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ABSTRACT
Plant volatiles mediate many important interactions, including plant-predator interactions,
plant-herbivore interactions, plant-pollinator interactions, and plant-plant interactions. Plant
volatiles can attract predators to prey, repel ovipositing herbivores, attract pollinators, coordinate
a plant’s defenses, communicate with other plants, and act as foraging cues. As our knowledge of
the diversity and complexity of plant volatile signaling grows, we should view plant volatiles
from an ecological perspective informed by signaling theory. This theoretical framework will
provide insight into the evolutionary pressures involved in plant volatile communications. This
approach will also generate predictions about features that may be found in plant volatile
signaling, including mimicry, costly signaling, aposematic signaling, and kin selection. This
dissertation investigates three plant communication systems with this approach. In one study, I
studied the effects of inbreeding on floral volatile signaling and pollinator interactions in
horsenettle. I found that inbreeding negatively affects plant-pollinator signaling through floral
volatiles and affects pollinator behavior. This is an example of ecologically mediated inbreeding
depression caused by a breakdown of volatile communication. In another study, I investigated the
possibility of plant-plant communication in horsenettle in preparation for studying kin selection in
plants, though the evidence for plant-plant volatile communication in this study was not
straightforward. Lastly, I investigated honest versus dishonest signaling in three species of
tobacco and found evidence for a plant that honestly signals its defensive status, providing
evidence for aposematic signaling through volatile emissions. This dissertation explores the
consequences of diversity on volatile communication, on both the interspecific and intraspecific
level, as well as the utility of evolutionary and ecologically motivated study of plant volatile
communication.
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Chapter 1
Plant volatiles as communication:
A theoretical foundation for a complex phenomenon
ABSTRACT
Research on plant volatiles has revealed that plant volatiles mediate a myriad of
interactions between plants and other members of their ecosystem. Plant volatiles have been
found to mediate plant-herbivore interactions, plant-predator interactions, plant-plant interactions,
plant-parasite interactions, and plant-pollinator interactions. Viewing plant volatiles through the
lens of communication theory provides a rich theoretical framework for the study of plant
volatiles. Previous knowledge and insight from animal communication and signaling theory aid
us in generating hypotheses about plant volatile communication and provide conceptual
frameworks with which to study plant volatile communication. Applying concepts such as
mimicry, aposematism, and deception to plant volatile communication can both focus research on
plant volatiles as well as drive us to explore these important evolutionary concepts. At the same
time, the complexity of the information contained in plant volatiles and the diversity of
interactions mediated by plant volatiles must compel us to consider plant volatiles in an
ecological and evolutionary context.
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Introduction
Plant volatile emissions mediate a number of ecological interactions, including plantherbivore, plant-predator, plant-pollinator, and plant-plant interactions (Paré & Tumlinson ,1999;
Dudavera et al., 2006; Knudsen et al., 2006). Herbivore-induced plant volatiles have been found
to attract predatory insects and repel herbivorous insects (De Moraes et al., 1998; De Moraes et
al., 2001; Heil, 2004). Herbivore-induced plant volatiles can induce defense responses in other
plants or other tissues of the same plant (Frost et al., 2007; Karban, 2001; Dicke & Bruin, 2001).
Plant volatiles can effectively indicate the presence of individual herbivore species. Plant
volatiles can affect the foraging choices of pollinators (Kessler et al., 2011; Knudsen et al., 2006).
As we gain a greater appreciation into the number and complexity of interactions mediated by
plant volatiles, it becomes important to understand plant volatiles in an ecological context and to
develop a theoretical framework to guide our research into plant volatile interactions.
Plant volatile emissions can be viewed as a form of communication. The definition of
communication from which I am working is communication as the exchange of signals. The core
definition of a signal is some feature or behavior of an organism that increases the fitness of the
individual by altering the behavior of another individual; though, there is considerable debate
about the details of the definition of a signal (Smith & Harper, 1994; Hasson, 1994; Dawkins and
Krebs, 1978, Wiley, 1983). Some definitions include the transmission of information as part of
the definition of a signal (Hasson, 1994; Zahavi, 1975); others believe this is unnecessary
(Dawkins & Krebs, 1978). I believe that plant volatile interactions can fulfill either definition; the
reliable and consistent connection between particular plant volatile blends and the presence of
particular species of herbivores (e.g. De Moraes et al. 1998) would satisfy most conceptions of
information. Lastly, signals are costly to produce, or are evolved for the signaling interaction; this
is to differentiate signals that function primarily as communication versus features of an organism
that may impact the behavior of another organism as a byproduct of the feature’s main function
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(Smith & Harper, 1995; Hasson, 1994; 1997). For an example from Hasson (1994), an adaptation
in the muscles of an animal that allow it to run faster may cause predators to give up chasing it,
but we would not call this a signal. Viewing plant volatiles through the lens of communication
theory can provide predictions and hypotheses to drive research into plant volatile emissions.

Costly signaling and honest
One of the principles thought to often drive honesty in signaling is the concept of costly
signaling. Zahavi proposed the idea of the handicap principle: certain sexual displays, e.g. the
long and colorful tail plumes of a peacock, were effective signalers of mate quality because the
signals were costly to the individual (Zahavi 1975). Thus, only high quality mates could afford to
produce the plumes; individuals that were barely surviving would not be able to pay the costs
incurred by the display. While the exact nature of the costly signaling for the sake of being costly
is particular to sexual selection, the utility of costly signaling can be generalized to other
communication if the costs or benefits of signaling are different for honest signalers and dishonest
signalers (Gintis et al 2001, Smith 1991, Zolman et al 2012). If the advantages of signaling is
greater for honest signalers than the advantages gained by dishonest signalers, then costly signals
may enforce honesty by making it too costly for dishonest signalers to realize net benefit.
In the context of plant signaling, let us consider the benefits of signaling herbivore
presence. Herbivore-induced plant volatiles are known to attract natural enemies of the herbivores
(e.g. De Moraes et al., 1998; Dicke et al. 1999). These emissions are also known to repel
herbivores (De Moraes et al., 2001; Heil, 2004; Bernascoli et al., 2001). Both of these interactions
can reduce the herbivory experienced by the signaling plant. Both of these interactions, however,
can be beneficial for plants that are not yet herbivorized: attracting predators to a plant without
herbivores may allow for predators to more quickly remove herbivores that do attack the plant.
Repelling herbivores can prevent the plant from being attacked. There are, however, differences
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in the benefit gained by ‘honest’ damaged plants and ‘dishonest’ undamaged plants, however.
Plants infested with herbivores will gain immediate and significant benefits when they attract
predators; uninfested plants will benefit from predator attraction only if they are eventually
attacked by herbivores, or if the presence of predatory insects discourages or prevents herbivore
colonization. Both honest damaged plants and dishonest undamaged plants would benefit from
repeling herbivores, but there may often be differences here in the benefits that the plants enjoy:
Plants can tolerate certain amounts of herbivory and often will suffer no loss to fitness or only
small losses to fitness with low levels of herbivory (Strauss & Agrawal, 1999; Wise &
Abrahamson, 2007; Fornoni, 2011). For many plants, the benefits gained from preventing
herbivory may increase after the plant experiences some amount of herbivory. This does not
preclude the possibility of deceptive signaling in plant-predator and plant-herbivory interactions;
indeed, if a situation exists where the benefits of dishonest signaling were great enough, we
should expect it might evolve. This does suggest, however, that costly signaling may be a way to
enforce honesty in these communication interactions: If infested plants have more to gain by
signaling to predators and herbivores, then the predators and herbivores may benefit from
responding to costly signals less likely to be used effectively by dishonest signalers.
Plant volatiles are costly for the plant to produce- they are produced de novo, and often
contain costly secondary compounds such as terpenoids (Pare & Tumlinson, 1997, 1999;
Gershenzon, 1994). Some studies have found that plants with induced volatile production suffer
in reduced growth while producing volatile emisions (Elena Hoballah et al., 2004; Robert et al.,
2013). Plant volatile blends are rich in composition as well; many volatile blends have over 30
identifiable compounds, and over 1700 different compounds have been found in plant volatile
blends (Dudareva et al., 2006; Knudsen et al., 2006). Plant volatiles are costly to produce, and the
benefits that plants receive from the release of these volatiles need to be viewed in this context.
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The ecological costs of plant volatiles
In addition to physiological costs, there are ecological costs to the release of plant
volatiles (Strauss et al., 2002; Dicke & Van Loon, 2002). By ecological costs, I mean that
benefits gained by interactions with some organisms as a result of volatile emission may come at
the cost of negative interactions with other organisms. In some documented cases, for example,
the release of herbivore-induced plant volatiles increased the attraction of predators, but also
increased the attraction of some herbivores (Halitschke et al., 2008; Robert et al., 20013; Horiuchi
et al., 2003). Some herbivores may simply be able to better locate a plant emitting more volatiles,
causing the plant to suffer from increased apparency to the herbivore. In other cases, one
herbivore may change features of the plant chemistry or physiology in ways that make it a more
suitable host for other herbivores (see Ohgushi et al., 2005 for review). Volatile signaling to help
defend against one herbivore threat may risk attracting other herbivores.
Another major function of plant volatiles is the attraction of pollinators (Knudsen et al.,
2006; Pichersky & Dudavera, 2007). Plant-predator and plant-herbivore interactions mediated by
herbivore-induced plant volatiles may impact the plant-pollinator interactions. One study by
Kessler et al. (2011) found that some of the compounds produced in the leaf volatile blends of
herbivore-damaged wild tomato were also released in the floral volatile blends of damaged plants,
which decreased the attraction of pollinators. Negative interactions with pollinators represent
another potential ecological cost of herbivore-induced volatile signaling (Lucas-Barbosa et al.,
2011).
Some studies of herbivore-induced plant volatiles have indicated that the presence of
different herbivore species is indicated by the emitting plant by changes in the proportions of
compounds in the volatile blends (De Moraes et al., 1998). Plants often experience attack by
multiple herbivore species simultaneously, however, and these attacks by different herbivores
may affect the ability of plants to signal properly for their presence (Dicke et al., 2009). Some

6
studies have found the blends of volatile emissions released by plants under the attack of multiple
herbivores to be different than either of the blends produced when the plant is attacked by one of
the herbivores. In some cases, this may lead to the increased attraction of the plant to generalist
predators (Moayeri et al., 2007). In other cases, a multiply-infested plant may release a weaker
volatile signal when multiply infested- for example, cotton damaged by the beet armyworm
releases a large amount of volatiles, but when the cotton is attacked by whiteflies at the same
time, the volatile production was considerably lowered (Rodriguez-Saona et al., 2005). Reduced
predator attraction to plants attacked by multiple herbivores has been found as well (Zhang et al.,
2009). In other studies, multiply infested plants produced more volatiles than singly-infested
plants, and in some cases attracted more predators (De Boer et al., 2008; Delphia et al., 2007). In
some cases, the order of herbivory may matter- one study found that the first herbivore to attack
the plant determined the plant’s induced response, whereas the second herbivore had no effect
(Viswanathan et al., 2007). There is a diversity of possibilities of outcomes when multiple
herbivores interact on a host plant, some of which may depend on the role of a natural enemies’
ability to learn new scents to associate with its prey (Takabayashi et al., 2006). The interactions
between plant-insect-natural enemy tritrophic interaction is likely to take place in the context a
rich suite of many co-occurring herbivores and parasites; the impact of this on our knowledge of
the function of herbivore-induced plant volatiles in nature must be explored.
In addition to plant-insect interactions, herbivore-induced volatile emissions mediate
plant-plant communication as well (Dicke & Bruin, 2001). Herbivore-induced plant volatiles can
signal other plants tissues and induce plant defense responses between tissues of the same plant
(Frost et al., 2007; Frost et al., 2008), between individuals of the same species (Karban et al.,
2006; Karban & Shiojiri, 2009), and between individuals of other species (Karban et al., 2000;
Karban & Baxter, 2001; Karban et al., 2001; Karban et al., 2004). Interspecific communication
may end up aiding competing species by enhancing their resistance to herbivory or improving
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their defensive responses; this may be an inadvertent cost for the signaler. Intraspecific signaling
may be viewed as a form of intraspecific cooperation, and its benefits may depend on the
relatedness of the receiver of the signals to the signaler. Kin selection predicts that this
cooperation may be evolutionarily advantageous of the receiver of the cooperation is likely to be
closely related to the giver, or if there is a way to bias the communication towards kin (Hamilton,
1963; Hamilton, 1964; Smith, 1964). Evidence for kin selection and bias of communication
towards related individuals has been found in other chemically-mediated communication
systems- e.g. social amoebae (Gilbert et al., 2007; Stassmann & Queller 2011; Mehdiabadi et al.,
2006). The theory of kin selection should drive research in plant-plant communication, and while
little is known about this so far, there are some interesting examples of potential kin selection
within plant-plant communication (Karban, 2009; Karban & Shiojiri, 2010; Karban et al., 2013).
As research on plant volatile emissions increases in scope and complexity, there is a need
to tie the research to an ecological appreciation of the context in which these interactions take
place, and a theoretical foundation to drive predictions about volatile-mediated interactions. This
dissertation attempts to do this by testing some theory-driven hypotheses in interactions mediated
by plant volatiles. In Chapter 2, plant-herbivore interactions are investigated with respect to
inbreeding depression and pollinator foraging decisions. deceptive vs. honest signaling is
investigated in the interactions between three Nicotiana species and a specialist herbivore. In
Chapter 3, plant-plant signaling is investigated in a system that has the potential for kin selection.
In Chapter 4, deceptive vs. honest signaling is investigated in the interactions between three
Nicotiana species and a specialist herbivore.

8
REFERENCES
Aoki, S., & Ito, M. (2000). Molecular phylogeny of Nicotiana (Solanaceae) based on the
nucleotide sequence of the matK gene. Plant Biology, 2(3), 316-324.
Bentley, B. L. (1977). Extrafloral nectaries and protection by pugnacious bodyguards. Annual
Review of Ecology and Systematics, 407-427.
Bernasconi, M. L., Turlings, T. C., Ambrosetti, L., Bassetti, P., & Dorn, S. (1998). Herbivore‐
induced emissions of maize volatiles repel the corn leaf aphid, Rhopalosiphum maidis.
Entomologia Experimentalis et Applicata, 87(2), 133-142.
Bouwmeester HJ. Matusova R, Zhongkui S, Beale MH (2003) Secondary metabolite signaling in
host-parasitic plant interactions. Curr. Opin. Plant Biol. 6: 358-364.
Burk, L. G., & Heggestad, H. E. (1966). The genusNicotiana: A source of resistance to diseases
of cultivated tobacco. Economic Botany, 20(1), 76-88.
Carroll, CR and Hoffman, CA (1980) Chemical feeding deterrent mobilized in response to insect
herbivory and counteradaptation by Epilachna tredecimnotata. Science 209: 414-416.
Bruce, T. J., Wadhams, L. J., & Woodcock, C. M. (2005). Insect host location: a volatile
situation. Trends in plant science, 10(6), 269-274.
Bruce, T. J., & Pickett, J. A. (2011). Perception of plant volatile blends by herbivorous insects–
finding the right mix. Phytochemistry, 72(13), 1605-1611.
Chen, M. S. (2008). Inducible direct plant defense against insect herbivores: a review. Insect
science, 15(2), 101-114.
Cipollini, D., Purrington, C. B., & Bergelson, J. (2003). Costs of induced responses in plants.
Basic and Applied Ecology, 4(1), 79-89.
Dafni, A. (1984). Mimicry and deception in pollination. Annual Review of Ecology and
Systematics, 259-278.
Dawkins, R., & Krebs, J. R. (1978). Animal signals: information or manipulation. Behavioural
ecology: An evolutionary approach, 2, 282-309.
De Boer, J. G., Hordijk, C. A., Posthumus, M. A., & Dicke, M. (2008). Prey and non-prey
arthropods sharing a host plant: effects on induced volatile emission and predator attraction.
Journal of Chemical Ecology, 34(3), 281-290.
De Moraes CM, Lewis WJ, Paré PW, Alborn HT, Tumlinson JH (1998) Herbivore-infested plants
selectively attract parasitoids. Nature 393: 570-573.
De Moraes CM, Mescher MC, Tumlinson JH (2001) Caterpillar-induced nocturnal plant volatiles
repel conspecific females. Nature 410: 577-580.

9
Delphia, C. M., De Moraes, C. M., Stephenson, A. G., & Mescher, M. C. (2009a). Inbreeding in
horsenettle influences herbivore resistance. Ecological Entomology , 34 (4), 513-519.
Delphia, C. M., Mescher, M. C., & De Moraes, C. M. (2007). Induction of plant volatiles by
herbivores with different feeding habits and the effects of induced defenses on host-plant
selection by thrips. Journal of chemical ecology, 33(5), 997-1012.
Delphia, C. M., Rohr, J. R., Stephenson, A. G., De Moraes, C. M., & Mescher, M. C. (2009b).
Effect of genetic variation and inbreeding on volatile production in a field population of
horsenettle. International Journal of Plant Sciences , 170 (1), 12-20.
Dicke, M., & Bruin, J. (2001). Chemical information transfer between plants:: back to the future.
Biochemical Systematics and Ecology, 29(10), 981-994.
Dicke, M., & Loon, J. J. (2000). Multitrophic effects of herbivore‐ induced plant volatiles in an
evolutionary context. Entomologia Experimentalis et Applicata, 97(3), 237-249.
Dicke, M., Van Loon, J. J., & Soler, R. (2009). Chemical complexity of volatiles from plants
induced by multiple attack. Nature Chemical Biology, 5(5), 317-324.
Dicke, M., Takabayashi, J., Posthumus, M. A., Schütte, C., & Krips, O. E. (1998). Plant—
Phytoseiid Interactions Mediated by Herbivore-Induced Plant Volatiles: Variation in Production
of Cues and in Responses of Predatory Mites. Experimental & Applied Acarology, 22(6), 311333.
Dicke, M., Gols, R., Ludeking, D., & Posthumus, M. A. (1999). Jasmonic acid and herbivory
differentially induce carnivore-attracting plant volatiles in lima bean plants. Journal of Chemical
Ecology, 25(8), 1907-1922.
Dudareva, N., Negre, F., Nagegowda, D. A., & Orlova, I. (2006). Plant volatiles: recent advances
and future perspectives. Critical Reviews in Plant Sciences, 25(5), 417-440.
Edwards PJ and Wratten SD (1982) Wound-induced changes in palatability in birch (Betula
pubescens Ehrh. ssp. Pubescens). The American Naturalist 120: 816-818.
Endler, J. A. (1978). A predator’s view of animal color patterns. In Evolutionary biology (pp.
319-364). Springer US.
Elena Hoballah, M., G Köllner, T., Degenhardt, J., & CJ Turlings, T. (2004). Costs of induced
volatile production in maize. Oikos, 105(1), 168-180.
Frost CJ, Appel M, Carlson JE, de Moraes CM, Mescher, MC and Schultz, JC (2007) Withinplant signalling via volatiles overcomes vascular constraints on systemic signaling and primes
responses against herbivores. Ecol. Lett. 10: 490-498.
Frost CJ, Mescher MC, Carlson JE, and de Moraes CM (2008) Plant defense priming against
herbivores: getting ready for a different battle. Plant Physiol. 146: 818-824.
Frost CJ, Mescher MC, Dervinis C, Davis JM, Carlson JE, and de Moraes CM (2008b) Priming
defense genes and metabolites in hybrid poplar by the green leaf volatile cis-3-hexenyl acetate.
New Phytol. 180: 722-733.

