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ABSTRACT 

Plants release elevated levels of volatile organic compounds (VOCs) in response 

to insect or mechanical damage with some volatile components serving as chemical 

signals for attracting or repelling other organisms. Plants exposed to biogenic VOCs 

present in the environment can also modulate plant growth and development, although 

the nature of VOC-triggered plant responses has yet to be characterized for most plant 

species. The overall goal of this research has been to examine how certain environmental 

VOCs can trigger primary and secondary responses in plants. Specifically we examined 

(1) metabolic changes triggered by Ce alcohols and aldehydes ubiquitously released from 

damaged plants focusing on the model systems tomato and maize, as well as (2) C4 

alcohols emitted from plant growth promoting rhizobacteria in the classic model plant 

Arabidopsis. Metabolic changes were monitored at genomic levels by reverse 

transcriptase-PCR (RT-PCR), slot blot analysis and GUS ftision assays. Changes in 

metabolic levels were monitored by GC, HPLC and Western analyses. 

The Ce-volatile (£)-2-hexenal triggered the release of local and systemic mono-

and sesquiterpenes in tomato which was shown to be mediated through the jasmonic acid 

(JA) signaling pathway. Release of VOCs triggered with Ce-volatile treatment did not 

affect the accumulation of proteinase inhibitor enzymes (PI) or stored phytochemicals. In 

maize, Ce-com volafile (Z)-3-hexenoI resulted in an increase in transcript level for a 

series of defense genes including pal (phenyl alanine ammonium lyase), lox 

(lipoxygenase), igl (indole-3-glycerol phosphate lyase) and mpi (maize-proteinase 

vui 



inhibitor). The induction of transcripts were compared with metabolites generated from 

the respective pathways. Structure activity relationships has established that a series of 

Cft- alcohols were more active than tested aldehydes in triggering VOC emissions in both 

model systems. 

Biochemical and plant assays showed that the bacterial volatile elicitor 2,3-

butanediol triggered growth promotion and induced disease resistance in Arabidopsis. 

Using transgenic and mutant lines of Arabidopsis, the signal pathway activated by 

bacterial volatiles was found to be dependent on cytokinin activation for growth 

promotion and dependent on ethylene signaling for induced pathogen resistance. These 

data provide new insight into the role of short chain alcohols and aldehydes as signaling 

molecules mediating plant-plant or plant-microbial interactions. 
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CHAPTER I 

INTRODUCTION 

Traditional models of signaling between plants and other organisms are based on 

an exchange of non volatile chemicals. This paradigm has expanded over the last 15 

years to include airborne chemical signals such as methyl jasmonate (MeJA), methyl 

salicylate (MeSA) and ethylene. Plants have evolved the capacity to release as well as to 

recognize volatile organic compounds (VOCs) in their environment. Plant VOCs can 

serve as signals between neighbors, whereby defense related genes are induced in 

undamaged plants in response to volafiles produced by nearby infested plants. 

Until now, MeJA represents the best characterized airborne signal molecule 

involved in plant to plant signaling (Weber, 2002). MeJA is derived from linolenic acid 

via the lipoxygenase (LOX) pathway. The role of MeJA in stress-related signaling has 

been observed with respect to the wound-induced expression of proteinase inhibitors 

(pin) genes in tomato that protect plants against digestive Ser proteinases of herbivorous 

insects (Farmer and Ryan, 1992). Another group of volatiles derived from LOX pathway 

are six carbon alcohols and aldehydes produced via the hydroperoxide lyase (HPL) 

pathway and known as Ce-volatiles. In sharp contrast with the rapidly expanding field 

dedicated to the jasmonate signaling molecules, litfie work has been devoted to Ce-

volatiles released as products of the LOX pathway. One of the few reports revealed that 

Ce-volatiles can act as volatile elicitors of defense responses in wounded cotton ball 

triggering fungicide production (Zeringue, 1992). Exogenous application of (£')-2-

hexenal to Arabidopsis seedlings was found recently to induce a group of genes that 



closely mimics MeJA induction as well as triggering the up regulation of LOX pathway 

and Pal genes (Arimura ct al., 2001). 

In addition, to the role of plant VOCs in plant-plant communicafions, VOCs 

released with insect damage are potent semiochemicals that can attract natural enemies of 

herbivorous insects. Such volatile blends often include monoterpenes, sesquiterpenes and 

shikimic acid pathway derivatives such as MeSA, as well as the LOX derivafives MeJA 

and Ce-components. With an increasing appreciation of the importance of VOCs in plant 

defense against insects (Farmer, 2001), the role of volatile components in other plant 

enviroment interactions is now being carefully examined. Although there are numerous 

examples of microorganisms interacting to trigger salubrious plant responses (e.g., 

nitrogen fixation and growth promotion) or a deleterious outcome (e.g., soft-rot and 

chlorosis), the role that microbial VOCs may play in mediating such responses has not 

been reported before to the best of our knowledge. Plant: bacterial interactions involves 

plant growth-promoting rhizobacteria (PGPR) that can colonize roots and stimulate plant 

growth. Recently, developed plant growth assays with exposure of bacterial VOCs have 

shown that some PGPR strains can elicit plant growth and defense responses via bacterial 

VOCs emissions. 

The overall goal of this research has been to examine how environmental VOCs 

can trigger primary and secondary responses in plants. The specific objecfives have been 

to assess the role of plant-derived Ce-volafiles in triggering plant defense responses at 

genomic and metabolic levels. With respect to plant bacterial interactions, the PGPR 

plant model was employed to identify low molecular weight bacterial elicitors that can 



trigger biochemical changes of either primary or secondary plant metabolism. 



CHAPTER 11 

REVIEW OF LITERATURE 

To assess the role of volatile phytochemical or bacterial elicitors in triggering 

plant responses, well characterized plant secondary metabolic pathways were monitored 

including: herbivore digestive enzyme inhibitors, toxic phenolic metabolites, as well as 

low molecular weight terpenes that attract beneficial insects. This chapter provides an 

o\er\iew of these different defense responses and its activated signaling transduction 

pathways. 

2.1. Induction of Plant Defensive Proteins 

The defense of plants against herbivores is often active and involves the rapid 

accumulation of proteins which prevent or reduce further herbivore damage. The 

diversity of wound-induced proteins is substantial, prominent among these are proteinase 

inhibitors, oxidative enzymes and phenylpropanoid enzymes. 

Proteinase inhibitors (Pis) 

Pis are usually present in seeds and tubers of plants where they are synthesized 

and stored. Furthermore, expression of plant proteinase inhibitor genes (pin) is induced 

in response to wounding, a plant response that is linked to enhanced insect resistance. 

Pis tighfiy bind insect digestive proteolytic enzymes and thus prevent efficient digesfion 

of proteins by the insect, significantly impacfing insect herbivores. Mechanisfically, Pis 

are classified as inhibitors of serine, cysteine, aspartic, or metallo proteinases (Ryan, 

2000). 



The model for this inducible response includes the proteolytic cleavage of a 

precursor polypeptide prosystemin to release the peptide hormone systemin. Systemin, 

after release, interacts with a receptor present on the surface of plant cells. The signal 

transduction mediated by the systemin receptor results in activation of phospholipase A2 

via a MAP kinase, and leads to the release of linolenic acid from membrane (Figure 2.1). 

The free linolenic acid is then metabolized through the LOX pathway to yield jasmonic 

acid (JA), which is required locally for pin gene expression. Previous characterization of 

def-f a mutant that is deficient in JA accumulation, showed that the mutant is defective 

in the accumulafion and expression of the PI proteins, in response to wounding and other 

elicitors (Howe et al., 1996). 

2.2. Induction of Phvtochemical Defenses 

Phytochemicals have been widely investigated as constitutive antiherbivore 

defenses, but demonstrations of phytochemical synthesis and accumulation as a result of 

herbivory and wounding are surprisingly limited considering the enormous number of 

compounds known (Table 2.1). These induced phytochemicals cover a variety of 

phenolic compounds, terpenoids as well as some alkaloids. 

2.2.1. Phenolics 

The anfi-feedent effect of phenolics has frequently been attributed to their 

propensity to be oxidized enzymafically via polyphenol oxidase (PPO) during insect 

feeding producing highly reactive orthoquinones. These reactive species can 



spontaneously polymerize and cross-link with proteins in insect guts, prevenfing efficient 

protein digestion and significantly impacting insect growth. While many phenolics, 

including caffeic acid conjugates (e.g., feruloyl and p-coumaroyl tyramine), 

furanocoumarins (e.g., bergapten) and lignins, were found to be induced in plants with 

wounding due to mechanical damage (Table 2.1), the putative role of phenolics in plant 

anti herbivore defense is still not as clear with evidence mosfiy based on toxicity to 

herbi\ores when incorporated in artificial diets (Bi et al, 1997). Indeed, in some cases 

phenolics (caffeic acid and protactechuic acid) were found to stimulate feeding and/ or 

growth in certain insect species (Bemays and Woodhead, 1982). The cinnamic acid 

derivative, chlorogenic acid, and the flavonoid glucoside rutin, represent model phenolics 

in the study of anti herbivore defenses due to their ubiquitous occurrence among plants 

and well-documented toxicity to insect herbivores (Bi et al, 1997). Numerous 

laboratories have shown that rufin and chlorogenic acid slow the development of insects 

when added to artificial diets (Stamp and Yang, 1996). Despite over 30 years on the 

ecological significance of phenolics, there is confinuing controversy regarding their role 

in plant insect interacfions (Matsuki, 1996). These controversies highlight the necessity 

of utilizing more direct phytochemical approaches to examine the change in phenolics 

levels with insect feeding on plants. 

2.2.2. Terpenoids 

Although terpenoids are extremely diverse family of phytochemicals, they share 

a common biosynthetic origin from isopentenoid precursors. Terpenoids are classified 



according to the number of 10 carbon units, giving rise to mono, sesqui-, di-, tri- and 

tetra-teipenes. While over 15,000 terpenoids have been shown to have anfi-herbivore 

activity, a few of these defensive terpenoids have been shown to be herbivore induced 

(Nault and Alfaro, 2001). The release of oleoresin following bark beetle attacks and 

mechanical damage to bark among conifers constitutes one of the best characterized 

systems of induced phytochemical production (Mckay et al, 2003). Depending on the 

species, the major oleoresin constituents are mono-, sesquiterepens and diterpene acids. 

Following accumulation of the oleoresin in the wound, mono- and sesquiterpenes are 

volatilized while the diterpene acids harden to seal off the wound and entrap the beetles; 

in addition monoterpenes may be directly toxic to bark beetles. Several di- and 

triterpenoids, e.g., diterpenoid aldehyde gossypol in cotton, have been known to possess 

strong anti-herbivore activity, yet only recently it was shown that wounding can induce 

its accumulafion in cotton glands (Table 2.1) (McAuslane et al, 1997). Other 

triterpenoid-derivatives induced by tissue damage include the toxic steroidal alkaloid 

solanidine and tomatidine in wounded potato tuber slices (Table 2.1). Interestingly, when 

challenged by pathogens in wound sites, the tuber activates a different terpenoid branch 

pathway leading to sesquiterpene phytoalexin rhisitin, while suppressing the pathway 

leading to these steroidal alkaloids which shows differential responses to pathogens 

versus wound stresses (Bianchini et al., 1996). 



2.2.3. Alkaloids 

Alkaloids as a group may be of divergent biosynthetic origins but are defined by 

the presence of a nitrogen-containing structure which is important for its pharmacological 

effects. The toxicity of many alkaloids to animals, and specially their potential for 

interfering with nervous system function suggests an important function in plant 

herbivore defense (Harbome, 1993). Alkaloid are cleady important as constitutive 

defense, yet of the thousands known alkaloids only a few examples of herbivore and 

wound induction have been reported of which severals are from the Solanaceae. In 

tobacco, mechanical wounding, insect damage or application of JA resulted in a 10-fold 

increase in the nicotine content of the leaves (Baldwin, 1999). Other wound-inducible 

alkaloids from the Solanaceae include the steroidal alkaloids of potato discussed earlier 

(section 2.2.2). In Gramineae, the alkaloidal hydroxamic acids (DIMBOA and DIBOA) 

have been identified, and these also appear to be inducible by wounding or insect damage 

(Mukanganaya, 2003) (Table 2.1). As a general observation, alkaloid levels appear to be 

dependent on leaf and plant age, making wound-induction difficult to detect. 

2.3. Volatile Emissions in Plants 

In addition to defenses such as the elevation of PI or phytochemicals that directiy 

target the herbivore pest, plants can also defend against insect damage indirectly by 

emitting herbivore-induced volatiles that attract natural enemies of the herbivores. In 

undamaged plants, low levels of volatile metabolites are released from the surface of the 

leaf and/or from accumulated storage sites in the leaf. These constitutive chemical 



reserves which often include monoterpenes, sesquiterpens, and aromatics accumulate to 

high le\els in specialized glands or trichomes (Pare and Tumlinson, 1999). In addition, 

green leaf volatiles consisting of a blend of Ce alcohols and aldehydes are produced by 

autolytic oxidative breakdown of membrane lipids and are released when leaves are 

mechanically damaged. Plants respond to insect damage by releasing a variety of 

volatiles from the damaged site, and the profile of volatiles emitted is markedly different 

from these of undamaged or mechanically damaged plants. In cotton, breakage of leaf 

glands causes stored terpenes to be released in much higher levels, and the emissions of 

the LOX pathway green leaf volatiles are also increased. This is in contrast to a subset of 

terpenes, indole and hexenyl acetate that are also released in much higher levels with 

insect feeding but have a diurnal cycle that is decoupled from short term insect damage 

(Loughrin et a/.,1994). One proposed mechanism for regulating the emission of these 

plant volatiles is that these metabolites are stored as non-labile, glycoside-coupled 

compounds which are cleaved in response to herbivore damage and the volatile 

components are then released (Boland et al, 1992). Chemical labeling studies using 

CO2 have established that at least in some species as in cotton, plant volatiles do not 

result from cleavage of sugars from precursors. These volatiles are synthesized de novo 

in response to insect damage with emission profiles that follow the light/dark cycle with 

low emissions at night and high emissions during the periods of maximum 

photosynthesis. A consistent, several hour delay between insect feeding and emission of 

induced volatiles suggests that a series of biochemical reacfions is required for the 

synthesis and or release of these compounds. Recent studies have indicated that the 



octadecanoid pathway with jasmonic acid (JA) as the central component, is involved in 

this ancillary defense response. In cotton and lima bean plants, exposure to jasmonates 

results in the production of volatiles that mimic those emitted with spider mite damage 

(Hopke ct al, 1994; Boland ct al, 1995). Although some examples of plant volatiles 

release mediated by JA have been well studied, there is some debate over the extent at 

which JA interaction mediate for this indirect defense response and to what extent the 

plant itself direct this process. 

2.4. Systemic Release ofVolatiles 

In addition to release of volatiles at the site of herbivore feeding, analysis of 

VOCs from undamaged leaves of the insect damaged plants has established that there is 

also a systemic response. The chemical blend of volatiles released systemically was 

found to be different than that collected from the entire plant. Ce-volatiles which are 

released from freshly damaged leaves were not detected in the systemically released 

volatiles, with the exception of (Z)-3-hexenyl acetate. One explanation is that these Ce 

compounds can only be released from undamaged leaves when they are converted to the 

acetate form (Pare and Tumlinson, 1998). The induced terpenoids that are synthesized de 

novo in cotton leaves in response to herbivore damage are also released systemically 

from undamaged leaves of insect damaged plant. Chemical labeling experiments 

established that systemic VOCs are synthesized at the site of release, suggesting that a 

mobile chemical messenger is transported from the damage location to distal undamaged 

leaves to trigger synthesis and volatile release (Pare and Tumlinson, 1999). 
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2.5. Biosynthesis of Plant VOCs in Response to Insect Damage 

In all plants reported thus far, there are notable similarities in the structure of 

VOCs that are emitted in response to herbivore damage, suggesting activation of a 

common set of biosynthetic pathways. An outline of the biosynthetic route for plant 

volatile emissions is shown in (Fig. 2.2). The isoprenoid precursor isopentenyl 

pyrophosphate (IPP) serves as a substrate for monoterpenes and sesquiterpenes, although 

catalysis is physically separated in different cell compartments. While monoterpene 

synthesis is fueled from the novel deoxy-D-xylulose pathway located in plastids, 

sesquiterpene is predominantly, but not exclusively, assembled from C5 units originating 

from the mevalonate pathway in the cytosol. In case of the induced Cie homoterpene 

(3£',7£')-4,8,12-trimethyl-l,3,7,l 1-tridecatetraene, a one step oxidative cleavage of the 

diterpenoid geranyllinalool results in its formation. The shikimic acid pathway provides 

the substrate for synthesis of tryptophan as well as other aromatic plant volatiles that have 

been associated with herbivore feeding as methyl salicylate and phenylacetonitrile. A 

major pathway that is activated with insect damage is the LOX pathway that leads to the 

release of the phytoxilipns, MeJA and Ce-volatiles (Gatehouse, 2002). 

2.6. Biosynthesis of the Phytoxilipins: Ce-volatiles and MeJA 

The pathway responsible for the synthesis of leafy green Ce-volatiles is the fatty 

acid/ Lox pathway, in which lipids are broken down into short chain volatile compounds. 

In the formation of Ce-volatiles, linolenic acid is oxidized to 13-hydroperoxy linolenic 
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acid which has two possible fiites depending on which of the reactions catalyzed by the 

two enzymes present at this branch point (Fig. 2.3). The first enzyme HPL cleaves the 

carbon-carbon backbone of 13-hydroperoxy linolenic acid yielding 12-oxo-trans-9-

dodecanoic acid, a precursor of traumatin (wound hormone) and the release of the first 

C(,- volatile (Z)-3-hexenal. Alcohol dehydrogenase (ADH) and an isomerizafion factor 

(IF) catalyze the synthesis of the other Ce-volatiles including (£')-2-hexenal, (E)-2-

hexenol, (Z)-3-hexenol and hexenol (Weber, 2002). 

The second enzyme is AOS, that catalyzes dehydration of 13-hydroperoxy 

linolenic acid into a chemically unstable allene oxide, that is cyclized enzymafically into 

12-oxo-phytodienoic acid (12-oxo-PDA). In turn 12-oxo-PDA is reduced byl2-oxo-PDA 

reductase to 10,lldihydro PDA and furtherly degraded by P-oxidation producing the 

signaling molecule JA. JA is methylated to the volatile form MeJA by adenosyl-L-

methionine: jasmonic acid carboxyl methyl transferase (JMT) (Weber, 2002). 

2.7. Plant VOCs Signal Neighboring Uninfested Plants 

While the role plant VOCs play in signaling insects is well documented (Pare and 

Tumlinson, 1999; Kessler and Baldwin, 2001), the likelihood that VOCs serve in 

signaling neighboring uninfested plants is less certain (Farmer 2001). Until now, the 

oxilipin MeJA represent the best characterized defensive VOC airborne signal molecules 

involved in plant wounding responses. 
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2.7.1. Role of MeJA as an Air-Borne Signal 

The role of MeJA has been best characterized with respect to the wound induced 

expression of Pis, which protect the plant against digestive Ser proteinases of herbivorous 

insects (Ryan, 2000; Codero ct al, 1994). MeJA has also been found to induce 

phytoalexin accumulation in bean and barley (Croft ct al, 1993; Weidhase et al, 1987) 

as well as indolyl glucosinolates in oilseed rape leaves (Doughty et al, 1995). Recent 

studies ha\'e indicated that the octadecanoid pathway with jasmonic acid (JA) as the 

central component is involved in herbivore induced VOCs emissions (Hopke et al, 1994; 

Thaler et al, 2002). In cotton and tobacco plants, exposure to MeJA results in the 

production of volatiles that mimic those emitted with insect damage (Saona et al, 2002; 

Halitschke et al, 2000). Other species in which volatile plant chemicals trigger 

expression of defense related genes include tobacco by MeSA (Shulaev et al, 1997), lima 

bean by terpenes (Arimura et al, 2000), as well as the control of amplitude and 

development of disease symptoms in soybean by ethylene (Hoffman et al, 1999). 

