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ABSTRACT 

Volicitin (17-hydroxylinolenoyl-L-glutamine) present in the regurgitant of beet 

armyworm {Spodoptera exigua) activates the emissions of volatile organic compounds 

(VOCs) when in contact with damaged com {Zea mays) leaves. VOC emission in turn 

serves as a signaling defense for the plant by attracting female parasitic wasps that prey 

on herbivore larvae. Chemical tracking from the herbivore larva to the damaged leaf and 

interaction of volicitin within the plant has yet to be reported. First, we present 

biochemical data that beet armyworm regurgitant serves as a vector for the introduction 

of volicitin to the site of leaf damage under natural feeding conditions. Com seedlings 

were CO2 labeled in situ, and beet armyworm larvae were allowed to feed on the 

labeled leaves. Herbivore oral secretions collected from these larvae contained 

approximately 120 pmol volicitin (0.05 nCi/ pmol) per larvae. When radiochemically 

labeled larvae were placed on unlabeled leaves, the amount of volicitin introduced to the 

damaged site was approximately 5.0 nCi (calc. 100 pmol/larvae). The mobility of 

volicitin in leaves was examined by allowing radiolabeled beet armyworm to feed on 

unlabeled plants. In such tracking experiments, radioactivity was not detected in the 

upper leaves; however, the exogenous application of 5 nCi of [ ''C(U)]-sucrose to the 

lower leaf did result in subsequent radioactivity detected in the upper portion of the plant 

suggesting that, volicttin and other regurgitant components were not transported from the 

site of damage. 
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To examine the interaction of volicitin at the cellular level, a tritiated form of 

volicitin was synthesized and shown to induce volatiles in the same fashion as the 

biological form. [ H]-L-volicitin rapidly, reversibly, and saturably bound to plasma 

membrane fractions isolated from maize leaves with an apparent Kd of 1.3 nM and a Hill 

coefficient of 1.07. Analog studies showed that the L-glutamine and hydroxy moieties of 

volicitin play an important role in binding. Treatment of plants with methyl jasmonate 

increased the total binding of [^H]-L-voIicitin to the plasma membrane more than three

fold, suggesting that methyl jasmonate activates transcription of the gene encoding the 

binding protein. Beet armyworm feeding also increased total binding four-fold. 

Cycloheximide pre-treatment of plants significantly decreased binding of radiolableled 

volicitin to the plasma membrane. These data provide the first experimental evidence 

that volicitin is readily transported to undamaged leaves with herbivore feeding and can 

bind to a plasma membrane receptor protein that participates in the emissions of volatile 

organic compounds. 
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CHAPTER 1 

INTRODUCTION 

Plants are non-motile organisms with a complex root system for anchoring and 

nutrient absorption and are therefore unable to avoid attack from insects or herbivores. 

However, plants have evolved other mechanisms to limit attack such as physical barriers 

of a cuticle, woody covers, trichomes, thoms, and other specialized stmctures. Plants 

differ from mammals in an inability to mobilize cells to aid in wound healing since plant 

cells are surrounded by a rigid cell wall. The plant has overcome this hindrance by 

evolving individual cells that are competent to activate their own defense responses by 

transcribing specific genes. The wound responses allow cells to activate various defense 

mechanisms to ward off continued damage. The induction of plant defense mechanisms 

is a complicated battle between herbivore and plant, leading to an evolutionary arms race 

between plants and insects where plants are under strong selection to evolve new 

defenses while insects evolve resistance to the initial suit of defense (Enrlich and Raven, 

1964). 

In the following sections, a brief overview is provided of the types of defenses 

used by plants against attacking herbivores; followed by the type of chemical agents 

responsible for eliciting these responses. In addition, the integration of elicitors and 

hormones involved in the wound response will be addressed along with known facts 

about herbivore-derived elicitor movement and contact with damaged plants. Lastly, the 

assessment of a ligandireceptor interaction in initiation of plant defense will be discussed. 



Plant Defense against Herbivores 

Direct Defenses 

The co-evolution of plants and herbivores has resulted in a wide array of 

chemical, morphological, and physiological direct defenses that effectively reduce 

damage caused by feeding herbivores or increase the resistance of plants to further attack 

(Karban and Baldwin, 1997; Baldwin and Preston, 1999). Direct defenses can include 

constitutively expressed secondary metabolites such as toxic alkaloids, terpenoids, and 

phenolics used to poison attacking herbivores (Wittstock and Gershenzon, 2002), or 

protein materials such as proteinase inhibitors (Farmer and Ryan, 1992; Howe et al., 

1996; Tamayo et al., 2000; Moura and Ryan, 2001) and polyphenol oxidases (Constabel 

et al., 1995; Constabel and Ryan, 1998) that are not normally triggered unless the plant is 

damaged. Many plants respond to herbivore attack by activating defense genes in leaves 

whose products inhibit digestive proteases of herbivores and reduce the nutritional 

quality of the ingested proteins making the attackers ill. Proteinase inhibitors and 

polyphenol oxidases are the best-verified groups of direct defenses in seeds and tubers 

and in vegetative tissue after wounding. Wound-induced proteinase inhibitors have been 

shown to enhance the plant's resistance to insects by inhibiting the proteolytic enzymes 

of the attacking insects (Koiwa et al, 1997). The majority of proteinase inhibitors are 

inhibitors of trypsin and chymotrypsin. In com, herbivore-induced proteinase inhibitors 

inhibit elastase and chymotrypsin in the midgut of Spodoptera littoralis larvae (Tamayo 

et al., 2000). Transgenic potato plants in which the wound-induced synthesis of 

proteinase inhibitors is suppressed by an antisense strategy, supported higher rates of 



development of both Colorado potato beetle {Leptinotarsa decemlineata) and beet 

armyworm (BAW) {Spodoptera exigua) larvae compared to controls, demonstrating the 

importance of this mechanism in resistance (Royo et al, 1999; Ortego et al., 2001). 

Indirect Defenses 

In addition to direct defense mechanisms, plants use indirect defenses to facilitate 

an outside control of herbivore populations by signaling an enemy of the attacking insect. 

Plants synthesize and release a complex blend of volatile organic compounds (VOCs) 

when attacked and these volatiles serve as cues to guide host-seeking parasitoids or other 

members of the third trophic level to the feeding herbivore (Turiings et al., 1991, 1993, 

1995; De Moraes et al., 1998; Pare and Tumlinson, 1999; Farmer, 2001). Such plant-

mediated parasitoid-host interaction has been termed tritrophic interactions. The release 

of phytodistress signals result in an interaction between herbivore-damaged plants and a 

predator or parasitoid have been studied in several other agricultural species, such as 

cotton, com, lima bean, and Arabidopsis (Rose et al., 1996; Turiings, 1992; Takabayashi 

and Dicke, 1996; Arimura et al., 2000; van et al., 2000). Plant VOCs released by 

herbivore-attack are known to be attractive to arthropod predators and parasitoids in the 

laboratory (Dicke and van Loon, 2000), as well as natural conditions (Kessler and 

Baldwin, 2001). For example, when plants are attacked by herbivore larvae, both the 

damaged and undamaged leaves of the same plant emit a bouquet of volatiles that 

selectively attract parasitoids of the caterpillar (De Moraes et al., 1998). Female parasitic 

wasps then deposit their eggs in the caterpillars. Once the eggs hatch into wasp larvae 



within the caterpillar, its reproductive cycle is terminated and a new generation of wasps 

is produced (Turiings et al., 1990). The VOC response can be highly specific and this 

specificity can be used by certain parasitic wasps to locate particular herbivore species 

(De Moraes et al., 1998). Besides attracting natural enemies of herbivores, VOC 

emissions can also function as a defense by repelling the oviposition by the herbivore (De 

Moraes etal., 2001). 

In addttion to herbivore damaged induced volatiles, jasmonic acid (JA) is also 

known to trigger VOCs used against herbivory by attracting natural enemies of the 

herbivores. Recent studies have indicated the role of JA in producing volatile blends 

similar to those released when attacked by an herbivore (Ryan, 2000; Schmelz et al., 

2001). In cotton and lima bean plants, exposure to JA resulted in the production of 

volatiles that mimicked those emitted with spider mite damage (Hopke et al., 1994; 

Boland et al., 1995). Furthermore, in com, the application of JA triggered a release of 

volatiles from whole plants and cut seedlings similar to BAW damage (Schmelz et al., 

2003a). These volatiles emitted by plants contribute directly to defense and play a vital 

role in the overall defense strategy employed by plants. 

Attenuated or Augmented Defenses 

Most recently, mieroartay studies that have compared mRNA levels in 

mechanically wounded and caterpillar-wounded plants have revealed very different 

transcript profiles. In Arabidopsis, insect wounding resulted in a down regulation of 

water-stress induced genes compared to wounding alone (Reymond et al, 2000). 



Conversely, the coordinated up-regulation of all defense genes, whether involved in 

insect resistance or not, also occurred (Schenk et al, 2000). Similarly, in tobacco, 

wound-induced transcripts were modified by insect regurgitant either by suppressing 

wound-induced transcripts systemically or by amplifying the wound response in the 

attacked leaves (Hermsmeier et al., 2001). The plant's ability to differentiate between 

herbivore damage and general wounding response suggests the presence of a specific 

plant receptor for an elicitor(s) associated with herbivore feeding that are absent from 

other types of leaf damage. 

Elicitors from Herbivores 

Types of Herbivore Elicitors 

To identify active components associated with the feeding herbivore that allow 

plants to differentiate between general wounding and damage caused by chewing insects, 

several research groups have chemically fractionated insect regurgitant and screened 

components for activity in triggering specific plant defense responses using in vitro 

assays. Herbivore-specific elicitors (Figure 1.1) have been isolated from the oral 

secretions of three insect fluids that regularly are exposed to plant wounds, two from 

lepidopteran species and the other form oviposition fluid of weevil beetles. 

The first evidence of the identity of an elicitor from an herbivore was reported by 

Boland et al. (1992). He discovered that applying almond p-glucosidase to wounded 

lima bean leaves triggered the release of VOCs that were also trigged when plants were 

infested with spider mites. The similarity of the emitted VOCs suggested that |3-



glucosidase from the mites may possibly be an elicitor for odor induction (Hopke et al, 

1994). It was also suggested that the VOCs could be stored as inactive p-glucosides, and 

converted to active forms upon hydrolysis by |3-glucosidases, before emission as 

attractants to top predatory mites (Boland et al., 1992). This elicitor was later identified 

in the regurgitant of a lepidopteran species. 

Likewise, Korth and Dixon (1997) identified a heat-stable factor in the regurgitant 

of the tobacco homworm (THW) {Manduca sexta), which elicited the rapid induction of 

proteinase inhibitor transcripts in potato. Accumulation of these transcripts occurred 

more rapidly in leaves damaged by herbivory or with regurgitant applied to wound than 

with mechanical damage alone. McCloud and Baldwin (1997) found that regurgitant 

from M. sexta dramatically amplified the wound signal JA in damaged leaves of tobacco 

{Nicotinana sylvestris). 

From the lepidopteran species, two classes of elicitors have been isolated from 

larvae oral secretions. Both of these elicitors have been shown to trigger elevated levels 

of plant defense responses. The first class of elicitors identified belongs to the lytic 

enzyme group and includes P-glucosidase isolated from Pieris brassicae caterpillars 

(Mattiacci et al., 1995). Exogenous application of this enzyme to cabbage leaves 

activated the same profile of volatiles as insect damage. Another lytic enzyme, glucose 

oxidase (GOX), was identified in the saliva of HeUcoverpa zea and triggered the release 

of terpenoid volatiles (Felton and Eichenseer, 1999). In addition to chewing insects, the 

enzyme alkaline phosphatase was shown to elicit VOCs from damage initiated from 

piercing with the whitefly (Bemisia tabaci) (Funk, 2001). 



The second class of elicitors identified belong to the fatty acid amide (FAA) 

group and comprises a family of compounds consisting of 18-carbon polyunsattirated 

fatty acids coupled to L-glutamine or L-glutamic acid. Three stmcturally similar amides 

of linolenic acid, N- [17-bydroxylinolenoyl]-L-glutamine (volicitin), A-linolenoyl-L-

glutamine, and A^-linolenoyl-L-glutamic acid are thought to be responsible for a majority 

of elicitor activity associated with the oral secretions of the caterpillar species analyzed 

thus far (Albom et al., 1997; Pohnert et al., 1999; Halitschke et al., 2001). For example, 

the FAA volicitin isolated from the oral secretions of 5. exigua was shown to trigger the 

emission of a blend of terpenes and indole when incubated with excised com seedlings 

(Albom et al., 1997; Schmelz et al., 2001). In tobacco plants, several fatty acid 

conjugates isolated from THW trigger VOC emissions significantly different than from 

mechanical damage without the herbivore (Halitschke et al., 2001). 

The third class of herbivore-specific elicitor was recently identified and isolated 

from the oviposition fluid of cowpea weevils {Callosobruchus maculates) (Doss et al., 

2000). This elicitor consists of long chain diols that are mono- and diesterified with 3-

hydroxypropanoic acid, referred to as bmchins. These long chain hydrocarbons elicit 

neoplastic growth of pea pods that resuUs in the beetle's eggs being lifted out of the 

oviposition she as well as impedes larval entry into the pod. Likewise, the oviposition 

fluid from the elm leaf beetie {Xanthogaleruca luteola) trigged the emission of VOCs 

from the elm host tree that served as attractants for parasitic wasps to attack the 

herbivore's eggs (Meiners and Hilker, 2000), however the chemical composition of the 

elicitor remains unknown. 



Biosynthesis of FAA Elicitors in Biological Svstems 

Since the first report that FAAs can be potent activators triggering plant VOC 

emissions, chemical studies of caterpillar larvae have provided detailed information about 

the biosynthesis, as well as subcellular localization of enzymes responsible for the 

assembly of FAAs. In the case of volicitin and linolenoyl-L-glutamine isolated from 

BAW, the linolenic acid portion has been shown to be derived from the larva's diet and 

that glutamine:fatty acid coupling occurred within the caterpillar (Pare et al., 1998a). 

Later, Mori et al. (2001), showed rapid and complete enzymatic decomposition of FAA 

elicitors within regurgitant and, to a lesser degree, by gut tissues isolated in larvae from 

Helothis virescens and H. zea. Spiteller et al. (2000) showed that the regurgitant of S. 

exigua was capable of a 24-72 hour delayed response for in vitro synthesis of an A-acyl-

amino acid conjugate with general similarity to FAAs found in caterpillar oral secretions 

and postulated that gut microbes in the regurgitant might play a role in elicitor 

biosynthesis. Conversely, Lait et al. (2003) demonstrated CoA-, ATP, and NADPH-

independent and rapid (< 90 minutes) in vitro biosynthesis of A-linolenoyl-L-glutamine 

in the salivary gland, crop, and anterior midgut microsomes of M. sexta. The enzyme(s) 

that catalyzed the biosynthesis of A-linolenoyl-L-glutamine was localized within an 

integral membrane protein fraction with no evidence to suggest microbial or tissue-

independent enzymes within the oral secretions participated in the synthesis of FAAs. 