10
Fowler SV and Lawton JH (1985) Rapidly induced defenses and talking trees: the devil’s
advocate position. The American Naturalist 126: 181-195.
Fornoni, J. (2011). Ecological and evolutionary implications of plant tolerance to herbivory.
Functional Ecology, 25(2), 399-407.
Gilbert, O. M., Foster, K. R., Mehdiabadi, N. J., Strassmann, J. E., & Queller, D. C. (2007). High
relatedness maintains multicellular cooperation in a social amoeba by controlling cheater mutants.
Proceedings of the National Academy of Sciences, 104(21), 8913-8917.
Gittleman, J. L., Harvey, P. H., & Greenwood, P. J. (1980). The evolution of conspicuous
coloration: some experiments in bad taste. Animal Behaviour, 28(3), 897-899.
Gershenzon, J. (1994). Metabolic costs of terpenoid accumulation in higher plants. Journal of
Chemical Ecology, 20(6), 1281-1328.
Green, TR and Ryan, CA (1972) Wound-induced protease inhibitor in plant leaves: a possible
defense mechanism against insects. Science 175: 776-777.
Guilford, T., Nicol, C., Rothschild, M., & Moore, B. P. (1987). The biological roles of pyrazines:
evidence for a warning odour function. Biological Journal of the Linnean Society, 31(2), 113128.
Halitschke, R., Stenberg, J. A., Kessler, D., Kessler, A., & Baldwin, I. T. (2008). Shared signals–
‘alarm calls’ from plants increase apparency to herbivores and their enemies in nature. Ecology
letters, 11(1), 24-34.
Hamilton, W. D. (1963). The evolution of altruistic behavior. American naturalist, 354-356.
Hamilton, W. D. (1964). The genetical evolution of social behaviour. I. Journal of theoretical
biology, 7(1), 1-16.
Harrewijn, P., Minks, A. K., & Mollema, C. (1994). Evolution of plant volatile production in
insect-plant relationships. Chemoecology, 5(2), 55-73.
Hasson, O. (1994). Cheating signals. Journal of theoretical Biology, 167(3), 223-238.
Hasson, O. (1997). Towards a general theory of biological signaling. Journal of Theoretical
Biology, 185(2), 139-156.
Heil, M. (2004). Direct defense or ecological costs: responses of herbivorous beetles to volatiles
released by wild lima bean (Phaseolus lunatus). Journal of chemical ecology, 30(6), 1289-1295.
Heil, M., & Karban, R. (2010). Explaining evolution of plant communication by airborne signals.
Trends in Ecology & Evolution, 25(3), 137-144.
Horiuchi, J. I., Arimura, G. I., Ozawa, R., Shimoda, T., Dicke, M., Takabayashi, J., & Nishioka,
T. (2003). Lima bean leaves exposed to herbivore-induced conspecific plant volatiles attract
herbivores in addition to carnivores. Applied entomology and zoology, 38(3), 365-368.

11
Izaguirre, M. M., Scopel, A. L., Baldwin, I. T., & Ballaré, C. L. (2003). Convergent responses to
stress. Solar ultraviolet-B radiation and Manduca sexta herbivory elicit overlapping
transcriptional responses in field-grown plants of Nicotiana longiflora. Plant Physiology, 132(4),
1755-1767.
Jackson DM, Nottingham SF, Schlotzhauer WS, Horvat RJ, Sisson VA, Stephenson MG, Foard
T, McPherson RM (1996) Abundance of Cardiochiles nigriceps on Nicotiana species. Environ.
Entom. 25: 1248-1255.
Jackson, D. M., Johnson, A. W., & Stephenson, M. G. (2002). Survival and development of
Heliothis virescens (Lepidoptera: Noctuidae) larvae on isogenic tobacco lines with different
levels of alkaloids. Journal of economic entomology, 95(6), 1294-1302.
Jeffords, M. R., Sternburg, J. G., & Waldbauer, G. P. (1979). Batesian mimicry: field
demonstration of the survival value of pipevine swallowtail and monarch color patterns.
Evolution, 275-286.
Johnson, S. D. (1994). Evidence for Batesian mimicry in a butterfly‐ pollinated orchid.
Biological Journal of the Linnean Society, 53(1), 91-104.
Johnson, S. D. (2000). Batesian mimicry in the non-rewarding orchid Disa pulchra, and its
consequences for pollinator behaviour. Biological Journal of the Linnean Society, 71(1), 119-132.
Karban R, Baldwin IT, Baxter KJ, Laue G, Felton GW (2000) Communication between plants:
induced resistance in wild tobacco plants following clipping of neighboring sagebrush. Oecologia
125: 66-71.
Karban R (2001) Communication between sagebrush and wild tobacco in the field. Biochem.
System. Ecol. 29: 995-1005.
Karban R and Baxter KJ (2001) Induced resistance in wild tobacco with clipped sagebrush
neighbors: the role of herbivore behavior. J. Insect Behav. 14: 147-156.
Karban R, Huntzinger M, McCall AC (2004) The specificity of eavesdropping on sagebrush by
other plants. Ecology 85: 1846-1852.
Karban R, Shiojiri K, Huntzinger M, McCall AC (2006) Damage-induced resistance in
sagebrush: Volatiles are key to intra- and interplant communication. Ecology 87: 922-930.
Karban R, Shiojiri, K (2009) Self-recognition affect plant communication and defense. Ecol. Lett.
12: 502-506.
Karban, R., & Shiojiri, K. (2010). Identity recognition and plant behavior. Plant Signal. Behav, 5,
854-855.
Karban, R., Shiojiri, K., Ishizaki, S., Wetzel, W. C., & Evans, R. Y. (2013). Kin recognition
affects plant communication and defence. Proceedings of the Royal Society B: Biological
Sciences, 280(1756), 20123062.

12
Kariyat, R. R., Mauck, K. E., De Moraes, C. M., Stephenson, A. G., & Mescher, M. C. (2012).
Inbreeding alters volatile signaling phenotypes and influences tri-trophic interactions in
horsenettle (Solanum carolinense L). Ecology Letters , 15, 301-309.
Kariyat, R. R., Balogh, C. M., Moraski, R. P., De Moraes, C. M., Mescher, M. C., & Stephenson,
A. G. (2013a). Constitutive and herbivore-induced structural defenses are compromised by
inbreeding in Solanum carolinense (Solanaceae). American journal of botany, 100(6), 1014-1021.
Kariyat, R. R., Mauck, K. E., Balogh, C. M., Stephenson, A. G., Mescher, M. C., & De Moraes,
C. M. (2013b). Inbreeding in horsenettle (Solanum carolinense) alters night-time volatile
emissions that guide oviposition by Manduca sexta moths. Proceedings of the Royal Society B:
Biological Sciences, 280(1757), 20130020.
Kost, C., & Heil, M. (2008). The defensive role of volatile emission and extrafloral nectar
secretion for lima bean in nature. Journal of chemical ecology, 34(1), 2-13.
Kellner M, Brantestam AK, Ahman I, Ninkovic V (2010) Plant-volatile induced aphid resistance
is related to cultivar age Theor. Appl. Genet. 121: 1135-1139.
Kessler A and Baldwin IT (2001) Defensive function of herbivore-induced plant volatile
emissions in nature. Science 291: 2141-2144.
Kessler, A., & Baldwin, I. T. (2002). Plant responses to insect herbivory: the emerging molecular
analysis. Annual review of plant biology, 53(1), 299-328.
Kessler, A., Halitschke, R., & Baldwin, I. T. (2004). Silencing the jasmonate cascade: induced
plant defenses and insect populations. Science, 305(5684), 665-668.
Kessler A, Halitschke R, Diezel C, Baldwin IT (2006) Priming of plant defense responses in
nature by airborne signaling between Artemisia tridentata and Nicotiana attenuata. Oecologia
148: 280-292.
Kessler, A., Halitschke, R., & Poveda, K. (2011). Herbivory-mediated pollinator limitation:
negative impacts of induced volatiles on plant-pollinator interactions. Ecology, 92(9), 1769-1780.
Knudsen, J. T., Eriksson, R., Gershenzon, J., & Ståhl, B. (2006). Diversity and distribution of
floral scent. The Botanical Review, 72(1), 1-120.
Lucas-Barbosa, D., van Loon, J. J., & Dicke, M. (2011). The effects of herbivore-induced plant
volatiles on interactions between plants and flower-visiting insects. Phytochemistry, 72(13),
1647-1654.
Mehdiabadi, N. J., Jack, C. N., Farnham, T. T., Platt, T. G., Kalla, S. E., Shaulsky, G., ... &
Strassmann, J. E. (2006). Social evolution: kin preference in a social microbe. Nature, 4
Moayeri, H. R. S., Ashouri, A., Poll, L., & Enkegaard, A. (2007). Olfactory response of a
predatory mirid to herbivore induced plant volatiles: multiple herbivory vs. single herbivory.
Journal of Applied Entomology, 131(5), 326-332.

13
Moore, B. P., Brown, W. V., & Rothschild, M. (1990). Methylalkylpyrazines in aposematic
insects, their hostplants and mimics. Chemoecology, 1(2), 43-51.
Ohgushi, T. (2005). Indirect interaction webs: herbivore-induced effects through trait change in
plants. Annual Review of Ecology, Evolution, and Systematics, 81-105.
Paré, P. W., & Tumlinson, J. H. (1997). De novo biosynthesis of volatiles induced by insect
herbivory in cotton plants. Plant Physiology, 114(4), 1161-1167.
Paré, P. W., & Tumlinson, J. H. (1999). Plant volatiles as a defense against insect herbivores.
Plant physiology, 121(2), 325-332.
Pfennig, D. W., Harcombe, W. R., & Pfennig, K. S. (2001). Frequency-dependent Batesian
mimicry. Nature, 410(6826), 323-323.
Pichersky, E., & Dudareva, N. (2007). Scent engineering: toward the goal of controlling how
flowers smell. Trends in biotechnology, 25(3), 105-110.
Ranganathan R and Borges RM (2010) Reducing babel in plant volatile communication: using
the forest to see the trees. Plant Biology 12: 735-742
Robert, C. A. M., Erb, M., Hiltpold, I., Hibbard, B. E., Gaillard, M. D. P., Bilat, J., ... & Zwahlen,
C. (2013). Genetically engineered maize plants reveal distinct costs and benefits of constitutive
volatile emissions in the field. Plant biotechnology journal, 11(5), 628-639.
Rodriguez-Saona, C., Chalmers, J. A., Raj, S., & Thaler, J. S. (2005). Induced plant responses to
multiple damagers: differential effects on an herbivore and its parasitoid. Oecologia, 143(4), 566577.
Rubino, D. L., & McCarthy, B. C. (2004). Presence of aposematic (warning) coloration in
vascular plants of southeastern Ohio. Journal of the Torrey Botanical Society, 252-256.
Schiestl, F. P. (2005). On the success of a swindle: pollination by deception in orchids.
Naturwissenschaften, 92(6), 255-264.
Smith, J. M. (1964). Group selection and kin selection. Nature, 201, 1145-1147.
Schiestl, F. P., Ayasse, M., Paulus, H. F., Löfstedt, C., Hansson, B. S., Ibarra, F., & Francke, W.
(2000). Sex pheromone mimicry in the early spider orchid (Ophrys sphegodes): patterns of
hydrocarbons as the key mechanism for pollination by sexual deception. Journal of Comparative
Physiology A, 186(6), 567-574.
Shimoda, T., Takabayashi, J., Ashihara, W., & Takafuji, A. (1997). Response of predatory insect
Scolothrips takahashii toward herbivore-induced plant volatiles under laboratory and field
conditions. Journal of Chemical Ecology, 23(8), 2033-2048.

14
Siddiqi, A., Cronin, T. W., Loew, E. R., Vorobyev, M., & Summers, K. (2004). Interspecific and
intraspecific views of color signals in the strawberry poison frog Dendrobates pumilio. Journal of
Experimental Biology, 207(14), 2471-2485.
Singer, R. B. (2002). The Pollination Mechanism in Trigonidium obtusum Lindl (Orchidaceae:
Maxillariinae): Sexual Mimicry and Trap‐ flowers. Annals of Botany, 89(2), 157-163.
Sisson, V. A., & Severson, R. F. (1990). Alkaloid composition of the Nicotiana species. Beiträge
zur Tabakforschung International, 14(6), 327-339.
Stephenson, A. G. (1982). The role of the extrafloral nectaries of Catalpa speciosa in limiting
herbivory and increasing fruit production. Ecology, 663-669.
Steppuhn, A., Gase, K., Krock, B., Halitschke, R., & Baldwin, I. T. (2004). Nicotine's defensive
function in nature. PLoS biology, 2(8), e217.
Strassmann, J. E., & Queller, D. C. (2011). Evolution of cooperation and control of cheating in a
social microbe. Proceedings of the National Academy of Sciences, 108(Supplement 2), 1085510862.
Strauss, S. Y., & Agrawal, A. A. (1999). The ecology and evolution of plant tolerance to
herbivory. Trends in Ecology & Evolution, 14(5), 179-185.
Strauss, S. Y., Rudgers, J. A., Lau, J. A., & Irwin, R. E. (2002). Direct and ecological costs of
resistance to herbivory. Trends in Ecology & Evolution, 17(6), 278-285.
Takabayashi, J., Sabelis, M. W., Janssen, A., Shiojiri, K., & van Wijk, M. (2006). Can plants
betray the presence of multiple herbivore species to predators and parasitoids? The role of
learning in phytochemical information networks. Ecological Research, 21(1), 3-8.
Turlings, T. C., Wäckers, F. L., Vet, L. E., Lewis, W. J., & Tumlinson, J. H. (1993). Learning of
host-finding cues by hymenopterous parasitoids. In Insect learning (pp. 51-78). Springer US.
Valleau, W. D., Stokes, G. W., & Johnson, E. M. (1960). Nine years' experience with the
Nicotiana longiflora factor for resistance to Phytophthora parasitica var. nicotianae in the control
of black shank. Tobacco, 150(20), 20-22.
Vet, L. E., & Dicke, M. (1992). Ecology of infochemical use by natural enemies in a tritrophic
context. Annual review of entomology, 37(1), 141-172.
Vet, L. E., Lewis, W. J., & Carde, R. T. (1995). Parasitoid foraging and learning. In Chemical
ecology of insects 2 (pp. 65-101). Springer US.
Viswanathan, D. V., Lifchits, O. A., & Thaler, J. S. (2007). Consequences of sequential attack for
resistance to herbivores when plants have specific induced responses. Oikos, 116(8), 1389-1399.
Wickler, W. (1965). Mimicry and the evolution of animal communication.

15
Wiklund, C., & Sillen-Tullberg, B. (1985). Why distasteful butterflies have aposematic larvae and
adults, but cryptic pupae: evidence from predation experiments on the monarch and the European
swallowtail. Evolution, 1155-1158.
Wiley, R. H. (1983). The evolution of communication: information and manipulation. Animal
behaviour, 2, 156-189.
Wink, M., & Theile, V. (2002). Alkaloid tolerance in Manduca sexta and phylogenetically related
sphingids (Lepidoptera: Sphingidae). Chemoecology, 12(1), 29-46.
Wise, M. J., & Abrahamson, W. G. (2007). Effects of resource availability on tolerance of
herbivory: a review and assessment of three opposing models. The American Naturalist, 169(4),
443-454.
Zhang, P. J., Zheng, S. J., van Loon, J. J., Boland, W., David, A., Mumm, R., & Dicke, M.
(2009). Whiteflies interfere with indirect plant defense against spider mites in Lima bean.
Proceedings of the National Academy of Sciences, 106(50), 21202-21207.

16

Chapter 2
Inbreeding depression, floral volatiles, and pollinator attraction in horsenettle
ABSTRACT
Self-fertilization in flowering plants often leads to the loss of beneficial overdominant
traits and exposes offspring to deleterious recessive alleles. Inbred plants often experience
inbreeding depression in the form of lower survivorship, decreased vegetative vigor, lower
resistance to herbivory, and decreased reproductive output. Horsenettle, Solanum carolinense, is a
native weedy plant that exhibits delayed self-compatibility and has been found to show
inbreeding depression in its defense against herbivores and volatile responses to herbivory. In this
study, I investigated the effects of inbreeding on flower size, pollen production, and floral volatile
emissions of horsenettle and the behavior of bumblebee pollinators in the field. I found that
inbreeding decreases the floral volatile production of horsenettle, particularly in the two dominant
compounds of the floral blend of volatile emissions. I also found that pollinators prefer outbred
horsenettle and are more attracted to outbred horsenettle from a distance. Inbred horsenettle
produces less pollen, providing a rationale for the prefence of pollinators for outbred horsenettle.
The impaired floral volatile production and subsequent decreased pollinator attraction of inbred
horsenettle represent ecologically mediated inbreeding depression and may contribute to
increased self-pollination in inbred plants.
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INTRODUCTION
Most flowering plants are hermaphroditic (they possess male and female parts on the
same individual) and therefore risk self-pollination and self-fertilization. Indeed, self-fertilization
is common in flowering plants (Crnokrak and Barrett 2002). Self-fertilization, a severe form of
inbreeding, reduces the level of heterozygosity, thereby exposing deleterious recessives and
partial recessives to selection while simultaneously reducing the number of beneficial
overdominant (heterotic) loci (Charlesworth and Charlesworth 1987). Over the last 135 years,
inbreeding depression (the reduction in fitness of inbred progeny relative to outbred progeny) has
been documented by measuring a wide range of traits such as survivorship, vegetative vigor, and
reproductive output through both the male (pollen production, pollen viability, and pollen tube
growth) and female (fruit and seed) functions for scores of plant species possessing a wide range
of mating systems and growing under both greenhouse and field conditions (e.g., Darwin 1876,
Husband and Schemske, 1996; Johannsson et al., 1998; Vogler et al., 1999). Recent studies have
shown that inbreeding also reduces resistance to herbivores and pathogens (e.g., Carr and
Eubanks 2014; Stephenson et al. 2004; Kariyat et al. 2012a). Consequently, inbred plants may
also suffer from the adverse fitness effects of a higher incidence of diseases and increased levels
of herbivory when grown under field conditions.
Plant volatiles mediated chemical communication has been long recognized to play a
significant role in mediating two of the most important plant-insect interactions in naturepollination, and plant-herbivore-predator interactions (Dufay et al., 2003). Constitutive and
herbivory induced plant volatiles are primarily emitted from leaf surface act as host location cues
for both herbivores and their predators/ parasitoids (De Moraes et al., 1998). However, plants also
emit copious amounts of floral volatiles. Although commonly perceived as “floral scent”, the
floral volatile blend typically consist of many compounds, and from 100 angiosperm families,
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over 1700 compounds have been identified so far (Kunze and Gumbert, 2001; Raguso 2008;
Knudsen et al., 2006).
Floral scent has evolved to act as location and identity cues to various insect and animal
pollinators (Pichersky and Dudareva, 2007), and often acts in concert with other floral signals
such as color, shape and size of the flowers. For a long time, flower color has been considered as
the most important of floral signals (Chittka and Menzel, 1992; Kevan et al. 1996). However,
recent studies have suggested a “multi model” pattern of foraging with an additive effect of the
above said floral signals (Kunze and Humbert, 2001). The pollinators use any variation in floral
traits to improve their foraging efficiency by reducing search time in locating the flower from a
distance and on the time spent : reward ratio (Waser and Price, 1983, 1985). Using Silene dioica
and S. latifolia, Waelti et al., (2007) clearly demonstrated that difference in a single compound of
ﬂoral odor could be an important mode of reproductive isolation between closely related plant
species- suggesting the importance of individual compounds in the floral odor.
Solanum carolinense, commonly called horsenettle, is a perennial herbaceous weed
common throughout the Eastern United States and Southeastern Canada (Britton and Brown,
1970). S. carolinense exhibits a typical Solanaceous-type RNAse mediated gametophytic selfincompatibility (GSI) system controlled by the multi-allelic S-locus. However, there is plasticity
in the self-incompatibility system of S. carolinense. Selfed seeds are produced on all plants when
cross pollen is scarce (Stephenson et al., 2003; Travers et al., 2004) and plants possessing certain
S-alleles exhibit higher levels of self compatibility (Mena-Ali and Stephenson, 2007). Horsenettle
is attacked by a variety of herbivores many of which are also known to attack closely related
crops in the genus Solanum (e.g. tomato and potato) (e.g., Wise and Weinberg, 2002; Imura,
2003; Wise, 2007), and it exhibits a variety of physical and chemical defense traits (Bassett and
Munro, 1986; Cipollini and Levey, 1997; Cipollini et al., 2002). Horsenettle flowers during the
summer and continues flowering indeterminately until first frost. The flowers are visited by
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pollen-gathering bees, which must vibrate the flowers to remove pollen from the poricidal anthers
(Hardin et al. 1972).
Inbreeding alters many plant-insect and plant-pathogen interactions in horsenettle. Inbred
horsenettle has reduced resistance to herbivores and pathogens (Dephia et al., 2009a, Kariyat et
al., 2011; Kariyat et al., 2012a). Inbreeding has been found to reduce chemical defenses and
structural defenses (trichromes) in horsenettle (Campbell et al., 2013; Kariyat et al., 2013a). In
addition, inbreeding affects the volatiles of horsenettle. Horsenettle produces fewer herbivoreinduced volatile chemicals in both controlled growth chamber settings and in the field (Delphia et
al., 2009b; Kariyat et al., 2012b). Inbred horsenettle releases more compounds associated with
herbivore damage when undamaged, but is less able to upregulate these compounds when
challenged with herbivore damage. This “leaky” phenotype of inbred horsenettle volatile
emission leads to herbivore-damaged inbred plants attracting fewer predatory hymenoptera than
herbivore-damaged outbred plants in the field (Kariyat et al., 2012b). Inbred plants also attracted
more oviposition by the herbivore Manduca sexta (Rupesh et al 2013b).
The goal of this study is to examine the effects of inbreeding on floral volatiles and other
floral traits and investigate how these changes may impact pollinator behavior. The previous
work on horsenettle has shown that volatile-mediated interactions with predatory and herbivorous
insects are affected by inbreeding. There is currently little research on the affects on inbreeding
on floral volatiles. Ferrari et al (2006) found that in Curcurbita pepo sb. texacana flowers
produce fewer total volatiles than outbred C. pepo plants and released a distinct blend of volatile
chemicals, though there was no investigation on the effects of these differences, if any, on
pollinator behavior. Inbreeding has also been found to influence pollinator behavior: bumblebee
pollinators visit inbred Mimulus guttatus flowers less often than outbred flowers (Ivey and Carr,
2005). I hope to use this study to connect the affects of inbreeding on floral traits and pollinator
behavior in a single study system. Using experimentally produced inbred and outbred progenies
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of horsenettle, I addressed the following questions: (1) Does inbreeding affect floral signals in
horsenettle, (2) Can pollinators distinguish between inbred and outbred flowers during foraging,
(3) Are the differences in floral signals if any, correlated with pollen reward?

