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ABSTRACT
This dissertation examines how variation in host plant chemistry can affect flight muscle
development and dispersal ability of adult insects. Three mechanisms known to cause variation in
host plant chemistry were tested: inbreeding, gene mutation, and the presence of fungal
symbionts. Many studies that measure the effect of plant differences on herbivores only focus on
the immature stages of the insect. Because reproduction and dispersal generally occurs during the
adult stages of insects, adults make a great contribution to the overall dynamics and
demographics of the population. Understanding how host plant heterogeneity influences adult
mobility may provide us with better predictive power when confronting problems dealing with
insect pests, invasive species, or the preservation of biodiversity.
Chapter 2 documents the effects of host plant (Solanum carolinense) inbreeding on the
growth and flight capacity of a specialist insect herbivore (Manduca sexta). Manduca larvae
grew 9.7% faster and molted into 38.4 % larger pupae when reared on inbred plants, compared to
larvae reared on outbred plants. These differences in pupae mass also carried over to the adult
stage of the insect. On average, mass-adjusted flight metabolic output was 12.7% higher for
moths reared on inbred plants than those reared on outbreds. Changes in adult flight metabolism
were also associated with changes to the relative abundance of an isoform of Troponin t (Tnt), a
flight muscle protein that regulates muscle contraction. These results show that variation in host
plant chemistry caused by plant inbreeding creates developmental effects that cascade through the
larvae and pupae to affect dispersal-related traits of the adult stage. This suggests that plant
inbreeding may increase herbivore dispersal ability. It also suggests that changes to the
population biology of host plants can affect the flight capacity and population dynamics of an
animal at a higher trophic level.
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Chapter 3 documents how two generalist Noctuid herbivores (Fall Armyworm and
Southern Armyworm) responded differently to variation in the host plant’s (Solanum
lycopersicum) defense response. This study compares the changes to growth and flight capacity
of two lepidopteran herbivores caused by a gene mutation, in the host plant, that alters the
production of jasmonic acid (JA). JA acts as a key molecule in the biochemical pathway that
leads to the up-regulation of genes involved in a plant’s defense response to herbivory.
Manipulating the defense response of tomato host plants through the JA pathway produced
differences in survival, growth and flight metabolic output in the 2 species. The survival rate for
Southern Armyworm (SAW) was 71.4% compared to just 14.1 % survival rate for Fall
Armyworm (FAW). Compared to defenseless (def1) plants, plants that exhibited normal levels of
defense response (Castlemart and methyl jasmonate induced) had no effect on SAW adult body
size, but methyl-jasmonate induced plants (MeJA) caused a significant reduction in adult body
mass (31.4%) of FAW. FAW adults reared on MeJA plants also showed a 16.9% reduction in
flight metabolic rate. The reductions in FAW flight metabolism were also associated with a
42.5% a reduction in the ratio of Tnt A and F isoforms. These results show that SAW appears to
be better adapted to feeding on tomato than FAW because SAW was relatively unaffected by
variation in tomato’s induced defense response. Compared to FAW, SAW larval survival was
higher, and adult fitness traits such as body size and dispersal capability were less affected by
host plant defense response. Our results also suggest that changes to host plant defenses could
have a greater impact on the spatial ecology and population dynamics of poorly adapted
herbivores because it may decrease both their survival and ability to disperse longer distances.
Chapter 4 examines how adult flight is affected by variation in host plant (Poaceae)
chemistry caused by the presence of fungal symbionts (endophytes). Endophytes have the ability
to alter the levels of toxic secondary metabolites, thus decreasing host plant quality for
herbivores. This chapter compared the survival, body size and flight capacity of a lepidopteran
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herbivore (FAW) when reared on 6 different species of grass, both with and without endophtyes.
The effect of endophytes on insect survival and flight capacity varied depending on the species of
host plant-endophyte symbiotum. Endophytes we associated with a 77.4% and 68.2% reduction
in relative survival for insects that fed on grass species Agrostis perennuns and Poa autumnalis.
Endophytes were also associated with reduced growth performance in individuals that fed on
Cilamagrostis arundinacea (CIAR), but increased flight metabolism. This was a surprising result
because it indicates that the presence of endophytes in CIAR caused these insects to invest more
metabolic resources into the development of high performing flight muscles rather than larger
bodies. Overall these results shows that fungal symbionts can be associated with changes to adult
insect growth and flight capacity, but the effects are dependent upon the species of symbiota that
the larval stages feed on.
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Chapter 1
Introduction

Insect Flight
The evolution of wings and the ability to fly has been a major factor in the evolutionary
and ecological success of insects, because it allows them to disperse greater distances or gain
access to habitats that would be inaccessible using other forms of terrestrial locomotion such as
walking, running, or climbing (Roff & Fairbairn 1991). Flight capability is an essential
component of the life history of many insect species that rely on flight to find mates (Langellotto
& Denno 2001), locate food (Zera & Denno 1997), colonize new habitat (Haag et al. 2005), and
escape predation (Chai & Srygley 1990). Flight capability can be viewed as a discrete variable
(flight-capable; flightless), but continuous variation in flight ability is also ecologically important
(e.g. Marden & Chai 1991). Improved flight capability can be a fitness advantage if it helps to
increase survival, reproduction, and dispersal. Recent studies (Zeng et al. 2009; Hanski 2011)
have estimated that greater flight capacity in butterflies resulted in a 2-fold increase in population
size because of increased colonization rate of new habitat patches and decreased local extinction
of isolated populations.
Insect flight capability strongly correlates with the size and power output of the flight
muscles (Hill et al. 1999; Berwaerts et al. 2002; Marden & Cobb 2004). For an insect to propel
its body into the air, at least 12-16% of it’s total body mass must be flight muscle (Marden 1987).
However, construction and maintenance of large flight muscles is costly in terms of metabolic
resources (Zera & Denno 1997), both during flight and rest (Zera et al. 1989). Moreover
physiological conditions that reduce metabolic resources, such as parasite infections, result in
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altered flight muscle development and decreased performance (Marden & Cobb 2004; Schilder &
Marden 2007). Nutritional intake can also influence the availability of metabolic resources; thus,
these studies suggest that variation in an insect’s level of nutritional intake may alter an adult
insect’s flight performance and dispersal capability.

Dietary nutrition and phenotypic plasticity
One method that insects use to cope with variation in environmental conditions is
phenotypic plasticity. Phenotypic plasticity is an adaptive mechanism that allows one genotype to
produce alternative forms of morphology, physiological states, and /or behaviors in response to
internal physiology and/or the external environment (West-Eberhard 1989; Whitman &
Ananthakrishnan 2009). Insects use this strategy to enhance fitness during suboptimal conditions
(Leclaire & Brandl 1994; Simmons & Emlen 2006). In natural environments, nutrients are
generally not equally available to all members of a population, so insects must struggle to acquire
optimal nutritional resources in landscapes where nutrient accessibility can vary in time and space
(Ludwig et al. 2008). Therefore, nutrient heterogeneity may act as a natural selection factor
which can drive phenotypic plasticity (Leclaire & Brandl 1994). Individuals that cannot obtain
optimal nutrition levels can alter their growth and development paradigm via adjustments to the
allocation of nutrient resources. This leads to adaptive investment tradeoffs that result in a greater
proportion of the insect’s resource budget being allotted to developing particular body structures
or organ systems in exchange for less investment in other systems (Angelo & Slansky 1984;
Chippindale et al. 1993, Leclaire & Brandl 1994; Awmack & Leather 2002; Simmons & Emlen
2006; Adler 2013). Compared to the well-fed members of the population, individuals fed on
suboptimal diet often display declines in larval growth (Leclaire & Brandl 1994), adult body size
(Angelo & Slansky 1984; Davidowitz et al. 2003), and reproduction (Chippindale et al. 1993;
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Awmack & Leather 2002). The quantity (Marden et al. 2008) and nutritional quality (Chapter 2)
of larval diet have also been shown to influence adult insect flight muscle development and flight
capacity. These studies show that flight capacity was strongly correlated with the quality of larval
diet (Marden et al. 2008; Chapter 2). This suggests that the development and maintenance of
large flight muscles and subsequent flight ability is a trait which responds to environmental and
physiological factors such as nutritional input in early life stages.

Alternative gene splicing and Troponin-t in insect flight muscle
One mechanism that contributes to phenotypic plasticity is alternative gene splicing.
Alternative splicing (AS) allows a single gene sequence to code for different polypeptide
sequences that are structurally and functionally unique. This molecular mechanism produces a
greater variety of protein diversity that would be allowable with just a single gene-single peptide
system (Marden 2006). AS is believed to be an adaptation mechanism that permits insects to
modify the protein composition of their body structures or organ systems in response to internal
or external conditions.
Troponin t (Tnt) is an alternatively spliced subunit of the troponin-tropomyosin protein
complex (Marden et al. 1999). The 5’ end of Tnt contains 3 alternatively sliced exons; the
smallest being a micro-exon composed of a single codon. Six different isoforms (A, B, C, D, E,
and F) are found to be expressed in the flight muscles of Lepidoptera (Marden et al. 2008;
Chapter 2) and Odonata (Marden et al. 1999; 2001). Studies have shown that the relative
abundances of different Tnt isoforms has an effect on flight muscle Ca2+ sensitivity, force output
(Marden et al. 2001) and flight metabolic output (Marden et al. 2008; Chapter 2). In addition
spliceform ratios change with respect to larval nutritional intake. Partial starvation of Fall
Armyworm (Spodoptera frugiperda L; NoctuidNoctuidae) larvae fed on artificial diet showed
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that poorly fed (starved) larvae expressed less isoform Tnt D and more Tnt F compared to wellfed individuals (Marden et al. 2008). A more ecologically relevant study showed that Tnt ratios
changed when tobacco hornworm (Manduca sexta, L; Sphingidae) larvae fed on defensively
compromised inbred vs. outbred host plants (presented in Chapter 2). In both studies, peak flight
metabolic output was correlated with changes to Tnt. These results show that Tnt could be acting
as a molecular mechanism for adjusting insect flight muscle power output and flight performance;
moreover variation in nutrient acquisition during immature stages may cascade through changes
in Tnt gene expression to influence an adult insect’s flight capability.

Factors affecting nutrient quality of plants
A plant’s ability to respond defensively to attacks by herbivores can be altered by genetic
factors such as inbreeding and gene mutations, or ecological factors such as presence/absence of
fungal endophytes. Inbreeding can negatively affect a plant’s defense response. Inbreeding occurs
when sexual reproduction occurs between closely related individuals, producing offspring that
have a greater chance of carrying homozygous recessive alleles. Increasing the frequency of
recessive homozygotes reduces the contribution of dominant alleles and can lead to a reduction in
fitness known as inbreeding depression (Charlesworth & Charlesworth, 1987, Husband &
Schemske 1996). Recent studies have demonstrated that inbred plants have a reduced defense
response, suggesting a build-up of homozygous loss of function alleles in the inbred plant’s
chemical defense pathways (Stephenson et al. 2004; Delphia et al. 2009, Campbell et al. 2013,
Kariyat et al. 2012, 2013). Furthermore, inbred plants suffer greater herbivory than outbred plants
(Du et al. 2008; Delphia et al. 2009; Bello-Bedoy & Núñez Farfán 2010). These studies suggest
that inbreeding increases the plant’s dietary quality for herbivores, making inbred plants more
attractive and/or palatable to herbivores than outbred plants.

5
Mutations occurring in plant defensive pathway genes can also affect a plant’s ability to
produce defensive compounds (Howe et al. 1996; Ryan 2000; Li et al. 2005). Consequently, loss
of function mutations that negatively affect a plant’s defensive response, and the subsequent
production of secondary metabolites, might increase it’s nutritional quality for herbivores because
herbivores can acquire the nutrients contained within the plant’s tissues without the cost of
dealing with the effects of high levels of toxic compounds (Chen 2008; Howe & Jander 2008).
Another factor that can contribute to the overall dietary quality of host plants is the
presence or absence of fungal endophytes. In general, plant-endophyte relationships are
considered symbiotic because the fungus affords the plant improved competitive ability, such as
drought tolerance and resistance to herbivores, in exchange for nutrients and shelter provided by
the plant (Tintjer & Rudgers 2006; Rodriquez et al. 2008; Hartley & Gange 2009). Fungal
endophytes can also produce toxic alkaloids that help to protect their host plants from damage by
herbivores (Tanaka et al. 2005; Schardl et al. 2007; Simons et al. 2008). However, considerable
variation in the level of herbivore resistance in plants containing endophytes has been
documented (Tintjer & Rudgers 2006; Crawford et al. 2010; Gange et al. 2012). The degree of
herbivore resistance seems to depend on endophyte taxon, species of host plant, and type of
herbivore. Typically, specialist herbivores perform better than generalists on host plants with
fungal endophytes (Afkhami & Rudgers 2009; Hartley & Gange 2009; Gange et al. 2012).

