PAGE  
156

Chapter 1. Introduction
Tri-trophic interactions. The maintenance of herbivore populations has been the subject of numerous studies since Hairston, Smith, and Slobodkin (1960) asserted that herbivore populations are maintained following a model in which herbivores are limited by predators, while predators, plants, and decomposers are resource limited (green world hypothesis). Other hypotheses (mainly formed from marine systems) modeled herbivore maintenance from a plant resource perspective, focusing on herbivore limitation by a plant’s ability to acquire essential resources (i.e. nitrogen, sunlight), and the diminishing effect of those resources at each trophic level (Lindeman 1942, Slobodkin 1960). Similarly, the green desert hypothesis (Murdoch 1966, Menge 1992) also centered on plant resource limitation; however, this hypothesis focused on poor plant nutritional quality, and the presence of plant toxins reducing host plant quality. Price et al. (1980) championed both of these theories by promoting the idea of tri-trophic interactions between plants, herbivores and herbivore natural enemies. In other words, both predators and plants are capable of interacting to maintain herbivore populations. Since then, many studies have focused on the trophic cascade, or the effects on plant biomass when predators are absent, and the effects on predator numbers when plant quality is poor, uncovering proof for both the green world hypothesis and the green desert hypothesis (Pace et al. 1999, Dyer & Letourneau 1999a & 1999b, Schmitz et al. 2000, Halaj & Wise 2001, Shurin et al. 2002). The next step in understanding herbivore population maintenance is to explain the mechanisms allowing, plants, herbivores, and predators to interact. For example, many authors have shown that secondary metabolites negatively affect predators because certain herbivores can sequester harmful toxins (Bowers 1992, Dyer 1995, Dyer & Bowers 1996). In contrast, secondary metabolites have been shown to have a positive effect on predators by signaling herbivore location via plant volatiles (Turlings et al. 1990, Dicke & van Loon 2000). While ecologists now recognize that herbivore populations are maintained by both top-down and bottom-up forces (Ode et al. 2004, Letourneau et al. 2004, Hunter 2003, Singer & Stireman 2003, Bernays & Graham 1988, Price et al. 1980), revealing the mechanisms that allow these forces to interact is crucial to understanding the evolution and ecology of plant-herbivore-enemy interactions.
Evolution of diet breadth. Studies on the evolution of insect diet breadth were first stimulated by questions about host plant selection (e.g., Frankel 1953, Odum & Pinkerton 1955, Whittaker & Feeny 1971). Ehrlich and Raven (1964) hypothesized that narrow insect diet breadth is a result of insect coevolution with the wide variety of plant secondary metabolites, so that herbivores are physiologically constrained to host plants with similar chemistry. Bernays and Graham (1988) challenged this hypothesis when they proposed that predators are actually the driving force constricting the diet of herbivores, and that the diversity of plant chemistry has little to do with diet specialization. According to this tritrophic hypothesis, predators are more likely to select herbivores feeding on a wide variety of plant species because they are less likely to be chemically defended and are easier to find. Recent studies have provided support for the hypothesis that predators are driving diet breadth (Dyer 1995, Hartmann 2004) due to utilization of host plant chemistry as a defense. However, this issue is far from resolved. In particular, very little is known about how plant chemistry directly affects physiological functions in caterpillars, which could make them more susceptible to parasitism by natural enemies. This dissertation research focuses on three aspects of caterpillar physiology (i.e. encapsulation, respiration, and feeding efficiency) that are important indicators of immune function and overall health. 
Effects of sequestered plant compounds on parasitoids. Even though numerous studies have shown that herbivores feeding on plants with toxic secondary metabolites are more likely to be chemically defended from predators (e.g., Brower 1958, Dyer 1997, Vencl et al. 2005), some enemies, such as parasitoids, may actually benefit from preying on herbivores feeding on toxic diets (Dyer & Gentry 1999, Gentry & Dyer 2002). In other words, predators and parasitoids can have different interactions with the same prey item because of different life history traits. Consequently, what may be lethal to one enemy (i.e. spider, bird) may be beneficial to another (i.e. parasitoid). Parasitoids have a unique life-cycle compared to other insect predators because they spend their larval stage inside their prey. Thus, they do not have the same interaction with toxic prey as other predators do. Initially, it would seem more likely that parasitoids developing within a toxic host would suffer negative developmental effects. And indeed, several studies have shown that sequestered toxins do negatively affect parasitoids (Barbosa et al. 1986, Sime 2002). On the other hand, studies have shown that parasitoids may actually prefer chemically defended hosts (Dyer & Gentry 1999 Gentry & Dyer 2002, Sznajder & Harvey 2003, Zvereva & Rank 2003). There are several possible reasons why parasitoids would benefit from developing within a chemically defended host:  (1) parasitoid larvae are vulnerable to attack from predators while completing their lifecycle inside their host, so it is advantageous for them to oviposit their eggs in a well-defended host, (2) sequestered chemicals from host plant may also act as volatiles, assisting parasitoids in host location, and (3) the host immune system is compromised by host plant toxins, and parasitoids are more likely to successfully develop. Consequently, some parasitoids may have adapted to selecting toxic hosts because they benefit in the same manner that herbivores benefit from feeding on a toxic plants: they are better protected from predators, or they are taking advantage of enemy-free space. This dissertation study is focused on the last hypothesis. 

Chapter Summaries
This dissertation addresses the general hypothesis that plant chemistry negatively affects caterpillar physiology, making them more vulnerable to parasitism. This hypothesis was tested using three caterpillar-host plant study systems and a comparison of the immune response across 16 species of caterpillars. Chapter 1 is a meta-analysis that summarizes 30 years of data examining the effects of plant secondary metabolites on herbivores with a specific emphasis on testing the plant-apparency hypothesis (Feeny 1975, 1976 and Rhoades & Cates 1976). Chapter 2 focuses on the effects of sequestered iridoid glycosides on the immune response and feeding efficiency of the chemical specialist caterpillar, Junonia coenia (Lepidoptera: Nymphalidae). Chapter 3 examines the immune response and feeding efficiency of a generalist caterpillar, Grammia incorrupta, which has reduced sequestration abilities and also feeds on plants with iridoid glycosides. Chapter 4 uses two species of neotropical specialist caterpillars, Eois apyraria and Eois nympha (Lepidoptera: Geometridae) and one temperate naïve generalist species (Lepidoptera: Noctuidae) to investigate the immune response when feeding on amides and imides from plants in the genus Piper.  Chapter 5 compares the immune response of caterpillars from 10 different families of Lepidoptera. The general hypothesis is relevant to broad questions about how natural enemies and chemistry may affect diet breadth of herbivores.
Significance

This dissertation research will contribute to understanding the ecological causes and consequences of host plant choice by herbivorous insects. In a recent review of the insect immune system, Schmid-Hempel (2005) outlined the limitations associated with mounting an immune response. Among the many studies investigating these limitations, only a handful has focused on the effects of an insect’s diet on the immune response. Since nearly half of all insect species are phytophagous (Strong et al. 1984), and the encapsulation response is one of the most important defenses caterpillars have against parasitoids (Godfray 1994), the effect that their diet has on encapsulation is a pertinent ecological and evolutionary question. Lastly, the results from this dissertation could directly benefit agricultural systems. Parasitoid wasps are widely used as biological control agents for insect pests. Even though, this dissertation focuses on how parasitoid success may be enhanced in natural systems, these same interactions can also be observed between insecticides and parasitoids in agricultural systems. 
Chapter 2. A quantitative evaluation of the plant-apparency hypothesis using meta-analysis.
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Abstract
The plant-apparency hypothesis (Rhoades & Cates 1976 and Feeny 1975, 1976) states that the presence of specific secondary metabolites in plants can be predicted based upon plant natural life-history traits. “Apparent” plants are defined as long-lived woody plants that are easy for herbivores to locate. These plants are most likely to produce quantitative chemical defenses, which are present in high concentrations, act as digestibility reducers, and are effective against specialist herbivores. Conversely, “non-apparent” plants are defined as ephemeral herbaceous plants that are patchy in distribution. These plants are most likely to produce qualitative chemical defenses, which are present in low concentrations, toxic, and most effective against generalist herbivores. Though this hypothesis has provided a useful framework for conducting experimental studies to examine the effects of plant chemistry on herbivores, there are many inconsistencies surrounding this hypothesis, and it has been heavily criticized and deemed irrelevant. These criticisms have been based on individual empirical studies or subjective synthesis. Here, we quantitatively tested predictions from this hypothesis using meta-analysis. We collected a total of 267 effect sizes from published papers in which the effects of plant chemistry on herbivore performance were reported. We found that there was no difference in the effect size between quantitative and qualitative defenses for a suite of predictor variables, including herbivore diet breadth (specialist vs. generalist), plant type (herbaceous vs. woody), and various response variables. Thus, quantitative defenses do not significantly differ from qualitative defenses according to the predictions given by the plant-apparency hypothesis. Nevertheless, the patterns across all studies were consistent with every prediction made by the plant-apparency hypothesis. 
Introduction
Plant secondary metabolites play a significant role in structuring interactions between plants and the network of organisms that compose a terrestrial community (Ehrlich and Raven 1964, Berenbaum 1983, Roitberg & Isman 1992, Barbosa et al. 1991). Besides performing an array of physiological functions such as pigmentation (flavonoids, carotenoids), protection against UV (flavonoids), and structure (lignans), secondary metabolites play key ecological roles by defending plants from herbivores and pathogens (Fraenkel 1953, Odum & Pinkerton 1955, Ehrlich & Raven 1964, Whittaker & Feeny 1971), providing oviposition and feeding cues (Da Costa & Jones 1971, Raybould & Moyes 2001, Macel & Vrieling 2003, Nieminen et al. 2003), and attracting natural enemies of herbivores (Turlings et al. 1990, Dicke & van Loon 2000). Since nearly all plants invest resources into secondary metabolite production, their importance is clear, and among the many potential functions, a defensive or antiherbivore function is probably the most pervasive (Fraenkel 1953, 1959; Dethier 1954, Odum & Pinkerton 1955, Whittaker & Feeny 1971, Ehrlich & Raven 1964, Feeny 1975, 1976, Rhoades & Cates 1976). The diversity of secondary metabolites has resulted in a wealth of research examining the effects of these compounds on herbivores, generating numerous hypotheses regarding their evolution (McKey 1979, Rhoades 1979, Feeny 1975, 1976; Rhoades & Cates 1976) and ecology (Bryant et al. 1983, Coley et al. 1985, Herms & Mattson 1992). These hypotheses have been used to make predictions on the particular plant life history traits that correspond to particular classes of antiherbivore defense and have also provided useful information for understanding how plants allocate resources between defensive and physiological functions. Although plant allocation of resources for defenses has been thoroughly explored (Stamp 2003), a new theoretical framework for the evolution of plant defenses has not emerged since Feeny, Rhoades & Cates put forth the plant-apparency hypothesis in the late seventies. In this paper, we use meta-analysis to test whether or not the predictions made by this hypothesis are still valid and useful for understanding the evolution of plant defenses.

Rhoades and Cates (1976) and Feeny (1975, 1976) formulated hypotheses on the evolution of plant defenses based on plant apparency (Table 1). “Apparent” plants as described by Feeny (1975) is described as plants that are more likely to be found by insect herbivores and are slow-growing plants that have an even distribution and are often long-lived. Large woody trees such as oaks fall under this definition. Conversely, “non-apparent” plants are defined as fast-growing plants that have a patchy distribution and are ephemeral in time. Plants that fall into this category are small herbaceous shrubs and forbs, such as understory and weedy plants. According to Feeny (1975, 1976), “apparent” plants have evolved defenses that act in a dose-dependent or quantitative manner, are present in high concentrations, and act as digestibility reducers. Rhoades and Cates (1976) added that these metabolites should have high molecular weights and should be most effective against specialist herbivores. Secondary metabolites that fit into this category include phenolics and tannins (most "carbon-based" metabolites – or those without nitrogen). Conversely, “non-apparent,” herbaceous plants have evolved qualitative chemical defenses that have a toxic effect on herbivores. Rhoades and Cates (1976) agree with these assumptions, but add that these metabolites should be of low molecular weight so they can cross the gut, and can be present in low concentrations in the plant. Qualitative defenses should be most effective against generalist herbivores due to their high toxicity. These chemicals act to poison herbivores by interfering with nervous system function, muscle action, and kidney and liver function. Secondary metabolites that fit into this category include alkaloids, amines, and non-protein amino acids (most nitrogen-based compounds).

 
Although this theory has provided an effective framework for developing experiments, many inconsistencies have been discovered, and it has received criticism for being too simplistic, for ignoring the role of upper trophic levels, for being difficult to test, and for being plagued by excessive assumptions (Price et al. 1980, Bernays & Graham 1988, Fagerstrom et al. 1987, Duffey & Stout 1996, Brattsten & Ahmed 1986). There are many classes of compounds, including terpenoids, the largest and most diverse group of secondary metabolites that do not conform to the quantitative versus qualitative categorization. Iridoid glycosides, for example, are monoterpene-derived secondary metabolites that may have both a toxic and digestibility-reducing effect (Bowers & Puttick 1988, Puttick & Bowers 1988, Camara 1997a & 1997b), depending on the diet breadth of the ingesting individual. Additionally, iridoids are found in both small herbaceous plants (Plantago lanceolata) and large, apparent trees (Catalpa speciosa) (Boros & Stermitz 1990). Similarly, Bernays (1981) demonstrated that hydrolysable tannins do not always act as digestibility-reducers, and quite often have a toxic effect on herbivores. Carbon-based, phenolic compounds such as furanocoumarins, isoflavonoids, and quinones have also been shown to have toxic effects on herbivores (Harborne 1988). Other criticisms cite the fact that most plants include a complement of both qualitative and quantitative defenses, so that assigning chemical identities to herbaceous plants or woody plants would be an inaccurate generalization (Duffey & Stout 1996). Consequently, this theory of plant defense has been dismissed as lacking generality and being ineffective in application (Bernays 1981, Duffey & Stout 1996, Agrawal et al. 2006). Nevertheless, it is still prominent in the literature, and a modified theory has not been proposed (Haukioja 2003, Yamamura & Tsuji 1995, Loehle 1996, Silvertown & Dodd 1996, Bustamante et al. 2006). Though it is clear that many exceptions, discrepancies, and faults can be found in this theory, to objectively refute or revise it, a more quantitative approach is needed. Accordingly, the goal of this paper is to provide strong quantitative data with which to evaluate the plant-apparency hypothesis. 

A large body of literature demonstrating effects of various secondary metabolites on herbivores has amassed since Feeny, and Rhoades and Cates published their theory of plant defense. To empirically test the validity of their predictions, we performed a meta-analysis of the published effects of secondary metabolites on herbivores, categorizing compounds as quantitative or qualitative based upon the description given in each paper. As previously described the predictions of the plant-apparency hypothesis are centered on the occurrence of qualitative or quantitative defenses in specific plant types and their effects on specialist and generalist herbivores (Table 1). These predictions are the focus of the meta-analysis. To test predictions 1 and 2 (see table 1) we compared effects of secondary metabolites on specialist versus generalist herbivores, and compared the chemistry of woody versus herbaceous plants. To test prediction 3, we examined the effect of secondary metabolites on specific herbivore functions such as growth rates, consumption index, and survivorship, and prediction 4 was tested by comparing the effects of different classes of secondary metabolites on herbivores. 

In addition to testing predictions of the plant-apparency hypothesis, we wanted to know if categorizing plant secondary metabolites based upon the metabolic pathways that produce them would result in a more predictive general hypothesis and avoid the obvious discrepancies created by the qualitative versus quantitative categorization. We hypothesize that grouping secondary compounds as either phenylpropanoids, terpenoids, or alkaloids will allow more reliable predictions regarding the effects that plant chemical defenses have on herbivores because there should be less variation within these categories that are based on biochemical pathways. These general pathways are well known and have been summarized in the literature (Bassman 2004). Terpenes are produced along the mevalonic acid pathway, thus are originally an anabolic product of acetyl-CoA molecules; three molecules of acetyl-CoA condense to form isopentyl-disphosphate, the fundamental unit for terpene molecules. Terpenoids, in general, may be produced along biosynthetic pathways other than the mevalonic acid pathway, but are not constrained to the same isoprene and isopentane as fundamental units like the terpenes (Brielmann 1999). Phenylpropanoids are produced from several different branches of the shikimic acid pathway, but share chemical precursors in common: aromatic amino acids, phenylalanine, and tyrosine. Alkaloids, which are basic (i.e. high pH) nitrogen-containing compounds, are typically derived from aliphatic amino acids (derived from the TCA cycle) or from tyrosine, which is produced in the shikimic acid pathway (Bassman 2004).  

Meta-analysis is a statistical synthesis of the results of many independent studies (Gurevitch & Scheiner 2001). This statistical technique combines the results of individual experiments into a single data set that allows for more generalizable hypothesis tests. A standardized effect size for a specified set of parameters or manipulations is the statistic of interest in meta-analysis; here we use the standard measure of effect size, Hedges’ d (dsi), calculated as the difference between two means (treatment and control) standardized to units of standard deviation (Gurevitch & Scheiner 2001). The log ratio has become a popular measure of effect size in ecology because of ease of interpretation (Burkepile & Hay 2006, Hedges et al. 1999), however this measure is affected by sample size and is not easily compared to other meta-analyses published in chemical ecology (Nykänen & Koricheva 2004, Koricheva et al. 2004). The effect size, Hedges’d, includes a correction term to remove the effects of bias due to small sample size, and is commonly used in other chemical ecology meta-analyses (Koricheva 2002, Koricheva et al. 2004, Nykänen & Koricheva 2004).
In this paper, we use meta-analysis to evaluate predictions of the plant-apparency hypothesis. In particular, we address five main questions regarding defense against herbivory by plant secondary metabolites: 

1. Is the magnitude of effect on herbivores significantly higher for qualitative versus quantitative chemical defenses?

2. Do qualitative and quantitative metabolites have significantly different effects on specialist versus generalist herbivores?

3. Are the impacts of qualitative and quantitative metabolites different in woody versus herbaceous plants?

4. Do qualitative and quantitative metabolites differ in their mode of action on herbivores?

5. Does grouping secondary metabolites based on metabolic pathway provide a better framework for predicting the effect of plant defense on herbivores?

Methods and Materials
Data Collection

Our search focused on studies in which the effects of secondary metabolites on herbivores were reported.  In particular, we selected studies in which the herbivores’ diet had been manipulated by altering (increasing or decreasing) secondary metabolite concentration or content, and which reported the resulting effects on the herbivores’ development, survivorship, fecundity, or attraction/aversion to the plant. Also included were studies in which additional variables were manipulated, such as CO2, temperature, plant age, or plant species, as long as the resulting difference in concentration of secondary metabolites was reported. Articles were gleaned from all volumes of the Journal of Chemical Ecology (1975-2005), since this particular journal focuses on the interactions between animals and plant chemistry, and from an online search using the search engine ISI Web of Science (1975-2005). Keywords for the online search included: chem.* + defense, herbiv*, plant + chem*, secondary + chem.*, secondary + metab*, qualitative defense*, and quantitative defense*. For inclusion in our database of articles three criteria were utilized: (1) the paper reported the mean, a measure of variation, and the sample size in either text, tables, or graphs. (2) The system under study was terrestrial. (3) The paper included the name or class of the secondary metabolite(s) used in the study. In any study where repeated measurements had been taken over time, only the last measurement was used. From each paper, we obtained a maximum of three effect sizes, but no more than one effect size per individual experiment. The treatment and control means to be recorded were chosen randomly from among the available data by using a random number generator. To obtain numerical means and standard deviations from graphs, we used TechDig (2.0.0.1, 1998) to digitize the graphs. For our analysis, the treatment group was designated as the group in which the herbivores’ diet was manipulated, and the control group was designated as the group where no manipulation had occurred or the herbivores’ diet contained relatively lower levels of secondary metabolites. 

