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Abstract 

Experiments prior to this project demonstrated the capacity of the plant growth 

retardant paclobutrazol to enhance flowering in commercially important Eucalyptus 

nitens and E. globulus trees and produced anecdotal evidence of this material 

reducing time to first flowering. Paclobutrazol is known to reduce the levels of 

endogenous gibberellins (GAs) in several species and hence it was hypothesized 

that the effects of paclobutrazol on flowering in these Eucalyptus species may be 

mediated by an effect on GA levels. The lack of previous identification of GAs in 

this genus necessitated the development of extraction and purification procedures to 

identify and quantify GAs. The compounds identified suggested that the early 13-

hydroxylation pathway was the dominant mechanism for production of GAs, with 

GA 1 as the likely biologically active compound. Persistence of a paclobutrazol 

induced increase in flowering of grafted E. nitens material was related to the 

continued depression of endogenous GA concentrations. Additionally, higher 

concentrations of GA 1 were found to be correlated with reduced flowering 

responses in this reproductively competent material. A lowering of endogenous 

GA levels, in combination with a co-requisite of a period of cold has been 

associated with the induction of first flowering in newly grafted E. nitens material. 

The effects of cold treatment were not mediated by an effect on levels of GA1 or 

GA2o· 

Soil applied paclobutrazol was shown to travel up stems and accumulate in leaf 

tissue. Breakdown in plant tissue was shown to be rapid, with a half-life likely to 

be substantially less than 21 d. Soil and foliar application methods were shown to 

produce different patterns of metabolism of labelled paclobutrazol, as demonstrated 

by HPLC separation of labelled metabolites extracted from growing apices. The 

rate of breakdown in the soil was observed to be variable, but slow in comparison 

to that within plant tissues and may be the source of the considerable persistence of 

effects of paclobutrazol application observed in some field trials. 

Application of paclobutrazol to 6 month old E. globulus seedlings resulted in 

the production of flower buds at less than 18 months of age despite the retention of 

juvenile foliage. One year later, following normal bud development, anthesis and 

pollination, capsules were produced, while maintenance of material in a range of 

iv 



growth conditions over the second winter again demonstrated the strong 

requirement for cold seen in grafted E. nitens, as well as revealing an apparent 

promotion of flowering associated with reduced pot size. The reduction in 

generation time achieved using commercial seedlings was ca. 50% (3 years) which 

should be of major benefit to tree breeders, given that the long generation time of 

eucalypts is a major determinant of the rate at which genetic gains can be made by 

conventional tree breeding methods. In reproductively competent seedlings and 

grafts, paclobutrazol application was confirmed to increase the average number of 

flower buds per seedling. This could be advantageous when seed requirements 

from an elite tree are high, or when yearly seed yield tends to be variable. 
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1 

General Introduction 

Eucalyptus globulus (Labill.) and Eucalyptus nitens (Deane and Maid.) Maid. are 

commercially important species of the myrtaceous genus Eucalyptus. They are 

heavily utilised for the production of wood pulp both in Australia (eg. Tibbits, 

1986) and overseas (Zacharin, 1978) and are the most widely planted temperate 

species of eucalypts, which is in tum the most widely planted genus of angiosperm 

trees (Griffin, 1989). To obtain maximum gain from such a scale of planting 

requires large quantities of seed, preferably from improved trees. Work using 

plant growth retardants on orchard species such as apples (Tukey, 1981; Jones et 

al., 1989a) and citrus species (Mauk et al., 1986) was observed to increase bud 

numbers in the seasons following application, leading to an interest in assessing 

their effects on the reproductive output of eucalypt species. If fecundity of 

desirable trees could be increased within a seed orchard, a larger amount of 

improved seed would be available to satisfy the requirements of new/renewed 

plantations. 

It was also of interest to assess the capacity of plant growth retardants to affect 

the relatively long generation times notable for species of this genus (Ashton, 1975; 

Turnbull and Pryor, 1978). These long generation times pose an important 

problem to eucalypt breeders (Griffin, 1989) due to the limitations on rates of 

incorporation of new traits they impose. A capacity for precocious (early) 

flowering under natural conditions has been noted for several species of eucalypts 

(Pryor, 1966). If a chemical or cultural treatment could be established to promote 

the expression of this capacity, breeding programs would benefit greatly, as long 

as the reproductive development of the treated plant continues to occur normally. 

In conifers, there are many reports of successful promotion of both heavier and 

precocious flowering through the use of cultural techniques ranging from stem 

girdling, to release from competition by stand thinning (Owens and Blake, 1985) 

and/or chemical treatments by application of growth retardants, especially non

polar gibberellin (GA) mixtures such as GA417 (Pharis and King, 1985; Pharis et 

al., 1987). Such a level of control over flowering processes in eucalypts and 

other woody angiosperms is the ultimate practical goal sought by tree breeders, 

while gaining an understanding of the control of flowering is a fundamental aim 
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from a theoretical standpoint. 

As work to this stage has suggested that the use of plant growth retardants may 

be an effective means of promoting flowering in woody angiosperms including 

eucalypts, an understanding of the nature of these substances, along with an 

indication of the range of effects which could be expected from their application is 

an appropriate point of entry into this study. 

What is a Plant Growth Retardant? 

There are a range of chemical products which result in decreased internode 

elongation in plants. All such materials may be considered as plant growth 

retardants and these may be simply divided into two major groups, based on their 

mode of activity, or more specifically, on their ability or otherwise to inhibit GA 

biosynthesis. Those compounds which are thought to act alternatively to inhibition 

of the GA biosynthesis pathway include two commercially important plant growth 

retardants. The first consists of ethylene releasing compounds, such as ethephon 

(Reid, 1987), which have been widely used to induce a variety of effects, many of 

which are not related to growth retardation (Giafagna, 1987). One of the important 

uses of this compound is, however, the reduction of shoot growth in graminaceous 

species (Rademacher, 1991). However, despite the considerable knowledge of the 

effects of application of ethylene releasing compounds, very little is known about 

the means by which these effects are mediated. The second, daminozide (butane

dioic acid mono (2,2-dimethyl-hydrazide)) is a compound also used to reduce 

shoot growth, though this plant growth retardant has been mainly used for 

improving fruit colour, growth and storage properties of apples in a commercial 

production environment (Giafagna, 1987). Application of this plant growth 

retardant has been observed to actually increase the level of endogenous GAs 

despite growth being inhibited (see references in Graebe and Ropers, 1978; Pharis 

and King, 1985; Rademacher, 1991). The mode of action of this plant growth 

retardant is not clear, though some results suggest a deactivation of active GAs by 

some means (Menhenett, 1980; Takeno et al., 1981). Other studies have indicated 

a possible mechanism based on the suppression of metabolic respiration (See and 
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Foy, 1982). 

The second group of plant growth retardants includes those substances thought 

to act primarily through inhibition of the biosynthesis of the active GAs (eg. GA1, 

Reid, 1990) which promote internode length elongation. It is this latter type of 

retardant which is of primary interest to this study. 

It has been more than 40 years since the ftrst substantial work on a range of GA 

biosynthesis inhibitors was completed \W arville and Mitchell, 1950) and since that 

time, knowledge of the increasingly diverse range of chemicals described as plant 

growth retardants has continued to grow. Plant growth retardants typically affect 

plant growth at very low concentrations, but do not induce phytotoxic effects even 

at levels considerably above the threshold of activity (Grossmann, 1990). While 

the effects of different inhibitors may vary, several characteristic changes to the 

morphology of treated individuals are usually evident. The most obvious of these 

is a reduction of all aspects of shoot growth including total height, internode 

elongation and leaf area, with leaves displaying an intensified green colouration 

(Grossmann, 1990). Root growth is maintained or even increased (eg. Curry and 

Reed, 1989), while adventitious root formation has been reported to be increased 

(Davis et al., 1985). This alteration in the root-shoot ratio is recognised as 

perhaps the major effect of exogenously applied plant growth retardants. 

However, this is not without exception as Horrel et al. (1989, 1990) report shoot 

elongation of common ivy (Hedera helix) following treatment with a GA 

biosynthesis inhibitor. 

Varieties of Plant Growth Retardants 

While the broad range of effects of synthetic plant growth retardants may be said to 

be similar, the chemical compounds which constitute each variety are far from 

uniform. The majority of those which function by inhibition of GA biosynthesis 

can be divided into three groups based on the points at which they inhibit the GA 

biosynthetic pathway (see later). 

The first group consists primarily of the growth retardants discovered early in 

the history of these materials. Its constituents are either amines, or compounds 
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containing sulfonium or phosphonium groups. The amine group includes the 

tertiary amine AMO 1618 (2-isopropyl-4-dimethylamino-5-methylphenyl-1-

piperidine-carboxylate methyl chloride) (Cross and Myers, 1969) and quaternary 

amines such as chloremquat chloride or CCC (2-chloroethylmethylammonium 

chloride) (Cross and Myers, 1969), while Phosphon D (tributyl-2,4-dichloro

benzylphosphonium chloride) (Fall and West, 1971) is the most well known 

example of a phosphonium containing plant growth retardant. 

There are four common chemical types which make up the second group of 

plant growth retardants. These include derivatives of triazoles and 

norbornanodiazetine, as well as substituted pyrimidines and 4-pyridines. The 

common element in each case is the lone pair of electrons on the sp2-hybridized 

nitrogen atom in the heterocycle (Grossmann, 1990). Ancymidol (o:.-cyclopropyl

o:.-( 4-methoxyphenyl)-5-pyrimidine methanol) (Coolbaugh et al., 1978), a 

substituted pyrimidine, was one of the earliest identified plant growth retardants 

from this second group, while inabenfide ([4'-chloro-2'-(o:.-hydroxybenzyl)]

isonicotinanilide) (Miki et al., 1991) is probably the most notable 4-substituted 

pyridine. The triazole and norbornanodiazetine derivatives are relatively new. 

Tetcyclacis (5-[ 4-chlorophenyl]-3,4,5,9, 1 0-pentaaza-tetracyclo-5,4, 102,6 ,08, 11_ 

dodeca-3,9-diene) (Rademacher et al., 1984) is the only norbornanodiazetine 

derivative of note. In comparison numerous derivatives of triazoles have been 

widely researched, the most important probably being paclobutrazol [(2RS,3RS)-

1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl) pentan-3-ol] (Dalziel and 

Lawrence, 1984; Hedden and Graebe, 1985) and uniconazole (XE-1019 or S-

3307) [(E)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl)-1-penten-3-ol] 

(Izumi et al., 1985). 

The third division of plant growth retardants has only been known for 

approximately five years. It consists of cyclohexanetriones such as calcium 3,5-

dioxo-4-propionyl-cyclohexanecarboxylic acid (Nakayama et al., 1991) as well as 

cimectacarb and LAB 198 999 (Rademacher et al., 1992). While this type of 

compound has been demonstrated to be active in reducing vegetative growth (eg. 

Juntilla et al., 1991; Nakayama et at., 1992), relatively little has been published 

on novel uses for these inhibitors. However, their difference in form and function 

to other retardant varieties (Rademacher, et al., 1992) suggests their potential 
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usefulness as tools for investigating the nature of GA metabolism and regulation of 

growth and other developmental processes may be great. 

Effects of Plant Growth Retardants on GA Biosynthesis 

The production of active GAs from the relatively non-specific precursor 

geranylgeranyl pyrophosphate requires many individual steps (Dalziel and 

Lawrence, 1984; Turnbull et al., 1985; Rademacher, 1991) and hence a number of 

different enzymes are potentially susceptible to inhibition by plant growth 

retardants. The quite different structures and compositions of the wide variety of 

plant growth retardants results in action at different sites in the GA biosynthetic 

pathway, though sites tend to be common to each inhibitor type (Fig. 0.1). The 

amine containing plant growth retardant AMO 1618 was first found to act prior to 

ent-kaurene (Cross and Myers, 1969) until its site was isolated to kaurene 

synthetase A (Fall and West, 1971 ). Another amine containing compound, CCC, 

which is one of the most widely used of all plant growth retardants (Hedden, 

1990), also acts primarily on kaurene synthetase A (Rademacher et al., 1992). 

Phosphon D, on the other hand, blocks GA biosynthesis by inhibiting both 

cyclization steps between geranylgeranyl pyrophosphate and ent-kaurene, though 

some interspecific variation in the degree of effect on the activity of the second step 

(kaurene synthetase B) has been recorded (Coolbaugh, 1983). 

The group of retardants which includes triazole derivatives such as 

paclobutrazol and uniconazole block the enzyme kaurene oxidase which catalyzes 

the 3 steps from ent-kaurene to ent-kaurenoic acid (Dalziel and Lawrence, 1984; 

Hedden and Graebe, 1985; Izumi et al., 1985) (Fig. 0.1) or, more specifically, by 

binding to the protoheme iron of cytochrome P-450 in the enzyme (Rademacher et 

al., 1984; Sugavanam, 1984). Despite their overall structural dissimilarity, the 

norbomanodiazetine derivative tetcyclacis (Rademacher et al., 1984) and the 

substituted pyrimidine, ancymidol (Coolbaugh et al. 1978) act at the same 

enzymes, suggesting the possibility of a common active site with triazoles. 

The cyclohexanetrione group of plant growth retardants block GA biosynthesis 

much later in the pathway (Fig. 0.1). These compounds inhibit 2-oxoglutarate 
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dependent dioxygenases (Rademacher, 1991a; Rademacher et al., 1992) such as 

the 3B-hydroxylase which metabolises GA20 to GA1. In this manner, 

prohexadione-calcium (BX-112) has been shown to inhibit the conversion of 

inactive GA2o to the active GA1 in rice seedlings (Nakayama et al., 1992) and 

Salix pentandra (Juntilla et al., 1991). Similarly, derivatives of these substances 

have also been demonstrated to block the activity of 2B-hydroxylases, possibly by 

competitively inhibiting 2-oxoglutarate binding at low concentrations, while the 

method of inhibition at higher concentrations appears mixed (Griggs et al., 1991). 

Other steps which utilise 2-oxoglutarate dependent dioxygenases to catalyse 

conversions between GA compounds are also affected, though not to the same 

extent (Rademacher, 1991). In recent work, a single C-20 oxidase, cloned via a 

eDNA library from Cucurbita maxima, was demonstrated to be capable of 

catalysing the 3 step conversions of GA53 to GA20 and GA12 to GA9 (Fig. 1.6, 

Chapter 1) when the cofactor requirements for 2-oxoglutarate dependent 

dioxygenases were met (Lange et al., 1993). This may explain the broad activity 

of cyclohexanetrione derivatives amongst the later steps of GA metabolism. 

Effect of Plant Growth Retardants on other Biosynthetic Pathways 

The majority of early plant growth retardants were initially recognised as fungicides 

which were thought to act through the inhibition of sterol biosynthesis, and the 

extraction of potential plant growth retardants from the ranks of the fungicides 

continues to the present (Koller, 1987). However, as described above, the 

effectiveness of these materials as plant growth retardants has largely been 

explained by their effects on GA biosynthesis. The possibility of effects on sterol 

biosynthesis have not been overlooked however, with a number of reports either 

mentioning (Rademacher et al., 1984; Dalziel and Lawrence, 1984; Steffens et 

al., 1985; Steffens, 1988) or actually testing (Douglas and Paleg, 1974; 

Grossmann et al., 1985; Haughan et al., 1989) other mechanisms for plant 

growth retardant activity. From the bulk of evidence provided by these reports, 

there can be little doubt that the majority of plant growth retardants do affect sterol 

biosynthesis to a greater or lesser degree, though the cyclohexanetriones are yet to 
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be assessed. Whether this change in sterol biosynthesis is active in producing 

some or all of the effects normally associated with plant growth retardant activity is 

difficult to discern, as is evidenced by the conflicting conclusions drawn by 

different researchers. 

Grossmann et al. (1985) pursued the approach of Douglas and Paleg (1974) in 

investigating the effects of different sterols on the inhibition of growth caused by 

tetcyclacis. Perhaps the most significant outcome was the fact that the inhibition of 

growth of a cell suspension system caused by tetcyclacis could be totally overcome 

by addition of stigmasterol and cholesterol at 10-5M and 1Q-4 M respectively, 

while addition of GA3 and ent-kaurenoic acid at similar concentrations would not 

overcome the influence of the retardant. Koller (1987) also played down the role 

of GAs in concluding that growth inhibition in etiolated wheat seedlings following 

application of the azole fungicide triadimenol was mainly the result of sterol 

inhibition. 

While it has long been realised that sterol and GA biosynthesis could both be 

affected by plant growth retardants, the possibility of the division of sterol and GA 

biosynthesis inhibition between different isomers of a single plant growth 

retardant, as confllTiled by Sugavanam (1984), is a much more recent concept. The 

2S,3S enantiomer of paclobutrazol was demonstrated to be active in reducing GA 

biosynthesis while the 2R,3R enantiomer had more fungicidal (sterol biosynthesis 

inhibition) effects. Through the use of computer modelling, structural similarities 

between the 2S,3S enantiomer and ent-kaurene, and the 2R,3R enantiomer and 

lanosterol were demonstrated (Fig. 0.2), rationalizing the site of activity of 

paclobutrazol in each pathway. As most commercial grade paclobutrazol contains a 

mixture of stereoisomers (Haughan et al., 1989) which include both enantiomers 

discussed, both pathways are potentially affected, though particular preparations 

may contain a higher proportion of one isomer. 

While this information may make the results generated using paclobutrazol or 

other inhibitors which have a similar combination of enantiomers such as 

uniconazole (Izumi et al., 1985) more understandable, it does not explain the 

variations in effects reported for other varieties of plant growth retardants. In these 

cases (and possibly the former cases as well), it may be the dose of the retardant 

which is the important factor. Grossmann (1990) suggests that cell elongation is a 

sensitive process which appears to be closely linked to the synthesis of 3B-
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hydroxylated GAs. The relatively lower retardant concentrations required to affect 

GA biosynthesis thus affects cell elongation. Higher plant growth retardant 

concentrations are noted to cause inhibition of cell division in cell cultures and 

intercalary and basal meristems of whole plants, an effect which is thought to 

modulated by sterol synthesis. Zeevaart (1985) using tetcyclacis on Agrostemma 

githago, reported that as long as the tetcyclacis concentration did not exceed 5xl0-

5 M, the effects of the plant growth inhibitor could be totally overcome by addition 

of GA1. Further to this, Nitsche et al. (1985) found that the inhibition of cell 

division became increasingly important in the inhibition of stem growth as 

concentrations of tetcyclacis rose, while at lower concentrations cell length 

reduction was the primary cause of internode length reduction. Steffens (1988) 

records several authors as postulating similar hypotheses. Perhaps between the 

effects of different isomers and of retardant concentration on GA and sterol 

biosynthesis it is possible to explain the majority of results recorded over the past 

forty years of plant growth retardant research. 

The effect of these plant growth retardants on the endogenous phytohormone 

abscisic acid (ABA) is another means by which plant growth and development 

could be affected and has been considered to a limited extent (eg. Yadava and 

Lockard, 1977; Norman et al., 1986; Hauser et al., 1990; Hedden, 1990; 

Zeevaart et al., 1990; Buta and Spaulding, 1991; Rademacher, 1991). These 

studies have indicated contradictory effects of growth retardant application on ABA 

levels with Hedden (1990) and Zeevaart eta!. (1990) proposing the inhibition of 

ABA catabolism with the result of increased ABA levels (Hauser et al., 1990), 

while Norman et al. (1986) and Buta and Spaulding (1991) claim ABA levels are 

reduced. 

Plant Growth Retardant Effects 

To try and describe, even briefly, the range of effects produced by each retardant 

on the array of plants to which it has been applied is well beyond the scope of this 

introduction. Instead, an overview of the effects of some triazole derivatives on the 

morphology and development of various woody angiosperms is given. 
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Effects on vegetative growth 

Horticulturalists have been interested in the prospect of utilising exogenously 

applied plant growth retardants as a means of controlling non-productive vegetative 

growth in orchard trees for a considerable period of time. Similarly, the potential 

of plant growth retardants to drastically reduce the required frequency of pruning 

trees in close vicinity to power lines etc has been recognized. While some work on 

retardant induced vegetative growth inhibition has been performed on pears (Raese 

and Burts, 1983), peaches (Marini, 1986), sour cherries (Bukovac and Hull, 1985) 

and citrus trees (Aron et al., 1985), as well as non-fruit trees such as silver maple 

(Arron, 1990), Californian privet, red maple, yellow poplar, white ash, American 

sycamore (Sterrett, 1985) and Eucalyptus globulus (Hetherington and Jones, 

1990), most work has been done on apples (eg. Steffens et al., 1985; Greene, 

1986; Steffens, 1988; Mauk et al., 1990a; Sterrett, 1990). In all cases appropriate 

retardant treatment resulted in a marked reduction of vegetative growth in 

conjunction with a reduction of leaf size and an intensifying of the green 

colouration of reduced leaves, the latter of which appears to be the result of an 

increased concentration of leaf chlorophyll (Wang et al., 1985; Archbold and 

Houtz, 1988). Wang et al. (1985) demonstrated that paclobutrazol treatment of 

apple seedlings resulted in a shift of assimilate partitioning in favour of the roots 

along with an overall increase in carbohydrate concentration around the plant. 

Increased root weight has also been noted in triazole derivative (paclobutrazol, 

RSW 0411 and BAS 111) treated apple seedlings (Curry and Reed, 1989). In 

contrast to the plant growth retardant promoted increase in stress tolerance reported 

by other workers using herbaceous plants (eg. Upadhyaya et al., 1990), Walser 

(1990) reports increased frost damage in paclobutrazol treated sour cherry trees. 

Some effects on tree architecture following paclobutrazol have been noted and 

while initially the lower, more open habit of treated trees was attributed to reduced 

lateral branching and growth, more recent observations suggest an increase in 

branch flexibility may be at least partially responsible for the almost pendulous 

appearance of some treated apple trees (Greene, 1986). Paclobutrazol application 

has also been noted to affect pest loading, with suppression of mite populations in 
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pears (Raese and Burts, 1983) and increasing scale infestation in eucalypts 

(Moncur et al., 1993). 

Effects on generative processes 

Perhaps of the greatest interest to this study, however, are the effects growth 

retardants have been shown to have on reproductive activity. In comparison to the 

resounding agreement on the activity of growth retardants on shoot growth, effects 

on fruit production, and generative processes overall were much less clear. A 

combination of factors has probably led to this state of affairs. The seasonal nature 

of fruiting means that applications of growth retardants at different times may affect 

cropping in a different manner. The range of different retardants, possible doses, 

application methods and general dissimilarities in reproductive physiology between 

species will all play a role in the manifestation of plant growth retardant effects. 

Despite the differences, some common elements can be extracted. An increase 

in fruit set of treated pear trees has been recorded (Raese and Burts, 1983). 

Similarly in apples, many workers (eg. Curry and Williams, 1983; Greene, 1986) 

have found that paclobutrazol treatment increased fruit set over control, while 

others (eg. Tukey, 1981) have found that enhanced flowering results from 

paclobutrazol treatment. A paclobutrazol stimulated enhancement of flower bud 

numbers has also been observed in citrus species (Mauk et al., 1986), sour cherry 

(Bukovac and Hull, 1985) and eucalypts (Hetherington et al., 1991; Griffin et 

al., 1993) while CCC has been shown to induce flower bud formation in mature 

Salix pentandra (Junttila, 1980). Indeed, the bulk of evidence has lead to 

enhancement of flowering being proposed as a physiological effect of plant growth 

retardant treatment by Grossmann (1990). 

While fruit set and number are usually increased by paclobutrazol application, 

fruit size is usually reduced. Such a case has been documented for citrus where 

14C-assimilate partitioning studies demonstrated that fruit sink intensity is reduced 

(Mauk et al., 1986). In apples, morphological studies indicate a reduction in fruit 

size and pedicel length (Curry and Williams, 1983; Greene, 1986), though the 

flesh quality remained virtually unchanged in comparison to control. 
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Optimisation of Plant Growth Retardant Effects in Woody 

Angiosperms 

General success of early use of retardant materials was limited because of the 

uncertainty of rate, timing and frequency of application (Mauk et al., 1986). In 

order that appropriate quantities and values can be assigned to these aspects, modes 

of uptake and translocation of absorbed materials required investigation, as did 

rates of degradation. In concert, these parameters should allow the most efficient 

means and rates of application of a particular growth retardant to be calculated to 

produce the activity required. 

Uptake and Translocation 

In peach seedlings, transport of 14C-labelled paclobutrazol applied as a root fed 

solution was found to occur exclusively in the xylem, and acropetal movement was 

demonstrated (Early and Martin, 1988). This result confirmed results of Wang et 

al. (1986) working with unlabelled paclobutrazol in apple seedlings who also 

stated that no basipetal movement of material occurs, suggesting that paclobutrazol 

transport in the phloem is negligible. Trunk injection of labelled paclobutrazol (eg. 

Sterrett, 1985) results in material moving rapidly to the apex via the xylem. 

Though uniconazole has been detected in phloem tissue of woody angiosperms 

after trunk injection, it was suggested that its appearance was the result of lateral 

movement from the xylem in relatively apical tissues (Sterrett, 1988). Foliar 

spraying of paclobutrazol was shown to retard terminal growth in 10 year old apple 

trees in the year of application, whereas a soil drench did not have an effect until 

the following year (Mauk et al., 1990a). The rapid response of foliar application 

is most easily explained by suggesting that the point of application is very close to 

the point of response (the subapical meristem, Grossmann, 1990). However, 

foliar sprays have generally proven less effective in producing a consistent 

response (Curry and Reed, 1989), though indications are that more reliable control 

is possible through the use of repeated low doses (Hetherington and Jones, 1990). 
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Persistence 

The persistence of growth retardants in the plant and/or soil after application has 

been recognized as playing a role in determining the effectiveness of the compound 

(Steffens, 1988). A study over four months, of apple trees trunk injected with 

uniconazole, determined that 16% of recovered label had moved into the shoot 

system, but of this only 51% remained as uniconazole (Sterrett, 1990). Arron 

(1990) demonstrated a similar proportion of degradation of uniconazole in silver 

maple, though in leaves only, where 49% of label remained unmetabolised after 

approximately four months. In comparison, a study utilizing peach seedlings 

(Early and Martin, 1988) records that after just nine days a maximum of 12.2% of 

labelled, root applied paclobutrazol in the leaves remained in an unmetabolised 

form. Paclobutrazol was also assessed in apple seedlings along with two other 

triazole plant growth retardants, RSW0411 and BAS 111 (Curry and Reed, 1989). 

In this case the concentrations of paclobutrazol and RSW0411 recovered from leaf 

tissue eight weeks after soil drenching was at least 50 times greater than BAS 111 

which was applied at the same rate, though these results are somewhat complicated 

by the possibility of differential uptake from the soil. Collectively these results 

suggest a significant variation in persistence of triazole plant growth retardants in 

plant tissues between inhibitor types and/or between species. 

Despite the differences, the rates of degradation of these triazole plant growth 

retardants appears to be relatively high, especially when considering the three or 

more seasons of growth inhibition which have been observed after soil drench 

applications of paclobutrazol (Steffens et al., 1991; Griffin et al., 1993). There 

are at least three ways in which growth inhibition may be maintained in the face of 

such apparently rapid retardant metabolism, with elements of each factor probably 

acting to produce the end effect. The first possibility is that concentrations of 

retardant required for activity at active sites may not need to be as high as first 

thought, allowing levels to remain above an active threshold for a considerable time 

despite high degradation rates. Secondly, the site(s) of breakdown may be 

important in determining the persistence of growth retardant effects. The work of 

Early and Martin (1988) on peach trees found that a higher percentage of root 

applied paclobutrazol was found in an unmetabolised form in the trunk while Arron 



General I ntroducti. 1 

(1990) working with apples suggests that breakdown of uniconazole occurs mainly 

in the leaves. The implication of this fact is that breakdown in deciduous trees is 

effectively halted for a significant portion of each year. However, metabolism in 

many cases is still quite rapid and the persistence of plant growth retardant effects 

in evergreen trees (eg. Griffin et al., 1993) cannot be satisfactorily explained. The 

third potential source of persistence of growth retardant effects is storage in the soil 

following soil drenching or foliar application, due in the latter case to irrigation and 

rainfall washing material from the shoot system onto the soil (Curry and Reed, 

1989). Mauk et al. (1990a) performed a comprehensive study of paclobutrazol 

degradation in the soil and found that soil residues from either foliar or soil sprays 

decreased at a rate of approximately 50% per year, though Greene (1986) has noted 

the potential for variability in persistence of retardant effects resulting from 

differing soil types. 

