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ABSTRACT 

Polyhydroxylated steroids with insect molting hormone activity were discovered in 

plants over thirty years ago. The major endogenous molting hormone of insects is believed 

to be 20-hydroxyecdysone (20E) and interestingly, it is also the most commonly 

encountered phytoecdysteroid (PE) in plants. Ecdysteroids control developmental programs 

in both inmiature and adult insects however, the role of PEs in plants has not been 

demonstrated. PEs are hypothesized to fiinction as either plant hormones or plant defenses 

against phytophagous insects. 

Many toxic secondary metabolites are concentrated in apical meristems where 

herbivory would result in the greatest reduction in plant fitness. Similarly, the highest 

concentrations of 20E in spinach were associated with the stems and vasculature while old 

leaves and roots displayed low levels. In plants, concentrations of toxic or deterrent 

metabolites are often rapidly induced following attacjf In spinach roots, both mechanical 

damage and insect herbivory resulted in rapid increases in 20E concentrations. The plant 

wound signal, jasmonic acid was strongly implicated in signaling this response. 

Known plant hormones and chemical defenses are regulated differently. Pulse 

chase studies with [2-^^C] mevalonic acid demonstrated that de novo root 20E 

biosynthesis occurred during the induction and, once synthesized, 20E was stable for over 

one month. This result is does not support the plant hormone hypothesis, as plant 

hormones typically undergo rapid conjugation or catabolism. The induction of root 20E 

concentrations occurred without similar changes in related membrane phytosterols. Simply, 

pathway specificity was demonstrated as increased 20E accumulation was not part of an 

overall increase in steroids. 
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To empirically examine the hypothesis that PEs function as plant defenses against 

insects, a series of experiments were designed with the fimgus gnat Bradysia impatiens. 

Results indicated that root herbivory by larvae induced 20E levels in roots, larval 

preference for diets containing induced 20E levels was reduced, larval survivorship on 20E 

containing diets was lower, and plants with induced root 20E levels were better protected 

from attack. Together, these results support the plant defense hypothesis at both the 

physiological and ecological level. 
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CHAPTERI 

INTRODUCTION 

In 1954, Butenandt and Karlson successfully isolated ecdysone, the first known 

insect molting hormone. Soon after the structural elucidation (Huber and Hoppe, 1965), 

steroid-analogs with molting hormone activity were detected in plants (Nakanishi et al., 

1966; Galbraith and Hom, 1966) and termed phytoecdysteroids (PEs). Currently, over 250 

different ecdysteroids have been identified with the majority coming from plant families 

(Lafont and Horn, 1989; Lafont, 1997). 20-hydroxyecdysone (20E) is the most commonly 

detected PE in plants, and is considered the major endogenous molting hormone of most 

insects (Bergamasco and Hom, 1983; Rees, 1989). While an rich literature exists detailing 

functions of ecdysteroids in both immature and adult arthropods (Koolman, 1989), very 

little is known about the fimction of PEs in plants. 

There are two main hypotheses regarding the fimction of PEs in plants. A plant 

hormone hypothesis, raised by Heftmaim (1970; 1975), has been partially supported by the 

demonstration of PE activity in plant hormone bioassays. 20E possess a weak gibberellin-

like activity m dwarf rice and mung bean epicotyl assays (Dreier and Towers, 1988; 

Mach^kova et al., 1995). Other attempts to demonstrate that ecdysteroids possess plant 

hormone activity have produced either negative results (Jacobs and Suthers, 1971; Hendrix 

and Jones, 1972) or have been unconfirmed (Carlisle et al, 1963; Felipe, 1980). PEs are 

widely distributed among the classes of vascular plants (Bergamasco and Hom, 1983). 

However, the patchy systematic distribution within plant families has been the basis for an 

argument that PEs caimot function as general plant growth hormones (Slama, 1979; Lafont 

et al., 1991). 

The second hypothesis is that PEs function as chemical defenses against non-

adapted phytophagous insects. This possibility was first raised by Galbraith and Hom 
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(1966), and has since been supported by two indirect lines of evidence. Hrst, early dietary 

studies by Robbins et al. (1970) demonstrated that some insects exhibit developmental 

abnormalities and increased mortality following ingestion of ecdysteroids. Similar work 

has been repeated for many different orders of insects (Lafont et al., 1991; Blackford and 

Dinan, 1997). Second, Ma (1969) demonstrated that dietary PEs can cause feeding 

deterrency in some insects. More recently 20E has been shown to initiate firing of feeding 

deterrence receptors (Tanaka et al., 1994). PE-induced feeding deterrency is believed to 

play a significant role in host plant acceptance and rejection by ph3^ophagous insects 

(Blackford and Dinan, 1997). 

While these results support the plant defense hypo±esis, other experimental 

approaches to understanding PE fimction in plants are needed. For intact plants, 

endogenous PEs have never been clearly demonstrated to cause feeding deterrence or host 

plant rejection by non-adapted insects. Non-adapted insects may reject potential host plants 

for a variety of reasons, including; the lack of required phagostimulants (Hsiao and 

Fraenkel, 1968; Bowers, 1984), improper nutritional balance (Champaign and Beraays, 

1991), and presence of other toxic or deterrent secondary metabolites (Kubo et al., 1984). 

Additionally, some phytophagous insects readily feed on PE producing plants. Many 

Orthoptera and Lepidoptera are not influenced by dietary PEs due to efficient detoxification 

mechanisms involving conjugation and rapid excretion (Feyereisen, 1976; Modde et al., 

1984; Zhang and Kubo, 1993, Blackford et al., 1996). For the above reasons, the 

demonstration that PEs mediate plant-insect interactions has proven elusive. 

Few entomologists interested in the possible defensive function of PEs have 

considered the basic physiology and biochemistry of PEs in their model plant systems. 

Jones (1983) considered the concentration and cycling of PEs in the fironds of Pteridiwn 

aquilinum and rightfiilly concluded that the concentrations were too low to function in plant 

protection against insects. The root PE levels were stated to be much higher, however root-
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herbivore interactions were not considered. A general understanding the of distribution, 

dynamics, and regulation of PEs in a plant system would enable key predictions of the 

hypothesis to be examined. Moreover, this knowledge would enable the rational design of 

experiments for additional hypothesis testing. Spinach (Spirtacia oleracea) is used to 

investigate these basic concepts with the objective to determine PE fiinction. The 

agricultural significance, vigorous growth and simple PE profile, consisting predominandy 

20E, make spinach ideal for these purposes (Grebenok and Adler 1991). 

PE fiinction in plants has largely been considered without a thorough understanding 

of distribution and accumulation patterns (Heftmann, 1975; Bergamasco and Hom, 1983; 

however see Jones, 1977). Averse PE concentrations for a whole plant provide little 

information when considering interactions that operate on the spatial scales of most 

phytophagous insects. Towards this goal, Grebenok and Adler (1991) documented 

decreases in PE concentrations between pairs of spinach leaves over developmental time. 

The pattem in spinach is shared by other members of the Chenopodiaceae, where higher 

PE levels are typically associated with actively growing meristematic and reproductive 

tissues (Dinan et al., 1991; Dinan 1995). The distribution and variation of PE levels within 

plants may suggest how and where PEs function. Both within and between leaves, all 

tissues are not equally valuable in terms of both plant growth and insect nutrition (JCrischik 

and Denno, 1983; Harper, 1989; Coleman and Leonard, 1995). Optimal Defense Theory 

predicts that toxic or deterrent secondary metabolites should be preferentially allocated to 

areas of higher tissue value with regards to fiiture plant fimess (Zangerl and Bazzaz, 1992). 

A PE distribution map in spinach detailing the within plant and within leaf distribution of 

20E would aid in determining it's possible significance. 

Plants actively respond to a wide range of stimuli (Silvertown and Gordon, 1989), 

often with dynamic changes in the levels of prin^ry and secondary metabolites. Many 

plants produce increased concentrations of toxic or deterrent metabolites following 
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herbivory and mechanical damage (reviewed by Karfoan and Baldwin, 1997), and these 

responses often deter subsequent insect herbivory (Karban and Myers, 1989; Tallamy and 

Raupp, 1991). Wound induced responses are typically signaled by plant derived wound 

signals that initiate fixjm the site of damage (Pearce et al., 1991; Davis et al., 1991; Baldwin 

et al., 1997). However, mechanical damage treatments involving tissue removal alone do 

not always mimic responses produced by insect herbivory (Baldwin, 1990; Wildon et al., 

1992). In addition to physiological changes following mechanical wounding, plants also 

produce specific responses to insect attack (Albom et al., 1997). A thorough investigation 

for wound induced changes in PE levels should consider the affect of both mechanical and 

insect damage in both root and shoot tissues. 

In the interest of increasing agricultural productivity, there is now emphasis on the 

elucidation of signal transduction pathways that stimulate plant defense mechanisms against 

insects and pathogens (reviews Enyedi et al., 1992; Ryan and Jagendorf, 1995). Jasmonic 

acid (JA) and salicylic acid (SA) are two endogenous signals recently implicated in eliciting 

plant resistance responses. JA is produced following cell damage (i.e. herbivory) via the 

octadecanoid pathway (Farmer and Ryan, 1992; Hamberg and Gardner, 1992). Induced 

accumulations of JA activate a variety of insect and microbial defense responses in plants. 

A few well known JA-inducible products include proteinase inhibitors, 

benzophenanthridine alkaloids, nicotine, phenolics, and flavonoids (Farmer and Ryan, 

1990; Mueller et al., 1993; Baldwin et al., 1997; Mizukami et al., 1993; Gundlach et al., 

1992). JA is thought to initiate these changes by modulating both defense and regulatory 

gene expression (Farmer et al., 1992, Gundlach et al., 1992; Choi et al., 1994). Unlike 

JA, SA-based defense signaling involves disease resistance responses (Klessig and 

Malamy, 1994), and is believed to stimulate fimgal and viral resistance, in part, by 

inducing pathogenesis-related proteins (Ward et al., 1991). While important in some 

defense responses, SA and related analogs actually block JA biosynthesis. Thus SA is used 
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to investigate both pathogen resistance responses and effects caused by inhibiting wound-

induced JA biosynthesis (Pena-Cortes et al., 1993). By using J A analogs, the ecological 

relevance of induced plant responses can be investigated by uncoupling phytochemical 

induction from the physical changes caused by damage (Thaler et al., 1996; Stout et al., 

1998; Baldwin, 1998). The ability to induce a wide range of PE levels, in the absence of 

damage, would enable the putative protective roles of PEs to be examined. Towards this 

goal, a general understanding of the plant signal transduction pathways which influence PE 

accumulation is required. 

A basic knowledge of PE regulation including patterns of synthesis, catabolism and 

pathway specificity, would gready aid our understanding of PE fimction in plants. Once 

these patterns are established, many characteristics can be compared to those of known 

plant hormones and terpenoid defenses. Mature spinach leaves are active sites of 20E 

biosynthesis. In contrast, young apical leaves are not biosynthetically active; however, they 

accumulate 20E through transport from mature leaves (Grebenok and Adler, 1991, 1993). 

Induced changes in 20E levels could be caused by changes in transport, increases in c/e 

novo biosynthesis, or through the release of free 20E from conjugated pools (Grebenok et 

al., 1994). Alone, an understanding of the induction mechanism does not allow for a 

distinction between the plant hormone and defense hypotheses, however the information 

would enable other such tests. Plant hormones exist in dynamic states of change with 

synthesis, conjugation, and catabolism altering the levels of signal to appropriately match 

current internal and extemal demands (Davies, 1995; Kleckowski and Schell, 1995). The 

complexity of inactivation through conjugation and catabolism have been recently reviewed 

for the following terpenoid based phytohormones; abscisic acid (Walton an Li, 1995; 

Ribaut et al., 1996), cytokinins (Chen 1997), gibberellins (Schneider and Schmidt, 1995) 

and brassinosteroids (Szekeres and Koncz, 1998). Based on these examples, I predict that 

if 20E is a phytohonnone then significant conjugation and/or catabolism should occur for 



1  8  

regulatory purposes. In a radiolabel pulse-chase experiment, either conjugation or 

catabolism would result in a decrease in radiolabeled 20E over time. Unlike plant 

hormones, many plant terpenoids with defensive fimctions undergo little or no turnover 

following endogenous synthesis from ^^02 (Mihaliak et al, 1991; Gershenzon et al., 

1993). Thus, it is predicted that if the leguladon of 20E is consistent with plant terpenoid 

defenses then, 20E should exhibit low rates of turnover. 

Unlike the debated function of PEs, phytosterols have primary roles in plant growth 

and differentiation. Regulation of membrane permeability and fluidity are the best known 

fimctions, while more specific roles in the modulation of enzyme activities are being 

elucidated (Hartmann, 1998). Both PEs and phytosterols share cycloartenol as a 

biosynthetic precursor. Interactions between the synthesis and accimiulation of primary and 

secondary metabolites may occur in cases of shared or competing pathways. The 

termination of phytosterol biosynthesis during terpenoid phytoalexin induction has been 

well documented in many systems (Threfall and Whitehead, 1988; Van der Heijden et al., 

1989; Haudenschild and Hartmann, I99S). In solanaceous plants, elicitor induced 

sesquiterpenoid phytoalexin production is correlated with both the inhibition of a steroid 

specific 3-hydroxy-3-methylglutaryl-coen2yme A reductase (HMGR) and the suppression 

of squalene synthesis (Choi et al., 1994; Weissenbom et al, 1995; Vogeli and Chappel, 

1988; Fulton and Threlfall, 1993). During simulated pathogen attack, key enzymes leading 

up to phytosterol biosynthesis appear to temporarily inhibited, thus maximizing the 

availability of precursors for phjrtoalexin biosynthesis. However, phjrtosterol biosynthesis 

is required to maintain plant growth (Goad, 1991) and undoubtedly re-growth after tissue 

removal. Following damage, it is possible that increased PE levels are simply associated 

with increased in phytosterol biosynthesis. This would raise the possibility that PE 

induction is not a specific response to damage but is a more general response associated 

with the re-growth of plant tissues. 
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Selecting an appropriate plant and insect model system to test the plant defense 

hypothesis for PEs has historically proven difficult. The sensitivity of Diptera to 

applications of molting hormones was recognized long before ecdysteroids were isolated 

and structurally identified (Horn, 1989). Robbins et al. (1968) considered the potential 

negative effect of PEs and synthetic analogs on insect development by incorporating them 

into insect diets. PEs were found to inhibit ovarian development and yolk deposition in 

female houseflies (Musca domestica). Singh and Russell (1980) demonstrated that 20E at 

100 ppm caused up to 84% mortality in M. domestica fed on semi-synthetic diets. 

However, investigations of phytophagous Diptera are absent from the PE literature. Larvae 

of the dark-winged fungus gnat {Bradysia impatiens) attack a diverse array greenhouse and 

crop plants, including citrus, geranium, lupine, clover, com, and tobacco (Harris et al., 

1996). McConn et al. (1997) demonstrated the significance of JA signaling in the defense 

of Arabidopsis against Bradysia attack. Mutant plants unable to synthesize iinolenic acid (a 

JA precursor), could not produce a JA signal, failed to produce marker wound gene 

transcripts, and suffered significantly higher mortality than plants with intact defense 

pathways (McConn et al. 1997). Having uncovered the rapid induction of root 20E levels 

in spinach following wounding and applications of JA analogs (Schmelz et al. 1998), I 

selected Bradysia larvae to understand how PEs may mediate plant-insect interactions in an 

experimental system. 

In this dissertation, I investigate the role of PEs in spinach, as potential inducible 

defenses, by addressing the distribution, dynamics and regulation of 20E levels. I then use 

this basic plant physiology information to address the significance of 20E as a potential 

mediator of plant-insect interactions. 
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CHAPTERn 

DAMAGE-INDUCED ACCUMULATION OF PHYTOECDYSTEROIDS IN SPINACH: 

A RAPID ROOT RESPONSE INVOLVING THE OCTADECANOIC ACID PATHWAY 

Introduction 

Soon after the structural elucidation of the first insect molting hormone (Huber and 

Hoppe, 1965), active analogs were detected in plants (Nakanishi et al., 1966; Galbraith and 

Horn, 1966). These plant-derived steroids with molting hormone activity are termed 

phytoecdysteroids (PEs). Over the past thirty years, advances have been made in both the 

understanding of ecdysteroid-regulated insect physiology and the science of their 

separation, isolation, and identification (reviewed by Koolman, 1989). As a result, over 

250 different ecdysteroids have been identified with the vast majority coming from plant 

families (Lafont and Horn, 1989; Lafont, 1997). 20-hydroxyecdysone (20E) is the most 

commonly detected PE in plants, and is considered to be the major endogenous molting 

hormone in insects (Bergamasco and Horn, 1983; Rees, 1989). Despite significant 

progress in ecdysteroid research, painfiilly little is known concerning the mechanistic and 

functional roles of PEs in plants. 

Phytoecdysteroids are widely distributed among the classes of vascular plants 

(Bergamasco and Horn, 1983). The patchy systematic distribution of PEs is the basis for 

the argument that they cannot function as general plant growth hormones (Slama, 1979; 

Lafont et al., 1991). Attempts to demonstrate a plant hormonal role for PEs have been 

unconvincing (Carlisle et al., 1963; Felippe, 1980). The only reproducible effect of 

exogenous PEs on plants is a very weak gibberellin-like activity in dwarf mung bean and 

rice bioassays (Dreier and Towers, 1988; Machackova et al., 1995); however, Hendrix and 

Jones (1972) failed to find any response to 20E in four different types of gibberellin 



2  1  

bioassay. Investigations of PE involvement in flower development have also failed to 

uncover significant effects (Jacobs and Suthers, 1971; Heflman, 1975; Mach^kova et al., 

1995). 

Far more evidence exists in favor of the hypothesis that PEs confer resistance 

against non-adapted phytophagous insects. Many studies have shown that, when 

incorporated into artificial diets, PEs can disrupt the insect molting cycle and in turn cause 

elevated mortality (Robbins et al., 1970; Singh and Russell, 1980; Kubo et al., 1983; 

Lafont et al., 1991). However, few intact-plant bioassays have been able to demonstrate 

that effects on herbivorous insects are primarily due to the presence of PEs, and not a 

combination of factors attributed to complex plant chemistries (Arnault and Slama, 1986; 

however see Mele et al., 1992). Often only subde responses, such as feeding deterrency, 

have been demonstrated in PE-adapted herbivorous insects (Kubo and Klocke, 1983; 

Tanaka et al., 1994). Not surprisingly, some insect species have efficient PE detoxification 

mechanisms and are highly resistant to dietary PEs (Modde et al., 1984; Zhang and Kubo, 

1993, Blackford et al., 1996). 

Plants are like insects, insofar as both actively respond to a wide range of stimuli 

(Silvertown and Gordon, 1989). Many plants produce enhanced levels of toxic or deterrent 

metabolites following herbivory and mechanical damage (reviewed by Baldwin, 1994), and 

these induced responses often deter subsequent insect herbivory (Karban and Myers, 1989; 

Tallamy and Raupp, 1991). The need for increased agricultural productivity has prompted 

investigations of resistance mechanisms already present in crop plants. Towards this goal, 

there is now emphasis on the elucidation of signal transduction pathways that stimulate 

plant defense mechanisms against insects and pathogens (reviews Enyedi et al., 1992; 

Ryan and Jagendorf, 1995). 
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Jasmonic acid (JA) and salicylic acid (S A) are two endogenous signals recently 

implicated in eliciting plant resistance responses. JA is produced following cell damage 

(i.e. herbivory) via the octadecanoid pathway (Farmer and Ryan, 1992; Hamberg and 

Gardner, 1992). Induced accumulations of JA activate a variety of insect and microbial 

defense responses in plants. A few well known JA-inducible products include proteinase 

inhibitors, benzophenanthridine alkaloids, nicotine, phenolics, and flavonoids (Farmer and 

Ryan, 1990; Mueller et al., 1993; Baldwin et al., 1997; Mizukami et al., 1993; Gundlach et 

al., 1992). JA is thought to initiate these changes by modulating both defense and 

regulatory gene expression (Farmer et al., 1992, Gundlach et al., 1992; Choi et al., 1994). 

Unlike JA, SA-based defense signaling involves primarily disease resistance responses 

(Klessig and Malamy, 1994). SA is believed to stimulate fimgal and viral resistance, in 

part, by inducting pathogenesis-related proteins (Ward et al., 1991). While important in 

some defense responses, SA and related analogs actually block JA biosynthesis. Thus SA 

is used to investigate both pathogen resistance responses and effects caused by inhibiting 

wound-induced JA biosynthesis (Pena-Cortes et al., 1993). Despite much recent research 

activity, the precise responses induced by endogenous JA and SA are only well understood 

for a few plant systems. 

The regulation of PE accumulation in whole plants has received litde attention to 

date (Adler and Grebenok, 1997). Lafont et al. (1991) reflected on the potential inducibility 

of PEs following insect or nematode attack and implied that increased production, in 

response to damage, would reflect a plant defense fimction. The empirical demonstration of 

enhanced levels of PEs following damage and MJ treatments would lend support the theory 

that PEs function as plant defenses. Patterns of PE biosynthesis, transport, and 

accumulation have been established in spinach, thus creating an ideal model system for 

investigating the potential inducibility of these compounds in higher plants (Grebenok and 

Adler, 1991; Grebenok et al., 1991). Using this system, our study addresses the following 
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questions: I) Do either root or shoot tissues display induced accumulations of PEs 

following damage? 2) Do known plant defense signals stimulate altered patterns of PE 

accumulation? 3) Is there a candidate signaling pathway for the induction of 20E? 4) Is 

there evidence for 20E induction specificity under different types of tissue attack? 
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Methods 

Chemicals. Methyl salicylate (MSA), (±) methyl jasmonate (MJ), lanolin, and all 

plant nutrient components were purchased from the Sigma Chemical Co. (St. Louis, MO). 

HPLC grade solvents were acquired from the Rsher Chemical company (Pittsburgh, PA). 

PUmt Growth. Plants were reared in an environmental chamber at 22°C, with a 

12:12 Ught/dark cycle and uncontrolled humidity. Fluorescent lighting supplied 

approximately 145 ^imol/sec/m^ of photosynthetically active radiation (PAR) at the leaf 

surface. Spinach (Spinacia oleracea var. Avon) seeds from W. Atlee Burpee Co. 

(Warminster, Pa) were germinated in vermiculite and grown for 8-12 days, then 

transplanted into individual IL plastic cups and grown hydroponically for an additional 10-

15 days. The hydroponic solution was modified from Hoagland and Amon (1950) and 

contained 0.236 g/L Ca(N03)2-4H20,0.101 g/L KNO3, 0.016 g/L NH4NO3,0.493 g/L 

MgS04-7H20,0.068 g/L KH2PO4, and 0.0459 g/L FeNa-EDTA. The micronutrients 

included 3.09 mg/L HsBOs, 1.979 mg/L Mna2-4H20,0.288 mg/L ZnS04-7H20,0.0624 

mg/L CUSO4-5H2O, and 0.0968 mg/L Na2Mo04-2H20. One day prior to each experiment, 

plants of uniform morphology and size were selected and weighed. Treatment groups, with 

similar mean fr^sh masses, were formed by sorting plants based upon fresh mass and 

assigning plants to groups by consecutive divisions (see Ohnmeiss and Baldwin, 1994). At 

the start of each experiment, plants were randomly assigned growth-chamber shelf 

positions. No additional nutrients were added to the solutions before or during the 

experiments. Solution levels were maintained by the addition of distilled water as needed. 

Phytoecdysteroid Qiumt̂ cation. After the treatment and response period (2-4 

days), plants were dissected into roots and shoots, frozen, and lyophilized to dryness. 

Each tissue sample was ground to a fine powder using a Wiley mill (850 |iin mesh; 

Thomas Scientific, USA) and a weighed portion, (normally 50-60 mg) was extracted in 10 

ml of methanol for 48 hours. A 7 ml aliquot of this extract was mixed with 3 mi H2O, and 
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partitioned against 10 ml of hexane. Two days after phase-separation, 8 ml of the aqueous 

methanol layer was removed and evaporated to dryness. The residue was then re-

solubilized in S ml H2O and partitioned against 5 ml of butanol. A 4 ml aliquot of the 

butanol phase was evaporated and re-suspended in 200 pi of methanol prior to analysis. 

For quantitative purposes, all partitions utilized previously countersaturated solvents. 

Reverse phase high performance liquid chromatography (RP-HPLC) of spinach PEs was 

carried out on a C-18 column (AUtech, Spherisorb ODS-2,4.6mm X 150mm, 5 ^im). 

Early experiments used an isocratic 9:11 methanol/water solvent system delivered at 1.0 ml 

min"^ at 35°C (Grebenok et al. 1991). This protocol, employed in initial experiments, does 

not separate 20E from polypodine B, thus provides a measure only of total PEs. To achieve 

PE separation, subsequent experiments utilized an isocratic 2-propanol:water (12:88) 

mobile phase under the same conditions (Morgan and Marco, 1990). The second solvent 

system confirmed polypodine B to be a minor component (< 7.0 %) of the previously 

combined PE peaks. The plant derived HPLC peak co-eluting with the pure 20E standards 

was identified as 20E by direct exposure probe chemical-ionization mass-spectrometry 

(M.F. Feldlaufer, personal communication). For each experiment, PE quantification was 

extrapolated from concurrentiy generated external standard curves, constructed by 

independent weighings of 20E. Correction factors were applied to account for ecdysteroids 

lost throughout the sample partitioning and injection processes. Single step extractions and 

solvent partitions were found to consistentiy recover greater than 80% of the total PE's that 

could be obtained using multiple steps (Schmelz, unpublished). 

Screen for Phytoecdysteroid Inductioru A thorough search for phytochemical 

inducibility should include treatment and analysis of both roots and shoots, due to the 

differential responses often detected in these tissues (Zangerl and Rutledge, 1996). 

Comparisons between real and simulated herbivory should also be performed because the 

temporal, spatial, and oral nature of insect feeding often produces plant responses different 
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firom mechanical damage alone (Baldwin, 1990; Albora et al., 1997). To this end, we 

examined the effects of shoot mechanical damage (SD), shoot herbivory by beet 

armyworms (BAWs), root mechanical damage (RD), root removal (RR), and combined 

RD and SD treatments on PE concentrations. Two MJ levels were also tested due to 

jasmonic acid's ability to systemically induce plant defenses in other systems (Farmer et 

al., 1992; Baldwin et al., 1994). 

Independent measurements were taken at two time points for each of the seven 

treatment groups. This involved destructively harvesting individual plants either two or 

foiu- days after the experiment was initiated. Including the zero, two, and four day controls, 

this experiment utilized 17 groups (n = 5) of plants having an initial wet mass of 1.01 ± 

0.02 g (grand mean ± SEM). 

SD was accomplished by rolling a pattern-tracing wheel (Dritz Co., Spartanburg, 

SQ across the first two fully-expanded leaves (see Baldwin et al., 1997). Each leaf 

received six rows of damage, parallel to the mid-rib, with three of the rows on each side 

spaced approximately 0.5 cm apart. The average total distance across the leaf surface 

covered by this wheel was 23 cm and resulted in approximately 1(X) punctures per plant. 

The punctures were generated by the spokes of the tracing wheel rolling across the leaf 

surface, which was supported underneath by a plastic card. Individual punctures resulted in 

l-mm^ zones of cell death. 

B AW was achieved by confining five early third instar Spodoptera exigua to each 

plant. Armyworms were removed after 18 hours on the plants. On average, this treatment 

resulted in the removal of 15% of the total leaf area, with all leaves receiving some damage. 

Root damage consisted of ei±er RD or root removal RR. The RD treatment was 

created by firmly squeezing sections of root between the thumb and index finger. This 

process produced an area of damage approximately 2 cm long, and was repeated 5 times to 

distribute the damage equally along the length of the root (25 cm). Cells in the damaged 
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area exhibited some browning (i.e. cell death) but, since roots continued to grow, transport 

processes appeared to be largely intact The dual treatment of RD and SD simply combined 

the two previously described treatments. The RR treatment involved the removal of the 

distal 20% of the root system by mechanically shearing via a rubbing motion between the 

thumb and index finger. Latex examination gloves were used ia all root damage treatments 

in an attempt to avoid urmecessary microbial introductions. The two MJ treatments 

involved the addition of 5.0 ml aqueous aliquots containing 205 [ig and 390 |ig of MJ to 

the hydroponic solutions. The MJ additions created initial hydroponic solution 

concentrations of 0.92 pM and 1.74 pM, respectively. 

Phytoecdysteroid Induction Sensitivity to Root Applied MJ. If jasmonates are 

important endogenous signals in the induction of root PEs, then activity should be 

detectable using relevant signal molecule concentrations. We examined a range of MJ 

concentrations to determine a sensitivity threshold for the induction of 20E. Forty plants 

were separated into eight treatment groups (N = 5,0.828 ±0.013 g) consisting of seven 

MJ concentrations and one control group. Separate stock solutions of aqueous MJ, created 

through independent weighings, were introduced into the individual hydroponic 1-L 

solutions in amounts of 2.5, 6, 12.5, 25, 50, 100, and 200 |i.g/plant. These MJ additions 

resulted in final concentrations of 11, 27, 56, 112, 223,446, and 893 nM MJ, 

respectively. Plants were harvested 72 hours after the start of the experiment. 

