gillespie & Roderick (pers 

comm), and Scharff & Coddington (1997). Male and female 

electrophoretic profiles are included for each species. 

Figure 2. A representative gel analysis contrasting venom between sexes within 

species. Note that particular analysis included less than the standard 

amount of T. brevignatha female venom. 

Figure 3. A plot of the first and second principal components from analyses of 

the average percent intensity of gel regions. Open symbols indicate male 

samples, filled or shaded symbols indicate female samples. 
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Figure 2. 
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Figures \7 r. stelarobusta 
o Emerald ovoid 
A T. brevignatha 
o T. quasimodo 
<] "Labulla" sp. 2 
• Doryanychus raptor 
o Tegenaria agrestis 

open - female 
filled - male 
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