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Abstract 

De-etiolation is regulated by a complex signalling pathway that includes both hormond and 

non-hormonal components. In this thesis, I have focused on the importance of ethylene. 

methyl jasmonate (MeJA) and active oxygen species in the physiology of light- and dark- 

mwn seedlings. E present evidence that tight exposure causes a rapid, and transient. - 
increase in ethylene production by etiolated seedlings. The promotion of ethylene is tissue 

specific, indicating that it IikeIy plays a specific role in the uansduction of light signals. 

Ethylene is known to play a key role in maintaining the morphology of dark-_gown 

seedlings and has been shown to interact with other plants hormones in a number of 

circumstances. In chapter three, the interaction between ethylene and JAs in root growth of 

light- and dark--gown seedlings is presented. I have found that ethylene plays a differential 

role in maintaining root p w t h  in light- and dark-grown plants. Furthermore, the inhibition 

of rwt  growth by methyl jasmonate (MeJA) is likely p d y  due to an interaction with 

etfiylene. Because both ethylene and JAs are known to be involved in plant stress 

responses, I hypothesized that part of root growth inhi'bition caused by MeJA could be a 

result of the induction of a stress response. In chapter four, I report that components of the 

andoxidant system are different under light and dark conditions and are differentially 

influenced by exogenous MeJA treatment Furthermore. treatment with an ascorbic acid 

precursor is able to p a y  reverse the inh.iiition of root +pwtfi caused by MejA 

treatment In the last chapter of this thesis, i report the cloning of a novel gene from P. 

VUIgaris and show that it is likely involved in the biosynthesis of pyridoxine- This gene was 

found to be upregulated by wounding, ethylene, MeJA as well as in response to light The 

demonstrated importance of pyridoxine as an antioxidanr compound strongly suggests that 

major physiolo@cal. and posn'bIy morphologicai. changes produced by ethylene- MeJA and 

light treatment is achieved though  a modification of AOS signahg. 
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Chapter 1 

General Introduction 

Light is a critical enviroamental signal responsible for directing many developmental 

and metabolic processes throughout all stages of the plant life cycle. Plants are able to 

sense many aspects of their light environment including the direction, quantity. qudity 

and duration of the light stimulus. Considering that plants are sessile and 

photosynthetic. their ability to effectively sense and respond to small changes in iight is 

a necessary component of their survival strategy. While our current undemanding of 

plant responses ro light is Limited all evidence points toward a sophisticared and 

sensitive mechanism for the perception and transduction of than-@ng light environmena 

(Smith. 1989). 

The dramatic effects of light on plant development are best illustrated during seed 

germination. Two distinct deveIopmental programs are initiated in seedlings depending 

on the presence or absence of light, termed photomorphogenesis and 

skotomorphogenesis respectively. In dicotyledonous seedlings that display epiged 

germination (cotyIedons are above the soil), light-grown seedlings have short 

hypocotyls, expanded primary leaves or cotyledons, organized chloroplasts and active 

apical meristems (Figure 1.M). Dark-grown (etiolated) seedlings have closed or 

unexpanded cotyledons and primary leaves, unorganized plasrids, elongated hlrpocotyls 

and wendefined apicaI hooks (Figure 1.1B). 



Primary Leaves 
or Cotyledons 

I 

4 

4- Hypoc~tyi- 

A 

Figure i.1: Schematic representation of (A) light-grown and (B) dark-_grown 

dicoryiedonous seedling- 
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Light-dependent plant development is a complex process that is a result of the combined 

action of several photoreceptor pigments including phytochmme, b1ueW-A W-A. 

and UV-B photoreceptors @owns er aL, 1957; Young et aL, 1992: Quail er aL. 1995: 

Ahmad and Cashmore. 1993: Frechilla et aL. 1999). Phytochromes are the best- 

characterized photoreceptors and are among the primary regulators of 

photomorphogenesis (Sharmck and Quail, 1989: Whitelam and Harberd. 2994: 

Mathews and Sharrock. 1997). Phytochromes act differently depending on the light 

signal and are responsl%le for very low hence (VLFR: e.g.. chlorophyll accumdation). 

[ow fluence (LFR: e.g., seed germination) and high irradiance responses (HIE e.g.. 

inhibition of h p t y l  _growth) (Hartrnann. 1966: Raven and Spruit, 1973: Mancineili. 

1994). The action of phytochrorne is dependent upon the photoconversion of rhe 

teuapymle chromophore from the inactive (Pr) to the active (Hr) form. mainly through 

the absorption of red light. Phyrochromes are a small family of photoreceptors and the 

apoprotein has been found to be encoded by a divergent family of senes (Sharrock and 

Quail. 1989). Researchers are now using mutant and transgenic plants to elucidate the 

role of each phytochmme. From the evidence now available it is clear that 

developmental events are regulated by complex interactions. both within p h p c h m e  

species and through their action with other photoreceptors (Ahmad and Cashmore. 

1997: reviewed by Casal er ai.. 1998) 

Blue-light photoreceptors have been implica~ed in stomata1 opening (Karlsson. 1986: 

Frechilla et aL. 1999.2000). pulvinus movement (Okazaki er aL. 2000). anthocyanin 

accumulation, hypocotyl elongation (Ahmad er aL. 1995) and photowpic responses 

(Iino, 1990). In some cases. the action of blue light is independent of the action of 

phytochme (Batschauer et af. 1996) whde in others. the action is functionally 

dependent (Casai and Boccalandro, 1995: h a d  and Cashmore. 1997). As with 
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phytochmrne, several blue-light photoreceptor mutants have been isolated (Ltscum and 

Briggs, 1995; reviewed by Cashmore, lW, Frechilla et aL, 1999,2000). 

In addition to photoreceptor mutants, a series of mutants have been isolated that show an 

abnormal dark-grown phenotype. These mutants display many characteristics of light- 

grown plants when they are gown in the dark and include der (&-erioiated) and cop 

(constitutive photomorphogenic) mutants (Chory er ai.. 1989. lm: Deng er aL. 1991; 

Hou et aL, 1993: Chamovie er al., 1996: Torii and Deng, 1997: for a review see Wei 

and Deng, 1996). it is thought that the wild-type proteins e n d e d  by der and cop genes 

are responsible for repressing photornorphogenic activity in the dark (Wei and Deng, 

1996). In a scheme presented by Wei and Deng (1996),li_efit acts to turn on a series of 

 own early signaling compounds that then act on a central switch regulated by COP 

and DET proteins. Because the mutation of cop and der genes causes the induction of a 

photomorphogenic phenotype in the dark. it is likely that light acts to derepress the 

activity of these proteins. Recently. one mutant da7. has been found to encode a 

brassinosteroid biosythetic enz)lme (Li er nL. 1996). underlining the essential role of 

plant hormones in photomorphogenesis. 

Components of rhe photomorphogenic pathwzy can be studied by either characterizing 

differences between Light- and dark-grown seedlings or by observing changes that take 

place in enoiated seedlings after light exposure (de-etiotation). Characterization of 

physiological differences between light- and dark-gown seedlings is crucially important 

to identify factors that could be respons13le for. or a consequence of. photomorphogenic 

changes. It allows more subtle de-etiolation experiments to be completed that can then 

determine the spatid and temporal importance of the differing physiologies. In this 
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thesis, I have used each of these techniques to identify and study important components 

of photomorphogenesis. 

For nearly a century, a role for plant hormones in Light-regulated development has been 

postulated. It has become clear that ethylene, in particular, plays an obligate role in 

maintaining the form of etiolated seedlings as well as being responsible for many 

morphologicaI changes in light-grown plants. In the Iast twenty years. the isolation of 

both photomorphogenic and ethylene mutants has M y  established ethylene as a key 

regulator of a p i d  hook opening (Liscum and Hangarter, 1993% 1993b: Lehman er a!.. 

1996. Peck a aL, 1998; Raz and E c k e ~  1999; Knee er al.  2000). Despite the increase 

of interest surrounding ethylene and apical hook formation. Little is known regarding the 

direct affects of light on ethylene production during de-etiolation. Li@t has been 

found to be both f i b i t o ~  or stirnulatory depending on the tissue (Goeschl et al.. 1967: 

Kao and Yang, 1982 Sammimy, 1978: Gepstein and Thimann. 1980. Bassi and 

Spencer. 1983: Craker et aL. 1973: van Loon and Fontaine. 1984: Zacarias er aL. 1990: 

Jiao er al., 1987, Grodzinski er aL. 1983: Rohwer er aL, 1982: Kathiresan er aL. 1996). 

A comparison of Iiteranrre is difficult because of the tissues used and the timing of 

ethylene measurements. In many cases. researchers measure ethylene production 

several hours after light mament. For a direct Iink to be made between light and 

ethylene production, Light exposures and incubation dmes need to be minimized. In 

chapter two, I present evidence showing that light exposue of etiolated seedlings causes 

a burst of ethylene within one hour of treatment. The increased production of ethylene 

is found only in apical hook and primary leaf tissue. Because the production of 

ethylene is h u e  specific rather than a general response, it may represent an early 

component of the photomorphogenic response and may help direct subsequent 

photomorphogenic changes. 
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The initial discovery of each plant hormone was followed by a profusion of literam 

showing that the prospective hormone had pleiompic affects on a seerningiy endless list 

of developmental and stress responses. In nearly all cases. a more critical evaluation has 

shown that nearly all physiological and morphological responses are a consequence of 

dynamic hormone-hormone interactions. One of the best studied hormone-hormone 

interactions is between ethylene and jasmonic acid. When the jasmonates (IAs), 

including jasmonic acid (JA) and methyl jasmonate (MeJA), were first identified as 

mwth regulating compounds, researchers discovered that many effects mediated by - 
JAs, including wounding, senescence. fruit ripening and the inhihition of root _growth. 

were also commonly affected by ethylene (Ueda and Kato 1980: Saniewski and 

Czapski. 1983: Corbineau et aL. 1988). The connection between jasmonates and 

ethylene is swnbghened by the finding that. in many systems. jasmonic acid stimulates 

ethylene production (Saniewski and Czapski. 1985: Emery and Reid. 1997). 

h mentioned above. one common morphological event that is caused by both ethytene 

and jasmonates is the cessation of root growth. Given that upwards of 50% of the tola1 

plant biomass is found in the roots. surprisingly little research has investigated the 

mwth of these organs (Finlayson, 1994). In tight-_mwn seedlings, primary root - 
p w t h  is rapid and helps to establish the seedling in the soil. In dark-gown plants. 

root development is arrested and root p w t h  is slow. During de-etiolation. the major 

morpholo_eical changes generally cited incIudt a cessation of rapid hypcmryl growth. 

expansion of the primary leaves and cotyledons and the opening of the apical hook. h 

the above statement changes in root grow& are generally ignored. There have been very 

few studies that compare root p w t h  of light- and dark--mwn seedlings mainly 

bemuse of the difficulty in studying an organ that is generally found below the soil 

surface. 
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The application of both jasmonic acid and ethytene has been found to inhi'bit root 

growth in light-grown plants (Konings and Jackson, 1979; Rost and Sammut, 1982; 

Staswick er al., 1992: Tmg er aL,1996: Woods et aL, 19% Barlow, 1976: Cao er aL, 

1999). Some research has suggested that these two hormones act through separate 

pathways (Berger er aL, 1996; Tung et aL. 19%); however, a full evaluation in most 

seedlings has not been compIeted and no reports have been found comparing hormonal 

affects in light- and dark-grown seedlings. To address the current gap in our 

knowledge of photomorphogenic events influencing root development, I have 

investigated the role of ethyiene in MeJA-induced root growth inhiiition under both 

light and dark conditions. Using Arabidopsk as a model system. it was possible to 

study the effects of growing seedlings in media containing methyl jasmonate plus a 

variety of inhibitors of ethylene biospthesis and action. From the results presented in 

chapter three, it is dear that ethylene plays at least a partial role in jarmonate-inhibited 

root growth in the tight and the dark. 

Although both ethylene and jasmonates are known to cause a reduction in root growth, 

the mechanism is unknown. Staswick et al. (1992) have suggested that developmental 

changes resulting h m  exogenous jasmonates may be due to the induction of a general 

stress response. Since both jasmonic acid and ethylene are intimately involved in plant 

responses to stress, application of these hormones may elicit a general wound response. 

The plant may then slow mot growth until the stress can be fully assessed and 

attenuated. Following this idea, the ability of inhiiitors of ethylene action and synthesis 

to ameliorate MeJA-inhiiited root growth may be a consequence of the inhibition of the 

mess-response pathway. 
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One key component of all stresses studied thus far is the production of active oxygen 

species (AOS). Active oxygen species include singlet oxygen, hydrogen peroxide and 

the superoxide and hydroxyl radicals (Halliwell and Guneridge, 1999). AOS are 

produced in response to neariy all sasses and can induce damage to all cellular 

components. The production of AOS in light- and dark-grown plants is dictated by 

major metabolic processes. In light-_gown plants, the majority of AOS is produced as a 

by-product of photosynthesis, while in the dark most AOS is thought to be a result of 

mitochondria1 respiration. Furthermore, both ethylene and jasmonic acid have been 

implicated in the production of AOS (Kauss er aL, 1994: Watanabe and Sakai, 1998). It 

is possible that the signal transduction pathways stimdated by these enzymes are 

partially regulated by the production of AOS. In this thesis, the production and 

attenuation of AOS is investigated in both light- and dark-grown seedlings and in 

response to methyl jasmonate treatment. 

Recent work has shown that the application of exogenous antioxidants (e-g., ascorbate) 

or overexpression of antioxidant enzymes (e.gl superoxide dismutase and catdase) may 

cause a profound change in plant development and the plant's ability to withstand 

stressful conditions (Pitcher and Zilinskas, 1996; Cordoba-Pedregosa, 19%). One of 

the most pronounced deveiopmentd changes evident with the appIication of antioxidant 

compounds is the stimulation of root growth (Cordoba-Pedregosa, 1996: Hidalgo er aL. 

1991). Cell elongation is a delicate balance beween wall-loosening and wall-stiffening 

events. The production of H f i  and its utilization in peroxidase-catalysed oxidative 

coupling of li-gin monomers and polysaccharide component. of the ceU wall are one of 

the main wnmlling factors during or,- p w t h  (Laurend m aL, 1999). The 

production and attenuaaon of AOS such as H202 can, therefore, have a direct and 

dramatic influence on cell growth. In this thesis, I show that the antioxidant system is 
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different in light- and dark-grown plants and is differentially influenced by the presence 

of exogenous MeJA in growth media. Furthermore, the results presented in chapter 

four strongly suggest that a portion of MeJA inhiiition of root growth in light-grown 

plants is due to an increase in the production of AOS, as MeJA-inhibited root growth is 

partially reversed by the inclusion of antioxidant compounds in the growth media. 

Active oxygen species not only influence cell growth but are aiso important re-platos 

of cell death and plant responses to pathogen invasion (Ehrenshaft et aL. 1999b). In 

these cases, the most potent AOS is singlet oxygen. Singlet oxygen is mainly produced 

through a transfer of energy from compounds known as photosensitizers (Knox and 

Dodge, 1985). Plant-derived photosensitizers include n%oflavin. sanguinarine and 

cournarin. The most important plant photosensitizers are chlorophyll and its precursor. 

-!-aminolevulinic acid (ALA). Etiolated seedlings contain undifferentiated plasrids and a 

high concentration of y-aminolevulinic acid (Krasnovsky, 1994). When exposed to 

light. the absorption of light energy by ALA and the subsequent transfer of energy to 

molecular oxygen causes a burst of singlet oxygen production. Lightderived singlet 

oxygen is typically attenuated by the transfer of energy to another molecule such as 

vitamin C (ascorbate) and vitamin E (a-tocopherol). Most recently, vitamin B6 

(pyridoxine) has been found to be one of the most effective quenches of singlet oxygen 

(Bilski et al.. 2000). The biosynthesis of pyridoxine has been under intense study in 

Escherichia coli. but recent evidence suggests that euka~otes utilize a different pathway 

(Hill and Spencer, 19%; Ehrenshait et aL, 1999a; Osmani et aL, 1999; BiIski et a[.- 

2000). In this investigation. a cDNA clone, similar to a gene involved in singlet oxvgen 

resistance in Cercospora nicotiame, was isdated and characterized h m  Phaseolus 

vulgaris. Through a couaborative investigation with Dr. Marilyn Ehrenshaft at North 

Carolina State University, I am able to report that this gene partially complements 
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pyridoxine auxowphic mutants of C. nicoziume. I also show that it is regulated in 

response to wounding, ethylene, jasmonic acid and is upregulated in response to light 

exposure. 

The overall objective of this thesis was to investigate factors involved in plant responses 

to light. The main focus of this study was to consider the important interactions 

between light and two plant hormones. ethylene and jasmonic acid, and their subsequent 

impact on plant development. Throughout the course of this research it became 

apparent that these plant hormones could have important interactions with active oxygen 

species. and that the observed effects may be at least partially attributable to action by 

these compounds. 



Chapter 2 

Ethylene Production of Etiolated Seedlings in Response to Light Treatment: 

Factors AtTxtiq Ethylene Production 

Abstract 

In this chapter, I repon the cloning and characterization of an ACC oxidase cDNA clone 

@VACOI) from Phaseolus vulgaris and investigate the influence of light on ethylene 

production during de-etiolation. In P. vulgaris. ACC oxidase is encoded by a small gene 

family that likely consists of two to three members. The expression of pvACOl was found 

to be upregulated by wounding, as well as by exogenous ACC and M d k  pvACOl mRNA 

accumulates after the initial burst in ethylene production. suggesting chat it is re-plated 

through a positive feedback loop. ACC oxidase mRNA expression was also influenced by 

treatment with H,O. - - and rose bengal, a potent sin@ oxygen ('01) generating compound. 

Together. KO, - - and '0. represent two compounds of what are colfectiveiy referred to as 

active oxygen species. The increase in pvACOI mRNA was concurrent with the rise in 

ethylene production caused by these trearmenrs, suggesting that the increase in pvACOl 

tramription and possibly translation is responsible for the rise in ethylene production. 

Light exposure of both etiolated and tight-grown seedlings caused a rapid increase in 

ethylene production within one hour of treament Light-stimulated ethylene production was 

found to be agedependent and tissue-specific as it was observed only in apical hook and 

primary leaf tissues. The results presented here suggest that the increase in ethylene 

production is a result of increased ACC oxidase activity but not transaiption. I also present 

evidence suggesting that the light-induced increase in ethylene production is mediated by 

the action of phytochrome. 



It has been known since the mid-nineteenth century that gaseous compounds can 

significantly modify plant growth. Finally in 1910, Neljubow reported that ethylene was the 

active component in illuminating gas. He showed that ethylene causes three major changes 

in dark-grown (etiolated) seedlings: (I) h i i t i o n  of hypocotyl and root growth, (2) h e  

radial expansion of the hypocoy1 and (3) an exaggeration of apical hook curvature. This 

discovery was important because it not only suggested that ethylene was involved in 

regulating several developmental processes but ako firmly implicated ethylene in the plant 

response to light. In the last fifteen years. the exploitation of the mple response phenotype 

has allowed researchers to isolate mutants of ethylene biosynthesis, perception and s i p d  

nansduction (Guzman and Ecker. 1990). These mutants have allowed new advances to be 

made in our understanding of ethylene perception and signal transduction and has provided 

new insights about previously studied phenomena. 

Despite the fact that ethylene was found to affect plant growth nearly 100 years ago. it was 

aot until the late 1970's that its biosythenc pathway was fully determined (reviewed by 

Zarembinski and Theologis. 1994). Bucida~g the ethylene biosynthetic pathway has been 

hampered by the fact that ethylene is a small. simple molecule that can be produced through 

many chemical reactions (reviewed by Yang, 1974). Although ethylene can be produced 

from a number of substrates (e-g. linoleic acid. propanal. ethanol. ethane. furnaric acid), it is 

now clear that methionine is the main precursor for ethylene biosynthesis (Lieberman et aL. 

1966. Yang er aL. 1966). Methonine is fim converted to Sadenosyi methionhe (AdoMet. 

formerly SAM) by methionine adenosyl transferase (Figure 2.1). The conversion of 

AdoMet to I-aminocyclopmpane-1- carboxyic acid (ACC) by ACC synthase is normally 

the rate-Iimiting step in ethytene biosynthesis. Characterization of ACC synthase was slow 
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because it is a labile enzyme and is found at very low concenmtions, even in tissues that 

have higher ethylene production (Kende, 1989). In the h a 1  step of ethylene biosynthesis. 

ACC is converted to ethylene via ACC oxidase (Adams and Yang, 1977; Adams and Yang, 

1979). A small amount of ACC is conjugated to fonn N-malonyl aminocyclopropane-1- 

carboxylic acid (MACC) and glutamyl aminqclopropane-l-carboxylic acid (GACC), 

which are then compartmentalized in the vacuole ( H o h a n  et al., 1982: Tophof et aL. 1989: 

Martin et aL, 1995). The ethylene biosynthetic pathway is simple compared to that of other 

plant hormones and is the only hormone pathway in which the genes encoding aLl enzymes 

have been cloned and characterized (reviewed by Zarembinski and Theolo_@. 1994). The 

ACC pathway of ethylene biospthesis descriied above has been found in all vascular 

plants studied, however. there is some evidence for a non-ACC pathway in "lowerT plants 

(Osbome et al.. 1996). 

While the amount of ethylene synthesized is primarily connolIed by the ac t iv i~  of ACC 

synthase (Park et aL. 1992), the location of synthesis is tighdy controlled by the activity of 

ACC oxidase. The cDNA corresponding to ACC sythase was ori-&ally cloned by Sato 

and Theologis (1989). The ACC oxidase gene was ori_einally cloned using differential 

screening techniques (Slater et a l .  1985). Screening a cDNA library born tomato with 

mRNA from ripe and unripe h i t ,  Slater et al. (1985) found 19 ripening related clones 

which were subsequently characterized. Within this 'roup of clones. one clone. designated 

pTOM13. was found to accumuiate with the onset of ripening and in response to wounding 

in fruit and leaves. The protein encoded by this cDNA was later postulated to be the 

ethylene-forming enzyme, ACC oxidase (Smith et aL. 1986). Identikition was confirmed 

by heterologous expression in yeast (Hamilton et aL. 1991) and by the production of 

transgenic plants containing an antisense gene for ACC oxidase (Hamilton er aL, 1990). 

Since that time, cDNAs encoding both enzymes have been cloned from many species (LIU 
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and Reid, 1994, Dong er aL, 1992; Peck er al., 1993). In d species investigated. these 

enzymes are encoded by at least two members of a gene family. Genes within each family 

are differentially regdated in different tissues and in response to wounding, a& treatment 

flooding and other envimmental signals (English er aL. 1995: He er al.. 1996: Liu er a l .  

1997; Peck and Kende. 1998). 

Many developmental processes that are mediated by phytohormones. such as apical hook 

opening and leaf development are also re-dated by the quantity and quality of Iight. The 

influence of light on ethylene production varies between species and is complicated by 

interactions with CO, In most systems. ethylene production is high under dark conditions 

and decreases with light exposure (Goeschi er aL, 1967: Kao and Yang. 1982: Sammimy. 

1978: Gepstein and T h i m a ~ .  1980). However. some researchers have reported a 

stimulation of ethylene production by light (Bassi and Spencer. 1983: Craker ex aL. 1973: 

van Loon and Fontaine. 1984: Zacarias er ul.. 1990: Jiao er aL. 1987. Grodzinski a oL. 

1983: Rohwer er a l .  1982 K a t h k m  et aL. 1996). Nearly all of these experiments show a 

modification in the conversion of ACC to ethylene by ACC oxidase. Furthermore. the data 

presented by many of these researchers strongly suggests that light-mediated changes in 

ethylene biosynthesis are linked to the action of phytochome. 

Light controls nearly every faaet of the plant life cycle (Kraepiel and ,Mginiac 1997). 

Despite this. the sequence of evena that occur after light exposure remain largely 

undetermined. One aspect of light perception that has been under tremendous scrutiny is 

phytochrne. Phytochrome is a plant photoreceptor, that is mainly responsible for 

r n e d i a ~ g  the effects of red light on numerous physiological and molecular responses 

(Sharrock and Qud.  1989). Phytochrome is a "photochromatic pigmen&" meaning that it 
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Fi-mue 2.1: Ethylene biosynthetic pathway. 
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is photochemically converted from an inactive form (Pr) to an active form (Pfk) by 

absorbing mainly red wavelen,oths of light (Smith, 1999). While the chemical changes that ' 

occur during phytochrome conversion are now well documented (reviewed by Braslavsky et 

aL. 1997), studies re-piing the mechanism of action have just recently begun to cake shape 

(reviewed by Smith, 1999). Recent studies have shown that phytochmme is rapidly 

translocated to the nucieus after conversion to Pfr. In the nucleus. it is thought to bind with 

a -putative reaction parmer. Two possible proteins have been identified to date. 

phytochrome-interacting-faaor-3 (PIF3) (Ni er aL. 1999) and phytochrome-kinase- 

substrare-2 (PKS2) (Fankhauser et 41.. 1999). The resulting complex between 

phytochrome and these proteins is thought to interact, either directly or indirectly with target 

genes (Smith. 1999). 

Phytochrome is essential for plant development as it allows plants to respond to subtle 

changes in light quality. It has been implicated in nearly evev developmental event from 

shade perception and stem extension to pigment production and chIoroplast biogenesis 

(reviewed by Smith and Whitelam. 1990). Phytochrome plays an integral role in de- 

etiolation and directs the conversion to a photosynthetically competent state. The importance 

of phytochmme in mediating changes at the darbzight transition is further exemplified by 

the fact that phytochrome accumdates to very high levels in etiolated seedlings compared to 

light-gromn plants (Clough and Vierstm 1997). The ability of germinating seedlings to 

sense increasing light intensities and chan-ag light qualities as they p w  through the soil 

represents an adaptive strategy which enables plants to quickly switch their deveiopmentaI 

pro-eram to take W advantage of the new light environment. 

As discussed in Chapter 1. exposure of etiolated plants to light initiates a series of events 

known as deetiolation. The most apparent morphologicai changes that occur during de- 
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etiolation are apical hook opening and the expansion of primary Leaves or cotyledons. In 

germinating seedlings, the apical hook serves to protect the apical meristem as the seedling 

pushes through the soil. It is generally believed that the mechanical pressures placed on the 

seedling cause an increase in ethyiene production which maintains the apical hook until the 

upper part of the piant is free from the soil. 

Physiological and genetic evidence has shown that ethylene is at [east partially responsible 

for the maintenance of the apical hook in the dark (Palmer, 1985: G m a n  and Ecker. 1990: 

Ecker, 1995: Bleecker and Schaller, 19%). Studies have shown that ACC. MACC and 

ethylene are differentially produced in the apical hook and. through interactions with auxins. 

are responsible for hook maintenance and possibly formation (Schwark er aL. 1989: 

Schwark and Schierie. 1992: Schwark and Bopp. 1993: Peck and Kende. 19981. Apical 

hook opening can be stimuIated in the dark with the addition of inhibiton of ethylene 

biosythesis and action. Conversely, the curvature of the hook is exaggerated if the plant is 

exposed to exogenous ethylene. 

Leaf growth is achieved by cell division and cell expansion events which are considered to 

occur either simultaneously or separately (Verbelen and De Greef. 1979). Studies in 

Phaseoh vulgaris have shown that leaf development is strongly influenced by both the 

quality and quantiv of incident light (Van Volkenburgh and Cleland. 197% Van 

Volkenburgb er aL. 1990). In this model system. cell division is thought to be mediated by 

phytochrome and a blue-light receptor, while cell expansion is a result of light-induced 

acidification of cell walls that is independent of phytochrome and photosynthesis. 

As early as 1963. it was hypothesized that a growth promotive substance, produced under 

the action of l i g h ~  was involved in light-induced leaf _growth (Butler, 1963). Tbe role of 
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ethylene in leaf development has been addressed by several researchers and our laboratory 

has recently shown that ethylene plays an important role in botb leaf _growth and leaf 

morphology (lee. 1997: Lee and Reid 1997). 

Despite the evidence that ethylene plays a role in key de-eaolation events, lirtle is knom 

about how ethylene production is iduenced by light. The studies discussed earlier have 

shown that ethylene biosynthesis can be stimulated or irhhited by light. It is likely that the 

disparate results are due to different experimental procedures inchding the tissue used and 

the time between light treatment and ethylene measurement. Moreover, many of the studies 

invoIve light treatment of excised green tissue that wiI1 have very different responses to light 

than etiolated tissues. 

Pheo lus  vulgaris was chosen as a model system to study the effect of light on ethylene 

production since morphological changes during de-etioiation and the physiology of apical 

hook maintenance have been studied by many researchers (Kang and Ray. 1%9a 1%9b: 

Sciwark er ai.  1989: Rubinstein. 1971a 1971b. 1972; Schwark and Schierie. 1992 

Schwark and Bopp, 1993). Funhermore. m e  etiolated seedlings can be _gown since there 

is no Light requirement for germination. 

The objective of these experiments was to determine if light causes a change in ethylene 

biospthesis in apical hooks and primary leaves of P. vulgaris and to investigate possibte 

phyochmme involvement in these changes. Based on previous evidence. it seemed Iikely 

that changes in ethylene biosynthesis would most likely result from a chaage in ACC 

oxidase activity. As part of this study. a cDNA clone for ACC oxidase was isolated from P. 

vulgaris and used to determine if its expression is influenced by light. 



Materials and Methods 

Plant Material 

Seeds of Phuseolus ~uigaris cv. Taylor were obtained from Stokes Seed Company and 

were used for all experimena. Seedlings used for ACC oxidase expression studies were 

grown in greenhouse mix @eat SOB: vermiculite 223%: perlite 223% and Terra Green 

5%) under a 16 hour photoperiod provided by 8 4-foot Sylvania Gro-lux tubes (PAR of 

I50 m o l e s  m=s") for twelve days. Dark--own seedlings used for light experimenrs were 

mwn in 1009 Terra Green in the dark for eight days unless orherwise indicated. + 

Construction of the dark chamber was funded through a University of Calgary 

Dissertation Research Grant. iU1 experiments were -ed out in tripIicate and a 

characteristic result is shown. 

Light Measurements 

measurements of photosynthetically active radiation (PAR) were carried out using a 

LICOR light intensity meter (LI-185B). Spec- andysis was camed out using a Li-1800 

portable research spemradiometer ( D R } .  