Phytoecdysteroid Induction Sensitivity to Shoot Applied MJ. Previous experiments 

indicated that roots, but not shoots, respond to direct tissue damage by increasing 20E 

levels. The physiological basis for uninducible shoot PEs following leaf damage might 

involve either a lack of PE pathway receptivity to wound signals, and/or deficient 

endogenous wound signal production. Using a range of foliar MJ treatments, with known 

systemic activity in alkaloid induction (Baldwin et al., 1994), we addressed whether shoots 

contain a PE induction-pathway that is receptive to an applied MJ signal. Twenty-four 
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plants were assigned to six treatment groups (N = 4,2.257 ± 0.066 g): three foliar MJ 

concentrations in lanolin paste, one root MJ concentration, a lanolin paste control, and an 

untreated control. MJ was applied to the leaf surfaces in amounts of 50,200, or 500 jig, 

carried by a lanolin paste (average mass = 0.093 g/plant). Each lanolin droplet was divided 

between the four fully expanded leaves of a given plant, and was spread among the basal 

third of the upper leaf surface. Plants were harvested four days after the start of the 

experiment Leaf sections containing the lanolin paste (30% of each treated leaf) were 

included in dry mass calculations, but were not analyzed for 20E. 

Manipulation of the Octadecanoic Acid Pathway. Investigations of damage-induced 

responses triggered by the octadecanoic acid pathway have been greatly aided by the use of 

inhibitors (Pena-Cortes et al., 1993). MSA is known to inhibit the octadecanoic acid 

pathway (Baldwin et al., 1996; 1997). We designed experiments to determine whether 

MSA can block the induction of 20E caused by RD, MJ and RD + MJ treatments. Our 

hypothesis was that the octadecanoic acid pathway is required for the damage induced 

accumulation of PEs in spinach roots. MSA was used to test the following predictions: 1) 

If damage produces endogenous jasmonate signals which trigger PE induction, then MSA 

should inhibit this response. 2) Because MSA is believed to prevent only the production of 

the JA signal, MSA should not interfere with the actions of applied MJ. 3) The inhibition of 

PE induction in damaged roots, caused by MSA, should be reversible with the addition of 

MJ. 

The interactive effects of RD, MJ, and MSA on 20E accumulation patterns were 

investigated by dividing thirty-two plants into following eight treatment groups (N = 4, 

1.427 ±0.038 g): (I) an untreated control, (2) RD, (3) hydroponic MJ addition, (4) RD + 

MJ, (5) hydroponic MSA addition, (6) MSA + RD, (7) MSA + MJ and, (8) MSA + RD + 

MJ. Preliminary experiments demonstrated that a wide range of hydroponic MSA 

concentrations (5 to 5,000 ^.g/L) did not affect root or shoot 20E accumulation patterns in 
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undamaged plants. However, MSA concentrations as low as 50 lig/L provided significant 

inhibition of root PE accumulation in RD plants. All treatments involving aqueous MJ and 

MSA resulted in final hydroponic solution concentrations of 50 Jig/L. Successfxil inhibitor 

action required infiltration of the target site; to aid this process, all treatments that involved 

MSA were performed 6 hours prior to the RD treatment and MJ application. The RD 

treatment was as previously described, except that only three damage sites were created 

instead of five. Plants were harvested 72 hours after completion of the last treatment. 

Effect of Fungal Pathogens on 20E Pools. A variety of physical and biotic factors 

are known to cause root damage. We investigated the ability of spinach plants to 

differentiate between wound signals caused by root-infesting fimgal pathogens (Pythium 

aphanidermatum and Phytophthora capsici) and those derived fk)m mechanical damage 

(i.e. jasmonic acid). If the induction of root 20E pools is targeted against below-ground 

insect herbivores, then plants might display some specificity in the induction of this 

response. To test this, sixteen plants were divided into four treatment groups (1.54 ± 0.06 

g), which included one untreated control, one positive control for MJ root induction, and 

two fimgal infection treatments. Fungal inoculation consisted of an 8 mm-diameter disk 

(V8 agar) excised from the advancing margin of a 5-day old culture of the isolated 

pathogens (Stanghellini et al., 1996). A single agar disk was placed in the hydroponic 

solution of each fungal inoculated plant. Pathogen-free V8 agar disks were placed in the 

untreated controls and the root MJ (200 (ig/plant) treated positive controls. To avoid fimgal 

contamination of the main growth chamber, the experiment was performed in a smaller 

isolated chamber. Plants were incubated under an 18 hr (23°Q; 6 hr (18°Q light dark 

cycle, and an average PAR of 100 jimol/sec/m^. Plants were harvested for analysis on the 

fourth day, at which time those experiencing the P. aphanidermatum treatment showed 

characteristic browning of the entire root system. Likewise, plants challenged with P. 

capsici displayed root lesions at the air-water interface. Spinach is a known host for the 
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pathogen P. aphanidermatum but has been not previously described as a host for P. capsici 

(Larsson, 1992). 

Statistical Analysis. Analyses of Variance (ANOVAs) were performed on root and 

shoot measures for all experiments. Specific treatment effects were investigated, if the main 

effects of the ANOVAs were significant (P < 0.05). In the first two experiments, Duimett's 

tests (one-tailed) were used for defined and limited contrasts where increases above the 

control were of primary interest (Zar, 1996). The third and fifth experiments utilized Tukey 

tests to correct for multiple comparisons where no a priori hypothesis existed (Wilkinson 

and Hill, 1994a). In the fourth experiment (dealing with the MSA inhibition of damage 

induced 20E), protected contrasts were utilized to test a limited number of specific a priori 

hypothesis. In this experiment Bonferroni corrections were employed, for the six contrasts, 

which lowered the accepted alpha from 0.05 to 0.0083 (Wilkinson and Hill, 1994b; pp. 

265). Data analysis was accomplished with the aid of the MGLH module of the SYSTAT 

statistical package (Evanston, Illinois). 
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Results 

Damage Induced Accumulation of Root Phytoecdysteroids The inducibility of PEs 

in spinach was investigated. A rapid induction of root PEs was observed both two and four 

days after root damage and root MJ additions. The induction of shoot PEs occurred on day 

4, but only with treatments involving root damage. 

On day two, treatments which caused statistically significant increases (ANOVA 

F7»32 = 13.44, P < 0.000) in root PEs included: root damage (RD, 2.87-fold), root 

damage plus shoot damage (RD+SD, 2.07-fold), root removal (RR, 1.77-fold), MJ 205 

(ig/L (2.12-foId), and MJ 390 ^g/L (2.07-fold) (Dunnett test Ps < 0.025; Figure IB-D). 

Treatments using exclusively either shoot herbivory by the beet annyworms (BAW) or 

shoot damage (SD) did not significantly increase root PE concentrations (Dunnett test Ps > 

0.490). In stark contrast to the roots, no statistically significant differences (ANOVA F7,32 

= 1.73, P = 0.137) were detected in shoot PE concentrations at day two (Figure lA-D). 

On day four, significant differences (ANOVA F 7,32 = 16.79, P < O.OCX)) persisted 

in root PE accumulation patterns. Statistically significant increases were maintained after 

treatments of RD (2.03-fold), 205 ^ig/L MJ (2.44-fold), and 390 (ig/L MJ (2.92-fold) 

(Duimett test Ps < 0.003; Figure 4B, D). Treatments of RR and EiD+SD demonstrated 

mean increases in root PEs (1.7-fold above the controls), however this effect was only 

marginally significant (Dunnett test Ps < 0.062). Again on day four, foliar damage caused 

by the BAW and SD treatments had no effect (Dunnett test Ps > 0.360) on root PE 

concentrations (Figure 1 A). 

Alterations in shoot PE concentrations were manifested on day four (ANOVA F7,32 

= 3.895, P < 0.(X)4). Root damage initiated by the RD and RD+SD treatments caused 

significant (Dunnett test Ps < 0.015) 1.34-fold increases in shoot PE concentrations 

(Figure IB, C). All other treatments, including BAW and SD, failed to change the shoot 

PE accumulation patterns (Dunnett test Ps > 0.120). Over the four day experiment, root 
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and shoot biomass increased 1.8 and 2.0-fold for each respective tissue type. All treatment 

groups demonstrated statistically identical increases in shoot (ANOVA F7,32S < 0.27, Ps > 

0.960) and root dry biomass (ANOVA F7,32S < 1.68, Ps > 0.150). Thus, treatment 

induced differences in PE concentrations were independent of effects on plant biomass. 

Nanomolar Concentrations ofMJ Induce Root PEs. MJ demonstrated significant 

activity in the initial screen for PE induction, thus we investigated whether MJ might 

fimction at relevant signal molecule concentrations. In hydroponically grown spinach, MJ 

concentrations as low as 56 nM were sufficient to induce root PE concentrations (Figure 

2). Additions of aqueous MJ to ±e hydroponic solution caused significant increases 

(ANOVA F7,32 = 13.50, P < 0.001) in root PE concentrations, but not in shoot PE 

concentrations (ANOVA F7,32 = 0.59, P = 0.758). MJ additions of 12.5 [ig/L (56 nM) or 

higher, induced significant increases (Dunnett test Ps < 0.050; Figure 2) in root PE 

concentrations. MJ treatments of 12.5,25, and 50 |ig (representing 56, 112, and 223 nM 

MJ in the final hydroponic solution) resulted in 1.8-, 2.3-, and 3.1-fold increases in root 

PE concentrations, respectively. For the three day experimental interval, MJ concentrations 

above 50 M-g/L did not cause fiuther increases in PEs. Root and shoot dry biomass 

measures were not significantly altered (ANOVA F7,32S < 0.59, Ps > 0.759) by any of the 

treatments. 

Tissue Specific Responses to MJ. Many mechanisms arc possible that might 

prevent shoots from undergoing a PE induction response after foliar damage. We compared 

the effects of root and shoot MJ applications on PE induction responses to differentiate 

between deficient wound-signal production and a lack of PE pathway receptivity in the 

presence of wound signals. Specifically we examined whether shoots contain a PE 

induction-pathway that is receptive to an applied MJ signal. Applications of MJ to the 

spinach leaves did not alter the 20E concentrations in any tissues, thus the shoot PE 

pathway appears insensitive to jasmonates. While no significant differences were found in 



3 3  

shoot 20E concentrations, differences (ANOVA Fi.ig = 21.68, P < 0.001) were detected 

in the roots (Hgnre 3). Hydroponic additions of 200 ^g/piant MJ, representing a positive 

control for plant inducibility, stimulated a significant 2.86-fold increase in root 20E 

concentrations over the lanolin control. As observed for the shoots, root 20E 

concentrations were not significantly affected by foliar treatments of pure lanolin or MJ in 

lanolin. 

Inhibition and Recovery of20E Inducibility. We used MSA, an octadecanoic acid 

pathway inhibitor, to address the following questions: 1) Does MSA inhibit the damage 

induced accumulation of root 20E? 2) Can applied MJ still fimction in the presence of ±e 

MSA inhibitor? 3) Can MJ recover the induction response of damaged roots in the presence 

of the MSA inhibitor? 

Hydroponic additions of MSA inhibit the wound induced accumulations of root 

20E. Significant differences (ANOVA F7,24 = 12.55, P < 0.001; Figure 4) were detected 

in root 20E concentrations. Root damage significantly increased (protected contrast Fi,24 = 

11.54, P = 0.002) root 20E concentrations above the untreated control, MSA control, and 

the RD+MSA groups combined. However in the presence of MSA, root damage did not 

significandy (protected contrast Fi,24 = 0.04, P = 0.841) induce 20E levels above the 

untreated and MSA control groups (Figure 4). 

Unlike damage, the action of applied MJ was not inhibited in the presence of MSA. 

Combined MJ+MSA treatments produced a significant 20E induction above the untreated 

and MSA controls (protected contrast Fi,24 = 11.87, P = 0.002) and did not statistically 

differ (protected contrast Fi,24 = 0.89, P = 0.354) from the treatment with MJ alone. The 

MSA inhibition of damage induced 20E accumulation was recoverable by MJ additions. In 

the presence of MJ, the RD+MS A treatment produced significandy more 20E than the 

untreated control, the MSA control, and the RD+MS A groups combined (protected contrast 

FI,24 = 51.53, P< 0.001; Figure 4). Moreover, this RD+MSA+MJ treatment did not 
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statistically differ (protected contrast Fi,24 < 0.01, P = 0.986) from the RD+MJ treatment 

alone. 

Shoot 20E concentrations typically averaged 180 jig/g dry mass and did not 

significantly differ (ANOVA F7,24 = 172, P = 0.152). Thus for purposes of graphical 

simplification, the shoot 20E data is not presented. As in the previous experiments, final 

root or shoot dry biomass measures were not significantly different (ANOVA F7,24S < 

0.88, Ps > 0.541). 

Spec^city in the Elicitation of Induced 20E. We investigated whether spinach 

plants can differentiate between mechanical damage signals (i.e. JA) and fungal pathogen 

attack, in an effort to determine the potential specificity of the induced 20E response. Total 

pool sizes of root 20E differed significantly (ANOVA F3,i2 = 43.45, P < 0.001) between 

treatment groups. However, root uioculations with fimgal pathogens Phytophthora capsici 

and Pythium aphanidermatum did not elicit significant increases in the root accumulation of 

20E pools (Figure 5). The hydroponic addition of MJ (200 |ig/L), employed as a positive 

control for inducibility, stimulated 3.1- to 4.6-fold increases in root 20E accumulation, as 

compared to all other groups. Both groups inoculated with root pathogens elicited mean 

decreases in shoot 20E pools, however this trend was not statistically significant. No 

significant differences (ANOVA F3,i2S < 2.78, Ps > 0.086) were found between treatment 

groups in root or shoot dry biomass measures. 
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Discussion 

The results of our experiments indicate the following. First, root PE concentrations 

can be rapidly (48-72 hours) induced 2- to 3-fold by root damage and MJ applications, 

whereas shoot PEs only show small increases four days after root damage. Second, MJ 

stimulates PE accumulation at relevant signal molecule concentrations (nM levels) and acts 

in a dose dependent manner. Third, increases in root 20E induced by mechanical damage 

are inhibited by additions of MSA; however, MJ can override the effects of MSA and 

restore the inducibility of inhibited plants. This supports an involvement of endogenous 

jasmonates in inducible PE accumulation. Fourth, in contrast to root treatments involving 

mechanical damage and MJ, fungal pathogen inoculation does not mduce 20E 

accumulation. The rapidity of these responses, coupled to a general lack of altered tissue 

biomass, suggests that the induction of PEs is an active response and not simply the result 

of changes in plant growth. 

Root damage and root MJ additions cause very similar responses in both the timing 

and magnitude of induction on day two (Figure IB-D). On day four the PE response to 

root mechanical damage waned, which is consistent with the transient nature of a damage 

induced JA signal (Baldwin et al., 1994; 1997). At the same time, MJ treatments continued 

to stimulate increases in root 20E accimiulation, likely reflecting the continued presence of 

MJ in the hydroponic solutions. Unlike the situation in roots, the PE biosynthetic pathway 

in shoots appears to be largely unresponsive to shoot mechanical damage and insect 

folivory (Figure 1 A). While ridged shoot PE accumulation patterns follow leaf damage and 

MJ treatments, increases in shoot PEs can be detected four days after root damage (Hgure 

IB+C). Thus, while the induction responses caused by RD and root MJ appear similar, 

differences do exist. Additional types of wound signals elicited by mechanical damage may 

account for these observed differences. Shoot MJ applications (50-500 \ig) failed to induce 

either root or shoot 20E levels (Figure 3). This suggests both a lack of receptivity in the 
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shoot PE pathway to jasmonates and an inability of jasmonates to function systemically in 

spinach. This contrasts the situation in tomato and tobacco, where MJ induces systemic 

increases in plant defenses, regardless of the site of application (Farmer et al., 1992, 

Baldwin et al., 1994). 

SA signaling in plants is normally associated with pathogen attack (Klessig and 

Malamy, 1994). Our preliminary experiments demonstrated that MSA does not stimulate 

the induction of root PEs at concentrations ranging from 5 to 5,000 (ig/L (Schmelz, 

unpublished). Endogenous production of J A is catalyzed by a series of enzymes in the 

octadecanoid pathway. SA and related analogs, including acetylsalicylic acid and MSA, are 

believed to inhibit the octadecanoid pathway leading to JA by interfering with the 

cyclooxygenase step (Pena-Cortes et al., 1993; Baldwin et al., 1996; 1997). In tomato, 

Pena-Cortes et al. (1993) demonstrated that aspirin inhibits both the wound-induced 

accumulation of JA and the subsequent induction of proteinase inhibitor Q. Octadecanoid 

metabolites subsequent to the cyclization step were able to restore proteinase inhibitor II 

inducibility in the presence of the aspirin. 

In spinach, MSA additions do not effect the MJ induced accumulations of root 20E. 

However, low levels (50 Hg/L) of MSA are sufficient to inhibit the wound-induced 

accumulations root PEs (Figure 4). The MSA inhibition of damage-induced PE 

accumulation is reversible by addition of exogenous MJ, as would be predicted for a JA-

signaled response. Our results are consistent with the S A-based suppression of 

endogenous J A production; SA's inhibitory action being ineffective against octadecanoid 

metabolites that have completed the cyclization step. Moreover, MJ additions as low as 

12.5 |ig/L (56 nM) are sufficient to induce root PE concentrations (Figure 2). This 

exogenous level is within the range of induced endogenous JA concentrations (Farmer, 

1994) and compares favorably with MJ sensitivity in other systems (Gundlach et al., 1992; 
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Farmer et al., 1992; Baldwin et al., 1994). Thus, we propose jasmonic acid as a candidate 

signal for the uiduction of 20E in spinach. 

Taken as a whole, our results suggest that induced accumulations of 20E are caused 

by active root processes. Spinach leaves are known sites of PE biosynthesis, but root 

synthesis has also been established in other systems (Grebenok and Adler, 1993; Tomas, et 

al. 1993). While the true mechanism responsible for generating induced accumulations of 

root PEs is currendy unknown, the modulation of gene expression and de novo synthesis 

has been predicted (Gundlach et al., 1992; Creelman et al., 1992), and is currently under 

investigation. 

Preliminary experiments indicated that root PE levels are extremely sensitive to 

mechanical perturbation. However, root damage caused by the fimgal pathogens 

Phytophthora capsici and Pythium aphanidermatum did not induce the root accumulation of 

20E pools (Figure 5). This lack of root PE induction was somewhat surprising based on 

±e sensitivity of spinach roots to mechanical damage, and ±e fact that jasmonate-induced 

responses are often elicited by a wide range of stimuli. In tomato, proteinase inhibitors I 

and n are induced by plant derived oligouronide fragments, fungal cell wall fragments, 

wounding, and heat. All of these elicitors are thought to act through the J A pathway (Ryan, 

1992; Pena-Cortes et al., 1995). Unlike proteinase inhibitor induction in tomato, PE 

induction may require specific stimuli as suggested in other systems. For example, in 

Solarium tuberosum, discrimination between wound and pathogen signals involves the 

production of either steroid-glycoalkaloids or sesquiterpenoid phytoalexins (Choi et al., 

1994). From a defense standpoint, induction of PEs only makes sense in a limited number 

of situations, primarily those involving insect herbivory. The inability of fungal pathogens 

to induce root PE accumulation supports the idea that plants may be able to differentiate 

between types of attacking organisms, and mount appropriate defenses. 
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We currently do aot know which subterranean herbivorous insects induce root PEs 

in spinach. fCnown root pests of chenopodiaceous crops include flea beetles (Coleoptera: 

Chrysomelidae), wirewonns (Coleoptera: Elateridae), root maggots (Diptera: Otitidae), and 

cutworms (Lepidoptera: Noctuidae) (Whitney and Duffiis, 1986; Cooke and Dewar, 1992; 

Rubatzky and Yamaguchi, 1997). Extensive documentation of root feeding insect pests 

does exist for table and sugar beets {Beta spp), which are close relatives of spinach (Jones 

and Dunning, 1969; Whitney and Duffiis, 1986). A moderate level of continuity exists 

between the host ranges of insects which feed on chenopodiaceous crops. Many members 

of the plant family Chenopodiaceae are reported to harbor identical species of aphids, 

thrips, cutworms, leafhoppers, and spider mites (Lange, 1987). Thus, numerous insects 

may currently be causing the induction of root 20E in the field. 

The effectiveness of induced 20E levels in deterring subsequent herbivory will 

undoubtedly be context specific, with regards to both the insect species and developmental 

stage. When ingested by non-adapted insect herbivores, 20E can cause complete inhibition 

of growth and molting abnormalities leading to death (Kubo et al., 1983). Dietary 20E is 

also known to stimulate deterrent receptors (Tanaka et al., 1994), and inhibit feeding 

behavior (Jones and Fim, 1978; Blackford and Dinan, 1997) in some phytophagous 

insects. However, numerous insects have been shown to readily metabolize PEs (Zhang 

and Kubo, 1993; Blackford et al., 1996) and may be unaffected by increased PE levels. 

Despite recent advances (Blackford and Dinan, 1997), the effects of PE's on a given insect 

herbivore are only known for a handfiil of species. Thus, predictions concerning PE 

interactions with previously untested species are tenuous at best. It should be noted that in 

addition to PE's, the presence of phenolics, oxalates, and triterpenoid saponins in spinach 

may also influence the observed plant-insect interactions (Huang et al., 1986; Libert and 

Franceschi, 1987; Tschesche et al., 1969). 
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To our knowledge, this represents the first demonstration of an ecologically 

relevant stress altering PE accumulation patterns in any plant Rapid root induction opens 

the possibility of an induced defense in spinach against rhizosphere-dwelling insect 

herbivores. Even though crop yield losses of greater than 50% are often caused by root 

herbivory, investigations of root-herbivore interactions have been largely ignored (Brown 

and Gange, 1990). Addressing the fimctional significance of root PE induction will require 

a multifaceted approach. Future research will focus on plant responses to root herbivory by 

insects and the actual mechanism of induced PE accumulation in spinach. 
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Figure Legend 

Figure 1. Mean (±SEM) root and shoot phytoecdysteroid concentrations following 

treatments of root mechanical damage (RD), root removal (RR), shoot mechanical damage 

(SD), beet armyworm leaf-herbivory (BAW), and root plus shoot mechanical damage 

(RD+SD). Also included are two separate methyl jasmonate (MJ) treatments consisting of 

either 205 or 390 |ig/L in the hydroponic solutions. Untreated control groups are redrawn 

to aid in visual comparisons. Asterisks denote significant increases above of the control 

group, P < 0.05, using Dunnett's test for defined multiple comparisons. SEMs are small 

and obscured by plot symbols at some harvest times. 

Figure 2. Mean (±SEM) root and shoot phytoecdysteroid concentrations three days after 

hydroponic methyl jasmonate (MJ) additions of I, 5, 12.5,25, 50, 100, and 200 {ig/plant. 

These additions represent final hydroponic solution concentrations of 11,27,56, 112, 

223,446, and 893 nM MJ, respectively. Asterisks denote significant increases above of the 

control group, P < 0.05, using Dunnett's test for defined multiple comparisons. 

Figure 3. Mean (±SEM) root and shoot 20-hydroxyecdysone (20E) concentrations four 

days after foliar methyl jasmonate (MJ) applications in a lanolin paste. Shoot applications 

of thinly coated lanolin (0.093 g divided between 4 leaves) resulted in either 0, 50,200, or 

500 |ig of MJ/plant. The aqueous MJ treatment of the root (200 fig/plant) also contained 

pure shoot lanolin, whereas the true control (C) remained untreated. Within root and shoot 

plots, columns bearing different letters are significantly different (P < 0.05, Tukey 

correction for multiple comparisons). 
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Figure 4. Mean (±SEM) root 20E concentrations three days after treatments involving; 

untreated controls (Q, mechanical root damage (RD), methyl jasmonate (MJ), and 

RD+MJ. In a near identical set of four groups of plants, methyl salicylate (MSA) was 

added to the hydroponic solution six hours prior to the four primary treatments. All 

additions of MSA and MJ resulted in 50 [Lg of compound/plant in the individual 1-L 

hydroponic solutions. Dark and white bars represent MSA treated and MSA untreated 

plants, respectively. 

Figure 5. Root and shoot 20E pools (mean ± SEM) four days after aqueous additions of 

methyl jasmonate (MJ) 200 {Xg/plant, and root inoculations with the ftmgal pathogens 

Phytophthora capsici (P. c.) and Pythium aphanidermatum (P. a.). Within root and shoot 

plots, columns bearing different letters are significantly different (P < 0.05, Tukey 

correction for multiple comparisons). 
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CHAPTER in 

INSECT-INDUCED SYNTHESIS OF PHYTOECDYSTEROIDS 

IN SPINACH (Spinacia oleracea) 

Introduction 

Proposed functions for phytoecdysteroids (PEs) in plants can be divided into two 

major categories. First, PEs may perform a direct physiological function, this includes 

hormonal, developmental, and sterol transport hypotheses (Heftmann, 1975; Slama, 1979; 

Machackova et al., 1995). Second, PEs may protect plants against phytophagous insects 

by acting as feeding deterrents (Ma, 1969; Tanaka et al., 1994) or by disrupting normal 

development (for reviews see Bergamasco and Horn, 1983; Lafont et al., 1991; Camps, 

1991). However, these two fimctions may not be mutually exclusive (Berenbaum, 1995), 

especially considering that none of the proposed roles for PEs have been unequivocally 

demonstrated. An increased understanding of PE regulation in plants, including the 

identification of relevant stresses and signals that alter accumulation patterns, will aid in 

constructing testable hypotheses regarding these putative fimctions. 

Increases in many plant defense chemistries are induced by insect herbivory 

(Karban and Baldwin, 1997). These changes are often signaled by plant derived wound 

signals that initiate from the site of damage (Pearce et al., 1991; Davis et al., 1991; Baldwin 

et al., 1997). However, mechanical damage treatments involving tissue removal alone do 

not always mimic responses produced by insect herbivory (Baldwin, 1990; Wildon et al., 

1992). In addition to the physiological changes following mechanical damage, plants may 

produce specific responses to insect attack (Albora et al., 1997). Thus, induced plant 

responses following mechanical damage should only be equated to those caused by actual 
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insect herbivory after empirical testing. Recently, we described the rapid phytochemical 

induction of 20E in the roots of spinach following damage (Schmelz et al., 1998). Our first 

objective was to determine the effects of root removal on the 20E induction response in the 

absence of insect-derived variables. The second was to establish whether the root induction 

response occurs in soil grown plants following insect herbivory. 

Investigations of induced plant responses, and their significance, can be aided by 

uncoupling phytochemical induction firom physical changes caused by damage (Thaler et 

al., 1996; Stout et al., 1998; Baldwin, 1998). The ability to induce a wide range of 20E 

levels, in the absence of damage, would enable the putative protective roles of PEs to be 

examined. A prerequisite to achieving this goal is a general understanding of the plant 

signal transduction pathways leading to PE induction. We previously demonstrated the 

effects of jasmonates and octadecanoic acid pathway inhibitors on 20E accumulation 

(Schmelz et al., 1998). However, little is known about the effects of other phytohormones 

and growth regulators (GRs) on PE accumulation. By using callus cultures of Trianthema 

portulacastrum, Ravishankar and Mehta (1979) demonstrated that low concentrations (0.2-

2.0 ppm) of 1-naphthaleneacetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) 

stimulated PE accumuladon, while indole-3-acetic acid (lAA) had no effect. Gibberellic 

acid (GAs) possessed only weak PE inducing activity, whereas a combination of 2,4-D 

and kinetin promoted the maximal PE production. Currently, many cell and tissue culture 

studies include the synthetic auxins NAA and 2,4-D in the media to promote PE synthesis 

(Camps et al., 1990; Corio-Costet et al., 1993; Tomas et al., 1993); however, the impact of 

either natural or synthetic auxins on PE synthesis in intact plant systems has not been 

described. Thus, our third objective was to compare the relative 20E inducing activity of 

methyl jasmonate (MJ) to other phytohormones and GRs. 

Mature spinach leaves are known to be active sites of 20E biosynthesis. In 

contrast, young apical leaves are not biosynthetically active; however, they do accumulate 
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high levels of 20E through transport fix)ni other tissues (Grebenok and Adler, 1991, 1993). 

While dynamic transport processes appear to occur in the leaves, the interactions between 

root and shoot 20E pools remain unknown. Damage induced increases in root 20E could be 

caused by basipetal transport of shoot 20E to the roots or by increases in de novo 

biosynthesis in the roots. Induction could also occur through the release of free 20E from 

unmeasured conjugated pools (Grebenok et al., 1994). Our fourth objective was to 

examine the role of root PE biosynthesis in the production of induced increases in root 

20E. Knowledge of the mechanism of induction would increase our understanding of how 

spinach roots and phytophagous insects interact, and eventually aid in manipulating these 

interactions. 

Given these goals, we addressed the following questions: (1) Does root tissue 

removal alone cause increases in root 20E levels? (2) In soil grown plants, does damage 

caused by obligate root herbivores result in a root 20E induction? (3) Aside from MJ, do 

other phytohormones and GRs have significant effects on 20E accumulation patterns? and 

(4) What is the physiological mechanism behind damage induced accumulations of root 

20E? 
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Methods 

Chemicals. Gibbercllic acid (GA3), (±)-cis,m»w-abscisic acid (ABA), indole-3-

acetic acid (lAA), 1-naphthaleneacetic acid (NAA), trcafts-iRsaa (Z), methyl jasmonate 

(MJ), and all plant nutrient components were purchased from the Sigma Giemical Co.(St. 

Louis, MO). The /?S-[2-^^] mevalonic acid DBED salt (^^-MVA) was obtained through 

MEN Life Science Products (Boston, MA). HPLC-grade solvents were acquired from the 

Fisher Oiemical Company (Pittsburgh, PA). 

