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Abstract 

Increasing population density may alter food quantity or quality. Dietary stressors can 

interact simultaneously and produce emergent fitness effects both intragenerationally 

and potentially transgenerationally, including changes in pathogen resistance. Western 

tent caterpillar (WTC) Malacosoma californicum pluviale populations undergo regular 6-

11 year cycles; epizootics of nucleopolyhedrovirus (NPV) characterize population 

declines and may be triggered by density-related dietary changes. I tested the 

transgenerational interaction of three factors likely to be influenced in rising WTC 

populations. I manipulated foliage quantity, quality, and the presence of phylloplane 

bacteria provided to the parental generation and assessed NPV resistance and immunity 

in their offspring. Food limitation had strong impacts on life history traits of tent 

caterpillars. Somewhat unexpectedly, changes in foliage quality and ingestion of 

phylloplane bacteria had transgenerational effects on offspring, enhancing their NPV 

resistance and affecting expression of background pathogens. There was no evidence 

for increased disease susceptibility in offspring from combined parental stressors.  

Keywords:  Food quality; transgenerational effects; viral epizootic; immunity; disease 
resistance; forest Lepidoptera 
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Chapter 1.  
 
Introduction 

Transgenerational effects occur when the environment a parent experiences 

influences offspring phenotype and performance, apart from direct genetic transmission. 

These effects have been well documented across a broad range of taxa, including 

vertebrates, invertebrates, and plants (see reviews in Mousseau & Dingle, 1991; 

Bernardo, 1996; Rossiter, 1996; Mousseau & Fox, 1998; Molinier et al., 2006; Green, 

2008). In invertebrates, transgenerational effects have become increasingly recognized 

as important factors that can affect fitness-related traits (Rossiter, 1991; Corkum et al., 

1997; Mitchell and Read, 2005; Freitak et al., 2009a; Sadd & Schmid-Hempel, 2009; 

Frost et al., 2010; Roth et al., 2010; Zanchi et al., 2012) and population dynamics 

(Mousseau and Fox, 1998; Benton et al., 2001; Hunter, 2002; Plaistow et al., 2006; 

Benton et al., 2008). Mechanistically, environmental conditions interact with genotype to 

influence the expression of phenotypic traits and condition; this in turn affects resource 

provisioning to offspring (Leather, 1985; Benton et al., 2005; Mitchell & Read, 2005; 

Sadd & Schmid-Hempel, 2007; Boots & Roberts, 2012) or gene expression (Freitak, 

2009a,b). Maternal effects are the most commonly cited type of transgenerational effect, 

although recent studies have found evidence for paternal effects in invertebrates as well 

(Bonduriansky & Head, 2007; Roth et al., 2010; Triggs & Knell, 2012). Transgenerational 

effects in invertebrates have been found to persist for several generations in some cases 

(Benton et al. 2005; Plaistow et al., 2006; Benton et al., 2008; Hafer et al., 2011). 

Although the existence of transgenerational effects is widely accepted, debate 

continues as to their ecological and evolutionary importance (see reviews in Marshall & 

Uller, 2007; Badyaev & Uller, 2009; Bonduriansky et al., 2012; Uller et al., 2013). Of 

particular interest is the hypothesis that parental effects in invertebrates can induce 

transgenerational adaptive plasticity, i.e. that predictive environmental cues experienced 

by parents can stimulate phenotypic plasticity in progeny, thereby increasing offspring 
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fitness (Mousseau & Dingle, 1991; Rossiter, 1991; Fox & Mousseau, 1998). A number of 

invertebrate studies support this theory (Fox, 1997; Rotem et al, 2003; Kudo & Nakahira, 

2005; Moret, 2006; Crean et al., 2013), although there is a healthy level of skepticism for 

this being a generality, as transgenerational effects can also have negative impacts on 

offspring fitness (see reviews in Bernardo, 1996; Rossiter, 1996; Mayhew, 2001). In 

these situations, it has been proposed that transgenerational effects may simply be 

pathways through which environmental variation is passed on or the result of 

physiological side effects (Fox & Czesak, 2000), though these explanations fail to 

address such issues as the conflicts between parental and offspring fitness and the level 

of environmental variability over time (Marshall & Uller, 2007; Räsänen & Kruuk, 2007; 

Hoyle & Ezard, 2012). The level of temporal environmental heterogeneity and relative 

“direction” of transgenerational effects may be particularly important when considering 

their potential adaptive value. As an example, a maternal effect is “positive” (Lande & 

Price, 1989) when large mothers lead to large offspring, but “negative” (Falconer, 1965; 

Janssen et al., 1988) when parent/offspring phenotypes are opposite in direction. While 

positive maternal effects are most advantageous in environments undergoing extreme 

shifts (facilitating rapid adaptation), negative maternal effects are predicted to maximize 

fitness in stable environments (slowing or reversing phenotypic changes), (Hoyle & 

Ezard, 2012). Therefore, it is likely that the nature and potential adaptive value of 

transgenerational effects is highly context dependent. 

One way in which transgenerational effects may influence individuals and 

populations is through modulation of host susceptibility to pathogens. There is increasing 

evidence that susceptibility to invertebrate pathogens can be influenced 

transgenerationally through effects of parental diet, stress or previous pathogen 

exposure (Mitchell and Read, 2005; Sadd & Schmid-Hempel, 2009; Frost et al., 2010; 

Gibbs et al., 2010; Tidbury et al., 2011). 

Pathogens, disease resistance, and immunity in invertebrates 

Pathogens are ubiquitous and can cause high levels of mortality and disease 

across taxa. Their biology and impact has received considerable attention in human 

populations and for species of economic importance. The development of pathogens as 

biological control agents for insect pest species has been an area of intense focus for 
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decades (Steinhaus, 1956; Tinsley, 1979; Bedding et al., 1993; Lacey et al., 2001; Shah 

& Pell, 2003; Romeis et al., 2006; Hajek et al., 2007). In contrast, field studies 

investigating the ecological and evolutionary role of pathogens in insect populations and 

communities constitute a novel, emergent area (Altizer et al., 2000; Siva-Jothy, 2000; 

Cory & Myers, 2009; Vega et al., 2009).  

A wide array of pathogens infects insects, with the most common groups being 

fungi, bacteria, viruses, and entomopathogenic nematodes, as well as the less common 

fungi-like oomycetes. Almost all insect orders are susceptible to entomopathogenic fungi 

and unlike most other entomopathogens they almost always initiate infection through the 

cuticle of the insect (Hajek and Leger, 1994). There are a number of ecologically 

important groups of entomopathogenic fungi, including the orders Hypocreales 

(Metarhizium spp. and Beauveria spp., both widely employed in biological control) 

(Roberts & St Leger, 2004; Meyling & Eilenberg, 2007) and Entomophthorales (Roberts, 

1973; Pell et al., 2001).  

Entomopathogenic bacteria are generally classified in two groups, spore-forming 

and non-spore-forming. Non-spore-forming bacteria are generally benign whereas 

spore-forming bacteria produce environmentally resistant spores designed to infect 

insect hosts (de Maagd et al., 2003). One of the most studied and exploited spore-

forming bacterial species is Bacillus thuringiensis (Bt) (Aronson et al., 1986; de Maagd et 

al., 2003).  

Insect viruses are diverse and infect an extensive range of hosts (Cory & Myers, 

2003; Clem & Passarelli, 2013). The most well-known and best studied group of insect 

viruses are the baculoviruses (Baculoviridae). These viruses have been isolated from 

Lepidoptera, hymenopteran sawflies and Diptera. They produce environmentally robust 

proteinaceous occlusion bodies (OBs) that harbor one or more virions, depending on 

virus species. The infection process is initiated when larvae consume OBs present on 

food surfaces, triggering the release of virions that fuse with the midgut epithelial cells. In 

Lepidoptera, infection spreads from the midgut cells to other tissues in a budded form (a 

genetically similar but morphologically distinct form of the virus), eventually converting 

the larval body into millions of OBs. When the host dies, OBs are released into the 
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environment, contaminating plant surfaces and allowing the virus to perpetuate 

transmission (Cory and Myers, 2003).  

The success of the virus and its ability to transmit to future hosts is, as with all 

pathogens, affected by the host’s level of susceptibility and immunocompetence. Host 

resistance to infection may be related to selection pressures over evolutionary time or 

condition dependence based on environmental factors at the ecological scale (Roy & 

Kirchner, 2000; Cory & Myers, 2003; Beldomenico et al., 2008). Host plant can affect the 

midgut peritrophic matrix, which provides a physical barrier to viral infection (Plymale et 

al., 2008) and can influence sloughing of infected midgut cells, preventing the 

establishment and spread of the virus (Washburn et al., 1995; Hoover et al., 2000). The 

relationship between the insect immune system and baculovirus infection is still largely 

unknown, though recent evidence suggests that changes in gene expression post-

infection (Berretta et al., 2013; Jakubowska et al., 2013) and melanisation of virus 

infected tracheal cells (Washburn et al., 1996; Trudeau et al., 2001; Sparks et al., 2008) 

are important factors. 

The immune system of insects is reliant on innate immune mechanisms, which 

are triggered by infection and serve to destroy invading microbes. Pattern recognition 

proteins and immune signaling pathways can stimulate the insect immune system, 

leading to activation of the prophenoloxidase system, creation of differentiated 

haemocytes (which function to phagocytise and melanise/encapsulate infectious bodies) 

and production of antimicrobial peptides (Gillespie et al. 1997; Rowley & Powell, 2007; 

Jiang et al., 2010). The vertebrate immune system not only possesses innate functions, 

but is also characterised by a lymphocyte-based immune system capable of clonal 

expansion, memory, and specificity in response. This has been demonstrated not only 

within generations, but has also been shown to occur in a transgenerational manner, 

principally through the transfer of antibodies and pathogen resistance from mothers to 

offspring (Grindstaff et al. 2003; Grindstaff 2008). Although the immune system of 

invertebrates has been historically characterised by its supposed primitiveness and 

purely innate nature, emerging evidence suggests that invertebrates possess immune 

systems that may be functionally akin to vertebrates, having adaptive memory-like 

responses termed ‘immune priming’ (Moret & Siva-Jothy 2003; Korner & Schmid-
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Hempel, 2004; Mowlds et al., 2008; Tate & Rudolf, 2012) that may show specificity in 

nature (Hoffman, 2003; Sadd & Schmid-Hempel, 2006; Roth et al., 2009). Although 

definitions vary, immune priming broadly refers to exposure to an immune insult (often a 

sublethal pathogen challenge) or elicitor (not necessarily pathogenic) increasing 

immunocompetence (with the expectation of increased resistance to future pathogen 

challenges). A number of recent invertebrate studies have also shown that these 

memory-like responses can be passed from parents to offspring through what is termed 

transgenerational immune priming (TGIP) (Little et al., 2003; Moret, 2006; Sadd & 

Schmid-Hempel, 2009; Freitak et al. 2009a,b; Tate & Rudolf, 2012). Both immune 

priming and TGIP involve mounting and maintaining an immune response, which is 

costly (Freitak et al. 2007; Sadd & Schmid-Hempel 2009). Resource availability or 

quality can play a role in modulating this cost (Rossiter, 1991; Ali, 1998; Lee et al., 2006; 

Shikano et al., 2010; Myers et al., 2011; Boots and Roberts, 2012). 

Changes in resource availability and quality with herbivore density 

Resource availability and quality are often linked to population density. Resource 

shortage is a common consequence of high population density among herbivorous 

insect defoliators (Lepidopterans: Diss et al., 1996; Carisey & Bauce, 2002; Abbot & 

Dwyer, 2007; Myers & Cory, 2013; Sawflies [Hymenoptera: Symphyta]: Piene et al., 

2001; Lyytikäinen-Saarenmaa & Tomppo, 2002; Burnside et al., 2013; Coleopterans: 

Ferro, 1985; Elliot et al., 1996; Grimbacher et al., 2011). Changes in host plant quality 

are also linked with increasing herbivore population density (Underwood, 1999, 2010; 

Lynch et al., 2006), generally coming in the form of reduced foliage nutrient content or 

increases in the induction of chemical defenses (see reviews in Mayer 2004; Cory & 

Hoover, 2006; Schaller 2008; Fürstenberg-Hägg et al., 2013). Within a generation, 

variable resource availability or quality can affect invertebrate life history traits (Rossiter 

et al., 1988; Donegan & Lighthart, 1989; Boggs & Freeman, 2005; Sarfraz et al., 2013), 

immunity (Siva-Jothy & Thompson et al., 2002; Kapari et al., 2006; Haviola et al., 2007; 

Yang et al, 2007; Myers et al., 2011; Martemyanov et al., 2012), and disease resistance 

(Hunter & Schultz, 1993; Duffey et al., 1995; Cory et al., 1997; Hoover et al., 2000; 

Sarfraz et al., 2013; Cook et al., 2003). There is also emerging evidence for resource-

influenced transgenerational effects on invertebrate life history traits (Rossiter, 1991; 

Frost et al., 2010; Valtonen et al., 2012; Saastamoinen et al., 2013), immunity (Boots & 
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Roberts, 2012; Triggs & Knell, 2012), and disease resistance (Gliwicz & Guisande 1992; 

Mitchell & Read, 2005; Frost et al., 2010; Boots & Roberts, 2012), though such 

phenomena are not well understood. 

The consumption of non-pathogenic bacteria has been shown to have effects on 

insect immune expression, function and fitness traits in several studies, both within 

generations (Vodovar et al., 2005; Freitak et al., 2007) and transgenerationally (Freitak 

2009a,b). Thus, changes in the (non-pathogenic) microbial community of the 

phyllosphere (defined as the aerial parts of plants) may be another way in which the 

quality of host plants may be connected with insect herbivore population density and 

disease. The phyllosphere is a habitat for numerous and abundant microorganisms, 

largely dominated by bacterial species (see reviews in Kinkel, 1997; Andrews & Harris, 

2000; Lindow & Brandl, 2003; Meyer & Leveau, 2011; Vorholt, 2012). Communities and 

populations of leaf microbiota may change over time due to a variety of factors, including 

seasonality, nutrient availability, plant species, leaf surface properties, and microclimate 

(O’Brien & Lindow, 1989; Kinkel, 1997; Andrews & Harris, 2000; Kinkel et al., 2000; 

Lindow & Brandl, 2003). Despite the relative profusion of both insects and leaf 

microbiota residing in the phyllosphere, relatively little information exists as to what 

effects each group has on the other (Stadler & Müller, 2000) and such interactions are 

given little, if any, mention in otherwise comprehensive reviews considering leaf surface 

microbial population dynamics (Kinkel, 1997; Andrews & Harris, 2000; Lindow & Brandl, 

2003; Meyer & Leveau, 2011). Though few in number, experiments investigating 

interactions between insect herbivores and leaf microbiota suggest that insect herbivory 

can increase both the abundance and diversity of leaf microbial populations (Stadler & 

Müller, 2000; Müller et al., 2003). The other side of the coin, whether leaf microbial 

communities can affect insect herbivores, is essentially unexplored. 

Population cycles and pathogens 

It is evident that changes to resource quantity and quality associated with 

increases in insect herbivore density can have important transgenerational effects on 

invertebrates. Transgenerational effects can provide a source of delayed density 

dependence or lag, which is a necessary prequisite for the existence of population 

cycles (May, 1973; Berryman, 1987). Lotka (1932) and Volterra’s (1926) theories, along 
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with the work of Elton and Nicholson (1942) and Anderson and May (1981), highlighted 

the importance of exogenous mechanisms such as predation and parasitism in the 

cyclicity of animal populations. Probably the best-known groups that experience cyclic 

dynamics are small mammals and their predators (Lambin et al., 2000; Hanski et al., 

2001; Huitu, 2007) and forest Lepidoptera (Myers, 1988; Myers & Cory, 2013). Many 

hypotheses have been put forward to explain what causes population cycles in forest 

Lepidoptera, including parasitoids (Berryman, 1996, 2002), predation (Klemola et al., 

2009), pathogens (Dwyer & Elkinton, 1993; Myers, 2000; Cory & Myers, 2009), induced 

plant defenses (review in Nykänen & Koricheva, 2004; Kessler et al., 2012), 

transgenerational effects (Rossiter, 1994; Ginzburg & Taneyhill, 1994; Inchausti & 

Ginzburg, 2009), and changes in insect quality and immunocompetence (Haukioja, 

2005; Kapari et al., 2006; Cory & Hoover, 2006; Reynolds et al., 2011).   

Disease outbreaks have been implicated as important factors in the decline of 

populations in certain species of forest Lepidoptera that exhibit cyclic dynamics (Myers & 

Cory, 2013). In particular, epizootics of baculoviruses are associated with population 

crashes across a range of Lepidoptera (mainly in the Lymantriidae and Lasiocampidae), 

such as the gypsy moth, Lymantria dispar (Dwyer & Elkinton, 1993; Dwyer et al., 2000; 

McManus & Csóka, 2007; Martemyanov et al., 2012; Elderd et al., 2013; Alalouni et al, 

2013), tussock moths, Orgyia spp. (Thompson et al., 1981; Richards et al., 1999; van 

Frankenhuyzen et al., 2002; Williams et al., 2011), and the western tent caterpillar, 

Malacosoma californicum pluviale (Myers, 2000; Cory & Myers, 2009; Myers et al., 

2011). 

Study system and overall questions 

Population cycles of the western tent caterpillar (WTC) are particularly well-

studied (Wellington, 1960, 1965; Myers, 2000; Cory & Myers, 2009). This system is ideal 

for testing concepts related to population cycles for a number of reasons: 1) the 

existence of an extensive population data set showing clear patterns relating to survival, 

fecundity, and disease, 2) a regular period of cycles (6 – 11 years) with one generation 

per year, and 3) females lay eggs in single masses and larvae are gregarious, facilitating 

the collection of fecundity-related and family-based/genetic data (Myers & Cory, 2013). 
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The WTC subspecies used in this study, M. c. pluviale, primarily ranges through 

much of the Pacific Northwest, though it is also distributed longitudinally across the 

North American continent in the Nearctic zone (Stehr & Cook, 1968; Fitzgerald, 1995). 

This species is polyphagous on a number of deciduous plants, including hawthorn 

(Crataegus monogyna), crab apple (Malus diversifolia), wild rose (Rosa nutka), and, 

chiefly, red alder (Alnus rubra) (Myers, 2000). As their name suggests, families of 

western tent caterpillars construct conspicuous silken tents on host plants from which 

they obtain shelter, a means to thermoregulate, and protection from predators 

(Fitzgerald, 1995).  

In the early to mid stages of population increase, larval survival and moth 

fecundity are high (Myers, 2000). However, when density increases to near peak stages, 

larval survival begins a steep decline, followed by a decline in fecundity (Myers, 1988, 

2000). High levels of disease beset peak populations of the WTC, primarily in the form of 

epizootics of the baculovirus M. c. pluviale nucleopolyhedrovirus (McplNPV) (Myers, 

2000). These epizootics are associated with population crashes, leading to trough 

periods and lag effects of low fecundity for up to several years after the decline (Myers, 

2000), possibly as a consequence of sublethal virus infection (Boots & Begon, 1994; 

Myers & Kukan, 1995; Cory & Myers, 2009).  

Little is known as to how McplNPV persists in WTC populations during trough 

periods with low larval densities and no evidence of virus mortality. Environmental 

persistence of NPV in areas protected from UV can re-infect Lepidopteran larvae in a 

subsequent year (Rothman, 1997; Kukan, 1999; Fuller et al., 2012), but it is unclear how 

viruses can persist in the environment over successive years without evident infection. 

McplNPV in Lepidopteran populations could potentially persist by external contamination 

of the egg mass (Murray & Elkinton, 1989; Hugar et al., 1994; Kukan, 1999) or as 

sublethal or persistent infections, passed on vertically from parent to offspring (Burden et 

al., 2002, 2003, 2006; Cory & Myers, 2003). Stressors, such as other pathogens, host 

density, fluctuations in temperature/humidity, and diet have been proposed as the 

proximate triggers for virus activation into overt form (Fuxa et al., 1999; Cooper et al. 

2003a,b; Il’inykh & Ul’yanova, 2005); however, no consistent trigger has been 

demonstrated. 
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In this thesis, I investigate the potential impacts that transgenerational, density-

related, dietary factors have on WTC virus resistance, immunity, and life history traits. 

Specifically, I tested the effect of three factors (food quantity, herbivore-induced changes 

in foliage quality, and the presence of leaf bacteria) singly and in combination and 

whether they may interact to increase larval susceptibility to disease in offspring. The 

synergism of suboptimal dietary factors could provide an explanation for enhanced 

disease susceptibility in dense WTC populations that allows for the initiation of virus 

epizootics. While this thesis addresses a specific system and question, it is also 

intended as a test of general principles relating to how environmental factors can interact 

transgenerationally to produce trade-offs between life history traits and immunity/disease 

resistance. 
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Chapter 2. Transgenerational effects on disease 
resistance in the western tent caterpillar 

Introduction 

An individual’s phenotype is determined by interactions between the expression 

of genes and the influence of environmental factors. While progress in molecular 

techniques and genomics have greatly advanced the genetic side of this relationship, 

determining the influences of the environment on phenotype remains challenging. There 

are a range of environmental factors that can influence individual phenotype, such as 

food quality and quantity, population density, and temperature (see reviews in DeWitt & 

Scheiner, 2004; Miner et al., 2005). In addition to the direct influence of the environment 

on the phenotype of an individual, the conditions experienced by parents can shape 

offspring phenotypes through changes in egg provisioning (Diss et al., 1996; Benton et 

al., 2005; Gibbs et al., 2010) or by modifying offspring gene expression (Poulin & 

Thomas, 2008; Freitak 2009a). Such effects, termed “transgenerational effects”, can 

affect a wide range of invertebrate fitness-related traits (Rossiter, 1991a; Mitchell and 

Read, 2005; Freitak et al., 2009b; Sadd & Schmid-Hempel, 2009; Frost et al., 2010; 

Roth et al., 2010; Zanchi et al., 2012) and population dynamics (Mousseau and Fox 

1998; Benton et al., 2001; Plaistow et al., 2006). This passage of environmental 

experience across generations can introduce a lag into a system and result in delayed 

density-dependent responses (Benton et al., 2001; Triggs & Knell, 2012b). 

Transgenerational effects can therefore be thought of as feedbacks to population 

density. 

As population density is often positively associated with parasite prevalence and 

disease transmission (Anderson & May, 1981; McCallum et al., 2001; Lafferty & Holt, 

2003; Myers & Cory, 2013), lag introduced through transgenerational effects may be 
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important for determining the responses of organisms to parasites and pathogens. 

Research on the invertebrate host-pathogen relationship has principally been focussed 

on factors that affect the susceptibility of the current generation, though there is 

increasing evidence that invertebrate disease resistance can be influenced by 

transgenerational effects related to diet, stress or previous pathogen exposure (Mitchell 

and Read, 2005; Sadd & Schmid-Hempel, 2009; Frost et al., 2010; Gibbs et al., 2010; 

Tidbury et al., 2011). While the mechanisms behind invertebrate transgenerational 

disease resistance are not well understood, it is likely that such phenomena are related 

to the invertebrate innate immune system.  

Although once thought of as simple and hardwired, the innate immune system of 

invertebrates continues to reveal surprising levels of complexity (Medzhitov & Janeway, 

1997; Loker et al., 2004; Little et al., 2005; Vilmos & Kurucz, 1997; Ferrandon et al. 

2007; Beckage, 2011). Recent studies indicate that invertebrate immune systems can 

display adaptive memory-like responses termed ‘immune priming’ (Moret & Siva-Jothy 

2003; Korner & Schmid-Hempel, 2004; Mowlds et al., 2008). In immune priming, 

exposure to an immune insult or elicitor is believed to upregulate the insect immune 

system, which may serve to increase resistance to future pathogen challenges. Immune 

priming can lead to trade-offs between life history and immunocompetence, and could 

potentially result in increased protection against pathogens (review in Rowely & Powell, 

2007; Moret and Siva-Jothy, 2003; Korner & Schmid-Hempel, 2004; Freitak et al. 2007; 

Mowlds et al., 2008; Sadd & Schmid-Hempel, 2006; Roth et al., 2009b; but see 

Vorberger et al., 2008; Linder & Promislow, 2009). Immune priming in parents can even 

act transgenerationally, altering offspring immunocompetence and disease resistance 

(Little et al., 2003; Moret, 2006; Sadd & Schmid-Hempel, 2009; Freitak et al. 2009a,b).  