Though breakdown of plant growth retardants such as paclobutrazol appear to 

be rapid in leaf tissues, there is some indication of a reversible binding of this 

chemical to the vascular tissues of woody plants (Lever, 1986). This, possibly in 

conjunction with other factors discussed above, may explain the persistence of the 

effects of paclobutrazol treatment on growth and flowering observed following 

large trunk injections to E. globulus (Griffin et al., 1993). 

Plant Growth Retardants in Phytohormone Research 

As well as offering important commercial and economic advantages, growth 

retardants have a role to play in theoretical research into plant physiology in 

general, and phytohormone study in particular. This is especially the case with GA 

research. These substances allow the activities of GAs in the growth and 

development of plants to be investigated. It is in work of this nature that the value 

of having a range of growth retardants with different sites of activity can be fully 

realised. By using several types of retardant, both separately or in combination, 

and monitoring their effects on a wide range of phytohormones and plant 

development, the degree of involvement of hormones in the modulation of 

particular plant responses can be determined. As an example, the activity of 
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applied GA1 can be established in isolation from the effects of endogenous GAs by 

inhibiting the production of the latter at an early stage in the biosynthetic pathway. 

The cyclohexanetrione type inhibitors could be utilised in such a system to examine 

the possible per se activity of GA1 precursors and/or whether pool size or rate of 

turnover is the important factor in modulation of GA effects. Elements of such 

investigations have been recently reported (Juntilla et al., 1991; Nakayama et al., 

1992), with results in both cases suggesting that GA1 is active in the control of 

stem growth, while the immediate precursors GA 19 and GA2o are not. 

Conclusion 

Prudent use of plant growth retardants in industry and agriculture promises to 

provide significant advantages in plant management and productivity. Thoughtful 

use of retardants by plant physiologists will provide insight into the control of plant 

growth and development and responses of plants to changes in the environment. 

The continuing development of increasingly more specific inhibitors of the GA 

biosynthetic pathway should prove advantageous in both industrial and scientific 

areas. In each case, the finer level of control of the biosynthetic pathway will 

enable more straightforward interpretation of experimental results for plant 

physiologists. Within the commercial sector, a greater regulation of the effects of 

plant growth retardants will enable more accurate dosing and more reliable use of 

these materials in general. 

Given the potential benefits, it seems that there is sufficient justification for 

significant effort to be directed toward the field of plant growth retardants in the 

future. 

Aims of the present study 

This brief review has indicated the range of effects of plant growth retardants on 

hormone and sterol levels and on plant development and growth. Early work by 

Griffin et al. (1993), used as the starting point for this study, utilised the triazole 

kaurene oxidase inhibitor paclobutrazol (Dalziel and Lawrence, 1984) to increase 
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bud production in eucalypt species. Plant growth retardants other than the GA 

biosynthesis inhibitor type have been assessed by Hetherington et al., (1991) for 

ability to stimulate bud production, but neither ethephon or daminozide produced 

positive results in eucalypt species, despite their apparent effectiveness in apples 

(Jones et al., 1989a). Given the success of Griffin et al. (1993) and the 

comparable success of Hetherington and Jones ( 1993) in increasing bud production 

in E. globulus and E. nitens through application of paclobutrazol, it is the effects 

of this plant growth retardant which are studied in this thesis. Specifically, it was 

hoped to determine some mechanism for paclobutrazol activity on flowering in E. 

nitens and E. globulus, and to assess the ability of this compound to induce 

precocious flowering, thereby reducing the large generation time of these species. 

In addition, some understanding of the rates of uptake, transport and subsequent 

metabolism of paclobutrazol was sought. It was hoped this would rationalise the 

persistence of paclobutrazol application effects observed in eucalypts (Griffin et 

al., 1993) and other species such as apples (Steffens et al., 1991) as well as 

providing an indication of optimal application methods. 

As the effects ofpaclobutrazol treatment are likely to be mediated largely by an 

inhibition of biosynthesis of the phytohormone group known as the GAs, it 

seemed necessary and appropriate to examine the effects of paclobutrazol 

application on GA levels in eucalypt species and to subsequently relate these to any 

effects on reproductive activity observed. GAs have been previously recovered 

from a phylogenetically diverse range of species from the fungi in which they were 

first identified (Kurasowa, 1926), through ferns (Yamane et al., 1985), 

gymnosperms (eg. Picea sitchensis, Moritz et al., 1990), and angiosperms from 

herbaceous annual monocots (eg. Sorghum, Rood et al., 1986) to arboreal 

perrenial dicots such as apricot (Prunus armeniaca, Bottini et al., 1985). Thus, 

despite the fact that GAs had never been identified in eucalypts by modern 

analytical techniques, it was envisaged that a biosynthetic pathway for the 

production of GAs would exist and appropriate extraction, purification and assay 

procedures would confmn this. While the pathway of GA production from early 

precursors such as mevalonic acid to GA12-aldehyde are common to all GAs in 

higher plants, a number of possible fates may befall this immediate precursor of 

true GAs (Fig. 1.6, Chapter 1). Once a selection of the GAs present are identified 
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and their levels quantified, they should indicate the likely dominant pathway of GA 

production. It is the levels of active GAs (Hoad, 1983) in the dominant pathway 

which are likely to be the most important, thus allowing future work to be less 

broad ranging in terms of number of GA compounds monitored, once these active 

compounds are identified. 

Chapter 1 details the development of extraction, purification and assay 

techniques which are used to provide some indication of GA levels and 

subsequently identify the dominant pathway for biosynthesis of active GAs. Once 

established, these techniques are used to determine the effects of paclobutrazol, 

GA3 and cold treatments on GA levels in grafted E. nitens material and these 

correlated with observed changes in reproductive activity (Chapter 2). Chapter 3 

describes a series of experiments which utilise 14c labelled paclobutrazol to 

determine the rates of uptake and metabolism of foliar and soil applied 

paclobutrazol. In addition, the rate of breakdown of 14c paclobutrazol in the soil is 

assessed. Chapter 4 deals with the attempts to induce precocious flowering in 

potted, E. globulus seedlings using paclobutrazol. The effects of treatment on 

genetically precocious as well as 'normal' material are compared. The effects of 

different cultural treatments on bud production as well as the persistence of 

paclobutrazol effects in the second year subsequent to paclobutrazol application are 

assessed. 
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Figure 0.1. Sites of activity of the three major groups of plant growth retardants, 

with the effects of cyclohexanetriones shown in the early 13-hydroxylation 

pathway. Modified from Rademacher (1991). 
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Figure 0.2. Computer graphics showing: (A) - the binding of lanosterol (--) 

and the (2R,3R)-enantiomer of paclobutrazol ( ----) to cytochrome P-450 

porphyrin (part structure) (--)and (B)- the binding of kaurene (--)and the 

(2S,3S)-enantiomer of paclobutrazol ( ----) to cytochrome P-450 porphyrin (part 

structure)(--). Taken from Sugavanam (1984). 
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Chapter 1 

Identification and Quantification of GAs in E. nitens 

Introduction 

The effects of paclobutrazol on the reproductive activity of eucalypts are postulated 

to be mediated via an effect on GA biosynthesis (General Introduction). While 

some previous work has demonstrated the existence of a group of hormone-like 

substances in some eucalypts (Dhawan et al., 1979; Paton et al., 1980; Paton et 

al., 1981; Sharkey et al., 1982; Taylor et al., 1982), the presence of GAs has 

not been demonstrated in any eucalypt species. The initial aim of this study then, 

was to demonstrate the existence of a biosynthetic pathway for the production of 

this group of hormones. 

The diverse range of species from which GAs have previously been identified 

(General Introduction) suggested a high likelihood of the existence of a chemical 

signalling system involving GAs. Despite this however, the goal of deriving a 

technique to extract, purify, identify and quantify GAs was preceded by a number 

of simple preliminary experiments to provide a straightforward indication of the 

likely presence or otherwise of GAs in eucalypts. Firstly, a methanolic extract of 

apical shoot tissue of seedling E. nit ens was purified using a method based on that 

of Reid et al., (1990), with the additional step of polyvinylpolypyrrolidone 

(PVPP) slurrying, and fractionated by high performance liquid chromatography 

(HPLC). The fractions produced were dried and tested for activity using the Tan

ginbozu dwarf rice seedling bioassay (Murakami, 1968). The results (Fig. 1.1) 

suggested the presence of both inhibitors and promoters of plant growth in the 

initial extract. This encouraging outcome was followed by a second experiment 

designed to assess the capacity of the plant material to metabolise GA20, hence 

providing an indication of the presence or otherwise of some enzymes of GA 

biosynthesis and catabolism. [13C3H] GA20 was applied to the leaves of E. nitens 

seedlings and 2 days later material from above the treated leaves was harvested. 

Extraction and purification performed using the method of Reid et al. (1990) and 

HPLC fractionation as for the bioassay was followed by liquid scintillation 
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counting to assess the amount of tritium label in each fraction. The resulting 

chromatogram (Fig. 1.2) shows that a number of chromatographically separable 

tritium-labelled compounds were produced from the single GA applied. While this 

may simply be the result of the [13C3H] GA20 binding to different components of 

the purified extract such as phenols, it may alternatively represent specific 

metabolism of the applied compound to other GAs. Alternatively, some of the 

compounds produced may be the result of formation of GA glucosyl conjugates or 

other conjugated GA products (Schneider and Schmidt, 1990) which may also 

demonstrate specific metabolism of the applied [ 13c3H] GA20. 

The results of these preliminary experiments strongly suggested the presence of 

a GA biosynthetic pathway. Based on this assumption, efforts were directed 

towards the production of extraction and purification procedures which would 

enable the identification and quantification of GAs from apical shoot tissue of E. 

nitens using combined gas chromatography-mass spectrometry (GC-MS). 

Materials and Methods 

Extraction from plant material and addition of standards 

Harvests of apical material, including both stem and unexpanded leaf tissue, were 

transferred to cold (-20° C) methanol at the rate of 5 mL.g fresh weight (FW)-1 and 

homogenised with a rotary cutter. Samples requiring quantification of endogenous 

GAs had selections from [17, 17- 2H2] GAs A1, A3. A4, A8. A9, A19, A20, A29, 

A53 and [17- 2Hl] GA44 (supplied by Prof. L. Mander, Research School of 

Chemistry, Australian Natl Univ., Canberra, Australia) added as internal 

standards. Tritiated GAs were utilised as tracers in samples used for both 

quantification and identification, with approximately 40000 dpm [3H] GA1 (1.39 

TBq.mmol-1) and [3H] GA2o (1.11 TBq.mmol-1) added to all samples. Similar 

quantities of [3H] GA4 (1.19.TBq mmol-1) (Amersham International, Little 

Chalfort, UK) and/or [3H] GAg (supplied by Dr R.P. Pharis, Dept of Biology, 

Univ. of Calgary, Canada) were added when a broader range of GAs was under 

analysis. The extracting solution was adjusted to 80% aqueous MeOH and 
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extraction proceeded for 24 h at 4 o C. 

Sample purification 

After 24 h, tissue debris was removed by filtration, the extract reduced to an 

aqueous solution (in vacuo, <35° C) and an equal volume of pH 8.0, 0.5 M 

sodium phosphate buffer added. The buffered aqueous extracts were acidified to 

pH 2.9 with 4 M hydrochloric acid (HCl) and partitioned five times against 40% 

volumes of ethyl acetate. The ethyl acetate fractions were frozen, ice removed by 

filtration, then reduced to dryness with the remaining water removed azeotropically 

using toluene. The dried extracts were dissolved in ca. 10 mL of 60% methanol 

and the solution passed through a preconditioned Sep-Pak: Plus C18 cartridge 

(Waters Assoc. Milford, MA, USA) at a rate of 5 mL.min-1, followed by elution 

with 20 mL of 60% methanol. The combined eluates were reduced in vacuo until 

the volume of the extract had reached approximately 10 mL. A 15 x 100 mm anion 

exchange column was prepared by conditioning 2 g of QAE Sephadex A25 (Sigma 

Chemical Co. MO, USA) with 50 mL of 0.5 M sodium formate buffer followed by 

40 mL of distilled water. The sample was adjusted to pH 7.3 with 1M NaOH and 

introduced onto the column, which was then washed with 30 mL of pH 8.0 

distilled water. Gibberellins were eluted with 40 mL of 0.2 M formic acid. The 

eluant was reduced to ca. 10 mL, adjusted to pH 7.3 and the anion exchange 

chromatography step repeated. The final eluate was taken to dryness in preparation 

for fractionation by HPLC. 

HPLC 

The HPLC system (Waters Assoc., Milford, MA, USA) consisted of two model 

510 pumps delivering a mobile phase consisting of a linear gradient of 21 to 70% 

MeOH in 0.4% acetic acid at 2 mL.min-1 over 40 min. The sample was injected 

via a UK6 sample injection unit with a 2000 jlL loop onto a 10 em x 8 mm i.d. 10 

Jlm Radial-Pak C1s cartridge fitted in a RCM 8 x 10 module. One minute fractions 

were collected and 5% aliquots were assayed for radioactivity by supplementing 

with ca. 4 mL of ReadySafe Liquid Scintillation Counting Cocktail (Beckman 
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Instruments Inc., Fullerton CA, USA) and subsequent analysis using a Beckman 

LS 5801 liquid scintillation counter. Based on the elution of radio labelled GAs and 

known differences in polarity of GAs for which no suitably radiolabelled tracers 

were available (Jensen et al., 1986; Lin and Stafford, 1988), fractions were 

grouped, dried, redissolved in MeOH and methylated using ethereal diazomethane. 

For the purposes of quantification these fractions were then analysed by GC-MS as 

described below. For identification of GAs, grouped fractions were further 

purified as methyl esters by HPLC using the same system components as described 

above. The solvents were MeOH and distilled water, and the flow rate was 1.5 

mL.min-1. For Me-GA19 and Me-GA2o the solvent program was a linear gradient 

from 40-80% MeOH over 35 minutes. For Me-GAt an isocratic program with 

29% MeOH was utilised. One minute fractions were again collected, grouped on 

the basis of radioactivity, and dried. 

GC-MS 

The grouped fractions were trimethylsilylated by adding 2 j..tL of pyridine and 10 

j..tL of bis (trimethylsilyl) trifluoroacetamide and heating at 60° C for 15 min. When 

Kovat's retention indices (KRis) were to be determined, 0.1 j..tL of a mixture of n

alkanes in chloroform was added to the extract. Gas chromatography-mass 

spectrometry using selected ion monitoring at low resolution (LR-SIM) was 

performed using a Hewlett-Packard 5890 gas chromatograph linked via an open 

split interface to a Hewlett-Packard 5970 mass selective detector. One j..tL splitless 

injections were made at 250° C onto a 25 m x 0.22 mm i.d. BP1 column with a 

0.25 jlm film thickness (SGE Vic., Aust.). The helium carrier gas was supplied at 

an initial flow rate of 2 mL.min-1 at 190 kPa and the oven temperature was 

programmed to rise from from 60° C to 230° Cat 30° C.min-1 then to 290° Cat 3° 

C.min-1. The interface temperature was 290° C and the ionisation potential was 70 

eV. 

Full scan mass spectrometry and high resolution GC-SIM (HR-SIM) were 

performed using a Hewlett-Packard 5890 Series II gas chromatograph linked via a 

direct inlet to a Kratos Concept ISQ mass spectrometer controlled by a Mach 3 data 

system. One j..tl splitless injections were made at 250° C onto the same SGE BP1 
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column. The carrier gas was helium with the head pressure programmed to 

maintain a flow rate of approximately 2 mL.min-1. The oven temperature was 

programmed to rise from 60° C to 240° Cat 30° C.min-1 then to 290° Cat 3° C.min-

1. The interface temperature was 290° C and the ionisation potential was 70 eV. 

Where HR-SIM was used, the masses of characteristic ions were calculated to 4 

decimal places and detection was achieved by voltage switching at a resolution of 

10 000 (10% valley defmition) and a cycle time of 0.6 seconds. Perflourokerosene 

was used to provide reference masses for HR-SIM. 

GA identifications 

Where possible, identifications were achieved by comparison of full scan mass 

spectra and KRI values of putative GAs with reference data (eg. Gaskin and 

MacMillan 1991). Where good quality full scan mass spectra were not obtainable 

due to the low level of putative GA or the presence of co-eluting impurities, LR

and HR-SIM in conjunction with KRI data were employed to aid identification. 

GC-SIM chromatograms of several characteristic ions were compared between the 

putative GA and a deuterated standard in order to establish an interference-free 

assessment of ratios of intensities of fragment ions to molecular ion intensity. 

GA quantifications 

Quantification of GAs was achieved as in Lawrence et al. (1992), whereby peak 

areas generated by GC-SIM for the endogenous and deuterated ions were 

compared. When LR-SIM was used, corrections for naturally occurring isotopes 

were calculated using a computer programme (Cooper et al., 1975) and in 

conjunction with corrections for unlabelled material in the internal standards used to 

produce an adjusted ratio of endogenous to deuterated peak areas. This ratio was 

multiplied by the amount of internal standard added and divided by the weight of 

tissue harvested to produce a final GA level. Where HR-SIM was used, the 

correction for naturally occurring isotopes was determined empirically, while the 

remainder of the method was the same as that described for LR-SIM. The ion pairs 

monitored were 506/508 (GA1 and GA29), 504/506 (GA3), 284/286 (GA4), 
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594/596 (GAg), 298/300 (GA9), 434/436 (GA19), 418/420 (GA2o), 432/433 

(GA44) and 448/450 (GA53). Key additional ions monitored to support 

identifications of compounds being quantified were 448/450 and 377/379 (GA1), 

208/210 (GA3), 289/291 and 418/420 (GA4), 448/450 (GAg), 270/272 (G~), 

462/464 and 402/404 (GA19), 375/377 (GA20), 375/377 and 303/305 (GA29), 

238/239 (GA44) and 251/253 and 389/391 (GA53). 

Results 

Method development 

Apical shoot material from Eucalyptus nitens seedlings has proven to be a nearly 

intractable tissue for the extraction and analysis of GAs when compared to similar 

tissues from more commonly studied domestic, herbaceous plant species (eg. 

Pisum sativum, Reid et al., 1990). It contained a substance (or group of 

substances) which markedly affected the chromatographic behaviour of the GAs 

(especially as free acids) on C1g reverse-phase HPLC, possibly by overloading the 

column or otherwise affecting the interaction between GAs and the C1g column. 

This substance was not separated from the GAs by standard extraction procedures 

used successfully in this laboratory for relatively large harvests of pea and sweet 

pea material (eg. Reid et al., 1990). The peak shape of tritiated GA1 used as a 

tracer illustrates the problem (Fig. 1.3a). Radioactivity attributable to GA1 was 

spread at least from fraction 10 to fraction 22. When these fractions were grouped, 

methylated and rechromatographed, a peak of just a few minutes duration was 

resolved, eluting only marginally earlier than the methylated tritiated GA1 standard 

(Fig. 1.3b). The peaks on either side of the methylated GA1 (Fig. 1.3b) may be 

the result of the formation of GA complexes which have altered chromatographic 

behaviour, when compared to that of the unbound Me-GA 1. The effects of the 

contaminant(s) on the chromatography of GA1 were similar to the effects of 

phenols on the behaviour of GA3 described by Nutbeam and Briggs (1982). 

However, the incorporation of a step using PVPP, an insoluble cross-linked form 

of polyvinylpyrrolidone thought to remove phenolic impurities (Glenn et al., 
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1972), did not result in a significant improvement of chromatography, suggesting 

that perhaps some component of the extract other than a phenolic compound was 

responsible for the effects observed. The fractions constituting the relatively 

unaltered GA20 peak obtained after the first HPLC run as free acids (Fig 1.3a) 

when similarly grouped, methylated and rechromatographed, produced a single 

peak which corresponded precisely with the retention time of methylated GA20 

(Fig. 1.3c). The identities of both the putative Me-GA1 and Me-GA20 peaks were 

subsequently confirmed by GC-SIM (data not shown). 

It is clear then, that in order to efficiently extract and purify GAs from E. 

nitens a means of removing the impurities which affect the chromatography of 

GAs is required. This aim was achieved through modification of the method of 

Reid et al. (1990) and the addition of an anion exchange chromatography 

procedure using QAE Sephadex A25 (Talon et al., 1990a). The primary change to 

the former method was the reversal of the order of the first two steps, hence 

performing ethyl acetate partitioning prior to the Sep-Pak step. This was mainly 

due to the relatively small capacity of the Sep-Pak Plus C18 cartridges to hold 

pigmented contaminants from the eucalypt extracts. A large proportion of these 

contaminants are removed by the ethyl acetate partitioning step, the product of 

which can be rapidly dried, due to its high volatility, and taken up in a small 

volume of aqueous methanol thereby expediting the Sep-Pak step. The anion 

exchange step was incorporated after preliminary experiments demonstrated its 

effectiveness in removing visible pigments with little loss of all but the most non

polar GAs. The repetition of the anion exchange step achieved a noticeable 

increase in sample purity, as determined by the output of an in-line UV detector in 

the HPLC system. This level of sample purity could not be produced in a single 

step, despite assessing various changes in anion exchange column volume and 

elution volumes. Subsequent to the addition of this step, eucalypt extracts required 

only a single HPLC run to produce good separation and resolution of GA 1 and 

GA20 (Fig. 1.4) and to ensure the GAs were sufficiently pure for quantification 

work by GCMS-SIM. 

While both immunoassay (Atzorn and Wieler, 1983a,b; Oden et al., 1987; 

Hedden, 1993) and GC-MS (Hedden, 1987; Hedden and Croker, 1990; Hedden, 

1993) techniques are potentially useful for quantification of GAs, a number of 

benefits provided by the latter procedure make it the one of choice. Perhaps the 
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greatest constraint on the use of immunoassay procedures is the difficulty in 

correcting for interference caused by non-GA extract components (eg. Oden et al., 

1987) and the related problem of producing highly specific assays (Hedden, 1993). 

To avoid these problems, considerable sample purification is required, 

necessitating an extra procedure to estimate GA recovery (eg. Nakajima et al., 

1991). The use of internal standards for the quantification of GAs by GC-MS 

techniques accounts for losses during the extraction and purification procedure 

(Hedden, 1987) and provides confirmation of the compound recovered. 

The use in this study of dideuterated GA standards with very high isotopic 

substitution (produced by L. Mander- see Materials and Methods this chapter) has 

simplified the calculations required for quantification of endogenous GAs. The use 

of these standards with two deuterium atoms results in less interference from the 

molecular ion of the endogenous material in comparison to a singly 13c substituted 

labelled standard. This is due to the two mass unit difference between the standard 

and endogenous hormone molecules reducing the overlap of the natural isotopes 

molecular ion 'cluster' with the heavier molecular ion of the standard. Some 

degree of correction is still required, however, due largely to the high abundance of 

natural heavy isotopes of silicon present in the trimethylsilyl derivatives of GAs 

which are required to make these hormones sufficiently volatile to enable GC-MS 

analysis (Gaskin and MacMillan, 1991). The use of extra deuterium substitutions 

could virtually eliminate the need to correct for the overlap of the endogenous 

molecular ion cluster onto the molecular ion of the internal standard. This may not 

be advisable however, as evidence of differential retention of [2H5] indole acetic 

acid on a variety of HPLC systems has been produced (Brown et al., 1986; 

Wodzicki et al., 1987) suggesting altered chromatographic properties had resulted 

from the five deuterium substitutions. Given that the internal standard concept 

operates on the premise of no separation of labelled and unlabelled material during 

extraction and purification, such a situation must be avoided where possible. The 

use of 14c labelled GAs is another possibility for isotope dilution type 

quantification studies. Such material offers the advantages of a dideuterated GA 

standard with the added advantage of the ability to trace the movement of the 

particular GA by means of its radioactivity, hence negating the requirement for 

added tritiated standards, as in the above method. However, it is difficult to 
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prepare [14C] GA standards which are sufficiently free of unlabelled material to 

make their use practicable (Hedden, 1993). Additionally, the use of radioactive 

tracers of high specific activity and purity as internal standards demands 

considerably more stringent handling of samples, in order to avoid the potential 

hazards they pose. This may place unwanted restrictions on the analysis of such 

samples. 

As noted by Hedden (1993), the deuterium substitutions in GA standards result 

in reduced retention times on GC in relation to their endogenous counterparts, 

requiring that the molecular ion abundances be averaged over their full GC elution 

times prior to comparison between endogenous and standard levels. This was 

performed and, as described, estimations of endogenous GA content were made by 

direct comparison of the corrected molecular ion pair intensities (Lawrence et al., 

1992). This is an accepted and frequently used method, despite the fact that it 

generates slight, though significant increases in calculated levels when compared 

with other methods used for analysis of such GC-MS-SIM data (Hedden, 1993). 

For comparisons of quantifications within this study, such a deviation between 

estimation methods was considered to be of little consequence. 

G A identifications 

Despite the use of a second HPLC fractionation step after GAs were derivatised to 

methyl esters, high levels of impurities with only moderate GA levels made the 

unambiguous identifications of GA compounds by subtraction spectra difficult. 

However, a mass spectrum was obtained for GA19, while mass spectral data 

obtained for GA 1 and GA2o samples was adequate to discount the possibility that 

the major fragment ions were the result of breakdown of some larger unrelated 

molecule. Subsequent HR-SIM analysis of all3 putative GA compounds produced 

results such as those for GA20 seen in Fig. 1.5. The background in each of the ion 

channels selected is relatively free of contaminating substances and the co-elution 

of 6 ions can be clearly observed, suggesting the detection of genuine endogenous 

GA2o· The clarity of ion chromatograms using this mass spectral technique make it 

ideal for quantification work where poor signal to noise ratios in the more usual 

LR-SIM mode make accurate estimations of peak areas difficult. 
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The major limitation with HR-SIM is the limited mass range over which 

scanning can be achieved. For this reason, final confirmation of the identity GA1, 

GA19 and GA20 was achieved using LR-SIM to determine the relative abundances 

of characteristic ions, and KRI values (Tab. 1.1). Deuterated standards were used 

for comparisons and also for 'spiking' the extract to check co-elution of standard 

and putative GA. 

The identifications of GAs achieved by GC-SIM from apical shoot tissue of E. 

nitens were subsequently supported by work utilising the procedures developed 

within this study, but not directly involved with it. This peripheral work also 

demonstrated the existence of a mechanism for GA biosynthesis in the second 

species of interest in this study, E. globulus. Analysis of the tissues of the 

cambial zone of E. globulus trees resulted in the identification of GA19, GA20 and 

GA29 by full scan mass spectra and KRis (Hasan et al., 1994, Appendix A). E. 

globulus and E. nitens are closely related, both belonging to the Symphyomyrtus 

sub-genus, making it probable that they would share a common GA biosynthetic 

pathway. 

GA quantifications 

When deuterated internal standards were added at the beginning of the extraction 

procedure to enable quantifications of GAs, GC-SIM analysis of the molecular ion 

cluster of deuterated [2H2] GA29 and eH2] GA53 indicated some dilution by 

endogenous material. Based on this evidence, levels of putative endogenous GA29 

and GA53 are given in Tab. 1.2 along with the calculated levels of GA1, GA19 and 

GA20. There was no detectable dilution of [2H2] GA4, GA8 and GA9 or [2H1] 

GA44 in the same extract (Tab. 1.2). Later work failed to detect dilution of [2H2] 

GA3 in extracts from similar material. 