The production of FAAs by an enzyme(s) within the caterpillar tissues is seemingly 

ironic, because of the role of FAAs in triggering VOCs to attract the caterpillar's natural 

enemies. However, it has been postulated that FAAs might simply serve as surfactants 



that aid the caterpillar in digestion of the essential fatty acid, linolenic acid (Halitschke et 

al., 2001; Spiteller et al., 2000). 

Organic Synthesis of FAA Elicitors 

Several synthetic routes have been reported since the discovery of the first FAA 

and have aimed toward the synthesis of sufficient material for biological assays and 

stmctiiral confirmation (Albom et al., 1997; Pohnert et al., 1999; Hansen and Stenstrom, 

2000; Albom et al., 2000). However, the synthesis of omega (co) bydroxy-fatty acids has 

proved to be an arduous task with low yields and extensive procedures. Albom et al. 

(1997) developed the original synthetic scheme for the co-fatty acid derived volicitin in a 

seven-step reaction with an overall yield of ca. 20% (Figure 1.2). Briefly described, the 

phosphonium ylid was obtained by standard methodology from the ethoxy ethyl ether of 

3,6-hepatadiyn-l-ol by sequential condensation with acetaldehyde and benzoyl chloride, 

followed by partial hydrogenation with Lindlar's catalyst to the primary alcohol followed 

by deprotection and conversion to the phosphonium ylid. Using a Witting reaction, the 

phosphonium ylid was coupled with the appropriate aldehyde to form the co-fatty acid 

backbone followed by deprotection to the racemic 17-hydroxylinolenic acid. The last 

step involved the coupling of L-glutamine to the hydroxy acid via an amide bond. 

Similar synthetic schemes were derived based on the phosphonium ylid intermediate but 

overall yields still were low with the synthesis of racemic mixtures. In fact, the S 

diastereomer of L-volicttin was identified as the natural configuration of volicitin isolated 

from BAW regurgitant (Spiteller et al., 2001). Conversely, in our lab, a 4-step synthesis 



(Figure 1.3) of (S)-L-volicitin was developed that utilized a copper-catalyzed acetylene 

coupling of (S)-3,6-heptadiyne-2-ol with a C-8 propargylic iodine methyl ester to form 

the (S)-17-hydroxylinolenic acid with an overall yield of 46% and provides a simplified 

method to synthesize gram-scale quantities of the natural elicitor (Wei et al., 2003). 

Plant VOCs 

An undamaged plant maintains storage of chemicals such as terpenes, 

sesquiterpenes, and aromatics. In addttion to these stored compounds, plants that are 

mechanically damaged release a blend of green-leaf odors consisting of saturated and 

unsaturated six-carbon alcohols, aldehydes and esters. (Pare and Tumlinson, 1997a). In 

response to herbivore damage, the plant releases a variety of volatiles from the damaged 

site, which are significantly different than from undamaged plants. The herbivore-

damaged plants release a blend of compounds such as, a-pinene, P-pinene, myrcene, 

limonene, linalool and {E)-^-ocimene (monoterpenes); (£',£')-a-famesene, (£)-P-

famesene, a-humulne, and p-caryophyllene (sesquiterpenes); (3F)-4,8-dimethyl-1,3,7-

nonatriene and {E, £)-4,8,12-trimethyl-l,3,7,l 1-tridecatetraene (homoterpenes); and 

indole and (Z)-3-hexenyl acetate (Figure 1.4) (Turiings et al., 1998). 

Biosynthesis of VOCs 

Plant VOCs usually originate from at least three distinct biosynthetic pathways 

(Figure 1.5). The most consistently released set of VOCs are the terpenes, and consist of 

monoterpenes, homoterpenes and sesquiterpenes (Pare and Tumlinson, 1999). The 
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sesquiterpenes are synthesized via the isopentyl pyrophosphate (IPP) intermediate 

following the classical mevalonate pathway, whereas monoterpenes and dtterpenes are 

synthesized via an alternative IPP pathway with glyceraldehydes-3-phosphate and 

pymvate (Lichtenthaler et al., 1997). The mevalonate pathway is localized in the cytosol 

and reactions for the non-mevalonate pathway are localized in plastids. The 

homoterpenes (3£)-4,8-dimethyl-l,3,7-nonatriene and (£:,£)-4,8,12-trimethyl-l,3,7,ll-

tridecatetraene are derived from their 15 and 20 carbon precursors, famesyl- and 

geranylgeranyl-pyrophosphate (Donath and Boland, 1994). In work presented by Shen et 

al. (2000), the gene of a maize sesquiterpene cyclase, a key step in conversion of acyclic 

prenyl diphosphates to terpenoids, was induced by insect herbivory and volicitin. 

Additional enzymes in com foliage such as (£')-nerolidol synthase, a key intermediate in 

the synthesis of the volatile (3£')-4,8-dimethyl-l,3,7-nonatriene, are known to be induced 

following Spodoptera herbivory (Degenhardt and Gershenzon, 2000). 

The green leaf volatiles, Ce-alcohols and Ce-aldehydes, are produced from a-

linolenic acid and linoleic acid via their respective hydroperoxides via a 13-

hydroperoxylinolenic acid intermediate in the lipoxygenase pathway (Blee, 2002); the 

electrophilic nature of the a ,P-unsattirated carbonyl motif, common to many members of 

this class has been suggested to be responsible for their biological activity (Bate and 

Rothstein, 1998; Farmer, 2001). 

The shikimic acid pathway can also generate indole from indole-3-glycerol-

phosphate either as an intermediate in tryptophan biosynthesis or by a tryptophan 

independent pathway leading to this family of nitrogen-containing compounds (Frey et 
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al., 1997). In fact, indole-3-glycerol phosphate lyase, a branch point enzyme in the 

catalysis of free indole, was the first identified enzymatic step selectively activated at the 

transcription level by the herbivore elicitor volicitin (Frey et al., 2000). Methyl salicylate 

is also derived from shikimic pathway and is emitted after herbivore damage but not after 

mechanical wounding by lima beans and wild tobacco (Dicke et al., 1999; Kesseler and 

Baldwin, 2001). 

Induction of VOC Emissions 

Chemical labeling studies have established that the release of VOCs in response 

to insect damage are synthesized de novo and are not stored in the plant (Pare and 

Tumlinson, 1997b). In cotton plants exposed to ['^C]-C02 continuously for 36 hours, 

terpene biosynthesis and/or release in response to insect feeding damage occurred by 

more than one route. Several terpenes were clearly synthesized de novo in response to 

insect damage (i.e., (E)-p-ocimene, linalool, (E,E)-a-famesene , (E)-P-famesene, (3E)-

4,8-dimethyl-l,3,7-nonatriene, and (E,E)-4,8,12-trimethyl-l,3,7,l 1-tridecatetraene). In a 

second experiment, volatiles were examined by pulse-labeling experiments with [ C]-

CO2 while plants held in volatile collection chambers were damaged by feeding 

herbivores. The high incorporation of ['^C]-C02 was detected by mass spectral analysis 

and revealed a several hour delay between the start of insect feeding and emission of 

VOCs, suggesting the induction of transcription and/or enzymes essential for the 

synthesis and release of these compounds. 
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Systemic Release of VOCs 

In addition to the release of VOCs at the site of insect damage, several plant 

species examined showed a release of volatiles from undamaged leaves above the 

damaged leaf In both com (Turiings and Tumlinson, 1992) and cotton (Rose et al., 

1996), leaves distal to the site of insect damage released a blend of VOCs significantiy 

different than from volatiles collected from the entire plant. The volatiles triggered 

systemically were the terpenes linalool, (3E)-4,8-dimethyl-l,3,7-nonatriene, a-trans-

bergamotene, (E)-P-famesene, nerolidol, (E,E)-4,8,12-trimethyl-l,3,7,l 1-tridecatetraene, 

and the shikimic pathway derived indole. Other studies have also shown the role of JA in 

inducing VOCs similar to insect damaged plants at the systemic level in tomato (Thaler et 

al., 1996) and most recently in cotton (Rodriquez-Saona et al., 2001). Many of these 

terpenes were emitted transiently and systemically with insect damage or JA suggesting 

that, this VOC release may be under transcriptional regulation and/or induction of mobile 

wound signaling compounds (Pare and Tumlinson, 1998b). 

Wound Signaling Compounds 

Both herbivore feeding and mechanical damage trigger systemic responses that 

are rapidly transmitted throughout the plants plus responses that is restricted only to the 

wound site. Systemic responses require mobile signals that could be electrical (Herde et 

al., 1999), hydraulic (Malone and Alarcon, 1995) and/or chemical (Ryan, 2000). In 

tomato, the productions of proteinase inhibitors are induced by signals transported in both 

the xylem and phloem tissues. Stem girdling the plant to inhibit phloem transport but not 
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the xylem led to the induction of proteinase inhibitors after insect damage (Rhodes et al., 

1999). As a control, the same experiment was performed except with mechanical 

damage of the lower leaf, which did not lead to the production of proteinase inhibitors 

systemically. Within cotton, stem girdling inhibited the systemic emissions of VOCs 

followed by local insect damage (Rodriguez-Saona et al., 2002). These results suggest 

that a mobile chemical messenger is transported from the damage location to distal, 

undamaged leaves to trigger synthesis of volatile release (Pare and Tumlinson, 1998b). 

There are varieties of known wound signals but sttidies of plant herbivore interaction 

have focused on the mobile messenger systemin and plant hormones JA and ethylene. 

An overview of the plant wounding response and signaling molecules is shown in Figure 

1.6. 

Systemin 

Systemin, the first identified mobile signal and best verified, is thought to 

represent the primary wound signal in some solaneaceous plants (tomato, pepper, black 

nightshade, tobacco) (Constabel et al., 1998). This 18 amino acid peptide (Figure 1.7) is 

cleaved from a 200 amino acid precursor called prosystemin (McGurl and Ryan, 1992) 

and is transported in the phloem with an activity at femtomolar levels (Pearce et al., 

1991; Ryan and Pearce, 1998; Ryan, 2000). Transgenic tomato plants in which 

prosystemin expression is blocked by an antisense RNA strategy (McGurl et al, 1992) 

show severe impairment in their systemic responses to wounding, were more susceptible 

to attack by the lepidopteran insect herbivore M. sexta (Orozco-Cardenas et al., 1993). 
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On the other hand, transgenic plants over-expressing prosystemin constitutively activated 

the wound response and expressed proteinase inhibitors (McGuri et al., 1994). A 

systemin binding protein has been identified in the plasma membrane extracts of tomato 

(Schaller and Ryan, 1994) and on the surface of Lycopersicon peruvianum suspension 

cultured cells with the activation of a wound cascade (Scheer and Ryan, 1999). The last 

step in the wound cascade is the activation of a phospholipase A2 that releases linolenic 

acid from the plasma membrane to supply the starting material for the octadecanoid 

pathway (Figure 1.8) (Ryan and Pearce, 1998; Ryan, 2000). The systemin-mediated 

wound cascade is likely to be the main cascade that is directly modified by herbivore-

specific elicitors or indirecfly through the recmitment of other signaling cascades 

(Kessler and Baldwin, 2002). 

Jasmonic Acid 

The synthesis of jasmonic acid via the octadecanoid pathway (Figure 1.8) was 

originally identified as a potential signal in wounding when its volatile derivative, methyl 

jasmonate (MeJA), was a potent inducer of proteinase inhibitor genes in neighboring 

tomato plants (Farmer and Ryan, 1990). Subsequent studies showed the while wounded 

tomato plants do not synthesize enough MeJA to elicit proteinase inbibitor.gene 

expression in neighboring plants, the local application of JA produced a signal that was 

transmitted to systemic sites within the same plant (Farmer et al, 1992). Likewise, JA 

was shown to accumulate endogenously in wounded plants (Creelman et al, 1992). 
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Afterward, several complementary pieces of evidence showed that JA plays a 

critical role in the defense response to herbivores. In tomato, the def 1 mutant, that is 

defective in the biosynthesis of JA after wounding, produced lower levels of proteinase 

inhibitor transcripts and was more susceptible to herbivore attack (Howe et al, 1996). 

However, the transcription was restored with the application of jasmonic acid. Similarly, 

in Arabidopsis, several mutants were also identified that do not synthesis JA or are 

insensitive to JA {fad3-2,fad7-2,fadS) and showed similar impaired defense responses to 

herbivore attack (McConn et al, 1997; Rojo et al, 1998). As a combined resuh of these 

observations, JA is now accepted to be a key intracellular signal in mediating responses 

to insect attack, wounding, and elicitors. 

Ethylene 

The hormone ethylene is involved in plant development and produced in response 

to many stresses (Kende, 1993). Wound-induced ethylene production results from the 

activation of 1 aminocyclopropane-1-carboxylate synthase (ACS) and 1-

aminocyclopropane-1-carboxylate oxidase (AC), the 2 important enzymes in ethylene 

biosynthesis. The genes encoding the specific isoforms of these enzymes are themselves 

wound inducible (Kahl et al, 2000). The up regulation of these genes have been induced 

in response to both wounding and ethylene application. This suggests that ethylene may 

play an important role in the mechanism for activation of wound responses. 

In addition to ethylene direct effect on gene expression, the other major role 

appeared in the coordinate gene expression along with JA. In tomato, JA-mediated 
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proteinase inhibitor gene expression was ethylene dependent (O'Donnell et al, 1996). 

Furthermore, ethylene appeared to regulate JA biosynthesis in tomato (O'Donnell et al, 

1998) and Arabidopsis (Laudert and Weiler, 1998). Schmelz et al. showed a synergistic 

effect in the release of VOCs with exposure to JA and ethylene when compared only with 

J A. Interestingly, the interaction of wounding alone and ethylene did not result in a 

significant induction of VOCs. The role of ethylene on volatile emission was further 

studied by using the inhibitor 1-methylcyclopropene (1-MCP), known to inhibit the 

receptor binding of ethylene (Schmelz et al, 2003a). The resutts showed a decrease in 

VOCs emitted but not a decrease in endogenous JA proving the effect of ethylene 

downstream of JA biosynthesis and solving another link in the mobile signaling pathway. 

It has also been shown that the combined effects of ethylene and JA on gene 

transcription can vary greatly and actually be antagonistic (Reymond and Farmer, 1998; 

Pieterse and van Loon, 1999). For example, when specialist caterpillars such as M. sexta 

feed on wild tobacco, the insect induced ethylene burst is believed to partially inhibtt the 

wound induced nicotine accumulation that is regulated by JA (Kahl et al, 2000). In 

addition, ethylene lowers the accumulation of putrescine vV-methyltransferase mRNA, 

which corresponds to a key enzyme in wound and JA induced nicotine biosynthesis 

(Winz and Baldwin, 2001). 