MATERIALS AND METHODS
The study system
Horsenettle Solanum carolinense L. (Solanaceae) is an herbaceous perennial weed native
to North America that inhabits early successional habitats, crop fields, and pastures. After
establishment, it spreads via horizontal roots that extend up to 1 m from the parent stem (Ilnicki et
al., 1962). The flowers are white to violet and are visited by pollen-gathering bees. Similar to the
other members of Solanaceae, horsenettle has poricidal anthers that require pollinators to vibrate
the flowers to remove pollen (Hardin et al., 1972). Most flowers are perfect and functionally
hermaphroditic and are born on racemes of 1–12 blossoms; a few, however, (usually located at
the tip of the raceme) have reduced pistils and are functionally staminate. The fruit are yellow or
orange berries, 1–2.5 cm in diameter, typically containing 60–120 seeds (Kariyat et al., 2011,
Basset and Munro, 1986). The reproductive season lasts from early summer until the first frost,
when above-ground plant parts die. Below-ground parts over-winter, and new ramets emerge in
the spring. Both growth and reproduction are indeterminate. Despite the presence of stellate
trichomes and spines as defenses, many insects feed on the leaves, fruits, flowers, or roots of
horsenettle and several herbivore species have been shown to significantly depress reproductive
output (e.g., Cippolini et al., 2002).

Maternal families, inbred and outbred progenies:
Plants used in this study were produced from a subset of maternal plants collected from a
natural population near State College, Pennsylvania. Ramets were created from each of these
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maternal plants (16) by cutting the horizontal root into five or six pieces of similar size (c. 5 cm).
These cuttings were grown in 4L pots in an insect-free greenhouse. Forty flowers produced on
one ramet from each of the original 16 field-collected plants were outcrossed (see Mena-Alí &
Stephenson 2007; Delphia et al. 2009a,b for detailed methods), and 40 flowers from a second
ramet were self-pollinated. Seeds from these pollinations were germinated and grown in an
insect-free greenhouse. Plants employed in this study were vegetatively produced ramets of one
inbred and one outcrossed progeny from each of three distinct parental plants (maternal families)
designated A7, B4, and B9. These parental plants were randomly selected from a collection
derived from 16 original plants collected from a natural population near State College,
Pennsylvania. Ramets were created from each of these 16 plants by cutting the horizontal root
into five or six pieces of similar size (c. 5 cm). These cuttings were grown in 4L pots in an insectfree greenhouse. Forty flowers produced on one ramet from each of the original 16 field-collected
plants were outcrossed (see Mena-Alí & Stephenson 2007; Delphia et al. 2009a,b for detailed
methods), and 40 flowers from a second ramet were self-pollinated. Seeds from these pollinations
were germinated and grown in an insect-free greenhouse.
After flowering, the flowers from only the outcrossed parents were hand pollinated again
(self and cross) to produce second generation inbred and outbred progenies. For the current study,
multiple genets were used from each of 3 families by cutting the horizontal roots into 5 cm
segments (as above). The cuttings were first grown in flat beds in a growth chamber (16 L : 8 D;
day/night temperatures 25/22 °C; 65% relative humidity), using a peat-based, general-purpose
potting soil (Pro-Mix, Premier Horticulture, Quakertown, PA, USA) and watering lightly each
day. After 2 weeks, re-sprouted ramets were transplanted to 4-L pots, moved to an insect-free
greenhouse, and watered daily. At the time of transplanting, plants received a fertilizer
application (50 ppm. 8–45–14 N–P–K, plus micronutrients; Scotts, Marysville, OH, USA) and
iron chelate (Sprint 138 at 6%; Becker Underwood, Ames, IA, USA). The plants were allowed to

22
flower in the greenhouse and while selecting plants for experiments, care was taken to ensure that
the leaf area, size, height, and growth stage of the plants used were similar. To control for flower
numbers for the pollinator behavior field experiment on inbred and outbred plant groups (2S and
2X progenies from one maternal family) some flowers were removed to make the numbers
constant between treatments (S and X).

Floral volatile collections:
To determine if inbreeding affects floral volatiles, volatiles were collected from one
flower on 1-4 inbred and 1-4 outbred progeny from each of four maternal families (10 total
flowers from inbred and 10 total flowers from outbred). One healthy newly opened flower was
selected from each plant and sequestered in a small, conical glass collection chamber (8.5 cm in
diameter) with a sliding Teflon base (Figure 1A). Volatile collections were conducted in a
greenhouse equipped with high-intensity sodium-halide lights, using a push-pull collection
system (Analytical Research Systems, Gainsville, FL, USA). This system delivered filtered air to
the glass chamber enclosing flower (0.8 L min−1) and pulled air from the headspace (0.5 L min−1)
through an adsorbent volatile trap (Super-Q, 40 mg; Alltech Associates, Deerfield, IL, USA).
Each trap collected volatiles for of 6 h from 11:00 to 17:00 and 22:00 to 4:00. After collection,
the traps were eluted with 150 μL methylene chloride plus 5 μL of a mix containing the internal
standards n-octane (40 ng/μL) and nonyl-acetate (80 ng/μL). Samples were then injected, in 1-μL
aliquots, into an Agilent model 6890 gas chromatograph fitted with a flame ionisation detector
(GC-FID) (column: Agilent 19091Z-331, 0.25 mm internal diameter, 0.1 μm film thickness, 15 m
length). For compound identification, representative samples from each treatment were analysed
using a 30 m HP-1 column in a 6890 GC with a mass spectrometer (electron ionisation mode).
The peaks were identified through comparison of mass spectra to the NIST 2008 Mass Spectral
Library (National Institute of Standards and Technology) – and to pure standards where possible
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– and extrapolated these identifications to all samples using the retention indices (which was
possible because columns with the same chemical properties were used on both the GC-MS and
the GC-FID). The samples were then quantified based on peak area relative to that of the internal
standards. The total amount of each volatile compound emitted during each collection period was
analysed on a per flower basis.

Field pollinator visitation:
Two inbred and 2 outbred horsenettle plants were paired to form a patch of plants for the
foraging arenas. In some cases, inflorescences were removed to equalize the flower numbers
between the two pairs, as outbred plants often had more flowers than inbred plants. This meant
that outbred plants would more often experience a small number of flower removals to equalize
flower numbers. In order to subject all plants to low levels of tissue removal as to remove this as
a potential source of bias, all the plants had the few older inflorescences and dead leaves removed
at this time as well. The total number of flowers on each pair of plants was 15 or 30 flowers per
pair; see table 1 for information on plant genets and flower number for each group of plants.
On the morning of 8/2/13, the plants were taken to the Rock Springs research farm and
set up alongside a two-acre wildflower field. The field had high pollinator activity with
honeybees, bumble bees, and assorted solitary bees. Two at a time, sets of matching inbred and
outbred pairs were placed 1.5 meters away from the field edge. Each group of inbred and outbred
pairs was set up in a foraging arena in which the plants in each pair were placed adjacent to each
other and the pairs were separated by 1 meter. The orientation of these foraging arenas was
perpendicular to the field edge, so that each pair of plants was equidistant from the field edge (see
fig. 2-1). The patches of plants were moved about every 25 minutes to avoid experienced visits
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from the same bees and the orientation of the pairs relative to the wind was switched to avoid bias
due to wind direction.
Data on pollinator visits to the pairs of plants were collected as follows: Pollinator visits
to the pairs of plants were observed. Species of the bee, the breeding status of each flower the bee
visited in order, and the amount of time the bee spent on each flower. The observer only recorded
one bee at a time in order to ensure accuracy; once the bee under observation left, the observer
waited until a new bee entered into the patch to record a bee’s complete visit to the patch rather
than beginning an observation in the middle of a bee’s visit to the patch. The observations began
at 8:00 AM and ran until 1:30 PM. The peak activity time occurred between 10 AM and 12 PM.

Pollen production:
Using the methods described above, a new set of horsenettle plants were grown in a
greenhouse from the same maternal family X breeding combinations. After flowering, first or
second newly opened flower (similar to the ones used for other experiments) on an inflorescence
(random) was chosen from the plant for pollen collection. When possible, pollen was collected
from an inbred plant and an outbred plant of the same genet at the same time, but this was not
always possible due to the delayed flowering exhibited by inbred plants. Pollen was collected
from the plant by using a hand-held electric toothbrush, with the brush removed so the vibrating
metal component was exposed. A 1.7 mL plastic vial was held up to the flower and the electric
toothbrush were vibrated against the vial and the back of the flower to shake the pollen from the
flower into the vial. This method mimics the buzz pollination performed by the bumblebees and
allows for non-destructive sampling of the flowers and repeat sampling over the flower’s lifetime.
After pollen collection, 1 mL of 70% ethanol was added to preserve the pollen until
quantification. Pollen collections were carried out twice a day: once at 9:30 AM, which was the
peak pollinator activity time observed in the field, and once at 12:30 PM, when pollinator
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behavior began to decline sharply in the field observations. Pollen was collected from the flower
for two days.
The pollen was quantified using a HIAC Royco Liquid Particle Counter, Model 9703.
The pollen was shaken to mix the pollen that had settled to the bottom of the vial back into the
ethanol solution. A sonicator was used to further mix the pollen into solution. Then, a known
quantity of pollen was added to a 70% ethanol solution to make a 40 mL ethanol solution for use
in the particle counter. This known quantity varied depending on the amount of pollen in the
sample; samples varied greatly in their amount of pollen, and the amount of pollen put into the
solution for analysis with the particle counter needed to stay within certain bounds for optimal
operation of the machine. The particle counter was set up to detect particles of different size
ranges: between 5 and 15 microns, between 15 and 35 microns, between 35 microns and 55
microns, and above 55 microns. The 15-35 micron range was the range used to count the
horsenettle pollen, based on previous size measurements of horsenettle pollen (Solomon 1986), as
well as testing non-experimental horsenettle pollen in the particle counter. For each sample, the
particle counter took six measurements of the particle content of the solution. The first
measurement was discarded to eliminate concerns of contamination from previous samples. The
other five were averaged to estimate the total pollen in the solution. Then, the known dilution
factor was used to estimate the total pollen in the sample.

Floral metrics:
To examine whether inbreeding affects floral traits, inbred and out bred plants from 5
genets were grown in a greenhouse as previously described. The diameter of the corolla of young,
fully open flowers was measured in cm.

Statistical analyses:
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Floral diameter data was analyzed using one way ANOVA procedure of Minitab
software. Breeding was used as the explanatory factor and flower diameter was used as the
viariable. Post hoc tests were carried out to separate means after Bonferroni corrections to attain
pairwise comparisons.

Volatile collections We used general linear models to determine the effects of breeding
and maternal family on total floral volatiles and two key compounds.

Pollinator behavior in field data was analyzed with repeated-measures ANOVAs on
total number of pollinator visits, number of initial visitations by a pollinator, and total time spent
foraging by pollinators. The subjects of analysis were patches of plants. The explanatory
variables were breeding type of the patch. Patch designation was used as a random variable.
Analysis showed that the breeding of the downwind plant did not have a significant effect, and so
it was excluded from the analysis.

Pollen Quantification data was analyzed using the General Linear Model ANOVA
function in MINITAB. Separate ANOVAs were performed on the total pollen production of the
flowers. The explanatory variables were breeding and maternal family. Post hoc tests were
carried out to separate means after Bonferroni corrections to attain pairwise comparisons.

RESULTS
Floral volatile collections
A total of 34 detectable volatile compounds were released by the flowers of the 10 inbred
and 10 outbred horsenettle genets. Most of these compounds, however, were released in low
quantities and were only found in a few samples each. There were, however, two compounds that
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were consistently found in every floral volatile blend and together accounted for a significant
proportion of the blends, usually over 50%. These compounds have been tentatively identified as
9-z-octadecenal and tetradecyl oxirane. There was a trend of the outbred plants releasing more
floral volatiles (193.2  42.7 ng/6 hr) than the inbred plants (120.5  19.0 ng/6 hr), though this
trend was not significant (p = 0.111, see table 2-1 and fig. 2-1). Outbred plants produced more 9z-octadecanol (95.9  14.2 ng/6 hr) than inbred plants (51.18  7.94 ng/6 hr; p = 0.013, see table
2-2 and fig. 2-2). Outbred flowers produced more tetradecyl oxirane (26.93  4.26 ng/6 hr) than
inbred flowers (18.38  3.16 ng/6 hr; p = 0.041, see table 2-4 and fig. 2-3).

Field pollinator visitation:
Over one hundred and forty pollinator foraging flights were recorded, and it is important
to note that these represent only a portion of the total pollinators that visited the horsenettle in this
time due to our observation methods. The vast majority of pollinators observed were bumble bees
of the species Bombus impatiens, as determined by sight identification and through personal
correspondence with a pollination experts in the area (The Pennsylvania State University, Colla et
al., 2011). Only 8 pollinators (out of 146) that were not B. impatiens were observed, and included
some non-impatiens bumble bees and a few sweat bees. These were excluded from the analysis
due to their extremely small sample size. These observations match observations of other
pollinator researchers who have also found Solanum carolinense pollination to be dominated by
Bombus impatiens (Dr. David E. Carr, personal correspondence).
Pollinators overwhelmingly preferred outbred plants by every metric we recorded.
Outbred flowers received an more total visits to flowers (112.0  12.6 visits/pair) on average than
inbred patches (55.38  9.20, p = 0.001, see table 2-5 and fig. 2-4). This indicates that bumble
bees greatly preferred to forage on outbred flowers rather than inbred flowers, however, the bees
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may have found the outbred flowers more rewarding and foraged on those plants more as a result,
rather than due to long-range volatile attraction to those flowers. To investigate this possibility,
we investigated the average number of first visits that pair of plants received- that is, when the
bee first entered the foraging arena, did the bee first visit an outbred flower or an inbred flower.
Outbred pairs received more first visits by bees (11.63  1.25 bees/pair) than inbred pairs (6.63 
1.19 bees/pair, p = 0.002, see table 2-6 and fig. 2-5). This indicates that the bumble bees were
more attracted at long range to outbred flowers. Bumble bees also spent more time foraging on
outbred flowers (982  135 sec/pair) than on inbred flowers (400.8  58.0 sec/pair, see table 2-7
and fig 2-6).

Pollen production
Horsenettle flowers produced a significant amount of pollen, though there was a lot of
variation in the pollen produced: the count of pollen particles produced by a horsenettle flower
ranged from just over 2000 pollen grains to over 13,000. There was also significant variation by
maternal family (see figure 2-7). Despite this variation, there was still an effect of inbreeding:
outbred plants produced more pollen on average (6946  976 pollen grains/flower) than inbred
plants (5663  1507 pollen grains/flower, p = 0.033; see figure 2-7 and table 2-8).
We have seen a considerable amount of variation by maternal family in both the pollen
produced by plants as well as the floral volatiles produced. Because of this, I looked at the
relationship between pollen production and floral volatile production. I found that plants that
produced more pollen tended to release more floral volatiles as well (see figure 2-8 and table 29). Also, though the sample size is small when broken in to inbred and outbred families, the
relationship between pollen production and volatile release is seen more strongly in outbred
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plants than inbred plants (see figure 2-9). This may be an indication that there is a relationship
between volatile signaling and pollen production that is disrupted by inbreeding.

Floral metrics:
I found that inbreeding affected the corollora diameter of horsenettle flowers. Flowers on
outbred plants had significantly larger corolla size than flowers on inbred plants (3.29 cm versus
2.94 cm on average, respectively; see table 2-10 and fig. 2-10).

DISCUSSION
It has been previously demonstrated that constitutive and herbivory induced plant volatile
emission (Delphia et al., 2009; Kariyat et al., 2012b) is affected by inbreeding- with
consequences for tritrophic interactions and herbivore oviposition behavior (Kariyat et al.,
2013b). Here, I show that the floral volatile emissions of Solanum carolinense are also affected
by inbreeding. Inbred flowers produced lower amounts of two compounds- 9-z-octadecenal and
tetradecyl oxirane- that comprised a large portion of the total volatile blend of the horsenettle
flowers and were the most consistently found compounds in the floral blends. These differences
in volatile emissions can lead to a different signal that pollinators can perceive. In addition, I also
found that outbred plants tended to have larger corolla diameters, which can also influence
pollinator decisions. In our field experiment, we found that the bumblebee pollinators of
horsenettle demonstrated a strong preference for the flowers of outbred plants. This included a
preference for outbred flowers as the first flower approached by the bumblebee, which indicates a
preference for the long-range signal of the flowers before the bee has any experience on the
particular plants in the foraging arena. Outbred horsenettle also produce more pollen, which
represents a higher reward for the bumblebees and could reinforce the preference for outbred
flowers.
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In the field, I found that one species of bumblebee, Bombus impatiens, dominated the
pollination of horsenettle. Bumblebee workers individually specialize when foraging; individual
workers will learn to recognize and obtain resources from one or a few plant species (Heinrich
1976). Bumblebee workers learn to recognize floral traits to increase foraging efficiency and
decision making (Laverty 1980). Bumblebees are known to associatively learn to discriminate
on the basis of color (Riveros and Gronenberg 2012) and odor (Riveros and Gronenberg 2009).
Horsenettle is relatively common at the research farm on which the field experiment took place,
so it is very possible that the B. impatiens workers that visited the experimental plants were
experienced on horsenettle and may have learned to discriminate between outbred and inbred
plants on the basis of their volatile emissions. Differences in one or a few compounds of the odor
of a flower have been found to modify pollinator behavior in generalist pollinators (Ashmann et
al., 2005) and in B. impatiens in particular (Morse et al., 2012). Bumblebees are known to prefer
flowers with higher production of pollen (Creswell and Roberston, 1994; Robertson et al., 1999).
Higher levels of 9-z-octadecenal and tetradecyl oxirane in the volatile emissions of horsenettle
are reliable, honest indicators of higher pollen production in horsenettle- higher emissions of
these volatiles are a sign that the flower is on an outbred plant, and typically produces more
pollen.
Plants compete for the attraction of pollinators for both male and female reproduction.
Competition for pollinators can affect fitness and drive the evolution of floral traits (e.g. Mosquin
1971, Levin and Anderson 1970), and intraspecific competition for pollinators can occur when
pollinators are limited (Zimmerman 1980). Lack of pollinators or acceptable pollen can lead to
decreased fruit set (Copland & Whelan, 1989; Wilcock & Neiland, 2002). The dramatic reduction
in pollinator visitation to inbred plants represents a significant disadvantage to the inbred plants in
intraspecific competition for pollinators. The decreased production of key floral volatiles and the
loss in pollinator attraction experienced by inbred plants can lead to lower male reproduction in
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these plants, and potentially may also contribute to the lower fruit set observed in inbred plants in
previous field experiments (Kariyat et al., 2011).
Inbreeding effects on floral traits and pollinator interactions are particularly interesting
because these effects can influence the next generation of offspring. In a facultatively selfcrossing plant such as horsenettle, inbreeding arises when a flower fails to acquire outcrossed
pollen and its self-incompatibility mechanisms relax with flower age and low fruit set
(Stephenson et al., 2003; Travers et al., 2004). The decrease in pollinator attraction observed in
this study, in addition to lowering fitness through reproduction, also may increase the probability
that the inbred plants will fail to find outcrossed pollen due to receiving fewer pollinator visits.
This may lead to an additional cost to inbreeding- the offspring of inbred plants may be more
likely to be self-fertilized and suffer inbreeding depression.
The effects of inbreeding on the floral volatiles of horsenettle and the subsequent
differences in pollinator attraction between inbred and outbred plants represent an additional cost
of inbreeding for horsenettle. In this study, inbreeding disrupts an important plant-pollinator
interaction. Previous work in horsenettle has demonstrated a cost to inbreeding in volatilemediated plant-herbivore and plant-predator interactions (Kariyat et al. 2012b, 2013b). These
studies are significant because they demonstrate examples of ecologically mediated inbreeding
depression: inbreeding depression that arises through disrupted interactions between the plant and
other species in its community. In addition to adverse effects of inbreeding on physical
characteristics of the plant such as decreased survivorship and vegetative vigor, inbreeding effects
on plant volatile communication may incur significant costs to inbred plants. By studying
inbreeding in an ecological context, we may gain a greater understanding of the effects on
inbreeding on the individuals and populations that experience inbreeding.
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Appendix 1: Tables
Table 2-1: Horsenettle genets and flower numbers for pollinator foraging experiments.
Group Outbred 1 Outbred 2 Inbred 1 Inbred 2 Flower #
1
A5X4
A5X2
A5X4
B9X2
30
2
A7X2
A7X1
A5X1
A5X4
15
3
B9X9
A5X1
A7X1
A5X1
30
4
B9X2
A5X5
B9X2
A5X5
15

