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ABSTRACT

ROLE OF PLANT VOLATILE ORGANIC COMPOUNDS (VOCS) IN SEED PRIMING AND PLANT-
HERBIVORE INTERACTIONS
Abhinav Kumar Maurya
January 13, 2020
This dissertation explores and expands the existing knowledge on the role of plant
volatiles in facilitating seed priming and providing direct defense against herbivore.
Although the roles of plant volatiles in priming a plant’s defenses and providing direct
defense against pests is well known, information regarding their effects on seed and the
fitness of future plants and direct toxicity to herbivores is understudied. This
dissertation does a thorough examination of these two understudied aspects of plant
volatiles and provides novel insight into the role of plant volatiles in seed priming and
direct defense (Chapter I). Seeds in the soil can be exposed to plant volatiles, however,
the long-term effects of seed exposure to VOCs on growth and defenses of the
germinated and growing plant are unknown. Here, | quantified the effect of seed
exposure to six different plant volatiles on the growth of Arabidopsis thaliana and
Medicago truncatula plants. |, also, measured the defenses of volatile exposed seed
plants against herbivores of two different feeding guilds i.e., chewing insect; caterpillars

and phloem-feeding insect; aphids. Seed exposure to a green leaf volatile enhanced the

Vi



vegetative growth of Medicago and exposure to indole lead to enhanced primed
defense against beet armyworm caterpillar (Spodoptera exigua) and pea aphid
(Acyrthosiphon pisum) in Arabidopsis and Medicago respectively (Chapter IlI). Plant
volatiles showed direct biocidal effects against beet armyworm caterpillars in feeding
bioassay. Five of the six tested volatiles were toxic to caterpillars at concentrations
ranging from 0.5 to 10 mg/ml or pl/ml. Indole and linalool were found to be the most
toxic. | tested the indole toxicity against five agricultural pest caterpillars; fall armyworm
(Spodoptera frugiperda), cotton bollworm (Helicoverpa zea), tobacco budworm
(Heliothis virescens), velvetbean caterpillar (Anticarsia gemmatalis), and cabbage looper
(Trichoplusia ni) with different host range. Indole toxicity varied with the caterpillar host
range (Chapter lll). In choice assays, indole spray on maize plants repelled beet
armyworm caterpillar while linalool spray elicited no such response. However, both
indole and linalool spray showed to reduce caterpillar feeding. Vegetative growth of

maize plants was not affected by Indole or linalool spray (Chapter IV).

Collectively, this work reveals the role of plant VOCs in seed priming and improves our
understanding of direct toxicity of plant volatiles against herbivores which have the

potential to be used for pest control.
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CHAPTER |

INTRODUCTION

Plants produce a diverse set of volatile organic compounds (VOCs) that are emitted in
the atmosphere in gaseous form. Undamaged plants emit VOCs to attract pollinators
(Raguso, 2008) and acclimatize to a changing environments (Loreto et al., 1998; Sharkey
& Singsaas, 1995). However, biotic stresses such as herbivory and pathogen infection
can induce the release of VOCs (Holopainen, 2004; Huang et al., 2003; Sharifi et al.,
2018). The specific release of a subset of VOCs after herbivory is known as herbivore-
induced plant volatiles (HIPVs). HIPV release provides many direct and indirect benefits
to emitting plants as well as plants receiving HIPV exposure.

HIPVs directly defend plants by repelling herbivores and ovipositing females
(Beale et al., 2006; Bernasconi et al., 1998a; Heil, 2004a; Kessler & Baldwin, 2001; Liu et
al., 2014; Veyrat et al., 2016a; Zakir et al., 2013). Recent studies also demonstrated that
the HIPVs reduce the fitness of herbivores by affecting their feeding and growth and
thus provide a direct defense (Veyrat et al., 2016a; von Mérey et al., 2013). HIPVs also
provide indirect defense by attracting the natural enemies of herbivores that prey upon
plant infesting herbivores both above and belowground (Dicke, 1986; Rasmann et al.,

2005; Turlings et al., 1995; Turlings et al., 1990). Apart from benefiting the emitter,



HIPVs released from herbivore damaged plants prime the defense responses in
neighboring plants against herbivorous arthropods (Bate & Rothstein, 1998; Engelberth
et al., 2004a; Karban et al., 2014; Yan & Wang, 2006). The multifaceted role of plant
volatiles as the facilitator of plant-herbivore and natural enemy interactions opens a
new avenue for their use in sustainable agriculture. To date, considerable progress has
been made in utilizing plant volatiles in pest repellants or attractants and regulators of
plant growth and defense (Lopez Jr et al., 2000; Pair & Horvat, 1997; Tumlinson lll et al.,
2001). Recent interest in utilization of plant volatiles in agriculture has focused on pest
attraction or repellence and natural enemy attraction through VOC bait and priming of
innate plant immunity by in-field foliar application or soil drenching to induce plant
resistance against herbivores (Baker et al., 2003; Beyaert et al., 2012; Bruce et al., 2003;
Dickens, 2002; Lopez Jr et al., 2000; Song & Ryu, 2013a). Despite this progress, there is
still a knowledge gap in understanding whether seeds can be primed to HIPVs in a
similar manner. For example, large scale field application of plant volatiles for priming
innate plant immunity is prohibitively costly while seed treatments with HIPVs could
provide a more viable priming-mediated solution to pest management.

In the context of plant-herbivore interactions, blends of plant essential oils
containing plant VOCs are well-known toxicants against insect pests and are being used
as a natural pesticide in agriculture (Isman, 2016; Maffei et al., 2011; Mohan et al.,
2011; Mossa, 2016). However, the variation in the chemical profile of essential oils due
to plant species, geography, and environmental factors create a great barrier in the

large-scale commercial production of essential-oil-based pesticides (Koul et al., 2008).



This constraint can be overcome by understanding the effect of individual compounds of
the essential oil blend. Nonetheless, our understanding of the direct repellent,
antifeedant and biocidal effect of individual plant volatiles of different chemical classes
on insect pests is still inadequate. If individual plant volatiles show repellent,
antifeedant and acute toxicity at low concentrations, mass production of synthetic plant
volatile and their synergistic blends might provide a viable replacement of toxic

pesticides in sustainable agriculture.

ORGANIZATION OF THE DISSERTATION
This dissertation investigates the role of plant volatiles in seed priming and measures
the direct toxicity and behavioral effects of individual plant volatiles on chewing
caterpillars. The second chapter explores the effect of plant VOCs seed treatment on
plant fitness and performance of herbivores of different feeding guilds. The third
chapter quantifies the median lethal concentration of six plant volatiles on beet
armyworm and the median lethal concentration of volatile indole against six
agriculturally important pests. The fourth chapter examines the repellent and
antifeedant activity of toxic volatile compounds indole and linalool to beet armyworm.
The fifth summarizes the findings from these experiments, their implications on plant-
herbivore interactions and agriculture and identifies the future steps. Overall, the
finding of this research project advances our understanding of the role of plant volatiles

as seed priming agents and as direct defense barriers against herbivory. These results



have the potential to be used as a foundation for the development of crop protection

agents for agriculture.



CHAPTER Il

PLANT SEEDS ARE PRIMED BY HERBIVORE-INDUCED PLANT VOLATILES

SUMMARY
Mature plants can detect and respond to herbivore-induced plant volatiles (HIPVs) by
priming or directly activating defenses against future herbivores. Whether seeds can
respond to HIPVs in similar manners is poorly understood. Here, we investigated the
effect of seed exposure to common HIPVs on growth, reproduction and defense
characteristics in the model plants Arabidopsis thaliana and Medicago truncatula using
herbivores from two feeding guilds. Of all the HIPVs tested, indole specifically reduced
both beet armyworm (Spodoptera exigua) growth on A. thaliana and pea aphid
(Acyrthosiphon pisum) fecundity on M. truncatula. Induction of defense genes was not
affected by seed exposure to indole in either plant species, suggesting that seed priming
operates independently of induced resistance. Moreover, neither species showed any
negative effect of seed exposure to HIPVs on vegetative and reproductive growth.
Rather, M. truncatula plants derived from seeds exposed to z-3-hexanol and z-3-hexenyl
acetate grew faster and produced larger leaves compared to controls. The results of this
study indicate that seeds are sensitive to specific HIPVs in ways that enhance defense

profiles with no apparent costs in terms of growth and



reproduction. Seed priming by HIPVs represents a novel ecological mechanism of plant-
to-plant communication, with broad potential applications in agriculture and seed
conservation.
INTRODUCTION

Spermatophytes (or seed plants) are a dominant clade of vascular plants on
earth (Friis et al., 2011; Simonin & Roddy, 2018). Their dominance is due to large part to
the evolution of the seed, which provides protection to the embryo prior to germination
and nutrition during the transition to autotrophy. One advantage of the seed is the
ability to survive long periods of time in dormancy until environmental conditions are
suitable for germination and growth. During dormancy, seeds are inevitably exposed to
a variety of biotic and abiotic environmental conditions such as temperature, moisture,
fire, soil chemicals, and chemical exudates of plant and microbial origin that may affect
their germination (Fenner, 2000). Many of these conditions are well-established cues
that seeds use to coordinate their physiology and metabolism to properly time
germination to maximize viability and establishment (Bentsink & Koornneef, 2008;
Karssen & Hilhorst, 2000). Temperature (Probert, 2000; Reynolds et al., 2001), rainfall
(Gutterman, 1994; Levine et al., 2008; Pake & Venable, 1996), and light (Flores et al.,
2006; Milberg et al., 2000; Wesson & Wareing, 1969) are well-documented abiotic
environmental cues that affect the germination of seeds, and responses to these cues
are regulated through phytohormone signaling pathways (Chen et al., 2008; Forcat et

al., 2008; Seo et al., 2008).



In addition to abiotic cues, seeds can perceive a variety of chemical cues of
biological origins that can affect germination and subsequent defensive profiles. For
example, low molecular weight phenolic compounds in soil (Muscolo et al., 2001),
artemisinin released from leaves (Chen & Leather, 1990) and catechin released from
plants after herbivory (Thelen et al., 2005) inhibit seed germination. In contrast, smoke-
derived karrikins (Dixon et al., 2009; Flematti et al., 2004; Nelson et al., 2012) and
strigolactone (SL) phytohormones released from plant roots can stimulate seed
germination (Bergmann et al., 1993; Cook et al., 1966). Moreover, recent studies have
shown that seeds are receptive to the direct application of exogenous phytohormones
that can activate plant defenses (Jucelaine et al., 2018; Rajjou et al., 2006; Worrall et al.,
2012). For example, treating tomato seed with the phytohormone jasmonic acid (JA) and
B-aminobutyric acid (BABA) lead to JA- and ethylene (ET)-dependent resistance in future
plants against spider mite, caterpillars, aphids, and fungal pathogens (Worrall et al.,
2012). Seed treatment with JA also changes the volatile composition of mature plants,
making their blends more attractive to predatory mites (Smart et al., 2013). Similarly,
seed treatment with salicylic acid (SA) enhances the expression of SA-related genes and
the endogenous SA level against root holoparasite (Orobanche cumana) (Yang et al.,
2016). Additionally, seed coating with plant growth-promoting rhizobacteria (PGPR) and
plant growth-promoting fungus (PGPF) enhances seed germination, seedling
establishment, and boosts induced defenses in future plants in SA-, ET-, and JA-

dependent manners (Rudrappa et al., 2010; Ryu et al., 2004; Sharifi & Ryu, 2016).