Modulators of Wound Signaling 

Along with ethylene, several signaling molecules have been shown to act as 

modulators in the wounding response. For example, tomato and potato plants deficient in 
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abiscisic acid (ABA) were unable to up-regulate proteinase inhibitor synthesis in 

response to exposure to systemin (Pena-Cortes et al, 1995, 1996). ABA was shown to 

act in a synergistic effect with JA in the production of proteinase inhibitors in the 

wounding response (Dammann et al, 1997). Other plant hormones such as auxin and 

salicylic acid act as negative modulators in the wounding response in tomato (Leon et al, 

2001). Salicylic acid (SA), a known inhibitor of the octadecanoid pathway, repressed 

the transcription of proteinase inhibitor genes when exogenously applied before JA 

application (Doares et al, 1995). The wound-signaling pathway remains a complicated 

network of interwoven interactions with much research left to fully understand the plants 

response to herbivore attack. 

Specificity of Volicitin in VOC Emissions 

To analyze the biological specificity of volicitin, a series of HPLC purification 

steps were used to separate volicitin from all other inactive substance in the regurgitant of 

BAW larvae. Com seedlings that were incubated in very low concentrations of pure 

natural volicitin released relatively large amounts of terpenoids and became highly 

attractive to the parasitoid Microplitis croceipes (Turiings et al, 2000). Interestingly, 

when a series of synthetic analogues were tested for biological activity in triggering VOC 

emissions, the substitution of linoleic acid for linolenic or the removal of the glutamine or 

hydroxyl substituents resulted in a loss of elicitor activity. This suggests a rigid set of 

chemical requirements to confer elicitor activity. In fact, only when the natural L-form of 

glutamine was coupled to the hydroxylated linolenic acid was volicitin active as an 
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ehcitor of VOC emissions. This stereoisomer specificity reduces the likelihood that 

nonspecific pH or polarity effects are predominantly responsible for the induction of 

VOC emissions and indeed points to a ligandireceptor type interaction. 

Herbivore-Derived Elicitor Plant Receptors 

Although there are no previous reports of herbivore specific elicitor-plant 

receptors, plasma membrane binding proteins for pathogen elicitors have been identified 

and characterized. Using radiolabeled p-l,3-glucan and hepta-P-glucoside elicitors 

characterized from fungal cell walls of Phytophthora megasperma f sp. glycinea 

(Schmidt and Ebel, 1987) high affinity binding proteins have been identified in isolated 

legume plasma membrane fractions (Cheong and Hahn, 1991; Cote et al, 2000). Elicitor 

binding receptors for the A-acetylchitooligossaccharide elicitor has also been detected in 

plasma membrane fractions from several plant species including rice, wheat, barley and 

carrot (Okada et al, 2001, 2002). 

A question of primary importance is whether the herbivore elicitor, volicitin, 

interacts with the plant in a ligandireceptor interaction. There are several criteria which 

have been accepted for the definition of receptor-specific binding and are characterized 

by: (1) a typical cellular or membrane response elicited by the signal compound should 

be known; (2) specific binding of the ligand should be saturable, reversible, and of high 

affinity; (3) a quantitative correlation should exist between the affinities of the ligand and 

its stmctural analogs determined by binding assays and the abilities of the analogs to 

elicit a biological response. 
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Preparation of High-Purity Plasma Membranes 

In order to identify a potential receptor for volicitin, tt was important to isolate 

highly purified plasma membranes for binding studies. The best method for plasma 

membrane purification was the partioning in aqueous dextran-polyethylene glycol two-

phase systems method introduced by Widell and Larsson and Lunborg et al. (1981), 

which has turned out to be quite superior to the traditional method of sucrose gradient 

centrifiigation (Hodges et al, 1972). The reason for the superiority of the former method 

is that it separates membrane vesicles according to surface properties and not according 

to size or density as with centrifugation methods (Albertsson et al, 1981). While the 

density of the plasma membrane (1.14-1.17 g cm"̂ ) on a sucrose gradient is very close to 

that of mitochondrial membranes (1.18-1.20), Golgi membranes (1.12-1.15), rough 

endoplasmic reticulum (1.15-1.17), and thylakoids (1.16-1.18), its surface properties, or 

at least the properties of its outer surface, seem to be very different from those of all 

intracellular membrane surfaces. Thus, with optimal composition of the two-phase 

system, about 90% of the plasma membranes were obtained in the upper phase, while 

about 90% of the various intracellular membranes were recovered at the interface or in 

the lower phase (Kjellbom and Larsson, 1984a). 

By repartioning the initial upper phase with fresh lower phase virttially all 

contaminating membranes were removed and even chlorophyll-free preparation may be 

obtained from leaves of both mono- and dicotyledons (Kjellbom and Larsson, 1984b). 

The purity of these preparations was estimated at about 95% (Sandelius et al, 1986), 

20 



considerably higher when compared to the 50-75% achieved with sucrose gradient 

centrifugation studies (Berezi and MoUer, 1986). 

An additional advantage of using the phase partioning protocol was the isolation 

of sealed membrane vesicles that are right side out (Larsson et al, 1984), versus the 

production of leaky vesicle with uncertain orientation by sucrose gradient centrifugation. 

(Randall and Ruesink, 1983). Sealed vesicles with a defined sidedness are of great 

importance in studies involving hormone or ligand binding. 

Elicitor Movement and Contact with the Plant 

Despite such advances in insect metabolism of FAAs, little research has addressed 

the recurring question of whether FAAs, under normal feeding conditions, come in 

contact with damage plant tissue and if so, do these FAAs serve as mobile messengers 

circulating to other regions of the plant or do these herbivore components bind to a 

possible receptor and remain localized at the site of damage. Cut seedling bioassays with 

several plant species including com and lima bean have established the efficacy of FAAs 

in triggering the emissions of plant volatiles (Albom et al, 1997; Koch et al, 1999). 

FAA elicitors mimic the response of insect damage in that analogous volatile emission 

patterns are observed under in vitro assay conditions in which regurgitant is taken up 

through the stems of cut seedlings or exogenously applied to damaged leaf tissue similar 

to plants fed on by caterpillar larvae. However, the critical link in establishing the 

biological significance of FAA insect elicitors in triggering plant defense responses is to 
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ascertain that such regurgitant components are in fact translocated from the insect to the 

plant in situ. 

Objectives of Research 

The first objective of this research was to track the movement of FAAs inplanta 

with leaf exposure to actual insect feeding. By radiochemically labeling FAAs in situ 

and then transferring the caterpillars to unlabeled com seedlings, this researcher 

demonstrates that volicitin is translocated to herbivore-damaged plants at biologically 

relevant concentrations. In addition, this researcher shows that FAAs are not transported 

from the site of insect damage to undamaged regions of the plant, mling out the role of 

FAAs as mobile chemical messengers for the systemic release of plant VOCs. 

The second objective was to examine the interaction of volicitin at the site of 

damage. In doing so, this researcher has identified a plasma membrane binding protein 

for the herbivore elicitor volicitin in com. Plasma membrane enriched fractions were 

isolated from com tissue using a two-phase extraction method, and the purity (90% 

plasma membrane) was assessed with marker enzymes. The herbivore elicitor was 

synthesized in a radiolabeled form with tritiated glutamine ([^H]-L-volicitin) and tested 

for biological activity using an /// vitro com bioassay system. Binding saturablility, 

reversibility, and affinity were determined through saturation experiments and 

competition assays with stmctural analogs. The induction of volicttin binding sites was 

stimulated by plant exposure to MeJA or herbivore damage and inhibited by 
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cycloheximide, proteases and heat treatments. The stability of the binding protein was 

determined between the pH of 7-9 with optimal activity at 8. 
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Figure 1.1. Example of herbivore-specific signals demonstrated to elicit defense 
responses in plants (Kessler and Baldwin, 2002) (see text for details). 
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Figure 1.3. The revised synthetic scheme for volicitin that takes place in four steps and 
without the phosphonium ylid intermediate (Wei et al, 2003). 
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Figure 1.4. Common VOCs detected from plants damaged by herbivore feeding. 
Compounds released from storage include: a-pinene (1), P-pinene (2), myrcene (3), 
limonene (4), a-humulene (7), P-caryophyllene (8). Compounds biosynthesized de novo 
and systemically include: (£')-P-ocimene (8), linalool (6), {E,E)-a-famesene (9), {E)-^-
famesene (10), (3F)-4,8-dimethyl-l,3,7-nonatriene (11), (£,£)-4,8,12-trimethyl-l,3,7,ll-
tridecatetraene (12), indole and (Z)-3-hexanyl acetate (Pare and Tumlinson, 1998b). 
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Figure 1.5. The three major biosynthetic pathways leading to the release of VOCs (Pare 
and Tumlinson, 1999) (see text for details). 
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CHAPTER II 

MATERIALS AND METHODS 

Materials 

Plants. Insects, and Reagents 

Com plants {Zea mays L. cv. Delprim) grown from seed in Pro-grow potting soil 

supplemented with Osmocot fertilizer (Scotts-Sierra Horticultiire, Marysville, OH) were 

maintained in an insect free-facility in which temperature and relative humidity were 

monitored and maintained at 29 ± 4°C and 40 + 10%, respectively. Metal halide and 

high-pressure sodium lamps on a 16-hour/8-hour light/dark photoperiod provided a light 

intensity of 700-pmolW/s. Two-week-old plants (4 distinguishable leaves) were used 

for experiments described below, except where noted. BAW (5'. exigua) eggs obtained 

from USDA-ARS (Tifton, GA) were incubated at 26°C, relative humidity ca. 90%, and a 

16-hour/8-hour light/dark cycle. Hatched larvae were reared on an artificial pinto bean 

diet, following the method of King and Leppla (1984) and used at the late third instar 

stage. Radioisotopes of 50 pCi sucrose ['''C(U)], 600 mCi/mmol, and 1 mCi of sodium 

bicarbonate [''^CJ-NaHCOi, 50 mCi/mmol, were obtained from Amersham Biosciences 

(Piscataway, NJ) and Dupont NEN (Boston, MA), respectively. Other compounds were 

purchased form Sigma-Aldrich (St. Louis, MO) and were of > 99% purity as determined 

by capillary GC-FID analysis. MeJA was obtained from Bedoukian Research, Inc 

(Danbury, CT) and was of > 99%) purity as determined by capillary GC-FID analysis. 

MeJA (1 pM) was prepared by adding 10 pi to 1 L of water (50 pM) and taking a 1 ml 
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aliquot with 50 ml of water before application. Other compounds were purchased form 

Sigma-Aldrich (St. Louis, MO) and were of > 99% purity, except where noted. 

Methods 

Fatty Acid Labeling 

Com seeds were allowed to germinate under a moist paper towel and planted in 

sterilized soil. The pot was placed in a 45 x 20-cm (diameter) glass sleeve sealed at the 

base, a glass lid at the top, a glove port 10 cm in diameter on the lower side and values 

above and below for air flow (Figure 2.1). The chamber was sealed by closing the 

valves, clamping down the lid and mounting a latex glove on the glove port. To generate 

radiolabeled CO2 an ampoule solution of 20 pmol sodium bicarbonate ['"^Cj-NaHCOs (1 

mCi) was opened into a 100 ml beaker containing 1.2 mol (75 ml) of 70% perchloric 

acid. Com seedlings were grown in the labeled environment for 12 days {ca. 25 cm in 

height). The chamber was flushed with charcoal filtered air (5 L- min"') for 24 hours and 

exhausted into a 1 M KOH bubbler/trap to remove any residual radiolabeled CO2 before 

the chamber was opened. 

Caterpillar Regurgitant Collection 

BAW larvae were transferred from artificial diet to com plants and allowed to 

feed at least 48 hours before labeling experiments. Larvae were then allowed to feed on 

radiolabeled or unlabeled seedlings for 6 hours. Regurgitation was induced by holding 

late third instar BAW caterpillars with forceps and gently pinching behind the head with 
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a second pair (Turiings et al. 1993). Regurgitant was pooled for 5 caterpillars and a 5 pi 

aliquot was used for radiochemical counting. The oral secretions were collected and 

centrifuged at 10,000 rpm for 2 minutes in a microcentrifuge (Eppendorf Centrifuge 

5415C Westbury, NY). The supematant from labeled regurgitant was fractioned by 

HPLC (Hewlett Packard 1100 Series pump with a variable wavelength detector [Santa 

Clarita. CA]) monitoring wavelength 205 nm on a reversed phase column (Ci8 ODS-AQ 

S-5 200 A, 250 mm long, 4.6-mm Id., YMC, Kyoto). Components were eluted (1 ml 

min"') with a solvent gradient of 40 to 100% CH3CN (0.8% glacial acetic acid) and H2O 

(0.4%) glacial acetic acid) over 10 minutes and held at 100% CH3CN, still containing 

0.8% acetic acid, for an additional 10 minutes. Samples were collected plus 6 ml of 

Ecoscint scintillation cocktail (Fisher Scientific, Houston, TX) and counts per minute 

were taken with a Scintillation counter (Beckman LS 5000TA, Wakefield, MA). 

Regurgitant supematant (after centrifugation) collected from BAW fed on unlabeled 

tissue was analyzed on a Thermo Separation Products HPLC system coupled with a 

photodiode array (PDA) detector and a Thermo Finnigan LCQ duo mass spectrometer 

(San Jose, CA). Injections were made under the same conditions previously mentioned 

in the HPLC analysis. Wavelength was monitored from 190 to 360 nm before being 

directed to a quadmpole ion trap mass spectrometer via an electron spray ionization 

interface. Ions were generated at a 70 eV potential and scanned at a range of 150-600 

amu. The mass spectrometer was operated in a negative mode. 
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Translocation of [''*C1-volicitin 

Radiochemical tracking of insect components or a sucrose solution was performed 

with com seedlings in three separate experiments. The cotyledon leaf of 14 day-old 

seedlings (Figure 2.2) at time 0 were treated with either: (1) 5 pi of regurgitant with ca. 5 

nCi [ C]-volicitin was applied to a mechanically damaged area of 2-cm^ (2) one BAW 

larva with ca. 5 nCi ["*C]-volicitin was placed on the lower leaf, (3) 5 pi of ['^C(U)]-

sucrose (5 nCi) was applied to mechanically damaged area of 2-cm^ Seedlings were 

then harvested at the times 1.5, 3, 6, 9, 12, and 24 hours. At harvest, the four 

distinguishable leaves were excised and each leaf was sliced into 1 mm sections and 

placed in a separate 10 ml glass vial plus 6 ml of Ecoscint scintillation cocktail and 

disintegrations per minute (dpm) were calculated. In a separate analysis, plants damaged 

by BAW herbivory and mechanical damage plus regurgitant were compared to leaf tissue 

by extracting the lipids from the four distinguishable leaves following the protocol by 

Harbome (1984) discussed below and analyzed for radioactivity. 

