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ABSTRACT
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Barley cv. Perth treated with two claskes of plant growth regulators, a triazole (paclobutrazol) and two acylcyclohexanediones (trinexapac-ethyl and prohexadione-Ca) that inhibit gibberellin (GA) biosynthesis at different stages were exposed to either heat or paraquat stress. They exhibited a strong quadratic regression between height and tolerance to heat stress, with paclobutrazol-treated plants being the shortest and most tolerant. This suggested that lower GA levels enhance stress tolerance, since shoot-height is closely related to GA levels. In order to determine the role of height in stress tolerance, a cornparison of stress tolerance in barley GA-responsive ( d w f l and MC96) and GA-non-responsive (DwfZand MC90) mutants was conducted. 80th of the GA-non-responsive mutants, Dwf2 and MC90, showed damage due to



stress, although Dwf2 was significantly shorter than MC90. The dwfl mutant had one-tenth the levefs of total growth-active GAs compared to the two least tolerant genotypes, cv. Perth and Dwf2, and was the rnost stress tolerant. This confirmed that the endogenous GA level and its subsequent effect on height, was possibly a major factor in imparting stress tolerance in higher plants.
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LITERATURE REVIEW 1.O Stress Biological stress. as described by Levitt (1980),is an environmental factor capable of inducing potentially injurious strain on a iiving organism; strain being the reduced or changed physical, or chemical function. Organisms [ive in dynamic environments to which they must adapt. Animals are capable of moving from environments that are inhospitable to those that are less harsh, whereas plants must alter their physiology in an attempt to counter the imbalances created by the environmental fluctuation (Brodl, 1990). These plant responses (strains) to the severity of the environment (stress) have long been under investigation for their role in agriculture and in further understanding the functioning of the "normal" unstressed cell (Levitt, 1980). Plant species Vary in terms of their optimal environments and susceptibility to particular stresses (Jones and Jones, 1989). There are two ways plants can "resistt' stress: avoidance and tolerance (Levitt, 1980). In the former, the plant excludes the stress either partially or completely using physical, chemical or metabolic barriers. Such is the case with most instances of "salt tolerance" which are actually salt avoidance. In contrast, a stress-tolerant plant either prevents, decreases or repairs the injurious strain induced by the stress, without active exclusion (Levitt, 1980). Common examples of this are freezing, drought and heat resistance, in which the plants are acclimated, or are better equipped to withstand damage due to the stress. A third method used by plants, known as



stress evasion, involves completing the vegetative stage of their life cycle prior to the imposition of a seasonal stress such as frost (Levitt, 1980). Levitt also. described two foms of strains, or responses to stress. The first is known as elastic biological strain, where the changes in an organisrn's function due to a biological stress return to optimal levels when the stress is removed. An exarnple is the reduction in photosynthesis under low light intensities and the subsequent return to "normal" when Iight intensity reaches the optimum level. The second is a plastic biological strain, which is a permanent change in plant function such as. after exposure to extrerne temperature (Salisbury and Ross, 1992). Several aspects of the responses of plants to the different stresses and of the stresses themselves indicate general principles (Jones and Jones, 1989). For instance, salinity, freezing, and water deficits may act, at least partly, through reduced water uptake in plants (McKersie and Leshem, 1994). There is substantial evidence that plants respond to very different stresses



in similar ways, for example altering cellular osmotica for adaptation to drought and salinity, as well as to confer protection from temperature extremes (Jones and Jones, 1989). The development of cross protection, whereby exposure to a certain stress causes a degree of hardening such that plants become more tolerant to other stresses, provides more evidence that general principles exist among different stresses and subsequent plant responses (Jones and Jones, 1989).



1.lTypes of Environmental Stresses Stressful environments are often characterized by the occurrence of more than one stress simultaneously (Austin, 1989). Though there are similarities between the various stresses, the types ofstresses that have been welt described include those caused by low and high temperature, either a lack of, or excess water, free radicals, salt and environmental pollution (Levitt, 1980; McKersie and Leshem, 1994). Stress caused by high temperature (heat) and free radicals (oxidation) will be described in this thesis. 1.?A Heat stress



Heat stress cornmonly occurs during plant growth and development and can be responsible for major yield losses in crop plants (Kraus et al., 1995b). However, heat stress is difficult to evaluate in absolute terms since it is dependent on the optimal temperature range for normal growth and development of species, as well as on the duration the organism is exposed to the stress (Levitt, 1980). Furthermore, heat stress is usually closely associated with water stress, generally considered a secondary stress, caused by increased transpiration rates and eventual dehydration (Levitt, 1980). However, numerous studies conducted under conditions of optimal water supply have provided conclusive evidence that heat stress is an independent syndrome (McKersie and Leshem, 1994). The most extensively characterized stress response is that produced by a heat shock, i.e. exposure to supraoptimal temperatures (5 to 10°C above normal growth temperatures) for a period between 15 min and a few hours (Brodl, 1990).



Plants that can withstand high temperatures are termed therrnotolerant, though rnost higher plants can tolerate up to 40°C (Levitt, 1980). There is hardly a physiological process that is not affected by heat stress, and the basic



subcellular and molecular damage produced include enzyme denaturation, alteration of membrane phase and fluidity, and unfolding of nucleic acids (McKersie and Leshem, 1994). Optical and electron microscopy point to cellular membranes as the locus of injury, with the chloroplastic membrane being the most susceptible (Levitt, 1980). Thermotolerant plants have developed mechanisms to counter these effects. These mechanisms include; modified photosynthetic systems to avoid photoinhibition and free radical damage (Sopher et al., 1999); altered membrane (Paliyath and Fletcher, 1995a) and protein structures (Brodl, 1990); synthesis and targeting of heat shock proteins (HSPs) in cells (reviewed by Viswanathan and Khanna-Chopra, 1996; Waters et al., 1996; Nover and Schraf, 2997) and increased evapotranspiration to reduce leaf temperature (Booker, 1991). A recent study by Gong et al. (1997) revealed that the acquisition of thermotolerance is also induced in part by extracellular ca2+that crosses the plasma membrane into the cell and mediates intracellular calrnodulin.



1.1.2 Oxidative Stress



A cornmon effect of many environmental stresses is to cause oxidative damage (Smirnoff, 1998). Oxidative stress results from the creation of active oxygen species and when this reaction is dependent on light, the resultant stress is termed photooxidation (Foyer et al., 1994). Many reactive oxygen species,



such as ozone, singlet oxygen, hydroxyl radicals, and organic oxyradicals, have been implicated in damage to plant organs and biopolymers such as chloroplasts, cell membranes, proteins, and DNA (Larson, 1995). However, even under optimal conditions, many metabolic processes, especially the photosynthetic electron transport system, produce active oxygen species (McKersie and Leshem, 1994). Furthermore, activated forms of oxygen are important in the biosynthesis of organic molecules, polymerization of cell wall constituents, detoxification of xenobiotics and in the defense against pathogens (McKersie and Leshem, 1994). Under non-stressful conditions the production and destruction of these active oxygen species is carefully regulated (Foyer et al., 1994). However both natural stresses such as heat and chilling, and anthropogenic stresses such as herbicides (paraquat) and air pollutants (ozone and sulphur dioxide) provoke increased production of toxic oxygen derivatives,



which can ultimately lead to a loss of function and tissue destruction (Foyer et al., 1994). Oxygen radicals cause lipid peroxidation, protein cross-linking and inactivation, and mutations in DNA (McKersie and Leshem, 1994). The principal defenses against these reactive molecules and free radicals in plants include detoxifying enzymes known also as antioxidants, such as catalase, peroxidase and SOD, and lower molecular weight secondary products, including phenolic compounds, carotenoids, nitrogenous and sulfur-containing materials with antioxidant activity (Larson, 1995). Numerous studies using transgenic plants that overexpress genes for antioxidant enzymes such as SOD (McKersie et al., 1999; and Van Breusegem et al., 1999) and ascorbate



peroxidase (Wang et al., 1999) report that these plants are more toierant to a variety of stresses. Hence, the use of transgenic plants to probe the role of the antioxidant systern continues to be an important approach in understanding and countering oxidative stress. The uncharted area of signal transduction in relation to oxidative stress is also beginning to attract attention (Smirnoff, 1998). 1.2 Role of hormones in stress



Various environmental stresses cause changes in the content of hormones in plants (Lehmann and Vlasov, 1988). Plant hormones are a group of naturally occurring, organic substances, which influence physiological processes at low concentrations either in distant tissues to which they are transported or in the tissue where synthesis occurred (Davies, 1995a). There are five classical plant hormones, which are al1 relatively simple molecules, and they include auxins (primarily indole-3-acetic acid - IAA), gibberellins (GA), cytokinin, ethylene and abscisic acid (ABA) (Kende and Zeevart. 1997). Due to their structural simplicity, plant hormones, unlike animal hormones, are not specific enough to match the variety of controlled reactions and it has been argurd that there are other controllers involved in developrnent (Canny, 1985). Contrary to this, it has been suggested that, in fact, hormones only provide a "turn on" or "turn off' signal and that the actual information is provided by the cell (Firrt, 1985). This scenario is similar to that of calcium, which is now thought to be an intermediate in some hormonal responses (Davies, 1995b). The two hormones for which there is consistent evidence for endogenous regulation in response to environmental stress are ABA and ethylene (Gianfagna



et al., 1992), however the other three are also implicated in stress response (Levitt, 1980). In 1979, a novel growth regutating steroidal substance calIed brassinolide was isolated from rape (Brassica napus L.) pollen, and since then a large number of related steroids have been isolated and identified from various plant sources including angiosperms, gymnosperms and alga (Moore, 1989). Brassinosteroids promote stem elongation, inhibit root growth and development, and promote ethylene biosynthesis and epinasty (Davies, 1995a). Furthermore, they have been implicated in stress tolerance (Clouse, 1996; Xu et al., 1996; and Khripach et al., 1999). A recent study by Ohaubhadel et al. (1999) provides evidence that brassinosteroids increase basic thermotolerance in Brassica napus and tomato seedlings. Brassinosteroids have now been added to the list of plant hormones (Khripach et al., 1999) 1.2.1 Abscisic acid



ABA was first described in 1965 when two independent investigations, one on the cause of leaf abscission (F. T. Addicott, University of California, Davis) and the other on bud dormancy in woody plants (P. F. Wareing, University College of Wales at Aberystwyth), converged (Moore, 1989). It has long been considered an inhibitor due to its role in abscission, dormancy and reducing shoot elongation, however evidence has accumulated to support a promoter role such as in inducing protein synthesis in seeds and to sorne degree in the defense against insect attacks (Davies, 1995a). ABA is transported in both the xylem and the phloem (Davies, 1995a).



Figure 1. The isoprenoid pathway, which generates animal (a), insect (i), plant (p) and fungal (f) products, is derived from five-carbon (C-5) units (Adapted from



Fletcher et al., 2000). The classical acetate / mevalonate pathway for the production of isopentenyl pyrophosphate (PP) occurs in the cytosol. However, the alternative pathway occurs in the plastids of eubacteria, green algae and



higher plants (Adapted from Lichtenthaler et al., 1997).
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The integration of genetic, rnolecular and biochemical approaches has onIy recently elucidated the complex biosynthetic pathway for the simple ABA molecule (Kende and Zeevart, 1997). ABA is a sesquiterpene (C-15) i.e. it contains three isoprene (C-5) units and is a product of the isoprenoid pathway (Figure 1) as are other hormones, including GA (Moore, 1989). In higher plants, ABA is derived from the cleavage product of the C-40 isoprenoid, all-transviolaxanthin (Walton and Li, 1995). A direct pathway from the C-15 isoprenoid, farnesyl pyrophosphate has been described in the fungal species Cercospora, however this pathway does not appear to function in higher plants (Walton and Li, 1995; and Cowan et al., 1999). Violaxanthin is cleaved to form one C-15 compound, 9'-cis-neoxanthin, which is then cfeaved to form xanthoxin, which is then converted to ABA, and al1 these reactions are catalyzed by dioxygenases (Figure 2) (Kende and Zeevart, 1997; and Cowan et al., 1999). The site of xanthoxin synthesis is thought to be the chloroplasts of mature leaves and its final conversion to ABA occurs in the cytoplasm (Parry and Horgan, 1992). ABA is inactivated by conversion to phaseic acid (PA) by the cytochrome P450mediated monooxygenase, ABA 8'-hydroxylase, located in the cytoplasrn (Figure



2) (Walton and Li, 1995). ABA levels rise and fall drarnatically in several kinds of tissue in response to environmental and developmental changes (Walton and Li, 1995). Recently the focus of plant hormone research has shifted to the intracellular signaling processes that translate hormone perception into genetic, metabolic and developmental change (Jackson, 1997). ABA acts synergistically with ~
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Figure 2. Putative biosynthetic pathway for abscisic acid (ABA), from C-40 alltrans- violaxanthin, showing the possible sub-cellular compartmentalization of the



reactions. Adapted from Parry and Horgan (1992)and Walton and Li (1995)



inhibiting stomatal opening and is known to have a direct effect on membrane permeability (Owen, 1988). The increase in permeability allows more ~



ato +



enter the ceII where it functions as a secondary messenger (Gong et al. 1997). hence indicating that ABA may have a wider physiological role in signal transduction (Owen,1988). Furthermore, there is considerable evidence, which suggests that ABA acts as a 'stress hormone' involved in acclimation to a wide range of stresses (Jones and Jones, 1989). It is associated with tolerance to drought, chilling, freezing, salt and heat stress (LaRosa et al., 1985),al1 of which cause a water deficit in the plant (Levitt, 1980). However, the involvement of



ABA in water stress goes beyond that of stornatal closure (Farquhar et al., 1989; and Slovik and Hartung, 1992). It is also associated with increased cellular levels of amino acids especially proline, an osmoticum, implicated in plant tolerance to cold, drought and salinity (LaRosa et al., 1987; and Churchill et al., 1998). In addition, ABA mediates changes in membrane stability and phospholipid composition, as well as in the modification of gene expression at the transcriptional level (Owen, 1988). Recent evidence suggests that ABA up regulates expression of the genes responsible for peroxidases in sweet potato (lpomoea batatas L.) (Kim et al., 2000).



To utilize this effect on stress tolerance, ABA levels can be up regulated using either chemical analogues that are more persistent than natural ABA (Abrams et al., 1997),or inhibiton of the monooxygenases involved in ABA metabolisrn (Fletcher et al., 2000). Chemicals used to regulate the levels of cytokinin and GA also affect the levels of ABA, since ABA is antagonistic to both



~



of these hormones (Moore, 1989; and Cowan et al., 1999). The antagonistic characteristic of ABA to GA is well known in the regulation of a-amylase synthesis and secretion in barley (Hordeum vulgare L.) aleurone layers and it has recently been suggested that the balance between GA and ABA is important in stress tolerance (Vettakkorumakankav et al., 1999).



2.0 Gibberellins Gibberellins (GAs) are a class of plant hormones that are involved through out the life cycle of plants, influencing germination, development, maturation, and environmental response (Hedden and Kamiya, 1997). Research on GAs originally began with the work of E. Kurosawa on the cause of "bakanae" disease in rice (Oryza sativa L.) (Tamura, 1991). The discovery that GAs are a aatural product of higher plants was made independently in 1956 by C. A. West and B. O. Phinney, and Margaret Radley (Moore, 1989); since then over 121 GAs have been isolated from plants and fungi (Hedden, 1999). Numerous reviews on the various aspects of GAs have been published, including a comprehensive review



by Hedden and Kamiya (1997) on the enzymes and genes involved in GAbiosynthesis and their regulation, which has since been updated by Hedden (1999) and Yamaguchi and Kamiya (2000).