Seeds also come in contact with biotic agents that are volatile. Inhibitory and
allelopathic effects of some plant and microbial-derived volatile organic compounds
(VOCs) are known (Bradow & Connick, 1990; Koitabashi et al., 1997; Mirabella et al.,
2008; Muller, 1965; Muller & Muller, 1964; Oleszek, 1987). Whereas these VOCs do not
necessarily provide contextual information about future environmental conditions,
herbivore-induced plant volatiles (HIPVs) represent potentially reliable and adaptive
indicators of herbivory. The function of HIPVs in priming or directly inducing plant
defenses is now well established (Engelberth et al., 2004a; Frost et al., 2007; Rodriguez-
Saona & Frost, 2010), and exposure of undamaged plants to HIPVs induces or primes the
genes in phytohormone pathways (Bate & Rothstein, 1998; Engelberth et al., 2007; Frost
et al., 2008). Moreover, aboveground HIPV priming cues are also produced below
ground by plant roots (Barsics et al., 2017; Gfeller et al., 2013; Lawo et al., 2011; Palma
et al., 2012) and rhizosphere organisms (Bhattacharyya et al., 2015; Kanchiswamy et al.,
2015). Therefore, there are multiple routes by which seeds could be exposed to HIPVs,
including simple diffusion of HIPVs produced belowground (Pefiuelas et al., 2014) and
precipitation and leaching of HIPVs produced aboveground (H B Tukey, 1970; Muller et
al., 1964). While some HIPVs may have allelopathic effects on seed germination (Karban,
2007; Mirabella et al., 2008; Preston et al., 2002), whether exposure of seeds to HIPVs
alters subsequent plant physiology and defense is currently unknown.

Here, we determined the effect of seed exposure to HIPVs on plant growth and
direct defenses. Specifically, we used a comparative approach to investigate the effects

of HIPV exposure to the seeds of (1) A. thaliana on the performance of a chewing



herbivore (beet armyworm; Spodoptera exigua) and (2) M. truncatula on the
performance of a phloem-feeding herbivore (pea aphid; Acyrthosiphon pisum). We also
tested the effect of seed exposure to plant volatiles on the growth, development, and
defense gene expression of A. thaliana and M truncatula. We specifically tested HIPVs
that have been shown previously to prime mature plants: indole, cis-3-hexenol (z3HOL),
cis-3-hexenyl acetate (z3HAC), B-caryophyllene (BCP), and trans-2-hexanol (e2HAL). We
predicted that HIPV exposure to seeds would prime the resulting mature plants for
enhanced resistance against both chewing and phloem-feeding herbivores.

MATERIALS AND METHODS
Plant material

A. thaliana (Col-0) seeds were surface sterilized in 75% (v/v) ethanol for five
minutes and 20% bleach (v/v) in 0.1% Tween-20 for ten minutes. After sterilization, the
seeds were washed three times with distilled water and spread on petri-plates with wet
Whatman paper. Petri plates were kept at 4°C for 2 days, this allowed the seeds to
break dormancy and synchronize germination.

All M. truncatula, A-17 seeds were scarified in concentrated H2SO4 for 10 min
and surface sterilized in 20% (v/v) bleach in 0.1% (v/v) Tween-20 solution for 10 min.
Seeds were rinsed five times with sterile water and were spread on petri plates with wet
Whatman paper. Petri plates were covered with aluminum foil and kept at 4°C for two
days.

Seed treatment with plant volatiles



Volatile dispensers were used to expose A. thaliana and M. truncatula seeds to
individual plant volatiles. Volatile dispensers consisted of 2.0 ml amber glass vials
(Agilent Technologies) containing 1 mg glass wool (Appendix I: Figure S1). Each
dispenser contained 20 mg/ul of one of the following compounds: cis-3-hexenol, cis-3-
hexenyl acetate (Engelberth et al., 2004a), trans-2-hexenal, B-caryophyllene and 20 mg
indole (Erb et al., 2015b). Control volatile dispensers had only glass wool without any
volatile. The amber vials with volatiles were sealed with a rubber septum and connected
to the 2-ounce plastic cup by piercing the attached plastic cup lid and amber vial rubber
septum with an 18-gauge needle. This procedure is similar to what has been used
previously for the controlled administration of HIPVs (Erb et al., 2015b). Each volatile
was administered to seeds in multiple plastic cups (biological replicates) and the number
of seeds planted from each plastic cups constituted the technical replicates.

A. thaliana Seed germination

Each volatile was administered to seeds in 5 replicates (10 seeds/plastic cups).
After one day of volatile treatment, two A. thaliana seeds were transferred from each
plastic cups to agar plates containing 1.0% (w/v) agar (Sigma) and standard 0.5X MS
medium (Murashige and Skoog basal at an adjusted pH of 7.0). A total of 9 agar plates
were used for each volatile treatment. The Petri dishes were kept in random order a
growth chamber at 25°C under a 16 h light: 8 h dark (16L: 8D) day/night cycle for two
days. Percent seed germination was measured after two days.

A. thaliana growth

10



After one day of volatile treatment, A. thaliana seeds were transferred to 5.5 x
5.5 x 5.5 cm pots filled with sterile Metro-Mix 360 soil. After transplanting, pots were
randomly placed on trays (54 x 28 x 6 cm) in a growth chamber at 25°C undera 12 h
light: 12 h dark (12L: 12D) cycle. Once germinated seedlings reached to 4-6 leaf stage,
they were fertilized twice a week with 10 ml 1/2 strength Hoagland’s solution.
Arabidopsis growth and fitness were measured in terms of the number of leaves,
maximum rosette diameter, the length of the bolt and number of siliques produced.
M. truncatula growth

Volatile exposed M. truncatula seeds were planted in 9 x 6.5 x 6.5 cm pots as
described above. The trays were randomly kept in the growth chamber at 25°C under a
12 h light: 12 h dark (12L: 12D) day/night cycle for ten days. After 10 days the trays were
moved to the greenhouse and kept there till the end of the experiment. M. truncatula
growth and fitness parameters were measured in terms of petiole length, leaf blade
length, leaf blade width, main shoot length, axillary shoot length and the number of
fruits using numerical nomenclature coding system developed by Bucciarelli et al.
(2006). The numerical nomenclature for vegetative growth (Appendix I: Figure S3) starts
with the first unifoliate leaf as metamer 1 (m1) followed by the first trifoliate as
metamer 2 (m2) and so on. The axillary shoots are coded as per their metamer of origin
(e.g. the axillary shoot originating from first unifoliate or metamer 1 is also designated
as m1). Additionally, decimal addition to numerical coding system defines the

development stage of the leaf (e.g. m2.1 represents the bud break for the first trifoliate,
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m2.5 represents the half-open blade of first trifoliate while m2.9 represent fully
developed first trifoliate).
Caterpillar herbivory

Beet armyworm (Spodoptera exigua) was used to evaluate the effect of seed
exposure to HIPVs on herbivore defense of Arabidopsis plants. Caterpillar eggs were
ordered from Benzon Research Inc. USA (Permit #P526P-16-02563). Egg masses were
immediately transferred to the artificial diet in 2-ounce plastic cups. Eggs in plastic cups
were maintained at 24°C on artificial diet until the desired instar. Third instar caterpillars
were used for feeding experiment on five to six-week-old, vegetative stage, A. thaliana
plants. For the first feeding experiment, each volatile was administered to seeds in six
plastic cups (biological replicates) and three seeds were planted from each plastic cups
(three technical replicates). For the second feeding experiment, each volatile treatment
had 10 biological replicates and three technical replicates. For feeding experiment
caterpillars were starved for 3 hours and weighed before their transfer to Arabidopsis
plants. One third-instar caterpillar was placed on each Arabidopsis plants. The plants
were covered with a nylon mesh bag to avoid the caterpillar escape. The caterpillars
were allowed to feed freely for 24 h before being removed from the plants. After their
removal, the caterpillars were kept at room temperature for three hours to allow the
digestion of ingested plant material. Caterpillars that molted during the second
experiment were removed from the assay analysis. After 3 h the caterpillars were
weighed on a microbalance. Aboveground plant material was also collected in liquid

nitrogen and stored at -80 2C for later molecular work.
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Aphid herbivory

Pea Aphids were used to evaluate the effect of seed exposure to HIPVs on
herbivore defense of Medicago plants. A single clone colony of Pea aphid
(Acyrthosiphon pisum Harris) obtained from Dr. Susana Karen Gomez lab (University of
Northern Colorado) was maintained on a fava bean plants kept in a growth chamber (20
0C, 12:12 h light:dark). For aphid feeding experiment, three adult aphids (defined as Fo
generation) (Tomczak & Miiller, 2017) were placed in an insect bag (L15 X W6,
BugDorm) on three trifoliate (M1, M2, and M3) (8 to 10 plants per treatment). After 24
h, the adults were removed, and one trifoliate leaf was collected while 5 nymphs
(defined as F1 generation) were left on the plant for 13 more days. The nymphs grew
and produced offspring (F2 generation). On the 14% day all the aphids were collected,
the total offspring (F2) were counted and weighed on a microbalance. Aboveground
plant material was also collected on day 14 in liquid nitrogen and stored at -80 °C for
later molecular work.
Gene expression analysis

Aboveground tissue collected from A. thaliana plants after one day of caterpillar
herbivory and M. truncatula after 14 days of aphid feeding were used for gene
expression analysis. Total RNA was isolated from approx. 150 mg of ground tissue using
a modified cetyltrimethylammonium bromide (CTAB) method (Frost et al., 2012). RNA
was quantified with Nanodrop and integrity was confirmed using a native 1% agarose-
0.5x TAE gel. Total RNA (2.5 pg per sample) was treated with DNAse (Turbo DNAse,

Ambion), then 0.7 ug of DNA-free RNA was reverse-transcribed to cDNA using High
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Capacity cDNA Reverse Transcript Kit (Applied Biosystems). Real-time PCR was done
using the Quant Studio-3 PCR System (Applied Biosystems) with each reaction
containing 2 pul of EvaGreen® PCR Master Mix (Mango Biotechnology), 0.3 ul of 10 uM
forward and reverse primer, 5.4 pl of DI water, and 2 pl (2.5 ng) of cDNA in a total
volume of 10 pl. Primer specificity was confirmed by melting curve analysis, and relative
transcript levels were calculated using the 22T method (Livak & Schmittgen, 2001) with
elongation factor 1-alpha (EF1-a) and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as reference genes for M. truncatula and Actin-7 and GAPDH as reference
genes for A. thaliana. Primer sequences for all M. truncatula and A. thaliana genes
tested are listed in Table 1.
Statistical analyses

Raw data were checked for normality and homogeneity of variance before
performing the parametric tests. For A. thaliana, differences in leaf number and, rosette
diameter were analyzed using repeated-measures ANOVA. For M. truncatula, leaf
petiole length, leaf blade length and width, main shoot and axillary shoot length were
analyzed using one-way ANOVA followed by Dunnett posthoc test. Other response
variables for A. thaliana and M. truncatula growth along with caterpillar growth rate,
aphid fecundity, and aphid nymph weight were analyzed for significance using student’s
t-test. For the t-test, treatments were compared to controls. The gene expression data
were analyzed using one-way ANOVA followed by Tukey’s posthoc test. Statistical
analyses were performed using R version 3.4.2 and GraphPad Prism and figures were

generated via GraphPad Prism.
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RESULTS

Seed exposure to indole enhances plant resistance against chewing and sap-feeding
herbivores

Indole exposure to seeds reduced the relative growth rate of S. exigua
caterpillars feeding on mature foliage by 33% (p=0.0706, Figure 1A) and 30%
respectively (p=0.0124, Figure 1B) in separate experiments. In contrast, seed exposure
to green leaf volatiles (cis-3-hexenol, cis-3-hexenyl acetate, and trans-2-hexenal) and
terpenes (B-Caryophyllene) had no effect on caterpillar growth (p>0.05, Figure 1A). |
observed similar effects of indole exposure in M. trucatula, where pea aphid fecundity
and total weight were reduced by 28% (p=0.007, Figure 1C) and 41% (p=0.015, Figure
1D), respectively. Additionally, Z3HAC seed treatment to M.trucatula reduced pea aphid
fecundity by 27% (p=0.0354 Figure 1C) and total nymph weight by 35% (p=0.067 Figure
1D).
Seed exposure to indole does not affect growth and development of A. thaliana

A. thaliana seed exposure to HIPVs resulted in no significant differences relative
to controls on the vegetative and reproductive growth. We found no differences in leaf
number (pwt= 0.997, Figure 2A), rosette diameter (p«+=0.672, Figure 2B), bolt length
(p=0.333, Figure 2C), silique number (p=0.460, Figure 2D), and fresh shoot weight
(p=0.107, Figure 2E) of plant that were grown from seeds exposed to any HIPV relative
to control plants.