From each paper that met our criteria we recorded the mean, standard deviation, and sample size, along with explanatory variables of interest. If the standard error was reported, we converted it to the standard deviation. Explanatory variables included name of chemical defense; classification as qualitative or quantitative defense; chemical class (terpenoid, alkaloid, or phenylpropanoid); woody or herbaceous plant; tree, shrub, or forb; specialist or generalist herbivore; and invertebrate or vertebrate herbivore. A compound was classified as qualitative or quantitative based upon its description in the paper, its effect on the herbivore, or its chemical classification. In general, compounds such as phenolics, tannins, flavonoids and lignans that are composed of aromatic 5-ring sugars were classified as quantitative defenses. However, exceptions included phenolic compounds that are known to produce a toxic effect on herbivores in low concentrations. For example, furanocoumarins have been shown to inhibit DNA transcription and are toxic to parsnip webworms (Depressaria pastinacella) (Berenbaum & Zangerl 1991). Qualitative defenses typically consisted of terpenes, saponins, cardenolides, iridoids, alkaloids, phenolic glycosides, glucosinolates and any other non-aromatic compounds. If a toxic or digestion-inhibiting effect could be inferred from the experimental results, then compounds were classified according to their action on the herbivore. However, it was often impossible to distinguish between toxic effects and digestion-inhibiting effects from experiments that only reported growth or weight data. In addition, most studies did not describe the natural variation in chemical concentration because these data were not important for the study or because it was not known. In general we assumed that tannins and phenolics were present in high concentrations, and alkaloids and terpenes were present in low concentrations. Chemical class was determined from the chemical structure or from descriptions of the chemical pathway by which the compound is produced. Compounds were considered phenylpropanoids if they contain aromatic 5-ring sugars or are produced along the shikimic acid pathway via the aromatic amino acids phenylalanine and tyrosine. Compounds produced along the mevalonic acid or chloroplastic pathway and that are synthesized from 5-carbon (isoprene) units were classified as terpenes. Since alkaloidal compounds are structurally more complex and may be produced along either the shikimic acid or chloroplastic pathway, we classified compounds as alkaloids if they contained N and were basic. Herbivore diet breadth was classified according to the designation given in each paper. The majority of papers used the classical definition of specialist and generalist: specialists use one or two host plants within the same family or genus, or feed within one or two families; generalists feed across many different plant families (Futuyma 1991, Bernays & Chapman 1994, Thompson 1994). 

The explanatory variables in the sampled articles ranged from herbivore survivorship data to inhibition of herbivore metabolism. The majority of the studies we used reported detrimental effects of secondary metabolites on herbivore growth, fecundity, survivorship, or some measure of feeding efficiency. However, we also included studies that reported positive effects of secondary metabolites on herbivores, as in the case of secondary compounds acting as a feeding stimulant or host plant attractant. For the analysis, explanatory variables were grouped into six categories based on the nature of the effects on the herbivore: development, mortality/survivorship, feeding efficiency, attractant/aversion, fecundity, and cellular interference (Table 2). Responses placed in the development category included measurement of growth rates by time to pupation (days), duration of specific instars (days), total development time from egg to adult (days) and relative growth rates (mg/mg/day). In this category, we also included measurements of larval weights, which were usually quantified as larval weight during a specific instar (mg), mean weight change (mg), mean weight gain (mg), and adult weight gain (mg). Herbivore mortality and survivorship data were considered a single category and typically consisted of the percentage of the total that survived or died. Feeding efficiency data included any of the main feeding indices: relative consumption rates (RCR), efficiency of conversion of digested food (ECD), efficiency of conversion of ingested food (ECI), and relative consumption index (RCI). We also included other measurements of feeding efficiency such as mean percent leaf area eaten (%), mean consumption (mg), percent consumed (%), dry matter intake (mg), percent damage (%), and other variants of these variables. Attractant/aversion response variables consisted of herbivores locating host plants (number of insects trapped), herbivores rejecting plants (preference index), and the number of eggs laid by the female adult (an indirect measure of effects on herbivores). Fecundity responses included the number of eggs laid (after feeding on a treatment diet), and pupal weights (mg), which can be used as a proxy for fecundity. Cellular interference variables included antioxidant capacity (millimoles), metabolism of secondary metabolites (nanomoles/vial), amount of secondary metabolites sequestered in tissue (micromoles), and enzyme activity (unit/mg protein/min). 

Data Analysis
All analyses were performed with SAS statistical software (9.1.3, SAS Institute), using a mixed model design (Gurevitch & Scheiner 2001). A mixed model design was used because the data are not assumed to have one true effect size. In other words, even though effect sizes are similar between individual studies, there is still assumed to be random variation as well as sampling variation among studies (Gurevitch & Scheiner 2001). Effect sizes were calculated as Hedges’ d (dsi) along with 95% confidence intervals; dsi values were considered significant from zero if the confidence intervals did not cross zero. We used the QB statistic as a measure of significant differences between classes of predictor variables. While the dsi value represents the standardized difference between control and experimental units within each class of variables (e.g., effect of quantitative defenses on herbivores), the QB value is a measure of the among-classes homogeneity of variables (e.g., between qualitative and quantitative defenses). Since the QB statistic is distributed as a chi-square statistic, the p-value for significance is calculated by referring to a chi-square table of critical values.

Hedges’ d was calculated for each category of chemical defense. Effect sizes were calculated for specialist and generalist herbivores feeding on qualitative and quantitative defenses and feeding on alkaloids, terpenoids, and phenylpropanoids. We also calculated effect sizes for woody and herbaceous plants for each chemical classification, and for specialists and generalists feeding on woody and herbaceous plants. Explanatory variables were calculated for herbivores feeding on diets with qualitative or quantitative defenses and feeding on diets with alkaloids, terpenoids, or phenylpropanoids. Table 3 summarizes all comparisons that were calculated. 

Results
Our search yielded 191 suitable papers spanning a 30-year time period (1975-2005) and 267 effect sizes. We had 127 effect sizes for quantitative defenses and 140 effect sizes for qualitative defenses.
Chemistry

Overall, grouping secondary metabolites based upon their metabolic pathways yielded a larger QB value than categorizing secondary metabolites as qualitative and quantitative (Figure 1; metabolic pathway, QB = 0.011, P > 0.05; qual. vs quant., QB = 0.001, P > 0.05). Although these QB values are non-significant, the higher QB value for the metabolic pathway grouping indicates that more of the variance is explained when secondary metabolites are grouped based upon their metabolic pathway. Still the small QB value for each method of grouping indicates that qualitative defenses do not significantly differ from quantitative defenses in the magnitude of their effect on herbivores, and likewise for alkaloids, terpenoids, and phenylpropanoids. For both methods of grouping, the dsi values, which represent the within-class effect size, were significantly different from zero (Figure 1. C.I. values do not cross zero), indicating that each class of secondary metabolite has a significant effect on herbivores, with terpenoids and phenylpropanoids having the largest overall effect on herbivores (Figure 1). 

Grouping secondary metabolites based upon their metabolic pathway did reveal an interesting pattern that was pervasive throughout the analyses. When terpenoids are considered separately from alkaloids, their dsi value is more similar to the dsi value for phenylpropanoids, indicating that the effect of terpenoids on herbivores more closely resembles that of phenylpropanoids than that of alkaloids (Figure 1). 

Plant type

For each paper, we categorized the host plant as woody or herbaceous. With few exceptions, most woody plants were trees, while herbaceous plants were small shrubs and forbs. The QB value for both herbaceous and woody plants was much larger using the alkaloid, terpenoids, and phenylpropanoid grouping rather than the qualitative and quantitative groupings (Figures 2 and 3, metabolic pathway: herb QB = 0.18, woody QB = 0.18; qual. /quant.: herb QB = 0.0006, woody QB = 0.007; P > 0.05 for all QB values). However, none of the QB values for any of the comparisons made with plant type were significant.

For herbaceous plants, terpenoids had the largest effect on herbivores (Figure 3, dsi = 1.8, CI ± 1.3), while herbaceous plants with alkaloids had the smallest effect (dsi = 0.83, CI ± 0.94). Dsi values between the quantitative and qualitative categories of herbaceous plants were almost identical (qual., dsi = 1.2, CI ± 0.71; quant., dsi = 1.1, CI ± 1.2), further indicating that terpenoids affect herbivores differently from alkaloids, and that this real distinction is obscured by the use of the “qualitative” descriptor to encompass both types of compounds.

For woody plants, only phenylpropanoids showed a significant effect on herbivores, while alkaloids and terpenoids were non-significant (Figure 3, phenylpropanoid, dsi = 1.2, CI ± 0.63; alkaloid, dsi = 1.6, CI ± 3.6; terpene, dsi = 0.82, CI ± 1.1). The large confidence interval for alkaloids may be the result of a very small sample size for woody plants with alkaloids (N =2). For woody plants, quantitative defenses had a slightly larger effect on herbivores than did qualitative defenses (Figure 2, quant., dsi = 1.2, CI± 0.63; qual., dsi = 0.92, CI ± 1.1).
Diet Breadth 

Diet breadth was assigned as a dichotomous value of either specialist or generalist (see methods for definitions). When plant chemistry was grouped by metabolic pathway, the among-classes homogeneity statistic (QB) was larger for both specialists and generalists than when chemistry was defined as qualitative and quantitative (Figure 4; metabolic pathway: specialist QB = 0.123, generalist QB = 0.002; qual. /quant.: specialist QB = 0.004, generalist QB = 0.0001; P > 0.05 for all QB values). 

For specialist herbivores, phenylpropanoids had the largest effect size (dsi = 1.7, CI ± 1.0), and the only chemical class yielding no significant effect was the alkaloids (Figure 4; dsi = 0.89, CI ± 1.1). The significant pattern observed for qualitative defenses on specialist herbivores is most likely driven by terpenes, since the effect is not significant for alkaloids when terpenes are separated.

For generalist herbivores the effect size of each chemical class, though significant, was smaller than those for specialist herbivores (with the exception of alkaloids, Figure 4), indicating that, overall, chemistry has a greater effect on specialist herbivores. For generalist herbivores, phenylpropanoids had the smallest effect size (Figure 4; dsi = 1.1, CI ±0.59), and alkaloids had the greatest effect size (dsi = 1.3, CI ± 0.97). This is the opposite of the pattern for specialist herbivores, in which phenylpropanoids had the largest effect size and alkaloids a non-significant effect (Figure 4).
Dependent Variables


As described in the preceding section, response variables were grouped into six categories based upon the type of measurement reported in each paper. Herbivore growth and feeding variables were significantly affected by both qualitative and quantitative defenses, but the QB value for each of these variables was not significant (P > 0.05) (Figure 5; qual.: develop, dsi = 1.4, CI ±1.0; feed, dsi = 1.0, CI ± 0.76; quant.; develop, dsi = 1.4, CI ± 0.99; feed, dsi = 1.1, CI ± 0.75). Notably, the confidence intervals for mortality and cellular processes are quite large, which is probably due to the small sample size for both of these variables (mortality, N = 9; cellular, N = 21). Quantitative defenses had a significant effect on both herbivore fecundity (dsi = 2.2, C.I. ± 1.98) and as attraction/aversion response (dsi = 2.3, C.I. ± 2.2). This effect was greater than the effect of qualitative defenses, but was not significant (Figure 5; fecundity QB = 0.37, att/aver. QB = 0.68, P > 0.05). When analyses were run using chemical defense categories based upon metabolic pathway, many of the confidence intervals crossed zero, indicating an increase in variation (Figure 6). The only significant dsi values were associated with terpenes and phenylpropanoids affecting herbivore growth, consumption, and fecundity (Figure 6; terpenes: growth, dsi = 1.7, CI = 1.6; consumption, dsi = 1.2, CI = 1.1; phenylpropanoids: growth, dsi = 1.5, CI ± 1.0; consumption, dsi = 1.1, CI ± 0.80; fecundity, dsi = 2.2, CI ± 2.1). For alkaloids, no significant dsi values were found.

Diet Breadth and Plants

We found a higher, though not significantly different, effect size for generalists feeding on herbaceous plants than for specialists feeding on herbaceous plants (Figure 7; gen., dsi = 1.4, CI ± 0.88, spec., dsi = 0.99, CI ± 0.92, QB = 0.02, P > 0.05). Conversely, on woody plants, a higher effect size was shown for specialist herbivores than for generalists (Figure 7; gen., dsi = 0.85, CI ± 0.52, spec., dsi = 1.6, CI ± 0.75, QB = 0.03, P > 0.05). When chemistry was grouped using qualitative and quantitative categories, we found no strong pattern or differences between diet breadth, chemistry, or plant type (Figure 8, P > 0.05 for all QB values). It is noteworthy that there were very small differences in effect size between chemical classes for generalist feeders on both herbaceous and woody plants. When effects sizes were calculated based upon metabolic pathways, we found that only terpenes had significant effects on herbivores feeding on herbaceous plants (Figure 9; terpenes, spec., dsi = 1.8, CI ± 1.5). For generalist feeders, none of the effects sizes were significant (Figure 9). Within woody plants, phenylpropanoids had the largest and only significant effect on specialist feeders, and though alkaloids had the largest effect size for generalist feeders, it was not significantly different from zero (Figure 9; pp, dsi = 2.0, CI ± 1.7). None of the QB values for diet breadth and plant type comparisons were significant (Figure 9; P > 0.05 for all QB values).

Table 1. Predictions made by the plant-apparency hypothesis regarding “apparent” and ‘non-apparent” plants. We focused on predictions made for herbivore diet breadth, plant type, effects on herbivores, and classes of secondary metabolites. These predictions were tested in our meta-analysis.

	Predictions
	Non-apparent plants
	Apparent plants

	1. amount
	Qualitative defenses:
Present in low concentrations in plant tissue
	Quantitative defenses:
Present in high concentrations in plant tissue 

	2. diet breadth
	Most effective against generalist herbivores
	Most effective against specialist herbivores

	3. plant type
	Herbaceous plants
	Woody plants

	4. effect on herbivore
	Toxic
	Digestibility reducer

	5. compounds
	Alkaloids, glucosinolates, amines, non-protein amino acids 
	Tannins, phenolics, flavonoids


Table 2. Explanatory variables were grouped into six categories based upon their effects on herbivores. The right column lists the specific variables that were included in each category.

	Explanatory Variable
	Response variables taken from papers

	Development
	Growth rates, time to pupation, duration of instar, larval weight, weight change, adult weight.



	Feeding
	Feeding efficiency indices: relative consumption, conversion of ingested food, conversion of digested food.



	Fecundity
	Total # of eggs, pupal weights

	Mortality
	Total # dying

	Attractant/deterrent
	Total # insects trapped, preference index, number eggs laid (without feeding on treatment diet)

	Cellular interference
	Antioxidant capacity, metabolism of 2°  metabolites, amount sequestered, enzyme activity


Table 3. Summary of all analyses performed. The first column lists all predictor variables that were collected from papers. The remaining columns list the comparisons made for each predictor variable. 
	Predictor Variables
	
	
	
	
	

	
	Total
	Plant Type
	Diet Breadth
	Explanatory Variables
	Plant Type and Diet Breadth

	Qualitative vs. Quantitative
	Comparison of all effect sizes
	Woody vs. Herbaceous
	Specialist vs. Generalist
	Development, Feeding, Fecundity, Mortality, Attractant/AversionCellular Interference
	Comparison of diet breadth on each plant type

	Metabolic Pathway—Alkaloids, Terpenes, Phenylpropanoids
	Comparison of all effect sizes
	Woody vs. Herbaceous
	Specialist vs. Generalist
	Development, Feeding, Fecundity, Mortality, Attractant/AversionCellular Interference
	Comparison of diet breadth on each plant type

	Plant Type
	Comparison of all effect sizes
	
	
	
	

	Diet Breadth
	Comparison of all effect sizes
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Figure 1. Effect sizes (dsi ) were significant within each category of chemical defense (95% confidence intervals do not cross zero).  The comparison between classes of chemical defenses (QB) was not significant for alkaloids, terpenes, and phenylpropanoids, or for qualitative and quantitative categories. Effect sizes (dsi) are located below bars. All effect sizes in this analysis were significant. Sample sizes are located above CI bars. 
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Figure 2. Comparison of effect sizes of qualitative and quantitative defenses for herbaceous and woody plants. Only qualitative defenses had a significant effect in herbaceous plants, and quantitative defenses in woody plants (herb. dsi = 1.2, CI = 0.71; woody. dsi = 1.2, CI= 0.63). There were no significant differences between chemical defense classes. Asterisk above bar indicates a significant effect size (dsi).
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Figure 3. Comparison of effect sizes between herbaceous and woody plants for the metabolic pathway categories. Phenylpropanoids and terpenes both had significant effects for herbaceous plants (trp; dsi = 1.8, CI = 1.3; pp; dsi = 1.2, CI = 1.0). For woody plants only phenylpropanoids were significant (pp; dsi = 1.2, CI = 0.63). No significant differences were found among chemical classes. Asterisk above bar indicates a significant effect size (dsi).
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Figure 4. For specialists and generalists feeding on qualitative and quantitative defenses, there were no differences between chemical defense categories. See result text for QB and significance values. Asterisk above bar indicates a significant effect size (dsi).
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Figure 5. Comparisons between dependent variables for qualitative and quantitative chemical defenses showed that only development and feeding had significant effect sizes (for both qualitative and quantitative defenses), and fecundity and attractant/aversion had a significant effect size for quantitative defenses. None of the QB  values showed between-class significance (see text for all values). Asterisk above bar indicates a significant effect size (dsi).
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Figure 6.  For the metabolic pathway grouping, only terpenes and phenylpropanoids had significant effects sizes for development and feeding, while alkaloids were non-significant. For fecundity and attractant/aversion, only terpenes had a significant effect size. None of the other variables had significant effect sizes, and none of the between-class statistics (QB) were significant (see text for all values). Asterisk above bar indicates a significant effect size (dsi).
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Figure 7.  Effects of plant chemistry for specialist and generalist herbivores feeding on herbaceous and woody plants. All effects sizes were significant with generalists having a higher effect size on herbaceous plants and specialists having a large effect size on woody plants (gen. dsi = 1.4, CI = 0.88; spec., dsi = 1.6, CI = 0.75). Asterisk above bar indicates a significant effect size (dsi).
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Figure 8. Effect sizes for specialist and generalist herbivores feeding on herbaceous and woody plants broken down by qualitative and quantitative chemistry. Only qualitative defenses had significant effect sizes for specialists and generalists feeding on herbaceous plants. And for woody plants, only quantitative defenses had significant effect sizes for specialists and generalists. None of the QB values were significant (see text for all values). Asterisk above bar indicates a significant effect size (dsi).
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Figure 9. For metabolic pathway categories, only terpenes had a significant effect size for specialists feeding on herbaceous plants. And for woody plants, only phenylpropanoids had a significant effect size for both specialist and generalist feeders. None of the QB values were significant. See text for all values. Asterisk above bar indicates a significant effect size (dsi).
Discussion
Before and after the plant apparency hypothesis was first proposed (Feeny 1975, 1976, Rhoades & Cates 1976), a number of studies investigated the effects of plant secondary metabolites on herbivores (Fraenkel 1953, Odum & Pinkerton 1955, Whittaker & Feeny 1971, Ehrlich & Raven 1964, Da Costa & Jones 1971, Raybould & Moyes 2001, Macel & Vrieling 2003, Nieminen et al. 2003). The products of these investigations have been multi-faceted and for the most part, the plant-apparency hypothesis has lost support in the literature due to an overall lack of predictive power and the accumulation of many discrepancies and exceptions. In our quantitative synthesis of this literature, we found evidence supporting the assertion that, overall, qualitative and quantitative plant defenses do not have significantly different effects on herbivores (Figure 1). The within class variation for qualitative and quantitative defenses was significant, indicating that each defense does have a significant effect on herbivores, but that the effect does not differ between these defense categories. The lack of difference between quantitative and qualitative defenses may reflect the fact that the effects of secondary metabolites on herbivores are bound to be influenced by the myriad of other interactions taking place within a community at the same time, which results in high error variance (in this case, high variance in effect size within a class). In other words, any such effect will also depend on variables such as plant quality, the presence of other compounds, environmental conditions, herbivore life stage, and diet breadth. The effect size is likely to be significantly altered based upon these extraneous variables. Duffey and Stout (1996) argue that oversimplifying the effects of plant defense on herbivores can lead to faulty predictions. Assuming that compounds exhibit a singular mode of action irrespective of the herbivore, plant, or environment will undermine any predictions regarding the interaction between plant chemistry and herbivory. Unfortunately, the number of individual effect sizes available from the literature for pooling is not high enough to allow for adding modifications to the plant-apparency hypothesis based on these additional variables.