Immune activation carries substantial costs that can affect host fitness. High 

resource investment is required for the production of differentiated haemocytes, proteins 

and enzymes involved in immune pathways, and the antimicrobial peptides/proteins 

involved in invertebrate immunity (Gillespie et al. 1997; Rowley & Powell, 2007; Jiang et 

al., 2010). In insects, immune-related resource costs from activation or maintenance are 

often manifested as energetic costs or as trade-offs with life history metrics (Schmid-

Hempel, 2003; Freitak et al., 2003; McKean et al., 2008). Environmental factors such as 
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poor resource conditions or nutritional stress can therefore influence the insect immune 

response by limiting resource availability for both immune function and growth and 

reproduction (Feder et al., 1997; Moret & Schmid-Hempel, 2000; Siva-Jothy & 

Thompson, 2002; Povey et al., 2009; Myers et al., 2011, Triggs & Knell 2012a,b). Insect 

immunocompetence can be prioritized over other fitness parameters (Tyler et al., 2006), 

though such a relationship may be determined by trade-offs between specific immune 

responses (Rantala & Roff, 2005) or resource availablity (Schmid-Hempel, 2003; 

Janmaat & Myers, 2005). 

Differential immune investment/function may be important for determining the 

nature and outcome of insect host-pathogen interactions. One important 

entomopathogen group that may be influenced by the level of immunocompetence is the 

baculoviruses. Baculovirus epizootics are associated with population declines across a 

range of Lepidoptera, causing high levels of mortality (Dwyer & Elkinton, 1993; Myers, 

2000; van Frankenhuyzen et al., 2002; McManus & Csóka, 2007; Cory & Myers, 2009; 

Myers et al., 2011; Williams et al., 2011; Elderd et al., 2013; Alalouni et al, 2013). 

Ecological immunologists measure a number of immune-related metrics, such as 

haemocyte density, encapsulation response and phenoloxidase activity. Whether any of 

these immune measures plays a significant role in resistance to baculoviruses is still 

unclear (Jiang et al., 2010, Saejeng et al., 2010). However, a limited amount of research 

suggests that haemocytes (involved in the melanisation/encapsulation process) play a 

role in fighting the initial spread of infection (Trudeau et al., 2001; Washburn et al., 2006; 

Sparks et al., 2008). The use of molecular tools has demonstrated changes in host gene 

expression following infection, which could affect the level of host immune responses 

(Berretta et al., 2013; Jakubowska et al., 2013).  

As the invertebrate immune system is resource-dependent, I set out to explore 

the effects of three resource-related factors that are likely to change with increasing 

insect density: 1) reduced food availability resulting from defoliation, 2) induced plant 

responses to feeding damage, and 3) defoliation-related changes in populations of leaf 

surface microbiota. The influence of resource shortage with rising population density has 

been shown in a number of invertebrate studies (Beckerman et al., 2002; Mitchell & 

Read, 2005; Ben-Ami et al., 2010; Boots & Roberts, 2012), including outbreaks of forest 
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Lepidoptera (Diss et al., 1996; Carisey & Bauce, 2002; Abbot & Dwyer, 2007; Myers & 

Cory, 2013), Hymenoptera (specifically sawflies) (Piene et al., 2001; Lyytikäinen-

Saarenmaa & Tomppo, 2002; Burnside et al., 2013), and Coleoptera (Ferro, 1985; Elliot 

et al., 1996; Grimbacher et al., 2011). Food limitation generally has negative 

consequences on both development and immunity in invertebrates within a generation 

(Donegan & Lighthart, 1989; Siva-Jothy & Thompson 2002; Boggs & Freeman, 2005, 

Myers et al., 2011; but see Yang et al., 2007). Transgenerational effects of food 

limitation are more equivocal and depend upon the type of food limitation (i.e. periodic or 

extended food deprivation, nutrient dilution, or restricted levels of limiting nutrients) 

(Gliwicz & Guisande, 1992; Mitchell & Read, 2005; Frost et al., 2010; Saastamoinen et 

al., 2013). 

In addition to a plant’s constitutive defenses (Wittstock & Gershenzon, 2002), 

plant defenses can be induced by herbivore damage (Fürstenberg-Hägg et al., 2013; 

Elderd et al., 2013). Such induced respsonses can be direct or indirect. Direct induced 

plant defenses can lead to declines in nutritional quality or increases in secondary 

chemical content of foliage (see reviews in Mayer, 2004; Cory & Hoover, 2006; Schaller, 

2008; Fürstenberg-Hägg et al., 2013) and indirect defenses can include the recruitment 

of natural enemies through plant volatiles (Kessler & Baldwin, 2001). Induced responses 

can be rapid (i.e. same season) or delayed (previous damage affecting subsequent 

seasons) (Haukioja et al., 1985; Kaitaniemi et al., 1999; Parry et al., 2003; Nykanen and 

Koricheva, 2004; Martemyanov et al., 2012a,b). The level of an induced defense can 

depend on insect herbivore density (Underwood, 1999, 2010; Lynch et al., 2006), with 

the severity of a plant’s response generally increasing with rising levels of herbivore 

density. Among Lepidopterans, induced plant defenses have been shown to have 

negative effects on insect development and fecundity (Rossiter et al., 1988; Nykänen & 

Koricheva, 2004; Sarfraz et al., 2013) but may also upregulate immune function, 

although this is equivocal (Kapari et al., 2006; Haviola et al., 2007; Martemyanov et al., 

2012; Campo et al., 2012). They may also provide protection from entomopathogens 

(Hunter & Schultz, 1993; Hoover et al., 2000; Sarfraz et al., 2013; but see Cook et al., 

2003).  
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Little is known regarding the effects of induced plant defenses across 

generations, although a diet of induced foliage has been shown to positively affect 

offspring mass and decrease the duration of the early instar prefeeding/dispersal stage 

in the gypsy moth, Lymantria dispar (Rossiter, 1991). There are no studies, to my 

knowledge, that have investigated the transgenerational role of induced plant defenses 

on offspring immunity or disease resistance. One of the novel aspects of the current 

study was to assess the presence and direction of any such effects. 

The phyllosphere microbial community is another factor that may change with 

population density in the WTC. Interactions between insect herbivores and leaf surface 

microorganisms have been little studied, although it has been suggested that insect 

herbivory can influence the population dynamics of leaf bacteria (Stadler & Müller, 2000; 

Müller et al., 2003). Stadler and Müller (2000) found that infestation of deciduous trees 

with lepidopteran larvae resulted in higher abundance of all microorganisms (bacteria, 

yeast, fungi) on leaf surfaces, though this effect was greatest for bacteria. In a 

subsequent study, insect herbivory was shown to increase the diversity of leaf surface 

bacteria (Müller et al. 2003). As consumption of non-pathogenic bacteria has been 

shown to affect insect fitness and immune function both intra- and transgenerationally 

(Freitak et al., 2007, 2009a,b), there may also be a link between leaf microbial 

populations and insect condition. 

Consumption of leaf bacteria might affect transgenerational disease resistance, 

as some studies have found that bacterial priming can enhance immune responses 

towards homologous infections (Little et al., 2003; Mallon et al., 2003; Sadd & Schmid-

Hempel, 2006, 2009; Roth et al., 2010; but see Moret & Siva-Jothy, 2003; Korner & 

Schmid-Hempel, 2004; Mowlds et al., 2008). Of the few studies that have investigated 

transgenerational effects on baculovirus resistance in insects (Tidbury et al., 2011; Boots 

& Roberts, 2012; Shikano et al., in press), none have examined the influence of non-

pathogenic bacteria. In the Indian meal moth Plodia interpunctella, Tidbury et al. (2011) 

found that exposure of parents to low doses of P. interpuntella granulovirus (PiGV) led to 

higher virus resistance in both parents and in offspring. However, the study did not 

account for the potential of sublethal/vertical virus transmission and thus it is not clear 

whether transgenerational immune priming occurred. In another P. interpunctella study, 
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Boots and Roberts (2012) found that offspring of parents fed a poor diet (increased 

cellulose concentration) led to offspring with enhanced resistance to PiGV. Recently 

Shikano et al. (in press), studying the cabbage looper Trichoplusia ni, found that a poor 

parental diet (increased cellulose content) led to offspring with a higher resistance to T. 

ni single nucleocapsid nucleopolyhedrovirus (TnSNPV). 

For insect populations, food limitation, induced plant responses, and amplified 

levels of non-pathogenic leaf bacteria can be viewed as “stressors” that negatively affect 

individual fitness (Selye, 1950; Brett, 1958), causing fitness trade-offs (Freitak et al., 

2007; Campero et al., 2008; Messina & Slade, 1999; Boggs & Freeman, 2005) that alter 

reproductive allocation and/or gene regulation, and can influence population dynamics 

(Coors & De Meester, 2008; Hall et al., 2013; Alalouni et al., 2013). Low levels of stress 

may be compensated for (Moret & Schmid-Hempel, 2000; Campero et al., 2008), but a 

combination of multiple stressors may impose costs that overwhelm the individual’s 

ability to compensate, leading to increased disease susceptibility (Marcogliese & 

Pietrock, 2011). When resources are scarce, the ability of parents to adequately 

provision or prepare progeny may be compromised by the exacerbation of stressor-

related costs and offspring fitness can be reduced (Coors & De Meester, 2008; Lorenz & 

Koella, 2011). 

In this study, I tested the transgenerational effects of multiple, density-related 

dietary stressors (food limitation, induced foliage, and foliar bacteria) on disease 

resistance in the western tent caterpillar (WTC), Malacosoma californicum pluviale. The 

WTC is a gregarious, tent-forming, polyphagous insect that undergoes population cycles 

with a periodicity of approximately 6-11 years in southwestern British Columbia (BC), 

Canada (Myers, 2000). Populations of WTC in BC feed on a variety of deciduous plants, 

though red alder (Alnus rubra) is their primary host. Long-term monitoring of field 

populations shows that high-density, apparently healthy populations of WTC are rapidly 

infected with disease, primarily the baculovirus M. c. pluviale nucleopolyhedrovirus 

(McplNPV), causing the population to crash (Cory & Myers, 2009; Myers & Cory, 2013). 

The source of this virus is intriguing as there can be little evidence of viral disease for 

several years prior to this epizootic and little is known about how virus persists in WTC 

populations during low density, trough periods (Cory & Myers, 2009). 
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What is clear in the WTC system is that an increase in population density is 

associated with a general decline in larval survival (estimated from the relationship 

between egg mass size and tent size in the fourth instar) 2-4 years before population 

peaks are reached, while fecundity remains relatively high up until a year or two later, 

after which the population peaks and virus epizootics strike (Wellington 1957; Myers 

2000; Cory and Myers 2009). It is likely that decreases in larval condition and survival in 

WTC popultions is linked to increased susceptibility to background pathogens, which can 

be significant mortality factors for the WTC (Cory & Myers, 2009; Sarfraz et al., 2013). 

The lag seen between peak larval survival and peak population density in the WTC 

suggests that delayed density-dependent processes may be at work, increasing host 

susceptibility to virus epizootics. 

Rather than displacing the importance of the host-pathogen relationship and its 

relation to population cycles in the WTC, the concept of transgenerational effects can be 

thought of as a subtle but significant link between dynamic environmental factors and the 

host’s susceptibility to pathogens. It was expected that exposure to single stressors 

would result in fitness costs in parents and result in trade-offs between egg size, number 

and quality as well as transgenerational trade-offs between enhanced immune function 

and other fitness aspects (e.g. growth or weight). Additionally, I suspected that bacterial 

priming in parents would lead to decreased virus resistance due to differences in the 

expression of immune activity. I propose that exposure to the combination of these 

stressors would approximate some of the conditions experienced by individual WTC in 

periods of increasing and high population density, as there is evidence that all three 

factors can change with increasing herbivore density. The combination of these 

stressors was predicted to have severe detrimental effects on parents, with 

combinations exhibiting synergistic effects, leading to offspring with suboptimal 

development, survival (lower resistance to background pathogens), immunocompetence, 

and virus resistance (Fig. 2.1). Through this multiple stressor-induced lag effect, we 

hoped to find a potential mechanism for increased virus susceptibility that characterises 

the onset of epizootics in high-density WTC populations.  

Below I consider the two aspects of this study sequentially.  First I consider the 

impacts of the three stressors on the life history characteristics of the parental 



 

32 

generation. Then I consider the influence of these stressors on the disease susceptibility 

of the offspring of the “stressed” parents. Finally I discuss how food stress and resulting 

immunity responses could influence the population dynamics of western tent caterpillars. 
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Figure 2.1. General predictions for transgenerational effects of food limitation, 
induced foliage, and non-pathogenic foliar bacteria on offspring disease 
resistance and parental/offspring life history investment in M. c. pluviale.  Warmer 
colors on the x and y-axis arrows indicate higher levels of each parameter. Single 
stressors place costs on individuals, lowering investment into growth or reproduction and 
can modulate transgenerational disease resistance. Double stressors place increasing 
pressures on parental fitness and might restrict an individual’s performance and ability to 
adequately provision offspring. The triple-stressor treatment at the bottom-left may 
represent the outcome of simultaneous stressors inflicting negative synergistic effects on 
parents, leading to offspring with overall weak condition and decreased resistance to 
virus. 
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2.A. Parental generation 

2.A.1. Parental generation methods 

1) Overview of experimental design 

To investigate the transgenerational effect of dietary factors on disease 

resistance in the WTC, I designed a two-year study outlined in Figure 2.2. Parents were 

reared in a fully factorial (2x2x2) experiment, incorporating the factors of food quantity, 

plant induction, and leaf microbiota. Life history measurements were recorded for 

parents, and moths were mated. Egg size and quality, as well as number of eggs per 

egg mass were measured. Egg masses produced by the parental generation were 

overwintered and offspring were assayed for susceptibility to McplNPV virus, evaluated 

for immunocompetence, and monitored for growth and development. 
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Figure 2.1. Experimental design for study of transgenerational effects on disease 
resistance in M. c. pluviale. Orange represents the flow of the main study; blue 
symbolizes procedures performed only on ad libitum treatments. 
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2) Sources of insects 

Western tent caterpillar egg masses used for the experiments originated from a 

field collection made from an apple orchard on Saturna Island, BC in February 2011 (the 

egg masses would have been laid in the summer of 2010).  To remove or reduce 

transgenerational effects in these field-collected insects, larvae were reared for one 

generation in family groups in un-crowded conditions on red alder (A. rubra) trees on the 

University of British Columbia (UBC) campus.  Naturally occurring western tent 

caterpillars are uncommon on the UBC campus and there was no history of defoliation 

on these trees.  Insects were brought into the laboratory in the fourth instar and reared 

through individually on alder leaves, left to pupate and then mated to produce egg 

masses (Kharouba, 2013). The egg masses were overwintered outdoors in a protected 

area. Approximately 300 egg masses (each containing around 100-250 eggs) comprised 

the stock from which experimental larvae were selected. An additional 261 egg masses 

were collected from Saturna Island on March 31 and April 1, 2012, from red alder trees 

situated along a roadside. Larvae from these egg masses were deployed to feed on 

leaves on branches to create induced foliage (see following section for description). 

Eggs destined for laboratory experiments were moved from their overwintering 

site in early April and placed in an incubator at 10/6°C on a 12/12 hr cycle. In mid-April 

the temperature was gradually increased to allow the larvae to hatch. As early instars 

only survive when reared in groups and survival is often poor under laboratory 

conditions, the neonate larvae were placed outside during early development.  Families 

were mixed and groups of 50-150 first instar larvae were transferred to 44 young red 

alder trees at the Aquatic Research Facility (ARF) on the UBC campus on April 18, 

2012.  These trees were 2-4 m tall and had no history of tent caterpillar attack. 

By May 19, 2012, experimental larvae at the ARF site had reached the mid-late 

3rd instar and were collected and kept in groups of 25-50 at 10/8°C in 473 ml waxed 

paper cups (Solo Cup Company, Highland Park, IL, USA) in a Conviron A-1000 

environment chamber (Conviron, Ltd., Winnipeg, MB, Canada). Larvae were fed red 

alder leaves surface-sterilized with 0.2% bleach solution, collected from non-

experimental trees, ad libitum. When the majority of the larvae collected from the ARF 
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site had reached the late third instar they were brought into the laboratory and reared at 

room temperature (approx. 22-24°C). 

3) Parental diet treatments 

 Manipulation of food quantity 

Fourth instar larvae in ad libitum treatments were maintained in 60 ml plastic 

cups and cleaned and fed daily with fresh red alder leaf pieces, while food-limited larvae 

were fed every other day (Myers et al. 2011). To prevent desiccation of food-limited 

larvae, a moist piece of paper towel was placed inside each cup on food-free days. 

Frass was occasionally removed from cups during the 4th instar and removed daily from 

cups for the duration of the 5th instar.  

Creating induced and non-induced foliage 

To generate “induced” leaves, branches of red alder trees were subjected to 

herbivory by WTC larvae. Although no measurements of chemical or nutritional changes 

in the foliage were taken, herbivore damage is known to influence foliage quality at a 

branch level, affecting larval development (Sarfraz et al. 2013). Foliage collected from 

WTC damaged branches was referred to as “induced”, while leaves harvested from non-

infested branches were designated as “control”. The term “control” was meant to signify 

branches that had only constitutive levels of defense chemicals but were free from 

herbivore attack. Only undamaged leaves were harvested for feeding to experimental 

larvae. 

In early April 2012, 18 red alder trees in Totem Field at UBC were selected for 

use in the experiment. On 13 of the trees, four branches per tree were flagged and 

randomly assigned to herbivore damage or control (two of each). In the remaining five 

trees only two branches were randomly assigned for damaged or control treatments 

(one of each) due to limited branch availability.  

On April 2, 2012, egg masses destined to be the source of larvae used to create 

feeding damage were washed in a 0.8% bleach solution for 5 mins to remove any 
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potentially contaminating microorganisms, rinsed in tap water for an additional 5 mins, 

then allowed to air-dry before storing in a protected location outside. On April 7, 2012, 

these egg masses were transferred to the selected branches by attaching two egg 

masses with zip-ties to branches, approximately 30 cm apart and 30 to 60 cm from the 

tip of the branch, following the methodology used by Kharouba (2013). Branches were 

checked regularly and larvae were removed or added to branches as necessary to 

ensure a balance between sufficient damage and enough leaves for the experiment.  At 

the initial leaf collection, feeding larvae had reached the late 3rd to mid-4th instar and had 

defoliated branches by approximately 40%. Over the course of the experiment, the level 

of defoliation gradually intensified, due to the increased feeding by later instars. Tent 

caterpillars are gregarious and remain within their family group on their tents for most of 

the larval period. When larvae reached the 5th instar, they dispersed to find pupation 

sites and had to be removed from branches daily. 

Foliage for induced and control treatments was collected daily and leaves from 

the trees and were randomly assigned to individual larvae within treatments so that 

larvae were not fed continuously with leaves from the same branches or trees. Leaves 

were washed in a 0.2% bleach solution for 5 minutes, rinsed in tap water, and air-dried.  

Application of foliar bacteria 

The bacteria chosen for application to leaves were laboratory-grade 

Pseudomonas fluorescens, P. syringae and Pantoea agglomerans, all common bacterial 

species on deciduous leaf surfaces (Hirano & Upper, 2000; Müller et al., 2003; Redford 

& Fierer, 2009). These were obtained from Z. K. Punja at Simon Fraser University 

(Burnaby, BC, Canada); bacteria cultures were stored at -80°C in a glycerol (Caledon, 

Georgetown, ON, Canada) solution.  

Approximately 11 days from the start of feeding parental larvae on experimental 

diet treatments (i.e. fully factorial combinations of food quantity, leaf quality, and 

presence/absence of foliar bacteria), bacterial cultures from frozen glycerol stocks were 

plated onto nutrient agar and allowed to grow for 3 days at room temperature. After this, 

several colonies from each plate were collected and used to inoculate 15 ml glass vials 

each containing 5 ml liquid nutrient broth (NB powder (Fluka Analytical, MO, USA), 4 g/L 
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DI H2O; 6 vials per species). Vials were shaken for approximately 18 hr at room 

temperature to incubate cultures.  

One week prior to the start of diet treatments, 10 ml aliquots of all three bacterial 

species were made to prepare the mixed bacterial suspension for leaf dipping. From 

each of the previously incubated bacterial cultures 1 ml was taken for OD (optical 

density) measurements at 600 nm in a Nanodrop 2000C spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA) using a standard cuvette. Based on serial dilutions 

of previous bacterial suspensions, OD readings for estimated colony forming units (CFU) 

per ml were predicted to be approximately 1 x 109 (Pseudomonas fluorescens, Pantoea 

agglomerans) and 1 x 108 (Pseudomonas syringae) CFU/ml. In order to check the 

viability of frozen aliquots and accuracy of OD readings, serial dilutions of samples were 

plated (4 reps x 3 dilutions x 3 bacterial species) to determine colony survival 

(unpublished data).  

The remainder of the incubated culture vials were used to prepare bacterial 

suspensions made up of equal portions of the three bacterial species (20 ml each of 1 x 

109 CFU/ml – P. syringae cultures were concentrated by a factor of 10 to achieve this 

concentration) based on the OD estimates. From this mix, 60 aliquots were made. For 

each aliquot, 1 ml of the mixture was pipetted into a sterile 15 ml polypropylene conical 

tube (Corning Inc., Corning, NY, USA) and 7.5 ml of sterile water and 1.5 ml glycerol 

were added. The aliquots were frozen at -20°C.  

The chosen concentration for leaf dipping was 1 x 105 CFU/ml. This was based 

on: 1) selecting a concentration of common phylloplane bacteria found on deciduous leaf 

surfaces in the field, and 2) inducing an effect in larvae without causing mortality. In 

summer months Stadler and Müller (2000) found that concentrations of common 

phylloplane bacteria on oak and beech trees ranged anywhere from 1 x 104 CFU/g to 1 x 

107 CFU/g (CFU/g measurements are approximately equal to CFU/ml). To address the 

second concern, there is little empirical evidence on the effect of these bacteria on 

insects. However, Sadd and Schmid-Hempel (2006) found that all naïve bumblebees 

cleared injections of 5 x 104 CFU/ml of live P. fluorescens, while a higher dose at 2.5 x 
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106 CFU/ml resulted in approximately 10% mortality. Based on these two studies, it was 

decided that concentration of 1 x 105 CFU/ml would adequately address both concerns. 

Prior to dipping the leaves, a bacterial aliquot was thawed, vortexed for several 

seconds and 1 ml portions were then pipetted into a 1.5 ml eppendorf tubes, which were 

centrifuged at 14,000 rpm for 20 mins to pellet the bacteria. After removing the 

supernatant, 1 ml water was added to each tube, which was then vortexed for several 

seconds before pipetting into a beaker. The tubes were then rinsed out with an 

additional 1 ml of water, which was added to the beaker. Water (199 ml) was 

subsequently added to the beaker to attain the correct concentration of dipping 

suspensions. 

Leaves were left to dry for approximately 45 – 60 mins after the bleach rinse, and 

then dipped in either a beaker of water (naïve) or bacterial cocktail. The entire leaf was 

immersed in liquid for 2-3 seconds using sterile forceps and air-dried. 

4) Parental generation experimental timeline 

Within 24 hr of moulting into the fourth instar 1600 caterpillars were haphazardly 

selected from cups containing mixed family groups, weighed, and placed in individual 

pre-labeled 60 ml plastic soufflé cups (Solo Cup Company, Highland Park, IL, USA).  