Plant Growth. Spinach {Spinacia oleracea var. Avon) plants were grown in an 

environmental chamber at 23°C, with a 12; 12 L/D cycle and 35% humidity. Fluorescent 

lighting supplied approximately 145 ^mol/sec/m^ of photosynthetically active radiation 

(PAR) to the leaf surface. Seeds, acquired from W. Atlee Burpee Co. (Warminster, PA), 

were germinated in vermiculite and allowed to grow for approximately 10 days. Seedlings 

at the cotyledon stage were transplanted into individual opaque 1-L plastic cups and grown 

hydroponically for an additional 10-20 days. The hydroponic nutrient solution used 

follows exactly from Schmelz et al. (1998). One day prior to each experiment, plants of 

uniform morphology and size were selected and weighed. Treatment groups having similar 

mean fresh masses were formed by sorting plants based upon fresh mass and assigning 

them to groups by consecutive divisions (see Ohnmeiss and Baldwin, 1994). At the start of 

each experiment, plants were randomly assigned growth-chamber shelf positions. No 

additional nutrients were added to the hydroponic solutions before or during the 

experiments; the solution levels were maintained by the addition of distilled water as 

needed. 

Plants required for soil grown experiments were transferred from seedling flats ten 

days after germination to clear l-L cups with approximately 300 ml of soil adjusted to a pH 

of 7 with aqueous KOH. The soil consisted of two-thirds vermiculite (Therm-o-rock 

Industries, Inc., Chandler, AZ) and one third "Brazito" sandy loam (74.7% sand, 14.6 % 
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silt, 10.7 % clay, 0.53% organic carbon). The field-collected sandy loam was first 

autoclaved to remove potential pathogens. All plants initially received a I-L nutrient 

equivalent (see Schmelz et al., 1998) of the standard hydroponic solution. This nutrient 

dose was administered again after 14 days of growth. Germination dates were st^gered 

such that young and mature plants (35 and 55 day old plants, respectively) were available 

simultaneously. All plant containers had hundreds of pin holes on the undersides that 

enabled bottom watering through capillary action. 

Phytoecdysteroid Quant̂ cation. After the treatment and response period (between 

3-7 days), plants were dissected into roots and shoots, then frozen and lyophilized to 

dryness. Each sample was ground to a fine powder by using a Wiley mill (850 ^un mesh; 

Thomas Scientific, USA), and a weighed portion, (normally 50-60 mg) was extracted in 10 

ml of methanol for 48 hr. A 7 ml aliquot of this extract was mixed with 3 ml H2O and 

partitioned against 10 ml hexane. After clear phase-separation, 8 nol of the aqueous 

methanol layer was removed and evaporated to dryness. The residue was re-solubilized in 

5 ml H2O and partitioned against 5 ml of butanol. A 4-ml aliquot of the butanol phase was 

evaporated and re-suspended in 400 |jJ of methanol prior to analysis. For quantitative 

purposes, all partitions utilized previously countersaturated solvents. Reverse-phase high 

performance liquid chromatography (RP-HPLC) of spinach PEs was carried out on a C-18 

AUtech Spherisorb ODS-2,4.6mm X 150mm, 5 jun particle colunon. An isocratic 2-

propanol:H20 (12:88 v/v) mobile phase was used that separates 20E from polypodine B 

(Morgan and Marco, 1990; Schmelz et al., 1998). For each experiment, 20E quantification 

was extrapolated from concurrentiy generated external standard curves, constructed from 

independent weighings of 20E. 

^^C-Mevalonic Acid Treated Tissues. With the necessary precautions, 

radiolabeled samples were treated similarly to the non-radiolabeled samples. Following 

lyophilization, individual samples were pulverized with a glass rod inside 20 ml 
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scindllatioa vials. A weighed portion (50-60 mg) was extracted in 10 mi metiianol for 48 

hrs. A 7 ml aliquot was removed and mixed with 3 ml H2O and 10 ml hexane. The hexane 

layer was removed, saved, and replaced with a new aliquot of hexane. One day after this 

second phase separation, the entire 10 ml of the methanol / H2O layer was removed and 

evaporated to dryness. The residue was partitioned between 5 ml butanol and 5 ml H2O. 

One day after separation, 4.5 ml of the butanol layer was removed, evaporated to dryness, 

re-solubilized in a minimal volume of methanol, and analyzed by HPLC. The isolated 20E 

peak was quantified as described, and the corresponding fraction was collected. The 

determination of incorporation into 20E follows from Grebenok and Adler (1991) and 

utilized a Beckman LS-1801 liquid scintillation counter with Bio-Safe n counting cocktail 

(Research Products International Corp, Mt Prospect, IL). All values of incorporation 

into 20E are reported in cpm, from which the average background fluorescence of the 

mobile phase was subtracted. 

Plant Response to Root Excision. We created a highly reproducible root damage 

treatment in hydroponically grown plants to contrast root herbivory in soil grown plants. 

Thirty-six plants were divided among six groups (N = 6, 3.99 ± 0.14 g). Three groups 

involved temporarily removing the plants from the hydroponic solution, straightening out 

the roots, and excising with a razor either 30%, 60% or 90% of the total root length starting 

from the most distal tip. Plants were returned to their original solution and allowed to grow 

during the four day treatment and response period. Untreated controls were harvested at 

day zero and day four. A MJ (0.45 (iM) treated positive control was included as a test for 

20E inducibility (Schmelz et al., 1998). On day zero, the lengths of excision resulted in an 

average 15%, 35%, and 70% root mass removal, respectively. 

Root Herbivory by Black Vine Weevil Larvae. Investigations of root 20E induction 

in spinach have thus far been limited to herbivory simulation experiments with 

hydroponically grown plants. This raises two primary questions. First, are soil grown 
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roots actually in the uninduced state or does root abrasion during soil-based growth 

naturally produce induced roots? Second, is the 20E induction response following root 

mechanical damage in hydroponic plants similar to the response produced by insect 

herbivory in soil grown plants? To address these questions, we selected a highly 

polyphagous obligate root herbivore that would not be affected by root PEs. Black vine 

weevil (BVW: Otiorhynchus sulcatus) larvae are known to feed on the roots of over 100 

species of plants, with preferred hosts ranging from strawberry (Fragaria spp) to yew trees 

(Taxus spp) (Moorhouse et al., 1992). These insects were assumed to be resistant to 

dietary PEs because members of the genus Taxus are known to contain high levels of both 

ponasterone A and 20E (Ripa et al., 1990). Plants of two different age classes were 

selected for comparative purposes because the inducibility of plant defense compounds 

often changes over ontogeny (Ohnmeiss, 1998). At the begimiing of the experiment, plants 

were either 35 or 55 days old. They will subsequently be referred to as young and mature 

plants, respectively. Inamediately prior to the start of the experiment, the soil grown plants 

were visually paired based on size, morphology, and age. From each pair, one 

experimental plant was selected for BVW larvae infestation. Third instar larvae were 

provided by Dr. Richard Cowles (Connecticut Agricultural Experiment Station; Windsor, 

CT). On day zero, each experimental young (N = 9) and experimental mature (N = 8) plant 

received 7 and 6 BVW larvae, respectively. Seven days after BVW larvae infestation, roots 

and shoots were harvested for 20E analysis. Soils were carefiiUy sifted for root fragments 

and searched for the presence of live BVW larvae. Upon harvesting, two experimental 

plants (both in the mature group) completely lacked live BVW larvae, and these plants were 

removed from the final analysis. Low soil moisture was believed to responsible for this 

unexpected mortality. 

Phytohormone Effects on 20E Accumulation, Inducible plant secondary metabolites 

appear to be regulated by multiple hormonal factors, many of which are believed to act 
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through the jasmooic acid (JA) pathway (Thomburg and Li, 1991; Pena-Cortes et al., 

1991; Fanner and Ryan, 1992; Sano and Ohashi, 1995; O'Donnell et al., 1996). We 

examined the impact of multiple plant hormones and GRs on 20E levels to elucidate 

potential signals involved in the induction response. Seventy-five plants were divided 

among 15 groups (N = 5, 1.65 ± 0.04 g). The treatments and hydroponic solution 

concentrations created were as follows. A positive MJ control was tested at 0.5 jiM, a level 

previously determined to cause a maximal level of induction (Schmelz et al., 1998). lAA 

and NAA were tested at 0.05 and 0.50 |iM, while GA3, ABA, and Z were tested at 0.05, 

0.50, and 5.00 ^iM. All plants were harvested four days after initial treatments, and general 

observations of root morphology were recorded. 

Biosynthesis of Root 20E: Excised Roots. In some plants, PE biosynthesis 

appears to be restricted to specific tissue types (Tomas et al.,1993; Grebenok and Adler, 

1993). We first examined the 20E biosynthetic capacity of the roots due to the localization 

of the induction. Following from Grebenok and Adler (1993), 20E biosynthesis was 

investigated using pulse-chase studies with the DBED salt of mevalonic acid 

(^"^C-MVA) which is one of the first dedicated precursors to terpenoid and steroid 

biosynthesis in plants. Six hydroponically grown plants were divided into 2 groups (N = 

3, 5.21 ± 0.17 g ). The plant root systems were gently placed into 20 ml scintillation vials 

carrying 2 mi of H2O and 2 ^iCi of '"^C-MVA supplied by a 10 |ii drop of methanol. In the 

first group, shoots were immediately excised from roots with a razor. In the second group, 

plants remained intact for one hour prior to shoot excision, with a greater root uptake of 

radiolabel anticipated due to shoot transpiration. The shoots harvested immediately at time 

zero could not contain radiolabel, and thus were not analyzed. Shoots harvested at 1 hr 

were immediately frozen for analysis. All root samples were harvested 24 hrs after the start 

of the experiment. 
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Biosynthesis of Root 20E: Intact Plants. Early experiments demonstrated that 

spinach roots are active sites of 20E biosynthesis. By using a l^kT-MVA pulse-chase 

design, we investigated induced root 20E biosynthesis as a potential mechanism of 20E 

induction following damage and Ml treatments. Fifteen hydroponic plants were divided 

into three groups (N = 5, 2.36 ± 0.09 g) consisting of untreated controls, MJ, and root 

damage treatments. To minimize ''HZ contamination of the surroundings, two days prior to 

the beginning of the experiment, plants were removed from the growth chamber and 

maintained in a ventilated fimie hood. Under these conditions, the original lightidark cycle 

and intensity (PAR) was maintained, with changes only in the ambient humidity (20%) and 

temperature (20°Q. For the I'̂ C-MVA pulse, the root systems of all plants were gendy 

placed on the bottom of individual plastic soufQe cups (29.6 ml Solo-PlOO Urbana, Dl) 

with a minimal volume (3 ml) of water. '"kT-MVA (1 |iCi in 10 |il methanol) was added to 

the aqueous solution of each cup. For the next 24 hrs, plant solution volumes were 

maintained at this low level in an effort to maximize radiolabel uptake. Plants were 

removed, and the root systems were rinsed with double distilled water to remove residual 

radiolabel. Plants were returned to their original 1-L hydroponic solutions. One hour after 

this step, MJ and root damage treatments were performed. Each MJ treated plant received 5 

ml of an aqueous MJ solution resulting in 0.90 ^iM final hydroponic solution 

concentration. The root damage (RD) treatment follows from Schmelz et al. (1998) and 

was created by firmly squeezing sections of the root between the thumb and index finger. 

This produced an area of damage approximately 2 cm long, and was repeated 8 dmes to 

distribute damage equally along the length of the root system. All plants were harvested for 

analysis three days after induction treatments. 

Statistical Analysis. An analysis of variance (ANOVA) was performed on root and 

shoot PE and biomass measures for all experiments. Significant treatment effects were 

investigated if the main effects of the ANOVA were significant (P < 0.05). Tukey tests 
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were used to correct for multiple comparisons in experiments where no a priori hypotheses 

existed. Data analysis was accomplished with the aid of the MGLH mnrfulft of the S YSTAT 

statistical package (Evanston, Illinois). 



5 7  

Results 

Root Excision and 20E Induction. By simply removing a range of root tissue, we 

examined the plant responses to damage that occur in the absence of herbivore-derived 

variables. Both the positive control (MJ) and 70% root removal treatments resulted in 

inductions (ANOVA F4^ = 26.87, P < 0.001) of root 20E concentrations reflecting 2.6-

and 6.0-fold increases, respectively (Figure 1). This robust response is also seen on a 20E 

pool size basis. The total 20E pool in the remaining roots of the 70% root removal group 

(6.3 ± 0.8 fig) was higher than the entire intact control (3.2 ± 0.5 (ig) root pool (ANOVA 

F4,25 = 5.87, P = 0.(X)2, protected contrast Fi^ = 4.53, P = 0.043). Lower root mass 

removal levels (15 to 35%) failed to produce any significant changes in root 20E 

concentrations. The 70% root removal treatment also resulted in a 1.5-fold increase 

(ANOVA F4^ = 6.41, P = 0.001) in shoot 20E concentration (Figure 1). All other 

treatments failed to produce changes in shoot 20E concentrations. As expected, root 

removal treatments resulted in decreases (ANOVA F4^ = 18.98, P < 0.001) in the root 

dry biomass remaining at the end of the experiment. At this point, the 70% removal group 

had less root mass (25 ± 3 mg) than ail other treatment groups. Similarly, 35% root mass 

removal resulted in a final root mass (54 ± 4 mg) that was lower than the control (77 ± 7 

mg) and MJ (81 ± 6 mg) groups (all Tukey PJ < 0.05). No differences were detected in 

shoot dry mass values (ANOVA F4,25 = 2.33, P = 0.084). 

Insect Feeding and 20E Induction. To contrast mechanical damage, we examined 

the root 20E induction response of plants fed upon by BVW larvae. In young plants, 

herbivory resulted in a 50% decrease (ANOVA Fi,i6 = 19.99, P < 0.001) in root dry 

mass compared to the uninfested controls (Figure 2B). Concordandy, a 4.7-fold increase 

(ANOVA Fi 16 = 23.04, P < 0.001) in root 20E concentrations above the uninfested 

controls was observed (Figure 2D). In a more conservative measure of induction, the total 

root pool of 20E in the BVW larvae infested group (5.42 ± 0.64 jig) was still larger 
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(ANOVA Fi,i6 = 9.35, P = 0.008) than the uninfested control group (2.55 ± 0.67 p.g). 

Thus, even though herbivory reduced the root mass by 50%, the total pool of 20E present 

in the remaining root tissue was over 2.0-fold higher than that found in the intact control 

roots. Shoot dry mass and shoot 20E concentrations did not differ in the young plants 

(both ANOVAs Fi.ie < 4.02, P > 0.062: Figure 2A, C). 

In mature plants, no changes in root or shoot dry mass were detected (both 

ANOVAs Fi,i2 < 0.92, P > 0.350; Figure 2A, B). Even though herbivory did not result in 

statistically detectable losses in root mass, plants fed upon by B VW larvae demonstrated 

3.0-fold increases (ANOVA Fi,i2 = 19.77, P = 0.(X)1) in root 20E concentrations above 

those of the uninfested controls (Figure 2D). The average root 20E pool sizes of the control 

and BVW larvae infested groups were 10.71 ± 2.77 ^ig and 28.72 ± 9.32 jig, respectively. 

This represents an average 2.7-fold increase in the total root 20E pool; however, due to the 

variability in total root mass observed among mature plants, this measure was not 

significant (ANOVA Fi,i2 = 4.40, P = 0.058). As with the young plants, no differences in 

shoot 20E concentrations were detected (ANOVA Fij2 = 0.62, P = 0.445: Figure 2C). 

Phytohormone Effects on 20E Accumulation. We compared the 20E inducing 

activity of NAA, LAA, GA3, ABA, and Z to that of MJ. Increases (ANOVA Fi4,60 = 

8.97, P < 0.001) in root 20E concentrations were induced by both MJ (0.5 pM) and NAA 

(0.5 nM), resulting in 4.8- and 5.7-fold increases, respectively (Figure 3C). High levels of 

ABA (5.0 jiM) appeared to have some 20E inducing activity however, the resulting root 

20E concentrations were intermediate and not significantly different fix>m either the control 

or MJ treatments. Treatments involving LAA, GA3, and Z had no effect on root 20E levels 

at the concentrations tested. Increases (ANOVA Fi4,60 = 9.36, P < 0.001) in shoot 20E 

concentrations were induced by treatments with ABA (5.0 |iM) and Z (0.5 and 5.0 |iM) 

resulting in 1.7-, 1.5- and 1.6-fold increases over untreated controls, respectively (Figure 

3B). No other treatments caused alterations in shoot 20E concentrations. Total root and 



5 9  

shoot dry biomass values were unaltered by the treatments (both ANOVAs Fi4,60 < 0.92, 

P > 0.545). However, increases (ANOVA Fi4,6o = 16.90, P < 0.001) in the rootishoot 

dry mass ratios indicated that a change in relative growth and resource allocation occurred. 

The NAA (0.05 and 0.50 ^iM) and Z (5.0 jiM) treatments resulted in higher rootrshoot dry 

mass ratios than those of the untreated control group, corresponding to 1.3-, 1.9- and 1.3-

fold increases, respectively (Figure 3A). Observations of root morphology suggested that 

the NAA (0.5 ^M) treatments produced large increases in lateral root formation and root 

cross section diameters. Small increases in the number of lateral roots were also evident in 

the NAA (0.05 |jM) and Z (0.05-0.5 nM) treatments. All other treatments produced roots 

that were within the variation observed for untreated plants. 

Root 20E Biosynthesis and the Mechanism of Induction. We investigated the 

potential of root 20E biosynthesis, in an effort to understand the origin of root 20E 

accumulation. A 24 hr incorporation of '̂̂ C-MVA into excised spinach roots resulted in 

1623 ± 379 cpm/^g 20E for immediately excised roots and 6518 ± 1293 cpm/jig 20E for 

the one hour excision group. Corresponding shoots from the one hour excision group 

incorporated only 4 ± 1 cpm/jig 20E. Active root synthesis of 20E appears to be the most 

parsimonious explanation for these patterns. 

We examined the potential of induced root 20E synthesis as a possible mechanism 

for induced root 20E accumulation. Both MJ and damage caused increases in root 20E 

pools and '̂̂ -incorporation into those pools (both ANOVAs F2.12 > 27.21, P < 0.001; 

Figure 4B and D). MJ and damage resulted in 11.1- and 3.8-fold increases in total root 20E 

pools, respectively. The corresponding MJ and damage induced increases in '̂ -radiolabel 

incorporated into these same 20E pools were 2.2- and 3.3-fold, respectively. Overall a 

trend is apparent for increases in root de novo synthesis of 20E, however, shoot 20E 

pools and incorporation into shoot 20E did not differ (both ANOVAs F2.12 < 2.86, P 
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> 0.095: Rgure 4A and C). Likewise, root damage and MJ treatments had no effect on 

final root or shoot dry biomass (both ANOVAs ¥2,12 < 172, P > 0.220). 
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Discassion 

Our results lead to the following conclusions. First, high levels of root removal 

(70%) result in significant root 20E induction responses, while lower removal levels (15-

35%) have no effect Shoot 20E induction is detected only under the most severe 

conditions of root damage. Second, regardless of the amount of root tissue lost, root 

herbivory by BVW larvae resulted in a 3.0-fold induction of root 20E concentrations. 

Thus, under natural conditions, even low levels of root tissue removal by insect herbivory 

are sufGcient to signal this response. Third, MJ is the most active of the natural 

phytohormones tested in stimulating root 20E accumulation. This strengthens support for a 

role of endogenous jasmonates in signaling this response. Fourth, spinach roots are active 

sites of 20E biosynthesis. Damage and MJ treatments caused increases in ^^-MVA 

incorporation into the induced 20E pools, indicating that increased de novo root 

biosynthesis of 20E is an important mechanism behind the induction phenomenon. 

Investigations of plant physiological responses to damage often utilize tissue 

excision as a simple and reproducible treatment to approximate insect herbivory (Welter, 

1991). While such treatments have obvious methodological advantages, they also lack 

important complexities existing in plant-insect interactions (Baldwin, 1990). The temporal 

differences in wounding between root excision and insect feeding are extreme. Root 

excision results in a single damage event that likely corresponds to a single burst of wound 

signal production (Creelman et al., 1992; Baldwin et al., 1997). In contrast, herbivory by 

numerous BVW larvae is likely to be a continuous process and one which results in a 

sustained increase in wound signal production (for an example involving Manduca sexta 

see McCloud and Baldwin, 1997). The response of plants to insect oral secretions 

represents another difference between mechanical damage and actual herbivory. In com, 

the release of parasitoid-attracting volatiles, following beet armyworm feeding, cannot be 

mimicked by mechanical damage alone (Turlings et al., 1993). Volicitin (N-17-
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hydroxylinolenoyl-L-glutamine), present in beet armyworm oral secretions, elicits the 

release of a specific blend of volatiles by the plant (Albom et al., 1997). We found that 

when mature soil-grown plants were infested by B VW larvae, a root 20E induction 

response was stimulated even though no significant root loss was detected. Conversely, in 

hydroponically grown spinach plants, root mass excision of greater than 35% was required 

to elicit a root 20E induction response. This disparity probably reflects differences in 

temporal or spatial damage patterns that influence endogenous wound signal production 

(Ohnmeiss et al., 1997). While insect-derived elicitors may influence this response, they 

are not necessary, as mechanical damage alone can induce root 20E accumulation. 

Based on the activities of the natural phytohormones tested, jasmonic acid remains 

the best candidate signal for mediating the induction of root 20E concentrations following 

real and simulated root herbivory. While the activity of the synthetic auxin NAA is 

comparable to MJ, numerous studies suggest that the actions of exogenous NAA may be 

artifactual from an ecological perspective. Blakely et al. (1988) found NAA to have a 30-

fold higher activity than lAA in the induction of lateral root formation. In tomato, NAA 

causes the induction of lateral root formation that is correlated with the accumulation of 

proteinase inhibitor(Pin) II family transcripts (Taylor et al., 1993). This response appears 

to be uncharacteristic following root mechanical damage and nematode attack, as both failed 

to induce root Pin EL accumulation but did result in systemic foliar Pin II increases (Pena-

Cortes et al., 1988; Hammond-Kosack et al., 1990). We hypothesize that the NAA-

induced (0.5 ^iM) accumulation of root 20E is an indirect result of increased lateral root 

formation. Our morphological observation is supported by a significant 1.9-fold increase in 

the root:shoot ratio. Because PEs normally occur at higher concentrations in growing root 

tips (Dinan, 1995), it seems possible that the NAA induced root 20E concentrations are 

simply a result of this change in root morphology. However, there is one caveat to this 
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argument; treatments which produced only small increases in both lateral root formation 

and rootrshoot ratios did not result in significant root 20E inductions. 

Severe root damage, but not MJ treatments, stimulated significant increases in shoot 

20E concentrations. This suggests that shoot 20E dynamics are controlled by additional 

signals or indirect physiological effects following root stress. Two candidate 

phytohormones that are able to alter foliar 20E concentrations are abscisic acid and the 

cytokinin, trans-zeasia. Endogenous ABA levels are often induced after damage (Pena-

Cortes et al., 1989) and are correlated with activating numerous stress-responsive genes. 

However, the situation is complex because stress-induced increases in ABA are not always 

correlated with wound gene activation (Pena-Cortds and Willmitzer, 1995). For damage-

induced responses, ABA is believed to act upstream in the signal cascade leading to 

jasmonic acid synthesis (Pena-Cortes et al., 1995, 1996). More recently however, evidence 

suggests that a JA-independent pathway exists for ABA signaling following wounding 

(Dammann et al., 1997). Elevations in shoot 20E concentrations following root damage 

appear to be the result of a general stress response, possibly involving ABA, but not 

directly caused by jasmonate signals. Moderate foliar increases in 20E were also stimulated 

by Z at the two highest concentrations tested. Cytokinins have been implicated in mediating 

plant responses and signal transduction pathways following damage and pathogen attack 

(Sano and Ohashi, 1995). Unlike ABA and Z, GA3 treatments did not impact root or shoot 

20E accumulation patterns. An understanding of the roles that cytokinins and gibberellins 

play in modulating defensive reactions in plants is still in its infancy (Sano and Ohashi, 

1995; Jacobsen and Olszewski, 1996). 

Secondary metabolite production in plants is often limited to specific tissue and cell 

types with transport processes allowing alternative sites of accumulation. This general 

pattern exists in some PE-producing plants; for example, PE biosynthesis in Ajuga reptans 

occurs only in the roots (Tomas et al., 1993). Our results indicate that excised roots 
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incorporate radioiabel from '̂ -MVA into 20E within 24 hours. This supports the idea that 

PE biosynthesis occurs in both roots and shoots of spinach. In our concluding experiment, 

the mirror increase of the damage-induced root 20E pool (3.8-foId) with that of the 

radiolabeled 20E (3.3-fold), supports de novo root 20E biosynthesis as the source of 

wound-induced 20E accumulation. A root 20E induction mechanism involving shoot 20E 

synthesis and subsequent basipetal transport would predict an increase in shoot 

radiolabeled 20E. Total ^^-incorporation into shoot 20E pools was unaffected by damage 

and MJ treatments. Thus, wound induced increases in root 20E levels appear to be caused 

by increases in root 20E biosynthesis. 

Jasmonic acid is known to signal many plant defense responses following 

mechanical damage (Karban and Baldwin, 1997). However, when MJ is used 

experimentally, in isolation from other signaling complexities associated with damage, 

wound responses may not be effectively reproduced (Singh et al., 1998). Unlike 

mechanical damage, we found that only 20% of the MJ induced root 20E pools can be 

explained by increases in de novo biosynthesis as measured by ''̂ C-MVA incorporation. 

We offer two alternative explanations for this discrepancy. In plants, terpenoids are derived 

from both mevalonate-dependent and mevalonate-independent pathways (Arigoni et al., 

1997). The l^c-MVA pulse only estimates 20E biosynthesis through the mevalonate-

dependent pathway. Examination of the mevalonate-independent pathway requires the use 

of '̂ C-labeled 1-deoxy-D-xylulose as a pathway precursor. MJ may preferentially 

stimulate the mevalonate-independent pathway; however, the effect of jasmonates on this 

pathway are unknown. A second alternative is the potential conversion of previously 

synthesized membrane sterols, for example spinasterol and 22-dihydrospinasterol, into 

20E. This possibility is considered because root spinasterol and 22-dihydrospinasteroi 

pools are often reduced in plants that have undergone a large root 20E induction (Schmelz 

and Grebenok, unpublished data). The release of free 20E from conjugates is an unlikely 
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mechanism for driving induced 20E accumulation, since levels of 20E conjugates reported 

in spinach are extremely low (Grebenok et al., 1994). 

Karban and Baldwin (1997) summarize our collective knowledge of induced plant-

resistance to root feeding insects by stating that the phenomenon "has been pretty much 

undescribed." Part of this problem involves developing an understanding of the chemical 

changes which occur in roots following herbivory. Our current work adds to the few 

related studies in this area ±at include fiiranocoumarin induction in parsnip roots (Zangerl 

and Rutledge, 1996), induced chitinases in citrus roots following herbivory by weevil 

larvae (Mayer et al., 1995), and the induction of root glucosinolates in Brassica napus 

following herbivory by turnip root fly maggots (Birch et al., 1990). We demonstrate that 

the wound and insect induced accumulation of root 20E is an active process that requires 

increases in de novo 20E biosynthesis. The wound signal analog MJ can be used as a tool 

for the manipulation of root 20E levels in growing plants, however, some differences 

between MJ and damage induced responses appear to exist. The ecological significance of 

induced 20E levels is currently being investigated. In fiiture experiments, root damage and 

MJ treatments will be used to generate root tissues of varying 20E concentrations for tests 

involving root herbivore preference and performance. These experiments may finally begin 

to test whether endogenous PEs actually function as plant defense compounds in natural 

systems (Galbraith and Horn, 1966). 
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Figure Legend 

Rgure 1. Shoot and root 20E concentrations (+SEM) four days after excision of either 15, 

35, or 70 percent of the root mass. Untreated control (C) and methyl jasmonate (MJ; 0.45 

pM) treated plants are present for induction comparisons. The day zero control (C-0) was 

included to determine initial root mass removal levels, but is not included in the statistical 

analysis. Within plots, bars that share the same letter are not significantly different (P > 

0.05, Tukey correction for multiple comparisons). 

Figure 2. Mean (+SEM) (A) shoot and (B) root tissue dry mass (g) and (C) shoot and (D) 

root 20E concentrations, after seven days of infestation by black vine weevil (BVW: 

Otiorhynchus sulcatus) larvae. Black and white bars represent the presence and absence of 

BVW larvae, respectively. Asterisks denote significant differences from the paired controls 

(ANOVAPs<0.05). 

Figure 3. Mean (+SEM) (A) Root/shoot dry mass ratios, (B) shoot and (C) root 20E 

concentrations of spinach plants following four days of hydroponic growth in solutions 

containing either methyl jasmonate (MJ), indole-3-acetic acid (lAA), 1-naphthaleneacetic 

acid (NAA), gibberellic acid (GA3), abscisic acid (ABA), or fronj-zeatin (Z). Labels on the 

X-axis denote the initial pM concentrations of phytohormones and growth regulators used. 

All control plants (Con) were untreated. Within plots, bars that share the same letter are not 

significantly different (P > 0.05, Tukey correction for multiple comparisons) 



6 7  

Figure 4. Mean (+SEM) (A) shoot and (B) root 20E pools ()xg/tissue) three days after root 

damage (Dam) and methyl jasmonate (MJ) treatments. Total shoot (Q and root (D) 

MVA incorporation into the corresponding 20E pools follovdng Dam and MJ treatments. 