We can say with confidence that, overall, plant secondary metabolites do have a strong effect on herbivores (Figure 1, high dsi values), but effect size differences between secondary metabolites must be examined on a case by case basis, until more studies are available to produce a better predictive model. For example, an increase in the concentration of toxins may have no effect on the development of adapted-specialist herbivores, but when plant quality is low, there may be a significant effect via diminished nutritional value.

One variable that can contribute to error variation and that we examined was herbivore diet breadth, since the plant-apparency hypothesis makes specific predictions regarding diet breadth of herbivores, and the plant type (woody or herbaceous) upon which they are feeding. Rhoades and Cates (1976) and Feeny (1975,1976) hypothesized that specialist herbivores are more likely to be affected by the plant defenses of woody (apparent) plants than those of herbaceous (non-apparent) plants, since specialist herbivores have evolved and developed tolerance in association with non-apparent plants. Conversely, generalist herbivores are more likely to be affected by defenses of herbaceous, non-apparent plants based upon their evolution in association with apparent, woody plants. The meta-analysis data did not support this prediction. We found that while secondary compounds in woody trees do have a greater effect on specialist herbivores than on generalist herbivores, and secondary compounds in herbaceous plants have a greater effect on generalist herbivores than on specialist herbivores, this difference was not significant between qualitative and quantitative defenses. Likewise, quantitative defenses had a larger effect on specialist herbivores feeding on woody plants than did qualitative defenses, but there was no significant difference between the two defense classes. This pattern was based on only six studies in which woody plants with qualitative defenses were tested with specialist herbivores, which may account for the large confidence intervals for this comparison. The low sample size for this particular combination is indicative of either a sampling bias favoring examination of quantitative defenses when woody plants are used, or a real biological trend for low incidence of qualitative defenses among woody plants. 

The comparison of herbivore response variables (development, feeding, mortality, fecundity, attractant/aversion, and cellular interference) yielded two significant categories of response to chemical defense. Herbivore development, which included all variables related to growth (i.e. time, weight), and feeding, which included variables related to consumption (i.e. amount/area consumed, consumption index) both were significantly affected by plant chemistry. These responses were not significantly different for quantitative versus qualitative defenses. If quantitative defenses truly did act as digestibility reducers and qualitative defenses as toxic deterrents, we would expect that these variables, development and feeding, would show a significantly greater effect size for quantitative defenses, which was not the case. Fecundity was the only other variable for which a significant effect size was shown in response to quantitative defenses. The small sample sizes for the other response variables should provide impetus for more studies examining these herbivore responses, rather than assuming that these responses are not affected by chemistry. 

When plant defenses were grouped based upon their metabolic pathway, more of the between class variation (QB) was explained and some interesting patterns emerged. When qualitative defenses were subdivided into terpenoids and alkaloids, we found that in almost all cases the effect size for terpenoids was closer to that of phenylpropanoids than that of alkaloids. Terpenoids have traditionally been known for their effects as feeding stimulants for specialist herbivores, attractants for plant pollinators, and precursors for insect pheromones (Bassman 2004, Rosenthal & Berenbaum 1991). Terpenoids also had significant effects on herbivore fecundity and consumption, which were again similar in effect size to phenylpropanoids (Figure 6). This result is really not that different from plant-apparency predictions, in that these carbon-based compounds may be more likely to affect growth of herbivores; this could also explain the effect of terpenoids and phenylpropanoids on fecundity as low adult/pupal weights are correlated with low fecundity (Gilbert et al. 1984). Nevertheless, terpenoids such as iridoids, sesquiterpenes, cardiac glycosides, and saponins have also been shown to have toxic effects on herbivores (Harborne 1988, Brielmann 1999).        


For almost every prediction made by the plant-apparency hypothesis, our quantitative literature synthesis revealed weak support for those predictions. When chemical defenses were categorized based upon toxicity or inhibition of digestion, our results again weakly supported the predictions made by Rhoades & Cates (1976). While the plant-apparency hypothesis provides an excellent foundation for describing the evolution of plant defenses against herbivores, it is beset by error variance, making it difficult for use as a general hypothesis. Plant secondary metabolites are extremely diverse and have multiple functions beyond defense against herbivores. Since these compounds are under selection from many different forces, it is impossible to construct a simple theoretical framework that successfully predicts their ecological interactions with herbivores. A more intricate theoretical framework is necessary that accounts for other sources of variation, such as metabolic pathways, herbivore response variables, and community dynamics; surprisingly, there are insufficient empirical studies to test very specific predictions. 

A total of 267 effect sizes is large enough to reject straightforward hypotheses (e.g., specialists are affected more than generalists by quantitative defenses), but it is not sufficient for testing more involved interactions. Many studies that met our other criteria were not included because standard deviations or sample sizes were not reported; therefore, our data do not include all published effect sizes. A clear hole in our data is a disproportionate bias towards temperate studies – only 7% of the studies included were performed on herbivores and plants in the tropics – and so it is possible that our outcome would be different if more tropical studies were included. The low number of tropical studies in this meta-analysis may reflect an overall need for increased efforts in tropical research. One likely reason for the low incidence of suitable tropical studies is that most plants in the tropics have yet to be chemically characterized. Without knowing the chemical make-up of a plant, it is difficult to make predictions and carry out experiments on the effects of plant chemical defenses. The staggering diversity of plants in the tropics may limit the rate at which tropical plant chemistry is explored (Dyer & Coley 2001).

The plant-apparency hypothesis is not the only plant defense theory that has been criticized for lacking generality. While the Carbon Nutrient Balance hypothesis (Bryant et al. 1983) is more focused on the ecological determinants of plant defenses, it has received a similar wave of criticism for ignoring evolutionary processes, exhibiting high irregularity, and being inherently flawed (Nitao et al. 2002). Nitao et al. (2002) argue that in order for a suitable plant defense theory to work, it must consider evolutionary processes as well as ecological ones. The converse argument can be made for the plant-apparency hypothesis, in which specific predictions are made based on historical constraints on plant defenses, but many other important ecological interactions are ignored, such as the effects of the third trophic level on variation in plant defense. Although herbivore natural enemies may not exert direct selection pressure on plants, their indirect effects are important enough to justify their incorporation into any general theory of plant chemical defense (Price et al 1980). For example, several studies have shown that host plant choice by herbivores is based upon the incidence of parasitism (Karban & English-Loeb 1997, Singer 2001, Singer et al. 2004, Bernays & Singer 2005). In such a situation, herbivores and parasitoids interact in influencing the evolution of plant defenses. 


Along similar lines, the plant-apparency hypothesis makes predictions about the chemical preference of specialist and generalist herbivores, assuming that only a single herbivore type is ecologically relevant. However, a more biologically sound scenario is that plant communities constantly experience pressure from both specialist and generalist herbivores. Thus, while plants may adapt to deter consumption by specialists, they are simultaneously under selection pressure from generalist feeders. The assumption that generalists are unable to breach chemical defense of unapparent plants is not well-supported in the literature (Agrawal 1998, Agrawal et al. 1999, Agrawal & Kurashige 2003). Using specialist and generalist herbivores of the plant Brassica nigra, Lankau (2007) found that B. nigra increased concentrations of glucosinolates when the dominant herbivore was a generalist, and conversely, decreased chemical concentrations when the dominant herbivore was a specialist. When both herbivores were present, the concentrations stayed at an intermediate concentration. Clearly, plants are under selection pressure from both specialist and generalist herbivores, regardless of their defensive chemistry, resulting in unique constitutive and inducible defense responses to these competing selective pressures. 

In conclusion, it is obvious that the evolution of plant defenses has been – and still is – influenced by herbivores. Our meta-analysis showed that to develop a general theory regarding the evolution of plant defenses, we must take into account current ecological constraints and pressures that influence the evolution of these interactions. In addition, including other sources of variation, such as influences of upper trophic levels, will certainly lead to a theory which is likely to have increased predictive power. Finally, it is clear that a simple, straightforward unified plant defense theory may not possible. Nevertheless, as a starting point for testing the effects of plant chemistry on herbivores, the plant-apparency hypothesis has been beneficial by providing experimental ideas and stimulating further research. One step in the direction towards making this approach more predictive is to categorize defensive compounds based on metabolic pathway rather than the traditional quantitative/qualitative dichotomy.
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Chapter 3. The evolution of insect diet breadth: interactions between plant chemistry and caterpillar immune defense

Abstract
Selective pressures from plant chemistry (bottom-up forces) and natural enemies (top-down forces) have been hypothesized to independently play key roles in driving insect herbivores towards narrow diet breadths. In this study, we propose a mechanism by which the combination of plant chemical defense and pressure from natural enemies together could influence diet breadth in an unexpected direction. We assessed the effects of plant chemistry on an insect’s immune defense and found that specialized herbivores feeding on plants with high concentrations of toxins are more likely to be successfully parasitized for two reasons:  1) direct toxicity of sequestered compounds to the host and 2) diverted resources from the immune response to detoxification or sequestration of plant toxins. These combined factors can exert selective pressure on herbivores towards feeding on plants with low concentrations of toxins.
Keywords: diet breadth, specialization, evolution, Buckeye, tri-trophic interactions, encapsulation, insect, immune, iridoid glycosides, Plantago lanceolata, Plantago major, sequestration, parasitism
Introduction

Two prominent questions in ecology and evolutionary biology are: 1) How are herbivore populations regulated, and 2) How does specialization evolve?  Studies of tri-trophic interactions have shed light on these questions, revealing strong effects of both plant secondary compounds and natural enemies on the ecology and evolution of insect herbivores (Jaenike 1990, Cornell & Hawkins 2003, Bowers 1990, 1992). While a diverse array of plant compounds are critical in deterring herbivorous insects from feeding on plant tissues, many insects have evolved physiological mechanisms to detoxify secondary compounds (Bowers 1990). A more complex evolutionary response to plant chemical defense is found in those herbivores that have co-opted these toxins for their own benefit by sequestering them and using them as a defense against natural enemies (Bowers 1990). Costs associated with detoxification and/or sequestration, linked with trade-offs in performance on alternative hosts, are assumed to be central to the evolution of insect specialization, and more generally for contributing to the high diversity of insects and flowering plants. Both sequestration and detoxification could be energetically costly, because these physiological processes involve the production of a number of different enzymes needed to transport toxins or to convert compounds into a non-toxic state for storage or for metabolism (Bowers 1992). 

Insect herbivores with a finite energy budget may be immunocompromised by diverting energy away from immune function in order to detoxify or store toxins (Schmid-Hempel & Ebert 2003).  Alternatively, plant toxins may have a direct negative effect on specialized immune cells in the insect’s hemolymph. When herbivores are immunocompromised, they become particularly vulnerable to attack from pathogens, parasites, and parasitoids (Kapari et al. 2006, Moret & Schmid-Hempel 2000). Previously, we demonstrated that caterpillars feeding on a diet with high concentrations of secondary metabolites have greater parasitism rates than those feeding on diets with low concentrations of secondary metabolites (Dyer et al. 2004). Here we report experimental results that provide unique support for the hypothesis that feeding on plants with high concentrations of secondary metabolites makes lepidopteran larvae more vulnerable to attack by parasitoid wasps and flies (Hunter 2003) by both direct cellular toxicity and metabolic interference. The resulting effect may be that lepidopteran larvae are less likely to specialize on highly toxic plants.

Encapsulation and melanization are non-specific immune responses whereby both granular cells (GLs) and plasmatocytes (PLs) in insect hemolymph adhere to a foreign body and build layers of cells around the object, which will eventually become melanized (Figure 10) (Gillespie et al. 1997).  The combination of encasement in cells and the oxidative reactions involved with melanization act to asphyxiate and poison the foreign body (Gillespie et al. 1997). The encapsulation/melanization response is immediate and provides insects an extremely effective defense mechanism against parasitic wasps and flies that live in the insect hemocoel (Godfray 1994). 

Parasitoids may be targeting insects that sequester high concentrations of secondary metabolites in order to take advantage of a compromised immune system. In addition, parasitoid larvae may be better protected from predators as they develop within a chemically defended host (Gentry & Dyer 2002). While some studies show that sequestered toxins are detrimental to developing parasitoid larvae (Campbell & Duffey 1981, El-Heneidy et al. 1988), here we demonstrate that they may actually benefit parasitoid larvae by suppressing the host’s immune response. The same sequestered toxins that facilitate establishment of developing parasitoids within an immunocompromised host could also provide “enemy-free space” later in the parasitoid life cycle by reducing predation of the host and the vulnerable larvae inside it (Gentry & Dyer 2002). 
In a series of four laboratory experiments, individuals of the specialist Buckeye caterpillar, Junonia coenia Hubner (Nymphalidae), were randomly assigned to diets containing different levels of iridoid glycosides (IGs), which are a class of monoterpene secondary metabolites that are present in about 57 plant families (Boros & Stermitz 1990). The Buckeye caterpillar specializes on plants containing IGs and sequesters these compounds, primarily in the hemolymph (Bowers & Collinge 1992).
Methods and Materials
Injections
Junonia coenia caterpillars were acquired from an established lab colony at the University of Colorado, Boulder. Individuals were randomly assigned to appropriate diets. Beads used for injections were Sephadex-25 silica chromatography beads obtained from Sigma-Aldrich (Lavine & Beckage 1996, Lovallo et al. 2002, Rantala & Roff 2007). Beads were dyed with a 0.1% solution Congo Red Dye and allowed to dry completely. Beads were injected using the Hamilton 7000 series syringe (Sigma-Aldrich) or hand-made fine glass needles (Hu et al. 2003, Stettler et al. 1998). Solutions of 5 µl, containing five to fifteen beads in Grace's Insect Medium (Fisher Scientific), were injected per individual. Once injected, the injection site was sealed using New Skin Liquid Band-Aid, and caterpillars were returned to their food. After 24 h, caterpillars were put in the freezer and later dissected to retrieve beads. Beads were stored in ringer solution until photographed. Beads were photographed using a dissecting microscope mounted with a digital camera. Beads were then analyzed using Adobe Photoshop to obtain the r-value (red value) and saturation for each bead. Mean r-values were obtained for beads from each caterpillar and compared between treatments. The r-value is a measure of the red value of an image on a scale ranging from 0-255, where 0=pure grey, and 255=pure red. Saturation is the proportion of the perceived pure hue in the color and is measured on a numerical scale of 0-100, where 0=pure grey, and 100=pure hue. The mean r-value and saturation value of beads per caterpillar were calculated and compared between treatments using analysis of variance (ANOVA). The r-value was transformed into a percentage of melanization (1 - (r-value/maximum r-value)) for ease of interpretation.
Respiration experiments

Junonia coenia respiration rates were measured using a CO2 gas analyzer (LI-COR 820). Actively feeding caterpillars were placed in a 400 ml dynamic chamber (one caterpillar per trial) and respiration measurements were recorded every second over the time span of three minutes. Caterpillar respiration units were standardized to mol CO2 per gram of caterpillar (dry weight), and the mean respiration rate was used for all analyses.

Feeding efficiency experiments

Feeding efficiency was calculated using the standard gravimetric method (Waldbauer 1968) to determine the effects of IGs on caterpillar development. The following five nutritional indices were calculated (modified from the original equation):

Relative growth (RG) = larval dry weight gain / average larval dry weight during interval 

Relative consumption (RC) = dry weight of food consumed / average larval dry weight during interval

Efficiency of conversion of ingested food (ECI) = larval dry weight gain / dry weight of food consumed

Approximate digestibility (AD) = dry weight of food consumed – dry weight of frass / dry weight of food consume

Experiments

For the first experiment (“plant-species” experiment), caterpillars fed on either: 1) Plantago lanceolata (Plantaginaceae), which has high concentrations of IGs (5 – 12 % dry weight) that are sequestered by Buckeyes in amounts as high as 25% dry weight (Theodoratus & Bowers 1999), or 2) Plantago major (Plantaginaceae), which has low concentrations of IGs (0.2 – 1% dry weight), and Buckeye larvae reared on this species contain 1 – 5% dry weight IGs (Theodoratus & Bowers 1999). For the second experiment (“artificial diet” experiment), we used artificial diet, so that the only difference between diets was the concentration of IGs. Buckeyes were assigned to either: 1) an artificial diet containing 5% IGs, or 2) an artificial diet containing 1% IGs. For experiment three (“selected plant-lines” experiment), Buckeyes fed on either: 1) P. lanceolata artificially selected for high concentrations of IGs, or 2) P. lanceolata artificially selected for low concentrations of IGs. For this experiment, we also measured the total amount of IGs (mg) that were sequestered by Buckeyes on each diet. For the fourth experiment (“surface application” experiment), caterpillars were assigned to a leaf diet of P. major with isolated and purified IGs added to the leaf surface at 10% or 2% concentrations, or a control treatment in which caterpillars fed on P. major leaves with no added IGs. Each of these four diets represents a unique mode for delivering IGs to Buckeye caterpillars, and the caterpillar’s response varied accordingly. 

The immune response was measured by injecting red silica beads (80-120 µm diameter) into caterpillar hemolymph and allowing 24 hours for encapsulation and melanization (Lavine & Beckage 1996). The beads were retrieved, photographed, and the degree of melanization was compared using imaging software. This technique accurately reflects actual immune function in insects (Rantala & Roff 2007).

Results
In the “plant-species” experiment, individuals feeding on the high IG plant, P. lanceolata, had a decreased melanization response compared to individuals reared on the low IG plant, P. major (Figure 11, analyzed with two-tailed ANOVA F [1,7] = 30, P = 0.0015), indicating that Buckeyes reared on the high IG plant were less efficient at encapsulation. This represents a considerably costly trade-off: an 18% decrease in an important immune function associated with consumption of plants with high concentrations of IGs (Bowers 1992, Gillespie et al. 1997). For the “artificial diet” experiment there was no significant difference in immune response between the high and low IG artificial diet treatments (n = 32 caterpillars per treatment, 5-15 beads per caterpillar, analyzed with two-tailed ANOVA, F[1,60] = 0.92, P = 0.34). The low overall variance in this experiment stems from consistently low melanization responses on the artificial diets irrespective of treatment, which suggests that the artificial diets we employed may lack key components necessary for melanization (high diet, mean ± s.e.m. percent melanization = 45.32 ± 12.05%; low diet, mean ± s.e.m. percent melanization = 51.80 ± 12.21%). When we tested for a correlation between sequestration and melanization, we found that Buckeyes that were sequestering higher concentrations of IGs had a lower melanization response (Pearson Correlation Coefficient r = -0.25, P = 0.058, N = 59). For the “selected plant-lines” experiment, we again found a negative correlation between total IGs sequestered and percent melanization (Pearson Correlation Coefficient r = -0.56, P = 0.059, N =12), indicating that, as sequestration increases, the immune response decreases. For the “surface application” experiment, in which isolated IGs were pipetted onto the leaf surface of Plantago major, caterpillars feeding on the 10% IG treated leaves had significantly lower melanization than the caterpillars in the control group (Figure 12, ANOVA, F[2,43] = 4.09, P = 0.024). 