2.1 Physiological roles of GA



The range of processes regulated by GAs covers al1 aspects of the life history of plants, frorn seed germination to vegetative growth and flowering (Ritchie and Gilroy, 1998). The effect of GA on the germination of barley has



been known since the 1960s, when it was demonstrated that application of GA3 replaced the embryo signal required by barley endosperm to produce the hydrolytic enzyme a-amylase (Chandler, 1992). It is now known that the production of a-amylase in other cereals is also under hormonal regulation, with GA stimulating the synthesis and secretion of a-amylase and ABA reversing this effect (Jacobsen et al., 1995). Evidence from barley caryopses suggests that the induction of a-amylase biosynthesis is caused by the physiologically active GAs, primarily GA1 and GA3, either derived from stored GA-precursors or frorn the conversion of a physiologically inactive GA (Grosselindemann et al., 1991). This is supported by the demonstration that inhibition of de novo synthesis of GA in the embryos, which occurs at least 24 h after the onset of imbibition, does not affect a-amylase production (Jacobsen et al., 1995). GA diffuses from the embryo, particularly the scutellum (Appleford and Lenton, 1997), to the aleurone cells where it interacts with yet to be identified external perception sites on the cell membrane (Ritchie and Gilroy, 1998). Once the receptors are activated, they trigger the GA signal transduction network that includes components such as calmodulin, GTP-binding proteins and protein kinases (Bethke and Jones, 1998). At this point, various genes are either suppressed or promoted, as well, there is a proliferation of ER and golgi membranes to assist in transportation of synthesized GA (Jacobsen et al., 1995; and Ritchie and Gilroy, 1998). It has been suggested that the de novo GA-synthesis that occurs in the embryo after imbibition is directed towards shoot elongation (Grosselindeman et



al., 1991). The effect of GA on shoot elongation is clearly demonstrated by exogenous applications of GA3 to plants that are responsive to GA (Chandler, 1992). The mechanism by which GA causes shoot elongation is by stimulating both, cell division and enlargement, the former being more common in younger cells, and the latter in older cells (Moore, 1989). In pea (Pisum sativum L.) shoots, the level of synthesizing activity of the first committed precursor of GA biosynthesis is directly correlated with elongation and this confirms results for other species (Moore and Coolbaugh, 1991). GA is now known to increase the level of activity of the enzyme, xyloglucan endo transglycosylase (XET), which is believed to be important in cell expansion and organ growth (Maheshwari, 1999). Biosynthesis of GA after germination occurs in various tissues, including the tips of shoots, as well as in the cytoplasm and chloroplasts of leaves (Moore, 1989; and Lichtenthaler et al., 1997). GAs are also involved in the initiation of flowering, inducing male sex expression in flowers and parthenocarpy in some plant species (Takahashi et al., 1986). Application of GAs to long-day (LD) requiring plants and those LD plants that require vernalization induces flowering in the absence of either of the requirements (Takahashi et al., 1986). Induction of flowering by GA is not only due to the initiation of stem bolting that often follows fioral initiation, but is also in the induction of the processes perse (Pharis, 1991). It is interesting that different GAs have differing effects on the various processes that they are implicated in, an example being that the GA involved in shoot elongation (GA,) is not as effective as GA4 and GA7at initiating flower developrnent in certain



Figure 3. Gibberellin (GA) biosynthesis pathway frorn isopentenyl diphosphate to the inactive GAs, G& and G b . The growth-active GAs are GAi, G&,



G& and



GA7. The non-19hydroxylation pathway consists of GAl2 to G&, whereas GAs3



to GA1 constitute the eariy 13-hydroxylation pathway. The enzymes involved in each of the sections demarcated by horizontal lines are indicated on the left of the figure. Multiple steps in a reaction are indicated by a dotted line ( - ), whereas a dashed line indicates a proposed step ( ---- ) Adapted from Hedden and Kamiya (1997) and Hedden (1999).
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2.2 GA biosynthesis and metabolism GAs are tetracyclic diterpene carboxylic acids that possess an entgibberellane skeleton and are derived from the isoprenoid pathway (Figure 1) (Sponsel, 1995). There are a nurnber of reviews on the biosynthesis (Hedden, 1999; and Hedden and Kamiya, 1997), regulation (Yamaguchi and Karniya, 2000), signaling (Bethke and Jones, 1998) and molecular biology (Lange, 1998) of GA. The synthesis of GA can be divided into three stages depending on the enzymes that catalyze the reactions: the enzymes are terpene cyclases, cytochrorne P450-dependent rnonooxygenases and 2-oxoglutarate-dependent dioxygenases (Yamaguchi and Kamiya, 2000). This division also reflects their subcellular compartmentalization (Lange, 1998). Terpene cyclases are involved in the cyclization of the tetraterpene geranylgeranyl diphosphate (GGPP) to the first cornmitteci gibberellin precursor ent-kaurene (Figure 3) (Sponsel, 1995). GGPP is a direct product of isopentenyl diphosphate (IPP), which was initially considered a product of mevalonate, however it is now believed to be derived from glyceraldehyde-3-phosphate (GAP) and pyruvate via the 1-deoxyxylulose pathway (Figure 1) (Lichtenthaler et al., 1997). The conversion of GGPP to ent-kaurene is a two-step process: the conversion of GGPP to copalyl diphosphate (CPP), which is catalyzed by CPP synthase (formally ent-kaurene synthetase A), and the production of ent-kaurene from CPP, catalyzed by ent-kaurene synthase B (kaurene synthetase B) (Sponsel, 1995). These reactions occur in the proplastid of meristernatic tissue



but not in mature chloroplasts of pea and wheat (Tntcum aestivum L.) (Lange, 1998). The genes encoding CPP synthase have been cloned from Arabidopsis thaliana, Pisum sativum (pea), Zea mays (rnaize), and Phacosphaeria sp. and those for ent-kaurene synthase B have been cloned from Cucurbita maxima (cucurnber) and Phacosphaeria sp. (Hedden and Kamiya, 1997; Lange, 1998; and Hedden and Proebsting, 1999). The next stage in GA biosynthesis is the conversion of ent-kaurene to the first GA, GAl2-aldehyde (Figure 3). This is a multi-step process involving the oxidation of the methyl group on C-19 of ent-kaurene to form ent-kaurenol, entkaurenal, ent-kaurenoic acid, ent-7a-hydroxy-kaurenoic acid and finally GAl2aldehyde (Sponsel, 1995). GAiraldehyde is first oxidized at C-7 to give the dicarboxylic acid GA12, which is then oxidized at the C-20 methyl group giving the GAl5 and G k 3 open lactone forms (Sponsel, 1995; Hedden and Kamiya, 1997). The reactions up to the formation of GAl5 and GA53are catalyzed by microsomal monooxygenases located on the membranes of the ER (Figure 3) (Lange, 1998; and Hedden, 1999). The isolation of genes encoding rnonooxygenases has been hampered by the difficulty in functionally expressing their cDNAs in heterologous systems (Hedden, 1999). The pathway branches after the formation of GAl5 and G k 3 , and which



GAs are more predorninant in a particular tissue is dependent on the genus and species. GA15 is oxidized to the C-20 aldehyde GA24then to the physiologically inactive GAg,which constitutes the non-13-hydroxylation pathway, giving rise to the growth active G& (Hedden and Kamiya, 1997). GAs3is converted to G&,



then on to the inactive GAz0,the precursor of the growth active GA1 and GA3; this pathway is known as the early 13-hydroxylation pathway (Sponsel, 1995). These reactions occur in the cytosol of plant cells actively producing GA and both pathways have been observed in cell-free systems frorn embryos / scutella of 2day old germinating barley grain (Hedden and Kamiya, 1997; and Lange, 1998). The reactions up to the synthesis of growth active GAs are catalyzed by a single enzyme known as GA 20-oxidase, a multi-function 2-oxoglutarate dependent dioxygenase whose gene has been cloned in numerous plant species (Kamiya and Garcia-Martinez, 1999). The synthesis of the growth active GAI, G&, GA4 and GA7from their respective precursors is catalyzed by soluble oxidases that also use 2oxoglutarate as a CO-substrateand are known as the 3p-hydroxylases (Figure 3) (Hedden and Kamiya, 1997). These growth-active GAs are deactivated by hydroxylation of C-2P, catalyzed by another set of dioxygenases, 2phydroxylases (Hedden, 1999). This is crucial for turnover of the physiologically active GAs. The genes encoding these dioxygenases have been cloned in cucumber (Lange, 1998).



2.3 GA regulation Of the 121 GAs identified, only a few are thought to have intrinsic biological activity and these are as mentioned above, GAl,



3,4



and 7 (Hedden,



1999). GA1 and GA4 are thought to be involved in shoot elongation (Hedden, 1999). whereas flowering in woody angiosperms is promoted by G& and not GA1 (Pharis, 1991). Hence there is tight regulation of GA biosynthesis at the gene



Ievel (Yamaguchi and Kamiya, 2000). Developmental control of GA levels occurs at the early steps of biosynthesis, the conversion of GGPP to ent-kaurene (Hedden, 1999). This has been extensively studied in Arabidopsis, wheat and pea, where the activity of the two enzymes involved are confined to the meristematic regions in nodes and shoot apices (Hedden, 1999; and Yamaguchi and Kamiya 2000). Regulation also occurs through feedback, whereby the action of the physiologically active GAs results in the production of a transcriptional repressor that Iimits the expression of GA biosynthetic enzymes (Hedden and Kamiya, 1997). Environmental signals, such as light, also exert fine control over the later steps in GA-biosynthesis (Hedden, 1999). 2.3.1 Light



Gibberellins (GA) can also control many of the light-regulated developrnental processes mediated by phytochromes (Phy), such as seed germination and stem elongation, and can in fact mimic light in some cases (Kraepiel and Miginiac, 1997). Phy are regulatory photoreceptors in pfants that measure both the quantity and quality of available light (Jordan et al., 1995). Phy occur in two interchangeable forms, the active form Pfr that absorbs far-red light and the biologically inactive red-light absorbing form, Pr (Kraepiel and Miginiac, 1997). Absorption of red Iight causes the conversion of Pr to Pfr, which then



regulates both germination and shoot elongation (Jordan et al., 1995). Evidence suggests that red light causes an increase in the endogenous content of GA1 during germination, however it reduces the levels of GAI during de-etiolation (Kamiya and Garcia-Martinez, 1999). Phy controls the expression



of 3p-hydroxylase in germinating lettuce seeds, whereas its effect on dark-grown seedlings is prirnarily on 2P-hydroxylation (Yamaguchi and Karniya, 2000). Jordan et al. (1995) have reported that overexpression of PhyA in transgenic tobacco (Nicotiana tabacum L.) results in dwarf plants that have reduced levels of GA.



2.3.2 Chemicals One of the strategies for keeping abreast with the rising population and demand for food is to use chemicals that alter the biochemistry. physiology and morphology of crops (Lever, 1982). Chemicals responsible for such changes are referred to as plant growth regulators (PGRs) and they exert their effects by interferhg with the various plant hormones (Graebe, 1987; and reviewed by Davis and Curry, 1991). PGRs have been used to increase yield by reducing lodging and increasing shoot to root ratios, improving quality, increasing value and decreasing costs of production in agriculture and horticulture (Lever, 1982; and Davis and Curry, 1991). PGRs have also played a crucial role in physiological research involving hormones and hormone action (Grossmann, 1990). There are three main classes of GA inhibitors based on their site of action (reviewed by Rademacher, 2000). The first group of compounds, the onium-type, inhibit both CPP and entkaurene synthase, however the latter is inhibited to a lesser degree (Figure 4) (Davis and Curry, 1991). These chemicals possess either a positively charged ammonium, phosphonium or sulphonium group and include chlormequat chloride (CCC, Cyclocel), mepiquat chloride, AMO-1618 and Phosphon D (Grossmann,



1992). The next group of chemicals with a nitrogen-containing heterocycle, interfere with the steps catalyzed by monooxygenases 


GA precursors for the enzymatic site (Figure 4) (Rademacher, 1997). These compounds are found naturally in higher plants and GA-producing fungi, but they are most active in graminaceous plants (Radernacher, 2000). A recent study showed that these compounds are as effective as trinexapac-ethyl in reducing growth in cooLseason turfgrasses (King et al., 1997).



3.0 Triazoles The triazoles are a highly active group of growth-regulating compounds whose activity was discovered during fungicide screening programs in the 1970s (Davis and Curry, 1991). The triazole fungicides currently make up the largest and most important group of systemic compounds developed for t h e control of fungal diseases in plants and animals, however, certain azole compounds also interfere with GA biosynthesis (Fletcher et al., 2000). The fungicirdal versus the plantgrowth regulating properties of a triazole is dependent o n the stereochemistry
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Figure 4. Simplified scheme showing the points of inhibition by plant growth regulators at the various stages of gibberellin (GA) biosynthesis. X, x indicating major and minor activity, respectively. Adapted from Rademacher (2000).



of the chiral carbon bearing the hydroxy group, with the R configuration favoring fungitoxic characteristics and the S configuration conferring plant growth regulating properties (Fletcher et al., 2000). The most potent of the plant growth regulating (GA-inhibiting) compounds in this group is uniconazole, followed by paclobutrazol (Figure 5) and these have been extensively studied for their effects in various plant species since around 1980 (Davis and Curry, 1991). Yokota et al. (1991) report that in pea cv. Holland there was a significant reduction in the levels of sterols and brassinosteroids in leaves treated with R-uniconazole than there was with S-uniconazole, which caused a greater reduction in height and GA levels. Studies on the efficacy of the two enantiomers of paclobutrazol on



growth retardation have also been conducted, with similar results (Lenton et al., 1994).



3.1 Translocation, methods of application and metabolism Triazoles are primarily translocated acropetally in the xylem, however there are exceptions, such as in Pistachia chinensis Bunge and Ricinus



cornmunis L. (castor oil plant), where paclobutrazol has been detected in both the xylem and the phloem (Fletcher et al., 2000). Studies using the seedlings of



Malus x Domestica (apple) show that there is no movement of paclobutrazol from the site of application on mature leaves and that foliar applied paclobutrazol is not transported to stems or roots (Davis et al., 1988). However, when added to the growth medium and taken up by the roots, paclobutrazol is more active (Wang et al., 1986).
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Figure 5. Structures and chernical names of the triazole, paclobutrazol, and the acylcyclohe~anediones~ trinexapac-ethyl and Prohexadione-Ca.



The most common methods of application of growth retardants is foliar spray, however due to the poor uptake, root drenches are the preferred method for triazole application (Rademacher, 1997). The exception is in mango, which develops stunted new growth due to the accumulation of uniconazole in the trunk. Hence, in these trees application by foliar spray ensures that the activity is confined to where it is required, the devdoping leaves (Fletcher et al., 2000). Of the applied triazole, only a small amount actually reaches the target tissue, requiring high concentrations of the chemicals to be applied at one time (Davis et al., 1988). Triazoles are generally metabolized slowly, though there is considerable variability in degradation by different plant parts (Davis and Curry, 1991). Furthermore, paclobutrazol can remain active in soi1 for several years, especially since they are immobile in soi1 and are, therefore, less accessible to microbes for degradation (Jackson et al., 1996). High persistence within the plant and in soif has hampered the wide spread use of these compounds (Rademacher, 1997). However, they have been extensively studied in both controlled growth environments and in the field, on various plant species including edible crops, trees and grasses (Fletcher et al., 2000). Soil applications, therefore, pose a problem due to longevity of these compounds in soil. Hence, Fletcher and Hofstra (1990) developed a seed treatment technology that essentially prograrns the seeds to produce seedlings that exhibit to a high degree the characteristics of triazole-treatment. The treatment involves soaking seeds in treatment solutions containing the triazole



for a specified numbet of hours, depending on the tolerance of the seeds to imbibition, followed by a period of air-drying at room temperature (Fletcher et al,



2000). The addition of KCI to the treatment solution and a heat shock (acclimation) in the last hour of imbibition further increases the triazole-induced effects (Fletcher and Hofstra, 1990). This method of treatrnent has nurnerous benefits over the conventional procedures since it is simple, cost effective, reduces the concentration of the chemical used, has little or no persistence in the seed, and there is minimal spread to the environment (Fletcher et ai., 2000).