Control plants (Con) were subjected only to I'HZ-MVA additions. Within plots, bars that 

share the same letter are not significantly different (P > 0.05, Tukey correction for multiple 

comparisons). 
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CHAPTER IV 

PHYTOECDYSTEROID TURNOVER EST SPINACH: LONG TERM STABILITY OF 

FREE 20E SUPPORTS THE PLANT DEFENSE HYPOTHESIS 

Introduction 

There are two major hypotheses regarding the function of phytoecdysteroids (PEs) 

in plants. The plant hormone hypothesis, championed by Heftmann (1970; 1975), has been 

partially supported by experimental approaches which examine PE activity in plant 

hormone bioassays. 20-hydroxyecdysone (20E) has been demonstrated to possess a weak 

gibberellin-like activity in dwarf rice and mung bean epicotyl assays (Dreier and Towers, 

1988; Mach^kova et al., 1995). All other attempts to demonstrate that ecdysteroids 

possess plant hormone activity have produced either negative results (Jacobs and Suthers, 

1971; Hendrix and Jones, 1972) or have been unsubstantiated (Carlisle et al, 1963; Felipe, 

1980). The second hypothesis is that phytoecdysteroids function as chemical defenses 

against non-adapted phytophagous insects. This possibility was first raised by Galbraith 

and Horn (1966), and has since been supported by two indirect lines of evidence using 

insect development and neurobiology approaches. Early dietary studies by Robbins et al. 

(1970) demonstrated that some insects exhibit developmental abnormalities and increased 

mortality following ingestion of ecdysteroids. Similar work has been repeated for many 

different orders of insects (review Lafont et al., 1991; Blackford and Dinan, 1997). Ma 

(1969) first demonstrated that dietary PE's can cause feeding deterrency. More recently 

20E has been shown to initiate firing of feeding deterrence receptors (Tanaka et al., 1994). 

PE-induced feeding deterrency likely plays a significant role in host plant acceptance and 

rejection by phytophagous insects (Blackford and Dinan, 1997). While these results 
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support the plant defense h3rpothesis, other experimental approaches to understanding PE 

function in plants are needed. 

A basic knowledge of PE regulation, including synthesis and catabolism, would 

greatly aid in determining the fimction of PEs in plants. Once these general patterns are 

established, characteristics can be compared to those of known members of plant hormones 

and terpenoid defenses. Plant hormones exist in dynamic states of change with synthesis, 

conjugation, and catabolism altering the levels of signal to appropriately match current 

internal and external demands (Davies, 1995; Kleckowski and Schell, 1995). In studies 

involving the metabolic fate of radiolabeled precursors, it is generally understood that the 

endogenous levels of active hormones are tightly regulated. The complexity of inactivation 

through conjugation and catabolism have been recently reviewed for the following 

terpenoid based phytohormones; abscisic acid (Walton an Li, 1995; Ribaut et al., 1996), 

cytokinins (Chen 1997), gibbereilins (Schneider and Schmidt, 1995) and brassinosteroids 

(Szekeres and Koncz, 1998). Based on these examples, we predict that if 20E is a 

phytohormone then significant conjugation and/or catabolism should occur for regulatory 

purposes. In a radiolabel pulse-chase experiment, either conjugation or catabolism would 

result in a decrease in radiolabeled 20E over time. For our purposes, we use the word 

'turnover" to describe the loss of radiolabel from a pool. Unfortimately, we are unable to 

determine whether the loss of radiolabel is result of the cataboUc and conjugation 

mechanisms. However, stability of radiolabeled pools would provide evidence against the 

action of these two mechanisms. 

Unlike plant hormones, many plant terpenoids with defensive functions undergo 

little or no turnover following endogenous synthesis from (Mihaliak et al, 1991; 

Gershenzon et al., 1993). Early studies on the catabolism of terpenoids, which 

demonstrated rapid tumover, were performed primarily on excised plant tissues and are 

now considered to be methodologicial artifacts (Gershenzon et al., 1993). Thus, we predict 
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that if the regulation of 20E consist with plant terpenoid defenses then, 20E should 

exhibit low rates of turnover. 

Currently, little is known about the fate of free PEs once synthesized in intact 

plants. Numerous PE conjugates have been described; these include phosphates, sulfates, 

benzoates, acetates, acetonides, lactones, glucopyranosides, glactopyranosides, 

cinnamates, and coumarates (review Camps, 1991; Grebenok et al., 1994). While it is 

difficult to generalize, free PEs are usually found at higher concentrations than PE 

conjugates. However, PE-lactone conjugates dominate in many species of the genus Ajuga 

(Camps et al., 1982). To date there have been no studies on the exchange of PEs between 

free and conjugated pools. 

Phytosterols and PEs are structurally and biosynthetically related. However, unlike 

the PEs, phytosterols have known primary roles which impact plant growth and 

differentiation. Regulation of membrane permeability and fluidity are the best known 

functions, while more specific roles in the modulation of enzyme activities are being 

elucidated (Hartmaim, 1998). Conjugation is the believed to be the primary mechanism of 

phytosterol pool size regulation. Phytosterol stability has been implied (Duxbury et al., 

1991), however we are not aware of any long-term catabolic studies. Analogous to the role 

of phytosterols, it has been suggested that PEs may alter membrane fimction (Slama 1979; 

Machackovd et al., 1995). Given the general lack of information on PE and phj^osterol 

turnover in intact plants, comparisons between basic mechanisms of pool size regulation 

are difficult to make. 

The plant defense hjrpothesis regarding PE fimction has received the most support 

to date. However, neither the plant defense nor the phytohormone hypotheses have been 

conclusively proven or discredited. We examined the stability of 20E and phytosterol pools 

sjoithesized from a mevalonic acid (l^C-MVA) pulse to address the following 

questions: I) Is there evidence for the metabolic tumover of 20E?; 2) Do other primary 
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metabolites, such as phytosterols, display dynamics similar to that of PEs over time?; and 

3) Does the stability of 20E suggest that it functions as a plant defense compound or more 

like a phytohormone? 
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Methods 

Chemicals. All plant nutrient components were purchased firom the Sigma Chemical 

Co. (SL Louis, MO). The RS-mevalonic-2- '̂̂  acid DBED salt ( '̂kZ-MVA) was obtained 

through NEN Life Science Products (Boston, MA). HPLC grade solvents were acquired 

firom the Fisher Chemical Company (Pittsburgh, PA). 

Plant Growth. Spinach iSpinada oleracea var. Avon) plants were grown 

hydroponically under environmental (Schmelz et al., 1999 in press) and nutrient (Schmeiz 

et al., 1998) conditions as previously reported. Three days prior to the beginning at each 

experiment, plants were selected for uniform morphology and weighed. Treatment groups 

having similar mean fresh masses were formed by sorting plants based upon fresh mass 

and assigning plants to groups by consecutive divisions (Otmmeiss and Baldwin, 1994). 

At this time, plants were removed from the growth chamber and placed in a ventilated fiune 

hood. Original parameters for light cycles and photosynthetically active radiation were 

maintained, however temperature was changed to near constant 23 to 25°C. 

Chemical Analysis. Phytoecdysteroid quantification followed exactly from Schmelz 

et al. (1999 in press). Isolation and quantification of the two dominant spinach 

phytosterols, spinasterol and 22-dihydrospinasterol (Grebenok and Adler, 1993) proceeded 

as follows. At each harvest time, plants were separated into roots and shoots, frozen and 

lyophilized. Each tissue sample was individually pulverized with a glass rod inside separate 

20 ml scintillation vials. A weighed portion (40-50 mg) was extracted in 10 ml of methanol 

for 48 hrs. A 7 ml aliquot was then removed and mixed with 3 ml of H2O. This extract was 

then partitioned against two 10 ml volumes of hexane. The combined hexane fractions (20 

ml) were evaporated, re-suspended in 200 jil hexane, and saponified for 4 hrs at 80°C m 5 

ml of 5% of KOH in MeOH / H2O (7:3 v/v)(see Grebenok et al., 1991). Free and 

saponified phytosterols were extracted by adding a 5 ml aliquot of water and partitioning 

against two 10 ml volimies of diethyl ether. The diethyl ether layers were pooled and 
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washed with water to neutrality. The final ether fraction was evaporated and re-suspended 

in 250 ^1 IP A. Reverse phase high performance liquid chromatography (RP-HPLQ of 

spinach sterols was carried out on a CIS column (Alltech Econosphere, 4.6nun X 250mm, 

5(im). Separation of the phytosterols was achieved with an isocratic IPA:acetonitrile (2:8) 

mobile phase (at 1.2 ml/min) and a Waters 486 tunable detector at monitoring 205 imi. In 

non-radiolabeled test samples, peaks corresponding to known retention times of spinasterol 

and 22-dihydrospinasteroI were confirmed by GC-MS. '̂HZ-radiolabel incorporation was 

determined from the purified sterol fractions with a Beckman LS-1801 liquid scintillation 

counter and Bio-Safe D counting cocktail (Research Products International Corp, Mt 

Prospect, IL)(Grebenok and Adler, 1991). All values of incorporation into 20E are 

reported in counts-per-minute (cpm), from which the average background fluorescence of 

the mobile phase was subtracted. Sterol quantification was extrapolated from concurrently 

generated external standard curves, constructed from independent weighings of spinasterol. 

Turnover of20E and Phytosterols: Short-Term Experiment. Sixteen plants were 

divided into four groups (N = 4, 1.64 ± 0.02 g), and following the pulse of ^^C-MVA 

radiolabel were destructively harvested either two, four, six or eight days later. To enable 

the incorporation of radioactivity, plant root systems were gently placed into the bottom of 

individual plastic souffle cups (29.6 mi Solo-PlOO Urbana, IL) with a minimal volume (3 

ml) of water. One |iCi of ''kZ-MVA (in 10 nJ MeOH) was then added to the aqueous 

solution of each cup. For the next 24 hrs, plant solution volumes were maintained at 3 ml 

in an effort to maximize radiolabel uptake. After this period, plants were removed, root 

systems rinsed with distilled deionized water, and retumed to their original IL hydroponic 

solutions. At this point, denoted as time zero, the plants were 26 days old. Hydroponic 

solution volumes were maintained with distilled water as needed, with no additional plant 

nutrients added. 
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Turnover oflOE and Phytosterols: Long-Term Experiment. Thirty hydroponic 

plants were divided into three groups (N = 10,2.50 ± 0.07 g) and destructively harvested 

either four, sixteen, or 32 days following the '̂kZ-MVA pulse. Administration of the 

MVA followed exactly from the first experiment, except that 5 ̂ iCi of l^C-MVA in 50 jii of 

EtOH was used. After the 24 hr uptake period, the plant root systems were rinsed with 

distilled deionized water. Instead of being returned to the original IL containers, plants 

were placed in 0.5L containers containing a portion of their original hydroponic solutions. 

This step was required due to space limitations in the fimie hood. At this point, denoted as 

time zero, the plants were 35 days old. On day 4, all remaining plants received a nitrate 

addition of 0.051 g KNO3, 0.118 g Ca(N03)2-4H20, and 0.008 g NH4NO3. On day 10, 

all remaining plants were transferred back to their original IL hydroponic containers and 

provided with new nutrient solutions (see Schmelz et al., 1998). After this point, no 

additional nutrients were added to the hydroponic solutions, fluid levels were maintained 

by the addition of distilled water as needed. Due to a sample storage error, five of the day 

32 plants were destroyed and thus not analyzed. 

Statistical Analysis. An analysis of variance (ANOVA) was performed on root and 

shoot biomass, PE and phytosterol measures for both experiments. Significant treatment 

effects were investigated if the main effects of the ANOVA were significant (P < 0.05). 

Tukey tests were used to correct for multiple comparisons in experiments where no a priori 

hypothesis existed. Data analysis was accomplished with the aid of the MGLH module of 

the SYSTAT statistical package (Evanston, Illinois). 
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Results 

Short term stability oflOE, but not root phytosterois. In rapidly growing plants, no 

evidence could be found to support the turnover of newly synthesized 20E over a six day 

period (Figure 1). Between days two and eight, root and shoot dry mass significandy 

increased 2.2- and 2.4-fold, respectively (both ANOVAs F3J2 > 17.9, P < 0.001; Figure 

I A). During this time, the shoot 20E pool also exhibited a significant 2.2-fold increase 

(ANOVA F3.12 = 7.83, P = O.CXM; Figure IB), while the root 20E pool did not 

significantly change (ANOVA F3,i2 =2.21, P = 0.140; Figure IQ. The total amount of 

''HZ-radiolabel incorporated into root and shoot 20E pools did not significantly change over 

time (both ANOVAs F3,i2 < 1-20, P > 0.355; Figures IB & C). Likewise, the total '̂ C-

radiolabel in whole plant 20E pools did not fluctuate between day two and day eight 

(ANOVA F3,i2 = 0.44, P = 0.723; Figure ID). 

In contrast to 20E, root spinasterol pools and the ''kZ-radiolabel incorporated into 

root spinasterol substantially decreased over time (Rgure 2). Shoot pools of spinasterol 

and 22-dihydrospinasterol both significantly increased 2.2-fold by day eight (both 

ANOVAs F3,I2 > 12.50, P < 0.001; Figure 2A). While suggestive of increases, the •'̂ C-

incorporation into shoot phytosterol pools did not significantly change over time (ANOVA 

^3,12 = 1.71, P = 0.218; Figure 2C). Unlike the shoot phytosterol trend, roots spinasterol 

pools decreased by 6.3-fold (ANOVA F3.12 = 4.70, P = 0.022; Figure 2B). Root 22-

dihydrospinasterol pools also appeared to decline, however this trend was not statistically 

significant (ANOVA F3,i2 = 3.04, P = 0.070; Figure 2B). Concurrent with the decreases 

in root spinasterol [xxils, the total '̂*C-radiolabel in root spinasterol and 22-

dihydrospinasterol pools also significantly declined by 14.7- and 12.2-fold, respectively 

(both ANOVAs F3,i2 > 21.90, P < O.OOl; Figure 2D). 

Long-term stability of both 20E and phytosterois pools. Over the course of one 

month, there were no significant changes in the total amount of ^"HZ-radiolabel incorporated 
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into root and shoot 20E pools (Hguie 1). Likewise, no significant changes occurred in the 

total l'*C-radioIabel incorporated into root and shoot phytosterol pools (Rgure 2). Between 

days 4 and 32, root and shoot dry biomass increased by 3.1- and 4.3-fold, respectively 

(both ANOVAs > 24.75, P < 0.001; Figure IE). Shoot 20E pools rose 3.7-fold 

(ANOVA F-? ?? = 28.92, P < O.CX)l), while the total I'̂ C-radiolabel in shoot 20E remained 

stable (ANOVA F222 = 0.46, P = 0.673; Hgure IF). Total root 20E pools and associated 

'"HH-incorporation did not significandy change over the 28 days; however, the trend is 

suggestive of a decline (both ANOVAs F? 99 < 3.10, P > 0.068; Figure IG). The whole 

plant pool of l^C-labeled 20E did not significandy change between days 4 and 32 (ANOVA 

F2,22 = 0.97, P = 0.398; Figure IH). 

All root and shoot phytosterol pools significantly increased between days 4 and 32 

(all ANOVAs F9 79 > 7.10, P< 0.005; Hgure 3A and B). Shoot spinasterol and 22-

dihydrospinasterol pools rose by 4.3- and 3.6-foId, respectively (Figure 3A). Likewise, 

root spinasterol and 22-dihydrospinasterol pools increased by 3.3- and 2.1-fold, 

respectively (Hgure 3B). Unlike the short-term experiment (Hgure 2C and D), the total 

'̂kZ-radiolabel incorporated into phytosterol pools did not significandy change over time 

(aU ANOVAs F2.22 < 2.35, P > 0.120; Figure 3C and D). 
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Discussion 

In short- and long-term experiments we followed a ^^-MVA pulse into 20E and 

phytosterols to examine pool dynamics, turnover, and hypotheses of PE function in plants. 

First, we found no evidence for the metabolic turnover of 20E. In both experiments, the 

total level of '̂ -incorporated into root and shoot 20E pools did not significantly change 

over time. Second, 20E and phytosterols appear to be regulated differently, with dynamic 

changes in phytosterol pools not corresponding to changes in PE pools. Third, we interpret 

the apparent lack of 20E turnover as being consistent with our predictions for a plant 

defense role and inconsistent with our predictions for a phytohormone role. A possible 

fimction of PEs as primary metabolites, similar to that of phytosterols, cannot be ruled out. 

The stability of PEs in plants has not been previously investigated. However, 

numerous studies have demonstrated changes in PE concentrations in plant tissues over 

developmental time (Ripa et al., 1990; Dinan et al., 1991; Grebenok and Adler, 1991b). 

Because whole plant pools were not measured in these studies, changes in PE 

concentrations may have been due to shifts in synthesis, transport, catabolism or 

conjugation. By looking at both whole plant 20E pools and pulsed ''̂ C-incorporation into 

20E, we were able to address the combined significance of PE catabolism and conjugation. 

Either one of these processes would have caused decreases in '̂ C-radiolabeled 20E. In 

intact spinach plants, we found no evidence for 20E tumover during a span of 28 days. 

Because the level of ''kll-labeled 20E did not change, we suggest that PE synthesis and 

transport are largely responsible for changes in PE concentration during development. 

A major difference between PEs and phytosterols is that phytosterols have known 

physiological functions. Their primary "bulk* role in membranes was made clear early on 

by the demonstration that sterol synthesis inhibitors terminate plant cell growth (review 

Goad, 1991). Also, specific membrane-associated reactions have been discovered, such as 

the regulation of plasma membrane H^-ATPases in maize (Grandmougin-Feijani et al.. 
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1997). Given their significance, surprisingly little is known about phytosterol degradation. 

In a recent review, Hartmann (1998) points out the extreme lack of information on sterol 

half-lives and catabolism. Low phytosterol turnover as been implied, as Duxbury et al. 

(1991) demonstrated an increase in relative phytosterol concentration with respect to 

phospholipid during bean cotyledon senescence. Also, Croteau and Loomis (1973) found 

no phjrtosterol turnover over a brief 12 hr period, following a pulse of '̂ -MVA into 

peppermint {Mentha piperita) plants. In our long-term experiment, root and shoot 

phytosterol pools all increased over time with total levels of ^^-labeled phytosterols stable 

over the course of one month. In our short-term experiment, root and shoot dry mass and 

shoot phytosterols also increased over time. However, root spinasterol pools and total ''*C-

radiolabel incorporated into root phytosterols decreased over time. While our short-term 

experiment lacked the resolution to determine the mechanism behind root phytosterol 

disappearance, we demonstrate that phytosterols can be metabolically stable in the long-

term experiment. To our knowledge this is the first estimate of long-term phytosterol 

turnover utilizing total pool analysis for intact plants supplied with radiolabel precursors. 

Levels of 20E and phytosterols are differentially regulated. The relative 

incorporation of '̂kT-MVA into root and shoot steroid pools was dramatically different. At 

the first harvest of each experiment, total ^^HZ-label in root phytosterols was 10 to 18 times 

higher than shoot phytosterols. However the difference in total '̂ C-label in root and shoot 

PE pools was less than 2-foId. Assuming that the steroid pools reflect rates of synthesis in 

those tissues; this pattern may be explained by the 10- to 15-fold greater levels of shoot 

20E compared to root 20E, whereas initial levels of shoot phytosterols were only 1- to 3.5-

fold greater than root phytosterols. Overall, the root uptake of radiolabel likely biased the 

•'̂ C-incorporation towards root pools. In both experiments, pools of shoot 20E and shoot 

phytosterols increased over time while the ^^-radiolabel in these pools remained stable. 

Unlike the foliage, root 20E and root phytosterol pools do not demonstrate similar 
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accumulation patterns. Between the short- and long-term experiments, total root phjrtosterol 

pools and incorporated '̂̂ -radiolabel either decreased or increased over time. Neither of 

these root phjrtosterol changes correspond to root 20E accumulation patterns, as root 20E 

pools and '̂Hll-radiolabel remained constant over time. This supports our previous 

demonstration that root and shoot 20E pools are differentially regulated (Schmelz et al., 

1999 in press), and demonstrates that the regulation of 20E and phytosterols can be 

independent. 

Phytosterols may exhibit dynamic changes in conjugation over time. In the long 

term experiment, root phytosterols increased over time while ^^-incorporation remained 

stable. However in the short term experiment, root spinasterol pools and •'HZ-incorporation 

decreased over time. Pools of ftee phytosterols can be very dynamic as demonstrated by 

rapid conjugation to steryl esters, steryl glycosides, and acylated steryl glycosides (Moreau 

et al., 1994). A wide range of environmental stimuli are known to alter ratios of phytosterol 

conjugates (Wojciechowski, 1991). The precise function of various phytosterol conjugates 

is still largely unclear; however, biotic and abiotic conditions which initiate these changes 

are being elucidated. We offer two possible explanations for the discrepancy in the pattern 

of root phytosterol accumulation between short- and long-term experiments. For reasons 

unclear, plants in the short-term experiment displayed a 2-fold greater growth rate aian 

plants in the long-term experiment A possible result of extremely fast growth in our 

uncirculated hydroponic containers is root anoxia. It may be that root growth and oxygen 

demand out paced the rate of oxygen exchange between the air and the hydroponic 

solution, in turn influencing phytosterol conjugation. Because our growth conditions were 

not sterile, microbial infection exists as another possible cause for the observed loss of root 

phytosterols. Moreau et al. (1994) demonstrated rapid shifts from free and esterified sterols 

to acylated steryl glycosides by treating tobacco suspension cells with preparations of a 
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pathogen elicitor. We consider the formation of steryl glycosides and acylated steryl 

glycosides as distinct possibilities to explain the loss of measured root phytosterol pools. 

In a critical review of the literature, Gershenzon et aL (1993) established that the 

rapid metabolic turnover of defense related terpenoids is only well documented in detached 

plant parts. In such tissues, a majority of the terpenoid half-life estimates ranged from 0.7 

to 29 hrs. Studies with intact plants provided a much different result, where terpenoid half-

life estimates ranged from 5 to 170 days. Over the course of one month, we could find no 

evidence for the metabolic turnover of 20E. The similarity of 20E stability to that of other 

defense related terpenoids adds additional support to the hypothesis that PEs may function 

as plant defenses. As with research involving plant secondary metabolites, studies on 

phytohormone catabolism are also likely confounded when detached plant parts are used 

(Gowing et al., 1995). However experiments which utilize intact plant systems confirm 

that phytohormone turnover is rapid. Recent estimates of abscisic acid turnover in maize 

(Zea mays) suggest a half-life of less than 2.5 hrs (Ribaut et al., 1996; Zhang et al., 

1997). In rose (Rosa hybrida), the half-life of shoot cytokinins of was estimated to be 24 

hrs (Dieleman et al., 1997). Due to the substantial complexity of gibberellin and 

brassinosteroid biosynthesis and catabolism, few half-life estimates have been attempted 

(Takahashi et al, 1991; Khirpach et al, 1999). In spinach, gibberellixis levels have been 

shown to fluctuate gready over 24 hrs, depending on the intensity and phase of the 

lightrdark cycle (Talon et al., 1991). Similarly dynamic regulation would be expected for 

brassinosteroids, given the array of known catabolic and conjugation pathways (Szekeres 

and Koncz, 1998). Based on these estimates of turnover, we conclude that the regulation 

of 20E pools is not consistent with that of terpenoid-based phytohormones. 

In spinach, 20E levels can undergo rapid changes. Root damage results in increases 

20E biosynthesis and accumulation, with 6- to 12-fold increases in root pools evident four 

days later (Schmelz et al., 1999 in press). As with many damage inducible plant responses 
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following insect attack, the root induction of 20E concentrations appears to regulated by the 

octadecanoic acid pathway and dependent on the synthesis of endogenous jasmonate 

signals (Creelman and Mullet, 1997; Schmelz et al., 1998). Thus, the regulation of wound 

induced root 20E levels is reminiscent of many other known plant defenses (Karban and 

Baldwin, 1998). The lack of 20E turnover coupled with our previous work on root PE 

induction, does not lend support to the plant hormone hypothesis. While these studies do 

not prove a defensive function for 20E, together with the recent advances in phytohormone 

research (Khripach et al, 1999) they make clear that PEs are not the active steroid hormones 

of plants. 
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Figure Legend 

Figure 1. Mean (+SEM) whole plant measures for the short- (A-D) and long-term (E-H) 

experiments. Root and shoot diy biomass (A and E). Shoot 20E pools and the 

corresponding ''kZ-incorporation into 20E (B and F). Root 20E pools and the 

corresponding •'HZ-incorporation into 20E (C and G). Total '̂HlJ-incorporation into the 

whole plant 20E pools (D and H). Squares () and diamonds (0) denote root and shoot 

measures, respectively. Open symbols represent total pools and dry biomass while filled 

symbols represent levels of '̂HZ-incorporated (cpm) into the corresponding root and shoot 

20E pools. Within plots and individual lines, points bearing different letters are 

significantly different (P < 0.05, Tukey correction for multiple comparisons). 

Figure 2. Short term experiment Mean (+SEM) shoot (A) and root (B) pools of spinasterol 

(filled bars) and dihydrospinasterol (open bars) and corresponding total '"^-incorporation 

(cpm) into those phytosterol pools (C and D). Within plots and phytosterol types, points 

bearing different letters are significandy different (P < 0.05, Tukey correction for multiple 

comparisons). 

Figure 3. Long term experiment. Mean (+SEM) shoot (A) and root (B) pools of spinasterol 

(filled bars) and dihydrospinasterol (open bars) and corresponding total '̂ C-incorporation 

(cpm) into those phytosterol pools (C and D). Within plots and phytosterol types, points 

bearing different letters are significantly different (P < 0.05, Tukey correction for multiple 

comparisons). 
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CHAPTERV 

INHIBinON OF PHYTOSTEROL ACCUMULATION DURING WOUND AND 

METHYL JASMONATE INDUCED PHYTOECDYSTEROID PRODUCTION 

Introduction 

Phytoecdysteroids (PEs) are believed to function as plant defenses against non-

adapted phytophagous insects (Begamasco and Horn, 1983; Lafont et al., 1991). Given 

this putative role in plant protection, very Utde is known about regulation of PE 

accumulation in plants (Adler and Grebenok, 1997). The anabolic precursor of 20-

hydroxyecdysone (20E) in spinach is believed to be lathosterol (7), a de-alkylated side 

chain C27-sterol normally present at trace levels (Grebenok and Adler, 1993: Figure 1). In 

contrast to lathosterol (7), alkylated side chain C29-sterols such as spinasterol (5) and 22-

dihydrospinasterol (6) are the primary phytosterols which accumulate in spinach (Hgure 

1). Both C27 and C29 phytosterols share cycloartenol (3) as their biosynthetic precursor 

(Benveniste, 1986). Regulation between these two pathway branches has been proposed to 

occur at the reductase (Figure 1 B), which is responsible for the production of C27-

sterols (Grebenok and Adler, 1997). In spinach, mechanically wounded roots undergo 

increased synthesis and accumulation of 20E (8) (Schmelz et al., 1998; 1999, in press). 

The inducibility of 20E levels provides a tool for probing the regulation of PE and 

phytosterol accumulation. 

Interactions between the synthesis and accumulation of primary and secondary 

metabolites may occur in cases of shared or competing pathways. The termination of 

phytosterol biosynthesis during terpenoid phytoalexin induction has been well documented 

in many systems (Threfall and Whitehead, 1988; Van der Heijden et al., 1989; 
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Haudenschild and Hartmann, 1995). In solanaceous plants, elicitor-induced 

sesquiterpenoid phytoalexin production is correlated with both the inhibition of a steroid 

specific 3-hydroxy-3-meihylglutaiyl-coenzyme A reductase (HMGR) (Figure 1 A) and the 

suppression of squalene (2) synthesis (Choi et al., 1994; Weissenbom et al, 1995; Vogeli 

and Chappel, 1988; Fulton and Threlfall, 1993). Similarly, elicitor induced triterpenoid 

phytoalexin biosynthesis in Tabemaemontana divaricata is correlated with the specific 

inhibition of cycloartenol (3) synthesis (Van der Heijden et al., 1989). In these examples, 

key enzymes leading up to phytosterol biosyn±esis were inhibited, which presumably 

would have diverted precursors away fix>m phytoalexin biosynthesis. In contrast to 

phytoalexin production, the regulation of 20E (8) biosynthesis would be expected to occur 

in enzymatic steps after the formation of cycloartenol. 

Phytosterol biosynthesis is required to maintain plant growth (Goad, 1991) and 

undoubtedly re-growth after tissue removal. Following root damage in spinach, it is 

possible that wound-induced increases in 20E are simply associated with an overall 

increase in phytosterol biosynthesis. This raises the possibility that PE induction is not a 

specific response to damage but is a more general response associated with the re-growth 

of plant tissues. We ask the following two questions with regards to phytosterol pathway 

regulation and the specificity of PE induction: 1) Is PE induction part of an overall increase 

in phytosterols or is it strictly regulated?; and 2) Is there any evidence for production 

tradeoffs or differential regulation between PEs and phytosterols? 
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Methods 

Chemicals. Methyl jasmonate (MJ) and all plant nutrient components were 

purchased from the Sigma Chemical Co. (St Louis, MO). The /lS-[2-^^] mevalonic acid 

DBED salt (^^-MVA) was obtained through NEN Life Science Products (Boston, MA). 