Discussion 

The presence of those GAs detected suggests that the early 13-hydroxylation 

pathway of GA biosynthesis (Sponsel, 1983), with GA1 as the species with 
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activity per se (Phinney, 1984; Reid, 1986), predominates over alternative 

pathways in vegetative shoot apices of E. nitens (Fig. 1.6). In particular, detected 

GAs AI> A19, A20, A29 and A53 are members of the early 13-hydroxylation 

pathway while the unquantifiable GA4 and GA9 are important compounds of the 

early 3-hydroxylation and early non-hydroxylation pathways respectively. The 

GAs of the early 13-hydroxylation pathway are found in vegetative material across 

a phylogenetically diverse range of plant species. Amongst other tree species 

studied are willow (Salix sp.) (Davies et al. 1985; Junttila et al. 1988) and citrus 

species such as Citrus sinensis (Turnbull, 1989; Talon et al. 1990a). Turnbull 

(1989) identified GAs AI> A8, A20, and A29 in vegetative tissues while Talon et 

al. (1990a) recovered GAs At. A19, A20, and A29 from similar material. Both 

workers also found traces of other GAs but suggested that the early 13-

hydroxylation pathway is the major biosynthetic pathway in vegetative tissue of 

Citrus. Vegetative shoots of Salix dasyclados were shown to contain GAs A1, 

A4, Ag, A9, A19, A20, and A29, although levels of early 13-hydroxylation pathway 

GAs were much higher than those of GA4 and GA9 (Junttila et al. 1988). The 

authors suggest these results indicate the operation of the early 13-hydroxylation 

pathway with possible concurrent operation of the early non-hydroxylation 

pathway. 

Interestingly, in a quite different species, Thlaspi arvense, an annual 

herbaceous angiosperm, a system in which the early 13-hydroxylation pathway and 

the early non-hydroxylation pathway control two separate aspects of vegetative 

growth has been postulated (Metzger and Mardaus 1986; Metzger 1990). In certain 

other herbaceous plants, for example maize (Fujioka et at. 1988), and wheat 

(Appleford and Lenton 1991), most diagnostic GAs of the early 13-hydroxylation 

pathways have been identified, though often in conjunction with members of the 

early non-hydroxylation pathway. 

To compare actual pool sizes of particular GAs across plant groups from these 

reports is difficult due to the confounding influence of a number of factors 

including temporal and ontogenetic changes in levels and perhaps most 

importantly, the problems associated with selecting comparable tissue between 

different species. With these reservations in mind, some comparisons can be made 

between the levels of GAs in E. nitens and representatives of other plant groups. 
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In their quantitative study of the GAs of vegetative shoots of wild type maize, 

Fujioka et al. (1988) found that levels of GA1 and GA29 were approximately 0.1 

ng.g Fw- 1 and GA20 was higher at around 0.35 ng.g FW-1 whereas GA19 was 

considerably more abundant at levels of over 4 ng.g FW-1. Shoot terminals of 

seedling E. nitens contained levels of GAs A29, A1 and A20 ranging from 0.61 to 

0.76 ng.g FW-1 respectively, while in a similar fashion to maize, the level of GA19 
was considerably higher at 2.1 ng.g FW-1 (Tab. 1.2). The trend of a high level of 

GA19 in comparison to that of GA1 is also reflected in the study of willow (Salix 

dasyclados) (Junttila et al., 1988) with levels determined to be 5.8 ng.g FW-1 and 

0.13 ng.g FW-1 respectively. In this case, however, the level of GA20 (6.2 ng.g 

FW-1) was also elevated in comparison to that of GA1. Similar situations have 

been noted in the vegetative tissue of apple (Koshioka et al. 1985) and basal leaf 

segments of wheat (Appleford and Lenton 1991) (see the review of Sembdner et 

al. 1992 for further discussion of these trends). 

Despite an apparent congruence in total GA levels across a wide range of 

species, the variation in the levels of particular GAs between species is significant. 

However, there does not appear to be any tangible link relating either phylogenetic 

or growth habit similarities, with similarities in GA levels. For example, in the 

herbaceous legume Pisum sativum (garden pea), cultivars resembling the wild 

type have been shown to contain levels of GA1 and GA20 of around 10 and 20 

ng.g FW- 1 respectively (Reid et al. 1990), which are well over an order of 

magnitude greater than levels found in E. nitens and many grain crops. On the 

other hand, such a level of GA 1 has been shown to be mirrored in the shoots of the 

arboreal gymnosperm Sitka spruce, where GA1 levels were found to be in the 

order of 10 ng.g FW-1 (Moritz et al. 1990). 

In summary, the results obtained indicate that the early 13-hydroxylation 

pathway is likely to be the important source of active GAs in the expanding, 

vegetative shoot tissue of E. nit ens seedlings. This pathway is common to 

vegetative material from the majority of plant taxa previously studied. The levels of 

GAs in this tissue appear to lie within the range shown to exist in similar material 

across a wide variety of plant species. Identification of GAs by full scan mass 

spectra was difficult, despite the assessment of many configurations not presented 

including changes to the number, order and pH of solvent partitioning steps. 
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However, a comparison of KRI and LR-SIM data between putative endogenous 

GAs and deuterated standards provided good evidence for the authenticity of the 

compounds which was further supported by HR-SIM analysis and low quality 

mass spectra. Though the purification procedure used did not produce optimal GA 

identifications in the case of material taken from apical shoots of E. nitens, it has 

proven very successful in other situations, as described for tissue of the cambial 

zone of E. globulus trees, resulting in the identification of GA19, GA2o and GA29 

by full scan mass spectra and KRis (Hasan et al., 1994, Appendix A). For 

quantification of GAs from apical shoot tissue, the methodology developed proved 

near ideal by producing reliable estimations of endogenous GA levels after a 

relatively simple and rapid sample purification. GAs have also been quantified 

using this technique from material of the cambial zone (Hasan et al., 1994) and 

phloem tissue (Hasan, unpublished) of E. g lobulus trees. These results should 

allow investigation of the roles played by GAs in mediating the observed effects of 

GA biosynthesis inhibitors on the flowering and fruiting behaviour of E. nitens 

material. 
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Table 1.1. Relative ion abundances of deuterated GA standards and putative 

endogenous GAs in apical shoot tissue of ca. 1 year old, glasshouse grown E. 

nitens seedlings, as determined by LR-SIM. 

GA 

detected 

GA1 

GA19 

GA20 

a trace 

Source 

2H2 standard 

extract 

2H2 standard 

extract 

2H2 standard 

extract 

KRI 

2689 

2690 

2627 

2628 

2523 

2524 

Characteristic ions m/z 

(%relative intensity of base peak) 

508 493 450 449 379 378 

(100) (10) (22) (11) (17) (20) 

506 491 448 447 377 376 

(100) (10) (20) (9) (16) (17) 

464 436 404 377 376 

(6) (100) (36) (67) (79) 

462 434 402 375 374 

(6) (100) (29) (81) (90) 

420 405 377 361 303 210 

(100) (14) (59) (32) (13) (9) 

418 403 375 359 301 208 

(100) (12) (53) (15) (16) (til) 

377 315 

(14) (9) 

375 313 

(15) (6) 

209 

(27) 

207 

(20) 



Chapter 1 - Identification and quantification Q[ GAs in E. nitens 33 

Table 1.2. Gibberellin levels in apical shoot tissue of ca. 1 year old, glasshouse 
grown E. nitens seedlings. 

GA 

GA1 
GA4 
GA8 
G~ 

GA19 

GA2o 

GA29b 

GA44b 

GAs3 

a not done 

b putative GAs 

2690 
2544 

nda 

2372 

2628 

2524 

2698 

nda 

2531 

Endogenous Level 

(ng.gFW-1) 

0.75 
<0.08 

<0.08 

<0.08 

2.12 

0.76 

0.61 

<0.08 

0.24 
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Figure 1.1. Result of a rice seedling bioassay demonstrating the stimulation of 

growth of the second leaf sheath by fractionated components of an extract derived 

from the apical shoot tissue of E. nitens seedlings. The harvested apical shoot 

material was extracted for 24 h at 4 ° C and purified by PVPP slurrying, partitioning 

against acidic ethyl acetate and passing through a C 18 Sep-Pak cartridge in 60% 

methanol. The purified sample was fractionated by reverse phase C18 HPLC 

(using the system of Reid et al., 1990). The solvent programme began at 21% 

methanol in 0.4% acetic acid for 10 minutes, then rose linearly to 75% methanol 

over 60 minutes. Flow rate was maintained at 2 mL.min-1 and 1 minute fractions 

were collected. 
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Figure 1.2. The production of tritiated metabolites of [13C3H] GA20 55 h after 

application to the uppermost open leaf of 6 E. nitens seedlings (6-7 juvenile leaf 

pairs expanded). The harvested apical shoot was extracted and purified by the 

method of Reid et al. (1990) and subject to reverse phase C18 HPLC (using the 

system of Reid et al., 1990). The solvent programme began at 21% methanol in 

0.4% acetic acid for 10 minutes, then rose linearly to 75% methanol over 60 

minutes. Flow rate was maintained at 2 mL.min-1 and 1 minute fractions were 

collected. Radioactivity content of each fraction was assessed by liquid scintillation 

counting using a Beckman LS 5801 counter after supplementing each fraction with 

ca. 5 mL 'ReadySafe' LS counting cocktail. Unmetabolised [l3C3H] GA20 

material elutes in the zone shown by the open box. 
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Figure 1.3. Fractionation by HPLC of an apical shoot tissue extract of ca. 1 year 

old, glasshouse grown E. nitens seedlings containing [3H] GA1 and [3H] GA20 as 

tracers. HPLC profiles of free acids after initial purification by the method of Reid 

et al. (1990) (linear 21-70% methanol in 0.4% acetic acid over 40 minutes; flow 

2.0 mL.min-1) (a) and fractions grouped as shown in (a) refractionated as Me

esters (isocratic 29% methanol in distilled water; flow 1.5 mL.min-1) (b), (linear 

40-80% methanol in distilled water; flow 1.5 mL.min-1) (c). [3H] GA standards 

eluted in the zones indicated by open boxes. 
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Figure 1.4. Fractionation by HPLC of an apical shoot tissue extract of ca. 1 year 

old, glasshouse grown E. nitens seedlings after purification including anion 

exchange chromatography. The linear methanol gradient used for HPLC rose from 

21 to 70% methanol in 0.4% acetic acid over 40 minutes and a 2.0 mL.min-1 flow 

rate was maintained. [3H] GA1, A4, Ac; and A20 tracers in the extract were 

resolved as shown. [3H] GA standards eluted in the zones indicated by open 

boxes. 
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Figure 1.5. HR-SIM analysis of putative GA20 extracted and purified from the 

apical shoots of ca. 1 year old, glasshouse grown E. nitens seedlings. Co-eluting 

peaks in ion channels diagnostic for the GA provide a reasonable confirmation of 

identification. 
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Figure 1.6. Parallel schemes of GA biosynthesis from GA12-aldehyde shown in 

vertical rows. 

A = early 13a-hydroxylation pathway 

B = early non-hydroxylation pathway 

C =early 3[3-hydroxylation pathway 

GAs quantified from E. nitens apical shoots ( +) and GAs not quantifiable (*) (see 

Tab. 1.2). 

Modified from Talon et al. (1990b). 
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Chapter 2 

Effects of Paclobutrazol and Cold on GA Levels and Flowering in 

Grafted E. nitens. 

Introduction 

4 

The application of the plant growth retardant paclobutrazol (see General 

Introduction) has been observed to reduce vegetative growth (Hetherington et al., 

1991; Griffin et al., 1993) and enhance flowering (Hetherington and Jones, 1993; 

Griffin et al., 1993) in Eucalyptus species. A series of experiments attempting to 

produce further quantitative data on the effect of this plant growth retardant on the 

reproductive activity of grafted clonal material were performed by Mr Mike Moncur 

(CSIRO Division of Forestry, Canberra, Australia). Given the known effects of 

paclobutrazol in reducing the levels of endogenous GAs (eg. Dalziel and Lawrence, 

1984; Hedden and Graebe, 1985) and the identification of these hormones in E. 

nitens (Chapter 1), the involvement of GAs in the mediation of the observed 

responses in eucalypts was hypothesized. To investigate this hypothesis the 

methodology for the quantification of GAs (Chapter 1) was utilised in an attempt to 

correlate paclobutrazol application with flowering responses and GA levels. 

Experiments described in this chapter are based on the material grown at the 

Canberra site of the CSIRO Division of Forestry, in experiments designed in 

collaboration with, and largely effected by, Mr Mike Moncur. Sampling of the 

appropriate material and the subsequent analysis of GA levels was performed in the 

Hobart laboratories of the Department of Plant Science and constituted the major 

contribution of this study to the overall project. 

Initially it was considered that an assessment of the effect of paclobutrazol 

application to a whole plant on GA levels in apical shoot tissue was appropriate. 

Additionally, it was hoped that by comparing the levels of GAs in similar clones 



C.h<Wter 2 - Effects Q[ paclobutrazol and cold on GA levels and floweriM 41 

harvested at different times post-treatment, some indication of the longevity of 

treatment effects could be obtained. 

An apparent correlation between GA levels and flowering activity identified in 

this initial work suggested that paclobutrazol application may indeed play a role in 

flower bud production in grafted E. nitens material via its effect on the levels of 

endogenous GAs. To gain further insight into the association between 

paclobutrazol application, GA levels and flowering responses, a larger scale 

sampling of material from an espalier orchard (Cauvin, 1984; Moncur et al., 1993, 

Appendix B) was performed. Sampling for the larger scale experiment occurred 12 

months after the initial experiment to produce additional data on the persistence of 

paclobutrazol effects after application by different methods and at different doses. 

It was hoped that the analysis of a significant number of samples, covering a range 

of active GA1 levels as a result of treatment with paclobutrazol by different 

methods and at different rates, would generate a more certain correlation between 

Gk levels and flowering response. 

E. nitens, like many other temperate eucalypt species, produces flower buds in 

early summer (Turnbull and Pryor, 1978), presumably after initiation in early 

spring following a period of relative dormancy during the colder months. This 

suggests that there is some mechanism by which the seasonal change is monitored, 

and the signals produced by this system may influence the flowering process. 

Photoperiodism and/or some period of cold treatment are possibly the most likely 

factors which are utilised in the monitoring of seasonal change. Bolotin (1975) 

reported the stimulation of precocious flowering in E. occidentalis when grown 

under a 16 hour photoperiod while Moncur (1992) demonstrated the ability to 

induce flower buds in E. lansdowneana through the administration of a 4-6 week 

period of cold, flanked by warm growth conditions. The results of the latter study, 

in combination with results of experimental work on inducing precocious flowering 

in E. globulus seedlings (Chapter 4), directed attention at this initial stage to an 

investigation of the effects of cold on floral induction and its association with 

paclobutrazol application and GA levels. To achieve this, the effects of varying 

lengths of cold treatment in conjunction with paclobutrazol treatment on both 

flowering response and GA levels in recently grafted clones of E. nitens was 

investigated. 
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A further means of establishing GAs as the mediating factor of the effects of 

paclobutrazol application on reproductive output in the clonal E. nitens grafts 

involves the introduction of an exogenous active GA in combination with 

paclobutrazol. In this manner any effects of paclobutrazol application on vegetative 

or reproductive growth which are not mediated by a reduction in the level of 

endogenous active GAs (i.e. GA1) will continue to be expressed, while those 

effects which are GA mediated should tend to revert to the untreated state. The 

extent of success of such an experiment is dependent upon the timing, dose and 

rate of metabolism of the applied active GA and these factors can make 

interpretation of results difficult. However, such reversion studies have been 

performed in the past on orchard tree species, though mostly in relation to the 

counteraction of paclobutrazol effects on fruit characteristics (eg. in apple, Curry 

and Williams, 1983). Some some work has been carried out on GA3 reversal of 

biochemical and physiological changes induced by paclobutrazol treatment 

(Steffens eta/., 1985). These then were the rationales behind an experiment 

carried out in Canberra in collaboration with Mr Mike Moncur in which the effects 

of GA3 application to paclobutrazol treated grafts were assessed. 

Materials and Methods 

GA quantifications from espaliered E. nitens clones. 

Plant Material and Paclobutrazol Treatments 

Plants were maintained in a breeding arboretum in Canberra, ACT (Lat. 35° lO'S, 

Long. 149° 4'E; altitude: 600 m), where they were pruned to facilitate access to 

potential floral sites and regularly fertilised, irrigated and sprayed to control leaf 

eating insects. The '18 month' group of clonal grafted material was approximately 

18 months old at the time of paclobutrazol treatment in March 1990. Plants 

constituting the '6 month' group were approximately six months old when treated 

with paclobutrazol in March 1991. Paclobutrazol was applied to the soil around the 

base of the stem as an aqueous 2 L collar drench (CD) at 0.5 g or 0.2 g active 

ingredient (a.i.).cm of stem circumference-!, or as a trunk injection (TI) at 0.025 g 
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or 0.01 g (a.i.).cm of stem circumference-!. 

Harvesting and extraction. 

The initial small scale harvesting took place in October 1991, which corresponded 

to the time at which bud initiation is thought to occur in E. nitens in Canberra, and 

was six or 18 months after paclobutrazol application. For the extended study, 

harvesting took place in late September 1992 and only the older material (now ca. 

40 months since paclobutrazol application) used. In this case, tissue from four 

grafts of the untreated (control), high rate collar drench (CDH) and low rate collar 

drench (CDL) treatments was taken, while three trees treated by trunk injection at 

each of two dose rates (TIH and TIL) were sampled. Apical sections 

approximately 5 em long were excised from branch terminals and leaves trimmed 

as necessary to maintain a constant ratio of leaf to shoot mass across all treatments. 

Gibberellin A1 was quantified as described in Chapter 1, with the exception of 

lypholisation and dry weight determination of frozen material prior to extraction, 

due to contamination of samples with rainwater preventing measurement of fresh 

weights. 

Effect of cold treatment on flowering and GA levels 

Plant Material and Paclobutrazol Application 

Forty grafts from a single clone were established in Canberra, in two groups of 20, 

one year apart. During April 1991 when grafts were either six or 18 months old, 

paclobutrazol was applied as a collar drench at 0.2 g (a.i.).cm of stem 

circumference-!. At this juncture five grafts of each age were transferred to a 

naturally lit glasshouse with day/night temperatures of ca. 25° C/17° C. Remaining 

grafts were grown outside in ambient Canberra conditions (Fig. 2.1). In June 

1991, then again during September 1991, five grafts of each age were transferred 

to the glasshouse while the remaining group of each age grafts was left outside. 

Material remained under these conditions until December 1991 when buds were 

large enough to allow scoring. 

Harvesting of Samples and Extraction of GAs. 
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During October 1991 4-8 g of apical shoot material was sampled from each of the 

five plants constituting each treatment in the '18 month old' grafts. This material 

was combined to produce a single sample for each treatment. Gibberellin A20 and 

GA1 were quantified as described in Chapter 1. 

Reversion of paclobutrazol treatment effects by GA3 application 

Paclobutrazol was applied as an aqueous 200 mL collar drench at 0.2 g (a.i.).cm of 

stem circumference-1 to three groups of 15 six month-old, potted, grafted clones in 

April 1992, whilst an additional three groups of 15 were left untreated. The 

material was maintained outdoors in Canberra. At two and three months after 

paclobutrazol treatment, a stock solution of 100 mg.L-1 GA3 was applied as an 

aqueous collar drench to two paclobutrazol treated groups, at either high rate (50 

mL), or low rate (10 mL) and to two non-paclobutrazol treated groups (higMow). 

Height increments, stem diameters and flower bud production data were recorded 

over the subsequent months, to December 1992. The levels of endogenous GA1 

and GA20, as well as the level of applied GA3 which was present in new apical 

growth, were analysed from samples of apical shoot tissue taken during September 

1992 by the methodology detailed previously (Chapter 1). 

For further details consult the 'Materials and Methods' section of Moncur et al., 

(1993) (Appendix B). 

Results 

GA quantifications from espaliered E. nitens clones. 

The initial study showed that the effects of paclobutrazol treatment by collar drench 

on GA levels were fully evident in apical tissues after six months and persist for at 

least 18 months. The levels of GA1 and GA20 were reduced between seven- and 

10-fold in comparison to the control as a result of application of paclobutrazol as a 

collar drench (Tab. 2.1). The trunk injection treatment, on the other hand, appears 

ineffective in reducing GA levels 18 months after application. 
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The extended sampling of the espalier orchard material revealed a considerable 

degree of variation in the levels of GA1 between grafts treated by the same method 

and the same rate (Tab. 2.2). However, taken together, a reasonable correlation 

between high (>0.5-0.6 ng.g nw-1) GA1 levels and low numbers of new buds 

initiated can be observed (Fig. 2.2; Plates 2.1, 2.2). The converse of this situation 

is not well correlated, with lower GA1 levels associated with both high and low 

numbers of new flower buds. 

The TIL treatment appears the least persistent, with the Tlli treatment only 

marginally more active at the time of sampling, 30 months post-application. Two 

out of the 3 CDL applications exhibit a persistent ability to suppress the levels of 

GA1, while the CDR samples demonstrate a consistent persistence of effect. 

However, this persistence is abating as demonstrated by a 3-fold rise in the level of 

GA1 in the CDH treated 417-9 graft between the 1991 and 1992 harvests (compare 

Tabs 2.1 and 2.2). 

Effect of cold treatment on flowering and GA levels 

For flowering to occur in the material used, an obligate requirement for both 

complete overwintering in the outdoor environment and paclobutrazol treatment 

was demonstrated (Tab. 2.3). A greater proportion of the older material within the 

reproductively active treatments produced floral buds and the average number of 

buds per flowering graft was also greater (Tab. 2.3). However, the degree of 

age/size independency shown by the successful induction of flowering in the '6 

month' material suggests that graft age may be a less important factor than 

paclobutrazol and cold treatment for the induction of early flowering. This is 

somewhat contradictory to the suggestions of Brindbergs et al. ( 1989) and Mullins 

and Snowball (1988) who indicate an involvement of size and age in the onset of 

flowering in grafted and seedling eucalypts and seedling citrus species respectively. 

In the untreated material, those grafts which received the maximum amount of cold 

had the highest GA levels, and as the amount of time spent under the colder 

outdoor regime decreased, GA levels appeared to decrease slightly (Tab. 2.4). 

These effects on GA levels (and flowering in the paclobutrazol treated material) 

may alternatively be the result of the timing of the transfer to warmer conditions, 
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rather than just the cumulative amount of cold received. In the paclobutrazol

treated material, levels of endogenous GA1 and GA20 were reduced by 

approximately an order of magnitude, and the levels of these hormones in the 

group within which flowering had been promoted did not appear substantially 

different from non-flowering groups. This data suggests that the effect on 

flowering of cumulative cold or timing of transfer to warmer conditions is not 

mediated via a reduction of GA levels. 

Reversion of paclobutrazol treatment effects by GA3 application 

Paclobutrazol application produced a three-fold reduction in the levels of 

endogenous GA1 and GA20 and caused a substantial increase in the proportion of 

grafts flowering per treatment (31/45 across all paclobutrazol treatments in 

comparison to 2/45 for non-paclobutrazol treated grafts; x2r=38.54; p<O.OOl) and 

a significant (p<O.OOl) increase in the average number of buds produced per graft 

(Tab. 2.5; Plate 2.3). The effect on vegetative growth was equally apparent, with 

significant reductions in both height increment (p<O.OOl) and stem diameter 

(p<O.OOl) (Tab. 2.5; Plate 2.4). Gibberellin A3 application by soil drench 

significantly increased stem diameter (p<O.OOl) (Tab. 2.5) indicating that applied 

GA3 was assimilated by the grafts. The stem thickening response has been noted 

as the most dramatic effect of GA3 application on vegetative tissues of apples 

(Mauk et al., 1990a), which may explain the detection of this response in the 

absence of any significant effect on height increment (p=0.863) (Tab. 2.5). 

Gibberellin A3 application by soil drench was associated with a decrease in average 

flower bud production of greater than 40%, though large inter-replicate variations 

resulted in non-significance (p=0.293) (Tab. 2.5). No GA3 was found above the 

threshold of detection (approximately 80 pg.g FW-1) in apical shoot samples from 

any group, despite the significant effect of GA3 application on stem diameter. This 

suggests that the lack of recovery of the applied hormone is likely to be the result of 

catabolism within the plant tissues during the ca. 3 months which elapsed between 

application and subsequent sampling of tissue for analysis of GA levels. 

Discussion 
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Gibberellins have been successfully identified from vegetative adult foliage of E. 

nitens, and paclobutrazol treatment of the grafted clonal material reduced the levels 

of endogenous GAs. The results show varying levels of effectiveness of 

application method and dose in reducing the levels of endogenous GAs at different 

times post-application. A substantial degree of within treatment variation in GA1 

levels is seen in the espalier material, 30 months post-paclobutrazol application 

(Tab. 2.2). The variability of GA1 level seen within the untreated group indicates a 

level of natural fluctuation in these levels, while the CDH treatment, contrasting in 

its inter-replicate uniformity, provides some indication that the variation seen within 

other treatments may be a result of differring rates of release from the effects of 

paclobutrazol treatment. For collar-drenched individuals, local variation in soil 

structure, composition or drainage may play some role in producing inter-replicate 

variation in the persistence of effects, while the point of application and overall tree 

vigour may be more important factors in the case of grafts treated by trunk 

injection. 

Divorcing the treatment method and rate from the results enabled a range of GA1 

levels at the time of flower bud initiation to be compared with the number of buds 

subsequently observed to be initiated some 3 months later (Fig. 2.2). The low 

level of bud production observed when GA1 levels are above 0.5-0.6 ng.g nw-1 

suggests that higher GA1 levels are inhibitory to flowering. The lack of a good 

correlation between GA1 level and bud production below the 'threshold' value of 

0.5-0.6 ng GA1.g nw-1 suggests that other factors must be involved in regulating 

the magnitude of reproductive activity each season. 

There are a number of potential factors which may have disturbed the correlation 

between GA1 level and flower bud production. The fact that all espaliered material 

used consisted of grafts generated from scions of only 2 trees, each of which 

exhibited both high and low flowering responses below the threshold GA1 level, 

makes it difficult to assign variation in flowering behaviour to a genetic factor. 

However, a difference in the position on the donor tree from which scions were 

taken, or differences in graft growth cannot be ruled out as influencing factors. 

Another possible effect of grafting which may have produced variation in flowering 

is that the rootstocks used are not genetically identical and this may have some 
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effect on the physiology of the scion. Environmental factors cannot be completely 

ruled out as potential variables despite all espaliered grafts being grown under the 

same conditions on a gross scale. The possibility of microenvironment variation 

across the espalier orchard is suggested by the apparent involvement of a positional 

effect, with those grafts displaying an apparently reduced flowering response 

appearing at the southern-most end of rows of analysed material (Fig. 2.3). A 

further possibility for lack of complete correlation seen between GA 1 levels and 

bud production is variation in developmental stage at the time of tissue sampling. 

Steffens et al., (1991) showed highly variable levels of GA3 equivalents in both 

fruit and seed samples over the weeks following full bloom in apples. Perhaps 

then a variation in GA1 levels occurs in the apical shoot tissue of E. nitens around 

the time of flower bud initiation, with the lack of correlation observed resulting 

from a common sampling time and asynchronous bud initiation. Finally, the 

pruning of the espaliered grafts must have some effect on reproductive output by 

reducing the number of potential floral sites. If pruning was not carried out 

consistently, this too could affect the correlation between GA1 level and resulting 

crop size. 