Darkroom Safelight 

All manipulation in the darkmom were carried out with the aid of a _men safelight produced 

by filtehg light from a five-Wan lighr bulb through chreg Iayea of dark yelIow-sen - 
acetate (Roscolux#90: Rosa. Markham, ON) These filters effectively remove both red and 

biue wavelen_& of light (Fibwe 22)). 
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Light Treatments 

For all light conditions. fluorescent tubes were burned in for 100 hours before use in these 

experiments to stabilize the spectrum produced. W lights were replaced after three months 

of use or if a change in the spectrum was noted. White light (150 p o l e s  m-' s-') was 

provided by placing plants 25 centimeters below eight Cfwt  VHO Sylvania Gro-lux tubes 

(Figure 23A). Red light was provided by filtering tight from six 4-foot Sylvania Gro-lux 

mbes through 3mm red piexiglass (Figure 23B: Rosco #lo). BIue light was produced by 

£iltering Iight from six +foot Sylvania Gro-lux tubes through 2 cm of 2% (wtv) CuSO, and 

two layers of blue acetate filters (Roscolux #80) sandwiched between 2 sheets of 3mm dear 

plexiglass (Figure 2.3C). Far-red light was provided by three 400-Wan quartz halide lamps 

filtered through 25m of water and a 3mm plexiglass far-red filter (Fi-gure 23D. Westlake 

Plastics). in all cases. etiolated seedlings were transferred to light conditions using a Iight- 

tight box. 

Ethylene Measurements 

Ethylene measurements were performed using the closed syringe system described by 

Finlayson (1994). Apical hook primary leaf. hypocctyl and cotyledon tissue was excised 

from the plant after light treatment and piaced in a 5m.L syringe bbarrel. The barrel was 

attached to a three-way stopcock that was also connected to a 5cm. 26-gauge needle and a 

LmL syringe barrel. The entire assembly was adjusted so that there was a totd of 2mL of 

headspace in both syringes. After a WenN-Eiin~te incubation, a 1mL sample of headspace 

.as was collected and analyzed using a Photovac IOSpIus digital gas cb.ramato_graph C 

(32mmx2.35rn 60/80 Carbopack B coiumn: 15% Xe-60/18H,PO,, Supereico Canada. 

Oakville. ON). The peak corresponding to ethylene was determined by comparison to the 

retention time of pure standard. EchyIene production was quantified by comparison to a 

standard curve of h o w n  ethylene concentrations. 



Figure 2.2: Spectral characteristics of green safelight. Please note that this spectra 

was produced using a 60-Wan bulb rather than the 3-Watt bulb used in these 

experiments. 



Wavelength (nm) Wavelength (m) 

Wavelength (nm) Wavelenrgth (urn) 

Figure 2.3: Spectral characteristics of (A) white. (B) red, (C) bIue and @) far-red 

light sources. 
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ACC Determination 

ACC content was measured using a modified bleach assay (Saltveit and Yang, 1987). 

T i m e  for ACC analysis was excised and immediately frozen in liquid nitrogen. Samples 

were stored at -8CPC until extraction. 

ACC Exuaction 

Each sarnple was processed as follows: tissue (0.5-lg) was ground to homogeneity in 

IOmL of 80% ethanol and transferred to a 3mL Erlenmeyer flask. The volume was 

increased to 15mL and the flask was placed in a 70°C shaking waterbarh for 15 minutes. 

The sample was vacuum filtered and the tissue renuned to the 3rd Erlenmeyer flask with 

an additional 1 5 d  of 80% ethanol for a further 15 minute incubation at 70°C. The sample 

was filtered into the same flask and all glassware with rinsed three rimes nirh 80% ethanol. 

The filtered sample was mnsfened to a round bottom flask and dried in vacuo at 4 K .  The 

dried residue was dissolved in 2mL water and 1mL chloroform, vortexed and centrifuged at 

high speed in a tabfe-top microcentrifuge. The aqueous phase was collected for further 

analysis. hch treatment was anaiyzed in triplicate. 

ACC Assay 

ACC content was determined by measuring the chemical conversion of ACC to ethylene as 

follows: -4n aliquot (600a) of the aqueous phase was transferred to a 6mL test tube 

containing 2 5 0 6  of water and 50pL of 100yM HgCl,. The test tube was sealed with a 

rubber septum and placed on ice. Using a gIass syringe, lOO& of a cold mixme of 5 - 5 8  

bleach (commercial bleach) and saturated NaOH (21, v/v) was added. The sample was 

immediately vortexed for 5 seconds and incubated on ice for 2 5  minutes. After incubation 

the sampIe was vomxed a@ and a ImL sample of headspaw gas was collected for 

ethylene determination as descriid above. Three replicates of each sample were analyzed. 
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ACC content was determined by comparing results obtained to a standard anversion 

estimate of h o r n  ACC concentrations (0.01 to 100nrnole) processed by the same 

methodology as d e s m i d  above. 

ACC Oxidase Activity Assays 

Tissue for ACC oxidase activity was excised at appropriate times and immediately frozen in 

liquid nitrogen. Smples were stored at -8PC until extraction. 

E m m e  Extraction 

Extraction buffer (1OOmM Tricine adjusted to pH 7.4 with 5OOmM bis-tris-propane: 1mM 

D m  ZOmM Na-ascorbate) was made fresh. The buffer was degassed for 10 minutes and 

FeSO, (10pM final concentration) was added just before use. Tissue was -mund in liquid 

nitrogen and homogenized with 5% polwinylpolypyrrilidone(PVPP: w/w) and 7 5  times 

(w/v) extraction buffer. Homogenate was &erred to 1.SmL Eppendorf tubes and 

centrifuged at full speed in a table-top centrifuge at 4°C for I t  mioutes. Supernatant was 

collected and used for assays. 

ACC Oxidase . b a y  

For each sample, six replicates were done. Assay buffer (lml; lOOmM bis-eris-propane 

adjusted to pH 6.6 with Ha, 20mM Na-ascorbate, 10uM FeSO, S m M  ACC) was made 

fresh and added to 6mL test tubes. Tubes were capped with rubber septa and injected with 

450pL of 100% CO. and preincubated in a 30aC shaking waterbath. After preincubation. 

25yL of enzyme supernatant was injected into the tubes and further incubated at ;PC for 

30 minutes. A 1mL sample of headspace _gas was collected and analyzed for ethylene as  

above. 
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RNA Extraction 

Total RNA was isolated using the hot phenol merhod (Verwoerd a al., 1989). Briefly, 

tissues were p u n d  to a fine powder in liquid nitrogen. Approximately ImL of e-nraction 

buffer was added (?:l-Tris equilibrated phenol (pH 6.7): buffer containing 0.1M LiC1. 

lOOmM Tris-HCl, pH 8, lOmM EDTA and I % SDS heated to 6jQC). Tissue was ground 

again until completely homogenized. Homogenate was transferred to a 15mL Eppendorf 

tube and vortexed at high speed for 30 seconds. A half voiume of chloroform:isoam)rl 

alcohol (24:l) was added, the sample revortexed and then centrifuged at 14,000rpm for 15 

minutes in a tabIetop m i m n t r i h g e  at 4OC. The aqueous phase was collectedt I volume 

of 4M LiCl was added and samples were incubated ar -20°C for 1 hour. Samples were 

centrifuged as before and the supernatant was discarded. RNA was resuspended in 3OuL 

nuclease-free ddH,O (Ambion) and reprecipitated by the addition of 0.1 volume sodium 

acetate (pH 5.2) and 2 volumes of ice-coId 959 ethanol. Samples were incubated at -20°C 

for 1 hour, centrifuged at hIl sped  for 15 minutes. The RNA pellet was washed with 70% 

EtOH and dried at room [emperam for 15 minutes. RNA was resuspended in a minimal 

volume (25pL) of nuciease-free water. Totai RNA concentration was determined by 

absorbance of a 1/1000 dilution at 260nm. 

Poly (A)+ RNA Isolation 

Poly (A)+ REiA was isolated from 2ug of total RNA (described above) using a oligo jdT)- 

celldose column. OIigo (dT)-ceIIulose was suspended in O.1N NaOH containing 5mM 

EDTA and the column was washed with lX loading buffer (10mM Tris-HCl pH 75,lM 

LiCl. 2mM EDTA 02% SDS) until the pH of the eMuent was less than eight. R-!!A was 

dissolved in 1X loading buffer and denatured at 65°C for 15 minutes before adding to the 

column. The eluate was immediateIy collected and again heated and added to the column. 
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Riisomal W A  was eluted off the column with five to 10 column volumes of 1X loading 

buffer and I column volumes of 0.1M LiCl loading buffer (20mM Tris-HCI pH 75.0.1M 

LiCl, 1mM EDTA 0.1% SDS). Fractions collected were measured for absorbance at 

260nm. Poly (A)+ RNA was eluted from the column with 2-3 volumes of sterile water. 

Fractions containing RNA were bulked rogether and run through the column a second rime. 

Final poly (A)+ RNA was precipitated in 0.1 volume 3M sodium acetate and 2 volumes 

95% ethanol at -20°C overnight. Samples were centrifuged for 1 hour and washed with 

70% ethanol, lyophilized and resuspended in sterile water. 

cDNA Library Construction 

Double stranded cDNA was prepared from 5ug of poly (A)+ RNA using the Stratagene 

ZAPcDNA synthesis kit. lOOng of cDNA was ligated into the Uni-ZAP vector by 

incubating for 2 days at 4°C. Recombinant phage DNA was packaged in rwo packaging 

reactions and RecA- Eschm.chia coli strain XL1-Blue MRF' was infected. The number of 

recomb~nant plaques was based on the activity of @-wdactosidase as determined by 

blue/white selection using IPTG/X-gal. The average size of the inserts was 0.95kb. 

determined by performing PCR on 16 random plaques. AU PCR was carried out using Taq 

DNA polymerase (Phmacia) udess otherwise specified- PCR was carried out using T3 

(5- AAlTAACCCTCACTAAAGGG 3') and T7 (5- GTAATACGACTCACTATAGGGC 

3.) as the sense and antisense primer respectively. PCR parameters were 1 minute of 

tempIate denaturation at Z0C, 1 minute of primer annealing at 52°C. followed by 1 minute 

of primer extension at 72°C for 35 cydes. This was foIlowed by 10 minutes at 72°C for 

completion of unfinished reactions. The library has a primary titre of 800,000 pfu/mL 

which was amplified to 1.7X101' pfulmL. The library contains approximately 95% 

recombinant phage based on kgalacrosidase activig-. 



Production of ACC Oxidase Probes for Library Screening 

Two ACC oxidase (ACO) probes from a sunflower cDNA clone were used in library 

screening. The first probe (P-I) is a full Iength ACC oxidase cDNA created by PCR of the 

pGEXACO plasmid (Liu and Reid, 1994) using primers at the extreme ends of the clone 

(sense primer 5'-CCTGAATGGTTCTGAGAGAGGTGTTACC-3', antisense primer 5'- 

AGGTGAAGCCCATGMGCAGTTG-3'). The second probe (P-2) was specific for 

the 5' end of the pGEXACO cDNA clone and was used in the second and third screen to 

eliminate identification of short cDNA fra-gments (sense primer 5'-  

CCTGAATGGTCTGAGAGAGGTGTTACC-3'. antisense primer 5'- 

GTTAGCGGTCTACAGCITC-3'). PCR reactions were run on a 1% (w/v) agarose gel 

and the appropriate band was intercepted precipitated and quantified. For all probes. 3 n g  

of DNA was Labeled with ["PI-dCTP by the random primer method using the Menow 

fra-pent of DNA polymerase (Sambrook et aL. 1989). 

Probe Synthesis and Purification 

Isolated DNA (Zng) was diluted to a final volume of 34.5p.L and placed at lWC for three 

minutes. The DNA samples were rhen placed on ice and 2pL Bovine senun albumin 

( lhg imL) ,  lOpL oligo primers. 05@ DNA polymerase (Kienow frafrapent. Gibco BRL) 

and 3pL [ - ~ ] - ~ c T P  (Amersham) was added. The reaction was incubated at room 

temperature for 4 hours before purificadon. An equal amount of stop buffer (15% 

Dextran blue. 2.6 x 10" M EDTA. 0.499 bmmophenol blue. 20% gtycerul) was added to 

the reaction mixture to stop the polymerase reaction. Probes were purified by running the 

reaction mixture through a P-60 Biogel (BioRad) column equilibrated with 1X TES buffer. 

The fraction containing the Dexrran blue dye was collected and boiled for 3 minutes before 

addition to membranes prehybridized at the appropriate temperature. 
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Isolation of DNA Fragments by Band Interception 

Scheleicher & Schuell NA45 DEAE membrane was activated by washing the membrane for 

10 minutes in lOmM EDTA (pH 7.6) and five minutes in 05M NaOH followed by several 

washes with distilled water. The digested plasmid was electrophoresed. and an incision was 

made in the gel just ahead of the insert. The activated membrane was placed into the 

incision and electrophoresis was continued until the insert had run into the membrane. 

DNA was eluted from the membrane by placing the membrane in 2OOpL high h'ET buffer 

(1M NaCl, O.lmM EDTT.4.20mM Tris pH 8.0) and eluting three times at 6S°C for 15 

minutes. DNA was precipitated with two volumes of 100% ethanol at -20°C for one hour. 

DNA was dried, resuspended in sterile water and quantified by running a small aliquot on a 

1% agarose gel. 

Isolation of a Phaseolus vulgaris cv. Taylor .4CC oxidase cDNA clone 

A full length ACC oxidase cDNA clone from P. vulgaris was isolated by hybridization 

using a heterologous cione from Helianthus annuus (Liu and Reid, 1994).. Consnuction of 

the P. vulgaris cDNA library and the initial isolation and identification of the ACC oxidase 

clone, pvACO1, was completed as part of an independent project course supervised by Dr. 

Peter Facchini and is included here for completeness. Sequencing, characterization and 

expression analysis of this gene was carried out subsequent to completing the course. 

Appro-ximateIy 200 000 plaques were screened using standard methodology (Sambrook er 

aL. 1989). Phage competent Rec A- Escherichia coli strain XLl-blue MRF' were made by 

inoculating a SmL LEI broth culture (1% NaCI. 1% aptone, 05% yeast extract pH 7.0). 

contaiaing 10mM MgSO, and 0.2% (w/v) maltose with a l O O p L  aliquot of an overnight 

culture. The culture was incubated at 3 7 T  for four to six hours until the optical density 

(OD) at 600nm was approximately 05. Bacteria were pelleted by a 10-minute 
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centrifugation at full speed in a clinic31 cenuifi~gt. 'The supernatant was discarded and the 

bacterial celis were resuspended to an OD, of 0 5  in lOmM MgSO,. Competent cells 

were stored at 4°C for no more than 6 hours before use. Phage (-301000 per plate) were 

incubated with competent E. coli celIs for 20 minutes at 37°C to allow for infection. The 

phagebacteria mixme was added to 7mL LB top agar (1 % YaC1,1% nyptone. 0.5% 

yeast extract pH 7.0, 0.7% agarose), poured on a 100-mm' LB plate (1% NaCl. 1% 

tpptone. 0.5% yeast emcr  pH 7.0. 1,3% agar), and incubated at 37OC for 10 hours or 

untiI the plaques were approximately Zmm in diameter. Phage were &erred to nyion 

membranes in duplicate. Each membrane was placed on the agar for five minutes. the 

orientation was noted by puncturing the membrane and agar with a syringe needle dipped in 

India ink. The membranes were then placed, phage side up, on Whatman #3 paper saturated 

with Southern I solution (ISM NaCl, 05M NaOH) and then Southern II solution (3M 

NaC1,05M Tris-HCI pH 8.0) for five minutes each. DNA was fixed to the membrane by 

headng at 80°C for 1 hour. NyIon filters were prehybridized for 1 hour and hybridized at 

60°C ovemight using the appropriate probe as described above. Membranes were washed 

twice with 2X SSC (20X SSC: 3M NaCI, 03M Na-citrate, pH 7.0) in 0.1% SDS and 

exposed to X-ray film overnight at -70aC. Twelve plaques from the primary screen were 

chosen and purified by two further rounds of screening. 

Transformation of E. c d i  with plasmid vectors 

AU tramformations were performed by the folIowing protocol (Sambrook et aL, 1989). 

Typically, 0 5  ug of plasmid DNA was added to the appropriate competent c e h  and placed 

on ice for 30 minutes. The ceIl/DNA mixture was then incubated at 42°C for w o  to five 

minutes. Cells were incubated for 10 minutes at room temperam and then O3mL LB 



30 

media was added. Cells were allowed to recover for an additional 20 minutes at 37°C. Cell 

were plated on LB plates containing 100m%mL ampidh, spread with 80pL X-GAL 

(10mgimL) and 3pL F f G  (ZOOrng/rnL) for bluejwhite selection. W plates were incubared 

overnight at 3PC. 

In vivo excision 

cDNA from purified positive plaques was excised in vivo and the resulting plasmid used to 

tramform the SOLR strain of E. coli as described below. Transformants were selected on 

LB plates containing 50 ugmL ampicillin. Plasmids were isolated by the W i n e  Iysis 

DNA miniprep method described below (Sambrook er aL, 1989). The longest purative 

ACO clone fpvAC0I:Genbank accession number AFO53354) was chosen for subsequent 

subcloning and sequencing. Identity of the clone was based on both sequence similarity 10 

known ACC oxidase cDNAs in Genbank and the functiond expression assay described 

below. 

Plasmid Competent E. coli 

All bacterial nansfonnations were carried out in XL1-blue E- coli unless otherwise 

indicated. A 5mL culture of E. coli was grown overnight at 37°C in LB broth was added to 

lOOmL LB broth and grown at 3PC to an OD, of 0.4. The culture was uansferred to two 

5OmL polypropylene bcttles and kept on ice, Cells were centrifuged at 5500g for 10 

minutes at 4°C. The supernatant was discarded and the bacterial pellet was resuspended in 

sterile 0.1M CaCl, and incubated on ice for 20 minutes. The wIls were centrifuged again as 

descriid above. the supernatant was discarded and the pellet was resuspended in 2 mL ice 

cold 0.1M CaCI2per 50 mL of original dm). Glycerol was added to a final 

concentration of 30%. Cells were aliquoted, frozen in liquid nitrogen and stored at -70°C. 
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Mini-prep Plasmid DNA isolation 

Plasmid DNA was isolated as per the methodology of Zhou er aL (1990). A 2mL LB- 

ampicillin (100 u g d )  was inoculated with appropriate E. coli cells and grown overnight at 

3PC. Bacterial culture was transferred to a 15mL Eppendorf tube and centrifuged at full 

speed in a table-top centrifuge. The supernatant was decanted. leaving lOOmL of media with 

the pellet. Bacteria were resuspended and 300mL of TENS buffer was added and mixed 

oently to Iyse the cells (95mM Tris-HCl pH 7.4.1mM EDTA 0 5  9 SDS. 0.1N NaOH s 

and 0-lmgmL RNase.4). To the lysate. l5OpL of 3M sodium acetate (pH 5 2 )  was added 

mixed gentiy and centrifuged for 10 minutes. The supernatant was added to two volumes of 

95% ethanol and incubated at -20°C for 20 minutes. The sample was centrifuged for 10 

minures to pellet the DNA. The pellet was rinsed with 70% ethanol and dried in wcuo. 

DNA was resuspended in 50uL ddH,O. 

DNA Sequencing and .4nalysis 

pvACOl was fully sequenced in both direction bv the dideoxv chain terminanon method as 

described by Sanger er at. (1977) using the following primers: 

Primer Seauence Location 

A-1 5' GAA GGT GCT CTC CCA GTC 3' 596bpdownsneam 

A-2 5' GGT GAT CAG CTT GAG GTG 2' 695bpupstrem 

A-3 5' AAC ACG TGC ATA AGC TCC 3' 1042bpdownstream 

A 4  5' GAC TGG GAG AGC ACC TTC 3' 9 12bp-do~asrrem 

A-5 5' C n  GGA A m  TCA GAT CAG 3' 912bpupstream 

Orthologous sequences were identified by a search of the NCBl database. Sequences were 

aligned using ClustalX. The predicted protein sequence and resuiction map %-ere 

determined using DNA snider. 
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Bacteria Expression of the ACC oxidase (AACOI) cDNA Clone 

The original PvACOl clone was found to be out of frame with the f3-galactosidase start 

d o n .  In order to get the clone in frame. PCR was used to engineer a BamHI site at the 5' 

end of pAC01.  The ACO-frame primer (5' 

NNNNNNGGATCCCATGAGTAACTTCC-GTG 3') was paired with the T7 primer to 

ampIifv the entire open reading kame and the 3' untranslated region of the construct. 

PCR conditions were as descriid previously but with at 5Z°C annealing temperature. The 

PCR product was then digested wirh BamHI andXhoI and ligated into pBluescript SK+. 

Ligations were performed by adding vector to insert in a 1:6 ratio in a tube containing LX 

iigase buffer (3OmM Tris-HCI pH 7.4. lOmM Ma@:, lOmM DTT. lO@I EDTA la!! 

ATP) and 1 pL of DNA ligase. ligated DNA was used to transform XL1-Blue M E '  cells 

as described previously. Using this mnsmn the functional identification of this ACC 

oxidase clone @vACOI-frame) was possible by studying a fusion protein of ACC oxidase 

and the alpha-peptide of the &gaiactosidase. The expression of the fusion protein is under 

the control of the lacZ promoter. 

To determine if the p4COl-frame clone expresses a protein with ACC oxidase activity. 

duplicate tubes of 5rnL LB media were inoculated with lOO& of XL1-Blue >fRF' CU~NE 

or XL1 strain transformed withpvACO1-frame plasmid or pBluescript SK+ vector. The 

culture was incubated at 30aC to an OD, of approximately 05.  One cuIture in each set 

WYS then induced with 6pL of t00mglml PTG. ..After a further three hours of -m=-th. a 

ImL sample was collected from each of the six cultures and assayed for ACC oxidase 

a a 5 - i ~ .  
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Bacteria were pelleted and resuspended in 1 mL Tris-BTP buffer (100rnM Tricine adjusted 

to pH 6.6 with SOOm,! bis-tris-propane). Bacteria were probe sonicated on ice for two 

minutes and centrifuged at 13 200 rpm for 10 minutes to remove cell debris. Crude e m c t  

was brought up to 2 5  mL with Tris-BTP buffer, and run through a PD-10 Sephadex G 3  

column at 4*C, equilibrated with BTP-HCl buffer (100m.M bis-nis-propane adjusted to pH 

6.6 with HCI in 10% glycerol). Protein was collected by washing the c o l m  with L mL of 

BTP-HC1 buffer. Eluate was collected immediately and stored on ice. Each ACC oxidase 

assay was performed as  follows: I d  BTP-HCl buffer conraining 2mM dithiothreitot. 10 

mM sodium ascorbate. lOmM FeSO, and 5mM ACC was placed in a 9mL tube. capped 

with a rubber septum and injected with 45OmL CO: gas before preincubating a1 30°C for 30 

minutes. Using a syringe. 250m.L of enzyme e m c t  was injected into the tube. The rubes 

were briefly vorrexed and incubared in a shaking waterbath at 3O"C for 30 minutes. .A 1mL 

sample was drawn £ram the headspace and analyzed for ethylene using a Photovac gas 

chromato-graph equipped with a photo-ionization detector. In order to standardize ethylene 

measurements. the amount of protein in each sample was deterrained and the amount of 

ethylene present was expressed as pmole of ethylene per gram of protein. Protein 

quantification was assayed by incubating 50pL protein extract. 2OOuL Biorad protein assay 

dye concentrate reagent and 755pL water for 5 minutes at room temperature. Absorbance 

was measured spectrophotometticaIIy at 595nm and protein concentration was determined 

by comparison to a standard curve of a known concentration range of bovine senun albumin 

(Biorad). 
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ACC Oxidase Probe and Gene Clean Isolation 

-4CC oxidase Northern and Southern blots were probed with the full length cDPu'A clone 

excised from the consnuct with EcoRI and %I. Digested DNA was electrophoresed on a 

1% agarose gel in IX TAE (0.04M Tris-acetate, 0.001M EDTA). The 13kb h-ment was 

cur from the gel and the DNA was isolated by the gene clean method. The agarose band 

was placed in a 15mL Eppendorf tube with two volumes of sanuated NaI and the rube was 

heated to 50°C for 10 minutes or until all of the a p s e  was melted. Glass milk stock 

(1pUug DNA) was added to h e  DNA sample and incubated on ice for 30 minutes. mixing 

each 5 minutes ro ensure that the _ e I d  remains suspended. Glass milk was pe1leted bv 

centrifugation at full speed in 2 table-top microcentrifuge for five to 10 seconds. The pellet 

was washed three times with 30yL .NEW wash buffer (50% EEtOH. h M  Tris pH 7.3. 

O.lmM EDTA 0.01M NaQ). The tube was centrifuged in between in each washing step 

and after the lasr wash. the remaining supernatant was removed with a pipet. The pellet was 

dried in a 55°C headng block for 15 minutes. DNA was eluted by resuspending the pellet 

in IOpL of d m 0  and hearing at 55°C for 15 minutes. Silica $ass %as pelleted by 

centrifugation at full speed for five minutes. The supernatant was transferred to a separate 

rube and an aliquot was quantified by ehdium bromide visudization of DNA after 

electrophoresis on a 1% a-mse gel. 

Genomic DNA Extraction 

Genomic DNA was isolated h m  primary leaves of P. tuigaris by a modified CTXB 

extradon procedure (Sambrook er aL. 1989). Tissue was freeze dried and I _pm was used 

for extraction- Tmue was -gound to a fine powder in Liquid nitrogen, added to Z S d  

exuacdon buffer (50m.M Tris-HCl @H a), 2% CTAB (kexadecqaimethylarnmonium 

bromide), 5 W  Na-EDTA, 0.7M NaCI and 0.1% pmercaptoethanol) and mixed gently 
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mtil tissue was completely suspended. The sluny was placed in a 6j°C waterbath for one 

hour with mixing at 20-minute intervals. The samples were removed from the water bath 

and allowed to cool to room temperature before the addition of 2OmL chlorofom:isoarnyl 

alcohol (241). Samples were mixed thoroughly and then centrifuged in a swin-ghg bucket 

rotor at 3500rpm for 15 minutes. The upper phase was collected with a iage bore pipette 

and added to a 23 voiume of cold isopropanol. The DNA clot formed after mixing mas 

transferred with a glass pipette to a 15rnL Corex tube. The DNA was then washed with 

1OmL of 80%EtOWlSrnM ammonium acetate @H 75) for 30 minutes. foilowed by two 

washes with 70% EtOH. The clot was air dried at mom temperature and resuspended in 

100pL of ddH,O.JuL of RNase (15mgmL) was added and the solution was incubated at 

37'C. After 30 minutes. 5uL of proteinase K (25mgmL) was added and the mixrure was 

again incubated at 37°C for 30 minutes. DNA was precipitated by the addition of L6mL TE 

(10mM Tris-Ha. pH 7.4: ImM EDTA) with 1MCsG and two volumes of 1009 ErOH. 

The resulting DNA clot was transferred to an 15mL Eppendorf tube and air-dried at room 

temperature. DNA was resuspended in 300uL of ddH-0 and quantified by absorbance at 

260nm. 

Southern Blot .4nalysis 

Genomic DNA (60ug) was digested with BamHI. EcoRI. HinmfI.XbaI and XhoI and 

elecnophoresed on a 0.8% agarose gel in 1X TAE at 3 m V  for 16 hours. The gel was 

stained with ethidium bromide after electrophoresis to ensure complete digestion. DNA 

was transferred to Hybond-N nylon membrane by capillary action with O.4N NaOH. The 

membrane was subsequently dried and baked at 800C for 1 hour to fix DNA to the 

membrane. The membrane was prehybridized for 1 hour in 7% SDS, 1m.M EDTA 03-M 

Na.20, @H 7.0) and 1% BSA at 58°C. The pvACOl cDNA was isolated as above and 
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used to probe the membrane. Probe synthesis and purification were carried out as described 

previousIy. The probe was added and membrane was hybridized overnight at 58°C . 

Membranes were washed twice at 58% with 2X SSC containing 0.1% SDS and twice with 

0 . X  SSC in 0.1% SDS and exposed to X-ray film at -70°C overnight. 

Wounding, Hormone and Chemical Treatments 

For experiments described below. primary Ieaves from 14-day-old light-grown plants were 

used. Ethylene was measured (as above) at the same time intervals as tissue collection for 

RNA extraction. Tissue for RNA extraction was collected. immediately frozen in liquid 

nitrogen and stored at -80°C until extraction. 

Wounding Treatment 

Leaves used for wounding treatment were harvested cut into l a  discs with a cork borer 

and floated on water for the times indicated. Control tissue was collected at the same 

intentals from intact plants. 

Hormone and Chemical Treatment 

Discs from primary leaves were cut using a Tan cork borer and floated on ddH,O for 24 

hours prior to the start of the experiment to avoid confusion with wound-induced ethyiene 

production. After the 23 hour incubation. the water was removed and replaced with either 

IOW L4A. 10JM MeJA. 104M ACC. 1U2M 40: 1W2M rose bengaI (RB: a singlet 

oxygen generating compound) or water as a control. W solutions were made in 0.1% 

Tween20 (plyethylene sorbitan monoIaurate). 
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ACC oxidase mRNA expression 

Total RIA (1Sugflane) was elecnophoresed in 1X MOPS (ZOOmM MOPS (MOPS: 3-[N- 

morpholino]propanesulfonic acid), 50mM sodium acetate. lOmM EDTA) at 3 m V  

overnight on a 1.2% (wtv) agarose gel containing 9.25% formaldehyde and 1X MOPS. 

Equal loading of total RNA was versed by ethidium c f i i za t ion  of ribosomal bands. 

After electrophoresis, RNA was transferred to a Hybond-N nyIon membrane by capillary 

action with 10X SSC Isambrook et aL. 1989). RNA was fixed to the membrane by air 

drying and baking at 8PC for 1 hour. Membranes were prehybidized at 6j°C for 1 hour in 

7 8  SDS. 1mM EDTA, O.3M NaJO, @H 7.0) and 1% BSA (bovine serum albumin). 

The probe was added and membrane was hybridized overnight at 65°C . Membranes were 

washed twice with each ZX SSC containing 0.19 SDS and 0 . X  SSC in 0.15 SDS and 

once mith 0.1X SSC in 0.1% SDS and exposed to X-ray film at -70°C overnight. -41 

experiments were performed twice and a representative bIot is shown. 