Table 2-2: ANOVA of total volatile emissions of flowers, daytime volatiles.
Source
Breeding
Family
Error
Total

DF
1
9
10
20

Seq SS
27690
99722
103874
231287

Adj SS
31706
99722
103874

Adj MS F
P
31706 3.05 0.111
11080 1.07 0.457
10387

Table 2-3: ANOVA of 9-z-octadecanol volatile emissions of flowers, daytime volatiles.
Source
DF Seq SS Adj SS Adj MS F
P
Breeding 1
10470 10076 10076 9.18 0.013
Family
9
14169 14169 1574
1.43 0.290
Error
10 10977 10977 1098
Total
20 35616

Table 2-4: ANOVA of tetradecyl oxirane volatile emissions of flowers, daytime volatiles.
Source
DF Seq SS
Adj SS
Adj MS F
P
Breeding 1
382.76 492.86 492.86 5.47 0.041
Family
9
1834.17 1834.19 203.80 2.26 0.110
Error
10 900.80 900.80 90.08
Total
20 3117.73

Table 2-5: ANOVA of total pollinator visits.
Source
Patch breeding
Patch designation
Error
Total

DF
1
3
11
15

Seq SS
12825.6
6639.2
6962.7
26427.4

Adj SS
12825.6
6639.2
6962.7

Adj MS F
P
12825.6 20.26 0.001
2213.1 3.50 0.053
633.0
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Table 2-6: ANOVA of pollinator first visits.
Source
Patch breeding
Patch designation
Error
Total

DF
1
3
11
15

Seq SS
100.000
96.750
71.000
267.750

Adj SS
100.000
96.750
71.000

Adj MS F
P
100.000 15.49 0.002
32.250 5.00 0.020
6.455

Table 2-7: ANOVA of foraging time by pollinator.
Source
Patch breeding
Patch designation
Error
Total

DF
1
3
11
15

Seq SS
1351406
527743
683510
2562660

Adj SS
1351406
527743
683510

Adj MS
F
P
1351406 21.75 0.001
175914 2.83 0.087
62137

Table 2-8: ANOVA of total pollen production.
Source
Family
Breeding
Error
Total

DF
9
1
8
18

Seq SS
207317192
22485268
27126149
256928609

Adj SS
222005576
22485268
27126149

Adj MS
F
P
24667286 7.27 0.005
22485268 6.63 0.033
3390769

Table 2-9: Regression analysis of total volatiles versus pollen production. The regression
equation is Total volatiles = 63.3 + 0.0158 average. R-Sq = 42.8% .
Predictor
Coefficient SE Coefficient T
P
Constant
63.33
52.86
1.20 0.265
Average Pollen 0.015826
0.006474
2.44 0.040
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Table 2-10: ANOVA analysis of corolla diameter versus breeding
Source
Breeding
Error
Total

DF
1
50
51

SS
MS
F
P
1.3583 1.3583 18.24 0.000
3.7240 0.0745
5.0823
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Appendix 2: Figures
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Figure 2-1: Total volatile production of horsenettle flowers by breeding. Fig. 1: ‘s’ denotes
inbred flowers; ‘x’ denotes outbred flowers. Total volatiles in nanograms released by a single
flower in a 6-hour time interval.
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Figure 2-2: Volatile production on a compound tentatively identified as 9-z-octodecenal by
horsenettle flowers by breeding. ‘s’ denotes inbred flowers; ‘x’ denotes outbred flowers. Total
volatiles in nanograms released by a single flower in a 6 hour time interval.
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Figure 2-3: Volatile production on a compound tentatively identified as tetradecyl oxirane by
horsenettle flowers by breeding. ‘s’ denotes inbred flowers; ‘x’ denotes outbred flowers. Total
volatiles in nanograms released by a single flower in a 6 hour time interval.
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Figure 2-4: Total pollinator visits to inbred and outbred patches.

Figure 2-5: Flower first visited by a pollinator. ‘s’ denotes inbred flowers; ‘x’ denotes outbred
flowers.
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Figure 2-6: Time spent visiting inbred and outbred flowers. ‘s’ denotes inbred flowers; ‘x’
denotes outbred flowers. Time is measured in seconds.
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Figure 2-7: Pollen production by family and breeding. Fig. 6: ‘s’ denotes inbred flowers; ‘x’
denotes outbred flowers. The families are labeled below their pairs of inbred and outbred plants.
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Figure 2-8: Total volatile production versus average pollen per flower. Fig. 8: Total volatiles
measured in nanograms per six hour collection period. Total average pollen production measured
in pollen grains.
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Figure 2-9: Total volatile production versus average pollen per flower for inbred and outbred
plants. Total volatiles measured in nanograms per 6 hour collection period. Total average pollen
production measured in pollen grains. Inbred horsenettle families are designated by black circles
and a solid black regression line. Outbred horsenettle families are designated by red squares and a
dashed red regression line.
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Figure 2-10: Boxplot of corolla diameter by breeding.
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Chapter 3
Plant-plant communication: do horsenettle plants warn each other of
herbivore attack?
ABSTRACT
Plant release characteristic blends of volatile emissions in response to herbivory. These
emissions can attract predatory insects and repel herbivores. There is evidence that some plants
will also respond to the volatile emissions of damaged plants. In response to these volatile
signals, some plants will induce defenses that will provide resistance to herbivory, or will prepare
to induce defenses by entering a “primed” state. By responding to herbivore-induced plant
volatiles, primed plants can more quickly respond to herbivore threats. Greater resistance to
herbivory due to responding to plant-plant signals has been demonstrated in the field. Thus, plants
may be able to enjoy fitness benefits from receiving damage-induced signals from volatileemitting plants. Kin selection theory expects that plants should signal more effectively to closely
related plants to direct the benefits from the communication to receivers likely to share genes
with the signaler. In one study system, it has been observed that plants receive less herbivore
damage after experiencing a damage-induced volatile emission from a clone or closely related
plant, suggesting that a form of kin selection is present. This study aimed to investigate the effects
of plant-plant signaling on indirect and direct plant defenses in a wild weedy plant in preparation
for an investigation of kin selection in this system to build upon the knowledge of this
phenomenon. Unfortunately, a straightforward plant-plant signaling effect was not found.
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INTRODUCTION
Herbivore-induced plant volatiles can induce behavioral changes in other organisms that
benefit the plant releasing the volatile signals; e.g. predatory attraction to, and herbivore repulsion
from herbivore-damaged plants (De Moraes et al., 1998; Dicke et al., 1999; De Moraes et al.,
2001; Heil, 2004). A growing body of evidence suggests that plants may also respond to
herbivore-induced plant volatiles (Dicke & Bruin, 2001). Many plant defenses are not expressed
constitutively, but rather are induced upon receiving certain stimuli, allowing the plant to
conserve resources when the defenses are not needed but allowing the plant to defend itself when
threatened (Karban & Myers, 1989; Harvell, 1990; Agrawal et al., 1999). Some plant defense
responses may be induced or prepared in response to plant volatile signaling.
Plant-plant communication can facilitate the coordination of plant defenses within plants
by overcoming vascular constraints. Many plants face constraints on internal communication of
herbivore attack due to the architecture of their vascular systems, and volatile communication
may help overcome these constraints (Davis et al. 1991, Farmer, 2001; Orians, 2005). Frost et al.
(2007) found that poplar leaves exposed to the herbivore-induced plant volatiles from other
leaves reacted more quickly to gypsy moth attack and produced their own volatile response to
herbivory sooner than leaves without previous exposure. Further studies found that exposure to
herbivore-induced volatiles induced the leaves to prepare the release of their own volatiles,
transcripts of defense genes, and jasmonic acid, a plant defense hormone (Frost et al. 2008a, Frost
et al. 2008b, Frost et al. 2008c). This preparation to produce inducible defenses upon receiving a
damage-related volatile signal, rather than full production of defenses, is called “priming.”
Priming, which presumably will use less investment of resources than full induction of defenses,
allows the plants to prepare for a potential herbivore threat while avoiding the full cost of the
induced defenses until (and if) the attack occurs (Frost et al., 2008a; Karban 2011).
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Plant-plant communication has also been found to exist between plants as well as withinplant. For example, the volatiles of clipped sagebrush (Artemisia tridentata) have been found to
induce herbivore resistance in wild tobacco (Nicotiana attenuata), leading to less herbivory in
HIPV-exposed plants over the course of the season (Karban et al., 2000; Karban, 2001). The
herbivore-induced volatiles of A. tridentata were found to confer resistance to herbivory to
conspecific plants as well (Karban et al. 2004, Karban et al. 2006). This phenomenon, however,
was not universal, as researchers tested for the response of other forbs to sagebrush volatiles and
found that three other forbs that also shared many herbivores with the sagebrush and tobacco did
not show signs of benefiting from clipped sagebrush volatiles (Karban et al., 2004). Furthermore,
it is unclear how the sagebrush benefit from this signaling - the tobacco may be eavesdropping on
communication that the sagebrush intends for itself or other sagebrush (Dicke & Baldwin, 2010,
Karban & Moran 2002).
Signaling theory suggests that a sender of a signal should evolve to maximize the
adaptive benefit of that signal, which may include evolving to exclude particular receivers from
that signal (Wiley, 1983; Dawkins & Krebs, 1978). Plants, therefore, should be under
evolutionary pressure to exclude eavesdroppers or make communication more effective within
plant than with other plants (Dicke & Baldwin, 2010). This must be balanced with retaining the
effectiveness of the volatile emissions as attractants of predators and other beneficial
relationships, of course, which may limit the ability of the plants to evolve to exclude
eavesdroppers.
Signaling to other members of the same species could be a cost or a benefit for the
signaler, depending on the relatedness between the signaler and the receiver. According to the
theory of kin selection, behaving altruistically- that is, taking an action that will incur a cost in the
actor but benefit the receiver- can be adaptive if the relatedness between the actor and receiver of
the altruism is high (Hamilton, 1963; Hamilton, 1964; Smith, 1964). The genes of one individual
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could benefit from aiding copies of those genes in other individuals (Dawkins 1976). From this
perspective, intraspecies volatile communication could be adaptive if the signaler could
preferentially benefit closely related individuals. This may be accomplished by biasing the signals
towards closely related kin, e.g. sending a signal to which closely related kin respond more
strongly, or by sending out a signal more likely to be received by closely related kin, e.g. if an
individual is more likely to be surrounded by closely related individuals than distantly related
individuals as a result of the reproductive habits of the plant.
In the sagebrush system, Karban and Shiojiri (2009) found that sagebrush plants near
clipped potted clonal cuttings suffered less herbivory than sagebrush plants near clipped non-self
cuttings. This suggests that the sagebrush is biased in its communication: It communicates more
effectively with itself than with non-self individuals (Karban & Shiojiri, 2010). An investigation
into the volatile production of sagebrush found that genetically different sagebrush ramets
produced different volatile emissions, but emissions from genetically identical ramets were
similar (Ishizaki et al., 2012). A subsequent study showed that under low herbivory conditions,
the damage experienced by the sagebrush decreased with increasing relatedness to a neighboring
clipped plant, though there was no difference found in a high-herbivory field setting (Karban et
al., 2013). This is extremely interesting, as it provides some evidence for kin selection in a plant
volatile signaling system: The sagebrush may be able to signal more effectively to closely related
individuals than distantly related individuals.
Unfortunately, the mechanics through which the herbivore-induced plants volatiles are
conferring herbivore resistance upon the receiving plants is unknown in this system. The volatiles
may be priming the indirect or direct plant defenses, as in the poplar system (Frost et al., 2008b),
the volatiles may be directly inducing a defense response, or the volatiles may be benefitting the
plants in other ways, e.g. attracting predators on their own, without directly impacting the
neighboring plants. It is possible that the presence of a diverse blend of volatile emissions
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produced by having multiple genets of sagebrush next to each other, as would be the case in the
distantly related sagebrush neighbors, might influence herbivore behavior- for example, the
herbivores might perceive the more diverse volatile emissions of the distantly related sagebrush
pairs as a larger resource patch and prioritize colonization there. While I think it is likely that the
sagebrush system represents an example of kin selection, it is important to understand how the
volatile signaling is affecting the receiving plants to confirm its action and understand how the
plants respond to the signal.
The goal of this study is to investigate plant-plant signaling and potential kin selection in
a clonally reproducing wild weed, Solanum carolinense. Horsenettle is attacked by a variety of
herbivoes, including flea beetles, false potato beetles, leafminers, weevils, and other pests often
found on Solanaceous crop plants (Wise and Weinberg 2002; Imura, 2003; Wise, 2007).
Horsenettle exhibits a variety of physical and chemical defense traits, such as thorns, trichromes,
and defensive compounds (Bassett and Munro, 1986; Cipollini and Levey, 1997; Cipollini et al.,
2002).
The herbivore used in these experiments is the lepidopteran moth Manduca sexta, a
specialist of solanaceous plants. Previous work on Manduca sexta and horsenettle has found that
herbivory by larval Manduca sexta induces characteristic volatile emissions in horsenettle, and
that these volatile emissions vary based on the genet and breeding status (inbred or outcrossed) of
the horsenettle (Delphia et al., 2009b). Furthermore, horsenettle can differ in its susceptibility to
feeding by Manduca sexta; M. sexta caterpillars consumed more leaf area when eating inbred
plants and had a higher relative growth rate than caterpillars that fed on outbred plants (Delphia et
al., 2009a). These studies demonstrate that horsenettle has direct defenses that can influence
Manduca sexta feeding, and that these defenses can vary between plants. This suggests that
horsenettle may be able to induce defenses against M. sexta in response to volatile cues.
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Furthermore, the volatile emissions of horsenettle have been found to attract predatory insects in
the field (Kariyat et al. 2011; Kariyat et al. 2012).
Horsenettle is a strong system to use to investigate priming effects because of its ecology
and mating system. Because of the asexual vegetative reproduction of the horsenettle and limited
self-incompatibility, horsenettle often occurs in patches of clones, closely related horsenettle
individuals, and unrelated individuals. This provides a rationale for emitting a volatile signal to
neighboring plants, as clones or closely related neighbors may benefit from the signal. This also
makes it more likely that the signal would be successful. Kariyat et al (2012) found that there
were differences in the volatile blend of the different genetic families of horsenettle. While it is
unclear if these differences in volatile production affect plant-plant communication, though
Karban (2009) suggests that differences in volatile blend in genotypes may play a role in the
effectiveness of plant-plant communication. Horsenettle is likely to be neighboring some clones
or closely related plants that have a similar volatile blend, which may be expected to make
communication easier. These factors make horsenettle likely to benefit from communication with
neighboring conspecifics and likelier to emit and receive signals similar to its own. Thus,
horsenettle is a prime candidate for research into plant-plant communication and potential
priming effects.
The goals of this study were to investigate the effects of plant-plant signaling in
horsenettle. This was done by first priming horsenettle plants by exposing the plants to herbivoreinduced plant volatiles of damaged horsenettle, and performing the following experiments:
(1) Investigate the volatile emissions of the primed and unprimed plants upon herbivore attack.
This would test the hypothesis that primed horsenettle that had been exposed to the volatile
emissions of herbivore-damaged conspecific plants would produce volatiles more quickly than
unprimed plants, as had been observed in poplar (Frost et al., 2007).
(2) Investigate the susceptibility of primed and unprimed horsenettle to feeding by Manduca
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sexta. This would test the hypothesis that the primed horsenettle plants may induce or prepare to
induce a direct defense against herbivory as a result of experiencing the volatile emissions of
damaged plants.

MATERIALS AND METHODS
The study system
Horsenettle, Solanum carolinense L. (Solanaceae) is an herbaceous perennial weed native
to North America that inhabits early successional habitats, crop fields, and pastures. After
establishment, it spreads via horizontal roots that extend up to 1 m from the parent stem (Ilnicki et
al., 1962). The flowers are white to violet and are visited by pollen-gathering bees. Similar to the
other members of Solanaceae, horsenettle has poricidal anthers that require pollinators to vibrate
the flowers to remove pollen (Hardin et al., 1972). Most flowers are perfect and functionally
hermaphroditic and are born on racemes of 1–12 blossoms; a few, however, (usually located at
the tip of the raceme) have reduced pistils and are functionally staminate. The fruit are yellow or
orange berries, 1–2.5 cm in diameter, typically containing 60–120 seeds (Kariyat et al., 2011,
Basset and Munro, 1986). The reproductive season lasts from early summer until the first frost,
when above-ground plant parts die. Below-ground parts over-winter, and new ramets emerge in
the spring. Both growth and reproduction are indeterminate. Despite the presence of stellate
trichomes and spines as defenses, many insects feed on the leaves, fruits, flowers, or roots of
horsenettle and several herbivore species have been shown to significantly depress reproductive
output (e.g., Cippolini et al., 2002).

Maternal families, inbred and outbred progenies:
The horsenettle plants used in this study were produced as described in the previous
chapter. In this study, only outcrossed plants were used, of the families B3X, C10X and A4X.
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Previous work has found that inbred plants demonstrate increases susceptibility against herbivory
(Delphia et al. 2009a), as well as reduced constitutive and induced defenses (Kariyat et al., 2013).
While the potential interactions of inbreeding and plant-plant communication are interesting, this
study used only the outbred plants known to have better defensive functioning in order to allow
for a more focused experiment to investigate the potential defense induction of plant-plant
communication.

Manduca sexta caterpillar rearing
Eggs of Manduca sexta were bought from Carolina Biological Supply (Burlington, NC,
USA). The eggs were put on pieces of artificial casein diet in 35 x 10 x 15 cm plastic cages with
paper towel flooring. The eggs hatched and the caterpillars were reared on the diet. The diet was
replaced and cages cleaned every few days. When the caterpillars got bigger, wire mesh
scaffolding was used to separate the diet and caterpillars from the frass. The caterpillars were
used for experiments when they were 3rd instar.

Horsenettle priming
The horsenettle priming took place in separate chambers of the greenhouse. In each setup, two horsenettle were placed in each of two rectangular 40 x 40 x 60 cm mesh cages on
opposite ends of a large greenhouse table. Around these cages, approximately 6 inches from the
cage, were placed six horsenettle plants, two on each of the long sides of the cages and one each
on the short sides of the cage. The leaves of these plants were not allowed to touch the cage. For
the primed treatment, 3-4 M. sexta caterpillars were placed on each plant in the cage to expose the
target plants to the damage-induced volatile blends of the caged plants. For the unprimed
treatment, no caterpillars were put on the plants in the cage; this would expose the surrounding
target plants to the volatiles of caged, but undamaged, plants, to ensure that the exposure to caged
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plants did not bias the experiment. The caterpillars were checked daily for three days to ensure
that the caged plants received considerable and evenly paced herbivory, after which the
surrounding plants were used in the experiments. Caged plants experienced the loss of
approximately 50% of their leaf tissue during this time.