2.7.2. Role of Ce-volatiles as Air-Borne Signals 

Ce-volatiles produced from the catalytic activity of HPL can be generated in all 

green tissues and are among the eariiest components to be released from damaged leaves 

(Turiings et al, 1995). These oxilipins contribute to some characteristic plant fragrances, 

e.g., leaf aldehyde and alcohol (E)-2-hexena\ and (Z)-3-hexenal. When released from the 

plant, these compounds can trigger responses in neighboring plants including: reduced 

germination frequency in soybean (Gardener et al, 1990), triggering the production of 
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phytoalexins in cotton balls (Zeringue, 1992) and have antimicrobial activity on their 

own (Croft ct al, 1993). The presence of an a-p-unsaturated bond adjacent to the 

carbonyl moiety enhances its biological activity. For example, (£')-2-hexenal is 

onsiderably more active in the inhibition of the hyphal growth of the fungal pathogen 

.Altcrnaria alternata than its corresponding saturated aldehyde hexanal. Recently, 

molecular evidence showed that aerial treatment of Arabidopsis and lima bean with a 

synthetic Ce-volatile (£)-2-hexenal induces the transcription of group of genes encoding 

key enzymes of the phenylpropoanoid pathway including phenylalanine ammonia-lyase 

(PAL) and chalcone synthase (CHS) as well as LOX (Bate et al, 1998; Arimura et al, 

2001). An updated model for defense gene activation proposes that in tomato Ce-

volatiles produced by HPL upon wounding is the first step in the octadecanoid-signaling 

cascade (Sivasankar et al, 2000) (Fig. 2.1). These Ce-volatiles can lead to the production 

of systemin, that activates the LOX pathway with ultimate JA accumulation known to be 

involved in the induction of proteinase inhibitors. However, the broader biological 

significance of (£)-2-hexenal is still obscure with little known about its role in activating 

both direct and indirect plant defense responses (Farmer, 2001). 

2.8. Signals Crosstalk, Species-Species Differences, and Other Complicafions 

The sequenfial models for the activation of the LOX pathway (Fig. 2.1) represents 

only a small proportion of the global changes in gene expression that takes place in this 

wounding process, and does not involve all the potential signaling molecules (and 

processes) which have been shown to have effects on those changes (Leon et al, 2001). 
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Even in tomato in which the sequential model was developed, the nature of the systemic 

signal is still keenly debated, and evidence suggests that more than one factor may be 

involved (Li ct al, 2002). The central role of JA in these processes is apparent, and has 

been confirmed by identifying sets of jasmonate-regulated genes (Sasaki et al, 2001). 

Some of the multiple signaling pathways may involve other signaling molecules which 

can act as modulators of the wounding response. For instance, JA and ethylene act in 

concert in activating genes encoding Pis (O'Donnell et al. 1996). Negative interactions 

have been reported as well, salicylic acid (SA) a signaling molecule involved in 

resistance against pathogens acts as a negative modulator of JA-dependent defense 

responses (Doares et al, 1995). Interactions between plants and herbivores are further 

complicated by differences in responses between different plant species. For instance, it 

is clear that wounding responses in tomato and Arabidopsis are significantly different; for 

example, ethylene is thought to be a positive modulator of the wounding response in 

tomato, but is a negative modulator of wound response in Arabidopsis (Stotz et al, 

2000), and makes the plant more susceptible to herbivory. In addition, SA was found to 

induce AOS, the first enzyme in JA signaling biosynthesis pathway in Arabidopsis but 

represses flax AOS (Harms et al, 1998). Such differences in responses point out the high 

level of specificity in the interactions of plants with their insect herbivores, and warn 

against extrapolation of data derived from model species to other plants. 
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2.9. Plant Growth Promoting Rhizobacteria Beneficial Effects 

Considering that low molecular weight volatile hormone analogues such as 

methyl jasmonate, methyl salicylate and Ce-volatiles can trigger defense responses in 

plants, investigations into the role of volatile components in plant-bacterial systems can 

now be examined. One of the recognized plant bacterial systems involve plant growth-

promoting rhizobacteria (PGPR). PGPR are a wide range of root-colonizing bacteria 

with the capacity to enhance plant growth by increasing seed emergence, plant weight, 

and crop yields (Kloepper, 1992). Soil or seed applications with PGPR have been used to 

enhance growth of several crops (Click, 1995) and to suppress the growth of plant 

pathogens. The phenomenon of PGPR eliciting a plant's defense has led to a state of 

induced systemic resistance (ISR) in the treated plant. ISR occurs when the plant's 

defense mechanisms are stimulated and primed to resist infection by pathogens (Van 

Loon, 1998). Examples of PGPR that colonize root systems with seed applications and 

protect plants against foliar diseases include Pseudomonas fluorescens, P. putida. 

Bacilluspumilus, and Serratia marcescens (Kloepper et al, 1999; Pieterse et al, 2002). 

2.10. Mechanism for Plant Growth Promotion and ISR by PGPR 

The mechanisms for plant growth promotion and ISR by PGPR have been 

extensively studied in the past decade. For mechanisms of growth promotion, there are 

several determinants that include bacterial synthesis of the plant hormones indole-3-

acetic acid (lAA), cytokinin, and gibberellin, breakdown of plant-produced ethylene by 

16 



bacterial production of 1-aminocyclopropane-1-carboxylate (ACC) deaminase, and 

increased mineral and nitrogen availability in the soil (Kloepper, 1992; Click, 1995). For 

mechanisms of ISR, previous experiments demonstrated that bacterial determinants such 

as siderophores, SA, and lipopolysaccharidcs (LPS) contributed to ISR (van Loon et al, 

1998). A recent model for signal transduction in PGPR-mediated ISR has been proposed 

by Pieterse et al (2002) using mutant lines of Arabidopsis and P. fluorescens strain 

WCS417r. In their proposed signal transduction pathway, ISR triggered by PGPR is 

dependent on JA and ethylene, while ISR activation is independent of SA. SA is a well-

characterized signaling molecule in triggering plant defense responses against pathogenic 

microorganisms associated with the aerial portions of the plant, leading to a state of 

resistance known as systemic acquired resistance (SAR). For SAR, a hypersensitive 

response and several pathogenesis-related (PR) genes that serve as hallmarks of this 

inducible plant defense response are triggered (Ryals et al, 1996). The activation of ISR 

by PGPR in close proximity with roots is distinct from SAR in which the response lack 

any visible hypersensitive response or induction of PR genes (Wei et al, 1991). 

2.11. Regulation of Biochemical Responses Triggered by Elicitors in Plants 

Several natural elicitors, whether they be an internal plant messengers or a low 

molecular weight bacterial or phytochemical elicitors, trigger a specific set of regulated 

biochemical responses. To probe the nature of these responses the site of regulation must 

first be identified along the linear path from a gene to a functional metabolites. Although 

most genes are thought to be regulated at transcript levels, certain chloroplast genes been 
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shown to be primarily regulated by posttranscriptional events, including transcript 

stability, translation, protein turnover, and protein activity (Danon, 1997). Albeit 

increase in niRNA levels do not always correlate with increases in protein levels (Gygi et 

al, 1999). Furthemiore, once translated a protein may or may not be enzymafically 

active. Due to these factors, monitoring changes in the transcriptome or the proteome 

must be compared to alterations in biochemical (i.e. metabolic) phenotypes (Sumner et 

a/., 2003). 

2.12. Specific Objectives 

We were interested in plant/plant and plant/bacterial interactions mediated via low 

molecular weight components of plant and bacterial origins. Our goal was to assess the 

role of volatiles as in plant-derived Ce LOX-pathway components in the induction of 

plant defense responses by probing defensive biosynthetic pathways at genomic and 

metabolic levels. Most previous work suggesting a defensive role for Ce-volatiles has 

suffered from inadequate methodologies, utilizing molecular techniques simply to reveal 

changes in gene expression levels without providing data about downstream events (e.g., 

metabolite accumulation). In addition, previous evidence has been based on exposing 

plants to relatively high doses and in closed systems under conditions that potentially 

stress plant in a general fashion. In contrast, our treatments were done with biologically 

relevant Ce-volafile doses in vented systems under air stream conditions. Owing to the 

wealth of knowledge of plant insect interacfions in tomato and com, these two plant 

systems are likely to provide good models for assessing the role of these signaling 
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molecules in triggering different defense responses. Monitored defense responses 

include: expression of herbivore digestive enzyme inhibitors and toxic phenolic 

metabolites, as well as low molecular weight terpenes that attract beneficial insects. 

With respect to plant bacterial interactions, our goal was to identify low molecular 

weight bacterial elicitors that can trigger growth promotion and pathogen defense in the 

model plant Arabidopsis. Several well-characterized signaling-pathway mutants and 

transgenic Arabidopsis lines were also examined to probe for plant signaling molecules 

mediating for these beneficial responses triggered by bacterial volatiles. 
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Table 2.1. Phytochemicals induced by herbivory and wounding 

Phytochemical Ci;iss Species 

OH 

Chlorogenicacid 

Phenolic acid conjugate lettuce, tomato , potato 

Pinosylvin 

Stilbene Pinus radiata, Eucalyptus 

Bergapten 

Furanocoumarins Pastinaca sativa 

Hemigossypol 

Diterpene aldehyde cotton 

N ^ 0 

I 
R=H : DIBOA OH 

R=0CH3:DIMBOA 

Steroidal alkaloid 

Pyridine alkaloid 

Tropane alkaloid 

Hydroxamic acid 

potato 

tobacco 

Atropa acuminata 

wheat, maize 
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CHAPTrRlII 

Ce-GREI-:N LEAF VOLATILES IRIGGER LOCAL AND 

SYSTEMIC VOC EMISSIONS IN TOMATO* 

3.1 Introduction 

In response to insect feeding, tomato plants release elevated levels of VOCs 

including the Ce-volatile (£)-2-hexenal. The specific objective of this research was to 

examine the role of (£)-2-hexenaI in triggering defense responses to herbivore damage. 

Monitored defensive responses included volatile emissions, pinll expression, and 

phytochemicals accumulation. A mutant deficient in the production of JA (def-l) was 

also employed to determine how defense responses are modified by defects in this 

signaling pathway. This research has established that Ce-volatiles in biologically 

relevant doses activate local as well as systemic volatile emissions from monoterpene and 

sesquiterpene biosynthesis pathways that mediate the interactions between herbivores and 

natural enemies of herbivores. Labeling studies with '^COi showed that de novo 

synthesis is not required for monoterpene and sesquiterpene release with chemical 

treatment or insect feeding. Release of VOCs triggered with Ce-volatile treatment did not 

affect the accumulation of PI or non volatile phytochemicals in tomato leaves. 

* Material covered in this chapter has been published in part in Phytochemistry 61, 545-
554 (2002) and Ecology letters 5,16A-11A (2002). 
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3.2 Results 

3.2.1 Whole Plant Volatile Analysis 

To determine how tomato plants exposed to Ce-aldehyde compare with herbivore 

damage in triggering the emissions of VOCs, the more abundantly released terpenes and 

Ce-components (Figs. 3.1) were analyzed and quantified: Ce-aldehyde treatment (E-2-

hexenal) w as also compared with the known signal defense molecule JA by application 

of its methyl ester MeJA. Accordingly, the major components which overlap with those 

previously identified in wounded tomato plants (Andersson et al. 1980; Buttery et al. 

1987) are grouped by their biosynthetic origin and include the Ce-components (Z)-3-

hexenal [1] and (£)-2-hexenal [2], and the sesquiterpenes, P-caryophyllene [3], a-

humulene [4] and 5-elemene [5] and the monoterpenes, a-pinene [6], p-pinene [7], 2-

carene [8] and P-phellandrene [9] (Figs. 3.2 A-D). It was found that continuous tobacco 

hornworm (THW) damaged-tomato leaves released significantly higher levels of the 

monitored VOCs (Fig. 3.2A) than undamaged control plants (Fig. 3.2 D) within the first 3 

h of insect damage (Duncans, P<0.05). Treatment with either 100 nmol MeJA or (E)-2-

hexenal (Figs. 3.2.B and C) also activated the release of monoterpenes and sesquiterpenes 

to significantly higher emission levels than with untreated control plants (Fig. 3.2 D) 

(Duncans, P<0.05) within the first 3 h collection interval albeit MeJA h-iggered release of 

significantiy higher levels of monoterpenes and sesquiterpenes than with (£')-2-hexenal 

(Duncans, P<0.05) and MeJA treatment did not activate Ce-volatile emissions. 

Additively, the sum of terpenes for MeJA treatment was 210 ± 28 \ig, whereas that for 

(£)-2-hexenal and solvent treatments were 29 ± 3.5 fig and 3.3 ± 0.7 fxg, respectively. 
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Plant volatile emissions returned to untreated control levels after treatment with either 

MeJA or (£)-2-hc.\cnal treatment in the next 3 h collection period: that is in this case, the 

sum of teipenes for MeJA treatment was 4.5 ± 1.1 \xg, whereas (£')-2-hexenal and solvent 

treatments were 3.8 ± 0.4 |j,g and 3.8 ± 1.1 jig, respectively. These data are thus 

consistent with reports that in Arabidopsis, where the Hpl gene is induced by wounding 

but not by MeJA treatment (Bate ct al, 1998), as well as in cotton where exogenous 

MeJA did not trigger Ce-volatiles release (Saona et al, 2001). With tobacco, on the 

other hand, MeJA triggered terpenes and Ce-volatile emissions while (Z)-3-hexene-l-ol 

did not trigger the release of any VOCs (Kessler and Baldwin, 2001). For lima bean 

plants treated with MeJA, a volatile blend that was similar, but not identical to that 

emitted by spider infested plants was detected (Dicke et al, 1999). These data suggest 

that there may be plant-specific differences in VOC emissions with either MeJA or Ce-

volatile treatment. 

(Z)-3-hexenal was not detected with exogenous (£')-2-hexenal treatment, while 

plant emitted (E)-2-hexena\ could not be differentiated from applied (£)-2-hexenal, and 

thus was not measured for (£')-2-hexenal treatment of the whole plant (Fig. 3.2 C). After 

the initial volatile burst with a single (£')-2-hexenal application, VOC emissions returned 

to and remained at control levels when monitored over 5 days for 3 h intervals: sum of 

terpenes 3.4 ± 0.5 [xg day 2 treated, 3.8 ± 1.1 |ig control; 4.1 ± 0.9 [ig day 4 treated, 2.9 

± 0.5 |ig control. The maximum response observed with (£')-2-hexenal treatment was 

within a dose range of 10-100 nmol with significantly higher VOC emission levels than 

untreated control plants; the dose of 5 nmol produced half the maximum VOC release 
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response (Duncans, P<0.05) (Fig. 3.3). A dose of 1 nmol did not produce a detectable 

increase in released VOCs, although eariier reports observed that this dose can still 

induce certain defense genes in Arabidopsis (Nicholas et al, 1998). Based on the 

maximum VOC response of 100 nmol determined for (£)-2-hexenal, a dose of 100 nmol 

of MeJA was used to compare their biological activities at an equimolar concentration. 

3.2.2 Systemic Emissions of VOCs 

The rapid fi-ansient release of terpenes that was observed with THW damage 

suggested that physical damage to the leaf glands is responsible for the increase in VOC 

emissions. By collecting volatiles from the upper untreated portion of THW-damaged 

plants, volatile emissions triggered by simple mechanical damage to leaf glands could be 

differentiated from volatile emission responses triggered by endogenous plant signals. 

Lower leaves placed outside the volatile collection chamber were treated with either 

MeJA, (£')-2-hexenal or were subjected to herbivore damage, with headspace volatiles 

being collected from the upper untreated portion of the plant. (A positive pressure in the 

chamber insured that room volatiles did not enter into the chamber.) This collection of 

systemically released volatiles allowed for the measurement of plant produced Ce-

volatiles released with exogenous (£)-2-hexenal treatment. The emission levels of 

monoterpenes and sesquiterpenes from undamaged portions of THW-damaged plants 

(Fig. 3.4A) were significantly higher than with control plants (Fig. 3.4D) (Duncans, 

P<0.05), but consistently less than the amount observed from THW-damaged whole 

plants (Fig. 3.2A). The emissions of systemic aldehydes did not increase with THW, 
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MeJA or (£)-2-hexenal treatment (Figs. 3.4A-C), being at undetectable levels similar to 

these of control plants (Fig. 3.4D). MeJA did not activate the emissions of mono- and 

sesquiterpenes (Fig. 3.4B), with volatile emission levels being indistinguishable from 

control plants (Fig. 3.4D). (£)-2-hexenal treatment triggered the release of 

sesquiterpenes at levels not significantly different than caused by THW damage 

(Duncans, P<0.05) while monoterpenes were released at 30% of THW activated levels 

(Figs. 3.4A and C) . These data suggest that MeJA, as a mimic of the signal molecule 

JA, is involved locally in release of volatiles but does not activate a mobile signal to 

trigger release of terpenes from untreated portions of the plant. Data from whole plant 

volatile analysis showed that MeJA treatment failed to trigger green Ce-volatiles in plants 

(Fig. 3.2B); since an exogenous application of (E)-2-hexenal triggered systemic VOC 

emissions (Fig. 3.4C), these signals may play some role in the systemic activation of 

volatiles. These data show that Ce-volatiles trigger an indirect systemic defense response 

which may or may not be related to the previously characterized response of systemin 

induction (Sivasankar et al, 2000). 

3.2.3 Pin //Local and Systemic Expression 

While exogenous application of (100 nmol) MeJA failed to trigger systemic 

VOC emissions, MeJA has been shown to trigger the systemic accumulation of PI 

proteins in tomato (Farmer et al, 1992). However, as eariier stiidies did not estimate 

plant exposure levels with MeJA treatment, comparisons are not possible between eariier 

studies and this work. To determine whether MeJA, at the tested dose can trigger 
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systemic PI accumulation, pinll gene transcript levels were monitored using Slot blot and 

RT-PCR analysis. Induction of pinll was observed with THW damage and MeJA 

treatment compared to untreated control plants, with higher transcript levels detected in 

local and systemic leaves with both treatments (Fig. 3.5). The observation that MeJA can 

induce systemic expression of pinll without triggering systemic VOC emissions in 

tomato suggest that these defensive responses are channeled through different systemic 

signaling cascades. In accordance with previous results (Z)-3-hexenol treatment did not 

trigger pinll induction either locally or systemically (Fig. 3.5). Although Ce-volatile was 

found to induce systemin, the mobile signal involved in systemic expression of pinll 

(Sivasankar et al, 2000), production of systemin failed to lead to an increase in pinll 

transcript levels which suggest that PI accumulation at least in tomato might be 

differentially regulated along its signaling cascade. 

3.2.4 Light Independent Volatile Emissions 

To establish if the head space volatiles from tomato were released from 

preformed substrates or synthesized with insect damage, plants were exposed to a CO2 

3 h pulse at the same time that the plant was exposed to THW, MeJA or (F)-2-hexenal 

treatment. Mass spectral analysis of the monoterpenes and sesquiterpenes showed no 

enhancement in the '̂ C level during the 3 h labeling period or in subsequent collection 

periods (data not shown). However (£,£)-4,8,12-trimethyl-l,3,7,l 1-tridecatetraene, a 

homosesquiterpene was labeled within the first 3 h of '^COj exposure (54% enrichment 

of the '^C label). To allow for the activation of synthesis of terpenes in the plant, a CO2 
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3 h pulse was also run after 48 h of insect feeding. When THW damaged plants were 

exposed to a 3 h CO: pulse on the third day of insect damage, a salicylate derivative, 

i.e., MeSA and (£,£)-4,8,12-trimethyl-1,3,7,11-tridecatetraene incorporated 34% and 

70% of the "C label respectively (Figs. 3.6 C and D). The initial induction of (£,£)-

4,8,12-trimethyl-1,3,7,11-tridecatetraene occurs within the first 3 h of THW damage, 

while MeSA does not appear until day 2. On the other hand, 2-carene and a-humulene 

as examples of monoterpenes and sesquiterpenes were not labeled (Figs. 3.6A and B). 

With large amounts of mono- and sesquiterpenes stored in trichomes, the possibility 

exists that dilution of the '̂ C label may preclude it from being detected. Another 

possibilty is that volatiles are synthesized from pools of stored carbohydrates that are 

fixed before pulsing. Whether these terpenes are stored as non-volatile precursors such 

as terpene glycosides and volatilized with a biochemical conversion (Boland et al, 1992), 

or the terpenes are released with changes in the permeability of the storage membrane is 

not known. Unlike herbivore-damaged cotton plants, in which the release of systemic 

volatiles is mediated by de novo biosynthesis (Pare and Tumlinson, 1997), in tomato the 

endogenous signal that triggers systemic release of volatiles appears to activate the 

release of terpenes independent of short-term synthesis. 