Plant Chemical Analysis 

In a separate experiment following the same protocol described above for tracking 

radiolabeled materials in com seedlings, BAW damaged leaf tissue {ca. 15% damage of 

total leaf or ca. 1 cm^) was collected and the lipids were separated based on a procedure 

by Harbome (1984). Lipids were extracted from frozen plant tissue (0.1 g) and 

homogenized with chilled isopropanol (5 ml) followed by extraction with diethyl ether (5 

ml). The solution was centrifuged at 10,000 gmax for 10 minutes followed by 
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concentrating the supematant to dryness. The concentrated extract was dissolved in a 

minimal amount of HzOiCHjCN (50:50) and the labeled lipids were fractioned using the 

HPLC protocol described previously with the individual fractions collected and analyzed 

for radioactivity. 

Translocation of [^H1-L-volicitin 

To examine the translocation of a pure sample of volicitin, a tritiated form of the 

L-enantiomer ([^H]-L-volicitin) was synthesized by coupling 17-hydroxylinolenic acid 

with 1 mCi of [3,4- H(N)]-L glutamine, containing a specific activity of 45 Ci/mmol 

(Dupont NEN), as described in the ligand synthesis section. In two different 

experiments, mechanical damage plus 5 pi of [^H]-L-volicitin with an activity of either 

50 nCi or 5 nCi was applied to the lowest leaf of com plants. At specific time intervals 

(1.5, 3, 6, 9, 12, 24 hours), seedlings were harvested and the lipids were extracted from 

each of the 4 distinguishable leaves and analyzed for radioactivity as described 

previously. 

Volatile Collections and Plant Treatments 

To analyze for volatiles emitted from individual leaves of intact plants, sandwich-

plate designed collection chambers were placed on each leaf The chambers consisted of 

two glass plates held together by a Teflon frame (10x12x2 cm). The front pane was on 

a track to slide open for access; the petiole fit into a hole bored through the frame so that 

plant VOCs were collected while the leaf was attached to the plant. Cotton was placed 
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around the petiole to reduce back flow of unfiltered air into the chamber. Ports were 

positioned on opposite sides of the Teflon frame to attain maximum airflow over the leaf 

surface. Charcoal-purified air entered the chamber at 1 L- min'' and plant volatiles were 

collected by pulling 0.5 L- min"' by vacuum through Super-Q adsorbent traps at the 

second port. VOC chambers were mounted on the cotyledon (local) and 2 upper leaves 

(systemic). Plants were allowed to equilibrate within the chamber for 2 hours before 

volatile sampling; the starting point for volatile collections was also the start time for 

treatment of the plant with regurgitant or herbivore damage to the leaf For insect 

damage, 1 larva was placed on the cotyledon and allowed to feed continuously. Control 

plants contained no larvae. For regurgitant treatments, 5 pi of BAW regurgitant was 

placed on a 2-cm^ surface of the lowest leaf scratched with a clean razor blade. Control 

plants were mechanically damaged without regurgitant. All plants used in volatile 

collection experiments were unlabeled. 

Chemical Analysis of Volatiles 

Volatiles collected on the Super-Q adsorbent traps at each interval were eluted 

with 150 pi of CH2CI2PIUS 800 ng of nonyl acetate in 10 pi of CH2CI2 as an intemal 

standard. The extracts were analyzed by capillary GC on a 15-m x 0.25-mm (Id.) fiised 

silica column with a 0.25 pm-thick bonded methyl siloxane (Quadrex, New Haven, CT). 

Injections were made in the splitless mode for 30 seconds, and the gas chromatograph 

was operated under the following conditions: injector 230°C, detector 250°C, column 

oven 40°C for 0.5 minutes, then programmed at a rate of 12-1 SOX and finally ramped at 
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a rate of 40-220°C for 2 minutes. He carrier gas linear flow velocity 50 cm/s. 

Quantification was based on comparison of area under the GC-FID peak with the intemal 

standard added at an amount of 800 ng. For comparisons of the same compound under 

different treatments, response factors for individual compounds were assumed equal. 

Ligand Synthesis 

The synthesis of the L- and D-enantiomers of volicitin, linolenoyl-L-glutamine, 

and 17-hydroxylinolenic acid followed the scheme in Figure 2.3 (Wei et al, 2003). The 

first step involves the Grignard coupling reaction of 3,6-heptadiyne-2-ol (A) with C-8 

propargylic iodide (B) with a 10 mol % CuCI catalyst to form the C-17 triynol (C) liquid. 

Catalytic hydrogenation of (C) using P2 - Ni as the catalyst yielded the corresponding 

(Z,Z,Z)-trienol (D) as a yellowish liquid. This product was then converted to 17-

hydroxylinolenic acid (E) in 90% yield in a reaction with aqueous LiOH in THE. The 

final step was achieved through the coupling of E with L-glutamine by a modified 

ethylcarbonate mixed anhydride method in 82% yield of the final product L-volicitin 

(Figure 2.4). This four-step procedure proceeded with an overall yield of 46%. All 

synthetic compounds were analyzed by mass spectrometry using a direct inserted probe 

before use. The radiolabeling of volicitin was prepared in the same method with the use 

of 1 mCi of [3,4-^H(N)]-L-glutamine, with a specific activity of 45 Ci/mmol (Dupont 

NEN), coupled to 17-hydroxylinolenic acid to form [^H]-L-volicitin. 
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Seedling Bioassays 

Volatile analyses were performed on 10-day-old seedlings following the protocol 

by Albom et al. (1997). Fifteen pi of test solution was added to 500 pi of 50 mM 

Na2HP04 buffer titrated to pH 8.0 with IM NaH2P04 in 1-ml glass vials for a final assay 

concentration of 600 nM for volicitin and analogs. Com seedlings were cut off above the 

root with a razor blade, transferred to a vial, and allowed to draw up the solution for 12 

hours in complete darkness. The seedling for each treatment was placed in a volatile 

collection chamber (15 cm long, 3.0 cm inner diameter) under artificial light. Purified air 

was drawn for 2 hours through the chamber at 300 ml min' and through a polymer 

adsorbent (Super Q). The adsorbent was removed from the chamber and extracted with 

150 pi of CH2CI2, and then the intemal standard (800 ng of nonyl acetate in 10 pi of 

CH2CI2) was added. Samples were then analyzed by capillary GC. 

Preparation of Plasma Membranes 

Membrane fractions enriched in plasma membranes were isolated from maize 

leaves following the protocol as Robinson et al. (1988) with all subsequent operations 

conducted at 4°C. Leaves were cut into 1.5 mm pieces with a clean single-edged razor 

blade. Cut leaves were combined with homogenization buffer (15 mM Tris-HCl, pH 7.8, 

1 mM EDTA, 3 mM DTT, 0.5 M sucrose, 0.6% PVP) at a ratio of 1:4 followed by one-

minute homogenization with a PowerGen 700 20 mm probe, rheostat setting of 6 

(Pittsburgh, PA). The homogenate was filtered through four layers of cheesecloth and 

centrifuged at 10,000 gmax for 10 minutes (Sorvall SA-600 rotor, DuPont Co., 
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Wilmington DE). The supematant was then centrifuged at 50 000 ĝ ax for 30 minutes 

(Beckman Type 70 Ti, Beckman Instmments, Palo Alto, CA) and resulting microsomal 

pellet (8.4 mg protein/ml) was resuspended in suspension buffer (5 mM K-phosphate, pH 

7.8, and 0.25 M sucrose). 

The plasma membrane was isolated from the microsomal pellet using the aqueous 

two-phase partioning method described by Larsson et al. (1987) (Figure 2.5). The 

aqueous polymer two-phase system consisted of 6.4% (w/w) dextran (M^ 500,000) and 

6.4% (w/w) polyethylene glycol (Mr 3350) in 5 mM phosphate buffer, pH 7.8, containing 

0.3 M sucrose and 3 mM KCl Two 36 g phase systems were constmcted plus one 

system with 10 g of microsomal fraction and 26 g of phase solution. Systems were 

equilibrated ovemight at 4°C after vigorous shaking for 30 seconds. The phases were 

separated by centrifugation at 2,000 gmax for 10 minutes (Sorvall HB-4 rotor). Then, the 

upper phase (Ui) was removed with a pipet, taking care not to disturb the interface, and 

repartitioned twice with the fresh lower phase (tube 2 and 3) to increase the purity, giving 

U3. To increase the yield of plasma membranes, the lower phase was reextracted, in 

sequence, with fresh upper phase (UQ), giving Uy. Fresh upper and lower phases were 

obtained from the other systems of identical composition prepared earlier. The U3 and U3-

fractions were combined and referred to as the upper fraction. 

The upper fraction, which contained the plasma membrane, was diluted in 

resuspension buffer (5 mM Tris-MES, pH 7.2, 0.1 mM DTT and 0.25 M sucrose) and 

centrifuged at 100,000 gmax • The pellet was resuspended in buffer and stored at -70°C. 

For pH assays, the pellet was resuspended in a modified buffer (5 mM citrate, 5 mM 
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phosphate, pH 7.2, 0.1 mM DTT and 0.25 M sucrose) with the concentrations of citric 

acid and phosphate adjusted to achieve pH values between 4 and 8. In addition, 10 mM 

ethanolamine buffer was used to assay binding between pH 9 and 10. Protein 

concentrations were assayed base upon the method of Bradford (1976) using bovine 

semm albumin as a standard. 

Membrane Purity Assavs 

Marker enzymes were used to assay plasma membrane, endoplasmic reticulum, 

and mitochondria purity following the protocol of Hodges and Leonard (1974) with all 

subsequent reactions done at 25°C, unless otherwise stated. Plasma membrane was 

assayed for vanadate-inhibited, Mg '̂̂ -ATPase activity. The reaction was carried out in a 

1-ml reaction volume containing 3 mM ATP, 3 mM MgS04, 30 mM Tris-MES buffer, 

pH 6.5, 50 mM KCl, and 30 pg membrane protein in the presence or absence of 0.025% 

(v/v) Titron X-100 and/or 50 pM Na3V04. Following 30-minute incubation at 38°C, 2.6 

ml of a stopping reagent, 0.42%) (w/v) ammonium molybdate in 1 N H2SO4 with one part 

10%) (w/v) ascorbic acid, was added to each assay. After 20-minute incubation at room 

temperature, the absorbance at 650 nm was measured and amount of inorganic phosphate 

was calculated with 0.01 pmol equal to an absorbance of 0.240 (Ames, 1966). 

Endoplasmic reticulum was assayed for the NADPH-cytochrome-c reductase (CCR), a 

cyanide and antimycin A insensitive enzyme. A 3-ml reaction volume with 0.1 ml of 

membrane suspension (30 pg protein), 0.1 ml of 50 mM NaCN, 0.2 ml of 0.45 mM 

cytochrome c, 2.5 ml of 50 mM sodium phosphate buffer, pH 7.5, and/or 0.1 pM 
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antimycin A was started by the addition of 0.1 ml of 3 mM NADPH with the reduction of 

cytochrome c change measured at 550 nm. Mitochondrial membranes were assayed for 

cytochrome-c oxidase (CCO) activity using NADPH cytochrome c reductase. 

Cytochrome c was reduced by addition of excess of sodium dithionite followed by 

aerating the solution to oxidize excess dithionite. Reactions contained 0.1 ml of 

membrane suspension (30 pg protein), 0.1 mol of 0.3% Triton X-100, and 2.7 ml of 50 

mM sodium phosphate, pH 7.5. Reactions proceeded by addition of 0.1 ml of reduced 

cytochrome c and change at 550 nm was measured. The rate of cytochrome reduction 

and oxidation was calculated using an extinction coefficient of 18.5 mM"'cm ~'. 

Binding Experiments 

Radioligand binding assays were based on a procedure by Scheer and Ryan 

(1999). Binding was initiated by adding 50 pi of radiolabeled volicitin (10 nM) to 100 pi 

of plasma membrane (200 pg of protein) in 1.5 ml Eppendorf tubes at 25°C. Precisely 7 

minutes were given for binding except when measuring the time course of binding. The 

reaction mixtures were then filtered through GF/B binder-free glass fiber filters (Fisher 

Scientific) housed in a 12-well vacuum filtration manifold (Millipore, Bedford, MA). 

Fitters were pre-washed with 1 ml of 4°C buffer (5 mM Tris-MES, pH 7.2, 0.1 mM DTT 

and 0.25 M sucrose) and then rinsed with an additional 3 ml buffer once the radioligand 

was applied; the amount of [^H]-labeled L-volicitin retained by the filter was measured 

by liquid scintillation. In competition assays, unlabeled volicitin or a volicitin analog 

was added just prior to the addition of radiolableled volicitin. Specific binding was 
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calculated by subtracting nonspecific binding (binding in the presence of excess 

nonradioactive volicitin) from total binding. Binding assays were replicated (6X) using 

saturating levels of volicitin (10 nM) unless otherwise indicated. Volicitin analogs were 

added at 100-fold molar excess (1 pM). The percentage of specific binding used in 

displacement experiments was calculated by dividing the specific binding at the indicated 

concentrations of competing analog by the maximum specific binding determined in the 

presence of an excess of labeled volicitin. Plasma membrane preparations incubated in 

filtration buffer for 16 hours at 37°C showed no decrease in specific binding indicating 

the absence of endogenous protease activity. 

For slot blot binding assays, 10 pi of plasma membrane enriched protein (1 pg/pl) 

was applied to nitrocellulose filters in a chilled slot blot manifold (Bio-Dot SF 

Microfiltration apparatus, Bio-Rad Hercules, CA); temperature was maintained at 4°C 

throughout the binding procedure. Membranes were pre-soaked for 20 minutes in 10 ml 

binding buffer (20 mM potassium phosphate, 200 mM KCl, 1 mM EDTA, and 1 mM 

DTT) adjusted to pH 7.9, and then incubated for 7 minutes in 10 ml of fresh buffer 

containing the [^H]-L-volicitin probe (1.6 x 10̂  cpm/ml buffer). Membranes were rinsed 

2 x 1 5 minutes in 10 ml binding buffer and placed in x-ray film intensifying cassettes at -

70°C for 30 days before film development. 

The receptor-number per cell estimation was based on a generic cell with the 

following features: the plasma membrane contained 40% protein by weight; the plasma 

membrane volume was 8.1 x 10"'̂  ml (30 x 30 x 0.009 pm) (Larsson and MoUer, 1989); 

and the average membrane density was 1.15 g/ml (Larsson et al, 1987). Plasma 
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membrane number per pi of extract was calculated from the binding assay protein 

concentration factoring in the enrichment of plasma membrane protein from the marker 

enzyme. This value was then divided by the receptor number per pi calculated from Bmax 

assuming a 1:1 mole ratio of volicitin binding protein to ligand. 

Protease and Heat Treatment 

Plasma membrane preparations (2 mg protein/ml) were incubated in filtration 

buffer for 30 minutes in a 37°C water bath with the following protease concentrations: 

50 pg/ml trypsin and 12 pg/ml Pronase E. Treatments were terminated using a protease 

inhibitor mixture of 50 pg/ml of phenylmethylsulfonyl fluoride (PMSF) to inhibit trypsin, 

and 1 pg/ml of pepstatin to inhibit Pronase E. Plasma membrane preparations were then 

used for [^H]-L-volicitin binding assays. Control assays contained the same mixture with 

the protease inhibitors inactivated by heating at 100°C for 15 minutes prior to binding. 