The “plant-species” experiment, in which the Buckeyes were feeding on different species of plants, showed the greatest effect size. This not only suggests that immune function is inhibited by sequestration of high levels of secondary metabolites, but also that other characteristics, such as primary metabolites and/or nutritional composition of plants, may play a significant role in herbivore immune function. There is recent evidence that herbivores will modify their nutrient intake when faced with an immune challenge, such as a pathogen or parasitoid (Singer et al. 2004, Ojala et al. 2005). We did not investigate or compare the nutritional content of P. lanceolata and P. major, but P. major does have lower IG concentrations and it could also be nutritionally superior to P. lanceolata. However, treatments in the other three experiments did not differ in nutritional content, and results still showed that high diet IG concentrations and larval sequestration of IGs can significantly interfere with the encapsulation response. Overall, the largest effect sizes were found in the “plant-species” experiment and the “surface application” experiment, which were the experiments with the greatest difference in IG concentration between diets. Previous work with Junonia coenia indicates that the effect sizes we report here are sufficient to generate responses at the population level for this species (Camara 1997b).
 In order to test the hypothesis that increased metabolic load and altered feeding efficiency associated with toxic diets affect encapsulation, we recorded respiration rates and measured feeding efficiency indices for caterpillars in the “surface application” experiment. We predicted that respiration rates would increase with increased IGs in the diet due to a higher detoxification/sequestration load. We measured J. coenia caterpillar respiration rates using a CO2 gas analyzer (LI-COR 820) and also determined approximate digestibility (AD; percentage of ingested food that is digested) and growth rate (GR) for each caterpillar; these feeding efficiency indices are most relevant to sequestration and metabolic trade-offs (Waldbauer 1968). Using path analysis, we tested and compared specific causal hypotheses (Shipley 2000) using the data from the “surface application” experiment, in which IG concentrations were 10% (high) and 2% (low). For each model, we tested the strength of proposed causal pathways between diet, AD, GR, respiration, and encapsulation in order to elucidate direct and indirect effects of these variables on encapsulation. 

The path analysis model which best fit the data showed that high IGs in the diet had a direct negative effect on encapsulation (X2 = 0.90, d.f. = 1, P = 0.34; P-values greater than 0.05 indicate a significant fit). Several other path analysis models including other feeding efficiency indices and encapsulation were also tested, but were rejected due to a statistically poor fit to the data. This model supports our hypothesis that a high IG diet has a strong direct negative effect on encapsulation in addition to indirect negative effects via AD. This negative effect on encapsulation was not caused by increased respiration rates (Figure 13). The main effect of IGs on Buckeye feeding efficiency was a strong positive effect on AD,),  which in turn has a negative effect on encapsulation. Since we found a positive correlation between high IG diet and AD, increasing the portion of the ingested food that is digested (high AD) could also increase the amount of IGs crossing the gut wall, so that caterpillars are sequestering more IGs in their tissue. Buckeyes feeding on diets with 10% concentration of IGs had a significantly higher AD compared to Buckeyes feeding on diets with 2% concentration of IGs (N = 120 caterpillars, ANOVA, F[2,118] = 5.50, P < 0.0052). The negative effect of AD on encapsulation may be due to the increased amount of IGs in the hemolymph, which could negatively affect immune cells as well as decrease resources available for encapsulation. Unexpectedly, we found that metabolic rates were significantly higher on the low IG diet compared to the control and high IG diets (N = 104 caterpillars, ANOVA, F[2,101] = 11.71, P < 0.0001), indicating that increased processing of IGs does not increase respiration. Instead, the observed increase in respiration on the low IG diet may be a result of the higher immune response on the low IG diet. Other studies have shown an increase in CO2 output when caterpillars were presented with an immune challenge (Freitak et al. 2003). Consequently, the increase in CO2 output in our study reflects an increase in the immune response, but does not reflect changes in IG processing costs. No other feeding efficiency indices were significantly different between diets, nor were they a good fit in our path analysis models. Only when encapsulation was taken out of the model was there a significant effect of diet on other feeding efficiency indices. Model 2 is a simplified hypothesis that shows high IG diet has a negative effect on growth rate (Figure 13 Model 2; X2 = 0.0287, d.f. = 1, P = 0.8655).
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Figure 10. Bead encapsulation and melanization: (A) Left image shows an encapsulated and melanized bead from a caterpillar feeding on a toxic diet. (B) Right image shows a bead without encapsulation retrieved from a caterpillar feeding on a non-toxic diet. 
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Figure 11. Percent melanization between treatments for experiment one. Buckeyes (Junonia coenia) reared on Plantago lanceolata (high iridoid glycoside plant) had significantly lower levels of melanization (n = 4 caterpillars, 5-15 beads per caterpillar, mean ± s.e.m. percent melanization = 72.34 ± 0.9775) as measured by red hue saturation than buckeyes reared on P. major (low iridoid glycoside plant) (n = 4 caterpillars, 5-15 beads per caterpillar, mean ± s.e.m. percent melanization = 85.29 ± 1.8936).
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Figure 12. Percent melanization between treatments for the “surface application” experiment. Letters above bars indicate which treatments were significantly different from each other. As was observed in the “plant-species” experiment , J. coenia feeding on plants with high IGs added had a decreased encapsulation response (n = 19 caterpillars, 5-15 beads per caterpillar, mean ± s.e.m. percent melanization = 66.73 ± 3.8) compared to caterpillars feeding on the control diet (n = 6 caterpillars, 5-15 beads per caterpillar, mean ± s.e.m., percent melanization = 81.50 ± 3.2). Low IG diet was not significantly different from the high IG diet (n = 21 caterpillars, 5-15 beads per caterpillar, mean ± s.e.m., percent melanization = 76.04 ± 3.6).
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Figure 13. Model 1 Encapsulation Model. Numbers above pathways are partial correlation coefficients. Negative numbers and bulleted arrows indicate a negative effect of one variable on another. Of all hypothetical encapsulation models tested (not shown), model 1 had the best fit to the data (X2 = 0.8983, d.f. = 1, P = 0.3432), supporting our hypothesis that high concentration of IGs have a direct negative effect on the encapsulation response. High concentrations of IGs also increased approximate digestion (AD), which in turn had a negative effect on encapsulation. We hypothesize that with an increase in AD more IGs are crossing the gut wall and being sequestered in the hemolymph, which inhibits normal immune function. Model 2 Growth Rate Model. This model shows that high concentrations of IGs negatively affect caterpillar growth rate (X2 = 0.0287, d.f. = 1, P = 0.8655), which may partly explain the associated decrease in CO2 output found in model 1. 

Discussion
Our results provide clear empirical evidence that the encapsulation response of Junonia coenia is directly affected by the amount of IGs these caterpillars sequester from their diet. It appears that the cost of sequestering high concentrations of IGs is direct and is not reflected by metabolic load (i.e. respiration) or growth rates. If this is a general phenomenon, specialist herbivores may be expected to experience trade-offs between the benefit of chemical defense and the physiological cost of that defense. The ecological result may be that effective anti-predator chemical defenses of herbivores are an asset to parasitoids by creating enemy-free space, as our previous work indicates (Dyer et al. 2004). Parasitoids are the most important source of mortality for many caterpillars and can exert considerable selective pressure (Godfray 1994, Hawkins et al. 1997). 

It is likely that sequestration evolved in response to generalist predators such as birds and spiders, and the challenge facing insect herbivores from parasitoids arose more recently. For example, flies in the family Tachinidae are a dominant source of parasitoid-induced mortality among caterpillars, and this dipteran family arose relatively recently (approximately 20 million years B.P.) (Stireman et al. 2006), while specialized relationships between plant and insect genera are typically much older (< 97 million years B.P.) (Labandeira & Sepkoski 1993, Labandeira et al. 1994). Among specialist caterpillars that sequester toxins it is likely that parasitoids represent a stabilizing selective force by decreasing extreme specialization and favoring a more general diet and lower levels of sequestration. 
Our data are consistent with the hypothesis that both bottom-up and top-down forces can work in concert to influence the diet breadth of herbivores. The lack of difference in most of the feeding efficiency indices and respiration along with our path analysis data support the idea that the effect of sequestered plant secondary metabolites is a direct negative effect on the encapsulation response. Thus, being chemically defended can lead to higher parasitism rates due to a diminished immune response. This discovery raises questions about the effectiveness of chemical sequestration as a defense against all natural enemies and about its role in the evolution of diet breath in phytophagous insects (Dyer 1995).  Further research on the costs and benefits of insect chemical defenses should further resolve these and other basic questions about the regulation of herbivore populations and evolution of diet breadth.
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Chapter 4: Effects of ingested secondary metabolites on the immune system of a polyphagous caterpillar (Grammia incorrupta)
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Abstract
Determinants of insect diet breadth have been the topic of numerous studies in ecology and evolution. Among the many factors influencing host plant choice, plant secondary metabolites and natural enemies are certainly the most influential. In this study, we consider the effects of both plant secondary metabolites and natural enemies on herbivore diet breadth. We tested the effect of high concentrations of secondary metabolites on the immune response of the polyphagous caterpillar, Grammia incorrupta. Individuals of G. incorrupta were fed either a diet with high concentrations of iridoid glycosides or a diet with low concentrations of iridoid glycosides. The immune response was assessed on each diet by presenting an immune challenge to the caterpillar. We found that the immune response of G. incorrupta was not significantly affected by feeding on high concentration of iridoid glycosides. When feeding efficiency was measured, pupal weights were lower on the high diet due to a decrease in consumption. Overall, individuals of G. incorrupta exhibited a high immune response with low variation. We conclude that since the immune response of G. incorrupta is not affected by certain secondary metabolites, the ability to host switch provides an optimal strategy against its natural enemies.
Introduction

Studies on the evolution of insect diet breadth were first stimulated by hypotheses concerning factors that influence host plant selection. For example, differences in plant nutritional quality and the presence or absence of secondary metabolites were originally hypothesized to play key roles in determining host plant choice by herbivores (Fraenkel 1953, 1959; Odum & Pinkerton 1955; Whittaker & Feeny 1971). Subsequently, Hairston et al. (1960) shifted the focus from a plant-centered view of host plant selection and stimulated research into the effects of predators on plant-insect interactions. More recent studies have stressed that there are many variables driving herbivore feeding preferences, and it is unlikely that one factor is the dominant force (Price et al. 1980, Bernays & Graham 1988, Barbosa & Letourneau1988, Camara 1997, Singer & Stireman 2003). 

Since most phytophagous insects are considered to be specialized feeders, much of the research on host-plant selection has focused on the evolution of a narrow diet breadth (Jaenike 1990, Bernays & Chapman 1994, Futuyma & Moreno 1988). A synthetic view of this research is that insect specialization can be driven by a multitude of factors including: avoidance of competition (McArthur & Levins 1964, McClure & Price 1975, Stiling 1980, Karban 1986), genetically based trade-offs in performance between difference habitats (Joshi & Thompson 1995, Via 1991, Fry 1996) physiological constraints due to plant chemistry (Ehrlich & Raven 1964), greater probability of finding host plants (Strong et al. 1984, Futuyma & Moreno 1988), and escape and defense from natural enemies (Bernays & Graham 1988, Price et al. 1980, Dyer 1995). Though research on the evolution of a generalized diet breadth has not been as intense, studies have shown that generalization is driven by greater resource availability (Thompson 1982); unpredictable or unstable habitats (Strong et al. 1984); risk-spreading (Jaenike 1990, Nosil 2002); greater nutrient availability by diet mixing (Pulliam 1975, Rapport 1980, Singer 2001, Behmer et al. 2002); and reduced parasitism on mixed diets (Karban & English-Loeb 1997, Bernays & Minkenberg 1997, Singer et al. 2002, 2004, Singer & Stireman 2003). A common theme in these studies of the evolution of diet breadth is the idea that natural enemies can direct both a narrow diet breath and a wide diet breath. The resolution to this potential discrepancy lies in the fact that different guilds of enemies can be driving these two feeding strategies. 

With respect to the hypothesis that enemies select for specialization, the majority of predators in these studies are generalist predators such as spiders, birds, and ants (Dyer 1995). Specializing and sequestering host plant toxins works successfully against these predators because in most cases they have not evolved mechanisms for detoxification, thus specializing and sequestering is evolutionarily successful against them. Sequestering toxins is less likely to be effective against more specialized enemies such as parasitoids because they have evolved to survive within a specific host and can more easily overcome host defenses. Several studies have shown that in multi-trophic systems with specialized parasitoids, sequestered toxins or high concentrations of toxins in the insect’s diet do not deter parasitoids and may even contribute to higher rates of parasitism (Dyer & Gentry 1999, Gentry & Dyer 2002, Zvereva & Rank 2003, Sznajder & Harvey 2003). Some parasitoids will even sequester secondary metabolites from their host, indicating a highly specialized interaction (Gauld & Bolton 1991). In addition, specialist caterpillars sequestering large amounts of plant secondary metabolites have a weakened immune response (Smilanich, chapter three). Thus, not only are parasitoids better protected from external predators in a sequestering host, but they are also more likely to overcome the insect’s immune response. 

Studies that have shown generalist herbivores escaping predators by feeding on mixed diets have focused on parasitoids. By feeding on a mixed diet, generalist herbivores are better able to meet nutritional requirements, and at the same time decrease parasitoid success by opportunistically switching to toxic plants when they are parasitized (Karban & English-Loeb 1997, Singer et al. 2002, 2004). In addition to this explanation, it may be that generalist caterpillars sequester lower levels of plant secondary metabolites (Duffey 1980, Jones et al. 1989, Bowers, 1990, Dyer 2005), and therefore, aren’t as likely to be immunocompromised as sequestering caterpillars. In this case, feeding on many different plants is advantageous compared to specializing and sequestering.   

The insect immune response targets foreign objects inside the hemocoel and functions to defend against parasitoids, parasites, and pathogens. The immune response consists of three main components; phagocytosis, nodule formation, and encapsulation (reviewed by Gillespie et al. 1997). Encapsulation is the concerted action whereby specialized immune cells (hemocytes) adhere to a large foreign body and begin to build layers of cells, which will eventually become melanized. In general, when hemocytes first come into contact with a foreign object, they chemo-stimulate cells to form multicellular sheets around the object and melanize. A suite of proteins, including regulatory proteins, hemocyte response modulators, and melanization proteins are also involved in encapsulation making it a very complex process. For example, in order for melanization to occur, the prophenoloxidase (PPO) system must be activated. This process entails the manufacturing of 3 recognition proteins, proteinases, and cleavage proteins in order to activate PPO; since once it is activated, PPO can have cytotoxic effects. This cytotoxic effect during melanization is thought to contribute to killing the parasite or parasitoid egg (Gillespie et al. 1997).  Hence, insect immunity is a complex process requiring significant metabolic resources (Schmid-Hempel & Ebert 2003). For instance, Alleyne et al. (1997) showed that metabolic rates were significantly higher in parasitized Manduca sexta larvae (one-day after parasitization) than unparasitized larvae. Similarly, Freitak et al. (2003) showed that when the immune system of Pieris brassicae pupae were challenged with a nylon implant, their standard metabolic rate increased almost 8% compared to control pupae. According to Godfray (1994), the insect’s immune response is one of the most important and effective defenses against parasitoids. 

In this study, we investigated how diet affects the immune response of a polyphagous caterpillar, Grammia incorrupta (Strecker) (Lepidoptera: Arctiidae). We hypothesized that individuals of G. incorrupta feeding on diets with high concentrations of secondary metabolites (iridoid glycosides) will not differ in their immune response from individuals feeding on diets with low concentrations. Our hypothesis draws upon previous experiments where we found that the sequestering specialist caterpillars, Eois nympha and Eois apyraria (Lepidoptera: Geometridae), were more likely to be successfully parasitized when feeding on high concentrations of host plant secondary metabolites (Dyer et al. 2004). Bowers (unpublished data) has shown that G. incorrupta can sequester small quantities (1.75% total dry weight) of iridoid glycosides when fed the appropriate host plants. However, since the quantities are quite low, this may reflect a passive sequestration rather than active sequestration, which requires transporter proteins and is generally more resource heavy. Singer and Stireman (2003) showed that parasitized individuals of G. incorrupta have significantly higher survivorship on plants for which their growth performance is compromised under non-parasitized conditions. They hypothesized that feeding on nutritionally inferior or chemically rich plants is detrimental to developing parasitoid larvae. Thus having the ability to switch host plants could be selectively advantageous under conditions of high parasitism probability. If the encapsulation response of G. incorrupta is not affected by secondary metabolites, then being a generalist and diet mixing is advantageous not only because they are more likely to survive a parasitoid attack, but because their immune system is unaffected as well. 

Using a technique that simulates parasitization, we assess the encapsulation response of G. incorrupta feeding on plant diets and artificial diets with varying concentrations of secondary metabolites. Specifically, individuals of G. incorrupta were presented with an immune challenge in the form of implanted silica beads, and the strength of the immune response was measured by the caterpillars’ reaction to the implanted beads. For the experiments, we used both an artificial diet with iridoid glycosides added, and a plant diet where iridoid glycoside concentrations varied between two species of Plantago.
Methods and Materials

Study System
Caterpillars—Grammia incorrupta (Strecker) (Lepidoptera: Arctiidae), are woolly bear caterpillars that have been shown to feed on over 80 species of plants from 50 phylogenetically distant plant families (Singer 2001). The species distribution ranges from the arid grasslands and woodlands of the Southwestern U.S. to the deserts of Northwestern Mexico (Singer 2001). Singer (2001) showed that host-switching is a common behavior for this caterpillar, and it can move between plants within hours or minutes. Thus, unlike certain generalist Lepidoptera that have the potential to feed on a variety of plants, but are confined to a single host plant for the duration of their larval stage because of low mobility, G. incorrupta is an ecological generalist (sensu Irschick et al. 2005), regularly mixing its diet. One reason why G. incorrupta changes host plants so frequently may be because adults of this species oviposit on the ground, so that first instar caterpillars are required to search for a suitable host plant immediately upon hatching (Singer 2001). Although the host plants used for this study, Plantago lanceolata and Plantago major, are exotic species to North America, individuals of G. incorrupta do use a native plantago species, Plantago insularis, as a suitable host plant (Singer 2001). Grammia incorrupta larval development lasts approximately six weeks and larvae typically go through 6-8 instars. Field parasitism rates for G. incorrupta are 15% with the majority of these attacks coming from three “core” species of parasitoids, although a total of 14 (9 tachinids, 5 hymenopteran wasps) species have been reared (Stireman & Singer 2002). The three dominant parasitoids are tachinid flies, which are also polyphagous feeders. Stireman & Singer (2002) showed that parasitism rates for G. incorrupta vary both with habitat structure and over time. 

Iridoid glycosides—Iridoid glycosides (IGs) are a class of monoterpene-derived secondary metabolites that are present in about 57 plant families (Boros & Stermitz 1990). Concentrations are highly variable both between and within species, ranging from only a trace amount in some plants to as much as 22% of leaf dry weight in others (L’ Empereur & Stermitz 1990). Iridoids can be sequestered by individuals from four orders of insects: Lepidoptera, Coleoptera, Hempitera, and Hymenoptera (Bowers 1991). Within the order Lepidoptera, they can be sequestered during the larval stage through the pupal stage to the adult stage as seen in species of Euphydryas (Nymphalinae) (Bowers 1992), or eliminated at the pupal stage as seen in individuals of J. coenia (Bowers & Puttick 1988). Iridoid glycosides may have toxic, distasteful, or digestibility-reducing effects (Bowers & Puttick 1988, Puttick & Bowers 1988, Camara 1997a), depending on the diet breadth of the ingesting individual. In general, non-adapted generalist caterpillars experience a toxic and/or antifeedant effect from iridoids (Bowers & Puttick 1988, Puttick & Bowers 1988), while adapted caterpillars experience little physiological effects and in some cases sequestered iridoids provided protection from predators (Dyer & Bowers 1996). The source of iridoid glycosides for the artificial diets experiments in this study came from the herbaceous weedy plants, Plantago lanceolata and Plantago major (Plantaginaceae). In natural populations, the concentration of iridoid glycosides ranges between 5% -12% in Plantago lanceolata and 0.2% - 1.0% in Plantago major (Bowers & Stamp 1992). 