Eight treatment groups (full factorial 2 x 2 x 2) were created, with 200 larvae in each 

group: 1) induced and bacteria dipped foliage, food limited; 2) induced and naïve (no 

bacteria added) foliage, food limited; 3) control (non-induced) and bacteria dipped 

foliage, food limited; 4) control and naïve foliage, food limited; 5) induced and bacteria 

dipped foliage, ad libitum; 6) induced and naïve foliage, ad libitum; 7) control and 

bacteria dipped foliage, ad libitum; 8) control and naïve foliage, ad libitum. 

 The experiment was set up over three consecutive days (May 23-25) as different 

groups of larvae moulted into the fourth instar and on each day the newly moulted larvae 

were spread evenly among the eight treatments. All treatments were applied 

immediately after assigning larvae to individual containers. Once dry, leaves were cut 

into small pieces ranging from approximately 3 - 16 cm2, depending on instar and larval 

food demands. 
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Insects were checked daily and when they moulted to the 5th instar, larvae were 

weighed the following morning (food limited: n = 770; ad libitum: n = 781). The larvae 

were then reared through to pupation. The date of cocoon formation was noted and 

pupae were sexed and weighed 3 days later (food limited: n = 316; ad libitum: n = 752). 

After weighing, pupae were kept hydrated by misting with water every other day, starting 

6 days after cocoon formation. If larvae failed to form a cocoon but still pupated, an 

estimate was made as to the equivalent date they would have formed a cocoon. Pupae 

were kept for moth emergence, mating, and oviposition. 

5) Measurements of parental life history and background mortality  

Basic life history measurements were recorded during the parental generation. 

Growth rate and development time were measured between moulting to the 4th instar 

and pupation. Background occurence of McplNPV infection resulted in larvae displaying 

characteristic NPV symptoms (fragile cuticles, cadavers oozing milky liquid) (Cory & 

Myers, 2009). In cases where McplNPV induced mortality was not obvious, larval or 

pupal cadavers were smeared and screened for the presence of viral occlusion bodies 

(microscopic examination using phase-contrast under 1000x magnification; Nikon H550L 

compound microscope); observable symptoms of non-viral deaths were recorded, 

including abnormalities in size, shape, activity, or the presence of fungal growth. 

6) Mating and egg production 

Moths emerged between June 19 and July 3. After emergence, females were 

transferred individually to a 473 ml waxed paper cup with a freshly cut twig of red alder 

(approximate diameter: 1.5 – 2.0 cm; approximate length 10 cm). When males emerged, 

they were transferred to a mating cup with a female or stored at 12°C in a 60 ml plastic 

cup until needed. Moths were mated within treatment. Insects usually mated within the 

first 24 to 48 hrs. Successful matings were recorded and egg masses were labeled with 

the mating pair’s ID. Unsuccessful pairs were given a fresh alder twig and if necessary 

the male was replaced.  

Egg masses (food limited: n = 18; ad libitum: n = 186) were stored at room 

temperature and misted with water daily until early July. They were then placed inside 
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mesh nylon bags (1 bag per treatment) and hung inside a screened box with a solid 

wood top and bottom located outdoors to undergo winter diapause. The box was rotated 

periodically and mesh bags containing egg masses were moved occasionally within the 

box to equalize any sun exposure or thermal variation within the box. 

7) Egg analysis and fecundity in gravid females 

From each ad libitum treatment, approximately 30 gravid females were selected 

randomly among moths emerging from June 23 – 25 and frozen at -20°C for later egg 

analyses. There were insufficient insects in the food-limited treatments to do this.  

Egg count and volume 

Frozen gravid virgin females collected from the ad libitum treatments were 

dissected and eggs were counted, measured and refrozen for later analyses. A 

subsample of 20 eggs was randomly chosen from the total mass to be measured (n = 

121). Eggs were placed on a glass slide and pictures were taken under a dissecting 

scope (Nikon SM21500) at 10x using a camera (Nikon Digital Camera DXM1200F). 

Next, ImageTool (v. 3.0, UTHSCSA, TX, USA) was used to measure each egg’s length 

and width. Egg shape in the WTC approximates a cylinder and from the measurements 

taken, an estimate of each egg’s volume as a cylinder was calculated (V = πr2h). Egg 

batches were then divided into two 1.5 ml eppendorf tubes and were frozen at -80° C 

until further analysis.  

Egg protein and lipid analyses 

The subsample of 20 eggs measured for volume was used to estimate average 

amounts of protein (n = 96) and lipids (n = 101) contained within eggs. After thawing, the 

eggs were washed as described by Geister et al. (2008) to remove any possible 

contamination from the mother’s abdominal fluids. Briefly, 250 µl sterile water were 

added and the eggs were washed for 10 s in an ultrasonic bath (B-5200R-1, Branson 

Cleaning Co., Shelton, CT, USA). The water was then removed and 500 µl 

CHCl3:MeOH (1:1) was added to each sample tube. Tubes were ultrasonicated again 

for 10 s. The eggs were then rinsed twice with 1 ml sterile water using a borosilicate filter 



 

43 

membrane funnel attached to an Erlenmeyer flask with a side arm vacuum. They were 

then placed into a drying oven for 36 h at 50° C. After drying, eggs were homogenized 

manually using a plastic pestle in 100 µl CHCl3:MeOH (2:1). 

Egg protein analysis was done using the Bradford method (Bradford, 1976). The 

homogenates were vortexed briefly and 10 µl of each sample was added to a 96 well 

microplate (Falcon, Abilene, TX, USA). Bovine serum albumin (BSA) standards (Biorad, 

Hercules, CA, USA) (0, 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2 mg/ml) were pipetted in duplicate 

on each microplate. Bradford reagent (200 µl) was added to the homogenates and 

standards and the microplates were incubated for 15 mins at room temperature. 

Absorbance was read on a spectrometer (SpectraMax M2, Molecular Devices, 

Sunnyvale, CA, USA) at 595 nm. A standard curve was generated from the standard 

absorbance values and sample protein levels were estimated in mg/ml. In order to 

control for absorbance readings due to solvent in samples, 10 µl CHCl3:MeOH (2:1) was 

pipetted into several wells per microplate and average values obtained from these 

blanks were subtracted from sample absorbance values. To determine the amount of 

protein contained per egg (mg), average egg volume (ml) measurements were multiplied 

by estimated levels of protein (mg/ml). 

A modified sulpho-phospho-vanillin method was used to analyze the lipid content 

of eggs (following Pöykkö and Mänttäri, 2012 and employing elements of Cheng et al., 

2011). Ten microliters of the previously prepared egg homogenates and duplicate olive 

oil standards (0, 1, 2, 4, 9, 17, 35 µl oil/100 µl solvent) were added to wells of a 96 well 

microplate and kept at 90° C for approximately 10 mins to allow solvent to evaporate. 

Next, 100 µl sulfuric acid (95%) was added to each well and incubated at 90° C for 20 

mins, after which the microplates were immediately placed in ice water for 2 mins. After 

cooling, background absorbance was read at 530 nm. Then, 50 µl phospho-vanillin 

reagent (0.2 mg vanillin per ml of 17% phosphoric acid) was added to each well and 

incubated for 10 mins at room temperature. Samples were then measured alongside 

standards and blanks at 530 nm in a spectrometer. A standard curve was made based 

on olive oil standards and background absorbance values were subtracted from 

standard and sample absorbance values. Lipid content (mg/ml) was extrapolated from 
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standard curves. To determine the amount of lipid contained per egg (mg), average egg 

volume (ml) was multiplied by extrapolated levels of lipid (mg/ml). 

Egg antibacterial enzyme activities 

Tubes containing the remainder of each female’s eggs were used to investigate 

egg antibacterial activity (n = 105) using procedures modified from Moreau et al. (2012) 

and Ericsson et al. (2009). Antibacterial activity was tested against two separate species 

of bacteria, the Gram-positive M. luteus (lyophilized cells, No. 4698, Sigma-Aldrich, St. 

Louis, MO, USA) and the Gram-negative E. coli (strain K-12; obtained from C. A. 

Lowenburger, Simon Fraser University). Twenty eggs were selected at random to obtain 

an average antibacterial activity from each female’s clutch. Eggs were placed into 0.5 ml 

eppendorf tubes and 250 µl H2O was added. Tubes were then ultrasonicated to gently 

remove maternal body fluids from egg surfaces for approximately 10 seconds. Eggs 

were homogenized with a pestle in 10 ul PBS (8.74 g NaCl, 1.78 g Na2HPO42H2O, 1000 

ml distilled water, pH 6.5) and then briefly centrifuged and vortexed before 2 µl of 

homogenate was added to the two kinds of antibacterial assay plates.  

To make M. luteus plates, methodology followed that of Wilson et al. (2002). In 

brief, 9 cm diameter plates were made with 10 ml of 1% agar with 5 mg/ml freeze-dried 

M. luteus mixed with 0.1 mg/ml streptomycin sulphate (Sigma-Aldrich, St. Louis, MO, 

USA), and 67 mM potassium phosphate buffer (pH 6.4).  

E. coli plates were prepared from fresh bacterial cultures. E. coli were taken from 

a frozen glycerol stock and grown overnight in LB broth (10 g/L tryptone, 5 g/L yeast 

extract, 10 g/L NaCl) at 37° C with shaking. One ml was added to 100 ml warm LB broth 

and grown for approximately 1 hr to mid-log phase. Optical density was determined for 

the mid-log culture (OD600 = 0.2) and serial dilutions were plated on LB agar plates (7.5 g 

agar/L LB broth) to determine the bacterial concentration. From the mid-log culture, 1 

ml/per 10 ml plate was added to molten LB agar at approximately 40° C and the mixture 

was poured into 9 cm petri dishes and allowed to cool.  

Both M. luteus and E. coli plates were stored at 4° C for up to 24 h but were 

warmed prior to use to approximately 33 and 37° C, respectively. Small holes (2-mm 
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diameter) were punched in the agar. Two µl of a mixture containing thawed haemolymph 

and PBS buffer (1:1) were pipetted into wells. For M. luteus plates, hen egg white 

lysozyme (Fluka Analytical, St. Louis, MO, USA) was used as a standard to obtain 

standard curves, while E. coli plate measurements were standardized with ampicillin 

(obtained from C. A. Lowenburger, Simon Fraser University). At least two sets of 

standards were made for each batch of plates (M. luteus dilution range: 1, 0.75, 0.5, 

0.25, 0.125 mg/ml; E. coli dilution range: 5, 2.5, 1.25, 0.625, 0.313 mg/ml) and one of the 

standards (M. luteus: 0.125 mg/ml; E. coli: 0.313 mg/ml) was added to each sample 

plate to calibrate diameters of the lytic zones. 

M. luteus and E. coli plates were incubated for 24 h at 33° C and 37° C, 

respectively. After incubation, zones of inhibition were measured with Vernier calipers to 

the nearest 0.1 mm.  

8) Parental moth fecundity 

Each egg mass (food limited: n = 18; ad libitum: n = 186) produced by mating 

within the parental generation treatments was counted post-hatch, recording both 

number hatched and the total number of eggs. 

9) Statistical analysis 

Fourth instar mass was initially included as a covariate in analyses of pupal 

mass, development time, and survival but initial mass was removed from final models if 

non-significant. Growth rate was estimated with the formula for relative growth rate 

(RGR), represented by Equation 1 (where Mm is final mass, Mo is initial mass, and t is 

time interval between recording initial and final mass): 

Equation 1. Relative growth rate = ln(Mm / Mo)/t 

Selection of final model terms was done by fitting all higher-order terms and 

removing non-significant terms sequentially. Significant interaction terms for general 

linear models were assessed with Tukey’s HSD at P < 0.05. Interactions occurring with 

generalized linear models were explored through the use of contrast tests. Means, ±1 
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standard error, are given. Unless stated, statistics were performed using JMP (SAS 

Institute Inc. 2012), otherwise RStudio (0.97.310).  

Values expressed in the results section (text, figures, or tables) are generally 

given as least square (LS) means, though some estimates are derived from GLM 

models or raw data, depending on the particular analysis. 

Life history parameters in the parental generation were strongly affected by food 

quantity, which dwarfed the effects of plant induction and leaf microbiota, causing overall 

distributions to be non-normal (bi-modal) and a suitable transformation could not be 

applied. To evaluate the effect of food quantity on the various life history parameters, 

non-parametric one-way Wilcoxon tests were employed. The more subtle effects of plant 

induction and leaf microbiota were explored through separate analyses of full and half 

food treatments using general linear models. Parental pupal masses were analyzed 

separately by sex, as WTC are strongly sexually dimorphic with females being larger. 

Pupal mass of food-limited females was log10 transformed to attain a normal distribution. 

Parental survival was analyzed on a fully factorial basis (2x2x2) using a generalized 

linear model with a binomial error structure and a logit-link function and a survival 

analysis was performed using a Cox Proportional Hazards model.  

Egg size and composition was analysed using a factorial analysis including plant 

induction and leaf microbiota (2x2). Subsamples of individual eggs collected from 

dissected virgin females for size measurements were nested with female, and female ID 

was treated as a random effect. Female pupal mass was included as a covariate in 

analyses of fecundity and egg composition, but was removed from models if non-

significant. For egg size, egg count was included as a covariate. Egg protein, lipid, and 

lysozyme equivalent measurements were log10 transformed.  

Fecundity was analyzed first for food quantity (as a single factor) and then 

separately for ad libitum and food limited treatments for plant induction and leaf 

microbiota (2x2). For ad libitum treatments, egg counts for dissected virgin females and 

egg masses left to hatch were combined. Within ad libitum females, total egg count data 

were reflected, log10 transformed, and re-reflected to attain a normal distribution (see 

Osborne, 2002). 
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2.A.2. Parental generation results 

1) Abbreviations and terms used in results and figures 

For simplicity and to save space, abbreviations are used in the text and figures. 

First, figures use the following abbreviations: Induced = induced foliage, Control = 

control foliage, B = bacteria dipped leaves, N = naïve leaves. Second, figures and text 

use abbreviations for treatment groups based on plant induction and leaf microbiota 

status. Abbreviations are as follows: IB = induced, bacteria dipped foliage, IN = induced, 

naïve foliage, CB = control, bacteria dipped foliage, CN = control, naïve foliage.  

“Food quantity” refers to whether the larvae were fed daily or every other day: 

these levels are referred to as “ad libitum” and “food limited” respectively.  “Plant 

induction” or “induction” refer to the use of foliage from branches with or without 

herbivore damage, and levels are referred to as “induced” and “control”. The treatment 

which involved dipping leaves into bacterial suspensions or water prior to feeding, is 

termed “leaf microbiota” or “microbiota”. Levels within leaf microbiota are referred to as 

“bacteria” and “naïve.”  

2) Presentation of results 

Food limitation strongly affected survival and life history metrics in the parental 

generation. Therefore, results for food quantity are reported first, followed by those for 

plant induction and leaf microbiota analyzed separately for the food limited and ad 

libitum groupings. 

3) Effects of food quantity on parental life history 

Overall, food limitation had a huge negative impact on pupal mass and reduced it 

by approximately 50% in both sexes (Table 2.1). In addition, growth rate declined by 

approximately 50% and development time increased by around 30% in larvae that were 

food limited compared to larvae fed ad libitum (Table 2.1). Survival in the parental 

generation was greatly reduced by food limitation (Table 2.1). Females fed reduced food 

as larvae laid fewer eggs per egg mass compared to females fed ad libitum as larvae 

(Table 2.1). 
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Table 2.1. Effects of food quantity on life history characteristics of the M. c. 
pluviale parental generation. Abbreviations "fd lim" and "ad lib" stand 
for food limited and ad libitum, respectively; n = sample size. P values in 
bold represent statistically significant effects at P<0.05. 

 

4) Effects of induction and leaf microbiota on parental life history traits 

Parental pupal mass 

Separate analyses of the food limited and ad libitum treatments indicated that 

overall, plant induction had little impact on pupal mass. However, the presence of leaf 

microbiota was detrimental to parents, but varied with both food quantity and sex.  

i) Food-limited treatments 

Ingesting phylloplane bacteria had a clear effect on food-limited insects, with both 

female and male pupae being ~15% smaller (Females, microbiota: F1,74 = 12.889, P < 

0.001 and Males, microbiota: F1,235 = 48.202, P < 0.001) (Fig. 2.3a,b). Plant induction 

had no impact on the mass of females (F1,74 = 1.059, P = 0.307); however, males were 

slightly heavier when fed induced foliage (F1,235 = 4.540, P = 0.034) (Fig. 2.3b). There 

was no interaction between plant induction and leaf microbiota for either sex (Females, 

induction*microbiota: F1,72 = 0.012, P = 0.915; Males, induction*microbiota: F1,234 = 

0.021, P = 0.885). Initial larval mass was positively correlated with pupal mass in both 

sexes, though the relationship was only significant for males (F1,235 = 21.18, P < 0.001) 

but not females (F1,73 = 3.201, P = 0.078). 

Parameter fd lim (± 1 SE) ad lib (± 1 SE) n (fd lim) n (ad lib) Statistics
♀ Pupal mass* 244.2 mg (6.0) 506.5 mg (2.9) 78 338 χ2=183.2, P<0.001
♀ Rel. growth rate* 0.058 (0.002) 0.118 (0.001) 78 337 χ2=184.1, P<0.001
♀ Dev. time* 28 days (0.3) 20.5 days (0.1) 78 340 χ2=184.2, P<0.001
♂ Pupal mass* 158.5 mg (2.2) 279.0 mg (1.4) 240 420 χ2=439.8, P<0.001
♂ Rel. growth rate* 0.053 (0.001) 0.108 (0.001) 240 418 χ2=445.7, P<0.001
♂ Dev. time* 27 days (0.18) 19 days (0.1) 240 421 χ2=444.3, P<0.001
Surv. to emerg.† 23.6 % (1.5) 92.1 % (1.0) 795 804 χ2=901.0, P<0.001
Fecundity* 81 eggs (7.4) 218 eggs (2.2) 18 186 χ2=48.9, P<0.001

*Statistics, means, & SEs reported from Wilcoxin one-way χ2  approximation
†Statistics, means, & SEs  reported from binomial logit GLM
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ii) Ad libitum treatments 

Neither plant induction nor leaf microbiota influenced female pupal mass in the 

ad libitum treatments (plant induction: F1,334 = 0.030, P = 0.862; leaf microbiota: F1,334 = 

0.669, P = 0.414). There was no interaction between the two factors 

(induction*microbiota: F1,331 = 1.200, P = 0.274), and initial larval mass had no influence 

(F1,332 = 1.980, P = 0.160) (Fig. 2.3c). However, males fed induced foliage plus bacteria 

weighed less than males fed on induced foliage without bacteria or control foliage plus 

bacteria, but did not differ from males reared on bacteria-free control foliage  

(induction*microbiota: F1,408 = 7.417, P = 0.007) (Fig. 2.3d). In addition, there was a 

close to significant trend for males reared on bacteria treated foliage to be smaller than 

males fed naïve foliage (F1,408 = 3.657, P = 0.057) (Figure 2.3d). There was no main 

effect of plant induction on male pupal mass (F1,408 = 2.624, P = 0.106). Initial mass was 

positively correlated with pupal mass (F1,408 = 10.684, P = 0.001) for males. 

Parental growth rate and development time 

Growth rate and development time were influenced by both plant induction and 

leaf microbiota, though their impact depended on food quantity. Food-limited treatments 

experienced a clear negative effect on growth and a prolonged development time when 

bacteria were applied to induced foliage. 

i) Food-limited treatments 

Relative growth rate of food-limited larvae was strongly affected by leaf 

microbiota, but was not influenced by plant induction (Fig. 2.4; Table 2.2). Females grew 

faster than males (Table 2.2). The interaction between plant induction and sex was close 

to significance, and suggested that female growth was more negatively affected by 

induced foliage than male growth (Table 2.2). 
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Figure 2.2.  Pupal mass of M. c. pluviale parents for (a) food-limited females (n = 
77), (b) food-limited males (n = 239), (c) ad libitum females (n = 337), and (d) ad 
libitum males (n = 413). Bars in (b), (c), and (d) show treatment LS means (± 1 SE); 
values shown in (a) are based on Log10 backtransformed values.  Uppercase letters 
above bars represent a statistically significant interaction between treatment means 
(Tukey's test at P<0.05); n.s.= non-significant. Levels with shared letters are not 
statistically different. “Induced” refers to a diet of foliage from larvae-infested branches, 
while “Control” denotes a diet of foliage from branches not under caterpillar attack. B = 
bacterial application; N = naïve (without bacterial application). 

Development time mirrored the effects seen for growth rate, with larvae fed 

bacteria treated foliage taking longer to develop compared to larvae fed naïve foliage 

(Fig. A1; Table A1). Plant induction had no effect on development time (Fig. A1; Table 

A1). Females took longer to develop than males, and there was a negative relationship 

between initial mass and development time (Table A1). There were no interactions 

between any of model parameters (Table A1). 
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Table 2.2. Final minimal statistical model for growth rate (4th instar - pupation) 
for food-limited M. c. pluviale parents (n = 316). P values in bold 
represent statistically significant (P < 0.05) and marginally non-significant 
effects. “Induction” refers to whether leaves came from branches infested 
with larvae or were protected from herbivory; “Microbiota” refers to 
whether foliage was dipped in a bacterial suspension or water (naïve). 

 

 
Figure 2.3. Growth rate (4th instar - pupation) for food-limited M. c. pluviale 
parents (n = 316). Estimates are given as LS Means (± 1 SE). “Induced” refers to a diet 
of foliage from larvae-infested branches, while “Control” denotes a diet of foliage from 
branches not under caterpillar attack. B = bacterial application; N = naïve (without 
bacterial application). Lowercase letters indicate a significant main effect from the 
application of foliar bacteria; shared letters indicate no difference between treatments. 

ii) Ad libitum treatments 

Insects fed ad libitum grew more slowly when they were fed induced foliage 

compared to control foliage (Table 2.3a). There was no main effect of leaf microbiota; 

however, there was a strong interaction between plant induction and leaf microbiota, 

Source d.f. F P
Induction 1 1.075 0.301
Microbiota 1 67.043  <0.001
Sex 1 7.983 0.005
Induction*sex 1 3.422 0.065
Error 312

Deleted terms: Microbiota*sex: F1,310=0.719, P=0.397; 
induction*microbiota: F1,309=0.016, P=0.901; 
induction*microbiota*sex: F1,308=0.333, P=0.565. 
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which indicated that the IB treatment had a lower growth rate than the other three 

treatments (Fig. 2.5a; Table 2.3a). Females grew faster than males (Table 2.3a). 

As expected, development time showed a similar pattern with larvae taking 

slightly longer to mature when fed induced foliage compared to control foliage (Table 

2.3b). Larvae took longer to develop on IB foliage compared IN and CB foliage, but did 

not differ from insects reared on CN foliage (Fig. 2.5b; Table 2.3b). Females took longer 

to develop than males, and there was a negative relationship between initial larval mass 

and development time (Table 2.3b).  

Table 2.3. Final minimal statistical model for M. c. pluviale pluviale parental 
generation (a) growth rate and (b) development time (4th instar - 
pupation) for ad libitum larvae (n = 752). P values in bold represent 
statistically significant effects. “Induction” refers to whether leaves came 
from branches infested with larvae or were protected from herbivory; 
“Microbiota” refers to whether foliage was dipped in a bacterial 
suspension or water (naïve). 

 

 

a) Growth rate b) Development time
Source d.f. F P Source d.f. F P
Induction 1 11.191 0.001 Induction 1 4.016 0.045
Microbiota 1 1.924 0.166 Microbiota 1 2.614 0.106
Induction*microbiota 1 22.323 <0.001 Induction*microbiota 1 20.843 <0.001
Sex 1 97.495 <0.001 Sex 1 309.66 <0.001
Error 747 Initial mass 1 115.61 <0.001

Error 746

Deleted terms: Induction*sex: F1,746=0.661, P=0.417; 
microbiota*sex: F1,745=0.238, P=0.626; 
induction*microbiota*sex: F1,744=0.376, P=0.540. 