We also measured the effect of HIPV exposure on seed germination of A.

thaliana on MS media. Of all the HIPVs tested, only GLV e2HAL significantly reduced
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seed germination compared to control seeds (p<0.001, Figure 2F). Specifically, seeds
exposed to this volatile had 26% lower germination relative to controls.
Seed exposure to GLVs enhances M. truncatula growth

M. truncatula seed exposure to zZ3HOL and z3HAC increased plant vegetative
growth (Figure 3A). Petiole length (p<0.05, Figure 3B), leaf blade length (p<0.05, Figure
3C), leaf blade width (Figure 3D) and axillary shoot length (p<0.05, Figure 3E) of the
z3HOL and z3HAC exposed seed plants were higher compared to control plants while no
such effect was seen on main shoot length (pgiobai=0.016, ppunnetrs>0.05, Appendix I:
Figure S2A). No other HIPV affected vegetative growth in M. truncatula. Furthermore,
while zZ3HOL and z3HAC affected the vegetative growth, there was no difference in the
reproductive output of plants grown from HIPV-exposed seeds than control seeds
(p=0.929, Appendix I: Figure S2B).
Seed exposure to indole does not affect herbivore-inducible defense gene expression
after caterpillar or aphid herbivory
Given the clear effect of indole seed treatment on caterpillar and aphid fecundity, |
subsequently assessed whether this effect was due to indole-mediated changes in
inducible defenses. In A. thaliana challenged with S. exigua, we analyzed the expression
of genes related to JA synthesis (LOX2, Figure 4A) and signaling (MYC2, Figure 4B), and
glucosinolate biosynthesis (CYB79-B2 and CYB79-B3, Figure 4C-D). Caterpillar herbivory
induced the expression of these four marker genes as expected, but indole-seed
treatment neither directly stimulated nor statistically altered the caterpillar-induced

expression patterns of these genes. In M. truncatula challenged with aphids, | analyzed
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two SA-regulated marker genes, PR5 and BGL-1, which have previously been shown to
be responsive to aphid feeding (Gao et al., 2008; Moran & Thompson, 2001). PR5 and
BGL-1 were induced by aphid feeding (Figure 4E-F), but indole seed treatment neither
directly stimulated nor statistically altered the aphid-induced expression patterns of
these genes. That is, in all cases, indole did not directly induce, indirectly prime, or affect

the magnitude of herbivore induction of these defense genes.

DISCUSSION

The results of this study show that seeds are viable receivers of HIPVs in ways
that prime defenses and, in some cases, directly stimulate growth. Specifically, this
study demonstrates that the pre-germination exposure of seeds to indole enhances
resistance against herbivores of two feeding guilds in two different plant species
without any apparent effects on plant growth or fitness. The results also showed that
seed exposure to z3HOL and z3HAC can enhance plant growth in M. truncatula. Biotic
cues that reliably indicate future biotic stress can prime plant defenses for faster and/or
stronger defenses following subsequent stress events (Conrath et al., 2006; Frost et al.,
2008). The phenomenon of HIPV-mediated priming is now well established in mature
plants (Engelberth et al., 2004a; Erb et al., 2015b; Frost et al., 2007; Frost et al., 2008;
Rodriguez-Saona et al., 2009). To my knowledge, this study is the first to show that
seeds can also be primed by HIPVs. Moreover, seed exposure to HIPVs had no adverse
effect on seed germination, vegetative growth and reproductive output of the primed

mature plants (Figure 2 & 3). Such a long-persisting defense response without apparent
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negative consequence on plant growth and development may be indicative of defense
priming rather than direct activation of induced defenses.

HIPV-mediated defense priming is theoretically a component of an inducible
resistance phenotype (Frost et al., 2008; Hilker et al., 2016). Since seed treatment with
defense phytohormones (e.g., JA, SA, and BABA) primes defenses by modulating stress-
related signaling pathways (Azooz, 2009; Jucelaine et al., 2018; Worrall et al., 2012), |
hypothesized that volatile indole would prime seeds through inducible signaling
pathways. |, therefore, predicted that seed-primed plants would show primed inducible
defenses compared to controls when challenged with herbivores. For example, Worrall
et al. (2012) showed that seed treatment with JA and BABA primed the antiherbivore
and antipathogen defenses in mature Arabidopsis plants by JA-dependent processes.
However, in this study, JA-related octadecanoid pathway (Ballaré, 2011; Wasternack,
2007) and glucosinolate biosynthesis (Hopkins et al., 1998; Reymond et al., 2004)
marker genes were induced by S. exigua feeding to similar levels independent of indole
seed treatment (Figure 4). Similarly, marker genes for SA-related defense (Walling,
2008) in M. truncatula were induced by A. pisum but were not additionally enhanced by
seed treatment (Figure 4). Base on the gene expression profile the result indicates that
HIPV-mediated seed priming might operate through a mechanism independent of
inducible resistance. However other parameters of inducible resistance need to be
evaluated before ruling out the involvement of inducible resistance in seed priming.
Moreover, indole seed treatment did not directly induce any marker gene before

herbivory, further ruling out direct activation of induced resistance via seed priming

18



(Figure 4). Given that |, measured single time points as indicators of inducible defense, it
is possible that seed priming altered the temporal dynamics of induced defense in
complex ways. However, the time points chosen for this study are reflective of sustained
defense activation, which is one important aspect of defense priming. The enhanced
defense in indole-exposed seed plants in this study is therefore likely a result of the
changes in plant nutritive and defense chemistry.

Indole was the only HIPV we tested that primed plant defenses after seed
exposure, and this effect was consistent across two model plants against herbivores of
different feeding guilds. Indole is a ubiquitous, inter-kingdom intermediate in critical
biochemical pathways (Chen et al., 2008) and a signaling molecule (Ameye et al., 2015).
In plants, indole is also a common HIPV that contributes to direct and indirect defenses
(Gasmi et al., 2018; Veyrat et al., 2016a) and also acts as a defense priming cue (Bruce et
al., 2003; Erb et al., 2015b). This study adds an additional facet to the ecological role of
indole in plant communication. That said, rhizosphere inhabiting bacteria also produce
volatile indole, which can modulate plant growth via auxin pathway (Bailly et al., 2014;
Bhattacharyya et al., 2015; Blom et al., 2011). | tested the genes CYP79B2 and CYP79B3
in A. thaliana which involve in enzyme production that convert tryptophan (Trp) to
indole-3-acetaldoxime (IAOx), a rate-determining intermediate in auxin biosynthesis
pathway and plant defense compound indole glucosinolates biosynthesis (Zhao et al.,
2002). Seed exposure to indole alone did not upregulate either gene, but S. exigua
feeding induced their expression independent of seed exposure to indole (Figure 4. C &

D). Therefore, the auxin pathway may not be involved in indole-mediated seed priming.
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Nevertheless, seed priming was consistent in two different plant species against
different feeding guilds of herbivores, suggesting a clear role for indole in mediating
plant-seed communication.

Exposure of M. truncatula seeds to two GLVs (zZ3HOL and z3HAC) stimulated
vegetative growth. Similar vegetative and reproductive growth stimulation using a low-
dose, persistent application of zZ3HAC in lima bean plants (Freundlich & Frost, 2018). In
lima bean and M. truncatula, plants with increased growth also were better defended (
(Freundlich & Frost, 2018) and Figs 1&3). GLVs are well-established priming cues against
biotic stress (Engelberth et al., 2004a; Frost et al., 2008), and volatile communication
between plants can alter biomass allocation (Ninkovic, 2003). These results suggest that
GLVs can also stimulate plant growth and ostensibly overcome the growth-defense
dilemma (Herms & Mattson, 1992) in some plant species. One caveat, though, is that
persistent exposure to z3HAC reduces growth in Capsicum annuum (Freundlich & Frost,
2018), therefore the stimulating effect of GLVs is not universal.

As a final point, the results of this study have potential applications in pest
control and seed management. Recent attention has focused on leveraging priming of
innate plant immunity (Dervinis et al., 2010; Mozgova et al., 2015; Pichersky &
Gershenzon, 2002; Pickett & Khan, 2016; Song & Ryu, 2013a), due in part to presumed
lower fitness costs of priming based defenses (Buswell et al.; van Hulten et al., 2006). In-
field foliar or soil application of these agents can induce plant defenses against
herbivores (Beyaert et al., 2012; Bruce et al., 2003; Song & Ryu, 2013a), but can also be

prohibitively costly for large-scale application. In contrast, seed treatments are a
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common method of inoculating crops (Paparella et al., 2015), and direct application of
HIPVs to seeds could provide a more viable priming-mediated solution to pest
management. Moreover, M. thaliana is a close relative of fodder crop alfalfa, and
improved vegetative growth after seed treatment with GLVs may provide a mechanism
for enhancing fodder capacity and rejuvenating soils during crop rotations.
Furthermore, HIPV-mediated seed priming may be a valuable tool in conservation
efforts for rare or endangered species (Laetz et al., 2009), if HIPV-mediated seed
priming can enhance their innate immunity. Ultimately, seed priming via HIPVs
represents a novel mechanism in plant-plant communication that may have trans-

generational effects on ecological communities.
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TABLE

Table 1: Primer sequences used in this study.

Plant Genes Primer sequence Amplicon Reference
(5'-> 3" length
(pb)
Actin7 : AGTGGTCGTACAACCGGTATTGT 91 (Martinez-
R: GATAGCATGAGGAAGAGCATACC Medina et
al., 2017)
GAPDH : CCATGGGCCGAGGCTGGAG 101 GenScript
R: ACCTTCTTGGCACCACCCTTCA (GenScript,
2006)
LOX2 : AAGAGTTCTATGAGTCGCCAGA 119 (Kusnierczyk
Arabidopsis R: TGTACTCTTCGTCAGGTGAATG et al., 2007)
thaliana
mMYC2 : CGGAGATCGAGTTCGCCGCC 191 GenScript
R: AATCCCGCACCGCAAGCGAA (GenScript,
2006)
CYP79B2 : ATCACATCCCTAAAGGAAGTCA 165 (Kusnierczyk
R: CCGGTACTGAACGAGATAAACC et al., 2007)
CYP79B3 : GGTTTGGTCTGATCCACTTAGC 160 (Kusnierczyk
R: CTAGCATCATGGTCGTTATCGC et al., 2007)
EFla : TGACAGGCGATCTGGTAAGG 108 (Liv et al.,
R: CAGCGAAGGTCTCAACCAC 2007)
GAPDH : AACATCATTCCCAGCAGCAC 108 (Liu et al.,
R: AACATCGACGGTAGGCACAC 2007)
Medicago
truncatula | PR5 : TGCCTTAGCTTTGCATTCCT 168 (Gaoetal,
: AATTTCCGCTGAGTTCGTTG 2007)
BGL : CAAATTGGGTCCAAAAATATGTGAC 229 (Gaoetal,
R: GCACCATCATTGGGTGGATATGAAG 2007)
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FIGURE LEGENDS

Figure 1. The effect of seed exposure to plant volatiles on the herbivore fitness (A)
Relative growth rate (RGR) of Spodoptera exigua caterpillars after 24 h herbivory on
Arabidopsis thaliana plants grown from control and volatile-exposed seeds (n= 6, each
biological replicate had 1-3 technical replicates), (B) Relative growth rate of S. exigua
caterpillars after 24 h herbivory on A. thaliana plants grown from control and indole-
exposed seeds in a separate caterpillar herbivory experiment (n=8-10, each biological
replicate had 1-3 technical replicates), (C) Fecundity (nymph number per adult) and, (D)
nymph weight after 14 days of Acyrthosiphon pisum herbivory on M. truncatula plant
grown from control and volatile-exposed seed (n=6-8). Values are shown as means

1+ 95% Cl and significance were calculated by the student's t-test (two-tailed).