Volicitin Receptor Induction 

Receptor induction was assayed under the following conditions: (1) plants 

sprayed with 1 pM MeJA; (2) plants mechanically razor-blade damaged covering an area 

of 2 cm^ on two lower leaves; and (3) plants insect damaged with five BAW larvae 

covering an area of 2 cm^ on the two lower leaves. All plants were sprayed with 50 ml of 

water and Tween 20 (0.025%) to account for solvent effects. Plants were maintained 

under previously described growth conditions until the time of harvest. The specific 

binding was determined in the water-treated, mechanically damaged, BAW, and MeJA-
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treated plasma membrane preparations and expressed as fmol of bound [^H]-L-volicitin 

per microgram of protein. To measure the effect of protein translation on receptor 

binding, plants were sprayed with 2 pM cycloheximide concomitantly with mechanical 

damage, BAW feeding or MeJA treatment and plants were harvested 16 hours after 

treatment. 

Statistical Analyses 

Analyses of variance, using SAS statistical software, were performed on all 

volatile collection data and induction of binding results. Means were separated using 

Duncan's multiple range test with a P value less than 0.05. Significant treatment effects 

were investigated when analysis of variance was significant (P < 0.05). 
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Figure 2.1. Picture representation of the growth chamber used for radiolabeling com 
plants using CO2 generated from [''*C]-NaHC03 and excess precbloric acid. 
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Figure 2.2. Com seedlings used for translocation treatments. Fourteen-day-old com 
seedlings where mechanical damage plus labeled regurgitant or BAW damage alone to 
leaf a. Radioactivity was followed throughout the plant and analyzed in the damaged leaf 
a and upper leaves b, c, and d. 
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Figure 2.3. Synthetic scheme for 17-hydroxylinolenic acid (E). (i) 2 equivalents (A), 2 
equivalents EtMgBr, 10% CuCI, THF, room temperattire, 15 hours; (ii) P2-Ni, H2, EtOH, 
room temperature, 6 hours; (iii) 10 equivalents LiOH, THF-H2O (1:1, v/v), room 
temperature, 12 hours (Wei et al, 2003). 
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Figure 2.4. Coupling of 17-hydroxylinolenic acid (E) with L-glutamine (F) to yield L-
volicitin by a modified ethylcarbonate mixed anhydride method, (iv) NEt3, THF, 
ClC02Et, -10°C 20 minutes, then L-glutamine, NaOH, room temperature, 25 minutes 
(Modified from Pohnert et al, 1999). 
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Figure 2.5. Separation of plasma membranes (open circles) and intracellular membranes 
(closed circles) by a phase partioning procedure of three steps (Larsson et al, 1987) (see 
text for details). 

50 



CHAPTER 111 

TRANSLOCATION OF VOLICITIN BY BEET ARMYWORM 

LARVAE TO CORN SEEDLINGS 

Specific Aims 

Volicitin present in the regurgitant of BAW activates the emissions of volatile 

organic compounds when in contact with damaged com leaves. VOC emission in tum 

serves as a signaling defense for the plant by attracting female parasitic wasps that prey 

on herbivore larvae. A critical link in establishing the biological significance of FAA as 

insect elicitors in triggering plant defense responses is to ascertain that such regurgitant 

components are in fact translocated from the insect to the plant in situ. This chapter 

presents biochemical data that BAW regurgitant includes volicitin production that is 

limited to the site of leaf damaged under natural feeding conditions. 

Results 

r"*C1-Labeling of Com Plants 

To track the translocation of the oral secretion component volicitin as well as 

other FAAs characterized from BAW larvae under actual insect-feeding conditions, 

caterpillars were allowed to feed on com seedlings radiochemically labeled with CO2. 

To radiochemically label fatty acids inplanta, com seedlings were grown in a closed 

container with the mixing of perchloric acid and 1 mCi of ['^C]-sodium bicarbonate to 

generate '^C02. To confirm high uptake of the radiolabel by the com seedlings, a leaf 
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aliquot (0.1 g) was collected on day 8 and the radioactivity of the samples was 

determined using standard liquid scintillation techniques. By visually estimating the 

plant biomass in the chamber, '"C incorporation into the total plant material was 

calculated to be 0.81 mCi {ca. 81% of total radioactivity administered). Plants used as 

substrate from caterpillar labeling stiidies were grown for a total of 12 days in the 

enclosed '"*C02 enriched chamber (total radioactivity 1 mCi) to ensure adequate labeling 

levels of the volicitin precursor, linolenic acid. 

HPLC Analysis of Oral Secretions 

Analysis of compounds purified from oral secretions of BAW larvae fed on 

unlabeled or labeled seedlings revealed the consistent presence of seven compounds 

previously shown by Pare et al. (1998) (Figure 3.1a). In the case of radiochemical 

labeling, larvae were transferred to seedlings containing '''C chemical components for 6 

hours and oral secretions were collected by gently squeezing the caterpillars with forceps. 

Total radioactivity associated with 5 pi of the labeled regurgitant was 8.00 x 10̂  ± 9.6 x 

lO'* dpm or 360 ± 44 nCi. Oral secretions were then centrifuged and the supematant was 

injected, without further purification, onto a reverse phase HPLC column and eluted with 

an increasing acetonitrile-water gradient. Fractions eluted from the column were 

collected every 30 seconds and analyzed by liquid scintillation counting. Radioactivity 

associated 0.5 ml fractions collected from the HPLC separation after background 

subtraction is shown in Figure 3.1b. Radioactivity from pooled HPLC fractions collected 

over the 5 to 16 min interval was 45.0 ± 4.8 nCi, or 12.5%) of the total radioactivity 
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associated with the regurgitant appeared as distinct components in the HPLC trace. 

Volicttin (6.0 ± 1.4 nCi) comprised 1.7% of the total radioactivity of the regurgitant. In 

addition to volicitin, BAW oral secretions contained free 17-hydroxylinolenic acid, N-

linolenoyl-L-glutamine, and free linolenic acid and an analogous series of compounds 

with a linoleic acid backbone all of which accumulated some detectable amount of 

radioactivity (Figure 3.1b). The HPLC fractions not associated with one of the identified 

FAAs or fatty acids contained levels of radioactivity at or below background levels. 

BAW fatty acid derivatives from unlabeled material were confirmed by comparisons with 

synthetic standards (Wei et al, 2003). The mass spectral data for unlabeled BAW 

derived volicitin showed an expected lu/z peak of 421 in the negative ionization mode 

and the other six oral secretion components also exhibited the predicted molecular weight 

as shown in Figure 3.2. 

Elicitor Tracking in situ 

Radioactivity was observed to be translocated from herbivore larvae to insect-

damaged plant tissue when '''C-labeled caterpillars were allowed to feed on unlabeled 

com seedlings. By extracting the lipids from damaged leaf tissue at time 9 hours, 

collection and radioactivity counting of HPLC fractions indicated that radioactivity was 

associated with volicitin as well as components with the same retention time as the other 

insect oral secretion components (Figure 3.3). The radioactivity and mole amount of 

each peak is reported in Table 3.1. Radioactivity associated with volicitin after HPLC 

analysis was 5.0 ± 1.3 nCi. Assuming 1.7% of regurgitant is volicitin, we estimate 300 ± 
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42 nCi or 4.2 pi ± 1.0 pi of oral secretions are transferred to com leaves with 540 minutes 

of caterpillar feeding. The accumulation of radioactivity associated with volicitin over a 

12-hour larval feeding interval is shown in Figure 3.4. 

Volicitin was found not to be translocated to undamaged regions when ca. 5 nCi 

was applied to wounded leaf tissue (Figure 3.5). Volicitin application was made either by 

mechanically damaging leaves with a razor blade and by applying 5 pi of insect 

regurgitant to the wound site or by allowing a radiolabeled larva to feed directly on the 

leaf As a positive control, radiolabeled sucrose (5 nCi), a known mobile metabolite in 

plants (Narvaez-Vasquez et al, 1995), was administered to the lower leaf of 4-leaf-old 

com seedlings. Within 1.5 hours, radioactivity was observed in the upper leaves and 

radioactivity leveled off at 0.55 nCi or 0.92 pmol sucrose within 9 hours. In an attempt to 

estimate the threshold detection of sucrose in untreated leaves, the difference between the 

amount of radioactivity movement out of leaf 1 and the sum of radioactivity in the 

remaining parts of the com seedling was calculated. Unaccounted for radioactivity was 

0.03 nCi (0.6%)) or a 99.4% recovery of sucrose. Assuming similar levels of unaccounted 

for radioactivity with the application of radioactive volicitin, 100 pmol of volicitin 

introduced by the larvae would translate to a threshold detection of 0.6 pmol of the total 

introduced volicitin. 

The effect of radioactive quenching by leaf tissue was substantial for non-

extracted leaf samples. For example, a 1 pCi sucrose scintillation cocktail mixture was 

quenched by approximately 80% when combined with unlabeled com tissue decreasing 

detected radioactivity from 2.22 x lOSo 3.77 x 10̂  dpm respectively. To minimize 
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radioactive quenching effects, the lipid components of each leaf were extracted after 

BAW feeding (radiolabeled larvae), exogenous regurgitant application or synthetic [̂ H]-

L-volicitin application confirmed the immobility of labeled components from the lower 

leaf (Figure 3.6). Synthetic [^H]-L-volicitin applied to plants at a similar activity, as in 

the regurgitant (5 nCi) or at a 10-fold excess (50 nCi), followed by lipid extraction of the 

upper three leaves resulted in an absence of detectable radiolabeled material. Similariy, 

the radioactive components in lipid extracts from BAW damaged leaves and damaged 

leaves plus regurgitant was also found to remain in the lowest leaf This pattem of 

radioactive immobility in maize indicates that volicitin is not required to move from one 

leaf to another for activation of VOC emissions in distal portions of the plant. 

VOC Emissions 

The introduction of radiolabeled oral secretions into the leaf correlated with an 

induction of VOC emissions (Figure 3.7). Com seedlings at the 4-leaf stage were used 

for both experimental and control analyses. Experimental plants were damaged with a 

clean razor blade over an area of 2-cm^ on the lowest leaf plus the addition of 5 pi of 

BAW regurgitant while the upper leaves remained undamaged. Control plants were of 

comparably size and mechanically damaged over a 2-cm area and examined in 

conjunction with experimental plants. The sum of sesquiterpene release (caryophyilene, 

a-trans-bergamotene, (£',£^-a-famesene, (£')-P-famesene, a-humulene, and {E)-

nerolidol) in mechanically damaged leaves plus regurgitant increased from 300 ± 105 

ng/hr/leaf at t = 1.5 hours (82% increase over control) to a maximum of 650 ± 195 
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ng/hr/leaf at t = 6 hours (82%) increase over control) and decreased to 500 ± 139 

ng/hr/leaf at t = 12 hours (81%, increase over control). The local emission of 

monoterpenes (a-pinene, (3-pinene, limonene, linalool, myrcene, and (£)-p-ocimene) 

increased from 100 ± 27 ng/hr/leaf at t = 1.5 hours (75% increase over control) to a 

maximum of 175 ± 48 ng/hr/leaf at t = 3 hours (82% increase over control) and decreased 

to 115 ± 38 ng/hr/leaf at t = 12 hours (69% increase over control). The local emission of 

homoterpenes ((3£)-4,8-dimethyl-l,3,7-nonatriene and (3£:,7F)-4,8,12-trimethyl-

1,3,7,11-tridecatetraene) increased from 60 ± 18 ng/hr/leaf at t = 1.5 hours (52% increase 

over control) to a maximum of 160 ± 42 ng/hr/leaf at t = 9 hours (86% increase over 

control) and decreased to 114 ± 29 ng/hr/leaf at t = 12 hours (87%) increase over control). 

Systemic volatile release showed a similar sesquiterpene emission pattem with 185 ± 64 

ng/hr/leaf at t = 1.5 hours (80% over control) and peaked at 600 ± 155 ng/hr/leaf at t = 9 

and 12 hours (84%) over control). The systemic emission of monoterpenes increased to 

55 ± 18 ng/hr/leaf at t = 1.5 (73%) increase over control) to a maximum of 97 ± 27 

ng/hr/leaf at t =9 (74% increase over control) and decreased slightly to 77 ± 22 ng/hr/leaf 

at t = 12 (79%) increase over control). However, the systemic release of homoterpenes 

increased from 50 ± 17 ng/hr/leaf at t =1.5 hours (75% increase over control) and peaked 

at t = 12 hours with 223 ± 48 ng/hr/leaf (84% increase over control). 

In a similar experiment, BAW herbivory of intact com seedling also resulted in 

VOC emission at the local and systemic levels (Figure 3.8). Experimental plants 

contained one BAW larvae on the lowest leaf while the control plants were left 

undamaged. Sesquiterpene release in larval-damaged leaves increased from 150 ± 53 
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ng/hr/leaf at t = 1.5 hours (87% increase over control) to a maximum of 500 ± 177 

ng/hr/leaf at t = 6 hours (85% increase over control) and decreased to 385 ± 85 ng/hr/leaf 

at t = 12 hours (84%) increase over control). The local emission of monoterpenes 

increased from 85 ± 19 ng/hr/leaf at t = 1.5 hours (90% increase over control) to a 

maximum of 185 ± 52 ng/hr/leaf at t = 9 hours (95% increase over control) and decreased 

slighfly to 164 ± 48 ng/hr/leaf at t = 12 hours (89% increase over control). The local 

emission of homoterpenes increased from 50 ± 19 ng/hr/leaf at t = 1.5 hours (82% 

increase over control) to a maximum of 125 ± 45 ng/hr/leaf at t = 9 hours (91% increase 

over control) and decreased to 84 ± 19 ng/hr/leaf at t = 12 hours (86%o increase over 

control). Systemic volatile emissions pattems were similar to the volatile release locally. 

The sesquiterpenes increased to 100 ± 35 ng/hr/leaf at t = 1.5 hours (91% over control) 

and peaked at 425 ± 118 ng/hr/leaf (90% over control) at t = 9 and 12 hours. The 

systemic emission of monoterpenes increased to 25 ± 7 ng/hr/leaf at t = 1.5 (40% increase 

over control) to a maximum of 99 ± 23 ng/hr/leaf at t =9 (85% increase over control) and 

decreased slightly to 85 ± 15 ng/hr/leaf at t = 12 (95%) increase over control). However, 

the systemic release of homoterpenes increased from 30 ± 10 ng/hr/leaf at t =1.5 hours 

(74%) increase over control) and peaked at t = 12 hours with 193 ± 36 ng/hr/leaf (90% 

increase over control). 