Volatile collections
In order to investigate the possibility of priming effects in horsenettle, volatile
compounds were collected from primed and unprimed horsenettle plants. The volatile collections
had three treatments: ‘primed’ plants that had previously been exposed to the damage-induced
volatiles of neighboring horsenettle plants, ‘unprimed’ plants that had been exposed to the
volatiles of undamaged neighboring horsenettle plants, and control plants. Both the primed and
unprimed plants were subjected to herbivore attack by 2 4th instar Manduca sexta caterpillars
during the volatile collections, whereas the control plants were unprimed plants that were not
subjected to herbivory during the course of the experiment.
Volatile collections were conducted in a greenhouse equipped with high-intensity
sodium-halide lights, using a push-pull collection system (Analytical Research Systems,
Gainsville, FL, USA). Upper portions of the plants were sequestered in large 8 liter glass
collection domes. Attempts were made to make the size of the portions sequestered in the domes
equal. The push-pull system delivered filtered air to the glass chamber enclosing the horsenettle
plant tissue (1.5 L min−1) and pulled air from the headspace (0.5 L min−1) through an adsorbent
volatile trap (Super-Q, 40 mg; Alltech Associates, Deerfield, IL, USA). After collection, the traps
were eluted with 150 μL methylene chloride plus 5 μL of a mix containing the internal
standards n-octane (40 ng/μL) and nonyl-acetate (80 ng/μL). Samples were then injected, in 1-μL
aliquots, into an Agilent model 6890 gas chromatograph fitted with a flame ionisation detector
(GC-FID) (column: Agilent 19091Z-331, 0.25 mm internal diameter, 0.1 μm film thickness, 15 m

55
length). For compound identification, representative samples from each treatment were analysed
using a 30 m HP-1 column in a 6890 GC with a mass spectrometer (electron ionisation mode).
The peaks were identified through comparison of mass spectra to the NIST 2008 Mass Spectral
Library (National Institute of Standards and Technology) – and to pure standards where possible
– and extrapolated these identifications to all samples using the retention indices (which was
possible because columns with the same chemical properties were used on both the GC-MS and
the GC-FID).
The timing of volatile collections changed as new information and thinking shaped the
experimental process. In the first collection, performed on the family C10X, the collection ran for
three days and two nights, with two collections each day and two collections each night. The
timing of the daytime collections occurred at 10:30 AM to 1:30 PM, and from 2:00 PM to 5:00
PM. Two Manduca sexta caterpillars were put onto the plants at the start of the collection. The
nighttime collections occurred at 10:00 PM to 1:00 AM and 2:00 AM to 5:00 AM. In this
experiment, the caterpillars were replaced daily just before the 10:30 AM collection times.
The second collection, performed on family B3X, had shorter time intervals to try to
detect a potential earlier, more transient priming effects. This collection was taken in two-hour
time intervals, starting at 8 AM and continuing in time intervals running from 8 AM, 10 AM, 12
PM, 2 PM, and 4 PM during the day. In this experiment, caterpillars were placed on the plants at
10 AM on the first day of volatile collections, and these caterpillars remained on the plants for the
duration of the two day experiment.
After each volatile collection, the leaves of the plants were removed and taped to sheets
of papers. These sheets of paper were scanned to produce image files. The leaf area lost by each
leaf was estimated by drawing the missing leaf areas of the leaves based on knowledge of the
architecture of the horsenettle leaves. Adobe Photophop CS2 software was used in the preparation
of the image files (Adobe Systems Inc., San Jose, CA, USA). These image files were analyzed
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with SigmaScan software to measure the leaf area of the plants (Systat Software Inc, San Jose,
CA, USA). This allowed me to measure the total leaf area of each plant, as well as the leaf area
lost to herbivory during the volatile collections.

Caterpillar feeding assays
The feeding assays took place in a greenhouse. Primed and unprimed plants were moved
to a greenhouse table and placed in separate trays a few feet apart. Primed and unprimed plants
were placed alternating. Two healthy leaves were chosen per plant. Slits were cut into coffee
filters so that the coffee filters could be put around the base of these chosen leaves to provide a
way to sequester caterpillars onto that leaf. 3rd instar Manduca sexta caterpillars were starved for
several hours before the experiment, and their mass was measured. One of these caterpillars was
placed on each of the chosen leaves, such that each plant had two caterpillars. The caterpillars
were allowed to eat for 24 hours and were monitored every few hours to ensure that they
remained on the chosen leaves. After the 24 hour period, the caterpillars were collected and their
masses were measure. In addition, the leaves on which the caterpillar had been feeding were
collected and taped to sheets of paper, and then the sheets of paper were scanned to produce
image files. The leaf area lost by each leaf was estimated by drawing the missing leaf areas of the
leaves based on knowledge of the architecture of the horsenettle leaves. Adobe Photophop CS2
software was used in the preparation of the image files (Adobe Systems Inc., San Jose, CA,
USA). These image files were analyzed with SigmaScan software to measure the leaf area of the
plants (Systat Software Inc, San Jose, CA, USA). I measured the leaf area lost to herbivory by
each caterpillar, as well as the total leaf area of each leaf.
The feeding assays were performed on three genotypes of outbred horsenettle during
separate experiments. Each family was tested in two separate experiments. A total of 12 primed
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and unprimed plants were used in each experiment; because 2 caterpillars were put on each plant,
a total of 24 caterpillars per treatment were recorded for each experiment.
The results were analyzed in Minitab using a ANOVA analysis with a genera linear
model. The following factors were used in the models: treatment, experiment (nested in family),
family, and start mass of the caterpillar, which was analyzed as a covariate. The variables
analyzed with the models were the percent change in mass of the caterpillar after twenty-four
hours of feeding, and also leaf area consumed by the caterpillars in centimeters squared.

Statistical methods
Volatile collections
The volatile data was analyzed in Minitab 14 using general linear modeling ANOVA
analysis (Minitab Inc, State College, PA, USA). Daytime and nighttime volatiles were analyzed
separately. All volatiles were analyzed by correcting for leaf area, which was done by dividing
the total volatiles released by the leaf area of the in-dome portion of the plants. A general linear
model was run with the following factors: treatment, day, time of day, and position. The position
corresponded to the location of the plant in the volatile collection set-up during collections, as this
was found to have an effect on volatile production. Luckily, primed and unprimed plants were
distributed in pairs and including the paired positions as a term could help disentangle this effect.
The interactions terms for treatment by day, day by time of day, treatment by time of day, and
treatment by day by time of day were included.
Caterpillar feeding assays
The volatile data was analyzed in Minitab 14 using general linear modeling ANOVA
analysis (Minitab Inc, State College, PA, USA). The following factors were used in the models:
treatment, experiment (nested in family), family, and start mass of the caterpillar, which was
analyzed as a covariate. The variables analyzed with the models were the relative growth rate of
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the caterpillar after twenty-four hours of feeding, and also leaf area consumed by the caterpillars
in centimeters squared.

RESULTS
Volatile collections: family C10X
In the ANOVA analysis of total volatile emissions for family C10X, both treatment and
position were found to be significant factors (p = 0.0000 and p = 0.0001, respectively. See Table
3-1). In the volatile collections for family C10X, unprimed plants released significantly more
total volatiles than both undamaged control plants (p = 0.0000 in Tukey simultaneous pairwise
comparisons) and primed plants (p = 0.0000 in Tukey simultaneous pairwise comparisons).
Primed plants did not produce significantly different volatiles than the control plants (p = 0.1705
in Tukey simultaneous pairwise comparisons). Interestingly, this was most pronounced in day 1;
the volatile production on the primed plants began to increase in day 2, and was greater in day 3,
though still not as high as that of the unprimed plants (see figure 3-1).
Individual compounds in the volatile blends followed several different patterns. Five
compounds followed the trend of the total volatiles; that is, they were greater in unprimed plants
in all three days, and increased in primed plants days 2 and 3 while remaining at low levels in
control plants. These compounds included z-3-hexenal acetate, e-beta ocimene, and nonatriene as
tentatively identified by comparison of retention times with a mix of standard compounds. Two
unidentified compounds also followed this pattern. Two compounds were found in low or
nonexistent levels in control plants but were upregulated in both primed and unprimed plants
equally: one compound, tentatively identified as linalool, was found in all three plants in low
levels in day 1, and then only appeared in the primed and unprimed plants at higher, equal levels
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in days 2 and 3; another unknown compound was found low levels in the control plants and
equally higher levels in primed and unprimed plants. Two unknown compounds had an
interesting trend of being released more by unprimed plants all three days, followed by control
plants, and lastly released in low levels in primed plants. One compound, tentatively identified as
tridecatetraene, was released in higher concentrations by unprimed plants all three days and was
uniformly lower in control and primed plants.

Volatile collections: family B3X
In the volatile collections for family B3X, unprimed plants released more volatiles than
undamaged control plants (p = 0.0113 in Tukey simultaneous pairwise comparisons) and had a
nonsignificant trend of releasing more volatiles than primed plants (p = 0.2222 in Tukey
simultaneous pairwise comparisons). Primed plants released more total volatiles than control
plants (p = 0.0157 in Tukey simultaneous pairwise comparisons). In the ANOVA analysis,
treatment, position, time of day, and day were all significant factors (p < 0.05 for all factors, see
table 3-2).
The shortened time period of volatile collections and the greater number of collections
per day allow for the finer details of volatile release to be investigated (see figures 3-2 and 3-3).
Note that there were no caterpillars on any plants during collection time 1 in day 1; the
caterpillars were first placed on the plants immediately before collection time 2. Interestingly,
some of the primed plants may have released more volatiles in this time period than the unprimed
plants, though this difference is not statistically significant. After two hours, in time 3, the
unprimed plants produce a large quantity of volatiles versus the primed and control plants. In day
1 of collection, the unprimed plants produce more volatiles that the primed plants (see fig. 3-2).
This effect disappears in day 2, however (see fig. 3-3).
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Caterpillar feeding assays
Unlike the volatile collection experiments, caterpillar feeding assays failed to find any
differences between the primed and unprimed treatments. Caterpillars allowed to feed on
horsenettle plants exposed to damage-induced volatiles (primed) or to non-damaged volatiles
(unprimed) did not show any significant differences in their change in mass between the two
treatments (see fig. 3-4 and table 3-3). Likewise, there were no differences in the leaf area
consumed by the caterpillars by treatment (see fig. 3-5 and table 3-4). I also analyzed each
experiment separately, and found no differences between the treatments in the percent change in
caterpillar mass or the leaf area consumed by the caterpillars in any of the experiments (see tables
3-5 through 3-16). However, in the case of the leaf area consumed, the starting mass of the
caterpillar was positively correlated, indicating that larger caterpillars consumed more leaf area
than smaller ones (p = 0.000 for the combined experiments). This is unexciting, though it is an
indication that the caterpillars were eating regularly; we would expect larger caterpillars to eat
more leaf area over a given time period.

DISCUSSION
I hypothesized that primed horsenettle would produce damage-induced volatiles more
quickly when challenged with herbivore attack, as observed in poplar in Frost et al. (2007).
Instead, I found the opposite: non-primed horsenettle plants produced more volalites than primed
horsenettle plants, particularly in the first day of volatile release. This effect tended to diminish as
the experiment continued (see figures 3-1 through 3-3).
I developed a hypothesis that differences in herbivore feeding behavior may account for
these observations. I hypothesized that the primed horsenettle may respond to the damageinduced volatile signals by preparing direct chemical defenses against herbivore attack. These
defenses would deter or retard caterpillar feeding, decreasing the damage that the primed plants
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suffered in the first day of caterpillar attack relative to the unprimed plants. If the primed plants
experienced less herbivore damage in the first day of collections due to stronger direct defenses,
they might release less damage-induced volatile chemicals. This was my initial hypothesis to
explain the lower volatile emissions of the primed plants during the first day of herbivorechallenged volatile emissions.
In order to test this hypothesis, I conducted herbivore feeding assays on primed and
unprimed horsenettle plants. The plants were given primed and unprimed treatments identical to
the process in the volatile collection experiments, and then subjected to herbivore feeding for 24
hours. Each caterpillar was sequestered on one leaf in order to be confident about quantifying the
damage each caterpillar did to the leaf in the time period. I hypothesized that the caterpillars on
the primed horsenettle would gain less mass and consume less leaf area over a twenty-four hour
period. This would be consistent with the hypothesis that primed horsenettle increases its level of
direct defenses to deter herbivore feeding.
Interestingly, I did not find any evidence that the primed horsenettle deters feeding by
Manduca sexta. Despite multiple feeding assays with three genets of horsenettle, I did not show
any differences in the relative growth of the caterpillars on primed or unprimed plants, nor in the
leaf area lost by the primed and unprimed plants during the feeding of the herbviores.
Several studies have found that plants will sometimes reallocate resources from leaf
tissues to roots or other resource-storing tissues in response to herbivory (Orians et al 2011,
Kaplan et al 2008). From personal observations in the lab and field, even a single M. sexta larvae
can significantly defoliate a horsenettle shoot. As horsenettle can return from its rhizome yearly, a
viable strategy for handling an attack by M. sexta may be to sequester resources in its roots and
wait until the next year rather than try to successfully sexually reproduce that year. Thus, the
observed volatile results and lack of apparent direct defense upregulation in primed plants may be
an indication that the horsenettle is trying to sequester its resources rather than fight off the
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attack. I have several reservations about this hypothesis, however: the horsenettle attacked by M.
sexta upregulates its volatile production and releases a damage-induced volatile blend, which is
not consistent with the idea that the horsenettle would sequester its resources rather than try to
defend against the attack. Also, I think that beginning to sequester resources in response to just
perceiving a damage-induced volatile blend before being damaged is a premature response: there
is no guarantee that the responding plant will be attacked just because its neighbor is being
attacked.
Another possibility is that the horsenettle is responding to damage-induced volatile cues
by investing in defenses that would not be detected by the experiments I conducted. Kariyat et al.
(2013) found that mechanical damage and damage by Manduca sexta induce the production of
trichromes and spines on horsenettle. These effects were measured after three weeks. It is
possible that the experience with damage-induced volatiles may induce such a response as well,
but my experiments would not have recognized this: the three days during which the plants were
exposed to the volatiles of damaged plants are likely not enough time for the horsenettle to
produce these defensive structures in significant quantities. If the plants were investing in these
defensive structures, it may explain why the primed plants released less volatile emissions: these
resources may have been diverted to the production of the defensive structures. Unfortunately,
this phenomena was not yet known at the time I was designing and conducting the feeding assays.
A recent paper by Campbell and Kessler studied the induced defenses of a range of
solanaceous plants to investigate the co-evolution of self-compatibility and induced defenses
(Campbell and Kessler 2013). The study found that the self-incompatible plants tended to have
lower levels of induced vs. constitutive defenses. Horsenettle, which was considered a selfincompatible plant in their study despite the fact that horsenettle has delayed self-compatibility,
had a relatively low level of induced defenses, as measured by the difference in M. sexta
performance on damaged plants compared to its performance on undamaged plants. If their
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theory is correct, we might expect horsenettle to not rely heavily on induced defenses and may be
less receptive to priming. Note, however, that their study only studied direct defenses rather than
indirect defenses. Also, this theory would fail to account for the observation of lower volatile
release in the primed plants.
It is possible that methodological problems may account for the results that I found. As
mentioned above, the volatile collection set-up that I used exhibited a positional bias in volatile
collecting during the time periods of my collection. Though the primed and unprimed plants were
paired in adjacent collection chambers, which allowed to me to correct for this bias statistically, it
is possible that the data collected during this time was flawed. In addition, I had problems
maintaining good health in the colonies of my caterpillars; controlling viruses was a problem, and
there were some instances in which the colony experienced significant mortality due to virus.
Improved cleaning methods helped to decrease these problems, however, the caterpillars were
reared in a growth chamber shared with several other species, and it was not possible to maintain
completely sterile conditions in this chamber. Comparisons of the growth rate of Manduca sexta
reared in my colonies versus those reared in the sterile conditions of a collaborating lab found that
my caterpillars had a much lower growth rate, even in colonies that did not exhibit any signs of
virus or disease mortality. This leads me to believe that my caterpillars may not have been in the
best health, which may have impacted by experiments.
Despite potential sources of error, this study provides interesting evidence that suggests
that the phenomenon of plant-plant communication may be more varied that previously
appreciated. Contra Frost et al 2007, I found that plants exposed to herbivore-induced plant
volatiles released less volatile emissions than unexposed plants rather than demonstrating
increased volatile emissions. Based on my experiments with caterpillar feeding, it does not appear
that reallocation of resources to direct defenses is the reason for this decrease in volatile
emissions. It is possible that these findings have an ecological explanation: for example, the

64
HIPV-exposed plants may be exploiting signaling work performed by their neighbors. The
distance at which the damaged plants exposed the target plants was very short in my experiment.
It is possible that the exposed plants could recognize that their neighbors were already releasing
chemicals that would attract predatory and parasitic insects to their general location, and that they
could receive the benefits of this attraction without needing to produce as high a concentration of
herbivore-induced plant volatiles. That is, once attracted to a patch of plants by strongly signaling
plants, parasitoids would also visit less strongly signaling neighbors of those plants, allowing the
subsequent plants to receive the benefits of parasitoid attraction with lower costs. Additional
research on short-distance parasitoid attraction may be able to reveal if this hypothesis is correct.
At the least, these experiments indicate that plant responses to herbivore induced plant volatiles
may be more complex than the current body of work represents.
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Appendix 1: Tables
Table 3-1: ANOVA analysis of total daytime volatiles in ng per cm2 for family C10X.
S = 1.38463 R-Sq = 61.40% R-Sq(adj) = 44.86%.
Source
Treatment
Position
Time of Day
Day
Treatment * Time of day
Treatment * Day
Treatment * Time of day
Treatment * time * Day
Error
Total

DF
2
4
1
2
2
2
4
4
49
70

Seq. SS
82.373
40.938
0.382
19.031
0.052
2.692
1.776
2.190
93.942
243.375

Adj. SS
90.292
41.187
0.367
11.692
0.047
1.871
1.603
2.190
93.942

Adj. MS
45.146
10.297
0.367
5.846
0.023
0.935
0.401
0.547
1.917

F
23.55
5.37
0.19
3.05
0.01
0.49
0.21
0.29

P
0.000
0.001
0.664
0.056
0.988
0.617
0.932
0.886

Table 3-2: ANOVA analysis of total daytime volatiles in ng per cm2 for family B3X.
S = 7.00830 R-Sq = 68.73% R-Sq(adj) = 56.73%
Source
Treatment
Position
Time of Day
Day
Treatment * Time of day
Treatment * Day
Treatment * Time of day
Treatment * Time * Day
Error
Total

DF
2
4
4
1
8
2
4
8
86
119

Seq. SS
785.47
756.69
2251.80
3836.31
241.49
316.10
1021.24
74.37
4224.00
13507.47

Adj. SS
451.78
756.69
1448.90
2429.37
241.49
316.10
683.79
74.37
4224.00

Adj. MS
225.89
189.17
362.22
2429.37
30.19
158.05
170.95
9.30
49.12

F
4.60
3.85
7.37
49.46
0.61
3.22
3.48
0.19

P
0.013
0.006
0.000
0.000
0.763
0.045
0.011
0.992

Table 3-3: ANOVA analysis of total feeding assay data, % change in mass.
ANOVA analysis for the change in caterpillar mass as a percent of original mass for the
combined feeding assays. S = 23.4376 R-Sq = 56.60% R-Sq(adj) = 55.16%. X denotes that an
exact F-test was not used; family term is conflated with the experiment term. Start mass was
analyzed as a covariate.
Source
Treatment
Experiment (Family)
Family
Start Mass
Error
Total

DF
1
3
2
1
211
218

Seq. SS
71
108975
42034
79
115906
267064

Adj. SS
255
110087
25471
79
115906

Adj. MS
255
36696
12736
79
549

F
0.46
66.80
0.37
0.14

P
0.496
0.000
0.718x
0.706
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Table 3-4: ANOVA analysis of total feeding assay data, leaf area lost.
ANOVA analysis for the leaf area lost (cm2) for the combined feeding assays. S = 2.28440
R-Sq = 62.71% R-Sq(adj) = 61.44%. X denotes that an exact F-test was not used; family term is
conflated with the experiment term. Start mass was analyzed as a covariate.
Source
Treatment
Experiment (Family)
Family
Start Mass
Error
Total