Figure 2. Seed exposure to plant volatiles does not affect Arabidopsis thaliana plant
growth and reproductive output. The effect of seed exposure to plant-derived volatiles
on (A) leaf number, (B) rosette diameter, (C) bolt length, (D) silique number and (E)
shoot weight of plants. DPS represents days after seed sowing. Values are shown as
means + 95% Cl (n = 8-10). (F) Percent seed germination. Seed exposure to e2HAL
reduced the seed germination on agar plates. Values are shown as means £ SEM

(n=90). Significance was calculated by repeated measures ANOVA and one-way ANOVA.

Figure 3. Seeds exposure to cis-3-hexenol and cis-3-hexenyl acetate enhances the

growth of Medicago truncatula. (A) M. truncatula plants (define age) from control seed
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and z3HAC exposed seed. The effect of seed exposure to plant-derived volatiles on (B)
leaf petiole length, (C) Leaf blade length, (D) Leaf blade width and, (E) axillary shoot
length. For leaf petiole length, leaf blade length and width all the measurements were
taken when the leaves were fully developed. The axillary shoot was measured at 64 days
after seed sowing. Values for each metamer are shown as means + 95% Cl (n=5-10) and
asterisks represent significant differences (p<0.05) from controls based on one-way

ANOVA followed by Dunnett’s post-hoc analysis.

Figure 4. Seed treatment with indole does not enhance herbivore-induced expression of
defense marker genes. Relative transcript levels of the genes LOX2, MYC2, CYB-B2 and
CYB-B3in A. thaliana after 24 h of Spodoptera exigua herbivory was measured by
guantitative RT-PCR analysis (A-D). Similarly, transcript levels of SA regulated marker
genes PR5 and BGL were measured in Medicago trunacatula after 14 days of
Acyrthosiphon pisum aphid herbivory (E & F). Relative expression was determined (2°2¢)
using the geometric mean of two housekeeping genes for normalization. Bars represent
mean = SEM determined from three-five biological replicate assays, each biological
replicate had two technical replicates. Different letters on the bar represent a significant

difference (p<0.05).
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Figure 2
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Figure 3
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Figure 4
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CHAPTER 1l

VOLATILE IDENTITY AND HERBIVORE HOST BREADTH AFFECT THE DIRECT TOXICITY OF
HERBIVORE-INDUCED PLANT VOLATILES
SUMMARY
Herbivore-induced plant volatiles (HIPVs) provide direct benefits to plants as

antimicrobials and herbivore repellents, but their potential as direct toxins to herbivores
is unclear. Here we tested the larvicidal activity of six common HIPV’s against Spodoptera
exigua. In feeding bioassays, indole was the most toxic to S. exigua (LCso= 0.35 mg/ml),
followed by the monoterpene linalool (LCs0=2.59 mg/ml), which was required a ca. 700%
higher concentration than indole to cause mortality. Because of the high toxicity of
indole, | tested the larvicidal activity of indole against six common, destructive pest
caterpillars. Indole toxicity varied with caterpillar host range: indole toxicity was several-
fold higher in the specialist Anticarsia gemmatalis (LC50=0.05 mg/ml) and generalist with
host preference Trichoplusia ni (LCs0=0.05 mg/ml) compared to the generalists Heliothis
virescens (LCs0=0.18 mg/ml), Helicoverpa zea (LCs0=0.27 mg/ml), Spodoptera frugiperda
(LC50=0.29 mg/ml) and S. exigua (LCs0=0.35 mg/ml). Even against the generalist
caterpillars, indole toxicity was comparable to other reported anti-herbivore agents
(e.g., CrylF and other essential oils). Yet, indole in headspace had neither larvicidal nor
ovicidal activity on S. exigua and T. ni caterpillars. The results of this study are the first to

calculate the LCso of major plant volatiles against S. exigua and determine the toxicity of
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indole against six destructive caterpillar pests. The results of this study indicate that
indole may be a direct defense against herbivores and has the potential to be used in
integrated pest management.
INTRODUCTION

Plants produce a remarkable variety of volatile organic compounds (VOCs) that
can affect the behavior of pollinators (Schiestl & Ayasse, 2001; Schiestl et al., 1999), seed
dispersers (Valenta et al., 2017), and herbivores (Agrawal, 2001; Vickers et al., 2009).
Plants release herbivore-induced plant volatiles (HIPVs) in response to herbivore attack
which provides both indirect and direct defense benefits (Hare, 2011). HIPVs can act as
priming cues that activate plant defenses and reduce herbivory (Erb et al., 2015b; Frost
et al., 2007; Frost et al., 2008; Heil & Bueno, 2007), mediate the attraction of natural
enemies (Birkett et al., 2003; Dicke, 1986; Dicke & Sabelis, 1988; Gliimil et al., 2005;
Schnee et al., 2006; Turlings et al., 1995; Turlings et al., 1990), and can make the
herbivores more susceptible to entomopathogens (Gasmi et al., 2018). HIPVs also have
direct defense benefits to the plants that produce them, including protecting plants from
microbial infections and inhibiting the germination of pathogen propagules (Atul-Nayyar
et al., 2009; Richard et al., 2006). HIPVs deter herbivory (Beale et al., 2006; Bernasconi
et al., 1998a; Heil, 20044a; Liu et al., 2014) and oviposition (Kessler & Baldwin, 2001;
Veyrat et al., 2016a; Zakir et al., 2013), and exposure to VOCs alone can reduce
caterpillar growth (von Mérey et al., 2013) and food consumption (Veyrat et al., 2016a).

The hypothesis that HIPVs directly affect insect herbivores fecundity is not new

(Hempel et al., 2009; Pichersky & Gershenzon, 2002), but the direct larvicidal or ovicidal
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efficacy of HIPVs on insect herbivores is poorly understood. This is due in part to the fact
that the consideration of diverse phytochemicals acting as selective pressure driving
insect pest feeding strategies has largely excluded volatile constituents (Endara et al.,
2017; Feeny, 1976; Howard V. C. & Bradford A. H., 2003). The vast majority of insects are
specialists, feeding on only one or a few closely related species (Forister et al., 2015),
while a minority of insect herbivore species have a more generalist host range.
Evolutionary theory predicts that phytochemicals that are widespread among different
plant taxa will be less toxic to generalist insects compared to specialists (Howard V. C. &
Bradford A. H., 2003). HIPVs tend to be common across plant taxa, and some HIPVs can
be pre-synthesized, stored in specialized cells in their original or conjugated forms in
various types of plant tissues (Akahane et al., 2012; Baldwin, 2010; Ormefio et al., 2011;
Sugimoto et al., 2015; Tominaga & Dubourdieu, 2000), and released when herbivory
disrupts cellular storage compartments (Niinemets et al., 2013). Insect pests must,
therefore, cope with the potentially toxic effects of HIPVs by either direct ingestion or in
airspace (headspace) exposure.

Many of the major agricultural pests that cause significant damage and economic
loss of food crops worldwide belong to the insect order Lepidoptera (butterflies and
moths) (Vreysen et al., 2016). These known pests include both specialists and
generalists. To control the crop losses to these lepidopteran pests, potent and toxic
synthetic chemicals are used in current agricultural systems (Cordero et al., 2006;
Ecobichon, 2001; Pimentel, 1996). However, the use of broad-spectrum, and persistent

insecticides comes with unintended negative consequences to human health and non-
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target organisms (Cimino et al., 2016; Hahn et al., 2015; Mulé et al., 2017; Tingle et al.,
2003). Furthermore, insect pests are developing resistance against commonly used
insecticides (Brown, 1958; Sparks & Nauen, 2015). The vast diversity of plant-derived
chemicals may provide alternative approaches to insect control. In recent years, plant
essential oils containing blends of VOCs (and HIPVs) have been tested as “ecofriendly”
control formulations against lepidopteran pests (da Silva et al., 2019; Feng et al., 2018;
Plata-Rueda et al., 2017). Although the potential toxicity of individual HIPVs against
lepidopteran pests is limited, the toxicity of some VOCs against other invertebrate
groups is known (Hamel et al., 2004; Hubert et al., 2008a; Laquale et al., 2018; Zhao et
al., 2017). In addition, blends of plant essential oils are known ovicidal and larvicidal
against lepidopteran pests in agricultural systems (Bakkali et al., 2008; El-Zaeddi et al.,
2016; Isman, 2016; Mossa, 2016). Essential oils commonly contain volatiles that are also
major constituents of HIPV blends (Maffei et al., 2011). Therefore, investigating the
larvicidal and ovicidal activity of common individual HIPVs from essential oils may
identify alternatives strategies for chemical-mediated pest control in agriculture
systems.

In this study, | evaluated the direct toxicity of six individual HIPVs on a common
lepidopteran herbivore pest beet-armyworm (Spodoptera exigua). Because plant
volatiles may affect herbivores fitness directly through ingested leaf tissues as well as
indirectly through air contact, | conducted dose-response assays HIPVs either infused
directly into diet or headspace. The first objective was to assess the direct toxicity of six

major HIPVs against S.exigua. As terpenes and phenylpropanoids are common
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constituents of plant essential oils toxic to herbivores (Moghaddam & Mehdizadeh,
2017), | predicted that indole and the terpenes would be relatively more toxic than the
GLVs. The second objective was to test the larvicidal activity of indole on six
agriculturally important caterpillar species with different host ranges (Table 2). Because
indole is produced by a wide range of plant species (Ameye et al., 2015; Cna’ani et al.,
2018a), | hypothesized that indole will be more toxic to host specialists. The third
objective was to assess the ovicidal effect of indole. Since HIPVs also provide an indirect
defense to plants by attracting egg predators (Fatouros et al., 2008), | predicted indole
may provide a direct defense benefit by reducing egg hatching success.
MATERIALS AND METHODS

Synthetic plant volatiles

Six common HIPVs belonging to different biosynthetic pathways were tested:
GLVs cis-3-hexenol (97%, Density: 0.848 g/ml) (TCl), cis-3-hexenyl acetate (99%, Density:
0.897 g/mL) (TCl), and trans-2-hexenal (98%, Density: 0.846 g/mL) (Sigma-Aldrich);
terpenes B-caryophyllene (97%, Density: 0.902 g/mL) (MP Biomedicals) and linalool
(97%, Density: 0.870 g/mL) (Alfa Aesar); and aromatic volatile indole (97%, Density:
1.051 g/mL) (TCl).
Caterpillar culture

Eggs of beet armyworm (Spodoptera exigua), fall armyworm (Spodoptera
frugiperda), cotton bollworm (Helicoverpa zea), tobacco budworm (Heliothis virescens),
velvetbean caterpillar (Anticarsia gemmatalis), and cabbage looper (Trichoplusia ni)

were obtained from Benzon Research Inc. USA (Permit #P526P-16-02563). Egg masses
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were immediately transferred to 2-ounce diet cups. Eggs in diet cups were maintained
at 24-27 °C until the egg hatched, and 1%t instar larvae were used within 24 of hatching
for all bioassays.
Preparation of test diets for feeding bioassay