Also observed was that monoterpene and sesquiterpene release with insect 

damage was light independent, with the pattern and level of volatiles released being the 

same whether plants were placed in the dark or exposed to light (Table 3.1). The Ce-

aldehydes also showed no significant difference in their release between light and dark 

treatment (Table 3.1) (Duncans, P<0.05). Two light dependent compounds (£',£')-4,8,12-
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trimcthyl-1,3,7,11-tridccatclraene and MeSA were released at significantly lower levels 

(Duncans, P<0.05) in the absence of light, maximum differences were observed on day 3 

with (£',£')-4,8,12-trimethyl-1,3,7,11-tridecatetraene and MeSA emission levels 17 and 5 

times higher in the light than that of shaded plants, respectively (Table 3.1). MeSA has 

already been identified as a potential air-borne signal, which when released from tobacco 

mosaic \irus (TMV) infected tobacco plants was found to activate disease resistance 

markers in neighboring uninfected plants (Shulaev et al, 1997). This pattern of stored 

VOCs being light independent, while induced VOCs are light dependent, has also been 

observed in cotton with studies of diurnal cycle and volatile emissions patterns (Loughrin 

etal. 1997). 

3.2.5 Wound-Inducible VOCs Mediated by a </g/^7-Dependent 
Signaling Pathway 

The importance of oxylipin metabolism for triggering wound-induced defense 

gene expression in tomato prompted us to examine the effect of a mutant that is deficient 

in the octadecanoid-based signaling pathway on the induction of plant volatile emissions. 

Previous characterization of def-1, a mutant that is defective in the accumulation and 

expression of the proteinase inhibitor gene/?/«-//and other defense-related gene products, 

showed that the mutant is deficient in JA accumulation in response to wounding and 

other elicitors (Howe et al, 1996). Recent evidence suggests that the def-1 gene product 

plays a role in the regulation of a late step in the biosynthesis of JA (Howe et al, 2000), 

or in the fiirther metabolism of JA (i.e., transport or metabolism). The wild-type tomato 

Castiemart variety released the same structural types of monoterpenes and sequiterpenes 
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as the Solar Set tomato variety although the ratio of individual components varied 

somewhat. Wild-type and mutant plants did not release significantly different levels of 

VOCs in the absence of insect damage or chemical treatment. GC/FID analysis (Fig. 3.7) 

of VOCs collected from cut dcf-l plants subjected to herbivore damage revealed 

significantly lower levels of released total monoterpenes and sesquiterpenes 34% and 

51%), respectively, compared with wild-type plants (Fig. 3.8A and B), but still 

significantly higher emissions levels than untreated cut plants. Interestingly, the two 

aldehydes that were collected, (Z)-3-hexenal [1] and (£)-2-hexenal [2] showed no 

significant difference in their levels of emission and were released at significantly higher 

le\'els than untreated cut plants (Fig. 3.8A and B). This again agrees with the model of 

Sivasankar et al. (2000) that Ce -volatiles are produced at a branch point in the 

octadecanoid-signaling pathway prior to JA accumulation and that aldehyde release is JA 

independent. Although Ce emissions were not measured after treatment by (E)-2-

hexenal, the volatile monoterpenes and sesquiterpenes were found to be released at 

significantly lower levels in the def-1 mutant, i.e., 17%) and 20%), respectively, compared 

with treated wild type plants (Fig. 3.8C and D). This suggests that terpene emissions 

activated by (£)-2-hexenal exposure is also JA dependent or mediated through the allene 

oxide synthase branch. 

3.2.6 Rate of Ce-Volatile Release with Herbivore Damage and Structural Activity 
Relationship 

To examine if the applied (£)-2-hexenal dose that triggered VOC emissions in the 

plant is comparable to what Ce-yolatiles are released naturally with insect damage, the 
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release rate for synthetic (£:)-2-hexenal was compared to that of Ce-volatiles that were 

released from the plant by insect damage including: (Z)-3-hexenal, (£')-2-hexenal and (Z)-

3-he\ene-l-ol. Volatiles were collected from small closed chambers (see Experimental 

section). For five continuously damaged THW leaflets, the emission rate for the Ce-

\olatiles was 2.5 ± 0.5 nmol min"'; by contrast, for thelOO nmol synthetic (£')-2-hexenal 

dose that was used for chemically treated plants, the emissions rate was 50 ± 10 nmol 

min" . Extrapolating Ce-volatile emission levels from damaged leaflets to account for 

whole plant \'olatile release (whole plants contain ca. 25 leaflets), it was found that the 

Ce-green leaf volatiles were released at about 4 times less than the dose that was tested. 

The synthetic (F)-2-hexenal was collected over 2 minutes which resulted in > 95% 

recovery of the aldehyde added to the chamber, shorter collection intervals significantly 

reduced recovery (Duncans, P<0.05) indicating that exogenous applications of (E)-2-

hexenal were volatilized within 2 min with air flowing through the chamber. 

To examine structure activity relationships, a series of commercially available Ce-

volafiles (hexanal, hexanol, (£)-3-hexene-l-ol, (Z)-3-hexene-l-ol, (£)-2-hexenal, (Z)-3-

hexenal) were tested for their efficacy to activate volatile emissions. Among the blend of 

monitored terpenes, monoterpene emissions was more influenced by structural 

differences among Ce-volatiles than sesquiterpene emissions. The most potent Ce-

volatile in triggering monoterpene emissions was (Z)-3-hexene-l-ol which was twice as 

effective as its trans isomer (Duncans, P<0.05) (Figs. 3.9D and E). Also ca. 3 times 

higher levels of monoterpene emissions were triggered by the conjugated (£')-2-hexenal 

than a non-conjugated (Z)-3-hexenal (Duncans, P<0.05) (Figs. 3.9F and G). Comparing 
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the straight chain saturated alcohol to its aldehyde equivalent, hexanol showed 4 times 

higher level of VOCs than hexanal with the later emission levels indistinguishable from 

control (Duncans, P-^0.05) (Figs. 3.9A and B). Interestingly, the alcohol is more active 

than the aldehyde in reducing aphid fecundity when insects feed on tomato plants; this is 

thought to be due to induced changes in the leaves upon which the aphids had fed 

(Hildebrande/a/., 1993). 

3.2.7 Non Volatile Phytochemicals Analysis 

In tomato, we have identified that VOCs triggered with insect damage mainly 

involve release of stored metabolites without the inducfion of these VOCs biosynthetic 

pathways. However direct analysis of other non volatile defensive phytochemicals could 

provide insight about the total phytochemical output that occurs in the plant and whether 

induction can occur in other biosynthetic pathways. GC Analysis of lipid extract 

revealed that in tomato while volatile terpenes are most abundant, non volatile terpenes 

are present at undetectable levels. In addition , no accumulation was observed among 

non-volatile terpenes with insect damage, MeJA or Ce-volatile treatments (data not 

shown). 

LC/MS analysis of the hydroalcoholic extract showed that rutin and chlorogenic 

acid represent ca. 90 % of total soluble phenolics in tomato. Idenfificafion of rutin and 

chlorogenic acid was based on ESI mass spectroscopy (Figure 3.10) in addition to 

comparison with authentic standards. No increase in rutin and chlorogenic acid levels 

was observed with THW damage when monitored from d 2 till d 8. Indeed with THW 

34 



damage, lower levels of both rutin and chlorogenic acid were detected on d 2 in 

comparison to control undamaged plants (Figure 3.11). Similariy (£')-2-hexenal treatment 

did not result in an increase in soluble phenolics when monitored over 8 days after 

treatment (Figure 3.11). Our results indicate that phenolics might not play a direct role in 

resistance against insect damage in tomato. However the possibility exists that pools of 

these soluble phenolics preclude induction from being detected as in case of VOCs 

emissions triggered with insect damage or chemical treatment 

3.3 Discussion 

These data demonstrate that in tomato, insect feeding triggers the release of a 

blend of VOCs locally (terpenes and Ce-volatiles) and terpenes systemically (Figure 3. 

12A). Exogenous Ce-aldehyde treatments trigger similar profiles of terpenes and 

hydrocarbons although Ce-volatile release was not measured as aldehyde treatment could 

not be distinguished from plant release. Volatile analysis of systemic emissions with 

aldehyde treatment indicates that Ce-components do not activate Ce-volatile emissions, 

however aldehyde treatment does trigger systemic terpene emissions. MeJA treatment 

triggers local terpene release that mimics THW damage however neither Ce-volatiles nor 

systemic terpenes were emitted. The absence of local Ce-emissions with MeJA treatment 

suggests that Ce activation is required for systemic VOC emissions. The attenuation of 

emissions with the def-1 mutant indicates that both wounding and Ce-volatile activation is 

mediated through the octadecanoid signaling pathway (Figure 3.12B) While induction 

of herbivore-mediated VOC emissions is usually assumed to be an active process that 
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triggers de novo biosynthesis (Pare and Tumlinson, 1997), in tomato VOC emissions 

predominantly involve the release of stored metabolites. Constitutive VOC emissions 

occur from the site of damage as well as from distal regions of tomato plants. This is 

somewhat different from cotton in which constitutive terpenes (a-pinene, myrcene and p-

caryophyllene) are only released locally (Loughrin et al, 1994). The lack of induction in 

VOCs and phenolic biosynthetic pathways in response to wounding and chemical 

elicitation may be in part due to pools of stored phytochemicals. 

3.4 Experimental 

3.4.1 Plants, Insects and Reagents 

Tomato plants (Lycopersicon esculentum var. Solar Set and Castiemart def-1 

mutant) were maintained in an insect free-facility in which temp, was maintained at 29 + 

40 °C with a relative humidity 40±10%). Plants were grown under metal halide and high 

pressure sodium lamps for a 16- h / 8-h light/dark photoperiod with a total light intensity 

of 700 fimole /m^/sec. Plants were grown in 16 -cm diameter pots using Pro-gro potting 

soil having a controlled release fertilizer Osmocot (Scotts-Sierra Horticulture, Marysville, 

OH). Six week-old plants that were 40-50 cm tall and had not set flower buds were used. 

Tobacco hornworm (Manduca sexta) eggs and diet were obtained from North 

Carolina State University, Insectary (Raleigh, NC). The eggs were incubated with 

hornworm diet at 26 °C, relative humidity ca. 90% and a 16-h/8-h light /dark cycle. 

Three-week-old larvae were starved for 7 h and then placed on plants to generate insect 

damage. 
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(Z)-3-hexenal, (£')-3-hc.\enc-l-ol and MeJA (20%o (Z)-cpi- form content) were 

obtained from Bedoukian Reseaicii, Inc. (Danbury, CT) and were of ^99% purity as 

determined by capillary GC-FID analysis. Other Ce compounds were purchased from 

Sigma-Aldrich (St. Louis, MO) and were also of ^99% purity. Solvents used were of 

GC grade purity. 

3.4.2 Volatile Collections and Plant Treatments 

To analyze for volatiles given off from intact plants, a glass cylinder 60-cm x 14-

cm-diameter (Analytical Research Systems, Gainsville, FL) was placed over the aerial 

portion of the plant. At the base of the chamber a split plate with a hole in the center fit 

loosely around the stem of the plant like a guillotine. Charcoal-purified air was passed 

over the plant at a rate of 5 L min"' and plant volatiles were collected by putting 1 L min"' 

by vacuum through Super-Q adsorbent traps located at the base of the collection chamber 

(Fig. 3.13). Plants were allowed to equilibrate within the chamber for 8 h before volatile 

sampling; the start of volatile collections was also the start time for chemical treatment of 

the plant or herbivore damage to the leaves. For insect damage, 4 larvae were placed 

randomly on the leaves and allowed to feed continuously. For chemical treatment, 100 

nmol of either MeJA or a given Ce-volatile including hexanal, hexanol, (£')-3-hexene-l-

ol, (Z)-3-hexene-l-ol, (E)-2-hexenal, (Z)-3-hexenal was dissolved in 100 |il of 

dichloromethane and applied on filter-paper discs placed at the top inside the collecting 

chamber. Flow in and out of the chamber was stopped for 5 min at the time of chemical 
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treatment. Plants were exposed to solvent without aldehyde or MeJA as a solvent 

control. 

For analysis of volatiles from insect damaged light unexposed plants, plants were 

placed in collection chamber wrapped with aluminium foil. To extend the period of 

volatile collection from insect damaged plants, one larvae instead of four was placed in 

each chamber and insect damage was monitored daily to insure equal feeding on light 

exposed and shaded plants. 

For analysis of volatiles from untreated portions of treated plants, potted plants 

were shifted ca. 15 cm from the collection chamber such that the 2 lowest true leaves 

were positioned outside the collection chamber. For insect damage, THW larvae were 

allowed to feed continuously and for chemical treatment, the lower leaves were wrapped 

in Teflon bags (8 cm x 18 cm; VWR Scientific) for 3 h with the chemically treated filter 

paper placed inside. 

To analyze volatiles from THW damaged excised leaves, detached leaves 

containing five leaflets were placed in 37-cm x 4-cm-diameter closed glass cylinders with 

moistened cotton wrapped around the base of the petiole to reduce dessication. Charcoal-

purified air was passed over the cut portion of the plant at a rate of 0.5 L min"' and exited 

the chamber through Super-Q adsorbent traps located at the tip end of the chamber. For 

insect damage, two larvae were placed on a leaf and allowed to feed continuously. 

To compare the head space release of synthetic aldehydes to that of insect 

damaged excised leaves, a range of doses (1 nmol to 1000 nmol) of (£)-2-hexenal 

dissolved in CH2CI2 and applied to filter paper were placed in 37-cm x 4-cm-diameter 
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closed glass cylinders. Two volatile collection filters were serially connected to the 

outlet to ensure that all the aldehyde was collected. Volatiles were collected for 5 min as 

all aldehydes were flushed from the chamber within that time period. 

3.4.3 Chemical Analysis ofVolatiles 

Volatiles collected on the Super-Q adsorbent traps for a 3-h interval were eluted 

with 150 [il of dichloromethane, nonyl acetate was added as an internal standard and 

extracts were analyzed by capillary GC on a 15-m x 0.25-mm (i.d.) fused silica column 

with a 0.25-(im-thick bonded methyl siloxane (Quadrex, New Haven, CT). Injections 

were made in the splitless mode for 30 sec, and the gas chromotograph was operated 

under the following conditions: injector 230 °C, detector 250 °C, column oven 40 °C for 

0.5 min, then programmed at a rate of 12 °C to 180 °C and finally ramped at a rate of 40 

°C to 220 ° C for 2 min. He carrier gas linear flow velocity 50 cm/sec. The Ce-volatiles, 

samples were prepared in the same manner except that they were analyzed on a 30-m x 

0.25-mm (i.d.) DB5 column (J&W Scientefic, Folsom, CA) using the same GC 

conditions as listed above. Quantification was based on comparison of area under the 

GC-FID peak with the internal standard added at an amount of 800 ng. For comparisons 

of the same compound under different treatments, response factors for individual 

compounds was assumed to be equal. Selected samples were also analyzed by GC-MS 

on a (ion trap) mass spectrometer (GCQ plus, Thermoquest, Austin, TX) interfaced to a 

gas chromatograph (Trace GC2000) and operated in the electron impact mode. Injections 

were made in the splitless mode for 30 sec and samples were analyzed on a 30-m x 0.25-
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mm (i.d.) DB5 column (J&W Scientific, Folsom, CA) under the same conditions 

pre\ iously mentioned in GC/FID analysis. The transfer line and ion-source temp, were 

adjusted at 230 °C and 180 °C, respectively. The components of the plant volatile 

emission were identified by comparison of GC retention times with those of authentic 

standards and by comparison of mass spectra with spectra of an EPA/NIH database. 

3.4.4 In vivo Labeling 

Synthetic premixed air (Cambridge Isotope Laboratories, Andover, MA; Airco, 

Riverton, NJ), which contained 360 |iL L"' CO2 ('^C 99%), 20.7% oxygen, and the 

remainder as nitrogen, was introduced into the volatile collection chamber by flushing the 

chamber at 5 L min"' for 3 min and then reducing the flow to 2.5 L min"'. The same 

purging procedure was followed to switch back to atmospheric air. THW feeding of the 

leaves began on day 1 at 800 h; the '^C02 label was added to the chamber on day 3 at 800 

h for a 3 h interval and '^C02 gassing was repeated on day 4. Plant volatiles were 

collected for 3 h intervals between 800 h and 2000 h on day 3 and 4. To determine the 

amount of ''̂ C incorporated in each compound, samples were analyzed by GC-MS and 

selected mass ions were quantified via computer software analysis. The fraction of each 

compound that incorporated '̂ C was computed on a molecule basis (Pare and Tumlinson, 

1997). 
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3.4.5 Slot Blot Analysis 

3.4.5.1 DNA Probe Preparation 

DNA probe for pinll mRNA was kindly provided by Dr. Clarence A. Ryan 

(WSU, Pullman) inserted on a pUC9 plasmid (Graham et al, 1985). To amplify the 

plasmid pTI-47 harboring the DNA probes for pin II, transformation into the cloning 

bacterial host (e.g., E. coli DH5a) was carried out using the standard heat shock/CaCb 

method. 500 ng of DNA from the plasmid were mixed with lOOfil of cells, incubated on 

ice for 15-45 minutes, and subjected to a brief heat shock at 42°C. The mix was chilled 

on ice for a few minutes, and with 0.8ml of Luria-Bertani (LB) medium without any 

antibiotics added, cells were allowed to recover from the heat shock by a 45-minute 

incubation period at 37°C. Cells were then spread on pre-warmed LB plates with 

15|j,g/ml Kanamycin and left for colonies to grow overnight at 37°C. 

Transformed cells were used to inoculate liquid LB meduim that contain 

kanamycin, cultures were allowed to grow at 37°C overnight. At this point more DNA 

was recovered using standard DNA preparation procedure (Sambrook and Russell, 2001). 

Cells were disrupted by treatment with cell lysis solution (SDS), followed by the addition 

of a neutralization solution (buffered potassium acetate). Cellular protein and 

chromosomal DNA were removed by centrifugation. Plasmid DNA was further purified 

over a Wizard^'^ Miniprep column (Promega, Madison, WI). pinll cDNA probe was 

released from pTI-47 plasmid by double restriction endonuclease digestion reactions 

using Hind III and Eco^ for flanking sites harboring the DNA probes. To separate the 

probe DNA from the remaining plasmid DNA, digested samples were run on a 1% 
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agarose gel and excised probe was then purified using QIAEX II gel extraction kit 

(Qiagen, Valencia, CA) according to the manufacturer's instructions. Probe was labeled 

with [a-'^'PjdCTP (specific activity 6000Ci/ mmol) using random hexamer primed DNA 

labeling kit (Roche diagnostics, Germany) according to manufacturer's instructions. To 

purify the labeled probe for the remaining unincorporated [a- P]- dATP nucleoside, the 

whole reaction mixture was run through a G-25 Sephadex column and eluted with TE 

buffer. Immediately before applying the purified probes to the corresponding RNA blot, 

probe was denatured by heating it at 95°C for about 10 minutes. 

3.4.5.2 RNA Extraction, Blotting and Hybridization 

Total leaf RNA was isolated from tomato leaf tissues with an Uneasy Plant Mini 

kit (Qiagen, Valencia, CA) according to manufacturer's instructions. Concentrations of 

RNA were determined by absorption spectrophotometry at 260 nm. To carry out slot-

blot, 3ug of each RNA sample were denatured for 15 min at 68 °C in a mixtiare of 50% 

formamide, 7% formaldehyde, and IX SSC and spotted to Immobilon-Nylon+ membrane 

(Millipore, Bedford, MA) using VacuSlot-VS (Vacusystems). A brief exposure to UV-

light was used to cross link the RNA to the Nylon membrane. The membrane was then 

prehybridized in 6X SSC, 0.1 % SDS, 2X Denhardt's solution [(0.04% 

polyvinylpyrrolidone (PVP), 0.04%) Ficoll, 0.04% bovine serum albumin (BSA)] and 

denaUired salmon sperm DNAIOO ug/ ml for 1 h at 70 °C. To the hybridization solution, 

10^ cpm/ml of the probe was added and hybridization was carried over night at 42 °C. 
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Membrane was subjected to four washes at 55 °C for 15 min in the presence of solutions 

containing 1% SDS and 4, 2, 1 and 0.1 X SSC. Autoradiographs were obtained by 

exposing the membrane to X-ray film (Kodak X OMATAR) using two intensifying 

screens at -80°C for 2 days. 