HPLC-grade solvents were acquired from the Hsher Chemical Company (Pittsburgh, PA). 

Plant Growth. All spinach {Spinacia oleracea var. Avon) plants were germinated 

and transferred to hydroponic containers as detailed in Schmelz et al. (1999, in press). The 

hydroponic nutrient solution used follows exactly from Schmelz et al. (1998). One day 

prior to each experiment, plants of uniform morphology and size were selected and 

weighed. Treatment groups having similar mean fresh masses were formed by sorting 

plants based upon fresh mass and assigning plants to groups by consecutive divisions (see 

Ohnmeiss and Baldwin, 1994). At the start of each experiment, plants were randomly 

assigned growth-chamber shelf positions. Hydroponic solution levels were maintained by 

the addition of distilled water as needed. 

Chemical Analyses. Phytoecdysteroid quantification followed exactly from Schmelz 

et al. (1999 in press). Isolation and quantification of the two dominant spinach 

phytosterols, spinasterol (5) and dihydrospinasterol (6) (Grebenok and Adler, 1993) 

proceeded from established protocols (Chapter IV). Briefly, lyophilized and pulverized 

tissue samples were weighed (50-60 mg) and extracted in 10 ml of methanol. A 7 ml 

aliquot was then removed and mixed with 3 ml of H2O and partitioned between two 10 ml 

volumes of hexane. The hexane fractions were evaporated, re-suspended in 200 |il hexane, 

and saponified for 4 hrs at 80°C in 5 ml of 5% of KOH in MeOH / H2O (7:3 v/v). A 5 ml 

aliquot of water was added and the phytosterols were extracted with two 10 ml volumes of 

diethyl ether and subsequently washed with water to neutrality. The final ether fraction was 

evaporated and re-suspended in 250 |il IP A. Reverse phase high performance liquid 

chromatography (RP-HPLC) of spinach sterols was carried out on a C18 column (Alltech 
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Econosphere, 4.6inm X 250inm, 5^in). Separation was achieved with an isocratic 

IPA:acetonitrile (2:8) mobile phase (at 1.2 ml/min) and Water 486 tunable wavelength 

detector at 205 nm. In non-radiolabeled samples, peaks corresponding to known retention 

times of spinasterol and dihydrospinasterol were confirmed by GC-MS. Total ''HT-

radiolabel incorporation was determined finom the purified steroid fictions with a Beckman 

LS-180I liquid scintillation counter and Bio-Safe II counting cocktail (Research Products 

International Corp, Mt. Prospect, IL) as in Grebenok and Adler (1991). All values of 

incorporation are reported in counts per minute (cpm), from which the average background 

fluorescence of the mobile phase was subtracted. Sterol quantification was extrapolated 

from concurrentiy generated external standard curves, constructed from independent 

weighings of spinasterol (5). 

Phytosterol dynamics in mechanically damaged roots. We previously established 

that excision of 70% of the root mass results in at least a 6-foId increase in root PE levels 

four days later (Schmelz et al., 1999, in press). We utilize this treatment to examine 

potential shifts in phytosterol accumulation following the induction of PEs. Twenty-four 

plants were divided among three groups (N = 8,2.23 ± 0.03 g).Nearly identical starting 

morphology and fresh mass was required to compare changes in 20E and phytosterol 

pools. The division between roots and shoots was defined as the begiiming of the stem 

immediately below the cotyledons. Root-1 is defined as the stem (2.5 to 5 cm) plus 5 cm 

below the point of root initiation from the stem. Root-2 is the remainder of the root system, 

varying between 25 to 38 cm in length. These arbitrarily definitions allowed us to follow 

changes in phytochemical pool sizes in the same root segment in both damaged and 

undamaged plants. Briefly, roots were removed from the hydroponic solution, vertically 

aligned, measured and excised with a razor. On day zero, the day four damaged plants had 

only 5 cm of root remaining, equivalent to a 73% root mass removal. Plants were quickly 

returned to their original hydroponic solution and allowed to grow during the four day 
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treatment and response period. Untreated controls were harvested at day zero and day four 

and their tissues were separated using the above root removal protocol. 

Phytosterol dynamics in MJ treated roots. In a preceding paper (Schmelz et al., 

1999 in press) we reported that root damage and methyl jasmonate (MJ) treatments 

stimulated increases in root 20E synthesis. From this same experiment, we now describe 

the corresponding changes in phytosterol pools and '̂ -incorporation into those pools via 

a i^-MVA pulse. For detailed methods describing this experiment see Schmelz et al. 

(1999, in press). Briefly, hydroponic plants were divided into three groups (N = 5, 2.36 ± 

0.09 g) consisting of untreated controls, MJ and root damage treatments. For the I'HZ-MVA 

pulse, the root systems of all plants were placed and maintained in individual plastic cups 

with approximately 3 ml of water and 1 jiCi of ''HT-MVA for 24 hrs. Plants were then 

returned to their hydroponic solutions and treated with either 0.90 MJ or damage. The 

root damage was created by pressure and produced a wounded area 2 cm long and was 

repeated 8 times along the length of the root system. All plants were harvested for analysis 

three days after the root treatments. 

Statistical Analysis. Numerous preliminary experiments demonstrated that roots 

which undergo significant 20E inductions often have reduced phytosterol pools (Schmelz 

and Grebenok, unpublished data), thus our a priori hypothesis was that treatments which 

cause large inductions of 20E pools are associated with lower levels of phytosterol 

accumulation. Planned t-tests were used to test this sterol pool prediction while an analysis 

of variance (ANOVA) was used in cases where no specific a priori hypothesis existed. 

Significant treatment effects were investigated if the main effects of the ANOVA were 

significant (P < 0.05); Tukey tests were used to correct for these multiple comparisons. 

Data analysis was accomplished with the aid of the MGLH module of the S YSTAT 

statistical package (Evanston, Illinois). 
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Resalts 

Phytosterol Changes Following Root Excision. The large increases in root and 

shoot 20E pools caused by root excision do not correspond to increases in phytosterols. To 

the contrary, the induction of 20E is associated with reduced phytosterol accumulation in 

both tissues. Root excision resulted in significant shoot dry mass differences by day four 

(ANOVA F2,20 = 128.55, P < 0.001; Figure 2A). Control shoot mass increased by 2.0-

fold while shoots from root excised plants only increased 1.5-fold. The basal portion of the 

root mass, designated as Root-1, significantly increased 1.6- and 2.2-fold in the day four 

control and damage treatments, respectively (ANOVA F-7,?o = 18.93, P < 0.001: Figure 

2B). Given the need for new root growth in the damage group, this trend is not surprising. 

In the distal portion of the roots, designated as Root-2, the control root mass increased 2.2-

fold (ANOVA F2,20 = 76.61, P < 0.(X)1: Figure 2C). There were no statistical differences 

in the masses of Root-2 removed from the day zero control and damage treatments (Figure 

2C). 

As observed for shoot mass, total shoot 20E (8) pools also significantly increased 

(ANOVA F2,20 = 37.73, P < 0.(X)1: Figure 2D). Control plants exhibited a 1.5-fold 

increase in shoot 20E (8) pools while the same pools of damaged plants increased by 2.0-

fold. These proportional increases in 20E (8) are exactly the opposite of the trend observed 

for shoot dry mass. Root damage resulted in a significant 8.1-fold increase in Root-1 20E 

(8) pools, while controls on day zero and day four did not differ (ANOVA F2,20 = 104.57, 

P < 0.(X)1; Figure 2E). Likewise, no significant differences in 20E (8) pools were found in 

Root-2 (ANOVA F2.20 = 0.25, P = 0.775: Figure 2F). 

Shoot spinasterol pools of control plants exhibited 1.9-foId increases in spinasterol 

(5) pools, while the corresponding pools of damaged plants did not significandy increase 

over time (ANOVA F? 70 = 16.52, P < 0.001: Figure 2G). Unlike shoot spinasterol (5) 

pools, shoot 22-dihydrospinasterol (6) pools significandy increased in both the control 
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(2.1-fold) and damaged (1.9-fold) treatments over time (ANOVA F? ?o = 20.28, P < 

0.001; Figure 2G). Compared to the day four controls, damaged plants demonstrated a 

significant 2.2-fold decrease in Root-1 spinasterol (5) pools (t-test: df = 7, t = 2.53, P = 

0.040: Figure 2H). However, Root-1 22-dihydrospinasterol (6) pools are not significantly 

different (t-test: df = 7, t = 2.26, P = 0.060) between day four control and damaged plants. 

Control spinasterol and 22-dihydrospinasterol pools in Root-1 appear to increase only 

slightly over time (Figure 2H). Ph3rtosterol pools in Root-2 did not significantly differ 

between groups (both ANOVAs Fi^o < 3.20, P > 0.062: Figure 21). Due to the large 

variation in sterol pool sizes, the apparent Root-2 phytosteroi pool increase in the day four 

control is not statistically significanL 

Phytosteroi Changes Following MJ Treatments. Large increases in root 20E pools 

stimulated by MJ resulted in significant decreases in phytosteroi accumulation and reduced 

synthesis &om ^^-MVA (Figure 3). However, a comparatively small increase in root 20E 

caused by damage, did not negatively affect C29-phytosterol accumulation or synthesis 

(Figure 3). Schmelz et al. (1999 in press) have previously reported the dry mass and 20E 

data for this experiment. To briefly summarize, both root and shoot dry mass values were 

not significantly different between treatment groups (both ANOVAs F2,i2 < 1-72, P > 

0.220). Also, total shoot 20E (8) pools were not statistically different between treatment 

groups (ANOVA F2,i2 = 2.86, P = 0.096: Figure 3A). MJ and damage treatments resulted 

in significant 11.1- and 3.8- fold increases in root 20E (8), respectively (ANOVA F2,i2 = 

47.00, P < 0.001: Figure 3B). 

The following phytosteroi pools and associated '"^C-incorporation into phytosterols 

have not been previously described. Shoot spinasterol (5) and shoot dihydrospinasterol (6) 

pools did not statistically differ between groups (both ANOVAs F2,i2 < 0-28, P > 0.750: 

Figure 3C). While shoot spinasterol (5) levels did not change, the '̂̂ C-incorporation into 

these pools declined significantly in both the damage (2.3-fold) and MJ (3.1-fold) groups 
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(ANOVA F2,i2 = 10.65, P = 0.002: Figure 3E). On average, l'*C-labeled shoot 22-

dihydrospinasterol (6) pools also declined in MJ and damage groups, however the levels 

were not statistically different fix)m the control (ANOVA F2,i2 = 1-62, P = 0.239; Figure 

3E). Compared to the untreated control, the MJ treatment resulted in a significant 2.6-fold 

decrease in root spinasterol (5) pools (t-test: df = 4, t = 4.01, P = 0.020: Figure 3D). In 

damaged plants, root spinasterol (5) pools (20.67 ± 6.59 ng) were highly variable, but not 

lower than the untreated controls (15.37 ± 3.27 fig). MJ treated plants also exhibited 

significantly lower (t-test: df = 4, t = 3.12, P = 0.035: Figure 3D) root dihydrospinasterol 

(6) pools than the untreated controls, reflecting average pool sizes of 0.14 and 0.66 |igs, 

respectively. On average, the largest root dihydrospinasterol (6) pools (1.41 ± 0.54 }ig) 

were in the damage group. The total incorporation of ^^-radiolabel into root phytosterols 

largely mirrored the patterns observed for pools. The MJ treatment resulted in a significant 

3.0-fold decrease in '̂HZ-radiolabeled spinasterol (5) pools compared to the control (t-test: 

df=4, t = 3.11,P = 0.030: Figure 3F). In this same comparison, I'̂ C-radiolabel in 

dihydrospinasterol (6) pools also underwent a significant 4.2-fold decrease (t-test: df = 4, t 

= 3.84, P = 0.019). Root phytosterol pools and associated I'̂ C-incorporation in the 

damage treatment were, on average, greater than control values (Figure 3D +F). Thus 

statistical testing of our a priori hypothesis (see Methods), regarding reduced phytosterol 

accumulation, was not performed. 
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Discussion 

Evidence for pathway specificity in the induction of root PEs is demonstrated by the 

lack of concurrent increases in phytosterois. Moreover, increases in 20E (8) pools are 

associated with the reduced accumulation of C29-sterol pools, namely spinasterol (5) and 

occasionally 22-dihydrospinasterDl (6). The second experiment indicates that the reduction 

in phj^osterol accumulation is due to decreases in Cag-sterol biosynthesis. These 

relationships were demonstrable following treatments which stimulated large 8- to 11-fold 

increases in root 20E (8) pools. In contrast, root damage treatments which resulted in only 

a small induction of 20E (8) did not cause decreases in phytosterol accumulation or 

synthesis. Given the magnitude of phytosterol pool size changes associated with large 

increases in 20E accumulation, it is proposed that C29-phytosterol biosynthesis may be 

down-regulated to chaimel C27-sterol precursors towards 20E production (Figure 1). In the 

following discussion, plant steroidal responses following attack are considered in relation 

to the current study. 

Probably the best described plant defense response involving dramatic changes in 

steroids is the termination of phytosterol biosynthesis by pathogens and their elicitors 

(Brindle et al., 1988; Threlfall and Whitehead, 1988; Van der Heijden et al, 1989; 

Haudenschild and Hartmarm, 1995). This response is believed to help shift isoprenoid 

precursors away from steroid biosynthesis toward the production of antimicrobial 

phytoalexins. The inhibition of phytosterol production may occur in both early and late 

stages of the biosynthetic pathway leading to the formation of cycloartenol (3). Early genes 

which encode different HMGRs (A) are largely responsible for directing MVA (1) into 

specific pathways (Choi et al, 1994; Weissenbom et al., 1995). In elicitor induced potato 

tubers, a specific HMGR isoform, hmg 2, is highly expressed and directs MVA towards 

sesquiterpenoid phytoalexin production (Choi et al, 1994). Late pathway regulation can 

also occur just prior to the production of squalene (2) and cycloartenol (3), through the 
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inhibition of squalene synthetase and squalene 2,3-oxide cyclase, respectively (Vogeli and 

Chappel, 1988; Fulton et al., 1994). Together, these changes result in the reduced 

synthesis of all steroidal compounds. 

Unlike pathogen elicitation, mechanical damage and wound hormone analogs, like 

methyl jasmonate (MJ), have been shown to mduce the production of steroidal compounds 

(Bostock and Stermer, 1989; Bergenstrihle et al., 1992; Choi et al., 1994; Schmelz et al., 

1998). In potato tubers, wounding and MJ cause a rapid induction of steroid-

glycoalkaloids (Choi et al., 1994). These two treatments induce a specific HMGR gene, 

hmgl, which results in increased MVA (1) production accessible for steroid biosynthesis. 

The transcription of HMGR genes is competitive, as treatments which cause the up 

regulation of hmgl also down regulate the expression of hmgl, and vice versa (Choi et 

al., 1994). The wound induction of late steroid-glycoalkaloid pathway genes, such as 

solanidine-glucosyltransferase, has also been described (Bergenstr^e et al, 1993). In 

wounded mbers, regulatory changes in phytosterol biosjmthesis involve the rapid 

accumulation and loss of ^"kT-radiolabeled cholesterol (a C27-sterol) which corresponds 

with an increase in '"HZ-labeled steroid-glycoalkaloids (Bergenstrahle et al.,1993; 1996). 

Similar to lathosterol (7) in spinach, cholesterol is now considered to be the C27-sterol 

precursor to steroid-glycoalkaloids. 

In our experiments, wounding and MJ appear to cause decreases in the 

accumulation of C29-phytosterols and increases in C27-derived end products, such as 20E 

(8). Based on earlier studies, a rapid flux of carbon through lathosterol (7), the C27-

phytosterol precursor to 20E (8), would be predicted (Grebenok and Adler, 1993). In our 

experiments we lack the early time points necessary to detect changes in carbon flux 

through C27 precursors during the PE induction. However, in both experiments when the 

root PE induction was large, phytosterol pools decreased over time compared to the 

controls. Clearly, a flux of carbon had to pass through C27-phytosterols, as the changes in 
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20E are caused by increases in root 20E biosynthesis (Schmelz et al., 1999 in press). Our 

results suggest that pathway regulation occurs through the inhibition of the C-24 methyl 

transferase (C) and / or the induction of reductase (B) activities (Figure 1). The down 

regulation of the C-24 methyl transferase (Q would provide increased levels of A24»25 

sterols, like cycloartenol (3) for the C27 pathway. The regulatory nature of the C-24 methyl 

transferase in alkylated side chain phytosterol biosynthesis is well supported (Nes et al., 

1991). Likewise the elevation of reductase (B) activity would shift the direction of 

a24,25 sterols to the C27-sterol pathway. The magnitude of 20E and phytosterol pool size 

changes also supports increases in HMGR (A) activity. In the root excision experiment, 

root 20E (8) pools increased by 10 p-g while spinasterol (5) pools decreased by 5 ng. In 

the second experiment, MJ induced root 20E (8) pools increased by 15 [ig while 

accumulation of root spinasterol (5) pools decreased by 9 |i.g. Because the increases in 

20E (8) pools are larger than the decreases in phytosterol pool accumulation, it is possible 

that, like the steroid-glycoalkaloids, wounding and MJ may also up regulate specific 

HMGR (A) genes which lead to the production of steroids (Figure 1). 

The differential regulation of PE and Cig-phytosterol accumulation is not an 

invariable response following wounding. In the second experiment, damaged roots 

responded with a modest 3.8-fold increase in 20E (8) pools, however this result is clearly 

not associated with decreased synthesis or accumulation of C29-phytosterols. Additional 

experiments investigating mild induction treatments resulted in lower increases (2- to 4-

fold) of root PE levels and no alterations in phytosterol levels (Schmelz and Grebenok, 

unpublished data). During the course of our PE induction research, we never witoessed 

statistically significant declines in induced plant phytosterol pools, relative to control plant 

pools on day zero (this Chapter; Schmelz and Grebenok, unpublished data). The MJ 

induced decline in root ^^C-incorporation in phytosterols supports our assertion that 

reduced phytosterol pools arc due to decreases in new synthesis and accumulation, and not 
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the loss of existing pools. It is highly unlikely that previously synthesized phytosterols, 

like spinasterol (5), can be converted and utilized for PE synthesis. 

Plants contain four major classes of phytosterols which include, firee sterols, steryl 

esters, steryl glycosides and acylated steryl glycosides. A caveat to our studies is that steryl 

glycosides and acylated steryl glycosides were not measured thus, the decrease in sterol 

accumulation may be due to changes between sterol classes and not truly total sterols. A 

detailed analysis of all four major classes of sterols and their dynamics would be required 

to properly address this possibility. In fairness, it should be noted that all of the referenced 

studies lack the presentation of quantitative measurements and statistical analyses of plant 

pool size changes for each of the four sterol classes. However, in support of the view that 

changes in free and esterified sterol pools often estimate real changes in total sterols, 

BergenstrShle et al. (1996) found no evidence for changes in steryl glycosides and acylated 

steryl glycosides during the induction of steroid-glycoalkaloids. Likewise, wounding was 

determined to have no affect on UDP-glucose:sterol glucosyltransferase activity, a key 

enzyme in converting free sterols to steryl glycosides (Bergenstr^e et al. 1993). 

If root feeding herbivorous insects fimctionally remove a large portion of the root 

system, how might the described steroidal responses benefit the plant? Insects are unable to 

synthesize the steroid nucleus and thus require dietary sterols for growth and development 

(Svoboda and Thompson, 1985). Low levels of dietary sterols could delay development 

(Behmer and Grebenok, 1998), but this response alone might result in greater consumption 

to fulfill the insects dietary requirements (Moran and Hamilton, 1980). However, with the 

corresponding increase in 20E (8) levels, some herbivorous insects would be predicted to 

experience increased feeding deterrence and possible developmental complications leading 

to increased rates of mortality (Lafont et al, 1991; Blackford and Dinan, 1997). Another 

possible plant benefit of lower phytosterol levels following root damage relates to pathogen 

invasion. Analogous to insect requirements, some plant pathogenic fimgi also require 
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phytosterols for growth and sexual reproduction (Langcake, 1974). In wounded potato 

tubers, the presence of surface phytosterols allowed an otherwise incompatible race of 

Phytophthora infestans, to utilize the tubers as a host (Muchacromah et al., 1995). The 

authors state that "the availability of sterols may be a critical factor for compatibility during 

early stages of the infection process." If this is true, then a decrease in phytosterols 

following periods of increased probability of infection (i.e. mechanical damage) may also 

function as a pathogen defense. 

We provide the first evidence that wound induced phytoecdysteroid production may 

result in decreased synthesis and accumulation of phytosterols. A wealth of information 

exists on conditions which result in inhibition of plant steroid biosynthesis, however very 

little is known about the regulation and control of steroid biosynthesis between the C27-

and C29-phytosterol pathway branches. 
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Figure Legend 

Rgure 1. Proposed shift in spinach C27- and C29-steroid synthesis and accumulation 

following root damage and methyl jasmonate treatments. Predicted regulatory enzymes of 

significance are a steroid specific 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMGR) (A), the sterol reductase (B) and the C-24 sterol methyl transferase (C). 

Dashed arrows denote multiple steps. The full carbon numbering scheme used is shown for 

cycloartenol (3). 

Figure 2. Mean (+SEM) shoot and root measures of dry mass (A-Q, 20E pools (D-F), and 

sterol pools (G-I). The major phytosterols, spinasterol and 22-dihydrospinasterol are coded 

in black and white, respectively. Root-1 and Root-2 correspond to basal and distal sections 

of the diagranmiatic plant. Within plots and phytosterol types (but not between), bars that 

share the same letter (lower case) are not significantly different (P > 0.05, Tukey correction 

for multiple comparisons). T-tests (upper case letters) were used for specific a priori 

hypotheses. 

Figure 3. Mean (+SEM) shoot and root measures of 20E pools (A-B), phytosterol pools 

(C-D) and total I'HZ-MVA incorporated into sterols (E-F). The major phytosterols, 

spinasterol and 22-dihydrospinasterol are coded in black and white, respectively. X-axis 

labels of C, MJ, D represent control, methyl jasmonate and damaged treatments, 

respectively. All plants were harvested 3 days after initial treatments. Within plots and 

phytosterol types (but not between), bars that share the same letter (lower case) are not 

significantly different (P > 0.05, Tukey correction for multiple comparisons). T-tests were 

used for specific a priori hypotheses (D and F). Within phytosterol types, bars with 

different letters (upper case) are significantly different (P > 0.05). 
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CHAPTER VI 

THE DBTRIBtrnON AND QUANTTTATIVE VARIATION OF 

20-HYDROXYEQDYSONE IN SPINACH (Spinacia oleracea) 

Introduction 

Investigators considering phytoecdysteroid (PE) function in plants need to 

incorporate the details of PE spatial distribution, variation among individuals and factors 

which influence levels within individuals over ontogeny. Currently, the best supported 

hypothesis regarding PE function is plant defense against phytophagous insects 

(Bergamasco and Horn, 1983; Lafont et al., 1991). However, hypotheses of PE function 

have largely been considered without a thorough understanding of PE accumulation 

patterns (Heftman, 1975; Bergamasco and Horn, 1983; however see Jones, 1977). Over 

1(X) different phytoecdysteroids have been described from an equal number of plant 

families (Camps, 1991), however very little is known about patterns of PE accumulation 

and regulation in these plants. A notable exception is spinach. Grebenok and Adler (1991) 

documented changes in PE levels between pairs of leaves over developmental time. In 

general, the Chenopodiaceae have higher PE levels associated with actively growing 

meristematic and reproductive tissues (Dinan et al., 1991; Dinan 1995). In addition to PE 

changes over ontogeny, rapid increases in root PE concentrations occur following root 

damage (Schmelz et al., 1998). We use spinach to investigate basic concepts in PE 

regulation with the goal of developing a system to test PE fimction. The agricultural 

significance, vigorous growth and simple PE profile, consisting predominantiy of 20-

hydroxyecdysone (20E), make spinach ideal for these purposes (Grebenok and Adler 

1991). 
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The variation in PE levels, both within and between plants, may suggest how and 

where PEs fimction. Average PE concentrations for a whole plant provide little infomiation 

when considering interactions that operate on ^mall spatial scales. Clearly, ungulate 

herbivores could potentially remove 100% of the above ground biomass of a plant in one 

bite, however phytophagous insects remove tissues on a finer and more selective scale. 

Therefore knowledge of PE distribution, not only between leaves but within leaves, 

becomes important when considering plant-insect interactions. Likewise, tissues both 

within and between leaves are not equally valuable in terms of both plant growth and insect 

nutritioa (Krischik and Denno, 1983; Harper, 1989; Coleman and Leonard, 1995). Optimal 

Defense Theory predicts that toxic or deterrent secondary metabolites should be 

preferentially allocated to areas of higher tissue value with regards to future plant fitness 

(Zangerl and Bazzaz, 1992). Thus, our first objective is to generate a detailed 20E 

distribution map in spinach in an effort to understand the within plant and within leaf 

distribution of 20E and its possible significance. 

The ecological roles of plant secondary metabolites have been demonstrated in 

numerous studies which make use of genetic variation in the accumulation of secondary 

metabolites between individuals and populations (Klun et al 1970; Krischik and Denno, 

1983; Wink 1988). Correlations between levels of secondary metabolites accumulated in 

plants and levels of insect herbivory can provide very persuasive evidence of whether or 

not putative plant defense chemistries matter. Thus far, this approach has not been used for 

the examination of PE function. Previous attempts to uncover significant intraspecific 

variation in PE accumulation have met with little success (Reixach et al., 1996). Our 

second objective is to utilize existing genetic variation present in diverse spinach germplasm 

accessions in an attempt to uncover variation in constimtive PE accumulation. The long 

term goal is to use intraspecific variation to investigate the relationship between PE levels 

and plant resistance to phytophagous insects. 
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Average 20-hydroxyecdysone (20E) concentradons in spinach foliage remain 

unchanged following mechanical damage and insect herbivory (Schmelz et al., 1998). 

However roots rapidly increase in 20E after below-ground herbivory (Schmelz, et al 1999 

in press). Assimiing a given root herbivore displays a dose dependent feeding response to 

dietary 20E, then variation in the induction of root 20E levels in response to damage may 

influence the amount of future herbivory. The plant signal responsible 20E induction is 

believed to be jasmonic acid (Schmelz et al., 1998). Thus variation in the magnitude of 

induced root 20E levels in response to root perturbation can be estimated with treatments of 

jasmonic acid analogs, like methyl jasmonate (MJ). Our third objective is to consider the 

variation in inducibility of root 20E concentrations, as herbivory by root feeding insects 

should not be ignored when considering plant-insect interactions (Brown and Gange, 

1990). 

Given these objectives, we investigate 20E variation both within and between plants 

and variation in both constitutive and inducible 20E concentrations by addressing the 

following questions; (1) What is the fine scale distribution pattern of 20E within mature 

spinach and how does this relate to predictions of OD Theory?; (2) What is the variation in 

total root and shoot 20E concentrations between 199 different accessions of spinach?; and 

(3) How does the variation in 20E levels of untreated control plants correspond to induced 

20E levels? 



1 1 0  

Methods 

Materials. All plant nutrient components were purchased from the Sigma Chemical 

Co.(St. Louis, MO). HPLC-grade solvents were acquired from the Fisher Chemical 

Company (Pittsburgh, PA). Garden spinach varieties (Avon and Bolero) were purchased 

from the W. Atlee Burpee Co. (Warminster, PA) whereas ail other spinach accessions were 

a gift from the United States National Plant Germplasm System (David Brenner, North 

Central Regional Plant Introduction Station, USDA-ARS, Iowa State University, Ames, 

Iowa). 

Plant Growth and Phytoecdysteroid Analysis. All plants were grown 

hydropoiucally as described in Schmelz et al. (1999 in press). Unless otherwise stated, 

20E quantification followed exactly firom Schmelz et al. (1998; 1999 in press). A variation 

from this protocol was used to estimate 20E levels in four plants from each of the 199 

spinach accessions. Each plant was lyophilized, separated into root and shoot, weighed and 

extracted. All tissues less than 60 mg dry mass were placed into 20 ml scintillation vials 

and pulverized with a glass rod. All tissues larger than 60 mg were homogenized with a 

Wiley mill (SSO-^im mesh; Thomas Scientific), from which a weighed portion (50-60 mg) 

was analyzed. After a 48 hr extraction in 7 ml MeOH, each of the 1564 samples were 

mixed with 3 ml of H2O, and 10 ml hexane which had been pre-equilibrated in 7:3 MeOH / 

H2O. After clear phase separation (at least 48 hrs) one ml of the MeOH / H2O layer was 

removed fix)m each sample. Within accessions and tissue types, four separate 1 ml MeOH / 

H2O aliquots were pooled resulting in one root and one shoot "averaged" ecdysteroid 

sample per accession. This sample was then partitioned between butanol and H2O, and 

analyzed as previously described (Schmelz et al., 1999 in press). The above step reduced 

the number of samples analyzed firom 1564 to 398, however knowledge of the between 

plant variation within each accession was sacrificed. Thus the 20E levels determined for the 

199 accessions should be viewed only as estimates and not absolute values. 
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Analysis of the Distribution and Variation oflOE Levels within Spinach. Grebenok 

and Adler (1991) previously established the relative distribution of PE's between leaves. 