Larvicidal effects of HIPVs against S. exigua were tested at five different
concentrations 1, 2.5, 3.75, 5, and 10 mg/ml or pl/ml in feeding and headspace
bioassays, respectively. The initial concentrations tested were based on the LCsg of
trans-2-hexenal against five species of stored-product beetles (Hubert et al., 2008b).
Due to the high larvicidal activity of indole in initial feeding bioassays, the toxicity of
indole against all six caterpillar species was tested at diet concentrations ranging from
0.005 to 1 mg/ml. Test diets were prepared 12 h prior to the start of the experiment.
Artificial diet powder (Southland Products Incorporated, Arkansas, USA) was prepared
per manufactures instructions and aliquoted into 50-ml falcon tubes. Prior to the diet
solidifying, an appropriate amount of an individual HIPV was added, and the tube was
vortexed thoroughly to cause complete mixing of volatiles in the diet. Control diets
were prepared similarly without any volatile. After solidifying at room temperature, the
diet was cut into disc-shaped pieces (10 mm diameter, 5 mm height, ca. 400 mg) using a
10-cm long cork borer. Each experimental cup received one piece of artificial diet.
Preparation of volatile dispenser for headspace bioassay

Experimental amounts of cis-3-hexenol, cis-3-hexenyl acetate, B-caryophyllene,
Linalool, trans-2-hexenal, and Indole were added into a 2.0 ml amber glass vial (Agilent

Technologies) with 1 mg of glass wool (Figure 5). Control dispensers had only glass wool
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without any volatile (Erb et al., 2015a). The amber vials with volatiles were sealed with
a rubber septum and connected to the diet cup by piercing the diet cup and amber vial
rubber septum with an 18-gauge needle (inner diameter 0.83 mm). This allowed for the
control of volatiles delivered to the feeding chamber. In a similar type of volatile
dispenser containing 20 mg of indole and pierced with a 1 pL micro-pipette (inner
diameter 0.2mm), the volatile release rate was measured at c.a. 21 ng/h (Ye et al.,
2019).
Test of toxicity of plant volatiles against caterpillars

| used S. exigua as the first model pest because it is destructive generalist
agricultural pest (Liburd et al., 2000; Pearson, 1983) that has developed resistance
against chemical insecticides (Brewer et al., 1990; Che et al., 2013), and is also a model
herbivore in HIPV-mediated direct and indirect plant defense studies (Christensen et al.,
2013a; Engelberth et al., 2004b; Huffaker et al., 2013; Jurriaan et al., 2007; Schmelz et
al., 2003). In follow up experiments | tested the indole toxicity against larvae of five
common pest species ranging from generalist to specialist in their feeding behavior
(Table 2). First instar larvae were used for testing the toxicity of plant volatiles because
the first instar is the most sensitive stage to secondary plant chemicals (Zalucki et al.,
2002). For feeding bioassays, ten first instar larvae were transferred using a fine
paintbrush in each diet cup containing either a volatile infused diet or control diet.
Similarly, for headspace bioassays, ten first instar larvae were transferred in each diet
cup containing control diet, however, the diet cups were connected to either a control

dispenser or a volatile dispenser. The unit of replication was the diet cup and each
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treatment group at a specific concentration had 5-10 replicates. The percent

survivability at 24 h was determined for each replicate.

Test of the inhibitory effect of indole in S. exigua and T. ni egg hatching bioassay

For egg hatching assays, | specifically selected caterpillar species most
susceptible and tolerant to indole in feeding bioassays. The inhibitory effect of indole on
S. exigua and T. ni egg hatching was measured in a headspace bioassay. S. exigua and T.
ni eggs were transferred to diet cups that were connected to volatile dispensers
containing different concentrations of indole; 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 15 and 20
mg/ml. Each concentration of indole had 5 replicate diet cups. The percent hatch of the
eggs was measured at 96 h after exposure and compared to controls without indole.
Statistical analyses

All analyses were conducted with R statistical software (R Core Team, 2018). For
calculating the median lethal concentration (LCso), the mortality rates of caterpillar
larvae after 24 hours of VOC exposure were regressed on concentrations using the
logistic regression in glm function of R. Initially linear logistic regression was used but
significant non-linearity was found in the relationship between logit and concentration.
To account for the non-linear relationship between logit and concentration, quadratic
and cubic logistic regressions were performed and were compared to each other and to
the linear logistic regression by the AIC values. The best model was chosen using the
lowest AIC values as the criterion. In all analyses, the quadratic model was best using

the lowest AIC value as a criterion and the median lethal concentration (LCso) was
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calculated using the fitted function in quadratic logistic regression. Survivorship (%) was
plotted against concentration with GraphPad Prism version 8.0.0 (San Diego, California
USA) and ggplot2 in R(Wickham, 2011). The effect of concentration on mortality for
each individual volatile was analyzed using Dunnett’s test, while differences among
plant volatiles for mortality at specific concentrations were analyzed using Tukey’s HSD.
Data were arcsine transformed to satisfy assumptions of statistical tests. Significance
was declared at p<0.05.
RESULTS

HIPV toxicity against S. exigua

Type and concentration of HIPVs affected caterpillar mortality (Tables 3 and 4).
The mortality of S. exigua was negligible in the control group. Among all HIPVs tested,
indole caused the highest larval mortality, followed by monoterpene linalool and the
GLV cis-3-hexenyl acetate (Figure 6A). In contrast to feeding bioassays, no HIPV showed
any toxicity to S.exigua when administered in headspace alone (Figure 6B). Based on
LCso values, indole was more than 7 times toxic than the second most potent toxicant
(linalool) among all the HIPVs tested against S. exigua (Indole LCso = 0.35 mg/ml; linalool
LCs0 =2.59 pl/ml (or 2.26 mg/ml, calculated using mass, volume, and density formula))
(Figure 7). GLVs were relatively less toxic: cis-3-hexenol (LCso = 3.32 pl/ml or 2.81 mg/ml
diet), cis-3-hexenyl acetate (LCso =4.61 pl/ml, 4.13mg/ml diet) and trans-2-hexenal (LCso
=4.85 pul/ml, 4.1mg/ml diet) (Figure 7). B-caryophyllene was neither toxic in diet nor
headspace against S.exigua caterpillars at any of the tested concentrations.

Indole toxicity increases as host range decreases
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Indole was highly larvicidal against all caterpillar species tested, but more so to
the caterpillars with restricted host ranges. Whereas indole was larvicidal to the
specialist caterpillar (A. gemmatalis) and generalist caterpillar with host preference
(T.ni) at 0.1 mg/ml diet, 0.5 mg/ml diet was required for larvicidal effects for other
generalist caterpillars like S.exigua, S. frugiperda, H. zea, H. virescens (Figure 8).
Consistently, the LCso value of indole was lowest for T. ni and A. gemmatalis (LCso= 0.05
mg/ml diet) followed by H. virescens (LCso = 0.18 mg/ml diet), H. zea (LCso= 0.27 mg/ml
diet), and S. frugiperda (LCso = 0.29 mg/ml diet) (Figure 8). The presence of indole in
headspace had no significant effect on the mortality of T. ni caterpillars (Figure9).
Indole does not affect eqg hatching rates

S. exigua and T. ni eggs were exposed to varying concentrations of indole.
Exposure of S. exigua and T. ni eggs to headspace vials containing either 0.1, 0.25, 0.5, 1,
2.5, 5, 10, or 20 mg of indole for 96h did not show significant inhibitory effect on egg
hatching (Figure 10 a, b).

DISCUSSION

| evaluated the LCso of a select set of common HIPVs against agriculturally
destructive crop pest S. exigua in headspace and diet. None of the compounds were
toxic when present in the only headspace. By contrast, indole and, to a lesser extent,
GLVs and volatile terpenes, have direct larvicidal activity against the common crop
pest S. exigua. In particular, indole was considerably the most larvicidal of the tested
HIPVs against S. exigua, and also had particular larvicidal activity on all six major

agricultural caterpillar pests tested in this study. Plant-derived essential oils can be

38



effective against herbivores and stored grain pests (Abdelgaleil et al., 2016; Baldin et
al., 2015), and it is particularly important to identify causative agents in such essential
oil mixtures. The larvicidal effect of some GLVs and terpenes has been reported
against stored-pest beetles (Hubert et al., 2008b) and aphids (Sadeghi et al., 2009),
and the results are comparable. For example, the LCso values | obtained for the three
GLVs tested, cis-3-hexenol (3.32 pl/ml, 2.81 mg/ml), cis-3-hexenyl acetate (4.61 pl/ml,
4.13 mg/ml), and trans-2-hexenal (4.85 pl/ml, 4.1mg/ml) (Figure 7), are similar to those
reported against stored pest beetles (0.6-3.32 mg/g) (Hubert et al., 2008b). Similarly,
the larvicidal activity of the terpene linalool against S.exigua in this study (LCso of 2.59
ul/ml, 2.26 mg/ml) is comparable to previous work testing linalool against the European
corn borer (Lee et al., 1999b).

Not surprisingly, larvicidal activity against S. exigua varied among HIPVs. While
the LCso values of tested HIPVs in this study are higher than emission rates observed in
nature (Allmann et al., 2013; Degen et al., 2012), they are likely representative of what
might be stored within leaf tissues (Loreto et al., 1998; Loreto et al., 2000; Niinemets
et al., 2004) and what insect herbivores may realistically encounter in their natural
diets. Indole was considerably more toxic than the other HIPVs tested, and had strong
larvicidal activity for all herbivore species tested, with LCsg ranging from 0.35 mg/ml
(350 pg/ml) against S. exigua to 0.05 mg/ml (50 pug/ml) against A. gemmatalis and T. ni
(Figure 8). In fact, the larvicidal activity of indole is comparable to previously studied
natural toxicants such various strains of Bacillus thuringiensis (LCso = 63.0-153.0 pg/ml)

(Moar et al., 1989) and purified Cryl proteins from B.thuringiensis protein (LCs0=1-870
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ug/g) (Ali et al., 2006; Niu et al., 2013). Moreover, the LCso of commercial B.
thuringiensis DiPel ES (LCso= 2 pg/g) (Liao et al., 2002) and the synthetic insecticide
lambda-cyhalothrin (LCs0=5.27 pg/ml) (Hardke et al., 2011) are close to LCso obtained
for indole at 24h in this experiments. Therefore, indole may be a promising candidate
as a natural biological control agent with high larvicidal activity.

HIPVs in headspace alone did not affect caterpillar survival or egg hatching. In
previous work, indole had an inhibitory effect even in headspace alone against the
generalist herbivore S. littoralis (Veyrat et al., 2016b). While | did not find similar
effects with S.exigua, this study was focused on larvicidal activity and not differential
weight gain or growth. That said, exposure of eggs to indole in headspace also had no
effect on the hatching success of either S. exigua or T.ni. (Figure 10). Plants volatiles can
clearly have repellent effects on insect pests (Beale et al., 2006; Bernasconi et al.,
1998b; Heil, 2004b; Sandra et al., 2014), but this study indicates that larvicidal efficacy
of HIPVs depends on their direct consumption by herbivores.

In this study, the larvicidal activity of indole varied with the caterpillar host
range. A long-standing hypothesis is that generalist herbivores are well-equipped to
detoxify wide array of common phytochemicals (Agrawal & Ali, 2012; Krieger et al.,
1971), whereas specialist herbivores are more tolerant to compounds specific to their
host range but sensitive to more common phytochemicals (Whittaker & Feeny, 1971).
Since indole is an inter-kingdom signal molecule (Lee et al., 2015) that is common in
plants (Cna’ani et al., 2018b), | predicted that it would be relatively toxic to specialist

caterpillars compared to generalist caterpillars. The results of this study support this
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prediction: concentration needed for the larvicidal activity of indole was
approximately seven times lower for specialist A. gemmatalis compared to generalist
S. exigua and, in general, all the generalist caterpillar showed higher tolerance to
indole. The exception was T. ni, which had an LCsoto indole approximately the same
as the specialist A. gemmatalis (LCs0=0.05 mg/ml of diet) (Figure 8). While T. ni is a
generalist, it is also recognized to preferentially feed on Brassicaceae species (Rivera-
Vega et al., 2017). The efficacy of indole as a biological control agent may, therefore,
be dependent on the insect pest species that is being targeted.