3.4.6 Reverse Transcriptase-Mediated PCR 

Total leaf RNA was isolated with an Uneasy Plant Mini kit (Qiagen) according to 

the manufacturer's instructions. Four micrograms of RNA was reverse transcribed into 

cDNA using 2.5 |J,I MuMLV-RT emzyme (Promega, Madison, WI). Each reaction 

mixture contained 4 ng of RNA, 5 [i\ oligo dT, 4 \x\ dNTPs (2.5\JLM), 1 [il Rnasin, 4.4 [il 

DEPC water and 10 [il 5X MuMLV buffer, samples were incubated at 37 °C for 1 h. For 

the determination of transcript quantities, the first strand cDNA was amplified in a PCR 

reaction using gene specific primers: pin //5'-TACTAAATTGTTCTTGGAATGTTTC-3' 

and 5'-CACATTACAGGGTACATATTTGC-3'; actin 5'-TTGCTCTTGACTATGAA 

GACG-3' and 5'-GCTCATCCTATCAGCAATACC-3'. The PCR volume was 50 |il, 

containing 100 ng of each primer, 4 ^1 dNTPs, 5 |il of cDNA, and 0.5 units of Taq DNA 

polymerase (Takara, Japan). A PTC-100 Programmable Thermal Controller (MJ 

Research, Watertown, MA) was used for the amplification of cDNA of pin //and actin 

genes performed both in 23 cycles under optimum dynamic ranges before reaching the 

plateau. An equal amount of PCR products was separated by electrophoresis in 1.5 % 

agarose gel and detected by staining with ethidium bromide. Actin a gene that is not 

induced with defense responses in tomato was used to ensure equal loading of the lanes. 
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No PCR products were detected when PCR was run without reverse transcription; DNA 

size markers confirmed that PCR products were the amplification of the appropriate 

sequence size of the transcribed gene. 

3.4.7 Analysis of Soluble Tomato Phenolics 

Analysis of chlorogenic acid and rutin was carried out by a modification of the 

method described by (Trugo and Macrae, 1984). Seedlings were harvested on day 2, 4, 

6, and 8 after a single treatment of (£')-2-hexenal or THW feeding continuously for 10 

hrs. All plant materials were harvested during day light. Leaf tissue was ground in liquid 

N2 and an aliquot of 0.5 g was extracted by maceration with 5 ml 60%) MeOH containing 

300 |ig of 2',4',6' trihydroxy acetophenone added as an internal standard (IS). Colloidal 

matters present in the hydro alcoholic extract were precipitated by adding Carrez solution 

(0.2 ml of each component) and the mixture was allowed to stand for 10 min. (Carrez 

consists of solution I and II, solution I was prepared by dissolving 21.9 g of zinc acetate 

and 3 ml of glacial acetic acid in 100 ml of distilled water. Solution II consists of 10.6 g 

of potassium hexacyanoferrate [Fe ^*] in 100 ml of distilled water.) The precipitate was 

removed by centrifugation at 10000 g for 5 min and the filterate was analyzed by HPLC 

using an Econosphere C-18 column 250 mm x 4.6 mm ID (AUtech, Deerfield, IL). The 

HPLC run was carried out at a linear gradient of 0.1% CFjCOOH/MeOH (V/V) at 250 

nm. The mobile phase gradient program started with 20% methanol, increased linearly to 

40%o within 19 min and finally increased to 80%) within 28 min, and kept at 80% for 5 

min. Recovery percentages of chlorogenic acid and rutin were estimated from the 
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detected amounts of IS after the extraction procedure and with absolute amounts 

expressed in ([ig/ g plant) calculated using a rutin and chlorogenic acid standard 

calibration curves. Identification of rutin and chlorogenic acid was confirmed by LC/ MS 

analysis and comparison with authentic standards. LC/MS analysis was performed on a 

Thermo Separation Products HPLC system coupled with a photodiode array (PDA) 

detector and a Thermo Finnigan (San Jose, CA) LCQ deca mass spectrometer in 

sequence. A 250 x 2.1 mm i.d., 5i_im Altima C18 column (Alltech) was used for 

separation using the same mobile phase gradient program described in the product 

quantificafion section. Trifluroacetic acid (0.1 %o) or formic acid 1% was used as a mobile 

phase modifier to facilitate ionization. A flow rate of 0.2 ml/min was used and directly 

directed to a PDA detector, then to a quadrupole ion trap mass spectrometer via an 

electron spray ionization (ESI). The mass spectrometer was operated in a negative mode. 

3.4.8. Statistics 

Analysis of variance procedure was run using a SAS statistical software. Means 

were separated using Duncans multiple range test at P value less than 0.05. 
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Figure 3.1. Chromatographic profiles of VOCs collected from whole plants after THW 
feeding,100 nmol (F)-2-hexenal treatment and control. Volatiles were collected at 3-h 
intervals after THW feeding (panel A), 100 nmol (E)-2-hexena\ treatment (panel B) and 
compared with a solvent control (panel C). Compounds include (Z)-3-hexenal [1], (E)-
2-hexenal [2], a-pinene [3], P-pinene [4], unidentified monoterpene [5], 2-carene [6], 
limonene [7], P-phellandrene [8], y-terpinolene [9], linalool [10], methyl salicylate [11], 
a-humulene [12], p- caryophyllene [13], 5-elemene [14], (£,£)-4,8,12-trimethyl-l,3,7,ll-
tridecatetraene [15]. (*) designate compounds that align with numbered peaks m the 
corresponding chromatogram. 
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Figure 3.2. VOCs collected from whole plants at 3-h intervals with (A) THW damage, 
(B) 100 nmol MeJA, (C) 100 nmol (£')-2-hexenal and (D) control. Compounds are 
grouped as C6-volatiles (C6), sesquiterpenes (Cl5) and monoterpenes (ClO) and include 
(Z)-3-hexenal [1], (E)-2-hexenal [2], p-caryophyllene [3], a-humulene [4], 6-elemene 
[5], a-pinene [6], P-pinene [7], note the different scale for 2-carene [8] and P-
phellandrene [9] being present in much higher quantities than other components; (*) not 
detected, (+) not measured. Error bars represent standard error (n=3). 
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Figure 3.3. VOCs collected from whole plants at 3-h intervals with different doses of 
(£)-2-hexenal. Bars represent total monoterpenes and sesquiterpenes. Monoterpenes (C,o) 
include a-pinene, P-pinene, 2-carene, P-phellandrene and sesquiterpenes (C15) include P-
caryophyllene, a-humulene, 5-elemene. Error bars represent standard error (n=3). 
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Table 3.1. Tomato volatiles collected with THW damage. Volatiles were collected for a 
12-h intervals with continuous THW damage (|ig 12 h"'). Undamage control plants 
showed comparable levels of volatile emissions in dark and light (data not shown), (***) 
not detected in the headspace collections. Values represent mean ± standard error (n=3). 

Compounds 

(Z)-3-hexenal 
(£')-2-hexenal 
a-pinene 
P-pinene 
2-carene 
P-phellandrene 
P-caryophyllene 
a-humulene 
5-elemene 
(£.£)-4,8,12-tri
methyl-1,3,7,11 
tridecatetraene 
methyl salicylate 

Day 1 

Light 

2.4±0.6 
1.2±0.2 
3±0.7 
4.3±0.7 
64±11 
232±59 
14±2 
2.8±0.5 
0.4±0.09 

33±4.3 

*** 

Dark 

1.9±0.5 
1.8±0.9 
3.3±0.5 
4.8±0.5 
68±8 
225±30 
13±2 
2.9±0.6 
0.3±0.09 

5.4±1 

*** 

Day3 

Light 

2.8±0.4 
2.2±0.4 
5.5±1.5 
6±0.9 
98±21 
360± 40 
40±8 
8±1.7 
0.9±0.2 

35±5 

4.6±2 

Dark 

2.2±0.3 
3.2±0.9 
7±1.5 
8.5±0.8 
101±19 
328±73 
30±6 
5±0.6 
0.7±0.06 

1.8±0.3 

0.9±0.1 

59 



CHAPTER IV 

Co-VOLATILE INDUCTION OF DEFENSE GENES 

AND METABOLITES IN MAIZE 

4.1 Introduction 

In this chapter, phytochemical and molecular approaches were utilized to provide 

insight into the regulation of maize defense responses with (Z)-3-hexenol (Hex) treatment 

at genomic and metabolic levels. Owing to the wealth of knowledge of plant insect 

interactions in maize, most notably the induction of VOCs with herbivore damage, this 

system is likely to provide a good model for assessing the role of Ce-volatiles in 

triggering defense responses. In addition, maize was compared with the previously 

studied tomato system. With the exogenous application of (50 nmol) (Z)-3-hexenol to 

undamaged seedlings, the level of mRNA accumulation for a series of defense genes was 

monitored by reverse transcriptase-mediated PCR. The induction of transcripts for hpl, 

fps, pal, lox, igl (indole-3-glycerol phosphate lyase) and mpi (maize proteinase inhibitor) 

were compared with metabolites generated from the respective pathways. While head 

space VOC analysis showed a 60 fold increase in (Z)-3-hexenyl acetate and 6 fold 

increase in methyl salicylate with lox and pal induction respectively, MPI accumulation 

was not observed with an increase in mpi transcripts. (Z)-3-hexenol treatment did not 

activate sesquiterpenes (fps) and indole (bxl) biosynthesis pathways at either genomic or 

metabolic levels. These data indicate that (Z)-3-hexenol can serve as a signal molecule 

triggering defense responses in maize. 
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4.2 Results 

The potential role for the Cft-volatile (Z)-3-hexenol in the activation of plant 

defense responses was determined by monitoring the induction of defensive secondary 

metabolic pathways in maize including phenyl propanoids, terpenoids, nitrogenous 

compounds, maize proteinase inhibitors and LOX products. 

4.2.1 Rate of C^-Volatiles Release with Herbivore DamaRC 

To determine an application dosage of (Z)-3-hexenol to apply to plants 

comparable to what Ce-volatiles are released with insect damage, the release rate for 

synthetic (Z)-3-hexenol was measured over short time intervals. The release rate was 

then compared with that of total Ce-volatiles: (Z)-3-hexenal, (F)-2-hexenal and (Z)-3-

hexene-1-ol that are released from plant with insect damage (Fig. 4.1). Volatiles were 

collected from small closed chambers (see Experimental section). For one continuously 

BAW damaged maize leaf, the emission rate for the Ce-volatiles was 0.95 nmol min' , 

while with a 50 nmol synthetic (Z)-3-hexenol emissions was measured at a rate of 16 

nmol min"' over 3 min. Extrapolating Ce-volatile emission levels to account for a 4 leaf 

damages seedling, volatile release was estimated at ca. 4 nmol min"'. This release rate is 

about 4 times less than the dose that was tested. A dose of 50 nmol MeJA was also tested 

with maize seedlings to compare between MeJA and (Z)-3-hexenol biological activities at 

equimolar concentration. 
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4.2.2 Lox Induction and Product Emissions 

The lipoxygenase (L0.\) enzyme catalyzes the first reaction of the octadecanoid 

pathway converting linolenic acid to hydroperoxy linolenic acid (Hildebrand et al, 1988) 

(Fig. 4.2). Treatment of maize seedlings with (Z)-3-hexenol resulted in a transient 

increase in lox transcripts at 1.5 h and dropped off after 12 h; with BAW damage and 

MeJA treatment levels of lox mRNA increased within 1.5 h and was sustained past 24 

hours with BAW damage and MeJA treatment (Fig. 4.3). The LOX product (Z)-3-

hexenyl acetate was detected between 2 to 8 h after (Z)-3-hexenol treatment (Fig. 4.4A). 

BAW damage triggered a similar albeit attenuated release of (Z)-3-hexenyl acetate than 

with (Z)-3-hexenol treatment; in addition a second release of (Z)-3-hexenyl acetate was 

observed at 48 h with BAW damage (Fig. 4.4A). HPL catalyzes the second step in the 

LOX pathway using hydroperoxide as a substrate to produce Ce-volatiles (Fig. 4.2). 

While the hpl gene and the products derived from the HPL enzyme (Z)-3-hexenal, (E)-2-

hexenal and (Z)-3-hexene-l-ol were not induced with (Z)-3-hexenol or MeJA treatment at 

either transcript (Fig. 4.3) or metabolite levels (Fig. 4.4B), an induction was observed 

with BAW damage over a 4 h time interval. 

4.2.3 (Z)-3-Hexenvl Acetate Biogenetic Origin 

The burst in (Z)-3-hexenyl acetate emissions with (Z)-3-hexenol treatment raised 

the possibility that (Z)-3-hexenyl acetate was derived at least in part from (Z)-3-hexenol 

that had been exogenously applied to the plant. To determine the source of (Z)-3-hexenyl 

acetate released in response to exogenous (Z)-3-hexenol treatment, endogenous and 
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exogenous Ce-volatile components were separately labeled with '̂ C and '̂ C respectively. 

Plants were grown under ' ^CO. conditions and chemically labeled plants were exposed to 

unlabeled '"C (Z)-3-hexenol. Dilution of '̂ C label in Ce-volatiles was used as a measure 

of exogenous (Z)-3-hexenol incorporation into hexenyl acetate emissions. In 

mechanically damaged seedlings, 58% enrichment of (Z)-3-hexenyl acetate was observed 

while with '-C (Z)-3-hexenol treatment dilution of the '̂ C label to 7% enrichment was 

observed (Fig. 4.5 A and B) indicating plant metabolism of the exogenous Ce substrate. 

4.2.4 Pal Gene Induction and MeSA Emissions 

MeSA is a product of the phenyl propanoid pathway; PAL is the first committed 

step in MeSA biosynthesis starting from phenylalanine (Buchanan et al., 2000). Increase 

in pal transcript levels were induced with BAW, MeJA and (Z)-3-hexenol treatments 

although the fiming of induction varied. BAW damage resulted in maximum pa/ levels at 

3 h while MeJA ti-eatment maximum was at 6 h (Fig. 4.3). In the case of (Z)-3-hexenol 

treatment, induction was more gradual with maximum transcript levels at 12 h (Fig. 4.3). 

An increase in MeSA emissions was observed 48 h after BAW or (Z)-3-hexeno] 

treatment, while MeJA did not activate MeSA emissions (Fig. 4.6). 

4.2.5 Maize Proteinase Inhibitors Induction 

Maize proteinase inhibitor mpi is a member of serine proteinase inhibitors that 

inhibit digestive proteases of insects (Codero et al, 1994; Tamayo et al, 2000). mpi 

transcript levels increased within 3 h after BAW and MeJA treatment and the increased 
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lc\cls were sustained through 24 h. An increase in mpi transcripts was also observed 

with (Z)-3-hexenol although induction was delayed to 6 h after (Z)-3-hexenol exposure 

(Fig. 4.3). BAW damage and MeJA treatment accumulated higher levels of MPI protein 

than that detected in control leaves 24 h after treatments (Fig. 4.7). However, induction 

of mpi gene by (Z)-3-hexenol did not result in an accumulation of MPI protein in leaves 

harvested 6, 24 or 72 h after treatment (Fig. 4.7). 

4.2.6 Indole Release and DIMBOA Accumulation 

Indole-3-glycerol phosphate is utilized by IGL and BXl to yield volatile indole 

and the antifeedant benzoxazinoid DIMBOA respectively (Fig. 4.8) (Frey et al, 2000). 

While indole release activated by BAW and MeJA was preceded by igl gene induction, 

DIMBOA accumulation were not preceded by an increase in bxl transcript levels. Igl 

transcript levels was elevated by BAW and MeJA treatment within 1.5 h after treatment 

and dropped off within 6 h, while very weak expression were observed with (Z)-3-

hexenol at 1.5 h. (Fig. 4.3). Indole release increased by 40 fold and 85 fold with by 

BAW and MeJA treatment at 8 h respectively while (Z)-3-hexenol did not trigger indole 

emissions compared to control (Fig. 4.9A). An increase in bxl transcript levels was not 

observed with any of the treatments (Fig. 4.3) although higher levels of DIMBOA were 

detected 4, 6 and 8 days subsequent to BAW or MeJA treatment (Fig. 4.9B). 
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4.2.7. Induction of Terpenoids 

Sesquiterpenes represent the major group of induced volatiles with BAW damage. 

Regulation of sesquiterpene biosynthesis was followed by monitoring transcripts of fps, a 

gene that encodes C15- farnesyl pyrophosphate unit synthesis from C5 isoprene units. 

While //;.$• transcript levels were elevated at 12 h with BAW damage as well as 12 and 24 

h with MeJA treatment, no transcript induction was observed with (Z)-3-hexenol 

treatment (Fig. 4.3). At the metabolite level, both BAW damage and MeJA treatments 

increased the release of the sesquiterpenes P-caryophyllene, a-humulene, a-famsene and 

nerolidol. The sum of these terpenes were released at 40 and 150 greater levels than that 

of control plants. Sesquiterpene emissions were significantly greater at 8 h for BAW and 

MeJA tieatment than for control plants (Duncans, P<0.05) and peaked between 12 and 24 

h with emission levels from BAW damage less than that of MeJA treatment (Fig.4.10). 

Sesquiterpene emissions were not significantly different than control plants (Duncans, 

P<0.05) with (Z)-3-hexenol treatment (Fig. 4.10). 

No gene specific for monoterpene synthesis was monitored. An increase in the 

monoterpenes a-pinene, P-pinene and limonene was observed 2 to 4 h after BAW 

damage and dropping after that to control levels within 8 h. No subsequent increase in 

monoterpene was observed when monitored over 5 days (data not shown). An exception 

to this pattern was the increase in release of the oxygenated monoterpene linalool with 

BAW damage that extended from 4 to 24 h (Fig. 4.11); significantly higher levels of 

linalool were also detected with MeJA between 2 and 24 h after chemical treatment. (Z)-

3-hexenol resulted in the emissions of linalool at levels 4 times greater than control plants 
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at 4 h although less than the amounts observed with BAW or MeJA treatment at levels 6 

and 9 times higher than control plants respectively (Fig. 4.11). 

4.2.8 Relative biological activities of maize derived Ce-volatiles 

To compare structure activity relationships, a series of commercially available Ce-

volatiles ((Z)-3-hexene-l-ol, (£')-2-hexenal, (Z)-3-hexenal) were tested for their efficacy 

to activate the two (Z)-3-hexenol induced VOCs (Z)-3-hexenyl acetate and MeSA. Both 

(Z)-3-hexene-l-ol, (Z)-3-hexenal treatment activated the release of (Z)-3-hexenyl acetate 

to significantly higher emission levels within the 10 h collection with (Z)-3-hexenol 

triggering the release of significantly higher levels of (Z)-3-hexenyl acetate (36 + 6 (ig) 

than that of (Z)-3-hexenal treatment (3.6 + 0.4 p-g) compared with (0.4 + 0.1 [xg) for 

untreated control plants. (E)-2-hexena\ treatment did not acfivate (Z)-hexenyl acetate 

emissions with the later emission levels indistinguishable from control (Duncans, 

P<0.05). A significant increase in MeSA emission levels was only detected with (Z)-3-

hexenol treatment with emission levels of 5.5 + 1.5 \ig compared with 2.6 + 0.9, 0.6 + 

0.2, and 0.5 ± 0.3 for (E)-2-hexenal, (Z)-3-hexenal and untreated control plants 

respectively (Duncans, P<0.05). 

4.3 Discussion 

These data demonstrate that application of (Z)-3-hexenol to maize seedlings in 

biologically relevant dosages activate mRNA transcription of lox, pal, mpi and igl as well 

as the accumulation of the down stream gene products (Z)-3-hexenyl acetate, linalool 
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and MeSA. These induced responses is a subset of a full array of genes/ gene products 

activated by either BAW or MeJA treatment, that also include igl, fps, mpi gene 

transcripts and the gene products indole, DIMBOA, sesquiterpenes and MPI. Induction 

of Hpl and down stream Ce volatiles components were triggered with BAW feeding 

although not by MeJA or (Z)-3-hexenol treatments. 