DF
1
3
2
1
205
212

Seq. SS
3.76
999.92
729.61
66.09
1069.79
2869.16

Adj. SS
1.83
973.21
784.16
66.09
1069.79

Adj. MS
1.83
324.40
392.08
66.09
5.22

F
0.35
62.16
1.30
12.66

P
0.555
0.000
0.393
0.000

Table 3-5: ANOVA analysis of % change in mass for family B3X, experiment 1.
ANOVA analysis for the change in caterpillar mass as a percent of the original mass for one
experiment of family B3X. S = 27.0950 R-Sq = 8.78% R-Sq(adj) = 4.33%. Start mass was
analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
41
43

Seq. SS
6.5
2888.8
30099.6
32994.9

Adj. SS
242.5
2888.8
30099.6

Adj. MS F
P
242.5
0.33 0.569
2888.8
3.94 0.054
734.1

Table 3-6: ANOVA analysis of leaf area lost (in cm2) for family B3X, experiment 1.
ANOVA analysis for the leaf area consumed (cm2) for one experiment of family B3X.
S = 1.06727 R-Sq = 26.12% R-Sq(adj) = 22.52%. Start mass was analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
41
43

Seq. SS
14.087
2.428
46.702
63.217

Adj. SS
9.098
2.428
46.702

Adj. MS F
P
9.098
7.99 0.007
2.428
2.13 0.152
1.139
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Table 3-7: ANOVA analysis of % change in mass for family B3X, experiment 2.
ANOVA analysis for the change in caterpillar mass as a percent of the initial mass. S = 20.4550
R-Sq = 13.14% R-Sq(adj) = 8.31%. Start mass was analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
36
38

Seq. SS
2199.0
79.4
15062.6
17341.0

Adj. SS
2067.9
79.4
15062.6

Adj. MS F
P
2067.9
4.94 0.033
79.4
0.19 0.666
418.4

Table 3-8: ANOVA analysis of leaf area lost (cm2) for family B3X, experiment 2.
ANOVA analysis for the leaf area lost (cm2) for one experiment of family B3X. S = 4.59812
R-Sq = 26.42% R-Sq(adj) = 21.51%. Start mass was analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
36
38

Seq. SS
2199.0
79.4
15062.6
17341.0

Adj. SS
2067.9
79.4
15062.6

Adj. MS F
P
2067.9
4.94 0.033
79.4
0.19 0.666
418.4

Table 3-9: ANOVA analysis of % change in mass for family A4X, experiment 1.
ANOVA analysis for the change in caterpillar mass as a percent of the original mass for one
experiment of family A4X. S = 7.06092 R-Sq = 3.57% R-Sq(adj) = 0.00%. Start mass was
analyzed as a covariate.
Source
Treatment
Start Mass
Error
Total

DF
1
1
30
32

Seq. SS
38.64
16.77
1495.70
1551.11

Adj. SS
33.58
16.77
1495.70

Adj. MS F
P
33.58
0.67 0.418
16.77
0.34 0.566
49.68

Table 3-10: ANOVA analysis of leaf area lost for family A4X, experiment 1.
ANOVA analysis for the leaf area consumed (cm2) for one experiment of family B3X.
S = 0.886998 R-Sq = 42.36% R-Sq(adj) = 38.51%. Start mass was analyzed as a covariate.
Source
Treatment
Start Mass
Error
Total

DF
1
1
30
32

Seq. SS
0.4088
16.9337
23.6029
40.9455

Adj. SS
0.7602
16.9337
23.6029

Adj. MS F
P
0.7602
0.97 0.333
16.9337 21.52 0.000
0.7868
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Table 3-11: ANOVA analysis of % change in caterpillar mass for family A4X, experiment 2.
ANOVA analysis for the change in caterpillar mass as a percent of the original mass for one
experiment of family A4X. S = 34.5851 R-Sq = 19.37% R-Sq(adj) = 15.01%. Start mass was
analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
37
39

Seq. SS
10604
26
44257
54886

Adj. SS
10622
26
44257

Adj. MS F
P
10622
8.88 0.005
26
0.02 0.884
1196

Table 3-12: ANOVA analysis of leaf area lost (cm2) for family A4X, experiment 2.
ANOVA analysis for the leaf area consumed (cm2) for one experiment of family B3X.
S = 1.32556 R-Sq = 11.97% R-Sq(adj) = 7.21%. Start mass was analyzed as a covariate.
Source
Start Mass
Treatment
Error
Total

DF
1
1
37
39

Seq. SS
7.925
0.918
65.013
73.856

Adj. SS
7.799
0.918
65.013

Adj. MS F
P
7.99
4.44 0.042
0.918
0.52 0.474
1.757

Table 3-13: ANOVA analysis of % change in caterpillar mass for family C10X, experiment 1.
ANOVA analysis for the change in caterpillar mass as a percent of the original mass for one
experiment of family C10X. S = 12.8495 R-Sq = 2.43% R-Sq(adj) = 0.00%. Start mass was
analyzed as a covariate.
Source
State Mass
Treatment
Error
Total

DF
1
1
25
27

Seq. SS
43.5
59.4
4127.7
4230.6

Adj. SS
54.2
59.4
4127.7

Adj. MS F
P
54.2
0.33 0.572
59.4
0.36 0.554
165.1

Table 3-14: ANOVA analysis of leaf area loss (cm2) for family C10X, experiment 1.
ANOVA analysis for the leaf area consumed (cm2) for one experiment of family C10X.
S = 1.01162 R-Sq = 28.16% R-Sq(adj) = 22.41%. Start mass was analyzed as a covariate.
Source
State Mass
Treatment
Error
Total

DF
1
1
25
27

Seq. SS
9.728
0.298
25.585
35.611

Adj. SS
9.978
0.298
25.585

Adj. MS F
P
9.978
9.75 0.004
0.298
0.29 0.594
1.023
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Table 3-15: ANOVA analysis of % change in caterpillar mass for family C10X, experiment 2.
ANOVA analysis for the change in caterpillar mass as a percent of the original mass for one
experiment of family C10X. S = 12.0911 R-Sq = 10.47% R-Sq(adj) = 4.87%. Start mass was
analyzed as a covariate.
Source
State Mass
Treatment
Error
Total

DF
1
1
32
34

Seq. SS
512.0
34.9
4678.2
5225.1

Adj. SS
510.7
34.9
4678.2

Adj. MS F
P
510.7
3.49 0.071
34.9
0.24 0.628
146.2

Table 3-16: ANOVA analysis of leaf area loss (cm2) for family C10X, experiment 2.
ANOVA analysis for the leaf area consumed (cm2) for one experiment of family C10X.
S = 1.16016 R-Sq = 29.60% R-Sq(adj) = 25.20%. Start mass was analyzed as a covariate.
Source
State Mass
Treatment
Error
Total

DF
1
1
32
34

Seq. SS
16.895
1.216
43.071
61.182

Adj. SS
16.851
1.216
43.071

Adj. MS F
P
16.851
12.52 0.001
1.216
0.90 0.349
1.346
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Appendix 2: Figures

Fig. 3-1: Total volatile emissions, volatile collection experiment 1, family C10X
This figure shows a boxplot of total volatile emissions in ng/cm^2 collected over the total 6 hours
of volatile collections. ‘C’ denotes undamaged control plants; ‘P’ denotes primed plants exposed
to damage-induced volatile emissions prior to volatile collection and subjected to herbivore attack
during the volatile collection period. ‘UP’ denotes unprimed plants exposed to undamaged
volatile emissions and subjected to herbivore attack during the volatile collection period. The
graphs shows days 1, 2 and 3 of volatile collections.
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Fig. 3-2: Total volatile emissions, volatile collection experiment 2, day 1, family B3X
This figure shows a boxplot of total volatile emissions in ng/cm^2 collected over each 2-hour
collection period of the first day of volatile collections. ‘Time of day’ indicates 2 hour time
intervals starting at 8 AM and lasting until 6 PM. ‘C’ denotes undamaged control plants; ‘P’
denotes primed plants exposed to damage-induced volatile emissions prior to volatile collection
and subjected to herbivore attack during the volatile collection period. ‘UP’ denotes unprimed
plants exposed to undamaged volatile emissions and subjected to herbivore attack during the
volatile collection period. The plants were subjected to herbivore damage at the start of the
second collection period, at 10 AM.
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Fig. 3-3: Total volatile emissions, volatile collection experiment 2, day 2, family B3X
This figure shows a boxplot of total volatile emissions in ng/cm^2 collected over each 2-hour
collection period of the second day of volatile collections. ‘Time of day’ indicates 2 hour time
intervals starting at 8 AM and lasting until 6 PM. ‘C’ denotes undamaged control plants; ‘P’
denotes primed plants exposed to damage-induced volatile emissions prior to volatile collection
and subjected to herbivore attack during the volatile collection period. ‘UP’ denotes unprimed
plants exposed to undamaged volatile emissions and subjected to herbivore attack during the
volatile collection period.
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Fig. 3-4: Relative growth rate of caterpillars on primed and unprimed plants
This figure shows the relative growth rates of the caterpillars after 24 hours of caterpillar feeding.
‘P’ denotes primed plants previously exposed to damage-induced volatiles; ‘UP’ denotes plants
exposed to undamaged volatiles. The genets of the plants are shown below the treatments.
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Fig. 3-5: Leaf area lost to herbivory by caterpillars on primed and unprimed plants
This figure shows leaf area lost to herbivory after 24 hours of caterpillar feeding. ‘P’ denotes
primed plants previously exposed to damage-induced volatiles; ‘UP’ denotes plants exposed to
undamaged volatiles. The genets of the plants are shown below the treatments.
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Chapter 4
Crying wolf or honest threats?
Volatile emissions and plant-herbivore interactions in three Nicotiana species
ABSTRACT
Herbivore-induced plant volatiles act as indirect defenses of plants by attracting
predatory insects and repelling ovipositing herbivores. These volatile emissions act as a signaling
system in which the plant benefits by modifying the behavior of predatory and herbivorous
insects. When the plant signals herbivore presence through herbivore-induced plant volatiles,
predatory insects can benefit from responding to this signal because they will be more likely to
encounter prey. Herbivores can benefit from responding to this signal because they can avoid
intraspecific competition. There is a theoretical expectation, however, that plants may be able to
exploit this system by mimicking an herbivore-induced volatile signal and deceptively signaling
in the absence of herbivore attack to get the benefits of predator attraction and herbivore
repulsion at the expense of the predators and herbivores that respond. This study investigates a
system in which a plant species may be deceptively signaling. By examining the volatile
emissions and plant-herbivore interactions between three Nicotiana species and a specialist
herbivore, Heliothis virescens, this study addresses the question of deception and honesty in
signaling. This study does not find evidence of deceptive signaling in this system, but instead
finds an herbivore-resistant species, Nicotiana longiflora, that releases a characteristic blend of
volatile emissions that may be an honest signal of defensive status.
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INTRODUCTION
Plant volatile emissions mediate many plant-insect interactions. Plants modify their
volatile release upon herbivory, which attracts predatory and parasitoid insects (e.g. De Moraes et
al., 1998; Dicke et al., 1999; Dicke et al., 1998; Shimoda et al., 1997; Paré & Tumlinson ,1999).
These herbivore-induced plant volatiles also can deter herbivore oviposition or feeding (De
Moraes et al., 2001; Heil, 2004; Bernascoli et al., 2001). Herbivore-induced plant volatiles have
been found to lower herbivory in the field (Kessler & Baldwin, 2001; Kost & Heil, 2008). In
addition, herbivore-induced plant volatiles have also been found to operate within and between
plants to increase plant responses to herbivory or increase plant resistance to herbivory (Karban et
al., 2001; Karban and Baxter, 2001; Karban et al., 2006, Frost et al. 2007, 2008). The role of plant
volatile chemicals in predator attraction, herbivore repelling, and plant defense coordination has
lead to the classification of plant volatiles as a form of indirect plant defenses (Paré &
Tumlinson,1999).
Plant volatiles are effective plant defenses because they can effectively manipulate the
behavior of other organisms: by attracting predators, or by repelling herbivores. Plant volatiles,
therefore, act as signals: they are an evolved feature of a plant that increases the fitness of the
plant by altering the behavior of other organisms detecting that signal (Smith & Harper, 1995;
Hasson, 1994; Hasson, 1997). Signaling interactions, however, are often vulnerable to cheating
and deception if the signaling organism can gain benefits by deceptively signaling at the expense
of the receiving organism (Dawkins and Krebs, 1978).
For example, in Batesian mimicry, a model sends a signal to a receiver that
produces a behavior in the receiver from which both parties benefit (Wickler 1965). For example,
the distinctive black and gold coloration of an unpalatable pipevine swallowtail moth provides a
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distinctive signal to predators that warns predators of its toxicity (Jeffords et al., 1977). Predators
will evolve to avoid food of this coloration to avoid negative health consequences of ingesting the
moth, or will learn through experience to recognize the color pattern and avoid eating the moth.
The moth benefits because it avoids predation; predators benefit because they avoid ingesting the
toxic moth. Another moth that occurs in the same habitat as the pipevine swallowtail, the
Callosamia promethea saturniid moth, is palatable but has a coloration pattern similar to the toxic
pipevine swallowtail. C. promethea is a Batesian mimic: predators who have evolved or learned
to avoid the pipevine will behave similarly towards C. promethea, despite the fact that this moth
is palatable. The C. promethea moth benefits, because it avoids predation, but the predators who
respond to its signal suffer the loss of a potential meal. Despite the cost of responding to the moth
in this case, the predators will maintain their response to this signal as long as the cost to
responding (losing the potential meal of the palatable moth) is lower than the cost of not
responding (poisoning oneself by eating the toxic moth). Thus, the stability of this mimicry
system is frequency dependent: the mimic relies on the model to be prevalent enough to reinforce
the signaling system. In cases where the model is absent or too rare to reinforce the signal, the
mimicry system may break down and the predators may cease to respond to the signal, as has
been observed in some Batesian mimicry systems where the prevalence of the model varies with
geography (Pfennig et al., 2001).
Mimicry and deceptive signaling systems have been documented in many plant-insect
pollination systems (Dafni, 1984). Some orchids species that don’t offer any nectar reward to
pollinators have been found to mimic rewarding orchid species through mimicry of the
morphology and spectral characteristics of the rewarding orchid flowers (Johnson, 1994 and
2000). Other orchids have floral morphology, coloring, and even volatiles cues that mimic
females of certain species of solitary bees (Schiestl et al., 2000; Singer 2002). In addition, plant
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pathogens have been found to manipulate the volatile emissions of their hosts to deceptively
signal plant quality and attract insect vectors to lower-quality hosts (Mauck et al., 2010; Mann et
al. 2012). Deceptive signaling has not, however, been extensively documented in herbivoreinduced plant volatile signaling (though see Shiojiri et al., 2010).
Is it possible that such conditions might arise in herbivore-induced plant volatiles
systems? In pollination systems, plants have a very clear evolutionary benefit to gain from
attracting pollinators: for outcrossing plants, the sexual success and thus ultimately the
evolutionary success of the plant is dependent upon attracting pollinators. When signaling
herbivore presence, plants have clear benefits to gain- herbivore-induced plant volatiles can
attract predators and discourage herbivore oviposition. It is possible, however, for the plants to
benefit from signaling the presence of herbivores even in the absence of herbivory. By attracting
predatory insects to the plant, the plant may benefit from faster predator response in the case of
herbivore attack, as the predatory insects may already be searching the plant and the lag time
between herbivore attack and the production of attractive volatiles will be eliminated. Some
plants invest in attraction of predators by producing extrafloral nectaries that will produce nectar
and attract predatory insects (Bentley 1977). Often, these nectaries are present on plants even
when the plants are undamaged, which demonstrates the utility of investing in predator attraction
regardless of herbivory status, though many plants also upregulate the production of nectar in
response to herbivory as well (Stephenson 1982).
The benefits of deceptively signaling to herbivores are stronger and clearer. The emission
of herbivore-induced plant volatiles to repel ovipositing herbivores has clear justification for the
herbivores that benefit from avoiding intraspecific competition and defense-induced plants. The
plant does benefit from deterring herbivore oviposition when it is damaged, but it would also
benefit from deterring herbivore oviposition when it is not damaged: If the plant can release a
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volatile emission that will discourage herbivore oviposition, why release this blend only when
damaged? The plant would always benefit from discouraging herbivore oviposition; a plant that
“lies” by releasing a blend that mimic the herbivore-induced blend of a model plant might benefit
from reduced oviposition by herbivores attempting to avoid the consequences of ovipositing on
an infested plant, in a way similar to a palatable moth avoid natural enemies by mimicking an
unpalatable moth. An example of a plant that deceptively signals with to herbivores and/or
predators has not yet been observed, but there are strong theoretical reasons to believe that it may
be possible.
One field study of a survey of different species of the Nicotiana genus may have found
evidence of deceptive signaling of herbivore-induced plant volatiles. Jackson et al. (1996) planted
fields of 18 different species of tobacco, the Nicotiana genus, including cultivated tobacco,
Nicotiana tabacum, and wild species of tobacco. These researchers tracked the presence of the
parasitoid wasp Cardiochiles nigriceps and its herbivore prey, the lepidopteran Heliothis
virescens. The study found that fields of different species of tobacco had differential presence of
the parasitoid wasp Cardiochiles nigriceps. Fields of Nicotiana noctiflora attracted over twenty
times the number C. nigriceps as did fields of N. tabacum, despite low levels of herbivore
infestation in N. noctiflora. The authors of the study suggested that N. noctiflora may be attractive
to the parasitoid wasps in the absence of herbivore damage. Another species of wild tobacco,
Nicotiana longiflora, also low levels of herbivore infestation compared to cultivated tobacco.
This study may represent a case of deceptive signaling within the context of herbivoreinduced plant volatiles: Nicotiana noctiflora may be releasing a volatile emission when
undamaged that mimics the herbivore-induced volatile blend of another tobacco species. By
doing this, N. noctiflora may be attracting the parasitoid wasp despite the low levels of herbivory,
and also may be discouraging H. virescens oviposition. This might explain the low levels of
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herbivory found in N. noctiflora fields relative to the other tobacco species, and the high
population of wasps found in N. noctiflora fields.
Another explanation for the distribution of Heliothis virescens, however, may be
differences in palatability of the different tobacco species to the herbivore. Nothing is known
about the relative palatabilites of these species to H. virescens. Rather than deceptively signaling
herbivore presence, N. noctiflora and N. longiflora may be more resistant to Heliothis virescens
herbivory. This could explain the low levels of herbivory found in fields of these plants. The
plants may vary in their volatile emissions, but this may be an honest signal of defensive status if
the plant vary in their susceptibility to herbivory.
Members of the Nicotiana genus range from small herbaceous plants to bushes and small
trees. The Nicotiana genus contain several defensive alkaloid compounds, notably nicotine,
which are effective defensive compounds against insect and mammalian herbivores, though
specialist herbivores can tolerate or sequester nicotine (Stepphun et al., 2004; Jackson et al.,
2002; Wink & Theile, 2002). Cultivated tobacco, Nicotiana tabacum, releases a distinctive
volatile blend when attacked by the herbivorous lepidopteran caterpillar Heliothis virescens. The
daytime herbivore-induced volatile blend attracts the parasitoid wasp Cardiochiles nigriceps (De
Moraes et al. 1998). The nighttime volatile blend repels ovipositing H. virescens females (De
Moraes et al. 2001). The two wild species in this study, N. noctiflora and N. longiflora, are native
to South America, which is thought to be the ancestral home of the Nicotiana genus (Aoki & Ito,
2000).
This study focuses on three species of tobacco: cultivated tobacco, Nicotiana tabacum,
and two wild species, Nicotiana noctiflora and Nicotiana longiflora. This study investigated the
induced volatile responses of the three nicotiana species to herbivory. In particular, this study
looked for evidence that one of the species deceptively signals herbivore-induced plant volatiles
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in the absence of herbivory. I also investigated the palatability of the three nicotiana species to
feeding by H. virescens to investigate if the three species differ in their susceptibility to H.
virescens. Finally, I investigated the feeding preferences of caterpillars when given the choice of
different Nicotiana species to investigate if the caterpillars could differentiate between palatable
and unpalatable host plants.