Discussion 

Volicitin and several FAA analogues have been characterized from the regurgitant 

of BAW as well as THW larvae (Albom et al, 1997; Pohnert et al, 1999; Halitschke et 
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al, 2001). The original bioactivity-directed purification of volicitin from BAW 

regurgitant was based on in vitro com seedling bioassays with confirmation made by the 

exogenous application of purified natural material as well as by plant application of 

synthetically generated standard (Albom et al, 1997). Subsequent studies have 

introduced several questions as to the biological relevance of volicitin as an elicitor of 

VOC emissions. From a Schmelz et al. (2001) report, volicitin applied to healthy plants 

had a modest volatile inducing activity raising doubts as to the exact role this molecule 

plays in inducing VOC emissions in com. It has also been reported that in a second host 

plant of the BAW, lima bean, volicitin is not effective in triggering VOC emissions 

(Spiteller et al , 2001). In an attempt to provide insight into the role of volicitin under in 

vivo insect damage conditions, we tracked the movement of FAA from the herbivore 

source and established that the FAAs harvested by forcing larvae to regurgitate do in fact 

make contact with the host plant under in vivo feeding conditions. HPLC analysis of 

extracted fatty acids from the damaged leaf indicates that 5 nCi radioactivity introduced 

by the larva is associated with volicitin, which is equivalent to 100 pmol. This is within 

the range that triggers VOCs in cut seedling assays with an EC50 of 30 pmol (Tmitt et al, 

in press) and by the exogenous application of regurgitant with 300 pmol of volicitin 

(Albom et al , 1997). The distribution of labeled regurgitant components extracted from 

the plant tissue was similar to what was collected from the regurgitant, with the highest 

radioactivity associated with linolenic acid (16.0 ± 3.2 nCi and 320 ± 63 pmol per 5 pi 

regurgitant), and the volicitin component contained 6.0 ± 1.4 nCi or 120 ± 30 pmol. 
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Oral secretions collected from caterpillars are most likely a mixtiire of fluids from 

the gut and salivary glands. Within this mixture, components directly fabricated from 

plant substrates such as FAAs should more rapidly incorporate radioactivity then 

chemical constituents assembled from substrate pools present in the larva. For example, 

the enzyme glucose oxidase (GOX) is abundant in the saliva (Musser et al, 2002) 

although it.may initially be radiolabeled at a much lower level than FAAs that are 

fabricated from plant supplied linolenic or linoleic acid (Pare et al, 1998). As a resuh, 

radioactivity associated with regurgitant fractions may not accurately reflect the absolute 

amounts of any given component. 

The radiolabeled oral secretions administered to the lower leaf by either BAW 

feeding or by exogenous application were not detected in the upper leaves of plants 

exposed to radiolabeled oral secretions. In contrast, the phloem mobile molecule, 

sucrose, was exported from the site of application to the other leaves within 1.5 hours and 

reached a plateau in its accumulation in leaves distal to the site of application by 6 hours. 

In cotton plants, labeling experiments with '^C02 have established that systemic VOC 

emissions are triggered by de novo biosynthesis at the site of release (Pare and 

Tumlinson, 1997b) while girdling experiments with ''*C02 have established a connection 

between dismptions of phloem transport and reduced systemic emission of VOCs 

(Rodriguez-Saona et al, 2002). These studies indicate that at least in cotton, there is a 

mobile chemical signal transported via the phloem responsible for systemic VOC 

induction. In com, it appears that such a signal is not a FAA radiolabeled component 

derived from oral secretions of the BAW larvae. 
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We have previously reported that plant fatty acids can be successfully '̂ C labeled 

when plants are grown in enriched levels of '^C02 and that the linolenic acid moiety can 

be modified by BAW larvae in the assembly of the elicitor volicitin (Pare et al, 1998). It 

was established that a '"̂ C enriched form of volicitin as well as other FAAs that enter 

plant tissue in situ remain at the site of damage during the time period that systemic 

VOCs were induced. It has been hypothesized that volicitin may breakdown within the 

plant to form JA (Koch et al , 1999). Given that linolenic acid is a precursor to JA, FAAs 

could contribute free linolenic acid to the JA pathway after cleavage of the amide bond. 

However, C-labeling studies with volicitin in maize seedlings found no evidence of '̂ C 

incorporation into the induced JA pools (Schmelz et al, 2003b). The systemic 

immobility of FAAs or any FAA breakdown product suggests that insect derived FAAs 

are elicitors of JA and not precursors. With these results in hand, researchers can now 

investigate how volicitin biochemically interacts with plant tissue in triggering VOC 

emissions. The specificity of com plants to recognize and respond only to the L-isomer 

of glutamine when coupled to the linolenic acid backbone of volicitin points to a 

ligand:receptor type interaction in the activation VOC emissions (Tmitt et al, 2003). The 

absence of volicitin transport to undamaged portions of the plant also fits the hypothesis 

that the induction of VOCs is mediated by one or more second messenger(s). 
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Figure 3.1. HPLC profile and radioactivity of volicitin and other fatty acid derivatives 
detected in the oral secretions of BAW fed on labeled com seedlings, (a) HPLC profile 
of volicitin (A) and other fatty acid derivatives detected in the oral secretions of BAW 
fed on radiolabeled com tissue for 6 hours; (b) radioactivity associated with individual 
HPLC fractions after background subtraction. Peaks with retention times were identified 
as- (A) A-(17-hydroxylinolenoyl)-L-glutamine, 6.9 minutes (volicitin); (B) A -̂(17-
hydroxylinoleoyl)-L-glutamine, 7.7 minutes; (C) 17-hydroxylinolenic acid, 9.9 minutes, 
(D) A-linolenoyl-L-glutamine, 10.8 minutes; (E) A-linoleoyl-L-glutamine, 11.7 
minutes(F) linolenic acid, 14.0 minutes; (G) linoleic acid, 15.0 minutes. This same 
compound lettering identification is used in Figures 2 and 3. Error bars indicate standard 
error (n = 3). 
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Figure 3.2. Electron spray ionization mass spectra of HPLC fractions of BAW oral 
secretions. 
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Figure 3.3. (a) HPLC profile of volicitin (A) and other fatty acid derivatives extracted 
from com tissue with 9 hours of BAW damage. BAW larva was fed on labeled com 
tissue for 6 hours prior to feeding on unlabeled seedlings. Plant extract was spiked with 
unlabeled volicttin (100 pmol) prior to HPLC analysis to facilitate peak recognition, (b) 
The radioactivity associated with individual HPLC fractions after background 
subtraction. Error bars indicate standard error (n = 3). 
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Figure 3.4. Time course of radiolabeled volicttin accumulation extracted from com 
seedlings at the site of damage. Error bars indicate standard error (n = 3). 
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Figure 3.5. Radioactivity distribution throughout the aerial portion of maize seedlings 
with one of three treatments to the lowest leaf mechanical damage with 5 pi BAW 
regurgitant, mechanical damage with 5 nCi sucrose, or continuous feeding with a 
radiolabeled larva. Leaf #1 was damaged (a) and radioactivity was followed from source 
to the upper three undamaged leaves (b, c, and d). Detection limit was calculated at 0.3 
nCi or 0.06%. Error bars indicate standard error (n = 3). 
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Figure 3.6. Extracted radioactivity from individual leaves over 24 hours with one of 
three treatments to the lowest leaf mechanical damage with 5 pi BAW regurgitant, 
mechanical damage with 5 nCi [^H]-L-volicitin, mechanical damage with 50 nCi [ H]-L-
volicitin, or continuous feeding with a radiolabeled larva. Leaf #1 was damaged (a) and 
radioactivity was followed from source to upper three undamaged leaves (b, c, and d). 
Error bars indicate standard error (n = 3). 
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Figure 3.7. VOCs collected over 12 hours from com seedlings mechanically damaged 
with or without BAW regurgitant on leaf # 1 (local) and leaves above damage (systemic). 
The lower black, middle white, and upper gray bars are the sum of collected 
sesquiterpenes, monoterpenes and homoterpenes, respectively (see text for the specific 
compounds). Data topped by the same letter do not differ significantly (ANOVA, P < 
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Figure 3 8 VOCs collected over 12 hours from com seedlings with or without BAW 
larva on leaf # 1 (local) and leaves above (systemic). The lower black, middle white, 
and upper gray bars are the sum of collected sesquiterpenes, monoterpenes and 
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same letter do not differ significantly (ANOVA, P < 0.05, n - 3). 

68 



Table 3.1. Radioactivity and calculated amount of fatty acid derived components in 5 pi 
of BAW regurgitant and oral secretion components extracted from damaged leaf with 9 
hours of BAW larval feeding. Peaks correspond to HPLC profile and compounds were 
identified as: (A) A-(17-hydroxylinolenoyl)-L-glutamine (volicitin); (B) N-{\7-
hydroxylinoleoyl)-L-glutamine; (C) 17-hydroxylinolenic acid; (D) A-linolenoyl-L-
glutamine; (E) A-linoleoyl-L-glutamine; and (F) linolenic acid. 

Peak Regurgitant Extracted Components from Damaged 
Tissue 

Activity (nCi) Amount (pmol) Activity (nCi) Amount (pmol) 

A 
B 
C 
D 
E 
F 
G 

6.0 ± 1.4 
2.6 ±0.7 
2.9 ±0.9 
2.3 ±0.7 
2.2 ± 0.7 
16 ±3.2 
13 ±3.0 

120 ±30 
51 ±14 
58 ±18 
46 ± 14 
43 ±14 
320 ± 63 
261 ± 59 

5.0 ±1.3 
1.2 ±0.5 
1.3 ±0.7 
1.0 ±0.5 
1.3 ±0.7 
12.8 ±2.7 
10.8 ±3.0 

100 ±25 
24 ±9 
26 ± 14 
19±11 
25 ± 14 
260 ± 54 
216 ±59 
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CHAPTER IV 

IDENTIFICATION OF A VOLICITIN RECEPTOR IN THE 

PLANT PLASMA MEMBRANE ENRICHED FRACTION 

Specific Aims 

The interaction of volicitin with the plant was examined by synthesizing the 

herbivore elicitor in a radiolabeled form with tritiated glutamine and tested for biological 

activity using an in vitro maize bioassay system. Enriched plasma membrane fractions 

were identified by assays for the ATPase marker enzyme. The specificity of binding and 

affinity were determined through binding experiments and competition assays of 

stmctural analogs. The half-maximal inhibitor concentration (IC50) and effective 

concentration (EC50) data was also determined for various analogs. The data presented in 

this chapter provides the first experimental evidence that initiation of plant defenses in 

response to herbivore damage can be mediated by receptor: ligand interaction. 

Results 

Bioactivity and Characterization of 17-hydroxylinolenovl-
[3.4-^H(N)1-L-glutamine 

A biologically active tritiated form of volicitin ([^H]-L-volicitin), along with a 

series of non-radioactive analogs was synthesized. Synthetic components were purified 

by HPLC and assayed for their ability to induce VOC emission in maize bioassays 

(Figures 4.1 and 4.2). Following the procedure reported by Albom et al. (1997), the sum 

of emissions from caryophyilene, a-trans-bergamotene, (£')-P-famesene, (£')-nerolidol, 
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and (3£',7£')-4,8,12-trimethyl-1,3,7,11-tridecatetraene were used to measure plant 

induction responses by different elicitors. The results obtained using radiolabeled 

volicitin were not significantly different from those resuUs obtained in experiments using 

non-radiolabeled synthetic volicitin or BAW oral secretions containing natural volicitin. 

The synthetic analog of volicitin, linolenoyl-L-glutamine was significantiy less active in 

triggering VOC emissions with an approximate 40% relative release rate compared to 

BAW regurgitant or synthetic volicitin. The other volicitin analogs tested included 17-

hydroxylinolenoyl-D-glutamine, 17-hydroxylinolenic acid, and L-glutamine (Figure 4.3) 

did not trigger maize volatile emissions at a level greater than emissions observed for the 

buffer control treatment. 

Plasma Membrane Isolation 

To identify different membrane fractions and the degree of enrichment, marker 

enzymes were assayed. The upper plasma membrane enriched fraction contained marker 

specific activities for plasma membrane ATPase (Table 4.1), mitochondria cytochrome-c 

oxidase, and endoplasmic reticulum NADPH-cytochrome-c reductase (Table 4.2) of 

1048-, 0.25-, and 146-nmol-s"'-mg protein'' respectively, while the lower fraction 

activities for plasma membrane ATPase, mitochondria cytochrome-c oxidase, and 

endoplasmic reticulum NADPH-cytochrome-c reductase were 12.4-, 2.6-, and 22.6-

nmol-s''-mg protein'' respectively. 

Using the two-phase partioning procedure, one fraction contained purified plasma 

membrane (U3 + U3) and the other contained intracellular membranes depleted of plasma 
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membrane (Li). ATPase activities were measured using vanadate at a low pH (6.0) in 

order to further enhance plasma membrane-ATPase activity relative to mitochondrial 

ATPase and any unspecified phosphatases. The ATPase activity was also measured in 

the presence of the detergent Triton X-100 used to stimulate the activity of ATPase 

several fold by exposing the apoplastic side of the membrane, thereby making the 

substrate-binding site accessible. Using these assays, 9.5% of the protein and about 90% 

of the plasma membrane markers were recovered in U3, whereas Li contained 61% of the 

protein and about 5% of the plasma membrane markers (Table 4.3). This signified a 17-

fold enrichment of plasma membrane markers in U3 versus Li (Table 4.4). 

Conversely, the marker enzymes for mitochondria (cytochrome-c oxidase) and 

endoplasmic reticulum (cytochrome-c reductase) showed the majority was present in Li. 

The Ll contained 62% mitochondria and 54% endoplasmic reticulum while U3 contained 

only 2%) and 31%, respectively. Note that the antimycin A-resistant NADPH-

cytochrome-c reductase is far from the ideal marker for the endoplasmic reticulum. Even 

if most of the activity was recovered in the lower phase (Li) (Table 4.3), a substantial 

amount was recovered in U3 and the activity was in fact enriched in the plasma 

membrane (Table 4.4). This is because not only the endoplasmic reticulum but also the 

plasma membrane contains cytochrome P-450 and hence NADPH-cytochrome-P-450 

reductase (Kjellbom et al, 1985). 
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Binding Kinetics 

The kinetics of radiolabeled volicitin binding in an enriched plasma membrane 

preparation is illustrated in Figure 4.4. Binding was observed as early as 1 minute and 

the extent of binding increased for 7 minutes followed by a slight decrease through 13 

minutes. Nonspecific binding remained constant throughout the experiment and 

represented only 7-10%> of the total binding between the 5-minutes to 13-minute period. 

All subsequent binding studies were performed at 7 minutes after the addition of volicitin 

and volicitin analogs. 