An upregulation of the allene oxide synthase (AOS) branch producing JA 

involves induction of lox and aos (Harms et al, 1995), with JA or MeJA acting as 

positixe feedback regulator of its own biosynthesis as observed in rice and tomato 

(Sivasankar et al, 2000; Ha et al, 2002; Xu et al, 2003). Such a positive feedback loop 

was not observed in maize with Ce-volatile treatment. (Z)-3-hexenol treatment induced 

lox transcripts but not the hpl gene that encodes the second enzyme involved in Ce-

volatiles production (Fig. 4.2); lox induction by Ce-components has also been observed in 

Arabidopsis with (£)-2-hexenal treatment (Bate et al, 1998). The absence of hpl 

induction (Fig. 4.3) and release of Ce-volatiles emissions with (Z)-3-hexenol exposure 

(Fig. 4.4B) eliminates signal amplification by Ce-volatiles components and may explain 

attenuated effect of (Z)-3-hexenol in triggering defense responses compared to that of 

MeJA. The activity of MeJA to upregulate hpl transcription and downstream Ce-volatiles 

release is species specific. In maize, Ce-volafiles were released only with insect damage 

of leaves and not with MeJA This observation is in agreement with hpl induction in 

Arabidopsis by wounding but not by MeJA treatment (Bate et al, 1998) as well as in 

cotton and tomato in which MeJA did not trigger Ce-volatiles release (Saona et al, 2001; 

Farag and Pare, 2002). However in tobacco and bariey, MeJA treatment was found to 

67 



trigger Ce-volatiles (Kessler and Baldwin, 2001; Kohlmann ct al, 1999) pointing to 

species specific differences in VOC emissions with MeJA exposure. 

While Ce-volatiles are released only from insect damaged leaves, (Z)-3-hexenyl 

acetate is found to be released distal to the site of insect damage (Turiings et al, 1992) 

suggesting that Ce-volatiles may not be released from undamaged leaves unless converted 

into the acetate form (Pare and Tumlinson, 1998). In terms of the exogenously 

applied(Z)-3-hexenol, it is apparent that maize can derivatize (Z)-3-hexenol into a form 

for export: (Z)-3-hexenyl acetate (Fig. 4.5); the possibility exists that endogenously 

generated Ce-components can follow the same derivatization pathway for release. 

Parallels exist between metabolic conversion of (Z)-3-hexenol to (Z)-3-hexenyl acetate 

and biochemical conversion of J A to the cis-jasmone form providing a shunt for the 

tiamover of this hormone in jasmine flowers (Koch et al, 1997). It remains to be 

examined the enzymatic mechanism such as an acetyl transferase in the formation of (Z)-

3-hexenyl acetate. 

Salicylic acid (SA) is another plant hormone that can exist in either the free acid 

or methyl ester form. MeSA has been reported to serve as an airborne signal activating 

disease resistance and expression of defense related genes in tobacco plants (Shulaev et 

al, 1997). SA is also an endogenous signaling molecule that can modulate JA dependent 

and JA independent defense responses. In lima bean and tobacco, MeSA is preceded by 

by an increase in endogenous SA levels (Shulaev et al, 1997; Engelberth et al, 2001). 

In maize, (Z)-3-hexenol treatment mimicked BAW in activating pal and MeSA, while 

MeJA resulted in Pal induction with no increase in MeSA emissions (Fig. 4.3 and 4.6). 
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Since JA and SA defense pathway can respond antagonistically to each other (Doares et 

al, 1995; Rao et al, 2000), an elevated level of applied MeJA may play some role in the 

down regulation of MeSA emissions as well as endogenous SA levels. 

While (Z)-3-hexenol induction of lox and pal triggered an increase in (Z)-3-

hexenyl acetate and MeSA emissions, induction of mpi and igl (Fig. 4.3) failed to 

increase accumulation of MPI protein (Fig. 4.7) nor the volatile componenet indole (Fig. 

4.9A). With weak induction in igl observed with (Z)-3-hexenol (Fig. 3), no increase in 

indole emissions was observed (Fig. 4.9A) suggesting that an induction threshold has to 

be exceeded for induction of indole emissions. Consistent with this hypothesis, small 

increases in igl transcript levels caused by wounding did not result in significant increase 

in indole release (Frey et al, 2000). In contrast, (Z)-3-hexenol mimicked BAW and 

MeJA at the transcript level with strong Mpi inducfion while at the protein levels, MPI 

accumulated only with BAW or MeJA treatment. In tomato, (J?)-2-hexenal was found to 

induce the systemic peptide signal systemin that activates proteinase inhibitors (Pin) 

accumulafion (Sivasankar et al, 2000). However, production of systemin by Ce-volatiles 

failed to result in an induction of Pin in tomato (Sivasankar et al, 2000) which suggest 

that at least in the cases of tomato and maize, proteinase inhibitors induction seem to be 

differentially regulated along the signaling cascade in a species specific fashion. 

The mechanism of terpene emissions triggered by (Z)-3-hexenol may be different 

for individual species. Induction of terpene emissions is usually assumed to be an active 

process in most plants that triggers de novo biosynthesis (Pare and Tumlinson, 1997), 

however in tomato Ce-volatiles mediated terpene emissions predominantly involve the 
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release of stored metabolites (Farag and Pare, 2002). Constitutive volatiles are usually 

emitted only at the time of insect damage, whereas induced volatiles release usually 

involves a lag period between insect damage and VOC response. This timing of induced 

volatile emissions as observed in maize (Turiings et al, 1998) suggests that in this plant 

VOC synthesis and emissions are tightly linked. In maize, (Z)-3-hexenol treatment did 

not activate sesquiterpene biosynthesis at either the genomic (Fig. 4.3) or metabolic 

levels (Fig. 4.10) while an induction was observed with BAW and MeJA treatment. In 

Arabidopsis, hmgr-1 which encodes the enzyme that serves as an entry point into 

sesquiterpenes biosynthesis was found to be induced by MeJA and not with (E)-2-

hexenal treatment (Bate et al, 1998). Differences in wounding responses were also 

observed when comparing ethylene effect in tomato versus Arabidopsis (Stotz et al, 

2000) which suggests species specific responses with plant exposure to volatile elicitors 

and warns against extrapolation of data derived from model species to other plants. 

Structural specificity of volatile elicitors is evident in the case of herbivore elicitor 

volicitin in which the L-isomer of the amino acid is active while the D-isomer is inactive 

in triggering VOC emissions in maize (Albom et al, 1997). In contrast, in case of Ce-

volatile elicitors, structtare does not rigidly define activity. For instance both (Z)-3-

hexene-1-ol and (Z)-3-hexenal ti-eatment activated the release of (Z)-3-hexenyl acetate to 

significantly higher emission levels than untreated plants. (Z)-3-Hexene-l-ol was found 

to have the greatest elicitor activity among other tested Ce- aldehydes (£)-2-hexenal and 

(Z)-3-hexenal in triggering MeSA emissions. Such promiscuity of Ce- volatile elicitors in 

triggering changes in plant VOC suggests either little specificity in a ligand recptor 
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interaction or a non receptor type interaction based on membrane permeability as 

observed in steroid signaling (Beato ct al, 1995). 

4.4 Experimental 

4.4.1 Plants, Insects and Reagents 

Maize seedlings (Zca mays L. cv. Delprim) were maintained in an insect free-

facility in which temperature was maintained at 29 ± 40° C with a relative humidity 40 ± 

10%. Plants were grown under metal halide and high pressure sodium lamps for a 16- h / 

8-h light/dark photoperiod with a total light intensity of 700 p,mole /m /sec. Plants were 

grown in 16 cm diameter pots using Pro-gro potting soil having a controlled release 

fertilizer Osmocot (Scotts-Sierra Horticulture, Marysville, OH). Five week-old plants 

that were 40-50 cm tall and had four distinguishable leaves were used. 

BAW (beet armyworm Spodoptera exigua) eggs obtained from USDA-ARS 

(Stonville, MS,USA) were incubated at 26° C, relative humidity ca. 90% and a 16-h/8-h 

light /dark cycle with an artificial pinto bean diet, following the method of King and 

Leppla (1984). Two-week old larvae were starved for 8 h and then placed on plants to 

generate insect damage. 

(£)-2-hexenal, (Z)-3-hexenal, (Z)-3-hexene-l-ol and MeJA (20% (Z)-epi- form 

content) were obtained from Bedoukian Research, Inc. (Danbury, CT) and were of >99% 

purity as determined by capillary GC-FID analysis. Solvents used were of GC and HPLC 

grade purity. 
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4.4.2 Treatment and Harvest of Plants 

For insect damage, 15 BAW larvae were allowed to feed continuously on maize 

seedlings for 2 h. For chemical treatment, a single 50 nmol dose of a Ce-volatile or 

MeJA was suspended in water and sprayed on the seedling. Water was sprayed on 

untreated control seedlings. For RT-PCR analysis, seedlings were harvested at different 

time points (0, 1.5, 3, 6, 12, 24 h) after the 2 h insect feeding or a single chemical 

treatment. All plant materials were harvested during the light period to avoid light /dark 

effects on genes expression. For analysis of DIMBOA, seedlings were harvested on day 

2, 4, 6 and 8 after being treated as above except that BAW feeding was extended to 10 

hours. 

4.4.3 Collection and Analysis ofVolatiles 

To analyze for volatiles emitted from intact treated plants, seedlings were placed 

in collection chambers 1 h after treatment. Volatiles were collected from treated seedlings 

for a 2 h interval at different time points (2, 4, 8, 24, 48 h) as previously described (Farag 

and Pare 2002). All treatments were run in triplicate. 

To measure rate of Ce-volatiles over shorter 30 min intervals, excised leaves were 

placed in closed glass cylinders (37-cm x 4-cm). Charcoal-purified air was passed over 

the cut portion of the plant at a rate of 0.5 L min"' and exited the chamber through Super-

Q adsorbent traps located at the tip end of the chamber. For insect damage, 20 larvae 

were placed on a leaf and allowed to feed continuously within 30 min ca. 25 % of the leaf 
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was consumed. To minimize dessication, seedlings with moistened cotton wrapped 

around the base. 

To compare the head space release of synthetic (Z)-3-hexenol to that of insect 

damaged excised leaves, a 50 nmol dose of (Z)-3-hexenol dissolved in water was applied 

to filter paper and placed in the closed glass cylinder. Two volatile collection filters were 

serially connected to the outlet to ensure that all low molecular weight volatiles were 

collected. Volatiles were collected for 5 min as all synthetic (Z)-3-hexenol was flushed 

from the chamber within that time period. 

Volatiles collected on Super-Q adsorbent traps for a 3-h interval were eluted with 

150 \i\ of dichloromethane. Nonyl acetate was added as an internal standard and extracts 

were analyzed by capillary GC on a 15-m x 0.25-mm (i.d.) fused silica column with a 

0.25-[im-thick bonded methyl siloxane (Quadrex, New Haven, CT). Injections were 

made in the splitless mode for 30 sec, and the gas chromotograph was operated under the 

following conditions: injector 230° C, detector 250° C, column oven 40° C for 3 min, 

then programmed at a rate of 12° C to 180° C and finally ramped at a rate of 40° C to 

220° C for 2 min, He carrier gas linear fiow velocity 50 cm/sec. The Ce-volatiles, 

samples were prepared in the same manner except that they were analyzed on a 30-m x 

0.25-mm (i.d.) DB5 column (J&W Scientefic, Folsom, CA) using the same GC 

conditions as listed above. Quantification was based on comparison of area under the 

GC-FID peak with the internal standard added at an amount of 400 ng. For comparisons 

of the same compound under different treatments, response factors for individual 

compounds was assumed to be equal. Selected samples were also analyzed by GC-MS 
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on a (ion trap) mass spectrometer (GCQ plus, Thermoquest, Austin, TX) interfaced to a 

gas chromatograph (Trace GC2000) and operated in the electron impact mode. Injections 

were made in the splitless mode for 30 sec and samples were analyzed on a 30-m x 0.25-

mm (i.d.) DB5 column (J&W Scientific, Folsom, CA) under the same conditions 

previously mentioned in GC/FID analysis. The transfer line and ion-source temp, were 

adjusted at 230°C and 180°C respectively. The components of the plant volatile emission 

were identified by comparison of GC retention times with those of authentic standards 

and by comparison of mass spectra with spectra of an EPA/NIH database. 

4.4.4 Plant '̂ C labeling 

Maize seeds were given 4 days to germinate under a moist paper towel in the 

dark. To reduce the amount of stored '^C-labeled carbon available for the growing 

seedling seeds were trimmed by using a razor blade to remove ca. 60-70 % of the 

endosperm without cutting into the germinated seedling. Four excised seedlings were 

planted in sterilized soil. The pot was placed in a 45x 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 valves above and below for air flow. The chamber was sealed by closing the valves 

clamping down the lid and mounting a latex glove on the glove port. Nitrogen was 

flushed with at a rate of (5 L min"') for 5 min to remove air borne CO2 from the 

chamber. To generate '̂ COa a vial of 5 mmol '̂ C sodium bicarbonate (Sigma, St. Louis, 

MO) was opened into a 100 ml beaker containing 1.2 mol of 70 % perchloric acid. 

Maize seedlings were grown in the labeled environment for 12 days (ca. 25 cm in 
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height). The chamber was flushed with charcoal filtered air (5 L min"') for 10 min and 

exhausted into a 1 M KOH bubbler/trap to remove any residual '̂ COa before the chamber 

was opened. Seedlings were immediately sprayed with a dose of 50 nmol of (Z)-3-

hexenol and volatiles were collected for 8 h intervals between 1000 h and 1800 h on day 

1 as previously described. To determine the amount of '̂ C incorporated in each 

compound, samples were analyzed by GC-MS and selected mass ions were quantified via 

computer software analysis. The fraction of each compound that incorporated '̂ C was 

computed on a molecule basis (Pare and Tumlinson, 1997). 

4.4.5 Reverse Transcriptase-Mediated PCR 

Total leaf RNA was isolated with an Rneasy Plant Mini kit (Qiagen) according to 

the manufacturer's instructions. Four micrograms of RNA was reverse transcribed into 

cDNA using 2.5 |J,I MuMLV-RT emzyme (Promega, Madison, WI). Each reaction 

mixttire contained 4 |ig of RNA, 5 |il oligo dT, 4 |il dNTPs (2.5nM), 1 |J,1 Rnasin, 4.4 pi 

DEPC water and 10 |il 5X MuMLV buffer, samples were incubated at 37 °C for 1 h. For 

the determination of transcript quantities, the first strand cDNA was amplified in a PCR 

reaction using gene specific primers: bxl 5'-CTAGCTGC ACCACAAACTGC-3' and 5'-

GCCTCTTTCAT CTCGGCCAAG -y;fps 5'-CATGGATGACTCTCACACTC-3' and 5'-

GTCATCCTG GACTTGAAAG-3'; gap c 5'-GCTAGCTGCACCACAAACTGC -3' and 

5'-TAGCCC CACTCGTTGTCGTAC-3'; hpl 5'-TACGAGATGCTGCGGATG-3' and 5'-

CTCGAAGTCGTCGTAGCG-3'; igl 5'-CTCCGCGATCAAGGCTGCATC -3' and 5'-

GAGTGAGAGCACACGAGTTCC-3'; lox 5'-CAAGTACGGCGACCACA CCA-3' and 
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5'-CGATCACGAACGGCTCCACT -3'; mpi 5'-ATGAGCTCCACGGAGTGC -3' and 5'-

TCAGCCGATGTGGGGCGTC -3'; pal 5'-CGAGGTCAACTCCGTGAACG-3' and 5'-

GCTCTGCACG T GGTTGGTGA-3'. The PCR volume was 50 (xl, contaimng 100 ng of 

each primer, 4 ^1 dNTPs, 5 |al of cDNA, and 0.5 units of Taq DNA polymerase (Takara, 

Japan). A PTC-100 Programmable Thermal Controller (MJ Research, Watertown, MA) 

was used for the amplification of cDNA of bxl, fps, gap c, hpl, igl, lox, mpi and pal genes 

performed in 24, 32, 24, 24, 23, 23, 25, 24 and 23 cycles respectively under optimum 

dynamic ranges before reaching the plateau. An equal amount of PCR products was 

separated by electrophoresis in 1.5 % agarose gel and detected by staining with ethidium 

bromide. Gap c (glycerol phosphate dehydrogenase, cytosolic form) a gene that is not 

induced with defense responses in maize (Frey et al, 2000) was used to ensure equal 

loading of the lanes. No PCR products were detected when PCR was run without reverse 

transcription; DNA size markers confirmed that PCR products were the amplification of 

the appropriate sequence size of the transcribed gene. RT-PCR analysis was performed 

in duplicate using RNA from two different sets of seedlings. 

4.4.6 Western Blot Analysis 

Total proteins extracts were prepared from insect damaged, chemical treated and 

control seedlings by using 0.1 M Na2HP04 (pH 7.2), containing 14 mM P-

mercaptoethanol as the extraction buffer. Leaf samples were frozen in liquid nitrogen 

and subsequently grinded in a mortar with the extraction buffer at 4°C. The buffer 

extracts were then centrifiiged at 12000 g for 15 min at 4°C. Protein concenti-ations in 
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the supernatant were determined by a Bradford assay (Bradford, 1976). Protein extracts 

were separated on a 15%) SDS-PAGE gel and electroblotted to PVDF (polyvinylidene 

difloride) membranes according to the procedure of (Towbin et al, 1979). Blots were 

incubated for 60 min at room temperature with the anti-MPI antiserum diluted 1:1000, 

followed by incubation with 20 \x\ alkaline-phosphatase-conjugated goat anti-rabbit IgG 

(Sigma, St. Louis, MO). The serological color reaction was developed using 10 ml of 5-

bromo-4-chloro-3-indolyl phosphate/ nitro blue tetrazolium (BCIP/NBT) liquid substrate 

system (Sigma, St. Louis, MO). Western blot analysis was performed in triplicate using 

protein extracts from three different sets of seedlings with a representative blot presented. 

4.4.7 Isolation and Analysis of DIMBOA 

Analysis of 2,4-dihydroxy-7-methoxy-l,4-benzoxazine-3-one (DIMBOA) 

was modified from Glawischnig et al (1997) as described. Seedlings were ground in 

liquid Ni and an aliquot of 0.2 g was macerated with 2 ml H2O containing 300 (ig of 

2',4',6' tiihydroxy acetophenone added as an internal standard (IS). The mixttire was 

incubated for 2 h at room temperature to allow for hydrolysis of DIMBOA glucoside. 

The suspension was centrifiaged for 20 min at 12000 g, collected and EtOAc extracted 

(2x3ml). The organic phase was evaporated and dissolved in MeOH. An aliquot was 

injected onto an HPLC with an Econosphere C-18 column 250 mm x 4.6 mm ID 

(Alltech, Deerfield, IL) run with a linear gradient of 0.1% CFjCOOH/MeOH (V/V) at 

250 nm. The mobile phase gradient program started with 20% methanol, increased 

linearly to 40% within 19 min and finally increased to 80% within 28 min, and kept at 
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80".) for 5 min. DIMBOA recovery was based on 300 |ig of IS added at the time of the 

extraction, absolute amounts of DIMBOA were expressed in (ng/ g plant) calculated by a 

5 point standard calibration curve. Identification of DIMBOA was based on ' H - N M R 

and EI-MS (Figure 4.12) 

4.4.8 Statistics 

Analysis of variance was run using a SAS statistical software. Means were 

separated using Duncans multiple range test at P value less than 0.05. 
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Figure 4.1. Chromatographic profiles of VOCs emitted by maize seedlings. VOCs were 
collected from maize seedlings at 30 min intervals from undamaged (A), continuous 
BAW damaged (B) and compared with a mixture of synthetic Ce-volatiles (C). Peaks: 1, 
(Z)-3-hexenal; 2, (iO-2-hexenal; 3, (Z)-3-hexenol ; 4, a-pinene; 5, myrcene; 6, (Z)-3-
hexenyl acetate; 7, linalool; 8, nonatriene; 9, Butyrate; 10, indole. 
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Figure 4.2. Lipoxygenase pathway converting linolenic acid to jasmonic acid and a 
series of C6-volatiles. 
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Figure 4.3. RT-PCR analysis for the expression of genes in maize. Seedlings were 
harvested at the indicated tune points in response to BAW damage, 50 nmol MeJA and 
50 nmol (Z)-3-hexenol treatment as described in materials and methods. 
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Figure 4.4. Quantification of (Z)-3-hexenyl acetate (A) and C6-yolatiles (B) emission 
levels. C6-volatiles included [(Z)-3-hexenal, (£r)-2-hexenal and (Z)-3-hexene-l-ol]. 
Volatiles were collected for a 2 h interval at the indicated time points with BAW damage 
( | ) , 50 nmol MeJA (jj:;;), 50 nmol (Z)-3-hexenol (J) , and control seedlings (n) as 
described in materials and methods. The error bars represent standard error (n=3). 
Means were separated using Duncans multiple range test at P value less than 0.05. 
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Figure 4.5. Mass spectra of (Z)-3-hexenyl acetate emitted from C labeled seedlings 
12. with mechanical damage (A) or treated with C (Z)-3-hexenol (B). m/z 67 ion species 
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was used to calculate for C enrichment levels in (A) and (B). 
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Figure 4.6. Quantification of MeSA in maize. Emissions were collected for a 2 h 
interval at the indicated time points with BAW damage ( | ) , 50 nmol MeJA (|i) , 50 
nmol (Z)-3-hexenol (J) , and control seedlings (n) as described in materials and 
methods. The error bars represent standard error (n=3). Means were separated using 
Duncan multiple range test at P value less than 0.05. 