Deleted terms: Induction*sex: F1,745=2.132, P=0.145; 
microbiota*sex: F1,744=0.630, P=0.428; 
induction*microbiota*sex: F1,743=0.021, P=0.885. 
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Figure 2.4. (a) Growth rate and (b) development time (4th instar - pupation) for ad 
libitum larvae of M. c. pluviale parental generation (n = 752). Estimates are given as 
LS Means (± 1 SE). Uppercase letters above bars represent a statistically significant 
interaction between treatment means (Tukey's test at P<0.05); Levels with shared letters 
are not statistically different. “Induced” refers to a diet of foliage from larvae-infested 
branches, while “Control” denotes a diet of foliage from branches not under caterpillar 
attack. B = bacterial application; N = naïve (without bacterial application). 

Parental survival 

Parental survival (fully factorial, 2x2x2) was strongly affected by food quantity 

(food-limited: ~25% survival; ad libitum ~90% survival; Table 2.4]) and declined 

markedly in all food limited treatments starting at around day 23 of the experiment, when 

most starved insects were nearing the prepupal stage (Fig. 2.6). There were no overall 

effects of plant induction or leaf microbiota; however, there was a significant interaction 

(Table 2.4), which indicated that, regardless of food quantity, CB larvae had the lowest 

survival compared to all other combinations. 

For the food-limited larvae, the principal sources of mortality occurred late in 

development, especially as insects neared transition to the pupal stage. Sources of 

mortality included: fungal infection (~42%), pupation failure (~22%), unknown causes 

(~7%), NPV (~4%), and parasitoids (~2%). Mortality in the ad libitum treatments was low 

(< 10%) with the primary source of mortality being pupation failure (~5%), although a few 

insects were killed by parasitoids (~2%), NPV (<1%), and unknown causes (~1%). 
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Table 2.4. Final statistical model for survival to emergence for M. c. pluviale 
parents, analyzed with a Cox proportional hazards model (n = 670). P 
values in bold represent statistically significant effects at P<0.05. 
“Quantity” represents whether larvae were fed every other day (food 
limited) or daily (ad libitum), “Induction” refers to whether leaves came 
from branches infested with larvae or were protected from herbivory; 
“Microbiota” refers to whether foliage was dipped in a bacterial 
suspension or water (naïve). 

 

 

Source df χ2 P
Quantity 1 16.089 <0.001
Induction 1 2.490 0.115
Microbiota 1 1.794 0.180
Induction*microbiota 1 5.062 0.025

Deleted terms: Initial mass: χ2=1.828, df=1, P=0.176; quantity*microbiota: χ2=0.315, df=1, P=0.575; 
quantity*induction: χ2=0.024, df=1, P=0.878; quantity*induction*microbiota: χ2=0.553, df=1, P=0.457. 
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Figure 2.5. Survival to emergence for M. c. pluviale parents (n = 1599). Survival 
curves are based on raw data. IB = induced foliage with bacteria; IN = induced foliage 
without bacteria (naïve); CB = control foliage with bacteria; CN = control foliage without 
bacteria (naïve). 

 

Fecundity 

i) Food-limited treatments 

Females fed induced foliage laid approximately 15% more eggs than those 

reared on control foliage (induced: 89 ± 5.6 eggs; control: 64 ± 8.5 eggs; F1,14 = 5.887, P 

= 0.029). There was no effect of leaf microbiota on fecundity (bacteria: 73 ± 8.5 eggs; 

naïve: 80 ± 6.1 eggs; F1,14 = 0.376, P = 0.550), and no interaction between the 

treatments (induction*microbiota: F1,13 = 0.604, P = 0.451). Pupal mass was a significant 
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predictor of total egg count, with heavier females laying more eggs (y = -36.2 + 0.5*x; R2 

= 0.56; F1,14 = 21.672, P < 0.001).  

ii) Ad libitum treatments 

Neither plant induction (induced: 223 ± 2.2 eggs; control: 220 ± 2.7 eggs; F1,294 = 

0.149, P = 0.700) nor leaf microbiota (bacteria: 223 ± 2.6 eggs; naïve: 220 ± 2.4 eggs; 

F1,294 = 0.574, P = 0.449: induction*microbiota: F1,293 = 0.119, P = 0.731) affected 

fecundity. Pupal mass was positively correlated with number of eggs laid (y = 71.4 + 

0.3*x; R2 = 0.22; F1,294 = 101.232, P < 0.001). 

Egg size and composition (ad libitum only) 

Eggs dissected from ad libitum virgin females were analyzed for size, protein 

content, lipid content, and antibacterial activity. 

i) Egg size 

Eggs laid by females fed induced foliage were smaller than eggs laid by females 

fed control foliage (F1,117 = 5.679, P = 0.018), but bacterial priming had no effect on egg 

size (F1,117 = 0.665, P = 0.416) (Fig. 2.7a). Although Fig. 2.7a appears to indicate a trend 

for an interaction between plant induction and leaf microbiota, it did not reach statistical 

significance (F1,116 = 2.461, P = 0.119) (Fig. 2.7a). A weak negative trade-off occurred 

between the number of eggs laid by a female and individual egg volume (F1,118.3 = 

20.656, P < 0.001; bivariate fit of egg volume by number: y = 0.64 - 0.0005*x; R2 = 0.09), 

but there were no interactions between number of eggs, plant induction, and leaf 

microbiota (induction*egg number: F1,116 = 1.192, P = 0.277; microbiota*egg number: 

F1,117.4 = 0.101, P = 0.751; induction*microbiota*egg number: F1,116.3 = 0.128, P = 0.721). 

ii) Egg protein content 

Egg protein content (ng per egg) was higher in eggs laid by females fed bacteria 

foliage compared to naïve foliage (F1,93 = 5.301, P = 0.024) (Fig. 2.7b), but was not 

affected by plant induction (F1,93 = 0.315, P = 0.576), and there was no interaction 
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(induction*microbiota: F1,92 = 0.352, P = 0.554). Egg protein content was unrelated to 

female pupal mass (F1,91 = 0.081, P = 0.776). 

 
Figure 2.6. (a) Volume (n = 2,638) and (b) protein content (n = 96) of eggs 
produced by ad libitum female M. c. pluviale. For mean (± 1 SE) egg volume, female 
ID was included as a random effect to account for variation within egg batches (standard 
least squares, REML), while egg protein measurements are shown as LS means (± 1 
SE) over a subsample of eggs (standard least squares). Protein levels are shown on a 
per egg basis, which was adjusted for differences in egg volume. “Induced” refers to a 
diet of foliage from larvae-infested branches, while “Control” denotes a diet of foliage 
from branches not under caterpillar attack. B = bacterial application; N = naïve (without 
bacterial application). Lowercase letters indicate significant main effects from either 
induced foliage or application of foliar bacteria; shared letters indicate no difference 
between treatments. 

ii) Egg lipid content 

Egg lipid content (ng per egg) did not vary with plant induction (induced: 1.71 ± 

0.018 ng; control: 1.73 ± 0.017 ng; F1,97 = 0.607, P = 0.438) or leaf microbiota (bacteria: 

1.73 ± 0.018 ng; naïve: 1.7 ± 0.018 ng; F1,97 = 1.440, P = 0.233), nor was there an 

interaction between the two (induction*microbiota: F1,96 = 0.206, P = 0.651). There was a 

slight positive relationship between lipid content per egg and female pupal mass (y = 

1.497 + 0.437*x; R2 = 0.04; F1,97 = 3.991, P = 0.049).  
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iv) Egg antibacterial activity 

Antibacterial activity of the eggs in assays against M. luteus did not vary with 

either plant induction (induced: 1.84 ± 0.036 ng; control: 1.87 ± 0.037 ng; F1,102 = 0.381, 

P = 0.538), leaf microbiota (bacteria: 1.85 ± 0.037 ng; naïve: 1.87 ± 0.035 ng; F1,102 = 

0.252, P = 0.617), or an interaction between them (induction*microbiota: F1,101 = 1.722, P 

= 0.193). Also no relationship existed between lysozyme like content and female pupal 

mass (F1,100 = 0.458, P = 0.500). Eggs were also assayed against E. coli, but showed no 

anti-bacterial activity, although antibiotic (ampicillin) standards showed normal ranges of 

activity. 

2.A.3. Parental generation discussion 

1) Parental life history traits 

Parental life history characteristics were measured to assess the effectiveness of 

the treatments. We were interested in what costs or trade-offs might be evident in the 

parents, and how these potentially relate to differential provisioning of offspring. In 

general, we expected that the stressors would have negative effects on life history 

characteristics, and that combinations of stressors would amplify these negative effects, 

resulting in significant interaction terms. Specifically, we predicted that stressors would 

reduce pupal mass and growth rate, prolong development time, decrease fecundity, and 

reduce survival (in the absence of pathogen challenge) (Table 2.5). For reference, Table 

2.6 gives a summary of effects in the parental generation as a function of plant induction 

and leaf microbiota. 
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Table 2.5. Predictions for single and multiple dietary stressors on the parental 
generation of M. c. pluviale. Red arrows pointing downward indicate 
negative effects; the number of arrows indicates the effect strength. 

   

Table 2.6. Summary effects of plant induction and foliar bacteria on the 
parental generation of M. c. pluviale as a function of food quantity. 
Arrows indicate the direction (increase/decrease) and nature of effect 
(green = positive, red = negative). Gray bars indicate no effects. Asterisks 
next to gray bars indicate presence of interactions, which are identified as 
treatments next to arrows (abbreviations: CB = control foliage and 
bacterially dosed; IB = induced foliage and bacterially dosed; Interact. = 
Interactions). Purple columns to the right of effects indicate whether 
results agreed with predictions; checks signify confirmations of 
predictions, while crosses indicate results contrary to predictions. Note 
that egg measurements are not included in this table. 

 

Life history traits in the parental generation were negatively affected by food 

limitation across-the-board. These results are not surprising, and are consistent with 

previous studies regarding both variation in food quantity on insects (Donegan & 

Lighthart, 1989; Boggs & Freeman, 2005; Yang et al., 2007; Campero et al., 2008; 

Myers et al., 2011) and variation in nutrient content (Colasurdo et al., 2009; Triggs & 

Knell, 2012a). Overall survival was much lower when the larvae were reared on a food-
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limited regime. This is considerably lower than in a previous study (Myers et al. 2011) in 

which 88% of food-limited larvae survived to pupation, compared to approximately 40% 

survival to pupation in this study. However, here the food limitation was applied during 

both the fourth and fifth instars as compared to only the fourth instar in the previous 

study. This extension of food limitation appeared to place too much stress on the insects 

at the sensitive pupation period when many died.  

Although food limitation produced the largest effects, both plant induction and 

leaf microbiota modulated the impact of starvation. When starved insects were fed on 

foliar bacteria there were clear adverse consequences, including the exacerbation of 

negative effects on pupal mass, growth, male development time, and overall survival 

(although fecundity was unaffected). Negative effects from consuming bacteria were 

seen in both levels of food quantity, but why were they especially pronounced in starved 

insects? This may be related to the ability of insects to recoup costs of bacterial 

consumption. Freitak et al. (2007) showed that consumption of non-pathogenic bacteria 

(E. coli and M. luteus) in T. ni upregulated the immune response, resulting in costs to life 

history parameters. In starved or otherwise nutrient-deprived insects, immune activation 

can incur significant fitness costs, though such costs can be masked through 

compensatory feeding (Moret & Schmid-Hempel, 2000; Tyler et al., 2006; Valtonen et 

al., 2010). In a similar manner, I propose that food-limited larvae suffered more than ad 

libitum larvae from the ingestion of bacteria because they were unable to compensate 

for the incurred (presumably immune-related) cost. However, increased feeding would 

increase the intake of foliar bacteria. Such a relationship between consumption and 

microbial “dose” suggests that feeding ad libitum might confer greater costs from 

immune upregulation, although this association could be mediated by relative costs of 

immune activation (i.e. deployment) and maintenance (Lochmiller & Deerenberg, 2000; 

McKean et al., 2008; Valtonen et al., 2010). 

Starved larvae fed non-induced foliage with bacteria had the lowest survival, 

which contradicts one of this study’s main hypotheses (i.e. parents exposed to all three 

dietary stressors would fare the poorest all-around). However, this result agrees with 

direction of generally beneficial effects seen for food-limited larvae fed induced foliage: 

1) survival to emergence was higher, 2) males were heavier, and 3) surviving starved 
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females had higher fecundity. One possible explanation for this pattern could be that 

herbivore damage resulted in foliage with a superior nutritional value (Das, 1968; Karban 

& Myers, 1989; Långström et al., 1990; Rooke & Bergström, 2007; Korpita et al., 2014). 

For example, Brown & Weis (1995) found that folivory by the leaf beetle Trirahbda 

canadensis on goldenrod, Solidago missouriensis, increased leaf flush, producing 

potentially more nutritious and preferred foliage. Haukioja et al. (1985) reported that leaf 

damage by the autumnal moth Epirrita autumnata on mountain birch Betula pubescens 

was correlated with higher foliar nitrogen content. However, among deciduous trees 

such as A. rubra, the response to herbivore feeding damage is generally associated with 

decreased leaf growth, foliar nutritional value, and potentially toxic allelochemicals 

(Nykänen and Koricheva, 2004; Schaller, 2008; but see Rooke & Bergström, 2006). 

Also, strong selection on starved insects is likely to have occurred and may have been 

important in determining successful pupation and stock of the next generation. Without a 

foliar analysis, it is difficult to predict what the true causes are for the differences within 

food-limited larvae as a consequence of foliar quality treatments. 

In larvae given access to ample food, costs due to other stressors were clearly 

less severe than in starved larvae. Yet, even under ad libitum conditions, the 

combination of induced foliage with bacteria resulted in life history costs that surpassed 

the other ad libitum treatments: both sexes grew and developed more slowly and male 

pupae were smaller. Coors & De Meester (2008) tested the combined effects of 

pesticide exposure, predation threat, and parasitism on the waterflea D. magna. Even 

though food levels were high, combined stressors decreased immunocompetence and 

reduced population growth rate. In the honeybee Apis mellifera, insects challenged with 

LPS (lipopolysaccharide, an immune elicitor found in the membranes of Gram-negative 

bacteria) and fed a plant secondary compound (nicotine) showed decreased food 

consumption and survival versus non-stressed insects, despite an ad libitum food source 

(Köhler et al., 2012). Such studies suggest that life history costs may be more likely to 

be manifested in the presence of multiple stressors, despite ample resource availability. 

The interactive effects of induced foliage with bacteria are in contrast to the relative 

subtlety of such factors alone, which implies a non-additive effect. 
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The mild effects from bacterial exposure in otherwise non-stressed insects may 

seem surprising considering results reported by previous studies investigating the effects 

of non-pathogenic bacteria or immune elicitors on insects. A number of previous studies 

have sought to explore the nature of immune priming in insects through injection with 

bacterial suspensions (McKean & Nunney, 2005; Eleftherianos et al., 2006; Sadd & 

Schmid-Hempel, 2006; Linder & Promislow, 2009) or the immune elicitor LPS (Moret & 

Schmid-Hempel, 2000; Moret & Siva-Jothy, 2003; Tyler et al. 2006; Köhler et al., 2012). 

In general, these studies have highlighted how exposure to non-pathogenic bacteria or 

other immune elicitors can lead to fitness costs and immune activation in insects. 

However, immune challenge by injection bypasses the natural routes of entry, primarily 

via consumption, imposes an additional trauma by mechanical wounding (Vodovar et al., 

2005; Freitak et al., 2007), and does not take into account the natural situation where the 

gut acts as both a barrier and reservoir for micro-organisms. There is a scarcity of 

studies detailing the life history consequences (or effects in general) of consuming non-

pathogenic bacteria in insects. An exception is Freitak et al. (2007, 2009b) who were 

interested in how plant microbial communities affect herbivore fitness and immunity 

through incidental consumption. They found relatively strong effects from feeding on 

bacteria-dosed diets, both in terms of life history (Freitak et al., 2007) and gene 

expression (2009b). Their results, although novel, were based on what are likely to be 

unrealistically high (up to 40 – 400x higher for herbaceous or woody plants, respectively) 

dosages compared to the natural upper ranges for quantities of bacteria encountered by 

insects consuming foliage of either herbaceous or woody plants (Andrews et al., 1980; 

Stadler and Müller, 2000; Karamanoli et al., 2005; Enya et al., 2007; Yadav et al., 2008). 

In contrast, here I attempted to approximate natural levels of phylloplane bacteria, not 

exceeding the upper range found on actual leaf surfaces of deciduous trees (based on 

values from the literature). Additionally, the mode of application by Freitak et al. (2007, 

2009a,b) was through soaking artificial diets with concentrated bacterial cultures, while 

our study applied bacterial suspensions through brief dipping of the leaves. 

An alternative explanation for the relatively subtle effects from consumption of 

bacteria is that the application of these microorganisms to the leaf surface may have 

constituted a nutritional bonus for larvae, which could explain why otherwise non-

stressed larvae were not strongly affected. There is evidence that mites (Hamilton et al., 
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2003; Erban & Hubert, 2008), fruit flies (Drew et al., 1983), and other Dipterans (Lemos 

& Terra, 1991) can utilize bacteria as a food source, but I know of no such data for 

Lepidoptera. It is also important to note that Erban and Hubert (2008) tested bacterial 

digestion capability with a Gram-positive bacterium, M. luteus, and attributed this 

capability to the cleaving action of lysozyme. In contrast, the current study used Gram-

negative bacterial species exclusively. As Gram-negative bacteria are far more resistant 

to enzymatic effects of lysozyme, it is less likely that lysozyme within WTC larvae could 

have effectively broken down bacteria and enabled them to utilize their nutritional value. 

In addition, if bacteria provided a nutrition boost to larvae, it may be expected that food-

limited larvae would have benefited from bacteria on the leaf surface, as opposed to 

being clearly harmed by their presence. 

The community composition and ecological significance of insect gut microbiota 

has recently received considerable interest (Hunt & Charnley, 1981; Dillon & Dillon, 

2004; Indiragandhi et al., 2007; Dillon et al., 2010; Broderick et al., 2009; Indiragandhi et 

al., 2011), and it is likely that insects acquire many of their gut bacteria from 

environments such as the phylloplane (de Vries et al., 2001) or other plant parts (Kikuchi 

et al., 2007). Broderick et al. (2004) found that the gut bacterial community of gypsy 

moth L. dispar larvae fed on a range of host plants was composed of taxa commonly 

found on leaf surfaces and other environments, including Pseudomonas spp. and 

Pantoea agglomerans. Whether the bacteria used in this study could be considered “gut” 

bacteria in the WTC would require further research to determine their relative transience 

(versus indigenous microbiota) and their function in relation to insect development and 

physiology (Dillon & Dillon, 2004; Indiragandhi et al., 2011). However, some studies 

have suggested that gut bacteria are beneficial for insects (see reviews in Dillon & 

Dillon, 2004; Indiragandhi et al., 2011; Engel & Moran, 2013; but see Broderick et al., 

2006; Ryu et al., 2008), while the current study again found only costs in the parental 

generation from dietary bacteria. 

The overall effect of induced foliage on larvae fed ad libitum aligned with my 

predictions, as growth rate was decreased and development time was extended. Studies 

in the WTC have found negative effects from rapid induced resistance (RIR) on pupal 

mass (Rothman, 1997), growth rate (Adams, 1989; Sarfraz et al., 2013), and fecundity 
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(Sarfraz et al., 2013), though others have found no differences (Myers & Williams, 1984, 

1987) or even beneficial effects (reduced developmental period – Rothman, 1997). In 

studies involving other forest Lepidoptera, RIR has been shown to have negative effects 

on pupal mass (Rossiter et al., 1988; Martemyanov et al., 2012), growth rate (Kapari et 

al., 2006), fecundity (Rossiter et al., 1988), survival (Haviola et al., 2007; Martemyanov 

et al., 2012), and prolong development time (Haukioja & Niemelä, 1979; Martemyanov et 

al., 2012). Although I predicted negative effects of induced foliage on pupal mass, this 

cost was not observed. The lack of an overall effect from induced foliage on pupal mass 

in ad libitum larvae could be partly due to the fact that insects were fed undamaged 

leaves from induced branches, while previous studies have not controlled for 

consumption of predamaged foliage (Rossiter et al., 1988; Rothman, 1997; Haviola et 

al., 2007; Martemyanov et al., 2012; although Sarfraz et al., 2013 did). Another 

explanation may lie in compensatory feeding (Simpson & Simpson, 1990; Raubenheimer 

& Simpson, 1993; Carisey & Bauce, 1997; Lavoie & Oberhauser, 2004), which could 

have allowed insects fed induced foliage to reach similar pupal weights compared to 

larvae fed control foliage. However, the compensatory ability of insects is not universal 

and it is unknown if the WTC is capable of such a strategy. Indeed, generalist herbivores 

(including the WTC), usually reach lower pupal weights from feeding on induced plant 

parts (Nykänen & Koricheva, 2004), while specialists are often able to successfully 

compensate for induced plant responses through increased feeding. The ability of insect 

herbivores to compensate can also be comprised when conditions involve chronic 

herbivory (Brown & Weis, 1995), high levels of allelochemicals (Wheeler, Slansky, & Yu, 

2001), or nutritional imbalances (Lee et al., 2004).  

Although the general effect of stressors on parental life history traits was 

negative and interactions between stressors usually intensified these negative effects, 

the results suggest that the outcome of multiple stressors is dependent on specific 

combinations and contextual background.  

2) Egg size and quality 

Maternal provisioning of offspring through eggs may play an important role as a 

potential mechanism for facilitating plasticity and adaptation to varying environmental 
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conditions across generations. Specific predictions regarding egg size and quality are 

outlined in Table 2.7, while a summary of results obtained is displayed in Table 2.8. 

Table 2.7. Predictions for effects of single and multiple dietary stressors on 
egg size and quality laid by moths of the parental generation of M. c. 
pluviale. Red arrows pointing downward indicate negative effects; green 
arrows pointing upward indicate positive effects; the number of arrows 
indicates the effect strength. 

 

 

Table 2.8. Summary effects of plant induction and foliar bacteria on size and 
quality of eggs taken from a subset of ad libitum moths of the 
parental generation of M. c. pluviale. Arrows indicate the direction 
(increase/decrease) and nature of effect (green = positive, red = 
negative). Gray bars indicate no effects. Purple columns to the right of 
effects indicate whether results agreed with predictions; checks signify 
confirmations of predictions, crosses indicate results contrary to 
predictions, and “N/A” refers to relationships where no prediction was 
made.  
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Food-limited females clearly laid fewer eggs compared to females fed ad libitum 

but it was not possible to investigate any differences in egg size/number or composition 

due to constraints on sample size. Egg size was predicted to increase for females fed 

induced foliage or foliar bacteria, as I anticipated that these inputs would be “interpreted” 

by parents as stressors, meaning that parents might invest more into offspring quality 

versus quantity. Previous work with Lepidopterans suggests that stressful conditions 

associated with factors such as food limitation (Gliwicz & Guisande, 1992) and 

suboptimal diet quality (Torres-Vila & Rodrigues-Molina, 2002; Rotem et al., 2003) are 

generally correlated with larger eggs. Contrary to expectations, females fed induced 

foliage produced smaller eggs than those fed control foliage (but with no trade-off with 

fecundity) and the bacteria had no impact. 

Contrary to expectations, eggs laid by females fed bacteria-dipped leaves did not 

have higher antibacterial activity than those treated naïvely. In Lepidoptera, Gorman et 

al. (2004) found upregulation in antibacterial activity after directly challenging eggs of the 

tobacco hornworm, M. sexta, with killed E. coli bacteria. In other insects, immune 

challenge with bacteria or LPS in the parental generation can enhance the antibacterial 

activity of eggs (Schmid-Hempel 2007; Moreau et al. 2012; Zanchi et al. 2012). Protein 

content was higher in eggs produced by females fed foliar bacteria, as predicted, though 

no difference existed for insects fed induced foliage. To my knowledge, this is the first 

study to show an effect on egg nutrient composition associated with the consumption of 

dietary bacteria. Although I showed that protein, lipid, and antibacterial activity did not 

differ in eggs as a function of maternal plant induction, it is possible that other 

unmeasured factors are important (e.g. amino acids (O’Brien et al., 2002) or 

antimicrobial peptides/immune-related proteins (Bettencourt et al., 1997; Faye & Kanost, 

1998; Bettencourt et al., 2000; Terenius et al., 2007; Terenius, 2008; Zanchi et al., 

2012)). 