More than 500 insect pest species have developed documented resistance to
chemical insecticides (Bass et al., 2015; Georghiou, 1990). Agriculturally destructive
caterpillars are particularly capable of developing such resistance (Ahmad et al., 2008;
Che et al., 2013; Elzen, 1997; Hardee et al., 2001; McEwen & Splittstoesser, 1970; Yu
et al., 2003). Plant secondary metabolites can provide alternatives to synthetic
insecticides in pest management, while also potentially avoiding or ameliorating
negative impacts on beneficial organisms. This study identifies that indole, and
potentially other plant-derived volatiles, may be important additions to the arsenal of
chemical defenses in pest management. To my knowledge, this is the first study to
measure the LCso of indole using caterpillars as the target organism. Indole might be
particularly useful as a biopesticide and part of integrated pest management for
managing generalist and specialist caterpillars given its larvicidal effect is similar or
stronger than to some commercial pesticides and potent biopesticides like the Cry1F

bacillus thuringiensis protein. Even the larvicidal activity of the GLVs and linalool
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against S. exigua in this study is approximately the same as reported for other pests.
HIPVs warrant attention as a component of biological control strategies against insect

pests.
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TABLES

Table 2 Host range and common hosts of six tested caterpillars

Insect

Common name

Host Range

Common Hosts

Spodoptera

exigua

Beet armyworm

Generalist

Alfalfa, broccoli, corn, cabbage,
cotton, chickpea, Maize, peanut,
pepper, potato, pigweed,
sunflower, sorghum, soybean,
sugar-beet, tobacco, tomato etc.
(Capinera, 1999a; Greenberg et

al., 2001)

Spodoptera

frugiperda

Fall armyworm

Generalist

Apple, bean, barley, cotton,

grapes, maize, orange, oat,

papaya, millet, peanut, rice,
sorghum, sugar beet, soybean,
sugarcane, tobacco, and wheat

etc. (CABI; Capinera, 1999c)

Helicoverpa

zeda

Corn earworm/
Cotton
bollworm/tomato

fruitworm

Generalist

Asparagus, cauliflower, chickpea,
cucumber, lettuce, lima bean,
millet, okra, pigeon pea, pea,

pepper, potato, pumpkin,

sorghum, soybean, sweet corn,
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sweet potato etc.(CABI; Martin et

al., 1976)
Heliothis Tobacco Generalist Alfalfa, cabbage, cotton, lettuce,
virescens budworm pea, soybean, cotton, tobacco etc.
(Capinera, 2001; Harding, 1976;
Martin et al., 1976)
Trichoplusia | Cabbage Lopper Generalist with Beans, broccoli, cotton, cabbage,
ni. host preference cucumber, cauliflower, kale,
for crucifers mustard, potato, radish, spinach,
tomato etc. (Capinera, 1999b;
Hoo et al., 1984; Martin et al.,
1976)
Anticarsia velvetbean Specialist on Soybean, chickpea, pea, peanut
gemmatalis caterpillar legume crops etc. (Waters & Barfield, 1989)

(Slansky, 1993)
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Table 3 Between-treatment effect of plant volatiles at each concentration on S. exigua

survival in feeding bioassays. Mortality was checked at 24h after exposure to volatile

infused diet.

Concentrations (mg/ml/ul/ml) |1 2.5 3.75 5 10
Treatment comparison (p values)®
Indole-8 caryophyllene <0.001 | <0.001 | <0.001 <0.001 | <0.001
Indole-Linalool <0.001 | <0.001 0.985 1 1
Indole-Trans-2-hexenal <0.001 | <0.001 | <0.001 | <0.001 1
Indole-Cis-3-hexenyl acetate <0.001 | <0.001 | <0.001 0.0835 1
Indole-Cis-3-hexenol <0.001 | <0.001 0.930 0.985 1
6 caryophyllene-Linalool 0.977 0.992 <0.001 <0.001 | <0.001
B caryophyllene-Trans-2-hexenal 0.815 0.998 0.853 <0.001 | <0.001
6 caryophyllene-Cis-3-hexenyl 0.971 0.999 0.145 <0.001 | <0.001
acetate
8 caryophyllene-Cis-3-hexenol 0.977 0.998 <0.001 <0.001 | <0.001
Linalool-Trans-2-hexanal 0.352 0.901 <0.001 | <0.001 1
Linalool-Cis-3-hexenol 1 0.901 0.591 0.984 1
Linalool-Cis-3-hexenyl acetate 0.651 0.999 <0.001 | 0.0834 1
Cis-3-hexenyl acetate-Trans-2- 0.997 0.982 0.803 0.570 1
hexanal
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Cis-3-hexenyl acetate- Cis-3- 0.652 0.982 <0.001 0.351
hexenol
Cis-3-hexenol- Trans-2-hexanal 0.351 1 <0.001 0.004

2 p-values are based on ANOVA analysis followed by tukey post-hoc test
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Table 4 Within treatment effect of plant volatile concentrations on S. exigua survival in

feeding bioassays. Mortality was checked at 24h after exposure to volatile infused diet

Treatment Indole Cis-3- Cis-3- | Trans-2- | Linalool 6
hexenol | hexenyl | hexenal caryophyllene
acetate

Concentrations (p values)®

(mg/ml/pl/ml)
0-0.1 0.996 NA NA NA NA NA
0-0.25 0.996 NA NA NA NA NA
0-0.37 <0.001 NA NA NA NA NA
0-0.5 <0.001 NA NA NA NA NA
0-1.0 <0.001 0.920 0.878 0.710 0.899 1
0.2.5 <0.001 0.999 0.680 0.999 0.162 0.945
0-3.75 <0.001 <0.001 0.892 0.895 <0.001 0.010
0-5.0 <0.001 <0.001 <0.001 <0.001 <0.001 0.872
0-10.0 <0.001 <0.001 <0.001 <0.001 <0.001 0.999

ap-values are based on ANOVA analysis followed by Dunnett’s post-hoc test
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FIGURE LEGENDS

Figure 5. A volatile delivery system for headspace bioassay.

Figure 6. Direct toxicity of plant volatiles at different concentrations on the survival of S.
exigua in feeding bioassays (A) and headspace bioassay (B). Values at each

concentration represent the mean of five-ten biological replicates + 1SEM.

Figure 7. LCso of individual plant volatiles on S. exigua caterpillars in feeding bioassay.
Graphs for each volatile refer to fitted values based on quadratic logistic regression.
LC50 represent lethal concentration causing 50 percent mortality. Data are reproduced

individually from Figure2A for easy visualization.

Figure 8. Direct toxicity of indole on the survival of five different caterpillar species in
feeding bioassays. Graph A, B, C and D represent generalist herbivores, graph E
represent generalist with feeding preference while graph F represent specialist
herbivore. Values at each concentration represent the mean of five-ten biological
replicates + 1SEM. S. exigua data are reproduced (dashed lines) from Figure 2 to aid in

comparison.

Figure 9. Effect of varying concentrations of indole on the survival of T. ni in headspace
bioassays. Values at each concentration represent the mean of five-ten biological

replicates + 1SEM.

Figure 10. Effect of varying concentrations of indole on percent egg hatch of S.exigua (A)

and T. ni (B). Values represent the mean of five biological replicates + 1SEM.
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Figure 5
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Figure
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Figure 7
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Figure 9
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Figure 10
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CHAPTER IV
REPELLENT AND ANTIFEEDANT ACTIVITY OF PLANT VOLATILE COMPOUNDS TO BEET

ARMYWORM LARVAE

SUMMARY

The beet armyworm, Spodoptera exigua, is an important agricultural pest of
staple food crops and edible vegetables around the world. Since multiple field strains of
beet armyworm are known to be resistant to insecticides of different classes, the
development of alternative control measures of beet armyworm is indispensable. In this
study, | evaluated the repellent activity of two plant volatiles, indole, and linalool,
against beet armyworm using maize leaf disc choice assays. The results from choice
experiments showed that indole spray on leaf discs was repellent to beet armyworm,
while linalool elicited no behavioral response from beet armyworm. However, both
indole and linalool reduced caterpillar feeding. | tested the direct toxicity of indole and
linalool spray in detached leaf no-choice assays. Indole and linalool showed no direct
toxicity in terms of leaf area removed or caterpillar relative weight gain. Finally, |
measured the effects of indole and linalool spray on the growth of maize plants and
found that volatile sprays had no effects. The results of this study suggest that the
treatment of maize plants with indole will have a repellent effect against beet

armyworm, but both volatiles were non-toxic at concentrations tested. The deterrent
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activity of indole spray in addition to reduced feeding might provide a new tool that
when combined with other control measures could contribute to the management of
beet armyworm.

INTRODUCTION

Lepidopteran insects are major agricultural pests that cause huge economic
damage to food crops throughout the world (Muralidharan & Pasalu, 2006; Zalucki
et al., 2012b; Zheng et al., 2011). To control crop losses due to these pests, various
management strategies such as chemical control and utilization of transgenic crops are
practiced across the world. However, insect resistance to chemical pesticides is
increasing at alarming rates (Dawkar et al., 2013). In addition, there can be unintended
consequences of chemical insecticides on human and non-target organisms such as
pollinators and natural enemies, and so many growers are looking for alternative
solutions for insect control (Brittain et al., 2010; Chensheng et al., 2014; Cloyd & Bethke,
2011; Han et al., 2018; Liu et al., 2016).

Plant essential oils have emerged as an alternative to synthetic chemical pesticides
due to their low risk of unintended consequences on human health and non-target
organisms (Miresmailli & Isman, 2014; Said-Al Ahl et al., 2017). Botanical oils are well
documented for their potential antifeedant, repellent, and toxicant activity against
several insect taxa, including Lepidopterans (Kostic et al., 2008; Krishnaiah & Kalode,
1990; Reddy & Antwi, 2016; Ulrichs et al., 2007). However, these botanical oils can have
a complex chemical composition and contain both volatile and non-volatile compounds

(Shaaban et al., 2012). Plant-produced volatiles are often a major constituent of
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botanically-derived pesticides (Maffei et al., 2011), and are capable of mass production
which may provide a good alternative for pest control at large scale agriculture systems.
For example, individual plant volatiles such as E-2-nonadienal, E-2-nonenal, and E-2-
hexenal are active against stored grain beetles (Hubert et al., 2008a) and plant-parasitic
nematodes (Laquale et al., 2018; Zhao et al., 2017). However, understanding of the
potential toxicity of plant volatiles against other herbivores, especially caterpillars, is
limited (Lee et al., 1999a). One study has shown that the volatiles indole and linalool
were among the most directly toxic to beet armyworm (Spodoptera exigua) (Maurya et
al., 2019). However, almost no information regarding whether the spray application of
plant volatiles affects the behavior and feeding activity of caterpillars is available. This
might be due to the high evaporation rate of volatile compounds in open field
conditions and/or possible negative effects on plant fitness (Song & Ryu, 2013a).

Plant-derived volatiles may have strong effects on crop growth, for example by
reducing plant growth while increasing internal plant defenses, which may have
negative effects on crop yields (Herms & Mattson, 1992; Neilson et al., 2013). However,
studies have shown conflicting results. For example, direct spraying of volatile limonene
reduces photosynthesis and cause damage in cabbage leaves (Ibrahim et al., 2004),
while soil drenching of 3-Pentanol and 2-Butanone in cucumber increases fruit yield
without affecting the vegetative growth (Song & Ryu, 2013b).