However, knowledge of PE distribution on a finer scale is necessary for investigating the 

potential role of PEs in plant-insect interactions. For example, a detailed distribution map 

would enable predictions of relative PE consumption by phytophagous insects given the 

tissues removed. Eight 30 day old hydroponic spinach (Bolero, var.) plants were selected 

from 30 conspecifics based on matching size and morphology. Each of the 8 plants were 

divided into 84 parts, with each designated part number pooled between plants (Figure 

1 A). Leaf samples were removed with a #4 hole punch ftom locations as indicated (Figure 

1 A). An assumption was made that 20E distribution is symmetrical on either side of a given 

leaf midrib, thus analogous leaf disks were taken from both sides and pooled (Figure 1 A). 

Pairs of leaves were numbered starting from the base of the plant. Within pairs of leaves, 

individual leaves in the first and third leaf sets were indistinguishable fi^m one another. 

Thus comparable tissues from these leaf sets were combined (Figure 1 A). All 

cotyledons( 1) were analyzed together and first leaves were divided into five parts (2-6). 

Smaller (#1) and larger (#2) leaves in the second pair were divided into 11 (7-17) and 14 

(18-31) and parts, respectively. Each leaf fixjm the third pair was cut into 16 (32-47) 

sections. Smaller(#l) and larger(#2) leaves in the fourth pair were divided into 11 (48-58) 

and 9 (59-67) and sections, respectively. The apical leaf was divided into two parts (68, 

69) while the roots were divided into 15 (70-84) approximately 2.5 cm sections. 

Variation of20E Levels Between Spinach Accessions. Avon variety spinach seeds 

and 207 USD A germpiasm accessions were soaked in H2O for 12 hrs, planted and 

germinated in vermiculite for 11 days (for complete listing of accessions see Table 1). 

UDSA spinach accessions PI 175927, 175931, 212119, 226671, 249920, 358251, 

358259,358260, and 361127 were not included in the analysis due to either a lack of 

seedling emergence or ftmgal infection during germination. Four individual plants from 
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each of the 199 viable accessions were transfeiied to hydroponics and grown for 13 days 

(see Schmelz et al, 1998; 1999 in press). Of the 796 plants grown hydroponically, 14 

individuals died prior to harvesting. Thus some of the analyses are based on an average of 

three plants per accession instead of four. 

Confirmation of Accession Variation in 20E Levels. The existence of a range of 

spinach accessions with different constitutive levels of shoot 20E would allow correlation 

studies to be performed between plant 20E levels and the preference and performance of 

phytophagous insects. Such studies would help elucidate whether or not PEs function as 

plant defenses against insects. Eight accessions representing the extremes in shoot 20E 

concentrations from the original screen were selected for reanalysis. Five plants from each 

accession were harvested after 40 days of growth. For convenience, re-investigated 

accessions were assigned the following numbers; 1 (PI 165710), 2 (PI 165994), 3 (PI 

181923), 4 (PI 176372), 5 (PI 206007), 6 (Ames 20169), 7 (PI 204735) and 8 (PI 

204736). 

Variation in Root 20E Inducibility. In order to exanune potential variation in the 

inducibility of root 20E concentrations between accessions, six accessions were chosen 

frx>m geographically diverse regions surrounding the putative origin of spinach (Pandita 

and Lai, 1986). For ease of presentation, capital letters were assigned to the following 

accessions: (A) PI 183246, (B) PI 263873, (C) PI 166366, (D) PI 181923, (E) PI 220686, 

and (F) PI 211632. These represent accessions originating from Egypt (A), Greece (B), 

India (C), Syria (D), and Afghanistan (E and F), respectively. All plants were 27 days old 

at the beginning of the experiment. All groups consisted of four control and four MJ treated 

plants. Three days after the hydroponic addition of 200 )Xg of aqueous MJ, an amount 

previously determined to cause a maximal induction (Schmelz et al, 1998), all plants were 

harvested for analysis. For the calculation of root 20E induction ratios, within accessions 

MJ treated and untreated control plants were paired based on similar day zero fresh masses. 
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20E induction ratios are simply the MJ induced root 20E concentrations divided by the 

control root 20E concentrations of the paired plants. 

Statistical Analysis. The Shapiro-Wilk test was used to examine whether the 20E 

concentrations for the 199 accessions followed a normal distribution (Sail and Lehman, 

1996). In the Shapiro-Wilk test, P > 0.05 indicates that the data follow a normal 

distribution. Two correlations (r) were performed to estimate the intensity of the 

association, without implications of causation, between root and shoot mass and between 

root and shoot 20E pools (Zar, 1996). Four regression analyses (r^) were performed to 

estimate the amount of variability in 20E levels accounted for by variation in plant mass 

(Zar, 1996). In the re-analysis of the eight variant accessions, an analysis of variance 

(ANOVA) was performed on root and shoot PE and biomass measures. Significant 

treatment effects were investigated if the main effects of the ANOVA were significant (P < 

0.05). Tukey tests were used to correct for multiple comparisons in experiments where no 

a priori hypotheses existed. Due to the multiple treatments and controls, two-way ANOVAs 

were initially used to investigate the variation in root 20E mduction. Significant effects 

were investigated fiirther with separate one way ANOVAs followed by Tukey tests. Two 

user defined contrasts with Bonferroni corrections (i.e. alpha = 0.025) were used to 

demonstrate differences in control root 20E levels. Data analysis was accomplished with 

the aid of the MGLH module of the SYSTAT statistical package (Evanston, Illinois) and 

JMP®Start Statistics (SAS Instimte Inc). 
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Results 

Within Plant 20E Variation. Spinach displays a concentration gradient of high 20E 

in the apical tissues declining to trace concentrations in the oldest leaves. The highest 20E 

concentrations are not associated with the leaf tissue, but instead with the stems and midrib 

(Rgure 1). The lowest PE levels were found in the first and second pairs of leaves, with 

20E concentrations in most non-vascular tissue less than 65 fig/g dry mass. Within leaves 

of the third and fourth leaf sets, there is a gradient of increasing 20E concentration &om the 

leaf tip (150 and 230 [ig/g dry mass, respectively) to the base (650 jig/g dry mass) of the 

leaf (Rgure 1). The highest 20E concentrations detected (1000-1400 jig/g dry mass) were 

in the stems and midrib vasculature of the third and fourth leaf sets. In the roots, a 20E 

concentration gradient rose ftom 70 ng/g in the central portion of the roots to 330 (ig/g dry 

mass in the most distal root tips. For comparisons between experiments, the average total 

root and shoot 20E concentrations determined for this variety were 114 and 380 |ig/g dry 

mass, respectively. 

Variation oflOE Between Spinach Accessions. Low levels of variation in total 

shoot 20E concentration exist among the accessions; however, roots demonstrate far 

greater variability in 20E concentrations. All plant dry mass and 20E estimates for each 

accession have been summarized (Table 1). The relative occurrence of shoot 20E 

concentrations followed a normal distribution (Shapiro-Wilk W test; P = 0.783), with a 

mean of 270 |ig/g dry mass and a maximal variation of 3.4-fold (Figure 2). Root 20E 

levels did not follow a normal distribution (Shapiro-Wilk W test; P < 0.(X)1) and exhibited 

a mean concentration of 69 p.g/g dry mass and a maximal variation of 17.0-fold (Figure 2). 

Because 199 different spinach accessions were examined, patterns likely represent 

estimates for the species as a whole. Two correlations were performed to estimate the 

intensity of the association between (1) root and shoot mass and (2) root and shoot 20E 

pools. As expected, shoot and root mass demonstrated a strong positive correlation (r = 
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0.861; Rgure 3A). Similarly, total root and shoot 20E pools displayed a positive but much 

weaker correlation (r = 0.335; Rgure 3D). Regression analyses were performed to estimate 

the amount variability in 20E levels accounted for by plant mass. Total shoot 20E pools 

showed a strong positive relationship (r^ = 0.637) with shoot mass (Figure 3B), while root 

20E pools and root mass had a much weaker relationship (r^ = 0.062) (Figure 3Q. This 

trend was not surprising given the inducibility of root 20E pools following perturbation. 

Shoot and root 20E concentrations showed weak negative relationships with shoot (r^ = 

0.116) and root (r^ = 0.028) mass, respectively (Rgure 3E-F). The slopes of all four 

regressions were significantly different firom zero (all ANOVAs F1.197 > 5.60, P < 0.019). 

Re-Analysis of Accessions Most Variant in Shoot 20E Levels. The inirial analysis 

of PE variation between accessions represented only an estimate for young plants, thus the 

stability of 20E variation was re-examined in selected accessions. Significant variation in 

shoot 20E levels between accessions was confirmed, however in mature plants the 

variation between accessions was less than previously estimated (Rgure 4). Differences in 

shoot 20E concentrations (ANOVA F7,32 = 5.01, P < 0.001) were detected, with 

accessions 4, 7 and 8 showing approximately 1.8- and 1.6-fold greater 20E levels than 

accessions 1 and 2, respectively (Rgure 4B). Accessions 3,5 and 6 proved to be 

intermediate and not significantly different fit)m all other accessions (Rgure 4B). 

Significant differences in shoot dry mass were also found between the eight accessions 

(ANOVA F7,32 = 6.12, P < 0.001). Accession 8 exhibited significantly lower shoot dry 

mass than accessions 1 through 6 (Figure 4A). Also, the shoot dry mass of accession 7 

was significantly less than accession 3. Importandy, differences in shoot 20E 

concentrations between accessions (for example, 1 and 4) are not always linked to 

differences in plant growth. Unlike shoots, differences in root dry biomass and root 20E 

concentrations were not apparent (both ANOVAs F7,32 < 1.36, P > 0.254). 
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Variation in 20E Inducibility. Accessions displaying high constitutive levels of root 

20E had low induction ratios while accessions with low constitutive 20E levels had the 

highest induction ratios. However, similar final induced levels suggest on upper limit for 

root 20E concentrations. No significant differences in root or shoot dry mass were found 

between the examined accessions (both two way ANOVAs F5,34 < 2.11, P > 0.087). 

Likewise, root and shoot biomass were not significantly changed by MJ treatments (both 

two way ANOVAs Fi,34 < 1.39, P > 0.247) . Constitutive root 20E levels of untreated 

control plants differed significandy (ANOVA Fi,34 = 2.98, P > 0.041) between 

accessions. This result is due to differences between the high root 20E levels in accession 

A and the low 20E levels in accessions D and F (both contrasts Fi,i7 > 7.65, P < 0.013; 

Figure 5 A). Hydroponic additions of MJ stimulated significant changes in root 20E 

concentrations both between (two way ANOVA F5,34 = 4.10, P > 0.005) and within (two 

way ANOVA Fi,34 = 139.77, P > 0.001) accessions. MJ treatments resulted in the 

increase of root 20E concentrations within each accession (Figure 5A). Differences in the 

induced 20E concentrations between accessions were found between accession C (235 

p.g/g dry mass) and accessions B (161 p.g/g dry mass) and D (148 ^ig/g dry mass) 

(ANOVA F5,i7 = 3.58, P = 0.021; Figure 5A). Induction ratios estimate the magnitude of 

change in the 20E levels. The 4.0-fold induction ratio of accession F was significantly 

greater than the 1.7 and 2.0-fold inductions found in accessions A and B, respectively 

(ANOVA F5J7 = 3.83, P = 0.016; Figure 5B). However, these induction ratios result in 

statistically the same final 20E concentration suggesting a common physiological limit to 

induced 20E concentrations. 
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Discussion 

With intact spinacii, we examined the variation of 20E accumulation, within a plant, 

between geimplasm accessions, and following phytochemical induction treatments. This 

revealed the following results. First, spinach displays a prominent 20E gradient both within 

and between leaves. Within leaves, 20E concentrations increase from low levels at the tip 

and leaf edge to high levels at the base, midrib vasculature and stem. Between leaves, the 

highest 20E concentrations were found in the young stems and leaves, with successively 

declining 20E concentrations in older leaves. Second, analysis of 199 accessions of young 

spinach plants revealed a maximal 3.4- and 17.0-fold variation in total shoot and root 20E 

concentrations, respectively. A reanalysis of mature plants selected from eight accessions, 

previously estimated to contain the most variant shoot 20E levels, demonstrated significant 

yet only a 1.6- to 1.8-fold variation. This level of variation in constitutive shoot 20E levels 

is likely insufficient to accurately test the putative plant defense fiinction of PE against 

insect folivors. Third, the variation in induced root 20E concentrations following MJ 

treatments demonstrates that roots with high constimtive 20E levels have low inducibility 

(2-fold) whereas roots with low constitutive root 20E levels have high inducibility (4-fold). 

Overall, root variation in 20E concentrations is far greater than shoots and may exist as a 

better resource to probe PE function. 

Our 20E distribution analysis reveals patterns for a single ontogenetic stage, 

however Grebenok and Adler (1991) previously described the change in 20E 

concentrations between pairs of leaves over ontogeny. In general, leaf 20E concentrations 

decrease over time with increasing age. Mature leaves and roots are known active sites of 

20E biosynthesis, while the young apical leaves accumulate high 20E concentrations 

despite their lack of 20E biosynthesis (Grebenok and Alder, 1993; Schmelz et 1999 in 

press). Grebenok and Alder (1993) proposed the hypothesis that very active and dynamic 

20E transport processes are occurring between spinach leaves. More recent evidence 
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supports this hypothesis. Once synthesized, 20E does not undergo rapid catabolism or 

conjugation but remains stable for at least 28 days (Chapter IV). Active transport and 

successful 'scavenging' of firee 20E out of older and senescing leaves is the simplest 

explanation to account for these patterns. It is quite possible that the close association of 

20E with the plant stems and midrib vasculature facilitates transportation between leaves. 

Taken together, the experimental evidence in spinach represents the strongest case for PE 

transport and cycling in plants. 

The within leaf distribution of 20E in spinach mirrors the allocation patterns of 

furanocoumarins in wild parsnip and predictions of Optimal Defense (CD) Theory (Zangerl 

and Bazzaz, 1992). Zangerl and Bazzaz (1992) list the three tenets of CD Theory which 

attempt to explain why putative plant defense compounds are not uniformly distributed: 1) 

defense is costly, resources allocated to defense cannot be simultaneously allocated to 

growth or reproduction; 2) not all leaves are equally valuable in terms of future plant 

fitness; and 3) different tissues have different probabilities of attack. They use 

fiuanocoumarins in wild parsnip to explain variation in defense allocation surrounding leaf 

veins in the context of leaf area losses which result at various points of vasculature 

severing. Herbivores feeding at increasingly sensitive areas, with regards to potential 

biomass loss, would encounter increasing concentrations of toxic fiiranocoumarins. This 

distribution pattern is identical the distribution of 20E found in spinach leaves. In one 

respect, fiiranocoumarins and 20E may function similarly, as PEs are also feeding 

deterrents to some phytophagous insects (Ma, 1969; Tanaka et al, 1994). Between leaves it 

is generally accepted that younger leaves are more valuable to future plant fitness than older 

leaves (Krischik and Denno, 1983; Zangerl and Bazzaz, 1992). This general pattern may 

explain the between leaf distribution and apical gradient of high 20E concentrations in 

young leaves declining to low 20E concentrations in old leaves. 
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Across the 199 spinach accessions investigated, variation in total shoot 20E 

concentration was relatively low. Indeed, over 60 percent of the total variation in shoot 20E 

pools could be explained simply by the variation in shoot dry mass. Other attempts to 

demonstrate significant variation in constitutive PE accumulation have met with similar 

results. Reixach et al. (1996) found only a 1.45-fold difference in PE accumulation of 

Polypodium vulgare prothalli cultures which originated fix>m Germany, Finland, and 

Spain. Between the accessions, plant growth rates may also account for some of the 

variation in shoot 20E concentrations. The negative regressions between 20E 

concentrations and tissue dry mass imply that accessions with slower growth have 

increased 20E accumulation. While this may be a general pattern, the two are not tightly 

linked as some high and low 20E accumulating accessions in the reanalysis demonstrated 

identical biomasses. In spinach, leaf danriage and insect herbivory do not increase the 

variation in shoot 20E levels (Schmelz et al., 1998). Given this stability, shoots may offer 

a distinct advantage over highly variable roots in attempting to correlate variation in 20E 

levels with insect preference and performance. Unfortunately the low level of total shoot 

20E variation between accessions raises questions over the feasibility of such smdies, as 

the most telling results have come &om examples where large variation in plant defense 

expression was available (Klun et al., 1970; Wink, 1988). 

Far greater 20E variation exists in the roots of spinach. However, the apparent 17-

fold range in constitutive 20E levels is likely due to a fraction of plants that had wounded 

roots. It is certain that of the 1564 plants harvested, a few individuals sustained significant 

root loss upon initial transfer to hydroponics. Root loss of 35% or greater is sufficient to 

cause root 20E induction (Schmelz et al., 1999 in press). Unforeseen root induction may 

also explain the skewed frequency distribution of root 20E concentrations. In addition, the 

reanalysis of the eight spinach accessions indicated that root 20E concentrations did not 

follow previously estimated root 20E concentrations for each accession. Estimated variation 
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in root 20E levels for the eight accessions was 9.7-fold while variation upon reanalysis was 

only 2.8-fold with accessions not being significantly different one firom another (data not 

shown). Given this variability especially after wounding, the root 20E data between 

accessions should be interpreted cautiously. However, the data supports the general 

pattern that constitutive 20E concentrations of unwounded roots are 2 to 4 times lower than 

20E concentrations in shoots and wounded roots. 

The investigation of variability in root 20E induction following MJ treatments lead 

to two important observations. First, plants starting with the highest constitutive root 20E 

levels attained the same 20E concentration as accessions with the lowest constitutive root 

20E levels. This suggests the presence of physiological limits in the induction of root 20E 

concentrations. A similar phenomena has been described with nicotine production in wild 

tobacco (Baldwin, 1996). Second, significant 4-fold variation can be obtained in very 

similar tissues thus making roots a better tissue choice than shoots for investigating 

potential PE interactions with insects. Root 20E induction exists as a potential tool to 

generate widely varying 20E concentrations in nearly identical tissues. However, due to 

root induction, 20E levels will not be known after root herbivory begins. Short term 

experiments examining the interactions of root feeding insects with control and induced 

roots may be most valuable. Close attention to changes in plant chemistry and insect 

preference and performance may finally shed some light on PE fimction in plants. 
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Table 1. Geographic origin, mean dry mass (mg) and estimated 20 concentrations 

(fxg/g diy mass) of the 199 USDA-ARS spinach germplasm accessions examined. 

Accession Geographic Mean (±SE) Mean (±SE) 20E ug/g 
Number Origin of Root Dry Shoot Dry dry mass 

Accession M^fme) Mass (me) Root Shoot 
A-7837 Thailand 16.5 ± 1.6 86.3 ± 9.6 78.1 265.0 
A-i2722 Japan 19.3 ± 2.3 98.2 ± 6.8 163.7 265.6 
A-12723 Japaa 18.5 ± 2.5 90.9 ±6.1 52.3 239.8 
A-20168 China 11.3 + 1.3 52.0 ± 2.7 15.4 254.9 
A-20169 China 13.6 ± 1.6 64.6 ± 8.2 68.0 375.1 

PI-103063 China 8.1 ± 1.5 33.2 ± 6.7 59.5 230.0 
PI-I63309 India 12.4 ± 33 56J ±12.0 59.1 277.8 
PI-1633I0 Pakistan 14.3 ± 1.3 63.6 ± 5.2 47.7 259.7 
PI-164%5 Turkey 17.6 ± 1.1 68.3 ± 4.7 23.9 266.4 
PI-164966 Turkey 11.2 ±2.0 51.9 ±9.9 34.4 284.9 
PI-165043 Turkey 16.9 ± 2.7 70.2 ± 12.2 55.7 272.2 
PI-165504 India 12.2 ± 1.8 47.2 ± 7.8 28.9 233.3 
PI-165710 77* 12.3 ± 2.0 58.4 ± 12.2 29.9 114.0 
PI-165994 India 13.8 ± 1.5 58.4 ± 6.9 16.5 179.5 
PI-I66366 India 14.2 ± 0.5 61.5 ± 2.7 28.0 280.6 
PI-167098 Turkey 9.4 ± 1.2 45.3 ± 4.6 40.6 283.3 
PI-167194 Turkey 16.1 ±2.2 62.4 ± 9.6 32.5 266.4 
PI-167195 Turicey 18.1 ± 2.3 78.9 ± 7.5 34.3 265.8 
PI-167434 Belgium 10.0 ± 1.5 53.6 ± 10.7 83.4 279.4 
PI-169668 Turkey 14.0 ± 2.6 62.0 ± 6.7 58.5 224.9 
PI-I69669 Turkey 14.1 ± 1.6 57.0 ± 7.8 59.5 258.2 
PI-169673 Turkey 21.2 ± 0.7 80.4 ± 4.3 81.8 259.3 
PI-169674 Turkey 18.6 ± 2.4 81.9 ± 8.4 42.7 279.1 
PI-169675 Turkey 12.0 ± 1.2 42.9 ± 5.6 29.1 314.2 
PI-169676 Turkey 16.2 ± 1.0 64.1 ±6.6 49.5 324.0 
PI-169677 US 10.6 ± 1.6 43.1 ± 7.2 47.8 331.3 
PI-I69678 Turkey 15.7 ±2.1 58.8 ± 8.0 33.6 255.6 
PI-169679 Turkey 16.8 ± 3.5 69.6 ± 14.3 29.0 242.4 
PI-169680 Turkey 11.7 ±2.1 54.1 ±7.0 32.7 256.2 
PI-169683 Turkey 13.9 ± 3.2 52.4 ± 10.8 46.5 274.4 
PI-169684 Turkey 9.5 ± 1.9 33.6 ± 5.3 53.0 292.6 
PI-169685 Turkey 13.1 ± 1.4 61.8 ± 7.6 31.9 303.4 
PI-I69688 Turkey 12.4 ± 1.3 54.5 ± 2.8 28.5 287.7 
PI-169690 Turkey 13.0 ± 1.9 54.3 ± 5.4 35.3 286.0 
PI-171859 Turkey 11.2± 1.3 41.5 ± 3.9 67.3 280.4 
PI-171860 Turkey 17.0 ± 6.0 74.8 ±21.0 39.3 204.9 
PI-I71861 Turkey 22.7 ± 0.8 92.9 ± 4.5 47.9 282.0 
PI-171863 Turkey 11.6 ±2.2 48.9 ± 6.2 50.3 272.2 
PI-171865 Turkey 15.6 ±4.1 70.7 ± 17.5 47.2 261.7 
PI-171866 Turkey 18.7 ± 3.7 79.1 ± 16.5 41.2 304.5 
PI-17I867 Turkey 14.0 ± 3.0 55.2 ± 12.5 22.6 255.6 
PI-173122 Turkey 10.9 ± 1.8 50.0 ± 9.3 32.3 294.6 
PI-I73123 Turkey 16.4 ± 4.0 73.7 ± 15.5 35.5 267.1 
PI-173124 Turkey 13.2 ± 0.5 51.7 ± 1.4 51.8 332.9 
PI-173125 Turkey 14.2 ± I.l 62.9 ± 5.6 59.1 235.6 
PI-173126 Turkey 20.7 ± 1.6 84.3 ± 3.2 32.9 243.4 
PI-173I27 Turkey 13.2 ±0.7 64.4 ±5.1 56.0 265.3 
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Table 1. Continued 
Accession Geographic Mean (±SE) Mean (±SE') 20E ug/g 
Number Origin of Root Dry Shoot Dry dry mass 

Accession Mass (me) Mass (me) Root Shoot 
PI-I73128 Turkey 10.1 ±2.0 44.5 ± 6.1 38.4 271.4 
PI-173129 Turicey 17.3 ± 1.2 73.1 ±6.3 49.5 236.1 
PI-173130 Turkey 18.5 ± 2.6 82.9 ± 8.0 27.8 212.7 
PI-173131 Turkey 17.1 ±2.5 69.0 ±6.1 21.9 268.4 
PI-173809 Turkey 9.3 ± l.O 41.9 ± 4.5 95.0 335.2 
PI-173972 India 11.7± 1.9 51.9 ±7.7 34.6 306.1 
PI-174383 Turkey 17.1 ± i.8 71.5 ± 8.6 69.7 255.4 
PI-174384 Turkey 15.1 ±2.9 64.1 ± 7.8 59.1 239.3 
PI-I74385 Turkey 21.7 ± 2.5 93.7 ± 4.9 36.3 272.8 
PI-I74386 Turkey 12.3 ± 2.7 61.2 ±9.0 30.1 206.7 
PI-174387 Turkey 12.1 ± 1.0 66.5 ± 6.9 14.2 228.1 
PI-174388 Turkey 15.9 ± 1.5 73.5 ±7.1 78.3 206.3 
PI-I74389 Turkey 10.6 ± 0.9 39.2 ± 3.2 58.6 364.5 
PI-174960 India 14.0 ± 2.0 52.4 ± 5.3 43.9 260.0 
PI-175311 India 12.4 2:2.1 46.8 ± 8.7 81.2 348.8 
PI-175312 India 14.6 ± 2.4 66.1 ± 12.4 67.3 304.6 
PI-175313 India 13.1 ± 1.9 50.1 ± 8.6 99.9 318.6 
PI-175595 Turkey 11.5 ± 1.4 51.4 ± 6.9 161.6 297.3 
PI-175923 Turkey 7.6 ± 0.9 36.7 ± 4.8 197.3 347.2 
PI-175924 Turkey 10.7 ± 1.2 50.1 ± 6.8 108.9 250.2 
PI-175925 Turkey 20.2 ± 2.2 78.6 ±8.4 53.4 272.9 
PM75926 Turkey 16.1 ±2.5 68.1 ± 3.5 49.3 248.7 
PI-175929 Turkey 13.2 ± 1.7 63.8 ± 7.7 35.7 234.1 
PI-175930 Turkey 13.5 £ 1.3 61.5 ± 1.0 148.9 291.9 
PI-175932 Turicey 18.2 ± 4.7 78.0 ± 20.0 120.1 271.6 
PI-176371 Italy 19.2 ± 2.4 102.2 ± 9.8 35.4 274.8 
PI-176372 Italy 19.7 ± 3.4 99.4 ± 11.3 110.9 329.8 
PI-176769 Turkey 13.5 ± 1.9 57.0 ± 9.9 189.1 294.3 
PI-176770 Turkey 15.3 ± 5.3 63.5 ± 20.2 64.0 388.5 
PI-176771 Turkey 17.3 t 1.8 63.9 ± 6.3 35.2 252.3 
PI-176772 Turkey 19.9 ± 1.7 94.0 ± 6.2 53.9 309.5 
PI-176773 Turkey 18.2 ±0.6 79.7 ± 5.0 34.1 290.5 
PI-176774 Turkey 18.3 ± 1.8 87.9 ± 8.4 44.7 313.1 
PI-176776 Turkey 23.1 ±3.7 101.8 ±9.0 44.9 269.4 
PI-176777 Turkey 14.2 ± 0.9 65.7 ± 2.9 28.9 247.7 
PI-176778 Turkey 20.5 ± 1.4 90.9 ± 5.3 45.6 250.5 
PI-176779 Turkey 15.1 ±2.6 66.4 ± 11.2 24.5 294.6 
PI-176780 Turkey 9.2 ± 1.9 49.7 ± 9.2 47.3 296.2 
PI-177081 Turkey 10.5 ± 2.2 54.7 ± 10.1 27.2 248.1 
PI-177082 Turkey 15.2 ± 1.1 76.7 ± 4.3 32.4 260.0 
PI-177557 Turkey 10.7 ± 0.3 52.7 ± 6.6 26.2 283.5 
PI-179041 Turkey 14.0 ± 0.6 63.9 ± 5.8 86.8 352.5 
PI-179042 Turkey 13.8 ± 1.2 61.6 ±5.4 62.1 313.9 
PI-179043 Turkey 12.4 ± 1.8 57.9 ± 8.2 16.3 248.7 
PI-179509 Turkey 9.2 ±2.1 48.1 ±8.8 181.8 325.3 
PI-179588 Belgium 9.5 ± 2.2 55.0 ± 10.4 138.3 323.8 
PI-179589 Belgium 13.1 ± 3.7 70.0 ± 17.7 56.6 305.6 
PI-179590 Belgium 14.1 ± 3.3 73.5 ± 17.7 241.8 287.6 
PI-179591 Belgium 16.3 ± 2.4 81.8 ± 14.8 32.0 269.6 
PI-179592 Beleium 18.3 ± 3.8 90.1 ± 12.2 60.8 310.3 
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Table 1. Continued 
Accession Geographic Mean (±SE^ Mean (±SE) 20E ug/g 
Number Origin of Root Dry Shoot Dry dry mass 