Inbreeding in Horsenettle
Horsenettle (Solanum carolinense, L) exhibits a typical RNase-mediated gametophyte
self incompatibility system (GSI), controlled by a single highly polymorphic S-locus (Richman et
al. 1995). However, horsenettle’s SI system exhibits leakiness that is influenced by certain
environmental conditions (old flowers, or no prior fruit production; Travers et al. 2004; Mena–
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Ali & Stephenson, 2007) and different S-locus alleles (Mena–Ali & Stephenson, 2007). In the
absence of cross-pollen, horsenettle’s ability to self-fertilize can give rise to inbred populations.
Inbreeding depression has been recorded for this species in greenhouse (Mena–Ali et al. 2008)
and field studies (Kariyat et al. 2011).
Horsenettle exhibits a variety of defense traits against herbivory such as constitutive and
induced structural defenses (leaf and internodes spines and stellate trichomes; Kariyat et al.
2013). All parts of the plant contain toxic secondary compounds (e.g., glycoalkaloids), especially
the fruits (Cipollini & Levey 1997). Despite these defenses, many herbivores feed on the leaves,
fruits, flowers, or roots of horsenettle (Cipollini & Levey 1997; Wise 2007) including the tobacco
hornworm, Colorado potato beetle (Leptinotarsa decemlineata Say; Chrysomelidae), false
Colorado potato beetle (Leptinotarsa juncta Germar; Chrysomelidae), and the larvae of a twirler
moth (Frumenta nundinella, Zeller; Gelechiidae; Solomon, 1980; Cipollini et al. 2002; Wise &
Wineberg 2002).
Inbred plants exhibit a reduction in physical and chemical defenses (constitutive and
induced: Delphia et al. 2009; Kariyat et al. 2012; 2013; Campbell et al. 2013). Manduca larvae
prefer to feed on inbred plants rather than outbreds (Kariyat et al. 2012) and field studies have
shown that inbred plants experience higher levels of herbivory and attract fewer herbivore natural
enemies (Kariyat et al. 2011). These findings indicate that inbreeding in horsenettle improves the
plant’s attractiveness and palatability to insect herbivores and herbivores feeding on inbred plants
might experience less pressure from predators and parasitoids compared to herbivores feeding on
outbred plants. The reduction in defense response and increase in herbivore preference for inbred
plants suggests that inbred horsenettle host plants are better nutritional quality for herbivores than
outbred plants.
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Tomato defensless1 mutant
Defenseless1 (def1) is a mutant in the castlemart tomato (Solanum lycopersicum, Miller)
cultivar that is characterized by a significant reduction in the production of jasmonic acid (JA),
caused by a genetic lesion in the octadecanoid pathway, before the conversion of linolenic acid to
12-oxo-phytodienoic acid (Howe et al. 1996). The exact gene that carries the mutation has yet to
be identified, but compared to wild type (non-mutant castlemart) plants, def1 mutants are unable
to produce large amounts protease inhibitors (PIs) in response to herbivore damage (Schilmiller
& Howe 2005). An experimentally useful characteristic of this mutant is that wild-type levels of
PI production can be restored by treating mutant plants with a solution of methyl-jasmonate
(Thaler et al. 1996). Studies have shown that growth and development of tobacco hornworm
(Manduca sexta L; Sphingidae) larvae were significantly improved when fed on def1 plants
compared to larvae fed on wild type plants (Howe et al. 1996).

Grass fungal endphytes
Endophytes can be categorized into 2 basic groups: clavicipitaceous endophytes (Cendophytes), and nonclavicipitaceous endophytes (NC-endophytes); C-endophytes only infect
grasses, while, NC-endophytes are found in nonvascular plants, ferns, conifers, and angiosperms
(Rodriquez et al. 2008; Hartley & Gange 2009). These two groups can be further divided into 4
classes, based on different life histories and ecology. Class 1 is grouped exclusively within the Cendophytes. Classes 2, 3 and, 4 are considered NC-endophytes and have not been well studied
(Rodriquez et al. 2008).
Class 1 endophytes are estimated to form associations with 20-30% of grass species
world-wide. Class 1 endophytes are considered true endophytes, because they cannot be found
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anywhere outside of their host plants (Rodriquez et al. 2008; Hartley & Gange 2009). It is
hypothesized that Class 1 endophytes evolved from entomopathogenic ancestors that began to
exploit rich plant secretions flowing from wounds caused by insect feeding. Their
entomopathogenic origin likely allowed them to colonize plant tissues because they did not
possess the necessary enzymes to break down and digest plant cells. Furthermore, the ability of
an ancestral entomopathogenic endophyte to produce chemicals that destroy insect tissue offers
an explanation as to why endophytes are capable of producing chemicals that are toxic and/or
repellent to insects (Rodriquez et al. 2008).
Studies have identified endophyte produced alkaloids (peramine and lolines) that
negatively impact insect herbivores (Tanaka et al. 2005; Schardl et al. 2007; Simons et al. 2008).
Peramine was shown to act as a feeding deterrent (Tanaka et al. 2005), while lolines where
associated with reduced survivability and reproduction in an aphid (Rhopalosiphum padi L;
Aphididae) herbivore (Wilkinson et al. 2000; Simons et al. 2008). Loline titers have also been
have been shown to increase following herbivore feeding on the host plant. Additionally, the
increase in loline titers correlated with the up-regulation of the cluster of loline synthesis genes,
LolC (Sullivan et al. 2007, Simons et al. 2008). This indicates that plants that lack endophytes
might be easier for herbivores to consume, because endophyte containing plants have higher
levels of toxic secondary metabolites.

Host plant defense and role of Jasmonic acid
Plants protect themselves from herbivore damage with a suite of anti-herbivore defenses
(Chen 2008; Howe & Jander 2008). It is generally accepted that heavily defended plants have
lower dietary quality for herbivores because the physical and chemical defenses interfere with
herbivore feeding and nutrient acquisition; therefore, variation in host plant defenses will likely
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affect the growth and physiology of herbivores. In support of this hypothesis, many studies have
presented evidence that herbivores thrive better on defensively compromised plants compared to
well-defended plants (Johnson et al. 1989; Steppuhn et al. 2004; Chen et al. 2005; Haviola et al.
2007; Chung et al. 2008). This suggests factors affecting the plant’s induced defensive response
would be one mechanism that could contribute to variability in host plant quality and subsequent
growth and fitness of herbivores that feed on the plants.
Plant defenses can be generally classified as either constitutive or induced. Constitutive
defenses are always present and include both mechanical (trichomes and spines) and chemical
defenses (Chen 2008; Tooker et al 2010). Plant induced defenses are generally only activated
when plants are being damaged by herbivores or pathogens. Typically induced defenses lead to
the production of chemical compounds that act as toxins, feeding deterrents or antidigestive
proteins (Karban & Baldwin 1997; Habib & Fazili 2007; Chen 2008; Howe & Jander 2008).
Defensive trichome and spine density have also been shown to increase due to a plant’s induced
defense response (Bloughton et al. 2005; Kariyat et al. 2013).
Induction typically begins at the wounding site were products from damaged plant cells
and insect salivary secretions activate phytohormone mediated signaling cascades which lead to
the expression of defense related genes (Whittaker 1970; Howe & Jander 2008). Many of these
defense genes produce chemical products, called secondary metabolites, which are toxic, or at
least repellent to insect herbivores (Karban & Baldwin 1997; Habib & Fazili 2007; Chen 2008;
Howe & Jander 2008). This phenomenon is known as allelopathy (Whittaker 1970; Howe &
Jander 2008). Allelopathic chemicals are classified into 7 basic types: terpenoids, alkaloids,
glucosinolates, cyanogenic glycosides, phenolics, and PIs (Chen 2008). Allelopathic chemicals
can be costly for plants to produce, or may cause damage to a plant’s own cells; thus their
production is generally limited only to times when the plant is being attacked by
herbivores.(Gershenzon et al. 1994; Howe & Jander 2008).
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One important molecule in the systemic plant defense response is JA (Schilmiller &
Howe 2005; Wasternack et al. 2006; Howe & Jander 2008). JA is a lipid-derived phytohormone
that is synthesized in peroxisomes via the octadecanoid biochemical pathway (Wasternack et al.
2006; Howe & Jander 2008). Initiation of the octodecanoid pathway begins at the wound site by
the release of the peptide signaling hormone systemin. Evidence shows that systemin acts locally
to trigger the biosynthesis of JA; once synthesized, JA is mobilized to distal parts of the plant to
promote the production of PIs and other defensive genes (Schilmiller & Howe 2005; Howe &
Jander 2008).
Plants produce several JA derivatives including, methyl jasmonate (Me-JA), the volatile
form of JA, and jasmonate isoleucine (JA-Ile) (Howe & Jander 2008). JA-Ile is the form of JA
that acts as the molecule directly responsible for promoting the expression of defensive genes
(Howe & Jander 2008). Expression levels are regulated by a family of jasmonate ZIM domain
proteins (JAZ) that repress the action of the upstream transcription factor MYC2 (Chini et al.
2007; Browse & Howe 2008; Chung et al. 2008).
An important group of defensive gene products up-regulated by the action of JA are plant
PIs (Chen 2008; Howe & Jander 2008). Defensive PIs act as herbivore anti-metabolic proteins
(Habib & Fazili 2007; Howe & Jander 2008). When ingested, PIs impair the ability of the
herbivore’s natural digestive proteases to metabolize essential amino-acids. Interfering with
amino acid digestion and absorption decreases the amount of nitrogen available to the herbivore
for growth and metabolism (Habib & Fazili 2007; Chen 2008). Therefore, the presence of
protease inhibitors effectively diminishes the nutrient quality of the herbivore’s diet.
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Objectives
Genetic and ecological factors can alter host plant resistance to herbivores by causing
changes to the nutritional quality of the plant’s tissues. Despite the importance of dietary nutrition
on the developmental consequences of all stages of herbivorous insects, many studies have
merely looked at the effects of host plant variation on the immature stages (Scriber 1981; Peteren
et al. 2000; Ojeda-Avila et al. 2003; Haviola et al. 2007) Studies that have examined the
carryover effects into the adult stages generally focused on adult size and reproductive output
(Hahn 2005; Barret et al. 2009; Kolss et al. 2009; Vijendravarma et al. 2010). Nevertheless,
understanding how larval diet affects adult insects is crucial because they are generally the
dispersive and reproductive stage of the insect. Due to their mobility, adults make a greater
contribution to the geographic distribution and demographics of a population than immature
stages. The ultimate objective of this dissertation is to examine how flight capability of adult
lepidopteran herbivores was affected by three different factors known to cause variation in host
plant quality. 1) How does host plant inbreeding affect the development, flight metabolism and
gene expression of a specialist herbivore? 2) Do herbivores respond differently in terms of
survival growth, flight metabolism and gene expression to variation in host plant defense? 3) Do
the presence/absences of fungal endophytes effect adult herbivore survival, development, and
flight metabolism?
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Chapter 2
Cascading effects of host plant inbreeding on the growth, muscle molecular
composition, and flight capacity of an adult herbivorous insect
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Summary
1.

A primary function of adult winged insects is dispersal. Limiting larval dietary intake

(partial starvation) has been shown to affect the flight muscle metabolism of adult moths reared
on artificial diet, but a more ecologically relevant question is whether natural variation in host
plant quality can lead to differences in the flight capacity of adult insects.
2.

Recent studies have shown that inbreeding compromises plant anti-herbivore defenses.

We created inbred and outbred progeny from locally collected Horsenettle (Solanum carolinense
L.) and examined how host plant inbreeding affects the growth, development, and flight muscle
physiology of Tobacco Hornworm (Manduca sexta L.), a specialist herbivore on Solanaceae. We
tested the hypothesis that subtle variation in host plant quality caused by inbreeding can create
significant changes to the flight physiology of an adult insect.
3.

We found that Manduca larvae reared on inbred horsenettle plants grew faster and

developed into larger pupae compared to larvae reared on outbred plants. Adult flight metabolic
rate was greater in adults reared on inbred plants compared to outbred plants. Differences in flight
metabolism were associated with changes in alternative splicing of Troponin t, a flight muscle
protein that regulates muscle contraction.
4.