In this study, | evaluated the toxic effects of two plant volatiles; aromatic volatile
indole and terpenoid linalool, on beet armyworm larvae feeding and growth, using no-

choice assays. | also measured the repellent effects of indole and linalool on beet
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armyworm behavior using choice assays. The effect of indole and linalool on maize plant
growth was also quantified. | expected that indole and linalool would reduce
caterpillar growth and leaf consumption in no-choice assays and would have
repellent and antifeedant effects in choice assays. | expected that these effects
would diminish over time due to the evaporation of volatile sprays. | also expected

that the volatile spray would reduce plant growth due to growth-defense tradeoffs.

MATERIALS AND METHODS

Plant material

Behavior and feeding assays (described below) were done using detached leaf
pieces of maize (var. Golden Bantam, Territorial seed company, Oregon). Maize is one of
the world’s leading crops (Shiferaw et al., 2011), and is susceptible to lepidopteran
herbivores of the family Noctuidae, including beet armyworms (Mardani-Talaei et al.,
2012). To prepare leaf material for these experiments, maize seeds were surface
sterilized in 75% (v/v) ethanol for five minutes followed by 20% bleach (v/v) in 0.1%
Tween-20 for ten minutes. After sterilization, the seeds were washed three times with
distilled water and transferred individually in plastic pots (9 x 6.5 x 6.5 cm) with
commercial potting soil (Lambert potting mix, Premium Horticultural Supply, KY, USA).
The pots were placed in the climate-controlled growth chamber (25°C, 12 h light: 12 h
dark cycle) for ten days and regularly watered. Two to three weeks old maize plants with

3-4 fully developed leaves were used for the feeding assays.

Insects
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| used beet armyworm caterpillars as the test subject because it is a destructive
generalist pest of agricultural importance that feeds on more than 90 different species of
food crops and edible vegetables belonging to 18 families across the USA (Liburd et al.,
2000; Pearson, 1983). Beet armyworm is commonly used in studies of plant-insect
interactions and pesticide assays and thus provides an opportunity to compare results
with other studies (Christensen et al., 2013b; Engelberth et al., 2004a; Huffaker et al.,
2013; Jurriaan et al., 2007; Schmelz et al., 2003). Beet-armyworm eggs were obtained
from Benzon Research Inc. USA (Permit #P526P-19-02794 to Sarah Emery). Eggs were
immediately transferred to 60ml plastic cups, each with an artificial diet for hatching
(Southland Products Incorporated, Arkansas, USA). The insect eggs were kept at room
temperature until the eggs hatched. First to third instar larvae were used in these

experiments.

Plant volatiles

| tested the effects of indole (97%) (CAS: 120-72-9; TCI America) and linalool
(97%) (CAS: 78-70-6; Alfa Aesar) on beet armyworm behavior and growth, and on maize
plant growth. For the plant volatile treatments, | prepared LCsp treatment solutions
(Maurya et al., 2019), using commercially available sources. For the indole treatment, |
dissolved 0.35mg/ml of indole (i.e., equal to its LCsp) in 100 ml solution of 1% DMSO
(v/v) and 0.05% tween 20 (v/v) in DI water. | also created a control solution that lacked

volatiles and had only 1% DMSO with 0.05% tween 20 in DI water.
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For the linalool treatment, | dissolved 2.59 pl/ml of linalool (i.e., equal to its LCso)
in a 100 ml solution of 0.05% tween 20 in DI water. | also created a control solution for

linalool that lacked volatiles and had only 0.05% tween 20 in DI water.

No-choice assays

To evaluate the repellent and antifeedant effects of plant volatiles on herbivores,
no-choice assays were performed in petri-dish (5.5 cm diameter) arenas lined with
moistened filter paper. Fresh leaf squares were harvested from living plants was
weighed then the adaxial side was sprayed with either indole, linalool, or the control
solution. The abaxial sides of the leaf squares were wiped and dried before transfer into
petri dishes. Late 2" or early 3™ instar caterpillars were weighed, added individually to
petri dishes, and then allowed to feed for 24 h. After 24 h, the leaf squares and

caterpillars were weighed again.

Choice assays

| investigated the repellency of plant volatiles against 1%t instar beet armyworm
caterpillars in choice assays. | used 1%t instar larvae as it is the most sensitive stage to
secondary plant chemicals and plant volatiles (Zalucki et al., 2002). Choice assays were
also conducted in petri-dish (5.5 cm diameter) arenas lined with moistened filter paper.
A leaf disc (10mm diameter) sprayed with one of the two volatiles was placed in one
half of each petri dish, while a control-sprayed leaf disc was placed in the other half. A
1%t instar caterpillar was then released along the centerline of the arena. Caterpillars had

the freedom to choose and feed on either the control or volatile-sprayed leaf disc.
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Caterpillar choice was scored at 1h after the start of the experiment by recording which
leaf disc the caterpillar was on. After 18h, the leaf area removed from both leaf discs
was measured using a semiquantitative Daubenmire scale (Dnubenmire, 1959).

Because | saw the strong effect of indole in particular on caterpillar choice, | followed up
these assays with another assay where leaf discs were sprayed with indole or control-
solution, then left alone for 24 h before exposing to caterpillars. This assay was
performed to evaluate whether the caterpillar repellent activity of indole extended

beyond 24 hours as indole has an atmospheric half-life of 2-3 h (NCBI, 2019).

Maize growth responses

To examine whether volatiles have any direct effects on crop growth, maize
plants were grown in climate-controlled chambers as described above and fertilized
once a week with a 10 ml Miracle-Grow® solution. Once plants had 3-4 fully developed
leaves, each was sprayed with the indole, linalool, or control solutions, fully soaking
leaves. Maize plant height was measured before spraying, and then daily after spraying,

for 7-21 days.

Data analysis

For no-choice assays, caterpillar weight gain and leaf mass-consumed were
analyzed using t-tests. For choice assays, two-tailed binomial exact tests were used to
determine the significance of preference between volatile-treated and control leaf discs
(replicates in which caterpillars did not make a choice were excluded from this analysis).

Differences in percent leaf area removed between the treatments in the choice assay
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were analyzed with t-tests. For Maize plant growth, the plant height was analyzed using
repeated-measures ANOVAs. Student’s t-tests and binomial exact tests were performed
in GraphPad Prism version 8.0.0 (San Diego, California USA) while repeated-measures
ANOVA was performed in R (R Core Team 2019). Figures were plotted with GraphPad
Prism version 8.0.0 (San Diego, California USA).

RESULTS

No-choice assays

Indole and linalool showed no toxicity or antifeedant effects on beet armyworm
in no-choice detached leaf assays. | found no significant effect of indole spray on leaf
consumption (P=0.9454, Figure 11a) and weight gain by beet armyworm (P=0.1143,
Figure 11b). Likewise, linalool treatment had no effect on leaf consumption (P=0.3692,

Figure 11c) or weight gain (P=0.7932, Figure 11d) by beet armyworm caterpillars.

Choice assays

Beet armyworm caterpillars were repelled by indole as more caterpillars chose
leaf discs sprayed with control solution over the leaf discs sprayed with indole at 1 h
(P=0.0093, Figure 12a) after assay initiation. Leaf area removed was more than four
times less in indole sprayed leaf discs compared to control leaf discs (P<0.0001, Figure
12b). For the follow-up assay in which plants were sprayed with indole a day before
being presented to caterpillars, there was no significant difference in caterpillar
preference for leaf discs from plants sprayed with control solution compared to indole

solution 1h after exposure (P=0.1601, Figure 12c), but the repellent effect of indole
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persisted in terms of leaf disc damage after 18h of feeding (42 h after indole spray), with
four times lower damage in leaf discs sprayed with indole compared to the control

(P<0.0001, Figure 12d).

In contrast to indole, linalool had no effect on beet armyworm caterpillar
preference at 1h or 18h following assay initiation (p = P=0.7905, Figure 13a). However,
linalool significantly reduced the leaf area removed by half after 18h of the experiment
(P=0.0337, Figure 13b).

Plant growth assay

Indole and linalool had no significant effects on maize plant growth. | found no
differences in 7-day growth (Figures 14a, c), nor 21-day growth patterns (Figure 14b, d)
between volatile-exposed plants and control plants.

DISCUSSION

In this study, | showed that sprays of plant volatile solutions, especially indole,
can effectively repel and have antifeedant effects on lepidopteran herbivores. The
repellent and antifeedant effects of indole were apparent in assays performed
immediately after sprays and in assays performed a day after the indole spray,
indicating that the repellent effects of plant volatiles can persist for more than 24 hours
after application. This is novel because the atmospheric half-life of indole at 25 °Cis 2-3
h (NCBI, 2019). Therefore, the results of this study demonstrate that indole spray repels
caterpillars even after a significant loss due to volatilization. This research work supports

other studies that show the repellent effects of indole on generalist caterpillar
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Spodoptera littoralis (Veyrat et al., 2016a). together, these studies suggest a use for

indole in the future management of lepidopteran pests.

While the evidence for linalool as a repellent and antifeedant were minimal in
this work, the repellent properties of linalool have been reported in many other studies.
For example, transgenic tobacco plants emitting higher amounts of linalool repelled egg-
laying female adults of cotton bollworm Helicoverpa armigera and phloem-feeding
green peach aphids Myzus persicae in a choice assay (Huang et al., 2018). Repellent
properties of exogenous linalool applications are also well documented against insects
such as mosquito, ticks, beetles and gypsy moth caterpillars (Kostic et al., 2008; Miiller
et al., 2009; Ojimelukwe & Adler, 2000; Tabari et al., 2017). These results instead
demonstrate that linalool may have antifeedant effects on beet armyworms, even if
changes in behavior are not detected. These results indicate a potential application of

linalool in eco-friendly pest management strategies.

Although indole and linalool had repellent and antifeedant effects on beet
armyworms in the choice assays, | saw no antifeedant effects in the no-choice assays.
One possible explanation for this lack of effect might be due to the use of late 2"¥and
early 3" instar caterpillars. Caterpillar ontogeny has been reported to affect sensitivity
towards phytochemicals, and early instar caterpillars are more sensitive relative to older
instar caterpillars (Hochuli, 2001; Veyrat et al., 2016a; Zalucki et al., 2012a). Therefore,
further studies are needed to test the susceptibility of specific instars to maximize pest
control efficacy of plant volatiles. Surprisingly, caterpillars actually tended to grow

better when feeding on indole-sprayed leaves relative to control sprayed leaves, though
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this was not statistically significant in this study. Similar results were found by Veyrat et
al. (2016a) where S. littoralis caterpillars grew more when they fed on indole-producing
plants or an artificial diet supplemented with indole. Indole exposure changes the
composition of the gut microbiome of caterpillars (Gasmi et al., 2019), and such shifts
might change the food-to-biomass conversion rates and increase weight gain in
caterpillars (Veyrat et al., 2016a). Therefore, future studies should investigate the effect
of exposure to plant volatiles on caterpillar gut microbiomes and overall food-to-

biomass conversion rates.