Accession Mass (mg) Mass (me) Root Shoot 
PI-179593 Belgium 13.7 ± 2.4 66.5 ± 13.5 145.7 311.0 
PI-179594 Belgium 17.2 ± 2.6 91.7 ± 11.9 54.1 258.4 
PI-I79595 Belgium 22^ ±2.2 98.8 ± 7.2 81.9 236.8 
PI-I79596 Belgium 13.9 ± 1.6 64.6 ± 9.0 97.4 332.8 
PI-181086 Intia 8.9 ± 1.3 54.9 ± 8.9 69.9 278.7 
PI-I8I809 Syria 9.7 ± 2.8 50.4 ± 12.9 32.1 235.7 
PI-I8I923 Syria 18.6 ± 2.6 108.1 ± 7.2 52.6 164.5 
PM83246 Egypt 16.5 ± 1.2 76.1 ±6.2 32.6 234.9 
PM 84137 ?7? 17.0 ± 1.2 86.0 ± 5.5 87.8 220.8 
PI-192945 China 15.6 + 2.1 73.9 ±9.1 74.1 275.0 
PI-2(K)882 Afghan. 12.0 ± 2.2 66.7 ± 11.8 50.9 296.3 
PI-204632 Turkey 12.2 ± 2.5 64.0 ± 10.7 37.3 292.7 
PI-204733 Turkey 17.0 ± 2.7 77.2 ± 7.4 68.7 256.0 
PI-204734 Turkey 13.5 ± 2.0 51.4 ±7.0 28.5 270.5 
PI-204735 Turkey 8.9 ± 1.7 36.4 ± 9.3 153.8 382.7 
PI-204736 Turkey 10.2 + 2.1 41.0 ± 8.9 86.2 384.7 
PI-20523I Turkey 16.8 ± 3.3 87.5 ±11.9 48.0 238.0 
PI-205232 Turkey 15.8 ± I.l 81.8 ±6.8 114.8 180.5 
PI-205233 Turkey 17.3+4.1 89.1 ± 12.8 101.3 302.3 
PI-205234 Turkey 14.6 ± 3.5 76.0 ± 17.7 49.3 343.2 
PI-205235 Turkey 13.8 ± 2.0 68.7 ± 7.9 94.1 276.3 
PI-206007 Sweden 11.3 + 1.6 56.8 ± 5.3 50.2 364.9 
PI-206473 Turkey 14.2 ± 2.1 66.3 ± 7.7 79.7 323.0 
PI-206474 Turkey 16.7 ± 3.5 76.7 ± 10.3 47.7 302.2 
PI-206475 Turkey 15.4 ± 1.9 71.5 ± 6.4 86.0 251.4 
PI-206753 Turkey 9.7 ± 1.0 50.4 ± 5.5 46.4 304.9 
PI-207518 Afghan. 8.1 ± 0.7 42.5 ± 5.2 236.4 253.0 
PI-209644 Iran 11.6 ±0.7 40.7 ± 3.8 234.8 275.2 
PI-209645 Iran 11.9 ± 1.7 46.1 ± 7.2 65.2 205.1 
PI-209646 Turkey 15.0 ± 1.5 80.3 ± 5.6 136.4 262.8 
PI-209647 Iran. Pars 12.5 ± 2.5 60.9 ± 8.0 77.3 278.5 
PI-211632 Afghan. 12.8 ± 1.8 63.2 ± 10.2 104.4 191.8 
PI-2I2I20 Afghan. 21.3 ± 2.6 105.5 ± 12.0 113.4 215.5 
PI-212328 Afghan. 15.9 ± 1.5 71.1 ±5.3 120.9 286.8 
PI-212921 India 16.0 ± 2.2 85.3 ± 7.8 73.3 301.8 
PI-217425 S. Korea 15.5 ± 1.7 80.0 ± 6.7 54.8 284.0 
PI-219949 Afghan. 10.4 ± 1.6 56.1 ± 8.7 98.1 254.2 
PI-220121 Afghan. 18.0 ± 3.5 77.7 ±13.9 39.2 232.3 
PI-220546 Afghan. 11.9 ± 1.9 59.4 ± 11.1 103.6 240.0 
PI-220686 Afghan. 12.9 ± 0.3 56.2 ± 2.8 43.0 290.6 
PI-222270 Iran 16.1 ±0.8 74.0 ± 6.5 106.4 224.7 
PI-222749 Iran 13.0 ± 1.7 68.0 ± 2.4 26.4 204.2 
PI-222750 Iran 13.2 ±2.3 59.6 ± 11.8 74.5 287.9 
PI-222838 Iran 17.9 ± 1.1 95.2 ± 7.6 97.9 225.0 
PI-223536 Afghan. 14.7 ± 4.5 93.2 ± 19.6 71.0 249.2 
PI-224959 Iran 13.0 ± 1.3 61.7 ±7.9 121.0 272.5 
PI-227045 Iran 14.8 ± 1.9 52.7 ± 8.2 129.4 348.4 
PI-227230 Japan 16.1 ± 2.9 84.0 ± 12.4 54.2 253.9 
PI-227383 Iran 16.7 ± 2.0 75.7 ± 8.7 98.4 252.1 
PI-229731 Iran 15.4 ± 0.9 73.3 ± 8.3 88.2 260.6 
PI-229792 Iran 15.3 ± 2.1 69.3 ± 8.8 72.6 266.8 
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Table 1. Continued 
Accession Geographic Mean (dbSE) Mean (±SE') 20E ug/g 
Number Origin of Root Dry Shoot Dry dry mass 

Accession Ting) Mass (m^) Root Shoot 
PI-25I507 ban 12.9 ± 2.1 64.1 ±6.8 83.1 269.8 
PI-254565 Afghan. 13.7 ± I.l 63.2 ± 2.6 55.8 316.8 
PI-256079 Afghan. 12.9 ± 0.7 51.4 ±3.1 46.9 294.5 
PI-256080 Afghan. 9.5 ±2.1 47.1 ± 9.6 46.7 233.2 
PI-261787 France 9.0 ±2.1 46.4 ± 15.3 158.1 359.0 
PI-26I788 France 16.3 ± 1.9 96.6 ± 23.8 76.7 222.3 
PI-261789 France 15.6 ± 0.8 83 J ± 9.9 50.5 316.8 
PI-262911 Spain 15.9 ± 1.4 88.1 ± 6.0 114.8 303.2 
PI-263873 Greece 12.2 ± 0.6 63.7 ± 7.2 39.4 337.3 
PI-266926 Gennany 16.5 ±2.5 89.0 ± 2.1 29.2 301.6 
PI-274044 17* 16.7 ± 2.5 99.4 ± 12.4 55.9 234.4 
PI-274048 7T* 123 ± 3.9 97.4 ± 11.5 46.7 258.3 
PI-274049 ?0? 16.4 ± 2.2 113.8 ± 18.3 187.6 184.7 
PI-274051 ??? 14.2 ± 3.1 79.7 ± 11.1 48.6 274.9 
PI-274052 •w 19.0 ±2.1 105.0 ± 15.1 77.4 269.1 
PI-274053 177 15.3 ± 2.3 63.1 ±9.8 59.1 356.5 
PI-274056 •Yp 17.4 ±2.1 81.9 ± 10.0 113.1 258.7 
PI-274058 ??? 12.9 ± 2.2 65.9 ± 9.6 119.7 347.4 
PI-274060 777 16.5 ± 2.7 96.3 ± 12.6 67.1 245.0 
PI-274061 177 12.6 ±21 78.2 ± 12.5 84.4 248.3 
PI-274065 in 15.1 ± 2.5 91.8 ± 12.7 43.7 281.1 
PI-27431I Pakistan 13.8 ±2.1 96.3 ±11.8 106.1 242.3 
PI-286435 Nepal 12.7 ± 3.3 55.8 ± 11.2 138.7 221.7 
PI-296393 Irm 10.9 ± 1.1 58.6 ± 5.5 142.9 273.1 
PI-321020 777 19.0 ± 4.9 100.9 ± 17.4 84.8 288.2 
PI-339546 yn 16.5 ± 2.4 80.3 ± 13.0 63.0 297.4 
PI-339548 117 15.1 ±4.2 77.5 ± 19.0 82.7 223.6 
PI-344085 Turkey 18.6 ± 1.4 95.3 ± 6.8 85.0 263.9 
PI-358247 Yugoslavia 18.5 ± 2.5 86.8 ± 3.7 39.9 231.9 
PI-358248 Yugoslavia 14.1 ±0.7 79.2 ±2.1 42.6 212.2 
PI-358249 Yugoslavia 14.9 ± 1.7 75.0 ± 7.9 61.1 207.5 
PI-358252 Yugoslavia 15.1 ±4.8 75.4 ± 20.8 95.5 285.7 
PI-358253 Yugoslavia 12.4 ± 0.7 71.1 ±6.3 64.0 301.3 
PI-358256 Yugoslavia 12.3 ± 1.2 55.3 ± 6.2 37.0 298.5 
PI-358257 Yugoslavia 15.5 ± 2.0 68.2 ± 6.6 34.9 307.1 
PI-358258 Yugoslavia 11.3 ± 1.8 66.7 ± 5.9 62.5 172.8 
PI-368826 Yugoslavia 7.1 ± 1.2 32.4 ± 2.2 57.1 298.4 
PI-370602 Yugoslavia 17.9 ± 3.2 74.4 ±11.0 24.5 216.3 
PI-374233 Egypt 22.4 ± 5.9 115.7 ± 26.5 72.3 205.3 
PI-379546 Yugoslavia 21.1 ± 1.1 107.5 ± 13.2 117.2 313.0 
PI-379547 Yugoslavia 18.7 ± 2.3 88.4 ± 5.2 44.5 254.2 
PI-379548 Yugoslavia 13.3 ± 2.5 76.7 ± 20.2 89.7 276.1 
PI-379550 Yugoslavia 9.3 ± 0.5 47.5 ± 3.2 65.2 277.5 
PI-378551 Yugoslavia 21.4 ± 1.8 106.8 ± 9.7 50.3 234.2 
PI-4I9I62 China 21.9 ± 5.4 115.7 ± 25.5 34.6 268.7 
PI-445782 •yr> 17.1 ±2.3 107.2 ± 12.6 71.2 193.5 
PI-445783 V7 23.9 ± 4.7 123.9 ± 7.3 39.6 253.2 
PI-445785 •YYt 14.3 ± 1.4 84.5 ± 6.7 107.7 241.2 
PI-508504 S. Korea 16.6 ± 1.8 96.7 ± 11.4 24.5 164.3 
PI-535897 Poland 15.1 ±2.8 87.4 ± 9.6 67.0 170.1 

AVON Bunxe Seed 19.1 ± 1.1 98.8 ± 2.3 61.9 204.0 
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Figure Legend 

Figure 1. (A) Samples used to construct the distribution map of 20E in spinach. Repeated 

numbers represent samples pooled with the plant (B) Estimated 20E distribution based on 

84 tissue samples averaged between 8 plants. Illustration of secondary leaf vasculature is 

included for diagrammatic purposes only and does not indicate 20E concentration. 

Figure 2. Summarized frequency distribution of 20E concentrations (|J.g/g dry niass) for the 

199 spinach accessions investigated. X-axis intervals represent categorical midpoints, each 

covering a total range of 20 |ig/g dry mass. 

Figure 3. Associations between plant dry mass and 20E levels for 199 spinach accessions. 

Correlations between (A) root and shoot dry mass (r = 0.861) and between (D) root and 

shoot 20E pools (r = 0.335), respectively. Regressions of (B) shoot dry mass and shoot 

20E pools and (C) root dry mass and root 20E pools. Also, regressions of (E) shoot dry 

mass and shoot 20E concentrations and (F) root dry mass and root 20E concentrations. 

Figure 4. Reanalysis of mature plants estimated to be most variant in shoot 20E 

concentrations. Mean (+SEM) shoot dry mass (A) and shoot 20E concentrations (B) of the 

eight accessions reinvestigated. Clear bars represent original 20E estimates from young 

plants. See methods section for accession information. Within plots, bars that share the 

same letter are not significantly different (P > 0.05, Tukey correction for multiple 

comparisons) 
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Figure 5. Mean (4-SEM) root 20E concentrations (A) of control (clear bars) and methyl 

jasmonate induced (0) roots in accessions A through F. See Methods section for accession 

information. Mean (+SEM) 20E induction ratios (B) indit^ring the inducibility of root 20E 

levels, given the same MJ stimulus, between accessions A through F. Within plots, bars 

that share the same letter are not significantly different (P > 0.05, Tukey correction for 

multiple comparisons) 
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CHAPTER Vn 

INTERACTIONS BETWEEN Spinacia oleracea AND Bradysia impatiens: 

A ROLE FOR PHYTOECDYSTEROIDS 

Introduction 

Complexities in host plant selection by phytophagous insects have plagued 

investigations of phytoecdysteroids (PEs) as potential mediators of plant-insect 

interactions. On the one hand, insects which include PE containing plants in their host 

range have evolved efficient detoxification mechanisms (Feyereisen et al., 1976; Zhang and 

Kubo, 1993) and are thus unaffected by dietary molting hormones (Carlisle and Ellis, 

1968; Blackford et al., 1996). On the other hand, insects with narrow host ranges that do 

not normally feed on PE containing plants, often exhibit elevated mortality when fed dietary 

PEs (Kubo and Klocke, 1983; Blackford and Dinan, 1997). When PEs are exogenously 

applied to otherwise suitable host plants, non-adapted insects often display reduced feeding 

and developmental abnormalities resulting in death (Blackford and Dinan, 1997). 

However, endogenous PEs in intact plants have never been clearly demonstrated to cause 

feeding deterrence or host plant rejection by non-adapted insects. Insects may reject plants 

for a variety of reasons, including; the lack of required phagostimulants (Hsiao and 

Fraenkel, 1968; Bowers, 1984), improper nutritional balance (Champaign and Bemays, 

1991), and presence of other toxic or deterrent secondary metabolites (Kubo et al., 1984). 

For these reasons, the demonstration of PE mediated plant-insect interactions has proven 

elusive. 

The sensitivity of Diptera to applications of molting hormones was recognized long 

before ecdysteroids were isolated and structurally identified (Horn, 1989). In fact, a 
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sclerotizatioa bioassay using mature larvae of the blowfly CalUphora erythrocephala was 

instrumental in the first isolation of ecdysteroids (Butenandt and Karlson, 1954). Shortly 

after the discovery of ecdysteroids in plants, Ohtaki et al. (1967) utilized a flesh fly 

{Sarcophaga peregrina) puparium formation bioassay to screen relative activities of seven 

major PEs. Robbins et al. (1968) considered the potential negative effect of PEs and 

sjmthetic analogs on insect development by incorporating them into insect diets. PEs were 

found to inhibit ovarian development and yolk deposition in female houseflies {Musca 

domestica). Singh and Russell (1980) demonstrated that 20-hydroxyecdysone (20E) at 100 

ppm caused up to 84% mortality in M. domestica fed on semi-synthetic diets. Given the 

historical significance of Diptera in ecdysteroid research and the interest in PEs as putative 

plant defenses, it is surprising that phytophagous Diptera have not been more closely 

examined. 

The larvae of the dark-winged fiingus gnat {Bradysia impatiens) feed primarily on 

fungi, however when this food source is exhausted they will actively feed on plant roots 

and stems (Kennedy, 1974; Springer, 1995). Bradysia larvae attack a diverse array 

greenhouse and crop plants, including citrus, geranium, lupine, clover, com, and tobacco 

(Harris et al., 1996). Plants however are not defenseless against insect herbivory. 

Following damage, either electric (Wildon et al., 1992) or chemical (Pearce et al., 1991) 

wound signals systemically travel to surrounding tissues and modulate gene expression, 

often resulting in induced increases in chemical defenses. Most wound signals either 

stimulate or interact with the production of jasmonic acid (JA), a terminal signal in the 

cascade, which is responsible for activation of wound responsive genes (Creelman and 

Mullet, 1997). McConn et al. (1997) demonstrated the significance of JA signaling in the 

defense of Arabidopsis against Bradysia attack. Mutant plants unable to synthesize linolenic 

acid (a JA precursor), could not produce a JA signal, failed to produce mark-Rr wound gene 

transcripts, and suffered significantly higher mortality than plants with intact defense 
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pathways (McConn et al. 1997). However, the actual mechanism of the JA mediated root-

defense response in Arabidopsis is currently unknown. This is not surprising, as only a 

few insect induced responses have been described in roots (Birch et al., 1990; Mayer et al., 

1995; Zangerl and Rutledge, 1996) compared to the vast literature on induced defenses in 

foliage (Karban and Baldwin, 1997). 

Spinach {Spinacia oleracea) is known to synthesize and accumulate PEs, 

predominantly 20-hydroxyecdysone (20E), in the apical leaves and stems (Grebenok and 

Adier, 1991; Chapter VI). We recendy described the rapid induction of root 20E levels 

following wounding and applications of JA analogs (Schmelz et al., 1998). In soil grown 

plants, herbivory by ±e root feeding weevil larvae {Otiorhynchus sulcatus) also stimulates 

increased root 20E levels, a response driven by increased root 20E biosjmthesis (Schmelz, 

et al., 1999 in press). A role for endogenous JA signals was supported by the 

demonstration that salicylic acid analogs, potent inhibitors the JA biosynthetic enzyme 

allene oxide synthase (Pan et al., 1998), also inhibit the wound induced production of 20E 

(Schmelz et al., 1998). 

Bradysia larvae and spinach plants were selected to investigate how PEs may 

mediate plant-insect interactions in an experimental system Specifically, we examined the 

interaction of spinach roots, 20E concentrations and Bradysia larvae to address the 

following questions: (1) Does root damage by larval feeding stimulate the induction of root 

20E levels ?; (2) Can induced 20E concentrations influence larval preference for artificial 

diets?; (3) Does dietary 20E affect larval development and survivorship?; (4) Do plants with 

induced root 20E levels affect the establishment of Bradysia"}-, and (5) Are plants with 

induced root 20E levels better protected against larval attack than uninduced controls? 
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Methods 

Rearing Bradysia. Adult fungus gnats were isolated from infested growth chambers 

(Feldman Laboratory, The University of Arizona) and identified as Bradysia impatiens 

using morphological and developmental characters (Wilkinson and Daugherty, 1970; 

Steffan, 1981). The method for rearing Sciaridae developed by Gillespie (1986) was used 

for Bradysia in our studies. At a constant 23°C, individual colonies were propagated every 

18 days by transferring approximately 50 newly emerged males and females to new diet 

Newly emerged adults were easily manipulated with a camel hair brush after being chilled 

for 5 tninutes in a 5°C environmental chamber. The Bradysia were returned to 23°C 

immediately after the manipulations were completed. On culture diets, peak emergence of 

adults from the diet occurred 18 days after the initial inoculation and egg laying. This was 

intermediate between the 19 days and 15-16 days previously reported for the species 

(Wilkinson and Daugherty, 1970; Kennedy, 1974). The developmental time was often 

delayed when reared in potting soil with plants, likely due to a reduced fungal food source. 

Larval head capsule measurements for the four instars were in accordance of those reported 

by Kermedy (1974). Forceps were used to transfer live larvae in experiments. The larval 

cuticle would normally adhere to the smooth outside edge of the forceps, allowing transfers 

to be made without the danger of the larvae actually being pinched. All larvae which died 

within the first 24 hrs were assumed to be harmed in the transfer and thus excluded from 

the analyses. 

Phytoecdysteroid Analysis and Plant Growth. The 20E analysis of plant tissues 

followed exactly from Schmelz et al. (1999 in press). A mixture of 1; 1:1 peat 

moss:vermiculite:Shultz Seed Starter Mix (Schultz Company, St. Louis, MO) was used for 

soil grown plants. The soil was first passed through a #6 standard sieve (3360 ^im mesh) 

to remove large debris. The initial pH of the wetted soil averaged 5.5. Spinach grows 

poorly in acidic soils and prefers soil pH range between 6.5 and 8.0 (Rubatzky and 
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Yamaguchi, 1997). To correct this problem, the soil was adjusted to a pH of 7.0 with 

aqueous NaOH. Ten days after germination in vermiculite, individual spinach seedlings 

were transferred to 1 L clear plastic containers (Reynolds Co.) containing approximately 

100 ml of soil. At this time, all plants initially received a 1-L nutrient equivalent of the 

standard hydroponic solution (see Schmelz et al, 1998). All plant containers had hundreds 

of pin holes on the undersides which enabled watering through capillary action. Other 

nutrient additions are detailed within the experimental designs. The growth of hydroponic 

plants followed exactly from Schmelz et al. (1999 in press). 

Experiment I: Induction of Root 20E Levels by Larval Attack. In spinach, root 20E 

concentrations are induced following mechanical damage and insect herbivory (Schmelz et 

al, 1998; 1999 in press). In three separate trials, the effect of Bradysia herbivory on 20E 

induction was examined 21 days after adult female oviposition and subsequent larval 

development. Initially each plant was surrounded by mesh enclosures, enabling selective 

infestation. All adult Bradysia deceased within four days, at which point all mesh 

enclosures were removed. In the colony, new females are typically surrounded by males, 

which emerge one day earlier (Harris et al., 1996), and thus were presumed to mated. 

Female Bradysia were only utilized if their abdomens were clearly swollen indicating that 

oviposition had not yet taken place. Oviposition by females and larval herbivory on plant 

roots was occasionally observed during these experiments. In trial one, twenty soil grown 

plants (40 days post germination) were haphazardly placed into four groups of five. At this 

time each plant received an additional 1-L nutrient equivalent of the standard hydroponic 

solution (see Schmelz et al., 1998). Four days later, either 0,2,4, or 8 gravid female 

Bradysia were caged on selected plants. The number of larvae and pupae in the soil were 

not quantified upon harvesting roots for 20E analysis. In trial two, eight plants were 

separated into two groups of four plants consisting of uninfested controls and a heavy 

infestation using 24 gravid Bradysia females per plant. These plants were 44 days old at the 
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start of the experiment and no additional nutrients were administered. Upon harvesting the 

plants, soil from infested plants ranged from 20 to 200 final instar larvae depending on the 

replicate. In trial three, 32 soil grown plants (41 days old), were haphazardly placed into 

two groups of sixteen and supplemented with an additional 1-L nutrient equivalent of the 

standard hydroponic solution. The next day, eight gravid female Bradysia were caged on 

the sixteen plants which been selected for infestation. Upon harvesting the plants for 20E 

analysis, all infested plants contained at least four live Bradysia larvae. 

Experiment 2A & B: 20E and Larval Dietary Pr^erence. Root 20E concentrations 

are induced in spinach following Bradysia attack. Two experiments were designed to 

examine whether or not levels of dietary 20E influence larval preference for diets. 

Experiment 2A. Test diets were constructed from 0.75 g of lyophilized and powdered 

mushroom {Agaricus bisporus), 0.25 agar, and 18 mis of distilled water. The mixture was 

briefly heated to a boil, then 2 ml aliquots of either H2O or aqueous solutions of 20E were 

stirred into ±e diets prior to the agar solidifying in a glass petri dish. Diet 20E 

concentrations of 0, 10, 25 and 50 |ig/g (wet mass) were constructed in this manner. 

Uniform sections of diet were removed with a #3 hole punch (64 mm^) and placed in the 

bottom of individual plastic souffle cups (29.6 ml Solo-PlOO Urbana, IL). A 25 pJ drop of 

H2O was placed on the underside of the plastic lids elevate the humidity of the arena. 

Sections of control and 20E treated diets were placed on opposite sides of the arena (i.e. 

souffle cups) and slanted on pre-existing circular ridges which allowed larvae to crawl 

under edges of the diet Single 4th instar larvae were placed into the center of the arena and 

given choice of control and 20E treated diets. Unless the experiment was being examined, 

the assay was maintained in the dark. Observations of larval association with diets were 

taken at 24 and 44 hour after the experiment started. To be consider 'associated' with the 

diet larvae needed to be within a 1 nun distance of the diet The small fraction of larvae not 

associated with either diet were noted, but not included in the chi-square analysis. 
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Numerous preliminary experiments demonstrating the deterrency of 20E treated diets lead 

to this experimental design. 

Experiment 2B. In experiment 2A, only a preference for diet association was 

shown. In order to estimate actual diet consumption &om 4th instar larvae, a turmeling 

bioassay was devised. By injecting diet into short (22 mm) sections of 50 ^il glass 

micropipets (VWR Scientifc INQ, larvae were forced to remove detectable amounts of diet 

as they fed into the glass tube. Diets were constructed from previously lyophilized and 

homogenized roots of 35 day old hydroponically grown spinach plants. To generate a 

range of root 20E levels, roots had previously been either untreated, damaged (70% root 

mass removal), or treated with MJ (200 |xg/L hydroponic solution) three days prior to 

harvesting. Resulting root 20E concentrations were 48,410, and 280 jig/g (dry mass) for 

the control, damage, and MJ treatments, respectively. Agar based diets were constructed 

from these roots using 50 mg powdered dry root plus 4.5 ml of molten 1.5% agar and 0.5 

ml of either H2O or aqueous 20E solutions. Control roots were used in the 20E treated 

diets, which resulted in additional 20E concentrations of 25 and 50 p.g/g (wet mass). 

Hydrated root fragments likely had 20E concentrations one tenth of the reported dry mass 

values, however diffiision into the surrounding agar matrix may have created even lower 

20E concentrations in the root fragments. The mixed diets were allowed to solidify on ice, 

then forced through a #22 syringe needle to fill the sections of the glass micropipets. Paired 

sections of control and experimental diets were placed into glass sepcap vials (8 x 40 mm. 

National Scientific Company, GA) and laid horizontally. Fourth instar larvae were placed 

into the vials and could freely feed from either end to the tubes. Within 24 hrs most larvae 

had completely tunneled into but not through one of the tubes, to the point that they were 

no longer exposed. The larvae could readily exit the tubes from the same side they entered. 

The vials were capped but a pin hole was created to allow for gas exchange. After 48 hrs. 
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the total distance tunnel into control and experimental tubes was measured with an ocular 

micrometer. 

Experiment 3A-C: Dietary 20E and Bradysia Survivorship. Late instar Bradysia 

larvae will feed on healthy plant tissues when fungal food sources are unavailable (Harris et 

al, 1996). However Bradysia species usually cannot complete their development on plant 

tissue alone as fimgi appear to supply a required nutrient (Kennedy, 1974). Fully aware of 

this microbial requirement, we focused on how PEs might influence the ability of larvae to 

use plant tissues as dietary supplements. Three experiments were devised to examine larval 

survivorship curves on diets with and without 20E. 

Experiment 3A. We examined the effect of a high 20E concentration, equivalent to a 

root maximal induction, on larval transition between the 3rd and 4th instars. Twenty 

individual early 3rd instar larvae were confined into individual 1.5 ml microcentrifuge tubes 

containing either control or 20E treated fungal diets (50 (Xg/g wet mass) identical to those 

used in experiment 2A. A small pin hole was placed in the cap of the microcentrifuge tube 

for gas exchange. Larval survivorship and instar were noted every 24 hrs for four days 

with the aid of a dissecting microscope. 

Experiment 3B. We investigated the differential survivorship curves of individual 

4th instar Bradysia larvae confined on potato based diets containing a range of 20E 

concentrations. Potato mber disks are highly attractive to Bradysia larvae and are used as 

lures in greenhouse monitoring regimes (Evans et al., 1997). The potato tuber diets 

consisted of 100 mg lyophilized and powdered potato plus 4.5 ml of 1.5% molten agar. 

Before the diets solidified, 0.5 ml of either H2O or aqueous 20E solutions were mixed in to 

create dietary 20E concentrations of either 0,5,25 and 50 ng/g (wet mass). With a 

syringe, approximately 100 |il of each of these diets placed in the bottom of the 

microcentrifuge tubes. Fifty individual early 4th instar larvae were used for each of the four 



1 4 0  

diets. The larvae were examined approximately every other day for three weeks while the 

diets were replaced every four days. 

Experiment 3C. We investigated larval survivorship on diets containing control and 

induced spinach roots. Three root diets were constructed of 50 mg of dry powdered roots 

plus 900 pi 1.5% molten agar and 100 pi of either H2O or aqueous 20E. The final diets 

consisted of control roots, MJ induced roots and control roots plus a 20E concentration of 

25 \Lg/g (wet mass). The control and MJ treated roots used in this study contained 20E 

concentrations of 48 and 280 ng/g (dry mass), respectively. After hydration, the root 

fragments likely contained one tenth of this 20E concentration. With a syringe, the 

solidified root diets were injected into 22 mm sections of 50 ^il glass micropipets. The diet 

tubes were placed into glass sepcap vials and anchored with 100-200 jil 1.5% agar which 

also served as a H2O reserve for maintaining humidity. Fifty individual late 2nd instar 

larvae were used for each diet type. Larval survivorship and instar were recorded every 

other day for ten days. 

Experiment 4: Establishment ofBradvsia on Control and Induced Plants. 

In a more natural and complex soil environment, we investigated the establishment of 

Bradysia on plant roots which had been previously untreated or induced with methyl 

jasmonate (MJ). The word 'establishment' is used to include both oviposition and 

subsequent larval survivorship, as this experiment combines these two processes. Fifty-

eight soil grown plants were separated into four groups of twelve plants and two groups of 

five plants. To understand both MJ and Bradysia effects on plant growth the four plant 

groups consisted of MJ treated, MJ treated with Bradysia infestation, untreated control, and 

untreated control with Bradysia. infestation. At the start of the experiment, the plants were 

40 days old and had received a 1-L nutrient equivalent of the hydroponic solution on days 

14 and 25 (see Schmelz et al., 1998). Plants roots designated for induction received a 100 

ml drench of aqueous MJ (45 pM) while control plants received 100 ml H2O. One day 
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later, five gravid female Bradysia were caged on each plant and allowed to oviposit The 

mesh cages were removed five days later when all the adult gnats had died. Also at this 

time, the two additional groups of five control and MJ treated plants were harvested for 

root 20E analysis to confirm the induction response. All other plants were harvested 18 

days after the female Bradysia were first introduced. The harvesting of larvae and pupae 

follows from (McCoim et al., 1997). The soil samples were stirred into a 60% sucrose 

solution and allowed to settle. The larvae floated to the surface and were collected with a 

forceps. This process of stirring, settling, and collecting was repeated for each sample until 

no new Bradysia were discovered between two separate searches. The Bradysia were 

preserved in 70% ethanol for total counts and instar analysis. 