3.2 Mode of action The triazoles, like the other N-heterocycle containing compounds, interfere with the cytochrome P450 dependent monooxygenases (Figures 3 and 4) by interacting with the protoheme iron of cytochrome P450, preventing the oxygen required for catalytic reaction, from binding (Grossmann, 1992). Monooxygenases are involved in the synthesis of GA and sterols, as well as in the inactivation of ABA (Rademacher, 1997). The fungitoxic triazoles inhibit the 14a-methylsterol 14a-demethylase enzyme system involved in sterol biosynthesis in fungi, resulting in the accumulation of 14a-methylsterols and the depletion of the usual sterols, which can then lead to destabilization of membrane function and ultimately cell death (Yates et al, 1993). In plants however, obtusifoliol i4a-demethylase is inhibited and Yates et al. (1993) report that in celery (Apium graveolens L.) cell suspension cultures treated with four triazoles including paclobutrazol, there is an accumulation of 14a-methylsterols, a decline in 4-desmethyIsterol and a decrease in the stigrnasterol to sitosterol



ratio. Similar results have been obtained in barley treated with the fungicidal triazoles, triadimefon and triadimenol (Buchenauer and Rohner, 1981) Triazoles inhibit the conversion of ent-kaurene to ent-kaurenoic acid in GA biosynthesis resulting in a reduction in the levels of al1 GAs (Figure 4) (Fletcher et al., 2000). Sheath segments of Bday old barley cv. Herta seedlings treated with 1Opmolar paclobutrazol applied as a seed drench have 6.6 and 25.6 % of the physiologically active GA1 and G&, respectively, when compared to the control (Crocker et al., 1990). Furthermore, the levels of the inactive GAig, GA20and



G& are also reduced, elucidating the site of action of paclobutrazol. This reduction in GA levels is closely associated with the reduction in leaf sheath length. A similar trend is observed in pea seedlings. but the relationship is not as close due to the use of racemic mixtures of uniconazole (Yokota et al., 1991). Apart from their affect on GA, triazoles change the levels of ABA, ethylene and cytokinin (Fletcher et al., 2000). Treatment of rice with uniconazole does not affect the levels of auxins (Izumi and Oshio, 1991), however in pea internodes, there is a reduction in IAA (Davis and Curry, 1991). Triadimefon increases the levels of cytokinins in the cotyledons and roots of cucumber seedlings by 42% and 84% when compared to the controls (Fletcher and Arnold, 1986). This confirms a previous study using Amaranthus caudatus seedlings (Buchenauer and Rohner, 1981). More recent evidence from various plant species using different triazoles has accurnulated, further confirming that triazoles increase the levels of cytokinins (Izumi and Oshio, 1991; and Grossmann, 1992). This increase is thought to be a result of the effects of triazoles on the isoprenoid



pathway from which cytokinins are derivecl, but there is also a suggestion that the increase in root rnass caused by triazole treatmernt is responsible for this increase (Fletcher et al., 2000). Cytokinins are synthesized in the roots and translocated to the shoot where they regulate mitosis and cell division, among other processes (Moore, 1989). Treatment with triazoles is reported to decrease the levels of ethylene (Fletcher et al-, 2000), the hormone considered t o be responsible for, among other processes, ripening, abscission and epinasv (Moore, 1989). The enzyme involved in the conversion of the ethylene precursor 7 -amino-cyclopropane-1carboxylic acid (ACC) to ethylene is a monooxygenase known as ACC oxidase, and this enzyme is inhibited by triazoles (Kraus e t al., 1992). The increase in the levels of ABA is a result of the inhibition of its conversion to the physiologically inactive phaseic acid (Rademacher, 1997). This Cs true in most plant systems tested (Hauser et al., 1990; and Mackay et al., l9:9O),however a reduction in



ABA is observed in the fungi Cercospora rosicola with paclobutrazol inhibiting the synthesis of ABA at a step after farnesyl diphosphate (Norman et al., 1986).



3.3 Morphological effects The most obvious effect on plant morphology, after treatment with triazoles. is the reduction in height and the shorter, broader, thicker, darker green foliage (Fletcher et al., 2000). However, the level of expression of these effects is dependent on the relative efficacy of the different triazoles and the plant species being used (Gilley and Fletcher, 1997). Reduced height is primarily caused by the reduction in the physiologically active GA1, which has been



implicated in shoot elongation (Hedden, 1991), however in Chrysanfhemum cv. Lillian Hoek, paclobutrazoI also reduces shoot width by 50% (Burrows et al., 1992). The chlorenchyma was poorly developed or absent and the cortical and pith cells are shorter by 50 to 60%. Similarly, reduced internodal elongation, cell length and number further exemplify the reduction in height of treated safflower (Carthamus tinctorius L.) (Potter et al., 1993).



The changes obserued in leaf thickness and size, are a combination of an increased thickness of palisade and spongy mesophyll, as well as a decrease in ce11 diameter and length (Gao et al., 1988; and Burrows et al., 1992). It has been suggested that the reason for increased leaf width in maize seedlings treated with paclobutrazol is increased interveinal distance (Sopher et al., 1999). In wheat treated with uniconazole, the increase in width is attributed to higher nurnbers of vascular bundles (Gao et al., 1988). The darker green color was previously thought to be a result of packing chloroplasts into smaller leaves (Fletcher et al., 2000). However, studies on chloroplast structure have revealed that the chloroplasts of triazole-treated wheat plants are larger, along both the long and short axes (Gao et al., 1988). Sopher et al. (1999) report that maize treated with paclobutrazol exhibit chloroplasts that have increased abundance of stroma1 lamellae and reduced numbers of larger grana stacks. These effects are thought to be associated with the increase in cytokinin levels since it is normally involved in chloroplast development (Fletcher and Arnold, 1986; and Fletcher et al., 2000).



An increase in epicuticular wax on the surfaces of treated leaves has also been observed and is thought to be the result of interference with lipid metabolism and the accumulation of free fatty acids and sterols (Gao et al-, 1988). Triazole-treatment results in thicker roots that have few, if any lateral extensions and a higher root to shoot ratio (Fletcher and Hofstra, 1988). The increase in root diameter in Chrysanthemum and Citrus is due to an increase in rows of cells and cell diameter (Burrows et al., 1992). Plants treated with triazoles also exhibit a retardation of senescence, probably due to the reduction in ethylene levels (Grossmann, 1992). Furthermore, in cucumber the number of female flowers produced is increased by treatment with uniconazole (Izumi and Oshio, 1991) and there is an inhibition of floral bud initiation in Rhodedendron



simii after treatment with paclobutrazol (Bodson and Thomas, 1995). These are probably a result of decreased GA levels. However, the extent to which al1 the above effects occur is dependent, not only on the type of triazole used, the



-



concentration, application method, and age of the plant material, but also on the species of the plant (Burrows et al., 1992). 3.4 Tolerance to environmental stresses Triazoles have been found to be highly effective in protecting plants from various environmental stresses (Fletcher et al., 2000). Paclobutrazol-treated wheat seedlings tolerate stress due to water logging and this is associated with the extensive rooting system that has the potential to access air and nutrients more effectively (Webb and Fletcher, 1996). Triazole-treated plants are also more tolerant to drought stress (Fletcher et al., 2000). It is thought that the



higher Ievel of ABA causes stomatal closure, which increases diffusive resistance and water conservation (Asare-Boamah et al., 1986). The reduced leaf area of triazole-treated plants is not the main factor in increased drought tolerance since even the triazoles that do not decrease leaf area, increase tolerance (Gilley and Fletcher, 1997). The increased level of ABA is also implicated in increased cold hardiness by increasing the period of dormancy in Actinidia arguta (Tafazoli and Beyl, 1993). Tolerance to heat stress has been partially attributed to a change in membrane structure. Paliyath and Fletcher (1995a) report that paclobutrazol treatment of corn coleoptiles stabilizes the cell membrane, which then repairs itself more effectively after heat stress. Furthemore, increases in the levels of both antioxidants (e.g. tocopherol and ascorbic acid) and antioxidant enzymes (e.g. SOD and peroxidases) in treated plants increase their ability to scavenge



the free radicals produced during both heat and chilling stress (Upadhyaya et al., 1989; Sankhla et al., 1992; Kraus et al., 1995b). Booker et al. (1991) also suggest that thermotolerance in wheat seedlings treated with uniconazole is rnediated by transpirational cooling. There have been reports that the triazoles confer tolerance to the air pollutants S



9 and ozone, as well as to UV-B radiation and salt stress (Fletcher



et al., 2000). It has been suggested that stomatal closure could decrease the amounts of S 0 2 entering the cells, however the exact mechanism is not yet known (Lee et al., 1985). Tolerance to ozone, however, has been related to the increased antioxidant potential of treated plants (Fletcher et al., 2000). Treated



plants are more tolerant to UV-B radiation probably due to the thicker layer of epicuticular wax on their leaves (Kraus et al., 1995a). Salt stress amelioration in peanut (Arachis hypogaea L.) seedlings treated with triadimefon is mediated by increased protein synthesis, osmoregulation and reduced energy requirernents (Muthukurnarasarny and Panneerselvam. 1997). 3.5 GA antagonism



Application of exogenous GA3 to plants treated with triazoles causes a reversion of both the morphological and stress tolerant effects (Santakumari and Fletcher, 1987; Fletcher and Hofstra, 1988; and Gilley and Fletcher, 1998). This negation of stress protective effects has led to the suggestion that gibberellins are crucial in stress protection of plants (Vettakkorumakankav et al.. 1999). 4.0 Acylcyclohexanediones



Prohexadione-Ca, trinexapac-ethyl (the active ingredient in primo and cimectacarb) and the experimental compound LAB 198 999 make up this group (Figure 5) (reviewed by Rademacher, 2000). These compounds were first developed in the early 1990s (Grossrnann, 1992). Recently it was reported that their mode of action is similar to that of the plant growth retardant daminozide (trade names: Alar, Kylar, or 6-Nine). which has been removed from the market due to toxicological concerns (Brown et al., 1997). All higher plants are responsive to the acylcyclohexanediones, however to varying degrees (Rademacher, 2000). They are currently being used in grasses such as the 'Diamond' zoysiagrass (Zoysia matrella (L.) Merr.) (Qian et al., 1998), fruit trees



1e.g.apples (Rademacher, 1999)], peanuts (Evans et al., 1996), and rice (lm et al., 1993). These compounds are 2-oxoglutarate mimics; hence they interfere with the last steps in GA biosynthesis that invo!ve the 2-oxoglutarate-dependent dioxygenases (Figures 3 and 4) (Rademacher, 2000). Using acylcyclohexanedione derivatives, Griggs et al. (1991) showed that these compounds inhibit the GA 2B-hydroxylases (Figure 3) by interacting with the 2oxoglutarate binding site. However, the affinity of these compounds to the 3Bhydroxylases is higher, resulting in the growth retardation normally seen (Rademacher et al., 1992). 4.2 Translocation, methods of application and metabolisrn



The preferred method of application is via the leaf (Rademacher, 1993). Translocation occurs in the phloem, primarily acropetally and root absorption is negligible, however absorption of trinexapac-ethyl is higher from the plant base (collection of leaf sheaths surrounding the compressed stem and crown) of Kentucky bluegrass (Poa pratensis 1.)than it is from the leaf blade (Fagerness and Penner, 1998). These compounds are rapidly degraded and prohexadione-



Ca has a half-life of only a few hours (Rademacher, 1997). 4.3 Mode of action



The primary mode of action, as mentioned above, is the inhibition of GA biosynthesis, specifically GA,, though the levels of its inactive metabolite G& are also reduced, albeit to a lesser extent (Rademacher, 2000). Under practical



conditions, trinexapac-ethyl and prohexadione-Ca display similar degrees of activity when applied in appropriate formulation to graminaceous species; however in dicots, prohexadione-Ca usually has a greater effect than trinexapacethyl (Rademacher, 2000). Spray applications of L4B 236 734, an acylcyclohexanedione, resulted in the increase of GAz0and GAl9 in wheat and a reduction in GA1, G& and GAe( (Figure 3) (Rademacher et al., 1992). These compounds affect the levels of the other phytohormones in a similar fashion to trïazoles (Rademacher, 2000). Prohexadione-Ca, trinexapac-ethyl and LAB 198 999 reduce etnylene levels in sunflower (Helianthus annuus L.) cell suspensions



and in leaf disks of wheat (Grossmann, 1992). These compounds also increase the levels of ABA and cytokinin, while there is no change in IAA levels (Rademacher, 2000). Prohexadione-Ca, and the related compounds, interfere with flavonoid metabolisrn and inhibit the formation of anthocyanin (Rademacher, 1999). 4.4 Morphological effects and stress tolerance Acylcyclohexanediones rapidly reduce shoot elongation by decreasing the levels of GA1 (Adams et al., 1992). Trinexapac-ethyl reduces excessive vertical growth and increases rhizome mass in 'Diamond' zoysiagrass (Qian et al., 1998). Similar results were seen in Eucalyptus globulus L. injected with trinexapac-ethyl, where fiber length and the number of cells in the cambial zone were reduced (Ridoutt et al., 1996). However, this reduction Is associated with a decrease in the levels of both GA1 and GA2ol as well, at the highest concentration of trinexapac-ethyl applied, the levels of ABA and IAA are reduced.



Trinexapac-ethyl prevents the acceleration of primordium initiation in Lolium temulentum L. without inhibiting floral development (Evans and Blundell, 1996). Though the acylcyclohexanediones do not have fungitoxic effects, they appear to enhance the efficacy of other fungicides (Burpee et al., 1996). Golembiewski and Danneberger (1998) report that trinexapac-ethyl, in combination with N fertilizers, controls dollar spot (Sclerotinia homoeocarpa L.) in creeping bentgrass (Agrostis sfolonifera L.). These compounds induce tolerance to water stress in tall fescue (Festuca arundinacea cv. Kentucky 31) prirnarily by reducing water uptake and increasing water conservation (Marcum et al., 1997). However, in this study, trinexapacethyl reduced the total rooting depth, which can increase the plant's vulnerability to decreasing water tables. These compounds induce in plants, similar responses to the various environmental stresses as do the triazotes (Novartis Technical Bulletin, 1998). Zhang and Schmidt (2000) report that the improvement in stress tolerance of creeping bentgrass by trinexapac-ethyl appears to be associated partially with an increase of endogenous SOD activity. 5.0 GA mutants



Much of what we know today about the physiology of hormones was elucidated using mutants (reviewed by Reid, 1993; Ross et al., 1997). GAdeficient and GA-responsive mutants have been identified in many species including Arabidopsis thafiana, rice, maize, wheat, peas and barley (Ross, 1994; Chandler and Robertson, 1999). They have been crucial to understanding the role of GA on height, germination (Chandler, 1992) and more recently on stress



37



GA over-producer



Constitutive GA response



Wild type



Inhibited GA response



Ml, MC96 (6)



Disrupted GAbiosynthesis



Suppressed GA-deficient phenotype



Figure 6. Characterization of the GA signal transduction pathway using mutants of Arabidopsis thaliana ( a )and barley (b). The spy (spindly) and sin (slender)



mutations are phenocopies of plants sprayed with GA. The gai (GA-insensitive), Dwf2 and MC90 mutants do not respond to GA due to either a decrease in



sensitivity to GA or a reduced growth response. The gal, dwf7 and MC96 mutants are GA-deficient, however the rga (represso of GA1-3) mutation suppresses the phenotype associated with gai in Arabidopsis. GA producers are yet to be identified in species other than in Brassica (Rood et al., 1990). Adapted from Ogas (1998), and Chandler and Robertson (1999).



tolerance (Vettakkorumakankav et al., 1999). Using mutants frorn Arabidopsis, Ogas (1998) has recently developed a model, which can molecularly characterize the components of the GA signaling pathway (Figure 6). This pathway could enhance the understanding of the processes by which a simple molecule such as GA can regulate the many effects in which it is implicated. However, on a more practical basis, GA mutants have played an enormous role in modern agriculture. 5.1 Role of GA mutants in agriculture



In 1925, ten years prior to the discovery of GA, a semi-dwarf line of wheat was isolated in Japan and named Norin-1O (Hanson et al., 1982). This line of wheat contributed to the famed international agricultural development program in the 19601s,which was also known as the Green Revolution (Brown and Flavin, 1999). The genes controlling the dwarf characteristics of Norin-1O, Rhfl (RhfBlb) and Rht2 (Rht-Dlb) were found to reduce plant height by decreasing the sensitivity of vegetative and reproductive tissue to endogenous and exogenous



GA (Rebetzke and Richards, 2000). The discovery of this line of wheat led, in part, to the 13-fold increase in the number of people one U. S. farmer can feed today (Brown, 1999). Besides the Rhtl and Rht2 genes, there have been 20 major Rht wheat genes that have been identified, of which, 16 are sensitive to GA (Konzak, 1987). The most common, Rht8 and Rht9, have been used in southern and Eastern Europe, Russia, China and Japan (Worland et al., 1998). Recently, Rebetzke and Richards (2000) reported that dwarf wheat lines that are sensitive to applied GA gave relatively consistent yield in al1 environrnents.



5.2 GA mutants of barley There are two wide classifications of mutants, those with impaired synthesis and deactivation of GA, and the GA-non-responsive mutants (Ross et al, 1997). The first clearly identified phytohormone mutants were GA-deficient dwarfs of maize (Reid, 1993). So far, al1 the GA synthesis mutants identified have mutations in structural genes coding for enzymes involved in the biosynthetic pathway from the synthesis of ent-kaurene to 3P-hydroxylasecatalyzed reactions; no mutations in genes regulating the pathway have been isolated (Ross et al., 1997). The only example of a characterized GA deactivation mutant is sln in pea, and in this mutant there is a blockage in the conversion of GA2oto GAZg,and from GA29 to GA29-catabolite (Reid, 4993). Hence, using gibberellin dose-response curves, Chandler and Robertson (1999) identified three classes of dwarf barley response mutants: grd (ÇA-~esponsive



dwarf), gse (ÇA mnsitivity), and elo (mngation). The grd mutants respond to GA3 applications over the same concentration range as the wild type, and are



proposed to have low levels of endogenous physiologically active GAs (Figure 6).