The action of cold has been demonstrated to be an important prerequisite to the 

onset of flowering in paclobutrazol treated material (Tab. 2.3). Conversely, the 

necessity of paclobutrazol treatment for the expression of a cold induced flowering 

response was indicated (Tab. 2.3). This was further demonstrated by an 

assessment of the year 2 flowering results for the cold requirement work, 

following the transfer of all grafts which did not flower to outside environs after 

year 1. All 40 grafts originally treated with paclobutrazol produced flower buds in 

the second year, after a full overwintering period. In contrast, only 1 graft of 40 

not treated with the plant growth retardant produced flower buds after identical 

exposure to cold. The GA quantifications indicate that lowered GA1 and GA20 

levels alone are not sufficient for the induction of flowering in recently grafted E. 

nitens material (Tabs 2.3, 2.4). In addition, the GA quantifications suggest that 

any floral induction 'signal' produced by appropriate cold treatment is not mediated 

by a further reduction of these GA levels. Indeed the increase in the level of 

endogenous GA1 and GA20 in the non-paclobutrazol treated 'outside' (maximum 

cold treatment) group suggests that cold treatment may actually increase the levels 
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of these GAs at the time floral induction is thought to be occurring. 

Both the incomplete correlation between GA 1 levels and flowering and the lack 

of an obvious means of mediation of cold treatment could be seen as evidence for 

alternative signalling systems playing some role in controlling flowering responses. 

These systems could utilise alternative phytohormones, or even non-hormone 

mediated means to produce their effects. The involvement of an alternative 

pathway of GA biosynthesis, including the possible activity of 'florigenic' GAs 

(Evans et al., 1990; King and Pharis, 1993; King et al., 1993) cannot be 

completely ruled out, though it is difficult to reconcile a qualitative change or 

quantitative increase of alternative GAs in the presence of paclobutrazol, which 

inhibits the production of all GAs (General Introduction). 

In many ways it is perhaps not surprising that the applied GA3 is undetectable 

ca. 3 months after application, given the relatively transient nature of application 

effects in herbaceous angiosperms such as peas (Swain, 1993). The lack of a 

significant effect of GA3 treatment on height increment in paclobutrazol treated 

individuals suggests that an insufficient quantity of GA3 was present in the tissues 

at any stage following application to produce the desired reversion of vegetative 

growth to the non-paclobutrazol treated state. The stem diameter growth apparently 

stimulated by GA3 application may have caused a diversion of assimilates away 

from reproductive activity (Sachs, 1977; Mauk et al., 1986) at the time at which 

bud initiation is thought to occur, causing the non-significant indication of a 

reduction in bud production observed. Perhaps then a greater degree of reversion 

of paclobutrazol treated individuals to the stature of non-treated individuals would 

generate a statistically significant reduction in bud production. If an increase in 

GA3 dose could produce such a reversion in stature, with a concurrent reduction in 

bud production, it would provide more convincing evidence of an involvement of 

3B, 13-hydroxylated GAs in the control of flowering in eucalypts. This in turn 

would suggest that the increase in reproductive output of eucalypts observed 

following paclobutrazol application (eg. Griffin et al., 1993; Hetherington and 

Jones, 1993; this chapter) may be mediated by the inhibition of GA biosynthesis 

which this plant growth retardant is known to cause (Dalziel and Lawrence, 1984; 

Hedden and Graebe, 1985). 
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Table 2.1. Bud scores and levels of GA1 and GA20 (pg.g FW-1) in the apical 

shoot tissue of clonal E. nitens grafts in a Canberra espalier orchard, 6 or 18 

months after paclobutrazol treatment. CD, collar drench; TI, trunk injection. The 

grafts in the '6 month post-treatment' group were 13 months old and the grafts in 

the '18 month post-treatment' group were 37 months old at the time of sampling in 

October 1991. 

Graft 

GA1 

GA2o 

floral 
bud no. 

6 months post-treatment 

Control CD High 

780 

1850 

nda 

90 

190 

nd 

a not done 

18 months post-treatment 

Control CD High TI High 

417-10 

670 

1350 

165 

417-9 

90 

130 

1590 

417-12 

750 

1270 

54 
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Table 2.2. Level of GA1 in material harvested in October 1991 and resulting 

flower bud score (December 1991) in espaliered, clonal E. nitens grafts, 30 

months after paclobutrazol treatment by trunk injection or collar drench. TIL, trunk 

injection low; TIH, trunk injection high; CDL, collar drench low; CDR collar 

drench high. 

graft code treatment GA1 cone. number of buds 

(ng.gDW-1) (December 1991) 

422-1 Control 0.79 270 

417-2 Control 0.79 33 

417-4 Control 1.93 20 

417-10 Control 0.98 34 

422-7 TIL 0.60 371 

417-8 TIL 1.07 109 

417-6 TIL 1.62 25 

422-5 TIH 0.14 983 

417-7 TIH 0.57 71 

417-12 TIH 2.10 0 

422-2 CDL 0.32 1510 

422-3 CDL 0.20 1826 

417-1 CDL 1.28 71 

422-4 CDR 0.47 855 

417-3 CDR 0.25 742 

417-11 CDR 0.45 1972 

417-9 CDR 0.29 586 
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Table 2.3. The effect of differing date of transfer from an outside (cold, winter) 

environment to a heated glasshouse.on the number of clonal E. nit ens grafts 

flowering per treatment and the average number of floral buds per flowering graft. 

Graft Agea/ · PaQlQ.QytrazQl Trs;:ats;:d Untrs;:ats;:d 

Transfer Dateb flowering mean floral flowering mean floral 

bud no.c bud no.c 

18 month 

April 0/5 0 0/5 0 

June 0/5 0 0!5 0 

September 0/5 0 0/5 0 

Kept Outside 4/5 55 0/5 0 

6month 

April 0/5 0 0/5 0 

June 0/5 0 0/5 0 

September 0/5 0 0/5 0 

Kept Outside 2/5 15 0/5 0 

a Graft age at time of paclobutrazol treatment 

b Date transferred to heated glasshouse from outdoor environs 

c Mean number of floral buds per flowering graft 
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Table 2.4. The effect of differring periods of cold treatment on the levels of GA1 

and GA20 in apical shoot tissue of '18 month old' group of clonal E. nitens grafts 

(see text). 

GA Levels (pg.g FW-1) 

Paclobutrazol Treated Untreated 

Transfer Datea GA1 GA20 GA1 GA2o 

April 64 20 597 765 

June 117 63 639 893 

September 74 63 726 918 

Outside 141 59 1337 1903 

a Date transferred to heated glasshouse from outdoor environs 
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Table 2.5. The effects on growth and reproductive performance (a) and 

endogenous GA1 and GA2o levels (b) following GA3 application (G) at either low 

(1) rate (2x10 mL of 100 mg.L-1 GA3) or high (h) rate (2x50 mL of 100 mg.L-1 

GA3) to control and paclobutrazol-treated (P) (0.2 g ai.cm stem circumference-1) 

clonal E. nitens grafts. GA levels were measured by GC-MS-SIM in apical shoot 

material grouped from each of the 15 plants in each treatment. 

(a) no. grafts flower Height Stem diameter 
Treatment with buds buds/graft inc. (mm)a (mm) 

Control 1/15 0.7 567 6.23 
+G(l) 0/15 0.0 575 5.71 
+G(h) 1/15 0.3 598 7.65 
+P 10/15 33.3 149 3.39 
+P+G(l) 12/15 18.7 145 3.61 
+P+G(h) 9/15 17.8 151 4.36 
S.E.D.b 8.1 48 0.54 

a Height increment between the time of paclobutrazol application (April, 1992) and flower bud 

production (December, 1992) 

b Standard error of difference of means 

(b) [GA1] [GA2oJ 
Treatment (ng.g FW-1) (ng.g FW-1) 

Control 1.71 0.58 
+G(l) 1.57 0.56 
+G(h) 1.76 0.93 
+P 0.44 0.14 
+P+G(l) 0.55 0.21 
+P+G(h) 0.52 0.18 
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Figure 2.1. Average daily maximum and minimum temperatures each month for 

Canberra, 1991 and 1992. 

-10 

i I i3 l l § .... 

ii~iiJ l i3 'E ~ § -3' - ] Jl ~ Jl "3 
~ .... .... ~ ~ ~ .... ..... ~ a o a 

< .!l 8 " ~ .... cl: > fr 0 
(I) z Q (/) z Q 

1991 1992 
Month 



Chapter 2 - Effects of vaclobutrazol and cold on GA levels and flowering 

Figure 2.2. Relationship between GA1 level of espaliered E. nitens grafts in 

September, 1992 and the number of flower buds subsequently initiated and visible 

in December, 1992. Those points marked with an asterisk have a relatively 

reduced flowering response for their GA1 1evel. 
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Figure 2.3. Positions of grafted trees sampled for GA 1 quantification within the 

espalier orchard, Canberra. Grafts marked as open circles (and corresponding to 

those individuals marked with an asterisk in Fig. 2.2) appear to have produced a 

lower flowering response than expected, based on their GA1 concentrations. 

Grafts were grown 6 m apart in rows 3m wide. Unlabelled row and column 

intersections contain grafted E. nitens, E. bicostata and E. grandis trees of 

similar age and stature to the E. nitens trees sampled. 
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Plate 2.1. A graphic example of the relationship between GA1 levels and flower 

bud production in grafted E. nitens clones grown in the Canberra espalier orchard. 

Gibberellin analyses of apical shoots harvested in September, 1992 suggest that at 

the time of bud initiation (September 1991), the level of GA1 in the TIH treated 

(422-5) graft (top) would have been very low (<0.14 ng.g DW-1), while the level 

of GA1 in the control (422-1) graft (below) would be expected to be similar to that 

quantified (0. 79 ng.g nw-1 ). Photograph taken in September 1992. ,. 



Chapter 2 - Effects Q(paclobutrazol and cold on GA levels and tlowerine 22 

Plate 2.2. The magnitude of effect on flower bud production achievable through 

application of paclobutrawl to grafted E. nitens clones grown in the Canberra 

espalier orchard. Note the very prominent bud crop in the paclobutrazol treated 

graft (top) in comparison to the virtual absence of reproductive activity of the non

treated graft (below). 



Chapter 2 - Effects ofpaclobutrazol and cold on GA levels and floweriM 20 

Plate 2.3. The effectiveness of paclobutrazol applied as a collar drench (0.2g 

ai.cm stem circumference-1 in 200 mL of water) in promoting flowering on grafted 

E. nitens material in the pot system used. 
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Plate 2.4. The effect of paclobutrazol treatment on the height increment and 

growth habit of potted E. nitens grafts. Grafts were established in October, 1991. 

The treated graft (right) received a paclobutrazol collar drench (0.2g ai.cm stem 

circumference-1 in 200 mL of water) in April, 1992 while the control (left) 

remained untreated. The photograph was taken in December, 1992. 
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Chapter 3 

Paclobutrazol Movement and Metabolism. 

Introduction 

The results of the previous chapter suggest that paclobutrazol can in increase the 

flowering intensity of reproductively competent E. nitens material as well as 

reduce the time lag between graft establishment and subsequent first flowering. 

This action appears to be related to a reduction in the level of endogenous GAs 

acting in combination with other stimuli such as cold treatment. The rapidity, 

extent and persistence of response to paclobutrazol treatment also appear to be 

affected by the method of application. It was hoped that through investigation of 

paclobutrazol movement through the plant after application by different methods, 

and observation of metabolism within plant tissues and in the immediate 

environment, some rationalisation of these variations in response would be 

possible. 

Collar drenching, soil drenching, soil spraying or root drenching are all names for 

the practice of applying chemicals to plants via the immediately surrounding soil. 

Applications of this type result in uptake through the root system (Lever, 1986) and 

appear to be an effective means of applying paclobutrazol to both eucalypts (eg. 

Chapter 2, Hetherington and Jones, 1993), other commercial tree species such as 

apples, (Steffens, 1988; Curry and Reed, 1989; Mauk et al., 1990a) and other 

plant species (eg. Barrett and Bartuska, 1982). It is both time and cost efficient 

and hence provides commercial users with a viable means of treating a large 

number of plants. 

In order to assess the rate at which uptake and metabolism of soil applied 

paclobutrazol occurs in E. nitens seedlings, a number of experiments utilising 14C 

labelled paclobutrazol were performed. Initially, it was necessary to establish an 

appropriate means of extraction of paclobutrazol from stem and leaf tissues of 

eucalypt seedlings and to gain some indication of the rate at which uptake occurred. 

The importance of the structure of paclobutrazol in performing its function of 
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inhibiting the synthesis of endogenous GAs (Sugavanam, 1984; Haughan et al., 

1989) suggests that any breakdown or other alteration of the molecular structure 

would at the minimum lead to a very severe reduction of activity. Thus it was 

proposed to use the separative power of HPLC coupled with liquid scintillation 

counting to discriminate between radioactivity from unrnetabolised [14C] 

paclobutrazol and radioactivity from its metabolites and breakdown products. A 

similar procedure was adopted by Early and Martin (1988) with [14C] 

paclobutrazol, while other chromatographic separation methods such as thin layer 

chromatography (TLC) have been utilised for studying the degradation of the 

closely related [14C] uniconazole (Sterret, 1990). Through the use of such 

methodology, the rates and patterns of metabolism and the proportion of 

unrnetabolised and hence active material remaining could be ascertained for various 

samples. To achieve this, it was necessary to ensure extraction and purification 

procedures produced samples of sufficient purity for fractionation by HPLC 

without causing significant losses and additionally did not result in the artifactual 

degradation of unrnetabolised paclobutrazol. Finally, an appropriate HPLC 

protocol was required in order to ensure the unrnetabolised and metabolised 

components were sufficiently resolved to allow their quantification. 

While soil drenching is a rapid and cost-effective means of treatment of field 

planted material, it may not be ideal in all circumstances. As uptake by the plant is 

preceded by percolation of the applied material through the soil, interactions with 

soil components may occur. This introduces soil chemistry, moisture content etc. 

as factors which may further influence the rate of uptake into the plant. Application 

of paclobutrazol to above ground stern and leaf tissue through the use of a foliar 

spray is an alternative application method. While less convenient to administer, it 

has the advantage of being a comparatively direct application method. Foliar 

spraying has been shown to generally produce a more transient effect 

(Hetherington and Jones, 1990; Mauk et al., 1990a; Griffin et al., 1993) and for 

users desiring rapid effects on flowering attributes, the closer site of application to 

the sub-apical rneristern might be expected to produce a more rapid response. To 

assess the extent of advantages of rates of uptake and possible differences in 

metabolism resulting from foliar application rather than soil drenching, a 

comparative study was implemented. 
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Other workers have found that paclobutrazol can persist in an active form in the 

soil for a considerable period of time, with Lever (1986) estimating a half-life of 3-

12 months. This was supported by Mauk eta/. (1990a) with their estimate of a 

50% per year reduction in paclobutrazol residues. However, whether or not these 

estimates are sufficient to explain the effects of paclobutrazol soil drenches 

persisting for five years or more in eucalypts (Griffin et al., 1993), given the 

apparently rapid metabolism of the growth retardant in plant tissues (this chapter), 

is not easily answered. Through a brief investigation of the rate of metabolism of 

paclobutrazol in the soil of potted eucalypt seedlings, it was hoped that an estimate 

of the rate of breakdown of paclobutrazol specific for this situation could be 

gained. Additionally, it was of interest to determine if there were any breakdown 

products of the labelled paclobutrazol generated in the soil which could be found in 

the suite of products observed in plant tissues following soil drenching, but which 

were not observed in material receiving a foliar application of the retardant. This 

would indicate if any proportion of the breakdown products seen in the case of soil 

drench applications of [14C] paclobutrazol to E. nitens seedlings were formed in 

the soil prior to assimilation, or during uptake into the roots. 

Materiais and Methods 

Plant material 

All plant material used consisted of E. nitens seedlings grown in a eucalypt potting 

mix consisting of sandy loam, peat and river sand in a 5:4:1 ratio, with 60 mL of 

osmocote, 60 mL of dolomite and 120 mL of blood and bone added to each 40 L of 

mix. The plants were raised in 5 em x 5 em x 15 em plastic bags and maintained in 

a naturally lit, heated glasshouse (25° C day I 15° C night) with a daily watering 

regime, until required. At the time of use, seedlings were between six and 12 

months of age and 60-100 em in height. Replicates of comparable age and size 

were chosen for each experiment. 

14c paclobutrazol application 
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The [14C] paclobutrazol [(2RS,3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-

triazol-1-yl) pentan-3-ol] used was a gift from S. Pettenon (ICI Australia) and had 

a specific activity of 1.975 GBq.mmot1. The purity of the [14C] paclobutrazol 

standard was 94% as determined by HPLC fractionation (Fig. 3.1). The full 

drying, extraction and purification procedure (described below) used to assess the 

metabolism did not affect the pattern of impurities, though a decrease in the 

proportion of label associated with unmetabolised paclobutrazol (to 79%) was 

experienced. As all work involving an assessment of either levels or proportions 

of unmetabolised paclobutrazol to be performed were of a comparative nature, this 

degree of degradation during analysis was considered acceptable. No corrections 

for this degradation or the initial proportion of label not associated with 

unmetabolised [14C] paclobutrazol were made unless otherwise specified. 

For the initial estimations of the rate of labelled paclobutrazol uptake from the 

soil, 12 flg (42 nM) of [14C] paclobutrazol was applied in 20 mL of water to the 

soil surface of each of 3 potted seedlings. The seedlings remained in the heated 

glasshouse and were watered daily. For the investigation of rates of uptake and 

metabolism following collar drench application, 24 seedlings were similarly 

treated. To compare the rates of uptake and metabolism of [14C] paclobutrazol 

following collar drench and foliar application methods, six seedlings were collar 

drenched as described. Foliar application of 12 flg (42 nM) of labelled 

paclobutrazol to each of a further six seedlings was achieved by brushing the 

material in a 7 mL aqueous solution containing 0.05% Tween 20 as a surfactant 

onto all leaf and stem tissue other than the apical bud consisting of unexpanded 

stem and leaf tissue. This alternative was used to simulate a thorough and 

quantifiable foliar spray while minimising the risk associated with overspray of the 

potentially harmful [14C] label. The node above the last opened leaf pair on the 

stem was marked on all12 seedlings. 

Sample harvesting, extraction, purification and 14C label quantification 

Initial determination of rates ofpaclobutrazol uptake 

At 22 d, 40 d and 50 d after application, one plant was harvested by cutting the 
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stem at soil level. Leaf tissue from each node was separated and dried at 60° C for 

3 d, followed by weighing and grinding to a fine powder in a mortar and pestle. 

Three aliquots of approximately 5 mg were taken and suspended in a 1: 1 mixture of 

distilled water and Instagel (Canberra Packard, St Kilda, Vic, Australia) totalling 6 

mL. The harvested stem tissue was frozen in liquid nitrogen and individual 

internodes were ground in a mortar and pestle, placed into a glass vial and 

supplemented with 10 mL of 80% methanol. This was allowed to extract for 24 h 

at 4° C before 10% (1 mL) aliquots were taken from each and supplemented with 

ca. 5 mL of Readysafe Liquid Scintillation Counting Cocktail (Beckman, Fullerton, 

CA, USA) for liquid scintillation counting. Assessment of the quantity of 14C 

label in both stem and leaf tissue samples was performed on a Beckman LS 5801 

Liquid Scintillation Counter. 

Determination of rates of labelled paclobutrazol uptake and metabolism 

Material to be assessed for the extent of label uptake and metabolism was placed 

immediately into liquid nitrogen and stored at -20° C for a minimum of one hour. 

Samples were then dried by heating for 2 d at 60° C, ground in a mortar and pestle 

and weighed. An aliquot of known mass was taken and extracted in 20 mL of 80% 

methanol for 24 h at 4 ° C. The extracted sample was filtered through Whatman 

Number 1 filter paper and the solids washed with further 80% methanol. The 

combined filtrates in 60% methanol were passed through a C18 Sep-Pak classic 

cartridge (Waters Associates), pre-conditioned with 5 mL of 100% methanol and 

10 mL of 60% methanol. The Sep-Pak cartridge was subsequently rinsed with 5 

mL of 60% methanol and the combined eluates dried in vacuuo at 60° C, dissolved 

in HPLC initial conditions and fractionated by reverse-phase C18 HPLC using one 

of two Waters Assoc. (Milford, MA, USA) systems. High performance liquid 

chromatography System one consisted of a 10 em x 8 mm i.d. 10 !J.m Radial-Pak 

C18 cartridge contained within a Z-Module cartridge compression system, a Model 

660 Solvent Programmer, two Model M-45 solvent delivery pumps and a UK6 

sample injector. HPLC System two utilised the same C18 column contained within 

an RCM 8 x 10 cartridge compression system, two model 510 solvent delivery 

pumps, a UK6 injector and 'Maxima' solvent control software run on an IBM 

compatible computer with appropriate pump control interfacing. For both systems 
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the solvent program ran from 20-80% methanol in 0.4% acetic acid over 60 

minutes with a linear increase in methanol concentration, while the flow rate was 

set at 2 mL.min-1. Two mL aliquots were collected and these analysed by liquid 

scintillation counting as above. 

Rates of uptake and metabolism following collar drenching 

Groups of six plants treated with labelled paclobutrazol were harvested at 22, 43, 

71 and 155 dafter application. Leaf and shoot material growing from stem nodes 

was grouped into incremental height classes in 25 em divisions up to 100 em with a 

final height class of 100 em+. Extraction and purification were achieved as 

described above utilising HPLC System one for separation of the labelled 

components of the extract. 

Comparison of the rates of uptake and metabolism of 14C labelled paclobutrazol in 

seedlings treated by collar drench or foliar application. 

After nine weeks the apical tissue above the marked node was harvested and 

material from each treatment method grouped. Extraction and purification were 

performed as detailed above with HPLC System two utilised for separation of the 

labelled components of the extract. 

Metabolism of labelled paclobutrazol in the soil. 

Soil samples were taken from potted E. nitens seedlings to which doses of 12 Jlg 

( 42 nM) [14C] paclobutrazol had been applied either 90 d or 176 d previously. 

The soil was separated from the root material by mechanical sieving. Aliquots of 

sampled soils were extracted and purified as described. HPLC separation was 

performed using System two for the 90 d harvest and System one for the 176 d 

harvest. 

Results 

Determination of initial rates of 14c paclobntrazol uptake following soil 

application 
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After just 22 d, labelled paclobutrazol was positively recovered from internode 

segments of the lower ca. 75% of the stem, while decreasing radioactivity in 

samples exhibiting high chemiluminescence made the exact extent of paclobutrazol 

movement through the stem impossible to determine (Fig. 3.2a). The level of 14C 

material remained relatively constant through the lower stem segments where 

accurate quantification was possible, with only the lowest few internodes recording 

significantly higher levels, at a maximum of approximately twice the mean value 

(Fig. 3.2a). This pattern was repeated in the 36 d (Fig. 3.2b) and 50 d (Fig. 3.2c) 

harvests, with increased levels of 14c material in the higher internodes enabling 

accurate quantifications to very near the apex in the latter case. In this 50 d sample, 

the upper few internodes revealed a steeply falling gradient in the level of labelled 

material in contrast to the constancy seen over the vast majority of the stem. 

In comparison, the situation found with leaf and shoot tissue occurring at nodes 

was quite different, with a strong negative correlation between height from soil 

level and paclobutrazol concentration occurring throughout the length of the 

seedling. This appeared to be an almost linear function in the 22 d harvest (Fig. 

3.3a) though the correlation became progressively weaker in the 36 d (Fig. 3.3b) 

and 50 d (Fig. 3.3c) harvests. The differences in rates of uptake between plants 

sampled at each time period is the likely cause for the lack of a consistent increase 

in the total amount of radioactivity taken up by a node of a particular height with 

increasing harvest time. 

Uptake and metabolism of [14c] paclobutrazol following soil application 

In a similar manner to the initial rates of uptake demonstrated above, the level of 

labelled material in nodal leaf tissue consistently decreased as height increased for 

each harvest time (Fig. 3.4 a-d), when averaged by pooling material from the six 

seedlings sampled at each harvest. Over the first three harvesting times (22 d, 43 d 

and 71 d) the rate of uptake of radioactive label continued to climb, with lower 

segments demonstrating a higher rate of uptake than their more distal counterparts 

(Fig. 3.5). The increasing rate in these early harvests may have been associated 

with increasing temperatures and photoperiod from the winter application time (late 

July) to the spring months of the second and third harvests. However, between the 
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final two harvest dates (71 d and 155 d) a decrease in uptake rate, which could not 

be explained by seasonal photoperiod or temperature changes, was observed across 

all harvested segments (Fig. 3.5). In conjunction with this decrease in uptake rate, 

the level of unmetabolised paclobutrazol in each stem segment also fell, after a 

similar rise through the first three harvest dates (Fig. 3.6) Both these trends are 

obvious in the graphical portrayal of the level of total 14c label and unmetabolised 

[14C] paclobutrazol in tissue from each harvest date (Fig. 3.7). This suggests that 

the rate of uptake of unmetabolised paclobutrazol has fallen below the rate of 

metabolism within the eucalypt seedlings. The proportion of unmetabolised 

paclobutrazol in the leaves of seedlings appears to fall in a logarithmic manner with 

time (Fig. 3.8), though harvest after longer post-application times may make the 

nature of the descriptive function clearer. Such a decrease in the face of continued 

uptake of unmetabolised material and the rise (through early harvests) of the overall 

level of unmetabolised paclobutrazol in the same leaf tissues supports the findings 

of Wang et al., (1986) who suggest that leaves may act as the final sink for 

paclobutrawl and its metabolites. 

Comparison of collar drench and foliar application methods 

The patterns of metabolism of labelled paclobutrazol as illustrated by HPLC 

profiles are generally similar in both treatments, with a large metabolic product 

centering on fractions 27-28 and a smaller peak around fractions 37-38 (Fig. 

3.9a,b). However, collar drench application has resulted in the production of a 

larger number of minor metabolites, with an additional peak in fraction 34, the hint 

of a peak as a shoulder in fraction 30, and a general increase in the level of early 

(polar) metabolites producing an elevated baseline through the first 20 fractions 

(Fig. 3.9b). This is likely to be the result of the more complex path taken by the 

applied paclobutrazol in reaching the apex following soil application. 

Though there has been no attemp~ to correct for losses during the extraction and 

purification procedure, the similarity of sample size, extraction and purification 

procedures etc between the collar drenched and foliar treated sample material 

should have resulted in similar recovery rates. Based on this supposition, the 

levels of label as both unmetabolised paclobutrazol and as its breakdown products 
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are compared. Collar drenching proved more effective in moving labelled 

substances to the subapical meristem, over the nine week duration of the 

experiment, with a level of748 DPM.g ow-1 of 14c label in the tissue sampled, in 

comparison to the 453 DPM.g ow-1 observed in the case of foliar application. 

However, this advantage was reduced when comparing the levels of unmetabolised 

(and hence active) paclobutrazol in the apical tissue of the two treatments, with 329 

DPM.g ow-1 for collar drenched material and 261 DPM.g ow-1 for the material 

treated by foliar application. This suggested 56% and 44% degradation of the 

parent structure respectively, supporting the contention of increased metabolism 

resulting from the soil application method. The similarity of effectiveness between 

the two application methods was somewhat unexpected, given the longer path 

which paclobutrazol applied to the soil must take in reaching the apex. However, 

in herbaceous angiosperms such as Phaseolus vulgaris and Chrysanthemum 

morifolium similar efficiencies have been noted in the height growth retarding 

effects of paclobutrazol after foliar and soil applications (Barrett and Bartuska, 

1982), suggesting that the apparent situation in eucalypt seedlings may not be 

atypical. 

Metabolism of [ 14C] paclobutrazol in soil 

Despite the differences in sampling time, the chromatograms generated from the 

two soil samples after 90 d (Fig. 3.10a) and 17 6 d (Fig. 3.10b) were very similar. 