Results 

Cloning and Characterization a P. vulgaris ACC oaddase cDNA done 

The cDNA clone isolated (PYACOI) is 1222 bp in len-gh and contains the entire predicted 

open reading frame of ACC oxidase (Figure 2.3). The predicsed protein is 315 amino acids 

in length and has a predicted molecular mass of 36.1 kDa which is similar in size to other 

K C  oxiaase enzymes. The theoretical p1 is 5.1 which is similar to that for tomato (3.95) 

and sunflower (532) ACC oxidases. Southern blot analysis indicates thatpACOI is a 

member of a gene family in P. vulgaris h t  likely has at Ieast m o  members (Figure 2255. 
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An alignment of amino acid sequences from ten known ACC oxidases was made and the 

amino acids conserved in all sequences are shown in consensus sequence in Figure 2.6. 

pvACO1 shows between 69% and 73% identity with the k n o w  sequences shown. 

Using the bacterial expression system, PvACOl was shown to encode a functional e v e -  

fusion product capabie of converting ACC to ethylene (Table 2.1). Enzyme preparations 

h m  bacteria without piasmid or containing only the pBluescript SK+ plasmid did not 

convert ACC to measurable quantities of ethylene. It was dm found that the conversion of 

ACC to ethylene was increased by the addition of lPTG showing that expression of the 

enzyme was under h e  control of the lac2 promoter. 

Table 2.1: Functional expression of a pvACOllalpha-peptide fusion protein in E. coli. 

(?rTIM - roo low to measure. 2 values indicate standard error). 

Treatment pmole ethyieneimg protein (+SE) 

TLTM 

TLTM 

TLTM 

TLmf 

87805 r 9835 

16892.8 = 1094.6 
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Figure 2.1: (A) DNA sequence and deduced amino-acid sequence of pvACOI 

from P- vuiguris. (B) f artid restriction map of pACOI showing unique sites 
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Figure 2.5: Southern Blot analysis of pvACOl in P. 

vulgaris. E=EcoRI. H=Hindm. X=Xbai 



Figure 2.6: Sequence alignment of predicted protein sequences of pvACO1 from P. 

vulgaris with other ACC oxidases. Identical amino acids are shaded. Conserved 

amino acids are boxed. GenBank Accession Numbers: Phaseolus vulgaris 

AF053354, Pisum sativum M98357, Malus domestica AF030859. Petunia hybrida 

QO8506, Lycopersicon esculennun AW034767. Helianrhus annuus L29405. 

Brassica napus X81628, Oryra sariva .4F049888. 
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Expression of pvACOI 

As shown in Figure 2.7, pvACOl is found at low levels in all tissues except flower buds. It 

is most abundantly expressed in flower tissue. The accumulation ofpvACOI mRNA was 

studied under a variety of conditions as it has not been characterized in P. uulgaris. In all 

cases, the temporal expression was compared to ethylene production. The transcription of 

pvACOl was found to be upregulated in leaves within 2 hours of wounding (Figure 2.8). 

Ethylene production was highest one hour after wounding, indicating that pvACOl 

accumulated after ethylene production was initiated (Ti,oure 1-9). Treatment of leaf disa 

with both ACC f lOdM-Figure 1.10) and MeJA (l0"M -Figure 2-11) also caused an 

increase in pvACOI expression. -4s was found with wounding. the upregulation of 

pvACOl with ACC and MeJA treaunenr occurs after the increase in ethylene production 

(Figure 2.12). 

Treament with H-O- - - (1OLM) and the singlet oxygen generating compound. rose bengal 

(10"~) also b a s e d  pACO1 production (Figures 2.13 and 2-14 respectively). In these 

cases. the increase in pvACOl was concomitant with ethylene production (Fi-pe 2.15). 



Figure 2.7: Tissue specific expression of pvACO1 in P. vulgaris. The top panel is a 

Northern blot as a measure of pvACO1 expression. The bottom pane1 shows 

ethidium bromide staining of ribosomal RNA bands. 

(R=Root H=Hypocotyl, E=Epicotyl, l"L=Primary leaf, 2OL=Secondary leaf. 

PPetiole. B=Flower bud, F=Mature Flower) 
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Fibwe 2.9: The effect of wounding on ethylene production in P. culgaris prima? leaf 

discs. Bars indicate standard error of the mean. 
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Figure 2.12: The effect of ACC and MeJA on ethylene production in P. vulgaris primary 

leaf discs. Bars indicate srandard error of the mean. 







+ Control 

--*-- H,O, - * 

- - - Rose Bengal 

1, 2000- 
C - - 
L 

S I j W -  - 
zc 
3 
E 
f) - 
3 1000- - 

Figure 2.15: The effect of H-0: and rose bengal on ethylene production in P. ~ d g a r i s  

primary Ied discs. Bars indicate standard error of the mean- 

T * ,"I '. 
T,,,' 

\ . 
''T 

? a ;l 1 * * *  
, *m 

. 

0 : 
o i S f i f : + s  

Time (hours) 



55 

Ethylene Production in Etiolated Seedlings 

Ethylene production by etiolated seedlings was found to be agedependent. Ethylene 

production was highest five and six days after seeds were sown after which ethylene 

production was si-pificantiy reduced (Figure 3.16). Ethylene production in cotyledon 

tissue did not change with piant age. The activity of ACC oxidase in etiolated primary leaf 

and apical hook tissues was similar to the pattern of ethylene production. however. ACC 

oxidase activiry and ethylene production in hyacotyl tissue were not correlated (Figures 

2.16 and 2.17). 

Light-Induced Ethylene Production 

Exposure of etiolated seedlings to white light caused a si_gnificant increase in ethylene 

production in apical hook and primary leaf tissues The effect of light treatment was also 

found to be dependent on the age of the seedling. In six-day-old seedlings. e-xposure to 

white light si-gnificantly increased ethylene production in primary leaf tissue within one hour 

of treatment (Fiewe USA).  A slight increase was noted in apical hook tissue but all ocher 

tissues were unresponsive to white light exposure. 

Seven- and eight-day-old seedlings showed a different pattern of ethylene production in 

response to white light than sixday-old seedIings(Fi,oures 2.18B and 2.18C). In both 

cases. apicd hook tissue produced more ethyiene than primary leaf tissue. Exposure of 

sevenday-old seedlings to white Light caused an increase in ethylene production in both 

primary leaf an apical hook tissue (Fi-pre 2.188). Ethylene production was highest 0.5 

hours and 1 hour after exposure in apical hook and primary leaf tissue respectively and 

decreased with further exposure. Ethylene production by apical hook and primary leaf 
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Figure 2.16: Etfiyiene production in tissues of etiolated P. vuIgaris seedlings measured at 

different times after pianting. Bars indicate standard error of the mean. 
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Figure 2.17: ACC oxidase activity in tissues of etiolated P. vulgaris seediings measured 

at different times after planting. Bars indicate standard error of the mean. 
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Figure 2.18: Ethylene production in tissues of etiolated P. vulgaris seedlings. Seedlings 

were grown in the dark for (A) six, (B) seven or (C) eight days and then transferred to 

white light. Ethylene was measured after the times indicated. Bars indicate standard 

error of the mean. 
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tissue of eightdaydld seedlings was also rapidly increased with white light ueament 

(Figure 2.18C). Unlike six-and seven-day-old seedlings, ethylene production was increased 

within 30 minutes and was maintained for approximately three hours of light treatment. 

In order to determine if a specific wavelength was responsible for the increase in ethylene 

production, eight-day-old etiolated seedlings were exposed to different light qualities. The 

quantity of light within the wavelength range for each colour (except for far-red light) was 

balanced with that produced by the fluorescent tubes used for the white light e-xperirnents. 

Ethyiene production in apical hook tissue was stimulated with red (Figure 2.19A) and blue 

light treatment (Figure 2.19B). Ethylene production of primary leaves seemed more 

responsive to blue light than to red. The additive effect of red and blue waveleu-@s on 

ethylene production. does not completely account for the increase observed with white light 

treatment Far-red light ueament of eighrdaysld etiolated seedlings did not cause a 

simcant change in ethylene production (Figure 2.19C). 

Ethylene production was stimulated with as little as five minutes of white light (Figure 

320). Treatment of etiolated seedlings with five minutes of white Light followed by 10 

minutes of far-red light completely inhribited the increase in ethylene production observed in 

the apical hook (Figure 221). The increase in ethylene noted in primary leaf tissue was 

nearly identical to that observed with white light treatment alone (Fie- 220). 
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Figure 2.19: EtOyIene production in tissues of etiolated P. tulgaris seedlings. Seedlings 

were grown in the dark for eight days and then transferred to either (A) red (B) biue or 

(C) far-red Light. Ethylene was measured after the times indicated. Bars indicate 

standard error of the mean. 
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Fi-pre 2.20: Ethylene production in tissues of etiolated P. vulgaris seedlings. Eight-day- 

old piants were treated with five minutes of white light and then transferred to the dark 

for the remainder of the time. Ethylene was measured after the times indicated. Bars 

indicate standard enor of the mean. 
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Figure 2.21: Ethylene production in tissues of etioiated P. vulgaris seedlings. Eight-day- 

oId piants were treated with five minutes of white light foilowed by ten minutes of far- 

red light and then transferred to the dark for the remainder of the time. Ethyiene was 

measured after the times indicated. Bars indicate standard error of the mean. 
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'Ehe effect of white tight on ethylene production was not resmcted to eaoIated seedlings. 

SeedIings were grown under a 16-hour photoperiod for six days, until the apical hook was 

emerging from the soil. Ethylene measurements were made of apical hook and primary 

leaf tissue at the end of the dark period and at several times after the stan of the 

photoperiod. Ethylene production increased dramatically in both a p i d  hook and primary 

leaf tissue within 30 minutes after the beginning of the photoperiod (Figure 2.33). Ethylene 

production dropped dramaticdy after one hour of the start of the photoperiod in both 

tissues. 

The increase in ethylene production in response to white light was found to be primarily due 

to an increase in ACC oxidase activity (Fi-me 237). Ethylene produced by ACC oxidase 

is thought to be a resdt of a metabolism of existing ACC as light treaanenr sik@cantly 

decreased ACC content (Fi-gure 213). Although the activity of ACC oxidase increased with 

white tight treatment. this was not due to an increase in ACC oxidase transcription as 

mRNA levels remained at low levels after light treatment in both hook and leaf 

tissue(Fipures 2.25 and 2.26). 
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Figure 2.22: T i e  course of ethylene production in tissues of light gown P. vulgaris 

after the beginning of the photoperiod. Ethylene was measured after the times indicated. 

Bars indicate standard error of the mean. 
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Figure 1-23: Normalized ACC olddase activity in (A) primary [eaves and (B) apical hook 

of etioiated P- migaris seedlings treated with different qualities of light. Enzyme 

activity was determined at the indica~ed times after the bepinning of light trearment. 

Activity values were convened to a percentage of the dark connol. 
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Fi-we 2.24: The effect of light quality on ACC content of apical hook tissue of P. 

tuigaris. Bars indicate standard error of the mean. 







Discussion 

Ethylene refiates a number of physiological processes during plant growth and 

development. The production of ethylene is usually low but is increased during specific 

developmental events such as h i t  ripening, seed germination and leaf abscission as well as 

response to most environmentaI stresses. Ethylene biosythesis is re,@ated mainly by the 

activity of two enzymes, X C  synthase and ACC oxidase. Most studies regarding the 

control of ethylene biosythesis have focused on the activity and expression of ACC 

spthase because it is generally considered to be the rate-limiting step in ethylene 

biosynthesis. Recently. studies have indicated that stimuli chat increase ethylene 

biosythesis also cause an increase in ACC oxidase activity (Peck and Kende. 1995). 

Although c D N h  endcoding ACC oxidase have been cloned in many species. little 

dormation is availabte regarding it re-dation in P. vulgaris, In the first part of this 

discussion. the characterization of an ACC oxidase cDNA clone is presented. ThLs clone 

was Later used as a tool to study the second topic of this discussion. the lnfiuence of light on 

ethylene biosynthesis during de-etioiation. 

Cloning and Characterization of an ACC Oxidase cDN.4 

The functional ACC oxidase clone @VACOI) isolated from P. crtlgaris was found to be a 

member of a smalI ACC oxidase gene family likely encoded by at least two members 

(Figure 2.4.25: Table 2.2). It shows between 69 and 73% of amino acid identity with ACC 

oxidases 6um other species and was found to be expressed in ail tissues except young 

flower buds (Fie- 2.7). 

As found in many species. ACC oxidase genes are upreceulated by wounding (Fi-pre 2.8: 

Callahan er aL, 1992). However. its expression increases after the initial burst of ethylene 



70 

(Figure 2.9), indicating that an increase in ACC oxidase expression is not necessary for the 

production of wound ethylene. The fact that it is found at higher levels after the initial burst 

of ethylene suggesn that it may be upre-plated by ethylene rather than as a direct result of 

mechanical wounding. 

The possibility that the increase inpvACOl due to wounding is via ethylene is supported by 

experiments that show that pvACOl was also upre-dated by treatment with ACC (Figure 

2.10) and MeJA (Fibme I l l )  in leaf discs. The induction of ethyiene biosythesis by 

MeJA has been reponed in a variety of species. It has been reported to induce both ACC 

oxidase (Saniewski er aL. 1998: Saniewski er aL. 1987: BailIy er aL. 1992: Porat er aL. 

1993) and ACC synthase (Watanabe and Sakai. 1998) as well as possibly stimulating non- 

ACC, lipoxygenasedependenr ethylene production (Lynch er aL. 1985). As with wounding. 

the accumulation of mRNA is after the burst of ethylene that is produced by these 

ueamenrs (Fi,oures 2.12). It has been suggested that some stimuli have a sequential effect 

on ethylene biosynthesis Peck and Kende. 1995). F i  the stimuli increases ethylene 

biosythesis by increasing ACC synthase transcription. The resulting ACC is converted to 

ethylene by the ACC oxidase enqme already present in h e  rissue. The increase in ethylene 

then creates a positive feedback Ioop that increases cranscriprion of ACC oxidase. However. 

even wlth higher ACC oxidase activity. the production of ethylene is ultimately dependent 

on the availability of K C .  The increase in ACC oxidase after the initial burst of ethylene 

may then play an important role in subsequent responses. allowing the plant to more rapidly 

react to future environmental messes. 

Effects of AOS on the Expression of pvACOl 

Treatment with hydrogen peroxide and rose ben-pi cause a concurrent increase in both 

ethylene (Figure 2-13 and the expression ofpvACOl (Fi-mes 2.13 and 2-13). It is likely 
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that H-0, - - and rose bengal promotes ethylene biosynthesis by stimulating the nanscription 

of ACC oxidase. Rose bengal was used in this e-periment because it is a potent singlet 

oxygen generating compound. Singlet oxygen, superoxide. H,O, - - and the hydro.xyl radical 

are the main constituents of what are collectively known as active oxygen species (AOS). 

-Active oxygen species are produced as a result of wounding, in response to both ethylene 

and methyl jasmonate trearment and during senescence (Kauss et aL. 1993: Foyer er aL. 

1997b: McRae er aL, 1982). 

.Although there is clearly a connection between ethylene and AOS through the e f f e a  of 

wounding, the link may actuaIly be more pervasive. When researchers were determining the 

ethylene bioqnthetic pathway, it was noticed that free radicals reacted non-enzymatically 

with several compounds to produce ethylene (Beauchamp and Fridovicb 1970). Lege  er 

aL (1982) have also shown that the k radical conversion of ACC to ethylene is inhibited 

by enzymes that detoxify H,O.- While free radicaI conversion of ACC to ethylene is less 

efficient than the catalysis by ACC oxidase, it may make a significant conmlution to 

ethylene production under e m m e  saws conditions or during programmed cell death. The 

fact that both KO, and '0, can increase erhyiene production map have important 

implications for certain aspects of p w t h  and development. Recently, H,O, has been 

implicated as a possible conwliing factor in stomata1 ciosure and root gravitropism (Joo er 

aL, 2000, Zhang et aI., 2000). The interaction between KO= and ethylene has not been 

fully studied. It is likely that funue studies will show an interesting connection between the 

action of these two compounds. 

It is possible that the rapid increase in AOS in response to wounding is responsible for the 

increase in both MdA and erhyltne. However, the opposite could also be me and the main 

mechanisms for ethylene and MeJA action wuid be through an increase in AOS. The link 
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among AOS, ethylene and jasmonic acid is further complicated because the synthesis of one 

can increase the production of another. The role of AOS in plant development has become 

a focus of attention in the last five years. In chapter 3, the interaction between MeJA is 

investigated in greater detail and possible interactions between MeJA and AOS in Light- and 

dark-gown seedlings are presented. 

Ethylene Production in Dark-Grown Seedling 

A plant's response to light can be broken down to a simpte signal transduction model. 

Light is first absorbed by photoreceptors or photosynthetic pigments. The absorption of 

light is folIowed by a near-immediate physiological change which is then nansduced to 

cause subsequent physio10,eicaI and morphologicd changes. [n some cases. the site of 

perception is different from the site of action (Moscovici er aL. 1996: Thompson. 1995). 

Therefore. "mobile factors" including plant hormones probably play an important role in 

photomorphogenic events (Kraepiel and Miginaic, 1997). Two underlying problems in 

studying light-mediated changes in phytohomones are the timing of the response and the 

deveiopmentai sage of the plant. I have tried to address each of these issues by measuring 

ethylene production during short time intervals after iight treatment and in tissues fiom 

seedlings of differear ages. 

Ethylene production was found to be highest in apical hook and primary leaf tissue in 

seedlings of all ages (Fi-eure 2.16). This suggests that ethylene plays an imponant role in 

the development of these organs in the dark. Many researchers have shown that ethylene is 

essential for the maintenance of the apical hook in dark-gown seedlings (Schierle and 

Schwark, 1988: S c h k  and Bopp, I=, Schwark and Schierle. 1992: Peck er aL. 1998: 

Raz and Ecker. 1999: Knee a aL, 2000). 
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The apical hook is formed by differential cell growth and both ethytene and auxin are 

required for normal hook growth in dark-grown seedlings (Schwark and Schierle, 1992: 

Raz and Ecker, 1999). Seedlings germinated in the presence of auxins are unable to form 

an apical hook (Schwark and Schierle, 1992). Both MA and ethylene are asymmetrically 

produced in hypocotyl hooks and are found to be higher on the inner curve of the hypocotyl 

hook (Schierle and Schwark. 1988: Schwark and Schierie, 1992; Peck et aL. 1998). In the 

case of a u . . ,  asymmetrical distribution seems to be a result of preferential transport. The 

connection becween auxin and ethylene production in a p i d  hook tissue is suggested to be 

causal: the asymmetric transport of auxin causes the asymmetic production of ethylene from 

the inner curve of the hypocotyi hook (Schwark and Bopp, 1993). 

The apical hook is nor a permanent structure in dark-grown bean seedlings. As shown by 

Vangronsveld er al. (1 988) and observed in this investigation (data not shown), the 

hvpocotyl hook is functionally repiaced by an epimtyl hook approximately 10 days after 

germination. The reduction in ethylene production in eight- and nine-day-old apical hook 

tissue is likely responsible for this light-independent apical hook opening. It is not known 

if the decrease in ethylene production is a result of decreased auxin transport as the plant 

ages but a longer term study of IAA transport as presented by Schwark and Schierle (1992) 

would most likely provide insightful answers. 

A similar pattern of ethylene production is observed in primary leaf tissue. As with apical 

hook opening, ethyIene has been shown to be an important regulator of leaf growth (Lee. 

1997: Lee and Reid, 1997). Studying Leaf p w t h  in dark-grown seedlings is chdlen=$ng 

because these leaves are not flat and lack pigmentation. making leaf area measurements 

difficult Preliminary observations of leaf growth in dark-pwn seedlings shows that leaf 

a ~ w t h  changes dramaticaliy as h e  piant ages. Between six and seven days after - 
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germination, primary leaves haease in area by 2696, while leaves between eight and nine 

days old increase in area by 54% (data not shown). These results suggest that high 

ethylene levels in etiolated seedlings are responsible for siowing the growth of primary 

leaves, 

Effect of Light on Ethylene Production 

The effect of light on ethylene production was also found to be age-dependent (Figure 

2.18). In all ages of seedlings studied, white light exposure mused a substantial increase in 

ethylene production in apical hook and leaf tissue while ethylene produced by hypocotyl 

and cotyledon tissue remained unchanged. In six-day-old seedlings. the stimulatory affect 

of light is translent and ethylene production decreased to basal Ievels within NO hours of 

light exposure (Figure 2.18). In older seedlings, the stimulator). affect of ethylene is more 

pronounced and is maintained for a longer period of h e .  Thus. it seems that seedlings 

that produce low Levels of ethyiene in the dark are more responsive to light treament. The 

light-induced increase in ethylene production is not resaicted to etiolated seedlings. 

Ethylene production measured from light-grown seedlings in a time course manner h m  the 

beginning of the photoperiod show a similar panern of ethylene production in apicaI hook 

and primary leaf tissue (Figure 222). 

The increase in ethylene production by white tight seems to be a resuit of an increase in 

ACC oxidase activity (Figure 223) but not uanscription (Fi,oure 2-25 and 2.26). An 

inaease in ethylene production with white right treatment has been noted by other 

researchers (Jiao er aL. 1987: Kathiresan a aLt 1996 Zacarias et aL. 1990). In some of 

these cases. these experiments have been completed using discs h m  tight or dark-_gown 

leaves (Zacarias er aL, 1990) or entire seedlings ~~ er aL, 19%) and carefuI 

considerations must be given before comparisons can be made. Physiologically, the affects 
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of light on green tissues is much different than in etiolated tissues. in etio!z:ed tissues, Iight 

primarily acts through absorption by photoreceptors such as phytochrome and 

cryptochrome. Because chloropiasrs have not orgamed into functional organelles. 

photosynthesis is not immediately initiated by Iight exposure, In green tissue, light 

exposure of dark mated tissue will immediately initiate photosynthesis. In this case. the 

CO, that accumulated in the dark due to respiration is rapidly used in photosynthetic 

reactions. The intercellular concentration of CO, is an important factor in ethylene 

biosynthesis because of its interaction with ACC oxidase (Finlayson and Reid, 1994). High 

CO, concentrations have been shown to increase both the V,, and the K, of ACC oxidase 

(Fiayson and Reid. 1994). The sthulatory affects of CO, on ACC oxidase activity in 

vivo have also been noted by other researches (Kao and Yang, 1982). The ability of light to 

inhihibit ethylene production in green times is thought to be due to a rapid decrease in 

intercellular CO, concentration through the initiation of photosynthetic reactions (Kao and 

Yang, 1982). Therefore, the decrease in ethylene production is a result of the reduced 

effeciency of ACC oxidase at low COZ concentratioas. In etiolated seedlings. light 

exposure does not immediately initiate photosynthesis and so the amount of CO, present is 

likely similar to what it is found in the dark. Therefore. in etiolated seedlings. changes in 

COZ concentration are unlikely to affect the efficiency of ACC oxidase until several hours 

after Light treatment. 

The increase in ethylene production with white light exposure was found to be partially 

mediated by the action of phytochme. Exposure to red light caused a similar, albeit 

reduced increase in ethylene production while blue and far-red wavelengths were less 

effective (Figure 2.19). This suggested that light induction of ethylene production in these 

organs is mediated through the action of phytochrome. Shoa white light exposure followed 

by far-red light effectively inhibited the production of ethylene in apical hook tissue (Figure 
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221). This suggests &at ethylene production is controlled by phytochrome in the apical 

hook but not in the primary leaves. However, ethylene production was not increased 

enough by short bursts of red light to do a true redfar-red revemlbility study. Therefore, a 

role for phytochrome in the burst of ethylene produced in leaf tissue cannot be ruled out. 

ApicaI hook opening in response to red light in Arabidopsis bas been shown to be fully far- 

red reversible in a manner similar to other low-fluence-rate phytochrome responses (Liscurn 

and Hangarter, 1993a). The fact that the stimulation in ethylene production by light can be 

inhibited by subsequent treatment with far-red light may indicate that ethylene is an 

important part of this process. However. it is impossible to use inhibitors of synthesis or 

action to investigate this possibiIiy because they have long term affects on the seedling. It 

may be possible to use an ethylene-absorbing compound to absorb ethylene produced 

within the first few hours of light treatment. 

An obvious omission in this chapter is the role of ACC synthase in the Light-induced 

production of ethylene. Unfortunately, measuremenr of ACC sythase activity is not 

feasible in these tissues given the amount of tissue that is needed (-log). Attempts to 

concentrate enzyme exuacts enough to detect ACC sythase activity were unsuccessful. A 

partia! genomic cDhA clone has been isolated (data nor shown). Athough northern 

analysis of total RNA was not possible because of the low level of transcript present. 

analysis through ribonuclease expression assays may yield useful results. 
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Conclusions 

In this chapter, I have presented the cloning, characterization and functional identification of 

an ACC oxidase cDNA clone @VACOI) from P. vulgaris. This gene is a member of a 

small gene family and is upreguiated by wounding, ACC. MalA. and in response to KO, 

and rose bengal. 

Ethylene production by etiolated seedlings was found to be age-dependent. Ethylene 

production was highest in apical hook and primary leaf tissues of young, etiolated 

seedlings. Correspondingly, these seedlings displayed a welldefined apical hook and 

slowly-growing leaves. Ethylene production decreased with plant age and was con-elated 

with the light-independent loss of the hypocotyl hook and an increase in the growth of the 

primary leaves. This correiation supporrs evidence that ethylene produced by dark-grown 

seedlings is responsible for maintaining the morphology of the apical hook in the dark. It 

also suggests a similar role for ethylene in the maintenance of leaf morphology in dark- 

gown seedlings. It is likely that other hormones, such as auxins and jasrnonates. are also 

involved in these processes. Exposure of etiolated plants to light caused a rapid increase in 

ethylene production in apical hook and primary leaf tissue. The increase in ethylene 

production was found to be due to an increase in ACC oxidase activity rather than from an 

increase in transcription. The results suggest that ethylene production in apical hook tissues 

is phytocbrome mediated while light-induced production in leaves is independent of 

phytochrome. 



Chapter 3 

The Role of Ethylene in Methyl Jasmonate-Inhibited Root Growth in Light- and 

Dark-Grown Seedlings 

Abstract 
The cessation of root growth is one key developmental change that is induced by both 

ethylene and jasmonates. While some researchers have found jasmonate mediated root 

growth to be independent of the effects of ethylene, a comprehensive investigation has not 

been completed in Arabidopsis. The results presented here show that, although ethylene 

production by whole plants did not change substantially with MeJA treatment nor did the 

expression of K C  oxidase mRNk MeJA-dependent root inhibition of both light and dark 

gown plants is at Ieast partially mediated by ethylene. In conmi plants. the regulatory 

influence of ethylene on root growth was mainly influenced by the presence or absence of 

light. In dark-grown seedlings, the low rate of root growth did not seem to be controlled by 

ethylene, as inhibitors of ethylene action and synthesis had littie impact on root growth. In 

tight-grown seedlings, treatment with ethylene biosynthesis inhibitors stimulated root 

growth. In dark-grown plan& MdA-inhi'bited root growth was partially reversed by 

inhibitors of both ethylene action and biosynthesis. In light-grown plants, MeJA seems to 

inhilit root growth by increasing ACC synthase activity since treament with AVG caused a 

reversion to normal root length. The results presented here suggest that MeJA-inhhired 

root growth is Iikely due to the stimulation of both ethylene-dependent and ethyiene- 

independent signalling pathways. 



Introduction 

The jasmonates, which include methyl jasmonate (MeJA) and jasmonic acid (JA), are 

cyclopentanone phyohonnones derived from Lholenic acid (figure 3.1; Vick ma 

Zimmerman, 1984, reviewed by Creelman and Mullet. 1997; Yoshihara, 1999). Methyl 

jasmonate was first identified as the fragrant component of the oil of Jasminium (Demole er 

aL, 1%2) and Rosmarinum (Crabalona, 1%7), while jasmonic acid was initially isolated 

h m  the culture medium of the fungus Lasiodiplodia rheobromae (Aldridge er a1..1971). 

Jasmonates are ubiquitously found in plants, having been identified from a wide variety of 

oenera fieda and Kato, 1980: Dathe er aL. 1981: Yamane er aL, 1981: Meyer er aL. 1983: = 

Vick and Zimmerman, 1984). ?he interest in jasmonic acid as a phytohormone is pad! due 

to its similarity in both suucture and biosynthesis to prostaglandins. a group of mammalian 

steroids primarily involved in a number of inflammation and circulatory responses 

(Needeman er aL, 1986). Jasmonates ohen appear to act in conjunction with other 

phytohonnones. including ethylene and abscisic acid. While acceptance of jasmonates as 

classically defined phytohormones has k e n  slow. they are now known to be important plant 

mwth substances that play many roles in plant development, plant defense and organ - 
senescence. Their action is often associated with conditions where AOS are produced. 

Linolenic acid is the first compound in jasmonic acid biosynthesis (Figure 3.1). WhiIe 

some Iinolenic acid is freely available in the qtopiasm. the majority is locaked within the 

cell membrane. It has been suggested that wounding and/or pathogen attack ause the 

breakdown of membrane fatty acids h u g b  the action of a Lipase (Farmer and Ryan. 1992: 

BelI and Mullet, 1993). The resulting free lmolenic acid is oxidized by lipoxygenax to 

form 13(S)-hydroxy-peroxyholenic acid which is then converted to 1&13(S)- 
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epoxylinolenic acid by hydroperoxide dehydrase (reviewed by Yoshihara 1999; Le6n and 

Sauchez-Senans, 1999). Wene oxide qclase causes the conversion of L2,13(S)- 

epoxylinolenic acid (also called allene oxide) to 12-0x0-cis-10,15-phytodienoic acid which 

represents the key intermediate in the JA biosynthetic pathway. Through a series of fb 

oxidation steps epi-jasmonic acid is synthesized and then spontaneously reforms into (-)- 

jasmonic acid. Jasmonic acid can then be meraboked into methyl jasmonate as well as a 

number of conjugates through hydroxylation, glucosyiation and amino acid conjugation 

steps (Hamberg and Gardner. 1992: Yoshihara. 1999). Because jasmonic acid and its 

precursors cause the upregulation of various plant defense proteins. Farmer and Ryan 

(1992) suggest that they may form the backbone of a lipid-based signaling system 

responsible for activation of various genes in response to pathogen and insect attack 

(Farmer. 1994). 