MATERIALS AND METHODS
Nicotiana species plant growing
Three different tobacco species were used: Nicotiana tabacum, cultivated tobacco strain
K326, and two wild strains, Nicotiana longiflora and Nicotiana noctiflora. N. longiflora and N.
noctiflora seeds were obtained from the North Carolina State University’s North Carolina
Research Campus seed bank. Seeds were planted in shallow dishes of soil and allowed to
germinate, after which the seeds were transplanted in pots of 1150 cm3 of Pro-Mix potting soil
with 5g of osmocote slow-release fertilizer (PK: 14-14-14). Plants were germinated and grown in
climate-controlled, insect-free growth chambers under fluorescent and incandescent lights with a
16:8 light-dark photoperiod at 24 oC. Due to the slower growing times of the N. noctiflora, N.
noctiflora seeds were planted and transplanted one week after the other two species. Plants were
used for volatile experiments two weeks after transplanting for the N. tabacum and N. longiflora;
three weeks after transplanting for the N. noctiflora. This was discovered after the first round of
volatile testing; because of this and other problems, the volatile collections for the Nicotiana
species are being repeated to obtain more consistent data. For herbivory tests, plants were used 34 weeks after transplanting.
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Heliothis virescens caterpillar rearing
Heliothis virescens eggs were bought from BioServ and reared on artificial pinto-bean
based diet. They were reared in climate-controlled growth chambers 16:8 light-dark photoperiod
at 25 oC. Caterpillars were used in experiments when they reached their third instar.

Nicotiana species volatile collections
Volatile emissions of the tobacco plants were collected by sampling the airspace of the
tobacco plants enclosed in glass chambers with Teflon bases. The methods used have been
established in previous papers such as De Moraes et. al. 1998. Volatile collections were
conducted in a growth chamber equipped with high-intensity sodium-halide lights, using a pushpull collection system (Analytical Research Systems, Gainsville, FL, USA). The plants were
placed in 4 liter glass domes with Teflon bases that fit around the stems of the plants. Unwound
cotton balls were used to protect the stems from harm as well as ensure the caterpillars would stay
in place. Filtered air was pushed over the plants at 2.0 L/min and pulled from the headspace at 1.0
L/min through an adsorbent volatile trap (Super-Q, 40 mg; Alltech Associates, Deerfield, IL,
USA). Plants were placed into chambers the night before the collections started to allow plants to
acclimate to the chamber conditions. At the start of the collection time, four 3rd instar H. virescens
caterpillars were put into the collection domes of those plants assigned to the damage treatment.
Volatile collections were taken in 8-hour time intervals, from 9:00 AM to 5:00 PM for three days.
Volatile collections were also taken during the nights between days 1 and 2 and days 2 and 3 for
8 hours between 10 PM and 6 AM. Following the collections, the leaves of the plants were taped
onto paper and scanned so that their leaf areas could be measured. SigmaScan software was used
to measure the leaf areas remaining as well as estimate the leaf area lost to herbivory by the
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damaged plants (Systat Software Inc, San Jose, CA, USA). A total of eight plants for each
treatment were recorded over four collection sessions.
After collection, the traps were eluted with 150 μL methylene chloride plus 5 μL of a mix
containing the internal standards n-octane (40 ng/μL) and nonyl-acetate (80 ng/μL). Samples
were then injected, in 1-μL aliquots, into an Agilent model 6890 gas chromatograph fitted with a
flame ionisation detector (GC-FID) (column: Agilent 19091Z-331, 0.25 mm internal diameter,
0.1 μm film thickness, 15 m length). For compound identification, representative samples from
each treatment were analysed using a 30 m HP-1 column in a 6890 GC with a mass spectrometer
(electron ionisation mode). The peaks were identified through comparison of mass spectra to the
NIST 2008 Mass Spectral Library (National Institute of Standards and Technology) – and to pure
standards where possible – and extrapolated these identifications to all samples using the
retention indices (which was possible because columns with the same chemical properties were
used on both the GC-MS and the GC-FID). The samples were then quantified based on peak area
relative to that of the internal standards.

Caterpillar feeding assays
Plants and caterpillars were reared as described above for all feeding assays. For the first
feeding assay, late 2nd instar caterpillars were numbers and kept singly overnight to starve them
and induce them to molt to 3rd instar caterpillars. The mass of each caterpillar was taken. These
caterpillars were randomly assigned to different tobacco species and were fed leaves from that
species for two days, with leaves freshly changed each day. Caterpillars were kept in petri dishes
singly during this time. At the end of two days, the caterpillars were removed from the leaves and
the mass of each caterpillar was taken. I also weighed each caterpillar again the next morning to
account for differences in the mass of food in the caterpillar’s digestive tract, and found a much
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smaller range of variability in the caterpillar masses. Twelve caterpillars per plant species were
recorded in this way.
In the second feeding assay, I included a damage treatment for the plants. Half of the
plants of each species were subjected to herbivory for 48 hours by containing caterpillars on
leaves with clip cages. Two caterpillars per plant were used. After 48 hours, removed leaves from
damaged and undamaged plants and enclosed these leaves in plastic bags with newly molted 3rd
instar caterpillars. The masses of these caterpillars were recorded before the experiment. After 48
hours, I collected these caterpillars and recorded their masses the next morning. Ten caterpillars
per herbivory treatment and plant species were recorded in this way.

Caterpillar choice test
Caterpillars were given two-choice choice assays. For these assays, 9mm circumference
leaf discs were taken from mature, but not old, leafs from plants of each of the three plant species.
These leaf discs were pinned onto foam with filter paper on top in 8-well plates, with two leaf
discs of different species per well. Freshly molted 3rd instar caterpillars were placed into these
wells, one caterpillar per well. These caterpillars were allowed to eat for 18 hours, after which
they were removed. The leaf discs were scanned and the percentage of leaf area lost was analyzed
with SigmaScan software (Systat Software Inc, San Jose, CA, USA). Paired t-tests were used to
analyze the percentage leaf area lost in each choice pair. Twelve caterpillars per pair of plant
species were recorded this way.

Statistical methods
Volatile analysis
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The volatile emissions data was prepared to describe the amount of volatile compounds
released (ng) per leaf area (cm2) over the 8-hour time interval (hr). The volatile data was
expresser in nanograms per leaf area in order to account for the size of the plants. The emissions
data was converted from nanograms to picograms for the descriptive statistics due to the very
small amounts of volatile emissions in some samples. Minitab 14 statistical software was used to
generate means and standard error for individual compounds and the total volatiles, and to
perform ANOVA tests on the total volatiles with the General Linear Model function (Minitab Inc,
State College, PA, USA). The data was log transformed for the ANOVA tests to achieve
normality. For each day and night, ANOVA analysis was performed on the total volatile
production (ng/(8hr*cm2)). The explanatory variables were herbivory status, plant species,
experiment (as a random variable), and the interaction between herbivory status and plant species.
Post hoc tests were carried out to separate means after Bonferroni corrections to attain pairwise
comparisons.
In order to investigate the composition of the volatile blends, a random forest analysis
was performed using R and the randomForest package (R Core Development Team, 2009). As
described in Ranganathan and Borges (2010), the random forest machine-learning algorithm
allows us to classify patterns in volatile profiles and elucidate which volatile compounds are most
useful for recognizing different classes of volatile blends. The random forest algorithm uses a
subset of the total volatile compounds to classify a subset of the volatile samples, and then
reiterates this over a decision tree of possible subsets. In each iteration, the algorithm leaves a
subset (around a 1/3) of the samples unexamined, so that these can be compared to the
classification method and used to measure the rate at which the algorithm incorrectly assigns a
category to a sample (called the out of box error, or OOB).
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The random forest analysis was used to examine the data in several ways.
Multidimentional scaling plots (MDS) were generated that can be used to visualize similarities in
the volatile blends based on the classification methods of the random forest algorithm. Proximity
of points or clusters of points in the MDS plot represents similar patterns of volatile compounds
as recognized by the random forest analysis. In addition to this, the Variable selection from
random forest package, VarSelRF, was used to order different volatile compounds in order of
their importance to generating accurate random forest algorithms. This was calculated by
measuring the increase in OOB error when the compound was not used in the random forest
iteration. This allows us to examine which compounds drive differences between treatments in
the volatile blends. These compounds were selected for further analysis by examining the means
and standard errors for the different treatment groups, using the day 2 volatile collection data. The
day 2 volatile collection data was used to investigate these compounds because they plants
experienced enough damage and had enough time to produce very characteristic herbivoreinduced volatile blends, but were not yet experiencing too much stress from the collection
procedure, as I observed in day 3 of volatile collections.

Caterpillar feeding assays
All of the caterpillar feeding assays were analyzed with the relative growth rate of the
caterpillar, which was calculated with the equation:
R = (F – I)/I
Where F is the final mass of the caterpillar after the feeding assay, I is the initial mass of the
caterpillar before the assay, and R is the relative growth rate of the caterpillar over the time period
of the feeding assay. All of the data analysis was conducted using Minitab 14 statistical software
(Minitab Inc, State College, PA, USA).
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The first feeding assay, which did not have any damage treatments, was analyzed using
one-way ANOVA on the relative growth rate of the caterpillars, with the species of the host plant
as the factor. Tukey simultaneous 95% confidence intervals were generated for pairwise
comparisons of the three plant species.
The second feeding assay, which did have damage treaments, was analyzed using the
General Linear Model ANOVA function of Minitab on the relative growth rate of the caterpillars.
The factors were species, herbivores, and the interaction. Tukey simultaneous 95% confidence
intervals were generated for pairwise comparisons of the three plant species.

Caterpillar choice assays
The leaf area remaining of each leaf disc was used to calculate the proportion of each
disk consumed by the caterpillar. Paired t-tests were used to compare the proportions of the leaf
discs consumed by the caterpillar for each two-species comparison. Minitab 14 statistical
software was used to perform these analyses (Minitab Inc, State College, PA, USA).

RESULTS
Nicotiana species volatile collections
Daytime volatile emissions
As predicted from previous research, there was an increase in total volatile production in
herbivore-damaged plants: for example, on day 2, herbivore-damaged plants produced an average
of 19,800 picograms of volatiles per cm2 of leaf area over the 8 hour time interval, while
undamaged plant produced only an average of 500 (see table 4-1 through 4-4 and fig 4-1). There
were also differences in the volatile production between species (see table 4-1 thorugh 4-4 and
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fig. 4-2): the wild species Nicotiana longiflora produced more volatiles than domesticated
Nicotiana tabacum or the wild species Nicotiana noctiflora. For damaged plant in day 2 for
example, N. longiflora produced 48,725  23271 picograms of volatiles per cm2 of leaf area over
the 8 hour time interval, while damaged N. tabacum and N. longiflora produced less than a sixth
(7618  1737) and tenth (3115  1102) of that, respecitvely. Interestingly, N. longiflora produced
more volatiles when undamaged than the other two species (see table 4-1), and undamaged N.
longiflora produced more volatiles each day of the collection period (For day 2, undamaged N.
longiflora total volatile production = 1133  307; N. noctiflora = 412  175, N. tabacum = 225.8
 72.1).
For analysis of individual volatile compounds, a random forest analysis was conducted to
investigate the similarities between the volatile blends and identify important compounds
indicative to the different treatments. A multidimensional scaling plot of each of the three
collection days was constructed (see figs. 4-3, 4-4, and 4-5). Firstly, from the perspective of our
original hypothesis, none of the undamaged plant blends cluster strongly with the damaged plant
blends; it does not appear that any of the plant species are mimicking damage-induced volatile
blends when undamaged. Even so, an interesting pattern emerges: the volatile blend of N.
longiflora clusters away from the other blends. As the experiment progresses into days 2, the
damage-induced volatile blends of the plants all cluster near each other, while undamaged N.
longiflora remain separate from other treatments. In day 3, this trend continues, though damaged
N. longiflora separates from the damaged blends of the other two species and looks more similar
to undamaged N. longiflora. There must be differences in the compounds in the volatile blends
that are driving these observations.
In order to ascertain which compounds are important in recognizing the different volatile
blends, the variable selection analysis was performed in the random forest (see fig. 4-6 for the
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analysis for day 2). This generated a list of compounds to investigate further (see table 4-5 for
means and standard errors in day 2). From this list, we can see some patterns emerging: There are
a number of compounds that are upregulated in all damaged plants, such as b-cis ocimene, bmyrcene, a-caryophyllene, b-pinene, and unknown compounds C35 and C44. There are also
compounds unique to N. longiflora or produced in only trace quantities in the other plants, such
as the unknown compounds C18, C39. These compounds, along with b-cis ocimene, are produced
in undamaged N. longiflora, though all are also upregulated in damaged plants. This creates a
distinct undamaged blend in N. longiflora and drives differences between its volatile blend and
those of the other plants. The damaged blends of the plants are less different because N.
longiflora, while still producing those unique compounds, also share the other damage-induced
compounds with the two other Nicotiana species. N. noctiflora did produce one compound not
produced in the other species, C16, but this was only found in a small amount in the undamaged
blend and upregulated in its damaged volatile blend, so its volatile response was very similar to
N. tabacum. This meant that N. longiflora had a volatile signature distinct from the other two
species, particularly when undamaged, and that its undamaged volatile blend contained some
compounds associated with damage, though it did not precisely mimic a damaged volatile blend.

Nighttime volatile emissions
Nightime volatile emissions also found an increase in total volatile production in
herbivore-damaged plants (see table 4-1 and tables 4-6 and 4-7, and fig. 4-7). Each species
showed increased volatile emissions in the herbivore-damaged treatments. There were no clear
trends between the species in the total volatile production, though longiflora tended to produce
more volatiles when damaged than the other two species. None of the species produced a lot of
volatile emissions when undamaged, however.
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Random forest analysis was performed on the nighttime volatile blends as well. The
MDS plot shows a similar trend to the daytime volatiles; the N. longiflora is different from that of
the other two species (see fig. 4-8). A variable selection analysis was performed to identify the
compounds important in driving these differences (see fig. 4-9). Similarly to the daytime
volatiles, while the plant species shares many compounds, there were some differences between
the composition of their volatile blends (see table 4-8). There were a few compounds, such as
C35, C39, and C50, that were found in unherbivorized N. longiflora but not in the other plant
species. There were other compounds, such as C18 and C32, that were found in the damageinduced blend of N. longiflora but no in the other species. There was one compound, C20, that
was found in damaged N. noctiflora but not in the other plant species. We found that N. longiflora
has a volatile emission blend distinct from N. tabacum and N. noctiflora both when damaged and
when undamaged.

Caterpillar no-chioce feeding assays
The first feeding assay, which lacked a damage treatment, found that there were
significant differences between the relative mass gain of the caterpillars on all three tobacco
species. Caterpillars gained the most relative mass on N. tabacum (2.4194  0.0851), gained less
on N. noctiflora (1.877  0.113), and performed poorly on N. longiflora (0.6571  0.0851; see
table 4-9, 4-10, and fig. 4-10). In the second feeding assay, which had a damage treatment,
caterpillars had different mass gains on each of the three Nicotiana species (p = 0.000), but there
was no effect of herbivory treatment on caterpillar mass gain (p = 0.396, see table 4-11 and 4-12,
and fig. 2-11). Caterpillars again gained the most relative mass when reared on N. tabacum (3.173
 0.204), gained less relative mass while on N. noctiflora (2.026  0.183), and gained very little
mass on N. longiflora (0.1226  0.0923). These data demonstrate that Nicotiana longiflora is a
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poor host for Heliothis virescens and is resistant to herbivory by H. virescens. Both N. tabacum
and N. noctiflora make good hosts, though caterpillars performed better on N. tabacum.

Caterpillar choice assays
Caterpillars showed a clear preference for Nicotiana noctiflora, preferring it over both
Nicotiana tabacum (p = 0.000) and Nicotiana longiflora (p = 0.011; see table 4-13 and 4-14 and
fig. 4-12). Caterpillars did not show a preference between N. tabacum and N. longiflora, though it
should be noted that the average herbivory on either leaf disc was low for this trial (p = 0.492; see
table 4-15 and fig. 4-12).
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DISCUSSION
Despite expectations generated by the Jackson et al. study, I did not find any clear
evidence for mimicry of herbivore-induced volatile emissions; each species produced a distinct
blend of volatile chemicals when challenged with herbivory, In all cases, the volatile blends of
herbivore-damaged plants contained compounds absent or found only on low levels in the
undamaged plants (see tables 4-5 and 4-8). The three of the herbivore-induced volatile blends
shared many major compounds in common, e.g. b-cis-ocimene and b-linalool. This suggests that
these volatile chemicals may be fairly well conserved in the Nicotiana genus. There were
differences in the proportions and presence of some of the compounds in the volatile blends,
however.In particular, Nicotian longiflora showed differences from the other two species in its
volatile emissions containing some novel compounds than the other two species when damage, as
well as some compounds found in undamaged N. longiflora that were not found in undamaged
volatile blends of the other two species. Interestingly, the undamaged N. longiflora volatile blend
contained several compounds associated with the damage-induced blends of N. longiflora as well
as the damage-induced blends of the other two species (e.g. b-cis ocimene, see table 4-5). While
the undamaged N. longiflora plant is not mimicking a damaged blend, it is producing a richer
volatile blend of chemicals than the undamaged plants of the other two plant species, and some of
the compounds in that richer blend are found to be upregulated in the damage-induced volatile
emissions.
There was significant variation in the palatability of the three plant species to the
Heliothis virescens caterpillar. In particular, N. longiflora was a poor host for H. virescens; in the
feeding assays, the caterpillars gained a small amount of mass or barely gained any at all while
the caterpillars on N. tabacum and N. noctiflora doubled or tripled in size (see tables 4-9 and 412). N. longiflora is very resistant to herbivory by H. virescens, which I also observed in personal
observation during the volatile collection experiments- H. virescens caterpillars put on the plants
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for damage treatments were often slower to eat the N. longiflora plants than those on the other
two plants, and would sometimes wander away from the plants entirely. I had to control for this
by adding more caterpillars to the Nicotiana longiflora plants than the other two plants, and also
noticed that the caterpillars on N. longiflora would sometimes eat into the thick vein on the
midrib of the leaf, pontentially to avoid the tissue of the blade of the leaf. This behavior was not
observed on the other two plants; caterpillars ate the leaf tissue there with no preference for the
veins. The caterpillars preferred to eat N. noctiflora leaf discs over those of N. longiflora and N.
tabacum, which reinforces the observation that they did not prefer to eat N. longiflora, though no
difference was found between N. tabacum and N. longiflora in choice tests. It should be noted,
however, that the caterpillars ate comparatively little in that pair of choice tests from either plant
compared to the leaf disc consumption in the choice tests with N. noctiflora.
Researchers have found N. longiflora to be highly resistant to some fungal diseases and
nematodes (Valleau et al., 1960; Burk et al., 1966). N. longiflora may have different defensive
chemistry than N. tabacum and other Nicotiana plants, as it has lower levels of the alkaloid
defensive compounds nicotine, nornicotine, anabasine and anatabine compared to both N.
tabacum and N. noctiflora (Sisson & Severson, 1990). It is known, however, to produce
proteinase inhibitors, diterpene glycosides, and chlorogenic acid (CHA) and CHA related
compounds (Izaguirre et al. 2003). Nicotiana longiflora, in this study, has been found to be very
resistant to herbivory by a Nicotiana specialist that demonstrated significant growth on other
Nicotiana species.
Our study found that one of the wild tobacco species, Nicotiana longiflora, is better
defended against a tobacco specialist than the other two species of tobacco, and also emits a blend
of volatile chemicals distinct from the other two species both when damaged by herbivory and
when undamaged. The volatile blend of Nicotiana longiflora, therefore, may be an honest signal
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of defensive status- a set of plant defenses better defended against a specialist of the genus is
advertised by a distinct blend of volatile chemicals. Nicotiana longiflora may be signaling its
defensive status through volatile cues, a form of aposematic signaling.
Aposematic signaling is a phenomena in which a distinctive trait advertises the toxicity of
the signaler to a natural enemy (Endler, 1978; Gittleman et al., 1980). Common examples include
the bright coloration of a monarch butterfly or brightly colored frogs (e.g. Wiklund & SillenTullberg, 1985; Siddiqi et al. 2004). Though reports of aposematic signaling in plants are less
common, researchers have begun to look for this possibility (Lev-Yadun 2009; Lev-Yadun &
Teixeira da Silva, 2006). There are some examples of aposematic coloration in plants to advertise
the presence of thorns (Rubina & McCarthy, 2004; Lev-Yadun 2001). Olfactory aposematicism
in plants has been studied less (though see Guilford et al., 1987; and Moore et al., 1990 for the
potential role of pyrazines as aposematic odors in insects and plants).
It is known that some insects choose they hosts on the basis of olfactory cues used in host
recognition (see Bruce et al., 2005; Bruce & Pickett 2011). While this may often be driven more
by host species recognition by the herbivores rather than the assessment of defenses by volatile
signals, there is some evidence to suggest that plants may signal their defensive status through
volatile cues. Kessler et al. (2004) found that inhibiting the jasmonate cascade that mediated the
direct and indirect (volatile) defenses of Nicotiana attenuata lead to the attraction and successful
development of novel herbivores on the transgenic, defense-reduced plants. While the
interference of the direct defenses certainly played a role in allowing these novel herbivores to
develop, the presence of herbivores that would usually not colonize N. attenuata suggests that the
loss of volatile production in the defense-reduced plants may have increased the plants’
attractiveness to the herbivores. Other lines of evidence come from studies of inbreeding
depression: horsenettle, Solanum carolinense, is known to suffer from reduced defenses against
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herbivory as a result of inbreeding (Dephia et al., 2009a, Kariyat et al. 2013a). Inbreeding also
affects the volatile production of horsenettle, with and without herbivory (Delphia et al., 2009b).
Field studies have shown that inbred horsenettle attracts more herbivores (Kariyat et al., 2012)
and inbred plants receive more oviposition from herbivorous moths (Kariyat et al., 2013b). While
these studies focused on inbreeding rather than defensive signaling, the inbred plants experienced
both reduced defenses as well as increased attraction of herbivores due to volatile signaling. This
may represent a system in which herbivores are able to assess the defensive status of potential
host plants on the basis of the volatile emissions of the plants.
While this study did not find evidence for deceptive signaling in an herbivore-induced
plant volatile system, I did find evidence that Nicotiana longiflora is well defended against a
specialist insect that performs well on two closely related plant species, Nicotiana noctiflora and
Nicotiana tabacum, and that N. longiflora releases a volatile blend distinct from the blends of the
other two species. The volatile emission of Nicotiana longiflora is an outlier compared to the
other two Nicotiana species, and constitutively releases damage-related compounds not released
in the undamaged blends of the other species. I believe this may be an example of a plant
signaling its defensive status through its volatile emissions. This study represents a first step into
the process of understanding the relationship between the direct defenses of plants and the
volatile signals with which they communicate with insect herbivores.
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Appendix 1: Tables
Table 4-1: Means  standard error for total volatiles produced during each 8 hour day and night
period. Amounts of volatile compounds are given in picograms per centimeter squared of plant
leaf area.
Collection
period
Day 1
Day 2
Day 3
Night 1
Night 2