The effect that egg size has on overwintering survival of embryonic larvae, which 

is an important and extended period of the WTC developmental cycle, should also be 

considered. Some studies have suggested that larger insect eggs can correlate with 

increased survival when overwintering (Harvey, 1985; Gywnne, 1988; Fitzpatrick & 

Troubridge, 1993; Fischer, Brakefield, & Zwann, 2003), but the current study found no 
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difference between any of the offspring from ad libitum treatments in terms of neonate 

eclosion success (unpublished data). Although eggs were kept outdoors in near-ambient 

conditions, they were in a protected location and thus somewhat sheltered from severe 

weather conditions. During harsh winters or late springs, it is possible that egg size has 

an effect on overwintering survival in natural populations of the WTC. 

2.B. Offspring generation 

2.B.1. Offspring generation methods 

To test for transgenerational effects of parental diet on offspring disease 

resistance and overall performance, a second generation of WTC larvae were reared in 

the lab on an ad libitum diet of red alder leaves. Offspring were assayed against 

McplNPV across a range of doses. In addition, a suite of immune related parameters 

and life history characteristics were measured to assess potential trade-offs and overall 

performance (see Figure 2.2 in the parental generation methods section for graphical 

representation of experimental design). 

1) Offspring hatching and experimental setup 

Overwintering egg masses were transferred to individually labeled 60 ml plastic 

cups at the end of March 2013 and kept in a protected location outside for approximately 

two weeks. Temperature generally varied between 8-14 °C, although on sunnier days 

temperatures reached as high as approximately 17 °C. Cups were checked regularly for 

larval eclosion.  

On April 10, 2013, the first larval emergence was noted and the cups were 

transferred to an incubator at 10/5 °C on a 12/12 L/D schedule and this was gradually 

increased to 15/8 °C by early May to synchronize egg hatch and larval growth among 

families. Larvae were provided with fresh red alder leaves as needed. Leaves were 

washed with a 0.2% bleach solution for 5 mins, rinsed in tap water and air-dried before 

use.  On May 9, larvae ranged from late 1st to early 2nd instars and were transferred into 

larger cups (473 ml waxed paper) and placed outdoors in a protected location so that 
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they could be reared at close to ambient temperature until used in the bioassays and 

other experimental procedures, at which point they were moved into the lab 

(approximately 20-24 °C).  

For offspring of parents fed ad libitum, only families with at least 70 individuals 

were selected for use to ensure that adequate numbers of larvae would be available for 

all experimental procedures. Out of these “suitable” families, 20 per treatment were 

chosen at random to rear to the 4th instar.  

Because survival was poor in the food-limited treatments, which resulted in far 

fewer egg masses (many of which were small), all families were retained for 

experimental use. Any families in either ad libitum or food-limited offspring with evidence 

of fungus, viral or other infections were discarded (n = 15).  

Offspring used for life history analysis were weighed at the 4th instar, 5th instar, 

and as pupae. 

2) Offspring virus assay 

Offspring of ad libitum parents 

The virus assay for offspring of ad libitum parents was set up in two blocks, one 

day apart. Newly moulted 4th instar larvae were weighed prior to administering sterile 

water (control) or one of five doses of purified M. c. pluviale NPV (the virus isolate was 

originally collected from a wild population and then amplified, see Cory & Myers, 2009). 

Virus doses were 5625, 11250, 22580, 45000, and 90000 OBs per individual. Virus 

doses were applied in 3 µl onto 0.8-cm-diameter red alder leaf discs and allowed to dry. 

Each leaf disc was placed on a moist piece of paper towel and placed in a 60 ml labeled 

plastic cup containing a pre-weighed larvae. Larvae were left to consume leaf discs for 

24 h. Larvae that had eaten the leaf disc after this time were given fresh foliage. Larvae 

that had not finished leaf discs were given an additional 24 h to finish the disc. Larvae 

that had not eaten their leaf disc or had died during the 48 h period were discarded. 

Larvae were checked daily for mortality and date and cause of death were recorded for 

each individual. All larvae were provided fresh foliage daily and frass was cleaned out of 
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cups regularly. Two larvae per family per dose per treatment were used in each assay 

resulting in 960 larvae per block. 

Offspring of food-limited parents 

As fewer offspring were available from food-limited parents, only 1 dose (22580 

OBs; plus an H2O control group) were used and the numbers of individuals and families 

per treatment varied, depending on the availability of adequately sized families). This 

dose corresponded to the mid-range dose tested on offspring of ad libitum parents.  

Aside from this difference, the virus assay for progeny of food-limited larvae was carried 

out as described for offspring of ad libitum larvae. 

3) Offspring immunity/condition measures 

Larvae from the same families used in the virus assay involving ad libitum 

treatments were also used to measure a suite of immune parameters, namely, larval 

encapsulation ability, haemolymph phenoloxidase (PO) activity, protein concentration, 

antibacterial activity, and haemocyte counts. After use in the virus assay, two families 

developed disease (virus and fungus) and were not used for immunity measures. 

Two subsets of larvae were used for immune parameters: 1) 4th instars were bled 

to obtain haemolymph for PO activity, protein concentration, antibacterial activity, and 

haemocyte counts and 2) 5th instars were used for measuring the encapsulation 

response.  

Haemolymph measures 

i) Bleeding and haemocyte counts 

Fourth instar bleeding took place over two days. Each day, a single individual 

from each family (approximately 20/treatment), spread across the 4 treatments, was 

bled. Prior to bleeding, larvae were weighed, then immobilized on a piece of Parafilm 

(Bemis, Neenah, WI, USA) and pricked with a fine probe just above the left, terminal 

anterior proleg on the 6th abdominal segment. A total of 7 µl haemolymph was pipetted 

directly from the wound and transferred to another piece of parafilm. Three µl of this 
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haemolymph were mixed with 60 µl of a phosphate buffer solution (0.2 M, pH 7) for 

PO/protein measurements. Another 2 µl of haemolymph was mixed with 10 µl phosphate 

buffer solution (0.2 M, pH 7) and 10 µl of this mixture was immediately pipetted into an 

improved Neubauer haemocytometer  (VWR, Radnor, PN, USA). Haemocyte counts 

were done for the entire grid (400x magnification with phase-contrast illumination, using 

a Nikon H550L compound microscope). The remaining 2 µl of haemolymph, destined for 

measuring antibacterial activity, was pipetted into a 0.5 ml eppendorf tube containing a 

few crystals of phenylthiourea (PTU) (Sigma-Aldrich, St. Louis, MO, USA) to prevent 

haemolymph coagulation and melanization. Following collection, all haemolymph 

samples were frozen at -20 °C and transferred to -80 °C after several days. 

ii) Phenoloxidase analysis 

For PO analysis, samples were thawed on ice and centrifuged and vortexed 

briefly. Then 50 µl from each sample was pipetted into individual wells of a 96-well 

microplate kept on ice (see Shikano et al., 2010). Blanks of 0.17 M phosphate buffer 

solution were pipetted into wells alongside samples in each plate. Then, 150 µl of 

dopamine hydrochloride solution (11.3 mM in phosphate buffer) was added to each well. 

Absorbance was read at 492 nm every 45 seconds for 40 mins to obtain a kinetic activity 

record for enzyme activity. From these recordings, the enzymatic range as a function of 

absorbance was determined by calculating the Vmax for each sample, standard or 

blank. The remaining haemolymph/buffer solution was kept on ice for subsequent 

protein analysis. 

iii) Protein analysis 

Haemolymph protein was measured by the Bradford method (1976) and protocol 

followed the previous description given for protein analysis of eggs (see section 2.A.1). 

iv) Antibacterial activity 

Lytic zone assays were performed to evaluate the antibacterial activity of larval 

haemolymph. Protocol followed that given previously for analysis of antibacterial activity 

in eggs against M. luteus (see section 2.A.1). 
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No data were obtained for offspring haemolymph antibacterial activity, as no 

discernable inhibitory effect was observed on agar test plates of M. luteus, though 

standards produced consistent zones of inhibition (sensitivity of egg white lysozyme 

standards ranged from 0.125 – 1 mg/ml). 

Encapsulation 

A second subset of larvae was used to measure the encapsulation response in 

the 5th instar (done in 2 blocks, n = 78 per block, 2 larvae per family total). Larvae were 

weighed and then a small hole was made in the cuticle with a fine probe just above the 

left, terminal anterior proleg on the 6th abdominal segment. A small piece of nylon 

monofilament line (approximately 4 mm in length, 0.16 mm diameter, Sunko, Taiwan) 

was inserted into the hole. Nylon pieces were partially embedded in the haemocoel. 

After implanting the nylon filament, larvae were transferred to individual 60 ml 

plastic cups, provided with fresh foliage, and left for 24 h. They were then frozen at -20 C 

for several days before filaments were removed. Nylon monofilaments were dissected 

from thawed caterpillars and placed into 1.5 ml eppendorf tubes filled with 70% ethanol 

for storage. Later, the nylon pieces were photographed under a dissecting scope (Nikon 

SM21500) using a camera (Nikon Digital Camera DXM1200F) at 15x and photographed 

twice, flipping 180° between shots. Photos were analyzed using ImageJ (1.47v, NIH, 

USA). 

4) Statistical analysis 

Fourth instar mass was initially included as a covariate in analyses of pupal 

mass, development time, and survival but initial mass was removed from final models if 

non-significant. Growth rate was estimated with the formula for relative growth rate 

(RGR) (Equation 1; see section 2.A.1). 

Selection of final model terms was done by fitting all higher-order terms and 

removing non-significant terms sequentially. Significant interaction terms for general 

linear models were assessed with Tukey’s HSD at P < 0.05. Interactions occurring with 

generalized linear models were explored through the use of contrast tests. Means, ±1 
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standard error, are given. Unless stated, statistics were performed using JMP (SAS 

Institute Inc. 2012), otherwise RStudio (0.97.310).  

Values expressed in the results section (text, figures, or tables) are generally 

given as least square (LS) means, though some estimates are derived from GLM 

models or raw data, depending on the particular analysis. 

All offspring parameters except mortality data were analyzed with family included 

as a random effect. Offspring mortality data were treated as a population level effect, 

and therefore family variation was not considered.  

Susceptibility to McplNPV was analyzed with generalized linear models with a 

binomial logit link function. Data were right-censored 15 days after virus challenge. Initial 

mass and block were originally included as covariates, but were taken out of the final 

models if non-significant. Days to death from virus infection were analyzed using general 

linear models. 

Transgenerational effects of food quantity 

The effect of parental food quantity on offspring condition and disease resistance 

was analyzed as a single factor, excluding the effects of parental plant induction and leaf 

microbiota. Throughout ad libitum offspring analyses, data were analyzed in a factorial 

manner (2x2), incorporating effects of parental plant induction and leaf microbiota. 

Sample sizes for family based comparisons were a major constraint as mated 

females from ad libitum treatments produced an average of 45.5 (+/- 1.8) viable egg 

masses per treatment, compared to food-limited treatments with far fewer female moths, 

which only produced an average of 4.5 (+/- 1.2) viable egg masses per treatment. In one 

food-limited treatment, fed non-induced and bacteria foliage, only one viable egg mass 

was laid. It was therefore impossible to perform a fully factorial (2x2x2) analysis of 

parental effects on offspring. Due to a difference in the set up dates of rear-through 

larvae in offspring of parents fed ad libitum vs. food limited, growth rate and 

development time (both highly dependent on developmental stage) could not be 

analyzed on the basis of parental food quantity. 
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Offspring of moths fed ad libitum as larvae were compared with offspring of food-

limited larvae within a single virus dose (22,580 OBs), due to sample size constraints 

within offspring of food-limited parents.  

Transgenerational effects of plant induction and leaf microbiota 

The virus assay for offspring of ad libitum parents was initially fit with models 

incorporating fully factorial effects of plant induction x leaf microbiota x virus dose. Initial 

mass was not significant and was discounted from further analysis and models were 

based on treatment totals.  

Total virus deaths were adjusted for any virus and background mortality in the 

untreated control insects. Adjusted virus mortality was calculated according to Equation 

2: 

Equation 2. Va = Vd – Td * (Vc / Tc) 

Where Va is the adjusted virus mortality, Vd is the dose-specific number dead by 

virus, Td is the dose-specific number assayed, Vc is the number dead by virus in the 

untreated control dose, and Tc is the total number assayed for the untreated control 

dose. 

Next, adjusted totals were calculated according to Equation 3: 

Equation 3. Tadj = Td * (1 – (Vc + Uc) / Tc) 

Where Tadj is the adjusted dose-specific total number assayed for the analysis, 

and Uc is the number dead by unknown causes for the untreated control dose. 

Median lethal dose (LD 50) values and confidence intervals for virus mortality 

were estimated using JMP by obtaining inverse predictions of GLM models at a 

probability of 0.5. Time to death from virus infection was analyzed with a general linear 

model. To look for differences related to sublethal exposure to virus, adult emergence 

was quantified for survivors (those larvae that pupated) in the virus assay, with initial 

model effects for the GLM including parental plant induction, parental leaf microbiota, 

and virus dose in a fully factorial design and offspring initial mass as a covariate.   
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Additionally, sublethal effects of virus on offspring pupal mass were assessed 

within several sets of larvae used in the virus assays: A) Between offspring of food-

limited and ad libitum moths, looking for any differences between control and dosed 

larvae, B) Between offspring of food-limited and ad libitum moths, looking at potential 

differences within dosed larvae only, C) Within offspring of ad libitum moths, looking for 

any differences between control and dosed larvae, D) Within offspring of ad libitum 

moths, looking at potential differences within dosed larvae only. In all analyses, initial (4th 

instar) mass was fit as a covariate and family was treated as a random effect. For within 

offspring of ad libitum moths, block was also included as a covariate in initial models. 

Initial models for food-limited vs. ad libitum offspring were fit differently within 

each set. The analysis for set A (looking at control vs. dosed larvae) including fully 

factorial effects of parental food quantity and whether larvae were given the control 

treatment or virus dosed (control/dosed); sexes were analyzed separately due to 

bimodal distributions. Unlike set A, distributions of pupal mass based on sex in B (within 

dosed larvae only) were not bimodal and thus sex was included in a fully factorial design 

with parental food quantity. Set C incorporated a fully factorial design including plant 

induction, microbiota, and control/dosed. Set D was fully factorial for induction, 

microbiota, and log10 dose. 

For offspring immunity measures and life history analyses, general linear models 

were used to investigate transgenerational effects of plant induction and leaf microbiota. 

For offspring immunity, mass at time of bleeding was included as a covariate, but was 

removed if non-significant. Phenoloxidase enzyme activities were log10 transformed, 

while haemocyte density was square root transformed to achieve normality.  

Pupal mass and growth rates were analyzed separately by sex. Distributions of 

offspring pupal masses for both sexes were normalized by first reflecting data, followed 

by log10 transforming, and finally re-reflecting transformed values (Osborne, 2002). 

Female offspring growth rate was normalized through first adjusting the growth rate 

formula to include reflected values for pupal mass and initial mass, then re-reflecting 

growth rate values from the aforementioned calculation. Analysis of offspring 
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development time was done using a Cox Proportional Hazards mixed effects model, 

using the coxme (2.2-3) package in RStudio. 

2.B.2. Offspring generation results 

The low survival of food-limited parents and the resulting small number of egg 

masses produced made it impossible to analyze offspring results in a fully factorial 

manner (2x2x2). Instead, comparisons between offspring from different parental 

treatments were made by: 1) comparing the transgenerational effect of food quantity as 

a single factor (by lumping together treatments varying in plant induction and leaf 

microbiota), and 2) comparing the transgenerational effects of plant induction and leaf 

microbiota within offspring of ad libitum parents only. 

Abbreviations and terms used in the description of the offspring generation 

results are identical to those used in the parental generation (see section 2.A.2). 

1) Transgenerational effects of food quantity 

Offspring disease resistance 

When assayed with a single dose of NPV, offspring of food-limited parents were 

more resistant to NPV than offspring from parents fed ad libitum (Table 2.9a) and days 

to death between treatments was non-significant, with offspring from food-limited parents 

taking longer to die from viral infection compared to offspring of ad libitum larvae (Table 

2.9a). 

In contrast, background mortality within the group of virus-challenged larvae was 

higher for offspring of food-limited parents than those originating from ad libitum parents 

across a single dose (Table 2.9a). Background mortality did not differ between larvae 

dosed with virus or left untreated when comparing offspring of food-limited and ad libitum 

parents (dosed: 18.7 ± 2.2% mortality; untreated: 21.6 ± 2.32% mortality; likelihood ratio 

test: χ2 = 0.835, P = 0.361).  
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Offspring life history 

Offspring survival to adult emergence for larvae was not affected by parental 

food quantity (Table 2.9b). Initial mass was negatively related to survival but the trend 

was very weak (χ2 = 10.192, P = 0.001, R2 = 0.01). Offspring pupal mass did not differ 

as a result of parental food quantity for females or males (Table 2.9b). 

Table 2.9. Transgenerational effects of food quantity on (a) virus-induced 
mortality, background mortality, and speed of kill for McplNPV 
challenged 4th instars of the offspring generation and (b) survival to 
eclosion and pupal mass of offspring of M. c. pluviale parents. 
Estimates are based on raw averages (± 1 SE) for all parameters except 
those for infection duration, which is given as LS means (± 1 SE). P 
values in bold represent statistically significant effects at P<0.05. 

 

a) Virus assayed larvae
Parameter Food limited ± 1 SE (n) Ad libitum ± 1 SE (n) Statistics
Virus mortality* 25.5 ± 3.5% (157) 40.2 ± 2.8% (311) χ2=10.185 , P=0.001
Other deaths* 28 ± 3.6% (157) 19.6 ± 2.3% (311) χ2=4.141, P=0.042
Infection duration† 10.4 ± 0.4 days (40) 9.6 ± 0.2 days (125) F1,163=3.809,  P=0.053

b) Larvae reared to eclosion
Parameter Food limited ± 1 SE (n) Ad libitum ± 1 SE (n) Statistics
Surv. to emergence* 57.8 ± 3.1% (228) 54.3 ± 1.9% (547) χ2=0.094, P=0.760
♀ Pupal mass† 448.7 ± 5.7 mg (81) 456.4 mg (255) F1,53.78=0.864, P=0.357
♂ Pupal mass† 253.6 ± 4.0 mg (76) 254 ± 3.1 mg (138) F1,38.77=0.058, P=0.811

*Statistics reported from generalized linear model (GLM)
†Statistics reported from general linear mixed models

Deleted terms: Virus mortality, initial mass: χ2=0.927, P=0.336; virus time to death, initial mass: F1,162=1.336, 
P=0.249. 

Deleted terms: Background mortality, initial mass: χ2=0.564, P=0.453; ♀ pupal mass, initial mass: F1,330.2<0.001, 
P=0.999; ♂ pupal mass, initial mass: F1,193.1=0.069, P=0.793. 
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2) Transgenerational effects of plant induction and leaf microbiota (ad 
libitum only) 

Offspring disease resistance 

Plant induction had a strong transgenerational effect on offspring disease 

resistance, with offspring from parents fed induced foliage being less susceptible to NPV 

than offspring of parents reared on control foliage (χ² = 31.796, P < 0.001) (Fig. 2.8). 

Offspring from parents reared on foliage with bacteria also were significantly less 

susceptible to virus compared to offspring from parents fed naïve foliage (χ² = 4.135, P = 

0.042) (Fig. 2.8; Fig. 2.9), with no interaction between treatments (induction*microbiota: 

χ² = 2.398, P = 0.122). Virus-induced mortality increased with increasing virus dose (χ² = 

107.077, P < 0.001) (Fig. 2.9). The day the assay was set up significantly affected virus 

mortality (χ² = 9.044, P = 0.003), with overall mortality being lower in the second of two 

blocks. This was expected as larvae were slightly older (1 day) in the second assay. 

 
Figure 2.7. LD 50 for 4th instar M. c. pluviale  offspring challenged with McplNPV 
(progeny of ad libitum only) (n = 1400). Variance of estimates is represented by 95% 
confidence intervals. “Induced” refers to a parental diet of foliage from larvae-infested 
branches, while “Control” denotes a parental diet of foliage from branches not under 
caterpillar attack. B = bacterial application; N = naïve (without bacterial application). 
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Figure 2.8. Variation in virus mortality of M. c. pluviale offspring of ad libitum 
parents (n = 1400). Raw data points are plotted with fitted model lines. Parental diet 
abbreviations: IB = induced foliage with bacteria; IN = induced foliage without bacteria 
(naïve); CB = control foliage with bacteria; CN = control foliage without bacteria (naïve). 

 

Time to death from virus infection 

Time to death from virus infection was influenced by both parental plant induction 

and leaf microbiota, but there was no interaction between the two (Fig. 2.10a; Table 

2.10). Progeny of parents fed induced foliage took longer to die from viral infection than 

those fed control foliage, whereas larvae of parents fed bacteria treated leaves died 

more quickly from viral infection (Fig. 2.10a; Table 2.10). The interaction between leaf 

microbiota and virus dose was significant (Fig. 2.10b; Table 2.10); with offspring from 

parents reared on bacteria foliage taking longer to die as virus dose increased. This 

pattern was not observed for naïve treatments (Fig. 2.10b).  
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Table 2.10. Final statistical model for time to death from virus infection for 4th 
instar M. c. pluviale offspring of ad libitum parents challenged with 
McplNPV. Statistics are based on standard least squares models. P 
values in bold represent statistically significant effects at P<0.05. 
“Induction” refers to whether leaves came from branches infested with 
larvae or were protected from herbivory; “Microbiota” refers to whether 
foliage was dipped in a bacterial suspension or water (naïve). 

 

Source d.f. F P
Induction 1 4.456 0.035
Microbiota 1 5.514 0.019
Log10 dose 1 0.526 0.469
Microbiota*Log10 dose 1 4.940 0.027
Error 613

Deleted terms: Block: F1,612=1.017, P=0.314; initial mass: F1,611=0.418, P=0.518; induction*microbiota: F1,610=2.402, 
P=0.122; induction*log10 dose: F1,609=0.287, P=0.592; induction*microbiota*log10 dose: F1,608=0.168, P=0.682. 
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Figure 2.9. Time to death for 4th instar M. c. pluviale offspring of ad libitum 
parents (n = 647) challenged with McplNPV, showing mean time to death by (a) 
treatment, and (b) as a function of treatment and virus dose. Values in (a) are given 
as LS means (± 1 SE), while those in (b) are raw data plotted as points and trendlines. 
“Induced” refers to a parental diet of foliage from larvae-infested branches, while 
“Control” denotes a parental diet of foliage from branches not under caterpillar attack. B 
= bacterial application; N = naïve (without bacterial application). Parental diet 
abbreviations: IB = induced foliage with bacteria; IN = induced foliage without bacteria 
(naïve); CB = control foliage with bacteria; CN = control foliage without bacteria (naïve). 

fig.%2.10

8 

8.5 

9 

9.5 

10 

10.5 

 B  N  B  N 

 
Ind 

 
Con 

 M
ea

n 
tim

e 
to

 d
ea

th
 (d

ay
s)

 

(a)%

8 

8.5 

9 

9.5 

10 

10.5 

3.7 3.9 4.1 4.3 4.5 4.7 4.9 5.1 

M
ea

n 
tim

e 
to

 d
ea

th
 (d

ay
s)

 

Log10 virus dose 

(b)%

0.49 
0.50 
0.51 
0.52 
0.53 
0.54 
0.55 

 B  N  B  N 

 
Ind 

 
Con 

0.49 
0.50 
0.51 
0.52 
0.53 
0.54 
0.55 

 B  N  B  N 

 
Ind 

 
Con 

Parental diet 

IB IN CB CN 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

y = -0.15x + 10.73 
R² = 0.14 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

y = -0.40x + 11.23 
R² = 0.16 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model y = 0.64x + 6.49 
R² = 0.56 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

IB 

IN 

CB 

CN 

raw 

model 

raw 

model 

raw 

model 

raw 

model 

y = 0.78x + 5.72 
R² = 0.66 



 

81 

Background mortality in virus-challenged larvae 

Background mortality averaged roughly 10% across all virus-challenged larvae 

but varied by treatment (Fig. A2; Table A2). Although there was no main effect of plant 

induction, offspring of parents fed bacteria foliage had lower mortality than offspring of 

parents fed naïve foliage, and there was an interaction between plant induction and leaf 

microbiota (Fig. A2; Table A2). Offspring of parents which were not exposed to any 

stress had the lowest survival: the induced foliage or bacteria (CN) treatment had the 

highest overall background mortality compared to IB (χ2 =10.757, P = 0.001), IN (χ2 = 

9.627, P = 0.002), or CB (χ2 = 28.817, P < 0.001) larvae (contrast tests; Fig. A2). In 

addition, fewer CB larvae died compared to IB (χ2 = 4.549, P = 0.033) and IN (χ2 = 

5.283, P = 0.022) larvae (contrast tests; Fig. A2). Mortality due to background causes 

was not related to whether larvae were dosed with virus or water (dosed: 12.5 ± 2.1%; 

untreated: 10.3 ± 0.8%; likelihood ratio test: χ2 = 1.145, P = 0.285). 