A vegetative dwarf mutant, conditioned by a recessive allele dwfl that was obtained as a segregant in an Mp progeny of gamma irradiated barley cv. Perth shows these characteristics (Falk and Kasha, 1982). When sprayed with exogenous GA3, the younger basal intemodes elongate rapidly, however as the plant "runs out" of GA, the rate of elongation decreases resulting in an obvious difference between the length of the lower and the apical internodes. Furthermore, there is a distinct difference between the internodes sprayed with



GA recently and those that had been sprayed earlier (Falk and Kasha, 1982),



providing significant evidence that this mutant is GA deficient and probably a grd -type response mutant. Favret et al. (1975) described a mutant called GA-less (synonyms: gal, MC96 and Hv288), which was a light-insensitive dwarf that was very sensitive to gibberellin. This mutant was sensitive to concentrations as low as 1O*, 100 times lower than the normal genotype and is probably an extreme case of a grd mutation (Favret et al., 1975). Borner et al., (1999) has mapped the gene coding for this mutation on the 2H chromosome of barley. The GA non-responsive mutants, however, are a bit more complicated because a lack of response to GA in a mutant does not necessarily mean a deficiency in signaling, but rather could indicate deficiency in another factor that regulates growth, such as the brassinosteroids (Chandler and Robertson, 1999). The gse mutants are primarily characterized by an alteration in GA sensitivity and appear to have a defect in a component of GA signaling (Figure 6) (Chandler and Robertson, 1999). They respond to extremely high levels of GA. Such a mutation cailed GA-ins (synonyms: gai, MC90 and Hv287) has been described by Favret et al. (1975), and has been mapped to chromosome 2H by Borner et al. (1999). Another dominant dwarfing gene (Dwf2) in barley described by Falk (1995) is GA-insensitive and has characteristics that are similar to that of gse mutants. When the threshold for GA-response in these mutants is decreased by combining them with a normal GA-response wild type, this dwarf does respond to applied GA (Dr. D. E. Falk, personal communication) indicating that it has impaired GA-sensitivity. The Dwf2 mutation occurred as a single dwarf tiller on a



spontaneously doubled haploid plant of H930-36 regenerated from anther culture. The gene for this mutation has been mapped to the short arm of chromosome 4H (Ivandic et al., 1999). The last class described by Chandler and Robertson (1999) are the elo and these do not respond to any concentration of GA, indicating that they have a defect in specific processes that are required for



leaf elongation rather than in GA signaling. An interesting mutant known as slender (sln) that occurred as a singlelocus recessive mutation in barley cv. Herta (Lanahan and Ho, 1988), appears to have saturating concentrations of endogenous GA (Figure 6), even when the levels of the GA are reduced using GA-inhibitors (Crocker et al., 1990). Favret et al. (1975) was the first to describe this mutant under the name gigas. Sln is considered to be a constitutive GA-response mutant that is elongating at maximal rate even though its' endogenous GA levels are lower than in the wild type (Crocker et al., 1990). This indicates that the wild type product of this gene presurnabIy functions as a negative regulator of GA signaling and it is defective



in the mutant (Chandler and Robertson, 1999). It is also speculated that the GAI and RGA wild type genes in Arabidopsis act as direct negative regulators of GA signaling (Figure 6) (Ogas, 1998). Wild type plants can grow, presumably, because the endogenous GA levels are high enough to reduce the extent of negative regulation imposed by GAI, RGA and SLN (Chandler and Robertson, 1999). There are also other negative regulators such as SPY, which is predicted to be an O-GlcNAc transferase that catalyses O-linked glycosylation of serine and threonine residues with N-acetylglucosamine and is thought to activate GAI



and/or RGA (Ogas, 1998). Cloning of the GAI, RGA and SLN genes will provide further insight into GA signal transduction (Chandler and Robertson, 1999).



EXPERIMENTAL SECTION



l NTRODUCTION Plants treated with gibberellin (GA)-biosynthesis inhibitors are shorter and usually more tolerant to a range of environmental stresses (Rademacher, 1997; Vettakkorumakankav et al., 1999). Paclobutrazol, is one of a number of triazoles that enhance tolerance to various environmental stresses in several plant species (Fletcher et al., 2000). Triazoles act as GA-biosynthesis-inhibitors and fungicides by blocking cytochrome P450-mediated oxidation reactions (see reviews by Davis et al., 1988 and Fletcher et al., 2000). In higher plants the triazoles reduce growth by interfering with the conversion of ent-kaurene to entkaurenoic acid, an early step in GA biosynthesiç (Rademacher, 2000). Triazoleapplication also triggers other hormonal changes including an increase in cytokinins, a transient rise in abscisic acid (ABA), and a reduction in ethylene levels (Fletcher and Hofstra, 1988). Furthermore, they increase the levels of antioxidants (a-tocopherol and ascorbic acid) and antioxidant enzymes (superoxide dismutase and peroxides) in treated plants (Kraus et al., 1995b). It has been proposed that the shift in the plants' endogenous hormonal balance coupled with the increase in antioxidant and antioxidant enzyme levels mediate the stress-protective effects of the triazoles (Fletcher et al., 2000; Kraus et al.,



1995b). Gilley and Fletcher (1998) reported that application of exogenous GA, counters both the growth inhibitory and stress-protective effects of the triazoles. Furthermore, a recent study using near-isogenic lines of tall normal and dwarf-



mutant (GA-responsive) barfey (Hordeum vulgare L.) seedlings showed that tolerance to heat, chilling and drought could be enhanced in seedlings of the normal genotype by application of paclobutrazol and reduced in the GAresponsive dwarf seedlings by treatment with GA, (Vettakkorurnakankav et al., 1999). The above studies thus suggested that modulation of endogenous GA levels was crucial for enhancing stress tolerance in plants. In order to investigate this suggestion further and to determine whether specific GAs rather than the total GA content could be involved in stress tolerance, the triazoles were compared to a newer generation of GA-biosynthesis inhibitors, the acylcyclohexanediones. These compounds inhibit late-stage biosynthetic steps, particularly the conversion of the inactive 3-deoxy GA, GA,



to



the growth-active 3P-hydroxylated GA, GA, (Rademacher et al., 2000). However, they have been reported to increase ABA levels (Adams et al., 1992), reduce ethylene levels (Rademacher, 2000) and increase stress toferance in plants (Rademacher, 1995). However, at maximally effective doses the triazoles generally results in shorter plants than the acylcyclohexanediones (Yelverton and Isgrigg, 1997). Interestingly, in the studies by Gilley and Fletcher (1998) and Vettakkorumakankav et al. (1999) the reversal of stress tolerance was also accompanied by an increase in height. Hence, the question arises as to whether a reduction in both endogenous GA levels and shoot height is essential for enhancing stress tolerance in plants? This question was addressed by examining tolerance to heat or paraquat stress in relation to endogenous GA



levels and shoot height of barley cv. Perth seedlings treated with either a triazole,



or an acylcyclohexanedione, and in GA-responsive and GA-non-responsive dwarf mutant lines of barley.



MATERIALS AND METHODS



Plant Materials Barley (Hordeum vulgare L.) cv. Perth was used as the normal / control. The other barley lines, GA-responsive dwfl and MC96, and GA-non-responsive Dwf2 and MC90 used in this study, have been described by Falk (1995). Falk



and Kasha (1982),Favret et al. (1975), and Borner et al. (1999).



Chemicals Paclobutrazol ((2RS,3RS)-1-(4-chloropheny1)-4,4-dimethyl-2-(1,2,4triazoy1)-pentan-3-01} and paraquat (1,l '-dimethyl-4,4'-bipyridiniurn dichloride) were obtained from ICI-Zeneca, Canada. Primo (4-(cyclopropyl-a-hydroxymeth1yene)-3,5-dioxo-cyclohexanecarboxylic acid methyl ester) was obtained from Novartis Inc., Canada, with prohexadione-Ca (calcium 3-oxido-4-propionyl-



5-0x0-3-cyclohexenecarboxylate) being provided by BASF Corp., U. S. A. Seed treatment and growing conditions Seeds of barley cv. Perth were soaked in either distilled water (control), or aqueous solutions of 100 mgil paclobutrazol, 150 mgll primo, or 250 mgIl prohexadione-Ca, for 18 h at roorn temperature. These concentrations were determined from a preliminary dose-response study and they provided maximum growth inhibition without reducing germination (results not shown). After imbibition the seeds were rinsed with distilled water, air-dried for one day and planted in Promix BX (Plant Products, Canada) (method reviewed by Fletcher and Hofstra, 1990). The seedlings were grown in a greenhouse with daylnight



temperatures of 24/18 t 4 OC for 10 days, after which the growth regulatory and stress protective properties of the different GA-inhibitors were assessed. The stress tolerance properties of the barley mutants MC90, Dwf2, MC96 and dwf1 were also cornpared to those of the tall normal cv. Perth. Seeds of each genotype were plânted in a mixture of soi1 : peat :Turface (3:2:1)and grown in a growth-room with 350 pnols light intensity, 60-70% RH, 20115 I 2°C dayfnight temperature and a 16-h photoperiod. Tall normal cv. Perth and MC90 seedlings were assessed 10 days after planting (DAP), whereas for the slowergrowing dwarf-mutant Iines, Dwf2, MC96, and dwf?, assessments were made 12 DAP. All rneasurernents for comparisons among the GA-inhibitors and of the mutants with cv. Perth were accomplished using seedlings at a similar morphological stage based on the appearance and development of the first and second leaf. Shoot height was measured as the total length from the surface of the soi1 to the tip of the longest leaf when extended. For both comparisons, one set of 24 seedlings was maintained in the greenhouse, and the other set was exposed to stress as described below.



Heat stress Seedlings were exposed to 50 k 1OC for 3 h at 60-70% RH under low light intensity (20 prnols), then returned to the greenhouse. Various parameters, described below, were analyzed according to the procedures described by Vettakkorumakankav et al. (1999).



Free-radical stress



The bi-pyridinium herbicide paraquat was applied as described in Gilley and Fletcher (1998). Leaf segments (1 cm) from the middle of the first leaf were pre-incubated in 0, 2, and 5 pmolar paraquat for 1 h in the dark, then exposed to 1000 pmols of light provided by 400-watt high-pressure sodium lamps (P. L. Light Systems, Canada) for 6 to 8 h. Total chlorophyll was rneasured as described below. Stress parameters: Ion leakage



The percentage of ions leaking from a sample of tissue is an indicator of membrane integrity of the cells and this was rneasured using the procedure described b y Gilley and Fletcher (1998). The whole shoot from either a heatstressed or an unstressed plant was immersed in 15 ml of distilled water and mixed in a vortex for 15 S. Conductivity (Co) was rneasured 1 h later using a Model-32 conductance rneter (Yellow Springs Instrument Co., Inc. Ohio, U.S.A.). The tubes were then left for 24 h at room temperature and initial conductivity (Ci) measured. Finally, the tubes were placed in a boiling water bath for 30 min, cooled to room temperature and final conductivity (Cf) measured. The percent conductivity was calculated using the following equation: % Ion Leakage = [(Ci-Co)/(Cf-Co)] x 100% Chlorophyll fluorescence



This is a non-invasive method for rapid identification of photosynthetic injury to leaves and was estimated as described by Vettakkorumakankav et al.,



(1999). The ratio of variable to maximal fluorescence (FJF,)



was measured



using a Hansatech fluorescence meter (Model-FMS 2. Hansatech. Ltd., U. K.) with a 30-min dark adaptation period. Measurements were made 24 h after heat stress on the first teaf of stressed and unstressed plants. Photosynthetic pigments Pigments were extracted from leaf tissue in 80% ethanol using a Polytron homogenizer (Brinkmann Instruments, Canada). The homogenates were clarified by centrifugation at 2500xg for 1O min, and absorbance read using a Beckman DU-65 Spectrophotorneter (Beckman Inc., U. S. A.) at 663,647 and



470 nm wavelengths. Total chlorophyll (a + b) and carotene levels were estimated as described in Gilley and Fletcher (1998). Endogenous GA measurements Control and primo-treated seedlings were harvested 10 DAP. while dwf7 and Dwf2 were harvested 12 DAP. All the seedlings were at the two-leaf stage. The inner-half of the second (younger) leaf was dissected and irnmediately frozen in liquid N, and freeze-dried. Approximately 1 g of the lyophilized tissue was pulverized in a mortar and pestle using Iiquid N.,



One set of tissue was



analyzed for each of the tall normal 1 control and primo-treated cv. Perth seedlings, and the two dwarf genotypes, dwf7 and Dwf2. Analyses of the endogenous GA contents of these samples were conducted using the following procedure under the supervision of Dr. R. P. Pharis at the University of Alberta, Calgary.



The ground samples were extracted with 80% methanol (MeOH) (Koshioka et al., 1983a), with 20 ng each of [17,17- 2HJ GAlm4,,w,,,9~20124,44,5, added as interna1standards. The 80% MeOH extract was purified with a Cl, preparative column (C,,-PC) made of a syringe barre1 (inside diameter (i. d.) 2 cm) filled with 3 g of Cl, preparative reversed-phase material (Waters Associates) (Koshioka et al., 1983a). The 80% MeOH eluate was then loaded ont0 an ionexchange column made of AG 1-X8 Resin (Bio-Rad Laboratories) and the GAs were washed off with 5% acetic acid in absolute MeOH. The GAcontaining fraction was taken to dryness in vacuo at 35°C and then loaded ont0 a SiO, partition colurnn (Si0,-PC)



(column i.d. = 1.5 cm) made of 5 g of Woelm



SiO, (32-100 mesh) deactivated by equilibration with 20% water by weight (Koshioka et al., 1983a). The Si0,-PC was eluted with ethyl acetate:hexane



(95:5,v/v; saturated with 0.5 M formic acid). The GA-containing fraction was taken to dryness in vacuo at 35°C and further purified by high performance liquid chromatography (HPLC) [Koshioka et al., 1983b; Pearce et al., 1994). Ths YPLC was a Waters Associates Iiquid chromatography apparatus with hivo mode1 M-45 pumps, a model 680 automated gradient controller, and a model 7125 Rheodyne injecter. The solvents were, pump A: 10% MeOH in 1% acetic acid (H,O:MeOH:acetic acid = 89: 10:l. (vlvlv)), and pump B: 100% MeOH. A Waters Associates reversed phase Cl, Radial-PAK p-Bondapak column (8 mm x 10 cm) was used with a 10-73% linear gradient program at a flow rate of 2 mllmin. The manually implernented 10-73% linear gradient program was 0-1 0 min (pump A, 100%; pump B. O%), 10-40 min (pump



A, 100-30%; pump B, 0-70%), and 40-50 min (pump A, 30%; pump B,70%). The HPLC fractions (1 min, 2ml fractions) were taken to dryness in vacuo. The



C,,HPLC fractions were further purified with an Alltech Associates Nucleosil N(CH3), HPLC colurnn (4.6 mm x 15 cm) eluted with 99.9% MeOH in 0.1% acetic acid (see Pearce et al., 1994), the 1 min, 1ml fractions being taken to dryness in



vacuo. The GA-containing fractions, based on retention times (Rts) of external standards, from the Nucleosil N(CH3), HPLC were methylated by ethereal CH,N,. The methylated sample was then silylated by BSTFA with 1% TMCS (Pierce Chemical Co.) (Hedden, 1987; Gaskin and MacMillan 1991). The identification and quantification of GAs was carried out by gas chromatography-mass spectrometry (GC-MS) in selected ion monitoring (SIM)mode. The derivatized sample was injected onto a capillary column installed in a Hewlett-Packard 5890



GC with a capillary direct interface to a HP 5970 Mass Selective Detector (MSD). The capillary column was a 0.25 pm film thickness, 0.25 mm interna1diameter, 15 m DB1-15 N column (J 8 W Scientific, Inc.). The capillary head pressure was



4 psi with a He carrier gas flow rate of 1.1 mlfmin. The GC temperature program was as follows: 0.1 min at 60°C, clirnbing to 200°C at 20°C per min, then to



250°C at 4°C per min and finally to 300°C at 25°C per min, staying at 300°C for 5 min, then returning to 60°C. The interface temperature was maintained at 300°C and the MSD was operated with the electron multiplier at 1600 V. Three m/z ions for each deuterated and endogenous GA were monitored. The dwell tirne was 10 sec and the data were processed using Hewlett Packard's G1034C MS



ChemStation Software. Based on the capillary GC Rts and relative abundance of the characteristic m/z ions monitored, endogenous GAs were identified and amounts estirnated based on the isotope dilution technique described by Fujioka et al. (1988). Experimental design and statistical analyses



AI1 experiments were randomized complete blocks replicated three times, with at least three sub-samples (plants per treatrnent) per block. However, depending on the parameter measured, more than three plants were sampled (see legends for figures for the number of plants used). Al1 statistical analyses were conducted using SAS version 6.12 (SAS Institute, U. S. A.). Proc MlXED (mixed model) analyses with contrast statements and multiple-means comparisons were used to test the effect of treatment with GA-biosynthesis inhibitors and the inherent difference between the mutant lines. Regression in ANOVA with the variation due to treatment partitioned into linear, quadratic, and la&-of-fit components was conducted to determine the nature of the relationship between height and stress tolerance. Residuals were tested for randomness, homogeneity, normal distribution, a mean of zero and a common variance. All hypotheses were tested at a Type I error rate (p) of 0.05.