These results show that host plant inbreeding creates effects that cascade through larval

and pupal development to affect dispersal-related traits of the adult stage. Hence, plant inbreeding
may impact herbivore population dynamics, particularly their ability to spread away from and
possibly into isolated patches of inbred plants creating increased herbivore pressure on these plant
populations. More generally, our findings reveal that changes in population biology at one trophic
level affects the metabolic physiology and flight capacity of an animal at a higher trophic level.
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Introduction
The ability to fly has contributed immensely to the evolutionary success of insects (Rolf
& Fairbairn 1991). Insects use flight to escape predation (Chai & Srygley 1990), locate mates
(Langellotto & Denno 2001), and colonize new habitat (Haag et al. 2005); thus, improved flight
capability can increase survival, reproduction, and geographic distribution. Flight capacity
strongly correlates with the size and power output of flight muscles (Hill, Thomas & Blakeley
1999; Berwaerts, Van Dyck & Aerts 2002; Marden & Cobb 2004); yet, large flight muscles are
metabolically costly to build and maintain (Zera & Denno 1997), even during rest (Zera, Potts &
Kobus 1989). In addition, physiological conditions that reduce metabolic resource availability,
such as parasite infections, result in altered flight muscle development and decreased
performance (Marden & Cobb 2004; Schilder & Marden 2007).
Alterations to the pre-mRNA splicing of Troponin t (Tnt), a contractile regulatory gene,
are associated with variation in insect flight muscle performance. Changes in the relative
abundance of Tnt spliceforms correspond to differences in flight muscle power output in
dragonflies (Marden et al. 2001) and flight metabolic rate in Lepidoptera (Marden et al. 2008).
Larval nutrition also affects the relative abundance of the different Tnt spliceforms expressed in
moth flight muscles (Marden et al. 2008). That experiment involved partial starvation of larvae
during rearing on an artificial diet, therefore the results are difficult to extrapolate to more
realistic ecological conditions. Considering that relatively small changes in peak flight muscle
metabolic rate (~ 15-20%) can strongly affect colonization of new habitat patches (Haag et al.
2005) and movement of individual butterflies in the field (Niitepõld et al. 2009), it is likely that
variation in nutrient acquisition during immature stages may cascade through altered gene
expression to influence flight ability and dispersal.
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Plants defend themselves against herbivores with a variety of structural (Hanley et al.
2007) and chemical defenses (Chen 2008). From an insect’s perspective, plants producing a
greater number of structural defenses and/or high levels of toxic secondary metabolites have
lower food quality because these defenses reduce the capability of insect herbivores to acquire
nutrients from the plant’s tissues. Reductions in herbivore nutrient intake rate can have negative
effects on the growth and development of these insects (Scriber 1981; Johnson et al. 1989, Boggs
& Ross 1993; Leclaire & Brandl 1994; Haviola et al. 2007).
Inbreeding is common in flowering plants (Barrett & Eckert 1990) and frequently results
in decreased fitness (inbreeding depression: Charlesworth & Charlesworth 1987; Husband &
Schemske 1996). Inbred plants attract more insect herbivores and fewer predaceous insects, suffer
greater levels of herbivory, and have greater exposure to herbivore-transmitted diseases than
outbred plants (Stephenson et al. 2004; Bello-Bedoy & Nunez-Farfan 2011; Kariyat et al. 2012a).
Moreover, herbivores consume more and grow faster when reared on inbred plants (Carr &
Eubanks 2002; Delphia et al. 2009a). These studies suggest that plant inbreeding may have broad
impacts on herbivore populations and community level processes in natural and agricultural
systems, but the effects of host plant inbreeding on larval development and flight of subsequent
adult insects has not been examined. A fuller understanding of how host plant inbreeding affects
adult flight capability is important because adult mobility greatly influences the geographic
distribution and demographics of insect populations (Roff 1994; Hanski 2011).
Since inbreeding negatively affects defense traits and renders plants more vulnerable to
attack by insect herbivores, we hypothesized that Manduca sexta (Sphingidae) reared on inbred
horsenettle (Solanum carolinense) plants would: 1) exhibit increased larval growth rate and body
mass; 2) develop into larger adults; 3) produce adults with higher-performing flight muscles; and
4) flight muscle functionality would be accompanied by molecular changes in Tnt. We tested
these hypotheses by measuring: larval growth, adult body size, adult flight metabolism, and the
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relative abundance of Tnt isoforms in the adult flight muscle from insects reared (as larvae) on
both inbred and outbred horsenettle plants.

Materials & Methods

The Study System
Solanum carolinense is a perennial weed, native to the eastern United States; it grows in crop
fields, pastures, and early successional habitats. After initial establishment, the plant spreads via
horizontal (rhizome-like) roots that extend up to 1 m from the parent stem. The reproductive
season lasts from early summer until the first frost, when aboveground plant parts die.
Belowground parts over-winter, and new ramets emerge in late spring. Both growth and
reproduction are indeterminate (Ilnicki et al. 1962). Although uncommon in weeds, horsenettle
exhibits a typical Solanaceous-type, ribonuclease-mediated gametophytic self-incompatibility
(GSI) system controlled by the multi-allelic S-locus (Richman et al. 1995). However, the GSI
system in S. carolinense is leaky, being influenced by flower age, prior fruit production
(Stephenson et al. 2003, Travers et al. 2004) and the presence of certain S alleles (Mena-Ali &
Stephenson 2007). This leakiness allows the plants to produce selfed seeds when cross pollen is
scarce or when there are few S alleles in the population.
Horsenettle exhibits a variety of anti-herbivore defenses such as constitutive and induced
structural traits (spines and trichomes; Kariyat et al. 2013a). In addition, all parts of the plant
contain toxic secondary compounds (e.g., glycoalkaloids), especially the fruits (Cipollini &
Levey 1997). Despite these defenses, many herbivores feed on the leaves, fruits, flowers, or roots
of horsenettle (Cipollini & Levey 1997; Wise 2007). Tobacco hornworm (Manduca sexta L.;
Sphingidae) larvae, a Solanaceae specialist, feeds on horsenettle in the area from which our lab
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populations were collected (Delphia et al. 2009a).

Plant Material
Plant material used for this study was derived from a natural population located near
State College, PA, USA (40° 47′ 29″ N, 77° 51′ 31″ W). Flowers produced on one ramet from
each of the original 16 field-collected plants were cross-pollinated (outbred), while flowers from
a second ramet were self-pollinated (inbred). Six selfed seeds (inbred) and six outcrossed seeds
from the 16 maternal parents were then germinated and grown in a greenhouse (see: Mena-Ali &
Stephenson 2007) and used in a greenhouse study of inbreeding depression (Mena-Ali, Keser &
Stephenson 2008). Horizontal roots from randomly selected subsets of these plants were then
selected for field studies of inbreeding depression (Mena-Ali, Keser & Stephenson 2008; Kariyat
et al. 2011), field , greenhouse and laboratory studies of the effects of inbreeding (a) on resistance
to herbivores (Kariyat et al. 2012a; Kariyat et al. 2012b ) and pathogens (Kariyat et al. 2012c),
(b) volatile mediated defenses and physical defenses (Delphia et al. 2009b; Kariyat et al. 2012a;
2013a), (c) herbivore feeding and oviposition (Delphia et al. 2009a; Kariyat et al. 2013b), and
(d) microarray analyses of the expression of defense related genes (unpublished). These studies
consistently revealed that inbreeding compromises the resistance of horsenettle to harbivores and
pathogens.. For this study, we were constrained by the size of insect rearing cages and greenhouse
space to using a subset of this material. One inbred and one outbred plant from three maternal
families (designated B1, B3, and B4) were harvested and cut into ~10cm sections, producing
multiple ramets. Root cuttings were allowed to sprout in flatbeds containing a peat-based potting
soil (Pro-Mix, Premier Horticulture Inc., Quakertown, PA). Sprouts were maintained in a
greenhouse (16:8 L:D; 25°C:22°C Day:Night; 65% RH) and watered on alternate days. After 2

26
weeks, the sprouts were transplanted into 2L pots and moved to an insect-free greenhouse to
establish a nursery. Plants used in the experiment were 6-8 weeks old and were not flowering.

Larval Rearing
Manduca sexta eggs from several females (Boyce-Thompson Institute, Ithaca, NY) were
hatched in Petri dishes (90mm × 15mm; Becton Dickinson & Co., Lincoln Park, NJ) on moist
Whatman® filter paper in a growth chamber (16:8 L:D; 25°C; 65% RH). After most of the eggs
hatched, neonate larvae were moved to the greenhouse and placed randomly on live horsenettle
plants. Twelve ramets from each genet (three families, two breeding types) were placed in six
separate 71cm × 57xm × 66 cm (L × W × H) rearing cages and a single neonate larva was placed
on each plant (12 caterpillars / cage / genet). In order to keep track of individuals, each caterpillar
was uniquely marked with a small dot of colored acrylic paint (Crayola Inc., Easton, PA).

Insect Measurements
To track changes in larval growth over time, measurements of body mass were taken for
each caterpillar at two time points during each instar. Late instar mass measurements were taken
during molt sleep (Reinecke et al. 1980) and early instar measurements were taken on the day
following molting. Mass measurements began after larvae molted to the 2nd instar. To compare
larval growth across instars, body size data were log-transformed to achieve normality and
analyzed using ANOVA, and ANCOVA (JMP v. 10, SAS Institute, Cary, NC). Pupae were
weighed, and their length and girth measured with a digital vernier caliper (Mitutoyo American
Corp., Aurora, IL). Girth was measured at the widest point, the thorax, which contains the
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developing flight muscles. Statistical analyses of growth and size included maternal plant family,
plant breeding type, larval instar, and maternal family*breeding type as predictor variables.

Adult Flight Metabolism
After eclosing, adult males and females were housed in separate growth chambers (24:0
L:D; 25oC; 65% RH) and held in constant light to suppress flight activity. This prevented wing
damage and motivated them to begin flying shortly after exposure to low-light conditions. These
moths were fed, every 2nd day, 200ul of a solution that mimicked the sugar content of floral nectar
(Baker & Baker 1983), made from: lemon-lime Gatorade®, sucrose (Gatorade + added sucrose =
0.54M sucrose), fructose (0.25M), and glucose (0.26M).
Adult moths were flown for 5 mins in a 10L glass jar attached to a flow-through
respirometry system at air temperatures of 24-29oC. The jar was shaken gently as needed to
stimulate continuous flight. Peak metabolic rate and total CO2 emitted during 5 mins of flight
were measured using methods described by Haag et al. To remove time lags in the data, CO2
emission rates were Z-transformed (Bartholomew 1981, Vleck & Vleck 1981).

Characterization of Manduca sexta Tnt
Full length Tnt cDNA sequence from fall armyworm (Spodoptera frugiperda J.E. Smith)
and from M. sexta transciptome data (NCBI SRA: PRJNA79369) were blasted against the M.
sexta genome (Agricultural Pest Genomics Resources, http://agripestbase.org) to locate Tnt and
identify exons. Nucleotide sequences flanking the 5’ alternatively spliced exon region of
Manduca Tnt were nearly identical to the corresponding sequence for which we already
possessed fluorescently labeled primers for fall armyworm Tnt (TntAltF 5-56FAM-CACCCG
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TGCG AC -ATTAAATAAAC-3, TntAltR 5-GCGCCATTCGTTGATGTATTC-3,) that yield
gene fragments containing constitutively spliced regions on both sides of the 5 alternatively
spliced region (see: Marden et al. 2008). Those primers successfully amplified this region from
Manduca cDNA. The PCR products were sequenced and confirmed to align to exons of Manduca
Tnt evident in the genomic sequence.

Tnt Isoform Profiling
Immediately after flight, total adult mass was measured and whole adults were flashfrozen in liquid nitrogen and stored at -80oC. Subsequently, a ~0.2g section of frozen dorsal
longitudinal flight muscle was dissected on dry ice and used for RNA isolation and
characterization of Tnt isoforms (see: Marden et al. 2008). All data reported for Tnt isoforms are
based on relative abundance values calculated by dividing individual peak heights by the sum of
all isoform peak heights present in that insect. Isoform relative abundances were arcsine
transformed to achieve normality.

Results

Larval Growth
Over the full course of larval development, Manduca larvae reared on inbred host plants
exhibited more rapid growth (Figure 2-1A). Development time (hrs) across all instars (ANOVA
P<0.0001, R2=0.91; Supplementary Table 1) showed significant effects from plant maternal
family (P<0.0001), breeding type (P=0.0002), instar (P<0.0001), maternal family*breeding type
(P=0.0006) and breeding type*instar (P=0.0007) interactions. Inbred-fed larvae reached the 5th
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instar 15.4 hrs (6.5%) earlier than outbred-fed larvae (P=0.004). Growth rates (g/hr) across all
instars (ANOVA, P<0.0001, R2=0.86; Log transformed data; Supplementary Table 2) showed
significant effects of plant breeding type (P=0.046), and larval instar (P<0.0001). The breeding
type*instar interaction was marginally insignificant (P=0.058). On average, inbred-fed larvae
exhibited a 9.9% higher growth rate than outbred-fed larvae (P=0.046). The magnitude in body
mass difference is not readily apparent in log-transformed data (Figure 2-1A), but by the late 4th
instar, inbred-fed larvae had a 22.0% higher mean body mass (P=0.004) compared to outbred-fed
larvae (Figure 2-1B).

Pupae & Adult Body Size
Body mass of pupae showed significant effects of breeding type (P<0.0001), but not
maternal (plant) family (P=0.53), gender (P=0.08) or maternal family*breeding type (P=0.61; Fig
2A; ANOVA P<0.0001, R2=0.40). Pupae that developed from inbred-fed larvae had a 20.2%
higher mean body mass than outbred-fed pupae. A similar result was found for pupal diameter
(Fig. S1A; 8.4% mean difference in girth). Pupal length also showed significant effects from
breeding type (P=0.006), however the extent (4.8% difference) of the effect was smaller in
relation to the variation in mass and girth (Figure 2-S1B; ANOVA P=0.006, R2=0.13). These
results indicate that changes in pupal size were reflected more in mass and girth rather than
length.
Differences in pupal size carried over to the adult stage. Adult body mass differed
(ANOVA P=0.0004, R2=0.44; Supplementary Table 3) according to breeding type (P=0.018),
maternal family (P=0.02) and gender (P=0.008). On average, females were heavier than males,
and inbred-fed moths (males and females) were 38.4% heavier than outbred-fed moths (Figure 22B). Thorax mass (an estimate of flight muscle mass: Marden 1987; Srygley & Chai 1990),
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varied with body mass (P=0.006) and gender (P=0.01), but did not show independent effects of
plant breeding type or maternal family (ANCOVA P=0.009, R2=0.23), suggesting that larval diet
had no significant effects on flight muscle mass outside of the effects on overall body size.