Eclosion of virus-challenged survivors 

Of the insects that survived to pupation, parental plant induction did not affect 

adult emergence success, but offspring of parents fed bacteria foliage had a greater 

proportion of eclosed moths (Fig. 2.11; Table 2.11) with no interaction between plant 

induction and leaf microbiota (Table 2.11). Pupal eclosion decreased with increasing 

virus dose, and initial mass was positively correlated with emergence rates (Table 2.11). 
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Table 2.11. Final statistical model for pupal eclosion of McplNPV challenged M. 
c. pluviale offspring of ad libitum parents. Statistics were reported 
from a GLM (binomial, logit). P values in bold represent statistically 
significant effects at P<0.05. “Induction” refers to whether leaves came 
from branches infested with larvae or were protected from herbivory; 
“Microbiota” refers to whether foliage was dipped in a bacterial 
suspension or water (naïve). 

 

 

 
Figure 2.10. Pupal eclosion of survivors challenged with McplNPV for M. c. 
pluviale offspring of ad libitum parents (n = 526). Values are based on predicted 
GLM (binomial, logit) model values (± 1 SE) at P<0.05. “Induced” refers to a parental diet 
of foliage from larvae-infested branches, while “Control” denotes a parental diet of 
foliage from branches not under caterpillar attack. B = bacterial application; N = naïve 
(without bacterial application). Lowercase letters indicate significant main effects from 
application of foliar bacteria; shared letters indicate no difference between treatments. 

Source d.f. χ2 P
Induction 1 1.522 0.217
Microbiota 1 8.917 0.003
Log10 dose 1 4.451 0.035
Initial mass 1 5.793 0.016

Deleted terms: Block: χ2=0.315, P=0.574; induction*log10 dose: χ2=2.512, P=0.113; microbiota*log10 dose: 
χ2=1.842, P=0.175; induction*microbiota: χ2=1.155, P=0.283; induction*microbiota*log10 dose: χ2=1.824, P=0.177. 
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Sublethal effects of virus challenge on pupal mass 

i) Offspring of food-limited vs. ad libitum parents: 

Pupal mass of virus challenged, female offspring of food-limited parents was 

lower than female progeny of ad libitum parents; male pupal mass was unaffected by 

parental food quantity (parental food quantity*offspring sex: F1,149.5 = 6.179, P = 0.014; 

Fig. 2.12). Offspring of food-limited parents were lighter overall compared to offspring of 

ad libitum larvae (F1,29.85 = 4.280, P = 0.047; Fig. 2.12) and females were heavier than 

males (F1,149.5 = 731.961, P < 0.001; Fig. 2.12). Fourth instar mass was removed from 

the final analysis as it was a non-significant covariate (F1,163.9 = 1.538, P = 0.217). 

 
Figure 2.11. Sublethal effects of McplNPV challenge on M. c. pluviale offspring 
pupal mass as a function of sex and parental food quantity (n = 169). Figure depicts 
differences in larvae exposed to a single mid-level dose. Estimates are based on LS 
means (± 1 SE). Uppercase letters above bars represent a statistically significant 
interaction between treatment means (Tukey's test at P < 0.05). Levels with shared 
letters are not statistically different. 

Within control treated and virus dosed larvae, females showed a non-significant 

trend for being lighter when parents were food limited compared to daughters of ad 

libitum parents (food limited: 1.415 ± 0.033 log10 mg [re-reflected]); ad libitum: 1.478 ± 

0.015 log10 mg [re-reflected]), and there were no differences within males (food limited: 
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1.516 ± 0.043 log10 mg [re-reflected]; ad libitum: 1.562 ± 0.026 log10 mg [re-reflected]). 

For either sex, there were no indications of sublethal effects or other significant terms in 

the final models (Table A3). 

ii) Within offspring of ad libitum parents: 

There were no sublethal effects on pupal mass in any of the analyses for 

offspring of ad libitum treatments from the effects of virus treatment, dose, parental 

treatment, or any interactions for either offspring sex (Table A4, A5). 

Offspring immunity and condition 

i) Encapsulation 

The encapsulation response of offspring was not influenced by main effects of 

plant induction (F1,62.70 = 3.048, P = 0.086) or leaf microbiota (F1,62.93 = 3.389, P = 0.070), 

but a parental diet of induced foliage without bacteria enhanced the encapsulation 

response in offspring (induction*microbiota: F1,62.73 = 5.270, P = 0.025) (Fig. 2.13a). 

Larval mass at time of the encapsulation assay did not affect the melanization response 

(F1,106.5 = 0.377, P = 0.540). 

ii) Phenoloxidase activity 

Offspring of parents fed induced foliage tended to have higher hemolymph PO 

activity, though this effect was borderline non-significant (F1,66.52 = 3.431, P = 0.068), with 

offspring of parents fed induced foliage having higher PO activity levels compared to 

offspring from parents fed control foliage (Fig. 2.13b). Leaf microbiota did not influence 

PO activity (F1,65.43 = 0.179, P = 0.673) and there was no interaction 

(induction*microbiota: F1,65.24 = 0.003, P = 0.955). Mass at time of bleeding also 

approached significance and thus was included as a covariate in the final model (F1,97.51 

= 3.633, P = 0.060). 
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Figure 2.12. (a) Encapsulation response (n = 122), and (b) PO activity (n = 113) for 
4th instar M. c. pluviale offspring of ad libitum parents. Values are given as LS 
means (± 1 SE) from standard least squares models. Uppercase letters above bars in 
(a) represent a statistically significant interaction between treatment means (Tukey's test 
at P<0.05); n.s.= non-significant. Treaments sharing letters are not statistically different. 
“Induced” refers to a parental diet of foliage from larvae-infested branches, while 
“Control” denotes a parental diet of foliage from branches not under caterpillar attack. B 
= bacterial application; N = naïve (without bacterial application). 

iii) Haemocyte density 

Offspring haemocyte concentrations did not differ in relation to parental food 

treatment (induced: 6.1 ± 0.21 √haemocytes/10 µl; control: 6.3 ± 0.21 √haemocytes/10 

µl; F1,76.02 = 0.402, P = 0.528), leaf microbiota  (bacteria: 6.0 ± 0.21 √haemocytes/10 µl; 

naïve: 6.4 ± 0.21 √haemocytes/10 µl; F1,76.03 = 2.070, P = 0.154), or any interaction 

between the two main effects (induction*microbiota: F1,72.63 = 0.148, P = 0.702). Mass at 

time of bleeding did not affect larval haemocyte density (F1,141.6 = 0.448, P = 0.505). 

iv) Haemolymph protein 

Offspring haemolymph protein did not vary with either parental plant induction 

(induced: 0.321 ± 0.009 mg/ml; control: 0.324 ± 0.009 mg/ml; F1,75.35  = 0.064, P = 

0.807), leaf microbiota  (bacteria: 0.318 ± 0.009 mg/ml; naïve: 0.327 ± 0.009 mg/ml; 

F1,71.77 = 0.507, P = 0.479), or an interaction between the two factors 

(induction*microbiota: F1,71.03  = 0.043, P = 0.836). However, there was a strong positive 

correlation between larval mass at time of bleeding and haemolymph protein levels 

(F1,116.1 = 74.838, P < 0.001). 
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Offspring life history 

i) Survival 

The survival of unchallenged offspring was enhanced when their parents were 

fed foliage with bacteria (χ2 = 11.684, P < 0.001). There was no main effect of plant 

induction on survival (χ2 = 0.899, P = 0.343), though there was a strong interaction 

(induction*microbiota: χ2 = 25.604, P < 0.001; Fig. 2.14). Contrasts revealed that 

offspring of CN parents had poorer survival than offspring in any of the other treatments 

(compared to IB: χ2 = 9.540, P = 0.002, IN χ2 = 18.268, P < 0.001 and CB χ2 = 35.531, P 

< 0.001). Additionally, offspring of IB larvae had lower survival compared to progeny of 

CB larvae (χ2 = 8.354, P = 0.004). Initial mass did not influence survival to emergence 

(χ2 = 0.232, P = 0.630). 

 
Figure 2.13. Survival to eclosion of unchallenged offspring of M. c. pluviale 
parents fed ad libitum (n = 653). Values are given as raw means (± 1 SE); statistics 
are based a GLM (binomial, logit). Uppercase letters above bars in (a) represent a 
statistically significant interaction between treatment means (contrast tests at P<0.05). 
Treaments sharing letters are not statistically different. “Induced” refers to a parental diet 
of foliage from larvae-infested branches, while “Control” denotes a parental diet of 
foliage from branches not under caterpillar attack. B = bacterial application; N = naïve 
(without bacterial application). 
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ii) Fourth instar mass 

Fourth instar offspring of parents fed induced foliage were heavier than 

conspecifics from parents reared on control foliage (F1,76.88  = 5.89, P = 0.018) (Fig. 

2.15a).  Offspring of parents fed bacteria foliage (60.4 ± 1.237 mg) showed a strong 

trend of being heavier compared to progeny of parents reared on naïve foliage (57.1 ± 

1.241 mg) (F1,76.88 = 3.698, P = 0.058) (Fig. 2.15a). There was no interaction between 

parental plant induction and leaf microbiota (induction*microbiota: F1,75.91  = 0.127, P = 

0.722). 

iii) Fifth instar mass 

At the 5th instar, the trend for the progeny of parents fed induced foliage towards 

being heavier than control foliage counterparts, continued but this was non-significant 

(F1,68.72  = 3.129, P = 0.081) (Fig. 2.15b). Parental ingestion of bacteria did not affect 5th 

instar mass (F1,66.38 = 1.394, P = 0.242), and there was no interaction between the two 

factors (F1,65.91 = 0.649, P = 0.423). Initial (4th instar) mass was positively correlated with 

5th instar mass (F1,307.3 = 11.712, P < 0.001). 

iv) Pupal mass 

Pupal mass was lower in females from parents that were fed bacteria foliage 

(F1,72.3 = 4.551, P = 0.036; Fig. 2.15c). Pupal mass of female offspring suggested a 

nearly significant difference due to transgenerational plant induction (F1,72.4 = 3.932, P = 

0.051), with offspring females from parents fed induced foliage being lighter than those 

from parents reared on control foliage (Fig. 2.15c). Although Fig. 2.15c visually suggests 

that offspring pupae from parents fed CN foliage were heavier compared to all other 

treatments, there was no statistically significant interaction between parental plant 

induction and leaf microbiota (F1,73.5 = 1.770, P = 0.188).  

Unlike offspring females, male pupal mass (n = 137) was unaffected by parental 

plant induction (induced: 256.4 ± 3.93 mg; control: 250.9 ± 4.83 mg; F1,31.3 = 0.210, P = 

0.650), leaf microbiota (bacteria: 251.7 ± 4.23 mg; naïve: 256 ± 4.67 mg; F1,31.3 = 0.535, 

P = 0.470) or an interaction between the two factors (induction*microbiota: F1,27.63 = 
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0.288, P = 0.596). Neither female or male pupal mass was affected by initial 4th instar 

mass (females: F1,241.7 = 0.885, P = 0.348; males: F1,125.8 = 0.046, P = 0.830). 

v) Growth rate and development time 

Growth rate of female offspring from full food treatments was lower when the 

parents were fed on induced foliage (F1,57.77 = 7.967, P = 0.007; Fig. 2.15d). Bacterial 

priming did not affect female growth rate, though there was a slight non-significant trend, 

which suggested that bacterial exposure may have a slight negative effect (F1,57.6 = 

3.002, P = 0.089; Fig. 2.15d). There was no interaction between plant induction and leaf 

microbiota (induction*microbiota: F1,59.55 = 2.385, P = 0.128).  

Growth rate of male offspring (n = 137) was not affected by either treatment 

(induced: 0.117 ± 0.003; control: 0.119 ± 0.003; F1,48.96 = 0.132, P = 0.718; leaf 

microbiota (bacteria: 0.117 ± 0.003; naïve: 0.119 ± 0.003; F1,49.37 = 0.179, P = 0.674; 

induction*microbiota: F1,48.7 = 0.022, P = 0.884). 
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Figure 2.14. (a) Fourth instar mass (both sexes; n = 653), (b) fifth instar mass (both 
sexes; n = 324), (c) female pupal mass (n = 250), and (d) female growth rate (n = 
250) for M. c. pluviale offspring of ad libitum parents. Fourth and 5th instar masses 
are given as LS means (± 1 SE), while female pupal mass and growth rate are given as 
raw means (± 1 SE). All parameters shown were analyzed with standard least squares 
models at P<0.05; n.s. = non-significant. “Induced” refers to a parental diet of foliage 
from larvae-infested branches, while “Control” denotes a parental diet of foliage from 
branches not under caterpillar attack. B = bacterial application; N = naïve (without 
bacterial application). 

Development time was not influenced by parental plant induction, leaf microbiota, 

or an interaction between the two main effects (Table 2.12). However, there was a 

marginally non-significant trend for an interaction between leaf microbiota and sex which 

indicated that presence of bacteria in the diet of the parental generation reduced 

development times in male offspring, but female development time showed no effects 

(Fig. 2.16; Table 2.12). Offspring development time (4th instar – pupation) was affected 

by sex and initial mass; females took longer to develop compared to males and larvae 
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that were initially larger took less time to develop compared to smaller larvae (Table 

2.12). 

Table 2.12. Final statistical model for development time from 4th instar to 
pupation for M. c. pluviale offspring of ad libitum parents. 
Development time was assessed through a mixed effects Cox 
proportional hazards model. P values in bold represent statistically 
significant or marginally non-significant effects. “Induction” refers to 
whether leaves came from branches infested with larvae or were 
protected from herbivory; “Microbiota” refers to whether foliage was 
dipped in a bacterial suspension or water (naïve). 

 

 

 

Source d.f. Z P
Induction 1 0.22 0.830
Microbiota 1 -1.62 0.110
Sex 1 -5.62 <0.001
Microbiota*sex 1 1.92 0.055
Initial mass 1 8.87 <0.001
Error 41.41

Deleted terms: Induction*microbiota: Z1,40.88=1.530, P=0.130; induction*sex: Z1,41.45=-0.41, P=0.680; 
induction*microbiota*sex: Z1,42.6=1.120, P=0.260. 
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Figure 2.15. Proportion development from 4th instar to pupae plotted against days 
in rear-through larvae for M. c. pluviale offspring of ad libitum parents (n = 397). 
Development curves are based on raw data. B = bacterial application; N = naïve (without 
bacterial application). 

2.B.3. Offspring generation discussion 

Complex stressor-dependent costs in parents provided evidence for changes to 

life history and potential trade-offs, but how did these effects translate across 

generations? The results of this study clearly demonstrate that environmental factors 

can have a transgenerational impact on offspring disease resistance and immunity in the 

WTC. Specific predictions for the effect of parental treatments on the offspring 

generation are outlined in Table 2.13; a summary of results obtained for the offspring of 

ad libitum moths is presented in Table 2.14. 
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Table 2.13. Predictions of single and multiple parental dietary stressors on the 
offspring generation of M. c. pluviale. Red arrows pointing downward 
indicate negative effects; green arrows pointing upward indicate positive 
effects; the number of arrows indicates the effect strength. 

 

 

Single stressors experienced by parents will upregulate offspring virus resistance and immunity at a 
cost to life history traits, though exposure to foliar bacteria in parents may result in higher virus 
mortality in offspring, as this constitutes a heterologous immune challenge between generations. 
Multiple parental stressors lead to inadequately provisioned offspring with negative synergistic effects 
on disease resistance, immunity, and overall fitness. 
  

Parental Virus Encapsulation, PO activity, Antibacterial Pupal mass, growth rate,
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Table 2.14. Summary of transgenerational effects of plant induction and foliar 
bacteria on the offspring generation of M. c. pluviale within offspring 
of ad libitum insects. Arrows indicate the direction (increase/decrease) 
and nature of effect (green = positive, red = negative, white = N/A). Gray 
bars indicate no effects. Asterisks next to gray bars indicate presence of 
interactions, which are identified as treatments next to arrows 
(abbreviations: CN = control foliage and naïve (no bacteria); IN = induced 
foliage and naive). Purple columns to the right of effects indicate whether 
results agreed with predictions; checks signify confirmations of 
predictions, crosses indicate results contrary to predictions, and “N/A” 
refers to relationships where no prediction was made. 

 

It was predicted that parents exposed to multiple stressors would produce 

progeny that were more susceptible to virus. However, presence of any of the three 

stressors (i.e. food limitation, induced foliage, and phylloplane bacteria) in the parental 

generation led to offspring that were more resistant to viral disease, while no interactive 

or non-additive effects on transgenerational disease resistance were evident (though we 

were unable to assess interactions within offspring of starved individuals).  

Costs to parental and offspring life history (e.g. growth rate, pupal mass, 

fecundity) from all three parental diet factors were observed, suggesting that resource 

allocation within stressed individuals was shifted from growth (and in some cases overall 

Offspring generation (ad libitum only) 
Induced Bacteria Interactions 
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survival) to heightened immune function/disease resistance in offspring, though these 

shifts were not always uniform in direction. 

1) Effects of parental food limitation on offspring: transgenerational effects or 

selection? 

Offspring of food-limited parents showed greater resistance to NPV by 

approximately 15% higher survival over offspring of ad libitum larvae. The direction of 

this result agrees with an earlier study on WTC that suggested a trend towards 

increased offspring resistance to virus after parental food limitation (Myers et al. 2011). 

However, partial starvation decreased survival in both studies and it is not possible to 

distinguish between selection and/or transgenerational effects. Regardless, food 

limitation in the field would likely involve partial starvation leading to selection pressures 

that may be an important part of population cycles.  

Few studies have explored the effects of parental food limitation on offspring 

disease resistance in invertebrates. Other than the WTC experiment by Myers et al. 

(2011) I am not aware of any studies that have investigated the effect of periodic 

starvation on disease resistance in Lepidoptera, though there are studies that have 

considered the effect of nutrient dilution with cellulose on transgenerational disease 

resistance in invertebrates. As cellulose has no nutritional value and is costly to process, 

such dilution could be considered tantamount to chronic, low-level starvation. Among 

Lepidoptera, evidence seems to favour enhanced virus resistance from a diluted diet for 

both the Indian meal moth, Plodia interpunctella (Boots & Roberts, 2012), and for the 

cabbage looper T. ni (Shikano et al., in press), although the presence of selective effects 

or separation from transgenerational effects were not reported in the former study. In 

other studies relating to “poor” diet quality, effects on disease resistance are more 

equivocal. In the common fruit fly, Drosophila melanogaster, a yeast-poor diet did not 

alter offspring resistance (survival) against a bacterial pathogen (Valtonen et al., 2012). 

In a non-insect example, waterflea (Daphnia magna) mothers that were given a dilute 

diet (a lower concentration of algal cells) produced offspring that were more resistant to 

bacterial disease compared to maternal diets with higher concentrations of algae 

(Mitchell & Read, 2005). However, studying the same species, Frost et al. (2010) found 

diets limited in phosphorus resulted in offspring that were more susceptible to the same 
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bacterial pathogen used in Mitchell & Read’s (2005) study. This indicates that the nature 

of nutrient limitation may be essential in determining the direction or presence of 

transgenerational disease resistance. 

Although parental food limitation appeared to play a protective role for virus-

challenged offspring, offspring of starved insects were more likely to die from 

background causes compared to offspring of ad-libitum fed larvae, which possibly 

indicates a trade-off involved in increased immune response to virus at a cost of 

increased susceptibility to other pathogens (Little et al., 2003; Moret, 2006; Sadd & 

Schmid-Hempel, 2009). Alternatively, it is possible that insects that died of virus were 

also destined to die from background pathogens, but NPV infection overwhelmed other 

disease causing agents (Kaya & Koppenhöfer, 1996; Fuxa et al., 1999; Raymond et al., 

2006). Therefore, the difference between virus and background mortality in offspring of 

food limited and ad libitum larvae could be the result of increased virus mortality in 

progeny of ad libitum offspring, leading to presumably fewer remaining larvae to be killed 

by other pathogens. 

Pupae of female survivors of virus challenge were smaller when parents were 

food limited, which suggests that surviving virus infection is costly for offspring of starved 

insects. This is interesting because there was no such difference in pupal mass between 

offspring of food-limited and ad libitum insects in the absence of virus challenge. In the 

WTC, reduced fecundity and pupal mass from surviving NPV infection has been 

documented (Rothman & Myers, 1994, 1996a,b), and costs to females appear to be 

generally more evident than in males. These observations may account for fecundity 

declines following peak populations (Myers & Kuken, 1995; Cory & Myers, 2009). 

Although sublethal effects of baculovirus challenge have been shown as a result of low 

food levels in Lepidoptera (Boots & Begon, 1994; but see Myers et al. 2011), this is (to 

my knowledge) the first example of a sublethal effect apparently dependent on parental 

resource deficit. 

Studies that have examined the transgenerational effects of nutrient-poor diets in 

insects have also demonstrated other impacts on life history, such as offspring weight 

(Valtonen et al., 2012; Triggs & Knell, 2012; Matzkin et al., 2013). In our study, offspring 
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pupal mass was unaffected by parental food limitation. Although this may seem 

counterintuitive, this result aligns with previous studies investigating transgenerational 

effects of starvation in insects (Fox et al. 1999, Saastamoinen et al. 2013; Frago & 

Bauce, 2014) and presumably may relate to selection. High mortality in food-limited 

parents may have selected for fitter individuals that were able to adequately provision 

offspring. We were not able to compare other life history traits between offspring of food-

limited and ad libitum parents, which may have revealed trade-offs between pupal 

weight and growth patterns.  For example, transgenerational food limitation in the spruce 

budworm, Choristoneura fumiferana, (Frago & Bauce, 2014) and the Glanville fritillary 

butterfly, Melitaea cinxia, (Saastamoinen et al. 2013) suggests that offspring pupal mass 

can remain unaffected by parental food limitation, although other life history parameters 

(e.g. growth and development time) were altered. As mentioned earlier, I suspect that 

starvation-induced selection pressures may have influenced our results, complicating the 

comparison between our study and that of Frago & Bauce (2014) and Saastamoinen et 

al. (2013). While Frago & Bauce (2014) found that food limitation over multiple 

generations significantly reduced survival, chronic food limitation only served to 

decrease fitness over generations, rather than selecting for fitter individuals. 

Saastamoinen et al. (2013) reported no negative impact on survival due to starvation, 

suggesting that selection played no role in their study either. While these studies 

suggest that parental starvation does not affect offspring pupal mass, it is not possible to 

separate the potential for selection from other effects in the current study. 