Jasrnonates were initially implicated in growth-inhibition and senescence responses (Ueda 

and Kato. 1980.19821: Corbineau er aL, 1988: Emery and Reid. 1996: Hung and Kao. 

19%. Ueda er aL. 19%). Since then. tfiey have been found to affect a wide range of plant 

responses including tendril coiling (Falkeastein er aL. 1991; Weiler el aL. 1993). 

transpirational water loss (Honon, 1991), Lycopene and w t e n e  accumuiation in ripening 

tomatoes (Saniewski and Gapski. 1983), pulvinus movement in Mimosa (Tsurumi and 

Mahi. 1985). and seem to play a key role in piant defense through the modification of 

gene expression (Farmer and Ryan. 1992: Doares er aL. 1995; McCloud and Baidwin. 

1997: Baldwin, 1998: Vijayan er aL. 1998). 

One of the most important aspects regarding the discovery of jasmonates has been the 

subsequent interest in hormone-hormone interactions. Soon after their discovery. 

researches postulated that jasmonic acid action was due to a change in the production of 
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other phytohormones and/or a modification of hormone sensitivity. The most intensely 

studied interaction has been between jasmonates (JAs) and ethylene. 

Jasmonate and ethylene biosynthesis are rapidly inaeased in response to wounding. 

Evidence has suggested that jasmonates are responsible for the observed increase in 

ethylene biosynthesis under these c h m s m c e s  (Creelman er aL. 1992 .;Ubrecht er aL. 

1993: Pe?ia-Con& m aL. 1993). Czapski and Saniewski (1992) suggest that srimularion of 

ethylene biosynthesis during wounding or pathogen attack may be a resuit of an increase in 

endogenous JA. This theory is supported by studies that show a substantial. and nearly 

immediate. increase in jasmonic acid levels after wounding (Abrecht er aL. 1993; Creelman 

er aL. 1992). Furthemore, treatment with aspirin. an &%itor of hydroperoxide dehydrase 

(Doherty a a l ,  1988), or SHAM (salicylhydroxamic acid: P~M-Cort6 a aL. 1993). an 

inhibitor of lipoxygenase. cause the inhliidon of the wound response of tomato Leaves. JAs 

sfimdate ethylene production in ripening tomato fruit (Saniewski and Czapski. 1985: 

Saniewski er ai. 198%). petunia and Dendrobicrm flowers (Saniewh er aL. 1998). tulip 

bulbs (Porat er aL. 1993) and also increased ACCdependent ethylene production in 

detached rice leaves (Chou and Kao. 1992). It has been suggested rhat JAs rnodifv ethyIene 

levels mainly through the stimulation of ACC oxidase activity or by an hhiiition of its 

de-gadation (Saniemski er aL. 1987% Gapski and Saniewski. 1992). However. jasmonates 

do not aim'ilys promote ethylene synthesis pailly er a l .  1992). Emen; and Reid (19%) 

show evidence that the e f f m  of jasmonic acid are tissue specific and developmentally 

re-dated. Moreover. even if ethylene levels remain unchanged or become slightly lowered 

through treatment by jasmonates, there can sdll be important interactions between the two 

hormones. Tsai er al, (1996) show that although treatment with methyl jasmonate reduces 

ethylene biosythesis. it may cause tissue to become more sensitive to ethylene. The 
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possibility that plant tissues have varying sensitivities to jasmonates throughout 

development substantiates their role in governing specific changes in plant morphology. 

It has become increasingly evident that ethylene and jannonic acid work together to 

modulate many plant responses to fungal and insect attack Xu er al. (1994) show that 

some pathogenesis-related genes (i-e. PR-1 and PR-5) are syner_pistically upregulated by 

ethylene and jasmonic acid. Conversely. both ethylene and jasmonic acid are required for 

the induction of the plant defensin gene. PDFI.2 (Penninck er aL. 1998). This work 

suggests that some components of plant defense can be activated by either ethylene or 

jasmonic acid while others require the concomitant triggering of both signaling pathways. 

Plant morphology is principally conwlled by both the frequency and plane of cell division 

as well as the degree and orientation of cell expansion (Koda 1997). One common 

morphologicai change that is caused by both ethylene and J.4s is the inhibition of primary 

root growth. Both ethylene and jasmonates have been shown to reduce root growth by 

decreasing cell division. cell expansion and elongation and by increasing cell vacuolation 

(Crossell and Campbell. 1975: Ravid er aL, 1975: Barfow er aL. 1976: Yamane er aL. 198 1: 

Rost and Sammut.!982: Woods er al-. 1984. Corbineau m aL. 1988: Eliasson and BoIlark 

1988: Tung er aL. 19%). Given the strong connection between these hormones. it is 

unlikely that either hormone is responsible for all of these changes on its own: reduction of 

root growth by either hormone is likely due to a number of interdependent pathways. 

Preliminary investigations with P. vulgaris indicated that MeJA has a differential influence 

on piant morphology in light- and dark-_gown seedlings and during de-etiolation. Because 

of the expense of MeJA and the large quantities required to do this series of experiments in 

P. vulgaris a complementary system was needed Although Phaseolus vulgaris and 
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Arabidopsis rhaliana are not in the same phylogenetic subclass, the detailed information 

re-pdhg hormone-signal transduction available in A. rhaliaM made it an ideal choice. 

Using A. thaliana, it was possiile to treat and analyze htmdreds of seedlings using small 

quantities of MeJX Furthermore, it was hoped that information found in this study could 

be used to further our knowledge of hormone-sipaI ~ u c t i o n  in these plants. 

One strategy that has been employed to delineate the effects of ethylene and JA is through 

the use of hormone mutants. The isolation of both ethylene and jasmonate mutants in 

Arabidopsis thalianr; has been partially based on root growth responses to exogenously 

applied hormones. Ethylene mutants are classically isolated by screening for a deviation in 

the %pie response" phenotyx. In the mpie response. seedlings grown in the dark in the 

presence of ethylene show: (1) the inhiiition of hgocotyl and root elongation. (2 )  the radial 

swelling of the hypocotyl and (3) an exaggeration of apical hook CuTr'anue (Ne!jubov. 1910: 

as cited in Abeies et aL. 1992). In Arabidopsis. this screening suateg has isolated several 

ethylene-overproducing, -insensitive and -signaling muran&. .Ah of these mutants display 

abnormal root _mwttr responses either in the presence of absence of exogenous ethylene 

(Table 3.1). 
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Table 3.1: Root growth of erbylene mumts in response to exogenously applied X C  or 

ethylene. (+) longer than wild-type roots. (-1 shorter than wild-- roots. (=) equal to wild 

type- 

Strain Root _mwth Root Growth Referencx 
Without CH4 with Ethylene 

Wid type - - 
em-erhylene overproducing 

m-erhyiene resistant - - 

crra~~titutive rripie - 
response 

+ dark 

- iight 

- - 
- Ecker. 1995 

t Hall er aL .I999 

+ Hua er a/. . 1995 

- Ecker. 1995: 

Kieber er aL. 1993 

Leban er aaL . 19% 

A series of jasmonate-insensitive Arabidopsir mutants have dso been isoiated based on the 

Iack of root inhibition to exogenousty applied MeJA (jar - jamonate resistant. Staswick a 

4L. 19922 1998; jin -jamonate insensitive, Berger n aL. 19%) or coronatine. a cIoseIy 

related compound (coi. coronatine insensitive. F e e  et a i .  1994). Despite the fact that these 

mutant show profound changes in ox-erall mot pwth, very littie information has been 

p~csented tbar p i n s  to a mechanism or' action. Ody recently have a few studies focused 

on the 'mechanistic understanding- of signaling mutants (Cao er ai, 1999 Clark er aL. 

1999). 
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The role of ethylene in jasmonate-mediared root inhibition in Arabidopsis seedlings has not 

been fully investigated. Berger er aL (1m repon that silver nitrate treatment does not 

reverse MdA inhr'bition of root growth in jinl and jin4 mutanfs. However. data are not 

shown for this experiment nor is any other inhiiitor of ethylene action or synthesis used. 

Furthermore. although results presented by Berger er aL (19%) suggest chat ethylene is not 

involved in MeJA-intu'bited root growth in the jin4 mutant. no comparison of the effects of 

MeJA in light- and dark-_mmArabidop* has been compieted to date. 

The objectives of this investigation were (1) to characterize morphological and anatomical 

changes in root _mwth with MeJA warmeats in wild-type A. rhaliam and (2) to determine 

the debgee of involvement of ethylene in MeJA-induced root inhibition in light- and dark- 

gown seedlings. * 

Materials and Methods 
Plant Material 

Arabidopsis hliana (Landsberg ere- ecocype) seeds were surface sterilized in 5% bleach 

with 0.1% Tween 20 as a surfactant. Seeds were rinsed five times with sterile water and 

sown on appropriate media. Growth media included only 0.25% Gelxite (Schweizerhall, 

New Jersey) in tap water plus the CorreM concenmtion of hormone. Hormone solutions 

(except (-PMeJA and J-L) were filter sterilized through a 0 . 4 5 ~  filter and added to the 

media afier auroclaving- Hormone and inhibitor solutions were added in a minimal volume 

(<O.OlmL) of either water [ K C .  AVG. STS. ,A@O,] or 95% ethanol [(-)-MdA. JA-1. 

Methyl jamonate [(-FMeJG herein referred to as MeJ.41 and the putative methyl jasmonate 

antagonist [JA-] were synthesized and generously provided by Dr. Suzanne Abrams' 

Laboratory a s  d e m i d  previously (Hobrook ct aL. 1997). A LmM stock soIution of silver 

th idphare  (STS) was prepared as in chapter 2. Maximal germination was promoted by 
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cold-nearing imbt'bed seeds for 2 days at 1°C followed by an eight-hour liar-treatment 

(150pmole photons m*'s") provided by eight 4 foot Sylvania Gro-Iux tub.  Light-groim 

plants were then maintained at 22OC with a 16-hour photoperiod at the same Light intensity 

and temperam. Dark-grown seedlings were transferred to the dark _mwth chamber 

descri'bed in Chapter 2 and maintained at 22°C. 

Root Measurpments 

After five days. seedlings were pIaced at 3°C to f i i i t  M e r  _pwth. Seedlings were 

removed from the media and fioated in water on a glass plate. The glass plate was then 

placed on a photo_pphic enlarger. and both roots and a standard of known Ien-gh were 

traced. Roor tracings were scanned and ience@s determined using Scion Image version 1.63 

(Xational Institute of Health. USA: hm~i'~\k'w~oncor~.corn)~ For each treatment between 

30 and 60 mots were measured. Each experiment was repeated three times. 

Ethylene Measurements 

Media were prepared as previously described and plants were g o w n  on 4 ~ n L  of media in 

6mL blood collection tubes (VWR). Caps of tubes were left ajar for the first 4 days of 

mwh and then sealed for 21 hours to alIow for ethylene accumulation. A 1mL sample of - 
headspace was collected and measured using a Photovac IOS Plus digital gas 

chromatograph as descnied in chapter 2. Seedlings were removed horn the tubes. briefly 

dried with paper towel to remove residual media and weighed. 

-4natomical Measurements 

Intact seedlings were cleared using the method outlined by Mdarnp and BentIey (1997). 

Seedlings were incubated for 15 minutes in 024M HCl in 20% methanol at ;PC. The 
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solution was removed and replaced with 7% NaOH in 60% EtOH and incubated for 15 

miaufw at mom temperature. Seedlings were then rehydrated at room temperature in a 

graded series of EtOH for 5 minutes at each concentrarion (408.204. and 10%). 

Seedlings were mounted on microscope slides in 50% glycerol and roots were observed 

using Nomarski optics. Cortical cell lengths were measured using a calibrated ocular scale. 

Root meristems were photographed and ceils were measured with a ruIer. 

-4CC oxidase and ETRl mRN.4 Expression 

.Irabidopsis seedlings grown on media containing different concentrations of MeJA, under 

tight or dark conditions described previously, were collected five days h e r  cold treatment 

and immediately fiozen in liquid nitrogen. RNA was extracted using the hot phenol method 

described in chapter 2. Dr. Joseph Ecker (Salk Institute) generousl~ provided an ACC 

oxidase cDYA done (AC02: Genbank #AF0 16 100). 4 pamal EZXI clone mmesponding 

to the conserved region (aa 269-729: Genbank #L23119) was provided by Dr. Caren Chang 

(University of Maryland). The ACC oxidase cDNA was excised using PsrI and EcoN: 

EX?I was excised nitb EcoRI. The resulting fra_ements were gene ciean isolated and used 

to synthesize probes for RhjA hybridization using the random primer metbod (Chapter 1). 

AIl hybridizations were carried out overnight at 6j°C in 7 8  SDS, LmM EDTA 03M 

Na2p0, (pH 7.0) and 1% BSA as descriied in chapter 2. Membranes were washed mice 

in each 2XSSC in 0.19 SDS and 0.X SSC in 0.1% SDS. Membranes were then exposed 

to X-ray fiim at -70°C for one day (AC02) or seven days (ETRI). 



Results 

Morphological and Anatomical Changes in Roots with MeJA treatment 

Hypocotyl length of seedlings grown under light conditions in the presence of MeJA did 

not vary from conuols (Figure 3.2). Hypocoryi length of dark-grown seedlings decreased 

with increasing concentrations of MeJA. Root _growth of both light- and dark-grown 

seedlings was dramatically affected by MeJA (Figure 3.3). Dark-grown seedlings showed 

a dosedependent decrease in root length with MdA uearment (Figure 33). Root growth 

of light-grown seedIings was stimulated by low concentrations of MeJA (lO1". 10"M) but 

showed a marked decrease at higher concentrations (Figure 3.3B). 

The presence of the MeJA antagonist. JA (Holbrook er aL. 1997) in the media did not 

affect hypocotyl growth (data not shown) but caused a small decrease in root Lenc@ (Figure 

3.3). The inhibition of root grovl-th observed in dark-grown seedlings with 10''~ MeJA 

was significantly reversed bv the addition of even small amounts of JA. The ability of JA 

to alleviate M A  root growth inhi%ition in light-_grown seedlings was less than in dark- 

mwu seedlings. - 

The reduction in root length by MeJA treatment in both light- and dark-grown seedlings 

was found to be partially due to a decrease in cell elongation (Figure 3.4). Cell elongation 

was decreased by 29% in light-grown seedIings wbiIe those in the dark decreased by only 

22%. Several other important anatomical changes were seen in MdA-treated seedlings 

(Table 3.2). In light-grown seedlings, MeJA treatment reduced the number of cells present 

in the first 2 2 0 ~  of the root. whereas no diflerence was noted in dark-grown seedlings. In 

light-grown seedlings. this was mainly thought to be due to premature cell differentiation 
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Figure 33: The effect of treatment wih Md,4 and JAY on COOK growth in fiveday-old 

Arabidopsis seedings grown under (A) dark or (B) light conditions. Bars indicate standard 

error of the mean. 
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Figure 3.4: The effect of MeJA treatment on root-cortical cell length of five-day- 

old, Iight- and dark-pwn Arabidopsis. Bars indicate standard error of the mean. 



Table 3.2: Anatornicai features of roots from five-day old light and dark grown 

Arabidopsis seedlings treated with 10dM M d A .  

Treatment Cell # in Cetl length Cell length CeIl width at Root width - - 
first 220urn at 720um at 1 lOum 220pm at 220um 

Dark Control 67.9-32 24.9=5.8 7.43t0.58 10.0tO.87 132.8tJ.4 

Dark MeJA 63.5t2.61 22.7~2.32 7.334.37 19.1=0.58 143.44.9 

Light Control 73.7-2.05 20592.03 7.Y3+0.29 LS.Jr0.29 1 J6.0r2.9 



.ate 3.1: Photomicrograph of roots from control and MdA ( 1 0  treated Ard 

:edlings (250X). (A) Dark control, (B) Dark MdA, (C) Light control, @) Light 



Plate 3.2: Photomicrograph of roots from control and MeJA (106M) treated Arabidopsis 

seedlings (400X). (A) Dark control, (B) Dark MeJA, (C) Light control, @) Light MeJA. 
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since the cells began to elongate sooner in MeJA-treated plants (Table 32, PIates 3.1 and 

32). In dark-_gown seedlings, the cells did not differentiate sooner and m the decrease in 

the number of cells may be due to a reduction in cell division. Roots of both light- and 

dark-grown seedlings treated with MeJA had a larger diameter compared to coarrois (TabIe 

3.2). 

Ethylene Production in MeJA-treated Seedlings 

Ethylene production was approximately five-fold hi,pher in light-grown seedlings (Tipre 

35B) compared to those ,gown in the dark (Fieowe 35A). Ethylene produced by dark- 

grown seedlings was not si-mcantly changed with either MeJA or JA treaunent alone. 

The addition of both MeJA and JA increased ethylene production compared to control 

values. Ethylene production of light-grown seedlings was enhanced with low 

concentrations of MeJA and treatment with lo-% M A  caused maximal production. 

Ethylene production of JA- treated seedlings was not different from connok. Treatment of 

seedlings with IO-'M MeJA and varying concentrations of JA stimdated ethylene 

production compared to those grown on MeJA media done. 

ACC Orddase Expression in MeJA-treated Seedlings 

The expression of ACC oxidase mRNA was higher in l i g h t - p m  than d a r k - p m  

seedlings (Figure 3.6). ACC oxidase hanscript level was unaffected by MeJA treatment in 

both light and dark seedlings. 

Effects of Inhibitors of Ethylene Action and Synthesis 

Treatment of dark-_gown seedlings with AVG. an inhibitor of ACC sythase acrivitv, did 

not reduce ethylene levels in control tissues but depressed ethylene production in MeJA- 

treated seedling (Firwe 3.7A). 
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Figure 35: The effect of MeJA and JAY on ethylene production in control and 

MeJA treated fiveday-old Arabidopsis seedlings _mwn under either (A) dark or 

(B) light mnditions. Bars indicate standard enor of the mean- 
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Figure 3.7: The effect of AVG concentration on ethylene production in control and 

MeJA treated. fivedayald Arabidopsis seedlings grown under either (A) dark or (B) 

Light conditions. Bars indicate standard error of the mean. 
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Ethylene production in light-grown seedlings mated with AVG showed an identical 

decrease with and without exogenous MeJA (Fi-gure 3.7B). 

Root length of light- and dark--gown control seediings was only slightly enhanced with 

AVG uearmenr (Figure 3.88). In contrast AVG almost completely reversed MeJA-hhiiited 

root gowth in light- and dark-grown plants (Figure 3.8). Treatment with STS and &YOz, 

known inhibitors of ethylene action, caused differential affects on root _mwth in light- and 

dark-_mwn seedlings. Neither STS nor AgNO, increased root elongadon in control 

seedling _mown under light or dark conditions (Fi-pres 3.9.3.10). Similarly. application of 

either inhibitor caused only a minor increase in root len,a of MeJA-mated. Light-,srown 

seedlings. However. both STS and &,!NO, effectively removed MeJA inhibition of rmr 

mwth in dark-_mwm plants. - 

Effects of MeJA on Ethylene Sensitivity 

Seedling treated with both MeJA and ACC evolved nearly the same amount of ethylene as 

conmols regardless of light treatment (Ti-pre 3.11). However. ACC dependent inhibition of 

root growth occurred at a slightly slower rate than light-grown control tissues (Fi_eure 3-12). 

Growth of seedlings in the presence of lo-' or 10% MeJA caused a slight decrease m the 

sensitivity to exogenously supplied K C .  

ETRI Expression in ,WA-treated Seedlings 

Tbe expression of E2X.Z. a putative ethylene receptor. was much higher in light-_pun 

seedlings than those _gown in the dark (F@R 3.13). ETRI mRNA was undetectable in 

dark-_mnn seedlings with the method used in this experiment. Little change in in1 

e-pression was noted over any MeJA concentration in light-pmn seedIings. 



o lo-? lo6 10-5 

AVG Concentration (Id) 

4 4  0 lo-' 

AVG Concenuation 0 

ControI - AVG 
--*-- 10-7MMeJA+;y-MAVG 

Figure 3.8: The effect of AVG on root len-gh in control and MeJA mated. fivedayold 

.4rabidopsis seedlings _gown under either (A) dark or (B) light conditions. Bars indicate 

standard error of the mean. 
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Figure 3.10: The effect of .&NO, on root len-gh in control and MeJA treated. five-day- 

old Arabidopsis seedlings grown under either (A) dark or (B) light conditions. Bars 

indicate standard error of the mean. 
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Fi-eure 3.il: The effect of ACC on ethylene production in control and MeJA 

treated fiveday-oId.4rabidopsis seedings gown under either (A) dark or (B) 

light conditions. Bars indicate standard emr of the mean. 
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Figure 3-17: The effect of ACC on root growth in control and MeJA treated. five-day- 

OM Arabidopsis seedlings grown under either (A) dark or (E$) light conditions. Bars 

indicate standard error of the mean. 





Discussion 

The inhilition of root growth by MeJA has become a key characteristic for the isolation of 

jasmonate-insensitive mutants inArabidopsis. Despite this, Littie is known about the amal 

mechanism by which the decrease in root growth is achieved. Any possible role of ethylene 

in the process has been mostly discounted (Berger er al., 1996: Creelman and MulIet, 

1997). Given the results presented in my thesis, this conciusion may be premature. 

Characterization of MeJA-inhibited Root Growth 

Root growth was inhibited in both light- and dark-grownArabid0psi.s seedlings when 

psa on media containing MeJA (Figure 2.3). These results are similar to those found in 

other systems @avid er aL. 1975: Yamane er aL. 1981; Corbineau er al.. 1988: Tung et aL. 

1996). The decrease in root length of light-grown seedlings was mainly due to a decrease 

in cell elongation as cortical ceIl length was dramatically shorter in MeJA-treated seedlings 

(Figure 3.4). This result agrees with studies by Tung er al. (1996) who found a decrease in 

cell expansion in isolated cultured tomato roots treated with jasnonic acid (JA). However. 

these researchen observed a compiete loss of meristem organization and root rip sweling at 

hi@er I A  concentrations. Arabidopsis roots treated with 104M MeJA under either light or 

dark conditions did not show any aberrant swelling and although the deveioprnent was 

arrested. they had normal cellular organization (Plate 3.1 and 3.2). The aberrant swelling 

noted by T u g  er aL (1996) may be a function of age or a species-specific effect. MeJA- 

treated dark-gown seedlings also displayed decreased cell elongation (Figure 3.3). The 

decrease in cell size did not seem to be due to premature cell differentiation as cells 

equidistant born the root cap were of similar sizes in both control and MeJA-treated plants 

(Table 32). It seems that in dark-grown seedlings. root growth may be primarily inhibited 
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by a decrease in cell division. The gmh of both Iight and dark rwts was increased with 

Md.4 treatment (Table 32) .  

The effects of JAs on anatomical aspects of root growth are very similar, if not identical, to 

changes observed with ethylene treatment. This suongJy suggests that either ethylene is 

involved in MeJA-dependent root growth inhibition or MeJA initiates a separate pathway 

that leads to the identicai anatomical changes. Ethylene has been shown to decrease root 

length by inhibiting cell elongation and increasing radial expansion (Larque-Saavedra er aL. 

1975: Roben et aL, 1975: Osbourne, 1982) as well as inhibiting or slowing cell division 

(Apelbam and Burg, 1971: Barlow, 1976: Rost and Sammut, 1982). The proposed 

mechanism of both JA and ethylene inhibition of cell elongation are similar. The 

application of both exogenous hormones increases peroxidase activip and promotes the 

reorientation or disruption of cortical microtubdes (Abe eta&. 1990: Ueda et aL. 1994: 

Shibaoka 1994: Smalle and van der Straetea 1997). Koda (1997) aiso suggests that J A s  

inhibit cell division by inhibiting the formation of the phapoplast. Apoplastic and cell 

wall-bound peroxidases are responsible for the cross-linking lignin monomers and other 

cell wall constiruents. including polysaccharides and pectins. Together. these molecules 

strengthen the cell waIl and reduce cell expansion (Cos_erove. 1993). As will be discussed 

in Chapter 4, peroxidase activity is higher in MeJA-treated LigI~t-~rown seedlings and may 

play a major rule in root growth inhibition. Because of the siIIIilari~ between jasrnonate- 

and ethylene-induced anat0mica.I changes. a genetic approach may be necessary to discern 

specific hormonal hvolvement. 

JA- as a Putative MeJA Antagonist 

Researchers have often used aspirin (acetyl-salicyIic acid), an inhl'bitor of hydroperoxide 

dehydrase @ohex? et aL, 1988), or SHAM (salicyIhydroxamic acids P~M-Gods er aL, 

1993) as inhr'bitors of JA biosynthesis. Unfortunately, these inhibitors are non-specific. In 
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wadart the use of aspirin should be avoided because of the ~ o w a  effects of both acetyi- 

salicylic acid and salicylic acid (Senaratna er o l ,  2000)- Although acetyl-salicylic acid can 

oppose jasmonate biosynthesis, it can also act on its own as a potent signalling molecule 

(reviewed by Dong, 1998; Reymond and Farmer, 1998). 

Our laboratory was fortunate to have the opportunity ro test the effectiveness of several 

analogues of MdA (Hotbrook ez aL. 1997; Ward er aL, 1999). Studies of ethylene 

production and cotyiedon senescence determined that C-7 substituted MeJAs were effective 

in ameliorating the damaging affects of (-)-MdA (Holbrook er a!.. 1997). The most 

effective of these compounds was JA, which has a C-7 methyl substitution (Figure 3.14). 

COOCH, 

* * \ '  w k- COOCH, 

Figure 3.14: Molecular s t r u m  of (-)-MeJA and Jk. 

In terms of cotyledon senescence, estimated by chlorophyll and conductivity measurements. 

concurrent treatment with JA, and (-)-MeJA nearly aboIished all effects of MeJA alone. 

For this reason. Jk was selected as a possible M A  antagonist in this system. 

As in senescence assays, JA, was a relativeIy ineffective hhiiitor of root pnth. 

Furthennore. JA,  was able to pamaIly reverse (-)-MdA inhiition of root _mvt-th. The 

reversd was most effective in dark-grown seedlings where as little as lo-'% JA- caused a 

near 50% increase in root Ien-9th compared to seedlings -own on (-)-MdA done (Fi-we 

33). These d t s  strengthen the evidence that JA is a potent inhiiitor of MeJA action. 
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Given its simiIariq in molecular structure to (-FMeJA, it likely inhiiits MdA acriviv by 

interfering with MalAlreceptor interactions. Koda et al. (1995) suggested that sreric bulk at 

C-7 of methyl substicured analogs hindered the interaction with the JAMeJA receptor. 

Both the results presented here and those of Holbrook et oL (1992) suggest that methyl 

substitution at C-7 may actually inhibit MeJA action by binding to. but not activating, 

receptor sites. 

The Role of Ethylene in MeJA-inhibited Root Growth in Dark-Grown Seedlings 

Ethylene production in dark-grown seedlings does not seem to be affected by MeJA 

treatment (Figure 3.5.3.6). Neither MeJA nor JAf caused any change in ethylene 

production compared to controls. Treatment of dark-_gown seedlings with AVG also did 

not cause a si_dicant decrease in ethylene production in control seedlings although a slight 

decrease was noted in MeJA-created seedlings (Fie- 3.7). 

Root leu_& of dark seedlings gown without exogenous MdA were nearly unresponsive to 

AVG. STS and A@03 treatment (Figures 3.8.3.9 and 3.10 respectively). This indicates 

that ethylene is tikely not involved in maintaining root length in dark-grown seedlings. 

Considering that the ultimate "goal" of growth in dark-grown plants is to reach light and 

become photosynthetically competent the vast majority of energy reserves stored in the 

cotyledons will be used to increase hypocotyl len,ath, It is therefore likely that the major 

factor &'biting root in dark seedlings is the lack of available nutrients. 

In contrast to conmi seedIings, those treated with MeJA and inhibitors of ethylene action 

and synthesis had sigdicantly longer roots than those _gown on media containing MeJA 

done (Figures 3.8,3.9 and 3.10). These resuIts imply that although higher concentrations 

of MeJA do not cause a measurable change in the ethylene produced from the whole plant 
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(Figure 35), there is presumably localized production that is at Ieast partially responsible 

for the MeJAdependent inhibition of root growth. 

The Role of Ethylene in MeJA-Inhibited Root Growth in Light-Grown Seedlings 

Unlike dark-pwn plants, ethylene production is stimulated by MeJA treatment in light- 

grown plants (Figure 35); however, ethylene production is increased at MeJA 

concentrations that cause an increase in root p w t h  (Figure 33). Methyl jasmonate did not 

stimulate the uanscription of ACC oxidase (Figure 3.6) and so must affect another 

component of the ethylene biosynthetic pathway. A stimulation of root growth by lour 

ethylene concentrations has also been demonstrated in rice. white mustard and tomato 

(Konings and Jackson, 19?9). These researchers show that the degree of ethylene- 

stimulated root growth is species specific and is "gatest in species with low levels of 

ethylene production, 

Ethy Iene biosynthesis was inhibited by AVG in both control and MeJA seedlings. 

indicating that ethylene is synthesized by the traditional pathway rather than through a 

separate MeJA-induced pathway as suggested by Kacperska and Kuback-Zebalska (1985). 

The inhibition of root growth by MeJA was almost completely alleviated by AVG treatment 

(Figure 3.8). Because ethylene production at higher MeJA concentrations was not 

increased in whole plants (Figure 35), the effects of AVG suggest that MeJA causes a 

localized increase in ethylene biosynthesis which is Likely partially responsible for the 

decrease in root length. Treatment with STS and AgNO, did not si-gificantiy change root 

length in either conml or MdA-treated seedlings (Figwe 3.8.3.9) 
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Effects of MeJA on Ethylene Sensitivity 

Ethylene sensitivity was measured by a change in .4CCdependent root growth inhibition 

(Figure 3.12). Concurrent trearment with MeJA and ACC did not si-enihcantly alter ACC- 

dependent ethylene production (Figure 3.11). There was also no observable change in the 

sensitivity of mot growth to ACC in dark-grown seedlings treated with two concentrations 

of MeJA (Figure 3.12A). A slight decrease in ethylene sensitivity was noted with MeJA 

treatment in light-grown seedlings (Figure 3.12B). However, there was essentially no 

change in E7R.Z transcript levels in these plants (Figure 3.13). ETRI is a member of a 

family of ethylene receptors in Arabidopsis that also includes ERSl. E N .  EIN8 and Em 

(Hall et nL, 1999). Because ETRl does not represent the sole ethylene receptor. it is 

possible that uanscription of other members of this gene family is increased with MeJA 

application. 