RESULTS AND DISCUSSION Paclobutrazol and primo delayed germination, whereas prohexadione-Ca had no effect. This delay in germination was expected since de novo synthesis of GAs in barley is necessary for the mobilization of seed reserves and embryo growth (Jacobsen et al., 1995). Ten days aiter planting, the seedlings from al1 treatrnents including the control had emerged and had a similar number of leaves. However, treatment with paclobutrazol and primo had reduced seedling height by 67 and 28% respectively (Figure 7A). while prohexadione-Ca had no significant effect on height. In a similar study, Yelverton and Isgrigg (1997) had reported that primo was not as effective as paclobutrazol in retarding the growth of Poa annua. The leaves of paclobutrazol-treated plants appeared greener, though the amount of total chlorophyll per seedling was not significantly different (results not shown) and more twisted than the controls a morphological effect that has been reported in other species (Davis et al, 1988). After exposure to 50°C for 3 hl the control and prohexadione-Ca-treated seedlings were severely damaged, showing typical symptoms of heat stress including flaccidity and leaf-tip burn (Figure 78). These symptoms were prevented by treatment with paclobutrazol, but primo was only partially effective in this regard. Measurements of ion leakage, an indicator of membrane integrity, (Figure 8A) provided a quantitative assessrnent of the extent of heat damage. Before heat stress, measurements of percent ion leakage in both control and treated seedlings were similar (approx. 10%). However, after exposure to heat stress ion leakage values increâsed to 52, 49 and 25% in the controls,



Figure 7. Appearance of 10 day-old barley cv. Perth seedlings (A) before, and (B) 24-h after expoçure to 5Of l°C for 3 h. Seeds were irnbibed in, from left to right (two pots per treatment) water (control), 250 rngil prohexadione-Ca, 150 rngll primo, and 100 mgIl paclobutrazol. Their rnean heights were 115 (a), 114 (a), 84



(b), and 38 (c) mm respectively, with a standard error of 0.033, and n = 144. Means followed by the same letter are not significantly different-from each other at a Type I error rate of 0.05.



Figure 8. Ion leakage (A), chlorophyll fluorescence (B), and total chlorophyll (C), for barley cv. Perth seedlings, from seeds imbibed in water (Control), 250 mgIl prohexadione-Ca (Pro), 150 mg/l primo, and 100 mgIl paclobutrazol (Pac),after exposure to 5011OC for 3 h. The same letter indicates thât the means are not significantly different from each other at a Type I error rate of 0.05. Standard error of the means for ion leakage = 5.6, chlorophyll fluorescence = 1.75, and total chlorophyll = 40, n = 36.
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prohexadione-Ca- and primo-treated plants, respectively (Figure 8A). There was no significant difference between the values for heat-stressed and unstressed paclobutrazol-treated seedlings. These results show that paclobutrazol provided complete protection from heat stress, while primo was only partially effective. Chlorophyll fluorescence is a non-destructive technique that can be performed quickly and with precision (DeEII et al., 1999). Measurement of variable to maximal chlorophyll fluorescence (FJF,



ratio) is an indicator of the



efkiency of Photosystem II. The ratio for a normally functioning leaf varies between 0.75 and 0.85 and a decline in this ratio is indicative of photoinhibitory damage (DeEII et al., 1999). The FJF,



ratios measured 24 h after imposition of



heat stress revealed extensive damage to control and prohexadione-Ca-treated seedlings with values of 0.06 and 0.01, respectively. However, paclobutrazol-



and primo-treated plants maintained fluorescence ratios of 0.41 and 0.28, respectively (Figure 88)indicating less damage to their photosynthetic apparatus. One of the visible symptoms of heat stress is chlorosis and the control seedlings were the most chlorotic 5 days after heat stress. Chlorophyll retention was highest in paclobutrazoi-, followed by primo- and prohexadione-Ca-treated seedlings (Figure 8C). Chlorophyll content in the paclobutrazol-treated plants after heat stress was not significantly different from that of unstressed plants, whereas in the controls heat stress reduced chlorophyll levels by 47%. When leaf segments are soaked in paraquat solutions and exposed to light, the free radicals generated destroy chlorophyll molecules, producing a



bleaching effect (Kraus et al., 1995). In this study, when treated with a high concentration of paraquat (5 PM), stressed control tissues were severely damaged, with only 16% of the chlorophyll rernaining after 6 h in light (Figure 9). However, primo- and paclobutrazol-treated tissues were not as severely damaged. Paclobutrazol-treated tissues retained twice as much chlorophyll as control tissues. Paliyath and Fletcher (1995b) found that paclobutrazol treatment prevented the decline in activity of the antioxidant enzymes, peroxidase and catalase, seen in the stressed controls, when corn coleoptiles were exposed to high temperature (1 h at 50°C). It has been suggested (Fletcher et al., 2000) that the stress-protective effects of triazoles, including uniconazole and paclobutrazol, are mediated by an increase in antioxidants (vitamins C and E) and antioxidant enzyme activity. This ability of the triazoles to alter the levels of antioxidants could be an important factor in maintaining ce11 integrity under free radical stress. Thus, a combination of changes induced by triazoles, such as in plant morphology, antioxidant levels and membrane properties, may be the key factors in increasing tolerance to various environmental stresses (Kraus et al., 1995). Prohexadione-Ca was applied at a concentration 2.5 times higher than paclobutrazol, yet its growth regulatory effects were negligible. This apparent lack of activity in this study rnay be due to poor uptake or rapid metabolisrn of the chernical during or after the 18-h imbibition period. Prohexadione-Ca has a halfIife of only



day in soi1 relative to several months for paclobutrazol and may
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Figure 9. Total chlorophyll (a + b) in leaf-segments for barley cv. Perth seedlings. from seeds imbibed in water (Control), 150 mg11 primo, or 100 mgfi paclobutrazol (Pac), after exposure to two concentrations of paraquat under 1000 pmols of light, for 6 h. The values are expressed as percent of unstressed tissue. The same letter indicates that the means are not significantly different from each other at a Type 1 error rate of 0.05.



have degraded faster (Rademacher, 2000). When applied as a foliar spray prohexadione-Ca has been reported to have plant growth regulatory effects in cereals (Rademacher, 2000), although in preliminary studies for this thesis, using foliar sprays (0.2 kglha a.i. at 400 Ilha) on barley, these effects were not observed. Primo was also less effective than paclobutrazol at reducing height and enhancing stress tolerance at a concentration of 150 mgIl. However, when applied at 500 mgll, primo yielded morphotogy changes and stress tolerance values similar to those of paclobutrazol-treated plants, though germination was severely impaired, with only 30 % of the seedlings emerging (data not shown). The data thus far suggested that with increasing height there was a decrease in stress tolerance and since it has been reported that endogenous GA content and height are closely related (Hedden, 1999), decreased height rnay be indicative of lower GA levels. Hence, using the ion leakage measurements from control and treated cv. Perth seedlings as an indicator of stress tolerance (Figure < O ) , regression analysis showed a significant relationship between tolerance to



heat stress and shoot height. The model:



% ion leakage = -6 [Q6.3] + 0.3HT [*0.69]+ 0.002HT2 [+0.0047], where HT = height, and standard error of the coefficient is in brackets, was significant at a type I error rate of 0.05 (p = 0.0066, R2= 0.97). This rnodel describes a quadratic relationship with a minimum height at which maximum stress tolerance can be achieved, which may in fact be indicative of a minimum GA level for maximum stress tolerance.
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Figure 10. Relationship between shoot height and ion leakage after exposure to



50t1°C for 3 h (shown by the smooth Une) of barley cv. Perth seedlings treated with water or the plant growth regulators prohexadione-Ca, primo and paclobutrazol. Each symbol (+) represents mean heights and ion leakage for stressed seedlings. There was a significant regression at the Type I error rate of 0.05 (p = 0.0066,R2= 0.97).



To investigate this possibility and the role of specific GAs in stress tolerance, the endogenous GA content of primo-treated seedlings relative to control (cv. Perth) seedlings were analyzed (Table 1). These results were cornpared to published data (see Crocker et al., 1990) for paclobutrazol-treated barley seedlings. Analysis of the endogenous GA levels in the actively growing inner-portion of the second leaf indicated that both the early 13-hydroxylation and early non-lbhydroxylation pathways are functional in barley cv. Perth, (Table 1) which confined an earlier report (Grosselindernann et al., 1992). In primotreated seedlings the reduction in shoot height was associated with increased levels of the 3-deoxy GA,



but not of GA, (Table l ) , which is also a 3-deoxy GA.



In contrast, the growth-active 3B-hydroxylated GAs, especially GA,, GA4,and GA, were appreciably reduced (Table 1). However, the reduction in GAJevels did not result in an elevation of G&, implying perhaps a preference for the blockage of GA2,-3B-hydroxylase or a relatively low biosynthetic flow-through for the GA2, to



GA,to GA, sequence at this stage of seedling ontogeny. Reduced levels of the 3-deoxy GA,



and increased levels of the growth-active 3B-hydroxylated GA, are



consistent with the known mode of action of primo (Rademacher, 2000),which inhibits the 2-oxoglutarate-dependent dioxygenases that catalyses the conversion of GA2, to GA,. Sirnilar results have been obtained previously in barley with another acylcyclohexanedione, LAB 236735 (Hedden, 1991). Furthermore, the level of GA8, the inactive PB-hydroxylated metabolite of GA,, was reduced by 78%, a finding that is also consistent with the mode of action of primo (Rademacher, 2000).



Table 1. Endogenous gibberellin (GA) levels (ng/g dry weight) in the inner portion of the second leaf of 10 day-old control and primo-treated barley cv. Perth seedlings and 12 day-old GA-responsive, dwf7 and GA-non-responsive Dwf2 barley mutants.
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Table 2. Endogenous gibberellin (GA) levels (pglg fresh weight) in sheath segments of 8 day-old control and paclobutrazol (10pM )-treated barley cv. Herta seedlings (Adapted from Crocker et al.,



IWO).
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5607 3577



1469 267
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Crocker et al. (1990), in investigating the inhibitory effect of paclobutrazol on GA biosynthesis, found that levels of GA, and GA, were reduced by 93 and



73%, respectively, and that levels of GA8, GA,, and GA, were also decreased, but to a lesser extent (Table 2). Paclobutrazol acts at a very early stage in GA biosynthesis resulting in the reduced levels of GA,, and GA .,



Hence, its



enhanced potency, relative to primo (compare Tables 1 and 2), is likely due to an overall reduction in ail GAs, from 3-deoxy precursors to the growth-active 3Phydroxylated products. In contrast, primo may allow more "leakage" of elevated levels of 3-deoxy GAs, such as GA,



through to its growth-active product, GA,.



The observation that paclobutrazol was more effective than primo at reducing GA levels and enhancing stress tolerance, confirms the suggestion that levels of endogenous GAs are crucial in stress tolerance (Vettakkorumakankav et al., 1999), however the specific GAs involved in stress tolerance cannot be determined at this point. In order to further clarify the apparent relationship between GA levels, height of seedlings and stress tolerance, two GA-responsive ( d m and MC96) and two GA-non-responsive (Dwf2and MC90) mutant lines of barley were studied. After 12 days of growth, the height and phenotype (dark green, twisted leaves) of the two GA-responsive mutant lines MC96 and dwfl were similar and comparable to cv. Perth seedlings treated with paclobutrazol (Figures 7A and 1IA). This indicated that reduced levels of growth-active GAs, whether caused



by mutation or application of GA-biosynthesis inhibitors, yield a similar



Figure 11. Appearance from left to right o f barley seedlings, cv. Perth, of GAnon-responsive dwarf mutants MC90 and Dwf2, and of GA-responsive dwarf mutants MC96 and dwf7 (A) before, and (6)24-h after exposure to heat stress at 5Okl OC for 3 h. Their mean heights were 133 (a), 98 (b), 56 (c), 51 (d), and 43 (e) mm respectively, with a standard error of 1.5, n = 36. Means followed by the



sarne letter are not significantly different from each other at a Type I error rate of 0.05.



morphological state. Seedlings from the GA-non-responsive dwarf line MC90 were sornewhat similar in size and phenotype to cv. Perth seedlings treated with primo. The other GA-non-responsive line, Dwf2, produced seedlings of intermediate size (Figure 11A). After exposure to heat stress, cv. Perth and MC90 seedlings were severely damaged, while seedlings of dwf7, the shortest mutant, appeared unaffected, showing a high degree of stress tolerance (Figures 11B and 12). The inherent heat tolerance of dwf1 allowed this mutant to maintain FJF,



ratios over



0.5, while cv. Perth and the other mutant seedlings had ratios lower than 0.2 after



heat stress, which is indicative of severe damage. Measurement of ion leakage showed a sirnilar trend (Figure 12A). Based on ion leakage and FJF, values, the degree of tolerance to heat stress increased for the various genotypes as follows: tall normal cv. Perth = MC90 < Dwf2 c MC96 < dwf7 (Figure 12). It was evident that the GA-responsive mutants, dwfl and MC96, which were the shortest, were also more tolerant of heat stress than the GA-non-responsive Dwf2 and MC90 mutant lines. However, although Dwf2 seedlings were significantly shorter than



MC90 seedlings, their tolerance to stress was not significantly different (Figure 12). Analysis showed no regression between height and stress tolerance among the genotypes and subsequently the regression mode1was not significant (R2= 0.84, p = 0.4552). Paraquat response showed a similar trend. Leaf segments of the GAresponsive mutants dwf? and MC96 that were exposed to the lower concentration of 2 pmolar paraquat, retained 97 and 99% of their origin



Figure 12. Ion leakage (A) and chlorophyll fluorescence (6)for barley seedlings cv. Perth, for GA-non-responsive dwarf mutants MC90 and Dwf2, and for GAresponsive dwarf mutants MC96 and dwf?, after exposure to heat stress at 50k1°C for 3 h. The sarne letter indicates that the means are not significantly different from each other a t a Type I error rate of 0.05. Standard error of the



m e a n s for ion leakage = 0.14, and chlorophyll fluorescence = 0.099, n = 9.
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chlorophyll levels, respectively (Figure 13). In contrast, the GA-non-responsive mutants, Dwf2 and MC90, retained only 77 and 79% of their chlorophyll, respectively. These latter mutants were thus significantly more susceptible to damage from free radicals than the two GA-responsive dwarfs (Figure 13). However, at the highest concentration of paraquat (5 pmolar), MC96 was the only mutant that was significantly protected from free radical darnage (Figure 13). Further studies on MC96 are thus warranted. Analysis of the GA content in Dwf2 and cv. Perth showed similar levels of growth-active GAs, i.e. the sum of GA,, GA,, GA, and GA, (Table 1), and both these genotypes had poor stress tolerance (see Figures 11B. 12A and 13). In contrast, dM7 had only one-tenth the level of growth-active, 3P-hydroxylated GAs (Table 1) and it exhibited a high degree of stress tolerance (Figures 11B, 12A, and 13). This was comparable to the stress tolerance of paclobutrazoltreated barley seedlings (Figures 78 and 8). The dwf7 genotype likely gains its reduced titer of growth-active GAs by a severe blockage at the 3P-hydroxylation steps, which is evident by the elevated levels of GA, and GA,



and undetectable



levels of GA,, GA, and GA, in this genotype (Table 1). The level of GAs in dwf7 and Dwf2 (Table 1) was consistent with that found in grd (GA-responsive) and gse (GA-non-responsive) mutants, respectively, described by Chandler and Robertson (1999). They concluded that grd mutants were GA-deficient, whereas gse mutants had a reduced sensitivity to GA signaling that resulted in an accumulation of GA.
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Figure 13. Total chlorophyll (a + b) in leaf segments for barley seedlings cv. Perth, for GA-non-responsive dwarf mutants MC90 and Dwf2, and for GAresponsive dwarf mutants MC96 and dwfl,expressed as a percent of unstressed tissue. The leaf segments were exposed to 2 and 5 pM of paraquat under 1000 pmols of light, for 8 h. The same letter indicates that the means are not significantly different from each other at a Type I error rate of 0.05.