Alternative Splicing of Tnt in Flight Muscle:
To further examine the effects of plant breeding on flight and muscle physiology, we
quantified the relative abundances of alternatively spliced transcripts of Tnt. Consistent with
previous work on this gene in Lepidoptera (Marden et al. 2008), we found 6 Tnt fragment sizes
corresponding to the known splice-forms (A-F) of Tnt (Figure 2-S2). The relative abundance of
isoform E was 25.6% lower in inbred-fed moths (ANOVA P=0.011, R2=0.23 breeding type
P=0.049; gender P=0.008; Table 1). Principle components analysis on all Tnt peak heights was
used to characterize the overall mixture of Tnt isoforms. The 2nd principle component was highly
correlated with Tnt E relative abundance (R=0.86). These results indicate that host plant
inbreeding affected the molecular composition of the flight muscles.

Adult Flight Metabolism
On average, inbred-reared moths had a 16.5% higher peak metabolic rate (P=0.005), and
14.6% higher total metabolic output (P=0.017) than outbred-reared moths (Figure 2-3). Total CO2
output was tightly correlated with peak metabolic rate (R2=0.91; compare Figures 2-3A & 2-3B)
because the moths maintained a consistent level of flight effort throughout the 5 min assay. Host
plant effects on insect development and body size can potentially influence flight metabolic rate
in a number of ways, either as direct negative effects of diet composition (i.e. toxins), correlated
effects of size (the benefit of a larger thorax and/or the energetic cost of lifting a heavier body), or
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via developmental changes in the molecular composition of the flight muscles (e.g. alternative
splicing of Tnt that affect cross-bridge activation and power output). For this reason, we used a
stepwise model to determine which set of variables most affected peak metabolic rate during 5
minutes of flight. In a stepwise model that included plant breeding type, plant maternal family,
gender, body mass, thorax mass, and the relative abundance of Tnt E, only body mass (P<0.0001)
and Tnt E (P=0.033) had significant effects on peak metabolic rate (ANCOVA P<0.0001,
R2=0.44; Supplementary Table 4). Body mass had a positive effect, which may reflect beneficial
physiological effects of feeding on inbred plants and/or the increased metabolic cost of lifting a
heavier load (Figure 2-4A). Excluding plant family B1, which produced moths with uniformly
low metabolic rates (e.g. a possible toxic effect), moths reared on inbred plants had a 12.7%
increase in their body mass-adjusted average peak metabolic rate (Figure 2-4B). Tnt E had a
negative effect on flight metabolism, which is consistent with the lower relative abundance of this
isoform in flight muscles of moths reared on inbred plants (Figure 2-5).

Discussion
The ability to fly allows insects to escape predation (Chai & Srygley 1990), locate mates
(Langelloto & Denno 2001), and colonize new habitat (Roff 1994; Haag et al. 2004). Since flight
muscles are metabolically costly to build and maintain (Zera, Potts & Kobus 1998) and neuromotor systems may be affected by plant toxins (Huang et al. 2011), the nutritional quality of an
insect’s diet may impact their flight muscle development and performance. To our knowledge, no
studies have examined the effects of intraspecific variation in larval host plant quality on the
flight capacity of adult insects. In this experiment we used different breeding regimes (inbred vs.
outbred) to produce subtle changes to the quality of natural host plants of an indigenous plantinsect system (Horsenettle-Tobacco Hornworm). This minimal manipulation, a single generation
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of host plant inbreeding, produced large differences in larval growth (6.4% difference in
development time; 9.9% difference in growth rate) and adult traits (38.4% difference in body
size; 12.7% difference in mass-adjusted flight metabolic rate).
We also traced the effects of host plant inbreeding to the molecular level of the insect’s
flight muscles. Flight muscles of Manduca reared on inbred plants showed a 26% decrease in the
relative abundance of a particular Tnt isoform that was correlated with increased flight metabolic
rate, independently of variation in size (Table 2-1). Despite greater thoracic girth during the pupal
stage, adult moths reared on inbred plants did not build proportionally larger flight muscles (i.e.
no differences in thorax mass); instead they modified their muscles at the molecular level to
achieve higher metabolic function. This is consistent with previous results showing a relationship
between Tnt isoform variation and flight metabolic rate and muscle contractile performance in
moths and other insects (Marden et al. 1999; 2001; 2008). Differences in Tnt isoform expression
may be solely responsible for the effects on flight metabolic rate or may be a marker for a suite of
co-regulated changes involving many muscle genes.
Differences in mass-adjusted peak flight metabolic rate comparable to what we observed
in Manduca feeding on two of the three inbred lines (13%) are known to strongly affect
lepidopteran dispersal and population dynamics. Glanville fritillary (Melitaea cinxia L.)
butterflies possessing allelic variation in the glycolytic enzyme PGI, associated with a 17%
difference in peak flight metabolic rate, show different distance-dependent colonization of
unoccupied habitat patches (Haag et al. 2005). Radar tracking of individual butterflies of that
species in a large open field showed that the range of observed variation in peak metabolic rate
was significantly correlated with 1000-fold variation in dispersal distance (Niitepõld et al. 2009).
A model parameterized with the PGI-associated dispersal difference and other life history traits
estimated that presence of the allele associated with higher-metabolic rate caused an approximate
doubling of the number of butterflies in a large metapopulation due to increased rates of
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colonization of new habitat patches and/or rescue of isolated populations from local extinction
(Zheng et al. 2009; Hanski 2011). The increase in flight metabolic performance in Manduca that
developed on inbred host plants suggests a potential role for plant breeding to affect spatial
dynamics in natural and agricultural ecosystems.
A recent study of an isolated population of Glanville fritillary butterflies found that
inbreeding of these insects caused a decrease in their flight metabolic rate (Mattila et al. 2012).
Combined with the consequences of host plant inbreeding on flight metabolic rate reported here,
these studies show that breeding system and gene flow on both sides of the plant-insect
interaction can influence the metabolic vigor of adult insects.
Although our host plant sample size was limited (3 familial pairs), studies of this
horsenettle using larger sample sizes and horsenettle plants from both New York and
Pesnnsylvania populations have consistently shown that inbreeding causes significant reductions
in the plant’s induced defense responses (Kariyat et al. 2012b; Kariyat et al. 2013a; Campbell et
al. 2013) and resistance to herbivory (Delphia et al. 2009a; Kariyat et al. 2011). These depressed
defense responses likely explain why inbred plants are preferred in choice experiments by both
Manduca larvae (Dephia et al. 2009a) and ovipositing females (Kariyat et al. 2013b). Results
presented here provide evidence that Manduca gains benefits in terms of both increased larval
growth rate and adult flight capacity from these feeding and oviposition choices.
It is now apparent that many components of the plant-herbivore interaction are strongly
influenced by the breeding history of the plants, making inbreeding a cryptic but significant
contribution to variation in the food quality of host plants. In complex ecological environments,
variation in nutritional quality of host plants acts as a general phenotypic modifier (Leclaire &
Brandl 1994; Awmack & Leather 2002). Insects unable to meet their target nutritional
requirements must modify their growth trajectory by adjusting allocation of nutrients.
Reallocation of nutrient resources inevitably leads to tissue-specific investment tradeoffs that
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impact the growth and development of different body structures (Chippindale et al. 1993;
Leclaire & Brandl 1994; Huberty & Denno 2006; Simmons & Emlen 2006). Our inbred-fed
larvae most likely contended with fewer plant-produced physical defenses and toxic secondary
metabolites (Campbell et al. 2013; Kariyat et al. 2013a); hence, they could better acquire proteins
and other nutrients necessary for growth and tissue development. Improved larval growth not
only affects body size but also appears to trigger a cascade of indirect physiological effects in the
adult, including changes in gene expression in their flight muscles and increased flight muscle
metabolism.
Greater flight capacity of herbivorous insects fed on inbred plants suggests the presence
of feedbacks that may affect the spatial ecology of plant-herbivore interactions in both wild and
agricultural populations. In the wild, isolation and plant inbreeding tend to be correlated (Young,
Boyle & Brown 1996). Since, adult female moths prefer to oviposit on inbred plants (Kariyat et
al. 2013b), isolated host plant patches should be more vulnerable to colonization when located by
herbivores. If there is generality to our observation that insect larvae feeding on inbred host plants
develop into adults with greater flight capacity, then host plant inbreeding may improve the
ability of adult herbivores to reach and colonize isolated host plants, thus facilitating a negative
feedback on the already compromised fitness of inbred plants. Increased herbivore pressure could
ultimately serve to accelerate the extinction rate of isolated plant populations. In agricultural
settings, insect pests are likely to benefit from feeding on inbred crop varieties and better-flying
adult insects could pose a greater threat to distant agricultural patches. In short, inbred plants
beget faster-developing, larger, better-flying and potentially more problematic pests.
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Figures
Figure 2-1.Changes in body mass (g) over the course of Manduca sexta larval development (A).
Open circles are larvae fed on inbred horsenettle plants; solid circles represent larvae fed on
outbred plants. Panel (B) shows average (mean ± SE) larval body mass for early (2nd) and later
(4th) larval instars. Asterisk designates a significant difference (P=0.004).

Figure 2-2. Average (mean ± SE) Pupal mass (A) and adult body mass (B) of Manduca sexta
adults reared on inbred versus outbred horsenettle plants from three maternal plant families (B1,
B3, B4). Asterisks designate significant differences in average values of inbred-fed vs. outbredfed moths (P<0.017: Bonferroni cutoff).
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Figure 2-3 Boxplots of Peak flight metabolic rate (A) and total CO2 emitted (B) during 5 mins of
flight by Manduca sexta adult moths reared on inbred versus outbred horsenettle plants from
three maternal plant families (B1, B3, B4).

Figure 2-4 Peak flight metabolic rate in relation to adult body mass during 5 mins of flight. Solid
markers represent moths reared on inbred horsenettle plants; open circles are moths reared on
outbred plants. Plot in panel A includes all 3 maternal families; family B1, which produced moths
with uniformly low metabolic rates (see Fig 3), is excluded in panel B.
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Figure 2-5 Peak flight metabolic rate in relation to the relative abundance of Tnt E. Open circles
are moths reared on inbred horsenettle plants; solid circles, moths reared on outbred plants.

Figure 2-S1 Average (mean ± SE) length (A) and girth (B) of Manduca sexta pupae reared on
inbred and outbred horsenettle plants from three maternal plant families (B1, B3, B4). Asterisks
designate significant differences in average values of inbred-fed vs. outbred-fed moths (P<0.017:
Bonferroni cutoff).
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Figure 2-S2 Amino acid alignment of alternatively spliced transcripts in the N terminal region of
the Manduca sexta Troponin t gene. Spliceforms, designated A-F ,were determined by aligning
full length FAW Tnt transcripts against the Manduca sexta genome. Bottom right traces show
amplicon fragment sizes detected by capillary electrophoreses separation of PCR products
produced by primers that flank the alternatively spliced region.
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Tables

Table 2-1 ANOVA table for relative abundance of Tnt E, from adult flight muscle, showing
effects of plant breeding type, and gender of the insect. Relative abundance of Tnt was arcsine
transformed to achieve data normality. Significant factors are shown in bold type.

ANOVA Relative Abundance of Tnt E
Factors

DF

F Ratio

Plant breeding

1

Insect gender

1

2

Prob > F

Source

DF

F Ratio

Prob > F

R

4.17

0.0489

Model

2

5.16

0.0111

0.23

7.88

0.0082

Error

34

Total

36

Table 2-S1 ANOVA table for larval development time showing effects of plant maternal family,
plant breeding type, larval instar, and interactions of maternal family and instar with breeding
type. Significant factors are shown in bold type.

ANOVA Larval Development Time
Factors

2

DF

F Ratio

Prob > F

Source

DF

F Ratio

Prob > F

R

Maternal Family

2

10.98

<0.0001

Model

13

281.81

<0.0001

0.91

Breeding Type

1

14.67

0.0002

Error

363

Instar

4

863.15

<0.0001

Total

376

Family*Breeding

2

7.54

0.0006

Breeding*Instar

4

4.97

0.0001
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Table 2-S2 ANOVA table for larval growth rate showing effects of plant breeding type, larval
instar, and interaction of breeding type with instar. Growth rates (g/hr) were log transformed to
achieve data normality. Significant factors are shown in bold type.

ANOVA Log Larval Growth Rate
Factors

DF

F Ratio

Plant breeding

1

Larval instar
Breeding*Instar

2

Prob > F

Source

DF

F Ratio

Prob > F

R

4.03

0.0454

Model

9

252.88

<0.0001

0.86

4

533.22

<0.0001

Error

367

4

2.30

0.0583

Total

376

Table 2-S3 ANOVA table for adult body mass showing, effects of plant maternal family, plant
breeding type, and gender of the insect. Significant factors are shown in bold type.

ANOVA Adult Body Mass
Factors

DF

F Ratio

Plant family

2

Plant breeding
Insect gender

2

Prob > F

Source

DF

F Ratio

Prob > F

R

4.38

0.0201

Model

4

6.81

0.0004

0.44

1

6.18

0.0178

Error

35

1

7.88

0.0081

Total

39

Table 2-S4 ANOVA table for peak flight metabolic rate showing effects of body mass and
abundance of Tnt isoform E. Significant factors are shown in bold type.