Competition Assays 

The competition by volicitin and volicitin analogues was assessed in experiments 

in which nonradioactive volicitin and volicitin analogues were added to the enriched 

plasma membrane receptor binding assay mixture. The competition assays were 

performed by the addition of a 100-fold molar excess of analog to the reaction mixture 

prior to the addition of 10 nM [^H]-L-volicitin (Figure 4.5). The binding of [̂ H]-L-

volicitin to the enriched plasma membrane preparation decreased to background levels in 

the presence of unlabeled L-volicitin. D-volicitin containing the same charge and 

hydrophobicity produced only a 15%) decrease for [^H]-L-volicitin bound by the enriched 

plasma membrane preparation. Unlabeled L-volicitin and linolenoyl-L-glutamine 

competed for the binding sites with half-maximal inhibitory concentrations of 9 nM and 

22 nM, respectively (Figure 4.6). D-volicitin and the fatty acid and amino acids of 

volicitin did not produce greater than a 15%) decrease in [^H]-L-volicitin binding at 
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concentrations up to 1 mM. To relate our binding data with the volatile assays, half-

maximal effective concentration of L-volicitin and linolenoyl-L-glutamine was 

determined by measuring volatile release from maize seedlings with increasing 

concentrations of elicitor (Figure 4.7). EC50 values for L-volicitin and linolenoyl-L-

glutamine were measured to be 58 nM and 165 nM, respectively. A comparison of the 

EC50 values of L-volicitin and linolenoyl-L-glutamine in volatile emission and the IC50 

values of competitive displacement of [^H]-L-volicitin is provided in Table 4.5. 

Scatchard Analysis 

To further characterize the receptor:ligand interaction, enriched plasma membrane 

fractions were incubated with increasing concentrations of ligand. The experiments were 

performed by incubating [^H]-L-volicitin in the presence or absence of unlabeled 

volicitin. Nonspecific binding was subtracted from the total binding to determine 

specific binding of [^H]-L-volicitin. A plot of specific binding as a function of increasing 

[^H]-L-volicitin shows that the binding was saturated at a level of 10 nM volicitin (Figure 

4.8). The saturation data was used to calculate the apparent dissociation constant (Kd) 

and maximal binding (Bmax) by Scatchard analysis (Figure 4.9). The Scatchard plot was 

derived from the equilibrium equation (4.1) between free receptor (R) and ligand (L) and 

receptor-ligand complex (RL). 

k 
R + L < • RL (4.1) 

k., 
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Rearranging equation (4.1), the apparent dissociation constant is: 

RL ki 1 
^association ~ TRI TT 1 ~ ~ v"--^/ 

' • - ' ' - - ' k-i Kjjissociation 

The total number of receptors (Bmax) is the addition of free receptor and receptor-ligand 

complex, which can be rearranged to give equation (4.3): 

R = Bmax RL (4.3) 

The substitution of equation (4.3) into equation (4.2): 

RL 
Ka = (4.4) 

[Bmax RL] [L] 

Rearranging equation (4.4) gives equation (4.5): 

RL 
= K a [ B m a x - R L ] (4 .5) 

Substituting equation (4.2) for Ka into equation (4.5) gives the Scatchard plot equation 

(4.6): 

RL 

[L] 

t ^max 
R̂L + (4.6) 

^ KH 
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where RL is the amount of ligand bound at each ligand free value [L] and Bmax is the 

maximal amount of ligand bound. A plot of RL/[L] versus RL gives a linear plot where: 

Slope = 
Kd 

X-intercept = o 
'• ' - ' m a x 

The Kd for binding of [ H]-L-volicitin to the enriched plasma membrane was 

determined by taking the negative inverse of the slope in Figure 4.9 and calculated a Kd 

of 1.3 nM. . From the same plot, the Bmax was determined by the x-intercept and 

indicated a maximal binding of 1.26 fmol- pg protein''. To determine the cooperativity of 

binding, the slope generated from a Hill plot was used (Figure 4.10). The Hill coefficient 

was calculated to be 1.07. Assuming one ligand per receptor, this estimates to ca 3000 

sites per cell. 

Reversibility of Binding and pH Effects 

The reversibility of volicitin-binding was studied by the addition of unlabeled L-

volicitin to enriched plasma membrane fractions 4 minutes after the addition of [ H]-L-

volicitin (Figure 4.11). The addition of L-volicitin caused a time dependent decrease of 

the radioactive retention on the filters that equilibrated within 3 minutes to ca. 60% of the 

total bound. The pH optimum of the protein: ligand binding by filter and slot blot binding 

assays was between pH 7 to 9 with ligand binding rapidly decreasing above and below 

this range (Figure 4.12). Based on these results, subsequent binding assays were 

maintained at pH 7.2. 
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Induction of Binding Sites 

Jasmonic acid and mechanical damage are both inducers of VOCs emissions in 

com seedlings (Schmelz et al., 2001, 2003); their effect on [^H]-L-volicitin binding to 

enriched plasma membrane was assayed over time (Figure 4.13). The application of 50 

ml of 1 pM MeJA produced a 2x increase in [•'HJ-L-volicitin binding 2 hours after 

treatment and a 4x increase in [^H]-L-volicitin binding by 12 hours after treatment. 

Beyond the 12-hour period, [^H]-L-volicitin binding decreased. The initial response to 

BAW wounding showed a ca. 2-fold increase within the first 2 hours, a steady increase to 

ca. 4-fold peak at 16 hours followed by a leveling of induction over the remaining 24-

bour time course. In contrast, mechanical-damage had only a modest 2x effect on the 

binding of [^H]-L-volicitin to the enriched plasma membrane preparation. 

To examine whether the increase in [^H]-L-volicitin binding in response to 

mechanical damage, MeJA and BAW required de novo protein synthesis, plants were co-

treated with 2 pM cycloheximide and compared to plants not treated with the protein 

translation inhibitor. Binding studies with radiolabeled volicitin were performed with 

enriched plasma membrane isolated 16 hours after treatment with mechanical damage, 

MeJA, and BAW, with or without cycloheximide. Volicitin binding for plants treated 

with cycloheximide versus those without cycloheximide treatment showed a decreased 

binding in all cases tested (Table 4.6): water (4-fold), mechanical damage (8-fold), BAW 

(16-fold), and MeJA (17-fold). 

To validate whether the specific binding of [^H]-L-volicitin is a proteinacous 

receptor, enriched com plasma membrane fractions were treated with the proteases 
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trypsin and pronase. Protease treatment reduced [^H]-L-volicitin specific binding by 

approximately 90%) in filter binding assays and to background levels in slot blot 

hybridizations (Figure 4.14). Enriched plasma membrane heat treatment also 

significantly reduced receptor:ligand binding (> 80%) whereas heat-inactivated proteases 

had no effect on ligand binding (Table 4.7). Enriched plasma membrane heat treatment 

also resulted in a decrease in volicitin binding {ca. 80%). Plant exposure for 16 hours to 

BAW leaf damage or MeJA prior to plasma membrane isolation resulted in induction of 

receptor:ligand binding in both the filter and slot blot binding assays. 

Discussion 

These data provide the first biochemical evidence for the existence of a plant 

plasma membrane protein that can selectively bind an herbivore ligand (elicitor) to 

initiate a signal transduction sequence. We demonstrate that radiolabeled volicitin 

rapidly, reversibly and saturably binds to enriched plasma membrane fractions. The Kd 

observed by Scatchard plot analysis was 1.3 nM indicating a high-affinity association; 

this binding constant reflects the ability of low volicitin concentrations to serve as an 

elicitor of VOC emissions in plants. The level of maximum binding (Bmax) was 

calculated to be 1.26 fmol- pg protein'' or ca 3000 sites per cell. Similar numbers for 

binding sites per cell have been observed for other plant defense elicitors, such as 

systemin binding to tomato cell suspensions at 3000 per cell (Scheer and Ryan, 1999), p-

glucan binding to soybean protoplasts at 3800 per cell (Cosio et al., 1988), and the 

peptide elicitor Pep 13 binding to parsely at 2900 per cell (Numberger et al., 1994). The 
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Hill plot for the volicitin binding protein generated a coefficient of n = 1.07 which 

revealed that the binding of volicitin does not facilitate the binding of additional volicitin 

molecules {i.e. non cooperative binding) 

Correlations between ligand binding and biological activity were used as the 

criterion for assessing tme receptor binding. Several synthesized volicitin analogs were 

tested to correlate binding and biological activity. Analogs tested for their ability to 

competitively displace [''H]-L-volicitin bound to enriched plasma membrane fractions 

(IC50 values) closely overlapped biological activity with 17-hydroxylinolenoyl-D-

glutamine (D-volicitin), 17-hydroxylinolenic acid, and L-glutamine inactive in triggering 

VOCs and ineffective in serving as an antagonist of [^H]-L-volicitin binding to the 

enriched plasma membrane while the unlabeled elicitor molecules volicitin and 

linolenoyl-L-glutamine were competent in both triggering VOCs and competing for 

receptor binding sites occupied by radiolabeled volicitin. 

The binding of radiolabeled volicitin was readily reversible, as determined by the 

rapid decrease in binding within 3 min of the addition of 100-fold molar excess of 

unlabeled volicitin. Approximately 40% reduction of total binding could be competed. 

Other studies of elicitor binding showed similar results in the reversibility of binding 

followed by an equilibration with systemin (Scheer and Ryan, 1999), Pep-13 (Numberger 

et al., 1994) and hepta-P-glucoside (Cheong and Hahn, 1991). From these resuhs, it 

appears that the binding of volicitin to the protein is quite strong but not covalent. One 

would expect the binding to be fully reversible because the cells would be in a constant 

state of activation once volicitin bound. The strong binding could be due to the fact that 
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only 100 pmol of the elicitor actually makes contact with the plant (Truitt and Pare, in 

press) and the strong binding might help increase the sensitivity of the plant to herbivore 

damage and amplify the wound signaling response. 

To further characterize this volicitin receptor either enriched plasma membrane 

preparations or whole plants were exposed to specific conditions. Loss of ligand binding 

when enriched plasma membrane preparations were treated with proteases before 

assaying for binding indicates that ligand:receptor interactions are mediated through a 

protein containing receptor. Treatment of plants with cycloheximide 16-hours before 

harvesting plant material caused a marked decrease in binding of radiolabeled volicitin to 

the enriched plasma membrane preparation. This decrease in volicitin binding to the 

enriched plasma membrane preparation indicates that the volicitin receptor is in constant 

tumover and that loss of synthesis results in a loss of receptor protein. For example, 

cycloheximide treatment which results in an inhibition of protein synthesis, compared to 

water treatment resulted in a decrease of volicitin specific binding from 130 dpm to 28 

dpm (Table 4.6) suggests that the receptor proceeds through two half-lives during the 16 

hour treatment or ti/2=8 hrs. As a control, plants treated with cycloheximide followed by 

the immediate preparation of membranes did not show any nonspecific effects when 

compared to just water. From a metabolic viewpoint, it is interesting that the plant 

would recycle a defense signaling receptor that is used during herbivore attack. Similar 

results were observed with cycloheximide treatment of tomato suspensions-culture cells 

toward the binding of radiolabeled systemin (Scheer and Ryan, 1999). Plant exposure to 

insect damage or JA treatment triggered an induction of binding sites on the enriched 
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plasma membrane fractions suggesting that the volicitin receptors may be 

transcriptionally up regulated to enhance the mechanism for perception of elicitor signals 

with herbivore feeding. Insect wounding also induces the emission of volatile terpenes in 

a wide range of plant taxa (Pare and Tumlinson, 1999) including maize and studies have 

implicated a role for JA in triggering plant VOC emissions. Indeed the exogenous 

application of JA to intact (Schmelz et al., 2001) or excised plants (Dicke et al, 1999) 

triggers elevated VOC emissions. In some cases, endogenous increases of JA with insect 

damage either parallel or precede VOC emissions. In fact, Schmelz et al. (2003b) have 

observed a direct positive relationship between endogenous JA levels and VOC 

emissions in maize seedlings with insect damage 

Eariy steps in the herbivore elicitation process have yet to be elucidated (Kessler 

and Baldwin, 2002). Although there are no previous reports of herbivore specific 

elicitor-plant receptors, plasma membrane binding proteins for pathogen elicitors have 

been identified and characterized. Using radiolabeled p-l,3-glucan and hepta-p-

glucoside elicitors characterized from fiingal cell walls of Phytophthora megasperma 

f sp. glycinea (Schmidt and Ebel, 1987) high affinity binding proteins have been 

identified in isolated legume plasma membrane fractions (Cheong and Hahn, 1991; Cote 

et al., 2000). Elicitor binding receptors for the A-acetylchitooligossaccharide elicitor has 

also been detected in plasma membrane fractions from several plant species including 

rice, wheat, bariey and carrot (Okada et al., 2001, 2002). Each of these pathogen 

elicitor-plant receptor interactions are characterized by nM EC50 concentrations as well 

as Kd values in the low nM range. A comparable EC50 for VOC emissions in maize with 
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volicitin exposure suggested that this elicitor, like plant pathogen elicitors, is perceived 

by a cell specific receptor. 

Based on the stmcture of volicitin (lipid tail and polar head), one would expect 

the elicitor could pass freely across the plasma membrane to bind with a nuclear receptor 

as with steroid hormones in animals (Beato et al., 1995). For the plant steroid 

brassinolide, binding was observed with the plasma membrane fraction isolated from 

Arabidopsis seedlings (Wang et al., 2001) showing a specific interaction with the cell. It 

could also be possible for volicitin to intercalate into the membrane based on its 

hydrophobic tail along with the stabilization of the glutamine moiety through interactions 

with different integral membrane proteins. In order to assess nonspecific volicitin 

binding to membrane lipids and integral proteins, the binding to the lower fraction from 

the phase partioning procedure, which contained the intracellular membranes, was not 

significantly different from the control (Figure 4.14). To access the binding in membrane 

fractions from a non-host and unresponsive plant to BAW herbivory, tomato enriched 

plasma membrane fractions did not show binding significantly different from the buffer 

(data not shown). 