They revealed 64% and 69% of 14c labelled components coinciding with 

unmetabolised labelled paclobutrazol after 90 d and 176 d respectively, while a 

range of putative breakdown products appear on the more polar (left) side of each 

chromatogram. Labelled paclobutrazol standard passed through the full extraction 

and purification procedure produced a chromatogram in which approximately 79% 

of radioactivity remained associated with natively configured paclobutrazol, thus 

requiring the extent of metabolism observed within the soil to be corrected to avoid 

artificially inflating the results. Such correction suggests the proportion of 

unmetabolised paclobutrazol in the first soil extract has been reduced by 

approximately 19%, 90 d post-application, while in the 176 d post-application soil 

sample only 13% of active paclobutrazol has been metabolized to products which 
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are likely to be weakly active or inactive. The results of these soil metabolism 

assays demonstrate the variability of rates of metabolism of paclobutrazol in the 

soil, with the 90 d post-application sample producing a higher proportion of 

metabolites than the 176 d post-application sample. Such estimations may only be 

relevant to the particular soil type used and its interaction with the physical 

environment. The large number of variables, such as soil pH, porosity, organic 

content etc, which may affect the rate of breakdown of paclobutrazol whilst in the 

soil may explain the highly specific nature of decay coefficients between different 

soil samples. 

Discussion 

Rates of paclobutrazol uptake 

The rapidity of uptake of labelled paclobutrazol following application to the soil 

was clearly demonstrated in the two experiments in which this application method 

was exclusively used. The small size of the bags in which the seedlings were 

grown, and the resultant high density of roots will almost certainly have created an 

artificially high rate of uptake in comparison to a situation which would be expected 

with outplanted material. However, this study provides a worthwhile indication of 

the upper limits of the rate of uptake from this application method. 

The relative constancy of concentration of [14C] paclobutrazol through the stem 

tissue (Fig. 3.2a-c) suggests that only limited regions are suitable for binding and 

storage of paclobutrazol or its metabolites and these are rapidly filled after 

application of the material as a root drench. Both the apparent rapidity of 

translocation and the low level of movement into stem storage reservoirs suggests 

transport is occurring within the xylem, as part of the transpiration stream. This 

concurs with previous studies which have utilised microautoradiography to isolate 

the tissue within which root applied labelled paclobutrazol was being carried in 

peach seedlings (Early and Martin, 1988). The strongly acropetal movement of 

paclobutrazol noted in other studies (eg. Wang et al., 1986) add further 

confirmation to this finding. The increased level of label in the lower few nodes 
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(Fig. 3.2a-c) may have been due to these lower nodes having had the longest 

exposure to the labelled substances, within which time some transport from the 

xylem to the phloem (Sterret, 1990) may have occurred by means of radial rays. 

Some degree of further accumulation in the phloem tissue may be possible, leading 

to a gradual increase in the level of 14C label in the internodes. 

The clearly linear decrease in radioactivity with increasing distance from the 

roots seen in the foliage arising from nodes in the 22 d post-application seedling 

(Fig. 3.3a) is likely to have arisen from the varying exposures to labelled 

paclobutrazol carried in the xylem fluid reveived by leaf material from different 

heights. This, in concert with the observed manner of movement of radioactivity 

through internodes suggests that some mechanism has effectively reduced the 

transport rate of paclobutrazol in internodes to below that of material carried freely 

in the transpiration stream. This reduction in transport rate may be involved with 

the binding of labelled compounds to the xylem walls or alternatively may be the 

result of some other movement retarding mechanism. The path to leaves near the 

apex passes many more potential binding or movement retarding sites than the path 

from the roots to leaves closer to ground level. Until these sites are filled this will 

result in a reduced concentration of labelled material in the xylem stream which 

reaches the upper leaves, which in tum results in the negative correlation between 
14C content and height above ground level. The slope and intercept of the function 

describing the level of labelled paclobutrazol in nodal tissue with height will be 

affected by the parameters determining rate of uptake of the growth retardant into 

the plant. These will include factors which affect transport into the roots, such as 

root density, soil composition and water content, and presumably those which 

affect transpiration rate as well. The varying coefficients of the slope functions 

from the three individuals used for the three harvests of the preliminary experiment 

(Fig. 3.3a-c) suggest that some of these factors were varying between individuals. 

These variations in uptake rate between individuals within each harvest make 

the pattern of uptake of 14C label from the soilless clear in the case of later work in 

which six individuals were taken at each harvest time. However, the overall 

pattern of decreasing label concentration with increasing height remains clear (Fig. 

3.4a-d). The observed decrease in the rate of uptake of label from the soil (Figs 

3.5, 3.7) suggests that at some time after 76 d the level of 14C material in the soil 
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and available to the roots was reduced. The cause of this reduction is either 

continued uptake into the plant depleting its concentration, or loss through leaching 

and/or metabolism within the soil to form compounds which cannot be assimilated 

by the root system. Sporadic monitoring of the runoff from the polythene bags 

containing the soil drench treated seedlings revealed no evidence of the leaching of 

labelled paclobutrazol or labelled paclobutrazol metabolites, concurring with the 

low soil mobility ofpaclobutrazol observed in other studies (Lever, 1986; Mauk et 

al., 1990a). Soil metabolism can largely be discounted as a major mechanism of 

loss of effective paclobutrazol, given the low rates of breakdown in the soil 

demonstrated in this study. This then suggests that the level of labelled 

paclobutrazol in the soil is being significantly reduced as a result of uptake into the 

seedling. 

The comparison of soil drench and foliar application provides further evidence 

of the rapidity of uptake of applied paclobutrazol. However, when considering the 

proportion of applied growth retardant which has reached the actively growing 

apical shoot tissue, it is evident that neither treatment method has been particularly 

effective. Even if losses through the extraction and purification procedures were of 

an order of magnitude or more, the proportion of [I4q paclobutrazol incorporated 

into the harvested segment is still less than a fraction of one percent. Despite this 

poor uptake and transport, both methods have been proven to be effective for 

increasing the flowering response and/or reducing shoot growth in eucalypts 

(Chapter 2; Chapter 4; Hetherington et al., 1991; Griffin et al., 1993; 

Hetherington and Jones, 1993; Moncur et a!., 1993; Moncur and Hasan, 

unpublished) as well as other arboreal angiosperms such as apples (Mauk et al., 

1990a) and citrus species (Aron et al., 1985). This suggests that the levels of 

paclobutrazol in tissue necessary to produce effects on flowering and growth are 

relatively low. This may explain why in some circumstances foliar sprays are 

effective in the first year of application (Mauk et al., 1990a) while collar drenching 

may not be effective until the second year. Foliar spray deposited paclobutrazol 

requires only minimal transport to reach the potential sites of floral induction. 

Though only a small fraction of the growth retardant may move into the tissue, this 

may be enough to be effective, resulting in paclobutrazol activity being rapidly 

expressed. The much simpler collar drenching method of application may not 
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produce the required level of paclobutrazol in the appropriate plant tissues rapidly 

enough when applied at the same time as a foliar spray, causing the effect to be 

missed until the subsequent growing or flowering season. Perhaps the former 

method could be made effective in the first year by earlier application, or by 

increasing the dose size, though the latter means may result in an excessive level of 

growth reduction, or an unwanted persistence of treatment effects. 

[14C] paclobutrazol metabolism 

The similar pattern of rise prior to fall of unmetabolised paclobutrazollevel in all of 

the height zones of seedlings following a collar drench application of labelled 

paclobutrazol (Fig. 3.6) provided little evidence of any preferential sites of 

metabolism amongst these zones. However, it was apparent that breakdown of the 

labelled paclobutrazol was occurring and the fall in the level of unmetabolised 

material between 71 d and 155 d (Figs 3.6, 3.7) suggests that the point at which 

uptake of paclobutrazol fell below the rate of breakdown within the plant was 

reached at that stage. Such a situation will eventually lead to the release of treated 

seedlings from the inhibitory effects of paclobutrazol, as uptake slows to zero 

while metabolism continues. 

A comparison between individual experiments however, demonstrates that the 

proportion of unmetabolised paclobutrazol is not necessarily similar in all tissues. 

In the expanding apical tissue, nine weeks after collar drench application the 

proportion of labelled material associated with natively configured paclobutrazol 

was approximately 44% (Fig. 3.9b). In mature leaves however, after 10 weeks the 

average proportion of unmetabolised 14C paclobutrazol was only half this level at 

22% (Fig. 3.8). If leaf tissue is one of the end-point sinks of paclobutrazol and its 

metabolites, as well as a major site of paclobutrazol breakdown (Early and Martin, 

1988; Arron, 1990; Sterret, 1990), the difference in proportions of unmetabolised 

paclobutrazol seen are likely to be the result of the accumulation of stored 

paclobutrazol metabolites in the older leaf tissue possibly in combination with an 

increased rate of breakdown. Such a situation would see similar levels of label 

associated with unmetabolised paclobutrazol in the two tissues producing a lower 

percentage of total radioactivity in the case of the samples of mature leaves. 
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The radioactivity profiles of [14C] paclobutrazol standards (Fig. 3.1), and those 

of tissue and soil extracts of material treated with 14c paclobutrazol (Figs 3.9a,b 

and eg. Fig. 3.10b respectively) possess a number of similarities in their patterns 

of labelled products. The dominant peak in all of the profJ.les is the unmetabolised 

paclobutrazol, appearing around fractions 42-43. Two other peaks, one some five 

to six fractions earlier than the standard and the second, a further nine fractions 

earlier (around fraction 27) are common to all the profiles. Given these facts, it is 

tempting to speculate that these corresponding peaks in the various profiles 

represent identical breakdown structures of the pure labelled paclobutrazol 

standard, while the presence of the peaks in the bottled standard (Fig. 3.1) 

suggests that a degree of non-enzymatic breakdown to these products is possible. 

The considerable size of the peak five to six fractions to the left of the 

unmetabolised material in the soil and tissue samples suggest that this compound 

may be a primary metabolite of the unlabelled material. However, without further 

analysis of the structures of the compounds which constitute these common peaks, 

such associations are purely speculative. 

The extra structures indicated by peaks seen in the chromatogram of the collar 

drenched material (Fig. 3.9b) relative to the material treated by foliar application 

(Fig. 3.9a) are likely to have been due to the more complex path taken by the 

applied material in reaching the apex from the soil. It was of interest to note that 

the peak which appeared eight fractions to the left of the unmetabolised peak in 

both of the soil extracts (Fig. 3.10a, 3.10b) also appears in the apical extract from 

the collar drenched treatment (Fig. 3.9b) but not in the corresponding extract from 

the group treated by foliar application of e4C] paclobutrazol (Fig. 3.9a). Perhaps 

this soil-produced metabolite is assimilated via the root system, to eventually 

appear in the apical tissue. Alternatively, some part of the uptake and transport 

process may produce the extra metabolite, while the chromatographically similar 

metabolite produced within the soil may not be taken up at all. Speculation of this 

nature could also be made in regard to other peaks in the chromatographic 

radioactivity profile of the soil extracts after comparison with the profile of the 

collar drenched seedlings. 

Predicting persistence of paclobutrazol activity 
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Predicting at which point the activity of paclobutrazol will cease, with any degree 

of accuracy, is a matter which requires the consideration of many variables. 

Assuming a relatively simple enzymatic breakdown of paclobutrazol within the 

plant, without complicating factors such as inducible enzymes, a logarithmic rate of 

decay for a given level of paclobutrazol within the plant could be expected. Such a 

rate could be determined by introducing a dose of paclobutrazol by a means such as 

trunk injection which would ensure that the entire dose was assimilated by the 

seedling. The rate of degradation within the plant could then be calculated by 

sampling foliage at various times post-application and determining the level of 

unmetabolised paclobutrazol at each time interval. However, over a long period of 

time, the calculation may be complicated by an increase in plant tissue mass, with a 

corresponding increase in capacity to metabolise the inhibitor, accompanied by a 

diluting effect resulting from the increase in plant tissue volume. 

In the case of a soil drench application of paclobutrazol, further complicating 

factors for such a calculation would include the rate of breakdown of paclobutrazol 

in the soil and the plants continuing ability to take up the inhibitor and possibly its 

metabolites from the soil. Despite the considerable variability in the rate of [14C] 

paclobutrazol breakdown in the soil (this chapter), it seems apparent that the rate of 

metabolism in the soil is much lower than that seen within plant tissues. A 

reduction of 13% in the level of unmetabolised paclobutrazol in the soil over a 176 

d period suggests the half-life of paclobutrazol in the soil would be 2 years or 

more. This is considerably longer than the 3 to 12 month period suggested by 

Lever (1986) or 1 year as suggested by Mauk et al. (1990a). Soil drench 

application of paclobutrazol revealed ca. 50% metabolism (after correcting for 

degradation through the extraction and purification procedures) of the retardant in 

leaf tissue after just 21 d, despite the continued uptake of unmetabolised material 

from the soil. This suggests relatively rapid breakdown of paclobutrazol within the 

seedling, with a half-life in leaf tissue substantially less than 21 d, making it seem 

logical to assume that the persistence of effects seen after soil applications of 

paclobutrazol is mainly due to the stability of the material in soil. Continued uptake 

from the soil could occur as the root system proliferated or as a result of irrigation 

water transferring the paclobutrazol to areas within the existing root system. In the 

majority of cases then, the most convenient and probably accurate manner of 
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determining the likely maximum extent of paclobutrazol metabolism would be to 

perform a test assay of paclobutrazol metabolism in the soil at the potential site of 

use. 

No matter what the application method, a means of establishing the minimum 

active level of paclobutrazol in the particular plant tissues of interest is required. 

This is perhaps the most useful next step for experiments of this nature to take and 

would involve the quantification of paclobutrazollevels in plant material showing 

the effects of paclobutrazol treatment. This line of experimentation could be 

extended to include a joint assay of paclobutrazol and GA levels, hence determining 

the effectiveness of the former in reducing the latter and allowing the levels of both 

to be correlated with effects on vegetative growth and flowering. Previously, gas 

chromatography (Curry and Reed, 1989) and HPLC (Mauk et al., 1990b) have 

been used to quantify paclobutrazol. However, the high level of pigmented 

material in eucalypt extracts may favour a GC-MS based approach similar to that 

used by Wang et al. (1986) if suitable internal standards were available. 
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Figure 3.1. HPLC chromatogram of the [14 C] paclobutrazol standard 

fractionated by HPLC System 2 (see text). The large peak is the unmetabolised 

[14C] paclobutrazol which constitutes ca. 94% of all labelled material detected. 
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Figure 3.2. Methanol extractable 14C material recovered from internode (stem) 

tissue segments 22 d (a), 36 d (b) and 50 d (c) after soil drenching with [14C] 

paclobutrazol. Note that beyond the point marked by the vertical line and arrow in 

the 22 d graph (a) there is some overestimation of radioactivity due to the effects of 

chemiluminescence in the sample. 
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Figure 3.3. Correlation between height of node above the ground and level of 
14C label in leaf tissue 22 d (a), 36 d (b) and 50 d (c) after soil drenching seedlings 

with [14C] paclobutrazol. 
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Figure 3.4. Correlation between height of leaf material above the ground and the 

level of 14C label in leaf tissue 22 d (a), 43 d (b), 71 d (c) and 155 d (d) after collar 

drenching seedlings with [14C] paclobutrazol. Leaf tissue from 6 individuals at 

each harvest date was grouped into height classes of 25 em increments from 

ground level, with the fifth class being > 100 em. 
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Figure 3.5. Uptake of 14c label into leaf tissue of each height class over the 

successive harvest dates following 14c paclobutrazol application by soil drench to 

seedlings on day zero. Leaf tissue from six individuals at each harvest date was 

grouped into height classes of 25 em increments from ground level, with the fifth 

class being >100 em. 

14000 

~ 0-25cm 

12000 

= 10000 0 
,Q ---...-- 25-50cm 
'"' "'I u,..., --II- 50-75cm "':le: 
.2:!~ 8000 ---...-- 75-lOOcm 
-I:>Q 

~~ 
..:!~ 
..... ~ 6000 o'-' 
~ 
> 
~ 

..:! 
4000 

-II-- lOOcm+ 

2000 

20 40 60 80 100 120 140 160 180 200 220 

Days Since Paclobutrazol Application 



C.bapter 3 - Paclobutrazol movement and metabolism 83 

Figure 3.6. The level of unmetabolised 14c paclobutrazol in leaf tissue of each 

height class over the successive harvest dates following 14c paclobutrazol 

application by soil drench on day zero. Leaf tissue from six individuals at each 

harvest date was grouped into height classes of 25 em increments from ground 

level, with the fifth class being >100 em. 
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Figure 3.7. Changes in the level of unmetabolised 14c paclobutrazol (open 

boxes) or total 14C label (closed boxes) in leaf tissue pooled from all height 

classes, over the successive harvest dates following application of 14c 
paclobutrazol by soil drench on day zero. 
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Figure 3.8. The proportion of unmetabolised [14C] paclobutrazol in leaf tissue 

pooled from all height classes, over successive harvest dates following application 

of [14q paclobutrazol by soil drench on day 0. 
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Figure 3.9. HPLC chromatograms showing the extent of metabolism of [14C] 

paclobutrazol 9 weeks after application to groups of 6 seedlings by either foliar 

application (a) or collar drench (b). [14C] paclobutrazol standard elutes in the zone 

indicated by the open box. 
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Figure 3.10. High performance liquid chromatography generated 

chromatograms showing the extent of metabolism of [ 14C] paclobutrazol in the soil 

either 90 d (a) or 176 d (b) after application to the soil by collar drench. [14c] 

paclobutrazol standard elutes in the zone indicated by the open box. The large 

differences in total 14c content are the result of different soil sample sizes. 
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Chapter 4 

Induction of Flowering Precocity in E. globulus Seedlings 

Introduction 

In the past, native forest has been an important source of eucalypt wood for pulp 

production, but as demand grows, only a well managed plantation-based 

production scheme will provide a renewable resource capable of producing the 

required quantity of material. As a result, plantations have been widely established 

through suitable areas (eg. Tibbits, 1986), making eucalypts the most widely 

planted genus of angiosperm tree in the world (Griffin, 1989). However, until 

relatively recently, seed used for establishment and regrowth of such plantations 

has been obtained from unimproved trees sourced from selected provenances or 

stands (Boland et al., 1980). 

The potential gains which could be accrued from an improvement programme 

seem large, given the variability in various useful traits seen in natural stands. If 

the positive factors of each of these traits could be combined, increases in 

productivity and efficiency of production could come from three major sources. 

Firstly growth traits such as rate of volume production, or pulping traits such as 

pulp yield could be increased. Secondly, improved material may be more resistant 

to biotic and abiotic stress factors which would usually result in a loss of 

productivity. If tolerance to various stresses was sufficiently developed, a third 

benefit which could result from the genetic improvement of eucalypts may entail an 

increase in the range of conditions (and hence localities) over which material could 

be planted. This may permit planting of material closer to mill sites, reducing the 

substantial transport costs involved, or may alternatively allow planting on sites 

which are less attractive to other industries. 

In an effort to increase productivity, a limited amount of eucalypt tree breeding 

has taken place in the past with the earliest work of this nature recorded in the 

1940s (Krug and Alves, 1949a,b in Boland, 1980). In recent times, however, 

large investments of resources and new technologies have been directed at this 

effort (Griffin, 1989), once the extent of potential benefits began to become clear. 
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As desirable traits in stand attributes and wood quality are identified and the 

relevant genetic parameters of breeding become established (heritabilities of various 

traits etc.) breeding programs involving crosses between various families, 

provenances, sub-species and even species are being undertaken (eg. Tibbits, 

1986; Griffin, 1989a; Dungey, 1991). 

Amidst this wave of effort in tree improvement, the long generation time in 

commercially important Eucalyptus species looms as a potentially major factor 

constraining the rate at which genetic improvement programs can progress. As 

isozyme (Sykes, 1988) and/or molecular markers (Michelmore eta!., 1991; 

Paterson eta!., 1991; Grattapaglia et al., 1992; Strauss et al., 1992) for desirable 

traits are characterised, marker-aided selection should allow selection of desirable 

plants from a very young age. This early selection is obviously of little benefit if 

generation times are large, such as that of E. globulus which is a minimum of 

around five years in fertilised plantations (Turnbull and Pryor, 1978; Tibbits, 1986; 

Griffin, 1989a), or even longer in natural environments. 

The induction of earlier (precocious) flowering in seedlings could increase the 

rate of incorporation of desirable traits by providing a means of reducing the 

generation time of breeding stock. While some genetic precocity has been 

observed in E. globulus (Hasan et al., 1992) and E. nitens (A.R. Griffin, pers. 

comm.) as well as other eucalypt species (Pryor, 1966) and this trait may be 

sufficiently heritable to breed into desirable stock, such an approach is probably not 

ideal if there are other alternatives. The major drawbacks of encouraging a genetic 

approach to the induction of early flowering arise from the continuing expression 

of the character in subsequent generations. While this may be desirable in fruiting 

crops such as peach (Hansche, 1986), it may be detrimental for crops where 

vegetative growth is the sole human objective, given a proposed negative 

correlation between reproductive output and vegetative growth in both fruit trees 

(Shearing et al., 1986; Jones et al., 1989a) and eucalypts (Griffin, 1989; 

Hetherington and Jones, 1993). Thus, genetically precocious flowering breeding 

stock could introduce genetic material which will continue to affect overall 

vegetative growth performance. In addition the lack of a mechanism (using current 

breeding techniques) to incorporate the early flowering traits from a genetically 

precocious individual in isolation from the remainder of the genome will inevitably 
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result in a dilution of genetic gains made up to that point. 

In his review, Grossmann (1990) maintains that the plant growth retardant 

paclobutrazol increases reproductive output and controls vegetative growth in fruit 

crops. Examples of at least short term increases in the number of reproductive 

structures per treated tree have been produced for a number of species (General 

Introduction). In accordance with this, applications of paclobutrazol have been 

observed to increase the fruit and seed output of E. globulus and E. nitens (eg. 

Hetherington and Jones, 1993; Griffin et al., 1993) and the possibility of 

overriding the almost notorious variability in annual bearing of species of this 

genus (Turnbull and Pryor, 1978; Boland et al., 1980) recognised. Anecdotal 

evidence of a reduction in generation time following paclobutrazol application to 

some eucalypt species aroused considerable interest in testing its effect on E. 

globulus seedlings. In the first instance, the most desirable effect which 

paclobutrazol could have on seedling eucalypts would be to induce flowering prior 

to the time it would occur in untreated plants. With this goal in mind, the effects of 

paclobutrazol application on vegetative growth and first season bud production of 

E. globulus seedlings were assessed. 

In conjunction with the above work, it was hoped to assess the effectiveness of 

paclobutrazol in increasing reproductive output on a per plant basis. It was thus 

necessary to ensure that paclobutrazol treatment did not have any detrimental effects 

on bud development and/or rates of capsule set. It was similarly of interest to 

examine the possible persistence of paclobutrazol treatment effects into the second 

bud producing season and also to assess the effects of various cultural treatments 

on reproductive activity. 

Materials and Methods 

Plant material 

For the primary study, four distinct groups of seedlings were used. The seed used 

was provided by Dr B.M. Potts (Univ. of Tasmania, Australia). One group was 

from a precocious flowering family from a harsh environment at Wilson's 
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Promontory (39° 12'S, 146° 30'E; altitude: 20 m) on the south-eastern coast of 

Australia (APPM Provenance 733) while the second was from a family in a similar 

area (APPM Provenance 734) which did not express the high level of precocious 

flowering of the previous material. The third group (PerM) was from seed 

collected at another marginal site, though a different area (Perpendicular Mountain, 

Tasmania; 42° 40'S, 148° 8'E; altitude: 240m), while the fourth group (Bulk) was 

derived from a bulk collection of seed collected from south-eastern areas of 

Tasmania. The latter group was intended to serve as a control group, which 

represented an average of this species' performance in Tasmania. 

A secondary study was performed with seedlings grown from a single 

commercial seedlot not known to have any precocious flowering tendencies 

(Sandra Hetherington, pers. comm.). This material was assumed to be less 

genetically heterogeneous than the material constituting the 'Bulk' group in the 

primary study, as commercial seedlots are generally collected from a single 

provenance, stand or even individual tree. In conjunction with the seedling trial, 

clones rooted from cuttings of a single tree were tested for response to 

paclobutrazol application. This latter case produced a trial in which there was no 

genetic variation between individual plants across all treatments. 

Growing conditions (Season 1) 

In the primary study, E. globulus plants were grown from seed, which was 

germinated on moist vermiculite prior to planting out in slimline 12.5 em pots filled 

with a eucalypt potting mix consisting of sandy loam, peat and river sand in a 5:4:1 

ratio (v/v) with added osmocote (60 mL), dolomite (60 mL) and blood and bone 

(120 mL) for every 40 L of mix. For the secondary study, seven month old E. 

globulus seedlings and clones which first developed roots nine months previously 

were received as gifts (S. Hetherington, Forest Resources, Launceston, Tasmania, 

Australia). This material had been grown in a shade-house as part of commercial 

production stock. At the time of receipt, the material was growing in small plastic 

pots (ca. 6 em diameter and 12 em depth) and individual plants were ca. 50 em in 

height with 8-10 nodes expanded. These seedlings were immediately repotted into 

slimline 12.5 em pots with extra eucalypt potting mix added as required. All 



Chaoter 4 -Induction ojflowering_orecocity in E. globulus seedlings 92 

material was grown outdoors under Hobart (42° 54'S, 147° 19'E; altitude: 150m) 

conditions (Fig. 4.1) from early March 1991. Seedlings were watered lightly twice 

per day using timed sprinklers. 

Paclobutrazol application 

For the primary study, paclobutrazol treatments were administered in March 1991 

when seedlings were five to six months of age. Each type of seedling, other than 

those grown from the 734 seedlot, were divided into three groups which received 

either no paclobutrazol treatment (Zero), 1 x 1000 ppm (w/v) paclobutrazol foliar 

spray (Low), or 2 x 1000 ppm (w/v) paclobutrazol foliar sprays approximately two 

weeks apart (High) (Tab. 4.1). For the secondary study, paclobutrazol was 

administered in mid-April 1992, one month after repotting. The seedling and 

clonal material was divided into three equal groups of 33 and 26 respectively and 

groups received zero, low or high doses as described for the initial study. Foliar 

sprays consisted of an aqueous solution of 'Cultar' (ICI Australia Operations Pty 

Ltd) with 0.05% Tween 20 added as a surfactant (Hetherington and Jones, 1990). 

Plants were sprayed to run-off whilst in a horizontal position, to minimize solution 

running into the potted soil. 

Statistical analysis 

Scoring of the primary experiment after one reproductive season occurred during 

March, 1992. The primary study involved the assessment of each seedling for a 

number of characters (Tab. 4.2). After suitable transformations to correct for non

normality, analysis of variance was carried out using the GLM (General Linear 

Modelling) procedure of SAS/GRAPH (1988). Scoring of bud production, nodes 

expanded and height data for the secondary experiment was completed during 

April, 1993. Untransformed data of the two latter parameters was subjected to 

analysis of variance, again using the GLM procedure of SAS/GRAPH (1988). 

Growing conditions (Season 2) 
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Plants from the primary study were utilised in an assessment of the activity of 

paclobutrazol and various environmental treatments on bud retention, second 

season flower bud production and pollen viability. After the time at which new 

flower buds ceased becoming visible (February/March 1992) seedlings from each 

seedlot and paclobutrazol treatment level were divided into further groups and 

placed under a small range of growth conditions to assess their effects on second 

season flower bud production. The primary division involved the repotting of 

some material and not others. Seedlings were repotted into black polythene bags 

(20 em diameter, 25 em depth) with extra eucalypt potting mix. Care was taken to 

ensure the root mass from the slimline pots was sufficiently broken up to promote 

good root growth into the new mix. A further division was made by growing 

some material within a glasshouse while the remainder was maintained under 

outdoor conditions (Fig. 4.1). Where glasshouse conditions were prescribed, 

plants were grown in a naturally lit, heated glasshouse which maintained minimum 

temperatures ca. 5° C above ambient during the cooler months. 