ANOVA Peak Flight Metabolic Rate
Factors

2

DF

F Ratio

Prob > F

Source

DF

F Ratio

Prob > F

R

Body mass (g)

1

22.28

<0.0001

Model

2

12.81

<0.0001

0.44

Abundance Tnt E

1

4.95

0.0331

Error

33

Total

35
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Chapter 3
Contrasting affects of variation in host plant induced defenses on
development, muscle gene expression, and flight capacity of two Noctuid
herbivores; a study of herbivore adaptation.
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Introduction
Flight is an important insect fitness trait because insects rely on flight to escape predation
(Chai & Srygley 1990), locate food and mates (Zera & Denno 1997, Langellotto & Denno 2001)
and colonize new habitat (Haag et al. 2005). Flight capability can be viewed as a discrete variable
(flight-capable; flightless), but continuous variation in flight ability is also ecologically important
(e.g. Marden & Chai 1991). Improved flight capability can be an advantage because it can help to
increase survival, reproduction, and dispersal (Chai & Srygley 1990; Roff 1994; Langellotto &
Denno 2001; Hanski 2011). Recent studies (Zeng et al. 2011) have estimated that greater flight
capacity in butterflies resulted in a 2-fold increase in population size because of increased
colonization rate of new habitat patches and decreased local extinction of isolated populations.
Insect flight capability strongly correlates with the size and power output of the flight
muscles (Hill et al. 1999; Berwaerts, Van Dyck & Aerts 2002; Marden & Cobb 2004). However,
construction and maintenance of large flight muscles can be metabolically costly (Zera et al.
1989; Zera & Denno 1997). Internal physiological conditions that reduce the availability of
metabolic resources, such as parasite infections, can also result in changes to flight muscle
development and decreased performance (Marden & Cobb 2004; Schilder & Marden 2007).
Those studies show that insects modify their flight muscles on a molecular level in response to
changes in their internal biochemistry.
Troponin t (Tnt), an alternatively spliced subunit of the muscle tropomyosin complex, is a
molecular marker for developmental and adult condition-dependent variation in insect flight
muscle performance. Changes in the relative abundance of Tnt splice forms correspond to
differences in flight muscle power output in dragonflies (Marden et al. 2001) and flight

50
metabolism in Lepidoptera (Marden et al. 2008; Chapter 2). In addition, adult flight metabolism
and the relative abundance of the different Tnt spliceforms expressed in their flight muscles can
be affected by changes to host plant chemistry (Chapter 2). This result suggests that heterogeneity
in the nutrient content of larval host plants could influence an adult insect’s ability to fly, via
changes to the protein structure of their flight muscles.
In complex ecological environments numerous potential host plants are available to
herbivorous insects, yet they typically only feed on a small fraction of the available plant species.
Fitness tradeoffs are thought to be one mechanism that determines the host ranges of
phytophagous insects (Rausher 1983). In order for a plant to be a suitable host, the herbivore must
be able to efficiently exploit the nutrient resources contained in the plant’s tissues. If insects
cannot acquire sufficient nutrition from a host plant, they exhibit a decrease in survival, growth,
and overall fitness compared to insects that feed on better host plants. Studies have consistently
shown that insects display declines in fitness estimates, such as larval growth (Leclaire & Brandl
1994), adult body size (Angelo & Slansky 1984; Davidowitz et al. 2003), and reproduction
(Chippindale et al. 1993; Awmack & Leather 2002) when developing on suboptimal hosts.
The ability of herbivores to access to the nutrients stored in plant tissues can be affected
by levels of toxic secondary metabolites produced by the plant’s induced defense response (Howe
et al. 1996; Johnson et al. 1989; Steppuhn et al. 2004; Haviola et al. 2007). Plants respond to
damage caused by phytophagous insects, by synthesizing secondary metabolites that function as
toxins, feeding deterrents, or interfere with nutrient absorption (Chen 2008; Howe & Jander
2008). Previous studies have shown that high levels of secondary metabolite production in plant
tissues decrease larval growth and increase mortality (Howe et al. 1996; Felton et al.1989;
Johnson et al. 1989; Steppuhn et al. 2004; Haviola et al. 2007). More recently it’s been shown
that host plant inbreeding affected not only larval growth, but also adult insect flight muscle
development and flight capacity (Chapter 2). The aforementioned study suggests that inbreeding
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causes a reduction of host plant defense response due to the increase of homozygous loss-offunction alleles in the plant’s defensive biochemical pathways.
In natural systems host plants are often attacked by many herbivore species (Iwoa &
Rausher 1997). Since plant-produced defenses have different effects on individual insect species
(Mullin et al. 1997: Stolz et al. 2000; Viswanathan et al. 2005), they can act as selection
mechanisms driving adaptation and diversification of plant-insect interactions (Courtney 1981;
Mauricio & Rausher 1997). As plants respond defensively to these attacks, each species of
herbivore is likely to exhibit different fitness tradeoffs in response, including changes to adult
fitness such as reproduction or mobility. Understanding how these tradeoffs affect adult insect
mobility is important because the adult stages are generally the dispersive stage; consequently,
adults make a greater contribution to the geographic distribution and demography of a population
than immature stages. To date no studies have attempted to use variation in host pant defenses to
compare the response of different herbivore species in terms of fitness tradeoffs related to adult
dispersal, such as flight ability.
Tomatoes (Solanum lycopersicum, Mills) are viney perennials native to South America
belonging to the nightshade family (Solanaeceae); like other Solanaeceous species, tomatoes
leaves are unpalatable to many herbivores because they produce high levels of protease inhibitors
(PIs) and toxic alkaloids (Harborne 1986; Schilmiller & Howe 2005). Despite these defenses,
both Fall Armyworm (Spodoptera frugiperda S.E. Smith) and Southern Armyworm (Spodoptera
eridania L.) are reported to readily feed on tomato leaves (Capinera 2001). Defenseless1 (def1) is
a mutant of the Castlemart tomato cultivar that is characterized by a significant reduction in the
production of Jasmonic Acid (JA), caused by a genetic lesion in the octadecanoid pathway (Howe
et al. 1996). Induction of the systemic plant defense response is dependent on the JA signaling
pathway (Schilmiller & Howe 2005; Wasternack et al. 2006). JA is a lipid-derived phytohormone
synthesized in peroxisomes by the octadecanoid pathway (Wasternack et al. 2006; Howe &
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Jander 2008). Once synthesized, JA is mobilized to distal parts of the plant to promote the
expression of defensive genes such protease inhibitors (Schilmiller & Howe 2005; Howe &
Jander 2008). The exact gene that carries the mutation in def1 plants has yet to be identified, but
compared to wild type (non-mutant castlemart) plants, def1 mutants are unable to produce large
amounts PIs in response to herbivore damage (Schilmiller & Howe 2005). An experimentally
useful characteristic of this mutant is that wild-type levels of PI production can be restored by
treating mutant plants with a solution of methyl-jasmonate (Thaler et al. 1996).
Using a loss-of-function mutant in an important host plant defense biochemical pathway,
this study sets out to directly test the hypothesis that a reduction in a plant’s defense response can
cause changes to adult insect body development and flight performance. In addition, contrasting
the response in terms of growth and flight performance of two lepidopteran herbivores fed on the
same host plant provides an opportunity to gain insight into the physiological, behavioral and
molecular mechanisms that drive insect-plant adaptation. Here we manipulate host plant quality,
using a genetic mutation in a key modulator of the tomato plant’s defense response, to compare
and contrast differences in growth, flight capacity and gene expression of two Noctuid
herbivores, fall armyworm (FAW) and southern armyworm (SAW).

Materials and Methods

Plants & Insects
For this experiment, approximately 500 seeds from castlemart (control) and 1000 seeds
from def1 genotypes were planted in 500ml pots filled with a peat-based potting soil (Pro-Mix,
Premier Horticulture Inc., Quakertown, PA) and maintained in a greenhouse (16:8 L:D;
25°C:22°C Day:Night; 65% RH). The total number of plants was divided into several blocks due
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to limitations in the availability of def1 (JA deficient) seeds, and low survival of FAW larvae.
After planting, pots with seeds were covered with a clear plastic Solo® cups (Dart Container, Inc
Mason, WI) creating small rearing cages. To improve ventilation and prevent condensation buildup, the bottoms of the cups were cut away and covered with tule. Seeds were watered on alternate
days and allowed to sprout in the confines of the cages. After 2 weeks, half of def1 seedlings were
removed from the greenhouse and sprayed with a 7.5 uM solution of methyl-jasmonate in 0.8 %
ethanol. 24 hrs after being sprayed with methyl-jasmonate (MeJA induced), the plants were
returned to the greenhouse. When plants reached a height of approximately 15cm, 2nd instar
larvae were placed on the plants.
Eggs of both SAW and FAW were purchased from Benzon Research, Inc. (Carlisle, PA).
Eggs were hatched in Petri dishes (90mm × 15mm; Fisher Scientific, Pittsburg, PA ) on moist
Whatman® filter paper in a growth chamber (16:8 L:D; 25°C; 65% RH). To improve survival,
neonate larvae were moved to a wheat germ-casein based artificial diet (BioServ, Inc,
Frenchtown, NJ) immediately after hatching. Larvae were placed on host plants after molting to
2nd instars and allowed to feed freely until they reached the 3rd instar. Beginning in the 3rd instar,
measurements of larval body mass were recorded to track changes in body size for each instar
(SAW: castlemart N=43, JA deficient N=41, MeJA induced N=37; FAW: castlemart N=29, JA
deficient N=12, MeJA induced N=29). All mass measurements were recorded during molt sleep
to ensure that each larva had reached it’s maximum size. To track the number of hours required to
reach succeeding instars, date and time of day were also recorded during each mass measurement.
Larvae sample sizes differed among the host plant treatments and instars (Table 3-1). Analysis of
variance (ANOVA) was used to compare larvae mass, development times, and growth rates for
3rd and 5th instar larvae.
Handling stress during larval growth measurements was suspected in contributing to high
mortality in FAW larva feeding on castlemart plants (Table 3-1). In order to obtain sufficient
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sample sizes for tests of adult growth and performance, separate blocks of larvae were reared
undisturbed. No larval growth data was recorded for these individuals. Pupae (SAW N=76; FAW
N=27) were extracted from the soil and moved to a growth chamber (14/10 L:D, 25oC, 65% RH).
After eclosing, adults (SAW N=76; FAW N=27) were placed individually in small cages and
assigned individual tracking numbers. A cotton wick soaked in a mixture of: lemon-lime
Gatorade®, sucrose (Gatorade + added sucrose = 0.54M sucrose), fructose (0.25M), and glucose
(0.26M) was placed in each cage to provide nourishment to the adult moths. Measures of pupae
mass and adult whole body mass were used to determine if differences in larval growth translated
into differences in body size of the adult stages (pupae, adult). Analysis of variance (ANOVA)
tested for size differences between pupae and adults that developed from larvae reared on
different host plant treatments. Hsu-Dunnett’s tests were used to compare differences in JA
deficient and MeJA induced treatments to controls. All analyses were carried out using the
statistical package JMP® version 10 (SAS Institute, Cary, NC).

Adult Flight Metabolism
Adult moths (SAW N=76; FAW N=27) were flown in a 1L plastic jar, attached to a flowthrough respirometry system, for 10 mins. After a moth was introduced into the jar, 5-10 mins of
inactivity were required for the outflow CO2 concentration to attain baseline metabolic output.
The plastic jar was attached to a Vortex Genie® (Fisher Scientific, Pittsburg, PA) mixing machine
using elastic bands. Vibration created by the Vortex Genie® stimulated the moths to fly
continuously. Dry CO2 free air was passed through the jar at an average rate of 4.7 L/min. During
flight trials, the vortexer-jar setup was kept in an incubator that ranged from 24-29oC in air
temperature. Outlet air was dried by passing through a magnesium perchlorate filter, before
flowing into a LiCor 6252 gas analyzer (Lincoln, NE), which measured CO2 concentration.
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Custom Igor Pro® (WaveMetrics Inc. 2007) macros were used to convert LiCor voltage data to
fractional increases in CO2 imparted by the insect. From those data, metabolic rate (ml CO2 s-1)
and total metabolic output (ml CO2) were determined. The baseline metabolic rate was subtracted
prior to calculating peak metabolic rate. Area under the curve of CO2 output over time was used
to determine the total CO2 emitted during 10 min flights. Analysis of covariance was used to test
for treatment differences (P≤0.05) in adult moth peak metabolic rates and total metabolic outputs.
ANCOVA models included: Plant Type, Gender, and Adult Body Mass as predictor variables.
Peak rate boxplots were constructed in MiniTab® version 16 (MiniTab, Inc., State College, PA).

Tnt Isoform Profiling
Immediately after flight, adults were flash-frozen in liquid nitrogen and stored at -80oC to
preserve their flight muscle tissue. Whole thoraxes were removed on dry ice and pulverized in
Trizol® (Invitrogen Inc., Carlsbad, CA) using a tissue homogenizer (Qaigen Inc., Germantown,
MD) (25 hrz for 5 mins). Insoluable material was removed by centrifugation and RNA was
purified according to methods described in Marden et al. 2008. 0.5ug of RNA was used for
cDNA synthesis with Superscript II® (Invirtogen, Inc Carlsbad, CA) and oligo (dT) primers.
Fluorescently labeled primers for fall armyworm Tnt (TntAltF 5-56FAM-CACCCG
TGCG AC -ATTAAATAAAC-3, TntAltR 5-GCGCCATTCGTTGATGTATTC-3,), that
hybridize with constitutively spliced regions on both sides of the 5 alternatively spliced region
(see: Marden et al. 2008) successfully amplified this region from SAW (N=43) and FAW (N=19)
cDNA. Capillary electrophoresis of the resulting labeled Tnt fragments was performed on an ABI
Hitachi 3730XL DNA Analyzer (Foster City, CA, USA) at the Pennsylvania State University
Genomics Core facility. PCR products were diluted 1:50 in water before electrophoresis so that
all isoform peak heights fell within the linear range (below 30,000 units) of the instrument
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detector. All data reported for Tnt isoforms are based on relative abundance values calculated by
dividing the height of individual peaks by the sum of the heights for all isoform peaks detected
for a particular insect. Relative abundances of all isoforms were Arc Sine transformed to achieve
normality. Analysis of covariance was used to test for relationships between Tnt isoform relative
abundance and host plant, adult body mass, and adult flight metabolism. ANCOVA models
included: host plant, body mass, and peak metabolic rate as predictor variables.