General Discussion 

Several considerations need to be made when comparing the results presented here to those 

presented by Berger er at. (1996). In this study. as in Berger er aL (1996). silver 

antagonists of ethylene adon (AgNO, and STS) were relatively ineEeaive in reversing the 

effects of MeJA on Iight grown seedlings. Based on this evidence done. it would appear 

that MeJA-inhibited mot p w t h  is independent of ethylene action. However. both STS and 

&NO3 caused an increase in root Iength of MeJA-mared dark-grown seedlings. The 

effect of ethylene inhibitors on dark-grown seedlings was not studied by Berser er al. 

(1996), which might explain their conclusions. Berger m aL (1996) also did not investigate 

the effect of AVG, which is a potent inhiitor of ACC sythase. In this study. AVG was 

found to cause a near-complete r e v e d  of MdA-inlhiited root growth in both light- and 

dark-grown seedlings ('Figure 3.8). These results suggest a role for ethylene in the MeJA- 

dependent inhibition of root growth in both light- and dark-grown seedlings. However. 
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-4VG is a non-specific inhiiitor of ACC synthase and interacts with other pyridoxal 

requiring enzymes (Yang and Hoffman. 1984). It is possible that the ability of AVG to 

reverse MdA-inhibited root growth is due to the inhibition of another key enzyme not 

involved in ethylene biosynthesis. 

Although research presented in this chapter has shown that at least part of MdA-inhibited 

root p w t h  is mediated by ehylene? here is likeIy a component of the response that is 

independent of ethylene. One possible mechanism that may be responsible for both MeJA- 

and ethylene-inhibited root -0~owth invoIves the action of active oxygen species (AOS). .& 

shown in chapter 2. AOS cause an upregulation of ethylene biosynthesis: researchers have 

also shown that both JAs and ethyiene can increase the production of AOS. It is now 

thought that the production and action at' AOS have more profound affects on plant _mw-ch 

than previously thought. in the next chapter, I describe an investigation of the possible 

connections between AOS and MeJA and specdate about their role in root _mvt.th. 

Conclusions 

In conclusion. this study has shown that MeJA inhibition of primary root ,mwth is 

achieved. in part, by a modification of ethylene responses. Ethylene produced by whole 

plants did not show an increase with inhibitory concenaations of M d G  nor did it change 

the expression of ACC oxidase mRNk WhiIe MeJA does not appear to increase the 

plant's sensitivity to ethylene. the results presented here show that MeJAdependent root 

inhibition of both light- and dark-*own plants is at least partially mediated by ethylene. In 

dark-_grown plants. the maintenance of root p w t h  in control plants does not seem to be 

controlled by ethylene. However. the intuiitory effects of MeJA on root _mwth are 

reversed by treatment with inhibitors of both eWIene action and synthesis. In Iight-&mwn 



114 

plants, MdA seems to inhibit root -mwth by increasing ACC synthase activitv, since 

trearment with AVG caused a reversion to normal root length. 
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Chapter 4 

Antioxidant Responses of Light- and Dark-Grown Seedlings to Methyl Jasmonate: 

A Possible Mechanism for the Regulation of Root Growth 

Abstract 

The jasmonates and ethylene are important plant hormones involved in the re-fiation of a 

number of developmental and smss events. The results presented here suggest that a 

possible mechanism for jasmonate action is through the modification of the plant-s 

antioxidant response. Components of the antioxidant system were found to be si_@Tcantly 

different in Light- and dark-pmArubid0psi.s seedlings. The activity of all antioxidant 

e w e s  studied [superoxide dismutase (SOD), catalase (CXT). ascorbate peroxidase 

(MX). guaiacol-pemxidase(pOx)] were found to be higher in light--grown than dark-grown 

seedlings. Furthermore. the presence and aaivity of SOD isoenzymes was found to be 

different in light and dark conditions. Changes in the piant's antioxidant system. caused by 

the presence of supplemental methyl jasmonate (MeJA), was found to be m d y  dependent 

on light conditions. Light-pwn seedlings supplied with MeJA displayed higher leveIs of 

hydrogen peroxide. axorbate and enhanced activities of all antioxidant e-es with the 

exception of CAT. Dark-grown seedlings mated with MeJA had higher hydrogen peroxide 

content and CAT activity but had lower POX activity than control plants. In dark-_gown 

plants. the activity of other antioxidant enzymes (SOD and A P X )  were unaffected by methyl 

jasmonate treatment. l h e  inhibition of root - g o d  in methyl jasmonate-treated seedlings 

was found to be pamay reversed by the addition of L-galactono-1.4.-Iaaone. an ascorbic 

acid precursor. This suggests thar a potential mechanism for methyl jasrnonate &%ition of 

root p w t h  is through a modification of the plant's antioxidant response. 
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Introduction 

Our understanding of the roie of jasmonates ir! plant deveiopment has grown tremendously 

in the past decade. It has been shown that endogenous jasmonate levels vary with 

developmentai stage, in different tissues and in response to chan_@ng environmental 

conditions. A number ofArabid0psi.s mutants have been isolated that are insensitive to 

exogenous MeJA ueatment (jar - jasmonate resistant Staswick er aL. 19% 1998: jin - 
jasmonate insensitive. Berger ei aL, 19%: coi. coronatine insensitive. Feys er a i .  1994). 

These mutants have shown that MeJA is not only important in terms of stress responses but 

is also critical for overall piant development. Each jasmonate mutant displays some 

modification in flower development and studies have suggested that there is an  obligato^ 

role for jasmonates (JAs) in pollen development (Xie er ai. 1998). Despite the fact that 

most of these murants were isolated based on the lack of MeJA-inhibited root growth. we 

still have a very limited understanding of how this takes place. Staswick er al. (1992) have 

suggested that methyl jasmonate may inhiit mot p w t h  by initiating a general stress 

response. 

One generd s u e s  that is induced by MeJA treatment is the production of active oxygen 

species (AOS; Kauss et aL, 1994). Active oxygen species include singlet oxygen ('OJ, 

superoxide (O;), hydrogen peroxide (H20J and the hydroxyi radical (.OH). While AOS 

are normai by-producn of plant metabolism, saess can cause their increase to toxic levels 

through either uncontrolled production or inefficient scaven+@ng and detoS1cation (Monk 

er ai. 1989). All macromolecules are susceptible to damage by AOS, which cause an 

increase in the peroxidation of fany acids found in membranes. denaturation of proteins. 

degradation of polysaccharides. a d  the mutation of DNA (reviewed by AIscher m al., 

1997). AOS are attenuated through a series of enzymatic and non-enqmatic reactions 
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including superoxide dismutase (SOD), caralase (CAT), peroxidases (POW. ascorbate 

peroxidase (APX), and components of the asmrbate/@utathione cycle (Asada. 1992: Fi-pre 

4.1). 

As shown in Figure 4.1. superoxide and singlet oxygen a .  produced through both electron 

transport and enzymatic reactions. The production and chemistry of singlet oxygen will be 

discussed in chapter 5. Superoxide is produced in plants through the auto-oxidation of 

components of chruroplastic and mitochondrid electron transport chins as well as 

enzymatically by xmtnthine and aldehyde oxidases (Smimoff. 1995). Superoxide is mainly 

convened into H,O, by SOD. which is subsequently detoxified by a number of enzymes. 

In the hi_&y simplified scheme presented in Fi-gure 4.1, most KO.. - - found in chloroplasts is 

detoxified by APX and components of the ascorbare~glutathione cycle. In peroxisomes. 

CAT causes the disproportionation of KO, - - to produce water and oxygen. while most H,O. - - 

found in the apopiast is used by peroxidam in lipntfication reactions. The relative 

imporrance of each of these detoxification systems is dependent on the light environment 

and the developmental stage of the plant 

There are a number of connections between JAs and AOS. During JA biosynthesis a series 

of reactive fatty acid hydropetoxides are formed (for a review see Yoshihm. 1999). 

Although these hydropero~des are metabolized into jasmonic acid 0x0-fatty acids and 

numerous volatile compounds, they can also act as h e  radicals. directly promoting 

membrane damage and thereby creating a positive feedback loop. The disruption in 

membrane integrity has a direct impact on the production of AOS through unregulated 

e i e m n  flow (i.e. increased in PSI-mediated 02; Mehier. 1951: Foyer er aL, 1994). 
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Jarnonates have also been shown to modify antioxidant components of drought-resistant 

and -sensitive maize callus cultures (Li and van Staden, 1998), increase stress resistance via 

an increase of antioxidant enzyme activities in strawberry (Wang et aL. 1999) and modifv 

muscription of glutathione biosynthetic enzymes (Xiang and Oliver. 1998). 

It is generally believed that a major factor in the stress response is the speed by which the 

stress is transduced. It is well documented that stresses including wounding, drought and 

anoxiahypoxia as well as pathogen infection, cause a rapid increase in jasmonic acid 

ethylene and AOS @eke, 1983: Creelman er al. 1992). It is currently unknown how these 

compounds work together to produce stress responses. 

In the previous chapter. the potential connection between MeJA and ethylene was 

tnvestigated. It was found that ethylene does indeed play at least a partial role in MdA- 

inhibited root _mwth. If the decrease in root growth that results from both MeJA and 

ethylene treatment is due to a general stress response as proposed by Staswick er ai. ( 1992). 

it may indicate that MeJA and ethylene promote either the same or different stress pathways. 

depending on the developmental stage of the plant. 

Both wounding and MeJA have been shown to increase the production of AOS (Kauss er 

aL. 1994). Recently, it has been proposed that some AOS, specifically KO, - - may play an 

important role in directing pIant responses to stress by acting as a s e c o n w  messenger 

(Foyer er ai. 1997b). Consequently. many researchers now feel that rapid changes of AOS 

in response to stress likely indicates that they are more important in directing plant 

responses than previously thought (Lamb and Dixon, 1997: Watanabe and Sakai. 1998). 
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In addition to the possible connection between JIAs and AOS during stress, both have been 

implicated as important factors in root growth. Jasmonic acid treatment has been shown to 

muse a reduction in root growth in a number of systems (Ravid er aL, 1975: Yamane er aL. 

1981: Corbineau et aL, 1988 Tung et aL, 1996). Conversely, treatment with either L- 

ascorbic acid. a potent antioxidant. or L-galactono-1,4,-lactone (GAL), an ascorbic acid 

precunor, strongly stimulate toot growth (Cordoba-Pedregosa er al. 1996). Sanchez- 

Fernandez et aL (1997) suggest that the ability of AOS to modify root growth and 

developmenr may be a crucial component in a plant's ability to deal with fluctuating 

environmenral conditions. 

It was the purpose of thls study to investigate the effects of methyl jasmonate on various 

components of the antioxidant system in Arabidopsis thaliana seedlings. I have found that 

antioxidant compounds and enzymes are differentially affected by MdA in plants grown 

under light and dark conditions. I discuss the possible relationship between AOS. 1-4s and 

mot growth. 

Materials and .Methods 

Plant Material 

Arabidopsis ~hal iam (Landsberg erecta) seeds were sterilized and sown as described in 

Chapcer 3. Growth media inciuded only 0.25% Gelrite (Schweizerhall. New Jersey) in tap 

water plus the correct concentration of either (-)-MeJA or GAL. No additional nutrients 

were added to the media and hormones were added in a minimal volume (4.01%) of eizher 

water (GAL) or 95% ethanol (MeJA). Maximal germination was promoted by coId- 

waxing imbihd seeds for 2 days at PC followed by an eight-hour light treatment as 
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descriid previously. Light-grown seedlings were maintained with a ldhour photoperiod 

at 22°C. Dark-pwn seedlings were transferred to a dark growth chamber held at 22°C 

after light trearment. After five days. plant samples used for enzyme assays were colIected 

and immediately frozen in liquid nitrogen. W assays were completed in triplicate and the 

m-SE was found for each sample. All manipulations of dark-_gown seedlings were 

carried out using the green safe lighr descnid in chapter 2. 

Morphological Measurements 

Root and shoot lengths were measured by placing plants on a $ass plate and ma_@fying 

using a photo_aphic enlarger as descriied in chapter 3. Roots and shoots were traced and 

the image analyzed using Scion Image 1-62. 

Ascorbic Acid and ChlompbyU Determination 

Ascorbic acid (ASC) content was determined using the mechod of Arakawa er al. (198 I). 

T i u e  was p u n d  in liquid nitrogen and homogenized in 5% TCA (5mLg): the 

hornogenate was centrifuged at lS.000g for 10 minutes and the supernatant collected. The 

reaction mixture (1m.L) was composed of 1% TCA, 20% ethanol. 0.048 HSOJEtOH. 

0.1% BathophenanthrolineEtOH. and 0.003% FeClfitOH plus 200uL supernatant. The 

reaction mixme was incubared in the dark at 3OOC for 90 minutes after which the 

absorbance was measured at 534n.m. The quantity of ascorbate detected was determined by 

comparison to a standard curve. Chlorophyll was extracted in 804 acetone and measured 

as descnied by -Amon (1949). 
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Enzyme Assays 

For all enzyme assays, tissue was ground in liquid nitrogen and homogenized in the 

appropriate buffer at the ratio stated. Samples were cennifuged at 4°C and 15,000g for 

either 10 minutes (CAT, SOD and POX) or 20 minutes (APX). The supernatant was 

collected and used for enzymatic determination. Enzyme activities are expressed per +pm 

of piant tissue. The effect of MeJA on total protein was determined according to Bradford 

(1976). SOD activities were determined by Dr. Sylviane Cornparot as part of a 

colIaborative project. 

S u m r o d e  dimrurase -- T i u e  was homogenized in 5OmM phosphate buffer (pH 7.8). 

Total SOD activity (EC 1.15.11) was measured spectrophotometricaIly by measuring the 

inhibition of 02-dependent reduction of qtochrome C at Acm according to the method of 

McCord and Fridovich (1969). One unit of SOD was defined as the quantity of enzyme 

required to inhLbir: the reduction of qochrome c by 50% in a ZmL reaction. 

Catahe - Cataiase (CAT: EC 1.1 1.1.6) activity was estabiished by observing the 

degradation of Hf12 at 24onm (extinction coefficient 40rnMLcm'') using the method 

described by Dhindsa er at. (1981). Plant tissue was homogenized in 5OmM potassium 

phosphate buffer (1OmLg; pH 7.0). The reaction mixture (2.97mL) was composed of 

50mM phosphate buffer (pH 7.0) and 25pL of enzyme exma. The reaction was initiated 

by ?he addition of SO* of 1SM H202 and the decline in absorbance at 240nm was 

measured during 30 seconds. One unit of catalase is defined as h e  amount nec- to 

degrade lpmote of Hz@ in one minute. 
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Peroxjiiase - Guaiacoldependent peroxidass (POX: EC 1.1 1.1.7) were assayed according 

to the procedure outhed by Kato and Shimifll(1986). Tissue was homogenized in 50mM 

potassium phosphate buffer ( l W g ;  pH 7.0). The reaction mixture (2.97mL.1 was 

composed of 0.1M Na-phosphate buffer (pH 5.8), 7- guaiacol and lOOuL of 

supernatant, The reaction was initiated by the addition of 30& of 1.18M H202. 

Peroxidase activity was measured as the change in the absorbance at 470nm. one minute 

after the addition of Hz&. 

Ascurbare Pero-e - Ascorbate peroxidase (APX: EC 1.1 1.1.1 1) activity was 

determined by the Hz&dependent oxidanon of ascorbate at 29Onm (absorbance coefficient 

2.8rnM1cm-') as described by Nakano and Asada (1981). Tissue was homogenized in 

SOmM potassium phosphate buffer (2mUg; pH 7.0) containing lOmM ascorbic acid and 

1% poI~ylpynilodone.  The reaction mixture ( I d )  was composed of 50mM porassiurn 

phosphate buffer @H 7.0), 05mM ascorbic acid, O.lmM EDTA and 50& supernatant. 

The reaction was initiated by rhe addition of lOpI of l5mM HzC+ and the absorbance 

decrease was measured after one minute. APX activity was corrected for both HQ- 

independent oxidation of ascorbate by ascorbate oxidas? (EC 1.10.33) and noa-enzymatic. 

H20rdependent oxidation. 

Native PAGE Determination of SOD Isofonns 

isozymes of SOD were separated on a nondenaturing polyacrylamide gel (108 separating 

gel. 4 8  stacking gel) according to the method of Laemmli (1970). .Mer eIectrophoresis. 

gels were stained according to Beauchamp and Fridovich (2971) with minor modifications. 
b 

Gels were incubated in the dark for 25 minutes in 50mM phosphate buffer (pH 7.8) 
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containing 25mM Nitro Blue Tetrazolium, followed by a 20 minute dark-incubation in 

50mM phosphate buffer @H 7.8) containing 28mM N,N,ii7,N'- 

tetramethyiethylenediamine (TEMED) aud 28m n3oflavin. Gels were rinsed in ddHIO 

and exposed tc tight for colour development. SOD i so fom were distinguished by their 

sensitivity to inhibition by 3mM KCN and/or SmM H202. Mn-SOD is resistant to both 

KCN and Hz03 Fe-SOD is resistant to KCN but inhr'bited by H201, and Cu/Zn-SOD is 

inactivated by both inhibitors (Fridovich, 1971: Asada a aL, 1975). For isofom 

determination, gels were incubated in 50mM phosphate buffer (pH 7.8) conraining either 

3mM KCN or 5mM Hz02 for 30 minutes at room temperature prior to staining. 

Hydrogen Peroxide Determination 

Hydrogen peroxide content was measured as described by Velikova er al. (2000). Tissue 

was ground in liquid nitrogen and homogenized with 0.1% TCA (lOmUg). After 

centrifugation at 1 ~ 0 0 0 g  for Is' minutes. 0 . X  of supernatant was added to O . h L  

potassium phosphate buffer (5OmM. pH 7.0) and 0.4mL of KI (1M). The sample was 

incubated for one minute at room temperature and the absorbance was determined at 390nm 

and quantified by comparison to a standard curve. 

Results 

Effect of MeJA and GAL on Hypocotyl and Root Length 

The effect of MeJA on hypocotyi and root growth was descn'bed in chapter 3. The addition 

of the ascorbic acid precursor. GAL. had little effect on hypocoql length in either E@t- or 

dark-grown seedlings Figure 32A, Plate 4.1). Conversely, the addition of 10-'M GAL. 

caused a si_gnificant stimulation of root _mwth in both tight- and dark-_gown seedIings 
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(Figure 4 3 ,  Plate 4.1). Roots of plans p w n  on media containing both MeJA and GAL 

under both light and dark conditions were slightly longer than those gmwn on MeJA alone. 

Effect of MeJA and GAL on .4scorbic Acid Content 

Ascorbic acid content was determined for plants grown on media containing MeJA. GAL or 

both and compared to control values. Both light- and dark-pwa seedlings p w n  with 

MeJA had slightly higher amounts of ASC compared to controls (Figure 43). Treatment 

with GAL also caused a slight srimuIation in ASC levek and the effect seemed to be additive 

when MeJA and GAL were both provided in the media 

Figure 4.2 

Effert of MdA on Protein and Chlorophyll Content 

Methyl jasmonate was found ro change h e  amount of protein detected per _pun of tissue 

(Figure 4.4). Light-grown plants had higher levels of protein than dark-&gown seedlings. 

The amount of protein in iigbr-gown plants was increased by 30% when piants were grown 

on media containing L O ~ M  MdA compared to contml plants, while the protein content of 

dark-_gown seedlings remained reiatively constant with MeJA treatment. In order to be 

consistent with measurements such as ASC and H203 which cannot be expressed per 

milligram of protein. and because both MdA and Iight has a Large affect on protein content. 

all enzyme activities were interpreted on a per pun he& weight basis. 

Chiorophyll a/b ratios measured in light-grown control seedings (2320.1) were found to 

be higher than with MdA treament (1.87 4 02) .  
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Fiepre 4.2: The effect of 10-'M L-gdactono-l.+Iactone (GAL) and 10% 

methy! jasmonate (MeJA) on (A) hyiocotyl and (B) root Len_@ of light and 

dark grown Arabidopsis rhaliam seedlings. Bars indicate standard error of 

the mean. 
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Plate 4.1 : The effect of f 06M methyl jasmonate (UT) and lD3M L-galactone 1.4- 

lactone (G) on seedling morphology of (A) dark-grown and (B) tight-pwn 

Arabidopsis seedlings. 
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Figure 33: The effea of 10-'M L-galactono-1.Clactone (GAL) and 10% 

methyl jasmonate (MeJA) on ascorbic acid content of light and dark grown 

Arabidopsis rhaiianu seedlings. Bars indicate standard error of the mean. 
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Figure 4.1: The effect of methyl jasmonate (MeJA) on protein content of light 

and dark grown Arabidopsis thaliana seedlings. Bars indicate standard e m r  

of the mean. 



Effect of MeJA on Antioxidant Enzyme .ctivities and H202 Content 

Total SOD a c t i v i ~  was determined in light- and dark-grown seedlings of -4rabldopsis 

thaliana gown in the presence of increasing concentrations of MeJA (Figure 15). MeJA 

treatment of light-grown seedlings caused a dose-dependent increase in total SOD activity. 

Conversely, SOD activity of dark-pwn seedlings was slightly decreased when _mun on 

media containing 18'%l MeJA. Planrs _grown on media containing higher concentrations 

of MeJA did not show a further decrease in SOD activity. 

SOD i s o e ~ e s  of Arabidopsis rhnliam were identified by staining for acti\it)r after 

electrophoresis on a native polyacrylarnide gel. In light-_sown plants, six isoforms were 

identified using KCN and KO- - - (Figure 4.6: Fridovich, 1971: Asada er al.. 1975). Bands 

D. E and F were absent when the gel was incubated in either KCN of H,O. - - indicating that 

they correspond to Cw'Zn-SOD isofoms. The two minor bands B and C were sensitive to 

50, but insensitive to KCN treatment indicating that they are Fe-SOD isoforms. Band A 

was determined to be the Mn-SOD isofom as it was insensitive to both inhiiitors. 

In dark-grown plants, five distinct bands were detected (Figure 4.6). Studies with inhiiitors 

identified one Mn-SOD (band A), rwo Fe-SOD (bands B and C) and two CuiZn-SOD 

isofonns (bands E and F). Treament with cyanide did not completely inhiiit the activity of 

band 5 although it appeared as a thinner band relative to that found on the control gel 

suggesting that it is a Fe-SOD isoform. It is likely that band E constitutes the activities of a 

CwZn- and a Fe-SOD that mi-gate together. 
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Figure 45: The effect of methyl jasmonare (MeJA) on superoxide dismutase 

(SOD) activity of light and dark grown Arabidopsis rhaliam seedlings. Bars 

indicate standard error or' the mean. 
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Analysis of SOD isoform activity indicates Mn- and Cu/Zn-SOD constitute a higher 

proportion of the total SOD activity in dark-"own than in light-_grown plants (Fi-pre 4-7). 

The presence of methyl jasmonate in the growth media caused the induction of CuiZn-SOD 

isoforms (bands D. E and F) in tight-grown plants while the activity of other isoforms 

remained unchanged. In d a r k - p m  plants. a slight increase in Mn- and Cu;Zn-SOD 

isofarms was noted at 10-"M MeJA whiIe at higher concentrations the activity of these 

isofarms was slightly decreased. 

The activities of catalase, peroxidase and w r b a t e  peroxidase were consistently higher in 

light-pwn compared to dark-pwn seedlings. Enzyme activity was differentially affected 

by MeJA treatment and was strongly dependent on light conditions. Catdase activity was 

significantly higher in Light-gown plants compared to seedling grown in h e  dark (Fi-pure 

4.8). Catalase actikity was increased with approximately 15-fold by MeJA treatment in 

dark-_gown seedlings while no change was observed in light-gown plants. 

Guaiacoldependent peroxidase actitity was found to be appro-simately four-fold higher in 

light-pwn than dark-_grown seedlings figure 1.9). Plants grown under iiht conditions 

with MeJA had substantially higher levels of POX activity than controls: conversely. in 

dark-grown plants. POX activity was lower when MeJA was incorporated into the media. 

Light-,gown seedlings had approximately mice the APX activity of dark-_grown plants 

(Figure 410). Higher APX activity was noted in light-grown. MdA-treated seedlings 

compared to controls. APX activity was unaffected by MeJA in dark-_m~n plants. 
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Fibme 4.8: The effect of 10% methyl jasmonate (MeJA) on caraIase (CAT) 

activity of light and dark _mwnArabidopsis tizaliam seedlings. Bars indicate 

standard error of the mean 
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Figure 4.9: The effect of 10% methy1 jasmonate (MeJA) on peroxidase (POX) 

activity of light and dark pwnArabidopsis riraliam seedlings. Bars indicate 

standard error of the mean. 
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Figure 4.10: The effect of 10% methyl jasmonate (MeJA) on ascorbate 

peroxidase (APX) activity of light and dark grown Arabidopsis rhaliana 

seedlings. Bars indicate standard error of the mean. 
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Light-grown seedlings had a geater amount of 80, - - than dark-gown seedlings regardless 

of treatment (Fie- 4.1 1). Methyl jasmonate caused an increase in HZO. levels in both 

light- and dark-grown plants but had a more significant effect in light-grown seedlings. The 

level of H2G- in dark-grown seedlings p w n  in media lacking .MdA was undetectable. 

Seedlings grown in the presence of 104M MdA had higher levels of H-0-. - - Conversely, 

MeJA treatment caused a two-fold increase in the arnuunt of Ht02 detected in light-pun 

seedlings. 
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Figure 4.11: The effect of 10% methyi jasmonate (MeJA) on hydrogen 

peroxide content of light and dark grown Arabidopsis rhaliana seedlings. 

Bars indicate standard error of the mean. n.d.=non-detectable 
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Discussion 

A major difference between oxidative stress in light- and dark-grown plants is the relative 

contribution and location of active oxygen generating systems. While relatively little is 

known about the sources of AOS in dark-grown plants, most is thought to be derived from 

mitochondrial respiration (Anderson er aL, 1995; Puntarulo et aL, 1998). During oil seed 

germination, specialized peroxisomes (glyoxysornes) form a tight association with oil 

bodies and are responsible for the mobilization of seed lipids through the glyoxylate cycle. 

The glyoxylate cycle is responslile for the conversion of fatty acids to sugars and the 

breakdown of fatty acid inadvertently produces H,O- - - as  a by-product. Light-grow plants 

are subjected to much higher levels of AOS due to electron transfer in photosynthesis 

(Mehler, 1951) and by plasma membrane-IocaIized NADPH-oxidase (Radhika er aL. 1996). 

Light-grown piants also produce substantial amounts of active oxygen via photorespiration 

in the peroxisomes, a process thar is exacerbated by s a s s .  Superoxide is the major AOS 

found in plants and although singlet oxygen and the hi@! reactive hydroxyi radicaI are 

aIso present they have a short half-life and are pically associated with senescence and 

p r o g m e d  cell death rather than daily physioIogical reactions. Superoxide is a hi@y 

reactive molecule and, if levels are left unchecked. can cause severe cellular damage. It is 

particularly toxic because it is unable to cross membranes and therefore builds up in the 

compartment where it is produced. 

SOD activity and Isoform Analysis in Light- and Dark-grown Seedlings 

SOD is an essential component of the plant's antioxidant response since it is responsible 

for the dismutation of superoxide to hydrogen peroxide (McCord and Fridovicb 1%9). 

SOD isoenzymes are grouped according to their meral cofactor and are thought to be active 
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in specific cellular compartments; Mn-SOD is located in the mitochondria, Cu/Zn-SOD is 

found in the cytosol, chloroplasts and has recently been identified as an important 

constituent of oil seed peroxisomes (Corpas er aL, 1998). Fe-SOD is considered mostly 

chioroplastic (Bowler er aL, 1992) but has also been localized to peroxisomal compartments 

(Nakano and Asada 1981: Sandalio and del Rio. 1988). While this scheme of 

compartmentation is generally true. it is becoming increasingly evident that the targeting of 

SOD isoforms is not as specific as previously thought. 

In Arabidopsis. typically one Mu-SOD isoform is present while up to four CuiZn- and 

three Fe-SOD isoforms have been repoped (Pan and Yau, 1992: Ormrod er aL. 1995: 

Kliebenstein er aL. 1998). Kliebenstein er al. (1998) propose that the differences in active 

SOD isoforms reflect physiological variations due to contrasting growing conditions or 

genetic background. These results support this hypothesis as different SOD isofoms were 

detected in Arabidopsis seedlings gown under either dark or light conditions (Figure 4.6. 

4.7). Light-grown seedlings have three CuiZn-SODS, two Fe-SODS and one Mn-SOD 

isoerqne. Dark-grown seedlings also have one Mn-SOD isoform but lack the slowest 

migrating CuIZn isoform and appear to have an additional Fe-SOD that mi_mres with one 

of the CuIZn isotbrms. 

Total SOD activity. expressed as a function of fresh weight, was found to be nearly 

equivalent in light- and dark-_gown plants (Fi_rmre 43 .  However. protein conrent of light- 

p w n  seedlings was higher than dark-9w-n plants (Figure 4.4). Furthermore. MeJ.4 

treatment caused up to a 3% change in the protein content Since it is impossibie to 

express many measurements in this study on the basis of protein content it is imperative 

that activity be considered only on the basis of plant weight for all measures to be 
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comparable, Furthermore, some researchers have expressed SOD ac t iv i~  based on the 

milligram of chiorophyll present. Given that the present study is concerned with the 

enzyme activity in the entire plant, including photosynthetic and non-photosynthetic organs. 

and that both oxidative stress and JAs have been found to cause a decrease in chlorophyll 

levels, this type of measurement seems inappropriate. 

While similar levels of SOD activity were found in light- and dark-_gown seedlings on the 

basis of fresh weight, the relative contribution of each isoform varies. In dark-_gown 

seedlings, most SOD activity is conferred by Mn- and Cu/Zn-SOD isofonns (Figure 4.7). 