2) Transgenerational effects of plant induction and leaf microbiota 

The clearest result arising from this study was that offspring of parents reared on 

induced foliage were more resistant to viral infection compared to the progeny of parents 

fed control foliage. To my knowledge, this is the first evidence for a transgenerational 

effect on disease resistance or immunity from the consumption of induced foliage in an 

insect. Aside from two studies – one reporting no transgenerational effects due to plant 

induction (technically from high larval density on A. rubra trees) in the WTC (Rothman, 

1997) and the other reporting significant effects on offspring life history in the gypsy 

moth, L. dispar (Rossiter, 1991 – discussed later) – I am not aware of other studies that 

have explored transgenerational effects of plant induction on insect herbivores in any 

capacity. The effect of parental consumption of foliar bacteria on offspring disease 
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resistance was not strong, and tended to increase resistance to virus. This result 

suggests a generality for transgenerational immune challenge and runs contrary to my 

original hypotheses based on other transgenerational immune priming (TGIP) studies. 

Interestingly, and despite the effect of parental bacteria on offspring disease resistance, 

no correlations were found between parental bacterial exposure and offspring immune 

response.  

In the absence of virus challenge, survival was the lowest overall for offspring of 

parents fed with control foliage without bacteria (i.e. the “no-stress” treatment). This 

result is in contrast with the prediction that multiple parental stressors would lead to the 

lowest survival and highest levels of background disease in offspring, as this could be a 

potential mechanism for the triggering of general increased susceptibility to disease 

associated with poor larval condition in natural populations of the WTC. Interestingly, 

there was a slight suggestion that there might be some level of a transgenerational cost 

to combined stressors (versus single stressors), as offspring of parents fed induced 

foliage with bacteria (i.e. combined stressors) suffered a significant (~15%) decrease in 

survival versus progeny of insects fed control foliage with bacteria. However, the overall 

effect of parental bacterial consumption on offspring survival was positive, suggesting 

generalized protection against disease. Although offspring larvae in the current study 

were not experimentally immune challenged (aside from the separate cohort used for 

testing virus resistance), naturally occurring background disease other than NPV may be 

an additional or contributory source of mortality for WTC larvae at high densities (Cory & 

Myers, 2009; Sarfraz et al., 2013). In environments with high pathogen risk, such costs 

to survival in offspring may be offset. Roth et al. (2010) found that parental exposure 

(through injection) to bacteria improved offspring survival upon bacterial challenge, as 

compared to the progeny of naïve parents. I speculate that parental exposure to foliar 

bacteria somehow conferred general protection against background pathogens through 

upregulation of immunocompetence. 

In order to begin to understand how induced responses in plants might act on 

herbivore disease resistance and immunity in a transgenerational manner, it is important 

to first review what is known about the general relationships between insect herbivores, 

induced plant defenses, entomopathogens, and insect disease resistance. The 
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combination of these factors is little studied and the few studies that have examined this 

tritrophic relationship have not found a consistent pattern (Cory & Hoover, 2006). One 

interesting aspect that complicates this relationship is the contradictory nature of 

herbivore-induced plant secondary chemicals, which both harm the performance of 

herbivores (possibly increasing susceptibility to infection) but also reduce the 

effectiveness of entomopathogens (Cory & Hoover, 2006; Pieterse & Dicke, 2007; De 

Roode, et al., 2011). For example, in the gypsy moth, L. dispar, feeding on induced 

foliage from red oak, Quercus rubra, led to chemical changes in foliage that negatively 

affected growth and reproduction (Rossiter, Schultz, & Baldwin, 1988), while at the same 

time these changes in secondary chemical content protected larvae from viral mortality 

(Hunter & Schultz, 1993). In the WTC, Rothman (1997) found that higher densities of 

larval colonies on A. rubra trees were more susceptible to NPV mortality, suggesting 

either that induced plant defences may be intimately linked with density-dependent virus 

transmission in the field, or that transmission was simply greater at higher density. In 

another WTC study, Sarfraz et al. (2013) reported lower mortality from unidentified 

pathogens in larvae fed foliage from herbivore-damaged branches of A. rubra, although 

resistance to baculovirus was unaffected.  

The direct action of plant secondary chemicals (PSCs) in artificial diets on 

pathogen susceptibility has been studied in greater detail, but no consensus exists as to 

whether effects of PSCs on herbivore disease resistance are positive (Felton & Duffey, 

1990; Young et al., 1995; Hoover, 1998; Martemyanov et al., 2006; Singer et al., 2009), 

negative (Cook et al., 2003), or null (Lindroth et al., 1999; Ali et al., 2002). These studies 

also vary in the timing of the putative PSC-pathogen interactions, ranging in three 

general temporospatial areas: 1) the study of mechanistic mid-gut level virus defence 

(Felton & Duffey, 1990; Hoover et al., 2000; Washburn et al., 1995, 1998; Keddie et al., 

1989), more generally accomplished through PSC application with the pathogen at the 

time of infection (Lindroth et al., 1999; Cook et al., 2003), 2) rearing of insects on 

secondary chemical related treatments prior to dosage with virus (Hoover, 1998; Ali et 

al., 2002), and 3) after infection, when the possibility of self-medication is examined 

(Young et al., 1995; Lee et al., 2006; Singer et al., 2009). However, such bioassays do 

not allow for natural behaviour and feeding preferences that would come into play in the 

field (as has been studied for the gypsy moth, L. dispar [Barbosa & Krischik, 1987; 
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Dwyer, 1991; Osier et al., 2000], among other insects), which may moderate harmful 

effects from excessive PSC consumption. 

Although the effects of PSCs against baculoviruses within a generation have 

been studied, how transgenerational effects of plant induction lead to increased viral 

resistance and upregulated immunity in offspring is a black box. Rotem et al. (2003) 

examined the potential for cross-generational effects from increasing allelochemical 

(glucosinolate) concentration in artificial diet for the Small White butterfly (Pieris rapae), 

but found no evidence for transgenerational effects from variable parental allelochemical 

consumption. However, allelochemical content of induced foliage is likely diverse and 

different in red alder (A. rubra), and numerous other changes could be taking place in 

foliage from damaged branches (Karban & Baldwin, 1997; Schaller, 2008). Additionally, 

P. rapae is a specialist on Brassicacae (of which many species contain glucosinolates), 

and is highly co-evolved to deal with the presence of such an allelochemical (Rotem et 

al., 2003). Generalists, such as the WTC, may be less adapted to high concentrations of 

specific allelochemicals (review in Heckel, 2014), meaning that transgenerational effects 

in response to allelochemicals may be more likely in a generalist herbivore. Insect 

herbivores have evolved multiple strategies to detoxify, excrete, and even utilize 

defensive compounds produced by plants, though these strategies often carry metabolic 

costs (see reviews in Nishida, 2002; Després, David & Gallet, 2007; Heckel, 2014). As a 

generalist herbivore, it is likely that the WTC must express a range of detoxification 

strategies (Krieger et al., 1971; Heckel, 2014), though little is known about secondary 

chemical detoxification in tent caterpillars (Fitzgerald, 1995; Hemming & Lindroth, 2000).  

If we view the consumption of induced foliage more broadly as a poor diet, 

potentially involving metabolic costs to PSCs, the transgenerational effect of plant 

induction on disease resistance fits with the premise that parents may be able to prepare 

offspring for predicted environmental conditions based on those they experienced, i.e. 

adaptive transgenerational plasticity (Mousseau & Fox, 1998; Hunter, 2002; Räsänen & 

Kruuk, 2007). As an increased risk of disease may be linked with sub-optimal 

environments (Mitchell & Read, 2005; Ben-Ami et al., 2010; Boots & Roberts, 2012; 

Garbutt et al., 2013; Scholtz, Ebert, & Martin-Creuzburg, 2013), it may be expected that 

parents would invest more in offspring resistance to pathogens when fed a sub-optimal 
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diet consisting of induced foliage, as this may be correlated with high density populations 

and increased risk of infection.  

Increased disease resistance seen in offspring of induced-foliage-fed insects was 

matched by upregulation of PO activity and encapsulation rate (the latter was only 

increased in offspring of insects fed induced foliage without bacteria – see below). 

Although I am unaware of any studies reporting differences in immunity from 

transgenerational plant induction, within generation studies have investigated this but 

have reported equivocal effects (Kapari et al., 2006; Haviola et al., 2007; Martemyanov 

et al., 2012; Campo et al., 2012). For example, Martemyanov et al. (2012b) found that 

both the encapsulation ability and lysozyme-like activity of the gypsy moth L. dispar, was 

upregulated by rapid same season induced resistance of it’s host tree, the silver birch 

(Betula pendula), while another recent study on the same system found no evidence for 

an effect of RIR on larval encapsulation ability but a sex specific effect on haemocyte 

density (Martemyanov et al. 2013).  

Patterns seen for PO and encapsulation in offspring of induced foliage fed 

insects may be related to their higher virus resistance. As PO is involved in the 

melanisation pathway, it may act at the midgut level, leading to the encapsulation of 

infected mid-gut tracheal cells (Washburn et al., 1996, 2000). Though PO may be 

correlated with virucidal activity against baculoviruses (Shelby & Popham, 2006; Wilson 

et al. 2001), this has not been a consistent pattern (Shikano et al., 2010; Saejeng et al. 

2010, Myers et al., 2011; review in González-Santoyo & Córdoba-Aguilar, 2011). 

However, there is substantial evidence that PO is an important indicator of host condition 

(González-Santoyo & Córdoba-Aguilar, 2011). The melanisation response was lower in 

offspring of parents fed a combination of induced foliage and bacteria versus offspring of 

parents fed induced but naïve foliage, suggesting that the presence of bacteria in the 

parental diet somehow cancels out the heightened melanisation response otherwise 

seen with parents fed induced foliage. Although no previous studies have found 

evidence for transgenerational immune-related trade-offs, Cotter et al. (2004) found a 

genetic trade-off between antibacterial activity and haemocyte density (correlated with 

both PO and encapsulation ability) in the Egyptian cotton leafworm Spodoptera littoralis. 

It is possible that parental exposure to bacteria led to an upregulation in antibacterial 
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activity of offspring haemolymph at a cost to the immune pathway involving 

melanisation/encapsulation or other unknown or unmeasured virus resistance 

mechanisms. However, I found no evidence of differences in offspring haemocyte 

density or PO activity due to parental consumption of bacteria, which does not add 

credibility to this explanation. 

As already mentioned, offspring of parents fed bacteria had slightly higher 

resistance to virus, indicating a generalized response to cross-generational immune 

challenge and running contrary to my original predictions. However, it is worth 

considering if this would truly be the expected response based on current knowledge. 

Innate, rather than adaptive or acquired immunity is considered the rule of thumb for 

invertebrates (Hoffman & Reichhart, 2002; Rowley & Powell, 2007), and the invertebrate 

immune system lacks antigen-specific lymphocytes and immune memory cells found in 

vertebrates (Arala-Chaves & Sequiera, 2000; Janeway & Medzhitov, 2002; Schmid-

Hempel, 2005). What’s more, it has been argued that invertebrate life cycles are usually 

too brief to warrant investment in protection against secondary pathogen exposure, as 

immune upregulation is costly (Little & Kraaijeveld, 2004). However, the invertebrate 

immune system may be able to act in an adaptive manner resembling that of 

vertebrates, as primary encounters with pathogens or immune insults have been shown 

to provide protection upon subsequent challenges (review in Rowely & Powell, 2007; 

Moret and Siva-Jothy, 2003; Korner & Schmid-Hempel, 2004; Mowlds et al., 2008; Sadd 

& Schmid-Hempel, 2006; Roth et al., 2009b; but see Vorberger et al., 2008; Linder & 

Promislow, 2009). This immune priming may come in the form of a generalized 

upregulation in immunocompetence in insects (Moret and Siva-Jothy, 2003; Korner & 

Schmid-Hempel, 2004; Mowlds et al., 2008). But there is also emerging evidence for 

specificity for insect immune priming, varying from fine-grained (i.e. specificity among 

strains of a particular species or related species) (Sadd & Schmid-Hempel, 2006; Roth 

et al., 2009b) to coarse-grained, (i.e. specificity between more general groups, e.g. fungi, 

Gram-positive and Gram-negative bacteria) (Hoffman, 2003).  

The issue of invertebrate longevity in relation to the value of immune priming is 

transcended if such effects are considered across generations (Sadd et al., 2005). The 

phenomenon of TGIP is based on the idea that parental immune challenge acts as a 
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predictor for pathogen risk in offspring, and specificity involving costs to heterologous 

challenges in offspring have been documented (Little et al., 2003; Moret, 2006; Sadd & 

Schmid-Hempel, 2009). The finding that parental consumption of bacteria benefited 

offspring virus resistance was thus somewhat surprising, as I am unaware of studies that 

found generality for microorganism-based transgenerational effects. Yet, this result 

makes more sense if the presence of foliar bacteria in the parental diet is again thought 

of as a stressor implicated with a poor environment and increased pathogen risk 

(Mitchell & Read, 2005; Ben-Ami et al., 2010; Boots & Roberts, 2012; Garbutt et al., 

2013; Scholtz et al., 2013). 

Although parental consumption of bacteria led to offspring that were more virus 

resistant, the larvae that were infected died faster than those reared from parents raised 

on naïve foliage. This indicates that bacteria could have influenced the relationship 

between McplNPV virulence and transmission in offspring. Earlier death means that that 

virus can initiate secondary rounds of infection more rapidly (Woods & Elkinton, 1987); 

however, the difference in time to death was relatively small, (12 hours), and therefore 

may hold little biological significance in terms of infection dynamics. However, the 

biological significance of speed of kill rates is dependent upon specific natural conditions 

and competition with other pathogens and predators (Hodgson et al., 2001); host-

pathogen models (Dwyer et al., 2000; Fuller, Elderd, & Dwyer, 2012) may be able to 

address the ecological relevance of such a difference. 

It is curious that despite effects on offspring disease resistance and fitness, I 

found no measurable difference in offspring immune function from parental consumption 

of bacteria. Previous work by Freitak et al. (2009a,b) with T. ni indicated 

transgenerational effects on immune function, increasing offspring PO levels and 

expression of immune-related proteins. I was unable to obtain any results from the 

antibacterial assay, which could be due to 1) inadequate volume of haemolymph 

samples or excessive dilution of said samples or 2) the relatively long delay (~3 months) 

between sample collection/storage and eventual analysis. It is possible that antibacterial 

haemolymph activity would have be upregulated in offspring of parents fed foliar 

bacteria. 
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One may have expected changes in disease resistance and immunity in offspring 

to be linked with trade-offs in other life history characteristics, and this was the case. 

Female pupal mass, a strong predictor of Lepidopteran fecundity (Tammaru & Haukioja, 

1996; Tammaru et al., 1996; Calvo & Molina, 2005), was lower in offspring of parents fed 

induced foliage or bacteria. The decrease in pupal weight and growth rate in female 

progeny of induced-foliage-fed insects is contrary to that of Rossiter (1991), who found 

that offspring of L. dispar mothers fed on red oak (Q. rubra) foliage with higher herbivore 

damage had decreased pupal weights and fecundity but produced offspring that were 

heavier as pupae. Apart from the differences between the two species, this difference is 

likely due to different methodologies; L. dispar larvae were reared on induced foliage for 

their whole larval period but were reared on artificial diet in the offspring generation. In 

addition, the L. dispar defoliation treatment was more severe (and allowed for feeding on 

damaged leaves). Thus there might a threshold between positive and negative effects – 

while my results were representative of a positive maternal effect (i.e. mothers with 

suboptimal growth led to offspring with suboptimal growth and mass), the effect 

described by Rossiter (1991) is classed as a negative maternal effect (i.e. lighter 

mothers produced heavier offspring). I argue that intense defoliation (among other 

changes) during peak populations of WTC would represent an environment undergoing 

a high level of flux, thus fitting the observation of positive maternal effects on offspring 

life history. 

Decreased pupal weight of female offspring from parents fed bacteria agrees 

with a recent TGIP study in T. ni by Shikano et al. (in press), which found that parents 

challenged with a sublethal dose of Bacillus thuringiensis gave rise to offspring with 

lower pupal masses (reared on a standard diet). However, most other studies on TGIP in 

insects (Moret 2006; Freitak et al. 2009b; Trauer & Hilker, 2013; McNamara et al. 2014) 

find either no effect or a positive influence on offspring pupal mass/size, though some of 

these effects could be the result of selection (e.g. McNamara et al., 2014). As an 

example of a contrary effect, Trauer and Hilker (2013) reported that female offspring of 

tobacco hornworm M. sexta parents injected with peptidoglycan (PGN), a component of 

bacterial cell walls, had higher pupal masses vs. offspring of non-injected parents. 

However, this resulted in lower fecundity in offspring, and showed a cost to 
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transgenerational immune priming, possibly related to diversion of resources from egg 

production to synthesis of antimicrobial peptides.  

Another interesting pattern in life history was that the initial (4th instar) mass of 

offspring was positively influenced by a parental diet of induced foliage or bacteria. 

Growth from hatch to the 4th instar was more rapid versus offspring of control or naïve 

foliage fed insects, but shifted to an opposite relationship with final (pupal) mass. This 

decrease in later growth could have been due to a shift to enhanced immune function, 

balanced by a cost to pupal mass and fecundity, as has been shown for the tobacco 

hornworm M. sexta (Trauer & Hilker, 2013). In other invertebrates, stressful parental 

environments can increase the growth of juvenile offspring with potential tradeoffs in 

later periods of life (Marshall, 2008; Frost et al., 2010) It is important, however, to point 

out that 4th instar mass was not a significant covariate in the virus assay; therefore, the 

enhanced virus resistance was likely correlated with costs to later development. 

Differences in developmental patterns and size may be relevant to the WTC/McplNPV 

relationship, as foraging patterns and food demands change over time. Effects on 

interfamily/overall movement in trees and on ground surfaces influences the spread of 

disease and contact with virus OBs (Beisner & Myers, 1999).  

Although I was unable to evaluate the transgenerational effects of all three 

stressors in conjunction, I still expected that an interaction between induced foliage and 

bacteria consumed in the parental generation would negatively affect offspring virus 

resistance. For this to be the likely, I expected that a combination of these two stressors 

would have incurred serious costs on parental life history, preventing adequate 

provisioning of offspring in the face of both nutritional/physiological stress imposed by 

feeding on induced foliage and immune activation through consumption of foliar bacteria.  

While the combined cost of induced foliage and bacteria to parental growth was 

greater than either stressor alone (an interactive, non-additive effect), effects on key 

parameters such as fecundity or survival were absent. This might indicate that parents 

were not forced to make trade-offs between tolerating nutritional stress and activating 

immunity (Siva-Jothy & Thompson, 2002; Myers et al., 2011; Triggs & Knell, 2012; 

Shikano et al., in press). Few studies have investigated how combined stressors act 
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across generations on disease susceptibility or immunocompetence of insects (Zanchi et 

al., 2012; Shikano et al., in press) or other invertebrates (Mitchell & Read, 2005; Coors & 

De Meester, 2008; Garbutt et al., 2013). There is no consensus based on these studies, 

as combined parental stressors have produced transgenerational effects with negative 

(Coors & De Meester, 2008), neutral (Zanchi et al., 2012; Shikano et al., in press) or 

positive (Mitchell & Read, 2005; Garbutt et al., 2013) effects on disease resistance and 

immune function. In the current study, the presence of combined parental stressors on 

offspring was usually additive (i.e. sum of the individual effects), suggesting no emergent 

synergism or antagonism between the two stressors (Sih et al., 1998). The outcome of 

multiple stressors on transgenerational disease resistance is likely dependent upon 

complex relationships between the intensity and nature of stressors as well as the 

adaptive potential of transgenerational effects. The current study echoes this complexity 

inherent in such interactions and furthers the importance of viewing stressors 

contextually, as opposed to static and easily predictable. 

3) Correlations between egg size/quality and offspring fitness 

Some, but not all, life history parameters measured in offspring supported the 

concept that smaller eggs produce less fit offspring. The larvae hatching from eggs laid 

by insects fed on induced foliage (which should have been smaller as was found in the 

subsample measured) grew more slowly during later development and produced smaller 

female (but not male) pupae in offspring. Smaller eggs generally produce less fit 

offspring across a wide range of taxa (Azevedo, French, & Partridge, 1997), including 

arthropods (see review in Fox & Czesak, 2000; Torres-Vila & Rodrigues-Molina, 2002; 

Benton et al., 2005; Fox, 1997; Gliwicz & Guisande 1992). Yet, in some cases egg size 

has had no discernable effects on offspring life history in Lepidoptera (Karlsson & 

Wiklund, 1984, 1985; Karl et al., 2007). Although costs in offspring of decreased pupal 

mass and growth rate were associated with smaller eggs, these eggs also produced the 

insects that were most resistant to virus. This is contrary to the findings of Gibbs et al. 

(2010), who found a positive correlation between egg size and offspring baculovirus 

(AcMNPV) resistance in the speckled wood butterfly Pararge aegeria. Smaller eggs 

could even be correlated with increased immune function in offspring. For example, 

Shoemaker and Adamo (2007) injected field crickets, Gryllus texensis, with LPS and 
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found that these immune challenged mothers laid smaller eggs. Sadd & Schmid-

Hempel, (2007) reported that immune challenge in mothers can increase immune-

related provisioning in eggs, carrying over to offspring with enhanced immune function. I 

speculate that smaller WTC eggs could possess a level of immune function equal to or 

greater than larger eggs laid by non-challenged females. Although the effect of 

consuming induced foliage undoubtedly differs from the stress of an immune challenge, 

it is likely that egg size is not a reliable metric for predicting immunocompetence and that 

egg quality is a better predictor of fitness (Fox & Czesak, 2000; McIntyre & Gooding, 

2000; Giron & Casas, 2003). 

Interestingly, eggs produced by mothers fed foliar bacteria with higher amounts 

of protein correlated with increases in the following traits of offspring: 1) baculovirus 

resistance, 2) initial (4th instar) mass, 3) emergence success rate in virus-challenged 

survivors, 4) and increased overall survival to pupation. In insects, higher protein content 

in eggs may be positively correlated with offspring fitness, especially for early survival 

and dispersal (Diss et al., 1996; Rossiter et al., 1996; Chapman, 1998). Thus there is 

some evidence that egg provisioning, if not size, was linked to the disease resistance of 

the offspring, but more work would be required to determine what form this takes and 

how it links to disease resistance. 

4) The potential roles of epigenetics or gene regulation 

It is unlikely that the transgenerational effects seen in this study are due to a 

single mechanism; the effects on offspring are likely to be the product of an array of 

processes occurring throughout parental development, the egg stage, and phenotypic 

expression in offspring. Mothers may have differentially provisioned offspring based on 

environmental experience, but parental dietary factors could also influence offspring 

through epigenetic changes, resulting in differences relating to gene expression that are 

independent of resources. 

There is evidence that exposure to non-pathogenic bacteria can influence gene 

expression both within and across generations. Within a generation, exposure of 

Lepidopteran larvae to non-pathogenic bacteria (E. coli and M. luteus) has been shown 

to increase the expression of immune genes, antimicrobial peptides, or pattern 
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recognition proteins (Aye et al., 2004; Freitak et al., 2007). Freitak et al. (2009a) also 

showed that parental consumption of E. coli and M. luteus in T. ni, resulted in differences 

in gene expression in eggs, as well as increased expression of immune-response-

related genes, including hemolin, as well as storage-related proteins (e.g. vitellogenin) in 

offspring. Evidence for genomic imprinting by methylation has been found in Lepidoptera 

and other insects (Xiang et al., 2010; Glastad et al., 2011; Anaka et al., 2009; Elango et 

al., 2009). Triggs & Knell (2012b) speculated that the transgenerational results in their 

study were the result of epigenetic changes rather than differences in egg provisioning, 

based on transgenerational effects arising from both mothers and fathers, as well as the 

relative influence of parental diet on immune measures in offspring reared on optimal 

diet. 