Results

Larval Survival & Development
Average survival was significantly higher for SAW (70.1%; Figure 3-1A) compared to
FAW (14.1%; P=0.006). FAW larval survival was also greatly affected by host plant type. Only
3% of the control plant fed larvae survived to pupation, while 14% of the MeJA induced larvae
and 25% of JA deficient larvae survived (Figure 3-1B).
For all measures of growth, SAW larvae that fed on JA deficient host plants outperformed larvae that fed on control or MeJA induced host plants. 5th instar SAW larvae had
18.9% greater body mass (ANOVA R2=0.60, P=0.05; Figure 3-2A), 33.1% decrease in
development time (ANOVA R2=0.26, P<0.0001; Figure 3-3A), and 67.8% increase in growth rate
(ANOVA R2=0.36, P<0.0001; Figure 3-4A). In contrast, FAW showed growth effects from both
JA deficient and MeJA induced plants, compared to controls. Surprisingly FAW larvae that fed
on JA deficient host plants generally exhibited poorer growth compared to larvae that fed on
MeJA induced or control plants. JA deficient fed 5th instar FAW were 56.6% smaller (ANOVA
R2=0.46, P=0.0001; Fig. 3-2B) and took 62.4% longer to develop (ANOVA R2=0.64, P<0.0001;
Fig. 3-3B) compared to FAW larvae fed on control plants. Compared to controls, FAW larvae
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that fed on both JA deficient and MeJA induced plants showed a 72.0% and 39.9% reduction in
their growth rates (ANOVA R2=0.63, P<0.0001; Figure 3-4B). Interestingly, FAW larvae that fed
on JA deficient plants had the highest survival rate, yet they exhibited the lowest measures of
growth performance.

Pupa & Adult Development
To determine if differences in larval body size carried over to the adult stages (pupa and
adult), pupae mass and adult mass were compared for individuals developing from the 3 host
plants. SAW pupae mass (ANOVA R2=0.36, P<0.0001) showed significant effects from Host
Plant (P=0.019) and Gender (P<0.0001). Host plant comparisons indicated no mass differences
compared to control plants (Figure 3-5A). FAW pupae mass showed significant effects (ANOVA
R2=0.62, P=0.0002) from Host Plant (P=0.05) and Gender (P=0.004), but FAW pupae that
developed from larvae that fed on MeJA induced plants were 18.1% smaller (P=0.033) compared
to pupae developing from larvae that fed on control plants (Figure 3-5B).
Differences in pupae size also carried over to the adult stage. SAW adult body mass
showed significant effects (ANOVA R2=0.51, P<0.0001) from Host Plant (P=0.041) and Gender
(P<0.0001), but there were no mass differences for moths that developed form larvae reared on
JA deficient (P=0.559) or MeJA induced (P=0.253) host plants (Figure 3-6A). FAW adult body
mass only showed significant effects (ANOVA R2=0.42, P=0.0032) from Host Plant (P=0.003).
FAW adults reared from larvae that fed on MeJA induced plants had a 31.4% smaller body size
(P=0.021) compared to adults that developed from larvae that fed on control plants (Figure 3-6B).
No difference in adult body size was observed for moths that developed from larvae that fed on
control and JA deficient plants.
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Adult Flight Metabolism
Flight metabolism for SAW (ANCOVA R2=0.53, P<0.0001) showed significant effects
from Host Plant (P=0.038), Gender (P<0.0001), and Body Mass (P<0.0001) for peak metabolic
rate. Compared to control plants, adults reared on JA deficient plants showed a 7.2% (P=0.022)
reduction in their mass-adjusted peak metabolic rate, but adults reared on MeJA induced plants
showed no difference compared to controls (Figure 3-7A). Flight metabolic rate of FAW
(ANCOVA R2=0.92, P<0.0001) showed significant effects from Host Plant (P=0.026), Body
Mass (P<0.0001), and % Thorax Mass (P=0.002). FAW adults reared on MeJA induced plants
showed a 16.5% (P=0.018) reduction in their mass-adjusted peak metabolic rate compared to
adults reared on control plants (Figure 3-7B). Adults reared on JA deficient plants showed no
difference in peak metabolic rate compared to moths reared on controls. Adult body mass
correlated with both SAW (R2=0.37, P<0.0001) and FAW (R2=0.81, P<0.0001) peak metabolic
rate. Adult body mass accounted for more than 1/3 of the variation in SAW flight metabolism and
more than 3/4 of the variation for FAW. Differences for total flight metabolic output for SAW
and FAW showed similar patterns as peak metabolic rate (Figure 3-S1).

Tnt Expression in Adult Flight Muscle
To further examine the effects of host plant on flight and muscle physiology, we
quantified the relative abundances of alternatively spliced transcripts of Tnt for both species.
Consistent with previous work on this gene in Lepidoptera (Marden et al. 2008), we found 6 Tnt
fragment sizes corresponding to the known splice-forms (A-F). SAW expressed isoforms A, C,
and F in the greatest relative abundances; FAW expressed isoforms C, D, and F in the greatest
abundances (Figure 3-8). Flight metabolism in Lepidoptera has been shown to positively correlate
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with greater relative abundances of longer Tnt spliceforms (i.e. Tnt A and Tnt B) and negatively
correlate with Tnt F (Marden et al. 2008). We compared the Tnt A/F ratios to see if they changed
in relation to body size or flight metabolism. Tnt A/F ratios (ANOCVA R2=0.21, P=0.023) in the
flight muscles of SAW indicated significant effects from Host Plant (P=0.048) and Pupae Mass
(P=0.008). Comparisons with control plants showed no Tnt ratio differences, thus, host plants do
not show a direct effect on Tnt ratios, but the plants have indirect effects on SAW flight muscles
due to the host plant’s influence on body mass (Figure 3-9A). FAW Tnt A/F ratios (ANCOVA
R2=0.58, P=0.012) also indicated effects from Host Plant (P=0.006) and Pupae Mass (P=0.011).
Adults that developed from MeJA induced host plants showed a 42.5% (P=0.032) reduction in
their mass-adjusted Tnt A/F ratios independent of changes to body mass (Figure 3-9B).
In SAW, the relative abundance of Tnt B correlated with changes to adult body mass and
flight metabolism, but there appeared to be no relationship with Tnt B and flight metabolism that
was independent of the body mass effects. Supplementary figure 3-S2 shows the relationship of
body mass with peak flight metabolism (Fig. 3-S2A) and the relative abundance of Tnt B (Figure.
3-S2B).

Discussion
In natural environments plant-insect associations are generally much more complex than
a single host plant species and a single herbivore species. Host plants are often attacked by a
number of herbivores and pathogens (Iwao & Rausher 1997; Burdon & Thrall 1999) Herbivore
species that evolve resistance to the host plant’s defense profile may become more efficient at
obtaining and converting the nutrients contained in the plant’s tissues to promote their own
growth and development (Jongsma & Bolter 1997). We found that variation in the tomato defense
response (defenseless vs. control or induced defenseless) had different effects on two species of
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Noctuid herbivores. Survival of SAW was significantly higher than FAW, and SAW larvae grew
fastest on JA deficient plants, but showed no differences in pupae or adult body mass. FAW
showed very different patterns. FAW larvae grew fastest on well defended MeJA induced and
control plants, but on those plants had poor survival (MeJA 14%; control 3%) and reduced body
size of pupae and adults. SAW developing on the least-defended JA deficient plants showed a
small reduction (7.2%) in mass-adjusted peak flight metabolic rate, whereas FAW adults reared
on MeJA induced plants showed a larger reduction (16.5%). FAW reared on MeJA induced
plants also had reduced Tnt A/F ratios in their flight muscles, consistent with the reduction in
flight metabolism.
The higher survival rate of SAW compared to FAW indicates that SAW suffer less from
the toxic effects of tomato’s secondary metabolites. This suggests that SAW may be better
adapted to feed on tomato than FAW. In support of this hypothesis, FAW is known better as a
turf grass pest and SAW as broad generalist on leafy plants (Capinera 2001). SAW’s adaptation
to feed more on dicots like tomato could also explain why SAW generally showed less disparity
in larval growth, adult body size and flight metabolic output, due to host plant treatment,
compared to FAW. It was observed (but not measured quantitatively) that FAW had a tendency to
consume MeJA induced and control plants at a higher rate than JA deficient plants. This high rate
of leaf consumption, possibly in response to the negative effects of protease inhibitors on
digestion and assimilation, could expose them to more toxins. Such an inappropriate response to
inhibitors of digestion could explain both their reduced survival and faster development time and
higher growth rates on MeJA plants.
Insect herbivores acquire their nutrition from the plant tissues and fluids that they
consume. However, host plant defenses can alter the nutritional quality of plant tissues. Variation
in plant nutritional quality acts as a general phenotypic modifier (Leclaire & Brandl 1994;
Awmack & Leather 2002) because a reduction in nutrient quality causes insects to attempt to
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optimize their growth and development trajectory by modifying the allocation of limited nutrient
resources. This reallocation of nutrients inevitably leads to tissue-specific investment tradeoffs
that impact the size and development of various organ systems and body structures (Chippindale
et al. 1993; Leclaire & Brandl 1994; Huberty & Denno 2006; Simmons & Emlen 2006)
Flight muscles are metabolically costly to build and maintain (Zera et al. 1998) and
neuro-motor systems may be affected by plant toxins (Huang et al. 2011); thus plant toxins may
impact flight muscle development and performance. In a recent study of flight metabolic
performance of Manduca sexta that were reared on inbred and outbred horesnettle (Solanum
carolinense) host plants, adult moths that developed on defensively compromised inbred host
plants (Kariyat et al. 2013; Campbell et al. 2013) had higher peak flight metabolic output than
moths reared on outbred plants. This change in flight metabolism was also associated with
changes to the relative abundance of a particular Tnt isoform (Chapter 2). Our results show a
similar pattern in FAW, where flight metabolic output was correlated with changes to the ratios of
Tnt sliceforms expressed in the flight muscles. At this time is unclear if these changes in Tnt
isoform expression are solely responsible for the effects on flight metabolism or may be a marker
for co-regulated changes involving other muscle genes.
Mass-adjusted flight metabolic output for was highest in larvae the fed on control plants
for both SAW and FAW, but lowest for JA deficient fed SAW and MeJA induced fed FAW
(Figure 3-7). This was a surprising result in SAW, because larvae reared on JA deficient plants
grew best, which suggests they were acquiring higher levels of nutrition than larvae reared on
MeJA induced or control plants. However, the differences in SAW flight metabolism were
relatively small compared to the differences in FAW (7% vs. 17% respectively). This could be an
indication that SAW is better adapted to feed on tomato, thus SAW was not as greatly affected by
variability in tomato’s defense response. These results suggest that host plant defenses have
diverse affects on the flight capability of different species of adult insects. In this experiment,
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host plant associated differences in larval growth and survival did not always translate into
corresponding differences in adult body size and flight metabolism. This highlights the
importance of assessing the effects of host plants on all stages of the insect.
Recent studies of the Glanville fritillary (Melitaea cinxia L.) have shown that relatively
small changes in the butterfly’s flight muscle metabolic performance (15-%-20%) strongly
affected colonization of new habitat patches (Haag et al. 2005) and movement of individuals in
the field (Niitepold et al. 2009). The decrease in flight metabolic performance in FAW that
developed on MeJA induced host plants suggests a potential for host plant defenses to negatively
impact the dispersal ability and spatial dynamics of this species as well.
Insects can adapt to variation in host plant quality by modifying their body development
and or physiology. This study provides direct evidence that knocking out a plant chemical
defense pathway allows insects to gain better nutritional quality than a defended plant. In
addition, it shows that closely related herbivorous insects can respond differently to similar
variation in the production of host plant defense metabolites. Insect species that are more resistant
to changes in a particular host plant’s chemistry undergo smaller changes to their body
development and flight physiology compared to less resistant species. Our results suggest that
herbivores that develop a resistance to host plant defenses may increase their survival and ability
to disperse longer distances to find new patches of host plants. Increased dispersal capability
might increase selection pressure on the host plant populations and would likely also negatively
impact other less resistant herbivore species.
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Figures

Figure 3-1 Larval lifetime survival curve (% surviving) for SAW (A) and FAW (B). Solid lines
represent larvae fed on control tomato plants (castle mart); dotted lines are larvae fed on JA
deficient plants, and dashed lines are larvae fed on MeJA induced tomato plants. Open circles
represent the day that last larva pupated (SAW: castlemart N=43, JA deficient N=41, MeJA
induced N=37; FAW: castlemart N=29, JA deficient N=12, MeJA induced N=29).