No seedlings from the 734 seedlot had been treated with paclobutrazol at this 

stage (February/March 1992). All were repotted and the total divided into three 

equal groups. One remained untreated, while the two others received low and high 

paclobutrazol doses in the manner previously described. This trial was to assess 

the effects of paclobutrazol application on E. globulus seedlings which had 

reached phase change. 

Scoring of reproductive output after the second flower bud producing season 

was accomplished during July, 1993. 

Pollen viability testing 

During 1992 pollen was collected from opened flowers of material of the primary 

study and stored in gelatin capsules surrounded by silica gel, at -20° C. Testing 

was carried out within a maximum of eight weeks of collection. Media consisted 

of an agar base (5 g.L-1) with sucrose (200 g.L-1) and boric acid (200 mg.L-1) 

(Potts and Marsden-Smedley, 1989). Testing was accomplished by spreading 

small amounts of pollen onto individual agar blocks contained within a plate, using 

a damp, clean, fme-bristled paint brush. The plates were incubated at 20° C for 2 d 
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by which time viable pollen had germinated, but pollen tubes were still sufficiently 

small to allow easy counting. 

Results 

Vegetative growth 

In the primary study, paclobutrazol significantly reduced total seedling height 

when analysed across all seedling types (p<0.0001) with average heights for 

Zero, Low and High treatments calculated to be 117.2 em, 106.3 em and 98.5 em 

respectively in March, 1992. The maximum reduction in height relative to control 

of 29% (34 em) occurred in the case of the High treatment in the 733 (precocious 

flowering) provenance (Fig. 4.2), while a similar comparison in the case of the 

Bulk material revealed a height difference of 15% (18 em). The PerM material was 

not responsive at a significant level to paclobutrazol treatment in terms of this 

character, though this is likely to be a result of small sample size. 

When analysed across all seedling types, the effect of paclobutrazol treatment 

on the number of expanded nodes was non-significant (p>0.4; Fig. 4.3). The 

reduction in height is thus the result of a reduction in internode length. The family 

effect on the number of nodes expanded was significant (p<0.003), with averages 

ranging from 29.3 in the 733 group to 32.4 in the bulk group, suggesting a 

difference in the rate of development between the families. 

In the secondary study, paclobutrazol again had a significant (p<O.OOOl) effect 

on plant growth, with increasing dose causing increasing reduction in height for 

both the clonal and seedling material in April, 1993 (Fig. 4.4). There was no 

significant effect (at the a=0.05 level) of paclobutrazol treatment on the number of 

nodes expanded in the clonal material (Fig. 4.5). The seedling material did not 

show any general effect of paclobutrazol treatment, though the number of nodes 

expanded by seedlings in the low treatment group did show a slight increase (Fig. 

4.5). These results support those of the primary experiment which suggested an 

overall reduction in height results from a decrease in internode length. An overall 

difference in the total height (p<0.0001) and number of expanded nodes 

(p<O.OOOl) between the seedling and clonal material was observed across all 



Chapter 4 -Induction Q{Jlowering precocity in E. globulus seedlings 95 

treatment levels. This may be the result of a genotypic difference in intrinsic 

growth rates, or alernatively may be a maturation effect resulting from the growth 

of the clonal material from cuttings. 

Vegetative maturity 

By March 1992, when material of the primary experiment was ca. 18 months old, 

the seedlings of the 733 and 734 provenances had undergone significant 

morphogenesis towards the vegetatively adult foliage form (Plate 4.1), as indicated 

by the results for maximum leaf maturity of lateral and main shoots (Tab. 4.3). 

Despite a non-significant indication of paclobutrazol application reducing the level 

of vegetative maturity in the 733 group (Tab 4.3), the developmental stage at which 

phase change occurred as indicated by the node at which the first intranode 

appeared (p>0.58), or the node at which the first petiolate leaf (p>0.37) appeared 

was not affected (Tab. 4.4). In conjunction with the reduction of overall plant 

height following paclobutrazol treatment, there has been a similar reduction in the 

height at which phase change occurs (Tab. 4.4). For example, the maximum 

reduction in height of 29% (34 em) seen in the 733 High treatment was associated 

with a similar 29% (29 em) reduction in height to the first petiole and a 27% (31 

em) reduction in height to the first node where leaves are inserted alternately rather 

than opposite one another (i.e. where the first intranode is found). 

Both the clonal and seedling material of the secondary experiment remained 

fully juvenile, regardless of paclobutrazol treatment or otherwise. A similar 

situation was observed in the primary experiment, with neither the seedlings from 

the Bulk seedlot or the PerM provenance demonstrating any tendency to change 

from the vegetatively juvenile phase at the first scoring time (Tab. 4.3). In both 

experiments this juvenilityof foliage type remained despite the production of flower 

buds in some cases (Plate 4.2). 

First season reproductive activity 

In the primary study, all groups of material had some seedlings which produced 

flower buds regardless of whether they had been treated with paclobutrazol or not 
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(Fig. 4.6). However when averaged across all seedling types, paclobutrazol 

markedly increased reproductive output as demonstrated by the increase in the 

proportion of seedlings producing flower buds (x22=44.87; p<O.OOl) (Fig. 4.6) 

and the average number of flower buds per flowering seedling (p<O.OOOl) (Fig. 

4. 7) as a result of paclobutrazol application. The proportion of treated seedlings 

producing flower buds rose with increasing paclobutrazol dose in the precocious 

flowering (733) group and the PerM group, while the high treatment resulted in a 

lower proportion of treated seedlings flowering than the low treatment for the bulk 

material (Fig. 4.6). 

As expected paclobutrazol application resulted in a significant (p<O.OOOl) 

effect on the height of the first flower bud on the main shoot (Tab. 4.5) when 

analysed across all treatments, related to the overall effect on internode length. The 

733 group, which accounted for most of the significance of treatment effect on this 

character, showed a reduction between the high and zero treatments of 26% (28 

em) which compares well with the 29% (34 em) decrease seen in total height. For 

other factors demonstrative of the developmental stage at which reproductive 

maturity was beginning, such as the node of the first bud on the main shoot (Tab. 

4.5), there was some evidence of a significant (p<0.021) effect of paclobutrazol 

treatment, averaged across all seedling types. However, the average number of 

nodes to the first flower bud on the main shoot for each treatment level averaged 

across all treated seedling types revealed the order Low>Zero>High for this 

character. This suggests that there is no general effect of paclobutrazol treatment 

on this character, as was observed to be the case for the total number of nodes 

expanded. There was a significant (p<O.OOOl) family effect on the number of 

nodes to the first flower bud on the main shoot, similar to that seen for the total 

number of nodes previously. 

In the secondary study, neither untreated clonal or seedling material produced 

flower buds in April 1993, when material was 21 or 19 months old respectively. 

Paclobutrazol induced the production of flower buds in seedling material during 

this first reproductive season following application, with 24% of low dose-treated 

seedlings flowering and 39% of high dose-treated seedlings flowering (Tab. 4.6.; 

Plate 4.3), but was ineffective in the clonal material. The average number of 

flower buds per flowering seedling did not vary significantly between low and high 
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dose treatments (tlg=2.00; O.l>p>0.05) (Tab. 4.6), though this may be the result 

of small sample sizes. The absence of a significant difference in the number of 

nodes to the first flower bud on the main shoot between low and high dose 

treatments (t11=0.70; 0.7>p>0.5) (Tab. 4.6) was indicative of the apparent lack of 

a general effect of paclobutrazol on the developmental stage at which flowering 

begins observed in the primary study (Tab. 4.5). Though non-significant 

(t11=1.91; 0.1>p>0.05), the 10% (9.8 em) reduction in average height to the first 

flower bud on the main shoot between low and high treatment levels reflected the 

trend of the 20% (23.8 em) reduction seen in total height (Fig. 4.4). 

Second season reproductive activity 

Effects on Flower Bud Maturation 

There was no noticeable affect of paclobutrazol treatment on the process of floral 

development, with flowers on all seedlings apparently developing normally (Plate 

4.4). Pollination occurred naturally on material maintained outside, while a 

mixture of outcross pollen was used to achieve pollination of flowers reaching 

anthesis whilst in the glasshouse. Testing of pollen taken from a small number of 

both paclobutrazol treated and untreated plants did not indicate any general effect of 

treatment on germination rates (Tab. 4.7). Capsule maturation appears to be 

occurring normally, and recent dissection of a developing capsule from a 

paclobutrazol treated PerM group plant suggests seed maturation will be complete 

in less than 3 years since planting. 

Retention of flower buds produced in the first season 

The effect of paclobutrazol on the retention of first season flower buds and their 

subsequent development into capsules was assessed using only the material 

maintained outdoors. Glasshouse grown material could not be assessed due to the 

lack of pollinators in this indoor environment producing a lower than normal rate of 

capsule set. As indicated mainly by the results of the 733 provenance seedlings, 

paclobutrazol dose did not appear to have any effect on the proportion of seedlings 

which lost 100% of their first (1992) season flower buds Cx2
2=1.44; 0.5>p>0.3), 

or the proportion of buds lost, where this was less than 100%, as determined by a 
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capsule count in July 1993. While the untreated seedlings of this family saw a 

70% (16/23) rate of complete loss of flower bud crop, the low and high 

paclobutrazol treatments showed rates of 54% (20/37) and 61% (25/41) 

respectively. Again for the 733 group, proportions of first season flower buds 

lost, where this was less than 100%, ranged from 63% (n==7) in the case of no 

paclobutrazol treatment to 72% (n==17) for low treatment to 73% (n==16) for the 

high paclobutrazol dose. The numbers of repotted Bulk and PerM seedlings which 

were maintained outdoors was not sufficiently high to draw any valid comparisons 

between untreated and treated groups, though no evidence of a paclobutrazol effect 

on these characters was shown. All the 734 provenance seedlings were repotted 

and paclobutrazol treated (where prescribed) after the period of frrst season flower 

bud production. As a result, paclobutrazol concentration in treated seedlings would 

be likely to be considerably higher than in seedlings of the other provenance types 

which were treated 12 months previously. Despite this, however, no general effect 

of paclobutrazol treatment on retention of first season flower buds was observed, 

with the proportion of 100% flower bud loss in the untreated group of 40% (4/10) 

comparing to 64% (7/11) and 33% (2/6) for low and high doses respectively. The 

average proportion of flower buds lost (where this was less than 100%) for 

untreated material was 33% (n=6), while increasing paclobutrazol dose saw 

averages of 76% (n=4) and 45% (n=4). 

The result of the lack of an apparent paclobutrazol effect on the proportion of 

the frrst season flower bud crop lost, coupled with the increase in the proportion of 

paclobutrazol treated seedlings bearing first season flower buds has resulted in a 

general increase in the proportion of paclobutrazol-treated individuals bearing 

capsules (:x;21 =7 .56; 0.01>p>0.001), relative to their untreated controls. In the 

733 group, untreated seedlings bore capsules in 16% (7 /43) of cases, averaging 

3.7±0.97 (n=7) capsules.seedling-1 while low and high paclobutrazol treatment 

saw 43% (17/40) and 38% (16/42) of seedlings bearing averages of 5.8±1.17 

(n=17) and 6.3±1.08 (n=16) capsules respectively. No evidence against this trend 

was found in the Bulk or PerM material. 

Second season bud production 

Two years after paclobutrazol treatment, second season bud production appeared to 
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be affected by three factors, these being level of paclobutrazol application prior to 

first season flower bud production, pot size and growth temperatures. 

Within each seedling type, when outdoor-grown material in small and large 

pots was considered together, increasing paclobutrazol treatment in April 1991 

increased second season flower bud production in terms of both the proportion of 

seedlings in each group which bore second season flower buds (Fig. 4.8) and the 

average number of flower buds per flowering seedling (Fig. 4.9). 

Maintaining seedlings in a heated glasshouse from early 1992 appeared to have 

an inhibitory effect on the production of second season flower buds. Of the 51 

seedlings grown in the glasshouse environment after early 1992, only three 

produced flower buds. Between the paclobutrazol treated, repotted Bulk and PerM 

families maintained within the glasshouse, 0% (0/15) produced second season 

flower buds. In comparison, the same material held outdoors saw 25% (6/24) of 

treated seedling bearing second season flower buds. The effect was more 

pronounced in the case of a comparison between the same groups of material 

amongst plants which were not repotted. In this case the summation of 

paclobutrazol treated Bulk and PerM material held in the glasshouse saw 5% (1/20) 

of seedlings bearing flower buds. The Bulk and PerM material grown outdoors in 

the original small pots on the other hand, produced a 59% (16/27) rate of second 

season flower bud bearing. 

There appears to have been an effect of pot size on second season flower bud 

production, with seedlings in smaller pots showing a greater reproductive response 

in terms of both proportions of seedlings bearing flower buds and bearing rate. 

Untreated 733 provenance material repotted in early 1992 produced 12% (5/43) of 

seedlings bearing an average of 2.o±o.63 second season flower buds per flowering 

seedling, while material which was not repotted saw new reproductive activity in 

35% (6/17) of seedlings, with an average bearing rate of 4.5±0.99. Examination 

of first and second season bud production in untreated seedlings of the 734 seedlot 

provides additional evidence of the response. In this case, 34% (30/89) of 

seedlings produced an average of 7.0±1.29 first season flower buds in 1992. 

Subsequent repotting of all material reduced the incidence of second season bud 

production in untreated material to 12% (3/26), and bud bearing to 2.7±0.33 buds 

per flowering seedling, despite the material now being one year more mature. 
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Further evidence can be drawn from untreated and treated groups of the PerM and 

Bulk groups (data not shown). It seems that some factor associated with reduced 

pot size is effectively a promoter of floral induction. The promotory effect of this 

factor appears to be additive to the promotory effect of paclobutrazol application. 

The summer of 1992/1993 was the first season of bud production which could 

have been influenced by paclobutrazol treatment in the 734 provenance material, 

following its application in March 1992. In this case, increasing levels of 

paclobutrazol treatment applied to these vegetatively mature seedlings were 

associated with a clear increase in flowering response in July of the following year. 

This response was obvious in both the proportion of seedlings in each treatment 

which bore second season flower buds (Fig. 4.8) and the average number of buds 

per reproductively active seedling (Fig. 4.9). 

Discussion 

First season bud production 

In addition to an increase in the production of flower buds on seedlings genetically 

predisposed to rapid development (provenance 733 and 734 material), a chemical 

stimulation of flowering precocity to a level useful for breeding purposes has been 

produced in 18 month-old seedlings. These seedling were still bearing juvenile 

foliage, and would not be expected to flower for three to four more years under 

natural stand conditions (Turnbull and Pryor, 1978). This is a novel result, which 

suggests a separation of the vegetative and reproductive juvenility which could not 

be achieved by Griffin et al. (1993) in E.nitens, though it was not attempted in 

E. globulus. A similar situation, with flower buds being produced on vegetatively 

juvenile trees has also been observed in field grown E. nitens, following collar 

drenching with paclobutrazol (S. Hetherington, unpublished). Together, these 

results suggest that the factors which regulate the developmental sequences of 

vegetative and reproductive phase change are independently controlled. 

In the primary study paclobutrazol acted as a facultative promoter, causing an 

increase in the proportion of seedlings producing flower buds and the average 
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number of flower buds per flowering seedlings, when averaged across all seedling 

types. In the majority of cases, the most significant results were recorded in 

seedlings of the 733 provenance. For characters of reproductive development 

scored, the small sample sizes of the PerM and Bulk groups, as well as the 

comparative genetic heterogeneity of the latter group were likely factors in 

diminishing the significance of any trends. In the secondary study, paclobutrazol 

appeared to be an obligate promoter of precocious flowering in the material used, 

with no untreated seedlings producing flower buds. The apparent difference in the 

degree of paclobutrazol requirement between the two experiments was likely to 

stem from two non-exclusive sources. First, maintaining both treated and non

treated seedlings together over a polythene cover to prevent interaction with 

external soil, may have resulted in some of the foliar applied paclobutrazol washing 

off live and dead leaves (Williams, 1984; Mauk et al., 1990a) and then being taken 

up through the pot base of some untreated seedlings. Great care was taken in the 

secondary study to eliminate this possibility. The second potential source of 

difference of paclobutrazol requirement for flowering activity may stem from the 

greater heterogeneity of the Bulk material in the primary study. This mixture may 

have included seed which was genetically predisposed to early flowering. The 

PerM seedlot may also have contained seed with precocious flowering tendencies. 

The results produced by both the primary and secondary experiments suggest 

that a variation in the genetic predisposition to early flowering is likely to exist. 

This conclusion can be drawn from the fact that all seedlings within various 

treatments received the same paclobutrazol dose and were maintained under the 

same environmental conditions, yet individuals displayed variation in their 

reproductive response. The clonal material of the secondary experiment was the 

only genetically homogenous material used. However the failure to induce a 

reproductive response at any paclobutrazol treatment level prevented the assessment 

of the effects genetic homogeneity. There is a possibility that small differences in 

microenvironment which affect the growth of seedlings or perhaps have an indirect 

effect on the rate of paclobutrazol uptake may have some role in producing the 

variation in flowering response observed within a single treatment. 

Paclobutrazol is active in reducing height growth through a reduction of 

internode length, rather than any substantial effect on the rate of vegetative 
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development as indicated by the number of nodes produced. A similar reduction of 

internode length as a major contributor to the overall reduction of vegetative growth 

has been reported for other plant groups such as Citrus (Aron et al., 1985). In 

general, height growth and reproductive output were observed to be negatively 

correlated (compare Figs 4.2, 4.6 and 4.7). Whether the diversion of assimilates 

from growth to the production of reproductive structures can be isolated as the 

major cause of some or all of the effects of paclobutrazol application on 

reproductive output observed cannot be readily determined. This possibility is 

considered further in the following chapter (General Discussion). 

Second season bud production 

The general effects of paclobutrazol treatment on first season flower bud 

production have carried over to second season bud production. The relatively large 

number of seedlings bearing second season flower buds coming from the 733 

material has meant that the data from this group forms the basis of this 

generalisation, though further support was found in the data derived from the Bulk 

and PerM material. Given the evidence of a short half-life of paclobutrazol in plant 

tissue (Chapter 3) and the utilisation of a foliar application method, the persistence 

of the effects of paclobutrazol over some 20 months may seem unlikely. However, 

as material applied to the leaves and stems can be washed down into the soil by 

rainfall and irrigation water (Williams, 1984; Mauk et al., 1990a) where it may 

become reversibly bound (Lever, 1986), its relative stability (Chapter 3; Mauk et 

al., 1990a) may result in persistence for a number of years. The length of time 

over which it will be active in affecting the growth and development of seedlings in 

the vicinity depends upon its initial concentration in the soil and subsequent rate of 

breakdown. 

Increasing the pot size between first and second year flower bud production 

seasons was shown to reduce reproductive output, both in terms of the proportion 

of seedlings in each treatment bearing flower buds and the average number of 

flower buds per flowering seedling. It seems that some factor associated with 

reduced pot size, whether water or nutrient stress, root growth stress or some other 

parameter is effectively promoting floral induction. As a difference between the 

reproductive output of seedlings in small and large pots was noted in the case of 
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untreated material, it appears that the effect is not associated with a loss or dilution 

of paclobutrazol activity with the introduction of new soil. Whatever its source, the 

promotory effect on second season flower bud production achieved by maintaining 

seedlings in small pots appears to be additive to the promotory effect of 

paclobutrazol application. Such a promotion of flowering resulting from the use of 

small pots has been observed in the case of apples (see Tydeman, 1937 in 

Doorenbos, 1965). 

The transfer of some seedlings to a heated glasshouse after the first season of 

flower bud production appears to have been a stronger inhibitor of reproductive 

activity than repotting. It seems likely that this effect is similar or identical to the 

mechanism which prevented precocious flowering in paclobutrazol-treated grafted 

material which did not receive a full overwintering period (Chapter 2). Whether 

this temperature effect and the effects of changing pot size are all active through an 

influence on growth rate and a proposed negative correlation between vegetative 

and reproductive output as a result of assimilate diversion is considered further in 

the following chapter (General Discussion). 

Floral development, anthesis and capsule production 

Paclobutrazol treatment did not outwardly affect the mechanisms of floral 

development, an thesis, pollen viability, pollination or subsequent capsule 

production under any environmental treatment. Thus, paclobutrazol treatment 

seems to be an ideal means of inducing flowering for breeding purposes in far less 

time than would be possible in normal planting regimes. The only remaining step 

is to ensure that paclobutrazol treatment has no detrimental effects on the final 

stages of reproduction or seedling development. At this stage an estimation of the 

numbers of seeds per capsule, followed by seed viability testing can finalise the 

overall effect of paclobutrazol treatment on the generative processes of material 

tested in this group of experiments. 

The lack of any effects of paclobutrazol treatment on rates of bud loss, in 

combination with a paclobutrazol-stimulated increase in both the proportion of 

seedlings bearing flower buds and the average number of flower buds per 

flowering seedling, has produced a net increase in bud production in paclobutrazol-
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treated material. This has produced an overall increase in capsule production in the 

paclobutrazol-treated seedlings, relative to their untreated controls. This is in 

agreement with the results of previous work on Eucalyptus species (Hetherington 

et al., 1991; Griffin et al., 1993, Hetherington and Jones, 1993) and extensive 

work carried out with other fruit bearing arboreal angiosperm species such as 

apples (Curry and Williams, 1983) and pears (Raese and Burts, 1983). In a 

similar manner to the confmnation required in capsules produced preciously on E. 

globulus seedlings, the numbers of viable seeds per capsule for the paclobutrazol 

enhanced crops requires quantification. This is especially important in light of the 

work of Griffin et al. (1993) who felt there was a non-significant decrease in 

numbers of seeds per capsule as a result of paclobutrazol treatment. A large scale 

assessment of this character is required in order that the net activity of paclobutrazol 

on the magnitude of reproductive responses in important Eucalyptus species may 

be determined. 

Conclusion 

The potential for the use of paclobutrazol to reduce the generation times of E. 

globulus seedlings, grown from commercial seedlots, has been demonstrated. A 

reduction in the order of 50% (three years) in comparison to natural stands was 

achieved. Paclobutrazol treatment, pot size and growth temperatures have all been 

shown to play roles in determining the extent of new reproductive activity each 

season in seedling E. globulus. Presumably, seedling maturity also has some 

effect, though this factor cannot be extracted in isolation from the data gathered. 

Paclobutrazol treatment does not appear to have any negative effects on the 

retention of floral buds through to the development of mature capsules, while 

having a distinct positive effect on reproductive output, in terms of both flower bud 

and capsule numbers. Foliar spraying during autumn has been shown to be an 

effective means and timing of paclobutrazol application, with results evident in the 

following fruiting season. Considerable persistence of paclobutrazol effects were 

noted in the second season after application. 
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Table 4.1. The number of seedlings in each treatment of the primary experiment 

at time of scoring in March, 1992. Paclobutrazol treatments were applied in 

March, 1991 when seedlings were 5-6 months of age. Seedlings from seedlot 734 

were not paclobutrazol treated until after the first scoring of the primary experiment 

(see text) in order that the effects of the retardant on vegetatively adult material 

could be assessed. 

Seedlot Source 
Paclobutrazol 
Dose Bulk PerM 733 734 

Zero 19 23 80 89 

Low (lxlOOO ppm) 32 15 43 0 

High (2x1000 ppm) 29 17 47 0 

Table 4.2. Characters assessed in seedlings of the primary experiment in March 

1993, ca. one year after paclobutrazol application. 

Abbreviation 

HT 
NE 
BUDnum 
HBUDms 

NBUDms 
ShootMat 

LatMat 
HPCpet 
HPCintra 
NPCpet 
NPCintra 

Character 

height in em 
number of expanded nodes 
number of flower buds per flowering seedling 
Height of first flower bud on the main shoot 
node of first flower bud on the main shoot 

assessment of maturity of the main shoot 

assessment of maturity of the most mature lateral shoot 
height in em of the first node showing a petiole 
height in em of the first node exhibiting an intranode 

node number of the first node showing a petiole 
node number of the first node exhibiting an intranode 



Chapter 4 - Induction of flowering vrecocitv in E. globulus seedlings 106 

Table 4.3. Maximum leaf maturity of main shoots and laterals in seedlings of the 

primary experiment in March 1992, ca. 1 year after paclobutrazol application. 

Maturity was based on a subjective assessment of leaf shape and petiole insertion 

(1 =opposite, sessile, oblong-ovate leaves 2 =ovate leaves, 3 =ovate, petiolate 

leaves 4 == lanceolate, petiolate leaves with visible intranode). 

Seedlot Paclobutrazol Maximum Leaf Maturitx 
Ley~ I Main Shoot LsH~ral ShQQt:ii 

Bulk Zero 1 1 
Low 1 1 
High 1 1 

PerM Zero 1 1 
Low 1 1 
High 1 1 

733 Zero 2.32±0.12 2.44±0.11 
Low 2.09±0.13 2.28±0.13 
High 2.10±0.10 2.19±0.09 

734 Zero 2.48±0.08 2.39±0.08 

Table 4.4. The effect of paclobutrazol treatment on the node and height of phase 

change in provenance 733 seedlings of the primary experiment. Scoring was 

performed in March 1992, ca. 1 year after paclobutrazol application. 

Paclobutrazol Dose 

Character Zero Low High 

Node number of first intranode 26.2±0.53 25.5±0.83 26.7±0.90 

Node number of first petiole 22.9±0.48 22.2±0.63 21.8±0.62 

Height to first intranode (em) 112.9±1.99 92.8±3.26 82.1±3.45 

Height to first petiole (em) 101.4±1.86 83.4±2.68 72.2±2.75 
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Table 4.5. The effect of paclobutrazol application on height to the flrst bud on 

the main shoot (HBUDms) and the node of the first bud on the main shoot 

(NBUDms) in the three types of paclobutrazol treated seedlings in the primary 

experiment. Scoring was accomplished in March 1992, ca. 1 year after 

paclobutrazol application. 

Paclobutrazol HBUDms NBUDms 

Seedlot Dose (em) 

Bulk Zero 101.0±14.4 28.0±3.69 

Low 107.5±4.30 33.8±1.10 

High not-esta not-esta 

PerM Zero 112.7±7.54 26.5±2.71 

Low 119.6±5.34 33.1±1.73 

High 98.9±4.81 29.1±1.19 

733 Zero 105.8±3.70 26.7±1.17 

Low 91.8±2.99 25.0±0.76 

High 78.3±3.77 23.8±0.72 

a not-estimatable as no high dose treatment Bulk seedlings produced flowers on the 

main shoot 
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Table 4.6. The effect of paclobutrazol treatment on the percentage of seedlings 

flowering, average number of floral buds per flowering seedling (BUDnum), node 

of the first bud on the main shoot (NBUDms) and height to the first bud on the 

main shoot (HBUDms) for seedlings grown from a commercial seedlot for the 

secondary experiment. Characters were scored in Apri11993, ca. one year after 

paclobutrazol application. The increase in the proportion of seedlings flowering 

after low and high dose paclobutrazol treatment are highly significant (p<O.Ol) in 

both cases. 

Paclobutrazol Dose 

Character Zero Low 

% floweringa 0% (0/36) 24% (8/33) 

BUDnurn not-estb 19.9±7.4 

NBUDrns not-estb 32.5±0.9 

HBUDrns (em) not-estb 98.0±4.9 

a Significances for % flowering : 

Zero vs Low X21=9.87; p<O.Ol 

Zero vs High x21=17.46; p<O.Ol 

Zero vs Low+High x2r==14.43; p<O.Ol 

High 

39% (13/33) 

14.0±2.5 

33.6±1.3 

88.3±1.3 

b not-estimatable due to the lack of flowering in the untreated seedlings 
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Table 4.7. Germination rates of pollen produced by seedlings of the primary 

experiment during the first flowering season following paclobutrazol application. 

Averages shown were generated from ca. three trials for each individual. 