Tsang er 41, (1991) have also reported high expression of Mn-SOD mRNA in etioIated 

seedlings of tobacco. Given that the major metabolic process in dark-grown seedlings is the 

breakdown and merabolism of seed storage reserves, high Mn-SOD acdvity may be 

necessaq to deto-xify superoxide produced as a by-product of respiration (Tsang er al., 

1995). Slooten and others (1995) have suggested that Cu/Zn-SODS of dark-grown plants 

are responsible for protection from superoxide produced as a resuIt of dark metabolism 

andlor chtoropiast biogenesis. The identification of a CwZn-SOD associated with the 

prordsomal and _elyoxysomal matrices in cotton, sunflower and cucumber seedfings may 

indicate a major role of CutZn SOD in the detoxification of NADH-induced 0;. generation 

in these organelles (Sandalio and dei Rio, 1982 del Rio and Donaidson. 1995: Corpas et 

aL. 1998). Dark-grown seedlings are entirely dependent on seed storage reserves for 

sowth and as such, are likely to more rapidly access and breakdown reserves stored in oil 
b 

bodies. The high level of metabolism in these organelles during seedling germination may 

cause an increase in peroxisornaI targeted SOD isofom activity. 
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While Mu- and Cu/Zn SOD isoforms make up the majority of total SOD activity in dark- 

grown seedlings, the results presented here suggest that Fe-SOD may also play an 

imporrant role. The activity of Fe-SOD typically composes only a minor component of the 

total SOD activity and in some cases. is entirely absent (Ormrod er aL, 1995). However. the 

activity of slow mgraring Fe-SOD (bands B and C) in dark-grown seedlings is nearly 

equivalent to the activity of these isofoms in light-grown plants (Figure 1.6.4.7). 

Furthermore. a third putative Fe-SOD isofom (band E) is present only in etiolated 

seedlings. 

The activity of Fe-SOD isoforms is typically associated with metabolism in the light, and 

Tsang er aL (1991) have suggested a close relationship between Fe-SOD and 

photosynthetic capacity. It has been clearly demonstrated that the expression of So&. 

which encodes Fe-SOD. is developmentally re-dated and is sensitive to environmental 

stimuli such as light and temperam (Croweil and Amasino, 1991: Casano er aL. 1994: 

Kurepa et aL. 1997). Fe-SOD does not seem to play a major role in either dark metabolism 

or chloroplast biogenesis in etiolated seedIings and Slooten et al. (1995) suggest that 

superoxide produced from these sources is attenuated by plastidic Cu/Zn isoforms. I feel 

that the activity of the fast migrating Fe-SOD (band E) is a m e  reflection of isozymes 

present in dark-gown seedlings. The possibility cannot be ruIed out that the additional 

band is reflective of a problem in the assay method as suggested by Alscher et aL (1997): 

however, neither changing the incubation conditions by increasing the concentration of 

KCN to 4mM, nor reducing the amount of protein loaded to 75 yg affected the activip 

patterns observed. Given the present evidence, the role of the extra Fe-SOD band in dark- 

grow11 plants remains unclear. 
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The majority of total SOD activity in light-grown Arabidopsis seedlings is conferred by 

Cw'Zn isoforms (Fi,oure 4~3~4.7). In green leaves, most SOD activity is localized to the 

chloroplast and the major chloroplastic SOD isoforms are Cu/Zn- and Fe-SODS (Bowler et 

al., 1994). Perl-Treves and Gaiun (1991) have shown that light exposure induces an 

increase in the chloroplastic Cu/Zn-SOD in tomato. I have observed the presence of a 

CuIZn-SOD isoform (band D) in light-grown plants that is absent in etiolated seedlings 

(Figure 4.6,4.7). Generally, slow migrating Cu/Zn-SODS have been found to correspond 

to cyosolic isoforms. However, the presence of this isoform only in light-gown plants 

suggests that it may be specifically responsible for the detoxification of superoxide 

produced during photosynthesis. 

Hydrogen peroxide content of Light- and Dark-Grown Seedlings 

'Ibe level of KO, - - in the plant is dictated by the balance between the rate of production and 

the rate of destruction (Foyer, 199%). Hydrogen peroxide is thought to play an important 

role as a signaling molecule due to its relative stability in comparison with other AOS and 

its ability to diffuse from the site of production (Prasad et aL, 1994 Doke et aL. 1994). 

Li@t-grown seedlings were found to have higher levels of %0, than dark-gown plants 

(Figure 4.1 1) indicating that most El@, in light-grown plants is derived from 

photosynthesis. 

As previously mentioned, it is generally thought that the majority of KO, - - in dark-cero~ 

plants is derived through rnitochondrid respiration, which is mediated by SOD activity. 

However, the total SOD activitv is nearly equivalent in light- and dark-+gotown plants (Fi-eure 

429. This suggests that the low level of superoxide available, rather than SOD activity, 

Limits K-O= formation in dark-grown plants. Alternatively, if most of the produced in 
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dark-grown seedIings is produced through enzymatic reactions in the gIyoxysomes. then 

C4T and APX may be able to detoxlfy 50: within that compartment and maintain low 

levels of H0,. 

In light-grown plants there is s i m c a n t  production of superoxide due to a transfer of 

electrons to molecular oxygen during photosynthesis. This superoxide is then detoxified by 

chloropiasac SOD isofom. Therefore, it is likely that SOD activity limits K O -  - - 

production in light-grown plants. Since the majority of H,O, produced in light-grown 

plants is a result of photosynthesis, the levels will assuredly rise during de-etiolation. A 

rapid increase in KO-  - - resulting from light exposure codd act as a potent signaling 

molecule directing downstream de-etioIation events. 

Catalase, Ascorbate Peroxidase and Guaiacol-Peroxidase Activity 

AIthough SOD activity was found to be similar in dark and Light-grown seedlings. etiolated 

seedhgs displayed lower activities of all  other antioxidant enzymes studied. The primary 

enzymes involved in KO2 detoxification are CAT and APX while piacol-peroxidases 

play a secondary role (Willenkens er af,  1997). 

Peroxisornes are mail spherical organelles that are primarily responsible for oxidative 

reaaons. They are major consumers of oxygen and use it to convert harmful metabolites 

into non-toxic compounds and water. Arabidopsis and other oil seed species have 

significant energy stored in specialized organelles called oil bodies. Soon after imbibition. 

specialized peroxisomes, called giyoxysomes. enlarge dramatidy and become tightiy 

associated with oil bodies (Chapman and Treiease, 1991). GLyoxysornes are responsible for 

the rapid mobilization of storage fatty acids needed to establish the seedling as it becomes 
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photosynthetically competent. During this process, giyoxysomes are converted to leaf 

peroxhmes, which are then responsible for photo-oxidative reactions (Jiang er a l .  1994). 

Thus. while the role of these organelles in oxidative stress changes dramatically rhroughout 

seedling development, they play an important role in both light and dark seedling 

metabatism. 

Catalase is a major constituent of peroxkomes and glyoxysomes and can compose up to 

40% of the total organellar protein, It is responsible for the detoxification of H,O+ produced 

through fatty acid metabolism and photo-oxidation to water and oxygen. In these 

experiments. CAT activity was found to be lower in dark-grown than light-_grown seedlings 

(Fib- 4.8). Although CAT is known to be highly light-sensitive. Hertwig er a& (1992'1 

suggest that the steady state level of CAT in leaves of light-_grown plants probabiy reflects 

an equilibrium between photo-inactivation/photo-deegfadation and new symthesis. Therefore, 

it is likely that light-_gown pimilts marntain high CAT activity through much hgher 

synthesis than is present in the dark. 

Although light--grown plants have higher levels of CAT activity. dark--mwu plants also 

display si-&cant CAT activity (Fi-eure 4.8). Since photo-oxidative reactions will not be 

caking place. this CAT is likely respnsble for the detoxification of KO, - - produced as a 

results of fatty acid metabolism. Furthermore, high levels of CAT in dark--own piants 

may be important in the detofication of H,O, - - produced in cellular compartments other 

than the peroxisomes. Wiekens et al. (199T) have shown that catalase injected into the 

intercellular spaces is able to protect CATdeficient plants from KOZ injury imposed by 

hi@ light intensities. The ability of CAT to detoxify KO, - - produced at a distance from its 

cellular location in the peroxhome may be particuiarly important for dark-grown plants. 
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Although CAT has a Iower affinity for &O1 than APX, it does not require a reductant (i.e. 

ascorbate: Willenkens er aL, 1997). Since ascorbate biosynthesis is higher in Iight-_mm 

piants. adequate CAT activity may be necessary to detoxify H,O- - - under conditions where 

-4SC is l i m i q .  

.&arbate peroxidase activity was found to be two-times higher in li,eht-bown than in dark- 

sown seedlings (Fi-pure 3.10). Axorbate peroxidase activity is mnm3uted by several - 
isofoms that are tocaiized in the cytosol. chloroplast and on the surface of peroxisomes 

(Asada 19g2 Bunkelmam and Trelease. 19%). The higher APX activity found in light- 

gown seedlings is most likely due to enhanced activity of the chloroplast isofom. Given 
b 

that APX is the major enzyme responsible for detoxifying PSI derived H,0+. - - it may be 

expected that APX activity would be several-fold higher in light-_gown compared to dark- 

u o m  seedlings. The recent Iocalization of APX in oilseed glyoxysomes may help to + 

explain the relatively high level of APX found in dark-_gown plants. Bunkehann and 

Trelease (1996) have suggesred that $yo-qsome-localized APX may be responsibIe for 

protecting the glyoxysomal membrane from peroxidative damage resulting from the 

breakdown of lipids through the bxidation of fatty acids and the glyoxylate cycle. 

Supporting this hypothesis. Yamasphi er al. (1995) have found that glyoxysomes isolated 

horn etiolated seedlings retain high APX activity. Hydrogen peroxide content of etiolated 

plants is very Iow (Figre 4.11) and so. CAT may be unable to effectively remove any H-O- - - 

&at is produced due to its poor affinity for MO.. - - Under these circumstances. APX 

associated with the glyoxysomal manix will be more effective in removing toxic EGO, due 

to its high &ty for the substrate. High APX activity in d a r k - b ~ ~  plants may therefore 

be essential for maintaining gIyoxysomal membrane integrity. The importance of APX in 

the detoxification of glyoxysomal KO, - - is further exemplified by reports &at a novel APX 
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isoform, associated with the glyoxysomes, is not found after the conversion to leaf 

peroxisome (Nishimura er aL. 19963. 

The high activities of APX and SOD in dark-_gown plants may also be important in 

allowing dark-grown planrs to quickly respond to changing light conditions. It has been 

shown that plants p w n  under anoxic conditions for extended periods are overwhelmed by 

oxidative stress when subsequentiy exposed to an oxygen-rich environment (Monk er a l ,  

1987). A similar situation can be imagined for a seedling growing towards the soil surface. 

The rapid chmges that take place in response to illumination, such as the reorganization of 

the chIoroplast the initiation of photosynthesis, and possibly the increase in ethylene 

production d k u s d  in chapter L cause an increase in AOS (Slooten, 1995). An inabiIity 

to rapidly detoxify the 03 produced by light exposure may result in irreversible cellular 

damage. Having detoxification enzymes present to attenuate a rapid increase in AOS would 

represent an eflicient survival strategy. The high level of SOD and M X  in dark-grown 

plants may therefore be an important part of its developmental pro-gram. enabling it to 

survive a predictable upcoming stress. 

Guaiacol-peroxidases are responsible for the H@,-dependent oxidation of phenylpropane 

aicohols, resulting in h e  formation of free-radical intermediates that undergo spontaneous 

random polymerization to yield Lipin (reviewed by Whetten er aL. 1998). Perolddases are 

also responsible for the formation of bonds between glycoproteins andtor polysaccharides 

in the cell wall (Biggs and Frv, 1987): together, these acthities have an important impact on 

cell expansion. Zheng and van Huystee (1992) have demonstrated that inhibition of 

peroxidase activiry via #c antibodies resulted in the stimulation of peanut hypocoy1 

elongation, while trearmenrs that increased POX activity, reduced eIongation. Peroxidase 
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activity was found to be four-fold higher in l i g h t - p m  than d a r k - p n  seedlings (Fi-we 

4.9). Since Light-grown seedlings have a higher degree of secondary wall formation and 

li@cation as  well as a greater amount of H,O, avaifabie for the reaction, this result was 

expected. 

The Effects of MeJA on -4ntioxidant Enzymes and Compounds 

The response ofArabidopsis seedlings _gown in the presence of MdA demooscntes that 

while MeJA treatment undoubtedly induces an antioxidant response. signal uansduction is 

strongly dependent on the _gowing conditions and the subsequent developmental stage of 

the plant, Methyl jasmonate-mated l i g h t - p n  plants have significantly higher amounts of 

H-0. - - (Figure 4.1 I)  and SOD (Figure 4.5)- POX (Figure 3.9) and APX (Fibwe 1.10) 

activities, while CAT activity (Fibwe 4.8) was unaffected by this ueament On the other 

hand, in dark--own plants. MeJA treaanent was axrelated with higher KO- - - content and 

CAT activity. Pemxidase activity was reduced with MeJA mament while h e  IeveIs of 

SOD and APX were unaffected. 

A two-fold increase in H@= content in light-pwn seedlings was consequent with merhyl 

jasmonate nearment (Figure 4.1 1). Methyl jasmonate dso induces a similar increase in total 

SOD activity. sugesting that increased Hz@ is like& due to SOD activie rrtther than 

through generation from another source (Fi,pe 45). This hd ing  aIso iends support to 

my earlier suggestion that the H,O. - - content of Ii@t-bmwo piants is mainly limited by SOD 

activity. 

The analysis of MeJA-induced changes in SOD isofom activity is comphcared by the fact 

that MeJA treatment causes an increase in protein content, ~asmoaates are well known to 
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substantially increase a great number of jasmonate-inducible proteins (JIPs: Franceschi and 

Grimes. 391). In this context. even if SOD isoform activity qpears to remain constant 

-7th MeJA treatment, as observed with the Mn- and Fe-SOD isoforms (Figure 4.7, they 

still represent the same proportion of the total protein, indimring that their synthesis must 

dso increase to the same degree. The increase in total SOD is mainly contributed by the 

increased activity of CUIZ~I isoforms (Fie- 3.7). These isofonns play a major role in the 

protection of chloroplasts from chloroplast-localized stresses. Parthier (1990) has shown 

that treatment with JA induces structural damage to chloroplasts. Furthermore, Arabidopsis 

seedlings _gum in the presence of MeJA have a reduced chIorophyU db ratio. Since 

seedlings were _gown in media containing MeJA rather than being treated with the hormone 

after a period of _mwh. it u possible that MdA affects on chloroplasts are related to a 

modification of chloroplast biogenesis. 

These resuits may suggest that the damage created by MeJA treatment of light-pwn 

seedlings is mainly localized to the chloroplasts. One of the potential actions of MeJA is 

rhrough changes in membrane composition and fluidity (Vilhar er aL. 1991). Any negative 

change or loss of membrane integrity can increase AOS through the unre-dated transfer of 

electrons. While these effecrs will be present in many types of membranes. they will be 

most prevalent in the membrane systems of the chloroplast and mitochondria. An increase 

in chloroplast localized superoxide production will be mainly attenuated by CuiZa- and Fe- 

SOD isofoms. The proportional increase in Fe-SOD relative to protein content in MdA- 

treated piants may work with CuIZn isofoms to help to deviate these t)rpes of chloroplast- 

Iodized--. In addition to potential damage to mitochondria1 membranes. MeJA may 

also increase superoxide in the mitochondrial compartment via an increase in ceiluiar 

respirarion. Fan er aL (1997) have reported an increase in cellular respiration in ripening 
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fruit concomitant with M ~ J A  treatment. Superoxide produced by either of these 

mechanisms would be mainly attenuated by Mn-SOD, which may account for the 

proportional increase in this isoform with MeJA treatment. It is likely rhat at Ieast a portion 

of the KO. - - induced by MeJA is produced via this mechanism. 

The suggestion that MeJA mainly affects superoxide production in the chloroplast is aIso 

supported by the fact that APX activity was also significantly induced by MeJX treatment 

( F i p  4.10). AIthough APX has been Iocalized to several celldar compartment, 

approximately 80% of APX activity in green tissue is associated with the chloroplasa 

(Mittler and Zilinskas. 1992). 

Unlike light-_grown plants, total SOD activity uwi slightly decreased when piants were 

m w - n  in the dark on MeJA-containing media This snongiy suggests that the main effecr 
b 

of MeJA is through specific modification of light-requiring processes and therefore does 

not induce the same effects at a celluiar level in light- and dark--grow= seedlings. Seedlings 

grown in the dark in the presence of low MeJA concentrations show increased activities of 

&-SOD and Cu/Zn-SOD isoforms (per milligram of protein), while higher concentrations 

of MeJA reduced the activity of all isoforms (Figure 4.7). Although SOD act iv i~  was 

lower in dark-grown MeJA-treated plants. the level of KO, - - was significantly higher relative 

to controls ( F i p  4.11). 

The low level of KO,  - - and the high activity of SOD found in dark--pan control plants 

mates a problem in tbe interpretation of MeJA-induced 50, It is dear when mmparing 

the data to SOD activities found in light-grown conwl plants rhat control levels of SOD are 

potentially able to create more KO, - - than is present in dark-pm control piants. 
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Therefore. if MeJA acts by reducing the efficiency of electron d e r  or by increasing the 

mitochondria1 respiration, the additional H@, amumuiated in dark-grown plants could be a 

result of SOD activity. However. exogenous MeJA also causes an increase in CAT activity 

in dark-_gown piants (Fi-pe 4.8), which leads me to speculate that the main affect of MeJA 

on etiolated plants is a remit of an increase in glyoxysomal reactions. 

Light-_mum seedlings mated with MeJA do not show an increase in CAT ac t iv i~  (Fi-me 

3.8). It is important ro remember that CAT plays very different roles in light- and dark- 

p w n  seedlings. In dark-pwn plants, glyoxysomes predominate and are responsible for 

lipid mobilization- & he  plant becomes autotrophic. giyoqsomes are no longer present as 

they have converted to leaf peroxisomes. These peroxkames are essential for the 

detoxification of superoxide that is produced during photorespiration. The 

unresponsiveness of CAT activity to MeJA treatment may indicate that MeJA either does 

not cause an increase in &O, production in the leaf peroxisornes. or that there is already 

sufficient CAT and APX to deal with additional KO*. - - However. Hemvig er al. (1992) have 

shown that C?iT is extremely light sensitive and constant photo-inactivation and - 
debgradation are compensated for by rapid protein synthesis. Under such conditions. MeJA 

may change the rate of CAT turnover. but this would be undetectable when measuring 

enzyme activity. 

An underlying problem in assessing factors that influence the antioxidant system is 

determining what process happens first. MeJA is known to increase lipoxygmase aacdviry. 

which in rum causes the formation of AOS (Lynch and Thompson. 1984: Bell and Mullet. 

1993). An increase in lipoxygenase activic will also cause a change in membrane mcture. 

causing dramatic changes in membrane fluidity and permeability (Viiar et aL. 1991). A 
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loss in membrane integrity can in turn cause an increase in AOS through the unreguiated 

transfer of elemus and/or the production of further substrate in the form of unsaturated 

fatty acids for the lipoxygenase enzyme (Hodges and Fomey, 2000). Therefore, the 

production of superoxide may itself trigger an increase in SOD activity. or MeJA may have 

a more direct influence on either transcription or translation. An investigation of MeJA 

effeas on mRNA accumulation could provide useful information. but W A  levels and 

e v e  activity have often been found to be uncorreiated. 

A PossibIe Role for AOS in MeJA-inhibited Root Growth 

Viar  er al(l991) show that protoplasts treated with 10"M and 10QM JA have decreased 

membrane fluidity. They suggest that high concentrations of JA elicits a wound response. 

If this also happens in roots of plants _gown on media containing MeJil a self-propagating 

cascade could occur. in which MeJA upregdates the activity of a lipase or lipoxygnase that 

ultimately causes an increase in endogenous JAs. The loss of unsanuated fatty acids could 

account for the decrease in membrane fl uidin;. which would follow with the aforementioned 

idea (MIlhar er aL, 1991). 

Mthough MdA may have a role in the specific re-plation of the antioxidant enzymes I 

think that irs primary effects are related to changes in membrane suucture and lipid 

de_m&tion. The changes in superoxide production are. therefore. primarily responsible for 

reedation of downstream components of the response. 

Jarnonates are absolutely required for the successful cornpietion of the Arabidopsis Iife 

cycle (Farmer er aL. 1998). One of the most readily observable effects of exogenous JAs is 

a reduction in root growth. As expected, an inhiition of root p w t h  was observed with 
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MeJA treatment under both light and dark growth conditions (Figure 4.2). In light-pwn 

p lans  a slight stimulation of root _mwth was noted ar low MeJA concentradons while 

concentrations greater than 1O'M caused a severe inhiiirion of root "pwtfi (Chapter 3). 

Conversely, no sdmdation was observed in dark-gown seedlings. 

The mechanism whereby MeJA inhitbits root growth is not understood. Tung er al. (1996) 

suggest that the mechsnism for inhihition is independent of ethylene. However! resuits 

presented in chapter 3 suggest that this may not be the case in Arabidopsis. Jasmonic acid 

!us been shown to block MA-induced coieoptile elongation by mibiting the incorporation 

of glucose into h e  cetl wall (Ueda m aL, 19%). Tug er al, (1996) further sugest that JA 

inhiits tomato root through a combination of factors, including a reduction in cell 

division, inhrbition of cell elongadon and premature elongation. They W e r  purport that 

JA f i b i t s  root g~owth by a disruption of the roor apical meristem since they observed a 

h a t i c  swelling of the root tip. in ths investigahon, microscopic analysis of MeJA- 

rreated Arabidopsis roots showed a reduction in cell lengh. but no aberrant swelling of root 

tips (Chapter 3). 

Ascorbic acid is a rnuitifhctional moIecuie: it is a free-radical scavenger. it is involved in the 

regulation of photosynthesis. and it is essentid for preserving the activities of many 

enzymes with metal prosthetic groups (Padh. 1990). It has been shown to stimulate root 

elongation in onion (fIidaigo er nL, 1991: Cordoba-Pedregosa, 1996) and is critical for 

normal p r o m o n  through the cell cycle (Kerk and Feldman. 1995). The polarity of the 

effects of ASC and JA on root growth made me consider whether h e  activities of these rwo 

compounds were related. Funhermore. JA has also been impiicated in the elicitation of AOS 

in parsley suspension cuInues (Kauss er nL, 1994). The snong Link bemeen both M C  and 
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JA and antioxidant responses led me to question if MeJA-inhrtbited mot -growth was due to 

an increase in oxidative damage. As expected,Arabidopsir seedlings p w n  on media 

containing LmM GAL displayed a 25% increase in root length in both light- and dark- 

p w n  seedlings (Figure 42; Plate 4.1), while hrpocotyl length was not afTected. Seedlings 

mwn in the presence of both MeJA and GAL were slightly longer than plants -gown on - 
MeJA done (Figure 4.2 Plate 4.1). Nthough these resuIts are preliminary and need further 

investigation, this result seems to indicate that MeJA and ASC could be acting 

antagonistically. 

Cordoba-Pedregosa er aL (1996) have shown that ASC inhiits paiacoldependent 

peroxidases. Guaiacoi-peroxidases are apopiastic enzymes that are either bound to the cell 

wall or found free in the apoplast. These peroxidases are "oppommistic" and are capable 

of udlidng many different reductants, including guaiacoI, NADH. and in some cases ASC 

(Vianello er nl.. 1997). A major function of these e w e s  is in the formation of 

isodityrosine bonds beween gfycoproteins, diferulic bridges between polysaccharides and 

the formation of linkages between l ipin monomers. These reactions are all responsible for 

stiffening the ceU wail during growth, thereby reducing elongation. In light-grown 

Arabidopsis seedlings. the activity of the peroxidasw was increased with MdA treatment 

(Figure 4.9) suggesting that MeJA &'bits root growth by reducing the extensibility of the 

cell wail. Roots of plants p m  on media anmining both MeJA and GAL were longer 

than plants p w n  on media conraining &MeJA alone (Figure 4.2). The p h a l  reversal of 

MeJA-inhibited root "mwth may be due to ASC inhibition of POX activity. Alternatively. 

in dark-grown plants. the a c t i v i ~  of peroxidase is very law and decreases further with MeJA 

treatment ( F i p  4.9). Concurrent treatment with MeJA and GAL did not si@cantly 

change root length compared to plants _mum with MdA alone (Figure 4.2). This suggests 
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that MeJA inhliition of root growth in dark-grown plants is independent of peroxidase 

activity. 

Conclusions 

The results I have presented make two important points about the antioxidant system in 

plants. First, the relative importance of antioxidant enzymes differs under light and dark 

growth conditions, and second, growth conditions and subsequent differences in plant 

metabolism are primarily responsible for directing how MeJA modifies the plant's 

antioxidant system. I believe that methyl jasmonate mainly exert its effects on light-gram 

plants by initiating chloroplast-localized srrrsses, whiIe in dark-grown plants it may have a 

greater impact on glyoxysomal reactions. I speculate that MWJA-inhibited root growth 

may. at least in part, be mediated by the induction of an antioxidant response. The close 

connection between Jk and AOS suggests that a common pathway is initiated by MeJA 

during many types of stresses. The outcome of the pathway is then modified by the 

developmentai stage of the plant, as well as by prevailins environmental conditions. Two 

of the earliest plant responses to stress are an increase in jasmonic acid metabolism and a 

rapid generation of AOS poke, 1983). b a r  et al. (1997) have demonstrated that MeJA 

treatment of tobacco leaves causes an upregulation of both APX and CAT mRNA. They 

showed that MdA pretreatment reduces subsequent ozone injury and suggest that different 

environmental stresses are linked to similar cellular responses. This suggests that while 

MdA may induce a common set of cellular responses under both stress and non-stress 

conditions. their effects are strongIy dependent on the deveIopmenta1 stage of the plant. 
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Chapter S 

Characterization of a Gene with a Novel Function fiom Phaseoh vulgaris that is 

Regulated by Ethylene, Methyl Jasmonate and Light 

Abstract 

Although active oxygen species are produced as a normal by-product of pIant 

metabolism, stressful conditions can cause them to increase to toxic levels through the 

unregulated transfer of electrons. While superoxide and hydrogen peroxide are mainly 

attenuated through enzymatic reactions, singlet oxygen is mainly removed by the direct 

transfer of energy to another molecde. commonly known as quenching. While both 

vitamin C (ascorbate) and vitamin E (a-tocopherol) are well-known antioxidants. the 

antioxidant properties of vitamin B, have only recently been discovered. In this chapter. 

I report the cloning and partial characterization of a cDNA clone @VPDXl), isolated horn 

Phaseolus bulgaris, that shows a high degree of similarity to genes necessary for 

pyridoxine biosynthesis in Cercospra nicotianae. The expression of pvPDXl in P. 

vulgaris was found to be upregulated in response to wounding and with 1- 

aminoc)tclopropane-1-carboxylic acid and methyl jasmonate treatment. However. it was 

not found to be consistently upregulated by treatments that cause an increase in ethylene 

biosynthesis. Furthermore, treatment with gibberellic acid, which did not increase 

ethylene production, caused a substantial accumulation of pvPDXI. Expressing pvPDXl 

in null PDXl mutants of C. nicoriame, allowed growth in the absence of pyridoxine. 

This strongly suggests that the pvPDXl gene product is essential for the biosynthesis of 

pyridoxine in plants. 



Introduction 

In the previous chapter we considered the possible interactions between methy1 

jamonate and two forms of active oxygen species (AOS), the superoxide radical and 

H2O2 These are not the only biologically reactive oxygen species normally produced 

during metabolic reactions or as a consequence of abiotic and biotic stresses. Active or 

reactive oxygen species include radical molecules, such as superoxide (0,m) and - 

hydroxyl (OH*) as well as non-radical H,O,and singlet oxygen ('01). Molecular oxygen 

is by definition a radical, because it has two unpaired eIecuons (Figure 5.1). Uniike other 

radical species, it is fairly unreactive: molecuIar oxygen is spin restricted because the two 

unpaired electrons have parallel spin. Molecular oxygen is only able to act as an 

oxidizing agent under special conditions since it would have to accept two electrons from 

the substrate and each eIectron wouId be required to have antipadel spin to the 

unpaired electrons (Halliwell and Gutteridge. 1999). When energy is absorbed bq- 

molecular oxygen, the spin of one of the electrons is reversed. creating singlet oxygen 

(Figure 5.1). Singlet oxygen has greater oxidizing potential than molecular oxygen 

because the spin restriction is removed. It can therefore interact with other molecules by 

either directly transferring energy (quenching) or through chemical reactions. 

While singlet oxygen can be produced through some enzymatic reactions, it is mainly 

produced by electron rransfer b m  photoexcited compounds m o x  and Dodge, 1985). 

TZle most important electron transfer in plants is via chlorophyll. The organization and 

function of the chloroplasts creates a potentially hazardous situation for rhe formation of 
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Figure 5.1: EIectron configuration of various oxygen species (Adapted 

from HaIIiwell and Guneridge, 1999) 
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singlet oxygen because of the close proximity of excited chlorophyll and high levels of 

0,. Under normal conditions, chiorophyll absorbs light energy and enters a singlet 

excited state ('Chl). The majority of this energy is then transferred via resonance to P,, 

and P, thereby promoting electron flow (Knsnovsky, 1994). Under stress conditions 

(i.e. cold, high light intensity, ozone) or after some herbicide treatments. the normal 

transfer of energy is restricted and chlorophylI is converted to a mplet state ('Chi) (Wise 

and Naylor, 1987). Triplet state molecules can be potentially hazardous to biological 

systems because they are able to react with substrates to produce toxic radical species or 

can react directly with molecular 0, to produce '0, 

During de-etiolation. in response tc? red and blue wavelengths. light initiates a complex 

senes of events that lead to automphy. One of the main chemicai events is the 

conversion of protochlorophylfide to chlorophyll and the initiation of photosynthesis. 

Phosphorescence is an energy emission that accompanies the transition of 'CN to "Chl 

and can be used as a tool for the detection of triplet states (Krasnovsky. 1994). 

Krasnovsky (1994) has shown that pigment phosphorescence is 40-fold higher in de- 

etiolating leaves of bean compared to normal chloropIasts isolated from green leaves. He 

further suggests that protochlorophyllide and other chlorophyll precursors (5- 

aminolevulinic acid. iZLA) are more Likely to enter a triplet state than mature chlorophyll 

organized in close association with carotenoids in the thylakoid membranes. This has 

been further demonstrated by Eleouet et al. (2000) who show that iUA is a potent 

photosensitizing compound. Other researchers have also shown that ALA is responsible 

for the photodynamic damage to electron mnsport and is mainly responsible for 
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peroxidation of membrane lipids (Tripathy and Chakrabortv, 1991;Chakraborry and 

Tripathy, 1992). The increase in mplet state molecules during de-etiolation will 

undoubtedly increase the Ievel of '0,. The detoxification of this '0, will be an important 

component of the greening process. 