Experiments

We performed two separate diet experiments in which G. incorrupta were fed (1) a plant diet of either P. lanceolata (high IG) or P. major (low IG) and (2) an artificial diet in which a crude extract of iridoid glycosides were added at high (5%) and low (1%) concentrations. Both experiments were performed in the lab, but the plant diet experiment took place at the Southwest Research Station near Portal, Arizona in July 2006, and the artificial diet experiment took place at Tulane University Fall 2006. For both experiments, we assessed the encapsulation response of G. incorrupta when feeding on the different diets. We also measured feeding efficiency indices for the artificial diet experiment. While the sequestration abilities of G. incorrupta have been previously demonstrated to be low (Bowers, unpublished data), we did not measure the iridoid glycoside concentrations in the caterpillars and assumed that they were the same. In addition, concentrations of iridoid glycosides in P. lanceolata and P. major were not measured and were assumed to follow the known averages (Theodoratus & Bowers 1999). 
Injection Technique—To quantify encapsulation, G. incorrupta caterpillars were injected with silica beads as a proxy for parasitization by a parasitoid (Hu et al. 2003, Stettler et al. 1998, Lavine & Beckage 1996, Lovallo et al. 2002, Rantala & Roff 2007). This technique has been used widely in the literature and has been shown to accurately quantify immune function in insects (Gorman et al. 1996, Rantala & Roff 2007).

Since we were interested in the effects of diet only on the encapsulation response, this method of simulated parasitization is desirable because female parasitoids will often inject calyx fluid and/or polyDNA viruses that suppress encapsulation when ovipositing (Lovallo et al. 2002). By injecting egg-sized foreign bodies into the caterpillars, we are controlling for unwanted variables that would be present if female parasitoids were used. The injection method described here is the method used for both experiments. Injections were performed using a glass Pasteur pipette fashioned into a microinjection needle using a Bunsen burner flame. The pipette was heated until the silica became flexible, and was then pulled apart, so that a small diameter tip could be made by cutting the pulled pipette at the desired tip size. Silica beads (Sigma-Aldrich, Sephadex A20, 40-120 μm in size) were dyed using a 0.1% mixture of Congo Red Dye in order to facilitate bead retrieval (Lavine & Beckage 1996) and allowed to dry overnight in the hood. Once dry, the beads were suspended in Ringer solution and stored in the refrigerator until injections were performed. Before caterpillars were injected, they were cooled in the freezer for two minutes to slow their metabolism and prevent thrashing movements. Approximately 5-10 beads suspended in Ringer solution were injected into the caterpillar at the base of the third proleg. The injection site was covered using Second Skin Liquid Band-Aid( to prevent desiccation and infection. Caterpillars were then returned to their food and given 24 hours to encapsulate, then placed in the freezer.
To retrieve the beads, caterpillars were dissected in Ringer solution and encapsulation was compared between treatments by photographing beads using a camera mounted on a dissection microscope (Carl Ziess Discovery V.8, AxioCam Software). All photographs were taken at 80X magnification. Since the beads were dyed red before injecting them into the caterpillars, we were able to obtain an approximate measure of encapsulation and melanization strength by measuring the red value (r-value) of each bead. The r-value is a numerical measure of the red value of an image on a scale ranging from 0-255, where 0=pure gray, and 255=pure red. The lower the r-value, the greater the degree of melanization will be. Using Adobe Photoshop (version 6.0), the r-value was obtained for each bead. The r-value was transformed into a percentage of melanization (1 - (r-value/maximum r-value)) for ease of interpretation. The mean transformed r-value was statistically compared between treatments, using ANOVA with r-value as the dependant variable and treatment as the independent variable. 

Feeding Efficiency Experiments

For the artificial diet experiment, the feeding efficiency of caterpillars was recorded. Feeding efficiency can give an approximation of the metabolic costs of feeding on diets with high concentrations of secondary metabolites coupled with mounting an immune response. Feeding efficiency was calculated using the standard gravimetric method (Waldbauer 1968). The following five nutritional indices were calculated 

Relative growth (RGR) = larval dry weight gain / average larval dry weight during interval 

Relative consumption (RCI) = dry weight of food consumed / average larval dry weight during interval

Efficiency of conversion of ingested food (ECI) = larval dry weight gain / dry weight of food consumed

Approximate digestibility (AD) = dry weight of food consumed – dry weight of frass / dry weight of food consumed

Efficiency of conversion of digested food (ECD) = larval dry weight gain / dry weight of food consumed – dry weight of frass

For each caterpillar, we calculated the efficiency of conversion of ingested food (ECI), efficiency of conversion of digested food (ECD), and approximate digestibility (AD). The ECI measures the overall efficiency at which the caterpillar assimilates food into biomass. This measurement is broken down into the AD and ECD, where AD measures the proportion of nutrients that are assimilated from the ingested food (predigestion), and ECD measures the proportion of assimilated food that is turned into caterpillar biomass. All measurements were gathered over a fixed time interval starting at third instar and ending at the last instar (6th or 7th). Data gathered included food mass, body mass, and fecal mass each day. In addition, a subset of larvae and diet was dried and weighed at the beginning and the end of the experiment to obtain dry weight calculations.

Since using ratio indices to measure feeding efficiency have been criticized for (1) the poor allometric relationship between feeding ratios, (2) the lack of a biologically significant null model, and (3) a shared error term for the x and y variables (Raubenheimer 1995), we also measured the effects of the diet treatments on feeding efficiency using the parent variables of the Waldbauer ratios—growth (G), consumption (C), and frass (F) using ANCOVA. This method avoids the problems associated with ratio correlations, and is thought to provide a more accurate assessment of nutrient use by insects (Raubenheimer & Simpson 1992). Using ANCOVA, we analyzed the main effects of consumption and diet on growth and the interaction (consumption X diet) on growth with consumption as the covariate. 

Experiment One: Plantago lanceolata vs. Plantago major


For this experiment, G. incorrupta were transported to the Southwest Research Station from a lab colony from Wesleyan University, Connecticut (courtesy of M.S. Singer). Grammia incorrupta were randomly assigned to leaf diets of P. lanceolata or P. major. Plantago lanceolata contains two iridoid glycosides, aucubin and catalpol, at concentrations as high as 12% dry weight. In contrast, P. major contains only aucubin and at much lower (0.2% - 1%) concentrations (Theodoratus & Bowers 1999). Thus, P. lanceolata was designated for the high iridoid experimental diet and P. major for the low iridoid experimental diet. Plantago lanceolata and P. major plants were collected from wild populations growing at the station. Caterpillars were placed in plastic rearing cups and given fresh leaves as needed (usually every 2 days). At the beginning of 6th instar, silica beads were injected into the base of the third proleg as previously described. After 24 hours, caterpillars were put in the freezer and later dissected to retrieve the beads. Photographs were taken using the Ziess stereoscope at Tulane University. For this experiment, feeding efficiency variables were not recorded.

Experiment Two: Artificial Diet


Experiment two was designed to measure the effects of iridoid glycosides on the encapsulation response while holding all other diet variables equal. Thus, we used an artificial diet (Lei & Camara 1999) with known concentrations of iridoid glycosides added. Iridoid glycosides were extracted from leaves collected from wild populations of P. lanceolata in Southern Alabama. Extraction methods and technique were followed from those developed by Camara (1997a). Briefly, dried and pulverized P. lanceolata was weighed and placed in a flask with methanol to stir overnight. The methanol was then dried and the crude extract partitioned in a separatory funnel three times with water and ether. Since iridoid glycosides are highly polar, they dissolve into the aqueous layer, while fats, chlorophyll, and other non-polar compounds dissolve into the ether layer. The remaining aqueous layer is largely made up of iridoid glycosides and carbohydrate sugars in a thick gummy mass. To clean this layer and remove the sugars, we partitioned with butanol three times in a separatory funnel. The resulting aqueous layer was dried down on a rotovap, and the crude extract quantified for iridoid content by M.D. Bowers at the University of Colorado.

Since the crude extract only had 8% total iridoid glycoside content, it was impossible to reach a 12% concentration (upper limit found in natural populations) for the artificial diets. As a result, the concentrations were set at 1% (low) and 5% (high). Caterpillars were again randomly assigned to high or low diets and placed in plastic rearing cups with food. Rearing cups were kept in a walk-in growth chamber with environmental conditions set at 12hrs light: 27C and 12hrs dark: 23 C. For this experiment, feeding efficiency variables were recorded; thus, caterpillar weight, food weight, and frass weight were measured every day starting at 2nd instar. A subset of caterpillars at each instar were massed at dry weight so that all weights for analysis in feeding efficiency indices were bases upon dry weight. Dry weights were measured for artificial diet and plant diet as well. In addition, for caterpillars that were not injected, pupal weights and development time were recorded. At the beginning of 6th instar, caterpillars were injected, then returned to their food for 24 hours, then placed in the freezer.

Results
Experiment One: Plantago lanceolata vs. Plantago major


For the encapsulation assay, we found that G. incorrupta caterpillars feeding on P. lanceolata had almost identical values of percent melanization as caterpillars feeding on P. major (N = 29 caterpillars, 5-15 beads per caterpillar, F[1,27] = 0.01, P = 0.9196, Figure 14), indicating that feeding on plants with naturally higher concentrations of iridoid glycosides has no effect on the immune response. The melanization response by G. incorrupta was very high (93% - 94%), indicating that these caterpillars may have a naturally strong immune system. 

  Experiment Two: Artificial Diet


When individuals of G. incorrupta were fed iridoid glycosides on an artificial diet at 5% and 1% concentrations, there was no significant difference in the encapsulation response (N = 89 caterpillars, 5-15 beads per caterpillar, F[1,69] = 0.01, P = .9065, Figure 15). Overall there is a lower degree of melanization (~55%) when caterpillars are feeding on the artificial diet compared to feeding on a plant diet (see Figures 14 and 15). The lower degree of melanization may be due to the lack of essential pigments necessary for the phenoloxidase cascade to occur. The phenoloxidase cascade promotes the melanization process that darkens the cells encapsulating a foreign object. The artificial diet contains only essential nutrients and crude extract so that caterpillars are may not be ingesting pigments or other plant components that may aid in this process. 

Pupal weights were significantly higher on the 1% iridoid diet compared to the 5% iridoid diet (F[1,36] = 10.76, P = 0.0023, Figure 16). There were no differences in growth rates or development time across all instars (Table 4), indicating that the higher pupal weights on the 1% diet were not a result of slower growth, which would allow more time to feed. The difference in pupal weights may be due to significant differences in the digestion indices. The efficiency of conversion of ingested food (ECI) differed significantly between diets (Table 4) as did the efficiency of conversion of digested food (ECD) (Table 4).  For both these indices, means for caterpillars feeding on the 1% iridoid diet were higher. However, when the approximate digestibility (AD) was compared, there was no significant difference between caterpillars feeding on the 1% diet and the 5% diet (Table 4). These results indicate that while caterpillars may be assimilating nutrients from food (AD) efficiently on both diets, they are less efficient at converting the assimilated nutrients into caterpillar biomass on the 5% iridoid diet, resulting in lower pupal weights. 

Our alternative analysis using ANCOVA revealed that only consumption had a significant effect on growth showing that G. incorrupta feeding on the low IG diet had increased consumption and higher growth rates (n = 39, F[3,35] = 60.62, P < 0.0001), while both diet and the consumption by diet interaction were non-significant (Table 5). When the effects of consumption and diet on frass output were analyzed, we found that again only consumption had a significant effect on frass output, while diet and the interaction term of diet X consumption term were non-significant (Table 5). Once again, caterpillars feeding on the low IG diet had higher consumption and higher frass output. For pupal weights we found the opposite pattern. Only diet had a significant effect on pupal weight, while both consumption and growth and the interaction terms were non-significant (Table 5). 

Table 4. Results from the MANOVA for feeding efficiency variables from the artificial diet experiment. 

	Factor
	 F                 df                 P
	

	GR
	1.09             37             0.3038    
	

	ECI
	8.34             37             0.0065
	

	ECD
	8.29             37             0.0066
	

	AD
	0.05             37             0.8176
	


Table 5. Results from the ANCOVA for growth, frass and pupal weights from the artificial diet experiment. As suggested by Raubenhiemer and Simpson 1992, we used the parent variables of the feeding efficiency ratios. 

	Response Variable
	Independent Variable
	 F                 df                 P
	

	Growth


	Diet

Consumption

Consumption X Diet
	2.27              35               0.1082

60.62            35               0.0001
0.13              35               0.7193                                      
	

	Frass
	Diet

Consumption

Consumption X Diet
	0.07              35               0.7937

222.34          35             <0.0001
0.44              35               0.5125 


	

	Pupal Weight
	Diet

Consumption

Consumption X Diet


	10.68            34               0.0025
1.66              34               0.2066

0.07              34               0.7959
	

	Pupal Weight
	Diet

Growth

Growth X Diet
	11.19            34               0.0020            

2.52              34               0.1214

0.91
 34               0.3457
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Figure 14. Percent melanization of beads injected into individuals of G. incorrupta feeding on Plantago lanceolata (high iridoid glycoside diet) and Plantago major (low iridoid glycoside diet). There was no significant difference in bead melanization between the two diets.
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Figure 15. Percent melanization of beads injected into individuals of G. incorrupta feeding on an artificial diet with isolated IGs added at 5% (high) and 1% (low) concentrations. There was no significant difference in bead melanization between the two diets.
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Figure 16. Mean pupal weights of G. incorrupta feeding on the high and low artificial diets. Larvae reared on the high IG diet had significantly lower pupal weights compared to the larvae reared on the low IG.

Discussion


Grammia incorrupta feeding on plant and artificial diets with high and low concentrations of iridoid glycosides did not differ in their immune response. In fact, the overall high levels of melanization across all diets, and the low amount of variation between the two diets suggest that individuals of G. incorrupta are naturally strong encapsulators. Immune responses can be highly variable in lepidopteran larvae (Rolff & Siva-Jothy 2003, Kraaijeveld & Godfray 1997, Schmid-Hempel & Ebert 2003). This variation is often attributed to environmental stress, diet, genetic variation, or predation pressure. In our study, the lack of variation in the melanization response for G. incorrupta indicates that high concentrations of secondary metabolites do not produce high physiological stress or stress on the immune system to compromise the caterpillar’s response. One reason for the low variation between diets in this study may be because these caterpillars are not sequestering iridoid glycosides at high concentrations. In a previous study, we found that the specialist buckeye caterpillar, Junonia coenia (Nymphalidae), which can sequester iridoid glycosides in concentrations as high as 25% dry weight (Theodoratus & Bowers 1999), had a significantly lower encapsulation response when feeding on diets with high concentrations of iridoid glycosides compared to low concentrations (Smilanich, chapter three). In addition, in that experiment there was a significant negative correlation between sequestration and melanization, so as sequestration increased the percent melanization decreased. Since G. incorrupta sequesters iridoid glycosides at relatively low concentrations, the impacts of the sequestered compounds on the immune response are probably minimal, leading to the small effect size observed in our study. Additionally, the difference in iridoid concentration between the high and low diet in this study was not as great as that of similar studies. Thus, with a greater difference in chemical concentration between diets, we may observe physiological differences.

Of course in G. incorrupta’s natural habitat, there are certainly many factors that could create variation in the immune response. Not surprisingly, many studies have uncovered a strong correlation between nutritional quality of an herbivore’s diet and the immune performance (Salt 1964, Siva-Jothy & Thompson 2002, Lee et al. 2006). These studies discovered that by optimizing the nutritional content of diet, whether by diet-mixing or switching to optimal hosts, the likelihood of encapsulating a parasitoid or pathogen increases. However, other studies have shown that immune response can be effective on nutritionally inferior hosts (Ojala et al. 2005, Kapari et al. 2006, Klemola et al. 2007). For example, Ojala et al. (2005) found that the immune response of the polyphagous arctiid caterpillar, Parasimia plantaginis, was highest on a nutritionally inferior host plant. Specifically, development time, growth rate, and pupal weights were not correlated with high immune competency, indicating that the effect of diet on immune function is direct (Ojala et al. 2005). In our study, there were no observed differences in the immune response on either artificial diets in which the nutritional content was exactly the same between treatments, and only the concentration of iridoid glycosides differed, or the plant diets where presumably there are differences in nutritional content between species (Plantago lanceolata and Plantago major). Since G. incorrupta feeds on over 80 species of plants, it is possible that variation in the immune response would be found if a wider selection of plants with markedly different nutritional content were used for this study. Singer and Stireman (2001) found that parasitized individuals of G. incorrupta have higher survivorship on nutritionally inferior host plants. Additionally, Singer (2001) showed that G. incorrupta spend more time feeding on Plantago insularis compared to other host plants even though their survivorship and pupal weights are lower on P. insularis. These results combined with our study indicate that for G. incorrupta the effects of diet may be greater on parasitoid larvae and have little to do with the efficiency of the immune response. If there is low variation in the immune response of G. incorrupta, then individuals may expend energy on killing parasitoid larvae by switching to hosts that are detrimental to the parasitoid rather than maintaining the immune response.

Feeding on the 5% iridoid glycoside artificial diet caused a significant decrease in pupal weights compared to the 1% iridoid glycoside artificial diet. This effect was most likely driven by differences in the consumption indices, ECI and ECD. On the 5% iridoid glycoside artificial diet, G. incorrupta had a ~36% decrease in ECI and ECD. If individuals on the 5% artificial diet are consuming less (ECI) and converting less of the digested food to biomass (ECD), then we would expect a decrease in pupal weights. This difference in pupal weights was not correlated with growth rate or development time since there was no significant difference between diets for these variables. Instead the increase of iridoid glycosides in the caterpillar’s diet negatively affected pupal weights by interference with consumption and post-digestive ability. Since pupal weights are correlated with adult fecundity (e.g., Gilbert 1984), G. incorrupta may encounter decreased fecundity when feeding on plants with high concentrations of iridoid glycosides. However, if individuals of G. incorrupta are able to easily switch hosts, then the likelihood that individuals would continue to feed on detrimental hosts is quite low unless they were parasitized as shown by Singer and Stireman (2001). In this case, there may be a small trade-off between feeding on inferior host plants to fight off a parasitoid attack and feeding on nutritionally superior plants to maintain high developmental abilities.

Being a generalist compared to a specialist herbivore has been characterized as more problematic for reasons related to poor decision making. Bernays (2001) summarized literature demonstrating that generalist herbivores suffer growth and developmental costs due to choosing host plants of poor quality, while specialist herbivores are able to make better decisions concerning a high quality diet. However, as other studies have shown, the ability to switch host plants and feed on plants with suboptimal quality can actually be an asset when parasitoid enemies are considered (Singer & Stireman 2001). Switching hosts to fend off parasitoids would seem to outweigh any developmental costs suffered by feeding on an inferior host. Our study provides further support that being a generalist feeder is advantageous by demonstrating that the immune response did not vary between two plant species, P. lanceolata and P. major, which are likely to have different nutritional quality as well as different iridoid glycoside concentrations. Consequently, generalists may be better equipped to defend themselves against parasitoid attacks, which are one of the highest sources of mortality for lepidopteran larvae (Hawkins et al. 1997).