Seedling Paclobutrazol Plant % germinating 

Type Dose Number ±SE 

Bulk Low 5 43±12.0 

18 42±10.5 

22 28±9.9 

35 2o±19.5 

PerM Low 1 53±7.0 

9 47±14.5 

27 24±8.0 

High 1 48±8.5 

33 48±14.4 

45 29±10.0 

733 Zero 9 41±19.0 

Low 17 9±3.5 

734 Zero 7 40.5±12.7 

21 1o±4.0 

mix a Zero 4o±12.7 

a A mixture of pollen collected from two untreated trees growing at sites in south-

eastern Tasmania. This represents an average performance of E. globulus pollen 

from field grown material in the germination system used. 
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Figure 4.1. Average daily maximum and minimum temperatures each month for 

Hobart, 1991 and 1992. 
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Figure 4.2. The effect of low (1x1000 ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on total height across the 3 groups of material assessed in 

the primary study. Paclobutrazol applications were administered in March 1991 

when seedlings were 5-6 months of age and 50-60 em in height. Measurements 

were taken ca. 12 months later in Apri11992. 
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Figure 4.3. The effect of low (1x1000 ppm) and high (2xl000 ppm) rates of 

paclobutrazol foliar spray on the number of expanded nodes (±SE) across the three 

groups of material assessed in the primary study. Paclobutrazol applications were 

administered when seedlings were five to six months of age in March 1991. Node 

counts were performed ca 12 months later in Apri11992. 
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Figure 4.4. The effect of low (lxlOOO ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on total height in seedling and clonal material used in the 

secondary study. Paclobutrazol applications were administered in April1992 when 

seedlings were 8 months of age and clones were 10 months of age. Measurements 

were taken ca. 12 months later in April1993. 

160 
rn No Paclobutrazol 

m Low Paclobutrazol 
140 • High Paclobutrazol 

120 
.... 
..::: 
ell 

·a:: 100 = ell =,....._ 
:.:::5 
'CY 80 ~'-' 
QJ 

Cl.l 

"; ..... 60 0 
E-o 

40 

20 

0 
Seedlings Clones 

Seedling Type 



Chavter 4 -Induction Q[flowering vrecocity in E. globulus seedlings 114 

Figure 4.5. The effect of low (lxlOOO ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on the number of expanded nodes in seedling and clonal 

material used in the secondary study. Paclobutrazol applications were administered 

in Apri11992 when seedlings were eight months of age and clones were 10 months 

of age. Node counts were performed ca. 12 months later in Apri11993. Columns 

topped with different letters are significantly different at the (a=0.05) level as 

determined by Ryan-Einot-Gabriel-Welsch multiple range testing (SAS/GRAPH, 

1988). 
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Figure 4.6. The effect of low (lxlOOO ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on the percentage of seedlings bearing flower buds 

across the three groups of material assessed in the primary study. Paclobutrazol 

applications were administered when seedlings were 5-6 months of age in March 

1991. Assessment of flowering was made ca. 12 months later in April 1992. The 

number in brackets above each bar indicates the number of seedlings in each 

sample. 
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Figure 4.7. The effect of low (lxlOOO ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on the average number of flower buds per flowering 

seedling (±SE) across the three groups of material assessed in the primary study. 

Paclobutrazol applications were administered when seedlings were five to six 

months of age in March 1991. Flower bud counts were performed ca. 12 months 

later in April 1992. Bars within a single seed source group topped by different 

letters are significantly different at the p<0.05 level. 
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Figure 4.8. The effect of low (1x1000 ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on the percentage of seedlings bearing second season 

flower buds across the four groups of material assessed in the primary study. 

Paclobutrazol applications, other than for the 734 group, were administered when 

seedlings were five to six months of age in March 1991. The 734 material was not 

paclobutrazol treated until March 1992 in order that the effects of paclobutrazol 

could be assessed on vegetatively mature material. Assessment of bud production 

was made ca. 16 months later in July 1993. The number in brackets above each 

bar indicates the number seedlings in each sample. 
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Figure 4.9. The effect of low (1x1000 ppm) and high (2x1000 ppm) rates of 

paclobutrazol foliar spray on the average production of second season flower buds 

per flowering seedling across the four groups of material assessed in the primary 

study. Paclobutrazol applications, other than for the 734 group, were administered 

when seedlings were five to six months of age in March 1991. The 734 material 

was not paclobutrazol treated until March 1992 in order that the effects of 

paclobutrazol could be assessed on vegetatively mature material. Bud counts were 

performed ca. 16 months later in July 1993. 
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Plate 4.1. An 18 month old '733' provenance seedling showing the transition to 

adult foliage. Note the green, elongate, petiolate leaves of the upper stem in 

comparison to the obovate and sessile leaves lower on the plant. Along with the 

attainment of vegetative phase change, reproductive competence is also 

demonstrated by the presence of flower buds on this seedling which received a low 

dose (lxlOOO ppm) paclobutrazol foliar spray at age 6 months. 
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Plate 4.2. A 'PerM' group seedling showing the paclobutrazol stimulated 

production of flower buds despite the continued production of juvenile leaves at 18 

months of age. This seedling received a high dose (2x1000 ppm) paclobutrazol 

foliar spray at age 6 months. 
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Plate 4.3. Paclobutrazol stimulated flower bud production in seedling material of 

the secondary experiment (see text). While untreated seedlings failed to produce 

flower buds at 18 months of age, low (lxlOOO ppm) and high (2x1000 ppm) rate 

foliar sprays generated flowering precocity in a proportion of treated seedlings. 

Note the continued production of vegetatively juvenile foliage in the low dose 

paclobutrazol treated seedling pictured. 
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Plate 4.4. Despite the much reduced stature of plants flowering after 

paclobutrazol treatment such as the high (2x1000 ppm) dose treated 'PerM' 

seedling shown (left), bud development and flowering appeared normal (right). 
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General Discussion 

Techniques were developed for purifying GAs from apical shoot tissue samples of 

E. nitens seedlings (Chapter 1). The range of GAs which were subsequently 

identified suggested that the early 13-hydroxylation pathway is the major pathway 

for the production of endogenous GAs in this seedling tissue. Similar GAs have 

also been identified in the cambial tissue of E. globulus (Hasan et al., 1994) 

indicating the operation of the early 13-hydroxylation pathway is likely to be 

common to vegetative tissues of these two eucalypt species. Both E. globulus and 

E. nitens are members of the same sub-genus (Symphyomyrtus), suggesting a 

possible commonality of this pathway amongst species of this sub-genus. The 

apparent ability of E. risdonii, a member of one of the six alternative sub-genera, 

to metabolise GAs of the early 13-hydroxylation pathway (data not shown) 

suggests that the enzymes required for GA metabolism are present in species of 

other Eucalyptus sub-genera. This may be viewed as additional evidence of the 

operation of the early 13-hydroxylation pathway throughout the genus. The GAs 

of this pathway are also found in the majority of plant species thus far studied 

(Chapter 1). 

This work has demonstrated that paclobutrazol treatment can promote flowering 

of both vegetatively juvenile and mature seedlings (Chapter 4) as well as grafts 

produced from reproductively competent scions (Chapter 2). Thus, in vegetatively 

juvenile E. globulus seedlings, precocious flower bud production was induced, 

with no flowering occurring in non-paclobutrazol treated seedlings grown from a 

commercial seedlot. The flower buds appear normal in all respects and are 

expected to produce viable seed, given the experiences of Griffin et al. (1993) and 

Moncur (unpublished) with seed produced from other paclobutrazol treated 

eucalypts. In these cases, the seed to seed generation time has been reduced by 

more than 50% in comparison to field-grown material. This is perhaps the most 

novel result of this work, with relatively few previous examples of a growth 

retardant promoting the induction of flowering in apparently juvenile seedlings (eg. 

Snowball et al., 1990). Instead, most attempts at reducing generation times have 

utilised either a genetic basis, by breeding for a reduced period of juvenility as in 

peach and nectarine seedlings (Hansche, 1986), or have been concerned with 
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increasing the rate at which perceived height I age I developmental stages are 

reached by manipulation of growth conditions (Longman and Wareing, 1959; 

Mullins and Snowball, 1988; Brindbergs et al., 1989). 

In the case of seedling and grafted material which was already reproductively 

competent, paclobutrazol application increased the size of the flower bud crop on 

seedlings of E. globulus, again without detrimental effects on bud development, 

anthesis or capsule production. Such a result is in agreement with previous work 

both on eucalypts (Griffin et al., 1993; Hetherington and Jones, 1993; Moncur et 

al., 1993) and other species such as apples (Tukey, 1981), citrus species (Mauk 

et al., 1986) and sour cherry (Bukovac and Hull, 1985). Together these examples 

provide ample confirmation of this particular effect of paclobutrazol treatment 

Using the GA analysis techniques developed, paclobutrazol was demonstrated 

to reduce the levels of endogenous GAs in grafted E. nitens material (Chapter 2). 

Quantification of paclobutrazol treated, espalier grown, E. nitens grafts revealed a 

range of GA 1 concentrations in apical shoot tissue samples taken from different 

individuals. The variability was related to both treatment method and dose, and 

was thus interpreted to be the result of the differing persistence of the effect of 

paclobutrazol on GA biosynthesis. Relating the concentration of GA1 in apical 

shoot tissue at the time of flower bud initiation with the level of flowering response 

evident some months later suggested higher concentrations (>0.6 ng.g nw-1) of 

GA 1 were inhibitory to large flowering responses. In addition, there was some 

indication of a reduction of the effects of paclobutrazol on flower bud production as 

a result of GA3 application. Together these findings provide at least circumstantial 

evidence for some GA mediated role of paclobutrazol in the regulation of the 

reproductive processes of eucalypts. 

Flowering in woody angiosperms is often inhibited by the application of 

endogenous active GAs, such as GA3 (see references in Pharis and King, 1985). 

Studies with mature trees of Prunus avium compared the varying capacity of a 

number of GAs to inhibit flowering and found a considerable range of levels of 

inhibition (Oliveira and Browning, 1993). Indeed much detailed work 

investigating the relationship between the structure and activity of applied GAs has 

been completed in herbaceous plants such as Lolium temulentum (eg. Evans et 

al., 1990; King et al., 1993). However, this work can only be considered partial 
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evidence of a role for endogenous GA hormones in the regulation of floral 

induction, as in many cases the quantities applied may be supra-physiological, or 

the applied GA may not have been demonstrated to be native to the plant. In such a 

case, Plummer (1987 from Mullins and Snowball, 1988) found that flowering in 

adult Citrus sinensis and Poncirus trifoliata was inhibited by application of 

exogenous GA3 and GA4. However in addition to this they found that high 

concentrations of endogenous GAr and GA4-like substances in shoot tips were 

associated with inhibition of floral induction. This supports the findings of this 

thesis that increased concentrations of endogenous GA1 are associated with a 

depression in flowering of mature E. nitens grafts. 

Despite the evidence for GA mediation of paclobutrazol effects, it is difficult to 

completely rule out the possibility that some of the activity of paclobutrazol on 

flowering in E. globulus and E. nitens is due to the effect it is known to have on 

sterol biosynthesis (Dalziel and Lawrence, 1984). One means of ascertaining if it 

is the effects on GAs which are active in affecting flowering would be to use a 

plant growth retardant which does not affect sterol metabolism. The appropriate 

purification of paclobutrazol or some other triazole growth retardant compound to 

remove the stereoisomers responsible for activity on sterols (Sugavanam, 1984; 

Izumi et al., 1985; Koller, 1987) might yield such an inhibitor. Alternatively, 

cyclohexanetrione type inhibitors, with their quite different mechanisms and sites 

of activity (Rademacher et al., 1992), could be assessed for their effectiveness in 

promoting reproductive activity in eucalypt species. In either case, an appropriate 

application of an active GA compound should be able to reverse all the effects of 

growth retardant treatment. This would provide the most straightforward means of 

establishing if the lowering of active GAs is the mechanism by which growth 

retardant-chemicals affect flowering activity. 

The stimulating effect of paclobutrazol on flowering can be inhibited by the 

substitution of normal outdoor growth during winter with a period of growth in a 

heated glasshouse (Chapters 2 and 4). Perhaps the most significant evidence of 

this was the failure of paclobutrazol treatment to induce flower bud formation in 

grafted material not fully overwintered in Canberra (Chapter 2). This failure 

occurred despite the fact that application of paclobutrazol effectively reduced GA 

levels in the non-flowering grafts, while similarly treated grafts of the same age 
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which were fully overwintered produced flower buds. In fact, some of the 

paclobutrazol treated, fully overwintered grafts which flowered were 12 months 

younger than material which failed to initiate as a result of not receiving a full 

overwintering period. This suggests an obligate requirement for an additional 

factor associated with the normal outdoor environment of a Canberra winter. The 

natural light regime received by the material after transfer to the glasshouse rule out 

an effect of differential photoperiod, leaving increased exposure to cold as the 

likely factor involved. This strong requirement for a period of cold to trigger (or 

allow) flowering was also demonstrated in the seedling E. globulus material in 

Hobart, where second season bud production was severely inhibited by growth in 

a heated glasshouse over winter. While a relationship between temperature and 

flowering has been observed previously in woody angiosperms, it is usually high 

temperatures which increase flowering (Jackson and Sweet, 1972), though olive 

trees require a period of winter chilling to form flowers in the following spring 

(Hackett and Hartman, 1963) and Moncur (1992) has shown that flowering in E. 

lansdowneana can be reliably induced by a period of cold treatment. The longer 

generation time of field planted E. globulus in Western Australia (L. Barbour, 

pers. comm.) may thus be the result of the more mild winter conditions in that 

state failing to produce the necessary degree of cold treatment for the initiation of 

flowering processes. 

Pot size was shown to affect flowering in seedling E. globulus at Hobart 

(Chapter 4), with small pots promoting flowering in material bearing either adult or 

juvenile foliage in both paclobutrazol treated and untreated material. Reduced pot 

size is likely to cause physiological stress in seedlings, with water shortage and 

lack of nutrients the most probable factors involved. The former has long been 

recognised as a means of stimulating flowering in many forest tree species 

(Jackson and Sweet, 1972; Owens and Blake, 1985). This then may be the source 

of the promotive effect on flowering which was associated with continued growth 

in small pots. There has similarly been a long history of research demonstrating 

stimulation of flowering in herbaceous angiosperms as a result of nutrient 

deficiency (see Lang, 1965 for references). However, the effects of nutrient stress 

on flowering in forest trees is much more sparsely covered in the literature, though 

in a similar fashion to the case for herbceous angiosperms, Pharis et al. (1987) cite 
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papers showing that nutrient deficiency can stimulate flowering in some conifers. 

The converse situation has also been recorded in both angiospermous and 

gymnospermous trees, with high nutrient status following the application of 

nitrogenous fertilisers often resulting in the promotion of an increase in 

reproductive activity (Jackson and Sweet, 1972; Owens and Blake, 1985; Pharis 

et al., 1987; Jackson, 1989). An experiment using root pruning of grafted E. 

nitens as a means of inducing a controllable amount of water and nutrient stress is 

in progress (M. Moncur, pers. comm.), and such work may help to isolate these 

effects from others which may be associated with reduced pot size. 

It is difficult to assess if the effects of various cultural treatments tested are 

active in regulating normal annual flowering of espaliered, field planted or natural 

stands, though it may be possible to correlate exact meteorological data and soil 

water potentials with flowering output in an attempt to investigate any association. 

The expression of both cold treatment and pot size effects is influenced by the 

action of paclobutrazol, with very little evidence of the induction of precocious 

flowering in non-paclobutrazol treated material (Chapter 4). Paclobutrazol then 

may be seen to be performing a potentiating role, allowing the promotory effects of 

overwintering and small pot size on flowering to be expressed. 

While the interaction of paclobutrazol, cold treatment and pot size and their 

resultant effects on flowering can be rationalised by a crude model (Fig. 5.1), the 

physiological means by which these three factors are associated is not yet clear. 

While paclobutrazol has been shown to reduce GA levels, this alone is not 

sufficient to induce a floral response in recently grafted E. nitens if cold treatment 

is not given. Cold treatment in conjunction with paclobutrazol did not significantly 

alter concentrations of GA1 or GA20 despite the induction of flowering by 

paclobutrazol. However, while the levels of these GAs did not vary significantly 

between flowering and non-flowering treatments, the levels of other GAs may have 

been affected. Metzger (1990) showed that thermoinduced stem growth in Thlaspi 

arvense was mediated by an activation of the early non-hydroxylation pathway 

resulting in the accumulation of GA9. The existence of parallel pathways 

controlling different functions within the same plant (Metzger and Mardaus, 1986; 

Metzger, 1990) suggests that while no GA9 was found in the apical shoot tissue of 

vegetative E. nitens seedlings (Chapter 1), the onset of reproductive activity may 
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alter the suite of GAs present. This necessitates further study to confirm or 

discount this possibility. Whether qualitative or quantitative changes in the levels 

of GAs of an alternative pathway sufficient to account for the onset of flowering 

could occur in a plant which has had its capacity to synthesize GAs suppressed by 

paclobutrazol treatment is not known. 

No attempt has yet been made to assess any effect of pot size on GA levels, so 

the means by which this factor induces flowering can only be speculated upon. 

The effect of low soil moisture in many species has been studied in some detail. 

Perhaps its primary activity in terms of effects on endogenous hormone levels is an 

increase in abscisic acid (ABA) levels (Wright and Hiron, 1972), though enhanced 

levels of certain GAs have been recorded following water stress in conifers (Pharis 

et al., 1987). Abscisic acid is generally thought to antagonise the effect of GAs 

causing a similar effect to lowering GA levels, a process which has been shown to 

stimulate flowering in the eucalypt species studied. However some studies have 

suggested a synergism of ABA and active GA effects at lower ABA concentrations 

(Yadava and Lockard, 1977; Horrell et al., 1990). In a similar fashion, the effects 

of paclobutrazol on ABA levels are not clearly defined. Some studies have 

indicated that ABA catabolism may be inhibited by blocking its conversion to 8'

hydroxy abscisic acid (Hedden, 1990; Zeevaart et al., 1990) as this step is 

catalysed by a monooxygenase-like enzyme which is thus susceptible to N

heterocyclic plant growth retardants, such as paclobutrazol. If paclobutrazol does 

decrease the rate of catabolism of ABA and this phytohormone was antagonistic to 

the effects of active GAs, a mediation of the effects of water stress resulting from 

reduced pot size via GAs could be postulated. However, a further lowering of GA 

levels already reduced by paclobutrazol application would have to be demonstrated 

to be effective in promoting flowering in order that such a scheme could be 

accepted. Contradictory results on the effects of paclobutrazol on ABA levels 

complicate matters, with reductions in ABA levels shown following paclobutrazol 

application to the fungus Cercospora rosicola (Norman et al., 1986) and wheat 

(Buta and Spaulding, 1991). If this was the case in eucalypts, the proposed 

mechanism would not be effective. 

If the effects of pot size and cold treatment are not mediated via effects on GA 

levels, they may have some influence on other factors affected by depression of 
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active GA levels by paclobutrazol. Exactly how GAs inhibit flowering in woody 

angiosperms is still unknown, but given the lack of identification of a specific 

promotory or inhibitory substance controlling flowering it is tempting to assign a 

balance between vegetative and reproductive growth (Shearing et al., 1986) as a 

means of explaining the effects of various cultural and chemical treatments on 

flowering. Such a nutrient diversion hypothesis, as discussed by Sachs (1977), 

receives considerable support from observations such as those of Jones et al. 

(1989b) who found a negative correlation between flowering and vegetative growth 

in apples. In general, treatments to woody angiosperms which promote flowering 

also inhibit vegetative growth. In the case of the work of this thesis, the three 

factors which appear to promote precocious flowering (i.e. paclobutrazol 

application, reduced pot size and outdoor overwintering), at least some of which 

appear to influence the flowering of reproductively competent material, all reduce 

vegetative growth. Paclobutrazol application to apple trees has been shown to 

increase the levels of carbohydrates in all plant parts (Wang et al., 1985), a 

situation which may make an increased concentration of assimilates available to the 

plant for production of reproductive structures. However, the many cases in 

woody angiosperms where cessation or even significant reduction of shoot growth 

is not a prerequisite to the onset of flowering (eg. Juntilla, 1980) cast doubt upon 

the robustness of this theory. Similarly, the situation in conifers (Pharis and King, 

1985; Pharis et al., 1987) where the application of less polar GAs such as GA4 

and GA7 can promote both growth and flowering suggests that a nutrient diversion 

theory on its own is not sufficient to explain the control of flowering. Almost 

certainly the concentration of assimilates within tissue will have some effect on 

reproductive activity, but it seems unlikely that this can be the controlling factor in 

the induction and subsequent initiation and differentiation of floral primordia. 

Further evidence which favours a more direct mediation of a flowering 

response by GAs has been generated by other workers. Spruce trees of different 

coning ability have been shown to metabolise GAs differently (Moritz et al., 1989) 

and the use of cultural conditions inducive to flowering have been shown to affect 

GA metabolism (Dunberg et al., 1983; Moritz et al., 1989), again providing at 

least circumstantial evidence for a role of GAs in the flowering processes of some 

tree species. Despite the very many differences between gymnosperms and 

angiosperms, there are a few studies which indicate the possibility of a 
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commonality of GA effects on flowering. Pharis and King (1985) cite two cases 

of exogenous GA3 application promoting flowering in other woody angiosperms, 

one of which is a species of the family Myrtaceae, in common with the eucalypt 

species studied within this thesis. Looney et al. (1985) demonstrated a promotion 

of flowering in apple trees with GA4 and C-3 epi-GA4, while the results of 

Luckwill (1970) suggested that GA3 may enhance flower bud production in apples 

at a high dose. There is some doubt regarding the latter piece of evidence however, 

with the high dose failing to produce a growth response consistent with those 

resulting from lower doses assessed. 

While the role of GAs in flowering is still not clear, the reduction in their levels 

through the use of paclobutrazol has other effects on plant growth and development 

in eucalypts. The reduction of internode length (Plate 5.1) has already been 

mentioned, while effects on leaf size (Plate 5.2), epicormic shoot production (Plate 

5.3) and stem size (Plate 5.4) have received some attention from Griffin et al. 

(1993). In particular, the unusual production of epicormic shoots bearing flower 

buds on paclobutrazol treated E. globulus trees noted by other workers (Cauvin, 

1991; Griffin et al., 1993) were observed (Plate 5.5). Other effects on the stature 

of treated trees, which tend to present a characteristic weeping appearance (Plate 

5.6) may be associated with the reduction in fibre length and/or the alteration of the 

proportions of the various xylem elements caused by paclobutrazol treatment 

(Hasan, unpublished). An apparent loss of apical dominance (Plate 5.7) has also 

been observed in many cases. Several of these characteristics are worthy of further 

study. 

While the theoretical aspects of the control of flowering in plants in general and 

forest tree species in particular requires significant further work before a mode of 

action can be identified, some of the means of producing precocious flowering or 

increased seed production are already utilised on a routine basis (Owens and Blake, 

1985). With respect to eucalypts, the experimental work composing the bulk of 

this thesis has identified such means, though further work should be done to 

maximise these practical advantages, thereby increasing the proportion of 

individuals responsive to treatments to enhance reproductive activity. 

First, as paclobutrazol treatment is the mainstay of all successful treatments 

shown, further work could be performed on application methods. While foliar 
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spraying has been demonstrated to be effective for inducing precocity in seedling 

E. globulus, the relatively rapid uptake of paclobutrazol following soil drenching 

(Chapter 3) suggests that this less labour intensive method may be a viable 

alternative if the appropriate timing of application, which takes into account the 

possible latency of effect while inhibitor concentration builds, can be established. 

With regard to the possibility of using a foliar application method on larger trees, 

the inability of paclobutrazol to penetrate mature bark (Hawkins, 1985 from Lever, 

1986) in conjunction with the results of studies which indicate that the majority of 

effect of foliar applied paclobutrazol is caused by material absorbed by the stems 

(Barrett and Bartuska, 1982; Lever, 1986), suggests foliar application may be 

inefficient. In addition, the practical problems associated with applying a foliar 

spray to large trees render this method inviable unless aerial spraying is used. This 

would have to be undertaken with care to avoid inadvertent contamination of 

surrounding land. As the extent of effects on flowering varied for the two 

paclobutrazol rates \JSed for foliar sprays (Chapter 4), additional experimentation 

with other doses may establish an optimum rate for a particular situation. 

A further alternative application method is trunk injection. This mode of 

application has the benefits of complete dose assimilation, rapid transport to the 

likely sites of activity via the transpiration stream and the least environmental 

contamination of the three application methods discussed. Effects are likely to be 

more predictable, due to the the first two characteristics and the relatively rapid 

metabolism within plant material (Chapter 3) tends to produce more transient 

effects (Moncur et al., 1993; Moncur and Hasan, 1994) though in apple trees 

reversible binding to vascular tissue has been shown to produce some persistence 

of growth effects into the season following application (Lever, 1986). While 

uptake- of material into small seedlings may be too slow to be practicable (M. 

Moncur, pers. comm.), it may be ideally suited to applications to larger trees in a 

breeding arboretum where size precludes foliar spraying and soil drenching would 

entail application of large quantities of material to the soil where its effects may 

persist for many years (Chapter 3). The use of newer and more sophisticated 

injection equipment has significantly increased the feasibility of this method 

through reducing the time spent on each application (I. Ravenwood, pers. 

comm.). 
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The other factor related to the application of plant growth retardants to promote 

early or heavy flowering is the composition of the plant growth retardant itself. 

While paclobutrazol has proven effective in this study, it is likely that other GA 

biosynthesis inhibitors may be equally or possibly superior in their suitability for 

the task. Juntilla (1980) has demonstrated the effectiveness of the quaternary 

amine, CCC in inducing flower bud formation, while other studies have compared 

growth control effects of a number of alternative growth retardants and found both 

their persistence and effectiveness to vary over a considerable range (Steffens, 

1988; Curry and Reed, 1989). The plant growth retardant uniconazole (XE-1019 I 

S-3307), which is structurally very similar to paclobutrazol, was trunk injected into 

California privet and American sycamore trees and showed less than 9% 

degradation after 28 days in any tissue (Sterrett, 1988), suggesting higher stability 

than that shown by paclobutrazol in eucalypts. The plant growth retardant 

darninozide (Alar I B-995 I SADH) (succinic acid-2-2-dimethylhydrazide) has been 

shown to increase flower initiation in apples both alone (Jones et al., 1989) and in 

combination with ethephon (Williams, 1972). Careful assessment of these and 

other growth retardants may identify a compound with less persistence in the 

environment than paclobutrazol but with an equal or enhanced ability to stimulate 

flowering in eucalypts. This would allow a plant breeder a greater freedom of 

choice of application methods and may even produce a more controllable and 

predictable response. As stated previously, the use of plant growth retardants 

which are not known to affect sterol synthesis in such a screening for effectiveness 

may resolve the possibility that paclobutrazol is having some effect on flowering 

via an inhibition of this alternative pathway. 

In a similar fashion to the optimisation of exogenously applied growth retardant 

treatments, further investigation into the mechanisms by which reduced pot size 

and overwintering treatments promote flowering could be performed to make these 

treatments more effective. The elucidation of their "active factors" may give a more 

clear indication of the means by which they affect flowering and interact with 

paclobutrazol treatment. Other treatments demonstrated to enhance flowering in 

forest and fruit tree species such as girdling, banding, photoperiod effects etc 

(Owens and Blake, 1985) could be assessed for their effectiveness in enhancing 

flowering and/or inducing precocious flowering in eucalypt species. After bud 
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production has been induced, treatments may be altered to speed the maturation of 

flowers, then capsules. The use of a containerised planting system (Brindbergs et 

al., 1989) may facilitate such changes in growth environment, especially as trees 

increase in size. Schuch and Fuchigami ( 1990) found that application of GA3 to 

flower buds of coffee trees reduced the time to anthesis with no effect on fruit set, 

fresh weight of fruits or vegetative shoot growth. The effectiveness of such 

treatment in the case of eucalypt buds may be worth assessing, given the extended 

period of bud maturation in species such as E. globulus. 