84 



MPI 
[6.2 kDa] 

t(h) 24 24 24 6 24 72 

treatment BAW MeJA water Hex 

Figure 4.7. Western blot analysis for the accumulation of MPI protein in maize. 
Seedlings were subjected to BAW damage, 50 imiol MeJA, 50 imiol (Z)-3-hexenol and 
control seedlings at the indicated tune pomts as described in materials and methods. 
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Figure 4.8. Biosynthetic Pathway for indole and DIMBOA. Metabolic conversion of 
indole -3-glycerol phosphate to the VOC intermediate indole and the product anti
feedant benzoxazinoid (DIMBO) (modified from Frey et al, 2000). 
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Figure 4.9. Quantification of indole emissions (A) and DIMBOA accumulation (B) in 
maize. Emissions were collected for a 2 h interval at the indicated time points with BAW 
damage ( J ) , 50 nmol MeJA (f?), 50 nmol (Z)-3-hexenol (^ ) , and control seedlings (a) 
as described in materials and methods. The error bars represent standard error (n=3). 
Means were separated using Duncans multiple range test at P value less than 0.05. 
Quantification of DIMBOA accumulation in leaves with BAW damage ( | ) , 50 nmol 
MeJA (s) , 50 nmol (Z)-3-hexenol (^) , and control seedlings (n) as discussed in 
material and methods. The error bars represent standard error (n=3). Means were 
separated using Duncan multiple range test at P value less than 0.05. 

86 



30 

c/) 
c 
o 

I 15 
£ 

LU 

l--p,a " p^ 

t(hr) 8 24 48 

Figure 4.10. Quantification of sesquiterpene in maize. Sesquiterpenes monitored 
included [P-caryophyllene, a -humulene, a-famsene and nerolidol] collected for a 2 h 
interval at the indicated time points with BAW damage ( | ) , 50 nmol MeJA (f), 50 
nmol (Z)-3-hexenol (§) , and control seedlings (n) as described in materials and 
methods. The error bars represent standard error (n=3). Means were separated using 
Duncan multiple range test at P value less than 0.05. 
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Figure 4.11. Quantification of linalool in maize. Volatiles were collected for a 2 h 
interval at the indicated time points with BAW damage (J) , 50 nmol MeJA (;#), 50 
nmol (Z)-3-hexenol (^) , and control seedlings (n) as described in materials and 
methods. The error bars represent standard error (n=3). Means were separated using 
Duncan multiple range test at P value less than 0.05. 
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Figure 4.12. DIMBOA H-NMR (A) and EI mass spectrum (B) 
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CHAPTER V 

BACTERIAL VOLATILES PROMOTE GROWTH IN ARABIDOPSIS* 

5.1 Introduction 

Several chemical changes in soil are associated with plant growth-promoting 

rhizobacteria (PGPR). PGPR directly regulate plant physiology by mimicking synthesis 

of plant hormones, while others increase mineral and nitrogen availability in the soil as a 

way to augment growth. This chapter presents chemical and plant-growth data showmg 

that some PGPR release a blend of low molecular weight hydrocarbons including the 

growth promoting VOC (2R,3R)-(-)-2,3-butanediol. In particular, the volatile 

components 2,3-butanediol and acetoin were released exclusively from two bacterial 

strains that trigger the greatest level of growth promotion. Furthermore, pharmacological 

application of 2,3-butanediol enhanced plant growth while bacterial mutants blocked in 

2,3-butanediol and acetoin synthesis were devoid in this growth-promotion capacity. The 

demonstration that PGPR strains release different volatile blends and that plant growth is 

stimulated by differences in these volatile blends estabhshes a new function for VOCs as 

signaling molecules mediating plant-microbe interactions. 

* Material covered in this chapter has been published in Proceedings of National 
Academy of Sciences USA 100, 4927-4932 (2003) 
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5.2 Results 

5.2.1 Plant-Growth Promotion by Air-Borne Bacterial Signal(s) 

Growth promotion in plants activated by volatile chemicals released from PGPR 

w as tested in the laboratory with divided Petri-dishes (referred to as I-plates) that contain 

a center partition so that only airborne signals could be transmitted between bacteria and 

the plant seedlings. Inoculation with two of six strains, GB03 and IN937a, significantly 

promoted growth compared to the water and DH5a controls (Fig. 5.1). This selective 

growth promotion triggered by particular PGPR strains indicated that the release of 

bacterial VOCs is not the common mechanism for stimulating growth for all 

rhizobacteria, although VOC growth promotion was observed for both Gram-positive 

Bacillus spp. (GB03 and rN937a) and a Gram-negative Enterobacter cloacae strain JM22 

(data not shown). 

5.2.2 Bacterial VOCs Mimic Plant-Growth Promotion by PGPR 

Gas chromatographic analysis of volatiles collected for twenty-four hour intervals 

revealed consistent differences in the composition of volatile blends released by the 

growth promoting bacterial strains GB03 and IN937a (n=4) compared with the non-

growth-promoting bacterial strain DH5a, 89B61or MS media alone (Fig. 5.2). Two 

compounds, 3-hydroxy-2-butanone [1], and 2,3-butanediol [2] were consistently released 

from strains GB03 and rN937a while these compounds were not released from strain 

DH5a, 89B61 or MS medium alone. Over twenty-four hour collection intervals, 3-

91 



hydroxy-2-butanone and 2,3-butanediol were two of the most abundant VOCs detected at 

12 ± 5 |.ig [1] and 3.9 ± 0.7 |.ig [2] for GB03, and 8.8 ± 2.2 |ug [1] and 1.9 ± 0.5 |Lig [2] for 

lN937a. These volatile alcohols arc products of an alternative reductive pathway 

originating from pyruvate that provides an alternative source of NAD^ under anaerobic 

conditions (Fig. 5.3). Indeed with 3-hydroxy-2-butanone and 2,3-butanediol, the 

qualitati\e and quantitative composition of volatile blends emitted by the growth 

promoting strains differed significantly from non-growth promoting bacteria or media 

alone. Volatile extracts collected from strains GB03 and lN937a were then tested for 

biological activity and found to significantly enhance TLSA of ^. thaliana compared to 

the dichloromethane (solvent) control (Fig. 5.4A). The volatile extract of the non-growth-

promoting bacterium DH5a had no growth enhancing effect compared to the solvent 

control. 

5.2.3 The Role of 2,3-Butanediol in Plant Growth Promotion 

The B. subtilis mutants BSIPl 173 and BSIPl 174 that do not produce acetoin and 

2,3-butanediol due to an insertional knock-out of the operon for acetolactate synthase and 

acetolactate dehydrogenase gene expression were tested directly against the wild-type 

strain 168 that is fiilly functional in acetoin and 2,3-butanediol synthesis. With 

comparable growth for all three strains on MS media, the mutant stiains BSIPl 173 and 

BSIP 1174 exhibited significantiy lower growth promotion of^. thaliana seedlings than 

the wild-type strain 168 (Fig. 5.4B). A dose-response curve with synthetic 2,3-butanediol 

in the presence of A. thaliana seedlings confirmed the efficacy of this volatile bacterial 
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metabolite in promoting plant growth (Fig. 5.4A). 

The stereochemistry of bacterial synthesized (2R,3R)-(-)-butanediol was 

determined by retention time comparisons with authentic standards (2S,3S)-(+)-

butanediol, (2R,3R)-(-)-butanediol and the meso (RS)-2,3-butanediol on a chiral GC 

column (Fig. 5.5). The S,S and R,R isomers were separated by ca. 1 min while the 

meso form came over 7 minutes later. Acetoin, the oxidized precursor of (2R,3R)-(-)-

butanediol is enzymafically converted in Bacillus sp. By a NADH mediated acetoin 

reductase reaction (Ramos et al, 2000). Assuming an absence of a racemase enzyme, the 

acetoin intermediate would be present in the R configuration as (3R)-hydroxy-2-

butanone. 

5.2.4 Screening Arabidopsis Signaling-Pathway Mutants for 
Regulatory-Control of Growth Promotion 

To probe the mechanism by which bacterial volatiles can enhance plant growth, 

PGPR strains GB03 and IN937 were tested against a series of A. thaliana mutants 

defective in specific regulatory pathways. Enhanced TLSA for A. thaliana wild types 

(Col-0, C24, and WS) and three of the four tested mutants (cbbl, gai2, and eirl) 

compared with strain DH5a and water controls negating the essential involvement of the 

brassinosteroid, gibberellic acid, or ethylene signaling pathways in the acfivafion of 

growth promotion by volatile chemicals (Table 5.1). An exception to this pattern was the 

cytokinin- and ethylene-insensitive ein 2.5 mutant as well as the cytokinin receptor 

mutant ere I which did not exhibit growth promotion when exposed to strain GB03 

suggesting a role for the cytokinin-signaling pathways in growth promotion by bacterial 
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VOC emissions. Since a mutation in auxin transport (cirl) does not necessarily affect 

auxin action in the leaves, conclusion about the effect of auxin regulation on growth 

promotion by PGPR VOCs can not be made. 

5.3 Discussion 

The discovery that bacterial-produced VOCs trigger plant growth enhancement 

constitutes a novel mechanism for the elicitation of plant growth by rhizobacteria. Of the 

PGPR tested, three of seven strains elicited growth promotion of Arabidopsis seedlings 

(Bacillus subtilis GB03, B. amyloliquefaciens IN937a, and Enterobacter cloacae JM22) 

suggesting that synthesis of bioactive VOCs is a strain-specific phenomenon. The 

particular media in which the bacteria are cultured has been shown to impact the VOC 

emission profile for certain bacterial strains (Fiddaman et al, 1994). Our initial 

screening for plant growth promoting activity by bacterial VOC emissions was run on a 

nutrient-rich agar medium (assumed to be non-limiting in nutrients) that resulted in 

uniform bacterial growth for all strains tested. Subsequent modifications to the culture 

media to reduce VOCs emissions derived from the agar mix, did not alter the growth 

promoting effects for any of the bacterial strains tested, although it did slow growth for 

some of the strains (for an example of differential growth, see Figure 5.1 inset). 

Results of our chemical and biochemical studies indicate that 2,3-butanediol is an 

essential bacterial component responsible for airborne chemical signaling triggering 

growth promotion in Arabidopsis based on several experimental resuks. By comparative 

analysis of volatile profiles of growth promoting and non-growth-promoting bacterial 
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strains, release of 2,3-butancdiol and acetoin was distinct from other VOCs in that these 

C4 components were detected exclusively in strains GB03 and IN937a that triggered 

plant growth promotion by VOC emissions (Fig. 5.2). The other major GC peaks 

associated with bacterial VOCs did not show the same regimented emissions from 

growth-promoting or non-growth-promoting bacterial strains. Subsequent testing of 

commercially available 2,3-butanediol established that the exogenous application of this 

volatile component resulted in a dose-dependent stimulation of plant growth (Fig. 4A). 

In terms of biologically relevant concentrations, the release rate of ca. 10 ]xg per 24 hours 

for 2,3-butanediol from the growth promoting strains GB03 and rN937a was within the 

maximum dose response range of 1-100 |ag per experiment observed for the synthetic 

standard. To minimize the initial burst of 2,3-butanediol released into the air as well as to 

extend plant exposure to the test compound, a lanolin/2,3-butanediol mixture was used 

(Kessler and Baldwin, 2001). To make comparisons between the amount of airborne 

VOC that had accumulated in Petri-dishes with bacterial cultures versus those treated 

with an exogenous application of 2,3-butanediol, chambers were allowed to equilibrate 

for twenty-four hours before VOCs were collected. To confirm the role of 2,3-butanediol 

in Arabidopsis growth promotion under biological condifions, mutant strains of B. 

subtilis genetically blocked in the production of 2,3-butanediol were compared with their 

wild-type counterparts to examine the effect on plant growth promotion. In this growth 

promotion comparison, knock-out mutants of 2,3-butanediol synthesis halted enhanced 

plant growth while wild-type controls did not (Fig. 5.4B). 
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Acetoin and 2,3-butanediol in bacterial systems have been shown to funcfion in 

shifting glucose catabolism from acidic to neutral products (Foriani et al, 1999). Under 

low pH and oxygen-limiting conditions, microbes channel pyruvate into the 2,3-

butanediol pathway (Fig. 5.3). Acetolactate synthase catalyzes the condensation of two 

pyruxate molecules into acetolactate, which is decarboxylated to acetoin. Reduction of 

acetoin to 2,3-butanediol is thought to contiibute to the regulation of the NADH/NAD^ 

ratio during fermentative metabolism (Fig. 5.3). The specific environmental and cell life-

cycle conditions that regulate acetoin and 2,3-butanediol synthesis are still unclear 

(Foriani et al, 1999). How 2,3-butanediol may work in concert with other components in 

the blend of VOCs emitted from rhizobacteria to trigger growth promotion is also open to 

speculation. The root environment with a low O2 partial pressure, as well as the Petri-

dish bioassay systems that we used may result in limited O2 conditions and stimulate this 

acetoin alternative pathway in the bacteria. Acetoin-forming enzymes have also been 

identified in tobacco carrot maize and rice cultures, although their function, or even if 

they normally operate in plants, has yet to be established (Foriani et al, 1999). 

The rationale for testing various mutant lines of Arabidopsis was to probe already 

characterized biosynthetic pathways as potential regulatory sites for triggering growth 

promotion. Signaling pathways involved in growth promotion and activated by classical 

plant growth regulators were tested by using cytokinin-, brassinosteroid- gibberellic acid-

insensitive mutants as well as auxin-transport deficient, and cytokinin-receptor deficient 

mutants. A signaling-pathway mutant of ethylene was also examined because of 

ethylene's role as an airborne signaling molecule in plant development (Thomma et al. 
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2000) and specifically since ethylene has recently been shown to regulate plant growth 

with reduced elongation and increased thickness in seedling hypocotyls (Nicolas et al, 

2001). The observation that VOCs from strain IN937a induced growth promotion on all 

mutant lines tested (Table 5.1), indicates that the physiological basis for growth 

promotion was not associated with the gaseous plant regulator ethylene. Further, the 

physiological basis of growth promotion was not related to one of the common plant 

growth regulators, including cytokinins, gibberellic acid or to brassinosteroids. 

While the VOCs from the second PGPR strain, GB03 stimulated growth for 

several of the mutants, there were exceptions with the cytokinin/ethylene-insensitive 

mutant, ein2. and the cytokinin-receptor deficient mutant crel. We confirmed the lack of 

growth promotion of ein2 by VOCs from GB03 in subsequent greenhouse tests (data not 

shown), where mean foliar fresh weight of ein2 was 33 mg with the water control, 35 mg 

with GB03, and 106 (statistically significant at P = 0.05) with IN937a. Based on the 

results with ein2 and crel, the cytokinin signaling pathway appears to play some role in 

growth promotion with exposure to GB03 VOCs. 

Cytokinins modulate growth by regulating cell division with the withdrawal of 

cytokinins in plant tissue, there is an arrest of the cell cycle at the Gl or G2 stage. In the 

case of plant exposure to ethylene, regulation can occur by modifications in both the rate 

of cell expansion and cell division. An example of this dual control has been observed in 

etiolated lupin seedlings with hypocotyl thickening a resuh of cell expansion, while 

inhibition of hypocotyls elongation due to an inhibition of cell division (Nicolas et al, 

2001). For our PGPR strains contained within the Petri-dishes, ethylene levels for strain 
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GB03 (0.9 ± 0.1 ppm) was not significantly different compared to other bacterial 

treatments (IN937a 1.1 ± 0.1 ppm and DH5a 1.0 ± 0.2 ppm) or the water controls (1.3 ± 

0.1 ppm), suggesting that PGPR does not directly effect growth by ethylene degradation. 

Additional measurements of ethylene emissions at shorter time intervals will establish if 

transient changes in ethylene levels occur for the different strains. The mechanism by 

which volatile components from PGPR promote growth via cell expansion and/or cell 

di\ision as well as the interaction of 2,3 butanediol with established plant growth 

hormones are areas that now can be examined. 

From a whole plant perspective, it remains to be determined whether growth 

promotion by PGPR VOCs occurs in soil or soil-less media. It is possible that volatiles 

produced by PGPR colonizing roots are generated at sufficient concentrations to trigger 

plant responses. Indeed, with the low partial pressure of O2 in the root environment, 

activation of the acetoin pathway is certainly possible. Measures of VOCs from PGPR 

present in soil systems will be studied in due course. 

5.4 Experimental 

5.4.1 Bacterial Cultures 

Seven strains of PGPR (all from Auburn University) were used, including 

Pseudomonas fluorescens 89B61, Bacillus pumilus T4, B. pasteurii C-9, B. subtilis 

GB03, B. amyloliquefaciens IN937a, Serratia marcescens 90-166, and Enterobacter 

cloacae JM22. The non-growth-promoting strain, Escherichia coli DH5a (QIAGEN 

Inc.; Valencia, CA) was used as a control. Other bacteria used included B. subtilis 168 
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(Bacillus Genetic Stock Center., Ohio State University), B. subtilis strains BSIPl 171 

(2,3-butanediol producing [Ramos et al, 2000]), BSIPl 173 (2,3-butanediol non-

producing [Ramos ct al, 2000]), and BSIPl 174 (2,3-butanediol non-producing [Ramos et 

al, 2000]) provided by D. Jahn (Braunschweig University, Baunschweig, Germany). For 

experimental use, all bacteria were streaked onto tryptic soy agar (TSA) plates (Difco 

Laboratories, Detroit, Ml) that contained 2% agar and incubated at 28° C in the absence 

of light. For long-term storage, bacterial cultures were maintained at -80° C in TSA that 

contained 20% glycerol. 

5.4.2 Plant Material 

Arabidopsis thaliana seeds were surface-sterilized (2 min 70% ethanol soaking 

followed by a 20 min 1% sodium hypochlorite soaking), rinsed (4X) in sterile distilled 

water (SDW), placed on petri-dishes containing half-strength MS medium (Murashige 

and Skoog salt, GIBCOBRL, Gaithersburg, MD) containing 0.8% agar and 1.5% sucrose, 

adjusted to pH 5.7, and vernalized for 2 days at 4° C in the absence of light. Seedlings 

were then placed in growth cabinets (Sanyo Scientific, Itasca, IL) set to a 12-hr-light/12-

hr-dark cycle under 40 W fluorescent lights; the temperature was maintained at 22 + 1° C 

with a relative humidity of 50-60%. Germinated seedlings were transferred after two 

days to plates for the experimental uses described below. 

All mutant and transgenic lines were derived from parental A. thaliana ecotypes 

Columbia (Col-0), C24, Wassilewskija (WS) or Landsberg erecta (Ler), which were 

obtained from the Ohio State University Stock Center. Mutant lines included mutants 
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cirl (auxin transport-deficient and ethylene-insensitive) (C. Lushnig, Whitehead Institute, 

Cambridge, MA) (Luschnig ct al, 1998), cin2 (ethylene-insensitive (Alonso et al, 1999)) 

(J. R. Ecker, U of Penn, PA), cbbl (insensitive to brassinosteroid (Kauschmann et al, 

1996)) (C. Mussig, Max-Planck-Institute Golm, Germany), and gai2 (insensitive to 

gibberellic acid (Peng et al, 1997)) (N. P. Harberd, John Innes Centre, Norwich, UK), 

Ctrl (ethylene-insensitive (Chang et al, 1993)) (Ohio State University Stock Center), 

and crel (cytokinin receptor deficient (Inoue et al, 2001)) (Osaka University, Osaka, 

Japan). 