Even though individuals of G. incorrupta do not sequester high concentrations of iridoid glycosides (Bowers unpublished data), Hartmann et al. (2005) found that they will sequester pyrrolizidine alkaloids (PAs) from host plants found within its habitat at concentrations ranging from 0.3% - 2.7%. These percentages of sequestration are high given that pyrrolizidine alkaloids are present in lower concentrations in plant tissue than iridoid glycosides (<1.0% dry weight PAs vs. trace amounts - 12% dry weight IGs). In addition, Bernays et al. (2002) found that G. incorrupta have PA specific “taste” receptors that recognize PAs as a phagostimulant. It would be enlightening to test the immune system of G. incorrupta while feeding on plants with high concentrations of pyrrolizidine alkaloids. Based on other studies with this level of sequestration, we predict that for high concentrations of pyrrolizidine alkaloids, ingesting individuals of G. incorrupta will be immunocompromised due to the increased levels of toxins in the caterpillar’s hemolymph. If this is the case, then switching to host plants with high concentrations of pyrrolizidine alkaloids may not be the best strategy for parasitized individuals of G. incorrupta. However, this strategy of fending off parasitoids may change with the development of the caterpillar (Singer pers comm.), so that at young instars when immune cells are not yet fully functional, individuals may avoid highly toxic plants to maintain their immune response, but switch to toxic plants at later instars to decrease the survival of parasitoid larvae.
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Chapter 5: Trophic interactions between plant chemistry and natural enemies via the insect immune response
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Abstract 
Plant secondary metabolites have been shown to have a variety of effects on insect herbivores and their natural enemies. Secondary metabolites can protect herbivores by making them toxic to predators. However, in a previous study, we found that caterpillars feeding on diets with high concentrations of secondary metabolites were more likely to be successfully parasitized. We hypothesized that ingested secondary metabolites negatively affect herbivores’ immune response. In this study, we used two specialist, sequestering neotropical caterpillars, Eois apyraria and Eois nympha (Lepidoptera: Geometridae), and one generalist species, Spodoptera exigua (Lepidoptera: Noctuidae) to examine the effects of secondary metabolites on the immune system. Using beads as a proxy for parasitoid eggs, we challenged the immune response when caterpillars were feeding on diets with high and low concentrations of amides/imides from three species of plants in the genus Piper (Piperaceae). We found that the immune response of both caterpillar species was not affected by feeding on diets with high concentrations of amides/imides. We concluded that the Eois immune response may be affected by a combination of secondary metabolites and counter-defense tactics by parasitoid wasps. Since S. exigua caterpillars do not sequester, they may not be affected by the amide/imide toxins because they are metabolizing and expelling the toxins instead of storing them in their tissues.
Introduction

The regulation of herbivore populations has been the subject of numerous studies since Hairston, Smith, and Slobodkin (1960) asserted that herbivore populations are regulated by a top-down model in which they are limited by predators, while predators, primary producers, and decomposers are resource limited. Other hypotheses challenged this view by modeling herbivore regulation in a bottom-up fashion, focusing on limitation by plant resource availability (Lindeman 1942, Slobodkin 1960). This model is based on the second law of thermodynamics, in which energy in the form of resources are diminished at each trophic level. The green desert hypothesis also centers on bottom-up regulation; however, it focuses on plant nutritional quality and presence of secondary metabolites reducing host plant quality and limiting herbivores (Menge 1992, Murdoch 1966). While there is now a general consensus that herbivore populations are regulated by both top-down and bottom-up mechanisms (Ode et al. 2004, Berenbaum 1983 QUOTE "" , Hunter 2003, Singer and Stireman 2003, Turlings & Benrey 1998, Stamp 2001), revealing the way that these forces interact is crucial to understanding the evolution and ecology of plant-herbivore-enemy interactions.  

Trophic cascades have been especially important in shaping ideas and theory regarding the interactions between plants, herbivores, and natural enemies (Hairston et al. 1960, Polis 1999, Persson 1999, Pace et al. 1999, Knight et al. 2005). A simplified definition as described by Polis (1999) states that trophic cascades are an indirect reduction in biomass of one particular trophic level on a non-adjacent level. The classic three-tiered trophic system as described by Hairston et al. (1960) has been modified into a more complex food web since ecologists have become increasingly aware of the intricacies involved in the majority of trophic systems (Polis et al. 2000, Knight et al. 2005, Finke & Denno 2004). The terrestrial trophic cascade is represented by few studies compared to aquatic systems (Strong 1992, Halaj & Wise 2001, Shurin et al. 2002). For example, Shurin et al. (2002) used meta-analysis to show that the majority of experiments in which a trophic cascade was shown were in aquatic systems. The reason for such low representation is due to the increased complexity of terrestrial systems (i.e. food webs, omnivory), and logistic difficulty in manipulating entire terrestrial systems (Polis 1999, Persson 1999, Pace et al. 1999, Shurin et al. 2002). However, the trophic cascade is still an important concept for modeling community structure. Recent studies in terrestrial systems have shown that introducing extirpated top predators can alter prey biomass through species level cascades (Berger et al. 2008). Furthermore, loss of top predators can decrease plant species biomass and alter species composition due to increased herbivore populations (Berger et al. 2001, Terborgh et al. 2001). Another example of a terrestrial trophic cascade is exemplified by work involving the understory shrub, Piper cenocladum (Piperaceae). Research with this tri-trophic system (plant, caterpillar, parasitoid) has revealed a top-down trophic cascade of top-predators increasing plant biomass (Letourneau & Dyer 1998a, 1998b), and strong direct bottom-up effects of resources (i.e. light, nutrients) on plant chemistry and plant biomass (Dyer & Letourneau 1999a, 1999b). In this system, increased resources do not cascade up to top-predators; however, they do cascade up to negatively affect specialist herbivores via plant chemistry. Hence, trophic cascades are important in understanding how terrestrial communities are structured and maintained. This experiment investigates one possible mechanism by which plant chemistry increases predator survivorship via decreased herbivore defenses. Although the presence of a trophic cascade was not directly measured, the mechanism leading to a potential species cascade was explored.

In this study, we focus on the direct effects of sequestered plant secondary metabolites on the insect immune function and the possible indirect effects on predators. Traditionally, sequestered secondary metabolites have been shown to positively affect the sequestering individual by making them unpalatable or toxic to predators (Hartmann 2004, Bowers & Larin 1989).  In this way, herbivores are gaining a direct benefit and taking advantage of enemy-free space (Jeffries & Lawton 1984), while predators are losing potential prey items. However, sequestering secondary metabolites may not always be beneficial and many studies have searched for costs to being chemically defended. For the most part, costs associated with sequestering secondary metabolites have been difficult to demonstrate, and most studies investigating these costs have showed either no cost to sequestering secondary compounds or have found ambiguous results (Cohen 1985, Erickson 1973, Seiber et al. 1980, Kearsley & Whitham 1992, Bowers 1988, Camara 1997). In a previous study, we found survival costs for the specialist caterpillars, Eois apyraria and Eois nympha (Lepidoptera: Geometridae), when feeding on diets with a high concentration mixture of three amides found in their host plant, Piper cenocladum (Dyer et al. 2004). The caterpillars were field collected, then brought back to the lab and reared on experimental and control diets. The decrease in survivorship was due to significantly higher parasitism rates, and since all caterpillars were field collected, the increase parasitism was most likely because of physiological changes that occurred after treatment diets were started. These results stimulated questions about whether sequestering caterpillars may be targeted by parasitoids. 

Even though many studies show a negative effect of sequestered toxins on predators (Dyer 1995, Stamp 2001, Singer and Stireman 2003, Turlings and Benrey 1998, Sime 2002), parasitoids may actually benefit from sequestered toxins (Gentry and Dyer 2002). Parasitoids have a unique life-cycle compared to most insect predators because they spend their larval stage inside their prey. Thus, they do not have the same interaction with toxic prey as predators do. Initially, it may seem more likely that parasitoids would suffer from developing in a toxic host than benefiting. And indeed, several studies have shown that sequestered toxins negatively affect parasitoids (Barbosa et al. 1986). On the other hand, studies have shown that predators that are more likely to be specialists, like parasitoids, may actually prefer chemically-defended herbivore hosts (Dyer & Gentry 2002, Sznajder & Harvey 2003, Zvereva & Rank 2003). This logic follows and would be expected from patterns observed in herbivore specialization (i.e. specialists adapted to feeding on toxic hosts; Ehrlich and Raven 1964, Berenbaum 1983, Becerra 1997). Possible explanations for this phenomenon include: (1) parasitoid larvae are vulnerable to attack from predators while completing their lifecycle inside their host, so it is advantageous for them to oviposit in a well-defended host, (2) specialist parasitoids have evolved a means of detoxifying or handling toxins in host, and they are therefore unaffected by sequestered chemicals, and (3) host immune system may be compromised by host plant toxins, and parasitoids are able to successfully develop. Thus, parasitoids may have adapted to feeding on toxic hosts because they benefit in the same way that herbivores benefit from feeding on a toxic host; they are better protected from predators. 


The insect immune response targets foreign objects inside the hemocoel and functions to defend against parasitoids, parasites, and pathogens. The immune response consists of three main components; phagocytosis, nodule formation, and encapsulation (reviewed by Gillespie et al. 1997). While phagocytosis and nodule formation protect against small pathogens such as bacteria, encapsulation targets larger invading objects such as parasites and parasitoid eggs. Encapsulation is generally composed of both a humoral and cellular response, although they do not always occur together. The humoral response is composed of recognition proteins that functions to recognize non-self objects and alert specialized cells that are part of the cellular response. The cellular response, then, attacks the foreign objects and begins the process of encapsulation. Encapsulation is the concerted action whereby both granular cells (GLs) and plasmatocytes (PLs) adhere to a large foreign body and begin to build layers of cells, which will eventually become melanized. In general, GLs are the first to come into contact with a foreign object, chemo-stimulating PLs to form multicellular sheets around the object and melanize. A suite of proteins, including regulatory proteins, hemocyte response modulators, and melanization proteins are also involved in encapsulation making it a very complex process.


We tested the general hypothesis that caterpillars feeding on diets with high concentrations of secondary metabolites and sequestering will be immunocompromised and therefore more likely to be successfully parasitized. We used two neotropical specialist caterpillars that sequester, Eois apyraria and Eois nympha, and a generalist non-sequestering caterpillar, Spodoptera exigua (Lepidoptera: Noctuidae). For the Eois species we used a mixture of three amides/imides found in the host plant, Piper cenocladum at a single concentration. For the S. exigua experiments, we used varying combinations of three imides from two other Piper plants, P. imperiale and P. melanocladum, at both single and combination concentrations.

Methods and Materials
Study Site


The first experiment took place at La Selva Biological Station, Costa Rica in December 2006-January 2007. La Selva Biological Station (10° 25′ N, 84° 05′ W) is located in a lowland tropical rainforest on the Caribbean Slope of Costa Rica. The forest is about 1600 ha in size and consists of a mix of primary and secondary forest. The reserve is a peninsula extension of Braulio Carrillo National Park, which is about 47,500 ha in size. La Selva receives an average of 4000 mm of rain per year, with each month receiving >150 mm (McDade & Hartshorn 1994). All caterpillars for the first experiment were field collected at La Selva at various, random locations and brought back to the station’s lab for experiments. The second experiment took place at Tulane University with caterpillars from an established lab colony.
Study System

Plants—The plant family, Piperaceae, is widespread in both the neotropics and paleotropics (nearly 1600 species) and contains a wealth of secondary metabolites (Parmar et al. 1997). Plants in this family are also economically valuable for their use as spices (P. nigrum) and medicinal drugs (P. methysticum, P. aduncum), and are also known for their insecticidal properties (P. hispidum) as well as their invasive status (P. auritum) (Parmar et al. 1997). Of the 1000+ species in the genus Piper, only 112 have been chemically investigated (Dyer et al. 2004). From these investigations, 667 different compounds have been discovered, most of which (190) are imides and amides. The two species used in our study, Piper cenocladum and Piper imperiale both contain a combination of amides and imides. Piper cenocladum leaves contain 2 imides and 1 amide (piplartine, 4′-desmethylpiplartine, and cenocladamide, Figure 17) that are known deterrents to generalist herbivores such as leafcutter ants and orthopterans (Dyer et al. 2003, Dodson et al. 2000). Concentrations of these three compounds can reach up to 3.8% dry weight in the leaves (Dyer et al. 2004). This plant is also defended by colonies of Phiedole bicornis ants that live in the stems and petioles (Risch and Rickson 1981, Risch 1982. These ants patrol the leaf surface, cleaning off any herbivore eggs or unwanted debris (Letourneau 1983, Dyer & Letourneau 1999). In return, the ants receive a domicile and lipid-rich pearl bodies produced on the adaxial sides of the petioles (Risch and Rickson 1981). When plants are uninhabited by ants, the concentration of the amides/imides increases three-fold, and the production of pearl bodies decreases (Dodson et al. 2000, Dyer et al. 2001). Piper cenocladum is a shade-tolerant, understory shrub and one of the most common understory plants at La Selva. Dyer and Letourneau (2003) showed that when individuals of P. cenocladum are removed from the understory community, species diversity in the detrital community is dramatically altered, indicating that Piper is an important understory species. Compounds from this plant were used for experiment one with Eois nympha and Eois apyraria.  
Less ecological knowledge is known about P. imperiale, but recent studies have discovered three imides found in the leaves (piplaroxide, desmethoxydihydropiplartine, and an epoxide, Figure 17) (Fincher et al. 2008). Concentrations of these compounds range from 0.0044% to 0.029% (Fincher et al. 2008). Fincher et al. (2008) found that herbivore damage on this plant is high compared to two other Piper cenocladum and Piper melanocladum. Similar to P. cenocladum, P. imperiale is also an understory shrub with ants in the petioles. However, these ants are not obligate like those found in P. cenocladum, but facultative (Fincher et al. 2008). Only piplaroxide was used in this study for experiment two. 

Piper melanocladum is smaller than P. cenocladum and P. imperiale with thick glabrous leaves that protect from herbivores (Fincher et al. 2008). This plant does not house mutualistic ants, but does contain three imides (an epoxide, an alkene, and an analog to piplaroxide) one of which is shared by P. imperiale (Figure. 17). Concentrations of these compounds are higher than that of P. imperiale, ranging from 0.016% to 0.40% (Fincher et al. 2008). Both the epoxide and the alkene were used for experiment two.

Caterpillars—The geometrid caterpillar genus, Eois, is common on the genus Piper. In fact all of the 22 Eois species collected and reared by Dyer et al. (www.caterpillars.org; unpublished data) at La Selva Biological Station were collected from Piper species. 
Eois apyraria and Eois nympha are monophagous caterpillars that feed exclusively on two understory Piper shrubs, Piper cenocladum and Piper imperiale (Piperaceae). Both of these geometrid caterpillars have been shown to sequester amides/imides from P. cenocladum (Dyer et al. 2003). Their major natural enemies are two undescribed species of braconid parasitoids in the genus Diolcogaster and one undescribed species of ichneumonid. As previously mentioned, these caterpillars show higher parasitism success after feeding on diets spiked with amides/imides from their host plant.


Spodoptera exigua (Hubner) (Lepidoptera: Noctuidae), the beet armyworm, are polyphagous caterpillars that will accept nearly 130 species of plants, representing over 30 plant families (Pogue 2006). This caterpillar is also a known pest, feeding upon major agricultural crops especially in the southern U.S.A. and Asia and has been shown to quickly adapt to conventional pesticides (Adamczyk et al. 2003). It is easily reared in the lab and has been used as a study species for many lab experiments due to its short generation time and high fecundity. In this experiment, S. exigua were used as naïve generalists since they have never had the opportunity to feed upon P. cenocladum. In a previous study with S. frugiperda, we showed that feeding on diets with high concentrations of Piper amides/imides increased development time and decreased pupal weights and survivorship (Dyer et al. 2003). 

Injection Technique

To quantify encapsulation, caterpillars were injected with silica beads as a proxy for parasitization by a parasitoid (Hu et al. 2003, Stettler et al. 1998, Lavine & Beckage 1996, Lovallo et al. 2002, Rantala & Roff 2007). This technique has been used widely in the literature and has been shown to accurately quantify immune function in insects (Rantala & Roff 2007, Gorman et al. 1996). Since we were interested testing the strength of the encapsulation response, this method of simulated parasitization is desirable because female parasitoids will often inject calyx fluid and/or polyDNA viruses that suppress encapsulation when ovipositing (Lovallo et al. 2002). By injecting egg-sized foreign bodies into the caterpillars, we controlled for unwanted variables that would be present if female parasitoids were used. The injection method described here is the method used for all caterpillars.
Injections were performed using a glass Pasteur pipette fashioned into a microinjection needle using a Bunsen burner flame. The pipette was heated until the silica became flexible, and was then pulled apart, so that a small diameter tip could be made by cutting the pulled pipette at the desired tip size. Silica beads (Sigma-Aldrich, Sephadex A20, 40-120 μm in size) were dyed using a 0.1% mixture of Congo Red Dye in order to facilitate bead retrieval (Lavine & Beckage 1996) and allowed to dry overnight in the hood. Once dry, the beads were suspended in Ringer solution and stored in the refrigerator until injections were performed. Before caterpillars were injected, they were cooled in the freezer for two minutes to slow their metabolism and prevent thrashing movements. Approximately 5-10 beads suspended in Ringer solution were injected into the caterpillar at the base of the third proleg. The injection site was covered using Second Skin Liquid Band-Aid( to prevent desiccation and infection. Caterpillars were then returned to their food and given 24 hours to encapsulate, then placed in the freezer.
To retrieve the beads, caterpillars were dissected in Ringer solution and encapsulation was compared between treatments by photographing beads using a camera mounted on a dissection microscope (Carl Ziess Discovery V.8, AxioCam Software). All photographs were taken at 80X magnification. Since the beads were dyed red before injecting them into the caterpillars, we were able to obtain an approximate measure of encapsulation and melanization strength by measuring the red value (r-value) of each bead. The r-value is a numerical measure of the red value of an image on a scale ranging from 0-255, where 0=pure gray, and 255=pure red. The lower the r-value, the greater the degree of melanization will be. Using Adobe Photoshop (version 6.0), the r-value was obtained for each bead. The r-value was transformed into a percentage of melanization (1 - (r-value/maximum r-value)) for ease of interpretation. The transformed mean r-value was statistically compared between treatments, using ANOVA with r-value as the dependant variable and treatment as the independent variable. 

Feeding Efficiency Experiments

For both experiments, the feeding efficiency of caterpillars was recorded. A subset of caterpillars was used for these experiments. Feeding efficiency can give an approximation of the metabolic costs of feeding on diets with high concentrations of secondary metabolites coupled with mounting an immune response. Feeding efficiency was calculated using the standard gravimetric method (Waldbauer 1968). The following five nutritional indices were calculated: 

Relative growth (RGR) = larval dry weight gain / average larval dry weight during interval 

Relative consumption (RCI) = dry weight of food consumed / average larval dry weight during interval

Efficiency of conversion of ingested food (ECI) = larval dry weight gain / dry weight of food consumed

Approximate digestibility (AD) = dry weight of food consumed – dry weight of frass / dry weight of food consumed

Efficiency of conversion of digested food (ECD) = larval dry weight gain / dry weight of food consumed – dry weight of frass

For each caterpillar, we measured the efficiency of conversion of ingested food (ECI), efficiency of conversion of digested food (ECD), and approximate digestibility (AD). The ECI measures the overall efficiency at which the caterpillar assimilates food into biomass. This measurement is broken down into the AD and ECD, where AD measures the proportion of nutrients that are assimilated from the ingested food (predigestion), and ECD measures the proportion of assimilated food that is turned into caterpillar biomass. All measurements were gathered over a fixed time interval starting at third instar and ending at the last instar (6th or 7th). Data gathered included food mass, body mass, and fecal mass each day. In addition, a subset of larvae and diet was dried and weighed at the beginning and the end of the experiment to obtain dry weight calculations.

Since using ratio indices to measure feeding efficiency have been criticized for (1) the poor allometric relationship between feeding ratios, (2) the lack of a biologically significant null model, and (3) a shared error term for the x and y variables (Raubenheimer 1995), we also measured the effects of amides/imides on feeding efficiency using the parent variables of the Waldbauer ratios—growth (G), consumption (C), and frass (F) using ANCOVA with diet as the main effect and consumption as a covariate. This method avoids the problems associated with ratio correlations, and is thought to provide a more accurate assessment of nutrient use by insects (Raubenheimer & Simpson 1992). Using ANCOVA, we analyzed the main effects of consumption and diet on growth and the interaction (consumption X diet).

Experiment 1: Encapsulation and Eois spp.