The ideal outcome of any further work would be the arming of eucalypt 

breeders with a battery of treatments, both cultural and chemical, which could 

induce precocious flowering and enhance seed production in any seedling or tree 

which contained potentially advantageous genetic material. A situation where a tree 

must be selected on the basis of its genetic qualities and its responsiveness to 

treatments to induce precocious or heavy flowering is definitely not desirable, as 

further selection criteria late in the selection process could severely limit the number 

of useful individuals in a breeding programme. 

The work described within this thesis should begin to give breeders of some 

commercial eucalypt species the basis of an ability to increase bud numbers and 

promote precocious flowering in material with desirable characteristics. Such an 

ability promises to be highly advantageous, allowing the rapid turnover of 

generations and hence accelerated incorporation of desirable traits into breeding 

stock, followed by the rapid production of large quantities of improved seed for 

plantation stocking. This work has also identified treatments which influence 

flowering. As the factors which cause the responses observed are extracted, this 

may eventually lead to an understanding of flowering in this significant genus, 

which will hopefully contribute to an overall understanding of the regulation of 

reproductive growth in perrenial, woody angiosperms. 
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Figure 5.1. A model of the proposed interactions between paclobutrazol 

treatment, reduced pot size and cold on the magnitude of reproductive responses 

each flowering season in E. globulus and E. nitens. The magnitude of a 

proposed 'flowering signal' is determined by the height of the promoter curve 

above the flowering threshold. Paclobutrazol treatment is shown to lower the 

flowering threshold, though it may alternatively act by increasing the magnitude of 

promotory factors. Under normal overwintering conditions, the promoter curve 

drawn with a bold line represents the magnitude of promotory factors in material 

grown with non-limiting soil conditions (N) while the curve drawn with a fine line 

demonstrates the promotory effect of small pot size (P). A warm overwintering 

reduces the size of the promoter peak as shown (W). though with increasing age 

this reduction may become less effective, with flowering eventually occurring. The 

alternating peak heights are representative of a biennial bearing pattern while the 

narrow peak widths indicate the strongly seasonal nature of flowering. Note that 

this model assumes a constant concentration of active paclobutrazol, and the 

expression of the effects of the promotory factors breaching the flowering 

threshold are limited by the physical size and structure of the plant, due to the 

limitation on the number of potential flowering sites these parameters impose. 

N 

1 2 3 4 5 6 

Flowering Season 
(Age in Years) 

7 8 9 10 
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Plate 5.1. The reduction of internode length of E. nitens foliage resulting from 

paclobutrazol treatment. The branch on the left is from an untreated tree while the 

branch on the right was taken from a tree which received a soil drench of 

paclobutrazol (2.7 g ai.cm of stem circumference-1) ca. 18 months previously. 

Branches were taken from the trunk at the same proportion of total tree height in 

both cases. 
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Plate 5.2. The reduction of leaf size in E. nitens resulting from paclobutrazol 

treatment. The branch in the upper panel is from an untreated tree while the branch 

in the lower panel was taken from a tree which received a soil drench of 

paclobutrazol (2.7 g ai.cm of stem circumference-!) ca. 18 months previously. 

Branches were taken from the trunk at the same proportion of total tree height in 

both cases. 
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Plate 5.3. Profuse epicormic shoot production in E. globulus seedlings caused 

by a 2x1000 ppm paclobutrazol foliar spray ca. 30 months previously. 
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Plate 5.4. The reduction of stem diameter in E. nitens trees resulting from 

paclobutrazol treatment. The trunk section in the upper panel is from an untreated 

tree while the trunk section in the lower panel was taken from a tree which received 

a soil drench of paclobutrazol (2. 7 g ai.cm of stem circumference-!) ca. 18 months 

previously. Trunk sections were taken from the same proportion of total tree 

height in both cases. 



General Discussion 1 ~9 

Plate 5.5. Production of flower buds on epicorrnic shoots of an E. globulus 

seedling (APPM provenance 733- see Chapter 4) which received a 2x1000 ppm 

paclobutrazol foliar spray ca. 30 months previously. The seedling was ca. 7 

months of age at the time of paclobutrazol application. 
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Plate 5.6. The effects of paclobutrazol treatment on branch structure in E. nitens 

seedlings. The tree on the left is indicative of the normal structure of E. nitens 

while the tree on the right is showing the characteristic weeping appearance of a 

paclobutrazol treated tree (soil drench at 2. 7 g ai.cm of stem circumference-1 

applied ca. 18 months previously). 
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Plate 5.7. The effects of paclobutrazol treatment on apical dominance in E. 

globulus seedlings. A paclobutrazol foliar spray (2x1000 ppm) at 6 months of age 

produced the apparent loss of apical dominance observed below. 
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Identification and quantification of endogenous gibberellins in apical buds 

and the cambial region of Eucalyptus 

0. Hasan, B.G. Ridoutt, J.J. Ross, N.W. Davies and J.B. Reid 

Hasan, 0., Ridoutt, B.G., Ross, J.J., Davies, N.W. and Reid, J.B. 1994. Identification 

and quantification of endogenous gibberellins in apical buds and the cambial region of 

Eucalyptus - Physiol. Plant. 00: 000-000. 

Endogenous gibberellins (GAs) were extracted and purified from apical buds of 

Eucalyptus nitens (Deane and Maid.) Maid. and the cambial region of E. globulus 

(Labill.), then analysed by capillary gas chromatography-mass spectrometry. GAl, 

GA19, GA20 and GA29 were identified by full scan mass spectra, Kovat's retention 

indices and high resolution selected ion monitoring. Using deuterated internal standards, 

GAl, GA19, GA20 and putative GA29 and GA53 were quantified in the apical buds, 

while GA4, GAg, GAg and GA44 were shown to be either absent or present at very low 

levels. From the cambial region, GAl and GA20 were quantified at levels of 0.30 ng [g 

fresh weightr 1 and 8.8 ng [g fresh weightr 1 respectively. These data suggest that the 

early 13-hydroxylation pathway is the dominant pathway for GA biosynthesis in 

Eucalyptus. 

Key words- Eucalyptus globulus, Eucalyptus nitens, Gibberellin A1, A4, Ag, Ag, A19, 
-

A20, A29, A44, A53, gibberellin biosynthesis, high resolution selected ion monitoring, 

vascular cambium. 
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Centre for Hardwood Fibre and Paper Science, School of Forestry, The University of 

Melbourne, Creswick, Victoria 3363, Australia; J.J. Ross, Department of Plant Science, 

N.W. Davies, Central Science Laboratory, The University of Tasmania, Hobart, 

Tasmania 7001, Australia 

Introduction 

Eucalypt forests are important for the manufacture of pulp and paper products and are the 

most extensively planted of all hardwood genera. As a consequence, there is interest in 

understanding the mechanisms that control important developmental processes that would 

enable the quantity and quality of wood produced to be increased. One example is the 

need to reduce the relatively long generation time of eucalypts and thereby accelerate the 

rate at which breeding programs can provide genetically improved planting stock. The 

plant growth regulator paclobutrazol has been observed to increase the fruit and seed 

output of E. globulus (Hetherington et al. 1991, Hetherington and Jones 1993) and E. 

nitens (Hetherington and Jones 1993, Moncur et al. 1993) as well as reduce the time 

taken for the first seed crop to be produced (Hasan et al. 1992). Paclobutrazol is known 

to reduce the level of endogenous gibberellins (GAs) in many plants (eg. Hedden and 

Graebe 1985) and in whole plants this is usually obvious by a reduction in both the 
-

internode length and overall plant stature, as shown for E. globulus by Hetherington and 

Jones (1990). 

A second example is the need to determine the mechanisms responsible for 

producing variability in fibre development such that fibre properties might be manipulated 
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by silvicultural or genetic management. Ridoutt and Sands (1993) have demonstrated that 

the elongation of secondary xylem fibres that occurs during differentiation, increases with 

decreasing height within the stem of E. globulus. Aloni (1992) has suggested that 

gradients in secondary fibre development along the plant axis are related to gradients in 

plant growth regulator levels, namely GA and indole acetic acid (IAA). Application 

experiments have also demonstrated that fibre length can be manipulated with GA and 

IAA (Little and Savidge 1987). 

To date there are no accounts of the isolation, identification or quantification 

of endogenous GAs from any species of the genus Eucalyptus or from the cambial region 

of any hardwood species. The aim of this study was therefore to determine which GAs 

are present in apical buds and the cambial region of E. nitens and E. globulus and to use 

these identifications to ascertain the dominant pathway for GA biosynthesis. This is a 

necessary prerequisite for monitoring the effects of GA biosynthesis inhibitors on the 

levels of active GAs, and for determining the involvement of GAs in vegetative and 

reproductive development. 

Abbreviations- KRI, Kovat's retention index; Me, methyl; SIM, selected ion monitoring; 

HR-SIM, high resolution selected ion monitoring; LR-SIM, low resolution selected ion 

monitoring; 1MS, trimethylsilyl. 

Materials and methods 

-

Extraction from plant material 

For extraction of GAs from E. nitens apical buds, harvests of approximately 10-15 g of 

actively growing apical material, including both stem and unexpanded leaf tissue, were 
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removed from approximately 1-year-old glasshouse-grown seedlings, transferred to cold 

(-20°C) methanol at the rate of 5 m1 [g fresh weight]-1 and homogenised with a rotary 

cutter. To samples used for quantification, 30 ng of [17, 17_2H2] GAl, GA4, GAg, 

GA9, GA19, GA20, GA29 GA53 and [20-2Hl] GA44 (supplied by Prof. L. Mander, 

Research School of Chemistry, Australian Natl. Univ., Canberra, Australia) were added 

as internal standards. To samples used for both quantification and identification, 

approximately 670 Bq of [3H] GAl (1.39 PBq moi-l), GA20 (1.11 PBq mol-l), GA4 

(1.19 PBq mol-l) (Amersham International, Little Chalfort, UK) and GA9 (supplied by 

Prof. R.P. Pharis, Dept of Biology, Univ. of Calgary, Canada) tracers were added. The 

extracting solution was adjusted to 80% aqueous methanol and extraction proceeded for 

24 h at 40C, after which the tissue debris was removed by filtration, the extract reduced to 

an aqueous solution (in vacuo, <35°C) and an equal volume of 0.5 M Na-phosphate 

buffer, pH 8.0 was added. 

GAs were extracted from E. globulus cambial region tissue as follows. In May, during a 

period of active growth, three 3-year-old trees growing in Creswick, Victoria were felled 

and cut into approximately 30 em long stem segments. These segments were rapidly (ca 5 

min) transported to a -l50C freezer. Further processing proceeded immediately. 

Individual segments were removed from the freezer, the bark peeled and the soft tissue 

underlying the differentiated phloem and adhering to the differentiated xylem was scraped 

into a mortar containing liquid nitrogen. Microscopy confirmed that this material 

consisted primarily of vascular cambium and differentiating xylem with a minor 
-

component of recently differentiated xylem. These tissues (in excess of 600 g) were 

homogenised in liquid nitrogen using a mortar and pestle and extracted for 24 h in 4°C 

80% aqueous methanol (5 m1 [g fresh weight]-1 ). This extract was reduced to an aqueous 

solution (in vacuo, <35°C) and an equal volume of 0.1 M Na-phosphate buffer, pH 8.0 
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was added. This extract was divided into two. To one sample containing the equivalent of 

approximately tOO g fresh weight of tissue was added 50 ng of [2H2] GAt and 50 ng of 

[2H2] GA20 as internal standards for quantification and 670 Bq of [3H] GAt and [3H] 

GA20. To the other extract containing the equivalent of approximately 500 g fresh weight 

of tissue was added 330 Bq of [3H] GAt, GAt9 and GA2o. Part of the fresh sample 

was also dried at 700C for 24 h to determine the dry weight and water content. 

Preliminary purification 

Methodology used routinely for the purification of GAs in extracts of Pisum sativum 

(Reid et al. t990) proved ineffective when applied to extracts of Eucalyptus sp. These 

extracts contained contaminants which markedly affected the chromatographic behaviour 

of the GAs on Ct8 reversed phase HPLC (high performance liquid chromatography), 

possibly by interacting with the stationary phase. GAt was significantly affected, 

typically eluting in a broad zone over fractions 10-22, rather than in fractions 29 to 30 as 

seen when the tritiated standard is run alone (Fig. t ). This resembled the effects of 

phenols described by Nutbeam and Briggs (1982). However, slurrying with 

polyvinylpolypyrrolidone, a cross-linked form of the polyvinylpyrrolidone presumed to 

selectively remove phenols (Glenn et al. t972), did not significantly improve subsequent 

chromatography. Removal of the interacting substance was achieved by the addition of a 

step utilising the anion exchanger QAE Sephadex A25, as indicated in the purification 

procedure described below. 

The buffered aqueous extracts were partitioned five times at pH 2.9 against 

40% volumes of ethyl acetate. The ethyl acetate fractions were frozen, ice removed by 

filtration, then reduced to dryness with the remaining water removed azeotropically using 

toluene. The dried extracts were dissolved inca 10 m1 of 60% methanol and the solution 
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passed through a preconditioned Waters Sep-Pak: Plus C18 cartridge (Waters Assoc. 

Milford, MA, USA) at a rate of 5 ml min-1, followed by elution with 20 ml of 60% 

methanol. The combined eluates were reduced in vacuo until the volume of the extract had 

reached approximately 10 ml. A 15 x 100 mm anion exchange column was prepared by 

conditioning 2 g of QAE Sephadex A25 (Sigma Chemical Co. MO, USA) with 50 ml of 

0.5 M sodium formate buffer followed by 40 ml of distilled water. The sample was 

adjusted to pH 7.3 and introduced onto the column, which was then washed with 30 ml 

of pH 8.0 distilled water. GAs were eluted with 40 ml of 0.2 M formic acid. The extract 

was reduced to ca 10 ml, adjusted to pH 7.3 and the anion exchange chromatography was 

repeated. The fmal eluate was taken to dryness in preparation for HPLC. 

HPLC 

The HPLC system consisted of two Waters model 510 pumps (Waters Assoc. Milford, 

MA, USA) delivering a mobile phase consisting of a linear gradient of 21 to 70% 

methanol in 0.4% acetic acid at 2 ml min-1 over 40 min. The sample was injected via a 

Waters UK6 sample injection unit with a 2 mlloop onto a 10 em x 8 mm i.d. 10 IJ.m 

Radial- Pak: C18 cartridge fitted in a RCM 8 x 10 module (Waters Assoc. Milford, MA, 

USA). Two-ml fractions were collected and 5% aliquots were assayed for radioactivity 

by supplementing with ca 4 ml of ReadySafe Liquid Scintillation Counting Cocktail 

(Beckman Instruments Inc., Fullerton, CA, USA) and subsequent analysis using a 

Beckman LS 58011iquid scintillation counter. Based on the elution ofradiolabelled GAs, 

fractions were grouped, dried, redissolved in methanol and methylated using ethereal 

diazomethane. For the purposes of quantification these fractions were then analysed by 

GC-MS as described below. Analysis of GA29 for the purpose of identification was also 

performed at this stage. For identification of remaining GAs, grouped fractions were 
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further purified as methyl esters by HPLC using the same system components as 

described above. The solvents were methanol and distilled water, and the flow rate was 

1.5 ml min-1. For Me-GA19 and Me-GA20 the solvent program was a linear gradient 

from 40 to 80% methanol over 35 min. For Me-GA 1 an isocratic program with 29% 

methanol was utilised. One min fractions were again collected, grouped on the basis of 

radioactivity and dried. 

GC-MS 

The grouped fractions were trimethylsilylated by adding 2 Jll of pyridine and 10 Jll of bis 

(trimethylsilyl) trifluoroacetamide and heating at 6QOC for 15 min. When Kovat's 

retention index (KRI) was to be determined, 0.1 Jll of a mixture of n-alkanes in 

chloroform was added to the extract. GC-MS-SIM (low resolution) was performed using 

a Hewlett-Packard 5890 gas chromatograph linked via an open split interface to a 

Hewlett- Packard 5970 mass selective detector. One Jll splitless injections were made at 

2500C onto a 25 m x 0.22 mm i.d. SGE BPl column with a 0.25 Jlm film thickness 

(SGE Vic., Aust.). The helium carrier gas was supplied at an initial flow rate of 2 ml 

min-1 at 190 kPa and the oven temperature was programmed from 60 to 2300C at 300C 

min-1 then to 2900C at 3oc min-1. The interface temperature was 2900C and the 

ionisation potential was 70e V. 

Full scan mass spectrometry and high resolution selected ion monitoring 

(HR-SIM) were performed using a Hewlett- Packard 5890 Series II gas chromatograph 
-

linked via a direct inlet into a Kratos Concept ISQ mass spectrometer controlled by a 

Mach 3 data system. One Jll splitless injections were made at 600C onto the same SGE 

BP1 column. The carrier gas was helium with the head pressure programmed to maintain 

a flow rate of approximately 2 ml min-1. The oven temperature was programmed from 60 
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to 2400C at 300C min-1 then to 2900C at 3oc min-1. The interface temperature was 

29ooc and the ionisation potential was 70eV. Where HR-SIM was used, the masses of 

characteristic ions were calculated to four decimal places and detection was achieved by 

voltage switching at a resolution of 10 000 (10% valley defmition) and a cycle time of 0.6 

s. Perflourokerosene was used to provide lock masses for HR-SIM. 

Quantification of GAs was achieved as in Lawrence et al. (1992) including 

corrections made for naturally occurring isotopes and for unlabelled material in the 

internal standards. The ion pairs monitored were 506/508 (GAl and GA29), 418/420 

(GA20), 434/436 (GA19) and 448/450 (GA53). In most cases identifications were 

achieved by comparison of full scan mass spectra and KRI values of putative GAs with 

reference data (Gaskin and MacMillan 1991). Where good quality full scan mass spectra 

were not possible due to the low concentration of putative GA or the presence of co

eluting impurities, HR-SIM in conjunction with KRI data was employed as a means of 

identification. HR-SIM chromatograms of several characteristic ions were compared 

between the putative GA and a deuterated standard in order to establish an interference 

free assessment of ratios of intensities of fragment ions to molecular ion intensity. 

Results and discussion 

When extracts from the cambial region of E. globulus, purified by acidic ethyl acetate 

partitioning, anion exchange chromatography and HPLC of both the free acids and 

methyl esters, were analysed by GC-MS, GA19, GA20 and GA29 were identified on the 

basis of KRI and full scan mass spectra. Figure 2 presents a mass spectrum of the GA20 

isolated from E. globulus analysed as the Me ester TMS ether. GAl was identified by 

KRI and HR -SIM. Extracts from apical buds of E. nitens yielded identification of GA 19 

based on mass spectra and KRI while identification of GAl and GA20 was based on KRI 
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and HR- and LR-SIM of characteristic ions. Tab. llists the identified GAs, KRI values 

and the relative abundance of characteristic ions monitored. 

From apical buds of E. nitens GAl, GA19, GA20 and putative GA29 and 

GA53 were quantified using deuterated internal standards while GA4, GAg, GA9 and 

GA44 were not present at detectable levels (Tab. 2). From the cambial region of E. 

globulus, GAl and GA20 were quantified in terms of both concentration per unit weight 

(fresh and dry) and per unit area scraped (Tab. 3). 

In the case of GAl, HR-SIM was used to confirm the identity of the putative 

compound. This technique is useful in resolving ions derived from the putative GA from 

ions of similar mass derived from other closely eluting compounds, particularly where the 

concentration of the latter is large in comparison to the putative GA. The clarity of ion 

chromatograms using this technique also makes it valuable for quantification of GAs 

where chemical noise in the LR-SIM mode renders difficult the accurate determination of 

peak areas. 

The identity of GAs recovered suggests that in eucalypts the early 13-

hydroxylation pathway (Sponsel 1983) is the dominant pathway of GA biosynthesis, 

with GAl as the compound with activity per se (Phinney 1984, Reid 1986). Similar 

conclusions have been made in regard to Salix (Davies et al. 1985, Junttila et al. 1988), 

Citrus (Poling and Maier 1988, Turnbulll989, Talon et al. 1990) and Populus (Rood et 

al. 1988). Although conclusive identification of GAs in vegetative tissues of woody 

dicotyledons is limited to only a few species, it is evident that the early 13-hydroxylation 

pathway is likely to be the main biosynthetic pathway in these plants. 

While it is difficult to compare between studies, the present results suggest 

that the apical buds of E. nitens contain levels of GAs within the range found in the 

shoots of other hardwood species. In this tissue GAs were present at levels below 1 ng [g 

fresh weightt 1, except for GA 19 (which may represent a GA pool). This study is also 
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the first in which GAs have been identified and quantified in the cambial region of a 

hardwood. The high levels of GA20 (8.8 ng [g fresh weight]-1) in this tissue relative to 

GAl (0.30 ng [g fresh weightrl) indicates that the 3-B-hydroxylation of GA20 may limit 

GAl availability. While it may be postulated that this is part of a GA-mediated control of 

some developmental factor, the significance of high GA20 levels in the cambial region is 

yet to be fully understood. 

The development of effective techniques for the isolation, identification and 

quantification of GAs from E. nitens and E. globulus now permits examination of the 

possible roles played by GAs in the control of important developmental processes such as 

flowering and fibre development. 
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Tables 

Tab. 1. Sample identifications of endogenous GAs isolated from Eucalyptus spp. All four GAs were identified 

from extracts of the cambial region of 3-year-old E. globulus while GAt, GA19 and GA20 were identified from 

extracts of the apical buds of 1-year-old E. nitens. The identification of GAt shown was achieved by selected ion 

monitoring while the remaining GAs were identified by full scan mass spectra. 

GA Tissue KRl Relative abundance of characteristic ions 

(Species) Sample;2H2 standard 

GAl Apical buds 2690/2689 506(100) 491(10) 448(20) 447(9) 377(16) 
(E. nitens) 376(17) 375(15) 313(6) 

GA19 Cambial region 2627/2626 462(trace) 434(100) 405(25) 402(48) 375(56) 
(E. globulus) 374(67) 345(31) 315(31) 

GA20 Cambial region 2521/2520 418(100) 403(17) 375(51) 359(15) 301(11) 
(E. globulus) 235(3) 207(17) 

GA29 Cambial region 2696/2695 506(100) 491(16) 447(5) 375(16) 303(24) 
(E. globulus) 207(17) 



Tab. 2. Endogenous GA levels in apical buds of 1-

year-old Eucalyptus nitens. 

GA ng gFW-1 

GA1 0.75 

GA4 <0.08 

GAg <0.08 

GA9 <0.08 

GA19 2.1 

GA20 0.76 

GA29 0.61 

GA44 <0.08 

GA53 0.24 
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Tab. 3. Endogenous GA levels in the cambial region of 3-year

old Eucalyptus globulus. 

GA 

GA1 

GA20 

ng g FW-1 ng g ow-l 

0.30 2.8 

8.8 81 

ngcm-2 

0.013 

0.37 

179 
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Figure legends 

Fig. 1. Fractionation by HPLC of an extract of E. nitens containing [3H] GAl and [3H] 

GA20 as tracers. HPLC profiles of free acids after initial purification by the method of 

Reid et al., (1990) (a) and fractions grouped as shown in (a) refractionated as methyl 

esters (b-e). [3H] GA standards eluted in the zones indicated by open boxes. 

Fig. 2. Full scan mass spectra of putative GA20 Me ester TMS ether isolated from the 

cambial region of 3-year-old Eucalyptus globulus. 
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Appendix B 

Methods section of Moncur et al. (1993) 

This paper has been accepted for publication by the Canadian Journal of Forest 

Research. 

Methods 

Experiment 1. Ridgley, Tasmania; Lat 41° 15' S, Long 145° 83' E, Alt 280m 

One year old E. nitens grafts were outplanted in a breeding arboretum in 1988. 

Grafts were planted 6m apart in rows 3m wide. Branches were trained by tying 

down to wires running 1 and 2m above ground level. Pruning was used to restrict 

the number of branches to one or two per wire and to shape the graft to fit within 

an oblong shape, the upper surface of which lay just above the top wire and 

expanded approximately 0.5m on each side. Pruning to this configuration occurred 

regularly until 1991 and was subsequently discontinued. Grafted trees (grafts) 

were fertilised, sprayed to control leaf eating insects and irrigated as required. 

In August 1989 groups of 6 grafts received a collar drench (CD) of 

paclobutrazol in the form of "Cultar" (ICI Australian Operations Pty Ltd) at either 

1g or 2g active ingredient (ai)/cm stem circumference. Rate of CD treatment was 

varied by using different formulations and diluting to 2L with water per tree before 

pouring around the base of the stem. Six grafts were not treated and served as 

controls. 

The inflorescence in eucalypts is an umbel, consisting of between 1 and 30 

flowers (E. nitens has 7 flowers). Umbels initiate in the leaf axils of this years 

shoot terminals. A large proportion of terminals do not initiate umbels (see Moncur 

and Boland (1989) for more detailed descriptions). 

Each year the total number of umbels, flowers and capsules were counted on 

each graft. 50 terminals which had initiated umbels from each graft were randomly 
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selected and the number of umbels on each terminal counted. In Year 3, capsules 

were harvested and mature seed extracted. 100 seeds per graft were germinated 

using the method of Boland et al., (1980). 

Experiment 2. Canberra, Australian Commonwealth Territory; Lat 35° lO'S, Long 

149° 4'E, Alt 600m. 

One year old E. nitens grafts were outplanted in a breeding arboretum in 1989. 

Grafts were spaced 6m apart in rows 3m wide and trained as at Ridgley 

(Experiment 1). Grafts have been regularly fertilised, sprayed to control leaf 

eating insects and irrigated. 

In March 1990 "Cultar" was applied as a 2 L collar drench (see experiment 1) to 

groups of 4 grafts at either 0.5g ai/cm stem circumference or 0.2g ai/cm stem 

circumference. Again to two groups of 4 grafts, paclobutrazol as "Clipper" (ICI 

Australian Operations Pty Ltd) (10g/L in ethanol) was injected into the stems with a 

pressure gun approximately 0.5m above ground level at either of two rates; 0.025g 

ai/cm circumference or O.Olg ai/cm circumference. 4 grafts were not treated and 

served as controls. 

The dose rates used in these trials were based on the rates used by Griffm et al. 

(1993). Trunk injection was applied at lower rates than collar drench because of 

the persistence of paclobutrazol in the soil (Mauk et al., 1990) and as Hetherington 

et al. (1991) have pointed out trunk injection is the most precise way of applying a 

specified dose rate to a tree. 

Endogenous gibberellin quantifications. 

Gibberellin (GA) levels were determined for controls, collar drench and stem 

injection treatments for the Canberra experiment. In October 1991, 18 months after 

paclobutrazol application, material was sampled from a single grafted tree from 

each treatment in the Canberra espalier orchard. In addition, material was sampled 

from grafts planted one year later and treated with paclobutrazol when 6 months old 

and are therefore not directly comparable with the main experiment. 
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Apical sections approximately Scm long were excised from branch terminals 

and leaves were trimmed as necessary to maintain a constant ratio of leaf to shoot 

mass across all treatments. Sections were then frozen in liquid nitrogen and 

transferred (at 0° C for 8 hours) to storage at -20° C for 4-8 weeks when processing 

took place. Samples supplemented with (17,17 2H2) GA1 and (17,17 2H2) GA20 

(L. Mander, Australian Natl Univ., Canberra, Australia) internal standards were 

extracted and purified as in Reid et al. (1990) with the additional purification step 

of anion exchange chromatography (Talon et al., 1990). Levels of GA1 and GA20 

were estimated via gas chromatography-mass spectrometry in the selected ion mode 

(GCMS-SIM) of appropriate portions of the fractionated, purified extract (Reid et 

al., 1990). 
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