5.4.3 Plant Inoculations 

One day prior to plant experiments, the bacterial strains were culhared on TSA 

plates as described above and scraped into sterile distilled water (SDW). The liquid 

suspension culture was diluted with water to yield 10̂  colony-forming units (CFU) mf' 

based on optical density and serial dilutions with plate counts. Plastic Petri-dishes (100 x 

15 mm) that contained a center partition (I-plates; Fisher Scientific, Pittsburgh, PA) were 

prepared with MS solid media and two-day-old germinated A. thaliana seedlings (6-10 

seedlings/plate) were transferred to one side of the I-plates. Treated plants were 

inoculated with 20 \i\ of a given bacterial strain or SDW applied drop-wise onto the 

center of the other side of the I-plate that did not contain the seedling and sealed with 

parafilm. Plates were arranged in a completely randomized design. 

5.4.4 Plant Growth Measurements 
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Fourteen days after inoculation total leaf surface area (TLSA) was measured by 

an integrated digital video image analysis system, AGVISION system (Aglmage Plus 

Version 1.08, Decangon Devices, Inc. and Panasonic CCTV camera MODEL WV-

BL200 both Pullman, WA). 

5.4.5 Volatile Collection and Analysis 

Bacterial strains inoculated on MS medium Petri-dishes were placed in Teflon-

fi-amed sterile glass chambers (18 x 18 x 3 cm) under sterile conditions. The volatile 

collection chambers contained a sliding glass top-plate to allow for entry of the cultures. 

Volatile collection chambers containing inoculated Petri-dishes were left closed for 24 

hrs to allow for the accumulation of VOCs in the chamber before flowing air through the 

collection chambers. Charcoal-purified air was humidified by bubbling through a 

supersaturated NaCl solution and passed over the bacterial culture at a rate of 1 L min''; a 

sterile cotton plug was placed at the inlet of each chamber. Bacterial volatiles were 

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

the opposite end of the chamber. Illumination was provide by metal halide and sodium 

lamps for a 16-h/8-h light/dark photoperiod with a total light intensity of 700 

fimole/m^/sec; temperature was maintained at 28° C. Volatiles were collected at intervals 

of 24 h over 6 days. Compounds were extracted from filters with 150 |al of 

dichloromethane, and nonyl acetate (800 ng) was added as an internal standard except for 

bacterial-volatile extracts to be tested for biological activity. 

Extracts were analyzed by capillary GC on a 15-m x 0.25-mm (i.d.) fused silica 
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column with a 0.25-)im-thick bonded methyl siloxane (Quadrex, New Haven, CT). 

Injections were made in the splitless mode for 30 sec. The gas chromatograph was 

operated under the following conditions: injector 200° C, detector 210° C, column oven 

26° C for 3 min then programmed at a rate of 10° C/ min to 180° C and finally ramped at 

a rate of 40° C/ min to 200° C for 2 min. The velocity of the carrier gas linear flow was 

50 cm/sec. Quantification was based on comparison of area under the GC-FID peak with 

the internal standard. For comparisons of the same compound under different treatments, 

response factors for individual compounds were assumed to be equal. Selected samples 

were also analyzed by GC-MS on a (ion trap) mass spectrometer (GCQ plus, 

Thermoquest, Austin, TX) interfaced to a gas chromatograph (Trace GC2000) and 

operated in the electron impact mode. Injections were made in the splitless mode for 30 

sec and samples were analyzed on a 30-m x 0.25-mm (i.d.) DB5 column (J&W Scientific, 

Folsom, CA) under the same conditions previously described in GC/FID analysis. The 

transfer line and ion-source temperature were adjusted to 220° C and 180° C, 

respectively. For ethylene measurements, slant cultured solid media was inoculated with 

10 f̂ l bacteria (10^ CFU ml"') and grown in sealed containers for 6 days. One-ml air 

samples were then taken from the headspace and injected directly onto a Photovac lOS 

Plus gas chromatograph with lOS Plus GC integration software and a CP-Sil 5 CB 

column (Perkin Elmer; Shelton, CT). Oven temperature was held at 30° C with detector 

and back flush flow rates of 15 ml min"' and analysis time of 85 seconds. Ethylene peak 

area was compared to a 2-ppm synthetic standard. 
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The stereochemical configuration of GB03 synthesized 2,3-butanediol was 

determined by retention time comparisons of authentic standards ona Alpha Dex 120 

fused capillary chiral column 30-m x 0.25-mm (i.d.) x 0.25-^m-film thickness (Supelco, 

Bellefonte, PA). Injections were made in the splitless mode for 30 sec. The gas 

chromatograph was operated under the following conditions: injector 220° C, detector 

250° C, column oven 73° C for 24 min then programmed at a rate of 10° C/ min to 120° C 

and finally ramped at a rate of 60° C/ min to 220° C. The velocity of the carrier gas 

linear flow was 20 cm/sec. 

5.4.6 Growth Promotion of VOC Extracts and Synthetic Standards 

Two-day-old germinated A. thaliana Col-0 seedlings were transferred to one side 

of the I-plates. One ml of volatile bacterial extract, 2,3-butanediol (99+ % purity, Aldrich, 

St Louis, MO) diluted in CH2CI2, or solvent alone was mixed with 0.08 g of lanolin 

(Sigma, St. Louis, MO) and 20 îl of the resulting suspension was applied to a sterile 

paper disk (d=l cm) (Whatman, Clifton, NJ) on the opposite side of the I-plate from the 

plant seedlings. 

5.4.7 Statistical Analysis 

Data were analyzed by analysis of variance using JMP software version 4.0 (SAS 

Institute Inc., Gary, NC). The significance of the effect of PGPR treatments was 

determined by the magnitude of the F value (P = 0.05). When a significant F test was 

obtained for treatments, separation of means was accomplished by Fisher's protected least 

significant difference (LSD). 
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Figure 5.1. Growth promotion in Arabidopsis thaliana with PGPR VOC exposure. 
Seedlings were exposed to airborne chemicals released from six growth promotmg 
bacterial strains compared to a non-growth promoting E. coli strain DH5a, and water 
treatment alone; representative examples often-day-old A. thaliana seedlings grown on I-
plates with airborne exposure to bacteria strains and water treatment are shown in inset. 
The l-plates were prepared as gnotobiotic systems so that the inoculated bacteria were the 
only microorganisms present. 
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Figure 5.2. Chromatographic profiles of VOcs emitted from bacteria (PGPR). Volatiles 
were collected from bacterial strains IN937a and GB03 both of which promote growth by 
the emission of volatile chemicals, compared with a growth promoting strain that does 
not tiigger promotion by volatile emissions 89B61, a non-growth promoting bacterial 
sti-ain DH5a, and an uninoculated media control. Compounds positively identified 
include 3-hydroxy-2-butanone [1], 2,3-butanediol [2], decane [6], tetramethyl pyrazine 
[9], undecane [10], decanal [13], dodecane [14], 2-undecanone [16], 2-tridecanone [17], 
2-tridecanol [18]; nonyl acetate was added as an internal standard [IS]. Asterisks in the 
lower chromatograms designate compounds that align with numbered peaks above. 
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Figure 5.3. Proposed pathways for anaerobic fermentation in B. subtilis. Enzymes with 
known coding genes include pyruvate dehydrogenase (PDH), lactate dehydrogenase 
(LDH), pyruvate decarboxylase (PDC), alcohol dehydrogenase (ADH), acetolactate 
synthase (ALSS), and acetolactate decarboxylase (ALSD) and acetoin reductase (AR), 
(modified from Ramos et al, 2000). 
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Figure 5.4. Growth promotion of ̂ . thaliana with exposure to extracted bacterial 
volatiles and VOCs released from B. subtilis strains. (A) A. thaliana ecotype Col-0 
exposed to extracted bacterial volatiles from growth promoting (GB03 and IN937a) and 
non-growth promoting bacteria (DH5a) and synthetic 2,3-butanediol; (B) exposure to 
volatiles released from B. subtilis wild-type (168) and mutant strains defective in the 
production of 2,3-butanediol (BSIPl 173 and BSIPl 174). Different letters indicate 
significant differences between treatments according to LSD at P = 0.05. 
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Figure 5.5. GB03 produced (2R,3R)-(-)-2,3-butanediol identification based on retention 
time matches of authentic standards. GC-FID trace of synthetic (RS)-2,3-butanediol (rt 
28.6 min) (A); synthetic (2R,3R)-(-)-2,3-butanediol (rt 21.1 min) (B); a mixture of 
(2S,3S)-(+)-2,3-butanediol (rt 20.3 min) and (2R,3R)-(-)-2,3-butanediol (C); and GB03 
volatile profile containing (2R,3R)-(-)-2,3-butanediol (rt 21.03 min) (D). 
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Table 5.1. Growth promotion response of A. thaliana mutants with airborne 
exposure to GB03 and IN937a strains. 

STRAIN DESCRIPTION GROWTH PROMOTION 

GB03 lN937a 

Col-0. C24, wild-types 
WS. Ler 
eiu2 cytokinin- and ethylene-insensitive 
cbbl brassinosteroid-insensitive 
gai2 gibberellic acid-insensitive 
eirl auxin-transport deficient and 

ethylene-insensitive 
Ctrl ethylene-insensitive 
crel cytokinin-receptor deficient 

++' 
— 

++ 
++ 
++ 

++ 

++ 
++ 
++ 
++ 
++ 

++ 

'Symbols indicate that VOCs from the particular bacterial strain did 
(-H-) or did not (—) result in significant growth promotion of Arabidopsis 
seedlings in I-plate assays relative to a water (control) treatment. 
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CHAPTER VI. 

BACTERIAL VOLATILES INDUCE SYSTEMIC RESISTANCE 
IN ARABIDOPSIS* 

6.1 Introduction 

Plant growth promoting rhizobacteria (PGPR) in association with plant roots can 

trigger induced systemic resistance (ISR). Considering that low molecular weight 

volatile hormone analogues such as methyl salicylate can trigger defense responses in 

plants, we examined whether volatile organic compounds (VOCs) associated with 

rhizobacteria can mitiate ISR. In Arabidopsis thaliana seedUngs exposed to bacterial 

volatile blends from Bacillus subtilis GB03 and B. amyloliquefaciens IN937a, disease 

severity by the bacterial pathogen Erwinia carotovora subsp. carotovora was 

significantly reduced compared to seedlings not exposed to bacterial volatiles before 

pathogen inoculation. Chemical analysis of the bacterial volatile emissions revealed the 

release of a series of low molecular weight hydrocarbons including the growth promoting 

VOC (R,R)-(-)-2,3-butanediol; 2,3-Butanediol triggers ISR in a dose-dependent maimer. 

Using transgenic and mutant lines of 4̂. thaliana, signal pathway activated by volatiles 

from GB03 was found to be dependent on ethylene, albeit mdependent of the salicylic 

acid or jasmonic acid signaling pathways. 

*Material covered m this chapter has been accepted for publication in Plant Physiology. 
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6.2 Results 

6.2.1 ISR by Air-Bome Bacterial Signal(s) 

Induced Systemic Resistance (ISR) activated in Arabidopsis by PGPR VOCs was 

assayed in the laboratory by physically separating seedlings from PGPR on divided Petri-

dishes (refeiTcd to as I-plates) so as to allow only air-borne signals to be transmitted 

between bacterial cultures and the plant seedlings. A. thaliana Col-0 seedlings exposed 

to certain PGPR strains for ten days developed significantly less symptomatic leaves 24 

hours after inoculation with the soft-rot causing pathogen E. carotovora subsp. 

carotovora. Rhizobacteria strains that triggered ISR by VOC signaling included Bacillus 

subtilis GB03, B. amyloliquefaciens IN937a, Serratia marcescens 90-166, or B. pumilus 

T4 as compared with the water treated controls (Fig. 6.1). The maximum level of 

protecfion resulted from treatment with strains GB03 and IN937a while four other PGPR 

strains that cause ISR when inoculated onto crop seeds in soil failed to induce resistance 

in the I-plate test (B. pasteurii C9, Enterobacter cloacae JM22, Pseudomonas fluorescens 

89B61 and B. pumilus SE34). The E. coli strain DH5a that has not been observed to 

activate ISR was used as a negative control. The selective ISR triggered by particular 

PGPR strains indicated that the release of bacterial VOCs is not the common mechanism 

for activating defenses for all rhizobacteria, although VOC ISR was observed for three 

Gram-positive Bacillus spp. (GB03, IN937a, and T4) and a Gram-negative 5. marcescens 

strain 90-166. Treatment with strains GB03 and IN937a, in which seedlings exhibited 

the lowest number of symptomatic leaves with pathogen inoculation, were selected for 

further stiidy (Fig. 6.1). To confine that the number of symptomatic leaves in 
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Arabidopsis seedlings is a representative indicator of overall plant infection, cell counts 

of £. carotovora subsp. carotovora present in 24-hour infected leaf tissue was taken from 

leaf aliquots 10-day subsequent to different VOC incubation treatments as indicated 

(CFU g-tissue-fresh-weighf'): GB03 (1.1 ± 0.2 x 10^), IN937a (2.6 ± 0.5 x 10 )̂, DH5a 

(9.5 ± 0.5 X 10^), and water control (1.03 ± 0.05 x lO'). These numbers reflect the cell 

count of E. carotovora subsp. carotovora for each treatment 24-hrs subsequent to 

infection. There was a significant difference in cell numbers for the GB03 and IN937a 

compared to both the water and DH5a control treatments. 

6.2.2 Bacterial VOCs Mimic ISR Triggered bv PGPR 

Gas chromatographic analysis of volatiles collected for twenty-four hour intervals 

revealed consistent differences in the composition of volatile blends released by the 

growth promoting bacterial strains GB03 and IN937a compared with the non-growth 

promoting bacterial strain DH5a (Fig. 6.2). The compounds 2,3-butanediol and 3-

hydroxy-2-butanone (also referred to as acetoin) were consistently released from the 

GB03 and IN937a strains while these metabolites were not released from the DH5a as 

well as 89B61, (data not shown) or water treated MS media. Dodecane, 2-undecanone, 

2-tridecanone, and 2-tridecanol were produced only from the GB03 strain, while 

tetramethyl pyrazine was detected at significantly higher levels from GB03 than these 

released from rN937a and DH5a. Decane and undecane were released at low levels from 

all bacterial strains while decanal was detected in the medium even without bacterial 

exposure. Indeed, with 3-hydroxy-2-butanone and 2,3-butanediol, the qualitative and 
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quantitative composition of volatile blends emitted by the ISR-activating strains differed 

significantly from non-ISR-activating bacterium DH5a. 

6.2.3 The Role of 2.3-butanediol in ISR 

Insertional knockout of the acetolactate synthase operon that controls the 

penultimate step in acetoin formation (pyruvate to acetolactate conversion) as well as AR 

the enzymatic step that converts acetoin to 2,3-butanediol mutant B. subtilis lines can 

have reduced levels of 2,3-butanediol as well as acetoin (Ramos et al, 2000). In case of 

mutant lines BSIPl 173 and BSIPl 174, significantly lower levels of acetoin (0.7 ± 0.2 

and 0.8 ± 0.3 jig) were emitted than the parental strain 168 (17 ± 5 \ig) or the over-

expressor line BSIPl 171 (11 + 3 fig) (Fig. 6.3). An attenuation was also observed for 

2,3-butanediol with emission levels of (13 ± 3 ng BSIPl 173; 35 ± 18 ng BSIPl 174) 

compared to 575 + 80 and 400 ± 90 ng for wild-type 168 and BSIPl 171, respectively. 

These mutant lines with reduced levels of acetoin and butanediol VOC emissions were 

tested directly against the wild-type strain 168 that is fully functional in acetoin and 2,3-

butanediol synthesis in providing Arabidopsis seedlings protection against soft-rot 

infection. With comparable growth for all strains on MS media, volatiles of strain GB03, 

from wild-type (2,3-butanediol-producing) strain 168 and from strain BSIPl 171 (over

producing 2,3-butanediol) exhibited significant reductions in disease severity (Fig. 6.4), 

while disease protection was not observed with two mutant lines emitting much lower 

levels of 2,3-butanediol and acetoin (BSIPl 173 and BSIPl 174) or with E. coli DH5a. 

Significant reduction in disease severity resulted from treatment with the chemical 
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control, SA a signaling molecule known to activate disease resistance in Arabidopsis 

(Delaneyetal, 1995). 

A dose-response curve using synthetic 2,3-butanediol at a range from 20 îg to 0.2 

pg in increments of 100-fold dilutions were tested in triggering ISR in Arabidopsis. 

Seedlings were exposed to the synthetic material for ten days and then inoculated with 

the pathogen E. carotovora subsp. carotovora. By measuring the number of symptomatic 

leaves 24 hours after inoculation, the pharmacologically effective air-borne doses for 

triggering ISR was determined. When seedlings had been pre-exposed to 0.2 |xg or 0.2 

pg of 2,3-butanediol the greatest resistance to pathogen infection was observed as 

measured by symptomatic leaf counts (Fig. 6.5). To minunize the initial burst of 2,3-

butanediol released into the Petri-dish headspace as well as to extend the plant exposure 

to the test compound, a lanolin/2,3-butanediol mixture was administered (Kessler and 

Baldwin, 2001). The fact that differences in the number of symptomatic leaves were not 

statistically significant suggested that either the emission of 2,3-butanediol alone was not 

sufficient to trigger ISR in A. thaliana seedlings or that the precision of the bioassay was 

unable to detect subtle differences in ISR. 

Volatile extracts collected from strains GB03 and IN937a were tested for 

biological activity and were found to significantly reduce disease severity compared to 

the dichloromethane (solvent) control (Fig. 6.5). A. thaliana exposure to volatile extracts 

collected from DH5a had no effect on amelioratuig disease severity, which was 

comparable to the solvent control. 
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6.2.4 Screening Signaling-Pathway Mutants and Transgenic Plants 
for Regulatory-Control of ISR 

To begin to elucidate the signal pathway(s) that relates to ISR, a series of mutant 

and transgenic plant Imes were exposed to PGPR VOCs that we found to trigger ISR. 

Disease severity was reduced by exposure to VOCs from both strains GB03 and IN937a 

for mutant lines including a coronitine/JA insensitive line coil, a SA-degrading line 

NahG, a constitutively producing PR line crpl, and a line that is SA-insensitive or non-

expresser of PR genes nprl. Of the mutants tested, only in the ethylene-insensitive line 

ein2 when exposed to VOCs from strain GB03 was the severity of disease symptoms not 

ameliorated (Table 6.1). 

To further probe whether bacterial VOCs eUcit known signal pathways in 

Arabidopsis, transgenic plant Imes with GUS fusions to PR-la a gene activated by SA 

PDF1.2 a gene activated by JA and ethylene, and Jinl4 a gene activated by JA were 

exposed to VOCs released from several bacterial strains. The positive chemical controls 

of SA and ACC (the ethylene precursor 1-aminocyclopropane-1-carboxylic acid) 

triggered significant mcreases in GUS activity for the SA activated gene (PR-la) and the 

ethylene/JA activated gene (PDFI.2), respectively (Fig. 6.6). With bacterial VOC 

exposure, the SA activated gene (PR-la) did not show any increased transcriptional 

activity as measured by MUG fluorescence although elevated GUS activity was detected 

for the ethylene/JA-activated gene (PDF1.2) with exposure to GB03 VOCs. Smce the 

JA-activated gene (JinU) was unaffected by GB03 VOCs, ethylene signaling may prove 

to be essential in the activation of ISR m Arabidopsis. 
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6.3 Discussion 

Although there are numerous examples of microorganisms interacting to tiigger 

salubrious plant responses (e.g., nitrogen fixation, SAR, and growth promotion) or a 

deleterious outcome (e.g., soft-rot and chlorosis), few reports have probed the role 

microbial VOCs may play in triggering biochemical changes of either primary or 

secondary plant metabolism. 

Resuks presented here suggest that selected Bacillus PGPR strains emit VOCs 

that can elicit plant defenses. These released VOCs as well as the subset of collected 

VOCs that are re-applied as air-borne chemicals to Arabidopsis seedlings contain 

sufficient chemical information to trigger ISR as measured by the seedlings ability to 

resist infection. The major components detected in headspace collections from GB03 and 

IN937a were 3-hydroxy-2-butanone and 2,3-butanediol, components that are generated 

from an alternative pathway for pyruvate catabolism that is favored under low pH or 

oxygen-limiting conditions (Ramos et al, 2000). It is interesting to note that the enzymes 

for generating 2,3-butanediol and acetoin have been identified in tobacco, com, carrot, 

and rice cultures, although neither their function nor conditions of regulation have been 

identified (Foriani et al, 1999). 