5) Implications of transgenerational effects on WTC population dynamics 

Manipulative population-level studies on cyclic forest insects are difficult to 

undertake both logistically (scale and complexity) and temporally (owing to long periods 

between cycles), and parsing out large-scale mechanisms behind cycles is a challenging 

task. Small-scale experiments, such as the current study can provide information about 

the potential mechanisms behind large scale patterns observed in the field, especially 

when such data are integrated into theoretical population modeling (Barbosa et al., 

2012).  

Although this study focused largely on exploring how changes in individual 

quality due to differences in dietary factors could contribute to cross-generational effects 

on disease susceptibility, the specific goal of this research was to investigate how an 

environment changing with population increase alters individual larval condition 

potentially precipitating population declines in the WTC. Wellington (1957, 1960, 1964, 

1965) was an early proponent of the idea that WTC population cycles are influenced by 

changes in larval quality with increasing population density and changing environmental 

factors, though most of the variation he proposed (involving weather, larval “activity”, and 

tent shape) is not supported by existing data (Myers, 2000). Despite this, the basic 

premise he put forth may still prove important for elucidating the cyclic behaviour of the 

WTC when applied transgenerationally. 
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Even though it was not possible to test the three-way interaction of dietary 

stressors on offspring, the observed transgenerational effects may provide clues to how 

these factors might act at the population level. In this experiment, transgenerational 

effects due to parental stress factors had mainly positive effects on disease resistance in 

offspring; this may seem counterintuitive when considering that these stressors are likely 

present in peak WTC populations. For example, on Galiano Island larval survival 

generally decreases before the population peak (Fig. 2.17, region 1) (Myers, 2000), 

suggesting density-related changes in environmental factors correlate with higher 

individual survival during the first half of population increase. Virus infection rates 

increase abruptly in most cases, and don’t peak until larval survival reaches its nadir 

(Fig. 2.17, region 2) (Myers, 2000). If survival is amplified by the presence of either 

induced foliage and/or increased amounts of phylloplane bacteria, then the results of this 

study may be more relevant to the first 50% to 75% of the increase phase in population 

cycles, as opposed to representing the tipping point of populations. 

Intriguingly, WTC population data indicate that fecundity increases up until two to 

four years before virus epizootics occur (generally after individual survival begins to 

decline; Fig. 2.17, region 3 (note that estimates of fecundity were based on counts of 

egg masses laid in the prior season) (Myers, 2000), which may indicate that fecundity is 

one of the last aspects of WTC life history to be negatively affected by the cumulative 

effect of intense stress factors in the environment. However, offspring of parents reared 

on a food-limited diet experienced no reduction in pupal mass, suggesting that 

multigenerational effects on body mass and fecundity from food limitation may not play a 

large role, although within generation effects likely lead to heavy selection pressures; if 

only relatively larger females survive food limitation and reproduce, this may confound 

any maternal effects from starvation. Additionally, offspring in field situations are likely to 

be exposed to defoliated conditions, induced plant defences, and virus contamination 

rather than control foliage as this experiment tested. In real world situations, these 

effects are likely tied together and can have negative effects on fitness across 

generations (Rothman, 1997).  

If food limitation plays an integral part in WTC population dynamics, the results of 

this experiment (and others) suggest that moths that were food-limited as larvae have 
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reduced fecundity. Both within the parental generation and compared to progeny of ad 

libitum larvae, food-limited larvae succumbed more frequently to unidentified pathogens. 

Food limitation may be integral to the precipitous population declines seen in the WTC. 

Therefore, as a factor in WTC population dynamics, food limitation is likely to have the 

greatest impact late in population increases, in addition to other stressors that have 

already intensified with defoliation, such as reduced leaf quality and increased 

phyloplane microbiota. 
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Figure 2.16. Population size of M. c. pluviale on Galiano Island, with y-axis plotted 
against year (x-axis) with 2° y-axes as: (a) survival, (b) infection, and (c) fecundity. 
Colors of shaded regions: (1) green = population growth with increasing individual 
quality, (2) purple = peak of virus infection/nadir of larval survival, and (3) orange = peak 
fecundity range. Figure modified from Myers & Cory (2013). 

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

3 3 

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

1 

1 

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

2 2 

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

Year 

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

Galiano Island

1985 1990 1995 2000 2005 2010 2015

1

10

100

1000

10000

0.0

0.2

0.4

0.6

0.8

1.0

M
ea

n 
nu

m
be

r o
f t

en
ts

Tent size / egg m
ass size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

40

80

120

160

200

Lo
g 

10
 n

um
be

r o
f t

en
ts

Tent size

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

0

20

40

60

80

100

Lo
g 

10
 n

um
be

r o
f t

en
ts

Percent fam
ilies infected

Galiano Island

1985 1990 1995 2000 2005 2010 2015
0.1

1

10

100

1000

10000

100

150

200

250

300

Lo
g 

10
 n

um
be

r o
f t

en
ts

M
ean num

ber of eggs/ egg m
ass

a) 

b) 

c) 



 

111 

Future directions and conclusions 

The mechanisms behind the transgenerational effects observed in this study are 

as yet unknown; it would be valuable to evaluate the potential for epigenetic changes 

due to transgenerational factors in the WTC, especially relating to the expression of 

immune-related genes and proteins. Future experiments could explore the relative 

importance of density-related environmental stressors in association with egg 

provisioning and epigenetics. 

Carryover effects past the second generation, such as growth, age at maturity, 

and reproductive output, have been found in other invertebrates (Hafer et al., 2011; 

Benton et al., 2005), but no such effects are known that arise from plant induction of 

consumption of non-pathogenic bacteria. Along with the transgenerational effects 

observed in this study, the fact that pupal masses of female offspring (an indicator of 

fecundity) differed due to parental diets of induced foliage and foliar bacteria suggests 

that transgenerational effects may carry on into the 3rd generation and this warrants 

further exploration. 

The transgenerational factors explored in this study indicate that plant induction 

and bacterial priming act on parents to produce progeny that are more resistant to 

disease.  The implications for this research may extend to other cyclic forest Lepidoptera 

and other species. Further exploration of environmental based transgenerational factors 

can provide new insights into questions surrounding the role of the environmental 

variability on the host-pathogen relationship. 
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Chapter 3. Conclusion 

In this thesis, I set out to test the effects of single and multiple dietary stressors 

on transgenerational disease resistance, immunity, and life history traits in the WTC. The 

results from this study provide the first example of transgenerational effects on pathogen 

resistance and immunity from a parental diet of induced foliage. Although more subtle 

than the effects of plant induction, the consumption of non-pathogenic foliar bacteria by 

parents also affected offspring virus resistance and fitness in novel and unexpected 

ways. It was originally hypothesized that combinations of stressors would negatively 

affect offspring immunocompetence and overall condition in a synergistic manner, 

resulting in enhanced virus susceptibility and providing a possible trigger for the onset of 

viral epizootics in this species. Contrary to predictions, combinations of stressors 

(induced foliage and leaf bacteria) had an additive, protective effect on offspring 

exposed to virus.  

The results of this study underline the importance of dietary transgenerational 

effects in modulating the host-pathogen relationship and emphasize the need for further 

investigation into several areas where our understanding is limited. Firstly, we need to 

assess the extent to which these results represent generalities through determining the 

mechanisms behind the enhanced virus resistance and immunity in the offspring of 

induced-foliage-fed insects. More information is also needed on the nature of the 

relationship between foliar bacteria and insect herbivores, and how or whether these 

might interact with other bacteria, for example, within the insect gut. Food limitation is 

clearly an important stressor in many herbivores and realistic experiments need to be 

carried out to evaluate the potential for transgenerational effects arising from the 

interaction between food limitation and other stressors. More broadly, insects can be 

infected by many pathogens, most of which have received little attention, and the 

diversity and influence of this entomopathogen community on individuals and 

populations could be a rich area for research. Finally, we need to evaluate how stressor-
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induced trade-offs between parental fitness traits relate to offspring quality, the potential 

for life-stage-dependent transgenerational effects, and how the results of this study more 

broadly relate to population cycles in forest Lepidoptera and other taxa. Below, I briefly 

consider these aspects and how we might go about answering the questions posed by 

this study. 

As discussed earlier in Chapter 2.B, the mechanisms behind transgenerational 

effects on virus resistance and immunocompetence from a parental diet of induced 

foliage are unknown. Were the transgenerational effects from induced foliage the result 

of specific changes in leaf secondary chemicals or nutritional quality, or did parents 

“perceive” foliage from attacked branches as more general cues for increased disease 

risk, provisioning offspring in an adaptive, plastic manner (Mousseau & Fox, 1998; 

Hunter, 2002; Räsänen & Kruuk, 2007)? In order to get at the mechanisms and adaptive 

potential for enhanced offspring resistance and fitness trade-offs from induced foliage, 

further experiments should delve into the importance of specific plant chemicals at 

varying concentrations and examine the effect of host plant identity in a 

transgenerational context. Were the cross-generational effects from induced foliage the 

result of changes to provisioning of yet unknown egg components or were they due to 

epigenetic changes? One way to investigate this would be to look for gender-specific 

transgenerational effects by separating the effects of female and male contributions to 

offspring, as has been done in previous studies (see Roth et al., 2010; Triggs & Knell, 

2012). At the molecular level, detection of specific DNA methylations and differential 

gene expression can begin to reveal the potential role of epigenetics in systems like the 

WTC (see Elango et al., 2009; Xiang et al., 2010).  

The results from this study suggest that realistic levels of non-pathogenic leaf-

associated bacteria, taken in through natural routes, can have significant 

transgenerational effects on fitness in the WTC. Future ecological studies should attempt 

to use realistic methods for introducing bacteria (as opposed to injections and/or 

extremely high bacterial concentrations). The effects of non-pathogenic bacteria should 

be evaluated across a range of concentrations, allowing for the assessment of threshold 

and dose-dependent effects. It would also be interesting to examine whether coating a 

leaf surface in varying concentrations of bacteria provides any additional or otherwise 
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modified nutritive value to larvae, and whether any such nutrition boost could affect life 

history and/or immune function. This could be explored through experiments involving 

feeding insects live bacteria, heat-killed bacteria, or an artificial formulation based on a 

nutritional analysis of bacteria. Moreover, further research could assess the potential for 

foliar bacteria interacting with or functioning as gut microbes (Dillon & Dillon, 2004; 

Broderick et al., 2004; Indiragandhi et al., 2007; Broderick et al., 2009; Indiragandhi et 

al., 2011). One way to establish the potential relationship between foliar bacteria and gut 

microbiota would be to test the fitness consequences of adding antibiotics to diets with 

or without foliar bacteria (similar to the methodology used by Broderick et al., 2009).  

It is also important for future research to delve into the real-world presence and 

effects of leaf microbiota. The bacterial species used in this experiment were chosen on 

the basis that they were commonly found on deciduous leaf surfaces in North America 

(Hirano & Upper, 2000; Müller et al., 2003; Redford & Fierer, 2009). It would be 

interesting to investigate whether the transgenerational effects observed in this study are 

dependent on the identity of bacterial species, as well as their relative diversity. One way 

in which this could be explored in relation to population density would be to collect 

foliage samples from sites varying in larval density and quantifying species and relative 

abundances of foliar bacteria. Such field-based data could be accompanied by 

controlled lab studies testing the effect of bacterial diversity/abundance on fitness traits 

and disease susceptibility within and across generations.  

Further work is needed to evaluate the potential for synergistic transgenerational 

effects arising from the interaction between food limitation and other stressors. The high 

mortality and potential selection in starved parents was in the same direction as the 

effects from other stressors and agrees with previous studies that suggest a 

transgenerational increase in disease resistance (Myers et al., 2011; Boots & Roberts, 

2012; Shikano et al., in press). Regardless, we require further information on the subtle 

effects of partial starvation in the absence of high mortality and selective pressures 

(Saastamoinen et al., 2013; Shikano et al., in press). However, it remains that food 

limitation can be severe in natural situations – perhaps the high parental mortality and 

possible selection I observed from starvation of parents is an integral part of the scenario 

seen in peak, high-density populations of the WTC, as well as in other systems. 
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Little is known about pathogen communities in insects. Pathogens can often be 

carried sublethally and can affect hosts in subtle and chronic ways, making a 

comprehensive understanding of these relationships difficult and invariably complex. The 

WTC is infected by a range of entomopathogens, although McplNPV is the primary 

pathogen associated with population declines (Fitzgerald, 1995; Myers, 2000; Cory & 

Myers, 2009; Myers & Cory, 2013). While baculoviruses have been the main pathogen 

group of interest in several studies involving forest Lepidopterans, it is important to 

examine the influence of the broader pathogen community on species such as the WTC. 

Unidentified pathogens, including species of bacteria and fungi, have been noted as 

significant mortality agents in previous WTC bioassays (Cory & Myers, 2009; Sarfraz et 

al, 2013) and may be important pathogens of this species, especially in stressful 

environments. Interactions between pathogens could be important, and their expression 

could be dependent on insect condition. Pathogens and other microorganisms need to 

be identified by techniques such as PCR/RT-PCR, and through genomic techniques 

(Kukan & Myers, 1995; Crampton et al., 1997; Call et al., 2003; Entz et al., 2005; 

Behura, 2006; Thorne et al., 2007). Once pathogens are identified and patterns of co-

occurrence are studied, attempts to isolate specific microbes could be made, followed by 

bioassays testing intra- and transgenerational effects of diet on disease resistance. 

Additionally, investigation into the potential for sublethal or vertically transmitted 

infections could provide insight into the pervasiveness of specific entomopathogens 

(Goulson & Cory, 1995; Mangin et al., 1995; Burden et al., 2002; Quesada-Moraga et 

al., 2004; Vizoso & Ebert, 2004). 

The lab-based simulation of multiple stressors (i.e. diet treatments) experienced 

in high-density WTC populations was evaluated against changes in life history traits in 

the parental generation, although it was not logistically feasible to measure the impact of 

the treatments on parental disease resistance or immunological parameters. The study 

of these aspects would provide a baseline for within generational effects of dietary 

factors, and allow for a better understanding of how dietary factors may trigger changes 

in resource allocation, leading to potential trade-offs. How trade-offs and immune 

responses in invertebrates compare between parents and offspring is largely unknown at 

this point; evidence points towards both similar (Triggs & Knell, 2012) and distinct 

responses (Freitak et al., 2007, 2009a). Through testing both generations, the strength, 
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direction (positive or negative) and adaptive value of transgenerational effects may be 

more accurately assessed.  

The existence and adaptive value of dietary transgenerational effects might 

relate to life history, in particular generation time; in univoltine species, such as the 

WTC, conditions for subsequent generations may be less predictable versus multivoltine 

species, which experience more frequent generations and a greater chance for 

“matching” environmental conditions between parent and offspring (Mitchell & Read, 

2005; Plaistow & Benton, 2009; Boots & Roberts, 2012; Hoyle & Ezard, 2012). Another 

area worth considering is how fitness trade-offs and resource provisioning to offspring 

differ between income breeders (i.e. adults feed and are able to supplement 

energy/nutrient reserves accumulated in the larval stage; e.g. the monarch butterfly, D. 

plexippus) and capital breeders (i.e. species for which the larval stage completely 

determines the resource pool available for adult functions and reproduction; e.g. the 

WTC). Capital breeding is a strategy shared among many outbreaking Lepidopteran 

species (Tammaru & Haukioja, 1996); density-related dietary effects may be especially 

relevant for population dynamics in these species as opposed to income breeders, 

where adult feeding may serve to offset stressors experienced as larvae (Tammaru et 

al., 2004; Boggs & Freeman, 2005). 

As considered in the discussion of Chapter 2.B, I suspected that trade-offs in 

offspring growth and immune function might have occurred at different developmental 

stages, depending on parental dietary factors. Pathogen assays and immune measures 

of offspring during different life stages may allow for the assessment of the 

compensatory growth hypothesis outlined in this study (similar to the experimental 

design of Trauer & Hilker, 2013). Such an exploration would also shed light onto the 

ecological and evolutionary significance of transgenerational effects in the WTC. While 

transgenerational effects are usually considered as bifurcated responses (i.e. positive or 

negative in direction) (Falconer, 1965; Janssen et al., 1988; Lande & Price, 1989; Hoyle 

& Ezard, 2012), evidence for reversals on life history traits over the juvenile development 

period in WTC offspring hints that the direction of transgenerational effects is both 

context and stage dependent. 
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Considerable gaps exist in our understanding of population cycles and 

formulating general hypotheses that can explain outbreaks in forest Lepidopterans 

remains a challenge. Although individual quality and susceptibility to disease are likely 

important drivers of cyclic patterns, there is still little known about how environmental 

factors influence fitness and immunocompetence, especially across generations and at 

the population scale. Further integration of lab-based studies investigating the role of 

diet on immune function and field-based studies tracking density-associated 

environmental conditions in relation to host susceptibility and disease prevalence are 

necessary to progress in this direction. Additionally, studies incorporating multiple top-

down and bottom-up influences will be key for a greater understanding of cyclic 

population dynamics (Myers & Cory, 2013). 

In this thesis, I demonstrated the existence of dietary transgenerational effects on 

disease resistance, immunity, and life history traits of the WTC. The results from this 

study pose new questions regarding the role of environmental heterogeneity on 

population cycles of forest Lepidoptera and the complex, context dependent nature of 

the host/pathogen relationship. 
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Appendix A.  
 
Development time within food limited parents 

 
Figure A1. Development time (4th instar - pupation) for food limited M. c. 

pluviale parents (n = 316). Estimates are given as LS Means (± 1 SE). 
“Induced” refers to a diet of foliage from larvae-infested branches, while 
“Control” denotes a diet of foliage from branches not under caterpillar 
attack. B = bacterial application; N = naïve (without bacterial application). 
Lowercase letters indicate significant main effects from application of 
foliar bacteria; shared letters indicate no difference between treatments. 

 

Table A1. Final minimal statistical models for development time (4th instar - 
pupation) for food limited M. c. pluviale parents (n = 316). P values in 
bold represent statistically significant (P < 0.05) and marginally non-
significant effects. “Induction” refers to whether leaves came from 
branches infested with larvae or were protected from herbivory; 
“Microbiota” refers to whether foliage was dipped in a bacterial 
suspension or water (naïve). 
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Source d.f. F P
Induction 1 1.293 0.256
Microbiota 1 16.653 <0.001
Sex 1 30.082 <0.001
Initial mass 1 23.938 <0.001
Error 311

Deleted terms: Induction*microbiota: F1,310=2.664, 
P=0.104; induction*sex: F1,309=0.891, P=0.346; 
microbiota*sex: F1,308=0.349, P=0.555; 
induction*microbiota*sex: F1,307=1.537, P=0.216. 
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Appendix B.  
 
Background mortality of virus challenged ad libitum 
offspring 

 
Figure A2. Background mortality within McplNPV challenged larvae for M. c. 

pluviale offspring of ad libitum parents (n = 144). Estimates are based 
on raw means (± 1 SE). Uppercase letters above bars represent a 
statistically significant interaction between treatment means (Tukey's test 
at P<0.05). Levels with shared letters are not statistically different. 
“Induced” refers to a diet of foliage from larvae-infested branches, while 
“Control” denotes a diet of foliage from branches not under caterpillar 
attack. B = bacterial application; N = naïve (without bacterial application). 
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Table A2. Final statistical model for background mortality within McplNPV 
challenged for larvae for M. c. pluviale offspring of ad libitum 
parents. Statistics were reported from a GLM (binomial, logit). P values in 
bold represent statistically significant effects at P < 0.05. “Induction” refers 
to whether leaves came from branches infested with larvae or were 
protected from herbivory; “Microbiota” refers to whether foliage was 
dipped in a bacterial suspension or water (naïve). 

 

Source d.f. χ2 P
Induction 1 0.029 0.864
Microbiota 1 14.613 <0.001
Induction*microbiota 1 12.789 <0.001
Block 1 4.184 0.041

Deleted terms: Log10 dose: χ2=0.994, P=0.319; initial mass: χ2=0.015, P=0.901; microbiota*log10 dose: χ2=1.573, 
P=0.210; induction*log10 dose: χ2=0.529, P=0.467; induction*microbiota*log10 dose: χ2=0.106, P=0.745. 
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Appendix C  
 
Sublethal effects of virus on offspring pupal mass 

Table A3. Final statistical model for pupal mass of offspring given control 
treatment and virus dosed as a function of parental food quantity for 
a) females and b) males.  

 

a) Females
Source d.f. F P
Quantity 1 2.996 0.092
Error 35.26

b) Males
Source d.f. F P
Quantity 1 0.821 0.376
Error 19

Deleted terms: Initial mass: F1,226.4=1.901, P=0.1694; control/dosed: F1,209.9=0.690, P=0.407; quantity*control/
dosed: F1,203.4=1.287, P=0.258. 

Deleted terms: Initial mass: F1,175.5=1.479, P=0.226; control/dosed: F1,166.5=0.014, P=0.909; quantity*control/dosed: 
F1,156.7=0.544, P=0.462. 
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Table A4. Final statistical model for pupal mass of ad libitum offspring given 
control treatment and virus dosed as a function of parental plant 
induction and microbiota for a) females and b) males. P values in 
bold represent statistically significant effects at P<0.05. “Induction” refers 
to whether leaves came from branches infested with larvae or were 
protected from herbivory; “Microbiota” refers to whether foliage was 
dipped in a bacterial suspension or water (naïve). 

 

a) Females
Source d.f. d.f. den F P
Induction 1 64.49 2.13 0.149
Microbiota 1 65.13 < 0.001 0.988
Block 1 372.6 5.415 0.021

b) Males
Source d.f. d.f. den F P
Induction 1 52.93 0.2728 0.6036
Microbiota 1 51.97 1.1128 0.2964

Deleted terms: control/dosed: F1,380.2=2.537, P=0.112; initial mass: F1,372.2=0.365, P=0.546; microbiota*control/
dosed: F1,381.2=1.945, P=0.164; induction*microbiota: F1,65.37=1.535, P=0.220; induction*control/dosed: 
F1,380.9=0.143, P=0.706; induction*microbiota*control/dosed: F1,382.7=1.920, P=0.167. 

Deleted terms: Initial mass: F1,272.8=1.480, P=0.225; block: F1,256.6=0.034, P=0.854; control/dosed: F1,258=0.023, 
P=0.881; induction*microbiota: F1,50.75=2.765, P=0.103; microbiota*control/dosed: F1,252.2=0.123, P=0.726; 
induction*control/dosed: F1,249.6=0.036, P=0.849; induction*microbiota*control/dosed: F1,250.9 =0.977, P=0.324./ 
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Table A5.  Final statistical model for pupal mass of ad libitum offspring across 
virus doses as a function of of parental plant induction and 
microbiota for a) females and b) males. “Induction” refers to whether 
leaves came from branches infested with larvae or were protected from 
herbivory; “Microbiota” refers to whether foliage was dipped in a bacterial 
suspension or water (naïve). 

 

 

a) Females
Source d.f. d.f. den F P
Induction 1 62.59 2.2027 0.1428
Microbiota 1 62.69 0.3385 0.5628

b) Males
Source d.f. d.f. den F P
Induction 1 54.79 0.0599 0.8076
Microbiota 1 53.29 0.5047 0.4806

Deleted terms: Block: F1,280=1.242, P=0.266; initial mass: F1,283.1=0.065, P=0.800; log10 dose: F1,276.6=0.002, 
P=0.965; induction*microbiota: F1,63.01=2.465, P=0.121; microbiota*log10 dose: F1,273.4=0.538, P=0.464; 
induction*log10 dose: F1,274.9=0.026, P=0.872 ; induction*microbiota*log10 dose: F1,608=0.168, P=0.682. 

Deleted terms: Log10 dose: F1,189.9=0.767, P=0.382; block: F1,199.3=0.095, P=0.759; initial mass: F1,215.9<0.001, 
P=0.991; induction*log10 dose: F1,191.6=1.083, P=0.300; induction*microbiota: F1,52.57=0.834, P=0.365; 
microbiota*log10 dose: F1,187.2=0.481, P=0.489 ; induction*microbiota*log10 dose: F1,192.2=3.10, P=0.080. 