Experiment 5: Are Induced Plants Protected Against Bradvsia Attack? We 

examined whether MJ induced plants with elevated 20E levels are better protected from 

larval attack than uninduced controls. Three-fold differences in root 20E concentrations 

were achieved by treating the roots of 20 day old hydroponic plants with aqueous MJ 

solutions (100 p.g/plant). Fifteen control and MJ treated plants were harvested three days 

later and contained root 20E concentrations of 104 and 312 |ig/g (dry mass), respectively. 

At this time, 30 control and 30 MJ treated plants were paired by initial fresh mass (grand 

mean 404.5 ± 57.1 mg wet mass) and potted in soil. From the 30 pots, two groups of 15 

pairs were either infested with larvae or left uninfested. Fifty 4th instar larvae were placed 

into the center of each of the 15 infested pots and allowed to feed on the plants for 72 

hours, after which all plants were harvested for biomass analysis. 

Statistical Analysis. In experiment I, an Analysis of Variance (ANOVA) followed 

by Tukey test comparisons was used for trial one, while paired t-tests were utilized for 

trials two and three. Paired t-tests were also used to analyze experiments IB, 4 and 5 as 

they had simple paired designs. In experiment 2A, the associative preference of larvae for 

paired diets was examined with a chi-square analysis which assumed an equal larvae 
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distribution between diets. For experiments 3A-C, survivorship among the different 

treatments was compared using the nonparametric Lifereg procedure for survival rime 

analyses (SAS). When significant differences where detected, Tukey-type multiple pair-

wise comparisons were performed. Data analysis was accomplished with the aid of the 

MGLH module of the SYSTAT statistical package (Evanston, Illinois) and SAS (SAS 

Institute Inc). 
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Results 

Experiment 1: Induction of Root 20E Levels by Bradysia Larvae In all three trials, 

infestation of plants with adult females resulted in the induction of root 20E concentrations. 

In trial one, significant increases (ANOVA Fsjg = 8.19, P = 0.002) in root 20E 

concentrations of 5.0-fold or greater were detected in plants infested with four or more 

females (Hgure 1-1). However, significant root loss by larval herbivory was not detected 

(ANOVA F3,i6 = 1.16, P = 0.354; Figure 1-1). In trial two, the high level of infestation 

resulted in a 6.6-fold increase in root 20E concentrations (paired t-test t = 5.17, df = 3, P 

= 0.014; Figure 1-2). A decline in root mass is suggested for the Bradysia attacked plants, 

but due to the variation in controls, is not significant (paired t-test t = 1.87, df = 3, P = 

0.158; Figure 1-2). In trial three, the infestation of plants with 8 females resulted in a 4.0-

fold increase in root 20E levels (paired t-test t = 8.21, df = 15, P < 0.(X)1; Figure 1-3). 

The large number of replicates enabled the detection of a significant 1.5-fold decrease in 

root mass for the infested group (paired t-test t = 2.49, df = 15, P = 0.024; Figure 1-3). 

Experiment 2A & B: 20E and Larval Dietary Preference. Fourth instar larvae 

demonstrate a preference for control diets compared to diets containing 20E concentrations 

of 25 [ig/g (wet mass) or induced plant coots, indicating that 20E acts as a feeding 

deterrent In experiment 2A, the 24 hr examination of control versus 20E treated diets 

revealed that diets containing 20E levels of 25 and 50 ̂ g/g harbored significantly fewer 

(chi-square, P < 0.05) larvae (Figure 2). At 44 hrs, the preference difference for control 

versus 20E diets of 25 p.g/g was not significant (chi-square, P > 0.05), while the 50 |ig/g 

20E diets were still avoided (chi-square, P < 0.05; Figure 2). Larvae did not appear to 

discriminate against control and 20E diets containing 10 |ig/g at either time point. In 

experiment 2B, 4th instar larval diet consumption was estimated by measuring the distance 

tunneled into diets within 48 hrs. In each case, spinach diets constructed from uninduced 

control roots were preferred over roots preWously damaged, treated with MJ, or control 
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roots treated with 20E concentrations of 25 and 50 jig/g (all paired t-tests t > 3.88, df = 19, 

P < 0.001; Figure 3). 

Experiment 3A: 20E Reduces Larval Survivorship on Fungal Diets. Dietary 20E 

concentrations which result in feeding deterrency also cause increased levels of mortality. 

Third instar larvae confined to fiugal diets containing 20E concentradons of 50 (ig/g (wet 

mass) displayed significantly reduced survivorship compared to those on untreated control 

diets (Figure 4). Control diets enabled 85% of the 3rd instar larvae to successfiiUy molt into 

4th instars over a four day period (Hgure 4). Within this same period, dietary 20E resulted 

in almost complete mortality, with only 15% of the individuals successfully molting to 4th 

instars. One indiAadual fit)m the 20E treated diet formed a small yet complete pupa. 

Experiment 3B. 20E reduces Larval Survivorship on Potato Diets. Dietary 20E 

concentrations as low as 5 Hg/g (wet mass) are sufficient to cause decreased survivorship 

of 4th instar larvae compared to untreated control diets. By day three, 20E concentrations 

of 5, 25 and 50 |ig/g (wet mass) resulted in larval survivorship of 55%, 28%, and 5%, 

respectively (Figure 5A). The mortality on this same day was largely due to the formation 

of non-viable 'prepupae', where 20E concentrations of 5, 25, and 50 [ig/g (wet mass) 

resulted in 37%, 61% and 73% formation of'prepupae' (Figure 5B). The non-viable 

•prepupae' were characterized by an accelerated apolysis of the 4th instar cuticle with a 

partial retraction of body segments and some cuticular tanning. The key character being 

incomplete ecdysis of the head capsule, which likely impedes proper head formation as the 

fiill pupal characteristics are not attained prior to death. By day 9, all larvae on 20E diets 

suffered 100% mortality, while 73% of the controls remained alive. Over the next 2 weeks, 

control survivorship steadily declined until the experiment was terminated on day 21 

(Figure 5A). During this time, larvae on control diets also formed non-viable 'prepupae' to 

a lesser extent with a final cumulative formation of 31% (Figure 5B). 
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Experiment 3C: Larval Survivorship is Reduced on Induced Roots 

Second instar larvae fed on MJ induced root diets suffered significandy greater mortality 

than those on uninduced control root diets (P = 0.022; Figure 6). However, larval 

survivorship on diets constructed from control roots treated with a 20E concentration of 25 

Hg/g (wet mass) was intermediate and not significantly different ftom the other two 

treatments (Ps > 0.138; Figure 6). Larval death occurred at different stages between 

treatments. On uninduced roots, the percent larval death that occurred in the 2nd, 3rd and 

4th instars was 4%, 29% and 2%, respectively. Only one death was attributed to molting 

disruption, all other individuals (33%) died without molting. On diets made of MJ induced 

roots, the percent larval death that occurred in the 2nd, 3rd and 4th instars was 4%, 48% 

and 41%, respectively. Five individuals (10%) died during a molt to the 4th instar while 

three (6.5%) 4th instars formed nonviable 'prepupae'. However, the majority of 

individuals (76%) died as larvae. On diets made of control roots treated with 20E, the 

percent larval death that occurred in the 2nd, 3rd and 4th instars was 26%, 22% and 17%, 

respectively. Only two individuals (4%) died during molting, all others (61%) died as 

larvae without molting. Based on observations, the high percentage of deaths that occurred 

in the second instar were likely due to starvation caused by feeding deterrency. 

Experiment 4: Induced Plants Have Reduced Bradvsia Establishment. 

Spinach roots induced with MJ had higher 20E levels and lower establishment of Bradysia 

larvae. On day five, MJ treated roots demonstrated a 2.1-fold increase in 20E concentration 

compared to untreated controls (t-test t = 3.07, df = 4, P = 0.037; Figure 7A). 

At the end of the experiment, the number of Bradysia present in the MJ treated plants was 

2.0-fold lower than the untreated controls (t-test t = 2.24, df = 11, P = 0.046; Figure 7C). 

The percent of Bradysia present in third instars, fourth instars and pupae did not differ 

between treatment groups (all paired t-tests ts < 1.18, df = 11, Ps > 0.25; Figure 7D), 

suggesting that root induction did not alter the rate of larval development Shoot masses did 
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not differ (ANOVA ^3,44 = 1.15, P = .341), however significant differences in root dry 

mass were detected (ANOVA F3,44 = 4.25, P = 0.010; Figure 7B). MJ treated plants 

which were not infested with Bradysia had larger root masses than all other groups (Figure 

7B). Control and MJ treated plants which were infested displayed identical roots masses to 

the uninfested control plants (Figure 7Q. Thus, root herbivory may nullify a small 

stimulatory effect of MJ on root growth. 

Experiment 5: Induced Plants Are Better Protected Against Bradysia. Larvae 

preferentially attack uninduced control roots over those with induced levels of 20E. MJ 

treatments resulted in a 3.0-fold increase (t-test t = 11.74, df = 13, P < 0.001) in root 20E 

concentrations, with control and MJ treated roots exhibiting 104 and 311 ng/g (dry mass), 

respectively. For uninfested plants, the shoot, stem and root dry masses were not 

significantly different between control and MJ treatment pairs (all paired t-tests ts < 1.37, 

df = 14, Ps > 0.194; Figure 8A-C). However, for infested plants, the uninduced controls 

suffered significant losses in shoot (1.2-fold) and root (1.7-fold) mass compared to the MJ 

induced plants (two paired t-tests ts > 2.36, df = 14, Ps < 0.033; Figure 8D & F). Stem 

dry mass was not affected by infestation (t-tests t = 1.33, df = 14, P = 0.205; Figure 8E). 

The root loss experienced in uninduced control plants caused most shoots to become 

completely flaccid, while MJ induced plants remained turgid. 



1 4 7  

Discussion 

We examined the interaction of spinach roots, PE concentrations, and Bradysia 

larvae and specifically explored plant responses to herbivory, larvae responses to 20E and 

Bradysia interactions with roots containing different 20E levels; and conclude the 

following. Rrst, larval herbivory results in a 4.0- to 6.6-fold increase in root 20E 

concentrations. Second, in paired choice tests, diets low or lacking 20E are preferred over 

diets constructed from induced roots and also those treated with 20E levels of 25 to 50 |ig/g 

(wet mass). Thus dietary 20E can result in feeding deterrency. Third, when confined to 

20E treated diets, with concentrations as low as 5 p.g/g (wet mass), larvae have reduced 

survivorship compared to those on control diets. The elevated mortality on 20E treated 

plant diets was partially due to the accelerated formation non-viable 'prepupae', indicating 

hormonal disruption. Fourth, plants with MJ induced levels of root 20E support the 

establishment of fewer larvae compared to uninduced control plants. Fifth, using intact 

paired plants, uninduced control roots were damaged significandy more than MJ induced 

root systems. Based on preference tests, the 20E concentrations present the MJ induced 

roots (28 |ig/g wet mass) are sufficient to explain a reduction in herbivory. 

Larval herbivory stimulated increases in root 20E levels, in cases both with and 

without detectable root loss. This phenomena can be easily duplicated by excising plant 

roots with a razor or by crushing roots (Schmelz et al., 1998; 1999). However, the 

induction response could also be microbially mediated as Bradysia are known to transmit 

pathogenic fimgi (Gardiner et al., 1990) and through herbivory provide increased sites of 

pathogen entry (Jarvis et al., 1993). Using both Pythium and Phytophthora spp. we 

previously demonstrated that pathogen attack does not result in the induction of root 20E 

(Schmelz et al., 1998). The interaction of spinach roots with insect vectors of plant 

pathogens may have some agronomic relevance, as fimgal pathogens are responsible for 

major reductions in spinach production (Larsson and Gerhardson, 1992). 
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PEs are potent feeding deterrents to some insects. Ma (1969) first demonstrated that 

Pieris brassicae feeding is deterred by 20E concentrations of 25 fig/g (wet mass), with 

deterrency effects as low as 5 ng/g (wet mass) later established by Jones and Fim (1978). 

Investigations with the silk moth Bombyx mori, revealed that 20E at 100 |ig/g (wet mass) 

stimulates a maxilla based R receptor and reduces feeding (Tanaka, et al. 1994). Recendy, 

dietary 20E at 40 jig/g (wet mass) has been shown to be a potent feeding deterrent to 

Inachis io, which does not normally encounter PEs (Blackford and Dinan, 1997). We 

found that dietary 20E concentrations of 25 p.g/g (wet mass) were sufficient to reduce 

larvae feeding preference and association with treated diets. On average, spinach tissue has 

a 91% water content (Schmelz, unpublished data). Thus &esh mass 20E concentrations 

which larvae would encounter in roots are approximately one tenth of our reported dry 

mass values. Spinach roots with induced 20E concentrations of 250 ^ig/g (dry mass) or 

greater would be expected to cause some feeding deterrency. Indeed the damage and MJ 

treated roots used in experiment 2B, which resulted in reduced feeding, had 20E 

concentrations of 410 and 280 (ig/g dry mass, respectively. 

Efficient PE detoxification is often associated with phytophagous insects that are 

highly polyphagous. For example, many pest species of Noctuoidae (Lepidoptera) rapidly 

excrete apolar C-22 long chain fatty acids after the ingestion of 20E (Robinson et al, 1987; 

Kubo et al., 1987; Blackford et al., 1997). An ecdysteroid-22-O-acyltransferase was partiy 

characterized fix>m the midgut epithelial membrane of Heliothis virescens {Zhang and 

Kubo, 1992), and is likely responsible for its high level of PE tolerance (Kubo et al., 

1981). The grasshopper, Locusta migratoria, is also unharmed by dietary PEs (Carlisle and 

Ellis, 1968). In Locusta, rapid excretion of ingested PEs is important (Feyereisen et al., 

1976) but unlike the situation in Heliothis, 20E is rapidly converted into a mixture of 20E-

3-acetate and 20E-3-acetate-2-phosphate (Modde et al. 1984). Again, the enzyme activities 
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were localized in the midgut and gastric ceca (Feyereisen et al., 1976), consistent with a 

role for detoxifying dietary PEs. Monophagous and oligophagous insects, not known to 

include PE containing plants in their host range, are often highly susceptible to PEs (Kubo 

and Klocke, 1983; Blackford and Dinan, 1997). In non-adapted insects, ingested PEs are 

believed to cause mortality by crossing the midgut, creating uncontrollable hemolymph 

ecdysteroid titers, and prematurely initiating developmental programs (Kubo et al., 1983). 

Susceptibility to dietary PEs has been well smdied in the silk moth, Bombyx mori. Eight 

hours after ingesting a dose of [^H] ecdysone, over 10% of the radioactivity could still be 

found in the hemolymph (Zhang and Kubo, 1993). In this case, the major inactivation 

product was 20-hydroxyecdysonic acid, which is believed to be a conunon inactivation 

pathway for endogenous ecdysteroids (Lafont et al, 1983). Susceptible insects appear to 

lack specialized ecdysteroid conjugating enzymes to deal with dietary PEs. 

Given the trend that insects with wide host ranges often exhibit dietary PE 

immunity, the susceptibility of Bradysia to 20E is somewhat curious. Harris et al. (1996), 

listed over 50 diverse agronomic and horticultural plants known to be attacked by Bradysia 

larvae. While the PE status of each listed plant is not known, the larvae clearly encounter 

the broad range of plant secondary metabolites. While polyphagous with respect to the 

plants attacked, fiingi constitute the preferred diet (Kennedy, 1974). Thus even though a 

wide range of plants are attacked, Bradysia may have a narrower range of detoxification 

mechanisms similar to some monophagous and oligophagous insects. Detoxification 

pathways for ingested 20E in the Diptera have thus far not been examined. However, it is 

expected that 20E metabolites are similar to endogenous inactivation products, such as 20-

hydroxyecdysonic acid, glucuronidaes, B-glucosides and sulfate conjugates (Lafont et al, 

1983; Briers et al., 1983). 
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When confined to 20E containing diets, larvae exhibit greatly accelerated mortality 

compared to the control diets. In experiment 3A, control diets allowed a normal 

developmental progression finsm 3rd to 4th instars, while diets containing 20E 

concentrations of SO |ig/g (wet mass) resulted in almost complete mortality within four 

days. With potato tubers based diets, 20E concentrations as low as 5 ppm were found to 

drastically decrease larval survivorship compared to controls. Increased dietary 20E 

concentrations resulted in higher frequencies of 'prepupae' formation. Thus when 20E 

treated diets are presented as the sole diet source, larvae demonstrate extreme sensitivity. 

This suggests that enough dietary 20E enters the hemolymph to cause developmental 

disruption, with the mortality not simply due to feeding deterrency induced starvation. 

PE containing diets had slightly different effects on larvae depending on the design 

of the bioassay. Instead of a single dietary source, experiment 3C also provided small 

amount of 1.5% agar which was added to boost humidity levels in the arena. Larvae were 

often seen crawling in and around the £^ar and not feeding on the diet. In this experiment, 

the larval survivorship on the 20E diet containing 25 |ig/g (wet mass) was intermediate 

between the control and MJ treated root diets, and not significantly different from either. 

We offer two possible explanations to account for this difference in 20E sensitivity between 

bioassays. First, the presence of the 1.5% agar substrate may have allowed dietary mixing 

by the larvae, potentially diluting the concentration of 20E ingested. This possibility has 

important implications for larvae attacking plants under natural conditions, as dietary 

mixing would certainly occur (Bemays and Bright, 1993). Second, when larvae are 

confined to diets, 20E may be slowly absorbed across the larval cuticle creating 

developmental disruption independent of ingestion. It is generally accepted that polar 

ecdysteroids cannot cross the lipophilic cuticle of insects (Dinan, 1989). Ohtaki et al. 

(1967) stated that topical applications of PEs are completely inactive in the Calliphora 

assay, even with the aid of solvents like methanol and dimethyl sulfoxide. However, 
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alcohols are effective solvents for enabling PE penetration across some lepidopteran 

cuticles (Sato et al., 1968; Hasegawa and Ata, 1972). This suggests that not all cuticles are 

impervious to PEs when in contact with a polar solvent In a natural setting, Bradysia 

larvae are unlikely to encounter high levels of PEs in the soils surrounding roots, as PEs 

are generally do not leach out of live plant tissues (Matsimioto and Tanaka, 1991). 

However, low levels of PE excretion into water has been described for fern prothalli 

(Reixach et al., 1997). The possible absorption of PEs through the cuticle of Bradysia 

larvae was not specifically examined and is worthy of fiirther investigation. Within 

experiment 3C, the contrast in larval survivorship on diets with 20E treated roots and MJ 

induced roots may explained by the complexity of induction. MJ is known to up-regulate a 

vast array of defense related secondary metabolites (Karban and Baldwin, 1997). For 

example in solanaceous plants, jasmonic acid and its analogs stimulate the production of 

alkaloids, proteinase inhibitors, polyphenol oxidase, and volatile terpenoids (Baldwin et 

al., 1997; Farmer and Ryan, 1992; Stout et al., 1998; Krumm et al., 1995). Numerous 

phenolases have been partially characterized in spinach roots (Sato, 1982). Thus it is quite 

possible that, in addition to 20E, MJ induces a polyphenol oxidase or related enzjone in 

spinach roots. 

Bradysia establishment on roots induced with MJ was significantly lower than on 

untreated control plants. Establishment is a combination of female oviposition and larval 

survivorship, thus this result needs to be cautiously interpreted. It is possible that Bradysia 

oviposition was reduced on MJ treated soils. In a nearly identical experimental design, 

McConn et al. (1997) found that Arabidopsis plants sprayed daily with MJ (45 |iM), 

spanning the oviposition period, did not reduce the number of larvae found in the soil 14 

days later. Additionally, their experimental design allowed adult females to choose between 

treated and untreated plants for oviposition sites. Because we treated the soil with MJ (45 

[iM) a fiill 24 hrs prior to infestation and enclosed Bradysia on individual plants, we feel 
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that ovipositioii was unlikely to be affected. Likewise, McConn et al. (1997) demonstrated 

that direct spraying of larvae with 450 fiM MJ did not increase mortality over a 48 hr 

period. Thus, we believe a direct effect of MJ on Bradysia is unlikely in our experiments. 

The decrease in Bradysia larvae matched the MJ induced increase in root 20E levels. A 

reduction in root quality as a supplemental food source may explain this result. 

Additionally, under sub-optimal conditions larvae can be cannibalistic (Wilkinson and 

Daughtery, 1970), this may have contributed to the lower counts in the induced plants. 

Based on the percentages of Bradysia at each stage, changes in plant chemistry did not 

significantly alter the rate of larval development. 

In intact plants, MJ induced roots are better protected against larval herbivory than 

previously uninduced controls. This result is important as it avoids the artificial nature of 

constmcted diets and relies on the physiologically relevant differences of between living 

root tissues. In the MJ induced roots, 20E concentrations were estimated to be 28 ^ig/g 

(wet mass). From our paired-choice preference tests, this concentration is expected to result 

in feeding deterrency. Thus, while a collection of plant physiological responses may 

responsible for the MJ induced decreases in root herbivory, the induced 20E levels alone 

are sufficient to afford spinach roots increased protection against larval herbivory. Dietary 

20E also reduces Bradysia survivorship, however none of the plant-based diets were able 

supported complete development Regardless, the presence of 20E reduces the nutritional 

quality of diets. Interestingly, many PE containing plants have the highest levels associated 

with the root systems, some at concentrations near 1% of the dry mass (Jizba et al., 1967; 

Tom^ et al., 1992; Corio-Costet et al., 1993; Dinan 1995). At such high levels, complete 

protection against Bradysia herbivory would be expected. This defense may be particularly 

significant for some fems, as cool damp places provide ideal conditions for both fungi and 

Sciaride flies (Steffan, 1981; Jones, 1983). We believe that the interaction between spinach 
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roots and Bradysia larvae is the first demonstration that PEs, as inducible defenses, provide 

protection against insect herbivory. 
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Figure Legend 

Hgure 1. Mean (SEM-i-) root 20E concentrations and dry mass of soil grown spinach 

plants, 21 days after being infested with gravid female Bradysia. In trial #1, bars that share 

the same letter are not significandy different (P > 0.05, Tukey correction for multiple 

comparisons). In trials #2 and #3, asterisks denote significant differences (paired t-tests, 

P < 0.05) while NSD indicates 'no significant difference' 

Figure 2. Results fix>m 24 and 44 hr paired choice preference tests of individual 4th instar 

Bradysia larvae on diets constructed fix)m the fimgi (Agaricus bisporous) containing 20E 

concentrations of either 0, 10,25 or 50 |ig/g (wet mass). Larvae were considered 

'associated' with a diet if they were within a 1 mm distance of it. Larvae associated with 

control, 20E treated, or neither diet are illustrated as white, black and gray bars, 

respectively. Asterisks denote significant differences in larvae distributions between control 

and 20E treated diets (chi-square, P < 0.05). 

Hgure 3. Mean (+SEM) distances (nun) turmeled into spinach root based diets after 48 hrs 

by individual 4th instar Bradysia larvae in a paired choice arenas. Roots bad been 

previously either uninduced (control) or induced through damage or MJ treatments (see 

Methods section). 20E diets consisted of control roots plus an additional amount of 20E 

increasing control root levels by 25 or 50 jig/g (wet mass). Asterisks denote significant 

differences (paired t-tests, P < 0.05) in this estimation of diet consumption. 
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Figure 4. Percent survivorship and development of 3rd instar Bradysia larvae over 4 days 

on a fungal diet (Agaricus bisporous) containing either 0 or 50 jig 20E/g (wet mass). 

Developmental stages of 3rd instar, 4th instar and pupae are denoted by white, black and 

striped bars, respectively. Percent total survivorship is indicated by the line graph and is 

significandy different (P < 0.05) between the two groups (Survival Analysis using the SAS 

Lifereg Procedure) 

Rgure 5. (A) Survivorship and (B) cumulative percent 'prepupae' formation of 4th instar 

Bradysia larvae confined to potato tuber based diets containing 20E concentrations of either 

0,5,25, or 50 ng/g wet mass. The larval survivorship on all 20E treated diets is 

significantly lower (P < 0.05) than on the control diet (Survival Analysis using the S AS 

Lifereg Procedure) 

Figure 6. Percent survivorship of Bradysia larvae fed on spinach diets constructed from 

either uninduced control roots, MJ induced roots or control roots plus a 20E concentration 

of 25 ng/g (wet mass). At time zero, all larvae were late 2nd instars and by day 10, all 

surviving individuals were 4th instars. Larval survivorship curves sharing the same letter 

are not significantly different (P > 0.05) (Survival Analysis using the SAS Lifereg 

Procedure). 

Figure 7. (A) Mean (+SEM) root 20E concentration (tig/g dry mass) of control (C) and 

methyl jasmonate (45 |iM, MJ) treated plants after five days. (B) Bradysia establishment 

(total number of Bradysia present), (C) root dry mass (mg), and (D) percent of Bradysia at 

each stage 18 days after 5 adult gravid females were caged on individual control and MJ 

treated plants. Uninfested plants were analyzed for root mass only. 
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Figure 8. Mean (+SEM) shoot, stem and root dry mass for 15 pairs of untreated coatrol 

and MJ treated plants which were either uninfested (A-C) or infested (D-E) with fifty 4th 

instar Bradysia larvae for 3 days. Asterisks denote significant dry mass differences (paired 

t-tests, P < 0.05). 
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CHAPTER Vm 

CONCLUSIONS 

In spinach, root damage by either mechanical wounding or insect herbivory 

stimulated increased root 20E accumulation. Jasmonic acid is the candidate plant wound 

signal responsible for this response. Increased root 20E biosynthesis was determined to be 

an important mechanism behind this response. Once synthesized, 20E did not undergo 

detectable metabolic turnover. Metabolic stability is a characteristic of non-volatile terpenoid 

defenses. Large increases in root 20E pools were associated with reduced phytosterol 

accumulation thus, PE induction is not part of an overall increase in steroids. This suggests 

that 20E synthesis is a 'priority' over phytosterol synthesis during severe root damage. 

Concentrations of root 20E induced by Bradysia larvae herbivory, shown to be deterrent in 

constmcted diets, were sufficient to explain reduced larval herbivory in induced plants. 

This is the first study to support the hypothesis that PEs function as plant defenses in any 

complete model system. 

If 20E is a important defense in roots, why aren't constimtively high concentrations 

expressed? Optimal Defense Theory suggests that inducible defenses are a way of reducing 

metabolic and opportunity costs, associated with defense production and storage, in cases 

where the defense might not be needed (Zangerl and Bazzaz, 1992). Only tissues with low 

probabilities of attack are predicted to have dramatic inducibility (Zangerl and Bazzaz, 

1992; Zangerl and Rutledge, 1996). Rapidly induced defenses are most conmionly found 

in rapidly growing aimual plants (Karban and Baldwin, 1997). Thus wound induced 

increases in PEs are not expected in all PE producing plants or tissues. In spinach, 

regressions between 20E concentrations and tissue dry mass for the 199 accessions 

examined, demonstrated negative slopes and suggested that constitutively high 20E levels 
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may indeed be linked to reduced groMi^ rates. Plants with slower growth rates may be at a 

competitive disadvantage with neighboring plants. 

Estimates of turnover demonstrated that 20E was very stable over long periods of 

time. Because plant hormones are characterized by rapid turnover, through either 

catabolism or conjugation, this result strongly argues against the plant hormone hypothesis. 

However, it is still possible that PEs have a primary role in plant physiology, possibly 

analogous to membrane phytosterols. In the long-term turnover experiment, both sterols 

and 20E were stable over the one month study. Due to the party amphipathic nature of 20E, 

it may interact with both hydrophobic plant cell membranes and hydrophilic surface 

proteins. Interestingly, severe root removal and abscisic acid applications were the most 

effective treatments at stimulating the induction of shoot 20E concentrations. This hints that 

shoot 20E may play a role in drought stress responses. Demonstrating a primary role in 

plant physiology will likely require gene knock out experiments through molecular 

approaches with antisense gene expression. 

Increases in dietary PEs will not affect all phytophagous insects. Some insects have 

efficient detoxification mechanisms which prevent the uncontrolled entry of PEs into the 

hemolymph. However, plants do not rely on single defense strategies. A wide range of 

chemical changes take place in plants following insect attack. For example in solanaceous 

plants, wounding is known to stimulate the production of alkaloids, proteinase inhibitors, 

polyphenol oxidase, and volatile terpenoids (Baldwin et al., 1997; Farmer and Ryan, 1992; 

Stout et al., 1998; Krumm et al., 1995). In spinach roots, the chemical multiplicity of 

wound induced responses was not specifically examined however, phenolics, oxalates, and 

triterpenoid saponins are known to be present aad likely also influence plant-insect 

interactions (Huang et al., 1986; Libert and Franceschi, 1987; Sato, 1982; Tschesche et al., 

1969). 
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In general, the chemically mediated interactions between plant roots and insect 

herbivores has been a neglected topic of research. This is likely due to the inherent 

difBculty of working with roots in soil coupled with the "out of sight, out of mind" status 

of roots and their insect pests. Basic research in PE physiology has demonstrated that roots 

often contain far greater PE concentrations than shoots (Jones, 1983; Dinan, 1995) and PE 

biosynthesis may even be restricted the roots in some species (Tomas et al., 1993). Despite 

these findings, no research has been published on the effects of dietary PEs on 

subterranean herbivorous arthropods. Elucidation of the ecological role of PEs in plants 

will require an investigation of both plant and insect physiology. The basics of PE 

regulation and dynamics are now well understood in Spinacia oleracea. The future 

challenge lies in expanding this knowledge to other systems and diversifying beyond the 

Lepidoptera and Orthoptera as model insect herbivores. 
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