A model for signal transduction in PGPR-mediated ISR has been proposed by 

Pieterse et al (2002) using mutant lines of Arabidopsis and P. fluorescens strain 

WCS417r. In this proposed signal transduction pathway, ISR triggered by PGPR is 

dependent on jasmonic acid (JA) and ethylene, while ISR activation is independent of 

SA. Our strategy was to test for possible links between mutant Unes of Arabidopsis and 
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ISR triggered by air-borne PGPR signals based on to the current signal transduction 

pathway for PGPR activation of ISR in which the bacteria make physical contact with the 

Arabidopsis roots. Results from our experiments with well-characterized Arabidopsis 

mutants differed from this model in that ISR resulting from exposure to VOCs of strams 

GB03 and IN937a involved signal transduction pathways that were independent of SA, 

JA, and NPRl. Elicitation of ISR in the mutant nprl has not been reported previously 

with PGPR. In addition, it appears that VOCs from strain IN937a, triggered ISR through 

an ethylene-mdependent signaling pathway, while VOCs from strain GB03 appear to 

operate through an ethylene-dependent pathway in triggering ISR. Redundancy between 

SA, JA, and ethylene signaUng pathways in ISR may come to explain some of these 

fmdings. 

Our results with GUS fusions confirm this pattern of ethylene-dependent and 

independent regulation in ISR mediated by bacterial VOC emissions. Ton et al. (2001) 

characterization of a ISRl locus involved in ISR signaling in Arabidopsis by genetic and 

inhibitor studies found that rhizobacteria-mediated ISR does not require J A signaling 

although ISRI does encode a component of the ethylene response that is required for the 

expression of rhizobacteria-activated ISR. We are particularly interested in whether ISR-

activation by VOC emissions is mediated by the same signalmg sequence that is triggered 

when rhizobacteria make physical contact of with Arabidopsis roots (such as in the model 

system Pseudomonas fluorescens WCS417r) or if ISR activation by rhizobacteria VOCs 

is mediated by a novel signaling pathway. 
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6.4 Experimental 

6.4.1 Plant Material 

All mutant and transgenic lines were derived from parental Arabidopsis thaliana 

ecotype Columbia (Col-0) that was obtained from the Ohio State University Stock Center 

(Columbus, OH) except PR-la::G\JS, which was in the Nossen background (Shah et al, 

1997). Mutant lines included nprl (SA insensitive or non-expresser of PR genes [Cao et 

al, 1994]), cprl (constitutively expresses PR genes [Bowling et al, 1994]) (provided by 

X. Dong, Duke University, Durham, NC), ein2 (ethylene-insensitive [Alonso et al, 

1999]) (provided by J. R. Ecker, University of Peimsylvania, PA), and coil (insensitive to 

coronatme and JA [Xie et al, 1998]) (provided by J. G. Turner, University of East 

Anglia, Norwick, UK). NahG transgenic plants encode salicylate dehydrogenase and 

degrades SA (Delaney et al, 1994). A. thaliana promoter fusion GUS fransgenic lines 

included SA activated/7r-/a::GUS (Shah et al, 1997) (provided by Daniel F. Klessig, 

Rutgers, State University NJ, Piscataway, NJ), JA activated 7wi^::GUS (provided by 

Norbert Nass, Institute of Plant Biochem, Dept of Stress and Develop. Biol., Halle/Saale, 

Germany), and JA/ethylene activate pdfl.2::G\JS (provided by Willem F. Broekaert, 

Katholieke Universiteit Leuven, Heverlee-Leuven, Belgium). 

A. thaliana seeds were surface-sterilized (2 mm 70% ethanol soaking followed by 

a 20 min 1% sodium hypochlorite soaking), rinsed (4X) in sterile distilled water (SDW) 

and placed on Petri-dishes containing half-strength MS medium (Murashige and Skoog 

salt, GIBCOBRL Gaithersburg, MD), which consisted of 0.8% agar and 1.5%. sucrose, 

adjusted to pH 5.7. Seeds were then vernalized for 2 days at 4° C in the absence of light 
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light/12-hr-dark cycle under 40 W fluorescent lights. The growth cabinet temperature was 

maintained at 22 ± 1° C with a relative humidity of 50-60%. Two days after 

vernalization, seedlings were transferred to plates for the experimental uses described 

below. 

6.4.2 Bacterial Cultures 

Seven strains of PGPR (Auburn University) that lead to significant reduction in 

foliar diseases in A. thaliana were tested for their capacity to elicit ISR. The strains were 

Pseudomonas fluorescens 89B61, Bacillus pumilus T4, B. pasteurii C-9, B. subtilis 

GB03, B. amyloliquefaciens IN937a, Serratia marcescens 90-166, Enterobacter cloacae 

JM22 and B. pumilus SE34. Escherichia coli DH5a (QIAGEN Inc., Valencia, CA), 

which does not trigger ISR in A. thaliana, was used as a contiol. Other bacteria used 

included B. subtilis 168 (2,3-butanediol-producing) (Bacillus Genetic Stock Center, Ohio 

State University), B. subtilis strains BSIPl 171 (2,3-butanediol-over-producing), 

BSIPl 173 (2,3-butanediol-non-producing), and BSIPl 174 (2,3-butanediol-non-

producing) provided by D. Jahn (Braunschweig University, Baunschweig, Germany). 

The Arabidopsis pathogen Erwinia carotovora subsp. carotovora SCCl was obtained 

from Dr. E. Tapio Palva, University of Helsinki, Finland. For experimental use, all 

bacteria were streaked onto tryptic soy agar (TSA) plates (Difco Laboratories, Detroit, 

MI) and incubated at 28°C in the absence of light for 24 h. PGPR cells were harvested 

from TSA plates in sterile distilled water (SDW) to yield 10^-colony-forming units (CFU) 

ml"' as determined by optical density and serial dilutions with plate counts. The 
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concentrations ofE carotovora strain SCCl were adjusted to lO' CFU ml' for inoculum 

preparations. For long-term storage, bacterial cultures were maintained at -80° C in TSA 

that contained 20"o glycerol. ISR was chemically initiated in plants by applying 20 1̂ 

salicylic acid [1 mM in sterile distilled water (SDW)] at the crown of each seedling. 

6.4.3 Plant VOC Exposure 

One day prior to plant experiments, the bacterial strains were cultured on TSA 

plates as described above and scraped into SDW. Plastic Petri-dishes (100 x 15 mm) that 

contained a center partition (I-plates; Fisher Scientific, Pittsburgh, PA) were prepared 

with MS solid media, and two-day-old emerging A. thaliana seedlings (5-6 

seedlings/plate) were transferred to one side of the I-plates. The non-plant sides of the I-

plates were inoculated with 20 |.il (10*̂  CFU ml"') of a given rhizobacterial strain or SDW 

applied drop-wise. The volatile bacterial extract or diluted 2, 3-butanediol, or solvent 

alone (CH2CI2) was mixed with lanolin (Sigma) in a ratio of 0.08 g lanolin/ml test 

solution and 20 pi of the resulting suspension was applied to a sterile paper disk (d = 

1cm) (Whatman) on the opposite side of the I plate from the plant seedlings. Plates were 

covered and sealed with parafilm to minimize air and VOC exchange and arranged in a 

randomized design within the growth cabinets. Treated I-plates were incubated at 22°C 

with a 12-/12-hr light/dark photoperiod. 
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6.4.4 Pathogen Inoculation and Leaf Soft-Rot Determinations 

Fourteen days after initial media inoculation, 5|il-suspensions of E. carotovora 

subsp. carotovora (10^ CFU ml"') were drop-inoculated onto five leaves per ^. thaliana 

seedling. Leaves exhibiting soft rot symptoms were determined by visual inspections 24 

hrs after inoculation. Numbers of symptomatic leaves per seedling were counted as a 

measure of disease severity. To measure population densities of E. carotovora subsp. 

carotovora at 24 hr after inoculation, plant leaf tissue was weighed, macerated in SDW (1 

ml), and plated on TSA plates containing 20 |ag/ml kanamycin as a selection marker. The 

strain of E. carotovora used is kanamycin resistant which reduces the risk of 

contamination by other bacterial species. 

6.4.5 Volatile Collection and Analysis 

Volatiles were collected from B. subtilis strains 168 (2,3-butanediol-producing), 

BSIPl 171 (2,3-butanediol-over-producing), BSIPl 173 (2,3-butanediol-non-producing), 

and BSIPl 174 as well as strains GB03, IN937a, E. coli DH5a and un-inoculated media. 

The stirains were grown on MS medium containing 1.5 % agar, 1.5% sucrose and 0.4% 

TSA for 48 h at 28°C before collection of volatiles. Individual plates were placed on a 

sliding glass plate inside a closed Teflon-framed chamber (18 x 18 x 3 cm). Charcoal-

purified air was humidified by bubbling through a supersaturated NaCl solution and 

passed over the bacterial culttire at a rate of 1 L min"'. A sterile cotton plug was placed at 

the inlet of each chamber. Bacterial volatiles were collected by pulling 0.5 L min' by 

vacuum through Super-Q adsorbent traps located at the other end of the chamber. 
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Collection chambers were placed under metal halide and sodium lamps for a 16-h/8-h 

light/dark photoperiod with a total intensity of 700 |.imole/m^/sec and kept at 28°C. 

Volatiles were collected at intervals of 24 h over a period of 6 days. Compounds were 

extracted from filters with 100 |il of dichloromethane. Nonyl acetate (400 ng) was added 

as an internal standard. Extracts used for biological testing were pooled without the 

addition of the internal standard. 

Extracts were analyzed by capillary GC on a 30-m x 0.25-mm (i.d.) fused silica 

column with a 0.25-^m-thick bonded (5% phenyl) methylpolysiloxane (J&W, New 

Castle, DE). Injections were made in the splitiess mode for 30 sec. The gas 

chromatograph was operated under the following conditions: injector 200° C, detector 

210° C, column oven 28° C for 3 min then programmed at a rate of 10° C/ min to 180° C 

and finally ramped at a rate of 40° C/ min to 220° C for 4 min. The velocity of the carrier 

gas linear flow was 50 cm/sec. Quantification was based on comparison of area under 

the GC-FID peak with the internal standard. 

6.4.6 Arabidopsis GUS Fusion Assays 

p-Glucuronidase (GUS) activity was measured in seedlings 10 days after exposure 

to PGPR VOCs or water treatment by using a fluorometric assay. For this assay, ca. 20 

mg of plant tissue from each treatment was macerated in an Eppendorf tube with 300 ^1 

of GUS extraction buffer. The extracted samples were centrifiiged twice at 8000 g for 10 

min at 5°C, and 20 ^1 of the separated supernatant was incubated with 200 1̂ of 2 mM 4-

methylumbelliferyl-P-D-glucuronide (MUG) at 37°C for 2 hours; the reaction was 
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stopped by adding 10 pis of 0.2 M sodium carbonate solution. GUS activity was 

measured with a TKO 100 fluorimeter (Hoefer Scientific Instruments, San Francisco, 

CA) at excitation wavelength 365 nm and emission wavelength 455 nm. GUS activity is 

expressed in nmol of MUG 10 ng"' fresh weight. 

6.4.7 Statistical Analysis 

Analysis of variance for experimental data sets was performed using JMP 

software version 4.0 (SAS Institute Inc., Gary, NC). Significant treatment effects were 

determined by the magnitude of the F value (P = 0.05). When a significant F test was 

obtained for treatments, separation of means was accomplished by Fisher's protected least 

significant difference (LSD) at P = 0.05. Bioassays were conducted three times with 12 

replications per treatments and one seedling per replication; for VOC analyses, four 

replicates of each bacterial culture measured were made. 
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GB03 IN937a 90-166 09 JM22 89B61 SE34 DHSa Water 

PGPR Strains and control treatments 

Figure 6.1. PGPR VOCs modulate mfection severity of A. thaliana seedlings by E. 
carotovora. Quantification of 24 hour infection by E. carotovora subsp. carotovora strain 
SCCl in ten-day-old A. thaliana seedUngs with exposure to airborne chemicals released 
from eight ISR-inducing PGPR strains compared to a non-ISR E. coli strain DH5a and 
water treatment; different letters indicate significant differences between treatments 
according to LSD at P = 0.05. Inset shows representative seedlings 24 hours after E. 
carotovora subsp. carotovora infection and exposure to VOCs from GB03 (left) or DH5a 
(right). 
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Figure 6.2. Quantification of headspace volatiles collected from PGPR strains. Volatiles 
were collected from ISR-inducing strains GB03 (1), IN937a (1), compared to the non 
inducing strain DH5a (a). Compounds positively identified include 3-hydroxy-2-
butanone, 2,3-butanediol, tetramethyl pyrazine, and the hydrocarbons decane, undecane, 
decanal, dodecane, 2-undecanone, 2-tridecanone, 2-tridecanol. Different letters indicate 
significant differences between treatments according to LSD at P = 0.05. Asterisk 
indicates that emissions were below detection limits. 
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Figure 6.3. Chromatographic profiles of volatiles from B. subtilis wild type and mutant 
strains. Volatiles were collected on day 2 from B. subtilis parental strain 168 (A), an 
over-expressor line BSIPl 171 (B), mutant lines BSIPl 173 (C) and BSIPl 174 (D) and un
inoculated media (E). Compounds positively identified include 3-hydroxy-2-butanone 
[1], 2,3-butanediol [2], decanal [3], decane [4], tetramethyl pyrazine [5], undecane [6]; 
nonyl acetate was added as an internal standard [IS]. Asterisks in the lower 
chromatograms designate compounds that align with numbered peaks above. 
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Bacterial Treatments and Controls 

Figure 6.4. Quantification of infection by E. carotovora in A. thaliana after exposure to 
B. subtilis wild type and mutant strains. Strains tested include (GB03, and 168) 
overproducing 2,3-butanediol (BSIPl 171) and mutants defective in 2,3-butanediol 
synthesis (BSIPl 173 and BSIPl 174). E. coli strain DH5a, and water treatment were used 
as negative controls. Different letters indicate significant differences between treatments 
according to LSD atP = 0.05. 
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Figure 6.5. 2,3-Butanediol dose response curve. A dose response curve that tests the 
effect of different 2,3-butanediol (2,3-B) exposure amounts on the susceptibility of A. 
thaliana to infection by E. carotovora subsp. carotovora strain SCCl. Volatile headspace 
collections from GB03 and IN977a were provided as positive controls while solvent 
(CH2CI2) provided a negative control. Different letters indicate significant differences 
between treatments according to LSD at P = 0.05. 
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Figure 6.6. Activation of GUS fiised to different signaUng genes. GUS reporter was 
linked to known signaling genes including (PR-la activated by SA, JinI4 activated by 
JA, and PDF1.2 activated by both ethylene and JA.) with exposure to bacterial VOCs 
that trigger ISR (GB03 and IN937a), the chemical elicitors SA and ACC (activate the 
PR-la gene and the PDF1.2 gene respectively) and the negative controls DH5a and 
water treatment. An asterisk (*) indicates a significant difference between treated and 
control samples according to LSD at P = 0.05. Inset shows transgenic seedlings PDF 1.2 
exposed to GB03 volatiles (top) and water control (bottom). 

129 



Table 6.1. Disease severity for different Arabidopsis lines with pre-exposure to bacterial 
VOCs. Quantification of infection by E. carotovora subsp. carotovora strain SCCl 
(lower numbers indicates fewer symptomatic leaves) in ein2, coil, cprl, and nprl 
mutants and NahG transgenic lines of A. thaliana seedlings* with exposure to airborne 
chemicals released from ISR inducing PGPR strains GB03 and IN937a compared to a 
non-ISR E. coli strain DH5a, and water treatment. Different letters indicate significant 
differences between treatments according to LSD at P = 0.05. * Col-0 is a wild-type line 
of A. thaliana. Mutant and transgenic lines have the following physiological effects: 
cin2 is ethylene-insensitive; coil is insensitive to jasmonic acid; NahG degrades salicylic 
acid; cprl constitutively produces salicylic acid; and nprl SA-insensitive or non-
expresser of PR genes. 

Treatment 

GB03 

IN937a 

DH5a 

Water contiol 

Disease! 

Col-0 

2.3" 

1.3' 

3.3*̂  

4.2= 

severity measured by number of symptomatic leaves per seedling 

ein2 

4.5" 

2.4' 

4.4" 

5.0" 

coil 

3.2*̂  

1.8' 

4.3= 

4.8= 

NahG 

0.9' 

2.7' 

4.4" 

4.7" 

cprl 

1.5' 

1.2" 

4.4= 

3.5= 

nprl 

0.3' 

2.2'̂  

4.6= 

4.4= 
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CHAPTER VII. 

CONCLUSION AND SUMMARY 

Our working proves that specific signal molecules whether they be low molecular 

weight bacterial elicitors 2,3-butanediol or internal plant messangers such as Ce LOX -

pathway components, trigger a set of biochemical responses in plants that mediate plant 

growth and acti\ate defense responses. The signaling pathways that are up or down 

regulated to mediate for these macroscopic responses by these volatile components were 

tentatixely identified. Mapping changes in gene transcripts and its encoding metabolites 

in responses to these signaling molecules provide insight into inducible chemical defense 

responses operating in plants. For further more detailed analysis, identifying candidate 

genes involved in these biochemical responses can then be manipulated through breeding 

programs or genetic engineering. 

7.1. Studies Completed 

In this study of defense responses triggered by phytochemical elicitors Ce-

volatiles and the C4- alcohols bacterial elicitors, we have established a number of 

findings. 

1. Exogenous application of the volatile tomato elicitor (E)-2-hexenal triggeres 

local and systemic emission of monoterpenes and sesquiterpenes in a dose dependent 

manner that are implicated in the attiaction of natiiral predators of herbivores. 
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2. Labeling studies in tomato with ''CO2 showed that de novo synthesis is not 

required for monoterpene and sesquiterpene release with chemical treatment or insect 

feeding. 

3. Phytochemical and ecological studies using ^e/l-mutant defective in JA 

synthesis established that jasmonate signaling pathway regulates for the release of 

teipenes in tomato. 

4. Soluble phenolics might not play a direct role in resistance against insect 

damage in tomato. 

5. Exogenous application of the Ce-maize-volatile (Z)-3-hexenol triggered an 

increase in (2)-3-hexenyl acetate and MeSA emissions with lox and pal gene induction 

respectively, whereas increase in mpi and igl transcript levels did not lead to an 

accumulation of its encoded proteins or metabolites. 

6. Structure activity relationships in tomato and maize established that Ce-alcohol 

is more active than the aldehyde in triggering VOC emissions. 

7. In vitro plant growth assays and GC/FID analyses showed that some PGPR 

strains release a blend of VOCs that promote growth and induce resistance in 

Arabidopsis. In particular, the volatile components 2,3-butanediol and acetoin were 

released exclusively from two bacterial strains that ttiggered the greatest levels of growth 

promotion and induced resistance. 

8. Pharmacological applications of 2,3-butanediol induced growth promotion and 

induced resistance, while bacterial mutants blocked in 2,3-butanediol and acetoin 

synthesis were devoid of growth-promotion and induced resistance capacities. 
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9. Using transgenic and mutant lines of Arabidopsis, we provided evidence that 

the signal pathway activated by VOCs is dependent on cytokinin activation for growth 

promotion and dependent on an ethylene-signaling pathway for induced pathogen 

resistance. 

7.2. Future Studies 

The present study has established a field of research involving defense responses 

in plants. New areas of research now available for investigation include the following. 

1. Establishing a comprehensive gene profile using microarray technique which 

can assess how these elicitors signal in plants. Expression analysis for thousands of 

genes potentially elicited will identify relevant biochemical pathways that are up or down 

regulated for signaling or metabolism. 

2. Set up a bioassay to serve as a marker for quantification of plant responses 

exposed to these signaling molecules. This bioassay will be based on genes transcript 

levels found to be consistently altered and to which a quantitative and convenient assay 

viz. spectrophotometric could be established. 

3. Examine the activity of natural elicitors and synthetic analogues that trigger 

changes in gene profiles. This data will provide elicitor-structure versus plant-response 

relationships for individual and classes of elicitors of plant, herbivore or microbial origin. 

4. Examine whether ISR-activation and growth promotion by VOC emissions is 

mediated by the same signaling sequence that is triggered when rhizobacteria make 

physical contact of with plant roots. 
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5. From a whole plant perspective, it remains to be determined whether growth 

promotion and induced resistance by bacterial VOCs occurs in soil or soil-less media. 

Measures of VOCs from PGPR present in soil systems could certainly be studied in due 

course. 

6. It remeains to be examined the enzymatic mechanism such as an acetyl 

transferase involved in the fromation of (Z)-3-hexenyl acetate in maize. 
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