N.
longiflora
undamaged
376.4  56.9
1133  307
13517 
7420
169.6  48.3
210.9  64.8

N.
longiflora
damaged
1392  377
48725 
23271
48951 
19471
2729  1465
5039  3692

N.
noctiflora
undamaged
233.1  90.2
247.7  70.6

N.
noctiflora
damaged
448  151
3115  1102

N. tabacum
undamaged

N. tabacum
damaged

223.2  64.8
141.4  41.3

791  239
7618  1737

412  175

10501 
3698
340  113
420.2  98.1

225.8  72.1

22524 
6376
677  269
1572  431

133.4  81.8
66.4  17.4

69.5  20.5
91.4  36.0

Table 4-2: ANOVA analysis of total daytime volatile production in ng per cm2 over the 8-hour
collection interval for day 1 of volatile collections.
Source
DF Seq SS Adj SS Ajd MS F
P
3
2.4734 3.2779 1.0926
9.47 0.000
Experiment
2
1.3961 1.9458 0.9729
8.43 0.001
Plant Species
1
2.4076 2.4039 2.4039
20.83 0.000
Herbivory
0.0082 0.0082 0.0041
0.04 0.965
Species * Herbivory 2
33 3.8088 3.8088 0.1154
Error
41 10.0940
Total
Table 4-3: ANOVA analysis of total daytime volatile production in ng per cm2 over the 8-hour
collection interval for day 2 of volatile collections.
Source
DF Seq SS Adj SS Ajd MS F
P
3
3.0745 3.7258 1.2509
2.94 0.046
Experiment
2
4.5902 5.9541 2.9771
7.00 0.003
Plant Species
1
17.3397 17.8116 17.8116 41.88 0.000
Herbivory
1.0834 1.0834 0.5417
1.27 0.292
Species * Herbivory 2
37 15.7346 15.7346 0.4253
Error
45 41.8224
Total
Table 4-4: ANOVA analysis of total daytime volatile production in ng per cm2 over the 8-hour
collection interval for day 3 of volatile collections
Source
DF Seq SS Adj SS Ajd MS F
P
3
3.4165 3.9573 1.3191
6.66 0.001
Experiment
2
5.3096 6.1535 3.0768
15.54 0.000
Plant Species
1
18.0894 18.7753 18.7753 94.82 0.000
Herbivory
2.2390 2.2380 1.1190
5.65 0.008
Species * Herbivory 2
30 5.9406 5.9406 0.1980
Error
38 34.9942
Total
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Table 4-5: Means  standard error for important compounds on day 2 of the 3-day collection
period. Day 2 was chosen for particular consideration because it demonstrated significant
herbivore-induced volatile production but the plants were not too stressed at the volatile
collection environment yet. Volatile amounts are given in picograms per centimeter squared of
leaf area.
This table was color coded for ease of understanding. Colored compounds are of particular
interest: purple colored compounds were found in undamaged N. longiflora but not in other
undamaged species, red colored compounds were found in herbivore-damaged N. longiflora but
not in other species, and yellow coded compounds were found to in damaged N. noctiflora but not
in other species.
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Table 4-6: ANOVA analysis of total nighttime volatile production in ng per cm2 per 8-hour
collection period for the first night of volatile collections.
Source
Experiment
Plant Species
Herbivory
Species * Herbivory
Error
Total

DF
3
2
1
2
34
42

Seq SS
2.2305
1.0001
5.3752
0.2736
8.6404
17.5198

Adj SS
3.2398
1.4316
5.3595
0.2736
8.6404

Ajd MS
1.0799
0.7158
5.3595
0.1368
0.2541

F
4.25
2.82
21.09
0.54

P
0.012
0.074
0.000
0.589

Table 4-7: ANOVA analysis of total nighttime volatile production in ng per cm2 per 8-hour
collection period for the second night of collections.
Source
Experiment
Plant Species
Herbivory
Species * Herbivory
Error
Total

DF
3
2
1
2
35
43

Seq SS
2.3664
1.5963
10.3635
0.5238
9.2675
24.1175

Adj SS
2.6853
1.8377
10.2362
0.5238
9.2675

Ajd MS
0.8951
0.9188
10.2362
0.2619
0.2648

F
3.38
3.47
38.66
0.99

P
0.029
0.042
0.000
0.382
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Table 4-8: Means  standard error for important compounds on night 2. Night 2 was chosen for
particular consideration because it demonstrated significant herbivore-induced volatile production
but the plants were not too stressed at the volatile collection environment yet. Volatile amounts
are given in picograms per centimeter squared of leaf area.
This table was color coded for ease of understanding. Colored compounds are of particular
interest: purple colored compounds were found in undamaged N. longiflora but not in other
undamaged species, red colored compounds were found in herbivore-damaged N. longiflora but
not in other species, and yellow coded compounds were found to in damaged N. noctiflora but not
in other species.
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Table 4-9: Relative mass gain in H. virescens caterpillars in no-choice feeding assay 1. Data is
given as a relative mass gain  standard error after a 48 hour feeding period. There were no
damage treatments for this test.
Plant species
N. longiflora
N. noctiflora
N. tabacum
Relative mass gain
0.6571  0.0978
1.877  0.113
2.4195  0.0851
Table 4-10: One-way ANOVA for the relative mass gain in H. virescens caterpillars in no-choice
feeding assay 1.
Source
Plant Species
Error
Total

DF
2
31
33

SS
MS
18.304 9.152
3.588 0.116
21.891

F
P
79.08 0.000

Table 4-11: Relative mass gain in H. virescens caterpillars in no-choice feeding assay 2. Data is
given as a relative mass gain  standard error after a 48 hour feeding period. This assay included
a damage treatment.
Plant species
N. longiflora
N. noctiflora
N. tabacum
Damaged plants
0.116  0.130
1.974  0.263
3.508  0.169
Undamaged plants
0.128  0.136
2.073  0.267
2.872  0.338
Both herbivory
0.1226  0.0913
2.026  0.183
3.173  0.204
treatments
Table 4-12: ANOVA for the relative mass gain in H. virescens caterpillars in no-choice feeding
assay 2.
Source
Plant Species
Herbivory
Species * Herbivory
Error
Total

DF
2
1
2
47
52

Seq SS
78.484
0.471
1.490
25.531
105.975

Adj SS
79.008
0.398
1.490
25.531

Ajd MS
39.504
0.398
0.745
0.543

F
72.72
0.73
1.37

P
0.000
0.396
0.264

Table 4-13: Feeding choice assay: N. tabacum vs. N. noctiflora.
Shows the proportion of leaf discs consumed by the caterpillars after18 hours of feeding. The ttest of mean difference found the proportions to be different (p = 0.000)
N Mean
StDev
SE Mean
Tabacum 12 0.091497 0.080638 0.023278
Noctiflora 12 0.504693 0.284366 0.082089
Difference 12 -0.413195 0.291831 0.084244
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Table 4-14: Feeding choice assay: N. longiflora vs. N. noctiflora.
Shows the proportion of leaf discs consumed by the caterpillars after18 hours of feeding. The ttest of mean difference found the proportions to be different (p = 0.011)
N Mean
StDev
SE Mean
Longiflora 12 0.137753 0.086806 0.025059
Noctiflora 12 0.470192 0.351600 0.101498
Difference 12 -0.332439 0.377302 0.108918
Table 4-15: Feeding choice assay: N. tabacum vs. N. longiflora.
Shows the proportion of leaf discs consumed by the caterpillars after18 hours of feeding. The ttest of mean difference did not find the proportions to be different (p = 0.492)
N Mean
StDev
SE Mean
Tabacum 12 0.233125 0.116364 0.033591
Longiflora 12 0.268829 0.145763 0.042078
Difference 12 -0.035704 0.174011 0.050233
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Appendix 2: Figures

Boxplot of Total Volatiles vs Day, Herbivory
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Figure 4-1: Graph of total daytime volatile production per cm2 by day and herbivory treatment.
Herbivory is designated by N for no herbivory, Y for herbivory present. Day represents days 1, 2
and 3 of volatile collections.
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Figure 4-2: Boxplot of total day volatiles per cm2, by day and plant species
Plants species are designated by L for N. longiflora, N for N. noctiflora, and T for N. tabacum.
Days correspond to days 1, 2 and 3 of volatile collections.
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Fig. 4-3: A Multidimensional scaling plot constructed by random forest analysis of the volatile
blends of the three Nicotiana species during day 1. Key: LN denotes undamaged N. longiflora,
LY denotes damaged N. longiflora, NN denotes undamaged N. noctiflora, NY denotes damaged
N. noctiflora, TN denotes undamaged N. tabacum, TY denotes damaged N. tabacum.
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Fig. 4-4: A Multidimensional scaling plot constructed by random forest analysis of the volatile
blends of the three Nicotiana species during day 2. Key: LN denotes undamaged N. longiflora,
LY denotes damaged N. longiflora, NN denotes undamaged N. noctiflora, NY denotes damaged
N. noctiflora, TN denotes undamaged N. tabacum, TY denotes damaged N. tabacum.
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Fig. 4-5: A Multidimensional scaling plot constructed by random forest analysis of the volatile
blends of the three Nicotiana species during day 3. Key: LN denotes undamaged N. longiflora,
LY denotes damaged N. longiflora, NN denotes undamaged N. noctiflora, NY denotes damaged
N. noctiflora, TN denotes undamaged N. tabacum, TY denotes damaged N. tabacum.
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Fig. 4-6: A plot of variable importance from the random forest analysis for the day 2 collection
period. This lists compounds that drive the differences in volatile blends according to the random
forest algorithm. Tacitly identified compounds are as follows, in order of retention time.
C4: beta-pinene 3.887
C6: b-myrcene 4.18
C13: b-trans-ocimene 4.866
C14: b-cis-Ocimene 5.025
C16: TOB 5.621
C17: b-Linalool 5.802
C38: a-caryophyllene 11.184
C50: Caryophyllene oxide 12.840
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Figure 4-7: Boxplot of total nighttime volatiles per cm2, by day, plants species, and herbivory.
Herbivory is designated by N for no herbivory, Y for herbivory present. Plant species are
designated by L for N. longiflora, N for N. noctiflora, and T for N. tabacum. Day corresponds to
the night of the collection; 1 indicated the night between the first and second day of collections,
and 2 indicates the night between the second and third days.
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Fig. 4-8: A Multidimensional scaling plot constructed by random forest analysis of the volatile
blends of the three Nicotiana species during night 2. Key: LN denotes undamaged N. longiflora,
LY denotes damaged N. longiflora, NN denotes undamaged N. noctiflora, NY denotes damaged
N. noctiflora, TN denotes undamaged N. tabacum, TY denotes damaged N. tabacum.
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Fig. 4-9: A plot of variable importance from the random forest analysis for night 2 collection
period. This lists compounds that drive the differences in volatile blends according to the random
forest algorithm. Tacitly identified compounds are as follows, in order of retention time.
C4: beta-pinene 3.887
C6: b-myrcene 4.18
C13: b-trans-ocimene 4.866
C14: b-cis-Ocimene 5.025
C16: TOB 5.621
C17: b-Linalool 5.802
C38: a-caryophyllene 11.184
C50: Caryophyllene oxide 12.840
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Fig. 4-10: Feeding assay 1, no damage treatment. The data is presented as the relative mass gain
of the caterpillars after 48 hours of feeding on one of the three plant species. ‘A,’ ‘b,’ and ‘c’
indicate significant differences between different lettered means.
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Fig 4-11: Feeding assay 2. This assay includes a damage treatment, but leaves were removed
from the plants prior to the feeding assay. The data is presented as the relative mass gain of the
caterpillars after 48 hours of feeding on one of the three plant species. Herbivory is designated by
N for no herbivory, Y for herbivory present. Plant species are designated by L for N. longiflora,
N for N. noctiflora, and T for N. tabacum.
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Fi

fig. 4-12: Choice assay: This graph shows the proportion of leaf discs consumed in two-choice
assays after 18 hours of caterpillar feeding. * denotes pairs which demonstrate a significant
difference in the leaf disc area consumed.
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Chapter 5
Conclusions
Inbreeding affects floral volatiles and pollinator behavior in horsenettle
We found that inbreeding affects floral volatile emissions and other floral traits in
horsenettle, solanum carolinense. Inbred horsenettle flower released fewer volatiles, particularly
of two key compounds, tentatively identified as 9-z-octadecenal and tetradecyl oxirane. This
result was consistent despite a variation between the volatile blends of different maternal families.
These differences appeared to influence the behavior of the pollinator of horsenettle, Bombus
impatiens, in the field: inbred horsenettle plants received fewer pollinator visitors than outbred.
Furthermore, pollinators visited outbred flowers first more often, indicating that long-range cues
of the outbred plants were more attractive to pollinators. Furthermore, we found that outbred
plants produce more pollen than inbred plants. These finding indicate that the reduced attraction
of pollinators by inbred plants may be an ecologically-mediated cost of inbreeding in horsenettle.
Additionally, our findings suggest that the pollinators may use the floral volatiles as a signal for
pollen production, as inbred plants tend to have less pollen than outbred plants.

Plant-plant signaling decreases volatile emissions in horsenettle.
Solanum carolinense plants that were exposed to damage-induced volatiles displayed
lower volatile emissions on average compared to those not exposed to damage-induced volatiles,
contrary to results expected from Frost et al. (2007) and other studies. I investigated for the
induction of direct defenses by plant-plant signaling by measuring the leaf area lost and relative
growth rate of caterpillars fed on plants with and without exposure to the volatile emissions of
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herbivore-damaged plants, but did not find any differences in these measurements. It is possible
that the decreased volatile emissions of HIPV exposed plants are a result of the plant investing in
defenses not measured by these studies, for example, horsenettle is known to increase the
production of trichromes following herbivore attack (see Kariyat et al, 2013a), a feature that was
not measured in my study. It is also possible that the decreased volatile emissions of HIPV
exposed plants serves ecological purposes not yet understood.

Evidence for honest, rather than deceptive, signaling in Nicotiana species
My investigation did not find any evidence that the Nicotiana species were deceptively
signaling herbivore attack. Rather, all of the species had significant upregulation of volatiles in
response to herbivory by the lepidopteran caterpillar Heliothis virescens and had relatively low
levels of volatile production prior to herbivory, though there was variation in the volatiles
produced by the different species, particularly N. longiflora. Nicotiana longiflora released a
particularly strong volatile signal, and its volatile emissions contained compounds not found in
the other two species, both when undamaged and when damaged. The two wild species and the
cultivated species of Nicotiana all differed in their susceptibility to herbivory by Heliothis
virescens. Nicotiana longiflora was particularly unpalatable to the H. virescens herbivore, and the
caterpillar performed much worse on it. In choice tests, the caterpillar preferred to eat N.
noctiflora over both N. longiflora and N. tabacum, though there were no significant preferences
in eating preference between N. longiflora and N. tabacum. The distinctive volatile blends of N.
longiflora and its resistance to herbivory suggest that Nicotiana longiflora may be honestly
signaling its defended status to herbivores through its volatile emissions.
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Future directions:
Inbreeding and pollination in horsenettle
The reduction in volatile emissions in horsenettle and pollinator attraction in inbred
horsenettle may have significant consequences for the fitness of inbred horsenettle plants. It is
known that inbred horsenettle produce less fruit in the field (Kariyat et al., 2011). If inbred
horsenettle attracts fewer pollinator, then there may be higher incidence of inbreeding in the
offspring of inbred plants as well. This could potentially further disadvantage inbred plants, as it
increases the chances of their offspring also suffering from inbreeding depression. An
investigation into the incindence of inbreeding in inbred and outbred parents may shed light on
this.
In addition, inbreeding also affects volatile signaling in horsenettle- inbred plants have a
‘leaky’ volatile release and release some herbivory-related compounds when undamaged, but are
less able to upregulate their volatile response when damaged, leading to lower attraction of
predators in damaged plants (Delphia et al., 2009; Kariyat et al., 2012). Herbviory is known to
affect floral volatiles and lead to reduced pollinator attraction in other Solanaceous plants
(Kessler at al., 2011). Investigating the affects of herbivory on floral volatiles and plant-pollinator
interactions in horsenettle may be interesting. It is likely that inbreeding will also affect interact
with this effect. Studying these effects would incrase our knowledge about the interactions of
inbreeding, herbivory, and pollinator behavior on the fitness of a wild weed in a field setting.

Signaling of defensive status in Nicotiana
The next step in the investigation of volatile signaling in the Nicotiana species will be to
assay long-distance herbivore choice between the three Nicotiana species. Heliothis virescens did
not respond well in long-distance choices assays, either as adults or larvae, possibly due to
inbreeding in the population as a result of captivity. We are working towards investigating
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herbivore behavior in another species, Manduca sexta. M. sexta is also a lepidopteran specialist of
tobacco, and is known to choose between hosts of varying quality in larve and adult choice tests
in horsenettle (Karyiat et al., 2013b). These assays should identify if N. longiflora repels
herbivores as its volatile profile and defensive status would suggest.
In addition, it would be interesting to investigate the floral volatiles of Nicotiana
longiflora and the other tobacco species. Herbivore-induced volatiles may interfere with floral
volatile signaling with pollinators (Kessler et al., 2011). Many tobacco species, including
Nicotiana longiflora, are pollinated by hawkmoths such as Manduca sexta (Kaczorowski et al.,
2005). This creates a situation in which an herbivore of the plant is also a major pollinator. If N.
longiflora is less susceptible to oviposition by M. sexta, it would be interesting to investigate the
pollination choices of M. sexta. It is possible there is a trade-off between deterring herbivores and
attracting pollinators, which may have important consequences for the evolution of these traits.
Nicotiana longilora is self-compatible, which may be a way to cope with potential reduction of
pollinators (Kaczorowski et al., 2005).

By approaching volatile-mediated plant signaling from an ecological perspective, we can
develop a better understanding of how plant volatiles mediate plant-insect and plant-plant
interactions in nature. Plants communicate with a myriad of different organisms at the same time
through their volatile emissions. Studying these systems from an ecological perspective can help
to understand the evolution of plant volatile signaling.
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