We field collected 1st and 2nd instars from P. cenocladum and P. imperiale, then weighed and randomly assigned each to a petri dish containing a fresh 9 cm leaf disk of P. cenocladum. Before adding caterpillars to the treatment leaf diet, a solution of piplartine, cenocladamide, and 4’- desmethylpiplartine was dissolved in methanol and painted onto the underside of the leaf. The imide/amide solution consisted of the three Piper amides/imides at a concentration equal to the upper level of concentration found in field shrubs (Dyer et al. 2001). Piplartine can be commercially obtained (Sigma-Aldrich), and the other two compounds were synthesized in the laboratory according to the methods in Dodson et al. (2000). Concentrations of imide/amide solution used are as follows: 1.7 mg piplartine, 1.4 mg 4'-desmethylpiplartine, and 1.0 mg cenocladamide per 100 ml of methanol (1 ml of this treatment was painted on the leaf disks). Controls leaves had 1 ml of methanol pipetted onto the leaf surface and allowed to evaporate (Dyer et al. 2003). For the leaf disks, we used only leaves from plants with ants since these genotypes are known to have the lowest concentration of imides/amides (Dodson et al. 2000). Feeding efficiency experiments were started as soon as the caterpillars were put on their diets and continued until pupation or injection. All caterpillars were injected at the beginning of 5th instar. 

Experiment 2: Encapsulation and Spodoptera exigua 


Eggs of S. exigua were obtained from Agripest, North Carolina. Upon hatching caterpillars were fed on artificial diets mixed from a powdered Fall Armyworm Diet (Southland Products, Lake Village, AR). We had four treatment diets for this experiment, which all consisted of synthesized amides and imides .The compounds were synthesized by collaborators at Mesa State College in Grand Junction, CO. Diet 1 consisted of the alkene isolated from P. imperiale alone (Table 6). Diet 2 consisted of the same alkene isolated from P. melancladum. Diet 3 consisted of the epoxide isolated from P. melanocladum, and diet 4 consisted of a combination of the epoxide and alkene isolated from P. melanocladum. For each diet, 30 caterpillars were used for feeding efficiency experiments and 30 were used for injections experiments. Caterpillars were randomly assigned to treatment diets 1-4 and the control starting at 2nd instar. Caterpillars were reared in 100ml plastic cups inside an environmental chamber with 12 hrs light:12 hrs dark at 27°C.  All caterpillars were injected at the beginning of 5th instar.

Results
Experiment 1: Encapsulation and Eois


There was no significant difference in the encapsulation response between Eois feeding on the amide/imide mixture diet and Eois feeding on the control diet (N = 28 caterpillars, 5-15 beads per caterpillar, F[1,26] = 3.24, P = 0.08, Figure 18), indicating that Eois caterpillars are not immunocompromised when feeding on a diet with high concentrations of host plant amides and imides. The mean encapsulation response for caterpillars feeding on both treatment and control diets was 90.87%, which is a high overall response, suggesting that Eois caterpillars are efficient at encapsulation. 

The ANOVA showed that there were no differences between control and treatment diets for any of the feeding efficiency indices measured (Table 7). As suggested by Raubenheimer and Simpson (1995) we also analyzed feeding efficiency using ANCOVA and the parent variables consumption (C), growth (G), and frass (F). We found no significant differences between growth rates with consumption as a covariate (F[3,26] = 0.31, N = 28 P = 0.47). When pupal weight was the dependent variable and diet the independent variable with growth and consumption as covariates, we found that growth and consumption did have a significant effect on pupal weight, but the interaction term for both analyses was not significant (Table 8).
Experiment 2: Spodoptera exigua and encapsulation

We found no differences in the encapsulation response across the five diets (N = 68 caterpillars, 5-15 beads per caterpillar, F[4,63] = 1.47, P = 0.2216, Figure 19). The average encapsulation response for all five diets was 23.44%, which is much lower than the average encapsulation for the Eois caterpillars (90.87%). 

Analysis of pupal weights showed that they were significantly different between diets (F[4,127] = 6.53, N = 132, P < 0.0001, Figure 20). Interestingly, the control diet had the lowest pupal weights (mean = 133.97 ± 3.49, N = 45), while diet 4 (P. melanocladum alkene and epoxide mix) had the highest pupal weights (mean = 158.26 ± 1.96, N = 48).  There were no difference between growth rates and approximate digestibility (AD) between any of the diets (Table 9). The diets did significantly differ in the efficiency of conversion of ingested food (ECI) and the efficiency of conversion of digested food (ECD). The control diet for both of these analyses was right in the middle, so while diet 1 and 3 significantly differed from diet 2 and 4, there was no difference for any of the treatment diets with the control (Table 9). Results from the ANCOVA with consumption as the covariate suggests that the differences in growth rates are due to differences in consumption between the different diets (F[9,71] = 6.03, N = 81, P < 0.0001).
	Diet
	Treatment
	

	Control
	35g powdered Fall Armyworm artificial diet 
	

	1
	P. imperiale alkene
	

	2
	P. melanocladum alkene
	

	3
	P. melanocladum epoxide
	

	4
	P. melanocladum epoxide + alkene
	


Table 6. The five diets used for the experiments with Spodoptera exigua. All chemicals 

were synthesized in the lab and added to the powdered artificial diet for caterpillars to 

feed on. 
Table 7. ANOVA for the feeding efficiency of Eois caterpillars. There were no differences between diets for any of the indices measured.
	Factor
	 F                 df                 P
	

	GR
	3.29             32             0.0798   
	

	ECI
	0.04             32             0.7061
	

	ECD
	0.15             32             0.6991
	

	AD
	0.61             32             0.4407
	

	Pupal Weights
	0.51             23             0.4829
	


Table 8. Results from the ANCOVA for pupal weights with growth and consumption as the covariates from the Eois experiment. As suggested by Raubenhiemer and Simpson (1992), we used the parent variables of the feeding efficiency ratios. While consumption and growth had a large effect on the pupal weights of the Eois caterpillars, there was no significant interaction between diet and either consumption or growth.

	

	Response Variable
	Independent Variable
	 F                 df                 P
	

	Pupal Weight
	Diet

Consumption

Consumption X Diet


	0.13              19               0.7243
123.12          19               <0.0001

0.01              19               0.9328
	

	Pupal Weight
	Diet

Growth

Growth X Diet
	0.01              19               0.9748           

30.37            19               <0.0001

0.03
 19               0.8758


	


Table 9. ANOVA for the feeding efficiency for S. exigua caterpillars. Both ECI and ECD were significantly affected by diet. However, there were no difference between any of the treatment diets and the control diet. 

	Factor
	 F                 df                 P
	

	GR
	1.45             76             0.2269   
	

	ECI
	2.52             76             0.0477
	

	ECD
	2.49             76             0.0505
	

	AD
	2.07             76             0.0899
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Figure 17. Synergistic metabolites isolated from Piper cenocladum (1) piplartine (2) 4’ desmethylpiplatine (3) cenocladamide, and Piper melanocladum (4) piplaroxide, (5) desmethoxydihydropiplartine, (6) epoxide. 
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Figure 18. Comparison of the average percent melanization for the amide/imide treatment diet to the control plant diet. Contrary to our hypothesis, the amide/imide diet had a higher melanization response; however, the difference between these two diets was not significant. 
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Figure 19. Mean percent melanization for S. exigua on the control diet, and the four treatment diets. We found no significant differences between any of the diets. 
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Figure 20. Mean pupal weights for S. exigua across all 5 diets. Diet 4 was significantly different from the other four diets and had the highest pupal weight. Contrary to our expectations the control diet had the lowest pupal weight. 

Discussion

We found that there were no differences in the encapsulation response of the Eois caterpillars feeding on diets spiked with the imide/amide mixture. In fact, the caterpillars feeding on the treatment diets had a slightly higher encapsulation response compared to the control diet. From our previous work with E. apyraria and E. nympha, we expected that the encapsulation response would be lowered by feeding on diets with high imide/amide content. The lack of difference that was observed in this study may be due to several reasons. First, in the previous study where we found high parasitism success for Eois feeding on the imide/amide diets, the data collecting took place over a longer time period (~12 months) compared to the this experiment where the collecting period took place over a 1 week period. Thus, the sample size for this experiment was much lower than that of the previous, longer experiment. Our small sample size may have limited the variation that can be observed in larger datasets with this caterpillar. For example, the mean percent melanization was quite high (90.87%) compared to the mean melanziation for the S. exigua caterpillars (23.44%). This may be partly due to the fact that the S. exigua caterpillars were feeding on an artificial diet, which lowers the melanization response. A second reason for the lack of significance between diets is again related to the low sample size. Because the variation of amides and imides can vary greatly between individual plants of P. cenocladum (Dodson et al. 2000), we may have been assigning control caterpillars to plants with particularly high concentrations of amides/imides. Even though the diet assignments were random, it is still possible that controls were receiving amides and imides in concentrations close to that of the treatment diets. These explanations may account for the non-significant differences between the diets, but nonetheless, a mean of 90.97% is still a high degree of encapsulation and it may that the Eois caterpillars have a strong immune response that is not affected by feeding on plants with high concentrations of secondary metabolites. The feeding efficiency also showed no differences between diets for any of the indices measured, further indicating that Eois caterpillars are well adapted to feeding on Piper.
The immune system of caterpillars can also be compromised by materials and tactics introduced by the ovipositing female wasp. Parasitoids have mechanisms for diminishing the encapsulation response (Vass & Nappi 2000, Lovallo et al. 2002, Kohler et al. 2007). For example, many female parasitoids will inject calyx fluid from the ovaries during oviposition. This fluid is filled with substances such as polyDNA viruses that function to compromise the encapsulation response (Lovallo et al. 2002). Additionally, parasitoids can coat their eggs in proteins that function to “hide” the egg so that the caterpillar does not recognize it as a non-self object (Gillespie et al. 1997). The parasitoids that attack E. apyraria and E. nympha may be employing such tactics to ensure that their eggs develop successfully. The results from the previous experiment where caterpillars feeding on the amide/imide mixture diets had higher parasitism success may have been due to a combination of the mixture diet and immunocompromising effects introduced by the attacking parasitoid. Since we performed all of the immune challenge experiments in the lab using an artificial means of parasitization, the effects of parasitoid counter-defenses was not measured. 

The experiment with S. exigua also showed no differences in the encapsulation response. While there were no previous data with this caterpillar suggesting that their immune response would be compromised when feeding on a diet with amides/imides, we hypothesized that as a naïve generalist herbivore, there would be physiological costs associated with feeding on the toxic diet. We did find that pupal weights were lower on diet 1 and diet 2, but overall the control diet had the lowest pupal weight, making it difficult to support our hypothesis. The two feeding efficiency indices, ECI and ECD, were significantly different between diets, with diet 2 and diet 4 having the lowest efficiency and diet 1 and diet 3 the highest. The control diet was in the middle of this list, again making it difficult to interpret these data or draw any conclusions about the effects of these compounds on the Spodoptera caterpillars. In another study, we found that the immune response of the polyphagous caterpillar, Grammia incorrupta (Arctiidae), was not affected by feeding on high concentrations of the secondary metabolites, iridoid glycosides (Smilanich, chapter 4). In a similar study, we found that the immune response of the specialist caterpillar, Junonia coenia (Nymphalidae), is negatively affected by feeding on plants with high concentrations of iridoid glycosides. We hypothesized that the immune response of the Junonia caterpillars, which sequester iridoid glycosides at high concentrations, is negatively affected by the high concentrations of sequestered iridoids. Conversely, the Grammia caterpillars were not affected because they sequester iridoid glycosides at low concentrations. Similar to the Grammia caterpillars, the polyphagous, non-sequestering Spodoptera caterpillars are not immunocompromised when feeding on diets with high concentrations secondary metabolites. 

Evidence leading to a possible terrestrial trophic cascade was not supported in this study. The results from our previous study with Eois caterpillars did show that there was a significant parasitism cost when feeding on diets with high concentrations of the amide/imide mixture. A better study that can more definitively explain the interaction between Piper secondary metabolites, the immune response of Eois caterpillars, and parasitoid wasps is to use the wasps for parasitization. This way, we will also be able to reveal any detrimental effects that the parasitoids wasps are introducing to decrease the immune response.  
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Chapter 6: A comparison of the insect immune response across ten Lepidopteran families

Keywords: Encapsulation, parasitism, La Selva, Lepidoptera, Hymenoptera, Diptera, Nematoda, caterpillar defense  

Abstract

Insect herbivores are under considerable pressure from a host of different predators. Parasitoids, in particular, have been shown to exert high mortality on Lepidopteran larvae, and ecological studies have quantified the degree to which certain defenses provide protection from these predators. While other studies have shown that many of the primary and secondary defenses that caterpillars possess do not function against parasitoids, we investigated the role that tertiary defenses (i.e. encapsulation response) has against parasitoids. When encapsulation was compared across ten different families of caterpillars, we found that the more derived caterpillar families were better at encapsulating, and that caterpillars with a high encapsulation response were less likely to be parasitized. When compared to other defensive traits, the encapsulation response was the best predictor of parasitism. We conclude that encapsulation is one of the best defenses that caterpillars have against parasitoids. These results may be of particular importance to applied fields, such as biological control, since caterpillars are a major crop pest and parasitoids are often employed to control their populations. Finding the major causes of variation in the encapsulation response could lead to better biological control. 
Introduction

Herbivorous insects have evolved an arsenal of defenses against natural enemies, including chemical, behavioral, morphological, physiological characteristics, or a combination of each (Eisner et al. 1970, Edmunds 1974, Evans & Schmidt 1990, Gross 1993, Dyer 1995, Barbosa & Caldas 2007). These defenses against predators occur at three levels that are both spatially and temporally separated. The primary level provides protection in the form of morphological and behavioral defenses (hairs, spines, coloration, shelter-builders, group feeding), which can deter initial attack from predators. If the primary level is breeched, the secondary level protects an insect via other behavioral defenses directed towards the natural enemy, such as regurgitating, thrashing, or dropping. Tertiary defenses act after predators have overcome the first two lines of defense and include cellular and humoral action to resist parasites. Previous studies have examined the efficiency of these putative defenses against selected predators, parasitoid wasps and flies, and found high parasitism mortality in caterpillars that are normally protected against generalized predators, indicating that defenses that are effective against predators are not effective against parasitoids (Dyer & Gentry 1999, Gentry & Dyer 2002, Barbosa & Caldas 2007).  Parasitoids and non-parasitic predators have different interactions with the same prey item because of variation in how they interact with their prey. Parasitoids have a unique life cycle compared to most insect predators because they spend their entire larval stage developing within their prey (Godfray 1994, Quicke 1997). Consequently, what may be effective against more generalized predators, such as spiders and birds, may be less effective against parasitoid wasps and flies. 

While many studies have focused on the efficacy of primary and secondary defenses, there has been less research investigating the effectiveness of tertiary defenses. This third line of defense is comprised of 3 sublevels and applies primarily to pathogens, parasites, and parasitoids (Gillespie et al. 1997, Carton et al. 2008, Strand 2008). The 3 sublevels include: (1) integument and gut as physical barriers to infection, (2) coordinated action of several subgroups of hemocytes when physical barriers are breeched and, (3) induced synthesis of antimicrobial peptides and proteins, mostly by the fat body (Gillespie et al. 1997). The encapsulation response is included in this third sublevel of defense and is carried out by several subgroups of hemocytes. The encapsulation response is immediate and takes place inside the caterpillar’s hemolymph. Encapsulation is generally composed of both a humoral and a cellular response, although they do not always occur together. The humoral response is composed of recognition proteins that function to recognize non-self objects and activate specialized cells that are part of the cellular response. The cellular response continues with hemocytes attacking the foreign objects and beginning the process of encapsulation. Encapsulation is a concerted action whereby both granular cells (GLs) and plasmatocytes (PLs) adhere to a large foreign body and begin to build layers of cells, which eventually die and harden onto the surface. When the cells die, they undergo the chemical process of melanization, which includes the production of the cytotoxic molecule, phenoloxidase, and other free radicals such as quinones. The parasitoid eggs or larvae are killed through the asphyxiating effects of the encapsulation process and through the cytotoxic effects of the phenoloxidase cascade (Gillespie et al. 1997, Nappi & Christensen 2005, Carton et al. 2008). 

Parasitoids are often the highest source of mortality for lepidopteran larvae (Hawkins et al. 1997), and according to Godfray (1994) the encapsulation response is one of the most effective defenses against these enemies. However, there are many variables that negatively affect the encapsulation response including (1) polyDNA viruses and other parasitoid derived immune suppressive factors (ISF) (Vass & Nappi 2000, Lovallo et al. 2002, Kohler et al. 2007), (2) inferior plant nutritional content (Salt 1964, Feder et al. 1997, Siva-Jothy & Thompson 2002, Lee et al. 2006), and (3) sequestration of high concentrations of plant secondary metabolites (Smilanich et al. unpublished data). These factors can render a caterpillar immunocompromised and less likely to successfully fend off a parasitic egg or larva.
In this paper, we directly evaluate the effectiveness of the encapsulation response by testing for a correlation between the strength of the immune system and the parasitism rates of individuals in 10 different families of lepidopteran larvae. We predict that species that are proficient at encapsulation (as measured by the encapsulation of silica beads) will have lower parasitism rates. In addition, encapsulation ability can be used as a predictor of successful parasitism. This technique of quantifying associations between caterpillar defenses and successful parasitism follows that used by Gentry and Dyer (2002). However, while Gentry and Dyer (2002) focused on the primary and secondary levels of defense, we focus on tertiary defenses. Consequently, a second goal of this paper is to compare the effectiveness of encapsulation to that of primary and secondary defenses. Since the immune response is specifically aimed at internal enemies, we predict that it will provide a better defense against parasitoids than behavioral or morphological defenses. A third and final goal of this paper is to map the encapsulation ability onto the known phylogeny of 10 families and 13 subfamilies in the order Lepidoptera to reveal any consistent pattern between encapsulation ability and species relatedness.

Methods and Materials

Study organisms and field site—Caterpillars species used for this study comprise 10 families, 13 subfamilies, and 18 species in the order Lepidoptera (Table 10). The work was conducted at La Selva Biological Station (10° 25′ N, 84° 05′ W), which is located in a lowland tropical rainforest on the Caribbean Slope of Costa Rica. The forest is about 1600 ha in size and consists of a mix of primary and secondary forest. The reserve is a peninsula extension of Braulio Carrillo National Park, which is about 47,500 ha in size. La Selva receives an average of 4000 mm of rain per year, with each month receiving >150 mm (McDade & Hartshorn 1994). All caterpillars were field collected throughout the forest and brought back to the lab for experiments. 

At La Selva, species were chosen based upon their relative abundance and available parasitism data from the Dyer and Gentry dataset and to represent a wide breadth of Lepidopteran families. In addition we focused on multiple subfamilies within the family Nymphalidae. The parasitism dataset includes several decades of data from across the Americas (Gentry & Dyer 2002, Stireman et al. 2005, Dyer et al. 2007); here we include data from the two sites that include our study species: La Selva and Arizona. The parasitism dataset includes host plant and caterpillar associations and identifications as well as parasitism rates for all collected caterpillars. As of January 2008, this data set has generated over 100,000 rearings of individual caterpillars. Caterpillars in the parasitism dataset were collected at 3rd and later instars in order to allow increased exposure to larval and pupal parasitoids. Collected caterpillars were then reared on their host plants until they eclosed as adults or until a parasitoid emerged. Caterpillars are collected year-round and in all forest types. We used these data to obtain parasitism rates for the species used in our study. Caterpillars that were used in our experiment were collected in 1st – 3rd instars to decrease the chance of parasitism since we were interested in challenging the immune system in a laboratory setting. All caterpillars were injected at 5th instar. The diet breadth of caterpillars in this study ranges from broad generalist (over 50 host-plant families) to genus-specific specialist. 