MC90 may be similar to Dwf2 in its response to GA, however with a lower threshold for response, which would indicate that it also has high GA levels. If this is in fact the case, then a reduction in height alone is not sufficient to provide stress tolerance. This is confirmed by the lack of a significant correlation between height and stress tolerance for the mutants. The dwfl mutant had lower levels of growth-active GAs and was more tolerant to stress than Dwf2, a cornparison analogous to the observation that paclobutrazol, which effectively reduced levels of growth-active GAs, also produced plants that are much more tolerant to environmental stress. Furthermore, primo-treated plants, which had somewhat reduced levels of GA, and GA, and significantly reduced levels of GA, (Table l), were more resistant to stress than controls but not as much as paclobutrazol-treated plants (Figures 8A, 8B and 9). Taken in toto, these results provide strong evidence that a significant reduction in endogenous GA levels and subsequently in height are causally associated with significant enhancement of stress tolerance. Plants are subjected to various forms of stress during growth and development and these can lead to a significant reduction in crop yield and quality (Paliyath and Fletcher, 1995b). Results from this study suggest that in the short term, GA-inhibitors might be useful to protect plants from environmental stresses. For example, the acylcyclohexanedione, primo (half-life of 20 days) is much less persistent in soi1 than paclobutrazol (half-life of 6-12 months), making it a more desirable GA-inhibitor for use in agriculture (Rademacher, 2000).



Hence, research into application methods that will enhance uptake in seedlings



of the acylcyclohexanedione class of GA-inhibitors is well worthwhile. It is also possible that the efficacy of acylcyclohexanediones in inducing stress tolerance can be improved by combining their application with other treatments that reduce growth-active GAs. Jordan et al. (1995) reported that overexpression of phytochrome A in transgenic tobacco (Nkotiana tabacum, cv. Xanthi) induced substantial dwarfing, increased pigmentation, delayed senescence, and reduced GA,, which are al1 characteristics of GA-deficient plants. Hence, the efficacy of



acylcyclohexanediones as stress protectants might, in theory, be improved by cornbining it with a red-light treatrnent during seed imbibition (see Fletcher et al.,



2000). A reduction in both endogenous growth-active GA content and height are likely to be important requirements for enhanced stress tolerance. The regression analysis used for the GA-inhibitor-trial suggested a quadratic relationship. This indicates that there may be an optimum combination of GA level (as indicated by reduced height) at which maximum tolerance can be achieved. Such a concept could form the basis for novel crop protection strategies using less persistent GA-inhibitors, with or without other adjunct treatments, and breeding using either classical or molecular genetics. That said, it is important to note that in natural systems there are many variables that influence the growth and development of plants and a reduced endogenous GA content for optimal stress tolerance may not always yield improved overall survival.



The relationship between gibberellin (GA) levels, height and stress tolerance was investigated using barley (Hordeum vulgare L.), which were exposed to heat stress (50°Cfor 3 h) and a free radical generator (paraquat). The normal genotype cv. Perth and four mutants that were either, responsive (MC96 and dwf?) or non-responsive (MC90 and Dwf2) to applied growth-active GAs, were tested. Two classes of GA-biosynthesis inhibitors: a triazole paclobutrazol, and two acylcyclohexanediones, primo (trinexapac-ethyl) and prohexadione-Ca, that had different sites of action, were used to treat barley cv. Perth. These seedlings exhibited a strong quadratic regression between height and stress tolerance, which was indicative of their endogenous GA content. However, there was no relationship between height and stress tolerance for the barley mutants, indicating that a reduction in shoot height alone is not sufficient to enhance stress tolerance. The mutants, dwfl and MC96, were the shortest and the most stress tolerant, whereas Dwf2 and MC90 responded similarly to both stresses, although Dwf2 was significantly shorter than MC90. Compared to the two least tolerant genotypes, cv. Perth and Dwf2, the most stress tolerant genotype dwfl, had one-tenth the levels of growth-active GAs: GA,, GA, GA4 and GA,.



Additionally, use of paclobutrazol, which reduced



endogenous GAs (Crocker et al. (1990) Plant Physiol. 94: 194-200) to levels comparable to dwfl, conferred a high degree of stress tolerance to W. Perth. It



was thus concluded that a reduction in endogenous levels of growth-active GAs,



and subsequently in shoot height, is an important factor to consider when generating stress tolerant plants.



GENERAL DISCUSSION Coping with environrnentally imposed adverse conditions by relatively rapid physiological changes is a frequent and essential manifestation of the adaptation of terrestrial plants to their often highly changeable physical environments (Moore, 1989). However, with the growing demand for food and the phenornenon of global warrning, which could push agriculture into harsher environrnents, crop yield could be severely affected as a consequence of increased exposure to environmental stresses (Khanna-Chopra and Viswanathan, 1999). Currently, the main sources for plants that are tolerant to abiotic and biotic stresses include breeding (Hanson et al., 1982). biotechnology (Pauls, 1995) and the use of PGRs such as ethephon and ABA analogues (Gianfagna et al., 1992). These procedures can be either used simply as tools towards developing a stress-tolerant variety or in investigating the basis of the stress response. The latter is what is presently required in order to further Our capacity to produce food for a rapidly increasing global population. Plant breeding played an important role in defining modern agriculture (Hanson et al., 1982). However, it can take up to 15 years to develop a highquality stable cultivar, hence in the past 20 years, plant biotechnology, which is a more rapid technique for identifying and introducing desirable traits into cropplants is being incorporated into many breeding programs (Pauls, 1995). The fact that endogenous mechanisms of stress tolerance or avoidance are hormonally regulated is why some PGRs can successfully protect plants from environmental stresses (Gianfagna et al., 1992). lnvestigating the effects of



79



hormonal regulation on stress tolerance is an important aspect for understanding the mechanisms of stress and can provide a central theme for future crop protection strategies. It has been established that triazoles pratect plants from a variety of environmental stresses (Fletcher et al., 2000). However, their persistence in soi1 and resultant carry-over effects in the field is of major concern (Jackson et al., 1996). This has hampered the wide spread use of these chemicals, though their potency in both growth regulation and stress protection in various commercially important plants is well documented (Fletcher et al., 2000). The acylcyclohexanediones are less potent than the trÏazoles but have remarkably shorter half-lives making them attractive candidates in developing crop protection strategies. Both families of PGRs are GA-inhibitors, albeit at different stages of GA-biosynthesis. A study conducted by Gilley and Fletcher (1998) reported that the triazole-effect on both stress tolerance and growth are negated by application of GA. Using GA-responsive mutants of barley and normal tall barley treated with paclobutrazol, the role of GA in stress was recently exemplified by Vettakkorumakankav et al. (1999). They suggested that GA was crucial for stress tolerance. However, in their study the role of height was not clear. The hypothesis of this study was that a reduction in both gibberellins and height was important for stress tolerance. One objective of the current research was to determine the role or specific GAs in inducing stress tolerance. The other objective was to delineate the effects of GA and height on stress tolerance. A practical outcome of this study was to determine the relative efficacy of the



acylcyclohexanediones, primo and prohexadione-Ca, to the triazole paclobutrazol. The results of the investigation showed that there is a nearperfect inverse correlation between the height of a shoot treated with one of the three GA-inhibitors and stress tolerance, and that the curve defined by regression has a minimum value- Paclobutrazol was more effective at both reducing height and increasing stress tolerance than primo and this appeared closely related to their endogenous GA levels. Hence, it was apparent that the greater the reduction ir; GA content, the shorter and the more stress tolerant the plant. When the concentration of primo applied to the seed was increased, the resuitant seedling closely resembled paclobutrazol-treated seedlings, further confirming the above trend. However, it was not possible to determine whether a reduction in a specific GA or the total GA content was necessary for enhancing stress tolerance. In order to clarify the role of height, the GA-responsive mutants, dwf7 and



MC96 were compared to the GA-non-responsive mutants Dwf2 and MC90. The



-dwflmutant was the shortest and most stress tolerant, whereas both the GAnon-responsive mutants were equally susceptible to stress in spite of MC90 being significantly taller than Dwf2. Hence, there was no significant correlation between height and stress tolerance in the mutants. This indicated that height alone was not responsible for the response to stress. Endogenous GA content of dwf? and Dwf2 confirmed that the former was GA-deficient, whereas the latter,



which had high levels of biologically active GAs, was defective in either GAsignaling or growth response. Based on the information provided by Falk



(personal communication), it is now presumed that DM2 is defective in GAsignaling. Since MC90 is similar to Dwf2 in its lack of response to appiied GA, it can be assumed that the level of endogenous GA is near normal and hence, indicates that a reduction in GA content and subsequently in height, is important for enhancing stress tolerance. Further evidence to support this conclusion can



be found in the studies conducted by Rebetzke and Richards (2000) using wheat dwarfs. They report that the GA-sensitive dwarfs (GA-deficient) had a consistent advantage in al1 environments, including those that were dry and hot, over the GA-insensitive dwarfs. However, the next step is to determine the probable mechanisrns by which GA content and reduced height impact inherent stress tolerance. On a cellular basis, studies have shown that paclobutrazol-treated plants have sun-type chioroplasts (Lichtenthaler, 1979). that are larger (Gao et al., 1988, Sopher et al., 1999), and modified membranes that are more efficient at discarding damaged regions and repairing themselves (Paliyath and Fletcher, 1995a). Furthermore, there is an increase in antioxidant enzymes such as SOD and peroxidases, as well as in antioxidants inciuding ascorbic acid and tocopherol (Fletcher et al., 2000). Recently studies have shown that primo also causes a rise in the level of SOD in creeping bentgrass (Zhang and Schmidt, 2000). These results are expected since a change in hormone levels will ultimately change the physiology of a plant. However, it is apparent that plants with reduced GA have physiological alterations that increase tolerance to stress. Further evidence to support this cornes from a study by Jordan et al. (1995),



where transgenic tobacco overexpressing Phy A were more tolerant to stress. These plants also had lower levels of the physiologicaIly active GAl and this decrease was considered an effect of the phytochrome system. In general, plants grown under high light intensity are shorter, probably due to interaction of the phytochrome system and GA biosynthesis, but they also have a higher compensation point at which the chloroplasts are damaged (Levitt, 1980). Hence, it appears that reduced GA levels induce the formation of



chloroplasts that are more efficient at withstanding high light intensity and this is seen in plants treated with triazoles. In totality, it can be hypothesized that a reduction in GA levels induces the formation of resilient chloroplasts that can withstand damage due to both heat and free radicals, but also results in plants that are better equipped to deal with membrane darnage caused by these and other stresses. The reduction in height caused by increased light intensity is considered a result of reduced GA levels. Shorter plants are consistently more tolerant to stress (Levitt, 1980; Hanson et al., 1982; and Rebetzke and Richards, 2000). One of the reasons for this is sirnply stress avoidance since they are closer to the ground and the insulating layer of air. However, on a physiological basis, the requirement for reduced height is hard to explain and in fact, there may be more than one explanation for this phenomenon. A complication arises with the results from studies conducted using brassinosteroids. Dhaubhadel et al. (1999) reported that treatment with 2,4-epibrassinolide increased the thermotolerance of Brassica napus, however it is also known that brassinolides promote shoot



elongation (Davies, 1995a). This is an indication of the complexity involved in plant stress-response and hormone interactions. Abscisic acid (ABA) is considered to be a stress hormone and is found to be an antagonist of GA in many systems including germination and shoot



elonagation (Moore, 1989). For example, ABA causes a reduction in leaf elongation rates by decreasing the activity of xyloglucan endo transglycosylase (XET), whereas GA increases XET activity allowing for cell expansion and growth (Maheshwari, 1999). Triazoles inhibit the degradation of ABA to phaseic acid thereby leading to an increase in ABA levels (Rademacher, 2000). High ABA content has been associated with stress tolerance and it has been proposed that the stress protective effect of triazoles is a result of a change in the hormonal balance, specifically increased ABA levels. Abscisic acid and GA are simple molecules that have profound physiological effects. They accomplish these by promoting calmodulin/~a'~ rnediated signal transduction pathways, sirnilar to phytochrome (Ritchie and Gilroy, 1998). ABA increases the permeability of the membrane to ~ a + * , resulting in increased transcription of genes for enzymes involved in among other things, free radical scavenging (Owen, 1988; and Smirnoff, 1998). However, the plant responses that confer stress tolerance need not al1 be physiological. It is possible that some changes that confer stress tolerance are rnorphological in nature, such as reduced height and increased epicuticular wax (which, in triazole-treated plants has been implicated with avoidance of UV-B radiation



damage). It is also probable that these changes are what tip the balance in fasor



of stress tolerance versus susceptibility in the plant. In summary, it is apparent that reducing GA levels, and subsequently height, is important for enhancing stress tolerance, however, since ABA is antagonistic to GA and has been dubbed the "stress hormone", its effects canmot be excluded. The balance between ABA and GA can be used as a central theme



for developing future crop protection strategies around the world. However, it is important to remember that plants require a certain hormonal balance to sustain their physiological processes, without which they may respond by decreasing germination, growth and yield. For this reason, there may be cases where endemic species with naturally evolved stress resistance mechanisms are far more suitable for a particular environment. The stress-response system is complex and al1 the aspects have not have been considered here, hence there is a need for further studies that will elucidate the involvement of GA and ABA in signal transduction and the resultant effects at the cellular level which confer stress tolerance to the entire plant. In addition, the requirement for a reductiona in height has to be confirmed and examined further.



REFERENCES Abrams, S. R., Rose, P. A., Cutter, A. J., Balsevich, J. J., Lei, B., and WalkerSirnmons, M. K. 1997. 8'-Methylene abscisic acid: An effective and persistent analog of abscisic acid. Plant Physioi. 114 (1): 89-97. Adams, R., Kerber, E., Pfister, K., and Weiler, E. W. 1992. Studies on the action of the new growth retardant CGA 163'935 (Cimectacarb). In Progress in Plant Growth Regulation. 14th Annual International Conference, July l 9 9 l . Amsterdam, The Netherlands. pp. 818-827. Appleford, N. E. J., and Lenton, J. R. 1997. Hormonal regulation of alphaamylase gene expression in germinating wheat (Triticum aestivum) grains. Physiol. Plant. 100 (3): 534-542. Asare-Boamah, N- K., Hofstra, G., Fletcher, R. A., and Dumbroff, E. B. 1986. Triadimefon protects bean plants from water stress through its effects on abscisic acid . Plant Cell PhysioI. 27 (3): 383-390. Austin, R. B. 1989. Prospects for improving production in stressful environments. ln Plants Under Stress: Biochemistry, Physiology and Ecology and their Application to Plant Improvement. Jones, H. G., Flowers, T. J., and Jones, M. B. (eds.). Cambridge University Press. Cambridge, U. K. pp. 235-248. Bethke, P. C., and Jones, R. L. 1998. Gibberellin signaling. Curr. Opin. Plant Biol. 1:440-446. Bodson, M., and Thomas, E. 1995. The role of gibberellins in the control of inflorescence bud initiation of Rhododendron simii. Acta Horf. 378: 113121. Booker, H. M., Gillespie, T. J., Hofstra, G. and Fletcher, R. A. 1991. Uniconazole-induced thermotolerance in wheat seedlings is mediated by transcriptional cooling. Physiol. Plant. 81: 335-342. Borner, A., Korzun, V., Malyshev, S., Ivandic, V., and Graner, A. 1999. Molecular mapping of two dwarfing genes differing in their GA response on chromosome 2H of barley. Theor. Appl. Genet. 99: 670-675. Brodl, M. R. 1990. Biochemistry of heat shock responses in plants. In Environmental lnjury to Plants. Katterman, F. (ed). Academic Press Inc. San Diego, California. pp. 113432.



Brown, L. R. 1999. Feeding nine billion. In State of the World. Starke, L. (ed.). W. W. Norton and Company. New York, New York. pp. 115-132. Brown, L. R., and Flavin, C. 1999. A new economy for a new century. In State of the World. Starke, L. (ed.). W. W. Norton and Company. New York, New York. pp. 3-21. Brown, R. G. S., Kawaide, H., Yang, Y-Y., Rademacher, W., and Kamiya, Y. 1997. Daminozide and prohexadione have similar modes of action as inhibitors of the late stages of gibberellin metabolism. Physiol. Plant. 101: 309-313. Buchenauer, H., and Rohner, E. 1981. Effect of triadimefon and triadimenol on growth of various plant species as well as on gibberellin content and sterol metabolism in shoots of barley seedlings. Pest. Biochem. Physiol. 15:



58-70. Burpee, L. L., Green, D. E., and Stephens, S. L. 1996. Interactive effects of plant growth regulators and fungicides on epidemics of dollar spot in creeping bentgrass. Plant Disease. 80 (11): 1245-1250. Burrows, G. E., Boag, T. S., and Stewart, P. 1992. Changes in leaf, stem, and root anatomy of chrysanthemurn cv. LiIlian Hoek following paclobutrazol application. J. Plant Growfh. Regul. 11: 189-194. Canny, M. J. 1985. Ashby's law and the pursuit of plant hormones: A critique of accepted dogmas, using the concept of variety. Aust. J. Plant Physiol. 12: 1-7. Chandler, P. M. 1992. Gibberellin responses in barley. in Barley: Genetics, Biochemistry, Molecular Biology and Biotechnology. Shewry, P. R. (ed.). Wallingford Publishers, Oxford, U. K. pp. 403-41 1. Chandler, P. M., and Robertson, M. 1999. Gibberellin dose-response curves and the characterization of dwarf mutants of barley. Plant Physiol. 120:



623-632. Churchill, G. C.,Reaney, M. J. T., Abrarns, S.R., and Gusta, L. V. 1998. Effects of abscisic acid and abscisic acid analogs on the induction of freezing tolerance of winter rye (Secale cereale L.) seedlings. Plant Growth Regul. 25 (1): 35-45 Clouse, S. D. 1996. Molecular genetic studies confirrn the role of brassinosteroids in plant growth and development. Plant J. 1O(1): 1-8.