Finally, | was able to show that exposing crops directly to linalool and indole
sprays had no adverse effect on vegetative growth, at least for young plants. Similar
findings have been shown in other studies. For example, foliar spraying of tomato
seedlings with rosemary essential oils had no negative effects on seedling growth (Souri
& Bakhtiarizade, 2019). However, other studies have shown that some plant volatiles
can directly decrease plant growth. One study demonstrated that the direct spraying of
another plant volatile, imonene, caused a significant reduction in photosynthesis and
visible damage in cabbage plants (Ibrahim et al., 2004). In another study, persistent low-
dose exposure to the plant volatile zZ3HAC enhanced vegetative and reproductive
growth of lima bean plants, but reduced growth in pepper plants (Freundlich & Frost,
2019). It seems clear that the direct effects of plant volatile applications for crops are
not universal and might depend on the identity and concentration of volatiles, as well as

crop identity.
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In conclusion, the results of this study demonstrate that indole and linalool are
two plant volatiles that may hold promise as herbivore repellents or feeding deterrents

in integrated pest management without having adverse effects on plant growth.
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FIGURE LEGENDS

Figure 11. Indole and linalool are non-toxic to beet armyworms at tested
concentrations. Leaf consumption and caterpillar weight gain were measured after 24h
for late 2" instar caterpillars feeding on detached leaf squares sprayed with indole or
control solution (n=22) (A, B) or early 3" instar caterpillars feeding on leaf squares
sprayed with linalool or control solution (n=44) (C, D). No statistically significant
differences were found for leaf consumption and caterpillar weight gain between indole
and control sprayed leaves (A, B) or linalool and control sprayed leaf (C, D) (P > 0.05).

Bars represent mean * SE.

Figure 12. Indole shows repellent and antifeedant activity to beet armyworms in choice
assays. 1%t instar beet armyworm caterpillars significantly chose leaf discs sprayed with
control solution after 1h (n = 30) (A), and also removed more leaf area from controls
after 18h of feeding (B). In the follow-up experiment in which plants were sprayed a day
before choice assay, no statistical difference was found in caterpillar preference
between leaf discs sprayed with control or indole solution after 1h (n = 30) (C), but
caterpillars consumed more leaf area from controls after 18h of feeding (D). Bars

represent mean * SE, and significant effects (p < 0.05) are indicated with asterisks.

Figure 13. Linalool shows antifeedant activity to beet armyworms in choice assays. 1%
instar beet armyworm caterpillars showed no preference between leaf discs sprayed

with control solution or linalool after 1h (n = 30) (A) but did remove more leaf area from
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controls after 18h of feeding (B). Bars represent mean + SE, and significant effects (p <

0.05) are indicated with asterisks.

Figure 14. Volatile spray had no effect on plant growth. The effect of indole spray on
plant height within 7 days (n=24) (A) and 21 days (n=24) (B). The effect of linalool spray
on plant height within 7 days (n=30) (C) and 21 days (n=20) (D). Error bars represent

means * SE.
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Figure 12
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Figure 14

(A) " Trt p=0.7909 -~ Control

Time p<0.0001 = Indol

T 297 Time*Trt p=0.3201 ndole

o)

S 154

2

o

© 104

e

k=2

()

T s5-

I

<

a 0 1 1 1 1 1 1
1 2 3 5 6

Days after indole exposure

(C) Trtp=0.5407

Time p<0.0001 -e- Control
~ 207 Time*Trt p=0.8869
g -= Indole
S 154
=
°
© 10-
Ny
2
T
I 54
c
©
a 0 T T T 1

1 2 3 6
Days after linalool exposure

72

®) 11t p=0.5737 ~&- Control
= Indole

Time p<0.0001

A 6077 Time*Trt p=0.5623
L
<
g 40-
O]
=
(@]
‘© 20
T
c
<
o
0 1 1 1 1 1
1 7 14 21

Days after indole exposure
(D) Trt p=0.9824 -e- Control

Time p<0.0001 -= Linalool

(o]
o
|

Time*Trt p=0.3035

N
o
1

Plant Height Growth (cm)
N
o
1

o

T T T 1
1 7 14 21

Days after linalool exposure



CHAPTER YV

SUMMARY AND CONCLUSIONS

The results presented in this dissertation explore a new dimension of plant volatile
mediated interactions with seeds and herbivores. The dissertation provides new insights
into the role of plant volatiles in seed priming and direct defense against herbivores.
Plant volatiles released in response to herbivory, prime the plant defenses
against future stress and affect their fitness (Engelberth et al., 2004a; Engelberth &
Engelberth, 2019; Erb et al., 2015b; Frost et al., 2007). Seeds in the soil can be exposed
to an array of plant volatiles and other secondary metabolites released from plant roots
or in the rhizosphere through precipitation and leaching, (H B Tukey, 1970). Plant
volatiles also inhibit seed germination, and seedling growth but the long term effect on
future plants is still unknown (Mirabella et al., 2008; Romagni et al., 2000). Therefore, |
hypothesized that plant volatiles will affect the growth, development, and defense
profiles when volatile exposed seeds grow into mature plants. | showed that seeds can
perceive HIPVs in ways that prime defenses and affect the fitness of future plants that
grow from such seeds (Chapter Il). Seeds exposed to the plant volatiles z-3-hexenol and
z-3-hexenyl acetate show increased plant vegetative growth in Medicago plants while

indole primed the defenses of Arabidopsis and Medicago
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against caterpillar and aphids respectively. HIPV-mediated defense priming in plants has
been demonstrated to operate via stress-related signaling pathways (Frost et al., 2008;
Hilker et al., 2016). However, the results from gene expression analysis show that the
seed exposure with indole did not directly induce any marker genes before herbivory.
After herbivory by caterpillars and aphids, defense marker genes were induced, but
gene expression was not further induced by seed exposure to indole. These results rule
out the possibility of direct activation or priming of inducible resistance and indicate the
possible involvement of a mechanism that is autonomous of inducible plant resistance.
The underlying mechanisms of seed priming are still unclear and need to be addressed
in future studies. One possible explanation of enhanced defense in indole-exposed seed
plants can be the basal changes in plant nutritive and defense chemistry. Future studies
can test this by quantifying the primary and secondary metabolites in volatile exposed
and non-exposed seed plants. In addition, the effect of dose, duration time and
synergistic combination of plant volatile on seed exposure might provide more
information on seed priming.

Plant volatiles such as indole and GLVs have been reported to provide direct
plant defenses by herbivore intoxication but their acute toxicity is not quantified (Maag
et al., 2015; Veyrat et al., 2016a; von Mérey et al., 2013). The studies described here
guantified the feeding and headspace larvicidal activity of six common plant volatiles on
beet armyworm. | found that indole was most toxic in diet followed by linalool while B-
Caryophyllene was nontoxic in the diet. In further experiments | showed that the toxicity

of indole against caterpillars from six species varies with the herbivore’s host range i.e.,
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indole was most toxic to specialist caterpillars while least toxic to the generalist. Indole
toxicity range is similar to some commercial pesticides and biopesticides like the CrylF
Bacillus thuringiensis protein (Ali et al., 2006) which shows the potential applicability of
indole in pest management strategy for generalist and specialist pest caterpillars.
Contrary to previously published studies, none of the tested volatiles causes significant
caterpillar mortality in headspace assays (Veyrat et al., 2016a). One possible explanation
of this might be the lower concentration of volatile used in this bioassay. The results of
this study results regarding the toxicity of plant volatiles have potential application in
pest control, therefore, further research is warranted to quantify the toxicity of other
plant volatiles that play a role in plant defense such as DMNT (Meents et al., 2019). In
addition, future research should also account for the amount of food consumed and
insect weight gain to decipher the antifeedant effect and antinutritive effects of the
plant volatiles.

In Chapter IV, | examined the effect of indole and linalool spray on plant growth,
beet armyworm caterpillar performance and behavior. The results of this study suggest
that the LCso concentration of indole and linalool sprays (quantified in chapter Ill) on
maize leaf had an antifeedant effect against beet armyworm in the choice assay and the
antifeedant effect persisted even a day after the spray. In contrast, indole and linalool
sprays had no effect on the caterpillar survival and mortality at concentrations tested in
the no-choice assay. Multiple reasons could explain the non-toxic effect of indole
against beet-armyworm in maize experiments. One explanation is that the beet

armyworm caterpillars were late 2" and early 3™ instar instead of 1%t instar used in
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chapter II. | used 2" and early 3 instar caterpillars to have visible damage in 24 h
period on maize leaves but based on the results of this study the indole concentration
used for the spray was non-toxic. Another possible explanation can be the atmospheric
half-life of indole and linalool which is only 2-3 h at room temperature. Therefore, the
indole concentration might be reduced to non-toxic levels as time pass. The future
experiment should account for the caterpillar growth stage and atmospheric half-life of
plant volatiles while quantifying their toxicity against insect pests. Indole and linalool
sprays had no effect on plant growth suggesting each can be developed as a potential
tool in pest management. Based on the results of this study, indole and linalool sprays
might be inadequate as an individual management tool for beet armyworm but could

represent good candidates to use as in combination with other pest control methods.
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APPENDIX | — Supplement for Chapter Il

SUPPLEMENTARY FIGURES

Volatile infused glasswool

18-gauge needle

® o = Seeds

Figure S1 Pictorial representation of volatile dispensers used to expose seeds to synthetic

plant volatiles.
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Figure S2 Seed exposure to plant-derived volatiles have no effect on (a) Main shoot
length and (b) Total fruit number of M. truncatula plants. Values are shown as means +
95% CI (n=5-10) significance was calculated by one-way ANOVA followed by

Dunnett’s post-hoc test.
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Axillary shoot originating
from metamer m-2

Axillary shoot originating
from metamer m-1

Figure S3 Pictorial representation of the numerical nomenclature coding system for
vegetative growth of M. truncatula. Nomenclature coding started with unifoliate leaf as
first metamers and subsequent trifoliate are labeled along the main shoot in ascending

order. Axillary shoots are named as per the metamer of origin.
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University fellowship, University of Louisville [$89,274]

Graduate Student Association Research Grant, University of Northern Colorado

[$350]
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2015 Graduate Student Association Travel Award, University of Northern Colorado
[$600]
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2015 College of Natural and Health Sciences Research Grant, University of Northern
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2014 Winchester Graduate Fellowship, University of Northern Colorado [$800]

2014 Graduate Academic Excellence Award, University of Northern Colorado [$900]

Conference Presentations — Papers & Posters (*denotes mentored undergraduate)
Maurya A.K., Pazouki L., and Frost. C. 2019. An herbivore-induced plant volatile (HIPV)
primes seeds for long-term anti-herbivore defense. In: ESA 2019: Aug 11-Aug 16, 2019,

Louisville, Kentucky, USA, p178.

Maurya A.K., Pazouki L., and Frost. C. 2019. Volatile indole prime seeds for long-term
anti-herbivore defense. In: Plant Biology 2019: Aug 2-Aug 7, 2015, San Jose, California,

USA.
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Maurya A.K., and Frost. C. 2017. Memory of seeds: Effect of plant volatile exposure to
seeds on plant growth, development and defense across generations. In: Kentucky

Academy of Science: November 3-4, Murray, Kentucky, USA.
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New Paradigm for Crop Improvement Meeting, June 30-July 2, 2015, Washington-DC,

USA, 15p.
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threat to modern Indian agriculture In National Seminar on Enhancing Water
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Mentoring Experience

University of Louisville

Five undergraduate students (Rachel Haslem, Rakhi Patel, Allie Peot, Amit Lamba, Travis
Ray, McHugh, Griffin)

Outcomes: One undergraduate thesis, one manuscript in review, and one presentation.
University of Northern Colorado

Three undergraduate students (Michael Kelly, Sean Mahaney, Viva Rase)

Outcomes: One publication.

Professional Services & Public Outreach

2019 Student Volunteering in annual ESA meeting- Ecological Society of America.
2019 Speed Mentoring of high school students- Kentucky Academy of Sciences.
2018-2019 Undergraduate Student Representative- BGSA. University of Louisville.
2018 Donate a sapling program- Primary schools in India

2014 Grant Reviewer, McNair Scholars Program. University of Northern Colorado.
2009-2013 Area Coordinator and Host, WWOOF India Organics Private Limited.
Affiliations

2016-Present Kentucky Academy of Science,

2015, 2018-Present  American Society of Plant Biologists,

2018- Present Ecological Society of America
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