Injection Technique—To quantify encapsulation, caterpillars were injected with silica beads as a proxy for parasitization by a parasitoid (Hu et al. 2003, Stettler et al. 1998, Lavine & Beckage 1996, Lovallo et al. 2002, Rantala & Roff 2007). This technique has been used widely in the literature and has been shown to accurately quantify immune function in insects (Rantala & Roff 2007, Gorman et al. 1996). Since we were interested testing the strength of the encapsulation response, this method of simulated parasitization is desirable because female parasitoids will often inject calyx fluid and/or polyDNA viruses that suppress encapsulation when ovipositing (Lovallo et al. 2002). By injecting egg-sized foreign bodies into the caterpillars, we are controlling for unwanted variables that would be present if female parasitoids were used. The injection method described here is the method used for all caterpillars. Injections were performed using a glass Pasteur pipette fashioned into a microinjection needle using a Bunsen burner flame. The pipette was heated until the silica became flexible, and was then pulled apart, so that a small diameter tip could be made by cutting the pulled pipette at the desired tip size. Silica beads (Sigma-Aldrich, Sephadex A20, 40-120 μm in size) were dyed using a 0.1% mixture of Congo Red Dye in order to facilitate bead retrieval (Lavine & Beckage 1996) and allowed to dry overnight in the hood. Once dry, the beads were suspended in Ringer solution and stored in the refrigerator until injections were performed. Before caterpillars were injected, they were cooled in the freezer for two minutes to slow their metabolism and prevent thrashing movements. Approximately 5-10 beads suspended in Ringer solution were injected into the caterpillar at the base of the third proleg. The injection site was covered using Second Skin Liquid Band-Aid( to prevent desiccation and infection. Caterpillars were then returned to their food and given 24 hours to encapsulate, then placed in the freezer.
To retrieve the beads, caterpillars were dissected in Ringer solution and encapsulation was compared between treatments by photographing beads using a camera mounted on a dissection microscope (Carl Ziess Discovery V.8, AxioCam Software). All photographs were taken at 80X magnification. Since the beads were dyed red before injecting them into the caterpillars, we were able to obtain an approximate measure of encapsulation and melanization strength by measuring the red value (r-value) of each bead. The r-value is a numerical measure of the red value of an image on a scale ranging from 0-255, where 0=pure gray, and 255=pure red. The lower the r-value, the greater the degree of melanization will be. Using Adobe Photoshop (version 6.0), the r-value was obtained for each bead. The r-value was transformed into a percentage of melanization (1 - (r-value/maximum r-value)) for ease of interpretation.

Statistics—All analyses were performed using SAS statistical software (version 9.1, 2008). We tested for a correlation between the mean percent parasitism and the mean percent melanziation of each species. Using logistic regression, we tested whether encapsulation ability was a good predictor of parasitism. In addition, because shelter building, group feeding and caterpillar chemistry have previously been shown to be the best predictors of parasitism, we included these defenses in our analysis (Gentry & Dyer 2002). The values for these variables were determined in a previous study (Gentry & Dyer 2002). 

Taxonomic relationships were reconfigured according the relationships published on the Tree of Life Web Project (www.tolweb.org, Madison et al. 2007). The cladogram was recreating using the ten families from our study: Papilionidae, Riodinidae, Nymphalidae, Lycaenidae, Hesperiidae, Geometridae, Arctiidae, Sphingidae, Bombycidae, Crambidae. We mapped the mean percent melanization onto the tree.

Results


We found a significant negative correlation between percent melanization and percent parasitization for the tropical species of Lepidoptera (Figure 21, Pearson Correlation Coefficient r = -0.58, N = 15, P = 0.02), indicating that individuals with a weak immune response are more likely to be successfully parasitized. 

When encapsulation ability was examined for each Lepidoptera family, we found that the more basal families had lower encapsulation response compared to the more derived families (Figure 22). When the mean percent melanization response was mapped as a trait onto a cladogram of Lepidopteran families, the Crambidae, our only microlepidopteran taxa, had the lowest melanization response (mean = 57.2). Of the macrolepidoptera, the family, Geometridae, had the strongest immune response. The percent melanization for the remaining families was quite variable, however the individuals within the butterfly superfamily (Papilionoidea) all has similar melanization responses (Figure 23).

When percent parasitization was examined based upon parasitoid taxa (Diptera, Hymenoptera, and Nematoda), we found that there were differences among parasitoid taxa in the relationship between parasitism and encapsulation (Table 11). There was a negative correlation between encapsulation and parasitism for both Hymenoptera and Diptera as we expected, but a positive correlation for the phylum Nematoda, indicating that the encapsulation response may not be effective against this taxon of parasitoid. When parasitoid taxa for each lepidopteran species was analyzed, we found that the majority of the parasitization was from Dipterans (45%) followed by Hymenopterans (34%) and then Nematodes (21%) (Figure 24). 

The logistic regression revealed that the encapsulation response is a significant predictor of parasitization (X2 = 38.95, d.f. = 1, P < 0.0001) and was better at predicting parasitism compared to shelter building, group feeding, and chemical defense (Table 12).  

Table 10.  List of species used in our study including the superfamily, family, subfamily, and tribe to which each belongs.

	Superfamily
	Family
	Subfamily
	Tribe
	Species

	Noctuoidea



	Arctiidae
	Ctenuchinae
	
	Antichloris viridis

	
	
	Arctiinae
	
	Grammia incorrupta

	Pyraloidea


	Crambidae
	Spilomelinae
	
	Desmia sp.

	Bombycoidea
	Sphingidae
	Macroglossinae
	
	Xylophanes Pluto

	
	Bombycidae


	Apatelodinae
	
	Tarchon sp.

	Hesperoidea
	Hesperiidae
	Pyrginae


	Achylodini
	Achylodes busirus

	Papilionoidea
	Riodinidae
	Riodininae
	
	Emesis Lucinda

	
	Papilionidae
	Papilioninae
	Troidini
	Papilio thoas

	
	Nymphalidae
	Nymphalinae


	Melitaeini
	Chlosyne janais

Chlosyne gaudealis

	
	
	
	Junoniini
	Junonia coenia

	
	
	Satyrinae
	Brassolini
	Caligo memnon

Opsiphanes tamarindi

	
	
	
	Satyrini


	Euptychia jesia

	Geometroidea
	Geometridae


	Ennominae
	
	Cyclomia disparilis

	
	
	Larentiinae
	
	Eois apyraria

Eois nympha


Table 11. We found no significant association between specific parasitoid taxa and encapsulation response. The overall correlation between parasitism and encapsulation was significant as measured by the Pearson Correlation Coefficient (r). The sample size (N) represents the number of caterpillar species that parasitism was measured from.

	Parasitoid

Taxa
	 r                   N                 P
	

	Diptera
	-0.47             15               0.08   
	

	Hymenoptera
	-0.42             15               0.12
	

	Nematoda
	 0.37             15               0.18
	

	Total Parasitism
	-0.58              15              0.02
	


Table 12. Logistic regression of four defenses used by caterpillars and their effectiveness against parasitism. Encapsulation had the highest association with parasitism, followed by shelter building. Group feeding and chemistry both had non-significant associations. According to the parameter estimates, encapsulation far exceeded the other defenses as a significant predictor of parasitism.

	Parameter
	 X2                 df                 P
	Parameter

Estimate

	Encapsulation
	34.84            1              <0.0001    
	6.29

	Shelter
	8.03              1                0.0046
	2.83

	Group
	3.58              1                0.0583
	1.89

	Chemistry
	1.78              1                0.1821
	-1.33
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Figure 21. Correlation between the percent parasitism and the melanization response of 15 species of tropical Lepidoptera. Each point represents the mean percent parasitism and mean melanization response for each species. The significant negative correlations shows that individuals with a weaker immune response have higher parasitism rates (Pearson Correlation Coefficient r = -0.58, N = 15, P = 0.02).
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Figure 22. Melanization response for each family of Lepidoptera used in our study. Numbers above bars are the number of species represented in each family. The family Crambidae, which is our most basal family, had the lowest melanization response. The superfamily, Papilionoidea, which is represented by the last three bars all had similar melanization response.


[image: image26.emf]Figure 23. Cladogram of the superfamilies of Lepidoptera used in our study. The encapsulation ability for each family is mapped on the tree. The encapsulation ability is represented as the mean red value for the beads injected into the caterpillars. The higher the red value is, then the lower the encapsulation response. This tree shows that the superfamily Pyraloidea of the microlepidoptera has the highest red value. Of the macrolepidoptera, the Bombycoidea have the highest red value. These data indicate that the more basal families of Lepidoptera have lower encapsulation ability. 
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Figure 24. Parasitism rates for each caterpillar species used in our study. When parasitism was separated by parasitoid taxa, the Dipterans had the highest number of parasitism events (45%), followed by the Hymenopterans (34%), and a small proportion by Nematodes (21%). 


Discussion

Insects have evolved a wide variety of defenses that are used as protection against predators. The strong correlation between strength of encapsulation and percent parasitism demonstrates that the tertiary level of defense, which includes the encapsulation response, is an effective tool that caterpillars have against immature parasitoids. Previous work has shown that parasitoids are not deterred by the same combination of defenses that work against other more generalized predators like birds, spiders, and social wasps (Dyer & Gentry 1999, Gentry & Dyer 2002). Gentry and Dyer (2002) found that caterpillars that are shelter builders, group feeders, and chemically defended had the highest likelihood of being parasitized, while caterpillars that regurgitated were best defended against parasitoids. Barbosa and Caldas (2007) showed that green coloration in caterpillars left them significantly more susceptible to parasitism than any of the other defensive traits that were measured. They surmised that green coloration may be acting as a visual stimulant that parasitoids are using as a cue to quickly locate caterpillars. While these studies mostly focused on traits that do not adequately protect caterpillars, but that enhance their likelihood of parasitism, our study found that caterpillars do have a defensive trait that works against parasitoids. In fact, the encapsulation response is likely to be the best protection that caterpillars have against parasitoids, especially since not all caterpillars have the suite of defensive characters described by primary and secondary defenses, but do have the ability to encapsulate. Perhaps in corroboration with our data, Barbosa and Caldas (2007) also showed that brown coloration in caterpillars made them less likely to be parasitized. Brown coloration means that there are more pigments in the caterpillar’s body. These may be the same pigments that are used in the melanization process meaning that darker coloration in caterpillars may be associated with higher encapsulation response.

There was considerable variation in the encapsulation response among species and families of caterpillars. This variation in encapsulation among taxa may be correlated with Lepidopteran evolution, although more data is needed to run analyses to properly test this idea. When the encapsulation response was mapped onto a phylogeny of Lepidoptera, species in the butterfly superfamily, Papilionoidea, all had high encapsulation responses that were similar to each other. Additionally, the sister taxon to the butterflies, Hesperioidea, also had similar encapsulation rates. However, this consistency of encapsulation for species within a family did not hold for the Geometridae, which had both one of the highest encapsulation rates and one of the lowest encapsulation rates. The most basal families in our study, Crambidae and Bombycidae, had the lowest percent encapsulation, indicating that the encapsulation response may be weak in the more ancestral families of Lepidoptera. The evolution of the encapsulation response among different orders of insects is unknown. However, it is not surprising that the encapsulation response would be enhanced in more derived species, especially given its key role in defense against parasitoids, which are more recently evolved (e.g., Tachinidae evolved 20-30 mya; Stireman 2006). Studies have shown that variation in the encapsulation response is mostly due to quantitative genetic effects, with additional variation caused by environmental stress, diet, and predation pressure (Rolff & Siva-Jothy 2003, Kraaijeveld & Godfray 1997, Schmid-Hempel & Ebert 2003). Thus it is possible that enhanced encapsulation could quickly evolve. 

The correlation values for testing a relationship between encapsulation and parasitism for hymenopteran and dipteran parasitoids shows that the encapsulation response is not targeted at specific taxon of parasitoid. Several studies have shown that certain defenses work better against Hymenopteran parasitoids than against Dipteran parasitoids and vice versa (Gentry & Dyer 2002, Bourchier 1991, Mallampalli et al. 1996). For example, Gentry & Dyer (2002) found that avoidance behaviors such as thrashing, dropping, or biting were effective against hymenopteran parasitoids, but not against dipteran parasitoids. This is most likely due to the fact that the majority of dipteran parasitoids lay microtype eggs or larviposit/oviposits near their host’s microhabitat, but not actually on or in the host. The eggs or larvae eventually make their way into the hemocoel of the caterpillar and begin feeding. Nevertheless, the adult parasitoid never comes into direct contact with the caterpillar and, therefore, avoids defense behavior. For the encapsulation defense, the attack method of the parasitoid is meaningless, since once the larvae/egg is inside the caterpillar’s hemocoel, the response is universal. 

Parasitoid larvae have mechanisms for avoiding the encapsulation response, and both dipterans and hymenopterans have evolved such advances. Many female parasitoids will inject calyx fluid from the ovaries during oviposition. This fluid is filled with substances such as polyDNA viruses that function to diminish the encapsulation response (Lovallo et al. 2002). Additionally, parasitoids can coat their eggs in proteins that function to “hide” the egg so that the caterpillar does not recognize it as a non-self object (Gillespie et al. 1997). Some larval species of Tachinid flies (Ormia ochracea) will completely bypass the encapsulation response by traveling to the abdominal cavity once they are inside the host, thereby; avoiding immune specific cells (Bailey & Zuk 2008). In a previous study, we found that caterpillars sequestering high concentrations of secondary metabolites are immunocompromised due to direct toxicity effects on immune specific cells (Smilanich chapter 3). Other studies have shown that poor plant nutritional quality can significantly decrease the encapsulation response because caterpillars were unable to maintain their immune system (Ojala et al. 2005, Kapari et al. 2006, Klemola et al. 2007). Thus, the encapsulation response can be compromised and does not always provide protection from parasitoids. In our study, there was a positive correlation between encapsulation and nematode parasitization. Although non-significant, this result still indicates that encapsulation may be ineffective against nematode parasitoids. In general, the encapsulation response is likely to be the most effective in caterpillars that do not sequester plant secondary metabolites, feed on high quality plants, and are not attacked by parasitoids that avoid the hemocoel.      

Similar to the Gentry and Dyer (2002) study, we were able to quantify whether encapsulation would be a significant defense trait for predicting the likelihood of parasitization. We found that encapsulation was a significant character for predicting parasitization. This result may be particularly important for biological control efforts, which have traditionally had difficulty achieving success. For example, Dasrat et al. (1997) found that when the wasp parasitoid, Allorhogas pyralophagus (Hymenoptera: Braconidae) was used as a biocontrol agent to control sugarcane pests, it had a success rate of 63% in a lab setting, but this rate dropped 0.22% in the actual field setting. This may have been a result of the encapsulation response changing between an artificial and real environment. This may be because experiments with laboratory-reared colonies are not under the same heightened predator awareness that caterpillars collected from the field are. Instead they may be investing resources into other physiological activities such as growth and consumption in order to achieve higher pupal weights, which are correlated with reproduction success. Since all insects have the ability to encapsulate, focusing on this particular defense to heighten the success of biocontrol is likely to achieve significant results. This study showed that the encapsulation ability is the most significant predictor of parasitism. In addition, it is apparent that some species of caterpillars are better at encapsulating than others. If the causes of this variation can be found for crop pests, then agriculturalists and scientists alike can make more informed decisions and implement plans that are more likely to be successful.  

Finally, the insect immune system is an important defense against parasitoid, parasites, and pathogens. From this study, we conclude that it may be one of the most important defenses against parasitoid wasps and flies. Future work should focus on determinants of variation in the encapsulation response, and further documentation of the encapsulation response across not only lepidopteran taxa, but all Hexapods as well.   
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Chapter 7: Key findings and Synthesis


This dissertation study has shown that: (1) plant secondary metabolites have a significant effect on all aspects of caterpillar physiology and these effects cannot be grouped easily by compound, herbivore, or plant type; (2) iridoid glycosides sequestered at high concentrations have a significant negative effect on the immune response and the approximate digestibility of the Buckeye caterpillar, Junonia coenia; (3) the encapsulation response of the generalist caterpillar, Grammia incorrupta, is not affected by feeding on iridoid glycosides, even though it did suffer lower feeding efficiency responses; (4) the immune response of the specialist caterpillars in the genus Eois and the generalist caterpillars Spodoptera exigua were not affected by feeding on high concentrations of amides and imides; and (5) the encapsulation response is strongly negatively correlated with parasitism and is the most important predictor of parasitism when compared to other defenses.

We found that the encapsulation response is likely to be the most important defense that caterpillars have against parasitoid wasps and flies. There is, however, variation in this response and sequestering high concentrations of secondary metabolites can cause the encapsulation response to decrease. Since caterpillars that are proficient at sequestration are more likely to be specialists, these results are particularly meaningful for specialized herbivores. In an ecological landscape where concentrations of plant secondary metabolites differ interspecifically and intraspecifically, there may be a preference by herbivore individuals with high sequestration ability to prefer plants with low secondary metabolite concentrations. This preference will most certainly vary depending on the nutritional content of the plants, the predation pressure of the community, and the evolutionary relationship between parasitoid and herbivore. Plant nutritional quality can also alter the immune performance of caterpillars so that feeding on plants with low concentrations of secondary metabolites will not necessarily mean that caterpillars will be better protected from parasitoids. Additionally, if caterpillars are experiencing a majority of their mortality from birds, spiders, or other generalist predators, then avoiding sequestration at high concentrations is not advantageous for these caterpillars, since sequestered toxins have been shown to be an effective defense against certain predators. Lastly, if attacking parasitoid wasps are not adapted to developing within a chemically defended host and are negatively affected by sequestered compounds, then sequestering at high concentrations is still beneficial even if the immune system is compromised.  These three points aside, for some species, like the Buckeye caterpillars, the immune response is likely to be negatively affected by the high concentrations of sequestered secondary metabolites and these individuals will be more susceptible to parasitoids. 


The result that some of the caterpillars in our study had high encapsulation ability and were not affected by the high concentrations of secondary metabolites was partly explained by the fact that these caterpillars did not sequester (Spodoptera exigua) or they sequestered at low concentrations (Grammia incorrupta). Presumably since these caterpillars were not storing secondary metabolites in their tissues, they were avoiding the toxic effects that chemical defenses can have on the immune specific cells. Another possibility is that these caterpillars have evolved under strong pressure from parasitoids so they have evolved an efficient immune response that is resistant to variation. In other words they have a high mean encapsulation response and any variation that does occur, fluctuates around this high value. 

Producing a unified theory for the evolution of plant defenses is likely to be a difficult task. More studies need to be conducted that include multitrophic interactions since this was one of the major downfalls of the plant-apparency hypothesis. Our understanding of the effects of secondary metabolites on herbivores has grown extensively, but the multitrophic effects are still accumulating. If the plant-apparency hypothesis can be amended to include effects of third and fourth trophic level interactions, it would be a starting point for creating a new revised theory. The plant-apparency hypothesis is useful in that it is relatively simple, making it easy to apply to a given system. Unfortunately, this is also one of its failures since it doesn’t have the ability to encompass all systems. However, using it as a framework, accumulated knowledge about plant-herbivore-enemy interactions can be added to the theory so that it will be more relevant and reflect natural systems. For example, our study can add information pertaining to the interaction between plant defenses, sequestering caterpillars, and parasitoids. In this case, the evolution of plant defenses will be under stronger selection pressure from specialist sequestering herbivores than from non-sequestering generalist herbivores since specialist herbivores are more likely to be directly affected by concentrations of plant defenses.


Results from this dissertation research provide the base for many future studies. An obvious next step is to perform these same experiments using parasitoids to corroborate these results with a more natural system. Expanding the cross taxa experiments to include more species and families will allow for analyses to be performed that can reveal the evolution of the encapsulation response and which additional adaptations accompany it. Since all caterpillar species that fed on an artificial diet in the experiments described here had a dramatically decreased melanziation response (regardless of diet), investigating how plant pigments and other primary metabolites contribute to the melanization response will reveal more information about the melanization process and what affects it. In conclusion, conducting more studies that focus on explaining the variation in the encapsulation response will increase our understanding multitrophic interactions. One important application of this knowledge is in biological control efforts, since parasitoids are often the most important source of biotic mortality for insect pests in agroecosystems. Information that will enhance predictive power of parasitoid performance on hosts with specific characteristics, such as increased encapsulation, will increase the success of biological control.
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