Cowan, A. K., Cairns, A. L. P., and Bartels-Rahm, B. 1999. Regulation of abscisic acid metabolisrn: towards a metabolic basis for abscisic acidcytokinin antagonism. J. Exp. Bioi. 50 (334): 595-603. Crocker, S. J., Hedden, P., Lenton, J. R., and Stoddart, J. L. 1990. Cornparison of gibberellins in normal and slender barley seedlings. Plant Physiol. 94: 194-200. Davies, P. J. 1995a. The plant hormones: their nature, occurrence and functions. ln Plant Hormones. Davies, P. J. (ed.). Kluwer Academic Publishers. The Netherlands. pp. 1-12. Davies, P. J. 1995b. The plant hormone concept: concentration, sensitivity and transport. In Plant Hormones. Davies, P. J. (ed.). Kluwer Academic Publishers. The Netherlands. pp. 13-38. Davis, T. D., and Curry, E. A. 1991. Chemical regulation of vegetative growth. Crit. Rev. Plant Sci 10 (2): 151-188. Davis, T. D., Steffens, G. L., and Sankhla, N. 1988. Triazole plant growth regulators. Hod. Rev. I O : 63-105. DeEII, J. R., van Kooten, O., Prange, R. K., and Murr, D. P. 1999. Applications of chlorophyll fluorescence techniques in postharvest physiology. Hort. Rev. 23: 69-107. Dhaubhadel, S., Chaudhary, S., Dobinson, K. F., Krishna, P. 1999. Treatment with 24-epibrassinolide, a brassinosteroid, increases the basic thermotolerance of Brassica napus and tomato seedlings. Plant Mol. Bioi. 40 (2): 333-342. Evans, L. T., and Blundell, C. 1996. The acceleration of primordium initiation as a component of floral evocation in Lolium temulentum L. J. Plant. Physiol. 23: 569-576. Evans, J. R., Mitchell, J. M., Harell A. L., Schell, L., and Rademacher, W. 1996. Prohexadione calcium use in peanuts (Arachis hypogaea). In Proceedings of the Plant Growth Regulation Society of America. 23rd Annual Meeting, July 14-18. Alberta, Canada. pp. 252. Fagerness, M. J., and Penner, D. 1998. 14~-~rinexapac-ethyl absorption and translocation in Kentucky bluegrass. Crop Sci 38: 1023-1027. Falk, D. E. Personal communication. Department of Plant Agriculture, University of Guelph, Guelph, Ontario, Canada.



Falk, D. E. 1995. New dominant dwarfïng gene (Dwf2) in barley. Barley Genetics Ne wsletter. 24: 87-89. Falk, D. E., and Kasha, K. J. 1982. A vegetative dwarf rnutantin barley. Barley Genetics Ne wsletter. 12:69-72, Farquhar, G. D.' Wong, S. C., Evans, J. R., and Hubick, K. T. 1989. Photosynthesis and gas exchange. In Plants Under Stress. Jones, H. G., Flowers, T. J., and Jones, M. B. (sds.). Cambridge University Press. Cambridge, U. K- pp. 47-69. Favret, E. A., Favret, G. C., and Malvarez, E. M. 1975. Genetic regulation mechanisms for seedling growth in barley. Barley Genetics Newsletter. 3 : 37-42. Firn, R. D. 1985. Ashby's law of requisite variety and its applicabiiity to hormonal control. Aust. J. Plant Physiol. 12: 685-687. Fletcher, R. A., and Arnold, V. 1986. Stimulation of cytokinins and chlorophyll synthesis in cucumber cotyledons by triadimefon. Physiol. Plant. 66: 197201. Fletcher, R. A., Gilley, A., Sankhla, N., and Davis, T. D. 2000. Triazoles as plant growth regulators and stress protectants. Hort. Rev. 24: 55-1 38. Fletcher, R. A., and Hofstra, G. 1988. Triazoles as potential plant protectants. In Sterol Biosynthesis Inhibitors: Pharmaceutical and Agrochemical Aspects. Edited by Berg, D., and Plempel, M. (eds.). Ellis Horwood Ltd., Cambridge, U. K. pp. 321-331. Fletcher, R. A., and Hofstra, G. 1990. lmprovement of uniconazole-induced protection in wheat seedlings. J. Plant Growth Regol. 9: 207-21 2. Foyer, C. H., Lelandais, M., and Kunert, K. J. 1994. Photooxidative stress in plants. Physiol. Plant. 92: 696-717. Fujioka, S., Yamane, H., Spray, C. R., Gaskin, P., MacMillan, J., Phinney, B.O., and Takahashi, N. 1988. Qualitative and quantitative analysis of gibberellins in vegetative shoots of normal , dwarf-1 , dwarf-2, dwarf-3, and dwarf-5 seedlings of Zea mays L. Plant Physioi. 88:i367-1372. Gao, J., Hofstra, G., and Fletcher, R. A. 1988. Anatomical changes induced by triazoles in wheat seedlings. Cam J. Bot. 66: 1178-1 185.



Gaskin, P. and MacMillan, J. 1991. GC-MS of the Gibberellins and Related Compounds: Methodology and a Library of Spectra. University of Bristol (Cantock's Enterprises), Bristol, England, UK. Gianfagna, T. J., Durner, E. F., and Idriss, A. 1992. Mode of action and use of plant growth retardants in reducing the effects of environmental stress on horticultural crops. ln Progress in Plant Growth Regulation. Karssen, C. M., van Loon, L. C.,and Vreugdenhill, D. (eds.). Kluwer Academic Publishers. The Netherlands. pp. 778-787. Gitley, A. and Fletcher, R. A. 1997. Relative efficacy of paclobutrazol, propiconazole and tetraconazole as stress protectants in wheat seedlings. Plant Growfh Regul. 21: 169-175. Gilley, A. and Fletcher, R. A. 1998. Gibberellin antagonizes paclobutrazolinduced stress protection in wheat seedlings. J. Plant Physiol. 103: 200207. Golembiewski, R. C., and Danneberger, T. K. 1998. Dollar spot severity as influenced by trinexapac-ethyl, creeping bentgrass cultivar, and nitrogen fertility. Agron. J. 90 (4):466-470. Gong, M., Li, Y. J., Dai, X., Tian, M., and Li, Z. G. 1997. Involvement of calcium and calmodulin in the acquisition of heat-shock induced thermotolerance in maize seedlings. J. Plant Physiol. 150 (5):61 5-621. Graebe, J. E. 1987. Gibberellin biosynthesis and control. A m . Rev. Plant Physiol. 38: 419-465. Griggs, D. L., Hedden, P., Temple-Smith, K. E., and Rademacher, W. 1991. Inhibition of gibberellin 2p-hydroxylases by acylcyclohexanedione derivatives. Phytochem. 30 (8): 251 3-2517. Grosselindemann, E., Graebe, J. e., Stockl, D.,and Hedden, P. 1991. entkaurene biosynthesis in gerrninating barley (Hordeum vulgare L., cv. Himalaya) caryopses and its relation to a-amylase production. Plant Physiol. 96: 1099-1 104. Grosselindemann, E., Lewis, M. J., Hedden, P., and Graebe, J. E. 1992. Gibberellin biosynthesis from AlZaldehyde in a cell-free system from gerrninating barley (Hordeum vulgare L., cv. Himalaya) embryos. Planta. 188: 252-257. Grossrnann, K. 1990. Plant growth retardants as tools in physiological research. Physiol. Plant. 78: 640-648.



Grossrnann, K. 1992. Plant growth retardants: their mode of action and benefit for physiological research. In Progress in Plant Growth Regulation. Karssen, C. M., van Loon, L. C.,and Vreugdenhill, D. (eds.). Kluwer Acadernic Publishers. The Netherlands. pp. 788-797. Hanson, H., Borlaug, N. E., Anderson, R. G. 1982. Wheat in the third world. Westview Press, Colorado, US.A. Hauser, C., Kwiatkowski, J., Rademacher, W., and Grossmann, K. 1990. Regulation of endogenous abscisic acid levels and transpiration in oilseed rape by plant growth retardants. J. Plant Physiol. 137: 201-207. Hedden, P. 1987. Gibberellins ln Principles and Practice of Plant Hormone Analysis. Rivier, L. and Crozier, A. (eds.). Academic Press, London. Vol. 1: p. 38-39. Hedden, P. 1991. Gibberellin biosynthetic enzymes and the regulation of gibberellin concentration. In Gibberellins. Takahashi, N., Phinney, B. O., and MacMillan, J. (eds.). Springer-Verlag Inc., N. Y. pp. 94-105. Hedden, P. 1999. Recent advances in gibberellin biosynthesis. J. Exp. Bot. 50(334): 553-563. Hedden, P., and Kamiya, Y. 1997. Gibberellin biosynthesis: Enzymes, genes and their regulation. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48: 431460. Hedden, P., and Proebsting, W. M. 1999. Genetic analysis of gibberellin biosynthesis. Plant Physiol. 119: 365-370. lm, 1. B., Choi, W. Y., Lee, S. Y., Park, K. Y., and Lee, J. L. 1993. Effects of trinexapac-ethyl (CGA 163935) on growth and lodging of rice (Oryza sativa L.). Korean J. Weed Sci 13 (1): 19-25. Ivandic, V., Malyshev, S., Korzun, V., Graner, A., and Borner, A. 1999. Comparative mapping of a gibberellic acid-insensitive dwarfing gene (Dwf2) on chromosome 4HS in barley. Theor. Appl. Genet. 98: 728-731. Izumi, K., and Oshio, H. 1991. Effects of the growth retardant uniconazole-P on endogenous levels of hormones in rice plants. In Gibberellins. Takahashi, N., Phinney, B. O.,and MacMillan, J. (eds.). Springer-Verlag Inc., N. Y. pp. 330-338. Jackson, M. 1997. Hormones from roots as signais for the shoots of stressed plants. Trends Plant Sci. 2 (1): 22-28.



Jackson, M. J., Line, M. A., and Hasan, 0. 1996. Microbial degradation of a recalcitrant plant growth retardant - paclobutrazol (PP333). Soi1 Biol. Biochem. 28 (9): 1265-1267. Jacobsen, J. V., Gubler, F., and Chandler, P. M. 1995. Gibberellin action in germinated cereal grains. In Plant Hormones.. Davies, P. J. (ed-). Kluwer Academic Publishers. The Netherlands. pp- 246-271. Jones, H. G., and Jones, M. B. 1989. Introduction: some terminology and common mechanisms. ln Plants Under Stress: Biochemistry, Physiology and Ecology and Their Application to Plant Improvement. Jones, H. G., Flowers, T. J., and Jones, M. B. (eds.). Cambridge University Press. Cambridge, U. K. pp. 140. Jordan, E. T., Hatfield, P. M., Hondred, D., Talon, M. , Zeevart, J. A. D., and Vierstra, R. D. 1995. Phytochrome A overexpression in transgenic tobacco. Plant Physiol. 107: 797-805. Kamiya, Y., and Garcia-Martinez, J. L. 1999. Regulation of gibberellin biosynthesis by Iight. Curr. Opin. Plant Biol. 2398-403. Kende, H., and Zeevart, J. A. D. 1997. The five "classical" plant hormones. The Plant Cell. 9: 11 97-1210. Khanna-Chopra, R., and Viswanathan, C. 1999. Evaluation of heat stress tolerance in irrigated environment of T. aestivum and related species. 1. Stability in yield and yield components. Euphyfica. 106: 169-180. Khripach, V. A., Zhabinskii, V. N., and de Groot, A. E - 1999. Brassinosteroids : a new class of plant hormones. Khripach, V. A., Zhabinskii, V. N., de Groot, A. E (eds.). Academic Press. San Diego, U. S. A. Kim, K. Y., Kwon, H. K., Kwon, S. Y., Lee, H. S., Hur, Y., Bang, J. W., Choi, K. S., and Kwak, S. S. 2000. Differential expression of four sweet potato peroxidase genes in response to abscisic acid and ethephon. Phytochem. 54 (1): 19-22. King, R. W., Blundell, C., Evans, 1.T., Mander, L. N., and Wood, J. T. 1997. Modified gibberellins retard growth of cool-season turfgrasses. Crop Sci. 37: 1878-1883. Konzak, C. F. 1987. Mutations and mutations in breeding. In Wheat and Wheat Improvement. Heyne, E. C. (ed.) American Society of Agronomy. WI., U. S. A. pp. 428-443.



Koshioka, M., Takeno, K., Beall, F.D., and Pharis, R.P. 1983a. Purification and separation of gibberellin precursors, gibberellins and gibberellin glucosyl conjugates from higher plants using C l 8 reverse phase material. Plant Physiol. 73: 398-406. Koshioka, M.. Harada, J. , Takeno, K., Noma, M., Sassa, T. , Ogiyama, K. , Taylor, J.S., Rood, S.B. , Legge, R.L., and Pharis, R.P. l983b. Reversed-phase C l 8 high-performance liquid chromatography of acidic and conjügated gibberellins. J. Chrom. 256:lOI-l15. Kraepiel, Y. and Miginiac, E. 1997. Photomorphogenesisand phytohormones. Plant Ce11 Env. 20: 807-812. Kraus, T. E., Evans, R .C., Fletcher, R. A., and Pauls, K. P. 1995a. Paclobutrazol enhances tolerance to increased levels of UV-B radiation in soybean (Glycine max) seedlings. Can. J. Bot. 73: 797-806. Kraus, T. E., McKersie, B. D., and R. A. Fletcher. 1995b. Paclobutrazol-induced tolerance of wheat leaves to paraquat may involve increased antioxidant enzyme activity. J. Plant Physiol. 145: 570-576. Kraus, T. E., Murr, D. P., Hofstra, G., and Fletcher, R. A. 1992. Modulation of ethylene synthesis in acotyledonous soybean and wheat seedlings. J. Plant Growth Regul. 11:47-53. Lanahan, M. B., and Ho, T. D. 1988. Slender barley: a constitutive gibberellinresponse mutant. Planta. 175: 107-114. Lange, T. 1998. Molecular biology of gibberellin synthesis. Planta. 204: 409419. LaRosa, P. C., Handa, A. K., Hasegawa, P. M., and Bressan, R. A. 1985. Abscisic acid accelerates adaptation of cultured tobacco cells to salt. Plant Physiol. 79: 138- 142. LaRosa, P. C., Hasegawa, P. M., Rhodes, D., Clithero, J. M., Watad, A. A., and Bressan, R. A. 1987. Abscisic acid stimulated osmotic adjustment and its involvement in adaptation of tobacco cells to NaCI. Plant Physiol. 85: 174-181. Larson, R. A. 1995. Plant defenses against oxidative stress. Arch. lnsect Biochem. Physiol. 29 (2):179-186. Lee, E. H., Byun, J. K., and Wilding, S. J. 1985. A new gibberellin biosynthesis inhibitor, paclobutrazol (PP333) confers increased SOz tolerance on snap bean plants. Env. Exp. Bot. 25 (3): 265-275.



Lehmann, H., and Vlasov, P. 1988. Plant growth and stress - the enzyme hydrolysis of abscisic acid conjugate. J. Plant Physiol. 132: 98-101. Lenton, J. R., Appleford, N. E. J., and Temple-Smith, K. E. 1994. Growth retardant activity of paclobutrazol enantiomers in wheat seedlings. Plant Growth Regul. 15: 281-291. Lever, B. G. 1982. The need for plant growth regulators. ln Plant Growth Regulator Potential and Practice. Thomas, T. H. (ed.) BCPC Publications. Croydon, U. K. pp. 3-28. Levitt, J. 1980. Responses of plants to environmental stresses: Chilling, Freezing, and High Temperature Stresses, Vol. 1. Academic press. New York, U. S. A. Lichtenthaler, H. K. 1979. Effect of biocides on the development of the photosynthetic apparatus of radish seedlings grown under strong and weak iight conditions. 2. Nafurforsch. 34: 936-940. Lichtenthaler, H. K., Rohmer, M., and Schwender, J. 1997. Two independent biochemical pathways for isopentenyl diphosphate and isoprenoid biosynthesis in higher plants. Physiol. Plant. 101 : 643-652. Mackay, C. E., Hall, C. J., Hofstra, G., and Fletcher, R. A. 1990. Uniconazoleinduced changes in abscisic acid, total amino acids and proiine in Phaseolus vulgaris. Pest. Biochem. Physiol. 37: 74-82. Maheshwari, M. 1999. Effect of GA, ABA and water stress on leaf elongation and XET activity in barley Hordeum vulgare L. lndian J. Exp. Biol. 37: 1O01-1004. Marcum, K. B., Jiang, H., and Jiang, H. F. 1997. Effects of plant growth regulators on taIl fescue rooting and water use. J. Turfgrass Man. 2 (2): 13-27. McKersie, B. D., and Leshem, Y. Y. 1994. Stress and Stress Coping in Cultivated Plants. Kluwer Academic Publishers. The Netherlands. McKersie, B. D., Bowley, S. R., and Jones, K. S. 1999. Winter survival of transgenic alfalfa overexpressing superoxide dismutase. Plant Physiol. 119(3): 839-848.