A second important source of '0, is through photosensitizer excitation of compounds 

other than chlorophyll. Photosensitizers are compounds that directly absorb light energy 

and enter a triplet state. Plants synthesize a structurally diverse group of 

photosensitizing compounds that include riboflavin (vitamin B,d. a-terthienyi. 

sanguinarine. coumarin and y-aminolevulinic acid (Breman et al.. 2000: Chakraborty and 

Tripathy, 1992: Eleouet et at.. 2000). These compounds are vitallv - .  important 

components of plant defense responses and are able to damage or kill a diverse group of 

organisms that may attempt to enter or injure the plant (Downurn. 1992:Mendy et al.. 

1996). 

Quite ironically, many pathogenic fungi and bacteria also produce a battery of non- 

seiective toxins that act as photosensitizers (Daub et a l .  1982a 1982b: Daub and 

Harganer. 1983: Heiser et aL, 1998;). These extremely toxic molecules found in 

pathogens cause severe membrane damage to plant tissues and are also thought to 

enhance infection by increasing the nutrients available to the fun_gus. The production of 

these toxic molecules by non-selective pathogens begins to explain their ability to infea a 

wide group of plant species. 
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The production of photosensitizing compounds in both plants and fungi creates a 

conundrum for both organisms. in the context of plant defenses to fungal infection. 

transduction of the wound signal may include the production of photosensitizing 

compounds and the subsequent release of lo2. However, because these compounds are 

equally toxic to both organisms there must be a mechanism to protect the plant while still 

inhibiting the invasion of the fun-ps. In fungi that produce photosensitizing agents . the 

situation is more severe since these toxins are present in much higher concenmtions. 

Effective detoxification of these compounds by the photosensitizer producer is therefore 

essential for its survival. 

Chemical reactions with singlet o.wgen are vev specific and typically only occur with 

molecules that have several double bonds (Knox and Dodge. 1985). These reactions 

generally involve the production of peroxide molecules that can lead to membrane - 
disruption via lipid peroxidation. Other biologically important reactions with '0: involve 

reactions with certain amino acids (i-e. methionine and tryptophan) which can cause 

enzyme inactivation or modification (Matheson er aL. 197S:Knox and Dodge. 1985: 

Uedias er al.. 1985). DetoS~cation of singlet oxygen via quenching occurs by the direct 

transfer of energy to another molecule and is one of the most effective and luckily, least 

harmful methods for the removal of '0, Important quenchers found in plants include a- 

tocopherol (vitamin E), ascorbate (vitamin C), wotenoids (i-e. pcarotene) and 

pyridoxine (vitamin B,) (Krinsky, 1979: Packer er aL, 2979: Leung er aL.. 1981: 

Schroeder er al., 1995; Halliwell and Gutreridge, 1999: Biliski era[.. 2000: GuIIner and 

Dodge, 2000). While the nansfer of energy to these molecules causes them to enter an 
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excited state, they are typically less reactive, rapidly de-pded or convened and therefore 

less dama,$ng than singlet oxvgen- The reactions with each of these molecules is unique 

and in some cases very chemicaily complex (i.e. carotenoids) and will not be dedc with 

here. An excellent review of such reactions can be found in Halliwell and Guneridge 

(1999) and COM er aL (199 1). 

E'yridoxine and its derivatives are essendai cofactors in enzymatic reactions involved in 

amino acid metabolism and have recently been shown to be strong quenchers of singlet 

oxygen in Cercospora nicotianae and .4spergillus nidulans (Ehrenshaft er al.. 1999b: 

Osmani et af.. 1999: Bilski er aL. 2000). There is currently no information regarding 

pyridoxine biosynthesis in plants or its involvement in oxidative stress responses. In 

Escherichia coli. the pyridoxine biosythetic pathway has begun to take shape through 

the use of mutants and radiotracer experiments (Hill and Spencer. 1986. 1996: Roa er aL. 

1989: Lam er a l .  1992). The recent cloning and characterization of a gene from C. 

nicorianae (PDXl, formerly SORI) is the first step in pathway elucidation in eukaryotes. 

Ehrenshaft er aL (1999a) noted that although PDXl is essential for pyridoxine autotrophy 

in C. nicorianae. it is not similar to any genes found in E. cofi. This strongly suggests 

that PDXl is pan of a novel pathway for pyridoxine biosynthesis that is distinct from the 

one currently proposed in E. coli. Studies of PDXl gene expression in C. nicorianae 

under a variet): of conditions have given few clues a s  to possibie regulatory triggers 

(Ehrenshaft. 2000. personal communication). In plants. genes showing a high degree of 

homology to PDXl have been identified in .4rabidopsis thaliana (AS7). SrelZaria longipes 

(H47) and Hevea bradiemis ( IEIERI ,  rubber tree). The function of these genes has 
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not been identified nor has any extensive characterization of their regulation been 

reponed. The only characterization reported thus far indicates that mechanical wounding 

as well a s  treatment with ethephon and salicylic acid si@cantly increase HEVERl 

transcript levels in rubber tree (Siasubramaniarn er al.. 1995). This suggests that this 

gene may piay an important role in plant defense responses. 

Through a series of now fortuitous events. a gene from Phaseolus vulgaris. that shows a 

high degree of similarity to PDXI from C. niconiznae, was isolated. The objectives of 

this investigation were to characterize the PDXl orthologue in P. vulgaris and study 

aspects of its regulation. This gene has not been extensively characterized in plants and 

may play a critical role during de-eriolation and wound responses via the production of 

pyridoxine. a potent quencher of single[ oxvgen. Furthennore. through a collaborative 

investigation with Marilyn Ehrenshaft at North Carolina State University. we showed the 

functionality of the gene by compIementing the nu11 PDXl mutant of C. nicotianae. 



Materials and Methods 

Cloning, Sequencing and Phylogenetic Analysis of pvPDXl 

The pvPDXl cDNA clone was isolated from a 12 day-old. P. vulgaris cDN.4 library 

(described previously) during a screen for ACC synthase. Although the clone showed no 

similarity to ACC synthase it did have a high degree of similarity to an ethylene 

inducible gene from H. brasilensis (HEVERI). The cDNA was fully sequenced in both 

directions using T3 (5' .LUT TAA CCC TCA CTA M G  GG 3'). T? (5' GTA ATA 

CGA CTC ACT ATA GGG C 3') and the gene specific primers HEVlF (5' CGC CGC 

ATC CGC GAG GGC GCC 3'1, HEVlR (GGT CGT AGG GCG CGG CGA TGC 3.). 

HEV2F (5' GAG GCC GTG CGT CAC GTC CGC 3') and HEV3F (5' G l T  CTC CGC 

AAC ATG GAC 3') by UCDNA senices (Genbank Accession Number AY007525). 

Sequence analysis and predicted protein sequence was determined using DNA Strider. 

Theoretical moiecular mass and pi was determined using compute pbMW 

(htt~:~lex~asv.hcu~e.chlcEd/~i too1.htmll. Orthologous sequences were identified by a 

search of the NCBI database dlwww.ncbi.nim.nih.~ov) and aligned using ClustalX 

(ftD://ftD-i~brnc.u-strasbeefr/~ubIC1us~ ). The sequences were edited and regions of 

unconserved amino acids were removed (as shown on Figure 3.6) prior to phylogenetic 

analysis. Phyiogenies were determined based on unrooted protein parsimony using 

pro-- conrained within the PHYLIP package (version 3573: Felsenstein. 1994- 

htt~:~/evolution.~eneticss.washin~n.edu/~hvli~.html). f h e  numbers at tree nodes 

represent the portion of bootstrap sampIes that support the topolop shown. One hundred 

bootstrap replicates were analysed. 



Fungal Expression Vector Construction 

Main molecular methodologies were carried our as described in chapter 2. The entire 

pvPDXI cDNA, including 3' and 3' unnanslated regions were cloned into the 

pB-4RGPEi fungal expression vector (Figure 5.2: Generously provided by M. 

Ehrenshak North Carolina State University. Pall and Bmelli. 1993). This vector has an 

Aspergillus nidulanr gpdA promoter and npC terminator flanking the polylinker region 

and an Ignitehasra resistance (bar) gene for selection after fungal transformation. It has a 

pbC origin of replication and confers resismce to ampicillin which allows for vector 

construction in E. coli. The pvPDXl gene was cioned into the vector in a hvo-step 

cloning procedure. pvPL)XI was digested with EcoRI and Xho[ yielding nvo fra-ments 

(2831 1Wlbp). Both fragments were elecrrophoresed on a 0.8% agarose gel and isolated 

by gene clean methods. Tbe pBARGPEl vector was also digested with EcoRI and XhoI 

and isolated. The digested vecror and the EcoRVXhoI fra-ment (283bp) were ligated by 

standard techniques and used to transform competent XL1-Blue MRF' E. coli in a 1:6 

ratio. CeiIs were plated on LB plates containing lOOuglmL ampicillin and grown 

overnight at 37°C. Putative positive colonies were grown in 2mL LB broth overnight at 

370C and piasmid DNA was isolated using the mini-prep protocol described previously. 

Positive clones were determined by digestion with EcoEU and XhoI and visuaIization by 

erhidium bromide staining after electrophoresis on a 0.8% agarose gel. One positive 

clone was digested -%hXhoI and ligated with rhe XhoVXhoi fia-gment (1041bp) from the 

original digestion of the pvPDXf clone. Competent E. coli was transformed and positive 

clones were determined as before. 
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Figure 5.2: Graphical representation of the pBARGPEl fun_@ expression vector (Pall 

and BruneUi. 1993). 



Correct orientation of the XhoI fragment was confirmed by PCR using HEVlF and 

HEVlR primers (94OC for five minutes foilowed by 34 amplification cycles at 94°C 

.'56"C :72OC for one minute each. followed by a final extension reaction at 7Z0C for five 

minutes). Amplification of a fragment of the e-xpected size (-lkb) confirmed the second 

insertion was in the correct orientation. This complete construct was then used to 

transform null PDXl mutants of C. nicorianae. 

Complementation of null PDXl mutants of C. nicotianae 

Xli manipulanons of C. nicorianae mutants were carried out by M. Ehrenshaft ar North 

Carolina State Universip-. Basic methodologies are included here for compIeteness C. 

nico~nae  wiId rype (strain ATCC#18366) was maintained in the dark at t8OC on malt 

media (15g Difco malt extract. 3g peptone. and 9g agar per liter:  MS. 1985). The C. 

nicotianae PDXl null mutant (97141) was generated by targeted gene replacement 

(Ehrenshaft er aL, 1998). The pvPDXlipBARGPE1 construct was used to nansfom the 

null PDXI mutant as described by Jenns er al. (1998). The mutant was also transformed 

with an empp vector as  a control. Transformants were isoiated by their ability to grown 

in the presence of the herbicide Bialophos (50 ugml). Bialophos is a naturally occurring 

mpeptide consisting of pbosphinotbncin and two residues of L-alanine. Endo, menous 

peptidases remove the ala residues making it toxic. The bar gene product metabotizes 

Biaiophosis. Assessment of pyridoxine prototrophy was achieved by growing 

transformants on minimal media (Jem er aL. 1998) without the addition of pyridoxine. 
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Degree of Pyridoxine Prototrophy 

The degree of pyridoxine protouophp was determined by placing 7mm fungal colony 

plugs, media side down. on minimal medium containing various concentrations of 

pyridoxine. Plates were incubated for four days at 28°C in the dark after which 

the increase 1x1 the diameter of each plug was determined. 

Southern Blot ,Analysis 

Genomic DNA was isolated from primary leaves of P. vulgaris by a modified CT.U 

extraction procedure (Sambrook er aL. 1989: Chapter 2). 

Genomic DNA (60ug) was digested with BamHI. EcoRI and HindlII and electrophoresed 

on a 0.8% agarose gei ar 25mV for i6  hours. The gel was sra~ned nlth eth~dium bromide 

after elecuophoresis to ensure complete digestion. DNA was transferred to Hybond-N 

nylon membrane by capillary action with 0.W NaOH. The membrane was subsequently 

dried and baked at 80°C for 1 hour to fix DNA to the membrane. The membrane was 

prehybridized for 1 hour in 7% SDS. ImM EDTA, O . 3 M  Na2P0, (pH 7.0) and 1 9  BSA 

at 58°C. The pvPDXl clone was excised from the plasmid using EcoRI and KpnI and 

isolated kom a 0.8% agarose gel by gene clean methods. Probe synthesis and 

purification were carried out as described previously. The probe was added and 

hybridized to the membrane-bound genomic DNA overnight at 58°C . Membranes were 

washed mice with 2.X SSC containing 0.1% SDS and mice with O.2X SSC in 0.1% SDS 

before exposing to X-ray film at -70°C overnight. 



Regulation of pvPDXl in Pheolus vulgaris 

Tissue Collection and RNA Isolation 

For all experiments, tissue was collected at the times indicates. immediately frozen in 

liquid nitrogen and stored at -80°C prior to RNA extraction. Total RNA was isolated 

using the hot phenol method (Verwoerd er aL, 1989; Chapter 2). 

Total RNA (1Spglane) was eiectrophoresed at 25mV overnight on a 1.2% (wtv) agarose 

pel containing 9 . 3 9  formaldehyde. Transfer methodologies, and hybridization 
b 

conditions were as described in Chapter 2. -41 blots were probed using the pvPDX1 

cDNA clone isolated from P. rulgnris as described previously. All experiments were 

performed twice and a representative blot is shown. 

Tissue Soecific DvPDXI exmession 

Primary leaf and hypocoy1 tissue was collected from 12 day-old P. vulgaris seedlings 

g r o w  under a ldhour photoperiod (130pmoies m" s-') provided by eight4 foot 

Sylvania Gro-lw fluorescent tubes. Epicotyl. petiole and root tissue was collected from 

when plants were 20 days old. Tissue was collected from flower buds and mature 

flowers as they were produced. RNA extraction and analysis were as described above. 

Root wound in^ 

Roots of 12 day-old seedlings were removed from the soil, briefly washed, cut into lcm 

segments with a razor blade and placed in a pem plate with enough water to cover the 
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roots. Tissue was collected at O,1,3,5, 7 and 24 hours after wounding for RNA 

e-maction. Tissue was also collected at the same times from root segments placed in 10- 

'M 1-arninovinylgiycine (AVG) and from control roots from intact plants. RNA was 

extracted as before and 75ug was loaded per lane. 

Leaf Wounding 

P. vulgaris seedlings were grown for 12 days under the conditions described previously. 

Primary leaf tissue was cut into Icm discs with a cork borer and placed in a petri dish and 

incubated either with or without water. Tissue was collected 0.05, 1.2-3.5. and 7 hours 

afcer wounding for RNA extraction. D i x s  from intact plants were collected at the same 

intervals to show basal levels of expression. 

Hormone. Sinolet - Oxwen and H-0- Treatments 

Leaf discs (lcm) were floated on ddH,O in petri dishes for 14 hours prior to treatment. 

At the start of the experiment, water was drained and replaced with the appropriate 

solution in 0.1% Tweed0 [indole-3-acetic acid ( IAA 10"M), 2-aminocyclopropane-I- 

wboxylic acid (ACC l o w ,  giiberemc acid (GA,; 10dM), methy 1 jasmonate (MeJA: 

lO"M), H,O, (10"M), rose bengal (RB: lO-'M)]. Control discs were incubated in only 

0.18 Tween20 and ddHIO. Trssue was collected 0, I, 3.5.7, and 24 hours after the start 

of treatment. 



Ethvlene Measurements 

In order to determine if there was a correlation between pvPDXl expression and 

endogenous ethylene levels, ethylene was measured at the same time points as tissue 

collection for the experiments described above. Ethylene was measured using a Photovac 

10s plus gas chromatograph using the methodology of Finlayson (1993) described in 

chapter 2. 

De-etioiarion 

Phaseolus vulgaris seedlings were grown in Terra Green in complete darkness for 7 days 

prior to light treatment. Plants were then transferred to continuous white light 

(150pmoles.m'~.s*') provided by eight, +foot Sylvania Gro-lux fluorescent tubes. Root. 

apical hook and primary leaf tissue was collected for RNA extraction 0, 1.3.5.7 and 33 

hours after the beginning of the fight treaunent Control tissue was collected from dark 

gown plants at the same time intervaIs as for light treated plants. 

Sequence and Phy logenetic Analysis 

The pvPDXl cDNA isolated appean to confain the complete open reading Erame for the 

PDXI protein (Figure 53A). The cDNA is 1324bp in length, inciuding the 5' and 3' 

untranslated regions. Analysis of digested genomic DNA indicates that pvPDXl is likely 

a member of a gene fanay in P. vulgaris that has at Ieast one other member (Figure 5.4). 
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Figure 5.3: (A) DNA sequence and deduced amino-acid sequence of pvPDXl 

from P. vulgaris. (B) Partial restriction map of pvPDXl showing unique sites 
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Figure 5.4: Southern Blot anaiysis of pvPDX1 in P. vulgaris. 

B=BmHI. E=EcoRI. H = H i d  
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The predicted PDXl protein is 312 amino acids in length and has a theoretical molecular 

mass of 33.4 kDa and a pI of 5.78. It has no recognizable motifs or transmembrane 

domains. 

The pvPDXl sequence shows the greatest similarity to HEVER from H. brasiliensis, A37 

from A. thaliana and Stellaria longipes (H47) (Figure 5.5). The pvPDXI cDNA also 

shows strong similarity to genes found in all phylogenetic domains described by Woese 

et al, (1990: Figure 5.5, Table 5.1). Protein sequence alignment (Figure 5.6) shows 

seven1 regions where amino acid sequence is highly conserved (as indicated by shading 

and boxes) although no known function can be assigned to these regions. There is one 

major gap noted in the amino acid ali-merit from amino acid 200 to 230. . h i n o  acids 

in this regions are absent from all but four archaeabacterial species. P. horikoshi. P. 

abysi,  A. fulgidus and M. jannaxhi. Sequence information can be found in Table 5.1. 

Phylogenetic analysis of protein sequences show that pvPDX1 and other plant 

ortholopes are most closeiy related to the fungi, S. pombe. E. niduhns. and C. 

nicohnae (Figure 5 5 ) .  These eukaryores are then most sirniIar to other eukqotes  

including a primitive animal S. domuncuta (sea sponge). Phylogenetic analysis using the 

PDX1-Iike g e n e  indicates that eubacteria are more closely related to eukaryotes than 

archaeabacteria (Fiewe 5 5 ) .  









Figure 5.6: Sequence alignment of pvPDXl from P. vulgaris with orthoIogous PDX- 

like genes. ldenticai amino acids are shaded and consented substitutions are shaded. 

The thatched line at the bottom of !he ali-enment indicates sequences removed prior to 

phylogenetic analy sin 
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Complementation of the PDXl Null Mutant of C. nic&nae 

PDXI n d  mutants of C. nicotiunae transformed with thepvPDXlJpBARGPE1 construct 

were able to grown on media without additional pyridoxine (Figure 5.7). The expression 

of pvPDXl did not completely revert the nuIl murant to prototrophy as growth was not as 

vigorous as the wiId type. 

The expression ofpvPDXl/pBARGPEl in C. nicotianae significantly increased the 

degree of pyridoxine protouophy (Figure 5.8). The pvPDXl expressing transformants 

were clearly able to grow without pyridoxine. Neither the original null mutant nor the 

mutant transformed witb vector were able to grow on media without additional 

avridoxine. . - The addition of small amounts ( IngmL) of supplementap pyridoxine 

allowed both the pvPDXZ-expressing and the vector transformants to grow. At low 

concentrations of pyridoxine. pvPDXl sti l l  showed a greater degree of growth than vector 

controls. At 10 ngml the pvPDXl transformants do not grow as well as either the vector 

transformants or the original nu11 mutant (data not shown). 



figure 5.7: Growth of C. nicotianae wild type. pdxI nuli. nullcpBARGPE1 

vector and nuil+pvPDXLipBARGPEl on minimal media without pyridoxine. 
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I a peARGPEl veaor only 

Figure 5.8: Growth of C. nicotianae PDXl null mutant transformed with 

pBARGPEI, P. culgaris pvPDXlipBARGPE1, or C. nicutianae 

PDXl/pBARGPEl. Growrh of fungal nansfomants is expressed as  a 

percentage of wild-type growth. 
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Expression of pvPDX1 

As shown in Figure 5.9, pvPDXl is present in all tissues analyzed but is most abundantly 

expressed in mature roots. The expression of pvPDXl in control roots shows an increase 

with time in control roots. Wounding roots of 12 day-old Light grown seedlings either in 

the presence or absence of AVG causes a slight reduction in -A accumulation 

compared to conuof roots (Figure 5.10). On the other hand. wounded leaves show an 

upregulation of pvPDXl mRNA within nvo hours when incubated with water (figure 

5.1 1). Expression levels decreased in both control leaves and wounded [eaves incubated 

without water (Fieme 5.12). Ethylene biosynthesis initially increased to the same de-gee 

in both wounded discs and wounded discs incubated on water (Figure 5.13). Within two 

hours of wounding, ethylene levels in wounded leaves incubated on water remrned to 

near control levels while ethylene production of discs incubated without water was 

maintained at a higher level for the remainder of the times tested. 

Treament of leaf discs with 10aM ACC caused a Sfold increase in ethylene production 

after ody 1 hour of treatment (Figure 5.14). Ethylene production rose to a maximum 

after 5 hours of treatment. The level of pvPDXl expression slightly increased 3 hours 

after -4CC appIication and then returned to basal levels (Figure 5.15). 



Figure 5.9: Tissue specific expression of pvPDX1 in P. vulgazis. The top panel is a 

Northern blot as a measure of pvPDXl expression. The bottom panel shows 

ethidium bromide staining of ribosomal RNA bands. 

(R=Root. H=Hypocotyl, E=Epicotyl, lOL.=Prirnary leaf, 2OMecondary leaf, 

P=Petiole. B=FIower bud. F=Mature Flower) 









T i e  (hours) 

Control 

Wounded dry 

Wounded warer 

Figure 5.13: The effect of different wounding ueaments on ethylene production 

of P. tuigaris primary kaves. Bars indicate standard error of the mean. 
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Figure 5.14: The effect of lo4 M ACC on ethylene production of P. ~ulgaris 

prima? leaf discs. Bars indicate standard enor of the mean. 
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Leaf discs treated with 10"M MeJA showed increased ethylene production with' in one 

hour of treatment but this level falls to near conuol values within 5 hours (Fi-we 5.16). 

Methyl jasmonate induced the expression of p P D X l  and reaches a maximum, 3 hours 

after hormone application (Fi-we 5.17). Incubation of leaf discs in 10-6M IAA also 

increases ethylene production (figure 5.18) but did not change the level of pvPDXl 

expression (Figure 5.19). Gibberellic acid ueatment caused a depression of ethylene 

IeveIs (Figure 5.20) but induced a si-@cant increase in pvPDX1 expression within one 

hour of treatment (Figure 5.21). Expression increased to a maximum 3 hours after 

treatment and declined thereafter. 

Treatment with H1O, caused a mnsienc rise in ethylene levels to a mavimum after 3 

hours (F ipre 5.22) but caused no change in pvPDXl expression (figare 5.23). 

Conversely. ueatment with RB caused a dramatic increase in ethylene production within 

1 hour (Figure 5.24). Ethylene production peaked after three hours but remained high at 

all times tested. The level of pvPDXl mRNA decreased after the initiation of RB 

treatment compared to controls (Figure 5.3Y). 

ne expression of the pvPDXl gene during the f is t  24 hours of de-etiolation strongly 

depends on rhe tissue analyzed. Expression IeveIs in root and leaf tissues did not change 

with light crearment (Fi-pes 5.26.5.27). However. expression in apical hook tissue 

increased after 5 hours of light treatment and then declined to basal levels thereafter 

(Fib- 5.28). 
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Figure 5.16: The effect of lo-' M MeJA on ethylene production of P. 

tuigaris primary leaf discs. Bars indicare standard error of the mean. 
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Fibme 5.18: The effect of lo4 M M on ethyiene production of P. culparis 

primary Ieaf discs. Bars indicate standard error of the mean. 
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Figure 5.20: The effect of 10" M GA, on ethylene production of P. vulgaris 

p h a q  Leaf discs. Bars indicate standard error of the mean. 
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Fiewe 5.22: The effect of lo-' M MO, - - on ethylene production of P. vulgaris 

primary leaf discs- Bars indicate standard error of the mean. 
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Figure 524: Tie effect of 10'' M rose bengal on ethylene production of P. 

vulgaris primary leaf discs. Bars indicate standard error of the mean. 











Discussion 

The evolution of aerobic metabolism created what is generally called the -oxygen 

paradox.' Although oxygen is essential for ail aerobic organisms. the concomitant 

production of AOS can cause severe cellular damage. In medical fields, AOS have been 

impiicated as causes of cardiovascular disease, aging, cataracts and cancer (HaIIiwell and 

Gutteridge, 1999). In photosynthetic organisms, the potential for cellular damage is even 

greater since the chloropIasn are producing oxygen much faster than it is being 

consumed through respiration. In Land-plants. the situation is even more complex. Whle 

photosynthesis in the chloroplasts may create a hyperoxic environment. roots of the same 

plant may be experiencing hypoxic or even anoxic conditions (Hendry. 1994). The 

immobility of plants and the potential for vastly different oxygenic environments in 

different organs under both n o m d  and stress conditions has necessitated the evolution of 

both rapid detoxification mechanisms and inter- and intra-organ signaling compounds. 

In plants. active oxygen species have been fouad to play a crucial role in neariy all stress 

responses. stomatal closure and root pvitropism (Joo er al.. 2000). By far. most 

research on AOS has focused on the superoxide radical. hydrogen peroxide and 

detoxification through superoxide dismutase (SOD). cataiase (CAT), ascorbate 

peroxidase (APX) and components of the Halliwell-Asada pathway. The antioxidant 

properties of vitamin C (ascorbate) and vitamin E (a-tocopherol) have been studied 

intensively partly due to their importance in medicine (Packer er aL, 1979). Viramin B, 

(pyridoxine) has only recenrlp been identified as a potent antioxidant (Ehredaft er aLt 
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1999a: Osmani er aL, 1999; Biiski er aL, 1000). AU organisms have an absolute 

requirement for pyridoxine and must either produce it themselves or like animals. acquire 

it through their diet (Hill and Spencer, 1996). 

The Role of pvPDXl and Other SNZ Gene in Pyridoxine Biosynthesis 

In E. coli, pyridoxine is synthesized from glutamic acid through a series of reactions 

involving pdxA/J-encoded enzymes ('Kill and Spencer,l986,1996: Lam er al.. 1990: 

Drewke er ai., 1996). The pyridoxine biosynthetic pathway has not been elucidated in 

eukaryotes but researchers believe that it follows a different pathway than the one 

currently proposed for E. coli. Evidence supporting the divergence of the pyridoxine 

biosynrhetic pathway has been put forward by Tazuya er al. (1995) who show that L- 

[amide-"Y] gutamine is incorporated efficiently into pyridoxine in S. cerevkiae but not 

in E. cok These results indicate that the initid nitrogen source for pyridoxine 

biosynthesis differs in these organisms. The recent cloning of genes required for 

pyridoxine prototrophy from Aspergillus niduiam @yroA) and C. nicoriame (PDXL) 

also suongly suggests that the pathway of pyridoxine biosynthesis is significantly 

different in eukaryotes than the one proposed for E. coli (Ehrenshaft er aL. 1999a: 

Osmani er ai.. 1999). 

The genes encoding PYROA, PDXf and pvPDX1 belong to a larger family of genes 

commonly referred to as S N Z  genes. This gene family was named SNZ because it was 

k t  characterized in stationary phase-yeast cell cultures (SNZ: stationary phaze: Fuge er 

a i ,  1994: Braun et ai.. 1996; PadilIa et ai., 1998). As noted in this paper and others 
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(Braun et a i ,  1996; Padilla et aL, 1998; Ehrenshaft er al-. 1999, Osmani et aL, 1999:). 

SNZ orthologues are found in all phylogenetic domains (Figure 55). In fact, SNZ genes 

encode the most highiy conserved proteins found to date. showing nearly 608 identity 

between eukaryotic and archaeabacterial orthologues (Padilla et aL, 1998). E. coli 

p U t J  genes are not found in organisms that have SNZ genes and similarly. SNZ genes 

have not been identified in p W J  containing organisms (Table 5.2). 

Table 5.2: Dismlution of p d .  p d d  and SNZ-like genes in organisms with partially or 

completeiy* sequenced genomes (after Ehrenshaft et al. 1999a: Osmani et al.. 1999) 

+ present. - absent. 

Organism S N Z  p W J  

Phaseolus vulgaris + - 
Arabidopsis thaliana + - 
Hevea brasiliemis + - 
Stellorin longipes + - 
Schizosaccharomyces pombe + - 
Aspergillus ntdulans + - 
Saccharomvces c e r e a e *  + - 
Escherichia coli* - 
Helico~acter pylori - 
Aquif~x aeolicus* - 
Eacillus subtilis* + 
Mycobactmenum tuberculosis + 
Synechocytis + 
Methanococcus vannielli + 
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The isolation of pvPDX2 in P. vrrlgaris and functional complementation of the C. 

nicoria~e PDXl null mutant (Figure 5.7) suggests that plants also utilize a non-E. coli 

pdvridoxine biosynthetic pathway. Expression of the pvPDX1 gene in the PDXl null 

mutant of C. nicorianae did not cause the complete reversion to wild type growth in the 

absence of pyridoxine (Figures 5.7 and 5.8). Ehrenshaft (2000) has found that the 

inclusion of 5' and 3' untranslated regions of PDX ortholopes in the expression vector 

can reduce transcription efficiency (M. Ehrenshak personal communication). We are 

cunent!y making a pvPDXI!pBMGPEI construct containing only the open reading 

frame of the pvPDX1 gene to test for this possibility. This is the first repon showing the 

functionality of SNZ genes in plants. It is hoped that further work will enabie the 

complete e!ucidation of the planr pyridoxine biosynthetic pathway. 