Figure 3-2 Changes in SAW (A) and FAW (B) larval body mass (mg) over the course of instars
3-5. Open triangles and solid lines represent larvae fed on control tomato plants (castle mart)
open diamonds and dotted lines are larvae fed on JA deficient plants, and open squares and
dashed lines are larvae fed on MeJA induced tomato plants. Data point error bars show SEM.
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Figure 3-3 Changes in SAW (A) and FAW (B) larval development time (hrs) over the course of
instars 3-5. Open triangles and solid lines represent larvae fed on control (castlemart)tomato
plants; open diamonds and dotted lines are larvae fed on JA deficient plants, and open squares
and dashed lines are larvae fed on MeJA induced tomato plants. Data point error bars show SEM.

Figure 3-4 Changes in SAW (A) and FAW (B) larval growth rate (mg/hr) over the course of
instars 3-5. Open triangles and solid lines represent larvae fed on control (castlemart) tomato
plants; open diamonds and dotted lines are larvae fed on JA deficient plants, and open squares
and dashed lines are larvae fed on MeJA induced tomato plants. Data point error bars show SEM.
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Figure 3-5 Average (mean ± SE) pupae mass of SAW (A) and FAW (B) from insects reared on
control tomato plants (dark bars; N=20, 7); JA deficient plants (white bars; N=27, 11); and MeJA
induced plants (grey bars; N=28, 9). Different letters inside bars indicate significant differences in
treatment means compared with control plants (Hsu-Dunnett test; P<0.05).

Figure 3-6 Average (mean ± SE) adult body mass of SAW (A) and FAW (B) from insects reared
on control tomato plants (dark bars; N=20, 7); JA deficient plants (white bars; N=27, 11); and
MeJA induced plants (grey bars; N=28, 9). Different letters inside bars represent significant
differences in treatment means compared with control plants (Hsu-Dunnett test; P<0.05).
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Figure 3-7 Boxplots of residual values from peak flight metabolic rate plotted over adult body
mass; representing mass-adjusted peak rate for SAW (A) and FAW (B) adults during 10 mins of
flight. Dark boxes represent insects reared on control tomato plants (N=21, 7); white boxes
insects reared on JA deficient plants (N=27, 11); and grey boxes, MeJA induced plants (N=28, 9).
Different letters inside boxes indicate significant differences in treatment means compared with
control plants (Hsu-Dunnett test; P<0.05). Asterisks show data outliers.

Figure 3-8 SAW and FAW Troponin t gene amplicon fragment sizes detected by capillary
electrophoreses separation of PCR products produced by primers that flank the alternatively
spliced region. Spliceforms designated A-F.
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Figure 3-9 Average (mean ± SE) ratios of relative abundances of Tnt A over Tnt F isolated from
flight muscle of SAW (A) and FAW (B) adult moths. Dark bars represent insects reared on
control tomato plants (N=15, 5); white bars insects reared on JA deficient plants (N=13, 9); and
grey bars, MeJA induced plants (N=15, 5). Different letters inside bars indicate significant
differences in treatment means compared with control plants (Hsu-Dunnett test; P<0.05).

Figure 3-S1 SAW peak flight metabolic rate (A) and relative abundance of Tnt B (B) in relation
to adult body mass. Data points represent all host plant treatment groups.
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Tables
Table 3-1 Sample sizes (N) for SAW and FAW larval growth measurements

Host Plant

Instar

N SAW

N FAW

Castlemart

3

26

2

JA Deficient

3

22

16

MeJA Induced

3

18

27

Castlemart

4

28

0

JA Deficient

4

25

18

MeJA Induced

4

24

26

Castlemart

5

31

2

JA Deficient

5

31

19

MeJA Induced

5

36

11
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Chapter 4
Survival, adult body size, and flight capacity of fall armyworm (Spodoptera
frugiperda) are affected by host plant endosymbionts in a plant-endophyte
species specific manner
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Introduction
More than 99% of all described lepidopteran species obtain their nourishment from plant
tissues or plant fluids (Strong et al. 1984). The ability of herbivores to access the nutrients stored
in plant tissues can be affected by levels of toxic secondary metabolites produced by the plant’s
induced defense response (Howe et al. 1996; Johnson et al. 1989; Steppuhn et al. 2004; Haviola
et al. 2007). However, the nutritional quality of host plants can be altered by the presence of
symbiotic fungi (Harley & Gange 2009). Fungal endophytes produce toxic alkaloids that can
confer anti-herbivore resistance benefits to the host plants (Clay 1998; Lane et al. 2000; Jensen et
al. 2009). Studies have shown that the presence of endophytes generally negatively impacts the
survival and growth of fall armyworm (Spodoptera frugiperda S.E. Smith; Noctuidae) larvae
(Clay et al. 1985; Cheplick & Clay 1988; Brem & Leuchtmann 2001; Braman et al. 2002;
Afkhami & Rudgers 2009) and that the effects on larval growth carry over to the pupal stage
(Crawford et al. 2010).
Grasses in the Poaceae family are known to harbor natural fungal symbionts. These
symbionts can produce alkaloid secondary metabolites, such as lolines, that can curtail herbivore
feeding and growth (Schardl et al. 2007). However, the effects of symbionts can depend on the
species of plant-endophyte symbiontum and/or feeding guild of the herbivore. Symbionts often
have a negative impact on the survival and reproduction of phloem feeders (Wilkenson et al.
2000; Bultman et al. 2004, Miester et al. 2006), but leaf-chewing herbivores often show no effect,
or enhanced performance (Breen 1993; Williamson & Potier 1997; Bultman & Bell, 2003). A
common turf grass pest in the United States is fall armyworm (FAW). Comparative studies have
shown that FAW larvae suffer reduced growth and delayed development when fed on endophyte+
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host grasses compared to endophyte– hosts (Clay et al. 1985; Cheplick & Clay 1988; Brem &
Leuchtmann 2001; Braman et al. 2002; Afkami & Rudgers 2009), but a few studies show no ill
effects from endophytes (Breen 1993; Bultman & Bell, 2003). These studies suggest that FAW
performance may depend on the species of host plant and/or associated endophyte.
To date studies examining the effects of endophtye presence on herbivore performance
typically focus on two agronomically important grass species, tall fescu (Lolium arundinaceum)
and ryegrass (Lolium perennae). It is been suggested that agricultural practices may artificially
select for grass-endophyte associations that exhibit enhanced herbivore deterrence (Saikkonen et
al. 2006; Crawford et al. 2010). Because few native grasses, and their associated endophtyes,
have been tested for their effects on herbivores, it is unknown whether natural grasses-endophyte
symbiota possess the same negative effects on herbivore performance as tall fescu and ryegrass.
Furthermore few studies have attempted to examine the impact of endophytes on adult fitness
traits (Jallow et al. 2008). Understanding how the presence of endophytes affects FAW adult
fitness traits is necessary because the adult stages are generally the reproductive and dispersive
stage; consequently, adults make a greater contribution to the geographic distribution and
demography of a population than immature stages
Flight capability is an important fitness trait for adult insects, because they rely on flight
to find mates (Langellotto & Denno 2001), locate food (Zera & Denno 1997), colonize new
habitat (Haag et al. 2005), and escape predation (Chai & Srygley 1990). Therefore, improved
flight capability can be a fitness advantage because it helps to increase their survival,
reproduction, and geographic distribution. Increased adult mobility greatly influences the
geographic distribution and demographics of insect populations (Roff 1994; Hanski 2011). This is
also supported by a recent study (Zheng et al. 2011) that demonstrated that a 2-fold increase in
the size of a butterfly population resulted from individuals possessing greater flight capacity.
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Natural systems may be more important for understanding how microbial-plant
interactions can impact herbivores; thus we examined how adult fitness is affected by the
presence (or absence) of fungal endophytes in five natural host grasses and one agronomically
important species. Comparing the survival, adult body size, and flight performance of FAW
reared on natural host plants with or without symbiotic endophytes provides an opportunity to
determine how microbial-host plant associations influence key life history traits of adult insect
herbivores. Because some endophytes are known to produce toxic alkaloids that can cause a
reduction in host plant quality, we tested the hypothesis that presence of fungal symbionts will be
associated with detrimental affects to survival, flight muscle development, and flight capacity of
FAW adults.

Materials & Methods

Endophyte Treatment & Plant Propagation
For this experiment 6 varieties of symbiota (Table 4-1) were chosen for this experiment;
five natural host grasses (Agrostis perennuns; AGPE, Cilamagrostis arundinacea; CIAR, Elymus
villosus; ELRI, Festuca subverticillata; FESU, Poa autumnalis; POAU) and one agronomically
important grass species (Lolium arundinaceum; LOAR). Each grass species naturally harbors a
different species of fungal endophyte belonging to the genus Epichloë or Neotyphodium
(endophyte+). Endophyte-free plants (endophyte-) were created by heat treating (~60o C) grass
seeds in an oven or water bath to kill the symbiotic fungi. Seeds from both enophyte+ and
endophyte- plants of all 6 grasses were surfaced sterilized in 50% bleach and placed in 2% water
agar media to germinate at 4o C. After 2-4 weeks, the resulting seedlings were propagated
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clonally and transplanted to 10cm square plastic pots filled with peat-based potting medium (ProMix, Premier Horticulture Inc., Quakertown, PA) and grown in a greenhouse (Day 25oC,
Night13o C). Endophyte presence in plant material was confirmed with aniline lactic acid staining
of thin leaf sections (Bacon & White 1994). For complete plant propagation methods see:
Crawford et al. 2010.

Larval Rearing
Fall armyworm larva were obtained from Bio-Serv Inc. (Frenchtown, NJ) and grown on
artificial diet at 22oC. 4th instars were removed from the food source and starved for 2 hours prior
to placement on host plants. Larvae were placed singly (AGPE+; n=21, AGPE-; n=19, CIAR+;
n=14, CIAR-; n=16, ELRI+; n=20, ELRI-; n=20, FESU+; n=17, FESU-; n=7, LOAR+; n=31,
LOAR-; n=33, POAU+; n=25, POAU-; n=25) on 2-4 month old host plants allowed to feed on the
living plants for 6 days. Plants were covered with a polypropylene bag to prevent the larvae from
escaping. After 6 days, all larvae were transferred back to wheat germ based artificial diet (BioServ Inc., Frenchtown, NJ) in order to complete their larval development. For complete larval
rearing methods see: Crawford et al. 2010.

Adult Body Mass Measurements
Larval mortality reduced the number of pupae available for tests on adult growth and
flight metabolism (AGPE+; n=2, AGPE-; n=14, CIAR+; n=11, CIAR-; n=14, ELRI+; n=18, ELRI; n=17, FESU+; n=16, FESU-; n=6, LOAR+; n=31, LOAR-; n=31, POAU+; n=7, POAU-; n=18).
Pupae were shipped overnight to the Biology Department at Penn State University (University
Park, PA) for measurement of adult flight metabolism. Up to ten individuals from each treatment
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group were selected randomly from the pool of available pupae (AGPE+; n=2, AGPE-; n=8,
CIAR+; n=6, CIAR-; n=8, ELRI+; n=9, ELRI-; n=10, FESU+; n=9, FESU-; n=4, LOAR+; n=10,
LOAR-; n=9, POAU+; n=6, POAU-; n=10). After eclosing, adults were placed individually in
small insect cages and assigned individual tracking numbers. Cotton wicks soaked in a mixture
of: lemon-lime Gatorade®, sucrose (Gatorade + added sucrose = 0.54M sucrose), fructose
(0.25M), and glucose (0.26M) were placed in each cage to provide nourishment to the moths.
Measures of pupae mass and adult whole body mass were used to determine if differences in
larval growth translated into differences in body size of the adult stages (pupae, adult). Analysis
of variance (ANOVA) tested for size differences between pupae and adults that developed from
larvae reared on endophyte+ vs. endophyte- host plants from each of the six different grass

species.

Adult Flight Metabolism
Adult moths (AGPE+; n=2, AGPE-; n=8, CIAR+; n=6, CIAR-; n=8, ELRI+; n=9, ELRI-;
n=9, FESU+; n=8, FESU-; n=4, LOAR+; n=10, LOAR-; n=10, POAU+; n=6, POAU-; n=10) flew
in a 1L plastic jar, attached to a flow-through respirometry system, for 10 min. After a moth was
introduced into the jar, 5-10 min of resting metabolism during inactivity was recorded as a
baseline. During flight recordings the plastic jar was attached to a Vortex Genie® (Fisher
Scientific, Pittsburg, PA) mixing machine using rubber elastic bands. Vibration created by the
Vortex Genie® stimulated the moths to fly continuously. The vortexer-jar setup was kept in an
incubator that ranged from 27-32o C in air temperature.
Dry CO2 free air was passed through the jar at an average flow rate of 4.7 L/min and into
a LiCor 6252 gas analyzer (Lincoln, NE), which measured CO2 concentration. Custom Igor Pro®
(WaveMetrics Inc. 2007) macros converted LiCor voltage data to fractional increases in CO2

81
imparted by the insect. Metabolic rate (ml CO2 s-1) and total metabolic output (ml CO2) were
determined from those data. The baseline metabolic rate was subtracted prior to calculating peak
metabolic rate. Area under the curve of CO2 output over time was used to determine the total
volume of CO2 emitted during 10 min flights. Analysis of covariance models including: grass
species, endophyte, gender, and adult body mass as predictor variables were used to test for
treatment differences (P≤0.05) in peak metabolic rates and total metabolic outputs. All analyses
were carried out using the statistical package JMP® version 10 (SAS Institute, Cary, NC). Peak
metabolic rate boxplot was constructed in MiniTab® 16 (MiniTab, Inc., State College, PA).