Moore, T. C. 1989. Biochemistry and Physiology of Plant Hormones second edition. Springer-Verlag, New York, U. S. A. Moore, T. C., and Coolbaugh, R. C. 1991. Correlations behnreen apparent rates of ent-kaurene biosynthesis and parameters of growth and development ion Pisum sativum. In Gibberellins. Takahashi, N., Phinney, 8. O., and MacMillan, J. (eds.). Springer-Verlag Inc., N: Y. pp. 188-798. Muthukurnarasamy, M., and Panneerselvam, R. 1997. Amelioration of NaCl stress by triadirnefon in peanut seedlings. Plant Growth Regul. 22: 157162. Norman, S. M., Bennett, R. D., Poling, S. M., Maier, V. P., and Nelson, M. A. 1986. Paclobutrazol inhibits abscisic acid biosynthesis in Cercospora rosicola. Plant Physiol. 80: 122-125. Novartis Technical Bulletin. 1998. Pre-stress Conditioning with Primo: A Technical Update. Novartis Crop Protection, Inc. Turf and Ornamental Products. Greensboro, N. C. Nover, L., and Schraf, K. D. 1997. Heat stress proteins and transcription factors. Cell. Mol. Life Sci. 53 (1): 80-103 Ogas, J. 1998. Plant hormones: dissecting the gibberellin response pathway. CUK Biol. 8: R165-RI67. Owen, J. H. 1988. Role of abscisic acid in a Caf+ second messenger system. Physiol. Plant. 72: 637-341. Paliyath, G., and Fletcher, R. A. 1995a. Paclobutrazol treatment stabilizes membrane structure in heat-stressed corn coleoptiles. Physiol. Mol. Biol. Plants. 1: 161-1 70. Paliyath, G.,and Fletcher, R. A. 1995b. Paclobutrazol treatment alters peroxidase and catalase activities in heat-stressed maize coleoptiles. Physiol. Mol. Biol. Plants. 1: 171-178. Parry, A. D., and Horgan, R. 1992. Abscisic acid biosynthesis in higher plants. In Progress in Plant Growth Regulation. Karssen, C. M., van Loon, L. C., and Vreugdenhill. D. (eds.). Kluwer Academic Publishers. The Netherlands. pp. 160-172.



.



Pauls, K. P. 1995. Plant biotechnology for crop improvement. Biotech. Advances. 13 (4): 673-693.



Pearce, D.W., Koshioka, M., and Pharis, R. P. 1994. Chromatography of gibberellins. J. Chrom A. 658:gl -122. Pharis, R. P. 1991. Physiology of gibberellins in relation to floral initiation and early floral differentiation. In Gibberellins. Takahashi, N ., Phinney, B. O., and MacMillan, J. (eds.). Springer-Verlag Inc., N. Y. pp. 166-178. Potter, T. I., Zanewich, K. P., and Rood, S. B. 1993. Gibberellin physiology of safffower: endogenous gibberellins and response to gibberellic acid. Plant Growth Regul. 12: 133-140. Qian, Y. L., Engelke, M. C., Foster, M. J. V., and Reynolds, S. 1998. Trinexapac-ethyl restricts shoot growth and improves quality of 'Diarnond' Zoysiagrass under shade. HortSci. 33 (6): 1ON-1022. Rademacher, W. 1993. On the mode of action of acylcyclohexanediones - a new type of plant growth retardant with possible relationships to daminozide. Acta Hok 329: 31-34. Rademacher, W. 1995. Growth retardants: Biochemical features and applications in horticulture. Acta Horf. 394: 57-73. Rademacher, W. 1997. Bioregulation in crop plants with inhibitors of gibberellin biosynthesis. In Proceedings of the Plant Growth Regulation Society of America, 24th Annual Meeting. Atlanta, Georgia. pp. 27-31. Rademacher, W. 1999. Inhibitors of gibberellin biosynthesis: prohexadione-Ca, a new plant growth regulator for apple with interesting biochemical features. RIKEN Rev. 21: 11-12. Rademacher, W. 2000. Growth retardants: Effects on gibberellin biosynthesis and other metabolic pathways. Annu. Rev. Plant Physiol. Plant Mol. Biol. 51: 501-531. Rademacher, W., Temple-Smith, K. E., Griggs, D. L., and Hedden, P. 1992. The mode of action of acylcyclohexanediones - a new type of growth retardant. ln Progress in Plant Growth Regulation. Karssen, C. M., van Loon, L-C., and Vreugdenhill, D. (eds.). Kluwer Academic Publishers. The Netherlands. pp. 571-577. Rebetzke, G.J., and Richards, R- A. 2000. Gibberellic acid-sensitive dwarfing genes reduce plant height to increase kernel number and grain yield in wheat. Aust. J. Agric. Res. 51(2): 235-245. Reid, J. B. 1993. Plant hormone mutants. J. Plant Growth Regul. 12: 207-226.



Ridoutt, B. G.,Pharis, R. P., and Sands, R. 1996. Fibre length and gibberellins Ai and A20are decreased in Eucalyptus globulus by acylcyclohexanediones injected into the stem. Physiol. Plant. 96: 559566. Ritchie, S., and Gilroy, S. 1998. Gibberellins: reguiating genes and germination. New Phytol. 140: 363-383. Rood S. B., Williams P. H-,Pearce D., Murofushi N., Mander L. N. and Pharis R. P. 1990. A mutant gene that increases gibberellin production level in brassica. Plant Physiol. 93: 11 68-1 174, Ross, J. J. 1994. Recent advances in the study of gibberellin mutants. Plant Growfh Regul. 15: 193-206. Ross, J. J., Murfet, 1. C., and Reid, J. B. 1997. Gibberellin mutants. Physiol.



Plant. 100:550-560. Salisbury, F. B., and Ross, C. W. 1992. Stress physiology. In Plant Physiology. Wadsworth Publishing Company. Belmont, California. pp. 575-600. Sankhla, N., Upadhyaya, A., Davis, T. D., and Sankhla, D. 1992. Hydrogen peroxide scavenging enzymes and antioxidants in Echinochloa frumentacea as affected by triazole growth reguiators. Plant Growth Regul. 11: 441-443. Santakumari, M., and Fletcher, R. A. 1987. Reversal of triazole-induced stomatal closure by gibberellic acid and cytokinins in Commelina benghalensis. Physiol. Plant. 7 1 : 95-99. Slovick, S., and Hartubung, W. 1992. Stress-induced redistribution kinetics of ABA in leaves: model considerations. ln Progress in Plant Growth Regulation. Karssen, C. M., van Loon, L. C., and Vreugdenhill, D. (eds.). Kluwer Academic Publishers. The Netherlands. pp. 464-473. Smirnoff, N. 1998. Plant resistance to environmental stress. Curr. Opin. Biotechnol. 9 (2):214-219. Sopher, C. R., Krol, M., Huner, N. P. A., Moore, A. E., and Fletcher, R. A. 1999. Chloroplastic changes associated with paclobutrazol-inducedstress protection in maize seedlings. Can. J. Bot. 77: 279-290. Sponsel, V. M. 1995. The biosynthesis and metabolism of gibberellins in higher plants. ln Plant Hormones. Davies, P. J. (ed.). Kluwer Academic Publishers. The Netherlands. pp. 66-97.



Tafazoli, E., and Beyl, C. 1993. Changes in endogenous abscisic acid and cold hardiness in Actinidia treated with triazole growth retardants. J. Plant Growth Regul. 12: 79-83. Takahashi, N., Yamaguchi, I., and Yamane, H. 1986. Gibberellins. In Chemistry of Plant Hormones. Takahashi, N. (ed.). CRC Press, Inc. Florida, U. S. A. pp. 57-151. Tamura, S. 1991. Historical aspects of gibberellins. In Gibberellins. Takahashi, N., Phinney, 8. O., and MacMillan, J. (eds.). Springer-Verlag Inc., N. Y. pp. 1-8. Upadhyaya, A., Davis, T. D., Walser, R. H., Galbraith, A. B., and Sankhla, N. 1989. Uniconazole-induced alleviation of low-temperature damage in relation to antioxidant activity. HortSci. 24 (6): 955-957. Van Breusegem, F., Slooten, L., Stassart, J. M., Botterman, J., Moens, T., Van Montagu, M., and Inze, D. 1999. Effects of overproduction of tobacco MnSOD in maize chloroplasts on foliar tolerance to cold and oxidative stress. J. Exp. Bot. 50 (330): 71-78. Vettakkorumakankav, N. N., Falk, D., Saxena, P., and Fletcher, R. A. 1999. A crucial role for gibberellins in stress protection of plants. Plant Ce11 Physiol. 40(5): 542-548. Viswanathan, C., and Khanna-Chopra, R. 1996. Heat shock proteins: Role in thermotolerance of crop plants. Curr. Sci 71 (4): 275-284. Walton, D. C., and Li, Y. 1995. Abscisic acid biosynthesis and metabolism. In Plant Hormones. Davies, P. J. (ed.). Kluwer Academic Publishers. The Netherlands. pp. 14'0-157. Wang, S. Y., Sun, T., and Faust, M. 1986. Translocation of paclobutrazol, a gibberellin biosynthesis inhibitor in apple seedlings. Plant Physiol. 82: 1 114. Wang, J., Zhang, H., and Allen, R. D. 1999. Overexpression of an Arabidopsis peroxisomal ascorbate peroxidase gene in tobacco increases protection against oxidative stress. Plant Ce11 Physiol. 40(7) 725-732. Water, E. R., Lee, G. J., and Vierling, E. 1996. Evolution, structure and function of the small heat shock proteins in plants. J. Exp. Bot. 47 (296): 325-338. Webb, J. A., and Fletcher, R. A. 1996. Paclobutrazol protects wheat seedlings from injury due to waterlogging. Plant Growth Regul. 18: 201-206.



Worland, A. J., Korzun, V., Roder, M. S., Ganal, M. W., and Law, C. N. 1998, Genetic analysis of the dwarfing gene Rht8 in wheat. Part II. The distribution and adaptive significance of allelic variants at the Rht8 locus of wheat as revealed by microsatellite screening. Theor. Appl. Gen. 96: 1110-1120.



Xu, W., Campbell, P., Vargheese, A. K., and Braam, J. 1996. The Arabidopsis XET-related gene family: Environmental and hormonal regulation of expression. Plan! J. 9 (6): 879-889. Yamaguchi, S., and Kamiya, Y. 2000. Gibberellin biosynthesis: its regulation by endogenous and environmental signals. Plant Ce11Physiol. 41 (3): 251-



257. Yates, P. J., Lenton, J. R., and Goad, L. J. 1993. Effects of triazole inhibitors of sterol biosynthesis on the free and esterified sterol composition of celery cell suspension cultures. Pestjc. Sci. 39: 257-265. Yelverton, F. H. and Isgrigg, J. 1997. Effects of plant growth regulators on suppression of Poa annua sub. reptans in bentgrass greens. ln Proc. South Weed Science Society, 50th Annual Meeting. pp. 68-69. Yokota, T., Nakamura, Y., Takahashi, N., Nonaka, M., Sekimoto, H., Oshio, H-, and Takatsuto, S. 1991. Inconsistency between growth and endogenous levels of gibberellins, brassinosteroids, and sterols in Pisum safivum treated with uniconazole antipodes. In Gibberellins. Takahashi, N., Phinney, B. O., and MacMillan, J. (eds.). Springer-Verlag Inc., N. Y. pp. 339-349. Zhang, X., and Schmidt, R. E. 2000. Application of trinexapac-ethyl and propiconazole enhances superoxide dismutase and photochemical activity in creeping bentgrass (Agrostis stoloniferous var. Palustris). J. Am. Soc. Horf. Sci. 125 (1): 47-5 1.



STATlSTlCAL ANALYSES Note: Acycl - acylcyclohexadiones; C - control f normal; Cond - conductivity; Ht height; NR - GA-non-reponsive mutant; P - Primo, Pac - Paclobutrazol; R - GA-
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responsive mutant; Rep sub-sample; S - Stressed; Triaz - triazole; UUnstressed Each experiment was considered a block



AI1 analyses were conducted in SAS version 6.12 using either generai Iinear, or mixed models procedures.



APPENDIX 1: Cornparison of GA-biosynthesis inhibitors A1-1: Conductivity
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Source NDF DDF F OCvsPandPAC 1 92 11.98 O PAC vs P 1 92 6.42 2 C vs PAC 1 92 3.42



2CvsP 2 PAC vs P 5 C vs PAC 5CvsP 5 PAC vs P



1 1



1 1



1



92 92



92 92 92



5.90 0.34 8.53 2.49 1.45



FValue



Pr > F



Error



Residual



Estimate



Std Error



32.57415985 4.75142955



Z 6.86



Pr > I ZL



0.0001



APPENDIX 2: Cornparison of GA mutants A2-1: Height



Mixed models procedure Source



NDF DDF T v ~ e III F Pr > F



BLOCK 1 TRT 4 BLOCKI'TRT 4



160 160 160



52.68 812.23 29.45



Estirnate



Errors



REP(BL0CK) 0.02922953 Residual 62.96954020



0.0001 0.0001 0-0001



Z



Std Error



0.0601 7637 7.04392059



Pr > IZL



0.49 8.94



0.6272 0.0001



AZ-2: Conductivity Source



NDF



DDF T v ~ Ill e F Pr > F



BLOCK TRT BLOCK*TRT



2 9 18



40 40 40



Source S CVSNR S CVSR SNRVSR U CvsNR U CvsR U NRvsR S D2 vs d l U D2vsdl



NDF DDF F 1 40 11.14 1 40 85.48 1 40 52.07 1 40 2.65 1 40 3.21 1 40 0.01 1 40 20.44 1 40 0.20



Errors



Estirnate



1.30 79.73 2.86



0.2848 0.0001 0.0028



Std Error



REP(BL0CK) 8.91 731176 13.29482130 Residual 89.56094964 20.01675261



Z 0.67 4.47



Pr > IZl 0.5024 0.0001



A2-3: Chlorophyll Fluorescence



Source



NDF DDF Tvpe III



F Pr > F



TRT



9



0.0001



93



Source SCvsR SCvsNR S RvsNR UCvsR UCvsNR U NRvs R



NDF DDF



93 93 93 1 93 1 93 1 93



F



Pr> F



20.14 0.0001 3.41 0.0681 8.57 0.0043 0.18 0.6710 0.00 0.9935 0.25 0.6159



1 1 1



Errors BLOCK Residual



37.15



Std Error



Estimate



Z



Pr > 121



0.00740574 0.00721282 1.03 0.3045 0.0341 1964 0.00500517 6.82 0.0001



A 2 4 : Regression analysis



Sum of Squares



Mean Square



Source



DF



Model



7



1684.172090



LOF



1 1 1 4



31 -6840000 31.6840000 866.0655583 866.0655583 367.7194347 367.7194347 418.7030973 104.6757743



Error



2



BLOCK



HT HT*HT



319.103910 9



Corrected Total



240.596013



159.551955



2003.276000



A2-5:Chlorophyll content after paraquat stress Source



NDF DDF T v ~ e l l l F P r > F



TRT



14



27



6.68



0.0001



FVaiue



Fr>F



1.51



0.4552



0.20 5.43 2.30 0.66



0.6995 0.1452 0.2683 0.6779



Source O C vs dwarfs O NRvs R O D2 vs dl 2 C vs dwarfs 2NRvsR 2 0 2 vs dl 5 C vs dwarfs 5NRvsR 5 D2vs dl Error Residual



NDF i



1



DDF



27 27



1



27



1 1 1 1



27 27 27 27



1



27 27



1



Estimate



Pr> F



F



5.29 3.39 2.57 10.67 11.30 7.14 2.15 3.28 0.09



0.0294 0.0767 0-1203 0.0030 0.0023 0.0126 0.1544 0.0813 0-7636



Std Error



Z



Pr > IZl



35.33977852 9.28068051 3.81 0.0001
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