Phylogenetic .4naiysis of the SNZ Gene Family 

Several other points can be made from the proposed phylogenetic tree based on the 

similarity of SNZ gene products (Fib- 55) .  First. we report the identification of a SNZ 

gene within the animal kingdom. fiom the primitive metazoan Suberires domuncula 

(Krasko et aL. 1999). S. domwrcuh is a member of the phylum Porifera (sea sponge) and 

is a representative of the phyiogenetically oidest animal group that shares a common 

ancestor with multicelluiar organisms (Krasko er a l ,  1999). Strucnrrally, sea sponges 

possess elements that are found in more complex metazoans but they also have 

components of a primitive immune system s i d a r  to that found in vertebrates. They 

obtain numents mainly through phagocytosis and can accumuiate amino acids directly 

from the environment. Krasko er al. (1999) repon that the expression of the SNZ 
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orthologue in S. domrtncula (SDERR; S. domuncula gthylene Iesponse ~egulator) is 

upreguIatea by ethylene and suggest that it is at least partially responsible for mediating 

starvation induced apoptosis. The presence of this gene in S. domuncula suggests that sea 

sponges, and possibly other primitive animals are capable of synthesizing vitamin B,. 

Because animals access vitamin B6 through their diet the ability of sessile marine 

organisms to synthesize pyridoxine may be essentid given heir limited ability to access 

large amounts of organic matter. 

It is possible that the apoptotic death of ceUs in S. domuncula resulting from nutrient 

starvation is due to an increase in AOS. The ethylene-mediated upregulation of this gene 

could therefore be responsbIe for an increase in pyridoxine biosynthesis which may then 

attenuate active oxyen damage. 

Evolution of Two Pathways of Pyridoxine Biospnthesis 

The fact that widely divergent organisms have highly consenred SNZ onhoiopes 

indicates that the function of these genes is likely absoluteiy essential for the organisms 

survival. W e  the function of all of these genes has not been demonstrated. the high 

degree of similarity that they share and the ability of pvPDXl to complement the PDXl 

null mutant of C. nicoria~e,  strongly suggests that they are involved in pyridoxine 

Siosythesis. The presence of two independent pathways for pyridoxine biosynthesis in 

bacteria likely reflects a deletion of SNZ genes from progenitors of E. cob rather than 

two separate evolutionary pathways. If the two pathways resulted from two independent 

evolutionary events, one would expect a phylogenetic tree tike the one presented in figure 
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5.29A. This type of evoiutionary pattern is much less likely than the one presented in 

figure 529B, where bacteria separate into two classifications based on the pathway of 

pyridoxine biosynthesis. This would then suggest that the @uramic acid pathway found 

in E coli arose because of a single event that effectively replaced the SNZ pathway. 

Figure 539: Possible phyiogenetic reIationships of major classifications based on 

possible evoIutionary changes in pyridoxine biosynthetic pathways through either (A) 

independent evoiution or (B) ShZ gene deletion. Adapted from Woese er al. (1990). 

Regulation of pvPDXl by Wounding 

..& previously mentionedT IinIe is h o w  about the regulation of SNZ gene transcription. 

In yeast, SNZ proteins have been shown to increase during stationary phase and as a 

result of nuerient starvation (Braan er aL, 1996; Padilia er aL, 1998). The uprepiation of 
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SNZ genes at these points can be considered as being developmental as well as a result of 

stress conditions. In pIants, SNZ mRNA expression has been shown to be influenced by 

wounding, ethylene and salicylic acid (Sivasubramaniam et al., 1995). In P. vulgaris. 

pvPDXl mRNA accumuiation is stimulated by wounding, but only in certain 

circumstances. Mechanical wounding of young roots did not change pvPDXl expression 

when incubated in the presence or absence of AVG (Figure 5.10). On the other hand. 

wounding of leaf tissue did induce a rapid increase (within 1 hour) in pvPDXl expression 

(Figure 5.11). The increase of pvPDXl mRNA was not observed in leaves that were 

incubated without water (Figure 5.12). The induction of pvPDXl expression in this 

exam~le cannot be explained based on the severity of the wound response since both 

tissues have a similar initial increase in ethylene production. which is a good indicator of 

the severity of wounding (Figure 5.13). Furthemore, leaf discs incubate uithour water 

show higher leveis of ethylene over a prolonged period of time compared to those 

incubated with water. These results may indicate that stress induced by both wounding 

and drought may be too severe for an upregulation of pvPDXl expression. It may also 

indicate that active metabolism is required for wound stimulated pvPDXl mRNA 

ammulation in leaves. 

Regulation of pvPDXl by Phytohorrnones 

The uamaipt level of pvPDXl was also influenced by hormone application. A slighi 

increase inpvPDX2 mRNA was observed with treatment with ACC (Figure 5.15) and 

lMeJA (Figure 5-17). The increase in expression follows the initial burst of ethylene 

caused by each of these treatments (Figure 5.14 and 5.15). The ethylene-mediated 



accumulation of SNZ mRNA has also been observed by Sivasubramaniam et ai. (1995) 

in H. brusiliensis and Krasko et ai. (1999) in S. domuncula. Regulation of SNZ 

orthologues in archaeabacreria also suggests a connection with ethylene. However. 

regulation ofpvPDXl transcription exclusively by ethylene is not supported by GA, 

ueatmenr, which causes a clear increase inpvPDXl transcript levels (Figure 5.21) but a 

decrease in ethylene production (Figure 5.20). Also, treatment with IAA. which 

stimulates ethylene production (Figure 5.18), does not cause an increase in pvPDXl 

transcripts (Figure 5.19). 

These resuits suggest four main possibilities: ( I )  the link between SNZ genes and 

ethylene is correlative rather than causal, (2) pyridoxine is at high enough basal levels to 

attenuate stress caused by hormone treatments. (3) the production of ethylene alone is not 

enough ro stimulate pvPDXl transcription or m M A  accumulation or (4) the second gene 

suggested by southern anaiysis may be more responsive to some or all of these signals. 

While a.U of these suggestion are plausible. it has been shown in many systems that the 

effects of exogenous ethylene varies greatly depending on the developmental and 

environmental status of the plant. Furthermore. the excision of the leaf tissue from the 

plant may !imit the availability of substrates or cofactors required for gene activation and 

transcription. The results of this study suggest that ifpvPDXl transcription is re-dated 

by ethylene, ir is likely far downstream of actual perception and is dependent upon a 

number of other. yet undefined, facton. 
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Of the hormones studied, gibberellic acid caused the greatest increase in pvPDXl 

expression (Figure 520). GibbereUins are not typically considered to be inte-pxl 

components of wound signal transduction. They have been implicated in many 

developmental events including germination, cell elongation. flowering etc. The 

repiation of pvPDXl by GA, may point to an important deveiopmentai role for 

pyridoxine. 

Pyridoxine and Active Oxygen Species 

In plants, there have been no reports of increased pyridoxine as a result of stress 

conditions but results fiom fungi indicate that it plays an essential role. The recent work 

of BiIski er a!. (1000) and Osmani et al. (1999) has shown a dear role for pyridoxine as a 

quencher of singet oxygen and the superoxide radical. Although neither of these groups 

has shown -bar an increase in AOS -ugh photosensitizer application results in an 

increase in pyridoxine content, both have shown that pyridoxine is an absolutely essential 

component for resistance to '02 generating photosensitizers. The quenching of '0, by 

pyridoxine was found to be LO-foid more efficient than vitamin C and approximately 

equivaient to quenching by vitamin E which exernpIifies a previously unforeseen roIe for 

pyridoxine in active oxygen resistance (Bilski er aL, 2000). Expression of pvPDXl was 

not induced by treatment with H,O, (Figure 5.23) or the '02 generating photosensitizer 

rose bengal (figure 5-23). Given the weak inducrion by ACC and M d A  this resuit was 

not entirely unexpected. If the level of pyridoxine was already high enough to mediate 

stress imposed by these AOS, an upregdation of transcription may not be necessary. 
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Alternatively, these compounds may exert their influeace on translation and so effects 

may not be evident when looking only at mRNA levels. 

Another possible explanation for the lack of induction by lo2 may relate to 

compartmentation. The main source of '02 in plants is through unregulated electron 

uansfer and excited state chlorophyll in chloroplasts. Singlet oxygen. unlike superoxide. 

is able to pass through membranes but its half-life is only abour Ions, which makes it 

unlikeiy that is could diffuse very far from its site of synthesis (Foote et al.. 1984). It is 

then a reasonable assumption that the primary site of '0: injury is within the chloroplasts. 

Singlet oxygen acting on cell walls. plasma membranes or even cyosolic compartments 

may not be able to cause the degree of damage it would if it were located in the 

chioroplast. Clearly more work is needed to elucidate the function of the pvPDXl protein 

and to determine the role of p-vridoxine in the wound response. 

.4 Proposed Role for Pyridoxine in Plant Wound Responses 

Wounding through either biotic or abiotic mechanisms elicits a myriad of physiological 

responses. Determining the order and function of each component is a daunting task 

because each part is heavily dependent, not only on what came before but also what 

comes after. In some situations. a component of the wound response can cause celiuIar 

damage that increases its own production. as is the situation with the effects of MdA. 

This signal amplification can. if left unregulated, lead to severe ceIIuIar damage that often 

results in ceU. organ or in extreme cases, whole plant death. In the case of the 

hypersensitivity response to pathogens, cell death is an important part of the plant's 
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defense response. In this case, infected cells and the ceHs immediately around the site of 

tnfection will intentionally initiate a cell death program. The hypersensitivity response 

effectively isolates the infection and prevents it from spreading to other parts of the plant. 

Reguiarors of the wound response are needed to attenuate ana eventually stop the 

ampIification of the wound signal. While metabolic and catabolic reactions initiated by 

wounding have been under intense scrudny, how the signal is diminished and normal 

metabolism restored remains unknom-n. 

A roIe for pyridoxine in the anenuation of the wound s ipa i  can be envisaged in the 

simplisuc wound response scheme shown in Gapre 5.30. In this scheme. wounding 

causes an increase in AOS and several phytohormones. The relationship between .AOS 

and these hormones is complicated by the enhancement of the levels of one bv the other. 

if these compounds are primarily responsibie for wound signai transduction then the 

induction of pyridoxine biosynthesis may be a consequence of the wound response but 

may also be partially responsible for reducing the amptitude of the response. This 

proposed mechanism of pyridoxine action is obviously speculative but hopefully future 

work in this area will heip to elucidate its role in the wound response. 



wounding 

Wound Response 

1 
pvPDXl 

4 
Pyridoxine 

Figure 5-30: A proposed scheme for the action of pyridoxine in wound 

responses. 6 Enhancement i Repression 
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Expression of pvPDX1 During De-etiolation 

The expression ofpvPDXl &-A during de-etiolation was found to be regulated in a 

tissue-dependent manner. In roots and leaves of de-etiolating P. vulgaris. the level of 

pvPDXl &!.A remains constant compared to controls (Figures 5.26 and 5.17). 

-4lternatively, pvPDXl expression increases in apical hook tissue within 5 hours of light 

treatment (Figure 5.28). -4s mentioned previously, pyridoxine and its derivatives are 

essential cofactors in many enzymatic reactions, particularly those involved in amino acid 

biosynthesis. The process of de-etioIation results in a large increase in protein synthesis. 

An increase in pyridoxine biospthesi3 may be necessary to maintain high enough pools 

of pyridoxine so thar the increase in protein synthesis is not inhibited. However, an 

increase in pvPD,YI was only observed in apical hook tissue. While the apical hook is 

undoubtedly heavily influenced by light. the Increase in protein synthesis would be 

expected to be much greater in rapidly greening and expanding leaves. This tends to 

suggest that pyridoxine synthesized in the hook may be transported to the leaves or that 

pyridoxine is responsible for mother unknown part of the developmental program 

specific to the a p i d  hook. 

One of the major events during de-etiolation is the opening of the apical hook. .4s 

discussed in chapter L ethylene is thought to be primarily responsible for maintaining the 

apical hook in the dark and a depression in ethylene levels with Iight treatment allows the 

hook to open. Pharmacologcal and genetic evidence also shows an essential role for 

auxin in the development of the apical hook. Arabidopsis mutants that have a biock in 

either ethylene or auxin biosyathesis show reduced differential growth of the apical hook 



in dark grown seedlings (Roman er aL, 1995; Lehman er al., 1996). Furthermore, 

treatment of seedlings with NPA (2[(1-naphthalenylamino) carbonyllbenzoic acid), 

which is responsible for blocking polar auxin transport, also stops seedlings from forming 

an apical hook (Lehrnan er aL. 1996). This indicates that there is a very delicate balance 

of auxin in apical hook tissues; perturbation of IAA to either lower (i.e. in auxin 

biosynthetic mutants), or higher (by ?PA treatment) levels can stop normal apical hook 

development in dark grown seedlings. 

The production of singlet oxygen not only causes a disruption of photosynthesis through 

damage to PSfl but is also implicated in the photodestruction of plant hormones. Of the 

plant hormones, IAA is most susceptible to photooxidative damage (Brennan er aL. 

1996). Breman et al. (1996) have found that LAA inactivation by photosensitizers is 

almost entirely due to singIet oxygen mediared decarboxylarion. They further report that 

photosensitizer application reduces endogenous IAA and inhibits eion_gation growth in 

Avenn sariva coleoptde sections. The singlet oxygen-mediated destruction of IAA may 

also be responsible for initiating apicai hook opening in the presence of Light by a 

mechanism shown in figure 53  1. In this model. light treatment of etiolated plants causes 

the desmction of IAA in the apical hook. The 102 destruction of IAA destroys the 

asspetical distribution of IAA that is found in dark-grown plants (Schwark and 

Schierle, 1992). Schwark and Bopp (1993) have suggested that there is a causal link 

between the aspmetric transport of IAA and the asymmetric production of ethylene in 

the inner curve of the apical hook. The destruction of the IAA gradient by light in apical 

hooks may decrease ethylene production and allow for apical book opening. Within the 
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scheme presented in figure 531, the induction of pyridoxine biosynthesis by light may 

inhibit IAA photodestruction. This &%ition may be responsible for delaying hook 

opening until leaf development is initiated and chloroplasts are sufkientfy organized in 

order to avoid the desnvcuve photodynamic damage to the photosystems discussed 

earlier. 

CONCLUSIONS 

In conclusion, this investigation has shown the initial characterization a gene @VPDXI) 

fiom P. ~ulgaris that is likely involved in pyridoxine biosynthesis based on its functional 

characterization in C. nicorianae null mutants. The pvPDXl gene is similar to a large 

family of genes (SNZ) that are found in alI phyIogenetic domains. The mount of 

pvPDXl mRNA is increased by wounding, ethylene, MeJA and GA but not with LAA, 

H,O, or rose bengd matmenr, The pvPDXI gene is also developmentally expressed 

during de-etiolation and a scheme for its possible involvement in the delay of apical hook 

opening after light treatment has been presented. 



Chapter 6 

General Discussion 

in each of the chapter discussions, I have presented the immediate conclusions ha t  can 

be derived from the results presented as such, I will not be revisiting those discussions. 

Instead, I would like to take this opportunity ro discuss how the results presented within 

this thesis fit into our current understanding of how plants respond ro than-ghg light 

conditions. 

The concept of "pIant stress" has changed in the last twenn; years from one focused on 

the sudden onset of severe environmental conditions such as flooding, drought and 

freezing to one that encompasses neariy all. even subtle. environmental changes. This 

shift in thinking is an important one; while the study of severe entironmentaI change 

zives us an idea of extreme physiological changes associated with pIant stresses, the 
b 

study of smalI environmental fiuctuadons underscores the idea that piant form is 

dictated by a delicate balance b e m e n  environmental conditions and rhe genetic 

framework of the piant 

Light is by far the most important enviro~lenml signal in terms of plant development. 

While the obvious importance of light in photosynthetic reactions can not be overstated. 

light aiso pIays a more subde role in plant development and is responsibIe for directing 

all photomorphogenic events. Studying the uamduction of light signal is cbden_@ng 

because of the interplay between photoreceptor- and photosynthetic-mediated 

responses. Light has classically k e n  viewed as an entironmentai cue. responsible for 

directly major changes in pIant development; however, changeable light conditions can 
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also be viewed as a rype of environmental stress whose intensity, duration and quaiiry 

requires an appropriate physiolo@cal response to maintain photosynthetic rates and 

ensure successful completion of the life cycle. If the tight mnditions are viewed as a 

plant stress, then the roles of ethylene. jasmonates and AOS may be eminently important 

m signal tramduction 

.* discussed in chapter 5, light may cause developmental changes by inducing the 

production of AOS. The pathway of light absorption in etiolated or green seedlings is 

very different. In green seedlings, the majority of light is absorbed by chlorophyli and 

accessory pigments and is utilized to drive photosynthetic reactions. These energ  

reactions are reasonably stable under moderate light conditions and effectively convert 

light energy into chemical enew.  In dark-_grown seedings (never exposed to light). 

plastids are not fully differentiated and chlorophyll precursors are present in high 

concentrations. Because. these molecules are not yet appropriately organized in 

chloroplasrs. light absorption does not immediately initiate photosynthetic reactions but 

instead can result in tbe excitation of these molecules to ar! unstabIe state. The 

subsequent of energy from these molecules to molecular oxygen can produce 

an oxidative burst. In Figure 6.1. there are several major pathways for AOS production 

including the reorganization of piastid membranes, light absorption by chlorophylI 

precursors and direct stimulation through the action of plant hormones such as ethylene 

and jasrnonic acid. Further work in this area is needed to clarify sources of AOS in 

dark p w n  plant and to better characterize rhe effects of fight on AOS production. 

One mzjor objective of the research presented in this thesis was to determine how light 

iduenced the production of ethylene (Chapter 2). It was found that light causes a rapid 

increase in ethyiene production in both apical hook and primary leaf tissue. Given the 
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intimate relationship between erhylene and AOS the rapid and transient increase in 

ethylene production. concomitant with light exposure, nay be a consequence of .AOS 

production. However. Iight may have a direct influence on ethylene biosynthesis. In 

chapter 2. I have shown that light exposure causes an increase in the activity of ACC 

oxidase and presumably the metabolism of pre-existing ACC. AIthough I have 

presented some evidence that suggests that this induction is phytochrome mediated. 

further experimentation is necessary to ci- this role. Based on evidence presented 

by other researchers (Peck and Kende. 1999: Schierle and Schwark. 1988: Schwark and 

Schierle, 1992 Schwark and Bopp, 1993), tight-induced ethylene produaion in these 

tissues. regardless of the source. may play both a developrnenta1 and signalling rote. 

Severai h p t h m  can be put forward as to the physiological significance of light- 

stimulated ethylene production. In Figure 6.1. I have outlined severaI possible 

mechanisms through which ethylene may act as an early sipailing compound in 

photornorphogenic events. One possibility is that light-stimulated ethylene production. 

may be directly involved in mediating light-induced deveiopmentaI c b g e s  such as 

hook opening and leaf expansion. It is aiso IikeIy thar the transient burst of ethyIene 

observed after tight exposure initiates other components of the Light-signalling-paihway. 

Results presented by Peck et al. (1998) have shown that ACC oxidase mRNA 

accumulates on the inner curve of the apical hook in dark _porn plants. Fume work 

should elucidate the affect of Ligbt exposure on the spatial expression of ACC oxidase 

in apical hook dssue and the subsequent relationship to asymmetrical auxin transport. 



Figure 6.1: Theoretical scheme of the involvement of ethylene. jasmonates. active oxygen 

species and antioxidants (AO) in plant development and stress responses. Block arrows 

indicate attentuation of response. 
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The ability of ethylene to induce antioxidant compounds such as pyridoxine (Chapter 5) 

may have important ramifications on early photomorphogenic events. As shown in 

Chapter 5, K C  and MeJA are able to increase the expression ofpvPDXI. If. as 

proposed, this gene encodes an enzyme that is pan of the plant pyridoxine biospthetic 

pathway, an increase in its expression may resuit in an increase in pyridoxine content. 

Furthennore, because pyridoxine is a known anti0.uida.n~ an increase in its production 

may serve to ameliorate AOS. 

The action of pyridoxine has not been shown to be involved in HOzdetoxification but 

rather as a quencher of singIet oxygen. As suggested in Chapter 5. the destruction of 

singlet oxygen may be important in re-dating developmental events such as apical hook 

opening. As I proposed, pyridoxine may act to slow the oxidative degradation of IAA. 

If L4.A is ultimately responsible for the aspmeaical pduction of ethylene and. 

therefore. the subsequent maintenance of the apical hook. then an increase in pyridoxine 

may act to slow the opening of the apical hook (Figure 531). Although this may seem 

to be counter-productive, it may a d y  prove to k beneficial to the plant. Since both 

chiorophyll and chlorophyll precursors are known to be potent producers of singlet 

oxvgen. - C sIowing apical hook opening may reduce the production of singlet o.vgen in 

the primary leaves or cotyledons by reducing Iight exposure until chioroplasts are more 

completely developed. Within this scheme. fight-induced ethylene production may 

cause an increase in pyridoxine production and therefore a maintenance of apical hook 

morphology. Further work is necessary to conclusively show a role forpvPDX1 in 

pyridoxine biosynthesis in plants. Nso, the creation of overexpressing and 

underexpressing of this gene may help to elucidate the physioIogical importance of 

pyridoxine in plant tissues. Some of this work is being pursued by Dr. Marilyn 
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Ehrenshaft at North Carolina Srate University as her Iab is investigaring the possible 

involvement of h i s  gene in plant-pathogen interactions. 

The effem of AOS are typically considered to be handid to the plant, however. some 

play a positive mie in lignin biosynthesis, stornatal ciosure and root _mvimpism. In the 

case of root graviwpism. presented by Jm et ai. (2000), hydrogen peroxide has been 

found to accumulate on the lower side of a horizontally piaced root and it hypothesized 

to dire~t root growth by stisnularing ceIl wall stiffening on the underside of the root. 

The importance of H-0: in this response is also shown because H,O, supplied to the 

upper part of the root effectively du'bia the 'beravinopic response. The ~aviuopic 

bending of rooa can be likened to a p i d  hook opening, as both are caused by the 

differential eiongation of cells on one tide of the organ. If a similar scenario of H202 

action is also found during apical hook opening, then one woufd expect that in dark- 

mwn plants. H202 is specifically produced on the inner curve of the hook. Light - 
exposure wouId then cause eirher the removal of HIOZ from the inner curve of the hook 

or a _aearer production on the outer portion. Much more work is needed to more 

convincingly link physiologicd changes in AOS signalling to morphological changes 

such as apicai hook opening. 

.bother impomr component of the proposed pathway presented in Fibwe 6.1 is the 

role of JAs in the production and attenuation AOS as well as through its possible 

interacrions with ethylene. Research presented in Chapter 4 shows that .MeJA-induced 

changes to antioxidant enzymes and compou~lds is largely controlled by Iight 

Furthermore, there may be an interplay between the actions of MeJA and ethylene 

through which changes in jasmonate content may have important physiological effecn 

on both plant development and plant responses to stress. 
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The rapid rearrangement of membranes associated with chloroplast biogenesis and the 

reorganization of giyoxvsomes to leaf peroxisomes during de-etiolation will have an 

impact on JA biosynthesis rhrough both the availability of free IinoIenic acid and 

through the formation of fatty acid hydroperoxides (Figure 6.1). Following this idea an 

increase in JAs with tight exposure may directly or indirectly affect subsequent 

morphologicaI changes; unfortunately, the effect of light on JA biosynthesis has not 

beeo investigated to date and shouId be. 

The prevaiiing idea in plant mess research is that enviro~lental perturbation causes a 

shift from "normaln to an "alteredn metabolism (Elsmer et al., 1988). This concept 

negates the influence of plant stress on developmentd responses and suggests that 

repair and recovery from stress must be completed before the "normal" developmental 

process can be resumed. Within the context of the research presented in this thesis. the 

idea of "normal" metabolism is hard to pin down. The metabolism of both light- and 

dark-pwn plants is "normal" within the context of the prevailing growth conditions. 

However, the metabolism of completely dark-grown plants is not normal with respect to 

either light grown seedlings or in comparison to seedlings growing through the soil. 

On the other hand, if one considers that the metabolism within dark-grown plants is 

normal, then the alteration caused by light exposure is a stress. In tbis case. light is a 

necessary and beneficial stress or condition having a positive influence on piant 

developmenr. 

Recently, Lesham and Kuiper (1996) have put forward a hypothesis where plant stress 

responses fall under the umbrella of the *general adaptation syndrome" (GAS) 

hypothesis proposed for animal systems (Selye, 1936). The GAS hypothesis is based 

on the idea rhat different stresses can initiate d a r  adaptive responses (Selye. 1936). 
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As pointed out by Lesham and Kuiper (1996) the intrinsic vaiue of this hpthesis.  in 

terms of plant stress responses, lies in the idea that the exposure to one stress (i.e. 

drought) zan increase the tolerance to a different, subsequent stress. Within this 

hypothesis, the increase of stress tolerance is based on the upregulation of general 

signals that are utilized by multiple stress pathways. In my thesis, three components 

that have been found to be involved in all stresses studied have been addressed ethylene, 

jasmonic acid a d  active oxygen species. 
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Table 6.1: Syntoxic and catatoxic agents in plants. * indicates compounds discussed in 

ths thesis. (Adapted from Lesham and Kuiper, 1996). 

I 

Abscisic acid Superoxide dismutase* 
Jamonates* i Catalase* 
Cytokinios I I Ascorbate peroxidase* 

Osmore_dants Vitarnin E 
Wbiquitin I Vitamin C* 

Flavonoids Vitamin B,* 
Polpamines Glutathione 
Ethylene* 
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The allure of a hypothesis that allows for a generalized stress response is that plants 

grown under natural conditions are exposed to many different stresses on a daily basis. 

Thus, a mechanism for multiple stress resistance is deve1opmentalIy advantageous and is 

likely a key component of an organism's reproductive fimess (Laham and Kuiper. 

1996). Within the GAS, hormonal and non-hormonal components of stress responses 

are c l d e d  as ether syntoxic or catatoxic. Syntoxic components are responsible for 

tolerance and adaptation to stress while catatoxic components act directly on the strain 

thereby removing the stress. Lesham and Kuiper (1996) have categorized many plant 

stress compounds as shown in table 6.1. Following with the scheme presented ethylene 

can be considered a syntoxic agent while vitamin B6 W O U I ~  be a catatoxic agent. 

Considering the compounds presented in Table 6.1. it is clear that the separanon of 

syntoxic and atatolric agents is not ideal. As shown in this thesis. syntoxic agents (i.e. 

JAs. ethylene) can induce catatoxic ones (i-e. SOD. pyridoxine) (Chapters 1 and 5) .  

Furthermore. signal amplification may result from interactions between syroxic agents 

such as ethylene and jasmonic acid. 

Tbe GAS h-ypothesis proposes three distinct events following a stress (Figure 6.2a). 

Immediately following a stress event, an aim reaction is initiated. Components of the 

a l m  reacrion are not dealt with in detail by Lesham and Kuiper (1996) but presumably 

hey  shouid be rapid& produced with enviro~lental conditions. Ethylene, jasrnonates 

and AOS can be ctassified as alarm signals as they are known to be rapidly increased in 

response t wounding and are responsible for directing subsequent changes in gene 

expression. h chapter two. I dixussed the rapid increase in ethylene production in 

etiolated seedlings after light exposure, which can be likened to an alarm reaction. 
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The second phase of the GAS, involves a stage of acclimation or resistance. En this 

phase, systoxic or catatoxic compounds presumably direct a change in overaiI 

merabolism that is focused on the attenuation of the stress. One key way this may be 

achieved is through an overall reduction, or cessation, of plant growth. The find phase 

of the GAS results in plant death and is a result of prolonged exposure and the inability 

of the plant to attenuate the stress. Plant stress responses, such as drought can be easily 

fit within the h e w o r k  of this hypothesis. Because the third sbge of the stress 

response presented in @me 6.3 is often avoided because of events that take place in 

the acclimation stage. a modification of the hypothesis is required to accommodare non- 

f a d  stresses (Figure 6.2b). In the modified GAS scheme I present in Figure 6.2b. 

sues causes the production of an alarm response. which is folIowed by an acchation 

stage, Within the acclimation stage. changes in plant metabolism cause an increase in 

the plants normal Ievel of resistance. When an additional s u e s  is encountered the 

plant IS better able to attenuate it and so the alarm event will be iess severe. This type of 

scheme is thought to be responsible for events such as hardening. In the example of 

hardening, if plants were germinated and grown in a greenhouse and then immediately 

crampianted outdoors at the beginning of the _gowing season. many would be unable to 

withstand the Iower temperatures and humidities. By transferring plants to sub-optimal 

conditions for short periods of time over a number of days. plants can be successfully 

nanspianted outside in the same conditions that killed unhardened plants. Thus, an 

increase in the basal level of resistance allows plant to become resistant to environmentaI 

pernuba tions. 

One change in plant metabolism that is associated with all stresses studied thus far, is 

the production of AOS As presented in Chapter 4, JAs have a positive Muence on the 

activities of the major antioxidant enzymes and the level of some antioxidant 
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compounds. If these effects are also initiated after a s u e s  event (or in response to 

light), and are mainrained for a periods after the stress, they may play an important role 

in responses to subsequent stresses are purported in the GAS hypothesis. 

As proposed in chapter 4, it is likely that resistance to some stresses is developmentally 

programmed. As I have discussed (Chapter 4), dark-grown plants seems to contain 

high levels of many antioxidant enzymes (e.g. SOD, CAT, APX) but have few sources 

of AOS. Because Iight exposure will Likely result in a burst of AOS, a genetically 

preprograrnmed resistance to oxidative stress in germinating seedlings would be 

advantageous. 

One of the major problems in understanding responses to both chan-&g environmental 

conditions and exogenous hormones, is determining what is the primary response. This 

problem is exacerbated by the fact that the induction of most components is similar in 

h'ming. Recent work has shown that both ethylene and jasmoaic acid induce the 

uanscription of many genes. In some cases, transcription is induced by more than one 

stimulus while in others, it seems to be specifically induced by one hormone. The 

recent interest in AOS necessitates a rethinking in our current view of re_gdatory events. 

If stress (e.g. light) causes an increase in AOS before the increase in JAs and ethylene 

then many effects that are thought to be a result of homond induction. may ultimately 

be a result of AOS signabg. This is possible since the production of JA and ethylene 

can be induced by AOS. Once a s s  signals can be effectiveIy separated, a clear 

sequence ~f events can be constructed for stress responses. 
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