The biogenetic origin of volicitin has been established by a series of stable-

isotope labeling studies that demonstrated that the caterpillar acquires linolenic acid (an 

essential fatty acid in the diet of Lepidoptera) from plants and that the insect subsequentiy 

hydroxylates and conjugates the fatty acid with glutamine (Pare et al, 1998). Mechanical 

damage causes the release of membrane-bound linolenic acid and initiates the 

octadecanoid-signaling pathway. Modification of linolenic acid by the feeding insect 
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appears to provide a distinct chemical cue that can selectively bind to a volicitin-specific 

protein receptor, up-regulate the binding of volicitin to the plasma membrane, and 

ultimately allow the plant to differentiate between herbivore damage and non-specific 

leaf damage that triggers the lipoxygenase pathway. In subsequent studies we will 

examine whether this volicitin receptor functions as a membrane transporter shuttling 

volicitin into the cell and serving as the primary messenger of VOC synthesis or if 

volicitin remains on the membrane surface to trigger some second messenger that 

initiates an intracellular signaling cascade. 
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Figure 4.1. Verification of synthetic volicitin activity using a maize bioassay. Release of 
volatiles collected for 2 hours from six maize seedlings that had been treated with 300 
pmol per plant of L-volicitin, [^H]-L-volicitin, D-volicitin, 17-hydroxylinolenic acid, L-
glutamine, and linolenoyl-L-glutamine with concentrations ranging from 50 pg/pl to 100 
pg/pl plus buffer for a final volume of 500 pi. The combined amount in nanograms of 
caryophyilene, a-trans-bergamontene, (F)-p-famesene, (£')-nerolidol, and {3E,7E)-
4,8,12-trimethyl-l,3,7,l 1,-tridecatetraene and was used to calculate the relative release to 
that of seedlings treated with 15 pi of BAW oral secretions plus 485 pi buffer, which is 
equivalent to ca. 300 pmol natural volicitin. Data topped by the same letter do not differ 
significantly (ANOVA, P < 0.05). 
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Figure 4.2. Verification of synthetic volicitin activity in indole release using a maize 
bioassay. Relative release of volatile indole collected for 2 hours from maize com 
seedlings that had been treated with 300 pmol per plant of L-volicitin, D-volicitin, 17-
hydroxylinolenic acid, L-glutamine, and linolenoyl-L-glutamine with concentrations 
ranging from 50 pg/pl to 100 pg/pl plus buffer for a final volume of 500 pi. The total 
amount in nanograms of indole was used to calculate the relative release to that of 
seedlings treated with 15 pi of BAW oral secretions plus 485 pi buffer, which is 
equivalent to ca. 300 pmol natural volicitin. Error bars indicate standard error (n = 3). 
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Figure 4.3. The chemical stmcture of volicitin and analogs assayed. (A) 17-
hydroxylinolenoyl-L-glutamine (L-volicitin); (B) 17-hydroxylinolenoyl-D-glutamine (D-
volicitin); (C) linolenoyl-L-glutamine; (D) 17-hydroxylinolenic acid; (E) L-glutamine. 
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Minutes 

Figure 4.4. Time course of [^H]-L-volicitin binding to maize enriched plasma 
membranes. Binding of [^H]-L-volicitin (10 nM) in the absence (filled circles, total 
binding) or presence (open circle, nonspecific binding) of a 100-fold excess of unlabeled 
L-volicitin over time. At the indicated times, the membranes were collected, washed, and 
analyzed for radioactivity. Error bars indicate standard error (n = 6). 
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Figure 4.5. Competition of unlabeled volicitin and volicitin analogs with [^H]-L-volicitin 
for binding sites on the maize enriched plasma membranes. Competition of [̂ H]-L-
volicitin binding to plasma membrane enriched fractions with unlabeled L-volicitin, D-
volicitin, linolenoyl-L-glutamine, 17-hydroxylinolenic acid (17-hydroxy), and L-
glutamine. The competing analogs were added at a 100-fold molar excess (1 pM) over 
L-^H-volicitin (10 nM). Error bars indicate standard error (n = 6). 
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Figure 4.6. Competition of increasing concentration of unlabeled and volicitin analogs 
with [ H]-L-volicitin for binding sites on the maize enriched plasma membranes. 
Competition analysis of [^H]-L-volicitin binding by L-volicitin (closed circles), D-
volicitin (open circles), and linolenoyl-L-glutamine (closed triangle) was determined by 
treating the plasma membrane enriched fractions with the indicated concentrations of 
unlabeled analog and by calculating the percentage or specific binding as a ratio of 
specific binding at the indicated concentration to maximal specific binding found in the 
presence of 10 nM [^H]-L-volicitin. Error bars indicate standard error (n = 6). 
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Figure 4.7. Saturation analysis of L-volicitin and linolenoyl-L-glutamine induction of 
VOCs in maize seedlings. Maximum release of volatiles collected for 2 hours from six 
maize seedlings that had been treated with the indicated concentration of either L-
volicitin (closed circles) or linolenoyl-L-glutamine (open circles). The combined amount 
in nanograms of caryophyilene, a-trans-bergamontene, (£)-P-famesene, (£')-nerolidol, 
and (3£',7£)-4,8,12-trimethyl-l,3,7,l 1,-tridecatetraene was used to calculate the release 
of seedlings treated with 15 pi of test solution. Error bars indicate standard error (n = 6). 
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Figure 4.8. Saturation analysis of [^H]-L-volicitin binding to maize enriched plasma 
membranes. [^H]-L-volicitin binding to plasma membrane enriched fractions treated 
with various concentrations of [^H]-L-volicitin. The specific binding is shown in fmol 
bound per microgram of plasma membrane protein. The specific activity of [ H]-L-
volicitin was -1.2 Ci/mmol (140 dpm/fmol). Error bars indicate standard error (n = 6). 

91 



• o 

c 

03 

0) 
• o c 

CD 

• a 

c 
o 

GO 

0.4 

0.3 -

0.2 -

0.1 -

0.0 

Kj =1.3nM 

B = 1.26 fmol/ug protein 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Bound Ligand (fmol/ug protein) 

1.4 

Figure 4.9. Scatchard analysis of [ H]-L-volicitin binding to maize enriched plasma 
membranes. The Scatchard plot of [^H]-L-volicitin binding to plasma membrane 
enriched fractions calculated from data shown in Figure 4.8. The Kd was calculated from 
the negative inverse of the slope and Bmax from the x-intercept. 
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Figure 4.10. Hill analysis of [^H]-L-volicitin binding to maize enriched plasma 
membranes. The hill plot of [^H]-L-volicitin binding to plasma membrane enriched 
fractions derived from the data shown in Figure 4.8. The slope of the plot is the Hill 
coefficient (uHin). 
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Figure 4.11. Reversibility of [^H]-L-volicitin binding to maize enriched plasma 
membranes. Two sets of cells were treated with saturating levels of [^H]-L-volicitin (10 
nM)(closed circles), and the total radioactivity associated with the enriched plasma 
membrane was determined at the indicated time. A 100-fold excess (1 pM) of unlabeled 
volicitin (open circles) was added to one set of enriched plasma membrane preps 4 
minutes after the addition of [^H]-L-volicitin. Error bars indicate standard error (n = 6). 
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Figure 4.12. Assay pH influences [^H]-L-volicitin:plasma membrane binding. [ H]-L-
volicitin (10 nM) filter binding and slot bolt assays for plasma membrane enriched 
fractions adjusted to the selected pH. Slot blot insets display [^H]-L-volicitin binding to 
enriched plasma membranes bound to nitrocellulose and analyzed by autoradiography. 
Error bars indicate standard error (n = 6). 
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Figure 4.13. Induction of MeJA, BAW, and mechanical wounding of [ H]-L-
volicitin:plasma membrane binding. Saturating levels of [^H]-L-volicitin (10 nM) were 
used to determine the total level of binding at the indicated times after treatment with 
MeJA, BAW, or razor blade. The total binding is shown in fmol/pg protein. Error bars 
indicate standard error (n = 6). 
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Figure 4.14. Protein requirement for [^H]-L-volicitin:plasma membrane binding. [^H]-L-
volicitin (10 nM) filter binding and slot blot assays with indicated plant and plasma 
membrane fraction treatments. Slot blot insets display [^H]-L-volicitin (1.6x10^ cpm- ml" 
') binding to enriched plasma membranes bound to nitrocellulose and analyzed by 
autoradiography. Asterisk (***) indicates the lower (Li) fraction containing non-plasma 
membrane enriched fractions. Error bars indicate standard error (n = 6). 
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Table 4.1. Analysis of ATPase marker enzymes for plasma membrane in membrane 
fractions isolated by aqueous two-phase partioning. ATPase activity was determined as 
the release of phosphate at pH 6.0 in absence (-) or presence (+) of 0.025% Triton X-100 
(% v/v) and the absence or presence of 50 pM vanadate. Activity is expressed as nmol s" 

and specific activity as nmol (mg protein)"' s"' 

Fraction Protein 
(mg) 

ATPase Activity 

MF 

U3 

L, 

60 

5.7 

36.6 

Mg^^ -ATPase 
Triton X-100 

-

Total Specific 

246 30 

202 345 

12.4 8.8 

+ 

Total Specific 

520 62 

452 1048 

31.2 12.4 

Vanadate-inhibited ATPase 

Total 

125 

156 

12 

Triton X-100 

+ 

Specific Total 

15 380 

227 357 

8 15.2 

Specific 

45 

788 

4.1 
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Table 4.2. Analysis of marker enzymes in membrane fractions isolated by aqueous two-
phase partioning procedure. Activities are expressed as nmol s"' and specific activities as 
nmol (mg protein)"' s"'. The enzymes assayed are for the mitochondria, NADPH-
cytochrome c oxidase (CCO) and for the endoplasmic reticulum (ER), NADPH-
cytochrome c reductase (CCR). CCR activity was determined in the presence of 0.1% 
antimycin A. 

Fraction Protein 
(mg) 

Activity 

Mitochondria 
Triton X-100 

Endoplasmic Reticulum 
Antimycin Inhibition 

Total Specific Total Specific 

MF 60 21 2.5 200 24 

U3 

L3 

5.7 

36.6 

0.42 0.25 

13.4 2.6 

62 

108 

146 

22.6 
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Table 4.3. The total protein and marker enzyme activities in the microsomal (MF), 
plasma membrane (U3 + U3), and intracellular membranes (Li) fractions. The value for 
protein is given in milligrams, and the values for enzyme activities are given in nmol s"'. 
Recovery of activity was < 100% in most cases, because of all lower phases from the 
multiple partioning steps were not analyzed. 

Fraction 

MF U3 Recovery 

Component Amount 

Protein 

ATPase (triton) 

ATPase (vanadate) 

Cytochrome-c oxidase 

Cytochrome c-reductase 

60 

520 

380 

21 

200 

Amount (%) 

5.7 9.5 

452 87 

357 94 

0.42 2 

62 31 

Amount 

36.6 

31.2 

15.2 

13.4 

108 

(%) 

61 

6 

4 

62 

54 

(%) 

71 

93 

98 

64 

85 
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Table 4.4. The specific activities and enrichment of marker enzyme activities in 
microsomal (MF), plasma membrane (U3 + U3), and intracellular membrane (Li) 
fractions. The specific activities are expressed in nmol (mg protein)' s" . The term 
enrichment is relative to the specific activities of the microsomal fraction. 

Fraction 

MF U3 

Component Activity Activity Enrichment Activity Enrichment 

ATPase (triton) 62 1048 16.9 12.4 0.20 

ATPase (vanadate) 45 788 17.5 4.1 0.09 

Cytochrome-c oxidase 2.5 0.25 0.1 2.6 1.04 

Cytochrome c-reductase 24 146 6Ĵ  22^6 Q-94 
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Table 4.5. IC50 values for competition of volicitin analogs with [^H]-L-volicitin binding 
to plasma membrane enriched fractions compared to the EC50 values of their biological 
activities in triggering volatile release in com seedlings 

Analog 

L-volicitin 

Linolenoyl-L-glutamine 

D-volicitin 

IC50 (nM) 

9±1.1 

22 ± 2.4 

>1000 

EC50 (nM) 

58 ±9.1 

165 ±18 

>1000 
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Table 4.6. Effects of cycloheximide on the induction of binding of [^H]-L-volicitin to 
enriched plasma membrane treatments with water, mechanical damage, BAW herbivory 
and MeJA. Binding of [^H]-L-volicitin was performed with enriched plasma membrane 
isolated 16 hours after treatment. In addition, the nonspecific effects of cycloheximide 
on plants were assayed immediately after the treatment with no incubation. 

Treatment 

Water 

Mechanical Damage 

BAW 

MeJA 

Water 
(no incubation) 

Specific Binding (clpm/^g protein) 

Without Cycloheximide 

130±15 

260 ± 34 

510 ±62 

455 + 57 

128 ±18 

With Cycloheximide 

28 ±5.5 

30 ±6.3 

32 ± 7.2 

27 ±6.9 

121±20 
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Table 4.7. Effects of proteolytic enzymes and heat treatment on the binding of [''HJ-L-

volicitin (10 nM) on plasma membrane enriched fractions. Data are expressed as a 
percentage of [^H]-L-volicitin-specific binding in control experiments. The binding 
obtained in controls performed without any treatment is referred to as 100%, which 
corresponds to 140 ± 11 fmol of bound [^H]-L-volicitin/pg of plasma membrane protein. 
Values in parentheses correspond to specific binding after treatment of plasma 
membranes by inactivated proteases. Data are the averages of three independent 
experiments ± standard error. 

Treatment 

Bound volicitin 

(% control) 

Control 

100 

Trypsin 

(50 ng/ml) 

6.7+/-8.1 

(95.3+/_16.5) 

Pronase Heat treatment 

(12ng/ml) (15 min at 100 °C) 

2.1+/-7.7 22.5+/-12.8 

(92.4+/-12.3) 
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CHAPTER V 

SUMMARY 

The importance of developing new methods for controlling insect pests on crop 

plants is clear. While $3-5 billions in the U.S. are spent on chemical control of insects, 

close to one fifth of the crop yields are lost to insects each year. Unlike traditional 

chemical agents used in agriculture that act as toxins, a more benign approach may be 

accomplished by targeting pest by stimulating natural defense responses in plants. 

However, in order to capitalize on this natural mechanism for crop protection, we need to 

continue increasing our understanding of both the biochemistry of defense and the 

molecular biology of these systems. With another piece of the puzzle in hand, we are a 

step closer to controlling insect damage by using the plant's natural defense mechanisms. 

Studies Completed 

In this study of the herbivore derived elicitor volicitin, we have established a 

number of findings: 

1. Beet armyworm regurgitant was analyzed by LC-MS, and the components 

retention time and mass spectra were determined. 

2. Com seedlings were '"^002 labeled in situ and the methods and growth conditions 

were established. 
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3. Beet armyworm larvae were successfully labeled after feeding on radiolabeled 

com seedlings, and the amounts of volicitin and each regurgitant component was 

calculated using liquid scintillation. 

4. Beet armyworm larvae were shown to introduce volicitin to plant tissue under 

natural feeding conditions, and the amount of each regurgitant component 

introduced to the damage site was determined using liquid scintillation. 

5. Volicitin was shown to be immobile to upper leaves under natural feeding 

conditions and mechanical damage plus regurgitant. 

6. A streamlined synthesis of L-volicitin was developed plus the successful synthesis 

of [^H]-L-volicitin. 

7. Synthetic L-volicitin was shown to trigger VOC emissions similar to biological 

form. 

8. Plasma membranes from com seedling were successfully purified and conditions 

were established for filter binding assays with [ H]-L-volicitin. 

9. The binding of volicitin to plasma membrane extracts was shown to be rapid, 

reversible, and saturable. 

10. The receptor for volicitin was shown to be inducible, proteinaceous, and stable 

over a pH range of 7-9. 

Future Studies 

The present study has established the immobility of regurgitant components, and 

the identification of the first plant receptor for an herbivore derived elicitor. New areas 
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of research for increased understanding of the plant-herbivore interaction include the 

following: 

1. Determine the mechanism(s) leading the systemic release of VOCs. 

2. Determine if secondary messenger(s) are employed to transmit a signal to sites 

distal to the site of damage. 

3. Perform the molecular characterization of the receptor by isolation, purification, 

and stmcture determination of the protein(s) carrying out the binding. 

4. Identify and study the fimction of the binding of volicitin. 
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