Results

Adult Survival & Body Development
Presence of an endophyte (Table 4-1) affected larval survival (Figure 4-1) in a plantspecies dependent manner. The presence of endophytes caused a 77.4% and 68.2% reduction in
larval survival from grasses, AGPE and POAU respectively. We also compared pupae and adult
body mass from the different grass-endophyte combinations to see if endophyte effects carried
over to the adult stages. Pupal mass (ANOVA P<0.0001, R2=0.43) differed significantly among
grass species (P<0.0001); there was also a significant grass*enodphyte interaction (P<0.009), but
gender and endophyte alone showed no effect (Table 4-2). Body mass (ANOVA P<0.0001,
R2=0.46; Table 4-3) also showed a gender effect (P<0.001). Only moths reared on CIAR showed
significant endophyte-dependent differences in both pupal and adult body mass. Pupae that
developed from larvae fed on CIAR endophyte+ grass were 30.8% (P<0.0001) smaller than pupae
that developed on CIAR endophyte− grass (Figure 4-2A). 3-5 day-old moths developing from
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larvae fed on CIAR endophyte+ also showed a 29.7% reduction (P=0.006) in their body mass
compared to moths reared from CIAR endophyte− fed larvae (Figure. 4-2B).

Adult Flight Metabolism
Peak flight metabolic rate (ANCOVA, P<0.0001, R2=0.71; Table 4-4) differed
significantly among adult moths that developed from larvae reared on the different grassendophyte combinations. The model showed significant effects from pupal mass (P<0.0001),
grass species (P=0.027) and the grass*endophyte interaction (P=0.0002). Moths that developed
from larvae that fed on AGPE endophyte+ grasses showed a 20.1% (P=0.002) reduction in their
mass-adjusted peak metabolic rates. Interestingly moths reared on CIAR and ELRI endophtye+
grasses showed a 16.9% (P=0.008) and 9.7% (P=0.04) increase in their flight metabolic rate
compared to adults reared on endophyte− grass (Figure 4-3). Total CO2 output was tightly
correlated with peak metabolic rate (R2=0.79; P<0.0001) because the moth’s level of flight effort
was consistent throughout the 10 min assay. Total CO2 output showed the same grass-endophyte
relationships observed for peak metabolic rate.

Discussion
We found that the effects on insect survival and flight capacity due to the presence of an
endophyte varied depending on the species of symbiotum that the insects were reared on.
Endophytes we associated with reduced relative survival for insects that fed on grasses AGPE
and POAU (Fig. 4-1) and reduced body mass in CIAR fed individuals (Fig. 4-2). For insects
reared on CIAR and ELRI, the presence of endophytes was associated with an increase in flight
metabolism; but flight metabolism was reduced for insects reared on endophyte+ AGPE grass
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(Fig. 4-3). These results agree with other studies that show FAW performance can vary when the
larvae are fed on different species of host plant-endophyte symbiontum (Breen 1993; Braman et
al. 2002, Crawford et al. 2010).
Studies of the Glanville fritillary (Melitaea cinxia L.) have shown that differences in
mass-adjusted flight metabolism, comparable to what we found in FAW, strongly affected
dispersal distances and population dynamics. Harmonic radar tracking of butterfly field flights
showed that a 15-20% variation in peak metabolic rate was significantly correlated with 1000fold variation in dispersal distance (Niitepõld et al. 2009) and butterflies possessing allelic
variation in the glycolytic enzyme PGI, associated with a 17% difference in peak flight metabolic
rate, show different distance-dependent colonization of unoccupied habitat patches (Haag et al.
2005). Our results show changes in flight metabolic rate of this magnitude, which implies that
host plant endosymbionts may have strong effects on dispersal and population biology of insects.
Fungal symbionts can make a significant contribution to variation in the food quality of
host plants by altering the levels of toxic secondary metabolites. Alkaloids produced by the
symbionts often decrease insect herbivore performance (Bush et al. 1997; Wilkenson et al. 2003;
Jensen et al. 2009) and nutritional quality of grasses for vertebrates (Thompson & Porter 1990;
Lyman et al. 2011). When dietary quality is reduced, insects can modify their growth and
development trajectory by altering the allocation of limited nutrient resources (Leclaire & Brandl
1994; Awmack & Leather 2002). A reallocation of nutritional resources predictably results in
tissue-specific investment tradeoffs that impact the size and development of various organ
systems and body structures (Chippindale et al. 1993; Leclaire & Brandl 1994; Huberty & Denno
2006; Simmons & Emlen 2006). These changes can also trigger a cascade of indirect
physiological effects in later stages, including changes in gene expression and flight muscle
activity (Chapter 2).
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Given that nutrition can have strong effects on insect body development and physiology,
the increase in mass-adjusted flight muscle performance observed in moths reared on CIAR
endophyte+ host grass was a surprising result (Figure 4-3). Flight muscle development and
metabolism are often strongly correlated with larval growth and changes in adult body size
(Marden et al. 2008; Chapter 2), but this correlation was not evident for CIAR fed moths
(R2=0.12, P=0.23). Total body size was reduced in CIAR endophyte+ vs. endophyte− reared moths
(Figure 4-2), but there was no difference in the relative size of the flight muscles (P=0.175).
Insects are known to modify their flight muscles to increase dispersal ability in response to
deteriorating habitat (Zera & Denno 1997). Perhaps the reduction in growth and development in
CIAR endophyte+ adults was severe enough to signal a deteriorating habit or unsuitable host
plants. In response, the insects might have shifted their allocation of nutrient resources to the
development of more powerful flight muscles that would allow them to disperse longer distances
to find better habitat.
In natural ecosystems host plants often harbor a complex mix of microorganisms and
symbionts that can change the chemistry and defense response of the plant (Stout et al. 2006;
Hartley & Gange 2009). This study provides evidence that plant fungal symbionts can have
differential affects on the growth and flight capacity of a lepidopteran herbivore.
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Figures
Figure 4-1 Relative survival of FAW reared on endophyte− (solid bars) and endophyte+ (thatched
bars) host grasses. Grey bars represent grass species that have large survival differences for
insects reared endophyte− vs. endophyte+ plants.

Figure 4-2 Average (mean ± SE) for pupae mass (A) and adult mass (B) from FAW reared on
endophyte− (solid bars) and endophyte+ (thatched bars) host grasses. Asterisks represent
significant mass differences between individuals reared on enophyte− vs. endophyte+ plants
(P<0.008: Bonferroni cutoff).
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Figure 4-3 Boxplots of residual values from peak flight metabolic rate plotted over adult body
mass; representing mass-adjusted peak rate for FAW adults during 10 mins of flight. Solid boxes
represent insects reared on endophyte− grasses; thatched boxes insects reared on endophyte+
grasses.
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Tables

Table 4-1 Taxonomy of grasses and their associated fugal symbionts
Grass species

Code

Endophyte species

Agrostis perennuns

AGPE

Epichloë amarillans

Cilamagrostis arundinacea

CIAR

Neotyphodium sp.

Elymus villosus

ELRI

Neotyphodium elymi

Festuca subverticillata

FESU

Neotyphodium sp.

Lolium arundinaceum

LOAR

Neotyphodium coenophialum

Poa autumnalis

POAU

Neotyphodium PauTG-1

Grass-symbiont information from Crawford et al. 2010.

Table 4-2 ANOVA table for pupal mass showing effects of grass species and grass*endophtye
interaction. Significant factors are shown in bold type.

Table 4-2 ANOVA Pupae mass
Factors
Grass sp.
Endophyte
Grass*Endophyte

DF

F
Ratio

5
1
5

8.695
1.6126
3.2965

Prob >
F
<.0001
0.2079
0.0094

2

Source

DF

F Ratio

Prob > F

R

Model
Error
C. Total

11
78
89

5.3817

<.0001

0.43
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Table 4-3 ANOVA table for adult body mass showing effects of grass species, gender, and
grass*endophtye interaction. Significant factors are shown in bold type.

Table 4-3 ANOVA Adult body mass
Factors
Grass sp.
Endophyte
Gender
Grass*Endophyte

DF

F Ratio

5
1
1
5

7.6889
0.6957
25.7827
2.6612

Prob >
F
<.0001
0.4068
<.0001
0.0286

2

Source

DF

F Ratio

Prob > F

R

Model
Error
C. Total

12
76
88

5.4661

<.0001

0.46

Table 4-4 ANOVA table for peak metabolic rate showing effects of pupal mass, grass species,
and, grass*endophtye interaction. Significant factors are shown in bold type.

Table 4-4 ANOVA Peak metabolic rate (CO2/hr)
Prob >
Factors
DF F Ratio
F
Grass sp.
Endophyte
Grass*Endophyte
Pupal mass

Start here

5
1
5
1

2.709
2.5704
5.6623
71.5853

0.0265
0.1131
0.0002
<.0001

Source

DF

F Ratio

Prob > F

R

2
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Chapter 5
Conclusions

Plants defend themselves from insect herbivores by synthesizing a variety of chemical
compounds that either poison the insect or make it more difficult for the insect to acquire vital
nutrients from the plant’s tissues (Karban & Baldwin 1997; Habib & Fazili 2007; Chen 2008;
Howe & Jander 2008). Plants that produce these defensive compounds in greater abundance are
more difficult for herbivores to consume; thus, from the herbivore’s perspective, these plants are
of lower quality. Many studies have documented the negative impact of plant defensive chemicals
on the survival and growth of the immature stages of insects (Scriber 1981; Peteren et al. 2000;

Ojeda-Avila et al. 2003; Haviola et al. 2007), but very few studies have examined how the
changes in the immatures carry-over to affect the adult stage of the insect (Hahn 2005; Barret et
al. 2009). Knowing how host plants influence adult insects is critical to understanding insect
population dynamics because the adults are the dispersive and reproductive stage of insects (Zera
& Denno 1997); hence, the adults make significant contributions to the demographics and
geographic distribution of the insect’s population. The purpose of this dissertation was to
determine the effects of host plant quality variation on the growth and flight capacity of adult
holometabolous insects.
I examined two naturally occurring sources of variation to host plant quality (inbreeding
and fungal endophytes) and one source of artificial variation (loss-of-function mutant in the JA
pathway). Inbreeding causes variation to plant produced defensive chemicals (Delphia et al.
2009, Campbell et al. 2013, Kariyat et al. 2012, 2013) because inbreeding increases
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homozygosity of loss-of-function alleles in defense gene biochemical pathways (Charlesworth &
Charlesworth, 1987, Husband & Schemske 1996); fungal endophytes can cause variation to host
plant chemistry because the fungal symbionts can produce and sequester toxic alkaloids (Tanaka
et al. 2005; Schardl et al. 2007; Simons et al. 2008). The experiments described in this
dissertation consistently show that variation in host plant chemistry (natural or artificial) affects
body size and flight capacity of adult insects.
Host plant inbreeding was associated with changes to adult body size and flight capacity,
because larvae that fed on defensively compromised inbred plants developed into larger adults
and adults with higher flight metabolic output. I also determined that variation in the production
of tomato plant JA regulated defensive chemicals can have different affects on the survival, body
development and flight capacity of adult insects, depending on the species of herbivore
consuming the plant. SAW showed greater overall survival and less host plant associated changes
to body size and flight capacity by than FAW. The presence of fungal endophytes also showed
variable effects on adult insect survival, body development, and flight capacity. This study
showed that the presence of host plant endophytes were associated with changes to growth and
flight of adult insects, but the effects were dependent on the species of symbiota that the larvae
consumed.
My results illustrate that adult insects can also exhibit host plant dependent changes to
their growth, physiology, and behavior. Therefore, plant-insect studies that focus only on
survival, growth, and development of the immature stages could be overlooking effects on
important adult-related life history traits. Furthermore, changes to dispersal related traits in adult
insect herbivores have the potential to cascade through natural communities to impact distant host
plant patches; thereby, shifting both the population dynamics of the plant and the insect.
The findings presented in this dissertation suggest further questions that could be
addressed in future experiments. Flight muscle metabolic output was used as an indirect measure
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of adult flight performance. Indeed, studies on M. cinxia have shown a strong correlation between
peak flight metabolic rate and distance flown in the field (Haag et al. 2005; Niitepõld et al.

2009). However, M. cinxia are substantially weaker fliers compared to the three moth species
used in my experiements. To determine if host plant differences are linked to differences in adult
flight patterns, future work could incorporate harmonic radar measurements or radio telemetery
of adult moth field flights.
Although adult reproduction was not examined in this dissertation, adult reproductive
output is important to the life history of any insect species. Since host plant inbreeding was linked
to increases in adult body size and dispersal capability, perhaps reproductive output might be
affected as well. Future work could test whether host plant inbreeding causes changes to the
number of eggs a female moth will lay. Additionally, the hatching rate of the eggs and survival of
the larvae could also be examined.
The finding that SAW and FAW responded differently to changes in the production of
tomato plant defense chemicals was an interesting result. It suggests that there are differences in
the internal biochemistry of these two insects. Future experiements could use qPCR to quantify
the expression levels of detoxification enzymes expressed in the larvae of both species. In
addition, enzyme activity assays could determine if there are species dependent differences in a
detoxification enzyme’s ability to neutralize certain plant produced toxic secondardy metabolites.
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